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ABSTRACT

The ZC3H14 gene, which encodes a ubiquitously expressed, evolutionarily conserved, nuclear, zinc finger polyadenosine RNA-
binding protein, was recently linked to autosomal recessive, nonsyndromic intellectual disability. Although studies have been
carried out to examine the function of putative orthologs of ZC3H14 in Saccharomyces cerevisiae, where the protein is termed
Nab2, and Drosophila, where the protein has been designated dNab2, little is known about the function of mammalian ZC3H14.
Work from both budding yeast and flies implicates Nab2/dNab2 in poly(A) tail length control, while a role in poly(A) RNA
export from the nucleus has been reported only for budding yeast. Here we provide the first functional characterization of
ZC3H14. Analysis of ZC3H14 function in a neuronal cell line as well as in vivo complementation studies in a Drosophila model
identify a role for ZC3H14 in proper control of poly(A) tail length in neuronal cells. Furthermore, we show here that human
ZC3H14 can functionally substitute for dNab2 in fly neurons and can rescue defects in development and locomotion that are
present in dNab2 null flies. These rescue experiments provide evidence that this zinc finger-containing class of nuclear
polyadenosine RNA-binding proteins plays an evolutionarily conserved role in controlling the length of the poly(A) tail in neurons.
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INTRODUCTION

Post-transcriptional regulation of gene expression is critical
for determining the spatial and temporal gene expression
pattern of a cell. Such regulation is particularly critical in neu-
rons where RNA trafficking and local translation play key
roles in neuronal function (Sinnamon and Czaplinski 2011;
Goldie and Cairns 2012). This post-transcriptional regu-
lation of gene expression is mediated by numerous RNA-
binding proteins. The functional importance of these RNA-
binding proteins is highlighted by the growing number of
proteins in this family that have been linked to human diseas-
es (Cooper et al. 2009).
One key class of RNA-binding proteins, called polyadeno-

sine RNA-binding proteins (Pabs), bind specifically to the
poly(A) tails of mRNA transcripts and play important roles
in the post-transcriptional control of gene expression (Eck-
mann et al. 2011). Previous studies demonstrate that Pabs
can modulate transcript stability, export from the nucleus,
and translation, highlighting their functions as key regulators

of gene expression (Mangus et al. 2003). Recently, mutations
in the human ZC3H14 gene, which encodes a zinc finger
polyadenosine RNA-binding protein (Leung et al. 2009),
were linked to inherited, nonsyndromic, intellectual disability
revealing the critical role of this Pab protein in the brain (Pak
et al. 2011; Kelly et al. 2012). The ZC3H14 protein (also
termed mSUT-2) (Guthrie et al. 2009, 2011), belongs to an
evolutionarily conserved, ubiquitously expressed family of
Cys3His tandem zinc-finger (ZnF) polyadenosine (poly(A))
RNA-binding proteins (Anderson et al. 1993; Hector et al.
2002; Kelly et al. 2007; Leung et al. 2009; Pak et al. 2011).
The mammalian ZC3H14 locus encodes three long protein
isoforms (isoforms 1–3) that at steady state localize to the nu-
cleus and one short isoform (isoform 4) that localizes to the
cytoplasm (Leung et al. 2009; Kelly et al. 2012). Isoforms 1–
3 are ubiquitously expressed and share a common domain
structure (Fig. 1A) with both Drosophila melanogaster Nab2
(dNab2) and Saccharomyces cerevisiaeNab2, while the shorter
ZC3H14 isoform 4, which is highly expressed only in testes,
has a unique first exon but retains the C-terminal tandem
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ZnF RNA-binding domain (Leung et al. 2009). Interestingly,
one of the ZC3H14 mutations in intellectually disabled pa-
tients (R154->termination codon) leads to loss of ZC3H14
isoforms 1–3 but leaves isoform 4 intact (Pak et al. 2011), sug-
gesting that these longer isoforms are necessary for cognitive
function in humans, while isoform 4 may perform a distinct
function.

Although little is known about the molecular function of
human ZC3H14, both the S. cerevisiae and D. melanogaster
presumptive orthologs of ZC3H14 bind polyadenosine RNA
and are required to restrict poly(A) tail length in vivo (Ander-
son et al. 1993; Hector et al. 2002; Pak et al. 2011). As with
ZC3H14 isoforms 1–3, the budding yeast and fly Nab2 pro-
teins both localize to the nucleus at steady state (Anderson
et al. 1993; Pak et al. 2011). Genetic studies reveal interactions
betweenNab2 and genes encoding components of the nucle-
ar polyadenylation machinery (Kelly et al. 2010; Pak et al.
2011) suggesting that one principal Nab2 function is control
of polyadenylation. Consistent with a critical role for Nab2
in post-transcriptional regulation, S. cerevisiae and D. mela-
nogasterNab2 are essential for cell viability and development,
respectively (Anderson et al. 1993; Pak et al. 2011).

Our previous work demonstrating a requirement for D.
melanogaster Nab2 in normal locomotor behavior (Pak et al.

2011) led to the hypothesis that neurons are exquisitely sensi-
tive to defects in nuclear poly(A) tail length control. The sub-
sequent findings that neuron-specific expression of wild-type
dNab2 rescues dNab2 null developmental and locomotor
defects, and that neuron-specific depletion of dNab2 in oth-
erwise wild-type animals can elicit similar defects, confirmed
this hypothesis (Pak et al. 2011). These studies, coupled with
the finding that humans with ZC3H14 mutations display
nonsyndromic intellectual disability (Pak et al. 2011), suggest
that ZC3H14 and dNab2 may perform functionally analo-
gous roles in RNA metabolism in invertebrate and vertebrate
neurons. However, no studies have been performed previ-
ously to assess the molecular function of ZC3H14.
Herewe demonstrate that depletion of ZC3H14 leads to ex-

tended poly(A) tails in a cultured mouse neuronal cell line
without significant accumulation of poly(A) RNA in the nu-
cleus, supporting a model in which ZC3H14 plays a primary
role in control of poly(A) tail length in mammalian cells.
To extend these molecular results and assess the function
of ZC3H14 in neurons in vivo, we exploit Drosophilamutant
for Nab2. Our results show that neuron-specific transgenic
expression of a nuclear isoform of human ZC3H14, but
not the shorter, cytoplasmic isoform retained in human
ZC3H14-associated intellectual disability patients (Pak et al.
2011), rescues developmental and behavioral phenotypes of
Nab2nullD.melanogaster. Critically, this overt rescue by a nu-
clear isoform of ZC3H14 is accompanied by repair of an un-
derlying defect in poly(A) tail length in the fly brain. These
data indicate that human ZC3H14 is a functional ortholog
of fly Nab2 that plays a critical role in the control of poly(A)
tail length of neuronal RNAs in vivo.

RESULTS

To examine the molecular function of ZC3H14, we utilized
neuro 2A (N2A) cells (Olmsted et al. 1970). Consistent with
previous results (Leung et al. 2009; Guthrie et al. 2011),
ZC3H14 isoforms 1–3 (Fig. 1A) are primarily localized to
the nucleus in this neuronal cell line (Fig. 1B). To assess the
functional consequences of loss of ZC3H14, we used siRNA-
mediated depletion. The siRNAs targeted to ZC3H14 were
designed to deplete all transcript variants. As a control for
a protein implicated in regulation of poly(A) tail length, we
also examined the consequences of siRNA-mediated de-
pletion of the nuclear poly(A)-binding protein, PABPN1.
PABPN1 modulates the processivity of poly(A) polymerase
to achieve optimal poly(A) tail length (Kuhn and Wahle
2004) and previous work has shown that depletion of
PABPN1 leads to shortening of bulk poly(A) tails (Apponi
et al. 2010). As shown in Figure 2A, both ZC3H14-iso1-3
and PABPN1 could be efficiently depleted from N2A cells.
We then examined bulk poly(A) tail length in N2A cells treat-
ed with either of two independent ZC3H14 siRNAs, PABPN1
siRNA, or control scrambled siRNA (Fig. 2B,C). Depletion of
ZC3H14 resulted in an increase in bulk poly(A) tail length

FIGURE 1. Human ZC3H14 isoforms 1–3 are localized to the nucleus
of N2A cells. (A) Domain alignment of S. cerevisiae Nab2, D. mela-
nogaster dNab2, and human ZC3H14 isoforms 1–3 and isoform
4. The conserved N-terminal PWI-like fold, Q-rich, RGG/predicted
classical nuclear localization signal (cNLS), and C-terminal tandem
CCCH zinc finger RNA-binding motif (ZnF CCCH) domains are indi-
cated. The zinc finger domains of human ZC3H14 and fly dNab2 share
significant homology with 48% amino acid similarity in the zinc fingers
as determined by analysis with Clustal W (Larkin et al. 2007). The loca-
tion of the Arginine-to-termination codon (R154Ter) mutation that
eliminates isoforms 1–3 in intellectual disability patients is shown as
is the location for the Alternate exons that are included/excluded to gen-
erate ZC3H14 isoforms 1–3. The PWI-like domain used to raise poly-
clonal ZC3H14 antibodies, which recognize ZC3H14-iso1-3, (Leung
et al. 2009) is also indicated (Antibody binding region). (B) ZC3H14 lo-
calization in cultured N2A cells was assessed using an antibody directed
against the PWI-like domain of ZC3H14 (α-ZC3H14) and thus iso-
forms 1–3 are visualized (green). Cells are costained with the RNA
speckle marker SC-35 (α-SC-35) to indicate the position of nuclear
speckles (red). Corresponding Hoescht staining (blue) is shown to indi-
cate the position of the nucleus. A phase image is also shown.
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compared with cells treated with control siRNA (Fig. 2B,C).
As expected, depletion of PABPN1 led to shortened poly(A)
tails (Apponi et al. 2010). Similar results were obtained with
both siRNAs directed against ZC3H14 ensuring that results
obtained were not due to off-target effects of the siRNA
used. As the S. cerevisiae Nab2 protein has been implicated
in both control of poly(A) tail length and poly(A) RNA ex-
port from the nucleus (Hector et al. 2002), in parallel with
the bulk poly(A) tail length assays, we used fluorescence in
situ hybridization (FISH) to assess the localization of bulk
poly(A) RNA in cells depleted of ZC3H14. Consistent with
what has been reported for dNab2 mutant flies (Pak et al.
2011), little or no accumulation of poly(A) was detected in

the nuclei of cells treated with ZC3H14
siRNA (Fig. 2D). In contrast, as expected
(Apponi et al. 2010), PABPN1 depletion
led to significant nuclear accumulation
of poly(A) RNA. These results provide
molecular evidence that ZC3H14 plays
a role in poly(A) tail length control but
do not directly address the function of
ZC3H14 in vivo.

Given that patients withmutations that
eliminate the nuclear forms of ZC3H14
display intellectual disability without oth-
er reported symptoms (Pak et al. 2011;
Kelly et al. 2012), we sought to assess the
function ofZC3H14 inneurons. For these
studies, we exploited a Drosophila model
that is null for Nab2 and shows neu-
ronal-specific defects in both develop-
ment and behavior (Pak et al. 2011). As
shown in Figure 1A, the sole isoform of
Drosophila Nab2 (dNab2), which is lo-
calized to the nucleus (Pak et al. 2011),
shares a similar domain structure with
the nuclear isoforms of ZC3H14, iso-
forms 1–3. To directly assess whether H.
sapiens ZC3H14 and D. melanogaster
Nab2 are functional orthologs, we used
tissue-specific transgenic expression.Mul-
tiple transgenes encoding either hu-
man ZC3H14 isoform 1 (UAS-ZC3H14-
iso1Flag), which is localized to the nucleus
(Leung et al. 2009), or human ZC3H14
isoform 4 (UAS-ZC3H14-iso4Flag), which
is localized to the cytoplasm (Leung et al.
2009), were tested for the ability to rescue
developmental and behavioral defects in
flies homozygous for the protein and
mRNA null allele dNab2ex3 (hereafter re-
ferred to as dNab2null) (Pak et al. 2011).
Only a small percentage (∼3%) of homo-
zygous dNab2null flies eclose as adults
(Fig. 3A; Pak et al. 2011). Transgenic ex-

pression of ZC3H14-iso1 specifically in D. melanogaster neu-
rons using a pan-neuronal driver (elav-Gal4,UAS-ZC3H14-
Iso1Flag) rescues the eclosion rate of these dNab2null animals
from ∼3% to ∼78% (Fig. 3A). This rescue by ZC3H14-iso1
is comparable to the rescue conferred by transgenic, neuronal
re-expression of dNab2, which restores the eclosion rate to
∼93% (Fig. 3A). In contrast, pan-neuronal expression of
UAS-ZC3H14-iso4Flag had no ameliorating effect on eclo-
sion rates of dNab2null animals (elav-GAL4/+;UAS-ZC3H14-
iso4Flag/+;dNab2ex3/dNab2ex3) (Fig. 3A). Immunoblot analy-
sis confirms expression of Flag-tagged dNab2 and ZC3H14
isoforms in head lysates of transgenic animals (Fig. 3B); how-
ever, the relative level of expression of ZC3H14-iso4 attained

FIGURE 2. ZC3H14 is required for proper poly(A) tail length control. (A) An immunoblot
shows that both ZC3H14 (isoforms 1–3) and a control polyadenosine RNA-binding protein,
PABPN1, are robustly depleted from N2A cells by treatment with specific siRNA with no effect
of a scrambled control RNA (Ctrl). ZC3H14-iso4 is not detected as the antibody was raised to
the N-terminal PWI-like domain not present in isoform 4 (see Fig. 1A). The double band ob-
served for PABPN1 is likely due to the presence of phosphorylated PABPN1. The corresponding
β-actin band is shown as a loading control. (B) ZC3H14 was depleted from N2A cells using two
independent siRNAs (C, inset). As controls, cells were also treated with PABPN1 siRNA to deplete
PABPN1 or scrambled control siRNA (siScramble). Total RNA samples were prepared and sub-
jected to bulk poly(A) tail length analysis as described in Materials and Methods. A gel of the re-
solved bulk poly(A) samples is shown. Approximate positions of nucleotide size markers (nt) are
indicated. (C) To provide a measure of poly(A) tail length, the length of each lane of an indepen-
dent poly(A) tail length assay was scanned for N2A samples treated with Control scramble siRNA,
ZC3H14 siRNA, or PABPN1 siRNA as indicated. The relative intensity of the signal is plotted vs.
poly(A) tail length as determined by size markers. The positions on the scan corresponding to
100, 200, and 300 nt are indicated. (Inset) An immunoblot shows the level of ZC3H14 (isoforms
1–3) knockdown obtained with two independent siRNAs for this experiment. The knockdown
obtained for the control polyadenosine RNA-binding protein, PABPN1, is also shown. No treat-
ment (−) or a control Scramble siRNA has no effect on levels of ZC3H14 or PABPN1. β-actin
serves as a loading control. (D) The siRNA-treated samples shown in the inset in C were used
for fluorescence in situ hybridization to assess poly(A) RNA localization. Total poly(A) RNA is
visualized with an oligo dT probe. The corresponding DAPI and phase images are shown.
Representative cell fields are shown. Results are typical of more than 50 cells analyzed for each
siRNA where the distribution of poly(A) RNA in cells treated with ZC3H14 siRNA was indistin-
guishable from cells treated with scramble control siRNA.
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was always significantly lower than ZC3H14-iso1 even in sev-
eral independent transgenic lines. Taken together, these re-
sults provide evidence that ZC3H14-iso1 may substitute for
dNab2 in key developmental functions.

While 97% of dNab2null homozygotes die as pharate adults,
the 3% that eclose display a variety of organismal phenotypes
including impaired locomotor behavior, fully penetrant
kinking of thoracic bristles, and a wings-held-out posture
(Fig. 4; Pak et al. 2011). Importantly, neuronal expression
of H. sapiens ZC3H14-iso1 restores normal wing posture
(Fig. 4A) to a degree comparable to that achieved by the trans-
genic re-expression of wild-type dNab2 (Fig. 4A; Pak et al.
2011). Thoracic bristle kinking is not rescued by pan-neuro-
nal expression of either wild-type dNab2 or ZC3H14-iso1
(Fig. 4B, white arrows), indicating a non-neuronal role for

dNab2/ZC3H14 in bristle development. Two additional
ZC3H14-iso1 transgenes displayed similar degrees of rescue
when expressed in fly neurons (data not shown), indicating
that rescuing activity is linked to expression of ZC3H14 and
not the site of transgene insertion. Consistent with the failure
of ZC3H14-iso4 to rescue eclosion, three separate transgenic
lines expressing this isoform showed no rescue of wing pos-
ture when expressed in neurons (Fig. 4A).
Impaired locomotion ofNab2null animals in a negative geo-

taxis assay (Ganetzky and Flanagan 1978) can be rescued by
re-expressing wild-type dNab2 specifically in neurons (Pak
et al. 2011). This paradigm provides an opportunity to assess
the functional equivalence of fly Nab2 and human ZC3H14-
iso1 in supporting a complex behavior. dNab2null flies (Fig.
4C, dark-gray bars) show severely reduced locomotion com-
pared with wild-type control flies (Fig. 4C, black bars).
Neuron-specific expression of ZC3H14-iso1 (Fig. 4C, white
bars) significantly rescued this behavioral defect. A low level
of rescue was also observed in the absence of the GAL4 driver
(Fig. 4C, light-gray bars) likely due to leaky transgene expres-
sion (Pak et al. 2011). As with eclosion rates and organismal
phenotypes, the ZC3H14-iso4 transgene failed to rescue the
dNab2null locomotor phenotype either in the absence or pres-
ence of the pan-neuronal GAL4 driver (Fig. 4C). Specific
rescue of the locomotor deficit by ZC3H14-iso1 further sup-
ports the hypothesis that D. melanogaster Nab2 and human
ZC3H14-iso1 are functional orthologs at a step of RNA me-
tabolism that is critical for nervous system function.
If ectopic lengthening of poly(A) tails in neurons under-

lies the functional defects in dNab2null flies, then rescue of
functional defects should be accompanied by rescue of this
molecular phenotype. To test whether rescue of dNab2null

phenotypes by human ZC3H14-iso1 is accompanied by resto-
ration of proper RNA poly(A) tail length control, bulk poly
(A) tail length was compared among control wild-type flies,
dNab2null animals, and dNab2null animals with wild-type
dNab2 or human ZC3H14-iso1 transgenically expressed spe-
cifically in neurons (Fig. 5). To enrich for neuronal RNAs,
samples were harvested from a pool of ∼250–300 fly heads
per genotype and analyzed in triplicate. As reported previ-
ously (Pak et al. 2011), dNab2 mutant flies show extended
poly(A) tails among a subset of the total pool of RNAs.
Expression of either dNab2 orH. sapiensZC3H14-iso1 specif-
ically in neurons conferred significant and comparable rescue
of this poly(A) tail-length defect (Fig. 5), indicating that
ZC3H14 can replace dNab2 in the molecular machinery
that restricts poly(A) length inD. melanogaster CNS neurons.

DISCUSSION

Here we present the first functional characterization of the
mammalian polyadenosine RNA-binding protein, ZC3H14.
The data couple evidence from a cultured neuronal cell line
with functional studies exploiting a Drosophila model and
support a role for ZC3H14 in modulating poly(A) tail length.

FIGURE 3. Neuron-specific expression of ZC3H14-iso1 can rescue via-
bility defects of homozygous dNab2nullflies. (A) The percentage of adult
flies eclosed (relative to expected Mendelian ratios) for each of the indi-
cated genotypes is summarized. Genotypes are as follows: dNab2 null
(dNab2ex3/dNab2ex3), +dNab2 transgene alone (UAS-dNab2Flag/+;;
dNab2ex3/dNab2ex3), +dNab2 expressed in neurons (UAS-dNab2Flag/
elav-GAL4;;dNab2ex3/dNab2ex3), +ZC3H14-iso1 transgene alone (UAS-
ZC3H14-iso1Flag/+;;dNab2ex3/dNab2ex3),+ZC3H14-iso1expressedinneu-
rons (UAS-ZC3H14-iso1Flag/elav-GAL4;;dNab2ex3/dNab2ex3), +ZC3H14-
iso4 transgene alone (+/+ or +/Y;UAS-ZC3H14-iso4Flag/+;;dNab2ex3/
dNab2ex3), +ZC3H14-iso4 expressed in neurons (elav-GAL4/+ or elav-
GAL4/Y;UAS-ZC3H14-iso4Flag/+;dNab2ex3/dNab2ex3). (B) Anti-Flag im-
munoblots to detect pan-neuronal (using elav-GAL4) expression of the
UAS-dNab2Flag, UAS-ZC3H14-iso1Flag, andUAS-ZC3H14-iso4Flag trans-
genes in fly heads. Theblot on the right corresponding toZC3H14 iso4 is a
darker exposure (as indicated) due to lower-level expression of ZC3H14
iso4 relative to ZC3H14 iso1. The dNab2 band, which is the same band
but shown at the different exposures, for both ZC3H14-iso1 and
ZC3H14-iso4, illustrates the relative levels of exposure. Control flies ex-
pressing Gal4 only are also shown. The approximate position of molecu-
lar weight markers is indicated to the right.
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Significantly, we also find evidence that members of this
class of zinc finger polyadenosine RNA-binding proteins are
functional orthologs in metazoan neurons. Results presented
here reveal that the ZC3H14 protein, which is lost in cases
of human intellectual disability (Pak et al. 2011), is required
for proper control of poly(A) tail length. Consistent with
the observation that human patients lacking ZC3H14 display
brain-specific defects, expression of human ZC3H14 solely
in the neurons of dNab2 mutant flies is sufficient to rescue
both behavioral defects and an underlying molecular defect

in poly(A) tail length control. These
data identify a conserved cell type, neu-
rons, and a correspondingmolecular pro-
cess, poly(A) tail length control, which
are specifically affected by ZC3H14 loss.
A key question that remains is to un-
derstand the functional consequences of
extended poly(A) tails on neuronal devel-
opment and function, as well as whether
the observed neuronal phenotypes are
due to changes in specific RNAs or classes
of RNAs.

To assess the function of human
ZC3H14 in vivo, we have taken advantage
of aDrosophilamodel in which function-
al rescue conferred by tissue-specific
expression can be readily assessed. D.
melanogaster has been utilized to identi-
fy conserved genes and signaling path-
ways that function in a variety of human
diseases ranging from cancer (Pan 2010)
to muscular dystrophy (Chartier et al.
2006; Lloyd and Taylor 2010) and has
proven particularly useful in defining
the genetic requirements of higher cog-
nitive function (Narro et al. 2007). Genet-
ic and molecular data presented here
support a model in which the human
ZC3H14-iso1 and Drosophila Nab2 pro-
teins function at a common step in RNA
processing, and that human ZC3H14
protein can maintain molecular inter-
actions with critical RNAs and proteins
in Drosophila neurons, and consequently
can elicit similar downstream effects on
cellular physiology and development.

Several lines of evidence suggest that
the ZC3H14-iso1-3 proteins may have
a function distinct from ZC3H14-iso4.
First, the protein isoforms localize to
different cellular compartments with
ZC3H14-iso1-3 localized to the nucleus
at steady state, while ZC3H14-iso4 is lo-
cated in the cytoplasm (Leung et al.
2009). Second, expression studies suggest

that ZC3H14-iso4 is highly expressed only in the testes (Leung
et al. 2009). Finally, the most well-characterized ZC3H14
mutation in intellectual disability patients leads to loss of
ZC3H14-iso1-3, while ZC3H14-iso4 is likely unaffected
(Pak et al. 2011). Consistent with the suggestion that the
nuclear and cytoplasmic isoforms of ZC3H14 perform dis-
tinct functions, this study shows that ZC3H14-iso4 does not
replace the function of dNab2. However, a caveat to this con-
clusion is that levels of transgenic ZC3H14-iso4 attained are
not comparable to those obtained for transgenic expression

FIGURE 4. Neuron-specific expression of ZC3H14-iso1 but not ZC3H14-iso4 is sufficient to
rescue organismal and functional defects of dNab2null flies. (A) Normal wing posture is shown
in control (denoted “wildtype”) adult flies. dNab2 null mutants with UAS-ZC3H14 transgenes
but lacking a Gal4 driver (UAS-ZC3H14-iso1Flag/+;;dNab2ex3/dNab2ex3, or UAS-ZC3H14-
iso4Flag/+;;dNab2ex3/dNab2ex3 denoted as “no driver”) display a fully penetrant wings-held-out
phenotype, which is rescued in dNab2 null flies transgenically expressing ZC3H14-iso1 in all neu-
rons (elav-GAL4/UAS-ZC3H14-iso1Flag;;dNab2ex3/dNab2ex3, denoted as “in neurons”) but not in
dNab2null flies expressing ZC3H14-iso4 in all neurons (elav-Gal4/UAS-ZC3H14-iso4Flag;;
dNab2ex3/dNab2ex3, denoted as “in neurons”). (B) Thoracic bristle kinking in dNab2nulladults
is not rescued by neuronal expression of ZC3H14 isoforms. Dorsal views of the thorax are shown.
Genotypes are the same as listed in A. Wild-type (wildtype) flies have straight extended bristles,
but dNab2null flies containing UAS-ZC3H14-iso1 (ZC3H14-Iso1) or UAS-ZC3H14-iso4
(ZC3H14-Iso4) with (in neurons) or without (no driver) the neuronal elav-Gal4 driver still
show bristle kinking (denoted by white arrows). Thus, neuron-specific expression of ZC3H14-
iso1 or ZC3H14-iso4 does not rescue bristle kinking. (C) A negative geotaxis assay (Ganetzky
and Flanagan 1978) was used to assess locomotor activity in flies with the following genotypes
(wt=+/+, dNab2 null=ex3/ex3, “+iso1 [in neurons]”= elav-Gal4/UAS-iso1;;ex3/ex3, “+iso1 [no
driver]”= UAS-iso1/+;;ex3/ex3, “+iso4 [in neurons]”= elav-Gal4/UAS-iso4;;ex3/ex3, “+iso4 [no
driver]”= UAS-iso4/+;;ex3/ex3). Data are presented as the average percentage of flies reaching
the top of a cylinder (% at top) at indicated time points across all trials. At least 10 independent
trials each containing 10 flies were tested for all genotypes, except ZC3H14-iso4 expressing flies in
which two groups of 10 flies were analyzed due to the low frequency of adults obtained for this
genotype. Error bars, SEM. Asterisks denote genotypes in which no flies reached the top of the vial
within the parameters of the assay.
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of ZC3H14-iso1 (see Fig. 3B). Furthermore, the transgenic
proteins are both N-terminally epitope-tagged which could
interfere with protein function. Thus, our results suggest
that ZC3H14-iso4 is not a functional ortholog of dNab2 but
further studies would be required to directly address this
point.

Our analysis provides evidence that rescue of both organ-
ismal and behavioral defects in the dNab2mutant flies corre-
lates with a rescue of a molecular defect in polyadenylation.
However, this work does not directly demonstrate that al-
tered polyadenylation underlies the Drosophila phenotypes.
Given the interdependent nature of transcription, RNA pro-
cessing, export, and translation, dNab2/ZC3H14 could play
direct roles in functions other than control of poly(A) tail
length. Indeed, recent work has defined roles for the S. pombe
Nab2 protein in regulated RNA turnover (Grenier St-Sauveur
et al. 2013) and other studies identified the corresponding C.
elegans protein, termed Sut-2, as a suppressor of a Tau toxic-
ity model (Guthrie et al. 2009). Understanding the precise
molecular functions of RNA-binding proteins, as well as de-
fining their target RNAs, is a significant challenge and a ma-
jor focus of our ongoing studies of dNab2/ZC3H14.

Although most mRNA transcripts are polyadenylated at
the 3′-end, we infer from our analysis that the shared molec-
ular properties of the Nab2/ZC3H14 nuclear poly(A)-bind-
ing proteins are nonetheless more critical in neurons than
in other cell types. This inference is congruent with the fact
that mutation of ZC3H14 in humans causes nonsyndromic

intellectual disability (Pak et al. 2011), a form of disease
where brain function is impaired without other detectable
symptoms. The enhanced requirement for dNab2/ZC3H14
in neurons relative to other cell types also parallels an existing
body of evidence showing that regulated polyadenylation is
an important mechanism that guides the localized translation
of mRNAs involved in synaptic development and plasticity
(Keleman et al. 2007; Udagawa et al. 2012). Altered polyade-
nylation, as occurs in Drosophila and mammalian neurons
lacking dNab2/ZC3H14, could perturb or override this cyto-
plasmic coupling between poly(A) tail length and translation
and thus alter expression of RNAs that are subject to both
temporal and spatial control.
The present study demonstrating that human ZC3H14 is

a functional ortholog ofDrosophilaNab2 provides a validated
genetic model that can be used to understand how defects
in otherwise ubiquitously expressed RNA-binding proteins
give rise to neuron-specific dysfunction. ZC3H14 joins a
growing class of RNA-binding proteins that when disrupted
or silenced result in neuron-specific diseases (Cooper et al.
2009). Other members of this class of proteins include the
Fragile-X Syndrome (FXS) protein, FMRP, and the spinal
muscular atrophy (SMA) protein, SMN1 (Lukong et al.
2008; Ibrahim et al. 2012). The specific dependence of neu-
rons on Nab2/ZC3H14 fits well with an emerging model
that the 3′ UTRs of neuronal RNAs are subject to more exten-
sive regulation than theirnon-neuronal counterparts (Anet al.
2008; Hilgers et al. 2011; Smibert et al. 2012). Future studies
investigating the precise molecular role of ZC3H14 and the
neuronal target RNAs that it binds and regulates will be criti-
cal in defining howdefects inNab2/ZC3H14-dependent post-
transcriptional regulation of gene expression contribute to
neuronal dysfunction.

MATERIALS AND METHODS

Cell culture

Neuro 2A (N2A) cells (Olmsted et al. 1970) were grown in
Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum,
0.1 mg/mL streptomycin, and 100 units/mL penicillin. DNA plas-
mids were transfected into cultured cells using Lipofectamine2000
(Invitrogen) according to manufacturer’s protocol.

D. melanogaster stocks and genetics

All crosses and stocks weremaintained in standard conditions unless
otherwise noted. TheNab2ex3 null allele (referred to here asNab2null

has been described previously (Pak et al. 2011). Complete open
reading frames of ZC3H14 isoform 1 (NCBI #NM_024824.4) and
ZC3H14 isoform 4 (NCBI #NM_207662) were cloned into a
Gateway (Invitrogen) entry vector. The Gateway system was then
used to transfer either ZC3H14-iso1 or ZC3H14-iso4 into a plasmid
encoding an N-terminal Flag epitope (plasmid pTFW). Plasmids
were then sequenced to ensure that the correct reading frame was
maintained and that no mutations had been introduced during
the cloning process. Sequenced plasmids were then injected by

FIGURE 5. Neuronal expression of ZC3H14-iso1 rescues the poly(A)
tail length defect of homozygous dNab2null flies. (A) Total RNA was iso-
lated from flies of the indicated genotypes (“WT dNab2”=control,
“dNab2 null”=ex3/ex3, “+dNab2” or +“ZC3H14-iso1” = the corre-
sponding protein expressed in dNab2null neurons with elav-Gal4),
end-labeled with [32P]pCp, and non-poly(A) tracts were digested with
RNAses A and T1. Labeled RNA was processed as described in
Materials and Methods. The position of a 100-nt marker is indicated
on the gel. (B) Bulk poly(A) tail length from fly heads of the indicated
genotypes corresponding to the samples shown in the gel in A was an-
alyzed by densitometric quantification of poly(A) tracts using ImageJ
and plotted as normalized signal intensity (Relative Intensity) as a func-
tion of Poly(A) Tail Length in base pairs using Microsoft Excel. The ap-
proximate positions of the nucleotide size markers (nt) are indicated.
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BestGene, Inc. intowhite− embryos. Integrated transgenes were then
mapped and balanced using standard genetic techniques.

siRNA-mediated depletion

Stealth RNAi (Invitrogen) was used to knockdown ZC3H14 and
PABPN1 expression in cultured N2A cells. Cells were plated in
GM at a density of 1 × 105 cells per well on collagen-coated six-
well plates and after 6 h, duplexed siRNAs at the final concentration
of 80 nM were used to transfect cells using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions in
GM. After overnight incubation, medium containing transfection
complexes were replaced by fresh GM. PABPN1 knockdown was
assessed by immunoblotting using either anti-ZC3H14 (Leung
et al. 2009) or anti-PABPN1 (Apponi et al. 2010) antibody after
40 h of transfection. Cells were transfected with scrambled control
or one of two ZC3H14 siRNAs (Invitrogen). ZC3H14-1, TGAC
TGACCTGAGTGTGGCACAGAA; ZC3H14-2, GAAGAGCCTCG
ATACTGACTCCAAA. PABPN1 siRNAs were previously described
(Apponi et al. 2010).

Immunoblotting

Analyses of protein levels were performed by immunoblotting using
standardprocedures (GreenandSambrook2012).ForN2Acells, cells
were lysed with RIPA-2 (50 mM Tris-HCl at pH 8.0, 150 mMNaCl,
1% NP-40, 0.5% deoxycholic acid, 0.1% SDS) containing protease
inhibitors (Mini Complete, Roche) and equal amounts of total pro-
tein (5–20 μg) were resolved by SDS-PAGE, transferred to nitrocel-
lulose, and the desired protein was detected by immunoblotting with
appropriate antibody (polyclonal ZC3H14) (Leung et al. 2009) or
PABPN1 (Apponi et al. 2010) diluted 1:5000. For flies, 20 D. mela-
nogaster heads were collected from each genotype being analyzed
and homogenized in sample loading buffer. Samples were resolved
by SDS-PAGE and transferred to PVDF membranes. Membranes
were probed for 1 h at room temperature with anti-FLAG (Sigma
M2, 1:1000) antibody to detect Nab2/ZC3H14 or overnight with
anti-histone H3 (Abcam, 1:10,000) to detect the histone control.

Determination of bulk poly(A) tail length

Bulk poly(A) tails were analyzed using a standard PAT assay
(Chekanova et al. 2001) as described previously (Apponi et al.
2010). Total RNA was isolated from either cultured N2A cells or
250–300 fly heads of 5–6 d old flies of the selected genotype. Total
RNAwas 3′-end labeled with [32P]pCp using T4 RNA ligase, and di-
gested with a cocktail of RNAse A/T1. The resulting tracts of poly(A)
RNA were resolved by gel electrophoresis and imaged by film or
PhosphorImager. At least three biological replicates were performed
for each fly genotype analyzed. Using ImageJ software, densitometry
analysis of each experiment was performed in order to obtain profile
curves for each sample that was analyzed. Profiles of the relative sig-
nal intensity at a given location on the gel were plotted in Microsoft
Excel and a moving average (period = 25) calculated.

Fluorescence in situ hybridization (FISH)

The protocol used for poly(A) RNA localization was previously de-
scribed (Farny et al. 2008). Briefly, cells were allowed to adhere to

ECL-coated coverslips in DM for 6 h. Cells were fixed with 4% para-
formaldehyde in PBS for 10 min, permeabilized with 100% cold
methanol for 10 min and 70% ethanol at 4°C overnight. Cells were
hybridized for 1–2 h at 37°C with DIG-Oligo-dT(50) probe
(Integrated DNA Technologies) at 0.2 mM in hybridization buffer
(25% formamide, 10% dextran sulfate, 0.005% BSA, 1 mg/mL yeast
tRNA in 2X SSC). Following washes with 2X SSC, cells were incubat-
ed with FITC-conjugated anti-DIG antibody (Molecular Probes) at
RT for 1 h and with Hoechst 33325 dye (Sigma) for 5 min. Images
were obtained using an Olympus IX81 microscope with a 0.3 NA
100X Zeiss Plan-Neofluor objective. Images were captured using a
Hamamatsu digital camera with Slidebook software (version 5.0).
At least three independent experiments were performed.

Microscopy

D. melanogasterwere imaged with a Leica DFC500 CCD digital cam-
era. Post acquisition image processing was performed using Adobe
Photoshop. N2A Cells were visualized for fluorescence in situ hy-
bridization by indirect immunofluorescence microscopy. Cells
were fixed with 2% formaldehyde (EM Science) for 10min, permea-
bilized with 0.1%Triton X-100 for 5 min, and incubated with
Hoechst to mark nuclear DNA. Images were obtained using an
Olympus IX81 microscope with a 0.3 NA 100X Zeiss Plan-Neofluor
objective unless otherwise stated. Images were captured using a
Hamamatsu digital camera with Slidebook software (version 1.63)
and globally processed for brightness and contrast using Adobe
Photoshop.

D. melanogaster behavioral assays

The negative-geotaxis assay was performed as previously described
(Ganetzky and Flanagan 1978) with some modifications. Briefly,
newly eclosed flies (day 0) were collected daily, divided into groups
of 10, and aged in separate vials for 5 d. Cohorts of age-matched flies
were transferred to a 25-mL graduated cylinder, tapped to the bot-
tom, and analyzed for a climbing response. The number of flies
reaching the top after 5, 10, 15, and 30 sec was recorded. A mini-
mum of 10 groups were tested for each genotype except for
elav>GAL4/+;UAS-ZC3H14-iso4Flag/+;Nab2ex3/Nab2ex3.
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