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Endothelial Cdkn1a (p21) Overexpression and Accelerated
Senescence in a Mouse Model of Fuchs Endothelial
Corneal Dystrophy
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PURPOSE. Stress of the endoplasmic reticulum and oxidative
stress play critical roles in the pathogenesis of Fuchs
Endothelial Corneal Dystrophy (FECD). In the normal aging
cornea, cellular stress has been associated with a loss in
proliferative capacity (premature senescence) of corneal
endothelial cells (CECs). The present study used a transgenic
Col8a2Q455K/Q455K knock-in mouse model of early-onset FECD
to identify the endothelial expression profile of specific cellular
stress response–related targets, which may be relevant to late-
onset FECD.

METHODS. The differential endothelial mRNA levels of cellular
stress response–related genes were determined in 12-month-
old homozygous Col8a2Q455K/Q455K mutant and wild-type mice
using customized PCR arrays. Result validation and analysis of
additional senescence-related transcripts was performed by
real-time PCR. Expression of p53 and p21 was assessed by
immunofluorescence. Senescence-associated b-galactosidase
(SA-b-Gal) activity was investigated by histochemical labeling.
Human FECD samples and normal controls were examined for
p21 expression by immunohistochemistry.

RESULTS. PCR-array analysis showed greater than 2-fold and/or
significantly altered endothelial regulation of 19 cellular stress
response-related transcripts in Col8a2Q455K/Q455K mutant
mice; real-time PCR documented statistically significant upre-
gulation of senescence-associated targets Cdkn1a (p21),
Serpine1 (PAI-1), Tagln (Sm22), Fn1 and Clu (ApoJ). Im-
munofluorescence revealed increased expression of nuclear
p53 and p21 in mutant animals. SA-b-Gal staining detected
increased proportions of senescent CECs in mutant mice.
Human FECD endothelium exhibited increased levels of
nuclear p21 protein.

CONCLUSIONS. Our results identify endothelial Cdkn1a (p21)
upregulation in a mouse model of early-onset FECD, confirm

overexpression of p21 in late-onset human FECD endothelium,
and suggest a role for premature senescence in FECD. (Invest

Ophthalmol Vis Sci. 2012;53:6718–6727) DOI:10.1167/
iovs-12-9669

Fuchs endothelial corneal dystrophy (FECD) is character-
ized by progressive loss of corneal endothelial cells (CEC)

over several decades. CECs lose their uniform hexagonal
structure and undergo a gradual flattening accompanied by
thickening of Descemet membrane and formation of posterior
excrescences (guttae). The reduced capacity of the endothe-
lium to maintain corneal deturgescence eventually causes
stromal edema and loss of vision in advanced stages of the
disease. Multiple genes and chromosomal loci associated with
FECD have been identified.1–8 Moreover, molecular studies
analyzing potential mechanisms of FECD indicate that oxida-
tive stress and endoplasmic reticulum stress play critical
pathogenetic roles.9–12

Human CECs do not normally proliferate in vivo, although
they are capable of dividing in vitro under optimized
conditions. Prolonged periods of subcytotoxic stress may
cause a loss of mitotic capacity known as stress-induced
premature senescence (SIPS).13 Compared with ‘‘replicative
senescence,’’ which is marked by irreversible growth arrest in
normal cells after a limited number of mitoses, SIPS is
characterized by similar cellular features that are not primarily
caused by a shortening of telomeres. Mimura and Joyce found
corneal topography and age-related differences in the prolifer-
ative capacity of normal HCECs.14 Studies from the same
laboratory reported that oxidative nuclear DNA damage rather
than telomere shortening contributes to loss of proliferative
capacity in the central corneal endothelium of older donors
suggesting involvement of SIPS.15,16

We generated a transgenic mouse model for FECD
harboring a point mutation homologous to the human FECD-
associated Q455K COL8A2 mutation, which exhibits a
phenotype strikingly similar to human FECD.12 Compared
with human end-stage corneas with FECD retrieved at
transplantation, this mouse model provides the opportunity
to investigate tissues from earlier stages of the disease under
highly standardized conditions. Results from such studies can
then be correlated with human late-onset FECD tissues at a
more advanced disease stage obtained at keratoplasty. One
potential advantage of this approach is the possibility of
identifying cellular changes that may be relevant to under-
standing both early- and late-onset disease and to developing
future nonsurgical treatment approaches.

Using this model, the present study examined the stress
response of CECs in both mutant and wild-type animals. PCR-
array based gene-profiling indicated upregulation of the
senescence associated marker cyclin-dependent kinase inhib-
itor 1A (Cdkn1a/p21). Hypothesizing that SIPS may play a role
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in the pathogenesis of FECD, we confirmed our findings by
analyzing additional SIPS associated genes and senescence-
associated–b–galactosidase (SA-b-Gal) staining in mutant and
wild-type mice. We subsequently confirmed nuclear p21
overexpression in genetically undifferentiated, late-onset hu-
man FECD CECs compared with normal endothelium. The
novel results presented here suggest involvement of p21-
overexpression and SIPS in the pathogenesis of FECD.

MATERIALS AND METHODS

Animals

Homozygous wild-type (WT) and Col8a2Q455K/Q455K mutant (MUT)

mice of various ages were used for all described animal studies.12

Animals were maintained under specific pathogen-free conditions in

accordance with the ARVO Statement for the Use of Animals in

Ophthalmic and Vision Research and adhering to protocols approved

and monitored by the Animal Care and Use Committee of The Johns

Hopkins University.

Human Tissue

Studies using human tissues were approved by The Johns Hopkins

Institutional Review Board and adhered to the tenets of the Declaration

of Helsinki. Ten formalin-fixed and paraffin–embedded, penetrating

keratoplasty specimens for FECD (n ¼ 5) or normal autopsy whole

globes (n¼5) were collected from the Wilmer Eye Pathology Service or

the Johns Hopkins Hospital Autopsy Service. Demographic information

of tissue donors is presented in Table 1.

Clinical Confocal Microscopy

Clinical confocal microscopy was performed as previously described.12

A confocal microscope (ConfoScan3; Nidek, Fremont, CA) with a 403

objective was used. Mice were anesthetized by spontaneous inhalation

of isoflurane (Vedco, St. Joseph, MO) and euthanized by cervical

dislocation. Approximately 100 images of the central corneal

endothelium were recorded. Endothelial cell densities were calculated

from randomly selected pictures using imaging software (Nidek).

PCR Arrays

Mice were anesthetized and euthanized as described above. After

clinical confocal microscopy, both eyes were extracted, corneal

buttons were excised, and Descemet membranes were stripped under

a dissecting microscope using jeweler’s forceps. Four Descemet

membranes from two 12-month-old mice of the same strain (WT or

MUT) were pooled per group. Total RNA isolation was performed from

CECs from three groups per strain using TRIzol reagent (Invitrogen,

Carlsbad, CA) and subsequent RNeasy (Qiagen, Valencia, CA) column

purification. RNA yield was measured with a spectrophotometer

(NanoDrop 2000; Thermo Scientific, Waltham, MA). Total RNA was

reverse transcribed to cDNA using a reverse transcription kit (High

Capacity cDNA Reverse Transcription Kit; Applied Biosystems, Foster

City, CA). cDNA was preamplified using a master mix (TaqMan PreAmp

Master Mix; Applied Biosystems) and a customized PreAmp Pool

(Applied Biosystems). The preamplification product and master mix

(Universal Master Mix II, no UNG; Applied Biosystems) were loaded

onto well plates (Custom TaqMan Array Plates; Applied Biosystems)

and run on a real-time PCR instrument (StepOne Plus Cycler; Applied

Biosystems) according to manufacturer’s instructions. The array plates

included a customized panel of 96 genes (see Supplementary Material

and Supplementary Table S1, http://www.iovs.org/lookup/suppl/

doi:10.1167/iovs.12-9669/-/DCSupplemental) based on another com-

mercially available array (Stress & Toxicity Pathway Finder PCR Array;

SABiosciences, Frederick, MD). The expression of each gene was

normalized to the average expression of 18S ribosomal RNA (18S),

beta-actin (Actb), beta-glucuronidase (Gusb), and hypoxanthine

guanine phosphoribosyl transferase (Hprt1). Relative gene expression

in endothelial cells of MUT compared with WT corneas was calculated

using data analysis software (DataAssist Software v3.0; Applied

Biosystems).

Indirect Immunofluorescence of Corneal
Flatmounts

MUT and WT mice were euthanized, and FECD or normal phenotype

was confirmed by clinical confocal microscopy. Corneoscleral buttons

were excised, fixed for 30 minutes in 0.5% paraformaldehyde, and

permeabilized for 15 minutes in 0.5% nonionic surfactant solution

(Triton-X; Sigma-Aldrich, St. Louis, MO). Blocking of nonspecific

binding sites was performed for 30 minutes in 5% goat serum. Primary

and secondary antibodies were diluted in 2% BSA and applied for 1

hour at 378C. 40,6-diamidino-2-phenylindole (DAPI, 1:1000, Invitrogen)

was added to the diluted secondary antibodies as nuclear counterstain.

Four radial incisions were made and the bowl-shaped tissues were

flatmounted in antifade reagent (ProLong Gold; Invitrogen).

The primary antibodies used were: rabbit anti-mouse p21 (ab2961,

concentration 1:20, Abcam, Cambridge, MA); rabbit anti-mouse p53

(CM5, concentration 1:100, Novocastra, Newcastle, UK); and mouse

antimouse or rabbit antimouse ZO-1 (ZO1-1A12 or ZO-1(MID),

TABLE 1. Donor Information for Human Autopsy (A) and Fuchs Dystrophy (B) Tissue Specimens

Autopsy Eyes (A)

Age Sex Cause of Death Corneal Findings

71 F Cerebral infarction Normal

75 F Rupture of aneurysm Normal

77 M Pulmonary alveolar hemorrhage Normal

84 F Myocardial infarction Normal

90 F Bronchitis Normal

79.4 6 3.4 (Mean 6 SEM)

Fuchs Dystrophy Corneas (B)

Age Sex Clinical Diagnosis Pathological Diagnosis

72 F Fuchs dystrophy Fuchs dystrophy

75 F Fuchs dystrophy Fuchs dystrophy

76 M Fuchs dystrophy Fuchs dystrophy

83 M Fuchs dystrophy Fuchs dystrophy

87 F Fuchs dystrophy Fuchs dystrophy

78.6 6 2.8 (Mean 6 SEM)

IOVS, September 2012, Vol. 53, No. 10 Endothelial Accelerated Senescence in a Mouse Model of FECD 6719



concentration 1:200, Invitrogen). Secondary antibodies used were goat

anti-rabbit IgG (Alexa Fluor 488 Goat Anti-Rabbit IgG, concentration

1:500, Invitrogen) and goat anti-mouse IgG (Alexa Fluor 555 Goat Anti-

Mouse IgG, concentration 1:500; Invitrogen). Images were obtained

with a confocal microscope and software (LSM 510 META; Zeiss,

Thornwell, NY) using a 403 oil-immersion objective and 23 digital

zoom.

Immunolabeling for ZO-1 protein and nuclear counterstaining with

DAPI were used to identify multinucleated CECs. Proportionate

quantification of multinucleated CECs and p21 or p53 positive nuclei

was performed by calculating the mean 6 SEM of the respective cells or

nuclei in three microscopic visual fields percornea at 4003magnification.

Real-Time PCR

RNA was extracted from three to six groups of WT and MUT mice at 5

months (one Descemet membrane from an individual animal per

‘‘group’’) and 12 months (four Descemet membranes from two animals

per group), respectively. RNA was transcribed to cDNA as described

above. Preamplification was performed using a preamp (Applied

Biosystems) and inventoried gene expression assays (Applied Biosys-

tems). Real-time PCR was conducted on a PCR system (Applied

Biosystems) using a master mix and inventoried gene expression assays

(Applied Biosystems). Assays (Applied Biosystems) used were

Mm00607939_s1 (Actb); Mm00432359_m1 (cyclin D1 [Ccnd1]);

Mm00432448_m1 (Cdkn1a); Mm00494449_m1 (cyclin-dependent ki-

nase inhibitor 2A [Cdkn2a]); Mm00442773_m1 (clusterin [Clu]),

Mm00432936_m1 (E2F transcr ipt ion factor 1 [E2f1 ] ) ;

M m 0 0 6 5 6 7 2 4 _ m 1 (e a r l y g r o w t h r e s p o n s e 1 [Egr1 ] ) ;

Mm01256744_m1 (fibronectin 1 [Fn1]); Mm00516005_m1 (heme

oxygenase [decycling] 1 [Hmox1]); Mm00485586_m1 (retinoblastoma

1 [Rb1]); Mm00435860_m1 (serine [or cysteine] peptidase inhibitor,

clade E, member 1 [Serpine1]); and Mm00441661_g1 (transgelin

[Tagln]). Expression of each target gene was normalized to the average

expression of Actb. The comparative CT method was applied to calculate

relative gene expression.

Senescence-Associated Beta-Galactosidase Staining
and Evaluation

The assessment of senescence-associated beta-galactosidase (SA-b-Gal)

activity in the corneal endothelium of 5-month-old (n ¼ 3 per strain)

and 14-month-old (n¼ 4 per strain) MUT and WT mice was performed

using a commercial senescence detection kit (Cell Signaling, Danvers,

MA). Globes of euthanized animals were extracted and washed in PBS.

Whole eyes were fixed for 5 minutes in 2% formaldehyde and 0.2%

glutaraldehyde in PBS. Corneoscleral buttons were excised and re-fixed

in fixative solution for 5 minutes. This was followed by washing in PBS

and incubation in b-GAL staining solution at 378C overnight according

to manufacturer’s instructions. The staining was performed at pH 5.5

to increase its sensitivity. Corneas stained at pH 4.0 were used as

positive controls. Subsequently, corneoscleral buttons were washed in

PBS and cryopreserved in OCT (Sakura, Torrance, CA) at �808C.

Cryosections of 4 lm were placed on Superfrost Plus Slides and air-

dried at room temperature. Tissue sections were stained with Nuclear

Fast Red (Sigma) and cover-slipped with a mounting medium (CytoSeal

60; Thermo Scientific).

Four nonoverlapping sections per specimen were evaluated under

a light microscope using 4003 magnification. Each endothelial cell was

graded according to a classification described previously and dividing

the SA-b-Gal staining intensities into four categories (0, no staining; 1,

weak focal staining; 2, moderate multifocal staining; 3, intense

multifocal staining).14

Immunohistochemistry

Sections measuring 4-lm in thickness from paraffin-embedded tissue

samples of human FECD corneas or autopsy eyes were preheated at

658C for 60 minutes. Sections were deparaffinized in three 5-minute

washes of Xylene and hydrated in graded ethanol. Heat-mediated

antigen retrieval was performed for 60 minutes in a modified citrate

buffer (Target Retrieval Solution; DAKO, Carpinteria, CA). Dual enzyme

block solution (DAKO) was used for 10 minutes at room temperature

to block unspecific tissue enzyme activity. Mouse anti-human p21 IgG

(Clone 6B6, concentration 1:50; BD Biosciences, Franklin Lakes, NJ)

was used as primary antibody and applied at 48C overnight. Tissue-

bound primary antibody was detected by incubation with an anti-

Mouse IgG reagent (Power Vision Poly-HRP; Leica Microsystems,

Buffalo Grove, IL) for 30 minutes and subsequent developing in filtered

diaminobenzidine (DAB) chromogen solution (Sigma Fast DAB tablet

set, Sigma). Nuclei were briefly counterstained with 1:5 Mayer’s

hematoxylin (DAKO) in distilled H2O and tissue sections dehydrated in

ethanol gradients and xylene, reversing the hydration steps described

above. Sections were cover-slipped with mounting medium (Vector

Laboratories, Burlingame, CA) and the percentage of p21-positive

nuclei from one whole section was evaluated under a light microscope

using a 1003 oil-immersion objective.

Statistics

The unpaired, two-tailed t-test was applied using statistical software

(PRISM4; GraphPad, La Jolla, CA). P < 0.05 was considered statistically

significant.

RESULTS

Clinical Confocal Microscopy and Quantification
of Multinucleated Cells

Clinical confocal microscopy was performed to confirm the
FECD phenotype in all MUT animals and the normal
endothelial phenotype in WT animals. The endothelial cell
density in 5-month MUT and WT mice (n ¼ 3 per strain) was
1454 6 92/mm2 (mean value 6 SEM) and 2035 6 66/mm2,
respectively; and for 12-month MUT and WT mice (n ¼ 8 per
strain) 1071 6 50/mm2 and 2109 6 34/mm2, respectively (Fig.
1). As stated in a previous report from our laboratory, CECs in
all 5- and 12 month-old mutant animals showed increased
variation in cellular shape (pleomorphism) and size (poly-
megethism).12 Furthermore, we observed hyperreflective
endothelial nuclei and scattered multinucleated cells (Fig. 1).
Immunofluorescence labeling of ZO-1 and nuclear counter-
staining with DAPI demonstrated an increased proportion of
multinucleated cells in 10-month-old MUT compared with WT
animals (n¼ 3, P < 0.05; Fig. 1). These morphologic changes
suggested similarities between CECs in our animal model and
senescent cells. Typical morphologic features of senescent
cells include an enlarged and irregular shape with loss of
cytoplasm and the appearance of multiple nuclei.17

PCR Array and Real-Time PCR Validation

Expression could be detected for 90 out of 96 genes (93.8%) on
the customized PCR arrays. Eight genes (8.3%) showed
endothelial overexpression in MUT mice greater than 2-fold
(Fig. 2, red); and eight transcripts (8.3%) were more than 2-fold
downregulated compared with WT mice (Fig. 2, green). A total
of nine transcripts (9.4%) showed a statistically significant
difference in MUT compared with WT mice (P <0.05) (Fig. 2A,
above horizontal dashed line). A detailed list of genes with
greater than 2-fold and/or statistically significant differential
expression and their assignment to functional groups is
presented in Table 2. Functional group and relative gene
expression values for all genes investigated are provided in
Supplementary Table S1 (see Supplementary Material and
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Supplementary Table S1, http://www.iovs.org/lookup/suppl/
doi:10.1167/iovs.12-9669/-/DCSupplemental).

Selected genes from the PCR arrays were validated by real-
time PCR in sets of mice at two different ages as presented in
Figure 2. The mean fold-changes (6 SEM) for each gene
expressed in MUT compared with WT mice at 5/12 months,
respectively, were: Cdkn1a (p21) 2.2 6 0.57 / 3.2 6 0.5*; Ccnd1

2.5 6 0.2* / 6.1 6 0.6*; E2f1 3.2 6 1.0 / 2.3 6 0.2*; Egr1 11.9 6

1.0* / 23.5 6 7.8*; and Hmox1 6.6 6 0.7* / 5.2 6 0.6* (*P< 0.05).
These data correlated well with the data from the PCR arrays and
showed an even higher differential expression in 12-month-old
MUT mice for Cdkn1a (p21) and Egr1.

Nuclear p53 and p21 Expression and Real-Time

PCR Expression Analysis of Additional Senescence-

Related Genes

The following experiments focused on the investigation of a
potential involvement of endothelial premature senescence in
FECD. The p21 protein (encoded by Cdkn1a) may exert

different functions depending on its cellular localization.
Nuclear expression of p21 has previously been shown in
human and mouse CECs and is associated with inhibition of
cell cycle progression and cellular senescence.17–19 We
therefore first verified the nuclear localization of the p21
protein and its transcription factor p53 by immunofluores-
cence and analyzed their expression levels (Fig. 3). Increased
proportions of p53 and p21 positive endothelial nuclei were
observed in the corneal endothelium of 14 month-old MUT
compared with WT animals (four eyes from two animals per
group, Fig. 3). Subsequently, an additional panel of senescence-
associated genes, including targets that previously have shown
differential expression in prematurely senescent cells of other
ocular tissues, was examined in the corneal endothelium of 5-
and 12-month MUT and WT mice.20,21 We found statistically
significant upregulation in MUT endothelium of one out of six
genes at 5 months and of four out of six genes at 12 months
(Fig. 4). Transcript levels for each gene expressed in MUT
compared with WT mice at the ages of 5/12 months,
respectively, were (mean 6 SEM) Cdkn2a 1.3 6 0.1 / 0.7 6
0.3; Clu 2.0 6 0.1* / 1.3 6 0.0*; Fn1 1.4 6 0.1 / 1.5 6 0.1*;

FIGURE 1. Endothelial Imaging of Col8a2 Q455K/Q455K MUT and WT mice. Analysis of clinical confocal microscopy images indicated irregularity of
shape (pleomorphism) and cell size (polymegethism) in MUT mice at 5 months (A) along with scattered guttae, hyperreflectivity of nuclei, and
incidence of multinucleated cells (B, shows magnified box from A). No such changes were observed in WT mice at 5 months (C). Corneal
endothelium of 12 month-old MUT mice showed progression of the FECD phenotype (E, F; F shows magnified box from E). WT endothelium at
same age presented virtually unchanged (G). Statistically significant loss of endothelial cell(EC) density was confirmed in MUT compared with WT
mice at 5 months (D) and 12 months (H) as previously reported.12 Endothelial immunofluorescence labeling of zonula-1 (ZO-1, green) and DAPI
(blue) counterstaining in 10 month-old MUT (I, J; J shows magnified box from I) and WT (K) animals confirmed an increased proportion of
multinucleated cells in MUT animals (L). Data are mean 6 SEM. *P < 0.05.
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Rb1 1.2 6 0.2 / 0.8 6 0.1; Serpine1 1.9 6 0.1 / 7.0 6 1.6*;

and Tagln 1.8 6 0.3 / 2.5 6 0.3* (*P < 0.05).

SA-b-Gal Staining

SA-b-Gal staining is a broadly accepted approach to detect

senescent cells.22 It is based on increased lysosomal content of

senescent cells that can still be detected at a suboptimal pH.23

We performed endothelial SA-b-Gal staining of 5- and 14-month

MUT and WT mice. The percentage of SA-b-Gal positive CECs

in WT mice (mean 6 SEM) was 4.6 6 0.7 % at 5 months and

15.4 6 5.9 % at 14 months. A statistically significant (P < 0.05)

increased percentage of SA-b-Gal positive CECs was evident in

MUT mice at both timepoints exhibiting 18.3 6 1.3 % and 58.8

6 3.7 % SA-b-Gal positive CECs at 5 months and 14 months,
respectively (Fig. 5).

FIGURE 2. PCR array analysis and validation. (A) PCR array analysis of cellular stress related genes in 12 month-old groups of Col8a2 Q455K/Q455K

MUT and WT mice (n ¼ 3): Gene expression was normalized to the mean expression level of 18S, Actb, Gusb, and Hprt1. Eight genes showed
greater than 2-fold transcriptional upregulation (red) or downregulation (green). A statistically significant (above P¼ 0.05, marked by horizontal

dashed line) difference was noted in nine genes. (B) Validation of gene array data was performed by real-time PCR analysis of selected genes in MUT
and WT mice at 5 and 12 months of age, target gene expression was normalized to mean expression of Actb. Data are mean 6 SEM. *P < 0.05.
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Immunohistochemistry for p21 in Human Samples

Immunolabeling of the p21 protein in human corneas showed

higher staining intensity and a statistically significant (P <

0.05) increase in the percentage (FECD 41.3 6 14.3 % (mean
6 SEM versus autopsy 6.1 6 2.6 %) of p21-positive nuclei in
the endothelium of FECD patients compared with normal
autopsy cases (Fig. 6). The total number (mean 6 SEM) of

TABLE 2. Differentially Expressed Genes on PCR Arrays

Gene Functional Group Fold Change P Value

Egr1 Proliferation and carcinogenesis 9.28 0.06

Ccnd1 Proliferation and carcinogenesis 6.28 0.02

Hmox1 Oxidative and metabolic stress 5.30 0.03

E2f1 Proliferation and carcinogenesis 3.43 0.05

Ung DNA Damage and repair 2.78 0.01

Cdkn1a Growth arrest and senescence 2.31 0.13

Fasl Apoptosis signaling 2.29 0.10

Ddit3 UPR/growth arrest and senescence 2.14 0.01

Hspa5 UPR/heat shock 1.96 0.04

Hspa4 Heat shock �1.29 0.01

Xrcc2 DNA damage and repair �1.65 0.00

Gstm1 Oxidative and metabolic stress �2.03 0.15

Ephx2 Oxidative and metabolic stress �2.15 0.08

Cyp2b10 Oxidative and metabolic stress �2.30 0.37

Hspa1l UPR/heat shock �2.38 0.03

Gpx2 Oxidative and metabolic stress �2.49 0.30

Cyp4a10 Oxidative and metabolic stress �2.54 0.31

Cyp2c29 Oxidative and metabolic stress �2.57 0.33

Ero1lb UPR �4.22 0.25

The list presents genes with more than 2-fold change and/or P < 0.05 in 12–month-old Col8a2 Q455K/Q455K MUT mice compared with WT mice.
Fold-change >1 indicates overexpression and fold-change <�1.0 indicates underexpression in MUT compared with WT mice. Differential
expression of bold genes was validated by real-time PCR.

FIGURE 3. Immunofluorescence in corneal flatmounts of 10 month-old Col8a2 Q455K/Q455K MUT and WT mice: Increased proportions of p53
(green, top and second row) and p21 (green, third and bottom row) positive nuclei were detected in MUT animals compared with WT controls.
Nuclei were counterstained with DAPI (blue) and cell borders were immunolabeled with antibody to ZO-1 (red). Magnification 8003; data are mean
6 SEM. *P < 0.05.
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FIGURE 4. Relative expression of an additional set of senescence associated genes in Col8a2 Q455K/Q455K MUT compared with WT mice at 5 and 12
months of age. Real-time PCR analysis was performed for each group, and target gene expression was normalized to mean expression of Actb. Data
are mean 6 SEM. *P < 0.05.

FIGURE 5. SA-b-Gal staining of corneoscleral buttons from 5- and 14-month-old Col8a2 Q455K/Q455K MUT and WT mice (pH 5.5). Cryosections were
counterstained with nuclear fast red. (A) Staining intensity was graded according to a scoring system previously described by Mimura and Joyce14: 0,
no staining; 1, focal weak staining; 2, multifocal moderate staining; or 3, multifocal intense staining. (B) Increased staining intensity was noted in
sections of MUT compared with WT mice accumulating with age in both strains. (C) Diagrams depict proportions of corneal endothelial cells
graded for SA-b-Gal staining in MUT and WT mice at 5 and 14 months. Data are mean 6 SEM.
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nuclei evaluated was 40.2 6 5.1 per FECD specimen and 183.0
6 33.3 per autopsy globe.

DISCUSSION

The present study sought to generate an endothelial gene
expression profile focusing on cellular stress response-related
targets in the first Col8a2 Q455K mutant knock-in mouse
model for early-onset Fuchs Dystrophy.12 We found in corneal
endothelial cells from young (5 month) and mid-aged (10–14
months) homozygous Col8a2Q455K/Q455K knock-in mice essen-
tial characteristics of cellular senescence. These include: a
senescence-like morphology with enlarged cell bodies, irreg-
ular shape, and an increased proportion of multinucleated
cells; statistically significant transcriptional upregulation of
senescence-associated genes Cdkn1a (p21), Serpine1 (PAI-1),
Tagln (Sm22), Fn1, and Clu (ApoJ); increased nuclear protein
expression of p21 and its transcription factor p53; and an
increased proportion of SA-b-Gal–positive cells. Furthermore,
immunohistochemistry in human tissues indicates nuclear
overexpression of the senescence associated protein p21 in
the corneal endothelium of genetically undifferentiated FECD
patients. Previous reports have clearly defined the central role
of cellular stress in the pathogenesis of FECD and have
elaborated the relationship between cellular stress and
premature senescence in normal aging CECs.9,10,12,14–16

Supported by these findings, the results presented herein
provide new evidence suggesting that p21 overexpression and
premature senescence are parts of the cellular stress response
in the pathogenesis of both early- and late-onset FECD.

Cyclin dependent kinase inhibitors (CDKIs) play a central
role in cellular senescence. Their expression in the corneal
endothelium has been extensively studied.17–19,24 In CECs,
p16 and p21 seem to underlie an age-dependent regulatory
mechanism and their inhibitory effect on cell cycle progres-
sion increases over time.17,18 Various forms of cellular stress
may induce p21 which is a main target of p53-mediated cell
cycle arrest. To our great interest, p53 protein has recently
been found to be overexpressed in human FECD endothe-
lium.25 Transcriptional upregulation is not essential for p53
activation and p53-mediated senescence, and this may
explain why Trp53 mRNA levels showed no statistically
significant differences between MUT and WT mice in our
array analysis.26 However, we were able to detect increased
nuclear localization of p53 protein in MUT corneal
endothelium.

The upregulation of cell cycle inhibitor Cdkn1a (p21) was
paralleled by the overexpression of cellular growth and cell
cycle progression associated genes Egr1, Ccnd1, and E2f1. The
coexpression of mitogenic stimuli and CDKIs as indicated by
high coexpression of Ccnd1 and Cdkn1a has been previously
described in the context of cellular senescence.27,28 This kind
of costimulation causes a block of the cell cycle and
simultaneously induces cellular growth, creating a state of
hypertrophic growth arrest that lacks the ability of compen-
sation by cell division and resulting in senescence induction.29

In the context of FECD, this process could explain the
response of remaining viable cells to enlarge (i.e. hypertrophy)
in order to maintain an intact CEC monolayer as neighboring
cells die. If so, then removing the cell cycle block (here p21)—

FIGURE 6. Immunohistochemical staining for p21 in tissue sections from paraffin-embedded human corneas. (A) Microscopic images of two p21-
stained Fuchs endothelial corneal dystrophy and normal cases, respectively, magnification 10003. (B) Quantitative analysis indicated a statistically
significant increase in the number of p21 positive nuclei in FECD compared with normal endothelium. Data are mean 6 SEM. *P < 0.05.
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as it was demonstrated by Joyce and Harris in a similar
concept—and allowing CEC proliferation even temporarily
arises as a potentially intriguing treatment approach for
FECD.30

Cdkn1a/p21 is an important marker of cellular senescence
and finds itself among a cluster of genes that are differentially
expressed in senescent cells.26 Further studies are needed to
fully understand the roles of these individual cluster compo-
nents in vivo.26 However, it becomes increasingly evident that
the changed gene expression leads to an impaired cellular
function and altered production of molecules such as reactive
oxygen species, growth factors, growth inhibitors, proteases,
and extracellular matrix, which may also affect the neighboring
cells and the tissue homeostasis.26 Serpine1 (PAI-1), Tagln

(Sm22), Fn1, and Clu (ApoJ) are characteristic genes known to
be upregulated in both replicative and premature senescence
in addition to Cdkn1a.20,21,31,32 Clusterin mRNA-levels were
significantly upregulated in young 5-month-old mice and all
genes showed statistically significant overexpression in 12-
month MUT compared with WT animals. Interestingly, human
FN1 and CLU have already previously been associated with
FECD.33,34 In addition, CLU gene variations were recently
associated with Australian FECD patients, suggesting not only a
secondary but also a primary role for CLU.33,35 Zhang et al.
demonstrated that fibronectin (FN1), a component of the ECM,
accumulates in the DM of patients with early-onset FECD and
assumed an abnormal production of fibronectin enriched ECM
by affected CECs.34

Previous investigations from our laboratory suggest that
stress of the endoplasmic reticulum may lead to an activation
of the Unfolded Protein Response (UPR) in FECD.9,12 These
reports demonstrate UPR-upregulation in human late-onset
FECD samples and the Col8a2 Q455K mutant mouse
model.9,12 Therefore, a direct relationship between mutant
Col8a2, the UPR, and increased p21 is a tempting speculation.
Little is known about the interaction of the UPR with p21
expression, although one report describes a similar association
between the UPR mediator CHOP and increased expression of
the CDKIs, p16, p21, and p27, in human prostate cancer cells
treated with the antitumor agent N-butylidenephthalide.36

However, additional studies are required to directly demon-
strate that UPR activation, either primarily or in addition to
other forms of cell stress, is responsible for the upregulation of
p21 described here in mouse and human forms of FECD.

In conclusion, this study provides first evidence for p21
upregulation and premature senescence in FECD. It may be
assumed that CECs in FECD become senescent in order to
overcome extended periods of different kinds of subcytotoxic
cellular stress and/or in the context of cellular enlargement in
order to maintain an intact monolayer. Ultimately, these
compensatory mechanisms are insufficient to preserve tissue
function, and vision loss ensues.
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