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cally significant between untreated control and treated sample
were selected.

Protein identification by mass spectrometry

For mass spectrometric analysis, 400 ug of unlabeled-protein
extract was independently applied to 2D electrophoresis. The
gel was stained with DeepPurple solution (GE Healthcare Bio-
Sciences Corp.) according to the manufacturer's recommenda-
tion. The gel image was obtained by scanning with Ettan DIGE
Primo and matched to those of analytical gels by using the
ImageMaster 2D Platinum software. The spots of interest were
picked out, and in-gel protein digestion was carried out with
trypsin gold (Promega, Madison, Wi, USA) as described.?® Mass
spectrometric analyses were performed by using a MALDI-TOF/
TOF type mass spectrometer AB4700 (Applied Biosystems,
Framingham, MA, USA). The proteins were identified through
the online search using MASCOT database search engine.

Immunoblot analysis

The cell extracts obtained from cell cultures treated with or
without HDACi were subjected to cell extract preparation as
described above. The samples were applied to electrophoresis
on a 10% polyacrylamide gel and transferred onto a nitrocellu-
lose membrane. The membranes were incubated in TBS-T
(10mM Tris-HCl (pH, 8.0), 150mm NaCl, 0.1% Tween) with
5% non-fat milk containing 1:1000 diluted primary antibodies
against either caspase-9, -8, -7, -3, poly-ADP ribose polymerase
(PARP) (Cell Signaling Technology, Danvers, MA, USA),
peroxiredoxin 1 (Affinity Bioreagents, Golden, CO, USA),
elongation factor-2 or a-tubulin (Santa Cruz, Santa Cruz, CA,
USA). Membranes were then rinsed in TBS-T and further
incubated with HRP-conjugated secondary antibody (GE
Healthcare Bio-Sciences Corp.) in TBS-T with 5% non-fat milk.
Each protein was detected by SuperSignal (PIERCE, Rockford, IL,
USA).

Detection of ROS

ROS content was measured as described previously.”” After
treatment with HDACI, the cells were incubated with an
oxidation-sensitive fluorescent probe 2/, 7'-dichlorofluorescein
diacetate (H,-DCFDA) (Molecular Probes inc., Eugene, OR,
USA) at a final concentration of 5 uMm for 30 min. The cells were
washed and resuspended in PBS, and then ROS amount was
measured by flowcytometry.

Results

NCH-51 induces apoptosis greater than SAHA

We first evaluated the growth inhibitory effects of NCH-51 on a
variety of lymphoid malignant cell lines (Figure 1a). A tentative
result in a multiple myeloma cell line U266 cells is shown in
Figure 1b. In most of the cell lines including U266 cells, NCH-
51 exhibited a stronger growth inhibitory effect than SAHA at
3 um for 24 h treatment, whereas prolonged incubation for 72 h
did not show such a difference. It is noted that there was no
significance in the growth inhibitory effect on four healthy donor
PBMCs between NCH-51 and SAHA (ICs values of both agents
were higher than 30uM), suggesting a cell-type specific
cytotoxicity of NCH-51. We then analyzed the apoptosis and
cell cycle distribution after the treatment with NCH-51 or
SAHA. In the six cell lines (Jurkat, ED-40515(~), MEC2, U266,
XG7 and ILKM-2), all of which showed a high susceptibility to
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NCH-51 (ICsy<3pum), NCH-51 strongly induced apoptosis
greater than SAHA after 24 h treatment as demonstrated by
generation of sub-G, cells (Figure 1c and Table 1). In fact, when
U266 cells were treated with NCH-51, cleaved forms of
caspase-9, -8, -3 and PARP could be detected after 8h,
evidently at 16 h, although no activation of caspase-7 was
detected (Figure 1d), suggesting that NCH-51 induces apoptosis
through both extrinsic {type 1) and intrinsic (type 1} pathways®®
in the short-term treatment. On the other hand, cell cycle
analysis revealed that NCH-51 increased the cell number at G,/
M-phase and reduced the number at G;- or S-phase in most of
the cell lines examined (Table 1, right column). No significant
difference in the effects on cell cycle regulation was observed
between NCH-51- and SAHA-treated cells. These observations
suggest that the apoptosis-inducing activity might be attributable
to the difference in the observed growth inhibitory effects
between NCH-51 and SAHA.

NCH-51 regulates the expressions of antioxidant
molecules at the protein level

To identify the target molecules regulated by NCH-51, we
analyzed the RNA and protein expression profiles. cDNA
microarray analysis using U266 cells showed that NCH-51
treatment upregulated the expression of p21 and p19 (SuPple-
mentary Table 1), confirming the previous reports by us'' and
others.'’>'* On the other hand, NCH-51 downregulated the
gene expression of CFLAR (c-FLIP), survivin and BCL2L2 (bcl-w),
which act as antiapoptotic molecules. These results suggested
that these genes were responsible for the growth inhibitory
action of NCH-51, however, there was no notable difference in
mRNA expression between NCH-51- and SAHA-treated cells.
We then performed the proteome analysis. Whole cell extracts
were prepared from U266 cells treated with or without NCH-51,
and the protein samples were labeled with fluorescent dyes and
applied to 2D electrophoresis (Figure 2a). By comparing the
amounts of cellular proteins, we identified 14 proteins that
varied relatively to NCH-51 treatment (Table 2). Ten proteins
including nucleotide diphosphate kinase A (NDPKA), peroxir-
edoxin 1 and 2 (PRDX1, 2), glutathione S-transferase P1-1
(GSTP1-1), 14-3-3 zeta/delta, Cl~ intracellular channel proteins
1 and 4 (CLIC1, 4), proteasome subunit a3, protease activator 28
B subunit and Rho GDI a were upregulated, and four proteins
including alanyl-tRNA synthetase (AARS), elongation factor-2
(EF-2), heat-shack 70 kDa protein 8 (HSPA8) and mitochondrial
inner membrane protein, were downregulated after the treat-

- ment with NCH-51. Interestingly, some of these proteins

upregulated by NCH-51 belong to a class of antioxidant
molecules. It is noted that PRDX1 and PRDX2 were upregulated
at both mRNA and protein levels, thus they are considered to be
upregulated at the gene expression level, whereas most of the
proteins were upregulated without induction at the gene
expression level. In contrast, EF-2 and HSPA8 were down-
regulated at the protein level. The effects of NCH-51 and SAHA
on the expression of EF-2 and PRDX1 were then verified. As
shown in Figure 2b, EF-2 protein level was decreased either by
NCH-51 or SAHA in the cell lines such as U266, ED-40515 (-}
and XG7 cells that were highly susceptible to HDACi. EF-2 was
decreased after 16h treatment with these HDACi (data not
shown). On the other hand, in the cell lines such as MEC2,
Daudi and KM5 cells that were less sensitive to HDACi, EF-2
protein level was not significantly changed. PRDX1 protein level
was upregulated by the treatment with either NCH-51 or SAHA
in ED-40515 (), U266, XG7 and MEC2 cells. SAHA seemed to
upregulate PRDX1 more than NCH-51.

— 279 —



Growth inhibitory effect of a novel HDAC Inhibitor NCH-51

— 280 —

T Sanda el a/
5
Table 1 The profiles of apoptosis and cell cycle distribution
Cell line HDAC inhibitor (um) Apoptotic celf (%) Cell cycle distribution®(%)
sub Gy Gy S Go/M
Jurkat Untreated control 6.30 5.11 50.39 20.76 20.64
SAHA
3uM 13.45 28.56 9.15 12.97 46.22.
30M 28.97 32.39 7.06 18.10 40.83
- NCH-51
3uM 19.27 42.66 8.05 10.04 36.28
30 um 35.45 42.69 7.64 14.41 32.21
MT-2 Untreated control 6.84 3.02 63.25 15.29 15.64
SAHA
3um 8.23 9.41 49.04 11.70 26.36
30 M 8.75 10.35 62.95 6.15 13.96
NCH-51 .
3uMm 8.45 3.26 62.21 16.34 16.53
30 M 8.62 5.38 71.64 8.35 12.22
ED-40515 (=) Untreated control 6.44 8.40 46.82 23.30 19.67
SAHA
3uM 20.74 18.88 21.41 19.07 36.90
30 um 20.12 26.87 22.20 20.49 27.75
NCH-51
3uM 22.12 27.10 28.04 19.04 23.91
30 uM 21.33 26.54 25.09 20.56 25.72
MEC2 Untreated control 3.20 5.66 60.06 19.96 12.16
) SAHA
3uM 4.84 12.32 37.33 19.84 26.70
30 um 8.22 18.14 29.46 22.63 25.12
NCH-51
3 um 6.50 16.22 36.43 19.28 24.75
30 uM 11.08 21.24 30.47 20.93 23.29
MO1043 Untreated control 4.14 0.89 54.88 20.75 17.87
SAHA
3um 4,30 3.45 68.83 7.49 16.41
30 uM 15.96 18.85 48.29 6.62 23.14
NCH-51
3um 3.74 247 73.90 717 12.88
30 um 14.93 21.756 48.79 6.14 21.03
Daudi Untreated control 1.62 1.62 52.02 22.77 19.55
SAHA
3uM 2.08 217 23.65 22.33 46.30
30 uM 2.12 2.34 22.83 19.75 48.21
NCH-51
3um 2.64 - 1.90 50.38 14.74 27.711
30 uM 3.04 2.19 25.68 22.18 43.28
U266 Untreated control 6.17 6.30 67.42 10.99 13.02
SAHA
3um 17.65 11.91 56.24 10.35 19.72
30um . 29.73 17.06 48.70 12.69 19.68
NCH-51
3uM 22.90 13.39 54.07 11.60 18.62
30um - 32.63 18.90 49.15 13.40 18.94
XG7 Untreated control .27 7.58 49.21 20.34 23.37
SAHA
3uM 8.74 8.50 50.40 8.33 28.32
30uM 9.43 15.38 34.23 16.10 28.21
NCH-51
3M 11.47 10.00 49.32 8.62 28.62
30 M 13.13 17.87 35.44 14.67 27.93
KM5 Untreated control 4.24 2.91 42.15 27.85 23.43
SAHA
3uM 4.30 6.32 31.85 31.44 26.13
30uM 15.96 23.37 20.62 26.19 24.68
NCH-51
3um 3.74 6.75 38.34 29.96 20.84
30uM 18.46 20.33 27.77 23.29 24.31
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Table 1 (Continued)
Cell line HDAC inhibitor (um) Apoptotic celf’ (%) Cell cycle distribution®(%)
’ sub Gy G ) Go/M
ILKM-2 Untreated control 7.35 4.07 58.61 13.06 22.89
SAHA
3uM 7.84 8.97 61.53 6.23 22.12
30 uM 2141 20.63 561.10 12.71 13.88
NCH-51
3um 8.71 6.04 63.21 6.93 22.45
30 uM 30.04 20.54 51.45 12.15 15.13
Abbreviations: HDAC, histone deacetylase; SAHA, suberoylanilide hydroxamic acid.
2Each value shows the average of 20000 cells counted.
NCH-51 induces cytotoxic effect through the upregulation of cell cycle regulators, such as p27 and p19,
modulation of intracellular ROS could be attributable to the induction of apoptosis and cell cycle
From the results of proteome analyses, NCH-51 appeared to  arrest, respectively (Supplementary Table 1, 2 and Supplemen-
promote the expression of antioxidant molecules, either at the tary Figure 1), supporting the previous findings by others.'?"'%
transcriptional or post-transcriptional level, which prompted us  There was no difference in the mRNA expression level between
to examine the effect of NCH-51 on the levels of ROS  NCH-51- and SAHA-treated samples (Supplementary Figure 1).
accumulation. Interestingly, the temporal profile of ROS amount ~ We have confirmed no difference in inducing activity for
in U266 cells treated with NCH-51 appeared to be in a concave  acetylation of histone H4 between these two HDACI's
shape indicating a gradual suppression of ROS accumulation  (Supplementary Figure 2). These findings suggest that NCH-51
within the initial 4h and subsequent induction of ROS  and SAHA similarly affect gene expression presumably through
(Figure 3a), whereas the temporal profile with SAHA continu-  histone acetylation. We thus examined the effects of these
ously declined over time. Similar trends were observed with  compounds on protein expression profile to understand the
other cell lines (data not shown). As summarized in Table 2, difference between NCH-51 and SAHA at the post-transcrip-
SAHA was more effective in reducing ROS than NCH-51, and  tional level.
the difference in ROS amount between NCH-51 and SAHA was Interestingly, our proteome analyses revealed the upregula-
most evident at 24 h, when the difference in growth inhibitory  tion of some antioxidant molecules including PRDX1, PRDX2
effect could be observed (Figure 1). These results suggested a  and GSTP1-1 (Table 2 and Figure 2). In addition, previous
possibility that dynamic state of ROS in each cell could be  reports indicated that some other proteins identified by the
attributed to the growth inhibitory effect of HDACi. We thus  present proteome analysis (Table 2) could be activated by
examined whether NAC, a small-molecule antioxidant com-  oxidative stress.**** For example, NDPKA is reported to be
pound, could modulate the effect of NCH-51 (Figure 3b).  activated by ROS and protected the cell from ROS-induced
Expectedly, when U266 cells were pretreated with NAC, the  apoptosis.”**" CLIC1 protein contains a redox-active site and is
NCH-51-mediated cell growth inhibition was abolished. Similar  activated during ROS-triggered apoptosis.”*** These findings
effect was observed in SAHA-treated cells as much as in NCH-  suggested a possibility that NCH-51 might induce the cytotoxic
51-treated cells (data not shown). These results indicated that  effect by modulating the intracellular ROS content. In fact,
high amount of ROS might be necessary for the induction of  pretreatment with NAC abolished the growth inhibitory effect of
NCH-51-mediated cytotoxicity. NCH-51 (Figure 3b). These results support the previous findings
by others, which showed the ROS accumulation by HDA-
Ci.'%3435 However, in contrast to the previous reports, both
Discussion NCH-51 and SAHA downregulated the ROS content after 24 h
treatment in most of the cell lines tested except for KM5 cells, in
There have been accumulating reports of successful inhibition of ~ which ROS was increased by the treatment with SAHA or NCH-
cancer cell growth using small-molecule HDACi compounds.”” 51 (Table 3). These findings were reproducibly observed.
Initial studies with SAHA indicated that the mode of action of  Although we currently do not know the reason why there was
HDACi might be through upregulating the transcriptionally  a discrepancy between our study and others, we think the time-
repressed genes during carcinogenic processes by acetylating  point and/or cell characteristics may be different between them.
the repressive histones.'*"'* However, recent reports have  When temporal profiles of ROS accumulation were examined
demonstrated that HDACi compounds also exert anticancer  (Figure 3a), we found a typical bimodal kinetics of the
effects through acetylation of non-histone substrates.”*"? For intracellular ROS content after treatment with NCH-51; an
example, HDACS6, a microtubule-associated deacetylase, was  initial downregulation and subsequent upregulation of ROS. On
shown to be responsible for transportation of misfolded proteins  the other hand, SAHA did not follow the similar kinetics and the
to aggresome thus promoting protein degradation.'®?? Thus, we intracellular ROS level gradually and continuously decreased
have attempted to clarify the mechanism of anticancer effects of ~ (Figure 3a). Therefore, it is possible that apparent differences in
NCH-51 by examining both mRNA and protein levels. the ability of cell growth inhibition between NCH-51 and
In this study, we noticed that NCH-51 induced apoptosis in ~ SAHA, may be explained through the different effects on the
sensitive cell lines greater than SAHA (Figures 1 and 2a and  redox status of cells and induction of antioxidant proteins.
Table 1). Analyses of mRNA expression levels in NCH-51-and  Interestingly, our proteome/transcriptome analyses have re-
SAHA-treated cells has revealed that transcriptional repression  vealed that the upregulation of antioxidant molecules occurred
of antiapoptotic genes, such as survivin, bcl-w and ¢-FLIP and  at either protein or mRNA levels: GSTP1-1 was upregulated by
Leukemia
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Figure 2 Proteome analysis of the effects of NCH-51. (a). 2D electrophoresis image of whole cell proteins prepared from U266 cells. After U266
cells were treated with or without 3 um NCH-51 for 18h, the whole cell extracts were prepared and applied to 2D electrophoresis in
quadruplicates. Fourteen spots, whose relative amounts were either increased or decreased by the treatment with NCH-51 in all four gels, were
indicated. Each spot number in the image correspands to those in Table 2. MW, molecular weight (kDa). pl, isoelectric point. (b} Downregulation
of elongation factor-2 (EF-2) and upregulation of peroxiredoxin 1 (PRDX1) by HDACi. The cells were treated with suberoylanilide hydroxamic acid
(S) or NCH-51 (N) (3 um) for 18 h. Whole cell extracts were prepared and subjected to immunoblots with the indicated antibodies. Each value

means the ratio of the protein amount to a-tubulin (internal control).

NCH-51 only at the protein level, and PRDX1 and PRDX2 were
upregulated primarily at the transcriptional level. These findings
suggest that there may be two consequent antioxidative
mechanisms by which HDACi modulate ROS accumulation:
(i} the mRNA leve!, acting through induction of transcription of
antioxidant molecules de novo, and (i) the protein level, which
was presumably caused by blocking the cellular protein
transport/degradation pathway involving aggresome and protea-
some. Importantly, we have observed that SAHA but not NCH-

51 could induce acetylations of a-tubulin and HSP90 (Supple-
mentary Figure 2), suggesting that SAHA might prolong the latter
mechanism through blocking the degradation of antioxidant
molecules. In fact, SAHA seemed to increase protein expression
of PRDXt greater than NCH-51 (Figure 2b). Since NCH-51 does
not retain antioxidant molecules at the protein level, it induces
the accumulation of ROS. Cellular levels of antioxidant
molecules have been reported to be associated with the
sensitivity to conventional anticancer agents.”® Therefore,

-~
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Table2  Upregulated/downregulated proteins after the treatment with NCH-51 in U266 cells

Spot no. Protein ID Protein name Mw pl Protein ratio mRNA ratio
(1/cr (T/Cp?
1 NP_001596 Alanyl-tRNA synthetase (AARS) - 106734 5.31 0.80 0.74
2 NP_001952 Elongation factor-2 (EF-2) 95146 6.42 0.82 1.23
3 NP_006830 Mitochondrial inner membrane protein (IMMT) 83626 6.08 0.83 0.64
4 NP_006588 Heat-shock 70kDa protein 8 (HSPA8) 70854 5.28 0.82 1.18
5 NP_001279 ClI™ intracellular channe! protein 1 (CLIC1) 26775 5.09 1.34 0.67
6 NP_002809 Protease activator 28 g subunit (PA28f) 27213 5.44 1.54 . 1.03
7 NP_004300 Rho GDP-dissociation inhibitor 1 (Rho GDl«) 23193 5.02 1.42 0.92
8 NP_002779 Proteasome subunit « type3 28284 5.19 1.32 0.73
9 NP_663723 14-3-3 {/6 (PKC inhibitor protein 1)* 28828 4.73 1.37 0.83
10 NP_039234 Cl intracellular channel protein 4 (CLIC4) 28754 5.45 1.38 0.86
11 NP_000843 Glutathione S-transferase P 1-1(GSTP1-1) . 23210 5.44 1.38 0.98
12 NP_002565 Peroxiredoxin 1 (thioredoxin peroxidase 2) (PRDX1) 22096 8.27 1.30 1.4
13 NP_005800 Peroxiredoxin 2 (thioredoxin peroxidase 1) (PRDX2) 21747 5.67 1.30 1.35
14 NP_000260 Nucleoside disphosphate kinase A (NDPKA) 17138 5.83 1.50 1.04

*The results are indicated as the ratio of NCH-51-treated sample to untreated control (T/C).
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Figure 3 Effects of NCH-51 and suberoylanilide hydroxamic acid (SAHA) on reactive oxygen species (ROS) accumulation. (a) Time course of
intracellular ROS after the treatment with HDACi. U266 cells were treated with NCH-51 or SAHA (3 um) given the indicated time (0~24 h). After
the treatment, Hp-DCFDA was added and further incubated for 30min. ROS content was measured by flowcytometry. Blank, H,-DCFDA-
untreated control. (b) Effects of N-acetyl-L-cysteine (NAC) on the NCH-51-induced cell growth inhibition. U266 cells were treated with or without
NCH-51 (3 um) for 24 b in the presence or absence of NAC (0.2 or 2mm). Cell growth was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay. Open and closed bars indicate untreated and the NCH-51-treated cells. The results are shown as the
percentage compared to untreated control. Experiments were done in triplicates and the mean values+s.d. are shown.

NCH-51 can not only induce apoptosis through ROS accumula- Our proteome analysis has also identified several proteins
tion, but also enhance the cytotoxicity of other agents in the  other than antioxidant molecules, including EF-2, AARS and
combination treatment more efficiently than SAHA. HSPA8. We confirmed that EF-2 protein, a member of the GTP-
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Table3 ~ ROS content and growth inhibitory effect after the treatment with HDAC inhibitor
Cell line ROS content (% of contro)® Growth inhibition (% of controf)®
NCH-51 (3 M) SAHA (3 M) NCH-51 (3um) SAHA (3um)
Jurkat 86 47 63.5+08 37.7+25
MT-2 100 100 38.81+0.3 11.0+£2.3
ED-40515 (-) 82 56 71.241.2 41410
MEC2 59 46 4131141 35+28
MO1043 9N 65 46.01+0.5 72129
Daudi 74 54 266+1.8 15.1+£3.0
U266 95 85 80.7+18 51.7432
XG7 74 28 66.5+1.1 23.1+16
KM5 126 119 20.561+0.5 14.6+1.2
ILKM-2 94 94 85.5+0.2 81.3+1.1
Abbreviations: HDAC, histone deacetylase; ROS, reactive oxygen species; SAHA, suberoylanilide hydroxamic acid.
®Each value shows the average of 20000 cells counted.
PEach value shows the mean +s.d.
binding translational elongation factor family,”” was specifically 2 Strahl BD, Allis CD. The language of covalent histone modifica-
decreased in high-sensitivity cell lines such as ED-40515 (—) tions. Nature 2000; 403: 41-45. .
and U266 cells (Figure 2b} after 16 h treatment (data not shown). 3 ;g;’l‘;’gﬁM- Cellular memory and the histone code. Cell 2002; 111:
However, gene expression of EF-2 was upregulated after the y . . . -~
treatment with NCH-51 (Table 2). This discrepancy indicates a 4 g:l?s R, Lubbert M. Ep'g?net.'c fargets in hematopoietic
o % 8 gnancies. Oncogene 2003; 22: 6489-6496.
P°55’l_)'|'tY that NCH-51 could induce rapid turnover of EF-2 5 Fraga MF, Ballestar E, Villar-Garea A, Boix-Chornet M, Espada J,
protein followed by upregulation of RNA expression. Similar Schotta G et al. Loss of acetylation at Lys16 and trimethylation at
effects on EF-2 were also observed with SAHA (Figure 2b). Since Lys20 of histone H4 is a common hallmark of human cancer. Nat
EF-2 has been reported to be inactivated by ROS and lead to Genet 2005; 37: 391-400. .
inhibition of translation,*® it is suggested that locally induced 6 Seligson DB, Horvath S, Shi T, Yu H, Tze S, Grunstein M et al.
ROS by HDACi might induce EF-2 inactivation and degradation Global histone modlﬁcatl.on pzft(ems predict risk of prostate cancer
N . N recurrence. Nature 2005; 435: 1262-1266.
presumably _bY direct oxidation. Althou_gh th? mechanism by 7 Kelly WK, Marks PA. Drug insight: histone deacetylase inhibitors—
which EF-2 is downregulated by HDACi remains unclear, EF-2 development of the new targeted anticancer agent suberoylanilide
may be used as a feasible. surrogate marker to evaluate the hydroxamic acid. Nat Clin Pract Oncol 2005; 2: 150-157.
susceptibility of HDACi. Similar to EF-2, AARS and HSPA8 were 8 Kelly WK, O’Connor OA, Krug LM, Chiao JH, Heaney M, Curley T
downregulated at the protein level. It is known that HSPAB8 are et al. Phase | study of an oral histone deacetylase inhibitor,
involved in protein folding and transport.*® Thus, these findings suberoylanilide hydroxamic acid, in patients with advanced
collectively s t that NCH-51 might t tei thes: cancer. J Clin Oncol 2005; 23: 3923-3931.
y suggest tha might arrest protein synthesis 9 Ryan QC, Headlee D, Acharya M, Sparreboom A, Trepel JB, Ye }
and transportation. et al. Phase | and pharmacokinetic study of MS-275, a histone
In conclusion, our study demonstrates the therapeutic deacetylase inhibitor, in patients with advanced and refractory
advantage of NCH-51 on growth inhibition of lymphoid solid tumors or lymphoma. J Clin Oncol 2005; 23: 3912-3922.
malignant cells. Importantly, NCH-51 did not affect the cell 10 Golub LM, Lee HM, Ryan ME, Giannobile WV, Payne j, Sorsa T.
growth of normal PBMCs with the effective concentrations on Tetracyclines inhibit connective tissue breakdown by multiple
malignant cells (Figure 1b). In addition to its thera tic effi non-antimicrobial mechanisms. Adv Dent Res 1998; 12: 12-26.
8 o g : . peu'l € 'IC.Ele 11 Suzuki T, Nagano Y, Kouketsu A, Matsuura A, Maruyama S,
and selectivity, NCH-51 has additional advantages in clinical Kurotaki M et al. Novel inhibitors of human histone deacetylases:
use based on its pharmacological features. Therefore, NCH-51 design, synthesis, enzyme inhibition, and cancer cell growth
could be a useful anticancer agent against lymphoid inhibition of SAHA-based non-hydroxamates. ] Med Chem 2005;
malignancies. 48: 1019-1032.
12 Huang L, Sowa Y, Sakai T, Pardee AB. Activation of the p21WAF1/
CIP1 promoter independent of pS3 by the histone deacetylase
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ORIGINAL ARTICLE

Granulocyte Colony-Stimulating

Factor Promotes the

Translocation of Protein
Kinase Cu in Neutrophilic

Differentiation Cells

TOSHIE KANAYASU-TOYODA,' TAKAYOSHI SUZUKI,' TADASHI OSHIZAWA,'
ERIKO UCHIDA,2 TAKAO HAYAKAWA, % ano TERUHIDE YAMAGUCHI'*

! Division of Cellular and Gene Therapy Products, National Institute of Health Sciences, Tokyo, Japan

2National Institute of Health Sciences, Tokyo, Japan

Previously, we suggested that the phosphatidylinosito! 3-kinase (PI3K)-p70 Sé kinase {p70 S6K) pathway plays an important role in
granulocyte colony-stimulating factor (G-CSF)-dependent enhancement of the neutrophilic differentiation and proliferation of HL-60
cells. While atypical protein kinase C (PKC) has been reported to be a regulator of p70 S6K, abundant expression of PKCt was observed in
myeloid and lymphoid cells. Therefore, we analyzed the participation of PKCu in G-CSF-dependent proliferation. The maximum
stimulation of PKCy was observed from |5 to 30 min after the addition of G-CSF. From 5 to |5 min into this lag time, PKCu was found to
translocate from the nucleus to the membrane. At 30 min it re-translocated to the cytosol. This dynamic translocation of PKCu was also
observed in G-CSF-stimulated myeloperoxidase-positive cells differentiated from cord blood cells. Small interfering RNA for PKCy
inhibited G-CSF-induced proliferation and the promotion of neutrophilic differentiation of HL-60 cells. These data indicate that the
G-CSF-induced dynamic translocation and activation processes of PKCy are important to neutrophilic proliferation.

J. Cell. Physiol. 211: 189-196, 2007. © 2006 Wiley-Liss, Inc.

Hematopoietic cell differentiation is regulated by a complex
network of growth and differentiation factors (Tenen et al.,
1997, Ward etal,, 2000). Granulocyte colony-stimulating factor
(G-CSF) and its receptors are pivotal to the differentiation of
myeloid precursors into mature granulocytes. In previous
studies (Kanayasu-Toyoda et al.,, 2002) on the neutrophilic
differentiation of HL-60 cells treated with either dimethyi
sulfoxide (DMSQ) or retinoic acid (RA), heterogeneous
transferrin receptor (Trf-R) populations—transferrin
receptor-positive (Trf-R*) cells and transferrin receptor-
negative (Trf-R™) cells—appeared 2 days after the addition of
DMSO or RA. The Trf-R™ cells were proliferative-type cells
that had higher enzyme activity of phosphatidylinositol 3-kinase
(P13K) and protein 70 $6 kinase (p70 S6K), whereas the
Trf-R™ cells were differentiation-type cells of which Tyr705 in
STAT3 was much more phosphorylated by G-CSF. Inhibition of
either PI3K by wortmannin or p70 S6K by rapamycin was found
to eliminate the difference in differentiation and proliferation
abilities between Trf-R* and Trf-R™ cells in the presence of
G-CSF (Kanayasu-Toyoda et al., 2002). From these results, we
concluded that proteins PI3K and p70 S6K play important roles
in the growth of HL-60 cells and negatively regulate neutrophilic
differentiation. On the other hand, the maximum kinase activity
of PI3K was observed at 5 min after the addition of G-CSF
(Kanayasu-Toyoda et al., 2002) and that of p70°S6K was
observed between 30 and 60 min after, indicating a lag time
between PI3K and p70 S6K activation. It is conceivable that any
signal molecule(s) must transduce the G-CSF signal during the
time lag between PI3K and p70 S6K. Chung et al. (1994) also
showed a lag time between PI3K and p70 56K activation on
HepG2 cells stimulated by platelet-derived growth factor
(PDGF), suggesting that some signaling molecules also may
transduce between PI3K and p70S6K.

Protein kinase C (PKC) is a family of Ser/Thr kinases involved in A

the signal transduction pathways that are triggered by
numerous extracellular and intracellular stimuli. The PKC

family has been shown to play an essential role in cellular
functions, including mitogenic signaling, cytoskeleton
rearrangement, glucose metabolism, differentiation, and the
regulation of cell survival and apoptosis. Eleven different
members of the PKC family have been identified so far. Based on
their structural similarities and cofactor requirements, they
have been grouped into three subfamilies: (1) the classical or
conventional PKCs (cPKCa, B, B2, and ), activated by ca*t,
diacylglycerol, and phosphatidyl-serine; (2) the novel PKCs
(nPKCS, €, m, and 8), which are independent of Ca** but still
responsive to diacylglycerol; and (3) the atypical PKCs (aPKC{
and v/\), where PKC\ is the homologue of human PKCu.
Atypical PKCs differ significantly from all other PKC family

dylinosite -klnase
il

yIEsult

C‘ . 3 - e
"!Gene Therapy Pré tion: : ‘

: Kamiyoga, Setagaya-ku; Tokyo 158-8501, Japan. *~ -~
rE-mail: yamaguch@nihs.gojp-* -1 1

Received 31 May 2006; Accepted 22 September 2006
Published online in Wiley InterScience

(www.interscience.wiley.com.), 28 November 2006.
DOI: 10.1002/jcp.20930

— 286 —



190

KANAYASU-TOYODA ET AL.

members in their regulatory domains, in that they lack both the
calcium-binding domain and one of the two zinc finger motifs
required for diacylglycerol binding (Liu and Heckman, 1998).
Romanelli et al. (1999) reported that p70 S6K is regulated by
PKC{ and participates in a PI3K-regulated signaling complex.
On the other hand, Selbie et al. (1993) reported that the tissue
distribution of PKC is different from that of PKCu/A, and that
PKCu/\ appears to be widely expressed. If the p70 S6K could be
activated by aPKC, the regulation of p70 S6K activation would
seem to depend on the tissue-specific expression of PKCu
and/or PKCL. In neutrophilic lineage cells, the question is which
aPKC participates in the regulation of p70 SéK on G-CSF
signaling. ~

In this study, we show that G-CSF activated PKCs, promotingits
translocation from the nucleus to the cell surface membrane
and subsequently to the cytosol in DMSO-treated HL-60 cells.
We also show the translocation of PKCu using
myeloperoxidase-positive neutrophilic lineage differentiated
from cord blood, which is a rich source of immature myeloid
cells (Fritsch etal., [993; Rappold etal., 1997; Huang etal., 1999;
Debili et al., 2001; Hao et al., 2001). We concluded that PKCy
translocation and activation by G-CSF are needed for
neutrophilic proliferation.

Materials and Methods
Reagents

Anti-p70 S6K polyclonal antibody was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-PKC. polyclonal antibody and
monoclonal antibody were purchased from Santa Cruz Biotechnology
and from Transduction Laboratories (Lexington, KY), respectively.
Anti-PKCZ polyclonal antibody was purchased from Cell Signaling
Technology (Beverly, MA). Anti-myeloperoxidase antibody was
purchased from Serotec Ltd. (Oxford, UK). GF 109203X, and G6 6983
were obtained from Calbiochem-Novabiochem (San Diego, CA).
Wortmannin was obtained from Sigma Chemical (St. Louis, MO).
Anti-Histon-H| antibody, anti-Fcy receptor lla (CD32) antibody, and
anti-lactate dehydrogenase antibody were from Upstate Celi Signaling
Solutions (Lake Placid, NY), Lab Vision Corp. (Fremont, CA), and
Chemicon International, Inc. (Temecula, CA), respectively.

Cell culture

HL-60, Jurkut, K562, U937, and THP-1 cells were kindly supplied by the
Japanese Collection of Research Bioresources Cell Bank (Osaka,
Japan). Cells were maintained in RPM} 1640 medium containing 10%
heat-inactivated FBS and 30 mg/L kanamycin suifate at 37°C in
moisturized air containing 5% CO,. The HL-60 cells, which were ata
density of 2.5 x 10° cells/ml, were differentiated by 1.25% DMSQ. Two
days after the addition of DMSO, the G-CSF-induced signal
transduction was analyzed using either magnetically sorted cells or
non-sorted cells.

Magnetic cell sorting

To prepare Trf-R™ and Trf-R™ cells, magnetic cell sorting was
performed as previously reported (Kanayasu-Toyoda et al., 2002),
using an automatic cell sorter (AUTO MACS; Miltenyi Biotec, Bergisch
Gladbach, Germany). After cell sorting, both cell types were used for
Western blotting and PKCt enzyme activity analyses.

‘

Preparation of cell lysates and immunoblotting

For analysis of PKCL and PKC{ expression, a PVDF membrane blotted
with 50 ug of various tissues per lane was purchased from BioChain
Institute (Hayward, CA). Both a polymorphonuctear leukocytes
(PMNis) fraction and a fraction containing lymphocytes and monocytes
were isolated by centrifugation (400g, 25 min) using a Mono-poly
resolving medium (Dai-Nippon Pharmaceutical, Osaka, Japan) from
human whole blood, which was obtained from a healthy volunteer with
informed consent. T-lymphocytes were further isclated from the
mixture fraction using the Pan T Cell Isolation Kit (Miltenyi Biotec)
according to the manufacturer’s protocol. T-lymphocytes, PMNE,
HL-60 cells, jurkut cells, K562 celis, and U937 cells (I x 107) were

collected and lysed in lysis buffer containing 1% Triton X-100,

10 mM K,HPO/KH,PO, (pH 7.5), | mM EDTA, 5 mM EGTA,

10 mM MgCl,, and 50 mM B-glycerophosphate, along with 1/100 (v/v)
protease inhibitor cockeail (Sigma Chemical) and 1/100 (v/v)
phosehatase inhibitor cocktail (Sigma Chemical). The cellular lysate
of 10° cells per lane was subjected to Western blotting analysis. Human
cord blood was kindly supplied from the Metro Tokyo Red Cross Cord
Blood Bank (Tokyo, Japan) with informed consent. Mononuclear cells,
isolated with the Lymphoprep""“| Tube (Axis-Shield PoC AS, Oslo,
Norway), were cultured in RPMI | 640 medium containing 10% FBS in
the presence of G-CSF for 3 days. Cultured cells were collected, and
the cell lysate was subjected to Western blotting analysis.

A fraction of the plasma membrane, cytosol, and nucleus of the
DMSO-treated HL-60 cells was prepared by differential centrifugation
after the addition of G-CSF, as described previously (Yamaguchi et al.,
1999). After the cells that had been suspended in 250 mM sucrose/
10 mM Tris-HCI (pH 7.4) containing 1/100 (v/v) protease inhibitor
cockeail (Sigma Chemical) were gently disrupted by freezing and
thawing, they were centrifuged at 800g, 4°C for 10 min. The
precipitation was suspended in |0 mM Tris-HCH (pH 6.7) supplemented
with 1% SDS. It was then digested by benzon nuclease at 4°C for | hand
used as a sample of the nuclear fraction. After the post-nucleus
supernatant was re-centrifuged at 100,000 rpm (452,000g) at a
temperature of 4°C for 40 min, the precipitate was used as a crude
membrane fraction and the supernatant as a cytosol fraction. Western
blotting analysis was then performed as described previously
(Kanayasu-Toyoda etal., 2002). The bands that appeared on x-ray films
were scanned, and the density of each band was quantitated by Scion
Image (Scion, Frederick, MD) using the data from three separate
experiments.

Kinase assay

The activity of PKCu was determined by phosphorous incorporation
into the fluorescence-labeled pseudosubstrate (Pierce Biotechnology,®
Rockford, IL). The cell lysates were prepared as described above and
immunoprecipitated with the anti-PKCu antibody. Kinase activity was
measured according to the manufacturer's protocol. In the analysis of
inhibitors effects, cells were pretreated with a PI3K inhibitor,
wortmannin (100 nM), or PKC inhibitors, GF109207X (10 M) and
G66983 (10 M) for 30 min, and then stimulated by G-CSF for 15 min.

Observation of confocal laser-scanning microscopy

Upon the addition of G-CSF, PKCu localization in the DMSO-treated
HL-60 cells for 2 days was examined by confocal laser-activated
microscopy (LSM 510, Car! Zeiss, Oberkochen, Germany). The cells
were treated with 50 ng/ml G-CSF for the indicated periods and then
fixed with an equal volume of 4.0% paraformaldehyde in PBS(—). After
treatment with ethanol, the fixed cells were labeled with anti-PKCu
antibody and with secondary antibody conjugated with horseradish
peroxidase. They were then visualized with TSA™ Fluorescence
Systems (PerkinElmer, Boston, MA).

Mononuclear cells prepared from cord blood cells were cultured in
RPMI 1640 medium containing 10% FBS in the presence of G-CSF for
7 days. Then, for serum and G-CSF starvation, cells were cultured in
RPMI 1640 medium containing 1% BSA for 11 h. After stimulation by
50 ng/ml G-CSF, the cells were fixed, stained with both anti-PKCe
polyclonal antibody and anti-myeloperoxidase monocional antibody,
and finally visualized with rhodamine-conjugated anti-rabbit IgG and
FITC-conjugated anti-mouse IgG, respectively.

RNA interference

Two pairs of siRNAs were chemically synthesized: annealed
(Dharmacon RNA Technologies, Lafayette, CO) and transfected into
HL-60 cells using Nucleofector ™ (Amaxa, Cologne, Germany). The
sequences of sense siRNAs were as follows: PKCu,
GAAGAAGCCUUUAGACUUUTA,; p70 S6K,
GCAAGGAGUCUAUCCAUGAUU. As a control, the sequence
ACUCUAUCGCCAGCGUGACUU was used. Forty-eight hours
after treatment with siRNA, the cells were lysed for Western blot
analysis. For proliferation and differentiation assay, cells were
transfected with siRNA on the first day, treated with DMSO on the
second day, and supplemented with G-CSF on the third day. After
cells were subsequently cultured for 5 days, cell numbers and
formyl-Met-Leu-Phe receptor (fMLP-R) expression were determined.
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fMLP-R expression

The differentiated cells were collected and incubated with
FITC-conjugated fMLP; then, labeled cells were subjected to flow
cytometric analysis (FACSCalibur, Becton Dickinson, Franklin
Lakes, NJ).

Statistical analysis

Statistical analysis was performed using unpaired Student’s t-test.
Values of P < 0.05 were considered to indicate statistical significance.
Each experiment was repeated at least three times and representative
data were indicated.

Results -
The distribution of atypical PKC in various tissues
and celis

Previously, we reported that the PI3K-p70 S6K-cMyc pathway
plays an important role in the G-CSF-induced proliferation of
DMSO-treated HL-60 cells, not only by enhancing the activity of
both PI3K and p70 S6K but also by inducing the c-Myc protein
(Kanayasu-Toyoda et al., 2002, 2003). We also reported that
G-CSF did not stimulate Erkl, Erk2, or 4E-binding protein |.
The maximum kinase activity of PI3K was observed 5 min after
the addition of G-CSF, and that of p70 S6K was observed
between 30 and 60 min after. It is conceivable that any signal
molecule(s) must transduce the G-CSF signal during the time lag
between PI3K and p70 S6K. Romanelli et al. {1999) suggested
that the activation of p70 S6K is regulated by PKC§ and
participates in the PI3K-regulated signaling complex. To
examine the role of atypical PKC in the G-CSF-dependent
activation and the relationship between atypical PKC and p70
S6K, the protein expression of PKC{ and PKCu in various
human tissues and cells was analyzed by Western blotting. As
shown in Figure | A, both of the atypical PKCs were markedly
expressed in lung and kidney but were weakly expressed in
spleen, stomach, and placenta. In brain, cervix, and uterus, the
expression of only PKCu was observed. Selbie et al. (1993) have
reported observing the expression of PKC{ not in protein
levels butin RNA levels, in the kidney, brain, lung, and testis, and
that of PKCu in the kidney, brain, and lung. In this study, the
protein expression of PKCu in the kidney, brain, and lung was
consistent with the RNA expression of PKCi. Despite the
strong expression of PKC{ RNA in brain (Selbie et al., 1993),
PKC{ protein was scarcely observed. Although PKCu proteins
were scarcely expressed in neutrophils and T-lymphocytes in
peripheral blood, they were abundantly expressed in immature
blood cell lines, that is, Jurkut, K562, U937, and HL-60 cells
(Fig. IB), in contrast with the very low expression of PKC{
proteins. In mononuclear cells isolated from umbilical cord
blood, which contains large numbers of immature myeloid cells
and has a high proliferation ability, the expression of PKCy
proteins was also observed. Since Nguyen and Dessauer (2005)
have reported observing abundant PKC{ proteins in THP-|
cells, as a positive control for PKCZ, we also performed a
Western blot of THP-| cells (Fig. 1B, right part). While PKCy
was markedly expressed in both THP-1 and HL-60 cells, PKC{
was observed only in THP-1 cells.

These data suggested that PKC{ and PKC. were distributed
differently in various tissues and cells, and that mainly PKCe
proteins were expressed in proliferating blood cells.

Stimulation of PKCu activity by G-CSF '

Among the 11 different members of the PKC family, the aPKCs
(€ and v/\) have been reported to activate p70 S6K activity and
to be regulated by PI3K (Akimoto et al., 1998; Romanelli et al.,
1999). As shown in Figure 1, although the PKC{ proteins were
not detected by Western blotting in HL-60 cells or

mononuclear cells isolated from cord blood cells, it is possible
that PKCu could functionally regulate p70 S6K as an upstream
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Fig. |. Different distributions of PKC{ and PKCt. The protein
expression of PKCu appears in the upper part and that of PKC{ in the
middle part in various tissues and cells. A: |, brain; 2, lung; 3, kidney, 4,
spleen; 5, stomach; 6, jejunum; 7, ileum; 8, colon; 9, rectum; 10, cervix;
I I, uterus; 12, placenta. Anti-GAPDH blot is a control for various
tissues. B: |, jurkut cells; 2, K562 cells; 3, U937 cells; 4, HL-60 cells; 5,
neutrophils; 6, T-lymphocytes; 7, mononuclear cellsfrom cordbloodin
the absence of G-CSF; 8, mononuclear cells from cord blood in the
presence of G-CSF. Anti-actin blot is a control. The right part shows
immunoblots of PKC., PKC{, and actin of THP-1 cells as a positive
control for PKC{. The cell numbers of THP-I and HL-60 cells were
adjusted in relation to other cells on the left parts.

regulator in these cells. Therefore, we focused on the role of
PKCvu as the possible upstream regulator of p70 S6K in
neutrophil lineage cells. First, we compared the expression of
PKCu in both Trf-R™ and Trf-R™ cells. PKCv proteins were
expressed more abundantly in Trf-R* cells than in Trf-R™ cells
(Fig. 2A, middle part), as with the p70 SéK proteins. A time
course study of PKCu activity upon the addition of G-CSF
revealed the maximum stimulation at 15 min, lasting untit 30
min. The G-CSF-dependent activation of PKCu was inhibited by
the PKC inhibitors wortmannin, GF 109203X, and G6 6983.
Considering the marked inhibitory effect of wortmannin on
PKCu and evidence that the maximum stimulation of PI3K was
observed at 5 min after the addition of G-CSF, PI3K was
determined to be the upstream regulator of PKCu in the G-CSF
signal transduction of HL-60 cells. The basal activity of PKCu in
Trf-R™ cells was higher than thatin Trf-R™ cells, and G-CSF was
more augmented. In Trf-R™ cells, PKCu activity was scarcely
stimulated by G-CSF. This tendency of PKCu to be activated by
G-CSF was similar to that of PI3K (Kanayasu-Toyoda et al,,
2002).
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Fig. 2. Expression of PKCuin Trf-R* and Trf-R™ cells and effects of
G-CSF on PKCu activity. A: The expression of PKCu in Trf-R* and
Trf-R™ cells was subjected to Western blot analysis after magnetic cell
sorting. B: The G-CSF-dependent PKC. activation of the
DMSO-treated HL-60 cells was measured. The x-axis represents the
time lapse (min) after the G-CSF stimulation and the y-axis percent of
control that was notstimulated by G-CSF. Columnsandbarsrepresent
the mean + SD, using data from three separate experiments. Wort:
wortmannin (100 nM), GF: GF109207X (10 uM), G6: G56983 (10 uM).
Cells were pretreated with each inhibitor and then stimulated by
G-CSF for 15 min. C: The PKC. activity in the Trf-R* and Trf-R™ cells
30 min after the addition of G-CSF. The y-axis represents the
percentage of control that was non-stimulated Tri-R™ cells. Columns
and bars represent the mean + SD, using data from three separate
experiments.

Effects of G-CSF on PKC: translocation

Muscella et al. (2003) demonstrated that the translocation of
PKCL from the cytosol to the nucleus or membrane is required
for c-Fos synthesis induced by angiotensin Il in MCF-7 cells. It
was also reported that high glucose induced the translocation of
PKC. (Chuang et al., 2003). These results suggest that the
translocation of aPKC plays animportantrole in its signaling. To
clarify the translocation of PKCy, immuno-histochemical
staining (Fig. 3) and biochemical fractionation (Fig. 4) in

DMSO-induced HL-60 cells were performed after the addition
of G-CSF. In a non-stimulated condition, PKCv in the HL-60

_ cells treated with DMSO for 2 days (Fig. 3, control) was

detected mainly in the nucleus. Analysis of Western blotting
(Fig. 4, left parts) and quantification of the bands (Fig. 4, right
columns) also revealed that PKCu was localized and observed
mainly in the nuclear fraction (Fig. 4A). During the 5-1 5 min
period after the addition of G-CSF, PKCu was found to
translocate (Figs. 3 and 4B) into the membrane fraction, after
which it re-translocated into the cytosol fraction (Fig. 4C). in
the presence of wortmannin, the G-CSF-induced translocation
of PKCu into the plasma membrane failed, but PKCv was found
to localize in the cytosolic fraction (Figs. 3 and 4B).
Myeloperoxidase is thought to be expressed in stage from
promyelocytes to mature neutrophils (Manz et al., 2002). In
human cord blood cells (Fig. 3), PKCuin the cells co-stained with
anti-myeloperoxidase antibody was also localized in the nucleus
after serum depletion (Fig. 3B top parts). Ten minutes after the
addition of G-CSF, PKCu was found to translocate into the
membrane, and then into the cytosol at 30 min after the
addition of G-CSF. In the presence of wortmannin, the
G-CSF-induced translocation of PKCu into the plasma
membrane failed but PKCu was found to localize in the cytosol.
This suggested that the dynamic translocation of PKCu induced
by G-CSF is a universal phenomenon in neutrophilic lineage
cells. Taken together, these data support the possibility that
PI3K plays not only an important role upstream of PKCu butalso
triggers the translocation from nucleus to membrane upon the
addition of G-CSF.

In order to assess the purity of each cellular fraction, antibodies
against specific markers were blotted. As specific markers,
Histon-H 1, Fcy receptor lla (CD32), and lactate
dehydrogenase (LDH) were used for the nuclear, membrane,
and cytosolic fractions, respectively. The purities of the nuclear,
membrane, and cytosolic fractions were 82.0, 78.5, and 72.2%,
respectively (Fig. 4D).

Effects of siRNA for PKCt on proliferation
and differentiation

To determine the role of PKCiin neutrophilic proliferation and
differentiation, PKCy was knocked down by siRNA. When the
protein level of PKC was specifically downregulated by siRNA
for PKC. (Fig. 5A), G-CSF failed to enhance proliferation of the
cells during 5 days’ cultivation (Fig. 5B). The effect of siRNA for
PKCv on neutrophilic differentiation in terms of fMLP-R
expression was also determined. As shown in Figure 5C, fMLP-
R expression was promoted by siRNA for PKCu in either the
presence (lower part) or absence (upper part) of G-CSF. These
data indicate that PKCvu positively regulates G-CSF-induced
proliferation and negatively regulates the differentiation of
DMSO-treated HL-60 cells.

Discussion

We previously reported that PI3K/p70 S6K plays an important
role in the regulation of the neutrophilic differentiation and
proliferation of HL-60 cells. Akimoto et al. (1998) and
Romanelli et al. (1999) reported that p70 S6K is regulated by
aPKC and aPKCN/PKCL, respectively. At first, we showed that
the distribution of PKC{ and PKCvu proteins in various human
tissues and cells was not similar (Fig. |A), and that PKCu are
more abundantly expressed in proliferating blood cells: Jurkut,
K562, U937, and HL-60 cells (Fig. 1B). Moreover, PKCt
proteins were also observed in cultured mononuclear cells of
cord blood, in which the myeloid progenitors were enriched in
the presence or absence of G-CSF (Fig. |B). The
myeloperoxidase-positive cells as neutrophilic lineage cells, a
myeloid marker, were also stained with the antibody of PKCu
(Fig. 3B). Although PKC{ proteins are barely detected in
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PKC ¢ myeloperoxydase

o ..

Wort
10 min

Fig. 3. Translocation of PKCu after the activation of G-CSF. A: 2 days after the addition of DMSO, HL-60 cells stimulated by G-CSF were fixed,
incubated with anti-PKC. antibody, and visualized as described above. The photographs can be seen at the left part of the figure, the fluorescent
photographs in the middle of the figure, and the mergedimages at the right. B: G-CSF-stimulated mononuclear cells from cord blood were stained
withanti-PKCuantibody (red, left part) and anti-myeloperoxidase antibody (green, right part) after serum depletion. Under no stimulation, PKC.
was observed in the nucleus. G-CSF promoted the translocation of PKCt to the membrane within 5-15 min, and then to the cytosol. Wort:

wortmannin. White bar: 10 um.

neutrophilic HL-60 cells, PKCu proteins were markedly
expressed in these cells (Fig. IB). This study showed, for the
first time, the stimulation of PKCu activity in G-CSF-treated
HL-60 cells (Fig. 2B) at 15—30 min after the addition of G-CSF.
Maximum activation from the addition of NGF in PC12 cells was
also observed at |5 min (Wooten et al., 2001).

Atypical PKCs are lipid-regulated kinases that.-need to be
focalized to the membrane in order to be activated. PKC{ is
directly activated by phosphatidylinositol 3,4,5-trisphosphate, a
product of PI3K (Nakanishi et al., 1993). We previously
reported that the maximum activation of PI3K was observed in
HL-60 cells 5 min after the addition of G-CSF (Kanayasu-
Toyoda et al,, 2002). Most investigators have reported the
translocation of aPKC in either muscle cells or adipocytes
stimulated by insulin (Andjelkovic et al., 1997; Goransson et al.,

1998; Galetic et al,, 1999; Standaert et al., 1999; Braiman et al.,
2001; Chen etal., 2003; Kanzaki et al., 2004; Sasaoka et al., 2004;
Herr etal., 2005). In response to insulin stimulation, aPKC{/\ is
translocated to the plasma membrane (Standaert et al., 1999;
Braiman etal., 2001), where aPKC{/\ is believed to be activated
(Galetic et al,, 1999; Kanzaki et al., 2004). In the present study,
the addition of G-CSF induced PKCu to translocate to the
membrane from the nucleus within 5~15 min (Figs. 3 and 4), and
this translocation to the plasma membrane accompanied the
full activation of PKCu (Fig. 2B). Previously we reported also
that the maximum activation of p70 S6K in HL-60 cells was
observed from 30 to 60 min after the addition of G-CSF
(Kanayasu-Toyoda et al., 1999, 2002), suggesting that there was
a time lag between the activation of PI3K and p70 $6K upon the
addition of G-CSFin HL-60 cells. In the present study, PKCuwas
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Fig. 4. Translocation of PKCuafter activation by G-CSF on biochemical fractionation. The cells were differentiated as described in the Figure 3
legend. After stimulation by G-CSF, the amounts of PKCt proteins in the nucleus (A), plasma membrane (B), and cytosol (C), as fractionated by
differential centrifugation, were analyzed by Western blotting (left parts). The right parts show the quantitation of the bands of PKC. proteins.
Wort or W: wortmannin. PKC. protein was quantitated using datafrom three separate experiments. Columns and bars represent the mean £ SD.
D:Each cell fraction wasimmunoblotted with antibodies of specific marker. Histon-H |, Fcyreceptor lla(CD32), and lactate dehydrogenase (LD H)
are specific markers for nuclear (N), membrane (M), and cytosolic (C) fractions, respectively.

found to re-transiocate from the plasma membrane to the only a limited cell line but also neutrophilic lineage cells. These
cytosol (Figs. 3 and 4C). In the presence of wortmannin, an data suggest that PI3K plays an important role in the activation
inhibitor of PI3K, PKCe failed to translocate into the plasma and translocation of PKCu during the G-CSF-induced activation
membrane, but instead translocated to cytosol directly from of myeloid cells. Furthermore, the translocation to the plasma
the nucleus upon the addition of G-CSF (Figs. 3 and 4B). PKC. membrane in response to G-CSF is wortmannin sensitive, but
translocation was also observed in myeloperoxidase-positive the translocation from the nucleus upon G-CSF stimulation is
cells derived from human cord blood (Fig. 3B), indicating that not affected by wortmannin, suggesting that the initial signal of

G-CSF-induced dynamic translocation of PKCu occurred in not G-CSF-induced PKCu translocation from the nucleus may be
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Fig. 5.

Effects of siRNA of PKC. on proliferation, differentiation, and phosphorylation at various sites of p70 S6K. A: Forty-eight hours after

transfection with siRNA of PKCLor p70 S6K, protein levels of PKCiwere compared. B: Proliferation of the cells transfected with siRNA of PKCu or
control (Cont) was measured 5 days after the addition of G-CSF. Columns and bars represent the mean + SD of triplicate wells "*"P < 0.001).

C:fMLP-R expression was analyzed by flow cytometry 5 days after the addition of G-CSF. The gray arrowindicates cells transfected with the control
sequence of double-stranded RNA (Cont, gray lines), and the black arrow the cells transfected with siRNA for PKC. (black lines) in the presence

(lower part) or absence (upper part) of G-CSF.

PI3K-independent, but association of PKCvu with the plasma
membrane could be mediated through a PI3K-dependent signal.
Cord blood is an important material of blood transplantation
for leukemia (Bradstock et al., 2006; Ooi, 2006; Yamada et al.,
2006) or for congenital neutropenia (Mino et al., 2004;
Nakazawa et al., 2004) because it contains many hematopoietic
stem cells such as CD34-positive cells or CDI33-positive cells,
and also contains immature granulocytes. The neutrophilic
differentiation and proliferation are necessary processes after
transplantation.

Formyl-Met-Leu-Phe peptide evokes the migration, superoxide
production, and phagocytosis of neutrophils through fMLP-R, a
suitable marker for neutrophilic differentiation. In this study,
the reduction of PKCu by siRNA inhibited G-CSF-induced
proliferation (Fig. 5B) and promoted neutrophilic
differentiation (Fig. 5C) in terms of fMLP-R expression. These
data, however, suggest that PKCu promoted G-CSF-induced
proliferation and blocked differentiation at the same time.
The substrates of aPKC have recently been reported: namely,
the cytoskeletal protein Lethal giant larvae (Lgl) was
phosphorylated by Drosophila aPKC (Betschinger et al., 2003)
and glyceraldehydes-3-phosphate dehydrogenase (GAPDH)
was phosphorylated by PKC. (Tisdale, 2002} directly in both
cases. While the direct phosphorylation of p70 S6K by aPKC
was not observed (Akimoto et al., 1998; Romanelli et al.,

1999), the enzyme activity of p70 S6K was markedly enhanced
by co-transfection with aPKC and PDK-1, the latter of which is
recruited to the membrane due to the binding of
phosphatidylinositol-3,4,5-trisphosphate to its PH domain
(Andersonetal., 1998). The addition of G-CSF induced PKCu to
increase phosphorylation at Thr-389, which is the site most
closely related to enzyme activity among the multi-
phosphorylation sites of p70 S6K (Weng et al., 1998). However,
the mammalian target of rapamycin (mTOR), an upstream
regulator, also phosphorylates Thr-389 of p70 S6K and
markedly stimulates p70 S6K activity under coexistence with
PDK-1 (Isotani et al., 1999). We could not rule out the
possibility that other PKC isoforms can contribute to the
activation of p70 S6K. We postulated that in G-CSF-stimulated
HL-60 cells, PKC. contributes to p70 S6K activation as an
upstream regulator.

Atypical PKC isoforms are reported to play animportantrolein
the activation of IkB kinase (3 (Lallena et al., 1999). In
PKCl-deficient mice, impaired signaling through the B-cell
receptor resulted in the inhibition of cell proliferation and
survival while also causing defects in the activation of ERK and
the transcription of NF-kB-dependent genes (Martin et al,,
2002). Moreover, Lafuente et al. (2003) demonstrated that the
loss of Par-4, that is, the genetic inactivation of the aPKC
inhibitor, led to an increased proliferative response of
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peripheral T cells when challenged through the T-cell receptor.
However, it has been reported that PK C\-deficient mice havea
lethal phenotype at the early embryonic stage (Soloff et al.,
2004). Based on the present results and those of previous
reports (Kanayasu-Toyoda etal., 1999, 2002), we postulate that
PKCu plays an important role in regulating G-CSF-induced
proliferation in neutrophilic lineage cells.
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Abstract Human mesenchymal stem cells (hAMSCs) are
expected to be an enormous potential source for future cell
therapy, because of their self-renewing divisions and also
because of their multiple-lineage differentiation. The finite
lifespan of these cells, however, is a hurdle for clinical
application. Recently, several hMSC lines have been
established by immortalized human telomerase reverse
transcriptase gene (hTERT) alone or with hTERT in
combination with human papillomavirus type 16 E6/E7
genes (E6/E7) and human proto-oncogene, Bmi-1, but have
not so much been characterized their karyotypic stability in
detail during extended lifespan under in vitro conditions. In
this report, the cells immortalized with the hTERT gene
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alone exhibited little change in karyotype, whereas the cells
immortalized with E6/E7 plus hTERT genes or Bmi-1, E6
plus hTERT genes were unstable regarding chromosome
numbers, which altered markedly during prolonged culture.
Interestingly, one unique chromosomal alteration was the
preferential loss of chromosome 13 in three cell lines,
observed by fluorescence in situ hybridization (FISH) and
comparative-genomic hybridization (CGH) analysis. The
four cell lines all maintained the ability to differentiate into
both osteogenic and adipogenic lineages, and two cell lines
underwent neuroblastic differentiation. Thus, our results
were able to provide a step forward toward fulfilling the
need for a sufficient number of cells for new therapeutic

M. Satoh

Health Science Research Resources Bank,
Osaka 590-0535, Japan

e-mail: satoh(@osa jhsf.or.jp

K. Morita * T. Hirano - A. Umezawa
National Research Institute for Child Health and Development,
Tokyo 157-8535, Japan

K. Morita
e-mail: morita-keiko(@aist.go.jp

T. Hirano
e-mail: hirano-takashi@aist.go.jp

A. Umezawa
e-mail: umezawa@1985 jukuin.keio.ac.jp

M. Terai

Department of Reproductive Biology

and Pathology and Innovative Surgery,

National Research Institute for Child Health and Development,
Tokyo 157-8535, Japan

e-mail: terai@nch.go.jp

— 297 —



130 TAKEUCHI ET AL.

applications, and substantiate that these cell lines are a
useful model for understanding the mechanisms of chro-
mosomal instability and differentiation of hMSCs.

Keywords Human cord blood mesenchymal stem cell -
Long-term culture - Karyotype analysis - mFISH
CGH : Differentiation

Introduction

Tissue-specific stem cells in various adult tissues are known
to be an important source in the regeneration of damaged
tissue and maintenance of homeostasis in the tissues in
which they reside. Among these stem cells, human
mesenchymal stem cell (hMSC) has recently become of
great interest in regenerative medicine, not only to replenish
their own tissues, but also to give rise to more committed
progenitor cells, which can differentiate into other tissues.
MSCs in bone marrow have been shown to differentiate
into several types of cell such as osteoblasts, adipocytes,
chondrocytes, myocytes, and probably also neuronal cells
(Okamoto et al. 2002; Takeda et al. 2004; Mori et al. 2005;
Saito et al. 2005; Terai et al. 2005). Because of these
properties, it is expected that hMSCs are an enormous
potential source for future cell therapy. The goal of our
study is to establish cell lines with long lifespan and with
parental properties for clinical application. However,
clinical application using these cells has been met with
enormous difficulty, e.g., isolation of a cell population with
specific criteria, expansion in vitro system for obtaining a
sufficient number of cells without affecting their genomic
characteristics and differentiation properties, and their
storage in higher viability.

At present, there is a little evidence suggesting whether
changes in these properties occur during expansion. Human
normal MSCs have a limited capacity to replicate in the 40-
to 50-population doubling level (PDL) at the most. To
extend their lifespan, we have previously established
human mesenchymal cell lines from human umbilical cord
blood or bone marrow by immortalization with human
telomerase reverse transcriptase (hTERT), human papillo-
mavirus high-risk type 16 E6/E7 genes (HPV16E6/E7) or
polycomb gene, Bmi-1 (Takeda et al. 2004; Mori et al.
2005; Terai et al. 2005).

hTERT-immortalization without affecting biological
characteristics, despite extensive proliferation, has been
reported in bone-marrow-derived hMSCs (Burns et al.
2005), human fibroblast (Milyavsky et al. 2003), and
human keratinocyte (Harada et al. 2003), although it has
been indicated that there is the possibility that prolonged
culture of hTERT-immortalized fibroblasts may favor the
appearance of clones carrying potentially malignant alter-

@) Springer

ations (Milyavsky et al. 2003). HPV16, which encodes
oncogenes (E6 and E7), can also immortalize hMSCs in
vitro. Both E6 and E7 proteins act through their association
with tumor suppressor gene products, p53 and retinoblas-
toma family members (pRb), respectively. EG accelerates
the degradation of the p53 protein, which is essential for
cell amrest at the checkpoint in G;/S and at the mitotic
checkpoint when tetraploidy occurs (Cross et al. 1995), as
well as at the G, phase under damaging conditions. E7
protein binds to pRb and abrogates the repressive function
of these cell cycle regulations (Zheng et al. 2001). Thus,
both p53 and pRb play a multitude of important roles in
cell-cycle-progression checkpoints as reported in human
keratinocytes (Patel et al. 2004), and fibroblasts (Khan et al.
1998). As a consequence, the disruption of the checkpoints
that govern accurate cell division leads to abnormal
segregation of chromosome and genomic instability, as
shown in the cells immortalized with HPV16E6/E7 genes
(Duensing et al. 2002).

In this paper, we report on the chromosomal instability
and the differentiation activity during prolonged culture
(cell expansion) using four mesenchymal stem cell lines.
These results indicate that an umbilical cord blood-derived
clone immortalized with hTERT (UCBTERT-21) showed
normal karyotype for a period of 1 yr, whereas three other
cell lines immortalized with HPV16E6/E7 and hTERT or
HPV16E6, Bmi-1 and hTERT showed chromosomal insta-
bility but maintained the ability to differentiate.

Materials and Methods

Cell culture. Human mesenchymal stem cell lines, UCB
TERT-21 (JCRB1107), UCB408EGE7TERT-33
(JCRB1110), UE6ETT-3 (JCRBI1136), and UBE6T-6
(JCRB1140) were obtained from the JCRB Cell Bank
(Osaka, Japan). Two of them are cell lines obtained by
immortalizing human umbilical cord blood mesenchymal
stem cells (UCB) with hTERT alone (UCBTERT-21; Terai
et al. 2005) or with HPVI6E6/E7 in combination with
hTERT (UCB408EGETTERT-33; Terai et al. 2005), and the
two others are human bone-marrow-derived mesenchymal
stem cell lines transformed with HPV16E6/E7 and hTERT
genes (UEGETT-3; Mori et al. 2005) or with bmi-1,
HPVI6EG and hTERT genes (UBE6T-6; Takeda et al.
2004; Mori et al. 2005).

The UCBTERT-21 and UCB408E6E7TERT-33 were
grown in PLUSOID-M medium (Med-Shirotori Co.,
Tokyo, Japan) or MSCGM BulletKit (Cambrex Co., East
Rutherford, NJ). UE6E7T-3 and UBE6T-6 were cultured in
POWEREDBY 10 medium (Med-Shirotori Co.) or
MSCGM BulletKit (Cambrex Co.); 5x 10? cells/ml of each
cell line were seeded and cultured for 7-10 d. When culture
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