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Introduction

The nucleolus plays a major role in ribosome biogenesis, namely 
in the transcription and processing of rRNAs, and the assem-
bly of pre-ribosomal subunits.1,2 Other non-ribosomal nucleo-
lar functions have been characterized in recent years and have 
brought to light the multi-functionality of the nucleolus in nor-
mal and diseased states.3,4 Although the nucleolus is not mem-
brane-surrounded like other cellular organelles, it is possible to 
define specific nucleolar activities within three sub-structures.5 
These have been termed morphologically, based on electron 
microscopy, as the fibrillar center (FC), dense fibrillar compo-
nent (DFC) and granular component (GC).6 Specific functions 
are assigned to each region thereby generating a factory-like 
structure. Tandemly repeated rRNA genes are clustered mostly 
in the FCs which are enriched in RNA polymerase I, topoisomer-
ase I and upstream binding factor (UBF). The FC-DFC bound-
ary is the predominant site of pre-rRNA transcription by RNA 
polymerase I. Pre-rRNA undergoes processing, modifications 
and maturation within the DFC by proteins such as fibrilla-
rin, nucleophosmin (B23) and nucleolin (C23). Some process-
ing steps may also occur in the GC, together with the assembly 
of the mature rRNAs (18S, 5.8S, 28S from Pol I transcription 
and 5S from Pol III transcription) and ribosomal proteins into 
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the two pre-ribosomal subunits.7-9 Altogether, the main body 
of the nucleolus is made up of the GC, and embedded in this 
granular mass are the FCs, each surrounded by a compact layer 
of the DFC. Although nucleoli are usually considered to be 
nuclear bodies that hold rather fixed positions in the interphase 
nucleus, most nucleolar protein components are in constant flux 
with the nucleoplasm, as has been measured using a variety of 
photobleaching techniques10,11 and demonstrated by proteomic 
analysis.12

The separation between the cytoplasmic and nuclear com-
partments requires a molecular mechanism that enables the rec-
ognition of protein cargo in the cytoplasm, translocation through 
the NPC, and release in the nucleoplasm. Nuclear localization 
sequences (NLS) facilitate NPC mediated import of nuclear 
proteins into the nucleus. The first identified NLS was found 
in the SV40 T antigen (PKKKRKV).13,14 Nucleolar localiza-
tion sequences (NoLS) are less well-defined,15 although some 
sequence-specific information is available.16 For instance, the 
NoLS of NFκB inducing kinase (NIK) is mediated by the basic 
RKKRKKK sequence.17 Viral proteins can contain arginine-rich 
NoLS motifs,18-20 and a common R/K-R/K-X-R/K motif has been 
designated on the basis of several proteins such as nucleophos-
min, ribosomal protein S6 and the ARF protein.21 The effects of 
the NoLS are not well understood. For instance, does the NoLS 
serve as a physical nucleolar targeting sequence only, or can this 
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EST sequence databases indicated the possibility of additional 
transcripts transcribed from this gene, we used different primer 
combinations to identify two alternatively spliced forms of the 
gene, both formed by an intron retention event. Intron 4 reten-
tion was found in NOL7-SP2, while in NOL7-SP3 intron 2 was 
retained (Fig. 1A). The span of intron 4 retention in NOL7-SP2 
extended into intron 5, as further examined by RT-PCR with a 
sense primer to exon 4 and an antisense primer to intron 5 (not 
shown). We did not identify other forms with retained introns 
3 or 5. Both of the alternatively spliced mRNAs encode for sig-
nificantly shorter proteins (145 aa, 16 kD and 112 aa, 12 kD) 
in which a stop codon appears immediately at the 5' end of the 
retained intron, thereby only slightly modifying the C-termini 
of these proteins in comparison to the NOL7-SP1 sequence (red 
boxes in Fig. 1B).

We examined the expression levels of the three alternatively 
spliced transcripts (using DNase-treated RNA) in different 
human cell lines using specific primers for each variant and found 
varying levels of expression. In most cell lines the expression of 
the SP1 variant was predominant (Fig. 1C and D). A commercial 
mouse antibody generated against the full NOL7 protein showed 
a 29 kD band only, indicating that it is specific to the C-terminus 
of NOL7-SP1 (Fig. 1E and Sup. Fig. 1A–C). Two rabbit anti-
bodies were generated against peptides that are unique to either 
the SP1 or SP2 forms. The SP1-specific peptide was from the 
unique C-terminus of SP1 (exon 7), while the SP2-specific pep-
tide consisted of the unique C-terminal tail of SP2 (underlined 
in Fig. 1B). Western blots showed the specific detection of a 29 
kD protein by the anti-SP1 antibody and a 16 kD protein by the 
anti-SP2 antibody (Fig. 1E and Sup. Fig. 1A–C).

Cellular distribution of the NOL7 proteins. The three 
NOL7 proteins are small proteins (29, 16, 12 kD, respectively) 
and theoretically could easily diffuse in and out of the nucleus, 
since the cutoff for diffusion through the nuclear pore is ~40 kD. 
We examined the sub-cellular distribution of the protein prod-
ucts. The rabbit antibodies did not perform in immunofluores-
cence, but the mouse antibody did and showed distinct nucleolar 
staining as described for GFP-NOL7 (Fig. 2A).22 In order to 
identify the nucleolar compartment in which NOL7-SP1 resides 
we performed co-localization experiments with known nucleo-
lar markers. NOL7-SP1 exhibited a rounded nucleolar pattern 
reminiscent of GC proteins. Indeed, NOL7-SP1 surrounded the 
DFC and FC nucleolar compartments, as seen with co-staining 
to fibrillarin (DFC, Fig. 2A; and not shown—Nopp140, Nhp2), 
or UBF (FC, Fig. 2B; and not shown—Gar1). NOL7-SP1 co-
localized with proteins in the GC, for instance p14/ARF (Fig. 
2C; and not shown—B23). In addition, we constructed fluores-
cently tagged NOL7 proteins by C-terminal fusion to GFP or 
RFP and generated human U2OS cells stably expressing these 

sequence also confer high binding affinity and prolonged resi-
dence times within the nucleolus.

We examined the nuclear and nucleolar dynamics of three 
alternatively spliced products of the NOL7 gene (chr. 6p23). A 
previous study showed that the NOL7 gene can undergo allelic 
loss in certain cervical carcinoma (CC) cell lines and tumor 
samples.22 Loss of heterozygosity (LOH) is a common molecular 
genetic alteration found in human cancers, which may result in 
the loss of a normal tumor suppressor gene allele, thereby pro-
moting cell growth and conferring survival advantages during 
tumorigenesis. Therefore, NOL7 is considered a tumor suppressor 
gene candidate. An important role of LOH in the development 
of CC has been suggested, and indeed a number of allelotyping 
studies of CC tumor DNA have shown that chromosome regions 
6p, along with 3p and 11q, are most often frequently affected in 
CC.23 Detailed LOH analysis with a larger set of markers has 
revealed allelic losses at chromosome band 6p23.24 Expression of 
NOL7 inhibited the growth of CC cells in mouse xenografts and 
its effect might be related to the modulation of the angiogenicity 
of the tumor. The originally published GFP-NOL7 gene-product 
exhibited nucleolar localization,22 as expected from proteomic 
analysis of isolated nucleoli,12,25 and recently several of its NLS 
and NoLS sequences were characterized.26

We characterized 3 alternative transcripts generated from the 
NOL7 gene and detected the endogenous proteins of the two 
larger forms. Even though these proteins have low molecular 
weights, and therefore could disperse throughout the whole cell 
by diffusion, we found that the proteins have distinct distribu-
tion patterns. We determined the amino acid sequences convey-
ing the nuclear localization and nucleolar localizations of the 
NOL7 products. Using truncations and dynamic analysis we 
demonstrated how targeting sequences can define the sub-cel-
lular targeting and location of a protein, but were not sufficient 
for generating a long-lasting high affinity interaction within the 
structure. Finally, we found that some nucleolar processing func-
tions were maintained even when defects in nucleolar architec-
ture and cell proliferation rates were induced under conditions of 
NOL7 depletion.

Results

Alternative spliced forms of the NOL7 gene. In order to exam-
ine the kinetic properties of the NOL7 protein in living cells we 
cloned the full length NOL7 coding sequence. The NOL7 gene 
is situated on chromosome 6 in humans and consists of 8 exons. 
The gene and coding region are highly conserved in chimpanzee, 
dog, cow, mouse, rat, chicken and zebrafish. The human cod-
ing region (874 bp, 257 aa) encodes a 29 kD protein, termed 
NOL7-SP1 (Fig. 1A). Since partial sequence information in 

Figure 1 (See opposite page). Alternatively spliced products of the NOL7 gene. (A) Scheme of the genomic layout of the human NOL7 gene and the 
splicing pattern of the three gene products. Exons = yellow boxes; stop codons = red dots; grey box = retained exon. (B) Amino acid sequence align-
ment of the three NOL7 protein products. Differences are seen at the C-terminal ends (red boxes). Peptide sequences used for immunizing rabbits 
are underlined. The C-terminal NoLS is highlighted in yellow. (C) Expression of the alternatively spliced mRNAs in a variety of cell lines quantified by 
semi-quantitative RT-PCR. The gels show one representative experiment and the histograms show the average of at least 3 repeats. (D) Expression 
levels per transcript were normalized to GAPDH mRNA levels and presented as histograms. Standard deviation is produced from three independent 
experiments. (E) Western blotting of NOL7 in U2OS cells with: mouse anti-NOL7, rabbit anti-SP1, rabbit anti-SP2.
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Figure 1. For figure legend, see page 230.
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(aa 1–145) is completely nuclear (Sup. Fig. 3C). This would 
mean that another sequence affecting nuclear localization should 
lie within the C-terminal portion unique to NOL7-SP2 (after aa 
112 and before aa 144). We therefore generated a NOL7 version 
slightly larger than SP3 (aa 1–121), and found that this protein 
was completely nucleoplasmic (Sup. Fig. 3B). This means that 
the leucine-rich sequence LLPDTILEK, aa 114–121 contributes 
to the nuclear localization of NOL7-SP2.

Additional constructs that were generated: aa 1–160, 1–193 
and 1–227 (Sup. Fig. 3D–F) showed that the general nucleo-
plasmic distribution did not change, although in some cells faint 
nucleolar localization could be identified. This implied that a 
strong nucleolar targeting sequence might be contained within 
the very C-terminus of NOL7-SP1 (Sup. Fig. 3G). Therefore, 
we fused the C-terminal portion of NOL7-SP1 (aa 228–257) to 
a GFP protein that is normally distributed throughout the cell 
(Fig. 4A) and to a YFP-NLS protein that is completely nuclear 
(Sup. Fig. 4A), and found that this sequence (FLNNAWGIQ 
KKQNAKRFKRRWMVRKMKTKK) specifically targeted 
these fusion proteins to the GC region of the nucleolus. This 
region is lysine- and arginine-rich with amino acid stretches that 
concur with the R/K-R/K-X-R/K NoLS motif, such as KRFK 
and RKMK. Shorter C-terminal portions of the 228–257 region 
(aa 228–247, 235–257 and 235–247) fused to GFP showed only 
a faint nucleolar localization (Sup. Fig. 4B), indicating that the 
complete C-terminal tail of NOL7-SP1 is required for efficient 
nucleolar targeting.

The intra-nuclear dynamics of NOL7 proteins. To measure 
the intra-nuclear dynamics of the different NOL7 proteins we 
used fluorescence recovery after photobleaching (FRAP). The 
recovery curves of NOL7-SP1 showed a half-time of recovery of 
t
1/2

 = 5.3 sec, in comparison to the GC protein p14/ARF (t
1/2

 = 
16.4 sec) (Fig. 4B) or nucleolin (DFC and GC) (t

1/2
 = 9 sec),29 

that exhibited slower recovery kinetics. The 65% recovery sug-
gested that a substantially fixed and highly interacting fraction 
(~35%) of NOL7-SP1 exists within the nucleolus. On the other 
hand, FRAP measurements of NOL7-SP2 showed rapid and full 
recovery in the nucleoplasm (t

1/2
 = 1.2 sec) very similar to a free 

GFP protein, implying that NOL7-SP2 is highly mobile in the 
nucleoplasm (Fig. 4B). Fluorescence loss after photobleaching 
(FLIP) that measures the exit rates of a protein from a region of 
interest showed t

1/2
 = 53.4 sec for NOL7-SP1 and a similar fixed 

fraction as measured by FRAP (Fig. 4C). FRAP on the NOL7 
constructs lacking the C-terminal NoLS targeting sequence (aa 
1–193, 1–227) showed rapid recoveries as well as loss of the fixed 
fraction (Fig. 4D). Interestingly, FRAP on the GFP-NoLS fusion 
that was specifically targeted to the nucleolus also showed rapid 
and full recovery with low nucleolar residency times (Fig. 4E).

These data suggested that the high residency times and binding 
affinity of the NOL7-SP1 protein to the GC compartment in the 
nucleolus cannot be mediated solely via its NoLS, and that other 
regions of the protein are required for prolonged nucleolar resi-
dency times. Therefore, we examined whether the specific NOL7 
NoLS only conveys the correct localization of the protein to the 
GC compartment of the nucleolus, while the binding per se is 
mediated by the remainder of the protein. To this end, the NoLS 

proteins. NOL7-SP1 was predominantly nucleolar with some 
nucleoplasmic distribution (Fig. 2D). NOL7-SP2 was nuclear 
showing both nucleoplasmic as well as moderate nucleolar dis-
tribution (Fig. 2E and F). NOL7-SP3 was mostly nucleoplasmic 
with some cytoplasmic distribution (Fig. 2G).

Experiments in which nucleolar segregation and nucleo-
lar capping are induced, assist in examining the association of 
nucleolar proteins with their particular nucleolar compartment.27 
For example, following nucleolar segregation, GC proteins like 
B23 are released into the nucleoplasm while the only GC protein 
known to be retained within the large central body is p14/ARF.27 
On the other hand, DFC and FC proteins can usually be found 
in what has been termed light nucleolar caps (LNCs). In addi-
tion, some nucleoplasmic RNA binding proteins, like the PTB 
associated splicing factor PSF, localize in another set of cap struc-
tures, termed dark nucleolar caps (DNCs).27 We induced nucleo-
lar segregation with actinomycin D (high 5 μg/ml or low 0.05 
μg/ml levels), and found NOL7-SP1 in fibrillar caps (LNCs) 
which co-localized with fibrillarin and Nopp140, and were situ-
ated in between the PSF-positive caps (DNCs), in addition to 
some NOL7 protein that remained in the central body (Fig. 3A; 
and Sup. Fig. 1D).27 Under these conditions, GFP-NOL7-SP2 
was mostly nucleoplasmic, but a portion of the protein was also 
observed together with fibrillarin and Nopp140 in nucleolar caps, 
in agreement with the moderate nucleolar localization of SP2 
under regular conditions (Fig. 3B and Sup. Fig. 1E). Similarly, 
during Pol II inhibition by DRB, NOL7-SP1 remained in the 
central cloud of the disrupted nucleolar structure, with some pro-
tein localizing with the fibrillarin pool (Fig. 3B and Sup. Fig. 
1D). A series of other treatments such as kinase inhibition by 
staurosporin, translation inhibition with cycloheximide or puro-
mycin, proteosome inhibition by MG132, hypoxic stress by arse-
nite, heat shock, cold shock, osmotic shock with sorbitol, DNA 
damage with cisplatin, doxorubicin and neocarzinostatin (NCS), 
or inhibition of ATP synthesis by sodium azide, did not abrogate 
the nucleolar localization of NOL7-SP1 (data not shown). This 
implies that NOL7-SP1 has a high affinity to the GC compart-
ment of the nucleolus.

Nuclear and nucleolar targeting of NOL7 proteins. Since the 
NOL7-SP1 and SP2 proteins are small enough to diffuse through 
the nuclear pore and shuttle in between the nucleoplasm and 
cytoplasm, yet still show specific nuclear/nucleolar distribution, 
together with the fact that many different treatments did not 
release NOL-SP1 from the nucleolus, suggested that NOL7-SP1 
can form high affinity interactions with the nucleolar compart-
ment. We first examined whether the NOL7 proteins are shuttling 
proteins. Using the heterokaryon assay in which proteins can be 
detected when they shuttle from a human to a mouse nucleus, 
we found that NOL7-SP1 did not shuttle, while NOL7-SP2 did 
shuttle in and out of the nucleus (Sup. Fig. 2). Raver1 was used as 
a positive control.28 This indicated that NOL7 contains specific 
nucleolar, in addition to nuclear, targeting sequences.

Recently, 4 NLS sequences were identified in NOL7-SP1, 
located at amino acids 1–10, 88–112, 144–162 and 242–257.26 
However, the NOL7-SP3 protein (aa 1–112) is distributed 
throughout the whole cell (Sup. Fig. 3A), whereas NOL7-SP2  
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Figure 2. NOL7-SP1 is found in the GC region of the nucleolus. (A) Co-staining of endogenous NOL7-SP1 and fibrillarin (DFC). (B) RFP-NOL7-SP1 and 
endogenous UBF (FC). (C) Endogenous NOL7-SP1 and GFP-p14/ARF (GC). Bar, 5 μm. (D) Stably integrated GFP-NOL7-SP1 (green) localized to the nucle-
olus, while GFP-NOL7-SP2 was (E) predominantly nucleoplasmic with (F) some nucleolar representation. (G) GFP-NOL7-SP3 was detected throughout 
the cell. DNA was counterstained with Hoechst (blue) and the whole cell in observed in DIC (grey). Bar, 10 μm.
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binding characteristics to the protein, thus the N-terminal part 
of the protein is also required for these interactions.

NOL7 dynamics during cell division. While we detected 
high affinity of NOL7-SP1 to the nucleolus during interphase 
and nucleolar segregation, many nucleolar proteins disperse 
during mitosis. During telophase fibrillarin concentrates in five 
NORs, with GC proteins arriving later on.30 Nucleolar assembly 
occurs through pre-nucleolar bodies (PNBs) that are known to 
form during telophase.31 We followed the cellular distribution 
of NOL7 during mitosis using time-lapse imaging. NOL7-SP1 
was diffusely distributed in the nucleoplasm after nucleolar 
and nuclear disruption. Towards the end of mitosis, NOL7-SP1 

sequence of the GC protein p14/ARF (RGAQLRRPRHSHPTR 
ARRCP),21 was fused to the GFP protein and also to the 
NOL7-SP1 version lacking its original NoLS (aa 1–227; Sup. 
Fig. 3F). Both proteins harboring the p14/ARF NoLS showed 
specific nucleolar localization to the GC compartment (Fig. 4F 
and G). However, FRAP measurements of NOL7-SP1 contain-
ing the p14/ARF-NoLS showed rapid recovery kinetics similar 
to GFP-NoLS meaning that no long-term interactions with the 
nucleolus were occurring (Fig. 4H). These results mean that both 
the interaction and the high binding affinity of NOL7 with the 
nucleolus are mediated by the NOL7-specific NoLS region, and 
that the NoLS region per se does not confer the high affinity 

Figure 3. NOL7-SP1 is found in nucleolar caps during nucleolar segregation. (A) GFP-NOL7-SP1 (green), endogenous fibrillarin (red) and PSF (blue) 
show different nuclear localization. During nucleolar segregation by actinomycin D treatment (high 5 μg/ml or low 0.05 μg/ml), NOL7-SP1 is found in 
nucleolar caps containing fibrillarin, while some of the protein remains in the central body. PSF is localized to a second and larger subset of nucleolar 
caps (dark nucleolar caps). Inhibition of RNA Pol II only by DRB shows segregation of NOL7 and fibrillarin signals. (B) GFP-NOL7-SP2 is mostly nucleo-
plasmic with some nucleolar fraction. Upon nucleolar segregation (low and high ActD or DRB treatment) some of the protein is found in fibrillarin 
containing nucleolar caps. DNA is pseudo-colored in purple, DIC is grey. Insets show enlarged nucleolar areas. Bar, 5 μm.
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Figure 4. Nucleolar targeting and dynamics of NOL7. (A) A peGFP protein is dispersed throughout the whole cell, while the addition of the NOL7 C-
terminus conveys specific and efficient nucleolar targeting. (B) The recovery dynamics of NOL7-SP1 (blue), p14/ARF (red), NOL7-SP2 (green) and diffuse 
peGFP (grey). (C) FLIP of NOL7-SP1. (D) FRAP recovery of the truncated versions of NOL7 (aa 1–193, blue; aa 1–227, pink). (E) FRAP recovery of peGFP 
fused to the NOL7 NoLS. (F) The p14/ARF NoLS confers nucleoar targeting but not nucleolar residency. The C-terminal NoLS of the GC protein p14/ARF 
was fused to peGFP, or to (G) NOL7-SP1 (aa 1–227) lacking its normal NoLS. Bar, 10 mm(H) FRAP recovery of NOL7-SP1 aa 1–127 + p14-NoLS compared to 
GFP + p14-NoLS.
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cells (nocodazole) or G
1
/S blocked 

cells (thymidine), did not show any 
changes in molecular weight that 
would be indicative of a high level 
of post-translational modifications 
(Sup. Fig. 5C).

Nucleolar architecture is abro-
gated after NOL7 knockdown. 
During the course of this study, a 
dynamic study of 1,000 endogenous 
YFP-tagged proteins expressed in 
H1299 human lung carcinoma cells 
was published, among them NOL7.32 
Therefore, we examined the above 
cell line with regard to intra-nuclear 
dynamics of NOL7 proteins. The 
YFP coding region was inserted into 
exon 6 of one of the NOL7 alleles in 
human H1299 cells, thereby yielding 
endogenously expressed NOL-YFP. 
The NOL7-YFP protein was nucleo-
lar and localized to the GC region 
(Fig. 6A). Since FRAP measurements 
are usually performed on exogenously 
overexpressed fusion proteins, we 
were interested to compare the above 
measurements to the dynamics of 
endogenous NOL7-YFP. The nucleo-
lar dynamics of the endogenous pro-
tein as measured by FRAP were very 
similar to the overexpressed exog-
enous GFP-NOL7 protein, resulting 
in the same range of fixed nucleolar 
fraction (~40%) (Fig. 6B). However, 
the initial recovery dynamics of GFP-
NOL7 were faster than NOL7-YFP, 
(t

1/2
 = 10.1 sec) implying that there 

might be a substantial free popula-
tion of the GFP fusion protein that 
is not bound to the nucleolus, due to 
the nature of overexpression. The fast 
kinetics can be seen from the best fit 
of the two plots to two exponentials, 

corresponding to a fast free fraction and a slow, most probably 
bound, fraction. NOL7-YFP re-localized similarly to GFP-NOL7 
under different transcriptional inhibition treatments (Fig. 6C).

The NOL7-YFP cells served as a robust assay for RNAi 
effects, since the NOL7-YFP protein was expressed at endog-
enous levels and knockdown could be assessed visually. We 
screened for siRNAs that reduced NOL7-YFP expression and 
identified the conditions under which a dramatic decrease in 
NOL7-YFP was observed both on the RNA and protein levels  

localized to small bodies, later to form larger nucleoli (Sup. Fig. 
5A and Sup. Movie 1). NOL7-SP2 remained diffusely distrib-
uted throughout cell division (Sup. Fig. 5B and Sup. Movie 2). 
Immuonofluorescence also showed that NOL7 dispersed in the 
cell during mitosis (Fig. 5A). NOL7 entry to the forming nucle-
olus occurred only after the formation of fibrillarin containing 
foci (Fig. 5B and C; and Sup. Movie 3). Many proteins become 
hyper-phosphorylated during mitosis, however, NOL7 pro-
tein from untreated cells compared to mitotically synchronized 

Figure 5. Subcellular localization of NOL7 during mitosis. (A) Immunofluorescence of endogenous 
NOL7 and fibrillarin during mitosis and (B) during cell division. (C) Frames from a live-cell movie follow-
ing RFP-NOL7 (red) and GFP-fibrillarin (green) during the last stages of cell division. A box around one 
of the forming nucleolar bodies shows the appearance of fibrillarin followed by NOL7. The plots on the 
right measure the intensity of the two signals at different time points through the center of the box. 
Bar, 10 μm.

Figure 6 (See opposite page). Endogenous NOL7-YFP. (A) Endogenous NOL7-YFP is nucleolar. Bar, 2 μm. (B) NOL7-YFP nucleolar dynamics compared 
to overexpressed GFP-NOL7 measured by FRAP and fit to a two-exponent equation. Goodness of fit evaluated by checking for a random distribution 
of residuals around 0 is plotted at the bottom. (C) Nucleolar segregation of endogenous NOL7-YFP during high and low ActD, and DRB treatments. Bar, 
5 μm. (D) NOL7-YFP expression levels before and after siRNA. Bar 10 μm. (E) NOL7-YFP mRNA levels after siRNA (RT-PCR).
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Figure 6. For figure legend, see page 236.
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proceed under knockdown conditions. In the nucleolus, ribo-
somal genes transcribe a large precursor rRNA that is cleaved, 
from which the 5' external transcribed sequence (5'ETS) is 
removed, and then degraded by the exosome. Using a specific 
probe to the 5'ETS, which specifically recognizes pre-rRNAs in 
the nucleolus, we found that the precursor rRNAs continued to 
build up in nucleoli during NOL7 depletion (Fig. 8A). Small 
nucleolar RNAs (snoRNAs) are required for the processes of 
ribosome assembly, and a probe to U3 snoRNA showed them 
present in nucleoli under knockdown conditions (Sup. Fig. 8A). 
The nucleolus also plays a role in the processing of RNA Pol III 
transcripts. One of these transcripts, the MRP RNA, which is the 
RNA component of the ribonucleoprotein enzyme RNase MRP 
that is involved in the formation of the 5' end of 5.8S rRNA, was 
also found in nucleoli during NOL7 siRNA treatment (Sup. Fig. 
8B). The fact that the processing of certain non-coding RNAs in 
the nucleolus continued, indicates that nucleolar activity, at least 
in part, can be maintained when NOL7 levels are reduced.

Nucleolar dynamics as measured by FRAP were then exam-
ined after NOL7 knockdown using GFP fusions of nucleolar 
proteins. We first verified that the characteristic GFP-fibrillarin 
and GFP-UBF nucleolar structures were modified after NOL7 
knockdown, as observed above with their endogenous coun-
terparts. However, there was no change in the FRAP recovery 
dynamics of these proteins after NOL7 knockdown (Fig. 8B), 
which is a further indication that some nucleolar functions are 
retained even though NOL7 levels are low.

Finally, we examined whether nucleolar structure under 
NOL7 RNAi conditions could be rescued by the re-expression 
of one of the NOL7 isoforms. NOL7 knockdown was per-
formed with fluorescently labeled siRNAs, thereby indicating 
which cells indeed received the siRNAs. The fluorescent tag 
does not interfere with the RNAi process. 48 hrs later the cells 
were transfected with different versions of GFP-NOL7. Only full 
length NOL7-SP1 rescued nucleolar structure in cells positive 
for cytoplasmic siRNAs, as seen by the return of a centralized 
and punctated DFC structure (Fig. 8C and Sup. Fig. 9). The 
smaller versions we generated such as NOL7-SP2, NOL7 without 
its NoLS (1–193), the NOL7-NoLS alone, or the p14-NoLS were 
unable to rescue the disrupted nucleolar phenotype (Fig. 8C and 
Sup. Fig. 9). Altogether, these data demonstrate the importance 
of the full length NOL7 protein variant in the maintenance of 
nucleolar structural integrity.

Discussion

The structure of the nucleolus during interphase is the sum of 
numerous protein-RNA, protein-DNA and protein-protein 
interactions. The majority of these interactions are dynamic, 
revealing a high rate of exchange between the nucleolus and the 
surrounding nucleoplasm, as demonstrated by live-cell studies 
of fluorescently tagged nucleolar proteins and RNAs.10,11,29,33-38 
High-throughput proteomics provided a wide-scope quantitative 
analysis of hundreds of nucleolar protein constituents and their 
affinity to the nucleolus during a variety of drug treatments.12 
The human nucleolar proteome now encompasses over 4,500 

(Fig. 6D and E). We then used these conditions to reduce the 
protein levels of endogenous NOL7 in U2OS cells. The decrease 
in NOL7 was monitored by immunofluorescence with the com-
mercial antibody. RNAi was highly efficient and a total disap-
pearance of NOL7 staining was observed in over 95% of the cells 
(Fig. 7A). Cells were viable and nucleoli continued to be observed 
using DIC microscopy. Immunofluorescence to fibrillarin and 
Nopp140 showed a change in the appearance of the DFC com-
partment, namely loss of DFC structural definition and the dis-
persal of the DFC throughout the whole nucleolar volume (Fig. 
7A; and Sup. Fig. 6A). Moreover, UBF puncta of the FC region 
were also dispersed, and instead, UBF staining was detected in 
the whole nucleolus, as well as the nucleolar periphery (Fig. 7B). 
(Since the antibodies to NOL7, UBF and B23 are all of mouse 
origin, the co-immunofluorescence experiments were performed 
with rabbit anti-fibrillarin instead, as a marker of the change in 
nucleolar structure due to NOL7 knockdown, as in Fig. 7A). 
On the other hand, B23 localization was not disrupted, indicat-
ing the relative integrity of the GC region (Fig. 7C). C23 was 
detected mostly in the GC (Sup. Fig. 6B). All of the above find-
ings were detected also in HeLa cells and in the H1299 NOL7-
YFP cells (not shown).

The affects of NOL7 knockdown on cell viability and nucle-
olar dynamics. Larger and more pronounced nucleolar regions 
were observed with Hoechst DNA staining or in DIC imaging, 
when cells were treated with siRNA to NOL7 in comparison to 
control cells. In siRNA treated cells, nucleoli were larger, and in 
73% of the cells there were only 1 or 2 nucleoli per cell, in com-
parison to untreated cells in which 4 to 6 nucleoli were typically 
detected (84%) (Fig. 7D). By fixing cells at different times after 
siRNA administration we could find the time frame during which 
the reduction in nucleolar numbers and increase in size occurred 
(from 48 hrs). We then imaged the GFP-fibrillarin expressing 
cells for long time-periods during this specific time-frame and 
indeed could detect events of nucleolar fusions in most of the cells 
(Sup. Fig. 7A and B and Sup. Movie 4). Efficient knockdown in 
these cells was verified by fixing the cells and staining with an 
anti-NOL7 antibody. Cells that were treated with a scrambled 
siRNA sequence under the same conditions did not show fusion 
events. In order to examine the effect of NOL7 knockdown on 
cellular growth rates the same number of U2OS cells were plated 
and transfected with siRNA to NOL7 or were mock transfected. 
Cells were counted over a time course of 96 hours, and a 46% ± 8 
reduction in growth rates was observed (Fig. 7E). Similar reduc-
tion (72 hrs) was seen in the MTT cell viability assay. In this 
colorimetric assay, enzymes reduce the MTT compound to pro-
duce a purple color, and thereby the color product is a readout of 
viability levels (Fig. 7E). FACS analysis of the cell cycle (24–96 
hrs) did not show any significant block in any of the stages (72 
hrs; Sup. Fig. 7C). There was a small decrease in the G

1
 stage 

and very mild increases in S and G
2
/M phases (repeated 3 times). 

This analysis indicates that a prolonged lack of NOL7 protein 
does not have a dramatic effect on the cell cycle but might slow 
down cell division and altogether affect cell survival.

Using RNA FISH with fluorescent probes to nucleolar RNAs 
we examined whether nucleolar RNA processing functions could 
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proteins based on the analysis of more 
than 50,000 peptides,39 hence portraying 
the dynamic complexity of this structure.

Our study focused on one of these pro-
teins, namely on the protein products aris-
ing from alternative splicing events in the 
pre-mRNA transcribed from the NOL7 
gene. Since EST sequences suggested the 
presence of additional non-confirmed 
spliced products of this gene, we searched 
for their presence and cloned two addi-
tional short alternatively spliced prod-
ucts generated through intron retention 
events. In both cases, a stop-codon was 
found immediately downstream of the 
alternatively spliced coding region thereby 
yielding short proteins. The mRNA 
expression levels of the NOL7 isoforms 
varied between various cell lines showing 
predominance of the NOL7-SP1 product. 
Using specific antibodies we could show 
the presence of the SP1 and SP2 proteins 
in human cells. The expected protein 
products have low molecular weights (29, 
16, 12 kD, respectively). FRAP measure-
ments showed that the NOL7-SP1 protein 
had a 56 sec residence time within the 
nucleolus, in agreement with FRAP and 
FLIP experiments that have demonstrated 
that the retention times of nucleolar pro-
teins lie in the range of tens of seconds.29,40

Intron retention is probably the least 
studied type of alternative splicing, espe-
cially since the variants were believed for 
many years to be largely derived from 
unspliced or partially spliced pre-mRNAs. 
However, bioinformatics analyses have 
found that 15% of the genes have at least 
one intron retention event,41 and a recent 
study identified 16,288 intron retention 
events in 41% of human genes.42 These analyses suggest that 
a significant fraction of intron retention events is not spurious 
and probably reflects biological significance. To date, only sev-
eral cases of intron retention events with biological consequences 

Figure 7. Nucleolar substructure and cell 
proliferation change under NOL7 RNAi 
conditions. NOL7 siRNA treatment was 
performed and the following endogenous 
proteins were stained: (A) NOL7 and fibril-
larin. (B) Fibrillarin and UBF. (C) Fibrillarin and 
B23. (D) Counting of number of nucleoli per 
cell before and after siRNA. (E) Proliferation 
of cells is reduced in siRNA treated cells as 
measured by the MTT assay for measuring 
cell viability (at 72 hrs) or cell counting (24, 
48, 72 and 96 hrs). Standard deviation from  
n = 6 different plates. Bar, 10 μm.

in mammals are known.42 Since intron retention involves avoid-
ing nuclear surveillance mechanisms required to stop export of 
unspliced pre-mRNAs to the cytoplasm, it is expected to be regu-
lated by proteins required for splicing and export processes. In 
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Figure 8. For figure legend, see page 241.
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resulted in nucleophosmin redistribution in the nucleoplasm and 
smaller-sized nucleoli.50 Nucleolin (found in the DFC and GC),51 
depletion resulted in the loss of nucleolar structures.52

The knockdown of GC proteins might cause loss of structural 
support of the nucleolus and therefore modify nucleolar struc-
ture. We suggest that although the GC region in NOL7-depleted 
cells is not physically disrupted, there is loss of internal nucle-
olar structure due to loss of NOL7 and possibly other NOL7-
interacting proteins. Indeed, RNA FISH demonstrated that some 
RNA processing is maintained, since after NOL7 siRNA, events 
of pre-rRNA processing of Pol I and Pol III transcripts, as well 
as snoRNP presence in the nucleoli, were still detected. Yet while 
viable, a proliferation assay showed that cell growth rates were 
significantly reduced. Moreover, these nucleoli were very large 
due to the fusion of several nucleoli. Previous studies found a 
correlation between increased proliferation rates and nucleolar 
size.53 For instance, in cancer cells a phenotype of large nucleoli 
coincides with increased rRNA transcription and faster prolifera-
tion.54 It is possible that during NOL7 RNAi many nucleoli fuse 
to form one nucleolus. Still the general rate of nucleolar functions 
is not increased since proliferation does not increase.

The nucleolar targeting sequence was found in the C-terminus 
of the NOL7-SP1 protein. It has been suggested that NoLSs do 
not play a part in the nuclear import of the protein such as with 
NLSs, but rather mediate the interactions of nucleolar proteins 
with either other proteins or nucleic acids.5 Indeed, some nucleo-
lar proteins do not contain a NoLS and instead interact with other 
nucleolar components that do contain a NoLS. For instance, 
nucleolin and protein phosphatase 1 (PP1) do not have a NoLS 
but are specifically targeted to the nucleolus by other binding 
partners.55,56 In the case of NOL7-SP1, the NoLS was determined 
to be the 30 C-terminal amino acids, since shorter versions did 
not confer the high specificity of nucleolar localization. NoLSs 
usually contain short Arg/Lys rich stretches, are externally ori-
ented in the protein sequence, and can range from 8 to 30 amino 
acids.16 At least two such motifs are found in the NOL7-SP1, 
KRFKRR and RKMKTKK, with another upstream option of 
KRLPVKR. These regions also contain the R/K-R/K-X-R/K 
NoLS motif. This region of the protein is highly conserved across 
species. Only the combined presence of these sequences provided 
full nucleolar localization of the protein.

The NOL7-SP2 product did not contain the strong C-terminal 
NoLS and therefore was mostly nucleoplasmic, rapidly moving, 
and able to shuttle into the cytoplasm. Yet, some of the protein 
could still be identified within the nucleolus although with a 
very low retention time. A recent study has shown that the cen-
tral region of the protein contains NLS sequences that function 
in nucleolar localization as well,26 thereby explaining the weak 
localization of NOL7-SP2 that lacks this region.

The location of the strong NoLS in the very C-terminus of 
the protein implies its possible functionality as an interaction 

our analysis two protein isoforms arising from the NOL7 gene 
and that co-exist in the same cells were identified and detected, 
in conjunction with differential levels of mRNA expression. This 
could signify the ability of the cell to regulate the alternative 
splicing pattern of this gene, and in turn the abundance of these 
proteins at different crucial points such as during the cell cycle or 
in response to stress. In light of our findings that the presence of 
the NOL7-SP1 protein is required for the integrity of nucleolar 
structure, we can speculate that it would make sense for the cell 
use the SP2 variant to interfere with SP1 function when neces-
sary to downregulate SP1 function, rather than directly down-
regulating SP1 levels.

We tried to disrupt the interaction of NOL7 with the nucleo-
lus. Some granular component (GC) proteins are released from 
the nucleolus into the nucleoplasm upon transcriptional inhi-
bition that leads to nucleolar segregation e.g., nucleophosmin, 
nucleolin, RNA helicase RH-II/Gu. NOL7 was not released 
from the nucleolus under conditions of actinomycin D treatment 
(low levels that inhibit RNA Pol I nor under high levels that 
inhibit all RNA polymerases), and was found to localize together 
with fibrillarin in structures termed nucleolar caps, while some of 
the protein was found in the central body.27,43,44 A similar redis-
tribution was found when only Pol II transcription was inhibited 
with DRB. When examining NOL7 distribution during mito-
sis, NOL7 is released from the nucleolus and reappears shortly 
after fibrillarin puncta are observed. Although another study26 
has shown that low ActD levels release NOL7 into the nucleo-
plasm, this might be due to the use of different cell types or by 
the expression of NOL7-GFP versus GFP-NOL7 that might be 
masking certain interaction motifs within the protein. Using a 
variety of treatments, mostly causing different types of cellular 
stress, we could not release NOL7 from the nucleolus. On the 
other hand, nucleolar architecture was affected under RNAi 
specific to NOL7-SP1, and the internal nucleolar structure was 
distorted. While B23 (nucleophosmin) continued to show a GC 
distribution under these conditions, fibrillarin, Nopp140 and 
UBF foci were not confined to the inner regions of the nucleo-
lus as typically seen, but rather were dispersed throughout the 
whole nucleolar volume demonstrating a drastic modification 
in nucleolar sub-structure. Taken together, the transcriptional 
inhibition and mitosis findings can imply a functional role for 
NOL7 through interactions with other proteins of the DFC and 
the GC, while the knockdown data point to an architectural role 
in nucleolar integrity.

Other studies have examined the knockdown of nucleolar 
proteins that reside in the GC and a variety of phenotypes were 
observed. siRNA to nucleophosmin caused major distortion in 
nuclear and nucleolar structure.45,46 siRNA to Nop25 caused 
nucleolar fragmentation.47 Nucleostemin knockdown caused cell 
cycle arrest48,49 and modified the internal pattern of the DFC, 
causing the loosening of snoRNP clusters.46 USP36 depletion 

Figure 8 (See opposite page). Nucleolar RNA processing during NOL7 siRNA. (A) RNA FISH on NOL7 siRNA-treated cells with a probe against the 5'ETS 
region of pre-rRNA. (B) FRAP on GFP-fibrillarin and GFP-UBF before and after NOL7 siRNA. (C) The NOL7-SP1 protein can rescue the siRNA phenotype 
while small versions of the protein do not: NOL7-SP2, NOL7 lacking the NoLS (1–193), GFP containing the NOL7 NoLS or GFP containing the p14/ARF 
NoLS. Cells were stained with anti-fibrillarin to examine nucleolar structure. Bar, 10 μm.
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4, and an antisense primer GAA ACA AAA GAC TCA TTA C 
located in intron 5.

The truncated versions of NOL7 were formed using:
1–121 aa, 365 bp, by HpaI restriction;
1–160 aa, 480 bp, anti-sense: ATA GAA TTC TTG TAC 

TTT AAC TTT CTT GGA;
1–193 aa, 581 bp, anti-sense: ATA GAA TTC ATG AAG 

GCT TGT GCT GCT TGT;
1–227 aa, 683 bp, anti-sense: ATA GAA TTC AAC TGG 

ACA GCA GCT CT.
The C-terminal NoLS of NOL7-SP1 was fused to peGFP-C1 

or YFP-Nuc (Clontech) using primers: sense: ATA CTC GAG 
AGT TTT TGA ATA ATG CTT GG and anti-sense: ATA CTC 
GAG ACT TCT TAG TTT TCA TC.

Shorter C-terminal portions of the NoLS of NOL7-SP1 were 
generated using:

Sense: ATA CTC GAG CCA AAA AAA ACA AAA TGC C;
anti-sense: ATA CTC GAG ACC GTC TTT TAA ACC 

TCT TG.
The p14/ARF NoLS sequence was inserted to both GFP and 

the GFP-NOL7 1–227 aa constructs as an adaptor RGAQLR-
RPRHSHPTRARRCP using EcoRI/BamHI restriction sites. 
Ligations were performed with T4 ligase (New England Biolabs). 
GFP-p14/ARF, GFP-Nopp140 and GFP-NHP2 were previously 
described in reference 27 and 63. GFP-UBF was obtained from 
Miroslav Dundr (Rosalind Franklin University of Medicine and 
Science, Chicago).

Total RNA purification. Total RNA was isolated using Tri-
Reagent (Sigma). DNA-freeTM Kit (Ambion) was used to remove 
genomic DNA contamination. cDNA (1 μg RNA) was syn-
thesized using the ReverseAidTM First Strand cDNA Synthesis 
Kit (Fermentas) with oligo-dT as a primer. Semi-quantitative 
RT-PCR was performed using Eppendorf Thermocycler ampli-
fication for 19–38 cycles (depending on the saturation level of 
the genes amplified) using 1 min denaturation at 94°C, 1 min 
annealing at 55°C, 1 min extension at 72°C; and 72°C for 10 
min for final extension. Primers for GAPDH: sense: ACC ACA 
GTC CAT GCC ATC AC, anti-sense: TCC ACC ACC CTG 
TTG CTG TA.

Cell culture and transfections. Human U2OS cells were 
maintained in low glucose DMEM (Biological Industries, Israel) 
containing 10% FBS (HyClone). H1299 cells were maintained 
in RPMI medium (Biological Industries) containing 10% FBS. 
U2OS cells were transfected by electroporation to form sta-
ble cell lines and selected for 2–3 weeks in 350 μg/ml G418. 
Drugs used: actinomycin D (Pol I & II-5 μg/ml, 2 hrs; Pol I 
0.05 μg/ml, 4 hrs), DRB (100 μM, 4 hrs), α-amanitin (60 μg/
ml, 6 hrs), cycloheximide (100 μg/ml, 4 hrs, Sigma), Na-azide  
(10 mM, 1 hr), sorbitol (200 mM, 30 min), doxorubicin (1 μg/
ml, 2 hrs), NCS (100 ng/ml, 20 min), arsenite (1 mM, 30 min), 
MG132 (2–20 μM, 4–24 hrs, Sigma), puromycin (10 μg/ml, 4 
hrs, Megapharm, Raanana, Israel), staurosporine (2 μM, 6 hrs, 
Almone, Jerusalem, Israel), cisplatin (3 μg/ml, ABIC, Fairfield, 
NJ). For the heterokaryon assay HeLa cells were transiently 
transfected with either of GFP-NOL7-SP1, GFP-NOL7-SP2 
or Raver-1-YFP28 plasmids. Similar number of HeLa cells after 

domain with other nucleolar proteins. Indeed, when the full 
NoLS sequence was fused to eGFP or a nuclear YFP protein, 
predominant localization in the GC was detected. However, 
FRAP analysis showed that the high specificity of localization 
did not also mediate the protein-protein interactions required for 
the high residency times of the full-sized protein. Replacement 
of the NOL7 C-terminal NoLS with the GC protein p14/ARF 
C-terminal localization sequence did not contribute to prolonged 
residence times. The addition of the p14/ARF NoLS to NOL7 
could change the folding of NOL7 and thereby affect its natural 
binding, or it could mean that the specific nucleolar residency of 
NOL7 can be obtained only through the complete protein struc-
ture. The interaction of NOL7 with the nucleolus could occur 
as part of a protein complex that functions within the nucleolus.

It has been shown for several nucleolar proteins that the func-
tional portions of the protein can be distinct from the nucleolar 
localizing motifs.57 The interaction between ARF and mdm2 is 
necessary for the induction of a p53-dependent cell cycle arrest 
by ARF. The binding between mdm2 and ARF causes a confor-
mational change in mdm2 that reveals a cryptic NoLS direct-
ing the complex to the nucleolus.21,58 The NoLS of nucleostemin 
mediates nucleolar targeting of the protein, but not the long resi-
dence times.59,60 The La protein (47 kD) can bind RNA through 
its RRM domain, but mutants lacking RRM2 were localized 
to the nucleolus through a 32 aa NoLS containing several R/K 
stretches.61 Finally, exchanging the NoLS on fibrillarin (DFC) 
with the NoLS of B23 (GC) causes the mis-localization of fibril-
larin and its binding partner Nop56 to the GC region of the 
nucleolus.62

A common theme emerges from these examples. Thousands 
of proteins are known to pass through the nucleolus, many of 
them transiently passing by, and a minority staying around for a 
time period that is significant for functional activity. The cell has 
devised an amino-acid based coding mechanism for the specific 
targeting of proteins to sub-cellular compartments. Nevertheless, 
in the case of the nucleolus, initial targeting is merely one step—
only synergistic interactions with other portions of the targeted 
protein will determine the full function and residency time. This 
might be regarded as a fail-safe mechanism ensuring that dif-
ferent levels of interactions and residency times of the mass of 
proteins or complexes traveling through or associating with the 
nucleolus and its variety of machineries and functions, are cor-
rectly maintained.

Materials and Methods

Plasmids. NOL7 cDNAs were amplified and cloned into peGFP-
C1 or RFP-C1 (Clontech) using a high fidelity Taq polymerase 
(Fermentas) and the following primers: Sense primer ATA CTC 
GAG CCA TGG TGC AGC TCC GAC CGC GAG and anti-
sense: SP1-ATA GAA TTC GAT CTA TGA ATG ATT TAT 
TAG; SP2-ATA GAA TTC TCA CTT TAA GCA TCC ACT 
ACA; SP3-ATA GAA TTC ACT GTC AGA GGC AAT CTT 
GGT.

Intron 4 retention verification in SP2 was performed using a 
sense primer CAT CAA GAA ATC GCC AGG located in exon 
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For SP2 the immunizing peptide was KVKEGMTILI against 
the very C-terminus of SP2 that diverges from SP1. Antibodies 
were affinity purified on an anti-peptide column. Mouse anti-
GFP (Roche) was used for fusion protein detection. SDS-PAGE 
and western blotting were performed as previously described in 
reference 66. Secondary antibodies: HRP-conjugated goat anti-
mouse or anti-rabbit IgG (Sigma). Immunoreactive bands were 
detected by ECL (Pierce).

siRNA. siRNA specific for NOL7 and negative control were 
purchased from Invitrogen. The siRNA sequence CCA GGA 
AAG GUG AAA GAA GUU AAU U against the coding region 
of NOL7, and a negative control siRNA sequence were intro-
duced into U2OS cells using Lipofectamine 2000 following 
the manufacturer’s instructions. Forty-eight hours after trans-
fection, a second pulse of siRNA was transfected. Cells were 
immunostained for NOL7, fibrillarin, Nopp140, B23, C23 and 
UBF after a total of 72 hrs. We verified that Lipofectamine 
itself did not have any effects on NOL7 expression. In experi-
ments using fluorescently labeled siRNAs, the siRNAs were first 
labeled with Cy5 using the Label IT nucleic acid labeling kit 
(Mirus, Madison, WI). The fluorescent tag does not interfere 
with the RNAi process. Cellular growth rates were measured by 
counting cells after the same number of U2OS cells were seeded 
and transfected with siRNA to NOL7 or with Lipofectamin 
only, for 72 hours (two independent experiments, n = 3 each). 
Nucleoli counting was performed on 6 different coverslips (n = 
120 cells from each group). For imaging of nucleolar fusions, 
NOL7 siRNA-treated (48 hrs) GFP-fibrillarin expressing cells 
were imaged for 14 hrs. Movies from NOL7 siRNA-treated 
cells showed nucleolar fusions in most of the cells, while in cells 
treated with a scrambled siRNA no fusions were detected. After 
time-lapse imaging the plates were subjected to immunofluores-
cence with an anti-NOL7 Ab, and NOL7 knockdown was veri-
fied. For the rescue experiments, cells were treated with siRNA 
to NOL7 for 48 hrs and then transfected with different con-
structs in order to examine rescue of the knockdown nucleo-
lar phenotype. These cells were stained with anti-fibrillarin to 
examine nucleolar structure.

For the MTT assay—a colorimetric assay that measures cell 
viability, U2OS cells were plated in triplicate in 24 well plates at 
a concentration of 1 x 105 cells per well. After 24 hrs cells were 
transfected with NOL7 siRNA or scrambled siRNA for nega-
tive control using Lipofectamine 2000. After 72 hrs of culture, 
cell proliferation was tested using a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay. 600 μl of 5  
mg/ml of MTT (Sigma) solution was added per well. After  
3 hrs of incubation at 37°C, 400 μl of dissolving solution colored 
crystals of formazan were added and the plate was incubated for 
an additional 6 hrs at 37°C. The plate was read on a multi-well 
scanning spectrophotometer (ELISA reader) at 570 nm.

Fluorescence-activated cell sorting (FACS) analysis. Cells were 
trypsinized and fixed with 70% ethanol (4°C, overnight). After 
fixation, cells were centrifuged for 4 min at 200 g and incubated 
for 30 min at 4°C in 1 ml of PBS, centrifuged and resuspended in 
PBS containing 5 mg/ml propidium iodide and 50 μg/ml RNase 
A for 20 min at room temperature (25°C). Fluorescence intensity 

transfection were mixed with untransfected NIH3T3 cells and 
seeded onto coverslips. After overnight incubation, medium 
was removed and cells were incubated for 1 hr in the presence 
of 100 μg/ml cycloheximide and fused with 50% polyethylene 
glycol (PEG 3350; Sigma) for 2 min, washed twice with PBS, 
and returned to medium supplemented with 100 μg/ml cyclo-
heximide for another 4 hrs incubation. Cells were fixed with 4% 
paraformaldehyde (PFA).

Immunofluorescence and FISH. Immunofluorescence was 
performed as previously described in reference 27. Cells were 
fixed in 4% PFA for 20 min. Primary antibodies: mouse-anti-
Gar1,27 rabbit anti-Nopp140,64 rabbit anti-fibrillarin, mouse anti-
B23, rabbit anti-C23 (Abcam), mouse anti-PSF (Sigma), mouse 
anti-UBF, mouse anti-NOL7 (Abnova). Secondary antibodies: 
anti-mouse Alexa488, anti-rabbit Alexa594 (Molecular probes), 
anti-mouse Cy3, anti-rabbit Cy5 (Jackson ImmunoResearch, 
West Grove, PA). DNA was stained with Hoechst (1 μg/ml, 
Sigma). Coverslips were mounted in mounting medium. RNA 
fluorescence in situ hybridization was performed as previously 
described in reference 65, and followed by immunofluorescence. 
Probes used have been described in reference 27.

Fluorescence microscopy, live-cell imaging and data analysis. 
Wide-field fluorescence images were obtained using the CellR sys-
tem based on an Olympus IX81 fully motorized inverted micro-
scope (60X PlanApo objective, 1.42 NA) fitted with an Orca-AG 
CCD camera (Hamamatsu), rapid wavelength switching, active 
focus control (ZDC), and driven by the CellR software. For time-
lapse imaging cells were plated on glass-bottomed tissue culture 
plates (MatTek, Ashland, MA) in medium containing 10% FCS 
at 37°C. The microscope is equipped with an on-scope incuba-
tor which includes temperature and CO

2
 control (Life Imaging 

Services, Reinach, Switzerland). For long-term imaging of cells 
during mitosis, several cell positions were chosen and recorded 
by a motorized stage (Scan IM, Märzhäuser, Wetzlar-Steindorf, 
Germany). Each position was imaged in a number of Z planes 
and in preset time points either using the internal Z-motor or a 
Z-piezo stage insert (Prior). For presentation of the movies, the 
4D image sequences were transformed into a time sequence using 
the CellR software.

FRAP and FLIP. For FRAP and FLIP, cells were main-
tained in Leibovitz’s L-15 phenol red-free (Gibco) contain-
ing 10% FCS at 37°C. FRAP and FLIP image sequences were 
obtained on a Zeiss LSM 510 META inverted scanning con-
focal microscope equipped with a heated chamber and objec-
tive heater, and a Plan-Apochromat 63X, 1.4 NA oil objective 
(Jena, Germany). Cells were scanned using a 488 laser. FRAP 
data were normalized and calculated as described in refer-
ence 27. For FLIP, cells were scanned using a 488 laser. FLIP 
data were normalized and calculated as described in reference 
29. The FRAP data were fit using MatLab and a best fit was 
found using a two exponent equation: This kind of kinetics 
can be simplified and presented as a two exponent equation:  
	 f(t) = a x exp(-b x t) + c x exp(-d x t) + e

Western blotting. Peptide specific antibodies were pro-
duced in rabbits (Adar-Biotech, Ness Ziyona, Israel). For SP1 
the immunizing peptide was ANKRLPVKRAAVQF (exon 7). 
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was analyzed using a BD Biosciences flow cytometer. Experiments 
were repeated 3 times for 24, 48, 72 and 96 hr time points.
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