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Cytoplasm-to-nucleus translocation of Smad is a fundamental step in transforming growth factor § (TGF-$3)
signal transduction. Here we identify a subset of nucleoporins that, in conjunction with Msk (Drosophila
Imp7/8), specifically mediate activation-induced nuclear translocation of MAD (Drosophila Smad1l) but not the
constitutive import of proteins harboring a classic nuclear localization signal (cNLS) or the spontaneous
nuclear import of Medea (Drosophila Smad4). Surprisingly, many of these nucleoporins, including Secl3,
Nup75, Nup93, and Nup205, are scaffold nucleoporins considered important for the overall integrity of the
nuclear pore complex (NPC) but not known to have cargo-specific functions. We demonstrate that the roles of
these nucleoporins in supporting Smad nuclear import are separate from their previously assigned functions
in NPC assembly. Furthermore, we uncovered novel pathway-specific functions of Sec13 and Nup93; both Sec13
and Nup93 are able to preferentially interact with the phosphorylated/activated form of MAD, and Nup93 acts
to recruit the importin Msk to the nuclear periphery. These findings, together with the observation that Sec13
and Nup93 could interact directly with Msk, suggest their direct involvement in the nuclear import of MAD.
Thus, we have delineated the nucleoporin requirement of MAD nuclear import, reflecting a unique trans-NPC

mechanism.

Transforming growth factor B (TGF-B) cytokines critically
regulate a diverse array of cellular properties in development
and homeostasis, through an evolutionarily conserved mecha-
nism that centers around the Smad transcription factors (18,
34). TGF-B induces phosphorylation of the Smad proteins and
consequently drives Smads into the nucleus, ensuring that
changes in the gene transcription program are strictly signal
dependent (24, 26). Two critical elements in nuclear import are
the transport receptors (i.e., karyopherins or importins) and
the nuclear pore complex (NPC) (28, 30). We recently identi-
fied Imp7/8 as the importin for TGF-B-activated Smads, but
how the Imp7/8-Smad complex translocates through the NPC
has yet to be elucidated (36). The NPC consists of more than
30 evolutionarily conserved nucleoporins, each with a particu-
lar localization within the NPC based on biochemical, biophys-
ical, electron microscopy, and computational studies (2, 3, 25).
Many nucleoporins contain repeats of phenylalanine-glycine
(FG), and the highly hydrophobic and unstructured FG do-
mains occupy the central tunnel of the NPC, constituting a
gating mechanism that restricts the movement of macromole-
cules through the NPC (19). In vivo genetic studies have sug-
gested redundancy among FG domains in maintaining the per-
meability barrier as well as nuclear import (29, 38). On the
other hand, many of the non-FG nucleoporins assemble into
subcomplexes within the NPC, most prominently the Nup107-
160 (consisting of Nup107, Nup133, Nup75, Secl3, and Sehl,
etc.) and Nup53-93 (containing Nup53, Nup93, and Nup205,
etc.) complexes, and they are believed to serve mostly as scaf-
folds for NPC assembly or anchoring to the nuclear envelope
(11, 13, 14, 27, 32). How importins and the NPC function in a
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concerted manner in nuclear import is still highly debatable.
Importins are capable of direct interaction with FG-nucleopor-
ins, and this provides the foundation for current models of
nuclear import (6, 20, 22, 28, 30). However, whether non-FG
nucleoporins participate directly in the nuclear translocation
process remained unknown.

Emerging evidence suggests specificity in NPC function. Ge-
netic studies of yeast revealed redundancy among FG-nucleo-
porins but also showed that a subset of FG-nucleoporins are
differentially employed by different importins (29, 31). Mice
with a deletion in the non-FG nucleoporin gene nupl33 or
nupl55 developed distinct phenotypes affecting specific cell
lineages, arguing for specific functions of these scaffold nucleo-
porins, although it is unclear whether the phenotypes were due
to defects in the nuclear transport of particular cargoes or to
something else (16, 39).

Recently, we identified Msk (Imp7 and Imp8 in mammals)
as the importin for signal-activated Smads in both Drosophila
and mammalian cells (36). In mammalian cells, depletion of
Imp7/8 markedly reduced the nuclear import of Smadl, -2, -3,
and 4 in response to TGF-B/bone morphogenetic protein
(BMP), and overexpression of Imp8 was sufficient to drive the
nuclear import of Smadl, -3, and -4 without the need for
TGF-B/BMP stimulation. Smad4 and its Drosophila counter-
part Medea can enter the nucleus without TGF-3/BMP when
cells are treated with the CRM-1 inhibitor leptomycin B
(LMB) (21, 33). Interestingly, in Drosophila cells, such spon-
taneous nuclear import of Medea appears to be independent
of either Msk or Impp (37). Imp7/8 and the classic nuclear
localization signal (cNLS)-cargo importin Imp diverge in pri-
mary sequences, while their higher-order structures are be-
lieved to be similar (17). However, it remained unclear how
Imp7/8 transports Smad through the NPC and whether, as with
Impp, the interplay between Imp7/8 and the NPC occurs
mainly through the FG-nucleoporins.
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In this study, through RNA interference (RNAI) screening
of the Drosophila genome, we uncovered a cohort of nucleo-
porins that are indispensable for nuclear translocation of sig-
nal-activated MAD specifically. For the first time, pathway-
specific functions of non-FG scaffold nucleoporins in nuclear
import are demonstrated. Such specificity in nucleoporin uti-
lization may reflect different demands of constitutive and sig-
nal-induced nuclear import events. Thus, our observations
demonstrate novel modes of functional and physical interac-
tions between MAD/Msk and the NPC.

MATERIALS AND METHODS

Tissue culture, transfection, and conditional expression of cDNAs. Drosophila
S2 and S2R+ cells were maintained in Schneider’s Drosophila medium (Invitro-
gen) supplemented with 10% fetal bovine serum, penicillin (100 U/ml), and
streptomycin (100 U/ml). Transient transfection was carried out using the Ef-
fectene reagent according to the manufacturer’s protocol (Qiagen). All expres-
sion vectors are under the control of a metallothionein promoter, and expression
was induced by CuSO, (at 0.5 mM for 3 h) (5).

Immunofluorescence staining, confocal microscopy, and image quantification.
Cells were seeded onto coverslips and were induced with CuSO, (0.5 mM, 3 h)
to express various green fluorescent protein (GFP)- or FLAG-tagged proteins
for evaluation of their subcellular localizations. Cells were fixed with 4% para-
formaldehyde in phosphate-buffered saline (PBS), followed by permeabilization
with 0.2% Triton X-100-PBS, and were stained with appropriate antibodies and
4’ 6-diamidino-2-phenylindole (DAPI) according to previously published proce-
dures (36). Prolong Gold (Invitrogen) was used for mounting, and the samples
were analyzed by confocal microscopy. All confocal images were collected with
a laser-scanning microscope (Leica DMIRE2) at the following wavelengths: UV
(DAPI), 488 nm (Alexa Fluor 488 or GFP), 543 nm (Alexa Fluor 546 or red
fluorescent protein [RFP]/DsRed2), and 633 nm (Alexa Fluor 633). For low- and
high-magnification images, 63%/1.40-numerical-aperture and 100X/1.40-numer-
ical-aperture oil immersion objectives were used. The captured images were
processed with Leica confocal microscope software.

Confocal images collected at identical settings were analyzed by NIH ImageJ
to measure signal intensities from the nucleus and the cytoplasm. The ratio of the
nuclear signal to the cytoplasmic signal was calculated. In each case, at least three
separate fields (magnification, X60) were quantified. Since we mostly used stable
cell lines, usually there were more than 50 GFP-positive cells in each field. The
standard error (SE) was calculated based on the average of the nuclear/cytoplas-
mic signal ratios from at least three different fields.

RNAi and rescue experiments. The whole-genome RNAI screening was car-
ried out at the Drosophila RNAI Screening Center (DRSC) at Harvard Medical
School (www.flyrnai.org) by following the format described in our previous
publication (36). The images were acquired and analyzed by automated confocal
microscopy (Evotech Opera high-content screening system; Perkin-Elmer). The
nuclear/cytoplasmic signal ratio was measured using algorithms accompanying
the Opera system (Acapella). The design of RNAi constructs was based on
recommendations by DRSC, and the sequence information is available through
the DRSC web page (www.flyrnai.org). DNA amplicons corresponding to dif-
ferent regions of targeted genes were generated by PCR and were used for in
vitro transcription (MEGAscript; Applied Biosystems) to synthesize double-
stranded RNA (dsRNA). RNAi in S2R+ cells using the soaking method has
been described previously (36). In general, 5 wg dsRNAs was used for each well
in a 24-well plate, and the RNAI lasted for 4 days. But for Nup153 and Nup358
RNAI, 2.5 pg dsRNAs was used for 3 days in order to minimize cell lethality.

In RNAI rescue experiments, S2R+ cells (0.2 X 10%well in a 24-well plate)
were first treated with 5 pg dsRNA targeting the 3' UTR of either sec13 or nup93
for 2 days and were then transfected with the rescue plasmids (HA-Sec13 and
HA-Nup93, driven by the inducible metallothionein promoter) using Effectene.
After another 2 days, the cells were induced by CuSO, (0.5 mM, 3 h) to express
GFP-MAD/Punt/Tkv and the rescue constructs and were then processed for
immunostaining and imaging.

Nuclear envelope permeability assay. S2R+ cells were resuspended at 2 X 10°
to 4 X 10° cells/ml in ice-cold hypotonic buffer (10 mM HEPES [pH 7.5], 2 mM
MgCl,, 25 mM KCIl, 2 mM dithiothreitol [DTT], and 200 mM sucrose) supple-
mented with protease inhibitors. After a 10-min incubation on ice, the cell
membrane was disrupted by a Dounce homogenizer (60 strokes, type A pestle).
Broken and intact cells were pelleted by centrifugation (1,000 X g, 5 min) and
resuspended in transport buffer {20 mM HEPES [pH 7.5], 110 mM potassium
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acetate [KOAc], 2 mM magnesium acetate [Mg(OAc),], 5 mM sodium acetate
[NaOAc], 0.5 mM EGTA, 250 mM sucrose, 2 mM DTT} containing 0.2 mg/ml
70-kDa Texas red-labeled dextran (Invitrogen), 0.25 mg/ml 500-kDa fluorescein
isothiocyanate (FITC)-labeled dextran (Sigma), and 0.2 mg/ml Cascade blue-
labeled 3-kDa dextran (Invitrogen). After incubation at room temperature for 5
min, the nuclei were directly imaged without being fixed by confocal microscopy.
Only nuclei that were permeable to the 3-kDa dextran (indicating a lysed cell
membrane) but not the 500-kDa dextran (suggesting no gross damage to the
nuclear envelope during Dounce homogenization) were scored for leakiness
toward the 70-kDa dextran.

Protein-protein interactions. For coimmunoprecipitation, S2 or S2R+ cells
were lysed in 50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.5% NP-40,
and 2 mM DTT supplemented with protease inhibitors. Cell extracts were incu-
bated with an anti-FLAG or antihemagglutinin (anti-HA) antibody conjugated
to agarose beads (Sigma) at 4°C for 16 h, and the beads were washed in the lysis
buffer three times before immunoblot analysis.

Recombinant Drosophila Secl3, Nup93, and Msk were produced in Esche-
richia coli as glutathione S-transferase (GST) fusion proteins and were purified
using glutathione-Sepharose 4B beads (GE Healthcare). GST-Msk was digested
by thrombin (Novagen) to remove the GST moiety. GST-Sec13 (10 pg) or
GST-Nup93 (1 pg) on beads was incubated with recombinant Msk (0.1 pg/ul) at
4°C for 16 h in 20 mM Tris CI (pH 7.5)-200 mM NaCl-5% glycerol. The beads
were washed in the same buffer three times, and the bound proteins were
analyzed by immunoblotting. For interaction with MAD, phosphorylated FLAG-
MAD was first affinity purified by anti-FLAG agarose beads (Sigma) from stable
S2 cells expressing FLAG-MAD and Punt/Tkv. FLAG-MAD was eluted from
the anti-FLAG beads by a 3X FLAG peptide in a buffer containing 25 mM Tris
Cl (pH 8.0), 250 mM NaCl, 0.05% NP-40, 5% glycerol, and 1 mM DTT. The
purified recombinant FLAG-MAD (0.2 wg/wl) in this buffer was incubated at 4°C
for 16 h with GST-Sec13 (10 png) or GST-Nup93 (1 pg) bound to the glutathione-
Sepharose beads. The beads were washed 3 times with 20 mM Tris Cl (pH 8.0),
250 mM NacCl, 0.05% NP-40, and 5% glycerol, and the bound proteins were
subjected to immunoblot analysis.

For testing of the Nup93-Msk interaction, S2 cells (~8 X 10°) expressing
Msk-HA or HA-tagged Msk with a C-terminal deletion (Msk-dC-HA) were
purified by an anti-HA affinity matrix (Roche) in 25 mM Tris CI (pH 8.0), 250
mM NaCl, 0.05% NP-40, 5% glycerol, and 1 mM DTT with protease inhibitors
and phosphatase inhibitors. Bound Msk-HA or Msk-dC-HA was then eluted
from the beads with HA peptides and was incubated with purified GST-Nup93
(1 pg) on glutathione-Sepharose beads at 4°C for 16 h. The beads were washed
three times in the same buffer before immunoblot analysis.

For testing of the effect of nup75 RNAI on the Msk-nucleoporin interaction,
S2 cells were transfected with 4 wg dsRNA targeting nup75 using Dharmafect 4
(Thermo Fisher Scientific) and were incubated for 2 days. The same cells were
then transfected with the expression vectors using Effectene (Qiagen). Forty-
eight hours later, cells were induced with CuSO, (0.5 mM, 3 h) to express the
constructs and were lysed in 20 mM Tris CI (pH 8.0), 150 mM NaCl, 0.5% NP-40,
5% glycerol, 2 mM DTT, protease inhibitors, and phosphatase inhibitors. The
cell extracts were incubated with anti-FLAG-agarose beads (Sigma) at 4°C for
16 h, and the beads were washed in the lysis buffer three times before immuno-
blot analysis.

Antibodies. The polyclonal anti-MAD antibody was raised against the N-
terminal 160-amino-acid (160-aa) fragment. Rabbit anti-Msk was a gift from L.
Perkins (Harvard Medical School), and anti-Sec13 was a gift from B. Fontoura
(University of Texas Southwestern Medical School) and W. Hong (IMCB, Sin-
gapore). The other antibodies used in the study are anti-phospho-Smad1/5/8
(also recognizing phospho-MAD) (Cell Signaling), MAb414 (Covance), anti-
GFP (Zymed), anti-FLAG, and anti-HA (Sigma).

Quantitative real-time RT PCR. Total RNA was isolated by RNeasy spin
columns (Qiagen) and was reverse transcribed using the iScript cDNA synthesis
kit (Bio-Rad). Real-time PCR was conducted using the iQ SYBR green kit
(Bio-Rad), and the threshold values for Rp49 were used as internal standards for
quantification.

RESULTS

Identification of nucleoporins required for Msk-mediated
nuclear import of MAD. Using a Drosophila S2R+ cell line
inducibly coexpressing GFP-MAD and the receptor kinases
Punt and Tkv, we established a robust assay to recapitulate
phosphorylation/activation-dependent nuclear accumulation
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FIG. 1. Nucleoporin requirement for nuclear accumulation of activated MAD. (A) S2R+ cells inducibly expressing GFP-MAD and Punt/Tkv
(GFP-MAD+R) were treated with the indicated RNAI, and the distribution patterns of GFP-MAD are shown. Nuclei were stained with DAPI.
Bar, 10 wM. (B) Two different dsSRNA constructs against each nucleoporin hit were tested as described for panel A. The GFP-MAD signals in the
nucleus and cytoplasm were quantified, and the ratios were plotted. Data are means = SEs from =3 fields. (C) GFP-MAD+R cells were treated
with dsRNAs targeting the 3" UTR of sec!3 or nup93, followed by transfection of HA-Sec13 or HA-Nup93 cDNAs. The distributions of GFP-MAD
(green) and the rescue constructs (red) are shown. (D and E) GFP-MAD+R cells were subjected to the indicated RNAI, and the cell extracts were

analyzed by immunoblotting with the indicated antibodies.

of MAD (36). Msk was uncovered as an importin of MAD in
a whole-genome RNAI screening using this assay (36). We
further evaluated all potential hits by testing two nonoverlap-
ping dsRNAs to eliminate false-positive hits due to off-target
RNAIi. Among the confirmed hits are nucleoporins Nup75,
Nup93, Sec13, Nup205, and Nup50 (Fig. 1A and B). Moreover,
the deficiency in MAD nuclear import caused by secl3 or
nup93 RNAI was fully rescued by secl3 or nup93 cDNA, re-
spectively, further confirming the specificity of our RNAi ex-
periments (Fig. 1C). As controls, we determined that RNAi of
these nucleoporins did not affect the phosphorylation of MAD,
which is a prerequisite for MAD nuclear import, or the ex-
pression level of Msk, so the decreased concentration of MAD
in the nucleus was directly due to impaired nuclear import
(Fig. 1D and E). Sec13 is also a component of the COPII coat,
but knockdown of other key players in COPII coat assembly,

such as the GTPase Sar-1, did not affect the nuclear import of
MAD, arguing that vesicle transport in general is not a require-
ment for the nuclear targeting of MAD (data not shown) (12).

Nup75 and Secl3 are part of the Nup107-160 subcomplex in
the NPC, whereas Nup93 and Nup205 are components of the
Nup53-93 complex; both subcomplexes are evolutionarily con-
served and are believed to serve general structural roles in
NPC assembly (27, 32). Thus, the requirement for these
non-FG nucleoporins in the nuclear transport of a particular
cargo is intriguing. We therefore focused on Sec13 and Nup93
as representatives for further analyses. Available antibodies
could barely detect endogenous MAD in S2 or S2R+ cells in
immunofluorescence experiments. Fortuitously, in an S2 cell
line transfected with MAD driven by an inducible metallothio-
nein promoter (5), without induction, the leaky expression of
MAD was sufficient for a phospho-Smad-specific antibody to
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FIG. 2. Secl3, Nup75, and Nup93 are part of the Msk-dependent nuclear import machinery for activated MAD. (A) (Left) S2 cells were treated
with the indicated RNAI, and the phospho-MAD distribution pattern after Dpp treatment (10~° M, 1 h) was detected by a phospho-MAD-specific
antibody. Bar, 10 pM. (Right) Nuclear/cytoplasmic ratios of phospho-MAD signals are plotted; data are means *= SEs for =3 fields (P, <0.05 in
all cases). (B) (Left) S2R+ cells transfected with GFP-MAD and Msk were subjected to the indicated RNAI, and the distribution patterns of
GFP-MAD are shown. Bar, 10 uM. (Right) Nuclear and cytoplasmic GFP signals were quantified, and the ratios are plotted; data are means *

SEs for =3 fields (P, <0.005 in all cases).

detect a predominantly nuclear signal only in cells treated with
Dpp (a Drosophila TGF-8 family cytokine) (Fig. 2A). In this
setting, where there is only limited overexpression of MAD,
knockdown of secI3, nup93, and nup75 also significantly re-
duced nuclear versus cytoplasmic concentrations of phospho-
MAD (Fig. 2A, right). These data further support important
roles for Sec13, Nup93, and Nup75 in MAD nuclear import in
response to Dpp stimulation.

The dependence on Secl3 and Nup93 for MAD nuclear
import raised the question of whether these nucleoporins func-
tion in concert with Msk or whether they represent a separate
mechanism. We previously found that overexpression of Msk
could force the nuclear accumulation of MAD without the
need for Dpp activation (37). Since such nuclear import is
entirely Msk driven, we could directly test the nucleoporin
requirement for Msk. RNAIi against sec13, nup93, or Nup75
inhibited the Msk-driven nuclear import of MAD (Fig. 2B; see
quantification on the right). Therefore, these non-FG nucleo-
porins are likely part of the same pathway as Msk, which
imports MAD into the nucleus.

Sec13/Nup75/Nup93 are specifically utilized for the nuclear
import of MAD. One important question is whether Secl3,
Nup93, and Nup75 are uniquely required for MAD or are
rather broadly involved in the nuclear import of many cargoes.
We tested the nuclear import of ¢cNLS-GFP (two copies of

GFP fused to a classic NLS). As expected, the nuclear import
of cNLS-GFP was critically dependent on Imp (Ketel in Dro-
sophila) (Fig. 3A; see Fig. 3B for quantification). But depletion
of Sec13, Nup93, or Nup75 had no effect on the nuclear local-
ization of cNLS-GFP, while, in contrast, it strongly impaired
the nuclear import of MAD (Fig. 3A; see Fig. 3B for quanti-
fication). The same conclusion was reached when we examined
a cell line coexpressing GFP-MAD, Punt/Tkv, and RFP-cNLS
so that we could monitor the localizations of GFP-MAD and
RFP-cNLS concurrently (data not shown). In contrast, knock-
down of nup54 (an FG-nucleoporin) significantly reduced the
nuclear import of ctNLS-GFP, as previously reported, but had
no adverse effect on the nuclear accumulation of MAD (Fig.
3A and B) (23). These observations are not likely due to
differences in RNAI efficiency, since quantitative real-time
PCR confirmed that knockdowns of sec!3, nup75, nup93, and
nup54 were equally efficient in the two cell lines expressing
GFP-MAD/Punt/Tkv (GFP-MAD+R) or cNLS-GFP (data
not shown). More interestingly, when GFP-MAD was fused to
a cNLS, it became constitutively nuclear and was completely
independent of Sec13, Nup93, or Nup75 for nuclear import but
instead relied on Nup54 and Impp (Fig. 3A;see Fig. 3C for
quantification). Again, RNAIi efficiencies in cells expressing
cNLS-GFP-MAD or GFP-MAD+R were comparable (data
not shown). Thus, the cNLS was sufficient to switch MAD to a
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FIG. 3. Secl3, Nup93, and Nup75 are required specifically for the nuclear import of MAD but not for cNLS-dependent nuclear import. (A) The
indicated RNAI experiments were carried out in three S2R+ cell lines inducibly expressing ¢cNLS-GFP (2 copies of GFP fused with a cNLS
[PKKKRKVED]), GFP-MAD+R, or cNLS-GFP-MAD. Only images for cNLS-GFP or cNLS-GFP-MAD are shown. Bar, 10 uM. (B and C) The
nuclear/cytoplasmic ratio of the GFP signal was quantified and plotted. Data are means * SEs for =3 fields. Compared to activation-induced
nuclear translocation of GFP-MAD, constitutive nuclear import of cNLS-GFP-MAD depended on different nucleoporins. (D) (Left) S2R+ cells
inducibly expressing FLAG-Medea were subjected to the indicated RNAI, and after treatment with leptomycin B (LMB) (10 ng/ml for 1 h), the
distribution pattern of FLAG-Medea was detected by immunofluorescence staining with an anti-FLAG antibody. Bar, 10 uM. (Right) The
nuclear/cytoplasmic ratio of the FLAG-Medea signal was quantified. Data are means * SEs for =3 fields.

completely different route across the NPC. cNLS-cargoes are
imported by Impo/Imp independently of Msk/Imp7/8; thus,
our results suggest that importins may dictate which nucleo-
porins to engage, and their modes of translocation through the
NPC are likely different (1, 10).

We further investigated the nucleoporin requirement of Me-

dea, the Drosophila ortholog of Smad4, whose nuclear import
is independent of either Msk or ImpR (37). Medea spontane-
ously undergoes nuclear accumulation upon inhibition of
CRM-1 by leptomycin B (LMB), without the need for Dpp
stimulation (Fig. 3D). RNAI of secl3, nup75, nup93, or nup54
had little effect on LMB-induced nuclear translocation of Me-
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FIG. 4. Secl3 and Nup93 interact physically with MAD. (A) Sec13 preferentially interacts with phosphorylated MAD. The indicated expression
vectors were transfected into S2 cells, together with Punt/Tkv to phosphorylate MAD. The whole-cell extracts (WCE) were immunoprecipitated
(IP) with anti-FLAG, and the bound proteins were analyzed by immunoblotting (IB) with the indicated antibodies. The asterisk marks a protein
comigrating with Sec13 that cross-reacts with the anti-FLAG antibody. (B) S2 cells transfected with HA-Sec13 only were treated with Dpp, and
the cell lysate was subjected to immunoprecipitation with anti-HA. The bound proteins were examined by IB using anti-MAD. The arrow points
to endogenous MAD. The specificity of the anti-MAD antibody has been demonstrated (data not shown). (C) Cell extracts from S2 cells
transfected with FLAG-MAD and Punt/Tkv only were immunoprecipitated with anti-FLAG, and the bound proteins were examined by IB with
anti-Sec13. (D) Experiments similar to those described for panel A were carried out to examine the Nup93-MAD interaction. (E and F) GST
pulldown assays to test direct protein interactions using purified recombinant FLAG-MAD (after phosphorylation by Punt/Tkv) and GST-Sec13
or GST-Nup93, with GST serving as the control. The bound proteins were analyzed by IB with anti-FLAG. (G and H) S2 cells were treated with
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interactions between MAD and Sec13 or Nup93. Quantitative real-time PCR confirmed that Nup75 knockdown was >70%. The asterisks indicate
a band cross-reacting with anti-FLAG.

dea (Fig. 3D; see quantification on the right). Real-time PCR
showed similar or more efficient knockdown of these nucleo-

found that neither could immunoprecipitate (data not shown).
However, when only Sec13 was overexpressed, we detected its

porins in the FLAG-Medea-expressing cell line than in the
GFP-MAD+R line (data not shown). Thus, the nucleoporin
requirement for the basal-state Medea nuclear import is dif-
ferent from that for either MAD or cNLS-cargoes. Therefore,
the results from three types of cargoes strongly suggest that
different import pathways utilize different sets of nucleoporins
and that non-FG nucleoporins, such as Sec13, Nup93, and
Nup75, are specific for Msk-mediated nuclear import.
Physical interactions of non-FG nucleoporins with MAD. In
coimmunoprecipitation experiments, we readily detected an
interaction of MAD with Secl3 in S2 cells (Fig. 4A). More
importantly, when the TGF-B receptor kinases Punt and Tkv
were cotransfected to induce MAD phosphorylation, the bind-
ing of MAD to Secl13 was markedly enhanced (Fig. 4A). Ear-
lier studies of live cells indicated that TGF-B treatment accel-
erates the rate of Smad nuclear import, yet we previously
found that the interaction between the transport factor Msk/
Imp7/8 and Smads was rather constitutive (24, 36). Our obser-
vations here thus suggest that perhaps association with Sec13 is
a rate-limiting step favoring the translocation of activated/
phosphorylated MAD into the nucleus. To further test whether
a Sec13-MAD interaction could be detected with endogenous
proteins, we used anti-MAD and anti-Secl3 antibodies but

interaction with endogenous MAD in Dpp-treated cells (Fig.
4B). Likewise, when only MAD was overexpressed with the
receptor kinases, we again readily detected the coimmunopre-
cipitation of MAD with endogenous Sec13 (Fig. 4C).

We also observed an interaction between MAD and Nup93
in coimmunoprecipitation experiments, and phosphorylation
of MAD also appeared to enhance its binding to Nup93, al-
though the effect was not as strong as in the case of Sec13 (Fig.
4D; compare to Fig. 4A). Moreover, using purified recombi-
nant proteins (data not shown), we determined that MAD
could interact directly with Sec13 or Nup93 (Fig. 4E and F). In
such direct binding assays, an excess of Sec13 did not compete
away the Nup93 interaction with MAD, suggesting that their
association with MAD is not mutually exclusive (data not
shown). We also investigated whether Nup75 could contribute
to the interaction between MAD and Sec13 or Nup93. After
knocking down Nup75 (to less than 30% of its normal level, as
measured by real-time reverse transcription-PCR [RT-PCR]),
we still detected similar levels of interaction between MAD
and Secl3 or Nup93 in coimmunoprecipitation experiments
(Fig. 4G and H). Therefore, Nup75 does not appear to regu-
late the interaction of MAD with Sec13 or Nup93.
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FIG. 5. Physical interaction between Msk and Secl3 or Nup93.
(A) S2 cells were transfected with FLAG-Sec13, and the lysate was
used for immunoprecipitation (IP) with anti-FLAG. The endogenous
Msk was detected by immunoblotting (IB). (B) Secl3 overexpression
did not significantly affect the Msk-MAD interaction. S2 cells were
transfected with the indicated expression vectors. The whole-cell ex-
tracts (WCE) were immunoprecipitated with anti-FLAG, and the
bound proteins were analyzed by IB as indicated. (C) FLAG-Nup93
was expressed in S2 cells, and anti-FLAG immunoprecipitation was
used to detect its interaction with endogenous Msk. (D) GST pulldown
experiment testing direct interactions between purified recombinant
Msk and GST-Sec13 or GST-Nup93, with GST as the control. Proteins
bound to GST beads were analyzed by IB with anti-Msk. (E) S2 cells
were subject to the indicated RNAi and were then transfected with the
indicated expression vectors. IP was carried out to test for interactions
between Msk-V5 and FLAG-Sec13 or FLAG-Nup93. RNAi knock-
down of Nup75 resulted in decreased Secl3-Msk and Nup93-Msk
interactions. Quantitative real-time PCR confirmed that Nup75 knock-
down was >70%. The asterisk indicates a band cross-reacting with
anti-FLAG.

Physical interactions of non-FG nucleoporins with Msk.
Importins are believed to interact mostly with FG-nucleopor-
ins in mediating nuclear transport. Our observations thus
raised an interesting question: whether importins such as Msk
could also interact with non-FG structural nucleoporins. In-
deed, we found that Sec13 interacted with endogenous Msk in
coimmunoprecipitation experiments (Fig. SA). But Dpp treat-
ment had no discernible effect on this interaction. Moreover,
overexpression of Sec13 had a marginal impact on the inter-
action between Msk and MAD, so Secl3 is not likely to regu-
late the loading of phospho-MAD onto Msk (Fig. 5B). We also
detected coimmunoprecipitation between endogenous Msk
and overexpressed Nup93 in a Dpp-independent manner (Fig.
5C). Msk could bind directly to Sec13 or Nup93, as indicated
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by GST pulldown experiments (Fig. 5D) using purified recom-
binant proteins (data not shown). Interestingly, when Nup75
was knocked down to below 30% of its normal level (judging by
real-time RT-PCR analysis), the coimmunoprecipitation be-
tween Msk and Secl3 or Nup93 was significantly decreased
(Fig. 5E). Therefore, even though Msk is capable of direct
interaction with Sec13 and Nup93, in the context of the whole
NPC, Nup75 may further facilitate such association.

These biochemical observations reinforced the RNAIi data
and suggest that Sec13 and Nup93 are directly involved in the
nuclear import of MAD. The currently prevailing model is that
importins interact mainly with the FG-nucleoporins to trans-
port cargoes through the NPC (20, 28, 30). Our finding here
that Msk binds directly to structural non-FG nucleoporins sug-
gests a new mode of importin-NPC interaction that is impor-
tant for the nuclear import of MAD.

Functional distinction between Sec13/Nup75 and other com-
ponents of the Nup107-160 subcomplex. Nup75 and Secl3 are
part of the Nup107-160 subcomplex (11, 32). Non-FG nucleo-
porins of the Nup107-160 complex have been suggested to be
critical for NPC assembly and integrity from yeast to mammals;
thus, it is surprising that Sec13 and Nup75 are required for the
nuclear import of specific cargoes. A comprehensive analysis of
the Nup107-160 complex showed that Nup107, Nup145, and
Nup160, but not Seh1 or Nup133, were also required for MAD
nuclear import (Fig. 6A). The lack of effect on MAD nuclear
import was not likely due to inefficient Seh1 or Nup133 deple-
tion, since we tested two different RNAI constructs with similar
results, and at least for nup/33 RNAI there was a strong phe-
notype in NPC assembly, as expected (Fig. 6B).

The integrity of the NPC is commonly analyzed with the
monoclonal antibody MAb414, which recognizes a subset of
FG-nucleoporins and exhibits a predominantly nuclear rim
pattern in yeast and vertebrate cells (7) (Fig. 6B). Somewhat
surprisingly, the MAb414 staining pattern was unchanged after
knockdown of sec13 or nup75, but in the same cells, the nuclear
translocation of MAD was clearly impaired (Fig. 6B). In con-
trast, knockdown of other Nup107-160 members, including
nupl07, nupl33, nupl45, and nupl60, resulted in a diffuse
MAD414 pattern throughout the nuclei, indicating defects in
NPC assembly, as expected (Fig. 6C). It is known that RNAI
against nupl07 or nup133 results in concomitant loss of several
other nucleoporins in the Nup107-160 complex, which might
have contributed to the more severe defects in NPC integrity
(4, 32). Immunoblot analysis confirmed that sec/3 RNAi was
highly robust, and knockdown of other Nup107-160 complex
components did not cause concomitant loss of Sec13 (data not
shown). A normal MAb414 pattern does not necessarily indi-
cate intact NPC assembly, so roles for Secl3 and Nup75 in
NPC structure cannot be ruled out. However, our observations
did distinguish Sec13/Nup75 from Nup107/Nup145/Nup160 in
terms of their requirement in maintaining a normal MAb414
pattern.

Nup133 knockdown clearly affected the MAb414 pattern, as
expected for a core component of Nupl07-160, but remark-
ably, in the same cells, nuclear accumulation of GFP-MAD
was largely intact (Fig. 6B). This is compelling evidence that
components of the Nup107-160 subcomplex individually serve
different functions in the process of MAD nuclear transport
and NPC assembly. These observations strongly argue that
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for =3 fields. (B) GFP-MAD +R cells were treated with the indicated RNAi and were then induced to express GFP-MAD and Punt/Tkv. The cells
were stained with MADb414, and the images for GFP-MAD (green), MAb414 (red), and DAPI (blue) were captured by confocal microscopy. The
percentages of cells exhibiting a normal MAb414 staining pattern (>50 cells scored) are shown. Bar, 5 uM. (C) GFP-MAD+R cells were treated
with the indicated RNAi and were immunostained with MAb414 (red). The percentages of cells exhibiting a normal MAb414 staining pattern (>50
cells scored) are shown. (D) GFP-MAD+R cells were treated with the indicated RNAI, and the permeability of the nuclear envelope was tested
by dextran exclusion assays. The percentages of nuclei permeable to the 70-kDa but not the 500-kDa dextran are plotted.

Sec13 and Nup75 are important for the nuclear import of
MAD not because they are part of the Nup107-160 complex
but because they have unique individual functions.

The Nup53-93 complex is critically involved in the anchoring
of the NPC to the nuclear envelope (14). Previous studies of
mammalian cells showed aberrant MAb414 staining upon
nup93 RNAI (13). However, MAb414 staining seemed normal
in S2R+ cells after nup93 RNAI, even though the nuclear
import of MAD was clearly inhibited in the same cells (Fig.
6B). Even when we simultaneously knocked down nup93 and
nup205, the MAb414 staining pattern still remained normal
(Fig. 6C). Interestingly, depletion of Nup93 or Nup205 also
failed to affect NPC formation in Caenorhabditis elegans (9).
Therefore, we again observed differential dependence on
Nup93 in the nuclear import of MAD and the assembly of
the NPC.

Impact of RNAi against non-FG nucleoporins on nuclear
envelope permeability. MAb414 is limited in its ability to de-
tect changes in the NPC. We therefore used a dextran exclu-
sion assay to examine the permeability of the nuclear envelope.
We found that RNAI against sec13 or nup75 had only a minor

effect, whereas knockdown of nupI33 or nupl07 resulted in a
significantly higher number of leaky nuclei (Fig. 6D) (see Ma-
terials and Methods for scoring criteria). This again indicated
functional differences between Sec13/Nup75 and other mem-
bers of the Nup107-160 complex. Knockdown of nup93 in-
creased the leakiness of the nuclear envelope, in agreement
with previous reports (Fig. 6D) (9). But a leaky nuclear enve-
lope per se does not necessarily lead to impaired MAD nuclear
import, since RNAI against nup133 did not affect the nuclear
concentration of MAD. Although it is in the same subcomplex
with Nup93, Nup205 did not appear to be critical for main-
taining the permeability barrier (Fig. 6D). Therefore, the de-
fect in MAD nuclear import after RNAIi against Sec13, Nup75,
Nup93, or Nup205 was not due to a compromised NPC per-
meability barrier.

Nup93 regulates the subcellular localization of Msk. We
further investigated how non-FG nucleoporins functionally in-
teract with Msk. Confirming an earlier report, we found en-
dogenous Msk concentrated around the nuclear rim, with
some overlap with MAb414 staining (Fig. 7A) (15). The im-
munofluorescence staining was highly specific, since msk RNAI
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the indicated RNAI, and after induction of GFP-MAD/Punt/Tkv expression, the cells were stained with anti-Msk (red). Shown are confocal images
of GFP-MAD (green), endogenous Msk (red), and DAPI (blue). The percentages of cells exhibiting a nuclear rim pattern of Msk staining (>50
cells scored) are shown. (C) The perinuclear localization of Msk is dependent on its C-terminal region and correlates with its ability to import MAD
into the nucleus. GFP-MAD+R cells were subjected to RNAI targeting the 5" UTR of Msk and were then transfected with rescue vectors (arrows)
expressing HA-tagged full-length Msk or HA-tagged Msk with a C-terminal deletion (Msk-dC; aa 1 to 761). Confocal images of GFP-MAD
(green), Msk-HA or Msk-dC-HA (red), and DAPI (blue) are shown. The percentages of cells with normal GFP-MAD nuclear import (green) (>50
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Msk-HA (FL) and Msk-dC-HA (dC) were purified and tested for direct interaction with GST-Nup93.

abolished the signals (data not shown). Activation of the Dpp
pathway by Punt/Tkv did not change the distribution pattern of
Msk (data not shown). Interestingly, we detected a completely
different Msk pattern after nup93 knockdown: the prominent
nuclear rim pattern was absent, and Msk was distributed evenly
in both the nucleus and the cytoplasm (Fig. 7B). In contrast,
RNAI against nup75 or secl3 did not alter Msk distribution,
although nuclear import of MAD was inhibited just as strongly
as in the case of nup93 RNAI (Fig. 7B). We found that even
though knockdown of Nup133 disrupted the MAb414 pattern
(Fig. 6B), the distribution of Nup93 appeared to be unaffected
(data not shown), and indeed, Msk was still localized to the
nuclear periphery after Nup133 knockdown (Fig. 7B). Inter-
estingly, even though Nup205 is part of the same subcomplex
as Nup93, its knockdown did not affect Msk distribution but
did cause much-reduced MAD nuclear import (Fig. 7B). Thus,
clearly the role of Nup93 in MAD nuclear import is very
different from those of Sec13, Nup75, and Nup205. This again

illustrates the distinct functional roles that non-FG nucleopor-
ins play in MAD nuclear transport. The fact that knockdown of
these non-FG nucleoporins affects different aspects of MAD
nuclear translocation is also a strong argument against the
possibility that the defect in MAD nuclear transport is due to
general disruption of the NPC.

Mutational analysis of Msk further supported the idea that
perinuclear localization of Msk is essential for its function as a
Smad nuclear import factor. Removal of the C-terminal 290
amino acids of Msk abolished its function, since it could no
longer rescue the msk RNAI phenotype, although the deletion
mutant was still capable of interacting with MAD (Fig. 7C; also
data not shown). In agreement with the inability to import
MAD, this deletion mutant (Msk-dC; aa 1 to 761) was diffusely
distributed and was no longer concentrated in the perinuclear
space, in contrast to full-length Msk (Fig. 7C). Thus, our data
suggest that the localization of Msk to the perinuclear space is
important for its ability to transport MAD into the nucleus.
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Interestingly, when we examined the direct interaction
between purified recombinant Msk and Nup93, we found
that Msk-dC failed to interact with Nup93 (Fig. 7D). There-
fore, combining the RNAI and protein interaction data, we
arrived at the hypothesis that Nup93 may recruit Msk to the
nuclear periphery by binding to the C-terminal 290 amino
acids of Msk. However, one caveat is that we cannot rule out
the possibility that the Msk C terminus is required for in-
teraction with another factor that directly anchors Msk to
the nuclear periphery.

Distinct roles of FG-nucleoporins in the nuclear import of
MAD. False-negative results due to cell lethality, RNAI ef-
ficiency, or functional redundancy are potential pitfalls in
RNAI screening. Our previous studies have suggested that
the FG-nucleoporins Nup153 and Nup214 play roles in the
nuclear import of Smads, but they were not scored as pos-
itive hits in our screening (35). However, upon close exam-
ination, we noticed that both nupl53 and nup358 RNAI
resulted in cell lethality. Therefore, we decided to revisit the
issue of whether FG-nucleoporins Nupl153, Nup214, and
Nup358 are important for the nuclear import of Smads. By
moderating the RNAI efficiency (i.e., reducing the dsRNA
concentration by half and shortening the duration of RNAI
from 4 days to 3 days), we considerably improved the via-
bility of the cells treated with nup153 or nup358 RNAIi and
found that, indeed, Nup153, Nup358, and also Nup214 were
required for the nuclear import of MAD (Fig. 8A; quanti-
fication in Fig. 8B). Importantly, by immunoblotting, we
detected little change in the Nup358 level upon RNAI
against sec13, nup75, or nup93, ruling out the possibility that
the impaired MAD nuclear import observed earlier after
RNAIi against these non-FG nucleoporins was caused by
codepletion of Nup358 (Fig. 8C). Although there was a
slight decrease in the level of Nup153 upon RNAI against
secl3, nup75, or nup93, it was not likely significant enough to
affect the nuclear import of MAD, since nupl33 RNAI also
caused a similar change in the Nup153 level (Fig. 8C), with
no impact on MAD nuclear transport (Fig. 7B). Therefore,
the requirements for Nup153 and Nup358 in MAD nuclear
import are separate from those for the non-FG nucleoporins
Sec13, Nup75, and Nup93.

When MAD was fused to a cNLS, its nuclear import became
independent of Nup214 and Nupl53 but, interestingly, still
required Nup358 (Fig. 8D; also data not shown). These obser-
vations agree with the findings of a previous study on the
requirement of Nup358 for cNLS-dependent nuclear import
(23). The same study also found that Nup153 was important
for cNLS-mediated nuclear import, but this was not confirmed
here, probably because we had to knock down Nupl53 only
partially (23). Thus, the notion of pathway-specific utilization
of nucleoporins applies to FG-nucleoporins as well; Nup358 is
involved broadly in the nuclear import of both MAD and the
cNLS, while Nup214 may serve more specifically in the nuclear
import of MAD. Again, we confirmed that the efficiencies of
RNAI were similar in cells expressing cNLS-GFP-MAD and
those expressing GFP-MAD+R (data not shown). Further-
more, by double immunofluorescence staining, we found that
nup358 knockdown affected the perinuclear localization of
Msk but RNAI against nupl53 or nup214 had little effect (Fig.
8E). In terms of disrupting the MAb414 pattern, nupl53
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knockdown had a very severe effect, whereas RNAI against
nup358 or nup214 had a weaker impact, consistent with a
previous report (Fig. 8E) (23). These data suggest that differ-
ent FG-nucleoporins play different roles in the nuclear import
of MAD, in agreement with our observations with non-FG
nucleoporins.

DISCUSSION

In this study we identified a distinct nucleoporin cohort,
including both non-FG nucleoporins and FG-nucleoporins,
that represents a unique trans-NPC mechanism for signal-
activated MAD. Such specificity in nucleoporin utilization may
reflect different demands of constitutive and signal-induced
nuclear import events. Most unexpectedly, several non-FG
nucleoporins, including Sec13, Nup93, Nup75, and Nup205,
appear to act in concert with Msk to selectively transport
MAD, but not the cNLS-cargo or basal-state Medea, into the
nucleus. This is the first indication that beyond their involve-
ment in the general assembly of the NPC, non-FG nucleopor-
ins could play discrete roles in specific nuclear transport path-
ways. We further identified the distinct functions served by two
non-FG scaffold nucleoporins, Sec13 and Nup93, that are crit-
ical and specific for the nuclear import of MAD. Our findings
suggest a novel functional interplay between the MAD nuclear
import machinery and the NPC.

Sec13 is part of the Nup107-160 complex, and Nup93 is part
of the Nup53-93 complex; both are scaffolds of the NPC. We
emphasize that our findings are not in conflict with the estab-
lished roles of Sec13 and Nup93 in general NPC assembly but
broaden the functions of these non-FG nucleoporins to specific
nuclear import pathways. It was somewhat surprising that de-
pletion of Nup75 and Secl3 had little impact on MAb414
staining and nuclear envelope permeability, in contrast to the
more severe phenotypes exhibited by the knockdown of other
components in the Nup107-160 complex (i.e., nup145, nup107,
and nup160). We could hardly detect Secl3 after RNAI (data
not shown), so the lack of impact on MAb414 staining could
not be attributed to incomplete depletion of Sec13. Therefore,
our observations suggest that knocking down individual com-
ponents of the Nup107-160 complex could lead to different
phenotypes regarding MAD nuclear import, the MAb414
staining pattern, and the permeability of the NPC, arguing that
each nucleoporin in the Nup107-160 complex serves distinct
functions.

The challenging question ahead is how these non-FG
nucleoporins mediate the nuclear import of MAD. Interest-
ingly, Sec13 has been shown to dynamically transit between the
cytoplasm and the nucleus, and endogenous Secl3 is parti-
tioned among NPC, the intranuclear space, and the endoplas-
mic reticulum (ER) (8). With our observation that Sec13 pref-
erentially interacts with phosphorylated/activated MAD, it is
possible that Sec13 could act as an active trafficker rather than
as a stationary component of the NPC to mediate the nuclear
import of MAD. Whether phosphorylated MAD reaches the
NPC via random diffusion or is guided by particular factors
remains an open question, and it will be interesting to inves-
tigate whether Sec13 might be involved.

Msk has a characteristic nuclear rim localization pattern that
we show here is important for its ability to transport MAD into
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with MAb414 (green) and anti-Msk (red). Bar, 5 pM.

the nucleus. Two of the nucleoporins that are required for
MAD nuclear import, Nup93 and Nup358, appear to be re-
sponsible for targeting Msk to the nuclear periphery. Deletion
of the C-terminal region of Msk disrupted its nuclear rim
distribution and also significantly weakened the Msk-Nup93
interaction. It is unclear whether the same C-terminal deletion
of Msk would affect the Msk-Nup358 interaction as well. Thus,
the question remains, between Nup93 and Nup358, which one

is more directly responsible for recruiting Msk to the nuclear
periphery. Interestingly, Impf is also concentrated to the nu-
clear periphery, like Msk, but such localization has been shown
to depend on Nupl53 instead of Nup93 and Nup358 (23).
Therefore, different importins are apparently recruited to the
NPC through distinct nucleoporins, another direct indication
that various nuclear import pathways operate through different
modes of interaction with the NPC.
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As exemplified by Sec13, Nup93, and Nup358, the nucleo-
porins implicated in MAD nuclear import serve distinct
functions at different stages of the import process. One
appealing model is that Msk is positioned by Nup93 and
Nup358 to the vicinity of NPC, and perhaps Sec13 engages
phosphorylated MAD and, through its own trafficking abil-
ity, delivers MAD to Msk, which completes the transloca-
tion across the NPC. While our data clearly suggest that
Sec13 and Nup93 play roles distinct from those of the other
components of the Nup107-160 or Nup53-93 complex, we do
not suggest that they function in isolation from the other
nucleoporins. Nor can we at this point rule out a possible
requirement for other nucleoporins in the nuclear import of
MAD. Nevertheless, the direct physical interaction between
Sec13/Nup93 and MAD or Msk, as well as the very selective
impact of Sec13 and Nup93 RNAIi on the nuclear import of
MAD, but not other cargoes, is consistent with our inter-
pretation that Sec13 and Nup93 are directly involved in the
nuclear import of MAD.

Our genetic dissection of the Smad nuclear import pathway has
important implications for the model of NPC structure and func-
tion. The findings in this study depart from the current dogma
that puts only FG-nucleoporins at the center of the NPC-importin
interplay. The diversity in trans-NPC routes and the pathway-
specific involvement of non-FG nucleoporins need to be incor-
porated into models of NPC function in nuclear transport. It is
increasingly clear that there are multiple distinct routes through
the NPC that are taken by different importin/cargo complexes.
The question, then, is how the NPC can accommodate these
different passages. X-ray crystal structure analysis and electron
microscopy have suggested that the Nupl07-160 complex as-
sumes a Y-shaped topography, raising speculations that such a
porous assembly may leave room for additional trans-NPC pas-
sages besides the central tunnel, which is densely populated by
FG-nucleoporins (4). One could also speculate that maybe the
NPC can assume different configurations upon receiving different
importin/cargo complexes to enable the translocation process.
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