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Fig. 2. Localization of actin, myosin ITA, MLC-P1, and MLC-P2 of mature MKs with or without proplatelets. Mature MKs with (right) or without (left)
proplatelets were fixed, permeabilized, and incubated with respective antibodies. Stained cells were observed by confocal laser microscopy. Left side: (A)
actin (red), (B) myosin IIA (green), (C) merge of actin (A), and myosin ITA (B). (D) Actin (red), (E) MLC-P1 (green), (F) merge of actin (D), and MLC-
PI(E). (G) MLC-P1 (red), (H) MLC-P2 (green), (I) merge of MLC-P1 (G), and MLC-P2 (H). Right side: (J) actin (red), (K) myosin IIA (green), (L) merge
of actin (J), and myosin ITA (K). (M) Actin (red), (N) MLC-P1 (green), (O) merge of actin (M), and MLC-P1(N). (P) MLC-P1 (red), (Q) MLC-P2 (green),
(R) merge of MLC-P1 (P), and MLC-P2 (Q). Cell nuclei were also stained with DAPI (blue). Scale bar, 10 pm. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

MK cell body, as well as slightly expressed in the proplat-
elet shafts (Fig. 2K). Both MLC-P1 and MLC-P2 were dif-
fusely located in the entire cytoplasm (Fig. 2N, P, and Q).
In addition, MLC kinase was expressed diffusely in the
PPF and MK cell body, and strongly expressed in the
periphery of platelet-sized beads (data not shown). And
finally, Rho-kinase was expressed diffusely in the PPF
and MK cell body (data not shown).

Localization of actomyosin in the retracted PPF following
calyculin A treatment

After Smin of calyculin A treatment, the presence of
actomyosin in the retracted PPF was investigated
(Fig. 3). Actin was diffusely expressed in the retracted
MK, with strong expression in the periphery of the
retracted cell; however, there was no expression within
the nucleus (Fig. 3A, D, and G). In the retracted cells, myo-
sin ITA was diffusely expressed (Fig. 3B) and MLC-PI
showed strong expression in the periphery of the retracted
cell, which was almost the same site of actin localization
(Fig. 3E and G). In addition, MLC-P2 was diffusely
expressed in the retracted cell, with strong expression in
the perinuclear lesion (Fig. 3H); however, compared to

MLC-P1 localization, MLC-P2 existed in the inner area
of the retracted cell.

Discussion

The molecular mechanisms that are involved in the PPF
of MKs have not been previously described. Since PPF coin-
cides with dramatic morphological changes, actomyosin has
been thought to participate in the generation of proplatelets.
Indeed, the actin cytoskeleton may play an important role in
PPF, since cytoplasmic polymerized actin is associated with
demarcation membranes, and actin is highly aggregated to
the PPF of MKs [16]. In addition, the actin cytoskeleton is
important in platelet function, since it regulates platelet mor-
phology. For instance, during PPF, actin may play an impor-
tant role in bending and branching [17]. This evidence
suggests that actomyosin could play an important role in
the generation of proplatelets.

In the present study, calyculin A treatment led to pro-
platelets retraction of mature MKs that were derived from
ES cells. In the case of human platelets, calyculin A or oka-
daic acid induces the pseudopods [18], as well as slow MLC
phosphorylation [19]. The circumferential microtubule
bands become disrupted, and many short microtubule frag-
ments become randomly dispersed throughout the platelet
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Fig. 3. Localization of actin, myosin IIA, MLC-P1, and MLC-P2 of calyculin A-treated PPF. MK proplatelets were stimulated with 50 nM calyculin A.
After 5min, cells were fixed, permeabilized, and incubated with respective antibodies. (A) Actin (red), (B) myosin ITA (green), (C) merge of actin (A), and
myosin IIA (B). (D) Actin (red), (E) MLC-P1 (green), (F) merge of actin (D), and MLC-P1(E). (G) MLC-P1 (red), (H) MLC-P2 (green), (I) merge of
MLC-P1 (G), and MLC-P2 (H). Cell nuclei were also stained with DAPI (blue). Scale bar, 10 pm. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

cytoplasm through calyculin A and okadaic acid treatment
[8]. In addition, actin depolymerization has been observed
in renal epithelial cells LLC-PK1 after calyculin A treat-
ment [20]. These changes may also take place in retracted
MK cells following calyculin A treatment (Fig. 4).

The effects of various agents on the PPF of mature, ES-
derived MKs were explored; forskolin, GF109203X, Y-
27632, PMA, cytochalasin D, and paclitaxel were tested
in vitro. Forskolin is one of the compounds that elevate cel-
lular cyclic AMP and stimulate MKs to undergo PPF in a
dose-dependent manner [21]. GF109203X is a PKC inhib-
itor, and Y-27632 is a Rho-kinase inhibitor; both inhibit
thrombin-induced morphological changes in the megak-
aryocytic leukemia cell line UT-7/TPO [12]. Inhibition of
PKC results in a reduction murine MKs undergoing PPF
[16], however, Y-27632 promotes MKs derived from
human CD34" cells to commence PPF [22]. PMA has been
shown to induce differentiation in megakaryocytic cells,
e.g., K562 cells and Dami cells.

Tablin et al. demonstrated that proplatelet elongation is
dependent on microtubules [23]. Paclitaxel, which stabilizes
microtubules, is able to completely block bending and
branching along the length of the proplatelet tube and
increase both the diameter of individual tubes and the

thickness of microtubule bundles within them [17]. When
MKs were cultured in the presence of cytochalasin B or
cytochalasin D, which are inhibitors of actin assembly,
the cells retained the capacity to extend long, slender pro-
platelet-like projections, along with other abnormal fea-
tures [17]. These agents were all tested to determine
whether they were able to influence PPF; however, only
calyculin A could alter the PPF of MKs.

We previously reported thrombin-induced morphologi-
cal changes in the TPO-dependent human megakaryocytic
cell line UT-7/TPO [12]. In unstimulated cells, MLC-P1
was distributed throughout the cytoplasm, whereas MLC-
P2 was localized to the cortical region [12]. Sixty seconds
after thrombin stimulation, MLC-P2 continued to be
expressed in the cortical region, as well as MLC-P1 [12]. In
the present study, although MLC-P1 and MLC-P2 were dif-
fusely expressed in the PPF of untreated MKs, the redistribu-
tion of MLC-P1 and MLC-P2 was observed in calyculin A-
treated cells. This suggests that MLC-P2 was present in the
area that required influences such as proplatelet retraction.

In conclusion, we demonstrated that calyculin A treat-
ment results in proplatelet retraction of ES-derived MK
cells. Protracted MLC phosphorylation, actin depolymer-
ization, and microtubule disruption could all be factors
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Fig. 4. Hypothetical mechanism of calyculin A-induced retraction of mature MK proplatelets. Actomyosin interaction was induced by MLC
phosphorylation due to continuous inhibition of protein phosphatase by calyculin A treatment. MLC-P1 was expressed strongly in the cortical region, and
MLC-P2 expression primarily surrounded the nucleus and the inner area of proplatelets. Concurrently, calyculin A treatment resulted in actin
depolymerization. The induction of proplatelet retraction could be induced by each of these factors. PPase, protein phosphatase.

stimulating this retraction (Fig. 4). We propose that the
maintenance of actomyosin force is controlled by MLC
phosphorylation during PPF.

References

[1]Y. Chang, D. Bluteau, N. Debili, W. Vainchenker, From hemato-
poietic stem cells to platelets, J. Thromb. Haemost. 5 (Suppl. 1) (2007)
318-327.

[2] T. Nakano, H. Kodama, T. Honjo, Generation of lymphohemato-
poietic cells from embryonic stem cells in culture, Science 265 (1994)
1098-1101.

[3] T. Nakano, H. Kodama, T. Honjo, In vitro development of primitive
and definitive erythrocytes from different precursors, Science 272
(1996) 722-724.

[4] T.T. Fujimoto, S. Kohata, H. Suzuki, H. Miyazaki, K. Fujimura,
Production of functional platelets by differentiated embryonic stem
(ES) cells in vitro, Blood 102 (2003) 4044-4051.

[5] K. Murata, M. Sakon, J. Kambayashi, M. Yukawa, H. Ariyoshi, E.
Shiba, T. Kawasaki, J. Kang, T. Mori, The effects of okadaic acid and
calyculin A on thrombin induced platelet reaction, Biochem. Int. 26
(1992) 327-334.

[6] M. Nishikawa, H. Toyoda, M. Saito, K. Morita, I. Tawara, K.
Deguchi, T. Kuno, H. Shima, M. Nagao, S. Shirakawa, Calyculin A
and okadiac acid inhibit human platelet aggregation by blocking
protein phosphatases types 1 and 2A, Cell Signal. 6 (1994) 59-71.

[7] Y. Yano, J. Kambayashi, E. Shiba, M. Sakon, E. Oiki, K. Fukuda, T.
Kawasaki, T. Mori, The role of protein phosphorylation and
cytoskeletal reorganization in microparticle formation from the
platelet plasma membrane, Biochem. J. 299 (1994) 303-308.

[8] Y. Yano, M. Sakon, J. Kambayashi, T. Kawasaki, T. Senda, K.
Tanaka, F. Yamada, N. Shibata, Cytoskeletal reorganization of
human platelets induced by the protein phosphatase 1/2 A inhibitors
okadaic acid and calyculin A, Biochem. J. 307 (1995) 439-449.

[91 K. Itoh, T. Hara, F. Yamada, N. Shibata, Diphosphorylation of
platelet myosin ex vivo in the initial phase of activation by thrombin,
Biochim. Biophys. Acta 1136 (1992) 52-56.

[10] M. Ikebe, D.J. Hartshorne, Phosphorylation of smooth muscle
myosin at two distinct sites by myosin light chain kinase, J. Biol.
Chem. 260 (1985) 10027-10031.

[11] M. Ikebe, Phosphorylation of a second site for myosin light chain
kinase on platelet myosin, Biochemistry 28 (1989) 8750-8755.

[12] A. Yazaki, S. Tamaru, Y. Sasaki, N. Komatsu, H. Wada, H. Shiku,
M. Nishikawa, Inhibition by Rho-kinase and protein kinase C of
myosin phosphatase is involved in thrombin-induced shape change of
megakaryocytic leukemia cell line UT-7/TPO, Cell Signal. 17 (2005)
321-330.

[13] M. Uehata, T. Ishizaki, H. Satoh, T. Ono, T. Kawahara, T.
Morishita, H. Tamakawa, K. Yamagami, J. Inui, M. Maekawa, S.
Narumiya, Calcium sensitization of smooth muscle mediated by a
Rho-associated protein kinase in hypertension, Nature 389 (1997)
990-994.

[14] D. Toullec, P. Pianetti, H. Coste, P. Bellevergue, T. Grand-Perret, M.
Ajakane, V. Baudet, P. Boissin, E. Boursier, F. Loriolle, et al., The
bisindolylmaleimide GF 109203X is a potent and selective inhibitor of
protein kinase C, J. Biol. Chem. 266 (1991) 15771-15781.

[15] K. Sakurada, M. Seto, Y. Sasaki, Dynamics of myosin light chain
phosphorylation at Ser19 and Thr18/Ser19 in smooth muscle cells in
culture, Am. J. Physiol. 274 (1998) C1563-C1572.

[16] P. Rojnuckarin, K. Kaushansky, Actin reorganization and proplat-
elet formation in murine megakaryocytes: the role of protein kinase
calpha, Blood 97 (2001) 154-161.

[17] J.E. Italiano Jr., P. Lecine, R.A. Shivdasani, J.H. Hartwig, Blood
platelets are assembled principally at the ends of proplatelet processes
produced by differentiated megakaryocytes, J. Cell. Biol. 147 (1999)
1299-1312.

[18] H. Kawakami, M. Higashihara, X.H. Song, K. Kurokawa, M. Ikebe,
H. Hirano, Okadaic acid induces marked shape change of human
platelets, J. Smooth Muscle Res. 30 (1994) 57-64.

[19] F. Stark, R. Golla, V.T. Nachmias, Formation and contraction of a
microfilamentous shell in saponin-permeabilized platelets, J. Cell.
Biol. 112 (1991) 903-913.

[20] L. Gu, H. Zhang, Q. Chen, J. Chen, Calyculin A-induced actin
phosphorylation and depolymerization in renal epithelial cells, Cell
Motil. Cytoskeleton 54 (2003) 286-295.

[21] R M. Leven, Differential regulation of integrin-mediated proplatelet
formation and megakaryocyte spreading, J. Cell. Physiol. 163 (1995)
597-607.

[22] Y. Chang, F. Aurade, F. Larbret, Y. Zhang, J.P. Le Couedic, L.
Momeux, J. Larghero, J. Bertoglio, F. Louache, E. Cramer, W.
Vainchenker, N. Debili, Proplatelet formation is regulated by the
Rho/ROCK pathway, Blood 109 (2007) 4229-4236.

[23] F. Tablin, M. Castro, R.M. Leven, Blood platelet formation in vitro.
The role of the cytoskeleton in megakaryocyte fragmentation, J. Cell.
Sci. 97 (1990) 59-70.



Pivotal Role of Lnk Adaptor Protein in Endothelial
Progenitor Cell Biology for Vascular Regeneration

Sang-Mo Kwon,* Takahiro Suzuki,* Atsuhiko Kawamoto, Masaaki Ii, Masamichi Eguchi,
Hiroshi Akimaru, Mika Wada, Tomoyuki Matsumoto, Haruchika Masuda, Yoshihiro Nakagawa,
Hiromi Nishimura, Kenji Kawai, Satoshi Takaki, Takayuki Asahara

Abstract—Despite the fact that endothelial progenitor cells (EPCs) are important for postnatal neovascularization, their
origins, differentiation, and modulators are not clear. Here, we demonstrate that Lnk, a negative regulator of
hematopoietic stem cell proliferation, controls endothelial commitment of c-kit "/Sca-1"/Lineage ™ (KSL) subpopula-
tions of bone marrow cells. The results of EPC colony-forming assays reveal that small (primitive) EPC colony
formation by CD34~ KSLs and large (definitive) EPC colony formation by CD34“™ KSLs are more robust in ink ™/~
mice. In hindlimb ischemia, perfusion recovery is augmented in /nk™’~ mice through enhanced proliferation and
mobilization of EPCs via c-Kit/stem cell factor. We found that Lnk-deficient EPCs are more potent actors than resident
cells in hindlimb perfusion recovery and ischemic neovascularization, mainly via the activity of bone marrow-EPCs.
Similarly, Ink ™'~ mice show augmented retinal neovascularization and astrocyte network maturation without an increase in
indicators of pathogenic angiogenesis in an in vivo model of retinopathy. Taken together, our results provide strong evidence
that Lnk regulates bone marrow-EPC kinetics in vascular regeneration. Selective targeting of Lnk may be a safe and effective
strategy to augment therapeutic neovascularization by EPC transplantation. (Circ Res. 2009;104:969-977.)
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Stcm cell-related, postnatal neovascularization requires
several activities of putative stem cells and their progeny,
endothelial progenitor cells (EPCs), including the ability to
self-renew in bone marrow (BM), commitment and differen-
tiation into mature endothelial cells (ECs), mobilization from
BM into the circulatory system, and recruitment to sites of
neovascularization.> Many cytokines augment mobilization
and/or recruitment of BM-derived EPCs,?>* including granu-
locyte colony-stimulating factor and granulocyte/macrophage
colony-stimulating factor; angiogenic growth factors such as
vascular endothelial growth factor (VEGF) and stromal cell-
derived factor (SDF)-1; estrogen; and pharmaceutical drugs
such as statins. However, these factors act not only on
immature stem/progenitor cells but also on hematopoietic
cells and mature ECs. Thus, the identification of a novel
molecule that specifically regulates immature populations
involved in EPC kinetics in BM is warranted.
Differentiation of progenitor cells into hematopoietic and
endothelial lineage cells has been intensively investigated.
During development, hemangioblastic aggregates originate
from the mesodermal yolk sac, migrate to the fetal liver, and
finally establish themselves in the BM. The results of a

number of gene-targeting studies contribute to our under-
standing of functional molecules such as Scl/Tal,5 c-kit,
CD34, Runx-1,° and Flk-1,7 which regulate the develop-
mental kinetics of hemangioblasts and are also expressed
in the common precursors of hematopoietic cells and ECs.
Postnatal hematopoietic stem cells (HSCs) and EPCs also
share common markers; however, the precise characteris-
tics of hemangioblasts, mechanisms regulating cell growth
in adults, and endothelial commitment of putative stem
cells and/or common precursors for hematopoietic cells
and ECs for postnatal vasculogenesis have not previously
been reported.

The Lnk protein shares a pleckstrin homology domain, a
Src homology 2 domain, and potential tyrosine phosphoryla-
tion sites with APS and SH-2B. It belongs to a family of
adaptor proteins implicated in integration and regulation of
multiple signaling events.? Lnk has been studied in the
immune system, where Lnk regulates B cell production via
negative regulation of pro-B-cell expansion.? Recently, Lnk
was reported to play a critical role in maintaining the ability
of HSCs to self-renew, in a study that based on BM
c-Kit"/Sca-1"/Lineage (Lin)~ (KSL) CD34 ™ cells, which are
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a more immature HSC subpopulation than KSL CD34"
cells.® Importantly, earlier studies report that expression of
Ink is strong in immature cells, ie, c-kit™/Lin~ cells, as
compared with relatively mature cells, ie, c-Kit /Lin ™ cells.!?
Accordingly, and because mouse BM-KSLs are capable of
differentiating into both hematopoietic and endothelial lin-
eage cells and contribute to postnatal vasculogenesis,!!-13
Lnk may regulate the functional kinetics of EPCs. Lnk has
also been suggested to act as a negative regulator of the stem
cell factor (SCF)—c-Kit signaling pathway.'® SCF reportedly
stimulates proliferation and differentiation of HSCs and
mobilizes stem cell populations from BM into peripheral
blood (PB) by binding with its receptor, c-Kit. The SCF—c-
Kit signaling pathway also supports stem cell survival and
motility.’* Moreover, EPCs are recruited via interaction with
membrane-bound c-Kit, which is highly expressed on ECs in
ischemic tissue.' The c-Kit—positive cells recruited to ische-
mic tissue reconstitute the injured heart and vasculature, via
to their ability to regulate the myocardial balance of angio-
genic cytokines.'¢

Here, we sought to test the hypothesis that a lack of Lnk
signaling may enhance postnatal neovascularization via spe-
cific control of the SCF-c-Kit-mediated regenerative poten-
tial of EPCs. We provide in vitro and in vivo evidence that
Lnk plays a pivotal role in specific modulation of EPCs in
terms of cell growth, commitment into endothelial lineage
cell types, mobilization from BM into PB, and recruitment to
ischemic sites for neovascularization.

Materials and Methods
An expanded Materials and Methods section is available in the
online data supplement at http://circres.ahajournals.org.

Mice

The Ink™"" mice were generated as previously reported. All animal
care and experiments were conducted in accordance with the
institutional guidelines of Tokai University School of Medicine,
Isehara, Japan.

EPC Kinetics

EPC colony—forming assay (EPC-CFA), single cell-based EPC-
CFA, mobilization of EPCs, and in vitro 5'-bromodeoxyuridine
(BrdUrd) proliferation assay were performed.

In Vivo Study

Hindlimb Ischemia Model and Cell Transplantation

The mouse model of hindlimb ischemia was generated by ligating
the proximal femoral artery of 8- to 10-week-old C57BL6/J or
Balb/C nude mice.

BM Transplantation Model

C57BL/6] mice were exposed to a lethal dose of total body
irradiation (10 Gy) and inoculated intravenously with 1X10° donor
BM mononuclear cells (BM-MNCs).

Murine Model of Oxygen-Induced Retinopathy
Oxygen-induced retinopathy (OIR) was induced in C57/BL6 wild-
type (WT) and Ink™" mice.

Results

Deficiency of Ink Augments Endothelial Differentiation
and Upregulates Cell Growth-Relating Signals in
BM-KSL Subpopulations

Although a previous report has clearly shown that self-
renewal of BM-CD34~ KSLs for hematopoiesis is acceler-

ated in Ink~’" mice,? the role of Lnk in ischemic vasculogen-
esis is unknown. We first examined Ink mRNA levels in
various populations of BM cells and several organs of WT
mice in the presence or absence of limb ischemia. Expression
of [nk mRNA is strong in BM-CD34~ KSLs regardless of
tissue ischemia. Expression of Ink is moderate in BM-CD34™
KSLs, a relatively differentiated population as compared with
CD34" KSLs. In contrast, /nk expression was faint in
samples from BM-MNCs, BM-Lin™~ cells, skeletal muscle,
and spleen independently of ischemia. These results suggest
that Ink is highly expressed in BM hematopoietic and endo-
thelial progenitors but not in mature BM cells or other organs.
The Ink expression levels were especially high in the imma-
ture fraction of BM-HSC/EPCs as compared to committing
fractions (Figure la).

The pattern of expression of Ink suggests a role in differ-
entiation of various subpopulations among BM-KSLs. To test
this, we next compared the number of BM-KSLs and deriv-
ative subpopulations in [nk "~ and WT mice. The number of
KSLs, CD34™ KSLs, and CD34‘*™ KSLs, but not CD34"i€h
KSLs, was significantly greater in /nk™’~ mice than in WT.
These data suggest that deletion of /nk results in an increase
in immature subpopulations of KSLs (Figure 1b). To compare
the vasculogenic commitment of BM-KSLs in lnk™"" mice
versus WT, fluorescence-activated cell-sorting analysis for
endothelial markers was performed. KSLs coexpressing Flk-1
or CXCR4 were more frequent in Ink™'~ mice than in WT
(Figure lc). Thus, loss of Ink appears to promote vasculo-
genic commitment, resulting in an increase in the EPC pool in
BM. Similarly, the number of EPCs increased in PB of
Lnk-deficient mice (Figures I and II in the online data
supplement).

To further confirm the role of Lnk in differentiation of KSL
subpopulations into endothelial lineage cells, we performed
an EPC-CFA established recently in our laboratory. KSLs
and their subpopulations can form 2 types of EPC colony
clusters, small (primitive) and large (definitive) EPC colony
clusters. Both cluster types are positive for uptake of acetyl
LDL (Ac-LDL) and for expression of an EC-specific marker,
isolectin B4, as revealed by chemical staining. Additionally,
both are positive for Flk-1 (VEGF receptor 2) and CD31
(platelet endothelial cell adhesion molecule-1), as revealed by
immunocytochemistry (Online Figure III, a through d). More-
over, colony-derived cells express the endothelial markers Flk-1
and CD31 at high levels, as detected by flow cytometric
analysis. Cells from large EPC clusters, which comprise more
committed EPCs with spindle-like morphology, more frequently
show Ac-LDL uptake and higher expression of Flk-1 and CD31
than cells from small EPC clusters (Online Figure III, ¢ and d).

EPC-CFA was performed for each KSL subpopulation
obtained from lnk™"" or WT mice. The number of small EPC
colonies derived from CD34 ™~ KSLs was significantly greater
in Ink™"" mice than in WT, whereas the number derived from
CD34“™ or CD34™¢™ KSLs was similar in nk™'~ and WT.
In contrast, the number of large EPC colonies from CD34"~
KSLs was similar in both groups, whereas the number from
CD34“™ or CD34™" KSLs was significantly higher in
Ink™"" mice than WT (Figure 1d). These data suggest that
Lnk deficiency increases the capacity of immature stem cells
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to form primitive EPCs and in the capacity of relatively
mature progenitor cells to differentiate into definitive EPCs.

To compare cell growth of CD34 /CD34“™ KSLs from
Ink™"" versus WT mice, we next analyzed SCF-dependent
glycogen synthase kinase (GSK)3p phosphorylation, which is
part of a signaling cascade indispensable for cell growth.!”
The level of phosphorylation of GSK38 in CD34 ~/CD344™
KSLs was enhanced and prolonged in the ink ™'~ background
relative to WT. This points to an important role for Lnk in the
ability of immature HSC/EPCs to cell growth, as apparently
controlled by upregulation of the SCF-dependent GSK33
signaling pathway (Figure le).

Lnk Deficiency Upregulates Proliferation and
Endothelial Commitment of EPCs Derived From
KSL Populations in Culture

To explore the function of Lnk in EPC biology in terms of
cell proliferation and commitment, we isolated and cultured
Lin™ cells, KSLs, and KSL subpopulations from WT and
Lnk-deficient mice in a defined EPC culture system. In both
Ink™"" and WT genetic backgrounds, KSLs in general, and
CD34~ KSLs and CD34“™ KSLs in particular, proliferated
efficiently in culture for 1 week, whereas BM-Lin "~ cells and
CD34™& KSI. subpopulation cells exhibited a smaller
increase in proliferation. The fold increase in cell number for
KSLs, CD34~ KSLs, and CD34““™ KSLs was significantly
greater in cells from Lnk-null mice than from WT. In
contrast, the fold increase of Lin~ cells and CD34%€" KSL.
subpopulation was similar in cells from Ink™'" or WT mice.

KSL subpopulations by flow cytometric analysis in

Lnk™~ mice and WT mice Sn=6). ¢, FACS analysis

of BM-KSL cells from Ink =/~ and WT mice. d,

f EPC-CFA to evaluate vascular regeneration capac-
ity of BM-KSL subpopulations in Lnk-deficient and
WT mice. Colony number was counted 10 to 12
days after incubation of 500 cells per dish (n=4).
e, Phosphorylation of GSK38 on stimulation of 100
ng/mL SCF in CD34"eedim) Kg| s of Ink™/~ and
WT mice. *P<0.05, *P<0.01, *P<0.001.

We next looked at cultured KSL subpopulations in /nk ™"~
and WT genetic backgrounds. The results of flow cytometric
analysis reveal that cultured cells derived from CD34~ KSL
or CD34“™ KSL subpopulations in lnk ™'~ mice were more
frequently positive for the endothelial lineage markers Flk-1/
Sca-1 and CXCR4/Sca-1 than those from WT. However, the
number of cells positive for the endothelial markers among
cells cultured from the CD34™# KSL subpopulation was
similar for /nk™"" and WT (Online Figure IV, b and c).

To determine whether EPC development from KSL sub-
populations occurs at the single-cell level, we sorted single
cells from each subpopulation, cultured the cells ex vivo for
1 week, and then assayed the cells using EPC-CFA and flow
cytometry. EPC-CFA revealed that the number of large EPC
colonies derived from a single CD34~ KSL or CD34‘™
KSL, but not a single CD34™¢" KSL, was significantly
greater when cells were derived from Ink™'~ mice. In con-
trast, the number of small EPC colonies derived from single
cells of all subpopulations was similar in the 2 groups (Online
Figure IV, d). Flow cytometry also revealed that the fre-
quency of Sca-1"/Flk-1" cells, an EPC-enriched population,
among cultured cells derived from single CD34™ KSLs or
CD34"™ KSLs, but not single CD34™2™ KSLs, was signif-
icantly higher in Ink~'~ than WT (Online Figure IV, e).

Lnk Deficiency Promotes Neovascularization

In Vivo

The in vitro data above suggest that negative modulation of
Ink gene expression may promote neovascularization in
ischemic tissue. To test the in vivo effect of lnk deficiency,
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we generated a hindlimb ischemia model in WT and Ink™"~

mice. Laser Doppler perfusion imaging revealed serial recov-
ery of blood flow in the ischemic region of both groups;
however, blood flow 14 and 28 days after ischemia was
significantly greater in /nk~'" mice than in WT (Figure 2a
and 2b).

To assess the mechanism of enhanced blood flow recovery
in Ink ~'" mice, we first compared the mitotic capacity of
EPC-enriched populations in the presence or absence of
hindlimb ischemia in /nk ~~ and WT genetic backgrounds.
The percentage of BM Sca-1"/BrdUrd” cells in Lin™ cells
without ischemia tended to be greater in Ink ™'~ mice than in
WT, but the difference was not statistically significant. In
contrast, the percentage of cycling EPCs 7 days after ische-
mia was significantly greater in /nk™’~ mice than in WT.
These data suggest that the proliferative activity of EPCs in
response to ischemia is upregulated in the absence of Lnk
activity (Figure 2c). Next, we compared the enhancement of
ischemia-induced phosphorylation of Akt and of endothelial
nitric oxide synthase (eNOS) levels in BM-Sca-1"/Lin"™ cells
in Ink™’" mice versus WT. The results indicate that Lnk-
deficient EPCs are more potent for activation of the Akt/
eNOS signaling cascade, an important pathway for EPC
survival and differentiation (Figure 2d and 2f).'® To clarify
the potential of EPCs in [nk ™'~ mice for ischemic neovascu-
larization, we used RT-PCR to compare mRNA expression of
angiogenic factors and their receptors in KSL subpopulations

response to hindlimb ischemia. a and b, Laser
Doppler perfusion imaging (LDPI) to elucidate
recovery of blood flow after ischemia in Lnk ™/~
mice and WT, expressed as the ratio of perfusion
in ischemic limb to that in contralateral (nonische-
mic) limb (hindlimb perfusion ratio). Representative
LDPI imaging (a) and serial change in hindlimb
perfusion ratio (b) are shown for both groups
(n=7). ¢, In vivo EPC proliferation activity in
response to ischemia. BrdUrd incorporation into
BM-derived EPCs was evaluated preischemia and
7 days after hindlimb ischemia. Percentage of
BrdUrd*/Sca-1* cells in BM Lin~ cells is shown
(n=4). d, Molecular indicators of EPC differentia-
tion in response to ischemia. Phosphorylation of
Akt and eNOS in BM Sca-17"/Lin™ cells was deter-
mined by immunoblotting. P-Akt indicates phos-
phorylated Akt; P-eNOS, phosphorylated eNOS. e,
Serial change in the number of circulating Sca-1"*
cells, an EPC-enriched fraction, following hindlimb
ischemia in Ink™’~ mice and WT (n=4). f, Role of
Lnk in Akt/eNOS signals or GSK signals (black cir-
cle) in response to ischemia.

in the presence or absence of hindlimb ischemia in /nk ™~ and
WT. In Ink™’" mice, genes that encode angiogenic factors or
their receptors, such as vegf, ang-1, tie-1, and tie-2, were
highly expressed independently of ischemic condition,
whereas ang-2, an antagonist of TIE-2 signaling, was consti-
tutively downregulated. In contrast, most angiogenic genes,
which are weakly expressed at baseline, were upregulated
postischemia in WT (Online Figure V). These data suggest
that Lnk regulates the production of angiogenic factors,
which in tum enhances EPC proliferation, differentiation,
migration, and mobilization.

As for the kinetics of PB-EPCs, the number of Sca-1*
MNCs, an EPC-enriched fraction, on days 3 and 7 after
hindlimb ischemia was significantly increased in /nk ™" mice
as compared to WT (Figure 2¢). Furthermore, the number of
Sca-1"/CD31" and Sca-1"/Flk-1" cells in PB was greater in
Ink™"" mice as compared to WT (data not shown). These
outcomes suggest that the mobilization of EPCs into circula-
tion in response to ischemia is augmented in k™' mice
compared with WT.

A caveat to the above is that enhanced neovascularization
in ink™'" mice could be attributable to upregulation of
angiogenic effects of resident cells as well as augmentation of
BM-derived EPC kinetics. To clarify the proportional contri-
bution of these mechanisms, we performed BM transplanta-
tion (BMT) with cells from k™'~ or WT, with donor cells
marked with green fluorescent protein (GFP) transplanted
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Figure 3. BM-derived EPCs predominate in blood vessel regen-
eration in Ink™’~ mice. a, Ratio of donor (GFP-positive) BMTs vs
host cells contributing to hindlimb perfusion 14 days after ische-
mia in /nk ~/~ or WT mice (h=6). b, Representative immuno-
staining for GFP, CD31, and isolectin B4 to identify BM-derived
EPCs in ischemic tissue from WT mice perfused with BMT from
Ink™"" mice. ¢, Number of BM-derived putative EPCs (e, GFP*/
CD31™" cells) in mice undergoing BMT (n=6).

into unmarked recipients. Perfusion in limb tissue at day 14
postischemia dramatically improved in WT mice that re-
ceived Lnk-deficient BM cells (BMCs) as compared with WT
mice receiving WT BMCs. Moreover, perfusion recovery in
the hindlimb was significantly inhibited in Ink™'" mice
receiving WT BMCs as compared with Ink™"" mice receiving
Lnk-deficient BMCs. Importantly, hindlimb perfusion was
similar in WT and Ink™"" mice receiving WT BMCs. Simi-
larly, perfusion recovery was not significantly different be-
tween WT and /nk™’" mice receiving Lnk-deficient BMCs
(Figure 3a).

Next, we detected BM-derived endothelial lineage cells
incorporating into the ischemic region via immunohistochem-
ical detection of GFP and CD?31 or isolectin B4 (Figure 3b).
The number of GFP"/CD31" ECs in ischemic tissue was
significantly greater in WT mice receiving Lok-null BMCs
than in those receiving WT BMCs. In addition, BM-derived
ECs were more frequently observed in Ink ™'~ mice receiving
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Lnk-deficient BMCs than in those receiving WT BMCs.
Similar to what was observed in the hindlimb perfusion
analysis, the number of BM-derived ECs was equivalent in
WT mice receiving Lnk-deficient BMCs and k™'~ mice
receiving Lnk-deficient BMCs, as well as in WT mice
receiving WT BMCs and Ink™’ mice receiving WT BMCs
(Figure 3c). These results suggest that BM-derived EPCs are
indispensable for enhanced neovascularization in Ink™'~
mice, whereas /nk deficiency in resident cells does not
significantly contribute to ischemic neovascularization.

Lnk Deficiency Enhances EPC Kinetics in
Response to Ischemia-Related Cytokines

To identify specific cytokines responsible for enhanced mo-
bilization of BM-EPCs in [nk™'" mice, we investigated the
effect of several potent bioactive factors on EPC mobilization
in Ink™"" and WT genetic backgrounds. To do this, we
administered G-CSF, SDF-1«, SCF, VEGF, or PBS to mice
once daily over 5 days and determined the number of
PB-MNCs on day 7. In both Ink™’~ and WT mice, each
factors resulted in a significant increase in the number of
PB-MNCs as compared with mock treatment (PBS). The
number of PB-MNCs after administration of each factor was
significantly greater in Ink™'~ mice than in WT. Notably,
SCF and VEGF led to a more than 4-fold difference in
PB-MNC number in k™" versus WT (Figure 4a). The
results of an EPC culture assay using PB-MNCs also revealed
that the number of circulating EPCs detected after infusion of
any of the factors tested significantly increased in Ink ™'~
mice as compared with WT. This difference between the 2
groups was particularly remarkable following infusion of
SCF or VEGF (Figure 4b). To evaluate the scale of the
Lnk-dependent SCF effect on EPC mobilization, we next
looked at cell kinetics over time after SCF infusion in /nk ™'~
or WT mice. The results of serial quantification of PB-MNCs
revealed a significant increase in PB-MNCs in Ink™'" mice
that was detectable at day 2 and reached a peak on day 6
(Figure 4c¢). Furthermore, the results of serial FACS analysis
revealed a significant increase in the PB-EPC—enriched cell
fraction (ie, in Sca-1"/CD31" or Sca-1"/VE-cadherin™ cells)
that was detectable at day O and still observable at day 8 after
initiation of SCF infusion in Ink ™"~ mice, as compared with
levels in WT (Figure 4d and 4¢). We next performed an in
vitro proliferation assay to ask whether SCF upregulates
proliferative activity of EPCs in Ink™"" mice as well as
mobilization. In WT mice, SCF did not affect the mitotic
activity of Sca-1"/Lin" cells. In contrast, treatment with 10
ng/mL of SCF significantly augments proliferation of EPC-
enriched fraction cells in nk™’~ mice (Figure 4f). Taken
together, these data suggest that ischemia-related cytokines,
in particular SCF/c-kit, are critical for both proliferation and
mobilization of EPCs in lnk™'™ mice.

Lnk-Deficient EPCs Rescue Hindlimb Ischemia
Following Therapeutic Administration

To evaluate the therapeutic potential of /nk gene-modified
EPCs in ischemic neovascularization, we isolated and intra-
venously transplanted BM Sca-1*/Lin" cells from Ink™"" or
WT mice into nude mice with hindlimb ischemia. As shown
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in Figure 5a and 5b, transplantation of Lnk-null EPCs
resulted in robust hindlimb perfusion as compared with
WT-EPCs at equal dosing. The results of immunohistochem-
ical analysis using the EC markers isolectin B4 and CD31
surface antigen clearly show that the capillary density at
ischemic tissues is higher in animals receiving Lnk-deficient
EPCs than in those receiving WT-EPCs or a mock treatment
(PBS) control (Figure 5¢ and 5d and Online Figure VI).

Lnk Deficiency Enhances Neonatal
Revascularization in OIR

We next sought to test the effect of Lnk on vascular
regeneration in retinal vascular disease. To do this, we
generated an animal model of neonatal retinopathy, OIR, by

a Wky/+EPCs Lnk+/-EPCs Lnk +/+ EPCs
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Figure 4. Effects of ischemia/angiogenesis-
related cytokines on EPC kinetics are more
robust in Ink~"~ mice. a, Number of
PB-MNCs at day 6 after initiation of VEGF,
SDF-1, GCSF, SCF, or PBS in Ink™"~ mice
and WT (n=5). b, In vitro EPC culture assay
at day 6 after initiation of VEGF, SDF-1,
GCSF, SCF, or PBS in Ink™"~ mice and WT
(n=4). The numbers of EPCs capable of
Ac-LDL uptake and positive for isolectin B4
" scF were significantly higher in /nk™/~ mice than
WT. ¢ and d, Time course of SCF-
dependent mobilization kinetics in fnk~/~
and WT mice (n=4 at each time point in
each group). Number of circulating MNCs
(c) and PB Sca-1*/CD31" cells (d) was
serially evaluated in both groups. e, Num-
ber of Sca-1*/VE-cadherin™ cells in
response to SCF administration at each
time calculated with the flow cytometric
data. f, In vitro WST-1 proliferation assay
using BM Sca-1*/Lin" cells obtained from
Ink™"" and WT mice in the presence of 0, 1,
10, or 100 ng/mL of SCF. *P<0.05,
*P<0.01, *P<0.001.

Lnk +/+

exposing lnk™"" or WT mice to 75% oxygen from postnatal
day (P)7 to P12 (Figure 6a). In WT mice with OIR, avascular
regions of the retina were readily apparent at neonatal P17. In
contrast, k™'~ mice with OIR had 4-fold smaller retinal
avascular areas than WT (Figure 6b and G6c). We also
observed functional regeneration of the astrocyte network,
accompanied by upregulation of blood vessel regeneration, in
Ink™"" mice (Online Figure VII), suggesting that enhanced
neovascularization may contribute to preservation of retinal
interstitial structure in the Lnk-deficient microenvironment.

Previous results suggest that enhanced angiogenesis/vas-
culogenesis in the retina may result in pathogenic side effects
such as excess inflaimmation and abnormal blood vessel
formation, eventually leading to retinal bleeding.'® However,

Figure 5. Lnk-deficient EPCs potently induce ther-
apeutic neovascularization. a, Representative LDPI
imaging in nude mice with hindlimb ischemia
receiving BM Sca-1*/Lin" cells from Ink™"~ or WT
mice. Arrows indicate recovery of hindlimb perfu-
sion following Lnk-deficient EPC infusion. b, Time
course of hindlimb perfusion recovery in hude
mice receiving mock treatment (PBS), WT-EPCs,
or Ink™’~ EPCs (n=7). ¢, Representative capillary
structure revealed by chemical staining for isolec-
tin B4 in nude mice receiving mock treatment,
WT-EPCs, or Ink~’~ EPCs. d, Capillary density at
day 14 after hindlimb ischemia (h=7).

PBS Lnk++ Lnk-/-
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histological examination of our treated OIR model tissue
revealed a smaller number of abnormally sprouting vessels in
Ink™"" mice than in WT (Figure 6d through 6f). Moreover,
the incidence of retinal hemorrhage at P17 was markedly
lower in Ink™'" mice than in WT (Online Figures VIII and
IX). These results suggest that /nk deficiency leads to an
accelerated rate of retinal neovascularization without stimu-
lating pathogenic blood vessel formation. To investigate this
further, we isolated tissue from [nk deficient mice with OIR
and used laser microdissection to look at the production of
angiogenic growth factors in situ. Levels of VEGEF,
angiopoietin-1, eNOS, and leukemia inhibitory factor in
vascular plexuses were significantly higher in Ink™'~ mice
than in WT (Figure 7b). Importantly, enhanced expression of
ang-1 may inhibit pathogenic angiogenesis by inducing the
maturation of newly formed blood vessels.?° The source of
angiogenic cytokines in Lnk-null OIR is likely to be at least
in part BM-derived EPCs that are recruited into the retina, as
both EPCs cultured in vitro under hypoxic conditions (Online

Figure X).

Discussion
The results of previous studies!?2!22 have clearly demon-
strated that BM-derived hematopoietic stem cells such as
BM-KSLs serve as a reservoir of EPC origin cells in adults.
In addition to having a long-term capacity for multilineage
hematopoiesis, transplanted KSLs have also been shown to
give rise to functional endothelial cells, even after single-cell
transplantation or serial transplantation in the presence of
retinal ischemic injury.’22! Although differentiation of hema-
topoietic and endothelial lineages has been intensively inves-
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Figure 6. Augmentation of retinal neovas-
cularization without pathogenic angiogen-
esis in Ink™’~ mice. a, The OIR model. b,
Representative immunostaining for CD31
(red) to visualize the vascular network in
whole mount retina at P17 in Ink™~ and
WT mice. Yellow line indicates the avas-
cular lesion induced by hyperoxic stress.
¢, Percentage avascular area at P12 and
P17 in Ink™"~ and WT mice. d, Large
images: immunostaining for CD31 (red) in
P17 retinas of Ink™’~ and WT mice.
Arrows are tufts indicating pathogenic
angiogenesis. Small images: hematoxylin/
eosin staining at P17 in each group.
Arrowheads indicate pathogenically
formed blood vessels. e, Number of tufts
per retina at P17 (n=8). f, Number of
intravitreal vascular cell nuclei at P17
(n=8).
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tigated,”~* molecular targets that regulate endothelial com-
mitment of putative stem cells for postnatal vasculogenesis
remain to be uncovered. Identification of molecules that
control the commitment and differentiation of adult multipo-
tent stem cells into specific lineages would be a big step
toward improved therapeutic treatment in regenerative med-
icine. Toward identifying a modulator of endothelial devel-
opment, Guthrie et al have shown that the NO pathway
induces new blood vessel formation via EPCs derived from
the transplanted KSLs.??> Recently, our group reported that
Jagged-1—-dependent Notch signaling affects EPC bioactivi-
ties including proliferation, endothelial commitment, and
mobilization from BM.2* However, these molecules regulate
multiple functions in various types of mature and immature
cells. In the present study, we found a pivotal function of Lnk
adaptor protein as a downstream target of the SCF-c-Kit axis
that modulates vasculogenesis in BM stem cells. Lok was
most robustly expressed in BM-CD34~ KSLs, which are
immature putative stem cells. Lnk is also expressed at
moderate levels in CD34" KSLs, a relatively differentiated
stem cell type, but is not expressed in more mature cells such
as BM-Lin~ cells and MNCs. The results of in vitro analysis
using EPC-CFA clearly indicate that Lnk deficiency results in
upregulation of commitment of stem cell subpopulations into
endothelial lineage cell types. Indeed, Ink deficiency en-
hances commitment of CD34 ™ KSLs into primitive EPCs (ie,
small EPC colonies). Interestingly, /nk deficiency also aug-
ments the activity of CD34‘™/ ™ K] ¢ for the formation
of definitive EPCs (large EPC colonies). These findings
suggest that Lnk may regulate not only lineage commitment
but also differentiation and maturation of EPCs. The specific
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expression of Lnk in stem cells and the capacity of Lnk to
control lineage commitment/differentiation of BM stem cells
suggest a pivotal role for Lnk as a regulator of EPCs in adults.

In addition to suggesting roles for Lnk in EPC commitment
and differentiation, the results presented here also indicate
that Lnk deficiency results in higher levels of proliferation of
BM-KSLs and their subpopulations in vitro. Thus, we used an
animal model of hindlimb ischemia to assess the effects of
Lnk deficiency on EPC kinetics in vivo. Lnk deficiency
results in enhanced recovery of hindlimb perfusion via
upregulated proliferation of BM-derived EPCs, their en-
hanced mobilization activity into PB, and markedly increased
recruitment into sites of ischemia. These data strongly sug-
gest that both production of quiescent stem cells in the BM
and the supply of stem cells from the BM pool for ischemic
vasculogenesis may be controlled by Lnk. Furthermore,
overexpression of angiogenic cytokines in Lnk-deficient KSL
subpopulations suggests the importance of paracrine effects of
KSL subpopulations for in situ angiogenesis as well as their
autocrine effect for direct vasculogenesis. Interestingly, the
results of a series of BMT experiments show that Lnk deficiency
in BM-derived EPCs, but not resident EPCs/ECs, specifically
augments neovascularization post hindlimb ischemia. These
results provide the first direct evidence that the Lnk adapter
protein plays a pivotal role in regulating the bioactivities of
BM-derived EPCs for postnatal neovascularization.

Using OIR as a model for retinal damage, we also found
that signs of pathogenic angiogenesis in the retina, such as
tuft formation and retinal hemorrhage, were much lower in
Lnk-deficient mice than in WT. Regeneration of a mature
astrocyte network, along with robust neovascularization in
Ink™"" mice, further supports the idea that knockdown of Lnk
can have a beneficial and nonpathogenic effect in retinal

L2

Figure 7. Augmented expression of angio-
genic cytokines in /nk ™/~ mice. a, Repre-
sentative photomicrogram showing a por-
tion of retinal tissue dissected by laser
microdissection. Counterstained with tolu-
idine blue. P indicates periphery; GCL,
ganglion cell layer; ONL, outer nuclear
layer. b, Expression of angiogenic cyto-
kines in tissue microdissected from the
retina at P17 in the presence or absence
of OIR induction. Expression of VEGF,
Ang-1, eNOS, and leukemia inhibitory fac-
tor (LIF) mRNA was upregulated in the
Ink~’~ retina following OIR relative to the
other groups (n=10).

23

Lok Lok
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vascular disease (Figure 6a through 6h and Online Figures
VIII and IX). This notion may be explained by the beneficial
effects of Ang-1 stimulation of vessel maturation.>? Consis-
tent with this, quantitative RT-PCR using microdissected
retinal tissue revealed higher levels of expression of ang-1
and other angiogenic cytokines, VEGF and eNOS, in Lnk-
null mice than in WT (Figure 7b).

In conclusion, we provide strong evidence that Lnk is a
definitive regulator of BM-EPC kinetics, including the ability
to cell growth, endothelial commitment, mobilization, and
recruitment for vascular regeneration. Selective targeting of
Lnk may be a safe and effective approach to augment
therapeutic neovascularization by EPC transplantation.
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Hematopoietic stem cells (HSCs) reside
in a bone marrow niche in a nondividing
state from which they occasionally are
aroused to undergo cell division. Yet, the
mechanism underlying this unique fea-
ture remains largely unknown. We have
recently shown that freshly isolated
CD34-KSL hematopoietic stem cells
(HSCs) in a hibernation state exhibit inhib-
ited lipid raft clustering. Lipid raft cluster-

ing induced by cytokines is essential for
HSCs to augment cytokine signals to the
level enough to re-enter the cell cycle.
Here we screened candidate niche sig-
nals that inhibit lipid raft clustering, and
identified that transforming growth
factor-g (TGF-p) efficiently inhibits
cytokine-mediated lipid raft clustering
and induces HSC hibernation ex vivo.
Smad2 and Smad3, the signaling mol-

ecules directly downstream from and acti-
vated by TGF-B receptors were specifi-
cally activated in CD34-KSL HSCs in a
hibernation state, but not in cycling
CD34+KSL progenitors. These data un-
cover a critical role for TGF-§ as a candi-
date niche signal in the control of HSC
hibernation and provide TGF-g as a novel
tool for ex vivo modeling of the HSC
niche. (Blood. 2009;113:1250-1256)

Introduction

Dormancy or hibernation of hematopoietic stem cells (HSCs),
which is indispensable for HSC maintenance, is known to occur
solely in the particular bone marrow (BM) microenvironment
known as the HSC niche. Most of the HSCs are in the Gy phase in
the BM niche. However, HSCs are recruited into the cell cycle at
long intervals, on average every 1 to 2 months.)2 Thus, the capacity
to enter and to leave a hibernation-like state is one of the properties
of “stemness.” The so-called stromal cells in the HSC BM niche,
including osteoblasts, fibroblasts, adipocytes, and endothelial cells,
produce several secreted and membrane-bound growth factors.?
Several signaling pathways have been characterized that keep
HSCs in hibernation or undifferentiated states. These include the
Ang-1-Tie-2 signal* the Notch ligand-Notch signal’ the N-
cadherin homotypic signal,® and the transforming growth factor-f
(TGF-B) signal.” However, the precise molecular mechanisms
underlying HSC hibernation remain largely elusive.

Mouse BM HSCs are enriched exclusively in CD34 ¢-Kit*
Sca-1" lineage marker-negative (Lin™) (CD34~KSL) cells, a
population representing 0.004% of BM mononuclear cells, whereas
CD34*KSL cells are progenitors with short-term repopulating
capacity.® We have recently reported that HSCs use the PI3K-Akt-
FoxO signaling pathway to regulate their hibernation state, as does
C elegans in dauer formation.® Akt is inactive in the cytoplasm of
freshly isolated hibernating CD34~KSL HSCs, and FoxOs, its
downstream targets, are active in their nuclei. In contrast, Akt is
active in cycling CD34*KSL progenitors and phosphorylated
FoxOs are excluded to the cytoplasm. Of note is our discovery that
lipid raft status finely tunes cytokine signal levels and regulates Akt
activity, Lipid raft microdomains are cholesterol- and glycosphin-

golipid-enriched patches in the plasma membrane into which
various functional molecules are distributed. Lipid rafts act as
platforms for cellular functions that include cytokine signaling,
membrane trafficking, and cytoskeleton organization.’® Because
larger rafts have greater potential for concentration of transducers
and for exclusion of negative regulators, lipid raft size controls
signal intensity and functional outcomes. HSCs freshly isolated
from the BM niche lacked lipid raft clustering (LRC). However,
cytokine-induced I.LRC was essential for augmentation of HSC
cytokine signals to levels sufficient for cell-cycle re-entry. Con-
versely, inhibition of LRC in HSCs attenuated cytokine signals,
leading to repression of Akt followed by sustained nuclear accumu-
lation of FoxOs, and induced a hibernation-like state in CD34~KSL
HSCs ex vivo.

The FoxO subfamily of transcription factors is involved in
diverse physiologic processes.!! Upon activation by growth factors,
the serine/threonine kinase Akt directly phosphorylates FoxOl,
FoxO3, and FoxO4, resulting in their nuclear exclusion and
subsequent degradation. In the absence of growth factors or in the
presence of stressful stimuli, FoxOs are translocated to the nucleus
and up-regulate the expression of a series of target genes, thereby
promoting cell-cycle arrest, stress resistance, or apoptosis.'? Mice
that were conditionally deleted of FoxOl1, Fox03, and FoxO4 in
adult hematopoietic system exhibited defective long-term repopu-
lating activity that comelated with increased cell cycling and
apoptosis of HSCs.!* Levels of reactive oxygen species (ROSs)
were intriguingly increased in FoxO-deficient HSCs; in vivo
treatment with the antioxidative agent N-acetyl-L-cysteine (NAC)
rescued the FoxO-deficient HSC phenotype. Even in mice deficient
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for a single FoxO gene, FoxO3a, much milder but similar defects
were observed.’ These results suggest that FoxOs play essential
roles in the establishment of resistance to physiologic oxidative
stress, a resistance necessary to ensure the quiescence, survival,
and function of HSCs. These findings demonstrate a tight correla-
tion between lipid raft status and Akt-FoxO signaling in the context
of HSC hibernation and survival and indicate that LRC plays a key
role in HSC emergence from hibernation and that LLRC-inhibitory
signals from the BM niche are critical in the induction and
maintenance of HSC hibernation.

One of the niche signaling molecules, TGF-$, acts as a negative
regulator of hematopoietic stem and progenitor cell proliferation in
vitro.” Upon association with TGF-B, TGF-B type II receptor
(TBRII) forms a complex with TGF-B type I receptor (TBRI).
Subsequently, the activated TGF-B receptor complex phosphory-
lates receptor-activated Smads (R-Smad2) and R-Smad3. R-Smads
eventually heterodimerize with the common mediator Smad4, and
the resulting complex translocates to the nucleus and recruits
transcriptional cofactors to control expression of genes, including
those involved in the cell cycle. It has been reported that
TGF-B1-null mice and inducible TBRII knockout models develop
a transplantable lethal inflammatory disorder affecting multiple
organs.'>1¢ However, mice deficient in the TBRI, activin receptor-
like kinase 5 (ALLK-5), show no defects in HSC quiescence or in
maintenance of the HSC pool.!” Mice deficient for the TGF-3 type
1T receptor have not been well characterized with respect to HSC
hibernation.'¢ TGF-f signaling deficiency so far has not revealed
any effect on HSC proliferation and differentiation in vivo.
Therefore, the outcome of TGF-f signaling is believed to be
context dependent in hematopoiesis and the regulation of hemato-
poietic stem and progenitor cells is more complicated in the BM
microenvironment in vivo than is seen in liquid cultures ex vivo.

In this study, we screened candidate niche signals that inhibit
lipid raft clustering and identified that TGF- efficiently inhibits
cytokine-mediated LRC. We further characterized its role in HSC
hibernation.

Methods
Mice

C57BL/6 (B6-Ly5.2) mice were purchased from Japan SLC (Shizuoka,
Japan). C57BL/6 mice congenic for the Ly5 locus (BG-Ly5.1) were
purchased from Sankyo-Lab Service (Tsukuba, Japan). C57BL/6
Ly5.1 X Ly5.2 F1 mice were bred and maintained in the Animal Research
Facility of the Institute of Medical Science, University of Tokyo. Animal
care in our laboratory was in accord with the guidance of Tokyo University
for animal and recombinant DNA experiments.

Purification of mouse HSCs and CD34+KSL cells

Mouse CD34-KSL HSCs and CD34*KSL progenitor cells were purified
from BM cells of 2-month-old mice. In bref, low-density cells were
isolated on Lymphoprep (1.086 g/mL; Nycomed, Oslo, Norway). The cells
were stained with an antibody cocktail consisting of biotinylated anti~Gr-1,
~Mac-1, -B220, -CD4, -CD8, and ~Ter-119 monoclonal antibodies (Phar-
Mingen, San Diego, CA). Lineage-positive cells were depleted with
antibiotin MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany).
The remaining cells were further stained with fluorescein isothiocyanate
(FITC)—~onjugated anti-CD34, phycoerythrin (PE)~conjugated anti-Sca-1,
and allophycocyanin (APC)—conjugated anti—c-Kit antibodies (PharMin-
gen). Biotinylated antibodies were detected with streptavidin-APC Cy7
(Molecular Probes, Fugene, OR). Analysis and cell sorting were performed

use only.

TGF-g AND HEMATOPOIETIC STEM CELLS 1251

on a MoFlo using Summit software (Dako, Glostrup, Denmark) and results
were analyzed with FlowJo software (TreeStar, Ashland, OR).!8

Immunofluorescent staining and linearization analysis

The markers and antibodies used were the DNA marker 4,6-diamidino-2-
phenylindole (DAPI), Alexa-488—conjugated cholera toxin B subunit
(CTxB), Alexa-647—conjugated goat anti-rabbit IgG, goat anti-mouse IgG,
and Alexa-488—conjugated goat anti—rabbit IgG (Molecular Probes, Carls-
bad, CA), rabbit anti-phospho-Akt and rabbit anti-FOXO03a (Upstate Cell
Signaling, Charlottesville, VA), rabbit anti-p57 (Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit anti-phospho-Smad2/3 (CHEMICON, Temecula,
CA), and rabbit anti—-phospho-Src (Y418; Biosource, Camarillo, CA).
Individual CD34~ KSL cells were sorted into a serum-free culture-medium
drop supplemented with 50 ng/mL mouse SCF and/or 50 ng/mlL human
TPO on slide glasses. The sorted cells were incubated at 37°C for the
indicated time periods. After fixation with 2% paraformaldehyde and
blocking in 10% goat serum for 1 hour at room temperature, cells were
incubated with a primary antibody for 12 hours at 4°C. The cells were then
washed and were incubated with a secondary antibody for 30 minutes at
room temperature. Immunofluorescence was observed with a Leica TCS
SP2 AOBS confocal microscope (Wetzlar, Germany) or with an Olympus
Laser Scanning Cytometer 2 (LSC2; Tokyo, Japan).

Single-cell culture

CD34"KSL cells were clonally deposited into 96-well microtiter plates
containing 200 pL. S-Clone SF-03 (Sanko Junyaku, Tokyo, Japan) supple-
mented with 5 X 1075 M 2-B-mercaptoethanol, 10% FCS, and the indi-
cated cytokines (20 ng/mL mouse SCF, 50 ng/mL human TPO, 20 ng/mL
mouse IL-3, and 2 U/mL human EPO) in the presence or absence of
5 ng/mL human TGF-81, TGF-B2, TGF-83, latent TGF-B1, Activin-A, and
Nodal (R&D Systems, Minneapolis, MN). Survival and cell division of
HSCs were monitored by microscopy. To allow colony formation, single
HSCs were cultured in the presence of SCF, TPO, I1L-3, EPO, and
anti-TGF-B blocking antibody (R&D Systems) for 11 days. Colonies were
recovered, cytospun onto glass slides, and subjected to May-Griinwald-
Giemsa staining for morphologic examination.

Competitive repopulation assays

Competitive repopulation assays were performed using the Ly5 system. In
brief, single cultured HSCs or pooled single cultured HSCs (B6-Ly5.1)
were mixed with 2 X 105 BM competitor cells (B6-F1) and were trans-
planted into B6-Ly5.2 mice irradiated at a dose of 9.5 Gy. After transplanta-
tion, peripheral blood cells of the recipients were stained with biotinylated
anti-Ly5.1 (A20) and FITC-conjugated anti-Ly5.2. The cells were simulta-
neously stained with PE-Cy7~conjugated anti-B220 antibody, a mixture of
APC-conjugated anti-Mac-1 and ~Gr-1 antibodies, or a mixture of PE-
conjugated anti-CD4 and -CD8 antibodies (PharMingen). Biotinylated
antibody was developed with streptavidin Alexa-594 (Molecular Probes,
Carlsbad, CA). The cells were analyzed on a fluorescence-activated cell
sorting (FACS) Vantage (BD. Franklin Lakes, NJ). Percentage chimerism
was calculated as (percentage Ly5.1 cells) X 100/(percentage Ly5.1
cells + percentage F1 cells). When percentage chimerism of donor-derived
cells was more than 1.0 (summed over myeloid, B-lymphoid, and T-
lymphoid lineages), recipient mice were considered to be multilineage
reconstituted (positive mice).

RT-PCR

Semiquantitative RT-PCR was carried out using normalized ¢cDNA and
quantitative PCR with TagMan rodent GAPDH control reagent (Perkin-
Elmer Applied Biosystems, Foster City, CA) as previously described.!?
Cycling parameters were as follows: denaturation at 95°C for 15 seconds,
annealing at 58°C for 15 seconds, and extension at 72°C for 30 seconds.
Amplification proceeded for 38 cycles. PCR products were separated on
1.4% agarose gels and visualized by ethidium bromide staining.
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Figure 4. TGF-B, but not other TGF- family members, confers a cytostatic
effect on HSCs ex vivo. Freshly isolated CD34~KSL HSCs were sorted clonally into
96-well microtiter plates and incubated in the presence of SCF, TPO, and TGF-1;
SCF, TPO, and Activin-A; or SCF, TPO, and Nodal. At day 2 of culture, nondivided
cells that stayed dormant were assessed under an inverted microscope.

We previously reported that CD34~KSL HSCs express a high
level of p57%¥2, whereas CD34*KSL progenitor cells do not. Of
note was that p57 as well as cyclin D1, D2, and D3 localize in the
cytoplasm in HSCs.® That TGF-B up-regulates p57 expression in
human primitive hematopoietic cells to induce cell-cycle arrest
intrigued us.2° To verify this finding in mouse HSCs, we stimulated
freshly isolated CDD34~KSL HSCs with SCF and TPO for 12 hours,
to down-regulate p57; we then treated the cells with TGF-B.
Twelve hours after the addition of TGF-B, p57 was abundantly
reinduced at both mRNA and protein levels, whereas expression of
p21 and p27 did not change at all (Figure 3B). These data indicate
that TGF-f regulates the expression of p57, which supposedly
functions as a specific CDKI that binds to and suppresses the
activity of the cyclin D/CDK complexes in HSCs.

TGF-g induces hibernation, but other TGF-p family members
do not

Smad2 and Smad3 are activated not only by TGF-f3, but also by
Activin and Nodal.?! We evaluated the effects of these agents on
HSC cell cycle. Single CD34-KSL HSCs were cultured in the
presence of SCF, TPO, and Activin or Nodal. TGF-8 strongly
suppressed division of single HSCs; 65.7% of them stayed
dormant during 2-day culture. Activin-A and Nodal were not
efficient in suppressing division of single HSCs; they, respec-
tively maintained dormancy in only 6.6% and 6.9% of HSCs
during 2-day culture (Figure 4). These data establish that within
its family TGF-$ has a major role in maintenance of HSC
hibernation.

Activation of latent TGF-B is required for TGF-§ bioactivity

TGF reportedly is produced not only by niche cells, but also by
HSCs themselves.” As expected, HSCs expressed a significant level
of TGF-B1 and a low level of TGF-3, but not Activin A or Nodal,
indicating the presence of both autocrine and paracrine regulatory
loops of TGF-f signaling (Figure 5A). Importantly, however,
TGEF-f is produced as an inactive form, latent TGF-B. We asked
whether HSCs themselves could activate latent TGF-B to establish
an autocrine TGF-( signaling loop. We seeded single CDD34~KSL
HSCs in the presence of SCF and TPO along with either
active-form TGF-$ or latent TGF-$, and allowed the HSCs to form
colonies. TGF-f3 strongly suppressed colony formation, whereas
latent TGF-B did not affect colony formation at all. These data
indicate that HSCs can produce latent TGF-$ but cannot activate it
by themselves. Since TGF-f is produced by a variety of cells as an
inactive form, the capacity to activate latent TGF-B could be a key
property of BM niche cells.
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Figure 5. Activation of latent TGF-@ is required for TGF-§ bicactivity on HSCs.
(A) mRNA expression of TGF-3 family member genes was analyzed for fotal embryo
at E12.5, freshly isolated BM CD34~KSL HSCs (CD34~), and CD34 *KSLhematopoi-
etic progenitor cells (CD34+). (B) Freshly isolated CD34~KSL HSCs (CD34~) were
sorted clonally into 96-well microtiter plates and incubated in the presence of SCF
and TPO along with either TGF-g1 or latent TGF-B1, and were allowed to form
colonies. After 14 subsequent days of culture, the numbers of colonies were counted
and the percentages of starting HSCs that gave rise to colonies were presented,

Discussion

The cell-cycle status of HSCs in the niche is supposed to be
precisely regulated by a specific combination of niche signals.
We have reported an unexpected role of lipid raft organization in
the maintenance of HSC hibernation through regulating the
PI3K-Akt-FoxO pathway that lies downstream of cytokine
signaling.® HSCs are exposed to a variety of secreted and
membrane-bound growth factors in the niche. Nonetheless, our
findings clearly demonstrate that lipid raft reorganization is
strictly inhibited in HSCs in the niche. We inferred that
nonclustered lipid raft microdomains finely tune cytokine
signals and mediate them toward suitability for HSC survival in
the hibernating state, and that some niche signals inhibit lipid
raft reorganization to maintain HSC hibernation. These findings
support a novel model in which HSC fate, that is, hibernation or
cell-cycle re-entry, largely depends on lipid raft regulation.

We have now identified that TGF-f inhibits cytokine-
induced LRC (Figure 1A). TGF-B suppresses Akt activation and
induces nuclear accumulation of FoxO3a in HSCs. It also
inhibits translocation of cyclin D1 into the nucleus and main-
tains high cytoplasmic accumulations of p57 (Figure 1D and
data not shown). Through these mechanisms, TGF-B strongly
inhibits cell division and maintains HSCs in the hibernating
state ex vivo. Together with our finding that Smad2 and Smad3,
which are activated by the TGFB receptor complex, are
selectively and highly phosphorylated in CD34~KSL HSCs, but
not in CD347KSL progenitor cells, these findings strongly
indicate a physiologic role for TGF-B in HSC hibernation in the
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niche (Figure 3A). This notion is also supported by the study of
C elegans, which indicated a critical role of Daf-7 as a positive
regulator of Daf-16.22 Daf-7 is a TGF-B-like molecule. Via its
receptor and downstream signaling molecules (Daf-4, Daf-1,
Daf-8, and Daf-14), it up-regulates Daf-16 expression and exerts
a dauer larval gene program.?

TGF-B is widely expressed in BM by elements that include
osteoblasts and other stromal cells. Importantly, however, TGF-B is
produced as a latent form. Latent TGF-B must be processed and
activated. As shown in Figure 5B, HSCs are not able to activate latent
TGF-. That the BM niche is where TGF-f can be processed/activated
and where TGF-$ induces HSC hibernation is thus a tempting hypoth-
esis. In contrast, Ang-1, another regulator of HSC hibernation, was
much less effective than TGF-f in inhibiting cytokine-induced LRC and
subsequent Akt activation (data not shown). Recently, the TPO signal
was proposed as an essential component for HSC hibernation in the
osteoblastic niche* TPO efficiently induces I.RC and activates the
PI3K-Akt pathway in vitro. However, its signal is supposedly attenuated
by inhibited IRC in hibernating HSCs in the niche. We assume that the
attenuated TPO signal by inhibitory niche signals including TGF-B acts
as a survival signal but not proliferation signal on HSCs and holds the
key in keeping HSCs in hibernation. These data highlight lipid raft
assembly and its regulation by TGF- as a novel regulatory component
of HSC hibernation. Our findings thus indicate that HSC hibernation is
regulated by at least 2 different routes, the Ang-1-Tie-2 and TGF-B-
Smad signaling pathways, and establish a central role for TGF- in
regulating the lipid raft-PI3K-Aki—FOXO pathway.

Although TGF-f3 has been well characterized as a negative regulator
of hematopoietic stem and progenitor cell proliferation in vitro,” mice
models deficient for TGF-$ signaling molecules, including ALLK-5
TBRI, show no defects in maintenance or quiescence of HSCs.!? These
discrepancies may be at least partly explained by the considerably low
mRNA expression of ALLK-5 in HSCs compared with that in E12.5 total
embryo (Figure 5A), which is indicative of alternative TBRIs in HSCs.
Mice deficient for the TRRII have not been well characterized with
respect to HSC hibernation because of lethal inflammatory disorder
affecting multiple organs.'® Furthermore, overlapping receptor and
Smad usage by different TGF-3 superfamily ligands (TGF-Bs, BMPs,
and Activins) accounts for their functional redundancies, making their
signals more complicated in vivo than is seen in liquid cultures ex vivo.
Of note is that Smad4, which acts at a common level of convergence for
all TGF-{3 superfamily signals, has recently been identified as critical for
maintenance of self-renewing HSCs.2> Thus, the physiological role of
the TGF-f awaits further evaluation.

The negative regulation of lipid raft assembly is poorly understood.
In this regard, the direct inhibition of lipid raft reorganization by TGF-$
is notable. In the present study, TGF-3 significantly inhibited cytokine-
induced activation of c-Src, one of the lipid raft components, in HSCs
(Figure 1B). This effect was comparable with that exerted by PP2, an
inhibitor specific for Src-family kinases (Figure S1). Intriguingly,
TGF-B has been reported to down-regulate protein expression of
Src-family kinases.?6?” Although the precise mechanism whereby
TGF-§3 inhibits ¢-Src activation remains obscure, Src-family kinases
could be key targets for TGF- in affecting lipid raft reorganization.
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TGF-B reportedly induces cell cycle arrest through up-
regulating CDKIs, including p15INK4B (p15), p21, and p27, in
various cell types.?$?° However, TGF- has been demonstrated to
induce growth arrest in HSCs independently of p21 or p27.3° We
here have presented evidence that TGF-B specifically up-regulates
the expression of p57, but not p15, p21, or p27, in HSCs (Figure 3B
and data not shown). In accord with our findings, p57 has been
identified as the only CDKI significantly up-regulated by TGF- in
vitro in human CD34" primitive hematopoietic cells; of impor-
tance was the observation that knockdown of p57 expression
blocked the cytostatic effect of TGF-{3.20 All these findings indicate
the importance of TGF-B in regulating p57 expression and in
maintaining HSC hibernation.

In this study, we also evaluated the role of autocrine TGF-8
signaling loop in HSCs. Our data indicated that HSCs can produce
latent TGF-B but cannot activate it by themselves. Latent TGF-
does not affect HSC cell growth at all. Intriguingly, a cell
cycle-independent role of autocrine TGF-f has been reported on
human primitive hematopoietic progenitor cells under a culture
condition without supporting cells that can activate latent TGF-f.3!
Whether the latent TGF- can transduce alternative signals via an
as-yet-unrecognized pathway in HSCs is a tempting question to be
addressed.

Our findings stress the critical role of lipid rafts in regulating the
cell-cycle status of HSCs and demonstrate a novel interplay
between the lipid raft-PI3K-Akt-FoxO and the TGF-B-Smad
signaling pathways in HSCs hibernating in the BM niche. Smad
proteins activated by TGF-f could form a complex with FoxO
proteins FoxO1, FoxO3a, and Fox04.32 TGF-B-mediated interac-
tion between these 2 signaling pathways thus could hold a key role
in the regulation of gene expression that controls HSC hibernation.
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Abstract

The cellular ontogeny of hematopoietic stem cells (HSCs) remains poorly understood because their isolation from and their
identification in early developing small embryos are difficult. We attempted to dissect early developmental stages of HSCs
using an in vitro mouse embryonic stem cell (ESC) differentiation system combined with inducible HOXB4 expression. Here
we report the identification of pre-HSCs and an embryonic type of HSCs (embryonic HSCs) as intermediate cells between
ESCs and HSCs. Both pre-HSCs and embryonic HSCs were isolated by their c-Kit"CD41*CD45~ phenotype. Pre-HSCs did not
engraft in irradiated adult mice. After co-culture with OP9 stromal cells and conditional expression of HOXB4, pre-HSCs gave
rise to embryonic HSCs capable of engraftment and long-term reconstitution in irradiated adult mice. Blast colony assays
revealed that most hemangioblast activity was detected apart from the pre-HSC population, implying the early divergence
of pre-HSCs from hemangioblasts. Gene expression profiling suggests that a particular set of transcripts closely associated
with adult HSCs is involved in the transition of pre-HSC to embryonic HSCs. We propose an HSC developmental model in
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which pre-HSCs and embryonic HSCs sequentially give rise to adult types of HSCs in a stepwise manner.
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Introduction

Mammalian hematopoiesis develops in three distinct waves
consisting of primitive hematopoiesis, definitive but transient
hematopoiesis, and definitive and persistent hematopoiesis which
is established by hematopoietic stem cells (HSCs) [1,2]. Both the
first and second hematopoietic waves originate from the yolk sac
where hemangioblasts, common precursors of the hematopoietic
and endothelial lineages likely play a crucial role [3]. However,
whether HSCs arise in either the yolk sac or the paraaortic
splanchnopleure/aorta-gonad-mesonephros (P-Sp/AGM) region
remains controversial [4,5,6]. The relationship between HSCs and
hemangioblasts is also obscure [2,7]. In order to understand how
HSCs develop in early embryos, it is important to determine the
cellular origin of HSCs rather than the organ origin of HSCs.

Hematopoiesis and vasculogenesis in the early mouse embryo
have been recapitulated well by i vitro ES differentiation systems
[8,9,10]. However, generation of HSCs in substantial numbers
from ESCs i uitro has been difficult. Kyba et al. were the first to
report that HSCs can be efficiently generated from ESCs in the
OP9 co-culture system by combining this with an inducible
HOXB# expression system (OP9 and iHOXB4 system) [11].

In concept, mesodermal cells first commit to the hematopoietic
lineage before giving rise to HSCs. We provisionally called such
cells pre-HSCs, and attempted to identify them in embryoid
bodies (EB) using the OP9 and iHOXB4 system. We detected the
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potential to give rise to HSCs among c-Kit*CD417CD45™ cells
derived from ESCs on day 6 of culture (EB6). The presence of
hematopoietic progenitor activity in this population has been
described [12,13,14]. The present report, however, is the first to
document the presence of pre-stem cell activity but little
hemangioblast activity in the c-Kit"CD41*CD45~ cell population.
Pre-HSCs gave to an embryonic type of HSCs (embryonic
HSCs) capable of reconstituting adult hematopoietic system but at
a low degree. OP9 cells supported the transition of pre-HSCs to
embryonic HSCs. Some genes were up- and down-regulated
during the transition via enforced expression of HOXB4.
Interestingly, about two-thirds of the markedly up-regulated genes
were also found in our adult HSCs gene expression data. These
results suggest that adult HSC-related molecules establish the very
early stages of HSC development. Based on these results, we
propose an HSC development model in which pre-HSCs through
the stage of embryonic HSCs give rise to adult types of HSCs.

Results

Experimental design

Our basic experimental strategy consisted of EB formation, co-
culture with OP9 cells, and functional assays (Fig. 1). iIHOXB4 ESCs
were allowed to differentiate spontaneously into EBs for 6 days
without HOXB4 expression. We decided to fractionate EB6 cells
mainly because by day 6 of culture the number of multipotent
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