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One of the central tasks of stem cell biology is to understand the
molecular mechanisms that control self-renewal in stem cells.
Several cytokines are implicated as crucial regulators of hemato-
poietic stem cells (HSCs), but little is known about intracellular
signaling for HSC self-renewal. To address this issue, we attempted
to clarify how self-renewal potential is enhanced in HSCs without
the adaptor molecule Lnk, as in tnk-deficient mice HSCs are
expanded in number >10-fold because of their increased self-
renewal potential. We show that Lnk negatively regulates self-
renewal of HSCs by modifying thrombopoietin (TPO)-mediated
signal transduction. Single-cell cultures showed that Lnk-deficient
HSCs are hypersensitive to TPO. Competitive repopulation re-
vealed that long-term repopulating activity increases in Lnk-
deficient HSCs, but not in WT HSCs, when these cells are cultured
in the presence of TPO with or without stem cell factor. Single-cell
transplantation of each of the paired daughter cells indicated that
a combination of stem cell factor and TPO efficiently induces
symmetrical self-renewal division in Lnk-deficient HSCs but not in
WT HSCs. Newly developed single-cell immunostaining demon-
strated significant enhancement of both p38 MAPK inactivation
and STATS and Akt activation in Lnk-deficient HSCs after stimula-
tion with TPO. Our results suggest that a balance in positive and
negative signals downstream from the TPO signal plays a role in
the regulation of the probability of seif-renewal in HSCs. In
general, likewise, the fate of stem cells may be determined by
combinational changes in mulitiple signal transduction pathways.

c-mpl | p38 MAPK | STATS | Akt

anipulation of stem cell self-renewal is a necessity for the

development of stem cell-based regenerative and trans-
plantation medicine. To this end, we need to understand mo-
lecular mechanisms underlying self-renewal in stem cells. In
hematopoietic stem cells (HSCs), the best-studied mammalian
stem cells, self-renewal has been demonstrated by in vivo assays
(1-4). However, molecular mechanisms regulating self-renewal
remain poorly understood. In particular, despite numerous
studies of cytokines and cytokine receptors, little is known about
intracellular signaling events in self-renewal of HSCs (5-7).
Maijor difficulties have been the paucity of HSCs and the in vitro
recapitulation of self-renewal (8, 9). We have approached this
issue by analyzing Lnk-deficient mice (Lnk—/-) in comparison
with WT mice.

Lnk is an adaptor protein containing a proline-rich domain, a
pleckstrin homology domain, and a Src homology 2 domain (10).
In Lnk—/— mice, long-term marrow repopulating activity is
markedly elevated because of increases in both absolute number
and self-renewal activity of HSCs (4, 11). These results suggest
that Lok negatively regulates the key signaling pathways of HSC
self-renewal. Lok is expressed in various hematopoietic lineages,
in which some of its functions have been reported (12-15). Lnk
is thought to regulate stem cell factor (SCF) signaling pathways

www.pnas.org/cgi/doi/10.1073/pnas.0606238104

negatively in immature B cells (12, 13). Recent reports indicated
that Lnk negatively regulates thrombopoietin (TPO) signaling in
megakaryocytes and erythropoietin signaling in erythroblasts
(14, 15). Although the functions of Lnk as a negative regulator
of cytokine signaling are shared by these lineages, the target
signaling pathways appear to differ among these lineages. We
therefore attempted to determine Lok target signaling pathways
in HSGs.

In both WT and Lnk—/— mice, CD34-negative or low, c-Kit-
positive, Sca-1-positive, lineage marker-negative (CD34-KSL)
cells within aduit mouse bone marrow (BM) are highly enriched
in HSCs (4, 16). When single-cell transplantation with
CD34~KSL cells was performed, rates of long-term reconstitu-
tion were similar in WT and Lnk —/— mice, indicating similar
degrees of HSC enrichment in this population. Using these
highly enriched HSC populations, we first studied cytokine-
induced division of CD34-KSL cells and found that Lnk is
involved in the TPO signaling pathway. We then investigated
how HSCs self-renew in culture with TPO by competitive
repopulation and paired daughter cell assays. Furthermore, we
developed single-cell immunostaining procedures for signal
transduction analysis to examine Lnk-interacting intracellular
signaling pathways in TPO-stimulated CD34~KSL cells.

Results

In Vitro Survival and Division of Single CD34-KSL Cells. Direct effects
of cytokines on both survival and proliferation of HSCs were
evaluated to see which cytokine signals are influenced by the
absence of Lnk. Serum-free culture of single WT or Lnk—/—
CD347KSL cells was performed in the presence of various
cytokines at 100 ng/ml. Every 24 h after initiation of culture, cells
in each well were examined under the microscope. At 72 h of
culture, no CD34~KSL cells survived without a cytokine. In
contrast, >70% of cells survived in the presence of SCF or TPQO,
and <20% of cells survived in the presence of IL-3, IL-6, or 1IL-11
(Fig. 14). When cells were cultured with SCF, frequencies of cell
division did not differ between Lnk—/— CD34"KSL cells
(479 = 5.3%) and WT CD34 KSL cells (54.6 * 9.1%) (P =
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Fig. 1. In vitro survival and division of single WT or Lnk—/— CD34-KSL cells
in the presence of a cytokine. WT or Lnk—/— CD34-KSL cells (n = 96) under-
went single-cell serum-free culture in the presence of SCF, TPQ, IL-3, IL-6, or
IL-11. At 72 h of culture, the number of cells in each well was counted under
an inverted microscope. Wells containing one or more cell(s) were judged to
exhibit “survival” and wells containing two or more cells were judged to
exhibit “division.” Frequencies of survival (A) and division (8) from five inde-
pendent experiments are shown as mean = SD. ¢, P = 0.009.

0.197). In contrast, when cells were cultured with TPO, the
frequency of cell division in Lok—/— CD347KSL cells (66.7 *
8.0%) was significantly greater than that in WT CD34~KSL cells
(49.8 + 7.6%) (P = 0.009) (Fig. 1B). These data indicate that
SCF or TPO, but not the other cytokines studied, can support
survival and division of significant proportions of WT and
Lnk—/— CD34-KSL cells, and that TPO promotes division of
Lnk—/— CD34-KSL cells more efficiently than division of WT
CD34-KSL cells.

Hypersensitivity of Lnk—/— CD34-KSL Celis to TPO Stimulation. Sen-
sitivity to SCF or TPO stimulation was compared between WT
and Lnk—/— CD34~KSL cells with respect to dose~-response of
cell division. WT or Lnk—/— CD34~KSL cells were subjected to
single-cell serum-free culture with graded doses of SCF (1, 5, 10,
50, or 100 ng/ml) or TPO (0.1, 0.5, 1, 5, 10, 50, or 100 ng/ml).
After 72 h of culture, frequencies of cell division at each
concentration were determined. As shown in Fig. 24, dose-
response curves were plotted by nonlinear regression. Midpoint
effective doses (EDsgs) were obtained for SCF and TPO. When
WT or Lnk—/— CD34"KSL cells were cultured with SCF,
respective EDsps were 8.03 = 0.92 and 7.17 * 2.09 ng/ml (P =
0.73). When WT or Lnk—/— cells were cultured with TPO,
respective EDsos were 1.89 * 0.55 and 0.69 * 0.06 ng/ml (P =
0.04). SCF dose-response behaviors were quite similar in WT
and Lnk—/~ CD34~KSL cells. In contrast, the concentrations of
TPO that induced cell division were lower for Lnk—/—
CD34~KSL cells than for WT CD34~KSL cells.

The synergistic effects of SCF and TPO on cell division were

2350 | www.pnas.org/cgi/doi/10.1073/pnas.0606238104
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Fig. 2. Hypersensitivity of tnk-/— CD34-KSL cells to TPO stimulation.

Dose-response curves to SCF, TPO, or both are shown for WT and Lnk—/-
CD34-KSL cells. (A) (Left) When cultured with SCF, WT or Lnk—/— cells had
EDsgs 0f 8.03 = 0.92 or 7.17 = 2.09 ng/m, respectively (P = 0.73). (Right) When
cultured with TPO, WT or Lnk—/— cells had EDsgs of 1.89 * 0.55 or 0.69 * 0.06
ng/ml, respectively (P = 0.04).(B) Synergistic effects of SCF and TPO on division
of CD34-KSL cells. Percentages of cells having undergone division by 72 h of
culture among WT (Left) or Lnk—/— (Right) CD34-KSL cells in the presence of
SCF plus TPO are presented as isobolograms. Contours show percent division
at intervals of 10%.

compared between WT and Lnk—/— CD34~KSL cells. Single-
cell serum-free cultures were performed in the presence of SCF
and TPO at various combinations of concentrations. At 72 h of
culture, frequencies of cell division were determined and dem-
onstrated by isobolography (17, 18) (Fig. 2B). When concentra-
tions of both SCF and TPO were >5 ng/ml, > 80% of both WT
and Lnk—/— CD34~KSL cells underwent cell division. When the
concentration of SCF was greater than that of TPO, dose-
response behaviors of WT and Lnk—/— CD34~KSL celis were
similar. In contrast, when the TPO concentration was greater
than that of SCF and the SCF concentration was <5 ng/ml,
Lnk--/— CD34~KSL cells divided more frequently than did WT
CD34~KSL cells. These results indicate that in CD34~KSL cells
the absence of Lnk causes hypersensitivity to TPO but not to
SCF even when both TPO and SCF are present.

In addition, the kinetics of cytokine-induced cell division was
compared between WT and Lak~/~ CD34~KSL cells [support-
ing information (SI) Fig. 5]. When cultured with SCF or SCF and
TPO, WT and Lnk—/— CD34-KSL cells showed quite similar
first-division kinetics. Of note is that the frequencies of cell
division were similar in WT and Lnk—/— CD34~KSL cells when
those cells were cultured with a combination of SCF and TPO
at saturating concentrations (Fig. 2B and Sl Fig. 5). In contrast,
when cultured with TPO, it became apparent after 24 h of
culture that Lnk—/— CD34~KSL cells underwent a first division
more frequently than did WT CD34~KSL cells (S1 Fig. 5).

Repopulating Activity Increases in Lnk—/— CD34-KSL Cells in Re-
sponse to TPO. We assumed that TPO might be able to induce
self-renewal in Lnk—/— HSCs more efficiently than in WT
HSCs. To address this issue, 40 WT or Lnk—/— CD34"KSL cells
were cultured in serum-free medium in the presence of cytokines
for 72 h and underwent competitive repopulation assay (SI Fig.
64). Twelve weeks after transplantation, repopulating units

Seita et al.
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Fig. 3. RU increase in Lnk~/— CD34-KSL cells after culture. Forty WT (Left)

or Lnk—/— (Right) CD34~KSL cells were transplanted (n = 8). Similar cells
alternatively were cultured with SCF (50 ng/ml) and/or TPO (50 ng/ml) for 3
days, and then transplanted (n = 8). RUs before (n = 8) and after culture were
compared 12 weeks after transplantation. Data are shown in terms of fold
increase (average RU before culture = 1.0). RUs significantly increased in
Lnk—/— CD34-KSL cells after culture with TPO (P = 0.025) or SCF plus TPO (P =
0.046). », P < 0.05 vs. before culture.

(RUs) were determined by analyzing peripheral blood donor
chimerism. The RU is a quantitative index of repopulating
activity, and 1 RU is defined as the amount of repopulating
activity in 105 unfractionated BM cells from WT mice, based on
competitive repopulation assay (19).

As shown in Fig. 3, RUs did not change in WT CD34~KSL
cells after a 72-h culture period in the presence of SCF, TPO, or
SCF plus TPO. RUs did not change significantly in Lnk—/—
CD34-KSL cells after culture with SCF alone. However, RUs
were significantly increased in Lnk—/— CD34 KSL cells after
culture with TPO alone or SCF plus TPO. These repopulating
activities were transplantable into secondary recipient mice (SI
Table 2), suggesting that self-renewal potential was maintained
in cultured cells. On average, RU increased 3-fold in both cases.
Based on the positive correlation between RUs and HSC
numbers (SI Fig. 6B), it was estimated that the number of
HSCs proportionately increased 3-fold. To increase in number,
HSCs should have undergone symmetrical self-renewal
divisions.

Symmetrical Self-Renewal Division of Lnk—/~ HSCs in Culture. To
know whether increased RUs in effect resulted from symmet-
rical self-renewal in Lnk—~/— HSCs, paired daughter cell exper-
iments were performed (SI Fig. 6C). Single CD34-KSL cells
were directly transplanted into lethally irradiated mice or indi-
vidually cultured in the presence of SCF and TPO. When cells
in culture gave rise to two daughter cells, each daughter cell was
separated from the other by micromanipulation techniques.
Individual daughter cells were transplanted into lethally irradi-
ated mice.

As shown in Table 1, both daughter cells were detected as
long-term repopulating cells in 3 of 20 pairs of daughters of

single Lnk—/— CD34"KSL cells and in none of 28 pairs of
daughters of single WT CD34"KSL cells. One of the two
daughter cells was detected as a long-term repopulating cell in
3 of 20 pairs of daughters of Lnk—/— CD34"KSL cells and in 3
of 28 pairs of daughters of WT CD34-KSL cells. When sym-
metrical self-renewal is defined as division resulting in genera-
tion of two daughter cells with long-term repopulation potential,
and asymmetrical self-renewal is defined as division resulting in
generation of one daughter cell with long-term repopulating
potential and another without long-term repopulation potential,
these data support the conclusion that in culture with SCF and
TPO, Lok—/— HSCs undergo symmetrical self-renewal division
more frequently than do WT HSCs.

Development of Signal Transduction Analysis for HSCs. Because of
the paucity of HSCs (a single mouse yielded ~1,000 CD34~KSL
cells) to apply commonly used signal transduction assays to this
study was difficult. To circumvent this problem, we combined
multicolor fluorescence-activated cell sorting, fluorescent im-
munostaining, confocal laser scanning, and computational quan-
tification of fluorescent intensities. One of the two keys to
success in this assay was in-droplet immunostaining procedures.
Their principal steps are illustrated in SI Fig. 7. From the initial
cell purification step to the final analysis step, cells were main-
tained in a droplet of medium to avoid cell loss and cell damage.
The other key was measurement of signal intensity in individual
cells. In this study, we focused on phosphorylation kinetics of
signaling molecules because Lnk is an adaptor protein contain-
ing a Src homology 2 domain. As demonstrated in Sl Fig. 8,
phosphorylation intensity of each CD34~KSL cell was evaluated
by using NIH Imagel software. We named this method the
single-cell imaging of phosphorylation (SCIPhos) assay.

To validate the SCIPhos assay, signal transduction in a
cytokine-dependent cell line was examined simultaneously by
both SCIPhos assays and conventional Western blot analysis.
After cytokine deprivation, TPO-dependent 32D/Mpl cells were
stimulated with TPO, and phosphorylation of STATS5 and Jak2
was quantitatively measured. As representatively shown in SI
Fig. 9, SCIPhos and Western blot analyses gave similar kinetics
of STATS phosphorylation. Interestingly, STATS phosphoryla-
tion increased in a dose-dependent manner for TPO stimulation,
and SCIPhos data correlated well with Western blot data (SI Fig.
9C). Good correlation between results of these two assay tech-
niques was also observed for Jak2 phosphorylation (data not
shown).

Phosphorylation of Signaling Molecules in WT and Lnk—/— CD34-KSL
Cells. To identify the key signal pathways involved in HSC
self-renewal, phosphorylation kinetics of JAK2, STAT3, STATS,
Akt, p38 MAPK, and p44/42 MAPK after TPO or SCF stimu-
lation was compared between WT and Lnk—/— CD34-KSL

Table 1. Symmetrical self-renewal in culture of Lnk —/— CD34~ KSL celis but not WT

CD34~ KSL cells

single Daughter cells No. of

CD34~ KSL cells One The other pairs (%) % Chimerism

wT + + 0/28 (0)

WwT + - 3/28 (11) 0.6, 0.6, 0.6

Lnk—/— + + 3/20 (15) (2.0; 5.9), (50.9; 72.9), (42.9; 81.4)
Lnk—/~ + - 3/20 (15) 0.7, 24, 23.0

Single WT or Lnk—/— CD34-KSL cells were cultured with SCF and TPO. After a single cell gave rise to
paired-daughter cells, each daughter cell was individually transplanted (St Fig. 6C). Twelve weeks after trans-
plantation reconstitution was observed in 4 of 25 mice or 3 of 16 mice that, respectively, had received single WT
or Lnk~/— CD34-KSL cells at day 0. Successful reconstitution is shown as +, and undetectable reconstitution is

shown as —, for each transplanted daughter cell.
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*, P < 0.001 vs. unstimulated cells (t = 0).

cells. As shown in Fig. 4, after stimulation with TPO JAK2 was
similarly phosphorylated in WT and Lnk—/— CD34~KSL cells.
However, STATS and Akt were more intensely phosphorylated
in Lnk—/—~ CD34"KSL cells than in WT CD34"KSL cells. In
contrast, phosphorylation levels of p38 MAPK in Lak—/—
CD34KSL cells were down-regulated after TPO stimulation,
whereas those in WT CD34-KSL cells remained unchanged.
Significant phosphorylation of p44/42 MAPK was not detected
in either cell type. On the other hand, after stimulation with SCF,
we detected no significant difference between WT and Lok—/—
CD34-KSL cells in phosphorylation patterns of these signaling
molecules (data not shown). Because these comparisons were’
made with actively self-renewing HSCs, enhanced up-regulation
of STATS5 and Akt pathways and enhanced down-regulation of
p38 MAPK pathways can be inferred to be associated with
initiation of HSC self-renewal.

Discussion

To understand why self-renewal potential is greater in HSCs
without Lnk, we focused our attention on a first division of
CD34-KSL cells because self-renewal is likely to be progres-
sively reduced in the following divisions (7, 8). Analysis of their
first division revealed that Lnk-/— CD34~KSL cells are more
sensitive to TPO than are WT CD34-KSL cells. SCF and TPO
synergistically acted on both WT and Lnk—/— CD34~KSL cells
and efficiently induced their division. Over 80% of both WT and
Lok—/~ CD34~KSL cells divided once by day 3 of culture in the
presence of saturating amounts of SCF and TPO (Fig. 2 and SI
Fig. 5). Finding that the frequency of dividing cells among
Lnk—/— CD34"KSL cells did not differ from that among WT
CD34-KSL cells led us to the hypothesis that outcomes of a first
division might differ between WT and Lnk—/— CD34~KSL
cells. This hypothesis was supported by competitive repopulation
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data and was verified by paired-daughter cell experiment data.
During 3-day culture with TPO or with SCF and TPO, RUs
increased 3-fold in Lnk—/~ cells, whereas RUs did not signifi-
cantly increase in WT cells (Fig. 34). To increase RUs, Lnk—/—
CD34~KSL celis must have undergone symmetrical self-renewal
division during the culture period. As far as first divisions were
examined, both symmetrical and asymmetrical self-renewal di-
visions were detected in Lnk—/— CD34~KSL cells (Table 1). In
contrast, symmetrical self-renewal division was not detected in
WT CD34-KSL cells. The results clearly indicate that Lnk—/—
HSCs self-renew better than do WT HSC:s in response to TPO.

Nolan and colleagues (20-22) have reported an intracellular
phospho-protein analysis technique using flow cytometry (Phos-
pho Flow). This technique enables signal transduction analysis of
target cells in heterogeneous cell populations. The cells that
surround CD34-KSL cells, however, have produced many cyto-
kines before a particular experimental stimulus is applied to
CD34-KSL cells. The unavoidable prestimulatory effects of
these cytokines impair the utility of the Phospho Flow method
in the analysis of CD34KSL cells. Furthermore, internalization
of ¢c-Kit in response to SCF makes phenotypic identification of
CD34-KSL cells difficult. To overcome these problems, in the
SCIPhos assay cells are first sorted and then stimulated with
cytokines under defined conditions, followed by single-cell im-
munostaining. The SCIPhos assay enables quantitative measure-
ment of phosphorylation levels of signal transduction molecules
in individual cells, as verified by comparison with Western
blotting data using only 50 cells (SI Fig. 5). Moreover, intracel-
lular localization of signal molecules can be examined simui-
taneously (23).

Using SCIPhos assays, we attempted to identify signal trans-
duction pathways that in self-renewing Lnk—/~ HSCs are
activated or inactivated differently from those in self-renewing
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WT HSCs. Because RUs in cultured Lnk—/— cells increased in
the presence of TPO alone, but not SCF alone, to the same
extent as that seen in the presence of SCF plus TPO (Fig. 3), we
simply compared SCF- or TPO-mediated signal transduction
between Lnk—/— and WT HSCs. Lnk—/— HSCs in the process
of self-renewal revealed enhancement of combinatorial change
in signal transduction, i.e., activation of both STATS and Akt
signal transduction and inactivation of p38 MAPK (Fig. 4).
Phoshorylation of p38 MAPK in freshly isolated HSCs was
possibly caused by stress in cell preparation procedures. How-
ever, its dephosphorylation was significantly enhanced in
Lnk—/— HSCs. Kato et al. (24) have recently reported that
continuous activation of STATS, but not STAT3, in CD34-KSL
cells results in myeloproliferative disease accompanied with
increase of a broad range of myeloid progenitors in addition to
HSCs. Akt has been shown to facilitate cell cycle progression and
suppression of apoptosis (25). The p38 MAPK pathway has been
implicated as regulating cell cycle progression negatively by
activating transcription of the Ink4a-Arf locus and inhibiting the
expression of D-type cyclins (26). A p38 MAPK inhibitor
reportedly prevents decline of self-renewal potential in HSCs
through serial transplantation (27). These signal modifications
together may give HSCs advantages in maintaining self-renewal
potential. How Lnk controls the probability of symmetrical
self-renewal in HSCs is extremely intriguing.

No hematopoietic malignancy has been observed to date in
Lnk-deficient mice (11, 28). Lnk may provide a suitable molec-
ular target for enhancement of self-renewal capacity of HSCs.
Lnk inhibitors should give selective advantage to HSCs and
should be useful for stem cell transplantation or gene therapy
targeting HSCs. Alternatively, Lnk inhibitors can be used for ex
vivo expansion of HSCs. Takizawa et al. (29) have reported that
transient inhibition of endogenous Lnk activity by introduction
of a dominant-negative form of Lnk can increase engraftment
rates of HSCs. Interestingly, inhibition of Lnk function increases
cell adhesion ability in HSCs so that HSCs can efficiently home
to a BM niche. These results suggest that Lnk interacts with
multiple signaling cascades related to cytokine signal transduc-
tion and cell mobility.

In this study, we showed that Lnk negatively regulates TPO-
mediated signaling pathways in HSCs. Comparison of HSC
numbers among Lnk—~/—, TPO—/—, and Lnk—/—TPO—/— mice
has recently been reported (28). Increases in numbers of HSCs
in Lnk—/— mice have been shown to be overridden by decreases
in numbers of HSCs in TPO~—/— mice (28). Interestingly, HSC
numbers are greater in Lnk—/~TPO—/— mice than in TPO—/~
mice, suggesting that not only TPO signaling is involved. We
conclude that Lok negatively interacts with signaling pathways
downstream of TPO/c-Mpl that play an important role in HSC
fate decision, namely, whether or not HSCs self-renew. We
finally propose that self-renewal of HSC is regulated by a balance
in positive and negative signals from multiple pathways rather
than by self-renewal-specific signals. In this regard, self-renewal
signaling may be much more complicated than generally thought.

Materials and Methods

Mice. C57BL/6 mice congenic for the Ly5 locus (B6-LyS.1) and
Lnk—/— B6-Ly5.1 mice were bred and maintained at the Animal
Research Center of the Institute of Medical Science, University
of Tokyo. The Animal Experiment Committee of the Institute of
Medical Science, University of Tokyo, approved animal care and
use. B6-Ly5.1/5.2 (B6-F1) mice were obtained from mating pairs
of B6-Ly5.1 and B6-Ly5.2 mice. B6-Ly5.2 mice were purchased
from Nihon SLC (Shizuoka, Japan).

Purification of CD34-KSL Cells. CD34~KSL cells were purified

from BM cells of 2-month-old WT or Lnk—/— B6-Ly5.1 mice as
described (16, 30). In brief, low-density cells were isolated on
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Ficoll-Paque PLUS (Amersham Bioscience, Uppsala, Sweden).
The cells were stained with an antibody mixture consisting of
biotinylated anti-Gr-1, anti-Mac-1, anit-B220, anti-CD4, anti-
CD8, and anti-Ter-119 antibodies (Pharmingen, San Diego,
CA). The cells were subsequently labeled with MACS goat
anti-rat IgG microbeads. Lineage-positive cells were then de-
pleted by using the Midi-MACS system (Miltenyi Biotec, Ber-
gisch Gladbach, Germany). The cells were further stained with
FITC-conjugated anti-CD34, phycoerythrin-conjugated anti-
Sca-1, and allophycocyanin (APC)-conjugated anti-c-Kit anti-
bodies (Pharmingen). Biotinylated antibodies were detected
with streptavidin-APC-Cy7 (Molecular Probes, Eugene, OR).
Four-color analysis and sorting were performed on a MoFlo Cell
Sorter (DakoCytomation, Glostrup, Denmark).

Single-Cell Serum-Free Culture. Single-cell cultures of CD34~KSL
cells were performed under serum-free conditions as described
(9, 31). Cells were individually deposited into single wells of a
96-well round-bottom microtiter plate and cultured in S-clone
SF-O3 medium (Sanko-Junyaku, Tokyo, Japan) supplemented
with 0.5% BSA and the following cytokines: 0.1-100 ng/ml
mouse SCF, 0.1-100 ng/m! human TPO, 100 ng/m! mouse IL-3,
100 ng/mi human IL-6, and 100 ng/ml human IL-11 (PeproTech,
Rocky Hill, NJ). After cell sorting, the presence of one cell per
well was verified under an inverted microscope. The cells were
incubated at 37°C in a humidified atmosphere with 5% CO; in
air. At several time points, numbers of cells per well were
counted under an inverted microscope. Each frequency of cell
division was obtained from 96 wells.

Transplantation Assays. Competitive repopulation assays were
performed with the LyS congenic mouse system. Forty
CD34-KSL cells from WT B6-LyS.1 mice were transplanted into
a WT B6-Ly5.2 mouse irradiated at a dose of 9.5 Gy with 4 X
10° competitor cells from WT B6-F1 mice. Forty CD34-KSL
cells from Lok—/— B6-Ly5.1 mice were transplanted into a WT
B6-Ly5.2 mouse irradiated at a dose of 9.5 Gy with 8§ x 10°
competitor cells from WT B6-F1 mice. Concurrently, 40 WT or
Lnk—/— CD347KSL cells were cultured in the presence of
cytokines for 3 days, and then transplanted, with 4 X 10° or 8 X
10° WT B6-F1 competitor cells, respectively, into a lethally
irradiated (9.5 Gy) WT B6 mouse. When one CD34~KSL cell or
each one of its paired-daughter cells generated in culture was
transplanted, 2 X 10° competitor cells were used. Twelve weeks
after transplantation, peripheral blood cells of the recipients
were stained with FITC-conjugated anti-Ly5.2 (104) and biotin-
ylated anti-Ly5.1 (A4) (Pharmingen). The cells were simulta-
neously stained with phycoerythrin (PE)-Cy7-conjugated anti-
B220 antibody and a mixture of allophycoc¢yanin-conjugated
anti-Mac-1 and -Gr-1 antibodies and a mixture of PE-conjugated
anti-CD4 and -CD8 antibodies (Pharmingen). The biotinylated
antibody was detected with streptavidin-Texas red. Cells were
analyzed on a FACS Vantage (Becton Dickinson, San Jose, CA).
Percentage chimerism was calculated as (percent Ly5.1-donor
cells) x 100/(percentage LyS.1-donor cells + percentage F1-
competitor cells). RUs were calculated with Harrison’s method
(19) as follows: RU = (percentage chimerism) X (number of
competitor cells) X 1073/(100 — percentage chimerism). In the
case of single-cell transplantation, when percentage chimerism
was >0.5, test donor cells were considered to be long-term
repopulating cells. Secondary transplantation was performed 4
months after primary transplantation. After peripheral blood
was analyzed for chimerism once again, 2 X 10° BM cells from
selected recipient mice were transplanted into mice irradiated at
a dose of 9.5 Gy.

Cell Lines. 32D cells (ATCC, Manassas, VA) were maintained in
RPMI medium 1640 with 10% FCS and 10% conditioned
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medium from the culture of WEHI-3B cells. Human c-MPL
c¢DNA was ligated to the pMY-IRES-EGFP retroviral vector (a
gift of T. Kitamura, University of Tokyo, Tokyo, Japan). The
recombinant viruses were produced by transfecting pMY-Mpl-
IRES-EGFP into 293gp cells with pcDNA3-VSV-G. 32D celis
were then infected with these viruses. TPO-dependent 32D
(32D/Mpl) cells were selected, cloned, and maintained with 10
ng/ml TPO.

SCIPhos Assay. Phosphorylation of cytokine signaling molecules
was analyzed by fluorescent immunocytostaining (SI Fig. 7). WT
or Lnk—/— CD34°KSL cells were directly sorted by flow
cytometry into droplets of medium on poly-L-lysine-coated glass
slides (Matsunami Glass, Osaka, Japan). Cells were stimulated
with cytokine(s) at indicated concentrations for indicated times,
and then fixed with 4% paraformaldehyde and permeabilized
with 0.1% Triton X-100. Subsequently, the cells were stained
with phosphorylation-specific anti-JAK2 (Tyr-1007/1008), anti-
STAT3 (Tyr-705), anti-STATS5 (Tyr-694), anti-Akt (Ser-473),
anti-p38 MAPK (Thr-180/Tyr-182), and anti-p44/42 MAPK
(Thr-202/Tyr-204) antibodies (Cell Signaling Technology, Bev-
erly, MA). After washing with PBS containing 2% goat serum,
cells were stained with Alexa Fluor 488- or 647-conjugated goat
anti-rabbit IgG antibody (Molecular Probes) and DAPL

To avoid quenching of fluorescence, cells were scanned only
once, at the cells’ centers, by a TCS SP2 AOBS confocal
laser-scanning microscope (Leica, Wetzlar, Germany). Cell im-
ages were obtained at 100 X 100 pixels resolution by using a X63
objective lens. Fluorescence intensities of individual cells (n =
50) were computationally quantified by using Image) 1.33 soft-
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ware (http://rsb.info.nih.gov/ij) and were normalized against the
mean intensity of unstimulated cells.

Western Blot Analysis. 32D/Mpl cells were starved in RPMI
medium 1640 with 10% FCS for 12 h. A total of 2 X 10° such cells
were stimulated with 50 ng/ml TPO for 0, 1, 5, 10, or 60 min or
0,0.8,1.6,3.2, 6.4, or 12.8 ng/ml TPO for 10 min. Cells were lysed
in buffer consisting of 50 mM Tris-HCl, 5 mM EDTA, 150 mM
NaCl, 1% Triton X-100, 1 mM Na;VOQO,, 1 mM NaF, and protease
inhibitor in water (Roche Molecular Biochemicals, Basel, Swiz-
erland). Cell lysates in 2Xx SDS sample buffer (BioRad Labo-
ratories, Hercules, CA) were subjected to SDS/PAGE, blotted,
and probed with antiphosphorylated STATS (Tyr-694) or anti-
phosphorylated JAK2 (Tyr-1007/1008) antibodies. Primary an-
tibodies were detected with the SuperSignal West Pico system
(Pierce Biotechnology, Rockford, IL).

Statistical Analysis and Nonlinear Regression. Mean values of two
groups were compared by two-tail unpaired ¢ testing. Nonlinear
regression by the four-parameter logistic method was performed
for the dose~response and division kinetics curves. The EDsgs of
the two groups were compared by F testing. All statistical
analyses were performed on Prism 4 software (GraphPad, San
Diego, CA).
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Transient blocking of Lnk-mediated pathways as
a potential approach to promote engrafting ability
of hematopoietic progenitor cells
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Lnk, an intracellular adaptor protein functions as a negative regulator of B lymphopoiesis, megakaryopoiesis
and erythropoiesis by modulating signais through c-Kit, c-Mpl and Epo-R, respectively. In recent studies, we
and other groups have shown that Lnk-/- mice display an increased number and enhanced repopulating
capability of hematopoietic stem or progenitor cells (HSC/Ps), which is due to their hyperresponsiveness to
thrombopoietin. Moreover, we have demonstrated that Src homology-2 (SH2) domain of Lnk is essential for
the inhibitory function and that Lnk mutants with a point mutation in the SH2 domain potently act as domi-
nant-negative mutant (DN-Lnk). Forced expression of DN-Lnk in HSC/Ps enhanced their repopulating capa-
bility in lethally irradiated recipient mice. Remarkably, transient expression of DN-Lnk also facilitated engraft-
ment of HSC/Ps in immunodeficient animal under nonmyeloablative condition, leading to full reconstitution
of lymphoid lineage cells. Transwell migration assay revealed that an interaction between HSC/Ps and
vascular cell adhesion molecule-1 (VCAM-1) was augmented by Lnk deficiency or expression of DN-Lnk.
These resuits suggest that Lnk modulates cell mobility of HSC/Ps in addition to their expansion. Lnk-medi-
ated pathway therefore could become a potential target for enhancing both integrin-mediated engraftment
and cytokine-dependent expansion of HSC/Ps. ’
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Introduction lifetime of an individual. The unique biological propertics of
Hematopoietic stem cells (HSCs) have the self-renewal activ- HSCs have alrcady been utilized extensively Tor therapeutic strat-

ity and give risc to all lincages of blood system throughout the egy 1o cure hematologic malignancies or genctic discases by bone
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Fig.1 Functional domains of Lnk in c-Kit-mediated cell growth and screening of domi-

nant-negative Lnk mutants

(Left column) Schematic representation of retroviral vector includes IRES between cDNA encoding
Lnk mutants and eGFP. (Middle column) Effect of indicated Lnk mutants on c-Kit-mediated growth ot
MC9 cells. (Right column) Dominant negative effect of indicated Lnk mutants on ¢c-Kit-mediated growth
inhibition of MC9 transfectant overexpressing Lnk (MC3-Lnk).

marrow transplantation for decades. However, since the number
of available HSCs is limited (e.g. cord blood trans-plantation),
ex vivo ur in vivo expansion of HSC by genctic fnunipulation
has been studied intensively?.

Lnk, together with APS (adaptor molecule containing PH and
SH2 domains) and SH2-B, forms an adaptor protein family whose
members share a N-terminal homologous domain followed by
pleckstrin homology (PH) domain, SH2 domain and a highly
conserved tyrosine phosphorylation site at a C-terminus. Because
of their structural similarity, nomenclature of this family genes
has been recently approved by the HUGO Gene Nomenclature
Committee as SH2B adaptor protein | (SH2B1) for SH2-B.
SH2B2 for APS and SH2B3 for Lnk. Lnk is an intracellular adap-
tor protein mainly expressed on lymphocyte, megakaryocyte and
hematopoietic stem or progenitor cells (HSC/Ps)>". In previous
reports, we and others have demonstrated that Lnk-deficient mice
show overproduction of lymphocytes and megakaryocytces duc
to augmentation of growth signals through c¢-Kit and c-Mpl,
respectively??. In addition, the mice show increased number and
cnhanced repopulating ability of HSC/Ps, which are caused by
their hypersensitivity to thrombopoietin (TPO) in the absence of
Lak>*¥, Despite of these phenotypes, any obvious tumor forma-
tions have not been observed in Lnk-deficient mice on CS7BL6/}
background. Inhibition of Lnk-mediated pathway(s) therefore
could be a potentially useful approach for in vivo or in vitro
amplification of HSC/Ps without causing malignant transforma-
tion.

This mini-review focuses on establishment of a new approach
to enhance the engrafling ability of HSC/Ps by blocking Lnk-
mediated pathways. First, we identified functional domain of Lnk
and generated dominant-negative Lnk mutant (DN-Lnk) that
potently inhibits endogenous Lnk function. Second, we showed
the effectiveness of DN-Lnk expression on multilineage recon-
stitution by HSC/Ps after transplantation and its cfficacy for treat-
ment of immunodeficient mice. Lastly, we will discuss the regula-
tory mechanism underlying the high repopuiating ability of Lnk-
deficient HSC/Ps.

Functional domains of Lnk in c-Kit-mediated
proliferation

To determine the functional domains of Lk, various Lnk
mutants were constructed and influence of these mutants to ¢-Kit
mediated cell growth was studied (Fig.1). Mast cell tine MC9
were retrovirally transduced with Lnk mutants and then ¢-Kit-
mediated growth of transduced cclls was compared with that of
non-transducced. MC9 cells cxpressing wild-type Lnk lailed 10
protifcrate, suggesting efficient inhibition of c-Kit-mediated cell
growth by Lnk. Either deletion of N-terminal domain (dN) or
mutation of a conserved tyrosine phosphorylation site (Y536
showed a similar inhibitory effect compared to wild-type Lnk,
while deletion of PH domain (dPH) or C-terminal tail (dC) partly
reduced the inhibitory effect. Importantly, a point mutation in
SH2 domain (R364E) completely abolished the growth inhibi-
tion (Fig.1). These results indicate that SH2 domain of Lnk has a
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Fig.2 Expression of DN-Lnk in HSC/Ps
facilitates blood cell repopula-
tion

(A) Bone marrow transplantation model.

Retrovirally transduced Lin- cells were trans-

ferred into lethally irradianted mice. Peripheral

blood (PB) harvested from transplanted mice
was analyzed by flowcytometry.

(B) Contribution of transduced cells to B-, T- and

myeloid lineage in PB. Flow cytometric analysis

of PB cells from mice 17 weeks after transplan-
tation are shown.

crucial role for inhibiting c-Kit-mediated cell growth and that
PH domain and C-terminal tail of Lnk. not Y536 residue within

the region, partly contributes to the eflicient inhibition.

Screening for dominant negative mutant
of Lnk

We next investigated whether non-inhibitory mutants, ideni-
fied in experiments described above. could exert dominant-nega-
tive (DN) effect. Using MCY transfectant overexpressing Lnk
(MC9-Lnk) that hardly proliferates in response 10 SCF?, we
screened the DN Lok mutants that could block wild-type Lok
function and cancel the growth inhibition. MCY-Lnk cells ex-
pressing R3I64E outgrew over non-transduced cells, indicating
that this mutant acted as a DN mutant. O generated Lnk mu-
tants, Lnk mutant (dPH/R363E/dC) carrying combined defetion
of PH domain and C-terminal tail with R364E mutation exhib-
itcd thc most strong DN effect (Fig.1). These results suggest
that mutation of SH2 domain is critical for DN effect and dele-
tion of PH domain and C-terminal tail supports effective block-

ing of Lok function.

Efficient hematopoietic reconstitution by
DN Lnk mutant-transduced HSC/Ps in
irradiated mice

We next assessed whether dPH/R364E/0C can block the func-
tion of Lok endogenously expressed in HSC/Ps and facilitates the
repopulating ability in transplantation model. Lincage marker
negative (Lin’) bone marrow cclls containing HSC/Ps was
retrovirally transduced with dPH/R364E/dC expression vector
for 48 hours and intravenously injected into lethally irradiated
recipicnt mice. Percentage ol ¢GFP* cells in peripherat blood
(PB) cells from the transferred mice was analyzed at several time
points alter transfer (Fig.2A). Very few eGFP? cells expressing
wild-type Lnk were detected in peripheral lymphocytes, while
significant fractions ol mature B (B220')-, T (CD3")- and my-
cloid lineage (Gr-1') cells were difterentiated from ¢eGFP* cells
expressing vector alone. Mice transplanted with DN-Lnk express-
ing cells displayed significantly highcr percentage of eGFP* cells
in cach lineage than those transplanted with vector expressing
cells (Fig.2B). These results indicated that HSC/Ps expressing
DN-Lnk gained enhanced repopulating ability through inhibi-
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tion of Lnk function,

Enhanced engraftment of HSC/Ps by
transient inhibition of Lnk

Recent papers have reported that retrovirus-mediated gene
transfer into HSC/Ps induces hematologic malignancies because
of random integration of transgene into genome of larget cells®”.
To avoid such side elfects accompanied by retroviral transduc-
tion, we sought to test the effectivencess of transicnt expression
of DN-Lnk on their engraftiment using plasmid vector, which is
scarcely integrated into host genome, in competitive repopulation
assay. In mice receiving DN-Lnk-transtected HSC/Ps, chimer-
ism of donor-derived cells in all lincage was higher and number
of platclets was rapidly recovered compared with control group®.
We next evaluated the efficacy of transient Lnk inhibition for
treatment of severc combined immunodeficient (SCHD) mice
under nonmycloablative condition. Bone marrow cells from wild-
type animals were transfected with plasmid vector by electro-
poration, transplanted into SCID micc treated with a low dose of
irradiation (1.0 Gly) (Fig.3A). A ew control vector-transfected
cells engrafied into the BM of recipient animals and gave rise to

lymphoid lincage cells. In contrast, DN-Lnk-transfected cells

fully reconstituted lymphoid compartment of SCID mice. Espe-
cially, rapid and robust production of B-lincage cells was ob-
scrved from carly time point (Fig.3A). Whether the employed
plasmid vector was integrated into genome of transfected cells
was exanined by PCR amplifying ncomycin-resistant gene. As
expected, ncomycin-resistant gene existing only in the plasmid
vector was detected in transferred donor cclls, however, it was
not detected at all in DNA isolated Irom the reconstituted pe-
ripheral blood cells 4 or 8 weeks alter transplantation (Fig.3B).
These data suggested that transicnt inhibition of Lnk also could
facilitatc engraftment of HSC/Ps and carly recovery of platelet

production with no integration of transgene into genome.

Augmented interaction of HSC/Ps with
VCAM-1 by Lnk deficiency

The successful multitineage reconstitution by transplanted
HSC/Ps requires migration and attachment to a specific mi-
croenvironment in bone marrow, so-called niche, where they
self-renew and differentiate. Short-term inhibition of Lnk by ex-
pressing DN-Lnk enhanced engrafting potential of HSC/Ps. This
implics that blocking of Lnk-mediated pathway(s) might affect

the migration or adhesion of HSC/Ps 10 niche shortly after trans-
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Fig.4 Timing of Lnk inhibition during
engraftment of HSC/Ps

plantation in addition to their expansion (Fig.4). T'o address this
possibility, we evaluated the migration responscs of Lin® ¢-Kit*
Scal* cells from Lnk-/- or wild-type mice against CXCLI2. an
essential chemokine for homing of HSC/Ps to BM™ using
transwell migration assay. CXCl.12-induced migration through
membrane was comparable between Lnk-/- and normal progeni-
tors. Interestingly, L.nk-/- progenitors didn't migrate as efficiently
as wild-type cells in the presence of BM cells other than Lin
cells or VCAM-1, onc of extracellular matrices associated with
homing of HSC/Ps*'". This implicated that Lok plays a role in
controlling cell motility of HSC/Ps by modulating an interaction
between adhesion molecules like VCAM-1 on BM cells and
integrins on HSC/Ps.

Perspectives

We identilied a dominant-negative mutant of Lnk that blocks
Lnk Tunction endogenously expressed on HSC/Ps and established
a novel and potential approach to facilitate the engrafiment of
HSC/Ps by transiently inhibiting Lnk-mediated pathway(s). We
showed that retroviral transduction of DN-Lnk can enhance the
repopulating capability of HSC/Ps, leading to an increased con-
tribution of transduced cclls in lymphoid and mycloid lincage
cell production. However, recent studies have reported that
retrovirus-mediated transduction into HSC/Ps may lcad to un-
expected side cffects including hamatopoictic disorders or ma-
lignant transformations in human and micc due o integration of
transgene into the celular genome and long-term transgene
expression' ", Transicnt cxpression using plasmid vector has

advantage 10 reduce those side ctfects because the transgene on

plasmid is hardly integrated into cellular genome and declines
as transfected cells divide. Short-term expression of DN-Lnk by
plasmid vector could successfully augment engrafling potential
of HSC/Ps and effectively reconstitute the immunce system ol
immunodeficient animals under non-mycloablative condition.
Thus, transient inhibition of Lnk-mediated pathway(s) could pro-
vide a useful therapeutic strategy for potentiating HSC/Ps for
engraftment without any side cficets followed by genctic maodi-
fication.

We demonstrated that Lok negatively regulated c-Kit-medi-
ated proliferation and SH2 domain was crucial to the growth
inhibition. It has been also shown that Lok regulates TPO- as
wefl as EPO-dependent growth signals, and the SH2 domain is
important**9. Data from transmigration assay indicates that Lok
controls cell motility of HSC/Ps possibly through integrin in
addition to their cytokine-dependent expansion (Fig.4). This idea
is supported by recent studies regarding APS and SH2-B, the
other members of Lnk adaptor family, showing their roles in the
regulation of actin cytoskeletoh™, Especiatly, SH-2B intcructs
with Rac, stall GTP protein, and cnhances the growth hormone-
induced actin rearrangement and cell motility"™'®. Rac regulates
actin cytoskeleton of HSC/Ps including migration, adhcsion and
cell cycle progression'™. Thus, augmented interaction of 11SC/
Ps with adhesion molccule by blocking t.nk function might in-
crease the chance for transplanted HSC/Ps to lodge in appropri-
ate microcnvironment in bonc marrow by modulating actin cy-
toskcleton upon activation via integrins. It is likely that Lok is o
dual-functional adaptor not only controlling the expansion of
HSC/Ps through cytokine-dependent pathway, but also modu-
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lating their cell motility and/or integrin-mediated responses. The
detailed molecular mechanisms by which Lnk modulates cell
behavior on adhesion molecules should be addressed in future

studics.
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Chlamydial SET domain protein functions as a
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SET domain genes have been identified in numbers of bacterial genomes based on similarity to SET
domains of eukaryotic histone methyltransferases. Herein, a Chlamydophila pneumoniae SET
domain gene was clarified to be coincidently expressed with hctA and hctB genes encoding
chlamydial histone H1-like proteins, Hc1 and Hc2, respectively. The SET domain protein (cpnSET)
is localized in chlamydial cells and interacts with Hc1 and Hc2 through the C-terminal SET domain.
As expected from conservation of catalytic sites in cpnSET, it functions as a protein
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methyitransferase to murine histone H3 and Hc1. However, little is known about protein methylation
in the molecular pathogenesis of chlamydial infection. conSET may play an important role in
chlamydial cell maturation due to modification of chlamydial histone H1-like proteins.

INTRODUCTION

Chlamydophila pneumoniae is an obligatory intracellular
eubacterium that causes acute respiratory diseases and may
be involved in chronic inflammatory processes, such as
atherosclerosis (Rosenfeld et al, 2000), asthma (Hahn et al.,
1991) and Alzheimer’s disease (Itzhaki et al, 2004).
Persistence of chlamydial infection has been thought to be
important for chronic diseases and has been characterized
using model animals and activation stimuli such as
cytokines and antibiotics (Beatty et al., 1993; Belland et al.,
2003; Malinverni et al., 1995; Mehta et al, 1998). However,
molecular-level relationships between chronic disease
progression and persistent infection are not yet clear.

Chlamydiae exhibit a unique life cycle in which they
alternate morphologies between elementary bodies (EBs)
and reticulate bodies (RBs). EBs are transcriptionally
inactive electron-dense particles that are internalized into
host cells by inducing phagocytosis. EB differentiation into
RBs occurs with the development of phagosomes

tPresent address: Department of Veterinary Biosciences, the Ohio
State University, 1900 Coffey Rd, Columbus, OH 43210, USA.

Abbreviations: cpnSET, Chlamydophila pneumoniae SET domain
protein; EB, elementary body; RB, reticulate body; FCS, fetal calf
serum; GST, glutathione S-transferase; h.p.i, hours post-infection.

A supplementary table and three supplementary figures are available
with the online version of this paper.

into inclusions. Transcriptionally active RBs multiply by
binary fission with nutrients acquired from the host cell. At
the end of the developmental cycle, RBs are converted into
EBs and released from host cells for the next infection.
Besides the developmental cycle, during persistent infection
caused by exposure to interferon gamma (IFN-y) or
antibiotics, RBs differentiate into aberrantly large and
non-multiplying RBs (Belland et al, 2003). However, little
is known about the switching mechanism whereby
vegetative RBs convert into infectious EBs or aberrant
RBs. Understanding this molecular system should be helpful
for the prevention of persistent chlamydial infection.

Two eukaryotic histone H1-like proteins of chlamydiae, Hcl
and Hc2, are present mainly in EBs, where those proteins
bind DNA and promote genomic DNA condensation (Barry
et al, 1992; Hackstadt et al, 1991; Perara et al., 1992; Tao
et al., 1991). Recently a small regulatory RNA gene was
identified as a suppressor of the lethal phenotype of hctA
overexpression in Escherichia coli and it was shown to
negatively regulate Hcl synthesis at an early stage of
infection (Grieshaber et al, 2006). These histone-like
proteins may act as global transcriptional regulators and
play a critical role for the transformation of vegetative RBs
into infectious EBs. Transcriptional, translational and
functional regulations of Hcl and Hc2 may be important
for the morphological switching. Chlamydial genome
analyses have revealed the existence of another candidate
gene as a regulator of Hcl and Hc2, termed the set gene,

0002-9213 © 2007 SGM  Printed in Great Biritain
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which encodes a protein containing a domain similar to the
eukaryotic SET domain (Stephens et al., 1998). Eukaryotic
SET domains were initially identified in the C-terminal ends
of Drosophila transcriptional regulatory factors (Alvarez-
Venegas & Avramova, 2002; Jones & Gelbart, 1993;
Kouzarides, 2002; Kuzmichev et al.,, 2005) and have been
shown to be involved in chromatin remodelling due to
histone methyltransferase activity to specific residues in
amino-terminal histone tails, such as histone H3 K9 and
K27 (Marmorstein, 2003.; Xiao et al, 2003).

Herein, we demonstrate that the chlamydial SET domain
protein physically interacts with chlamydial histone-like
proteins Hcl and Hc2, and functions as a histone
methyltransferase to methylate mouse histone H3 and
Hcl. The results suggest involvement of the SET domain
protein in chlamydial cell transformation from RBs to EBs.

METHODS

Chemicals, cell line and bacterial strains. Gentamicin, cyclo-
heximide, Hoechst 33258 and Dulbecco’s modified Eagle medium
were purchased from Sigma-Aldrich. Fetal calf serum (FCS) was
from Cansera International. Anti-C. pneumoniae-specific monoclo-
nal antibody (RR402) was purchased from Washington Research
Foundation. FITC-conjugated goat anti-mouse antibody and Alexa
545-conjugated goat anti-rabbit antibody were obtained from
Invitrogen. S-Adenosyl-[methyl-'*C}-L-methionine was purchased
from Amersham.

HEp-2 cells (ATCC CCL-23) were used as host cells for infection by C.
pneumoniae J138, isolated in Japan in 1994 (Shirai et al, 2000). C.
pneumoniae J138 EBs were purified by sucrose-gradient centrifugation
and stored at —80 °C in SPG buffer (pH 7.2), which consists 0f 250 mM
sucrose, 10 mM sodium phosphate and 5 mM glutamate. Chlamydial
titres were adjusted to 2.0 x 107 inclusion-formation units (i.fu.) ml™".

Chlamydial infection. Chlamydial infections were performed by
methods described previously (Rahman et al, 2005). Briefly, HEp-2
cells were grown in HEp-2 medium (Dulbecco’s modified Eagle
medium supplemented with 10% heat-inactivated FCS and 50 pg
gentamicin ml™") at 37°C, 5% CO,. Prior to infection, 2.0 x 10°
HEp-2 cells were seeded to each well of six-well tissue culture plates
and allowed to adhere for 24 h. Infection was performed by addition
of C. pneumoniae J138 EBs at 0.20 m.o.i., followed by centrifugation
at 22 °C for 60 min at 700 g. After incubation for 30 min at 36°C,
5% CO,, the inocula were replaced with post-infection medium
(Dulbecco’s modified Eagle medium with 5% heat-inactivated FCS,
50 pg gentamicin ml™! and 1 pg cycloheximide ml™'). The infec-
tants were incubated for up to 72 h at 36°C, 5% CO,.

Vector construction. pGEX(2T-P)+cpnSET full-length and
pGEX(2T-P) + cpnSET (206-219 aa) were constructed by cloning
the C. pneumoniae J138 set gene fragments into pGEX(2T-P)
(Azuma et al, 1995). Three deletion series of pGEX(2T-P)+Hcl
[Hel-1 (aa 1-50), Hcl-2 (aa 41-78) and Hcl-3 (aa 65-123)] were
constructed based on the pGEX(2T-P)+Hcl. For the yeast two-
hybrid study, pGBKT7 4+ cpnSET was prepared by cloning C. pneu-
moniae J138 set gene into pGBKT7 (Clontech). For construction of
pGADT7 +Hcl and pGADT7 +Hce2, C. pneumoniae J138 hctA and
hctB genes, respectively, were cloned into pGADT? (Clontech). Eight
deletion series of pGBKT7-cpnSET were constructed by PCR using
pGBKT7-cpnSET. pGEX4T-3-mG9a and pGEX4T-3-H3, encoding
GST fusion G9a (621-1000 aa) and GST fusion histone H3
(1-50 aa), respectively, were kind gifts of Professor Yoichi Shinkai

(Kyoto University, Kyoto, Japan) (Tachibana et al, 2001). All pri-
mers used in this work are shown in Supplementary Table S1, avail-
able with the online version of this paper.

Preparation of recombinant proteins and anti-cpnSET anti-
serum. GST fusion proteins were produced in E. coli ]M109 cells
and purified using glutathione-agarose affinity purification in lysis
buffer [20 mM Tris/HCl (pH 8.0), 5 mM EDTA, 0.5% Triton X-
100, 0.2 mM PMSF and a protease inhibitor mixture] (Azuma et al.,
1993). One milligram of GST fusion cpnSET protein was cleaved
with 0.02 U thrombin (Novagen) in thrombin reaction solution
[20 mM Tris/HC! (pH 8.4), 150 mM NaCl, 2.5 mM CaCl,] for 2 h
at 20°C, and the thrombin was removed by incubation with 50 pl
p-aminobenzamidene-agarose beads (Amersham) for 1 h at 4°C.
Anti-cpnSET rabbit polyclonal sera were prepared by immunization
of rabbits five times every other week with 0.1 pg of the purified
GST fusion cpnSET (aa 206-219) protein, following the method
described previously (Miura et al,, 2001).

Histochemical analysis. After fixation with 100% methanol for
60 min, the infectants were incubated with anti-C. pneumoniae-speci-
fic monoclonal antibody (RR402) and anti-cpnSET rabbit serum as
described above for 60 min at 25 °C. After washing, cells were stained
with FITC-conjugated goat anti-mouse antibody and Alexa 545-conju-
gated goat anti-rabbit antibody. Nucleic acids were stained with 2 pg
Hoechst 33258 m!™’ for 10 min. Microscopic observation was per-
formed with an LSM510 laser scanning confocal microscope (Zeiss).

Quantitative RT-PCR. For quantitative RT-PCR by a LightCycler
(Roche), QuantiTect SYBR Green RT-PCR (Qiagen) was used with
a total RNA fraction extracted from C. pneumoniae-infected cells.
Reactions were performed based on the manufacturer’s instructions.
All primers are shown as a supplementary table within the online
version of this paper at Table S1 for primers.

Protein interaction analyses. Yeast two-hybrid analysis was per-
formed using MatchMaker GAL4 Two-Hybrid System 3 kits
(Clontech) according to the manufacturer’s instructions. Trans-
formants were assayed by growth on plates without leucine, trypto-
phan and histidine, and without leucine and tryptophan as a control.

Structure modelling of cpnSET was carried out using the virus SET
structure as a template (Eswar et al., 2003; Manzur et al, 2003) and
peptide docking analysis onto cpnSET was performed using AutoDock
(Morris et al, 1996).

_In vitro histone methyitransterase assay. Procedures for in

vitro measurement of histone methyltransferase activity were
adapted from the protocol reported previously (Tachibana et al,
2001). Briefly, the assay was carried out with 0.5 pg mG9a or
cpnSET protein and 0.5 pg GST fusion mouse histone H3 or chla-
mydial Hcl as a substrate in 50 pl reaction buffer (50 mM Tris/HCl
pH 8.5, 20 mM KCl, 10 mM MgCl,, 10 mM f-mercaptoethanol,
250 mM sucrose and 4.6 kBq S-adenosyl-[methyl-'*C}-L-methionine
as methyl donor). After incubation for 60 min at 37 °C, reactions
were stopped by addition of 15 pl SDS buffer [6% SDS, 150 mM
Tris/HCl (pH 6.8), 300 mM DTT, 0.1% BPB and 30% (v/v) gly-
cerol] and boiling at 100 °C for 10 min. Methyl-'*C was detected
using a BAS-2000 scanner (FujiFilm) after protein separation by
129 acrylamide SDS-PAGE.

RESULTS

Chlamydial SET domain protein

Chlamydial genome analysis has revealed the existence of a
number of genes similar to eukaryotic genes involved in
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Fig. 1. C. pneumoniae SET domain protein (cpnSET). (a) Domains in cpnSET domain protein. The signature motif,
‘RFINHXCXPN' (Dillon et al., 2005) is indicated with a black box. The HCC in the C-terminus shows a highly charged and
conserved (HCC) domain. (b) Phylogenetic analysis of SET-domain proteins based on sequence alignment. The alignment
includes the known members of the SET-domain protein family. C. pneumoniae, Chlamydophila pneumoniae J138
(NP300935); C. felis, Chlamydophila felis Fe/C-56 (CF0125); C. trachomatis, Chlamydia trachomatis D/UW-3/CX
(NP220256);  Bradyrhizobium,  Bradyrhizobium  japonicum  USDA110  (BAC51052); Rhodopseudomonas,
Rhodopseudomonas palustris BisAS3 (ZP00807683); Nitrobacter, Nitrobacter winogradskyi Nb-255 (ABA05415);
Bacillus, Bacillus anthracis Ames (ZP00390018); Burkholderia, Burkholderia cenocepacia (ZP00459508); Ralstonia,
Ralstonia eutropha JIMP134 (AAZ62749); Bordetella, Bordetella pertussis 12822 (CAE44800); Xanthomonas, Xanthomonas
oryzae MAFF (YP200048); Xylella, Xylella fastidiosa (AAF84287); Mesorhizobium, Mesorhizobium loti MAFF303099
(BAB50081); Silicibacter, Silicibacter pomeroyi DSS-3 (AAV85588); Chlorobium, Chlorobium tepidum TLS (AAM72187),
Leptospira, Leptospira interrogans serovar Copenhageni str. (AAS71624); Methanosarcina, Methanosarcina mazei Gol.
(AAM32541); P. bursaria vSET, Paramecium bursaria chiorella virus-1 (NP048968); H. sapiens SET1, Homo sapiens
(NPO71900); H. sapiens SET8, Homo sapiens (NP085115); M. musculus G9a, Mus musculus (NP665829); D.
melanogaster TRX, Drosophila melanogaster (NP599109); D. melanogaster E.z., Drosophila melanogaster (AAF50149); S.
cerevisiae SET1, Saccharomyces cerevisiae S288C (P38827); T. parva, Theileria parva Muguga (AN32159); T. brucer,
Trypanosoma brucei TREU927/4 (EAN77879); A. gambias, Anopheles gambiae PEST (EAA07914).
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b

Fig. 2. Expression and localization of cpnSET within C. pneumoniae J138-infected HEp-2 cells. (a) Infected celis were fixed
at 24, 60 and 72 h.p.i. and stained with the indicated antibodies. The anti-cpnSET is C. pneumoniae SET-specific rabbit
polycional antibody prepared in this work and RR402 is C. pneumoniae-specific murine monoclonal antibody used as a
control. Magnification, x 400; bars, 10 pm. (b) The left and right panels are Hoechst 33258 and anti-cpnSET rabbit serum

staining, respectively. Magnification, x 1000; bars, 5 pm.

chromatin maintenance, such as histone, SET and SWI/SNF
(Azuma et al., 2006; Carlson et al., 2005; Kalman et al., 1999;
Read et al., 2000, 2003; Shirai et al., 2000; Stephens et al,
1998; Thomson et al., 2005). CPj0878 is assigned as a gene
coding a SET domain protein in C. pneumoniae J138 and
well conserved (overall more than 60 % identities) in the
family Chlamydiaceae. The C-terminal SET domain shows
approximately 30% identities to many eukaryotic SET
domains. The eukaryotic SET domains are well character-
ized as catalytic domains of histone methyltransferases
involved in chromatin remodelling, especially transcrip-
tional regulation and establishment of heterochromatin
(Marmorstein, 2003.; Xiao et al., 2003). The chlamydial SET
domain protein consists of two distinct domains, CDC39
and SET (Fig. 1a). The N-terminal one-third is partially
similar to a CDC39/Notl component in a yeast general

transcription-negative regulator CCR4-Not complex
involved in controlling mRNA initiation (Liu ef al., 1998).
This CDC39 region is well conserved only in chlamydial SET
domain proteins but not in other organism SET proteins.
The C-terminal two-thirds region preserves SET signature
motifs, such as S-adenosyl-L-methionine-binding sitesand a
catalytic site for the histone methyltransferase activity
(Zhang et al., 2003).

The chlamydial SET domain gene (set) was thought to be
established as a result of horizontal gene transfer from a
eukaryotic organism to a chlamydial ancestor (Stephens
et al., 1998). But recent progress in genome analysis has
revealed the existence of numbers of genes encoding SET-
like domains in non-eukaryotic organisms, e.g. Paramecium
bursaria chlorella virus-1 (Manzur et al., 2003), archaeal
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Fig. 3. C. pneumoniae set gene. (a) Genome map showing
the set gene locus. {b) Quantitative RT-PCR of set, hctA, hctB
and ompA genes. Total RNA was prepared from HEp-2 cells
(ATCC CCL-23) infected with C. pneumoniae 1138 (Rahman
et al, 2005) at 0, 12, 24, 48, 64, 60 and 72 h.p.i. Infection
was camied out as described previously (Rahman et al., 20065).
Expression of set (O), hctA (A), hetB (O) and ompA (W)
genes were normalized with 1865 rRNA. Relative expression
was calculated as the ratio to the value of the expression of
each gene at 24 h.

Methanosarcina mezei (Manzur & Zhou, 2005) and a variety
of eubacterial phyla such as Firmicutes, Proteobacteria,
Chlorobi, Spirochaetes and Chlamydiae. Phylogenetic analy-
sis of eubacterial and other SETs illustrates that eubacterial
SETs diverge into a few groups similar to the general
taxological phyla (Fig. 1b). It suggests that chlamydial set
genes are not transferred horizontally from eukaryotic
organisms, but rather likely diverged from a bacterial origin.
The sequence alignment of SETs is shown as Supplementary
Fig. S1 with the online version of this paper.

Gene expression and protein localization of
cpnSET

Since the existence of the C. pneumoniase SET domain
protein (cpnSET) was proposed based on prediction by
genomic analysis, prior to functional analyses, its gene
expression and protein localization were investigated by
quantitative RT-PCR and immunohistochemical observa-
tion. Anti-cpnSET rabbit polyclonal serum prepared in this
work was used to detect cpnSET protein in HEp-2 cells
infected with C. pneumoniae J138. Simultaneously, anti-C.
pneumoniae-specific monaclonal antibody RR402 and
Hoechst 33258 were used for counter-staining. While
chlamydial inclusions visualized by RR402 were detectable
at any stages, cpnSET was detected only at 60 and 72 h post-
infection (h.p.i.) (Fig. 2a) and in chlamydial cells (Fig. 2b).
It is a similar expression pattern of Hcl and Hc2 proteins

encoded by hctA and hctB genes, respectively (Hackstadt
et al, 1991).

. In chlamydial genomes, ftsK, yyc] and set genes are closely

located in this order and seem to constitute an operon
(Fig. 3a). In contrast to SET protein accumulation (Fig. 2a),
chlamydial ftsK has been shown to express constantly from
middle to late infection stages (Byrne et al, 2001) and our
data from microarray analyses for chlamydial expression
showed results consistent with this (data not shown). To
clarify the expression of set, quantitative RT-PCR was
performed. Relative expression of set, ompA, hctA and hctB
normalized to 16S rRNA amount are shown in Fig. 3(b).
Constant expression of ompA and late-stage expression of
hctA and hctB were consistent with previous reports (Fahr
et al., 1995; Slepenkin et al, 2003). The accumulation of set
mRNA was increased simultaneously with hetA and hctB
after 54 h.p.i., suggesting that set may be transcriptionally
independent of ftsK and regulated in the same manner as
hetA and/or hetB.

CpnSET interaction with histone-like protein

Physical interaction of cpnSET with Hel and Hc2 was tested
by the yeast two-hybrid system. It was clarified that cpnSET
can interact with Hcl and Hc2. Based on the experiments
using deletion series of cpnSET, the binding to the Hcl and
Hec2 is through aa 137-200 and 137-160, respectively, of
cpnSET, both of which regions contain substrate-binding
amino acids required for histone methyltransferase activity
(Fig. 4a). SET protein localization, expression stage and
interaction with Hcl and Hc2 strongly suggest that cpnSET
catalyses protein methylation to Hcl and Hc2 proteins. The
original data for the yeast two-hybrid system are shown as
Supplementary Fig. S2 with the online version of this paper.

To know whether cpnSET functions as a methyltransferase,
an in vitro methyltransferase assay was carried out using
recombinant murine histone H3 as a substrate under the
conditions optimized for mouse G9a, which is a major
mammalian histone methyltransferase containing a SET
domain responsible for methylation of K9 in histone H3 at
euchromatin (Tachibana et al, 2001). A 0.5 pg sample of
cpnSET, GST and G9a proteins was separately incubated
with 0.5 pg recombinant mouse histone H3. It was shown
that cpnSET can methylate histone H3 and the methylation
activity of cpnSET is 14% of G9a under these conditions
(Fig. 4b).

As a substrate candidate of chlamydial proteins for cpnSET
activity, Hcl protein was subjected to this assay with Hcl-1,
Hcl-2 and Hcl-3 (aa 1-50, 41-78 and 65-123, respectively).
The full lengths of Hcl and Hc2 are difficult to keep soluble
in the processes of protein purification and methyltransfer-
ase reaction. As a result, only the Hcl-1 was capable of being
methylated by cpnSET (Fig. 4c). No apparently conserved
sequences were found between H3 (aa 1-50) and Hcl-1
(Fig. 4c). However, the combination of two informatics
analyses, structure modelling of cpnSET using the virus SET
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structure and peptide docking analysis, indicates that K27 of
H3, one of the specific methylation sites (Tachibana et al,
2001), and K29 of Hcl were the best-fitting lysine residues to
the catalytic space of cpnSET on the basis of the lowest
docking energy. The modelled cpnSET structure and
docking profile are shown in Supplementary Fig. S3 with
the online version of this paper.

DISCUSSION

Numbers of genes encoding SET domain proteins have been
identified in genomes of non-eukaryotic organisms, e.g.
Paramecium  bursaria  chlorella  virus-1,  archaeal
Methanosarcina mezei and bacterial Bacillus anthracis,
Bacillus cereus, Xylella fastidiosa, Leptospira interrogans,
Bradyrhizobium japonicum, Chlorobium tepidum and species
of the family Chlamydiaceae. It has been reported that the
viral SET domain protein methylates histone H3 Lys27, and
the archaeal SET domain protein methylates lysine residues
of eukaryotic histone H4 and archaeal DNA-binding protein
MCl-a (Manzur et al, 2003; Manzur & Zhou, 2005).
Herein, cpnSET was shown to function as a protein
methyltransferase to methylate both murine histone H3

and chlamydial Hcl in vitro, suggesting that cpnSET may
play an important role in modification of Hcl proteins for
the morphological change from RBs to EBs. Since
localization of cpnSET was shown mainly in chlamydial
cells, cpnSET may methylate Hcl in vivo, but it is still
possible that chlamydial SET proteins are exported into host
cells or that host histones are transported into chlamydial
cells, and then cpnSET and host histones functionally
interact with each other. Identification of physiological
substrates for methylation by cpnSET and, if Hcl is one of
the physiological substrates for methylation in vivo,
elucidation of the significance of Hcl protein modification
remains for further investigation. Here one of the
eubacterial SET domain proteins was revealed as a protein
methyltransferase, and this finding suggests that other
eubacterial SET domain proteins may function as methyl-
transferases as well.
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