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Abstract

1p34.2p34.3 deletion syndrome is characterized by an increased risk for autism. Microtubule
Actin Crosslinking Factor 1 (MACF1)is one candidate gene for this syndrome. It is unclear,
however, how MACFI deletion is linked to brain development and neurodevelopmental deficits.
Here we report on Macf1 deletion in the developing mouse cerebral cortex, focusing on radial
glia polarity and morphological integrity, as these are critical factors in brain formation. We
found that deleting MacfI during cortical development resulted in double cortex/subcortical band
heterotopia as well as disrupted cortical lamination. MacfI-deleted radial progenitors showed
increased proliferation rates compared to control cells but failed to remain confined within their
defined proliferation zone in the developing brain. The overproliferation of MacfI-deleted radial
progenitors was associated with elevated cell cycle speed and re-entry. Microtubule stability and
actin polymerization along the apical ventricular area were decreased in the MacfI mutant cortex.
Correspondingly, there was a disconnection between radial glial fibers and the apical and pial
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surfaces. Finally, we observed that MacfZ-mutant mice exhibited social deficits and aberrant
emotional behaviors. Together, these results suggest that MACF1 plays a critical role in cortical
progenitor proliferation and localization by promoting glial fiber stabilization and polarization.
Our findings may provide insights into the pathogenic mechanism underlying the 1p34.2p34.3
deletion syndrome.

MACF1; cortical progenitor; corpus callosum; heterotopia; autism-like behavior; progenitor
proliferation

Introduction

Alterations in gene dosage due to the duplication or deletion of specific chromosome regions
cause many neurodevelopmental disorders associated with autism spectrum disorders
(ASD), intellectual disability (ID), and other related conditions (Lupski and Stankiewicz
2005; Geschwind 2011; Lee and Lupski 2006; Mefford et al. 2012). A microdeletion on
chromosome 1p34.2p34.3 has been identified in multiple human patients, who, for the

most part, exhibit ASD, ID, microcephaly, hypotonia, and facial dysmorphism (Vermeer

et al. 2007; Kumar et al. 2010; Dagklis et al. 2016). Among the genes deleted in this
chromosomal segment is Microtubule Actin Crosslinking Factor 1 (MACFI).

MACEFL1 is a cytoskeletal linker protein that interacts with both F-actin and microtubules
via an actin-binding domain near its N-terminus and a microtubule-binding domain near its
C-terminus, respectively (Moffat et al. 2017). We previously showed that MACF1 regulates
neuronal migration via microtubule dynamics and GSK-3 signaling in the developing brain
(Ka et al. 2014b; Ka and Kim 2016). MACF1 is also required for neurite arborization and
outgrowth, which are important for the establishment of neuronal connections in the brain
(Ka and Kim 2016). These findings suggest a critical contribution of MACF1 to neuronal
differentiation during later stages of brain development. However, little is known about the
function of MACF1 and its associated mechanisms relating to neural progenitor regulation
during the early stage of brain development.

The cerebral cortex is a central brain region, which controls complex neural behaviors
(Geschwind and Rakic 2013). The size of the cerebral cortex depends on the balanced
control of neural progenitor proliferation and maintenance during development (Chenn and
Walsh 2002). Radial glial cells are the major progenitors in the developing cerebral cortex
and their polarized fibers attached to the apical and basal surfaces of the cerebral cortex play
a critical role in cell division (Gotz and Huttner 2005; Huttner and Kosodo 2005). While
radial fibers span vertically along the entire cerebral cortex, their somas are strictly confined
within the ventricular and subventricular zones. This distinct localization of radial soma is
mediated by the actin and microtubule cytoskeleton and is essential for the precise control of
neural progenitor proliferation (Messier and Auclair 1973; Gotz and Huttner 2005).

Here we investigate the function of MACF1 in neural progenitor proliferation during cortical
development as well as in progenitors’ apicobasal polarity. Conditional knockout strategies
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were employed to target MacfI specifically in developing cortical progenitors in mice. We
provide evidence that MACF1 maintains the cortical progenitor pool via regulation of radial
fiber polarity during development. We also report that MacfI knockout mice demonstrate
social and emotional behavior deficits. These findings support the proposition that loss of
MACFI1 expression may be responsible for at least some of the anatomical and behavioral
abnormalities produced by de novo microdeletion of chromosome 1p34.2p34.3.

Materials and Methods

Mice

Mice were handled in accordance with the animal protocol approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of Nebraska Medical Center
and Kent State University (protocols #: 10-077-09, 464 WK 18-08). The Macf1 floxed
mouse was described previously (Wu et al. 2011). The Emx1-Cre mouse was purchased
from The Jackson laboratory (Stock No: 005628). Embryonic age for mouse embryos was
determined by checking breeder dams for vaginal plugs each morning. Embryonic days were
then counted from that point (E0.5). All experimental procedures met National Institutes of
Health guidelines for the care and use of laboratory animals.

Immunostaining

Immunostaining of brain sections or dissociated neural cells was performed as described
previously (Kim et al. 2004; Ka et al. 2016b). The following primary antibodies

were used: Mouse anti-NeuN (EMD Millipore, MAB337), rat anti-neural cell adhesion
molecule L1 (EMD Millipore, MAB5272), rabbit anti-TBR1 (Abcam, ab31940), rabbit
anti-CUX1 (Santa Cruz, sc-13024), chicken anti-MAP2 (Abcam, ab5392), rabbit anti-GFAP
(Abcam, ab7260), rabbit anti-Ki67 (Cell Signaling, #9129), rabbit anti-phospho-Histone

H3 (Cell Signaling, #9701S), mouse anti-BrdU (BD Biosciences, 555627), chicken anti-
Thr2 (EMD Millipore, ab15894), rabbit anti-BLBP (Abcam, ab32423), mouse anti-Nestin
(PhosphoSolutions, 1435-NES), rabbit anti-ARL13B (Abcam, ab83879), rabbit anti-Acetyl-
a-Tubulin (Cell Signaling, #5335), chicken anti-GFP (Thermo Fisher, A10262), rabbit
anti-GFP (Thermo Fisher, A11122) and mouse anti-MACF1 (Santa Cruz, sc-377532).
Alexa Fluor568-Phalloidin (Thermo Fisher, A12380) was used to stain polymerized actin.
Appropriate secondary antibodies conjugated with Alexa Fluor dyes (Thermo Fisher) were
used to detect primary antibodies. The purpose of using each antibody is listed in Tablel.

In utero electroporation

In utero electroporation was performed as described previously (Ka and Kim 2018; Ka

et al. 2016a). Briefly, timed pregnant female mice from E13.5 of gestation were deeply
anesthetized, and the uterine horns were gently exposed by laparotomy. The lateral
ventricles of an embryonic brain were injected with plasmid DNA (2 pg/ul) and 0.001%
fast green (Sigma-Aldrich) using a Picospritzer Il (Parker Hannifin). Electroporation was
achieved by placing two sterile forceps-type electrodes on opposing sides of the uterine sac
around the embryonic head and applying a series of short electrical pulses using a BTX
ECM 830 electroporator (Harvard Apparatus) (five pulses with 100 ms length separated by
900 ms intervals were applied at 45 V).
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Morphometry

Images of brain sections at periodic distances along the rostro-caudal axis were taken

with the Zeiss LSM710 confocal microscope. Stereological analysis of immunostained cells
was performed as described preciously (Kim et al. 2006; Dagklis et al. 2016). Cells in

a field of 0.2 or 0.4 mm? within one-in-six series of 40 um coronal sections throughout

the rostro-caudal extent of the cerebral cortex. The images were subjected to software-
driven particle analysis with automatic machine-set thresholding in ImageJ, thus eliminating
subjective investigator bias. Then, a particle parameter enumeration analysis was followed
for size exclusion at minimum of 10 pixel2. The blue channel images were used to assess
background cells. For analyzing cultured cells, more than 20 fields scanned horizontally and
vertically were examined for each condition. Cell numbers were described in figure legends.
The calculated values were averaged, and some results were recalculated as relative changes
versus control.

BrdU administration and cell cycle analysis

BrdU injection and cell cycle analysis were performed as described previously (Kim et al.
2009; Ka et al. 2014a; Ka et al. 2017b). Intraperitoneal injection of BrdU (20mg per kg
body weight) was performed into pregnant mice at E13.5-14.5. For the analysis of cell cycle
re-entry, BrdU was administered to control and mutant mice for 24 h. The ratio of cells
labeled with BrdU and Ki67 to total cells that incorporated BrdU was determined. For the
analysis of cell cycle length, the ratio of progenitor cells positive for Ki67 and BrdU to the
total Ki67 labeled cells was assessed after a 30 min BrdU pulse.

Behavioral assays

All behavioral assays were done during light cycle. Behavior recording and analysis were
performed by a researcher blinded to the genotype of each mouse. Health conditions
including weights, activity and feeding were checked prior to assays. Behavioral assays
were performed as previously described (Jung et al. 2016; Jung et al. 2017; Smith et al.
2020).

Open field test: A mouse was placed near the wall-side of a 35 x 42 cm open-field
arena, and the movement of the mouse was recorded by a camera for 5 min. The recorded
video file was further analyzed using EthoVision XT 7.0 software (Noldus). Total distance
moved and average velocity of movement were recorded. The number of entries into, and
the overall time spent in, the center of the arena (15 x 15 cm imaginary square) were also
measured. The open field arena was cleaned with 70% ethanol between each trial.

Novel object recognition test: Following habituation to an open field arena (35 x 42
cm) for 5 min, the test mouse was removed from the arena and two identical objects with
size (10.5 x 4.5 x 2.5 cm) were placed in the opposite corners of the arena, 7 cm from the
side walls. Then the test mouse was reintroduced into the center of the arena and allowed

to explore the arena including the two novel objects for 10 min. After 6 h, one object was
replaced with another novel object that was of similar size but different shape and color than
the previous object. The same test mouse was placed in the arena to explore the two objects
for 10 min.
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Three-chamber test for social interaction and novelty behavior: A rectangular
and transparent Plexiglas box divided by walls into three equal-sized compartments
(Ugobasile) was used. For sociability testing, the test mouse was moved to the center
chamber (chamber 2) with the entrances to the two connecting chambers blocked. A
stimulus mouse (unfamiliar mouse) designated as “stranger 1” was placed in a wire
enclosure in chamber 1. Then, the openings to the flanking two chambers (1 and 3) were
opened and the test mouse was allowed to explore the entire apparatus for 10 min. For the
social novelty test, the stranger 1 mouse was randomly placed in one of the enclosures in
which the test mouse had the choice of whether to investigate the stranger 1 mouse or a
novel mouse, designated “stranger 2”. This novel mouse was taken from a different home
cage and placed into the remaining empty wire enclosure. Time spent sniffing each partner
by the test mouse was recorded for 10 min in both sociability and social novelty behavior
tests.

Rearing test: A test mouse was placed in a clean 300 ml glass beaker (Fisherbrand) and
filmed for 5 minutes. The number of times reared and the total duration of rearing were
recorded. A rearing even was only counted when both hindpaws were fully extended. The
beaker was cleaned with 70% ethanol between each trail.

Grip strength test: A mouse was suspended upside-down from a wire mesh
approximately 60 cm from a padded surface for a maximum of 2 minutes as described
elsewhere (Deacon 2013). The mean latency to fall for each mouse was recorded in three
trials with at least a 30 min break between trials. The wire mesh was cleaned with 70%
ethanol between each trial.

Statistical analysis

Results

Normal distribution was tested using the Kolmogorov—Smirnov test and variance was
compared. Unless otherwise stated, statistical significance was determined by two-tailed
unpaired Student’s t-test for two-population comparison and one-way or two-way ANOVA
followed by Bonferroni correction test for multiple comparisons. Data were analyzed using
GraphPad Prism and presented as mean (+/-) SEM. P values are indicated in figure legends.
To determine and confirm sample sizes (), we performed a power analysis. The values for
the power (1-B) and the type I error rate (a) were 0.8 and 0.05 (or 0.01), respectively. Each
experiment in this study was performed blind and randomized.

Macf1 deletion in cortical progenitors leads to cortical malformations

To examine the roles of MACF1 in neural progenitor proliferation during cerebral cortical
development, we crossed Macr1 floxed mice with an Emx1-Cre mouse line that expresses
Cre recombinase by embryonic day 9.5 (E9.5) in cortical neural progenitors (Gorski et

al. 2002). Macf1*F; Emx1-Cre (Macf1-cKO) mice survived into adulthood, however, they
exhibited a reduced survival rate compared to control (Macf1”’W: Emx1-Cre) mice (Fig. 1a
and 1b). MacfI-cKO mice also showed reduced body and brain weights at 8 weeks of age
(Fig. 1c and 1d). Cortical area, A-P length and cortical length were similarly decreased in
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Macf1-cKO brains compared to those in controls (Fig. 1e and 1f). It is noted that while the
absolute weight and size of the MacfZ-cKO brain were decreased, relative brain weight and
size were elevated in Macf1-cKO mice compared to controls (Supplementary Figure 1).

Macri1-cKO brains exhibited thicker cerebral cortices than control brains, while they

had smaller hippocampal areas (Fig. 2a and 2b). MacfZ-cKO brains also displayed a
pattern of subcortical band heterotopia (SBH) with aggregated NeuN or MAP2-positive
neuronal masses throughout the cerebral cortex (Fig. 2c). GFAP-positive astrocytes were
not generally found in the control cortex, but readily observed in the MacfZ-cKO brain.
Interestingly, Macf1-cKO brains had a double cortex phenotype featuring a second, ectopic
layer of gray and white matter (Fig. 2d).

Disrupted cortical lamination in Macf1-cKO brains

Next, we sought to determine if the heterotopic or double cortex exists at early developing
ages. Thus, we examined cerebral neuron positioning in control and MacfZ-cKO mice

at P3. In control brains, TBR1-positive deeper layer neurons were mostly restricted to

layer VI, while they appeared to be evenly distributed throughout cortical layers of Macf1-
cKO brains (Fig. 3a and 3b). Similar patterns were seen with upper layer CUX1-positive
neurons. Control brains showed that CUX1-positive neurons were localized in cortical layers
I1-1V. However, Macfi-cKO brains exhibited abnormal dispersal of CUX1-positive neurons
throughout the cortex. We also examined cortical layering within superficial layers | and 11.
Control brains displayed a clear separation between the pial surface and layer Il (Fig. 3c).
DAPI-positive, non-neuronal cells were densely concentrated in a straight line along the pial
surface, while NeuN-negative Cajal-Retzius cells were localized in cortical layer I. NeuN-
positive pyramidal neurons were populated in cortical layer II-111. In Macf1-cKO brains,
however, the pial surface was not clearly defined and non-neuronal cells were interspersed
within layer I, I1, and I11. Together, these results show that cortical progenitor-specific Macfl
deletion causes abnormal neuronal placement, leading to pronounced malformations of the
cerebral cortex.

Macfl deletion alters cortical progenitor proliferation and the cell cycle

We investigated cortical progenitor proliferation in control and MacfZ-cKO brains. Ki67
immunostaining labels actively proliferating cells. At E14.5, the number of Ki67-positive
progenitors in MacfI-cKO brains was increased by 92%, compared to controls (Fig. 4a and
4b). Ki67-positive proliferating progenitors accumulated in the subventricular zone (SVZ)
and ventricular zone (VVZ) of control brains (Fig. 4a and 4c). This notable localization

of progenitors was severely disrupted in Macf1-cKO brains. Instead, the proliferating
progenitors were scattered throughout the cerebral cortex. We also assessed cells in the
mitotic phase by immunostaining for phospho-histone H3. Similar to the Ki67 results, there
was a 116% increase in the number of phospho-histone H3-positive mitotic cells in Macf1-
cKO brains, compared to controls (Fig. 4d and 4e). Phospho-histone H3-positive mitotic
cells in control brains were distinctively positioned within the VVZ, but they appeared to be
spread throughout all cortical layers in MacfI-cKO brains (Fig. 4d and 4f). Additionally,
we assessed intermediate neural progenitors using TBR2 immunostaining. The number of
TBR2-positive intermediate progenitors in MacfI-cKO cerebral cortices was 98% higher
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than the number in controls (Fig. 49 and 4h). TBR2-positive intermediate progenitors
strictly localized within the SVZ of control cortices, whereas they were spread out in
Macf1-cKO cortices (Fig. 4g and 4i). These results demonstrate that MACF1 is essential for
normal proliferation and region-specific confinement of cortical neural progenitors during
development.

To identify the underlying cause of the increase in progenitor proliferation in the Macf1-
cKO cerebral cortex, we examined cell cycle speed because cell cycle dysregulation could
lead to the observed proliferation change. Cell cycle progression is a key control mechanism
that accounts for neuron numbers in the developing brain (Dehay and Kennedy 2007).
Cell-cycle re-entry/exit is an indication of cell cycle progression (Chenn and Walsh 2002).
Cell cycle speed was assessed by the number of Ki67/BrdU double-positive cells divided by
the total Ki67-positive cells after a 30 minute BrdU pulse as described in previous studies
(Kim et al. 2009; Ka et al. 2014a; Ka et al. 2017b). In essence, the ratio of Ki67/BrdU
double-positive cells to the total Ki67-expressing population estimates the proportion of
cells that are both actively proliferating and entered the S-phase of the cell cycle in that
30-minute timespan (Kee et al. 2002). Cell cycle speed was increased by 60% in Macf1-cKO
cerebral cortices compared to controls (Fig. 5a and 5b). We also measured cell cycle
re-entry in MacfI-cKO progenitors by counting the number of Ki67/BrdU double-positive
cells divided by the total number of BrdU-positive cells after a 24 h BrdU pulse. In this
experiment, Ki67/BrdU double positive neurons represent cells that were born during the 24
h pulse and are still actively proliferating, whereas cells that are only BrdU-positive were
born during the 24 h pulse and have exited the cell cycle (Kee et al. 2002; Ka et al. 2014a).
The number of progenitors re-entering the cell cycle was 46% higher in Macfi-cKO cerebral
cortices than in controls (Fig. 5¢ and 5d). Our data suggest that increased speed of, and
re-entry into, the progenitor cell cycle may contribute to the double cortex phenotype as well
as SBH in the MacfI-cKO brain.

Abnormal radial glial polarity and integrity in Macfl-cKO brains

In order to understand the abnormal positioning of proliferating progenitors in Macf1-cKO
mice, we first examined the role of MACF1 in radial glial development. We immunostained
the E14.5 cerebral cortex with an antibody to BLBP, a marker for radial glial neural
progenitors. Radial progenitors extend apical radial fibers toward the VZ and basal fibers
toward the marginal zone of the cerebral cortex. In control brains, BLBP-positive radial
glial progenitors developed straight, linear basal fibers attached to the pial surface (Fig. 6a).
Radial glial progenitors in MacfI-cKO brains, on the other hand, showed no clear basal
fibers toward the pia. The intensity of BLBP staining on Macf1-cKO pial surfaces was 38%
lower, when compared to controls (Fig. 6b). Moreover, it appeared that BLBP-positive radial
glial fibers in the VZ of control brains filled the VZ, while the fibers were more sparse in
the MacfI-cKO VZ (Fig. 6¢). We further assessed the apical and basal radial fibers attached
to the VZ and pial surface, respectively, by labelling radial glial progenitors at low density
using /n utero electroporation of a BLBP-EGFP construct. In control brains, EGFP-labeled
apical radial fibers attached to the VVZ surface (Fig. 6d and 6e¢). In contrast, Macf1-cKO
radial progenitors did not appear to develop nor attach as many apical fibers as control
progenitors. Similarly, basal fibers of control radial progenitors robustly anchored to the pial
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surface of the cerebral cortex. However, there was a marked reduction in pial attachment of
basal fibers in MacfI-cKO radial progenitors. These results suggest a critical role of MACF1
in the establishment and maintenance of radial progenitor polarity.

Next, we assessed cytoskeletal dynamics and stability of radial progenitors in the MacfI-
cKO VZ. MACF1 was broadly expressed in the developing cerebral cortex and accumulated
in the VZ and upper cortical areas near the MZ where Nestin-positive radial progenitor
somas and fiber terminals are located, respectively (Fig. 7a). Phalloidin staining of

cortical sections showed that polymerized actin was preferentially located within the apical
ventricular zone in the control brain (Fig. 7b). However, phalloidin-stained, polymerized
actin was broadly present throughout the cerebral cortex in MacfI-cKO mice. Primary cilia,
which are microtubule-based cytoskeleton structures necessary for neuronal migration, were
also assessed by immunostaining for the cilia marker ARL13B. Expression of ARL13B
appeared to be randomly dispersed in the MacfI-cKO cortex while its expression was
restricted to the surface of the VZ in the control (Fig. 7b and 7c). Microtubule stability was
further examined in the Macfl mutant cortex. Stabilized microtubules marked by acetylated-
tubulin were localized along the VVZ surface within Nestin-positive radial progenitors in

the control cortex (Fig. 7d and 7e). In contrast, acetylated-tubulin staining was spread
throughout the Macfi-cKO cerebral cortex. Together, these results suggest that MACF1
plays an important role in establishing and/or maintaining cytoskeletal integrity and polarity
in radial progenitors during cortical development.

Finally, we examined the corpus callosum in the MacfI-cKO brain because corpus callosum
abnormalities are associated with neurodevelopmental disorders (Kappeler et al. 2007;
Raybaud 2010). Nissel staining showed that callosal axons were clearly bundled and

crossed the midline at the corpus callosum along the rostro-caudal axis in the control brain
(Supplementary Fig. 2). However, callosal axons in the MacfZ-cKO brain exhibited a thinner
bundle at the rostral area and failed to cross the midline caudally.

Behavioral outcomes of cortical Macfl deletion

Compared to controls, MacfI-cKO mice showed no significant change in locomotion

as the total distance moved and mean travel velocity in the open field test were not
significantly changed. There were also no differences in basic motor functions including
rearing frequency and grip strength (Fig. 8a and 8b). MacrfZ-cKO mice demonstrated
unusual exploratory behavior in the open field, however, spending significantly less time

in the center of the field and making fewer overall enter entries (Fig. 8c and 8d). This
phenotype of center avoidance is generally indicative of anxiety-like behavior. In the three-
chamber social interaction assay, we observed no significant difference between MacfI-cKO
mice and controls in the sociability portion of the test. Mice from each genotype spent
significantly more time in a chamber containing an unfamiliar, wild-type mouse than in

an empty chamber. In the social novelty portion of the test, however, control mice spent
significantly more time in the chamber containing a novel peer than a more familiar mouse,
while Macf1-cKO mice did not show a significant preference for either chamber (Fig.

8e). This indicates that conditional deletion of Macf1 may lead to social anxiety in mice.
To exclude recognition memory deficits as an explanation for this aberrant social novelty

Cell Mol Neurobiol. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ka et al. Page 9

behavior, we performed a novel object recognition test. MacfZ-cKO mice and control mice
both spent significantly more time exploring a novel object, rather than a familiar one (Fig.
8f). Altogether, Macf1-cKO mice exhibit baseline anxiety-like behavior and social anxiety.

Discussion

In this study, we have defined a critical role for MACFL1 in cortical neural progenitors during
development. A schematic model of radial progenitor polarity and neuronal placement
within the cerebral cortex in the absence or presence of MACF1 is presented in Figure 9.
Deletion of Macf1 in cortical neural progenitors leads to abnormal neuronal positioning
and corresponding malformations of the cerebral cortex via disruption of radial progenitor
polarity. Elevated expression of MACF1 at the VVZ surface, the main proliferative zone
during cortical development, suggests its role in cortical progenitor regulation. Indeed, we
demonstrate here that MACFL1 is crucial for neural progenitor localization and proliferation.
Conditional deletion of MacfZ in mice using an Emx1-Cre driver disrupts radial progenitor
homeostasis, resulting in abnormal neuronal positioning and an increase in the number of
proliferating cells in the developing brain. This is similar to what is seen with deletion of
14-3-3, a protein that interacts with MACF1. Knockout of 14-3-3 also leads to an aberrant
distribution of progenitor cells in the developing cerebral cortex along with an overall
increase in their number (Toyo-oka et al. 2014). The increased number of progenitors does
not result in a larger brain in the Macf1-cKO mouse. However, the relative brain size after
normalization by a whole body weight is increased, confirming the promoting effect of
Macf1 deletion in progenitor proliferation.

Macf1 is not the only gene contained in this region of chromosome 1. Notable other genes
found within the interstitial microdeletion reported by Dagklis et al. (Dagklis et al. 2016),
for example, include GLUT1, which has been linked to hyperactivity and developmental
delay (Vermeer et al. 2007; Aktas et al. 2010), the autism candidate gene R/MS3 ((Kumar
et al. 2010), GRI/K3, which is associated with developmental delay (Takenouchi et al. 2014),
and AGO1/AGO3, which are linked with neurocognitive deficits (Tokita et al. 2015). Nearby
microdeletions, such as a 1p34.3p34.2 deletion reported in 2018 (Jacher and Innis 2018),
also impact neurodevelopment and do not always include MACFI. While the current study
indicates that MacfI deletion in mice may be sufficient to cause several of the phenotypes
seen in human patients, there is likely a summative effect, in which the downstream effects
of losing several genes combine to influence brain development.

Here we show that Macf1 deletion causes major defects in radial progenitor polarity. Our
results suggest that depletion of MACF1 during early corticogenesis interferes with F-actin
formation and destabilizes microtubules at the VVZ surface. Thus, radial glial apical and
basal fibers are prevented from anchoring and maintaining in the VVZ and Pia surface,
respectively. This matches up well with what occurs with loss of MACF1 during retinal
development, namely the abolishment of ciliogenesis and disruption of apicobasal polarity
(May-Simera et al. 2016). Similarly, MACF1 is an important regulator of apicobasal
polarity in mammalian intestinal cells in which radial centrosome-centered microtubule
organization inhibits epithelial polarity (Noordstra et al. 2016). This is further consistent
with the requirement of stabilized (acetylated) tubulin for proper neurite formation in
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cortical neurons (Ka et al. 2014b; Ka et al. 2017a). The destabilization of microtubules
during early corticogenesis (E9-E14.5) and disruption of neuronal migration and neurite
outgrowth during later stages of brain development (E14.5-P0) (Ka et al. 2014b) likely both
contribute to the behavioral phenotypes we report here, though we did not examine neurite
growth dynamics at later stages in the current study.

SBH, also known as subcortical laminar heterotopia or double cortex syndrome, is a cortical
malformation characterized by the presence of bilateral bands of heterotopic grey matter
that results from the aberrant migration of neurons during cortical development (Dobyns

et al. 1996; Pang et al. 2008). Conditional deletion of MacfZ in mice using an Nex-Cre
driver disrupts neuron homeostasis, resulting in abnormal neuronal positioning, but did not
show radial glial defects in the developing brain (Ka et al. 2014b). This is likely due to
Nex-Cre expression being largely restricted to pyramidal neurons starting at E11.5 and
absent from proliferating neural progenitors in the VZ (Goebbels et al. 2006). Our data
demonstrate that MACFL1 is critical in restricting radial progenitors within the ventricular
zone. This spatial arrangement of radial progenitors appears to rely on the MACF1’s

role in anchoring apical and basal radial fibers of these progenitors to the VVZ and pial
surface, respectively. The failure of this confinement leads to radial progenitors ectopically.
This abnormal positioning of radial progenitors, caused by disconnection to the VZ, likely
disrupts apical inputs that are required to maintain cell cycle speed and re-entry, leading to
excessive proliferation in the Macfi-deleted brain. This cellular mechanism may explain the
primary origin of heterotopia in the absence of MACFL1. Classical forms of SBH have been
primarily linked to abnormal neuronal migration. Our results suggest that destabilization of
actin and microtubule cytoskeletons at the VZ and pia alters radial glial polarity leading to
ectopic proliferative zones of cortical progenitors. Thus, defective polarity and proliferation
of radial progenitors, rather than strictly neuronal migration deficits, may explain some cases
of SBH. Our study provides with new insights for SBH pathology by demonstrating the
MACF1 function in cortical progenitor regulation. The abnormal apical detachment due to
MACF1 dysfunction may broadly influence other neurodevelopmental disorders related to
developing progenitor problems. It remains to be seen if this phenomenon is common in
other developmental disorders related to SBH. Further research will be required to determine
exactly which downstream pathways and/or mechanisms influenced by MACF1 contribute
to this phenotype.

The corpus callosum is one of the largest white matter tracts in the human brain, serving
to physically and functionally connect the hemispheres of the cerebral cortex and plays
critical roles in brain functions (Tomasch 1954). In humans, 3-5% of patients with
neurodevelopmental disorders present with partial or complete agenesis of the corpus
callosum (Jeret et al. 1985; Bodensteiner et al. 1994). Agenesis of the corpus callosum

is also associated with 70% cases of SBH (Barkovich et al. 2005). We find that elimination
of MACF1 results in corpus callosum defects. It will be interesting to examine if the
1p34.2p34.3 microdeletion syndrome involves corpus callosum agenesis.

Overall locomotion and limb strength are not significantly affected, but in the open field
test Macrf1-cKO mice spend the vast majority of their time exploring the periphery, rarely
venturing into the center of the field. This thigmotaxic behavioral pattern has classically
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been linked to heightened anxiety (Crawley 1999; Bailey and Crawley 2009; Belzung 2001).
Despite extensive cortical and hippocampal abnormalities, MacfZ-cKO mice display no
significant deficits in non-spatial memory, as measured using the novel object recognition
task. In the three-chamber social test, MacfI-mice show defective social novelty behavior,
indicative of social anxiety-like behavior, but no overall deficit in general sociability. It may
not be surprising that the behavioral effects of Macf deletion in the developing cortex is
not sufficient to mirror all of the behavioral defects seen in human patients. Indeed, the
majority of emotional and social behaviors are more strongly linked to deficits in inhibitory
interneurons, often in brain regions outside the cerebral cortex, not in the excitatory cortical
neurons in our conditional deletion (Dulawa et al. 2004; Gorski et al. 2002; lwasato et al.
2004). However, it is clear that conditional deletion of Macf1 in radial progenitor cells and
their progeny leads to marked behavioral abnormalities and it is reasonable to assume that
global deletion of Macf1 may result in more diverse phenotypes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Reduced brain sizein Macf1-cKO mice

(A) Representative images of control (left) and MacfZ-cKO (right) mice at the age of 2
months. (B) The survival curve of MacfI-cKO and control mice after the Kaplan-Meier
method. N= 20 mice for littermate controls and 10 for MacfI-cKO mice. (C) Representative
images of whole brains at age 2 months. (D) Quantifications of the body and brain weight
of control and MacfZ-cKO mice. N=5 mice for each condition. Statistical significance was
determined by two-tailed Student’s t-test. Data shown are the mean £ SEM. *p < 0.05.

(E and F) Measurements of cortical parameters including the cortical area, anteroposterior
(A-P) length, cortical length and cerebellum area. N= 5 mice for each condition. Statistical

significance was determined by two-tailed Student’s t-test. Data are shown as relative
changes versus controls. **p < 0.01. NS: no significance.
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Fig. 2. Cortical malformation in Macf1-cKO mice
(A) Brain sections from 2-month-old control and MacfZ-cKO mice were stained

with DAPI. Arrows indicate SBH. Left and right panels show cerebral cortices and
hippocampi, respectively. DG: dentate gyrus. Scale bars: 500 um (left), 200 um (right).

(B) Quantifications of the cortical thickness and the hippocampal area of control and
Macf1-cKO mice. N= 5 mice for each condition. Statistical significance was determined by
two-tailed Student’s t-test. Data are shown as relative changes versus controls. ***p < 0.001.
(C) Immunostaining of cerebral cortices to L1, MAP2 and GFAP. Arrows indicate SBH.
Scale bars: 200 um (left), 20 um (middle and right). (D) DAPI-stained cerebral cortices.
GM: gray matter; WM: white matter. Scale bars: 200 um.
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Fig. 3. Abnormal neuronal positioning in Macf1-cKO brains
(A) Cerebral cortices from P3 control and MacfZ-cKO mice were immunostained with an

anti-TBR1 or anti-CUX1 antibody. Scale bars: 100pum. (B) Localization of TBR1-positive
or CUX1-positive neurons was quantified in control and MacfZ-cKO cortices. N=5 mice
for each condition. Statistical significance was determined by two-way ANOVA with
Bonferonni correction test. *p < 0.05, ***p < 0.001 vs. control. (C) NeuN immunostaining
of cortical sections of control and MacrfI-cKO brains. Right panels are higher magnification
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images of the dotted boxes in the left panels. Scale bars: 50 um (left panels), 10 um (right
panels).
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Fig. 4. Increased proliferation of cortical progenitorsin Macf1-cKO brains
(A, D and G) Cerebral cortices from E14.5 control and Macf1-cKO mice were

immunostained with an anti-Ki67, anti-phospho Histone H3 (p-HH3) or anti-TBR2
antibody. CP: cortical plate; 1Z: intermediate zone; SVZ: subventricular zone; VZ:
ventricular zone. Scale bars: 100 um. (B, E and H) Ki67, phospho-Histone H3, or
TBR2-positive cells were quantified in control and MacfZ-cKO brains. N= 5 mice for
each condition. Statistical significance was determined by two-tailed Student’s t-test.
Data are shown as relative changes versus controls. **p < 0.01, ***p < 0.001. (C, F
and |) Quantification of Ki67, phospho-Histone H3, or TBR2-positive cells in cortical
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subdivisions. N=5 mice for each condition. Statistical significance was determined by
two-way ANOVA with Bonferonni correction test. ***p < 0.001 vs. control.
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Fig. 5. Macf1-cKO cerebral cortices show aberrant cell cycle progression
(A) E14.5 control and Macr1-cKO mice were pulse-labeled with BrdU for 30 min, and then

the cerebral cortex was collected and immunostained using BrdU and Ki67 antibodies. Scale
bar: 20 um. (B) Quantification of cell cycle speed. The cell cycle speed was assessed by

the fraction of BrdU and Ki67-positive cells in total Ki67-positive cells. N=5 mice for

each condition. Statistical significance was determined by two-tailed Student’s t-test. Data
are shown as relative changes versus controls. ***p < 0.001. (C) Double immunostaining

to BrdU and Ki67 was performed after a BrdU pulse-labeling of control and Macf1-cKO
mice for 24 hrs. Scale bar: 20 um. (D) The index of cell cycle re-entry was calculated as the
fractions of both BrdU and Ki67-positive cells in total BrdU-positive cells. N=5 mice for
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each condition. Statistical significance was determined by two-tailed Student’s t-test. Data
are shown as relative changes versus controls. **p < 0.01.
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Fig. 6. Apical and basal fiber development isaltered in Macf1-cK O radial progenitors
(A) Radial glial fibers were labeled by BLBP immunostaining in E14.5 control and Macfl-

cKO cortices. The second and fourth micrographs show higher magnification of dotted
rectangular areas in the first and third images. Scale bars: 50 um (lower magnification),

10 um (higher magnification). (B) Quantifications of BLBP intensity in control and Macf1-
cKO pial areas. N= 5 mice for each condition. Statistical significance was determined by
two-tailed Student’s t-test. Data are shown as relative changes versus controls. **p < 0.01.
(C) Higher magnification images of BLBP-immunostained VVZs. The tissue sections were
counterstained with DAPI. Scale bars: 10 um. (D) E13.5 control and MacfI-cKO mice
were electroporated /n utero with a BLBP-EGFP construct to target radial glial progenitors.
Electroporated brains were collected after 24 hours. Arrows indicate the end-feet of radial
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glial fibers anchoring at the apical or pial surface. MZ: marginal zone. Scale bars: 50 pm
(left), 10 um (right). (E) The numbers of attached radial fibers at the VVZ or pia were
quantified in control and MacfZ-cKO brains. N= 5 mice for each condition. Statistical
significance was determined by two-tailed Student’s t-test. Data are shown as relative
changes versus controls. ***p < 0.001.
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Fig. 7. Cytoskeletal stability and polarity areimpaired in the VZ of the Macf1-cKO cortex
(A) Immunostaining shows MACF1 expression in the cerebral cortex of E14.5 mice.

MACF1 was highly expressed in nestin-positive neural progenitors in the VZ. Scale bars: 50
um (third panel), 10 um (fourth panel). (B) Cerebral cortices from E14.5 control and MacfI-
cKO mice were immunostained with Phalloidin and an anti-ARL13B antibody. Arrows
indicate ARL13B-positive cilia. Scale bars: 20 pm (middle panel), 10 um (right panel). (C)
The number of ARL13B positioned in the VZ or SVZ was quantified. N= 5 mice for each
condition. Statistical significance was determined by two-tailed Student’s t-test. Data are
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shown as relative changes versus controls. **p < 0.01. (D) Cerebral cortices from E14.5
control and MacfI-cKO brains were immunostained to acetylated-tubulin and nestin. Scale
bars: 20 um (middle panel), 10 um (right panel). (E) Quantification of acetylated-tubulin at
the VZ. N= 5 mice for each condition. Statistical significance was determined by two-tailed
Student’s t-test. Data are shown as relative changes versus controls. ***p < 0.001.
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Fig. 8. Anxiety-like behavior and social deficitsin Macf1-cKO mice
(A) Motor activities were assessed by measuring the total distance and mean velocity of

movement during the open field test. N= 11 mice for controls and 7 mice for MacfI-cKO.
Statistical significance was determined by two-tailed Student’s t-test. NS: no significance.
(B) Rearing time and frequency were measured during the rearing test. The grip strength test
was also performed to assess the motor activity of MacrfZ-cKO mice. N= 9 mice for controls
and 7 mice for Macf1-cKO mice. Statistical significance was determined by two-tailed
Student’s t-test. (C) Representative traces of control and MacfZ-cKO mice in the open field
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test. (D) Total time spent in the center and the number of entries into the center were
quantified in the open field test. N= 11 mice for controls and 7 mice for MacfI-cKO mice.
Statistical significance was determined by two-tailed Student’s t-test. **P < 0.01 versus
control. (E) The three-chamber social test assessed social behaviors including sociability
and social novelty in control and MacfZ-cKO mice. N=9 mice for control and 7 mice

for Macf1-cKO mice. Statistical significance was determined by one-way ANOVA with
Bonferonni correction test. *P < 0.05, **P < 0.01, ***P <0.001 versus empty or stranger

I condition. (F) The novel object test showed no difference in spatial recognition between
controls and Macri-cKO mice. N=9 mice for controls and 7 mice for MacfI-cKO mice.
Statistical significance was determined by one-way ANOVA with Bonferonni correction test.
*P =0.05.
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Fig. 9. Model of cortical malformation and SBH in Macf1-cKO
MACF1 is required for normal localization of neural progenitors and neurons in the

developing cerebral cortex. This tight positioning relies on radial glial stability and polarity,
which enables their apical and basal fibers to anchor at the VZ and pia appropriately.
MACF1 deficiency alters cytoskeletal stability and polarity leading to ectopic progenitor
positioning and SBH as well as neuronal lamination defects.
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Table 1.

Materials used in the analysis performed in this work

Antibodies Use Details

NeuN IHC, pan-neuronal EMD Millipore, MAB337
L1 IHC, cortical axon EMD Millipore, MAB5272
TBR1 IHC, lower layer neuron Abcam, ab31940

CUX1 IHC, upper layer neuron Santa Cruz, sc-13024
MAP2 IHC, pan-neuronal Abcam, ab5392

GFAP IHC, astrocyte Abcam, ab7260

Ki67 IHC, actively proliferating cell ~ Cell Signaling, #9129

phospho-Histone H3
BrduU

Tbr2

BLBP

Nestin

ARL13B
Acetyl-a-Tubulin
GFP

MACF1

AlexaFluor568-Phalloidin

IHC, mitotic cell

IHC, S-phase cell

IHC, intermediate progenitor
IHC, radial fiber

IHC, radial progenitor

IHC, cilia

IHC, stable microtubule

IHC

IHC

IHC, polymerized actin

Cell Signaling, #9701S

BD Biosciences, 555627
EMD Millipore, ab15894
Abcam, ab32423
PhosphoSolutions, 1435-NES
Abcam, ab83879

Cell Signaling, #5335

Thermo Fisher, A11122, A10262

Santa Cruz, sc-377532
ThermoFisher, A12380
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