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Summary
Members of the β-karyopherin family mediate nuclear import of ribosomal proteins and export of
ribosomal subunits, required for ribosome biogenesis. We report that transcription of the β-
karyopherin genes importin 7 (IPO7) and exportin 1 (XPO1), and several additional nuclear
import receptors, is regulated positively by c-Myc and negatively by p53. Partial IPO7 depletion
triggers p53 activation and p53-dependent growth arrest. Activation of p53 by IPO7 knockdown
has distinct features of ribosomal biogenesis stress, with increased binding of Mdm2 to ribosomal
proteins L5 and L11 (RPL5 and RPL11). Furthermore, p53 activation is dependent on RPL5 and
RPL11. Of note, IPO7 and XPO1 are frequently overexpressed in cancer. Altogether, we propose
that c-Myc and p53 counter each other in the regulation of elements within the nuclear transport
machinery, thereby exerting opposing effects on the rate of ribosome biogenesis. Perturbation of
this balance may play a significant role in promoting cancer.

Introduction
The link between ribosome biogenesis and cancer has been revealed more than a century
ago, when the cellular site of ribosome biogenesis, the nucleolus, was found to be
morphologically distinct between transformed and normal cells (Montanaro et al., 2008;
Pianese, 1896). For many years it was perceived that the excessive protein synthesis and the
alterations in the protein synthesis machinery are merely reflections of the uncontrolled
proliferation of malignant cells. However, more recent evidence clearly established that
ribosome biogenesis is highly regulated. Many components of the protein synthesis
machinery are either deregulated or mutated in multiple forms of cancer (Ruggero and
Pandolfi, 2003). Thus, deregulated expression of ribosomal proteins (RP) is observed in
tumors and in cancer-derived cell lines (Ferrari et al., 1990; Kondoh et al., 2001; Pogue-
Geile et al., 1991), and forced overexpression of RPS3a was sufficient to transform NIH3T3
mouse fibroblasts and induce the formation of tumors in nude mice (Naora et al., 1998). Not
only RP, but also other factors in the ribosome biogenesis pathway, such as NPM/B23 (Lim
and Wang, 2006) and DKC1 (Ruggero et al., 2003), are often deregulated in cancer.

The relationship between cancer and ribosome biogenesis is also well reflected by the
activity of the proto-oncogene c-Myc. One of the best studied cancer-promoting proteins, c-
Myc is a key player in multiple types of cancer (Albihn et al., 2010; Gustafson and Weiss,
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2010). A master regulator of cell proliferation, growth, metabolism and differentiation
(Eilers and Eisenman, 2008; Soucek and Evan, 2010), c-Myc is also deeply involved in
ribosome biogenesis. c-Myc is a co-activator of RNA polymerase (RNA Pol) I and III in the
transcription of rRNA (Gomez-Roman et al., 2003; Grandori et al., 2005). Its role in
regulating the transcription of genes encoding ribosomal proteins and other accessory factors
of the ribosome biogenesis machinery is also well established (Ruggero, 2009; van Riggelen
et al., 2010).

Probably due to the central role of ribosome biogenesis in cell growth and proliferation,
several tumor suppressors such as pRB, p53 and PTEN closely inspect the fidelity of this
process. Low concentrations of actinomycin D that inhibit selectively the synthesis of
ribosomal RNA (rRNA) by Pol I, effectively activate p53 (Choong et al., 2009). Similar
effects were observed upon depletion of TIF-IA, a positive regulator of rRNA synthesis by
Pol I (Yuan et al., 2005). Partial depletion of several ribosomal proteins including RPS6,
RPS9, RPL23, RPL24, RPL29 and RPL30, also induces a p53-mediated stress signal
(Barkic et al., 2009; Lindstrom and Nister, 2010; Panic et al., 2006; Sun et al., 2010).
Notably, upon ribosomal biogenesis stress several ribosomal proteins associate with Mdm2,
a key negative regulator of p53: this leads to Mdm2 inactivation and consequently p53
activation (Bhat et al., 2004; Dai and Lu, 2004; Jin et al., 2004; Lohrum et al., 2003;
Marechal et al., 1994; Yadavilli et al., 2009; Zhang et al., 2010; Zhu et al., 2009). It is
generally believed that when ribosome biogenesis is disrupted, unassembled RP are released
from the nucleolar ribosome assembly “factories”, thus becoming free to bind Mdm2 and
activate p53 (Zhang and Lu, 2009). Alternatively, ribosomal biogenesis stress can increase
total RPL11 levels by augmenting the translation of RPL11 mRNA, thereby also leading to
Mdm2 inactivation and p53 stabilization (Fumagalli et al., 2009). In line with its role in
regulating ribosome biogenesis, p53 actively represses the transcription of rRNA through
direct binding to the Pol I complex (Budde and Grummt, 1999; Zhai and Comai, 2000).

Before being assembled into ribosomal subunits within the nucleolus, freshly translated RP
need to translocate from the cytoplasm, their site of production, into the nucleus. In fact, RP
possess a very short half life (2–3 minutes) in the cytoplasm, and accumulate in the
nucleolus almost immediately after their synthesis (Warner et al., 1985). Although, in
theory, the average RP size is well below the diffusion limit through the nuclear pore, in
reality RP import is energy dependent and requires the assistance of nuclear import factors.
Several nuclear receptors (importins), members of the β-Karyopherin family, participate in
this active nuclear import process (Jakel and Gorlich, 1998; Jakel et al., 2002; Rout et al.,
1997). Additionally, β-Karyopherins prevent the aggregation of ribosomal proteins with
other polyanionic molecules (Jakel et al., 2002). To date, several importins were reported to
participate in the nuclear import of RP (Jakel and Gorlich, 1998; Plafker and Macara, 2002;
Rout et al., 1997); one of those is importin 7 (IPO7), whose cargo comprises RPL5, RPL4,
RPL6 and RPL23A, and presumably additional RP. IPO7 can also transport non-RP cargoes,
including histone H1 (Jakel et al., 1999), EZI (Saijou et al., 2007), the HIV RTC complex
(Fassati et al., 2003) and others.

LIttle is known about how the levels of IPO7 and other import factors are regulated.
Notably, IPO7 is overexpressed in colorectal cancer (Li et al., 2000) and elevated IPO7 was
also found in transformed mammary and ovarian cells (Smith et al., 2010). In view of the
overexpression of IPO7 in cancer cells, we sought to investigate the molecular mechanisms
governing its expression as well as to elucidate the possible contribution of IPO7
overexpression to tumor cell properties. We now report that the IPO7 gene is a positive
transcriptional target of c-Myc, presumably accounting for its upregulation in colorectal
cancer. Conversely, IPO7 transcription is repressed by p53. A very similar mode of
regulation applies to exportin 1 (XPO1/CRM1), required for the export of assembled
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ribosomal subunits from the nucleolus back into the cytoplasm. Thus, c-Myc governs not
only the synthesis of the various ribosomal components but also the machinery responsible
for their proper intracellular translocation at different stages of ribosomal biogenesis.
Conversely, p53 inhibits ribosomal biogenesis by downregulating critical components of the
transport machinery. Notably, IPO7 depletion elicits ribosomal biogenesis stress, leading to
p53 activation via association of Mdm2 with RPL5 and RPL11, with subsequent growth
arrest. Loosening the tight regulation of this process may promote cancer.

Results
The IPO7 gene is a c-Myc target

c-Myc overexpression is very common in colorectal cancer (CRC), due to APC mutations
and excessive Wnt/β-catenin signaling (Fearon and Dang, 1999; He et al., 1998). Because
IPO7 is overexpressed in CRC and its levels correlate with those of c-Myc (Li et al., 2000),
we asked whether the IPO7 gene is transcriptionally regulated by c-Myc. To that end we
transiently knocked down c-Myc in two CRC cell lines, HCT116 and HT-29, using specific
siRNA, and assessed IPO7 expression. Indeed, partial c-Myc depletion moderately
downregulated IPO7 mRNA (Fig 1A, upper panel) and protein (Fig. 1B). The decrease in
IPO7 protein was validated with two different c-Myc siRNA oligonucleotide combinations
(Fig S1D). Nuclear export of the 40S and 60S ribosomal subunits is dependent on XPO1/
CRM1 (Thomas and Kutay, 2003). XPO1, too, is overexpressed in multiple types of cancer
(Huang et al., 2009; Shen et al., 2009; van der Watt et al., 2009). Remarkably, XPO1 mRNA
decreased significantly following c-Myc knockdown (Fig 1A, lower panel). To determine
whether c-Myc can upregulate IPO7 and XPO1 also in normal cells, we analyzed mouse
embryonic fibroblasts (MEF) 72 hours after infection with a recombinant retrovirus
encoding human c-Myc. Indeed, c-Myc overexpression upregulated both IPO7 and XPO1
mRNA (Fig. 1C) and IPO7 protein (Fig 1D). Analysis of the human IPO7 and XPO1 genes
revealed putative c-Myc binding sites (E-box) in the core promoter of IPO7 and the first
intron of XPO1 (Fig S1A). Chromatin immunoprecipitation (ChIP) with specific c-Myc
antibodies confirmed c-Myc association with the corresponding genomic regions (Fig.
1E,F4) in both HCT116 and HT-29 cells. In silico analysis identified putative E-Box
consensus sites in several additional genes encoding beta-karyopherin family members (Fig.
S1A). Furthermore, partial c-Myc depletion reduced IPO5 mRNA levels in HCT116 cells
(Fig. S1B), whereas c-Myc overexpression in MEF increased the transcript levels of IPO4,
IPO5, IPO11 and transportin 1 (TNPO1) (Fig. S1C). Additionally, c-Myc overexpression
upregulated practically all RP mRNAs (Table S1); the upregulation was mostly moderate,
while L7, L38, S4, S9, S24, L8 and L37A were more strongly induced. Conceivably, in
order to deal effectively with the increase in ribosomal biogenesis, c-Myc overexpressing
cells upregulate also components of the machinery responsible for the nuclear import of
ribosomal proteins and the export of assembled ribosomal subunits.

IPO7 depletion reduces the nuclear import of RPL4
Several beta-karyopherins have been implicated in the nuclear import of ribosomal proteins
(Jakel and Gorlich, 1998; Jakel et al., 2002; Plafker and Macara, 2002). In vitro experiments
suggested that multiple import proteins redundantly mediate the import of the same RP,
raising the question whether depletion of IPO7 alone is sufficient to attenuate RP import.
Along with importin β1 (KPNB1), IPO7 was found to be the most efficient carrier for the
very basic RPL4 and RPL6 (Jakel et al., 2002); the IPO7/KPNB1 heterodimer is probably
the physiological receptor for nuclear import of RPL4 (Jakel et al., 2002). To assess the
impact of IPO7 depletion on RP import in live cells, we therefore employed FRAP
(Fluorescence Recovery After Photobleaching) to measure the dynamics of RPL4 nuclear
import, as described before (Lam et al., 2007). We took advantage of a clone of H1299 cells
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endogenously expressing YFP-tagged RPL4 (Cohen et al., 2008; Frenkel-Morgenstern et al.,
2009). As seen in Fig. 2A,B, IPO7 depletion significantly reduced the accumulated levels of
fluorescent RPL4-YFP in the photobleached nucleoli, even though the total amount of RPL4
was unaffected (Fig 2C). This implies that IPO7 is imperative for the nuclear accumulation
of RPL4, and perhaps of additional client RPs.

IPO7 depletion leads to changes in nucleolar morphology
A variety of cellular insults affecting ribosomal biogenesis lead to altered nucleolar structure
(Boulon et al., 2010). Using antibodies specific for the nucleolar proteins fibrillarin and
UBF, we noted subtle changes in the morphology of the nucleoli in HCT116 cells depleted
of IPO7, resulting in a more condensed appearance (Fig 3). Similar changes were observed
upon inhibition of rRNA transcription or early rRNA processing (Burger et al., 2010).
Altered nucleolar morphology upon IPO7 knockdown was also observed by staining for
another nucleolar protein, B23 (Fig S2A), as well as after XPO1 knockdown (Fig. S2A).
Furthermore, in non-transformed MRC5 fibroblasts IPO7 depletion gave rise to a more
fragmented B23 staining pattern, with an overall decrease in B23 staining intensity (Fig.
S2B). These observations are consistent with the notion that inhibition of ribosomal protein
import and export elicits nucleolar alterations and presumably nucleolar stress.

IPO7 depletion triggers p53 activation
Ribosome biogenesis is an essential element of cell growth and is tightly coupled with cell
proliferation (Ruggero and Pandolfi, 2003). To assess the effect of IPO7 depletion on cell
proliferation, cultures were subjected to analysis of BrdU incorporation. IPO7 knockdown
decreased the percentage of BrdU-positive cells in both HCT116 and MRC5 cells (Fig
S3A). Notably, this was not observed in p53-deficient HCT116 cells, nor in p53-depleted
MRC5 cells (Fig S3A).

The inhibitory effect of IPO7 depletion was further validated in a colony formation assay.
As seen in Fig 4A, depletion of IPO7 in WT HCT116 cells (p53+/+) led to a strong
reduction in colony numbers. In contrast, IPO7 knockdown had only a very mild effect in
HCT116 cells with a somatic p53 knockout (p53−/−). Furthermore, the reduction in colony
number in WT HCT116 cells was practically abrogated by concomitant transient
knockdown of p53 (lower left panel). Hence, the antiproliferative effect of IPO7 depletion
requires functional p53.

Remarkably, IPO7 depletion in HCT116 and MRC5 cells led to p53 elevation (Fig 4B).
Accordingly the CDK inhibitor p21, a p53 transcriptional target, was induced at both protein
and mRNA levels (Fig 4B–D) in a p53-dependent manner (Fig. 4C,D). Thus, IPO7 depletion
triggers p53 activation.

Likewise, depletion of importin β1(KPNB1), but not IPO13, also resulted in p53
accumulation and p21 induction, albeit to a lesser extent than IPO7 (Fig S3B,C). The most
robust p53 response was observed upon XPO1 knockdown; this is not surprising, since the
XPO1 inhibitor Leptomycin B also triggers extensive p53 induction (Freedman and Levine,
1998).

IPO7 depletion activates p53 through ribosomal biogenesis stress
The p53/Mdm2 axis is highly responsive to ribosomal biogenesis stress (Lu 2009).
Accumulation of excessive unassembled ribosomal proteins RPL11 and RPL5 plays a
critical role. Notably, induction of p53 upon IPO7 knockdown (Fig 5A, lanes 1,2) was
completely blunted by concomitant depletion of RPL11 (lane 4) or RPL5 (Fig 5B).
Activation of p53 occurs through interaction of RPL11 with Mdm2: under conditions of
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ribosomal biogenesis stress unassembled RPL11 binds Mdm2 and prevents p53 degradation
(Lohrum et al., 2003; Zhang and Lu, 2009). Indeed, a robust interaction between Mdm2 and
RPL11 was seen in HCT116 cells depleted of IPO7 (Fig. 5C, lane 8). To confirm this was
not merely due to induction of the endogenous Mdm2 upon p53 activation, the analysis was
repeated with exogenously expressed Mdm2. Again, more RPL11 coprecipitated with
Mdm2 following IPO7 depletion (Fig. S4, compare lanes 5 and 6). Similar results were
obtained with RPL5 (Fig. S4). Together, these observations argue strongly that IPO7
depletion elicits ribosomal biogenesis stress, triggering p53 activation.

p53 represses IPO7 and XPO1 gene expression
Interestingly, transient knockdown of p53 in MRC5 cells caused an increase in IPO7 (Fig
6A) and XPO1 (Fig 6B) mRNA, suggesting negative regulation of both genes by p53.
Further support for this conjecture was obtained with MEF. As expected, c-Myc
overexpression in wild type (wt) MEF caused upregulation of IPO7 (Fig. 6C). Yet, both
basal and c-Myc-induced IPO7 mRNA (Fig. 6C) and protein (Fig. 6D) were higher in MEF
derived from p53-null mice when compared to wt MEF, Essentially similar results were
obtained with XPO1 mRNA (Fig 6E). Hence, p53 represses basal IPO7 and XPO1
expression and attenuates their induction by c-Myc.

These observations imply that basal p53 activity is sufficient to repress IPO7 and XPO1 in
non-stressed cells. To determine whether p53 activation under conditions of ribosomal
biogenesis stress further attenuates the expression of both genes, MRC5 cells were exposed
to a low concentration of actinomycin D (ActD), with or without p53 knockdown. As
expected, both IPO7 and XPO1 mRNA were upregulated following p53 knockdown (Fig.
6F). Notably, ActD elicited a moderate decrease of both transcripts, which was at least
partially reversed by p53 knockdown. Importantly, analysis of heterogeneous nuclear RNA
(hnRNA) with intronic PCR primers (Fig. 6F, Intronic), which provides an approximation of
transcription rates (Kuroda et al., 2005; Phelps et al., 2006), confirmed that the repression of
IPO7 and XPO1 by both basal and ActD-activated p53 occurred at the transcriptional level.

The IPO7 and XPO1 genes (Fig S1A) harbor sequences matching closely the proposed
consensus for p53-mediated transcriptional repression (Wang et al, 2009). IPO7 harbors two
such sites, one in the proximal promoter and one within the first intron, approximately 4Kb
downstream to the transcription start site (TSS). In XPO1, a single putative site resides about
600 nucleotides upstream to the TSS. ChIP analysis confirmed p53 binding to the
corresponding regions, further augmented by ActD treatment (Fig 7A and 7B).

To further explore the regulation of IPO7 by c-Myc and p53, the IPO7 promoter was cloned
into a luciferase reporter (Fig S5A). As expected, transfected p53 repressed IPO7 promoter
activity in p53-null H1299 cells (Fig S5B). Moreover, promoter activity was higher in p53-
deficient HCT116 cells than in cells harboring wt p53 (Fig S5D). However, deletion of the
putative p53 response element (p53-RE) failed to abolish p53-mediated repression (Fig
S5B); hence, at least in the context of non-chromosomal plasmid DNA, this element is not
required for repression.

p53 represses transcription through a variety of mechanisms (Menendez et al., 2009; Wang
et al., 2010). One indirect mechanism operates through p21 (Gottifredi et al., 2001; Shats et
al., 2004). Indeed, ActD was unable to downregulate IPO7 mRNA (Fig S5C upper panel) or
protein (Fig S5C lower panel) in p21-deficient HCT116 cells. Thus, despite the direct
binding of p53 to the IPO7 gene, much of the impact of p53 on IPO7 expression may be
exerted via p21.
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A similar approach was taken to address the positive regulation of IPO7 by c-Myc. Indeed,
transfected c-Myc activated the IPO7 promoter, particularly in p53-deficient cells (Fig.
S5D). Unexpectedly, deletion of the E-Box did not abrogate transactivation by c-Myc. It
remains possible that this element is operative only when the IPO7 promoter resides within
chromatin.

In conclusion, p53 represses genes encoding proteins involved in both nuclear import of
ribosomal proteins and the of assembled ribosomal subunits back into the cytoplasm.
Moreover, p53 restricts the positive effects of c-Myc on those genes.

Discussion
Regulation of importin 7 and exportin 1 by c-Myc and p53

We report that importin 7 (IPO7) and exportin 1 (XPO1/CRM1), as well as several
additional genes involved in nuclear import and export, are regulated positively by c-Myc
and negatively by p53. The effects are mostly modest; however, given that IPO7 and XPO1
are abundant proteins whose levels are tightly controlled, even modest changes may have
substantial impact on the efficiency of nuclear import and export and thereby on cellular
phenotype.

The exact mechanisms whereby p53 and c-Myc regulate these genes remains unclear. Both
IPO7 and XPO1 carry putative p53 and c-Myc binding sites, and both transcription factors
bind the corresponding regions within chromatin. Moreover, the IPO7 and XPO1 promoters
are regulated positively by c-Myc and negatively by p53. Yet, contrary to expectation,
deletion of the putative binding sites does not seem to affect transcriptional regulation. It
remains possible that the putative sites are indeed functional, but only within the context of
chromatin. Alternatively, and not mutually exclusive, indirect mechanisms may be in
operation. In the case of IPO7, our data suggest a role for p21 in such indirect effect; this
may involve a putative E2F site, located at positions 14–22 relative to the TSS (not shown).
As for XPO1, a recent study showed that p53 represses its expression through binding to
NF-Y (van der Watt and Leaner, 2011). As the NF-Y sites resides in close proximity to the
putative p53-RE, it is plausible that the observed binding of p53 is mediated through NF-Y
rather than through direct binding to the predicted p53-RE. Yet, regardless of mechanism,
our findings argue that the opposing effects of p53 and c-Myc on components of the nuclear
import/export machinery have notable biological consequences.

c-Myc as a regulator of ribosome import/export
As most of the ribosome assembly process takes place in the nucleolus, the import of
ribosomal proteins (RP) into the nucleus as well as export of assembled ribosomal subunits
back into the cytoplasm are prerequisites for successful execution of this process. We find
that c-Myc, a master regulator of ribosome biogenesis (van Riggelen et al.), positively
regulates also the expression of β-karyopherin involved in the import/export machinery.
Specifically, c-Myc transactivates the genes encoding IPO7 and XPO1/CRM1, which
participate in the import and export, respectively, of RP and ribosomal subunits (Jakel and
Gorlich, 1998; Johnson et al., 2002). Excessive c-Myc activity is a common oncogenic
driver in many types of cancer. Not surprisingly, both IPO7 and XPO1 are overexpressed in
various human tumors (Huang et al., 2009; Li et al., 2000; van der Watt et al., 2009). While
the role of XPO1 in cancer has been thoroughly explored (Huang et al., 2009; Shen et al.,
2009; Turner and Sullivan, 2008), the role of IPO7 remains largely unknown.

The IPO7 and XPO1 genes appear to be upregulated by c-Myc as part of a coordinated
transcriptional program that also includes practically all RP genes (Wu et al., 2008)(see also
Supplemental Table S1). The c-Myc-induced increase in RP levels is expected to impose an
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increased burden on the nuclear transport machinery; the simultaneous increase in IPO7 and
XPO1 presumably aims to cope with this burden and maintain cellular homeostasis. Another
relevant c-Myc target is nucleophosmin (NPM1/B23) (Zeller et al., 2001), which regulates
the nuclear export of RP and ribosomal subunits (Maggi et al., 2008; Yu et al., 2006),
presumably through interaction with XPO1/CRM1. Interestingly, excessive c-Myc activity
can also induce the tumor suppressor ARF (Zindy et al., 1998), which, in turn, inhibits c-
Myc activity independently of its p53-activating role (Qi et al., 2004). Of note, ARF
sequesters B23 in the nucleolus, thereby impeding the shuttling of B23 and the RPL5-5S
complex to the cytoplasm (Brady et al., 2004; Yu et al., 2006). Moreover, ARF also
regulates Mdm2 export (Tao and Levine, 1999). Thus, ARF may protect normal cells
against illegitimate c-Myc hyperactivation by restricting the shuttling of ribosomal
components.

Depletion of IPO7 leads to p53 activation
As shown here, depletion of IPO7 results in p53 activation and subsequent growth
inhibition. Of note, one of the reported cargoes of IPO7, RPL5, participates in the p53
response to ribosomal stress (Dai and Lu, 2004; Zhu et al., 2009). It is possible that IPO7
depletion causes imbalance in the composition of RP within the nucleolus, causing those RP
that are not IPO7-dependent to accumulate in unassembled excess. These may include
RPL11, which then would bind Mdm2 and induce p53 activation. Alternatively, since
binding of RPL5 and RPL23 to Mdm2 occurs in both the nucleus and the cytoplasm (Dai
and Lu, 2004; Dai et al., 2004), IPO7 depletion may cause complete or partial retention of
unassembled RPL5 in the cytoplasm, where it is free to inhibit cytoplasmic Mdm2. Either
way, the p53 connection may underlie the successful generation of clones harboring stable
IPO7 knockdown (Zaitseva et al., 2009), as both cell lines employed in that study, HeLa and
Jurkat, lack functional p53.

p53-mediated repression of the import/export machinery
Our findings imply that p53 represses the import/export machinery as part of programmed
inhibition of ribosome biogenesis. Indeed, exposure of HCT116 cells to genotoxic stress
alters the nuclear/cytoplasmic distribution of RP in a p53-dependent manner (Boisvert and
Lamond, 2010).

It has been suggested that p53 is activated only upon nucleolar damage (Rubbi and Milner,
2003), and that inhibition of nucleolus-dependent p53 export is a major activating
mechanism. Of note, p53 and Mdm2 are found associated with RPL5 and 5S rRNA
(Marechal et al., 1994). Moreover, Mdm2 was reported to utilize the same export machinery
as do HIV-Rev proteins (Roth et al., 1998), which also relies partly on the export of RPL5
(Schatz et al., 1998). Interestingly, the nuclear import of the HIV reverse transcriptase
complex is also mediated by IPO7 (Fassati et al., 2003; Zaitseva et al., 2009). Blocking
nuclear export with leptomycin B, an inhibitor of XPO1/CRM1, induces p53 (Freedman and
Levine, 1998). Together, this suggests a scenario in which the p53/Mdm2 complex utilizes
the nuclear export of RPL5 for its own export, leading to subsequent degradation of p53
(and perhaps Mdm2) in the cytoplasm. Thus, by inhibiting the import/export of RP, p53 may
not only inhibit ribosome maturation but also increase its own retention in the nucleus,
defining a positive feedback loop.

An interesting implication of our findings is that this new activity of p53 may also play a
protective role against viral infection. Many viruses manipulate the nucleolus for their
replication and activity (Greco, 2009). By reacting to the nucleolar stress imposed by viral
proteins, p53 may inhibit the import and export of viral components, including viral
genomes, which rely on the same nuclear import/export machinery that translocates RP
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(Fassati et al., 2003; Neville et al., 1997; Zaitseva et al., 2009). This attractive possibility
merits further investigation.

In sum, p53 and c-Myc oppose each other in the regulation of yet another aspect of the
complex process of ribosome biogenesis (Fig. 7C). The consequences of controlling the
“gate” to the nucleus likely extend beyond the biogenesis of ribosomes, as many other
cellular processes require rapid transport of proteins from the cytoplasm to the nucleus and
vice versa. Indeed, many tumor suppressor proteins and oncoproteins shuttle back and forth
between the two compartments, p53 being one. It is conceivable that transition from normal
growth control to cancer entails changes in the rates of nuclear import and export of many
additional proteins. Hence, the opposing effects of c-Myc and p53 on these processes may
underpin, in part, their abilities to act as oncoprotein and tumor suppressor, respectively.

Materials and methods
Cell culture and transfections

All human cell lines were maintained at 37°C in a 5% CO2 humidified incubator. Mouse
embryonic fibroblasts (MEF) were maintained at 37°C in a 5% CO2 and 3% O2 humidified
incubator (Thermo scientific). Wild type HCT116 p53+/+, HCT116 p53−/− and HCT116
p21−/− cells (generous gift of B. Vogelstein) and HT-29 cells were grown in McCoy’s
medium supplemented with 10% heat-inactivated fetal bovine serum (FBS) (HI-FBS,
Sigma), 2 mM L-glutamine, and antibiotics. MRC5 cells were grown in Minimal Essential
Medium (MEM) supplemented with 10% non-heat-inactivated FBS (Sigma), MEM-Eagle
nonessential amino acids, sodium pyruvate, L-glutamine and antibiotics. H1299 expressing
RPL4-HFP (generous gift of U.Alon) were grown in RPMI medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (HI-FBS, Sigma) and antibiotics. MEF were
grown in Dulbecco’s modified Eagle’s medium (DMEM) plus 10% heat-inactivated FBS
(HyClone) and antibiotics. MCF7 cells were maintained in DMEM supplemented with 10%
FBS (GIBCO-BRL), 2 mM L-glutamine, and antibiotics.

For details on the H1299 cells endogenously expressing RPL4-YFP see (Frenkel-
Morgenstern et al., 2010; Sigal et al., 2007).

For siRNA transfections, Dharmafect 1 reagent (Dharmacon) was used according to the
manufacturer’s protocol. SiRNA for IPO7, c-Myc, p53, RPL11, RPL5 AND p21 was
purchased from Dharmacon as Smartpools.

Colony formation assay
Following transfection, cells were trypsinized and re-seeded in six-well plates at a density of
5000 cells/well. For crystal violet staining, plates were washed once with PBS and once with
cold methanol, and then incubated in crystal violet solution (0.3% in methanol) for 5 min at
−20°C. Plates were subsequently washed twice with double distilled water, air-dried, and
scanned using a Canon scanner.

Western blots analysis
Western blot analysis was performed as described (Aylon et al., 2006). Antibodies directed
against the following proteins were used: IPO7 (Gorlich et al., 1997), GAPDH (Chemicon),
p53 (mixture of DO1 + PAb1801), c-Myc (Cell Signaling), and Mdm2 (mixture of 4B2,
2A9, and 4B11). Gel quantification was performed using ImageJ (NIH).
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Isolation of total RNA and real-time quantitative PCR (qPCR)
Total RNA was isolated with a NucleoSpin RNA II kit (Macherey-Nagel). A 1.5 μg aliquot
of RNA was reverse transcribed using Moloney murine leukemia virus reverse transcriptase
(Promega) and random hexamer primers (Amersham). Real-time qPCR was performed
using SYBR Green Master Mix (Applied Biosystems) in a StepOnePlus instrument (Applied
Biosystems). Primer sequences are detailed under Supplemental Material.

Coimmunoprecipitation analysis
Cell monolayers were gently washed twice with ice-cold PBS and lysed for 30 min on ice
with NP-40 lysis buffer (50 mM Tris·HCl at pH 8.0, 150 mM NaCl, 1.0% NP-40)
supplemented with protease inhibitor mix (Sigma) and phosphatase inhibitor cocktail I + II
(Sigma). Protein A-Sepharose beads (Repligen), pre-blocked with BSA, were incubated with
appropriate antibodies. Lysates were incubated with the bound antibodies for 4 h at 4°C,
washed with NP-40 lysis buffer, released from beads by boiling, and resolved by SDS-
PAGE.

Chromatin immunoprecipitation (ChIP)
ChIP analysis was performed as described (Nelson et al., 2006). Precipitated DNA was
subjected to qPCR analysis using gene-specific primer pairs. Primer sequences are detailed
under Supplemental Material.

Immunofluorescence staining
Cells were washed twice with PBS and fixed with 3% paraformaldehyde for 10 minutes.
Following fixation, cell were permeabilized with 1% Triton X-100 in PBS for 10 minutes,
followed by 30 minute incubation with 3% BSA in PBS. Cells were next incubated for 1
hour with rabbit anti Fibrillarin (Abcam #5821) and mouse anti UBF (Santa Cruz #13125).
Both antibodies were used at a dilution of 1:200. After 3 washes with PBS, cells were
incubated with an appropriate secondary antibody (goat anti rabbit Alexafluor 488 or rabbit
anti mouse Alexafluor 564). Nuclei were counterstained with DAPI.

Images were taken with a Zeiss LSM710 confocal microscope, using an X40 immersion oil
objective.

Fluorescence recovery after photobleaching (FRAP)
H1299 cells expressing YFP-tagged endogenous RPL4 were grown in chambered coverglass
(Lab-Tek) and maintained during the experiment inside a mounted incubator (PeCon) under
37°C and 5% CO2 conditions. The experiment was done using the IX81-based Olympus
Fluoview 1000D confocal microscope equipped with a SIM scanner, using a X40 (1.35
N.A) oil immersed objective. In brief, the entire nuclear area of 4–5 randomly picked cells at
each field of view was marked, and the YFP signal was bleached using an 488nm Argon
laser at 100% intensity until less than 5% of the original signal was detected. 10 images
were collected at time intervals of 5 minutes, and at each time point pictures of 8 focal
plains were taken. For FRAP analysis, 4 focal plains that cover approximately the volume of
the nuclei were chosen for measurement. The average intensity of the YFP signal in the
nucleus of each cell was measured using ImageJ (NIH imaging), and the values were
corrected to the average signal of non bleached nuclei.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

c-Myc induces the transcription of IPO7 and XPO1.

Depletion of IPO7 results in p53 activation and subsequent growth inhibition.

Depletion of IPO7 activates p53 through ribosomal stress.

IPO7 and XPO1 are transcriptionally repressed by p53.
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Fig 1. IPO7 is a direct target of c-Myc
(A) HCT116 cells were transfected with siRNA (20 nM) targeted against c-Myc (sic-Myc)
or control siRNA (siControl). Cells were harvested 48 hours later, and relative levels of
IPO7 and XPO1 mRNA were measured using RT-qPCR. Levels of IPO7 (upper panel) and
XPO1 (lower panel) mRNA were normalized to GAPDH mRNA in the same sample.
Results are presented as fold change relative to non-treated siControl cells, taken as 1.0. The
mean of 4 independent experiments is presented; bars indicate SD (*=p<0.05).
(B) HCT116 and HT-29 cells were transfected and harvested as in (A), followed by SDS-
PAGE and Western blot analysis for IPO7 and c-Myc proteins. GAPDH served as loading
control.
(C) Mouse embryonic fibroblasts (MEF) were infected with recombinant retroviruses
encoding either GFP or c-Myc. 72 hours later, cells were harvested and relative levels of
IPO7 and XPO1 mRNA were measured by qRT-PCR and normalized for GAPDH mRNA.
Results are presented as fold change relative to the levels in GFP infected cells, taken as 1.0.
Bars indicate SD (n=3, *=p<0.05).
(D) MEF were infected as in (C). IPO7 protein levels were analyzed by Western blotting.
(E) HCT116 and HT-29 cells were subjected to chromatin immunoprecipitation (ChIP)
analysis with c-Myc antibody or control HA antibody. Primers flanking the putative c-Myc
binding site were employed to amplify that region by qPCR. Primers located 3Kb upstream
to the transcription start site were used as negative control. ChIP values are presented as
percentage of the input.
(F) ChIP was performed as in E, but with qPCR primers spanning the putative c-Myc site
within the XPO1 first intron.
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Fig 2. Reduced nuclear import of RPL4 in vivo following IPO7 depletion
(A) Nuclei of H1299 cells endogenously expressing YFP-tagged RPL4 were photobleached
until less than 5% of the original signal remained detectable. Time lapse microscopy was
employed to monitor nucleolar fluorescence signal recovery in cells transiently transfected
with 20nM control siRNA or IPO7 siRNA. Pictures were taken at 5 minute time intervals.
(B) The average fluorescence intensity within the nucleus of the bleached cells was
measured. Each time point is expressed as the relative measured intensity divided by the pre-
bleached signal. All values were corrected to the background signal. The average of 10
different cells is presented. Bars indicate SD.
(C) Western blot analysis of IPO7, RPL4-YFP and GAPDH as loading control, in cell
cultures corresponding to (A).
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Fig 3. IPO7 knockdown causes altered nucleolar morphology
HCT116 cells were transfected with control or IPO7 siRNA (20 nM). 96 hours later, cells
were fixed and immunostained with antibodies against fibrillarin (Green) and UBF (Red).
Nuclei were counterstained with DAPI (Blue). Insets depict a higher magnification of the
cell indicated by the small square. Scale bar (bottom right panel) = 10 μm.
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Fig 4. IPO7 knockdown triggers p53 activation and growth inhibition
(A) HCT116 cells (wt and p53-null) were transiently transfected with IPO7 siRNA (20nM),
control siRNA (20nM) or a combination of both siRNAs (20nM each). 96 hours later cells
were trypsinized and re-plated at 5×103 cells/well in a 6 well dish. After an additional 7
days, colonies were stained with crystal violet.
(B) MRC5 and HCT116 cells were transiently transfected with the indicated siRNA
oligonucleotides (20nM). 96 hours later cells were harvested and subjected to Western blot
analysis with antibodies against IPO7, p53, p21 and GAPDH as a loading control.
(C, D) qRT-PCR analysis of p21 mRNA levels in MRC5 (left) and wild type (p53+/+) and
p53-deficient (p53−/−) HCT116 cells (right) 96 hours after transient transfection with the
indicated combinations of siRNA oligonucleotides (20nM each). p21 was normalized to
GAPDH mRNA. Results are presented as fold change relative to non-treated siControl cells,
taken as 1.0. Bars indicate SD; n=3 (** =p<0.01).
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Fig 5. Activation of p53 following IPO7 knockdown is mediated through RPL11 and RPL5
(A) HCT116 cells were transiently transfected with the indicated combinations of siRNA
targeting IPO7 or RPL11 (20nM each). 72 hours later cells were harvested and protein
extracts subjected to Western blot analysis with the indicated antibodies. GAPDH served as
a loading control.
(B) HCT116 were transiently transfected as in (A) except that cells were transfected with
RPL5 siRNA.
(C) RPL11 associates with Mdm2 in cells depleted of IPO7. HCT116 cells were transiently
transfected with siIPO7 or siControl (20nM) and harvested 72 hours later. Proteins were
extracted in NP-40 lysis buffer, and incubated with anti-Mdm2 antibodies or anti-HA tag
antibodies as negative control. Immunoprecipitated proteins (IP, right panel) as well as 5%
of each total cell extract (Input, left panel) were subjected to Western blot analysis with the
indicated antibodies.
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Fig 6. IPO7 gene transcription is repressed by p53
(A,B) MRC5 cells were transfected with p53 siRNA (sip53) or control siRNA. IPO7 (A)
and XPO1 (B) mRNA levels were measured using qRT-PCR and normalized for the
corresponding GAPDH mRNA. Results are presented as fold change relative to non-treated
siControl cells, taken as 1.0. Error bars indicate SD (n=3). (* = p<0.05).
(C) Wild type (WT) and p53 knockout (KO) mouse embryonic fibroblasts (MEF) were
infected with recombinant retroviruses expressing c-Myc or GFP as control. 72 hours post
infection, cells were harvested and relative levels of IPO7 mRNA determined as in (A).
Results are presented as fold change relative to the levels in the GFP infected cells, taken as
1.0. Error bars represent standard deviation (n=3).
(D) Western blot analysis of IPO7 protein levels in cultures treated as in (C). GAPDH
served as loading control.
(E) XPO1 mRNA was quantified as in (C). Error bars represent standard deviation (n=3).
(F) MRC5 cells were transfected with p53 siRNA (sip53) or control siRNA. 72 hours later,
cells were treated with solvent (ethanol) only (NT) or 5nM actinomycin D (ActD) in ethanol
for an additional 24 hours. Levels of mature IPO7 and XPO1 mRNA, as well as of the
corresponding heterogeneous nuclear RNA, representing primary transcripts and identified
through the use of intronic primers (Intronic), were measured by qRT-PCR and normalized
for GAPDH mRNA. Results are presented as fold change relative to non-treated siControl
cells, taken as 1.0. Error bars indicate SD (n=3). Right panel: Western blot analysis of p53
protein levels in the same samples.
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Figure 7. p53 associates with the IPO7 and XPO1 genes
(A) MRC5 cells were treated for 16 hours with 5nM Actinomycin D (ActD) or solvent only
(NT), and then subjected to chromatin immunoprecipitation (ChIP) analysis with p53-
specific antibody (p53) or control HA antibody. Primers flanking the putative p53 binding
sites were employed to amplify the corresponding DNA regions by RT-qPCR. For the IPO7
gene, two different sites were amplified, termed site 1 and site 2, in the IPO7 promoter and
first intron, respectively.
Primers derived from the GAPDH gene served as negative control. ChIP values are
presented as percentage of input. Bars represent standard deviation.
(B) Same as in (A), except that the analysis was done with XPO1 primers.
(C) Schematic model depicting the opposing regulation of the nuclear import/export
machinery by c-Myc and p53. Positive and negative regulatory interactions are indicated.
RP = ribosomal proteins; 60S and 40S refer to the corresponding ribosomal subunits.
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