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OPEN A MEK inhibitor arrests the cell

cycle of human conjunctival
fibroblasts and improves

the outcome of glaucoma filtration
surgery

Jinhee Lee, Megumi Honjo** & Makoto Aihara

Better agents are needed to improve glaucoma filtration surgery outcomes compared to current ones.
The purpose of this study is to determine whether mitogen-activated protein kinase kinase (MEK)
inhibitors can effectively arrest the cell cycle of human conjunctival fibroblasts (HCFs) and inhibit the
formation of fibrosis and scarring following glaucoma filtration surgery. A cell counting kit-8 assay
revealed that the MEK inhibitor PD0325901 exhibited concentration-dependent growth inhibition

of HCFs. Quantitative PCR, immunocytochemistry, and western blotting demonstrated decreased
expression of proliferating cell nuclear antigen (PCNA) and cyclin D1 and increased expression of p27
in HCFs treated with PD0325901. Flow cytometry indicated that PD0325901 arrested the cell cycle

of HCFs in the GO/1 phase. The cell-migration assay showed that HCF migration rate was significantly
suppressed by PD0325901 exposure. Rabbits were divided into PD0325901-treatment and control
groups, and glaucoma filtration surgery was performed. Although intraocular pressure did not differ
between PD0325901-treatment and control groups, bleb height was greater in the treatment group.
Histopathological evaluation revealed that fibrotic changes were significantly attenuated in the
PD0325901-treatment group compared to the control group. In conclusion, the MEK inhibitor impedes
HCF proliferation via cell-cycle arrest and may be beneficial for glaucoma filtration surgery by reducing
bleb scarring.

Glaucoma filtration surgery is the standard procedure for glaucoma patients whose intraocular pressure (IOP)
cannot be adequately controlled with medication’. Glaucoma filtration surgery facilitates the drainage of aque-
ous humor under the conjunctiva. However, excessive postoperative scar formation can lead to the loss of sub-
conjunctival space, resulting in surgical failure’. Currently, 5-fluorouracil (5-FU) and mitomycin-C (MMC) are
applied during the perioperative period to inhibit scar formation?. These agents are commonly used for control-
ling postoperative IOP, however, they can induce complications such as bleb leakage, hypotony, avascularized
bleb, and endophthalmitis®. Consequently, there is a need for drugs that can safely lower IOP with fewer side
effects than 5-FU and MMG, or can improve the benefits of existing anti-scarring drugs.

Existing evidence indicates that several factors in the aqueous humor contribute to postoperative subcon-
junctival fibrosis*. Tumor growth factor (TGF)-p is a major aqueous mediator that induces the contraction,
proliferation, and migration of human conjunctival fibroblasts (HCFs), and has been used in in vitro glaucoma
filtration surgery experiments’. However, in a previous study, administration of anti-TGF-f2 antibody during
trabeculectomy did not improve surgical outcomes over a placebo®, implying that suppression of TGF- alone
is inadequate.

Fibroblasts in most tissues exist in a quiescent phase; however, surgical intervention activates tissue-repair
mechanisms, leading to cell-cycle progression’. Excessive wound healing responses result in fibrotic scar
formation®; therefore, strategies to regulate the cell cycle may be beneficial for successful glaucoma filtration
surgery. For instance, fetal bovine serum (FBS) induces HCF proliferation and has been used in several studies

of HCF cell-cycle regulation®'.
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Mitogen-activated protein kinase kinase (MEK) inhibitors have demonstrated efficacy in both arresting the
cell cycle! and preventing fibrosis through a rapidly accelerated fibrosarcoma (Raf)/MEK/extracellular signal-
regulated kinase (ERK) pathway'>!*. Recently, MEK inhibitors have been applied in the treatment of melanoma'4,
and clinical trials using MEK inhibitors have been conducted for lung cancer' and thyroid carcinoma’®. The
MEK inhibitor U0126 suppresses TGF-B1-induced myofibroblast transdifferentiation in HCFs'”. However, the
effects of MEK inhibitors on HCF cell-cycle arrest and their application in glaucoma filtration surgery in vivo
have not been investigated.

In this study, we investigated the effect of a MEK inhibitor on cell-cycle arrest in serum-stimulated HCFs,
and evaluated its treatment efficacy in a rabbit model of glaucoma filtration surgery.

Results

Effects of PDo325901 on toxicity and proliferation

PD0325901 (Mirdametinib; FUJIFILM Wako Pure Chemical, Osaka, Japan), a selective MEK inhibitor, was used.
First, the 24-h toxicity of PD0325901 in HCFs was confirmed using the cell counting kit-8 (CCK-8; Dojindo
Molecular Technologies, Inc., Kumamoto, Japan) assay (Fig. 1). The OD450 of cells exposed to PD0325901 did
not differ from that of the 0.1% dimethyl sulfoxide (DMSO) control. However, 96 h of PD0325901 exposure
showed a concentration-dependent HCF growth-inhibition effect. As concentrations of 1 uM or higher showed
significant growth inhibition at all time points after 48 h (P <0.041), and there was no difference in OD450 up to
72 h at concentrations of 100 nM and 316 nM compared to DMSO (P >0.097), we used 1 and 10 uM PD0325901
in subsequent experiments.

Effects of PD0325901 on mRNA expression
Proliferating cell nuclear antigen (PCNA) plays a crucial role in the cell cycle, particularly in DNA replication
and repair'®. PCNA is an auxiliary protein for DNA polymerase that reaches maximal expression during the S
phase of the cell cycle. Cyclin D1 plays a central role in the regulation of proliferation, linking the extracellular
signaling environment to cell cycle progression®. It is involved in the transition from the G1 phase to the S
phase of the cell cycle, promoting cell cycle progression by binding to and activating cyclin-dependent kinase
(CDK) 4/6, which in turn phosphorylates and inactivates the retinoblastoma protein, allowing the cell to enter
the S phase. p27 is a key regulator of the cell cycle, exerting multiple functions in cell cycle control, apoptosis,
epigenetic modification, and transcriptional regulation®. Its inhibitory effect on the cell cycle is mediated by the
inhibition of CDKs, thereby preventing the progression of the cell cycle from the G1 phase. Since the decrease
in cyclin D1 and PCNA, and the increase in p27 could indicate an effect of PD0325901 on cell cycle arrest in the
G1 phase, these markers were investigated in this study.

Figure 2 shows the Quantitative real-time PCR (qPCR) results. PCNA expression was significantly lower in the
1- and 10-uM PD0325901 treatment groups than in the 0.1% DMSO control (P <0.001). Compared to controls,
cyclin D1 expression was significantly lower and p27 expression was significantly higher after treatment with
10 uM PD0325901 (P =0.026, 0.013, respectively).
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Figure 1. Effects of PD0325901 on toxicity and proliferation. (a) To assess toxicity, HCFs were incubated

for 24 h with PD0325901 (100 nM-100 uM or 0.1% DMSO, after which the OD450 was measured using the
CCK-8 assay. No significant differences were observed among the groups. (b) To evaluate proliferation, HCFs
were incubated for up to 96 h with PD0325901 or 0.1% DMSO, after which the OD450 was measured using
the CCK-8 assay. The points in this figure show the average OD450 at each PD0325901 concentration or 0.1%
DMSO. PD0325901 inhibited HCF proliferation in a concentration-dependent manner.
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Figure 2. Effects of PD0325901 on mRNA expression. PCNA expression decreased after exposure to 1 and
10 uM PD0325901 compared to 0.1% DMSO (P <0.001). Compared to controls, cyclin D1 expression decreased
and p27 expression increased after exposure to 10 uM PD0325901. *P <0.05 vs. 0.1% DMSO control.

Effects of PD0325901 on the expression of protein level

The immunocytochemistry results are shown in Fig. 3. Treatment with PD0325901 downregulated PCNA and
cyclin D1 expression but upregulated p27 expression. Figure 4 shows the western blotting results. PCNA and
cyclin D1 expression were significantly lower, and p27 expression significantly higher, in both the 1 and 10 uM
PD0325901 treatment groups than in the 0.1% DMSO control (all P <0.001).

Effects of PD0325901 on cell cycle
The percentage of HCFs in the G0/1 phase was higher, and those of the S and G2/M phases were lower, in both
treatment groups versus controls (Table 1, Fig. 5, P <0.008).

Effects of PD0325901 on migration assay

Figure 6a shows typical images of the cell-migration assay. There were no differences in scratch width between
the DMSO and PD0325901 groups at up to 24 h. However, at 48 h, the scratch disappeared in all controls but
remained in all PD0325901 treatment samples; the scratch widths significantly differed between the treatment
groups and controls (Fig. 6b, P <0.001).

Effects of PD0325901 on a glaucoma filtration model in rabbits

Representative photographs after glaucoma filtration surgery are shown in Fig. 7. The PD0325901 treatment
group showed less hyperemia and more diffuse blebs than the control group. It also had a greater average bleb
height on postoperative day 7 (Fig. 8). Although IOP tended to be lower in that group, it did not significantly
differ from the control on any of the measurement dates (Fig. 9). No differences were observed between the
treatment and control groups in slit-lamp and fundus examinations.

Hematoxylin and eosin (HE) staining revealed densely packed cells in the bleb area of controls, suggestive of
fibrosis (Fig. 10a, b). Conversely, in the treatment group, the cells were relatively sparse and scar formation was
suppressed (Fig. 10c, d). Elastica van Gieson (EVG) staining revealed densely stained collagen deposits and scar
formation in both the conjunctiva and sclera of controls (Fig. 10e, f). By contrast, in the PD0325901 treatment
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Figure 3. Effects of PD0325901 on immunocytochemistry. Expression of PCNA and cyclin D1 was lower, and
P27 expression was higher, in PD0325901-treated HCFs compared to DMSO-treated HCFs.
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Table 1. Effect of PD0325901 on cell cycle of HCFs. n =4, mean +SD.
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Figure 4. Effects of PD0325901 on Western blotting. (a) Representative bands from the western blotting

assay. Results are expressed relative to the loading control (B-tubulin). (b) Western blotting revealed decreased
PCNA and cyclin D1 expression, and increased p27 expression, after exposure to 1 and 10 uM PD0325901
exposure compared to controls (P <0.001). *P <0.05 vs. 0.1% DMSO control. The original blots are presented in
Supplementary Figs. 1 and 2. Samples from the same experiment were used, and gels and blots were processed
simultaneously.
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Figure 5. Effects of PD0325901 on cell cycle. Treatment with both 1 and 10 uM PD035901 increased the
percentage of HCFs in the G0/1 phase and decreased the percentages of HCFs in the S and G2/M phases
compared to the 0.1% DMSO control (all P <0.008).
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Figure 6. Effects of PD0325901 on migration assay. The cell-migration assay was performed on HCFs for 0,
24, and 48 h (n=6). The baseline (0 h) represented the migration distance of cells with no stimulation. (a) The
scratch width did not differ among the groups at 24 h. (b) At 48 h, all DMSO-group replicates showed reduced
widths whereas all treatment replicates retained their widths; migration was significantly suppressed by 1 and
10 uM PD0325901 exposure at 48 h post-incubation compared to the DMSO control (P <0.001).
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Figure 7. Representative photographs after glaucoma filtration surgery. Representative photographs of
the postoperative conjunctival bleb at postoperative days 2, 5, and 7. Less hyperemia and diffuse blebs were
observed in the PD0325901 group compared to the control group. The circle lines indicate the extent of the bleb.

group, collagen deposits were faintly stained, conjunctival tissue had a loose appearance, and the subconjunctival
space was preserved (Fig. 10g, h).

Discussion
We investigated whether PD0325901, a MEK inhibitor, could arrest the HCF cell cycle and prevent scar formation
after glaucoma filtration surgery. The CCK-8 assay revealed concentration-dependent growth inhibition of HCFs
by PD0325901. Immunocytochemistry, qPCR, and western blotting showed that PD0325901 downregulated cyc-
lin D1 and PCNA expression, and increased p27 expression, in HCFs. Flow cytometry indicated that it arrested
the HCF cell cycle in the GO0/1 phase, while the migration assay revealed that it inhibited migration of HCFs
in vitro, implying an inhibitory effect on wound healing. In a rabbit model of glaucoma filtration, PD0325901
effectively maintained bleb volume and prevented fibrotic scarring.

ERK1/2 is ubiquitously expressed and is part of the Raf/MEK/ERK signal transduction cascade®'. This cas-
cade plays a crucial role in cell-cycle progression, cell migration, proliferation, and transcription®'. The in vitro
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Figure 8. Anterior segment optical coherence tomography (AS-OCT) after glaucoma filtration surgery. (a)
The space in the bleb in the PD0325901 treatment group was better maintained compared to that in the DMSO
control group. (b) Bleb heights on postoperative day 7 were significantly greater in the treatment group than in
controls (P=0.003).
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Figure 9. Intraocular pressure after glaucoma filtration surgery. No significant differences in IOP were
observed between the treatment and control groups at any time point.

experimental results of our study reveal the effects of a MEK inhibitor in terms of arresting the HCF cell cycle
and inhibiting cell proliferation.

MEK and p38 are involved in the mitogen-activated protein kinase (MAPK) cascade®. p38 is activated by
oxidative stress and inflammatory cytokines, and is involved in the regulation of cellular responses such as inflam-
mation, apoptosis, and differentiation®?. It has been shown that p38 inhibitors suppress myofibroblast transdif-
ferentiation of HCFs and are effective for treating a rabbit model of glaucoma filtration surgery*>**. The MEK
cascade differs from p38 in that it is activated by growth factors and hormones and is involved in regulating cell
proliferation?’. Wen et al. demonstrated that another MEK inhibitor, U0126, suppressed myofibroblast transdif-
ferentiation of HCFs, as well as TGF-B1-induced phosphorylation of Smad2/3, p38/MAPK, and ERK1/2". Thus,
MEK inhibitors, as with p38 inhibitors, may effectively regulate postoperative fibrosis after glaucoma filtration
surgery through the modulation of scar formation via the MAPK cascade.

In addition to the above-described mechanisms via signaling-pathway suppression, we found that PD0325901
attenuated fibrosis by arresting the HCF cell cycle. PD0325901 significantly blocked the cell cycle and prevented
cell proliferation but did not cause HCF cell death. It did not show high cytotoxicity compared to other antifi-
brotic drugs, such as MMC, implying that it can be used safely in combination with other antifibrotic drugs in
glaucoma surgery. We also showed the effective suppression of fibrosis in a rabbit model of glaucoma filtration
surgery via subconjunctival injection of PD0325901. Regarding the relationship between cell-cycle regulation
and the suppression of fibrosis after filtration surgery, a recent study also showed that subconjunctival injection of
adrenaline during trabeculectomy or other filtration surgeries effectively suppressed the contractile properties of
HCFs and inhibited fibroblast proliferation by blocking key cell-cycle genes*. MEK inhibitors have been widely
used for the treatment of neoplastic disorders, with the expectation that they suppress tumor cell growth!*16,
particularly in combination with other therapeutic agents. As currently used drug therapies, 5-FU and MMC
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Figure 10. Histopathologic evaluation of blebs. HE staining of eye tissue revealed dense cells and fibrotic
scarring in the control group (a,b) and relatively sparse cells and milder scar formation in the treatment group
(c,d). EVG staining revealed dense collagen deposition and scar formation in the conjunctiva and sclera of
the control group (e,f), whereas collagen deposition was faintly stained, conjunctival tissue was loose, and the
subconjunctival space was maintained in the treatment group (g,h). Magnification: x4 for (a,c,e,g); x10for
(b,d,fh). Arrows: the conjunctiva, arrow heads: the sclera.

effectively suppress postoperative fibrosis in most, but not all, cases. During the time course of postoperative
fibrosis formation, the inhibition of multiple complex cellular interactions is essential and should be regulated.
The administration of multiple inhibitors has the potential for synergic effects®. For example, we previously
reported the effects of an mTOR inhibitor on HCF proliferation and suppression of fibrosis after filtration surgery
in rabbits?”. Meanwhile, a synergistic antiproliferative effect has been reported for the combined use of an mTOR
inhibitor and MEK inhibitor in tumor cells?®. Thus, the combination of several inhibitors may be useful for the
safe and effective suppression of HCF proliferation.

5-FU inhibits the production of deoxythymidine monophosphate, which is essential for DNA synthesis,
contributing to its cytotoxic effects?®. MMC is an alkylating agent that crosslinks DNA, thereby directly caus-
ing DNA damage and interfering with DNA synthesis and cell division'. In contrast, MEK inhibitors target the
MEK/ERK pathway, which is a key signaling pathway involved in cell proliferation and survival'’. The use of
DNA-damaging reagents such as MMC induces activation of ERK?, which has also been suggested to contribute
to cell cycle re-entry after DNA damage-induced cell cycle arrest***!. Hence, MEK inhibitors are expected to be
useful as adjuncts to MMC. Further research is needed to explore this topic.

Although in our study IOP tended to be lower in the PD0325901 group, there were no significant differences
between the treatment and control groups at any time points. In the rabbit strain used in this study, the baseline
IOP was so low that any IOP-lowering effect via sustainable bleb formation with PD0325901 could not be veri-
fied. In a future study, we plan to use rabbit or other animal models of ocular hypertension to assess this effect.

This study had several limitations. First, we did not compare PD0325901 with currently used perioperative
agents such as MMC or 5-FU. Second, the postoperative observation period was short. Because bleb failure in
rabbits has been reported to occur within 10-14 days postoperatively without the use of antimetabolites, the
observation period was set at 7 days*. Long-term observation is necessary for comparing the effect of PD0325901
and antimetabolites on scar formation. In addition, a sustained drug-delivery system may be useful and should
be explored in the future. Third, the side effects of PD0325901 have not been adequately observed. MEK inhibi-
tors can cause retinopathy and uveitis**. Vitreous injection of PD0325901 at concentrations much higher than
those tested in this study causes retinopathy in rabbits®*. Since there is a report of MEK inhibitor hindering
wound healing of corneal epithelial cells**, corneal damage may need to be carefully monitored when using MEK
inhibitor intraoperatively. Although we observed no adverse effects, additional studies are needed to determine
the safe dose of PD0325901. Forth, two bands of different molecular weights are observed in the p27 membrane
in the supplement figure. p27 isoform has been reported®, and bands at similar molecular weight positions was
found in a previous report®. The results of this study may be due to the p27 isoform.

In summary, PD0325901 arrests the cell cycle of HCFs and may be beneficial in suppressing scar formation
after glaucoma filtration surgery.
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Methods

Cell culture and passage

Primary HCFs were obtained from human donor eyes and characterized as described previously®. The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 containing 10% FBS and antibiotic—antimycotic
solution (100x) (Sigma-Aldrich, St. Louis, MO, USA) in a CO, incubator at 37 °C. In all experiments, only cells
from passages 3-6 were used. To arrest the cell cycle, HCFs were grown to confluence and starved for 48 h in
DMEMY/F-12 without FBS.

Cell proliferation assay

The cytotoxicity and growth-inhibition effects of PD0325901 were assessed using a CCK-8 assay. After cell-
cycle arrest, 1 x 10* cells were replated in a 96-well plate in DMEM/F-12 medium with 10% FBS with or without
PD0325901 (100 nM-100 uM dissolved in 0.1% DMSO or 0.1% DMSO in phosphate-buffered saline (PBS) in
a CO, incubator at 37 °C. After incubation for 24, 48, 72, or 96 h, 10 uL CCK-8 solution was added to each well
and incubated at 37 °C for 2 h. The absorbance at 450 nm (OD450) was measured using a multimode plate reader
(Multi Microplate Reader, ARVOX3; Parkin Elmer, MA, USA).

Quantitative PCR

Following serum starvation, 5 x 10* cells were replated in a 24-well plate in DMEM/F-12 medium with 10% FBS
with or without PD0325901 (1 or 10 uM). After incubation for 48 h, the cells were lysed using ISOGEN (NIP-
PON GENE Ltd., Tokyo, Japan), and isopropyl alcohol and chloroform were used to extract mRNA. qPCR was
performed as described previously”’. Primers were purchased from Hokkaido System Science (Hokkaido, Japan).
The primer sequences in this study were referred to those used in previous reports**~*2. The sequences of the PCR
primers were: GAPDH: forward, 5'-GTCTCCTCTGACTTCAACAGCG-3' and reverse, 5'-ACCACCCTGTTG
CTGTAGCCA-3'; PCNA: forward, 5'-CCTGCTGGGATATTAGCTCCA-3' and reverse, 5'-CAGCGGTAGGTG
TCGAAGC-3'; p27: forward, 5'-TAATTGGGGCTCCGGCTAACT-3' and reverse, 5'-TTGCAGGTCGCTTCC
TTATTC-3'; and cyclin D1: forward, 5'-AGCTGTGCATCTACACCGA-3' and reverse, 5-GAAATCGTGCGG
GGTCATTG-3'. The expression levels of GAPDH were used to normalize those of PCNA, p27, and cyclin D1.

Immunocytochemistry

After serum starvation, 5x 10* cells were replated in 24-well plates with glass coverslips in DMEM/F-12 medium
containing 10% FBS with 1 uM PD0325901 or 0.1% DMSO. Following 48 h incubation, the cells were fixed in
ice-cold 4% paraformaldehyde for 15 min. Permeabilization was performed with 0.3% Triton X-100 for 5 min.
For blocking, Blocking One Histo (Nacalai Tesque, Kyoto, Japan) was used for 30 min at room temperature.
Immunocytochemistry was performed as described previously?’. The cells were incubated at 4 °C overnight
with primary antibodies. The primary antibodies were anti-PCNA (1:200; Sigma-Aldrich), anti-p27 (1:1000;
Cell Signaling Technology, Danvers, MA, USA), and anti-cyclin D1 (1:1000; Cell Signaling Technology). The
cells were washed with PBS and incubated with the secondary antibody (Alexa Fluor 488; 1:1000; Thermo Fisher
Scientific, Waltham, MA, USA) for 60 min at room temperature. Nucleus staining was performed using 4 ug/mL
of 4',6-diamidine-2-phenylindole dihydrochloride solution (DAPI; FUJIFILM Wako Pure Chemical).

Western blotting

After cell-cycle arrest, 1x 10° cells were replated in DMEM with 10% FBS with or without PD0325901 (1 or
10 uM) or 0.1% DMSO in a 60-mm dish, and incubated for 48 h. The cells were obtained using radioimmuno-
precipitation assay buffer (RIPA buffer; Thermo Fisher Scientific K.K., Kanagawa, Japan) and protease inhibitors
(Roche Diagnostics, Basel, Switzerland). A BCA Protein Assay Kit (Thermo Fisher Scientific K.K.) was used to
ascertain the protein quantities in the supernatant. Western blotting was performed as described previously?’.
The following primary antibodies were incubated at 4 °C overnight: anti-PCNA (1:1000; Sigma-Aldrich), anti-
p27 (1:1000; Cell Signaling Technology), anti-cyclin D1 (1:1000; Cell Signaling Technology), and anti-B-tubulin
(1:1000; FUJIFILM Wako Pure Chemical). Horseradish peroxidase-conjugated secondary antibody (H goat
anti-rabbit or anti-mouse IgG; 1:5000; Thermo Fisher Scientific) was incubated for 1 h at room temperature. An
ImageQuant LAS 4000 mini-instrument (GE Healthcare, Chicago, IL, USA) was used to detect protein bands.
WB Stripping Solution (Nacalai Tesque) was used to strip membranes of antibodies. The density of protein bands
was measured using ImageJ ver. 1.53 (National Institutes of Health, Bethesda, MD, USA). Protein expression
was quantified against that of B-tubulin.

Cell cycle analysis

After serum starvation, 3 x 10° cells were replated in DMEM with 10% FBS with or without PD0325901 (1 or
10 uM) or 0.1% DMSO in a 100-mm dish, and then incubated for 48 h. The cells were trypsinized, washed in
PBS, and fixed with 70% ethanol at -20 “C. Fixed cells were stained with 50 mg/mL propidium iodide. Flow
cytometric analysis was performed using a BD FACSAria™ III cell sorter (BD Biosciences, San Jose, CA, USA).
The percentage of HCF in each cell cycle was obtained by the Watson Pragmatic algorithm in Flow]Jo v10.

Migration assay

Confluent HCFs in a 24-well plate were serum starved for 48 h. Each well was scratched crosswise with a pipette
tip. After washing with PBS, the medium was changed to DMEM/F-12 with PD0325901 (1 or 10 uM) or 0.1%
DMSO. Scratches were photographed at 0, 24, and 48 h after stimulation using a microscope (BZ-9000; Keyence
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Corporation, Osaka, Japan). The shortest distance between the edges of cells on either side of the scratch was
measured using Image] ver. 1.53.

Animals

This study was carried out in accordance with the Association for Research in Vision and Ophthalmology State-
ment for the Use of Animals in Ophthalmic and Vision Research, and was approved by the Institutional Animal
Research Committee of the University of Tokyo. The research has been reported in accordance with ARRIVE
guidelines. The right eyes of 12 male Japanese white rabbits (14-19 weeks old, 1.50-1.99 kg; Kitayama Labes Co.,
Ltd., Nagano, Japan) were used in the current study. Before the experiments started, every rabbit was allowed
6 days to acclimate. The rabbits were housed in a conventional animal room with a 12-h light/dark cycle, and
temperature and humidity controls of 22 °C+ 3 °C and 55% + 10%, respectively. The rabbits were given tap water
and food ad libitum.

Glaucoma filtration surgery in rabbits

All surgical procedures were conducted by JL. Rabbits were anesthetized with an intramuscular injection of
ketamine hydrochloride (5 mg/kg body weight) and xylazine hydrochloride (5 mg/kg body weight). A fornix-
based flap of the conjunctiva was made in the superior region. After sclerostomy, a fistula leading to the anterior
chamber was made. The conjunctival flap was sutured using 10-0 nylon.

Evaluation of the effect of PD0325901 in rabbits

The rabbits were randomly divided into a treatment group (n=6) and a control group (n=6). Photographs of the
filtering bleb were captured using a digital camera. Slit-lamp and fundus examination were conducted. The height
of the filtering bleb was measured using anterior segment optical coherence tomography (AS-OCT; RS-3000;
NIDEK, Inc., Fremont, CA, USA). IOP was measured using TONOVET (M.E. Technica, Tokyo, Japan) under
topical anesthesia. Three measurements were taken, from which the mean IOP was recorded. Immediately after
surgery and after examination on postoperative days 1, 2, and 5, 0.2 mL 10 uM PD0325901 or 0.1% DMSO was
injected under the bleb.

Histologic evaluation

The rabbits were euthanized by intravenous injection of secobarbital (150 mg/kg body weight) at 7 days after
surgery. Frozen sections were made as described previously®. After enucleation, the eyes were immersed in 4%
paraformaldehyde and fixed for 24 h. Then the eyes were dehydrated in 30% sucrose for 24 h. Subsequently, the
eyes were embedded in optimal cutting temperature compound (Tissue-Tek; Sakura Finetek, Tokyo, Japan). The
sections were stained with HE and EVG. The evaluation of fibrosis was conducted in a masked manner.

Statistical analysis

The results are presented as means + standard deviations. Statistical analyses were performed using R ver. 4.2.1
(The R Foundation for Statistical Computing, Vienna, Austria). The results of CCK-8 were analyzed using Dun-
nett’s test, while the results of the other experiments were analyzed using t-tests. P <0.05 was considered statisti-
cally significant.

Data availability
All data generated or analyzed in this study are available from the corresponding author upon reasonable request.

Received: 9 November 2023; Accepted: 17 January 2024
Published online: 22 January 2024

References
1. Al Habash, A., Aljasim, L. A., Owaidhah, O. & Edward, D. P. A review of the efficacy of mitomycin C in glaucoma filtration surgery.
Clin. Ophthalmol. 9, 1945-1951 (2015).
2. Hollé, G. Wound healing and glaucoma surgery: Modulating the scarring process with conventional antimetabolites and new
molecules. Dev. Ophthalmol. 59, 80-89 (2017).
3. Al-Haddad, C. E., Abdulaal, M., Al-Moujahed, A., Ervin, A. M. & Ismail, K. Fornix-based versus limbal-based conjunctival trab-
eculectomy flaps for glaucoma: Findings from a Cochrane systematic review. Am. J. Ophthalmol. 174, 33-41 (2017).
4. Schlunck, G., Meyer-ter-Vehn, T, Klink, T. & Grehn, F. Conjunctival fibrosis following filtering glaucoma surgery. Exp. Eye Res.
142, 76-82 (2016).
5. Cordeiro, M. E, Bhattacharya, S. S., Schultz, G. S. & Khaw, P. T. TGF-betal, -beta2, and -beta3 in vitro: Biphasic effects on Tenon’s
fibroblast contraction, proliferation, and migration. Invest. Ophthalmol. Vis. Sci. 41, 756-763 (2000).
6. CAT-152 0102 Trabeculectomy Study Group. A phase III study of subconjunctival human anti-transforming growth factor beta(2)
monoclonal antibody (CAT-152) to prevent scarring after first-time trabeculectomy. Ophthalmology 114, 1822-1830 (2007).
7. Plikus, M. V. et al. Fibroblasts: Origins, definitions, and functions in health and disease. Cell. 184, 3852-3872 (2021).
8. Gauglitz, G. G., Korting, H. C,, Pavicic, T., Ruzicka, T. & Jeschke, M. G. Hypertrophic scarring and keloids: Pathomechanisms and
current and emerging treatment strategies. Mol. Med. 17, 113-125 (2011).
9. Lin, X,, Yu, M., Wu, K,, Yuan, H. & Zhong, H. Effects of pirfenidone on proliferation, migration, and collagen contraction of human
Tenon’s fibroblasts in vitro. Invest. Ophthalmol. Vis. Sci. 50, 3763-3770 (2009).
10. Fischer, C. V. et al. The antiproliferative effect of bevacizumab on human tenon fibroblasts is not mediated by vascular endothelial
growth factor inhibition. Invest. Ophthalmol. Vis. Sci. 57, 4970-4977 (2016).
11. Akinleye, A., Furqan, M., Mukhi, N., Ravella, P. & Liu, D. MEK and the inhibitors: From bench to bedside. J. Hematol. Oncol. 6,
27 (2013).
12. Andrikopoulos, P. et al. The MEK inhibitor trametinib ameliorates kidney fibrosis by suppressing ERK1/2 and mTORCI signaling.
J. Am. Soc. Nephrol. 30, 33-49 (2019).

Scientific Reports |

(2024) 14:1871 | https://doi.org/10.1038/s41598-024-52359-y nature portfolio



www.nature.com/scientificreports/

13. Madala, S. K. et al. MEK-ERK pathway modulation ameliorates pulmonary fibrosis associated with epidermal growth factor
receptor activation. Am. J. Respir. Cell Mol. Biol. 46, 380-388 (2012).

14. Kobeissi, I. & Tarhini, A. A. Systemic adjuvant therapy for high-risk cutaneous melanoma. Ther. Adv. Med. Oncol. 14,
17588359221134088 (2022).

15. Guaitoli, G. et al. Non-small-cell lung cancer: How to manage BRAF-mutated disease. Drugs Context 12, 2022-11-3 (2013).

16. Hamidi, S. et al. Review article: New treatments for advanced differentiated thyroid cancers and potential mechanisms of drug
resistance. Front. Endocrinol. (Lausanne) 14, 1176731 (2023).

17. Wen, J. et al. MEK inhibition prevents TGF-p1-induced myofibroblast transdifferentiation in human tenon fibroblasts. Mol. Med.
Rep. 19, 468-476 (2019).

18. Strzalka, W. & Ziemienowicz, A. Proliferating cell nuclear antigen (PCNA): A key factor in DNA replication and cell cycle regula-
tion. Ann. Bot. 107, 1127-1140 (2011).

19. Yang, K., Hitomi, M. & Stacey, D. W. Variations in cyclin D1 levels through the cell cycle determine the proliferative fate of a cell.
Cell Div. 18(1), 32 (2006).

20. Satoh, T. & Kaida, D. Upregulation of p27 cyclin-dependent kinase inhibitor and a C-terminus truncated form of p27 contributes
to G1 phase arrest. Sci. Rep. 6, 27829 (2016).

21. Roskoski, R. Jr. ERK1/2 MAP kinases: Structure, function, and regulation. Pharmacol. Res. 66, 105-143 (2012).

22. Kim, E. K. & Choi, E. J. Compromised MAPK signaling in human diseases: An update. Arch. Toxicol. 89, 867-882 (2015).

23. Meyer-Ter-Vehn, T. et al. p38 inhibitors prevent TGF-beta-induced myofibroblast transdifferentiation in human tenon fibroblasts.
Invest. Ophthalmol. Vis. Sci. 47, 1500-1509 (2006).

24. Nassar, K. et al. A p38 MAPK inhibitor improves outcome after glaucoma filtration surgery. J. Glaucoma 24, 165-178 (2015).

25. Thong, K. X. et al. Adrenaline blocks key cell cycle genes and exhibits antifibrotic and vasoconstrictor effects in glaucoma surgery.
Exp. Eye Res. 233, 109561 (2023).

26. Varin, J. et al. Dual mMTORC1/2 inhibition induces anti-proliferative effect in NF1-associated plexiform neurofibroma and malignant
peripheral nerve sheath tumor cells. Oncotarget 7, 35753-35767 (2016).

27. Igarashi, N., Honjo, M. & Aihara, M. Effects of mammalian target of rapamycin inhibitors on fibrosis after trabeculectomy. Exp.
Eye Res. 203, 108421 (2021).

28. Fan Gaskin, J. C., Nguyen, D. Q., Soon Ang, G., O’Connor, J. & Crowston, J. G. Wound healing modulation in glaucoma filtration
surgery-conventional practices and new perspectives: The role of antifibrotic agents (Part I). J. Curr. Glaucoma Pract. 8, 37-45
(2014).

29. Lee, S. W. et al. Sustained activation of Ras/Raf/mitogen-activated protein kinase cascade by the tumor suppressor p53. Proc. Natl.
Acad. Sci. USA 97, 8302-8305 (2000).

30. Wei, E, Yan, J. & Tang, D. Extracellular signal-regulated kinases modulate DNA damage response—A contributing factor to using
MEK inhibitors in cancer therapy. Curr. Med. Chem. 18, 5476-5482 (2011).

31. Razidlo, G. L. et al. KSR1 is required for cell cycle reinitiation following DNA damage. J. Biol. Chem. 284, 6705-6715 (2009).

32. van Mechelen, R. . S. et al. Animal models and drug candidates for use in glaucoma filtration surgery: A systematic review. Exp.
Eye Res. 217, 108972 (2022).

33. Arora, S. et al. Retinal toxicities of systemic anticancer drugs. Surv. Ophthalmol. 67, 97-148 (2022).

34. Huang, W. et al. PD0325901, a mitogen-activated protein kinase kinase inhibitor, produces ocular toxicity in a rabbit animal model
of retinal vein occlusion. J. Ocul. Pharmacol. Ther. 25, 519-530 (2009).

35. Byun, Y. S. et al. Diquafosol promotes corneal epithelial healing via intracellular calcium-mediated ERK activation. Exp. Eye Res.
143, 89-97 (2016).

36. Hirano, K. et al. Cloning and functional expression of a degradation-resistant novel isoform of p27Kip1. Biochem. ]. 353, 51-57
(2001).

37. Fang, J. S. et al. Shear-induced Notch-Cx37-p27 axis arrests endothelial cell cycle to enable arterial specification. Nat. Commun.
8, 2149 (2017).

38. Aoyama-Araki, Y. et al. Sphingosine-1-phosphate (S1P)-related response of human conjunctival fibroblasts after filtration surgery
for glaucoma. Invest. Ophthalmol. Vis. Sci. 58, 2258-2265 (2017).

39. Bery, N., Miller, A. & Rabbitts, T. A potent KRAS macromolecule degrader specifically targeting tumours with mutant KRAS. Nat.
Commun. 11, 3233 (2020).

40. Chen, K. et al. Human bone marrow-derived stem cell proliferation is inhibited by hepatocyte growth factor via increasing the
cell cycle inhibitors p53, p21 and p27. Bone 49, 1194-1204 (2011).

41. Liu, Y. et al. The natural polyphenol curcumin induces apoptosis by suppressing STAT3 signaling in esophageal squamous cell
carcinoma. J. Exp. Clin. Cancer Res. 37,303 (2018).

42. Zhao, B. et al. Periodontal ligament stem cell-derived small extracellular vesicles embedded in matrigel enhance bone repair
through the adenosine receptor signaling pathway. Int. J. Nanomed. 17, 519-536 (2022).

43. Nemoto, H., Honjo, M., Okamoto, M., Sugimoto, K. & Aihara, M. Potential mechanisms of intraocular pressure reduction by
micropulse transscleral cyclophotocoagulation in rabbit eyes. Invest. Ophthalmol. Vis. Sci. 63, 3 (2022).

Acknowledgements

Supported by the Japan Society for the Promotion of Science (JSPS) grant no. 22K09807 (M.H.) and JSPS KAK-
ENHI grant no. 23H03058 (M.A.). The English in this document has been checked by at least two professional
editors, both native speakers of English. For a certificate, please see: http://www.textcheck.com/certificate/
hNrspV.

Author contributions

Conception, design, data analysis, and writing and editing of the manuscript were carried out by J.L., M.H., and
M.A; J.L. conducted in vitro and in vivo experiments; M.H. reviewed and edited the manuscript; and all authors
participated in its review and approval.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-52359-y.

Correspondence and requests for materials should be addressed to M.H.

Scientific Reports |

(2024) 14:1871 | https://doi.org/10.1038/s41598-024-52359-y nature portfolio


http://www.textcheck.com/certificate/hNrspV
http://www.textcheck.com/certificate/hNrspV
https://doi.org/10.1038/s41598-024-52359-y
https://doi.org/10.1038/s41598-024-52359-y

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:1871 | https://doi.org/10.1038/s41598-024-52359-y nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A MEK inhibitor arrests the cell cycle of human conjunctival fibroblasts and improves the outcome of glaucoma filtration surgery
	Results
	Effects of PD0325901 on toxicity and proliferation
	Effects of PD0325901 on mRNA expression
	Effects of PD0325901 on the expression of protein level
	Effects of PD0325901 on cell cycle
	Effects of PD0325901 on migration assay
	Effects of PD0325901 on a glaucoma filtration model in rabbits

	Discussion
	Methods
	Cell culture and passage
	Cell proliferation assay
	Quantitative PCR
	Immunocytochemistry
	Western blotting
	Cell cycle analysis
	Migration assay
	Animals
	Glaucoma filtration surgery in rabbits
	Evaluation of the effect of PD0325901 in rabbits
	Histologic evaluation
	Statistical analysis

	References
	Acknowledgements


