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Periventricular heterotopia (PH) is a cortical malformation characterized by aggregation of neurons lining the lateral ventricles due to
abnormal neuronal migration. The molecular mechanism underlying the pathogenesis of PH is unclear. Here we show that Regulators of
calcineurin 1 (Rcan1), a Down syndrome-related gene, plays an important role in radial migration of rat cortical neurons. Downregula-
tion of Rcan1 by expressing shRNA impaired neural progenitor proliferation and led to defects in radial migration and PH. Two isoforms
of Rcan1 (Rcan1–1 and Rcan1– 4) are expressed in the rat brain. Migration defects due to downregulation of Rcan1 could be prevented by
shRNA-resistant expression of Rcan1–1 but not Rcan1– 4. Furthermore, we found that Rcan1 knockdown significantly decreased the
expression level of Flna, an F-actin cross-linking protein essential for cytoskeleton rearrangement and cell migration, mutation of which
causes the most common form of bilateral PH in humans. Finally, overexpression of FLNA in Rcan1 knockdown neurons prevented
migration abnormalities. Together, these findings demonstrate that Rcan1 acts upstream from Flna in regulating radial migration and
suggest that impairment of Rcan1-Flna pathway may underlie PH pathogenesis.
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Introduction
The development of proper brain organization depends on pre-
cise spatial and temporal regulation of the migration of postmi-
totic neurons. Migration defects due to genetic or environmental
factors result in many forms of developmental brain malforma-
tion (Olson and Walsh, 2002). Periventricular heterotopia (PH),
a disorder associated with intractable epilepsy and intellectual
disability, exhibits brain pathology characterized by the forma-
tion of ectopic neuronal nodules along lateral ventricles (Lu and
Sheen, 2005; Sarkisian et al., 2008). The most common familial
form of PH is caused by mutations in FilaminA (FLNA) (Fox et
al., 1998), which encodes an F-actin cross-linking protein essen-
tial for cytoskeleton rearrangement and cell migration. Previous
studies showed that both insufficiency and excess of FLNA in-
hibit migration (Sarkisian et al., 2006; Carabalona et al., 2012),
indicating the importance of precise regulation of FLNA expres-
sion during neuronal migration.

Regulators of calcineurin 1 (RCAN1), a gene first cloned from
the Down syndrome critical region located on human chromo-

some 21, was originally thought to play an important role in the
pathogenesis of Down syndrome (Fuentes et al., 1995). The
Rcan1 gene consists of seven exons and encodes several isoforms
through different promoter usage (Harris et al., 2005; Davies et
al., 2007). Previous studies show that Rcan1 physically interacts
with the calcium-regulated protein phosphatase calcineurin;
however, its action on calcineurin phosphatase activity remains
controversial (Fuentes et al., 2000; Görlach et al., 2000; Rother-
mel et al., 2000; Vega et al., 2002, 2003; Hilioti et al., 2004; Martin
et al., 2012).

The expression of Rcan1 is widespread in both developing and
adult brain (Fuentes et al., 1995; Casas et al., 2001), and aberrant
expression of Rcan1 impairs many aspects of brain functions
(Hoeffer et al., 2007; Martin et al., 2012). For example, the vol-
ume of hippocampus and the density of dendritic spines
on hippocampal pyramidal neurons are reduced in Rcan1-
overexpressing mice. Deficits in hippocampus-dependent learn-
ing and memory were also observed in these transgenic mice
(Martin et al., 2012). Furthermore, Rcan1 knock-out mice exhib-
ited deficits in learning and memory and late-phase long-term
potentiation (Hoeffer et al., 2007). In addition, Rcan1 was found
to influence both exocytotic rate and vesicle fusion kinetics
(Keating et al., 2008). Although Rcan1 is expressed in the devel-
oping cortex (Casas et al., 2001; Porta et al., 2007), its function
during cortical development remains largely unclear. No obvious
abnormality was observed in the cortex of Rcan1-null mice (Vega
et al., 2003), but this may be attributed to compensatory expres-
sion of other members of this gene family (Porta et al., 2007).
Here, we studied the function of Rcan1 in developing rat brain by
using in utero electroporation (IUE) (Tabata and Nakajima,

Received March 13, 2014; revised Nov. 1, 2014; accepted Nov. 6, 2014.
Author contributions: Y.L., Y.Z., and Z.-Q.X. designed research; Y.L., J.W., Y.Z., and D.L. performed research; Y.L.

and Y.Z. contributed unpublished reagents/analytic tools; Y.L. analyzed data; Y.L. and Z.-Q.X. wrote the paper.
This work was supported by 973 Program Grant 2011CBA00400 and National Natural Science Foundation of

China Grants 91332203, 31123002, and 31321091. We thank Drs. Volney Sheen and Gewei Lian (Harvard Medical
School) for the pcDNA-FLNA-EGFP plasmid; and Dr. Mu-Ming Poo for critical reading of the manuscript.

The authors declare no competing financial interests.
Correspondence should be addressed to Dr. Zhi-Qi Xiong, Institute of Neuroscience, Chinese Academy of Sciences,

320 Yueyang Road, Shanghai 200031, People’s Republic of China. E-mail: xiongzhiqi@ion.ac.cn.
DOI:10.1523/JNEUROSCI.1003-14.2015

Copyright © 2015 the authors 0270-6474/15/350610-11$15.00/0

610 • The Journal of Neuroscience, January 14, 2015 • 35(2):610 – 620



2001; Saito, 2006). We found that Rcan1 downregulation im-
paired radial migration of cortical neurons and led to the forma-
tion of PHs. We further demonstrated that, of the two isoforms
(Rcan1–1 and Rcan1– 4) identified in the cortex, Rcan1–1 plays
the dominant role in regulating neuronal migration. In addition,
we presented evidence showing that Rcan1 knockdown de-
creased the expression of Flna at the mRNA level in a calcineurin-
independent manner. Finally, exogenous expression of FLNA in
Rcan1-knockdown neurons was sufficient to prevent their
migration defects. Our findings indicate that the Rcan1-Flna
pathway regulates radial migration of cortical neurons and ab-
normality in this regulation may underlie PH pathogenesis.

Materials and Methods
Animals. Pregnant female Sprague Dawley rats were provided by SLAC
Laboratory Animal. All experimental procedures were done under the
permission of the Bioethics Committee of the Institute of Neuroscience
at the Shanghai Institute for Biological Sciences, Chinese Academy of
Sciences.

Rat Rcan1–1 and Rcan1– 4 cloning and constructs preparation. The
cDNAs of rat Rcan1–1 and Rcan1– 4 (Ensemble accession numbers
ENSRNOT00000002714 and ENSRNOT00000002715) were cloned
from a cDNA library of rat cerebral cortex by RT-PCR. To obtain full-
length rat Rcan1–1 and Rcan1– 4, 5� end primers (5�-CCA TCG ATA
TGG AGG ACG GCG CGG TG-3� for Rcan1–1, 5�-CCA TCG ATA TGC
ATT TTA GGG ACT TTA ACT ACA ATT TT-3� for Rcan1– 4) were
designed. Because Rcan1–1 and Rcan1– 4 have the same C-terminals, a
common 3� primer (5�-CCC CCG GGT CAG CTG AGG TGG ATG GGT
GTG T-3�) was used. PCR products were cloned into pCAGGS-IRES-
GFP vector (provided by Dr. Xiao-bing Yuan) at ClaI/XmaI sites and
sequenced. Oligos targeted to different sequences of rat Rcan1 mRNA,
calcineurin A, and a scramble oligo were designed, synthesized, and
cloned into pSuper-basic (Oligoengine). The 19-nucleotide target se-
quences are as follows: Rcan1 #1 shRNA, 5�-AGG AGA TGA AAC TGT
ACT T-3�; Rcan1 #3 shRNA, 5�-CGT TCA TGC ATG TGT ATT A-3�;
calcineurin A, 5�-TGA GAA GAC TCA GGA ACA T-3�and NC-shRNA,
5�-TTC TCC GAA CGT GTC ACG T-3�. The #1 shRNA-resistant form of
Rcan1(Rcan1–1 � and Rcan1– 4 �) were generated by mutating five nu-
cleotides of #1 shRNA targeting sequence in Rcan1–1 and Rcan1– 4
cDNA (from AGG AGA TGA AAC TGT ACT T to AAG AAA TGA AGC
TCT ATT T) without changing their corresponding amino acids and

cloned into pCAGGS-IRES-GFP vector. The pcDNA-FLNA-EGFP con-
struct was a gift from Dr. Volney Sheen (Department of Neurology, Beth
Israel Deaconess Medical Center and Harvard Medical School, Boston).

Western blotting. For mapping the expression of Rcan1 in developing
cortex, cortices were dissected and homogenized as previously described
(Li et al., 2009). For knockdown and rescue experiment, electroporated
cortical neurons were cultured for 4 – 6 d, and lysed in 1� protein
loading buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 1%
2-ME, and 0.1% bromophenol blue). When measuring Flna expression,
electroporated cortical neurons were cultured for 6 d and lysed in RIPA
buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5%
sodium deoxycholate, 1 mM PMSF, 5 mM EDTA, 1 mM EGTA, 10 mM Na
fluoride, and 1 mM Na orthovanadate). All protein samples were sepa-
rated by 10% SDS-polyacrylamide gel electrophoresis (Bio-Rad) and
blotted onto PVDF membrane (Millipore). Membranes were blocked
with 5% no-fat milk in 0.05% Tween 20 at room temperature for 1 h and
probed with rabbit anti-Rcan1 (Sigma), rabbit anti-calcineurin (Santa Cruz
Biotechnology), HRP-coupled mouse anti-�-actin (Santa Cruz Biotechnol-
ogy), and rabbit anti-Flna (Epitomics) antibodies. The secondary antibody
used was goat anti-rabbit IgG coupled to HRP (Santa Cruz Biotechnology).
Bands were visualized by enhanced chemiluminescence (TIANGEN). Band
intensities were measured with ImageJ Software.

Cell culture and electroporation. Primary cortical neurons were pre-
pared from brains of embryonic day 18 (E18) or postnatal day 1 (P1)
Sprague Dawley rat as described previously (Zhou et al., 2006). Before
plating, neurons suspended in transfection medium (200 �l) were mixed
with 1 �g pCAG-EGFP and 3 �g shRNA for immunocytochemistry,
10 –20 �g shRNAs, and 5 �g Rcan1–1 � or Rcan1– 4 � for immunoblot-
ing and calcineurin phosphotase activity assay. Then, neurons were
transferred into a 2.0 mm electroporation cuvette (Fisher), and trans-
fected by electroporation using the Amaxa Nucleofector apparatus
(Amaxa).

IUE. IUE was performed as described previously (Li et al., 2009). In
brief, E16 embryos of Sprague Dawley rats were exposed, and 1–2 �l
plasmid solution mixed with Fast Green was injected into the lateral
ventricle. Then, embryos were clamped between 10 mm diameter
tweezers-type disc electrodes (CUY650 –10; SONIDEL), and five 50 ms,
60 V electric pulses at an interval of 950 ms were given by an electropo-
rator (ECM830; BTX). Plasmids were prepared at a concentration of 0.3
�g/�l for pCAG-EGFP, 0.9 �g/�l for shRNAs, and 2.5 �g for pCAGGS-
Rcan1–1 �-IRES-GFP or for pCAGGS-Rcan1– 4 �-IRES-GFP, 5.3 �g for
pcDNA-FLNA-EGFP. For assay proliferation of the progenitor cells,

Figure 1. Expression of Rcan1 isoforms in the developing rat cortex. A, Western blot of protein extracts from rat cortices at the indicated time points. Top, Left, The position of protein markers
(kDa). The positions of the Rcan1–1 and Rcan1– 4 isoforms are indicated. Top, An overexposed image (Enhanced), in which the Rcan1–1 bands with different electrophoretic mobility can be
observed. Relative abundant expression of Rcan1–1 can also be observed. Two central panels, Paralleled expression of Rcan1 isoforms. The expression of catalytic A subunit of calcineurin is shown
as indicated (CnA). Bottom panel, Immunobloting for �-actin, used as a loading control. B, Quantification of protein levels from Western blots showing that the expression of Rcan1–1 and Rcan1– 4
steadily increased until P14 and reduced to a lower level in adult. Data are mean � SEM; n � 4 for Rcan1–1; n � 3 for Rcan1– 4.
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BrdU (Sigma) was injected at 100 �g/g intra-
peritoneally twice every 30 min, 24 h, or 48 h
after IUE.

Immunohistochemistry and immunocyto-
chemistry. For immunofluorescence histo-
chemistry, electroporated brains were
removed and fixed in 4% PFA after transcar-
dial perfusion at the indicated time point. The
tissues were frozen embedded in OCT com-
pound (Sakura). Coronal brain sections of 40
�m were cut on a freezing microtome, washed
with PBS, and blocked in 5% BSA plus 0.3%
Triton X-100. Slices were then incubated with an-
tibodies overnight. The primary antibodies used
were as follows: rabbit anti-GFP (Invitrogen),
mouse anti-BrdU (Millipore), rabbit anti-Ki-67
(Abcam), rabbit anti-Sox2 (Abcam), rabbit-anti-
Tuj1 (Sigma), mouse-anti-GFAP (Millipore),
mouse-anti-NeuN (Millipore), and goat-anti-
doublecortin (Santa Cruz Biotechnology). Fluo-
rescently conjugated Alexa-488 or Alexa-546
(Invitrogen) was used as secondary antibodies.
Images were acquired on a NIKON TE2000 or
NIKON FN1 microscope with 10� objective.
The numbers of transfected cells in the slices were
counted by using the software Image-Pro Plus
6.0. For immunofluorescence cytochemistry,
cultured cortical neurons were fixed and immu-
nostained 4 d after electroporation. The primary
antibody used was rabbit anti-Rcan1 (Sigma).
Fluorescently conjugated goat anti-rabbit
Alexa-546 (Invitrogen) was used as second-
ary antibody. Images were acquired on a
NIKON FN1 microscope with 10� objec-
tive. For both brain slices and cultured neu-
rons, Hoechst 33342 (Beyotime) was used to
identify cellular nuclei.

Calcineurin phosphotase activity assay. A cal-
cineurin assay kit (AK-804, Enzo Life Sciences)
was used to measure calcineurin activity ac-
cording to the manufacturer’s procedure.
Briefly, electroporated cortical neurons were
plated on poly-D-lysine-coated 6-well plates at
a density of �2.5 � 10 6 cells per well. At 6 d
after electroporation, cells were washed 3 times
with ice-cold TBS buffer (20 mM Tris, pH 7.2,
150 mM NaCl), suspended in 100 �l lysis buffer
(provided in kit), and then lysed by three freez-
e–thaw cycles (liquid N2/30°C). Cell debris was
spun down (10,000 � g, 10 min, 4°C), and
supernatant was collected. Protein concen-
trations were measured by using a BCA
protein assay kit (TIANGEN). The final con-
centration of each sample was adjusted to 0.4
�g/�l. The OA� (OA� EGTA) method was
used to detect the calcineurin phosphotase
activity.

Real-time PCR. Total cellular RNA was ex-
tracted from cultured cortical neurons at 6 d
after electroporation by using an RNeasy Mini
Kit (QIAGEN). Reverse transcription was per-
formed by using iScript cDNA Synthesis Kit
(Bio-Rad). We performed real-time PCR of
Rcan1 expression by using a LightCycler RNA
Master SYBR Green I kit (Roche) in a LightCycler 480 Real-Time PCR
System (Roche) according to the manufacturer’s instructions. A pair of
primers was designed to detect Flna mRNA, and the sequences are listed
as follows: 5�-GAG AGG TGC TGG TAT ATG-3� and 5�-CGG TTC TTG
TCG TTA TTG-3�. For detecting Il-2 mRNA, the following primers were

used: 5�-AAG CAG GCC ACA GAA TTG A-3� and 5�-ATT TCC AGC
GTC TTC CAA GT-3�. The mRNA of GAPDH was used as a loading
control, and the primers used for GAPDH are as follows: 5�-CCC CAA
TGT ATC CGT TGT G-3� and 5�-CTC AGT GTA GCC CAG GAT
GC-3�.

Figure 2. Knockdown of Rcan1 in vivo impairs neuronal migration. A, Western blot analysis of Rcan1 shRNAs knockdown
efficiency. Protein extracts from cortical neurons transfected with Rcan1 #1, #3 shRNA, or pSuper-scramble (NC) were immuno-
blotted with Rcan1 antibody. �-Actin was used as a loading control. Mock indicates lysates of untransfected cells. Right, Quanti-
fication of Rcan1 protein levels from Western blots showing that both #1 and #3 shRNA suppressed Rcan1 expression effectively.
Data are mean � SEM; n � 3. B, Immunocytochemistry showing that #1 shRNA reduced Rcan1 expression in cultured cortical
neurons. Expression of Rcan1 was significantly suppressed in #1 shRNA-transfected neurons (bottom, arrows) compared with
neighboring untransfected neurons (bottom, arrowheads). DIV 0 cortical neurons were transfected with indicated palsmids plus
pCAG-EGFP. At DIV 4, neurons were fixed and immunostained with antibody against Rcan1 (red). Nuclei were visualized by Hoechst
staining (blue). Scale bar, 20 �m. C, Coronal sections of cerebral cortices at P3 electroporated with the indicated plasmids together
with pCAG-EGFP at E16. Green represents cells derived from transfected cortical progenitor cells. Sections were counterstained
with Hoechst (blue). Cortical layers are indicated on the right. Scale bar, 200 �m. Bottom, Statistics of cell migration. The
percentage of EGFP-labeled cells in the II/III, IV-VI, and WM/SVZ/VZ was calculated and plotted as mean � SEM; n � 4 –19 in each
group. **p 	 0.01 (t test). ***p 	 0.001 (t test). II/III, Layer II/III of the cortical plate; IV-VI, layer IV-VI of the cortical plate; WM,
white matter; SVZ, subventricular zone; VZ, ventricular zone.
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Statistical analysis. Statistical results are presented as mean � SEM.
The significance of differences was determined by t test compared with
control group using Prism 5.0 software.

Results
Rcan1 expression in developing rat cortex
The temporal regulation of Rcan1 expression during rat brain
development was determined by Western blot analysis of protein
extracts of rat cortices from embryonic day 9 (E9) to adult. Con-

sistent with previous reports (Porta et al.,
2007; Martin et al., 2012), two Rcan1 pro-
tein isoforms (Rcan1–1 and Rcan1– 4)
were detected, with Rcan1–1 being more
abundant (Fig. 1A). The expression of
both isoforms steadily increased and
peaked at postnatal day 14 (P14) during
development, and slightly reduced to a
lower level in adult (Fig. 1A,B).

Rcan1 downregulation impairs
radial migration
To examine whether Rcan1 contributes to
cortical development, we generated short
hairpin RNAs (shRNAs) to knock down
the expression of Rcan1. The efficiency of
these shRNAs was first tested in primary
cultures of cortical neurons by Western blot
analysis. Among these shRNAs tested, #1
and #3 shRNA suppressed both Rcan1–1
and Rcan1–4 effectively (Fig. 2A). In addi-
tion, immunostaining for Rcan1 revealed
that #1 shRNA markedly reduced Rcan1 ex-
pression in these cultured neurons (Fig. 2B),
further confirming the knockdown effi-
ciency. To investigate the potential function
of Rcan1 in radial migration of cortical neu-
rons, plasmids encoding #1 shRNA and
EGFP were transfected into the developing
rat cortex at E16 by using IUE (Saito, 2006)
and the distribution of EGFP-labeled cells
was examined at P3. Whereas the majority
of the cells expressing scrambled (Control)
shRNA (77.6 � 4.7%) migrated to the layer
II/III, only a small percentage of #1 shRNA-
expressing cells (36.7�2.3%) migrated into
layer II/III, with the most labeled cells
remaining in deeper layers (Fig. 2C).
Knockdown Rcan1 by another shRNA (#3
shRNA) also caused similar migration de-
fect (Fig. 2C). Together, these results indi-
cate that Rcan1 is essential for radial
migration of cortical neurons.

Rcan1 downregulation impairs cortical
progenitor proliferation
Previous reports have demonstrated that,
during cortical development, Rcan1 is
highly expressed in the ventricular zone, a
region rich in neural progenitors (Casas et
al., 2001). To examine whether Rcan1 reg-
ulates progenitor development, brains that
were transfected at E16 with #1 shRNA or
scrambled shRNA together with EGFP were
immunostained at 72 h after electropora-

tion for the neural progenitor marker Sox2. In brains transfected
with scrambled shRNA, 34.0 � 5.7% of EGFP-expressing cells were
Sox2-positive, whereas in brains transfected with Rcan1 #1 shRNA,
the percentage of Sox2-positive cells (17.7 � 2.4%) was significantly
decreased (p 	 0.05) (Fig. 3A,B), suggesting that knockdown Rcan1
decreases neural progenitor pool size.

The decreased progenitor pool size may be due to premature
neuronal differentiation or impaired progenitor proliferation. To

Figure 3. Knockdown of Rcan1 in vivo impairs neural progenitor proliferation. A, Representative confocal images showing the
immunostaining of EGFP (green) and Sox2 (red) in E19 cortices electroporated at E16 with EGFP plus scramble (NC) or Rcan1 #1
shRNA (#1 shRNA). Arrowheads indicate EGFP and Sox2 double-positive cells. Scale bar, 50 �m. B, Bar graph represents the
percentage of Sox2 and EGFP double-positive cells to total EGFP-positive cells. *p 	 0.05 (t test). NC: n � 5; Rcan1 #1 shRNA: n �
7. Data are mean � SEM. C, D, Representative confocal images (C) and statistics results (D) showing that Rcan1 knockdown
decreased cell cycle exit in utero. Scrambled or Rcan1 #1 shRNA constructs in combination with EGFP were electroporated into E16
embryonic brains, and BrdU was injected at E18. Rats were killed at E19. The cell cycle exit index was measured as the percentage
of the EGFP-positive cells that exited the cell cycle (EGFP �BrdU �Ki-67 �) divided by total EGFP and BrdU double-positive
(EGFP �BrdU �) cells. Arrowheads indicate EGFP �BrdU �Ki-67 � cells. Arrows indicate EGFP �BrdU �Ki-67 � cells. p � 0.77 (t
test). NC: n � 6; Rcan1 #1 shRNA: n � 6. Data are mean � SEM. Scale bar, 20 �m. E, Representative confocal images showing the
localization of transfected cells (green) and Tuj1 immunofluorescence (red). Scale bar, 50 �m. F, Quantification of the data
obtained as in G. p � 0.27 (t test). NC: n � 4; Rcan1 #1 shRNA: n � 4. Data are mean � SEM. G, Representative confocal images
showing the immunostaining of EGFP (green) and Ki-67 (red) in E19 cortices electroporated at E16 with EGFP plus scramble (NC) or
Rcan1 #1 shRNA (#1 shRNA). Arrowheads indicate EGFP and Ki-67 double-positive cells. Scale bar, 50 �m. H, Bar graph represents
the percentage of Ki-67 and EGFP double-positive cells to total EGFP-positive cells. ***p 	 0.0001 (t test). NC: n � 6; Rcan1 #1
shRNA: n � 6. Data are mean � SEM.CP, Cortical plate; IZ, intermediate zone; SVZ, subventricular zone; VZ, ventricular zone.
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examine whether Rcan1 knockdown
could lead to premature differentiation,
we measured the ratio of cells that exit the
cell cycle (Chenn and Walsh, 2002; Mao et
al., 2009). Brains were electroporated with
scrambled shRNA or Rcan1 #1 shRNA to-
gether with EGFP at E16, pulse labeled by
BrdU at E18, and analyzed at E19 by im-
munostaining with BrdU and Ki-67 anti-
bodies. The Ki-67 antigen labels all cells in
the cell cycle (G1, S, G2, and M phases), but
not those exiting cell cycle. The cell cycle exit
index was measured as the percentage of
the EGFP-positive cells that exited the cell
cycle (EGFP�BrdU�Ki67�) divided by
total EGFP and BrdU double-positive
(EGFP�BrdU�) cells. A slight decrease in
cell cycle exit was observed in the Rcan1
knockdown cortices (73.5 � 6.5%) com-
pared with the control cortices (75.8 �
3.9%) (Fig. 3C,D), indicating a decline in
neural differentiation. Consistently, costain-
ing with the neuronal marker Tuj1 also
showed decreased ratio of colabeling with the
EGFP-positive cells in the Rcan1 knockdown
cortices(37.5�3.1%)comparedwithcontrol
(46.6 � 6.8%) (Fig. 3E,F). These findings in-
dicate that premature differentiation is not the
cause of the decreased progenitor pool size.

We next examined the effect of Rcan1
knockdown on progenitor proliferation. In
brains transfected with scrambled shRNA,
21.0 � 1.5% of EGFP-expressing cells were
Ki-67-positive, whereas in brains trans-
fected with Rcan1 #1 shRNA, the percentage
of Ki-67-positive cells (7.2 � 0.9%) was sig-
nificantly decreased (p 	 0.0001) (Fig.
3G,H). Together, these results suggest that
the decreased progenitor pool size in Rcan1
knockdown brains is a result of impaired
progenitor proliferation.

Rcan1 downregulation causes PH
PH is characterized by heterotopic neuro-
nal clusters lining the lateral ventricles (Lu
and Sheen, 2005). Interestingly, we ob-
served ectopic nodules of EGFP-positive
cells lining the ventricular walls in most
of #1 shRNA-transfected cortices (80%)
when examined at P7. These ectopic nod-
ules were found to invade the hippocam-
pus (Fig. 4A,B
), indicating disruption in
junctional integrity and neuroepithelial
organization of the ventricular wall be-
tween the cortex and hippocampus. The
cells in the nodule exhibited neurite-like
structure (Fig. 4C), suggesting that the
nodules are comprised of neurons.

Cell types within the nodules were ex-
amined by immunostaining with specific markers. We found
most #1 shRNA-transfected (EGFP�) cells costained with new-
born neuronal marker Doublecortin, and very few costaining was
found for the mature neuronal marker NeuN or astrocyte marker

GFAP (Fig. 4D–O�). To further examine whether the heterotopic
cells are positive for proliferation marker, we immunostained
these cells with Ki-67 antibody. Although some Ki-67-positive
cells can be observed in those heterotopias (Fig. 4R,S), there was

Figure 4. Knockdown of Rcan1 leads to the formation of PH. A–B�, Representative coronal sections showing the PH in Rcan1
knockdown brains. E16 rat embryos were electroporated with either EGFP plus scramble shRNA (A,A�) or EGFP plus Rcan1 #1 shRNA
(B–B�) and analyzed at P7. EGFP-positive ectopic nodules can be observed in the Rcan1 knockdown brains; these nodules even
invaded the hippocampus (B–B�). In control brains, the neuroepithelial organization of the ventricular walls was well kept as
shown by the continual Hoechst staining (A�, arrowheads), whereas in the Rcan1 #1 shRNA brains, the continuity (B�, arrowheads)
was disrupted by the ectopic nodule (B�,B�, outlined area). C, Magnified image of the outlined area in B� showing that cells in the
nodule exhibited neurite-like structure (arrowheads). D–O�, Immunostaining of Rcan1 #1 shRNA brain sections at P7 revealed that
cells in the nodules were immunonegative for the mature neuronal marker NeuN (D–G) and the astrocyte marker GFAP (H–K ), but
immunopositive for the newborn neuronal marker Doublecortin (L–O). Areas outlined in G, K, and O point to the heterotopias are shown at
higher magnification in G�, K�, and O�, respectively. P–S, Immunostaining of Rcan1 #1 shRNA brain sections at P7 showing no aggregation
of Ki-67 signal in the heterotopia. Outlined areas indicate the region of heterotopia. R, Arrowheads indicate the presence of Ki-67-positive
cells in the heterotopia region. T–W, Immunostaining of Rcan1 #1 shRNA brain sections at P7 showing aggregation of BrdU-positive cells in
the heterotopia. Outlined areas indicate the regions of heterotopia. A�, B�, CTX, Cortex; CA1, CA1 pyramidal cell layer in hippocampus; DG,
dentate gyrus. Scale bars: A–B�, 200 �m; C, 50 �m; D–O, 200 �m; G�–O�, 50 �m; P–W, 100 �m.
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no difference in the density of these cells
between the heterotopia and the sur-
rounding region (Fig. 4P–S). Quantitative
analysis revealed that none of the EGFP�

cells in the heterotopias was colabeled
with Ki-67 (8 heterotopias; 502 EGFP-
positive cells; 0 colabeling). Together,
these results suggest that the heterotopias
are mainly composed of newly differenti-
ated neurons.

To identify the origin of the heteroto-
pias, we performed electroporation at E16
and injected BrdU 24 h later. The distri-
bution of BrdU-positive cells in the heter-
otopia was analyzed at P7. We found that
�75.4 � 6.7% of cells (3 heterotopias; 416
cells) in these heterotopias are BrdU-
positive (Fig. 4T–W), indicating that most
of the cells in the heterotopias originate
from early stage after Rcan1 knockdown.

Rcan1–1 isoform regulates
radial migration
To test whether the two isoforms of Rcan1
(Rcan1–1 and Rcan1–4) play distinct roles
in cortical neuronal migration, we prepared
#1 shRNA-resistant constructs encoding the
two isoforms (Fig. 5A) and examined the
effect of expressing each of these constructs
on the migration of Rcan1-knockdown
neurons. Interestingly, we found that trans-
fection with #1 shRNA-resistant Rcan1–1
partially prevented the migration defect and
the abnormal neuronal clustering found at
P7, whereas empty construct or Rcan1–4
had no rescue effect (Fig. 5B,C). Thus,
Rcan1–1, rather than Rcan1–4, regulates ra-
dial neuronal migration.

Rcan1 regulates Flna expression
The above studies showed that Rcan1
downregulation impairs radial neuronal

Figure 5. Expression of Rcan1–1, but not Rcan1– 4, rescues the radial migration defects of the Rcan1 knockdown neurons. A,
Western blot analysis showing that the #1 shRNA-resistant mutation Rcan1–1 � and Rcan1– 4 � could restore the expression of
Rcan1–1 and Rcan1– 4 separately in cultured cortical neurons. The 0 DIV cortical neurons were electroporated with pSuper-

4

scramble (NC) or Rcan1 #1 shRNA alone, or Rcan1 #1 shRNA
combined with pCAGGS-IRES-EGFP empty vector (vector),
Rcan1–1 �, or Rcan1– 4 � as indicated (�). Cells were lysed
4 d (4 DIV) after electroporation for Western blot. �-Actin was
used as a loading control. B, Representative images showing
that Rcan1–1, but not Rcan1– 4, could partially rescue the mi-
gration defect caused by Rcan1 knockdown. The experiment
was performed by using Rcan1 #1 shRNA combined with
pCAGGS-IRES-EGFP empty vector (vector), pCAGGS-Rcan1–1
�-IRES-EGFP, or pCAGGS-Rcan1– 4 �-IRES-EGFP. Bottom,
Magnified images of outlined areas in the top panel. The ab-
normal neuronal clustering appeared when #1 shRNA cotrans-
fected with empty vector (left) or Rcan1– 4 � (right).
Cotransfection with Rcan1–1 � could rescue the abnormal
clustering (middle). Scale bars: Top, 300 �m; Bottom, 50 �m.
C, Analysis of the distribution of EGFP-positive cells in the cor-
tices of P7. n � 4 –19 in each group. *p 	 0.05 (t test). n.s.,
Not significant. II/III, Layer II/III of the cortical plate; IV-VI,
layer IV-VI of the cortical plate; WM, white matter; SVZ, sub-
ventricular zone; VZ, ventricular zone.
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migration and causes PH. Previous reports have shown that Fil-
aminA (FLNA) mutation is a major cause of congenital human
PH (Fox et al., 1998; Sheen et al., 2001). Interestingly, calcineurin
dephosphorylates Ser 2152 of FLNA and renders FLNA suscepti-
ble to calpain-dependent degradation (García et al., 2006). Be-
cause Rcan1 has been reported to modulate calcineurin activity,
we hypothesized that the migration defect and PH in Rcan1
knockdown cortex may be attributed to impaired Flna function.
To test this hypothesis, we analyzed Flna expression in Rcan1

knockdown cortical neurons. Interestingly, Western blot analysis
revealed that Rcan1 knockdown decreased the Flna protein level
(Fig. 6A,C). This decreased protein level could be a result of
reduced mRNA expression because real-time PCR showed that
Flna mRNA was also significantly decreased in Rcan1 knockdown
neurons (Fig. 6E). The extent of reduction in Flna mRNA (70.9 �
3.4% of control) was similar to that of Flna protein (65.5 � 6.2% of
control). Thus, these results suggest that knockdown Rcan1 de-
creases Flna expression at the mRNA level.

Figure 6. Downregulation of Rcan1 decreases the expression of Flna at the mRNA level. A, B, Western blot analysis revealed that the expression of Flna protein was reduced in Rcan1
knockdown neurons (A). Although the CnA shRNA suppressed the expression of CnA effectively (B, left), no obvious change of Flna protein was observed in these CnA knockdown neurons
(B, right). The 0 DIV cortical neurons were electroporated with pSuper-scramble (NC), Rcan1 #1 shRNA, or CnA shRNA. Cells were lysed 6 d (6 DIV) after electroporation for Western blot.
�-Actin and GAPDH were used as loading controls. C, D, Quantification of the Flna protein levels from Western blots revealed that Rcan1 knockdown suppressed Flna protein effectively
(C), whereas CnA knockdown did not affect Flna protein (D). Data are mean � SEM; n � 7 (C) and n � 6 (D). **p 	 0.01 (paired t test). E, F, Real-time PCR showing that knockdown
Rcan1 decreased Flna mRNA effectively (E), whereas knockdown calcineurin (CnA shRNA) did not affect Flna mRNA (F). Data are mean � SEM; n � 5 (E) and n � 6 (F). ***p 	 0.001
(paired t test). G, Calcineurin activity was measured from cultured cortical neurons electroporated with pSuper-scramble (NC) or Rcan1 #1 shRNA. Cells were lysed 6 d (6 DIV) after
electroporation for measurement. Data are mean � SEM; n � 6 in each group. *p 	 0.05 (paired t test). H, FK506 treatment did not affect Flna mRNA expression. The 4 DIV cortical
neurons were treated with 5 �M FK506 for 24 h. Then the mRNA was extracted and analyzed by real-time PCR. Data are mean � SEM; n � 4 in each group. **p 	 0.01 (paired t test).
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We next analyzed whether calcineurin was involved in the
regulation of Rcan1 on Flna expression. First, we found that the
calcineurin activity was downregulated in neurons transfected
with Rcan1 #1 shRNA compared with those transfected with
scramble shRNA (Fig. 6G). The suppressed activity was not a
result of reduced calcineurin expression because the protein level
remained the same in these two groups (data not shown). This
result is consistent with the previous finding on cardiac extracts from
Rcan1-null mice (Vega et al., 2003). Next, we designed a specific
shRNA targeted to calcineurin (CnA), and efficient knockdown of
calcineurin expression in cultured cortical neurons (Fig. 6B, left) had
no significant effect on the level of either Flna protein (Fig. 6B, right)
or Flna mRNA (Fig. 6F). To further confirm this result, we used

FK506 to inhibit calcineurin activity (Liu et
al., 1991) and then measured the expression
level of Flna mRNA. The effectiveness of
FK506 was shown by the suppression of in-
terleukin 2 (Il-2) mRNA (Tocci et al., 1989).
We found that the level of Flna mRNA in
FK506-treated neurons was indistinguish-
able from that of the control group (Fig.
6H). Together, these results indicate that
Rcan1 regulates Flna mRNA through a
calcineurin-independent pathway.

FLNA overexpression prevents
migration defects of Rcan1
knockdown neurons
The finding that Rcan1 regulates Flna ex-
pression suggests that the action of Rcan1
in regulating neuronal migration may be
mediated by Flna. To further test this idea,
we examined whether overexpression of
Flna could prevent the migration defects
in neurons with downregulated Rcan1.
The expression efficiency of a human
FLNA-EGFP construct was tested in cul-
tured cortical neurons. We found that,
even cotransfected with Rcan1 #1 shRNA,
the FLNA protein was significantly over-
expressed (Fig. 7A,B). Previous studies
have shown that overexpression of Flna in
mouse cortices for 4 d impairs neuronal
migration (Sarkisian et al., 2006). How-
ever, when Flna was overexpressed in rat
brains for a longer time (5 d), no obvious
migration defect was observed, indicating
that Flna overexpression may have simply
delayed neuronal migration (Carabalona
et al., 2012). To further verify this idea, we
overexpressed FLNA at E16 and observed
its effect on neuronal migration at P7. We
found that, even in the FLNA overexpres-
sion group, most of the cells could migrate
into layer II/III (Fig. 7C,D). A similar re-
sult was obtained in mouse when analyzed
at P3 (data not shown), ruling out the pos-
sible impact due to species difference.

We next examined whether overex-
pression of Flna in Rcan1 knockdown
neurons could prevent the migration de-
fect. Combined expression of FLNA-
EGFP with Rcan1 #1 shRNA significantly

prevented the radial migration defects and the abnormal periven-
tricular neuronal clustering of Rcan1-knockdown neurons (Fig.
7E,F). These data support the notion that Flna acts downstream
of Rcan1 to regulate cortical neuronal migration.

Discussion
Previous studies (Fuentes et al., 1995; Casas et al., 2001; Porta et
al., 2007) and results from this work have shown that Rcan1 is
expressed in the developing cortex. However, in Rcan1 knock-
out mice, no obvious abnormality of brain development could be
observed (Vega et al., 2003). This may be attributed to compen-
satory mechanisms in these knock-out mice. By using RNAi tech-
nology combined with IUE (Tabata and Nakajima, 2001; Saito,

Figure 7. Expression of FLNA rescues the radial migration defect of Rcan1 knockdown neurons. A, Western blot analysis
showing that expression of the FLNA-EGFP construct increased FLNA protein in cultured cortical neurons. The 0 DIV cortical neurons
were electroporated with pSuper-scramble (NC) or Rcan1 #1 shRNA (#1) in combination with empty vector (Control) or FLNA-EGFP
(FLNA). Cells were lysed 4 d (4 DIV) after electroporation for Western blot. �-Actin was used as a loading control. B, Quantification
of the data obtained as in A. Data are mean � SEM; n � 3. C, D, Representative images (C) and statistics results (D) showing that
overexpression of FLNA did not affect neuronal migration at P7. IUE was performed using pCAG-EGFP combined with pCMV-
EGFP-N1 empty vector (Control) or pcDNA3-FLNA-EGFP (FLNA). Scale bar, 300 �m. Quantification (mean � SEM) of EGFP-positive
cell distribution in the cortices of P7. n � 4 for control; n � 5 for FLNA; t test. E, F, Representative images (E) and statistics results
(F) showing that FLNA could remarkably rescue the migration defect and neuronal clustering caused by Rcan1 knockdown. Rescue
experiment was performed by using Rcan1 #1 shRNA combined with pCMV-EGFP-N1 empty vector (Control) or pcDNA3-FLNA-
EGFP (FLNA). Scale bars: E, Top, 300 �m; E, Bottom, 50 �m. Quantification (mean � SEM) of EGFP-positive cell distribution in the
cortices of P7. n � 9 for control; n � 4 for FLNA. *p 	 0.05 (t test). **p 	 0.01 (t test). ***p 	 0.001 (t test).

Li et al. • Rcan1 Regulates Neuronal Migration J. Neurosci., January 14, 2015 • 35(2):610 – 620 • 617



2006) that avoids compensatory response
due to limited transfection time and effi-
ciency, we show that embryonic knock-
down of Rcan1 impairs neuronal radial
migration (Fig. 2) and causes the forma-
tion of PH (Fig. 4). A recent study sug-
gested a high off-target risk by using
shRNA to study neuronal migration
(Baek et al., 2014). However, in our study,
the migration defect caused by Rcan1
shRNA can be rescued by expressing the
shRNA-resistant form of Rcan1–1 (Fig.
5). This result confirmed the specificity of
the shRNA. We also noted that, in our res-
cue experiment, the migration defect was
only partially rescued, suggesting that
some off-target effects may exist in our
study. Interestingly, earlier reports have
shown that Rcan1 also participates in mi-
gration of endothelial cell (Iizuka et al.,
2004; Holmes et al., 2010), vascular
smooth muscle cell (Esteban et al., 2011),
and cancer cell (Espinosa et al., 2009), in-
dicating that common mechanisms may
exist for Rcan1 to regulate cell migration.

The Rcan1 gene consists of seven ex-
ons, of which exons 1 and 4 can be alter-
natively transcribed or spliced to produce
different mRNA isoforms (Davies et al., 2007). All mRNA iso-
forms share exons 5–7, encoding 168 amino acids. The primary
protein isoforms, initiated at exon 1 and exon 4 separately, are
designated as Rcan1–1 and Rcan1– 4 (Harris et al., 2005; Davies et
al., 2007). In agreement with previous findings in mice (Porta et
al., 2007; Martin et al., 2012), we found that both Rcan1–1 and
Rcan1– 4 are also expressed in the rat cortex (Fig. 1A). Further-
more, a band with size between Rcan1–1 and Rcan1– 4 was ob-
served in Western blot (Fig. 1A). This band probably corresponds
to another isoform of Rcan1 because its expression was down-
regulated by our shRNA (our unpublished observation). Previ-
ous studies have demonstrated that there are two translation
initiation sites in the Rcan1–1 transcript, which may lead to
translation of two protein isoforms (Rcan1–1L and Rcan1–1S)
(Harris et al., 2005; Davies et al., 2007). Here, the observed extra
band may correspond to the Rcan1–1S.

We show that only expression of Rcan1–1 could rescue the
migration defect and the abnormal periventricular neuronal
clustering of those Rcan1-knockdown neurons (Fig. 5), suggest-
ing that Rcan1–1 may play a major role in neuronal radial migra-
tion. An interesting question is what makes Rcan1–1 and
Rcan1– 4 functionally different during neuronal migration. The
rat Rcan1–1 and Rcan1– 4 proteins share the same C-terminal
region (171 amino acids) but have different N-terminal region
(80 amino acids for Rcan1–1 and 28 amino acids for Rcan1– 4)
(Harris et al., 2005), which may differentially interact with spe-
cific partners or be modulated by specific signaling pathways,
leading to distinct cellular functions.

An interesting abnormality caused by Rcan1 knockdown is
the formation of PH (Fig. 4). Mutations in two genes, FLNA and
ADP-ribosylation factor guanine exchange factor 2 (ARFGEF2),
have been identified to associate with congenital PH in humans
(Fox et al., 1998; Sheen et al., 2004). Interestingly, we found that
Rcan1 could regulate Flna expression at the mRNA level. Fur-
thermore, the migration defect and the abnormal periventricular

neuronal clustering caused by Rcan1 knockdown can be rescued
by FLNA overexpression, indicating that Flna acts downstream of
Rcan1 to regulate cortical neuronal migration. In addition, we
found that knockdown Rcan1 decreased the neural progenitor
pool size, possibly because of impaired progenitor proliferation.
Interestingly, a similar phenotype can be observed in Flna-null
mice (Lian et al., 2012), suggesting that Flna may also mediate the
function of Rcan1 in progenitor development.

It is still unclear how the expression of Flna mRNA is regu-
lated by Rcan1. The reduced Flna mRNA in Rcan1 knockdown
neurons may be due to decreased mRNA transcription. Because
alteration of calcineurin activity did not affect Flna mRNA ex-
pression, it seems unlikely that the canonical Rcan1-calcineurin-
NFAT signaling pathway (Rothermel et al., 2003; Harris et al.,
2005) is involved. In addition to regulating its transcription,
Rcan1 may also affect the stability of Flna mRNA (Fig. 8). Re-
cently, Rcan1 was found to interact with Fragile X mental retar-
dation protein (FMRP) and regulate both dendritic spine
morphogenesis and local protein synthesis (Wang et al., 2012),
suggesting a functional link between Rcan1 and FMRP. As an
RNA-binding protein that regulates the local mRNA translation
(Bassell and Warren, 2008), FMRP also regulates mRNA stability
(Zalfa et al., 2007; De Rubeis and Bagni, 2010). The findings that
Flna expression is altered in FMRP-defective Drosophila (Bolduc,
2010) and FMRP knock-out mice (Liao et al., 2008) suggest that
FMRP may regulate Flna expression. More interestingly, the ob-
servation of PH in patients with fragile-X syndrome (Parrini,
2006) further suggest a possible link between FMRP and FLNA.
In future studies, it would be of interest to investigate whether
the stability of Flna mRNA is regulated by the Rcan1-FMRP
pathway.
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