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Progressive loss of visual function frequently accompanies demyelinating diseases such as multiple sclero-
sis (MS) and is hypothesized to be the result of damage to the axons and soma of neurons. Here, we show
that dendritic impairment is also involved in these diseases. Deimination, a posttranslational modification,
was reduced in the retinal ganglion cell layer of MS patients and in a transgenic mouse model of MS (ND4
mice). Reduced deimination accompanied a decrease in inner retinal function in ND4 mice, indicating loss
of vision. Local restoration of deimination dramatically improved retinal function and elongation of neu-
rites in isolated neurons. Further, neurite length was decreased by downregulation of deimination or siRNA
knockdown of the export-binding protein REF, a primary target for deimination in these cells. REF localized
to dendrites and bound selective mRNAs and translation machinery to promote protein synthesis. Thus,
protein deimination and dendritic outgrowth play key roles in visual function and may be a general feature

of demyelinating diseases.

Introduction

MS is the most common human demyelinating neurodegenerative
disease, with a worldwide incidence of around 0.04%-0.1% (1-3).
It is generally considered to be an autoimmune disease (4) caused
by the breakdown of the blood-brain barrier, thereby enabling the
entry of immune system components to the CNS, causing inflam-
mation and damage. However, MS has a multifactorial etiology
with a wide spectrum of clinical symptoms, and given that many
other demyelinating diseases are not associated with an immune
component (3, 5), multiple disease mechanisms are likely to be
involved. Being able to decipher how complex genetic and envi-
ronmental factors contribute to the inflammatory, immune, and
neurodegenerative components involved in MS pathophysiology
would lead to a better understanding of the disease and could lead
to much needed new treatments.

Demyelinating diseases are frequently associated with optic
neuritis (ON) and vision loss (2), which is often the first clinical
symptom in MS patients (6). Visual acuity measurements in MS
have suggested transient loss and recovery of vision (2, 7); how-
ever, several studies have unequivocally shown irreversible loss
of visual function and concomitant decrease in retinal nerve
layer thickness (RNFL) in MS patients, irrespective of the occur-
rence of ON (2, 8-10). Although visual defects are a common
and debilitating feature of demyelinating diseases, they have
been studied in only a handful of transgenic mouse models (11)
with only a limited analysis of vision-related parameters, and
the underlying cause remains unknown. Induced transgenic
(which require induction by immunogen) as well as spontane-
ous transgenic mouse models of demyelinating diseases and
of MS have been created (as reviewed in ref. 11). However, as
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demyelinating diseases are multifactorial, multiple models are
required to characterize all the associated contributing factors
and clinical features. Pelizaeus-Merzbacher disease (PMD) pres-
ents many clinical symptoms of demyelinating diseases, such
as gait abnormalities, spastic tremors, and seizures, but is not
associated with autoimmunity or inflammation. It is caused by
abnormal levels of myelin proteolipid protein (PLP) isoforms
(12) that lead to defective growth of the myelin sheath sur-
rounding neurons. A transgenic mouse model of demyelinating
disease (ND4) was generated based on PMD by overexpression
of the DM20 variant of myelin PLP (12, 13). These ND4 mice
presented many features of both PMD and MS, including trem-
ors and vision impairment (7). The ND4 mouse is a relatively
simple model of demyelination, with no confounding immune
or inflammatory factors, and thus provides an ideal system to
study the molecular mechanisms underlying retinal dysfunc-
tion in demyelinating diseases.

Alterations in protein posttranslational modifications (PTMs)
may contribute to some of the critical changes involved partic-
ularly in the early pathogenesis of demyelinating diseases. For
example, one important and irreversible PTM is deimination, in
which protein-bound arginine is converted into citrulline (14, 15)
by one of the peptidylarginine deiminases (PADs). Hyperdeimi-
nated regions and increased levels of the enzyme PAD2 have been
found in the brains of individuals with MS (16, 17), and myelin
basic protein (MBP) derived from MS patients is heavily deimi-
nated (16) and shows enhanced susceptibility to proteolysis (18).
However, the effect of deimination on disease pathophysiology,
if any, is currently unclear.

Our investigation of deimination in the retina and brain of ND4
mice provides insight into the simultaneous occurrence of hypo-
and hyperdeimination in different cell types. We present analyses
showing reduction in deimination in neurons commensurate
with loss of inner retinal visual function and defective neurite out-
growth and identify the underlying molecular mechanism.
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Figure 1

Relative hypodeimination in the RGC layer in demyelinating diseases. (A—M) Immunofluorescence analyses to determine deimination
levels. (A and B) Representative normal and MS brains (cerebral cortex; each from a 76-year-old male of mixed European descent) sub-
jected to monoxime treatment, using an anti—citrulline-monoxime adduct antibody (green); (C and D) representative normal and MS human
retinas treated as in A. Thin and thick arrows indicate normal and hyperdeimination, respectively. Scale bars: 100 um (A-D). (E) Retinal
sections from normal 5-month-old control mice and (F) transgenic ND4 mice treated as in A. Yellow thin arrows (E) indicate a subset of
RGCs that is deiminated (green). Fluorescent spots (box and inset) are absent in ND4 mice (F). (G and H) Controls without monoxime treat-
ment subjected to anti—citrulline-monoxime adduct immunofluorescence. Blue arrows (F) indicate hyperdeiminated regions. Arrowheads
show nuclei stained with DAPI (blue). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform
layer; ONL, outer nuclear layer; PR, photoreceptor layer. Scale bars: 50 um; 15 um (inset) (E-H). (I and J) Sections of control (CD1) and
ND4 mice brain (5 month old) treated as in A. (K) Citrullinated RGC numbers in 0.1 sgq. mm of human retina from 5 control and 5 MS eyes
(3 regions for each eye). (L) Thyl and MAP 2 marker intensity in equal areas in GCL in control and ND4 mouse at 5 months of age. (M)
The anti-citrulline—positive to Thy1-positive RGC cell ratio in the retina at indicated ages of ND4 and control mice (3 animals each) from
equivalent regions of retina. *P < 0.05.

Results layers and in the outer plexiform layer (Figure 1, C and D, and
Reduced deimination in the neurons in demyelinating diseases. To ~ Supplemental Figure 5; supplemental material available online
determine the role of deimination in MS pathophysiology, with this article; d0i:10.1172/JCI64811DS1).

we first analyzed the levels of deimination in different tis- To study the potential role of deimination in the visual
sues from the patients with MS compared with age-matched defects associated with MS, we analyzed deimination in ND4
controls. A representative patient shown here suffered from mice, which are also visually impaired. Similar to the pattern
ON and progressive vision loss (Figure 1). The tissues were in human MS, we observed hypodeimination of the GCL in the
subjected to monoxime treatment to expose areas of deimina-  central retina (Figure 1, E, F, K, and Supplemental Figure 6),
tion, which were visualized by immunofluorescence. In brain  and hyperdeimination in the brain (Figure 1, I and J, and Sup-
tissue, we detected general hyperdeiminated regions in MS as  plemental Figure 5). Reduced deimination in the GCL was not
compared with normal brains (Figure 1, A and B), consistent associated with a general decrease in cell number (Figure 1, E
with increased deimination of MBP as previously reported (16).  and F, and Supplemental Figure 6). For example, no significant
However, in the eye, we found hypodeiminated regions in the  decrease in the numbers of Thyl or MAP2 neurons was detected
retinal ganglion cell (RGC) layer (GCL), in contrast with hyper-  in either the ND4 mouse retinas (Figure 1L and Supplemental
deiminated regions primarily in the inner and outer nuclear Figure 1A) or in human MS retinas (Supplemental Figure 1B
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Decreased deimination in demyelinating diseases occurs in the neurons. (A) Validation of deimination in RGCs using small-molecule phenotyping
(42) in mouse retina. Multispectral visualization of citrulline (red channel), GABA (green channel), and glutamate (blue channel). RPE, retinal pig-
mented epithelium. (B) Citrulline immunoreactivity in gray scale channel. Scale bars: 50 um (A, B). (C) Enlargement of the boxed region (90 um)
in A. Circled cells 1-9 are RGCs with strong deimination signals. (D) Varied GABA signals. (E) Cells 4 and 8 have strong glutamate signals. (F)
Cells labeled “i” (as noted in panel C) are displaced amacrine cells and have weaker citrullination (~2-fold less). Scale bar: 15 um (F). (G and H)
Detection of presynaptic (Syntaxin-1, red) and postsynaptic (PSD 95, green) markers in control (G) and ND4 (H) retinas (arrowhead indicates
region around RGCs). Scale bars: 20 um (G and H). (I-L) Detection of deimination (using anti-citrulline [Cit]) in isolated astrocytes from control
(I and K) and ND4 (J and L) mice. Panels K and L are the merged figure of GFAP (green) and deimination. (M—P) Detection of deimination
(red) in isolated RGCs from control (M and O) and ND4 (N and P) mice. Panels O and P are the merged figure of Thy1 (green) and deimination.
Scale bars: 20 um (I-P). (@ and R) ELISA analyses of deimination for GFAP- (Q) and Thy1-positive cells (R) from control and ND4 mice. 10 ug of

deiminated MBP (positive) and CRALBP (negative) used as controls. *P < 0.05

and Supplemental Table 1). The observed reduction in deimi-
nation was detected within the GCL as early as 3 months of
age, notably prior to the appearance of clinical symptoms (gait
abnormalities and spastic tremors) (7), which began at 3.5
months (Figure 1M).

To verify that the decrease in deimination indeed occurs in
RGCs, we performed additional staining of retinal sections with
cell population-specific markers (amacrine cells: GABA" and GCL
cells: glutamate*; Figure 2, A-F; D, E, and F represent citrulline,
GABA, glutamate signals in gray scale,respectively). In the nor-
mal retina, cells harboring deiminated proteins in the GCL had
a characteristic small-molecule signature (Figure 2, A-F) that is
typically associated with ganglion cells (19). A weak deimination
signal could occasionally be found in displaced amacrine cells of
the ganglion cell layer (Figure 2, E and F). Evaluation of the areas
around RGCs in ND4 retinas revealed reduced levels of the pre-
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and postsynaptic markers, Syntaxin-1 and PSD9S, respectively
(Figure 2, G and H, and Supplemental Figure 1, C-G), as well as
SNAP-25 ( Supplemental Figure 1, H-J), compared with controls.
The reduced density distribution of Syntaxin-1 and PSD95 sug-
gests that in early stages of neurodegeneration in ND4 mice, pro-
cesses such as dendrites emanating from RGCs may be in a state of
retraction or reduced growth.

In mixed populations of isolated cells from the control CD1
mouse retina, deimination was found in both neurons and astro-
glial cells. In ND4 mice, isolated Thy1* neurons had relatively little
deimination, whereas astrocytes had increased levels (Figure 2, I-R).

Reinstatement of deimination improves visual function and neurite out-
growth. Like MS patients (2, 6), ND4 mice suffer from a loss of visu-
al function (7) that precedes clinical symptoms of spastic tremor
and gait abnormalities at approximately 3 months of age (Figure
3A and Supplemental Video 1). To analyze in more detail the visu-
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Figure 3

Restoration of deimination and visual function. (A) Evaluation of FERG and PERG amplitudes in ND4 mice. Representative mean + SD at indi-
cated ages (n = 10 mice per group). (B—D) evaluation of visual function after PAD2 overexpression in RGCs. Representative PERG signal from
an ND4 mouse at 3.5 months before injection (B) and 15 days after injection (C). Left eye: PAD2-expressing; right eye: GFP control. (D) PERG
amplitude normalized to baseline for PAD2-expressing and control GFP-expressing (sham) animals for 7 injected mice at 15 days (white bars)
and at 30 days (black bars). (E) Isolated RGCs from ND4 mice and (F) RGCs from ND4 mice were transfected with PAD2 lentiviral construct
and incubated for identical periods. The cells were probed with anti-Thy1, anti-REF, and anti-citrulline as indicated. Scale bars: 10 um. Arrow
indicates neurite outgrowth. (G) The effects of upregulation of PAD2 on neurite outgrowth in cultured RGCs from ND4 mice, control, and PAD2-
transfected neurite length measurements are as indicated. (H) Neurite length in cultured RGCs from CD1 mice upon treatment with control
siRNA or siRNA against PAD2 and PAD4. In G and H, mean + SD from 3 independent measurements (derived from 3 different animals) are
shown; neurite length (um) in each experiment was average from 40 neurons. ANOVA showed a statistically significant difference between the
control and treated groups. Scheffe’s post hoc test showed that controls were statistically different from treated groups (*P < 0.005).

al impairment seen in ND4 mice, we recorded pattern electroreti-
nograms (PERGs), which primarily reflect the functional integrity
of RGCs (20), and flash electroretinograms (FERGs), which reflect
the function of retinal photoreceptors. We found that ND4 mice
and their nontransgenic counterparts exhibited similar PERGs
and FERGs until about 3 months of age. After this point, PERG
amplitude began to decrease in ND4 mice, whereas FERG ampli-
tudes remained the same (7).

To determine whether hypodeimination in ND4 reti-
nas caused the associated visual impairment, we generated
ND4 mice with exogenous optic nerve expression of PAD2,
which is one of the enzymes that deiminates proteins and is
overexpressed in the brains of MS patients. Injection of viral
constructs expressing PAD2 under the control of the Thyl or
Brn3b promoter to ensure expression in the RGCs into the left
eye of ND4 mice resulted in partial recovery of PERG ampli-
tude, seen 15 days after injection (Figure 3, B and C). These
PAD2-expressing ND4 mice displayed a significant gain (>30%)
in PERG amplitude compared with control ND4 mice express-

The Journal of Clinical Investigation

http://www.jci.org

ing GFP (Figure 3D). To determine whether there was reduced
neurite growth associated with this visible defect, we isolated
neurons from PAD2-injected and control mice and analyzed
them by immunofluorescence. PAD2 expression led to a 48%
increase in neurite length in isolated neurons as compared with
untransfected controls (Figure 3, E-G). Consistent with this,
knockdown of the principal deiminating enzymes PAD2 and
PAD4 expressed in cultured RGCs using siRNAs significantly
decreased neurite length compared with control siRNA in rat
RGC neurons (Figure 3H). A combination of PAD2 and PAD4
siRNA does not result in additive reduction compared with the
reduction in neurite length achieved with treatment with siR-
NAs against PAD2 or PAD4 individually (Figure 3H). Similarly,
PAD2/PAD4 siRNA decreased neurite length in other types of
rat neurons (not shown). Thus, hypodeimination affects both
neurite growth and visual function.

REF deimination is lost in ND4 mice neurons. To identify the major
deiminated protein(s) in RGCs that mediate the effect on neurite
outgrowth and visual function, we first performed IP of deimi-
Number 2 649
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Identification of REFBP2 and RNA binding. (A) Western blot analysis of IP products from RGC lysates using anti-citrulline antibody. Lane 1 (S;
starting material): lane 2 (+; anti-citrulline-IP). Arrow indicates the REFBP2 identification region of the gel. (B) Protein extract from RGCs were
gel separated; REFBP2 (~23 KDa) bands were excised, reloaded onto a fresh SDS-PAGE as indicated (upper panel), and detected using anti-
REFBP2 and anti-citrulline antibodies. (C) Mass spectrometry (LTQ OrbitrapXL) identified deiminated REFBP2 arginines (bold). The bold (*) and
italicized (**) arginines were found deiminated or methylated in different REFBP2 molecules. RNA binding pocket is underlined. (D) SDS-PAGE
analysis of E. coli lysate without (—) and with (+) IPTG induction and purified recombinant REFBP2 (P). Bottom panel shows Western blot analy-
sis using an anti-His antibody. (E) RNA-binding assay analyzed on a PAGE gel in TAE buffer. Total RNA used as starting material; bound RNA
species eluted from control (—d; nondeiminated) and deiminated (+d) REFBP2. Arrowhead indicates enriched RNA species. (F) Purified TUNP
or REFBP2 (top) was UV cross-linked with the total RNA pool and subjected to PCR for amplification of SNAP-25 mRNA (bottom). (G) Relative
SNAP-25 protein amount produced by in vitro translation; (—d) and (+d) indicate control and deiminated REFBP2. (H) RGC neurite length upon
treatment with control or shRNA-REF. Length (um) measured were averaged from 40 neurons. *P < 0.05 (l) Localization of deimination (Cit)
and REFBP2 in RGC neurites; (J) merged picture of DAPI (blue), anti-citrulline (green) and anti-REFBP2 (red). Arrows indicate colocalization of

deimination and REFBP2. Scale bars: 25 um.

nated proteins from total retinal lysates derived from normal
human or control CD1 mouse eyes. Subsequent mass spectrom-
etry consistently identified an RNA binding and export protein
(REF) (21, 22) and its mouse homolog REFBP2 (~24 kDa; Fig-
ure 4A) as the major deiminated retinal proteins. Subsequent
Western blot analysis of RGC proteins from ND4 mice revealed
that REFBP2 had decreased deimination compared with control
mice (Figure 4B), consistent with the general loss of deimination
found in the GCL by immunohistochemistry (Figure 1, C and
D) and in isolated RGC cells (Figure 2, M and N). We confirmed
the loss of REFBP2 deimination in ND4 mouse neurons using
several different techniques. Amino acid analyses of hydrolyzed
REFBP2 purified from neurons (cytosolic fraction; Supplemen-
tal Table 2) and analyses of intact mass of endogenous mouse
dendritic REFBP2 (not shown) by linear mode mass spectrom-
etry (23) were consistent with modification of up to 7 arginine
residues into citrulline. High-resolution tandem mass spectrom-
etry following pepsin digestion (Figure 4C and Supplemental
Figure 2A) identified these deimination sites in REF mice that
were not deiminated in ND4 mice.
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To analyze whether deimination of the identified arginine resi-
dues might alter REFBP2 (Q9JJW6) structure and thus be likely
to affect its function, we modeled REFBP2 using the PyMol Pro-
gram (Supplemental Figure 2, D and E). The N terminus of REF
has an arginine rich region, spanning residues 17-48, which may
present as an RNA affinity site and may potentially interfere with
mRNA binding by the bona fide RNA-binding motif of REFBP2,
which spans between residues 74-154 (Figure 4C) of the protein.
The deimination of N-terminal arginines into citrulline, a neutral
charge, will result in an increase of the overall negative charge in
this region, thus preventing potential interference of RNA bind-
ing to bona fide RNA-binding motif by the N-terminal arginines.
Another prominent structural change upon deimination relates
to arginine 24, which faces arginine 37, forming a highly repul-
sive destabilizing interaction (Supplemental Figure 2, D and E).
The change of arginine 24 into citrulline would be expected to
render this interaction an energetically favorable one and stabi-
lize the protein. This is consistent with experimentally observed
stronger binding for selected mRINA species (23) with deiminated
REF compared with controls using EMSA (described below). The
Number 2
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deiminated REFBP2 with ribosomal complex. The deiminated REFBP2 (white ellipsoid with bound polyadenylated RNA; d indicates deimination)
exports polyadenylated cargo from the nucleus and becomes additionally deiminated (indicated by dd). As shown by Western blot analyses in A,
the deiminated REFBP2 interacts with PABP-1 and elF4E. The elF4F complex is known to interact with the 43S subunit, resulting in formation of
the 48S ribosomal subunit. elF4B interacts with this complex (shown by Western analysis), leading to the release of bound, polyadenylated RNA

to the ribosomal complex for translation.

conversion of N-terminal arginines into citrulline likely alters
their potential interference with mRNA-binding motif; resulting
in stronger RNA binding by the deiminated REF.

Deiminated REF promotes neurite outgrowth. Thus far, we have
shown that hypodeimination in RGCs is associated with visual
impairment and defective neurite outgrowth, and identified
REFBP?2 as the major deiminated protein in these cells. To deter-
mine whether REFBP2 plays a role in neurite elongation we used
RNAI to knock down the expression of REFBP2. Treatment of
RGCs with shRNA targeting the REF-coding region resulted in
decreased neurite outgrowth compared with the control (Figure
4H). Thus, a decrease in both deimination (Figure 3H) and REF
(Figure 4H) reduces neurite outgrowth, supporting the regulation
of neurite elongation by deiminated REF in the retina.
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REFBP2 is an RNA-binding protein that plays a role in nuclear
export of mRNAs (24). To determine how deimination may affect
REFBP2 function in neurite outgrowth we cloned histidine-tagged
REFBP2 (Figure 4, D and F) and analyzed binding to RNA. Both
deiminated and nondeiminated forms of REFBP2 bound to RNA
(Figure 4E); however, there were differences in the mRNA species
bound (Figure 4E). Microarray analyses of the RNA bound to
deiminated and nondeiminated REFBP2 identified a number of
soluble NSF attachment protein receptor (SNARE) complex com-
ponents (Supplemental Figure 3A; GEO GSE11843) that play a
role in membrane trafficking. In particular, binding to deiminated
REFBP2 in vitro resulted in enrichment of SNAP-25, VAMP2, and
complexinl mRNAs. Given that SNAP-25 has been shown to play
a critical role in neurite elongation (25), we hypothesized that it
Number 2 651
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mediates the effects of deiminated REFBP2 in the retina. Binding
and enrichment of SNAP-25 mRNA by deiminated REFBP2 was
furcher verified by UV cross-linking of protein and mRNA, and
also Northern blot analysis (Figure 4F). Furthermore, histidine-
tagged transformation upregulated nuclear protein (TUNP),
an unrelated RNA-binding protein, did not bind SNAP-25 RNA
under these conditions (Figure 4F), demonstrating the specificity
for deiminated REFBP2.

Deiminated REF promotes dendpritic protein synthesis by interacting with
the translation machinery. Since deiminated REFBP2 showed stron-
ger binding with SNAP-25 mRNA compared with nondeiminated
REFBP2 (Figure 4, E and F), we questioned whether the former
affects local dendritic generation of SNAP-25 protein. We there-
fore determined whether binding to deiminated REFBP2 modu-
lated the translation of SNAP-25 mRNA. Preparation of a transla-
tion-competent protein extract (free of polyadenylated RNA and
SNAP-25 protein) from approximately 225,000 laser-captured
RGC dendrites showed enhanced translation of added SNAP-25
mRNA (and more SNAP-25 protein accumulation) in the presence
of in vitro deiminated, recombinant REFBP2 as compared with
nondeiminated REFBP2 (Figure 4G). Consistent with this, knock-
down of REFBP2 in primary neurons resulted in significantly
reduced levels of SNAP-25 mRNA (Supplemental Figure 3B). Bio-
chemical studies (measured using EMSA procedure as described
previously, ref. 23; filter binding assay) revealed a greater disso-
ciation constant for SNAP-25 mRNA and nondeiminated REFBP2
compared with deiminated REFBP2, suggesting stronger binding
between SNAP-25 mRNA and the deiminated protein (0.26 versus
0.16 nM), which is consistent with the modeled effects of deimi-
nation on REFBP2 structure shown earlier. These results dem-
onstrate that deimination alters the RNA binding properties of
REFBP2, strengthening SNAP-25 mRNA binding and enhancing
protein translation of select mRNAs.

Selected species of mRNAs are found in dendrites, and there
is a known role for local protein translation in maintenance and
dendritic elongation (26). Consistent with a local effect on neurite
outgrowth, immunofluorescence analysis detected deiminated
proteins in dendrites undergoing outgrowth, and REF and deimi-
nation immunoreactivities colocalized in elongating neurites (Fig-
ure 4, I and J, and Supplemental Figure 7), supporting a deimina-
tion-based modulation of dendritic protein synthesis.

To determine whether deiminated REFBP2 interacts directly
with the cellular translation machinery, we performed IP analy-
ses of recombinant REFBP2 (deiminated or not) in fractionated
cytosolic extracts from isolated RGC cells. In addition to proteins,
we also evaluated whether SNAP-25 mRNA is associated with IP
products of REFBP2. The IP of REFBP2 revealed that deiminated
REFBP2 interacts with the translation initiation complex pro-
teins eIF4E and PABP-1, which are part of the eIF4F complex that
interacts with the 43S ribosomal subunit to form the 48S subunit
(27), and eIF4B (Figure 5A). RT-PCR of the immunoprecipitated
REFBP2-elF4F protein complex revealed the presence of SNAP-25
mRNA. However, SNAP-25 mRNA was not detected in the REFBP2
complex when elF4B was present in the precipitated complex. We
therefore hypothesized that deiminated REFBP2 directs delivery
of SNAP-25 mRNA to the ribosomal translational machinery (48S
subunit) upon interacting with eIF4B. To test this, we immuno-
precipitated the REFBP2 protein complex freed from eIF4B and
combined it with equal amounts of SNAP-25 mRNA and either
purified cellular retinaldehyde binding protein (CRALBP) (con-
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trol) or eIF4B, and then performed a second IP with anti-REF (Fig-
ure 5B). SNAP-25 mRNA was detected in the REFBP2 complex con-
taining CRALBP but not that containing eIF4B (Figure 5C). This
suggests that SNAP-25 mRNA is released upon binding with elF4B.

Our results are consistent with deiminated REFBP2-mediated
delivery of SNARE complex mRNA (SNAP-25/VAMP2; GEO
GSE11843) resulting in elevated local dendritic protein synthesis
(28) (Figure SD). The results also suggest that, owing to the loss
of deiminated REFBP2 in MS and thereby a loss of local trans-
lation of the SNARE complex and possibly of other proteins
critical for neurite elongation/outgrowth (29), neurites undergo
increased disassembly and perhaps even retraction in some RGCs
at an early stage of disease. The loss of deiminated REFBP2 as a
carrier of SNAP-25 mRNA in pathogenic states is likely to result
in decreased SNAP-2S5 in neuronal dendrites. Indeed, the neurites
captured from freshly isolated RGCs derived from the eyes of ND4
mice had lower ratios of SNAP-25 mRNA when normalized against
B-tubulin mRNA from control mice (Supplemental Figure 3C).
The loss of deimination likely favors a shift in the assembly/disas-
sembly equilibrium of dendrites toward disassembly that is medi-
ated by the regulated synthesis of proteins involved in constitutive
exocytosis/endocytosis.

Discussion
Damage to the axon and soma of neurons are well-established
paradigms in many neuropathies. Here, by using a model with sub-
stantially diminished immunologic and inflammatory processes,
we have instead uncovered a role for changes in the proximal parts
of neurons in the damage process, which may be a general feature
of progressive neuropathies.

Neurite growth and retraction has only recently been recognized
as a much more dynamic and locally controlled process (28). There
is growing realization that PTMs could be important regulators of
local dendritic protein synthesis (29). Deimination is an irrevers-
ible PTM, and the observed loss of deimination preceded loss of
visual function, suggesting that deimination is involved in some
regulatory aspects that affect neuronal health. Our experimental
results indicate that reduced deimination in RGCs is associated
with decreased local dendritic protein synthesis, which likely leads
to disassembly of neurites with impairment of neuronal connec-
tions. Relative loss of deimination in RGCs has also been detected
in the myelin oligodendrocyte glycoprotein-immunized (MOG-
immunized) mouse model of MS (30) as well as in glaucomatous
human eyes and in the DBA/2] mouse model of pigmentary glau-
coma (31). In glaucoma, axonal loss is relatively slow but progres-
sive, and largely decoupled from inflammatory processes. Elevated
intraocular pressure in glaucoma also results in RGC degenera-
tion (32, 33). In addition, isolated rat ganglion cells subjected
to elevated pressure (34) resulted in decreased deimination and
neurite outgrowth, and RGCs subjected to centrifugal force have
also shown a similar decrease in neurite outgrowth (35). In MOG-
immunized mice, the reduction in deimination in RGCs has been
observed prior to the clinical symptoms (M. Enriquez-Algeciras,
unpublished observations). However, the kinetic analyses of deimi-
nation loss or functional visual analyses (PERG) in MOG-immu-
nized mouse RGCs remain to be performed.

We found loss of deimination in a subset of cells in the GCL layer
in ND4 mice (Figure 1E and Supplemental Figure 6). Analyses for
small molecular signature suggest the cell type to be consistent
with RGCs (Figure 2, A-F). The cytochemical analyses of first-
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passage, mixed-population retinal cell isolates showed none or
exceedingly low levels of deimination in cells positive for the ama-
crine marker HPC1, but negative for RGC markers such as Thyl,
y-synuclein, or NeuN, supporting the preferential localization of
deiminated proteins in RGCs. Deimination was also present in
GFAP-positive cells (these may be astroglial, Miiller, or retinal pig-
ment epithelial cells, but not neurons). In ND4 mice, a decreased
and elevated deimination has been observed in isolated neurons
and astrocytes, respectively, (Figure 2, I-P) compared with control
CD1 mice. Increased deimination in astrocytes subjected to hydro-
static pressure (34) and/or stretching (36) has been demonstrated.
In our prior studies, we found that PAD2 expression and deimina-
tion, in response to pressure, is decreased in RGCs (M. Enriquez-
Algeciras and D. Ding, unpublished observations) in contrast with
an increase in astrocytes (34, 36). This opposite deimination pat-
tern in astrocytes and RGCs was conjectured earlier (15). Insults
such as hydrostatic pressure, hypoxia, and chemokines on an iso-
lated mixed population of cells derived from CD1 mouse brain
show similar increase and decrease in deimination in the astro-
cytes and neurons (data not shown). Presence of hypodeimination
in RGCs is a likely indicator of damaged/dysfunctional neurons in
the ND4 mice. In different demyelinating models, prior to mani-
festation of clinical symptoms of neurodegeneration, changes in
the cellular microenvironment around neurons is a possibility that
leads to localized insults concomitant with a reduction in deimi-
nation in neurons (Figure 2, I-P).

We hypothesize that, similar to the situation in vitro (34), ele-
vated and reduced PAD2 expression in different cell types results
in simultaneous hyper- and hypodeimination in neuronal tissues
(Figure 2,1-P). However, in the retina, and in particular in the GCL,
hypodeimination is more discernible due to the lack of astrocytes
(Figure 1, E and F, and Supplemental Figure 6). Elevated PAD2
and consequent increased deimination in large numbers of astro-
cytes renders detection of hypodeimination in neurons extremely
difficult in the brain. In the retina, the hyperdeiminated regions
are less pronounced than in the brain and are likely contributed by
retinal epithelial cells or other glial cells. A change in the deimina-
tion is also expected to alter protein-protein interactions and, as
a consequence, functional biological pathways (15). It is impor-
tant to note that no known enzyme exists for reversal of deimi-
nation, rendering it a long-term modification to be reversed by
protein turnover. Decreased activity or failure of deiminases to act
on newly synthesized proteins may also result in loss of deimina-
tion. Decreased deimination is also associated with normal aging
(37), although it occurs later and at a slower rate than shown here
for demyelinating disease. For example, in wild-type adult mice,
a reduction in deimination begins after 6-7 months, and a 20%
reduction may occur over a period of 4 months, whereas a 50% or
more reduction in deimination in the GCL occurs in ND4 mice
within 1 month. The deimination levels in the control and ND4
mouse are identical at 2 months of age. We would like to empha-
size that both hyperdeimination (astroglial) and hypodeimination
(neurons) are simultaneous processes associated with demyelin-
ation. However, the focus of the study presented here is on hypo-
deimination, observed in the neurons.

In ND4 mice, PERG amplitude was progressively reduced. Onset
of reduction in PERG (Figure 3A) often appeared prior to manifes-
tation of other clinical symptoms (7). PERG amplitude reflects the
intactness of the connectivity of the RGCs (8). In vivo, we found
decreased deimination in neurons in ND4 mice prior to onset
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of clinical symptoms, which was followed by a rapid decrease in
PERG amplitude. The loss of deimination was manifested in iso-
lated RGCs (Figure 2, M and O) as well as in the GCL of the retina.
Conversely, the PAD2 transfection in vitro and in vivo resulted in
increased dendritic growth (Figure 3, E-G) and recovery of visual
functions as determined by PERG (Figure 3, B-D), which is con-
sistent with better connectivity of RGC neurons. Reduced deimi-
nation resulting in retraction of dendrites contributing to loss of
functional connectivity manifested by PERG amplitude is consis-
tent with observed in vivo-decreased deimination and decreased
PERG amplitude. In vitro, the decrease in PAD2 using siRNA
resulted in decreased neurite outgrowth. PAD2 is the major deimi-
nase in neurons and cytosolic in nature. PAD4 is predominantly
nuclear and ubiquitous. The neurite length reduction occurred
with both PAD2 and PAD4 siRNA. However, reduction in neurite
length with 2 siRNAs in combination was not significantly differ-
ent from that in single siRNA treatments. It is possible that due to
considerable similarity in their sequence, the siRNA against PAD4
generated cascading intermediate inhibitory RNA that affected
PAD2 mRNA expression manifested in reduction in neurite out-
growth, which is consistent with experimentally observed lack of
further reduction in neurite length using combinatorial siRNA
compared with singular siRNAs (Figure 3H). PAD4 may compen-
sate to a limited extent toward the overall cellular deimination in
the absence of PAD2. An overall reduction in deimination partly
contributed by PAD4 reduction therefore may also result in reduc-
tion in neurite outgrowth. Conversely, in vivo dendritic outgrowth
will positively contribute toward PERG amplitude, consistent with
increased PERG amplitude upon PAD2 injection in vivo.

In isolated neuronal cultures deiminated REFBP2 has been
found to localize in the elongating neurites (Figure 4, Iand J, Sup-
plemental Figure 4, A-C, and Supplemental Figure 7), suggesting
that the deiminated REFBP2 may play a role in neurite elonga-
tion. Conversely, decreased neurite length has been observed in the
isolated neurons when subjected to a decrease in REFBP2 using
shRNA treatment (Figure 4H). We confirmed substantial reduc-
tion in the level of REFBP2 (Supplemental Figure 4D) following
treatment with shRNA against REFBP2.

Decreased deimination in ND4 mice was commensurate with a
reduction in SNAP-25 levels in RGCs (Supplemental Figure 1, H-J,
and Supplemental Figure 4E). On the other hand, PAD2-injected
mice demonstrated an elevated level of SNAP-25. In light of this
observation of increased SNAP-25 in the retina and optic nerve
(Supplemental Figure 4E), an improved synaptic transmission
resulting in improvement in PERG upon PAD2 injection is a pos-
sibility that cannot be ruled out.

The results presented here are consistent with deiminated
REFBP2-mediated SNAP-25 mRNA delivery in dendrites (Fig-
ure 5SD). The loss of deiminated REFBP2 as an mRNA carrier in
demyelinating diseases is likely to result in decreased SNAP-25
mRNA levels in neuronal dendrites. The decrease, due to a loss
of local translation of these proteins that are critical for neurite
outgrowth, may lead to neurite disassembly. Indeed, the neurites
from ND4 mouse-derived RGCs had lower ratios of SNAP-25
mRNA (normalized against B-tubulin mRNA) compared with
those from the control mice (Supplemental Figure 3C). The loss
of deimination likely favors a shift toward disassembly of den-
drites mediated by the negative regulation of protein synthesis.
Such neurite disassembly may be one of the underlying features
in the early stages of the disease.
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Many human demyelinating disorders such as MS have mul-
tiple causes and symptoms. Teasing out the individual genetic,
environmental, immune, neurodegenerative, and inflammatory
components is crucial for developing a detailed understanding
of the pathologic process (3). We utilized here a genetic model of
demyelination to distinguish neural changes largely independent
of immune-activated inflammation. Our discovery of local den-
dritic protein synthesis regulated by deimination open up a poten-
tial new avenue for intervention strategies for development of new
treatment modalities for neuropathies.

Methods

Tissue procurement, general fixation, and immunohistochemistry. The human
donor MS tissue (brain and eye) was procured from Human Brain and Spi-
nal Fluid Resource Center, VA West Los Angeles Healthcare Center (Los
Angeles, California, USA). The normal and glaucomatous eyes were pro-
cured from Florida Lions Eye Bank and National Disease Research Inter-
change (Philadelphia, Pennsylvania, USA; details of the donors are pro-
vided in Supplemental Table 1). The original transgenic ND4 (12, 13) mice
were procured from The Hospital for Sick Children (Toronto, Canada) asa
research gift. Immunohistochemistry was performed following established
procedures (37), and a kit was utilized for immunohistochemical detec-
tion of protein-bound citrulline (17-347; Millipore Corp.). Supplemental
Methods includes extended experimental procedures not described here.

IP. For IP, protein extract was subjected to 2,3-butanedione monoxime
and antipyrine treatment in an acidic environment using the citrulline kit
for 10-30 minutes (Millipore Corp.), which chemically modifies the pro-
tein-bound citrulline residues for recognition by the anti-citrulline-adduct
antibody. Al IP experiments used no-antibody (bead only) and nonspecific
antibody (anti-cochlin chicken and rabbit polyclonal) controls.

Amino acid analyses and linear mode solid state ionization mass spectrometry.
We performed amino acid analyses of purified recombinant REFBP2 and
recombinant in vitro deiminated REFBP2 as well as REFBP2 purified from
nuclear and cytosolic fractions (from wild-type mouse; Supplemental Table
2). 25 pg proteins was subjected to overnight acid hydrolysis followed by
analyses on a Hitachi L-8900 amino acid analyzer following established
procedures. The isolated REFBP2 protein from wild-type mouse brain was
also subjected to mass spectrometry on a MALDI-TOF device (Voyager DE
Pro; ABI Inc.) and analyzed in linear mode. This yielded and m/z ratio of
23730.29 corresponding to unmodified REFBP2 (m/z = 23730.47) and a
large peak of 23737.32 corresponding to modification of 7 arginine resi-
dues. Relatively lower intensity ions were also recorded between 23730.29
and 23737.32, indicating the additional presence of intermediate modifica-
tions between 0 and 7 arginine residues.

Mass spectrometric identification of deiminated peptides and modeling. REFBP2
was purified from hippocampal neurons using an antibody column fol-
lowed by Mono-Q and Mono-S columns employing a fast protein liquid
chromatography (FPLC) system. REF protein solution (10 uM) was incu-
bated with pepsin (sequencing grade, Princeton Separations) at 37°C for
3 hours with an enzyme:substrate ratio of 1:50. After 3 hours, fresh pepsin
was added and the digestion repeated. This process was repeated for a total
of 3 additions of pepsin. Sample was then frozen until further analysis.
Digestions were performed at pH 1.3 and pH 2.5. For peptide identifica-
tion, 2 wl of pepsin-digested REF solution was analyzed with nano HPLC
ESI MS/MS interfaced with an LTQ-Orbitrap mass spectrometer (Thermo
Fisher Scientific). The HPLC pump (1D Ultra; Eksigent) was configured for
a “vent-load” nano HPLC experiment, and the sample was injected across a
self-packed 1 cm x 75 wm trap column (IntegraFrit, New Objective/Jupiter
Proteo 4 uM; Phenomenex) at 2 ul per minute (20 ul total). The vent was
then closed and the peptides eluted across a self-packed 10 cm x 75 um

654 The Journal of Clinical Investigation

http://www.jci.org

analytical column (IntegraFrit, New Objective/Jupiter Proteo 4 uM; Phe-
nomenex) at a flow rate of 275 nl per minute. Gradient elution was per-
formed from 5% B (CH3CN, 0.1% FA) to 50% B over 120 minutes, and
peptides were electrosprayed directly into the Orbitrap. MS/MS data were
acquired in a data dependent “top 5” experiment. Because the mass shift
between nonmodified and deiminated arginine is only 1 Da, the excluded
width was reduced to 0.25 m/z. The exclude list was limited to 500, and the
exclusion duration was 30 seconds. MS/MS data were then searched with
MASCOT (Matrix Science) and SEQUEST (Proteome Discoverer; Thermo
Fisher Scientific) against a single protein database prepared from the Swiss-
Prot database (plus random decoy), and the results were merged into Scaf-
fold (Proteome Software). The peptides identified from the digestions at pH
1.3 provided coverage of 89.5% and those from pH 2.5 provided coverage
of 51%. A peptide corresponding to residues 20-34 of REF RRVNRGGG-
PRRNRPA (arginine residues shown in bold were identified as deiminated
[citrullinated]; underlines indicate the actual peptide region captured and
sequenced by mass spectrometry in several samples) was consistently identi-
fied in all pepsin digestions. A region of the spectra corresponding to RRN-
RPA is shown (Supplemental Figure 2C). Nondeiminated and deiminated
peptides comigrated. Corresponding Y-ions of arginine residues that were
deiminated were detected (+1 Da as indicated) for Y-5 and Y-7 (Supplemen-
tal Figure 2B). We tried other proteases (Chymotrypsin, AspN, and LysC)
for digestion of REF; however, the best results were found with 3 rounds of
pepsin, each for 3 hours at pH 1.3, which gave the best coverage and enabled
identification of deiminated arginine residues in REF.

Microarray experiments. The RNA eluted from at least 2 independent
binding experiments, each using recombinant and deiminated REFBP2,
was subjected to cDNA preparation and 2 rounds of amplification follow-
ing standard protocols and used for hybridization separately (4 different
hybridization rounds) using Affymetrix Mouse Genome 430 2.0 Array Chip.
Tania Contente and Elizabeth Salomon (NIH Neuroscience Microarray
Consortium, Translational Genomics Research Institute [TGen], Neu-
rogenomics Division (Phoenix, Arizona, USA) assisted with these analyses.
Microarray data have been submitted to the GEO database (GSE11843).

Culture of RGCs, laser capture, and in vitro translation experiments. The rat
RGCs were purified from whole retina cell suspension using established
protocols (38). Briefly, the rat retinal tissue was dissociated using papain
(39), and antibody-mediated plate adhesion (immunopanning) procedure
(40) was used to yield a highly pure population of ganglion cells. For retina
from animals older than 3 weeks, a 3-fold high concentration of BDNF
was used. The 5-day-old RGCs in culture showed neurite growth and, at
this stage, laser capture of the neurites was performed using Pixie III (Arc-
turus Inc.). Different batches of laser-captured neurites were maintained
at -80°C prior to being pooled for preparation of the final extract. From
the 225,000 laser-captured neurites, protein extract was prepared and sub-
jected to passage through a 3-mm microcapillary harboring oligo dT.

The mixture was used to add 0.5 ug of SNAP-25 mRNA and a mixture of 20
amino acids to initiate translation with or without recombinant control and
deiminated REFBP2. These experiments were performed following modifi-
cations of a previously published protocol for optic nerve extract (34). As
controls, an identical mixture without any REFBP2 and without SNAP-25
mRNA was also used. The translation mixture was analyzed for accumula-
tion of SNAP-25 protein. The product of in vitro translation mixture from
each experiment in a total volume of 20 ul per well was placed in a plate
(9018 plate; Costar) and incubated for 20 minutes at room temperature. The
supernatant was discarded, and the plate was washed with PBS. The plates
were blocked with 1% BSA for 1 hour, washed with PBS, and incubated for 1
hour with a goat polyclonal antibody against SNAP-25 (catalog no. ab31281;
Abcam Inc.) and subsequently with a. secondary antibody coupled to alka-
line phosphatase for 1 hour. They were then washed with PBS, incubated
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with phosphatase substrate (100 ul /well) in diethanolamine buffer, pH 7.5,
and absorbance was measured at 405 nm on a plate reader (Bio-tek-Synergy
HT). A similar experiment was also performed with a chicken polyclonal
antibody against VAMP2 (catalog no. ab14279; Abcam Inc.).

FERG and PERG recording. Methods for FERG and PERG recording have
been previously described (41). Briefly, ketamine/xylazine-anesthetized
mice were gently restrained with the use of a bite bar and a nose holder that
allowed unobstructed vision and were kept at a constant body tempera-
ture of 37°C with a feedback-controlled heating pad. Eyes of anesthetized
mice were typically wide open and steady, with undilated pupils pointing
laterally and upward. The active electrode (0.25-mm diameter silver wire
configured to a semicircular loop of 2-mm radius) was placed on the cor-
neal surface by means of a micromanipulator and was positioned in such
away as to encircle the pupil without limiting the field of view. Reference
and ground electrodes were stainless steel needles inserted under the skin
of the scalp and tail, respectively. A small drop of balanced saline topically
applied on the cornea prevented drying for the duration of recording. For
PERG recording, a visual stimulus of contrast-reversing bars (field area,
50° x 58°; mean luminance, 50 cd/m?; spatial frequency, 0.05 cyc/deg;
contrast, 98%; temporal frequency, 1 Hz) was aligned with the projection
of the pupil at a distance of 20 cm. Eyes were not refracted for the viewing
distance given that the mouse eye has a large depth of focus because of
the pinhole pupil. Retinal signals were amplified (10,000-fold) and band-
pass filtered (1-30 Hz). Three consecutive responses to each of 600 con-
trast reversals were recorded. The responses were superimposed to check
for consistency and then averaged. The PERG is a light-adapted response.
To have a corresponding index of outer retinal function, a light-adapted
FERG was also recorded with undilated pupils in response to strobe flashes
of 20 cd/m?/s superimposed on a steady background light of 12 cd/m?
and presented within a Ganzfeld bowl. Averaged PERG and FERGs were
analyzed to evaluate the major positive and negative waves.
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Statistics. All values are given as mean + SD from at least 3 independent
experiments. Statistical comparisons were made by 2-tailed Student’s ¢ test
unless stated otherwise. P < 0.05 was considered statistically significant.

Study approval. All animal experiments were used adhering to protocols
approved by the Institutional Animal Care and Use Committee at the Uni-
versity of Miami. The Institutional Review Board approved/exempted the
human tissues for these studies under NIH guideline category 4.
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