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Abstract

PURPOSE—Keratoconus (KC) is a complex corneal dystrophy with multifactorial etiology. 

Previous studies have shown evidence of mitochondrial abnormalities in KC; however, the exact 

cause of these abnormalities remains unknown. The aim of this study was to identify if 

transforming growth factor-β (TGF-β) isoforms play a role in the regulation of mitochondrial 

proteins in human keratoconus cells (HKC).

MATERIALS AND METHODS—Human corneal fibroblasts (HCF) and HKC were isolated and 

cultured for four weeks in three different conditions: a) Control: MEM+10%FBS, b) MEM

+10%FBS+TGF-β1, and c) MEM+10%FBS+TGF-β3. All samples were processed for 

mitochondrial damage analysis using real-time PCR.

RESULTS—We quantified and analyzed 84 mitochondrial and 5 housekeeping genes in HCFs 

and HKCs. Our data showed that when TGF-β1 and/or TGF-β3 were compared with control in 

HCFs, nine genes were significantly different; however, no genes were significantly regulated by 

the TGF-β isoforms in HKCs. Significant differences were also seen in seven genes when HFCs 

were compared to HKCs, in all three conditions.

CONCLUSIONS—Overall, our data supports the growing consensus that mitochondrial 

dysfunction is a key player in KC disease. These in vitro data show clear links between 

mitochondrial function and TGF-β isoforms, with TGF-β1 severely disrupting KC-mitochondrial 

function, while TGF-β3 maintained it, thus suggesting that TGF-β may play a role in KC-disease 

treatment.
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INTRODUCTION

In the past three decades, the true role of mitochondria and mitochondrial regulation has 

been revealed in the human body and cells (1–7), and their role in cell signaling, 

differentiation, death, cycle, and growth has become known (8). Indeed, mitochondria are 

able to dictate the fate of a single cell, and ultimately, the fate and function of a whole tissue 

(9–13). Of all the organs in the human body, the human eye is one of the most affected by 

mitochondrial diseases—dominant optic atrophy, leber hereditary optic neuropathy, chronic 

progressive external ophthalmoplegia, and pigmentary retinopathy (14). These diseases are 

normally categorized as either primary or secondary. Primary mitochondrial diseases have a 

direct genetic impairment of mitochondrial function(s) in either the mitochondrial DNA 

(mtDNA) or nuclear DNA (nDNA); whereas, secondary mitochondrial diseases are the 

result of environmental factors and/or genetic disorders. Despite significant efforts to 

explore the mitochondrial role and regulation in ocular diseases, there is still a lot of work to 

be done.

In the cornea, one of the diseases that have been directly linked to mitochondrial dysfunction 

is keratoconus (KC). KC is a common (1:2000 people worldwide) non-inflammatory corneal 

dystrophy that typically begins at puberty and continues to progress until forty or fifty years 

of age (15–17). The results, depending on severity, are a cone-like bulging cornea with 

extreme thinning of the stromal layer. These characteristics cause severe visual impairments, 

and more than 20% of diagnosed cases opt for corneal transplantation to restore vision. 

While the etiology is still unknown, there is a long list of candidates, such as extreme eye 

rubbing, genetics, environmental factors, oxidative stress, and mitochondrial dysfunction 

(18–24).

To-date, the majority of studies in KC concentrate on abnormal antioxidant enzymes, and 

alterations in lipid peroxidation and nitric oxide pathways, which lead to increasing levels of 

oxidative stress and reactive nitrogen species (25–28). Almost all of these studies were 

performed using cadaver corneal tissue or tear fluid collected from individuals (29, 30) In a 

3D in vitro stroma-like model, we characterized and quantified cellular and extracellular 

matrix (ECM) secreted by healthy human corneal fibroblasts (HCF) and human KC cells 

(HKC) (17, 29, 31). Also, over the last few years, we were able to establish the role and 

importance of transforming growth factor-β (TGF-β) and its isoforms in HKC regulation 

(17, 29, 31). TGF-β signaling is known to be required for normal tissue repair, including the 

corneal stroma; however, excessive TGF-β signaling can lead to severe tissue fibrosis, which 

is one of the main outcomes of KC disease.

Our studies aim to define any possible links between mitochondrial dysfunction in HKCs 

and the TGF-β isoforms when compared to HCFs. Here, we focus on two TGF-β isoforms, 

TGF-β1 and -β3, which have previously been reported to have opposite roles in the 

formation of myofibroblasts and fibrosis (32–39). Overall, our data supports the growing 

consensus that mitochondrial dysfunction is a key player in KC disease.
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MATERIALS AND METHODS

Inclusion/exclusion criteria

The research followed the tenets of the Declaration of Helsinki, and has been approved by 

the institution’s ethics committee. Corneas collected for the control group had no ocular 

abnormalities or diseases. Any donor, for both control and KC groups, with a history of 

ocular surgery, diabetes, photocoagulation, trauma, inflammation, glaucoma, or ptosis were 

excluded. In addition, all samples underwent serology testing and were excluded if they 

tested positive for the folllowing: HIV, Hepatitis B, Hepatitis C, and Syphilis.

Isolation and primary cells

HCFs were isolated from healthy human corneas obtained from NDRI (National Disease 

Research Interchange; Philadelphia, PA) s. HKCs were isolated from human corneas with 

KC defects (17, 31), and were obtained from Dr. Jesper Hjortdal (Aarhus University 

Hospital, Aarhus, Denmark). All samples, for both HCFs and HKCs, underwent identical 

procedures in regards to isolation of corneal cells. Briefly, the corneal epithelium and 

endothelium were removed from the stroma by scraping with a razor blade. The stromal 

tissues were cut into small pieces (~2×2 mm) and placed in T25 culture flasks. Explants 

were allowed to adhere to the bottom of the flask at 37ºC for about 30 minutes and Eagle’s 

Minimum Essential Medium (EMEM: ATCC; Manassas, VA) containing 10% fetal bovine 

serum (FBS: Atlantic Biological’s; Lawrenceville, CA) and 1% antibiotic (Gibco® 

Antibiotic-Antimycotic: Life Technologies; Grand Island, NY) was added carefully without 

disturbing the explants. Upon 100% confluence (~1–2 weeks at 37ºC, 5%CO2), the cells 

were passaged into T75 culture flasks and cultivated for the following experiments.

Cultures and TGF-βs

Both HCFs and HKCs were cultured on 6-well tissue culture plates and processed for RT2 

Profiler™ PCR Array (Catalog #PAHS-087Z: Qiagen Inc.; Valencia, CA). Cells (1×106 

cells/well) were seeded and cultured in EMEM + 10%FBS ± 0.1ng/mL of TGF-β1 (T1) or 

TGF-β3 (T3) (32–34). The cultures were grown for 4 weeks before further processing. 

Cultures without any growth factors served as controls. Fresh media was supplied to the 

cultures every other day for the duration of the experiment.

RT2 Profiler™ PCR Array

After 4 weeks, total RNA extraction (Ambion TRIzol® Plus RNA Purification Kit: Life 

Technologies) followed by cDNA synthesis (RT2 First Strand Kit [Catalog #33040]: Qiagen 

Inc.) using 500ng of RNA, was carried out according to the manufacturer’s protocol. 

Samples were then analyzed for a panel of 84 genes related to human mitochondria with the 

RT2 Profiler™ PCR Array Human Mitochondria plate (Catalog #PAHS-087Z: Qiagen Inc.). 

Each well was set up with a 25-μl reaction containing RT2 SYBR Green ROX qPCR 

Mastermix (Catalog #330520: Qiagen Inc.), 5ng of cDNA, and RNase free water (Catalog 

#10977-015: Life Technologies). StepOnePlus™ real-time PCR system (Life Technologies) 

was used for amplification of the samples according to standard manufacturer’s protocol. 
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Qiagen Inc. web based data analysis software for RT2 Profiler™ PCR Array and MS-Excel 

were used for data analysis. All samples and probes were repeated at least three times.

Statistical Analysis

Data analysis for all samples was performed by t-test and one-way ANOVA using Prism 6 

software (GraphPad Software, Inc.; La Jolla, CA), where p < 0.05 was considered 

statistically significant. Average values were calculated and plotted with standard error of 

the mean (SEM).

RESULTS

Mitochondrial gene panel

Information on mitochondrial function in KC derived corneal cells is very limited, if non-

existent. Therefore, we quantified and analyzed the mitochondrial gene expressions in both 

healthy (HCFs) and diseased (HKCs) corneal cells, revealing significant differences between 

them. In addition, we investigate the role of T1 and T3 in mitochondrial gene expression. 

Table 1 shows the panel of mitochondrial genes that were significantly regulated, and Table 

2 shows the gene name, description, and symbol of all the genes (84 plus 5 housekeeping) 

tested here.

Role of TGF-β isoforms in mitochondrial gene regulation

We identified nine total mitochondrial genes (9/84 genes) that were significantly regulated 

by T1 and/or T3 in HCFs when compared to controls. Figure 1A and B show a pro-apoptotic 

member of the BCL-2 protein family, PMAIP1 (Phorbol-12-myristate-13-acetate-induced 

protein 1), also known as Noxa (40, 41). PMAIP1 was significantly down-regulated 

following both T1 and T3 treatment (Fig. 1A: p<0.01 and p<0.001, respectively). 

Interestingly, BNIP3 (BCL2/adenovirus E1B 19kDa interacting protein 3), which contains a 

BH3 domain (42, 43), was significantly up-regulated in both T1 and T3 when compared to 

control (Fig. 1B: p<0.05).

Carnitine palmitoyltransferase 1B (CPT1B) was significantly up-regulated by T1 and T3 

(p<0.005 and p<0.005, respectively), as shown in Figure 1C. T3 was significantly lower than 

T1 (p<0.05), indicating a trend to maintain CPT1B expression to control levels (Fig. 1C). 

Neurofilament, light polypeptide (NEFL) was significantly up-regulated by T1 (p<0.01) 

compared to control, as shown in Figure 1D; whereas, T3 down-regulated NEFL expression 

compare to T1, however it did not reach significance (p=0.075).

Two of the five known uncoupling proteins (UCPs) were significantly regulated in our study

—UCP1 and UCP3. Figure 2A shows UCP1 significantly up-regulated in T1 and T3 

compared to controls (p<0.0001 and p<0.0005, respectively), with T1 significantly higher 

than T3 (Fig. 2A; p<0.005). On the other hand, UCP3 expression was only significantly up-

regulated in T1 (Fig. 2B; p<0.05) as compared with control. UCP1 and UCP3 are known to 

play a key role in regulating ATP synthesis and metabolic homeostasis (44).

In addition, we identified significant regulation of three membrane transport proteins known 

as solute carriers, or SLCs—SLC25A2, SLC25A4, and SLC25A31. Figure 3A shows 
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SLC25A2 significantly up-regulated by both T1 and T3 as compared with control (p<0.05), 

with T3 seemingly down-regulated compared to T1; however, the difference did not reach 

significance (p=0.0566). As with SLC25A2, SLC25A4 was significantly up-regulated in 

both T1 and T3 as compared to control (Fig. 3B; p<0.0001). Mutations in SLC25A4 gene 

have been shown to result in autosomal dominant progressive external opthalmoplegia and 

familial hypertrophic cardiomyopathy (45). The third SLC to be regulated was SLC25A31, 

which was only significantly up-regulated with the T3 treatment as compared with control 

(Fig. 3C; p<0.05). T1 treatment was not significantly regulated compared to the control 

(p=0.17). Interestingly, in HKCs, we found no mitochondrial genes that were significantly 

regulated by the TGF-β isoforms.

Differences in mitochondrial gene expressions between HCFs and HKCs

We identified seven mitochondrial genes (7/84 genes) that were significantly different 

between HCFs and HKCs, either in control, T1, or T3. Figure 4A shows significant down-

regulation of SOD2 in HKCs, when compared to HCFs, under all three conditions (Controls, 

p<0.0001; T1, p<0.005; and T3, p<0.05). Mutations in this gene have been associated with 

idiopathic cardiomyopathy, sporadic motor neuron disease, and cancer (46, 47).

PMAIP1 was significantly up-regulated in HCF controls compared to HKC controls 

(p<0.01) as shown in Figure 4B; however, as previously shown in Figure 1A, PMAIP1 was 

down-regulated by the TGF-β isoforms in HCFs, therefore, no significant difference was 

observed between the HCFs and HKCs with these samples (Fig. 4B). Interestingly, the 

opposite was true with BNIP3, which was significantly up-regulated in HCFs under T1 and 

T3 treatment when compared to HKCs (Fig. 4C; p<0.05), but not with control samples.

SLC25A4 was significantly up-regulated in HKCs when compared to HCF controls (Fig. 

5A; p<0.0005). However, upon T3 treatment, HKCs were significantly lower than HCFs 

(Fig. 5A; p<0.005). No difference was seen between HCFs and HKCs under T1 treatment. 

SLC25A2 (Fig. 5B) and SLC25A21 (Fig. 5C) were both up-regulated in HCFs, compared to 

HKCs, upon T1 and T3 treatment (p<0.001). SLC25A31 (Fig. 5D) was up-regulated in 

control HKCs when compared to HCFs (p<0.01); however, SLC25A31 expression was 

down-regulated following T3 treatment in HKCs compared to HCFs (Fig. 5D; p<0.01).

DISCUSSION

Keratoconus is a multifactorial disease involving complex interaction of both genetic and 

environmental factors (15, 16, 18–24, 48). The majority of studies narrowly focus on the 

identification of a single gene as the possible cause of KC; however, a large number of these 

studies have not been confirmed and the association of the disease with a single gene has not 

been established (17, 31, 48). More recently, studies have focused on the role of 

mitochondria as regulators of oxidative damage to tissue and/or cells. Indeed, KC has been 

linked to oxidative damage since the 1990s, where KC corneas were found to be oxidatively 

damaged, and to have various abnormalities in stress-related enzymes (13, 14, 26–28) and 

metabolites (17). However, to the authors’ knowledge, no group has linked mitochondrial 

dysfunction or regulation of mitochondrial genes to KC derived cells in vitro.
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Our study examined cells isolated from human corneal stroma from healthy individuals and 

those with KC. The aim of our study was to identify and report any differences in 

mitochondrial genes between these cell types. Furthermore, we investigated the role of two 

TGF-β isoforms, T1 and T3, which are known to play a role in KC and corneal fibrosis in 

general (17, 31–34).

Our most intriguing data from these experiments was that the HCFs’ mitochondrial gene 

profile was more affected by the TGF-β isoforms than the HKC, 9/84 compared with 0/84 

genes affected. This supports our previous work where we reported that HKCs were 

terminally differentiated into the myofibroblast phenotype, and HCFs were not (17, 31). Our 

data here suggests that HKCs’ mitochondrion were probably damaged to a point that the 

cells simply could not respond to any further TGF-β stimulation. Interestingly, with HCFs, 

T1 and T3 did not always have the same result, which agrees with previous data on the 

effects of T1 and T3 on fibrosis (17, 31–34). In the present study, T3 acted opposite to T1 

and “maintained” the expression of the following mitochondrial genes at control levels: 

NEFL, CPT1B, UCP1, SLC25A2, and SLC25A31. NEFL (Fig. 1D) has been reported to be 

regulated in HCFs in response to dexamethasone, a therapeutic agent (49). CPT1B (Fig. 1C), 

and more specifically L-carnitine, was found to protect against corneal stress activation (50). 

SLC25A2 and A31 (Fig. 3A and C), are both mitochondrial carriers and any dysregulation 

will almost certainly alter cell and/or tissue mechanisms (51). Although A2 and A31 act 

through different substrate carrier proteins (ornithine and adenine nucleotide, respectively), 

they are both vital for normal cellular/tissue function (52).

When HCFs and HKCs were directly compared, several genes were different between the 

two cell types, indicating inherent differences—BNIP3, PMAIP1, SOD2, SLC25A2, 

SLC25A4, SLC25A21, and SLC25A31. Both SLC25A2 and A31 were significantly lower 

in HKC-T3 when compared to HCF-T3; however, their expression was higher in HKC-C 

compared to HCF-C (Fig. 5B and D). This indicates a potential regulatory role of T3 for 

these two mitochondrial carriers and significant alterations in KC diseased cells. BNIP3 and 

PMAIP1 (Fig. 4C and B, respectively) are both members of the BCL-2 family, and they act 

as anti- or pro-apoptotic regulators that are involved in a wide variety of cellular functions. 

Their role in keratoconus is unknown, however, based on our data, it is rather safe to assume 

they are key players on regulating cellular response (53). SOD2 was a very intriguing gene 

during our analysis. SOD2 is a member of the iron/manganese superoxide dismutase family. 

Mutations in this gene have been associated with idiopathic cardiomyopathy (IDC), sporadic 

motor neuron disease, and cancer, and mice lacking SOD2 die shortly after birth, indicating 

that unchecked levels of superoxide are incompatible with mammalian life (46). In ocular 

health, SOD2 down-regulation is known to cause elevated oxidative stress and ROS 

production, with potential mitochondrial membrane loss and early cell apoptosis (54). In our 

study, SOD2 expression was consistently lower in HKCs when compared to HCFs, 

independent of treatment (Fig. 4A). This agrees with KC corneal cell loss as the disease 

progresses, and it would be interesting to further investigate.

Overall, our study reports a panel of mitochondrial genes that are differentially regulated in 

corneal KC derived cells. Future studies are necessary in order to validate those genes and 

understand their mechanism. Mitochondrial function is key for the health of human tissues 
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and the optimum cellular activity. We, therefore, believe that we can dissect specific 

mitochondrial dysfunctions in HKCs in vitro in order to develop future therapeutic agents.

CONCLUSIONS

Overall, our data supports the growing consensus that mitochondrial dysfunction is a key 

player in KC disease. Our data shows clear links between mitochondrial function and TGF-β 
isoforms. Clearly further studies are necessary in order to unravel mitochondrial 

mechanisms in KC.
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Figure 1. 
Mitochondrial genes that were significantly regulated by T1 and/or T3, in HCFs, when 

compared to controls: A) PMAIP1 was significantly down-regulated with T1 and T3; B) 

BNIP3 was significantly up-regulated with T1 and T3; C) CPT1B was significantly higher 

with T1 when compared to control and T3. T3 was significantly higher compared to control; 

D) NEFL was significantly higher with T1 compared to controls All samples were repeated 

at least three times, with p<0.05 considered to be statistically significant 

($$$p<0.0001, $$p<0.001, $p<0.01, ***p<0.0005, **p<0.005, *p<0.05).
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Figure 2. 
Mitochondrial genes that were significantly regulated by T1 and/or T3, in HCFs, when 

compared to controls: A) UCP1 was significantly higher with T1 when compared to control 

and T3. T3 was significantly higher compared to control; B) UCP 3 was significantly higher 

with T1 compared to control. All samples were repeated at least three times, with p<0.05 

considered to be statistically significant ($$$p<0.0001, $$p<0.001, $p<0.01, ***p<0.0005, 

**p<0.005, *p<0.05).
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Figure 3. 
Mitochondrial genes that were significantly regulated by T1 and/or T3, in HCFs, when 

compared to controls: A) SLC25A2 was significantly up-regulated with T1 and T3; B) 

SLC25A4 was significantly higher with T1 when compared to control and T3. T3 was 

significantly higher compared to control; C) SLC25A31 was significantly higher with T3 

compared to control. All samples were repeated at least three times, with p<0.05 considered 

to be statistically significant ($$$p<0.0001, $$p<0.001, $p<0.01, ***p<0.0005, **p<0.005, 

*p<0.05).
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Figure 4. 
Mitochondrial genes that were significantly different between HFCs and HKCs, either in 

controls, T1, or T3. A) SOD2 was significantly up-regulated in HCFs when compared to 

HKCs, independent of treatment; B) PMAIP1 was significantly down-regulated in control 

HKCs, compared to HCFs; C) BNIP3 was significantly down-regulated in HKCs when 

compared with HCFs under T1 and T3 treatments. All samples were repeated at least three 

times, with p<0.05 considered to be statistically significant 

($$$p<0.0001, $$p<0.001, $p<0.01, ***p<0.0005, **p<0.005, *p<0.05).
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Figure 5. 
Mitochondrial genes that were significantly different between HFCs and HKCs, either in 

controls, T1, or T3. A) SLC25A4 was significantly up-regulated in control HKCs compared 

to control HCFs. T3 treatment led to a significant down-regulation of SLC25A4 in HKCs 

compared to HCFs; B) SLC25A2 was significantly down-regulated in HKCs, compared to 

HCFs, in both T1 and T3; C) SLC25A21 was significantly down-regulated in HKCs, 

compared to HCFs, in both T1 and T3; D) SLC25A31 was significantly up-regulated in 

control HKCs compared to control HCFs. T3 treatment led to a significant down-regulation 

of SLC25A31 in HKCs compared to HCFs. All samples were repeated at least three times, 

with p<0.05 considered to be statistically significant ($$$p<0.0001, $$p<0.001, $p<0.01, 

***p<0.0005, **p<0.005, *p<0.05).
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Table 1

Mitochondrial genes that were significantly regulated were analyzed and quantified: BNIP3, CPT1B, NEFL, 

PMAIP1, SLC25A2, SLC25A21, SLC25A31, SLC25A4, SOD2, UCP1, and UCP3. All experiments were 

repeated at least three times (n>=3).

Symbol Description Gname

BNIP3 BCL2/adenovirus E1B 19kDa interacting protein 3 NIP3

CPT1B Carnitine palmitoyltransferase 1B (muscle) CPT1-M/CPT1M/CPTI/CPTI-M/M-CPT1/MCCPT1/MCPT1

NEFL Neurofilament, light polypeptide CMT1F/CMT2E/NF-L/NF68/NFL

PMAIP1 Phorbol-12-myristate-13-acetate-induced protein 1 APR/NOXA

SLC25A2 Solute carrier family 25 (mitochondrial carrier; ornithine 
transporter) member 2

ORC2/ORNT2

SLC25A21 Solute carrier family 25 (mitochondrial oxodicarboxylate 
carrier), member 21

ODC/ODC1

SLC25A31 Solute carrier family 25 (mitochondrial carrier; adenine 
nucleotide translocator), member 31

AAC4/ANT4/SFEC35kDa

SLC25A4 Solute carrier family 25 (mitochondrial carrier; adenine 
nucleotide translocator), member 4

1/AAC1/ANT/ANT
1/ANT1/MTDPS12/PEO2/PEO3/T1

SOD2 Superoxide dismutase 2, mitochondrial IPOB/MNSOD/MVCD6

UCP1 Uncoupling protein 1 (mitochondrial, proton carrier) SLC25A7/UCP

UCP2 Uncoupling protein 2 (mitochondrial, proton carrier) BMIQ4/SLC25A8/UCPH
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