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epithelial cells by destabilizing HIF-1a
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Abstract: Posterior capsular opacification (PCO), the main complication of cataract surgery, is mainly caused by the
proliferation, migration, and epithelial-mesenchymal transition (EMT) of the residual lens epithelial cells (LECs).
Vitamin C was reported to reduce the risk of forming a cataract. However, there has been no study showing the
association between vitamin C and PCO. In this study, we found that vitamin C could inhibit the migration and pro-
liferation of human lens epithelial cells. We also found that vitamin C could increase the proline hydroxylation of
HIF-1a and reduce the activity of HIF-1a. Moreover, vitamin C could not inhibit the activity of proline-mutant HIF-1x
(402/564). Overexpression of wild-type HIF-1a or proline-mutant HIF-1a was found to increase the proliferation and
migration of human lens epithelial cells. Differently, vitamin C could inhibit the proliferation and migration in wild-
type HIF-1a-overexpressing lens epithelial cells but not the proline-mutant HIF-1a-overexpressing cells. Additionally,
vitamin C was also found to inhibit the expression of EMT transcription factors TWIST. We then found that vitamin
C could repress the EMT phenotypes induced by the overexpression of wild-type HIF-1a but not the proline-mutant
HIF-1a. These results provide evidence that vitamin C plays a role in the repression of proliferation, migration, and
EMT of human lens epithelial cells by destabilizing HIF-1a.

Keywords: Vitamin C, posterior capsular opacification, proliferation, migration, epithelial-mesenchymal-transition,
Lens epithelial cells, HIF-1a

Introduction cell adhesion, and gain migratory and invasive
properties to become mesenchymal stem cells
[9, 10]. EMT has also been shown to occur in
wound healing and fibrosis [11]. E-cadherin is a
central component of the cell-cell adhesion
junctions that play a principal role in maintain-
ing epithelial cell morphology [12, 13]. The loss
of E-cadherin expression is a hallmark of EMT
[14, 15]. Several transcription factors are the
key inducers of EMT that repress E-cadherin
expression. TWIST (a basic helix-loop-helix tran-
scription factor) down-regulates the expression
of E-cadherin [16, 17]. Moreover, HIF-1x
(Hypoxia-inducible factor-1a) was reported to
up-regulate the expression of TWIST by binding
directly to the hypoxia-response element (HRE).
Meanwhile, overexpression of HIF-1a was also

Posterior capsular opacification (PCO), associ-
ated with fibrosis, opacification and contraction
of posterior lens capsule, is the main complica-
tion of cataract surgery [1-3]. Thus, it's impor-
tant to investigate new drugs or materials to
reduce the incidence of PCO. PCO is mainly
caused by the proliferation, migration, and epi-
thelial-mesenchymal transition (EMT) of the
residual lens epithelial cells (LECs) after cata-
ract surgery [4, 5]. Epithelial wound healing pro-
cess and fibrogenic reactions were initiated
after cataract surgery [6, 7]. The opacification
of the posterior capsule appears to form
Soemmerring’s rings or Elschnig’s pearls that
were initiated from the proliferation, migration,
and epithelial-mesenchymal transition (EMT) of

LECs [8].

EMT is a process a biologic process by which
epithelial cells lose their cell polarity and cell-

found to promote the process of EMT [18-20].

HIF-1a is targeted for ubiquitin-dependent deg-
radation by an E3 ubiquitin ligase VHL (Von
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Hippel-Lindau tumor suppressor protein) [21].
Proline hydroxylation of HIF-1a is required for
the interaction of HIF-1a with VHL. Prolyl-
hydroxylase (PHD1/2/3) modifies HIF-1«, allow-
ing it to interact with the VHL [22-24]. Vitamin C
(ascorbate) is one of the cofactor of the prolyl-
hydroxylases. Moreover, vitamin C acts as an
electron-donor keeping Fe iron in the ferrous
(Fe?*) state which is necessary to achieve full
activity of prolyl-hydroxylase [25, 26]. Vitamin C
was reported to reduce the risk of forming a
cataract [3, 27-29]. In the present study, we
investigated whether vitamin C could affect the
stability of HIF-1«, proliferation, migration and
EMT process of lens epithelial cells.

Material and methods
Cell culture

The human HLE-B3 lens epithelial cells lines
were obtained from American Type Culture
Collection (Manassas, VA, USA). HEK293T cells
were obtained from the Institute of Cell and
Biochemistry Research of Chinese Academy of
Science (Shanghai, China). These cell lines
were cultured with DMEM medium (Invitrogen,
Carlsbad, CA) and supplemented with 10% fetal
bovine serum (FBS) (Invitrogen, Carlsbad, CA).
Cells were cultured at 37°C in an incubator con-
taining 5% CO.,

Reagents

Antibody against HIF-1a, TWIST and HIF-1a
(hydroxy P402/P564) were purchased from
Abcam (Cambridge, Mass, USA). The B-Actin
antibody was from Cell Signaling Technology
(Beverly, MA, USA). Anti-E-cadherin and anti-N-
cadherin antibody were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Vitamin C
was from Sigma-Aldrich (Sigma-Aldrich, St
Louis, MO, USA). HRE-driven luciferase lentivi-
ral expression vector was from Genomeditech
(Shanghai, China).

Lentivirus transduction

HIF-1a and proline-mutant HIF-1a (402/564) in
pCDHlentiviral expression vectors were from
Genesent (Shanghai, China). HEK293T cells
were transfected using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). Lentiviral vec-
tors are typically produced in HEK 293T cells
with packaging plasmids. The recombinant viral
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supernatants were harvested from HEK 293T
cells and then used to infect target cells in the
presence of 8 yg/ml polybrene. After selected
with puromycin-containing media for 48 hours,
the expression of HIF-lax was analyzed by
Western Blot on the third day after infection.

RNA preparation and quantitative real time
PCR analysis

After the treatments, HLE-B3 cells were har-
vested and total RNA was isolated with TRIzol
(Invitrogen, Carlsbad, CA). First-strand cDNA
was synthesized with PrimeScript RT reagent
kit (Takara, Dalian, China). Quantitative real
time PCR analysis was performed by using
SYBR green | dye (Takara, Dalian, China). The
B-actin was used as an endogenous control to
standardize the amount of the sample mRNA.
Primers for HIF-1la were as follows: 5'-
TGCTTGCCAAAAGAGGTGGA-3’ (sense); 5-GGG-
GCCAGCAAAGTTAAAGC-3’ (antisense), primers
for B-Actin were as follows: 5-GAGCACAGA-
GCCTCGCCTTT-3’ (sense); 5-AGAGGCGTACAG-
GGATAGCA-3’ (antisense). The relative mRNA
expression was calculated by the AACt me-
thod.

Western blot analysis

Total protein was obtained cells were suspend-
ed with RIP lysis buffer containing protease/
phosphatase inhibitors mixture (Genesent,
Shanghai, China). The protein concentration
was measured with Bradford method. The pro-
teins were resolved by 10% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and then blot-
ted onto aPVDF membrane (Merck Millipore
Bioscience, Germany). The membranes were
blocked with 5% BSA for 1 hour at room and
then the primary antibodies were added for
incubation overnight at 4°C. After washing
thrice with TBS-Tween, peroxidase conjugated
secondary antibodies were incubated with the
membrane. The blots were incubated with were
detected by Chemiluminescent HRP Substrate
(Cwbiotech, Beijing, China) and photographed
by Bio-Rad’. sChemiDoc XRS system (Hercules,
CA, USA).

Colony formation assays
Cells were seeded at a density of 250 cells per

well in 6-cm well plates. 24 hours later, cells
were incubated with vehicle control or 100 uM

IntJ Clin Exp Med 2015;8(9):15155-15163
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Figure 1. Vitamin C inhibits the proliferation and migration of lens epithelial cells. A. The migration potential of HLE-
B3 cells was determined by transwell assay with PBS vehicle control or vitamin C (100 uM) during the experiments.
The representative images are shown on the left, and the quantification of selected fields is shown on the right;
“P<0.001 compared with the control group. B. HLE-B3 cells were treated with PBS vehicle control or vitamin C (100
uM) during the experiments. Representative photographs of colony formation in HLE-B3 cells are shown on the left.
Quantification of the colony formation rate is shown on the right; "P<0.001 compared with the control group.

vitamin C. Ten days later, the cells were then
stained with crystal violet, photographed and
counted.

In vitro migration assay

Equal numbers of cells (2 x 10°) in DMEM com-
plemented with 2% FBS were added to the
upper compartment of a Transwell chamber (8
pum, Costar, Cambridge, MA, USA) and cultured
at 37°C for 48 h. The cells from the upper sur-
face of the filter were wiped off by a cotton
swab. Cells on the lower surface of the mem-
brane were fixed with 2% formaldehyde and
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then stained with hematoxylin-eosin (H&E),
counted.

Luciferase activity assay

To directly evaluate the activity of HIF-1a, we
used the luciferase assay. HLE-B3 cells
expressing an HRE-driven luciferase expres-
sion vector or co-expressing wild-type HIF-1o or
proline-mutant HIF-lax were treated with or
without vitamin C for 12 h. Total cell lysates
were harvested by passive lysis buffer contain-
ing luciferin (Promega, Madison, WI, USA).
Luciferase activity was measured using a lumi-
nometer (Perkin-Elmer, Waltham, MA, USA).

Int J Clin Exp Med 2015;8(9):15155-15163
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Figure 2. Vitamin C inhibits the
activity of HIF-1a in lens epithelial
cells. A. With the treatment of vi-
tamin C for 6 or 12 h, the levels
of HIF-1la mRNA were examined
by real-time PCR from HLE-B3
cells. B. With the treatment of vi-
tamin C for 6 or 12 h, the levels of
GLUT4, VEGF and B-actin protein
were examined by Western Blot
from HLE-B3 cells. C. HLE-B3 cells
stably expressing HRE-driven lu-
ciferase expression vector were
treated with vitamin C for 6 or 12
h. Relative luciferase units were
subsequently measured using a
luminometer; "P<0.02 compared
with the control untreated group.

Vitamin C inhibits the activity
of HIF-1a in lens epithelial
cells

HIF-1x was reported to up-
regulate the expression of
TWIST by binding directly to
the hypoxia-response ele-
ment (HRE). Meanwhile, over-
expression of HIF-1a was also
found to promote the process
of EMT [18]. Vitamin C was
found to inhibit the prolifera-
tion and migration of lens epi-
thelial cells. Moreover, pro-
line hydroxylation of HIF-1a
byprolyl-hydroxylases is re-
quired for the interaction of
HIF-1a with VHL for ubiquitin-
dependent degradation. Vita-
min C is one of the cofactor of
the prolyl-hydroxylases. There-
fore, we suppose that vitamin
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Statistical analysis

Statistical analyses were presented as mean *
SD and analyzed using GraphPad Prism statisti-
cal software (GraphPad Software, San Diego,
CA, USA). P values less than 0.05 were consid-
ered statistically significant. The results were
reproduced in three repeated experiments.

Results

Vitamin C inhibits the proliferation and migra-
tion of lens epithelial cells

Previous studies have demonstrated that vita-
min C inhibited the proliferation and migration
[30, 31]. In the present study, we determine
whether vitamin C could affect the proliferation
and migration of lens epithelial cells. To deter-
mine whether vitamin C affect the migration of
lens epithelial cells, we did transwell migration
assay. As shown in Figure 1A, vitamin C inhib-
ited the migration of HLE-B3lens epithelial
cells. Moreover, we examined the effects of
vitamin C on the proliferation of HLE-B3 cells by
the colony formation assay. Treatment of HLE
B-3 cells with vitamin C significantly inhibited
the proliferation (Figure 1B).
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C might stimulate the full
activity of prolyl-hydroxylase
and promote the degradation
of HIF-1a. HIF-1x protein is remarkably unsta-
ble and undetectable under normoxia [32, 33].
Thus, we first performed quantitative RT-PCR to
examine the mRNA levels of HIF-1a under the
treatment of vitamin C. As shown in Figure 2A,
vitamin C did not affect the mRNA expression
of HIF-1a. Then we detected the levels of HIF-
1o target protein under the treatment of vita-
min C. GLUT1 (Glucose transporter 1) and VEGF
(human vascular endothelial growth factor),
possessing HRE elements, are the well-known
targets of HIF-1a [34]. The data showed that
vitamin C could inhibit the expression of GLUT1
and VEGF (Figure 2B). In addition, we measured
the transcriptional activity of HIF-1a using lucif-
erase reporter assays and found a significant
decrease in HIF-1a activity in HLE-B3 cells
when treated with vitamin C (Figure 2C).

Vitamin C increases the proline hydroxylation
of HIF-1x

To further investigate the affection of vitamin C
to HIF-1a, we detected the levels of proline
hydroxylation of HIF-1x in the present of protea-
somal inhibitor MG-132 and vitamin C with
hydroxylation-specific antibodies against the
two proline-hydroxylation site sat both VHL

IntJ Clin Exp Med 2015;8(9):15155-15163
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Figure 3. Vitamin C increases the proline hydroxylation of HIF-1a. A. HLE-B3 cells were pretreated with MG-132
and then treated without or with vitamin C plus MG-132 for 6 or 12 h, the levels of proline hydroxylation of HIF-1a
(hydroxy P402/564) and B-actin were examined by Western Blot from HLE-B3 cells. B. HLE-B3 cells were stably
transfected with wild-type HIF-1a/proline-mutant HIF-1a or negative control. Expression of HIF-1a and B-actin were
examined by Western Blot. C. HLE-B3 cells stably co-expressing an HRE-driven luciferase expression vector and wild-
type HIF-1a or proline-mutant HIF-1a or negative control were treated without or with vitamin C for 12 h. Relative
luciferase units were subsequently measured using a luminometer; “P<0.008 compared with each of the control

untreated group.

binding sites (Pro402 and Pro564). We found
that vitamin C significantly increased the levels
of proline hydroxylation of HIF-1a compared to
the control untreated HLE-B3 cells (Figure 3A).
We then introduced point mutations of prolyl
residues 402 and 564 (Pro402 and Pro564) of
HIF-1la (Figure 3B). Furthermore, luciferase
reporter assays showed that vitamin C did not
significantly decrease the activity of mutant
HIF-1a (Figure 3C). These findings imply that
vitamin C inhibits the activity and proline
hydroxylation of the wild-type HIF-1. The up-
regulated levels of proline-hydroxylated forms
of HIF-1a determine the unstable forms of HIF-
1o [35]. Thus, vitamin C could destabilize HIF-
1o protein of lens epithelial cells.

Vitamin C inhibits HIF-1a-induced proliferation
and migration of lens epithelial cells

HIF-1a was reported to stimulate the prolifera-
tion and migration [36]. Here, we found that
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overexpression of wild-type HIF-1a or proline-
mutant HIF-1a promoted the proliferation and
migration of HLE-B3 cells (Figure 4A and 4B).
Next, we found that vitamin C significantly
inhibited wild-type HIF-1a-induced proliferation
and migration of lens epithelial cells (Figure 4A
and 4B). Differently, vitamin C could not affect
the proliferation and migration of lens epithelial
cells induced by proline-mutant HIF-1a. These
results further support that vitamin C inhibits
HIF-1a-induced proliferation and migrationofH-
LE-B3 cells by enhancing the proline hydroxyl-
ation and then destabilizing HIF-1«x protein.

Vitamin C inhibits HIF-1a-induced epithelial-
mesenchymal transition

HIF-1a could promote the EMT process by up-
regulating the expression of TWIST [18]. We
then stably transfected HLE-B3 cells with wild-
type HIF-1a or proline-mutant HIF-1a. We found
that overexpression of wild-type HIF-1« or pro-

Int J Clin Exp Med 2015;8(9):15155-15163
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Figure 4. Vitamin C inhibits HIF-1o-induced proliferation and migration of lens epithelial cells. HLE-B3 cells were
stably transfected with wild-type HIF-1a or proline-mutant HIF-1a or negative control. Cells expressing wild-type HIF-
1o or proline-mutant HIF-1a were treated with PBS vehicle control or vitamin C (100 uM) during the experiments. A.
Representative photographs of colony formation in HLE-B3 cells are shown on the left. Quantification of the colony
formation rate is shown on the right; "P<0.003 compared with the control group. B. The migration potentials of HLE-
B3 cells with different treatments were determined by transwell assay. The representative images are shown on
the left, and the quantification of selected fields is shown on the right; "P=0.002 compared with the control group.

line-mutant HIF-1aa could promote EMT-
associated morphology change in HLE-B3 cells
(Figure 5A). Furthermore, vitamin C could inhib-
it epithelial-mesenchymal transformation in-
duced by wild-type HIF-1a but not the proline-
mutant HIF-1« (Figure 5A). To confirm the effect
of vitamin C on epithelial-mesenchymal trans-
formation, we examined the expression of
TWIST on the treatment of vitamin C in HLE-B3
cells. The results showed that vitamin C
decreased the expression of TWIST (Figure 5B).
Twistis a transcriptional repressor of E-cadherin
gene expression. We also found the expression
of E-cadherin was up-regulated by the stimula-
tion of vitamin C (Figure 5B). Meanwhile, the
expression of mesenchymal markers N-
cadherin was also found decreased (Figure
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5B). Furthermore, we found that overexpres-
sion of wild-type HIF-1« or proline-mutant HIF-
1a could up-regulate the expression of TWIST
(Figure 5C). We also found that vitamin C inhib-
ited the expression of TWIST induced by the
overexpression of wild-type HIF-1a but not the
proline-mutant HIF-1a. The expression of
E-cadherin was also found to be conversely cor-
related with the expression of TWIST (Figure
5C).

Discussion
Our data show that vitamin C increases the lev-
els of proline-hydroxylated HIF-1a, which is the

unstable forms of HIF-1a, in lens epithelial
cells. Meanwhile, the expression levels of HIF-

IntJ Clin Exp Med 2015;8(9):15155-15163
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Figure 5. Vitamin C inhibits HIF-1a-induced epithelial-mesenchymal transi-
tion. A. HLE-B3 cells were stably transfected with wild-type HIF-1a or proline-
mutant HIF-1a or negative control. HLE-B3 cells stably expressing wild-type
HIF-1a or proline-mutant HIF-1a were treated with PBS vehicle control or
vitamin C (100 uM) for 24 h. Morphological changes supporting EMT were
observed in HLE-B3 cells expressing wild-type HIF-1a or proline-mutant HIF-
1a. No morphological changes supporting EMT were observed in HLE-B3
cells expressing wild-type HIF-1a treated with vitamin C. B. HLE-B3 cells were
treated without or with vitamin C for 6 or 12 h. Expression of E-cadherin, N-
cadherin and B-actin were examined by Western Blot. C. HLE-B3 cells were
stably transfected with negative control or wild-type HIF-1oa/proline-mutant
HIF-1a or wild-type HIF-1a/proline-mutant HIF-1a plus vitamin C (100 uM)
for 12 h. Expression of HIF-1«, TWIST, E-cadherin and B-actin were examined

by Western Blot.

1o target protein such as GLUT1 and VEGF
were also found to be inhibited by vitamin C.
TWIST (a basic helix-loop-helix transcription
factor), the key inducers of EMT that repress
the epithelial marker E-cadherin expression,
was reported to be up-regulated by HIF-1a [18].
Our results indicate that the expression of
TWIST can be also inhibited by vitamin C in
HLE-B3 cells. Moreover, the expression of
E-cadherin can be up-regulated by vitamin C.
This is conversely correlated with the expres-
sion of TWIST. Accordingly, EMT-associated
morphology change was also found by the stim-
ulation by vitamin C in HLE-B3 cells. HIF-1a was
reported to increase the proliferation and
migration of different types of cells [36]. Here,
we also found vitamin C inhibit the proliferation
and migration of HLE-B3 cells.
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tin-dependent degradation by
an E3 ubiquitin ligase VHL.
Proline hydroxylation of HIF-
1 by  prolyl-hydroxylase
(PHD1/2/3) is required for
the interaction of HIF-1a with
VHL [37]. Vitamin C acts as an
electron-donor keeping Fe
iron in the ferrous (Fe?*) state
which is necessary to achieve
full activity of prolyl-hydroxy-
lase [25]. Point mutations of
prolyl residues 402 and 564
(Pro402 and Pro564) of HIF-
S 1« destroy the proline hydrox-
ylation and stabilize the HIF-
1a protein [38]. HIF-1a pro-
tein is unstable and undetect-
able under normoxia [32, 33].
Instead, we detected the lev-
els of HIF-1la target protein
under the treatment of vita-
min C. We found that the
expression levels of HIF-1a
target protein such as GLUT1
and VEGF were inhibited by
vitamin C. Similarly, the HIF-
1o activity in HLE-B3 cells
was also shown to be inhibit-
ed with the treated of vitamin
C using hypoxia response ele-
ment (HRE) luciferase report-
er assays. In the present
study, we also found that the
regulation of vitamin C to the
activity of HIF-1a was lost in proline-mutant
HIF-1a (402/564). Additionally, the regulation
of vitamin C to the proliferation, migration, and
epithelial-mesenchymal transition (EMT) of the
residual lens epithelial cells also depends on
the proline hydroxylation of HIF-1a. These find-
ings show that vitamin C inhibit the prolifera-
tion, migration and Epithelial-Mesenchymal-
Transition of lens epithelial cells by destabiliz-
ing HIF-1ax.

PCO is mainly caused by the proliferation,
migration, and epithelial-mesenchymal transi-
tion of the residual lens epithelial cells after
cataract surgery [1, 39]. A great many of genes
are involved in the epithelial-mesenchymal
transition of lens epithelial cells [6, 40-42].
Moreover, some inhibitors targeting to these

Int J Clin Exp Med 2015;8(9):15155-15163
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genes were found to inhibit the proliferation,
migration, and epithelial-mesenchymal transi-
tion of the lens epithelial cells [5, 43, 44].
Recent studies have suggested the critical role
of HIF-1a to the epithelial-mesenchymal transi-
tion [18-20]. Vitamin C was reported to reduce
the risk of forming a cataract [3, 27-29]. Here,
vitamin C was proved to destabilize HIF-1a and
inhibit the proliferation, migration of lens epi-
thelial cells. Hence, vitamin C represents its
possibility for therapeutic intervention and the
prevention of PCO after cataract surgery. While
further studies will be required to evaluate the
effect of vitamin C in animal model of PCO.
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