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Distinct roles for dynein light intermediate chains

in neurogenesis, migration,

translocation
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and terminal somal

Cytoplasmic dynein participates in multiple aspects of neocortical development. These include neural progenitor
proliferation, morphogenesis, and neuronal migration. The cytoplasmic dynein light intermediate chains (LICs) 1and 2 are
cargo-binding subunits, though their relative roles are not well understood. Here, we used in utero electroporation of shRNAs
or LIC functional domains to determine the relative contributions of the two LICs in the developing rat brain. We find that
LIC1, through BicD2, is required for apical nuclear migration in neural progenitors. In newborn neurons, we observe specific
roles for LIC1 in the multipolar to bipolar transition and glial-guided neuronal migration. In contrast, LIC2 contributes to a
novel dynein role in the little-studied mode of migration, terminal somal translocation. Together, our results provide novel
insight into the LICs’ unique functions during brain development and dynein regulation overall.

Introduction

Cytoplasmic dynein 1 (hereafter “dynein”) carries out a very
extensive range of functions in the cell. Several dynein-depen-
dent mechanisms are required for vertebrate brain development
(Bertipaglia et al., 2018), and impaired dynein function has been
associated with multiple neurodevelopmental diseases (Reiner et
al., 1993; Lipka et al., 2013; Poirier et al., 2013; Fiorillo et al., 2014;
Jamuar et al., 2014). Dynein is essential for the proliferation of
embryonic neural stem cells, known as radial glial progenitors
(RGPs; Tsai et al., 2005, 2010), which give rise to most neurons
and glia in the cerebral cortex (Kriegstein and Alvarez-Buylla,
2009). RGPs have a unique morphology, with an apical process
contacting the ventricular surface (VS) and a basal process ex-
tending to the pial surface. RGP nuclei oscillate in synchrony
with cell cycle progression, a behavior termed interkinetic nu-
clear migration (INM). During INM, the RGP nuclei migrate away
from the VS throughout G1 (basal migration) and return to the
VS during G2 (apical migration). Apical INM in RGPs is driven
by nuclear envelope-associated dynein, and mitotic entry occurs
only when the RGP nucleus has reached the VS (Hu et al., 2013;
Baffet et al., 2015; Doobin et al., 2016).

Neurons originating from RGP divisions migrate out of the
inner neocortical proliferative region, the ventricular zone (VZ),
to the subventricular and intermediate zones (SVZ/IZ), where
they at first adopt a multipolar morphology. Multipolar cells

require dynein for transition into bipolar neurons and for their
subsequent glial-guided migration to the cortical plate (CP) along
the basal processes of the RGPs (Shu etal., 2004; Tsai et al., 2005,
2007). In the outermost region of the CP, neurons engage in a
final form of non-glial-guided migration called terminal somal
translocation (Nadarajah et al., 2001; Franco et al., 2011; Sekine
et al., 2011). Whether dynein also contributes to this final stage
of neuronal migration is unknown.

How a single form of dynein may carry out such a wide range
of functions has been a central question in the field. Dynein has
several subunits, which contribute to cargo binding and motor
regulation. The function of one class of cytoplasmic dynein-spe-
cific subunits, the light intermediate chains (LICs), remains
poorly understood. In vertebrates, two highly similar genes,
DYNCILII and DYNCILI2 (Pfister et al., 2006), encode LICI and
LIC2, respectively, which integrate into the dynein complex. The
divergent LIC3 (DYNC2LII) associates exclusively to ciliary cy-
toplasmic dynein-2 to mediate intraflagellar transport (Grissom
et al., 2002; Mikami et al., 2002; Taylor et al., 2015). Recently,
LICI and LIC2 have been shown to link dynein to an emerging
class of dynein cargo adaptor proteins, which include the BicD
and Hook proteins, RILP, and Spindly (Fig. 1, A and B; Scherer et
al., 2014; Schroeder et al., 2014; Schroeder and Vale, 2016; Gama
etal., 2017; Lee et al., 2018). These adaptors serve specifically to
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recruit supercomplexes of dynein and its regulators to diverse
forms of subcellular cargo (for review, see Reck-Peterson et al.,
2018). Some studies have addressed LICI- versus LIC2-dynein
roles in cultured cells and mainly suggested overlapping func-
tions (Palmer et al., 2009; Tan et al., 2011; Raaijmakers et al., 2013;
Jonesetal., 2014). To determine the relative functions of LIC1 and
LIC2 in vivo, we have examined their requirement during neocor-
tical development. We find that LIC1 and LIC2 each play essential
but only partially overlapping roles in neurogenesis and neuro-
nal migration, and we identify a novel role for dynein and LIC2 in
the little-explored mechanism of terminal somal translocation.

Results and discussion

Effects of LIC1 and LIC2 depletion in RGP apical

nuclear migration

To investigate whether the LIC proteins have distinct or over-
lapping roles in RGP INM, we delivered shRNAs against Dyncllil
(LIC1) and/or Dynclli2 (LIC2) into the lateral ventricles of em-
bryonic day 16 (E16) rat embryos, using in utero electroporation.
Analysis of the VZ in electroporated brain slices was performed
4 d after electroporation, at E20. RNAi efficiency was determined
by quantitative RT-PCR (qRT-PCR) and immunoblotting (Fig. S,
A and B), which confirmed successful reduction in mRNA and
protein levels, respectively. LIC1 knockdown (KD) caused a pro-
nounced shift in the distribution of RGP nuclei away from the VS
(Fig. 1, Cand D), consistent with inhibition of apical INM. We also
observed a marked decrease in mitotic index (Fig. 1F), consistent
with the inability of the nuclei to reach the VS and enter mitosis.
To test LIC1 function in apical INM more directly, we performed
live imaging of LIC1-depleted RGPs in brain slices. LIC1 KD se-
verely inhibited RGP apical nuclear migration, arresting nuclei
before they could reach the VS (Fig. 1 G and Videos 1 and 2). Pre-
vious work from our laboratory (Hu et al., 2013) revealed that
RGP nuclei may arrest far from (>30 pm) or near to (<10 um) the
VS following expression of shRNAs against genes that mediate
early G2 versus late G2 nuclear envelope dynein recruitment. We
found that LIC1 KD arrested RGP nuclei at similar distances to
those found upon depletion of early G2-dynein recruitment pro-
teins (Fig. 1 E), such as BicD2 (Hu et al., 2013), an LIC interactor
protein (Schroeder et al., 2014; Lee et al., 2018).

Increasing dynein recruitment to the nuclear envelope by
BicD2 overexpression overcomes KD of genes in the late G2-
dynein-recruitment pathway (Hu et al., 2013; Doobin et al.,
2016). To examine the functional relationship between BicD2 and
LICI in our system, we tested whether BicD2 expression could
rescue the effects of LIC1 KD. BicD2 overexpression in a LIC1 KD
background failed to restore normal nuclear distribution (Fig. 1,
H and I). This result is consistent with a common role for BicD2
and LIC1 in apical INM.

In contrast to our LIC1 KD results, LIC2 KD had no detectable
effect on RGP apical nuclear migration or mitosis (Fig. 1, C-G;
and Video 3). To address whether depletion of both subunits
would cause more severe effects on RGP nuclear distribution, we
coexpressed shRNAs for LICI and LIC2. Reduced levels of both
subunits phenocopied LIC1 KD alone (Fig. 1, C-F), supporting a
predominant role for LIC1 in apical INM. To test whether these
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results might reflect differences in LIC1 versus LIC2 protein
levels, we measured the relative amounts of dynein subunits in
brain lysates during late embryogenesis and adulthood (Fig. S1,
C and D). The ratio of LICI to LIC2 protein levels was unaltered
across developmental stages. In addition, staining of E20 brain
slices with LIC1- or LIC2-specific antibodies showed cytoplas-
mic expression throughout the several layers of the developing
neocortex for both subunits (Fig. S1, E-H). Therefore, the effects
of LICI versus LIC2 KD are likely to result from differential LIC
physiological roles.

Mechanistic insight from the LIC functional domains

To test the relative cargo-binding role of the LICs more directly,
we generated cDNAs encoding individual LIC functional do-
mains, the N-terminal GTPase-like domain (G domain) and the
C-terminal Adaptor domain (A domain; Fig. 1 B). The G domain
of each LIC coimmunoprecipitated the dynein heavy chain (HC)
and the intermediate chain (IC), but not the endogenous LICs
(Fig. S2, A and B). This suggests that expression of the G domain
competes with the endogenous LICs for a common HC-binding
site. The C-terminal A domain binds directly to BicD2 and other
dynein adaptor proteins, but does not coimmunoprecipitate
the dynein complex (Schroeder et al., 2014; Gama et al., 2017;
Lee etal., 2018).

To understand further the functional roles of the LICs, we
electroporated the full-length G domain and A domain versions
of each LIC. Expression of the LIC1 or LIC2 A domains had no de-
tectable effect in RGP nuclear distribution or mitotic index (Fig.
S2, C-E). Interestingly, expression of full-length LICI caused a
moderate shift in the RGP nuclei toward the VS (Fig. 2, A and B),
consistent with enhanced dynein activity in apical nuclear mi-
gration. We observed no such effect for LIC2 (Fig. 2, A and B). In
contrast, expression of the LIC1 G domain caused a marked dis-
placement of RGP nuclei away from the VS at distances similar to
those seen with LIC1 KD (>30 um). The LIC1 G domain also caused
a strong reduction in mitotic index (Fig. 2, A-D). Surprisingly,
despite the common LIC binding site within the HC (Tynan et
al., 2000b), the LIC2 G domain had no apparent effect on RGP
nuclear position or mitotic index (Fig. 2, A-D). Together, these
results confirm a more important cargo-binding role for LIC1 in
INM, consistent with the LICI and LIC2 KD effects.

LICI and LIC2 share high sequence similarity within both
dynein- and cargo-binding domains (Tynan et al., 2000a; Pfister
etal.,2006). Thus, despite the differences in LIC1 versus LIC2 KD
effects, we asked whether LIC2 could compensate for LIC1 deple-
tion. To test this possibility, we coexpressed LIC1 shRNA with a
control vector or RNAi-insensitive LIC1 or LIC2 cDNA. Electro-
poration of LIC1 cDNA on a LIC1 KD background-rescued RGP
nuclear position and mitotic index (Fig. 2, E-H). Remarkably,
expression of LIC2 cDNA on a LIC1 KD background was able to
rescue RGP nuclei position and mitotic index to levels observed
with the GFP control (Fig. 2, E-H). However, when compared
with LICI self-rescue, LIC2 rescue of LIC1 KD showed RGP nuclei
slightly, but significantly, shifted away from the VS (Fig. 2, E and
F). This again suggests that apical INM is preferentially mediated
by LIC1, but increased amounts of LIC2 can overcome LIC1 deple-
tion and restore apical INM.
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Figure 1. Distinct roles for the LICs in apical INM. (A and B) Diagrammatic representation of the dynein-dynactin-BicD2 complex (A is modified from Carter
et al, 2016). LIC1 versus LIC2 content defines distinct dynein subfractions (Tynan et al., 2000a). (B) LIC functional domains and interactors. (C-G) E16 rat brains
were in utero electroporated with control vector or shRNAs for LIC1 and/or LIC2 and subsequently imaged live or fixed 4 d post injection (d.p.i.), at E20. (C) Fixed
images of the VZ from electroporated brains stained for the mitotic marker phosphohistone-H3 (PH3). Dashed line represents the VS. (D, E, and I) Quantification
of distance between the RGP nuclei and the VS across conditions. (F) Effect of LIC1 and/or LIC2 KD on RGP cell mitotic index. (G) Time-lapse images for control,
LIC1KD, or LIC2 KD in RGPs (Videos 1, 2, and 3). Images are shown with 60-min intervals (hh:mm). (H and I) E16 brains were in utero electroporated with BicD2
on a wild-type or LIC1 KD background or LIC1 KD alone. Analysis was done 4 d.p.i. (H) Representative images from electroporated RGPs in the VZ. Data presented
as box and whiskers plot in D; and data shown as mean + SDin E, F, and I. Unpaired t test was used in D, E, Fand I. (*, P < 0.05; ***, P < 0.001). Data in D, E, and F
include at least 337 RGPs from at least five embryos, and data in | include at least 165 RGPs from at least four embryos. Bars: 5 um (C and H); 10 um (G).
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Our results show that LICI is essential for BicD2-mediated
apical INM. However, the ability of LIC2 to rescue RGP nuclear
distribution and mitotic index in LIC1 KD cells suggests that the
two LICs are each capable of binding to BicD2. To address this
possibility, we incubated embryonic brain lysate with bacterially
purified BicD2 N-terminal region, which binds dynein and its
regulatory complex dynactin (Splinter et al., 2012; McKenney et
al., 2014). Immunoblotting revealed that BicD2 bound both LICs,
though LICI was significantly more enriched compared with
LIC2 (Fig. 2, Iand]). Therefore, although BicD2 can interact with
either LIC, BicD2 preferentially recruits LIC1-dynein complexes.
These results likely account for the predominant role of LICI in
apical INM and the ability of overexpressed LIC2 to rescue apical
INM when LIC1 is depleted.

LIC1 and LIC2 have distinct roles in post-mitotic neurons

We previously found that dynein is required for post-mitotic
neuronal morphogenesis and subsequent migration into the CP,
their final destination (Tsai et al., 2005, 2007). Therefore, we
analyzed the distribution of electroporated cells in each of the
neocortical layers upon depletion of the individual LICs. LIC1 KD
caused a striking reduction in the number of neurons in the CP
(Fig. 3, A and C), with most electroporated cells retained in the
SVZ/IZ. In contrast, LIC2 KD had little effect in the progression
of post-mitotic neurons to the CP (Fig. 3, A and C). Double LIC
KD gave results similar to those effects for LIC1 KD alone (Fig. 3,
A and C). Thus, we find that LICI is essential for both INM and
neuronal migration to the CP, whereas LIC2 is dispensable for
these cell behaviors.

Next, we tested the effects of expressing the full-length LICs
and their G domains on neocortical cellular distribution. Expres-
sion of LICI or LIC2 full-length cDNA had no noticeable effect on
the proportion of cells in the SVZ/1Z and CP (Fig. 3, Band D). Ex-
pression of the LIC2 G domain had no detectable effect on the pro-
portion of cells in these regions either (Fig. 3,Band D), consistent
with our LIC2 KD results. We note that there was a mild decrease in
the number of cells in the VZ with LIC2 G domain expression, but
thebasis for thisisunclear. In contrast to these conditions, expres-
sion of the LIC1 G domain caused severe accumulation of electro-
porated neuronsin the SVZ/IZ and a marked reduction within the
CP (Fig. 3, Band D), consistent with the effects of LIC1 KD.

As neurons migrate out of the IZ into the CP, they transi-
tion from a multipolar to bipolar migratory morphology. LIC1
KD caused a robust increase in the number of multipolar cells
at the expense of bipolar cells (Fig. 3 E). In contrast, expression
of the LIC1 G domain had no effect on the proportion of multi-
polar and bipolar neurons (Fig. 3 E), presumably reflecting a
lesser degree of dynein inhibition. Once becoming bipolar in the
SVZ/1Z, neurons initiate migration toward the CP using the glial
(RGP) fibers as scaffolds, a mechanism known to require dynein
(Tsai et al., 2007). Our results suggested that SVZ/IZ neurons
expressing the LIC1 G domain were able to become bipolar, but
were unable to migrate toward the CP. To test this hypothesis
and determine whether LICs participate in glial-guided migra-
tion, we performed live imaging of the upper IZ/lower CP region
and followed the migration of neurons transfected with control
vector, LIC1 G domain, and LIC2 G domain. Neuronal cell bodies

Gongalves et al.
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expressing LIC1 G domain remained mostly immotile throughout
the imaging period (Fig. 3 F and Videos 4 and 5). Expression of
the LIC2 G domain had no significant effect, as cell bodies were
able to migrate distances similar to those for control cells (Fig. 3F
and Video 6). Together, these results support fundamental roles
for LIC1, but not LIC2, in the multipolar to bipolar transition and
in glial-guided neuronal migration.

Novel role for dynein in terminal somal

translocation of neurons

Despite the minimal role we found for LIC2 in INM, in the multi-
polar to bipolar transition and in glial-guided migration, LIC2 KD
and LIC2 G domain expression caused a striking decrease in the
number of cells reaching the uppermost layers of the CP (Fig. 4, A
and B; and Fig. S3, A and B). The arrested cells also had elongated
processes contacting the outer marginal zone (MZ), but their
cell bodies were located in deeper neocortical layers compared
with control (Fig. 4 C). This suggested an impairment of the last
stage of neuronal migration, known as terminal somal translo-
cation (TST). This behavior involves MZ contact and subsequent
shortening of the leading process of the migrating neuron, as the
soma continuously moves toward the pial surface of the brain
(Nadarajah et al., 2001; Franco et al., 2011; Sekine et al., 2011).
Unlike the preceding glial-guided neuronal migration along the
RGP basal processes, TST does not use glial scaffolding, and the
role of motor proteins is unexplored (Cooper, 2013).

To test LIC2 function in TST more directly, we performed live
imaging of LIC2 G domain and LIC2 shRNA electroporated neu-
rons in the upper CP. In control cells, the leading process con-
tacted the MZ, and cell bodies migratedtoward the pial surface as
their leading process shortened (Fig. 4 D and Video 7). Processes
of neurons expressing the LIC2 G domain or a LIC2 shRNA were
elongated and still contacted the MZ, but the cell bodies remained
immotile throughout the imaging period (Fig. 4 D, Video 8, Fig. S3
C, and Video 9), further confirming a key role for LIC2 in TST. To
our knowledge, these results are the first to show a role for motor
proteins in TST and identify a novel function for dynein during
brain development.

LICs are required for neuronal migration in the

post-natal rat brain

To determine the extent to which depleting LICs delays or per-
manently blocks neuronal migration, we introduced LIC1 or LIC2
shRNAs into E16 rat brain and analyzed neuronal distribution 2
wk later, at post-natal day 7 (P7; Fig. 5, A and B). LIC1 KD caused
a marked accumulation of cell bodies in the white matter, with a
reduction in the number of neurons in the post-natal neocortex,
a striking outcome not observed in controls or in LIC2-depleted
brains. In contrast, LIC2 KD neurons bypassed the white matter,
though they were unable to migrate to the upper neocortical lay-
ers. These data are consistent with our results in the embryonic
brain and further support our findings of fundamental, but dis-
tinct, roles for LIC1 and LIC2 in vivo.

Molecular roles of LICs in brain development
Notably, we find differences in LICI versus LIC2 phenotypes at
multiple stages of neocortical development (Fig. 5 C). Expression
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analyzed by fixed and live imaging 4 d.p.i. Brain slices were stained for the post-mitotic neuronal marker, Tbrl. The CP was equally divided in bins for quantifi-
cations purposes. (A) Images of the CP for each condition. (B) Quantification of the proportion of electroporated cells in each bin of the CP. (C) Magnification
of the delimited region in bottom right panel in A. Arrowheads mark the elongated migrating process. (D) Time-lapse images for control and LIC2 G domain in
migrating neurons. Images are shown at 60-min intervals (hh:mm). Respective representative tracings from multiple migratory neurons for each condition are
shown at right (Videos 7 and 8). Data are presented as mean + SD in B, and unpaired t test was used (**, P < 0.01). Data in B includes at least 3,035 cells from
at least six embryos. Bars: 40 pm (A and C); 10 um (D).
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of LIC1 shRNA or LIC1 G domain potently interfered with the
dynein-driven apical INM. Similar analysis for LIC2 showed no
detectable effect. Nonetheless, LIC2 overexpression completely
rescued the LIC1 KD phenotype, indicating that abundant LIC2 is
capable of serving in this function. Seeking to explain this sur-
prising result, we found differences in LIC1 versus LIC2 binding
toBicD2, the dynein adaptor in apical INM. We do note that other
molecules interact differentially with the two LICs, most notably
pericentrin and PAR3 (Purohit et al., 1999; Tynan et al., 2000a;
Schmoranzer etal., 2009; Mahale et al., 2016). Conceivably, these
interactions might also contribute, albeit subtly, to the pheno-
typic differences between the LICs that we observe.

Analysis of each LIC in post-mitotic neuronal migration re-
vealed further differential roles. We found that LICI inhibition
impedes newborn neurons from reaching the CP by disrupting
atleast two distinct mechanisms: the multipolar-to-bipolar tran-
sition and glial-guided migration. These results mimicked those
for dynein HC KD (Tsai et al., 2005, 2007), which would disrupt
overall dynein motor activity. LIC2 had no noticeable function
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at these stages. Interestingly, BicD2 KD was reported to cause
a multipolar accumulation at the expense of bipolar neurons
(Hu et al., 2013), comparable to our results with LIC1 KD. This
is consistent with a generally more substantial role for LICI in
mediating BicD2-dependent functions, as seen in RGPs. Thus, we
hypothesize that the BicD2-LICl interaction might be also active
during multipolar to bipolar transition.

The minor role for LIC2 in earlier stages of brain development
allowed us to uncover a novel role for dynein in neuronal TST.
Neurons expressing LIC2 shRNA or LIC2 G domain reached the
CP, but there was a marked accumulation of cell bodies abnor-
mally far from the pial surface. We found that the processes of
these cells were still able to contact the MZ, suggesting that LIC2
is not required for process extension, but is essential for somal
translocation. Using live imaging, we confirmed this specific ar-
rest in neuronal cell body movement. Although our results re-
veal a clear role for LIC2 in TST, we cannot determine whether
LIC1 also has a role at this stage. This is because LIC1 inhibition
severely impairs neuronal migration before this last step. We be-
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lieve these results are the first evidence of a dynein role in TST.
Thus, altogether, our data reveal a succession of dynein functions
throughout neocortical development, which depends on differ-
ential roles of LICs at several stages.

The different LIC functions in brain development, primarily
nonoverlapping, is consistent with earlier evidence that these
dynein subunits exist in discrete LIC1- and LIC2-containing
dynein subfractions as judged by coimmunoprecipitation stud-
ies (Tynan et al., 2000a). Our current study provides further in-
sight into this issue and the mechanisms underlying differential
LIC function. In particular, we find that expression of the LIC
G domains strongly interferes with dynein function in vivo, as
determined by the effects on neurogenesis and neuronal migra-
tion in the developing rat brain. A reasonable explanation for
the inhibitory effect of the G domain expression would be the
competition with endogenous LICs for the LIC binding site lo-
cated within the tail region of the dynein HC. In this case, the
prediction would be a similar phenotype from the expression of
either LIC G domain. Surprisingly, however, the phenotypes are
clearly distinct. For this reason, we speculate that each LIC might
associate preferentially with dynein complexes of specific com-
position and/or post-translational modifications. Interestingly, a
recent dynein interactome analysis detected an enrichment for
different dynein light chain subunits in LICI- versus LIC2-con-
taining dynein (Redwine et al., 2017), suggesting to us that LIC
integration into the dynein complex may depend on or dictate a
specific dynein light chain subunit composition. How each LIC
integrates the dynein complex likely contributes to the differen-
tial LIC1 and LIC2 functions in vivo, but the mechanisms for this
remain to be determined.

Materials and methods

Ethics statement

All the experiments were done in accordance with the animal
welfare guidelines and the guidance of the Institutional Animal
Care and Use Committee at Columbia University (New York, NY).

In utero electroporation

Plasmids encoding for shRNAs or cDNA were injected into the
developing brain at E16 and electroporated as described (Baffet
et al., 2016). In more detail, timed pregnant Sprague Dawley
E16 rats were anaesthetized with a ketamine xylazine cocktail
administered intraperitoneally, and toe pinch was performed to
ensure deep anesthesia. To avoid excessive heating loss during
the surgical procedure, an external heating source was provided.
For pain management, buprenorphine and bupivacaine were ad-
ministered subcutaneously, before the surgery. Abdominal cavity
was opened, and uterine horns were exposed and trans-illumi-
nated for clear identification of the brain ventricles. For easy vi-
sualization of the DNA in the brain ventricular space, a nontoxic
dye (Sigma, F7252) was added to the DNA before surgery and
injected with a sharpened glass needle. After injection, embryos
were subjected to five electric impulses (50 V; 50 ms each, sep-
arated by 1-s intervals) delivered by an electroporator (Harvard
Apparatus ECM 830) to target the DNA to RGPs in the lateral
neocortex. The embryos were returned to the abdominal cavity,
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and the wound was closed. Rats were monitored every day after
surgery, and buprenorphine was administered every 12 h for the
first 48 h for post-operative pain control.

Immunohistochemistry and live imaging

For embryonic brain harvesting, pregnant rats were reanesthe-
tized, and the surgical wound was reopened 4 d post injection
(d.p.i.; at E20) to expose the uterus.

For fixed imaging, embryonic (E20) or P7 rat brains were har-
vested and immersed in PBS with 4% PFA overnight. They were
then embedded in 4% of agarose (Sigma, A9539) and sliced in
a vibratome (Leica, VT 1200S) in 100-pm slices for embryonic
brains or 200-um for P7 brains. After blocking in 5% normal
donkey serum (Sigma, D9663) in PBS-Triton 0.5% for 1 h, slices
were incubated with primary antibodies diluted in the blocking
solution, overnight on a shaker, at 4°C. Secondary antibodies
(1:500) and DAPI (Thermo Scientific, 62248; 1:10,000 dilution)
were diluted in PBS and incubated for 2 h at room temperature.
Slices were mounted with Aqua-Poly mounting media (Poly-
sciences, 18606).

For live imaging, the dissected rat brains were embedded in
4% low-melting agarose (IBI Scientific, IB70057) diluted in ar-
tificial cerebrospinal fluid (Baffet et al., 2016) and sliced into
300-pm coronal sections. The slices were placed on porous fil-
ters (EMB Millipore, PICMORGS50) in cortical culture medium
containing 25% HBSS (Life Technologies, 24020-117), 47% basal
MEM (Life Technologies, 21010-046), 25% normal horse serum
(Life Technologies, 26050-088), 1% penicillin/streptomycin/
glutamine (Life Technologies, 10378-016), and 2% of 30% glucose
(Sigma, G5767) in a 50-mm glass-bottom dish (MatTek Corpora-
tion, P50G-0-14-F) and imaged on an IX80 laser scanning confo-
cal microscope (Olympus FV1000 Spectral Confocal System) at
intervals of 10 min for up to 24 h.

RNAi and constructs

shRNA expressing constructs were designed to target internal
gene sequences unique to Dyncllil (LIC1) or Dyncili2 (LIC2), in a
pRetro-U6G vector (Cellogenetics), which also expressed soluble
GFP to label-transfected cells. The target sequence for Dyncllil
(LIC1) used was 5'-GTTGATTAGAGACTTCCAA-3', and the target
sequence for Dynclli2 (LIC2) was 5'-GCCAGAAGATGCATATGAA-
3". Empty vector of pEGFP-C1 was used a control (Clontech). LIC1
and LIC2 rat cDNA constructs were taken from pCMV B (Tynan
etal.,, 2000a) and cloned into pCAGIG vector (Addgene, plasmid
no. 11159; Matsuda and Cepko, 2004) using NotI sites. Full-length
and functional domain constructs of LIC1 and LIC2 were HA (YPY
PVPDYA)- and FLAG (DYKDDDDK)-tagged, respectively (Tynan
etal., 2000a). pCAGIG empty vector was used as control for the
experiments with LIC1 and LIC2 full-length and functional do-
mains. For better process visualization in the quantifications of
Fig. 3 E and P7 experiments, shRNAs were coinjected with pCAG
1G empty vector. Silent point mutations were made in LIC1 cDNA
for RNAI resistance, and functional domains were amplified by
PCR amplification using KOD Hot Start DNA Polymerase (Mil-
lipore, 71086). pIRES2 DsRed-Express2 BicD2 (Clontech) was
described previously (Hu et al., 2013), and pDsRed-Express2-Cl
(Clontech) was used as control. Soluble DsRed signal was en-
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hanced using anti-mCherry antibody (described below). BicD2
N-terminal 25-400 aa with an N-terminal strepII-SNAPf cassette
(McKenney et al., 2014) was a gift from R. McKenney (University
of California, Davis, Davis, California).

Western blot and coimmunoprecipitation

shRNAs and LIC functional domains were transfected in rat C6
brain glioma cells cultured in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin and maintained at 37°C with
5% CO,. Transfection of cultured cells with shRNAs for LIC1 or
LIC2 and LIC1 and LIC2 G domains was performed using a Lonza
Nucleofector kit V and an Amaxa Nucleofector, according to the
manufacturer’s instructions. Cells transfected with shRNAs and
LIC functional domains were collected 72 h (for shRNAs) or 30 h
(G domains) after transfection.

Forbrain samples, pregnant E16, E18, or E20 rats were anesthe-
tized as described above. Embryonic brains were harvested, and
the brains of the pregnant rats were used as the adult samples.

Cells transfected with shRNAs and brain samples were lysed
on ice in Lysis Buffer (pH 7.2, 50 mM Tris-HCl, 150 mM NaCl, 1%
Triton X-100, and 0.5% deoxycholic acid buffer) containing 1 mM
DTT and a protease inhibitor cocktail (Sigma, P8340). Purified
lysates were loaded on a polyacrylamide gel and transferred to
a polyvinylidene difluoride membrane. The membrane was
blocked in PBS with 0.5% powdered milk, incubated with primary
antibodies diluted in PBS with 0.1% of powder milk, and washed
and incubated with secondary LI-COR antibodies in PBS. Imaging
of the blots was performed using an Odyssey system (LI-COR).

For the coimmunoprecipitation experiments in Fig. S2 (A
and B), LIC G domain-transfected C6 cells were lysed with ra-
dioimmunoprecipitation assay buffer (pH 7.4, 50 mM Tris-HCI,
100 mM NaCl, 1 mM EGTA, and 0.5% NP-40) containing 1 mM
DTT and a protease inhibitor cocktail on ice. Anti-HA (Abcam,
ab137838) or anti-FLAG (Abcam, ab1162) antibodies were incu-
bated with magnetic beads (Invitrogen, 10002D) for 1 h and then
with cell lysates for 2 h. Blotting was performed as described
above. For better separation of LICI (57 kD), LIC2 (53 kD), and an-
tibody HC (50 kD) bands gel running was done for longer periods.

For the coimmunoprecipitation experiments in Fig. 2 (I and
J), embryonic brains (E20) were lysed with brain buffer (pH 7.2,
50 mM Pipes, 50 mM Hepes, 2 mM MgCl,, and 1 mM EDTA) con-
taining DTT and a protease inhibitor cocktail and subjected to
mechanical lysis in a dounce homogenizer on ice. SNAP-BicD2
was purified as described (McKenney et al., 2014) and incubated
with Streptactin Sepharose beads (GE Life Sciences, 28-9355-99)
for1h and then with brain lysates for 3 h. Blotting was performed
has described above.

Antibodies

Antibodies used for immunofluorescence include anti-pH3
(Abcam, ab14955; 1:1,000), anti-Thrl (Abcam, ab31940; 1:300),
anti-mCherry (Abcam, ab167453;1:1,000), anti-NeuN (Millipore,
MAB377; 1:300), anti-HA (Sigma-Aldrich, H6908; 1:2,000), an-
ti-FLAG (Abcam, ab1162; 1:2,000), anti-LIC1 (Tan et al., 2011;
1:300), and anti-LIC2 (Tynan et al., 2000a; 1:300). Donkey flu-
orophore-conjugated secondary antibodies (Jackson Labs, 1:500
dilution) were used.
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Antibodies used for Western blotting include anti-p1506/ued
(BD, 610474; 1:1,000), anti-dynein IC clone 74.1 (University
of Virginia, Charlottesville, VA; 1:1,000), anti-LICs (Tynan et
al., 2000a; 1:500), anti-LICI (Tan et al., 2011; 1:500), anti-LIC2
(Tynan et al., 2000a; 1:1,000), anti-dynein HC (Suzuki et al.,
2007; 1:1,000), and anti-GAPDH (Abcam, ab8245; 1:1,000). To
develop in a LI-COR system, fluorescent secondary antibodies
(1:10,000) were acquired from Invitrogen and Rockland.

Reverse transcription analysis

C6 cells were cultured and transfected with shRNAs for LIC1
and LIC2 using an Amaxa Nucleofector, as described for West-
ern blot. mRNA extraction, cDNA synthesis, and quantitative
PCR were performed using the Power SYBR Green Cells-to-Ct
kit (Ambion/Thermofisher). cDNAs were analyzed by quantita-
tive PCR using an ABI 7900 HT machine. Primers were designed
to have melting temperatures of ~60°C degrees and to generate
amplicons of 70-200 bp, separated by at least one intron. Target
cDNA levels were analyzed by the comparative cycle method,
and values were normalized to GAPDH expression levels. The
primers used in this study were GAPDH forward: 5'-CAACTC
CCTCAAGATTGTCAGCAA-3'; GAPDH reverse: 5-GGCATGGAC
TGTGGTCATGA-3'; Dyncllil (LIC1) forward: 5-GGGAAAACA
AGCCTCATAAGAAG-3'; Dyncllil (LIC1) reverse: 5-AACTTGAGT
AGCCCTTTGTGGTA-3'; Dynclli2 (LIC2) forward: 5'-GACCCT
GGTCATTTTTGTTGC-3'; and Dynclli2 (LIC2) reverse: 5'-CCC
GTAAAACACTAGCCCAT-3'.

Imaging and statistical analysis

All images were collected with an IX80 laser scanning confocal
microscope (Olympus FV1000 Spectral Confocal System). Brain
sections were imaged using a 60x 1.42 NA oil objective or a 10x
0.40 NA air objective. All images were analyzed using Image]J
software (National Institutes of Health).

All statistical analysis was performed using Prism (GraphPad
Software). Unpaired t test (two-tailed) was used to determine
significance between two groups. Statistical significance for
LICI versus LIC2 signal (Fig. S1 D) was performed with one-way
ANOVA followed by Tukey’s test. Data distribution was assumed
to be normal, but this was not formally tested. Definition of sta-
tistical significance was P < 0.05.

For each experiment, embryos were collected from at least
three different mothers, for each condition. Mitotic index was
measured as the percentage of electroporated RGP cells positive
for PH3. The bars in the data presented as box and whiskers rep-
resent 1-99 percentile range.

Online supplemental material

Fig. S1 shows the RNAi KD efficiency and the LIC1 and LIC2 rela-
tive protein expression across brain development. Fig. S2 shows
the effects of the G domains expression in the dynein complex
and the effects of the A domains expression in RGP behavior. Fig.
S3 shows the effects of LIC2 shRNA expression in neuronal TST.
Videos1, 2, and 3 show the effects of LIC inhibition in apical INM.
Videos 4, 5, and 6 show the effect of LIC inhibition in glial-guided
migration. Videos 7, 8, and 9 show the effects of LIC2 inhibition
in neuronal TST.
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