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Figure 7. The PAI-1 inhibitor enhances the self-renewal capacity of hematopoietic stem cells. (A—E): The Ly5.2™ mice were exposed to 9
Gy radiation, followed by transplantation with 2.5 X 10° LyS5.1* BM MNCs. They were administered the vehicle, tPA, or the PAI-1 inhibitor
daily for 5 consecutive days. BM MNCs were collected 15 weeks after transplantation. BM MNCs were obtained from four long leg bones
per mouse, and were pooled for the analysis of (A) the total number of donor-derived Ly5.1* BM MNCs, (B) the proportion of CD34 LSK
cells among Ly5.1% cells, (C) the total number of CD347LSK cells, (D) the proportion of Lin SLAM cells among Ly5.1" cells, (E) the total
number of Lin"SLAM cells. The data from four independent experiments are shown (n= 12 for each condition). *, p <.05; **, p<.01;
*** <001 versus the vehicle group; ¥, p<.05; *, p <.01; ™ p < .001 versus the tPA group. The p value was calculated by one-way
ANOVA followed by Bonferroni post-test. (F): The chimerism of donor-derived ly5.1% cells in the secondary recipients. Donor-derived
Ly5.1" BM MNCs (1 X 10°% in the primary recipient mice were retransplanted, together with 5 X 10° Ly5.2" competitor cells, into the 9
Gy-irradiated Ly5.2+ secondary recipient mice. BM cells were analyzed 12 weeks after the secondary transplantation. The data from three
independent experiments are shown (n= 10 for each condition). *, p<.05; *** p < .001 versus the vehicle group; ¥, p < .001 versus
the tPA group. (G): The chimerism of a small number of donor-derived Ly5.1" cells in the secondary recipients. A total of 2 X 10% or 6 X
10* Ly5.1* BM cells from the primary recipient mice, with 5 X 10° Ly5.2" competitor cells, were transplanted into the 9 Gy-irradiated
Ly5.2" secondary recipient mice. Twelve weeks after the secondary transplantation, the chimerism of donor cells in the BM was evaluated.
The boxes in white and gray represent the chimerism of donor-derived Ly5.1" cells in the vehicle- and PAI-1 inhibitor-treated mice, respec-
tively. The horizontal lines in the box represent the median chimerism, and bars indicate the SD. The dashed line indicates the cut-off value
(1%). Data from two independent experiments are shown {n =35 for each condition). *, p < .05 versus the vehicle group. Abbreviations:
BM, bone marrow; MNC, mononucleic cell; PAI-1, plasminogen activator inhibitor-1; tPA, tissue-type plasminogen activator.
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regeneration, Galipeau and colleagues have demonstrated that
mesenchymal stem cells (MSCs) derived from PAI-1 KO mice
exhibited higher regenerative potential than those from WT
mice [30]. Furthermore, chemical manipulation of the PAI-1
activity improves the engraftment of MSCs, defining PAI-1 as a
negative regulator of transplanted stem cell survival in vivo
[30]. This study clarified the active involvement of PAI-1 in the
hematopoietic regeneration after irradiation.

Proper treatment of the initial stage of hematopoietic
recovery and the prevention of premature HSC exhaustion
could therefore significantly improve the clinical outcome of
transplantation [1, 2]. In this regard, our study demonstrated
that, despite a short period of administration, the suppression
of the PAI-1 activity by a low molecular weight compound
could induce both rapid hematopoietic regeneration through
increased cycling of HSCs and expansion of the long-term
HSCs. This opens a new avenue for improving HSCT. it should
be emphasized that the PAI-1 inhibitor does not induce HSC
exhaustion or malignancy in spite of its potent ability to
increase the cycling of HSCs. The results of this study clearly
demonstrated that c-kit™ HSPCs in the group treated with the
PAI-1 inhibitor preferentially localized to the BM niche, just
like in the vehicle-treated group, suggesting that the interac-
tion between the hematopoietic progenitor cells and niche is
maintained even after the treatment with a PAI-1 inhibitor.
This may be a plausible explanation for why the PAI-1 inhibi-
tor does not induce HSC exhaustion.

Both the PAI-1 inhibitor and tPA theoretically activate the
fibrinolytic pathway and the subsequent hematopoietic regen-
eration, but their effects in vivo in animals appear to be dif-
ferent. This is partly explained by the differences in the routes
of administration between tPA and the PAI-1 inhibitor, as well
as the doses, mechanisms of action, and/or half-lives of these
agents. Recombinant tPA is administered intravenously (a
large amount of tPA is given directly into the circulation), and
immediately activates the fibrinolytic pathway, but its half-life
is only a few minutes [17]. In contrast, the PAI-1 inhibitor was
given orally, and was absorbed in the gut, entered into the
circulation gradually, inhibited the PAI-1 moiety, and subse-
quently upregulated the tPA activity leading to its effects on
the fibrinolytic pathway. The half-life of the PAI-1 inhibitor is
much longer (6.5 hour) than that of tPA.

It is also important to note that tPA administration itself
increased the PAI-1 level, suggesting a potential negative feedback
effect in this pathway and limits to the therapeutic benefits of tPA
for hematopoietic regeneration. In addition, the repopulating
capacity of HSCs in tPA-treated mice showed a slight decrease, sug-
gesting that tPA treatment may induce HSC exhaustion. It should
also be mentioned that PAI-1 regulates not only tPA, but also other

proteins (i.e., vitronectin, urokinase-type plasminogen activator
(uPA), and low density lipoprotein receptor (LDLR)) [5, 31, 32] and
thereby has an impact on broader biological systems.

In conclusion, our study provides the first direct evidence that
PAI-1 is a negative regulator of hematopoietic regeneration,
and that the inhibition of PAl-1 activity, either genetically or
by a low molecular weight compound, significantly improves
donor-derived hematopoiesis after transplantation. Our find-
ings give new insights into the treatment of HSCT and for clin-
ical transplantation medicine.
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Stage-Specific Roles for Cxcr4 Signaling in Murine
Hematopoietic Stem/Progenitor Cells in the
Process of Bone Marrow Repopulation

CHEN-YI LaL,™® SATOSHI YAMAZAKI,® MOTOHITO OKABE,® SACHIE SUZUKI,”> YOSHIHIRO MAEYAMA,®
Yasuaki IMURA,Y MASAFUMI ONODERA,® SHIGERU KAKUTA,"® YoicHiro Iwakura,™"
MasaNORI NosiMa,' MAkoTo OTsu,® HiromiTsu NAKAUCHT®

Key Words. Chemokine receptors » Hematopoietic stem cells (stem and primitive progenitor cells)
» Stem cell transplantation * Gene therapy (gene transfer to hematopoietic stem cells)

Hematopoietic cell transplantation has proven beneficial for various intractable diseases, but it
remains unclear how hematopoietic stem/progenitor cells (HSPCs) home to the bone marrow (BM)
microenvironment, initiate hematopoietic reconstitution, and maintain life-long hematopoiesis. The
use of newly elucidated molecular determinants for overall HSPC engraftment should benefit patients.
Here, we report that modification of C-X-C chemokine receptor type 4 (Cxcrd) signaling in murine
HSPCs does not significantly affect initial homing/lodging events, but leads to alteration in subsequent
BM repopulation kinetics, with observations confirmed by both gain- and loss-of-function approaches.
By using C-terminal truncated Cxcr4 as a gain-of-function effector, we demonstrated that signal aug-
mentation likely led to favorable in vivo repopulation of primitive cell populations in BM. These
improved features were correlated with enhanced seeding efficiencies in stromal cell cocultures and
altered ligand-mediated phosphorylation kinetics of extracellular signal-regulated kinases observed in
Cxcrd signal-augmented HSPCs in vitro. Unexpectedly, however, sustained signal enhancement even
with wild-type Cxcr4d overexpression resulted in impaired peripheral blood (PB) reconstitution, most
likely by preventing release of donor hematopoietic cells from the marrow environment. We thus con-
clude that timely regulation of Cxcr4/CXCR4 signaling is key in providing donor HSPCs with enhanced
repopulation potential following transplantation, whilst preserving the ability to release HSPC progeny
into PB for improved transplantation outcomes. STEM CELLS 2014;32:1929-1942

Hematopoietic stem cells (HSCs) have been used
in transplantation to treat various intractable
disorders [1-3]. Hematopoietic reconstitution is
considered to be a process that can be divided
into three major steps: (a) a homing/lodging
step where HSCs transmigrate into the bone
marrow (BM) cavity; (b) a BM repopulation step
where HSCs replicate themselves while produc-
ing progenitor cells with multilineage differentia-
tion potential; (c) a peripheral reconstitution
step where mature cells are released from BM.
Failure in any of these processes could impair
transplantation outcomes [4].

HSC behavior is thought tightly regulated by
certain extrinsic factors within the BM microen-
vironment (niche) [5]. HSC fate after transplan-
tation may also be affected by similar external
cues but much remains unclarified. We here
focused on stromal cell-derived factor 1 {SDF-
1)/CXCL12, abundant in BM [6]. The
C-X-C chemokine receptor type 4 (CXCR4), a
receptor for SDF-1/CXCL12, plays a role in hem-
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atopoiesis [7-9]. Knockout (KO) mouse studies
have demonstrated the importance of the Sdf-
1/Cxcr4 axis in HSCs in both fetal {10} and adult
hematopoiesis, with a critical role in the latter
identified for maintenance of HSC dormancy [7,
8, 11]. CXCR4 signaling has also been implicated
in transplantation of adult hematopoietic stem
and progenitor cells (HSPCs), as blockage of the
SDF-1/CXCR4 axis in human HSPCs before trans-
plantation compromised their engraftment/
repopulation in Nonobese diabetic/Severe com-
bined immunodeficiency (NOD/SCID) mice [12].
Similarly poor hematopoietic reconstitution was
observed following transplantation of Cxcr4-KO
mouse BM cells [7, 8]. In contrast, overexpres-
sion of CXCR4 in human HSPCs led to enhanced
engraftment in mouse BM, suggesting that this
modification might benefit transplanted patients
[13, 14].

In this study, to determine the precise role of
Cxcr4 signaling, highly purified murine HSCs and
their progenies were used in both gain-of-
function (overexpression) and loss-of-function
(KO or desensitization) approaches. In

©AlphaMed Press 2014
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semiquantitative analysis of gain-of-function effects, we used not
only wild-type (WT) Cxcrd-overexpressing cells but also cells
expressing Cxcr4 with a specific C-terminal deletion (AC) homolo-
gous to that found in patients with the disorder termed warts,
hypogammaglobulinemia, infections, and myelokathexis (WHIM)
syndrome [15], for which a mouse model has recently been
developed [16]. This truncation is regarded as a gain-of-function
mutation, because it increases cell-surface stability of CXCR4
without impairing CXCR4 signaling capabilities [16-20]. By using
this combinational approach, we assessed each of the multiple
steps in donor cell reconstitution in mice that received Cxcrd-
modified HSC/HSPCs and dissected stage-specific roles that Cxcr4
signaling plays in transplanted cells.

Mouse HSCs and HSPCs

C57BL/6 (B6)-Ly5.1 mice came from Sankyo Labo Service (Tokyo,
http://www.sankyolabo.co.jp). B6-Ly5.2 and enhanced green fluo-
rescent protein (EGFP)-transgenic (Tg) (CAG-EGFP) mice were from
Japan SLC (Shizuoka, http://www.slc.co.jp). Generation of Cxcrd-
KO mice and of Kusabira Orange (KuO)-Tg mice is described in Sup-
porting Information Methods [21-25]. Purified murine CD34™&/W
cKit™* Sca-1" Lineage marker-negative (CD347KSL) cells were used
as the HSC source [26, 27]. Where indicated, KSL cells (referred to
as HSPCs) were used. Considering the status of cells, that is, either
fresh or postexpansion, we defined CD347 KSL cells as fresh HSCs
or cultured HS(P)Cs and defined KSL cells as fresh HSPCs or cul-
tured HSPCs. Cell sorting was performed on a MoFlo cytometer
(Beckman Coulter, Brea, CA, https://www.beckmancoulter.com) or
a FACSAria Il (BD Biosciences, San Diego, CA, http://www.bdbio-
sciences.com). The Institutional Animal Care and Use Committee,
University of Tokyo, approved all animal experiments.

Retrovirus Transduction of HSC/HSPCs

The pGCDNsam-IRES-EGFP (DNsam-I/E) [25] was used as a control
retroviral vector (Mock). Murine WT-Cxcr4 cDNA was used to con-
struct DNsam-WT-Cxcr4-I/E. We constructed DNsam-AC-Cxcr4-I/E,
harboring mutant cDNA that mimics the type of mutation most
frequent in WHIM syndrome [15, 18]. Production of VSV-G-
retroviruses is described [25, 28, 29]. HSC/HSPCs were transduced
with retrovirus as described [25]. Three days after transduction,
cells expressing EGFP (EGFP™ cells) were sorted and subjected to
downstream assays (Supporting Information Fig. S1A).

Migration, Cell Proliferation, and Single-Cell Colony
Assays in Liquid Culture

Chemotactic response toward SDF-1/CXCL12 was tested in
EGFP™ cultured HS(P)Cs [30]. Our single-cell colony assay in
liquid medium is described [26, 31, 32]. Colonies were eval-
uated at days 11 and 14 for gain-of-function and loss-of-
function studies, respectively (Supporting Information).

Assessment of Seeding Efficiency in Stromal Cell
Coculture

The ability to repopulate an irradiated stromal cell layer was
tested in sorted EGFP™ HS(P)Cs or fresh HSCs using the in vitro
coculture assay [33] that we developed from cobblestone-like
area formation assays [34, 35] and is similar to a system recently
shown to be useful to assess HSCs' clonogenic ability in stromal

©AlphaMed Press 2014

cocultures at a clonal level [36]. Test cells were sorted onto irra-
diated (50 Gy) C3H10T1/2 stromal cell layers pre-established in
six-well plates containing Minimum Essential Medium Eagle
Alpha in the presence of mouse stem cell factor (mSCF), mouse
Thrombopoietin (mTPO), human Erythropoietin (hEPO), and
mouse Interleukin-3 (mlL-3). Formed cobblestone-like areas
were counted as described (Supporting Information).

HSPC Homing Assay

EGFP™ cultured HSPCs (test cells) were cotransplanted into irra-
diated recipients with either fresh KSL or total BM cells from
KuO-Tg mice (reference cells) numbered as shown. To desensi-
tize HSPCs to SDF-1, fresh KuO-expressing (KuO™) KSL cells pre-
incubated with AMD3100 [37-39] (test cells) were
cotransplanted into irradiated recipients with total BM cells
from EGFP-Tg mice (reference cells). At the times indicated,
both EGFP™ and KuO™ cells were counted in the same BM sam-
ples using flow cytometry analysis. Homing events were repre-
sented by the ratio of test cells to reference cells (schematic
representation, see Supporting Information Figs. S1B, S2A, S3).

Early HSPC Repopulation Kinetics in Recipient BM

We estimated homing (16 and 24 hours) and subsequent repo-
pulation (days 2-6) by infused test cells by counting colony-
forming cells (CFCs) in recipient BM. Test cells were trans-
planted alone into lethally irradiated mice. Cells obtained at
indicated times from recipient bones were subjected to colony-
forming assays and scored [33] (Supporting Information).

Competitive Repopulation Assays

To assess both short-term (2-3 weeks) and long-term (>16
weeks) reconstitution ability in test cells, a competitive repo-
pulation assay was used [26]. The detailed protocol is
described in Supporting Information.

Flow Cytometry Analyses

To assess intracellular phosphorylation kinetics of signaling mole-
cules, cultured EGFP* HS(P)Cs were cytokine-starved and restimu-
lated with SDF-1/CXCL12. Cells were stained with anti-phospho-
extracellular signal-regulated kinases 1/2 (Erk1/2), anti-phospho-
Akt, or isotype-control rabbit mAbs (Cell Signaling Technology,
Beverly, MA, http://www.cellsignal.com), followed by Alexa Fluor
647-anti-rabbit IgG (Invitrogen, Carlsbad, CA, http://www.invitro-
gen.com). Details are shown in Supporting Information together
with other flow cytometry analyses.

Statistical Analysis

All data are expressed as means * SD. Comparisons between two
groups were subjected to Student’s unpaired t test using Prism 4
software (GraphPad La Jolla, CA, http://www.graphpad.com), and
comparisons of more than two groups were performed by Dun-
nett’s multiple comparison (vs. control) unless otherwise anno-
tated. p for trend was tested using polynomial contrast in general
linear models. A level of p < .05 was considered significant.

Stepwise Gain-of-Function Effects of Exogenous Cxcr4
on Transduced HS(P)Cs, with Greater Response for the
AC-Type Receptor

We constructed a system for gain-of-function studies as
detailed in Supporting Information. With this system, we
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Figure 1. Rationale for gain-of-function experiments to assess role of C-X-C chemokine receptor type 4 (Cxcrd) signaling in murine
hematopoietic stem/progenitor cells (HSPCs). {A): Assessment of cell surface Cxcrd expression in HS(P)Cs after 1 week of cultivation fol-
lowing transduction and enhanced green fluorescent protein positive (EGFP™) cell sorting. Cxcré4 intensity (blue histograms) represents
endogenous Cxcr4 expression by untransduced celis (Untransduced) and Mock-transduced cells {Mock), or the sum of both endogenous
and exogenous Cxcrd expression by transduced cells (WT, AC). MFI values are shown. Red histogram: isotype control. (B): Receptor
internalization. Cultured and sorted HS(P)Cs were left unstimulated or were stimulated with SDF-1 (500 ng/ml) for 30 minutes, after
which surface expression of Cxcr4 was compared by flow cytometry. Gray/Black: Unstimulated; Red: Stimulated with SDF-1. Estimated
MFI values are shown in the corresponding colors. Percent reduction of Cxcr4 expression was calculated as described (Materials and
Methods section). Shown are representative data from three independent experiments. Mean values are indicated as bars {(n=3, *,
p <.05; **, p<.01). (C): Transwell migration assay. Test HS(P)Cs (3 X 10 cells) were added to individual upper chambers of transwell
plates in which lower chambers contained SDF-1 (50 ng/ml) as an attractant. After incubation for 90 minutes at 37°C, migrated cells
were counted. Shown are representative data from two independent experiments with five replicates per group. ***, p < .001. The dif-
ferences between groups were tested by Tukey-Kramer multiple comparison. Abbreviations: AC, C-terminal deletion; MFI, mean fluores-
cence intensity; SDF-1, stromal cell-derived factor 1; WT, wild type.

demonstrated overexpression of Cxcrd receptors, either in S4A, $4B) and in the murine hematopoietic cell line 32D {Sup-
wild-type configuration or in their C-terminus truncated form, porting Information Fig. S4C). Defective internalization of AC-
in transduced HS(P)Cs (Fig. 1A; Supporting Information Fig. Cxcrd in response to SDF-1/CXCL12, a feature predictable
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Figure 2. Augmentation of C-X-C chemokine receptor type 4 (Cxcr4) signaling in hematopoietic stem/progenitor cells (HS(P)Cs) corre-
lates with enhanced proliferative responses in the presence of SDF-1 in high concentrations and of feeder cell layers. {A): Single-cell cul-
tures in the presence of SCF, TPO, IL-3, and EPO as baseline cocktail. Cultures were maintained either with no other additives (no SDF-
1) or added exogenous SDF-1 at the indicated concentrations (SDF-1 50 or 500 ng/ml). Shown are colony numbers (numbers of positive
wells in a 96-well plate) and the colony types assessed on day 11. Cell composition morphologically determined in each colony was rep-
resented by a single or combination of the following letters; m: macrophage, n: neutrophil, E: Erythroblast, M: Megakaryocyte. For
example, “m” means a colony containing only macrophages, whereas “nm” and “nmM” represent colonies composed of a mixture of
corresponding cell lineages. “nmEM” represents colonies derived from “uncommitted”single cells with high potential for multilineage dif-
ferentiation within a myeloid compartment. (B): Proliferation ability of Cxcr4-modified cells in response to SDF-1. Test HS(P)Cs were
sorted at 50 cells per well into 96-well plates and were counted 7 days after cultivation in serum-free basal medium (containing SCF
and TPO) alone or in the presence of SDF-1. Data shown represent three independent experiments (n = 10). Mean values are indicated
as bars. *, p<.05; **, p <.01; *** p <.001. Untransduced: Untransduced control. {C): Ability of Cxcr4-modified HS{P)Cs to form Cbl-As
in the presence of feeder cells. Test cells were directly sorted onto a feeder layer of C3HT101/2 cells at 50 cells per well. Numbers of
areas per well evaluated on day 10 are shown as mean values = SD {n =4, representative of three independent experiments). **,
p < .01. Abbreviations: Cbl-As, cobblestone-like areas; GFP, green fluorescent protein; SDF-1, stromal cell-derived factor 1; WT, wild type.

from previous observations [14, 16-18, 39, 40], was clearly of SDF-1, however, as the degree of receptor internalization in
observed in transduced 32D cells with 100 ng/ml of SDF-1 both Mock- and WT-Cxcra-transduced cells was far less in
(Supporting Information Fig. S5A). With this low concentration HS{P)Cs than that observed in other cells, including the
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human T cell line CEM (Supporting Information Fig. S5C),
blunting of the response of AC-Cxcr4 was therefore not evi-
dent (Supporting Information Fig. S5B). Nevertheless, HS(P)Cs
overexpressing AC-Cxcr4 showed a blurred response in recep-
tor internalization with a higher concentration of SDF-1 (500
ng/ml, Fig. 1B). Gain-of-function effects were confirmed in
WT- and AC-Cxcr4-transduced cells in comparison with Mock-
cells; a stepwise enhancement in transwell migration to SDF-
1/CXCL12 was evident with greater response for AC-Cxcrd-
cells (Fig. 1C; Supporting Information Fig. S6), consistent with
an enhanced chemotactic response in human cells expressing
WHIM-type CXCR4 [17, 18, 30, 41-43]. The stepwise nature of
gain-of-function for WT- and AC-Cxcr4 was further confirmed
with a Ca?* influx assay using 32D cells (Supporting Informa-
tion Fig. S7).

Enhanced In Vitro Proliferative Response of HS(P)Cs
Under Particular Circumstances by Gain-of-Function
Modification in Cxcrd Signaling

We next examined the characteristics of these cultured
HS(P)Cs using a series of in vitro assays. At first, clonogenic
ability and differentiation characteristics were compared in in
vitro single-cell liquid culture. As shown in Figure 2A, modifi-
cation of Cxcrd did not alter frequencies of HS(P)Cs capable
of colony formation, with colony types also unaffected (no
SDF-1). Addition of SDF-1 produced no remarkable influence
on these cultures {SDF-1 50 and 500 ng/ml). These results
suggest minimal influences of Cxcrd receptor modification on
HS(P)Cs’ clonogenic ability in stroma-free liquid culture and
on their differentiation properties. We next tested prolifera-
tive characteristics of bulk populations in liquid culture. As
described (Supporting Information), our basal culture system
is distinct from others in allowing self-renewal of murine HSCs
both at a single cell level [24, 44] and at a population level
[45] with the minimum cytokines (SCF and TPO) needed in a
serum-free setting. In this so-called “HSC-self-renewal
compatible” culture, we found fresh HSCs highly resistant to

desensitization to Sdf-1 (Supporting Information Fig. S8). -

When cultured HS(P)Cs were tested in this system (input
cells = 50 cells per well), massive expansion was observed for
all cell types in the absence of SDF-1/CXCL12 (Fig. 2B, SDF-1:
0 ng/ml). Cell proliferation was unexpectedly enhanced in the
presence of SDF-1/CXCL12 especially at the highest concentra-
tion (500 ng/ml), which was considered “desensitizing” for
most cell types [16, 46, 47]. Interestingly, the additive effects
of exogenous Cxcr4 receptors on HS(P)C proliferation became
evident only in the presence of 500 ng/ml SDF-1; as shown in
Supporting Information Figure S9, stepwise (i.e., WT < AC-
Cxcr4) enhancement in response was observed in comparison
with control samples (Untransduced and Mock).

We then tested whether overexpression of exogenous
Cxcrd affected HSPCs’ ability to colonize and to repopulate
C3H10T1/2 feeder cell layers in an in vitro coculture assay
[33]. In this assay, test cells can be scored for in vitro clono-
genic ability in the presence of stromal cells by counting char-
acteristic cobblestone-like areas that form underneath the
feeder layers. We first confirmed both the presence of Sdf-1
in this culture supernatant and the significance of the Sdf-1/
Cxcrd axis for cobblestone-like area formation using the
CXCR4 antagonist AMD3100 (Supporting Information Fig. S10).
When Cxcr4-modified HS(P)Cs were subjected to this assay,

www.StemCells.com

the ability to form cobblestone-like areas proved remarkably
enhanced in comparison with that in Mock control cells;
enhancement occurred in a stepwise manner, with the great-
est response in AC-Cxcrd-overexpressing cells (Fig. 2C). Collec-
tively, these findings demonstrated that augmented Cxcrd
signaling alters cellular responses to favor HSPC survival/prolif-
eration, especially in the presence of high concentrations of
Sdf-1 and/or of supporting feeder layers that produce this
ligand.

Augmented Cxcrd Signaling in Murine HS{P)Cs/HSPCs
Does not Enhance BM Homing/Lodging but Improves
Subsequent BM Repopulation

We then examined how augmentation in Cxcr4d signaling
affected the in vivo behavior of transplanted HS(P)Cs at differ-
ent times during BM reconstitution. As the earliest process,
BM homing efficiency was assessed using EGFP™ cultured
HSPC populations (Supporting Information Figs. S1B, S2A). As
shown, we found no enhancement in BM homing of HSPCs at
the indicated times (4-24 hours) by gain-of-function Cxcrd
modification (Fig. 3A; Supporting Information Fig. S2B). This
was also true when we used EGFP™ cultured HS(P)Cs as the
sole transplants and assessed BM homing by counting number
of CFCs recovered from each recipient at 16 and 24 hours
(Fig. 3B). We next examined subsequent BM repopulation
kinetics by extending the times of analysis, similarly as previ-
ously reported [33]: in this setting, CFCs measurable in BM
are supposed to reflect not only homing but also subsequent
cell division shortly after homing. As shown in Figure 3C, aug-
mentation of Cxcrd signaling in HS(P)Cs did not lead to
increased numbers of CFCs in recipient BM at days 2 and 4.
Collectively, these results demonstrate that augmentation in
murine Cxcrd signaling does not affect the earliest events
after HSPC transplantation, including BM homing/lodging by
HSPCs.

We further tracked in vivo BM repopulation by donor
HS(P)Cs beyond the above time points. As recipients of
HS(P)Cs alone barely survived lethal-dose irradiation beyond
day 7, test HS(P)Cs were transplanted with competitor cells,
with their relative contributions to BM repopulation deter-
mined at days 14 and 21 (Fig. 3D). Of note is that stepwise
increases in donor chimerism were visible in BM at these
time points {(p for trend = .038) with AC-Cxcrd-cells showing
the highest donor cell contribution (vs. Mock, p = 0.035).

The advantage in BM repopulation for Cxcrd-augmented
HS(P)Cs was also noticeable in cohorts of long-term recipients
(Fig. 3E, p for trend = .042), again with AC effects being the
highest (vs. Mock, p=.038). From these observations, we
conclude that the Sdf-1/Cxcr4 axis plays a role in productive
BM repopulation by transplanted HSPCs after the second
phase (weeks 2~3) that follows transplantation.

Continuous Overexpression of Exogenous Cxcrd
Receptors in HS(P)Cs Leads to Poor Peripheral
Reconstitution

The possible correlation between Cxcr4 signal intensity in
HS(P)Cs and their short-term BM reconstitution efficiency
made us wonder how long-term transplantation outcome
would fare in gain-of-function experiments. In competitive
repopulation assays, AC-Cxcr4-transduced HS(P)Cs contributed
poorly to PB chimerism at 4 weeks {(data not shown) and 16

©AlphaMed Press 2014

— 136 —



1934 Role for Cxcrd in Transplanted Murine HSC/HSPCs

weeks (Fig. 4A), consistent with the major features of WHIM a causal role in poor PB reconstitution in these mice (Fig. 4B;
syndrome, lymphocytopenia and neutropenia [15, 16, 19, 41, Supporting Information Fig. S11).

48]. That overexpression of WT-Cxcr4 in HS(P)Cs also did not

improve PB reconstitution (Fig. 4A, WT) was unexpected, as  Enhanced Donor Cell Chimerism Occurs in BM Cells
beneficial effects of similar treatment are reported for human  Throughout Developmental Stages of HS(P)Cs

CD34™ cells [13, 14]. Systemic injection of the Cxcr4 antago-  EXpressing Gain-of-Function Cxcr4 Receptors

nist AMD3100 into long-term recipients increased PB donor  Of note is that the recipients of AC-Cxcr4-transduced HS(P)Cs
chimerism significantly in WT- and AC-Cxcr4 groups, suggest- showed obvious long-term donor cell chimerism in BM (Fig.
ing that blunted peripheral mobilization of donor cells played 3E); this may accompany favorable in vivo expansion of
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transplanted HSCs or may simply indicate accumulation of cer-
tain cell types at a particular differentiation stage, thus
reflecting conditions that in some respect are abnormal. To
distinguish these possibilities, we scrutinized recipient BM for
donor cell chimerism in multiple cell compartments, including
the long-term HSC fraction (LT-HSC; Supporting Information
Fig. S12). As shown in Figure 4C, individual recipients of
Mock-treated HS(P)Cs did not display significant alterations in
donor cell chimerism among these populations, suggesting lit-
tle influence on hematopoiesis by Mock transduction of
HS(P)Cs. In contrast, donor cell chimerism differed clearly
between PB leukocytes (open histograms) and BM compart-
ments (colored histograms) in each recipient that received
Cxcrd signal-enhanced HS(P)Cs (Fig. 4C, WT and AC). General
enhancement of chimerism in the BM compartments, includ-
ing LT-HSC, was striking, with no difference between fractions,
which suggested that Cxcr4 signal-dependent donor cell
expansion might occur even at a stem cell level. When donor
cell chimerism was similarly assessed along two major paths
of lineage development, that is, B cells and neutrophils,
results were consistent with the idea that Cxcr4 signal aug-
mentation induced no gross alterations, such as maturation
arrest, in hematopoietic development, but likely caused exag-
gerated BM retention of donor cells (Fig. 4C). The increase of
“phenotypically-defined” LT-HSCs might not necessarily imply,
however, that functional HSC numbers were amplified. We
could demonstrate persistence within primary recipient BM of
reconstituting cells that were capable of establishing donor
chimerism upon serial transplantation (Supporting Information
Fig. S13, PB). No advantage over Mock-treated cells, however,
was observed for WT- and AC-Cxcrd-expressing cells in repo-
pulation of secondary recipient BM (Supporting Information
Fig. S13, BM), unlike the case with primary recipients (Fig. 3E)
{see Discussion section).

Loss-of-Function Studies Support the Proposed Roles
of Cxcrd in Murine HSPCs in Transplantation

To understand Cxcrd’s roles in murine HSPCs better in trans-
plantation, we conducted loss-of-function analyses in experi-
mental settings like those used for the gain-of-function
studies. To this end, we mostly used purified HSCs obtained
from Cxcr4 conditional KO mice [49] and littermate (LM) con-
trol mice after induction (Supporting Information). First, the

absence of Cxcrd receptors did not affect HSCs’ colony-
forming ability in liquid medium or their multilineage poten-
tials (Fig. 5A). When cell proliferation was tested in liquid
culture, we found loss of SDF-1-responsiveness in KO-HSCs
(Fig. 5B, KO) whereas control LM-HSCs showed a response
similar to that observed in both fresh B6 HSCs (Supporting
Information Figs. $8, S15A) and cultured HS(P)Cs (Fig. 2B).
Consistent with the loss of SDF-1-response phenotypes, the
ability of Cxcrd-deficient HSCs to form cobblestone-like
areas was shown to be severely impaired (Fig. 5C). The
defect in Cxcrd-KO-HSCs found in this assay may be
regarded as a mirror image of the results in gain-of-function
experiments (Fig. 2C), thus further supporting the impor-
tance of Cxcrd receptors in HSC/HSPC colonization and pro-
liferation in the presence of feeder cell environments that
produce Sdf-1/Cxcl12.

We then examined how the absence of Cxcr4 signaling in
HSCs affected in vivo kinetics of donor cell repopulation. Early
BM homing was assessed using fresh HSPCs with or without
receptor desensitization using the Cxcr4 antagonist AMD3100
following established preincubation methods [37-39]. As
assessed at 15 hours, we did not detect a decrease in BM
homing of HSPCs that had been rendered unresponsive to
Sdf-1/Cxcl12, even with additional systemic administration of
AMD3100 (Fig. 5D; Supporting information Fig. S3). Support-
ing this observation, assessment of subsequent repopulation
in BM on days 4 and 6 demonstrated that in the absence of
Cxcr4 expression (KO), transplanted HSCs yielded numbers of
CFCs comparable with those observed for wild type HSCs
(LM; Fig. S5E). Genotyping polymerase chain reaction demon-
strated that most randomly picked-up CFCs had the Cxcrd
locus completely knocked out (31 in 33, 93.9%), thus indicat-
ing that the “highly purified HSCs” that we injected alone into
lethally irradiated recipients were capable of BM homing in
vivo and colony formation ex vivo in the absence of func-
tional Cxcrd expression. KO-HSCs, contrary to these findings,
clearly showed significant impairment in capability of BM
repopulation at 2 and 3 weeks after transplantation (Fig. 5F).
As expected, KO-HSCs contributed to PB long-term less than
did LM control HSCs (Fig. 5G), consistent with previous obser-
vations [7, 8, 12].

Our comprehensive approach has pointed out the impor-
tance of the Sdf-1/Cxcr4 axis in HSC/HSPCs for productive

Figure 3. Augmentation of C-X-C chemokine receptor type 4 (Cxcrd) signaling does not affect early homing/lodging processes but likely
enhances subsequent BM repopulation by murine hematopoietic stem/progenitor cells (HS(P)Cs). Tracking in vivo fates within recipient
BM of reconstituting HS(P)Cs with or without overexpression of gain-of-function Cxcr4 receptors. (A): Homing assay using cultured
HSPCs, either Mock-virus-treated (Mock) or expressing either WT or C-terminal truncated-type (AC) exogenous Cxcrd receptors. These
test cells (50,000 cells, EGFP™) and fresh c-Kit"Sca-17 Lineage marker-negative cells expressing KuO protein (17,000 cells) were intrave-
nously infused into lethally irradiated recipient mice. Twenty-four hours later, homing events were quantified in recipient BM as KuO™
and EGFP™ cells (red and green gates, respectively). Representative flow cytometry analysis is shown at left. Shown are the event ratios
of EGFP™ (test cells) to KuO™ {reference cells) expressed as means = SD (n =5 for each group). (B, C): Assessment of BM homing/early
repopulation processes. Shown are numbers of colony-forming cells detected in BM of each mouse that received either fresh unmodi-
fied HSCs or HS(P)Cs (200 cells per mouse) alone after lethal-dose irradiation. Shown are the results obtained at 16 hours {(open histo-
grams) and 24 hours (closed histograms) after transplantation (B), or at 2 days {open histograms) and 4 days {closed histograms) after
transplantation (C). Data are expressed as means = SD (n = 4, representative of three independent experiments). (D): Donor cell chimer-
ism assessment in competitive repopulation assays. Shown are donor cell chimerism values in recipient BM at week 2 {(open histograms)
and week 3 (closed histograms). Mean values = SD are shown (n = 4, representative of four independent experiments). *, p <.05 (AC
vs. Mock). Values of p for trend are shown. (E): Donor cell chimerism in long-term recipient BM at week 36. Shown is representative
flow cytometry analysis of donor cell chimerism in mice transplanted with treated HS(P)Cs in a competitive repopulation assay. Graphic
representation of chimerism analysis is also shown as mean values = SD (n =5, representative of three independent experiments). *,
p<.05 (AC vs. Mock). Values of p for trend are shown. Abbreviations: BM, bone marrow; AC, C-terminal deletion; EGFP, enhanced
green fluorescent protein; KuO, Kusabira Orange; WT, wild type.
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engraftment and repopulation in recipient BM, especially for  Alteration in Phosphorylation Kinetics of Erk in
a particular phase after transplantation, that is, the early/ Response to SDF-1 in HS(P)Cs Expressing AC-Cxcr4
sub-early repopulation phase (~2-3 weeks), which follows the

> To obtain mechanistic insights, we examined how overexpres-
initial engraftment process (<1 week).

sion of exogenous Cxcrd receptors altered downstream
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signaling events in HS(P)Cs. Phosphorylation kinetics in Erk1/2
and Akt were tested in EGFP™ cultured HS(P)Cs by flow
cytometry analysis. While phosphorylated Akt intensity was
unaltered before and after stimulation (Supporting Informa-
tion Fig. S15), clear alterations in phosphorylated Erk1/2
(pErk) signals confirmed that the HS{P)Cs used the MAPK/Erk
signaling pathway in response to SDF-1/CXCL12 (Fig. 6). The
peak response was seen 3 minutes after stimulation, with the
greatest response in AC-Cxcr4-expressing cells. Response ter-
mination was delayed in AC-Cxcr4-expressing cells, with resid-
ual pErk-signals still detectable at 15-30 minutes, whereas
cells in the other two samples {Mock and WT) quickly
returned to baseline status by 15 minutes. Of note is that
with even a “desensitizing-high” concentration of SDF-1 (500
ng/ml), AC-expressing cells still showed visibly enhanced
phosphorylation at peak and delay in its termination. Similar
behavior was confirmed using the 32D murine hematopoietic
cell line (Supporting Information Fig. S4D).

Our goal is to use experimental findings to benefit patients
undergoing transplantation. To this end, we sought to clarify
the stage-specific role of Cxcr4 signaling in transplanted cells
during hematopoietic reconstitution. With gain-of-function
experiments, augmentation of Cxcrd signaling appeared rela-
tively unimportant in accelerating the homing/lodging of
murine HSC/HSPCs but efficient in enhancing their subse-
quent repopulation of BM. This pattern of stage-specificity in
Cxcrd’s role was also demonstrated in a series of loss-of-
function experiments. Our results strengthen the generally
held idea that CXCR4 signal modification can benefit trans-
plantation outcomes [13, 14], by demonstrating enhance-
ment in donor cell expansion, possibly even at a stem cell
level. Also to note, however, is that sustainment of aug-
mented signal led to detrimental effects on transplantation
outcomes in this study, even with overexpression of a non-
mutant Cxcrd receptor.

That the SDF-1/CXCR4 axis plays an indispensable role in
BM homing by adult HSCs seems widely accepted {50, 51];
this may contrast with our findings. This view, however, rests
on pioneering studies that used human HSPCs, mostly in loss-

of-function settings [12, 52]. These were followed by gain-of-
function studies that demonstrated improved human HSPC
engraftment in immunodeficient mice with overexpression of
wild-type CXCR4 [13, 14, 19]. KO mouse studies have clearly
demonstrated the importance of Cxcr4 for robust hematopoi-
etic reconstitution in transplantation but have not specifically
addressed BM homing by purified HSCs [7, 8]. Our study of
the role of Cxcrd is, so far as we know, the first gain-of-
function approach to use murine HSC/HSPCs. Using cultured
HSPCs derived from KSL cells, we demonstrated that overex-
pression of exogenous Cxcrd receptors did not lead to
enhanced BM homing (Fig. 3A; Supporting Information Fig.
S2). Short-term homing (16-24 hours) and subsequent repo-
pulation kinetics (days 2—4) in BM, assessed by using cultured
HS(P)Cs, also did not alter with Cxcr4 overexpression (Fig. 3B,
3C). These results indicate that augmentation of Cxcr4 signal-
ing does not benefit transplanted murine HSC/HSPCs in these
early processes.

In loss-of-function experiments, we used purified HSCs
freshly isolated from Cxcr4-deficient mice for the assessment
of early BM repopulation capability (days 4 and 6; Fig. 5E).
The results supported the idea that the Sdf-1/Cxcr4 axis may
be of little importance in this phase of BM repopulation. The
impact of Cxcrd signaling on early BM homing was assessed
using fresh, uncultured HSPCs following established desensitiz-
ing methods using the Cxcr4 antagonist AMD3100 [37-39].
Our results demonstrated that BM homing (15 hours) of puri-
fied HSPCs did not much depend on the Sdf-1/Cxcr4 axis, con-
sistent with previous observations [37]. There may be
controversy, however, on this issue, because other workers
observed impaired BM homing by HSPCs after AMD3100
treatment [38, 39]. This can probably be attributed to differ-
ences in study design, with the most significant one being
that we used HSPCs alone as the sole transplant/analyte
whereas others assessed homing of HSPCs by injecting donor
cells preincubated with AMD3100 as either low-density BM
cells [38] or lineage-negative BM cells [39]. We emphasize the
importance of these observations, as in clinical settings
unpurified hematopoietic cells are most often used in trans-
plantation. Nevertheless, we believe that our findings also are
of importance, because clinical gene therapy trials currently in
progress use purified CD34™ HSPCs [53], thus resembling our
experimental settings.

Figure 4. Continuous expression of gain-of-function receptors in HS(P)Cs leads to impaired peripheral reconstitution, but enhanced
bone marrow (BM) repopulation, by donor cells throughout developmental stages. (A): Percent PB chimerism of donor cells on competi-
tive repopulation assay 16 weeks after transplantation. Donor cell chimerism was separately determined for each lineage (T cells, B cells,
and myeloid cells). Shown are data represented as mean values = SD obtained from mice each of which received 700 enhanced green
fluorescent protein positive cells along with 2 X 10° competitor cells (n =5, representative of three independent experiments). **,
p < .01. (B): Assessment of AMD3100-induced mobilization effect on donor chimerism in long-term recipients. One week after the analy-
sis of baseline donor cell chimerism, each mouse received intraperitoneal systemic injection of AMD3100 (10 mg/kg). One hour after
AMD3100 injection, PB chimerism was analyzed and the fold increase of donor chimerism was calculated for each donor. Shown are
data represented as mean values = SD obtained from groups of recipient mice (n = 10, representative of two independent experiments).
* p<.05; *** p<.001. individual data are shown in Supporting Information Fig. S11. (C): Donor cell chimerism assessed 36 weeks
after transplantation in long-term recipient BM (colored histograms) and PB (white histograms) for multiple hematopoietic subfractions.
Top: Stem cells, progenitor cells, and PB leucocytes (HSC/HSPC). Middle: Differentiation path along B cell development (B lineage differ-
entiation). Bottom: Differentiation path along myeloid development (myeloid differentiation). Detailed marker combinations used to
define each population are listed (Supporting Information Materials). Data analyzed by Dunnett’s multiple comparison test with periph-
eral chimerism as control. *, p <.05; ** p<.01. Abbreviations: B, B cells in PB; AC, C-terminal deletion; CLP, common lymphoid pro-
genitors; CMP, common myeloid progenitors, all in BM; GMP, granulocyte/macrophage progenitors; HSPC, hematopoietic stem/
progenitor cell; Leuk: leukocytes in PB; LT-HSC, long-term hematopoietic stem cells; maB, mature B cells; maNeu, mature neutrophils, all
in BM; Mye, myeloid cells in PB; PB, peripheral blood; proB, pro-B cells; preB, pre-B cells; all in BM; priNeu: primitive neutrophils; ST-
HSC, short-term hematopoietic stem cells; WT, wild type.

www.StemCells.com ©AlphaMed Press 2014

— 140 —



1938

Role for Cxcr4 in Transplanted Murine HSC/HSPCs

In contrast to the above findings, studies of donor
cell reconstitution within BM at weeks 2 and 3 clearly
accorded a role to Cxcr4 signaling (Figs. 3D, 5F).
Although the frequency of donor HSCs in BM could not
be determined by immunophenotyping at these early
time points, the results obtained by - cobblestone-like

area formation experiments (Fig. 2C) mirrored in vivo
donor chimerism at 2-3 weeks (Fig. 3D). This in turn
supports the idea that augmentation of Cxcr4 signaling
leads to expansion (colonization, proliferation) of HSPCs
in vivo, where the presence of stromal cells is expected
to promote this event.
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Cxcrd-mediated effects on in vivo HSC/HSPC expansion
may arise from improved survival/proliferation and/or
enhanced retention of HSPCs within BM. Consistent with this
idea, studies suggested that CXCR4 relays a survival-promoting
signal within HSPCs [51, 54]. Of note is that Cxcr4 signal-
mediated enhancement in proliferation was more evident
when HSPCs either were in contact with feeder cells (Fig. 2C)
or were stimulated with SDF-1 in high concentrations (500
ng/ml, Fig. 2B; Supporting Information Fig. §9). Promotion of
cell cycling in HSPCs by SDF-1/CXCL12 may conflict with
recent descriptions of a role for Cxcr4 in maintenance of HSC
quiescence [7, 8, 11]. We, however, think it possible to explain
this discrepancy by the difference in culture systems. In fact,
in our defined culture system HSCs, either fresh or after stim-
ulation, resisted desensitization to high concentrations of SDF-
1 (Figs. 2B, 5B; Supporting Information Fig. S8) [44, 45]. As
we could readily detect measurable levels of Sdf-1 in murine
BM cavities irrespective of irradiation conditioning (Supporting
Information Fig. S10B), one can expect local levels of Sdf-1 to
be very high in vivo, especially in the functional niche envi-
ronment. We therefore speculate that in our scenario, high
concentrations of Sdf-1 may favor proliferative response in
murine HSC/HSPCs when they exist in “self-renewal-
compatible” conditions. Altered Erk activation kinetics may be
responsible for the observed enhancement of repopulation
capability in HSC/HSPCs equipped with gain-of-function Cxcr4,
but further investigation is needed for more mechanistic
insights.

When considering implications of our study for clinical
transplantation, poor PB contribution by HS(P)Cs overexpress-
ing WT-Cxcrd is significant; this may contrast with the favor-
able effects of CXCR4 overexpression on the engraftment/
repopulation of human HSPCs [13, 14]. Species differences
may account for this discrepancy. Differences in study design,
however, may contribute more importantly. We transplanted
only cells expressing EGFP at high levels (thus likely exogenous
Cxcrd receptors as well, see Supporting Information Fig. S4A),

which might have led to unfavorable, extreme gain-of-
function effects on hematopoietic reconstitution. Alternatively,
improved reconstitution reported in the case of CXCR4 over-
expression may be attributable to the coinjection of non-HSC/
HSPCs, so-called “facilitating cells” [50], mostly missing in our
study.

We must note that as our work required the cultivation
of HSCs in gain-of-function settings, thus our findings may be
applicable to cycling HSC/HPSCs (likely present in the setting
of gene therapy) but not to their fresh counterparts. Our cul-
ture system, however, is capable of maintenance of progeni-
tor phenotypes in most cells after 7 days (Supporting
Information Fig. S14B, S14C) and actually is “self-renewal
compatible” [44, 45]. We therefore believe that this study
complements general knowledge concerning the role of
CXCR4 in HSPC transplantation [51, 55, 56].

Kawai et al. [19] demonstrated that transplantation of
human HSPCs overexpressing WHIM-mutant receptor resulted
in the WHIM phenotype in the mouse environment. More
recently, generation of WHIM-type mice was reported with
many interesting findings [16]. Ours is the first study of the
WHIM-type receptor in the murine system in the context of
HSPC transplantation. Most notable is that enhanced BM
repopulation was observed in the LT-HSC population, at least
as defined by immunophenotyping, upon signal augmentation
(Fig. 4C). Secondary transplantation, however, did not confirm
stem cell expansion in primary BM by definition (Supporting
Information Fig. S13, PB); this was partly explained by the
properties of “defects in PB release,” which should inhere in
phenotypically defined HSCs still expressing exogenous Cxcr4.
Furthermore, the highest donor chimerism by AC-Cxcr4-
expressing cells in BM (Fig. 3E) was not phenocopied to the
BM of secondary recipients (Supporting Information Fig. S13,
BM), probably suggesting impaired repopulating ability in
each donor LT-HSC due to long-term nonphysiological Cxcr4
signaling events. Further investigation is necessary for formal
demonstration of whether enhanced HSC self-renewal is

Figure 5.

Loss-of-function studies support the importance of the Sdf-1/Cxcr4 axis in HSC/hematopoietic stem/precursor cell (HSPCs) for

BM repopulation in the early/sub-early phase after transplantation. All loss-of-function studies {except those illustrated in (D)) used as
starting materials purified HSCs harvested from either Cxcr4 conditional KO mice or their LM control mice similarly treated with pipC.
(A): Single-cell cultures in the presence of SCF, TPO, IL-3, and EPO. Shown are colony numbers and the colony types assessed on day
14. m: macrophage, n: neutrophil, E: Erythroblast, M: Megakaryocyte (classifications, m, nm, nmM, and nmEM). (B): Proliferation ability
of either LM HSCs or Cxcr4-KO HSCs in response to SDF-1 (starting from 50 cells per well). Data shown represent three independent
experiments (n = 5). Mean values are indicated as bars. *, p <.05. (C): Ability of either LM HSCs or Cxcr4-KO HSCs to form Cbl-As in a
feeder layer of C3H10T1/2 cells (50 input cells per well). Shown are numbers of areas per well evaluated on day 10 as mean val-
ues + SD (n = 4, representative of three independent experiments). **, p <.01. (D-F): Tracking in vivo fates of reconstituting HSC/HSPCs
in the initial (D, < 24 hours) and early/sub-early (E, days 4-6; F, weeks 2—3) phases within BM. (D): BM homing assay using fresh HSPCs.
Test cells were from Kusabira Orange transgenic (KuO-Tg) mice (10,000 KuO™ c-Kit"Sca-1%Lineage marker-negative (KSL) cells). Fresh
BM cells from EGFP-Tg mice were used as reference cells (10° cells). Test cells either were left untreated or were incubated with
AMD3100 for 30 minutes at 37°C at the indicated concentration before transplantation. Lethally irradiated recipients received a mixture
of test and reference cells. Fifteen hours later, homing events were quantified in recipient BM as KuO™ and EGFP* cells. One group of
mice received PBS intraperitoneally [AMD injection (—)], whereas another received AMD3100 [AMD injection (+)]. Shown are the event
ratios of test cells (KuO™) to reference cells {(enhanced green fluorescent protein positive) as means = SD (n =4 for each group). (E):
Shown are numbers of colony forming cells detected in BM of each mouse that received either LM HSCs or KO HSCs (100 cells per
mouse) at day 4 (open histograms) and day 6 (closed histograms). Data are expressed as means = SD (n = 5, representative of two inde-
pendent experiments). (F): Donor cell chimerism in recipient BM at week 2 (open histograms) and week 3 (closed histograms) is shown
as mean values = SD {n =5, representative of three independent experiments). **, p <.01. (G): Percent PB chimerism of donor cells on
competitive repopulation assay 16 weeks after transplantation. Donor cell chimerism was separately determined for each lineage (T
cells, B cells, and myeloid cells). Shown are data represented as mean values + SD obtained from mice each of which received 100
CD34 KSL cells along with 2 X 10° competitor cells. Abbreviations: BM, bone marrow; Cbl-As, cobblestone-like areas; HSC, hematopoi-
etic stem cell; KO, knock out; m, colony containing only macrophages; nm and nmM, colonies composed of a mixture of corresponding
cell lineages; nmEM, colonies derived from “uncommitted”single cells with high potential for multilineage differentiation within a mye-
loid compartment; LM, litter mate; PB, peripheral blood; SDF-1, stromal cell-derived factor 1.
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Figure 6. Augmentation of C-X-C chemokine receptor type 4 signaling leads to enhanced and prolonged phosphorylation of Erk in
hematopoietic stem/progenitor cells upon SDF-1 stimulation. Altered Erk activation kinetics. Test cells were cytokine-starved and stimu-
lated with 100 or 500 ng/ml SDF-1 for the indicated times. The amount of phosphorylated Erk was determined by flow cytometry analy-
sis. Top, each colored histogram represents pErk intensity at different time points upon stimulation with 100 ng/ml SDF-1. Bottom,
same as top panel except for SDF-1 concentration (500 ng/ml). Gray histogram in each represents isotype-control. Overlay histogram fig-
ures are shown on the right for comparison between groups. Abbreviations: pErk, phospho extracellular signal-regulated kinase; SDF-1,

stromal cell-derived factor 1; WT, wild type.

feasible, using an experimental system that allows in vivo
inducible expression of exogenous Cxcr4 in test cells for a cer-
tain period of time after transplantation. More practically, it
would be intriguing, for clinical application of our findings, to
aim at drug discovery by screening for an efficacious and

©AlphaMed Press 2014

specific small molecule having characteristics of a CXCR4 ago-
nist with limited desensitization. With elucidation of mecha-
nisms underlying CXCR4/Cxcr4  signal-mediated effects,
perhaps combined multiple strategic approaches will eventu-
ally culminate in greater clinical benefits.
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We have addressed stage-specific roles for Cxcrd signaling in
donor cell repopulation in BM for the first time using purified
mouse HSC/HSPCs. With unique combinational approaches
that used both loss-of-function and gain-of-function modifica-
tion of Cxcr4 receptors, we found that Cxcr4 signaling appears

unimportant for the homing/lodging of mouse HSC/HSPCs but

vital for their subsequent repopulation of BM. Cxcr4 signal
enhancement likely favored BM repopulation by donor cells at
a level of primitive cell populations, but was shown to be det-
rimental to PB reconstitution when sustained too long. Conse-
quently, we think it important to investigate further when
and how long signaling via this chemokine receptor is to be
modified in order to favorably enhance HSPC engraftment in

future transplantation medicine.
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Haploinsufficiency of Sf3b1 leads to compromised stem cell
function but not to myelodysplasia

M Matsunawa’®,
H Koseki®, H Nakauchi*’ and S Ogawa'”’

R Yamamoto®®, M Sanada'®, A Sato-Otsubo’, Y Shiozawa’, K Yoshida', M Otsu?, Y Shiraishi®, S Miyano®?, K Isono”,

SF3B1 is a core component of the mRNA splicing machinery and frequently mutated in myeloid neoplasms with myelodysplasia,
particularly in those characterized by the presence of increased ring sideroblasts. Deregulated RNA splicing is implicated in the -
pathogenesis of SF387-mutated neoplasms, but the exact mechanism by which the SF387 mutation is associated with myelodysplasna
and the increased ring sideroblasts formation is still unknown. We investigated the functlonal role of SF3B1 in normal hematopmesns

utll:zmg Sf3b1 heterozygousdeﬁcnent mice. /361717~

mice had a significantly reduced number of hematopoietic stem cells

- (CD34~ cKit* Scal* Lin~ cells or CD34~ KSL cells) compared with Sf3b7"/* mice, but hematopoiesis was grossly normal in Sf3b1+/—

" mice. When transplanted competitively with SBb71/* bone marrow cells, Sf3b

1/~ stem cells showed compromised reconst:tutlon

capaqty in lethally irradiated mice. There was no increase in the number of ring sideroblasts or ev1dence of myeloid dysp!asna in
Sf3b17/~ mice. These data suggest that SF3B1 plays an important role in the ‘regulation of hematopmet:c stem cells, whereas SF3B1
haplomsufﬁcnency ctself is not associated with the ‘myelodysplastic syndrome phenotype wnth ring S|deroblasts '

Leukemla (2014) 28 1844-1 850 doi: 10 1038/leu 2014 73

INTRODUCTION

Frequent pathway mutations involving multiple components of
the RNA splicing machinery are a cardinal feature of myeloid
neoplasms, particularly those showing myeloid dysplasia in
which the m 4;or mutational targets include SF3B1, U2AF1, SRSF2
and ZRSR2.'™* SF3B1 mutations are one of the most common
genetic alterations in myelodysplastic syndromes (MDS) and
have also been reported in 5—15% of chronic lymphocytic
leukemia cases,” and at lower frequenc;es in a variety of solid
cancers such as endometrial cancers,? pancreatxc carcinoma,®
breast cancers’ and uveal melanoma? SF387 mutations are
considered to be one of the founding genetic events in MDS and
define a benign clinical phenotype.”® The frequency of SF3B7
mutations is particularly high among the unique subtypes of
MDS that are characterized by increased ring sideroblasts, such
as refractory anemia with ring sideroblasts (RARS) or refractory
cytopenia with multiple lineage dysplasia with rln% sideroblasts
as well as RARS associated with thrombocytosis™'® in which
mutation frequencies of 66.7 — 79% have been reported. These
genetic findings strongly suggest a close relationship between
SF3B1 mutation and the presence of ring sideroblasts. However,
the molecular mechanism by which SF387 mutation leads to
myelodysplasia and promotes the formation of ring sideroblasts
is unknown.

SF3B1 encodes subunit 1 of the splicing factor 3b complex that
is a core component of U2 small nuclear ribonucleoprotein. The U2
small nuclear ribonucleoprotein complex recognizes the 3’ splice
site at intron-exon junctions in normal pre-mRNA splicing

machinery,”" in which SF3B1 is involved in recognition of the
branchpoint sequence. It has been demonstrated that Sf3b71
knockout mice are embryonic lethal at very early stages, whereas
Sf3b1 heterozygous knockout (Sf3b7%/~) mice exhibit mild skeletal
alterations.'” However, a detailed analysis of the functional role of
Sf3b1 in hematopoiesis in these mice has not been reported.

In this study we investigated the hematological phenotype of
$f3b1+/~ mice to clarify the role of SF387 in hematopoiesis and to
obtain insights into how deregulation of SF3B7 leads to the
development of MDS phenotypes.

MATERIALS AND METHODS

Ethical approval of the study protocol

Animal experiments were undertaken with the approval of the Animal Care
and Use Committee of the Institute of Medical Science, University of Tokyo
(Tokyo, Japan).

Mice

Generation of SMBbI*/~ mice was as previously described.'?
C57BL/6(CD45.1%) mice and C57BL/6 F1-CD45.1%CD45.2% mice were
purchased from Japan SLC (Shizuoka, Japan) and Sankyo-Lab Service
(Tsukuba, Japan), respectively.

Iron staining

Prussian blue stain (Muto Pure Chemicals, Tokyo, japan) and nuclear red
counterstain with nuclear fast red were performed by standard procedures.
Light microscopic images were acquired on an OLYMPUS BX45 microscope
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and an OLYMPUS DP25 camera using DP2-BSW software (version 2.2;
Olympus, Tokyo, Japan).

Colony-forming assays

Bone marrow (BM) cells (2.5 x 10* cells) from Sf361%/~ or S3b1*/* mice
at the age of 8 weeks were seeded into methylcellulose-containing
medium (MethoCult M3234; Stem Cell Technologies, Vancouver, BC,
Canada) supplemented with 10ng/ml murine interleukin-3, 10ng/ml
murine interleukin-6, 20 ng/ml murine thrombopoietin, 50 ng/ml murine
stem cell factor (Wako Pure Chemical, Osaka, Japan) and 3 U/ml human
recombinant erythropoietin (R&D Systems, Minneapolis, MN, USA). The
number of colonies was counted after 14 days of culture.

Flow cytometry

Measurement of hematopoietic stem cells (HSCs) and hematopoietic
progenitor cells was conducted in 8-week-old male mice as previously
described.’® Stained cells were analyzed with FACSAria Il or FACSCanto [t
flow cytometers (BD Bioscience, Franklin Lakes, NJ, USA). Cell sorting was
performed on a MoFlo system (Beckman Coulter, Fullerton, CA, USA).
Data were analyzed by FlowJo software (Tree Star, Ashland, CA, USA).
The antibodies used in this study are listed in the Supplementary
Table 1.

Competitive repopulation assay

Unfractionated pooled BM cells (1 x 10° cells) from 8-week-old 5f3b71%/~
or SBb1H'* mice (CD452%) were transplanted into 8-12-week-old
female CD45.1" recipient mice lethally irradiated at 2 doses of 4.9Gy
together with the same number of BM cells from 8-12-week-old male
CD45.1+/CD45.2 " mice as competitors. Sorted 120 CD34 ~KSL cells as
well as 80 CD150 CD34 ~KSL cells obtained from Sf3b17/~ or §f3b1+/™
mice were transplanted into lethally irradiated recipients together with
competitor whole BM cells (5 x 10° cells). At 40 weeks after transplanta-
tion, BM cells (1 x 10”) were harvested from the recipient mice and
were serially transplanted into second recipients. The chimerism of
donor-derived cells was evaluated by flow cytometry as previously
described.” The antibodies used in this study are listed in the
Supplementary Table 1.

Gene expression analyses

Total RNA was prepared from CD34 ~ KSL cells, pooled from 3 female mice at
the age of 11-13 weeks, using NucleoSpin RNA XS (Macherey-Nagel, Diiren,
Germany). For RNA sequencing analyses, the synthesis and amplification of
complementary DNA was done using a SMARTer Ultra Low RNA kit for
lllumina sequencing (Clontech Laboratories, Mountain View, CA, USA)
according to the manufacturer's protocol. Sequencing libraries were
generated using the NEBNext DNA Library Prep Reagent Set for lllumina
(New England Biolabs, ipswich, MA, USA) and analyzed using lllumina HiSeq
2000 (illumina, San Diego, CA, USA) according to the manufacturer’s
protocol. Data processing was performed as described previously.”'® All
sequence reads were mapped to the mouse transcriptome based on the
UCSC known gene (downloaded in June 2013) using bowtie ver. 0.12.7
(http://bowtie-bio.sourceforge.net/index.shtml),'® and unmapped or poorly
mapped reads were realigned to mouse reference genome (mm10) using
BLAT (http://genome.ucsc.edu/).’”” The expression level of each transcript
was quantified with normalized fragments per kilobase of transcript per
million fragments sequenced'® that were calculated using bedtools
ver. 2.17.0 (https//code.google.com/p/bedtools/)'® with a transcriptome
reference (RefSeq Genes, downloaded in June 2013). Gene set enrichment
analyses (GSEA) were performed with GSEA?® ver, 2.0.13 software from the
Broad Institute (http://www.broad.mit.edu/gsea). For quantitative reverse
transcriptase-PCR, RNA was subjected to reverse transcription using
the ReverTra Ace gPCR RT kit (Toyobo, Osaka, Japan) according to the
manufacturer’s protocol. Quantitative expression levels of mRNA were
measured as described previously.'® Primers used for quantitative reverse
transcriptase-PCR are listed in the Supplementary Table 2.

Statistical analyses

Statistical significance was evaluated by Student’s t-test, and P<0.05 was
considered significant.
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Table 1. Peripheral blood counts of 5367/ and $f3b71+/~ mice at 8
weeks

Parameter Sf3b1 Sf3b1*/~ N P-value
WBC count ( x 104/}1') 1.32+0.56 1.09+0.28 6 0.39
Neutrophil (%) 1367640 15.83+6.28 6 0.57
Lymphocyte (%) 80.58 % 7.14 79081650 6 071
Monocyte (%) 575t 1.54 508+284 6 0.62
Hb level (g/dh 18.231+1.37 17.611+1.00 6 0.39
PLT (x 104/u|) 110.63+22.68 119.301+18.44 6 048

Abbreviations: Hb, hemoglobin; PLT, platelets; WBC, white blood cells. Data
are the meants.d. (n =6).

RESULTS
Hematologic findings are not disturbed in 53617/~ mice

No Sf3b1-null mice were obtained, confirming the previous
observation that $f3b7~/~ mice should be embryonic lethal.
However, Sf3b1%/~ mice were obtained at an expected
frequency compared with Sf3b1+/* littermates and appeared
grossly normal.'> The complete peripheral blood counts in
$f3b1+/~ mice at 8 weeks of age were comparable with those in
Sf3b1+/* littermate mice with normal differential counts of
white blood cells (Table 1). There was no significant change in
the peripheral blood counts between $f3b1"/* and Sf3b1+/~
mice at any time points up to 54 weeks (Supplementary
Figures 1a and b). $f3b7+/~ mice did not show any significant
differences in total BM cellularity or the number of megakar-
yocytes, and their lineage composition was comparable
with that of $f3b1/* mice (Table 2). No splenomegaly
was observed in any mice tested in these experiments, and
spleen weights were also similar to those of $f367*/* mice
(Table 2). No significant morphologic abnormalities were
recognized in peripheral blood and BM cells in May-
Grinwald-Giemsa staining. Taken together, these findings
suggested that steady-state hematopoiesis was maintained
almost normally in $f3b1*/~ mice.

The number of ring sideroblasts is not increased in 5f3b1+/~ mice

To determine whether loss of Sf3b7 alone can lead to increased
production of ring sideroblasts, we examined cytospin BM
specimens by Prussian blue staining for iron. In contrast to the
previous report describing increased formation of ring sideroblasts
in the same Sf3b17/~ strain of mouse,®’ we observed very few
sideroblasts characterized by nuclei encircled by a small number
of iron granules. Specifically, there was no significant difference in
the number of sideroblasts between $f3b7+/~ and Sf3b1+/+
mice at 8 weeks (Figures 1a and b) and also at 54 weeks
(Supplementary Figure 1c¢).

Decreased HSC fraction in Sf361+/~ mice

We evaluated HSCs and progenitor cells by flow cytometric
analyses to further assess the hematopoietic system in the
BM of 8-week-old mice. Interestingly, the frequency and the
absolute number of HSCs, defined as CD34 ™ /low c-Kit™ Sca1™
Lineage™ (CD34~ KSL),*® were significantly decreased in
Sf3b17/~ mice (Figures 2a-c). On the other hand, there were
no significant differences in the number of hematopoietic
progenitor cell fraction (CD34% KSL cells), megakaryocyte-
erythroid progenitors, common myeloid progenitors or
granulocyte-monocyte progenitors between Sf3b6717/F and
Sf3b1+/~ mice (Figures 2a-f). SF3B1 mutations were also
seen in a subset of chronic lymphocytic leukemia cases,
but no obvious changes in the common Ilymphoid
progenitor population in BM were observed (Figures 2g-i).
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Table 2. Bone marrow cell counts and spleen size of 5f3b11/" and 5f3b711/~ mice at 8 weeks
Parameter Sf3b1 /T SBb1 T/~ N P-value
Total nucleated cells ( x 107) 5.04+1.62 6.20 +0.84 6 0.15
Myeloid (%) 65.42 1 4.35 66.67 £4.36 6 0.63
Erythroid (%) 17.08 £ 4.34 12.58 +3.43 6 0.07
Lymphoid (%) 13.58+3.17 18334517 6 0.08
Monocyte (%) 3.92+285 242+1.88 6 0.31
Megakaryocyte (6 x 10* nucleated cells) 7.00+2.00 833+%1.75 6 0.27
Spleen weight (mg) 54.64+9.83 64.64+14.10 6 0.24

Data are the mean £ s.d. {n =6).
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Figure 1. The number of sideroblasts is not increased in Sf361+/~
mice. (a) Representative images of BM cytospin slides from Sf3b7+/~+
and $f3b11/~ mice stained with Prussian Blue iron staining for the
detection of sideroblasts. Sideroblasts were defined as follows: type
, sideroblasts with <5 siderotic granules in the cytoplasm; type II,
sideroblasts with >5 siderotic granules, but not in a perinuclear
distribution; and ring sideroblasts with =5 granules in a perinuclear
position, surrounding the nucleus or encompassing at least
one-third of the nuclear circumference. Original magnification
x 1000. (b) The number of cells with siderotic granules counted
per 1.0 x 10% erythroblasts; n =6 mice per genotype. Data represent
the mean * s.d. NS, not significant.

In addition, splenic B cell populations were not significantly changed
between Sf3b17/* and 5f3b1+/~ mice (Supplementary Figures
2a and b).

Next, we performed in vitro colony-forming cell assays using
whole BM cells. Consistent with the reduction in the HSC
fraction in 5f3b7"/~ mice, the number of hematopoietic colonies
in $f3b7+/~ mice BM cells was significantly lower than that in
$f3b1+/* mice (Figure 3a). No significant differences in the
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distribution of colony size or colony types were observed. These
data also suggested that haploinsufficiency of $f3b7 leads to a
decrease in the number of HSCs/immature progenitor cells,
although there was no significant difference in the numbers of
differentiated or mature blood cells.

Reduced number and impaired function of HSCs in 53617/~
mice

Next, we assessed the reconstitution capacity of total BM cells
from Sf3671/~ mice using competitive repopulation assays. In
these assays, 1.0 x 10° total BM cells from $f3b1 /% or Sf3b71+/~
mice (CD45.17/CD45.2%) were transplanted into lethally
irradiated recipient mice (CD45.17/CD4527) with the same
number of competitor cells from CD45.17/CD45.2% Sf3b1+/+
mice. Then, the chimerism of donor-derived CD45.1~/CD45.2+
cells in the peripheral blood of recipient mice was measured by
flow cytometry up to 40 weeks after transplantation. The
chimerism of S$f3b1+/~-derived CD45.17/CD452" cells in
peripheral blood was significantly lower than that of $f3b7+/*
derived cells (Figure 3b), suggesting the compromised hemato-
poietic repopulation capacity of Sf3b7 7/~ mice. To confirm this
finding further, we performed competitive repopulation assays
using purified HSC fractions (CD34 ~ KSL cells; Figure 3b). Similar to
the result of competitive reconstitution assay using whole BM
cells, the chimerism of donor-derived CD45.2% cells in peripheral
blood was also reduced in the mice transplanted with Sf3b7 7/~
mice-derived HSCs compared with that in mice transplanted with
Sf3b17/* mice-derived HSCs. These observations suggested that
the HSCs from Sf3671%/~ mice had significantly reduced
reconstitution capacity compared with those from Sf3b1 /% mice
(Figure 3b). The lineage contribution of Sf3b71%/~ cells in
peripheral blood was comparable with that of Sf3b7+/* cells
(Figure 3b). These findings were confirmed by competitive
repopulation assays using enriched long-term HSCs (CD150%
CD34~ KSL cells; Figure 3¢).2>2*

Furthermore, we performed serial transplantation experiments
of whole BM and HSCs to assess the long-term reconstitution
capacity of S$f3b71%/~ HSCs more precisely. 53611/~ mice
showed reduced chimerism of donor-derived CD45.2% cells in
the primary transplantations of competitive whole BM and
competitive HSCs, and the reduced chimerism was even more
pronounced after secondary transplantations (Figure 3d). In
summary, HSCs in $f3b1+/~ mice reduce not only their number
but also their competitive repopulation capacity of hematopoiesis.

The effect of 5f3b1 haploinsufficiency on gene expression

To investigate the molecular mechanisms of the impaired function
of HSCs induced by Sf3b1 haploinsufficiency, we conducted gene
expression analyses by RNA sequencing using CD34~ KSL cells
isolated from Sf3b17/~ and Sf3b17’T mice (Supplementary
Table 3). Differentially expressed genes in 5367/~ mice, including
1059 upregulated and 828 downregulated genes, from those of
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