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Figure 3. Luzp4 is an mRNA export adaptor. (A) The purified GB1-tagged Nxf1 proteins used in pulldown assays are shown (left panel). IgG-Sepharose
pulldown assays using 35S-Luzp4 and the indicated GB1-tagged Nxf1 proteins (right panels). The upper panel is the phosphoimage of the same gel which is
Coomassie stained in the lower panel. (B) Nxf1 remodelling assays. Luzp4 pre-incubated with a 32P-labelled RNA oligonucleotide was incubated with im-
mobilized GST or GST-Nxf1:p15. The indicated complexes were then purified by GST-pulldown, eluted, UV-crosslinked and analysed by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis. The upper panel is the phosphoimage of the same gel shown Coomassie stained in the lower panel. Input was
1%. (C) Tethered mRNA export assays (also see Supplementary Figure S4A). The indicated MS2 fusion protein expression vectors were co-transfected
with the MS2 reporter pLUCSALRRE6MS2, normally retained in the nucleus, together with a � -galactosidase expression vector. Luciferase activities were
measured from the MS2 reporter and normalized for transfection efficiency with the � -galactosidase activities. The graph shows fold activation relative to
the levels seen with MS2-GFP and values represent averages from experiments carried out in triplicate on five separate occasions. (D) Immunofluorescence
images of HeLa cells transfected with the indicated expression vectors. FLAG-Nxf1 was detected using FLAG antibody. When indicated, cells were treated
with 5 � g/ml of actinomycin D for 3 h. Certain regions of images indicated by a white box are shown at higher magnification in the bottom left of a panel
to observe the presence or reduction of FLAG-Nxf1 at the nuclear rim.
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Figure 4. Luzp4 can complement knockdown of other mRNA export adaptors. (A) The indicated stable inducible RNAi cell lines were analysed for
GFP fusion expression (left panels), for poly (A)+-RNA using FISH analysis with oligo-(dT)50 (central panels), and an overlay of DAPI stained cells and
the poly(A)+ signal is shown in the right panels. RNAi-mediated knockdowns were induced for 96 h. Fluorescence intensity scanning of indicated cells
(white bars) are shown on the right. The y-axis of the graphs represents the pixel intensity (Px Int.) and the x-axis the distance in pixels (Dist. (px)). All
equivalent panels are shown at the same exposure. (B) Quantification for the results presented in panel A. Three images (with at least 200 cells each) per
condition were used to count the proportion of cells displaying a nuclear accumulation of poly(A)+ RNAs. Mean values ± standard deviation are shown.
PCtrl RNAi versus ALYREF RNAi-LG = 0.5262. (C) Growth of stable cell lines following induction of the indicated miRNAs and complementing cDNAs with
tetracycline. Mean values ± standard deviation from five independent experiments are shown. The statistical differences in growth rates are shown on the
right. PControl RNAi versus ALYREF RNAi-LUZP4-GFP = 0.080. *P< 0.05, ***P < 0.001, ****P < 0.0001. Supplementary Figure S6B provides a schematic of the
complementation system.
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Figure 5. Luzp4 rescues the mRNA export pathway impaired in ALYREF
RNAi cells. Western blot analysis of stable cell lines following induction of
the indicated miRNAs and complementing cDNAs at the indicated time
points. The antibodies used to detect the proteins are indicated on the
right-hand side of each panel. Tetracycline is used to induce expression of
the miRNA/complementing cDNA. Supplementary Figure S6B provides
a schematic of the complementation system. LG = Luzp4-GFP.

extreme mRNA export block with robust nuclear accumu-
lation of large areas of poly(A)+ material in the majority
of cells ((9) and Figure 4A and B). This mRNA export
block was partially complemented by expression of GFP-
Luzp4, with fewer cells showing strong nuclear accumula-
tion of poly(A)+-RNA. We also examined the expression
of the GFP fusions in the stable cell lines (Figure 4A, left
panels) and found that the levels of GFP protein were re-
duced following Alyref RNAi and further reduced follow-
ing Alyref + Uif RNAi. GFP-Luzp4 also showed reduced
expression following Alyref+Uif RNAi compared with just
Alyref RNAi. This probably arises from reduced GFP or
GFP-Luzp4 mRNA export in cell lines following Alyref
and Uif RNAi. Despite this, the lower levels of GFP-Luzp4
following Alyref + Uif RNAi were still able to partially
complement mRNA export (Figure 4A and B). We further
examined the ability of Luzp4 to complement the growth
defect observed following Alyref and Uif RNAi using the
stable cell lines generated for the FISH analysis. Whereas
Alyref and Alyref+Uif combined RNAi cell lines showed a
clear growth defect (Figure 4C), both cell lines showed sig-
nificantly better growth when they expressed GFP-Luzp4.
However, the cell growth was not completely restored to
normal levels, particularly when both Alyref and Uif were
knocked down by RNAi.

When mRNA export is blocked, cells respond by up-
regulating a variety of mRNA export factors (9,11). We
therefore also assessed what happens in cells following
Alyref or Alyref+Uif RNAi and the impact that expres-
sion of GFP-Luzp4 had in such cells using the complemen-
tation cell lines described above. Following Alyref RNAi
we saw a clear up-regulation of Uif, Nxf1 and Uap56 pro-
tein levels (Figure 5, lanes 18–20). In contrast, an mRNP
binding factor not directly associated with mRNA export,
Hnrnpa1, was not affected (Figure 5, lanes 18–20). When
GFP-Luzp4 was co-expressed in the Alyref RNAi cell line,
the up-regulation of Nxf1 and Uap56 was suppressed, par-
ticularly at later time points of expression (Figure 5, com-
pare lanes 20 and 24). However, Uif levels remained raised
following Alyref RNAi and were not suppressed by GFP-
Luzp4 expression. We also examined the ability of comple-
menting cell lines expressing non-functional mutant forms
of Luzp4 to suppress the up-regulation of export factors fol-
lowing Alyref RNAi and found that neither mutant forms
of Luzp4 could suppress this response (Figure 5, lanes 26–
28, lanes 30–32). Finally, we examined the ability of GFP-
Luzp4 expression to suppress up-regulation of export fac-
tors following Alyref+Uif RNAi and found that it could not
(Figure 5, lanes 34–36). Together, these results indicate that
Luzp4 functions as an mRNA export factor in human cells
that is able to restore mRNA export function in cells com-
promised by loss of mRNA export adaptors.

Luzp4 is preferentially expressed in melanomas

Since Luzp4 was originally described as a CTA we exam-
ined Luzp4, Alyref and Uif expression in tumour biopsies
from 402 different patients, representing multiple different
clinical stages of tumours from a wide range of tissues (Fig-
ure 6A, Supplementary Figure S7 and Supplementary Ta-
ble S2). Generally, the expression levels for Luzp4 mRNA
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were low compared with Alyref and Uif, although we ob-
served at least one tumour biopsy that showed increased
Luzp4 expression within most tissue types. The striking ex-
ception was malignant melanoma where Luzp4 expression
was very high for many patients. This is consistent with the
earlier qualitative observation of Luzp4 expression in multi-
ple melanoma samples (34). These data suggest that Luzp4
expression is preferentially activated in melanoma.

To identify cells suitable for further studies on Luzp4, we
screened various cancer cell lines for expression of Luzp4
and found that the melanoma cell line MeWo had read-
ily detectable expression (Supplementary Figure S8A). We
confirmed the expression of Luzp4 in MeWo cells using
qRT-PCR and found that the levels were significantly lower
than those for both Uif and Alyref and found no detectable
expression of Luzp4 in 293T cells (Figure 6B). We also
raised two separate antibodies to Luzp4 and screened for
Luzp4 protein (Supplementary Figure S8B) in Mewo cells.
Whilst the antibody was able to detect Luzp4 when tran-
siently overexpressed we were unable to unambiguously de-
tect the endogenous protein with our antibodies, suggesting
that it is present at low levels as indicated by the qRT-PCR
analysis.

We investigated whether Luzp4 RNAi led to a detectable
block in mRNA export in Mewo cells using oligo d(T) FISH
(Supplementary Figure S9) and whilst we could see a clear
block of export following Alyref RNAi, no such block was
seen following Luzp4 RNAi. Therefore Luzp4 may be re-
sponsible for the export of a restricted set of mRNAs. We
further analysed the effects of Luzp4, Alyref and Uif RNAi
on the growth of Mewo cells using a colony formation as-
say (Figure 6D). Alyref RNAi led to a significant growth
defect in Mewo cells, whereas Uif RNAi did not, suggesting
it was not essential for cellular proliferation, as previously
observed in 293T cells (9). Luzp4 RNAi led to a significant
drop in the number of Mewo cell colonies formed. Impor-
tantly, Luzp4 siRNAs did not affect cellular proliferation
of 293T cells (Supplementary Figure S8C), where Luzp4
is not expressed, indicating they do not have off-target ef-
fects which affect general cellular growth. We conclude that
Luzp4 is required for the growth of Mewo cells.

DISCUSSION

Luzp4 was first defined as a CTA 13 years ago but its molec-
ular function has remained unknown until now. We have
shown that Luzp4 is a new RNA binding protein and we
have mapped two regions of the protein involved in this ac-
tivity. One is an arginine-rich region located after the UBM,
as is the case with Alyref. The second region involved in
RNA binding maps to the leucine zipper motif and inter-
estingly a helical wheel projection of the amino acids within
the leucine zipper reveals a positively charged surface which
may be required for RNA interactions (34). We have further
demonstrated that Luzp4 functions as an mRNA export
factor, capable of complementing knockdown of Alyref
and partially complementing a double Alyref/Uif knock-
down in 293 cells. Luzp4 has a UBM that allows associa-
tion with Uap56. Given that Uap56 drives TREX assem-
bly (3,10), this interaction probably ensures the incorpo-
ration of Luzp4 in the TREX complex. Consistent with

this, the UBM is required for proper nuclear distribution
of Luzp4 and we observed Co-IP of Luzp4 with TREX
subunits. A common property of mRNA export adaptors
such as Alyref, Srsf3 and Srsf7 is their ability to bind the N-
terminal region of Nxf1 and enhance its RNA binding ac-
tivity (12). This involves release of the Nxf1 RNA binding
domain from its interaction with the NTF2L domain (13).
Here, we observe that Luzp4 also has the ability to enhance
the RNA binding activity of Nxf1 through an interaction
with the Nxf1 N-terminal region. Thus Luzp4 can be clas-
sified as a new mRNA export adaptor.

Luzp4 was originally reported to be expressed in human
testis (34) and a more extensive survey of its tissue specific
expression by the Human Protein Atlas project (41) (http:
//www.proteinatlas.org/ENSG00000102021-LUZP4/tissue)
confirms this restricted expression pattern. Interestingly,
Luzp4 is able to interact with Nxf2 which may be the
major mRNA export receptor in this tissue. Whilst
testes express Luzp4, they also express Alyref (http:
//www.proteinatlas.org/ENSG00000183684/tissue/testis)
and thus it is unlikely that Luzp4 acts as the sole mRNA
export adaptor in this tissue. Why the testis has evolved
distinct mRNA export factors remains unclear, though it
may be related to the meiotic gene expression programme
in this tissue.

The ability of Luzp4 to complement the export defect
seen following Alyref RNAi implies that it has the abil-
ity to associate with a wide variety of mRNAs in a 293
cell. This indicates there is functional redundancy between
Alyref and Luzp4 as reported previously for Uif and Alyref
(9). Indeed Alyref is clearly playing a major role in mRNA
export in Mewo cells, since its knockdown leads to a sig-
nificant mRNA export block and prevents cellular prolif-
eration. Interestingly in a number of high grade tumours,
Alyref expression levels are reported to be diminished (24).
Therefore, given the potential functional redundancy be-
tween Alyref and Luzp4, it seems plausible that in certain
tumours, Luzp4 may function to promote the export of
mRNAs which would normally utilize Alyref. Since Luzp4
RNAi in Mewo cells does not lead to a strong accumulation
of mRNA when assayed by FISH it is possible that the ex-
port of a restricted set of mRNAs is dependent on Luzp4 in
these cells.

Luzp4 was originally discovered using the SEREX tech-
nique, whereby circulating antibodies from a seminoma pa-
tient were used for expression screening of testis cDNA
libraries. It was further shown to be expressed in a wide
variety of cancers including melanoma, seminoma, ovar-
ian, lung and glioma and its expression could be activated
in normal cells by addition of the DNA methylation in-
hibitor, 5-aza-2′-deoxycytidine (34). Here, we have extended
that analysis of the Luzp4 expression profile in cancer cells
and found it is expressed in a wide variety of cancer types,
but particularly high levels of expression are observed in
melanoma cells. Recent work identified Luzp4 as commonly
up-regulated in multiple myeloma (MM) cell lines and the
bone marrow of MM patients, a cell-type absent from our
screen of tumours (42). Furthermore this study showed
that Luzp4 knockdown prevented colony formation for an
MM cell line and sensitized the cell line to chemothera-
peutic reagents (arsenic trioxide and bortezomib). These
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Figure 6. Luzp4 is expressed in cancer cells and involved in MeWo cell growth. (A) Summary of the qRT-PCR analysis of Luzp4, Uif and Alyref expression
in RNA samples derived from 402 different patients, representing multiple different clinical stages of tumours from many tissues. The full data set for each
tissue is shown in Supplementary Figure S7. Genes were defined as expressed when 2−�CT >0.04. (B) qRT-PCR analysis of expression Alyref, Uif and
Luzp4 in MeWo and 293T cells. Values for LUZP4 levels in 293T and MeWo were 0.00055 and 0.06433, respectively. The results represent the average
of three independent experiments. The error bars represent the standard deviation. (C) qRT-PCR analysis to confirm efficient knockdown of ALYREF,
LUZP4 and UIF mRNA in MeWo cells using siRNAs. The values shown are normalized to U1 snRNA abundance. The error bars represent the standard
deviation from three independent experiments. (D) Colony formation assay for MeWo cells following knockdown of the indicated mRNAs using siRNAs.
The values shown for all graphs represent the average of five independent experiments, each containing six replicates per condition and the error bars
represent the standard deviation. **P < 0.01, ***P < 0.001, ****P < 0.0001.

data are consistent with our observation that the Mewo
melanoma cell line also requires Luzp4 for efficient colony
formation. Therefore, at least two types of cancer cells share
the requirement for Luzp4 for efficient growth and, given
its restricted expression profile in non-disease states, it may
be an appropriate target for development of drugs or im-
munotherapies to treat MM or melanoma.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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