asbestos-induced signaling pathways, the precise role of
individual MMPs in asbestosinduced lung pathologies
will be explored in the future by using MMP12 and
MMP13 knockout models.
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SUMMARY

Hematopoietic stem cells (HSCs} are main-
tained in an undifferentiated quiescent state
within a bone marrow niche. Here we show
that Foxo3a, a forkhead transcription factor
that acts downstream of the PTEN/PI3K/Akt
pathway, is critical for HSC self-renewal. We
generated gene-targeted Foxo3a” mice and
showed that, although the proliferation and
differentiation of Foxo3a”’- hematopoistic
progenitors were normal, the number of
colony-forming cells present in long-term
cocultures of Foxo3a™ bone matrow cells
and stromal cells was reduced. The ability of
Foxo3a~- HSCs to support long-term recon-
stitution of hematopoiesis ih a competitive
transplantation assay was also impaired.
Foxo3a HSCs also showed increased phos-
phorylation of p38MAPK, an elevation of ROS,
defective maintenance of quiescence, and
heightened sensitivity to cell-cycle-specific
myelotoxic injury. Finally, HSC frequencies
were significantly decreased in aged Foxo3a™"
mice compared to the littermate controls.
Our results demonstrate that Foxo3a plays a
pivotal role in maintaining the HSC pool.

INTRODUCTION

FOXQ transcription factors belong to the forkhead family
of transcriptional regulators that is characterized by a
conserved DNA binding domain termed the “forkhead
box" (Kaestner et al., 2000). The FOXO group of human
forkhead proteins contains four members: FOXO1,
FOXO3a, FOXO04, and FOX08. FOXO proteins are nor-
mally: present in an active state in a cell’s nucleus. In
response to the binding of growth factors or insulin to
the appropriate cell surface receptors, the activation of
phosphatidylinositol 3-kinase (PI3K) is triggered. PI3K in
turh activates several serine/threonine kinases, includ-
ing protein kinase B (PKB/AkY) and the related SGK
family enzymes (Brunet et al., 1999, 2001; Kops et al,,
1999). Activated Akt phosphorylates FOXO proteins at
three consensus Akt phosphorylation sites, triggering
the inactivation of these molecules and their export from
the nucleus into the-cytoplasm.

FOXO proteins have both distinet and overlapping
functions, and their many target molecules are involved
i processes as diverse as cell-cycle arrest {Dijkers et al,,
2000a; Furukawa-Hibi et al., 2002; Medema et al., 2000),
DNA repair (Furukawa-Hibi et al., 2002; Tran et al,, 2002),
cellular differentiation (Nakae et al., 2003}, and cell death
{Brunet et al., 1999; Dijkers et al.,, 2002; Kaestner et al,,
2000). Activation of FOXO proteins occurs in cultured
cells subjected to oxidative stress (Brunet et al., 2004;
Essers et al,, 2004; Furukawa-Hibi et al., 2002; Kobayashi
et al., 2005). In Drosophila and C. elegans, FOXO proteins

Cell Stem Cell 1, July 2007 1-12 ©2007 Elsevier Inc, 1



Table 1. Blood Cell Counts in §-Week-Old Foxo3a++
and Foxol3a’ Mice

Foxo3ah Foxo3a’ P Value

Values shown are the mean + SD for 20 mice per genotype.
WBC, white blood ¢ell; RBC, red. biood cell; Hb, hemo-
globin; HCT, hematocrit; MCV, mean corpuscular volume;
MCH, mean corpuscular hemoglobin; PLT, platelet; Ret, re-
ticulocyte; NS, not significant.

are involved in regulating metabolism, stress resistance,
and longevity (Greer and Brunet, 2005). However, it has
yet to be clarified whether FOXO proteins modulate lon-
gevity and. stress responses in.animals. Several mouse
models designed to elucidate the physioclogical func-
tions of the mammalian Foxo genes have been reported.
FoxoT~ mice die at embryonic day 10.5 (E10.5) due to
defective angiogenesis (Furuyama et al., 2004; Hosaka et
al., 2004), The principal phenotype of Foxo3a mice is
an age-dependent female infertility caused by premature
activation of the ovarian follicles (Castrillon &t al., 2003).
Foxo3a mice also display hyperproliferation of helper T
cells, in line with Foxo3a’s known role in promoting cell-
cycle arrest (Lin et al., 2004). Foxo4™ mice are viable-and
do not have an overt phenotype (Hosaka et al., 2004).
Foxo87mice have yet to be reported.

Mammialian hematopoietic stem cells (HSCs) are main-
tained in an undifferentiated quiescent state in a bone mar-
row niche (Arai et-al., 2004). It is thought that the mecha-
nisms protecting quiescent HSCs against stress may
contribute to the maintenance of the self-renewal capacity
and life span of HSCs. We have previously demonstrated
that the self-renewal capacity of HSCs depeénds on Atim-
mediated inhibition of oxidative stress (lto et al., 2004).
In the presence. of reactive oxygen species (ROS), the
P3BMAPK pathway is activated such that the HSC popuila-
tion is exhausted. Prolonged treatment of HSCs with an
antioxidant or a p38MAPK inhibitor can extend the life
span of these cells during serial transplantation, indicating
that p88MAPK inactivation protects HSCs against loss of
self-renewal capacity (lto-et al., 2006). Thus, it seems that
genes orfactors related to cellular senescence are involved
in regulating the self-renewal capacity of HSCs.

In this study, we demonstrate that Foxo3a is an impor-
tant contributor to the maintenance of the HSC pool.dur-
ing aging. Our findings have implications for the roles of
FOXO proteins in maintenance of tissue homeostasis,

2 Coll Stem Celi 1, July 2007 1-12 ©2007 Elsevier Inc.
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RESULTS

Normal Proliferation, Differentiation, and Apoplosis
of Hematopoietic Progenitors in Faxe3a" Mice

We generated Foxo3a™ mice by disrupting exon 2 of
the Foxo3a gene with a neo cassette (see Figure S1in
the Supplemental Data available at the end of this arti-
cle). Consistent with a previous report (Castrillon et al.,
2003}, our Foxo3a™’~ mice were viable, and female mice
showed infertility. To investigate the effect of Foxo3a
loss: on hematopoiesis, we analyzed the peripheral
blood. of 8-wesk-old Foxo3a** and Foxo3a”- mice. In
the latter, we found a decreased number of red blood
cells but a significant increase in reticulocytes accom-
panied by elevations in the mean corpuscular yolume
{MGV) and mean corpuscular hemoglobin (MCH) (Table
1). These findings indicate that erythropoiesis is abnor-
mal in the absence of Foxo3a, as previously reported
(Bakker et al., 2004). However, numbers of white blood
cells and platelets were comparable inour Foxo3a*+and
Foxo8a~"- mice. In addition, lymphoid and myeloid cells
in Foxo3a~- peripheral blood and bone marrow (BM)
showed wild-type morphology as determined by May
Grunwald-Giemsa staining (data not shown). Moreover,
flow cytometric analyses of T cell (CD3#), B .cell (B220+),
and mysloid (Mac-1/Gr-1+) cell populations in Foxo3a~"-
BM showed that these cells were present at wild-type
frequencies {Figure 82). These data indicate that the dif-
ferentiation of all hematopoietic cells save the erythroid
lineage is normal in Foxe3a* mice.

Next, we investigated the quality and quantity
of hematopoietic progenitors in 8- to 12-week-old
FoxoB3a™ mice. To evaluate the clonogenic capacity and
differentiation potential of myeloid and erythroid pro-
genitors; we performed colony-forming assays in vitro
in'which freshly isolated BM mononuclear cells (MNCs)
were cultured for 7 days in methylcellulose:mediumsup-
plemented with stem cell factor (SCF), thrombopoietin
(TPQ), erythropoietin (Epo}, and granulocyte colony
stimulating factor (G-C8F). The numbers and sizes of
mysloid-(colony-forming unit granulocytes/macrophage,
CFEU-GM), erythroid (burst-forming unit-erythroid, BFU-
E), and mixed (CFU-mix) colonies derived fromFoxo3a*+
and Foxo3a~ BM MNCs were comparable (Figure 1A).
The capacity of Foxo3a7- BM cells to form colonies in
the spleen 12 days after transplantation (CFU-512;
short-term repopulating cells) was also equivalent to
that of Foxo3a** BM MNCs (Figure 1B). Foxo3a+* and
Foxo3a* BM also contained similar frequencies of ¢-
Kit*Sca-1*Lineage- (KSL) cells, which represent a primi-
tive hematopoietic cell fraction containing HSCs and
early progenitors (Figure 1C). Furthermors, Foxo3a**
and Foxo3a~ KSL cells demionstrated comparable pro-
liferation and differentiation potential in colony-form-
ing assays {(Figure 1D). Because it had been reported
that the activation of FOXO by cytokine depletion: leads
to cell death in hematopoietic cell lines (Dijkers et al,,
20004, 2000b, 2002), we evaluated the apoptosis of
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Figure 1. Normal Proliferation; Differentiation, and Apoptosis of Hematopoietic Progenitors in Foxo3a /- Mice

(A) Wild-type in vitro colony formation ceapacity of Foxo3a~~ BM MNCs. BM MNCs from Foxo3a** and Foxo8a™ mice were cultured with cytokines
in methylcellulose medium for 7 days. Data shown are the mean number & 8D of colonies for myeloid (CFU-GM, n:= 3); erythroid (BFU-E, n'=:3),
and mixgd [CFU-mix; i = 3) lineages:

(B) Wild-type spleen colony formation by Foxp3a+ BM MNCs. Irradiated mice were transplanted with 5 x 101 BM MNCs fiom Foxo3a*orFoxo3a™
mice,-and spleen colonies were counted on day 12 postiransplant (CFU-512). Data shown are the mean number = SD of colonies {n = 5).

(C) Wild-typs frequiency of KSL cells in the BM of 8~-week-old Foxo8a mice. c-Kit*Sca-1* eelle in the Lin~ fraction (KSL cells) were detected by flow
cytornetry. Data shown are a regresentative pattern.of KSL cells. {Insets) Mean percentage = 8D of KSL cells (n'= 8},

(DY Wild-type in vitro colony formation capacity of Foxo3a™ KSL cells. K8L tells from Foxo3a™ or Foxo8a™ mice were cultlred with oytokines in
methylceliulose medium for 7 days, Data shown are the mean. number & 8D ofcolonies (n = 3).

(Ey Wild-type apoptosis following cytokine depletion, Lin cells frofm Foxoda+* and Foxo3a™ mice were cultured without cytokiries in serum-supple-
rented medium for the indicated tirdes-and stained with Annexin V. Data shown are'the mean parcentage + SD of Annexin V* calls. No significant
differences were observed between Foxo3a™ and Foxo3a* mice (i = 3).

immature BM cells (Lineage- cells; Lin-} cultured in the than 2 weeks) did not show a significant difference (Fig-
absence of cytokines. However, Foxo3a*™* and Foxo3a ure 2A). Thus, the most primitive hematopoietic cells in
Lin-cells did not differ in their kinetics of apoptosis (Fig- the BM are profoundly. affected by the loss of Foxo3a.
ure 1E), These results indicate that loss of Foxo3a does To assess the repopulating capacity of Foxo3a/HSCs
not affect the proliferation or differentiation potential of in vivo, we performed .a competitive reconstitution assay
hematopoietic progenitors in the BM of healthy mice. in which 4-x 10° BM MNCs from a Foxo3a** or Foxo3a’
mouse (CD45.2) compsted against an equal number of
Abrogated Self-Renewal Capacity of H5Cs in the BM MNCs from a congenic {CD45.1) mouse to recon-
Absence of Foxo3a stitute the hematopoietic compartment of an irradiated
To determine if Foxo3a was required for the functions of recipient mouse (CD45.1). At 16 weeks postiransplanta-
primitive hematopoietic cells, we carried out long-term tion, flow cytometric analysis of the peripheral blood of
cultivation of KSL cells on a layer of OP9 stromal cells. the transplanted recipients revealed that Foxo3a** and
In this assay; the number of colony-forming cells aris- Foxo3a BM MNCs were equally capable of hematopoi-
ing after 6 weeks of culture reflects HSC function. The etic reconstitution (Figure 2B). We then analyzed the
number of colonies derived from Foxo8a™ KSL cells was chimerism of donor-derived cells in the. BM and found
significantly decreased compared to that derived from wild-type numbers of Foxo3a”--derived B cells, myeloid
Foxo3a+* KSL cells, although short-term cultures (less cells, and erythroid cells (data not shown) but greatly
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Figure 2, Foxo3a Is Egssential for the Seif-Renewal of HSCs

(A) Decreased colony formation after lang-term culture. Foxo3a* and Foxo3a™ KSL cells (2 % 10% were cultured 'on OPS stromal cells for the indi-
cated humber of weeks (W) and tested for colony formation. Data shown are the mean number + SD of colonies formed (*p < 0.01, n'=3}:

(B) Comparable hematopaietic reconstitution capacity of Foxo3a** and Foxo8a BM MNCs, lrradiated recipient mice were transplanted with 4:x 108
BM MNCs from Foxo3a** or Foxo3a™ mice plus 4.x 10° competitor cells in-a’competitive assay as described inthe Experimental Procedures, Data
shown are the mean percentage + SD of donor-derived cells in the peripheral blood at the indicated time points-after transplantation (v = 3).

(C) Defective repopulation of KSL cells derived from Foxo3a~ BM cells after transplantation. BM cells from the recipient mice in (B) were analyzed
for the frequency of KSL. cells in-donor-defived (CD45.2*) MNCs at 16 weeks: posttransplantation. Representative data for the frequency of KSL
population are-shown. (Insets) Mean perceritage = SD of KSL ¢ells:in donor-derived MNCs (p < 0.01;, n=3).

{0) Defective repopulation capacity of Foxo3a~ BM MNCs during serial transplantation. BM MNCs from the recipient mice were serially transplanted
into recipient mice as described in the Experimental Procedures. The repopulating capacity of FoxoS3a* and Foxo3a”- BM donor cells was deter-
mined at 16 weeks posttransplant for the first, second, and third BMTs. Data shown are thé rean ratio = 8D-of donor-derived cells in & competitive

assay ("p < 0.01, n=4),

reduced numbers of KSL cells (Figure 2C). These resulis
indicate that Foxo3a is not crucial for HSC differentiation
but plays a critical role in HSC self-renewal.

To examine the impact of the reduced KSL popula-
tion derived from Foxo3a~ BM cells on hematopoiesis;
we carried out second competitive transplantation. At
16 weeks post first BMT; 1 x 10° BM MNCs from these
recipients, including donor-derived BM cells {CD45.2),
competitor-derived BM cells, and residual recipient BM
cells (CD45.1), were transplanted into a second set of
recipient mice (CD45.1) (second BMT). At 16 weeks post
second BMT, fewer hematopoietic cells in the second
recipients were derived from Foxo3a~- BM MNCs com-
pared to Foxo3a++ BM MNCs (Figure 2D), indicating that
the reconstituted H8C pool derived from Foxe3a’ BM
cells after the first BMT was decreased. At 16 weeks post
third BMT, the proportionof Foxo3a+* BM MNC-derived
cells was reduced compared to that at 16 weeks post
second BMT. This deficit arises presumably because
the repopulating capacity of the donor and competitor

4 Cell Stern Cell 1, July 2007 1-12 ©2007 Elsevier Inc.

cells is decreased by repeated BMT, whereas residual
recipient BM cells continue to accumulate. Neverthe-
less, examination of BM cells after a third transplanta-
tion revealed a further reduction in the reconstitution
capacity -of Foxo3a” BM cells compared to Foxo3a**
BM cells. These data confirm that Foxo3ais essential for
the self-renewal capacity of HSCs.

HSC-Specific Dysfunction in FoxoB8a ' Mice

We next set out to characterize the cell population most
dependent on Foxo3a. As previously reported (Yamazaki
et.al., 20086}, Foxo3a protein is present in the nucleus of
freshly isolated Foxo3a** CD34-KSL cells (HSCs) but
appears in the cytoplasnt of freshly isolated Foxo3a**
CD34*KSL cells (progenitors) (Figure 3A). When we
evaluated the in vitro clonogenic capacity of purified
Foxo8a++ CD34+KSL and CD34-KSL cells, we found
that CD34*KSL cells generated much larger colonies
than did CD34-KSL cells by day 7. However, the clusters
{stnall colonies) derived from CD34-KSL cells caught up
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Figure 3. Loss of Foxo3a Hesults in an HS8C-Specific Defect In Vitro and in Vivo

(A)Nuclear localization of Foxo3a in HSCs. (Upper panel) Freshly isclated CD34- or CD34*KSL cells from Foxo3a*’* BM were stained with DAPI (blue)
and anti-Foxo3a antibody-(red), (Lower panel) The fluorescence intensity.of anti-Foxo3a staining at points in gach region was plotted as'the number
of pixels:{z. axis) relative to the.position of these points along the x-y. axis.

(B) Defective clonogenic capacity of Foxo3s™ CD34-KS8L cells in vitro, CD34+ and CD34:K8L. cells from Foxo3a or FoxoZa” mice were cultured
in the presence of cytokines in methylcellulose medium for 7 days, Data shown aré the mean number of colonies 6r clusters formed per 100 cells
+8D("p < 0.05,n=3)

(C) Defactive long-term reconstitution capacity of Foxo3a™ KSL cells in vivo. Iradiated recipient mice-were transplanted with 2 x 10% KSL cells from
Foxo3a* or Foxo3da™ mice plus 4'x:10° competitor calls In a competitive assay. Data shown are the mean percentage x SD of doror-derived cells
in the petipheral blood at indicated time after ransplantatien (P < 0,01, ™P < 0.08, 1 =3).

(D) Comparable short-term hematopoietic reconstitution capacity of Foxo3a*™ and Foxo3a~ CD34°KSL cells. Irradiated recipient mice weére trans-
planted with-8.3.x. 10° CD34*KSL. cells from Faxo3a** or Foxo8a™" mice plus 4 x 10% competitor célls in'a competitive assay. Data shown are the
mean percentage x 8D of donor-deiived cells in‘the peripheral blood at 4 ‘weeks after transplantation (n = 3).

(E) Defective long-térm reconstitution capacity of Foxo3a™ CD34KSL. cells, Recipient mice were transplanted with 200 CD34KSL cells from
Foxo8a** or Foxo3a* mice plus4 x 10%compstitor cells in-.competitive assays, and long-term: reconstitution capacity was assessed. Data shown
are the mean percentage + S0 of donor-derived-cells at 16 weeks postiransplantation (**p < 0.08, n =4}

in size by day 14, confirming that CD34-KSL cells are To evaluate HSC function in vivo, we evaluated the
less mature than CD34*KSL cells. When we carried out repopulating capagcity of purified KSL cells using the
the same clonogenic assay using Foxo3a”~ CD34*KSL competitive reconstitution assay. At 4 weeks posttrans-
and CD34-KSL cells, the numbers of colonies gener- plantation, the repopulating capacity of Foxo3a* KSL
ated by Foxo3a** and Foxo3a’ CD34*KSL cells were cells was comparable to that of Foxo3a+ KSL. cells, sug-
equivalent (Figure 3B). In contrast, the loss of Foxo3a gesting that loss of Foxo3a does not affect progenitor
resulted in a mild but significant reduction in the number function (Figure 3C). However, at later time points in the
of clusters derived from CD34-KSL cells. Despite this experiment, the repopulating capacity of Foxo3a KSL
decrease in number, the differentiation potential of the cells was lower than that of Foxo3a+* KSL cells. These
clusters derived from CD34-KSL cells was not obviously data suggested that Foxo3a deficiency might cause an
affected by Foxo3a deficiency (Figure 83). These data in vive defect that impaired the function of HSCs but
indicate that loss of FoxoBa results in a:defect in in vitro not that of progenitors. To-confirm the effect of Foxo3a
clonogenic capagity that is specific to HSCs, deficiency on HSG function in vivo, we examined the

Celi Stem Cell 7, July 2007 1-12 ©2007 Elsevier Inc. §
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Figure 4. Defect in the Maintenance of HSC Quiescence in Foxo3a™ Mice

(A) Equivalent cell-cycle status of Foxo3a*~and Foxo3a™ KSL eells. Two hours after i.p. injection of Brdt) into Foxo3a** or Foxo3a " mice, KSL cells
were isclated and stained with anti-BrdU antibody and 7AAD to evaluate call-cycle status, (Insets) Percentages of célls in G1, 8, or G2/M phase.
Results shown: are one cell-cycle-analysis representative of three indeperident experimants.

{B} Reduced frequency of quiescent cells in the CD34-KSL population. CD34-KSL cells of Foxo3a** or Foxoda " mice were stained with Pyronin Y
and analyzed by flow cytometry. (Left and middle panels) Results of one trial representative of four independent experiments. (Right panel) The miean
percentage 4 SD of Pyronin Y- cells in the CD34-KSL. population (**p < 0.05, n = 4);

(C) Increased Brdl incorporation in Faxo3a™ CD34-KSL cells. BrdU was administered orally to Foxo3a*+ and Foxo8a ™ mice for 7 days, and BrdU
incorporationin CD34> or GD34-KSL cells was evaluated by using anti-BrdU antibody, Data showh are the mean percentags + SD of BrdlJ* cells in
the CD34-KSL (left panel) or CO34-KSL (right panel) populations (*p < 0.01, n = 3).

(D) Decreased p27 and p57 exprassion in'Faxo3a”~ CD34-KSL ¢ells: The relative mRNA expression levels of p21, p27, and p57-h CD34-KSL cells
from Foxo3a** or Foxo8a* mice were evaluated by quantitative real-time RT-PCR and niormalized to $-actin expression. Data shown are the'mean
fatio + SD of transeript levéls over practin (*p < 0.01, n = 3),

(E and F) increased sensitivity to myslotoxic stress. (E) Foxoda** and Foxo8a™ mice (n= 10) were i.p. injected with.5-FU (150 mg/kg) weekly; and
sutvival was monitored daily. Data shown aré the survival rates.expressed as a percentage. Results were analyzed with a log-rank nonparametric
test. (F) Irradiated recipient mice (n = 6) transplanted with Foxo3a*"* or Foxo3a~ BM celis were subjected to the same 5-FU protocol. Survival rate
was detetimined:as for{(E).

short-term reconstitution capacity of CD34*KSL pro- Thus, Foxo3a~- mice have a profound defect in HSC
genitors, as well as the long-term reconstitution capac- function, but not in progenitor function.

ity of CD34-KSL HS8Cs, in competitive transplantation

assays. Foxo8a~ CD34*KSL cells supported normal Failure of Quiescence Maintenance in Foxo3a " HSCs
reconstitution of hematopoiesis in short-term (4 weeks) HSCs are normally maintained in-an undifferentiated qui-
experiments (Figure 3D}, consistent with our eatlier find- escent state (GO phase), and this quiescence protects
ing that Foxo3a is not involved in CD34+*KSL function, HSCs against losing self-renewal capacity. To evaluate
In contrast, the loss of Foxo3a in CD34-KSL HSCs led the quiescence status of HSCs in Foxo3a~" mice, wefirst
to a significant defect in reconstitution by 16 weeks examined the cell-cycle status of KSL cells using BrdU
posttransplantation (Figure 3E), indicating that Foxo3a (5-bromodeoxyuridine) incorporation. No differences
is essential for the leng-term repopulating capacity of were found between Foxo3a+- and Foxo3a mice-inthe
HSCs. Since anemia was not observed in recipient mice percentage of KSL cells that had undergone cell division
{data not shiown), the defect in the erythroid lineage did over.a? hrperiod {Figure 4A). Obvious apoptosis was not
not affect the repopulating capacity of Foxo3a-~ HSCs. obsetved in either Foxo3a** or Foxo3a~ KSL cells (Fig-

6 Cell Stem Cell 7, July 2007 1-12 ©2007 Elsevier Inc.
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Figute 5. Impaired H8C Function by p8BMAPK Activation inFoxo3a” Mice

{A) Elevation of ROS. Intragellular H,0, concentrations of Foxo3a+* and Foxo3a™ KSL cells were determiried by the DCFDA assay. Data shown are
representative of three independent experiments.

(B) Reduced SOD2 and catalase expressions. The mRNA expression levels of SCDZ and catalase were determined in Foxo3a* and FoxoB8a™
CD34°KSL cells using quantitative real time RT-PCR and. normalized to $-actin expression. Data shown are the:mean ratio + SD of transcript levels
over p-actin (p < 0.0, n =3}

{C and D} Increased p38MAPK phosphorylation, CD34~ and €D34*KSL. cells from Foxo3a*+and. Foxo3a™ mice were stained with anti-phospho-
P38MAPK mAb. DAPI staining (blue) was used to detect nuclei, Representative data are shown in (C).. Arrowheads, phospho-p38MARK* cells.
(Insets) Higher magnification of representative phospho=p38MAPK* cells. Data shown in (D} are the mean percentage & SD of phospho-p38MAPK*
cells in the CD34-, CD34+, Lin, and Lin* fractions of BM cells from Foxo3a* and Foxp3a™ mice ('p < 0.01, n = 5),

(E) Inhibition of p3B8MAPK phosphorylation by NAC treatment. FoxaSa*~ and Foxo3s™~ mice were administered NAC in vivo and p38MAPK activation
in Foxo3a" and Foxo3a* CD34K8L cells was determined as for (D). Data shown are the mean percentage + 80 of phospho-p38 MAPK- cells in
the CD34-KSL cell population ("p < 0.01, n=3).

(F) Restored colony-forming capagity after long-term culture with a p38MAPK inhibitor. Foxo3a*® and Foxo3a* mice KSL cells wére cultured on
OP9 stromal cells with or without 10 uM 8B203580 for 6 weeks, and colony formation assays were performed as for Figure 2A. Data shown are the

mean number & SO of colonies formed (*p < 0.01, n'=3).

ure 84). Te directly evaluate HSC quiescence in Foxo3a*"-
mice, we stained CD34KSL cells from Foxo3a** and
Foxe3a mice with Pyronin Y, an agent that specifi-
cally and quantitatively stains double-stranded RNA and
accurately reflects the GO phase (Huttmann.et al., 2001).
Consistent with previous work. (Yamazaki et al., 2006),
we found that most Foxo3a** CD34-KSL cells stained
negatively for Pyronin Y, indicating normal HSC quies-
cence. However, a sizable Pyronin Y* population was
detected among Foxo3a~~ CD34-KSL cells {Figure 4B).
To investigate whether Foxo3a~- CD34-KSL cells were
cycling in vivo, BrdU was administered to mice orally
for 7 days. Whereas Foxo3a** CD34-KSL cells showed
minimal Brdl) incorporation, ‘almost 60% of Foxo83a™"

cells were BrdU* (Figure 4C). These results indicate that
FoxoBadeficiency drives HSCs to abandon the GO phase
and enter the cell cycle. With respect to the CD34*KSL
population, 70%-80% of these cells were BrdU+in both
Foxo3a**and Foxo3a~- mice. The defect in HSC quies-
cence in the absence of Foxo3a was further supported
by the finding of decreased levels of the negative cell-
eycle regulators p27 and p57 in Foxo3a”~ CD34-KSL
cells (Figure 4D).

Cheng et al. have reported that loss of p21 leads to
a failure in the maintenance of HSC quiescence. In this
case, when the mutant animals were exposed 1o the
cell-cycle-specific myelotoxic drug 5-FU as an exoge-
nous stress, they died prematurely due to hematopuoietic

Cell Stem-Cell 1, July 2007 1-12 ©2007 Elsevier Inc. 7



cell depletion (Cheng et al.; 2000). These observations
prompted us to investigate the sensitivity of Foxo3a--
mice and their hematopoietic cells toweekly 5-FU treat-
ments. Although some 5-FU-treated FoxoSa** mice
died at 2 weeks after the initial injection, fully 60% of
them survived until at least 4 weeks postinjection (Fig-
ure 4E). In contrast, all Foxo3a~ mice were dead within
4 weeks after the first injection, showing that Foxo3a is
required for normal HSC resistance to 5-FU. To exclude
the possibility that the death of the mice was due 1o the
toxic effects of 5-FU on other tissues, we repopulated
the hematopoietic syster of lethally irradiated recipi-
ents with either Foxo3a** or Foxo3a7 BM cells. Four
months after transplantation, we challenged the recon-
stituted mice with weekly 5-FU treatments. A similar
increase in mottality was observed in mice transplanted
with Foxo3z~- BM cells as compared to those bear-
ing Foxo3a** BM cells (Figure 4F). Thus, 5-FU-treated
Foxo3a~ mice die prematurely due to effects on the
hematopoietic systern and not because of the sensitivity
of other tissues o the-antimetabolite treatment. Foxo3a
therefore protects hematopoietic cells from destruction
by cell-cycle-dependent myelotoxic agents, and a loss
of Foxo3a leads to hematopoietic cell depletion and
premature death of the animal. Taken together, our data
demonstrate that Foxo3a plays a pivotal role in the main-
tenance of HSC quiescence and suggest that Foxo3a
functions to protect HSCs against exogenous stress.

impaired H8C Function by p38MAPK Activation in
Foxo3a” Mice

We have previously reported that p38MAPK activation
induced by ROS elevation promotes exhaustion of H8Cs
during serial BM transplantation (lto et al., 2006). We
therefore evaluated ROS levels and the activation status
of p38MAPK in H8Cs of Foxo3a** and Foxo3a™ miice.
ROS was indeed increased in Foxo3a” KSL cells com-
pared to Foxo3a** KSL cells (Figure 5A). Moreover, the
expression levels of SOD2 and catalase, two Foxo target
genes involved in ROS detoxification (Essers et al., 2004;
Kops et al., 2002; Nemoto and Finkel, 2002}, wete signifi-
cantly downregulated in Foxo3a CD34-KSL cells (Fig-
ure 5B). When p38MAPK phosphorylation was examined
in hematopoietic cell subsets of Foxo3a** and Foxo3a7-
mice, fewer than 10%:of CD34-KSL cells in Foxo3a*+mice
showed p38MAPK phosphorylation (Figures 5C and 5D).
In contrast, p38MAPK was phosphorylated in approxi-
mately 30% of Foxo3a” CD34-KSL cells. Interestingly,
we found that more CD34-KSL cells than CD34*KSL cells
showed p38MAPK phosphorylation in Foxo3a BM but
that neither Lin- nor Lin* cells had significant levels of
phosphorylated p38MAPK. This increased phosphoryla-
tion of p38MAPK in Foxo3a’- CD34-KSL cells could be
significantly inhibited by prior administration to the mice
of the antioxidant N-acetyl-L-cysteine (NAC), although it
was a partial effect (Figure 5E). Finally, we evaluated the
effect of a pBBMAPK inhibitor (SB203580) on the abil-
ity of FoxoB8a+ cells to generate colonies after 6 weeks

8 Cell Stem Cell 7, July 2007 1-12 ©2007 Elsavier Inc.
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of culture (a reflection of HSC function). We found that
the colony-forming capacity of Foxo8a~ KSL cells sub-
jected to long-term culture could be restored by treat-
ment with 10 uM SB203580 (Figure 5F). In the absence of
this p38MAPK inhibitor, the number of colonies generated
from Foxo3a- cells was reduced to the levels previously
shown in Figure 2A, indicating that p38MAPK activation
impairs HSC funetion.

Decreased H5C Pool in Aged Foxo3a ' Mice

All the data presented above were obtained from stud-
ies of young adult (8- to 12-wesk-old) Foxo3a** and
FoxoB3a* mice. Despite the defective HSC self-renewal
capacity in Foxo3a~”- mice; the frequency of CD34-KSL
cells in these mutants was similar to that in Foxo3a**
mice (Figure S5). Thus, a loss of Foxo3a does not influ-
ence HSC numbers in vivo in young adult mice. How-
ever, it was guiite possible that the defect in self-rénewal
capacity could lead to ashortened HSC life span-in vivo
that would become evident as the mice aged. We there-
fore evaluated hematopoiesis in aged Foxo3a+* and
Foxo3a~*- mice and observed that the peripheral blood
of aged Foxo3a~- mice did not show any signs of pro-
gressive hematopoistic failure (Table 81). However, there
was a reduction in the frequency of CD34-KSL cells in
aged Foxo3a mice as compared o the littermate con-
frols (Figures 6A and 6B and Figure S6}. As previously
reported (Rossi et al.,:2005; Sudo et al., 2000), the fre-
quency of CD34-KSL population in aged Foxo3a** mice
was higher than that in young mice. Qur aged Foxo3a™-
mice did not showthe expansion of CD34-KSL cells seen
in aged wild-type mice. The frequency of the CD34*KSL
progenitor population was reduced in some, but niot all,
aged Foxo3a~- mice. These results indicate that the loss
of Foxo3a had its dominant effect on the HSC popula-
tion in aged animals. To investigate the effect of aging
on HSC function, we evaluated repopulating capacity of
aged Foxo3a~~ HSCs. When we carried out the clono-
genic assay using KSL cells from aged Foxo3a~ mice,
we found reduced colony formation activity in aged
Foxo3a* mice (Figure 6C), in contrast to the results
obtained for young Foxo3a mice (Figure 1D}. Similarly,
when we cartied -out long-term cultivation :of KSL cells
fromaged Foxo3a mice onalayer of OP9 stromal cells,
the number of colony-forming cells arising after 2 weeks
of culture was dramatically decreased (Figure 6D) in a
manner not observed for KSL cells from young Foxo3a-
mice (Figure 2A). Furthermore, the long-term repopu-
lating capacity of BM MNCs from aged Foxo3a~- mice
was significantly reduced compared to that of BM MNCs
from aged Foxo3a** mice (Figure 6E), in contrast tothe
results obtained for young Foxo3a*™ and Foxo3a mice
(Figure 2B). These data demonstrate that the defect in
repopulation capacity of aged Foxo3a™ HSCs was more
severe than that of young Foxo3a~- HSCs. We thersfore
congclude that the loss of Foxo3a leads to a defectinthe
self-renewal capacity of HSCs that impairs the mainte-
nance of in vivo HSC pool during aging.
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Figure 6. Decreased HSC PoolinAged Foxo3a'/ Mice

(A} CD34°KSL (upper pansls) and CD34-KSL {lower panels) cells from 80-week-old Foxo3a” or Foxo3a™ mice were analyzed by flow cytometry,

{Insets) Percentage of CD34~or CD34+KSL cells in total BM MNCs.

(B) Mean frequency = 80 of CD34-KSL. (upper panel} and CD34+KSL {lower panel) cells in aged Foxo3a™ mice ¢orfipared to littérmate Foxol8a+*

mice (56-108 weeks ofd) "p < 0.01, n=8),

(C) Reduced if vitro’ colony formation capacity. KSI. cells from aged Foxo3a* ‘or Foxo8a~- mice were cultured with cytokines in methylceliulese
medivm for 7 days. Data shown ate the mean number + SD of colonies formed.(h = 3}

(D) Decreased colony formation after long-term culture: KSL cells (2% 10% from aged Foxo8a* and Foxo3a™ mice wers cultured on OPS stromal
cells for 2'weeks and tested for colony formation. Data shown are the mean number = SD of colonies formed {®p < 0.01, n = 3).

(E) Defective long-term recanstitution capacity of BM MNCs from aged Foxo3a™ mise. lrradiated reciplent mice were transplanted with 1 x 10°
Foxo3a*™ ar Foxo3a~~ BM MNCs plug 1 x 10%competitor cells i a comipetitive assay. Data shown are the mean percentage x SD of donor-derived
cellg in the peripheral blood at 12 weeks after transplantation ('p < 0.01, fH =8).

DISCUSSION

The self-renewal of postnatal HSCs is closely coupled
to their slow cell cycling or quiescence, and the main-
tenance of H8C quiescence is thought to be a requi-
site for sustaining a self-renewing HSCG compartment.
Here we show that Foxo3a HSCs can neither main-
tain quiescence nor support long-term reconstitution
of hematopoiesis. The mutant HSCs exhibit increased
phosphorylation of p38MAPK, show a heightened sen-
sitivity to cell-cycle-specific myslotoxic. injury, and lose
self-renewal capacity during aging.

In quiescent wild-type HSCs, Akt is not activated, and
Foxo proteins are localized in the nucleus (Yamazaki et
al., 2008). Upon cytokine stimulation of these HSCs in
vitro, Akt becomes activated and induces the export

of Foxo proteins from the nucleus 1o the cytoplasm.
In eonjunction with this export, the HSCs lose their
repopulating eapacity. Attenuation of cytokine signaling
by lipid raft inhibitors maintains both HSC guiescence
and nuclear localization of Foxo proteins (Yamazaki et
al,, 2006}. These findings suggest that the fine tuning of
eytokine sighals within a niche can influence Foxo locali-
zation, which in turn governs HSC quiescence. It has
beenreported that FOXO regulates the expression of p21
and p27 {Dijkers et al., 2000a; Medemaet al., 2000; Seo-
ane et al., 2004). In this study, we observed decreased
expression of p27 and p57, but net p21, in Foxo3a~"
H8Cs. We therefore speculate that, in our mutant mice,
the loss of Foxo3a may have directly reduced the expres-
sion of multiple negative regulators: of the cell cycle,
resulting in the observed defect in the maintenance: of

Cell Stem Cell 7, July 2007 1-12 ©2007 Elsevier Inc. 9




HS8C quiescence. On the other hand, Foxo3a” HSCs
showed elevated ROS as well as reduced expression of
S0D2 and catalase, two Foxo targets that are involved
in ROS detoxification (Essers et al., 2004; Kops et al.,
2002; Nemoto and Finkel, 2002). Becatise ROS eleva-
tion disrupts the maintenance of HSC quiescence, it
may be that Foxo3a deficiency causes H8C cell cycle
abnormalities via ROS dystegulation. We previously
reported that p38MAPK activation induced by-oxidative
stress leads to-a defect in HSG self-renewal capacity (ito
et al., 2008). Consistent with this finding, our present
study showed that Foxo3a contributes to maintain HSC
capacity mediated by repression of p38MAPK activa-
tion. However, ROS-independent pathway might induce
p38MAPK activation in Foxo3a” HSCs, because NAC
treatment partially restored p38MAPK status.

Our knowledge of the physiological intrinsic cues
regulating HSC maintenance and expansion remains
limited. The tumor suppressor Pten {phosphatase and
tensin homolog) has been found to regulate HSC main-
tenance through restriction of HSC proliferation (Yilmaz
et al,, 2006; Zhang et al., 2008). The finding Is especially
interesting to us, as PTEN acts upstream of FOXO. Plen
deficiency leads to activation of PISK that results in' Akt
activation and consequently Foxo inactivation. This rela-
tionship could theoretically undetlie the similarities in the
phenotypes of Pten-deficient and Foxo8a- HSCs with
respect to cell cycle regulation and repopulating capac-
ity, although our Foxo3a~ mice do not develop leukemia.
Yilmaz et al. reported that the mTOR inhibitor rapamy-
cin not only depleted leukemia-initiating cells in Pten-
deficient mice but also restored normal HSC function,
indicating that mTOR activation causes the loss of HSC
function in these animals (Yilmaz et al., 20086). Since it
has recently been reported that rapamycin can indirectly
inhibit Akt activation (Sarbassov et al.,.2008}, the possi-
bility thus exists that raparmycin treatment restores HSC
function by promoting Foxo activation. It will be inter-
esting to determine whether Foxo3a acts downstream of
Pten 1o regulate HSG function.

Despite the fundamental importance of H8Cs and Fox-
03a’s role.in their maintenance, ourFoxo3a-- mice did not
show any.obvious abnormalities in embryogenesis, aging,
or function of the hematopoistic systein in the absence of
exogenous stress. The extreme subtlety of the phenotypes
of Foxo3a~- mice is likely due to compensation by other
Foxo: family members. While this manuscript was. under
review, phenotypes by conditional -deletions of Foxol,
-3a,and -4 genes were reported (Paik et al., 2007; Tothova
et al., 2007). Tothova et al. demonstrated that-deletions of
triple genes lead to marked decrease of KSL population
with increased apoptosis and cell cycling caused by an
elevation of ROS. Deficiency of Foxo3a single gene did
not:show any phenotypes in KSL. population, consistent
with our data. Since phenotypes of aged Foxo3a-- mice
were more severe than those:of young mice in our study,
the compensatory effects by other family members may
be attenuated during aging.
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Stem cells -and progenitors are now known to exist
in a-variety of tissues. Tissue-specific stem cells con-
tinuously give rise to mature cells throughout the life of
an animal and maintain the homeostasis of a particu-
lar tissue. Our study shows that Foxo3a is essential for
the maintenance of the self-renewal capacity of HSCs
in vivo. It has been reported that Foxo family mem-
bers regulate the differentiation potential of progeni-
tors (Bakker et al., 2004; Hribal et al., 2003). Since the
aging of an organism may be driven in part by a gradual
depletion of the functional capacity of tissue-specific
stem cells, Foxo3a might be involved in controlling
physiological aging mediated by regulating stem cell
capacity in a variety of tissues. Furthermore, manip-
ulation of Foxo3a may represent a novel approach to
regenerative medicine. It may be possible in the future
to-establish a culture system in which Foxo3a activation
is modified such that HSCs can expand while maintain-
ing their repopulating capacity. If such a modification of
FOXQ function can be generalized to stem cells of other
tissues, this approach could be useful for enhancing or
sustaining tissue regenerative capacity in vivo.

EXPERIMENTAL PROCEDURES

Mice and Blood Call Counts

Foxo8a™ mice were gererated as described in the Supplemen-
tal Experimental Procedures and in Figure S1. Heterozygous
Foxo8a+~ mice were subséquently intércrossed to generate
Foxo3a™ mice in C57BL/6 (F4). Littermates were used as con-
trols in all experiments, C578L76 CD45.1 gongenic mice (B8~
CD45.1) were purchased from Sankyo-Lab Service (Tsiukuba,
Japan). Animal care in our laboratory was in accordance with
the guidelines for-animal and recombinant DNA expetiments of
the National Institute for Lorgevity Sciefices, Keio University
and Kanazawa University. NAC was administrated orally (40
mM. in drinking water) for 4 weeks. For analysis-of blood counts,
peripheral blood from the postorbital vein was collected in a
heparinized microtube (Drummond Scientific) and analyzed on a
CellTac (NIHON KOHDEN).

Flow Cytoimetry

Monotional antibodies (mAbs) recognizing the following mark-
ors ‘were used for flow cytometric analyses and cell sorting
{FACS Vantage or FACS Aria, BD Bioscience): c-Kit (2B8), Sca-1
(E13-161.7), CD4 (L3T4), CD8 (53-6.7), B220 (RA3-6B2), TER-
119 {Ly-78), Gr-1 (RB6-8C5), CD34 (RAMB4), CD71 (R17217),
CD45:1(A20), CD45.2(104), and anti-Mac-1 (M1/70). All mAbs
were purchased from BD Biosciences. A mixture of mAbs rec-
ognizing CD4, CD8, B220, TER-119, Mac-1, or Gr-1 was used to
identify Lin*-cells.

Colony-Forming Assays

For long-term cultures, 2 x 102 KSL celis were cocultured with
OPg stromal cells as previcusly described (Ito-et al,, 2004) After
2-8 weeks” culture, cells were hatvested and used for hemat-
opoietic colony-farming assays. For some experiments, the
pIBMARK Inhibitor 88203580 (Calblochem) was added at 10 gM
to- long-term cultures. Methylcallulose colony-forming assays
were performed with 20 ng/ml SCF {Pepro Tech EC Lid.), 20 ng/
ml interleukin-3 (PeproTech EC Litd.), 2 U/ml Epo (Chugai Phar-
maceutical Co., Ltd.), and 20 ng/ml G-CSF {Kirin Brewsry Co.,
Ltd.) as previously described (Arai et al., 2004). For the day 12
CFU spleen (CFU-812) assay, 5 x 10* BM MNCs were injected
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info lethally-irradiated mice. Colonies growing in‘the spleen were
fixed :and counted 12 days after injection as previously described
(lto et al., 2004):

Competitive Reconstitution Assay

Lethally irradiated C57BL/6-CD45:1 congsnic mice were recon-
stituted with BM MNCs, KSL-cells, CD34+K8L. ¢ells, or:CD34-KSL
cells from Foxo3a+* or. Foxo3a~™ mice {CD45.2), in-competition with
BM MNCs from C57BL/6-CD45.1 mice. Recopstitution of donor-
derived cells (CD45.2) was moniiored by staining blood cells with
mADbS against CD45:2, CD45.1, CD3, B220, Mac-1, and Gr-1. For the
serial fransplantation analysis, BM cells (1 x 10% were obtained from
recipient mice at 16.weeks postiransplantation (first BMT) and trang-
planted into a second set of lethally irradiated mice (second BMT).
Subseguent transplantations were performed in the same manner,

5-FU Treatment

&-FU (Kyowa Hakko) was administered 10 mice intraperitoneally
{i.p.) at @ dose of 150 mg/kg once per week for 3 weeks, and the
survival of individual mice was monitored daily.

Intraceliclar ROS Assay
The cells were ingubated with 300 nM CM=H,-DCFDA (Invitrogen) at
37°C for & min followed by analysis of fluorescence by flow cytometry.

Cell-Cycle Analyses

Analysis of the GO phase by Pyronin Y staining was performed as
previously described (Yamazaki et al., 2008). To determine KSL call-
cycle status by BrdUWincorporationinvive, Brdl (100 mg/kg; Sigma)
was injected i.p. Into Foxo3a*~or Foxo3a™ mice. At 2 hr postinjec-
tion, KSL cells were collected frorm BM, fixed, and stained with TAAD
and anti-BrdU antibody (BD Biosciences) as previously desceribed
{van Pelt et al., 2005). For analysis of in vivo BrdU incorporation in
CD34-KSL cells;, BrdU was administered to mice orally for 7 days
(1 mg/mlin stetile delonized watel), and CD34-KSL cells were.col-
lected by flow cytometry. The isolated CD34-KSL cells were fixed
and treated with anti-BrdU antibody a& above.

Apoptosis

Lin~cells were collected frarm total BM cells using the MACS celi sep-
arator system (Milteny] Biotec). Lin—cells were stained with propidium
iodide {Pl) and Annexin V{R & D-Systems) 1o detect apoptotic cells.

Immunoccytochemistry

Immunocytochemistry of CD34- and CD34*KSL cells was per-
formed és previously described (Yamazaki et.al., 2008). Briefly, cells
were dirgctly sorted onto a:glass slide; fixed with 4% paraformalde-
hyde (PFA), and staingd with anti-Foxo3a mAb (Upstate Cell Sig-
naling Solufions} or anti-phospho-p38MAPK ‘mAb (Cell Signaling
Technology). Nuclei were identified by staining with DAP! or TOTO-
3 {Invitrogen).-Subcellular localizations wera determined by tsing
eonfocal microscopy. Thefluorescenceintensity of each région was
analyzed by National Institutes of Health Image:

RT-PCR

cDNAs were reverse-trarscribed from total RNA prepared from
CD34-KSL cells. To quantify transeripts, ¢DONA was subjected
to real-time PCR using S8YBR Premix Ex Taq (Takara Bio) in Real-
Time PCR System Mx3000P (Stratagene). Amplification of g=actin
was used for sample normalization. Primer sedquences are as fol-
low: p21, 5-CCGCTGGAGGGCAACTTCGT-3, &-TTTCGGCCCT-
GAGATGTTCC=3"; p27/Kipt, 5-TCTCAGGCAAAGTCTGAGGAC3,
5-TTCGGAGCTGTTTACGTCTGG-3 ph7/Kip2, E5-TGATGAGCT-
GGGAACTGAGCC-3, 5-ACGTCGTTCGACGCCTTGTTC-3, 8002,
£-CCCAGACCTGCCTTACGACTAT-3,  &-TCTCCCAGTTGATTA-
CATTCCA-3 Catalse, 5-GGGAACCCAATAGGAGATAAACTT-3,
5-GGTCACTGAACAAGAAAGAAACCT-3; and B-actin, 8~AGGT-
CATCACTATTGGCAACGA-8, B-CACTTCATGATGGAATTGAATG-
TAGTT-3.

Statistical Analyses

P values were calculated by using the unpaired Student's t test
except for the 5-FU experiments. Sutvival rates following 5-FU
treatment were analyzed with.a log-rank nonparametric test.

Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, six
figures, and one table and.can be found at the end of this.document.
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Efficient electroblotting of gel-resolved proteins onto diamond-like
carbon-coated plate for protein-chip
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SUMMARY

We have developed a technique, which can produce high-density protein chips. In this
technique, proteins are separated by gel electrophoresis, and electroblotted by semidry
blotting apparatus onto a diamond-like carbon-coated stainless-steel plate (DLC plate) of
which surface is modified chemically with amino groups. Proteins immobilized on this pro-
tein chip can interact with other proteins in solution, and proteins interacted with the
immobilized proteins can be identified by mass spectrometric analysis. However, the elec-
troblotting efficiency was not stable. We anticipated that the unstable efficiency might be
related to the fluctuation of temperature during electroblotting. In the present study, to
investigate the optimal temperature for efficient and effective electroblotting, we developed
a semidry blotting apparatus, which could regulate blotting temperature from 4 to 45°C
(£1°C). The high and reproducible blotting efficiency was obtained at not low temperature
but rather high temperature (30°C). The temperature did not impede protein 1dentification
or analysis of protein-protein interactions on the DLC plates by mass spectrometry.

Key words: gel electrophoresis, electroblotting, protein chip, DLC plate, protein interaction.

INTRODUCTION

For proteome analysis, protein chips are a promising tocl
to profile expressed proteins, such as disease-associated
proteins, and to analyze protein-protein, protein-DNA, and
protein-drug interactions’™. Recently, we developed a
novel protein chip plate, on which proteins:separated by gel
electrophoresis can be electroblotted®”. This plate was
made of stainless-steel, ‘which was coated with diamend-
like carbon and its surface was chemically modified with
either N-hydroxysuccinimide ester or amino groups, which
can bind proteins covalently or nen-covalently proteins,
respectively. Using this diamond-like carbon-coated
stainless-steel plate (DL.C plate) as a protein chip plate; we
established a technique with mass spectrometry such as
matrix-assisted laser desorption ienization/time-of-flight
‘mass spectrometry (MALDI-TOF M$) to identify the pro-

teins immobilized on the DLC plate after separation of gel
electrophoresis. We also developed a novel technique with
MALDI-TOF MS to detect proteins that interact with the
protemns transferred to the plates from the gels after gel
electrophoresis.

However, the electroblotting efficiency from the gels to
the DLC plate was sometimes low. We anticipated that the
low efficiency might be related to the fluctuation of temper-
ature during electroblotting. Therefore, we constructed a
semidry electroblotting apparatus that coritrols the: elec-
troblotting femperature precisely, and investigated the
optimal temperature condition for electroblotting in the
present study. We fouind that electroblotting was stable and
reproducible at relatively high temperature(30°C), and this
temperature did not impede protein identification or pro-
tein-protein interaction analysis by MS.
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MATERIALS AND METHODS

Proteins

Fluorescent labeling reagent, CyDye, phosphorylase b,
bovine serum albumin, ovalbumin, and carbonic anhydrase
were purchased from GE Healthcare (Milwaukee, WI,
USA). Soybean lectin and concanavalin A were obtained
from Wako (Osaka, Japan).

Detection of proteins labeled with CyDye

The Cy3-labeled proteins that became immobilized on
the DLC plate were detected by Typhoon 9410.(GE Health-
care) at an excitation wavelength of 532 nm and emission
filter of 580 nm. The detected fluorescence was analyzed by
ImageQuant (GE Healthcare).

Production of the DLC plate

The diamond-like carbon film was deposited on a stain-
less-steel plate by the ion-assisted deposition method®.
Briefly, the plate was put into a reactor evacuated under
8x 107 Pa using a turbo molecular pump, and then plasma-
cleaned by applying hydrogen as a feed gas. The hydrogen
gas flow rate was controlled at 40 scem, and the self-bias
radio frequency power for the plate was 100 W. After the
treatment, methane and hydrogen gases were introduced
into the reactor at flow rates of 47.5 séem and 2.5 scem,
respectively, to deposit the diamond-like carbon film onto
the plate at ambient temperature. The working pressure in
the reactor and the radio frequency power for the plate
were maintained at 3 Pa and 200 W, respectively. The sur-
face of the diamond-like carbon film was aminated by
plasia, using ammonium as the feed gasat an 18-sccm flow
rate and 3-Pa working pressure. Finally, the plate was
rinsed with deionized water and dried under a vacuuwm at
100°C.

Production of temperature-controlled semidry blot-
ting apparatus

We constructed a semidry blotting apparatus, consisting
of a carbon plate cathode; a stainless-steel plate anode, and
a constant-temperature regulator.

§DS-gel electrophoresis

We performed SDS-PAGE using the method of
Laemmli”, with modifications. We used thin slab gels
(80x60x0.3 mm), and performed the electrophoresis at
5 maA,

FElectroblotting of gel-resolved proteins onto the DLC
plates

After electrophoresis, the gel was soaked in 10% (v/v)
methanol for 30 sec, and then freshly prepared 10% metha-
nol for 3 min. The proteing were then electroblotted onto
the DLC plate from the gel in the semidry blotting appara-

tus. We used 0.5 M borate buffer (pH 8.0) as a blotting solu-
tion. Two pieces of filter paper (3MM; Whatman, Florham
Park, NJ, USA) were soaked in the blotting solution, and
excess solution on the gel or filter paper was removed. The
DLC plate, the gel, a piece of wetted cellophane, and the
two pieces of saturated filter paper were stacked, in that
order, from the anode of the semidry blotting apparatus and
sandwiched between the carbon cathode and stainless-steel
anode electrode plates.

Mass spectrometric analysis of the blotted proteins
Cy3-labeled proteins were separated by gel electro-
pharesis, immobilized on the DLC plate. After immobiliza-
tion, 1 pl of protease solution containing. 15 pg/ml trypsin
(Promega, Madison, WI, USA) in 5 mM NH,HCO, (pH 8.0)
was dispensed onto the DLC plate. The DLC plate was
placed in a Petri dish and proteins were digested overnight
at 37°C m a humidified environment. After digestion, the
matrix solution, which was saturated with alpha-cyarno-4-
hydroxycinnamic acid in 40% (v/v) acetonitrile/0.1% (v/v)
trifluoroacetic acid, was delivered to the top of the target
zane of each protein position on the DLC plate. The digests
were analyzed wusing an Axima MALDI-TOF MS
(Shimadzu, Kyoto, Japan). The proteins immobilized on the
DLC plate were identified by peptide mass fingerprinting,
using the Mascot Server (http://www.matrixscience.comy).

RESULTS

Production of temperature-controlled semidry blot-
ting apparatus

The semidry blotting apparatus, in which temperatures
from 4 to 45°C (£1°C) could be controlled accurately, was
manufactured to examine the effect of temperature on the
transfer of gel-resolved proteins onto the DLC plates
(Fig. 1). The apparatus consisted of a carbon cathode elec-
trode plate (Fig. 1b), a stainless-steel anode plate (Fig. 1¢),
and a thermoregulator (Fig. 1d).

Protein electroblotting

Two proteins, phosphorylase b and bovine serum albu-
min; were separated by SDS-PAGE on 0.3-mm-thick gels,
and the separated proteins were electroblotted from the
gels onto the DLC plate in the temperature-controfled
semidry blotting apparatus. The electroblotting was per-
formed with a 500 pA constant current for 1 h at five differ-
ent temperatures (10, 15, 20, 30, and 35°C) to investigate
whether temperature affects blotting efficiency. The blot-
ting efficiency at 10 and 15°C was uniformly low for both
phosphorylase b and bovine serum albumin. Efficiency
increased as the temperature rose. The highest efficiency
was obtained at 30°C (Fig. 2). The efficiency at 35°C was
not measured because the gel became partially dried during
blotting, making the transfer of proteins impossible.
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Fig. 1. Temperature-controlled semidry blotting apparatus.

a, Power supply; b, Carbon cathode plate; ¢, Stainless-steel anode plate; d, Thermoregulator under the anode plate (¢).
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Fig. 2. A, Blotting efficiency of phosphorylase b and bovine serum albumin at different electroblotting temperatures (10, 15, 20, and 30°C).
B, Detection of Cy3-labeled proteins. a, Phosphorylase b; b, Bovine serum albumin; lanes 1, 3, 5, 4nd 7, Gels after electroblotting;
lanes 2, 4, 6, and 8, DLC plate after electroblotting; lanes 1 and 2, 10°C; lanes 3 and 4, 15°C; lanes.5 and 6,.20°C; lanes 7 and 8,

30°C.

Mass spectrometry of blotted proteins

Phosphorylase b, bovine serum albumin, ovalbumin, and
carbonic anhydrase were separated by SDS-PAGE and
electroblotted onto the DLC plates at 30°C (Fig, 34).

Trypsin was added to the blotted proteins, which were

digested overnight. After digestion, the matrix solution was
added for mass-spectrometric analysis, and the DLC plate
was analyzed using MALDI-TOF MS, All four proteins
were successfully identified by MS analysis after peptide
mass fingerprinting (Fig. 3B).

In addition, soybean lectin was separated by SDS-PAGE

and transferred onto the DLC plate, after which concanava-
lin A was reacted with the immobilized lectin (Fig. 4A). The
lectin and concanavalin A were digested with trypsin on the
DLC plate and analyzed by MALDI-TOF MS. As Fig. 4B
shows, the MS analysis yielded the spectra of hoth proteins,
which were identified by a database search.

DISCUSSION

Protein chips
The DLC plate protein chips are suitable for high-

throughput analysis of protein expression and protein-
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Fig. 3. Mass spectra of four proteins on the DLC plate.
A, Proteins electroblotted onto the DLC plate from the gel at 30°C. Lane 1, Proteins separated by SDS-PAGE; lane 2, Proteins remaining
in the gel; lane 3, Proteins electroblotted onto the DLC plate; B, Peptide mass fingerprints:of four proteins. a, Phosphotrylase b; b, Bovine
serum albumin; ¢, Ovalbumin; d, Carbonic anhydrase, e, Trypsin; f, Matrix.
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Fig.4. A, The interaction of Cy3-labeled lectin with Cy5-labeled concanavalin A (Con A) transferred from the gel to the DLC plate at

30°C. Lanes 1 and 2, Mr marker proteins and Cy3-labeled lectin, respectively, separated by SDS-PAGE; lane 3, Cy3-labeled lec-
tin transferred to the DLC plate; Jane 4, Cy3-labeled lectin interacted with Con A on the DLC plate; lane 5, Cy5-labeled Con A
interacted with lectin on the DLC plate. lanes 1-4, Cy3 detection; lane 5, Cyb detection. B, Mass spectra of Con A and lectin
interacted on the DLC plate. Cy3-labeled lectin was separated by SDS-PAGE and electroblotted onto the DLC plate. After block-
ing, the DLC plate was incubated with buffer solution containing Cy5-labeled Con A. The proteins on the DLC plate were
digested with trypsin. The digests were measured by MALDI-TOF MS to identify the proteins using peptide mass fingerprinting.

a, Lectin; b, Con A: ¢, Con A/lectin complex; d, Trypsin.

protein and protein-ligand interactions. Iwafune et al.®
developed the protein chip technology, using a number of
proteins separated by gel electrophoresis and electroblot-
ted onto a DLC plate. In that study, proteins that became
immobilized on the DLC plate were digested with pro-
teases, such as trypsin, lysylendopeptidase, and Asp-
specific protease, for identification by peptide mass
fingerprinting analysis using MALDE-TOF MS. The mass
spectra showed that the proteins on the protein chip could

be identified. The study also showed that proteins on the
DLC plate could interact with proteins in the extract and
that these proteins could also be identified by on-plate
digestion, followed by MALDL-TOF MS analysis.
However, the protein blotting efficiency was inconsis-
tent, even for the same protein, suggesting that the data
were not easily reproducible. One factor implicated in the
inconsistent results was the temperature fluctuation during
electroblotting. We constructed a semidry blotting appara-



tus teca strietly control the temperature during electroblots
ting and examined the relationship between blotting
efficiesncy-and blotting temperature.

Electroblotting apparatus

Ouzr semidry blotting apparatus can control blotting tem-
perateires ranging from 4 to 45°C (£1°C). Until now, these
apparatuses could only regulate low temperatures, and ours
is the first to enable the investigation of high-temperature
effect'son electroblotting.

Separation of proteins by gel electrophoresis

Generally, 1-mmi-thick gels are used when proteins are
separated by SDS-PAGE. However, we used 0.3-mm-thick
gels, austhe electroblotting was performed at 4 very low cur-
rent (or voltage) to prevent the electrolysis of the DLC
plate strfaces®. Blotting efficiency decreased sharply when
1-mm-thick gels were used. We found that the efficiency of
0.3-mm-thick gels was 30-70% higher than that of I-mm-
thick gels.

Electroblotting temperature

The: heat generated during electroblotting may be a fac-
tor in protein denaturing, gel dehydration, and DLC plate
defolizstion. Therefore, electroblotting is usually performed
at a low temperature. During the initial stage of this study,
when we also used low temperatures for electroblotting,
the blotting efficiency was not stable. We demonstrated
that high and reproducible protein electroblotting efficiency
occurs, not at low temperatures, but at a relatively high
temperature (30°C).

Identification of proteins by MS

To examine whether proteins could be electroblotted at
30°C without denaturation, we digested proteins with pro-
tease and analyzed the resultant peptides by peptide mass
fingerprinting.

The results showed that proteins electroblotted at 30°C
still yielded normal peptide mass fingerprints. We also
found that proteins electroblotted onto a DLC plate at 30°C
can interact with other proteins and that the binding activity
of the interacted proteins is maintained at 30°C.
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CONCLUSION

To investigate the optimal temperature for efficient,
effective electroblotting, we developed a semidry blotting
apparatus that can regulate blotting temperatures, ranging
from 4 to 45°C (+1°C).

Our results demonstrated that a high and reproducible
electroblotting efficiency is not obtained at a low tempera-
ture, but at the relatively high temperature of 30°C. Fur-
thermore, blotting performed at 30°C did not impede
protein identification or the analysis of protein-protein
interactions using MS.
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Proteomic search for potential diagnostic markers and
therapeutic targets for ovarian clear cell adenocarcinoma
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Clear cell adenocarcinoma (CCA} has a highly malignam potential in human epithelial ovarian
cancer. The serum CA-125 is widely used as.a marker for ovarian cancer, but the level is relatively
low in CCA. Therefore, new sensitive biomarkers: are required. In this report, we describe a
promiising proteomic analysis that is differentially-expressed in CCA when compared to muci-
nous adenocarcinoma, using the ovarian cultured cell lines OVISE, OVTOKO, and MCAS. The
disease-associated proteins were identified by 2-D differential gel electrophoresis {2-D DIGE) and
MS. In this analysis, 18 up-regulated and 31 down-regulated spots were observed that had at least
two-fold differencesin the two CCA cell linesthan in MCAS as control cells, Some of the proteins
differentially expressed in CCA were previously observed as alternative expression levels in
ovarian and/or other cancers in clinical samples. In a subsequent preliminary differential study
using surgical specimens from patients with CCA, it was dernonsirated that the identified pro-
feins were expressed differentially in actual tissues, as well as n the CCA culture cells, The
results from this investigation show the potentiality of a proteomic approach for identifying dis-
ease-associated proteins, which may eventually serve as diagnostic markers or therapeutic targets
in CCA.

Keywords:
Biomarker / Ovarian cancer / Two-dimensional difference gel electrophoresis

1 Introduction

Received; September 30,:2005
Reviged: July:g, 2006
Accepted: July 16, 2008

point for successful clinical treatraent is to diagnose the

Owvarian and uterine cancers are the leading causes of death
arnong gynecological malignancies, and the incidence rate of
ovarian cancer tends to increase in some developed coun-
tries, inchuding Japan [1-3]. It is widely recognized that a key
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ovarian cancer at an early stage; and choose drugs that are
appropriate for the histological type. Among the various
types of human ovarian cancey, clear cell adenocarcinoma
{CCA)is one with a highly malignant potential. Patients with
CCA can be distinguished from those with other types of
epithelial ovarian cancer as follows: (i} the recurrence rate is
higherevenin early stages; (ii) the 3:and 5-year survival rates
for patients are significantly lower; and {iii) the response rate
to platinum-based chemotherapy is lower [4]. In order to
detect CCA-and other types of ovarian cancer, the serumlevel
of CA-125 is commonly used as the most available diagnostic
marker. However, there are questions regarding its specific:
ity and its ability to detect early stages because the level is
elevated by other cancers [5], and.also may be associated with
various unrelated conditions such .as pregnancy, endome:
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