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Cell-permeable proteins are emerging as unconventional regulators of signal transduction and
providing a potential for therapeutic applications. However, only a few of them are identified and
studied in detail. We identify a novel cell-permeable protein, mouse LLP homolog (mLLP), and uncover
its roles in regulating neural development. We found that mLLP is strongly expressed in developing
nervous system and that mLLP knockdown or overexpression during maturation of cultured neurons
affected the neuronal growth and synaptic transmission. Interestingly, extracellular addition of mLLP
protein enhanced dendritic arborization, demonstrating the non-cell-autonomous effect of mLLP.
Moreover, mLLP interacts with CCCTC-binding factor (CTCF) as well as transcriptional machineries
and modulates gene expression involved in neuronal growth. Together, these results illustrate the
characteristics and roles of previously unknown cell-permeable protein mLLP in modulating neural
development.

: Neural development is the fundamental process for constructing the brain circuits underlying animal behavior,
: cognition, and emotion!. Various molecular processes have to be dynamically and meticulously orchestrated for
normal neuronal morphogenesis and wiring of neural circuits during development®?. An intriguing molecular
. pathway emerging in the field of neural development is the non-cell-autonomous action of homeodomain tran-
© scription factors*. Traditionally, intercellular signal transmission has been known to be mediated either by ligands
. that bind to membrane receptors or by the steroid hormones that translocate into cells. In recent reports, however,
homeoproteins such as Engrailed-1/2, OTX2, PAX6, VAX1, and HOXD1 can penetrate into cells and directly
© exert their effects in neural development*-°. These cell-permeable proteins not only reveal a novel mechanism of
intercellular signal transmission for neural development but also have therapeutic implications in the treatment
of neurodegenerative disorders’. In addition, the domains of those proteins conferring the cell permeability can
: be used for transporting other molecules into cells®. However, very few of these molecules have been identified
. to date®’.
Our group previously identified Aplysia LAPS18-Like Protein (ApLLP) as a nuclear/nucleolar protein that
- is induced by neuronal activity and upregulates C/EBP transcription, thereby enhancing synaptic plasticity'®!!.
© Another study prior to ours showed that Learning-Associated Protein of Slug with 18kDa (LAPS18), the LLP
: homolog in Limax, is upregulated in neurons after associative learning, and that LAPS18 addition to the extra-
- cellular space affects cell migration'%. LLP homologs (LLPH) such as ApLLP and LAPS18 are largely conserved
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throughout animal species and might play important roles in the nervous system. Currently, however, there are
no reports regarding the function of LLPH in vertebrate species.

ApLLP has been shown to be an intrinsically disordered protein (IDP), a protein without an ordered
three-dimensional structure, in a previous structural analysis’>-'°. In contrast to the traditional view that struc-
ture of a protein is crucial for its function, numerous IDPs or unstructured regions of proteins have been identi-
fied as key players in biological processes such as signaling'®, transcription'’, and chromatin remodeling'®. Due
to their flexibility, IDPs can often bind to a variety of molecules and act as molecular hubs of protein-protein
interaction networks!. Therefore, the molecular or cellular contexts and interaction partners could be important
determinants for the functional modes of IDPs. Mammalian LLPH might be intrinsically disordered as ApLLP,
and its interaction with other molecules might be important for its functions. Deregulated IDP expression levels
are often linked with disease'®?, calling for the investigation of IDPs and their interacting molecules.

In this study, we identified mouse LLPH (mLLP) as a cell-permeable nuclear/nucleolar protein that is intrinsi-
cally disordered. To explore its roles in neural development, we overexpressed or knocked down mLLP in cultured
hippocampal neurons during morphogenesis, which revealed that mLLP regulates dendritic and spine growth
and synaptic transmission. Intriguingly, extracellular addition of mLLP produced a non-cell-autonomous effect
on dendritic arborization. We also identified proteins interacting with mLLP relevant for regulating neuronal
growth. Together, our results reveal a novel mechanism involving mLLP in modulating neuronal development.

Results

mLLP is a nuclear/nucleolar protein with cell permeability. LLP homologs are evolutionarily
well conserved. Forty-six of the 130 amino acids in mLLP (~35.4%) are identical to ApLLP, and 110 amino
acids (~84.6%) are identical to human LLPH (hLLP) (Supplementary Fig. 1). The polybasic nature of N- and
C-terminal regions commonly appears in LLPH of various species. Similar to ApLLP?!, mLLP fused to enhanced
green fluorescent protein (mLLP-EGFP) was preferentially localized to the nucleus (Fig. 1A,B), showing an 10.6-
fold enrichment in the nucleus relative to the cytosol (Fig. 1C). mLLP-EGFP formed intense sub-nuclear spots
that were immunostained with fibrillarin, a nucleolar marker (Fig. 1A). To map which part of mLLP contributes
to its nuclear localization, we expressed EGFP fused with various deletion mutants of mLLP (Fig. 1B). N-EGFP,
C-EGFP, AN-EGFP and AC-EGFP were enriched in the nucleus relative to the cytosol, demonstrating that either
N- or C-terminal region of mLLP (amino acids 1-20 and 107-130, respectively) is sufficient for nuclear locali-
zation (Fig. 1B,D). This preferential localization in the nucleus was not observed in ANAC-EGFP, showing that
at least one of N- or C-region is necessary for nuclear localization of mLLP. However, our quantification data
revealed that the effects of nuclear localization by the two regions are not simply additive. Deletion of C-region
from the full length (FL) mLLP interestingly augmented the nuclear localization (comparing the AC vs. FL)
whereas deletion of C-region in the absence of N-region (comparing the AN vs. ANAC) abolished the nuclear
localization, suggesting that N- and C-regions may interact each other (Fig. 1C,D). Moreover, N-EGFP tended
to localize to the nucleus more efficiently than C-EGFP, indicating that N-region seems to play a more dominant
role in the nuclear localization of mLLP (Fig. 1D).

Since mLLP does not contain any well-identified functional domains and ApLLP was revealed as an IDP!3-1%,
we analyzed its amino acid sequence using the database of protein disorder DisProt (http://www.disprot.org/
metapredictor.php)'*?>%. The amino acid residues of mLLP were mostly scored as values > 0.5, the threshold to
predict the disorder probability (Fig. 1E). N- and C-regions containing nuclear localization signals were the most
highly unstructured, which is consistent with other reports arguing that nuclear localization signals are often
found in disordered sequences?!~%°.

As the intrinsic disorder and polybasic nature of N- and C-terminal regions of mLLP are shared with
many cell penetrating peptides®’, we asked whether mLLP could be internalized into cells. We added purified
hexahistidine-tagged mLLP (mLLP-His) to the culture media of HEK293T cells, followed by trypsinization
to remove proteins attached to the cell surface, and then harvested the cells. mLLP-His; was detected in the
cell lysates, indicating that mLLP may be cell-permeable (Fig. 2A). Cell penetration of mLLP was confirmed by
immunocytochemistry (Fig. 2B,C), in which 3xFLAG-tagged mLLP added to the culture media was detected in
the nuclei of cells. To determine the domains responsible for the cell penetration, we examined the internalization
of various mLLP deletion mutants fused to the 3xFLAG tag (Fig. 2B). Similar to the results of nuclear localization,
the mutant with both N- and C-terminal regions deleted (ANAC) was not detected inside the cells, suggesting the
necessity of N- or C-terminal regions for cell permeability (Fig. 2C). However, mutants with one of either N- or
C-terminal region deleted (AN or AC) were detected in the nuclei (Fig. 2C), suggesting the N- or the C-terminal
domain is sufficient for internalization and subsequent nuclear localization of the protein. Furthermore, we
found that mLLP is internalized into neurons when it is injected into mouse brain (Supplementary Fig. 2),
confirming the cell-permeability of the protein and suggesting the potential application of mLLP for in vivo
study. Collectively, these data reveal that mLLP is a cell-permeable nuclear/nucleolar protein, and that the N- or
C-terminal domain confers this permeability.

mLLP can modulate dendritic growth in both cell-autonomous and non-cell-autonomous man-
ners. To investigate the role of mLLP in the nervous system, we first examined the expression pattern of mLLP
using an antibody that we generated (Supplementary Fig. 3A,B) and found that mLLP is expressed in various
tissues, including the brain (Supplementary Fig. 3C). We also assessed the developmental expression pattern
of mLLP in whole brain lysates, which clearly showed its stronger expression in the early developmental stages
and a sharp decline until adulthood (Fig. 3A). Moreover, the same expression pattern was reproduced in the pri-
mary hippocampal neuron culture, which undergoes morphological development for about two weeks after being
plated onto the culture dish (Fig. 3B).
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Figure 1. Subcellular localization and intrinsic disorder of mLLP protein. (A) Nuclear/nucleolar localization
of mLLP. Anti-fibrillarin (nucleolar marker) immunocytochemistry of neurons transfected with plasmid
encoding mLLP-EGEFP. Scale bar, 5 um. (B) Diagram representing the various deletion mutants of mLLP fused
to EGFP. mLLP full-length (FL) sequence, mutant constructs (AN or AC) absent of N-terminal (1-20) or
C-terminal (107-130) parts, or either N- or C-terminal sequences were cloned into the pEGFP-N1 multiple
cloning site. (C) Representative fluorescence microscopy images of neurons expressing EGFP fused with mLLP
deletion mutants. The construct expressing mCherry driven by neuron-specific CaMKII promoter was co-
transfected. Scale bar, 10 um. (D) Quantitative measurement of the ratio of nuclear/cytosolic EGFP signals in
(C). EGFP signal intensity normalized by that of mCherry was compared between in the nucleus and in cytosol
of the somatic region. The dotted line indicates the value 1, which means no differential localization in the
nucleus and cytosol. One sample t-test (hypothetical value 1), **p < 0.01, ***p < 0.001. Data are represented as
mean =+ standard error mean (SEM). (E) Disorder analysis of mLLP using two different methods VSL2B (blue)
and PONDR-FIT (P-FIT, green) in DisProt. The residues with value exceeding 0.5 are considered disordered.

The stronger expression of mLLP in neurons during earlier developmental stages led us to hypothesize that
mLLP might be an important regulator of neural development. Using the cultured hippocampal neurons, we
examined whether mLLP is required for neuronal morphogenesis by knockdown of mLLP. We transfected neu-
rons with plasmids encoding an shRNA against mLLP or a control scrambled shRNA at days-in-vitro (DIV) 3
and analyzed the dendritic structures of transfected neurons at DIV 6 (Fig. 3C). Sholl analysis revealed that den-
dritic growth was disrupted in mLLP knockdown (KD) group compared with the control group expressing the
scrambled shRNA (CTL) and that the impairment was diminished by co-transfection of stRNA-resistant mLLP
(RES) (Fig. 3D and Supplementary Fig. 3A). Transfection of another shRNA against mLLP (KD #2) also led to
the abnormal dendritic morphology, supporting the role of mLLP in dendritic morphogenesis (Supplementary
Fig. 4A,B). Knockdown of mLLP also increased the proportion of short primary neurites (<30 um) per cell,
which was recovered to the control level by co-transfecting the shRNA-resistant mLLP (Fig. 3E). Moreover,
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Figure 2. mLLP protein is cell-permeable. (A) Immunoblot analysis of HEK293T cell lysates 1h after mLLP
protein addition to the culture medium. mLLP-His, protein was detected in the cell lysate, but EGFP protein
used as a control was not. Loading controls (actin) were detected on the same blot. Samples are derived from
the same experiment and processed in parallel. (B) Diagram representing the various deletion mutants of mLLP
fused to 3XFLAG and hexahistidine tag. (C) N- and C-terminal regions of mLLP mediate protein transduction
into cells. Immunofluorescent images of HEK293T cells treated with proteins produced from each fusion
constructs. Scale bar, 10 um.

ANAC

overexpression of mLLP conversely promoted the dendritic growth in Sholl analysis (Fig. 3F). We next examined
whether increasing intracellular mLLP by administering cell permeable mLLP can affect the dendritic growth of
neurons in a non-cell-autonomous manner. After daily treatment of mLLP protein into the culture medium for
three days, neurons were fixed and subjected to Sholl analysis, which showed that mLLP administration enhanced
the dendritic arborization compared with addition of GFP (Fig. 3G). Together, these results suggest that mLLP
can regulate dendritic growth during neuronal maturation.

mLLP regulates the density of dendritic protrusions and synaptic transmission. Because den-
dritic and spine growth often involve common molecular mechanisms?, we sought to examine whether mLLP
could also regulate spinogenesis (Fig. 4A). We transfected the plasmids that are designed to regulate mLLP
expression levels in cultured neurons at DIV 6 and assessed the dendritic protrusions at DIV 10. At this time,
many of the dendritic protrusions appeared to be filopodia or immature spines in our culture condition. We con-
sidered these protrusions as the premature structures that may grow as functional spines and counted these den-
dritic protrusions in transfected neurons. The density of dendritic protrusions was significantly reduced in KD
neurons and was partially recovered by shRNA-resistant mLLP (Fig. 4A). In line with this result, overexpression
of mLLP increased the density of dendritic protrusions (Fig. 4B), further supporting that mLLP may modulate
spinogenesis.

We further examined whether mLLP could regulate synaptic transmission by measuring the miniature excit-
atory postsynaptic current (mEPSC) (Fig. 4C). mEPSC frequency at DIV 10-11 was increased in the mLLP OE
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Figure 3. Developmental expression pattern of mLLP and its roles in the dendritic morphogenesis.

(A) Western blot analysis of the whole brain lysates of mice from embryonic stages to adult. mLLP protein level
in the brain is gradually decreased during development. Loading controls (3-tubulin) were detected on the
same blot. Samples are derived from the same experiment and processed in parallel. (B) Western blot analysis
of mLLP expression level in dissociated mouse hippocampal neuron cultures with time. Loading controls
(GAPDH) were detected on the same blot. Samples are derived from the same experiment and processed

in parallel. (C) Representative microscopy images of neurons at DIV 6 transfected differently into following
groups at DIV 3: control (CTL, scrambled shRNA + control vector), mLLP overexpression (OE, scrambled
ShRNA + shRNA-resistant mLLP), mLLP knockdown (KD, shRNA against mLLP + control vector), or mLLP
rescue (RES, shRNA against mLLP 4 shRNA-resistant mLLP). Scale bar, 50 um. (D) Sholl analysis of neurons
transfected with constructs for KD, RES, or CTL (two-way ANOVA, n=24-25 cells per group, interaction
***p < 0.0001, group effect ***p < 0.0001). (E) The ratio of primary dendrites shorter than 30 um (one-way
ANOVA and post hoc Tukey’s multiple comparison test, *p < 0.05, ***p < 0.001, n = 29-30 cells per group).
(F) Sholl analysis of mLLP overexpressing neurons or control neurons (n= 30 cells per group, two-way
ANOVA, group effect **p = 0.0048). (G) Sholl analysis at DIV 6 after daily treatment with mLLP (1ug/mL) or
control GFP protein for 3 days (n= 29 cells per group). Extracellular addition of mLLP protein increased the
dendritic arborization compared with control. (two-way ANOVA, group effect *p = 0.0338). All the data are
represented as mean + SEM.

neurons, but it was not affected in the KD neurons (Fig. 4D). Furthermore, at DIV 10-11, mLLP over-expression
seemed to have the relatively large effect on mEPSC frequency compared with the effect on the number of
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Figure 4. mLLP modulates the density of dendritic protrusions and synaptic transmission. (A) (Left)
Representative confocal microscopic images of dendritic fragments of neurons at DIV 10 after transfection

at DIV 6. Scale bars, 5 um. (Right) Bar graphs representing the density of dendritic protrusions in transfected
neurons. The density of dendritic protrusions in mLLP KD neurons was reduced compared with control, which
was partially recovered in RES (one-way ANOVA and post hoc Newmann Keuls multiple comparison test:
*p<0.05, **p < 0.01, ***p < 0.001, n= 21 cells per group). (B) mLLP overexpression increased the density of
dendritic protrusions (unpaired t-test: *p = 0.0148, n = 29-30 cells). (C) Sample recording traces of mEPSC
(n=12-13 cells). Scale bar, x =500 ms, y= 20 pA. (D) mEPSC frequency is increased by mLLP overexpression
at DIV 10-11 (one-way ANOVA with post hoc Newmann Keuls multiple comparison test: OE VS CTL,

***p < 0.001; KD VS CTL, KD VS RES, CTL VS RES, not significant, n = 10-13 cells). (E) mEPSC frequency

is reduced in mLLP KD neurons at DIV 12-14 (unpaired t-test: *p = 0.0124, n = 14-18 cells). All data are
represented as mean = SEM.

dendritic protrusions (Fig. 4B,D), implying that over-expression of mLLP may facilitate the maturation of the
spines, leading to an increase in the proportion of functional spines. At later stages of DIV 12-14 (Fig. 4E),
mEPSC frequency in control neurons became higher than at DIV 10-11, indicating that more functional synapses
had been generated. In this condition, mEPSC frequency was significantly reduced in KD neurons (Fig. 4E), con-
sistent with the reduced number of filopodia and spines in KD neurons at DIV 10-11. mEPSC frequency was also
reduced in KD #2 neurons (Supplementary Fig. 4C). mEPSC amplitude, however, did not seem to be consistently
affected by mLLP knockdown or overexpression despite some reduction in KD neurons (Supplementary Fig. 5).
Taken together, these results suggest that mLLP may affect the synaptic transmission possibly through regulating
spinogenesis.

Upstream and downstream mechanisms of mLLP in regulating neural development. Neuronal
development and synaptogenesis are known to be regulated by neuronal activity. We examined whether neuronal
activity regulates mLLP expression level. Activation of neurons by increasing the extracellular potassium concen-
tration (40 mM KCl) for a prolonged time (2-5h) in cultured neurons reduced the mLLP protein level whereas
the stimulus remarkably up-regulated Fos, which is a well-known marker for neuronal activity (Fig. 5A and
Supplementary Fig. 6A,B). This stimulus also down-regulated the mLLP mRNA level (Supplementary Fig. 6C).
We also found that mLLP is a substrate of calcium-dependent protease calpain that plays critical roles in synap-
tic plasticity? (Supplementary Fig. 6D) in line with the notion that IDPs are generally unstable and vulnerable
to proteolysis®. These results suggest that sustained neuronal activity can down-regulate mLLP expression at
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Figure 5. Upstream and downstream mechanisms of mLLP acting on neural development. (A) Neuronal
activation by KCl treatment for 2h at DIV 7 decreases mLLP protein expression level (right panel: quantification
data of mLLP/GAPDH, n = 8 per group, unpaired t-test: **p = 0.0044). Loading controls (GAPDH) were
detected on the same blot. Samples from the two groups were processed in the same experiment in parallel.
Extended blot images including this data are presented in Supplementary Fig. 6B. (B) Nuclear extracts from
HEK293T cells transfected with 3XFLAG-tagged mLLP or control plasmid were immunoprecipitated with anti-
FLAG affinity gel and immunoblotted with antibodies against each protein indicated. All data are derived from
the same blot, and the samples were processed in the same experiment in parallel. Extended blot images are
presented in Supplementary Fig. 8. (C) qQRT-PCR analysis of a subset of known CTCF target genes after mLLP
knockdown in dissociated hippocampal neuron cultures at DIV 6 (unpaired t-test: **p < 0.01, *p < 0.05, n =4
per group). All data are represented as mean + SEM.

multiple steps, which might be important for homeostatic plasticity considering the impact of mLLP on neuronal
growth and synaptic transmission.

Although mLLP is localized to the nucleolus, its knockdown or overexpression in neurons did not signifi-
cantly affect the nucleolar size or number (Supplementary Fig. 7A,B). To investigate the molecular functions of
mLLP, we screened the proteins interacting with mLLP in the nucleus by performing mass spectrometry follow-
ing immunoprecipitation using the nuclear lysates of NIH3T3 cells overexpressing mLLP. Mass spectrometry
showed that nuclear myosin I 3 (NMI) interacts with mLLP, which was confirmed by western blotting after
co-immunoprecipitation (Fig. 5B). In addition, as NMI is involved in transcriptional regulation, we assessed
whether TATA-binding protein (TBP) and RNA polymerase II (Pol II), the components of transcriptional
machineries, are also co-immunoprecipitated with mLLP (Fig. 5B). Albeit weaker than NMI, TBP and Pol IT were
repeatedly detected in the proteins pulled down with mLLP. Actin, which was detected in a substantial amount
in the input nuclear lysates, was not present in the proteins co-immunoprecipitated with mLLP, indicating that
specific proteins are pulled down and detected in our assay. These results showing the interaction of mLLP with
transcriptional machinery suggest the possibility that mLLP may be involved in transcriptional regulation.

Interestingly, in a recent high-throughput interactome study, hLLP was shown to interact with CTCF®!, which
is the only protein known to bind to insulator sequences in vertebrates and plays essential roles in 3D chromatin
organization and transcriptional regulation®%. CTCF plays essential roles in postnatal brain development® and
mutations in this protein are found in patients with cognitive deficits**. However, the molecular mechanism of
how CTCEF regulates gene expression in the nervous system is not well understood. We confirmed that mLLP also
interacts with CTCF by co-immunoprecipitation assay (Fig. 5B). These results suggest that mLLP could act as a
transcriptional regulator by interacting with transcription machinery or other transcription factors such as CTCE.
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Since mLLP knockdown leads to a similar impairment in dendritic growth, spine density and synaptic trans-
mission similar to CTCF deletion?, we assumed that mLLP might modulate CTCF-mediated regulation of genes
involved in neural development. We performed qRT-PCR analysis of mRNA expression of amyloid precursor
protein (APP) and some protocadherin genes (Pcdhs), which have been reported to be under the control of CTCF
in neurons and are implicated in neuronal morphogenesis®**~*. Neurons infected with adeno-associated virus
(AAV) expressing shRNA against mLLP showed reduced expression level of APP, Pcdha12, and Pcdha3 com-
pared with scrambled shRNA control (Fig. 5C). Using another sequence of shRNA, we found the similar effect
of mLLP knockdown on the regulation of these genes (Supplementary Fig. 4D). These results suggest that mLLP
and CTCF might work together, at least partially, to control gene expression required for neural development.

Discussion

In the present study, we report the characteristics and physiological roles of the mammalian homolog of ApLLP,
which we call mLLP. mLLP modulates dendritic morphogenesis and synaptic transmission in cultured neurons.
Moreover, mLLP is a cell-permeable nuclear/nucleolar protein and intrinsically disordered, opening a new win-
dow for extending the knowledge of these unique molecular features.

We observed that administration of mLLP protein into the extracellular culture medium enhanced the den-
dritic growth of cultured neurons, which is similar to the previous study showing that the addition of Engrailed-2
protein affects axonal outgrowth®. However, the effect of a cell-permeable protein on dendritic arborization has not
been reported before. Interestingly, there are evidences that LLP homologs (LLPHs) can bind polyadenylated RNA
molecules® and ribosomal proteins (http://thebiogrid.org/), implying that internalized mLLP might modulate
translation as Engrailed-2°. Our result raises an intriguing question whether endogenous mLLP can be secreted
and transferred to other cells to regulate dendritic growth*. Notably, LAPS18, the LLP homolog in the slug,
was initially reported as a secreted protein'?, implicating that mLLP might also be secreted in certain condition.
Further investigations are needed to examine the possibility of non-cell-autonomous action of endogenous mLLP.
In addition, the effect of mLLP in cultured neurons brings up a question whether mLLP protein administration
can be effective in vivo. We showed that mLLP protein can be delivered into the brain cells (Supplementary Fig. 2),
but its physiological consequence was not assessed here. Future studies might find the potential for therapeutic
use of mLLPS.

Considering the high sequence similarity of mLLP and hLLP (Supplementary Fig. 1), we may assume that
they have common molecular features and physiological roles. Indeed, the interaction of CTCF and hLLP was
initially found in human proteome®'. In addition, we found that the intrinsic disorder (Supplementary Fig. 9C)
and cell penetrating property (Supplementary Fig. 9D) are also observed in hLLP. According to the RNA sequenc-
ing database*!, the mRNA expression of LLPH in primates also shows a decreasing pattern during development
(Supplementary Fig. 9A,B). The similar molecular characteristics and developmental expression patterns of
hLLP and mLLP suggest that hLLP could also play an important role in human brain development and cognitive
function.

Intrinsic disorder of LLP homologs suggests that the tight control of its expression would be important for
normal cellular functions'®?. Consistent with the notion, our results showed that knockdown or overexpres-
sion of mLLP altered neuronal development and functions in vivo. As a highly disordered protein as a whole,
LLPH might interact with various molecules, acting as a linker in protein interaction network'>. This emphasizes
the importance of identifying the interacting molecules of LLPH. We particularly looked into the interaction of
LLPH with CTCE which has been extensively studied as the only documented insulator-binding protein in verte-
brates and a multifunctional DNA-binding zinc-finger protein*?. The variety of its functions also comes from its
interaction with various other proteins®, but the binding partners or molecular processes underlying the role of
CTCF in neural development have not been reported. Our results show that mLLP interacts with CTCF and that
mLLP knockdown impairs neuronal morphogenesis and synaptic transmission, similar to deletion of CTCF%.
Some CTCF target genes that are important for neural development were downregulated after mLLP knockdown.
These data suggest that CTCE, at least in part, might function by interacting with mLLP in coordinating dendritic
growth and spinogenesis. However, the exact molecular mechanisms involved in the function of LLPH and its
interaction with CTCF are mostly unknown, thus remain to be studied in the future. It would also be interesting
to examine the functions of LLPH in other tissues, given that mLLP is ubiquitously expressed and that CTCF
plays crucial roles in diverse tissues.

In summary, we present a molecular characterization of a nuclear/nucleolar protein called mLLP as a
cell-permeable and intrinsically disordered protein and show its roles in regulating neuronal morphogenesis and
synaptic transmission. Our study unveils a novel mechanism involved in neural development.

Methods

Animals. All experimental procedures were approved by the Institutional Animal Care and Use Committee
of Seoul National University and in accordance with their guidelines. All the mice used were C57BL6/N from
KOATEK.

DNA constructs. mLLP cDNA was cloned by PCR with hippocampal cDNA of C57BL/6 as a tem-
plate. It was again subcloned into the vector for expression in the mammalian cells (pcDNA3.1(+)-mLLP)
or in the E.coli with hexahistidine tag attached at C-terminal (pET21a-mLLP). shRNA target sequences were
GCCGAGAAGAGAAAGAAGA (shmLLP, KD) and GAAAGAACGAGGAGAGACA (scrambled, SCR).
The shRNA oligos were designed and inserted into the pSuper-GFP.neo vector following the product manual.
shRNA-resistant mLLP sequence was generated by recombinant PCR and inserted into the pcDNA3.1(+) vector.
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Dissociated mouse hippocampal neuron culture. Hippocampi were dissected from E17 embryos
and dissociated mechanically after trypsin treatment. Approximately 40,000 cells/cm? were plated onto
poly-D-lysine-coated plastic culture dishes or cover slips. After a 3-4h recovery in the media composed of
MEM-EBBS with 2mM glutamine, 10% FBS, 0.45% glucose, 0.11 mg/mL sodium pyruvate, and penicillin/strep-
tomycin, cells were maintained in Neurobasal medium supplemented with B27, glutamax, and penicillin/strep-
tomycin. Transfection was performed using Lipofectamine2000 (Invitrogen) according to the manual provided
by manufacturer.

Immunoblotting. Scraped cultured cells or mouse whole brains (3-7 animals/age group) were snap-frozen
in liquid nitrogen and later lysed in RIPA buffer. The same amount of lysates were subjected to SDS-PAGE and
transferred onto nitrocellulose membranes. Membranes were incubated with primary antibodies (mLLP antibody,
affinity purified from serum produced from the rabbit injected with purified mLLP protein, 1:250, anti-GAPDH,
Ambion, 1:1000,000) overnight at ~4 °C and then with HRP-conjugated secondary antibodies for 30 min at room
temperature. Chemiluminescent signals were detected with HRP substrates (Millipore, WBKLS0100) using
ChemiDoc system or developing solutions, and band intensities were quantified using ImageJ software.

Sholl analysis. Neurons were transfected with pcDNA3.1(+) or pcDNA3.1(+)-mLLP at 3 DIV. For vis-
ualization, GFP-expressing pSuper plasmid was co-transfected. At 6 DIV, neurons were fixed with 4% para-
formaldehyde/4% sucrose in PBS. GFP images were taken under a fluorescence microscope and dendrites were
traced using the Neuron] plugin of Image]. The traces were subjected to Sholl analysis using the ImageJ plugin.
Protein-treated neurons were processed by the same method except that the transfection of the pcDNA3.1(+)
plasmid was omitted. Two or three independent cultures were used for each experiment.

Spine analysis. Transfected neurons were imaged with a 40X objective lens and Z-stack mode in a confocal
microscope (LSM700). Viewed in Zen (Zeiss) software, numbers of dendritic protrusions were counted for three
50 um dendritic segments per neuron, and 9-10 neurons per cover slip were analyzed. This was repeated for three
independent cultures.

Electrophysiological recordings. For whole-cell patch-clamp recordings, cultured hippocampal neurons
(DIV 10-11 and DIV 12-14 ) were patched and kept in —70 mV using a Multiclamp 700B amplifier and pClamp
10.2 software (Molecular Devices). Ten min after rupturing, data were collected for 5min and digitized at 10 kHz
with a 2 kHz lowpass filter using Digidata 1440 16-bit A/D converter (Axon instruments). The recording pipettes
(3~5MQ) were pulled with P-1000 (Sutter instrument) with three step protocol and filled with internal solution
containing 145 K-Gluconate, 5mM NaCl, 0.2 mM EGTA, 10 mM HEPES, 2 mM MgATP, 0.1 mM Na3GTP, 1mM
MgCl, (pH 7.2 with KOH, 280 ~ 290 mOsm). The bath solution contained 124 mM NacCl, 2.5 mM KCl, 1 mM
NaH,PO,, 25 mM NaHCOj3, 10 mM Glucose, 2mM CaCl,, 2mM MgSO,. For mEPSC recording, Picrotoxin
(100 uM) and Tetrodotoxin (1 uM) were added to the bath solution to block GABAA receptor mediated current
and to block evoked synaptic responses, respectively. The bath solution was oxygenated with 5% Co,, 95% O, mix
gas and perfused 1 ~2ml/min at 25~26°C. Series resistances were carefully monitored and recordings were not
used if it changed significantly (>20%) or reached 15 MQ. Cells that required more than 200 pA of hold current to
maintain —70mV were excluded from the dataset. Data were analyzed using Clampfit 10.4 (Molecular Devices)
with template match threshold of 4. To analyze data with template match function in the program, template was
created by averaging about 50 traces in one of the recording files analyzed. All the recording files in the experi-
ment were analyzed with the same template.

Co-immunoprecipitation. Epitope-tagged mLLP or control vector-transfected cells were lysed with hypo-
tonic buffer (10 mM HEPES [pH 7.9], 10mM KCIl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT) to isolate nuclei.
Nuclei were lysed with lysis buffer (20 mM HEPES [pH7.9], 400 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM
DTT). Nuclear lysates were dialyzed with IP buffer (25mM Tris [pH 7.4], 150 mM NaCl, 0.1% Triton X-100).
Nuclear lysates were incubated with anti-FLAG agarose beads (Sigma) o/n at 4 °C. They were washed with IP
buffer with 0.1 mM EDTA and 0.2% Triton X-100 and then buffer without Triton X-100. Immunoprecipitated
proteins were eluted with 2X SDS sample buffer at 85°C for 3 min, and subjected to immunoblotting after gel
electrophoresis using Bolt 4-12% Bis-Tris Plus Gels.

Immunocytochemistry. Cells were fixed with 4% paraformaldehyde/4% sucrose in PBS. These cells were
permeabilized with 0.1% Triton X-100, 0.1% BSA in PBS (PBT) and then blocked with 0.08% Triton X-100,
2% BSA in PBS. Cells were incubated with primary antibodies (anti-FLAG [Sigma], anti-fibrillarin [Covance],
anti-GFP [Neuromab]) o/n at 4°C and washed with PBT. Next, they were incubated with secondary antibod-
ies conjugated with fluorescence dyes were at room temperature for 2h and washed with PBT. Samples were
mounted on Vectashield with DAPI (VectorLab) and imaged using confocal microscopy (LSM700).

AAV generation. The expression cassettes of sShRNA from pSuper-GFP.neo-shmLLP or scrambled were
inserted into AAV2 vector. AAV was generated by transfection of these vectors encoding transgenes and plas-
mids for AAV1 packaging into HEK293T cells*. Following the purification by iodixanol gradient method from
the supernatant media of transfected cells, the solution was concentrated and exchanged to PBS using Amicon
Ultra-15. The titer of virus was measured as viral genome (vg) copy number calculated in comparison with the
copy number of plasmids by real time PCR.

Statistics. All statistical analyses were performed using Graphpad Prism software. When there are two
experimental groups, we performed the Student’s t-test. For more than two experimental groups, we performed
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ANOVA test, and in case there is a significant difference among the groups, multiple comparison tests between
the groups were conducted. The data of one neuron in the KD group and one neuron in the KD #2 group in
mEPSC recording at DIV 12-14 were excluded as outliers by performing the Grubb’s test. The numbers of biolog-
ical replicates or animal numbers and p-values are written for each data in the figure legends.

References

1.
2.

3.

wu

10.
11.
12.
13.

14.
15.

16.

17.
18.

19.
20.
21.
22.

23.
24.

25.

26.

27.
28.
29.
. Tompa, P. Intrinsically unstructured proteins. Trends in biochemical sciences 27, 527-533 (2002).
31.
32.
33.
34.
35.
36.
37.
38.
39.

40.
41.

Tau, G. Z. & Peterson, B. S. Normal development of brain circuits. Neuropsychopharmacology 35, 147-168 (2009).

de la Torre-Ubieta, L. & Bonni, A. Transcriptional Regulation of Neuronal Polarity and Morphogenesis in the Mammalian Brain.
Neuron 72, 22-40 (2011).

Nord, A. S., Pattabiraman, K., Visel, A. & Rubenstein, J. L. Genomic Perspectives of Transcriptional Regulation in Forebrain
Development. Neuron 85, 27-47 (2015).

. Prochiantz, A. & Di Nardo, Ariel A. Homeoprotein Signaling in the Developing and Adult Nervous System. Neuron 85, 911-925

(2015).

. Brunet, I. et al. The transcription factor Engrailed-2 guides retinal axons. Nature 438, 94-98 (2005).
. Sugiyama, S. et al. Experience-Dependent Transfer of Otx2 Homeoprotein into the Visual Cortex Activates Postnatal Plasticity. Cell

134, 508-520 (2008).

. Alvarez-Fischer, D. et al. Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults. Nature

neuroscience 14, 1260-1266 (2011).

. Joliot, A. & Prochiantz, A. Transduction peptides: from technology to physiology. Nature cell biology 6, 189-196 (2004).
. Lesaffre, B., Joliot, A., Prochiantz, A. & Volovitch, M. Direct non-cell autonomous Pax6 activity regulates eye development in the

zebrafish. Neural development 2, 2 (2007).

Kim, H., Chang, D.-],, Lee, J.-A,, Lee, Y.-S. & Kaang, B.-K. Identification of nuclear/nucleolar localization signal in Aplysia learning
associated protein of slug with a molecular mass of 18 kDa homologous protein. Neuroscience letters 343, 134-138 (2003).

Kim, H. et al. A Nucleolar Protein ApLLP Induces ApC/EBP Expression Required for Long-Term Synaptic Facilitation in Aplysia
Neurons. Neuron 49, 707-718 (2006).

Nakaya, T. et al. Identification and expression of a novel gene in odour-taste associative learning in the terrestrial slug. Genes to Cells
6, 43-56 (2001).

Liu, J. & Song, J. A novel nucleolar transcriptional activator ApLLP for long-term memory formation is intrinsically unstructured
but functionally active. Biochemical and Biophysical Research Communications 366, 585-591 (2008).

Fuxreiter, M. Fuzziness: linking regulation to protein dynamics. Molecular BioSystems 8, 168-177 (2012).

Dyson, H. J. & Wright, P. E. Intrinsically unstructured proteins and their functions. Nature Reviews Molecular Cell Biology 6,
197-208 (2005).

Takoucheva, L. M., Brown, C. J., Lawson, J. D., Obradovi¢, Z. & Dunker, A. K. Intrinsic disorder in cell-signaling and cancer-
associated proteins. Journal of Molecular Biology 323, 573-584 (2002).

Dyson, H. J. Roles of intrinsic disorder in protein-nucleic acid interactions. Molecular bioSystems 8, 97-104 (2012).

Sandhu, K. S. Intrinsic disorder explains diverse nuclear roles of chromatin remodeling proteins. Journal of Molecular Recognition
22, 1-8 (2009).

Raychaudhuri, S., Dey, S., Bhattacharyya, N. P. & Mukhopadhyay, D. The role of intrinsically unstructured proteins in
neurodegenerative diseases. PLoS ONE 4 (2009).

Gsponer, J., Futschik, M. E., Teichmann, S. A. & Babu, M. M. Tight regulation of unstructured proteins: From transcript synthesis to
protein degradation. Science 322, 1365-1368 (2008).

Kim, H., Chang, D. ], Lee, J. A,, Lee, Y. S. & Kaang, B. K. Identification of nuclear/nucleolar localization signal in Aplysia learning
associated protein of slug with a molecular mass of 18 kDa homologous protein. Neuroscience letters 343, 134-138 (2003).

Xue, B., Dunbrack, R. L., Williams, R. W,, Dunker, A. K. & Uversky, V. N. PONDR-FIT: a meta-predictor of intrinsically disordered
amino acids. Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics 1804, 996-1010 (2010).

Sickmeier, M. et al. DisProt: the database of disordered proteins. Nucleic acids research 35, D786-D793 (2007).

Lin, J.-r. & Hu, J. SeqNLS: nuclear localization signal prediction based on frequent pattern mining and linear motif scoring. PloS one
8, 76864 (2013).

Dennis, M. K., Taneva, S. G. & Cornell, R. B. The intrinsically disordered nuclear localization signal and phosphorylation segments
distinguish the membrane affinity of two cytidylyltransferase isoforms. Journal of Biological Chemistry 286, 12349-12360 (2011).
Dixon, S. E., Bhatti, M. M, Uversky, V. N., Dunker, A. K. & Sullivan, W. J. Regions of intrinsic disorder help identify a novel nuclear
localization signal in Toxoplasma gondii histone acetyltransferase TgGCN5-B. Molecular and biochemical parasitology 175, 192-195
(2011).

Futaki, S. Membrane-permeable arginine-rich peptides and the translocation mechanisms. Advanced drug delivery reviews 57,
547-558 (2005).

Hirayama, T., Tarusawa, E., Yoshimura, Y., Galjart, N. & Yagi, T. CTCF is required for neural development and stochastic expression
of clustered Pcdh genes in neurons. Cell Reports (2012).

Baudry, M., Chou, M. M. & Bi, X. Targeting calpain in synaptic plasticity. Expert Opinion on Therapeutic Targets 17, 579-592 (2013).

Hutchins, J. R. A. et al. Systematic analysis of human protein complexes identifies chromosome segregation proteins. Science 328,
593-599 (2010).

Kim, S., Yu, N.-K. & Kaang, B.-K. CTCF as a multifunctional protein in genome regulation and gene expression. Experimental &
molecular medicine 47, €166 (2015).

Ong, C.-T. & Corces, V. G. CTCF: an architectural protein bridging genome topology and function. Nat Rev Genet 15, 234-246
(2014).

Gregor, A. et al. De Novo Mutations in the Genome Organizer CTCF Cause Intellectual Disability. The American Journal of Human
Genetics 93, 124-131 (2013).

Allinquant, B. et al. Downregulation of amyloid precursor protein inhibits neurite outgrowth in vitro. The Journal of cell biology 128,
919-927 (1995).

Garrett, A. M., Schreiner, D., Lobas, M. A. & Weiner, ]. A. y-Protocadherins Control Cortical Dendrite Arborization by Regulating
the Activity of a FAK/PKC/MARCKS Signaling Pathway. Neuron 74, 269-276 (2012).

Lefebvre, J. L., Kostadinov, D., Chen, W. V., Maniatis, T. & Sanes, J. R. Protocadherins mediate dendritic self-avoidance in the
mammalian nervous system. Nature (2012).

Milward, E. A. et al. The amyloid protein precursor of Alzheimer’s disease is a mediator of the effects of nerve growth factor on
neurite outgrowth. Neuron 9, 129 (1992).

Castello, A. et al. Insights into RNA biology from an atlas of mammalian mRNA-binding proteins. Cell 149, 1393-1406 (2012).
Prochiantz, A. Messenger proteins: homeoproteins, TAT and others. Current opinion in cell biology 12, 400-406 (2000).

Kang, H. J. et al. Spatio-temporal transcriptome of the human brain. Nature 478, 483-489 (2011) Available at: http://www.brain-
map.org. (Accessed: May. 2014).

SCIENTIFICREPORTS | 6:22892 | DOI: 10.1038/srep22892 10


http://www.brain-map.org
http://www.brain-map.org

www.nature.com/scientificreports/

42. Phillips, J. E. & Corces, V. G. CTCF: master weaver of the genome. Cell 137, 1194-1211 (2009).

43. Zlatanova, J. & Caiafa, P. CTCF and its protein partners: divide and rule? Journal of cell science 122, 1275-1284 (2009).

44. Choi, J.-H. et al. Optimization of AAV expression cassettes to improve packaging capacity and transgene expression in neurons.
Molecular brain 7, 1-10 (2014).

Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea
government (2012R1A3A1050385), the National Honor Scientist Program of Korea.

Author Contributions

N.-K.Y,, HEEK. and B.-K.K. designed the study. N.-K.Y., HEK,, J.S., S.K,, D.WK,, J.-H.C,, CK,, S.-E.S.,, S.A,, ].Y,,
S.-L.C., D.-].J. and C.K. performed the experiments. N.-K.Y., HEK,, ].S., S.K., D.-].]., CK. and S.Y.C. analyzed the
data. N.-K.Y,, C.-S.L., Y.-S.L. and B.-K.K. prepared and revised the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Yu, N.-K. et al. A transducible nuclear/nucleolar protein, mLLP, regulates neuronal
morphogenesis and synaptic transmission. Sci. Rep. 6, 22892; doi: 10.1038/srep22892 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:22892 | DOI: 10.1038/srep22892 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	A transducible nuclear/nucleolar protein, mLLP, regulates neuronal morphogenesis and synaptic transmission
	Introduction
	Results
	mLLP is a nuclear/nucleolar protein with cell permeability
	mLLP can modulate dendritic growth in both cell-autonomous and non-cell-autonomous manners
	mLLP regulates the density of dendritic protrusions and synaptic transmission
	Upstream and downstream mechanisms of mLLP in regulating neural development

	Discussion
	Methods
	Animals
	DNA constructs
	Dissociated mouse hippocampal neuron culture
	Immunoblotting
	Sholl analysis
	Spine analysis
	Electrophysiological recordings
	Co-immunoprecipitation
	Immunocytochemistry
	AAV generation
	Statistics

	Additional Information
	Acknowledgements
	References


