























Nucleic Acids Research, 2013, Vol. 41, No. 10 5259

Figure 5. The TAM domain mediates nuclear matrix association and nucleolar targeting. (A) Immunofluorescence experiments show the sub-nuclear
localization of the TAM domain fused to either wild-type or mutated versions of the first two AT-hooks. The GFP-tagged proteins were stained with
a rabbit polyclonal GFP antibody, the nucleoli with a mouse monoclonal B23 antibody and the nuclear DNA with DAPI. Bars indicate 5mm. (B)
Immunofluorescence detection of the association of Tip5 proteins with the nuclear matrix. HeLa cells were transfected with GFP or the indicated
GFP-Tip5 protein-encoding plasmid DNA for 48 h; nuclear matrices were prepared in situ and analyzed by immunofluorescence. The names of the
peptides are shown on the left. Lamin A/C served as control for nuclear matrix preparations. Bars indicate 5mm. (C) Immunoblot and Coomassie gel
pictures of nuclear matrix preparations. HEK293 cells were transfected with GFP or the indicated GFP-Tip5 protein-encoding plasmid DNA for
72h, and nuclear matrices were prepared. CP, CHR, 2M and NM indicate cytoplasmic, soluble chromatin, high-salt wash and nuclear matrix
fractions, respectively. Core histones and lamin A/C served as controls for the CHR/2M and NM fractions, respectively.

chromatin and entered only to lesser extent the nucleolus,
with higher protein levels detected in the nucleoplasma
(Figure 5A). Interestingly, nuclear matrix analyses of
fixed cells (Figure 5B) and cellular fractions (Figure 5C)
revealed that the TAM domain is necessary and sufficient
to mediate the association of the GFP-TAM-AT proteins
with the nuclear matrix.

Even though the nucleolar matrix targeting domain
could be assigned to the TAM domain, the sequestering
of the rDNA to the nuclear matrix fraction requires a
functional Tip5 molecule. DNA quantification after
expressing similar levels of the double AT and TAM-AT
hook constructs did not exhibit an increase of rDNA in
the matrix, as shown for the Tip5 protein, showing
that the TAM domain is required for nucleolar matrix
targeting; however, additional DNA-binding domains in

Tip5 are required for rDNA binding (Supplementary
Figure S5).

DISCUSSION
Targeting rRNA genes to the nuclear matrix

rRNA gene repression either by serum starvation or Tip5
overexpression results in a significant enrichment of
rDNA in the nuclear matrix. The chromatin remodeling
complex NoRC is a key factor required for repression of
the gene by repositioning the promoter bound nucleosome
and initiates heterochromatin formation by its interaction
with HDACs and Dnmts (10,12,14). Here, we show that
NoRC regulates higher-order rDNA chromatin organiza-
tion, in that it is part of the nuclear matrix and induces the
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recruitment of rDNA to the matrix. Our results suggest
that in addition to its well-defined role in regulating local
chromatin structures at the rDNA promoter, NoRC is
involved also in large-scale chromatin domain organiza-
tion of the rDNA locus.

The association of mammalian rDNA with the nuclear
matrix was shown earlier by several independent labora-
tories. Genome-scale biochemical (8) and cell biology ex-
periments (9) unambiguously demonstrated the specific
enrichment of rDNA in the nuclear matrix. However,
neither the transcriptional activity of the nuclear matrix-
associated rDNA nor the sequences within the rDNA
repeat unit, which mediate the association with the
nuclear matrix, were identified in these studies.
Regarding these questions, seemingly contradictory
models were proposed: Keppel suggested that the entire
rDNA repeat unit is associated with the nuclear matrix
(34), whereas others found that the coding sequence
itself (35) or non-transcribed regions flanking the 47S
rRNA coding sequence are predominantly enriched in
the nuclear or nucleolar matrix (36-38). With regard to
the transcriptional activity of nuclear matrix-associated
DNA, it was suggested on one side that active rDNA 1is
associated with the nuclear matrix (34,36), and on the
other side that the nuclear matrix contains transcription-
ally inactive rDNA (38), which could also represent se-
quences that are being replicated (39). These
discrepancies can be explained largely by differently used
terminology and differences in the experimental proced-
ures. The nuclear matrix (6), nuclear scaffold (40) and
nuclear skeleton (41) are operational definitions, which
are based on biochemical fractionation approaches. The
experimental procedures include different endonuclease
digestions followed by high-salt or low-salt extractions,
or the fractionation is carried out at physiological salt
concentration. Remarkably, the concentration of DNase
I and the incubation time of the endonuclease digestion
vary frequently between the protocols of different
laboratories, which may affect the observed association
of the rDNA with the nuclear matrix as shown in an
initial study (8). The addition of nucleolus isolation
steps to the nuclear matrix isolation procedure in particu-
lar studies (37,38) further complicates the comparability of
the published data about the nuclear matrix association of
rDNA. Here, we prepared the nuclear matrix by applying
extensive DNase I digestion and high-salt extractions es-
sentially as described in former publications (6,23,24) and
named the last insoluble fraction as nuclear matrix, ac-
cording to the nomenclature of the initial publication
(6). It is important to note here that this nuclear matrix
does not represent an identifiable sub-nuclear structure
(42,43). However, its protein content largely overlaps
with that of the nucleoskeleton, a well-defined, intermedi-
ate filament-based protein network of the nucleus (44).
Moreover, the DNA content of the nuclear matrix repre-
sents a fraction of the genome, which is resistant to exten-
sive DNase I digestion, and specific sequences that are
enriched in this fraction possess gene regulatory functions
(7,45). As active, open chromatin structures are highly
accessible to nucleases (46) and active rDNA is
largely nucleosome-depleted (47), we suppose that

predominantly inactive rDNA repeats are associated
with the nuclear matrix. Our results suggest that the
entire TDNA repeat can be associated with the nuclear
matrix. The relatively moderate effects on the rDNA
IGS MAR indicate that this region was probably
associated with the nuclear matrix already before the
serum starvation; thus, it could represent a nucleation
site for the association.

Tip5 is a nuclear matrix-associated protein and targets
rDNA to the nuclear matrix

In addition to DNase I inaccessible genomic regions, the
nuclear matrix consists of various proteins and RNA mol-
ecules. In this study, we demonstrated that the large pro-
portion of the protein resides in the nuclear matrix
fraction, and thus identified Tip5 as a nuclear matrix-
associated protein. Next, the role of RNA in mediating
the association of Tip5 with chromatin was investigated in
the nuclear matrix assay. The finding that chromatin-
associated Tip5 was sensitive to RNaseA treatment
suggests co-existence of two functionally different Tip5
populations in the cell. It is tempting to speculate
whether the binding of Tip5 to this mobile chromatin
fraction is mediated by the regulatory pRNA, which is
transcribed from the rDNA promoter (22), and/or by
other RNA species. Tip5, the large, regulatory subunit
of the NoRC complex, is a key regulator of rDNA repres-
sion (1). Our data on Tip5-dependent nuclear matrix tar-
geting of rDNA indicate that besides its other functions,
Tip5 also regulates the DNase I accessibility of rDNA in
the nucleus, i.e. nucleolar topology. To our surprise, not
only the IGS MAR, but also the Tip5-binding site at the
promoter, further a 28S rRNA coding region, where no
Tip5 binding occurs, were enriched in the nuclear matrix
fraction after overexpression of Tip5. This suggests that in
addition to a possible direct nuclear matrix targeting,
NoRC-mediated silencing also augments the association
of rDNA with the nuclear matrix. We propose a model in
which Tip5 plays a key role in recruiting the rDNA to the
nuclear matrix and NoRC-mediated heterochromatin for-
mation and chromatin compaction leads to limited DNase
I accessibility and the accumulation of large rDNA chro-
matin domains in the nuclear matrix. Taken together, our
results provide insights into the activity-dependent large-
scale organization of nucleolar rDNA chromatin and
reveal a novel function of Tip5 in this process.

A role for TAM and AT-hook domains in nucleolar
targeting and association of Tip5 with the nuclear matrix

Tip5 contains the TAM domain and four minor groove
binder AT-hooks, which are supposed to bind MARs and
mediate nuclear matrix association (18). To identify Tip5’s
protein domain, which shows the highest affinity to a
MAR and could thus mediate association with the
nuclear matrix, the DNA-binding features of the AT-
hooks were investigated in gel retardation and microscale
thermophoresis experiments. It was already shown that
the TAM domain binds considerably less efficiently to
DNA than the AT-hooks (15). Similar DNA-binding
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affinities were detected for three AT-hooks, whereas one
of them bound less efficiently to all three DNA fragments
tested. In summary, the comparison of experimentally
observed DNA-binding activities of the AT-hooks
showed the following order: ATl <AT2 ~ AT3 ~ AT4
<HMGAI in contrast to the expected ATI ~ AT3 <
AT2 < AT4 ~ HMGA1, which is based on the classifica-
tion described previously (18). Quantification of the
DNA-binding efficiencies also revealed that the combin-
ation of the first two AT-hooks bound most efficiently to
DNA. Thus, this double AT-hook domain along with its
mutant was tested for nuclear matrix-binding activity. To
our surprise, the result was negative and, therefore, this
domain and its mutant were extended with the TAM
domain and tested again for nuclear matrix-binding
activity. The results revealed that the TAM domain is a
nuclear matrix targeting domain, which is in agreement
with its proposed role (18). In addition, both the TAM
domain and the double AT-hook domain of Tip5 were
identified as nucleolar targeting sequences. Finally, the
targeting of rDNA to the nuclear matrix by these Tip5
domains was investigated, where we could not detect sig-
nificant changes in the matrix association of rDNA on
overexpression of the different proteins. This result indi-
cates that additional parts of Tip5 are required for the
specific enrichment of rDNA in the nuclear matrix. We
speculate that overexpression of these domains could
result in genome-wide MAR binding, which prevents de-
tectable rDNA-specific targeting effects. In contrast,
overexpression of the full-length Tip5 clearly showed
such an effect. In summary, our findings suggest a dual
role for Tip5’s double AT-hook and TAM domain, tar-
geting the nucleolus and anchoring to the nuclear matrix,
and a function for Tip5 in regulating large-scale rDNA
chromatin organization.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures 1-5.
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