








To analyze whether NuSAP was up-regulated in re-
sponse to activated c-Myc, we performed quantitative real-
time PCR (QPCR) using the epidermis of transgenic mice in
which an inducible construct of c-Myc (MycER) is expressed
(Arnold and Watt, 2001). In these transgenic mice, c-Myc
can be activated by topical application of 4-hydroxytamoxi-
fen (4-OHT). RNA expression of both Misu and NuSAP was
increased when c-Myc was activated for 6 or 12 d with
4-OHT compared with wild-type littermates (Fig. 9, M and N).
We identified five putative Myc-binding sites in the promoter
region of NuSAP using the transcription element search sys-
tem (Schug, 2008), suggesting that NuSAP may be a direct
transcriptional target of c-Myc and thus contribute to c-Myc—
driven proliferation.

To test whether c-Myc binds the promoter of NuSAP, we
performed chromatin IP (ChIP) using the back skin of wild-
type and MycER transgenic mice (Fig. 9 L). QPCR demon-
strated that the NuSAP promoter was ~30-fold enriched in
cells derived from transgenic mice compared with wild-type
mice in two independent biological replicates (Fig. 9 L,
NuSAP). We confirmed that the nucleolin promoter, a well-known
Myc target gene, was enriched in c-Myc binding (Fig. 9 L;
Greasley et al., 2000) and that a genomic sequence 7 kb down-
stream of the nucleolin promoter was not bound (Fig. 9 L, con-

Figure 8. The function of Misu at the spindle
is independent from its methyliransferase
activity. (A) Western blot showing similar pro-
tein levels of wild-type Misu (mouse and human)
as well as mutant constructs C271A, C321A,
D268A, and K190M after purification. Lysates
from uninfected cells served as negative con-
trol. The asterisk marks a shift in molecular
mass in C271A. (B) Human Misu but none of
the mutant constructs methylate tRNA in vitro.
(C) Western blot showing Misu expression in
Scr or Misu RNAi cells coinfected with empty
vector control (pB-Empty) or rescue constructs
pB-MisuR, pBKI9OMR, and pB-D268AR.
(D) Quantification of mitotic defects (abnormal
spindle) in Misu RNAI cells coinfected with
pB-Empty or rescue constructs. Note that all RNA-
resistant constructs rescue defects in spindle
morphology (normal mitosis) in the presence
of Misu RNAi. Abnormal spindle structure, mis-
aligned chromosomes, or multipolar spindles
(Fig. 3) are grouped as abnormal mitosis.
(E) Immunofluorescence for tubulin (red) and
DAPI (blue) of cells quantified in D. Error bars
indicate mean = SD. Bar, 10 pm.

trol). Because Myc binds to the NuSAP promoter and drives
NuSAP expression, we conclude that NuSAP is a novel tran-
scriptional target gene of c-Myc.

Discussion

In this study, we provide evidence that Misu has a dual role in
mammalian cells. In interphase of the cell cycle, Misu functions
as a nucleolar RNA methyltransferase to ensure translation effi-
ciency (Agris, 1996, 2004; Grosjean, 2005; Frye and Watt, 2006).
During cell divisions, Misu and its bound RNA are required for
proper spindle formation and integrity. The concept that protein
complexes and their bound RNA molecules not only localize to
the spindle but also play an essential role in mitotic microtubule
assembly was first shown using Xenopus egg extracts (Blower
et al., 2005). In Drosophila melanogaster, two RNA-associated
proteins have been identified to be essential for mitotic spindle
assembly: Hel25E (an RNA helicase) and Hrb27 (a RNP;
Goshima et al., 2007). In yeast, the nucleolar protein Rrp14p as-
sociates with preribosomes and plays a role in correct positioning
of the spindle during mitosis (Oeffinger et al., 2007). Collectively,
these data indicate a complex yet evolutionary conserved role
for RNAs and their protein-binding partners in regulating the bal-
ance between microtubule assembly and spindle organization.
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Figure 9. Interaction of Misu and NuSAP is required
for localization of NuSAP to the spindle and identifica-
tion of NuSAP as direct target gene of c-Myc. (A-C) In
metaphase of control cells (Scr RNAI), NuSAP (green)
colocalizes with a-tubulin (red) to the spindle (arrow-
heads) and spindle poles (arrows). (right] NuSAP
staining at the spindle but not spindle poles is lost
in Misu RNAI cells. (D-F) Colocalization of NuSAP
with NPM1 at the nucleoli (arrows) is not affected in
Misu RNAI cells. DNA is counterstained with DAPI
(blue). (G and H) Quantification of A-F. (I) Western
blot showing protein levels of NuSAP and Misu in
Scr RNAi and Misu RNAI cells synchronized in
M phase of the cell cycle. Actin served as loading con-
trol. (J and K) Reciprocal co-IP of Misu and NuSAP in
HCC1954 cells. (J) NuSAP but not importin-a or -8
co-IP with Misu. Preimmunoserum served as negative
control (control). WB, Western blot. Arrows mark the
size of the indicated proteins. (L) ChIP for NuSAP and
nucleolin (NCL) promoters using Myc antibody in epi-
dermis of transgenic (TG) and wild-type (WT) mice.
Nucleolin promoters served as positive control, and
genomic DNA downstream of the nucleolin promoter
served as negative control. Values are normalized to
whole cell lysates. (M and N) RNA levels of Misu (M)
and NuSAP (N) are elevated in epidermis of Myc-
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Our observation that depletion of Misu has multiple
adverse effects on spindle integrity is consistent with our finding
that Misu localizes to spindle poles and fibers. Some of the pheno-
types resulting from Misu depletion, such as unstructured
spindle fibers and misaligned metaphase chromosomes, were
strikingly similar to those observed in response to RNaseA treat-
ment. The localization of Misu at the spindle was dependent on
the presence of RNA, indicating that a protein—-RNA complex
containing Misu and 18S rRNA contributes toward maintenance
of mitotic spindle integrity. Misu might have additional roles

during mitosis independent of RNA, as Misu localization to the
spindle poles was not dependent on the presence of RNA.

In Xenopus, spindle-associated RNA is part of large RNP
complexes. These complexes include Rael and several mRNA-
associated proteins that have been implicated in various steps of
mRNA biogenesis (Blower et al., 2005). Consequently, even
certain conserved mRNA species associate with mitotic micro-
tubules (Blower et al., 2007). Indeed, translation of mRNAs,
encoding for proteins with functions in spindle assembly and
chromosome segregation, occurs at the spindle and is essential



for proper meiotic division in Xenopus oocytes (Eliscovich et al.,
2008). Although these data implied a translational role of Misu
at the spindle, active translation was not required for the localiza-
tion of Misu or 18S rRNA to mitotic microtubules. In addition,
the methyltransferase activity of Misu was not required for its
role in regulating spindle stability. Our results are consistent with
a previously proposed translation-independent role of micro-
tubule-associated RNAs in spindle assembly (Blower et al., 2005).
Our data are further supported by the finding that phosphoryla-
tion of Misu by aurora B kinase leads to inhibition of its methyl-
transferase activity during mitosis (Sakita-Suto et al., 2007). Our
data would predict a model in which aurora B kinase phosphory-
lates Misu, thereby regulating the function of Misu and its RNA-
binding partner, 18S rRNA, on mitotic spindle assembly.

To understand how Misu mechanistically regulates spindle
stability, we considered the possibility that Misu might interact
with spindle assembly factors. One important pathway to form a
spindle in mitosis involves the small nuclear GTPase Ran (Clarke
and Zhang, 2008). The generation of Ran-GTP at chromosomes
provides a spatial signal that directs microtubule reorganization
through the release of spindle assembly factors from the inhibi-
tory complexes with importins (Clarke and Zhang, 2008). One
mitotic Ran-GTP target is NuSAP, an essential microtubule-
stabilizing and -bundling protein (Raemaekers et al., 2003;
Ribbeck et al., 20006).

Two possible explanations exist for the failure of NuSAP
to localize to spindle fibers in Misu-depleted cells. Misu could
be directly required for the binding of NuSAP to microtubules,
or Misu may be required to actively relocate NuSAP to micro-
tubules from the nucleoli at the onset of mitosis when the nucle-
olar architecture breaks down. Because NuSAP can bind directly
to microtubules (Raemaekers et al., 2003; Ribbeck et al., 2006)
and removal of Misu from the spindle via RNase did not affect
the localization of NuSAP (Fig. S5, N and O), it is highly
unlikely that Misu is required for the physical interaction of
NuSAP with microtubules. Instead, we propose a model in which
a Misu—-NuSAP complex is required to relocate from the nucle-
olus to the spindle at the onset of mitosis.

Sequestering NuSAP and Misu in the nucleolus in inter-
phase cells may provide a mechanism to prevent inappropriate
activation of factors involved in regulating mitosis. It may be
possible that phosphorylation of Misu by the aurora B kinase at
the onset of mitosis acts as a signal for release and translocation
of the Misu—NuSAP complex from the nucleolus to the spindle.
This hypothesis is supported by the fact that phosphorylation of
Misu by aurora B also causes Misu to dissociate from the nucle-
olar protein NPM1 (Sakita-Suto et al., 2007).

Although the localization of Misu to the spindle is strictly
dependent on the presence of RNA, the localization of NuSAP
at mitotic microtubules is not affected by RNase treatment (Fig. 6,
F and G; and Fig. S5, N and O). Therefore, it is likely that
NuSAP and Misu interact with the spindle via distinct mechanisms.
Misu/Nsun2 is phosphorylated on multiple sites during mitosis
(Dephoure et al., 2008), and many kinases are known to be
localized at the spindle (Schmit and Ahmad, 2007; Dephoure
et al., 2008; Taylor and Peters, 2008). Thus, it might be possible
that phosphorylation of Misu at mitotic microtubules causes it

to dissociate from NuSAP. Further investigation into the phos-
phorylation of Misu during mitosis should lead to a better
understanding of its roles in cell division.

It is very likely that the observed spindle assembly defects
in response to Misu RNAI are at least in part caused by the lack
of NuSAP at the spindle. Several aspects of mitotic spindle for-
mation are impaired when NuSAP is depleted, including the for-
mation of stable mitotic spindles and chromosome segregation
(Raemaekers et al., 2003). In addition to their function at the
spindle, Misu and NuSAP share expression and cellular localiza-
tion patterns. Expression of both proteins is restricted to prolifer-
ating cells, and to the best of our knowledge, NuSAP and Misu
are the only two nonribosomal proteins identified so far to local-
ize to both the nucleoli and mitotic spindle fibers (Raemaekers
et al., 2003; Frye and Watt, 2006). The finding that both genes are
direct target genes of c-Myc suggests that c-Myc can enable pro-
liferation by up-regulating factors that stabilize mitotic micro-
tubules in fast-dividing cells such as cancer cells.

Materials and methods

Cell culture

HCC1954 cells were cultured in DME (Invitrogen) supplemented with 10%
FCS and Cal51, BT20, MT3, PMC42, and T47D cells in RPMI (Invitrogen)
supplemented with 10% FCS in a humidified atmosphere at 37°C and 5%
CO,. T47D cells were also supplemented with 5 pg/ml insulin.

RNAi knockdown and retroviral infection

Cells were infected with the retroviral vector pRS. The oligonucleotide that
gave optimal knockdown of Misu was RNAi, 5-GAGATCCTCTTCTAT-
GATC-3’ (Frye and Watt, 2006). The Misu RNAi oligonucleotide was used
in all experiments along with an Scr construct, 5-GTACTGCTTACGATAC-
GGA-3". For RNAI rescue experiments, two silent mutations were intro-
duced in the RNAI target sequence of wildtype Misu and K190M and
D268A mutant constructs using the site-directed mutagenesis kit (Agilent
Technologies). These constructs were retrovirally infected using pBabe
(pB-MisuR, pB-K190M-R, and pB-D268AR). The primers used for mutagen-
esis were (forward) 5-GGCAGGAAAGAGATCCTaTTITATGATCGAATTT-
TATGT-3' and (reverse) 5'-ACATAAAATTCGATCATAcAAIAGGATCTCTTTC-
CTGCC-3'. Lowercase letters refer to mutated residues. For HCC1954
infection, the constructs were transfected by calcium phosphate precipita-
tion into Phoenix-E retrovirus-producer cells. After 2 d, the supernatant of
Phoenix-E cells was transferred onto retrovirus-packaging AM12 cells for
2 d. Mitomycin-treated AM12 cells were cocultured with HCC1954 cells
in a ratio of 1:4 for 24 h and selected with puromycin for 2 d. After 3 d,
the HCC1954 cells outgrow the AM12, and the culture consists of
95-100% HCC1954 cells. Infected HCC1954 cells were used for experi-
ments either immediately or after one cell passage. For RNAi rescue exper-
iments, coinfections were performed by initially generating individual
AMI12 lines that express either the pRS knockdown or pBabe rescue
constructs. HCC1954 cells were coinfected by coculturing them with the
appropriate AM12 cells at a 1:1:6 ratio of pRS knockdown AM12/pBabe
rescue AM12/HCC1954.

siRNA knockdown and cell synchronization

HCC1954 and Cal51 cells were synchronized in G1 phase of the cell
cycle using serum starvation for a period of 72 h. To synchronize cells in
M phase, cells were treated with 10 mM thymidine (Sigma-Aldrich) for 15 h
followed by a 9-h release. A second 10-mM thymidine block was per-
formed for a further 15 h followed by a 5-h release. Cells were arrested in
M phase using 40 ng/ml nocodazole (Sigma-Aldrich) for 8 h. Microtubule
assembly was allowed to proceed by culturing cells in drug-free medium
for 45 min, at which point cells were harvested or fixed for further analysis.
In some experiments, within the first 2 h of the 9-h release period after the
first thymidine block, cells were transfected with control or Misu siRNA
(QIAGEN) using HiPerFect transfection reagent (QIAGEN) according to
the manufacturer’s instructions. The Misu siRNA consisted of the sequence
5'-CACGTGTTCACTAAACCCTAT-3'. As negative control, the AllStars neg-
ative control siRNA (QIAGEN) was used.
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Immunofluorescence staining and image acquisition

Cells were fixed and permeabilized in methanol for 10 min at —20°C
and blocked with 5% FCS in PBS before antibody incubations. Alterna-
tively, cells were preextracted with 0.1% Triton X-100 in microtubule sta-
bilization PHEM buffer (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, and
T mM MgCl,, pH 6.9) for 2 min before fixation with 4% paraformalde-
hyde in PBS and subsequent blocking with 5% FCS in PBS. Cells were in-
cubated with primary antibody in blocking buffer. EF-1 and EF-2 rabbit
polyclonal anti-Misu antibodies were used in this study (Frye and Waitt,
2006). Other antibodies used were NPM1 (FC82291; Sigma-Aldrich),
artubulin (DM1A; Sigma-Aldrich), importin-a (anti-Kpna2; EMD), importin-8
(anti-Kpnp1; EMD), and phospho-yH2A.X (Millipore). Antibodies to TPX2,
TACC3, and aurora A were provided by F. Gergely (Cancer Research
UK, Cambridge, England, UK), and the antibodies for NuSAP were pro-
vided by G. Carmeliet (Katholieke Universiteit Leuven, Leuven, Belgium).
Cells were incubated with appropriate fluorophore-conjugated secondary
antibodies (Alexa Fluor 488, -532, and -568), and slides were mounted
in Vectashield (Vector Laboratories). Images were obtained using a con-
focal microscope (SP5; Leica) with a HCX Plan Apo 63x 1.4 numerical
aperture objective lens (Leica) at room temperature using oil immersion as
imaging medium. Leica Application Suite Advanced Fluorescence acqui-
sition software was used.

In some cases, cells were treated with 50 pg/ml puromycin for 45 min
before methanol fixation to inhibit protein translation. For quantification of
adverse effects of Misu RNAi and siRNA constructs, transduced HCC1954
cells were stained for a-tubulin and DAPI (see previous paragraph). Data
were pooled from two independent experiments, and 200 mitotic cells
were scored in total. 100 interphase cells were scored on the basis of how
many nuclei they contained. Only cells that contained at least three nuclei
were scored as polynucleated.

Fluorescent visualization of 185 rRNA

To visualize the cellular localization of 18S rRNA, a 50-nucleotide Alexa
Fluor 488 fluorophore-labeled antisense DNA probe was designed. The
probe consisted of the sequence 5-CACCCGTGGTCACCATGGTAGGC-
ACGGCGACTACCATCGAAAGTTGATAG-3' and was synthesized and
labeled by Invitrogen. Cells were fixed in methanol as described in the
previous section. After methanol fixation, cells were incubated for 16-20 h
in the dark at 4°C with 1 pM Alexa Fluor 488-18S rRNA probe in PBS.
Cells were washed extensively in PBS, and slides were mounted in Vecta-
shield. In some experiments, the 185 rRNA antisense probe was allowed
to anneal to an exact complementary sense oligonucleotide before cell
stainings by heating a 1:5 ratio of antisense probe/sense oligo mixture to
95°C and allowing the mixture to cool gradually to room temperature. In
some experiments, mouse monoclonal a-tubulin antibody was coincubated
with Alexa Fluor 488-18S rRNA probe followed by secondary antibody
detection of a-tubulin antibody.

RNaseA treatments

RNaseA (Sigma-Aldrich) was boiled for 10 min to remove any DNase
impurity and frozen in aliquots. RNaseA was used at a final concentration of
100 pg/ml in PBS. For immunofluorescence staining experiments, RNaseA
was added to cells in between the preextraction and fixation steps (see
Immunofluorescence staining and image aquisition) for a period of 15 min,
or otherwise, cells were treated with PBS.

Co-IP and Western blotting

HCC1954 cells were lysed in lysis buffer (1% NP-40, 200 mM NaCl, 25 mM
Tris-HCI, pH 8, 1 mM DTT, and protease inhibitor cocktail) for 30 min on
ice. lysates were cleared by centrifugation at 13,000 rpm and divided
equally between each IP reaction. For each IP, 0.5 ml lysate was diluted
1:10 in IP buffer (200 mM NaCl, 25 mM TrisHCI, pH 8, 1 mM DTT, 10%
glycerol, and protease inhibitor cocktail) with protein A agarose beads and
the appropriate antibody. IPs were incubated for 16 h at 4°C with gentle
mixing. After five 10 ml washes with IP buffer, beads were resuspended in
SDS protein sample buffer, and samples were electrophoresed on a 10%
SDS polyacrylamide gel. Gels were blotted onto polyvinylidene difluoride
membranes, which were incubated in TBSTblocking solution (Tris-buffered
saline, pH 8.8, with 5% marvel milk powder). Blots were incubated with
primary antibodies in blocking solution followed by incubation with the
appropriate HRP-conjugated secondary antibodies. The chemiluminescent
signal was detected using an ECL chemiluminescent kit (GE Healthcare)
according to the manufacturer’s instructions. Alternatively, Western blotting
was performed using the One-Step IP-Western kit (GenScript Corporation)
according to the manufacturer’s instructions.
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Identification of Misu-associated RNAs

To identify RNAs that interact with Misu, IPs were performed as described
in the previous section except that lysis was performed in the presence of
0.5% NP-40 instead of 1% NP-40. Immunoprecipitated agarose beads
were resuspended in SDS sample buffer, and samples were electro-
phoresed on ethidium bromide-stained 1% agarose gels. Some immuno-
precipitated samples were treated with 100 pg/ml RNaseA for 15 min just
before addition of SDS sample buffer. RNA bands were gel purified using
an RNeasy Mini kit (QIAGEN). To confirm the identity of 18S rRNA, RT-PCR
analysis was used. Reverse transcription was performed using Superscript
Il reverse transcription (Invitrogen) with the 5'-ACGGAATCGAGAAAG-
AGCTATCAATCTGTC-3' primer specific for 185 rRNA. 25 cycles of PCR
were performed with Thermococcus kodakaraensis polymerase (EMD) to
amplify a 724-bp region (571-1,294 bp; GenBank accession no. M10098)
of 18S rRNA using the primers (forward) 5-GGCAGCAGGCGCGCAA-
ATTACCCAC-3" and (reverse) 5'-AAGTTTCAGCTTTGCAACCATACTC-3'.
To detect 5S and 5.8S rRNA, RT-PCR was performed either directly on
washed IP samples or on whole cell lysate as a positive control. The primer
used for reverse transcription of 55 rRNA was 5-AAAGCCTACAGCAC-
CCGGTATTCCCAG-3’, and the PCR primers used were (forward) 5'-GTC-
TACGGCCATACCACCCTGAACG-3’ and (reverse) 5'-AAAGCCTACAGC-
ACCCGGTATTCCCAG-3'. The primer used for reverse transcription of
5.8S rRNA was 5'-AAGCGACGCTCAGACAGGCGTAGC-3’, and the PCR
primers used were (forward) 5-CGACTCTTAGCGGTGGATCACTCG-3’
and (reverse) 5-AAGCGACGCTCAGACAGGCGTAGC-3'.

FACS analysis

To quantify apoptosis, the polycaspase fluorochrome inhibitor of caspases
(FLICA) apoptosis detection kit was used as per the manufacturer’s instruc-
tions (Immunochemistry Technologies). FLICA probe, which covalently
binds to activated caspases, was incubated with cells for 1 h, and cells
were washed extensively in wash buffer before FACS analysis was per-
formed on an ADP analyzer (CyAn; Dako). As a positive control, cells were
treated with 500 ng/ml actinomycin D for 4 h before FACS analysis to
induce apoptosis. For quantification of necrosis, cells were stained with
2.5 pg/ml propidium iodide for 15 min before FACS analysis.

Quantification of micronuclei

Nuclei were stained with DAPI, and Image] software (National Institutes of
Health) was used to computationally quantify micronuclei. Random areas
of the slide were tile scanned using an inverted microscope (DMI4000B;
Leica) with an A4 filter and 20x objective, and the images were analyzed
using Image). The images were deblurred by subtraction of a Gaussian
blur (radius of 20 pixels) and thresholded to delineate nuclei. Micronuclei
of <120 pm? were observed, and this size was set as the upper boundary
to delineate micronuclei. Micronuclei with a size as low as 20 pm? were
also typically observed, and to minimize the likelihood of scoring artifac-
tual particles, DAPI-stained material <20 ym? was excluded from the analysis.
6,000 nuclei were scored for each sample.

Protein expression, purification, and in vitro methylation assay
Fulllength human Misu was purchased from OriGene and subcloned into
pFastBac HT vector with 6xHis N-terminal epitope tag. Four mutant con-
structs (D268A, C271A, C321A, and K190M) were generated using the
site-directed mutagenesis kit (QuikChange XL; Agilent Technologies) ac-
cording fo the manufacturer’s instructions using the following primers:
D268A, (forward) 5'-TATGATCGAATTTTATGTGCTGTCCCTTGCAGTGGA-
GAC-3' and (reverse) 5-GTCTCCACTGCAAGGGACAGCACATAAAAT-
TCGATCATA-3'; C271A, (forward) 5'-AATTTTATGTGATGTCCCTGCCAG-
TGGAGACGGCACTATG-3" and (reverse) 5-CATAGTGCCGTCTCCACT-
GGCAGGGACATCACATAAAATT-3'; C321A, (forward) 5'-AAGGATGGT-
GTATTCCACGGCTTCACTAAACCCTAT[GAGB' and (reverse) 5'-CTCAA-
TAGGGTTTAGTGAAGCCGTGGAATACACCATCCTT; and K190M, (for-
ward) 5. TGCAGCACCTGGCTCAATGACCACACAGTTAATTG-3" and
(reverse) 5'-CAATTAACTGTGTGGTCATTGAGCCAGGTGCTGCA-3'.

25 ml of Sf9 insect cells was infected with baculovirus (MOI = 5).
3 d later, cells were centrifuged, and pellets were processed for protein puri-
fication. Cell lysis was performed with 1 ml CytoBuster protein extraction
reagent (EMD). The lysate was diluted to 2 ml with binding buffer (50 mM
sodium phosphate buffer, pH 8.0, 300 mM NaCl, and 20 mM imidazole)
and clarified by centrifugation at full speed for 5 min at 4°C. Supernatants
were purified on His SpinTrap affinity columns (GE Healthcare) following
the manual’s instructions and eluted with 500 mM imidazole. Proteins were
stored at —80°C in 30% glycerol.



Methylation assays were performed using 1 pg of each purified pro-
tein or negative control (purification from uninfected Sf9 cells), 10 pg tRNA
from E. coli(Sigma-Aldrich), and 0.20 yM S-Adenosyl-L-[methyl-*H]methionine
(GE Healthcare). The total reaction volume of 120 pl was buffered with
100 mM MOPS, pH 7.8, 100 mM ammonium acetate, T mM magnesium
acetate, 5 mM DTT, and é U RNasin. Reactions were incubated at 30°C,
and 25 pl of mixture was placed in 1 ml cold 5% TCA at each time point.
Each sample was vacuum filtered though a 25-mm GF/C filter (GE Health-
care) and washed five times with 2 ml 5% TCA and twice with 2 ml 96%
ethanol to eliminate unincorporated radioactivity. Filters were left to dry.
The amount of radiolabel incorporated into RNA was determined by plac-
ing the filters in 5 ml of scintillation fluid and counting in a scintillation
counter (Beckman Coulter).

Transgenic mice and QPCR

All mouse husbandry and experimental procedures were conducted in
compliance with the protocols established by the local ethics committee
under the terms of a UK Home Office license. K14MycER transgenic
mice (2184C.1) received topical applications of 4-OHT (1 mg/0.2 ml
ethanol; 1 mg/mouse/day) to a shaved area of dorsal skin (Arnold and
Watt, 2001).

RNA from transgenic and wild-type littermate controls was isolated
from total skin (epidermis plus dermis). Total RNA was prepared using
Trizol reagent (Invitrogen) according to the manufacturer’s instructions.
Double-stranded cDNA was generated from 1 pg total RNA using an RNA
to cDNA kit (Applied Biosystems) following the manufacturer’s protocols.
PCR amplification was performed in triplicate of each firststrand ¢cDNA
plus primer and probe master mix containing 1 pl cDNA, 5 pl TagMan Fast
Universal PCR Master Mix (2x), No AmpErase UNG, with 0.5 pl TagMan
probes for Misu (Mm00520224_m1), and NuSAP (Mm00505602_m1).
Glyceraldehyde 3-phosphate dehydrogenase control reagent (VIC probe;
Applied Biosystems) was used according to the manufacturer’s instructions.
realtime PCR reactions and analysis were performed with a realtime PCR
system (7900HT; Applied Biosystems). The relative amount of each mRNA
was normalized to the level of glyceraldehyde 3-phosphate dehydroge-
nase in each sample.

ChIP and QPCR

Primary mouse keratinocytes were isolated from 4-OHT-treated dorsal skin
of transgenic and nontransgenic mice. Back skin of six mice each was
pooled and used for one ChIP experiment. The shaved and treated skin
was cut and washed in 10% betadine solution, 70% ethanol, and twice in
PBS. The tissue was trypsinized for 2 h at 37°C. The epidermis was cut into
small pieces, and cell suspensions were filtered through a cell strainer. After
centrifugation, mouse keratinocytes were fixed in 1% formaldehyde for 20 min
at room temperature. Cross-linking was terminated by addition of 2.5 M
glycine for 10 min.

Mouse keratinocytes were incubated for 10 min at 4°C in 10 ml of
lysis buffer 1 (50 mM Hepes-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA,
10% glycerol, 0.5% NP-40, and 0.25% Triton X-100), 10 ml of lysis buffer
2 (200 mM NaCl, 1T mM EDTA, 0.5 mM EGTA, and 10 mM Tris, pH 7.5),
and 5 min at 4°C in 3 ml of lysis buffer 3 (1 mM EDTA, 0.5 mM EGTA,
10 mM Tris-HCI, pH 7.5, 0.1% Na-deoxycholate, and 0.5% N-auroyl sar-
cosine) containing protease inhibitor cocktail tablets (Complete mini EDTA
free; Roche). Cells were sonicated using an automatic sonicator (3000;
Misonix). A first cycle of 12 pulses of 30 s was applied with an output of
30 W followed by a second cycle of four pulses of 30 s under the same
conditions. Cells were kept in an ice water bath during sonication and
cooled for 1 min between pulses. Cell extracts were diluted in a 1:10 vol
of 10% Triton X-100 solution. 50 pl of the supernatant of the whole cell
extract (WCE) material was diluted in 150 pl of elution buffer (50 mM Tris,
pH 8, 1 mM EDTA, and 1% SDS) and stored at —20°C. The remaining
sample was used for IP.

Sonicated fractions were incubated with 100 pl antibody (20 pg c-Myc
antibody; sc-N262) prebound to streptavidin magnetic beads (Dynabeads
M-270 streptavidin; Invitrogen) at 4°C overnight. The DNA-protfein com-
plexes were eluted in 200 pl of elution buffer by incubation at 65°C for
10-15 min with brief vortexing every 2 min. The IP and WCE samples
were reverse cross-linked at 65°C overnight. DNA from WCE and IP sam-
ples was isolated using phenol chloroform extraction.

DNA was subjected to blunt end filling using Klenow and purified
using DNA Clean & Concentrator-5 (Zymo Research, USA) according to
the manufacturer’s instructions. After linker ligation (5-G*CGGTGACC-
CGGGAGATCTGAATTCT-3" and 5'-G*AATTCAGATC-3’, asterisks indi-
cate phosphorothioate), samples were amplified by PCR (5'-GCGGT-
GACCCGGGAGATCTGAATTC-3'). DNA was purified using a QiAquick

PCR purification kit (QIAGEN] following the manufacturer’s protocol. The
DNA concentration was normalized to 100 ng/pl using a spectrophotom-
efer (ND-1000; Nanodrop Technologies). ChIP experiments with mouse
keratinocytes were performed in replicate.

QPCR was performed using SYBR green. In brief, 2 pl [P DNA was
diluted to a 20-pl QPCR reaction containing 12.5 pl Fast SYBR green (2x;
Applied Biosystems), 0.6 pl forward and reverse primers (6 yM), and 12 pl
of ultrapure water. Primers to amplify genomic DNA surrounding the Myc-
binding sites were as follows: nucleolin, (forward) 5'-GGCTGGAAGC-
GAGAGAAAG-3" and (reverse) 5'-TCACCTCTTAAAGCAGCACCA-3’;
and NuSAP, (forward) 5'-CCTTCAGGTTTTTGCTATCTTCTC-3' and (reverse)
5'-CAGGATAGCCCAGGCAGTAT-3'. As a negative control, a DNA re-
gion of ~7,000 bp downstream the Myc-binding sites was amplified: neg-
ative control, (forward) 5'-GCTGGCCTCAAACTCAGAAA-3" and (reverse)
5-GGCGCACACCTITAATCC-3'. Enrichment of Myc binding in promoter
regions was quantified by normalization to the WCE of each sample.

Online supplemental material

Fig. S1 shows that ectopically expressed Misu localizes to the spindle in
T47D cells and confirms localization of Misu at the spindle using EF2 anti-
body. Fig. S2 confirms Misu repression in response to Misu RNAi/siRNA
and demonstrates that all tested cancer cell lines exhibit mitotic defects
upon removal of Misu. Fig. S3 shows that depletion of Misu does not result
in DNA double-strand breaks. It further confirms the specificity of the 18S
rRNA probe and shows colocalization of Misu and 18S rRNA in HCC1954
cells. Fig. S4 shows that 18S rRNA localization to the spindle is not af-
fected by depletion of Misu, and localization of Misu to the spindle is inde-
pendent of active translation. It also shows cellular localization of NuSAP
in metaphase and anaphase of the cell cycle using different fixation meth-
ods. Fig. S5 shows that depletion of Misu does not affect cellular localiza-
tion of aurora A, TPX2, and TACC3 to the spindle. All spindle assembly
factors, including NuSAP, localize to the spindle when cells are treated
with RNaseA. Online supplemental material is available at http://www
.jcb.org/cgi/content/full/icb.200810180/DC1.
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