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Selecting Appropriate Reference 
Genes for Quantitative Real-time 
polymerase chain Reaction Studies 
in isolated and cultured ocular 
Surface epithelia
Sara i. Van Acker1*, Zoë p. Van Acker2, Michel Haagdorens1,3, isabel pintelon4, 
carina Koppen1,3 & nadia Zakaria1,3

the introduction of tissue engineering has allowed scientists to push the boundaries and treat 
seriously damaged ocular surface epithelia. they have managed to do this through the development of 
biological substitutes that restore, maintain or improve tissue function. to ensure the generation of a 
therapeutically safe and effective graft, knowledge on the transcriptional profile of native and cultured 
ocular surface epithelia is of undeniable value. Gene expression studies are, however, only as reliable as 
their proper selection of internal reaction controls or reference genes. in this study, we determined the 
expression stability of a number of reference genes: 18s rRNA, ACTB, ATP5B, CyC1, EIF4A2, GAPDH, 
RPL13A, SDHA, TOP1, UBC, and YWHAZ in primary isolates as well as in ex vivo cultured ocular surface 
epithelia explants (day 0 and/or day 14). Expression stability of the reference genes was assessed 
with both the genorm and normfinder software that use a pairwise comparison and a model-based 
approach, respectively. our results extend the general recommendation of using multiple reference 
genes for normalization purposes to our model systems and provide an overview of several references 
genes that are likely to be stable in similar culture protocols.

The World Health Organization recently published its first report on vision1, the most dominant of our senses 
when it comes to the perception and interaction of our daily life. The report emphasizes on the substantial eco-
nomic burden that is caused by damage to the anterior part of the eye or ocular surface, not forgetting the social 
implications for both the patient and his/her surroundings. Unfortunately, damage to the eye surface still makes 
out a substantial share of all the causes of blindness1. The ocular surface is anatomically composed of the cornea, 
surrounding conjunctiva, and overlying tear film (Fig. 1)2. Homeostasis and renewal in the ocular surface epi-
thelia is sustained through corneal and conjunctival stem cells3,4. The corneal stem cell compartment is concen-
trated in a histologically distinctive ring-like junction between the cornea and conjunctiva, designated as limbus 
(Fig. 1)5. On the contrary, conjunctival stem cells are located throughout the conjunctival basal layer with a higher 
proportion in the greater physical protected regions3. In severe ocular surface disorders such as chemical or ther-
mal burns, Stevens-Johnson syndrome, and ocular cicatricial pemphigoid, the regenerating capacity of the ocular 
surface becomes exhausted as the stem cell content decreases6. The resulting scar formation and epithelial cell 
loss leads to the development of a hostile environment, which can be experienced by patients through symptoms 
of discomfort, pain, blurred vision, and even blindness6,7. Through the introduction of tissue engineering, the 
prospect to restore a healthy ocular surface in patients with severe ocular surface disorders has become a reality. 
Corneal epithelium regeneration and visual recovery have indeed been established through the transplantation of 
cultured limbal sheets derived from a very small stem cell biopsy as of 19978. However, as the ocular surface works 
as a functional unit9, it is not surprising that the success rate of corneal regeneration is found to be positively 
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correlated with the presence of a healthy conjunctiva and tear film10,11. Therefore, it is essential to first normalize 
the tear film and rehabilitate the eyelid and fornix in patients with combined corneal and conjunctival pathology, 
using ex vivo cultured conjunctival tissue grafts, before proceeding with corneal reconstruction10,11.

To assure regeneration and functional re-instatement of the cornea and conjunctiva, one aspect that needs 
to be controlled is the gene expression profile of the cultured limbal- and conjunctiva-derived cells. This profile 
should be identical to or resembling the profile of in vivo ocular surface epithelia to the utmost extent possible. 
The transcript expression levels of relevant genes can be measured simultaneously with quantitative reverse tran-
scription PCR (RT-qPCR)12. As various sources of variability exist throughout the RT-qPCR protocol, data should 
be normalized to allow for an accurate comparison of expression levels between different samples and conditions. 
A widely used strategy is to normalize mRNA levels to the ones of stable reference gene(s)13.

Housekeeping genes are generally used as a reference, considering these genes are required for the mainte-
nance of basal cell functions that are essential for every cell type across conditions14. Hence, due to their cellular 
indispensability, a stable expression is expected regardless the cell’s differentiation type, cell cycle stage, develop-
mental stage or tissue environment14. The ultimate reference gene - characterized with an invariant expression 
in all cells and across different physiological and experimental conditions - has, however, not yet been identified. 
Therefore, selecting a set of housekeeping genes that as a whole provides a stable reference, is of utmost impor-
tance to obtain representative results and to detect differences in expression profiles between conditions. False 
positive or negative errors can for instance occur when the expression of reference gene(s) randomly fluctuates 
between samples or when the experimental set-up induces a directional expression change15,16. Furthermore, 
normalization against a single reference gene can lead to erroneous expression differences of more than 3-fold 
the actual value in 25% of data normalizations17. Hence, as stated in the Minimum Information for publication of 
Quantitative real-time PCR Experiments (MIQE) guidelines, this normalization strategy is unacceptable unless 
adequate justification is provided18. Despite the MIQE guidelines, recent studies continue to use such an unvali-
dated single gene normalization strategy far too often.

The selection of an appropriate set of reference genes is thus depending on the experimental set-up. Even a 
small change in culture conditions can alter the optimal set of stable housekeeping genes. An illustration hereof is 
the observed difference in expression levels of commonly used reference genes (such as 18s ribosomal RNA (18s 
rRNA), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and β-actin (ACTB)) when the epidermal growth 
factor is added to the culture medium of placenta-derived stem cells19. Hence, molecular studies investigating the 
stability of reference genes cannot dictate which genes should be implemented when experimental set-ups do not 
align. However, the top-ranked genes of studies closely aligning with the own protocol are of valuable information 
to deduce a list from that can be verified experimentally.

To date, preferred reference genes for expression normalization purposes of ocular surface epithelia have solely 
been identified for tissue samples obtained from frozen tissue sections through laser-assisted microdissection20.  
The following stable reference gene pairs have been determined to provide in a stable reference within the cor-
responding regions; hypoxanthine guanine phosphoribosyl transferase (HPRT1) - TATA-box binding protein 
(TBP) genes (cornea), β-glucuronidase (GUSB) - peptidylprolyl isomerase (PPIA) (limbus), β2-microglobulin 
(B2M) - PPIA (limbal epithelial crypts), and ribosomal protein large P0 (RPLP0) - phosphoglycerate kinase 
(PGK1) (conjunctiva). When all the regions are combined, the PPIA-RPLP0 pair shows the lowest expression 
variability20. However, no validation reports have yet been published on the accurate normalization potential of 
reference genes in cultured ocular surface epithelia.

The aim of this study is to identify the most stable reference genes to normalize expression levels in six differ-
ent conditions, distinguishable by cell type and time point (Fig. 1). Human samples of two ocular surface epithelia 

Figure 1. Schematic representation of the experimental culture set-up to obtain mRNA from isolated (day 0)  
and cultured (day 14) ocular surface epithelia. The steps to isolate human cadaveric donor tissue are in 
chronological order: the dissection of the inferior and superior bulbar conjunctival region (pink form, inferior 
region) and the removal of the ocular globe. After the isolation of inferior and superior keratolimbal biopsies 
from the ocular globe (green framework, inferior region), the corneolimbal epithelium can be trephined 
(green line = limbus, grey transparent surface = cornea). To determine the mRNA profile of in vivo limbal- 
(green), corneal- (grey), and conjunctival (pink) cells, the extracellular content of corneolimbal epithelium and 
conjunctival biopsies is enzymatically digested. The resulting single cell suspension is then lysed to allow mRNA 
collection. In parallel, limbal- and conjunctival explant cultures are initiated from keratolimbal and conjunctival 
biopsies. After a culture period of 14 days, confluent cultures undergo cell lysis to release their mRNA content. 
Ocular surface photograph © 2019 Zoë Dupon.
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types (i.e. limbus and conjunctiva) are included, encompassing isolated cells (day 0), cultured cells (day 14)  
or both sample types combined (day 0–14). We validated the expression stability of 12 commonly used refer-
ence genes, i.e. 18s rRNA, ACTB, ATP synthase F1 complex β-subunit (ATP5B), B2M, cytochrome C1 (CyC1), 
eukaryotic translation initiation factor 4A2 (EIF4A2), GAPDH, RPL13A, succinate dehydrogenase complex sub-
unit A (SDHA), DNA topoisomerase I (TOP1), ubiquitin C (UBC), and tyrosine 3-monooxygenase/tryptophan 
5-monooxygenase activation protein ζ polypeptide (YWHAZ). The corresponding expression stability of the ref-
erence genes is assessed using the geNorm and Normfinder software. To the best of our knowledge, we are the first 
to determine the most suited reference genes for normalization of expression levels in limbal- and conjunctival 
cultures, whether or not combined with isolated primary samples.

Results
Expression profiles of candidate reference genes. We assessed the expression levels of 12 reference 
genes (quantification cycle (Cq) values) in samples of primary limbal and conjunctival cells at two time points: 
day 0 and after 14 days in culture (Table 1). The majority of the reference genes had a Cq value between 15 and 25. 
The lowest Cq value reported belonged to 18s rRNA with a value below 10 in each group. Values higher than 25 are 
noted in some conditions for CyC1, SDHA, and TOP1. Considering the standard deviation (SD) as a measure of 
variation, we obtained a first indication of the expression stability of the reference genes. As such, the three most 
stably expressed genes within the six groups are; (I) limbus day 0: GAPDH, B2M, and YWHAZ, (II) limbus day 
14: EIFYA2, CyC1, and YWHAZ, (III) limbus day 0–14: UBC/EIFYA2, 18s rRNA, and GAPDH, (IV) conjunctiva  
day 0: TOP1, YWHAZ, and ATP5B, (V) conjunctiva day 14: YWHAZ, B2M, and EIFYA2, and (VI) conjunctiva day 
0–14: TOP1, ATP5B, and CyC1. YWHAZ is ranked in each time point except in the combined condition (day 0–14),  
and has therefore a potential stable expression in (cultured) ocular surface epithelia. Of note, the SD values taken 
across all samples range between 0.23 and 1.52.

expression stability analysis. In a next step, we used the geNorm and NormFinder algorithm software to 
analyse the stability of the proposed reference genes. The lists with the best-ranked genes are summarized in Table 2. 
Though the same dataset was used as an input, different rankings are obtained with the different software, sharing 
a small overlap in their top 3. Only three genes were attributed with a high stability across the different methods 
used: YWHAZ (limbus day 0; conjunctiva day 14), EIF4A2 (limbus day 14), and ATP5B (conjunctiva day 0–14).  
Additional stable reference genes were shared between the two software or one of the two software and a small 
SD value. Both the geNorm and NormFinder software top-ranked UBC (limbus day 0), TOP1 (limbus day 14), 
CyC1 and ACTB (limbus day 0–14). Furthermore, of the genes identified by NormFinder as stable, two genes - 
YWHAZ (limbus day 14) and ATP5B (conjunctiva day 0) - have a low SD value as well. Both a favourable geNorm 
ranking and a small SD are obtained for B2M (conjunctiva day 14), TOP1 and CyC1 (conjunctiva day 0–14).  
Given the geNorm and NormFinder algorithm to retrieve other stable genes, we will discuss both algorithms 
separately in the next paragraphs.

GeNorm data analysis. To describe the stability of the reference genes, the geNorm software provides for each 
gene a corresponding M-value (cfr. Materials and Methods), which are visualized in Fig. 2. The M-value of a suit-
able reference gene for a homogenous and heterogenous sample should be below 0.5 and 1, respectively21. Except 
for the cultured limbal stem cells, the samples can be characterized as heterogenous. The isolated corneolimbal 
epithelium contains both limbal stem cells and differentiated corneal cells. Likewise, the isolated and cultured 
conjunctiva-derived cells consist of conjunctival stem cells, epithelial cells and goblet cells. The corresponding 
threshold in each condition is depicted in Fig. 2, using green lines. Despite the majority of the M-values falling 
below the thresholds, we found that GAPDH and RPL13A lie above the 0.5 upper limit in cultured limbal stem 
cells. In addition, the M-value of B2M, ACTB, and YWHAZ surpasses the threshold of 1.0 in the isolated and 

Gene 
symbol

Limbus Conjunctiva

Day 0 Day 14 Day 0–14 Day 0 Day 14 Day 0–14

18s rRNA 9.67 ± 0.64 9.58 ± 0.57 9.63 ± 0.59 8.38 ± 1.11 9.62 ± 0.99 9.00 ± 1.21

ACTB 20.02 ± 0.69 18.38 ± 0.38 19.20 ± 1.00 19.36 ± 0.94 17.89 ± 0.93 18.62 ± 1.18

ATP5B 23.35 ± 0.76 22.53 ± 0.42 22.94 ± 0.73 23.28 ± 0.81 23.63 ± 0.66 23.45 ± 0.74

B2M 22.33 ± 0.45 21.23 ± 0.65 21.78 ± 0.79 19.86 ± 0.96 22.43 ± 0.55 21.14 ± 1.52

CyC1 25.29 ± 0.55 23.85 ± 0.29 24.57 ± 0.86 24.73 ± 0.89 24.73 ± 0.74 24.73 ± 0.80

EIF4A2 23.21 ± 0.74 23.19 ± 0.23 23.20 ± 0.54 22.71 ± 0.85 23.43 ± 0.61 23.07 ± 0.81

GAPDH 20.09 ± 0.44 19.15 ± 0.46 19.62 ± 0.65 19.99 ± 0.89 19.07 ± 0.84 19.53 ± 0.97

RPL13A 23.51 ± 0.95 22.15 ± 0.52 22.83 ± 1.02 21.85 ± 0.98 21.48 ± 0.67 21.67 ± 0.84

SDHA 25.37 ± 1.00 25.44 ± 0.48 25.40 ± 0.76 25.16 ± 1.21 26.84 ± 0.86 26.00 ± 1.34

TOP1 25.48 ± 1.47 23.75 ± 0.35 24.61 ± 1.37 24.01 ± 0.74 24.00 ± 0.62 24.01 ± 0.67

UBC 19.79 ± 0.55 19.47 ± 0.51 19.63 ± 0.54 19.17 ± 1.01 20.94 ± 1.20 20.05 ± 1.41

YWHAZ 22.31 ± 0.48 21.19 ± 0.31 21.75 ± 0.70 22.49 ± 0.80 20.94 ± 0.38 21.72 ± 1.00

Table 1. Cq values of 12 candidate reference genes obtained by quantitative reverse transcription PCR in 
samples of dissociated (day 0) and/or cultured (day 14) cells of limbal or conjunctival origin. Values are 
presented as mean ± standard deviation.
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cultured conjunctival cells. Of note, none of the M-values exceeds 1.5, which is defined as the upper limit for 
candidate reference genes. Information regarding the stability differences can also be obtained from the course of 
the consecutive M-values. A relative steep initial decline in M-values can be observed after the exclusion of TOP1 
(limbus day 0; limbus day 0–14) and ACTB (conjunctiva day 0), reflecting an aberrant expression pattern. Besides 
the M-value, geNorm also determines the optimal set of housekeeping genes to be used for reliable normalization. 
This set is underlined and summarized in Fig. 2 and Table 2, respectively. The reference genes YWHAZ, TOP1, 
and CyC1 are shared between limbal- and conjunctiva-derived cells at one or more time points. Furthermore, the 
YWHAZ and ACTB gene are selected as optimal at 2 time points in limbal cells, while the CyC1, YWHAZ, and 
TOP1 are the equivalent in the conjunctiva-derived cells.

NormFinder data analysis. The stability values of the 12 reference genes calculated by NormFinder are ranked 
in Table 3. All the reference genes in the top three of the conjunctiva-derived cells are listed in the top three of the 
limbal conditions as well. The three reference genes ranked at day 0 and day 0–14 in conjunctival cultures were 
the same for both time points, while only one gene (YWHAZ) was shared between the limbal conditions at two 
time points. Focusing on the low stability values, we found that the values of TOP1 and ACTB correspond well 
with the relative steep decline observed in the geNorm data analysis. Furthermore, B2M is found in the top 4 of 
the least stable reference genes except for the cultured conjunctival cells (day 14). As the NormFinder software 
is also able to consider intergroup variation, the best combination of two genes is provided when two or more 
groups were present. When analyzing day 0 and 14 concomitantly, we found that the combination of CyC1/SDHA 
(stability value = 0.093) and GAPDH/TOP1 (stability value = 0.104) let to smaller stability values as compared to 
values of single reference genes for limbal- and conjunctiva-derived cells, respectively.

Discussion
A thorough appreciation of the characteristic transcriptional profile of the ocular surface provides us valuable  
information to assist in establishing a tissue-engineered graft that can safely re-instate the epithelial function-
ality upon transplantation. Accurate gene expression studies on ocular surface epithelia can only be performed 
when appropriate reference genes are included. Several single genes are already reported for normaliza-
tion purposes as well as studies using combinations thereof. The 18s rRNA22–24, ACTB25–31, methyltransferase 
domain-containing protein 2 (FTSJD2)32, GAPDH33–53, and GAPDH/ACTB/B2M/HPRT1/RPL13D gene54 
have been used with limbal-derived cells, while 18s rRNA24, ACTB31,55–59, GAPDH45,53,60–68, HPRT169, and 
ACTB/GAPDH/RPL13A/HPRT170 represent the published reference genes used for conjunctiva-derived cells. 
In general, an overview of the used reference genes indicates that expression levels are predominantly normal-
ized against GAPDH, followed by ACTB levels. Their use as internal reaction control is surprising, considering 
the increasing evidence that the expression of these genes can fluctuate under different experimental set-ups71. 
Moreover, issues concerning the use of the less frequent reported 18s rRNA as a reference gene has been raised as 
well17,71. The 18s rRNA represents 20% of the total cellular RNA content69. Its transcript levels are therefore con-
sidered as highly abundant in comparison to other reference or target mRNA transcripts levels17,20. Along with 
potential expression variability, this could interfere with an accurate normalization71.

Top

Day 0

Limbus Conjunctiva

SD geNorm NormFinder SD geNorm NormFinder

1. GAPDH ACTB YWHAZ TOP1 RPL13A ATP5B

2. B2M YWHAZ ATP5B YWHAZ CyC1 UBC

3. YWHAZ UBC UBC ATP5B EIF4A2

Top

Day 14

Limbus Conjunctiva

SD geNorm NormFinder SD geNorm NormFinder

1. EIF4A2 TOP1 EIF4A2 YWHAZ B2M ATP5B

2. CyC1 EIF4A2 YWHAZ B2M YWHAZ SDHA

3. YWHAZ TOP1 EIF4A2 TOP1 YWHAZ

Top

Day 0–14

Limbus Conjunctiva

SD geNorm NormFinder SD geNorm NormFinder

1. UBC/EIF4A2 YWHAZ CyC1 TOP1 CYC1 ATP5B

2. 18s rRNA ACTB ACTB ATP5B ATP5B EIF4A2

3. GAPDH CyC1 SDHA CyC1 RPL13A UBC

4. TOP1

Table 2. Top ranking of the most stably expressed reference genes in ocular surface epithelia (limbus 
vs conjunctiva) at different time points (day 0, day 14, and day 0–14). The top three is given for SD and 
Normfinder, while the optimal number of genes for an accurate normalization – determined by the software 
itself – is summarized for the geNorm algorithm.
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In this study, we determined the expression stability of 18 s rRNA, ACTB, ATP5B, CyC1, EIF4A2, GAPDH, 
RPL13A, SDHA, TOP1, UBC, and YWHAZ in isolated and cultured ocular surface epithelia. Based on our results, 
promising stable reference genes are (I) UBC, YWHAZ, ACTB, and ATP5B for isolated limbal cells, (II) EIFYA2, 
TOP1, and YWHAZ for cultured limbal cells, (III) ACTB, CyC1, YWHAZ, and SDHA for isolated and cultured 
limbal cells, (IV) ATP5B, CyC1, EIF4A2, RPL13A, and UBC for isolated conjunctival cells, (V) YWHAZ, ATP5B, 
B2M, SDHA, and TOP1 for cultured conjunctival cells, and (VI) ATP5B, CyC1, EIF4A2, RPL13A, TOP1, and UBC 
for studies combining isolated and cultured conjunctival cell samples. Of note, the underlined references genes 
are shared between geNorm and NormFinder. As expected from our literature search, GAPDH and 18s rRNA 
have not been ranked as stable reference genes in our analyses using both the geNorm and NormFinder algo-
rithms. Hence, our results extend the general recommendation of not using either of these genes as a single gene 
for normalization purposes in limbal- and conjunctiva-derived cells. On the contrary, ACTB was stably expressed 
in our limbal-derived cells at day 0 and day 0–14. A stable expression pattern, however, does not support a single 
gene normalization. The optimal number of reference genes to establish an accurate normalization is identified by 
geNorm and ranges from two to four genes (Fig. 2), depending on the cell type and time point. Hence, according 
to geNorm, single gene normalization will not provide reliable results in ocular surface epithelial isolations or 
cultures. Another evident observation entails the limited similarity between the top-ranked genes of limbal- and 
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Figure 2. M-value of reference genes, determined by the geNorm software, in isolated (day 0) and/or cultured 
(day 14) limbal or conjunctival cells. The average expression stability is visualized during stepwise exclusion 
of the most unstable reference gene, leaving the most stably expressed genes on the right. The specific set 
of reference genes required to obtain an accurate normalization in each condition is underlined. The green 
lines represent the threshold of M-values that correspond to suitable reference genes in homogenous samples 
(M < 0.5) and heterogeneous samples (M < 1.0).
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conjunctiva-derived cells. Despite of the ocular surface epithelia being embedded in the same tear film environ-
ment and to have been simultaneously arisen from the Pax6+ ectodermal cells during development72, they represent  
two different lineages and should be treated as such when selecting reference genes.

Depending on the experimental set-up, the geNorm and NormFinder top-ranked housekeeping gene list is 
almost identical or completely different. Given the same crude data set was used as an input, we conclude that 
these discrepancies are in all probability the result of the different analysis approaches; i.e. geNorm applies a pair-
wise comparison approach, while NormFinder is based on a model-based approach (cfr. Materials and Methods). 
As elucidated in Materials and Methods, the pairwise comparison approach is more prone to select correlated 
reference genes. Among the 12 common reference genes, some are involved in the same pathway or cellular pro-
cess (Table 4). An example hereof are the three mitochondrial respiratory complexes; SDHA (complex II), CyC1 
(complex IV), and ATP5B (complex V). Together with two additional complexes, these enzymes are responsible 
for the production of cellular ATP73. As the protein subunits are coded in both the mitochondrial and nuclear 
genome73, an orchestrated crosstalk is required to assure a proper functioning of the respiratory chain74. The 
expression of genes involved in the oxidative phosphorylation are indeed found to be co-regulated74–76. However, 
gene transcription of proteins within each complex are also subjected to an individual fine-tuning mechanism74. 
Keeping in mind the overall master regulation, we expected geNorm to select our mitochondrial gene targets 
in its top-rankings. Surprisingly, it was NormFinder that selected two out of three mitochondrial housekeeping 
genes (limbus, day 0–14; conjunctiva, day 14), while geNorm only top-ranked such a combination in one condi-
tion (conjunctiva, day 0–14). Hence, at least in our experimental condition, geNorm does not favour this specific 
co-regulation as expected. Of note, the aforementioned three genes were the only genes that are involved in the 
same cellular process and co-enlisted by geNorm and NormFinder.

Including the two different time points and the combination thereof allows us to use the top-ranked genes, 
after appropriate verification, in both research and clinical/diagnostic settings. Focusing on ocular tissue engi-
neering, gene expressions are often investigated after a specific culture protocol (cfr. day 14 as an end of the cul-
ture protocol) and/or compared with the in vivo situation (day 0–14). In addition to research purposes, RT-qPCR 
assays are finding their way into the clinic. Examples hereof are the MammaTyper® test (BioNTech Diagnostics 
GmbH, Mainz, Germany) and the CervicGen assay (Optipharm, Osong, Republic of Korea), which could com-
plement or improve the current standards in cancer diagnostics77,78. Based on the success of RT-qPCR in cancer 
diagnostics, RT-qPCR is also started to be implemented in other fields, including ophthalmology. Potential bio-
markers are examined in impression cytology samples of patients with Sjögren’s syndrome79, meibomian gland 
disease80, dry eye syndrome81, vernal keratoconjunctivitis64, and a collection of different ocular surface disorders82.  
However, despite the MIQE guidelines, single gene normalization has still been applied in these studies. Hence, to 
generate a good experimental basis for future research, we generated a top-ranking of stable genes in ocular sur-
face samples that can be verified in similar research or clinical settings. Of note, in case the most optimal number 
of reference genes cannot be determined, one should use the three most stable reference genes to establish a more 
accurate and reliable normalization as compared to the use of one single reference gene17. Lastly, a final quality 
control of the identified reference genes can always be obtained based on the corresponding Cq- and SD values. 
Previous studies showed that the Cq value of a suitable reference gene should neither fall beneath 15 or exceed 30, 
while the SD should not surpass 1.083,84.

To summarize, this study confirms the need of using multiple reference genes for normalization purposes. In 
addition, we provide several potentially stable reference genes for studies on isolated- and cultured ocular surface 
epithelia.

Ranking 
order

Day 0 Day 14 Day 0–14

Limbus Conjunctiva Limbus Conjunctiva Limbus Conjunctiva

Gene SV Gene SV Gene SV Gene SV Gene SV Gene SV

1 YWHAZ 0.218 ATP5B 0.211 EIF4A2 0.140 ATP5B 0.269 CyC1 0.118 ATP5B 0.117

2 ATP5B 0.273 UBC 0.239 YWHAZ 0.167 SDHA 0.287 ACTB 0.152 EIF4A2 0.167

3 UBC 0.290 EIF4A2 0.257 TOP1 0.186 YWHAZ 0.304 SDHA 0.156 UBC 0.187

4 CyC1 0.300 RPL13A 0.274 CyC1 0.206 B2M 0.343 ATP5B 0.178 CyC1 0.203

5 18s rRNA 0.318 YWHAZ 0.295 SDHA 0.222 ACTB 0.358 GAPDH 0.182 RPL13A 0.205

6 GAPDH 0.325 GAPDH 0.329 18s rRNA 0.264 GAPDH 0.407 EIF4A2 0.197 YWHAZ 0.205

7 ACTB 0.381 CyC1 0.349 UBC 0.269 RPL13A 0.411 RPL13A 0.209 GAPDH 0.206

8 SDHA 0.451 TOP1 0.362 ATP5B 0.274 18s rRNA 0.418 YWHAZ 0.221 SDHA 0.209

9 B2M 0.469 B2M 0.446 ACTB 0.311 TOP1 0.423 UBC 0.239 B2M 0.216

10 RPL13A 0.506 18s rRNA 0.460 B2M 0.337 CyC1 0.466 18s rRNA 0.249 TOP1 0.216

11 EIF4A2 0.546 SDHA 0.478 RPL13A 0.353 EIF4A2 0.577 B2M 0.370 18s rRNA 0.223

12 TOP1 1.054 ACTB 0.705 GAPDH 0.402 UBC 0.621 TOP1 0.678 ACTB 0.223

Table 3. Ranking order of stability values provided by NormFinder. The 12 reference genes are arranged on 
decreasing stability and grouped based on their origin (limbus, conjunctiva) and time of lysis (after isolation at 
day 0, after 14 days of culture or combining samples of both time points for analysis). SV, stability value.
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Materials and Methods
tissue specimen. Human ocular tissue from 22 cadaveric donors was obtained from the Antwerp University 
Hospital tissue bank as fresh tissue rejects and processed within 48 hours post-mortem. The donor’s age ranged 
from 43 to 92 years, with an average of 74 years. Before tissue handling, the cadaveric eye globes and isolated con-
junctiva were disinfected for 1 minute in 0.5% and 1% povidone-iodine (pharmacy Antwerp University Hospital), 
respectively, followed by a quadruple washing step in phosphate buffered saline (PBS). The access and use of 
human biological material, intended for human medical applications or for scientific research purposes follows 
Article 12 of the Act of December 19, 2009. This act includes that Articles 10 to 14 of the Act of 13 June 1986 on 
the removal and transplantation of organs (opting-out) are applicable in the context of the removal after death of 
organs intended for scientific research or on the removal after death of tissues and cells for medical applications 
or for scientific research. The opting-out system is based on implicit or presumed consent, i.e. every Belgian is 
a potential donor unless he/she objected against donation during life. We hereby confirm, that all research and 
methods were performed in accordance with the relevant guidelines and regulations. The study followed the ten-
ets of the Declaration of Helsinki and was approved by the Ethical Committee of the Antwerp University Hospital 
(approved EC: 11/2/12).

primary human limbal epithelial cell cultures. Limbal biopsies were isolated and processed accord-
ing to the protocol described by Haagdorens et al.85. In brief, biopsies were taken from the superior and infe-
rior keratolimbal region (Fig. 1) and washed for 30 minutes in CnT-prime medium (CnT-PR, CELLnTEC, Bern, 
Switzerland) at 4 °C. Explant cultures were initiated at the air-liquid interface, using CnT-PR medium, and cul-
tured for 14 days at 37 °C and 5% CO2. From 2 days onward, cultures were submerged and the culture medium 
was changed every other day. This work flow results in a negligible fibroblast culture contamination, as previously 
shown86. Prior to RNA extraction from the cultured limbal cells at day 14, limbal biopsies were removed using metal 
tweezers and cultures were rinsed with preheated PBS at 37 °C. Afterwards, cell lysis was performed according  
to RNeasy Micro kit guidelines (Qiagen, Hilden, Germany).

Primary human (corneo)limbal cell sheath isolation. After harvesting limbal biopsies from 
the cadaveric donor eyes, the cornea and limbus were trephined out of the globe. The isolated cornealimbal  
disc was soaked in a 1 U/mL dispase solution at 4 °C for 14 hours to remove the corneolimbal epithelium 
from its underlying tissue. The dispase solution is constituted of 10 mL dispase II solution (2 U/mL, Roche, 
Sigma-Aldrich, Overijse, Belgium), 2 mL D-sorbitol (Sigma-Aldrich), and 8 mL modified-Supplemented 
Hormonal Epithelial Medium (SHEM). Modified-SHEM, in turn, is made from Ham’s F12 Glutamax (Life 
Technologies, Merelbeke, Belgium) and supplemented with 5% fetal bovine serum (Life Technologies), 5 µg/mL  
insulin-transferrin-selenium (Life Technologies), 2 ng/mL epidermal growth factor (Life Technologies), 0.5% 
dimethyl sulfoxide (Sigma-Aldrich), 0.5 µg/mL hydrocortisone (Sigma-Aldrich), 10 µg/mL gentamicin (Life 
Technologies), and 1 µg/mL amphotericin B (Life Technologies). After dispase digestion, the corneolimbal epi-
thelium was gently scraped off, using a dissecting microscope, tweezers and a crescent knife. Epithelial sheets of 
both eyes were pooled and lysed following the RNeasy Micro kit guidelines.

primary human conjunctival epithelial cell cultures. Bulbar conjunctiva from the inferior and supe-
rior region was isolated before the ocular globe was removed from the cadavers and disinfected as described in 
‘tissue specimen’ (Fig. 1). The disinfected tissue was further cut into 2 × 2 mm explants and placed at the liquid-air 

Gene name
Gene 
symbol

Genebank 
accession

Anchor 
nucleotide* Function

18S ribosomal RNA 18S rRNA NM_10098 234 Translation (component of ribosomal 40S subunit)

β-actin ACTB NM_001101 1194 Cell motility, structure, integrity, and intercellular 
signalling

ATP synthase, F1 complex, β-subunit ATP5B NM_001686 1200 Mitochondrial respiratory chain (ATP synthesis)

β2-microglobulin B2M NM_004048 362 Acquired immune system (component of major 
histocompatibility complex class I heavy chain)

Cytochrome C1 CyC1 NM_001916 929 Mitochondrial respiratory chain (electron transport)

Eukaryotic translation initiation factor 4A2 EIF4A2 NM_001967 900 Translation (ATP-dependent RNA helicase)

Glyceraldehyde 3-phosphate dehydrogenase GAPDH NM_002046 1087 Glycolysis and cellular stress response (cell recovery or 
apoptosis)

Ribosomal protein L13a RPL13A NM_012423 727 Translation (component of ribosomal 60S subunit) and 
inflammation (component of GAIT-complex)

Succinate dehydrogenase complex, subunit A, 
flavoprotein SDHA NM_004168 1032 Citric acid cycle and mitochondrial respiratory chain

DNA topoisomerase I TOP1 NM_003286 2361 DNA replication and transcription

Ubiquitin C UBC NM_021009 452 Ubiquitination

Tyrosine 3-monooxygenase/tryptophan 
5-monooxygenase activation protein, ζ polypeptide YWHAZ NM_003406 2585 Mediator of signal transduction

Table 4. Characteristics of reference genes and their corresponding primer. *An anchor nucleotide is defined as 
a nucleotide contained anywhere within the probe sequence according to the MIQE guidelines.
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surface to initiate outgrowth at 37 °C and 5% CO2 for 14 days (Fig. 1). The medium was changed thrice a week and 
consisted of keratinocyte serum-free medium (Life Technologies) supplemented with 50 µg/mL bovine pituitary 
extract (Life Technologies), 5 ng/mL recombinant human epidermal growth factor (Life Technologies), 10 µg/mL 
gentamicin (Life Technologies), and 1 µg/mL amphotericin B (Life Technologies). When a visible outgrowth was 
obtained, primary cultures were submerged as from that point the explants were likely to remain attached. Explants 
were removed from culture upon the first signs of fibroblast contamination. After the culture period of 14 days, 
remaining explants were discarded as well and the primary cultures underwent a PBS wash prior to their lysis,  
using the RNeasy Micro kit recommendations.

primary human conjunctival cell suspension. A homogenous conjunctival epithelial cell suspension 
was established to extract mRNA from isolated conjunctiva-derived cells (day 0). Briefly, disinfected conjunctival 
tissue was exposed to 1.2 U/mL dispase solution (Sigma-Aldrich) for 2 hours at 37 °C under continuous agitation. 
The incomplete attached cells were mechanically recovered, using a cell scraper, and the obtained cell suspension 
was lysed using the RNeasy microkit, according to the manufacturer’s instructions.

RnA extraction and quantitative reverse transcription pcR. Total RNA was isolated from limbal and 
conjunctival cell lysates using the RNeasy microkit guidelines. Preceding cDNA conversion, RNA concentration  
and purity was evaluated through UV spectroscopy on the NanodropTM spectrophotometer (Thermo Fisher 
Scientific). Up to 7.5 µg RNA was utilized as template for first strand cDNA synthesis following the instructions 
of the iscript advanced cDNA synthesis kit (Bio-rad), containing dNTPs, oligo(DT), random primers, RNase 
H+ Moloney murine leukemia virus reverse transcriptase and RNase inhibitors. The oligo(DT)- and random 
primer-mediated reverse transcription was performed on a CFX96 Touch™ Real-Time PCR Detection System 
(Bio-Rad). The obtained cDNA was diluted to a 5 ng/µL concentration and frozen down (-20 °C) until further 
use. RT-qPCR assays were performed on a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad) with fol-
lowing settings; an activation step of 30 seconds at 95 °C, 40 amplification cycles of denaturation (95 °C for 5 sec) 
and annealing/extension (60 °C for 30 sec). A melting curve analysis was performed as well: from 65 °C to 95 °C 
at 0.5 °C increments for 5 sec. To identify the most stable reference genes, the geNorm 12 gene kit (PrimerDesign, 
Southampton, United Kingdom) was used. Characteristics of the 12 reference genes and their corresponding 
primers can be found in Table 4. Each reaction was performed in a final volume of 20 µL, containing 10 µL 
SsoAdvanced Universal SybrGreen Supermix (Bio-rad), 1 µL primer (300 nM, PrimerDesign), 2 µL diluted cDNA 
(10 ng), and 7 µL UltraPure™ DNase/RNase-free distilled water (Thermo Fisher Scientific).

Gene expression stability analysis. The Cq values of the 12 reference genes were expressed as mean ± SD. 
To determine the expression stability, the RT-qPCR data was processed using the geNorm software, incorporated 
in the qbase+ software (Biogazelle), and the NormFinder software (MOMA, Department of Molecular Medicine, 
Aarhus University Hospital, Denmark). In contrast to the qbase+ software, the input data of NormFinder is 
required to be on a linear scale. Hence, the raw Cq values were transformed into relative quantities using the 
ΔΔCt-method. As the lowest Cq value of each reference gene was used, the highest relative value equalled one, 
while all other values are smaller.

The algorithm of the geNorm and NormFinder software uses a different approach to address the stability of 
the reference genes17,87. The geNorm software applies a pairwise comparison approach, which defines the stability 
of genes based on the similarity degree of the expression profile. The reasoning behind this approach is that the 
expression ratio of two stable reference genes is identical across the sample set, regardless of the experimental 
condition17. On the other hand, NormFinder uses an ANOVA-based model to calculate the expression stability 
of each reference gene based on its intra- and intergroup variation87. Both software provide a stability value or 
M-value, which is irreversibly correlated with the expression stability17,87. In addition to the M-value, geNorm 
also determines the number of genes needed for an accurate normalization. GeNorm will first rank the candi-
date genes up to the single most stable genes, using their corresponding M-values that are calculated based on 
the expression ratio of a particular gene with the remaining genes upon stepwise exclusion of the most unstable 
reference gene. Then, the optimal number of reference genes is identified by validating the pairwise variation 
between two sequential normalization factors, containing an increasing number of genes. The first normalization 
factor is calculated starting from the three most stable reference genes. The seven consecutive normalization 
factors are then determined with the stepwise inclusion of the most stable remaining reference genes. When 
the variation falls below the 0.15 cut-off, the inclusion of an additional gene is not required as it will not any-
more improve the stability of the set of reference genes17. When interpreting the output data of the NormFinder 
software, the reference gene with the lowest M-value is the gene with the smallest intra- and intergroup vari-
ance. Hence, NormFinder is less affected by the expression of correlated reference genes as systemic differences 
between subgroups are taken into account. Of note, when only one group is present and therefore no intergroup 
variation exists, the intragroup variation is the only variance included in the stability value87.

Data availability
The datasets used to support the findings of this study are available from the corresponding author on reasonable 
request.

Received: 4 September 2019; Accepted: 5 December 2019;
Published: xx xx xxxx

https://doi.org/10.1038/s41598-019-56054-1


9Scientific RepoRtS |         (2019) 9:19631  | https://doi.org/10.1038/s41598-019-56054-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

References
 1. Cieza, A., Keel, S., Kocur, I., Mccoy, M. & Mariotti, S. P. World report on vision. (World Health Organization, 2019).
 2. Ramos, T., Scott, D. & Ahmad, S. An Update on Ocular Surface Epithelial Stem Cells: Cornea and Conjunctiva. Stem Cells Int 2015, 

601731, https://doi.org/10.1155/2015/601731 (2015).
 3. Stewart, R. M., Sheridan, C. M., Hiscott, P. S., Czanner, G. & Kaye, S. B. Human Conjunctival Stem Cells are Predominantly Located 

in the Medial Canthal and Inferior Forniceal Areas. Invest Ophthalmol Vis Sci 56, 2021–2030, https://doi.org/10.1167/iovs.14-16266 
(2015).

 4. Thoft, R. A. & Friend, J. The X, Y, Z hypothesis of corneal epithelial maintenance. Invest Ophthalmol Vis Sci 24, 1442–1443 (1983).
 5. Schermer, A., Galvin, S. & Sun, T. T. Differentiation-related expression of a major 64K corneal keratin in vivo and in culture suggests 

limbal location of corneal epithelial stem cells. J Cell Biol 103, 49–62, https://doi.org/10.1083/jcb.103.1.49 (1986).
 6. Scuderi, N., Alfano, C., Paolini, G., Marchese, C. & Scuderi, G. Transplantation of autologous cultivated conjunctival epithelium for 

the restoration of defects in the ocular surface. Scand J Plast Reconstr Surg Hand Surg 36, 340–348, https://doi.
org/10.1080/028443102321096339 (2002).

 7. Chiou, A. G., Florakis, G. J. & Kazim, M. Management of conjunctival cicatrizing diseases and severe ocular surface dysfunction. 
Surv Ophthalmol 43, 19–46, https://doi.org/10.1016/s0039-6257(98)00005-8 (1998).

 8. Pellegrini, G. et al. Long-term restoration of damaged corneal surfaces with autologous cultivated corneal epithelium. Lancet 349, 
990–993, https://doi.org/10.1016/S0140-6736(96)11188-0 (1997).

 9. Rolando, M. & Zierhut, M. The ocular surface and tear film and their dysfunction in dry eye disease. Surv Ophthalmol 45(Suppl 2), 
S203–210 (2001).

 10. Espana, E. M., Di Pascuale, M., Grueterich, M., Solomon, A. & Tseng, S. C. Keratolimbal allograft in corneal reconstruction. Eye 
(Lond) 18, 406–417, https://doi.org/10.1038/sj.eye.6700670 (2004).

 11. Tseng, S. C., Di Pascuale, M. A., Liu, D. T., Gao, Y. Y. & Baradaran-Rafii, A. Intraoperative mitomycin C and amniotic membrane 
transplantation for fornix reconstruction in severe cicatricial ocular surface diseases. Ophthalmology 112, 896–903, https://doi.
org/10.1016/j.ophtha.2004.11.041 (2005).

 12. Higuchi, R., Fockler, C., Dollinger, G. & Watson, R. Kinetic PCR analysis: real-time monitoring of DNA amplification reactions. 
Biotechnology (N Y) 11, 1026–1030 (1993).

 13. Karge, W. H. 3rd, Schaefer, E. J. & Ordovas, J. M. Quantification of mRNA by polymerase chain reaction (PCR) using an internal 
standard and a nonradioactive detection method. Methods Mol Biol 110, 43–61, https://doi.org/10.1385/1-59259-582-0:43 (1998).

 14. Eisenberg, E. & Levanon, E. Y. Human housekeeping genes, revisited. Trends Genet 29, 569–574, https://doi.org/10.1016/j.
tig.2013.05.010 (2013).

 15. Dheda, K. et al. Validation of housekeeping genes for normalizing RNA expression in real-time PCR. Biotechniques 37, 112–114, 
116, 118–119, https://doi.org/10.2144/04371RR03 (2004).

 16. Glare, E. M., Divjak, M., Bailey, M. J. & Walters, E. H. beta-Actin and GAPDH housekeeping gene expression in asthmatic airways 
is variable and not suitable for normalising mRNA levels. Thorax 57, 765–770 (2002).

 17. Vandesompele, J. et al. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal 
control genes. Genome Biol 3, RESEARCH0034 (2002).

 18. Bustin, S. A. et al. The MIQE guidelines: minimum information for publication of quantitative real-time PCR experiments. Clin Chem 
55, 611–622, https://doi.org/10.1373/clinchem.2008.112797 (2009).

 19. Minervini, C. F., Izumi, M. & Miki, T. Effect of Culture Conditions on Reference Genes Expression in Placenta-derived Stem Cells. 
Int J Stem Cells 2, 69–75 (2009).

 20. Kulkarni, B., Mohammed, I., Hopkinson, A. & Dua, H. S. Validation of endogenous control genes for gene expression studies on 
human ocular surface epithelium. PLoS One 6, e22301, https://doi.org/10.1371/journal.pone.0022301 (2011).

 21. Hellemans, J., Mortier, G., De Paepe, A., Speleman, F. & Vandesompele, J. qBase relative quantification framework and software for 
management and automated analysis of real-time quantitative PCR data. Genome Biol 8, R19, https://doi.org/10.1186/gb-2007-8-
2-r19 (2007).

 22. Ghoubay-Benallaoua, D. et al. Easy xeno-free and feeder-free method for isolating and growing limbal stromal and epithelial stem 
cells of the human cornea. PLoS One 12, e0188398, https://doi.org/10.1371/journal.pone.0188398 (2017).

 23. Scafetta, G. et al. Suitability of human Tenon’s fibroblasts as feeder cells for culturing human limbal epithelial stem cells. Stem Cell Rev 
9, 847–857, https://doi.org/10.1007/s12015-013-9451-6 (2013).

 24. Kulkarni, B. B. et al. Comparative transcriptional profiling of the limbal epithelial crypt demonstrates its putative stem cell niche 
characteristics. BMC Genomics 11, 526, https://doi.org/10.1186/1471-2164-11-526 (2010).

 25. Masoud, Y. et al. Effect of Lithium and Valproate on Proliferation and Migration of Limbal Epithelial Stem/Progenitor Cells. Curr Eye Res, 
1–8, https://doi.org/10.1080/02713683.2018.1521978 (2018).

 26. Suri, K., Gong, H. K., Yuan, C. & Kaufman, S. C. Human Platelet Lysate as a Replacement for Fetal Bovine Serum in Limbal Stem 
Cell Therapy. Curr Eye Res 41, 1266–1273, https://doi.org/10.3109/02713683.2015.1116586 (2016).

 27. Tidu, A. et al. Development of human corneal epithelium on organized fibrillated transparent collagen matrices synthesized at high 
concentration. Acta Biomater 22, 50–58, https://doi.org/10.1016/j.actbio.2015.04.018 (2015).

 28. Ghoubay-Benallaoua, D., Sandali, O., Goldschmidt, P. & Borderie, V. Kinetics of expansion of human limbal epithelial progenitor 
cells in primary culture of explants without feeders. PLoS One 8, e81965, https://doi.org/10.1371/journal.pone.0081965 (2013).

 29. Li, J., Shen, J. & Beuerman, R. W. Expression of toll-like receptors in human limbal and conjunctival epithelial cells. Mol Vis 13, 
813–822 (2007).

 30. Ma, D. H. et al. Generation of endostatin by matrix metalloproteinase and cathepsin from human limbocorneal epithelial cells 
cultivated on amniotic membrane. Invest Ophthalmol Vis Sci 48, 644–651, https://doi.org/10.1167/iovs.06-0884 (2007).

 31. Sekiyama, E. et al. Unique distribution of thrombospondin-1 in human ocular surface epithelium. Invest Ophthalmol Vis Sci 47, 
1352–1358, https://doi.org/10.1167/iovs.05-1305 (2006).

 32. Pathak, M. et al. The effect of culture medium and carrier on explant culture of human limbal epithelium: A comparison of 
ultrastructure, keratin profile and gene expression. Exp Eye Res 153, 122–132, https://doi.org/10.1016/j.exer.2016.09.012 (2016).

 33. Chen, D. et al. A hyaluronan hydrogel scaffold-based xeno-free culture system for ex vivo expansion of human corneal epithelial 
stem cells. Eye (Lond) 31, 962–971, https://doi.org/10.1038/eye.2017.8 (2017).

 34. Gonzalez, S., Mei, H., Nakatsu, M. N., Baclagon, E. R. & Deng, S. X. A 3D culture system enhances the ability of human bone 
marrow stromal cells to support the growth of limbal stem/progenitor cells. Stem Cell Res 16, 358–364, https://doi.org/10.1016/j.
scr.2016.02.018 (2016).

 35. Lopez-Paniagua, M. et al. Successful Consecutive Expansion of Limbal Explants Using a Biosafe Culture Medium under Feeder 
Layer-Free Conditions. Curr Eye Res 42, 685–695, https://doi.org/10.1080/02713683.2016.1250278 (2017).

 36. Qu, Y. et al. Unique expression pattern and functional role of periostin in human limbal stem cells. PLoS One 10, e0117139, https://
doi.org/10.1371/journal.pone.0117139 (2015).

 37. Deng, R. et al. Oxidative stress markers induced by hyperosmolarity in primary human corneal epithelial cells. PLoS One 10, 
e0126561, https://doi.org/10.1371/journal.pone.0126561 (2015).

 38. Shayan Asl, N. et al. Amniotic Membrane Extract Eye Drop Promotes Limbal Stem Cell Proliferation and Corneal Epithelium 
Healing. Cell J 20, 459–468, https://doi.org/10.22074/cellj.2019.5423 (2019).

https://doi.org/10.1038/s41598-019-56054-1
https://doi.org/10.1155/2015/601731
https://doi.org/10.1167/iovs.14-16266
https://doi.org/10.1083/jcb.103.1.49
https://doi.org/10.1080/028443102321096339
https://doi.org/10.1080/028443102321096339
https://doi.org/10.1016/s0039-6257(98)00005-8
https://doi.org/10.1016/S0140-6736(96)11188-0
https://doi.org/10.1038/sj.eye.6700670
https://doi.org/10.1016/j.ophtha.2004.11.041
https://doi.org/10.1016/j.ophtha.2004.11.041
https://doi.org/10.1385/1-59259-582-0:43
https://doi.org/10.1016/j.tig.2013.05.010
https://doi.org/10.1016/j.tig.2013.05.010
https://doi.org/10.2144/04371RR03
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1371/journal.pone.0022301
https://doi.org/10.1186/gb-2007-8-2-r19
https://doi.org/10.1186/gb-2007-8-2-r19
https://doi.org/10.1371/journal.pone.0188398
https://doi.org/10.1007/s12015-013-9451-6
https://doi.org/10.1186/1471-2164-11-526
https://doi.org/10.1080/02713683.2018.1521978
https://doi.org/10.3109/02713683.2015.1116586
https://doi.org/10.1016/j.actbio.2015.04.018
https://doi.org/10.1371/journal.pone.0081965
https://doi.org/10.1167/iovs.06-0884
https://doi.org/10.1167/iovs.05-1305
https://doi.org/10.1016/j.exer.2016.09.012
https://doi.org/10.1038/eye.2017.8
https://doi.org/10.1016/j.scr.2016.02.018
https://doi.org/10.1016/j.scr.2016.02.018
https://doi.org/10.1080/02713683.2016.1250278
https://doi.org/10.1371/journal.pone.0117139
https://doi.org/10.1371/journal.pone.0117139
https://doi.org/10.1371/journal.pone.0126561
https://doi.org/10.22074/cellj.2019.5423


1 0Scientific RepoRtS |         (2019) 9:19631  | https://doi.org/10.1038/s41598-019-56054-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

 39. Polisetti, N., Zenkel, M., Menzel-Severing, J., Kruse, F. E. & Schlotzer-Schrehardt, U. Cell Adhesion Molecules and Stem Cell-Niche-
Interactions in the Limbal Stem Cell Niche. Stem Cells 34, 203–219, https://doi.org/10.1002/stem.2191 (2016).

 40. Shetty, R. et al. Safety profile of accelerated corneal cross-linking versus conventional cross-linking: a comparative study on ex vivo-
cultured limbal epithelial cells. Br J Ophthalmol 99, 272–280, https://doi.org/10.1136/bjophthalmol-2014-305495 (2015).

 41. Loureiro, R. R. et al. Comparison of culture media for ex vivo cultivation of limbal epithelial progenitor cells. Mol Vis 19, 69–77 
(2013).

 42. Shahdadfar, A. et al. Ex vivo expanded autologous limbal epithelial cells on amniotic membrane using a culture medium with human 
serum as single supplement. Exp Eye Res 97, 1–9, https://doi.org/10.1016/j.exer.2012.01.013 (2012).

 43. Lu, R. et al. Transcription factor TCF4 maintains the properties of human corneal epithelial stem cells. Stem Cells 30, 753–761, 
https://doi.org/10.1002/stem.1032 (2012).

 44. Kim, S. W., Seo, K. Y., Rhim, T. & Kim, E. K. Effect of retinoic acid on epithelial differentiation and mucin expression in primary 
human corneal limbal epithelial cells. Curr Eye Res 37, 33–42, https://doi.org/10.3109/02713683.2011.620728 (2012).

 45. Pauklin, M., Thomasen, H., Pester, A., Steuhl, K. P. & Meller, D. Expression of pluripotency and multipotency factors in human 
ocular surface tissues. Curr Eye Res 36, 1086–1097, https://doi.org/10.3109/02713683.2011.608238 (2011).

 46. Xie, H. T., Chen, S. Y., Li, G. G. & Tseng, S. C. Limbal epithelial stem/progenitor cells attract stromal niche cells by SDF-1/CXCR4 
signaling to prevent differentiation. Stem Cells 29, 1874–1885, https://doi.org/10.1002/stem.743 (2011).

 47. Acera, A., Rocha, G., Vecino, E., Lema, I. & Duran, J. A. Inflammatory markers in the tears of patients with ocular surface disease. 
Ophthalmic Res 40, 315–321, https://doi.org/10.1159/000150445 (2008).

 48. Bian, F. et al. An immunoprotective privilege of corneal epithelial stem cells against Th17 inflammatory stress by producing glial 
cell-derived neurotrophic factor. Stem Cells 28, 2172–2181, https://doi.org/10.1002/stem.539 (2010).

 49. Pauklin, M., Steuhl, K. P. & Meller, D. Characterization of the corneal surface in limbal stem cell deficiency and after transplantation 
of cultivated limbal epithelium. Ophthalmology 116, 1048–1056, https://doi.org/10.1016/j.ophtha.2009.01.005 (2009).

 50. Ma, P. et al. Human corneal epithelium-derived thymic stromal lymphopoietin links the innate and adaptive immune responses via 
TLRs and Th2 cytokines. Invest Ophthalmol Vis Sci 50, 2702–2709, https://doi.org/10.1167/iovs.08-3074 (2009).

 51. Sun, C. C. et al. Interleukin-1 receptor antagonist (IL-1RA) prevents apoptosis in ex vivo expansion of human limbal epithelial cells 
cultivated on human amniotic membrane. Stem Cells 24, 2130–2139, https://doi.org/10.1634/stemcells.2005-0590 (2006).

 52. Watanabe, K. et al. Human limbal epithelium contains side population cells expressing the ATP-binding cassette transporter 
ABCG2. FEBS Lett 565, 6–10, https://doi.org/10.1016/j.febslet.2004.03.064 (2004).

 53. Argueso, P., Spurr-Michaud, S., Russo, C. L., Tisdale, A. & Gipson, I. K. MUC16 mucin is expressed by the human ocular surface 
epithelia and carries the H185 carbohydrate epitope. Invest Ophthalmol Vis Sci 44, 2487–2495, https://doi.org/10.1167/iovs.02-0862 
(2003).

 54. Raeder, S. et al. Effects of organ culture and Optisol-GS storage on structural integrity, phenotypes, and apoptosis in cultured corneal 
epithelium. Invest Ophthalmol Vis Sci 48, 5484–5493, https://doi.org/10.1167/iovs.07-0494 (2007).

 55. 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).

 56. Li, J., Setiawan, M., Wu, H., Beuerman, R. W. & Zhao, P. Regulation of Toll-like receptor expression in human conjunctival epithelial 
cells. Mediators Inflamm 2014, 493596, https://doi.org/10.1155/2014/493596 (2014).

 57. Lin, H. et al. Air exposure induced characteristics of dry eye in conjunctival tissue culture. PLoS One 9, e87368, https://doi.
org/10.1371/journal.pone.0087368 (2014).

 58. Kim, J. H. et al. Osmoprotective effects of supplemental epidermal growth factor in an ex vivo multilayered human conjunctival 
model under hyperosmotic stress. Graefes Arch Clin Exp Ophthalmol 251, 1945–1953, https://doi.org/10.1007/s00417-013-2369-5 
(2013).

 59. Xiao, Q. et al. Minocycline Inhibits Inflammation and Squamous Metaplasia of Conjunctival Tissue Culture in Airlift Conditions. 
Cornea 35, 249–256, https://doi.org/10.1097/ICO.0000000000000687 (2016).

 60. Redfern, R. L., Barabino, S., Baxter, J., Lema, C. & McDermott, A. M. Dry eye modulates the expression of toll-like receptors on the 
ocular surface. Exp Eye Res 134, 80–89, https://doi.org/10.1016/j.exer.2015.03.018 (2015).

 61. Woodward, A. M. & Argueso, P. Expression analysis of the transmembrane mucin MUC20 in human corneal and conjunctival 
epithelia. Invest Ophthalmol Vis Sci 55, 6132–6138, https://doi.org/10.1167/iovs.14-15269 (2014).

 62. Garcia-Posadas, L. et al. Hyaluronan receptors in the human ocular surface: a descriptive and comparative study of RHAMM and 
CD44 in tissues, cell lines and freshly collected samples. Histochem Cell Biol 137, 165–176, https://doi.org/10.1007/s00418-011-0878-z 
(2012).

 63. Versura, P., Profazio, V., Schiavi, C. & Campos, E. C. Hyperosmolar stress upregulates HLA-DR expression in human conjunctival 
epithelium in dry eye patients and in vitro models. Invest Ophthalmol Vis Sci 52, 5488–5496, https://doi.org/10.1167/iovs.11-7215 
(2011).

 64. Inada, N., Ishimori, A. & Shoji, J. CCL20/MIP-3 alpha mRNA expression in the conjunctival epithelium of normal individuals and 
patients with vernal keratoconjunctivitis. Graefes Arch Clin Exp Ophthalmol 252, 1977–1984, https://doi.org/10.1007/s00417-014-
2785-1 (2014).

 65. Fujishima, H. et al. Effects of diesel exhaust particles on primary cultured healthy human conjunctival epithelium. Ann Allergy 
Asthma Immunol 110, 39–43, https://doi.org/10.1016/j.anai.2012.10.017 (2013).

 66. Benito, M. J. et al. Effect of TGF-beta on ocular surface epithelial cells. Exp Eye Res 107, 88–100, https://doi.org/10.1016/j.
exer.2012.11.017 (2013).

 67. Hagan, S. et al. Narrow Spectrum Kinase Inhibitors Demonstrate Promise for the Treatment of Dry Eye Disease and Other Ocular 
Inflammatory Disorders. Invest Ophthalmol Vis Sci 59, 1443–1453, https://doi.org/10.1167/iovs.17-23479 (2018).

 68. Merjava, S., Neuwirth, A., Tanzerova, M. & Jirsova, K. The spectrum of cytokeratins expressed in the adult human cornea, limbus 
and perilimbal conjunctiva. Histol Histopathol 26, 323–331 (2011).

 69. Burton, M. J. et al. Active trachoma is associated with increased conjunctival expression of IL17A and profibrotic cytokines. Infect Immun 
79, 4977–4983, https://doi.org/10.1128/IAI.05718-11 (2011).

 70. Schrader, S. et al. Wnt signalling in an in vitro niche model for conjunctival progenitor cells. J Tissue Eng Regen Med 8, 969–977, 
https://doi.org/10.1002/term.1599 (2014).

 71. Chapman, J. R. & Waldenstrom, J. With Reference to Reference Genes: A Systematic Review of Endogenous Controls in Gene 
Expression Studies. PLoS One 10, e0141853, https://doi.org/10.1371/journal.pone.0141853 (2015).

 72. Koroma, B. M., Yang, J. M. & Sundin, O. H. The Pax-6 homeobox gene is expressed throughout the corneal and conjunctival 
epithelia. Invest Ophthalmol Vis Sci 38, 108–120 (1997).

 73. Sirey, T. M. & Ponting, C. P. Insights into the post-transcriptional regulation of the mitochondrial electron transport chain. Biochem 
Soc Trans 44, 1491–1498, https://doi.org/10.1042/BST20160100 (2016).

 74. van Waveren, C. & Moraes, C. T. Transcriptional co-expression and co-regulation of genes coding for components of the oxidative 
phosphorylation system. BMC Genomics 9, 18, https://doi.org/10.1186/1471-2164-9-18 (2008).

 75. Lee, H. K., Hsu, A. K., Sajdak, J., Qin, J. & Pavlidis, P. Coexpression analysis of human genes across many microarray data sets. 
Genome Res 14, 1085–1094, https://doi.org/10.1101/gr.1910904 (2004).

 76. Shyamsundar, R. et al. A DNA microarray survey of gene expression in normal human tissues. Genome Biol 6, R22, https://doi.
org/10.1186/gb-2005-6-3-r22 (2005).

https://doi.org/10.1038/s41598-019-56054-1
https://doi.org/10.1002/stem.2191
https://doi.org/10.1136/bjophthalmol-2014-305495
https://doi.org/10.1016/j.exer.2012.01.013
https://doi.org/10.1002/stem.1032
https://doi.org/10.3109/02713683.2011.620728
https://doi.org/10.3109/02713683.2011.608238
https://doi.org/10.1002/stem.743
https://doi.org/10.1159/000150445
https://doi.org/10.1002/stem.539
https://doi.org/10.1016/j.ophtha.2009.01.005
https://doi.org/10.1167/iovs.08-3074
https://doi.org/10.1634/stemcells.2005-0590
https://doi.org/10.1016/j.febslet.2004.03.064
https://doi.org/10.1167/iovs.02-0862
https://doi.org/10.1167/iovs.07-0494
https://doi.org/10.1155/2014/493596
https://doi.org/10.1371/journal.pone.0087368
https://doi.org/10.1371/journal.pone.0087368
https://doi.org/10.1007/s00417-013-2369-5
https://doi.org/10.1097/ICO.0000000000000687
https://doi.org/10.1016/j.exer.2015.03.018
https://doi.org/10.1167/iovs.14-15269
https://doi.org/10.1007/s00418-011-0878-z
https://doi.org/10.1167/iovs.11-7215
https://doi.org/10.1007/s00417-014-2785-1
https://doi.org/10.1007/s00417-014-2785-1
https://doi.org/10.1016/j.anai.2012.10.017
https://doi.org/10.1016/j.exer.2012.11.017
https://doi.org/10.1016/j.exer.2012.11.017
https://doi.org/10.1167/iovs.17-23479
https://doi.org/10.1128/IAI.05718-11
https://doi.org/10.1002/term.1599
https://doi.org/10.1371/journal.pone.0141853
https://doi.org/10.1042/BST20160100
https://doi.org/10.1186/1471-2164-9-18
https://doi.org/10.1101/gr.1910904
https://doi.org/10.1186/gb-2005-6-3-r22
https://doi.org/10.1186/gb-2005-6-3-r22


1 1Scientific RepoRtS |         (2019) 9:19631  | https://doi.org/10.1038/s41598-019-56054-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

 77. Varga, Z. et al. An international reproducibility study validating quantitative determination of ERBB2, ESR1, PGR, and MKI67 
mRNA in breast cancer using MammaTyper(R). Breast Cancer Res 19, 55, https://doi.org/10.1186/s13058-017-0848-z (2017).

 78. Wang, H. Y. et al. Use of hTERT and HPV E6/E7 mRNA RT-qPCR TaqMan assays in combination for diagnosing high-grade 
cervical lesions and malignant tumors. Am J Clin Pathol 143, 344–351, https://doi.org/10.1309/AJCPF2XGZ2XIQYQX (2015).

 79. McNamara, N. A., Gallup, M. & Porco, T. C. Establishing PAX6 as a biomarker to detect early loss of ocular phenotype in human 
patients with Sjogren’s syndrome. Invest Ophthalmol Vis Sci 55, 7079–7084, https://doi.org/10.1167/iovs.14-14828 (2014).

 80. Zhang, L. et al. Effects of azithromycin on gene expression profiles of proinflammatory and anti-inflammatory mediators in the 
eyelid margin and conjunctiva of patients with meibomian gland disease. JAMA Ophthalmol 133, 1117–1123, https://doi.
org/10.1001/jamaophthalmol.2015.2326 (2015).

 81. Corrales, R. M. et al. Ocular mucin gene expression levels as biomarkers for the diagnosis of dry eye syndrome. Invest Ophthalmol Vis Sci 
52, 8363–8369, https://doi.org/10.1167/iovs.11-7655 (2011).

 82. Lopez-Garcia, J. S. et al. Effects of Autologous Serum Eye Drops on Conjunctival Expression of MUC5AC in Patients With Ocular 
Surface Disorders. Cornea 35, 336–341, https://doi.org/10.1097/ICO.0000000000000726 (2016).

 83. Hruz, T. et al. RefGenes: identification of reliable and condition specific reference genes for RT-qPCR data normalization. BMC 
Genomics 12, 156, https://doi.org/10.1186/1471-2164-12-156 (2011).

 84. Picard, C., Silvy, M. & Gabert, J. Overview of real-time RT-PCR strategies for quantification of gene rearrangements in the myeloid 
malignancies. Methods Mol Med 125, 27–68 (2006).

 85. Haagdorens, M. et al. In Vitro Cultivation of Limbal Epithelial Stem Cells on Surface-Modified Crosslinked Collagen Scaffolds. Stem 
Cells Int 2019, 7867613, https://doi.org/10.1155/2019/7867613 (2019).

 86. Zakaria, N. et al. Results of a phase I/II clinical trial: standardized, non-xenogenic, cultivated limbal stem cell transplantation. 
Journal of translational medicine 12, 58, https://doi.org/10.1186/1479-5876-12-58 (2014).

 87. Andersen, C. L., Jensen, J. L. & Orntoft, T. F. Normalization of real-time quantitative reverse transcription-PCR data: a model-based 
variance estimation approach to identify genes suited for normalization, applied to bladder and colon cancer data sets. Cancer Res 
64, 5245–5250, https://doi.org/10.1158/0008-5472.CAN-04-0496 (2004).

Acknowledgements
This work was supported by the funds for scientific research in Flanders (FWO), of which Sara I. Van Acker 
also obtained a personal PhD grant (FWO, grant number 1196418N). The authors wish to thank Zoë Dupon 
(Antwerp University Hospital, Edegem, Belgium) for taking photographs of the ocular surface.

Author contributions
Conceptualization: S.I.V.A. and N.Z.; Methodology: S.I.V.A. and Z.P.V.A.; Data acquisition; S.I.V.A. and M.H.; 
Data analysis: S.I.V.A.; Original draft preparation: S.I.V.A. and Z.P.V.A.; Writing-Review and editing: S.I.V.A., 
Z.P.V.A., M.H., I.P., C.K. and N.Z.; Visualization: S.I.V.A. and Z.P.V.A.

competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.I.V.A.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-56054-1
https://doi.org/10.1186/s13058-017-0848-z
https://doi.org/10.1309/AJCPF2XGZ2XIQYQX
https://doi.org/10.1167/iovs.14-14828
https://doi.org/10.1001/jamaophthalmol.2015.2326
https://doi.org/10.1001/jamaophthalmol.2015.2326
https://doi.org/10.1167/iovs.11-7655
https://doi.org/10.1097/ICO.0000000000000726
https://doi.org/10.1186/1471-2164-12-156
https://doi.org/10.1155/2019/7867613
https://doi.org/10.1186/1479-5876-12-58
https://doi.org/10.1158/0008-5472.CAN-04-0496
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Selecting Appropriate Reference Genes for Quantitative Real-Time Polymerase Chain Reaction Studies in Isolated and Cultured ...
	Results
	Expression profiles of candidate reference genes. 
	Expression stability analysis. 
	GeNorm data analysis. 
	NormFinder data analysis. 


	Discussion
	Materials and Methods
	Tissue specimen. 
	Primary human limbal epithelial cell cultures. 
	Primary human (corneo)limbal cell sheath isolation. 
	Primary human conjunctival epithelial cell cultures. 
	Primary human conjunctival cell suspension. 
	RNA extraction and quantitative reverse transcription PCR. 
	Gene expression stability analysis. 

	Acknowledgements
	Figure 1 Schematic representation of the experimental culture set-up to obtain mRNA from isolated (day 0) and cultured (day 14) ocular surface epithelia.
	Figure 2 M-value of reference genes, determined by the geNorm software, in isolated (day 0) and/or cultured (day 14) limbal or conjunctival cells.
	Table 1 Cq values of 12 candidate reference genes obtained by quantitative reverse transcription PCR in samples of dissociated (day 0) and/or cultured (day 14) cells of limbal or conjunctival origin.
	Table 2 Top ranking of the most stably expressed reference genes in ocular surface epithelia (limbus vs conjunctiva) at different time points (day 0, day 14, and day 0–14).
	Table 3 Ranking order of stability values provided by NormFinder.
	Table 4 Characteristics of reference genes and their corresponding primer.




