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Perlecan-Deficient Mutation Impairs Corneal

Epithelial Structure

Takenori Inomata,"> Nobuyuki, Ebibara," Toshinari Funaki," Akira Matsuda,
Yasuo Watanabe,' Liang Ning,” Zbuo Xu,* Akira Murakami,

and Eri Arikawa-Hirasawa*>

Purrose. To elucidate the role of perlecan (Hspg2), a large
multidomain heparan sulfate proteoglycan expressed in the
basement membrane, in the structure of the corneal epithe-
lium.

METHODS. A previously developed perlecan-deficient (Hspg2 ™' -
Tg) mouse model was used. Histologic analysis of their corneas
was performed by light and transmission electron microscopy.
The localization of perlecan in the corneas of wild-type (WT)
mice and Hspg2™/~-Tg mice was examined by immunohisto-
chemistry. The effects of perlecan deficiency on corneal epi-
thelial structure was analyzed with respect to the expression of
corneal epithelial proliferation and differentiation markers,
such as Ki67, cytokeratinl2 (K12), connexing3 (Cx43),
Notchl, and Pax6 by immunohistochemistry and realtime
polymerase chain reaction (PCR).

Resuts. The Hspg2™/~-Tg mice had microphthalmos and a
thinner corneal epithelium compared with that of the WT
mice. Perlecan was localized in the corneal epithelial basement
membrane in the WT mice, but not in the Hspg2™’~-Tg mice.
The Hspg2~/~-Tg corneal epithelium exhibited thinner wing
cell layers and a decreased number of Ki67-positive cells, but
no dead cells, compared with the WT corneal epithelium.
Immunohistochemistry and real-time PCR analysis revealed a
significantly decreased expression of corneal epithelial differ-
entiation markers such as K12, Cx43, Notchl, and Pax6 in
Hspg2™'~-Tg mice, compared with those of the WT mice.

Concrusions. The findings of this study highlight a strong cor-
relation between the presence of perlecan in the basement
membrane and the structure of corneal epithelium and that the
perlecan-deficient mutation impairs corneal epithelial structure.
(Invest Opbthalmol Vis Sci. 2012;53:1277-1284) DOIL:10.1167/
iovs.11-8742

he surface of a mammalian cornea is composed of a nonke-
ratinized, self-renewing, pluristratified epithelium of ecto-
dermal origin. The corneal epithelium consists of basal, wing,
and superficial cells that are separated from the stroma by the
basement membrane (BM). Corneal epithelial cells exhibit a
dynamic homeostasis, turning over approximately every 7 to

From the Departments of *Ophthalmology and *Neurology and
the *Research Institute for Disease of Old Age, Juntendo University
School of Medicine, Tokyo, Japan.

Submitted for publication October 5, 2011; revised November 16,
2011, and January 6, 2012; accepted January 10, 2012.

Disclosure: T. Inomata, None; N. Ebihara , None; T. Funaki ,
None; A. Matsuda, None; Y. Watanabe, None; L. Ning, None; Z. Xu,
None; A. Murakami, None; E. Arikawa-Hirasawa, None

Corresponding author: Nobuyuki Ebihara, Department of Oph-
thalmology, Juntendo University School of Medicine, 2-1-1 Hongo,
Bunkyo-ku, Tokyo 113-8421 Japan; ebihara@juntendo.ac.jp.

Investigative Ophthalmology & Visual Science, March 2012, Vol. 53, No. 3

Copyright 2012 The Association for Research in Vision and Ophthalmology, Inc.

10 days. Many cellular processes, such as proliferation, apopto-
sis, differentiation, migration, adhesion, and stratification, are
essential for the structure of corneal epithelium.

Perlecan (Hspg?2) is a large (>400 kDa), multidomain hepa-
ran sulfate proteoglycan (Hspg) expressed in BM.'"¢ The pro-
tein core consists of five domains that share homology with
other molecules involved in nutrient metabolism, cell prolifer-
ation, and adhesion, including laminin, the low-density lipo-
protein (LDL) receptor, epithelial growth factor (EGF), and the
neural cell adhesion molecule (N-CAM).'~> Within the protein
core there are numerous sites for O-linked glycosylation, as
well as four potential sites for heparan sulfate (HS)/chondroitin
sulfate (CS) chain attachment. These chains, which are usually
HS, have been shown to be involved in many interactions,
including those associated with growth factors, extracellular
matrix (ECM) molecules, and neuromuscular junction pro-
teins.'>” Perlecan regulates cells through a basic mechanism
involving the binding of various proteins via the protein core
and/or the glycosaminoglycan chains. In vertebrates, perlecan
functions in a diverse range of developmental and biological
processes, from the development of cartilage to the regulation
of wound healing.®~'®> Recent reports from other groups also
emphasized a key role for perlecan in regulating cell prolifer-
ation and cell survival in different tissues. For example, it has
been reported that perlecan HS deficiency induces apoptosis of
lens epithelial cells.'* Sher et al.’® found that perlecan regu-
lates both the survival and terminal differentiation steps of
keratinocytes and that it is critical for the formation of normal
epidermis.

In the cornea, perlecan is expressed in the BM of the
corneal epithelium.'® However, the functions or roles of perle-
can in the cornea have yet to be well investigated. Therefore,
in the present study, the role of perlecan in the structure of
corneal epithelium was investigated by use of perlecan-defi-
cient (Hspg2™/~-Tg) mice. By genetically disrupting perlecan
expression in the BM of corneal epithelium, the results of this
study revealed that perlecan is essential in the structure of
corneal epithelium. To the best of our knowledge, this study is
the first to demonstrate the involvement of perlecan in the
structure of the corneal epithelium.

MATERIALS AND METHODS

Animal Experiments

Some perlecan-deficient (Hspg2™/™) mice die around embryonic day
(B)10 due to defects in the myocardial basement membranes, and the
mice that survive this stage die perinatally of premature cartilage
development.'®!7 In a previous study, a perlecan transgenic mouse
line (Tg, Col2al-Hspg2™ ™) that expresses recombinant perlecan in
cartilage was created by use of a cartilage-specific Col2al promoter/
enhancer to reverse the cartilage abnormalities of Hspg2™/~ mice."?
Perinatal lethality-rescued mice (Hspg2™/~-Tg, Hspg2™'~; Col2al-
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TaBLE 1. Primary Antibodies
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Antigen Class Dilution Supplier
Anti-perlecan Rabbit polyclonal 1/100 Seigaku, Tokyo Japan
Anti-Ki67 Rabbit polyclonal 1/200 Abcam, Cambridge UK
Anti-cytokeratinl2 Goat polyclonal 1/200 Santa Cruz Biotech, Santa Cruz, CA
Anti-connexin43 Rabbit polyclonal 1/2000 Abcam
Anti-Notchl Rabbit polyclonal 1/200 Abcam
Anti-Pax6 Mouse monoclonal 1/200 R&D Systems Minneapolis, MN

Hspg*/™) were then created by mating the transgenic mice with
heterozygous Hspg2*/~ mice. The Hspg2™/~-Tg mice exhibited nor-
mal cephalic development, and those mice were then maintained in a
mixed genetic background of C57BL/6 and SVJ 129. In this study, we
used 8- and 16-week-old Hspg2™/~-Tg mice and Hspg2™*/*-Tg mice as
well as wild-type (WT) mice, and the eyes of those mice were dissected
and prepared for histologic or molecular analysis. All animal experi-
ments in this study were performed in accordance with the guidelines
set forth in the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Histologic Analysis

The excised mouse eyes were fixed in 20% formalin in phosphate-
buffered saline (PBS) at 4°C overnight and then embedded in paraffin.
Next, 3-um-thick sections of the eyes were mounted on microslides
(New Silane; Muto-Glass, Tokyo, Japan). Histologic examination was
performed after Harris hematoxylin and eosin (H-E) staining. Histology
of the corneas of the 8-week-old Hspg2 ™/ ~-Tg and WT mice littermates
was then compared by use of light microscopy (AX80; Olympus Corp.,
Tokyo, Japan).

Morphometric Measurements

For the morphometric measurements, corneal thicknesses were calcu-
lated in 8-week-old Hspg2™/~-Tg and WT mice. Next, 3-um-thick tissue
sections of the cornea stained with H-E staining were viewed by light
microscopy (40X magnification) with a computerized image analyzer
(KS400; Carl Zeiss AG, Oberkochen, Germany), and measurements
were made by use of a calibrated eyepiece graticule. Corneal thickness
was measured in the central region of the serial sections of each eye.
The mean thickness was then calculated by averaging those measure-
ments. The epithelial, stromal, endothelial, and whole corneal thick-
nesses were then compared. The ratio of the epithelial cell layer
thickness to the full corneal thickness was also calculated.

Examination by Transmission Electron
Microscopy

For the transmission electron microscopy (TEM) examinations, the
eyes of 8 and 16-week-old Hspg2™/~-Tg and WT mice were dissected

TaBLE 2. Primers Used in RT-PCR

and fixed in cold 2.5% glutaraldehyde with PBS overnight at 4°C and
then sectioned into small pieces. Those sections were then postfixed
with 2% osmium tetroxide in the same buffer, dehydrated through a
series of ethyl alcohol solutions, and embedded in Epon. All sections
were examined by use of an electron microscope (H-7100; Hitachi,
Tokyo, Japan) at an accelerating voltage of 75 kV.

Immunohistochemical Staining

Deparaffinized sections were washed in 100% ethanol and rehydrated
with PBS. Antigen retrieval was performed by boiling the sections in
0.01 M citrate buffer (pH 6) for 10 minutes. Next, the slides were
washed with PBS and blocked with 4% normal serum (species selected
according to the secondary antibody) in PBS and 0.3% bovine serum
albumin for 10 minutes at room temperature. The slides were incu-
bated with primary antibody overnight at 4°C (Table 1), washed with
PBS, incubated with the secondary antibodies, and counterstained with
DAPI (H-1200; Vector Laboratories, Inc., Burlingame, CA). Ki67-posi-
tive cells were quantified by capturing the image of individual nuclei
from Hspg2™/~-Tg and WT sections processed in parallel and immu-
nostained on the same slides. All sections were viewed with a fluores-
cence microscope (AxioVision 3.1; Carl Zeiss Meditec, Inc.) and con-
focal microscopy (TCS-SP5/TIRF; Leica Microsystems AG, Solms,
Germany).

Assessment of Cell Death by TUNEL Assay

Deparaffinized sections were rehydrated through graded alcohols and
then washed with PBS. The tissue sections were treated with protei-
nase K (80 ug/mL) for 20 minutes at room temperature. The slides
were then washed twice with PBS. Next, the TUNEL assay (TUNEL in
Situ Cell Death Detection Kit, fluorescein; Roche Diagnostics GmbH,
Mannheim, Germany) was performed according to the manufacturer’s
instructions. Briefly, the sections were first counterstained with DAPL
The samples were then visualized by fluorescence microscopy, and
images were obtained for quantitative analysis. TUNEL-positive cells
were then quantified by capturing the image of individual nuclei from
Hspg2™/~-Tg and WT sections processed in parallel and immuno-
stained on the same slides.

Gene Primer Primer Sequence
Ki67 Forward 5'-GCAGGAAGGAACAGATGAGAAGCC-3'
Reverse 5'-GCTCAGGTGATACATGCCTCCTGC-3’
Active caspase3 Forward 5'-AGGTGGCAACGGAATTCGAGTC- 3’
Reverse 5'-ACACGGGATCTGTTTCTTTGCG-3’
Cytokeratinl12 Forward 5'-TCTTCATGCTGGTGGTGTCCTTG-3'
Reverse 5'-TCAAGAAACCAGGCCTCTGCATC-3'
Connexin4g3 Forward 5'-TCTTGATGCTGGTGGTGTCCTTG- 3’
Reverse 5'-CGATCCTTAACGCCCTTGAAGAAG-3’
Notchl Forward 5'-GGAGGACCTCATCAACTCACATGC-3'
Reverse 5'-CCGTTCTTCAGGAGCACAACAG-3’
Pax6 Forward 5'-AAGGATGTTGAACGGGCAGAC-3'
Reverse 5'-TGTTGCTGGCAGCCATCTTG-3'
GAPDH Forward 5'-AAGAGAGGCCCTATCCCAACTC-3’
Reverse 5’ -TTGTGGGTGCAGCGAACTTTATTG-3'

—196—



IOVS, March 2012, Vol. 53, No. 3

Analysis by Real-Time Polymerase Chain Reaction

Total RNA was isolated from the dissected corneas (NucleoSpin RNA II;
Macherey-Nagel GmbH, KG, Duren, Germany) according to the man-
ufacturer’s instructions. cDNA was generated from 1.0 ug total RNA
(ReverTra Ace-a; Toyobo Co., Ltd., Osaka, Japan). Real-time PCR was
performed with SYBR green master mix (Fast SYBR Green Master Mix;
Applied Biosystems, Inc. [ABI], Foster City, CA) on a commercial
system (Prism 7500; ABI). In this study, we did not isolate the RNA
from the epithelia but from the whole cornea. Therefore, the PCR
analysis for the level of reduced expression of differentiation and
developmental regulator molecules in Hspg2™/~-Tg eyes may be semi-
quantitative, not absolutely quantitative. Primers sequences are listed
in Table 2.

RESULTS

Histologic Analysis of the Hspg2~’~-Tg Eyes

The eyes of 8-week-old Hspg2™/~-Tg mice that were approxi-
mately the same body weight and length as WT mice exhibited
microphthalmos and a small palpebral fissure (Fig. 1A). Under
light microscopy at low magnification, the Hspg2™/~-Tg eyes
stained with H-E staining also exhibited microphthalmos (Figs.
1B, 1C). Under high magnification, the Hspg2_’ “-Tg eyes
showed a thinner corneal epithelium compared with that of
the WT eyes (Figs. 1D, 1E). The localization of perlecan was
examined by immunostaining with specific antibody for their
core protein. Eight-week-old WT and Hspg2™/~-Tg mice were
stained with anti-perlecan antibody (Alexa488, green), and the
corneal nuclei were stained with DAPI (blue). Perlecan was
strongly expressed in the corneal epithelial BM of the WT
mice (Fig. 1F). However, the expression of perlecan was not
recognized in the corneal epithelium of the Hspg2™ /' -Tg
mice (Fig. 1G).

Analysis by TEM

TEM was performed to further examine the corneal morphol-
ogy in the Hspg2™/~-Tg and WT mice. The corneal epithelia
from WT mice and Hsng“’ ~-Tg, 8 weeks (Figs. 2A, 2B) and 16
weeks (Figs. 2C, 2D) of age, were analyzed by TEM. At 8 and 16
weeks of age, the Hspg2™/~-Tg mice showed thinner corneal
epithelia compared with the WT mice. Eight-week-old WT
mice showed 9 to 10 corneal epithelial layers (Fig. 2A). In
contrast, the 8-week-old Hspg2™/~-Tg mice showed thinner un-
differentiated wing cell layers compared with the WT mice (Fig.
2B). Corneal wingell layers of the 16-week-old Hspg2™'~-Tg
mice were thinner and undifferentiated compared with those
of the WT mice. As the ages of the mice progressed, the
Hspg2™/~-Tg mice showed a thinner corneal epithelium com-
pared with that of the WT mice (Fig. 2A-D). Under high mag-
nification, no significant difference was observed between the
Hspg 27/~ Tg mice and WT mice in regard to the structure of
superficial cells (Figs. 2E, 2F), basal cells (Figs. 2G, 2H), and
epithelial BM (Figs. 21, 2]).

In the corneal stromal layer, the keratocytes were localized
between stromal lamellae, with no significant difference found
between the 8-week-old Hspg2™/~-Tg and WT mice (Figs. 3A,
3B). Under high magnification, cross-sections of the collagen
fibers from the Hspg2™’"-Tg and WT mice demonstrated par-
allel bundles of a regular diameter (Figs. 3C, 3D). Under low
magnification, no significant difference was observed between
the Hspg2™/~-Tg and WT mice as to the thickness of the
endothelial layers (Figs. 3E, 3F). Under high magnification,
Descemet’s membrane was found to be composed of electron-
dense material in both the Hspg2 /™ -Tg and WT mice (Figs.
3G, 3H). The corneal endothelium was found to have some
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A Wild-type

Wild-type cornea Hspg2/-Tg

Ficure 1.  Histologic analysis. Representative macroscopic images of
the eye in situ (A). H-E-stained sections (B-E) show the histologic
features of whole eyes visualized by light microscopy at low (B, C) and
high (D, E) magnifications. The 8-week-old Hspg2™/~-Tg mice had
microphthalmos, whereas the WT mice did not (A-C). The corneal
epithelium of the 8-week-old Hspg2™/~-Tg mice thinner than that of
the WT mice (D, E). Immunohistochemical staining of periecan in the
corneas of the WT and the Hspg2™/~-Tg mice (F, G). Perlecan (Alexa
488, green) was strongly expressed in the corneal epithelial basement
membrane of the WT mice (F). However, the expression of perlecan
was not recognized in the corneal epithelium of the Hspg2™/~-Tg mice
(G). Epi, epithelium; St, stroma. Scale bars: (B, C) 600 um; (D, E) 40
um; F, G) 30 um.

desmosomes and gap junctions, with no significant difference
found between the Hspg2™/~-Tg and WT mice (Figs. 31, J).

Corneal Thickness Morphometry

The thickness of the corneal epithelium was examined in the
8week-old mice, as that is the age at which the development
of the corneal epithelium is complete. Histologic examination
of those mice revealed that the corneal epithelial thickness was
markedly thinned in the Hspg2™/~-Tg mice. The corneal thick-
ness of the central region was then calculated (Fig. 4A). The
thickness of the central whole corneal cell layers was found to
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Hspg2/-Tg

Wild-type

Wild-type

be 25.6% thinner in the Hspg2™/~-Tg mice (on average, 85.12
um thick compared with 114.53 um in the WT mice; n = 6;
P = 0.0411). The thickness of the central epithelial cell layers
was found to be 45.5% thinner in the Hspg2™/~-Tg mice (on
average, 18.51 wm thick compared with 33.94 um in the WT
mice; n = 6; P = 0.0022). The average thicknesses of the
central corneal stromal layers and endothelial layers were not
significantly different between the Hspg2™/~-Tg and WT mice.
Because of the microphthalmos of the eyes of the Hspg2™/~-Tg
mice, we calculated the comparison of the ratio of the epithe-
lial cell layer thickness to the full central corneal thickness in
the central region (Fig. 4B). The ratio of the central epithelial
cell layer thickness to the central whole corneal thickness was
found to be significant lower in the Hspg2™/~-Tg mice, 22.6%
compared with 29.4% in the WT mice (7 = 6, P = 0.0043).
These findings suggest that the corneal epithelial cell layer in
the Hspg2™/-Tg mouse is thinner regardless of the microph-
thalmos.

Wild-type ﬂsng'/ -Tg

Wild-type

8-week-old

Endothelium
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Hspg2/-Tg

FIGURE 2. TEM of the corneal epi-
thelium. TEM images show ultra-
structural features of corneal epithe-
lium from WT (A, C, E, G, I) and
Hspg2™/"Tg (B, D, F, H, J) mice.
Corneal epithelia of the 8- and 16-
week-old Hspg2™/~-Tg mice (B, D)
were thinner and had thinner wing
cell layers compared with those of the
WT mice (A, C). As the ages of the
mice progressed, the corneal epithe-
lium of the 16-week-old Hspg2™'~Tg
mice became thinner and the wing cell
layer was undifferentiated compared
with that of the WT mice (D). Under
high magnification, no significant dif-
ference was observed between the
Hspg2™/~Tg mice and WT mice in
regard to the structure of the superfi-
cial cells (E, F), basal cells (G, H), and
epithelial basement membrane @, J).
Epi, epithelium; St, stroma; mv, mi-
crovilli; bc, basal cell, BM, corneal
basement membrane. Scale bar: (A-D)
5 pm; E-ED 2 pm; @, J) 0.5 pm.

Proliferation and Cell Death in Hspg2 ™' ~-Tg
Corneal Epithelium

We posited that the findings of thinner corneal epithelium in the
8-week-old Hspg2™/~-Tg mice could be the result of a decrease in
cell proliferation or an increase in cell death. To discern between
these two possibilities, immunostaining was performed to inves-
tigate the number of Ki67-positive (Figs. 5A1, A2) and TUNEL-
positive (Figs. 5D1, 5D2) cells. The Ki67 antigen was designated
as a marker for cell proliferation, and the number of Ki67-positive
cells was scored across the entire section of the corneal epithe-
lium. The average ratio of Ki67-positive cells to basal cells was
12% per section in the Hspg2™/~-Tg epithelium, compared with
21% in the WT epithelium (z = 6; P = 0.0087; Fig. 5B). Real-time
PCR for Ki67 showed a 67% decrease in RNA levels in the
Hspg2™/~Tg epithelium (z = 5; P = 0.0159; Fig. 5C).

TUNEL assay assessment of cell death revealed a very small
number of TUNEL-positive cells (<0.3%) per corneal section in

Hspg2/-Tg

4 F

FIGURE 3.  Electron microscopy of
corneal stroma and endothelium.
Keratocytes (A, B). Collagen fibers
cut in cross-section (C, D). Stroma
and corneal endothelium observed
under low magnification (E, F). De-
scemet’s membrane observed under
high magnification (G, H). Corneal
endothelium observed under high
magnification I, J). No significant
differences were found between the
8-week-old Hspg2™/~-Tg mice and
WT mice in regard to the construc-
tion of the stroma and endothelium.
K, keratocytes; St, stroma; Des, De-
scemet’s membrane; End, endothe-
lium. Scale bar: (A, B) 2 um; (C, D, I,
D OS5 um; (B, F)S um; (G, H) 1 um.
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FIGURE 4. Morphometry of corneal thickness. Comparison of central
corneal thickness. (A) The central corneal epithelial cell layer of the
8-week-old Hspg2 ™ ~-Tg mice was significantly thinner than that of the
8-week-old WT mice (n = 6; P = 0.0022). The full central corneal
thickness was significantly thinner in the 8week-old Hspg2™™-Tg
mice compared with that in the 8-week-old WT mice (n = 6; P =
0.0411). Comparison of the ratio of the epithelial cell layer thickness to
the full corneal thickness measured at the central cornea (B). The ratio
of epithelial cell layer thickness to full corneal thickness was signifi-
cantly lower in the Hspg2™/~-Tg mice than in the WT mice (n = 6; P =
0.0043; Mann-Whitney U test: *P < 0.05, *P < 0.01, **P < 0.0001).

both the Hspg2 /~-Tg and WT epithelium (Fig. 5E), and there
was no increase in RNA levels of active caspase3 of the apoptosis
marker in both Hspg2™/~-Tg and WT corneal epithelium (Fig. 5F),
thus indicating that the loss of perlecan did not lead to a signifi-
cant change in the rate of apoptosis. Therefore, the likely cause of
the thinning of the 8-week-old Hspg2™/~-Tg corneal epithelium
was determined to be reduced cell proliferation.

Effect of Perlecan Deficiency on the Expression
of Markers of Corneal Epithelial Differentiation

The expression of cytokeratin12 (K12), a corneal differentia-
tion marker, in the 8-week-old Hspg2™/~-Tg mice was signifi-
cantly decreased compared with that in the WT mice exam-
ined by immunohistochemistry (Figs. 6A1, A2). Real-time PCR
for K12 in the Hspg2™/~-Tg epithelium showed a 54% decrease
in RNA levels compared with the WT epithelium (n = 5; P =
0.4698; Fig. GE). Connexin4d3 (Cx43), a gap junction protein,
was found to be present in the corneal basal cell layers in the
WT epithelium, but was absent in the Hspg2™/~-Tg epithelium
by immunohistochemistry (Figs. 6B1, 6B2). Real-time PCR for
Cx43 in the Hspg2™’~-Tg epithelium showed a 41% decrease
in RNA levels compared with that in the WT epithelium (n =
5; P = 0.4698; Fig. GE). The expression of Notchl in the
Hspg2™/~-Tg corneal epithelium was significantly decreased
compared with that of the WT epithelium by immunohisto-

Perlecan and Corneal Epithelial Structure 1281

chemistry (Figs. 6C1, 6C2). Realtime PCR showed that the
Hspg2™/~‘Tg mutation caused a significantly decrease in
Notch1l RNA levels in the corneal epithelium, compared with
that in the WT mice (# = 5; P = 0.0159; Fig. 6E). The
expression of PaxG, a developmental regulator marker, was
shown by immunohistochemistry to be significantly decreased
in the corneal epithelium in the Hspg2™/~-Tg mice compared
with that of the WT mice (Figs. 6D1, 6D2). Real-time PCR for
Pax6 in the Hspg2~/~-Tg epithelium showed a significant de-
crease in RNA levels compared with that in the WT epithelium
(n = 5; P = 0.0159; Fig. 6E).

DISCUSSION

In this study, perlecan was identified in corneal epithelial BM
and the epithelium was shown to be thin and poorly differen-
tiated in perlecan-deficient mice (Hspg2™’~-Tg) and accompa-
nied by the downregulation of Ki67, K12, Cx43, Notch1, and
Pax6. However, the gross morphology of the corneal epithe-
lium was not retarded in the Hspg2™/~-Tg mice, suggesting
that perlecan is not critically necessary in this process. There-
fore, perlecan may be essential for the structure but not the
development of corneal epithelium. In normal corneal epithe-
lium, epithelial cells in the last phase of their differentiation un-
dergo apoptosis as they reach the superficial cell layer. Since the cell
death rate of the corneal epithelial cells in the Hspg2™/~-Tg mice
was similar to that in WT mice, the failure of those cells to form
multilayered corneal epithelium must be due to the apparent
decrease in the proliferation and differentiation rates in corneal
epithelial cells. In this present study, we revealed that the
expression of Ki67, K12, Cx43, Notch 1, and Pax6, which are
markers of cell proliferation and differentiation, was reduced in
the Hspg2™/~-Tg mice, compared with that of the WT mice.
Therefore, our findings revealed that perlecan in the BM of
corneal epithelium may be critical for normal epithelial forma-
tion and terminal differentiation.

It has been reported that K12 is essential for the differenti-
ation and maintenance of corneal epithelium integrity.,'®*°
Targeted deletion of K12 in a mouse model showed fewer
cellular layers in the corneal epithelium and corneal fragility."®
The findings of this study showed that downregulation of the
expression of K12 at protein and RNA levels may be one of the
causes of aberrant differentiation in the Hspg2™ /™ -Tg corneal
epithelium. From another aspect, it has been reported that the
gap junction marker Cx43 mediates the intercellular diffusion
ions and other small molecules,>®~2? thereby contributing to
the regulation of tissue differentiation and homeostasis.?® Of
particular interest, the expression of Cx43 was noted in the
corneal epithelial basal cells in the WT corneal epithelium, but
not in the Hspg2™/"-Tg epithelium, thus suggesting that the
basal cell environment is impaired by gap junction functional
decline. Therefore, the downregulation of Cx43 in the
Hspg2™/~-Tg mice most likely impairs the differentiation and
structure of the corneal epithelium.

It has been reported that the Notch signaling pathway,
another corneal homeostasis marker, limits cell proliferation
and promotes differentiation.?* 27 In this study, the expression
of Notch1 was decreased in the Hspg2™/~-Tg mice, compared
with that in the WT mice. Recently, Vauclair et al.>” demon-
strated that Notchl-deficient corneal cells lose their ability to
heal and repair wounded corneal epithelium. The findings of
that study showed that instead of generating new corneal
epithelium after injury, those cells repair the wound by form-
ing a hyperproliferative epidermislike epithelium. This process
involves the secretion of FGF-2 through Notchl signaling in the
epithelium.?” It is well known that FGF-2 is a growth factor of
corneal epithelial cells.”®*® Loss of Notch 1 in the corneal
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- FIGURE 5.  Proliferation and cell death
éf—; 25 5 1 in the Hspg2™/~:Tg comeal epithelium.
3 20 %08 - Immunohistochemistry showed a de-
@ a creased number of cells containing
£15 f 06 - Ki67 (Alexa488, green, white arrow)
g 1 % 04 - in the 8-week-old Hspg2™/~-Tg versus
5 5 WT corneal epithelium (DAPI, blue;
2 5 %02 - Al, A2). The percentage of Ki67-
positive cells in the corneal epithelium
0 T o 0 i T showed a 9.0% decrease in the
Wild-type Hspg2/-Tg Wild-type Hspg2/-Tg Hspg2™'~Tg mice (XSEM, n = 6, P =
E F , 0.0087; B). Quantification of RNA lev-
active caspase3 els for Ki67 in the corneal epithelium
0.45 - 12 - (£SEM; 1 = 5; P = 0.0159; C). In the
g 0.4 superficial corneal cells, there was al-
2035 § i most no TUNEL-positive staining (D1,
s 03 208 - D2). The percentage of TUNEL-posi-
£ 0.25 - 5 tive cells in the corneal epithelium
T 02 - '30-5 : (*SEM, n = 6; E). Quantification of
; 015 - 2 04 RNA levels for active caspase3 in the
g 01 - ;: ' corneal epithelium (*SEM; n = 5; F;
F 005 - 0.2 Mann-Whitney U test: *P < 0.05, *P <
0 . 0 ‘ 0.01, **P < 0.0001). Scale bar: 50 um.

Wild-type Hspg2/-Tg

epithelium resulted first in upregulation of FGF-2 by the cor-
neal epithelium, suggesting that Notchl signaling repressed its
expression.?” Despite the decreased expression of Notchl, a
hyperproliferative change of corneal epithelium was not ob-
served in the Hspg2™/~-Tg mice. Since FGF-2 is a ligand of
perlecan, there may be a possibility that a high dose of FGF-2
could not be maintained in the BM of the corneal epithelium of
Hspg2™'~‘Tg mice.>°~> Reportedly, FGF-7 is also a ligand of
perlecan.! In a recent study, Lovicu et al.>® showed hyperpro-
liferation of embryonic corneal epithelial cells in transgenic
mice engineered to overexpress human FGF-7 in the eye.
Chikama et al.>” analyzed the effects of excess FGF-7 on both
the proliferation and differentiation of corneal epithelium in an
FGE-7 transgenic mouse model in which cornea-specific FGF-7
was overexpressed. In that study, the mice exhibited epithelial

Wild-type

Low magnification: A1, D1; high mag-
Hspg2/-Tg nification: A2, D2.

hyperplasia, accompanied by the downregulation of K12. Ac-
cording to these results, the mechanism of the poor differen-
tiation of the epithelium in Hspg2™~-Tg mice is due to the
lack of the FGF-2 or FGF-7 that links to perlecan in the BM.
Therefore, the strong correlation between the presence of
perlecan in the BM and the formation of normal corneal epi-
thelium suggests that perlecan functions as a reservoir for
soluble factors involved in the proliferation and differentiation
of corneal epithelial cells.

It should be noted that the Hspg2™”~-Tg mice had microph-
thalmos. This condition has been reported in Pax6-deficient
mice.>®* %! These reports suggest that Pax6 is a key develop-
mental regulator and that it is generally essential for morpho-
genesis in the eye. Pax6 has autonomous roles in all eye tissues,
where it is expressed at several developmental stages. Re-
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FIGURE 6.  Expression of differentiation and developmental regulator markers in the 8-week-old Hspg2™/~-Tg corneal epithelium demonstrated
that the expression of cytokeratin12 (K12) in the Hspg2™/~-Tg epithelium was significantly decreased compared with that in the WT epithelium
(A1, A2). Hspg2"/ “-Tg corneal epithelium showed no expression of Connexin43 (Cx43; B1, B2). The expression of Notchl in Hsng" “Tg
corneal epithelium was significantly decreased compared with that in the WT epithelium (C1, C2). Hspg2 /~-Tg corneal epithelium showed
decreased Pax6 expression compared with that in the WT epithelium (D1, D2). Quantification of RNA levels for differentiation and developmental
regulator markers in corneal epithelium (+SEM, n = 5; E; Mann-Whitney U test: *P < 0.05, **P < 0.01, **P < 0.0001). Scale bar: 50 um. Low

magnification: Al, B1, C1, D1; high magnification: A2, B2, C2, D2.

cently, a report by Garcia-Villegas et al.** revealed that Pax6 is
the earlier differentiation marker expressed by corneal epithe-
lial cells and that it is the main driver of the differentiation of
corneal epithelial cells, as the expression of Pax6 promotes the
differentiation of corneal epithelial cells. On the other hand,
transgenic mice overexpressing Pax6 in the corneal epithelium
also showed abnormal epithelial cell morphology. These re-
sults indicate that a correct Pax6 dosage for the normal devel-
opment of corneal epithelium may be important. In this pres-
ent study, we demonstrated that the corneal epithelium of
Hspg2™”~-Tg mice was thinner and not well differentiated and
that the phenotypes became more severe with age. The cor-
neal epithelial phenotype was similar to that of Pax6-deficient
mice. Thus, the downregulation of Pax6 in the corneal epithe-
lium of Hspg2™""-Tg mice is likely to be a factor in the ob-
served microphthalmos and thinner epithelium. We theorize
that the downregulation of K12, Cx43, Notchl, and Pax6

probably occurs to prevent the proliferation and the differen-
tiation from basal cells to wing cells, thus making the corneal
epithelium of Hspg2™/~-Tg mice thinner than that of WT mice
with downregulation of the expression of KiG7.

In summary, by using perlecan-deficient mice (Hspg2™'~-
Tg) we demonstrated for the first time that perlecan is essential
for the structure of corneal epithelium, as it controls the
expression of markers for the proliferation or differentiation of
corneal epithelial cells. Our findings revealed that perlecan in
the BM of corneal epithelium were critical for normal epithelial
structure and terminal differentiation.
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CUGBP1 and MBNL1 preferentially bind
to 3’ UTRs and facilitate mRNA decay
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Brage Storstein Andresen? & Kinji Ohno!

'Division of Neurogenetics, Center for Neurological Diseases and Cancer, Nagoya University Graduate School of Medicine,
Nagoya, Japan, 2Department of Biochemistry and Molecular Biology, University of Southern Denmark, Odense M, Denmark.

CUGBP1 and MBNLI are developmentally regulated RNA-binding proteins that are causally associated
with myotonic dystrophy type 1. We globally determined the in vivo RNA-binding sites of CUGBP1 and
MBNLI. Interestingly, CUGBP1 and MBNLI are both preferentially bound to 3’ UTRs. Analysis of
CUGBP1- and MBNL1-bound 3’ UTRs demonstrated that both factors mediate accelerated mRNA decay
and temporal profiles of expression arrays supported this. Role of CUGBP1 on accelerated mRNA decay has
been previously reported, but the similar function of MBNL1 has not been reported to date. It is well
established that CUGBP1 and MBNLI regulate alternative splicing. Screening by exon array and validation
by RT-PCR revealed position dependence of CUGBP1- and MBNL1-binding sites on the resulting
alternative splicing pattern. This study suggests that regulation of CUGBP1 and MBNL1 is essential for
accurate control of destabilization of a broad spectrum of mRNAs as well as of alternative splicing events.

n recent years, new technologies, such as microarray analysis and high throughput sequencing, have dramat-
ically changed our knowledge on gene expression and revealed that extensive regulation takes place during
% posttranscriptional RNA processing'. Numerous RNA processing elements and regulatory RNA-binding
proteins play together in a finely tuned interplay to ensure that different mRNAs are made from the primary
transcript from a gene and are present in the right cell at the right time and in the correct amounts. Such complex
regulation is of course vulnerable and a rapidly increasing number of human diseases are now known to be caused
by misregulated RNA processing’. An intriguing example where this kind of disease mechanism is in operation is
myotonic dystrophy type 1 (DM1), where aberrant regulation of two RNA-binding proteins, CUG-binding protein
1 (CUGBP1) and muscleblind-like 1 (MBNL1) co-operationally cause some of the disease symptoms. DM1 is the
most common form of myotonic dystrophy (DM), and is caused by an expansion of CTG-repeats in the 3’
untranslated region (UTR) of the DM protein kinase gene (DMPK) on chromosome 19°~°. DM1 is a multisystemic
disorder and the clinical features include myotonia, muscle degeneration, heart failure, ocular cataracts, impaired
glucose tolerance, and mental retardation®. A dominant negative effect of the DMPK mutant allele through RNA
gain-of-function has been proposed as the molecular disease mechanism. Many studies support a mechanism
where toxic DMPK RNA with expanded CUG repeats binds to and sequesters proteins that are important for RNA
metabolism including transcription, RNA transport, alternative splicing, translation, and yet unknown processes®.
The expanded CUG repeats in the DMPK mRNA bind to and sequestrate MBNLI in discrete nuclear foci, which
results in depletion of functional MBNLI1%®. By a yet unknown mechanism the expanded CUG repeats also activate
protein kinase C (PKC), which phosphorylates and stabilizes CUGBP1". Thus, the expanded CUG repeats
contribute to DM1 pathogenesis by causing loss of MBNLI and gain of CUGBP1 activity'".

Both CUGBP1 and MBNLI1 regulate postnatal transitions in alternative splicing patterns during striated
muscle development™?"®. Representative targets of CUGBP1 splicing regulation, which are misregulated in
DMLI striated muscles, include genes for cardiac troponin T (TNNT2)'*', insulin receptor (INSR)', and chloride
channel 1 (CLCNI)'>". MBNLI1 contains four CCCH-type zinc fingers that recognize a YGCY motif that is indeed
observed in the CUG repeat (CUGCUG)***!. Mice deficient in MbnlI show aberrant splicing of Clenl, Tnnt2, and
Tnnt3, but not Insr>, Very recently, MBNL1 was shown to regulate BINI alternative splicing, and dysregulation of
BINT splicing in DM1 muscles was suggested to be part of the disease pathology resulting in muscle weakness®.
Besides an important role in splicing regulation, CUGBP1 mediates mRNA decay of short-lived transcripts
by interaction with GU-rich elements in the 3’ UTR*?. In addition, CUGBP1 increases the translation of
CDKNIA® and Mef2a*. In contrast to the multiple functionalities in posttranscriptional gene regulation of
CUGBP1, MBNLI has so far been exclusively recognized as a splicing regulatory trans-factor.
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High-throughput sequencing of RNA isolated by crosslinking
immunoprecipitation (HITS-CLIP)* is a new method that enables
global mapping of targets for specific RNA-binding proteins in living
cells, thereby shedding light on their role in regulation of RNA pro-
cessing of known and unknown targets.

In the present study, we performed HITS-CLIP analysis for
CUGBP1 and MBNL1 on the mouse myoblast cell line C2C12
to extensively characterize their RNA-binding sites and functional
roles in RNA processing. We identified position-dependence of
CUGBP1/MBNLI-binding sites in regulating exon inclusion or
skipping. Interestingly, we discovered that both CUGBP1 and
MBNLI preferentially bind to the 3’ UTR and destabilize target
mRNAs. This points to a new important role of MBNL1 and suggests
that binding to the 3' UTRs and destabilization of mRNA are likely to
be a fundamental function shared by CUGBP1 and MBNLI.

Results

Genome-wide CUGBP1/MBNL1-RNA interaction maps. In order
to determine global CUGBP1/MBNLI1-binding sites in vivo, we
performed HITS-CLIP experiments using the mouse myoblast cell
line, C2C12.

In C2C12 cells, CUGBP1 is constantly expressed throughout myo-
blast differentiation, whereas expression of MBNLI is low in undif-
ferentiated cells and gradually increases during differentiation
(Supplementary Fig. S1), as previously described®. We thus per-
formed HITS-CLIP analysis of CUGBP1 and MBNLI using undif-
ferentiated and differentiated C2C12 cells, respectively. We also
performed CLIP of MBNLI using undifferentiated cells in three
independent experiments, but this yielded an insufficient amount
of RNA-protein complexes and failed to yield cDNA libraries suit-
able for high-throughput sequencing. In the HITS-CLIP analysis of
CUGBP1, our first experiment yielded 34,733,815 CLIP tags of 32 nt,
of which 29,545,067 (85.06%) were mapped to the mm9 genome
allowing at most 2 mismatches and placing reads mapping to mul-
tiple locations to a single random site. A second CLIP experiment
yielded 10,079,185 CLIP tags of 36 nt, of which 8,516,256 (84.49%)
were mapped. In the first MBNL1 CLIP experiment, we obtained
13,218,685 CLIP tags, of which 11,044,152 (83.55%) were mapped,
while the second CLIP experiment yielded 13,474,600 CLIP tags with
11,455,886 (85.02%) tags mapped to the mm9 genome. For the ana-
lysis of binding motif and binding region annotation, we selected
only reads that were aligned uniquely in the genome and removed all
potential PCR duplicates by collapsing reads with an identical 5’ start
into a single read. This resulted in 177,013 and 130,828 CLIP tags
from the two CUGBP1 CLIP experiments, while the two MBNL1
experiments yielded 59,156 and 583,841 CLIP tags respectively.

In an effort to confirm the specificity of our CLIP experiments, we
performed CLIP analysis of polypyrimidine tract-binding protein
(PTB), a multifunctional RNA-binding protein, using undifferenti-
ated mouse C2C12 cells. We identified 12,841,778 CLIP tags of which
11,184,829 (87.10%) were mapped to the mouse mm9 genome.
Removal of non-uniquely aligned reads and PCR duplicates yielded
307,995 unambiguous CLIP tags.

Consensus motifs. To determine RNA-binding motifs associated
with CUGBP1/MBNLLI in vivo, we used the motif-finding algori-
thm, Multiple EM for Motif Elicitation (MEME)*. We used
SeqMonk to identify likely binding regions, and identified 1,841
CUGBP1-binding regions and 302 MBNL1-binding regions. Com-
- parison of SeqMonk’s maximum depth scores between samples
indicates that binding regions in each replicated experiment are
highly overlapping, while PTB binding regions did not overlap
with those of the other four CLIP experiments (Supplementary
Fig. S2). The lower number of identified MBNLI regions supported
by two independent experiments (Supplementary Fig. S2b) was likely
due to the large difference in the number of CLIP tags in the two

MBNLI experiments. The regions demonstrate enrichment of GU-
rich motifs for CUGBP1 and YGCY-containing motifs for MBNL1
(Fig. 1). ’

Our in vivo binding motifs are in accordance with previously
suggested binding motifs for CUGBP1**** and MBNLI1*"*-%, We
identified 1,824 PTB binding regions in the mouse genome and
detected a CU-rich motif, which is essentially identical to the motif
for PTB recently identified by HITS-CLIP analysis of a human cell
line®.

We also analyzed the CUGBP1 and MBNL1 motifs enriched in
regions containing reads with multiple potential mapping locations
(Supplementary Fig. $3), and compared them with the motifs with
unique mapping (Fig. 1). Following removal of potential PCR dupli-
cates, we observed 699,382 tags that were non-uniquely aligned in the
1st CUGBP1 CLIP experiment, 219,128 tags in the 2nd CUGBP1
CLIP experiment, 105,432 and 216,882 tags in the two MBNL1 CLIP
experiments respectively and finally 851,324 tags in the PTB CLIP
experiment. We observed that enriched motifs in these regions (Sup-
plementary Fig. §3) are very similar to the CUGBP1 and MBNL1
motifs enriched in the binding regions containing uniquely aligned
reads (Fig. 1), suggesting that these regions share the same properties
as the uniquely aligned regions and that they may contain functional
binding sites.

HITS-CLIP analysis of splicing targets. We next studied the effects
of CUGBP1/MBNLI binding on alternative splicing. CUGBP1 tags
are clustered in intronic regions flanking alternative rather than

CUGBP1

e-value
1.5e-256 -

MBNL1

e-value
1.8e-35

PTB

e-value
1.5e-334

Figure 1 | Binding motif analysis. WebLogos of consensus binding motifs
of CUGBP1, MBNLI, and PTB generated by the MEME motif analysis
tool. The likelihood of finding the indicated motif by chance is indicated as
an E-value.
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constitutive exons (Fig. 2a). MBNLI tags are similarly clustered in
intronic regions flanking alternative exons, and are also enriched in
alternative and constitutive exons. In order to investigate if and how
CUGBP1/MBNLI1 binding around splice sites regulate alternative
splicing, we knocked down these factors by siRNA in undif-
ferentiated C2C12 cells (Supplementary Fig. S4a). We analyzed
alterations of splicing globally using the Affymetrix Mouse Exon
1.0 ST Array (GEO accession number, GSE29990) and identified 8
CUGBP1-responsive and 24 MBNLI1-responsive exons (Supplemen-
tary Table 1, Figs. S5 and S6abc). We also analyzed 29 CUGBP1-
tagged and 51 MBNL]-tagged exons/introns known to be alternatively
spliced according to the ENSEMBL version e/61, and identified 16
CUGBP1-responsive and 21 MBNLI1-responsive exons by RT-PCR
(Supplementary Figs. S5 and S6abc). We made the compiled dataset

C, which is comprised of the 24 CUGBP1-regulated exons (15
skipped and 9 included), as well as the compiled dataset M con-
sisting of the 45 MBNLI1-regulated exons (25 skipped and 20
included). The datasets include 1 and 9 previously identified target
exons of CUGBP1 and MBNLI, respectively (Supplementary
Fig. S5). In addition, 9 exons are shared between datasets C and
M. Mbnll siRNA sufficiently suppressed MBNLI expression up to
day 3 after differentiation (Supplementary Fig. S4b), and we observed
that as many as 44 of the 45 MBNLI-regulated exons in dataset M
respond similarly to MBNLI knockdown in both differentiated and
undifferentiated cells (Supplementary Figs. $4 and S5).

We also made dataset M2 that includes 26 additional MBNL1-
dependent cassette exons (15 skipped and 11 included) that were
previously identified in skeletal muscle of MBNLI knockout mice
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Figure 2 | Mapping of CLIP-tags on exon-intron structures. (a) Distributions of CLIP-tags on constitutively or alternatively spliced exons and the
flanking intronic regions. The abscissa indicates an intron-exon-intron structure. The sizes of all the exons are normalized to 150 nucleotides. Numbers of
exonic CLIP-tags are also normalized accordingly. Intronic CLIP-tags within 500 nucleotides upstream or downstream of exons are indicated. The
number of CLIP-tags is normalized for the number of transcripts belonging to either category of constitutive and alternative exons. (b) Normalized
complexity map of CUGBP1 at CUGBP1-dependent splice sites. Twenty-four CUGBP1-regulated splicing events in dataset C in undifferentiated C2C12
cells are compiled. (¢) Normalized complexity map of MBNL1 at MBNL1-dependent splice sites. Forty-four MBNLI-regulated splicing events in
differentiated C2C12 cells in dataset M are compiled. (d) Normalized complexity map of CUGBP1 at MBNL1-dependent splice sites. Sixty MBNL1-
regulated splicing events in undifferentiated C2C12 cells in datasets M and M2 are compiled. (e) Normalized complexity map of MBNL1 at CUGBP1-
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that are explained in Results. Graphs represents results of the 2nd CLIP experiments for both CUGBP1 and MBNLI. Resutls of the 1st CLIP experiments

are shown in Supplmentary Fig. S7.
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(Supplementary Table $2)*, and found that 18 exons are similarly
regulated by Mbnll knockdown in undifferentiated C2CI2 cells
(Supplementary Fig. S6d and Table S2).

We combined datasets C and M into a single composite pre-
mRNA and made integrated RNA maps from our HITS-CLIP reads
mapped to the corresponding genomic regions as previously
described for Nova® and PTB?. This showed that CUGBP1 binding
to upstream intronic regions facilitates exon skipping, whereas
CUGBP1 binding to downstream intronic regions promotes exon
inclusion (closed arrows in Fig. 2b and Supplementary Fig. S7a).
Results of the 2nd experiments are shown in Fig. 2 and those of
the 1st experiments are in Supplementary Fig. S7. In contrast,
although the binding sites of MBNLLI are more diffusely distributed
and less abundant in regions flanking splice sites (Fig. 2c), MBNL1
binding close to the 3’ end of the downstream intron induces exon
skipping (closed arrow in Fig. 2c and Supplementary Fig. S7b). The
presence of a similar peak in dataset M2 (closed arrow in Supple-
mentary Fig. S7¢) further supports this observation.

We next analyzed the interaction between CUGBP1 and MBNLI1
in splicing regulation. We made an RNA map of CUGBP1-binding

q  CUGBP1

Intergenic

= Antisense
N

MBNL1

Intergenic

sites in MBNLI1-regulated exons from datasets M and M2 (Fig. 2d
and Supplementary Fig. S7e), as well as an RNA map of MBNLI1-
binding sites in CUGBP1-regulated exons from dataset C (Fig. 2e and
Supplementary Fig. S7f). Both RNA maps demonstrate the presence
of CUGBP1 clusters in MBNL1-responsive exons and vice versa,
which suggests that CUGBP1 and MBNLI are likely to regulate
alternative splicing of some of the same exons.

MBNL1 and CUGBP1 both preferentially bind to the 3" UTR.
MBNLI has so far solely been categorized as an exon/intron-
binding splicing regulatory protein®, but to our surprise we found
that the majority (55%) of MBNLI-binding regions are located
in 3" UTRs (Fig. 3a). The same pattern with preferential binding
(53%) in 3" UTRs is observed for CUGBP1, while only 2% of PTB
binding regions are located in 3’ UTRs (Fig. 3a). Similarly, when
HITS-CLIP tags are mapped to the size-normalized positions of all
the genes in the mouse genome, CUGBP1 and MBNL1 CLIP tags, but
not PTB CLIP-tags, are enriched close to the 3’ ends of genes (Fig. 3b).
Additionally, 610 3’ UTRs, which constitutes 28.7% of the CUGBP1-
tagged 3 UTRs and 17.4% of the MBNL1-tagged 3" UTRs, are shared
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Figure 3 | Enrichment of CUGBP1 and MBNL1 CLIP-tags in the 3’ UTR. (a) Distributions of CUGBP1, MBNL], and PTB binding regions. Binding
regions are mapped to CDS (coding sequence), 5' and 3’ UTRs, introns, intergenic regions (incl. tRNA and rRNA genes), or antisense within genes
according to the UCSC knownGene annotation of the NCBI Build 37.1 mouse genome (mm9). Pie-charts show ratios of binding regions mapped to the
indicated regions. (b) Distributions of CUGBP1, MBNL1, and PTB CLIP-tags mapped to the relative positions of all the mouse genes. The relative
positions of the genes are shown in percentages of the gene length in abscissa. The broken lines represent 15,638 genes with constitutive transcriptional
start and end sites (Cons), and the solid lines represent 7,477 genes with alternative transcriptional start or end site (Alt). (c) Venn diagram of the numbers
of genes with CUGBP1-, MBNLI1-, and PTB-binding regions within the 3" UTR. Binding regions were identified using the SeqMonk software.
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between these two proteins (Fig. 3c). All these data document that
both CUGBP1 and MBNLI preferentially bind to 3’ UTRSs, indicating
that this is a key function of both proteins in RNA processing. This
suggests that the functional repertoire of MBNL1 should be expanded
and that MBNLI, from being primarily regarded as regulator of
alternative splicing, should also be considered as an important
regulator of 3’ UTR-mediated processes, such as mRNA stability/
degradation.

MBNLI destabilize mRNAs. To analyze the function of CUGBP1/
MBNLI1 binding to 3’ UTRs, we made luciferase reporter constructs
harboring CUGBP1/MBNLI1-binding sites in the 3’ UTR. Since no
CLIP tags were observed in the 3° UTR of Gapdh (Supplementary
Fig. $8), we made a luciferase-Gapdh 3' UTR expression vector, and
then inserted 12 repeats of GT and 7 repeats of CTG immediately
after the stop codon of luciferase to introduce a CUGBP1-binding site
(GU rich motif) and an MBNLI1-binding site (YGCY motif),
respectively (Fig. 4a). We also inserted 12 AC repeats as a control.
Due to the high expression level of CUGBP1 in C2C12 cells we used
HEK?293 cells for transient transfection of these reporter constructs
along with CUGBP1/MBNLI1 expression vectors. For the constructs
with Gapdh 3’ UTR alone or with AC repeats inserted, over-
expression of CUGBP1 or MBNLI1 had no effect on luciferase
activity (Fig. 4b). For the GT repeat construct, overexpression of
CUGBP1 decreased the luciferase activity, but MBNLI1 had no
effect. For the CTG repeat construct overexpression of MBNLI
dramatically decreased the luciferase activity, and also overex-
pression of CUGBP1 significantly reduced luciferase activity
(Fig. 4b). In order to shed light on the mechanism underlying the
observed decrease in luciferase activity we investigated the decay
of luciferase mRNA. The SV40 promoter of the luciferase reporter
constructs was replaced with a tet-repressible promoter, and
HEK293 Tet-off cells were transiently transfected with these
constructs. Doxycycline was added to the medium to stop tran-
scription of the tet-responsive promoter, and the temporal profiles
of luciferase and GAPDH mRNA levels were measured. Over-
expression of MBNL1 together with the CTG repeat reporter

a SV40 /p'rrg’gqrgtseeonsive Gapdh 3'UTR
control L
+GU)12
+CUG)y7
+(AC)12

b

Relative luciferase activity

construct resulted in highly increased decay of luciferase mRNA
and CUGBP1 overexpression together with the GT repeat reporter
construct also increased mRNA decay. Overexpression of either
protein together with the Gapdh 3" UTR control construct did not
alter mRNA decay (Fig. 4c). These data demonstrate that binding of
CUGBPI and MBNLI to the 3" UTR promotes mRNA decay. To
examine whether CUGBP1 and MBNLI regulate decay of endo-
genous mRNAs, we next analyzed mRNA stability in actinomycin
D treated C2CI12 cells by expression arrays following siRNA knock
down of CUGBP1 or MBNL1 (GEO accession number, GSE27583).
To identify genes with reliable half-life estimates, we restricted
our analysis to 195 transcripts using three conditions: (i) half-life
between 2.5-5 hrs; (ii) correlation coefficient of fitting to an
exponential decay greater than 0.9; and (ili) RMA-normalized
signal values more than 100 at all time points. The median half-life
of all the transcripts matching these criteria in the control is 3.56 hrs,
whereas those from CUGBP1- and MBNLI1-knocked down cells
are significantly prolonged to 3.91 hrs and 3.73 hrs, respectively
(Fig. 5a). We chose four additional representative mRNAs with a
cluster of either CUGBP1- or MBNLI1-tags in the 3'UTR, and
confirmed by real time PCR that knockdown of either CUGBP1 or
MBNLI results in approximately two-fold increase in mRNA half-
life of these target mRNAs (Fig. 5b). The half-lives of 100 out of 195
transcripts are prolonged both by knockdown of CUGBPI1 and
MBNLI, suggesting overlapping activity in the regulation of
mRNA decay by CUGBP1 and MBNLI1. We next analyzed the
relationship between change in mRNA half-life and coverage of
HITS-CLIP tags in the 3" UTRs. We found that genes displaying
prolongation of half-lives in response to CUGBP1 knockdown
harbors more CUGBP1-tags in their 3" UTRs, compared to those
displaying shortening of half-lives (Fig. 5¢). Similarly, genes that
display prolongation of their half-lives in response to MBNLI
knockdown have more MBNLI-tags in their 3" UTRs (Fig. 5¢).

Gene Ontology analysis of CUGBP1/MBNL1-bound 3" UTRs
revealed that the terms ‘cytoskeletal protein binding, ‘transcription
factor binding’ and ‘RNA binding’ are significantly overrepresented
for CUGBP1- and MBNLI1-bound genes (Table 1).

o e —
£ { overexpression }
% e :
£ | e CUGBPT |
z ] {meese MBNLT
E b RO -
g ]

0~.

0 5 10(h)
w1 HGUNM2 )
o, 100 100
g
£
©
£
[
s N MBNLY
x \::
Q\Eo G i L} O i >
0 5 10() 0 5 10(h)

Figure 4 | Decay of luciferase mRNA by overexpression of CUGBP1/MBNL1. (a) Schemes of luciferase reporter plasmids harboring Gapdh 3’ UTR.
Each construct was made carrying either SV40 or tet-responsive promoter. (b) Luciferase activity after overexpression of CUGBP1/MBNL1. HEK293 cells
were transfected with the indicated SV40-driven luciferase reporter constructs. Luciferase activity is normalized for the transfection efficiency using co-
transfection of pRL/SV40. (c) Decay of luciferase mRNA after overexpression of CUGBP1/MBNLI. HEK293 Tet-off cells were transfected with the

indicated tet-responsive promoter-driven luciferase reporter constructs. Doxycycline was added to the medium to stop transcription at time 0. Temporal
profiles of luciferase mRNA decay were quantified by real time RT-PCR and are normalized for Gapdh mRNA levels. All experiments were triplicated, and

the mean and s.d. are indicated (* p < 0.05; ** p < 0.01).
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Figure 5 | Global analysis of mRNA decay by expression array of C2C12 cells treated with CUGBP1/MBNL1 siRNA. (a) Half-lives of mRNAsin C2C12
cells with the indicated siRNAs. Red lines represent means and 95% confidence intervals. ** p << 0.01 and *** p < 0.001. (b) Real-time RT-PCR analysis of
the stability of four representative endogenous mRNAs, which were detected by expression arrays. CLIP-tag distributions are shown above each gene
structure. C2C12 cells were treated with either control (ctl), CUGBP1 (Cug), or MBNLL (Mb) siRNA. Actinomycin D was added to the medium to stop
transcription at time 0. Temporal profiles of decay of the indicated genes were analyzed by real-time RT-PCR and are normalized for Gapdh mRNA levels,
All experiments were triplicated, and the mean and s.d. are indicated (* p < 0.05 and ** p < 0.01). (c) Tag countsin the 3 UTR of each gene are plotted in
two categories of prolonging (up) and shortening (down) of half-lives after MBNL1 and CUGBP1 siRNAs. Red lines represent means and 95% confidence
intervals. ** p < 0.01. Tag counts were normalized by the gene expression level at 0 h of cells treated with control siRNA.

Table 1 | The five most frequent Gene Ontology terms of mRNAs that are bound by CUGBP1 and MBNU] fo the 3' UTR
CUP data GOID Term P Value
CUGBP1 GO:0008092 cytoskeletal protein binding 1.58E-06
G0:0003723 RNA binding 1.40E-04
G0:0008134 transcription factor binding 9.65E-04
GO:0051082 unfolded protein binding 0.003184
GO:0019904 protein domain specific binding 0.006603
MBNLIT G0:0008092 cytoskeletal protein binding 7.31E20
G0O:0008134 transcription factor binding 2.20E-08
G0O:0003723 RNA binding 0.001893
GO:0019899 enzyme binding 0.002046
GO0:0032553 ribonucleotide binding 0.004210
We utilized the mRNAs that have more than 8-fold coverage of CLIP tags in their 3'UTR for the analysis by DAVID3354,
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PITX2 is a homeobox transcription factor that regulates left-right
asymmetric morphogenesis*** and it is also deeply implicated in
myogenesis during mouse embryonic development®-*'. We found
that the decay of Pitx2 mRNA is prolonged by knocking down
MBNLI1, but not CUGBP1 in undifferentiated C2C12 cells (Fig. 6b
and c). This is consistent with the fact that Pitx2 harbors a much
higher number of MBNL1-CLIP tags than that of CUGBP1-CLIP
tags in the 3’ UTR (Fig. 6a). We also observed that down regulation
of both CUGBP1 and MBNLI decreases the decay of Myodl and
Mbnl2 mRNA, but not that of Gapdh mRNA (Supplementary
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Figure 6 | MBNLI1 binds to 3’ UTR of Pitx2 and facilitates decay of Pitx2
mRNA. (a) Distributions of MBNL1 CLIP-tags in the Pitx2-gene
structure, and schemes of luciferase reporter plasmids harboring wild-type
(Pitx2-3UTR) and mutated (mut-3UTR) 3’ UTRs of Pitx2. Red bars
indicate locations of native YGCY motifs and yellow bars indicate those of
mutated YGCY motifs. Individual mutations disrupting YGCY motifs are
shown at the bottom. We introduced U at the 2nd YGCY motif to prevent
formation of AU and AC repeats, which constitute a potential binding site
of Hu proteins and hnRNP L, respectively. (b and c) Decay of endogenous
Pitx2mRNA by siRNA-mediated knockdown of CUGBP1 (b) and MBNL1
(c). C2C12 cells were treated with either control (ctl), CUGBP1 (Cug) or
MBNL1 (Mb) siRNA. Actinomycin D was added to the medium to stop
transcription at time 0. Temporal profiles of decay of the indicated genes
were analyzed by real-time RT-PCR and were normalized for Gapdh
mRNA levels. All experiments were triplicated, and the mean and s.d. are
indicated (* p < 0.05; ** p < 0.01; *** p < 0.001). (d) Decay of luciferase
mRNA in the Pitx2-3UTR and mut-3UTR constructs after either control
(ctl) or MBNLI1 (Mb) siRNA in TetON-C2C12 cells. Culture medium was
replaced by medium without doxycycline to stop transcription at time 0.
Temporal profiles of luciferase mRNA decay are quantified by real-time
RT-PCR and are normalized for Gapdh mRNA levels. All experiments were
triplicated, and the mean and s.d. are indicated (** p < 0.01). (e)
Immunoblot of PITX2 in undifferentiated C2C12 cells at 48 hrs after
transfection of MBNLI siRNA.

Fig. $8). Similarly, down regulation of CUGBP1 decreases the decay
of other myogenic transcription factors such as Myog and Mef2a
mRNAs, and also of Cugbp2 (Supplementary Fig. S9). Further-
more, knockdown of CUGBP1 and MBNLI prolongs decay of
Mbnll and Cugbpl mRNAs, respectively, suggesting a mechanism
for cross-regulation of expression of MBNL1, CUGBP1, and their
family proteins (Supplementary Fig. S8).

To analyze more directly the role of MBNL1 binding to the 3’ UTR
in regulation of mRNA decay, we examined the mRNA stability of
firefly luciferase fused with the 3 UTR of Pitx2 (Fig. 6a). There are 11
YGCY motifs in the 3" UTR of Pitx2, and 4 of the 11 motifs have
MBNLI1-CLIP tags. We introduced artificial mutations in these 4
motifs to prevent binding of MBNL1 (Fig. 6a). Consistent with the
proposed role for MBNL1 in mRNA decay, we observe that disrup-
tion of the MBNL1-binding motifs in the Pitx2-3" UTR abolished
responsiveness to MBNL1 knockdown (Fig. 6d). Furthermore,
immunoblots demonstrated that MBNLI1-knockdown enhanced
expression of endogenous PITX2 in C2C12 cells (Fig. 6¢). These data
suggest that MBNLI promotes decay of Pitx2 mRNA and thereby
represses expression of the PITX2 protein.

Taken together, all of our data are consistent with a model where
CUGBP1 and MBNLI facilitate mRNA decay through binding to the
3" UTR of target genes.

Discussion

CUGBP1 and MBNLI are developmentally regulated RNA-binding
proteins that are causally associated with myotonic dystrophy type 1.
In this study, we show that both CUGBP1 and MBNLI preferentially
bind to 3" UTRs and destabilize the bound mRNAs. In particular, we
show that CUGBP1 and MBNLI destabilize myogenic differentiation
factors and RNA-binding proteins. In addition, our results confirm
and significantly expand the current knowledge of the splicing-
regulatory effects of CUGBP1 and MBNLLI. Taken together, the data
from the present study indicates that CUGBP1 and MBNLI are
closely related and cross regulate alternative splicing and mRNA
decay.

MBNLI1 binding to 3" UTRs has not been previously reported. We
show for the first time that MBNLI binds to 3’ UTRs and promotes
mRNA decay in both artificial constructs and in endogenous genes.
We also demonstrate by expression arrays that both CUGBP1 and
MBNLI facilitate mRNA decay by binding to 3" UTRs. The present
study demonstrates global in vivo interactions between CUGBP1 and
3" UTRs and reveals that CUGBP1 also preferentially binds to 3’
UTR rather than exons/introns. We provide in vivo evidence that
CUGBP1 facilitates mRNA decay of a broad spectrum of genes in
addition to the previously reported genes?*"#2-#,

Interestingly, we find that MBNL1 promotes decay of Cugbpl
mRNA and that CUGBP1 promotes decay of Mbnll mRNA, and
that this is associated with corresponding changes at the protein level
during differentiation of C2C12 cells (Supplementary Fig. $4b). This
may suggest that expression of CUGBP1 and MBNLI1 are mutually
regulated in myogenic differentiation. Kuyumcu-Martinez and col-
leagues report that expanded CUG repeats of DMPK through an
unknown mechanism leads to phosphorylation and thereby to sta-
bilization of CUGBP1 in DM1 myoblasts'. Our studies additionally
suggest that loss of MBNLI in DM1 could lead to decreased decay of
CUGBPI mRNA and hence to further increase of CUGBP1 activity.
Although CUGBPI is not upregulated in adult MBNL1-knockout
mice, this mechanism could lead to increased misregulation of splic-
ing and decay of the mRNAs of target genes in embryonic develop-
ment that culminates in the DM1 phenotype.

We find that binding sites for CUGBP1 and MBNLI are enriched
around alternative cassette exons (Fig. 2a). The binding sites for
CUGBP1 are prominent in adjacent intronic regions flanking
alternative exons. Our functional analysis reveals that binding of
CUGBP1 to the upstream intron facilitates exon skipping, whereas
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binding to the downstream intron enhances exon inclusion (Fig. 2b).
Interestingly, similar regulation of alternative splicing has been
observed for NOVA, FOX2 and PTB*****, indicating the presence
of a common underlying mechanism shared by these proteins.

In contrast to CUGBP1, MBNLI tags are also enriched in coding
exons. Until now, splicing cis-elements of MBNL1 have been mapped
exclusively to introns, and no exonic cis-element has been reported to
our knowledge?*****#%5_ Although MBNL1 preferentially binds to
exons, MBNLI1 binding to introns is enriched at alternative rather
than constitutive splice sites (Fig. 2a. This enrichment is diffusely
distributed throughout regions harboring 500 nt upstream or down-
stream of alternative exons, in contrast to the prominent intronic
peaks observed for CUGBP1 tags. This could suggest that MBNL1
needs to bind simultaneously to the target exon and adjacent introns
to regulate splicing. Functional analysis of MBNLI reveals that bind-
ing of MBNLI close to the 3" end of the downstream intron facilitates
exon skipping, whereas no characteristic binding pattern is observed
for exons included in response to MBNLI1 (Fig. 2c). PTB has also
been reported to regulate alternative splicing through binding close
to the 3" end of the downstream intron™. In contrast to MBNLI,
however, binding of PTB to this region promotes exon inclusion. We
similarly find binding of PTB to this region in our HITS-CLIP data in
MBNLI-regulated exons (Supplementary Fig. S7d). Interestingly,
the MBNLI1-binding motif is enriched in PTB-regulated exons®.
MBNLI1 may thus compete for binding with other splicing factors
like PTB and regulate alternative splicing events.

Post-transcriptional gene expression regulation is crucial to
achieve precise developmental and tissue-specific control of cellular
processes. Our studies reveal that CUGBP1 and MBNLI preferen-
tially bind to the 3" UTRs of mRNAs encoding RNA-binding pro-
teins and transcription factors, which can regulate cell development.
During development of murine skeletal muscles, the nuclear level of
MBNL1 increases, while that of CUGBP1 decreases™. Genes with
mRNAs that can be bound both by CUGBP1 and MBNL1 are likely
to be down-regulated by CUGBP1 in undifferentiated cells. If these
genes need to be tightly down-regulated also in differentiated cells,
MBNLL1 can substitute for CUGBP1 in order to achieve continued
destabilization of the target mRNA. We conclude that finely-tuned
expression of CUGBP1 and MBNLI may be important regulators of
myogenic differentiation through precise regulation of both alterna-
tive splicing and mRNA stability.

Methods

Antibodies. Antibodies to CUGBP1 (3B1), MHC (H300), myogenin (M225) and
PTB (N20) were purchased from Santa Cruz Biotechnology. Anti-GAPDH pAb was
purchased from Sigma. Anti-PITX2 pAb was purchased from Abcam. Anti-MBNL1
rabbit serum (A2764) was a kind gift of Dr. Charles A. Thornton at University of
Rochester. The specificity of antibodies against CUG BP1 and MBNL1 is supported
by the data in previous reports 2,3 and also by our siRNA experiments
(Supplementary Fig. S1).

Cell culture. Detailed methods are included in the Supplementary Information.

HITS-CLIP. C2C12 cells were UV-irradiated at 400 m]J and CLIP was performed as
previously described”. High-throughput 36-bp single-end and 40-bp single-end
sequencing was performed using an Illumina Genome Analyzer II. All HITS-CLIP
data were registered in ArrayExpress with an accession number E-MTAB-414 and in
ENA with an accession number ERP000789. Detailed information is provided in the
Supplementary Information.

Bioinformatics analysis. Illumina reads were first prepared by removing the 4-bp tag
and filtering sequences composed primarily of lllumina adapter. The resulting reads
were mapped to the mouse genome (NCBI Build 37.1/mm9) with default parameters
using the BWA*® mapping software. To extract consensus motifs from the mapped
reads, we considered only uniquely aligned reads and first removed duplicate reads to
avoid potential PCR-mediated deviations in addition to bias from very highly
expressed transcripts. We then extended the reads to 110 nt, the expected mean of the
CLIP fragments and used the SeqMonk software (www.bioinformatics.bbsrc.ac.uk/
projects/seqmonk) to identify binding regions by using the program’s built-in peak
detection algorithm. Peaks were scored using both a reads per peak scoring scheme
and a maximum depth scoring scheme (effectively the height of the peak) in order to
filter out peaks. For the identification of CUGBP1- and MBNL1-binding regions, we

used PTB as a negative control and removed peaks present in the PTB dataset as well.
We then selected CUGBP1 peaks that were present in the two independent CUGBP1
CLIP experiments and MBNLI peaks that were similarly corroborated by the two
MBNLI experiments. PTB binding regions were identified by removing peaks that
were present in either of the four CUGBP1 and MBNLI experiments, Finally, we
restricted the set of binding regions to only those spanning 70-150 bp since this was
the fragment length used in the CLIP experiments. We analyzed each dataset using a
motif analysis tool, MEME®, using a background Markov model based on the entire
mouse genome.

We analyzed the mapped Illumina reads and binding regions and mapped them to
UCSC knownGene annotations® of the mouse genome (NCBI Build 37.1/mm9) by
writing and running Perl and Excel VBA programs, as well as by running BEDTools
utilities®?. Normalized complexity maps of CUGBP1/MBNL1/PTB-RNA interactions
were generated as previously described®. For the control, normalized complexity map
was similarly generated by analyzing 100 sets of 15 to 50 constitutive exons that were
randomly selected from 118,969 constitutive exons in mm9. To identify enriched
Gene Ontology terms, we used the Database for Annotation, Visualization and
Integrated Discovery (DAVID 6.7)%%,

Construction of plasmids. To construct luciferase reporter vectors with the 3’ UTR
of Gapdh and Pitx2, 3’ UTRs of these genes were amplified by PCR. Amplified DNA
was ligated into the Xbal and BamHI sites of the pGL3-promoter vector (Promega) to
substitute for the 3 UTR of the firefly luciferase gene. DNA fragments harboring GT
and CTG repeats were amplified by self-priming PCR using primers terminating ina
Xbal site, and ligated into the Xbal site to make the pGL3P-Gapdh-3' UTR.

To construct tet-responsive luciferase constructs, the tet-responsive promoter
region was excised from pTRE-Tight vector (Clontech) with Xhol-HindIII site and
cloned into the Xhol-HindIlI site of the pGL3-promoter vector with the 3’ UTR of
Gapdh and Pitx2. To introduce mutations in 3’ UTR of Pitx2 in the luciferase con-
struct, we used the QuikChange site-directed mutagenesis kit (Stratagene).

To construct expression vectors for MBNL1 and CUGBP1, the human MBNL1
cDNA and human CUGBP1 ¢DNA (Open Biosystems) were subcloned into the
mammalian bidirectional expression vector pBI-CMV2 (Clontech), which should
constitutively expresses the insert and AcGFP1.

RNA interference and transfection. The siRNA duplexes against CUGBP1 and
MBNL1 were synthesized by Sigma. The sense sequences of the siRNAs were as
follows: Cugbp1-1, 5’-GCUUUGGUUUUGUAAGUUA-3'; Cugbpl-2, 5 -GGCUU-
AAAGUGCAGCUCAA-3"; Mbnll-1, 5'-CACUGGAAGUAUGUAGAGA-3’; and
Mbnll1-2, 5'-GCACAAUGAUUGAUACCAA-3'. We purchased the AllStar
Negative Control siRNA (1027281) from Qiagen. C2C12 cells were seeded on 24-well
plates, and transfected with siRNA using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions. Tet-off advanced HEK293 cells were seeded on
96-well plates, and were transfected with luciferase reporter gene constructs using
FuGENE 6 (Roche) according to the manufacturer’s instructions. At 48 hrs after
transfection, cells were either harvested for RNA extraction or processed for isolation
of total proteins or nuclear extracts.

RT-PCR for splicing analysis. Total RNA was extracted using Trizol (Invitrogen)
according to the manufacturer’s instructions. cDNA was synthesized using an oligo-
dT primer and ReverTra Ace (Toyobo), and PCR amplifications were performed
using GoTaq (Promega) for 30-35 cycles. Sequences of the primers used for PCR are
listed in the Supplementary Table $3. The intensities of PCR-amplified spliced
products were quantified with the Image] 1.42q software (NIH). We then calculated a
percentage of exon inclusion (% inclusion) as the ratio of the intensity of the upper
band divided by the sum of intensities of all the bands.

Real-time RT-PCR for RNA stability analysis. Total RNA was extracted using
RNeasy mini kit (Qiagen) or CellAmp Direct RNA Prep Kit (Takara) according to the
manufacturer’s instructions. cDNA was synthesized as described above and real-time
PCR was performed using the Mx3005P QPCR System (Stratagene) and the SYBR
Premix Ex Taq II (Takara). Sequences of the primers used for PCR are listed in
Supplementary Table S4.

Microarray analysis. Total RNA was extracted using the RNeasy mini kit according
to the manufacturer’s instructions. We synthesized and labeled cDNA fragments
from 100 ng of total RNA using the GeneChip WT cDNA Synthesis Kit (Ambion).
The labeled cDNAs were hybrized to the Affymetrix Mouse Exon 1.0 ST Arrays for
splicing analysis or the Affymetrix Mouse Gene 1.0 ST Arrays for analyzing temporal
profiles of expression of CUGBP1/MBNLI -targeted genes following the
manufacturer’s protocols. The robust multichip analysis (RMA) algorithm was used
to normalize the array signals across chips with the Affymetrix Expression Console
software 1.1.2. All microarray data were uploaded to the Gene Expression Omnibus
database (accession numbers, GSE29990 for exon arrays and GSE27583 for
expression arrays).

Western blotting. For preparation of total cell lysates, cells were lysed in buffer A
(10 mM HEPES pH 7.8, 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, 2 pg/ml
Aprotinin, 0.5 mM PMSF, 0.1% NP-40) and incubate on ice for 20 min. After
sonication, samples were centrifuged (15,000 rpm, 5 min) and the supernatants were
stored at —80°C for further experiments. For preparation of nuclear cell lysates, cells
were suspended in 400 pl of buffer A. Nuclei were pelleted, and the cytoplasmic
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proteins were carefully removed. The nuclei were then resuspended in buffer C

(50 mM HEPES pH 7.8, 420 mM KCl, 0.1 mM EDTA, 5 mM MgCl,, 2% Glycerol,
1 mM DTT, 2 pg/ml Aprotinin, and 0.5 mM PMSE). After vortexing and stirring for
20 min at 4°C, the samples were centrifuged, and the supernatants were stored at
—80°C. Samples were analyzed on a 10% SDS polyacrylamide gel, and the proteins
were transferred to Immobilon polyvinylidene difluoride membranes (Millipore).
Membranes were blocked with 1% BSA in Tris-buffered saline containing 0.05%
Tween20 (TBST) for 1 hr, incubated for 1 hr with primary antibodies in TBST,
washed three times with TBST, and incubated for 1 hr with horseradish peroxidase-
conjugated anti-mouse or -rabbit immunoglobulin (GE) diluted 1:5,000 in TBST.
After three washes in TBST, the blot was developed with the enhanced
chemiluminescence system (GE) according to the manufacturer’s instructions.

Luciferase assay. HEK293 cells seeded on a 96 well plate were transfected with 10 ng
of pGL3P-Gapch-3' UTR with or without GT and CTG repeats, 5 ng of pRL/SV40
(Promega), and 40 ng of pBI-CMV2-based CUGBP1 or MBNL1 expression vector
using FuGENE 6. At 48 hrs after the transfection, the luciferase activity was measured
using the Dual-Luciferase Reporter Assay System (Promega) according to the
manufacturer’s instructions.
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Acetylcholinesterase (AChE) at the neuromuscular junc-
tion (NM]J) is anchored to the synaptic basal lamina via
a triple helical collagen Q (ColQ). Congenital defects of
ColQ cause endplate AChE deficiency and myasthenic
syndrome. A single intravenous administration of adeno-
associated virus serotype 8 (AAV8)-COLQ to Colg~~ mice
recovered motor functions, synaptic transmission, as
well as the morphology of the NM]. ColQ-tailed AChE
was specifically anchored to NMJ and its amount was
restored to 89% of the wild type. We next character-
ized the molecular basis of this efficient recovery. We first
confirmed that ColQ-tailed AChE can be specifically tar-
geted to NM| by an in vitro overlay assay in Colg”- mice
muscle sections. We then injected AAV1-COLQ-IRES-
EGFP into the left tibialis anterior and detected AChE in
noninjected limbs. Furthermore, the in vivo injection of
recombinant ColQ-tailed AChE protein complex into the
gluteus maximus muscle of Colg”- mice led to accumula-
tion of AChE in noninjected forelimbs. We demonstrated
for the first time in vivo that the ColQ protein contains
a tissue-targeting signal that is sufficient for anchoring
itself to the NM|. We propose that the protein-anchoring
strategy is potentially applicable to a broad spectrum of
diseases affecting extracellular matrix molecules.

Received 28 September 2011; accepted 31 January 2012; advance
online publication 28 February 2012. doi:10.1038/mt.2012.34

INTRODUCTION

Acetylcholine (ACh) released from the nerve terminal is rap-
idly hydrolyzed by acetylcholinesterase (AChE) at the vertebrate
neuromuscular junction (NMJ) to terminate cholinergic trans-
mission. Three tetramers of catalytic AChE subunits are linked
by a triple helical collagen Q (ColQ) to constitute a ColQ-tailed
AChE.! The ColQ-tailed AChE is assembled in the endoplasmic
reticulum and the Golgi apparatus.>® ColQ carries three domains:
(i) an N-terminal proline-rich attachment domain that organizes
the catalytic AChE subunits into a tetramer, (ii) a collagenic domain

that forms a triple helix, and (iii) a C-terminal domain enriched
in charged residues and cysteines. ColQ-tailed AChE is organized
in a secretory pathway, excreted, and anchored into the synaptic
basal lamina using two domains of ColQ (Figure 1). First, the col-
lagen domain harbors two heparan sulfate proteoglycan (HSPG)-
binding domains* that bind to heparan sulfate proteoglycan such
as perlecan in the synaptic basal lamina.® Second, the C-terminal
domain of ColQ binds to MuSK, a muscle-specific receptor
tyrosine kinase, on the postsynaptic membrane. Human congeni-
tal defects of ColQ cause endplate AChE deficiency, in which the
neuromuscular transmission is compromised.” Endplate AChE
deficiency is an autosomal recessive disorder, which manifests as
generalized muscle weakness, fatigue, amyotrophy, scoliosis, and
minor facial abnormalities. Thirty-nine mutations of COLQ are
currently registered in the Human Gene Mutation Database at
http://www.hgmd.cf.ac.uk/. Ephedrine is effective for myasthenic
symptoms to some extent,!®!! though the underlying mechanisms
of ephedrine efficacy remain elusive. We have developed a mouse
model deficient in ColQ by deletion of the PRAD domain.'? This
strain recapitulates the phenotype of congenital myasthenic syn-
dromes with AChE deficiency.

Gene therapy of endplate AChE deficiency is a complex issue
both in humans and mice because ColQ is encoded by alterna-
tive promoters with a specific expression in subsynaptic nuclei of
slow- and fast-twitch muscles.'® The levels of AChE at the NM]J are
supposed to be precisely controlled by the expression of ColQ and
AChE," as well as by a post-translational mechanism.? To treat end-
plate AChE deficiency in Colg-deficient mice, we delivered COLQ
using adeno-associated virus (AAV) serotype 8, which has a tro-
pism for muscles.’”” We used human COLQ instead of mouse Colg
to foresee if the recombinant human COLQ is applicable to clini-
cal practice in the future. Efficient rescue of AChE at the NMJ of
AAV8-COLQ-injected mice prompted us to search for the molecu-
lar basis of these unexpected effects. We found that ColQ carries
tissue-targeting signals that are necessary and sufficient to cluster
AChE at the NMJ. This is the first report of a long-distance delivery
of a large extracellular matrix complex over 50nm in length and
weighing over one million kDa in skeletal muscle. The findings of
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