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SUMMARY

The Muscleblind-like protein family (MBNL) plays an
important role in regulating the transition between
differentiation and pluripotency and in the patho-
genesis of myotonic dystrophy type 1 (DM1), a
CTG expansion disorder. How different MBNL iso-
forms contribute to the differentiation and are
affected in DM1 has not been investigated. Here,
we show that the MBNL1 cytoplasmic, but not nu-
clear, isoform promotes neurite morphogenesis and
reverses the morphological defects caused by
expanded CUG RNA. Cytoplasmic MBNL1 is polyu-
biquitinated by lysine 63 (K63). Reduced cytoplasmic
MBNL1 in the DM1mouse brain is consistent with the
reduced extent of K63 ubiquitination. ExpandedCUG
RNA induced the deubiqutination of cytoplasmic
MBNL1, which resulted in nuclear translocation and
morphological impairment that could be ameliorated
by inhibiting K63-linked polyubiquitin chain degra-
dation. Our results suggest that K63-linked ubiquiti-
nation of MBNL1 is required for its cytoplasmic local-
ization and that deubiquitination of cytoplasmic
MBNL1 is pathogenic in the DM1 brain.

INTRODUCTION

The Muscleblind-like protein family (MBNL), consisting of

MBNL1, MBNL2, andMBNL3, encoded by three different genes,

is evolutionarily conserved and multifunctional, involved in regu-

lating alternative splicing, alternative polyadenylation, transla-

tion, mRNA localization, and miRNA processing (Charizanis

et al., 2012; Rau et al., 2011; Wang et al., 2012). The MBNL pro-

tein family plays an important role in regulating the develop-

mental alternative splicing transition that determines the choice

between differentiation and pluripotency (Artero et al., 1998;

Cheng et al., 2014; Han et al., 2013).MBNLproteins can promote

the terminal differentiation ofmuscle cells and adipocytes aswell

as the differentiation and morphogenesis of Drosophila periph-

eral neurons (Pascual et al., 2006). Reduced expression of
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MBNL family proteins in differentiated cells enhances the plurip-

otency by reverting the targets to an embryonic-stem-cell-like

alternative splicing pattern (Han et al., 2013; Holm et al., 2015).

Loss of MBNL function has been implicated in the neural path-

ogenesis of myotonic dystrophy (DM). The genetic basis of DM

type 1 (DM1) involves an expansion of CTG repeats in the 30

UTR of the Dystrophia Myotonia Protein Kinase (DMPK) gene.

Accumulation of DMPK mRNA containing CUG repeats in the

nuclear foci results in sequestration of MBNL protein because

of similar affinities for CUG RNA repeats and its targets (Yuan

et al., 2007), which leads to loss of nuclear function (Ho et al.,

2004; Jiang et al., 2004; Suenaga et al., 2012). Mbnl-knockout

mouse models, including Mbnl1DE3/DE3 and Mbnl2DE2/DE2, reca-

pitulate several DM1 features, including misregulated alternative

splicing and polyadenylation, defective motivation and spatial

learning, and abnormal REM sleep propensity (Batra et al.,

2014; Charizanis et al., 2012; Du et al., 2010; Goodwin et al.,

2015; Kanadia et al., 2003), soMBNL dysfunctionmay contribute

to the pathogenesis of the DM1 brain.

Characterization of MBNL family members by their affinity to

target RNA and the association with expanded CUG RNA re-

vealed that MBNL1 is required for RNA foci formation and ex-

hibits the highest mobility to expanded CUG RNA (Querido

et al., 2011; Sznajder et al., 2016). Hence, different MBNL mem-

bers may exhibit distinct susceptibility to expanded CUG RNA,

thereby contributing to different phenotypes. That MBNL1 has

the highest binding andmobility to the target RNA and expanded

CUGRNA suggests that MBNL1 is more susceptible to the path-

ogenic RNA than the other family members. In support of

this notion, in a mouse model (EpA960/CaMKII-Cre) expressing

expanded CUG RNA in the post-natal brain, reduced cyto-

plasmic MBNL1 expression on dendrites and dysfunction of

synaptic transmission are the early events responding to the

expression of expanded CUG RNA, whereas alteration of

MBNL2-regulated alternative splicing is the later event (Wang

et al., 2017), which also suggests that the causal mechanism

leading to reduced cytoplasmic MBNL1 expression and

MBNL2 dysfunction likely differs.

Different MBNL1 isoforms are generated from alternative

splicing and localized in the cytoplasm and nucleus (Kanadia

et al., 2006;Miller et al., 2000; Tran et al., 2011), but whether cyto-

plasmic and nuclear isoforms of MBNL1 have a similar function in
hor(s).
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regulatingdifferentiationhasnotbeen investigated.Sequestration

of nuclear MBNL1 clearly results in loss of nuclear function, but

how pathogenic RNA affects the cytoplasmic function of

MBNL1 remains elusive. CytoplasmicMBNL1 is not in closeprox-

imity to nuclear RNA foci, so the sequestration may be controlled

by a different mechanism. Moreover, how the nucleocytoplasmic

translocation of MBNL1 is regulated and whether reduced cyto-

plasmic MBNL1 expression in the EpA960/CaMKII-Cre brain is

due to sequestration have not been investigated.

In the present study, we identified lysine 63 (K63)-linked

ubiquitination as a regulatory mechanism for MBNL1 cyto-

plasmic localization in neurons. Pathogenic CUG RNA repeats

induced deubiquitination of cytoplasmic MBNL1, thereby result-

ing in nuclear translocation and loss of its function in regulating

neurite outgrowth, which could be ameliorated by inhibiting

K63-linked polyubiquitin chain degradation or sustaining

MBNL1 ubiquitination.

RESULTS

MBNL1 Cytoplasmic Isoform Enhances Neurite
Outgrowth
To determine the effect of different MBNL1 isoforms on morpho-

logical differentiation, we used two constructs expressing

spliced variants with or without exon 5 inclusion that were

FLAG tagged: FLAG-MBNL1Ex5, FLAG-MBNL1DEx5. The Mbnl1

exon 5-encoded segment Ex5 determines nuclear localization

(Tran et al., 2011), so MBNL1DEx5 and MBNL1Ex5 represent cyto-

plasmic and nuclear isoforms, respectively. We used cultured

hippocampal neurons to examine the effect of MBNL1DEx5 and

MBNL1Ex5 expression on axon and dendrite morphology. The

construct expressing MBNL1DEx5 or MBNL1Ex5 was indepen-

dently co-transfected with a GFP expression construct into hip-

pocampal neurons at days 2 and 11 of in vitro culture (DIV). Axon

outgrowth and dendrite development were analyzed at 5 and 14

DIV, respectively, with GFP expression used to show the

morphology of neurons.

We first examined the effect of the FLAG-MBNL1DEx5 expres-

sion on neurite outgrowth. Consistent with endogenous MBNL1,

in cultured hippocampal neurons at 5 and 14 DIV, overexpressed

FLAG-MBNL1DEx5 was mainly localized in the cytoplasm,

including axon and dendrite processes (Figure 1A). FLAG-

MBNL1DEx5 enhanced axon outgrowth by increasing primary

and total axon length as well as the number of branch points

as compared with control neurons (Figure 1B, 5 DIV). Similarly,

the expression of FLAG-MBNL1DEx5 in neurons at 11–14 DIV
Figure 1. MBNL1 Cytoplasmic Isoform Promotes Neurite Morphogene

(A) The expression patterns of endogenous MBNL1, the transfected cytoplasmic

hippocampal neurons at 5 and 14 DIV, as revealed by anti-MBNL1 and -FLAG im

ratio of MBNL1 or FLAG intensity. Arrows indicate nuclei of neurons expressing

(B) FLAG-MBNL1DEx5 expression in cultured hippocampal neurons enhances axo

right.

(C) The expression of MBNL1 nuclear isoform (FLAG-MBNL1Ex5) impaired axon ou

(D) Mutation in nuclear localization signal of FLAG-MBNL1Ex5 (FLAG-MBNL1Ex5-

morphological defects in axon outgrowth (5 DIV) and dendrite development (14 D

Number of neurons (n, from 3 individual cultured neuron preparations and transfec

**p < 0.01; ***p < 0.001, by one way ANOVA in (A) and (D) and Student’s t test in
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enhanced dendrite development by increasing total dendrite

length and the number of primary dendrites (Figure 1B, 14

DIV). Expression of the nuclear isoform FLAG-MBNL1Ex5 did

not promote axon outgrowth or neurite development; instead,

the neurite outgrowth was impaired (Figures 1A and 1C).

We next wondered whether MBNL1 cytoplasmic localization

was essential to dictate its function in promoting neurite di-

fferentiation. To test this, we generated an MBNL1Ex5 mutant

construct with mutation at a predicted nuclear localization signal

(NLS) from arginine to aspartic acid (FLAG-MBNL1Ex5-R278D).

The MBNL1Ex5 isoform mainly localized in the nucleus, whereas

FLAG-MBNL1Ex5-R278D distributed largely in the cytoplasm

(Figures 1D and S1). Expression of the mutant FLAG-

MBNL1Ex5-R278D significantly improved the morphological de-

fects: the total axon and dendrite length were comparable to that

of control neurons (Figure 1D). Our results suggest that the

MBNL1 cytoplasmic, but not nuclear, isoform promoted neurite

differentiation and that the cytoplasmic localization may dictate

its function.

Neurons with Reduced MBNL1 Level or Expressing
Expanded CUG RNA Show Similar Defects in Axon
Outgrowth and Dendrite Development
Early reduction of cytoplasmic MBNL1 on dendrites has been

shown in the mouse brain expressing expanded CUG RNA

(Wang et al., 2017), which is consistent with a notion that loss

of MBNL1 cytoplasmic function is involved in DM1 neural patho-

genesis. However, how MBNL1 cytoplasmic function is affected

byexpandedCUGRNAhasnot been investigated.Wefirst deter-

mined the effect of expanded CUGRNA expression on axon and

dendrite morphology. A vector expressing human DMPK 30 UTR
with 960 CUG RNA (DMPK-CUG960) or without RNA repeats

(DMPK-CUG0) or control vector (pGW1) was co-transfected

with a GFP-expression construct into hippocampal neurons.

The primary and total axon length and number of branch points

were lower in neurons expressing DMPK-CUG960 RNA than

control vectors (Figure 2A). Similarly, in neurons expressing

DMPK-CUG960 mRNA, the total dendrite length and primary

dendrite number were reduced (Figure 2B), but the expression

of control vector or DMPK-CUG0 mRNA did not affect dendrite

development in cultured neurons. We further examined the total

axon and dendrite length at different times after transfection and

found that the impairment was likely due to DMPK-CUG960 RNA

delaying axon outgrowth and dendrite development (Figures

S2A–S2C). Thus, expanded CUG RNA may be toxic to neurons,

and its expression delayed neurite maturation.
sis

isoform FLAG-MBNL1DEx5, and nuclear isoform FLAG-MBNL1Ex5 in cultured

munoreactivity, respectively. At right: quantification of cytoplasm-to-nucleus

endogenous MBNL1. Arrowheads indicate nuclei of transfected neurons.

n outgrowth (5 DIV) and dendrite development (14 DIV), with quantification at

tgrowth (5 DIV) and dendrite development (14 DIV), with quantification at right.

R278D) increased cytoplasm-to-nucleus ratio of FLAG intensity and improved

IV).

tions) used for quantification is indicated. Data are presented as mean ± SEM.

(B)–(D). Scale bars: 10 mm in (A) and 100 mm in (B)–(D). n.s., not significant.



Figure 2. Expression of Expanded CUG mRNA or MBNL1 Knockdown in Neurons Causes Similar Defects in Axon Outgrowth and Dendrite

Development

(A and B) Effect of expression of DMPK-CUG960 mRNA on axon outgrowth (A) and dendrite development (B) in cultured hippocampal neurons. Inset: RNA foci

formation detected by in situ hybridization.

(legend continued on next page)
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We next examined whether knockdown of MBNL1 caused

similar defects in neurite outgrowth as in neurons expressing

DMPK-CUG960 mRNA. We first used different Mbnl1-specific

short hairpin RNA (shRNA) constructs targeted to the MBNL1

coding region or 30 UTR to deplete both MBNL1 cytoplasmic

and nuclear isoforms (Figure S2D). MBNL1 knocked-down neu-

rons showed similarly impaired neurite outgrowth, including

shorter total axon and dendrite length (Figures 2C and 2D,

shMbnl1-CDS and shMbnl1-UTR). To determine whether cyto-

plasmic MBNL1 was important for neurite differentiation, we

used another Mbnl1 shRNA that preferentially depleted the

MBNL1 cytoplasmic isoform (Figure S2E). Neurons with the

depleted MBNL1 cytoplasmic isoform exhibited similar impair-

ment in neurite outgrowth and reduced total axon and dendrite

lengths (Figures 2C and 2D, shMbnl1-DEx5), which suggested

that cytoplasmic MBNL1 was important for neurite morphogen-

esis. To further confirm this, we next determined whether re-

expression of MBNL1 cytoplasmic isoform into Mbnl1-depleted

neurons might rescue the morphological defects. Expression of

the MBNL1 cytoplasmic, but not nuclear, isoform in Mbnl1-

depleted neurons ameliorated the morphological impairment

(Figures 2E and 2F). Therefore, defects in axon outgrowth and

dendrite development were similar in neurons with MBNL1

knockdown and those expressing expanded CUG RNA, which

suggests a pathogenic role for loss of MBNL function in the

morphological phenotypes of DM1 neurons.

MBNL1 Cytoplasmic Isoform Rescues the Morphologic
Defects in Neurons Expressing DMPK-CUG960 mRNA
We further determined whether loss of cytoplasmic MBNL1

contributed to the morphologic defects caused by CUG RNA re-

peats and whether overexpression of cytoplasmic MBNL1 could

alleviate the morphological impairment. To test this, we over-

expressed different amounts of MBNL1DEx5 in neurons express-

ing DMPK-CUG960 mRNA: the ratio of plasmids expressing

FLAG-MBNL1DEx5 to DMPK-CUG960 was 1:1 or 2:1. The extent

of improvement in neurite outgrowth was related to the amount

of MBNL1DEx5 overexpression (Figure 3). Excess expression of

MBNL1DEx5 rescued the neurite outgrowth defects: primary

axon length, total axon length, and number of branch points

were comparable to those of control neurons expressing

DMPK-CUG0 mRNA (Figures 3A1–3A3 and 3B). A fraction of

FLAG-MBNL1DEx5 was still associated with nuclear RNA foci

(Figures 3A5 and 3A6), which suggests that expanded CUG

RNA also induced the sequestration of cytoplasmic MBNL1

into the nucleus.

We next wondered whether the rescue effect depended on

the cytoplasmic localization of MBNL1. To test this, we co-

expressed plasmids expressing DMPK-CUG960 mRNA and the

MBNL1 nuclear isoform (FLAG-MBNL1Ex5). Expression of

FLAG-MBNL1Ex5 did not reverse the morphological defects
(C and D) MBNL1 knockdown impairs axon outgrowth (C) and dendrite developm

targeting to coding region (shMbnl1-CDS), 30 UTR (shMbnl1-UTR) and cytoplasm

(E and F) Expression of MBNL1 cytoplasmic, but not nuclear, isoform in Mbnl1-de

axon outgrowth (E) and dendrite development (F). Quantification of neurite morp

Number of neurons (n, from 3 individual cultured neuron preparations and transfec

*p < 0.05; **p < 0.01; ***p < 0.001, by one-way ANOVA. Scale bars: 100 mm.
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caused by DMPK-CUG960 mRNA (Figures 3A4 and 3B). Thus,

cytoplasmic, but not nuclear, MBNL1 reversed the morpholog-

ical defects of neurons expressing DMPK-CUG960 mRNA, so

loss of cytoplasmic MBNL1may contribute to the histopatholog-

ical abnormality caused by DMPK-CUG960 mRNA.

MBNL1 Localization to the Cytoplasm Is independent
of Its Splicing Pattern
Alternative splicing ofMbnl1 exon 5 is developmentally regulated

in that increased exon 5 inclusion was observed during early

developmental stages (Charizanis et al., 2012), which predicts

a predominant nuclear localization for its encoded protein. On

examining the endogenous distribution of MBNL1 in the devel-

oping brain at embryonic day (E)12.5, we found that it wasmainly

localized in the cytoplasm, whereas the percentage of exon 5 in-

clusionwas greater in the E12.5 brain than in the adult brain (72%

versus 42%) (Figures S3A and S3B). The results suggest that the

alternative splicing pattern of MBNL1 was not consistent with its

subcellular distribution. Similarly, in the EpA960/CaMKII-Cre

mouse brain, reduced cytoplasmic MBNL1 occurred before

aberrant alternative splicing (Wang et al., 2017), which suggests

that the regulation is likely splicing independent.

Next, we determined the association of subcellular distribution

and the Mbnl1 exon 5 splicing pattern in cultured hippocampal

neurons. Endogenous MBNL1 was mainly localized in the cyto-

plasm, whereas the Mbnl1 exon 5 splicing pattern at 5 and 14

DIV revealed a similar developmental pattern of increased

exon 5 inclusion (Figure S3C). Thus, although MBNL1 isoforms

are generated from alternative splicing, an additional regulation

is likely involved in controlling the subcellular localization.

Ubiquitination of MBNL1 Regulates Its
Nucleocytoplasmic Localization
Because DMPK-CUG960 mRNA induced sequestration of FLAG-

MBNL1DEx5 from the cytoplasm into nuclear RNA foci (Figures

3A5 and 3A6), we next investigated the causal mechanism and

determined whether this nuclear sequestration was due to cyto-

plasmic-to-nuclear translocation. Lysine 63-linked (K63) ubiqui-

tination is known to regulate protein trafficking (Sims et al., 2012;

Yang et al., 2009). To investigate whether MBNL1 cytoplasmic

and nuclear localization are regulated by ubiquitination, we first

determined whether MBNL1 was K63 ubiquitinated. FLAG-

MBNL1DEx5 was co-expressed with His-tagged ubiquitin wild-

type (His-Ub-WT) or mutated lysine at 48 (K48R) or 63 (K63R)

in HEK293T cells, and then underwent nickel-nitrilotriacetic

acid (Ni-NTA) bead pull-down assay. MBNL1 was ubiquitinated

(Figure 4A, lane 2). The extent of ubiquitination in cells express-

ing His-Ub-K63Rwas reduced, which suggests K63-linked ubiq-

uitination (Figure 4A, lane 4). To confirm this, FLAG-MBNL1DEx5

was co-transfected with hemagglutinin (HA)-tagged ubiquitin

WT (HA-Ub-WT) or the K48 or K63 ubiquitin mutant with six
ent (D) in cultured hippocampal neurons. Three different shMbnl1 constructs

ic isoform (shMbnl1-DEx5) were used in transfection.

pleted cells with shMbnl1-UTR construct rescued the morphological defects in

hologic features is also presented.

tions) used for quantification is indicated. Data are presented as mean ± SEM.



Figure 3. Overexpression of MBNL1 Cytoplasmic Isoform MBNL1DEx5 Rescues the Morphologic Defects in Neurons Expressing

DMPK-CUG960

(A) Expression of MBNL1DEx5, but not nuclear, isoform MBNL1Ex5 in neurons expressing DMPK-CUG960 mRNA rescued the morphological defects (1–4). Dis-

tribution of FLAG-tagged MBNL1DEx5 with different transfected amounts of MBNL1DEx5 (5 and 6).

(B) Quantification of neurite morphologic features from 3 independent experiments. Number of neurons used for quantification is indicated.

Data are presented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; #p < 0.05 versus transfection of plasmids expressing CUG960 mRNA, ##p < 0.01 versus

transfection of plasmids expressing FLAG-taggedMBNL1DEx5 and DMPK-CUG960 (1:1); ###p < 0.001 versus transfection of plasmids expressing DMPK-CUG0 or

FLAG-taggedMBNL1DEx5 andDMPK-CUG960 and (2:1) (primary axon length); ###p < 0.001 versus all other transfection groups except DMPK-CUG960 group (total

axon length and branch point), by one-way ANOVA. Scale bars: 100 mm in (A), 1–4, and 10 mm in (A), 5 and 6.
lysine residues substituted by arginines, except for lysine 48 or

63, in Neuro2A (N2A) cells. On immunoprecipitation (IP) with

anti-FLAG antibody, MBNL1DEx5 was ubiquitinated via K63

(Figure 4B).

We next investigated whether K63 ubiquitination regulated

MBNL1 subcellular localization. First, we wondered whether

K63 ubiquitination of MBNL1 dictating its cytoplasmic localiza-

tion occurred for endogenous MBNL1 in the brain. To test this,

we determined whether the extent of MBNL1 K63 ubiquitination

differed in the cytoplasmic and nuclear fractions of the mouse

brain. To enrich K63-ubiquitinated MBNL1, we used an ubiquitin

affinity reagent, FLAG-tagged K63-selective tandem ubiquitin

binding entity (Whitehurst et al., 1992) (FLAG-K63-TUBE) (Hjerpe
et al., 2009), for IP (TUBE-IP). Mouse IgG and FLAG-K48-TUBE

were included as controls for IP and the specificity of modifica-

tion on lysine residue, respectively. In brain lysates from the

cytoplasmic and nuclear fractions for TUBE-IP, K63-polyubiqui-

tinated MBNL1 was present in the cytoplasmic fraction and was

barely detected in the nuclear fraction, whereas mouse immuno-

globulin G (IgG) or FLAG-K48-TUBE did not confer MBNL1

ubiquitination (Figures 4C, S4A, and S4B), which suggests that

the cytoplasmic fraction of MBNL1 was largely K63 polyubiquiti-

nated. The specificity of TUBE-IP signal recognized by anti-

MBNL1 antibody was characterized and confirmed by IP and

immunoblotting with the same antibody (Figure S4C). Moreover,

consistent with the predominant cytoplasmic distribution in
Cell Reports 22, 2294–2306, February 27, 2018 2299



Figure 4. Ubiquitination of MBNL1 Regulates Its Nucleocytoplasmic Localization

(A) MBNL1 ubiquitination was through lysine (K)63. Immunoblot of lysed HEK293T cells transfected with FLAG-MBNL1DEx5 along with His-ubiquitin (His-Ub), His-

Ub K48R, or His-Ub K63R constructs, followed by Ni-NTA pull-down assay. WB, western blot.; WT, wild-type; Ni-NTA, nickel-nitrilotriacetic acid.

(B) MBNL1 was K63 polyubiquitinated. FLAG-MBNL1DEx5 was co-transfected with different HA-tagged ubiquitin constructs in Neuro2A cells: WT, K48, and K63.

Core MBNL1DEx5 protein was revealed by anti-FLAG immunoreactivity. An asterisk represents the nonspecific signal from IgG after IP.

(C) K63-ubiquitinated MBNL1 was present in the cytoplasmic (C) fraction, but not the nuclear (N) fraction, of the mouse brain at 2 months of age. Lysates were

incubated with FLAG-tagged K63-selective tandem ubiquitin binding entity (Flag-K63-TUBE) for immunoprecipitation (IP). Polyubiquitinated MBNL1 with mo-

lecular weight �100 kDa is indicated by arrows. GAPDH and histone H3 were used as cytoplasmic and nuclear fraction markers, respectively.

(D) K63 ubiquitination of MBNL1 in developing mouse brains. Total lysates from brains at embryonic day 16 and post-natal day 2 were used for TUBE-IP. Arrows

indicate polyubiquitinated MBNL1 with molecular weight >�60 kDa. Asterisks represent a non-specific signal that appeared in both groups.
developing mouse brain shown by immunofluorescence (Fig-

ure S3A), the extent of MBNL1 K63 ubiquitination in the devel-

oping mouse brain at E16.5 and post-natal day 2 seen on

TUBE-IP also confirmed the K63-polyubiquitination of MBNL1

(Figure 4D).

We next generated MBNL1 constructs with mutations from

lysine to arginine at predicted ubiquitination sites from bioinfor-

matics analysis (FLAG-MBNL1DEx5-K175R, -K246R, -K281R,

and -K287R) and examined which residue may determine the

cytoplasmic localization. As compared with the cytoplasmic

distribution of MBNL1DEx5, the ratio of cytoplasm-to-nucleus

fraction of FLAG immunoreactivity was decreased in neurons

expressing MBNL1DEx5-K175R at 11–14 DIV or in N2A cells,

whereas mutations at other residues did not change the

cytoplasmic localization (Figures 5A and S5A). We next

determined whether mutation at K175 also affected ubiquitina-
2300 Cell Reports 22, 2294–2306, February 27, 2018
tion. Co-expression of FLAG-tagged MBNL1 constructs with

His-tagged K63 ubiquitin (His-K63-Ub) in HEK293T cells, and

followed by Ni-NTA bead pull-down assay, revealed that muta-

tion at K175 reduced the extent of MBNL1 ubiquitination

(Figure 5B). Similarly, co-expression of FLAG-tagged MBNL1

constructs with HA-Ub-WT in N2A cells followed by IP using

anti-FLAG antibody also confirmed that mutation at K175 also

reduced the extent of MBNL1 ubiquitination (Figure 5C). In addi-

tion, the nuclear translocation of MBNL1DEx5-K175R impaired

the function of MBNL1DEx5 in promoting neurite outgrowth (Fig-

ure 5D). Thus, MBNL1 K63 ubiquitination may regulate its cyto-

plasmic localization.

We noticed that the K175 is located in the protein coding exon

3, which may indicate the availability of ubiquitination on the nu-

clear isoform MBNL1Ex5. To test this possibility, we used the

construct MBNL1Ex5-Ub by tagging ubiquitin to the carboxyl



Figure 5. Ubiquitination of MBNL1 Is Required for Its Cytoplasmic Localization and Function

(A) Mutation at K175 decreased the cytoplasmic fraction of FLAG-MBNL1DEx5. Quantification of cytoplasmic and nuclear distribution of MBNL1 mutants with

different putative ubiquitination residues. Dotted lines outline the edge of the nucleus and cell body. WB, western blot.

(B and C) Mutation at K175 reduced the extent of MBNL1 ubiquitination. FLAG-MBNL1DEx5 or FLAG-MBNL1DEx5-K175R were co-transfected with His-K63-Ub in

HEK293T cells followed by Ni-NTA pull-down assay (B). FLAG-MBNL1DEx5 or FLAG-MBNL1DEx5-K175R were co-transfected with HA-tagged ubiquitin con-

structs in Neuro2A cells followed by IP using anti-FLAG antibody (C). Quantification of the relative ratio of HA immunoreactivity in IP group is shown.

(D) Expression of FLAG-MBNL1DEx5-K175R affected neurite morphology.

(E) Nuclear translocation of MBNL1 by glutamate treatment prevented by inhibiting the degradation of K63 polyubiquitin chain. o-PA, 1,10-phenanthroline.

Quantification of cytoplasm-to-nucleus ratio of MBNL1 intensity is shown at right (n, number of neurons from 3 individual experiments).

(F) The o-PA pretreatment preserved the extent of K63-ubiquitinated MBNL1 in glutamate-treated neurons. Representative IP western blot analysis indicates the

extent of K63-ubiquitinated MBNL1 with treatment. Cytoplasmic fractions from cultured neurons were used for IP. Arrow indicates polyubiquitinated MBNL1.

Arrowhead indicates MBNL141/42.

Data are presented as mean ± SEM. ###p < 0.001 versus control; *p < 0.05; **p < 0.01; ***p < 0.001, one-way ANOVA in (A), (D), and (E) and Student’s t test in (C).

Scale bars: 10 mm in (A) and (E) and 100 mm in (D).
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terminus of MBNL1Ex5 and determined whether promoting ubiq-

uitination of MBNL1Ex5 affected its cytoplasmic distribution.

MBNL1Ex5 ubiquitination increased the cytoplasmic distribution

(Figure S5B) and reversed the impaired axon outgrowth as

compared with MBNL1Ex5 (Figure S5C). Our results suggest

that K63 ubiquitination may regulate the cytoplasmic localization

of MBNL1.

To further confirm that modification by K63 ubiquitination was

required for MBNL1 cytoplasmic localization, we knocked down

endogenous Ubc13, an E2 ubiquitin-conjugating enzyme

involved in the addition of the K63-linked polyubiquitin chain

(Deng et al., 2000), because we did not have the candidate E3

ligase-controlled MBNL1 ubiquitination. Depletion of Ubc13

reduced the extent of MBNL1 ubiquitination in N2A cells (Fig-

ure S5D). As well, in cultured hippocampal neurons, depletion

of Ubc13 resulted in decreased ratio of cytoplasm-to-nucleus

fraction of MBNL1 immunoreactivity (Figure S5E), which sup-

ports the hypothesis that K63 ubiquitination of MBNL1 may

dictate its cytoplasmic localization. Moreover, we determined

the effect of K63 ubiquitination on FLAG-MBNL1DEx5 protein

stability by inhibiting protein synthesis with cycloheximide

(CHX). At different times after CHX treatment, the level of

FLAG-MBNL1DEx5 protein (Figure S5F) and the extent of FLAG-

MBNL1DEx5 ubiquitination (Figure S5G) did not change, suggest-

ing that K63 ubiquitination of MBNL1 may not cause MBNL1

degradation. Therefore, our results suggest that K63-linked

ubiquitination regulated nucleocytoplasmic localization of

MBNL1.

Ubiquitination-Mediated MBNL1 Nucleocytoplasmic
Shuttling Was Activity Dependent
We next determined whether MBNL1 nucleocytoplasmic shut-

tling might be coordinated with neuronal activity. At 20 DIV,

MBNL1 was distributed in both the cytoplasm and nucleus,

and with glutamate treatment, it was localized in the nucleus

(Figures 5E1 and 5E2). We next determined whether inhibition

of endogenous deubiquitinase (DUB) activities would prevent

the nuclear translocation. We used two inhibitors: (1) PR-619,

a non-selective inhibitor of ubiquitin isopeptidases, which

may increase overall protein polyubiquitination; or (2) 1,10-phe-

nanthroline (o-PA), an inhibitor preventing degradation of

K63-linked polyubiquitin chains by chelation of divalent metal

ions. As indicated by the increased ratio of cytoplasm-to-

nucleus fraction of MBNL1 immunoreactivity, the MBNL1 cyto-

plasmic fraction was increased in neurons treated with o-PA

before glutamate treatment but not in those pre-treated with

vehicle or PR-619 (Figures 5E2–5E4). The increase in cyto-

plasmic localization of MBNL1 in glutamate-treated neurons

pretreated with o-PA was correlated with the increased extent

of K63-ubiquitinated MBNL1 (Figure 5F). In contrast, the nu-

clear localization of MBNL1DEx5-K175R impaired the function

of MBNL1DEx5 in promoting neurite outgrowth, which was not

alleviated with o-PA treatment (Figure S5H). Thus, MBNL1

K63 ubiquitination may regulate its cytoplasmic localization

and function.

The inhibition of MBNL1 nuclear translocation by PR-619,

compared to that by o-PA, was ineffective (Figure 5E: control,

1.41 ± 0.07; vehicle pretreatment, 0.84 ± 0.02; PR-619 pretreat-
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ment, 0.80 ± 0.03), we wondered whether the inhibition may

involve chelation of divalent metal ions. Pretreatment of com-

bined PR-619 and EGTA partially prevented MBNL1 nuclear

translocation on glutamate stimulation (Figure 5E5) (0.99 ±

0.05), which suggested that the activity of the unknown DUB

may require divalent metal ions. In addition to inhibition of

K63-specific DUBs, o-PA is also known to inhibit the DUB on

proteasomes such as CSN5, also known as COP9 signalosome

subunit 5 (Pulvino et al., 2015). To test whether the inhibitory

effect of o-PA may be due to inhibition of CSN5 activity, we per-

formed CSN5 knockdown in neurons and examined the subcel-

lular localization of MBNL1 upon glutamate stimulation. CSN5

knockdown did not affect MBNL1 nuclear distribution in

response to glutamate stimulation (Figures S6A and S6B), which

suggests that CSN5 was not involved in regulating MBNL1 sub-

cellular localization.

Moreover, the splicing pattern of Mbnl1 exon 5 remained un-

changed (Figure S6C) upon glutamate treatment, which sug-

gests that this nuclear translocation was independent of splicing.

Misregulation of MBNL1 Ubiquitination Results in
Nuclear Sequestration
A mouse model, EpA960/CaMKII-Cre, expressing expanded

CUG RNA in the post-natal brain, recapitulates several features

of the DM1 brain, including learning disability, neurodegenera-

tion, and misregulation of alternative splicing (Wang et al.,

2017). In the EpA960/CaMKII-Cre brain, reduced cytoplasmic

MBNL1 expression on dendrites occurred before morphological

degeneration and altered splicing. We wondered whether the

reduced MBNL1 cytoplasmic content may be due to nuclear

translocation and associated with a change in the level of

K63-ubiquitinated MBNL1. To compare the extent of MBNL1

K63 ubiquitination, we used anti-MBNL1 antibody for IP and

anti-ubiquitin K63-specific antibody for western blot analysis.

Compared with control brains, EpA960/CaMKII-Cre brains

showed a significantly reduced K63-ubiquitinated MBNL1 level

in the cytosolic fraction (Figure 6A).

If the sequestration of cytoplasmic MBNL1 into nuclear RNA

foci was due to deubiquitination resulting in a cytoplasmic-to-

nuclear translocation, we wondered whether the nuclear trans-

location of MBNL1 could be reduced in neurons expressing

DMPK-CUG960 RNA by (1) sustaining ubiquitination or (2)

inhibiting deubiquitination of MBNL1. To sustain MBNL1

ubiquitination, we generated a constitutively ubiquitinated

MBNL1 construct (MBNL1DEx5-Ub) by tagging ubiquitin to the

carboxyl terminus of MBNL1DEx5. On co-transfection of equal

amounts of plasmids expressing DMPK-CUG960 RNA and

MBNL1DEx5-Ub, although a fraction of MBNL1DEx5-Ub was still

associated with RNA foci, the cytoplasmic content was signifi-

cantly increased (Figure 6B), as compared with the sequestra-

tion of MBNL1DEx5 to nuclear RNA.

To inhibit MBNL1 deubiquitination, we treated neurons with

o-PA to inhibit endogenous DUB activities at 12 hr after transfec-

tion to allow for expression of DMPK-CUG960 mRNA. Treatment

with o-PA reduced the endogenous level of MBNL1 in the nu-

cleus and increased that in the cytoplasm (Figure 6C). As well,

the nuclear formation of RNA foci was reduced in neurons

treated with o-PA (Figure 6C, inset), which supports the



Figure 6. Ubiquitination of MBNL1 Preserved Its Cytoplasmic Localization and Neurite Morphology in Neurons Expressing DMPK-CUG960

mRNA

(A) Reduced K63-ubiquitinated MBNL1 in EpA960/CaMKII-Cre mouse brain. Representative IP western blot analysis indicates reduced K63-ubiquitinated

MBNL1 in EpA960/CaMKII-Cre brains. Cytoplasmic fractions from 9-month-old brains were used for IP. Arrow indicates polyubiquitinated MBNL1. Arrowhead

indicates MBNL141/42. Quantification of the relative ratio of K63-Ub immunoreactivity in IP group is shown at right.

(B) Expression of ubiquitin-tagged MBNL1 (FLAG-MBNL1DEx5-Ub) increased the cytoplasmic fraction of MBNL1 in neurons expressing DMPK-CUG960 mRNA.

Arrows indicate the cytoplasmic distribution of MBNL1.

(C) The o-PA treatment increased the cytoplasmic content of endogenous MBNL1 in neurons expressing DMPK-CUG960 mRNA. DAPI was used for nuclear

staining. Dotted lines outline the edge of the nucleus and cell body. Inset: RNA foci detected by in situ hybridization. Quantification of cytoplasmic-to-nucleus ratio

of MBNL1 intensity is shown.

(D) The o-PA treatment rescues the morphological impairment in neurons expressing DMPK-CUG960 mRNA. Inset: RNA foci detected by in situ hybridization.

Quantification of neurite morphologic features is shown.

Number of neurons (n) used for quantification in (C) was from 2 individual cultured neuron preparations and transfections, and in (D), it was from 3 individual

cultured neuron preparations and transfections. Data are presented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 by Student’s t test in (A) and (C) and one-

way ANOVA in (D). Scale bars: 10 mm in (B) and (C) and 100 mm in (D).
hypothesis that the association of MBNL1 with RNA foci is

reversible. Treatment with o-PA for 48 hr significantly preserved

the morphological features of neurons that expressed DMPK-

CUG960 mRNA: total axon and dendrite length was increased

as compared with no o-PA treatment, although the improvement
in total dendrite length was not completely comparable to

neurons expressing DMPK-CUG0 mRNA (Figure 6D). Our results

suggest that expanded CUG RNA induced MBNL1 deubi-

quitination, which was impeded by inhibiting the activity of

deubiquitinase.
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In summary, cytoplasmic MBNL1 may play an important role

in regulating neurite outgrowth, and its reduced expression in

neurons expressing expanded CUG RNA is likely due to

expanded CUG RNA-activated deubiquitination, resulting in

nuclear translocation.

DISCUSSION

Emerging evidence supports an essential function for MBNL

family proteins in regulating differentiation. Different MBNL iso-

forms are generated from alternative splicing, and the expres-

sion of spliced variants is developmentally regulated (Kanadia

et al., 2006). Whether and how different MBNL isoforms, such

as cytoplasmic and nuclear isoforms, contribute to differentia-

tion has not been investigated. In addition, dysfunction of cyto-

plasmic MBNL1 has been implicated in DM1 pathogenesis

(Miller et al., 2000; Wang et al., 2012), but how this leads to dis-

ease features is largely unclear. In this study, we showed that the

cytoplasmic and nuclear isoforms ofMBNL1 play distinct roles in

regulating neurite differentiation; only the cytoplasmic—not the

nuclear—isoform promoted neurite outgrowth. MBNL1 localiza-

tion to the cytoplasmwas regulated by K63-linked ubiquitination.

MBNL1 mutation at a putative ubiquitination residue affected its

cytoplasmic localization and impaired neurite outgrowth, so

ubiquitination is required for the MBNL1 function in regulating

neurite outgrowth. The expanded CUG RNA induced MBNL1

deubiquitination, thereby resulting in nuclear translocation and

reducedMBNL1 cytoplasmic content and leading tomorpholog-

ical impairment. A mouse model, EpA960/CaMKII-Cre, express-

ing expanded CUG RNA in the brain showed reduced extent of

MBNL1 ubiquitination, which is consistent with a previous

finding of reduced MBNL1 cytoplasmic content on dendrites

(Wang et al., 2017). Importantly, expanded CUG RNA induced

MBNL1 nuclear translocation and morphological defects, which

could be rescued by preventing degradation of K63-linked poly-

ubiquitin chains or enhancing MBNL1 ubiquitination. Therefore,

our findings provide the first evidence that the cytoplasmic func-

tion of MBNL1 is important for neurite morphogenesis and that

deubiquitination of cytoplasmic MBNL1 is pathogenic in DM1

neurons. The pathogenic effect caused by deubiquitination of

cytoplasmic MBNL1 may represent a novel mechanism for

DM1 neural pathogenesis.

Our finding that post-translational modification by K63-linked

ubiquitination or deubiquitination regulated the subcellular local-

ization of MBNL1 is consistent with other reports that ubiquitina-

tion occurs primarily in the cytoplasmic compartment and is a

regulatory mechanism for translocation between different com-

partments (Bonifacino and Weissman, 1998; Xu et al., 2010).

Although the expression of the MBNL1 nuclear isoform did not

enhance neurite outgrowth in cultured hippocampal neurons,

the attempt to increase its cytoplasmic distribution by substitut-

ing the ubiquitin tag could still augment the function of promoting

neurite outgrowth. Therefore, we postulated that both MBNL1

isoforms could be ubiquitinated and that localization of MBNL1

in the cytoplasm may be required for maintaining neuronal func-

tion and morphology.

In developing brains, MBNL1 polyubiquitination controls its

cytoplasmic localization independent of the Mbnl1 exon 5
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splicing pattern. This finding is consistent with previous results

that the Mbnl1 exon 5 splicing pattern failed to reflect its sub-

cellular localization during skeletal muscle development (Lin

et al., 2006b), which also suggests an additional splicing-inde-

pendent regulatory mechanism for controlling MBNL1 subcellu-

lar localization. Moreover, the detection of MBNL1 deubiquitina-

tion at 9 months, before the alternative splicing alteration in

EpA960/CaMKII-Cre brains at 12 months (Wang et al., 2017), re-

capitulates the previous finding that early detection of PKC-

mediated CELF1 hyperphosphorylation also occurs before the

alternative splicing change in EpA960/MCM hearts (Wang

et al., 2007). Accordingly, expanded CUG RNA may activate

the signaling pathway in a tissue-specific manner to regulate

post-translational modification of CELF1 or MBNL1, thereby re-

sulting in the tissue-specific pathogenesis in DM1.

We showed that ubiquitination-mediated cytoplasmic locali-

zation of MBNL1 plays a role in promoting neurite outgrowth

and maintaining neuronal morphologic features. Similar to loss

of MBNL function, the expression of expanded CUG RNA also

hindered neurite outgrowth or differentiation in cultured hippo-

campal neurons or PC12 cells (Quintero-Mora et al., 2002).

How cytoplasmic MBNL1 promotes neurite outgrowth and the

identification of molecules that regulate MBNL1 ubiquitination

and deubiquitination are worthy of investigation. One of the

possible regulatory mechanisms in controlling neurite morpho-

genesis and synaptic function would be via RNA localization

and local translation (Mikl et al., 2010; Wang et al., 2012). For

example, MBNL1 bound to the 30 UTR of genes involved in regu-

lating synaptic activity, such as CaMKIIa, Snap25, and integrin

b1. In addition, MBNL1 distribution showed focal enrichment in

the cell periphery or the structure with protrusion (Wang et al.,

2012). Furthermore, a cytotoxic effect generated by glutamate

treatment induced nuclear translocation of MBNL1, which

suggests that (CUG)n RNA may elicit a stress-like response in

neurons. How MBNL1 deubiquitination is activated, whether it

is regulated by synaptic activity, and the signaling pathway

that regulates this event need further investigation.

Approaches with antisense oligonucleotides and the develop-

ment of small molecules have been effective in showing displace-

ment ofMBNL1 fromnuclear CUGRNA foci and reversed splicing

defects (Childs-Disney et al., 2013; Coonrod et al., 2013;Wheeler

et al., 2012). Prevention of MBNL1 deubiquitination or maintain-

ing MBNL1 ubiquitination may be an alternate approach to pre-

serve the cytoplasmic function of MBNL1. Study to understand

the regulation of nuclear and cytoplasmic shuttling of MBNL1

would provide important insights and another direction for devel-

oping a therapeutic strategy for the DM1 brain.
EXPERIMENTAL PROCEDURES

Ubiquitination Assay

The ubiquitination assays were performed as described elsewhere (Cheng

et al., 2013). Briefly, HEK293T cells were transfected with the plasmids

expressing FLAG-MBNL1DEx5 or His-tagged wild-type or mutant ubiquitin for

24 hr and lysed using denatured buffer (buffer A: 6 M guanidine-HCl, 0.1 M

Na2HPO4/NaH2PO4, 10 mM imidazole [pH 8.0]), followed by incubation

with 20 mL Ni-NTA beads (QIAGEN) at room temperature for 1 hr. The

beads were washed once with buffer A and buffer Amixed with buffer Ti (buffer

Ti: 20 mM imidazole, 0.2% Triton X-100, 25 mM Tris-HCl [pH 6.8]) in a 1:3



dilution and three times with buffer Ti. Proteins were denatured by SDS sample

buffer before SDS-PAGE and then underwent immunoblotting. To determine

the effect of K63-linked ubiquitination on the stability of FLAG-MBNL1DEx5,

24 hr after transfection, HEK293T cells were treated with 10 mM cycloheximide

and harvested at different times for the Ni-NTA assay described earlier.

IP

For immunoprecipitation of HA-tagged ubiquitinated FLAG-MBNL1DEx5 in N2A

cells, 24 hr after transfection, cells were lysed with 1% Triton X-100 in PBS

containing protease inhibitors, 1 mM EDTA, DNase I, RNase A, 10 mM DTT,

10 mM NEM, and 10 mM o-PA at 4�C for 1 hr. After centrifugation at

16,000 3 g, the supernatant was pre-cleaned by incubation with magnetic

Protein G beads for 10 min, followed by incubation with Protein G beads con-

jugated with anti-FLAG antibody 1 mg for 3 hr, washedwith lysis buffer, and de-

natured by SDS sample buffer before SDS-PAGE.

IP of TUBE in Mouse Brains

Cerebral cortices and hippocampi from mouse brains were dounce homoge-

nized by use of a loose pestle homogenizer with sucrose buffer (0.32 M su-

crose, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES],

pH 7.5, 5 mM EDTA, with 10 mMo-PA, 10mMDTT, 10 mMNEM, and protease

inhibitors) (Huttner et al., 1983; Lin et al., 2006a). The crude nuclear and cyto-

solic fractions were separated by centrifugation at 8003 g. Before incubation

for 1 hr with FLAG-K63-TUBE (LifeSensors), the P1 fraction underwent heavy

grinding with a tight pestle, and DNase I and RNase Awere added to both frac-

tions for 30-min digestion at 4�C. The TUBE-incubated lysates underwent anti-

FLAG antibody IP for 3 hr and washing 3 times with PBS.

For IP of endogenous MBNL1 in mouse brain, 200 mg protein lysates from a

cytoplasmic fraction was used for IP. Briefly, lysates were pre-cleaned by incu-

bationwithmagneticProteinGbeads for 10min, followedby incubationwithPro-

tein G beads conjugated with anti-MBNL1 antibody 1 mg for overnight, washed

with lysis buffer, and denatured by SDS sample buffer before SDS-PAGE.

Statistical Analysis

Data are presented as mean ± SEM and analyzed by using SigmaPlot 12.5

(Systat Software). Unpaired two-tailed Student’s t test was used to compare

2 groups, and a one-way ANOVA was used to compare more than 2 groups,

followed by Holm-Sidak multiple comparison tests. p < 0.05 was considered

statistically significant. No statistical methods were used to pre-determine

the sample size, but our sample sizes are similar to those reported in previous

publications (Ramkhelawon et al., 2014; Sananbenesi et al., 2007). Data

collection and analyses were not performed with blinding. The experiments

were not randomized; cells on coverslips were randomly allocated to subjects

for transfection only for each independent transfection in cultured neurons.
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