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Fig. 6. Effect of Hoxb4 on E2F activity and DNA replication licensing. (A) Effect of Hoxb4 transfection on E2F activity. Renilla luciferase reporter plasmid
driven by the mutant E2F-binding site, pE2MTx4-R, was used as control. (Upper) Firefly luciferase activity relative to that in mock vector-transfected cells.
1, mock vector; 2, Hoxb4—0.1 ug; 3, Hoxb4—0.5 pg; 4, Hoxb4d—1 pg; 5, Hoxb4N>A—1 pg; 6, control siRNA; 7, siRNA for Geminin and a mock vector;
8, siRNA for Geminin and 6myc-tagged Geminin (0.1 pg). (Lower) Immunoblot analysis. (B) Effect of Hoxb4 transduction on Cdt1 and Mcm2 in the
chromatin fraction of Rae™""FLC. S, soluble fraction; C, chromatin fraction. p-Actin and histone H2A were detected as control to ensure equal amounts of

protein and purity of the chromatin fraction, respectively.

genetic evidence that the self-renewal and repopulating capaci-
ties, as well as hematopoietic differentiation, were impaired by
Cul4a haploinsufficiency (24), although many target molecules for
the Rocl-Ddb1-Cul4a component were reported. Hoxb4 trans-
duction may down-regulate Geminin protein through UPS to
relieve the inhibition of Cdtl, and down-regulated Geminin
protein may also give rise to E2F activation, which facilitates
loading of a DNA prereplicative complex onto chromatin to
promote cell cycling. Because E2F activity was reported to be
induced by Hoxb4 through the induction of c-Myc as mentioned
above (9), Hoxb4 might induce E2F activity through either down-
regulation of Geminin or up-regulation of c-Myc. Although it
remains elusive in our study how down-regulated Geminin indu-
ces the E2F activation, the above findings suggest that Geminin
by itself negatively regulates the transcription activity of its own
promoter because transcription of Geminin is under the regula-
tion of E2F (29). This may imply that a feedback mechanism plays
a role in maintaining homeostasis of Geminin expression in
cells. Hoxb4 transduction may thus affect Geminin homeostasis
directly and indirectly, i.e., via the ubiquitination of Geminin and
also via its effect on the transcription of Geminin to induce the
HSC activity.

Although further detailed analysis is required, we propose
a tentative model for the molecular mechanism showing how
transduced Hoxb4 provides hematopoietic stem and progenitor
cells with high proliferation potential on the basis of the findings
in our current study (Fig. 7). Transduced Hoxb4 induces UPS-
mediated down-regulation of Geminin protein by constituting
the RDCOXB4 complex, an E3 ubiquitin ligase for Geminin,
which results in augmentation of a prereplicative complex loaded
onto chromatin as well as in transcription induction of the E2F
target genes involved in DNA replication and cell cycling. The
augmented prereplicative complex loaded onto chromatin may
provide higher proliferation potential for hematopoietic stem
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and progenitor cells. As we previously reported, Geminin is highly
expressed in CD34"KSL but is down-regulated in CD347KSL,
progenitors, and their progeny subpopulations, whereas Cdtl ex-
pression is reciprocal to Geminin expression (20). Thus, high
Geminin expression is presumed to induce CD347KSL to main-
tain quiescence and undifferentiated states through direct inter-
action with Cdt1(19) and Brgl/Brahma (21), respectively, whereas
down-regulated Geminin may induce cellular proliferation and
differentiation in the progeny subpopulations. Although the higher
cellular proliferation potential might also help to induce self-
renewal of HSCs, the precise molecular role for Geminin in Hoxb4
transduction-induced self-renewal activation of HSCs remains in-

< Cellular
(e ™ peoliferation

Fig. 7. Proposed tentative model for the molecular role of Hoxb4 in pro-
viding cells with proliferation potential. The pathway either enhanced or di-
minished by Hoxb4 transduction is indicated by thick and thin lines,
respectively. Dotted lines indicated an indirect effect. E2F, E2F-binding site;
Ub, ubiquitin.
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sufficiently understood. Further detailed analysis of Geminin could
provide an important clue for elucidating a molecular mechanism
that sustains the hematopoietic stem and progenitor cell activity.

Materials and Methods

Animal experiments were done with C57BL6 mice and mice deficient in Rae28
with a congenic genetic background. Plasmids and double-stranded RNAs
(Dharmacon-ThermoFisher) were transfected by the calcium phosphate
coprecipitation method and by using Lipofectamine RNAIMAX (Invitrogen-
Life Technologies). Retrovirus-mediated gene transduction was performed
with murine stem cell virus vectors. Hematopoiesis was assessed through
clonogenic, LTC-IC, and LTR activities. The recombinant RDCOXB4 complexes
were purified from Sf9 transfected with the baculovirus vectors and sub-
jected to the in vitro ubiquitination assay. The statistically analyzed results
are shown with SEM. A detailed description of all of the methods and
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Rapid Emergence of Telaprevir Resistant Hepatitis C
Virus Strain from Wildtype Clone InVivo

Nobuhiko Hiraga,"* Michio Imamura,"* Hiromi Abe,"? C. Nelson Hayes,"* Tomohiko Kono,"?
Mayu Onishi,"* Masataka Tsuge,"” Shoichi Takahashi,"”* Hidenori Ochi,>* Eiji Iwao,* Naohiro Kamiya,*
Ichimaro Yamada,* Chise Tateno,® Katsutoshi Yoshizato,>” Hirotaka Matsui,® Akinori Kanai,
Toshiya Inaba,® Shinji Tanaka,"* and Kazuaki Chayama'*?

Telaprevir is a potent inhibitor of hepatitis C virus (HCV) NS3-4A protease. However, the
emergence of drug-resistant strains during therapy is a serious problem, and the susceptibility
of resistant strains to interferon (IFN), as well as the details of the emergence of mutant
strains in vivo, is not known. We previously established an infectious model of HCV using
human hepatocyte chimeric mice. Using this system we investigated the biological properties
and mode of emergence of mutants by ultra-deep sequencing technology. Chimeric mice were
injected with serum samples obtained from a patient who had developed viral breakthrough
during telaprevir monotherapy with strong selection for resistance mutations (A156F
[92.6%]). Mice infected with the resistant strain (A156F [99.9%]) developed only low-level
viremia and the virus was successfully eliminated with interferon therapy. As observed in
patients, telaprevir monotherapy in viremic mice resulted in breakthrough, with selection for
mutations that confer resistance to telaprevir (e.g., a high frequency of V36A [52.2%]). Mice
were injected intrahepatically with HCV genotype 1b clone KT-9 with or without an intro-
duced resistance mutation, A156S, in the NS3 region, and treated with telaprevir. Mice
infected with the A1568S strain developed lower-level viremia compared to the wildtype strain
but showed strong resistance to telaprevir treatment. Although mice injected with wildtype
HCV showed a rapid decline in viremia at the beginning of therapy, a high frequency (11%)
of telaprevir-resistant NS3 V36A variants emerged 2 weeks after the start of treatment.
Conclusion: Using deep sequencing technology and a genetically engineered HCV infection
system, we showed that the rapid emergence of telaprevir-resistant HCV was induced by
mutation from the wildtype strain of HCV #z vivo. (HePaTOLOGY 2011;54:781-788)

hronic hepatitis C virus (HCV) infection is a  ribavirin (RBV).> However, this treatment results in
leading cause of cirrhosis, liver failure, and he-  sustained viral response (SVR), defined as negative for
patocellular carcinoma.”” The current standard HCV RNA 24 weeks after cessation of the therapy, in
treatment for patients chronically infected with HCV  only about 50% of patients with genotype 1 HCV
is the combination of peg-interferon (PEG-IFN) and infection with high viral loads.>” Given the low

Abbreviations: HCV, hepatitis C virus; HSA, human serum albumin; PEG-IFN, peg-interferon; RBV, ribaviring RT-PCR, reverse transcript-polymerase chain
reaction; SCID, severe combined immunodeficiency; SVR, sustained viral response; uPA, urokinase-type plasminogen activator.
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effectiveness of the current therapy, many molecules
have been screened for antiviral activity against HCV
for use in development of novel anti-HCV therapies.
A number of new selective inhibitors of HCV pro-
teins, the so-called STAT-C (specifically targeted antivi-
ral therapy for HCV) inhibitors, are currently under
development. Telaprevir is a reversible, selective, spe-
cific inhibitor of the HCV NS3-4A protease that has
shown potent antiviral activity in HCV replicon
assays.’ Although the antiviral effect of telaprevir is
quite potent, monotherapy using these drugs results in
rapid emergence of drug-resistant strains.”® Accord-
ingly, these drugs are used in combination with pegy-
lated-IFN  and ribavirin for chronic hepatitis C
patients. Because the HCV virus replicates rapidly and
RNA polymerase lacks a proofreading system, HCV
viral quasispecies can emerge de novo, and some of
these variants may confer resistance. Although a resist-
ant variant is inidally present at low frequency, it may
quickly emerge as the dominant species during antivi-
ral treatment.”'® Resistant clones against HCV NS3-
4A protease inhibitors have reportedly been induced in
replicon systems.

The immunodeficient urokinase-type plasminogen
activator (uPA) mouse permits repopulation of the liver
with human hepatocytes, resulting in human hepatocyte
chimeric mice that are able to develop HCV viremia af-
ter injection of serum samples positive for the virus.'
We and other groups have reported that the human he-
patocyte chimeric mouse is useful for evaluating the
effecc of NS3-4A protease inhibitor.'*"> Using this
mouse model, we developed a reverse genetics systems
for HCV.'*" This system is useful to study characteris-
tics of HCV strains with various substitutions of interest
because the confounding effects of quasispecies can be
minimized. Using ultra-deep sequencing technology, we
demonstrate the rapid emergence of telaprevir resistance
in HCV as a result of mutation from wildtype strain
using genetically engineered HCV-infected human he-
patocyte chimeric mice.

Materials and Methods

Animal Treatment. Generation of the uPA
SCID™™* mice and transplantation of human hepato-
cytes were performed as described recently by our
group.’® All mice were transplanted with frozen
human hepatocytes obtained from the same donor.
Mice received humane care and all animal protocols
were performed in accordance with the guidelines of
the local committee for animal experiments. Infection,
extraction of serum samples, and sacrifice were per-
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formed under ether anesthesia. Mice were injected ei-
ther intravenously with HCV-positive human serum
samples or intrahepatically with iz vitro-transcribed ge-
notype 1b HCV RNA. HCV-infected mice were
administered either perorally with 200-300 mg/kg of
telaprevir  (VX950; MP424; Mitsubishi  Tanabe
Pharma, Osaka, Japan) twice a day or intramuscularly
with 1,500 IU/g of IFN-alpha (Dainippon Sumitomo
Pharma, Tokyo). The telaprevir dose was determined
in a previous study in which this dosage range was
found to yield serum concentrations equivalent to
treated human patients.'?

Human Serum Samples. After obtaining written
informed consent, human serum samples containing
genotype 1b HCV were obtained from two patients
with chronic hepatitis. The individual serum samples
were divided into aliquots and stored separately in lig-
uid nitrogen until use. The study protocol conforms
to the ethical guidelines of the 1975 Declaration of
Helsinki and was approved « priori by the Institutional
Review Committee.

HCV RNA Transcription and Inoculaiion into
Chimeric Mice. We have previously established an in-
fectious genotype 1b HCV clone HCV-KT9 derived
from a Japanese patient with severe acute hepatitis
(GenBank access. no. AB435162)."> We cloned this
HCV complementary DNA (cDNA) into plasmid
pBR322 under a T7 RNA promoter to create the plas-
mid pHCV-KT9. Ten ug of plasmid DNA, linearized
by Xbal (Promega, Madison, WI) digestion, were tran-
scribed in a 100 pl reaction volume with T7 RNA
polymerase (Promega) at 37°C for 2 hours and ana-
lyzed by agarose gel electrophoresis. Each transcription
mixture was diluted with 400 pL of phosphate-buf-
fered saline (PBS) and injected into the livers of chi-
meric mice.”> The QuikChange site-directed murtagen-
esis kit (Stratagene, Foster City, CA) was used to
introduce a substitution at amino acid 156 of the NS3
region (A156S).

RNA  Extraction and Amplification. RNA was
extracted from serum samples by Sepa Gene RV-R
(Sankojunyaku, Tokyo), dissolved in 8.8 uL RNase-
free HyO, and reverse transcribed using a random
primer (Takara Bio, Shiga, Japan) and M-MLV reverse
transcriptase (ReverTra Ace, Toyobo, Osaka, Japan) in
a 20-uL reaction mixture according to the instructions
provided by the manufacturer. Nested polymerase
chain reaction (PCR) and quantitation of HCV by
Light Cycler (Roche Diagnostic, Japan, Tokyo) were
performed as reported.'®

Ultra-Deep  Sequencing. We adapted multiplex

sequencing-by-synthesis to simultaneously sequence
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multiple genomes using the Illumina Genome Ana-
lyzer. Briefly, cDNA was fragmented using sonication
and the resultant fragment distribution was assessed
using the Agilent BioAnalyzer 2100 platform. A library
was prepared using the Multiplexing Sample Prepara-
tion Kit (Illumina, CA). Imaging analysis and base
calling were performed using Illumina Pipeline soft-
ware with default settings.'”*> The N-terminal 543
nucleotides of NS3 protease were analyzed. This tech-
nique revealed an average coverage depth of over
1,000 sequence reads per basepair in the unique
regions of the genome. Read mapping to a reference
sequence was performed using Bowtie.”* Because of
the short 36 nucleotide read length, mapping hyper-
variable regions with multiple closely spaced variants
against a reference sequence yields poor coverage.
Therefore, common variants were identified by relax-
ing the mismatch settings as well as using de novo as-
sembly using ABySS.”> Multiple alternative reference
sequences were included to improve coverage in vari-
able regions. Codon counts were merged and analyzed
using R v. 2.12.

Results

Emergence of a Telaprevir-Resistant Variant in a
Hepatitis C Patient Treated with Telaprevir and
Analysis of the AI56F Mutation. A 55-year-old
woman infected with genotype 1b HCV was treated
with 750 mg of telaprevir every 8 hours for 12 weeks
(Fig. 1). After 1 weeks of treatment, serum HCV

RINA titer decreased below the detectable limit (1.2
log copy/mL). However, HCV RNA titer became posi-
tive by week 4. By week 12, HCV RNA tditer had
increased to 4.8 log copy/mL and telaprevir treatment
was discontinued. Because direct sequence analysis
showed an A156F mutation in the NS3 region in the
serum samples at 12 weeks, we performed ultra-deep
sequence analysis and confirmed the high frequency
(92.5%) of A156F mutation. Four weeks after cessa-
tion of treatment (at 16 weeks), sequence analysis
revealed that the major strain had reverted to wildtype
(99%). To analyze the replication ability and the sus-
ceptibility of the A156F mutation to telaprevir, 100
uL serum samples containing 104 copies of HCV
obtained at week 12 were injected into human hepato-
cyte chimeric mice. Two wildtype HCV-inoculated
mice became positive for HCV RNA 2 weeks after
inoculation and serum HCV RNA titer increased to
high levels (7.6 and 7.8 log copy/mL, respectively) at
6 weeks after inoculation (Fig. 2). In contrast to wild-
type HCV-infected mice, a mouse inoculated with se-
rum containing the A156F mutant developed measura-
ble viremia at 4 weeks postinoculation, although
serum HCV RNA titer remained low at 6 weeks (5.2
log copy/mL). Eight weeks after inoculation ultra-deep
sequence analysis showed a high frequency (99.9%) of
A156F mutation. From this point the mouse was
administrated 200 mg/kg of telaprevir perorally twice
a day for 4 weeks. However, this treatment resulted in
no reduction in serum HCV RNA level. During the
observation period the A156F mutation remained at
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Fig. 2. Changes in serum virus
titers in HCV-infected mice. Mice
were injected with either wildtype
(closed circles) or A156F-mutated
HCV serum samples (obtained from
an  HCV-infected patient who
received telaprevir monotherapy for
12 weeks; see Fig. 1) (open

circles). Six weeks after injection
the A156F mutant mouse was
treated with 200 mg/kg of telapre-
vir orally twice a day for 4 weeks
and injected intramuscularly with

1,500 1U/g/day of interferon-alpha
for 4 weeks. Serum HCV RNA

2460 clones

=mwr  coswl  (upper panel) and amino acid (aa)
e Soe frequencies at aal56 in the HCV
assev oows|  NS3 region by ultra-deep sequenc-

ing at the indicated times are
shown.

high frequency (>99%). To analyze the susceptibility
of the A156F mutation to IFN, wildtype or AI156F-
mutated HCV-infected mice were treated with 1,500
IU/g/day of IFN-alpha for 4 weeks. Treatment resulted
in only a two log reduction in HCV RNA level in
wildtype HCV-infected mice. In contrast, serum HCV
RNA titer decreased below the detectable limit 1 week
after treatment in an Al56F-infected mouse. Ten
weels after cessation of IFN-treatment (at week 28),
HCV RNA in the mouse serum remained undetect-
able, suggesting that HCV RNA was eliminated. These
results demonstrate that the AI56F variant is associ-
ated with telaprevir-resistance, but the mutant has low
replication ability and a high susceptibility to IFN.
Effect of Telaprevir on HCV-Infected Mice and
Sequence Analysis of NS3 Region. Next we investi-
gated the effect of telaprevir on wildtype HCV-
infected mice. Two chimeric mice were inoculated
intravenously with serum samples containing 10° cop-
ies of HCV obtained from an HCV-positive patient
(Fig. 3). Six weeks after inoculation both mice were
administered 200 mg/kg of telaprevir perorally twice a
day for 4 weeks. Serum HCV RNA titer in both mice
rapidly decreased; however, in one of the mice HCV
RNA titer increased again 3 weeks after the start of
treatment. Ultra-deep sequence analysis of the NS3
region showed that following the start of telaprevir
administration the frequency of the V36A mutation
increased from 18% at 2 weeks to 52% at 4 weeks, at
which point it was accompanied by an increase in the

HCV RNA titer. Two weeks after cessation of telapre-

vir treatment (at week 12), ultra-deep sequence analy-
sis revealed that the frequency of the V36A mutant
had decreased to 13% and the frequency of the wild-
type HCV had increased to 84%, although the HCV
RNA titer increased only slightly.

Intrahepatic Injection of HCV-KT9-Wild RNA
and KT9-NS§3-A156S RNA into Human Hepatocyte
Chimeric Mice. We previously established an infec-
tious genotype 1b HCV clone, HCV-KT9 (HCV-
KT9-wild)."> We created a telaprevir-resistant HCV
clone by introducing an A156S amino acid substitu-
tion in the NS3 region of HCV-KT9 (KT9-NS3-
A156S) (Fig. 4A). Using wildtype and telaprevir-resist-
ant clones we investigated the replication ability in
vivo. Mice were injected intrahepatically with 30 ug of
in vitro-transcribed  HCV-KT9-wild RNA or KT9-
NS3-A156S RNA. Mice injected with HCV-KT9-wild
developed measurable viremia at 2 weeks postinocula-
tion and by 4 weeks postinoculation HCV RNA had
reached 107 copy/mL (Fig. 4B). On the other hand,
mice injected with KT9-NS3-A156S developed meas-
urable viremia at 4 weeks postinoculation but main-
tained only low levels of viremia. These results suggest
that the telaprevir-resistant HCV clone has a lowered
replication ability compared to the wildtype HCV
clone in vivo.

Treatment with Telaprevir and Analysis of Muia-
genesis in Mice. Two mice infected with HCV-KT9-
wild and one mouse infected with KT9-NS3-A156S
were treated with 200 mg/kg of telaprevir twice a day
for 2 weeks (Fig. 5A), resulting in 1.4 and 2.7 log
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Fig. 3. Treatment with telaprevir in wildtype HCV-infected mice. Two mice were injected intravenously with 50 uL of HCV-positive human serum
samples. Six weeks after HCV injection mice were treated with 200 mg/kg of telaprevir orally twice a day for 4 weeks. Serum HCV RNA (upper
panel) and amino acid (aa) frequencies at aa36 in the HCV NS3 region by ultra-deep sequencing at the indicated times are shown.

reductions in HCV RNA level in the two wildtype
HCV-infected mice. In contrast, only a 0.6 log reduc-
tion was observed in the KT9-NS3-A156S-infected
mouse. These results demonstrate that our human he-
patocyte chimeric mouse model infected with in vitro-
transcribed HCV RNA provides an effective system
for analysis of the susceptibility of HCV mutants to
antiviral drugs. Interestingly, ultra-deep sequence anal-
ysis showed a rapid emergence of a V36A variant in
the NS3 region in mouse serum 2 weeks after treat-
ment (Fig. 5B). Four weeks after cessation of treat-
ment (at week 6) the frequency of the V36A variant
had decreased. Mice were then treated with 300 mg/kg
of telaprevir twice a day for 4 weeks, which resulted in
an elevated frequency of V306A variants at 1 (at week
7, 5.4%) and 4 weeks (at 10 week, 41.8%) after treat-
ment and no reduction in serum HCV RNA level.
These results suggest that telaprevir-resistant mutations
emerged de novo from the wildtype strain of HCV,
presumably through error-prone replication and potent
selection for telaprevir escape mutants. During the
telaprevir treatment period no increases of HCV RNA
titers in these mice were observed, probably due to the
low frequency of the resistant strain.

Discussion

Telaprevir is a peptidomimetic inhibitor of the
NS3-4A serine protease that is currenty undergoing
clinical evaluation. Despite its effectiveness against
HCV, some patients have shown a rapid viral break-

through during the first 14 days of treatment.”® Popu-
lation sequencing of the viral NS3 region identified a
number of mutations near the NS3 protease catalytic
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twice a day for 4 weeks. (A) Mice serum HCV RNA titers at the indi-
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HCV-KT9-infected mice (closed triangles) were used for ultra-deep
sequencing. (B) Amino acid (aa) frequencies at aa36 in the HCV NS3
region based on ultra-deep sequencing are shown.
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domain.?® In particular, variants at NS3 residues 36,
54, 155, and 156 were shown to confer reduced sensi-
tivity to telaprevir.*’

In this study we analyzed the association between the
antiviral efficacy of telaprevir and sequence variants
within the NS3 region using chimeric mice infected with
serum samples obtained from an HCV genotype 1b-
infected patient. One of two HCV-infected mice had a vi-
ral breakthrough during the dosing period (Fig. 3). Ultra-
deep sequence analysis of the NS3 region showed an
increase of the V36A mutant, which has been reported to
confer telaprevir resistance.” Consequently, our results
show evidence of emergence of a telaprevir-resistant vari-
ant previously detected in human clinical trials.

We detected an A156F mutant in the HCV NS3
region in a chronic hepatitis patient who had experi-
enced viral breakthrough during telaprevir monotherapy
(Fig. 1). Likewise, HCV RNA titer in mice infected
with the A156F variant showed no reduction following
2 weeks of telaprevir treatment (Fig. 2). However, 2
weeks of treatment with IFN-alpha rapidly suppressed
serum HCV RNA titer below the detectable limit.
These results demonstrate that A15GF is telaprevir-re-
sistant but has a high susceptibility to ITFN.

Interestingly, ultra-deep sequencing revealed that the
wildtype strain was present at low frequency (0.3%) in
the serum inoculum (Fig. 2). However, the frequency
of the wildtype failed to increase over time (Fig. 3),
suggesting that the very small number of wildtype viral
RNA (about 30 copies) may be incomplete or defec-
tive, as a large proportion of viral genomes are thought
to be defective due to the virus’s high replication and
mutation rates.” Further analysis is necessary in order
to interpret the significance of the presence of very low
frequency variants detected by ultra-deep sequencing.

The short read lengths used in next generation
sequencing also complicates the detection of rare var-
iants, especially when variants are clustered within a
region smaller than an individual read length (e.g., 36
basepairs). Relaxing the matching criteria allows map-
ping of more diverse reads but increases the error rate,
whereas default settings may be geared toward more
genetically homogenous haploid or diploid genomes.
In this study we used de novo assembly to identify
more diverse variants that failed to map to the refer-
ence sequence. Examining the variation in codon fre-
quencies among samples, we created alternative refer-
ence sequences containing a sufficient range of variants
to provide more uniform coverage of variable regions.

Using our previously established infectious HCV-
KT9 genotype 1b HCV clone, we investigated the
antiviral efficacy of telaprevir and the effect of

— 101 —



HEPATOLOGY, Vol. 54, No. 3, 2011

resistance mutations on viral replication. HCV RNA
titer in mice infected with the telaprevir-resistant strain
KT9-NS3-A156S was lower than in mice infected
with the wildtype strain HCV-KT9-wild (Fig. 4B).
HCV NS proteins include proteases for sequential
processing of the polyprotein and are thought to be
important in viral replication.”® Our results suggest
that differences in viral fitness underlie the differences
in viral replication capacity. We analyzed the antiviral
efficacy of telaprevir and the sequence of the NS3
region using HCV-infected mice treated with telapre-
vir. Although telaprevir treatment suppressed serum
HCV RNA titer in mice infected with HCV-KT9, the
decline of HCV RNA titer was only 0.6 log copy/mL
in a mouse infected with KT9-NS3-A156S under the
same treatment (Fig. 5A). These results suggest that
our genetically engineered HCV-infected mouse model
is useful for analyzing HCV escape mutants associated
with antiviral drugs. Interestingly, treatment with
telaprevir resulted in selection for V36A variants in the
NS3 region in an HCV-KT9-infected mouse (Fig.
5B). There are a few controversial reports proposing
that resistant variants may already be present at low
frequency (<1%) within the quasispecies population
in treatment-naive patients,” consistent with their
rapid emergence only days after treatment initia-
tion.?®3® This might well occur, due to the large num-
ber of mutated HCV clones. However, our results pro-
vide evidence in support of de novo emergence of
telaprevir resistance induced by viral mutation followed
by selection. HCV has both a high replication rate
(10'* particles per day) and a high mutation rate
(1072 to 1074 210 suggesting that the viral quasispe-
cies population is likely to represent a large and geneti-
cally diverse substrate for immune selection.

In summary, we established an infection model of a
genotype 1b HCV clone using the human hepatocyte
chimeric mouse model. Using this model we demon-
strate rapid emergence of de novo telaprevir-resistant

HCV quasispecies from wildtype HCV.
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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 (p150%*°4, 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%*<? in
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¥™™¢? 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.

ElThe on-line version of this article (available at http://www jbc.org) con-
tains supplemental Movies 1-3.

" To whom correspondence should be addressed: 1-2-3 Kasumi, Minami-ku,
Hiroshima 734-8553, Japan. Fax: 81-82-256-7103; E-mail: tinaba@
hiroshima-u.ac.jp.

FEBRUARY 18, 2011 VOLUME 286-NUMBER 7

NG EVON

Dynactin is composed of 10 subunit proteins that are re-
quired for dynein activation (2) and references therein). Three
proteins among them, p1505*? (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 p150¥™ed
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¢"e4 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 p1509"* 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%Med,
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<™°? 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—HeLa, 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"* (siRNA-p150, 5'-

JOURNAL OF BIOLOGICAL CHEMISTRY 5589

— 104 —



Dynactin Complex Ensures Anaphase Transition

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 (CCGAATAGCAATCCCAGAGC; 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).

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 pl50c"1“’Ed (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]J software. Immunoprecipitation and
immunoblot analyses were performed according to standard
procedures (18).

TUNEL—TUNEL assays were performed using the Fluoro-
metric TUNEL assay kit (Promega, Madison, WT). 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:

2The abbreviations used are: EGFP, enhanced GFP; FISH, fluorescence in
situ hybridization; IRES, internal ribosomal entry site.
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p1509"* 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
nu for 24 h) specific for p24 (siRNA-p24) or p150<Med
(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 1) 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). Immunoblot 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 p1509™*¢ immunofluorescence
that is barely detectable in early anaphase suggests a rapid
efflux of p1505™= 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°"¢4 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 HelLa(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 Hela but not HEK 293 cells. C, immunoblot analysis using p150%"“¢¢ or B-actin antibody.
Lane 1, untreated Hela(tc) cells; lane 2, cells treated with control siRNA (100 nm) for 72 h; lane 3, cells treated with siRNA-p150 (100 nwm) for 72 h. Ratios of
relative intensity (p150/actin) measured by densitometry are shown below. D-G, immunostaining of mitotic HelLa 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
um (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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onstrate that siRNA-p24 induces mitotic delay/arrest, in that
the G,/M-phase ratio (Fig. 2B, vertical axis) was significantly
higher in treated cells (32.2%) than in cells without treatment
(19.2%) However, the cell death induced by siRNA-p24 does
not appear apoptotic because TUNEL assays showed only a

334) of mitotic cells (Fig. 2C). First, chromosomes in 120 mi-
totic cells treated with siRNA-p24 for 48 h aligned abnormally
to resemble a figure eight pattern (Fig. 2D), whereas the same
pattern almost never appeared (<1/200) in mitotic cells with-
out siRNA treatment or those treated with control siRNA.

small increase in DNA free 3’ ends (Fig. 2B, horizontal axis;
see DNase-treated HeLa cell panel as a positive control) in
siRNA-p24-treated cells.

To determine the effects of down-regulation of p24 and
p150™<4 on mitosis, we analyzed chromosome alignment in
Hoechst 33342-stained mitotic cells. Although treatment of
cells with control siRNA (100 nMm) for up to 72 h did not affect
their distribution (Fig. 2C), we observed that treatment with
siRNA-p24 for 48 h specifically induced one of two distinct
patterns of abnormal chromosome alignment in 39.8% (133/

5592 JOURNAL OF BIOLOGICAL CHEMISTRY

Second, 3.9% (13/334) of mitotic cells treated with siRNA-p24
for 48 h demonstrated multipolar mitoses. Among the re-
maining 201 mitotic cells with normal-looking chromosome
alignment, the distribution of cells in each mitotic phase was
not altered. Relative to cells treated for 48 h, cells treated with
siRNA-p24 for 24 or 72 h showed the same abnormal pattern
of chromosome alignment but at a lower frequency (Fig. 2C).
In contrast to siRNA-p24-treated cells, cells treated with
siRNA-p150 for 48 h showed no significant change in distri-
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 nm) indicated above for 48 (lanes
71-3) 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 T and 2, uninfected Hela(tc) cells; lanes 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 cDNA. Lanes 1, 3, 5, and 7, cells were treated with control siRNA; lanes 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. E, 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; /anes 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. 3A4), 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. 3A4) 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%"*°? 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
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duration (p < 0.05) relative to the no treatment control.

rescue experiments by expressing a siRNA-p24-resistant p24
mRNA from a pantropic retrovirus containing EGFP 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 num 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 ¢DNA (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 HelLa
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-GFP fusion protein consti-
tutively (19), transfected these cells with control, p24, or
p150°Med siRNAs (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-
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sion levels by siRNA-p24 or siRNA-p150, respectively, were
similar to those achieved in HeLa cells (Fig. 4A4).

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. 4.B).
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—Qur findings demonstrate that
down-regulation of either p24 or p1509"**? 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-

NSV EN

FEBRUARY 18, 2011-VOLUME 286-NUMBER 7

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 1 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 Bl 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 1). 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 p1509™® 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, p150€™<9,
and dynamitin in HeLa(tc) cells (Fig. 6A4). 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©™e? suggest that balanced availability of all
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components is required to maintain the stability of the dy-
nactin complex.

To test whether changes in p24 expression levels are suffi-
cient to induce the figure eight chromosome alignment, we
treated cells with siRNAs and then measured the expression
levels of dynactin components and observed alterations in
chromosome alignment. When cells were treated with
siRNA-p150 for 24 or 48 h, expression levels of p24, dyna-
mitin, and p150°"°? relative to control cells were ~25% or
higher (Fig. 6B), but no mitotic abnormalities were observed
(Fig. 2, A and C). Treatment with siRNA-p150 for 72 h re-
duced the expression levels of dynamitin and p150™< to
<10% and p24 to ~20%, and this treatment induced met-
aphase arrest/delay and a few cells with the figure eight chro-
mosome alignment (Fig. 2C). In contrast, treatment of cells
with siRNA-p24 for 24 or 48 h reduced the expression levels
of p24 to less than 15%, while maintaining relatively high
(>25%) levels of dynamitin and p150%™°?, In this case, more
mitotic cells showed a figure eight chromosome alignment
(Fig. 20).

We also treated HeLa(tc) cells with a combination of both
siRNA-p24 and siRNA-p150 (50 or 100 nm each) for 72 h.
Although this procedure reduced both p24 and p150 expres-
sion levels to ~10% of those in control cells (Fig. 6C, lanes 2
and 3), the ratio of cells in the figure eight alignment (42—
45%) was virtually the same as cells treated with siRNA-p24
alone (43%, Fig. 6D), in which p24 and p150 expression are
reduced to ~10 and 25% of control cells, respectively (Fig. 6C,
lane 4). Once again, cells treated with siRNA-p150 alone that
expressed p24 at 25% and p150 at 10% of control cells (lane 5)
showed only a small number (~10%) of mitotic cells with the
figure eight configuration (Fig. 6D). These data demonstrate
that among all components of the dynactin complex, manipu-
lation of p24 expression levels is most likely to result in cells
assuming the figure eight configuration.

Further evidence in support of this correlation was ob-
served when treated cells were immunostained simulta-
neously for p24 and p150%'*°?, p24 immunofluorescence at
centrosomes of mitotic HeLa(tc) cells treated with siRNA-p24
was markedly less intense in cells with the figure eight chro-
mosome alignment relative to metaphasic cells in the same
microscopic field (Fig. 6E, panel 3). Intriguingly, p150 immu-
nofluorescence at centrosomes in most (23/25) of these figure
eight cells was as bright as the signal in metaphasic cells (Fig.
6E, panel 5). In contrast, in cells treated with siRNA-p150,
both p24 and p150 immunofluorescence signals in figure
eight cells were markedly reduced (Fig. 6E, panels 4 and 6) in
all cells observed (25/25). These results suggest that failure of
p24 to accumulate in mitotic centrosomes induces figure
eight chromosome alignment.

DISCUSSION

In this report, we treated HeLa and U20S cells with
siRNAs specific for p24 or p150%™¢4, two components of the
projecting arm of the dynactin complex. Time-lapse observa-
tions reveal that treatment of siRNA-p24 induces severe met-
aphase delay. In >40% of metaphase cells struggling to enter
anaphase, chromosomes aligned on the metaphase plate
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break away and assume a configuration resembling a figure
eight. In time, all cells with the figure eight alignment die
without completing mitosis. In contrast with p24, cells treated
with siRNA-p150 demonstrate severe delays in metaphase,
but most cells do not assume the figure eight alignment and
ultimately progress to anaphase. Neither p24 nor p150©™ ¢4
appears to be involved in the progression of anaphase and
telophase.

Reductions in p24 or p15 protein levels induce met-
aphase arrest/delay (Fig. 4C and supplemental Movies 1-3).
This is consistent with a previous report in which cells over-
express dynamitin, which down-regulates dynactin function,
also undergo metaphase arrest/delay (8). Failure to remove
spindle checkpoint proteins such as BubR1 from kinetochores
(Fig. 5A) results in metaphase delay because checkpoint pro-
teins inhibit cdc20, a specific activator of the anaphase-pro-
moting complex/cyclosome (reviewed in Ref. 20). Because
anaphase-promoting complex/cyclosome functions as an E3
ubiquitin ligase, mitotic checkpoint proteins that are remain
on kinetochores delay ubiquitin-dependent degradation of
cyclin B1 (Fig. 5B) or securin, which then inhibits cohesin
hydrolysis and blocks chromosome segregation (Fig. 5C).

Nonetheless, the transition of chromosomes from a met-
aphase to a figure eight configuration does not appear to be a
direct result of spindle checkpoint protein retention at kineto-
chores. Because there is a marked reduction of y-tubulin and
CG-NAP signals at mitotic centrosomes in cells with the fig-
ure eight chromosome alignment (Fig. 5E), insufficient
amounts of y-TuRC in metaphase centrosomes appear to be
one of the major factors driving the phenotype. Thus, we hy-
pothesize that loss of spindle microtubule tension (Fig. 5D) is
the defect that induces chromosomes to break away from
alignment at the metaphase plate.

The two functions of the dynactin complex are to remove
spindle checkpoint proteins from kinetochores and to main-
tain centrosome integrity until entry into anaphase. Although
we have observed that neither of these functions are disturbed
when expression levels of p24, dynamitin, or p1509"**? remain
at least 25% of control levels (siRNA-p150 for 48 h, see Figs.
2C and 6A4), we did note that a 10-fold reduction in the ex-
pression of either p24 or p150“"*? impaired the removal of
checkpoint proteins, resulting in metaphase delay. In contrast,
chromosome integrity and the resulting formation of figure
eight cells was only induced with a 10-fold reduction in p24
levels but not with a reduction in p150"¢, Immunofluores-
cence experiments also emphasized a correlation between
accumulation of p24 (but not p150%"“*?) in centrosomes and
figure eight chromosome alignment (Fig. 6E). These data sug-
gest that p24 acts independently of p150"*? in metaphase
centrosomes, where it helps maintain chromosome integrity
and prevents breakaway until entry into anaphase.

Although it is generally accepted that p24, dynamitin, and
p1509™=? function together in the dynactin projecting arm
(2), we and others (4, 21) have observed that the localization
of different dynactin components during mitosis varies con-
siderably. For example, p24 immunofluorescence is strong at
centrosomes relative to mitotic spindles or kinetochores. This
is particularly evident during early anaphase (Fig. 1, E and F)

OGlued

JOURNAL OF BIOLOGICAL CHEMISTRY 5597

— 112 —



Dynactin Complex Ensures Anaphase Transition

when p1509™=? immunofluorescence is barely detectable. In
conclusion, our results suggest that p24 operates indepen-
dently from the dynactin complex in binding to metaphase
centrosomes and maintaining their integrity. To explore this
hypothesis further, we are currently investigating the function
of p24 in metaphase centrosomes in greater detail.
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