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Abstract

Many neurodevelopmental disorders feature learning and memory difficulties. Regulation of neurite outgrowth during develop-
ment is critical for neural plasticity and memory function. Here, we show a novel regulator of neurite outgrowth during cortical
neurogenesis, Lin28, which is an RNA-binding protein. Persistent Lin28 upregulation by in utero electroporation at E14.5
resulted in neurite underdevelopment during cortical neurogenesis. We also showed that Lin28-overexpressing cells had an
attenuated response to excitatory inputs and altered membrane properties including higher input resistance, slower action
potential repolarization, and smaller hyperpolarization-activated cation currents, supporting impaired neuronal functionality in
Lin28-electroporated mice. When we ameliorated perturbed Lin28 expression by siRNA, Lin28-induced neurite underdevelop-
ment was rescued with reduction of Lin28-downstream molecules, high mobility group AT-Hook 2, and insulin-like growth
factor 1 receptor. Finally, Lin28-electroporated mice showed significant memory deficits as assessed by the Morris water maze
test. Taken together, these findings demonstrate a new role and the essential requirement of Lin28 in developmental control of
neurite outgrowth, which has an impact on synaptic plasticity and spatial memory. These findings suggest that targeting Lin28
may attenuate intellectual disabilities by correction of impaired dendritic complexity, providing a novel therapeutic candidate for
treating neurodevelopmental disorders.
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Introduction excessive dendritic overgrowth is detected in fragile X syn-
drome and MeCP2 duplication syndrome [1]. Thus, maintain-
ing neurite outgrowth homeostasis during development can be

crucial for the functional connectivity necessary for cognitive

Neurites are essential for proper neuronal function, as the
shape of the dendritic arbor determines the receptive field of

a neuron and the axon growth defines the extent of neuronal
output. Thus, generating and maintaining proper neurite ar-
borization is critical for normal neural circuit function.
However, when the delicate balance between neurite out-
growth and retraction is compromised, various
neurodevelopmental disorders (NDDs) with intellectual dis-
abilities can occur [1, 2]. Reduced dendritic density is fre-
quently observed in patients with Rett syndrome [3], while
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processes.

Lin28 is an RNA-binding protein that has been shown to
regulate developmental timing in Caenorhabditis elegans [4].
In mammals, Lin28 is highly expressed in stem cells [5, 6],
promoting the proliferation of neural progenitor cells [7, 8].
Moreover, constitutive Lin28 overexpression increased
neurogenesis with complete inhibition of gliogenesis [9].
Lin28 can also enhance the survival of neural progenitors in
the developing neocortex [7]. In addition to stage-specific
roles during neurogenesis, Lin28 has diverse functions includ-
ing generation of induced pluripotent stem cells from fibro-
blasts [10], regulation of glucose metabolism [11, 12], tissue
regeneration [13], regulation of body size [8, 11], and cancer
progression [14]. However, roles of Lin28 in neurite develop-
ment and the functional impact of aberrant Lin28 regulation
during cortical neurogenesis remain unclear.

Interestingly, when large-scale patient databases reporting
chromosomal microarray results such as Database of genomic
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variation and phenotype in humans using Ensemble resources
(DECIPHER) and International Standards for Cytogenomic
Arrays (ISCA) were analyzed [15, 16], 5 patients with devel-
opmental disorders revealed copy number gains in the regions
including the Lin28 gene. Moreover, no copy number gain or
loss in the Lin28 gene region of chromosome 1 was observed
in the general population, supporting pathogenic genomic var-
iants of the Lin28 gene region in developmental disorders. In
particular, one patient from the ISCA (nssv1602237) and
DECIPHER (307711) studies showed intellectual disability
and microcephaly, respectively, which are distinct features
frequently observed in NDDs. These pieces of evidence sug-
gest that Lin28 expression during development can be
disrupted and may have an impact on neural development
and cognitive function.

Therefore, in the present study, we introduced Lin28 to
the ventricular zone using in utero electroporation to ex-
plore the roles of Lin28 in developmental perturbation. We
found that persistent Lin28 expression induced neurite un-
derdevelopment. Although Lin28-electroporated cells
expressed neuronal markers, electrophysiologic analysis
showed changes in action potential properties by Lin28
overexpression. Moreover, consistent Lin28 expression
during cortical neurogenesis led to a reduced response to
excitatory inputs, in addition to altered membrane proper-
ties and hyperpolarization-activated cation current (Iy,).
When Lin28 overexpression was silenced with siRNAs,
neurite outgrowth was restored with reduction of Lin28-
downstream molecules. Finally, Lin28-eletroporated ani-
mals showed impaired spatial memory function compared
to GFP-electroporated controls. Taken together, these find-
ings highlight a novel role of Lin28 during mammalian
cortical neurogenesis and the functional importance of
Lin28 dysregulation in the developing neocortex at the
cellular and organism levels.

Materials and Methods
Animals

Pregnant C57BL/6N mice were purchased from Koatech
(Gyeonggi-do, Korea) and were housed in an animal facil-
ity with a 12-h light, 12-h dark cycle and food and water ad
libitum. The day of vaginal plug detection and the day of
birth were considered to be embryonic day 0.5 (E0.5) and
postnatal day 0 (P0), respectively. All animal experiments
were performed according to the Ethics Committee of The
Catholic University of Korea and were carried out in accor-
dance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Publication No.
80-23, revised 1996).

Construction of Plasmids and siRNAs

pCAGGS-GFP or pPCAGGS-Lin28-GFP was generated as de-
scribed previously [7]. Briefly, Lin28-GFP or GFP ¢cDNAs
were amplified by PCR and cloned into the pCAGGS vector
[17]. For silencing Lin28 expression, specific siRNA oligonu-
cleotides for Lin28 were designed as follows: Lin28 siRNA
#1, 5-GCAGAAGCGAAGAUCCAAAGG-3"; Lin28 siRNA
#2, 5'-GACCAUCAUGCCAAGGAAUGC-3'; scrambled
control siRNA, 5-UUCUCCGAACGUGUCACGU-3'.

In Utero Electroporation

In utero electroporation was performed as described previous-
ly with minor modifications [18]. Briefly, pregnant mice at
E14.5 were anesthetized with 1% isoflurane balanced with
30% O, and 70% N,0O. After the uterine horns were exposed,
1 ul of DNA solution (1 pg/ul) containing 0.01% fast green
solution was injected into the right lateral ventricle using a
pulled glass micropipette. Then, electronic pulses (40 V,
50 ms, seven times) at 1-s intervals were applied using an
electroporator (CUY21SC, NEPA Gene, Chiba, Japan) with
tweezer-type electrodes. Then, embryos were placed back into
the abdominal cavity and sutured. During the procedure, rectal
temperature of the pregnant mouse was maintained at 36.5—
37.5 °C, and the embryos were allowed to develop normally
until they were sacrificed.

Whole-Cell Patch Clamp Recording

The brains at P7, P14, and P28 were quickly removed and
placed in ice-cold storage medium containing 125 mM
NaCl, 2.5 mM KCl, 1 mM CaCl,, 2 mM MgSQ,, 1.25 mM
NaH,POy, 25 mM NaHCOs3, and 10 mM D-glucose (bubbled
with 95% O,/5% CO,). Coronal sections (300-pm thick) pre-
pared on a vibrotome (Campden Instruments, Leics, UK) were
allowed to recover for 40 min at 37 °C. The slices in the
experimental chamber were perfused with recording medium,
which was the same as the storage medium except for 2 mM
CaCl, and 1 mM MgSO,.

Whole-cell patch clamp recording was performed with an
EPC8 amplifier (HEKA Elektronik, Lambrecht, Germany)
and pClamp 9.0 software (Molecular Devices, Sunnyvale,
CA, USA). Glass microelectrodes (3—5 MS?) pulled from bo-
rosilicate glass pipettes (1B150F-4, World Precision
Instruments, Sarasota, FL, USA) were filled with a solution
containing 130 mM K-gluconate, 10 mM KCl, 4 mM Mg-
ATP, 10 mM Na,-phosphocreatine, 0.3 mM Nas-GTP, and
10 mM HEPES (pH 7.25 with KOH). The solution also
contained 0.5% of biocytin for morphologic reconstruction
of recorded cells. Cells with a pyramidal shape and apparent
apical dendrites were easily identifiable with an upright mi-
croscope (BX50-WI fitted with a 40%/0.80NA water
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immersion objective, Olympus). Cells located 200-300 pm
from the cortical surface were selected. Input resistance was
measured by injection of a negative current pulse (— 50 pA for
500 ms). Since many cells showed prominent hyperpolarizing
sag in membrane potential response, input resistance was
measured as the difference between the baseline and the max-
imum deflection of membrane potential. Action potential fir-
ing patterns were investigated by a graded step-current injec-
tion of 10-20 pA for 900 ms. For the recording of excitatory
postsynaptic current (EPSC), square stimulating current was
applied through a glass pipette (tip diameter of 10 pm) filled
with recording medium. The stimulating pipettes were located
at 200 pwm from the soma to the cortical surface and 200 um
from the soma away from the cortical surface for stimulation
of inputs to apical dendrites and basal dendrites, respectively.

Histologic Assessment

For immunohistochemistry, mice pups at PO, P7, P14, and P28
were transcardially perfused with 4% paraformaldehyde. The
brains were extracted and cryoprotected with a 30% sucrose
solution. After being frozen with liquid nitrogen, floating sec-
tions (20-pum thick) cut on a cryostat were washed with
0.01 M phosphate-buffered saline (PBS, pH 7.4) and incubat-
ed with 3% H,0, and 10% methanol for 15 min. Next, the
sections were blocked with 10% normal goat serum (Vector
Laboratories, Burlingame, CA, USA) for 1 h, followed by
overnight incubation with primary antibodies at 4 °C. On the
next day, the sections were incubated with secondary antibod-
ies for 2 h at room temperature. Finally, the sections were
visualized with 0.1% 3,3'-diaminobenzidine tetrahydrochlo-
ride using a light microscope (BX51, Olympus) or were incu-
bated with 4,6-diamidino-2-phenylindole (1:1000, DAPI;
Thermo Fisher Scientific Inc.) for 5 min at room temperature
and observed under a confocal microscope (LSM 510 Meta,
Zeiss, Oberkochen, Germany) for fluorescent staining. The
antibodies used in this study were as follows: rabbit anti-
green fluorescent protein (1:500, GFP; Thermo Fisher
Scientific Inc.), peroxidase-conjugated anti-rabbit IgG
(1:300; Sigma-Aldrich, St. Louis, MO, USA), rabbit anti-
Lin28 (1:200; Santa Cruz Biotechnology Inc., Dallas, TX,
USA), mouse anti-NeuN (1:200; EMD Millipore,
Burlington, MA, USA), Alexa Fluor 488-conjugated anti-
GFP (1:500, Thermo Fisher Scientific Inc.), Cy3-conjugated
anti-rabbit IgG (1:500; Jackson ImmunoResearch
Laboratories, West Grove, PA, USA), and anti-mouse IgG
(1:500, Jackson ImmunoResearch Laboratories).

For immunocytochemistry, cortical neurons grown on 12-
mm glass coverslips were washed with Dulbecco’s phosphate-
buffered saline (DPBS, pH 7.4), fixed with 4% paraformalde-
hyde for 15 min, and permeabilized with 0.15% Triton X-100
for 15 min. Then, further steps were performed as described in
immunohistochemistry. The antibodies used were as follows:
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rabbit anti-GFP (1:1000), goat anti-Lin28 (1:300; Santa Cruz
Biotechnology Inc.), rabbit anti-high mobility group AT-Hook
2 (1:300, HMGAZ2; Cell Signaling Technology, Danvers, MA,
USA), rabbit anti-insulin-like growth factor 1 receptor (1:300,
IGFIR; Abcam, Cambridge, UK), Alexa Fluor 488-
conjugated anti-rabbit IgG (1:500, Thermo Fisher Scientific
Inc.), Alexa Fluor 647-conjugated anti-goat IgG (1:500,
Thermo Fisher Scientific Inc), and Cy3-conjugated anti-rabbit
IgG (1:500, Jackson ImmunoResearch Laboratories).

For biocytin staining, brain slices after electrophysiologic
recording were fixed with 4% paraformaldehyde for 2 h and
maintained in PBS at 4 °C until they were labeled with avidin.
After overnight treatment with 0.5% Triton X-100 at 4 °C, the
slices were conjugated with 1 pg/mL of Alexa Fluor 555-
conjugated streptavidin for 2 h at room temperature, followed
by PBS washing. After blocking with 10% normal goat se-
rum, slices were incubated with Alexa Fluor 488-conjugated
anti-GFP overnight at 4 °C and were mounted for visualiza-
tion under a confocal microscope.

Primary Culture of Electroporated Cortical Neurons

Two days following in utero electroporation, the brains of
E16.5 mouse embryos were harvested to culture cortical neu-
rons [19-21]. In brief, electroporated right cerebral cortices
were collected in Ca**- and Mg**-free Hank’s balanced salt
solution (Thermo Fisher Scientific Inc., Waltham, MA, USA)
and incubated with 0.025% trypsin for 10 min at 37 °C. The
dissociated cells were suspended in Neurobasal medium sup-
plemented with 2% B27, 0.5 mM glutamine, 25 pM gluta-
mate, 50 units/ml penicillin, and 50 pg/ml streptomycin
(Thermo Fisher Scientific Inc.). The cells were then plated
on 24-well plates (pre-coated with 10 pg/ml poly-L-lysine)
at a density of ~ 1200 cells/mm?” and incubated at 37 °C with
5% CO,/95% air. The seeding medium was replaced with
maintenance medium (without glutamate) 1 day after plating
and refreshed twice a week. For siRNA treatments, cells were
transfected using lipofectamine RNAiMax reagent (Thermo
Fisher Scientific Inc.) at DIV1 or DIVS5. At 2 and 4 days after
siRNA transfection, cells were observed under a fluorescent
microscope (IX71, Olympus, Tokyo, Japan) and subjected to
immunocytochemistry.

Reconstruction of Cultured Cortical Neurons

siRNA-treated cortical neurons at DIV3, DIV5, DIV7, and
DIV9 were reconstructed using neuron tracing software,
Neurolucida 6 (MBF Bioscience, Williston, VT, USA).
Briefly, images of GFP-expressing cells were captured by a
fluorescent microscope. After tracing neurites and the cell
body of each cell, the traced image was converted into gray-
scale and presented as an inverted image.
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Morphometric and Intensity Analyses of Cultured
Cortical Neurons

Quantitative analysis of neurite arborization was performed by
assessing the number of primary neurites and their branching
index [22, 23]. Briefly, using ImageJ software (NIH), we de-
fined a neurite as a protrusion > 10 um to exclude dendritic
filopodia and spines. All neurites that extended directly from
the cell body were counted as primary neurites. For branching
index analysis, we counted total primary branch points along a
50 um length of the most complex dendrite near the cell soma.
Dendritic branching index was calculated as the total number
of primary branch points per 10 pm length of a dendrite. A
minimum of 15 cells were evaluated for each analysis. For
assessing the expression of Lin28, HMGA?2, or IGF1R, im-
ages of GFP-expressing cells were captured at DIV3 and
DIV7. Using Imagel software, Lin28, HMGA2, and IGFIR
expression in cell body was analyzed by measuring the fluo-
rescence intensity at each pixel in the image and averaged to
show mean fluorescence intensity. A minimum of 30 cells per
each group was analyzed.

Behavioral Test

An open field test was performed to assess the effect of GFP
(n="7) and/or Lin28-GFP overexpression (n=7) on general
locomotor activity, as previously described with slight modi-
fications [24]. Mice, at 8 weeks old, were put in a 40 cm X
40 cm x 30 cm box with 16 equal squares, and the total num-
ber of crossings to adjacent squares for 5 min was counted.

To analyze spatial memory, the Morris water maze test was
performed [25]. Two days after the open field test, mice were
placed into a circular tank, about 1.2 m in diameter, filled with
warm water (22 & 2 °C). An escape platform (10 cm diameter)
was placed in the pool 1 cm below the surface of the water.
From the second test day, water was made opaque with skim-
milk to hide the platform. Each mouse was given 6 trials a day
for 9 consecutive days at 30-min intervals. Each trial lasted
until the mouse found the platform or for a maximum time of
120 s. All mice were allowed to stay or placed on the platform
for 10 s after finding the platform or failing to find it within
120 s, respectively. Data were analyzed using SMART soft-
ware (Panlab, Barcelona, Spain).

Statistical Analysis

Data were expressed as the mean + standard errors of the mean
(S.E.M.). Experimental groups were assigned by simple ran-
domization. Detailed sample sizes for each experiment can be
found in figure legends. Data that passed our selection criteria
was collected blind. All statistical analyses were carried out
using SPSS 21.0 (SPSS Inc., Armonk, NY, USA) except for
siRNA experiments that were done by Prism 7 (GraphPad

Software Inc., La Jolla, CA, USA). For the Morris water maze
tests, statistical significance was assessed with the Mann-
Whitney U test to compare GFP and Lin28-GFP groups after
performing normality tests. For the open field test, an unpaired
t test was performed after a Shapiro-Wilk normality test. For
evaluation of action potential parameters, one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test was
performed. EPSC was assessed by repeated measures
ANOVA; for the rest of the electrophysiologic studies, two-
way ANOVA and Tukey’s post hoc tests were performed. For
siRNA experiments, the number of primary neurites,
branching index, and the mean fluorescence intensity of
HMGA?2 and IGFI1R were analyzed by Kruskal-Wallis test,
followed by Dunn’s post hoc test as normal distribution was
not assumed. In addition, Pearson correlation test was per-
formed to evaluate the relationships between Lin28 and
HMGAZ? or Lin28 and IGF1R expression. p < 0.05 was con-
sidered to be statistically significant.

Results

Defective Cortical Neurogenesis by Lin28-GFP
Overexpression

Neurogenesis in the developing neocortex and its modulation
by Lin28 were monitored by in utero electroporation of GFP
or Lin28-GFP at E14.5 (Fig. 1a). We first corroborated the
persistent expression of Lin28 in the developing cortex. At
P28, no cells were colabeled with Lin28 in GFP-expressing
controls, whereas in the Lin28-GFP-electroporated group, ev-
ery GFP-expressing cell was immunoreactive to Lin28 (Fig.
1b). Based on this confirmation, Lin28-induced alteration of
cortical neurogenesis was temporally evaluated (Fig. 1c). In
controls, GFP-electroporated cells were actively migrating to
the cortical plate at PO. They started to form dendritic
sprouting at P7, which was further enhanced at P14 and
P28. Moreover, from P7 to P28, axon fibers projecting to the
contralateral cortex were observed in the corpus callosum
(Fig. 1a arrow, c). However, overexpression of Lin28-GFP
during cortical neurogenesis induced deficits in dendritic
sprouting and axon generation at P28 (Fig. la). When
Lin28-overexpressing cells were examined at PO, immunore-
active cells were observed in the upper layer of the cortex with
comparable neurite development. However, dendritic arbori-
zation of cortical Lin28-overexpressing cells was less com-
plex than the control cells at P7 and P14 (Fig. 1c¢). In addition,
axon fibers passing through the corpus callosum were not
prominent in the Lin28-overexpressing group (Fig. la, c).
Taken together, these findings demonstrate that persistent ex-
pression of Lin28 during cortical development can influence
the terminal maturation of cortical neurons, including dendrit-
ic and axonal outgrowth.
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a E14.5 EP — P28 b
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Fig. 1 Lin28 upregulation during cortical neurogenesis resulted in
underdevelopment of neurite outgrowth. a Representative images of
GFP staining at P28 after in utero electroporation of either GFP or
Lin28-GFP at E14.5. Note that Lin28-GFP overexpression showed de-
fective dendritic arborization and axon outgrowth compared to GFP con-
trols. White arrows indicate axon fibers in the corpus callosum and con-
tralateral cortex in the GFP-electroporated group. Scale bar=100 pm.
n=>5 per group. b Representative images of GFP/Lin28/DAPI

Histologic Reconstruction of GFP-
and Lin28-GFP-Overexpressing Cells by Biocytin
Labeling

To exclude the possibility that neurite underdevelopment of
Lin28-overexpressing cells assessed by GFP immunoreactiv-
ity was because of perinuclear localization of Lin28-GFP fu-
sion protein, we visualized neurons by injecting biocytin to
the cells of GFP- or Lin28-GFP-electroporated brain slices
(Fig. 2). Reconstruction of GFP-expressing control cells at
P14 showed the typical morphology of a differentiated cell
with well-developed terminal dendritic arborization and a
slender axon growing toward the corpus callosum (Fig. 2a).
On the other hand, a Lin28-overexpressing cell showed an
apical dendrite reaching layer I of the cortex, but with few
secondary and tertiary dendrites when examined with biocytin
labeling (Fig. 2b). Moreover, a Lin28-overexpressing cell
showed an aberrantly long basal dendrite with dendritic
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E14.5 EP — PO

GFP Lin28

E14.5 EP — P7

DAPI Merge

immunostaining. Lin28 immunoreactivity was detected in GFP-positive
cells when Lin28-GFP was introduced, but not in GFP-electroporated
brain. Scale bar=50 pm. n=35 per group. ¢ Temporal pattern of GFP-
or Lin28-GFP-expressing cells in the mouse cortex. Dendritic and axonal
development proceeded in a timely manner in the GFP-electroporated
group, which was impaired after Lin28-GFP overexpression. Scale bar =
100 pm. n=>5 per group. EP, electroporation; GFP, green fluorescent
protein; DAPI, 4,6-diamidino-2-phenylindole

spines. In addition, no apparent axon was observed in
Lin28-overexpressing cells (Fig. 2b), consistent with temporal
GFP staining results. Interestingly, compared to control cells
where GFP immunoreactivity corresponded closely to
biocytin signals, GFP expression was not detected in the distal
dendrites of Lin28-GFP electroporated cells that were visual-
ized by biocytin infusion, suggesting subcellular localization
of Lin28-GFP fusion proteins in proximal dendrites.

Lin28-Overexpressing Neurons Exhibiting Neuronal
Phenotype

Impaired neurite outgrowth by Lin28 overexpression led to
the next question, whether these manipulated cells were neu-
rons despite their abnormal morphology. Thus, we performed
immunofluorescent labeling and found that all the GFP- and
Lin28-GFP-expressing cells were colabeled with NeuN, a
marker for neurons, at P14 (Fig. 3a). Then, we assessed the
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a E14.5 EP — P14: GFP

Biocytin

b E14.5 EP — P14: Lin28-GFP

Fig. 2 Reconstruction of Lin28-GFP-electroporated cells by biocytin la-
beling confirmed faulty dendritic and axonal development compared to
GFP-electroporated controls. a Representative images of a biocytin-
injected GFP-expressing cell at P14 after GFP electroporation. Note that
GFP-expressing control cells showed well-developed terminal dendritic
arborization and a slender axon outgrowing toward the corpus callosum

electrophysiologic properties of GFP- and Lin28-GFP
electroporated cells. Similar to normal cortical neurons with
no expression of GFP (control), both GFP- and Lin28-GFP-
expressing cells were able to generate action potentials, a rep-
resentative feature of functioning neurons (Fig. 3b).
Therefore, our data show that Lin28 overexpression did not
affect neuronal phenotype or basic neuronal functions.
However, detailed properties of the action potentials showed
differences caused by overexpression of Lin28 (Table 1).
During development, properties of the depolarization phase
of the action potential changed. Action potential amplitude

(white arrow). Scale bar=50 um. n=3. b Representative image of a
biocytin-injected GFP-expressing cell at P14 after Lin28-GFP electropo-
ration. Lin28-overexpressing cells showed scanty secondary and tertiary
dendritic branches from an apical dendrite and abnormal basal dendrites,
in addition to defective axon development. Scale bar=50 um. n=3.EP,
electroporation; GFP, green fluorescent protein

increased (F(2, 19)=38.32, p<0.001, one-way ANOVA)
and rising time decreased (F(2, 19)=120.83, p <0.001, one-
way ANOVA) in control cells from P7 to P28. Properties of
the repolarization phase also changed during this period.
Action potential width (F(2, 19)=91.23, p <0.001, one-way
ANOVA) and peak to trough (P-T) time (F(2, 19)=17.34,p <
0.001, one-way ANOVA) shortened. Lin28 overexpression
had no effect on depolarization properties during develop-
ment. However, changes in repolarization properties such as
AP width (F(2, 22)=8.96, p=0.001, one-way ANOVA at
P14; F(2, 16)=86.55, p<0.001, one-way ANOVA at P28)
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Fig. 3 Lin28-GFP a
overexpression during
development did not affect
neuronal phenotype or basic
functions. a Representative
images of GFP/NeuN/DAPI triple
immunofluorescence at P14. Note
that all the GFP- and Lin28-GFP-
positive cells expressed NeuN, a
marker for neurons. Scale bar =
50 um. n =5 per group. b
Representative traces of action
potential generated by GFP-
negative (control), GFP-positive,
and Lin28-GFP-expressing cells
in P14 slices. All the cells, re-
gardless of genetic modification,
could fire action potentials, a rep-
resentative feature of functioning
neurons. 7 =7 per group

GFP

Lin28-GFP

b Control

and P-T time (F(2, 22)=17.08, p <0.001, one-way ANOVA
at P14, F(2, 16)=46.72, p <0.001, one-way ANOVA at P28)
severely lagged behind in the presence of Lin28 overexpres-
sion. These results suggest that developmental changes in K*
channel properties, but not Na* channel properties, were dis-
turbed by Lin28 overexpression.

Alterations in Excitatory Synaptic Responses
and Membrane Properties by Lin28 Overexpression

Next, we investigated how Lin28 overexpression affects ex-
citatory postsynaptic current (EPSC) (Fig. 4). In slices from
P14 mice, GFP-expressing cells with pyramidal shape and
prominent apical dendrites, located 200300 um from the
cortical surface, were selected for the experiment. After estab-
lishment of whole cell configuration, 50, 100, 150, and
200 pA of current stimuli were applied to evoke EPSCs from
both apical and basal sites of cells (Fig. 4a). The currents
reflect excitatory inputs since the holding potential (—
70 mV) was very close to the ClI™ equilibrium potential
(Ec;=—-68 mV). For both apical and basal stimulation (Fig.
4a), repeated measures ANOVA showed that EPSC amplitude
was significantly smaller in Lin28-overexpressing cells com-
pared to GFP-expressing cells (F(1, 12)=53.12, p<0.001),
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indicating diminished excitatory inputs to both apical and bas-
al dendrites of Lin28-GFP-overexpressing cells.

To understand the developmental impact of Lin28 overex-
pression on membrane properties, cells in P7, P14, and P28
slices were investigated (Fig. 4b). Resting membrane potential
was not different among controls that expressed no transgene,
GFP and Lin28-GFP, regardless of cellular age (Fig. 4 b,
F(2,4,54)=0.29, p=0.753 two-way ANOVA among con-
trols, GFP, and Lin28-GFP; F(2,4,54)=0.21, p=0.815, two-
way ANOVA among P7, P14, and P28). Input resistance sig-
nificantly decreased from P7 to P28 (F(2,4,54)=273.51, p<
0.001, two-way ANOVA) with no differences between control
and GFP groups at all ages (Fig. 4b). However, Lin28-GFP-
overexpressing cells showed significantly higher input resis-
tance than control or GFP-expressing cells (F(2,4,54) = 28.38,
p<0.001, two-way ANOVA). Interestingly, the pyramidal
cells showed voltage sag upon hyperpolarizing current injec-
tion (Fig. 4c). Since voltage sag is known to be mediated by
hyperpolarization-activated cation currents (I,) from the
hyperpolarization-activated cyclic nucleotide-gated (HCN)
family of voltage-gated ion channels [26], we estimated the
relative strength of I;, by calculating the ratio between maxi-
mum potential deflection and minimum potential deflection.
The temporal pattern of the SAG ratio showed an increment at
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Table 1 Action potential parameters in control, GFP- and Lin28-GFP-expressing cells during cortical neurogenesis
P7 P14 P28 #%p value
n Mean+S.EM. *pvalue n Mean+SEM. *pvalue n Mean=SEM. *pvalue
AP threshold (mV)  Control 7 3747+0.70 0.486 8 39.19+1.04 0.176 7 39.30+0.89 0.441 0.309
GFP 6 36.53+0.83 8 41.15+1.22 6 40.12+0.67 0.014
Lin28-GFP 6 38.57+1.74 9 4191+0.82 6 3855+0.84 0.063
AP amplitude (mV) Control 7 69.44+1.61# 0.790 8  81.99+1.74# 0.180 7 89.54+1.38# 0.466 <0.001
GFP 6 71.07+2.87# 8 85.34+1.93 6 92.58+1.57 <0.001
Lin28-GFP 6 69.43 +0.52# 9 86.07+1.65 6 90.48+2.17 <0.001
AP rising time (ms)  Control 7 0.88+£0.04# 0.663 8 0.49+0.01# 0.099 7 036+0.01# 0.096 <0.001
GFP 6 0.85+0.06# 8 0.46+0.01 6 0.36+0.01 <0.001
Lin28-GFP 6 0.82+0.02# 9 047+0.01# 6 040+0.01# <0.001
AP width (ms) Control 7 2.06+0.13# 0.712 8 1.02+0.02# 0.001 7 0.66+0.01# <0.001 <0.001
GFP 6 2.07+0.15# 8 0.96+0.02# 6 0.67+0.01# <0.001
Lin28-GFP 6 1.94+0.07# 9 1.12+0.03% 6 0.98+0.03% <0.001
AHP (mV) Control 7 1259+0.72 0.590 8 9.85+0.65 0.254 7 1029+0.51 <0.001  0.015
GFP 6 13.19+£1.07 8 10.29+0.97 6 10.71+£045 0.083
Lin28-GFP 6 11.90+0.76 9 1149+048 6  7.28+0.46%# <0.001
P-T time (ms) Control 7 57.94+5.00 0.440 8 5495+383 <0.001 7 28.96+1.62# <0.001 <0.001
GFP 6 65.75+7.35 8 5336+2.53 6 3525+2.87# 0.001
Lin28-GFP 6 54.50+5.89 9 84.66+5.63% 6 69.93+4.77% 0.004
spike adaptation Control 7 126+0.07 0.526 8 1.17+0.04 0.290 7 1.12+0.03 0.071 0.186
GFP 6 124+0.04 8 1.12+0.03 6 1.11+0.04 0.050
Lin28-GFP 6 1.35+0.09 9 1.09+0.03 6 1.26+0.07 0.015

AP action potential, AHP afterhyperpolarization, P-T peak to trough

*p value was calculated by one-way ANOVA among control, GFP and Lin28-GFP groups at each time point

*#p value was calculated by one-way ANOVA among P7, P14, and P28 groups

% A group showing the significant difference from other two groups among control, GFP and Lin28-GFP groups in Tukey’s post hoc test

# A group showing the significant difference from other two groups among P7, P14, and P28 groups in Tukey’s post hoc test

P14 and P28 (Fig. 4c, F(2,4,54)=11.91, p <0.001, two-way
ANOVA). Moreover, as expected, there was no difference in
SAG ratio between control and GFP groups (Fig. 4c).
However, Lin28-GFP-overexpressing cells showed a signifi-
cantly smaller SAG ratio compared to both control and GFP-
expressing cells, indicating a decrease in I}, with development
compared to the control (F(2,4,54)=54.13, p<0.001, two-
way ANOVA). These results suggested that Lin28 overex-
pression affected basic membrane properties and channel ex-
pression patterns during development, in addition to reduced
excitatory synaptic responses.

Rescue of Lin28-GFP-Induced Neurite
Underdevelopment by siRNA Treatment

As Lin28 overexpression during cortical neurogenesis result-
ed in neurite underdevelopment, we next tested if Lin28 is
essential for this phenotype. Primary culture of cortical neu-
rons at 2 days after in utero electroporation was performed; at
DIV1, siRNAs for Lin28 were treated to silence Lin28

overexpression (Fig. 5a). When the number of primary
neurites and their branching index were assessed at DIV3
and DIVS, Lin28-electroporated cells treated with control
siRNA (Lin28 CTL) showed less complex arborization

Fig. 4 Lin28-GFP overexpression reduced excitatory synaptic responses P>
and changed membrane properties. a To evoke excitatory postsynaptic
currents (EPSCs), 50, 100, 150, and 200 pA of current stimuli were
applied through a glass electrode from both apical and basal sites of
cells. Representative traces and graphs of EPSCs with apical and basal
stimulation. Note that EPSC amplitude was significantly smaller in
Lin28-overexpressing cells compared to GFP-expressing cells. n =7 per
group. *p <0.05 by repeated measures ANOVA. Data represent mean =+
S.E.M. b Representative traces and graphs of resting membrane potential
(RMP) and input resistance. Input resistance was measured as the differ-
ence between baseline and maximum deflection of membrane potential
by injection of a negative current pulse (— 50 pA for 500 ms) in P7 (upper
panel), P14 (middle panel), and P28 (lower panel) mice. n =7 per group.
*p < 0.05 by two-way ANOVA followed by Tukey’s post hoc test. Data
represent mean + S.E.M. ¢ Demonstration of SAG ratio measurement and
a graph showing SAG ratio from P7, P14, and P28 mice. n =7 per group.
*p < 0.05 by two-way ANOVA followed by Tukey’s post hoc test. Data
represent mean + S.E.M.
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compared to GFP-electroporated cells treated with either con-  branching index at DIV3: H=63.00, p <0.001, primary
trol siRNA or siRNAs for Lin28 (Fig. 5b, ¢, Kruskal-Wallis neurite number at DIVS5: H=56.27, p <0.001, branching in-
test; primary neurite number at DIV3: H=72.23, p<0.001, dex at DIVS: H=280.17, p <0.001), which was consistent with
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Fig. 5 Knockdown of Lin28-GFP overexpression rescued neurite under-
development. a Schematic representation of experimental schedules
showing siRNA treatment for Lin28 from DIV1 to DIVS5. Arrows indi-
cate the dates when microscopic images were taken. b Representative
reconstructed images of GFP-positive cells at DIV3 and DIVS. Note that
Lin28-GFP-electroporated cells (Lin28 CTL) showed simpler neurite out-
growth than GFP-electroporated cells (GFP CTL), and Lin28-GFP-
electroporated cells treated with siRNAs for Lin28 (Lin28 siRNA)
showed more complex neurite arborization compared to Lin28 CTL
group. Scale bar=10 um. ¢ Graphs showing the number of primary
neurites and branching index at DIV3 (upper panel) and DIV5 (lower
panel). n>30 per group. *p <0.05 by Kruskal-Wallis test followed by
Dunn’s post hoc test. Data represent mean + S.E.M. d Schematic

representation of experimental schedules showing siRNA treatment for
Lin28 from DIVS to DIV9. Arrows indicate the dates when microscopic
images were taken. e Representative reconstructed images of GFP-
positive cells at DIV7 and DIV9. Note that Lin28-GFP-electroporated
cells (Lin28 CTL) showed simpler neurite outgrowth than GFP-
electroporated cells (GFP CTL), and Lin28-GFP-electroporated cells
treated with siRNAs for Lin28 (Lin28 siRNA) showed more complex
neurite arborization compared to the Lin28 CTL group. Scale bar=
10 um. f Graphs showing the number of primary neurites and branching
index at DIV7 (upper panel) and DIV9 (lower panel). n>30 per group.
*p < 0.05 by Kruskal-Wallis test followed by Dunn’s post hoc test. Data
represent mean = S.E.M. EP, electroporation; DIV, days in vitro; GFP,
green fluorescent protein; CTL, control
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our previous results (Fig. 2). Moreover, Lin28-electroporated
cells treated with two different siRNAs for Lin28 (Lin28
siRNA) showed an increased number of primary neurites
and their branching index (Fig. 5b, c), indicating the require-
ment of Lin28 in neurite outgrowth during cortical
neurogenesis. Interestingly, when the siRNAs for Lin28 were
administered at DIVS, suppressed neurite outgrowth by Lin28
overexpression could be also rescued at both DIV7 and DIV9
(Fig. 5d—f, Kruskal-Wallis test; primary neurite number at
DIV7: H=82.47, p<0.001, branching index at DIV7: H=
64.18, p <0.001, primary neurite number at DIV9: H = 54.80,
p<0.001, branching index at DIV9: H=119.50, p <0.001),
suggesting that Lin28 modulation can have a therapeutic po-
tential even at delayed intervention.

Lin28 Downstream Targets Are Tightly Regulated
by Lin28 Manipulation

We then assessed whether Lin28 targets could be modulated
by Lin28 manipulation. Utilizing siRNA and in vitro culture
system, we found that the expression of HMGA?2 and IGF1R,
well-known Lin28-associated downstream targets, was in-
creased by Lin28-GFP electroporation (Fig. 6a—e) [8]. At
2 days after siRNA treatment for Lin28, immunoreactivity to
both HMGA?2 and IGF1R was markedly decreased (Fig. 6a).
Quantitative analysis of the fluorescence intensity in GFP-
positive cells further corroborated the significant reduction
of both HMGA?2 and IGF1R expression by siRNA treatments
targeting Lin28 (Fig. 6b, Kruskal-Wallis test; HMGA2: H=
94.10, p<0.001, IGF1R: H=42.88, p<0.001). Delayed
knockdown of Lin28 overexpression also blocked HMGA2
and IGF1R expression compared to Lin28-GFP-
overexpressing cells (Fig. 6d, e, Kruskal-Wallis test;
HMGA2: H=59.60, p<0.001, IGFIR: H=95.40, p<
0.001), suggesting that HMGA2 and IGF1R may be critical
players in the regulation of Lin28-associated neurite underde-
velopment. Moreover, the expressions of Lin28 and HMGA2
(Pearson correlation test; CTL siRNA, »=0.83, p<0.001,
siLin28 #1 r=0.80, p<0.001, siLin28 #2 r=0.93, p<
0.001) or Lin28 and IGF1R (Pearson correlation test; CTL
siRNA »=0.70, p<0.001, siLin28 #1 r=0.56, p<0.001,
siLin28 #2 r=0.66, p <0.001) showed a good correlation in
all groups of Lin28-electroporated cells with control or Lin28
siRNAs at DIV3 (Fig. 6¢), in addition to strong correlations
between Lin28 and its downstream targets, HMGA?2 (Pearson
correlation test; CTL siRNA r=0.76, p <0.001, siLin28 #1
r=0.56,p <0.001, siLin28 #2 r=0.62, p <0.001) and IGFIR
(Pearson correlation test; CTL siRNA r=0.62, p<0.001,
siLin28 #1 r=0.44, p=0.011, siLin28 #2 r=0.44, p=
0.006) at DIV7 (Fig. 6f). A comparison of the expression
values of Lin28, HMGA2, and IGF1R demonstrated that the
data points in the scatter plots were shifted to the left lower
quadrant by siRNA treatments (Fig. 6c, f), suggesting siRNA-
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induced successful Lin28 knockdown and involvement of
HMGA? and IGF1R in the Lin28 regulatory axis.

Behavioral Deficits Caused by Lin28-GFP
Overexpression

As Lin28 overexpression induced postnatal abnormalities in
neurite outgrowth and synaptic development, we tested if
Lin28 manipulation could cause behavioral alterations. First,
8-week-old mice electroporated with GFP or Lin28-GFP at
E14.5 were subjected to an open field test to evaluate general
locomotor activity (Fig. 7a). There was no difference in the
number of crossings, indicating similar locomotion between
the two groups (#(12) =—0.87, p = 0.400, unpaired ¢ test with
equal variances assumed). Then, we evaluated spatial learning
and memory with the Morris water maze test (Fig. 7b). On the
first day, both GFP- and Lin28-GFP-expressing groups spent
similar time finding the platform. In GFP-expressing controls,
the latency to escape was gradually decreased as trials contin-
ued. However, Lin28-GFP-electroporated mice showed sig-
nificantly longer times to reach the platform at the 4th and
6th—-9th trial days compared to GFP-expressing mice (Mann-
Whitney test; day 1, U=20.50, p=0.609; day 2, U=23.00,
p=0.848; day 3, U=18.00, p=0.406; day 4, U=9.00, p =

0.048; day 5, U=10.00, p = 0.064; day 6, U =8.00, p = 0.035;
day 7, U=6.00, p=0.018; day 8, U=9.00, p =0.047; day 9,
U=17.00, p=0.025), suggesting impaired learning and mem-
ory due to Lin28 overexpression (Fig. 7c). Taken together,
our data demonstrated that Lin28 perturbation during
cortical development resulted in cognitive deficits in
adult mice.

Discussion

Lin28 is reported to be highly expressed in tissues of epithelial
origin during early embryogenesis, and it is downregulated as
development progresses [5, 27, 28]. In the brain, Lin28 im-
munoreactivity was clearly detected from E9.5 to E13.5 and
was diminished after E14.5 [5, 8]. Therefore, we specifically
chose E14.5 for in utero electroporation to induce prolonged
expression of Lin28 during cortical neurogenesis. Moreover,
in utero electroporation allowed us to target a subset of neural
progenitors and to keep track of them long-term while
surrounded by adjacent normal cells, rather than extensive
Lin28 modification in the whole brain. Using this technique,
we demonstrated neurite underdevelopment and altered elec-
trophysiologic properties caused by constitutive Lin28 over-
expression. Moreover, we found no difference between
GFP-negative cells from Lin28-GFP-electroporated mice
and GFP-positive cells from GFP-electroporated mice, sug-
gesting that our findings can be specifically attributed to
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«Fig. 6 Silencing Lin28-GFP overexpression resulted in reduction of the
Lin28-downstream molecules HMGA?2 and IGF1R. a Representative mi-
croscopic images of GFP-positive cells at DIV3. Note that Lin28-GFP-
electroporated cells (Lin28 CTL) showed distinct immunoreactivities to
Lin28, HMGAZ2, and IGF1R, which were decreased by siRNA-treated
cells (Lin28 siRNA). Scale bar=20 um. b Graphs showing the mean
fluorescence intensity of HMGA2 and IGF1R immunostaining in GFP-
positive cells at DIV3. n > 30 per group. *p < 0.05 by Kruskal-Wallis test
followed by Dunn’s post hoc test. Data represent mean + S.E.M. ¢ Scatter
plots showing mean fluorescence intensity of Lin28/HMGA?2 or Lin28/
IGF1R. Note that all three groups of Lin28-GFP-electroporated cells
treated with control scrambled siRNA (CTL siRNA) or siRNAs for
Lin28 (siLin28 #1, siLin28 #2) showed a good correlation (p < 0.05 by
Pearson correlation analysis), indicating successful Lin28 knockdown
and its impact on Lin28-downstream targets. d Representative micro-
scopic images of GFP-positive cells at DIV7, which is 2 days after
siRNA treatments. Scale bar =20 um. e Graphs showing the mean fluo-
rescence intensity of HMGA?2 and IGFIR immunostaining in GFP-
positive cells at DIV7. n > 30 per group. *p < 0.05 by Kruskal-Wallis test
followed by Dunn’s post hoc test. Data represent mean + S.E.M. f Scatter
plots showing mean fluorescence intensity of Lin28/HMGA?2 or Lin28/
IGF1R. All three groups of Lin28-GFP-electroporated cells treated with
control scrambled siRNA (CTL siRNA) or siRNAs for Lin28 (siLin28
#1, siLin28 #2) showed a good correlation (p < 0.05 by Pearson correla-
tion analysis). DIV, days in vitro; GFP, green fluorescent protein;
HMGAZ2, high mobility group AT-Hook 2; IGF1R, insulin-like growth
factor 1 receptor; CTL, control; AU, arbitrary unit

Lin28 overexpression, not technical errors or nonspecific
plasmid administration.

In the past three decades, the roles of Lin28 have been
extensively studied [29]. Lin28 was originally found to regu-
late developmental timing in C. elegans by promoting cell
proliferation [30]. Enhanced cell division by Lin28 was fur-
ther corroborated in many other species including zebra fish,
mouse, and human [8, 28, 31, 32]. Our previous study also
showed increased proliferation of endogenous neural progen-
itor cells by Lin28 overexpression during cortical develop-
ment [7]. In addition to Lin28-induced pro-proliferation of

progenitor cells, overexpression of Lin28 was associated with
high survival rates of cortical neurons, possibly through in-
duction of insulin-like growth factor 2 (IGF2) [7]. Moreover,
Lin28 is reported to promote cellular differentiation in skeletal
muscle by increasing IGF2 expression [33]. In contrast, a
recent study reported that, in a cultured system of neural stem
cells, Lin28 was negatively involved in miR-145-dependent
neuronal differentiation [34]. Interestingly, we found that all
of'the Lin28-GFP electroporated cells became neurons in vivo
at P14 based on the expression of neuronal markers. In addi-
tion, we showed that constitutive Lin28 expression had a sup-
pressive effect on neurite terminal maturation, a novel role for
Lin28 during development. We further showed that silencing
Lin28 could correct impaired neurite outgrowth, suggesting
that Lin28 is required for regulation of neurite development.
In support of our data, Lin28 loss-of-function in C. elegans
resulted in premature axon outgrowth, whereas Lin28 gain-of-
function during larval development led to reduced axon ex-
tension of hermaphrodite-specific motor neurons [35]. Taken
together, these results indicate that Lin28 can impact multiple
steps of neurogenesis from proliferation and survival of neural
progenitors to terminal maturation of cortical neurons during
development.

At the molecular level, Lin28 is well-known to act as a
negative regulator of let-7 miRNA biogenesis and thereby
intervenes in post-transcriptional translation of let-7 target
mRNAs [29]. A recent report demonstrated miR-145-
dependent regulation of Lin28 expression through the Sox2/
Lin28/let-7 signaling pathway [34]. In addition, Lin28 played
a pivotal role in the selective expression of let-7 target genes
upon brain-derived neurotrophic factor (BDNF) administra-
tion [36]. In that study, the authors showed that Lin28 eleva-
tion by BDNF stimulation could disinhibit let-7 target genes
and enhance dendritic arborization. Given that our constitutive
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Fig. 7 Lin28-GFP overexpression during cortical neurogenesis impaired
spatial learning and memory in adult mice. a A graph showing the
number of crossings in the open field box for assessment of locomotor
activity. Student’s ¢ test (n =7 per group) showed no difference in
locomotion between GFP- and Lin28-GFP-electroporated mice. Data
represent mean = S.E.M. b Representative images showing the swimming
path of GFP- and Lin28-GFP-introduced mice at the first and last days of
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the Morris water maze test. Gray circle indicates platform position. Gray
and black squares indicate mouse entry point and mouse location when
the trial was completed, respectively. ¢ A graph showing escape latency to
reach the platform in the water maze test between GFP- and Lin28-GFP-
electroporated mice (n =7 per group). The Lin28-GFP group took more
time to find the platform than GFP controls. *p < 0.05 by Mann-Whitney
U test. Data represent mean + S.E.M.
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Lin28 overexpression impaired neurite development, the dis-
crepancy between our results and theirs could be attributed to
a different duration of Lin28 expression (constitutive vs. tran-
sient), different cell types (cortical vs. hippocampal), and dif-
ferent model systems (in vivo vs. in vitro). Moreover, a recent
study showed reduced neurite complexity by let-7 knockdown
in adult neurogenesis [37]. Supporting this result, our siRNA
data demonstrated that silencing Lin28 overexpression during
cortical neurogenesis could rescue neurite underdevelopment
with inhibition of HMGAZ2 and IGF IR, crucial components of
the Lin28/let-7 axis [8, 12]. Furthermore, delayed modulation
of Lin28 overexpression could also reduce Lin28 downstream
targets, implying the essential requirement of Lin28 in neurite
development regardless of intervention points. Taken togeth-
er, our data suggest that Lin28-induced defects in neurite out-
growth can be mediated by Lin28/let-7 pathway.

In addition to the decrease in excitatory synaptic inputs, our
electrophysiologic assessments showed that Lin28 overexpres-
sion altered many active and passive membrane properties. In
particular, a slower repolarization phase of the action potential
suggests underdevelopment of K* channels that may compensate
for reduced excitatory synaptic inputs from dendrites. Otherwise,
this could be a reflection of decreased dendritic arborization,
given that K channels are widely expressed in dendrites of
normal neurons [38]. Interestingly, I, currents mediated by
HCN channels were significantly reduced by Lin28 overexpres-
sion. Consistent with our increased SAG ratio of GFP-expressing
and normal cells, HCN channels increase dramatically in the
dendritic compartment and take important roles in dendritic ex-
citability during development [39, 40]. It is unclear whether the
loss of I, currents in Lin28-overexpressing cells is a cause or a
result of dendritic underdevelopment. Thus, determining definite
relationships between I}, currents and dendritic underdevelop-
ment after Lin28 overexpression will greatly improve our under-
standing of the mechanisms of cellular and behavioral deficits
associated with persistent Lin28 expression during development.

Since we induced persistent Lin28 expression during cortical
development, there is a concern of physiological relevance.
However, when we analyzed large-scale patient databases, we
found that 5 patients with developmental disorder showed copy
number gains in the regions including the Lin28 gene, which
was not detected in the general population. In addition, two
patients reported intellectual disability and microcephaly,
supporting our results about the link between aberrant Lin28
expression and cognitive impairment. It is still possible that other
genes rather than Lin28 in the region of copy number gain may
cause these phenotypes. Some of the neighboring genes include
zinc finger protein 683 (ZNF683), dehydrodolichol diphosphate
synthase subunit (DHDDS), and ribosomal protein S6 kinase A1
(RPS6K A1), although there is no direct evidence linking over-
expression of these genes to NDDs [41-43]. Moreover, Lin28
transcription from the amplified genomic region may be silenced
by epigenetic mechanisms. However, given that epigenetic

modifications are altered in many NDDs [44], disruption of the
molecules essential for gene silencing may lead to increased
Lin28 expression. In particular, methyl-CpG-binding protein 2
(MeCP2) and methyl-CpG-binding domain proteins (MBDs)
are reported to be mutated in Rett syndrome and 2q23.1
microdeletion syndrome, resulting in decreased MeCP2 and
MBD expression [45, 46]. Moreover, MeCP2 can suppress
Lin28A expression by modulating methylation status of Lin28
in pancreatic cancer cells [47]. Taken together, these data suggest
dysregulation of transcriptional repression in NDD, raising the
possibility of abnormal Lin28 expression in NDD brains.
Therefore, future studies exploring Lin28 expression level in
NDD patients and epigenetic changes in Lin28 promoter are
warranted.

Understanding the pathophysiology of NDDs is crucial for
developing effective treatment strategies. However, a complex
constellation of NDDs manifesting diverse psychiatric problems
and the lack of animal models that comprehensively capture all
the neurobehavioral alterations of NDDs have been a challenge
for NDD drug discovery. To overcome these obstacles, identi-
fication of molecular targets responsible for common features in
many NDDs can be one efficient approach. In the present study,
we recapitulated neurite underdevelopment and cognitive im-
pairment by Lin28 overexpression during development. We al-
so showed that Lin28-overexpressing cells displayed reduced
excitatory synaptic responses and abnormal membrane proper-
ties by electrophysiologic assessments. Finally, silencing Lin28
overexpression could rescue neurite underdevelopment through
inhibition of HMGA2 and IGF1R, which was repeated after
delayed Lin28 knockdown. Our results highlight that Lin28
can act as a novel regulator of neurite outgrowth during cortical
development, which is translated into cognitive function.
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