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ABSTRACT

The molecular mechanisms that govern the timing and fate of neural stem-cell differentiation toward the distinct neural lineages
of the nervous system are not well defined. The contribution of post-transcriptional regulation of gene expression to neural
stem-cell maintenance and differentiation, in particular, remains inadequately characterized. The RNA-binding protein Hnrpab
is highly expressed in developing nervous tissue and in neurogenic regions of the adult brain, but its role in neural development
and function is unknown. We raised a mouse that lacks Hnrpab expression to define what role, if any, Hnrpab plays during
mouse neural development. We performed a genome-wide quantitative analysis of protein expression within the hippocampus
of newborn mice to demonstrate significantly altered gene expression in mice lacking Hnrpab relative to Hnrpab-expressing
littermates. The proteins affected suggested an altered pattern of neural development and also unexpectedly indicated altered
glutamate signaling. We demonstrate that Hnrpab–/– neural stem and progenitor cells undergo altered differentiation patterns in
culture, and mature Hnrpab–/– neurons demonstrate increased sensitivity to glutamate-induced excitotoxicity. We also
demonstrate that Hnrpab nucleocytoplasmic distribution in primary neurons is regulated by developmental stage.
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INTRODUCTION

RNA-binding proteins play a central role in regulating gene
expression. In the nervous system mutations in RNA-
binding proteins lead to misregulation of gene expression
that causes neurological diseases such as mental retardation
or neurodegenerative disease such as Amyolateral Sclerosis
(Penagarikano et al. 2007; Glisovic et al. 2008; Cooper et al.
2009; Da Cruz and Cleveland 2011). The majority of
studies involving the function of RNA-binding proteins in-
volve cultured immortalized cell lines to examine targeted
Protein–RNA interactions, since they provide access to ho-
mogenous and adaptable material for molecular and bio-
chemical studies. However, applying conclusions from such
studies to physiological regulation requires caution, since

they rely on cells selected for in vitro survival under con-
ditions that are quite different in vivo. To understand the
roles that RNA-binding proteins play during mammalian
development, genetic manipulation of mice currently pro-
vides the best opportunity to ablate gene function and assess
accompanying changes in cellular function that depend on
this gene’s activity.

The Hnrpab protein has long been linked to the reg-
ulation of gene expression, primarily from biochemical
studies using cell lines. However, an in vivo role for the
protein in mammalian development has not been identi-
fied. Hnrpab orthologs are defined by the presence of a
unique peptide domain in the N terminus that is evolu-
tionarily conserved (Akindahunsi et al. 2005; Czaplinski
et al. 2005; Kroll et al. 2009). Also, Hnrpab contains two
RNA recognition motifs (RRMs) and an alternatively spliced
C terminus. These domains are paralogous in two other
conserved genes, AUF1/hnRNPD and JKTBP/hnRNPDL.
The alternative splicing gives rise to two isoforms called
Hnrpab1 and Hnrpab2. Hnrpab protein was first purified
as an activity from 40S hnRNP particles that disrupted
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RNA secondary structure, and bound both RNA and DNA
(Kumar et al. 1987). The cDNA encoding Hnrpab2 was
cloned using this peptide sequence, and the corresponding
protein was named hnRNP A/B at the time because of the
similarity of its domain arrangement to the emerging hnRNP
A and hnRNP B family of RNA-binding proteins (Khan et al.
1991). Contrary to its name, the hnRNP A/B gene (HNRPAB
or HNRNPAB) is not a member of what is often referred
to as the hnRNP A/B family (namely hnRNP A1, hnRNP
A2/B1, and hnRNP A3) (Khan et al. 1991). Hnrpab has been
independently linked to transcription, splicing, mRNA edit-
ing, translation, mRNA stability, and RNA localization
through numerous biochemical studies from different lab-
oratories, and different isoforms have been give numerous
different names (Smidt et al. 1995; Lau et al. 1997; Bemark
et al. 1998; Wang and Parrish 1999; Mikheev et al. 2000;
Yabuki et al. 2001; Dean et al. 2002; Fomenkov et al. 2003;
Gao et al. 2004; Khateb et al. 2007; Raju et al. 2008).

Regardless of the steps in gene expression that Hnrpab
regulates at the cellular level, many other studies have
suggested that Hnrpab might have important roles in the
development and function of the vertebrate nervous system.
An anxiety-associated strain polymorphism in the promoter
of the rat arginine-vasopressin gene affected binding of
Hnrpab to this region of DNA (Murgatroyd et al. 2004).
Hnrpab was also cloned in a screen for genes differentially
expressed in the striatum, and its mRNA was induced in
rodent brain by treatment with a dopamine receptor agonist
(Rushlow et al. 1999, 2000). Two independent screens for
defects in Xenopus nervous-system development demon-
strated a role for the Hnrpab ortholog in the developing
nervous system, where overexpression leads to anterior de-
velopmental defects and cell-autonomous inhibition of neural
crest cell migration (Dichmann et al. 2008; Yan et al. 2009).
The Zebrafish database contains numerous images of the
Hnrpab ortholog’s mRNA strongly expressed in the nervous
system throughout development (Rauch et al. 2003). A di-
rected in situ hybridization screen of RNA-binding protein
expression in newborn mouse heads demonstrated enrich-
ment of Hnrpab expression in neural tissue of newborn mice
(McKee et al. 2005). An Hnrpab promoter-driven GFP BAC
transgene strongly labels neurons within developing mouse
brains (Gong et al. 2003). In adult mice, broad expression in
the mature brain is observed using in situ hybridization, with
regionally elevated mRNA levels observed in the granule
cell layers of the hippocampus, dentate gyrus, and cerebel-
lum, as well as in the subventricular zone, rostral migratory
stream, and olfactory bulb (Rushlow et al. 1999; Lein et al.
2007).

There are clearly numerous studies consistent with a role
for Hnrpab in regulating gene expression in the brain. But,
despite the extensive cache of information about this long-
known nucleic acid-binding protein, no data relating these
independent studies to in vivo function have ever been
published. As a first step toward understanding the func-

tion of Hnrpab in vivo we raised an Hnrpab knockout
mouse and quantify global protein expression changes in
the newborn hippocampus using a novel quantitative pro-
teomic approach. Our results demonstrate that Hnrpab
plays a role in neural stem cell maintenance and differen-
tiation as well as cell survival after activation of glutamate
signaling pathways. Moreover, we found changes in the
subcellular distribution of Hnrpab isoforms during neuro-
nal maturation, suggesting that Hnrpab’s role in regulating
gene expression may change during neuronal development.

RESULTS

Construction of an Hnrpab–/– mouse line

To study the function of Hnrpab in the nervous system, we
sought a mouse with an Hnrpab null alelle. A publicly
available mouse ES-cell collection contained numerous lines
with Hnrpab gene-traps, and the 59 most of these was puta-
tively located within exon 5 of Hnrpab (Fig. 1A). AV0426
ES-cells were used to create chimeric mice, and offspring
from these were screened for germ-line transmission. PCR
primers from exon 4 and reverse primers in the gene trap
cassette amplified a band specifically from heterozygous mice
(Fig. 1B). DNA sequencing of this band confirmed that the
gene trap inserted within intron 5 at nucleotide 2524 of the
Hnrpab gene (data not shown). These mice are heterozygous
for the HnrpabGt(AV0462)Wtsi allele and were mated to generate
mice that were homozygous (Fig. 1B). Hnrpab+/Gt(AV0462)Wtsi

and HnrpabGt(AV0462)Wtsi/Gt(AV0462)Wtsi mice are not distin-
guishable from wild-type littermates based on either phys-
ical appearance or behavioral differences, although subtle
differences in either of these measures cannot be ruled out
at this time.

The effect of the gene trap on Hnrpab expression in the
CNS was analyzed in pups from a heterozygous to hetero-
zygous mating. We used rabbit polyclonal antiserum against
a conserved N terminus peptide (Fig. 1B). In protein lysates
from P0 cerebral cortex, two Hnrpab isoforms (Hnrpab1
and Hnrpab2) were detected in Western blots of Hnrpab+/+

and Hnrpab+/Gt(AV0462)Wtsi mice. Although the predicted
molecular weight of Hnrpab1 and Hnrpab2 are 36 and 30
kD, respectively, these proteins migrated at z42 and 40 kD.
In extracts from homozygous mice, these two proteins were
not detected, nor is an Hnrpab b-Gal fusion protein pre-
dicted by the trapped gene’s putative mRNA sequence (Fig.
1B, cf. lanes 1 and 3 with lane 2). To determine whether
lack of an Hnrpab-b-Gal protein was due to an effect on
accumulation of the chimeric RNA, we used real-time PCR
on reverse-transcribed P0 cortex total RNA to determine
levels of Hnrpab mRNA relative to wild-type mice. We first
used primers that amplify the regions of Hnrpab mRNA
corresponding to exon 2–3 and exon 3–4 mRNA, both
amplicons are upstream of the gene trap. Heterozygous mice
contained z40% of the mRNA levels of wild-type mice
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(Fig. 1C). Homozygous mice had an z3000-fold decrease
in each of these amplicons, with such a large decrease being
measurable in this experiment because of abundance of
Hnrpab mRNA in P0 cortex (Fig. 1C). Primers that am-
plified exon 6–8 (downstream from the gene trap) readily
amplified two PCR products from either wild-type or het-
erozygous mice at a low cycle number (because of two
amplicons, the fold difference was not readily quantifiable
with real time PCR). These two PCR products, which cor-
respond to the alternatively spliced Hnrpab1 and Hnrpab2
mRNAs, were completely undetectable after 40 cycles in
mRNA from homozygous mice (data not shown). Rpl24,
b-actin, and g-actin all contained similar levels of mRNA
between wild-type, heterozygous, and homozygous mice (Fig.
1C). We conclude that the small amount of exon 2–3 and

exon 3–4 RNA detected in the homozygous animals likely
represents residual transcription of the gene trap alleles, but
that no functional Hnrpab protein is produced from the
AV0462 allele, since neither exon 6–8 mRNA nor antibody
reactivity are detected. Therefore, HnrpabGt(AV0462)Wtsi ho-
mozygous mice are null for Hnrpab protein expression, and
we will refer to this HnrpabGt(AV0462)Wtsi allele as Hnrpab�

here for simplicity.

Hnrpab disruption alters hippocampal
protein expression

To gain insight into the role of Hnrpab in neural devel-
opment and function, we performed shotgun proteomics
analysis to impartially quantify protein expression changes
caused by the loss of Hnrpab in the developing hippocam-
pus (Fig. 2). To quantify protein changes on the proteome-
wide scale, we used 15N-labeled hippocampal tissues as in-
ternal standards. Our approach is similar to the use of SILAM
mouse published previously, except that we labeled the mice
with 15N amino acids to increase the numbers and the types
of peptides we can quantify (Kruger et al. 2008).

FIGURE 2. The workflow diagram for quantitative shotgun proteo-
mics of Hnrpab�/� newborn hippocampus. The steps involved in
quantifying relative protein levels at the genome-wide scale are
diagrammed. Brain tissue from a 15N-labeled littermate was used to
determine that incorporation of 15N amino acids was >97% by mass
spectrometry. The 15N sample serves as an internal reference by which
to compare relative levels of protein between Hnrpab+/� and
Hnrpab�/� mice after a Multidimensional Protein Identification
Technology analysis (MudPIT).

FIGURE 1. AV0462 ES cell gene trap disrupts Hnrpab expression.
(A) A diagram of the region of the Hnrpab gene showing the location
of the gene trap insertion. (B, top) Typical PCR genotyping results for
AV0462 gene trap heterozygous (lane 1), homozygous (lane 2), and
wild-type mice (lane 3). (Middle) Western blots of protein lysates
from cerebral cortex of P0 mice using antiserum raised against the N
terminus of Hnrpab that recognizes both isoforms of the protein.
(Bottom) The a-tubulin loading control to show equal protein loaded
in all lanes. (C) The levels of mRNA in heterozygous (black box) or
homozygous (white box) P0 cortex relative to wild type were de-
termined using reverse-transcription real-time-PCR (RT–RT–PCR)
and plotted above. The error bars represent variation of multiple PCR
measurements. Hnrpab exon 2-3 and exon 3-4 were detected in
Hnrpab�/� samples, but their decrease was so great that that they are
essentially not visible on the chart.
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Protein extract of P0 hippocampus from Hnrpab+/� and
Hnrpab�/� (unlabeled, containing 14N amino acids) were
fractionated into soluble and insoluble fractions and mixed
with equal amount of corresponding 15N-labeled tissue
lysates for proteomic analysis (see Materials and Methods).
Three littermates of each genotype were prepared and used
as biological replicates. SEQUEST was used to identify
14N- and 15N-labeled peptides based on their fragmentation
spectra (Eng et al. 1994; Yates et al. 1995). One percent false
discovery rate was used to filter protein identifications.
CenSus, an algorithm-based quantification software (Park
et al. 2008) was used to identify coeluting 14N and 15N
peptide peaks from the MS based on MS/MS identifica-
tions, generate ratios of coeluting 14N and 15N peptides
based on the measured ion intensities, and perform sta-
tistical analysis (R2 correlation, ratio distribution of pep-
tides, and others). Only coeluting 14N and 15N peptides
with R2 scores >0.5 were used to determine the ratio of a
given protein. Protein levels for each animal were expressed
as the ratio of unlabeled to 15N-labeled peptides for each
protein, and this ratio was averaged over all replicates of the
same genotype to represent expression levels for that pro-
tein. Differential protein expression was determined by di-
viding the average Hnrpab�/� ratios (14N Hnrpab�/�/15N
standard) by average Hnrpab+/�ratios (14N Hnrpab+/�/15N
standard) as illustrated in Figure 2. Soluble and insoluble
fractions were analyzed separately.

Volcano plots were used to visualize the changes within
the large data sets that we generated from soluble and in-
soluble fractions (Supplemental Fig. S1; Cui and Churchill
2003). We derived P-values of quantified proteins among
biological replicates using the ANOVA test, and plotted
significance as the -log10 of P-values with log2 of fold
changes (Hnrpab�/�/Hnrpab+/�) on the y- and x-axes, re-
spectively. In the soluble fraction, we found that most of
the proteins appeared equidistant from the center, suggest-
ing a normal distribution, with fold changes centered around
1. In the insoluble fraction most changes were centered
around 1; however, there was a strong bias toward in-
creased protein in Hnrpab�/� versus Hnrpab+/� hippo-
campus. The number of these small increases is in contrast
to the soluble fraction and it is not likely a random oc-
currence; we hypothesize that it is a consequence of the lack
of Hnrpab expression. The data set also clearly confirmed
the lack of Hnrpab peptides in Hnrpab�/� samples.

We used expression ratios of 1.5 for increased proteins or
0.7 for decreased proteins as thresholds to select proteins
whose expression was changed in the absence of Hnrpab.
Our criteria identified that 349 proteins increased (133
soluble, 216 insoluble; Supplemental Table SI) and 73
proteins decreased (26 soluble, 47 insoluble; Supplemental
Table SII) in the Hnrpab�/� hippocampus compared with
Hnrpab+/� hippocampus. To understand the biological sig-
nificance of these differentially regulated proteins we per-
formed pathway-based analysis on our data sets using the

Ingenuity Pathway Analysis (IPA, Ingenuity Systems, http://
ingenuity.com). From the up-regulated protein list, cell
death was the most significantly represented cellular func-
tion (Supplemental Fig. S2). From the down-regulated pro-
tein list, the top 44 entries all had equivalent significance,
suggesting that no cellular pathway is predominantly rep-
resented (Supplemental Fig. S3).

To highlight the most consistent changes, we further
restricted the list of affected proteins from our proteomic
data to those with ANOVA P-values of 0.1 or lower (Table
1). This list contains 39 increased proteins and one de-
creased protein. IPA analysis of these increased proteins
identified Glutamate Receptor signaling as well as axon
guidance signaling as the most significant affected cellular
functions (Supplemental Fig. S4). The decreased protein,
Kifap3/KAP3, is a kinesin interacting protein involved in
anterograde vesicular transport in glutamatergic neurons
and is a genetic modifier of ALS in humans (Choi et al.
2008; Orsetti et al. 2011). Results from the proteomic anal-
ysis demonstrated that Hnrpab regulates expression of many
genes that play important roles in the development of the
nervous system.

Hnrpab disruption alters differentiation of neural
stem and progenitor cells

These proteomic analyses are consistent with altered neural
development in the Hnrpab�/� mice; to evaluate this we
used neurosphere cultures. In the presence of EGF and
FGF-2, cells isolated from embryonic cerebral cortex prop-
agate in heterogeneous self-adherent cultures called neuro-
spheres (Doetsch et al. 2002; Marshall et al. 2008). Neuro-
spheres contain self-renewing neural stem cells that give
rise to the different neural lineages, as well as several types
of lineage-committed progenitor cells. These different cell
types within the culture can be clearly distinguished by the
expression of lineage-specific marker proteins. Proliferating
neurosphere cultures were initiated from E18 Hnrpab+/�

and Hnrpab�/� mice; then, after subculturing, were disso-
ciated and plated on coverslips. These were maintained 6 d
further in culture with differentiation medium before fix-
ation and immunostaining with neural cell-type marker
antibodies.

We quantified cells representing different neural lineages
within neurosphere cultures and observed changes in sev-
eral populations. The largest was a decrease in Nestin-
expressing (NES) cells in Hnrpab�/� neurosphere cultures
(67.2% in Hnrpab+/� vs. 21.6% in Hnrpab�/�) (Fig. 2). In-
creases in Doublecortin-positive cells (DCX, a neuroblast
marker, 28.8% in Hnrpab+/� vs. 35.3% in Hnrpab�/�) (Fig.
3) and Myelin Basic Protein-positive cells (MBP, an oli-
godendrocyte marker, 0.8% in Hnrpab+/� vs. 2.1% in
Hnrpab�/�) had P-values of 0.002 and 0.011, respectively
(Fig. 3). Also, a trend toward increased positive cells for an
early marker of oligodendrocyte lineage cells, CNPase, was
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observed (7.6% in Hnrpab+/� vs. 9.6% in Hnrpab�/�,
P-value 0.301) (Fig. 3). A trend to slightly fewer Glial
Fibrillary Accessory Protein (GFAP)-positive cells was seen
(27.6% in Hnrpab+/� vs. 24.9% in Hnrpab�/�, P-value
0.359) (Fig. 3). These data suggest involvement of Hnrpab in
neural stem cell maintenance and differentiation of different
neural lineages in neurosphere cultures, with increases in ex-
pression of some differentiation markers when Hnrpab is
disrupted, and a decrease of pluripotent cell types.

Neurons lacking Hnrpab1 and Hnrpab2 show
increased sensitivity to glutamate excitotoxicity
and longer neurites

Glutamate receptor signaling and axon guidance signaling
topped the lists of affected cellular functions in Hnrpab�/�

hippocampus (Supplemental Fig. S4). We considered what
consequences these results could have. Glutamate receptor
stimulation leads to neuronal depolarization and formation

TABLE 1. Protein expression changes in Hnrpab�/� versus Hnrpab+/�mice

Peptide identifier KO/Het Peptide ID

IPI00553593 1.7 SWISS-PROT:Q8BYI9-2 Tnr Isoform 2 of Tenascin-R
IPI00123039 2.0 SWISS-PROT:P35821 Ptpn1 Tyrosine-protein phosphatase non-receptor type 1
IPI00719927 1.5 TREMBL:Q2TJI9 Pcdh1 Protocadherin 1 isoform 2
IPI00620866 1.7 SWISS-PROT:Q7TN98-5 Cpeb4 Isoform 5 of Cytoplasmic polyadenylation element-binding protein 4
IPI00136716 2.1 SWISS-PROT:Q9QYS2 Grm3 Metabotropic glutamate receptor 3
IPI00720015 1.5 REFSEQ:XP_001477847 LOC100047284 similar to CDNA sequence BC060632 (Mtss1l, an

SH3 binding domain actin regulator)
IPI00881287 1.7 SWISS-PROT:O35465-2 Fkbp8 Isoform 2 of Peptidyl-prolyl cis-trans isomerase FKBP8
IPI00230290 1.9 SWISS-PROT:P43006-3 Slc1a2 Isoform Glt-1B of Excitatory amino acid transporter 2, GLT-1, EAAT2
IPI00230383 1.8 SWISS-PROT:Q03137-2 Epha4 Isoform Short of Ephrin type-A receptor 4
IPI00880617 1.8 ENSEMBL:ENSMUSP00000113502 Sec22b 19 kDa protein
IPI00403079 1.8 SWISS-PROT:Q61735-1 Cd47 Isoform 1 of Leukocyte surface antigen CD47
IPI00928300 1.7 TREMBL:Q3UZD8 Rangap1 ran GTPase-activating protein 1
IPI00453798 1.5 SWISS-PROT:Q8BXZ1 Tmx3 Protein disulfide-isomerase TMX3
IPI00323809 2.1 SWISS-PROT:Q9Z0P4-2 Palm Isoform 2 of Paralemmin
IPI00226882 1.7 SWISS-PROT:P61620 Sec61a1 Protein transport protein Sec61 subunit a isoform 1
IPI00330094 2.3 SWISS-PROT:P97742 Cpt1a Carnitine O-palmitoyltransferase 1, liver isoform
IPI00128905 1.6 SWISS-PROT:Q91XA2 Golm1 Golgi membrane protein 1
IPI00321634 1.7 SWISS-PROT:Q9DBH5 Lman2 Vesicular integral-membrane protein VIP36
IPI00775828 2.2 SWISS-PROT:Q8C0E2-2 Vps26b Isoform 2 of Vacuolar protein sorting-associated protein 26B
IPI00128692 1.5 SWISS-PROT:Q9R1J0 Nsdhl Sterol-4-a-carboxylate 3-dehydrogenase, decarboxylating
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
IPI00877254 2.1 SWISS-PROT:Q91V14-1 Slc12a5 Isoform 1 of Solute carrier family 12 member 5 KCC2 channel
IPI00315280 1.9 SWISS-PROT:Q9QUR8 Sema7a Semaphorin-7A
IPI00515716 1.5 SWISS-PROT:Q9D8B1-2 Aig1 Isoform 2 of Androgen-induced gene 1 protein
IPI00753292 1.5 TREMBL:D3YU36 Gm8062 Putative uncharacterized protein ENSMUSP00000100733 (RPL22)
IPI00121767 1.7 SWISS-PROT:Q9JJF3 2410016O06Rik Lysine-specific demethylase NO66
IPI00408215 1.5 SWISS-PROT:P46735-1 Myo1b myosin-Ib isoform 1
IPI00356667 1.7 TREMBL:Q3UTP0 Pcdh17 protocadherin 17 precursor
IPI00775844 1.7 TREMBL:D3YXG6 Arpc2 Putative uncharacterized protein Arpc2
IPI00309223 2.0 SWISS-PROT:O70166 Stmn3 Stathmin-3
IPI00125267 1.6 SWISS-PROT:Q9WV55 Vapa Vesicle-associated membrane protein-associated protein A
IPI00128973 1.5 SWISS-PROT:P06837 Gap43 Neuromodulin
IPI00751137 1.6 TREMBL:Q3TSX8 Tomm70a Putative uncharacterized protein
IPI00262693 1.8 TREMBL:Q5ICG5 Acsl6 long-chain-fatty-acid–CoA ligase 6 isoform 4
IPI00153660 1.5 SWISS-PROT:Q8BMF4 Dlat Dihydrolipoyllysine-residue acetyltransferase component of pyruvate

dehydrogenase complex, mitochondrial
IPI00222429 1.7 TREMBL:Q3TKZ1 Nomo1 nodal modulator 1
IPI00469548 1.9 SWISS-PROT:Q64332-1 Syn2 Isoform IIa of Synapsin-2
IPI00315463 1.7 SWISS-PROT:Q60870 Reep5 receptor expression-enhancing protein 5
IPI00137314 1.6 TREMBL:A4FVD1 Plxna3 plexin A3
IPI00269408 1.6 SWISS-PROT:Q8R570-1 Snap47 Isoform 1 of Synaptosomal-associated protein 47

IPI00320484 0.6 SWISS-PROT:P70188-1 Kifap3 Isoform KAP3A of Kinesin-associated protein 3

Proteins above the single black line increased in Hnrpab�/� hippocampus by the relative ratio indicated and have a variance P-value of 0.1 or
less (from Supplemental Table S1). They are listed here according to increasing P-values. The thick dashed line represents the cutoff for P-values
of 0.05. The single protein below the thick black line is decreased in the absence of Hnrpab with a P-value of <0.05 (from Supplemental Table S2).

Sinnamon et al.

708 RNA, Vol. 18, No. 4



of action potentials. However, this activates cellular stress
responses, and excessive glutamate receptor stimulation
leads to cell death, a process termed excitotoxicity (Lau
and Tymianski 2010). Hypersensitivity to excitotoxicity
is believed to underlie many neurodegenerative diseases
(Lau and Tymianski 2010). We therefore tested whether
Hnrpab�/� neurons would demonstrate an altered sensi-
tivity to cell death after glutamate stimulation. We plated
E18 hippocampal neurons from Hnrpab+/� and Hnrpab�/�

neurons on coverslips and treated them at 15 d in vitro
(DIV) with 50 mM glutamate for 10 min, and allowed them
to recover without exogenous glutamate for 6 h prior to
fixation. We quantified the percentage of dying neurons in
Hnrpab+/� neuron cultures versus Hnrpab�/� cultures in
both glutamate-stimulated as well as mock-stimulated cul-

tures to control for the culture manip-
ulations. Very few dying neurons could
be found in mock-stimulated Hnrpab+/�

or Hnrpab�/� cultures (5.6% and 5.7%,
respectively) (Fig. 4). As expected, glu-
tamate treatment increased the number
of dying neurons in Hnrpab+/� cultures
to 24.5%, consistent with the view that
glutamate application has some level
of inherent toxicity (Fig. 4). However,
82.8% of the Hnrpab�/� neurons were
dying, demonstrating that neurons lack-
ing Hnrpab demonstrate strongly in-
creased sensitivity to glutamate-induced
excitotoxicity (Fig. 4).

Axon guidance signaling molecules were
significantly up-regulated in Hnrpab�/�

hippocampus, so we measured the neu-
rite length in Hnrpab+/� and Hnrpab�/�

neurons 2 d after plating. Hnrpab�/�

neurons had 40% longer neurites than
Hnrpab+/� littermate neurons (average
length of 11.56 mm for Hnrpab+/� vs.
16.22 mm for Hnrpab�/�) (Fig. 5). More-
over, the average length for the longest
neurite of Hnrpab�/� neurons was 32.5%
longer than those of Hnrpab+/� litter-
mates (average length of 22.6 mm for
Hnrpab+/� vs. 29.9 mm for Hnrpab�/�)
(Fig. 5). Longer neurites of cultured
neurons is consistent with up-regulation
of axon guidance molecules indicated by
the proteomic data.

Hnrpab is a nucleocytoplasmic
protein in the brain

Having established that Hnrpab plays a
functional role in the nervous system,
we sought to characterize the distribu-

tion of Hnrpab within the mature brain. We perfused and
sectioned a 55-d-old (postnatal day 55 or P55) mouse brain,
then immunostained it using antigen affinity-purified anti-
body raised against a conserved peptide in the N terminus.
This affinity-purified antibody specifically detects Hnrpab1
and Hnrpab2 isoforms in a Western blot (Fig. 6G). Hnrpab
staining is visible throughout the brain, and most cells have
some level of Hnrpab protein; only occasional cells of un-
known identity lacked detectable Hnrpab expression. Over-
all, we observed agreement of regional Hnrpab protein ex-
pression with two previous FISH studies that looked at
Hnrpab RNA expression patterns in the brain (Rushlow
et al. 1999; Lein et al. 2007). The most prominent Hnrpab
staining was observed within the granule cell layers of the
hippocampus, dentate gyrus, and cerebellum, so we acquired

FIGURE 3. Hnrpab disruption affects the differentiation of neural lineage cells in neurosphere
cultures. Neurosphere cultures at the second passage were dissociated, plated on coverslips,
and grown for 6 d under differentiation conditions, then fixed and immunostained with
indicated markers for different neural lineages. For each image, the total number of cells was
counted by DAPI staining, and the percentage of those cell that were positive for each marker
was calculated. The data represent the average percentage per image field over all the fields
imaged (at least 30 fields per marker). This represented a minimum of 1000 cells for all
markers, 2000 for Doublecortin. Graphs of the three differences with a P-value of <0.011 are
included to illustrate the results. (DCX) Doublecortin; (CNPase) 29, 39-cyclic nucleotide 39-
phosphodiesterase; (MBP) Myelin Basic Protein; (GFA) Glial Fibrillary Accessory Protein.
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images within these regions at a higher magnification in order
to observe the subcellular distribution of the protein (Fig. 6).
DAPI costaining demonstrated that these regions high in
Hnrpab expression are also packed with many nuclei. Hnrpab
immunoreactivity is enriched in the nuclei of individual cells,
although a weaker uniform cytoplasmic distribution through-
out the cell soma can often be seen, particularly at the edges
of these granule cell layers (Fig. 6A,E). The granule cell layer
of the dentate gyrus contained discrete zones of higher
Hnrpab expression at the interface between the granule layer
and the polymorphic layer (Fig. 6F). The tight packing of the
cell bodies within these regions made cytoplasmic signal
difficult to characterize in detail; however, in the cerebellum
the Purkinje neurons were an exception to this (Fig. 6A–C).
Purkinje neurons are GABA-ergic neurons at the interface of
the granule cell layer and molecular layers of the cerebellum,
easily distinguishable by their size and expression of parval-
bumin (PV) in the cytoplasm (Fig. 6B). In Purkinje neurons,
Hnrpab staining overlapped with PV, demonstrating cyto-
plasmic Hnrpab staining (Fig. 6A–C). While nuclear staining
was always observed in Hnrpab-expressing cells, cytoplasmic
Hnrpab was only sometimes observable in combination with
the nuclear staining. Aside from Purkinje neurons, clear ex-
amples of the cytoplasmic staining pattern was seen in the
cells of the CA3 region in the hippocampus (Fig. 6F). Based
on the immunostaining of brain slices, we conclude that at
least one isoform of Hnrpab is cytoplasmic during normal
neuron function in the brain, although this Hnrpab antibody
does not determine whether different isoforms have different
subcellular distributions.

A cytoplasmic pool of Hnrpab increases during
neuronal maturation

Following the pattern of immunostaining in brain sections,
we wanted to understand the requirements for localization

of Hnrpab isoforms in neurons, so we first immunostained
hippocampal neuron cultures with Hnrpab N terminus
peptide antibody and bIII tubulin as a marker for neurons.
In neuron cultures 6 DIV, very prominent nuclear staining
was detected in all bIII tubulin-positive cells. Weaker, but
strictly nuclear signals were also detected in most cells that
did not stain with bIII tubulin (Fig. 7A). In these cultures,
only very weak cytoplasmic signal was detectable with the N
terminus antibody that detects both isoforms (Fig. 7A,B).
To determine whether weak cytoplasmic staining was due
to Hnrpab immunoreactivity, we blocked the Hnrpab-
dependent fluorescence by including excess immunogenic
peptide in the staining reaction. This treatment effectively
blocked the strong nuclear staining in all cells; however, the
intensity of cytoplasmic staining was unaffected by this
treatment, suggesting that the very weak cytoplasmic fluo-
rescence in these cells did not reflect a cytoplasmic pool of
Hnrpab protein (Fig. 7A). Furthermore, plating neurons
from Hnrpab�/� mice demonstrated that the prominent nu-
clear stain was absent when these neurons were stained with
the Hnrpab N terminus peptide antibody, while the same
relatively weak cytoplasmic staining remained (Fig. 7B).
These results confirm the specificity of our antibody in im-
munostaining, and suggest that the cytoplasmic appearance
of at least one isoform of Hnrpab in neurons is likely to be
developmentally regulated, since both isoforms remain pri-
marily nuclear in 6DIV cultured neurons.

To study the cytoplasmic appearance of the individual
isoforms, we expressed recombinant Hnrpab isoforms in cul-
tured neurons. We constructed recombinant lentivirus-like
particles (LVPs) designed to express either Hnrpab1 or
Hnrpab2, and we incorporated a Flag epitope at the amino
terminus to improve our sensitivity of detection. These
viruses express only full-length tagged Hnrpab1 or Hnrpab2
by Western blot as expected (data not shown). We plated
hippocampal neurons from Hnrpab+/� and Hnrpab�/�

FIGURE 4. Hnrpab disruption increases sensitivity of cells to
glutamate-stimulated excitotoxicity. At 15DIV, Hnrpab+/� and
Hnrpab�/� neurons were treated with 50 mM glutamate for 10 min,
or mock treated with the same media changes lacking glutamate, and
allowed to recover for 6 h. Cells were then fixed and imaged using
603 magnification, and cell death was scored visually through
shrinkage of the nucleus in the DAPI channel and morphology of
neurons using DIC microscopy. Error bars represent the standard
deviation over three independent experiments. P-values were de-
termined using a two-way ANOVA, followed by the Tukey test for
multiple comparisons.

FIGURE 5. Hnrpab disruption leads to increased neurite length.
Primary neurons from Hnrpab+/� and Hnrpab�/� E18 mouse hippo-
campus were dissociated and plated, then maintained in culture for
2 d prior to fixation. Cells were immunostained for bIII-tubulin, and
distance that b-III tubulin extended from the cell body was measured as
neurite length. All neurite lengths (A) or longest neurite lengths (B)
were plotted with a box-whisker plot and statistics were performed
using the Mann-Whitney rank sum test on the median values.
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neurons on coverslips and first infected these on day 5 with
LVPs expressing Hnrpab1 or Hnrpab2. After three more
days (8DIV in total), the cells were fixed, immunostained
with an anti-Flag antibody and imaged. In Hnrpab+/�

cells, Hnrpab1 and Hnrpab2 appear nuclear, albeit a cyto-
plasmic pool of Hnrpab2 is detectable in the cell body (Fig.
8A,C). Quantifying the ratios of nucleus to cytoplasmic

fluorescence shows that Hnrpab�/� cells have the same
distribution of either Hnrpab 1 or Hnrpab2 as Hnrpab+/�

cells (Supplemental Fig. S5A,B). Uninfected cells do not
stain with the anti-Flag antibody and show only weak
cytoplasmic fluorescence (autofluorescence) that is not
apparent in normalized images (data not shown). We
conclude that in immature neurons there is no detectable
cytoplasmic Hnrpab1, and only a minor pool of cytoplas-
mic Hnrpab2 that our peptide antibodies could not clearly
detect (cf. Fig. 8, C and D with Fig. 7, A and B).

Since immunostaining of brain sections found many
neurons with clearly defined cytoplasmic Hnrpab staining,
we wanted to know whether neuronal maturation influ-
enced the localization of the Hnrpab isoforms. We plated
E18 hippocampal neurons from Hnrpab+/� mice on
coverslips as before, but infected these on day 7 with LVPs.
At 15DIV the cells were fixed, immunostained with an anti-
Flag antibody, and imaged. Hnrpab1 was again largely nu-
clear, but was now detectable in the cytoplasm (cf. Fig. 9 A1
and A2 with Fig. 8 A1 and A2; Supplemental Fig. S5C).
Hnrpab2 was also nuclear, but more clearly detectable in
the cytoplasm (cf. Fig. 9 B1 and B2 with Fig. 8, C1 and C2;
Supplemental Fig. S5D). Interestingly, Hnrpab2 in the
cytoplasm on day 15 is more pronounced than Hnrpab1
(cf. Fig. 9, B1 and B2 with Fig. 9, A1 and A2; cf. ratios in
Supplemental Fig. S5, C and D; P-value 0.014 for this com-
parison). We examined the effect of glutamate excitation
on the nucleocytoplasmic appearance of both Hnrpab1 and
Hnrpab2. A modest increase in either Hnrpab1 or Hnrpab2
cytoplasmic staining was detected upon glutamate stimu-
lation (Fig. 9, cf. A1 and A2 with A3 and A4, and B1 and B2
with B3 and B4; Supplemental Fig. S5E,F). These results
suggest that the localization of Hnrpab to the cytoplasm in
brain sections is more associated with a change in stage of
neuronal maturation than a state of excitation, and that a
larger proportion of the cytoplasmic signal from total Hnrpab
staining is due to Hnrpab2.

DISCUSSION

A screen of gene expression changes in Hnrpab
knockout mice reveals a role for this RNA-binding
protein in neural differentiation and excitotoxicity

We raised an Hnrpab knockout mouse from a gene-trapped
ES cell collection that lacks detectable expression of both
isoforms in late embryonic and early postnatal brains, as
well as in any type of cell-cultured cells derived from these
brains. We used this Hnrpab null mouse to quantify pro-
tein expression changes in the developing hippocampus at
the genome-wide level in their in vivo context. The list of
the most significant changes reveals that Hnrpab regulates
levels of proteins involved in neural development. Consistent
with this, neurosphere cultures showed an altered course of
differentiation in the absence of Hnrpab expression. Since

FIGURE 6. Immunofluorescence of Hnrpab in the brain of adult
mice. (A) Brain sections were immunostained with N-terminal
peptide antibody that recognizes both isoforms of Hnrpab. (B)
Coimmunostaining with a parvalbumin monoclonal antibody con-
firms the cytoplasmic localization of Hnrpab in the cytoplasm of
cerebellar Purkinje neurons. (C) A merge of these images pseudo-
colored together with DAPI. (D) A pseudo-colored, normalized, then
merged image from an adjacent brain section that was processed for
immunostaining without primary antibodies. (E,F) Hnrpab immu-
nostained fluorescence image from the dentate gyrus (dg) and the
CA3 region of the hippocampus, with the adjacent dg regions
indicated are shown in E and F, respectively. The polymorphic layer
of the dg in E lies in between the two branches of the granule layer
that fold back to z180° in this image. Scale bar in all images is 50 mm.
(G) Hnrpab+/� and Hnrpab�/� protein lysate was separated on a 10%
PAGE gel and probed with Hnrpab peptide-affinity purified antibody
or antiserum as indicated.
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nestin-positive cells showed the largest decrease in neuro-
sphere cultures, and since we observed an increase in neural
progenitor markers, we hypothesize that Hnrpab regulates
stem cell maintenance and neural precursor differentiation.
We speculate that this role may continue into adulthood, since
Hnrpab expression remains high in the neurogenic regions of
the brain (subventricular zone and rostral migratory stream),
where the adult neural stem cells reside (Rushlow et al. 1999;
Lein et al. 2007). Most likely, Hnrpab does not function as
a master regulator of neural development, since no class of
neural lineage is strongly lost or favored in Hnrpab�/� mice.
We think it is more likely that Hnrpab regulates the timing of

neural stem cell differentiation, possibly
being involved in interpreting environ-
mental signals that influence neural cell
fate into changes in gene expression at the
transcriptional and/or post-transcriptional
levels. Follow-up studies will be required
to identify the changes that Hnrpab di-
rectly mediates.

The proteomic results also led us to
discover that Hnrpab�/� neurons showed
increased sensitivity to cell death in-
duced by glutamate stimulation, sug-
gesting that under normal conditions
Hnrpab activity prevents cell death that
can result from excess neuronal activity.
Excitotoxicity results from excessive re-
lease of calcium following glutamate recep-
tor simulation, which activates cell stress
response and cell death cascades (Wang
and Qin 2010; Zhivotovsky and Orrenius
2011). It is also possible that Hnrpab may
limit cell death in other tissues where it
is expressed. The table of most signifi-
cantly affected genes includes an increase
in Grm3/mGluR3, a G-protein coupled
metabotropic glutamate receptor (Table
1). A speculative explanation for gluta-
mate excitotoxicity would be increases in
glutamate-stimulated calcium release to
toxic levels, due to an increased amount
of Grm3 (Hilton et al. 2006). Increases
in apoptosis-promoting proteins such as
Fkbp8/Fkbp38, a calmodulin-regulated
Bcl-I interacting protein, may also ex-
acerbate this phenomenon (Edlich et al.
2006). However, the large number of
changes we documented requires future
experimentation to determine whether
this is the underlying cause for the in-
crease in excitotoxicity. Programmed cell
death is very important during neural
development; therefore, it is possible that
the role of Hnrpab in neural develop-

ment and excitoxicity both stem from Hnrpab’s cellular role
in preventing cell death (Martin 2001; Buss et al. 2006). In
this scenario, an altered susceptibility to cell death might re-
sult in the changes in the neural lineage marker expression
that we observe.

The nucleo-cytoplasmic distribution of Hnrpab
isoforms suggests a change in the cellular function
during neuronal maturation

The localization of Hnrpab protein at first suggests a pri-
marily nuclear function of Hnrpab during development

FIGURE 7. Hnrpab localizes to the nucleus in early primary neuron cultures. (A) Primary
cortical neurons from an E18 Hnrpab+/� mouse brain were dissociated and plated, and then
maintained in culture for 6 d. These were immunostained with N terminus peptide Hnrpab
antibody, in the absence (top) or presence (bottom) of the immunogenic peptide. bIII-tubulin
was costained as a marker for neurons. Normalized Hnrpab images (middle) are shown
together with pseudo-colored Hnrpab/bIII-tubulin merge images (left) and DIC images
(right). All images were taken on the same magnification, and the scale bars in the center
images are 50 mm. Cell bodies that are bIII-tubulin+ but Hnrpab- in the top panel always
coincide with dead neurons in the DIC images. (B) Primary hippocampal neurons from
Hnrpab+/� and Hnrpab�/� E18 mouse brains were dissociated and plated, then maintained in
culture for 3 d. These were immunostained with N terminus peptide Hnrpab antibody, bIII-
tubulin, and DAPI. Normalized images of Hnrpab immunofluorescence (top) and pseudo-
colored Hnrpab/bIII-tubulin/DAPI merged images (bottom) are shown. Scale bars in these
images represent 100 mm.
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when little or no cytoplasmic signal is detected. This is
most consistent with roles in transcription or nuclear mRNA
processing such as splicing, editing, or cleavage and poly-
adenylation. Examples of Hnrpab binding to transcription
element containing DNA have been reported; however, the
presence of RRMs indicate that it is likely that this protein
will play a role in regulating gene expression at the post-
transcriptional level (Smidt et al. 1995; Bemark et al. 1998;
Mikheev et al. 2000; Yabuki et al. 2001; Gao et al. 2004;
Murgatroyd et al. 2004). mRNA localization in the cytoplasm
has been demonstrated to require nuclear RNA-binding pro-
teins; however, the precise role of these proteins in the
cytoplasmic localization process remains poorly defined
(Czaplinski and Singer 2006; Giorgi and Moore 2007). There-
fore, nuclear localization does not preclude a protein from
playing a role in localizing mRNA in the cytoplasm in im-
mature neurons. In fact, evolutionarily conservation of
the Hnrpab protein strongly supports this as cellular role
for Hnrpab function. Injecting antibodies into the Xenopus
Hnrpab ortholog, 40LoVe, impairs localization of the TGF-b
family Vg1 mRNA in the cytoplasm of oocytes, and the
Drosophila relative, called Squid, plays a role in localization
of different mRNAs during Drosophila oogenesis (Norvell
et al. 1999; Czaplinski et al. 2005; Czaplinski and Mattaj

2006; Delanoue et al. 2007). Recombinant Hnrpab2 was
suggested to have a detectable preference for an hnRNP A2
responsive element (A2RE), an RNA sequence involved in
mRNA transport in oligodendrocytes and neurons, although
this particular sequence was demonstrated to bind quite
specifically to hnRNP A2 (Hoek et al. 1998; Raju et al. 2008).
This observation could be consistent with overlapping roles
for Hnrpab2 and hnRNP A2 in mRNA localization in
neurons.

Neither bona fide Hnrpab RNA-binding sites nor con-
sensus sites have been identified; however, its preference for
G- and/or U-rich RNA or DNA has been reported (Kumar
et al. 1987; Sarig et al. 1997; Khateb et al. 2004; Raju et al.
2008). Hnrpab1 specifically associates with AU-rich stabil-
ity elements (AREs) of some mRNAs, suggesting a role in
cell-type and differentiation-regulated mRNA stability for
at least some mRNAs. This is interesting because Hnrpab
belongs to the AUF1/hnRNP D family of proteins, and
AUF1/hnRNP D regulates the stability of many ARE-
containing mRNAs (Dean et al. 2002; Czaplinski et al. 2005;
Kroll et al. 2009). Under normal conditions, calcium influx
upon glutamate stimulation would be expected to impact
the stability of many A–U-rich element-containing mRNAs
in neurons (Klein et al. 1999). It is therefore appealing to
consider that increased sensitivity to excitotoxicity may
result from improper regulation of Hnrpab target mRNA
stability when Hnrpab is lacking. The larger increase of
Hnrpab2 in the cytoplasm after neuronal maturation raises
the possibility that cytoplasmically localized Hnrpab2 may

FIGURE 8. Hnrpab isoforms are predominantly nuclear in develop-
ing neurons. Primary hippocampal neurons from Hnrpab+/� (A,B)
and Hnrpab�/� (B,D) E18 mouse brains were dissociated and plated,
then maintained in culture for 5 d before infection with recombinant
LVPs to express Flag epitope-tagged either Hnrpab1 (A,B) or
Hnrpab2 (C,D). These were fixed and processed for immunostaining
3 d later (8DIV), using anti-Flag epitope antibodies and DAPI for the
nucleus. Pseudo-colored Flag immunofluorescence (orange) merged
with DAPI (blue) and DIC images (gray) (panels labeled 1) are shown
next to the Flag immunofluorescence images alone (panels labeled 2).
Scale bars represent 20 mm.

FIGURE 9. Hnrpab isoforms appear in the cytoplasm of mature
neurons. Primary hippocampal neurons from E18 Hnrpab+/� mouse
brains were dissociated and plated on coverslips and then maintained
in culture for 8 d before infection with recombinant LVPs to express
Flag-epitope tagged either Hnrpab1 (A) or Hnrpab2 (B). On 15DIV
cultures were treated with 50 mm of glutamate (panels labeled 3 and
4) or mock treated (panels labeled 1 and 2) for 10 min and then
glutamate removed and incubation continued for 6 h. These were
fixed and processed for immunostaining using anti-Flag epitope
antibodies, and DAPI for the nucleus. Pseudo-colored Flag immuno-
fluorescence (orange) merged with DAPI (blue) and DIC images
(panels labeled 1 and 3) are shown next to the Flag immunofluores-
cence images alone (panels labeled 2 and 4). Scale bars represent
20 mm.
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take on a role that is distinct from Hnrpab1, such as
regulating translation or mRNA stability in this compart-
ment. Similar to Hnrpab, multiple isoforms of the Dro-
sophila Squid protein have distinct roles in mRNA locali-
zation and translation (Norvell et al. 1999, 2005; Clouse
et al. 2008). It will be worthwhile to delineate the mech-
anism of how Hnrpab1 and Hnrpab2 are targeted to the
nucleus, how the mechanism of localization for each iso-
form is regulated during neuronal development, and what
role Hnrpab1’s unique exon 7 plays in regulating this
activity.

In contrast to the cytoplasmic immunostaining pattern
observed for many other RNA-binding proteins in neurons,
we found no evidence for a primarily punctate localization
for either Hnrpab isoform in the cytoplasm of neurons in
culture or in brain sections. In fact, the localization that we
observed contradicts studies using antibodies raised against
the unique exon 7 sequence of Hnrpab1, which showed
very strong punctate staining throughout the cytoplasm of
cells in the brain (Raju et al. 2008, 2011). We never
observed punctate staining using affinity-purified antibody
preparations from four independent Hnrpab immune-sera
(all raised against the Hnrpab N terminus), or with re-
combinant lentiviral-expressed epitope-tagged Hnrpab1 (Figs.
4–7; data not shown). Our data show that Hnrpab1 be-
comes detectably cytoplasmic in mature neurons, but is
always uniform in its appearance, not strongly granular or
punctate.

Changes in gene expression when Hnrpab
is disrupted identifies Hnrpab cellular function

We observed hundreds of changes in protein expression
when animals develop in the absence of Hnrpab. Classify-
ing these changes allowed us to successfully predict a phe-
notype for Hnrpab�/� neural cells, although we do not yet
know how many of these changes are due directly to the
absence of Hnrpab regulation, either transcriptional or
post-transcriptional. Hnrpab disruption favors increases in
affected proteins at a 5:1 ratio over decreases. This could
suggest that Hnrpab has a widespread role in repressing
transcription or translation of many transcripts, or for
promoting mRNA instability. Alternatively, Hnrpab may
directly regulate only one (or a few) regulatory protein that
targets many other genes, making many of the changes that
we observe indirectly dependent on Hnrpab function. Fu-
ture experiments will be needed to address the mechanism
of these gene expression changes and their role in neural
development and neuron activity. With a viable Hnrpab�/�

mouse, numerous other experiments to explore neuronal
function and survival in living mice are possible and may
lead to novel insights into how regulation of gene expres-
sion influences neurological disease processes and mouse
behavior. Many neurodegenerative diseases are thought to
involve excitotoxicity and are largely untreatable. There-

fore, understanding the mechanism of Hnrpab�/� sensitiv-
ity to excitotoxicity may lead to novel approaches to close
this gap.

It is also interesting to consider that some of the changes
that we observe, in fact represent a protein signature for
how cells must compensate for the lack of Hnrpab. Cellular
compensation for loss of embryonic expression of many
vital genes has been observed. This allows animals to
develop in the absence of such genes, demonstrating that
functional cellular plasticity is inherent in mammalian
development; however, the cellular mechanisms that adjust
for this are generally unknown. If Hnrpab indeed plays
some essential role that can be compensated for, then our
proteomic results indicate that the cells appear to adjust
gene expression networks by altering many different path-
ways slightly, as opposed to strongly up-regulating one
pathway.

MATERIALS AND METHODS

Raising Hnrpab–/– mice

Gene trap AV0462 ES cells in the Wellcome Trust Sanger Institute
collection harbored a putative insertion of the pGT01xr gene trap
vector into intron 5 of the Hnrpab gene. ES cell-line expansion,
gene-trap verification, blastocyst injection, and germ-line screen-
ing of chimeras were all performed using standard techniques
from the Mutant Mouse Regional Resource Center facility at
University of California at Davis. We designed a single PCR re-
action to genotype, with a sense-strand primer to exon 4 (59-gg
tggcttgtttcttcttg) in combination with two antisense primers that
bind either to intron 5 (to amplify the wild-type allele, 59-gaa
gagccagctgtttccag), or the En2 intron of pGT01xr (59-ggctaccggc
taaaacttga). The wild-type allele produces a band of 429 nucleo-
tides (nt) and the Gt(AV0462)Wtsi allele produces a band of 745
nt. Fifteen microliter reactions with Sigma Jump Start Taq PCR
mix are used with 1 mL of genomic DNA from mouse tail, pre-
pared with DNeasy Blood and tissue kit (Qiagen). A 58° annealing
and 1-min extension time is used. Homozygous males and females
breed normally on the mixed genetic background of the germ-line
transmitted mice, and this colony is maintained inbred. We rou-
tinely mate a heterozygous female with a homozygous male to
generate a 1:1 ratio of Hnrpab+/� and Hnrpab�/� mice in each
litter.

Hnrpab antisera and affinity-purified antibodies

Amino acids 6–24 of mouse Hnrpab (NH2-EEQPMETTGATENG
HEAAP-COOH) were used to raise polyclonal rabbit antibodies
(ProteinTech Group). This peptide is present in both isoforms of
Hnrpab and is 100% conserved in mouse, rat, and most other
mammalian Hnrpab orthologs. We also purified recombinant
6his-tagged human Hnrpab N terminus protein (amino acids
1–71) and ProteinTech Group-raised polyclonal antisera to this.
To affinity purify antibodies, either the peptide or 6his-Hnrpab1-71
was attached to a NHS-Sepharose to a high concentration as per the
manufacturer’s instructions. Immune serum was reacted with resin
in batch, then poured into a column for washing (PBS-0.5 M NaCl)

Sinnamon et al.

714 RNA, Vol. 18, No. 4



before the antigen-purified antibodies were eluted with 0.1 M
glycine (pH 2.5), 500 mM NaCl, and immediately neutralized with
1/10 vol of 1M Tris (pH 8.0). This was dialyzed against PBS,
concentrated in Dialysis tubing (MWCO 3000) covered in PEG
powder (MW 30,000), then dialyzed extensively against PBS-20%
glycerol in new dialysis tubing with 10,000 MWCO. This antibody
(z100 mg/mL) was aliquoted and stored at �80°C for long-term
storage, or at 4°C for short-term use. Both serum and affinity-
purified antibody recognized the expected two isoforms of Hnrpab
on Western blots.

Immunostaining of brain sections

A 55-d-old mouse was perfused with PBS-4%PFA and the brain
dissected, cryo-protected, frozen, and mounted in tissue-mount-
ing medium. Saggital sections were prepared and post-fixed
on the slides with PBS-4%PFA and permeabilized with PBS-
1%TritonX-100. After washing in PBS, blocking was performed in
CAS block (Zymed) for 1 h, and primary antibodies diluted in
CAS block. Hnrpab N-terminal peptide affinity-purified antibody
was used at 1:50 and Mouse antiparvalbumin (Sigma P3088) was
also used 1:50, and these primary antibodies were incubated with
sections overnight at 4°C. After washing in PBS, secondary anti-
bodies (anti-mouse IgG FITC and anti-rabbit IgG-Cy3, Jackson
Immunoresearch) were diluted to 1:500 in PBS and incubated for
1 h. After several washes, DAPI was included in the final PBS wash
at 300–600 nM. Brain sections were mounted in Pro-long Gold
anti-fade (molecular probes). Microscopy was performed on a Nikon
TiE widefield fluorescence microscope with appropriate fluores-
cence filters, and images acquired using a Photometrics cool snap
HQ2 camera.

Neuron culture and immunofluorescence

Culture methods are based on routine practices for embryonic
neuron cultures (Goslin and Banker 1998; Meberg and Miller
2003; Raju et al. 2008). Hnrpab+/Gt(AV0462)Wtsi mothers are mated
with Hnrpab Gt(AV0462)Wtsi / Gt(AV0462)Wtsi males and embryonic
day 18 (E18) mouse pups are dissected from the pregnant females,
transferred, and extensively washed in ice-cold sterile PBS. Brains
are dissected in ice-cold Hanks Basal Salt Solution, w/o Mg++ or
Ca++ (HBSS) with 5 mM HEPES (pH 7.5), hippocampi are
removed without meninges from individual animals, and tails are
kept separate and quickly processed for genotyping. Brain tissue is
treated with 0.25% trypsin in HBSS at 37° for 20 min. Trypsin is
inactivated by adding Ovomucoid Inhibitor to 1 mg/mL and
DNaseI added to 0.2 mg/mL, and cells were incubated for 5 min at
room temperature. Tissue pieces are rinsed three times with room
temperature Hibernate-E (BrainBitsLLC) containing 2 mM Glu-
tamax and 13 B27, and then dissociated carefully by 10 passes
through a flame-polished Pasteur pipette. Cultures are filtered
with a 0.4-mm mesh and stored on ice in the dark until
genotyping is completed (typically within 24 h). Equal numbers of
neurons from animals of the same genotype are then pooled prior
to plating 75,000 to 100,000 viable cells on 18-mm glass coverslips
coated with 50 mg/mL Poly-L-Lysine hydrobromide in boric acid
buffer (50 mM Boric Acid, 12.5 mM Sodium Borate, decahydrate).
The hippocampal neurons are diluted in in Neurobasal 1xB27 and
2 mM glutamax with 25 mM glutamate for plating. Coverslips are
maintained within one well of a 12-well dish. After cells attach to

coverslips (typically within 1 h) the media is changed to remove
cell debris. Media half changes occur every 4 d using a 1:1 mixture

of fresh Neruobasal-B27-2mM Glutamax and glia-conditioned

medium (Meberg and Miller 2003). Cells were maintained at 37°C

with 5% CO2 in a humidified incubator.
For glutamate stimulation, complete medium change to fresh

Neurobasal-B27-1mM Glutamax was very carefully performed,

and after 10 min, cells were rinsed once in plain Neurobasal and

then changed back to fresh Neurobasal-B27-Glutamax, and in-

cubation continued for 6 h. All media for glutamate stimulation

was equilibrated in 5% CO2 at 37°C prior to application to the cells.

Fixation was performed by three serial threefold dilutions of

culture medium with PBS-4% PFA, followed by a last complete

change with PBS-4% PFA. After 20 min, coverslips were changed

into PBS-0.1 M Glycine for 20 min. For storage, cells were changed

into 80% methanol and kept at �20. Stored coverslips were re-

hydrated by six twofold serial dilutions of the storage solution

with PBS, followed by a final wash with PBS. These were

permeabilized with PBS-0.5% IGEPAL-60 for 5 min. Coverslips

were rinsed in PBS and blocked for 30 min with CAS block

(Zymed). Hnrpab antibody was diluted 1:50 in CAS block for

immunostaining, and anti-Flag M2 monoclonal mouse antibody

was diluted into TBST (50 mM Tris at pH 8.0, 150 mM NaCl, 0.1%

Tween 20) at a concentration of 10–20 mg/mL. Primary antibodies

were incubated with samples overnight at 4°C in a humidified

chamber. Coverslips were washed for 1 h with four changes of PBS.

Coverslips were incubated with secondary antibody at 1:500 in CAS

block for 1 h at room temperature (anti-rabbit IgG -Cy3 or anti-

mouse IgG-Alexa 546 for Hnrpab and FlagM2, respectively).

Coverslips were washed for 1 h with four changes of PBS, 300 nM

DAPI included in the last wash. Coverslips were mounted and

imaged as described for brain sections above, with the exception that

a QuantEM camera with 512 3 512 pixel chip with the multiplier

off was used for image acquisition of the virus-infected neurons.
For neurite length measurements, embryonic day 18 cortical

neurons were prepared as described above and allowed to grow for

2 d in vitro. The cells were then fixed with 4% PFA and

permeabilized with NP40. The cells were immunostained using

b�III tubulin (Sigma T8660) in the presence of CAS block

(Invitrogen 00-8120) to block nonspecific interactions. A total

of 26 Heterozygous and 30 KO cells with 117 and 99 neurites

(respectively) were analyzed using the Nikon NIS Elements

Software. A neurite was defined as a b�III tubulin-positive

extension from the cell body. The lengths of individual neurites

per cell were recorded and the longest neurite from each cell de-

termined. Statistics were performed using a Mann-Whitney Rank

Sum Test on the median values of the lengths of each neurite and

the longest neurite per cell.
To quantify Nuclear/Cytoplasmic Ratios of Flag-tagged Hnrpab

isoforms, at least 12 cells per condition were analyzed using the

Nikon NIS Elements Software. The sum intensity Flag staining in

the nucleus was determined along with the sum intensity of the total

cell soma. The cytoplasmic distribution of the Hnrpab isoforms was

calculated by subtracting the nuclear intensity from the total in-

tensity. The ratio of nuclear signal to cytoplasmic signal was then

calculated. Statistical analyses of the nuclear to cytoplasmic ratios

were performed using the Mann-Whitney Sum Rank Test or

students t-test, controlling for multiple comparisons with the

Bonferroni adjustment.
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Hnrpab expressing virus-like particle
(LVP) production

Triple-Flag-tagged Hnrpab1 and Hnrpab2 were cloned by add-on
PCR into a Tat and Rev-dependent lentiviral vector (pHAGE-
UbC-GIR) (Mostoslavsky et al. 2006). After LVP infection, target
cells use the human Ubiquitin C promoter to transcribe an mRNA
that will translate three tandem Flag epitopes at the N terminus of
either Hnrpab1 or Hnrpab 2, and a Internal Ribosomal Entry Site
(IRES), followed by Green Fluorescent Protein from Zoanthus
species as a marker for infection of living cells. LVPs are produced
by cotransfection of these vectors individually into HEK 293-T
cells with Tat, Rev, Gag-pol, and VSV-G envelope protein-ex-
pressing vectors as described (Mostoslavsky et al. 2006). Virus-
containing culture supernatant is harvested on the first, second,
and third days after transfection. Debris is cleared from the virus
containing supernatant at 3000g for 10 min. This supernatant
from the first and second day is stored on ice until the third day
post-transfection. On the third day, all 3 d of debris-cleared
supernatant are combined and filtered with a 0.4-mm PES-syringe
filter. LVPs are concentrated by ultracentrifugation at 100,000g for
2 h. After removal of the supernatant, the pellet is resuspended in
1.2 mL of DMEM (no serum), aliquoted into 100-mL aliquots,
and stored at �80°C. For infection, one aliquot is thawed on ice
and infection performed in primary neuron cultures by addition
of the appropriate amount of viral stock solutions directly to neu-
ronal culture medium. One aliquot of LVPs prepared as described
can effectively infect up to four wells of neurons in a 12-well dish
when plated at densities described above.

Proteomic methods

Materials

Invitrosol was purchased from Invitrogen. Trypsin (modified, se-
quencing grade) was obtained from Promega. Other laboratory
reagents were purchased from Sigma-Aldrich and Thermo Fisher
Scientific unless noted otherwise.

Sample preparation

An entire litter from Hnrpab+/� and Hnrpab�/� animals was
dissected within several hours of birth. Hippocampi from each
mouse were combined and fractionated into soluble fractions and
insoluble fractions, and the corresponding tails used to genotype the
samples. Hippocampus tissues were homogenized in the first mass
spectrometry compatible lysis buffer (50 mM Ammonium Bi-
carbonate,, 0.53 invitrosol, protease, and phosphatase inhibitors
[Roche]) using the Precellys 24 tissue homogenizer (Bertin Technol-
ogies). After homogenization, tissue lysates were cleared by centrifu-
gation. The cleared supernatant was collected as the soluble fraction.
The remaining pellet was solubilized in the second mass spectrometry
compatible lysis buffer (50 mM Ammonium Bicarbonate, 8M Urea,
13 invitrosol, protease and phosphatase inhibitors) and collected as
the insoluble fraction. The protein concentration from each fraction
was determined using the EZQ protein assay.

For quantitative global protein analysis, we used brain lysates
from metabolically labeled mice as internal protein standards.
C57BL/6 mice were labeled metabolically using stable isotope-labeled
(15N) amino acids (SILAM) according to the feeding regimen es-
tablished in the Chen laboratory. The isotopic incorporation was

to >97% of 15N amino acids into proteins in the brain tissue as
determined by LC-MS/MS. Age-matched 15N-labeled hippocam-
pus tissues were homogenized and fractionated using the same
method described above, and the protein concentration was de-
termined using the EZQ protein assay.

Trypsin digestion

A total of 30 mg of unlabeled soluble or insoluble hippocampus
lysates were mixed with 30 mg of corresponding 15N-labeled
hippocampus lysates and diluted in 50 mM Ammonium Bi-
carbonate for trypsin digestion. Trypsin was added to each sample
at a ratio of 1:30 enzyme/protein along with 2 mM CaCl2 and
incubated for 16 h at 37°C. Following digestion, all reactions were
acidified with 90% formic acid (2% final) to stop proteolysis. Then,
samples were centrifuged for 30 min at 14,000 rpm to remove in-
soluble material. The soluble peptide mixtures were collected for
LC-MS/MS analysis.

Multidimensional chromatography and tandem
mass spectrometry

Peptide mixtures were pressure loaded onto a 250-mm inner
diameter (i.d.) fused-silica capillary packed first with 3 cm of
5 mm strong cation exchange material (Partisphere SCX, Whatman),
followed by 3 cm of 10 mm of C18 reverse-phase (RP) particles
(Aqua). Loaded and washed microcapillaries were connected via a
2-mm filtered union (UpChurch Scientific) to a 100-mm i.d. col-
umn that had been pulled to a 5-mm i.d. tip using a P-2000 CO2

laser puller (Sutter Instruments), then packed with 13 cm of 3 mm
of C18 reverse-phase (RP) particles (Aqua) and equilibrated in 5%
acetonitrile, 0.1% formic acid (Buffer A). This split-column was
then installed in-line with a NanoLC Eskigent HPLC pump. The
flow rate of channel 2 was set at 300 nL/min for the organic
gradient. The flow rate of channel 1 was set to 0.5 mL/min for the
salt pulse. Fully automated 11-step chromatography runs were
carried out. Three different elution buffers were used: 5% acetoni-
trile, 0.1% formic acid (Buffer A); 98% acetonitrile, 0.1% formic
acid (Buffer B); and 0.5 M ammonium acetate, 5% acetonitrile,
0.1% formic acid (Buffer C). In such sequences of chromatographic
events, peptides are sequentially eluted from the SCX resin to the
RP resin by increasing salt steps (increase in Buffer C concentra-
tion), followed by organic gradients (increase in Buffer B concen-
tration). The last chromatography step consists of a high-salt wash
with 100% Buffer C, followed by acetonitrile gradient. The appli-
cation of a 2.5-kV distal voltage electrosprayed the eluting peptides
directly into a LTQ-Orbitrap XL mass spectrometer equipped with
a nano-LC electrospray ionization source (ThermoFinnigan). Full
MS spectra were recorded on the peptides over a 400–2000-m/z
range by the Orbitrap, followed by five tandem mass (MS/MS)
events sequentially generated by LTQ in a data-dependent manner
on the first, second, third, and fourth most intense ions selected
from the full MS spectrum (at 35% collision energy). Mass
spectrometer scan functions and HPLC solvent gradients were con-
trolled by the Xcalibur data system (ThermoFinnigan).

Database search and interpretation of MS/MS data sets

Tandem mass spectra were extracted from raw files, and a binary
classifier—previously trained on a manually validated data set—
was used to remove the low quality MS/MS spectra. The re-
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maining spectra were searched against a mouse protein database
containing 56,871 protein sequences downloaded as FASTA-
formatted sequences from EBI-IPI (database version 3.75, released
on August, 19, 2010) (Kersey et al. 2004) and 124 common
contaminant proteins, for a total of 56,995 target database se-
quences. To calculate confidence levels and false-positive rates, we
used a decoy database containing the reverse sequences of 56,995
proteins appended to the target database (Elias and Gygi 2007)
and the SEQUEST algorithm (Eng et al. 1994; Yates et al. 1995) to
find the best matching sequences from the combined database.

SEQUEST searches were done using the Integrated Proteomics
Pipeline (IP2, Integrated Proteomics Inc.) on Intel Xeon X5450
X/3.0 PROC processor clusters running under the Linux operating
system. The peptide mass search tolerance was set to 50 ppm. No
differential modifications were considered. No enzymatic cleavage
conditions were imposed on the database search, so the search
space included all candidate peptides whose theoretical mass fell
within the 50-ppm mass tolerance window, despite their tryptic
status.

The validity of peptide/spectrum matches was assessed in
DTASelect2 (Tabb et al. 2002) using SEQUEST-defined parame-
ters, the cross-correlation score (XCorr), and normalized difference
in cross-correlation scores (DeltaCN). The search results were
grouped by charge state (+1, +2, and +3) and tryptic status (fully
tryptic, half-tryptic, and nontryptic), resulting in nine distinct
subgroups. In each one of the subgroups, the distribution of XCorr
and DeltaCN values for (1) direct and (2) decoy database hits was
obtained, and the two subsets were separated by quadratic dis-
criminant analysis. Outlier points in the two distributions (for
example, matches with very low Xcorr, but very high DeltaCN,
were discarded. Full separation of the direct and decoy subsets is
not generally possible; therefore, the discriminant score was set
such that a false-positive rate of 1% was determined based on the
number of accepted decoy database peptides. This procedure was
independently performed on each data subset, resulting in a false-
positive rate independent of tryptic status or charge state.

In addition, a minimum sequence length of 7 amino acid
residues was required, and each protein on the final list was
supported by at least two independent peptide identifications
unless specified. These additional requirements—especially the
latter—resulted in the elimination of most decoy database and
false-positive hits, as these tended to be overwhelmingly present as
proteins identified by single peptide matches. After this last fil-
tering step, the false identification rate was reduced to below 1%.

Quantitative global protein analysis

SEQUEST identified 14N- and 15N-labeled peptides based on their
fragmentation spectra. CenSus, an algorithm-based quantification
software (Park et al. 2008) was used to identify coeluting 14N and
15N peptide peaks from the MS based on MS/MS identifications,
generate ratios of coeluting 14N and 15N peptides based on the
measured ion intensities, and perform statistical analysis (R2

correlation, ratio distribution of peptides, etc). Only coeluting
14N and 15N peptides with R2 scores >0.5 were used for protein
quantification. Relative expression level between 14N-labeled
(Hnrpab+/� or Hnrpab�/�) and 15N-labeled (wild type) for each
protein was calculated by averaging the ratio of 14N- to 15N-
labeled peptides among animals of a the same genotype. Differ-
ential protein expression between Hnrpab+/� or Hnrpab�/�

hippocampus lysates was calculated by dividing the Hnrpab�/�

14N/15N ratios by Hnrpab+/� 14N/15N ratios.

Functional analysis of an entire data set

Network analysis using ingenuity pathway analysis software can
organize gene-expression changes into groups of genes, which
highly influence one another governing specific biological func-
tions. Proteins whose expression was changed by Hnrpab disrup-
tion were uploaded into ingenuity software (http://www.ingenuity.
com) to perform network analysis. The software scans the input
gene-expression data to provide networks by using the Ingenuity
Pathway Knowledge Base, which is a database created from data
mining for expression and functional relationships between mole-
cules extracted from previously published peer-reviewed papers
found in NCBI PubMed, Medline, and several other databases.
These proteins were associated with biological pathways using
Ingenuity’s Knowledge Base. Right-tailed Fisher’s exact test with
the Benjamini-Hochberg multiple correction to control for false
positives was used to calculate a P-value determining the prob-
ability that each biological function and/or disease assigned to that
data set is due to chance alone.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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