An NXF1 mRNA with a retained intron is
expressed in hippocampal and neocortical
neurons and is translated into a protein that
functions as an Nxf1 cofactor
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ABSTRACT The Nxf1 protein is a major nuclear export receptor for the transport of mRNA,
and it also is essential for export of retroviral MRNAs with retained introns. In the latter case,
it binds to RNA elements known as constitutive transport elements (CTEs) and functions in
conjunction with a cofactor known as Nxt1. The NXF1 gene also regulates expression of its
own intron-containing RNA through the use of a functional CTE within intron 10. mRNA con-
taining this intron is exported to the cytoplasm, where it can be translated into the 356-
amino acid short Nxf1(sNxf1) protein, despite the fact that it is a prime candidate for non-
sense-mediated decay (NMD). Here we demonstrate that sNxf1 is highly expressed in nuclei
and dendrites of hippocampal and neocortical neurons in rodent brain. Additionally, we show
that sNxf1 localizes in RNA granules in neurites of differentiated N2a mouse neuroblastoma
cells, where it shows partial colocalization with Staufen2 isoform SS, a protein known to play
a role in dendritic mRNA trafficking. We also show that sNxf1 forms heterodimers in conjunc-
tion with the full-length Nxf1 and that sNxf1 can replace Nxt1 to enhance the expression of
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CTE-containing mRNA and promote its association with polyribosomes.
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INTRODUCTION

Alternative splicing of mRNAs is an important posttranscriptional
mechanism for gene regulation and generation of diversity (for a
recent review, see Lee and Rio, 2015). We now know that more than
90% of human genes are subject to alternative splicing and that
splicing patterns can vary greatly in time and space. These findings
have made it clear that alternative splicing serves important roles in
development, differentiation, and tissue-specific expression.

There are many kinds of alternative splicing, but alternative exon
usage, in which an exon is either excluded or included in an mRNA
isoform, appears to be the most prominent kind in human and other
mammalian cells (Pan et al., 2008; Wang et al., 2008). In contrast,
intron retention, in which a complete intron is retained between two
exons, was thought until recently to be relatively rare in humans and
other mammalian cells (Galante et al., 2004; Braunschweig et al.,
2014). However, it has long been recognized as a very common
mechanism in alternative splicing in plants, in which it has been
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proposed to be involved in dynamic processes such as regulation of
flowering and responses to environmental signals (Ner-Gaon et al.,
2004; Jiao and Meyerowitz, 2010; Remy et al., 2014; Vitulo et al.,
2014).

For many years, the presence of retained introns in mRNA prepa-
rations from mammalian cells was generally viewed as contamina-
tion with unspliced nuclear pre-mRNA and was thus often not re-
ported. Transcriptome sequencing has now led to a more unbiased
quantitation of both nuclear and cytoplasmic mRNA on a large
scale, and many recent reports have demonstrated a large number
of mRNAs with retained introns in different mammalian cell types
(Buckley et al., 2011; Yap et al., 2012; Braunschweig et al., 2014;
Boutz et al., 2015). It is now recognized that intron retention is much
more common in mammalian cells than previously appreciated.
Specifically, there are recent reports that mRNA with retained in-
trons may play an important role in granulocyte (Wong et al., 2013)
and erythroid differentiation (Edwards et al., 2016; Pimentel et al.,
2016). Intron retention has also been demonstrated to be wide-
spread in many cancer cells (Dvinge and Bradley, 2015). In spite of
these advances, intron retention remains poorly understood, and
the fate of the resulting mRNAs remain controversial. For example,
it has been proposed that a majority of mRNAs with one or more
retained introns are subject to regulated unproductive splicing and
transport, in which the mRNAs are “detained” in the nucleus or are
exported but are not translated into stable proteins (Green et al.,
2003). Many mRNAs with retained introns also fulfill the criteria for
being candidates for nonsense-mediated decay (NMD), and it has
thus been proposed that this mechanism leads to mRNA degrada-
tion in most cases (Ge and Porse, 2014).

The analysis of retroviruses provided the first evidence that
mRNAs with retained introns could be successfully exported to the
cytoplasm in a regulated manner and translated into stable proteins
(Hammarskjold, 1997). Complex retroviruses such as human immu-
nodeficiency virus (HIV) and human T-cell lymphotropic virus (HTLV)
were initially shown to encode regulatory proteins (Rev and Rex) that
facilitate this process by binding to cis-acting elements in the viral
mRNAs that retain introns (for reviews, see Pollard and Malim, 1998;
Shida, 2012; Fernandes et al., 2016). Rev and Rex then recruit chro-
mosome region maintenance 1/exportin 1, a cellular export recep-
tor, enabling nucleocytoplasmic export (Fornerod et al., 1997;
Booth et al., 2014). It was later shown that an analogous mechanism
also exists in the case of simpler retroviruses, such as Mason-Pfizer
monkey virus (MPMV). In this virus, the viral mMRNA contains an ele-
ment that we named the constitutive transport element (CTE; Bray
et al., 1994). The CTE directly recruits the host-cell protein nuclear
RNA export factor 1 (Nxf1; Gruter et al., 1998), which also serves as
an important export receptor for spliced cellular mRNA (Herold
et al., 2001).

In previous work, we demonstrated that both the human and
mouse NXF1 genes harbor a CTE within an intron that is often re-
tained (Li et al., 2006). The NXF1 CTE shows striking sequence
homology to the MPMV CTE. Furthermore, we showed that the
Nxf1 protein (together with the cellular cofactor nuclear transport
factor 2-like export factor 1 [Nxt1]) interacts with the NXF1 CTE to
allow nucleocytoplasmic export of the alternative NXF1 mRNA iso-
form that retains the CTE-containing intron. Finally, we showed
that a novel short Nxf1 (sNxf1) protein can be expressed from this
isoform in established human cell lines in vitro. More recently, we
also showed that the CTE in NXF1 has been conserved in evolu-
tion and is present in multiple mammalian species and also in tele-
ost fish (Wang et al., 2015). The fish-derived CTE can efficiently
mediate export and expression of a reporter mRNA with a retained
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intron in mammalian cells, showing functional conservation of the
CTE mechanism.

To date, expression of sNxf1 has been reported only in cancer
cell lines, whereas the presence of this protein in normal cells in vivo
and its potential function have remained unexplored. Here we
show that sNxf1 is expressed in several normal tissues in mammals,
including brain, where it is present in rodent hippocampal and corti-
cal neurons. In some neurons in the neocortex, the protein is ob-
served in cytoplasmic granules. Furthermore, we demonstrate that
sNxf1 can function as an alternative Nxf1 cofactor in export and
translation of CTE-containing mRNA, that it partially colocalizes with
Staufen2 (Stau2) proteins in cytoplasmic granules, and that it is also
present in polyribosomes.

RESULTS
The sNxf1 protein is highly expressed in mouse neuronal
cell lines and rat hippocampal and cortical neurons
In a previous publication, we showed that the sNxf1 protein is ex-
pressed in several cell lines, including 293T cells (Li et al., 2006).
These cells have some characteristics of human neuronal cells and
are believed to be of neuroendocrine origin (Shaw et al., 2002;
Campbell et al., 2005). However, the potential expression of sNxf1
beyond transformed cell lines in culture has never been explored.
To determine whether sNxf1 is expressed in normal brain tissue
and a bona fide neuronal cell line, we performed a Western blot
analysis of lysates prepared from whole adult mouse brain and from
mouse neuroblastoma N2a cells, using an antibody that is specific for
the peptide encoded within NXF1 intron 10 (Figure 1). We have pre-
viously shown that this antibody specifically detects the 356—amino
acid sNxf1 protein in human cell lines (Li et al., 2006). As a control, we
used cells transfected with a plasmid containing a cDNA engineered
to specifically express sNxf1. The results of this experiment showed
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FIGURE 1: Domain structure of sNxf1 and expression in mouse brain
tissue and a neuroblastoma cell line. (A) Functional domains of
full-length and sNxf1 proteins. NXF1 mRNA retaining intron 10
encodes a 356-residue protein with a novel 18 amino acids at its
carboxy terminus encoded by the intron. NLS, nuclear localization
signal; NES, nuclear export signal; RRM, RNA recognition motif; LRR,
leucine-rich repeat; and UBA, ubiquitin-associated domain are shown.
The NTF-2 like domain binds to Nxt1/p15. (B) Western blot analysis of
lysates from mouse brain and mouse neuroblastoma N2a cells using
an antibody raised against the unique 18-residue peptide sequence. A
control cDNA construct that expresses a protein terminating at the
in-frame stop codon in intron 10 of NXF1 was included. m, molecular-
weight markers.
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FIGURE 2: Expression of sNxf1 in adult rodent brain. (A) A low-magpnification view of the
neocortex shows sNX1-positive cells in multiple layers of the neocortex. Scale bar: 500 pm.

(B) Higher magnification view of the boxed area in A. sNxf1 appears to be localized primarily to
the nucleus, with some degree of expression in the cytoplasm and apical dendrites of
neocortical neurons. The red outline denotes the boundaries of the nucleus of one neuron, while
the yellow arrows indicate the cell membrane. Blue arrows highlight staining of apical dendrites.
Scale bar: 10 pm. (C) Low-power image of the hippocampus demonstrates sNxf1 expression in
the granule cells of the dentate gyrus and in the pyramidal neurons of CA1-CA3. The boxed
areas are shown in D and E at higher magpnification. Scale bar: 500 pm. (D) Higher-magnification
view of the corresponding boxed area in C, showing the expression of sNxf1 in CA3 pyramidal
neurons. The red outline denotes the boundaries of the nucleus, while the yellow arrows
indicate the cell membrane. The blue arrow indicates a cell with possible nucleolar staining.
Scale bar: 10 pm. (E) High magnification of the corresponding boxed area in C, showing
expression of sNxf1 in dentate granule cells. The red outline denotes the boundaries of the
nucleus, while the yellow arrows indicate the cell membrane. Scale bar: 10 um.

sNxf1 protein was highly expressed in neu-
rons in multiple areas of the hippocampus,
as well as in the neocortex. Although the
staining was primarily nuclear in most cells,
we also observed staining of dendritic pro-
cesses in what appeared to be cytoplasmic
granules. This was most easily observed in
the neocortex (see Figure 2B). Although
Nxf1 proteins have not been previously ob-
served in cytoplasmic RNA granules, pro-
teins expressed from other NXF family
genes (hNXF5 and mNXF7), have been pro-
posed to be involved in cytoplasmic neuro-
nal RNA trafficking (Tretyakova et al., 2005;
Katahira et al., 2008). Cellular positioning,
cell body morphology, and characteristic
dendrites indicate that the primary types of
sNxf1-positive cells in the neocortex and
hippocampus were neurons.

The sNxf1 protein localizes to
cytoplasmic granules in neurites of
differentiated N2a cells and shows
partial colocalization with the Stau2SS
protein

To study the localization of sNxf1 in cultured
neuronal cells, we next transfected N2a cells
with a plasmid expressing a red fluorescent
protein (RFP)-tagged sNxf1 protein and dif-
ferentiated the transfected cells using N¢,
2’-O-dibuturyladenosine 3’,5"-cyclical mono-
phosphate (dibutyryl-cAMP [db-cAMP]). In
some experiments, the N2a cells were also
cotransfected with a plasmid expressing an
enhanced green fluorescent protein (eGFP)-
tagged version of the rat Stau2SS protein (a
kind gift from Michaela Monshausen and
Kenneth Kosik, Harvard Medical School;
Monshausen et al., 2004). Stau2 proteins
have previously been shown to localize to
dendritic neuronal granules in hippocampal
and other neurons (Kiebler et al., 1999) and
to regulate transport and expression of neu-
ronal mMRNAs (Heraud-Farlow et al., 2013).
Staufen proteins have also been proposed
to play a role in regulation of MRNA stability
at the cytoplasmic level (Heraud-Farlow
et al., 2013; Park et al., 2013). Furthermore,
mammalian Stau2 proteins have been re-
ported to associate with “large” Nxf1 in neu-
ronal cells (Monshausen et al., 2004).

that sNxf1 was highly expressed in both the N2a cells and adult
mouse brain. We also tested lysates from several other mouse tissues
(see Supplemental Figure 1) and demonstrated expression of the
correct-sized protein in both kidney and thymus. A slightly larger pro-
tein was observed in liver (as well as in the N2a cells), and additional
larger species were also detected in thymus, possibly indicating ex-
pression of other alternatively spliced NXF1 mRNA isoforms.

We next analyzed whether sNxf1 could be detected in specific
cells in rodent brain. To this end, we performed an immunohisto-
chemistry analysis on brain sections from adult rats, using the sNxf1-
specific peptide antibody (Figure 2). This analysis indicated that the
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After treatment with db-cAMP, the transfected N2a cells were
examined using confocal microscopy (Figure 3). Cells in various
states of differentiation were observed. As can be seen in Figure 3A,
a significant fraction of the sNxf1 protein was localized to the nuclei
of the differentiated transfected cells when RFP-sNxf1 was ex-
pressed by itself. However, the protein was also present in cytoplas-
mic regions outside the nucleus and in the neurite-like processes,
consistent with the results from the immune-histochemistry analysis.
The image was overexposed to more clearly visualize sNxf1 in the
neurites. A similar localization was seen in the cotransfections.
Figure 3B shows less differentiated cotransfected cells. In these
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Localization of sNxf1 in differentiated N2a cells and colocalization with Stau2SS.

(A) sNxf1 is present in neurites of differentiated neuroblastoma N2a cells. Cells were transfected
with a plasmid expressing an RFP-tagged sNxf1 protein (R, red). Forty-eight hours after
transfection, cells were induced to differentiate to form neurites with db-cAMP, fixed with
formaldehyde, and RFP visualized using a confocal microscope. Nuclei were stained with

DAPI (B, blue). RB, merged pictures of R and B; phase, phase-contrast image of the cells.

(B, C) The sNxf1 protein partially colocalizes with the Stau2SS protein in cytoplasmic granules.
N2a cells were transiently cotransfected with a plasmid expressing an RFP-tagged sNxf1 protein
(R, red) and a plasmid expressing an eGFP-tagged rat Stau2SS protein (G, green). Twenty-four
hours after transfection, cells were treated with db-cAMP to differentiate them. They were then
fixed, and RFP or GFP was visualized using a confocal microscope. Nuclei were stained with
DAPI (B, blue). GR, merged pictures of G and R; GRB, merged pictures of G, R, and B; phase,

phase-contrast image of the cells.

cells, the protein was again observed in cytoplasmic regions outside
the nucleus, where it appeared to localize with Stau2SS. Figure 3C
shows a higher-power magnification of a cell that appears to be
more differentiated. Again, there was a significant colocalization of
sNxf1 and Stau2SS in granular structures outside the nucleus, indi-
cated by the yellow color in the “overlap” panels (marked G,R and
G,R,B). In contrast, the proteins appeared to show a largely distinct
localization in separate granules in the distal portions of the cell
processes.

The sNxf1 protein can function as alternative cofactor in
CTE-mediated mRNA expression

Because the sNxf1 protein retains most of the RNA-binding do-
mains of Nxf1 but lacks the domains shown to interact with the well-
established cofactor Nxt1 and nucleoporins (see Figure 1A), this
protein would not be expected to serve as an export receptor for
mRNA. However, we reasoned that it might work as a regulator of
“large” Nxf1 function, possible acting as a “dominant-negative”
factor. To investigate this, we cotransfected 293T cells with a plas-
mid expressing sNxf1 and a plasmid expressing the large Nxf1 pro-
tein and tested the effect on expression from an MPMV CTE-con-
taining mMRNA reporter (Figure 4). This reporter has been used by us
and others in many previous studies of export and expression of
mRNA with a retained intron (Bray et al., 1994; Jin et al., 2003). It
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contains the GagPol region from HIV and
expresses the HIV p24 protein in the super-
natant of transfected cells. This requires ex-
port and expression of a GagPol mRNA that
contains a retained intron. We have previ-
ously shown that expression of large Nxf1,
in conjunction with expression of Nxt1, func-
tions to significantly enhance expression
from this mRNA reporter in transfected cells
(Jin et al., 2003). This enhancement occurs
mainly at the cytoplasmic level and is the
result of increased polyribosome associa-
tion of the CTE-containing mRNA, resulting
in significantly increased protein expression
from the reporter (Jin et al., 2003; Bor et al.,
2006). If Nxf1 is expressed without Nxt1,
only low levels of expression from the re-
porter are observed.

When sNxf1 was expressed alone, it did
not have any effect on reporter function
(Figure 4A, column 2). However, when the
two Nxf1 proteins were expressed together,
a significant enhancement was observed
(Figure 4A, column 5). Rather than acting as
a dominant-negative protein, sNxf1 was
able to increase expression from the re-
porter almost as well as an amount of Nxt1
that was previously shown to be optimal (Jin
et al., 2003; compare Figure 4A, columns 4
and 5). Additionally, a dose-dependent in-
crease was observed when a fixed amount
of the Nxf1-expressing plasmid was trans-
fected with increasing amounts of the plas-
mid expressing sNxf1 (Figure 4B). In con-
trast, expression of a deletion mutant of
sNxf1, lacking the first 61 amino acids (ss-
Nxf1), failed to enhance reporter expression
(Figure 4A, column 6). Because this protein
lacks the domain that has been shown to be important for Nxf1 di-
merization (Matzat et al., 2008), this result suggests that function
may require heterodimerization of Nxf1 and sNxf1.

We also observed a significant enhancement of p24 protein ex-
pression when Nxf1 and sNxf1 were expressed together in conjunc-
tion with a reporter containing the CTE from intron 10 in the NXF1
gene (Figure 4C). In this case, a slight enhancement was also ob-
served when sNxf1 protein was expressed by itself. Together these
results indicate that the sNxf1 protein can function as an alternative
cofactor to enhance large Nxf1 function in conjunction with both
viral and cellular CTEs.

Because the Nxt1 protein is expressed endogenously in 293T
cells, we next wanted to verify that the enhancement of expression
seen with sNxf1 was independent of Nxt1, as endogenous Nxt1
binding to the large Nxf1 protein could potentially have contributed
to the observed effects. To address this, we analyzed the effect of
sNxf1 in cotransfections with a plasmid expressing a mutant of the
large Nxf1 protein, in which the Nxt1-binding region was deleted
(Nxf1(A507-540)). We, and others, have previously shown that
Nxf1(A507-540) lacks the domain necessary for interaction with
Nxt1 and that Nxt1 fails to promote Nxf1 function in conjunction
with this mutant (Guzik et al., 2001). The results of the experiment
using the deletion mutant are shown in Figure 5. As can be seen,
Nxt1 is not capable of enhancing Nxf (A507-540) function (compare
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formed a Northern blot analysis on total and
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cantly increased by expression of Nxf1/
sNxf1, compared with the levels seen with

1 9

1 2 3
= sNxf1 sNxf1
+ Nxf1

3004
2004

100

SEAP adjusted p24 (ng/ml)

0 0 1 1 1 1 1
0 5 0 0.2 0.5 2 5
0 0 0 0 0 0 0

FIGURE 4: The sNxf1 protein functions as an alternative Nxf1 cofactor to enhance CTE
function. (A, B) 293T cells (3 x 10¢in a 10 cm culture dish) were cotransfected with 5 pg
pCMVGagPol-MPMVCTE (A) or pCMVGagPol-NXF1CTE (B), 0.25 ug pCMVSEAP and 1.0 pg
plasmids expressing either Nxf1, sNxf1, ssNxf1, or Nxt1 as indicated. (C) A dose response with
the plasmid expressing sNxf1 is shown, using the same amount of pPCMVGagPol-MPMVCTE,
pPCMVSEAP as in A and B and the indicated amounts of the various plasmids shown. Seventy-
two hours after transfection, supernatants were harvested and analyzed for p24 levels and SEAP
activity. The p24 values were normalized to SEAP activity. In parts A and B the data are plotted
as plotted as “fold enhancement” with the raw p24 values from cells transfected with GagPol
reporter alone used as the basal level (1x). As previously described, the Nxf1 cellular CTE works

less efficiently than the MPMV CTE and gives lower basal levels.

columns 3 and 4). However, the short Nxf1 protein was still able to
enhance the function of this protein (compare columns 3 and 5),
demonstrating that the Nxt1-binding domain in Nxf1 and Nxt1
binding are not necessary for the sNxf1 enhancement. We also re-
tested the plasmid expressing the NH2-terminally deleted version
of the sNxf1 protein (ssNxf1) in these experiments. As expected,
expression of this protein failed to enhance mutant Nxf1 function
(compare columns 3 and 6).

sNxf1 interacts with Nxf1 through its amino terminal domain
To directly test whether sNxf1 and Nxf1 interact with each other, we
next performed immunoprecipitations (IPs), using M2-FLAG beads,
on lysates from cells expressing T7-tagged Nxf1(aa1-619) and
FLAG-tagged versions of sNxf1(aa1-356) or ssNxf1(aa61-356).
Figure 6 shows that a significant amount of Nxf1 was detected by
Western blot analysis using T7 tag-specific antibodies in the IP with
sNxf1/Nxf1 (lane 1, lower panel). In contrast, no Nxf1 was detected
in the ssNxf1/Nxf1 IP (lane 4, lower panel). These results indicate
that the sNxf1 protein interacts with Nxf1 through its NH2-terminal
domain. This is consistent with the concept that the formation of a
heterodimer between these two proteins is essential for sNxf1 co-
factor function.
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Nxf1 alone (Figure 7A). Similar results were
obtained using a combination of Nxf1 and
Nxt1 (lane 2), confirming previous results.
Somewhat bigger differences were observed
in the case of cytoplasmic RNA (Figure 7B),
indicating that there was a slight enhance-
ment of export, but the differences were
much smaller than those observed in the
control experiments using Rev and the RRE,
in which Rev is known to significantly pro-
mote export of the RRE-containing GagPol
mRNA (Jin et al., 2003). The small differences
in cytoplasmic mRNA levels cannot explain
the large increase in p24 expression that was
observed with Nxt1 and sNxf1 in conjunction
with Nxf1 (compare Figure 7 and Figure 4).
Thus the enhancement mainly reflects effects
beyond the level of MRNA export.

We previously demonstrated that the
mRNA expressed from GagPol-MPMV-CTE
reporter in the absence of transfected Nxf1/
Nxt1 was largely absent from large polyribo-
some complexes, whereas association with large polyribosomes
was promoted by expression of these proteins (Jin et al., 2003; Bor
et al., 2006). To analyze whether this was also true in the case of
Nxf1/sNxf1 enhancement, we performed a polyribosome analysis of
the reporter RNA in cells transfected with the GagPol-CTE reporter
+/— Nxf1/sNxf1, using sucrose gradients. The results of this analysis
(shown in Figure 7, C and D) demonstrated that, in the absence of
transfected Nxf1/sNxf1, most of the mRNA was in fractions contain-
ing monosomes and small polyribosomes (Figure 7C). In contrast,
the control secreted alkaline phophatase (SEAP) mRNA that is ex-
pressed from a completely spliced mRNA was present throughout
the polyribosomal fractions. However, when Nxf1/sNxf1 were coex-
pressed, the GagPol-CTE mRNA was present in both the small and
large polyribosomal fractions (Figure 7D). This supports the hypoth-
esis that Nxf1/sNxf1 expression promotes translation of the reporter
mRNA, as previously shown for Nxf1/Nxt1, resulting in the high lev-
els of p24 protein expression shown in Figure 4.

1 Nxf1 (ug)
0 sNxf1 (ug)
1 Nxt1 (ug)

The sNxf1 protein is present in polyribosomal complexes as
well as in cytoplasmic complexes that are resistant to EDTA
We previously showed that some of the large Nxf1 protein was pres-
ent in polyribosomal fractions in 293T cells expressing GagPol-CTE
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enhance CTE function. The 293T cells were transfected with the
indicated plasmids. Nxf1(A507-540) is an internal deletion mutant in
Nxf1 that deletes a region essential for Nxt1 binding. Transfection
conditions and the analysis were as described in Figure 4.

RNA (Jin et al., 2003; Bor et al., 2006). To determine whether sNxf1
could also be detected in these fractions, we performed experi-
ments in which cells were cotransfected with pGAGPol-CTE and
plasmids expressing sNxf1/Nxf1 and subjected to sucrose gradient
analysis. We then performed Western blot on individual fractions,
using an antibody that detects both Nxf1 isoforms. As can be seen
in Figure 8A, the large Nxf1 protein was present in all gradient frac-
tions, confirming previous results. sNxf1 was also detected through-
out the gradient. However, when the lysates were treated with 15
mM EDTA to disrupt polyribosomes (Figure 8B), the large Nxf1 pro-
tein was no longer detected in the “heavier ” fractions, consistent
with previous results. In contrast, there was still a significant amount
of sNxf1 in the fractions close to the bottom of the gradient after
EDTA treatment, whereas the middle fractions were largely devoid
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FIGURE 6: The sNxf1 protein can form heterodimers with Nxf1. The
293T cells were cotransfected with plasmids that express a T7-tagged
full-length Nxf1 protein (T7-[1-619]) and plasmids that express either
FLAG-tagged sNxf1 (FLAG-[1-356]) or FLAG-tagged ssNxf1
(Flag-[61-356]) Lysates were prepared and immunoprecipitated using
M2-FLAG agarose beads. The immunoprecipitated complexes were
resolved by SDS-PAGE, and the presence of T7-Nxf1-[1-619] in the
IPs was detected using a T7-monoclonal antibody. Input controls show
5% of the total lysate used for IP.
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of sNxf1. Although 15 mM EDTA causes the disruption of polyribo-
somes, it has been shown to not disrupt the majority of non-rRNA
protein complexes, such as cytoplasmic RNA granules (Calzone
et al., 1982; Johannes and Sarnow, 1998). Taken together, these
results indicate that some sNxf1 is present in polyribosomes, as pre-
viously shown for the large Nxf1 protein (Jin et al., 2003; Bor et al.,
2006). The fact that sNxf1 was also present in large nonribosomal
cytoplasmic RNA-protein complexes that were not disrupted by
15 mM EDTA is consistent with the results of the immunohistochem-
istry and GFP/RFP experiments (see Figures 2 and 3), which showed
the presences of sNxf1 in cytoplasmic granules in brain sections as
well as in neuronal cells in culture.

DISCUSSION

Next-generation sequencing (NGS) and other data from many stud-
ies published in the past several years have confirmed our original
observation of retention of intron 10 in NXF7 mRNA (Braunschweig
etal., 2014; Boutz et al., 2015; Cho et al., 2015). It is thus well estab-
lished that this NXFT mRNA isoform is expressed in multiple cell
lines, as well as in many normal human and mouse tissues. Never-
theless, although our previous work showed that sNxf1, which is
translated from this mRNA, could be detected in cancer cell lines,
the expression of this protein in normal cells and tissues has re-
mained unexplored, as has its potential function.

Retention of intron 10 in the NXF1 mRNA creates a premature
termination codon (PTC), making it a prime candidate for NMD (for
a recent review see (Kurosaki and Maquat, 2016). Thus, even though
the mRNA that retains intron 10 can be exported to the cytoplasm
because of the CTE, NMD mechanisms would be predicted to pre-
vent stable protein expression in the cytoplasm. In spite of this pre-
vailing dogma, the data presented here clearly demonstrate that
sNxf1 is expressed in normal mammalian cells and tissues, including
several areas of the brain. However, although the mRNA that retains
intron 10 appears to be relatively highly expressed in most cells,
stable protein expression is only observed in some cells. This sug-
gests the possibility of unknown mechanisms that regulate transla-
tion and/or the stability of the expressed protein after export to the
cytoplasm.

Our experiments on sections of rat brain, using specific antibod-
ies to visualize sNxf1, demonstrate that the protein is expressed in
neocortical neurons and in neurons in multiple areas of the hippo-
campus. In neocortical regions, the protein is localized to the nu-
cleus and the cytoplasm in structures that appear to be neuronal
granules. In addition, the protein colocalizes with Stau2SS in gran-
ules in neuronal N2a cells in culture, suggesting a possible role for
the protein in cytoplasmic RNA trafficking in the brain after nuclear
export.

The sNxf1 protein retains the Nxf1 RNA-binding domain, so it
would be expected to be able to bind to CTE and other mRNAs, but
it lacks the domains that interact with proteins of the nuclear pore
complex. Thus, by itself, it would not be expected to function as a
nucleocytoplasmic export receptor. However, we have shown that
the small and large Nxf1 proteins can dimerize through their NH2-
terminal domains, so we hypothesize that an Nxf1/sNxf1 dimer is
the functional unit during export.

When an HIV reporter mRNA with a retained intron is exported
to the cytoplasm with the help of a CTE, polyribosome association
and protein expression are greatly enhanced by overexpression of
Nxf1 and its cofactor Nxt1 (Jin et al., 2003; Bor et al., 2006). This
suggests effects of Nxf1/Nxt1 at the cytoplasmic level, beyond the
role for this complex in nucleocytoplasmic export. In the experi-
ments presented here, we have shown that coexpression of large
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FIGURE 7: RNA and polyribosome analysis of cells transfected with Nxf and sNxf1. Northern
blot analyses of total (A) and cytoplasmic (B) mRNA from transfected 293T cells. The 293T cells
were transfected with pCMVGagPol-CTE and pCMVSEAP in the absence or presence of
plasmids that expressed Nxf1 and/or sNxf1 and Nxt1 as indicated. As a control, cells were also
transfected with pPCMVGagPol-RRE and pCMVSEAP in the absence or presence of a plasmid
that expressed Rev. Sixty-five hours after transfection, total and cytoplasmic polyA+ RNA was
isolated and analyzed by Northern blot using a 32P-labeled Gag probe. The values shown in the
panel marked “RRE,” on the right side of each panel, represent the fold difference in the levels
of the GagPol-RRE mRNA bands between transfections without and with Rev. The values under
the CTE panel, on the left side of each panel, represent the fold difference in the levels of the
GagPol-CTE mRNA in the presence of the indicated proteins compared with the transfection
with pCMVGagPol-CTE alone. All values were normalized using the SEAP band. Radioactivity
was quantitated using a phosphoimager. (C, D) Polyribosome profile analysis of GagPol-CTE
mRNA in transfected cells. The 293T cells were transfected with pCMVGagPol-CTE in the
absence of presence of plasmids that expressed Nxf1 and sNxf1. Forty-eight hours
posttransfection, cells were harvested and cytoplasmic extracts were subjected to sucrose
gradient centrifugation. The gradient was fractionated, and the OD 254 nm was measured using
a continuous-flow cell. RNA was isolated from each fraction and analyzed for GagPol-CTE and
SEAP mRNA on Northern blots (top panels). The optical density traces of the gradient fractions

regulate gene expression remains largely
unexplored beyond viral systems.
Although nuclear retention of mRNAs
with retained introns has been studied for
many years, the molecular mechanism for
retention and the links between nuclear ex-
port and translation are still not well under-
stood. It has been proposed that excision of
introns leaves a “mark” on the RNA that al-
lows recruitment of Nxf1 and that this leads
to the formation of an export-competent
mRNA (Le Hir et al., 2000; Huang et al.,
2004; Muller-McNicoll et al., 2016). How-
ever, in the NXFT mRNA that retains only
intron 10, multiple introns both 5" and 3’ to
this intron are removed, leaving multiple
“exon junction” marks. Nevertheless, this
mRNA is not exported in the absence of a
functional CTE that recruits Nxf1. Thus there
must be a mechanism that retains the mRNA
in the nucleus until all the other introns have
been removed. It is possible that all of the
introns with the exception of intron 10 are
removed cotranscriptionally (Carrillo Oes-
terreich et al.,, 2016), while intron 10 is
spliced later and more slowly to create the
fully spliced NXFT mRNA. However, this
does not explain why, once the mRNA is
"released” from the transcription machin-
ery, it is not exported unless the mRNA con-
tains a CTE. We have previously reported
that the nuclear basket protein Tpr may be
involved in a “proofreading” mechanism to
prevent unregulated export of mRNAs with
retained introns (Coyle et al., 2011), similar
to the role proposed for the budding yeast
Myosin-like proteins 1 and 2 (Mlp1/Mlp2;

are shown in the bottom panels.

and small Nxf1, without Nxt1 expression, can also promote polyri-
bosome association and translation and that sNxf1 is present in
polyribosomes. Thus the Nxf1 heterodimer can likely serve to pro-
mote both export and cytoplasmic expression of MRNAs containing
a retained intron and a CTE (or CTE-like element). Several other
genes (e.g., ACTN4 and SIRT7) contain elements that can function
as CTEs (Bor et al., 2006). We are currently expanding the vector
trap strategy that was used to identify these, in conjunction with
NGS, to identify additional functional CTEs and genes that may be
regulated in this manner.

There is growing acceptance that mRNAs with retained introns
are widespread in mammalian cells (Buckley et al., 2011; Yap
et al., 2012; Braunschweig et al., 2014, Boutz et al., 2015). How-
ever, because of the well-known restrictions of export of mRNAs
with retained introns (Chang and Sharp, 1989; Legrain and Ros-
bash, 1989; Hammarskjold, 1997), and the fact that many of these
mRNAs contain PTCs that make them NMD targets, protein ex-
pression has often not been analyzed in studies that report intron
retention. Based on the data presented here, it seems reasonable
to speculate that, if mMRNAs with retained introns contain ele-
ments that function as CTEs, they may not only be exported, but
would also be likely to be translated into protein, at least in some
cells. However, the extent to which this mechanism functions to
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Galy et al., 2004; Bonnet et al., 2015; Sarou-

fim et al., 2015). There have also been re-
ports to suggest that non-POU domain containing octamer-binding
protein (Nono/Nrb54) and other paraspeckle proteins may play a
role in retention (Chen and Carmichael, 2009). However, there is
clearly a need for more studies addressing this issue.

We have recently demonstrated that the NXF1 CTE is highly
conserved among mammalian species and that an element with
striking primary- and secondary-sequence homology is also found
in the NXF1 gene of teleost fish (Wang et al., 2015). The zebrafish
CTE functions efficiently to replace Rev/RRE in the context of HIV
reporter constructs in human 293T cells, especially in conjunction
with Nxf1 and Nxt1 from the same species. This indicates thata CTE
in conjunction with Nxf1/Nxt1 is a highly conserved mechanism that
has been used throughout vertebrate evolution. We have initiated
experiments in mice using CRISPR-Cas9 technology to specifically
disrupt NXF1 CTE function by creating small deletions in the CTE to
render it nonfunctional. This would be expected to allow Nxf1
“large” protein expression in the absence of sNxf1 and should shed
light on the specific functions of sNxf1 in the brain and other
organs.

Neuronal cells show very complex and variable alternative
splicing patterns (for a recent review, see Vuong et al., 2016), and
intron retention is common (Buckley et al., 2011). In addition, it has
been suggested that NMD may be down-modulated during
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FIGURE 8: Both sNxf1 and Nxf1 proteins associate with
polyribosomes. (A) 293T cells (1 x 107 in a 15 cm culture dish) were
transfected with pCMVGagPol-CTE and plasmids expressing Nxf1
and sNxf1 plasmids. Forty-eight hours after transfection, cells were
harvested, and cytoplasmic extracts were subjected to sucrose
gradient centrifugation. The gradient was fractionated and the OD
254 nm was measured using a continuous-flow cell. Proteins from
each fraction were resolved by SDS-PAGE and analyzed by Western
blotting using a polyclonal antibody directed against Nxf1. The
optical density profiles of the gradient fractions are shown in the
bottom panels. (B) The experiment was performed as in A, except
that 15 mM EDTA was added to the lysate before loading onto
sucrose gradient.

neuronal differentiation (Bruno et al., 2011). The NXF1 gene is part
of a multigene family of which several members have been shown
to function in neuronal cells. Nuclear RNA export factor 5 (NXF5)
in humans (called nuclear RNA export factor 7 [NXF7] in rodents)
has been linked to hippocampal synaptic plasticity (Callaerts-Vegh
et al., 2015) as well as mental retardation (Frints et al., 2003), and
proteins expressed from this gene are only present in brain and
testes (Jun et al., 2001). To date, these proteins have only been
shown to be involved in cytoplasmic mRNA transport. NXF5 is lo-
cated on the X chromosome, as is nuclear RNA export factor 2
(NXF2) and several other NXF family members (Jun et al., 2001).
Nxf2 is highly expressed in hippocampal and other neurons and
functions in nucleocytoplasmic export (Herold et al., 2000; Sasaki
et al., 2005; Tretyakova et al., 2005; Zhang et al., 2007). This pro-
tein has also has been reported to destabilize NXFT mRNA and
only low levels of the “full-length” Nxf1 protein are expressed in
hippocampal neurons (Zhang et al., 2007). A recent study identi-
fied the NXFT mRNA isoform that retains intron 10 in polyribo-
somes isolated from mouse hippocampal neurons using RNASeq
analysis (Cho et al., 2015). These results are consistent with the
data reported here, showing sNxf1 protein expression in the rat
hippocampus. It will be of clear interest to analyze this data set for
other mRNAs containing retained introns and to determine
whether any of these mRNAs contain functional CTEs or depend
on sNxf1 for their export and translation. It may be that the export
and expression of proteins from mRNAs with retained introns is an
important feature of neuronal gene expression, and Nxf proteins
may play important roles in regulating this, ultimately contributing
to neuronal plasticity.
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MATERIALS AND METHODS

Plasmids and cloning procedures

To facilitate identification, all of the plasmids used in this study
were indexed as numbers in the form pHRXXXX. The nomenclature
for the plasmids used in this paper has changed, since the TAP
gene is now officially named NXF1. The following plasmids have
been previously described: pCMVGagPol-MPMVCTE(pHR1361)
(Srinivasakumar et al., 1997); pPCMVGagPol-NXF1CTE(pHR3405) (Li
et al, 2006); pCMVgagpol-RRE(pHR354) (Srinivasakumar et al.,
1997); oCMVRev(pHR30) (Smith et al., 1993); P~CMVSEAP(pHR1831)
(Cullen and Malim, 1992); pcDNANXxt1(pHR2283) (Black et al.,
1999); and pcDNAFLAG-Nxf1(pHR2352) (Jin et al., 2003). Details
of the construction of the following plasmids will be provided
upon request: pPCMVNXxF1(1-619)(pHR3700); pCMVT7-Nxf1(1-619)
(PHR3702); pPCMVT7-Nxf1(1-619)A507-540(pHR4418); pCMVsNxf1
(1-356)(pHR3485); pPCMVFLAG-sNxf1(1-356)(pHR3487); pCMVRFP-
sNxf1(1-356)(pHR4065); pCMVssNxf1(61-356)(pHR3489); and
PCMVFLAG-ssNxf1(61-356)(pHR3491). The plasmid expressing rat
Staufen 2SS protein, pEGFP-Stau2SS(pHR3052) (Monshausen et al.,
2004), was a kind gift from Michaela Monshausen and Kenneth
Kosik.

Cell line culture, transient transfections, and differentiation
The 293T/17 cells (Pear et al., 1993) were maintained in Iscove's
modified DMEM supplemented with 10% bovine calf serum. The
293T/17 cells were transfected using a calcium phosphate transfec-
tion protocol (Graham and van der Eb, 1973).

Murine neuroblastoma Neuro-2a cells (N2a; American Type Cul-
ture Collection No. CCL-131) were grown in DMEM-supplemented
10% fetal bovine serum and antibiotics (50 U/ml penicillin, 50 ug/ml
streptomycin). The cells were incubated at 37°C in a humidified 5%
CO; incubator and were split 16 h before transient transfection with
PCMVRFP-sNxf1 + pEGFP-Stau2SS using Lipofectamine 2000 (Invi-
trogen) according to the manufacturer’s instructions.

At 24 h posttransfection, N2a cells were differentiated in DMEM
with 5 mM db-cAMP (Roche Molecular Biochemicals, Indianapolis,
IN) without serum for 48 h at 37°C. Medium containing db-cAMP
was exchanged every 16 h. The differentiated N2a cells were
fixed with formaldehyde, stained with 4’,6-diamidino-2-phenylin-
dole (DAPI) to visualize DNA, and observed under a confocal
microscope.

Immunohistochemical staining of rat brain

Adult rats (12 wk) were perfused transcardially with phosphate-buff-
ered saline followed by 4% paraformaldehyde, and their brains were
dissected out and cryoprotected in 30% sucrose until sinking. Fro-
zen sections were then cut on a cryostat at 30 pm and processed for
immunohistochemistry using a polyclonal antibody against sNxf1
diluted at 1:1000 and developed via the Avidin: Biotinylated En-
zyme Complex (ABC method) from Vector Labs (Burlingame, CA)
with diaminobenzidine tetrahydrochloride as the chromogen.

p24 enzyme-linked immunosorbent assay (ELISA)

and SEAP quantitation

Supernatants from transfected cells were collected at 65-72 h
posttransfection and subjected to a short spin in a microcentrifuge
to remove residual cells and debris. The p24 expression levels were
determined by an ELISA protocol using a p24 monoclonal anti-
body (183-H12-5C) and pooled human anti-HIV immunoglobulin G
(Wehrly and Chesebro, 1997). The p24 antibody was obtained
from the AIDS Research and Reference Reagent Program and was
contributed by Bruce Chesebro (National Institute of Allergy and
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Infectious Diseases—Rocky Mountain Laboratories). SEAP activity in
the supernatants was measured with the Phospha-Light Chemilu-
minescent Reporter Kit (Tropix, Bedford, MA).

Western blot analysis

The Western blot analysis was performed essentially as previously
described (Hammarskjold et al., 1986; Guzik et al., 2001). For cell
lysates, mouse tissues were dissected, cut into smaller pieces, and
homogenized on ice in RIPA buffer with protease inhibitors using a
glass homogenizer. After 30 min on ice, the samples were sonicated
to shear the DNA and centrifuged to pellet cell debris. Proteins from
the lysates were separated on a 13% SDS-PAGE gel, which was
transferred to an Immobilon-FL membrane (Millipore, Billerica, MA).
For detection of the Nxf1 and sNxf1 proteins, the blots were probed
with a rabbit anti-Nxf1 polyclonal antibody (Jin et al., 2003) or a
custom-made affinity-purified antibody raised against the sNxf1-
specific peptide as previously described (Li et al., 2006). The blots
were scanned with an Odyssey Infrared Imaging System (LI-COR,
Lincoln, NE).

Co-IP

A plasmid expressing a T7-tagged full-length Nxf1 protein
(PCMVT7-Nxf1(1-619)) was cotransfected into 293T cells with FLAG-
tagged plasmids expressing FLAG-sNxf1 (oCMVFLAG-sNxf1(1-356))
or FLAG-ssNxf1 (pCMVFLAG-sNxf1(61-356)). Lysates were made
and immunoprecipitated with anti-FLAG M2-agarose beads ac-
cording to the Sigma protocol (Sigma, St. Louis, MO). The immuno-
precipitated complexes were resolved by SDS-PAGE, and the pres-
ence of T7-Nxf1 (1-619) was detected using a 0-T7 monoclonal
antibody after Western blotting. Five percent of total lysates were
used as input controls.

RNA fractionation and Northern blot analysis

The methods used for nuclear and cytoplasmic RNA extraction,
poly(A)" mRNA selection, and Northern blot analysis were previ-
ously described (Hammarskjold et al., 1989, 1994; Swartz et al.,
2007).

Polyribosome analysis

Polyribosome profile analyses were performed as previously de-
scribed (Swartz et al., 2007). Forty-eight hours posttransfection, cells
were harvested and cytoplasmic extracts were subjected to sucrose
gradient centrifugation. The gradient was fractionated, and the OD
254 nm was measured using a continuous-flow cell. The analysis of
Nxf1 and sNxf1 protein expression in polyribosome fractions was
performed as previously described (Swartz et al., 2007).
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