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ABSTRACT

Intron retention is one of the least studied forms of alternative splicing. Through the use of retrovirus and other model systems, it
was established many years ago that mRNAs with retained introns are subject to restriction both at the level of nucleocytoplasmic
export and cytoplasmic expression. It was also demonstrated that specific cis-acting elements in the mRNA could serve to bypass
these restrictions. Here we show that one of these elements, the constitutive transport element (CTE), first identified in the
retrovirus MPMV and subsequently in the human NXFT gene, is a highly conserved element. Using GERP analysis, CTEs with
strong primary sequence homology, predicted to display identical secondary structure, were identified in NXF genes from >30
mammalian species. CTEs were also identified in the predicted NXF7 genes of zebrafish and coelacanths. The CTE from the
zebrafish NXF1 was shown to function efficiently to achieve expression of mRNA with a retained intron in human cells in
conjunction with zebrafish Nxf1 and cofactor Nxt proteins. This demonstrates that all essential functional components for

expression of mRNA with retained introns have been conserved from fish to man.
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INTRODUCTION

It is now well established that a majority of human genes are
subject to alternative splicing (AS) and this is likely also true
for many other mammalian species (Pan et al. 2008; Wang
et al. 2008). In mammals, the most common form of AS is
exon skipping and intron retention was once thought to be
one of the rarest. However, deep sequencing and other recent
advances have revealed that this form of AS is more common
than previously appreciated (Ner-Gaon et al. 2004; Yap et al.
2012; Wong et al. 2013). In Arabidopsis and other plants, re-
tained introns are a prominent feature in AS and have been
proposed to be important in adaptive regulation (Ner-
Gaon et al. 2004; Remy et al. 2014; Vitulo et al. 2014).
Intron retention is often coupled to both nucleocytoplas-
mic export restrictions and nonsense mediated decay
(NMD), since the retained intron frequently contains prema-
ture stop codons (Lejeune and Maquat 2005). For this reason,
it has been hypothesized that the vast majority of mRNAs
with retained introns are never stably expressed in the cyto-
plasm or translated into proteins (Yap et al. 2012; Wong
et al. 2013; Ge and Porse 2014). However, there are now
many examples in the literature of mammalian genes that ex-
press mRNAs with retained introns that are translated and
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where the resulting proteins can be readily detected.
Examples include NXFI, ERBB2 (Herstatin), ID3, PASDI,
CEACAMe6, Kallikrein genes, TRP-2, ANIA-6 (CCNLI),
PRX, and several others (Dytrych et al. 1998; Lupetti et al.
1998; Doherty et al. 1999; Berke et al. 2001; Forrest et al.
2004; Liggins et al. 2004; Michael et al. 2005; Li et al. 2006;
Kurio et al. 2008).

The evolutionarily conserved NXFI gene encodes a protein
that is thought to serve as a major mRNA export receptor in
mammalian and many other species (for recent reviews, see
Siddiqui and Borden 2012; Miiller-McNicoll and Neuge-
bauer 2013; Natalizio and Wente 2013). The human Nxfl
protein (then known as Tap), was originally identified be-
cause of its direct interaction with the Mason-Pfizer Monkey
Virus (MPMV) CTE, a cis-acting RNA element necessary
for the nucleocytoplasmic export and translation of the
unspliced MPMV genome mRNA that contains a retained in-
tron (Bray et al. 1994; Ernst et al. 1997a,b; Pasquinelli et al.
1997; Griter et al. 1998). In a previous study, we showed
that intron 10 of the human NXFI gene contains a sequence
with striking primary sequence and secondary structure ho-
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NXF1-CTE functional conservation

mology with the MPMV CTE (Li et al. 2006). We also showed
that many human cells express an alternatively spliced NXF]I
mRNA that retains this intron. The nucleocytoplasmic ex-
port and expression of this mRNA was demonstrated to re-
quire a direct interaction of the NFXI CTE with the Nxfl
protein and its cofactor Nxtl. Furthermore, we showed
that the mRNA with the retained intron was translated into
an alternative short Nxfl protein with unknown function.

Nxt1 and Nxf1 proteins in trans and the CTE in cis can also
functionally replace the HIV Rev protein and its cis-acting
HIV RNA element, known as the RRE, in HIV replication
(Bray et al. 1994; Zolotukhin et al. 1994). Many studies
have demonstrated that Rev/RRE function is essential for
the nucleocytoplasmic export of unspliced HIV mRNA, as
well as for the export of several subgenomic HIV mRNAs
that retain introns (Felber et al. 1989; Hammarskjold et al.
1989; Malim et al. 1989). Taken together, our previous stud-
ies have clearly demonstrated a role for Nxfl and the CTE in
the export of both viral and cellular mRNAs with retained
introns.

Here we show that the NXF CTE sequence and predicted
secondary structure is conserved in many mammalian NXF
genes and that CTEs can also be identified in the genomes
of both Danio rerio (zebrafish) and Latimeria chalumnae
(a coelacanth). In zebrafish, the CTE is present in the same
intron as in the human NXFI gene (intron 10) and we dem-
onstrate that this intron is retained in an alternative NXFI
mRNA. Furthermore, when transplanted into a HIV reporter
construct, which allows quantification of export and expres-
sion of mRNA with a retained intron, the zebrafish CTE
functions very efficiently in human cells in conjunction
with the zebrafish Nxfl and Nxt2 proteins.

RESULTS

NXF1 CTE sequences are conserved
within NXF1 genes from many different
mammalian species

Previously, we showed that the mouse NXFI gene contains a
sequence with almost perfect homology with the CTE in hu-
man NXFI (Li et al. 2006). In both species, the CTE maps to
intron 10 and has been shown to be present in alternative
NXFI mRNA transcripts retaining this intron. Using geno-
mic evolutionary rate profiling (GERP) analysis (Cooper
etal. 2005) and the Ensembl genome browser to examine in-
tron 10 in other mammalian species, we identified a con-
served region of 94 nt in intron 10 in multiple mammalian
NXFI genes. Further analysis showed that this region com-
prises the CTE and surrounding nucleotides. The alignments
of this region in 36 mammalian species are shown in Figure 1.
As can be seen in the figure, there is remarkable conserva-
tion of this intronic region across most of the species, with
no nucleotide changes in the “inner loop” known to bind
Nxfl and surrounding sequences (for a folded RNA structure

of the human NXFI CTE, see Fig. 2C; Ernst et al. 1997b). The
conservation of this “noncoding” intronic region in many
diverse mammalian species is consistent with it having a con-
served, potentially important biological function. The con-
servation was less pronounced in a few mammalian species:
(Sorex araneus [common shrew], Dasypus novemcinctus
[nine-banded armadillo], and Tursiops Truncatus [bottlenose
dolphin]).

Intron 10 of the predicted NXFT1 genes in both
Danio rerio and Latimeria chalumnae contain
sequences predicted to function as CTEs

We next performed complete BLAST searches to identify se-
quences in other mammalian genes with significant primary
sequence homology with the NXFI CTE. However, these
searches failed to identify CTEs outside of the NXF gene
family.

To explore if the genomes of nonmammalian species
contain DNA sequences with homology to mammalian
CTEs, we performed BLAST searches using nonmammalian
databases. Although these searches did not find such se-
quences in birds or reptiles or in the model organisms Cae-
norhabditis elegans and Drosophila, a potential CTE with
extensive primary sequence homology with the human
CTE was found in a predicted NXF gene in the Danio rerio
(zebrafish) genome.

The zebrafish genome contains two regions with homolo-
gy with human NXFI. However, the CTE homology region
is only present in one of these (ZFIN:ZDB-GENE-030131-
2585), located on chromosome 21 (see Fig. 2A). This gene
has been recently officially designated as the Danio rerio
(Dr) NXFI gene in the National Center for Biotechnology
Information database (NCBI). Like the human gene, the
DrNXF1 gene contains 21 exons and 20 introns and the
putative CTE is present in intron 10 (Fig. 2B). However,
DrNXFI intron 10 is significantly larger than the human
NXFI intron 10 (3992 nt, compared with 1801 nt for
huNXF1). Outside of the CTE region there is little conserva-
tion of intronic sequences between the human and zebrafish
genes, as evidenced by BLAST searches using intron sequenc-
es (data not shown). In contrast, the exons show significant
conservation and the human and the predicted DrNXFI large
protein isoforms (619 and 642 amino acids) show ~60%
identity at the amino acid level. This is not surprising, as
important functions of Nxfl in post-transcriptional mRNA
regulation appear to be conserved in evolution. A second
putative NXF ortholog in Danio rerio is located on chromo-
some 14 (ZDB-GENE-060825-299). We have been unable
to identify a putative CTE in this gene, the function of which
remains unknown. It is predicted to encode a 610 amino acid
protein with 54% sequence identity to the large human Nxf1
protein and a similar domain structure. Figure 2C shows the
putative folding of the zebrafish CTE based on the known

www.rnajournal.org 427



Wang et al.

¥ 20 * oo
Homo

Pan
Nomascus
Gorilla
Pongo
Tupaia
Ictidomys
Procavia
Loxodonta
Pteropus
Vicugna
Ailuropoda :
Mustela
Felis
Erinaceus
Tarsius
Ochotona
Rattus

Mus

Canis

Sus

Bos

Cavia

Equus HEE
Oryctolagu : ..C.
Myotis
Dipodomys
Echinops H
Microcebus : ..
Otolemur
Choloepus @
Callithrix :
Macaca
Sorex
Dasypus
Tursiops

40

* 60 loo 80 *

100D __
: TGTTTGGCCCCGGT-GGATGGCTGGTTAGCCAGAGACGGGTARGAT TCCTCAGGGAAGGAACARCCTAAGACAGGCACAGTCGCAGAGGGGCCA

FIGURE 1. Alignment of human NXFI CTE homologs from different mammalian species. The fop line shows the sequence of human NXFI CTE. A
dot (.) shows that the nucleotide is the same as the one in the top line. A dash (-) shows that there is a gap in the alignment. The position of the inner
loop formed by nucleotides 32-37 and 68-73 is indicated above the human sequence. Species abbreviations: (Ailuropoda) Ailuropoda melanoleuca;
(Bos) Bos taurus; (Callithrix) Callithrix jacchus; (Canis) Canis lupus familiaris; (Cavia) Cavia porcellus; (Choloepus) Choloepus hoffmanni; (Dasypus)
Dasypus novemcinctus; (Dipodomys) Dipodomys ordii; (Echinops) Echinops telfairi; (Equus) Equus caballus; (Erinaceus) Erinaceus europaeus; (Felis)
Felis catus; (Gorilla) Gorilla gorilla gorilla; (Homo) Homo sapiens; (Ictidomys) Ictidomys tridecemlineatus; (Loxodonta) Loxodonta africana;
(Macaca) Macaca mulatta; (Microcebus) Microcebus murinus; (Mus) Mus musculus; (Mustela) Mustela putorius furo; (Myotis) Myotis lucifugus;
(Nomascus) Nomascus leucogenys; (Ochotona) Ochotona princeps; (Oryctolagus) Oryctolagus cuniculus; (Otolemur) Otolemur garnettii; (Pan) Pan
troglodytes; (Pongo) Pongo abelii; (Procavia) Procavia capensis; (Pteropus) Pteropus vampyrus; (Rattus) Rattus norvegicus; (Sorex) Sorex araneus;
(Sus) Sus scrofa; (Tarsius) Tarsius syrichta; (Tupaia) Tupaia belangeri; (Tursiops) Tursiops truncatus; (Vicugna) Vicugna pacos.

secondary structure of the MPMV CTE. The human NXFI
CTE is also shown for comparison.

Recently, sequencing of the genome of Latimeria chalum-
nae (a coelacanth, also known as “living fossil” fish) was
completed and deposited in Ensembl and other genome
browsers (Nikaido et al. 2013). The coelacanths are lobe-
finned fish that appear to be more closely related to lungfish,
reptiles, and mammals than to the common ray-finned fishes.
A BLAST search revealed that the Latimeria genome also con-
tains a sequence with remarkable homology with the human
NXFI CTE (Fig. 2A,C). As can be seen in Figure 2C, the
predicted stem—-loop structure of the 53-nt “core” region is
identical for all four CTEs. In the predicted Latimeria CTE
core structure, there are only 3 nt differences compared
with the human NXFI CTE, whereas there are seven differ-
ences between the zebrafish and human CTEs and six differ-
ences between the Latimeria and zebrafish CTEs.

The predicted NXFI gene in Latimeria chalumnae
(ENSLACG00000001232) (Fig. 2B) is 30.35 kbp, quite a bit
larger than both the human and zebrafish genes, mainly
because of the increased size of many of the introns.
Nevertheless, as in the case of the other NXF genes, intron
10 (3426 nt) contains the predicted CTE. For all of these
NXFI genes, the position of the predicted CTE is closer to
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the 5SS than the 3”SS in intron 10. The Latimeria NXFI
gene is predicted to express a large Nxf1 protein of 628 amino
acids with a similar domain structure as other Nxf proteins
(RNA binding domain, NTF2 like domain and a nucleoporin
complex [NPC] binding C-terminal domain). It displays a
71% identity to the human Nxf1 protein.

The zebrafish CTE is functional in human cells

We have previously shown that both the MPMV and human
NXF1 CTEs function to enable export and translation of
mRNAs with retained introns in mammalian cells (Ernst
et al. 1997a; Guzik et al. 2001; Jin et al. 2003; Li et al. 2006;
Swartz et al. 2007). The ability of a CTE to do this can be as-
sessed by inserting it into a reporter plasmid containing the
GagPol ORF from HIV1, where this ORF is present within
an intron. Using this system, we have shown in several previ-
ous studies that expression of HIV Gag and GagPol proteins
requires the nucleocytoplasmic export and translation of the
GagPol mRNA with the retained intron (Bray et al. 1994;
Guzik et al. 2001; Jin et al. 2003). When the Gag and
GagPol proteins are produced in the cell, they are assembled
into virus-like particle and secreted into the medium. The
amount of protein in the medium of transfected cells can
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was detected with the 1X CTE construct
alone, but the levels were still above the

FIGURE 2. (A) Alignment of CTE homologs in intron 10 of the human (Hs) NXF1I, the zebrafish
(Dr) NXF1I, and the Latimeria (Lc) NXFI genes. The top line shows the sequence of human NXFI
CTE. A dot (.) shows that the nucleotide is same as the one in the top line. A dash (-) shows that
there is a gap in the alignment. Regions indicated below the sequences correspond to CTE second-
ary structures involved in stem formation as shown in C. (B) Schematic representation of the
NXFI genes from human (ENSG00000162231 11:62559595-62573774:-1), zebrafish
(ENSDARG00000055076 21:26058501-26071321:-1), and Latimeria (ENSLACG00000001232
JH126593.1:10100-40448:-1). Open boxes represent the 5" and 3’ untranslated regions. Vertical
bars represent exons. Each intron is numbered and the respective length of each gene in kilobases
is shown. Intron 10, containing the CTE, is 1801 nt long in the human gene, 3995 nt long in zebra-
fish, and 3426 nt long in Latimeria. (C) Secondary structures of CTE core sequences from human,
zebrafish, Latimeria, and MPMV. Nucleotide variations from the human CTE are shown in bold

background levels normally obtained
without a CTE (Li et al. 2006). However,
when plasmids expressing Nxf1 and Nxt1
were added to the transfections, much
higher levels of p24 were produced.
This is consistent with our previously
published results using the human
NXF1 CTE (Li et al. 2006).

As expected, based on our previous re-

and underlined.

be quantified by an ELISA targeted to the p24 domain present
in Gag and GagPol (Li et al. 2006). Thus the measured level of
p24 is a measure of CTE function.

To analyze if the putative DrCTE could function in human
cells, we extracted genomic DNA from whole adult zebrafish
and used PCR with specific primers to amplify and clone the
“CTE” region. We confirmed that the cloned sequence was
identical to the DrNXFI (chromosome 21) intron 10- se-
quence deposited in the ZFIN database (data not shown).
The DrCTE was then cloned into the Gag-Pol reporter plas-
mid either as a single copy (DrCTE(1X)) or as a tandem di-
rect repeat containing two copies (DrCTE(2X)). The plasmid
with the duplicated sequence serves to mimic the CTEs that

sults, higher levels of p24 were observed

with the 2X CTE construct and these

levels were further greatly enhanced in
cotransfections with mammalian Nxfl and Nxtl. As shown
in Figure 3B, the amount of p24 increased in a dose-de-
pendent manner, when increasing amounts of the plasmid
expressing Nxt1 were transfected with a fixed amount of plas-
mid expressing Nxfl. These results replicate our previously
published results using the human NXFI CTE. Taken togeth-
er, these experiments clearly demonstrated that the zebrafish
NXFI gene contains a CTE that can function in human cells
to enhance expression from an mRNA with a retained in-
tron. Furthermore, the results demonstrate that the mamma-
lian Nxfl and Nxtl proteins can functionally interact with
the DrCTE to enhance expression of mRNA with a retained
intron.
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FIGURE 3. Functional analysis of the zebrafish CTE. (A) Expression of
p24 from CTE reporter plasmid pCMVGagPol-DrCTE(1X) (HR4402)
in the presence of human Nxf1 (HsNxfl) and mouse Nxtl (MmNxt1).
293T cells (1.2x10°) were transfected with 1.8 ug pCMVGagPol-
DrCTE (HR4402) and 90 ng of a plasmid expressing secreted alkaline
phosphatase (pCMV-SEAP [HR1831]) to control for transfection effi-
ciency, with or without plasmids expressing HsNxfl and MmNxt1 as in-
dicated in the figure. At 60 h post-transfection, supernatants were
collected and analyzed for p24 levels and SEAP activity. p24 values
shown in the figure have been normalized for SEAP activity. The data
represent the average from two independent transfections. (B) Titration
analysis of the Nxt1 protein on the function of the duplicated zebrafish
CTE in the GagPol reporter construct. 293T cells (1.2 X 10%) were trans-
fected with 1.8 pg pCMVGagPol-DrCTE(2X) (HR4466), 90 ng of
pCMV-SEAP(HR1831), 125 ng pCMV-HsNxfl (HR3704), and increas-
ing amounts of pPCMV-MmNxt1 (HR2415), as indicated in the figure.
Transfection, p24, and SEAP analyses are the same as described in A.

The predicted DrNxf1 and DrNxt proteins function
in human cells in conjunction with the Dr CTE,
as well as with the MPMV and human NXF7 CTEs

As mentioned above, the Danio rerio genome contains two
genes predicted to encode Nxf proteins. A sequence compar-
ison between the full-length human Nxfl protein and the
zebrafish Nxfl protein that is predicted to be expressed
from the gene on chromosome 21 containing the CTE, shows
that the two proteins display a relatively high degree of ho-
mology in most regions (Fig. 4A). However, the region be-
tween amino acid 100 and amino acid 129 of the zebrafish
protein shows little homology with the corresponding region
in the human protein. In this region, the zebrafish protein is
distinguished by a large number of glycine residues. This
divergent region is amino-terminal to the RNA recognition
motif (RRM). The zebrafish protein also has a second shorter
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polyglycine “repeat” closer to the NH,-terminus (amino ac-
ids 45-55). This is flanked by two apparently redundant nu-
clear localization signals (R[K/N]JKKGRGPFR and RYNPY),
conserved in both proteins (Zhang et al. 2011). This region of
the human Nxf1 protein has also been shown to be involved
in protein dimerization, which appears to be important for
function (Matzat et al. 2008).

To be able to test if the zebrafish Nxf1 protein could func-
tion in conjunction with CTEs to promote mRNA export
and expression in mammalian cells, we made full-length
cDNA from total RNA isolated from zebrafish using RT-
PCR and specific primers. The complete coding region for
the predicted 642-amino acid zebrafish Nxfl protein was
then cloned into a mammalian CMV expression vector con-
taining a Flag-tag, to put an NH,-terminal Flag epitope in the
expressed protein.

Since Nxf1 functions in conjunction with Nxt1 in mamma-
lian cells, we also created a vector that expressed the zebrafish
ortholog of Nxt1. In zebrafish, there is only one gene with sig-
nificant homology with the two mammalian NXT genes. The
gene was given the name DrNXT2, since it appeared more re-
lated to human NXT2 than human NXT1 (Huang et al. 2005).
Several different DrNXT2 splicing isoforms were described.
The mRNA isoform that was of most interest to us was pre-
dicted to express a protein of 143 amino acids, which is similar
to the size of the human and mouse Nxt1 proteins. The align-
ment between the two mammalian Nxt1 proteins and the pre-
dicted zebrafish protein is shown in Figure 4B. As can be seen
in this figure, the human and mouse Nxt1 proteins are iden-
tical with the exception of two conservative amino acid chang-
es, whereas they show an overall homology of ~70% to the
zebrafish Nxt2 protein. To express the zebrafish protein, we
obtained a cDNA containing the 143 amino acid ORF from
Thermo Scientific Open Biosystems and cloned it into a
mammalian CMV expression vector, in frame with an NH,-
terminal Flag-tag.

The Nxf/Nxt plasmids were then tested for their ability to
enhance the expression from pCMVGagPol-DrCTE(2X). As
can be seen in Figure 5, expression of DrNxf1 alone enhanced
p24 levels almost sevenfold, similar to the enhancement seen
with the human Nxf1 protein. In contrast, the DrNxt2 pro-
tein alone did not enhance function. However, a combina-
tion of DrNxt2 and DrNxfl resulted in very high levels of
p24 expression (nearly a 1300-fold increase), which were
about fivefold higher than the levels obtained with the mam-
malian proteins. The combination of HsNxfl and DrNxt2
worked almost as well as HsNxfl and MmNxtl, whereas
DrNxfl and MmNxtl gave lower levels. Figure 5B is a
Western blot with a Flag antibody that shows expression of
all of the proteins with the exception of MmNxt1 that lacks
a Flag tag. However, this protein was also expressed well as
judged by the increase in p24 that was obtained in conjunc-
tion with Nxfl. The MmNxt1 protein is expressed from the
same plasmid used in many of our previous publications
(Guzik et al. 2001; Jin et al. 2003; Li et al. 2006).



NXF1-CTE functional conservation

% 20 ! 40 60 * 80 * 100 il

I‘ HsNxfl : ~~MADEGKSYSEHDDERVNFPQRKKKGRGPFRWKYG---------—--—- EGNRRSGRGGSGIRSSRLEEDDGDVAMSDAQ-DGPRVRYNPYTTRPNRRGDTWHDRDR--—
DrNxfl : MAT..DS.Y.N....RVGGPKH.N........ APLYSDQMSRPRHRGGHS .GGGG.G. .GPGPR...HD..... T...IPQ.SSQR..... GRQQ. . .D.RNRKGG.GGG

120 i3 140 * * 180 * 200 * 220
HsNxfl : ---IHVIVRRDRAPPERGGAGTSQDGTSKNWFKITIPYGRKYDKAWLLSMIQSKCSVPFTPIEFHYENTRAQFFVEDASTASALKAVNYKILDRENRRISIIINSSAPPH
DrNxfl : GNDDRGGN.FGGRGGGG..G.GPS..R......cvvvvrnnass D....S%...V.P...HA....LDGN........ $...N..FK.SR..T..DGY..A..... CP..T
» 240 " ot 300 . 320 x
HsNxfl : TILNELKPEQVEQLKLIMSKRYDGSQQALDLKGLRSDPDLVAQNIDVVLNRRSCMAATLRIIEENIPELLSLNLSNNRLYRLDDMSSIVQKAPNLKILNLSGNELKSERE
DrNxfl : L.HSD...AD..H..QC.A............ NN..V..... S...E.T....NS.C.V............ , oA VD..H.V.........H........
340 * 360 * i 400 * 420 b 440
HsNxfl : LDKIKGLKLEELWLDGNSLCDTFRDQSTYISAIRERFPKLLRLDGHELPPPIAFDVEAP-TTLPPCKGSYFGTENLKSLVLHFLQQYYAIYDSGDROGLLDAYHDGACCS
DXNxfl ! covwnnans VD.S.E.PocHH. . THAD s.cs5.00 50510999599 550 o P G...DDGP. 0 O WU o O AN . DIRTIRN o Mo | - Bivisamieiens s TF
] 450 * 500 * 520 G 540 %
HsNxfl : LSIPFIPONPARSSLAEYE‘KDSRNVKKLKDPTLRFRLLKHTRLNVW\FLNELPKTQHDVNSFVVDI SAQTSTLLCFSVNGVFKEVDGKSRDSLRAFTRTFIAVPASNSGL
DENHTT ¢ covmosninShain SumnnBnin Qamimsimimmrsivmin nin Livie simsu simm st e mtn s minsute: oy stiey min. nise Boivioininir HTY: B oo P rese oo, oeimanysine BoXivmms Viesnimins GS
560 * 580 * * 620 = €40
HsNxfl : CIVNDELFVRNASSEEIQRAFAMPAPTPSSSPVPTLSPEQQEMLQAFSTQSGMNLEWSQKCLQDNNWDYTRSAQAFTHLKAKGEIPEVAFMK
DENXEL § oo s v miess s winereie ReoaVB i ssasnnsns AH. o0 S . E.A..I.. .Q.K..D.

B * 20 * 40 60 * 80 * 100 *
MmNxtl : M—ASVDFKTYVDQACRAAEEFVNVYYTTMDKRRRLLSRLYMGTATLVWNGNAVSGQESLSEFFEMLPSSEFQISVVDCOPVHDDATFSQTTVLVVICGTVKFEGNKQRDF
HENRE L o o s e e S e e R e R R R S e e s e B e S e B s e s
DrMxt2 : .SLT...R.Q...S..¥8...I.I..EC...K..N.K...LDE.......... g RoGanBonaivia VQTL...... EQ QG L .AA.S ......... F

120 % 140
MmNxtl : NQNFILTAQASPSN--TVWKIASDCFRFQDWAS
HS8NXEL ¢ oo menmenaos I TR
Drixt2 : ....Locoucas NSDQP...couvsossasss N

FIGURE 4. (A) Sequence alignment of the human Nxf1 (HsNxf1; GenBank accession no. QQUBU9Y) and the zebrafish Nxfl (DrNxf1l; GenBank ac-
cession no. XM_001923926) proteins. (B) Alignment of the mouse Nxtl (MmNxtl; GenBank accession no. NP_001103629), the human Nxtl
(HsNxt1; GenBank accession no. NP_037380), and the zebrafish Nxt2 (DrNxt2; GenBank accession no. DT866593) proteins. In both A and B iden-
tical amino acids are marked with dots. Dashes indicate gaps in the alignment.

Most importantly these results clearly show that all the
known basic components of the CTE-mediated pathway nec-
essary for export and expression of mRNA with retained
introns (the CTE and the Nxfl and Nxt proteins) can be suc-
cessfully transplanted from zebrafish to human cells. The re-
sults also clearly demonstrate that no other zebrafish proteins
are essential for efficient export and expression through the
CTE in mammalian cells. This indicates that the zebrafish
Nxf1/Nxt2 complex can interact efficiently with the human
machinery involved in export and expression of CTE-con-
taining mRNA.

To analyze if the zebrafish proteins could also function in
conjunction with the MPMV and the human NXFI CTEs, we
performed similar experiments with reporters containing
these elements (Supplemental Figs. S1, S2). These experi-
ments showed that the DrNxf1 and DrNxt2 proteins function
equally well as the mammalian proteins in conjunction with
both of these CTEs, further demonstrating the functional
conservation.

The Danio rerio CTE promotes nucleocytoplasmic
export of intron-containing RNA and higher levels
of cytoplasmic RNA are observed when the Dr Nxf1
and Nxt2 proteins are coexpressed

Previous studies have shown that mammalian Nxfl/Nxtl
proteins work in conjunction with a CTE to enhance
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FIGURE 5. Comparison of zebrafish CTE function in 293T cells with
added Nxfl and Nxt from zebrafish and mammals. (A) 293T cells
(1.2x 10°%) were transfected with 1.8 pg of the CTE-reporter plas-
mid pCMVGagPol-DrCTE(2X) (HR4466), 90 ng of pCMV-SEAP
(HR1931), and plasmids expressing zebrafish or mammalian Nxf1 and
Nxt proteins as indicated in the figure. The HsNxfl, DrNxfl, and
DrNxt2 proteins contain an amino-terminal Flag-epitope tag. The
MmNxt1 protein is not Flag-tagged. DNA transfections, p24 and SEAP
activity analyses were performed as described in the legend of Figure
3A. (B) Western blot analysis of protein expression in the transfected
293T cells. Lysates from the transfected cells were separated on denatur-
ing SDS-PAGE gels and analyzed by Western blotting. Blots were probed
with an M2 monoclonal anti-Flag antibody (Sigma) and detected with a
goat anti-mouse IgG antibody-IRDye 800. Blots were visualized and an-
alyzed using the LI-COR Odyssey infrared imaging system.
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expression from mRNA with retained introns both at the lev-
el of nucleocytoplasmic RNA export and protein translation
in the cytoplasm (Bray et al. 1994; Ernst et al. 1997a; Jin et al.
2003). To further investigate how the DrNXFI CTE and Dr
Nxf1/Nxt2 proteins function to promote p24 protein expres-
sion, we performed a Northern blot analysis. In these exper-
iments, we compared levels of cytoplasmic and total RNA,
from cells transfected with the GagPol plasmid containing
the zebrafish NXFI CTE, in the absence

and presence of cotransfected DrNxf1/

Nxt2. As controls in these experiments,

RNA. Thus Rev and the HIV RRE increased RNA export
~4.5-fold.

In summary, these results clearly show that the zebrafish
CTE promotes export of mRNA with retained introns in a
manner that is significantly enhanced by the expression
of the cognate Nxfl and Nxt2 proteins in human cells.
However, the 48-fold increase in cytoplasmic RNA when
zebrafish Nxfl/Nxt2 were coexpressed (panel B) is still

we used RNA from cells transfected GagreFtiGLEES) SagEelERRE
with an HIV GagPol-RRE reporter plas- A Total RNA c Total RNA
mid, in the presence and absence of the
HIV Rev protein, since Rev and the RRE = * DrNxf1
are known to efficiently mediate both = + DrNxt2 - * Rev
the export and translation of the mRNA
produced from this reporter (Coyle et
al. 2003). All cells were also transfected s <—GagPol SRS < G.qPol
with a plasmid expressing SEAP as a nor-
malization control. ’
The results of these experiments (Fig.
6) showed that in the absence of cotrans- S N <— SEAP
fected Nxf1/Nxt2, only low levels of cy- A (. < — SEAP
toplasmic GagPol-CTE RNA were seen
with the DrCTE-containing reporter
plasmid (panel B). These levels increased L |
48-fold when the DrNxf1 and Nxt2 pro- : 2.6
teins were coexpressed. To determine
if the increase in cytoplasmic GagPol- Cytoplasmic RNA Cytoplasmic RNA
DrCTE RNA was due to an increase in
stability or an increase in export, we a * DriNxf1 o + Rev
also examined total RNA (nuclear + - + DriNxt2

cytoplasmic). In total RNA, coexpression
of Nxf1/Nxt2 (panel A) also resulted in
higher levels of GagPol-DrCTE RNA,
but the increase was only 6.4-fold. This
mimics results previously obtained with
the human Nxf1/Nxtl proteins and sug-
gests that the increase of GagPol-DrCTE
RNA in total mRNA is a reflection of
the fact that the RNA is more stable,
when it is translated in the cytoplasm,
compared with when it is sequestered in
the nucleus (Bray et al. 1994; Jin et al.
2003). Together these results indicate a
significant 7.5-fold (48/6.4) specific in-
crease in mRNA export in the presence
of the zebrafish Nxf1/Nxt2 proteins.
The control experiment with Rev/RRE
gave the expected result (panels C and
D). In this case, 12-fold higher levels of
GagPol-RRE RNA were observed in the
cytoplasm in the presence of Rev, where-
as there was a 2.6-fold increase in total
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FIGURE 6. Northern blot analysis of total and cytoplasmic GagPol-DrCTE or GagPol-RRE
mRNA from transfected 293T cells. (A,B) 293T cells (1 x 107 in a 15-cm culture dish) were trans-
fected with 15 pg pCMVGagPol-DrCTE(2X) (HR4466) and 1 ug pCMV-SEAP (HR1831) with or
without plasmids that expressed zebrafish Nxf1 (5 pg) and zebrafish Nxt2 (2.5 pg) proteins. (C,D)
293T cells (1107 in a 15-cm culture dish) were transfected with 15 ug pCMVGagPol-RRE
(pHR354) and 1 pg pPCMV-SEAP (pHR1831) with or without plasmid pHR30 (5 pg) that ex-
presses the HIV Rev protein. Fifty-five hours post-transfection, total (A,C) and cytoplasmic (B,
D) mRNAs were isolated from the transfected cells as described in Materials and Methods.
Blots containing mRNAs (5 pg/lane) were hybridized with **P-labeled GagPol and SEAP probes.
Brackets show the fold difference in the levels of the GagPol mRNA between the indicated lanes
after normalization for SEAP RNA levels. In C and D the individual lanes +Rev were put together
electronically from different parts of the original gel.
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much lower than the 1300-fold increase in p24 protein ex-
pression (0.5 versus 643 ng/mL) (see Fig. 5). Thus the zebra-
fish Nxfl and Nxt2 proteins appear able to also promote
expression after export to the cytoplasm, as was demonstrat-
ed previously for the human proteins (Jin et al. 2003).

Intron retention in alternatively spliced
DrNXFT1 transcripts

Since the human NXFI CTE has been shown to regulate the
expression of an alternatively spliced NXFI mRNA that re-
tains the CTE-containing intron 10, we next decided to ana-
lyze whether this intron is also retained in alternatively
spliced NXFI mRNA in zebrafish. Several EST entries sup-
port this notion and there is a predicted alternative mRNA
isoform of 6461 nt that retains intron 10 (OTTDART
00000049512).

To further investigate this, we extracted total RNA from
adult zebrafish and isolated mRNA using poly(A) selection.
The RNA was then subjected to Northern blot analysis using
two different DrNXFI probes. One probe was an “exon”
probe complementary to a 580 nt sequence at the 5 end of
the predicted completely spliced DrNXFI mRNA (exons 1,
2, and part of exon 3). This probe would be expected to detect
all predicted mRNA isoforms expressed from the DrNXFI
gene. The second probe was complementary to a 1.6 kb se-
quence in DrNXFI intron 10, containing the DrCTE and sur-
rounding sequences.

Northern blot analysis using the “exon” probe showed
multiple bands, suggesting the presence of multiple NXFI
alternative mRNA isoforms (Fig. 7). The predominant band
was ~2.6 kb, corresponding to the expected size of the
completely spliced DrNXFI mRNA (GenBank: XM_00192
3926) that expresses the “large” Nxfl protein. Two larger
bands were also detected. Both of these were also detected us-
ing the intron probe, suggesting that both of these mRNAs
retain intron 10. The smaller of the two bands corresponds
to an mRNA of ~6.6 kb, the expected size of an mRNA
that retains only intron 10 (in addition to all of the exons pre-
sent in the ~2.6 kb). The larger band may represent a species
that retains additional introns. There is also some reactivity
with smaller mRNAs, potentially indicating alternatively
spliced forms retaining all or part of intron 10. In summary,
the Northern blot analysis demonstrated that adult zebrafish
expresses mRNA that retains intron 10, suggesting that CTE
regulation of NXFI expression operates also in zebrafish. Just
as in the case of the mammalian NXFI genes, the mRNA that
retains intron 10 would be expected to express a short Nxfl
protein, with a few C-terminal amino acids encoded by in-
tron 10 sequences, before a stop codon is encountered.
This short protein would contain the two nuclear localization
signals and most of the predicted RNA-binding regions, but
would lack the predicted regions involved in interactions
with Nxt and nuclear pore components.

Intron

Probe: Exon

6.5-

5.0-
3.6-

2.6-
1.9kB-

FIGURE 7. Northern blot analysis of the zebrafish NXFI mRNAs. Total
RNA was extracted from adult zebrafish and selected with oligo(dT)-cel-
lulose and analyzed on Northern blots as described in Materials and
Methods. Blots containing mRNAs (5 pg/lane) were hybridized with ei-
ther a zebrafish NXFI exon-specific probe (left lane) or an intron 10-
specific probe (right lane). The positions of molecular weight markers
running in a parallel lane are indicated. The arrows point to the major
bands discussed in the text.

DISCUSSION

The data presented here clearly demonstrate that CTEs have
been highly conserved in mammalian evolution and that a re-
markable primary sequence and secondary structure conser-
vation extends beyond mammals to teleost fish. When the
CTE was first discovered, little was known about mRNA ex-
port and the CTE was thought to be a virus-specific element
(Bray et al. 1994). At the time, one of the most studied mRNA
export systems was in HIV, where the viral Rev protein binds
to the viral RRE to promote export of mRNAs that retain in-
trons. The fact that MPMV was shown to use a cis-acting
RNA element to achieve export of unspliced mRNA, in the
absence of a viral trans-acting factor, led to the hypothesis
that a host cell protein must recognize the CTE, and perform
a function similar to Rev, even though there was little evi-
dence at the time that specific proteins were involved in cel-
lular mRNA export.

Groundbreaking work from Griiter et al. (1998) subse-
quently showed that the cellular Nxf1 protein (then known
as Tap), bound directly to two internal loop regions in the
MPMV CTE. Further work from many groups has sug-
gested that the Nxfl protein functions as an important
mRNA export receptor for a large number of cellular
mRNAs (Natalizio and Wente 2013). However, since CTE-
like elements are not found in most mRNAs, Nxfl has
been proposed to function in conjunction with RNA binding
adaptor proteins, rather than through direct RNA binding
(Huang et al. 2004; Hautbergue et al. 2008). It was suggested
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that the CTE evolved in MPMV to “mimic” these protein
adaptors and directly recruit Nxf1 to the mRNA, perhaps al-
lowing it to “lock in” on cellular mRNA without the help of
protein adaptors (Hautbergue et al. 2008). However, our dis-
covery of a highly related CTE in the human NXFI gene led
us to hypothesize that the CTE is of host cell, rather than vi-
ral, origin (Li et al. 2006).

Before this study, it remained a formal possibility that the
NXFI gene might have acquired the CTE from an integrating
retrovirus. Our data showing strong primary sequence con-
servation of the CTE in evolution, and the functional conser-
vation of the Nxf1/CTE RNA export mechanism, now provide
strong evidence in support of the hypothesis that the CTE was
acquired from a cell by an ancestral retrovirus to promote ef-
ficient export of its intron-retaining RNA genome in infected
host cells. Since the MMPV CTE contains two Nxf1 binding
loops, but all of the cellular NXF CTEs identified to date con-
tain only one, it seems highly likely that the original cellular
element was subsequently duplicated in the virus for better
function and competition with cellular mRNAs.

Whereas exon conservation in the NXF genes is expected
because of the important conserved roles that the Nxf pro-
teins play in post-transcriptional gene regulation, intron
sequences in protein coding genes generally show little con-
servation. The striking primary CTE sequence conservation
in multiple species, not only in the internal loop sequence
that binds Nxf/Nxt, but also in surrounding regions, was
thus surprising. Specifically, there is a conserved 5" splice
site sequence close to the internal loop. While it was previ-
ously shown that this site could be used for splicing in the
context of a reporter plasmid (Pasquinelli et al. 1997), there
is no evidence that it is utilized in the context of any of the
NXFI genes. One possibility is that it may serve as a binding
site for Ul snRNP, which may be needed to stabilize the in-
tron 10-containing mRNA, in much the same way that Ul
snRNP has been shown to stabilize the HIV mRNA contain-
ing the envelope protein intron (Lu et al. 1990; Kammler
et al. 2001). Specific mutagenesis experiments will be neces-
sary to further test this hypothesis.

Since no zebrafish components are required for efficient
CTE function in mammalian cells beyond Nxfl/Nxt, our
results indicate that these proteins are sufficiently func-
tionally conserved to allow interactions with all of the other
components of the human cell machinery (such as NPC
components) required for export and expression of CTE-
containing mRNA with retained introns. In fact, using all
three components from zebrafish in human cells, we ob-
served even higher expression than when using mammalian
Nxf1/Nxt. This might indicate that human cells contain
modulating “negative” factors that are not able to interact
with the zebrafish components.

Taken together, the demonstrated conservation of the CTE
and our other data suggest that export and expression of the
alternative NXFI mRNA that retains intron 10 serves an im-
portant cellular function. In human cells, we previously
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showed that the NXFI mRNA that retains intron 10 is trans-
lated into a “small” Nxf1 protein (Li et al. 2006). We have ob-
tained preliminary data that indicate that “small” Nxfl may
function in neuronal RNA trafficking, since it is highly ex-
pressed in hippocampal and cortical regions of the brain in
rats and colocalizes with Staufen proteins in cytoplasmic
granules in mouse neuronal cells. Other preliminary data
show that the small Nxf1 protein can interact with the “large”
Nxfl1 protein to function as an alternative partner to NxtI in
mRNA trafficking. Although we do not yet know if a similar
small Nxf1 protein is expressed in zebrafish, the fact we have
detected mRNAs that retain the CTE containing intron 10
suggests that this may be the case.

Very little is known about the function of the NXFI and
NXT genes in zebrafish. Defects in the NXFI gene have
been shown to lead to early embryonic death, whereas a defect
in the NXT gene has been associated with heart malformation
(Huang et al. 2005). The gene identified was referred to as
NXT2 because of slightly higher homology with the human
NXT2 gene. However, we have not been able to find another
NXT gene in zebrafish and therefore NXT2 may be a misno-
mer. Using CRISPR/Cas technology, it should now be possi-
ble to further study NXFI/NXT function in this species, as
well as consequences of deleting the CTE.

Although a region with strong homology with the CTE can
be detected in most mammalian species, there is less conser-
vation in a few of the organisms sequenced to date. Although
there is still enough homology for detection by GERP analy-
sis, the potential CTE sequences detected in Sorex araneus
(common shrew), Dasypus novimcinctus (Nine-Banded
Armadillo), and Tursiops truncatus (Common Bottle-nosed
Dolphin) are much less conserved in sequence and predicted
secondary structure. In spite of this, it is possible that CTE
function may be conserved. Using bioinformatic tools, we
have not been able to find any genes outside of the NXF fam-
ily that possess CTEs based on sequence homology. However,
the genomes of several mammalian and endogenous retrovi-
ruses have been shown to contain non-homologous elements
that function as CTEs in conjunction with Nxf1/Nxt (Ogert
and Beemon 1995; Yang and Cullen 1999; Nappi et al. 2001;
Legiewicz et al. 2010; Sakuma et al. 2014). In addition, we
have previously used retroviral vector “trap” strategies to
identify several host cell CTEs that lack apparent homology
with the MPMV/NXFI CTE, but which still function in con-
junction with Nxf1/Nxtl (Bor et al. 2006). However, more
experimentation will be needed to determine how commonly
CTE and/or CTE-like elements are used to regulate expres-
sion of mRNA with retained introns.

MATERIALS AND METHODS

Zebrafish maintenance, DNA and RNA extraction

Wild-type (AB strain) zebrafish (Danio rerio) were maintained on a
14-h light/10-h dark cycle. Adult zebrafish were transferred into a
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5 uM nicotine solution (N3876; Sigma), flash-frozen in liquid nitro-
gen, and stored at —80°C for future use. Zebrafish genome DNA was
extracted using the Phenol:Chloroform method (Westerfield 2007).
For zebrafish total RNA extraction, frozen zebrafish were ground
with a chilled mortar and pestle in the presence of liquid nitro-
gen. The powdered tissue was then mixed with Tri Reagent
(MRCgene), and RNA was extracted following the manufacturer’s
instructions.

Bioinformatics

Analysis of sequence conservation in the NXFI gene intron 10
of different mammalian species was facilitated using genomic
evolutionary rate profiling (GERP) (http:/mendel.stanford.edu/
SidowLab/downloads/gerp/index.html) and the Ensembl genome
browser (http:/www.ensembl.org/index.html). CTE sequence
BLAST searches against other NXFI genes were performed using
National Center for Biotechnology BLAST (http:/blast.ncbi.nlm.
nih.gov/Blast.cgi) and with the Ensembl genome browser (http
://lwww.ensembl.org/Multi/Tools/Blast). RNA secondary structure
analyses were performed using Mfold (http:/mfold.rna.albany.
edu/?q=mfold/DNA-Folding-Form). Sequence alignments were cre-
ated using the EMMA program of the EMBOSS. (EMBOSS: The
European Molecular Biology Open Software Suite [2000]) available
at http://emboss.sourceforge.net/interfaces/#jemboss and manip-
ulated using GeneDoc (http://www.nrbsc.org/gfx/genedoc/ebinet.
htm) (Rice et al. 2000).

Plasmids

Each plasmid described below is referred to by both name and num-
ber (in the form of pHRXXXX), to facilitate identification. Some of
the plasmids used in this study have been described in previous pub-
lications. Plasmid pCMV-HsNxfl (pHR3704) expresses human
Nxf1 (Liet al. 2006). pCMV-SEAP (pHR1831) expresses secreted al-
kaline phosphatase (SEAP) (Berger et al. 1988). pCMV-MmNxt1
(pHR2415) expresses mouse Nxtl (Black et al. 1999) and pCMV-
Rev(pHR30) expresses HIV Rev (Smith et al. 1993). The subgenomic
HIV-1 reporter vector pCMVGagPol-U2 (pHR2739) contains
an Xhol-U2RNA-BamHI fragment that was replaced with CTE
elements (Li et al. 2006). pCMVGagPol-MPMV-CTE (pHR1361)
contains the MPMV-CTE (Srinivasakumar et al. 1997) and
pCMVGagPol-HsCTE(2X) (pHR3406) contains two tandem copies
of the human NXFI CTE (Li et al. 2006).The reporter plasmid
pCMVGagPol-RRE (pHR354) contains the HIV1 RRE instead of
U2 (Srinivasakumar et al. 1997).

Some of the plasmids used in this study were newly constructed.
These are as follows: pCMVGagPol-DrCTE(1X) (pHR4402),
pPCMVGagPol-DrCTE(2X), (pHR4466)pCMV-DrNxf1 (pHR4488)
and pCMV-DrNxt2 (pHR4525). Details of their construction are
given in the Supplemental Material.

293T cell maintenance and transfection

293T cells were maintained in Iscove’s minimal essential medium
supplemented with 10% bovine calf serum and 0.1% gentamicin.
293T cell transfections were performed by using the calcium phos-
phate method as described previously (Graham and van der

Eb 1973). Transfections were performed with the amounts of plas-
mids described in the figure legends. Plasmid DNAs were propagat-
ed in Escherichia coli and prepared with Qiagen Maxiprep kit
(Qiagen).

p24 ELISA and secreted alkaline phosphatase
(SEAP) assays

Supernatants from transfected cells were collected at the indi-
cated times post-transfection and subjected to a short spin in a
microcentrifuge to remove residual cells and debris. p24 ELISA
and SEAP assays were performed as previously described (Coyle
et al. 2011).

Northern blot analysis

Transfected 293T cells were harvested at 55 h post-transfection for
total and cytoplasmic RNA extraction and Northern blot analysis
as previously described (Hammarskjold et al. 1986, 1989, 1994).
The GagPol DNA fragment used to probe the blots corresponded
to nucleotides 682—-2093 of the HIV-1 BH10 clone, and the SEAP
probe corresponded to nucleotides 213—-1698 of the human SEAP
cDNA.

For the zebrafish NXFI mRNA Northern blot, a 1.6-kb cloned
zebrafish NXFI intron 10 DNA fragment was used as an intron
probe and a DNA fragment corresponding to nucleotides 1-580
of the zebrafish NXFI ¢cDNA (NCBIL: XM_001923926) was used as
the exon probe.

Western blot analysis

For Western blot analyses, lysates of transfected 293T cells were sep-
arated on a 13% SDS-polyacrylamide gel and transferred to an
Immobilon-FL membrane (Millipore). For detection of Flag-tagged
proteins, the blots were probed with a 1:5000 dilution of M2 anti-
Flag monoclonal antibody (Sigma), followed by incubation with a
goat anti-mouse IgG antibody-IRDye 800 (1:25,000 dilution; LI-
COR). The blots were scanned on the Odyssey infrared imager
and the protein levels were quantified with the Odyssey software.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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