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Safety and efficacy of combination 
of suberoylamilide hydroxyamic 
acid and mitomycin C in reducing 
pro‑fibrotic changes in human 
corneal epithelial cells
Rohit Shetty1,7, Nimisha Rajiv Kumar2,7, Murali Subramani3, Lekshmi Krishna3, 
Ponnalagu Murugeswari3, Himanshu Matalia1, Pooja Khamar1, Zelda V. Dadachanji1, 
Rajiv R. Mohan4,5,6*, Arkasubhra Ghosh2* & Debashish Das3*

Corneal haze post refractive surgery is prevented by mitomycin c (MMC) treatment though 
it can lead to corneal endothelial damage, persistent epithelial defects and necrosis of cells. 
Suberanilohydroxamic acid (SAHA) however has been proposed to prevent corneal haze without 
any adverse effects. For clinical application we have investigated the short and long term outcome 
of cells exposed to SAHA. Human donor cornea, cultured limbal epithelial cells, corneal rims and 
lenticules were incubated with SAHA and MMC. The cells/tissue was then analyzed by RT‑qPCR, 
immunofluorescence and western blot for markers of apoptosis and fibrosis. The results reveal 
that short term exposure of SAHA and SAHA + MMC reduced apoptosis levels and increased αSMA 
expression compared to those treated with MMC. Epithelial cells derived from cultured corneal rim 
that were incubated with the MMC, SAHA or MMC + SAHA revealed enhanced apoptosis, reduced 
levels of CK3/CK12, ∆NP63 and COL4A compared to other treatments. In SAHA treated lenticules 
TGFβ induced fibrosis was reduced. The results imply that MMC treatment for corneal haze has both 
short term and long term adverse effects on cells and the cellular properties. However, a combinatorial 
treatment of SAHA + MMC prevents expression of corneal fibrotic markers without causing any 
adverse effect on cellular properties.

There has been an ever increase in patients with refractive errors or ametropia world  wide1. Anatomical cor-
rection of the refractive errors with surgical techniques using argon fluoride excimer laser is a widely accepted 
treatment  modality2. Photorefractive keratectomy (PRK), laser-assisted in situ keratomileusis (LASIK), laser-
assisted subepithelial keratomileusis (LASEK). The outcome of the refractive correction with all of these proce-
dures are comparable for moderate  myopia3. PRK is considered as the safe procedure involving surface ablation 
procedure. As a consequence of PRK procedure, epithelial wound healing is initiated on the corneal surface with 
epithelial cell proliferation, migration, fibroblast differentiation and hemidesmosome  formation4. Post-surgery 
sub-epithelial fibrotic changes, transformation of keratocytes to myofibroblasts and deposition of aberrant col-
lagen and extracellular matrix components results in development of corneal  haze5. Corneal myofibroblasts 
generated from keratocytes activated by inflammatory and pro-fibrotic factors are the primary cause of haze 
 formation6. Transforming growth factor beta 1 (TGFβ1) plays a crucial role in regulating corneal haze formation 
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by modulating cell proliferation and  differentiation7. Agents limiting keratocytes proliferation and differentiation 
to myofibroblast can prevent corneal haze formation post PRK.

Mitomycin C derived from Streptomyces species has anti-neoplastic and antibiotic functions exerted by its 
DNA alkylating property during cell division. It has been approved to be used for preventing haze on corneal 
surface by inducing apoptosis of keratocytes and stromal  cells8. It has been elucidated that conditioned medium 
from MMC treated corneal epithelial cells lead to senescence of corneal epithelial cells and secreted senescence 
associated secreted proteins that suppressed the collagen deposition implicating a definitive role of corneal 
epithelial cells in preventing haze in the presence of  MMC9. It has been shown that prophylactic usage of MMC 
has more beneficial effects rather than therapeutic  effects10. The widely accepted prophylactic usage of MMC in 
ophthalmic clinics for PRK and LASEK are supported by the fact that MMC marginally reduces stromal kerato-
cytes that can be repopulated within a year, none or minimal decrease in endothelial cell  density11–13. However, 
since several animal studies have revealed decrease in endothelial cell density, further studies investigating 
the physiological functions are  warranted14. The dosage and duration of MMC exposure is critical as has been 
reported in several  studies10. The debilitating effects of topical application of MMC can be extended persistent 
epithelial defects, limbal and scleral necrosis, corneal endothelial damage and corneal  perforation15. In an effort 
to explore other agents with similar functions as MMC, potential of SAHA has been evaluated.

Studies have reported that histone deacetylase inhibitors are shown to reduce TGFβ1 induced myofibroblast 
formation along with fibrotic changes using in-vitro  model16. An analogue of Trichostatin A, vorinostat (Suber-
oylamilide Hydroxyamic Acid-SAHA) has been approved by United States Food and Drug Administration for 
medical use in cutaneous T-cell  lymphoma17. In vitro as well as in vivo animal studies have conclusively demon-
strated that SAHA can reduce corneal haze and also short and long term damage to corneal  endothelium18–20. 
Studies of have shown SAHA to be less toxic at their efficacious dosage compared to  MMC20. Therefore, it is 
imperative to establish the individual effects of SAHA on human eyes as well as its combinatorial treatment 
with MMC.

However, there are no safety and efficacy studies of a combinatorial treatment of SAHA and MMC on human 
tissues. In order to be able to investigate the applicability of the treatment for clinical trials a targeted study using 
human samples is warranted. Therefore, our study investigates the effect of SAHA with/without MMC in in vitro 
primary culture systems as a step towards understanding the safety and efficacy of the combinatorial treatment 
to prevent corneal haze post PRK.

Results
Concentration of SAHA and MMC based cell viability. Cultured corneal epithelial cells were treated 
with different concentrations of SAHA dissolved in DMSO or MMC dissolved in saline and incubated for 24 h. 
The cell viability was performed with trypan blue dye exclusion analysis. The results revealed that at concentra-
tions higher than 10 μM there was a decrease in the percentage of viable cells in SAHA (Fig. 1A), whereas at con-
centrations higher than 0.005% there was a decrease in percentage of viable cells for MMC (Fig. 1B). Hence, for 
all our experiments we have used SAHA at a concentration of 5 μM. There was a significant decrease in the per-
centage of viable cells at 50 μM (p = 0.0352) and 100 μM (p = 0.0042) compared to untreated controls. Incubation 
with MMC showed significant decrease in viability at concentrations of 0.01% (p = 0.046) and 0.02% (p = 0.037) 
compared to controls. Hence, we have used 0.005% MMC and 5 μM of SAHA in this study for treating cells.

Effect of SAHA and MMC on corneal explants. Corneal buttons were incubated with SAHA and MMC 
to evaluate their effects on expression of pro-fibrotic marker αSMA. The results revealed that MMC upregulated 
αSMA expression both at protein (Fig.  2A–F) as well as mRNA levels (Fig.  2G). Corneal buttons incubated 
with MMC revealed significant increase of αSMA mRNA levels both in 1 week (p = 0.009) as well as 1 month 
(p = 0.024) incubation compared to 1 week control corneal buttons. There was observed a significant reduc-

Figure 1.  Dose dependent effect of SAHA and MMC on cell viability. Trypan blue cell viability assay of cultured 
day 14 differentiated human limbal epithelial cells to corneal epithelial cells treated with different concentrations 
of SAHA (A) and MMC (B) (n = 4). Statistical significance based on one way ANOVA test denoted by *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001, was calculated in presence of SAHA and MMC in comparison to untreated cultured cells 
by using statistical software GraphPad PRISM Ver 6.01.
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Figure 2.  Effect of MMC and SAHA on cornea. Donor corneas were incubated for 1 month post surgery with 
MMC and SAHA. Representative immunofluorescence images of αSMA (red) and DAPI (blue) staining after 
MMC (A) and SAHA (B) treatment. Negative control for immunofluorescence images are corneas treated 
with MMC (C) and SAHA (D) and stained with secondary antibody only. Representative image of cornea 
cultured for 1 month without SAHA or MMC treatment and stained for αSMA (red) and DAPI (blue) (E). 
The white arrow heads show the αSMA positive staining, the yellow arrow head shows the stromal region and 
the green arrow depicts the endothelial layer of the cornea. mRNA expression of corneas (n = 4) treated with 
MMC (0.005%) and SAHA (5 µM) for 1 week and 1 month for αSMA levels (G). The mRNA levels of the gene 
of interest were normalized with the expression levels of β-actin gene. Mann- Whitney test for independent 
samples were run to get statistical significance. Images were quantified using Image J 1.48 version software 
(http://image j.nih.gov/ij/) and statistical analysis performed using statistical software GraphPad PRISM Ver 
6.01.

http://imagej.nih.gov/ij/
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tion in the αSMA mRNA levels in corneal buttons incubated with SAHA for 1 week (p = 0.0002) and 1 month 
(p = 0.001) compared to those incubated with MMC for 1 week (Fig. 2G). Excised corneal lenticules were treated 
with SAHA, TGFβ individually as well as in combination. The mRNA expression revealed significant decrease 
in αSMA levels (p = 0.0022) by SAHA treatment with or without pro-fibrotic stimulation (Fig. 3A). However, no 
difference was detected in the mRNA levels of IL6 (Fig. 3B).

Status of apoptosis levels in presence of SAHA and MMC. Cultured limbal epithelial cells were 
treated with SAHA and MMC alone or in combination (study group 1). The cell viability was ascertained using 
Trypan blue vital staining. The percentage of viable cells was similar in control cultures and those that were 
exposed to SAHA and MMC + SAHA. However, there was a significant decrease in the percentage of viable cells 
in cultures treated with MMC compared to untreated cultures (p = 0.0034) and those incubated with SAHA 
(p = 0.0106) (Fig. 4A). Furthermore, to determine the effect of treatment on the human eye, cadaveric corneal 
rims were incubated with SAHA and MMC alone or in combination (study group 2). Cell viability assay showed 
results similar to those obtained by incubating the reagents in cultured limbal epithelial cells. Corneal rims 
incubated with SAHA and MMC + SAHA did not show any difference compared to the untreated corneal rims. 
However, there was a significant decrease in the percentage of viable cells in rims incubated with MMC alone 
(p = 0.0038) compared to untreated rims (Fig. 4C). Gene expression analysis revealed significant upregulation 
of the ratio of Bax and Bcl2 levels in study group 1 (p = 0.028) as well as study group 2 (p = 0.0022) exposed to 
MMC compared to control cultures, respectively (Fig. 4B,D). There was no significant difference in the ratio 
of the mRNA levels of Bax and Bcl2 in cells obtained from cultures and corneal rims treated with SAHA and 
MMC + SAHA in comparison to untreated cultures. Furthermore, corneal rims of study group 2were stained 
for BCL2 protein expression. The results revealed a significant decrease in the mean fluorescent intensity of 
BCL2 positive cells obtained from corneal rims exposed to MMC compared to those in controls, SAHA and 
MMC + SAHA (p < 0.0001) (Fig. 4E,F).

Status of fibrotic gene expression. Corneal rims from study group 2 were analyzed for expression 
of fibrotic markers. Corneal rims incubated with SAHA (p = 0.0004) and MMC + SAHA (p = 0.0452) showed 
significant decrease in the mRNA levels of αSMA compared to those incubated with MMC. The rims treated 
with MMC showed elevated expression of αSMA compared to controls. SAHA incubated corneal rims showed 
significant (p = 0.0452) decrease in the mRNA levels of αSMA compared to controls (Fig. 5A). There was a sig-
nificant decrease in the mRNA levels of TGFβ in the presence of SAHA (p = 0.0255), MMC and MMC + SAHA 
(p = 0.0138) compared to control rims (Fig. 5B). Similarly, the mRNA levels of Lox and Coll4A showed decreased 
mRNA expression levels in cells of study group 2 compared to controls (Fig. 5C,D). Significant reduction in 
the mRNA levels of Lox was noted in rims incubated with SAHA (p = 0.0022) compared to controls (Fig. 5C). 
Similarly Coll4A mRNA levels were significantly reduced in rims incubated with SAHA (p = 0.0004), MMC 
(p = 0.0453) and MMC + SAHA (p = 0.0453) compared to controls (Fig.  5D). Furthermore, immunofluores-
cence staining was performed to corroborate the results obtained by mRNA analysis using samples of study 
group 2. Quantification of the mean fluorescent intensity of the images revealed that cells obtained from corneal 
rims incubated with SAHA (p < 0.0001) and MMC + SAHA (p = 0.0002) showed significant lower expression of 
αSMA staining positivity compared to controls. However, cells obtained from corneal rims treated with MMC 
showed no change in the levels of αSMA with respect to control. The αSMA positivity was significantly high in 
cells obtained from rims incubated with MMC compared to those with SAHA (p < 0.0001) and MMC + SAHA 
(p < 0.0001) (Fig. 5E,H) Cells obtained from corneal rims incubated with SAHA (p < 0.0001; p < 0.0001), MMC 
(p < 0.0001; p = 0.0114) and MMC + SAHA (p = 0.0034; p < 0.0001) showed significantly lower mean fluorescent 
intensity of TGFβ and COLL4A levels compared to controls (Fig. 5F,G,I,J). Additionally, it was noted that TGFβ 
mean fluorescent intensity was significantly lower in SAHA (p = 0.0002) and MMC (p = 0.0003) incubated rims 
compared to those incubated with SAHA + MMC (Fig. 5I). Similar results were obtained in the levels of COLL4A 
mean fluorescent intensity levels. Significant reduction was observed in COLL4A levels in rims incubated with 

Figure 3.  Effect of SAHA and TGFβ on cultured lenticules. Relative mRNA expression of αSMA (A) and IL6 
(B) in cultured lenticules (n = 4). Obtained after SMILE surgery that were treated with SAHA (5 µM), TGFβ 
(10 ng/ml), SAHA (5 µM) + TGFβ (10 ng/ml) for 48hrs. Mann- Whitney test for independent samples were run 
to get statistical significance (p = 0.018) by using statistical software GraphPad PRISM Ver 6.01.
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Figure 4.  Effect of MMC and SAHA on cell apoptosis levels. Trypan blue cell viability assay results of study group 1 cultures (A) and 
cells from study group 2 (C) are represented graphically (n = 4). Ratio of relative mRNA expression of Bax and Bcl2 in treated cells of 
study group 1 (B) and study group 2 (D) are depicted (n = 4). Representative immunofluorescence staining images with BCL2 (green) 
and DAPI (blue) in cells obtained from study group 2 (E). For the immunofluorescence staining experiments were conducted (n = 3). 
In total 200–220 cells were analyzed per treatment group and represented graphically showing the mean fluorescent intensity of the 
images (F). Statistical significance based on one way ANOVA test denoted by *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001 was calculated in 
presence of SAHA and MMC in comparison to untreated cultured cells. Images were quantified using Image J 1.48 version software 
(http://image j.nih.gov/ij/) and statistical analysis performed using statistical software GraphPad PRISM Ver 6.01.

http://imagej.nih.gov/ij/
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Figure 5.  Effect of MMC and SAHA on fibrotic markers. Relative mRNA expression levels of αSMA (A), Tgfβ (B), Lox (C) and 
Coll4A (D) in cells obtained from study group 2 and control (n = 4). Representative immunofluorescence images with αSMA (red) (E), 
TGFβ (red) (F), COLL4A (red) (G) and DAPI (blue) in cells obtained from corneal rims of study group 2 (n = 4). Immunofluorescence 
experiments were conducted in triplicate and the mean fluorescent intensity was calculated for 200–220 cells and depicted graphically 
stained with αSMA (H), TGFβ (I), COLL4A (J). Statistical significance based on one way ANOVA test denoted by *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001, ****p ≤ 0.0001 was calculated in presence of SAHA and MMC in comparison to untreated cultured cells. Images were 
quantified using Image J 1.48 version software (http://image j.nih.gov/ij/) and statistical analysis performed using statistical software 
GraphPad PRISM Ver 6.01.

http://imagej.nih.gov/ij/
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SAHA (p = 0.0057) and MMC + SAHA (p < 0.0001) compared to those incubated with MMC alone (Fig. 5J). The 
results show that SAHA reduced αSMA expression levels whereas MMC promoted the expression of αSMA.

Analysis of gene expression levels of study group 1 samples revealed that MMC + SAHA treatment decreased 
the expression of fibrotic markers compared to control as well as those incubated with MMC + SAHA. Cul-
tures treated with MMC showed upregulation in mRNA levels of αSMA (p = 0.0453), TGFβ, Coll4A and Lox 
(p = 0.0022) compared to the controls (Supplementary Fig. S2A–D). In the presence of SAHA, the MMC induced 
upregulation of mRNA levels was significantly reduced. A significant reduction of αSMA (p = 0.0004), TGFβ 
p = 0.0022), Lox and Coll4A (p = 0.0022) mRNA levels was found in MMC + SAHA treated cultures compared 
to those incubated with MMC alone (Supplementary Fig. S2A–D). However, in the presence of MMC, SAHA as 
well as MMC + SAHA the mRNA levels of proliferative marker Ki67 and Cyclin D1 were reduced compared to 
control mRNA levels (Supplementary Fig. S2E). A significant decrease in the mRNA levels of Ki67 (p = 0.0022) 
and Cyclin D1 (p = 0.0022) was noted in cells incubated with MMC + SAHA compared to controls. A decrease 
in the mRNA levels of Coll3A1, Decorin and Fibronectin 1 was noted in samples of study group 1 compared to 
controls. A significant decrease in mRNA levels of Coll3A1 (p = 0.0022) and Decorin (p = 0.0022) was observed 
in cells treated with SAHA compared to controls. A significant decrease in the levels of Fibronectin (p = 0.0022) 
was observed in cells treated with MMC compared to controls (Supplementary Fig. S2F).

Regulation of MDR genes in the presence of SAHA + MMC. In an attempt to understand the under-
lying mechanism for these effects of SAHA and MMC treatments, we analysed the gene expression levels of 
multidrug resistance (MDR) proteins. Cells obtained from study group 1 were analysed for mRNA expression of 
MDR proteins. In the presence of SAHA, a significant upregulation of Abcg2 (p = 0.0453) and Abcb1 (p = 0.0453) 
was observed compared to untreated day 14 differentiated limbal epithelial cultures. But no change was observed 
in expression levels of Abcg2 and Abcb1 in MMC treated cultures compared to untreated cultures. A significant 
decrease was found in mRNA levels of Abcg2 (p = 0.0004) and Abcb1 (p = 0.0004) in cells incubated with MMC 
compared to those incubated with SAHA alone. Contrarily, a significant increase in the mRNA levels of Abcg2 
(p = 0.0453) and Abcb1 (p = 0.0453) in cells treated with MMC + SAHA compared to MMC (Fig. 6A). A similar 
result was obtained in the mRNA levels of cells obtained from the study group 2. Corneal rims incubated with 
SAHA showed significantly elevated mRNA levels of Abcg2 (p = 0.0453) and Abcb1 (p = 0.0453) compared to 
untreated controls. In the presence of MMC, the mRNA of cells from corneal rims revealed reduced levels of 
Abcg2 and Abcb1 compared to untreated controls. Corneal rims incubated in MMC + SAHA show significantly 
elevated gene expression of Abcg2 (p = 0.0453) and Abcb1 (p = 0.0453) compared to those treated with MMC 
alone. There was also a significant upregulation of Abcg2 (p = 0.0004) and Abcb1 (p = 0.0004) mRNA in rims 
treated with SAHA compared to those with MMC (Fig. 6B). Flow cytometry analysis for ABCG2 positive popu-
lation in study group 1 samples revealed increase in the percentage of positive population in SAHA (p = 0.0310) 
compared to control. The ABCG2 positivity was significantly high in SAHA treated cultures compared to those 
incubated with MMC (p = 0.0006) (Fig. 6C,D).

Differentiation status of corneal limbal epithelial cells after treatment. Samples of study group 3 
were analyzed in order to evaluate the differentiation potential of the cells in the corneal rim exposed to the dif-
ferent treatments. Phase contrast images revealed decreased number of cultured cells in corneal rims treated with 
MMC whereas no difference was noted in the cells treated with SAHA, SAHA + MMC and control rims (Sup-
plementary Fig. S1). There was a significantly elevated ratio of Bax to Bcl2 mRNA levels in day 14 differentiated 
cells obtained from corneal rims treated with MMC (p = 0.0004) compared to control rims. Day 14 differentiated 
cells obtained from SAHA treated corneal rims, revealed significantly low ratio of Bax to Bcl2 mRNA compared 
to differentiated cells obtained from untreated control rims (p = 0.0453) and MMC treated rims (p = 0.0004). Day 
14 differentiated cells obtained from MMC + SAHA (p = 0.0453) treated corneal rims showed significantly low 
levels of ratio of Bax to Bcl2 compared to differentiated cells from MMC treated rims (Fig. 7A). The results show 
that day 14 differentiated cells obtained from corneal rims treated with MMC showed lower mRNA expression 
of Ck3/Ck12 compared to cultures of SAHA treated corneal rims (p = 0.0022; p = 0.0022). The mRNA levels Ck3 
and Ck12 of day 14 limbal epithelial cultures from MMC treated corneal rims were lower than the cells cultured 
from MMC + SAHA treated corneal rims. mRNA expression levels of Ck3/Ck12 were comparable in corneal 
rims treated with SAHA alone, SAHA + MMC or control cultures (Fig. 7B). Further, the mRNA expression of 
corneal epithelial stem/progenitor marker (Abcg2 and ∆Np63) levels of corneal rim treated with MMC were sig-
nificantly lower than those treated with SAHA (p = 0.0022; p = 0.0022). However, the mRNA expression of Abcg2 
and ∆Np63 was higher in day 14 cultured cells obtained from SAHA + MMC treated corneal rims compared day 
14 cultured cells obtained from MMC treated corneal rims. The mRNA expression levels of Abcg2 and ∆Np63 
were similar in control corneal rims and those treated with MMC + SAHA (Fig. 7C). There was a decrease in 
the mRNA levels of Ki67 and Cyclin D1 in day 14 differentiated cells obtained from corneal rims treated with 
SAHA + MMC (p = 0.0022; p = 0.0022) compared to control levels (Fig. 7D). Western blot analysis revealed sig-
nificantly lower expression of CK3/CK12 in day 14 cultured cells obtained from corneal rims treated with MMC 
(p = 0.0022) compared to untreated rims. However there was no difference in the expression of CK3/CK12 in day 
14 cultured cells obtained from corneal rims incubated with MMC + SAHA and untreated rims. Expression of 
αSMA was significantly higher in day 14 cultured cells obtained from rims treated with MMC compared to cul-
tured cells obtained from control (p = 0.0453), SAHA (p = 0.0004) and SAHA + MMC (p = 0.0453) corneal rims. 
No significant difference could be observed in day 14 cultured cells obtained from corneal rims treated with 
SAHA, MMC + SAHA and controls. There was a significant decrease in the expression of BCL2 in comparison 
to day 14 cultured cells obtained from rims treated with SAHA (p = 0.0359) and control cultures (p = 0.0254). 
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Figure 6.  Effect of MMC and SAHA on MDR proteins. Relative mRNA expression levels of Abcg2 and Abcb1 
in cells of study group 1 (A) and study group 2 (B) (n = 5). Representative FACS plots showing the effect of 
treatment on cells of study group 1 on ABCG2 levels (C (i-vi)) (n = 4). Graphical representation of percentage of 
ABCG2 positivity (D) Statistical significance based on one way ANOVA test denoted by *p ≤ 0.05, ***p ≤ 0.001 
was calculated using statistical software GraphPad PRISM Ver 6.01.
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Figure 7.  Long term effect of MMC and SAHA on limbal stem/progenitor cells. Ratio of relative mRNA 
expression of Bax and Bcl2 was estimated in cells obtained from study group 3 (A) (n = 4). Relative mRNA 
expression of Ck3, Ck12 (B), Abcg2, ∆NP63 (C) and Ki67, Cyclin D1 (D) in cells obtained from study group 3 
(n = 4). Western blot results showing the expression of CK3/CK12, ∆NP63, COLL4, αSMA, BCl2 and GAPDH 
in cells obtained from study group 3 (E). Graphical representation of relative protein expression quantification of 
Western blots (n = 3) (F). Statistical significance based on one way ANOVA test denoted by *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001 was calculated. Western blots images were quantified using Image J 1.48 version software (http://
image j.nih.gov/ij/) and statistical analysis performed using statistical software GraphPad PRISM Ver 6.01.

http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
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A significant upregulation in the expression of ∆NP63 levels in day 14 cultures obtained from MMC + SAHA 
(p = 0.0022) treated rims compared to cultures from MMC treated rims (Fig. 7E,F, Supplementary Fig. S3).

Discussion
Corneal haze formation post PRK has been one of the primary complications of this laser induced refractive cor-
rection procedure. Photorefractive keratectomy (PRK) and laser assisted subepithelial keratomileusis (LASEK) 
induce corneal epithelial proliferation, migration, differentiation and hemidesmosome formation in an effort to 
heal the surgically induced epithelial  defects21,22. Corneal epithelial change drive haze in post-refractive sugery 
espite the effect in stromal epithelium in development and propagation of sub-epithelial stromal  haze23. The 
wound contraction is driven by components of extra-cellular matrix and differentiation of fibroblasts to myofi-
broblasts or activated  keratocytes24. Damage to the basement membrane lead to secretion of abnormal stromal 
extra-cellular matrix components and deposition of abnormal collagen fibrils by activated keratocytes in sub-
epithelial regions leading to the formation of  haze25. The anti-scarring effects are dependent on the keratocyte 
 death6,26. The proliferation and migration of the activated keratocytes in the stromal region gets initiated 12–14 h 
post corneal epithelial injury activated by  surgery6. However, studies have shown that the status of corneal epi-
thelial cells also contributes in triggering the cascade leading to haze  resolution9. Further the effect of drugs to 
treat haze on limbus need to be addressed as long term outcome may lead to limbal stem cell deficiency. Hence, 
in this study we focused on corneal epithelium and limbal epithelial cells of ex vivo human samples.

It has been shown that a topical application of MMC can lead to an altered phenotype for the corneal epithelial 
cells as well as a gene expression pattern, as an indicator for cell  senescence27. The effect of MMC on corneal 
epithelial cells, keratocytes and corneal endothelial cells is already well  known28. Animal studies have shown 
protective effect of SAHA on endothelial  cells26. It has been illustrated that senescence associated secretory pro-
teins from MMC treated corneal epithelial cells play pivotal role in mitigating the role of MMC in preventing 
 haze9. Usage of MMC in ophthalmic surgery was first done as an adjunct in pterygium excision in 1963 and it 
first use as a corneal healing modulator was performed after almost after more than 35 years in  PRK29,30. MMC 
prevents sub-epithelial haze by inducing senescence in activated keratocytes thereby reducing the abnormal 
ECM by attenuating the TGFβ1 signalling in activated  fibroblasts8,31. Epithelial basement membrane proteins 
such as laminin332, perlecan, nidogen are enhanced by MMC treated corneal epithelial  cells9,32. These proteins 
play vital role in preventing haze. The cause of haze is being triggered by the initial surgery induced insult to 
corneal epithelial cells. However, further studies have revealed that MMC reduces corneal fibrosis by reducing 
collagen deposition and expression of αSMA and fibronectin by corneal fibroblasts and simultaneous deposition 
of epithelial basement membrane protein  Laminin3329.

The corneal scarring is induced by excessive wound healing caused by a variety of mechanisms typically 
involving the TGFβ pathway and its associated proteins. While MMC is clinically used to reduce scarring, its 
mode of action is to induce apoptosis and inhibition of mitosis in myofibroblast precursors by causing cellular 
DNA  damage33. However, in the present study we have used sub-lethal dosage of MMC on in order for us to 
compare the effects of MMC and SAHA on the differentiated limbal epithelial cells without inflicting any wound. 
Limbal cells are exquisitely more susceptible to stress compared to corneal fibroblasts and hence clinical applica-
tion of these drugs needs to be learned.

The effect of MMC treatment on expression of inducible genes can be evaluated if MMC is used at the time of 
injury but not after wound repair has started. Hartnick et al., found that MMC had no beneficial effect in com-
parison to placebo in patients undergoing stent or endotracheal tube removal with 1 year follow-up34. Similarly 
our present study is done by treating corneal epithelial cells obtained by differentiating limbal epithelial cells 
with MMC without any inflicted wound. While this experimental design may be considered a limitation of our 
study, it should be noted that our aim was to investigate the safety and efficacy of SAHA at the human cornea 
keeping MMC treatment as a control. MMC is known to have clear negative effects on corneal cells stability 
and repopulation post refractive surgery, thereby making it important to have  alternatives35,36. Upregulation 
of profibrotic genes such as LOX, TGFβ and corresponding decrease in decorin expression demonstrates the 
pleiotropic effects of MMC in this model of limbal derived epithelial cells.

Decorin, has anti-fibrotic properties and studies have shown its antagonistic functionality towards TGFβ 
thereby reducing  fibrosis39. Collagen III, a key component of extracellular matrix along with Collagen I, V, 
lumican, keratocan and is expressed weakly in cornea in physiological conditions. Its expression increases in a 
time-dependent manner during wound healing and  inflammation40. In our experiments cells were cultured in 
physiological conditions before incubating with MMC, this might have resulted in lower mRNA levels of Col 
3A1 gene. It has also been shown that Col 3A1 expression increases in the initial stages of wound healing and 
eventually replaced with Col  141,42. Col 4A is primarily present in the corneal basement membrane, Bowman’s 
membrane and Descemet’s membrane with role in development, maintainence and wound healing process of 
the  cornea43,44. Treated with TGFβ cells are known to upregulate the expression of myofibroblast markers along 
with Col  4A45. The derranged gene expression profile could be attributed to the DNA interstrand crosslinks that 
could not be repaired. It has been shown that terminally differentiated cells such as muscle and nerve cells lack a 
normal DNA repair mechanism resulting in accumulated DNA  damage46. A similar effect was observed in our 
differentiated corneal epithelial cultures treated with MMC.

At present MMC remains the primary drug of choice to manage the burden of adverse effects. Reports have 
shown that prophylactic usage of MMC resulted in poor differentiation of epithelial cells, slow wound heal-
ing due to its effect on keratocytes in the stroma, endothelial damage, corneal perforation, limbal and scleral 
 necrosis37,47,48. Since, MMC acts on dividing cells, its effects can have long term  ramifications49. The primary side 
effect of MMC treatment is endothelial cells damage though there has been no case of endothelial decompensa-
tion in any  patient50,51. However, animal studies of intact goat globe or rabbit model has shown corneal edema and 
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a decrease in endothelial cell  density33,52. This would prompt an investigation for endothelial cell physiological 
function on a long term study with MMC. An intact and healthy corneal epithelial cell layer would protect the 
corneal endothelial cell  layer53, hence the study was attempted to investigate the role of SAHA in protecting MMC 
treated corneal epithelial cells. SAHA has been investigated as a plausible alternative to MMC application to avoid 
haze post refractive surgery. Animal experiments have provided safety and efficacy of SAHA in order to avoid 
post-refractive laser  surgery18–20. In continuation with earlier studies, we have evaluated the safety and efficacy 
of a combinatorial treatment of SAHA and MMC on primary donor derived human corneal cells and tissues.

Our data shows significant decrease in the cell viability at 25 μm concentration of SAHA (Fig. 1). Hence we 
used 5 μm concentration of SAHA in subsequent experiments. Gronkiewicz et al., have used 2.5 μm of SAHA 
on canine corneal fibroblast cultures to study its role in corneal  fibrosis54. Buss et al., have shown that αSMA 
expression is significantly higher in cultured equine corneal myofibroblasts compared corneal keratocytes and 
 fibroblasts55. Interestingly, in our experiments on human donor derived tissues, the expression of αSMA post 
refractive surgical tissue ablation was significantly reduced by SAHA in comparison to MMC or control treat-
ments. Though MMC has been shown to prevent haze formation successfully, it can induce DNA (CpG-rich 
promoter, exon, and gene upstream regions) damage leading to abnormal proliferation and gene expression 
 patterns37,56,57. Jester et al. using rabbit model noted that higher concentrations of MMC enhanced αSMA in 
TGFβ-induced corneal keratocytes. They suggested that the increasing expression of αSMA in the presence of 
MMC is an outcome of DNA damage leading to altered gene  expressions37. Occleston et al. using Tenon capsule 
fibroblast cultures have revealed that MMC induced growth arrested cultures are capable of producing growth 
factors and ECM molecules thereby directly and indirectly affecting the haze either themselves or by altering the 
behaviour of other  cells58. Seet et al. showed that MMC treated human Tenon’s fibroblast increased the mRNA 
expression levels of αSMA and fibronectin. Similar to Occleston et al. report, Seet et al. also noted unperturbed 
cell migratory property of MMC treated human Tenon’s fibroblast  cultures59. The increase of αSMA in our study 
might imply damage in the DNA strand caused by MMC treatment. Moreover, these could be the reason for a 
the development of haze inspite of MMC  treatment59,60. Abnormal proliferation and gene expression pattern of 
cells have been implicated to the DNA damage induced by  MMC37,61. MMC is known to have toxic effects on 
corneal epithelial  cells35. Hence, we used 0.005% MMC in our study. Gupta et al. have a shown that a single 0.02% 
of MMC was not toxic for canine keratocyte and fibroblast  cultures62. Jester et al. showed that 0.02% of MMC 
was inducing cell death in cultured rabbit keratocytes and lower concentrations were blocking or reducing cell 
 proliferation61. Corneal stromal lenticules treated with SAHA demonstrated reduced expression of αSMA with 
1 week as well as 1 month exposure. Tandon et al. have shown in rabbit and human corneal fibroblasts that SAHA 
reduced the expression of αSMA26. In the presence of TGFβ stimulation on corneal lenticules, SAHA prevented 
the mRNA expression of αSMA, as described in other  systems63.

Clinically effective dosage of MMC is 0.02–0.4 mg/ml (0.002–0.04%) used  intraoperatively64,65. Subconjuncti-
val injection of SAHA (9.25 μg/ml and 50 μM) were given in New Zealand white rabbits to improve bleb survival 
and prevent fibrosis in Glaucoma filteration  surgery66,67. Topically 25–350μM of SAHA has been administered 
in New Zealand white rabbits and Sprague–Dawley rats respectively, to prevent corneal haze/scarring post 
 PRK20,26,68. However, in monolayer cultures concentrations ranging from 5 to 55 μM has been used to prevent 
corneal  fibrosis68,69.

Cell viability assays revealed that MMC treated 14-day limbal epithelial cultures as well as corneal rims had 
significantly lower percentage of viable cells in agreement with other studies which have shown MMC induced 
cell  apoptosis70. This observation is further supported by the enhanced ratio of mRNA levels of Bax/Bcl2. We as 
well as others have a shown that the ratio of Bax/Bcl2 determines the cell susceptibility to  apoptosis71–74. How-
ever, in the presence of SAHA, the MMC induced apoptosis of cells were prevented. Woo et al., showed higher 
TUNEL-positivity implicating higher apoptosis in rat cornea on MMC treatment was significantly reduced when 
low dosage of MMC treatment was combined with  SAHA68. Kim et al., also showed that a low dose of MMC along 
with SAHA prevented apoptosis of conjunctival epithelial cells as well as tenon capsule fibroblasts in  rabbits75. 
Cells obtained from corneal rims exposed to MMC showed significantly lower BCL2 positivity compared to 
controls. Thus, the data demonstrates that in the presence of SAHA, deleterious effect of MMC is mitigated.

MMC, SAHA and their combination treatment decreased the expression of corneal fibrotic markers (TGFβ, 
LOX and COL4A) as shown by the mRNA as well as immunofluorescence results. Similarly, Anumanthan et al., 
have shown using rabbit models of corneal haze that MMC and SAHA are effective in preventing corneal haze 
post photorefractive  keratectomy20. Woo et al. have shown using rat models and cultured human corneal epithe-
lial cells that though MMC and SAHA prevent proliferation of corneal myfibroblasts, a combination of low dosage 
of MMC with SAHA is better as MMC at high dosage is toxic to  cells68. Conjunctival epithelial cells cultured 
from rabbits were used to study subconjunctival fibroblast in the presence of MMC and SAHA. Expression of 
proliferative markers was also reduced in the presence of MMC, SAHA and a combination of MMC and SAHA. 
Studies have reported the role of HDAC inhibitors in preventing cellular  proliferation76. Additionally, the MMC 
is known to prevent proliferation of  keratocytes20,68. Our findings are in agreement with the known mechanism 
that suppression of myofibroblast proliferation would prevent fibrosis  formation68. Hence, a combination of 
MMC + SAHA might have better clinical applicability in blocking corneal haze post PRK.

SAHA is a known modulator of MDR group of  proteins77. Hence, our results revealed that in the presence of 
SAHA and MMC + SAHA there was an upregulation of the mRNA/protein expression of Abcg2 and Abcb1 both 
in cells obtained from corneal rims as well as in cultured differentiated limbal epithelial cells. It has been shown 
that through the activation of MDR proteins effluxes MMC thereby reducing the harmful effects of MMC on 
 cells78,79. It has been shown that Abcb1 and Abcg2 play crucial role in imparting efflux of  MMC80,81.

Mitomycin C belongs to a class of antitumor antibiotics that needs to undergo bioreductive alkylation by 
enzyme systems such as DT-diaphorase, NADPH-cytochorme P-450 reductase, NADPH-cytochorme C reduc-
tase, xanthine oxidase and falvoprotein  transhydrogenase82. The reductive activation results in semiquinone or 
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hydroquinone metabolite that has cytotoxic  capability82,83. The alkylating groups of MMC bind to two nitrogen 
atoms forming interstrand DNA links thereby crosslinking the DNA strands and inhibiting cell  proliferation84. 
MMC has been primarily used in cancer treatment primarily because of its antiproliferative  role82. Intracellular 
accumulation of MMC results in high number of DNA crosslinking leading DNA damage. This eventually 
prevents normal DNA replication causing cell  death85–88. It has been shown that low dosage of MMC activated 
Abcb1 gene and  protein89,90. It has been shown that COX-2 inhibitors prevent induction of MDR  proteins86. Co-
administration of COX2 inhibitor, celecoxib with MMC in COX2- deficient urinary bladder cell line UMUC-3, 
resulted in increased intracellular MMC  levels86. The cytosolic concentration of MMC has been reported in the 
 literature85–88. Wilson et al. using colon cancer cell line showed that resistance to MMC was induced by decrease 
in DNA crosslink  formation91. Resistance to MMC is mediated partly by blocking the alkylation of MMC and 
also by efflux mechanism of multi-drug resistance  proteins92,93. Dorr et al. using a mouse leukaemia cell line, 
L1210 demonstrated that resistance to MMC is imparted by expression of P-glycoprotein on the membrane 
and decreased accumulation of intracellular  MMC94. In similar most likely, our results here support the efflux 
mechanism of imparting MMC resistance, since SAHA induces expression of P-glycoprotein as well as BCRP, 
multi-drug resistant proteins.

The safety of SAHA and MMC treatments were evaluated in a longer timescale by culturing the donor corneal 
rim derived primary cells. These cells were cultured in corneal differentiation medium to evaluate the effect of 
treatment on cell differentiation and proliferation capacity. The corneal rim harbours limbal epithelial as well as 
transient amplifying cells which are essential for the health of the corneal  surface95. Results revealed that a com-
binatorial treatment with SAHA and MMC prevented any compromise of the differentiation potential towards 
corneal lineage cells when compared to MMC alone. Moreover, the rims exposed to MMC + SAHA did not 
show any adverse effects on corneal stem/progenitor marker population when compared with MMC treatment.

These findings implicate that a combination treatment of MMC + SAHA or possibly SAHA alone, could effec-
tively prevent corneal haze formation post PRK surgery in human eyes by reducing fibrosis without excessive 
cell death or compromised corneal cell differentiation. Additionally, our in-vitro data suggests that the combina-
tion treatment of MMC + SAHA might also be safe in the long term with respect to maintaining cellular health. 
Further clinical trials with a combinatorial treatment on post PRK complications are warranted to establish this 
treatment as a standard of care to prevent corneal haze.

Materials and methods
Human corneoscleral rim collection and limbal primary culture. The current study was approved 
by the Narayana Nethralaya institutional Review Board. Samples were collected as per Narayana Nethralaya eth-
ics committee (Bangalore, Karnataka, India) and adhered to the tenets of the Declaration of Helsinki guidelines. 
Informed written consent was obtained from all subjects prior to sample collection. The tissue used for this study 
was sourced from the Shankar Anand Singh Eye Bank (Bangalore, Karnataka, India). The residual corneoscleral 
rim post corneal transplantation was used for the limbal primary culture. Tissue samples were collected from 
subjects within the age group of 25–65 years and both genders were included. We used 50 corneoscleral rims 
in this study. Limbal primary culture was carried out with modification of a previously described  protocol95. 
Briefly, the excessive sclera and peripheral cornea were trimmed from the corneal rim. The enzymatically treated 
Dispase II (2 mg/ml in DMEM; Sigma-Aldrich Missouri, USA) for 30 min at 37  °C, 5%  CO2) corneoscleral 
rim was then chopped into small pieces, placed on de-epithelialized human amniotic membrane (dHAM) and 
cultured for obtaining corneal epithelial cells using growth medium. The growth medium contained Dulbecco’s 
Modified Eagle’s Medium (DMEM)/Ham’s F12 nutrient mix (v/v, 1:1), human recombinant EGF (10 ng/ml), 
human recombinant insulin (5 μg/ml) (Gibco, Grand Island, New York, USA), penicillin (100 U/ml), strepto-
mycin (100 μg/ml) and amphotericin B (2.5 μg/ml) (HiMedia, Mumbai, Maharashtra, India) along with 10% 
fetal bovine serum (Gibco, Grand Island, New York, USA). The protocol followed for limbal cells culture was the 
explant culture technique.

Study group 1. Cultured limbal epithelial cells differentiated to corneal lineage after 14 days of culture are used. 
These cells are treated 24 h with 5 µM SAHA, 0.005% MMC, 0.005% MMC + 5 µM SAHA or mock control. These 
cells are then collected for further analysis for mRNA or protein.

Study group 2. In this group corneoscleral rims were treated with 5  µM SAHA, 0.005% MMC, 0.005% 
MMC + 5 µM SAHA or mock control for 24 h. At the end of incubation, the peripheral cornea and the sclera 
tissue was trimmed from these corneoscleral rims. Finally, the limbal epithelial cells were scarped and collected 
for mRNA and protein  analysis95.

Study group 3. In this last group corneoscleral rims were treated with 5 µM SAHA, 0.005% MMC, 0.005% 
MMC + 5 µM SAHA or mock control for 24 h. At the end of incubation, limbal epithelial cells were isolated from 
the rims. Cells obtained by the rims were cultured on de-epithelialized human amniotic membrane and dif-
ferentiated to corneal lineage by growing them for 14 days. At the end of 14 days cells were collected for mRNA 
and protein  analysis95.

Human lenticule and treatment. Lenticules (n = 4) obtained intraoperatively during SMILE surgery 
from each subject undergoing refractive correction surgery were included in the study. Each lenticule was cut 
into four equal pieces and were subjected to 48  h TGFβ (10  ng/ml), SAHA (5  µM), combination of SAHA 
(5  µM) + TGFβ (10  ng/ml) treatment with untreated control in DMEM-F12 media supplemented with 20% 
FBS, 1% Antibiotic Antimycotic solution. Upon completion of 48 h incubation, total RNA was extracted from 
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each lenticule followed by cDNA conversion and amplified using real time PCR for αsmooth muscle actin (pro-
fibrotic marker) and interleukin 6 (pro-inflammatory marker) expression levels. Actin served as housekeeping 
control.

Human donor cornea collection and treatment. Donor human corneas unsuitable for transplanta-
tion were subjected to excimer laser ablation. Corneal tissues (n = 4) were treated with MMC (0.005% per ml) 
and SAHA (5 µM) for 1 week and 1 month to study laser induced wound and differential healing response. Post 
1 month treatment, corneal button was cut into two halves, one part subjected for gene expression analysis and 
other half was used for making corneal paraffin blocks. After 1 week treatment, total RNA was isolated from the 
treated corneal tissues and were analysed for α-smooth muscle actin.

Cell viability count‑Trypan blue. Cell viability of corneal epithelial cells treated with and without SAHA, 
MMC was accounted by using trypan blue staining. Cells are detached from by using 0.25% trypsin EDTA and 
collected. Cells are further diluted to a suitable concentration and 0.4% (w/v) trypan blue (Mediatech, Cellgro, 
USA) is added to the media containing cells. Then the viable and non-viable cells were counted with the aid of 
haemocytometer and the percentages of viable cells were determined and represented graphically.

RNA extraction, cDNA conversion and quantitative RT‑PCR. Briefly, TRIzol reagent method 
(Ambion, Carlsbad, CA, USA) was used to extract the total RNA from the cells treated with and without SAHA, 
MMC, MMC + SAHA, cultured on dHAM. It has been quantified with Nanodrop spectrophotometer 1000 
(Thermoscientific, Wilmington, USA) and complementary DNA was generated from those samples using High 
capacity cDNA Reverse Transcription Kit, (Life Technologies, CA, USA) and stored at − 20 °C. Quantitative real 
time-PCR was performed by using KAPPA SYBER FAST qPCR Master Mix (Kapa Biosystems, Wilmington, 
MA, USA), and analyzed on Bio-Rad CFX Connect (Bio-Rad, Hercules, CA, USA) and Quantitative RT-PCR 
was performed for corneal epithelial differentiation markers (CK3, CK12), epithelial mesenchemal transition 
markers (αSMA, LOX, TGFβ, and COLL4), apoptosis markers (Bax and Bcl2) and inflammation marker (IL-6) 
data were normalized with the expression of housekeeping gene GAPDH. All the experiments were done in 
triplicate. The primers used are listed in Table 1.

Table 1.  Primers used in RT-qPCR.

Gene primer & Accession no Forward sequence Reverse sequence

gapdh
NM_001289746.1 ACC CAC TCC TCC ACC TTT GAC TGT TGC TGT AGC CAA ATT CGTT 

bax
NM_138761 TTG CTT CAG GGT TTC ATC CA AGA CAC TCG CTC AGC TTC TTG 

bcl2
NM_ 000633 TGG CCA GGG TCA GAG TTA AA TGG CCT CTC TTG CGG AGT A

αSMA
NM_001141945.1 GCT GGC ATC CAT GAA ACC AC TAC ATA GTG GTG CCC CCT GA

TGFβ
NM_000660.5 CAG CAA CAA TTC CTG GCG ATA CCT C CAA CCA CTG CCG CAC AAC TC

Lox
NM_002317.5 ACA TTC GCT ACA CAG GAC ATC TTC CCA CTT CAG AAC ACC AG

Col4A1
NM_001845.5 GCA AAC GCT TAC AGC TTT TGG GGA CGG CGT AGG CTT CTT G

Il6
NM_000600.3 GAT GAG TAC AAA AGT CCT GAT CCA CTG CAG CCA CTG GTT CTG T

Decorin
NM_ 001920.3 GCT TCT TAT TCG GGT GTG AGT TTC CGA GTT GAA TGG CAG AG

Fibronectin
NM_ 212482.1 TGG CCA GTC CTA CAA CCA GTA 

Collagen 3A1
NM_ 000090.3

abcg2
NM_004827 GAG CCT ACA ACT GGC TTA GAC TCA TGA TTG TTC GTC CCT GCT TAGAC 

p63α
NM_001114980 AGC CAG AAG AAA GGA CAG CA CAG GTT CGT GTA CTG TGG CT

Ck3
NM_057088 AGT TTG CCT CCT TCA TTG ACA TGC CTG AGA TGG AAC TTG TG

Ck12
NM_000223 ACG AGC TGA CCC TGA CCA CGG AAG CTT TGG AGC TCA T

Cyclin D1
NM_002592 AGC TCC TGT GCT GCG AAG TGG AAA C AGT GTT CAA TGA AAT CGT GCG GGG T

Ki67
NM_002417 CTT TGG GTG CGA CTT GAC G GTC GAC CCC GCT CCT TTT 
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Western blot. Cells were pelleted by centrifugation (Eppendorf, HAM, Germany) and analysed using the 
RIPA (RadioImmunoPrecipitation Assay) buffer (G-Bioscience, St. Louis, MO, USA). The cell lysates were cen-
trifuged at 12.4 × 1000g for 30 min and the total protein concentration of the supernatants was quantified using 
the BCA (BicinChonic Acid) assay (Thermo Scientific, Rockford, IL, USA). A 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis was used to separate proteins and wet-transferred (Rugby, WAR, UK) using 
polyvinylidene fluoride membrane. Membranes were then blocked and primary antibodies were used with an 
optimal 1:1000 dilution and incubated overnight. The secondary antibody radish peroxidase conjugates (1:5000; 
BioLegend, San Diego, CA, USA) incubated 1 h horse. Protein bands were developed using an enhanced chemi-
luminescence detection kit (Pierce ECL Plus; Thermo Scientific) and analyzed with the Image Quant LAS 500 
chemiluminescence detector (GE Healthcare Life Science, Uppsala, Sweden). Primary and secondary antibodies 
are listed in Table 2.

Fluorescent activated cell sorting (FACS) analysis. Limbal epithelial stem cells differentiated to cor-
neal epithelial cells treated with and without SAHA, MMC, MMC + SAHA for 24 h and untreated cells cultured 
on dHAM. These cells were stained for ABCG2-APC (MDR protein) (BioLegend, San Diego, CA, USA). Cells 
were stained for FACS analysis. Briefly, cells were trypsinized and fixed with 4% paraformaldehyde before being 
permeabilized with 0.1% Triton X (Qualigens, Mumbai, India). The permeablized cells were stained with anti-
body for ABCG2. Unstained cells and cells stained with secondary antibodies alone were used as controls. The 
fluorescence emitted by cells in FL2 channel was recorded and analyzed using BD CellQuest Pro software, (BD 
Biosciences, CA, USA)96. Primary and secondary antibodies are listed in Table 2.

Immunofluorescence. Scrapped cells obtained from treated corneal rims were fixed using 2% paraform-
aldehyde (Sigma Aldrich, MO, USA) for 10 min, permeabilized with 0.1% Triton X 100 (Thermo Fischer Scien-
tific, Mumbai, India) in 1× PBS for 15 min, blocked with 1% bovine serum albumin/phosphate-buffered saline 
(Himedia, Mumbai, India) at room temperature for 1  h. The blocked samples were incubated with primary 
antibody overnight at 4 °C. After a brief rinse in 1× PBST (0.02% Tween 20 (MP Biomedicals, CA, USA), cells 
were incubated with secondary antibodies for 1 h. The slides were finally mounted using Vector shield contain-
ing 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI) aqueous mounting medium (Vector laboratories, 
CA, USA). The fluorescent images were documented using ProgRes Capture Pro 2.5 software on fluorescent 
microscope (Olympus BX41). Fluorescence intensity was quantified using Image J 1.48 version software (http://
image j.nih.gov/ij/; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA)74. 
Primary and secondary antibodies are listed in Table 2.

Immunofluorescence of corneal tissues. 4 µm sections of MMC and SAHA treated corneal tissues were 
deparaffinised, rehydrated, and heated in antigen retrieval citrate buffer (pH 6) solution. Sections were incubated 
with blocking buffer (3%BSA in 1 × PBS) for 1 h at room temperature. Slides were then incubated overnight 
with mouse monoclonal anti α-smooth muscle actin (Abcam, ab7817; dilution 1:500) followed by secondary 
antibody Anti-mouse Cy3 (715–165–150, Jackson ImmunoResearch, dilution 1:2000). Further 4,6-diamidino-
2-phenylindole (DAPI) staining, slides were mounted in Fluoroshield (Sigma) and stored at 4 °C in the dark. 
Microphotographs were obtained on Olympus CKX53 inverted microscope. Primary and secondary antibodies 
are listed in Table 2.

Table 2.  Details of antibodies used in immunofluorescence.

Primary antibodies Dilution Vender

αSMA, mouse 1:50 (IF); 1:1000 (WB) Abcam, USA

TGFβ, rabbit 1:50 (IF) Santacruz Biotechnology, USA

Collagen 4, rabbit 1:50 (IF): 1:1000 (WB) Abcam, USA

BCL2, rabbit 1:250 (IF); 1:1000 (WB) Abgenex, India

CK3/12, rabbit 1:1000 (WB) Abcam, USA

ABCG2-APC, mouse 1:20 (FACS) Biolegend, USA

APC-IgG2b, κ isotype, mouse 1:20 (FACS) Biolegend, USA

P63α, rabbit 1:1000 (WB) Cell Signaling, USA

GAPDH, mouse 1:1000 (WB) Abgenex, India

Secondary antibodies

Donkey anti-rabbit IgG,
Cy3 1:500 Jackson Immunoresearch, USA

Donkey anti-rabbit IgG,
Alexa flour 488 1:500 Abgenex, India

Donkey anti-mouse IgG,
Cy3 1:500 Jackson Immunoresearch, USA

Donkey anti-rabbit IgG, HRP 1:4000 Biolegend, USA

Goat anti-mouse IgG, HRP 1:4000 Biolegend, USA

http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
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Statistical analysis. All the experiments were performed in triplicate and results of three independent 
experiments were used for statistical analysis. Data are represented as the mean ± SD and were analyzed with 
one-way ANOVA and Mann–Whitney U test for multiple group comparison using statistical software GraphPad 
PRISM Ver 6.01. Significance value denoted, p* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001.

Received: 18 February 2020; Accepted: 1 February 2021

References
 1. Hashemi, H. et al. Global and regional estimates of prevalence of refractive errors: Systematic review and meta-analysis. J. Curr. 

Ophthalmol. 30, 3–22. https ://doi.org/10.1016/j.joco.2017.08.009 (2018).
 2. El Bahrawy, M. & Alio, J. L. Excimer laser 6(th) generation: State of the art and refractive surgical outcomes. Eye Vis. 2, 6. https ://

doi.org/10.1186/s4066 2-015-0015-5 (2015).
 3. Ambrosio, R. Jr. & Wilson, S. LASIK vs LASEK vs PRK: Advantages and indications. Semin. Ophthalmol. 18, 2–10. https ://doi.

org/10.1076/soph.18.1.2.14074  (2003).
 4. Ljubimov, A. V. & Saghizadeh, M. Progress in corneal wound healing. Progress Retinal Eye Res. 49, 17–45. https ://doi.org/10.1016/j.

prete yeres .2015.07.002 (2015).
 5. Moller-Pedersen, T., Cavanagh, H. D., Petroll, W. M. & Jester, J. V. Corneal haze development after PRK is regulated by volume of 

stromal tissue removal. Cornea 17, 627–639. https ://doi.org/10.1097/00003 226-19981 1000-00011  (1998).
 6. Torricelli, A. A., Santhanam, A., Wu, J., Singh, V. & Wilson, S. E. The corneal fibrosis response to epithelial–stromal injury. Exp. 

Eye Res. 142, 110–118. https ://doi.org/10.1016/j.exer.2014.09.012 (2016).
 7. Kaji, Y., Soya, K., Amano, S., Oshika, T. & Yamashita, H. Relation between corneal haze and transforming growth factor-beta1 

after photorefractive keratectomy and laser in situ keratomileusis. J. Cataract Refract. Surg. 27, 1840–1846. https ://doi.org/10.1016/
s0886 -3350(01)01141 -5 (2001).

 8. Arranz-Marquez, E., Katsanos, A., Kozobolis, V. P., Konstas, A. G. P. & Teus, M. A. A critical overview of the biological effects of 
mitomycin C application on the cornea following refractive surgery. Adv. Ther. 36, 786–797. https ://doi.org/10.1007/s1232 5-019-
00905 -w (2019).

 9. Pal-Ghosh, S. et al. Transient Mitomycin C-treatment of human corneal epithelial cells and fibroblasts alters cell migration, cytokine 
secretion, and matrix accumulation. Sci. Rep. 9, 13905. https ://doi.org/10.1038/s4159 8-019-50307 -9 (2019).

 10. Netto, M. V. et al. Effect of prophylactic and therapeutic mitomycin C on corneal apoptosis, cellular proliferation, haze, and long-
term keratocyte density in rabbits. J. Refract. Surg. 22, 562–574 (2006).

 11. Lai, Y. H., Wang, H. Z., Lin, C. P. & Chang, S. J. Mitomycin C alters corneal stromal wound healing and corneal haze in rabbits after 
argon-fluoride excimer laser photorefractive keratectomy. J. Ocul. Pharmacol. Therap. 20, 129–138. https ://doi.org/10.1089/10807 
68047 73710 803 (2004).

 12. de Benito-Llopis, L., Canadas, P., Drake, P., Hernandez-Verdejo, J. L. & Teus, M. A. Keratocyte density 3 months, 15 months, and 
3 years after corneal surface ablation with mitomycin C. Am. J. Ophthalmol. 153, 17–23. https ://doi.org/10.1016/j.ajo.2011.05.034 
(2012).

 13. Midena, E. et al. Long-term effects on corneal keratocytes of mitomycin C during photorefractive keratectomy: A randomized 
contralateral eye confocal microscopy study. J. Refract. Surg. 23, S1011-1014 (2007).

 14. Kim, T. I., Pak, J. H., Lee, S. Y. & Tchah, H. Mitomycin C-induced reduction of keratocytes and fibroblasts after photorefractive 
keratectomy. Invest. Ophthalmol. Vis. Sci. 45, 2978–2984. https ://doi.org/10.1167/iovs.04-0070 (2004).

 15. Mearza, A. A. & Aslanides, I. M. Uses and complications of mitomycin C in ophthalmology. Expert Opin. Drug Saf. 6, 27–32. https 
://doi.org/10.1517/14740 338.6.1.27 (2007).

 16. Guo, W., Shan, B., Klingsberg, R. C., Qin, X. & Lasky, J. A. Abrogation of TGF-beta1-induced fibroblast–myofibroblast differentia-
tion by histone deacetylase inhibition. Am. J. Physiol. Lung Cell. Mol. Physiol. 297, L864-870. https ://doi.org/10.1152/ajplu ng.00128 
.2009 (2009).

 17. Cenik, B. et al. Suberoylanilide hydroxamic acid (vorinostat) up-regulates progranulin transcription: Rational therapeutic approach 
to frontotemporal dementia. J. Biol. Chem. 286, 16101–16108. https ://doi.org/10.1074/jbc.M110.19343 3 (2011).

 18. Bosiack, A. P., Giuliano, E. A., Gupta, R. & Mohan, R. R. Efficacy and safety of suberoylanilide hydroxamic acid (Vorinostat) in 
the treatment of canine corneal fibrosis. Vet. Ophthalmol. 15, 307–314. https ://doi.org/10.1111/j.1463-5224.2011.00985 .x (2012).

 19. Sharma, A. et al. Epigenetic modification prevents excessive wound healing and scar formation after glaucoma filtration surgery. 
Invest. Ophthalmol. Vis. Sci. 57, 3381–3389. https ://doi.org/10.1167/iovs.15-18750  (2016).

 20. Anumanthan, G. et al. Efficacy and safety comparison between suberoylanilide hydroxamic acid and mitomycin C in reducing 
the risk of corneal haze after PRK treatment in vivo. J. Refract. Surg. 33, 834–839. https ://doi.org/10.3928/10815 97X-20170 921-02 
(2017).

 21. Dua, H. S., Gomes, J. A. & Singh, A. Corneal epithelial wound healing. Brit. J. Ophthalmol. 78, 401–408. https ://doi.org/10.1136/
bjo.78.5.401 (1994).

 22. Stepp, M. A. et al. Wounding the cornea to learn how it heals. Exp. Eye Res. 121, 178–193. https ://doi.org/10.1016/j.exer.2014.02.007 
(2014).

 23. Kumar, N. R. et al. Identification of novel predictive factors for post surgical corneal haze. Sci. Rep. 9, 16980. https ://doi.org/10.1038/
s4159 8-019-53123 -3 (2019).

 24. Taliana, L., Evans, M. D., Dimitrijevich, S. D. & Steele, J. G. Vitronectin or fibronectin is required for corneal fibroblast-seeded 
collagen gel contraction. Invest. Ophthalmol. Vis. Sci. 41, 103–109 (2000).

 25. Moller-Pedersen, T., Cavanagh, H. D., Petroll, W. M. & Jester, J. V. Stromal wound healing explains refractive instability and haze 
development after photorefractive keratectomy: A 1-year confocal microscopic study. Ophthalmology 107, 1235–1245. https ://doi.
org/10.1016/s0161 -6420(00)00142 -1 (2000).

 26. Tandon, A. et al. Vorinostat: A potent agent to prevent and treat laser-induced corneal haze. J. Refract. Surg. 28, 285–290. https ://
doi.org/10.3928/10815 97X-20120 210-01 (2012).

 27. Heng, E. C., Huang, Y., Black, S. A. Jr. & Trackman, P. C. CCN2, connective tissue growth factor, stimulates collagen deposition by 
gingival fibroblasts via module 3 and alpha6- and beta1 integrins. J. Cell. Biochem. 98, 409–420. https ://doi.org/10.1002/jcb.20810  
(2006).

 28. Zare, M., Jafarinasab, M. R., Feizi, S. & Zamani, M. The effect of mitomycin-C on corneal endothelial cells after photorefractive 
keratectomy. J. Ophthalm. Vis. Res. 6, 8–12 (2011).

 29. Kunitomo, N. Studies on the pterygium. Part 4. A treatment of the pterygium by mitomycin-C instillation. Acta Soc. Ophthalmol. 
Jpn. 67, 601–607 (1963).

https://doi.org/10.1016/j.joco.2017.08.009
https://doi.org/10.1186/s40662-015-0015-5
https://doi.org/10.1186/s40662-015-0015-5
https://doi.org/10.1076/soph.18.1.2.14074
https://doi.org/10.1076/soph.18.1.2.14074
https://doi.org/10.1016/j.preteyeres.2015.07.002
https://doi.org/10.1016/j.preteyeres.2015.07.002
https://doi.org/10.1097/00003226-199811000-00011
https://doi.org/10.1016/j.exer.2014.09.012
https://doi.org/10.1016/s0886-3350(01)01141-5
https://doi.org/10.1016/s0886-3350(01)01141-5
https://doi.org/10.1007/s12325-019-00905-w
https://doi.org/10.1007/s12325-019-00905-w
https://doi.org/10.1038/s41598-019-50307-9
https://doi.org/10.1089/108076804773710803
https://doi.org/10.1089/108076804773710803
https://doi.org/10.1016/j.ajo.2011.05.034
https://doi.org/10.1167/iovs.04-0070
https://doi.org/10.1517/14740338.6.1.27
https://doi.org/10.1517/14740338.6.1.27
https://doi.org/10.1152/ajplung.00128.2009
https://doi.org/10.1152/ajplung.00128.2009
https://doi.org/10.1074/jbc.M110.193433
https://doi.org/10.1111/j.1463-5224.2011.00985.x
https://doi.org/10.1167/iovs.15-18750
https://doi.org/10.3928/1081597X-20170921-02
https://doi.org/10.1136/bjo.78.5.401
https://doi.org/10.1136/bjo.78.5.401
https://doi.org/10.1016/j.exer.2014.02.007
https://doi.org/10.1038/s41598-019-53123-3
https://doi.org/10.1038/s41598-019-53123-3
https://doi.org/10.1016/s0161-6420(00)00142-1
https://doi.org/10.1016/s0161-6420(00)00142-1
https://doi.org/10.3928/1081597X-20120210-01
https://doi.org/10.3928/1081597X-20120210-01
https://doi.org/10.1002/jcb.20810


16

Vol:.(1234567890)

Scientific Reports |         (2021) 11:4392  | https://doi.org/10.1038/s41598-021-83881-y

www.nature.com/scientificreports/

 30. Majmudar, P. A. et al. Topical mitomycin-C for subepithelial fibrosis after refractive corneal surgery. Ophthalmology 107, 89–94. 
https ://doi.org/10.1016/s0161 -6420(99)00019 -6 (2000).

 31. Menko, A. S., Walker, J. L. & Stepp, M. A. Fibrosis: Shared lessons from the lens and cornea. Anat. Rec. 303, 1689–1702. https ://
doi.org/10.1002/ar.24088  (2020).

 32. Saikia, P. et al. IL-1 and TGF-beta modulation of epithelial basement membrane components perlecan and nidogen production 
by corneal stromal cells. Invest. Ophthalmol. Vis. Sci. 59, 5589–5598. https ://doi.org/10.1167/iovs.18-25202  (2018).

 33. Roh, D. S. et al. DNA cross-linking, double-strand breaks, and apoptosis in corneal endothelial cells after a single exposure to 
mitomycin C. Invest. Ophthalmol. Vis. Sci. 49, 4837–4843. https ://doi.org/10.1167/iovs.08-2115 (2008).

 34. Hartnick, C. J. et al. Topical mitomycin application after laryngotracheal reconstruction: A randomized, double-blind, placebo-
controlled trial. Arch Otolaryngol. Head Neck Surg. 127, 1260–1264. https ://doi.org/10.1001/archo tol.127.10.1260 (2001).

 35. Rajan, M. S., O’Brart, D. P., Patmore, A. & Marshall, J. Cellular effects of mitomycin-C on human corneas after photorefractive 
keratectomy. J. Cataract Refract. Surg. 32, 1741–1747. https ://doi.org/10.1016/j.jcrs.2006.05.014 (2006).

 36. Kremer, I., Ehrenberg, M. & Levinger, S. Delayed epithelial healing following photorefractive keratectomy with mitomycin C 
treatment. Acta Ophthalmol. 90, 271–276. https ://doi.org/10.1111/j.1755-3768.2010.01894 .x (2012).

 37. Jester, J. V., Nien, C. J., Vasiliou, V. & Brown, D. J. Quiescent keratocytes fail to repair MMC induced DNA damage leading to the 
long-term inhibition of myofibroblast differentiation and wound healing. Mol. Vis. 18, 1828–1839 (2012).

 38. Gray, S. D., Tritle, N. & Li, W. The effect of mitomycin on extracellular matrix proteins in a rat wound model. Laryngoscope 113, 
237–242. https ://doi.org/10.1097/00005 537-20030 2000-00008  (2003).

 39. NikhalaShree, S. et al. Lowered decorin with aberrant extracellular matrix remodeling in aqueous humor and Tenon’s tissue from 
primary glaucoma patients. Invest. Ophthalmol. Vis. Sci. 60, 4661–4669. https ://doi.org/10.1167/iovs.19-27091  (2019).

 40. Sloniecka, M. & Danielson, P. Substance P induces fibrotic changes through activation of the RhoA/ROCK pathway in an in vitro 
human corneal fibrosis model. J. Mol. Med. (Berl.) 97, 1477–1489. https ://doi.org/10.1007/s0010 9-019-01827 -4 (2019).

 41. Li, Y. et al. Effects of different sutures on fibrosis and wound healing in a rabbit model of corneal wounds. Exp. Ther. Med. 12, 
2827–2834. https ://doi.org/10.3892/etm.2016.3703 (2016).

 42. de Oliveira, R. C. & Wilson, S. E. Fibrocytes, wound healing, and corneal fibrosis. Invest. Ophthalmol. Vis. Sci. 61, 28. https ://doi.
org/10.1167/iovs.61.2.28 (2020).

 43. Bailey, A. J. Structure, function and ageing of the collagens of the eye. Eye (Lond.) 1(Pt 2), 175–183. https ://doi.org/10.1038/
eye.1987.34 (1987).

 44. Saikia, P., Medeiros, C. S., Thangavadivel, S. & Wilson, S. E. Basement membranes in the cornea and other organs that commonly 
develop fibrosis. Cell Tissue Res. 374, 439–453. https ://doi.org/10.1007/s0044 1-018-2934-7 (2018).

 45. Shu, D. Y. & Lovicu, F. J. Myofibroblast transdifferentiation: The dark force in ocular wound healing and fibrosis. Progress Retinal 
Eye Res. 60, 44–65. https ://doi.org/10.1016/j.prete yeres .2017.08.001 (2017).

 46. Fortini, P. & Dogliotti, E. Mechanisms of dealing with DNA damage in terminally differentiated cells. Mutat. Res. 685, 38–44. https 
://doi.org/10.1016/j.mrfmm m.2009.11.003 (2010).

 47. Carrasco, M. A., Rapuano, C. J., Cohen, E. J. & Laibson, P. R. Scleral ulceration after preoperative injection of mitomycin C in the 
pterygium head. Arch. Ophthalmol. 120, 1585–1586 (2002).

 48. Lichtinger, A., Pe’er, J., Frucht-Pery, J. & Solomon, A. Limbal stem cell deficiency after topical mitomycin C therapy for primary 
acquired melanosis with atypia. Ophthalmology 117, 431–437. https ://doi.org/10.1016/j.ophth a.2009.07.032 (2010).

 49. Gaulden, M. E., Ferguson, M. J., Seibert, G. B. & Proctor, B. L. Mitomycin C effects on cell cycle progression, including inhibition 
of very late prophase, as seen in living neuroblasts of Chortophaga viridifasciata, with some observations on mitomycin C purity. 
Mutat. Res. 149, 41–50. https ://doi.org/10.1016/0027-5107(85)90007 -7 (1985).

 50. Majmudar, P. A. et al. Mitomycin-C in corneal surface excimer laser ablation techniques: A report by the American Academy of 
Ophthalmology. Ophthalmology 122, 1085–1095. https ://doi.org/10.1016/j.ophth a.2015.01.019 (2015).

 51. Gharaee, H., Zarei-Ghanavati, S., Alizadeh, R. & Abrishami, M. Endothelial cell changes after photorefractive keratectomy with 
graded usage of mitomycin C. Int. Ophthalmol. 38, 1211–1217. https ://doi.org/10.1007/s1079 2-017-0584-5 (2018).

 52. Chang, S. W. Early corneal edema following topical application of mitomycin-C. J. Cataract Refract. Surg. 30, 1742–1750. https ://
doi.org/10.1016/j.jcrs.2003.12.044 (2004).

 53. Sridhar, M. S. Anatomy of cornea and ocular surface. Indian J. Ophthalmol. 66, 190–194. https ://doi.org/10.4103/ijo.IJO_646_17 
(2018).

 54. Gronkiewicz, K. M., Giuliano, E. A., Sharma, A. & Mohan, R. R. Molecular mechanisms of suberoylanilide hydroxamic acid in 
the inhibition of TGF-beta1-mediated canine corneal fibrosis. Vet. Ophthalmol. 19, 480–487. https ://doi.org/10.1111/vop.12331  
(2016).

 55. Buss, D. G., Giuliano, E. A., Sharma, A. & Mohan, R. R. Isolation and cultivation of equine corneal keratocytes, fibroblasts and 
myofibroblasts. Vet. Ophthalmol. 13, 37–42. https ://doi.org/10.1111/j.1463-5224.2009.00755 .x (2010).

 56. Tam, A. S., Chu, J. S. & Rose, A. M. Genome-wide mutational signature of the chemotherapeutic agent mitomycin C in Caeno-
rhabditis elegans. Gait 6, 133–140. https ://doi.org/10.1534/g3.115.02191 5 (2015).

 57. Walker, L. C. et al. Use of DNA-damaging agents and RNA pooling to assess expression profiles associated with BRCA1 and BRCA2 
mutation status in familial breast cancer patients. PLoS Genet. 6, e1000850. https ://doi.org/10.1371/journ al.pgen.10008 50 (2010).

 58. Occleston, N. L. et al. Single exposures to antiproliferatives: Long-term effects on ocular fibroblast wound-healing behavior. Invest. 
Ophthalmol. Vis. Sci. 38, 1998–2007 (1997).

 59. Seet, L. F., Su, R., Toh, L. Z. & Wong, T. T. In vitro analyses of the anti-fibrotic effect of SPARC silencing in human Tenon’s fibro-
blasts: Comparisons with mitomycin C. J. Cell Mol. Med. 16, 1245–1259. https ://doi.org/10.1111/j.1582-4934.2011.01400 .x (2012).

 60. Qazi, M. A., Johnson, T. W. & Pepose, J. S. Development of late-onset subepithelial corneal haze after laser-assisted subepithe-
lial keratectomy with prophylactic intraoperative mitomycin-C Case report and literature review. J. Cataract Refract. Surg. 32, 
1573–1578. https ://doi.org/10.1016/j.jcrs.2006.04.027 (2006).

 61. Jester, J. V. et al. Dose effects of mitomycin C (MMC) on corneal scarring and TGFβ induced myofibroblast differentiation. Invest. 
Ophthalmol. Vis. Sci. 49, 2937–2937 (2008).

 62. Gupta, R. et al. Mitomycin C: A promising agent for the treatment of canine corneal scarring. Vet. Ophthalmol. 14, 304–312. https 
://doi.org/10.1111/j.1463-5224.2011.00877 .x (2011).

 63. Futakuchi, A. et al. Molecular mechanisms underlying the filtration bleb-maintaining effects of suberoylanilide hydroxamic acid 
(SAHA). Invest. Ophthalmol. Vis. Sci. 58, 2421–2429. https ://doi.org/10.1167/iovs.16-21403  (2017).

 64. Cumurcu, T. Mitomycin-C Use and complications in ophthalmology. Int. J. Clin. Exp. Ophthalmol. 1, 29–32 (2017).
 65. Teus, M. A., de Benito-Llopis, L. & Alio, J. L. Mitomycin C in corneal refractive surgery. Surv. Ophthalmol. 54, 487–502. https ://

doi.org/10.1016/j.survo phtha l.2009.04.002 (2009).
 66. Rodgers, C. D. et al. Modulating ocular scarring in glaucoma filtration surgery using the epigenetic adjunct suberoylanilide 

hydroxamic acid. J. Curr. Glaucoma Pract. 13, 37–41. https ://doi.org/10.5005/jp-journ als-10078 -1246 (2019).
 67. Chen, H. et al. Suberoylanilide hydroxamic acid (SAHA) inhibits excess fibrosis in glaucoma filtration surgery: The animal study 

and molecular mechanisms. Invest. Ophthalmol. Vis. Sci. 55, 3205 (2014).
 68. Woo, J. E., Park, W. C., Yoo, Y. H. & Kim, S. W. The efficacy of co-treatment with suberoylanilide hydroxamic acid and mitomycin 

C on corneal scarring after therapeutic keratectomy: An animal study. Curr. Eye Res. 39, 348–358. https ://doi.org/10.3109/02713 
683.2013.85927 2 (2014).

https://doi.org/10.1016/s0161-6420(99)00019-6
https://doi.org/10.1002/ar.24088
https://doi.org/10.1002/ar.24088
https://doi.org/10.1167/iovs.18-25202
https://doi.org/10.1167/iovs.08-2115
https://doi.org/10.1001/archotol.127.10.1260
https://doi.org/10.1016/j.jcrs.2006.05.014
https://doi.org/10.1111/j.1755-3768.2010.01894.x
https://doi.org/10.1097/00005537-200302000-00008
https://doi.org/10.1167/iovs.19-27091
https://doi.org/10.1007/s00109-019-01827-4
https://doi.org/10.3892/etm.2016.3703
https://doi.org/10.1167/iovs.61.2.28
https://doi.org/10.1167/iovs.61.2.28
https://doi.org/10.1038/eye.1987.34
https://doi.org/10.1038/eye.1987.34
https://doi.org/10.1007/s00441-018-2934-7
https://doi.org/10.1016/j.preteyeres.2017.08.001
https://doi.org/10.1016/j.mrfmmm.2009.11.003
https://doi.org/10.1016/j.mrfmmm.2009.11.003
https://doi.org/10.1016/j.ophtha.2009.07.032
https://doi.org/10.1016/0027-5107(85)90007-7
https://doi.org/10.1016/j.ophtha.2015.01.019
https://doi.org/10.1007/s10792-017-0584-5
https://doi.org/10.1016/j.jcrs.2003.12.044
https://doi.org/10.1016/j.jcrs.2003.12.044
https://doi.org/10.4103/ijo.IJO_646_17
https://doi.org/10.1111/vop.12331
https://doi.org/10.1111/j.1463-5224.2009.00755.x
https://doi.org/10.1534/g3.115.021915
https://doi.org/10.1371/journal.pgen.1000850
https://doi.org/10.1111/j.1582-4934.2011.01400.x
https://doi.org/10.1016/j.jcrs.2006.04.027
https://doi.org/10.1111/j.1463-5224.2011.00877.x
https://doi.org/10.1111/j.1463-5224.2011.00877.x
https://doi.org/10.1167/iovs.16-21403
https://doi.org/10.1016/j.survophthal.2009.04.002
https://doi.org/10.1016/j.survophthal.2009.04.002
https://doi.org/10.5005/jp-journals-10078-1246
https://doi.org/10.3109/02713683.2013.859272
https://doi.org/10.3109/02713683.2013.859272


17

Vol.:(0123456789)

Scientific Reports |         (2021) 11:4392  | https://doi.org/10.1038/s41598-021-83881-y

www.nature.com/scientificreports/

 69. Donnelly, K. S., Giuliano, E. A., Sharm, A. & Mohan, R. R. Suberoylanilide hydroxamic acid (vorinostat): Its role on equine corneal 
fibrosis and matrix metalloproteinase activity. Vet. Ophthalmol. 17(Suppl 1), 61–68. https ://doi.org/10.1111/vop.12129  (2014).

 70. Wu, K. Y., Wang, H. Z. & Hong, S. J. Mechanism of mitomycin-induced apoptosis in cultured corneal endothelial cells. Mol. Vis. 
14, 1705–1712 (2008).

 71. Khodapasand, E., Jafarzadeh, N., Farrokhi, F., Kamalidehghan, B. & Houshmand, M. Is Bax/Bcl-2 ratio considered as a prognostic 
marker with age and tumor location in colorectal cancer?. Iran. Biomed. J. 19, 69–75. https ://doi.org/10.6091/ibj.1366.2015 (2015).

 72. Salakou, S. et al. Increased Bax/Bcl-2 ratio up-regulates caspase-3 and increases apoptosis in the thymus of patients with myasthenia 
gravis. vivo 21, 123–132 (2007).

 73. Raisova, M. et al. The Bax/Bcl-2 ratio determines the susceptibility of human melanoma cells to CD95/Fas-mediated apoptosis. J. 
Invest. Dermatol. 117, 333–340. https ://doi.org/10.1046/j.0022-202x.2001.01409 .x (2001).

 74. Shetty, R. et al. Characterization of corneal epithelial cells in keratoconus. Transl. Vis. Sci. Technol. 8, 2. https ://doi.org/10.1167/
Tvst.8.1.2 (2019).

 75. Kim, T. H. et al. An experimental study of rabbit conjunctival epithelial toxicity using co-treatment with mitomycin-C and a histone 
deacetylase inhibitor. Arch. Pharmacal. Res. 33, 1261–1267. https ://doi.org/10.1007/s1227 2-010-0817-x (2010).

 76. Marks, P. A. Discovery and development of SAHA as an anticancer agent. Oncogene 26, 1351–1356. https ://doi.org/10.1038/
sj.onc.12102 04 (2007).

 77. Wang, H. et al. Effects of histone deacetylase inhibitors on ATP-binding cassette transporters in lung cancer A549 and colorectal 
cancer HCT116 cells. Oncol. Lett. 18, 63–71. https ://doi.org/10.3892/ol.2019.10319  (2019).

 78. Borst, P., Evers, R., Kool, M. & Wijnholds, J. A family of drug transporters: The multidrug resistance-associated proteins. J. Natl. 
Cancer Inst. 92, 1295–1302. https ://doi.org/10.1093/jnci/92.16.1295 (2000).

 79. Jedlitschky, G. et al. Transport of glutathione, glucuronate, and sulfate conjugates by the MRP gene-encoded conjugate export 
pump. Can. Res. 56, 988–994 (1996).

 80. Hodges, L. M. et al. Very important pharmacogene summary: ABCB1 (MDR1, P-glycoprotein). Pharmacogenet. Genom. 21, 
152–161. https ://doi.org/10.1097/FPC.0b013 e3283 385a1 c (2011).

 81. Mao, Q. & Unadkat, J. D. Role of the breast cancer resistance protein (ABCG2) in drug transport. AAPS J. 7, E118-133. https ://
doi.org/10.1208/aapsj 07011 2 (2005).

 82. Verweij, J. & Pinedo, H. M. Mitomycin C: Mechanism of action, usefulness and limitations. Anticancer Drugs 1, 5–13 (1990).
 83. Iyer, V. N. & Szybalski, W. Mitomycins and porfiromycin: Chemical mechanism of activation and cross-linking of DNA. Science 

145, 55–58. https ://doi.org/10.1126/scien ce.145.3627.55 (1964).
 84. McKenna, E., Traganos, F., Zhao, H. & Darzynkiewicz, Z. Persistent DNA damage caused by low levels of mitomycin C induces 

irreversible cell senescence. Cell Cycle 11, 3132–3140. https ://doi.org/10.4161/cc.21506  (2012).
 85. Crooke, S. T. & Bradner, W. T. Mitomycin C: A review. Cancer Treat. Rev. 3, 121–139. https ://doi.org/10.1016/s0305 -7372(76)80019 

-9 (1976).
 86. Pagliarulo, V. et al. The interaction of celecoxib with MDR transporters enhances the activity of mitomycin C in a bladder cancer 

cell line. Mol. Cancer 12, 47. https ://doi.org/10.1186/1476-4598-12-47 (2013).
 87. Dorr, R. T., Bowden, G. T., Alberts, D. S. & Liddil, J. D. Interactions of mitomycin C with mammalian DNA detected by alkaline 

elution. Can. Res. 45, 3510–3516 (1985).
 88. Dorr, R. T. & Funderburgh, J. L. Impact on the corneal endothelium of mitomycin C during photorefractive keratectomy. J. Refract. 

Surg. 25, 894–897. https ://doi.org/10.3928/10815 97X-20090 617-10 (2009).
 89. Ihnat, M. A. et al. Suppression of P-glycoprotein expression and multidrug resistance by DNA cross-linking agents. Clin. Cancer 

Res. 3, 1339–1346 (1997).
 90. Zalipsky, S. et al. Antitumor activity of new liposomal prodrug of mitomycin C in multidrug resistant solid tumor: Insights of the 

mechanism of action. J. Drug Target. 15, 518–530. https ://doi.org/10.1080/10611 86070 14999 46 (2007).
 91. Willson, J. K. et al. Mitomycin C resistance in a human colon carcinoma cell line associated with cell surface protein alterations. 

Can. Res. 44, 5880–5885 (1984).
 92. Hoban, P. R. et al. Decreased NADPH:cytochrome P-450 reductase activity and impaired drug activation in a mammalian cell line 

resistant to mitomycin C under aerobic but not hypoxic conditions. Can. Res. 50, 4692–4697 (1990).
 93. Jiang, W. & Mansel, R. Cancer Metastasis, Molecular and Cellular Mechanisms and Clinical Intervention. Vol. 1 (2000).
 94. Dorr, R. T., Liddil, J. D., Trent, J. M. & Dalton, W. S. Mitomycin C resistant L1210 leukemia cells: Association with pleiotropic drug 

resistance. Biochem. Pharmacol. 36, 3115–3120. https ://doi.org/10.1016/0006-2952(87)90620 -4 (1987).
 95. Dhamodaran, K. et al. One for all: A standardized protocol for ex vivo culture of limbal, conjunctival and oral mucosal epithelial 

cells into corneal lineage. Cytotherapy 18, 546–561. https ://doi.org/10.1016/j.jcyt.2016.01.003 (2016).
 96. Dhamodaran, K. et al. Characterization of ex vivo cultured limbal, conjunctival, and oral mucosal cells: A comparative study with 

implications in transplantation medicine. Mol. Vis. 21, 828–845 (2015).

Acknowledgements
The authors would like to thank Narayana Nethralaya Foundation for providing the financial support to conduct 
this study. The authors would also like to thank Dr. P. Narendra and Dr. K Bhujang Shetty for their administrative 
support needed for this study.

Author contributions
R.S., A.G., D.D. conceptualized and designed the study, N.R.K., M.S., L.K. P.M. performed the experiments and 
analyzed the results. R.S., H.M, P.K., Z.V.D. provided the tissue samples and edited the manuscript. R.R.M. pro-
vided critical analysis for the manuscript. R.R.M., A.G., D.D. wrote the manuscript and analyzed all the results.

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/s4159 8-021-83881 -y.

Correspondence and requests for materials should be addressed to R.R.M., A.G. or D.D.

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.

https://doi.org/10.1111/vop.12129
https://doi.org/10.6091/ibj.1366.2015
https://doi.org/10.1046/j.0022-202x.2001.01409.x
https://doi.org/10.1167/Tvst.8.1.2
https://doi.org/10.1167/Tvst.8.1.2
https://doi.org/10.1007/s12272-010-0817-x
https://doi.org/10.1038/sj.onc.1210204
https://doi.org/10.1038/sj.onc.1210204
https://doi.org/10.3892/ol.2019.10319
https://doi.org/10.1093/jnci/92.16.1295
https://doi.org/10.1097/FPC.0b013e3283385a1c
https://doi.org/10.1208/aapsj070112
https://doi.org/10.1208/aapsj070112
https://doi.org/10.1126/science.145.3627.55
https://doi.org/10.4161/cc.21506
https://doi.org/10.1016/s0305-7372(76)80019-9
https://doi.org/10.1016/s0305-7372(76)80019-9
https://doi.org/10.1186/1476-4598-12-47
https://doi.org/10.3928/1081597X-20090617-10
https://doi.org/10.1080/10611860701499946
https://doi.org/10.1016/0006-2952(87)90620-4
https://doi.org/10.1016/j.jcyt.2016.01.003
https://doi.org/10.1038/s41598-021-83881-y
https://doi.org/10.1038/s41598-021-83881-y
www.nature.com/reprints


18

Vol:.(1234567890)

Scientific Reports |         (2021) 11:4392  | https://doi.org/10.1038/s41598-021-83881-y

www.nature.com/scientificreports/

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://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Safety and efficacy of combination of suberoylamilide hydroxyamic acid and mitomycin C in reducing pro-fibrotic changes in human corneal epithelial cells
	Results
	Concentration of SAHA and MMC based cell viability. 
	Effect of SAHA and MMC on corneal explants. 
	Status of apoptosis levels in presence of SAHA and MMC. 
	Status of fibrotic gene expression. 
	Regulation of MDR genes in the presence of SAHA + MMC. 
	Differentiation status of corneal limbal epithelial cells after treatment. 

	Discussion
	Materials and methods
	Human corneoscleral rim collection and limbal primary culture. 
	Study group 1. 
	Study group 2. 
	Study group 3. 

	Human lenticule and treatment. 
	Human donor cornea collection and treatment. 
	Cell viability count-Trypan blue. 
	RNA extraction, cDNA conversion and quantitative RT-PCR. 
	Western blot. 
	Fluorescent activated cell sorting (FACS) analysis. 
	Immunofluorescence. 
	Immunofluorescence of corneal tissues. 
	Statistical analysis. 

	References
	Acknowledgements


