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HL-ischemia—induced tPA™/~ mice treated with vehicle or with the
PAI-1 inhibitor (Figure 2B).

‘We next determined whether endogenous tPA and MMP-9 mediate
the improved tissue regeneration that is observed after PAI-1 inhibitor
treatment. Indeed, PAI-1 inhibitor treatment resulted in faster blood flow
recovery in the ischemic limbs of wild-type mice compared with
vehicle-treated wild-type mice, but such enhancement was not observed
in tPA™~ mice or MMP-97/~ mice (Figure 2C-F). Ischemic tissue
sections from PAT-1 inhibitor-treated tPA™~ and MMP-9~/~ mice
showed vast areas of necrotic tissue compared with PAI-1 inhibitor-
treated tPA™* and MMP-9*/* mice (Figure 2G-J). These data indicate
that endogenous tPA and MMP-9 are required for the tissue-regeneration-
promoting effects of PAI-1 inhibition.

PAI-1 inhibition improves tPA-dependent ischemic
revascularization

PAI-1 inhibitor treatment resulted in faster collateral vessel
growth, which was observed macroscopically (Figure 3A) and
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Figure 2. Improved ischemic tissue regeneration
after PAl-1 inhibitor treatment depends on {PA and
MMP-9. (A-J) HL ischemia was induced in tPA*/*, tPA~/~,
MMP-9*/+, and MMP-9~/~ mice and the mice were then
treated with or without PAI-1 inhibitor daily from days 0-6.
(A) Fibrinolytic activity in plasma samples of HL-ischemia—
induced tPA** and tPA~~ mice was analyzed on
day 1 using a fibrin plaie assay (n = 3/group). (B) MMP-9
plasma levels were determined in tPA** and tPA~~
mice treated with the PAI-1 inhibitor or with vehicle by
ELISA (n =9 for tPA** mice; n = 3 for tPA~/~ mice).
(C,E) Representative images of limb perfusion analyzed
using a laser Doppler. (D,F) The limb perfusion ratio
(ischemic/nonischemic) over time of tPA*/+ and tPA~/~
mice (D) and MMP-9*/+ and MMP-9-/~ mice (F) treated
with the PAl-1 inhibitor or with vehicle (n = 3/group).
(G-J) Necrotic areas in sections of H&E-stained muscle
sections (G,l) from untreated and PAI-1 inhibitor-treated
ischemic limbs (scale bars, 200 mm). (H,J) Necrotic
-areas in ischemic muscle tissue sections were evaluated
after 21 days (n = 3/group). Data represent means
+ SEM. *P < .05; **P < .01.
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microscopically after VWF staining in the ischemic limb of
C57BL/6 mice (Figure 3B) and in the ischemic limb of tPA*/*
mice compared with vehicle-treated mice (Figure 3C-D), but did
not show such enhancement in the ischemic limb of tPA~/~
mice. We have shown previously that tPA treatment increases
VEGF-A plasma levels and that tPA administration can promote
myeloid-cell expansion by MMP-9-mediated release of KitL
from stromal/niche cells.!® Indeed, augmented plasma levels of
VEGF-A (Figure 3E) and KitL (Figure 3F) were found in PAI-1
inhibitor-treated HL-ischemic tPA*™/* mice, but not in PAI-1
inhibitor-treated tPA~/~ mice. Furthermore, G-CSF, a cytokine
known to stimulate BM granulopoiesis, was also increased after
PAI-1 inhibitor treatment in HL-ischemic mice in a MMP-9-
and tPA-dependent manner (Figure 3G-H). In addition, recombi- -
nant tPA administration augmented G-CSF serum levels in
normoxic C57BL/6 mice (Figure 3I). These data indicate that
PAI-1 inhibition during ischemic recovery augments both
angiogenic and hematopoietic factors.
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Figure 3. In vivo blockade of PAI-1 augments neoangiogen-
esis and growth factor release. (A) Macroscopic images of
the lower limb region of nonischemic and PAI-1 inhibitor- or
vehicle-treated wild-type mice were captured on day 14 after
HL ischemia induction {(magnification, 25X; scale bars,
2000 mmy). The insert box depicts areas of neoangiogenesis.
(B-G) HL ischemia was induced in C57BL/6, tPA**, and
tPA—/~ mice, and the mice were then treated with or without
PAI-1 inhibitor daily from days 0-6. (B-C) Capillary density was
measured in sections of the hamstring (B) and adductor
muscies (C) based on immunohistochemical staining of VWF
per high power field (HPF). (B,D) Representative images of
anti-VWF mAb immunohistochemical staining of ischemic
muscle sections from HL-ischemia—induced C57BL/6, tPA*/*,
and tPA~/~ mice either left untreated or treated with or without
the PAI-1 inhibitor (n = &/group) analyzed on day 14 after the
procedure (scale bars, 200 mmy). Arrows depict VWF* capillar-
ies. (E-G) Plasma levels of VEGF-A (E) and KitL (F) and serum
levels of G-CSF (G) in HL-ischemia-induced tPA** and
tPA=/~ mice treated with or without PAI-1 inhibitor were
determined by ELISA (for VEGF-A, n = 9 for tPA** mice and
n = 3 for tPA~~ mice; for KitL and G-CSF, n = 7 for {PA++
mice and n = 3 for tPA~/~ mice; for KitL, n = 3 for G-CSF).
(H) G-CSF serum levels were analyzed by ELISA in HL-
ischemia—~induced MMP-9*/+ and MMP-9~/~ mice treated with
or without PAI-1 inhibitor (H) and in C57BL/6 mice treated with
a serpin-resistant tPA mutant (n = 4-5/group). Values repre-
sent the means = SEM. *P < .05; **P < .001.

PAI-1 inhibition mebilizes neutrophils into the circulation and
promoties neuirophil recruitment into ischemic tissues in vivo

The PAI-1 inhibitor-mediated increase in hematopoietic cytokines
prompted us to examine whether the inflammatory response during
ischemic recovery might be altered after PAI-1 inhibition. Isolation
of leukocytes from ischemic muscle tissues, followed by MACS
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separation using the anti-Gr-1 Ab, revealed that approximately
40% of infiltrating leukocytes were neutrophils on day 5 of HL
ischemia (Figure 4A). PAI-1 inhibitor treatment increased the
number of Gr-17 neutrophils in ischemic sections of tPA*/*
mice, but not in tPA™~ mice, compared with vehicle-treated
mice (Figure 4B-C).
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Figure 4, Pharmacologic PAl inhibition mobilizes neuirophils info the circulation and improves their tissue infiltration, a process dependent on endogenous tPA

and MMP-9. (A) Wright-Giemsa staining of MACS-isolated infiltrating Gr-1* and Gr-1~

cells derived from ischemic tissues of C57BL/6 mice on day 5 after HL induction.

(B) Immunofiuorescent staining of Gr-1 was performed on nonischemic muscle tissues or on HL-ischemic muscle tissues derived from vehicle- or PAI-1 inhibitor-treated
HL-ischemic tPA*/+ and tPA~/~ mice 14 days after the HL procedure. PAI-1 inhibitor was administered daily on days 0-6 after the procedure. The arrows indicate Gr-1* cells
(scale bars, 200 mm). Nuclei were counterstained with DAPI (blue). (C) Quantification of Gr-1* cells in ischemic muscle tissues (n = 3/group). (D-K) The total number of WBCs
(D,H) and the number of neutrophils (E,l), CD11b*Gr-1* cells (F.J}), and monocytes (G,K) were determined in the peripheral blood of PAl-1 inhibitor-treated or vehicle-treated
tPA*+ and tPA~/~ mice (for B-G, n = 4) and in MMP-9*/+ and MMP-9~/~ mice (for H-K, n = &) by counting (D,E,G,H,1,K) or by FACS analysis (F,J). (L-M) The total number of
WBGs (L) and neutrophils (M) were counted in in MMP-8+* and MMP-9~/~ mice (n = 4), *P < .05; **P < ,001 for recombinant tPA-treated versus vehicle-treated C57BL/6
mice. Values represent the means + SEM. Data are expressed as the absolute number of each cell type per milliliter of blood. *P < .05.

We next analyzed blood samples to determine whether the
augmented neutrophil influx in ischemic tissues was due to an
overall increase in circulating blood cells. PAI-1 inhibitor-treated
HL-ischemic tPA™* mice, but not tPA~/~ mice, showed an
increase in the number of WBCs, including neutrophils, as
determined by cell counting and FACS analysis using Abs against

CD11b and Gr-1 (Figure 4D-F), but not monocytes, compared with
vehicle-treated animals (Figure 4G). MMP-9 deficiency prevented
the leukocyte and neutrophil increase, but not the monocyte
increase, caused by PAI-1 inhibitor treatment (Figure 4H-K),
indicating that PAI-1 inhibitor-mediated neutrophilia was depen-
dent on endogenous MMP-9. Administration of recombinant tPA
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Figure 5. Adoptive transfer of Gr-1* cells from PAI-1
inhibitor-treated mice improves neoangiogenesis.
(A-F) Muscle-derived Gr-1* cells isolated from HL-
ischemia~induced-C57BL/6 donors treated with/without
PAl-1 inhibitor were transplanted into HL-ischemia—
induced recipients for 3 days (n = 6/group). (A) Experi-
mental scheme of the muscle-derived Gr-1* cell trans-
plantation assay. (B) Blood flow was determined after
transplantation of PAl-1 inhibitor-mobilized versus vehicle-
mobilized (mob.) Gr-1* cells in HL-ischemic C57BL/6
recipients. (C) VWF immunostaining of lower limb isch-
emic tissue of mice receiving vehicle- or PAI-1 inhibitor-
mobilized cell transplantations. Arrows indicate capiliar-
ies. Nuclei were counterstained with DAPI (blue staining).
Scale bars indicate 200 mm. (D) Capillary density was

B

evaluated per high-power figld (HPF). (E) Immunofiuores- T~ 100
cent staining of Gr-1 and VEGF-A was performed on £ & N
sections derived from vehicle or PAl-1 inhibitor-mobilized T g P
Gr-1 cell-transplanted mice. The arrows indicate trans- E E 5
planted Gr-1* cells costained with VEGF-A in ischemic P 5

tissues. Nuclei were counterstained with DAPI (biue). £ ‘;\": 25
(F) Quantification of Gr-1* VEGF-1* cells under a HPF. E e

Data represent means = SEM. *P < .05.
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induced neutrophilia and, similar to PAI-1 inhibitor administration,
this process required endogenous MMP-9 (Figure 4L.-M). There-
fore, PAI-1 inhibitor treatment not only augmented the absolute
number of circulating Gr-1* cells/neutrophils, but also improved
their incorporation into ischemic tissues in a tPA- and MMP-9—
dependent manner.

Adopiive iransfer of Gr-1+ myeloid cells from PAI-1
inhibitor-ireated mice improves revascularization afier HL
ischemia induction

Our data suggested that neutrophils could be the cellular target for
PAI-1 inhibitor-induced improved tissue regeneration. We hypoth-
esized that PAI-1 induction during HL ischemia may alter the
ability of neutrophils to stimulate angiogenesis. To test this
hypothesis, muscle-derived Gr-1* cells were obtained from HL-
ischemia-induced donor mice that had been treated with or without
the PAI-1 inhibitor. These Gr-1% cells were transplanted into HL
recipient mice (Figure 5A) by intramuscular injection. In contrast
to cells from vehicle-treated mice, Gr-17 cells isolated from muscle
tissues of PAI-1 inhibitor-treated mice accelerated ischemic reper-
fusion (Figure 5B) and increased capillary density in ischemic
tissues of HL~ischemic recipients (Figure 5C-D). We showed that
neutrophils release the proangiogenic factor VEGF-A.?! Consistent
with that result, the absolute number of Gr-1*VEGF-1* cells was
higher in ischemic recipient tissues transplanted with Gr-1* cells
from PAI-1-treated mice (Figure 5E-F).
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These data indicate that PAI-1 inhibitor-mediated neoangiogen-
esis is partially driven by a Gr-1" muscle-residing cell population.

The proangiogenic PAI-1 inhibitor enhances FGF-2 and VEGF-A
function/signaling

We reported previously that a serpin-resistant tPA promoted
macrophage-mediated angiogenesis.?? To determine whether PAI-1
inhibition accelerates macrophage recruitment into ischemic tis-
sues, we quantified the number of infiltrating F4/80% cells 3 days
after initiation of HL ischemia. PAI-1 inhibition did not increase the
recruitment of macrophages in muscle tissues compared with
vehicle treatment (Figure 6A).

To identify the molecular mechanisms underlying the enhanced
angiogenesis observed after PAI-1 inhibition, we examined the
expression of angiogenesis-related factors in ischemic muscle
tissues derived from PAI-1 inhibitor- and vehicle-treated animals.
FGF-2 signaling has been associated with neutrophil-mediated
angiogenesis® and PAI-1 activity.?? Immunohistochemical analysis
of ischemic muscle tissues demonstrated that the number of F4/80*
cells coexpressing FGF-2 or VEGE-A was not significantly differ-
ent from vehicle- and PAI-1 inhibitor-treated tissues (Figure 6B). In
contrast, the number of ischemic tissue-resident Gr-17 cells
coexpressing both FGF-2 and VEGF-A was higher in sections
derived from PAI-1 inhibitor-treated mice (Figure 6C).

FGF-2 can signal through syndecan-4 independently of FGF
receptors.?? Therefore, in the present study, we investigated whether
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Figure 6. PAI -inhibition induces angiogenesis during HL-ischemic recovery via FGF-2- and VEGF-A-mediated pathways. (A-C) HL-ischemia~induced C57BL/6 mice
were treated with the PAI-1 inhibitor or vehicle. Ischemic sections of PAI-1 inhibitor or vehicle-treated mice 3 days after the HL procedure were costained for F4/80 (A), F4/80
and VEGF-A or F4/80 and FGF-2 (B), or Gr-1 and VEGF-A or Gr-1 and FGF-2 (C). Nuclei were counterstained with DAPI (blue). Left panels are representative
immunofluorescent images. Arrows indicate VEGF-A*, FGF-2*, F4/80*, or Gr-1* cells. Right panel shows the quantification of the indicated cell populations per high-power
field (HPF; n = 5/group for each experiment). (D-G) HL-ischemia—induced C57BL/6 mice were treated with the PAI-1 inhibitor and coinjected with neutralizing doses of
anti-FGF-2, anti-VEGF-A, or anti-lgG control Abs (n = 4/group). (D-E) Ischemic muscle tissues from Ab-treated animals 14 days after the HL procedure were
immunofluorescently costained for FGF-2/VWF and FGF-R1/VWF. Nuclei were counterstained with DAPI (blue staining). Arrows indicate FGF-2*/VWF* and FGF-R1+/VWF*
cells (scale bars, 200 mm). Right panel shows the indicated cell populations quantified per HPF. (F) Left panel, ischemic muscle tissue sections were stained with H&E (scale
bars, 200 mm). Right panel shows the quantification of necrotic areas in ischemic H&E-stained tissue sections. (@) Blood flow was determined at the indicated time points.
(H) Ischemic muscle tissue sections stained with Abs against VWF antigen on day 14 were used to determine capillary density. Data represent means = SEM. *P < .05.
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Figure 7. Schematic diagram showing the various
molecules involved in the proangiogenic effect of
PAI-1 inhibition. Under ischemic conditions, the local
balance between the fibrinolytic factor tPA and one of its
endogenous inhibitors, PAI-1, is shifted toward a profi-
brinolytic state with a local increase in tPA. Ischemia
systemically results in a profibrinolytic state, a process
dependent on endogenous tPA. Pharmacologic PAI-1
inhibition during ischemic recovery improved tissue regen-
eration due to an expansion of circulating and tissue-
resident Gr-1* neutrophils coexpressing VEGF-A, FGF-2,
and TIMP-1-free MMP-9, and to increased release of the
angiogenic factor VEGF-A, the hematopoietic growth
factor KitL, and G-CSF. Ab neutralization and genetic-
knockout studies indicated that both the improved tissue
regeneration and the increase in both circulating and
ischemic tissue-resident Gr-1* neutrophils were depen-
dent on the activation of tPA and MMP-2 and on VEGF-A
and FGF-2.

expression of FGF-2 or FGFR1 is altered in PAI-1 inhibitor-treated
ischemic tissues. Immunohistochemical analysis of ischemic muscle
tissue sections revealed that PAI-1 inhibitor treatment augmented
FGF-2 and FGF-R1 expression and that this expression colocalized
more often to VWF* cells compared with vehicle-treated controls
(Figure 6D-E).

FGF-2-induced angiogenesis requires VEGF signaling.>* Block-
ade of VEGF-A and FGF-2 signaling with Abs against murine
VEGF-A and FGF-2 inhibited the PAI-1 inhibitor-mediated FGF-2
and FGFR-1 increase on VWE™ cells (Figure 6D-E), as well as the
PAI-1 inhibitor-mediated ischemic tissue recovery, and reversed
the necrosis-reducing effect of PAI-1 inhibitor treatment (Figure
6F-G) and myeloid cell mobilization (supplemental Figure 1A-C,
available on the Blood Web site; see the Supplemental Materials
link at the top of the online article) in an HL-ischemic model.

Although it is clear that FGF-2~induced angiogenesis requires
VEGEF signaling,?* it was unclear whether VEGF-A and FGF-2
signaling are required for PAI-1 inhibitor-mediated tissue neoangio-
genesis. Our present data suggest that this might be the case,
because VEGF-A and FGF-2 mAb prevented PAI-1 inhibitor-
mediated ischemic tissue recovery and neoangiogenesis in an
HIL~ischemic model (Figure 6F-G).

The results of the present study indicate that the proangiogenic
effects observed after PAI-1 inhibitor treatment are mediated by the
2 potent proangiogeneic factors FGF-2 and VEGF-A, and that
neutrophils seem to be a source for these growth factors. In
addition, both factors were essential for the PAI-1 inhibitor-
mediated recruitment of “angiogenic hematopoietic effector cells”
into ischemic tissues.

Discussion

The present study identifies activation of the FGF-2 and VEGF-A
pathways as the cause of the proangiogeneic effect of drug-induced
PAI-1 deficiency in a murine model of HL ischemia. Our data
support a mechanism whereby drug-induced PAI-1 inhibition
enhances angiogenesis through up-regulation of endogenous tPA

6391

and MMP-9. Both proteases are required for neutrophil mobiliza-
tion and for the release of proangiogenic cytokines, including
FGF-2 and VEGF-A (Figure 7). In addition, muscle-infiltrating
CD11b*Gr-1* neutrophils harvested from PAI-1 inhibitor-treated
mice coexpressed FGF-2 and VEGF-A and showed an improved
capacity to stimulate angiogenesis on adoptive transfer compared
with equal numbers of carrier-treated ischemic tissue-derived
neutrophils. Ab-blocking experiments revealed that PAl-inhibitor—
induced tissue regeneration required FGF-2 and VEGF-A signal-
ing. These data are important for the design of future cell-based
therapies, especially in the light of a recent study demonstrating
that BM cells harvested from mice with distant ischemia show a
reduced capacity to stimulate angiogenesis on adoptive transfer.?
FGF family members and its receptors (FGFRs) can promote
angiogenesis. In the present study, PAI-1 inhibition-induced aug-
mentation of FGFR1 expression on endothelial cells in ischemic
tissues coincided with increased KitL plasma levels. This result is
consistent with a previous study showing that FGFR-1-deficient
embryoid bodies show decreased expression of Kitl..2¢ KitL can
improve tissue recovery in animal models of HL ischemia.?’?
Recombinant {PA therapy augments circulating KitL levels®® and
promotes ischemic revascularization.’® Confirming these data, in
the present study, we found that drug-induced PAI-1 inhibition
raised KitL plasma levels via tPA augmentation. Our data imply a
relationship among the fibrinolytic factors PAI-1/tPA, FGFRI
signaling, and KitL production. However, further studies are
required to determine how these pathways interact with each other.
PAI-1 in cooperation with integrins, coagulation, fibrinolysis,
and endocytosis has been shown to be important for macrophage
migration.” In the present study, we show that pharmacologic
blockade of PAI-1 increased MMP-9- and tPA-dependent augmen-
tation of tissue-residing neutrophils, but not F4/80* macrophages,
under ischemic conditions. Therefore, PAI-1 seems to act as a
negative regulator of neutrophil recruitment during HL-ischemic
recovery. Supporting our observations, Renckens et al demon-
strated that PAI-1 gene-deficient mice showed an enhanced early
influx of neutrophils to the site of inflammation in a murine model
of turpentine-induced tissue injury.! In this model, no difference
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was found between PAI-17/~ and PAI-1*/* mice in factors known
to attract neutrophils, including keratinocyte-derived chemokine
and macrophage inflammatory protein-2.

Among the factors that can enhance the survival, proliferation,
differentiation, and function of neutrophil precursors and mature
neutrophils®? is the hematopoietic growth factor G-CSF. In the
present study, we demonstrate for the first time that recombinant
tPA and endogenous tPA that is enhanced by PAI-1 inhibition
promote the release of G-CSE. G-CSF has been shown to improve
tissue recovery in animal models of HL?' and myocardial®® and
focal cerebral ischemia injuries in both mice and humans®* by
modulating various cell types, including endothelial cells and
neutrophils.?3? Various studies have demonstrated the importance
of MMP-9 for neutrophil-driven neoangiogenesis in an HL-
ischemic model.219-21:35 A recent study demonstrated that tissue-
infiltrating neutrophil pro-MMP-9 induces angiogenesis catalyti-
cally via an FGF-2/FGFR2 pathway.?® Consistent with that study,
we have shown previously that pharmacologic PAI-1 inhibition
results in the accumulation of FGF-2—- and VEGF-A—expressing
Gr-1* neutrophils within ischemic muscle tissues through an effect
on endogenous tPA and MMP-9, and in an increase of plasma
VEGF-A via up-regulation of endogenous tPA.!° Neutrophils can
secrete tissue inhibitors of metalloproteinase (TIMP)-free MMP-9
that can act in concert with, for example, macrophages to liberate
proangiogenic growth factors such as VEGF and FGF-2 that are
sequestered to the extracellular matrix.

PAI-1 can inhibit cell adhesion and migration by inhibiting the
activity of uPA receptor (uPAR)-bound uPA and by preventing
integrin association to vitronectin. Studies with uPAR™™ mice
have emphasized the critical role of this receptor in leukocyte
trafficking.! Indeed, uPAR™/~ mice displayed a profoundly re-
duced neutrophil recruitment to the peritoneal cavity after IP
administration of thioglycollate.*® Our present results are consis-
tent with the findings that neutrophil extravasation into the
interstitium after lung ischemia-reperfusion injury after lung trans-
plantation was blocked in tPA-deficient mice.?” At the molecular
level, this blockage was associated with reduced expression of
platelet endothelial cell adhesion molecule-1 mediated through the
tPA/low-density lipoprotein receptor-related protein/NF-kB signal-
ing pathway.

Reichel et al showed that extravasated plasmin(ogen) mediates
neutrophil recruitment in vivo via activation of perivascular mast
cells and secondary generation of lipid mediators.38

References
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The combined data suggest that strategies aimed at inactivation
of PAI-1 (eg, the use of the small-molecule TM5275) could be an
immediately clinically applicable therapeutic option for improving
angiogenesis in ischemic patients. The results of the present study
shed new light on the mechanism by which PAI-1 and tPA enhance
neovascularization by modulation of the local and systemic growth

factor environment and by alteration of neutrophil migration.
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[dentification of Rat Rosa26 LLocus Enables Generation
of Knock-In Rat Lines Ubiquitously Expressing tdTomato

Toshihiro Kobayashi,"? Megumi Kato-ltoh," Tomoyuki Yamaguchi"? Chihiro Tamura?®
Makoto Sanbo®* Masumi Hirabayashi®#* and Hiromitsu Nakauchi'?

Recent discovery of a method for derivation and culture of germline-competent rat pluripotent stem cells (PSCs)
enables generation of fransgenic rats or knock-out rats via genetic modification of such PSCs. This opens the way
to use rats, as is routine in mice, for analyses of gene functions or physiological features. In mouse or human, one
widely used technique to express a gene of interest stably and ubiquitously is to insert that gene into the Rosa26
locus via gene targeting of PSCs. Rosa26 knock-in mice conditionally expressing a reporter or a toxin gene have
contributed to tracing or ablation of specific cell lineages. We successfully identified a rat orthologue of the
mouse Rosa26 locus. Insertion of tdTomato, a variant of red fluorescent protein, into the Rosa26 locus of PSCs of
various rat strains allows ubiquitous expression of tdTomato. Through germline transmission of one Rosa26-
tdTomato knock-in embryonic stem cell line, we also obtained tdTomato knock-in rats. These expressed tdTomato
ubiquitously throughout their bodies, which indicates that the rat Rosa26 locus conserves functions of its or-
thologues in mouse and human. The new tools described here (targeting vectors, knock-in PSCs, and rats)

should be useful for a variety of research using rats.

Introduction

SE OF RATS FOR STUDIES in behavior, pharmacology, and

disease modeling has been limited because gene-target-
ing technology has been lacking. However, recent discovery
of a culture system using small molecules specifically to in-
hibit spontaneous differentiation pathways of pluripotent
stem cells (P5Cs) [1] has permitted generation of germline-
competent rat PSCs [2-4]. This stable and reproducible culture
system in rat PSCs constitutes a breakthrough for generating
not only transgenic rats by introducing exogenous genes into
PSCs [5,6], but also knock-out rats via gene targeting [7].
Various genetically modified rats will soon be available for
analyses of gene functions or physiological features like those
that can now be done in mice.

To generate a genetically modified animal with stable and
ubiquitous expression of a gene of interest is essential for
current research. One widely used method is to insert that
gene into the Rosa26 locus on mouse chromosome 6, identi-
fied by random retroviral gene-trap screening using mouse
embryonic stem cells (ESCs) [8]. Rosa26 is ubiquitously ex-
pressed in embryonic as well as adult tissue, and gene tar-
geting at this locus in ES cells is highly efficient. Insertion of a
gene of interest or a loxP-flanked stop codon with a reporter

or a toxin gene into Rosa26 thus has been widely used to
trace specific cell lineages or, by mating with mice expressing
Cre recombinase under the control of specific promoters, to
ablate specific cell lineages [9,10].

As in the mouse, so in man: A human ROSA26 locus has
also been identified by homology search with mouse Rosa26
sequences [11]. Insertion of sequences encoding a red fluo-
rescent protein (RFP) into the Rosa26 locus of human ESCs
allows ubiquitous expression of RFP in both undifferentiated
and differentiated states [11]. Features of the Rosa26 locus
may be conserved in a variety of species.

Here, as a third model, we report identification of a Rosa26
locus in the rat. Furthermore, we generated rat PSCs ex-
pressing tdTomato, a variant of RFP, by gene targeting into
the Rosa26 locus, and generated a knock-in rat line via
germline transmission of such PSCs.

Materials and Methods
Animals

C57BL/6NCrSlc, BDF1, and ICR mice and Wistar and DA
rats were purchased from SLC Japan (Shizuoka, Japan). All
experiments were performed in accordance with the animal

Division of Stem Cell Therapy, Center for Stem Cell Biology and Regenerative Medicine, Institute of Medical Science, University of Tokyo,

Tokyo, Japan.
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care and use committee guidelines of the Institute of Medical
Science, the University of Tokyo, and of the National In-
stitute for Physiological Sciences.

Culture of PSCs

In this study, 3 ESC lines and 2 induced PSC (iPSC) lines
were used (see Table 1). Their culture conditions were as
described [12]. In brief, undifferentiated rat PSCs were
maintained on mitomycin-C - treated mouse embryonic fi-
broblasts in an N2B27 medium [1] containing 1pM
PD0325901 (Axon, Groeningen, The Netherlands), 3 pM
CHIR99021 (Axon), and 1,000 U/mL of rat leukemia inhibi-
tory factor (Millipore, Bedford, MA).

DA rat-derived ESC (DA3i-1) and iPSC (DAT3-1) lines
were newly established. DA3i-1 ESCs were derived from DA
rat blastocysts as described [13]. DAT3-1 iPSC were gener-
ated from DA rat-derived tail-tip fibroblasts by introducing 3
mouse factors (Oct3/4, Kif¢, and Sox2) in one retroviral vector
(data not shown).

Construction of vectors and gene targeting

Homology arms were amplified from genomic DNA of
DA strain rats by polymerase chain reaction (PCR) using
PrimeSTAR or PrimeSTAR GXL DNA polymerase (Takara
Bio, Otsu, Japan), according to the manufacturer’s protocol.
These arms, with an additional Nhel site and an MC1-
promoter driven DTA cassette amplified from an MC1-DTA
vector, a kind gift from Dr. T. Yagi (Osaka University, Osaka,
Japan), were inserted into pBluescript KS(+) (Stratagene,
La Jolla, CA) with an infusion cloning kit (Takara Bio)
(prRosa26-1 in Fig. 1A). A splice acceptor sequence amplified
from a pSAf-geo vector, a kind gift from Dr. P. Soriano (Fred
Hutchinson Cancer Research Center, Seattle, WA); tdTomato
amplified from ptdTomatoN1 (Clontech, Palo Alto, CA); and
IRES-Puro™-pA amplified from pCAG-Cre-IRES-Puro’-pA, a
kind gift from Dr. J. Miyazaki (Osaka University), were in-
serted into the Nhel site of prRosa26-1.

Electroporation for gene targeting was carried out as de-
scribed [5]. In brief, 2.5~5x10° rat PSCs suspended in PBS
were mixed with 20 pg linearized targeting vector digested
by the Salll restriction enzyme and were transferred to a
Gene Pulser cuvette (Bio-Rad, Richmond, CA). Electropora-
tion was carried out at 800 V, 10 uF in Gene Pulser equip-
ment (Bio-Rad). After electroporation, PSCs were seeded

KOBAYASHI ET AL.

onto mitomycin-C - treated puromycin-resistant mouse em-
bryonic fibroblasts made in house, and 24h later, 1.5 pg/mL
puromycin (Invitrogen, Carlsbad, CA) was added to the
culture medium.

Reverse transcription—-PCR and quantitative
real-time PCR analysis

cDNA synthesized using the ThermoScript™ reverse
transcription (RT)-PCR System (Invitrogen, Carlsbad, CA)
from extracts of BLK2i-1 rat ESCs was used for the RT-PCR
analysis of Rosa26 noncoding RNA. PCR primers are shown
in Supplementary Fig. S3 (Supplementary Data are available
online at www.liebertpub.com/scd). One forward primer
and 4 reverse primers were designed (F1 and R1-R4, shown
in Fig. 1A and Supplementary Fig. 53). PCR was performed
using Taq HS polymerase (Takara Bio) according to the
manufacturer’s protocol.

3" and & rapid amplification of cDNA ends analysis
and identification of full-length noncoding RNA

3" and 5’ rapid amplification of cDNA ends (RACE) was
performed using the SMARTer™ RACE cDNA Amplifica-
tion Kit (Clontech), according to the manufacturer’s protocol.
Synthesized ¢DNAs were amplified using an universal pri-
mer A mix with 3’ or 5 RACE primers (primers shown in
Supplementary Fig. S3). Amplified cDNAs were cloned into
the pCR-Blunt IITOPO vector (Invitrogen), and their se-
quences were confirmed.

Genotyping and Southern blotting

DNA was extracted using QIAamp DNA Mini Kits (Qia-
gen, Germantown, MD) from picked-up PSCs. For geno-
typing, PCR primers for amplification of the Rosa26 knock-in
locus were Fw, 5-CAGAAAAGGCGGAGCGAGCCCAAG-
3, and Rv, 5- GGGCCCTCACATTGCCAAAAGACGG-3'.
For the Southern blot analysis, genomic DNA extracted from
PSCs was digested by the Apal restriction enzyme and hy-
bridized with a DNA probe cloned from the upstream region
of the rat Rosa26 5-arm.

Embryo manipulation

Rat and mouse embryos were prepared using published
protocols [12,14]. In brief, rat blastocysts were collected in the

TaBLE 1. ErrIcIENCY OF GENE TARGETING IN VARIOUS TyPES OF RAT PLURIPOTENT STEM CELLS

Cell Transduced Drug- resistant Picked- up Targeted
Name Strain type Reference cells colonies colonies clones (%)?

BLK2i-1 DA x Wistar ESC [18] 5x10e6 3 2 1 (50)

5x10e6 2 2 2 (100)
2.5%10e6 18 12 6 (50)
DA3i-1 DA ESC 5x10e6 48 24 9 (38)
BN2i-4 BN ESC [5] 5x10e6 8 8 2 (25)
5x10e6 13 9 2 (23)
T1-3 Wistar iPSC [412] 4x10e6 9 8 3 (38)
DAT3-1 DA iPsC 5x10e6 6 6 1(17)
Total 107 71 26 (37)

“Judged by PCR.

ESC, embryonic stem cell; iPSC, induced pluripotent stem cell; PCR, polymerase chain reaction.
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HER medium [15] containing 18% fetal bovine serum (In-
vitrogen) from the oviduct and the uterus of rats 4.5 days
post coitum (dpc). These embryos were transferred into the
mR1ECM medium [16] containing 80 mM NaCl and 0.01%
polyvinyl alcohol (Sigma-Aldrich Co., St. Louis, MO) and
were cultured for about 1h until injection. Mouse 8-cell/
morula stage embryos were collected in the M2 medium
(Millipore) from the oviduct and the uterus of BDFIx
C57BL./6 mice 2.5 dpc. These embryos were transferred into
the KSOM-AA medium (Millipore) and were cultured for
24h before blastocyst injection.

For micromanipulation, PSCs were trypsinized and sus-
pended in the PSC culture medium. A piezo-driven micro-
manipulator (Prime Tech, Tokyo, Japan) was used to drill
zona pellucida and trophectoderm under the microscope,
and 10 PSCs were introduced into blastocyst cavities near the
inner cell mass. After blastocyst injection, embryos under-
went follow-up culture for 1-2h. Rat blastocysts were
transferred into the uteri of pseudopregnant recipient Wistar
rats (3.5 dpc), and mouse blastocysts were transferred into
the uteri of pseudopregnant recipient ICR mice (2.5 dpc).

A

. Exon 1 ExonZ
Predicted

non-coding RNA
Fie

PCR produst
fength (bp)

Primers
for RT-PCR

C prRosa26-1

Reverse primer
RZ R3 R4 DW
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Flow cytomelry analysis

To analyze chimerism of chimeric rats at the adult stage,
we used peripheral blood cells obtained from the retro-
orbital venous plexus. Leukocytes isolated by osmotic lysis
of erythrocytes were stained with APC-conjugated mouse
anti-rat CD45 antibody (BD Biosciences, San Diego, CA).

To analyze chimerism of interspecific chimeras at the fetal
stage, embryonic fibroblasts were stained with biotin-
conjugated mouse anti-rat CD54 antibody (ICAM-1, 1A29),
Alexa Fluor 647-conjugated goat anti-mouse IgG antibody,
and FITC-conjugated rat anti-mouse CD54 antibody (all BD
Biosciences).

All stained cells were analyzed by FACSCanto II (BD
Bioscience).

Result and Discussion

Given that the transgenic rat carrying a mouse Rosa26
promoter-driven EGFP construct revealed ubiquitous ex-
pression of EGFP [17], we inferred that the promoter region

B

Relative expression

B

i
e Adromatn: >

Targeting vector

xb

[
Probet
inmey

Rat Resa26

locus

Knock-in

oE3

Wild type (5.2kb)

Mutant (3.3kb)

1kb

FIG. 1. Identification of Rat Rosa26 locus and gene targeting of rat pluripotent stem cells by inserting a cassette containing
tdTomato into Rosa26 locus. (A) The RT-PCR analysis of rat Rosa26 noncoding RNA in rat ESCs. The primer positions are
schematically shown by arrowheads under the predicted noncoding RNA transcript. (B) Quantitative real-time PCR of Rosa26
noncoding RNA in rat ESCs and adult tissues relative to f-actin. Error bars are mean5D (n=2). (C) Structure of targeting
vectors and a schematic of knock-in genome of rat Rosa26 locus on chwromosome 4. Letters on the locus indicate selected
restriction enzyme sites. A, Apal; E, EcoR1; H, HindIIL; N, Nhel; Xb, Xbal; Xh, Xhol. (D) Result of the Southern blot analysis
using Apal-digested genomic DNA hybridized with 5’ probe schematically shown in (A). (E) Photomicrograph of Rosa26-
tdTomato knock-in rat ESCs generated from the BLK2i-1 line (BLK-RT2). These ESCs express tdTomato ubiquitously. ESCs,
embryonic stem cells; RT-PCR, reverse transcription—polymerase chain reaction.
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FIG. 2. Generation of chimeric rats by injection of Rosa26-tdTomato knock-in rat ESCs into rat blastocysts. (A) Picture of a
representative newborn chimeric rat generated by intrablastocystic injection of BLK-RT2 rat ESCs. Rat not expressing
tdTomato is a nonchimeric littermate (white dashed outline). (B) Adult chimeric rats. Black coat color originates from injected
ESCs; white coat color originates from host blastocysts. (C) The chimerism analysis in peripheral blood of male chimeric rats.
Leukocytes isolated by osmotic lysis of erythrocytes were stained with antibody against rat CD45 and were analyzed by flow
cytometry for intensity of tdTomato expression in CD45-positive cells. Square dots indicate values for individual rats. (D)
Offspring obtained by mating a male chimeric rat with a wild-type female. tdTomato-positive neonates are Rosa26-tdTomato
knock-in rats that resulted from germline transmission of genes contained in BLK-RT2 rat ESCs. (E} tdTomato expression in
main organs of Rosa26-tdTomato knock-in rats. Insets show organs obtained from tdTomato-negative littermates (white-dashed
outline). In bright-field panels, B, brain; T, thymus; H, heart; Lu, lung; Li, liver; P, pancreas; St, stomach; Sp, spleen; and X,
kidney. (F) FACS patterns obtained using peripheral blood cells from wild-type rats and Rosa26-tdTomato knock-in rats. In
knock-in rats, almost all CD45-positive cells express tdTomato. FACS, fluorescence activated cell sorting.
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GENERATION OF Rosa26 KNOCK-IN RATS

of the Rosa26 locus contained a highly conserved sequence.
To identify a Rosa26 locus in rat genome, we searched for
similar sequences in the UCSC Genome Browser database
(http:// genome.ucsc.edu/) with a 5" arm 1,088 bp sequence
of the mouse Rosa26 targeting-vector [10], which corresponds
to the first intron of the mouse Rosa26 transcript. We found a
highly conserved region in rat chromosome 4 that contains
not only a Rosa26 locus, but also genes that are neighbors to
Rosa26 in mouse (Supplementary Fig. S1). In mice, tran-
scripts from the Rosa26 locus are ubiquitously expressed
noncoding RNAs [8]. To see whether the putative rat Rosa26
locus also encodes such noncoding RNAs, we confirmed the
expression of Rosa26 in rat ESCs by RT-PCR. We designed
primer sets to flank a region containing the first intron, with
sequences based on the rat-expressed sequence tag database
(Fig. 1A, Supplementary Figs. 52 and S3). Our results
showed that 2 exons flanking 1 intron were amplified with
each primer set (Fig. 1A and Supplementary Fig. 52). The
quantitative real-time PCR analysis demonstrated that this
noncoding RNA was expressed in a wide variety of adult
tissues (Fig. 1B). To reveal the full-length sequence of this
noncoding RNA, we performed the 3" and 5" RACE analysis.
The sequence of at least one noncoding RNA transcribed
from the rat Rosa26 locus was 1,160 bp long (Supplementary
Fig. 52). It exhibited 74% homology with the sequence of
one of the mouse Rosa26 noncoding RNA transcripts
(NR_027009) (Supplementary Fig. S3).

To see if this region, like the Rosa26/ROSA26 locus in
mouse or human, actually allowed ubiquitous expression of
an inserted gene, we cloned homology arms from genomic
DNA of the DA rat and constructed a targeting vector to
insert a gplice acceptor with the tdTomato-IRES-Puro’™-pA se-
quence (Fig. 1C). We transduced the linearized targeting
vector into 3 ESC lines and 2 iPSC lines derived from various
strains and tissues. Although only small numbers of colonies
were observed after electroporation and drug selection, on
average about 30% of picked-up clones demonstrated correct
targeting judged by PCR using genomic DNA (Table 1).
Gene targeting was also confirmed by Southern blotting (Fig.
1D). As expected, all positive clones ubiquitously expressed
tdTomato (Fig. 1E). Survival rates of PSCs after drug selection
were low compared with mouse PSCs subjected to conven-
tional targeting. This might result from low transduction
efficiency of the targeting vector or from high sensitivity to
antibiotics in rat PSCs [7].

We injected rat ESCs from one of the Rosa26-tdTomato
knock-in lines, BLK-RT2, into rat blastocysts. Rat ESCs of the
original cell line, BLK2i-1, are germline-competent. The line
was established from blastocysts of rats with black coats
derived from F1 crosses of Wistar (white-coated) and DA
(black-coated) rats back-crossed with Wistar rats for at least 3
generations [18]. A total of 116 injected blastocysts were
transferred into uteri of pseudo-pregnant rats and at wean-
ing 27 out of 36 pups proved chimeras. Neonatal chimeric
rats expressed tdTomato throughout their bodies (Fig. 2A).
They grew into adults normally and showed coat color chi-
merism (black, donor ESC-derived; white, host embryo
Wistar strain-derived) (Fig. 2B). To estimate their chimerism,
we analyzed tdTomato expression in peripheral blood of male
chimeric rats by flow cytometry. Although chimerism varied
individually, most chimeras showed over 50% chimerism in
CD45-positive peripheral blood mononuclear cells (Fig. 2C).
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Next, we mated 3 male rats exhibiting relatively higher
chimerism with wild-type females to see if BLK-RT2 rat ESCs
were capable of germline transmission. Offspring of 2 chi-
meras expressed tdTomato ubiquitously throughout their
bodies, indicating successful germline transmission (Fig. 2D).
Expression of tdTomato was detected in all main organs at the
neonatal stage (Fig. 2E) and in CD45-positive blood cells at
the adult stage (Fig. 2F). These data provided strong evi-
dence for functional conservation of the Rosa26/ROSA26
locus among rat, mouse, and human.

We also injected BLK-RT2 rat ESCs into mouse blasto-
cysts. A total of 32 injected blastocysts were transferred into
uteri of pseudo-pregnant mice, and 13 out of 16 fetuses
proved interspecific chimeras (Fig. 3A). To distinguish host-
and donor-derived cells, we cultured embryonic fibroblasts
from these chimeras and stained them with a specific anti-
body against mouse or rat CD54. Only cells expressing rat
CD54 also expressed tdTomato (Fig. 3B). Therefore, Rosa26
knock-in rat PSCs can also be used for interspecific blastocyst
complementation to make rat organs in mice [12].

Via gene targeting of PSCs, we have successfully gener-
ated Rosa26 knock-in rats that express tdTomato ubiquitously.
These PSCs and rats will provide useful tools for cellular or
organ transplantation experiments, and the targeting vector
constructed here will be useful for expressing genes of in-
terest stably and ubiquitously in a variety of rat PSCs. These
powerful tools should contribute to progress in a variety of
research using rats.
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MT1-MMP plays a critical role in hematopoiesis by regulating HIF-mediated
chemokine/cytokine gene transcription within niche cells
Chiemi Nishida,’ Kaori Kusubata,? Yoshihiko Tashiro,? Ismael Gritli,’ Aki Sato,! Makiko Ohki-Koizumi,? Yohei Morita,!
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HSC fate decisions are regulated by cell-
intrinsic and cell-exirinsic cues. The lat-
ter cues are derived from the BM niche.
Membrane-type 1 mairix metalloprotei-
nase (MT1-MMP), which is best known for
its proteolyiic role in pericellular matrix
remodeling, is highly expressed in HSCs
and stromal/niche cells. We found that, in
MT1-MMP~/~ mice, in addition io a stem
cell defect, the transcription and release

of kit ligand (KiiL), stromal cell-derived
factor-1 (SDF-1/CXCL12), erythropoieiin
{Epo), and IL.-7 was impaired, resuliing in
a trilineage hematopoietic differentiation
block, while addition of exogenous Kitl
and SDF-1 restored hematopoiesis. Further
mechanisiic studies revealed that MT1-MMP
activates the hypoxia-inducible facior-1
(HIF-1) pathway via factor inhibiting HiF-1
(FIH-1) within niche cells, thereby induc-

ing the iranscription of HiF-responsive
genes, which induce terminal hematopoi-
etic differentiation. Thus, MT1-MMP in
niche cells reguiaies postnatal hematopoi-
esis, by modulating hematopoietic HiF-
dependent niche factors that are critical
for terminal differentiation and migration.
(Blood. 2012;119(23):5405-5416)

Introduction

The adult hematopoietic system is maintained by a small number of
HSCs that reside in the BM in a specialized microenvironment (the
niche).!? Here, HSCs undertake fate decisions including differen-
tiation to progenitor cells and self-renewal, which ensures a
lifelong supply of terminally differentiated blood cells. Intrinsic
cellular programming and external stimuli such as adhesive
interactions with the microenvironmental stroma and cytokine
activities regulate HSC fate. However, it is unclear how niche
factor production is controlled to adjust to external demand with a
fine-tuned response.

Hypoxia-inducible factors (HIFs) consist of an o (HIF-o) and a
3 (HIE-8, or ARNT) subunit and activate the expression of genes
encoding proteins that regulate cell metabolism, motility, angiogen-
esis, hematopoiesis, and other functions. HSCs maintain cell-cycle
quiescence by regulating HIF-1e levels.3* Mice with mutations in
the heterodimeric transcription factor HIF develop extensive
hematopoietic pathologies: embryos lacking Arnt have defects in
primitive hematopoiesis.” Mice lacking endothelial PAS domain
protein 1 (EPASI, also known as HIF-2alpha/HRF/HLF/MOP3), a
second HIF family member, exhibited pancytopenia, and it was
shown that EPAS1 is necessary to maintain a functional microenvi-
ronment in the BM for effective hematopoiesis.® HIFs bind to
canonical DNA sequences in the promoters or enhancers of target
genes such as erythropoietin (Epo), vascular endothelial growth
factor-A, SDF-1a/CXCL12, angiopoietin-2, platelet-derived growth
factor-B and Kit Ligand (Ki:L)/stem cell factor, which are involved
in HSC maintenance within the BM niche.”'® The chemokine

SDF-1a/CXCL12 (SDF-l1at) is expressed by perivascular, en-
dosteal, mesenchymal stem and progenitor cells as well as by
osteoblasts.!’12 SDF-1a deficiency leads to a reduction in HSCs
and impaired B-cell development in mice.!>!* IL-7 is another
stromal cell~derived niche factor, which, in cooperation with
CXCL12, functions at sequential stages of B-cell development.!>16
IL-7 or IL-7R deficiency results in impaired B-cell development.!?!8

Proteases such as matrix metalloproteinase-9 (MMP-9) and the
serine proteinase plasmin{ogen) regulate HSC fate through KitL
release in the BM.!!® Membrane type-1 MMP (MT1-MMP, also
known as MMP-14) can proteolytically degrade extracellular
matrix (ECM) components and cleave membrane receptors and
ligands.? MT1-MMP is expressed within mesenchymal stem and
immature hematopoietic cells.?’?> MT1-MMP can control the
migration of hematopoietic stem/progenitor cells and mono-
cytes.21232 MT1-MMP function is essential for angiogenesis,
wound healing, connective tissue remodeling, arthritis, tumor
growth, and metastasis.>>**’ MT1-MMP-deficient (MT1-MMP~/")
mice showed skeletal dysplasia, arthritis, and osteopenia.? How-
ever, the role of MT1-MMP in hematopoiesis is unclear.

We found that MT1-MMP inactivation in mice resulted in
severe pancytopenia, characterized by an impaired stem cell pool
and a block in hematopoietic differentiation. MT1-MMP deletion
from hematopoietic cells generated normal hematopoiesis in recipi-
ent mice, thereby demonstrating that MT1-MMP is an essential
regulator of the BM microenvironment. Mechanistically, we dem-
onstrate that MT1-MMP deficiency blocked the transcription of
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typical HIF-1-dependent niche factors including Epo, SDF-1,
KitL, and IL-7 by modulating the HIF-1 pathway through factor
inhibiting HIF-1 (FIH1), resulting in a 3-lineage terminal differen-
tiation block. Thus, MT1-MMP controls HSC fate by regulating the
BM niche.

Methods
Animals

Age-matched (14-day) MT1-MMP** and MTI1-MMP™/~ mice were
obtained by heterozygous breeding.?* Animal procedures were approved by
the Animal Care Committee of The Institute of Medical Science (University
of Tokyo). C57BL/6 and C57BL/6-Tg (CAG-EGFP) mice were purchased
from Japan SLC Inc, and Ly5.1 mice were purchased from Sankyo Lab
Service.

In vivo assays

Competitive transplantation experiments. Lethally irradiated Ly-5.1 mice
were injected with BM cells (10 recipient mice per cell concentration) from
MT1-MMP*/* or MT1-MMP~/~ mice together with 2 X 10° CD45.1 BM
competitive cells. Peripheral blood (PB) cells of the recipient mice were
analyzed 4 months after transplantation. Cells were stained with PE-
conjugated anti-CD4 and anti-CD8, FITC-conjugated anti-CD45.2,
allophycocyanin-conjugated anti-CD11b and anti-Gr-1, PE-cy7-conju-
gated anti-B220, and biotinylated anti-CD45.1 Abs. The biotinylated Ab
was developed using streptavidin-PE-Cy5. The percentage of donor-
derived lineage contributions in PBMCs was assessed using Abs against
CD45.2, Gr-1/CD11b, or B220. Total chimerism of > 1% for all Abs tested
using PBMCs was considered as long-term reconstitution. The frequencies
were determined using L-Calc software (StemCell Technologies).

Growth factor rescue experiments. Recombinant mouse KitL (Pepro-
Tech) was administered IP into MT1-MMP*+/* and MT1-MMP~/~ mice at a
concentration of 150 pg/kg body weight, daily from postnatal day 7 to day
10. Recombinant mouse SDF-1a (PeproTech; 100 ng/mice) was injected
twice intraperitoneally on postnatal day 10. Blood was collected and blood
cells counted on day 12.

CFU-S assay. Mobilized PBMCs were obtained and subjected to a
CFU-S assay as previously described.?? Mice were killed on day 12. The
number of visible splenic colonies was counted.

In vitro assays

Peripheral blood analysis. Blood was collected from mice by retro-orbital
bleeding using heparinized capillaries. White blood cell (WBC), RBC, and
platelet (PLT) counts were determined. Plasma samples were stored at
—80°C until further analysis.

Hematopoietic progenitor assay. BM mononuclear cells (BMMCs;
10 cells/plate) were plated in triplicate in 1 mL of a commercially available
methylcellulose-based assay solution (Methocult; StemCell Technologies).

Lineage-negative cell separation. Murine BM cells were obtained
after flushing mouse femur and tibiae. Cells were stained using a lineage
cell separation kit (StemCell Technologies). After MACS cell separation
(Miltenyi Biotec), cells were stained with c-Kit, Sca-1, and lineage Abs (BD
Pharmingen), and were then analyzed by FACS.

B-cell colony-forming assay (CFU~IL-7). The CFU-IL-7 assay was
carried out in medium (Invitrogen) containing 1.2% methylcellulose
(StemCell Technologies), 30% FCS (HyClone), 1% BSA, 0.1mM 2-ME,
and mouse IL-7 (PeproTech). On day 7 of culture, aggregates consisting of
> 50 cells were scored as a colony.

Cell culture. Mouse stromal cells (MS-5) were maintained in IMDM
supplemented with 10% FBS. Human BM endothelial cells (BMEC-1)
were maintained in Medium 199 supplemented with 10% FBS, 0.146 mg/mL
L-glutamine, and 2.2 mg/mL sodium bicarbonate. Mouse embryonic fibro-
blast cells (NIH3T3) were maintained in DMEM supplemented with 10%
FBS. These cells were cultured at 37°C, in a 5% CO, incubator. Human
osteoblastic cells (FOB) were maintained in a 1:1 mixture of Ham F12
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medium DMEM supplemented with 2.5mM L-glutamine and 10% FBS, and
the cells were cultured at 34°C, in a 5% CO, incubator. MT1-MMP** and
MT1-MMP~/~ mouse embryonic fibroblasts (MEF) cells (kindly provided
by M.S.) were maintained in DMEM (Invitrogen) supplemented with 10%
FBS at 37°C, in a 5% CO, incubator.30

Knockdown experiment using shRNA. The shRNA sequences used
for knockdown of mouse MT1-MMP and FIH-1 were: 5'-caccgetgtggtgtic-
cggataagtcgaaacttatccggaacaccacage-3' and 5'-caccggacctcgaatacctgeaagac-
gaatcttgcaggtattegaggtectttt-3', respectively. These sequences were sub-
cloned into pENTR/U6 TOPO (Invitrogen) and then transferred via
recombination into the lentivirus vector pLenti6 BLOCKIT (Invitrogen).
shRNA-expressing lentiviral vectors were generated and used according to
the manufacturer’s instructions.

FACS analysis. Cells were flushed out from mouse BM. For cell-
surface analysis, cells were stained with the following Abs: PE-conjugated
anti-CD19, -Sca-1, -B220, CD44, c-kit, and -Grl, FITC-conjugated anti-
CD43, -CD34, -NK1.1, and -CD8, allophycocyanin-conjugated anti-B220,
-CD4, CD11b, and a lineage cocktail, PerCP-Cy5.1-conjugated anti-c-kit.
Cells were analyzed using FACS Aria (BD Biosciences). Common myeloid
progenitor (CMP), granulocyte/macrophage progenitor (GMP), and mega-
karyocyte/erythroid progenitor (MEP) were determined in Lin™ BM cells of
14-day-old MT1-MMP** and MT1-MMP~/~ mice. The following Abs
were used: c-kit—allophycocyanin, Scal-PE/Cy7, CD34-FITC, FcgRIII-PE
all from BD Pharmingen. For the detection of Lin™ cells, biotinylated Abs
(B220-bio, Gr-1-bio, CDI11b-bio, CD5-bio, Ter119-bio, 7-4-bio, from
Miltenyi Biotec) were costained with allophycocyanin/Cy7-conjugated
(BD Biosciences/BD Pharmingen) streptavidin. For mesenchymal stem
cells (MSCs) detection, cells were stained with the following Abs:
CD45-PE, Scal-FITC, PDGFRa-allophycocyanin (eBioscience),
TER119-PE (BD Bioscience), CD45~Pacific Blue (BioLegend), and Alexa
488-conjugated nestin Ab (Abcam).

RNA extraction, RT-PCR, and quantitative real-time PCR analysis.
Total RNA was extracted using RNA TRIzol (Invitrogen), and cDNA was
generated according to the manufacturer’s protocols. This cDNA (10 ng)
was used as a template for each PCR amplification using the following
specific forward and reverse primers, respectively: mouse B-actin (5'-
tggaatectgtggeatecatgaaac-3") and (5'-taaaacgcageteagtaacagteeg-3'); mouse
MTI-MMP (5'-tccggataagtttgggactg-3') and (5'-ccttcaccatcaaagggtet-3');
human GAPDH (5'-gagtcaacggatttggtcgt-3') and (5'-ttgattttggagggatcteg-
3"); human MTI-MMP (5'-caagcattgggtettigatgatg-3') and (5'-cttgggg-
tactcgetatcea-3'). For quantitative real-time PCR, PCR mixtures were
prepared using SYBR Premix Ex Taqll (Takara) containing 0.2mM of
each primer, and amplification reactions were performed. Specific forward
and reverse primers, respectively, were designed as follows: B-actin
(5'-gctggaaggtegacagtgag-3") and (5'-tgacaggatgcagaaggaga-3"); KirL (5'-
gectagteattgttggctac-3") and (5'-cccaagtttgtetatgatge-3); SDF-1 (5'-
agaaaccttccaccagagea-3') and (5'-aacggctaggaaagggtcte-3'); IL-7
(5'-tgcaatcatgtcaactgcaa-3') and (5'-tgcaatcatgtcaactgeaa-3'); EPO (5'-
catctgcgacagtegagttetg-3') and (5'-cacaacccategtgacatttte-3'); G-CSF (5'-
cctgettagageagagagag-3') and (5'-cagcageaggaatcaatact-3'). Gene expres-
sion levels were measured using the ABI Prism 7500 sequence detection
system (Applied Biosystems). PCR product levels were estimated by
measurement of the intensity of SYBR Green fluorescence. Gene expres-
sion levels were normalized to B-actin mRNA.

Knockdown experiment using siRNA. Target sequences for siRNA
were commercially designed and synthesized (B-bridge). siRNAs were
provided as a mixture containing 3 different siRNA target sequences. The
RNAI transfection solution was prepared by preincubating a mixture of
5nM siRNAs dissolved in 1 mL of serum-free and antibiotic-free medium
(OptiMEM; Invitrogen) and 10 pL of RNAIMAX for 20 minutes at room
temperature. Cells (3-4.5 X 10° cell/4 mL growth medium without antibiot-
ics) suspended by trypsinization were added to the mixture and cultured
overnight, and the medium was replaced with fresh growth medium.

Overexpression of MTI1-MMP. The transfection solution was pre-
pared by preincubating a mixture of 1 pg of plasmid DNA dissolved in
250 uL of OptiMEM and 3 pL of Lipofectamine 2000 (Invitrogen)
dissolved in 250 L of OptiMEM for 20 minutes at room temperature. The
transfection mixture (500 pL in total) was then added to the cells. After
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48 hours of culture, the culture media were replaced with fresh growth
medium.

Immunoprecipitation. Cells were lysed with cell lysis buffer (Cell
Signaling Technology) and the supernatants were collected. Total protein
content was measured using the Bradford assay (Bio-Rad). Lysates were
incubated with protein-G-Sepharose beads (Santa Cruz Biotechnology) and
anti-HIF-1o Ab (BD Biosciences) overnight and were then spun down for
1 minute at 5800g. The supernatant was removed and the pellets were
solubilized with 6 X SDS sample buffer (0.35M Tris-HCI, pH 6.8, 10%
SDS, 30% glycerol, 9.3% DTT) and analyzed by immunoblot analysis.

Immunoblotting. Cells were lysed with lysis buffer (Cell Signaling
Technology) according to the manufacturer’s instructions. The supernatants
were collected, and total protein content was measured using the Bradford
assay (Bio-Rad). The subcellular proteome extraction kit (Merck) was used
to fractionate subcellular proteins. Lysates were separated by SDS-PAGE,
transferred to a PVDF membrane, subjected to immunoblotting using
anti~FIH-1 (1:200; Santa Cruz Biotechnology), anti-integrin@1 (1/1000;
Chemicon), and anti-o/f tubulin (1:1000; Cell Signaling Technology),
washed with TBS-T, and immunoprobed for 1 hour at room temperature
with HRP-conjugated or alkaline phosphatase-conjugated Ab, then washed
with PBS-T. Finally, membranes were incubated with ECL-Plus (Amer-
sham), and the chemiluminescent signal was detected using LAS4000
(Fujifilm) according to the manufacturer’s instructions. The alkaline
phosphatase signal was then detected using the Histofine Kit (Nichirei).

Immunoassay. After cell transfection with siRNA, the growth medium
was replaced and the cells were cultured for 48 hours. Supernatants were
then collected and analyzed for murine KitL, SDF-la, and IL-7 using
commercially available ELISAs (R&D Systems).

Stromal-based expansion cultures. A total of 1 X 10* Lin~ cells from
the BM of GFP mice were cocultured with a confluent layer of stromal cells
(MS-5). Recombinant mouse KitL (20 ng/mL, every other day) or recombi-
nant mouse SDF-la (100 ng/mL, every other day) was added to
MT1-MMP KD MS-5 and control MS-5 cell cultures. Twelve days later,
adherent cells were retrieved using trypsin (Sigma-Aldrich) and pooled
with the nonadherent cells. Hematopoietic cells (GFP positive) were
counted.

Migration assay. Migration assays were performed in 24-well plates
using 5-pm polycarbonate Transwell inserts (Costar). BM Lin~ cells were
collected and isolated from normal adult mice. The cells were resuspended
in X-vivo 15 (Lonza). MTI-MMP** and MT1-MMP~/~ MEF culture
supernatant was aliquoted (600-pL aliquots) into 24-well plates, which
formed the bottom chamber, in the presence or absence of neutralizing Abs
against mouse SDF-1 (R&D Systems). Lin™ cells derived from the BM
cells of GFP mice (2 X 10° cells in 100 L) were added into the Transwell
insert (top chamber), and the cells were allowed to migrate through the
porous bottom for 4 hours at 37°C. The number of cells that migrated into
the lower chamber was determined using flow cytometry. Cells had been
stained with Abs against CD11b and Grl (BD Biosciences). The medium
from the lower chamber was passed through a FACSCalibur for 60 seconds,
gating on forward (FSC) and side scatter to exclude cell debris. The number
of live cells was compared with a 100% migration control in which
2 X 10° cells had been added directly into the lower chamber and then
counted on the FACScalibur for 60 seconds.

Immunohistochemistry. BM sections were fixed with 4% paraformal-
dehyde and permeabilized using 0.2% Triton X-100 for 20 minutes. After
blocking in PBS containing 5% goat serum and 0.2% BSA, the sections
were incubated with anti-FIH-1 Ab (Novus Biologicals) for 16 hours,
washed 3 times with PBS and incubated for 1 hour with anti-rabbit Alexa
568 (Invitrogen). After washing, the sections were incubated with Alexa
488-conjugated nestin Ab (Abcam) for 2 hours. For HIF-1 staining, fixed
and blocked sections were incubated with Alexa 488-conjugated HIF-1 Ab
(BD Pharmingen) for 2 hours. The sections were mounted using Vectashield
Mounting Medium with DAPI (Vector Laboratories). Images were acquired
with an Olympus DP71 camera.

Micro-CT analysis. ‘We evaluated the BM shaft surface area by using
micro-CT (Rigaku). We measured the shaft area at the center of the femur
by NIH Image] software.
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Proliferation assay. A total of 2 X 10* Lin~ cells isolated by MACS
(Miltenyi Biotec) from BM cells of GFP mice were cocultured with a
confluent layer of MEF cells. The cells were maintained in X-vivo
15 supplemented recombinant mouse IL-3 (20 ng/mL, every other day)
with or without neutralizing Abs against mouse KitL (R&D Systems). One
week later, all cells were retrieved using trypsin (Sigma-Aldrich). GFP-
positive were counted using FACS.

Statistical analysis

Data were analyzed using the unpaired 2-tailed Student ¢ test and are
expressed as means = SEM. P values of < .05 were considered significant.

Results
MT1-MMP deletion leads to severe pancytopenia

We used 14-day-old MT1-MMP~/~ mice to explore the role of
MT1-MMP in the regulation of postnatal hematopoiesis, as mortal-
ity of older MT1-MMP~/~ mice is very high.?*?% Compared with
MT1-MMP** mice, the body weight of MTI-MMP™/~ mice was
decreased (7.22 £ 0.48 and 2.99 % 0.05 g/mouse, respectively;
n=25, P<.001) and there was a decline in all hematopoietic
lineages examined in MT1-MMP™/~ animals, including WBCs
(Figure 1A), PLTs (Figure 1B), and RBCs (Figure 1C) in the PB.
MT1-MMP~/~ hematopoietic femurs were smaller than
MT1-MMP** femurs (Figure 1D). Under steady-state conditions,
BM cellularity in MT1-MMP mice was decreased compared with
MTI1-MMP** mice (Figure 1E). We next analyzed the number of
MSCs by flow cytometry. The frequency of PDGFRa*/Scal®/
CD457/Ter119~ BM-derived MSCs and nestin™ niche cells was
lower in MT1-MMP~/~ BM cells than in MT1-MMP*'* BM cells
(Figure 1F).3! Because the skeletal malformation described in
MTI-MMP~~ mice could affect the intrafemural space where
hematopoiesis occurs, the BM shaft surface area was determined
by microcomputer tomography (microCT). The BM shaft surface
area was reduced in MT1-MMP~/~ femurs compared with
MT1-MMP*'* mice (Figure 1G).

Histologic analysis of BM sections showed that MT1-MMP~/~
mice exhibited a striking paucity of hematopoietic cells within the
BM shaft and a reduction in the number of megakaryocytes, which
are responsible for platelet production (Figure 1H-I).

‘We next examined HSCs and hematopoietic progenitor popula-
tions. In wild-type mice, MT1-MMP is expressed in primary
BMMCs within the lineage-negative (Lin™) cell fraction, which
contains mostly hematopoietic progenitor cells and a small fraction
of HSCs, and in BM stromal cells, including BM endothelial cells
(BMEC-1), fetal osteoblasts (FOB), and fibroblast-like stromal
cells (MS-5; Figure 1J-K). The absolute number of CFU cells
(CFU-C; Figure 1L) and of more primitive progenitor populations
within BM cells, including day-8 CFU-spleen (CFU-S; Figure
1M), CMPs, GMPs, and MEPs and HSC-enriched CD34-c-Kit*,
Sca-1*, Lin~ (KSL) cells were diminished in MT1-MMP~/~
BMMCs. To determine the HSC content of the BM, we performed
limiting-dilution competitive repopulation analysis using MTI-
MMP** or MT1-MMP~/~ BMMCs. There was a lower frequency,
and a significantly reduced absolute number of competitive repopu-
lation units (CRUs) per femur in MT1-MMP~/~ BMMCs than in
MTI1-MMP** BMMCs. These data indicate that MT1-MMP is
required for HSC maintenance and for normal hematopoietic
differentiation.
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Figure 1. MT1-MMP gene deletion causes myelosuppression. (A-C) The number of (A) WBCs, (B) platelets (PLT), and (C) RBCs in the PB of 14-day-old mice was counted
(n = 8). (D) Images of mouse femurs (bars, 1 mm). (E) Total BM cell number per femur. (F) The percentage of PDGFRa*Scal* cells (MSCs) was determined by flow cytometry
(n = 2). (G) (left panel) Representative MicroCT scan images, and (right panel) quantification of the relative BM area within the BM femur shaft are presented (n = 3).
(H) H&E-stained femur sections. Right panel shows the quantification of the BM area per femur. B indicates bone, (bars, 200 wm). (I) Megakaryocyte number (n = 5).

(J-K) Real-time PCR analysis of MT1-MMP expression in (J) BM nuclear cells (BMNCs),

Lin*, Lin~, and BM stroma cells, and (K) in MS-5, NIH3T3, FOB, and BMEC-1 cells.

(L-M) The (L) absolute number of CFU-C per 105 BM cells and (M) frequency and absolute number/femur of CFU-S, CMP, GMP, MEP, CD34-KSL cells, and competitive
repopulating units (CRU) in wild-type and knockout BM cells (n = 3). For CRU determination, freshly isolated BM cells of different cell concentration were transplanted into
recipients (n = 10). Four months posttransplantation, the repopulating unit (RU) with trilineage engraftment (> 1% of donor-derived cells) was calculated. The absolute
number of CRU was calculated based on the observed number of BM cells per femur. Errors in bar graphs are SEM; *P < .05, **P < .01. CFU-C indicates CFU cells; CFU-8,
CFU-spleen; CMP, common myeloid progenitor; GMP, granulocyte/macrophage lineage-restricted progenitor; and MEP, megakaryocyte/erythrocyte lineage-restricted

progenitor.

MT1-MNMP~/~ mice show a T- and B-cell differentiation defect

Compared with MT1-MMP*/* mice, the absolute numbers of PB
CD3* T and B220* B lymphocytes were reduced (Figure 2A) and
the spleen was much smaller (Figure 2B) in MT1-MMP~/~ mice.

Similar to the BM, histologic examination revealed less megakaryo-
cytes in the MTI-MMP~/~ spleen (Figure 2C). The white pulp
appeared smaller in MTI-MMP~/~ spleens (Figure 2C), which
correlated with a reduction in the absolute numbers of lymphoid
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Figure 2. T and B lymphopoiesis are impaired in MT1-MMP =/~ mice. (A) PB B- and T-cell numbers (FACS analysis). (B) Images of mouse spleens. (C) H&E-stained spleen
sections. Arrowheads indicate megakaryocytes (bars, 100 um). (D-E) The (D) total number of splenocytes and (E) B220* cells in splenocytes (n = 6). (F) The percentage of
B220* populations in BMNCs (n = 6), splenocytes (n = 3), and PB cells (n = 2). (G) Thymocyte number (n = 4). (H) Images of thymi. (I} H&E-stained thymus sections.
MR indicates medullar region (bars, 100 um). (J) The percentage of thymic T-lineage subpopulations. (K-L) BM cells from MT1-MMP** and MT1-MMP~/~ mice were
transplanted into wild-type animals (CD45.2). (K) The percentage of donor CD4*/CD8* T and (L) B220*B cell lineage contribution of donor-derived cells in the PB 4 months
after transplantation (n = 10/group). Errors in bar graphs are SEM; *P < .05, **P < .01.

and total B (B220%) spleen cells (Figure 2D-E). The percentage of
B220*, early- (B2207CD43%), and late-stage (B2207CD437)
B cells was reduced in MT1-MMP~/~ BM, spleen, and PBMCs
(Figure 2F). Although the absolute number of early- and late-stage
B cellsin splenocytes was reduced in MT1-MMP~/~ mice (data not

shown), the relative percentage of early (B220*CD43*) B cells
was augmented in MT1I-MMP~/~ splenocytes. These data demon-
strate that MT1-MMP is required for normal terminal B-cell
differentiation within the BM with impaired release of B cells into
the circulation.
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