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PURPOSE. Transforming growth factor beta-induced (TGFBI)–related dystrophies constitute the
most common heritable forms of corneal dystrophy worldwide. However, other than the
underlying genotypes of these conditions, a limited knowledge exists of the exact
pathomechanisms of these disorders. This study expands on our previous research
investigating dystrophic stromal aggregates, with the aim of better elucidating the
pathomechanism of two conditions arising from the most common TGFBI mutations:
granular corneal dystrophy type 1 (GCD1; R555W) and lattice corneal dystrophy type 1
(LCD1; R124C).
METHODS. Patient corneas with GCD1 and LCD1 were stained with hematoxylin and eosin and
Congo red to visualize stromal nonamyloid and amyloid deposits, respectively. Laser capture
microdissection was used to isolate aggregates and extracted protein was analyzed by mass
spectrometry. Proteins were identified and their approximate abundances were determined.
Spectra of TGFBIp peptides were also recorded and quantified.
RESULTS. In total, three proteins were found within GCD1 aggregates that were absent in the
healthy control corneal tissue. In comparison, an additional 18 and 24 proteins within stromal
LCD1 and Bowman’s LCD1 deposits, respectively, were identified. Variances surrounding the
endogenous cleavage sites of TGFBIp were also noted. An increase in the number of residues
experiencing cleavage was observed in both GCD1 aggregates and LCD1 deposits.
CONCLUSIONS. The study reveals previously unknown differences between the protein
composition of GCD1 and LCD1 aggregates, and confirms the presence of the HtrA1
protease in LCD1-amyloid aggregates. In addition, we find mutation-specific differences in the
processing of mutant TGFBIp species, which may contribute to the variable phenotypes
noted in TGFBI-related dystrophies.
Keywords: TGFBI, granular dystrophy, lattice dystrophy, proteomics, corneal stroma

ransforming growth factor beta-induced protein (TGFBIp;
also known as BIG-H3 or keratoepithelin), is a 72-kDa
extracellular matrix protein consisting of four consecutive and
highly conserved fascilin 1 (FAS1) domains flanked N-terminally
by a small cysteine-rich domain (EMI) and C-terminally by an
integrin-binding motif, Arg-Gly-Asp (RGD).1 Mutations in TGFBI
cause different forms of corneal dystrophy with the most
common mutations arising at codons Arg124 and Arg555. The
resultant corneal dystrophy is dependent upon the particular
missense mutation at these codons. For example, an Arg124Cys
(c.417 C>T) mutation results in lattice corneal dystrophy type
1 (LCD1), while an Arg124Ser (c.417 C>A) mutation causes
granular corneal dystrophy type 1 (GCD1).2 Five distinct
corneal dystrophies noted in the recently published in the

second edition of the IC3D Classification of Corneal Dystrophies3 are attributed to mutations within TGFBI; Reis-Bücklers
corneal dystrophy (RBCD), Thiel-Behnke corneal dystrophy
(TBCD; both Bowman’s layer dystrophies), LCD1, GCD1, and
GCD2 (regarded as stromal dystrophies). Over 63 disease
causing mutations within TGFBI have now been reported.4 It
remains unclear how these varying phenotypes arise from
different mutations within this one gene5,6 and why stromal
TGFBIp deposits are amyloidogenic in LCD1 yet appear as
nonamyloid hyaline aggregates in GCD1.3
Our previous research investigating the protein profile of
amyloid dystrophic deposits in the cornea focused on rare
genetic variants of LCD (Table 1).7–9 In these studies, focusing
on mutations within the FAS1-4 domain of TGFBIp, a number of
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TABLE 1. Genotypes LCD1, GCD1, and GCD2 Analyzed by LCM and LC-MS/MS
Genotype

Phenotype

R124C
R124H
A546D
A546D/P551Q
R555W
V624M

LCD1
GCD2
LCD variant
LCD variant
GCD1
LCD variant

Characteristics
Stromal
Stromal
Stromal
Stromal
Stromal
Stromal

proteins unique to LCD deposits compared with healthy
stromal tissue were reported. In particular, the serine protease
HtrA1 (HtrA1) was identified as a lead candidate in the
proteolytic processing of mutant TGFBIp species. These studies
also identified variances in the abundance of one polypeptide
region (Y571-R588) as well as increased proteolytic processing
within the FAS1-4 domain in the LCD1 amyloid deposits when
compared with healthy stroma. In addition, we have analyzed
the protein composition of aggregates in one GCD2 case
caused by a R124H mutation7; however, none of these analyses
have been carried out on stromal aggregates of patients with
the more common R555W-associated GCD1.
This study aimed to investigate further the protein profile of
stromal amyloid deposits within LCD1 across multiple samples
(n ¼ 5 corneas) by analyzing deposits caused by the R124C
FAS1-1 mutation. In addition to central stromal deposits,
anterior amyloid material located just beneath Bowman’s layer
was identified, isolated, and analyzed in three of the LCD1
cases. This constituted an additional novel level of analysis,
comparing protein and TGFBIp peptide abundances, not
simply within characteristic central stromal deposits, but also
within these ‘‘Bowman’s deposits,’’ with healthy stromal tissue.
Furthermore, this research constitutes the first profiling of the
GCD1 stromal aggregate proteome caused by the TGFBIR555W mutation (n ¼ 2 corneas). Proteins unique to each
group of GCD1 aggregates and LCD1 deposits, but not found
within the healthy corneal stroma, were identified. In addition,
preferential cleavage sites of mutant TGFBIp species were
found. The data suggest that different molecular pathways give
rise to GCD1 and LCD1 phenotypes, and additional differences
between LCD1 cases are dependent on the site of the TGFBI
mutation.

METHODS
Patients
In total, corneal samples from 10 individuals were used in this
study; 3 control cases (average age of 88 years); 2 GCD1 cases
(average age of 77 years); and 5 LCD1 cases (average age 56
years). Corneas from GCD1 and LCD1 patients were collected
following corneal transplantation. Healthy corneal stroma from
three recently deceased individuals was collected from the
donor eye bank and used as control tissue. Full ethical approval
was in place for this study. Informed consent was obtained
from all patients prior to tissue being collected. All work was
carried out in accordance with the tenets of the Declaration of
Helsinki.

Preparation of samples
All tissue samples were fixed in 4% paraformaldehyde (in PBS)
for 10 minutes prior to dehydration through graded alcohol
solutions before being embedded in paraffin wax. Samples

and Bowman’s amyloid deposits
amorphous aggregates
amyloid deposits
amyloid deposits
amorphous aggregates
amyloid deposits

Reference
Present
Karring et al.7
Karring et al.8
Poulsen et al.9
Present
Karring et al.7

were then cut into 7-lm sections and placed on glass slides and
left to adhere at 378C overnight. Deparaffinization and
rehydration through graded alcohol washes was performed.
Hematoxylin and eosin (H&E) staining of GCD1 samples and
Congo red staining of LCD1 samples was performed10 to
visualize the TGFBIp nonamyloid and amyloid aggregates,
respectively. Both were viewed under polarized light, though
Congo red staining could also be visualized by fluorescent
microscopy under a Texas Red filter.

Laser-Capture Microdissection
Capture of dystrophic TGFBIp aggregates was carried out as
described previously.8,9 Briefly, a laser capture microscope
(Arcturus Autopix Laser Capture Microscope; Applied Biosystems, Life Technologies, Paisley, UK) was used to isolate
aggregates from within the stroma of dystrophic tissue.
Deposits were collected on laser capture microdissection caps
(CapSure Macro LCM Caps; Applied Biosystems) and stored for
processing.

Sample Preparation and LC-MS/MS Analysis of
Deposits
Membranes were removed from the LCM Caps and incubated at
958C for 90 minutes in 20 lL 10 mM Tris-HCl (pH 8) containing
0.1% surfactant reagent (RapiGest; Waters Corporation, Milford,
MA, USA). Samples underwent centrifugation every 15 minutes.
Samples were then chilled on ice. To generate peptides for
analysis using liquid chromatography-tandem mass spectrometry (LC-MS/MS), samples were incubated with 5 lg trypsin
(Sequencing Grade Modified Porcine Trypsin; Promega, Southampton, UK) for 16 hours at 378C. Digested samples were
reduced (5 mM dithiothreitol) for 15 minutes at room
temperature and subsequently alkylated (15 mM iodoacetamide) for 15 minutes at room temperature, followed by
micropurification using POROS R2 material packed in gel
loader tips. Eluted peptides were lyophilized under vacuum
before being resuspended in 0.1% formic acid and analyzed
using a commercial system (Easy-nLC II; Thermo Scientific,
Epsom, UK) coupled directly to a mass spectrometer (TripleTOF 5600þ; AB Sciex, Framingham, MA, USA).
All samples were loaded on a 0.1 3 21-mm C18 trap column
and a 0.075 3 150-mm C18 analytical column (columns
packed in-house). Upon elution peptides were immediately
electrosprayed into the mass spectrometer using a 20-minute
gradient of 5% to 40% acetonitrile in 0.1% acetic acid at a
constant flow rate of 250 nL/min. Information-dependent data
acquisition was performed using survey scans of 250 ms
followed by up to 25 product ion scans resulting in a total
cycle time of 0.925 s. Dynamic exclusion was set to 6 seconds,
mass range was 350 to 1250 m/z, and precursor charge state
was set to þ2 to þ5.
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FIGURE 1. Visualization of plaques in LCD1 and GCD1 dystrophic stromal tissue. Tissue sections of LCD1 and GCD1 underwent staining to visualize
dystrophic plaques before LCM. Congo red staining allowed for the identification of LCD1 stromal amyloid deposits ([A], black arrow) and LCD1
Bowman’s amyloid deposits ([B], white arrow) using either light or fluorescent microscopy; H&E staining was employed to visualize GCD1
aggregates (C).

Identification and Semiquantification of Proteins
Raw data from the LC-MS/MS was converted to mascot generic
format (MGF) using conversion software (MS Data Converter,
beta 1.1; AB Sciex) and the ‘‘proteinpilot mgf’’ parameters, and
peptides were searched using an inhouse search engine
(Mascot, version 2.5.0; Matrix Science, London, UK) and
queried against the Swiss-Prot database (version 2014_11). As
search parameters, semitrypsin was specified as the enzyme
allowing one miscleavage. Carbamidomethyl was set as fixed
modification and oxidation of methionine and proline as
variable modifications. The tolerances of precursor and product
ions were set to 10 ppm and 0.2 Da, respectively, and ESIQUAD-TOF was selected as the instrument used. All searches
had a P value < 0.01 applied and an expected value of 0.005.
Only protein hits identified by a minimum of two peptides with
Mascot ion scores above 30 were considered for further
analyses.
All cytokeratins identified within the analysis were regarded
as contaminants and removed from the proteome profiles, as
carried out in previous studies.9 In addition, porcine tryptic
peptides identical to human peptides were removed as porcine
trypsin was used during the processing of the samples. The
remaining proteins were arranged based on their exponentially
modified protein abundance index (emPAI) values reflecting
their abundances within the aggregates. To compile a
comprehensive list of proteins found in multiple GCD1 and
LCD1 aggregates, relative abundances were calculated for
proteins present in at least two tissues of the same biological
significance. Relative abundance was termed as the average
emPAI value for each protein across biological samples divided
by the sum of the emPAI values of all proteins present within
the tissue specimens. These values were then recorded as a
percentage for all proteins within each biological group,11
(Supplementary Table S1).

Determining Spectral Counts for Tryptic and
Semitryptic TGFBIp Peptides
Spectral counts were carried out for every TGFBIp peptide with
no missed cleavages, using methods previously described.7,8
Initially tryptic and semitryptic peptides were separated, with
tryptic peptides being those identified as cleaved by trypsin
during sample preparation on the C-terminal side of a Lys or Arg
residue at both termini, while the list of semitryptic peptides
included those cleaved on the C-terminal side of a Lys or Arg

residue in just one terminus, and containing a nontryptic
cleavage site at the other peptide terminus. These nontryptic
cleavage site events are most likely due to the processing of
TGFBIp by endogenous proteases present within the tissue
samples collected. Spectral counts for all technical replicates
were performed using the MS Data Miner v.1.3.0 software.12
Spectral count ratios were calculated by dividing the count of
spectra for each TGFBIp peptide by the total number of spectra
for tryptic or semitryptic TGFBIp peptides. Spectral count
ratios were displayed as a percentage. The spectral count ratio
for each peptide from each tissue was also presented
graphically and grouped by disease. Significance of the variance
between counts from disease tissue compared to those from
control tissue was calculated using Fisher’s least significant
difference (LSD) test.
In addition, the positions and frequencies of nontryptic
TGFBIp peptide cleavage sites were counted and compared
against previous data.7–9

Statistics
Three technical replicates of LC-MS/MS were run for each
sample. Error bars indicate the standard deviation across
samples of the same biological significance. For spectral counts,
Fisher’s LSD test was used to calculate significance between
diseased tissue and control healthy tissue.

RESULTS
Staining and Microdissection of Corneal Sections
Central stromal amyloid deposits from five patients with LCD1
(heterozygous R124C TGFBI mutation) were identified by
Congo red staining (Figs. 1A, black arrow, 1B) and isolated by
LCM. Interestingly, in the corneal tissue of three individuals
with LCD1 anterior stromal deposits of an amyloid nature were
visible just beneath Bowman’s layer (Figs. 1A, 1B, white arrow),
hereafter referred to as Bowman’s deposits. These Bowman’s
deposits were isolated separately to the central stromal deposits
by LCM and were treated as separate samples throughout all
subsequent analysis. Amorphous stromal aggregates from two
patients with GCD1 (heterozygous TGFBI R555W mutation)
were identified by standard H&E staining procedures and were
visualized as dark pink regions within the corneal stroma (Fig.
1C, black arrow) and isolated by LCM. Stroma from sections of
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unstained healthy corneal tissue was collected by LCM and
used as the control corneal stroma tissue.

Establishment of a Proteomic Profile of Corneal
Deposits and Healthy Corneal Stroma
On establishing a profile of the aggregate and stromal
proteomes, and following the removal of common contaminating exogenous proteins, a total of 39, 25, 45, and 46 proteins
were identified in healthy stroma, GCD1 aggregates, LCD1
stromal deposits, and LCD1 Bowman’s deposits, respectively.
These proteins were then sorted based on their relative
abundance in the tissue samples using their emPAI values
(S1). The top 25 proteins found within each disease sample set,
their average relative abundances and standard deviations are
recorded in Table 2.

Identification of Proteins Unique to the Proteomes
of GCD1 or LCD1 Deposits
Analysis of the proteins identified in each tissue type elucidated
proteins present within the GCD aggregates and LCD deposits,
but not present in a healthy corneal stroma. In total, three
unique proteins were identified in the GCD1 aggregates, while
18 and 24 unique proteins were isolated from LCD1 stromal
and Bowman’s amyloid deposits, respectively (Table 3).

Comparison of the Proteolytic Processing of
TGFBIp in all Corneal Samples
Spectral counts of tryptic and semitryptic peptides for TGFBIp
found within GCD1 aggregates, LCD1 deposits, or control
healthy stromal tissue were carried out. This demonstrated the
proportion of each peptide in relation to the overall quantity of
peptides within each biological sample (Fig. 2). Spectral counts
for each individual tissue were also plotted graphically (tryptic,
Supplementary Fig. S1; semitryptic, Supplementary Fig. S2).
Upon assessment of tryptic TGFBIp peptide abundances, it was
noted that the S28-R38, 470-484, and 591-596 tryptic peptides
were significantly reduced in all diseased tissues. In addition,
the Q43-K53 tryptic peptide was significantly underrepresented by half in all dystrophic aggregates (Fig. 2A) suggesting this
region was N-terminally truncated to a higher degree in
diseased corneal tissue than in the control corneal tissue. In
total, the abundances of 21 tryptic peptides were found to be
significantly different in GCD1 or LCD1 tissues when compared
with control tissue (Supplementary Fig. S1).
The semitryptic TGFBIp peptide profile (Fig. 2B) of the
GCD1 aggregates demonstrated significantly higher abundances
of peptides within the polypeptide regions Q43-K53, G96R124, V235-R257, D356-K377, T378-R396, Y448-K461, and
F515-R533 when compared to the lower or nonexistent levels
found in the control tissue (Supplementary Fig. S2). Three of
these polypeptide regions, G96-R124, V235-R257, and T378R396 are interdomain regions, which are likely to be more
accessible to proteolytic degradation.

In Vivo Differential Cleavage of TGFBIp in Stromal
Deposits
The total number of endogenous cleavage sites of TGFBIp in
each biological sample was determined and averaged across
specimens of similar biological significance and each observed
P1 residue was calculated as a percentage of the total

nontryptic P1 residues observed. Of note, it was evident that
there was a reduction by approximately one-third in TGFBIp
peptides cleaved after the Phe residue in GCD1 aggregates
compared to the control tissue, while contrarily, an increase by
more than one-third in cleavage after this residue is apparent in
both stromal and Bowman’s LCD1 cases. In addition to this,
although with lower frequencies, cleavage within the GCD1
aggregates occurs after five additional residues, Asp, Glu, Gly,
Gln, Thr, not seen in the TGFBIp fragments in either the control
or LCD1 samples. There is also a decrease in cleavage after Asn
residues in both stromal and Bowman’s LCD1 aggregates in
comparison to GCD1 and control tissues. Cleavage after Leu
residues also appears to be increased in all mutant species of
TGFBIp, compared with the control tissue (Fig. 3).

DISCUSSION
In this study the protein profile and TGFBIp processing within
the stromal aggregates of patients with LCD1 and GCD1 was
investigated. By further elucidating the proteins and molecular
processes involved in these disease states it is hoped that
current therapies under development for such conditions could
take another step toward the clinic,13–16 or novel therapies
developed based on these latest findings.

Proteins Identified Within Dystrophic Deposits
and Their Relevance in Disease
A comparison of control and disease groups (Table 2) revealed
proteins present only in the diseased tissue but not in the
control tissue. In total, 18 and 24 proteins were observed only
in the central stromal and Bowman’s amyloid deposits in LCD1,
respectively, while three such proteins were solely found in the
GCD1 aggregates (Table 3). In agreement with previous
reports, amyloidogenic proteins serum amyloid P-component,17
lysozyme C,18,19 cystatin A,20 apolipoprotein A-I, A-IV and D,
HtrA1,21 and a number of proteins from the S100 protein
family,22 constituted a large part of the LCD1 amyloid deposits,
in addition to TGFBIp itself (Table 2).
We only identified HtrA1 in the stromal deposits of LCD1
specimens, not within Bowman’s deposits, and appeared with a
similar molar fraction to that which we demonstrated
previously in similar proteomic analyses of amyloid stromal
deposits arising from mutations within the FAS1-4.8,9 This
further supports our previous proposal as to its potential role in
the proteolytic processing of mutant TGFBIp species. The
bacterial HtrA1 homologue is involved in bacterial protein
quality control machinery23 and it could be that HtrA1 has a
similar role in humans, expressed at higher levels in response to
an elevation of protein misfolding. Of particular interest was
the lack of HtrA1 in the amorphous GCD1 aggregates,
corroborating our previous studies where HtrA1 was only
observed in amyloid TGFBIp deposits.7,8 This indicates that this
protease may only be involved in the proteolytic processing of
TGFBIp aggregates of an amyloid nature; HtrA1 has also been
observed in the healthy human cornea,24 indicating that HtrA1
is implicated in normal protein turnover but expression is
elevated in diseases associated with amyloid formation.
An accumulation of proteins from the protein S100 family
were found in both stromal and Bowman’s LCD1 TGFBIp
deposits, where none of these proteins are present within the
healthy corneal stroma. Recently a link between amyloid
precursor proteins and protein S100A9, the most highly
expressed of the S100 family members, was demonstrated in
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6
7
8
9

TGFBIp
Collagen alpha-1(I) chain
Collagen alpha-2(I) chain
Hemoglobin subunit beta
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24 Collagen alpha-1(III) chain
25 Dermatopontin

23 Apolipoprotein D

22 Prostaglandin-H2 D-isomerase

0.1
0.2
0.1
0.4

18
19
20
21

Actin, cytoplasmic 1
Collagen alpha-2(V) chain
Clusterin
Biglycan

22 L-lactate dehydrogenase
A chain
0.7 6 0 23 MAM domain-containing
protein 2
0.7 6 0.2 24 Collagen alpha-1(XII) chain
0.7 6 0.1 25 Desmoplakin

0.8 6 0

6
6
6
6

1
0.9
0.9
0.8

Collagen alpha-1(V) chain
Vimentin
Ig gamma-2 chain C region
Annexin A2

18
19
20
21

Collagen alpha-2(VI) chain
Decorin
Serum albumin
Alpha-enolase
Collagen alpha-1(III) chain

6 0.4 17 Collagen alpha-1(V) chain

12
13
14
15
16

1

0.1
0.1
0.1
0.1
0.2

6
6
6
6
6

1.3
1.3
1.2
1.2
1.1

12
13
14
15
16

Collagen alpha-1(VI) chain
Histone H2B type 1-A
Collagen alpha-2(V) chain
Collagen alpha-2(VI) chain
Aldehyde dehydrogenase,
dimeric NADP-preferring
17 Collagen alpha-1(XII) chain

11 Collagen alpha-1(VI) chain

1.6 6 0

1
1
0.7
0.2
0.1

6
6
6
6
6

1
2
3
4

Name

11 Dermcidin

4.9
4
3.3
2.9
2.3

5.7
0.2
1.3
6.4

6
6
6
6

SD

10 Ig gamma-1 chain C region

Serum albumin
Decorin
Keratocan
Lumican
Collagen alpha-3(VI) chain

5
6
7
8
9

28.8
19.2
7.6
7.1

%

GCD1 Aggregates

Lumican
Dermcidin
Keratocan
Collagen alpha-3(VI) chain
Aldehyde dehydrogenase,
dimeric NADP-preferring
1.7 6 0.3 10 Histone H2B type 1-A

Collagen alpha-1(I) chain
Collagen alpha-2(I) chain
TGFBIp
Ig kappa chain C region

1
2
3
4

Name

Control Tissue

6
6
6
6
6

6
6
6
6
0.1
0.1
0.1
0.8
0.1

7.9
1.2
2
3

SD

5
6
7
8
9

1
2
3
4

Collagen alpha-1(I) chain
TGFBIp
Collagen alpha-2(I) chain
Serum amyloid
P-component
Dermcidin
Ig kappa chain C region
Protein S100-A9
Cystatin-A
Histone H2B type 1-A

Name

0.1
0.1
0
0.1

18
19
20
21

0.2 6 0.1 23 Aldehyde dehydrogenase,
dimeric NADP-preferring
0.1 6 0 24 Decorin
0 6 0 25 Ig gamma-3 chain C region

6
6
6
6

Alpha-enolase
Collagen alpha-3(VI) chain
Ig gamma-1 chain C region
Prostaglandin-H2
D-isomerase
0.4 6 0.1 22 Vimentin

0.5
0.4
0.4
0.4

17 Apolipoprotein D

6 0.4 11 Ubiquitin-40S ribosomal
protein S27a
6 0.3 12 Lumican
6 0.3 13 Clusterin
6 0.5 14 Apolipoprotein A-IV
6 0.1 15 Keratocan
6 0.1 16 Serum albumin

0.5 6 0

0.8
0.8
0.8
0.7
0.6

1

1.1 6 0.3 10 Hemoglobin subunit beta

2.2
1.6
1.6
1.5
1.2

57.1
14.1
9.3
2.9

%

6
6
6
6
6

6
6
6
6
3.1
2.9
1.8
0.6
0.8

2.2
3.9
1.9
2.1

SD

5
6
7
8
9

1
2
3
4
Protein S100-A9
Cystatin-A
Serum amyloid P-component
Protein S100-A6
Protein S100-A4

Collagen alpha-1(I) chain
Collagen alpha-2(I) chain
Dermcidin
TGFBIp

Name

0.5
1
0.9
0.6
0.8

12
13
14
15
16

6
6
6
6

1
1
0.8
0.6

18
19
20
21

6 0.3 17

6
6
6
6
6

Alpha-enolase
Vimentin
Actin, cytoplasmic 1
Peroxiredoxin-1
Fatty acid-binding protein,
epidermal
Ubiquitin-40S ribosomal
protein S27a
Serum albumin
Lysozyme C
Heat shock protein beta-1
Apolipoprotein A-IV

6
6
6
6
6

1.6
1.7
0.7
0.9
0.4

6
6
6
6

0.3
0.4
0.5
1.1

1.5 6 0.6
1.4 6 0.3
1.3 6 0.7

1.6 6 0.6 24 Annexin A2
1.6 6 0.5 25 Decorin

1.5 6 0.9

1.9
1.9
1.8
1.6

2.1 6 0.1

2.6
2.4
2.3
2.2
2.1

1.6 6 1.5 23 Keratocan

1.7 6 0.6 22 Ig gamma-1 chain C region

2
1.9
1.9
1.8

2

2.6
2.3
2.3
2.1
2.1

2.7
1.3
1.1
0.8
0.3

5.3
4.4
2.5
1.5

6 1.4

6
6
6
6
6

6
6
6
6

SD

2.8 6 0.2

3

6.8
6.1
5.2
3.6
3.4

11.6
9.1
8.5
7.1

%

LCD1 Bowman’s Deposits

2.7 6 0.2 10 Aldehyde dehydrogenase,
dimeric NADP-preferring
2.7 6 1.3 11 Histone H2B type 1-A

6.1
5.3
4.9
3.9
3.7

14.9
11.2
11.1
6.2

%

LCD1 Stromal Deposits

TABLE 2. Relative Amounts of the 25 Most Abundant Proteins in Control Tissue, GCD1 Aggregates, and LCD1 Deposits
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TABLE 3. Relative Amounts of Proteins Present Only in GCD1 Aggregates and LCD1 Deposits
GCD1 Aggregates

1
2
3

LCD1 Stromal Deposits

Name

%

SD

Hemoglobin
subunit beta
Actin,
cytoplasmic 1
Desmoplakin

2.9

6

3

0.5

6

0

6

LCD1 Bowman’s Deposits

Name

%

SD

Name

1

Serum amyloid P-component

6.2

6

2.1

1

Protein S100-A9

6.8

6

2.7

0.1

2

Protein S100-A9

4.9

6

1.8

2

Cystatin-A

6.1

6

1.3

0

3

Cystatin-A

3.9

6

0.6

3

5.2

6

1.1

4
5

2.7
2.7

6
6

0.2
1.3

4
5

3.6
3.4

6
6

0.8
0.3

6
7
8

Hemoglobin subunit beta
Ubiquitin-40S ribosomal
protein S27a
Apolipoprotein A-IV
Apolipoprotein D
Actin, cytoplasmic 1

Serum amyloid
P-component
Protein S100-A6
Protein S100-A4

2.3
2
1.3

6
6
6

0.9
0.3
0.3

6
7
8

2.3
2.2
2.1

6
6
6

0.7
0.9
0.4

9

Serine protease HTRA1

1.2

6

0.6

9

2.1

6

0.1

10
11
12
13
14

Apolipoprotein A-I
Actin, aortic smooth muscle
Serpin B12
Junction plakoglobin
Retinal dehydrogenase 1

0.9
0.9
0.8
0.6
0.6

6
6
6
6
6

0.3
0.1
0
0.2
0.1

10
11
12
13
14

1.9
1.8
1.6
1.3
1.3

6
6
6
6
6

0.4
0.5
1.1
1
0.2

15
16

0.5
0.4

6
6

0.1
0.1

15
16

1.2
1.2

6
6

0.8
0.9

17

Olfactomedin-like protein 3
Keratinocyte proline-rich
protein
Desmoplakin

0.3

6

0.1

17

1.1

6

0.1

18

Desmoglein-1

0.3

6

0.1

18
19
20
21

0.8
0.7
0.6
0.5

6
6
6
6

0.2
0.5
0.1
0

0.4
0.3
0.1

6
6
6

0
0.1
0

22
23
24

vitro25 where, in the presence of three peptides of the amyloid
precursor-like protein 2, mRNA and protein levels of S100A9
rose significantly. This is in addition to previous research that
discovered similar propensities for amyloid aggregate formation
between all three S100 proteins discovered within these LCD1
deposits; S100A4, A6, and A9.26

Irregular Proteolytic Processing of TGFBIp in
Dystrophic Tissue
Through analysis of the proteolytic processing of TGFBIp
within dystrophic aggregates it may be possible to better
understand the mechanisms by which these aggregates arise.
We, along with others, have previously shown that the
thermodynamic stability of mutant isoforms of TGFBIp is
altered compared to the wild type.27–29 A study by Grothe et
al.29 investigated the stability of two mutant TGFBIp isoforms
(R124C and R555W). It was observed that in the presence of
superoxide species, both mutant proteins readily unfolded over
48 hours, in comparison to wild-type TGFBIp. In addition, this
study assessed amyloid fibril formation, quantified by a
Thioflavin T (ThT) fluorescence assay, in the presence or
absence of superoxide. It was observed that fibril formation

Actin, cytoplasmic 1
Peroxiredoxin-1
Fatty acid-binding
protein, epidermal
Ubiquitin-40S ribosomal
protein S27a
Lysozyme C
Heat shock protein beta-1
Apolipoprotein A-IV
Pyruvate kinase PKM
Glyceraldehyde-3-phosphate
dehydrogenase
Junction plakoglobin
Retinal dehydrogenase 1
L-lactate dehydrogenase
A chain
Elongation factor 1-alpha 1
Transketolase
Desmoplakin
Keratinocyte proline-rich
protein
Desmoglein-1
Desmocollin-1
Filaggrin-2

%

SD

was greatly increased among mutant TGFBIp species, both
R124C and R555W when in the presence of superoxide, while
wild type TGFBIp showed equivalent fibril formation regardless
of the presence of superoxide. This is particularly significant to
disorders affecting the cornea, as the cornea absorbs approximately 90% of incident UV-B radiation, which is the main
trigger for superoxide species production.30 It is interesting to
note the comparable ThT levels, indicating amyloid fibril
formation, in R124C and R555W TGFBIp isoforms, in support
of previous research carried out by Kim et al.31 Nevertheless,
the stability of the TGFBIp within the stroma appears pertinent
to the accumulation of stromal deposits.
The spectral count analysis of diseased and control tissues
did not indicate accumulation of any TGFBIp polypeptide
region in either GCD1 or LCD1 when compared with control
tissue (Fig. 2). Korvatska et al.,32 reported altered processing of
TGFBIp in R124C corneal tissue leading to accumulation of the
N-terminal part of TGFBIp within the stroma. In addition,
Schmitt-Bernard and colleagues33 showed that a polypeptide
region within the first FAS1 domain of TGFBIp had a high
propensity for amyloid fibrillation in vitro. Both stromal and
Bowman’s deposits are most abundantly represented by the
semitryptic peptides within the polypeptide region L128-R172
constituting approximately 30% of all semitryptic peptides
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FIGURE 2. Spectra of TGFBIp peptides found in healthy stromal, GCD1 aggregates, and LCD1 deposits. The peptide spectra in control tissue, GCD1
aggregates, and LCD1 deposits allow for a better understanding of the proteolytic processing of TGFBIp. Peptide abundances were separated into
those identified by tryptic (A) and semitryptic (B) analysis.

observed for both types of amyloid deposits. In addition a
significant increase in abundance of this L128-R172 region by
approximately 50% in the stromal amyloid deposits compared
to the same polypeptide region in the control group was
observed (Fig. 2B). The polypeptide region L128-R172 partly
overlaps with the amyloid prone peptide described by SchmittBernard et al.33 supporting their conclusion that this region is
involved in progression of LCD1 caused by the R124C
mutation. Of note, the polypeptide region L128-R172 was only
observed to a minor extent in all the previous proteomic
analyses performed on LCD variants caused by mutations in the
FAS1-4 domain,7–9 which implies the exploitation of a
distinctive molecular mechanism that leads to a similar
phenotype to LCD1. Furthermore, distribution of endogenous
cleavage sites in R124C deposits also differ in some of the P1
positions seen in previous observations,9 further supporting
this assumption of an altered mechanism leading to LCD1,
depending on the site of the mutation.
The spectral count of peptides for the GCD1 cases
presented a somewhat uniform distribution across the fulllength TGFBIp (Fig. 2A). This suggests that TGFBIp-R555W may

be processed to a lesser degree than TGFBIp-R124C in LCD1,
and exists as a full-length, or close to full-length, protein within
the stromal aggregates. Previously the R555W mutation has
been shown to increase overall thermodynamic stability of the
mutant TGFBIp.28 This structural preservation is supported by
the identification of only three proteins solely identified in the
GCD1 aggregates when compared to the control group (Table
3). This may result from a lower in vivo immunological
response to the presence of the TGFBI-R555W isoform or any
protein accumulation.

Comparative Analysis of Stromal and Bowman’s
LCD1 Deposits
Throughout, both stromal and Bowman’s LCD1 deposits were
analyzed separately with the aim of identifying differences that
may exist between both deposits. The proteome of these two
deposits was found to be comparable (Table 2), though the
presence of a few proteins did appear to be specific to either
one of the deposits. For example, HtrA1 was present within the
stromal deposits, but absent in the Bowman’s deposits. This
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FIGURE 3. Analysis of endogenous cleavage sites of TGFBIp in healthy stromal, GCD1 aggregates, and LCD1 deposits. The number of endogenous
cleavage sites for TGFBIp from healthy stroma, GCD1 aggregates and LCD1 deposits were quantified and the exact residue at each endogenous
cleavage site was identified to better understand the processing of mutant TGFBIp isoforms in vivo.

could imply that more than one molecular pathway should be
considered when investigating the two types of amyloid
deposits observed in the R124C-associated deposits. In addition
to HtrA1, the serine proteinase inhibitor Serpin B12 was
likewise only found in the LCD1 stromal deposits (Table 3),
suggesting a role as a potential inhibitor of HtrA1. Serpin B12
has previously been identified in LCD1 amyloid deposits caused
by mutations in the FAS1-4,9 also in presence of HtrA1. Further
investigation is required to better elucidate the potential
interplay between these two proteins.
The apolipoproteins Apo D and Apo A-I were likewise only
observed in the stromal LCD1 deposits as also observed in our
previous LCD1 studies,8,9 whereas protein S100-A4 and protein
S100-A6 were solely observed in Bowman’s deposits. Interestingly, summing the molar fraction of the three members of the
protein S-100 family found in Bowman’s deposits exceeds the
molar fraction of TGFBIp by almost double (13.8% vs. 7.1%).
The capabilities of members of the protein S100 family to form
amyloid on their own26 may suggest that development of
Bowman’s deposits are highly dependent on coaggregation
between TGFBIp and the three S100 proteins observed in
Bowman’s deposits.
Upon analysis of tryptic and semitryptic peptide spectra no
apparent differences were observed between stromal and
Bowman’s deposits, most likely reflecting that both types of
deposits encounter the same proteolytic machinery in the
cornea. However, our previous research on LCD amyloid
deposits of FAS1-4 domain mutants indicated excessive
proteolytic processing in the polypeptide region F515-R533
of TGFBIp and accumulation of the polypeptide region Y571R588.8,9 This further supports the notion that different
molecular mechanisms take place in the occurrence of a
LCD1 phenotype.

amyloidogenic proteins was found within both types of
LCD1 deposits. The fact that the stromal and Bowman’s
amyloid deposits also differentiated from each other’s protein
profiles in terms of amyloidogenic proteins could imply that
different molecular mechanism are involved in the formation
of the two types of amyloid deposits. The tryptic peptide
spectra for TGFBIp do indicate unusual processing of the
FAS1-4 domain in the R124C form of TGFBIp within LCD1
deposits. As this processing was found to be different from
previously conducted analyses on FAS1-4 domain related
TGFBIp mutations, it could well be the case that multiple
pathological pathways should be considered when describing
the common LCD1 phenotype characterized by amyloid
deposition in the corneal stroma. The typical degradation
pathways that eliminate wild-type TGFBIp from the extracellular matrix may be ineffective in removing mutant forms of
TGFBIp. This incomplete proteolytic processing of TGFBIp,
perhaps by serine protease HtrA1,8 could result in the
formation of amyloid deposits within the stroma, while other
proteases within the extracellular matrix may be involved in
the occurrence of nonamyloid deposits. These results
continue to develop our understanding into the onset of
these dystrophic aggregates and deposits, while further
research into the exact processing of mutant TGFBIp species
would continue to enhance this knowledge base.

CONCLUSIONS
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It is clear that a different proteomic environment exists within
these dystrophic aggregates and deposits, in comparison to
healthy stromal tissue. A much greater abundance of
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