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type 1 diabetes® and chronic graft-versus-host disease.’® These
findings suggest that proteasome inhibitors may be exploited for
the treatment of these autoimmune or inflammatory disorders
through their suppressive activity on pDCs. The second generation
of proteasome inhibitors that have less neurotoxicity than bort-
ezomib and are thus more suitable for long-term use may be
applicable to such chronic inflammatory disorders.

In conclusion, the results of this study suggest that bortezomib
suppresses the activity of pDCs by disrupting the coordinated
trafficking of nucleic acid-sensing TLRs and Unc93B 1 from the ER
to endolysosomes and by suppressing the UPR. Bortezomib or a
next generation of proteasome inhibitors may therefore be instru-
mental in treating pDC-mediated, IFN-a-driven inflammatory
disorders.
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Antiproliferative and proapoptotic activity of GUT-70 mediated
through potent inhibition of Hsp90 in mantle cell lymphoma
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BACKGROUND: Mantle cell lymphoma (MCL) is an aggressive B-cell lymphoma with poor prognosis, requiring novel anticancer
strategies.

METHODS: Mantle cell lymphoma cell lines with known p53 status were treated with GUT-70, a tricyclic coumarin derived from
Calophyllum brasiliense, and the biological and biochemical consequences of GUT-70 were studied.

RESULTS: GUT-70 markedly reduced cell proliferation/viability through G, cell cycle arrest and increased apoptosis, with greater
sensitivity in mutant (mt)-pS3-expressing MCL cells than in wild-type (wt)-p53-bearing cells. Mechanistically, GUT-70 showed binding
affinity to heat-shock protein 90 (Hsp90) and ubiquitin-dependent proteasomal degradation of Hsp90 client proteins, including cyclin
DI, Raf-1, Akt, and mt-p53. Depletion of constitutively overexpressed cyclin D1 by GUT-70 was accompanied by p27 accumulation
and decreased Rb phosphorylation. GUT-70 induced mitochondrial apoptosis with Noxa upregulation and Mcl-I downregulation in
mt-p53 cells, but Mcl-1 accumulation in wt-p53 cells. Noxa and Mcl-1 were coimmunoprecipitated, and activated BAK. Treatment
with a combination of GUT-70 and bortezomib or doxorubicin had synergistic antiproliferative effects in MCL cells that were
independent of p53 status.

CONCLUSION: GUT-70 has pronounced antiproliferative effects in MCL with mt-p53, a known negative prognostic factor for MCL,
through Hsp90 inhibition. These findings suggest that GUT-70 has potential utility for the treatment of MCL.
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Mantle cell lymphoma (MCL) is characterised by an aggressive
clinical course, with rapid relapse after an initial response or
primary resistance to standard chemotherapy (Jares et al, 2007).
The t(11,14)(q13;32) translocation of MCL leads to overexpression
of cyclin D1, which is believed to be associated with oncogenesis
by causing instability of the G,/S checkpoint through promotion of
cyclin-dependent kinase activity and through sequestration of the
Cip/Kip family of cyclin-dependent kinase inhibitors (Sherr and
Roberts, 1999; Quintanilla-Martinez et al, 2003). These activities
facilitate phosphorylation and inactivation of the retinoblastoma
(Rb) G4/S checkpoint protein, resulting in cell cycle progression. It
has been demonstrated, however, that overexpression of cyclin D1
itself is not sufficient for development of MCL, suggesting that
additional genetic events might be necessary for oncogenesis
(Bodrug et al, 1994), particularly as apoptosis-related genes such

*Correspondence: Dr Y Tabe; E-mail: tabe@juntendo.acjp
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as p53, INK4a/ARF, and ATM are dysregulated in MCL (Fernandez
et al, 2005; Greiner et al, 2006).

In MCL, mutation/overexpression of p53 is reported as an
adverse prognostic indicator (Jares et al, 2007). As many of the
antitumour effects mediated by chemotherapeutic agents depend
on a p53-related pathway, resistance to chemotherapy often
develops through impaired p53 signalling (Déhner et al, 1995).
The 26S proteasome inhibitor bortezomib retains activity in p53-
mutant (mt-p53) cells and has demonstrated single-agent efficacy
in relapsed or refractory MCL, which is, however, based mainly on
prolonged response rather than on an increase in ultimate survival
rate (Goy et al, 2009).

Therefore, development of novel compounds that target p53-
independent signalling pathways is of considerable interest in the
treatment of this disease.

We have reported that the newly discovered anticancer agent
GUT-70, a natural product derived from the stem bark of
Calophyllum  brasiliense, demonstrated cytotoxic efficacy in
human leukaemic cells (Kimura et al, 2005). GUT-70 (Figure 1),
characterised as a tricyclic coumarin with the formula
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Figure I Chemical structure of GUT-70.

5-methoxy-2,2-dimethyl-6-(2-methyl-1-0x0-2-butenyl) -10-propyl-
2H,8H-benzo[1,2-b;3,4-b'1dipyran-8-one (C,3H,60s), significantly
inhibited leukaemic cell growth with a median inhibitory con-
centration (ICsg) of 2-5um without repressing colony formation
by normal haematopoietic progenitors or proliferation of
normal human hepatocytes at concentrations up to 30 um (Kimura
et al, 2005).

Coumarin antibiotics have been reported to bind the newly
discovered C-terminal ATP binding site of 90kDa heat-shock
protein (Hsp90), a molecular chaperone responsible for the folding
and conformational maintenance of client proteins (Marcu et al,
2000; Issacs ef al, 2003; Pratt and Toft, 2003; Donnelly et al, 2008).
Hsp90 inhibition results in degradation of misfolded Hsp90 clients
through ubiquitination, followed by proteasome-mediated hydro-
lysis (Zhang et al, 2004). As many of the Hsp90 client proteins
contribute to cancer cell proliferation, Hsp90 has emerged as a
promising target for cancer chemotherapy (Issacs et al, 2003;
Donnelly et al, 2008).

In this study, GUT-70 demonstrated antiproliferative and
proapoptotic activities with more prominent efficacy in mt-p53-
bearing MCL cells than in those with wild-type (wt) p53. GUT-70
showed binding affinity to Hsp90, and reduced expression of
Hsp90 client proteins such as mt-p53, Raf-1, cyclin D1, and Akt.
The intrinsic apoptotic pathway was activated by GUT-70 through
upregulation of Noxa and BAK activation. The combination of
GUT-70 with bortezomib or doxorubicin yielded synergistic
antiproliferative effects independent of p53 status. These findings
indicate possible efficacy and a rationale for further exploration of
GUT-70 as a new therapeutic strategy for MCL.

MATERIALS AND METHODS

Cell lines and culture conditions

Four MCL cell lines were used in this study: JVM-2 (Melo et al,
1986), Granta 519 (Jadayel et al, 1997) and MINO (Lai et al, 2002)
were kindly provided by Dr M Raffeld, and Jeko-1 (Raynaud et al,
1993) was a gift from Dr M Seto. Granta 519 and JVM-2 express
wt-p53, whereas Jeko-1 and MINO express p53 mutations (Jeko-1,
loss of p53 expression; MINO, mutation at codon 147 (valine —
glycine)) (Raynaud et al, 1993; Lai et al, 2002). JVM-2, Jeko-1 and
MINO were cultured in RPMI 1640 medium containing 15% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. Granta 519
was grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 15% FBS. Cells were first acclimated in RPMI
1640 or DMEM containing 5% FBS for 16h before exposure to
GUT-70 (Nippon Shinyaku, Kyoto, Japan) (Kimura et al, 2005).
Control cells were treated with an equivalent amount of dimethyl
sulphoxide (DMSO). Doxorubicin was obtained from Sigma
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(St Louis, MO, USA) and bortezomib was provided by Millennium
(Cambridge, MA, USA). Human osteosarcoma cell line U20S
transfected with the histone cluster 1 (H2BK) and enhanced green
fluorescent protein (EGFP) genes, U20S-H2BK-EGFP, was grown
in DMEM supplemented with 10% FBS and used for morphological
observation. U20S expresses wt-p53 (Florenes et al, 1994).

Cell viability/proliferation assay

Cell viability was assessed by the Trypan blue dye exclusion
method, and cell proliferation was determined by the CellTiter 96
AQueous One Solution Cell Proliferation Assay (MTS; Promega,
Madison, WI, USA).

Apoptosis analysis

Apoptotic cell death was evaluated through annexin V (Roche
Diagnostic, Indianapolis, IN, USA) and propidium iodide (PI)
positivities by a FACScan flow cytometer and Cell Quest software
(Becton Dickinson Immunocytometry Systems, San Jose, CA,
USA). The extent of drug-specific apoptosis was assessed by
the following formula: % specific apoptosis = (test—control) x 100/
(100—control).

Flow cytometric analysis of cell cycle and BAK activation

Cell cycle distribution was determined by flow cytometric analysis
of Pl-stained nuclei. DNA content was determined by FACScan
flow cytometer and CellQuest software. BAK activation was
analyzed as previously described (Samraj et al, 2006). Briefly, cells
were fixed and permeabilized using the DAKO IntraStain kit
(DakoCytomation, Glostrup, Denmark) according to the manufac-
turer’s instructions. Cells were then stained with conformation-
specific monoclonal antibody against BAK (yl64; Abcam,
Cambridge, MA, USA) or isotype-matched control antibody for
30min at room temperature, followed by incubation with
Alexafluor 488-labeled chicken anti-rabbit secondary antibody
(Molecular Probes, Eugene, OR, USA) for 30min on ice in the
dark. After the washing step, conformational change of BAK was
analyzed by a FACScan flow cytometer.

Western blot analysis and immunoprecipitation

Cells were solubilised in lysis buffer (phosphate-buffered saline
solution (PBS), 1 x cell lysis buffer (Cell Signaling Technology,
Danvers, MA, USA), 1x protease inhibitor (Roche), and 1x
phosphatase inhibitor cocktails I and II (Calbiochem, San Diego,
CA, USA)), and incubated for 30 min on ice. Total protein (20 ug)
was separated by sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE), immunoblotted with appropriate
antibodies, and reacted with enhanced chemiluminescence
reagent (Amersham Biosciences, Piscataway, NJ, USA); signals were
detected by a luminescent image analyser (LAS-1000 plus; Fujifilm,
Tokyo, Japan). The anti-a-tubulin or anti-f-actin blot was used
in parallel as a loading control. For immunoblotting, the follo-
wing antibodies were used: p219PVWAFL p27¥*l “and Mdl-1
(BD-Pharmingen, San Diego, CA, USA); p53 (DO-7; Dako,
Carpinteria, CA, USA); Noxa (Calbiochem); c-tubulin (Sigma-
Aldrich, St Louis, MO, USA); Puma (Upstate Biotechnology, Lake
Placid, NY, USA); LC-3 (MBL, Nagoya, Japan); ubiquitin (Santa
Cruz Biotechnology, Santa Cruz, CA, USA); and Hsp70, c-Raf, Akt,
ERK1/2, phosphorylated-ERK1/2 T™2°%Ty04(p.ERK1/2), cyclin D1,
phosphorylated Rb*7*° (p-Rb), Bim, BAK, cleaved caspase-9,
cleaved caspase-3, f-actin, and horseradish peroxidase-linked anti-
mouse and anti-rabbit IgG (all from Cell Signaling Technology).
Protein lysates were subjected to immunoprecipitation using anti-
Mcl-1 (Santa Cruz Biotechnology).
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Hsp90 binding assay

The Hsp90« inhibitor screening assay kit with Hsp90« recombi-
nant enzyme and fluorescein isothiocyanate (FITC)-labelled
geldanamycin was used (BPS Bioscience, San Diego, CA, USA).
The competition of fluorescence-labelled geldanamycin for bind-
ing to purified recombinant Hsp90o was measured by Flex Station
3 (Molecular Devices, Sunnyvale, CA, USA).

Morphological observation

U20S-H2BK-EGFP cells (2.0 x 10° per ml) were cultured in a
35-mm dish and treated with 5um GUT-70 or DMSO only. Each
dish was placed on the stage of a light microscope equipped with a
digital camera (BZ-8000; Keyence, Osaka, Japan) at 37 °C under a
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humidified atmosphere of 5% CO,. Video images were collected
over the period from 12 to 48 h after treatment.

mRNA quantification by real-time reverse-transcriptase
PCR (RT-PCR)

Total RNAs were extracted from cells with the RNeasy Mini Kit
(Qiagen, Hilden, Germany). First-strand cDNA synthesis was
performed with oligo(dT) as primer (Superscript II System;
Invitrogen, Carlsbad, CA, USA). Real-time reverse-transcriptase
PCR was performed by the Model 7500 Real-time PCR System
(Applied Biosystems, Foster City, CA, USA). Expression of Noxa
and GAPDH mRNA was detected by TagMan Gene Expression
Assays (Noxa: Hs00560402_m]1, GAPDH: Hs99999905_m]1; Applied
Biosystems). The PCR cycle number that generated the first
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Annexin V

Figure 2 GUT-70-induced cell growth inhibition, apoptosis, and cell cycle arrest in MCL, (A) JVM-2, Granta 519, Jeko-1, and MINO cells were treated
with the indicated concentrations of GUT-70 for 48 h, and the percentages of apoptotic cells were quantified by annexin V/PI staining. (B) Representative
flow cytometric histograms of Pil-treated cells after 24 h of GUT-70 treatment at indicated concentrations. The percentages of G/G-, S- and Go/M-phase

cells were assessed in total viable cells (bar graphs).
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Figure 2 Continued.

fluorescence signal above a threshold value (the threshold cycle;
C,) was determined. The abundance of each transcript of Noxa
relative to that of GAPDH was calculated as follows: relative
expression = 100 X 2 exp [—AC,], where AC, is the mean C; of
the transcript of interest minus the mean C, of the transcript for
GAPDH. The C; data from duplicate PCRs were averaged for
calculation of relative expression.

Statistical analysis

Cytotoxicity was assessed by the Chou-Talalay method (Chou and
Talalay, 1984) using Calcusyn software (Biosoft, Cambridge, UK).
The combination index (CI) values indicate degree of synergism:
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strong synergism (0.3-0.7), moderate synergism (0.7-0.85), and
slight synergism (0.85-0.9).

RESULTS
GUT-70 induces apoptosis and cell cycle arrest in MCL cells

Treatment with GUT-70 (Figure 1) for 48h resulted in dose-
dependent cell growth inhibition detected by MTS cell prolifera-
tion assay (ICsp: Granta 519, 6. 3 uM; JVM-2, 4.5 um; Jeko-1, 1.7 pv;
MINO, 1.5 um).

To determine whether the inhibition of cell growth by GUT-70
was associated with apoptosis and/or cell cycle arrest, we
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for indicated times. Cells were subjected to lysis and analysed by western blot. Westermn blot images are representative results from three independent
experiments. (B) GUT-70 competitively inhibited geldanamycin binding to the Hsp%0o subunit. The competition of GUT-70 with FITC-labelled
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conducted flow cytometric analysis of annexin V/PI-stained and
PI-stained nuclei. As shown in Figure 24, 48h of GUT-70
treatment induced dose-dependent increases of annexin V
positivity in all cell lines; this effect was more pronounced in
mt-p53-bearing Jeko-1 and MINO cells than in wt-p53-bearing
Granta 519 and JVM-2 cells (specific apoptosis by 5 uM GUT-70:
40.3% for Granta 519, 40.1% for JVM-2, 78.8% for Jeko-1, 79.9%
for MINO). The PI cell cycle histograms further demonstrated that
GUT-70 increased the sub-G; fraction in a time-dependent manner
at a lower dose for mt-p53 cells than for wt-p53 cells; sub-G,
fractions at 24 and 48h were 4.6 and 10.7% for Granta 519 (5 um
GUT-70), 14.8 and 34.7% for JVM-2 (5 um), 5.2 and 19.3% for Jeko-
1 (1 um), and 12.0 and 34.9% for MINO (1 um). Whereas GUT-70
impeded G;-S cell cycle progression in JVM-2 and Granta 519 cells,
G;-S arrest was minimal in MINO and Jeko-1 cells (Figure 2B).
These data suggest that GUT-70-induced cell growth inhibition
resulted in part from cell cycle arrest at the Go/G; checkpoint and
in part from apoptosis induction.

GUT-70 downregulates mutated p53 and cyclin D1 and
accumulates p27

We next investigated changes in cell cycle regulatory proteins
associated with GUT-70 treatment. As shown in Figure 3A, GUT-70
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induced p53/p21 accumulation in JVM-2 cells, but did not increase
p53/p21 expression in Granta 519 cells. In Jeko-1 cells, basal
p53/p2l expression was not detectable and was unaffected by
GUT-70. Notably, expression of the overexpressed mt-p53 protein
was reduced in MINO cells by 24h exposure to GUT-70, with-
out detectable p21 expression. The expression level of p27 was
upregulated by GUT-70, irrespective of p53 status. GUT-70
diminished the highly expressed cyclin D1 in all tested MCL cells
except JVM-2, and resulted in substantial decreases in Rb
phosphorylation in all tested cells (Figure 3).

GUT-70 induces degradation of Hsp90 substrate proteins

The coumarin antibiotics have been reported to bind to Hsp90
(Marcu et al, 2000). To investigate whether GUT-70 has binding
affinity for Hsp90, a competitive binding assay was performed
using geldanamycin, a well-characterised ATP competitive
inhibitor (Gooljarsingh et al, 2006). GUT-70 demonstrated dose-
dependent inhibition of geldanamycin binding to Hsp90, which
indicated the binding activity of GUT-70 to Hsp90 (Figure 3B). The
degradation by GUT-70 of Hsp90 client proteins, such as Raf-1
and its downstream ERK1/2 and phospho ERK1/2, as well as Akt
(Pratt and Toft, 2003; Zhang et al, 2004, 2005), was detected by
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western blot analysis in all tested MCL cells (Figure 3A). Cyclin D1 marker of Hsp90 inhibition (Elo et al, 2005; Bao et al, 2009), in
and mt-p53, the expression of which was repressed by GUT-70, are Granta 519, JVM-2, and MINO cells. In Jeko-1 cells, however,
known substrate proteins of Hsp90 (Zhang et al, 2004; Muller et al, Hsp70 was detected at a level insufficient to be reliable as a marker
2008). Furthermore, GUT-70 increased expression of Hsp70, a without further induction by GUT-70 (Figure 3A).
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Figure 5 Synergistic interaction between GUT-70 and bortezomib or
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As the client proteins of Hsp90 chaperone molecule become
misfolded and ubiquitinated by Hsp90 inhibition, and are then
downregulated by proteasomal degradation (Issacs et al, 2003;
Zhang et al, 2004), we next tried to determine whether GUT-70
induces protein ubiquitination followed by proteasomal degrada-
tion in wt-p53-expressing JVM-2 and mt-p53-expressing MINO
cells. As expected, GUT-70 treatment elevated the level of protein
ubiquitination (Figure 3C); subsequent treatment with proteasome
inhibitor bortezomib prevented degradation of c-Raf by GUT-70
(Figure 3D). Taken together, these data indicate the interaction of
GUT-70 with Hsp90 and the destabilisation of Hsp90 client
proteins by GUT-70.

Effect of GUT-70 on apoptosis-related proteins

To characterise the mechanism of GUT-70-induced cell death in
MCL cells, we analysed the expression of apoptosis-related Bcl-2
family proteins, the BH3-only proteins Noxa, Puma, and Bim, and
the other Bcl-2 family proteins, Mcl-1 and BAK, in MCL cell lines.
Results show that GUT-70 induced substantial accumulation of
Noxa but not of Puma (Figure 4A). Mutant-p53-bearing MCL cells
demonstrated earlier Noxa induction than wt-p53 cells; peak
induction of Noxa was observed after 1h of GUT-70 treatment in
MINQO, after 8h in Jeko-1, and after 24h in JVM-2 and Granta 519
cells. GUT-70 induced upregulation of Noxa mRNA levels in all
tested cells (Figure 4B).

After 24h of GUT-70 treatment, levels of antiapoptotic protein
Mcl-1 were increased in JVM-2 and Granta 519 cells, but decreased
in Jeko-1 and MINO cells (Figure 4A). It is known that Noxa
binds preferentially to Mcl-1 (Warr and Shore, 2008), triggers BAK
or Bim release from Mcl-1, and then starts the mitochondrial
apoptotic pathway (Willis et al, 2005; Hauck et al, 2009). Concor-
dantly, we detected coimmunoprecipitation between Noxa and
Mcl-1 (Figure 4C) in JVM-2 and Granta 519 cells, both of which
showed accumulation of Mcl-1 induced by GUT-70. Although total
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BAK expression levels remained, consistently independent of
GUT-70 treatment (Figure 4A), flow cytometric analysis revealed
a pronounced increase of activated BAK in MINO, moderate
activation in Jeko-1, and only slight activation in JVM-2 and
Granta 519 cells after GUT-70 treatment (Figure 4D), activities that
are in inverse relation to Mcl-1 expression levels.

Proapoptotic BH-3-only protein Bim was induced by GUT-70 at
24h in JVM-2 cells but not in the other cell lines (Figure 4A).

GUT-70 does not induce macroautophagy

Increasing evidence indicates that autophagy is one of the
important mechanisms of anticancer reagent-induced cell death
(Tsujimoto and Shimizu, 2005). In mammals, three modes of
autophagy have been identified: macroautophagy, microauto-
phagy, and chaperone-mediated autophagy (Levine and Klionsky,
2004). To investigate the possibility that GUT-70 promotes
macroautophagy, we examined the conversion of light chain 3
(LC3) from LC3-I to LC3-II, a marker of autophagosome formation
(Kabeya et al, 2000). Whereas LC3-II was moderately induced by a
low serum culture condition (5%, 40h) in wt-p53-expressing
JVM-2 and Granta 519 cells, there was no change in accumulation
of LC3-1I following further treatment with GUT-70 (24 h). In mt-
p53-bearing MINO and Jeko-1 cells, neither serum starvation nor
GUT-70 treatment induced LC3-II accumulation (Figure 4A).

To assess the morphological changes induced by GUT-70,
U20S-H2BK-EGFP cells were sequentially photographed after
exposure to GUT-70. Cells underwent morphological alterations,
including cytoplasmic swelling and vacuolisation after 24h of
GUT-70 exposure (cellular oncosis), and cell death peaked at 36h
(secondary necrosis) (Supplementary Material 1 for Quick-Time
movies) (Majno and Joris, 1995; Lemasters et -al, 1998; Van
Cruchten and Van Den Broeck, 2002).

Combination of GUT-70 with bortezomib or doxorubicin
has synergistic effects on MCL growth inhibition

To determine whether GUT-70 potentiates the commonly used
chemotherapeutic agents, we assessed the effects of combinations
of GUT-70 with bortezomib, a selective inhibitor of the 26S
proteasome, or doxorubicin, a conventional chemodrug for MCL,
on viability of wt-p53 JVM-2 and mt-p53 MINO cells. As shown in
Figure 5A, both of these combination treatments had observable
synergistic effects in both cell types 48h after exposure. The
averaged CI values of GUT-70/bortezomib treatment were 0.59 for
JVM2 and 0.73 for MINO; for GUT-70/doxorubicin, 0.37 for JVM2
and 0.35 for MINO, indicating strong and moderate synergism,
respectively.

DISCUSSION

The natural product-derived tricyclic coumarin GUT-70 exhibited
single-agent antiproliferative and proapoptotic activities against
MCL cell lines as a novel Hsp90 inhibitor. GUT-70’s dose-
dependent inhibition of geldanamycin binding to Hsp90« indicates
that GUT-70 has direct binding activity to Hsp90, by which GUT-
70 induces conformational change in the Hsp90 molecule and
interferes with its binding of geldanamycin. This finding agrees
with that of previous studies showing that coumarin antibotic
novobiocin binds to the Hsp90 C-terminal ATP binding site and
affects the binding of geldanamycin at the Hsp90 N-terminal
domain through close interaction between amino and -carboxy
termini in solution (Csermely et al, 1998; Hartson et al, 1999;
Marcu et al, 2000; Donnelly et al, 2008). GUT-70 induced depletion
of Hsp90 client proteins mt-p53, Raf-1, cyclin D1, and Akt, and
increased Hsp70, a marker of Hsp90 inhibition; these findings,
along with the ubiquitin-dependent proteasomal degradation of
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Hsp90 client proteins, suggest that GUT-70 functions as an
Hsp90 inhibitor.

It is important that mt-p53-expressing MCL cells were more
sensitive to GUT-70-induced apoptosis than wt-p53-bearing MCL
cells. In mt-p53 cells, prominent GUT-70-induced apoptosis was
accompanied by minimal cell cycle arrest, which is consistent with
a previous report of G,/M checkpoint abrogation in p53/p21-
impaired cells through downregulation of Chkl and Weel by
Hsp90 inhibitor that resulted in premature mitotic entry and
mitotic death (Tse et al, 2009).

Furthermore, GUT-70 induced the most pronounced apoptosis
in MINO cells in which GUT-70 treatment depleted overexpressed
mt-p53. mt-p53 is known to confer the additional ‘gain of function’
as the transcription regulator. Transcriptional activation by
mt-p53 has been reported for MDRI (Sampath et al, 2006),
c-MYC (Frazier et al, 1998), or GROI (Yan and Chen, 2009),
resulting in cell proliferation, antiapoptosis, and tumourigenicity
(Blandino et al, 1999). GUT-70-induced degradation of mt-p53 may
successfully repress these oncogenic transcriptional activations.

Another important finding of this study is the prominent
p53-independent Noxa upregulation by GUT-70. Whereas Noxa
had been proposed to be a critical mediator of p53-dependent
apoptosis (Oda et al, 2000), p53-independent upregulation of Noxa
has been described in MCL and B-cell chronic lymphocytic
leukaemia (Pérez-Galan et al, 2006; Smit et al, 2007). Furthermore,
GUT-70 induced Noxa protein accumulation extremely early (1h)
in mt-p53-bearing MINO cells, indicating independence from
transcriptional gene induction. Recently, Noxa degradation by
direct interaction with a spliced isoform of the Kruppel-like
tumour suppressor (KLF6-SV1) (Difeo et al, 2009), or by
posttranscriptional  stabilisation/destabilisation of Bim mRNA
(Matsui et al, 2007), has been reported. Our findings indicate the
possibility of posttranscriptional Noxa stabilisation by GUT-70,
which requires further elucidation.

The preferred binding partner of Noxa is the multidomain
antiapoptotic Bcl-2 family member Mcl-1. In response to apoptotic
stimuli, Noxa binds to Mcl-1, which ultimately leads to activation of
BAK by releasing BAK from the BAK—Mcl-1 complex, and triggers
BAK-mediated cell death (Chen et al, 2005; Warr and Shore, 2008)
(Figure S, Supplementary Material 2 (Kuroda and Kimura, 2007)).
The balance between Noxa and Mcl-1 is proposed to determine cell
fate as death versus survival (Mei et al, 2007). GUT-70-induced BAK
activation and sequential apoptosis were associated with Mcl-1
accumulation levels; high levels in less-sensitive wt-p53 cells and low
levels in highly sensitive mt-p53 cells were consistent with previous
reports (Pérez-Galan et al, 2006; Mei et al, 2007).

Autophagy is known to promote both autophagic cell death
and cell survival (Kamitsuji et al, 2008). Although GUT-70 did
not affect autophagosome formation, Hsp90 clients have been
shown to be degraded through chaperone-mediated autophagy
(Shen et al, 2009). The role of GUT-70 in induction of chaperone-
mediated autophagy requires further elucidation.

The observed morphological changes in GUT-70-treated cells
(e.g., swelling cytoplasm) indicate cellular oncosis (Van Cruchten
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and Van Den Broeck, 2002), which shares certain mechanisms and
alterations with apoptosis, such as loss of mitochondrial perme-
ability and membrane potential (Lemasters et al, 1998).

Furthermore, our results demonstrate that GUT-70 can syner-
gise the cytotoxic effects of the proteasome inhibitor bortezomib
and the widely used genotoxic chemotherapeutic agent doxor-
ubicin in MCL cells (Brody and Advani, 2006; Goy et al, 2009),
regardless of p53 status. Previously, a combination of Hsp90
inhibitor geldanamycin and bortezomib was demonstrated to
simultaneously disrupt Hsp90 and proteasome function, promote
accumulation of ubiquitinated proteins, and enhance antitumour
activity in human breast cancer cells (Mimnaugh et al, 2004, 2006).
Whereas bortezomib induces longer-term remission (Goy et al,
2009), patients ultimately succumb to the poor clinical outcome,
and there is a critical need to develop the most effective
combination. The synergistic effects of GUT-70 and bortezomib
may offer more efficacy and flexibility to the treatment of MCL
with bortezomib. The antiproliferative effect of the combination of
doxorubicin and GUT-70 was consistent with the previous findings
for doxorubicin and Hsp-90 inhibitor 17-(dimethylaminoethyl-
amino)-17-demethoxygeldamanycin (DMAG), which induced
premature mitosis, followed by apoptosis, by bypassing the Go/M
checkpoint in lymphoma cells (Robles et al, 2006). The synergy
with doxorubicin suggests that addition of GUT-70 may allow
reduction in the therapeutic dose of doxorubicin, which could
potentially reduce its genotoxic side effects (Brody and Advani,
2006). A development of in vivo studies of these combination
treatments for MCL is further required.

In conclusion, our results demonstrate that the novel anticancer
agent GUT-70, a tricyclic coumarin, inhibits cell proliferation by
depleting Hsp90 substrates cyclin D1, Akt, and Raf-1, and induces
mitochondrial apoptotic cell death with upregulation of Noxa in
MCL cells. Notably, these effects are substantially pronounced
in MCL cells with mt-p53, a known negative prognostic factor for
MCL. These findings suggest that GUT-70 has potential utility for
the treatment of MCL.
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The Dynactin Complex Maintains the Integrity of Metaphasic
Centrosomes to Ensure Transition to Anaphase™
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The dynactin complex is required for activation of the dy-
nein motor complex, which plays a critical role in various cell
functions including mitosis. During metaphase, the dynein-
dynactin complex removes spindle checkpoint proteins from
kinetochores to facilitate the transition to anaphase. Three
components (p1509°, dynamitin, and p24) compose a key
portion of the dynactin complex, termed the projecting arm.
To investigate the roles of the dynactin complex in mitosis, we
used RNA interference to down-regulate p24 and p150°!"¢d jn
human cells. In response to p24 down-regulation, we observed
cells with delayed metaphase in which chromosomes fre-
quently align abnormally to resemble a “figure eight,” result-
ing in cell death. We attribute the figure eight chromosome
alignment to impaired metaphasic centrosomes that lack spin-
dle tension. Like p24, RNA interference of p150™d also in-
duces prometaphase and metaphase delays; however, most of
these cells eventually enter anaphase and complete mitosis.
Our findings suggest that although both p24 and p150%ed
components of the dynactin complex contribute to mitotic
progression, p24 also appears to play a role in metaphase cen-
trosome integrity, helping to ensure the transition to
anaphase.

The dynein-dynactin complex, a minus end-directed mi-
crotubule-based motor, carries out diverse transport activities
indispensable for various cell functions and behaviors (Ref. 1
and references therein). For instance, the dynein-dynactin
complex transports giant centrosomal scaffold proteins such
as CG-NAP/AKAP450 and NuMA and induces smooth pro-
gression through mitosis. This motor complex also contrib-
utes to the transition from metaphase to anaphase: To ensure
that each daughter cell receives only one chromosome set, the
spindle assembly checkpoint blocks entry into anaphase until
kinetochores on sister chromatids are attached to opposite
spindle poles. Once this condition is achieved, the dynein-
dynactin motor induces passage through the spindle check-
point by removing critical checkpoint proteins (such as
BubR1 or Mad2) from kinetochores.

* This work was supported by grants-in-aid for scientific research from the
Ministry of Education, Culture, Sports, Science and Technology of Japan.
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Dynactin is composed of 10 subunit proteins that are re-
quired for dynein activation (2) and references therein). Three
proteins among them, p150%"“¢? (dynactin 1), dynamitin (p50
and dynactin 2), and p24 (dynactin 3) (3, 4), constitute a flexi-
ble and extendable structure (the projecting arm) that associ-
ates directly with microtubules and the dynein complex.

Each dynactin molecule contains two copies of p150Med
and p24 and four copies of dynamitin. All three proteins are
evolutionarily conserved from yeast to mammalian cells (5, 6),
suggesting that these components are essential for the forma-
tion of a functional projecting arm. Within this substructure,
p150<'ed is sufficient for binding to dynein and for traversing
the microtubule lattice, whereas dynamitin also plays a critical
role in association with the dynein complex and in promotion
of dynein-based movement. It is noteworthy that overexpres-
sion of dynamitin disrupts dynactin structure (7). Although
the mechanism underlying this disruption is yet to be eluci-
dated, dynamitin overexpression has been the major tool in
molecular biology for down-regulation of dynactin function
(2). Indeed, dynamitin overexpression was used to verify in-
volvement of the dynactin complex in the spindle checkpoint
silencing that induces metaphase arrest/delay (8).

In contrast to p150%™°? or dynamitin, little is known about
the role of the p24 subunit in mitosis. Although Ldb18 (a Sac-
charomyces cerevisiae homolog of p24) is essential for attach-
ment of p150%"* to dynamitin and to the remainder of the
dynactin complex (6), low amino acid identity between Ldb18
and human p24 (16.9%) does not favor speculation on the
roles of mammalian p24.

RNAI is currently the most useful method for down-regu-
lating the expression of a specific gene. Although several au-
thors report successful suppression of p150%"“¢ using siRNA
or shRNA (8-10), their papers did not describe any mitotic
abnormalities in cells expressing reduced levels of p150€ed,
Moreover, there have been no reports of p24 down-regulation
using the RNAi method. In this report, we use RNAi to down-
regulate p24 and p150%™**d proteins in human cells. Our re-
sults demonstrate that cells expressing reduced levels of either
p24 or p150¥"*d both show severe metaphase delay but that
other mitotic disturbances differ between the two suppressed
genes.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection of siRNA—HelLa, U20S, and
HEK 293 cell lines and their derivative cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
FBS. siRNA oligonucleotides for p150%'**4 (siRNA-p150, 5'-
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GACTTCACCCCTTGATTAA-3'; siRNA-p150b, 5'-CCAC-
CACCAAAGGUUAAGU-3") (10) or p24 (siRNA-p24, 5'-CCG-
CATTGCCATACCTGAT-3; siRNA-p24b, 5'-GCUACUUU-
GCCAGCUAGAG-3') were transfected at a concentration of
100 nM into HeLa(tc), a HeLa subline (11) or U20S cells using
Oligofectamine (Invitrogen), otherwise indicated in text and
figure legends. Dead cells were identified using the trypan
blue dye exclusion test. p24 and H2B-GFP were expressed
using the pcDNA3 expression vector (Invitrogen).

Rescue Experiments—An siRNA-p24-resistant p24 cDNA
was created by changing six nucleotides in the target se-
quence of siRNA-p24 that have no effect on amino acid se-
quence (CCGAATAGCAATCCCAGAG; underlined letters
indicate replaced nucleotides). Because the target sequence
for siRNA-p150 is in the 3'-UTR, we used a p150 cDNA 3'-
UTR truncation (a gift of Dr. M. Katsuno and G. Sobue (12))
to generate a siRNA-p150-resistant p150 cDNA. To generate
a pantropic retrovirus, HEK 293 cells were co-transfected
with three plasmids: pHIT60 expressing murine leukemia
virus gag pol (a gift of Dr. A. J. Kingsman (13)), pHCMV-G for
vesicular stomatitis virus enveloped pseudotypes (a gift of Dr.
T. Friedmann (14)), and pMSCV. (Clontech) driving expres-
sion of siRNA-resistant p24 or p150 cDNA and IRES-EGFP?
(15). ; s

Analysis of mRNA and Protein Expression—Real-time
quantitative RT-PCR was performed as described previously
(16) using primer sets (p24 (forward, 5'-GAGTACATCGAC-
CGCATTGCCATAC-3' and reverse, 5'-TGATGTGAGCAC-
TGTCCAGCATGG-3') and p150¥'=d (forward, 5'-TGCAG-
GCCACGCTACACCGCTATG-3' and reverse, 5'-GCAAT-
ATCTGTAGCCTCCTGCCCAC-3")). Immunostaining and
image analyses were performed as described (11, 17). Signal
specificity was tested by adding antigen for each antibody into
the blocking solution. Relative fluorescence intensity was
measured using Image] software. Inmunoprecipitation and
immunoblot analyses were performed according to standard
procedures (18).

TUNEL—TUNEL assays were performed using the Fluoro-
metric TUNEL assay kit (Promega, Madison, WTI). Briefly,
cells fixed with paraformaldehyde and ethanol were incubated
with fluorescein-dUTP and terminal deoxynucleotidyl trans-
ferase for one hour at 37 °C. Cells were propidium iodide-
stained immediately prior to flow cytometry analysis (FACS-
Calibur, BD Biosciences).

Fluorescence in Situ Hybridization (FISH)—HeLa cells cul-
tured on coverglass slips were fixed with 3.7% formaldehyde,
denatured on a heat block, and used directly for FISH analysis
using a Myc probe complementary to chromosome band 8q24
(Dako, Glostrup, Denmark) according to the manufacturer’s
protocol.

Reagents—Rabbit anti-p24 polyclonal antibodies were
raised against a GST-p24(N) (amino acids 5-36) or a GST-
p24(C) polypeptide (amino acids 145-186) and then affinity
purified according to standard procedures (18). Commercial
antibodies were purchased from the following suppliers:

2 The abbreviations used are: EGFP, enhanced GFP; FISH, fluorescence in
situ hybridization; IRES, internal ribosomal entry site.
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p150€¢d from BD Biosciences; actin (product no. 1378 996)
from Roche Diagnostics; and a-tubulin (product no. T9026)
and y-tubulin (product no. T6557) from Sigma. Hoechst
33342 was purchased from Invitrogen.

RESULTS

Down-regulation of p24 and p150°"“** Using siRNA—We
initially used HeLa(tc) cells, a HeLa subline that allows high
efficiency siRNA transfection (typically >90%) (11), for
siRNA transfections. HeLa(tc) cells treated with siRNA (100
num for 24 h) specific for p24 (siRNA-p24) or p150™ed
(siRNA-p150) showed a 5-fold approximate decrease in
mRNA expression levels relative to cells treated with scram-
bled control siRNA (control siRNA) (Fig. 14).

We used rabbits to generate two polyclonal antibodies,
p24(N) and p24(C), against different portions of p24 (see “Ex-
perimental Procedures”). Both antibodies recognized an en-
dogenous p24 protein (Fig. 1B, lane I) that migrated to the
same position in SDS-polyacrylamide gels as exogenous p24
protein expressed from a eukaryote plasmid expression vector
(lane 4). As previously reported, the apparent mass of p24 is
~21 kDa, slightly smaller than the mass predicted from the
amino acid sequence (4). Cells treated with siRNA-p24 (100
nM) for 48 h expressed 10-fold lower levels of p24 protein rel-
ative to untreated cells or cells treated with control siRNA
(lane 3). Inmunoblot analysis using p150%™°? antibody re-
vealed a 20-fold reduction in p150%™¢? protein levels in cells
treated with siRNA-p150 for 72 h (Fig. 1C).

Similar to previous reports (4), immunostaining of mitotic
cells with p24(C) antibody showed p24 localized to kineto-
chores and centrosomes in prometaphase and metaphase cells
with considerable signal remaining in early anaphase (Fig.
1D). Although the general localization of p150¥'°? (Fig. 1E)
overlaps with p24, some specific differences were distin-
guished in cells doubly stained with p24 and p150%"**? anti-
bodies (Fig. 1F). First, staining of mitotic spindles with anti-
p150 was strong, whereas only weak fluorescence was
detected with anti-p24. Second, although both p24 and p150
signals were detected at prometaphase kinetochores, p150 sig-
nal intensity diminished rapidly in metaphase, whereas p24
signals were remained until anaphase. The contrast between
the intense p24 immunofluorescence maintained in anaphase
centrosomes with diminished p150¥"*°? immunofluorescence
that is barely detectable in early anaphase suggests a rapid
efflux of p150¥°? from centrosomes during metaphase.

When cells were transfected with Cy3-labeled siRNA-p24,
the intensity of p24 immunofluorescence in Cy3 staining-
positive cells was reduced (Fig. 1G, left panels). p150°'"*? sig-
nals were also reduced in response to treatment with
siRNA-p150 (100 nm) for 72 h (right panels).

SiRNA-p24 or -p150 Induces Mitotic Disturbances—Al-
though we observed no obvious morphological differences in
phase-contrast microscopy images of interphasic HeLa(tc)
cells treated for up to 72 h with control siRNA, siRNA-p24, or
siRNA-p150 (100 nm) (data not shown), we did observe a sig-
nificant increase in the mitotic index of cells 48 h after trans-
fection with siRNA-p24 relative to control siRNA (11.1% rela-
tive to 4%) (p < 0.01, Chi-square test, Fig. 24). In addition,
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FIGURE 1. Down-regulation of p24 and p150 by siRNA. A, p24 (black bars) and p150"“=? (open bars) mRNA expression levels in HeLa(tc) cells treated with
control siRNA, siRNA-p24, or siRNA-p150 (100 nm) for 24 h. Real-time quantitative PCR data were normalized against hypoxanthine phosphoribosyl transfer-
ase (HPRT), and the mean and S.D. for three independent experiments is represented. B, immunoblot analysis using p24(N), p24(C), or B-actin antibody.
Lane 1, untreated Hela(tc) cells; lane 2, cells treated with control siRNA (100 nm) for 48 h; lane 3, cells treated with siRNA-p24 (100 nm) for 48 h; lane 4, HEK
293 cells transfected with pcDNA3-p24, a eukaryotic expression vector. Ratios of relative intensity (p24/actin) measured by densitometry are indicated be-
low each lane. Asterisks indicate cross-reactive bands appearing in HelLa but not HEK 293 cells. C, immunoblot analysis using p150%'“¢ or B-actin antibody.
Lane 1, untreated Hel a(tc) cells; lane 2, cells treated with control sSiRNA (100 nw) for 72 h; lane 3, cells treated with siRNA-p150 (100 nm) for 72 h. Ratios of
relative intensity (p150/actin) measured by densitometry are shown below. D-G, immunostaining of mitotic Hela cells treated with siRNA indicated above
with antibodies indicated on the left. DNA was stained with Hoechst 33342, and the mitotic phase of cells are labeled above. Bars, 10 um (D, £, and G) and 5
nm (F). Meta, metaphase; Ana, anaphase; Prometa, prometaphase.

there was also a significant increase (p < 0.01) in the number  siRNA-p150 for 72 h (8.0%, 16/202) relative to untreated cells

of dead cells (determined by trypan blue dye exclusion) (2.0%, 8/401).

among the cells treated with siRNA-p24 for 48 and 72 h Flow cytometric analyses of HeLa cells treated with

(7.2%, 15/207 and 17.1% 36/211, respectively) and siRNA-p24 for 48 h and stained with propidium iodide dem-
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FIGURE 2. Down-regulation of p24 and p150 induces mitotic abnormalities in HeLa(tc) cells. A, cells were treated with each siRNA for periods indicated
on the left. From a total of 300 cells counted/treatment, the relative percentages of mitotic, interphase, and dead cells determined by separation of floating
cells (mitotic and dead versus interphase) and by trypan blue dye exclusion (live versus dead) are indicated by shading. Asterisks indicate a statistically signif-
icant (p < 0.01) increase relative to the no treatment control using Chi-square test. 8, cells treated with siRNA-p24 for indicated periods were stained with
propidium iodide (P/) just prior to flow cytometry and TUNEL analysis. FL1 values on the horizontal axis indicate the amount of dUTP polymerized by DNA
free 3’ ends, whereas FL2 values on the vertical axis show the DNA content. C, from a total of 300 cells counted/treatment, the percentages of mitotic cells
with normal-looking chromosome alignment (100% total) or abnormal mitosis were determined from observations of Hoechst 33342-stained nuclei. Aster-
isks indicate statistically significant changes in a particular mitotic phase (p < 0.01) relative to the no treatment control by Chi-square test. D, representative
images of Hoescht 33342-stained chromosomes in a figure eight alignment. Bar, 5 um. Pro, prophase; Prometa, prometaphase; Meta, metaphase; Ang, an-
aphase; Telo, telophase.

onstrate that siRNA-p24 induces mitotic delay/arrest, in that 334) of mitotic cells (Fig. 2C). First, chromosomes in 120 mi-
the G,/M-phase ratio (Fig. 2B, vertical axis) was significantly  totic cells treated with siRNA-p24 for 48 h aligned abnormally
higher in treated cells (32.2%) than in cells without treatment  to resemble a figure eight pattern (Fig. 2D), whereas the same
(19.2%) However, the cell death induced by siRNA-p24 does pattern almost never appeared (<1/200) in mitotic cells with-

not appear apoptotic because TUNEL assays showed only a out siRNA treatment or those treated with control siRNA.
small increase in DNA free 3’ ends (Fig. 2B, horizontal axis; Second, 3.9% (13/334) of mitotic cells treated with siRNA-p24
see DNase-treated HeLa cell panel as a positive control) in for 48 h demonstrated multipolar mitoses. Among the re-
siRNA-p24-treated cells. maining 201 mitotic cells with normal-looking chromosome
To determine the effects of down-regulation of p24 and alignment, the distribution of cells in each mitotic phase was

p150%ed o mitosis, we analyzed chromosome alignment in ~ not altered. Relative to cells treated for 48 h, cells treated with
Hoechst 33342-stained mitotic cells. Although treatment of siRNA-p24 for 24 or 72 h showed the same abnormal pattern
cells with control siRNA (100 nm) for up to 72 h did not affect  of chromosome alignment but at a lower frequency (Fig. 2C).

their distribution (Fig. 2C), we observed that treatment with In contrast to siRNA-p24-treated cells, cells treated with
siRNA-p24 for 48 h specifically induced one of two distinct siRNA-p150 for 48 h showed no significant change in distri-
patterns of abnormal chromosome alignment in 39.8% (133/ bution among mitotic phases, and only a few cells demon-
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FIGURE 3. A, immunoblot analysis using p24(N), p150, or B-actin antibody. Hela(tc) cells were treated with the siRNA (100 nw) indicated above for 48 (lanes
1-3) or 72 h (lanes 4~ 6). Ratios of signal intensity relative to actin (measured using densitometry) are indicated below each lane. B, D, and F, the percentages
of mitotic cells with normal-looking chromosome alignment (100% total) or abnormal mitosis were determined from observations of Hoechst 33342-
stained nuclei in a total of 300 cells/treatment. Asterisks indicate statistically significant changes in a particular mitotic phase (p < 0.01) relative to the no
treatment control using the Chi-square test. C, immunoblot analyses using p24(N) or B-actin antibody. Lanes 1 and 2, uninfected Hela(tc) cells; Janes 3 and
4, cells infected with empty virus; lanes 5 and 6, cells infected with virus containing wild type p24 cDNA; lanes 7 and 8, cells infected with virus containing
siRNA-resistant p24 <DNA. Lanes 1, 3, 5, and 7, cells were treated with control siRNA; Janes 2, 4, 6, and 8, cells were treated with siRNA-p24 (100 nm) for 48 h.
Ratios of relative signal intensity (p24/actin) are indicated below each lane. £, immunoblot analysis using p150 or B-actin antibody. Lanes 7 and 2, uninfected
Hela(tc) cells; lanes 3 and 4, cells infected with empty virus; lanes 5 and 6, cells infected with virus containing siRNA-resistant p150 cDNA. Lanes 7, 3, and 5,
cells were treated with control siRNA; lanes 2, 4, and 6, cells were treated with siRNA-p150 (100 nm) for 72 h. Ratios of relative intensity (p150/actin) are indi-
cated below each lane. Pro, prophase; Prometa, prometaphase; Meta, metaphase; Ana, anaphase; Telo, telophase.

strated the figure eight chromosome alignment seen with levels ~3-fold (Fig. 34), few mitotic cells showed the figure
siRNA-p24 (Fig. 2C). After an additional 24 h of treatment eight chromosome alignment (Fig. 3B), suggesting that
with siRNA-p150, however, we observed a significant increase  greater reductions in p24 protein levels are required to induce
in the ratio of prometaphase cells and a corresponding de- the figure eight alignment. In contrast, cells treated with
crease in anaphase and telophase cells. In addition, small per-  siRNA-p150b reduced p150 to levels similar to siRNA-p150
centages of mitotic cells showed the figure eight chromo- (Fig. 34) and showed similar mitotic disturbances, including
somal alignment (11.9%, 28/236) or multipolar mitoses (3.0%,  an increased ratio of prometaphase cells, a decreased ratio of
7/236). anaphase/telophase cells, and a few cells with figure eight

We also treated cells with secondary siRNAs that target chromosome alignment.
alternative sequences in the p24 or p150%™¢d genes. When To exclude the possibility that the figure eight chromosome

cells were treated with siRNA-p24b, which only reduced p24 alignment is an off-target effect of siRNA-p24, we performed

FEBRUARY 18, 2011-VOLUME 286-NUMBER 7  YASENIB\_ JOURNAL OF BIOLOGICAL CHEMISTRY 5593

156

102 'S} Aleniged uo ‘A1ISHIAINN YINIHSOHIH 1e B10-ogf mmm woly pepeojumod



Dynactin Complex Ensures Anaphase Transition

A .z < B
5% ¢ 5% 3
E9 9 £ 5 No treatment T3 Competion of mitosis
T = 1 = 5
o [ - E
o 2 < [<] “] Death during prometaphase
= E€Z £E S Coworsina e 9 prometaph
2 8 3 o G x {3 Death duting metaphase
: 205 SIRNAp24 1T
p24(C) = S 4 p1500iued —— i ) M Death curing figure 8
10 11 044 10 11007 SIRNAD150 s mitosis

(S Tes (1 ——— B-actin - ——

o 2 4 & 8 100

C No treatment

[} Prophase
Control-$iIRNA [} Promotaphase
&‘RNA»pZ«S‘ ] tetaphase
siRNAAmSO‘ 3 hl AnafTelophase

6 %0 120 150
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rescue experiments by expressing a siRNA-p24-resistant p24
mRNA from a pantropic retrovirus containing EGEP as a se-
lection marker (see “Experimental Procedures”). EGFP-posi-
tive cells were sorted using flow cytometry and then treated
with siRNA-p24.

Immunoblot analyses revealed similar levels of p24 in
cells infected with retrovirus containing p24 cDNA or
siRNA-resistant p24 ¢cDNA (Fig. 3C, lanes 5 and 7). Following
treatment with siRNA-p24 (100 nu for 48 h), uninfected cells,
as well as those infected with empty virus or virus containing
wild-type cDNA (Fig. 3C, lanes 2, 4, and 6) showed down-
regulation of p24 protein. In contrast, there was no significant
reduction in p24 levels in cells expressing the siRNA-resistant
p24 ¢cDNA (Fig. 3C, lane 8). Mitotic cells with the figure eight
chromosome alignment were observed in cells infected with
empty virus (73%) or virus containing wild type cDNA (68.5%)
at virtually the same frequency as uninfected cells (77.3%)
(Fig. 3D). Only cells infected with virus containing the
siRNA-resistant cDNA showed a significant reduction in the
frequency figure eight mitoses (34.5%, p < 0.01), suggesting
that p24 is indeed effective in preventing chromosomes from
the figure eight alignment.

We also expressed a siRNA-resistant p150 cDNA in Hela
cells using the same pantropic retrovirus system (Fig. 3E).
Unlike uninfected cells or those infected with the empty virus,
cells expressing siRNA-resistant cDNA showed little decrease
in p150 levels following siRNA treatment. Similarly, there was
no significant increase in prometaphase or decrease in ana/
telophase ratios in cells treated with siRNA-p150 (Fig. 3F),
and the ratio of cells with the figure eight chromosome align-
ment decreased.

Chromosomes Align into a Figure Eight after Metaphase
Arrest—To further analyze the mitotic disturbances induced
by p24 or p150¥™? down-regulation, we established a U20S
cell line expressing a histone H2B-GEP fusion protein consti-
tutively (19), transfected these cells with control, p24, or
p150%ed 5iRNAs (efficiency typically 70%) and then collected
time-lapse images of the transfected cells. In these cells, the
magnitude in reduction of p24 or p150¥"*? protein expres-

5594 JOURNAL OF BIOLOGICAL CHEMISTRY

157

sion levels by siRNA-p24 or siRNA-p150, respectively, were
similar to those achieved in HeLa cells (Fig. 44).

More than 95% of mitotic cells without siRNA treatment or
treated with control siRNA completed mitosis (Fig. 4B, also
see supplemental Movie 1). Cells treated with control siRNA
demonstrated a significant elongation of metaphase (46 min
in control siRNA-treated cells to compare with 29 min in un-
treated cells, p < 0.05), whereas the durations of prophase,
prometaphase, and anaphase and telophase combined (ana/
telophase) were not affected (Fig. 4C). These data suggest that
U20S cells treated with scrambled siRNA and/or cationic
liposome experience a delayed progression through met-
aphase. Only one of 180 (0.55%) untreated cells and zero of
156 cells treated with control siRNA died while in mitosis.

When cells were treated with siRNA-p24 (100 nm) for >24
h, we observed a significant delay in metaphase (average of 66
min) relative to control siRNA-treated cells (average of 46
min, p < 0.05, Fig. 4C). There was no elongation in the dura-
tion of prometaphase or ana/telophase. We also observed cell
death more frequently in siRNA-p24-treated cells: 3% (10/
333) or 6.5% (22/333) of mitotic cells underwent cell death
during prometaphase or metaphase, respectively (Fig. 4B).
Intriguingly, in 21.5% (72/333) of siRNA-p24-treated mitotic
cells, chromosomes aligned at the metaphase plate during
prolonged metaphase broke up into a figure eight pattern
(supplemental Movie 2). This similarity to the abnormal chro-
mosome alignment observed in siRNA-p24-treated HeLa cells
(Fig. 2D) indicates that these are not prometaphase cells but
rather post-metaphasic cells that fail to enter anaphase. All 72
cells with figure eight chromosome alignment underwent cell
death eventually (an average of 164 min after breakup of chro-
mosome alignment at the metaphase plate) (supplemental
Movie 2). Overall, 31% (104/333) of siRNA-p24-treated mi-
totic cells underwent cell death, whereas these cells in inter-
phase rarely underwent apoptosis (< 0.1%).

In contrast to control siRNA- or siRNA-p24-treated cells,
cells treated with siRNA-p150 for >48 h demonstrated de-
layed prometaphase (average of 23 min to compare with 12
min in control siRNA-treated cells, p < 0.05, Fig. 4C), during
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which 2.4% (4/163) underwent cell death. Moreover, the met-
aphase delay induced by siRNA-p150 (average 85 min, Fig.
4C, see Video 3) was more severe than in cells treated with
siRNA-p24 and 6.7% (11/163) of siRNA-p150-treated mitotic
cells underwent cell death during metaphase. These findings
are consistent with previous experiments in which HeLa cells
treated with siRNA-p150 showed increased ratios of cells in
prometaphase and metaphase relative to cells in anaphase and
telophase (Fig. 2C). Unlike cells treated with siRNA-p24, none
of these mitotic cells showed chromosomes aligned in a figure
eight pattern, and all cells that survived through promet-
aphase and metaphase entered anaphase.

Cells with Figure Eight Chromosome Alignment Share Fea-
tures with Prometaphase—OQur findings demonstrate that
down-regulation of either p24 or p150%™*? induces severe
metaphasic delays. This phenotype is analogous to a previous
report about cells that undergo metaphase arrest/delay when
dynactin is depleted by dynamitin overexpression (8). In that
case, the delay is most likely due to a defect in the function of
the dynein-dynactin complex, which removes spindle check-
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point proteins such as BubR1 from kinetochores during met-
aphase (reviewed in Ref. 20). Indeed, when cells were treated
with control siRNA, BubR1 signals localized to kinetochores
in prometaphase (Fig. 54, panel 1), after which the signal de-
creased rapidly during metaphase and anaphase (panels I and
2). In contrast, cells treated with siRNA-p24 showed the same
intensity of BubR1 immunofluorescence at the kinetochores
of metaphase chromosomes as that in prometaphase cells,
including those cells with a figure eight chromosome align-
ment (panel 3).

Despite their similarities in appearance to prometaphase
(rather than anaphase) cells, the figure eight chromosome
alignment is only seen in cells that have progressed through
metaphase (supplemental Movie 2). To further characterize
the timing of this unique chromosomal alignment, we looked
at expression of cyclin B1, a molecule that is present during
metaphase (Fig. 5B, Meta) and then degraded rapidly in an-
aphase (Ana). We observed positive cyclin B1 immunofluo-
rescence in all mitotic cells with a figure eight chromosome
alignment. Moreover, FISH images of the c-myc gene on
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chromosome band 8q24 indicate that sister chromatids in
cells with figure eight alignment have yet to segregate because
four pairs of dots are visible on chromosomes in figure eight
cells (Fig. 5C, arrows; FISH with chromosome 8-specific cen-
tromeric probes revealed that HeLa(tc) cells have four chro-
mosome 8 (data not shown)). These data suggest that cells
with figure eight chromosome alignment are most like pro-
metaphase cells.

Because the alignment of chromosomes on the metaphase
plate is mediated by tension between the spindle poles, rever-
sal of the mitotic process by siRNA-p24 interference may be
due to reductions in spindle tension. Using a-tubulin immu-
nostaining, we compared the density and morphology of spin-
dles in cells at different stages of mitosis. In cells displaying a
figure eight configuration (Fig. 5D, panel 3), the robust fluo-
rescence characteristic of metaphase mitotic spindles (panel
2) reverted to a shape and intensity more characteristic of
mitotic spindles in prometaphase (panel I). Moreover, the
marked decrease in immunostaining signal intensity for y-tu-
bulin and CG-NAP (pivotal components of the y-tubulin ring
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complex that provides microtubule nucleation sites) in figure
eight-stage cells relative to metaphase cells (Fig. 5E) suggests
that p24 is required to maintain the integrity of metaphase
centrosomes.

p24 Levels Relate to Figure Eight Chromosome Alignment—
In parallel experiments conducted in two different cell lines
(HeLa or U20S), metaphase arrest/delay was induced simi-
larly following treatment with either siRNA-p24 or
siRNA-p150; however, siRNA-p24 was significantly more ef-
fective than siRNA-p150 in inducing the figure eight chromo-
some alignment during metaphase (Figs. 2C and 4, B and C).
We did not observe any change in expression of p150%"** and
p24 mRNAs following treatment with siRNA-p24 or
siRNA-p150, respectively (Fig. 1A). However, both of these
siRNAs did reduce protein expression levels of p24, p1509'<q,
and dynamitin in HeLa(tc) cells (Fig. 6A). Similar results
were obtained in U20S cells (data not shown). Similar to
previous reports demonstrating that overexpression of dy-
namitin disrupts dynactin structure (2), our results with
p24 and p150%™¢? suggest that balanced availability of all
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