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Abstract

Maintained quiescence of hematopoietic stem cells (HSCs) is of critical importance to
prevent premature exhaustion of the stem cell pool under conditions of hematopoietic
stress. Transforming growth factr(TGF{3) plays an important role in maintaining

the quiescent state of HSQs vitro. Here, we have assessed thmsvivo using
conditional knockout mice for the TFtype | receptor (BRI). Surprisingly, we
found that TGH3 receptor-deficient HSCs have similar susceptibility, compared to
controls, to repeated treatments with the cell cycle-specific cytotoxic drug 5-
fluorouracil, indicative of normally maintained quiescence. Furthermore, when
exhaustion of HSCs was provoked through serial bone marrow transplantations,
hematopoietic failure occurred at similar stages in recipientg@f mull and control

BM respectively, demonstrating normal consumption of the stem cell pool. We
conclude that TG does not provide the necessary signal, which induces the

quiescent state of HSCs and maintains the stem celipuaiob.



Introduction

Despite their enormous proliferative capacity, most hematopoietic stem cells (HSCs)
reside in a non-cycling quiescent state, at any given time'pdinis is of outmost
importance to ensure life-long hematopoiesis and to protect the HSC pool from
myelotoxic insult and premature exhaustion under conditions of hematopoietic
stresé®. The naturally quiescent state of HSCs is believed to be controlled by
negative regulators of cell proliferation. Studies using knockout mice have shown that
endogenous levels of the cyclin dependent kinase (CDK) inhibitor p21 are crucial in
order to maintain quiescence of HSCs and to protect the stem cell pool from
exhaustion during stressed conditibn$he extrinsic signals that mediate these
functionsin vivo have not been identified. However, a main candidate based on a

number of studiesn vitro is the inhibitory cytokine transforming growth facfor-
(TGF). TGF has been shown to induce cell cycle arrest in many cell types
through upregulation of CDK inhibitors, including p2Moreover, active TG

induces quiescence of primitive hematopoietic progenitor cells in culture while TGF-

B neutralization releases these cells from quieséénda order to study how TGB-
regulates HSCm vivo we generated conditional knockout mice for the T&iype |
receptor (PBRI). We recently reported that TQd-receptor-deficient HSCs,

unexpectedly, had normal ability to regenerate the hematopoietic system following
bone marrow transplantatith However, when assayeih vitro, these cells had
significantly enhanced proliferative capacity consistent with an important, yet highly

context-dependent, role for TG¥Fin regulation of HSCS. In the present study we
have specifically asked how T@Fsignaling influences the quiescent state of HSCs
under conditions of hematopoietic stress to determine whether3Tigkkys a role in

protection of the stem cell powl vivo. The susceptibility of TG receptor deficient



HSCs to cell cycle-specific myelotoxic injury has been tested as well as their ability to
reconstitute serially transplanted mice. Our results clearly demonstrate that quiescence

of HSCs and maintenance of the stem cell pool is not dependent of8 $IGRaling

invivo.



Materialsand Methods

Mice

Genotyping and polylC induction off3RI floxed mice carrying M&re has been
described previously. In order to overcome the inflammatory disease associated with
lack of TGFf signaling in T cells the mice were bred on toifl T-cell deficient
backgroun&*°. In addition, mice used in this study had been backcrossed on
C57BL/6 background for at least six generations.

Competitive transplantation and 5-fluorouracil treatment

Bone marrow (BM) cells were harvested from femurs and tibiae and 5 gell®
(Ly5.2) were transplanted by tail vein injections into lethally irradiated (950 cGy)
C57BL/6 X BL6SJL (Ly5.1/5.2) recipient mice in competition with equal numbers of
B6SJL (Ly5.1) BM cells. After 12 weeks, half of the recipients were given two
intravenous injections of 5-fluorouracil (5-FU) (150mg/g mouse) five days apart. All
recipients were subsequently sacrificed, and a half femur equivalent of BM was
transplanted together with 2 x *16upport BM cells (Ly5.1/Ly5.2) into secondary
recipients.

Flow cytometry

Flow cytometry for detection of Ly5.1 and Ly5.2 markers was carried out as
previously described.

Serial transplantations

For each consecutive BM transplantation 2 XBBI cells were injected into lethally
irradiated recipients. Mice were monitored for survival for 2-3 months and then

sacrificed for subsequent BM transfers.



Results and discussion

To investigate the role of TGE-signaling in maintaining quiescence of HS@sivo
we analyzed conditional knockout mice with an inducible deletion3&fl.TWe have

previously demonstrated that polylC mediated induction of MxCre in these mice
deletes PRI and blocks TGH signaling with practically 100% efficiency in bone
marrow and HSCS. Here, we first asked to what exterfiRl deficient HSCs would
retain quiescence under stressed conditions by measuring their susceptibility to
repeated treatment with the cell cycle-specific antimetabolite 5-fluorouracil (5-FU).
BM cells from induced BRI null (flox/flox MxCre) and control (flox/+ MxCrg

mice, all expressing the Ly5.2 cell surface marker, were transplanted along with equal
numbers of competitor cells (Ly5.1) into lethally irradiated recipients (Fig 1A). As
expected from previous workBRI null and control BM cells reconstituted primary
mice with a similar efficiency after 12 weeks (Fig 1B). We next administered two
doses of 5-FU to half of the reconstituted mice with a five-day interval (Figure 1A). 5-
FU kills a majority of cycling progenitors causing a recruitment of HSCs into
proliferationt®. Upon the second treatment, the fraction of HSCs that had been
recruited into cell cycle would be killed. We hypothesized that PGStgnaling
deficient HSCs would be more prone to enter cell cycle following the first 5-FU
treatment and that a larger fraction of the stem cell pool would be killed by the second
treatment. This would then be read out as lower competitive repopulation ability when
bone marrow from the 5-FU treated primary recipients was transplanted into
secondary recipients (Fig 1A). However no significant difference in Ly5.2

contribution between ARI null and control groups was observed when these mice
were analyzed after 14 weeks (Figure 1C). Thus, BGEeeptor-deficient HSCs

were equally susceptible, compared to controls, to repeated treatments with 5-FU



suggesting that quiescence and the relative restriction to cell cycle entry is not
dependent on TGB-

Since quiescence of HSCs is associated with maintenance of the stem cell pool we
performed serial BM transplantations in order to ask whether the subsequent
consumption of the stem cell pool would be altered in recipients of ¥ €§naling-
deficient BM. BM from five donor mice of each genotype was transplanted into three
lethally irradiated recipients for each donor. Mice were monitored for survival for two
to three months and then sacrificed for subsequent BM transfers. A total of five
consecutive BM transplantations were performed in order to provoke exhaustion of
the stem cell pool. After the"4serial transplantation 50% of the mice died within 4
weeks in both groups, while less than 20 % remained afte’"thedsplant in both

TBRI null and control groups (Fig 2). This clearly demonstrates a normal
consumption of the HSC pool in recipients gBRI null BM. Thus, even under
extremely forced conditions vivo we could not recapitulate the increased release
from quiescence observed when T@GFsignaling is neutralized in primitive
hematopoietic cellgn vitro. Our results are also unexpected in light of the previously
reported role for p21 in maintaining quiescence of HSCs and the direct connection
between TG signaling and p21 activity observed in several cell typadowever,
recent work by Cheng and colleagues support our findings aspT@Ediated
inhibition of primitive progenitorsn vitro could be executed independently of §21
Similarly, Daoet al reported that neutralization of TGFn cooperation with reduced
levels of p27, leads to increased cell-cycle entry supporting the view that p27 is not
downstream of TGRB®. Other signals such as interferpand tumor necrosis factor-

o (TNF-a) have been associated with negative regulation of HSCs and may therefore

be responsible for p21 mediated quiescence in HSE#n alternative possibility is



that the specific epigenetic constitution of HSCs, rather than extrinsic signals, would
determine their quiescent state. Nevertheless, as the use of HSCs in the clinic
promises to expand and new cell therapy-based strategies are being developed, it will
certainly be an important task to get a better understanding of the molecular biology
of HSC quiescence. In summary, we have demonstrated, in contrast to prevailing
views, that TGH3 signaling is dispensable for maintaining quiescence of HSCs and
does not play an essential role to protect the stem cell pool from premature

consumption during stressed conditions in vivo
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Figure 1. Susceptibility to 5-fluorouracil is not altered in TGF-§ receptor-
deficient HSCs. (A) Experimental design for competitive repopulation experiments.
BM cells from 7 donor mice (Ly5.2) of each genotype were transplanted individually
along with equal numbers of competitor cells (Ly5.1) into a total of 42 lethally
irradiated recipient mice (Ly5.1XLy5.2). After 12 weeks recipients were divided into
two cohorts where one cohort was treated twice at 5 days interval with 5-FU and the
other was left untreated. All recipients were subsequently sacrificed and their bone
marrow transplanted into a total of 60 secondary recipient mice. (B) The frequencies
of Ly5.2 donor-derived cells, Ly5.1 competitor-derived cells and Ly5.1XLy5.2
recipient-derived cells were determined by FACS on peripheral blood samples taken
from primary recipients after 12 weeks. The percentage Ly5.2 cells out of total single
positive Ly5.1 and Ly5.2 is shown. (C) Following 5-FU treatment and BM
transplantation the percentage of Ly5.2 cells was determined in peripheral blood from

secondary recipients after 14 weeks.

Figure 2. Normal consumption of TBRI null HSCs following serial BMT. BM

from 5 donor mice of each genotype was transplanted into three recipients for each
individual donor. At the consecutive BMTSs, recipient BM from each individual donor
group was pooled and transplanted into new groups of recipients with the same
numbers of mice. The ratio between the number of surviving animals at each BMT

and the total number of animals at the initial BMT is shown as % survival.
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