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It remains poorly understood how the haematopoietic stem/progenitor cells (HSPC) are attracted to their niches and
the functional consequences of such interaction. In the present study, we show that the cell cycle regulator cyclin A1 in
association with vascular endothelial growth factor receptor 1 (VEGFR1), is required for HSPC and their niches to
maintain their function and proper interaction. In the absence of cyclin A1, the HSPC in the BM are increased in their
frequency and display an increased migratory and homing ability. Concomitantly, the ability of the endosteal and
central BM niche zones to attract and home the wild-type HSPC is significantly reduced in cyclin A1-null mice as
compared to the wild-type controls. The impaired proliferation and homing of HSPC in the BM of cyclin A1-null mice
are attributed to the increased density of microvessels in the endosteal and central BM niche zones, which is associated
with the increased VEGFR1 expression. Thus, modulation of cyclin A1 and VEGFR1 in HSPC and their niches may provide

new insights into therapeutic approaches.

Introduction

In adule BM, HSPC fulfill the function in self-renewal, prolifera-
tion and differentiation during homeostasis and after external injury.
HSPC are not randomly distributed in the BM, but rather reside in
specialized microenvironments referred to as niches.'” Both HSPC
and their niches are necessary to generate the cells that are needed to
replenish the blood and immune systems.">” At least 2 niche zones
for HSPC in the BM anatomical regions have been described: the
endosteal and the central BM niche zones.”'°

It is known that HSPC are located near bone surfaces in the
endosteal niche zone or in perivascular sites adjacent to endothe-
lium of blood vessels in the central BM zone.””® The presence of
osteoblastic signaling in the endosteal zone, but the absence of
this signaling in the central BM zone appears to be the major
functional difference between these 2 BM zones.® Further,
HSPC preferentially and consistently trans-endothelially migrate
and home to the endosteal zone of the BM of recipient mice after
transplantation.9
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The endosteal niche zone is the region along bone surfaces
which are enriched in bone cells and microvessels; the central
BM niche zone is the region excluded from the bone surfaces and
is enriched with marrow vascularity and blood vessels.'"*'* Each
niche zone is characterized by specific cell types including endo-
thelial cells, osteoblasts and mesenchymal stromal cells, all of
which have been described.'"'? A recent study reports that
HSPC preferentially migrate and home to the endosteal niches of
recipient mice after trzlnsplzmta\tion.]4 However, it remains
unknown which types of niche cells may attract HSPC to prefer-
entially home to the endosteal niche zones. Increasing evidence
suggests that the endothelial cells promote HSPC homing via
specific adhesion molecules to migrate close to bone on a com-
petitive basis."' VEGFRI is expressed by the endothelial cells of
blood vessels and contributes to homing and dormancy of
HSPC.”">""7 VEGFRI1 plays an important role in vascular
niches.'” ™’ Since the marrow vessels expressing VEGFR1 form a
network that connect the bone and marrow, which in turn create
specific environments for HSPC."' It is thus interesting to
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investigate whether VEGFR1 may play an important role in reg-
ulation of interaction of HSPC with their BM niches.

The mammalian cell cycle regulator cyclin Al is specifically
expressed in male germ cells and in BM cells.”'** Cyclin Al
expression has also been detected in endothelial and osteoblast
cell lines.**?> Cyclin Al is highly expressed in leukemia, cancers
of testes, breast, lung and prostate.”>° Further, cyclin Al is spe-
cifically expressed in acute myeloid leukemic stem cells, and it is
of interests to design targeted immunotherapy to selectively tar-
get leukemic stem cells that overexpress cyclin A1.>"** Targeted
overexpression of cyclin Al in early myeloid cells results in path-
ogenesis of acute myeloid leukemia in transgenic mice.*® Pertur-
bations in niche signaling have been shown to enhance the stem
cell mobilization and change the cellular compositions in BM
niches, which are associated with pathological conditions such as
myeloproliferative disorders.®*

In the present study we show that cyclin Al is associated
with VEGFR1, and has an important function in regulating
proliferative, migratory and homing ability of HSPC, and their
interaction with the endosteal and central BM niches. Cyclin
Al and VEGFRI play an important role in regulation of micro-
vessels of the endosteal and central BM niche zones, Our study
also provides a molecular basis for a potential therapeutic
opportunity to protect HSPC and their niches for bone marrow
transplantation.

Results

Loss of cyclin A1 function increases HSPC numbers in
endosteal and central BM zones

Cyclin Al expression was detected in stem cell enriched frac-
tion of mouse BM: Lin~c-Kit*Scal*(LSK)-IL7a™ cells desig-
nated as LSK-HSPC, and in Lin~Sca-1"lymphoid progenitors
(Fig. 1A). Cyclin A1 protein expression was detected in endothe-
lial cells of perivascular vessels, which expressed CD31, a cell sur-
face marker for blood vessels (Fig. 1B). Immunohistochemical
analysis further confirmed that cyclin Al was expressed in the
endothelial cells and osteoblasts within the BM micro-anatomical
regions: the proximal/distal epiphyses and metaphysic zones
(Fig. 1B, C and Fig. S1). To study cyclin Al function in haema-
topoietic cells and their BM niches iz vivo, we established mice
(Cenal™") in which Cenalallelesencoding for cyclin Al were
deleted. We assessed the number and frequency of different sub-
populations of haematopoietic cells in the BM of cyclin Al-
deficient mice (Cenal™"™) and age-matched wild-type controls
(Cenal™’™) by FACS analysis (Fig. 1D and E). The absolute
numbers and frequency of the stem cell-enriched LSK-HSPC
were significantly increased in the BM of Cenal ™™ mice by 49%
and 33% compared with that of Cenal * mice (Fig. 1F, mean
frequency of LSK-HSPC in Lin cells per Cenal™* mouse =
0.84%; mean LSK-HSPC per Cenal™"™ mouse = 1.11%, differ-
ence = 0.27%; 95% CI = 0.08% to 0.13%, n = 19 mice of
each genotype, p = 0.003). The frequency of LSK-HSPC-
enriched Lin~ cells in the BM of Cenal ™'~ mice was higher than
that of Cenal™ mice (mean Lin~ cells per Cenal™* mouse =
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39.58%, mean Lin~ cells per Cenal™™ mouse = 48.68%; differ-
ence = 4.1%; 95% CI: 7.3 to 6.78%; n = 25 mice of each geno-
type, p = 0.01) (Fig. §2). While the frequency of the more
differentiated lineages including myeloid progenitors (MP), the
lymphoid progenitors (LP) and the common lymphoid progeni-
tors (CLP) in Cenal™’™ mice was similar to that in Cenal™*
mice (Fig. 1F). There was no significant difference in the fre-
quency of LSK-HSPC, MP and LP in the spleen between
Cenal™™ and Cenal™™ mice (Fig. 1G). These data suggest that
cyclin Al may play a role in maintaining proper numbers of
HSPC in the BM.

It is known that HSPC are located in the central BM zone
and the endosteal zone within the BM, and both of the niche
zones are enriched with perivascular blood vessels.'"1% As
mentioned above, cyclin Al expression was detected in endo-
thelial cells of perivascular blood vessels and in osteoblasts of
the bone surfaces in the BM. We next assessed whether loss
of cyclin Al function my affect the frequency of LSK-HSPC
residing in the BM niche zones. Using flow cytometry, the
frequencies of LSK-HSPC harvested from the endosteal and
central BM niche zones in Cenal™~ and Cenal™t mice
were assessed (Fig. 2A). The frequency of LSK-HSPC in
both endosteal zone and central BM zone in Cenal™~ mice
was increased by 31% and 26% as compared with that of
Cenal™ mice (Fig. 2B-E, mean frequency of LSK-HSPC
in Lin- cells from the endosteal zone/per Cenal™* mouse =
0.78%; mean frequency of LSK-HSPC in Lin- cells from the
endosteal zone/per Cenal™™ mouse = 1.02%, difference =
0.24; 95% CI = 0.13 to 0.24%, p = 0.018; mean frequency
of LSK-HSPC in Lin- cells from the central BM zone /per
Cenal™™" 0.94%; mean frequency of LSK-HSPC
in Lin- cells from the central BM zone /per Cenal™™ mouse
= 1.19%, difference = 0.24; 95% CI = 0.14 to 0.18%, p =
0.01). This data show that cyclin Al plays a role in maintain-
ing LSK-HSPC numbers within the endosteal and vascular
niches.

We next asked if the observed differences in HSPC
between Ccnal™~ and Cenal™™
the altered proliferation of HSPC or their susceptibility to

mouse =

mice may be accounted for

apoptosis. Cell cycle analysis using short-term BrdU incorpo-
ration in vivo assay was performed. There was a higher pro-
portion of mitotic cells, suggesting that the increased
frequency of LSK-HSPC in Cenal™~ BM may be associated
with the increased proliferation (Fig. S3A). We next assessed
whether the increased frequency of LSK-HSPC may be
related to the apoptosis status. We assessed apoptosis status
in the LSK-HSPC, MP, LP and Lin~ cells from Cenal™’~
and Cenal™' mice under steady-state conditions. The subpo-
pulations were isolated and labeled with antibodies against
the phenotypic cell surface markers in combination with
Annexin-V and 7AAD staining followed by FACS analysis.
There was no significant difference between genotypes in the
detection of early apoptosis (Annexin-V+/7AAD-) us. late
apoptosis and necrosis (Annexin-V+4/7AAD+) in LSK-
HSPC, MP, LP and Lin~ cells between genotypes
(Figure S3B-E). Further, mRNA expression of the second A-
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Figure 1. Loss of cyclin A1 function
results in the increased numbers of
HSPC in the BM of Ccnal™~ mice.
(A) Expression of cyclin AT mRNA in
sorted Lin~Sca-1"c-Kit" HSPC (LSK),
Lin"Sca-1" lymphoid progenitors,
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type cyclin, Cena2, encoding cyclin A2 remained unchanged
in Cenal™™ mice suggesting that cyclin A2 does not com-
pensate for loss of cyclin Al (Supplementary Fig. 4). Thus,
cyclin Al function is important for maintaining the proper
number and frequency of HSPC in the specialized BM niche
zones.
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Cyclin Al-deficient HSPC show an increased ability to
proliferate in irradiated host BM after long-term
transplantation

To further investigate whether loss of cyclin Al gene
indeed affected the number and frequency of HSPC, we per-
formed long-term competitive bone marrow transplantation
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Figure 2. The frequency of HSPC is
increased in the endosteal and central BM
regions from Ccnal™'~ compared with
that of litter-mate Ccnal™" mice.
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S ot and =rd nul?lber.of Cenal BM cells once
transfer transfer transfer again displayed 2-fold increase rela-

assays. BM cells from Cenal™~ (CD45.2) were mixed with
wild-type competitor CD45.1 BM cells and transplanted into
lethally irradiated recipients (CD45.1) (Fig. 2F). The propor-
tion of Cenal™™ BM cells was 2-fold higher than wild-type
cells in the recipients at 4 months post-transplantation
(Fig. 2F). When the HSPC from these mice was used for a
secondary transplantation into irradiated recipients, the num-
ber of Cenal™™ BM cells was again 2-fold higher than the
wild-type cells in the irradiated recipients after 4 months of
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tive to the wild-type cells (Fig. 2F).

These data suggest that Cenal ™'~
BM cells retained the feature of higher frequency of HSPC
over the wild-type after reconstitution experiments.

Increased proliferation capability of Ccnal ~'~ HSPC is
associated with their increased ability to home to their host BM

It is suggested that the increased proliferation capability of
HSPC is associated with their enhanced ability to migrate and
home to the BM.?>* We next investigated whether the increased
proliferative capability of Cenal™~ HSPC may impair their
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homing frequency after BM transplan-
tation. Purified BM Lin~ cells of
Cenal ™"~ I
were stained with a fluorescence dye
carboxyfluorescein  diacetate succini-
midyl ester (CFSE) and were trans-
planted into lethally irradiated
recipient mice (Fig. 3A). The fre-
quency of transplanted donor HSPC
that homed to the host BM 18 hours
post-transplantation were sorted and
assessed by FACS analysis (Fig. 3A).
There was a 98% increase in frequency
of donor Cenal™"~ HSPC that homed
to the host BM, as compared with that
of donor Cenal™* HSPC (Fig. 3B, p
= 0.012). The number of donor HSPC
integrated into the spleen, thymus and

mice and Crna mice

lymph nodes was similar between the
irradiated genotypes (Fig. S5). It is
known that a small number of circulat-
ing HSPC after entering blood stream
will periodically migrate to their BM
niches.*>*® We also transplanted BM
Lin~ cells of Cenal™"
Cenal™™ mice into non-irradiated
recipient mice in which the host BM
niches and systems
remained intact (Fig. 3C). The
Cenal™ HSPC also displayed an
increased ability to enter into the non-
irradiated host BM after 18 hours BM
transplantation, and the homing fre-
quency of Cenal™~ HSPC was 43%
higher than that of Cenal™*controls
(Fig. 3D).
index is significantly higher in
Cenal™"~ HSPC relative to controls (p
= 0.029). While the number of donor
HSPC integrated into the spleen, thy-
mus and lymph nodes of non-irradiated
host mice was similar between geno-
types (Fig. S6). Thus, Cenal ™'~ HSPC
display alterations in their ability of
homing and mobilization. This sug-

mice and

circulation

The homing frequency

gests that cyclin Al plays an important
role in regulation of homing and mobi-
lization of HSPC to their host BM after

transplantation.

The absence of cyclin Al reduces the ability of endosteal and
endosteal zones to attract and home normal HSPC

A large body of evidence suggests that the number and fre-
quency of HSPC are regulated by their specialized niches in
the BM."” We hypothesized that the altered frequency of

HSPC in Cenal ™'~
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Figure 3. Ccnal™~

were purified from BM of the Ccnal "~

HSPC display increased homing and mobilization frequencies compared with that
of Ccnal™* HSPC. (A, C) A cartoon of the homing assay procedure is depicted. The donor Lin™ cells
mice or Ccnal™™ littermates and were labeled with CFSE dye.
For experiments in (A), the recipient mice were lethally irradiated. For experiments in (C), the recipient
mice were not treated with irradiation. Representative FACS plots show that donor HSPC are present in
the recipient BM. (B and D) The percentage of homed CFSE-positive Ccnal™’~ HSPC, referred as hom-
ing frequency relative to that of Ccnal™* controls in irradiated host BM (p = 0.012) in (B) and in non-
irradiated host BM (p = 0.029) in (D) are shown. The data represent mean values + SEM (n = 3) for
each genotype for each experiment. Three independent experiments were performed.

mice may be associated with alterations in

their niches. To assess the function of the BM niches, we per-
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with a reported study,'*

I+

formed BM transplantation and assessed ability of the endos-
teal and central BM zones from Crna
transplanted donor Cenal™* HSPC (Fig. 4A). In agreement
Ccnal 7 THSPC preferentially homed
to the endosteal niches in the BM of recipient Cenal™* mice
after BM transplantation (Fig. 4B). However, the ability of

mice to host

Volume 14 Issue 12



Analysis of

BM transplantation recipient BM

labeled Lin- cells

"-::-‘-q ad| e +|
2x106 CFSE- . Hcentral BM

E.ndosteal BM

Figure 4. Loss of cyclin A1 function
impairs ability of the endosteal and cen-
tral BM niches to interact with donor
Ccna1*’* HSPC and increased VEGFR1
expression in the BM. (A) A cartoon of the
homing assay procedure and assessment
of homed Ccna1™* HSPC in the endos-
teal and central BM niches of recipient
mice are depicted. (B) Homing frequency
of Ccnal™* HSPC to the endosteal and

central BM niches of recipient Ccnal™’
Tmice. n = 4 recipient mice for each
genotype. Data represent mean values +
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diaphysis

tive osteoblasts (OB) and VEGFR1-positive
endothelial cells (g¢) of the blood vessels
are indicated by arrows. (E) Representa-
tive pictures show VEGFR1 expression in
the BM samples from Ccnal™~ and
Cenal™* littermate.

proteins examined, VEGFRI expres-
sion observed in the endothelial sinuses
of the BM from Cenal™* mice as
determined by immunohistochemical
analysis of multiple bone sections
(Fig. 4D). The increased VEGFRI
expression was co-incident with a
higher density of endothelial sinuses in
the BM of Cenal™’™ mice (Fig. 4F). It
has been shown that VEGFRI is an

the non-irradiated endosteal niches and the central BM niches

mice to attract and home Ccnal*’* HSPC was
1+

in Ccnal ™'~
significantly reduced compared to that of Ccna mice
(Fig. 4C, for endosteal BM zone, p = 0.03, for central BM
zone, p = 0.043). This suggests that loss of cyclin Al results
in a reduced ability of endosteal and central BM niche zones
to interact with and host transplanted HSPC.

Loss of cyclin A1 resulted in an increase in micro-vessel
densities accompanied with increased VEGFR1 expression in
HSPC and their niche cells

To further investigate whether the altered function of the end-
osteal and central BM niches in Cenal™™ mice may be due to the
alterations in components that are essential for niche structure and
function, we examined a panel of proteins that are important for
extracellular matrix and vascularization Among a panels of
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important component expressed by the
endothelial sinuses of the BM which support the homing and dor-
mancy of HSPC."® Haematopoietic progenitor cells (HPC) from
mobilized peripheral blood display enhanced migration and mar-
row homing compared to steady-state bone marrow HPC. To
determine whether VEGFRI may be expressed in HSPC nearby
the endothelial cells of blood vessels, we co-stained the BM sec-
tions of Cenal*’Tmice with antibodies against VEGFR1, CD31
and c-kit VEGFRI. It has been shown that the network of vessels
interacts with haematopoietic cells in the BM.?” We observed that
VEGFRI was expressed in HSPC and their surrounding endothe-
lial niche cells In the BM of Cenal™" mice (Fig. 5A). VEGFRI1
expression was increased in the BM cells of Cenal™™ mice
(Fig. 5A, B). We further applied confocal/multiphoton micros-
copy combined with immunostaining to visualize HSPC and
microvessels that expressed VEGFRI. VEGFRI expression in
Cenal™~ HSPC and endothelial niche cells from both
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endothelial and central BM niche
zones was remarkably increased com-
pared with that of Cenal™" mice
(Fig. 5C). Using confocal/multipho-
ton microscopy, we observed that
both endosteal and central BM niche
zones of Cenal™"~ mice displayed an
83.3% increased density of endothelial
CD31-positive microvessels compared
to that of Cenal™ mice (Fig. 5D
and E, p = 0.03). These data suggest
that loss of cyclin Al function is
required for regulation of VEGFRI
expression and proper microvessel

density in the BM niches.

The increased VEGFRI1 in the
endosteal and central BM niches in
Ccnal '~ mice is associated with the
impaired proliferative capability of
HSPC

Next, we wanted to assess whether
the elevated level of VEGFRI1 in
endothelial niche cells of microvessels
is responsible for the increased prolif-
erative activity of Cenal™'~ HSPC.
As shown in Figure 6A, Ccnal -
HSPC  expressing high level of
VEGFRI are in close contact with
their surrounding endothelial niche
cells in the BM of Cenal™’"
We hypothesized that the increased
proliferative activity in HSPC in the
Cenal™™ BM may be a direct conse-
quence of the increased VEGFRI
expression due to cyclin Al-defi-
ciency. We sorted CD31-positive
endothelial cells and LSK-HSPC
from the BM of Cenal ™'~ mice using
FACS (Fig. 6B). We blocked
VEGEFR1 production in the endothe-
lial cells using neutralizing antibodies
against VEGFRI1 or matched isotype
control. We then assessed whether
blockage of VEGFRI in the endothe-
lial niche cells may affect LSK-HSPC
proliferation in the co-culture of these

mice.
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Figure 5. Loss of cyclin A1 function impairs VEGFR1 expression in HSPC and in endothelial cells of blood
vessels in both endosteal and central BM niches, which is accompanied by the increased density of
blood vessels. (A) Immunofluorescence staining of VEGFR1 in the BM cells of the central BM niches of
Cenal™* mice and Ccnal™~ mice. (B) Representative confocal microscopy pictures highlight both
HSPC co-stained with antibodies to VEGFR1, c-kit and DAPI (in red, green and blue merged) and non-
HSPC only stained with antibody to VEGFR1 and DAPI (in green and blue merged). (C) Similar areas of
the BM shown in (B) are assessed by immunohistochemical analysis using antibody against VEGFR1. (D)
Representative confocal microscopy pictures of analysis of the endosteal and central BM niches using
antibody against CD31 in red. The areas of the BM of Ccnal~ and Ccnal™* mice contain perivascular
vessels are shown in the left panel. The vessels in the same area show in the left panel are highlighted
and are shown in the right panel. (E) Quantification of the numbers of vessels in the total BM of the
Ccnal™~ and Ccnal™* mice. The numbers of vessels per microscopic area (x40 amplification) were
counted on multiple sections of the BM, p = 0.03 (n = 4 mice each genotype).

2 populations (Fig. 6B). After 48 hours of co-culture of LSK-
HSPC with the endothelial cells in which VEGFR1 production
was blocked, the frequency of LSK-HSPC was significantly
reduced in the co-culture down to 23% as compared with that
co-cultured with control niche cells (Fig. 6B—D; mean numbers
of in control co-cultures = 100.67; mean numbers of LSK-
HSPC in VEGFRI1-depleted co-cultures = 77.67, difference =
23;95% CI = 17.97 to 14.56; p = 0.03). This intriguing finding
suggests that the increased proliferative activity in HSPC in the
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Cenal™™ BM may be a direct consequence of the increased
VEGFRI expression due to cyclin Al-deficiency.

Alterations in VEGFRI signaling due to cyclin Al-deficiency
may impair the interactions between HSPC and their niches

It has been shown that VEGFR1 signals may mediate migra-
tion of HSPC."® Next, we hypothesize that the increased homing
and migratory ability of Cenal™"~ HSPC in vivo may be a direct
consequence of the increased VEGFR1 expression due to cyclin
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Figure 6. Altered VEGFR1 signaling
in the endothelial niche cells is in
part responsible for altered prolif-
eration of LSK-HSPC in Ccnal™’~
mice. (A) Representative pictures
of immunofluorescence analysis of
an area contains blood vessels in
Ccnal™~ BM using antibodies
against VEGFR1 (green), c-kit (red)
and DAPI to highlight the nucleus.
HSPC co-stained with anti-VEGFR1
and anti-c-kit and DAPI are shown

B

Lin- cells

in orange, while the endothelial
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Al-deficiency. To this end, we first assessed the ability of sorted
LSK-HSPC from Cenal™~ and Cenal™*mice to migrate
toward the BM chemo-attractants using migration assays. LSK-
HSPC from Cenal™’™ mice displayed an increased migratory
ability by 214% compared to that of Cenal™* mice (Fig. 7A,
mean percentage of migrated Cenal™” LSK-HSPC = 16.21%;
mean percentage of migrated Cenal™"~ LSK-HSPC = 50.96%,
difference = 34.74; 95% CI = 18.32 to 42.88%, p = 0.016).
Next, we blocked VEGFR1 production in LSK-HSPC sorted
from the BM of Cenal™~ and Cenal™' mice. Blocking
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VEGFR1 signaling in Cenal™~ LSK-HSPC significantly
reduced their initially increased migration rate down to 52%
compared to that of isotype controls (Fig. 7B, p = 0.038). Fur-
ther, Cenal™"~ LSK-HSPC displayed a reduced ability to attach
to fibronectin, a component of the BM niches, down to 99.9%
to that observed in Cenal™* LSK-HSPC (Fig. 7C). These data
suggest that alteration in VEGFRI signaling contributes to the
altered homing and mobilization of Cenal™~ HSPC and
impairs ability of LSK-HSPC to interact with their niche compo-
nents. Taken together, VEGFR1 may form a molecular network
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together with cyclin Al to mediate the
interaction between HSPC and their
niches (Fig. 7D).

Discussion

In the present study, we show that
cyclin Al is an important regulatory
factor that mediates interaction of
HSPC with their niches in the BM.
Loss of cyclin Al function in HSPC
results in: (i) an increase in numbers
and frequency of HSPC in the BM; (ii)
increased ability of HSPC to migrate
and home to the host BM after BM
transplantation; (iii) decreased ability
of HSPC to interact with extra cellular
matrix in the BM. Conversely, loss of
cyclin Al function in the endothelial
niche cells results in: (i) increased level
of VEGFRI expression in the endothe-
lial vessels; (ii) increased numbers of
micro-vessels in the endosteal and cen-
tral BM zones; (iii) decreased ability of
the BM to engraft HSPC. Thus, loss of
cyclin Al function is associated with
defects in HSPC behaviors such as
migration, proliferation and regenera-
tion in the BM.

Previous studies have shown that
cyclin Al is an important cell cycle reg-
ulator that is specifically expressed in
male germ cells and in BM cells.?%?
However, expression pattern of cyclin
Al in HSPC us. niche cells, and its
function in haematopoietic system
have not been reported. Our finding in
the present study reveals that cyclin Al
is expressed in HSPC and the endothe-
lial niche cells in the BM of mice.
Cyclin Al function is required for
maintaining proper frequency and
numbers of HSPC in the BM. The
BM of Cenal™'™ mice contains signifi-
cantly higher numbers of HSPC com-
pared with the controls. When
Cenal™~ HSPC was used together
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Figure 7. Altered VEGFR1 signaling in LSK-HSPC is in part responsible for altered migration and mobili-
zation of LSK-HSPC in Ccnal~/~ mice. (A) Migration assay to assess the migratory ability of sorted LSK-
HSPCs cells from Ccnal™’~ and Ccnal™" mice in in vitro is shown. Mean number of migrated
Ccnal™* LSK-HSPC = 1621 per 10000 total cells applied in the migration assay; mean number of
migrated Ccnal™'~ LSK-HSPC = 5096, difference = 3475 cells, 95% Cl = 1832 to 4288, p = 0.016. Data
represent mean values + SEM from 3 independent experiments (n = 6 mice of each genotype). (B)
Migration assay to evaluate the involvement of VEGFR1 in mediating the migratory ability of HSPCs
from Ccnal~ and Ccnal*”* mice. For the blockage of VEGFR1 production, 1 wg/ml of anti-VEGFR1, or
1 wg/ml IgG antibody was used. p = 0.038. (C) Assessment of the interaction of LSK-HSPC from Ccnal™
and Ccna1™* mice with fibronectin, an extracellular matrix component (ECM). The numbers of cells
that are attached to the fibronectin-coated surface are shown. Data represent mean values + SEM
from 2 independent experiments. (D) A schematic model to illustrate cyclin A1 function in the regula-
tion of proliferation, homing and mobilization of HSPC and their interaction with the endothelial niche
cells of perivascular vessels in the endosteal niches and central BM niches. Cyclin A1 regulates interac-
tion of HSPC with their niches through VEGFR1. In both endosteal niches and central BM niches, endo-
thelial niche cells of blood vessels that produce VEGFR1 may have a dominant and stimulatory
influence on proliferation, migration and homing of HSPC under homeostatic conditions.

cytotoxic agents.*? Although we did not detect severe phenotype

with Cenal™’t HSPC for transplantation into irradiated recipi-
ents, the number of Ccnal™~ BM cells was 2-fold higher than
Cenal™™*
plantations. The proportion of mitotic cells was increased within
Cenal™"~ HSPC compared with that of Cenal™* HSPC. It is
suggested that higher numbers of HSPC is a result of their
increased proliferative activity, and the active proliferating HSPC

cells in the irradiated recipients after series of trans-

may be more prone to DNA damages and apoptosis induced by
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in haematopoietic system in Cenal ™'~ mice under steady state
condition. Our unpublished data show that Cenal ~/~ mice suffer
the early death compare with Cenal™" mice after exposure to
high-dose irradiation.

The homing and lodging of HSPC into the host BM are
highly coordinated events, and HSPC preferentially home to the
endosteal and vascular niches.?® It has been reported that several

key adhesion molecules and chemokine receptors such as VLA-4
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or CXCR4 which are expressed by HSPC mediate homing and
lodging of HSPC, as these receptors are able to adhere and bind
to their ligands that are present within the BM niches."*!! In the
present study, we show that Cenal™’~ HSPC display an
increased ability to migrate and home to the irradiated/non-irra-
diated host BM as compare to Cenal ++ controls. It is likely that
loss of cyclin Al function leads to an alteration in the chemokine
receptor signaling, thus alters the migration and homing rates of
HSPC to the BM.

It has been shown that HSPC are preferentially maintained in
vascular and perivascular domains of the BM sinusoidal net-
work. 143839 Consistent with previous reported studies, we also
show that HSPC are located adjacent to blood vessels in both
endosteal and central BM zones. However, the vascular structure
and microvessel density are altered in the BM of Cenal ™™ mice.
We further show that the ability of the endosteal and central BM
niches in Cenal™™ mice to engraft Cenal™ HSPC is signifi-
cantly reduced compare to that of Cenal™™ mice. Since cyclin
Al is also expressed in endothelial niche cells of the vascular ves-
sels in the BM, it is likely that loss of cyclin Al function may also
affect proliferation of endothelial niches cells, and leads to the
altered microvessel density of the BM niches.

The niches for HSPC in different regions of the BM remain
incompletely defined.” Tt is believed that vascular volume in the
BM region may have impact on the homing of HSPC."" How-
ever, the factors that regulate vascular volume in the BM remain
to be identified. In the present study, we observed that the
increased microvessel density was co-incident of increased
VEGEFR1 expression in the endothelial niche cells in the
Cenal™™ BM. To define the functional relationship between
cyclin Al and VEGFRI in regulating interactions of HSPC with
their niches, we performed co-culture experiment in which puri-
fied Cenal™"~ CD31-positive endothelial cells were co-cultured
with Cenal™~ LSK-HSPC cells. We found that blockage of
VEGFR1 production in the endothelial cells resulted into
decreased numbers of Cenal ™~ LSK-HSPC in the co-culture as
compared to that of the controls. This suggests that cyclin Al
regulates vessels density and interactions of HSPC with endothe-
lial niche cells via VEGFR1-dependent signaling. It is known
that VEGFR1 binds to several ligands including PIGF, VEGF-A,
and VEGF-B.“* Further, circulating soluble VEGFR1 and
VEGEFR2 significantly attenuated VEGF-induced neovasculariza-
tion.""*? In the present study, VEGF expression level in BM
HSPC and endothelial cells remains similar between Cenal™'~

1" mice as determined by immunohistochemi-

mice and Cena
cal analysis and western blot analysis, however, VEGFR1 expres-
sion is significantly increased in both HSPC and endothelial cells
in Cenal™~ BM. It is possible that the increased production of
VEGFR1 may be the causative factor that contributes to the
alteration in microvessel density. Alternatively, the increased
VEGEFRI expression may be the consequence of the altered pro-
liferation of the endothelial cells caused by cyclin Al-deficiency.
As summarized in Figure 7D, our finding provides new evidence
that endothelial vessels are one of the important components of
the BM niches, and cyclin Al and VEGFR1 are involved in regu-

lating proliferation and trafficking of HSPC between the
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endosteal niches and the central BM niches within the BM. Our
findings support the hypothesis that specific molecular signaling
from the endothelial vessels influence proliferation and migration
of HSPC.* Our previous reported studies showed that cyclin Al
promoted invasion of tumor cells by modulating VEGF expres-
sion.””?® Our findings in the present study further highlights the
functional importance of cyclin Al and VEGFRI signaling in
hematopoiesis and may provide new insights into therapeutic
approaches. Future studies may be conducted to further address
the mechanisms on how cyclin Al and VEGFR1 are intercon-
nected in haematopoietic system.

Materials and Methods

Mice and PCR genotyping

Mice homozygous for a targeted disruption of the Cenal gene *4
were generated. Cenal ~“mice and Cenal™* mice in C57BL/6
inbred background were established and used. Genotyping to iden-
tify mutant or wild type alleles was done by polymerase chain reac-
tion (PCR)-based analysis as previously described.*® Both females
and males at 12-14 weeks of age were used. All procedures were
performed under ethical permission and were in accord with guide-
lines of the Swedish Regional Animal Care and Well-fare Commit-
tee and the Institutional Animal Care and Use Committee of
Columbia University Medical Center.

Real-time RT-PCR and cDNA amplification

To examine the expression of Cenal in the sorted mouse BM
populations, total cellular RNA was isolated from total BM,
LSK-HSPC or Lin~Sca-17 cells and subjected to RT-PCR analy-
sis. PCR with primers specific for full-length mouse Cenal (for-
ward primer: 5-CATATGATGCATCGCCAGAGCTCCA-3/,
reverse primer: 5'-CCCGGGTCACTGCAGGGGAA-
GAACTA-3") (Invitrogen, Carlsbad, CA, USA). Thermocycling
programs consisted of 94°C for 2 min followed by 31 cycles of
94°C for 30 sec, 58°C for 30 sec and 68°C for 2 min and 68°C
for 10 min. Quantitative PCR was performed with a 7300 Real
Time PCR System (Applied Biosystems, Carlsbad, CA, USA).
PCR products of cyclin Al of approximately 1.2 kb in size were
excised and sequenced. All assays were run in either duplicate or
triplicate for each individual sample and repeated.

Purification of subpopulations by fluorescence-activated cell
sorting (FACS)

BM was isolated from tibias and femurs. To deplete lineage-
positive (Lin*) cells, the EasySep Mouse Haematopoietic
Progenitor Enrichment Cockrail Kit (StemCell Technologies,
Vancouver, British Columbia, Canada) was used according to
the manufacturer’s protocol. In brief, Lin™ cells were specifically
labeled with dextran-coated magnetic microparticles using bioti-
nylated antibodies against cell surface antibodies including anti-
CD4, CDS8, CD3, CD11b, CD19, Macl, CD45R/B220, GR1
and TERI119, and bispecific Tetrameric Antibody Complex
(TAC). Populations of LSK-HSPC (Lin"IL-7Ra™Sca-1"c-kit™,
LSK) were isolated by flow cytometric cell sorting (FACS) as
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detailed below. Isolated Lin™ cells from BM and spleen were fur-
ther stained with phycoerythrin—-Cy7 (PE-Cy)-conjugated anti-
Sca-1, phycoerythrin (PE)-conjugated anti-c-kit/CD117, Alexa
Fluor 647-conjugated anti-IL-7Ra cocktail and fluorescin iso-
thiocyanate (FITC)-conjugated Annexin V and 7AAD (BD
PharMingen of BD Biosciences, San Jose, CA, USA). The mye-
loid progenitors (MP): Lin~"IL-7Ra”Scal “c-Kit" population,
lymphoid progenitors (LP): Lin IL-7Ra* cells, and common
lymphoid progenitors (CLP): Lin IL-7Ratsca-1Tc-Kit" cells
were also sorted and isolated on FACS Aria sorters (Becton Dick-
inson, Mountain View, CA, USA). The data were analyzed using
FCS Express software (DeNovo Software, Los Angeles, CA,
USA). The total number of HSPC per mouse was calculated
based on the frequency of this population within the Lin- cells as
described.®

Competitive BM transplantation assay

Competitive repopulation assays were modified from previ-
ously described assays by Szilvassy et al.*’ Age- and sex-matched
B6.SJL CD45.2 Cenal ™™ mice were used as a source of compet-
itor marrow cells. Age- and sex-matched BG6.SJL CD45.1
Cenal™™* recipient mice (Taconic, Germantown, NY, USA)
were lethally irradiated with 2 doses of 5.5 Gy administered
3 hour apart using a '°’Cs source at a dose rate of 1Gy/min. A
total of 2 x 10° BM cells were injected into the tail vein of recip-
ient mice at a ratio of 2:1 CD452 Cenal™’": CD45.1
Cenal™'". Four months post transplantation, recipients were sac-
rificed and BM was harvested for a second round of transplanta-
tion. Secondary transplant recipients were monitored for 4
months, sacrificed and then BM was harvested for a third round
of competitive transplants. Tertiary recipients were monitored
for 4 months and then sacrificed. Four to 6 recipients were used
for each round of transplantation. Beginning 8 weeks after trans-
plantation, donor contribution to overall hematopoiesis was
determined by using 100 wl of peripheral blood obtained from
the retro-orbital plexus. After red blood cell lysis with EL lysis
solution (Qiagen, Sollentuna, Sweden), donor and competitor
hematopoiesis were analyzed by co-staining cells with FITC-con-
jugated CD45.1 (Cenal™") and PECy7-conjugated CD45.2
(Cenal™"") antibodies.

BM homing assays

The donor BM Lin~ cells were obtained from Cenal™’~
mice and wild-type littermate controls. In order to monitor the
donor cells, the cells were labeled with carboxyfluorescein diace-
tate, succinimidyl ester (CFSE) (Invitrogen, Stockholm, Swe-
den) according to the manufacturer’s instructions. For BM
transplantation to irradiated recipients, recipient mice were
lethally irradiated with 2 doses of 5 Gy administered 2 hour
apart using a '°’Cs source at a dose rate of 1Gy/min. After irra-
diation, the recipient mice received 2 X 10° of donor Lin~ cells
labeled with CFSE via intravenous tail injection. The recipient
mice were euthanized for tissue isolation at either 6 or 18 hours
post-transplantation. For BM transplantation to non-irradiated
recipients, 1 X 10’donor BM Lin~ cells labeled with CFSE
were transplanted to mice via tail vein administration. The
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recipient mice were euthanized after 18 hours. Homing effi-
clency is defined as the ratio of either CFSE+ events in the
recipient BM divided by the total number of transplanted donor
cells. In both assays, BM, spleen, thymus and lymph node cells
were removed from recipient mice at the time points men-
tioned. CFSE—positive mononuclear single cell suspensions were
prepared from the tissues and were stained with Annexin V/
7AAD. The proportion of the donor cells labeled with CESE
and cell viability were assessed by flow cytometry on a CyAn
ADP instrument (Beckman Coulter, Miami, FL, USA).

Immunofluorescence and immunohistochemical analysis

Bones (femur) were collected and fixed overnight in zinc for-
malin (Histolab Inc., Gothenborg, Sweden), decalcified in For-
mic Acid Bone Decalcifier (Histolab Inc., Gothenborg, Sweden)
for 48 hours, dehydrated, and embedded in wax (Histolab
Inc.,). After deparaffinization, rehydration and epitope unmask-
ing, sections were stained with polyclonal antibodies against
cyclin Al at 1:250, C-kit at 1:200, or VEGFR1 at 1:500 (Santa
Cruz Biotechnology Inc., California, USA) and c-Kit at 1:100
(BioLegend, San Diego, CA, USA). Secondary anti-rabbit con-
jugated to Alexa Fluor 488 (Invitrogen, Stockholm, Sweden)
and anti-donkey conjugated to Rhodamine (Chemicon Interna-
tional Inc., Temecula, CA, USA) or anti-goat conjugated to
FITC antibodies (Invitrogen, Stockholm, Sweden) and 4',6-
Diamidino-2-phenylindole counterstain (SERVA Electrophore-
sis GmbH, Heidelberg, Germany) was used to visualize cell
nuclei. The slides were examined under an Olympus AX70 fluo-
rescent microscope and Zeiss LSM 700 confocal microscope
(Carl Zeiss Microscopy GmbH, Jena, Germany). For immuno-
histochemical analysis, the staining procedure was performed

using a semiautomatic staining machine (Ventana ES, Ventana
Inc., Tucson, AZ).

Cell cycle analysis

Cell cycle analysis of LSK-HSPC was performed in an in vivo
assay, mice were injected with 1 mg (200 wl) of 5-bromodeox-
yuridine (BrdU) (Sigma-Aldrich, St. Louis, MO, USA) intraperi-
toneally (IP) 50 min prior to being sacrificed and BM was
harvested as described above. BM cells were stained with linage-
specific and LSK-specific antibodies as described above. Subse-
quent staining with FITC-conjugated BrdU and PerCP-
conjugated Annexin V and 7-AAD was performed according to
the BrdU Flow Kit Staining Protocol (BD Biosciences, San Jose,
CA, USA). The cells were then subsequently subjected to cell
cycle analysis on a BD LSR II (Becton Dickinson, Mountain
View, CA, USA) or FACS Calibur (Becton Dickinson, Moun-
tain View, CA, USA). The data was assessed using FlowJo or
FCS Express software (DeNovo Software, Los Angeles, CA,
USA). Cell cycle was also performed in an i vitro assay. 1 x 10*
of isolated LSK-HSPC cells of Cenal™"™ mice and wild-type lit-
termates were washed with PBS and fixed in 70% ice-cold etha-
nol at —20°C overnight. Fixed cells were centrifuged at 400xg
and washed with PBS. The cells were stained with 50 pg/ml pro-
pidium iodide (Sigma-Aldrich, Stockholm, Sweden), 0.1% Tri-
tin X-100 (Sigma-Aldrich, Stockholm, Sweden), 100 pg/ml
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RNAse-A (AppliChem, Kongens Lyngby, Danmark) for 40 min
at RT in the dark, and the Pl-elicited fluorescence of individual
cells was measured using flow cytometry (FACS Calibur, Becton
Dickinson, Mountain View, CA, USA). The data was assessed
using FCS Express software (DeNovo Software, Los Angeles,
CA, USA).

Apoptosis assay

For measuring the apoptosis, purified Lin™ cells from BM or
the spleen were co-stained with cell surface markers, Annexin-V
conjugated with fluorescin isothiocyanate (FITC) and 7-AAD
dye. Subsequently, the stained cells were subjected to FACS anal-
ysis for the determination of early and late apoptotic populations
in LSK-HSPC and lineage-specific subpopulations. The flow
cytometric analysis was performed using CyAn ADP (Beckman
Coulter, Miami, FL, USA) or FACS Aria cell analyzers (Becton
Dickinson, Mountain View, CA, USA).

Cell migration assay and antibody blockage

LSK-HSPC sorted by FACS (1 x 107 cells) were suspended
in 300 pL of serum-free IMDM medium (PAA laboratories,
Pasching, Austria). The cells then were then placed into the
trans-well migration chambers using Cultrex Transwell Cell
Migration Assays (Trevigen Inc., Gaithersburg, MD, USA) were
used by following the manufacturer’s instructions. IMDM media
supplemented with 20% serum was used as chemo-attractant in
the bottom chamber. The chambers were incubated at 37°C in a
presence of 5% CO; in a humidified environment for 18 hours.
The cells that migrated through the transwells were stained with
calcein-AM and the fluorescence intensity was measurement on a
Tecan Infinite-200 microplate reader (Tecan Group Ltd,
Minnedorf, Switzerland) at 485 nm excitation and 520 nm
emission. The proportion of migrated cells was calculated using
standard curves. For the blockage of VEGFRI production, anti-
body-based neutralization was performed, and 200 ng/ml of
anti-VEGFRU, or equal amount of IgG antibody was used as pre-
viously described.*

The effect of cyclin Al-deficiency on the interaction of LSK
HSPC with extracellular matrix fibronectin

A 96-well plate was coated overnight at 4°C with Fibronectin
(AMS Biotechnology, Abingdon, UK) diluted in Dulbecco’s
PBS at final concentration 50 pg/ml in volume 100 pL. As neg-
ative controls, wells were incubated with Dulbecco’s PBS only.
After coating, the wells were washed 3 times with 1x PBS and
2% BSA in 1x PBS were added to the wells and incubated for
1 hour at 37°C. 1 x 10% LSK HSPC were used for adherent
assays. The recombinanat fibronectin at final concentration
50 pg/ml was used to coat the wells (AMS Biotechnology,
Abingdon, UK). The adhered cells were then washed and stained
with Calcein-AM for measuring the adherence on a Tecan
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