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Nuclear pore complexes (NPCs) span the 2 membranes of the nuclear envelope (NE) and facilitate nucleocytoplasmic
exchange of macromolecules. NPCs have a roughly tripartite structural organization with the so-called nuclear basket
emanating from the NPC scaffold into the nucleoplasm. The nuclear basket is composed of the 3 nucleoporins Nup153,
Nup50, and Tpr, but their specific role for the structural organization of this NPC substructure is, however, not well
established. In this study, we have used thin-section transmission electron microscopy to determine the structural
consequences of altering the expression of Nup153 in human cells. We show that the assembly and integrity of the
nuclear basket is not affected by Nup153 depletion, whereas its integrity is perturbed in cells expressing high
concentrations of the zinc-finger domain of Nup153. Moreover, even mild over-expression of Nup153 is coinciding with
massive changes in nuclear organization and it is the excess of the zinc-finger domain of Nup153 that is sufficient to
induce these rearrangements. Our data indicate a central function of Nup153 in the organization of the nucleus, not
only at the periphery, but throughout the entire nuclear interior.

Introduction

Nuclear pore complexes (NPCs) control the molecular traf-
ficking between the cytoplasm and the nucleus of interphase
eukaryotic cells. NPCs are giant protein assemblies of about 100
MDa in vertebrates,1,2 arising from about 30 different nucleo-
porins (Nups), which occur in copy numbers of 8 or multiples
thereof.2-4 NPCs reside in the double membrane of the nuclear
envelope (NE) and they are characterized by a roughly tripartite
architecture: the central framework (also known as spoke com-
plex, spoke-ring complex, or scaffold-ring complex), which
resides in the NE and which is flanked by the cytoplasmic fila-
ments and the nuclear basket.2,5-10 The nuclear basket in turn is
formed of 8 filaments that emanate from the nuclear ring moiety
of the central framework and converge into a distal ring. The
three major protein constituents of the nuclear basket are the
nucleoporins Nup153, Nup50, and Tpr. Tpr is a »265 kDa
protein that is characterized by a large coiled-coil domain spread
over about 2-third of the protein and an acidic globular C

terminus.11-13 Due to the extended coiled-coil region, Tpr is
forming homodimers, which are thought to form the filaments
of the nuclear basket. Immuno-electron microscopy (immuno-
EM) studies in human cells and rat liver NEs in combination
with domain-specific antibodies suggest that a part of the Tpr
dimer folds back onto another part of itself, so that both the N-
terminal and the C-terminal regions of Tpr are found at the distal
end of the nuclear basket.14,15 Residues 436–606 are required
and sufficient to localize Tpr to NPCs.11,12

Nup153 has a tripartite domain organization and topologi-
cally complex arrangement within the nuclear basket. The N-ter-
minal domain of Nup153, which contains its NE- and
NPC-targeting information (residues 2–144 and 39–339, respec-
tively),16,17 anchors the protein to the nuclear ring moiety of the
central framework.5,15,18-20 The N-terminal domain spans about
600 amino acids and appears to have little secondary struc-
ture.21,22 The human Nup153 harbors 4 zinc-fingers in its cen-
tral region and this domain ties Nup153 to the distal ring of the
nuclear basket.18 A C-terminal phenylalanine-glycine (FG)-
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repeat containing domain of Nup153 is characterized by a high
flexibility and mobility and can locate all over the nuclear basket
and reach out to the cytoplasmic periphery of the NPC’s central
pore.18,23-27 Nup153 binds Tpr via residues 228–439 and
Nup50, the third component of the nuclear basket, via residues
337–611.11,28 Nup50 is a mobile nucleoporin that associates
with the nuclear basket: it binds directly to Nup153, but exhibits
no binding sites for Tpr.11,29-31 All 3 basket nucleoporins are
evolutionary conserved with functional homologues in yeast,
Drosophila, Xenopus and other species.32-37

While the biochemical interface between the 3 basket
nucleoporins is well defined and their precise localization
within the nuclear basket largely accepted, their respective
importance for nuclear basket integrity is less well specified,
especially the role of Nup153. EM analysis in human and
yeast cells have shown that NPCs devoid of Tpr do not have
nuclear baskets.38,39 An epifluorescence based study, on the
other hand, suggested that overexpression of the C-terminal
domain of Nup153 disrupts nuclear basket architecture by
displacing Nup50 and Tpr from NPCs.40 It is unclear what
exact role Nup153 plays for nuclear basket architecture, nor
is it conclusively analyzed whether depletion of Nup153 by
small interfering (si) RNAs displaced Tpr from NPCs or
not.11,40–43 Depletion of Tpr by antibodies or siRNAs is not
impairing Nup153 and Nup50 recruitment to NPCs.14,15

Here we have carried out a systematic ultrastructural analysis
of human NPCs and we show that the absence of Nup153 does
not interfere with nuclear basket assembly and integrity, while
excess levels of Nup153 and its zinc-finger domain, but not its
C-terminal domain, alter the basket architecture and lead to gen-
eral changes in the organization of the nucleus.

Results

Nup153 is required for Nup50 but not for Tpr localization
at nuclear pores

It has previously been reported that depletion of Nup153 by
siRNAs displaced Tpr from NPCs,11,43 while other studies have
shown that Tpr is present at NPCs even in the absence of
Nup153.41,42,44 Therefore we first carried out immunofluores-
cence assays in HeLa cells that were depleted for Nup153 and
analyzed the effect on Tpr and Nup50 recruitment to NPCs and
vice versa. To do so, HeLa cells were transfected with siRNAs
against Nup153, Nup50, and Tpr, respectively, and the reduc-
tion of the protein levels were determined by immunoblotting.
As shown in Fig. 1A, each of the 3 basket nucleoporins was spe-
cifically and solely reduced by its respective siRNAs: depletion of
Tpr did not affect the expression levels of Nup153 and Nup50,
depletion of Nup153 did not affect Tpr and Nup50 expression
levels, and depletion of Nup50 did not alter protein levels of Tpr
and Nup153. We next analyzed whether or not the depletion of
a given nuclear basket nucleoporin is influencing the localization
of the other 2 at NPCs. We first examined the interplay between
Nup153 and Nup50. As shown in Fig. 1B (top row), Nup153
and Nup50 resided at NPCs in HeLa cells treated with non-

targeting siRNAs (scr siRNAs) and Nup50 was additionally
found in the nucleoplasm. Nup153 depletion coincided with a
displacement of Nup50 from NPCs, whereas the nucleoplasmic
pool of Nup50 appeared unaffected (Fig. 1B, middle row).
Depletion of Nup50 did not affected Nup153 localization at
NPCs (Fig. 1B, bottom row). When examining the interplay
between Nup153 and Tpr (Fig. 1C, top row), we revealed that
depletion of Nup153 did not impaired Tpr localization at NPCs
(Fig. 1C, middle row) and similarly Tpr depletion did not
affected Nup153 location at NPCs (Fig. 1C, bottom row). Like-
wise, Nup50s localization at NPCs and in the nucleoplasm was
not depending on Tpr (Fig. 1D, middle row) and Tpr localiza-
tion was not influenced by a reduction of Nup50 (Fig. 1D, bot-
tom row). Together, these data indicate that Nup153 is required
for Nup50 recruitment to NPCs, whereas Nup153 and Tpr can
be recruited independent of each other and of Nup50 to NPCs.

Tpr is the major structural component of the nuclear basket
Next we examined the importance of each of the 3 basket

nucleoporins for the structural integrity of the nuclear basket. To
do so, we analyzed Epon-embedded HeLa T-Rex cells by thin-sec-
tioning transmission electron microscopy (EM). HeLa T-Rex cells
were employed because nuclear baskets are frequently visible in
these cells (Fig. 2A), in contrast to our standard HeLa cell line
(Fig. 2B), probably to a slightly compact chromatin. In HeLa T-
Rex cells treated with non-targeting control siRNA (n D 58), the
nuclei retained normal NPC morphology and filamentous,
nuclear basket structures on the nuclear side of the NPC (Fig. 2A,
scr siRNAs; the boundary of the nuclear baskets in the presented
NPCs are highlighted in Fig. S1). In Tpr-siRNA treated cells
these filamentous structures were reduced in »90% of the NPCs
(Fig. 2A and C; n D 132), in agreement with previous studies in
HeLa and yeast cells.38, 39 In contrast to Tpr depletion, depletion
of Nup153 in the HeLa TRex cells led to a loss of the nuclear bas-
ket structure in only about 14% of the NPCs (Figs. 2A and C,
Fig. S1; n D 87). Likewise, only about 6% of Nup50-depleted
cells and the control cells had NPCs lacking the nuclear basket
(Figs. 2A and C; n D 64 (Nup50 siRNA), n D 66 (scr siRNA)).
Similar results for Tpr and Nup153 depletion, respectively, were
obtained in our standard HeLa cell line (Fig. 2B), indicating that
only Tpr is critical for nuclear basket assembly.

The zinc-finger domain of Nup153 affects nuclear basket
structure and nuclear organization

Based on epifluorescence analyses it has recently been specu-
lated that overexpression of the C-terminal, FG-repeat domain
of Nup153 interferes with nuclear basket assembly.40 We there-
fore decided to analyze the effect of the enhanced expression of
Nup153 and its individual domains, respectively, on nuclear bas-
ket structure on the ultrastructural level. To do so, we first
expressed Nup153 and 3 fragments fused to GFP (see Material
and Methods) transiently in our HeLa T-Rex cells and deter-
mined their subcellular localization by direct immunofluores-
cence and confocal microscopy. As shown in Fig. 3A, full-length
Nup153 (Nup153) and the N-terminal domain of Nup153
(Nup153-N) fused to GFP localized to NPCs and to the

602 Volume 5 Issue 6Nucleus



nucleoplasm, with some
aggregation of the fusion
proteins in the nucleo-
plasm, likely due to the
over-expression. The zinc-
finger domain of Nup153
(Nup153-Z) fused to GFP
is lacking the NPC target-
ing cassette and the NLS of
Nup153 and was conse-
quently found dispersed in
the cytoplasm and the
nucleus of transfected cells.
Similarly, the C-terminal
domain of Nup153 is lack-
ing Nup153s NPC target-
ing cassette and NLS and
Nup153-C was found in
the cytoplasm and the
nucleus. Neither Nup153-
Z nor Nup153-C were
recruited to NPCs and,
likely due to its larger size,
less Nup153-C was found
in the nucleus as compared
to Nup153-Z. The trans-
fection efficiency for all our
constructs was verified by
immunofluorescence
microscopy and was higher
than 90% for the Nup153
fragments and about 30–
50% for the full-length
protein (data not shown).

We next analyzed the
integrity of the nuclear bas-
kets in HeLa T-Rex cells
expressing Nup153 frag-
ments by thin-section EM.
As shown in Fig. 3B, fila-
mentous nuclear basket
structures were observed in
control cells (MOCK,
transfected with the empty
GFP plasmid), in cells
over-expressing Nup153-Z
as well as Nup153-C (the
boundaries of the nuclear
baskets in the depicted
NPCs are highlighted in
Fig. S2). Similarly, overex-
pression of full-length
Nup153 and Nup153-N
did not interfere with

Figure 1. Nup153 is required for Nup50 localization at nuclear pores. (A) Knockdown of Nup153 and Nup50 was veri-
fied 48 hours after transfection by Western blotting, while Tpr knockdown was verified 72 hours after transfection.
HeLa T-Rex cellular extracts from cells treated with control, Nup153, Nup50 and Tpr siRNAs, respectively, were ana-
lyzed using antibodies directed against Nup153, Nup50, Tpr, and actin. Depletion of Nup153 resulted in the displace-
ment of Nup50 from NPCs (B), whereas Tpr localization at NPCs remains unaffected (C). Knockdown of Nup50 did
not compromised Nup153 (B) and Tpr (D) recruitment to NPCs. Similarly, Nup153 (C) and Nup50 (D) were localizing
to NPCs in the absence of Tpr. Cells were analyzed by indirect fluorescence microscopy. Shown are confocal images.
Scale bars, 10 mm.
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nuclear basket assembly (data not shown). By closer inspection of
the nuclear baskets of Nup153-Z and Nup153-C expressing
cells, however, it became evident that the baskets in Nup153-Z
cells were not cone-shaped and appeared to lack the distal ring of
the basket: only about 15% of the baskets had a distal ring, in
contrast to »80% in cells expressing Nup153-C (Fig. 3C). The

over-expression of the zinc-finger domain of Nup153 further-
more led to massive changes in the overall nuclear organization
with heterochromatin formation at the NE and in the nucleo-
plasm (Figs. 4A–C) as well as a more frequent association of
nucleoli with the NE (Fig. 4C). These effects are specific to the
zinc-finger domain of Nup153: neither the expression of the

Figure 2. The structural integrity of the nuclear basket depends exclusively on Tpr. (A) HeLa T-Rex cells were treated with control siRNAs as well as siRNAs
against Nup153 and Nup50 for 48 hours and with siRNAs against Tpr for 72 hours. Cells were embedded in epoxy-based resin and examined by thin-sec-
tion transmission electron microscopy (TEM). Shown are electron micrographs of selected, representative NPCs and a schematic model of the respective
phenotype. (B) HeLa were treated with siRNAs against Nup153 for 48 hours and with siRNAs against Tpr for 72 hours and prepared and examined by
thin-section TEM. (C) Quantification of the number of NPCs without a nuclear basket in HeLa T-Rex cells treated with the distinct siRNAs (n D 66 (scr
siRNA), n D 132 (Tpr siRNA), n D 87 (Nup153 siRNA), n D 64 (Nup50 siRNA)). c, cytoplasm; n, nucleus. Scale bars, 100 nm.
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Figure 3. Enhanced expression of Nup153-Z results in changes in nuclear basket structure. (A) HeLa cells were transiently transfected with GFP-Nup153
and the fragments GFP-Nup153-N, GFP-Nup153-Z, and GFP-Nup153-C, respectively, and analyzed by direct fluorescence microscopy 24 hours after
transfection. Shown are confocal micrographs. Scale bars, 10 mm. (B) Electron microscopic images of nuclear pores in control HeLa T-Rex cells (MOCK)
and in Nup153-Z and Nup153-C, respectively, expressing cells, 48 hours after transfection. Shown are representative examples of selected NPCs and a
schematic model of the respective phenotype. (C) Quantification of the number of NPCs with nuclear baskets without a distal ring in HeLa T-Rex cells
expressing Nup153-Z (n D 55) and Nup153-C (n D 87). c, cytoplasm; n, nucleus. Scale bar, 100 nm.
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zinc-finger domain of Nup358/RanBP2 (Fig. 4D) or of the zinc-
finger of the inhibitor of apoptosis (IAP) protein XIAP (Fig. 4E)
is affecting nuclear organization. Nup358 contains, as Nup153, a
C2C2 zinc-finger motif, whereas the baculoviral IAP repeat
(BIR) domain of XIAP contains a CCHC motif, which resembles
the classical C2H2 zinc-finger motif.45,46 Nuclei of cells express-
ing high levels of Nup153-C (Figs. 4F and G) appeared indistin-
guishable from control nuclei (Fig. 4H). Together our data show

that the zinc-finger but not the C-terminal domain of Nup153 is
impacting NPC and nuclear architecture.

Similar to the effect of Nup153-Z, enhanced levels of full-
length Nup153 provoked nuclei with abnormal shape (Fig. 5B,
S3B), heterochromatin formation (Figs. 5B and C, S3A and B),
and enlarged, segregated nucleoli as well as the association of
nucleoli with the NE (Fig. 5C), which was not seen in control
cells (Fig. 5A). Additionally, Nup153 overexpression induced

Figure 4. Enhanced expression of Nup153-Z induces changes in nuclear organization. HeLa T-Rex cells were transiently transfected with GFP-Nup153-Z
and GFP-Nup153-C, respectively, and prepared for thin-sectioning EM 48 hours after transfection. Overexpression of Nup513-Z led to formation of het-
erochromatin at the nuclear envelope (A, B, and C) and in the nucleoplasm ((A)and C) and to a peripheral localization of nucleoli (C). Overexpression of
the zinc-finger domain of Nup358/RanBP2 (D) or XIAP (E) had no effect on nuclear organization. Nuclei from cells overexpressing Nup153-C ((F) and G)
appeared indistinguishable from control nuclei (H). Scale bars, 2 mm.
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the formation of membra-
nous structures in the
cytoplasm (Fig. 5B, arrow
and S3B) and inside the
nucleus (Fig. S3A), in
agreement with previously
published data.16

Nup153-depleted cells
(Fig. 5D), in contrast, had
a nuclear architecture
indistinguishable from
control cells.

Transient transfection
results in heterogeneous,
often very high, expression
levels of the exogenous
protein in different cells.
To study the impact of
Nup153 over-expression
on nuclear architecture in
a more controlled manner,
we next generated stable
HeLa T-Rex cell lines
expressing GFP-Nup153
upon tetracycline-induc-
tion. In doing so, we
obtained a monoclonal
cell line expressing GFP-
Nup153 at levels similar
to the endogenous protein
(Fig. 6A). GFP-Nup153
in this cell line was
expressed in all cells at
equal level (Fig. 6B, top
row) and the protein local-
ized primarily to NPCs
with a minor pool in the
nucleoplasm (Fig. 6B, bot-
tom row). On the ultra-
structural level, we
observed the same changes
in nuclear organization as
in HeLa T-Rex cells expressing GFP-Nup153 transiently with
alterations in the nuclear shape (Figs. 6D-F), heterochromatin for-
mation (Figs. 6D-F), and enlarged, segregated nucleoli as well as
the association of nucleoli with the NE (Fig. 6D and E). In the
absence of tetracycline and GFP-Nup153 expression, these cells
had normal nuclear shape and organization (Fig. 6C). Together
our data indicate that a moderate increase in Nup153 expression
coincides with global changes in nuclear organization.

Discussion

Previous thin-sectioning EM studies have shown that Tpr and
its homologues are critical components of the NPCs nuclear

basket.38,39 Here we have carried out a systematic structural anal-
ysis using thin-sectioning EM to study the role of Nup153 for
nuclear basket integrity and nuclear organization in human cells.
The nuclear basket is a highly flexible structure and therefore dif-
ficult to study on high-resolution EM level, in particular in
somatic cells. In Xenopus oocyte nuclei, nuclear baskets can be
seen in cross-section along the NE15,18,19,23,47 or in samples pre-
pared for scanning EM20,48 or freeze-drying.18,47 Tomographic
studies of NPCs, however, usually lack information on the
nuclear basket7–10,49 and only the distal ring of the basket had
been somewhat resolved in NPCs from Xenopus oocyte nuclei.50

In somatic cells, electron microscopic visualization of the nuclear
baskets is further hampered by its overlap with peripheral chro-
matin. Our study is therefore to the best of our knowledge the

Figure 5. Enhanced expression of Nup153 alters nuclear organization. HeLa cells were transiently transfected with GFP-
Nup153 and siRNAs against Nup153, respectively, and prepared for thin-sectioning EM 48 hours after transfection.
Enhanced expression of Nup153 coincided with membranous structures in the cytoplasm (arrow in B), abnormally
shaped nuclei (B), an increase in heterochromatin in the nucleoplasm (B, black arrowheads in C) and along the nuclear
envelope (B) as well as to segregation of nucleoli and their association with the nuclear envelope (C). Nuclei from con-
trol cells and Nup153-depleted cells did not differ from each other. White arrowheads in (C) indicate section artifacts.
Scale bars, 2 mm.
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first systematic approach toward nuclear basket architecture in
human cells on an ultrastructural level.

Nup153 and the nuclear basket
The NPCs nuclear basket is composed of 3 nucleoporins, i.e.

Nup153, Nup50 and Tpr, and our data confirm that Tpr is the

major structural compo-
nent of the basket in
human cells and required
for its assembly (Fig. 2):
only NPCs depleted of
Tpr lack filamentous bas-
ket structures, while basket
integrity remained unaf-
fected by Nup153 and
Nup50 depletion, respec-
tively. Nuclear basket
architecture also remained
intact upon overexpression
of the C-terminal domain
of Nup153 (Fig. 3B),
which refutes elsewhere
epifluorescence-based

interpretations40 and underscores the importance of ultrastruc-
tural approaches for qualitative structural statements. We provide
further evidence that Nup153 is required for Nup50 localization
at NPCs, but not for Tpr recruitment (Fig. 1C). This is in agree-
ment with several previous studies40-42 and the notion that
Nup153 is a rather mobile51,52 and largely unstructured

Figure 6. Induced expres-
sion of Nup153 alters
nuclear organization. (A)
Western blot analysis of tet-
racycline-inducible GFP-
Nup153 expression in a
monoclonal HeLa T-Rex cell
line. Cells were treated with
0.1 mg/ml tetracycline for
24 hours and cell lysates
were analyzed using anti-
bodies directed against
Nup153, GFP and actin,
respectively. (B) Direct fluo-
rescence analysis of tetracy-
cline-inducible GFP-Nup153
in HeLa T-Rex cells by confo-
cal microscopy. Scale bars,
20 mm (upper panel),
10 mm (lower panel). GFP-
Nup153-inducible cells had
normal nuclear organization
and shape in the absence of
tetracycline (C), whereas
treatment with tetracycline
and GFP-Nup153 expression
led to altered nuclear shape
(D-F), heterochromatin for-
mation in the nucleoplasm
and at the nuclear envelope
(black arrowheads in D-F),
as well as segregated and
peripheral nucleoli (D, E,
and F). Scale bars, 1 mm (C),
2 mm (D–F).
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protein.18, 21,22,53 It is furthermore supported by the fact that
Nup153-depleted NPCs have a nuclear basket, while Tpr-
depleted NPCs lack baskets (Fig. 2). Therefore, Nup153-
depleted NPCs should be devoid of nuclear baskets, if Nup153
acts as the major anchor for Tpr at NPCs. The essential anchor-
ing site for Tpr therefore remains to be identified, but a likely
candidate is the Nup107–160 complex, which is the major con-
stituent of the NPC scaffold.49 In this context, it has previously
been shown that in the absence of Tpr, labeling of Nup107 at
NPCs was significantly increased,11 suggesting that Tpr is bind-
ing and masking Nup107 to a certain extend. Similarly, it has
been shown that the yeast Nup84 complex serves as an important
anchoring partner for Mlp1 and Mlp2, the yeast homologues of
Tpr.35,36,38

The zinc-finger domain of Nup153 and the nuclear basket
NPCs of cells that over-express the zinc-finger domain of

Nup153 have baskets that appear to lack the distal ring: their bas-
ket filaments are visible, but they do not converge into a distal
ring (Figs. 3 and S2). The zinc-fingers of Nup153 locate to the
distal ring of the nuclear basket18 and it has previously been
shown that the integrity of the nuclear basket54 as well as the
interaction between Nup153 and Tpr depend on divalent cati-
ons.11 Since the zinc-finger domain of Nup153 alone is not tar-
geted to NPCs but locates in the cytoplasm and the nucleus, our
data suggest that excess levels of Nup153s zinc-fingers sequester
divalent cations, so that the concentration of free divalent cations
in the cell is reduced, which in turn somewhat affects the integ-
rity of the nuclear basket’s distal ring. Nup153s zinc-finger
domain may also sequester something else or something in addi-
tion, which is important for the specific effect on nuclear archi-
tecture that coincides with the expression of this domain (Fig. 4).
How the distal ring is formed exactly remains to be seen, but our
data suggest that the zinc-fingers of Nup153 are a major constitu-
ent. As NPCs devoid of Nup153 have a basket with a distal ring
(Figs. 2 and S1), Tpr is likely to be the second major constituent
of the distal ring. In fact, both, the N-terminal and the C-termi-
nal part of Tpr, have been detected in the proximity of the distal
ring.15 To which extend the integrity of the distal ring is affected
by Nup153 depletion is not assessable at the level of resolution
that can be obtained by thin-section EM.

The zinc-finger domain of Nup153 and nuclear organization
Enhanced expression of Nup153s zinc-fingers not only affected

the nuclear basket, but nuclear organization in more general, espe-
cially chromatin and nucleolar organization (Fig. 4). Similar
changes in nuclear organization were induced by over-expression
of full-length Nup153 (Figs. 5 and 6), whereas overexpression of
the C-terminal domain of Nup153 or the zinc-finger domains of
Nup358/RanBP2 and XIAP, respectively, had no obvious influ-
ence (Fig. 4). Therefore our data suggest that the zinc-finger
domain of Nup153 is responsible for these alterations in nuclear
organization. The zinc-fingers of Nup153 are known to bind the
small GTPase Ran, which appears to be important to maintain a
high local concentration of Ran in the vicinity of the NPC.53,55,56

On the other hand, it had been shown that the zinc-fingers of

Nup153 recognize specific DNA sequences in vitro and it has
been suggested that this might play a role in genome organiza-
tion.57 Our data presented here support this idea and they further
underscore the importance of the nuclear basket in chromatin
organization, as also the absence of Tpr provoked severe changes
in chromatin organization, in human and in yeast cells.38,58

Nup153 is known to bind chromatin in Drosophila and human
cells,43,59 whether or not this occurs via its zinc-finger region
remains to be seen. A further characterization of Nup153s zinc-
finger domain and the identification of novel interacting partners
will be therefore of high interest for future investigations.

As a summary, we have shown here that Tpr acts as structural
backbone of the NPCs nuclear basket, in contrast to Nup153
and Nup50. The zinc-finger domain of Nup153 is important for
the structural integrity of the distal ring of the nuclear basket and
also implicated in the organization of the nuclear architecture.
Future studies will be required to expand our current understand-
ing of the Nup153-chromatin interface.

Materials and Methods

Cell culture and transfections
HeLa T-Rex cells (Life Technologies Invitrogen, Gent, Bel-

gium) were grown in Minimal Essential Medium (MEM) and
HeLa cells in Dulbecco’s modified Eagle’s medium (DMEM),
both supplemented with 10% fetal bovine serum (FBS) plus pen-
icillin and streptomycin. Cells were transfected with plasmids
using Turbofect transfection reagent (Thermo Scientific Fermen-
tas, St. Leon-Rot, Germany) and with siRNAs using Lipofect-
amine RNAiMAX (Life Technologies Invitrogen, Gent,
Belgium) following the instructions of the manufacturer.

Plasmids
For all constructs human NUP153 was amplified by PCR. N-

terminally tagged GFP-Nup153 (residues 1–1475) was produced
as described previously.18 N-terminally tagged GFP-Nup153-N
(residues 1–650) and GFP-Nup153-Z (residues 657–879) were
cloned into HindIII/BamHI cut pEGFP-C3 (Clontech, Palo
Alto, CA) and GFP-Nup153-C (residues 880–1475) was
inserted into HindIII/XmaI cut pEGFP-C3. Tetracycline-induc-
ible GFP-Nup153 was produced in pcDNA4/TO (Life Technol-
ogies Invitrogen, Gent, Belgium). To do so, full-length NUP153
was inserted into the HindIII/NotI sites of pcDNA4/TO. The
EGFP encoding sequence was amplified from pEGFP-C3 and
inserted at the HindIII site at the 50 end of NUP153. In-frame
insertion was confirmed by sequencing.

Nup358/RanBP2 fragments (residues1351–1810) and XIAP
(residues 450–485) were amplified by PCR and inserted into
XhoI/BamHI cut pEGFP-C3.

Antibodies
The following antibodies were used: mouse monoclonal anti-

Nup153, clone SA1 (IF 1:800 (Fig.1), WB 1:200 (Fig. 1), WB
1:50 (Fig. 6); hybridoma supernatant), mouse monoclonal anti-
Tpr (IF 1:6000, WB 1:2000; Abnova, H00007175-M01), rabbit
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polyclonal anti-Nup50 (IF 1:1000, WB 1:250; Bethyl, A301–
782A), rabbit polyclonal anti-a-tubulin (WB 1:2000; Abcam,
ab18251), rat monoclonal anti-GFP, clone 3H9 (WB 1:1000;
Chromotek), rabbit polyclonal anti-actin (1:1000; Sigma). Sec-
ondary anti-mouse IgG-Alexa 488 and anti-rabbit IgG-Alexa 568
antibodies were from Molecular Probes (Paisley, UK) and used at
1:1000. Secondary alkaline phosphatase coupled antibodies for
Western blot were from Sigma/Aldrich and used at 1:20000.

Generation of stable cell lines
To generate inducible HeLa T-Rex cell lines, HeLa T-Rex

cells were transfected with pcDNA4/TO-GFP-NUP153 and
positive clones were selected by treatment with 5 mg/ml blastici-
din and 200 mg/ml zeocin. Individual clones were isolated,
expanded and cultured in MEM (Life Technologies Gibco,
Gent, Belgium) containing 10% FBS, blasticidin, zeocin, penicil-
lin and streptomycin. In order to induce GFP-Nup153 expres-
sion, cells were treated with 0.1 mg/ml tetracycline for 24 hours.

Electron Microscopy

HeLa T-Rex cells and HeLa cells were treated with scrambled
siRNAs, siRNAs against Nup153 and Nup50 for 48 hours and
with siRNAs against Tpr for 72 hours, respectively. Alternatively,
HeLa T-Rex cells were transfected with GFP-Nup153 variants for
48 hours. Cells were harvested using a cell scraper, pelleted and
washed once in PBS. Cells were fixed in Karnofski solution (3%
paraformaldehyde, 0.5% glutaraldehyde in 10 mM PBS, pH 7.4)
for 1 hour, washed once in PBS and post-fixed first in 1% reduced
osmium tetroxide (containing 1.5% potassium ferricyanide) for 40
minutes and subsequently in 1% osmium tetroxide for another 40
minutes. After washing in water, fixed samples were dehydrated,
embedded in Epon resin, and processed for EM as described.18

EM micrographs were recorded on a Phillips CM-100 transmis-
sion electron microscope equipped with a CCD camera at an
acceleration voltage of 80 kV. Images were recorded using the sys-
tems software and processed using Adobe Photoshop.

Immunofluorescence
HeLa cells were grown on coverslips and transfected with

smart-pool siRNAs against Nup50 (L-00012369–01, Dharma-
con), Nup153 (L-005283–00), Tpr (L-010548–00) and non-tar-
geting siRNAs (D-001810–10), respectively, as described for
electron microscopy. Cells were fixed in 4% paraformaldehyde
for 15 min at RT and permeabilized for 5 min at RT in PBS
containing 0,3% Triton X-100. After blocking 60 min in PBS

containing 5% BSA, cells were incubated with the respective pri-
mary antibodies overnight at 4�C. After washing in PBS contain-
ing 5% BSA, cells were incubated with appropriate secondary
antibodies for 45 min at RT and mounted with Mowiol 4–88
(Sigma) containing 1mg/ml DAPI. Images were acquired with a
Zeiss LSM 710 confocal microscope. Images were recorded using
the microscope system software and processed using Image J and
Adobe Photoshop (Adobe Systems, Mountain View, CA)

Immunoblotting
Whole-cell lysates were obtained from siRNA-treated HeLa

cells lysed in lysis buffer (50 mM Tris-HCl, pH 7.8, 150 mM
NaCl, 1% Nonidet-P40 and protease inhibitor cocktail tablets
(Roche, Basel Switzerland). Twenty mg of protein were loaded
and separated by sodium dodecyl sulfate-polyacrylamide (7%) gel
electrophoresis (SDS-PAGE). The proteins were transferred onto a
PVDF membrane (Immobilon-P, Millipore) and the membranes
were blocked with TBS containing 0.1% Tween 20 and 5% non-
fat dry milk for 1 hour. The membranes were then incubated for
1 hour in blocking solution containing a primary antibody fol-
lowed by washing 3x in TBS containing 0.1% Tween 20 and 5%
non-fat dry. The membranes were next incubated with alkaline
phosphatase labeled secondary antibodies for 1 hour, washed 3x in
TBS and developed using Lightning CDP Star Chemilumines-
cence reagent (Applied Biosystem) and an X-ray film. Films were
scanned and processed using Adobe Photoshop software.
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