
Hnrnpab regulates neural cell motility through
transcription of Eps8

ALEXA A. LAMPASONA1,2 and KEVIN CZAPLINSKI2,3

1Program in Molecular and Cellular Pharmacology, Stony Brook University, Stony Brook, New York 11749, USA
2Centers for Molecular Medicine, Stony Brook University, Stony Brook, New York 11749, USA
3Department of Anesthesiology, Stony Brook University, Stony Brook, New York 11749, USA

ABSTRACT

Cell migration requires a complicated network of structural and regulatory proteins. Changes in cellular motility can impact
migration as a result of cell-type or developmental stage regulated expression of critical motility genes. Hnrnpab is a con-
served RNA-binding protein found as two isoforms produced by alternative splicing. Its expression is enriched in the sub-
ventricular zone (SVZ) and the rostral migratory stream within the brain, suggesting possible support of the migration of
neural progenitor cells in this region. Here we show that the migration of cells from the SVZ of developing Hnrnpab−/−

mouse brains is impaired. An RNA-seq analysis to identify Hnrnpab-dependent cell motility genes led us to Eps8, and in
agreement with the change in cell motility, we show that Eps8 is decreased in Hnrnpab−/− SVZ tissue. We scrutinized
the motility ofHnrnpab−/− cells and confirmed that the decreases in both cell motility and Eps8 are restored by ectopically
coexpressing both alternatively spliced Hnrnpab isoforms, therefore these variants are surprisingly nonredundant for cell
motility. Our results support a model where both Hnrnpab isoforms work in concert to regulate Eps8 transcription in the
mouse SVZ to promote the normal migration of neural cells during CNS development.
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INTRODUCTION

Genome-wide studies of RNA-binding proteins (RBPs)
have revealed the presence of thousands of proteins in
the cell that bind toRNAs,manyofwhichwereneverbefore
predicted due to the lack of structural domains known for
RNA–protein interaction (Baltz et al. 2012; Castello et al.
2012). These interactions can function in specific gene reg-
ulation pathways, therefore the number of possible RNA-
based regulatory events is enormous. Some families of
RBPs are widespread throughout evolution, and there are
many individual RBPs that are highly conserved, suggest-
ing they may each play unique roles in cellular function
(Gerstberger et al. 2014). Significant advances have been
made in being able to take a genome-wide picture of the
RNAs that anRBPcan interactwith in cells, but RNAbinding
to a cognate sequencewithin anmRNAdoes not always re-
flect a functional regulation of an RNA target (Mazan-
Mamczarz et al. 2009; Wang et al. 2015). Only through fo-
cused study of an individual RBP’s function in vivo can we
understand the role that it plays in biology.
We have been studying the cellular function of the con-

served RNA-binding protein Hnrnpab. Hnrnpab contains

two tandem RNA recognition motif (RRM) domains, an ar-
rangement that is found in many heterogeneous nuclear
ribonucleic acid (hnRNA) binding proteins (hnRNPs), as
well as conserved N-terminal and C-terminal domains
(Akindahunsi et al. 2005; Czaplinski et al. 2005; Kroll et al.
2009). Hnrnpab and its orthologs in other organisms have
been linked to the cytoplasmic localization or trafficking
ofmRNAs, suggesting a conserved cellular role for this pro-
tein in how subsets ofmRNA localize in the cytoplasm (Cza-
plinski et al. 2005; Czaplinski and Mattaj 2006; Raju et al.
2008, 2011; Kroll et al. 2009). Inmany organisms, including
mammals, Hnrnpab is alternatively spliced, and we have
shown that the full-length isoform, Hnrnpab1, is sufficient
for the role of this gene in trafficking of β-actin mRNA in
mouse cells (J Sinnamon, AA Lampasona, CA Waddell, K
Czaplinski, in prep.). The active localization of mRNAs for
the actin regulatory machinery has been shown to have a
profound impact on cytoskeleton function such as cell mo-
tility, sowe considered that Hnrnpabmay have a role in cell
motility (Kislauskis et al. 1997; Shestakova et al. 2001;
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Condeelis and Singer 2005; Dormoy-Raclet et al. 2007;
Bunnell et al. 2011; Katz et al. 2012; Liao et al. 2015). There
is evidence thatHnrnpab can impact cellmotility in hepato-
carcinoma cell lines, where either overexpression or knock-
down was able to impair motility of different lines (Zhou
et al. 2014).

We have previously shown that in neurosphere cultures
initiated from Hnrnpab−/− newborn mouse brains many
fewer nestin-expressing progenitor cells are found than
in Hnrnpab+/− controls, suggesting Hnrnpab functions
within this population of neural progenitor cells (NPCs).
Hnrnpab−/− neurons are also hypersensitive to glutamate
stimulated excito-toxicity (Sinnamon et al. 2012). A func-
tion for Hnrnpab in the developing nervous system is
also indicated by the high expression of Hnrnpab early in
themouseCNS (McKee et al. 2005; Lein et al. 2007). A sim-
ilar developmental pattern is also observed in Xenopus
laevis, whereperturbingHnrnpab function leads to anterior
developmental defects; perturbation of the Hnrnpab
ortholog, 40LoVe/Samba results in cell autonomousmigra-
tion defects of neural crest derived cells, increased apopto-
sis, and anterior morphology defects (Dichmann et al.
2008; Yan et al. 2009). Although it is clear that Hnrnpab is
involved in nervous system development, the molecular
function for Hnrnpab has not been identified.

Within the brain, one region where Hnrnpab is enriched
is the SVZ and the adjacent rostral migratory stream (RMS)
from the SVZ to the olfactory bulb (OB). Neural progenitor
cells (NPCs) reside in the SVZ, from where they proliferate
and migrate to promote neurogenesis in the OB, gliogen-
esis, or response to injury (Dizon et al. 2006; Gonzalez-
Perez and Alvarez-Buylla 2011; Lim and Alvarez-Buylla
2016; Kaneko et al. 2017). A role for Hnrnpab in SVZ cell
migration during neural development would be consistent
with the pattern of Hnrnpab expression, so we performed
experiments to establish this. We report here a decrease in
cell motility of cells from SVZ brain tissue of Hnrnpab
knockout mice and establish a culture model to dissect
this defect at the molecular level. Through RNA-seq anal-
ysis and candidate evaluation we determine that the cell
motility phenotype results from Hnrnpab-dependent tran-
scription of the Eps8 gene, an actin-binding Rac-GEF fac-
tor. Unexpectedly, coexpression of both isoforms of
Hnrnpab are required to restore motility and Eps8 expres-
sion. This study reveals a specific molecular function for
Hnrnpab in SVZ cell motility and uncovers the molecular
target behind it.

RESULTS

Cell motility is decreased in the subventricular zone
(SVZ) of Hnrnpab−/− mice

Hnrnpab mRNA is highly expressed in the central nervous
system during early development and has been shown to

regulate development and neuron survival (Gong et al.
2003;McKeeetal. 2005; Sinnamonetal. 2012). Inpostnatal
rodents, Hnrnpab expression in the CNS is not uniform;
Hnrnpab mRNA is enriched in the SVZ, RMS, OB, the gran-
ule layers of the hippocampus (HC), and the cerebellum
(Rushlow et al. 1999; Gong et al. 2003; Lein et al. 2007).
TheSVZcontainsNPCsthatproliferateandmigrate through
the RMS to theOB to support neurogenesis throughout life
(Ming and Song 2011; Lim and Alvarez-Buylla 2016;
Apostolopoulou et al. 2017). High HnrnpabmRNA expres-
sion in the SVZ through the RMS andOB is consistent with a
role in NPCmigration. We plated tissue explants prepared
from the SVZ ofHnrnpab+/− andHnrnpab−/−mice and cul-
tured these for 48 h prior to imaging. We analyzed the dis-
tance that cells had migrated from each explant and we
quantified the area occupied by the migrating cells minus
the area of the explant itself (Fig. 1A). There was a 37%
reduction in the average migration area of Hnrnpab−/−

SVZ explants (3.55×105 µm2, Fig. 1B) as compared to
Hnrnpab+/− tissue (5.56 ×105 µm2, Fig. 1B). We also quan-
tified the average distance from the edge of the explant to
the leading edge of cells migrating away from the explant;
cells fromHnrnpab−/− SVZ explants (167.3, Fig. 1C)migrat-
ed 31% less than cells fromHnrnpab+/−explants (240.5 μm,
Fig. 1C). Changes in the cell motility machinery are most
likely toexplain thesedecreases inmigrationarea,although
changes in proliferation or cell death could also contribute.
Weused time-lapsed imagingofHnrnpab−/−cells inculture
to examine the role of Hnrnpab in cell motility.

Hnrnpab1 and Hnrnpab2 promote cell motility
through the RRMs

To facilitate analysis of cell motility, we immortalized cells
fromnewbornmouse cerebral cortex fromHnrnpab+/+ and
Hnrnpab−/− littermates (immortalized neural cells, INCs).
Using these INCs we performed monolayer-scratch assays
and measured the velocity of individual cells moving into
the wound. We found that Hnrnpab−/− INCs have a signifi-
cantly decreased average cellular velocity compared to
Hnrnpab+/+ INCs. (Fig. 2A, Hnrnpab+/+: 0.600 µm/min,
Hnrnpab−/−: 0.354 μm/min). To ask if Hnrnpab was able
to correct this cell motility deficit, we created recombinant
lentivirus particles expressing Hnrnpab1 to stably express
Hnrnpab1 in Hnrnpab−/− INCs (Hnrnpab1 on Fig. 2A).
However, these cells move with an average velocity of
0.405 µm/min, which is not significantly higher than
Hnrnpab−/− (Fig. 2A). We investigated whether the other
isoform, Hnrnpab2, stably expressed in the same manner
as Hnrnpab1 in Hnrnpab−/− INCs could rescue motility
(Hnrnpab2 on Fig. 2A), and found that this too was unable
to rescue the velocity (average velocity of 0.324 µm/min).
We then questionedwhether it was both isoforms together
that were required for proper cell motility. To stably ex-
press both Hnrnpab1 and Hnrnpab2 we created
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recombinant lentivirus particles to express an Hnrnpab
mini gene cassette that includes cDNA from exons 1–4
of the open reading frame and genomic DNA from exons
5–8 (Hnrnpab minigene, WT-MG, Fig. 2B). Exon7 in this
WT-MG was alternatively spliced in virus-infected cells to
give rise to both Hnrnpab1 and Hnrnpab2 at comparable
levels to Hnrnpab+/+ (Fig. 2C,D). Hnrnpab−/− INCs ex-
pressing this WT-MG moved with an average velocity of
0.591 µm/min, which is not significantly different from
the average velocity of Hnrnpab+/+ INCs, therefore both
isoforms of Hnrnpab are required for Hnrnpab to function
in cell motility (WT-MG in Fig. 2A).
To determine whether Hnrnpab regulates cellular motil-

ity through binding its conserved RRMs, we expressed an
Hnrnpab MG construct in which two phenylalanines in
the RNP1 motifs of each of the RRMs are mutated to valine
(Hnrnpab mutant minigene, mut-MG, Fig. 2B). These two

phenylalanines provide important in-
teractions between the RNP1 motif
and nucleic acid targets for homolo-
gous RRM proteins; and these sub-
stitutions have been shown to impair
base-specific recognition in other
RNA-binding proteins (Ding et al.
1999; Enokizono et al. 2005; Pérez-
Cañadillas 2006; Cléry et al. 2008).
Expressing mut-MG in Hnrnpab−/−

INCs does not recover motility, mov-
ing with a cellular velocity of 0.429
µm/min (Fig. 2A). These data suggest
Hnrnpab can regulate cell motility
through its nucleic acid binding activ-
ity and that both Hnrnpab isoforms
are needed to regulate INC cell
motility.

Hnrnpab regulates the expression
of Eps8

We hypothesized that changes in lev-
els of at least one Hnrnpab target
RNA in Hnrnpab−/− INCs explained
the observation of decreased cellular
velocity in the cells. We sent RNA
from Hnrnpab+/+ and Hnrnpab−/−

INCs for RNA-seq (Supplemental
Table SI). Of 76 genes that passed our
criteria for at least a twofold change in
gene expression, we selected the
eight genes that have annotated
functions in cell motility that are well
defined in the literature. We then
screened these eight genes using re-
verse transcription followed by quan-
titative real-time PCR (RT-QPCR) for

confirmation that selected genes agreed with the RNA-
seq. There was a change in three of these genes that
were consistent with RNA-seq results and therefore might
account for the decrease in cell motility (Supplemental
Table SII). We further screened their RNA levels for recov-
ery following reexpression of WT-MG but not mut-MG.
The RNA levels of only one gene, Eps8 (EGF receptor
pathway substrate 8), fit this profile, correlating Eps8 ex-
pression with the cell motility phenotype (Supplemental
Table SII). RT-QPCR revealed 53-fold lower Eps8 mRNA
in Hnrnpab−/− INCs than Hnrnpab+/+ and after reexpress-
ingWT-MG in Hnrnpab−/− INCs (Fig. 3A). Eps8 mRNAwas
mostly restored to only 1.4-fold lower than Hnrnpab+/+,
while the mut-MG was unable to restore Eps8 mRNA lev-
els, which remained 40-fold lower after reexpressing
mut-MG, not significantly different than Hnrnpab−/− INCs
alone (Fig. 3A).

B

A

C

FIGURE 1. Cell migration from SVZ explants is impaired in the absence of Hnrnpab.
(A) Representative DIC images of SVZ explants (left panels), with these images indicating
the measurement of either migration distance (center panel), or migration area (right panels).
(Top panels) Hnrnpab+/−; (bottom panels) Hnrnpab−/−. (B) Box and whisker plots of the aver-
age migration area measurements (left chart) and migration distance (right chart, each data
point represents the average of six measurements around one explant). Hnrnpab+/− n=12;
Hnrnpab−/− n=29. P-values were calculated using one-way ANOVA followed by a pairwise
t-test with Bonferroni correction. (∗∗∗) P<0.001, (∗∗) P<0.01.
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Having identified Eps8 mRNA as a single Hnrnpab-
dependent motility gene in INCs, we hypothesized that
this may reflect regulation of Eps8 mRNA levels in NPCs
in the brain to promote migration and neurogenesis. We
therefore measured Eps8 mRNA levels from SVZ tissue

and found it was decreased in
Hnrnpab−/− mice compared to
Hnrnpab+/− mice (Fig. 3B). There was
also a decrease that is less robust in
the hippocampus, and is not detected
in the liver and lungs, suggesting that
regulation of Eps8 is not universal,
but is tissue specific, perhaps even
cell-type specific within the SVZ and
hippocampus (Fig. 3B).
Mice express two major Eps8 pro-

tein isoforms, Eps8p97 and Eps8p68,
likely produced from a long (p97)
and short (p68) promoter (Fig. 4A).
Our Eps8 QPCR amplicon captures
the mRNA for both of these isoforms,
and we observed a concomitant
decrease in both Eps8 protein iso-
forms in Hnrnpab−/− INCs compared
toHnrnpab+/+ INCs (Fig. 4A, compare
lanes 1 and 2). Consistent with the
mRNA levels, Eps8 protein was re-
stored following expression of WT-
MG (Fig. 4A, compare lanes 2 and 3).
Interestingly, the Eps8p97 isoform
was restored to near wild-type levels,
while Eps8p68 only weakly recovered
(Fig. 4B,C). We confirmed that expres-
sion of the individual Eps8p68 and
Eps8p97mRNA transcripts are consis-
tent with the protein levels using
Eps8p68 and Eps8p97 mRNA tran-
script specific amplicons (Supplemen-
tal Fig. S1A). These data show
Hnrnpab having a greater effect on
the expression of the Eps8p97 iso-
form, and strictly correlate the expres-
sion of Hnrnpab with Eps8p97 and
INC cell motility. In light of a lack of
correlation with any other candidate
gene from the RNA-seq data, this
strongly implicates Eps8 as a single
target gene that accounts for
Hnrnpab’s role in cell motility.

Exogenous expression of Eps8
in Hnrnpab−/− INCs rescues cell
motility

Eps8 regulates actin cytoskeleton re-
organization through Rac-GEF activity as well as direct ac-
tin capping and bundling activities (Scita et al. 1999, 2001;
Disanza et al. 2004, 2006; Hertzog et al. 2010; Vaggi et al.
2011). Eps8 is part of a trimeric complex that, together with
Sos-1 and Abi-1, acts as a Rac-GEF, facilitating Rac-GTP

DC

B

A

FIGURE 2. Hnrnpab1 and Hnrnpab2 promote INC cell motility through the RRMs. (A) INC
monolayers were scratched and imaged live as they filled in the wound. The velocity of cells
was measured from these images and the results presented in box and whisker plots. The left-
most experiments were inHnrnpab+/+ INCs, while all the other experiments were performed in
Hnrnpab−/− INCs, with the reexpression of Hnrnpab isoforms as indicated below. P-values
were calculated by one-way ANOVA followed by pairwise t-test with Bonferroni correction.
(∗∗∗) P<0.001. (B) Diagram of lentiviral vector cassette to reexpress Hnrnpab minigene (WT-
MG) and Hnrnpab mutant minigene (mut-MG). The first four exons of Hnrnpab cDNA were
joined to exons 5–8 of Hnrnpab genomic DNA to facilitate alternative splicing of the recombi-
nant protein cassette. The Hnrnpab MG lies in the inverse orientation of the lentiviral 5′ LTR
promoter to retain Hnrnpab introns in the proviral genome. Two conserved phenylalanines
in the RNP1 motifs of RRM1 (RNP1-1) and RRM2 (RNP1-2) were mutated to valine to create
mut-MG. (C ) Western blot showing expression of both Hnrnpab isoforms from WT-MG.
Protein extracted from three independent cultures were run in parallel from either WT INCs
(lanes 1–3), Hnrnpab−/− INCs (lanes 4–6), or Hnrnpab−/− INCs stably expressing WT-MG.
Blots were probed with an antibody against endogenous Hnrnpab. The molecular weights
of Hnrnpab1 and Hnrnpab2 from WT-MG are slightly higher than endogenous Hnrnpab1
and Hnrnpab2 due to 3xFlag tag. (D) The blots from panel C were quantified using Actb as
a loading control, and the relative signal of Hnrnpab from WT INCs (gray bar) and
Hnrnpab−/− INCs with WT-MG after Hnrnpab−/− background subtraction are shown. Error
bars represent standard error.
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binding and activation (Innocenti et al. 2003). Rac-GTP is a
well characterized regulator of actin cytoskeleton polymer-
ization, and is a crucial factor in cell motility as well as
several cell contact regulated signaling pathways (Burridge
and Wennerberg 2004; Ridley 2006; Murali and Rajalin-
gam 2014). Additionally, Eps8 caps actin filaments when
associated with Abi-1 alone, and displays direct actin bun-
dling activity when in complex with BAIAP2/Irsp53 (Funato
et al. 2004). Eps8 has also been demonstrated to play a
role in endocytic trafficking of EGFR family members, po-
tentially through Rab GTPase activity (Lanzetti et al.
2000; Auciello et al. 2013). All of these processes can sig-
nificantly impact cell motility dynamics, consistent with our
hypothesis that Eps8 is a single gene whose regulation can

control cell motility. We reasoned that if lack of Eps8 ex-
pression was the cause of the cell motility deficit, then
reexpression of Eps8 in Hnrnpab−/− cells would rescue
cell motility.
To express Eps8 in Hnrnpab−/− INCs, we cloned

Eps8p97 downstream from an internal ribosomal entry
site (IRES) to express Eps8p97 protein through cap inde-
pendent translation (Fig. 5A–C). IRES initiated translation
in lentiviral vectors produces significantly less protein
compared to cap-dependent translation, and this vector
produces Eps8p97 at levels equal to Hnrnpab+/+ INCs.
(Mizuguchi et al. 2000). The average cell velocity of
Hnrnpab−/− INCs expressing Eps8p97 (0.554 μm/min)
was not significantly different from that of Hnrnpab+/+

INCs, demonstrating that Eps8p97 was sufficient to restore
the motility defect of Hnrnpab−/− INCs (Fig. 5D). This was
not due to a nonspecific stimulation of cell motility, since
expression of Eps8p97 in Hnrnpab+/+ INCs did not affect
their average velocity (0.631 μm/min, Fig. 5D). Curiously,
Eps8p68 protein levels were also raised after reexpression
of Eps8p97, but to only a fraction of the levels measured
in Hnrnpab+/+ INCs, which was also what we observed
when expressing the WT-MG (Fig. 5C, compared to Fig.
4A). We performed Eps8p68 specific QPCR and measured
a slight increase in the Eps8p68 mRNA transcript levels in
either Hnrnpab−/− INCs expressing V5-Eps8p97 similar to
what we observed inHnrnpab−/− INCs expressingWT-MG
(Supplemental Fig. S1B). Based on these observations we
suggest that reexpression of Eps8p97 feeds back to weak-
ly increase expression of endogenous Eps8p68, explain-
ing this modest increase in Eps8p68 expression upon
reexpression of Hnrnpab. In summary, these results show
that the decrease in Eps8 expression in Hnrnpab−/− INC
cells is sufficient to explain the significantly reduced cellu-
lar velocity observed in Hnrnpab−/− INC cells.

Hnrnpab regulates Eps8 transcription

A decrease in Eps8 RNA level in Hnrnpab−/− INCs results
from either a change in its transcription or stability, or a
combination of these. To determine how Hnrnpab is regu-
lating Eps8we first evaluated transcription using RT-QPCR
with primers designed to amplify the intron-containing
pre-mRNA. We measured from the beginning of the
Eps8 pre-mRNA transcript using primers that specifically
amplified a region within intron 2 and in parallel we also
measured the expression with primers targeted to introns
20 and 21 (Fig. 6A). We observed a decrease in Eps8
pre-mRNA levels at both intron 2 and intron 20/21
that was similar in magnitude to that of the Eps8 mRNA,
suggesting that it is transcription of Eps8 RNA that is
altered in Hnrnpab−/− INCs. This change in Eps8 pre-
mRNA levels was rescued by the WT-MG but is not res-
cued by the mut-MG (Fig. 6B). We measured the half-life
of Eps8 mRNA after transcription inhibition with ActD,

B

A

FIGURE 3. Eps8mRNA level is dependent on Hnrnpab. (A) We quan-
tified Eps8 mRNA levels using RT-QPCR in Hnrnpab+/+ INCs,
Hnrnpab−/− INCs, or Hnrnpab−/− INCs stably expressing WT-MG or
mut-MG INCs as indicated. The results are expressed as the log2 of
the fold change relative to Eps8 mRNA in Hnrnpab+/+ INCs. The
data represent measurements from several independent cultures,
with each measurement performed in duplicate. Hnrnpab+/+ n=12;
Hnrnpab−/− n=12; WT-MG n=8; mut-MG n=8. P-value analyzed
with one-wayANOVA followedbya pairwise t-test withBonferroni cor-
rection. Error bars represent standard error. (∗∗∗) P<0.001. (B) Eps8
mRNA is decreased in mouse tissue. Eps8 mRNA in Hnrnpab+/− and
Hnrnpab−/− littermates was quantified and expressed as a fold change
in Hnrnpab−/− relative to Hnrnpab+/−. Each data point represents a
measurement in duplicate from the indicated tissue of one animal.
Dotted line represents no change from Hnrnpab+/− Esp8 mRNA
abundance.
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however therewas no significant decrease in the half-life of
Eps8 in Hnrnpab+/+ and Hnrnpab−/− INCs (Supplemental
Fig. S2).

To confirm the change in Eps8 transcription we per-
formed single molecule RNA fluorescence in situ hybridi-
zation (smRNA-FISH) on intron 2 of Eps8 and introns 1
and 2 of Actb to detect active transcription sites (Zhang
et al. 1994; Shaffer et al. 2013). We observed 5.6-fold few-
er Eps8 transcription sites inHnrnpab−/− INCs (0.038 sites/
cell) compared to Hnrnpab+/+ INCs (0.214 sites/cell, Fig.
6E). Importantly, this number was restored upon reexpres-
sion of the WT-MG (0.181 sites/cell, not significantly dif-
ferent from Hnrnpab+/+ INCs, Fig. 6E). There was no
significant difference in the number of Actb transcription
sites observed among Hnrnpab+/+ INCs (2.011 sites/
cell), Hnrnpab−/− INCs (2.334 sites/cell), and Hnrnpab−/−

INCs with WT-MG (2.383 sites/cell, Fig. 6D,E). These re-
sults corroborate the measurement of pre-mRNA levels
and confirm that Hnrnpab regulates Eps8 transcription
in INCs.

DISCUSSION

Hnrnpab regulates neural cell
motility through regulation
of Eps8

We have previously shown Hnrnpab
plays a role during neural develop-
ment and in suppressing excitotoxic
neuron cell death following glutamate
stimulation. In this paper we discov-
ered a role for this RBP in promoting
neural cell motility. To identify the rea-
son why Hnrnpab−/− neural cells are
less motile than Hnrnpab+/+ cells, we
performed RNA-seq analysis and re-
vealed a large number of gene ex-
pression changes, similar to what
was observed in the hippocampus of
Hnrnpab−/− mice (Sinnamon et al.
2012). By relating the most significant
of the gene expression changes to an-
notated gene functions, we were able
to home in on Eps8 as the gene most
likely responsible for Hnrnpab’s effect
on cell motility. We found that cell
motility could be corrected by reex-
pressing both isoforms of Hnrnpab,
but not with either isoform on its
own (Fig. 2A). Moreover, simply re-
placing Eps8 in Hnrnpab−/− INCs
was sufficient to restore cell motility,
consistent with this single gene ex-
pression change being responsible
for Hnrnpab’s role in INC cell motility

(Fig. 5). We have also quantified Eps8 gene expression in
the presence of either Hnrnpab1 or Hnrnpab2 on its own
and neither of these restores Eps8 cell motility, extending
the correlation of Eps8 expression with cell motility
(Supplemental Fig. S3).

Hnrnpab regulates cell motility and Eps8 gene
expression in vivo

The SVZ provided a very attractive target to look for
Hnrnpab function, since expression of Hnrnpab mRNA is
enriched in this region (Rushlow et al. 1999; Lein et al.
2007). Cellsmigrating out from an SVZ explant are affected
byHnrnpab knockout and the INCmodel we used allowed
us to establish a clear role for Hnrnpab in cell motility (Figs.
1 and 2). INCs are produced from newborn mouse fore-
brain cultures, where NPCs are likely to be the most abun-
dant type of proliferating cells that would be subject to
immortalization. Since INCs and SVZ have a similar change
in cell motility, we then hypothesized that this would be

B

A

C

FIGURE 4. Hnrnpab regulates Eps8 expression. (A) A representative western blot of Eps8 ex-
pression in Hnrnpab+/+ INCs (lane 1), Hnrnpab−/− INCs (lane 2), and Hnrnpab−/− INCs with
WT-MG (lane 3). β-actin protein levels were probed to control for variation in loading.
(B) Quantitation of the average Eps8p97 protein expression and (C ) quantitation of the
average Eps8p68 protein expression from western blots of several independent experiments
as follows: Hnrnpab+/+ n=6; Hnrnpab−/− n=7; Hnrnpab−/− INCs with WT-MG n=5. P-values
were calculated with one-way ANOVA followed by pairwise t-test with Bonferroni correction.
Error bars represent standard error. (∗∗∗) P<0.001.
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reflected in similar changes in motility gene expression.
The NPCs, which would normally be a small fraction of
the population in most regions of the brain, are more high-
ly represented when the SVZ is dissected from the rest of
the cerebral cortex (Walker and Kempermann 2014). The
results frombothmigration assays and Eps8mRNA expres-
sion in the SVZ corresponded to what we observed in
INCs, consistent with the hypothesis Hnrnpab is regulating
cell migration in NPCs of the SVZ through Eps8 gene ex-
pression. Interestingly, this regulation is not in every tissue,
since Eps8 was not clearly decreased in either lung or liver,
both of which do express Hnrnpab. In the hippocampus,
we also observed a decrease that was not as robust as in
the SVZ. We think this is because the dentate gyrus of
the hippocampus contains another population of NPCs
that is smaller fraction than in the SVZ (Riquelme et al.
2008; Zhao et al. 2008). We speculate that Hnrnpab still
regulates Eps8 in NPCs in this brain region, therefore the
effect on Eps8 expression from the whole tissue is smaller
than in the SVZ.

Eps8 is a conserved gene, it first
had an established role in mitogenic
signaling through growth factor re-
ceptors and it is often found over-
expressed in several types of cancer
(Li et al. 2013). Eps8 was initially iden-
tified as a protein phosphorylated by
activation of the EGF receptor, and
it was subsequently shown to partici-
pate in signaling pathways down-
stream from EGFR (Fazioli et al.
1993; Castagnino et al. 1995). EGFR
is known to play a role in neuronal mi-
gration in the developing nervous sys-
tem and this is likely to involve Eps8
(Caric et al. 2001). Eps8’s role in cell
motility involves the ability to activate
Rac GTPase and/or regulation of the
actin cytoskeleton through interaction
with other factors in order to bind
directly to actin. Both of these mecha-
nisms can regulate the actin rich struc-
tures required for cell motility (Disanza
et al. 2004; Frittoli et al. 2011; Mitra
et al. 2011). Eps8 can therefore be
viewed as an important effector for
growth factor signaling pathways
that impacts cell motility and actin re-
modeling in many cellular contexts
(Scita et al. 1999).

Our evidence demonstrated that
regulation of Eps8 by Hnrnpab is suf-
ficient to regulate neural cell migra-
tion. There is corroborating evidence
that Eps8 expression facilitates neural

cell motility; in rat neural cell lines and in SVZ explants Eps8
has been shown to function in NRG1-Erb4 stimulated mi-
gration (Fregnan et al. 2011). Erb4 is a EGFR family recep-
tor, and the members of this family signal through very
similar transduction pathways likely to include Eps8
(Kennedy et al. 2016). Moreover, the regulation of Eps8
in NPCs provides a likely mechanism underlying our previ-
ously reported decrease of Nestin expressing cells in neu-
rosphere cultures from mice lacking Hnrnpab. EGF is the
primary growth factor used for maintenance of neural pre-
cursor cells in vitro (Weiss et al. 1996), and we consider it is
likely that the effect of Hnrnpab knockout on Eps8 results
in a defective EGF signal for precursor maintenance.
Evidence also supports the possibility that an effect of
Hnrnpab on the EGF signaling pathway can account for
Hnrnpab’s role in the survival of neurons following
excito-toxicity (Kornblum et al. 1998; Sibilia et al. 1998;
Wagner et al. 2006). Although there is strong support for
the change in migration area of Hnrnpab−/− SVZ explants
being directly due to a change in cell motility we have
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FIGURE 5. Expression of Eps8 restores cell motility defect in Hnrnpab−/− INCs. (A) Western
blot of Eps8p97 expression in Hnrnpab+/+ INCs (lane 1), Hnrnpab−/− INCs (lane 2), and
Hnrnpab−/− INCs expressing V5 epitope tagged Eps8p97 INCs (lane 3). β-actin protein levels
were probed to control for loading. (B) Quantitation of Eps8p97 protein levels and
(C ) quantitationof Eps8p68protein levels fromwesternblots. Protein extractionwasperformed
from two independent cultures and each extraction was analyzed in triplicate. Error bars repre-
sent standard error. (D) Box and whisker plot of cell velocity in Hnrnpab+/+ and Hnrnpab−/−

INCs expressing V5-Eps8p97 as indicated below the data. Data from Hnrnpab+/+ INCs and
Hnrnpab−/− INCs is the same as in Figure 2A. P-values were calculated using one-way
ANOVA followed by pairwise t-test with Bonferroni correction. (∗∗∗) P<0.001.

Both Hnrnpab isoforms regulate cell motility

www.rnajournal.org 51



not ruled out contributions from cell death or cell prolifer-
ation in the reduced migration area.

Hnrnpab nucleic acid binding is important
for regulation of Eps8 transcription

The presence of the tandem RRMs first presents the possi-
bility that Hnrnpab regulates Eps8 gene expression at the
level of RNA, yet the mRNA half-life could not account for
the decrease in Eps8 mRNA seen in Hnrnpab−/− INCs
(Supplemental Fig. S2). A decrease in Eps8 pre-mRNA
and in Eps8 transcription sites clearly accounts for the
decrease in Eps8 mRNA we observe, therefore we are cer-
tain that transcription is decreased in the absence of

Hnrnpab. In mice, there are two sepa-
rate promoters that give rise to the
Eps8 isoforms, the p97 promoter
and p68 promoter regions. By restor-
ing Hnrnpab, the p97 isoform re-
turned to normal levels while p68
was only weakly restored, suggesting
that both promoters could be the tar-
get of Hnrnpab function. However, re-
storing only the p97 isoform resulted
in a similar weak appearance of the
p68 isoform at the protein and
RNA level, independent of Hnrnpab.
Therefore the expression of p97 itself
is what leads to this weak restoration
of p68 rather than Hnrnpab. We con-
clude that Hnrnpab probably targets
only the p97 Eps8 promoter that is
found in both mouse and human
cells. Whether Hnrnpab regulates
Eps8 in human NPCs requires further
experiments.
Our data show that the Hnrnpab

RRMs are required to activate Eps8
transcription, consistent with nucleic
acid binding playing a central role in
Hnrnpab activity. Among the simplest
mechanisms for Hnrnpab regulating
Eps8 is as a DNAbinding transcription
factor, but there is skepticism about
RNA-binding proteins being able to
function in this manner. The original
characterization of Hnrnpab1’s nucle-
ic acid binding activity indicated no
detectable interaction with double
stranded DNA and the mechanisms
by which RRMs have been found to in-
teract with nucleic acid are not consis-
tent with double stranded DNA
binding (Kumar et al. 1987; Daubner
et al. 2013). When the nucleic acid el-

ements contacted by an RRM are not specific to RNA, an
RRM can recognize single stranded DNA just as well
(Cléry et al. 2008). It is therefore more plausible that
Hnrnpab can act on ssDNA at the Eps8 promoter. A
weak ability of single stranded DNA to compete
Hnrnpab1 from hnRNA has been demonstrated, and sin-
gle stranded DNA competed dsDNA binding much
more effectively than dsDNA (Kumar et al. 1987;
Murgatroyd et al. 2004). But promoter DNA should be
largely double stranded and nucleosome associated, so
it is not clear how single stranded DNA at the Eps8 pro-
moter would be produced for Hnrnpab to function.
We note that Hnrnpab1 was purified based on its ability
to stoichiometrically disrupt RNA secondary structure,
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FIGURE 6. Hnrnpab regulates the transcription of Eps8. (A) Diagram of Eps8 gene regions for
RT-QPCR quantitation indicated in red (intron 2) and blue (intron 20/21). (B) Expression of Eps8
mRNA and Eps8 pre-mRNAweremeasured at intron 2 and intron 20/21 as indicated on the top
of the chart. Quantification and display of the results is as described for Figure 3A. (C ) Diagram
indicating the location of the FISH probes targeted to introns 1 and 2 of Actb pre-mRNA and
intron 2 of Eps8 pre-mRNA. (D) A representative image of the FISH data for Eps8 and Actb.
Scale bar = 10 µm. Arrows point to Actb sites, arrowhead points to Eps8 site. (E) Quantitation
of Actb (left chart) and Eps8 (right chart) average transcription sites per cell for Hnrnpab+/+

INCs, Hnrnpab−/− INCs, and Hnrnpab−/− INCs expressing WT-MG as indicated. The n-values
are the same for Actb and Eps8 between Hnrnpab+/+, Hnrnpab−/−, and WT-MG. For number
of fields, Hnrnpab+/+ n=25, Hnrnpab−/− n=26; WT-MG n=21. For number of cells,
Hnrnpab+/+ n=221; Hnrnpab−/− n=195; WT-MG n=282. The error bars represent standard
error of the mean for number of image fields analyzed. P-values were calculated using one-
way ANOVA followed by pairwise t-test with Bonferroni correction. (∗∗∗) P<0.001, (∗∗) P<
0.01, (∗) P<0.05.
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and recombinant Hnrnpab2 was able to promote S1 nucle-
ase digestion of double stranded DNA, suggestive of un-
winding activity (Kumar et al. 1987; Murgatroyd et al.
2004). Hnrnpab2 was also capable of disrupting G-quartet
DNA in vitro (Kumar et al. 1987; Sarig et al. 1997;
Weisman-Shomer et al. 2002). It is possible that Hnrnpab
may be acting analogous to the multiple K-homology
(KH) domain RBP far upstream element binding protein 1
(FUBP1) in transcription of the c-myc gene. FUBP1 binds
ssDNA of the far upstream regulatory element of the c-
myc promoter in order to activate c-myc transcription,
where ssDNA may be produced directly by FUBP DNA
binding, or as a result of supercoiling produced by preini-
tiation/mediator complex interaction with the promoter
(Bazar et al. 1995; Zhang and Chen 2013; Quinn 2017).
Several studies that used oligo-deoxyribonucleotide

(ODN) affinity chromatography of transcriptional control
elements discovered Hnrnpab as putative DNA binding
transcription factors from human cell lines, and most of
these studied only Hnrnpab2 (Smidt et al. 1995; Wang
and Parrish 1999; Leverrier et al. 2000; Mikheev et al.
2000; Yabuki et al. 2001; Gao et al. 2004; Murgatroyd
et al. 2004; Aranburu et al. 2006). There remains no bio-
chemical consensus for an Hnrnpab sequence that has
been found among theseODN sequences as would be ex-
pected. Moreover, Hnrnpab-dependent changes in tran-
scription reporter activity in cells typically depended on
Hnrnpab high copy plasmid based expression or knock-
down plasmids, and could not rule out indirect effects on
reporter transcription activity, for example through un-
identified Hnrnpab-dependent changes in cellular signal-
ing pathways and/or transcription factor activity that
indirectly impacted reporter gene expression. Our data
show regulation at the endogenous Eps8 locus with phys-
iological levels of Hnrnpab.
It is interesting to note that the Hnrnpab paralog,

AUF1/hnRNP D has been reported to promote transcrip-
tion of the mTert gene in mouse embryonic fibroblasts, as
well as the MEF2C gene during myogenesis, being also
shown to promote translation of the MEF2C mRNA in the
same cells (Pont et al. 2012; Panda et al. 2014). Also, both
AUF1/hnRNPDandHnrnpabbindingcorrelatewithactivity
of a transcription repressor element within the late promot-
er P811 of theHPV18 virus (Wanget al. 2017). Immunolabel-
ing of the Xenopus Hnrnpab ortholog, 40LoVe, in oocytes
decorated the actively transcribing lampbrush chromo-
somes, consistent with association of 40LoVewith chroma-
tin (Czaplinski et al. 2005). These are all indications that an
uncharacterized role of Hnrnpab more directly in tran-
scription, perhaps acting on DNA itself, may extend to its
orthologs and paralogs. Regardless of the mechanism for
how Hnrnpab is regulating Eps8, this mechanism of action
must be cell-type specific. There are clearly tissues in
Hnrnpab−/−micewhere Eps8mRNA is found at normal lev-
els so this is not a constitutive transcription activity.

There are also many speculative possibilities for
Hnrnpab to function in INC and NPCs in an Eps8 transcrip-
tion promoter complex that can still involve direct RNA
binding, such as ncRNA or lncRNA or even nascent RNA
pol II RNA. There are now several examples of RBPs affect-
ing RNA pol II transcription by regulating pTEFb activity
through the 7SK RNA, and Hnrnpab is among the RBPs
that interact with the MEPCE component of the 7SK
snRNP (Jeronimo et al. 2007; McNamara et al. 2013;
Giraud et al. 2014; Lemieux et al. 2015; Briese et al.
2018). It also is possible that Hnrnpab regulates the ex-
pression or function of an unidentified transcription factor
that acts in a cell-type specific manner. Eight of the most
significantly affected genes in our RNA-seq analysis were
transcription factors based on gene ontology annotations
and functional domains. We screened these with RT-
QPCR but none of these were corrected by restoring
Hnrnpab expression, and thus cannot explain the effect
on Eps8 transcription (Supplemental Table SII). It remains
possible that there is a factor below the threshold of detec-
tion that is regulated by Hnrnpab at the RNA level and thus
escaped identification in RNA-seq.

Two isoforms of Hnrnpab are required for regulation
of Eps8 transcription

One of the biggest surprises from our studies was that
neither individual isoform of Hnrnpab could fulfill the
function of the gene knockout for cell motility or Eps8 ex-
pression. The two Hnrnpab isoforms are identical with the
exception of the glycine-tyrosine (GY) rich region encod-
ed by exon7 that is not included in Hnrnpab2 transcripts.
The Hnrnpab gene has two tandem RRMs that are iden-
tical between Hnrnpab1 and Hnrnpab2 and therefore
should confer the same capacity to bind RNA, since the
alternative splicing of exon7 does not alter their RRMs.
The fact that neither isoform can function alone suggests
that nucleic acid recognition of Hnrnpab cognate RNA
sequence is not enough for gene function. We have re-
ported elsewhere that Hnrnpab1 and Hnrnpab2 have dif-
ferent ranges of nucleic acid binding targets, since
Hnrnpab1 could specifically recognize the Actb mRNA
zipcode, whereas Hnrnpab2 was not specific (J
Sinnamon, AA Lampasona, CA Waddell, K Czaplinski, in
prep.). This means that although Hnrnpab1 has a con-
served role in trafficking mRNA, the Hnrnpab gene likely
has multiple functions. Our data does not rule out that
Eps8 mRNA is trafficked by Hnrnpab in the cytoplasm,
but since our screen was for factors affected at the level
of mRNA and rescue by Eps8 alone doesn’t require the
3′UTR, Eps8 mRNA trafficking should not play a role in
INC cell motility. Narrowing down the direct molecular
target of Hnrnpab activity for regulation of Eps8 transcrip-
tion will be necessary to dissect the contribution of each
isoform to Eps8 transcription in INCs and NPCs.
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MATERIALS AND METHODS

Expression constructs and cell culture protocols

Tat- and rev-dependent lentiviral vectors were used for all con-
structs (pHAGE vector, Mostoslavsky et al. 2006; Sinnamon et al.
2012). pHAGE-CbU-3xFlag-HnrnpabMG was constructed by
amplifying the first four exons from Hnrnpab cDNA, adding
the triple-flag epitope and amplifying exons 5–8 in the open
reading frame from genomic DNA to include introns. The
Hnrnpab minigene cassette was inserted in the antisense orien-
tation with respect to the lentiviral elements described in Figure
2B to retain the intron in the pro-viral genome (Cooper et al.
2015; Poling et al. 2017). The mut-MG was constructed by site
directed mutagenesis of pHAGE-CbU-3xFlag-HnrnpabMG plas-
mid using geneblocks (IDT Inc.) to mutate four conserved phe-
nylalanines in the RNP2 motifs to valines. WT-MG and mut-
MG lentivirus cassettes coexpress YFP in the reverse orientation
use as a marker for infected cells. pHAGE-UbC-3xFlag-mCherry-
IRES-V5-Eps8p97 was constructed using a pHAGE-UbC-3xFlag-
MCS-IRES-mChPuro vector. mCherry sequence flanked with
XbaI and XhoI restriction site sequences was generated via
add-on PCR and inserted into the vector cut with XbaI and
XhoI to construct pHAGE-UbC-3xFlag-mCherry-IRES-mChPuro.
Eps8p97 with an amino-terminal V5 epitope flanked by NdeI
and ClaI restriction sites was generated by add-on PCR and in-
serted downstream from the EMCV IRES of pHAGE-UbC-
3xFlag-mCherry-IRES-mChPuro using NdeI and ClaI.

Cell culture

All cell lines were grown in Dulbecco’s modified Eagle medium
(DMEM, Corning) containing 4.5 g/L glucose, L-glutamine and
sodium pyruvate supplemented with 10% FBS and 1:1000 genta-
micin. INCs were passaged every other day at a density of 2.5×
105 cells per 10 cm plate. HEK 293T-17 cells were passaged every
other day at a density of 7.5×105 cells per 10 cm plate.

Creating immortalized neural cells (INCs)

First, the HnrnpabGt(AV0462)Wtsi allele and the Actb24xMBS allele
were backcrossed 10 generations on C57/BL6 mice (Taconic
Biosciences, Lionnet et al. 2011; Sinnamon et al. 2012). These
mice were then crossed to produceHnrnpabGt(AV0462)Wtsiwith ho-
mozygous Actb24xMBS/24xMBS background, and these mice were
mated to create Hnrnpab+/+, Hnrnpab+/Gt(AV0462)Wtsi (Hnrnpab+/−),
and HnrnpabGt(AV0462)Wtsi/Gt(AV0462)Wtsi (Hnrnpab−/−) littermates.
The INCs used in this study derive from these mice. The cerebral
cortex from Hnrnpab+/+ and Hnrnpab−/− newborn postnatal day
0 (P0) mice were dissected, the meninges removed. This was
mincedwith a razorblade thendissociatedwithTrypsin andplated
on tissue culture dishes coated with 1:1000 dilution of ECM gel
into DMEM (Sigma, E1270). One day after plating the cells
were detached, and 2.5 million cells were seeded into six-well
dishes coated with ECM as before. The following day, cells were
transfected with the 2 µg of SV40 T antigen vector using
Lipofectamine 2000 (2:1 reagent to DNA) and continually main-
tained in DMEM containing 10% FBS with 10 µg/mL gentamicin
until signs of immortalization appeared (Lu et al. 2004). INCs
weremaintained as apool of all immortalized cells andwereexam-

ined by immunoblot and immunofluorescence to confirm expect-
ed Hnrnpab expression.

Stable expression in INCs

Recombinant lentivirus-like particles (LVPs) were created by co-
transfecting HEK 293T-17 cells with lentiviral vector and lentivirus
packaging plasmids expressing gag/pol, cmv/rev, tat, and VSG-G
as we described previously, with the following adaptations
(Sinnamon et al. 2012). The concentrated LVP pellet was
respuspended in 1 mL of DMEM (without serum) at 4°C for 1 h.
Resuspended lentiviral particles were aliquoted into three micro-
centrifuge tubes of 330 µL aliquots. LVPs were either used directly
or stored at −80°C. Cells to be infected were plated at 10%–20%
confluency in a 12 well dish coated with 1:100 poly- L -Lysine at
least 2 h prior to infection. After at least 2 h incubation at 37°C
5% CO2, cells to be infected were rinsed once with DMEM to re-
move serum. One aliquot (330 µL) of lentiviral particles in serum
free DMEM was used per infection after adding 6 µg/mL of poly-
brene and kept on the cells for at least 2 h at 37°C 5%CO2, gently
agitating every 15 min. Afterwards, viral media was removed
and replaced with full-serum media. After 3 d, cells were ob-
served under a fluorescent microscope to look for positive infec-
tion. When expression was lower than 60% positive cells, the
population was FACS sorted based on the fluorescent protein
coexpressed by the LVP.

Monolayer scratch assay

A total of 1.5×105 INCs were plated on to poly-L-Lysine coated
(10 µg/mL in H2O) Delta T dishes (Bioptechs). Cells were grown
one day to become a monolayer. The following day, the media
was changed to Cell Imaging Solution (20 mM Hepes, pH 7.4,
2.5 mM KCl, 140 mM NaCl, 5 mM glucose, 1.4 mM CaCl2,
0.5 mMMgCl2) with 10% FBS following the scratch to image with-
out the need for 5% CO2 and incubated at 37°C for 20 min. The
Delta T dish was thenmounted into the stage holder and a scratch
was made on the dish with a p20 pipette tip. The Delta T dishes
were kept at 37°C in the Biotechs DeltaT stage holder using a
heated cover. Time lapse images of multiple locations were taken
every 5 min for 6 h at 60× magnification as cells moved into the
wound. Cell velocity was calculated using the ImageJ cell tracking
software MTrackJ to track the distance individual cells traveled
over the 6-h time window (Meijering et al. 2012). Cell velocities
were plotted using box and whisker plots. For all box and whisker
plots, the thick black line indicates the median, the box indicates
the interquartile range, and the whiskers indicate the range.

Cellular extract preparation

Cell lysis for Hnrnpab western blot

Nuclear fraction of cells were isolated to measure Hnrnpab ex-
pression. A total of 2.5× 105 INCs were plated in 10 cm dishes
and incubated for 48 h. Cells were scraped and washed two times
in wash buffer (10 mM HEPES, 150 mM NaCl, 10 mM EDTA,
0.5 mM PMSF, 1× Protease Inhibitor Cocktail [PIC, Protease
Arrest, G Biosciences]). Cell pellet was resuspended in hypotonic
buffer (10 mM HEPES, 3 mM MgCl2, 0.1 mM BME, 10 mM NaCl,
2× PIC) and incubated on ice for 10 min. Cell suspension was
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homogenized through a 26½ gauge syringe 10 times. NaCl con-
centration was adjusted to 300 mM, and the cell suspension was
incubated for 20 min on ice. The lysate was spun down and the
supernatant was separated on an SDS PAGE gel as described
below.

Cell lysis for Eps8 western blot

A total of 2.5×105 INCs were plated in 10 cm dishes and incubat-
ed for 48 h. The cells were trypsinized and washed with ice cold
PBS. Cell pellets were resuspended in a lysis buffer (150 mM
NaCl, 50 mM HEPES pH 7.4, 25 µg/mL Digitonin, 1 M
Hexylene glycol, 2× PIC) and incubated for 10 min rotating at
4°C. Cell lysates were centrifuged at 2000g for 10 min at 4°C.
The supernatant contained the cytoplasmic fraction. The pellet
was resuspended in a membrane lysis buffer (150 mM NaCl,
50 mM HEPES, pH 7.4, 1% Igepal, 1 M Hexylene glycol, 2×PIC)
and incubated on ice for 30 min. Membrane lysates were spun
at 4000g for 10 min at 4°C. The resulting supernatant contained
the membrane fraction, which was used to quantify Eps8 expres-
sion (Baghirova et al. 2015).

Western blotting

To analyze protein fractions by western blot, protein concentra-
tions were measured using the Pierce BCA assay, using Bovine
Serum Albumin (BSA) as a standard, according to the manufactur-
er’s protocol. 10% (Eps8) or 12% (Hnrnpab) acrylamide Tris-
Glycine gels were used for SDS-PAGE using standard protocols.
Fifty micrograms of protein extract was loaded in each well.
After separation, PAGE gels were transferred to a nitrocellulose
membrane After transfer the membrane was blocked in 5% milk
in PBS with 0.05% Tween-20 (PBST) at room temperature for
1 h. Blots were incubated with primary antibody overnight rotat-
ing at 4°C in 5% milk in PBST. The Hnrnpab antibody (Santa
Cruz, cat. no. SC98810) was used at 1:400 dilution, the Eps8 an-
tibody (BD, cat. no. 610143) was used at 1:400 dilution and the
β-actin antibody (Sigma, A2228) was used at 1:1000 dilution.
Blots were washed with 1× PBST three times for 5 min and incu-
bated with 1:2000 dilution of secondary antibodies (IR700 donkey
antimouse) in 1× PBST for 45 min in the dark. Following second-
ary antibody incubation, blots were washed in 1× PBST for 5 min
three times and imaged using a LICOR Odyssey. Relative protein
expression fromwestern blots were quantified using ImageJmea-
sure gels tool normalized to β-actin expression. For Hnrnpab, av-
erage backgroundwas calculated using ImageJmeasure gels tool
and subtracted from measurements of Hnrnpab expression in
Hnrnpab+/+ and WT-MG prior to β-actin normalization.

RNA sequencing and RT-QPCR protocols

RNA-seq

Total cellular RNA was isolated from three independent prepara-
tions each of Hnrnpab+/+ and Hnrnpab−/− INCs using commer-
cially purchased TRI-Reagent (Chomczynski and Sacchi 1987).
The samples were DNase treated with Turbo DNase (Ambion
Technologies) and purity was measured using a bioanalyzer.
Samples had RIN value of 9.64 or greater. RNA-seq was per-

formed by the New York Genome Center. Sequencing libraries
were created using the KAPA Stranded RNA-seq Kit with
RiboErase for rRNA depletion. Libraries were sequenced using
a 2×125 bp rapid run in an Illumina HiSeq2500 and reads were
mapped to the mouse genome mm10. DESeq2 differential
gene expression analysis and CuffDiff differential gene expres-
sion analysis were performed to identify genes with a q-value of
<0.01 that were changed twofold or more. Only genes that fit
this criteria in both analyses were considered for further analysis.
A subset of these genes was selected for validation by QPCR as
described in the text.

RT-QPCR

RNA for RT-QPCR was isolated using a commercially purchased
TRI Reagent. A total of 500–800 ng total RNA from tissues or 1
µg total RNA from INCs was converted to cDNA using mMuLV re-
verse transcriptase and hexanucleotides and polydT as primers
(NewEngland Biolabs). 1/20th of the cDNA reaction was analyzed
using qRT-PCR using PowerUp Sybr green Master Mix (Applied
Biosystems). Primers were designed to anneal at 60°C using
NCBI primer design function. Melting curves were generated
for each primer set used and all primers were screened using stan-
dard PCR to check for amplification of one single band of the ex-
pected size. Reactions were carried out in Applied Biosystems
StepOne PCRmachine. Datawere analyzed using the ΔΔCTmeth-
od compared to Snrnp70 as a reference control. Actb primers
were also used to ensure there were no differences in Snrnp70 ex-
pression between genotypes (Supplemental Fig. S4).

Actinomycin D treatment

Actinomycin D was added to cells at a final concentration of 5 µg/
mL for times indicated on graph. Cells were washed with 1× PBS
and RNA was isolated, converted to cDNA, and analyzed using
RT-QPCR as described above, using Actb as a reference control.
The amount of RNA relative to time 0 was plotted to measure the
half-life of Eps8 mRNA.

Intron RNA fluorescence in situ hybridization
(intron RNA-FISH)

INCswere plated at 40%–60%confluenceonpoly-L-Lysine coated
18 mm coverslips 1 d before fixation. Cells were fixed using a 3:1
mixture of methanol:acetic acid for 10 min at room temperature.
Cells were washed twice with 2× SSC/10% formamide in nuclease
free water. 12.5 nM of Stellaris probes from Biosearch Technolo-
gies targeted against intron 2 of Eps8 (Cy3) and introns 1 and 2
of Actb (Cy5) were hybridized in 100 µL of hybridization buffer
(10% formamide, 2xSSC, 10% Dextran Sulfate) for 2 h at 37°C.
Coverslips were washed in 2× SSC/10% formamide for 30 min at
37°C. Coverslips were then incubated in 10 µg/mL DAPI in 2×
SSC/10% formamide for 15 min at 37°C. After DAPI staining, cov-
erslipswerewashed twice in 2× SSCandmountedon to coverslips
using VectaShield hard set antifade mounting medium. Slides
were cured overnight in the dark at room temperature and imaged
the following day. Image fields were selected in the Cy5 channel
(Actb) to prevent bias of only selecting image fieldswith Eps8 tran-
scription sites. Because all image fields with cells have Actb sites,
this technique does not bias image selection for inclusion of Actb
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sites. The number of transcription sites per cell was quantified
by counting the total number Actb sites and Eps8 sites and divid-
ing by the total number of cells in the field. The error bars repre-
sent standard error of the mean for number of image fields
analyzed. The n-values are the same for Actb and Eps8 between
Hnrnpab+/+, Hnrnpab−/−, and WT-MG. For number of fields,
Hnrnpab+/+ n=25, Hnrnpab−/− n=26; WT-MG n=21. For
number of cells, Hnrnpab+/+ n=221; Hnrnpab−/− n=195;
WT-MG n=282.

RNA isolation of tissues

Newborn pups (P3–P4) were euthanized by decapitation and
brains placed in ice cold Hanks Basal Salt Solution. The hippo-
campus, SVZ, lung, and liver were dissected as previously
described (Seibenhener and Wooten 2012; Walker and
Kempermann 2014). These tissues were homogenized in TRI re-
agent and RNAwas isolated, and analyzed using RT-QPCR as de-
scribed above, using Actb as a reference control.

Subventricular zone explant migration assay

HnrnpabGt(AV0462)Wtsi mice after crossing 10 generations to
C57/BL six mice were used for these experiments (Actb+/+ back-
ground).The SVZ from the brains of P3–P4 pups was dissected,
cut into pieces of 200–600 µm and plated onto Matrigel coated
24-well plates in Neurobasal with 1× B27, 0.5 mM glutaMAX,
and 1:1000 primocin as previously described (Wichterle et al.
1997). Explants were incubated in 5% CO2 at 37°C. After 48 h,
DIC images of the neural stem cells migrating from the explant
were taken. To measure average distance migrated per explant,
six different measurements were taken from the explant to the fur-
thest point migrated by NSPCs. These measurements were aver-
aged together to obtain one average distance migrated per
explant and plotted with a box and whisker plot. To measure mi-
gration area, the image was thresholded in ImageJ and the mi-
grated NSPCs were outlined using the polygon selection tool.
The explant was also outlined using the polygon selection tool,
and the area was measured for both using the measurement
tool. The area of the explant was subtracted from the area of
the migrated NSPCs and plotted using box and whisker plots.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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