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Trinucleotide Repeat Expansion in the Transcription
Factor 4 (TCF4) Gene Leads to Widespread mRNA Splicing
Changes in Fuchs’ Endothelial Corneal Dystrophy
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Purrosk. To identify RNA missplicing events in human corneal endothelial tissue isolated from
Fuchs’ endothelial corneal dystrophy (FECD).

MerHoDs. Total RNA was isolated and sequenced from corneal endothelial tissue obtained
during keratoplasty from 12 patients with FECD and 4 patients undergoing keratoplasty or
enucleation for other indications. The length of the trinucleotide repeat (TNR) CTG in the
transcription factor 4 (TCF4) gene was determined using leukocyte-derived DNA analyzed by
a combination of Southern blotting and Genescan analysis. Commercial statistical software
was used to quantify expression of alternatively spliced genes. Validation of selected
alternative splicing events was performed by using RT-PCR. Gene sets identified were
analyzed for overrepresentation using Web-based analysis system.

Resurts. Corneal endothelial tissue from FECD patients containing a CTG TNR expansion
sequence in the TCF4 gene revealed widespread changes in mRNA splicing, including a novel
splicing event involving FGFR2. Differential splicing of NUMA1, PPFIBP1, MBNL1, and MBNL2
transcripts were identified in all FECD samples containing a TNR expansion. The differentially
spliced genes were enriched for products that localize to the cell cortex and bind cytoskeletal
and cell adhesion proteins.

Concrusions. Corneal endothelium from FECD patients harbors a unique signature of mis-
splicing events due to CTG TNR expansion in the TCF4 gene, consistent with the hypothesis
that RNA toxicity contributes to the pathogenesis of FECD. Changes to the endothelial barrier
function, a known event in the development of FECD, was identified as a key biological
process influenced by the missplicing events.
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uchs’ endothelial corneal dystrophy (FECD) is a common,
familial, bilateral and progressive disease and the most
common indication for corneal transplantation in the United
States.! Recent studies have linked FECD with an expanded
intronic repeat, CTG, in the transcription factor 4 (TCF4) gene
in most patients in Caucasian cohorts and a smaller proportion

in non-Caucasian cohorts.2-¢

FECD tissue harbors focal intranuclear accumulations of the
CUG repeat pre-mRNA, termed RNA foci.> These RNA foci
colocalize with and sequester nuclear proteins, most notably
splicing factors of the muscleblind (MBNL) family, similar to
that previously identified in myotonic dystrophy type 1 (DM1),
an analogous noncoding CTG repeat expansion disease. In
DM1, the gain-offunction toxic RNA and sequestration of
MBNL1 lead to widespread changes in RNA splicing that
contribute to disease pathogenesis.” A pilot study from our
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group identified several differential splicing events in the
corneal endothelium (CE) that echoed observations seen in
DM1. Although this study was performed in a small group (n =
8) of samples,? findings highlighted the need to perform a more
thorough analysis of differential splicing in FECD.

In principle, there are several mechanisms by which a
noncoding trinucleotide repeat (TNR) expansion in T7CF4 could
lead to the development of FECD, including a direct effect on
TCF4 expression, production of toxic repeat-associated non-
ATG (RAN) translation products and changes in RNA splicing.
Based on knowledge from our pilot study that TNR expansion
in the CE leads to sequestration of MBNL1 in RNA foci and
observable changes in mRNA splicing, we set out to confirm
and validate a larger sample set to identify a core set of splicing
events in human CE that could be directly associated with
FECD through CTG TNR expansion in the 7CF4 gene.
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Development of this genetic signature will be useful for
identifying biochemical pathways that may contribute to the
pathogenesis of the disease. Knowing the genetic signature of a
disease can lead to identification of molecular targets and
pathways that may be the focus of future medical therapy.
Additionally, this information can lead to diagnostic testing and
validation of in vitro and in vivo models of disease.

METHODS

Isolation of Corneal Tissue

Patients with advanced FECD (modified Krachmer grade 5 or
6)%? requiring corneal transplantation and control participants
without guttae (grade 0) were enrolled in a Mayo Clinic
Institutional Review Board-approved hereditary eye disease
study. FECD grade was established by slit lamp biomicroscopy
using specular reflection techniques by one of the authors
(KHB, IJM, or SVP). In control participants, the absence of
guttae was also confirmed in the contralateral eye. Patients
enrolled in the study agreed to a blood draw and use of their
approximately 8-mm-diameter central CE/Descemet membrane
specimen obtained at endothelial keratoplasty for FECD. DNA
was isolated from peripheral blood leukocytes, and RNA was
isolated from CE/Descemet membrane specimens following
storage in RNAlater ICE (Thermo Fisher Scientific, Waltham,
MA, USA). Endothelial tissue from control subjects was
obtained at the time of keratoplasty for non-FECD disease or
from eyes with normal anterior segments at the time of
enucleation. This research was conducted in accordance with
the Declaration of Helsinki.

RNA Isolation and Sequencing

Total RNA was isolated independently from 16 tissue samples
(12 FECD and 4 controls) by homogenization in QIAzol lysis
reagent, chloroform extraction and RNeasy Mini QIAcube kit
(Qiagen, Valencia, CA, USA). RNA libraries were prepared for
each tissue sample, using the TruSeq RNA sample Prep kit
version 2 (Illumina, San Diego, CA, USA). All samples had RNA
integrity number (RIN) values of >6.0. For TruSeq stranded
total RNAseq, ribosomal transcripts were depleted from total
RNA, using Ribo-Zero Gold RNA removal kit followed by
replacement of deoxythymidine triphosphate (dTTP) with
deoxyuridine triphosphate (dUTP) during reverse transcription
in the second strand synthesis, using TruSeq stranded total
library preparation kit. The resulting libraries were minimally
amplified to enrich for fragments using adapters on both ends
and then quantified for sequencing at three samples/lane by
using a HiSeq4000 (llumina) sequencer.

Library preparation and sequencing conditions for the pilot
set of data were described previously.? For that set of samples,
poly(A) mRNA was isolated before library preparation using
oligo(dT) magnetic beads.

Analysis of Differentially Spliced Genes

Whole transcriptomic sequencing data from each tissue sample
was analyzed using a comprehensive computational program
called the Mayo Analysis Pipeline for RNA Sequencing (MAP-
RSeq) (Mayo Clinic, Rochester, MN, USA) to align, assess, and
deliver multiple genomic features. MAP-RSeq uses a variety of
freely available bioinformatics tools along with in-house devel-
oped methods to obtain in-depth quality control data, tran-
scriptome read alignment, abundance of gene expression, exon
expression, and other transcriptomic features.!® The binary
alignment map files from MAP-RSeq were analyzed using mixture
of isoforms (MISO) software (Massachusetts Institute of Technol-
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Validation set

11 FECD vs 4 controls
Pilot set

4 FECD vs 3 controls

Identified differential
splicing events

Found in half of pairwise
comparisons

101 unique events in combined data sets

Ficure 1. Filtering strategy for RNASeq candidate events generated by
MISO. Initial lists of candidate differential splicing events were
produced by MISO using stringent criteria (see Methods). These lists
were filtered to retain only those events which occurred in more than
half of the pairwise comparisons between FECD samples and controls,
yielding a combined total of 101 events from the two data sets. Twenty-
four validated events present in both data sets are detailed in Table 2.
The full set of 101 events is provided in Supplementary Table S2.

ogy, Cambridge, MA, USA) that quantitates the expression level of
alternatively spliced genes between groups.!! For pairwise
comparisons, MISO calculates Bayesian probabilities that there
is a genuine difference in the splicing of a given exon between
two samples. To establish a differential gene database, we used
stringent filtering criteria within MISO (Fig. 1) to perform
genome-wide pairwise comparisons among 11 FECD samples
with TNR expansions and 4 controls (44 total comparisons) using
“reads to support” isoform 1 (inclusive exon) >2; “reads to
support” isoform 2 (exclusive exon) >2; sum of inclusive and
exclusive reads of 25; percentage of spliced in (PSD changes
>0.2; and Bayes factor >50 as the user-defined criteria for the
comparisons. For PSI, MISO calculates a value for every
differential splicing event, providing a range from O to 1, with O
being completely excluded and 1 being uniformly included in the
splicing products.!! Visualization of alternatively spliced genes
was generated using sashimi plots from the integrated genomics
viewer.!2 The single FECD sample without repeat expansion was
not included in this pairwise comparison. The differential gene
database was compared with a similar database generated from a
pilot study of 8 CE specimens from a study group consisting of 4
FECD patients with CTG TNR expansions in the TCF4 gene, 1
FECD patient without a CTG TNR expansion, and 3 control
patients, which allowed twelve pairwise comparisons between
FECD with TNR expansion and controls.!?

Validation of Differential Splicing Events by RT-
PCR

Preparation of cDNA by reverse transcription (RT-PCR) and
analysis by agarose gel electrophoresis was described previ-
ously.? Specific primers for each validation assay and PCR
conditions are provided in Supplementary Table S1.

DNA Isolation and TNR Characterization

TCF4 TNR length was determined as described previously.'#
Briefly, leukocyte-derived DNA was extracted using AutoGen
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Tasle 1. Demographic, Clinical and CTG Trinucleotide Repeat Length for Study Participants
Expansion Short Long Krachmer
Sample Diagnosis Age Sex + or —* Repeat Length Repeat Length Grading
RNA-27 FECDt 60 F + 15 77 6
RNA-28 FECD 77 M + 15 79 6
RNA-87 FECD 60 M — 15 23 6
RNA-90 FECD 64 F + 19 71 6
RNA-100 FECD 78 F + 12 78 6
RNA-102 FECD 87 F + 12 48 6
RNA-111 FECD 88 M + 19 72 6
RNA-112 FECD 78 F + 15 84 6
RNA-114 FECD 69 F + 12 60 5
RNA-120 FECD 67 M + 16 80 6
RNA-121 FECD 78 M + 15 61 6
RNA-124 FECD 69 F + 32 69 6
FECD mean age 72.9
RNA-84 Aphakic bullous keratopathy 66 F — 12 12 0
RNA-89 Corneal scar (herpes zoster) 76 M — 12 15 0
RNA-115 Pseudophakic bullous keratopathy 86 F — 12 30 0
RNA-136 Choroidal melanoma 27 F - 18 18 0
Control mean age 63.8

* Threshold for trinucleotide repeat expansions is >45 repeats.
1 Krachmer grading scale of FECD = 0 to 6.

FlexiGene (Qiagen) and resuspended in 1X TrissEDTA (TE)
buffer for a final concentration of 250 ng/pL. TNR repeats from
each sample were amplified by PCR, using an i-cycler (Bio-Rad,
Hercules, CA, USA) by placing 100 ng of genomic DNA with 10
pmol of oligonucleotide primers specific for TCF4 (5-TCF-
Fuchs’: 5-CAGATGAGTTTGGTGTAAGATG-3; and 3-TCF-Fuchs’
1: 5-ACAAGCAGAAAGGGGGCTGCAA-3") in the presence of
Platinum PCR Super Mix High Fidelity (Invitrogen, Carlsbad,
CA, USA). The PCR program consisted of 100 ng of genomic
DNA and 10 pmol of each primer in 50 pL of Hot Start
(Invitrogen) at 95°C for 6 minute for 1 cycle, then 95°C for 1
minute for 1 cycle, then 62°C for 1 minute, followed by 68°C
for 3 minute for 35 cycles, and then 68°C for 1 cycle for 7
minute, followed by a 4°C hold.

For short tandem repeat analysis, a 5'FAM primer (5-FAM-
TCF-Fuchs’: 5'-CAGATGAGTTTGGTGTAAGATG-3") was used in
place of 5-TCF-Fuchs’, and PCR was performed as described
above. After PCR amplification, 2 pL of DNA was mixed with
12 pL of diluted Map Marker 1000 (Bio Ventures, Inc.,
Murfreesboro, TN, USA). Gene Scan was carried out using
3730XL DNA analyzer (ABI, Foster City, CA, USA).

Pathway Analysis Using Panther system

Gene sets identified by filtering MISO results were analyzed for
overrepresentation of genes in specific Panther system (in the
public domain, http://www.pantherdb.org/) families and
pathways, using the default settings of the Panther Web
portal.!> Specifically, Panther system overrepresentation test
(release date 7/15/2016), annotation version, Gene Ontology
(GO) database (released 08/22/2016; in the public domain,
http://www.geneontology.org), and Homo sapiens reference
lists were used. Bonferroni correction for multiple comparison
testing was performed to determine significance (P < 0.05).

RESULTS

The demographic and clinical characteristics of the subjects
recruited for this validation study are presented in Table 1.
Leukocyte TNR lengths for 11 of the 12 FECD patients ranged
from 12 to 32 repeats for the normal allele and 48 to 84 repeats
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for the expanded allele. One FECD patient had repeat sizes of
15 and 23 repeats which were in the normal range.'* Control
subjects had TNR sizes for both alleles ranging from 12 to 30
repeats which is within the normal range.

Qualitative Changes in CE Gene Expression in
FECD

Sixty-one differential splicing events in 58 genes were
identified in more than half of the 44 pairwise comparisons
(11 FECD compared to 4 controls) from this validation sample
set (Fig. 1; Supplementary Table S2). Twenty-four of these
events had previously met the same filtering criteria in the pilot
study,? validating a broad signature of differential splicing
events in FECD associated with CTG TNR expansion in the
TCF4 gene. The details of these validated common differential
splicing events are presented in Table 2.

Differential Splicing of NUMA1 and PPFIBP1

Differential splicing of NUMA1 and PPFIBP1 was identified in
every FECD sample compared with normal in both the original
pilot and the current validation study (Table 2). For both the
NUMALI1 and the PPFIBP1 events, the median PSI values for the
FECD samples were much lower than for the controls,
indicating preferential exclusion of the target exons in FECD.
These patterns are shown in Figures 2A and 3A, which present
“sashimi plot” views of the sequence data.'! Primers that
spanned the relevant splice junctions were used for RT-PCR
validation of the MISO-calculated differential splicing events for
NUMAL1 and PPFIBP1 (Figs. 2B, 3B). Note that the pattern of
products in Figures 2B and 3B, lanes 1-3 (controls) favors the
larger product, whereas the pattern of products in Figures 2B
and 3B, lanes 5 to 7 (FECD with TNR expansion) favors the
smaller splice product, in agreement with the PSI calculations
from MISO. Interestingly, the same missplicing events in both
NUMAT1 and PPFIBP1 were also identified in muscle cells from
a mouse model of DM1 (Table 2). Also of interest, NUMA1 and
PPFIBP splicing products produced in the CE from a FECD
patient that did not have a TNR expansion (Figs. 2B, 3B, lane 8)
resembles that of controls (Figs. 2B, 3B, lanes 1-3) rather than


http://iovs.arvojournals.org/data/Journals/IOVS/935965/iovs-57-15-49_s02.pdf

IOVS | January 2017 | Vol. 58 | No. 1 | 346

mRNA Splicing Changes in FECD

—HLTOSOLTHLIGSOLT:0TIUOD—

00— 0%°0 060 SIX aseyeydsoyd uro1d VvV ¢ LT L ‘810090LZ:%00090LZ:01IYPD® —0LT1990LT F66590LT: 0TI 119v
+198896L0Z:%98996L0T: THPD+

LT0— €¢0 090 ON T J010e§ JUSWO[dWOd JOJ J0IIEJOD) \AZY! LT 6 1069€96L0T:865€96L0T  TIID+:LT06S6L0T-F968S6L0T  1IUD 9raAD
+:986L0798:%6LL0T9S:STIPDO+

60— €S0 80 ON Surreusis oyy VV 81 0¢ L "1Z810798:89L10798:S TP D +:81066198:87986198:S 11> SIAVIV
—¢SLL8ITTI6V9L8ITTLTIPD—

¥9'0— 1¢€°0 S6°0 S9A SOIWEBUAD S[NNIOINW JO UONENSIY VvV o1 1< 6 :TL0€0TTTT:S20€0TTT LTI —:£80507TT 1€ 16¥0TTT LTI HALdSVID
—LI8YSL8CT0CSTISLECT 9P —

0%°0 €80 ¥50 ON SWOIPUAS UBIOH-2OUEN VV €¢ 1€ 6 S1STEIL8ET0TIECILE T OIID—0€E89L8E -8 T]ILBECT 01D I'ISHN
+CTTHSLEY'8LTTSLEY

0¥'0 ¥L0 Sz SIA J033E] YIMoIH \AA 44 4% 6 OIPO+FIS6V LY C696F LY OIUDD+:SC99Y LCH:9T99F LCH:0IUD «VIDHA
+:LP6S81S0T:CEISSTISOLF IO+

69°0— €0 760 ON vonezowijod unoy VV 61 4% 4! (LL9T8TISOTITIISTISOLF IIPD+C61181S01:0¥S08TSOLH 11U <CHANT
+:0%02S091:2181S091

¥<0— €T0 6L°0 ON Ayanoe uisoury Jo uonem3ay VvV 0T €¢ 6 TP +E8BLY09THTELF 09T TIUDD+:STH9V091:62C9Y09 1 1> CWHNHATd
—90T88LLI:LOOSSLLI

SLO0— 600 ¥80 EEIN yodsuen JenyEovsIU] VV €1 (1% o1 OIPO—THFTO06LLT-COTO6LLT:OIDID — 9TV 6LLT:08FF6LLTOIYD VEIAI
+:176€95L9S:68£95L9¢

19°0 80 o SIX SI[O1$2A DNADOXD Jo FURPO VV <1 4% 4! FIPO+:8605S LIS FS0SS LIS FIUID+H600SL9S:6866F LIS HIUD IDOXH
—I70€S8¢95:€0TS8E9S

69°0— Yo €60 ON UoN2II3S JONIWSULIIOININ VV 08¢ 9¢ Cl LTIPD—1HL98C9S:T06S8LIS LIIYID— 61 SLECIS 8TELECIS: LTIYD IdVIZd
—€66$8T8EHF9858T8E

LY°0 8L°0 1€°0 SIA eydpe 103dada1 494 VV 68 9¢ cl ‘BIYPP®—:99%L8T]C-00TL8T]EL:SIUID—TSOSTL8EF/L8F T £8E:8IUD LIADL

(VV €S 'SA VYV

G¢) snurwIa) FISTILECLT:6TI889CCLL TIPD+

90— 81°0 ¥L0 SIK uoIsoype [[90  HOOD 2ANEUIIY LS cl 162999€CLT:00S99CC LT TIPD+:8T8TICC LT COLTICCLLTIYD 9VOLI
—LLISOLLTHTOEILLT

6¢°0 0s0 11°0 SIK podsuen JenpEovIIU] VvV ¢l 8¢ L OIPO— 6V FILLLISHCTLLLTOIOD — 06T TLLLT -GS TTLLLLOIYD VELI
—¢080¢0T¢T:6690¢01¢1:6FPD—

0S0— 600 650 SOX 21mPNNS 13[09H VV LT 6¢ L FHISCOTCTFI0SCOTET:6IUPD—TSTICOTET:6ZTICOIET:6IUD  ZVOTOD
+:€TCSO8TTT:F80C6STIT- 0TI PD+

6¢°0 €0 <00 S9X SIOLIVOD [[9I-[[2D VvV ¢ 154 6 ‘8CITOSTIT:€90Z68TIT:01HYI®+FHT068T T IZIO6ST T T:0TIYD L£aav
—:006¥9%TST:8S LYV TS T:9FPD —

LS0— 970 €80 ON adopaud yespPnN VV €C (5% 4! 106999% S 1:22999% TS 1:9MPD—C1S69F TS 1:08169F S 1:97Ud L HANAS
+:68860086:9¢L60086:C THPD+

7290 L9°0 <00 SIX Supnds sanvuIay VV 81 ¥y 6 *€0T160086:0$060086: € TP+ 1ZTE666L6:8S0666L6:C TIUD L INGW
HITICCITTE 607 SIS T CIPD+

1¢°0 €80 €€0 E2N Supnds saneuIay VV 81 vy 1T OFSHFITCSTCOFFIITS L IO+ 8TEEITITS T TLOEITTS T EIUD JLINGIW
+1TLETEBLTTTIHICSLTTTIP O+

LS0— I7ro 89°0 SIK SUOISIYPE [D0§ JO A[qUIIsSESIA VvV I1 ¥y cl ‘6200€8LT:L666TSLT-TTIPD+:TESOT]LT T9C6T8LL-TIIYD I ddIddd
—:006TCLILTESITLILTTIPD—

LY 0— 870 SLO S9X XEew JesdnN VvV ¥1 vy cl S8V CTLILULYYCTLIL I TIPO—90CLTLILTHOCTLILTTIYD I VIWAN

v)J[od  dDdd  [ONU0) [OPON uonodung 109139 uonepieA 101id Swreu JuU2Ag Eliety)
UBIPON UBIPON  TINA Supnds v wng wng
ISNOW
suostedwo) asimIed pue 101 Ylog JO %0S ISET IV UI JUISIJ S1uaAf Sumdids ausn [enudidyi( Jo Ayewwing  °Z d1av],

20ua10g |ensiA ¥ Abojoweyydo annebisanu)

Downloaded from iovs.arvojournals.org on 04/25/2024



mRNA Splicing Changes in FECD
g ® o A
Sl 3 o 9«
V| o o o
(=] | |
g
SR x o o
29| & ¥ =)
ggj S S
a—i
58 =] N -
-U‘a — ™~ A
§° s S S
]
5
o7 e
[72]
s ¢ & 8 2
= ] >~ >~ =
=== £
S
B
o0 g
§ £ 8
Z E |z
g < S0 =
e E [ (7} 5]
g §E 2 |2
Q <4 a s 2
=2 g 2 |z
CHEE A g
o0 = ] k)
S A = 5
&) T 6] =1
=
5
o0 Q
& £
-
9 9 -
X P
(9]
*E 2 = 3 &
T 2 % 37
)
[
2
= -
g e
EE| o oo o
55| 8 S a =
» = (=]
G S
> °
>
=
- =
EO o ~ 0 =
= = — a
w»
A 5
=
o]
<
in 2
[0} 0 g
(&) nooe g
C — m IH ﬁ.«
—
Q0 S
O 3 & 37 %
N 1%}
n A I N =]
S S S
—_— by o L >
© S g K s
S "N ®© 7
< o] X9} o
n = - b
< g ¥ & g &
E & E=L¥ |
o S 2 193 s k)
Sl ooyt
> HEEPEEEIE
(@)] 9] ImG\N@)O\ [
o rles3Qtg |8
= = o~ =Y o | T
o RFL T TS| E
m..NV‘m,\
E S 0n o -
= R85z E 4
© f@mg\ogn $
e S S ELG =
< PR -
Y. ,, (x1
o EENAEn |2
O = oo =\2 |9
ke €2 E8 5 =
o g ceodelze |3
> S - | = | g+ b= ]
= g £ £ = =
CU g 9 9 9 8
o ©
a ol Q Q o 3
@ 3 Y =2 g8 |3
e & ¢[g % %

Downloaded from iovs.arvojournals.org on 04/25/2024

IOVS | January 2017 | Vol. 58 | No. 1 | 347

A.
NUMA1
'FECD with TNR (120) 405
<62 458
- — N —
FECD without TNR (87) 34
148 189
Control (115)
B.
Controls FECD
= " - M B g oy Repeat

expansion

NUMA1

1 2 B 4 5 6 7 8

Ficure 2. Differential splicing of NUMAI transcripts in the CE. (A)
Sashimi plot showing the number of reads spanning individual splice
junctions next to lines connecting the exons involved. Alternative
Ensembl transcript structures are shown at the bottom of the figure in
blue. (B) RT-PCR using primers that flank selected exons was used to
assess exon inclusion from NUMAL1 in corneal endothelial RNA
samples from controls (lanes 1-3) and FECD patients (lanes 5-8).
The repeat expansion status of each sample is shown (+, >45 repeats;
<45 repeats). Lane 4 contains DNA size markers.

that of FECD samples from patients that have repeat
expansions (Figs. 2B, 3B, lanes 5-7).

Differential Splicing of MBNL1 and MBNL2

Differential splicing of MBNL1 and MBNL2 is a well-character-
ized consequence of TNR expansion in DM1'¢-18 and is
routinely found in FECD as well.? In addition to NUMA1 and
PPFIBP1, MBNLI1 and MBNL2 transcripts were also detected as
differentially spliced in all 44 comparisons in the validation
data set (Table 2). Experimental RT-PCR validation of the
MBNLI splicing changes in FECD was presented previously.?
Validation of the differential splicing of MBNL2 transcripts is
shown in Figure 4A. As noted for NUMA1 and PPFIBP1, the
pattern of RT-PCR products in FECD patients with TNR
expansion (Fig. 4A, lanes 5-7) is markedly different than the
products from control CE specimens (Fig. 4A, lanes 1-3) and
from an FECD patient without a TNR expansion (Fig. 4A, lane
8). The main MBNL2 product from FECD patients with a TNR
expansion was 544 bp, in contrast to control samples and the
FECD sample without expansion, which had several products,
all less than 500 bp.

The pattern of RT-PCR products from MBNL2 was complex,
so we sought further verification of the identity of the three
major bands. Sanger sequencing of the 544-, 490-, and 395-bp
bands confirmed they were from MBNL2 and also identified
the presence of a 54-bp insert in the 544 band which was
absent from the 490- and 395-bp products (Fig. 4A). When the
544 band sequence was compared to the 395 band sequence,
the 544 band contained not only the 54-bp insert but also
included a 95-bp insert near the 3" end (Fig. 4B). Comparison
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A.
PPFIBP1
63
567
FECD with TNR (120)
205 477
—‘—-“.'TOO‘-A 9
FECD without TNR (87
. 260
B 5 R —
83
Control (115)
B.
FECD Repeat
+ + + - expansion
PPFIBP1

4 5 6 i 8

Ficure 3. Differential splicing of PPFIBP1 transcripts in the CE.
Sashimi plot showing the number of reads spanning individual splice
junctions are shown next to /ines connecting the exons involved.
Alternative Ensembl transcript structures are shown at the bottom of
the figure in blue. (B) RT-PCR using primers that flank selected exons
was used to assess exon inclusion from PPFIBP1 in corneal endothelial
RNA samples from controls (lanes 1-3) and FECD patients (lanes 5-8).
The repeat expansion status of each sample is shown (+, >45 repeats;
<45 repeats). Lane 4 contains DNA size markers.

of the amino acid sequences showed that the 544-bp segment
had an additional 18 amino acids (aa) in frame with the
comparable region in the 395-bp sequence, but the inclusion
of the 95-bp insert at the 3’ end of 544 changed the reading
frame and the aa sequence of the C terminus of the protein
(Fig. 40).

Differential Splicing of VEGFA

One of the interesting differential splicing events listed in Table
2 is the splicing of VEGFA (Fig. 5). The largest product from the
VEGFA gene produced in the CE is 658 bp in length and
includes 7 exons. This product was confirmed by sequencing
to encode VEGF,45 (ENST00000523950.5, refers to the human
protein-coding splice variant) and is the preferential splicing
pattern in the CE from patients with TNR expansions (Fig. 5B,
lanes 5-7). This isoform does contain the C-terminal heparin
binding domain, which helps to anchor the protein in the
extracellular matrix and promotes bioavailability.1?2° In
control samples (Fig. 5B, lanes 1-3) and in an FECD sample
from a patient that did not have a TNR expansion (Fig. 5B, lane
8), the product that lacks the 132-bp exon 7 is the preferential
splicing pattern. This removes 44 amino acids from the VEGFA
protein and creates the isoform VEGF,,; that lacks the heparin
binding domain encoded by exons 6 and 7 (Fig. 5B). Sanger
sequencing confirmed that this product is identical to
ENST00000372077.8 and codes for VEGF,,, after removal of
the 26 amino acid signal peptide (Fig. 5C).

A Novel Splicing Event in FGFR2

MISO requires a list of known splice junctions to interrogate.
Thus, novel splicing events that may occur in a particular tissue
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40 50 60 70
MBNL2 (544) HLQARIRAAQHQANQAAVAAQAAAAAATVMTQSTA
MBNL2 (395) HLQARIRAAQHQOANQAAVAAQAAAAAATVM. . .
80 90 100
MBNL2 (544) KAMRRPLEATVDLAFPPGALHPLPRRQALERSNGT
MBNL2(395) . . . . . . . AFPPGALHPLPRRQALEKSNGT
110 120 130 140
MBNL2 (544) SAVFNPSVLHEYQQOALTSAQLQQHARFIPTVPMMHS
MBNL2 (395) SAVENPSVLHYQOALTSAQLQOOHAAFIPTDNSEII
150 160 170
MBNL2 (544) ATSATVSAATTPATSVPFAATATANQIILKY
MBNL2 (395) SRNGMECQESALRITRKHCYCTYYPVSSSIELPQTACY
Ficure 4. Differential splicing of MBNL2 transcripts in the CE. (A) RT-

PCR using primers that flank selected exons was used to assess exon
inclusion from MBNL2 in corneal endothelial RNA samples from
controls (lanes 1-3) and FECD patients (lanes 5-8). The repeat
expansion status of each sample is shown (+, >45 repeats; <45
repeats). Lane 4 contains DNA size markers. (B) The structure of three
splice products from the MBNL2 gene is shown. Exons of the MBNL2
gene are shown as rectangles, and the length of the exon sequence
included in each product is given. The location of the RT-PCR primers
is shown by the arrows. The structure of the three products shown in
bold (544 bp, 490bp, and 395 bp) was verified by Sanger sequencing.
(O) The predicted protein sequence of the carboxyl terminus of two of
the MBNL2 splice variants (544 and 395 bp RT-PCR variants) is shown,
with regions that are common to both products in grey.

or disease state were not included in the analysis. In assessing
the transcripts produced from the FGFR2 gene, a novel
product was identified that used a unique 5’ splice junction
in the eighth exon. PCR assay of this region confirmed the
smaller product (Fig. 6A). Sequencing of the RT-PCR product
from an FECD sample confirmed the use of a canonical GT 5’
splice site for this isoform, removing 51 bp from the 3’ end of
exon 8 (Fig 6B). This novel splice event removed 17 amino
acids from this receptor (Fig 6C). The use of this 5’ splice
junction is more common in CE from FECD samples than in
controls, and it is also seen to a lesser extent in the FECD
sample from a patient that did not have a repeat expansion

Overrepresentation Analysis of Differential
Splicing

Using Panther overrepresentation analysis,'> assessment of the
FECD signature differential splicing gene list within the GO
Molecular Function category showed an enrichment for genes
involved in cytoskeletal protein binding (Table 3). This
enrichment is statistically significant (P value, 1.9 X 107>)
even after Bonferroni correction for multiple comparisons.
Additionally, a 14.2-fold overrepresentation of genes encoding
products that bind cell adhesion molecules was also identified
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Ficure 5. Differential splicing of VEGFA transcripts in the CE. (A)
Sashimi plot showing the number of reads spanning individual splice
junctions next to /ines connecting the exons involved. Alternative
Ensembl transcript structures are shown at the bottom of the figure in
blue. (B) RT-PCR using primers that flank selected exons was used to
assess exon inclusion from VEGFA in corneal endothelial RNA samples
from controls (lanes 1-3) and FECD patients (lanes 5-8). The repeat
expansion status of each sample is shown (+, >45 repeats;, — <45
repeats). Lane 4 contains DNA size markers. (C) The structure of two
splice products from the VEGFA gene is shown. Exons of the VEGFA
gene are shown as rectangles, and the length of the exon sequence
included in each product is given. The location of the RT-PCR primers
is shown by the arrows. The structure of the two products shown in
bold (658 bp and 526 bp) was verified by Sanger sequencing.

(P value 1 X 1073). Notably, both of these categories were also
overrepresented in the entire group of 101 genes identified in
the combined data from the pilot and validation sets
(Supplementary Table S2). In that larger group, there was a
7.4-fold enrichment for cell adhesion molecule binding
proteins (P value 5.4 X 107°) and a 4.2-fold enrichment for
cytoskeletal binding proteins (Supplementary Table S3).

Within the GO Cellular component category, the genes
listed in Table 2 are significantly enriched for products found in
the cell cortex (Table 3; P value 2.6 X 10~%) and adherens
junctions (P value 7.4 X 107%). These enrichments are also
noted in the full list of 101 genes (P value 2.2 X 102 and 9.1 X
1073, respectively) (Supplementary Tables S2 and S3).

Finally, within the GO Biological Process category, the gene
list from Table 2 was enriched for Golgi organization (P value
1.7 X 1072 and positive regulation of epithelial cell migration
(P value 4.4 X 1072) (Table 3). Neither of these enrichments
was statistically significant in the full set of 101 genes
(Supplementary Table S2). However, the larger gene set did
have a notable enrichment for positive regulation of GTPase
activity (P value 1.4 X 1073) (Supplementary Table S3).
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Ficure 6. Novel splicing event in FGFR2 transcripts in the CE (A) RT-
PCR using primers that flank selected exons was used to assess exon
inclusion from FGFR2 in corneal endothelial RNA samples from
controls (lanes 1-3) and FECD patients (lanes 5-8). The repeat
expansion status of each sample is shown (+, >45 repeats; <45
repeats). Lane 4 contains DNA size markers. (B) Sequence traces from
the isolated upper (Reference) and lower (Alternative splice form)
bands from Figure 6A are shown. The regions that flank the novel
splice junction are boxed in red. (C) The predicted protein sequence
of the novel FGFR2 isoform is shown. The region that is spliced out in
the smaller isoform is shown in red.

DISCUSSION

Several groups have confirmed a strong association between
CTG TNR expansions in the TCF4 gene and FECD.>* We have
also detected the colocalization of the splicing factor MBNL1
with transcribed CUG sequences in RNA foci in the nuclei of
CE cells from patients with CTG TNR expansions in the TCF4
gene.? These observations closely parallel those found in
affected muscle tissue from patients with DM1. In DM1, more
than a decade of research has established that sequestration of
MBNLI in RNA foci of the effected muscle cells leads to
widespread changes in RNA splicing.'®21-23 In the present
study, we identified a signature of missplicing events for FECD
CE harboring CTG repeat expansion in 7CF4. Among the list of
101 missplicing events identified in both the pilot and the
validation studies, 24 missplicing events (in 23 different genes)
survived a higher level of screening by being present in at least
50% of comparisons in two independent data sets prepared
with different library preparation techniques. Striking overlap
occurred between these 24 genes and those implicated in
DM1. Our results confirm that there are widespread changes in
pre-mRNA splicing in the CE from FECD patients who have
TNR expansions.

The pathogenesis of DM1 is believed to be due to a CTG
TNR expansion in the dystrophia myotonica protein kinase
(DMPK) gene that causes RNA toxicity due to the sequestra-
tion of MBNL1 in RNA foci, leading to changes in RNA splicing.
It is notable that at least 16 of the 24 genes listed in Table 2 are
also differentially spliced in a mouse model of DM1.!® Given
the differences in species and tissue, this is a remarkable
degree of concordance and is consistent with the possibility of
overlapping pathogenic mechanisms between FECD and DM1.
Another two events (in SOS1 and NFIX) have also been noted
in studies of patients with DM1.24 Thus, at least 18 of 24 (75%)
of the top splicing changes noted in FECD have also been
linked to those in DM1, emphasizing the similarities between
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TaBie 3. Web-based Panther System Biochemical Pathway Analysis of the Top 24 Differential Splicing Events

H. sapiens Differential FECD
(20,972 Splicing FECD Fold
Description Genes) FECD (24 Genes) Expected Enrichment Genes P Value
GO Molecular Function Complete
Cytoskeletal protein binding 836 10 0.92 10.91 GOLGA2, PLEKHM?2, KIF13A, 1.88E-05
(GO:0008092) ADD3, SYNE1, MYOG, ABI1,
NUMAI, CLASP1, INF2
Cell adhesion molecule binding 450 7 0.49 14.18 PPFIBP1, GOLGA2, ITGAOG, 9.95E-04
(GO:0050839) MYOG, ABI1, CD46, FGFR1
GO Cellular Component Complete
Cell cortex (GO:0005938) 242 6 0.27 22.61 EXOCI1, ADD3, MYO6, NUMAI, 2.55E-04
CLASP1, AKAPI13
Adherens junction (GO:0005912) 680 7 0.75 9.39 PPFIBP1, GOLGA2, ITGAG, 7.40E-03
MYOOG, ABI1, CLASP1, CD46
GO Biological Process Complete
Golgi organization (GO:0007030) 84 4 0.09 43.42 GOLGA2, PLEKHM2, SYNE1, 1.75E-02
CLASP1
Positive regulation of epithelial 106 4 0.12 34.41 SCARBI1, CLASP1, VEGFA, FGFR1 ~ 4.36E-02

cell migration (GO:0010634)

these two CTG TNR expansion diseases and suggesting a
common pathogenesis, albeit in different tissues.

Within the validation set of samples discussed here,
differential splicing of the transcripts of MBNL1, MBNL2,
NUMAL1, and PPFIBP1 was detected in every FECD sample
compared to controls, and differential splicing events were also
noted in 43 of 44 comparisons for SYNE1 and ADD3. The
inclusion of MBNL1 and MBNL2 in this list is expected, given
their affinity for CUG-rich sequences, which are abundant in
the transcripts from the expanded repeats and their known
roles in mRNA splicing. It is interesting that the other four
genes are also related to cellular events that have been linked
to FECD. Both SYNEI and NUMAI produce nuclear proteins
implicated in apoptosis?>2°; PPFIBP1 is thought to regulate the
disassembly of focal adhesions, and adducins (including the
ADD3 gene product) are important in the stabilization of
endothelial junctions.?’-2° Nesprin-1 (the product of the
SYNE1 gene) has also been implicated in the regulation of
cell adhesions.??

Overall, the finding that more than 60% (14 of 23) of the
most robust differential splicing events occur in genes coding
for proteins that are involved in cytoskeletal protein binding or
cell adhesion is in agreement with previous proteomic studies
of FECD. Quantitative proteomic analysis of CE/Descemet’s
membrane from FECD patients led Poulsen et al.3! to conclude
that proteins associated with cell anchoring and extracellular
matrix organization were altered in FECD. Our results suggest
that some of the proteins that regulate the extracellular matrix
and cytoskeleton in the CE might be qualitatively different as
well, by virtue of widespread differential splicing events. The
possible contribution of these changes to the pathogenesis of
FECD will require further work, but the promising results in
treating FECD with Rho kinase (ROCK) inhibitors, which target
ROCKs and influence cellular events involved with the
cytoskeleton, cell adhesion and proliferation, suggests possible
avenues for future experiments.3? In that regard, it is notable
that, within the larger set of differential splicing events
presented in Supplementary Tables S2 and S3, the focus on
cell adhesion and cytoskeletal protein binding is extended and
over a 7-fold enrichment for proteins that bind to GTPases
emerges.

The change in the splicing pattern of VEGFA in patients
with a TNR expansion is also of interest. Our results indicate
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that TNR expansion favors splicing that yields VEGFigs.
Previous work comparing the effect of VEGF;ss versus that
of VEGF;,; on the barrier function of retinal vascular
endothelial cells in culture suggests that VEGF,45 is more
disruptive to barrier function than VEGF;,; through an effect
on the tight junction protein claudin-1,33 which is expressed in
CE.3* The TNR-associated increase in VEGF,¢s in the CE could
therefore impair the barrier function of the CE, which has been
shown to be an early defect leading to FECD.?>

The true functional significance of the novel splice form of
FGFR2 that we have characterized is currently unknown. The
consequence of the differential splicing is the exclusion of 17
amino acids in the extracellular third immunoglobulin (Ig)-like
domain. The first 3 of the 17 amino acids that are lost in this
isoform (G345, N346, and S347) have been shown to interact
with FGF2.3¢ It is known that other alternative splicing events
in this Ig-like domain do affect ligand specificity.>”-3® Thus, it is
reasonable to hypothesize that the function of the receptor
could be changed by this splicing event.

The additional significance of this FGFR2 event is that it
emphasizes the fact that the list of differential splicing events
identified by MISO and presented here is not exhaustive. The
software for identifying differential splicing events is not
perfect, and other biologically significant splicing alterations in
FECD likely exist.

We recognize that the studies presented here are based on a
limited sample size (total of 15 FECD RNA samples from
patients with TNR expansions and 7 independent controls)
and that the RNA expression of the control samples may also
be influenced by their diverse underlying diseases. The
identification of splicing changes within MBNL1, MBNL2,
NUMAI1, and PPFIBP1, which were identified in all 44
comparisons between FECD with expansion and control
samples plus the 12 comparisons performed in the pilot
group, minimizes this concern. However, it will be important
to experimentally validate the effect of these splicing changes
on the structure and function of individual proteins before the
true consequences of these splicing changes for FECD can be
known. Although the presence of widespread splicing
abnormalities do not confer proof that missplicing is the
primary or sole mechanism of disease in FECD, the parallels
with well-established pathogenesis of DM1 suggest that
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splicing changes secondary to sequestration of MBNL1 and
MBNL2 are likely to be important in FECD as well.

Shared missplicing events in DM1 and FECD should bring
into question the possibility of shared phenotypic features.
Gattey et al.3® described 4 patients from 3 families with DM1
who had ocular findings of FECD. Repeat length in the T7CF4
gene was not measured. A separate study of 52 patients with
myotonic dystrophy (unspecified whether type 1 or 2) found
that corneal thickness was greater than normal in DM, but no
other endothelial abnormalities were noted.“® Garcia Filho et
al.4! were unable to confirm a difference in corneal thickness
in 12 DM1 subjects, but corneal endothelial parameters were
not measured. Although it has not been systematically studied,
the presence of neuromuscular disease in patients with FECD
has not been reported, and this holds true in our own clinical
experience. While larger sampling with thorough methodology
is needed to confirm an association such as that described by
Gattey et al.,>® one must remember that the repeat expansion
diseases described to date are tissue-specific, with distinct
clinical phenotypes despite similar genetic bases. For example,
both DM1 and spinocerebellar ataxia type 8 occur as a result of
CTG expansion in the noncoding portion of their respective
genes, yet the diseases are clinically distinct and involve
different parts of the nervous system. Genes, including those
harboring repeat expansions, exhibit tissue-specific differential
expression. Additionally, mosaicism is common in repeat-
associated diseases, with much longer repeat lengths present
in certain tissues, such as the nervous system. Genes with
expansion may also use different promoters in different tissues,
resulting in varied expression of the repeat sequence. The
TCF4 gene has 48 different isoforms produced from 9 different
promoters, with only some of the variants having the repeat
expansion sequence. Nevertheless, there are clearly many
variables involved in determining the tissue specific pathoge-
nicity of repeat expansion sequences, so shared clinical
features between FECD and other repeat expansion diseases
is not necessarily expected.

The linkage of the differential splicing changes reported
here to TNR expansions is emphasized by the absence of mis-
splicing in this gene set in the FECD sample from a patient that
lacked a TNR expansion. Because we do not yet have splicing
data for a meaningful number of FECD patients that lack repeat
expansions, these findings must be viewed cautiously. Still,
these results do emphasize the reality that there are divergent
genetic variants that lead to FECD, and no unifying pathogenic
mechanism has been identified. Nevertheless, the current
mechanism involving missplicing of the candidate genes seems
to hold true for FECD patients with TNR expansions. It may be
noted that up to 80% of FECD patients (depending on
ethnicity) exhibit TNR expansions.'* Therefore changes in
gene function through alternate splicing induced by TNR
expansion can be a valid pathogenic mechanism in most FECD
patients. Furthermore, the overrepresentation of cytoskeletal
and cell adhesion molecule-binding proteins in the differen-
tially spliced “signature” group is further proof that RNA
splicing changes could contribute to the pathogenesis of FECD
in the subset of patients with TNR expansions.
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