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Long-term haematopoietic reconstitution by
Trp53~/ " p16"*4*~/~p19*T~/~ multipotent progenitors
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Haematopoiesis is maintained by a hierarchical system where
haematopoietic stem cells (HSCs) give rise to multipotent progeni-
tors, which in turn differentiate into all types of mature blood
cells'. HSCs maintain themselves for the lifetime of the organism
because of their ability to self-renew. However, multipotent pro-
genitors lack the ability to self-renew, therefore their mitotic capa-
city and expansion potential are limited and they are destined to
eventually stop proliferating after a finite number of cell divi-
sions"?. The molecular mechanisms that limit the proliferation
capacity of multipotent progenitors and other more mature
progenitors are not fully understood™’. Here we show that bone
marrow cells from mice deficient in three genes genetically down-
stream of Bmil—p16™**, p19*" and Trp53 (triple mutant mice;
P16 and p19*” are alternative reading frames of the same gene
(also called Cdkn2a) that encode different proteins)—have an
approximately 10-fold increase in cells able to reconstitute the
blood long term. This increase is associated with the acquisition
of long-term reconstitution capacity by cells of the phenotype
c-kit"Sca-1TFlt3*CD150 CD48 Lin~, which defines multipo-
tent progenitors in wild-type mice**. The pattern of triple mutant
multipotent progenitor response to growth factors resembles that
of wild-type multipotent progenitors but not wild-type HSCs.
These results demonstrate that p16™**/p19*™ and Trp53 have a
central role in limiting the expansion potential of multipotent
progenitors. These pathways are commonly repressed in cancer,
suggesting a mechanism by which early progenitor cells could gain
the ability to self-renew and become malignant with further
oncogenic mutations.

Bmil is necessary for the maintenance of adult HSCs and neural
stem cells”>.The p16™**/p19*7 locus is one of the major targets
repressed by Bmil (refs 8, 10). In neural stem cells, p16™** or
p19*7 deficiency partially restored the ability of Bmil-deficient stem
cells to self-renew”''. We analysed the effect of individually deleting
either p16"*, p19* or Trp53in Bmil-deficient mice and found that
in the blood system, Trp53 deficiency, but not p19*7 or p16"**
deficiency, partially rescues Bmil /~ HSCs (Supplementary Figs 2
and 3 and Supplementary Table 1).

Because the deletion of either the p16"*/p19*" locus' or Trp53
seems to have a role in the rescue of HSCs in Bmil-deficient mice, we
examined the impact of deleting p19*7, p16"***/p19*7, Trp53 and
p16™*/p19*7/Trp53 on the mature cells of the haematopoietic sys-
tem. Analysis of the liver, spleen, bone marrow and peripheral blood
from mutant mice showed no defects in the output of mature cells
(Supplementary Figs 4 and 5). Neutrophil, lymphocyte and mono-
cyte counts from mutant mice were normal (Supplementary Fig. 4),
as were haematocrit and platelet counts (data not shown). In the
bone marrow of mutant mice, levels of B220™ cells, Ter119™ cells,

Gr-17 cells and Mac-17 cells were normal (Supplementary Fig. 4).
Analysis of spleen and thymus also showed normal levels of mature
haematopoietic cells (Supplementary Fig. 4). Therefore, the deletion
of p19*, Trp53, p16™***/p19*T and p16"***/p19*7/Trp53 does not
seem to compromise haematopoietic differentiation.

We wished to know whether p16™*%, p19*7 or Trp53 regulate self-
renewal in blood cells. To do this, limiting dilution analysis was done
to determine the frequencies of bone marrow cells responsible for
long-term haematopoietic reconstitution in mutant mice. Whole
bone marrow cells from approximately 8-week-old wild-type and
mutant mice were injected at different doses into lethally irradiated
recipient mice along with a radioprotective dose of recipient bone
marrow (Supplementary Table 2). In p19*"/~, Trp53~/~ and
p16™44=1~ p 1927/~ bone marrow the frequency of cells responsible
for long-term reconstitution was not significantly different from that
of wild-type mice (Table 1). These results agree with previous studies
that show that in young mice, deficiency of p16™**, p19*”, Trp53and
both p16™ % and p19* does not significantly affect the long-term
reconstitution frequency of HSCs and has more of an effect in the
context of stem-cell ageing'*'*. Notably, the frequency of long-term
reconstituting cells in triple mutant bone marrow was at least 10-fold
higher than that of wild-type bone marrow (Table 1).

Our results suggest that triple deletion of p16™%%, p19*”and Trp53
caused a striking increase in the frequency of long-term blood-
repopulating cells. We therefore decided to examine further the bone
marrow of triple mutant mice. Because there was only a modest
increase in the frequency of bone marrow cells with a phenotype of
HSCs in triple mutant mice (Fig. la, b), we concluded that the
increased repopulating activity in the triple mutant mice was prob-
ably not due to the expansion of the overall numbers of HSCs but
rather to acquisition of stem-cell-like properties by other cells.
Therefore, we compared the long-term reconstitution capacity of

Table 1| Frequency of long-term reconstituting cells determined by
limiting dilution analysis

Genotype One long-term Range Frequency
reconstituting cell (%)
in:

Wild type 92,049  70,278-120,564 0.0011
p19~T=/~ 55,072  43,857-69,154 0.0018
Trp53™/~ 50,317  35,056-72,222  0.0020
pl6'kie=/=p19AT=/~ 53,002  41,344-67,948 0.0019
p16m4a~/"p19AT " Typ537/~ 7,657 5221-11,230  0.0131*%

Using the limiting dilution analysis from Supplementary Table 2, the frequency of long-term
reconstituting cells was calculated according to Poisson statistics using L-Calc software.

# p16!™4a=/~p19A"~/ = Trp53~/~ bone marrow showed a 10-fold increase in the frequency of
cells capable of long-term reconstitution when measured 20 weeks after transplantation
compared to wild-type cells (two-tailed t-test; P < 0.0005). The other mutant bone marrow did
not show a marked difference in the frequency of long-term reconstituting cells.
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both HSCs (defined as CD150 " Sca-1"¢-kit*CD48 Lin~) and mul-
tipotent progenitors (defined as Sca-1"c-kit"CD150~CD48 "Lin ™)
from wild-type and triple mutant mice. We performed two inde-
pendent experiments where we injected either 100 or 500 HSCs or
multipotent progenitors from four different triple mutant mice into
lethally irradiated recipients along with a radioprotective dose of
recipient-type bone marrow. Contribution to the generation of lym-
phocytes, monocytes and granulocytes after 12 weeks is an indicator
of long-term reconstitution'. Consistent with previous reports*'*'7,
wild-type HSCs, but not multipotent progenitors, contributed to the
long-term generation of monocytes and granulocytes (Fig. 2a, c).
Recipient mice injected with HSCs from the bone marrow of triple
mutant mice showed long-term reconstitution for multiple lineages
(Fig. 2b and Supplementary Table 3). Notably, recipient mice injected
with multipotent progenitors from each of the four triple mutant
mice were also long-term multi-lineage reconstituted (Fig. 2d and
Supplementary Table 3). Contribution to haematopoiesis was
observed at 14 to 20 weeks (Fig. 2b, d and Supplementary Figs 6
and 7). This suggests that the greater frequency of cells capable of
long-term reconstituting ability observed during limiting dilution
analysis of triple mutant bone marrow was due to both the HSC
and multipotent progenitor populations of the mutant mice. On
secondary transplantation of approximately 2 X 10° whole bone
marrow cells from recipient mice engrafted for 20 weeks with 100
triple mutant HSCs or multipotent progenitors, we observed contri-
bution to donor CD3™ lymphocytes and Gr-1" myeloid cells in
lethally irradiated recipients (Supplementary Table 3 and Supple-
mentary Fig. 8) 12 weeks after transplantation, indicating that cells
with the phenotype of multipotent progenitors in triple mutant mice
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Figure 1| Immunophenotypic frequency of HSCs and multipotent
progenitors in wild-type and p16"™4*~/~p19AT~/~Trp53~/~ mice. a, The
immunophenotypic frequency of HSCs (CD150 *Sca-1* c-kit "CD48 "Lin ")
and multipotent progenitors (MPPs; Sca-1"c-kit"CD150~CD48 Lin ")
was assessed by flow cytometry. There was a modest increase in HSC
frequency in p16™*~/~ p197/"Trp53~/~ mice compared to wild type
(WT) and no significant difference in the multipotent progenitor frequency.
The averages of wild-type (n = 7) and triple mutant mice (n = 5) are shown.
Asterisk, P < 0.005 (Student’s t-test). Error bars denote s.e.m. b, A
representative fluorescence-activated cell sorting (FACS) plot gated on Sca-
1" c-kit"Lin~ bone marrow cells depicting HSC and multipotent progenitor
frequency. ¢, Mean intensity fluorescence of Flt3 expression of wild-type
(n=9) and triple mutant (n = 2) HSCs and multipotent progenitors.
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can generate mature blood cells of both lymphoid and myeloid
lineages for extended periods of time.

Immunophenotypic analysis by flow cytometry showed that there
was at most twice the frequency of HSCs by phenotype (CD150™
Sca-1"c-kit"CD48 Lin~) and a relatively identical frequency of
multipotent progenitors by phenotype (Sca-1c-kit"CD150~
CD48 Lin") in p16™4~/~ p19""/~ Trp53~/~ bone marrow com-
pared to wild-type marrow (Fig. 1a, b). We also used Flt3, which is
expressed by normal multipotent progenitors but not HSCs, as an
alternative marker to distinguish HSCs from multipotent progeni-
tors>®. We found that the wild-type and triple mutant Sca-1"c-kit™
CD150 CD48 Lin  cells expressed higher levels of this marker than
did cells with a stem cell phenotype of CD150 " Sca-1"c-kit " CD48 ™~
Lin~ (Fig. 1c). This further suggests that the phenotype of HSCs and
multipotent progenitors is not altered in the triple mutant mice.

Next, we performed three independent in vitro proliferation
experiments to provide evidence that triple mutant CD150"
Sca-1"c-kit"FIt3"CD48 Lin~ cells were indeed multipotent pro-
genitors and to understand the mechanisms by which their lifespan
was extended. We used culture conditions that allow HSCs to expand
in vitro in StemSpan serum-free media containing the growth factors
SCF, TPO, IGF-2, FGF-1 and Angptl3 (STIFA media)'®*°. When
cultured in STIFA medium, wild-type multipotent progenitors pro-
liferated fivefold less than wild-type HSCs (Fig. 3a), and the addition
of FIt3 ligand to the media doubled the proliferative rate of the multi-
potent progenitors (Fig. 3a). Notably, when cultured in STIFA
media, triple mutant multipotent progenitors also proliferated about
fivefold less than triple mutant HSCs and still responded to Flt3
ligand (Fig. 3a). This suggests that triple mutant multipotent pro-
genitors, although capable of long-term reconstitution, display an in
vitro functional behaviour that mirrors that of wild-type multipotent
progenitors and are different from HSCs. In two independent experi-
ments we also determined the percentage of cells undergoing apop-
tosis in STIFA media in the case of HSCs and STIFA media plus Flt3
ligand for multipotent progenitors, measured by annexin V staining.
Triple mutant HSCs and multipotent progenitors had threefold and
twofold decreases, respectively, in the percentage of cells undergoing
apoptosis compared to wild-type cells (Supplementary Fig. 9). The
proliferation advantage of triple mutant HSCs and multipotent pro-
genitors could be partly due to a decrease in the rate of apoptosis in
the triple mutants compared to their wild-type counterparts.

To examine further the proliferative capacity of wild-type and
triple mutant HSCs and multipotent progenitors we observed the
colony-forming capacity of single cells double-sorted into 96-well
plates in Methocult GF M3434 media (Methocult) and Methocult
GF M3434 media supplemented with interleukin (IL)-11, granulo-
cyte—macrophage colony-stimulating factor (GM-CSF), TPO and
Flt3 ligand (Methocult plus) (Fig. 3b) in three independent experi-
ments. Triple mutant HSCs formed more secondary colonies than
wild-type HSCs in Methocult plus media, whereas the triple mutant
multipotent progenitors formed significantly more colonies than
wild-type multipotent progenitors in both Methocult plus and
Methocult media (Fig. 3b). This clearly shows that triple mutant
multipotent progenitors have an enhanced proliferative capacity,
and in the Methocult plus media they proliferate and form secondary
colonies better than even wild-type HSCs (Fig. 3b, c).

We next asked whether loss of the p16™**/p19*7 and Trp53 loci
conferred long-term reconstituting ability on all proliferating blood
cells. To do this, we transplanted three recipient mice with 100
c-kit"Sca-1"Lin~ myeloid progenitors, a more differentiated pro-
genitor population. We could not detect contribution to mature
lineages at 4 weeks and 10 weeks, and we stopped analysis at 16 weeks
(Fig. 2e). Next, we transplanted eight recipient mice with 500 or 1,000
triple mutant common myeloid progenitors and another eight
recipient mice with 500 or 1,000 granulocyte—-macrophage progeni-
tors®'. After 3 weeks, we were unable to detect mature myeloid cells
that were descended from the transplanted common myeloid
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progenitors or granulocyte—-macrophage progenitors (Supplemen-
tary Table 3). These results suggest that as progenitor cells mature
the constraints on self-renewal increase (Supplementary Fig. 1).
The cellular hierarchy seen in many tissues with self-renewing stem
cells and short-lived progenitors probably evolved to limit the num-
ber of cells that can accumulate oncogenic mutations. Our data
demonstrates that loss of both p16™**/p19* and Trp53 loci results
in substantial expansion of self-renewing cells. Our results suggest
that triple mutant multipotent progenitors have acquired long-term
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Figure 2 | Long-term multi-lineage reconstitution by HSCs and multipotent
progenitors from p16'™4°~/~p1941~/~Tp53~/~ mice. a, Long-term
reconstitution by double-sorted HSCs (CD150 *Sca-1"c-kit"CD48 Lin ")
from wild-type mice. b, Transplantation of HSCs from p16™*4*~/~ p1947~/~
Trp53~~ mice results in long-term multi-lineage reconstitution of recipient
mice when analysed 14-20 weeks after transplantation (four of four mice).
¢, Double-sorted multipotent progenitors (Sca-1"c-kit"CD150"CD48 Lin")
from wild-type mice are only capable of contributing to long-lived
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reconstituting ability, implying that the compound deletion of
p16™ 4, p19*7 and Trp53 removes constraints limiting self-renewal
in early progenitors®. However, triple mutant common myeloid pro-
genitors and granulocyte—-macrophage progenitors, more differen-
tiated progenitor cells, still have limited lifespans (Supplementary
Fig. 1), suggesting that there must be other genetic pathways that
also prevent self-renewal in mature progenitors. This further sup-
ports the notion that there are multiple genetic determinants that
regulate the frequency of self-renewing haematopoietic cells in vivo’.
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lymphocyte B220" and CD3™ populations and not to short-lived myeloid
Mac-1" and Gr-17 populations. d, Transplanted double-sorted multipotent
progenitors from triple mutant mice also resulted in long-term multi-lineage
reconstitution of recipient mice when analysed 14-20 weeks after
transplantation (four of four mice). e, Double-sorted c-kit "Sca-1"Lin~
myeloid progenitors do not contribute to short-lived myeloid Mac-1" and
Gr-17 populations.
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This expansion of long-lived cells potentially reveals a cellular mech-
anism by which these genes contribute to oncogenesis and may
explain why they, or other components of their regulatory pathways,
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Figure 3 | In vitro proliferation and colony formation of wild-type and triple
mutant HSCs and multipotent progenitors. a, Proliferation of wild-type and
triple mutant HSCs and multipotent progenitors in expansion media. Wild-
type and triple mutant HSCs are responsive to cytokines that promote their
expansion and proliferate considerably better than wild-type and triple
mutant multipotent progenitors in serum-free StemSpan media containing
SCF, TPO, IGF-2, FGF-1 and Angptl3 (STIFA) media. Wild-type and triple
mutant multipotent progenitors show a doubling in their proliferation rates
with the addition of Flt3 ligand to the STIFA media. Five cells were double-
sorted into U-bottom 96-well plates. Replicates of at least 21 wells for each
experimental group were counted. b, Triple mutant multipotent progenitors
show an increase in the number of secondary colonies that they form
compared to wild-type multipotent progenitors in Methocult and Methocult
plus media, demonstrating their proliferative advantage. Triple mutant
multipotent progenitors are also very responsive to the additional cytokines
IL-11, GM-CSF, Flt3 ligand and TPO added to the Methocult media and can
form secondary colonies even better than wild-type HSCs. Single cells were
double-sorted into U-bottom 96-well plates for the colony formation
experiments. Replicates of at least 20 wells were scored in the methylcellulose
colony formation experiments. For a and b: asterisk, P < 0.005; double
asterisk, P < 0.0001 (Student’s t-test). Error bars denote s.e.m.

¢, Representative images of wild-type and triple mutant colonies from single
double-sorted HSCs and multipotent progenitors taken at X 25 magnification.
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are so commonly mutated or dysregulated in multiple tumour
types” . The regulation of self-renewal in wild-type HSCs by epi-
genetically repressing the p16™**/p19*"locus and Trp53 pathway, in
contrast to that of triple mutant multipotent progenitors achieved by
genetic deficiency of the p16™*/p19* locus and Trp53, hints at
differences in the regulation of self-renewal in normal cells and
self-renewing cancer cells that harbour mutations in these genes.
Such differences could be exploited as therapeutic targets.

METHODS SUMMARY

Flow cytometry. Isolation and analysis of bone marrow, thymus, spleen and
peripheral blood have been previously described***' and additional details can
be found in Methods.

Cell proliferation, apoptosis and colony formation. Proliferation of HSCs was
assayed via in vitro culture in STIFA expansion media* and in the case of multi-
potent progenitors in STIFA media with or without Flt3 ligand. Apoptosis dur-
ing in vitro expansion of HSCs and multipotent progenitors was assayed by
annexin V and 4,6-diamidino-2-phenylindole (DAPI) staining. Colony forma-
tion was performed as previously described?”’.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Mice. Trp537/ ~ mice (B6.129S2-Trp53™" ) were purchased from the Jackson
Laboratory, p16™ ™/~ mice (FVB/N.129-Cdkn2a""?*%) and p16™**~/~
p19A'f ~/~ mice (B6.129-Cdkn2a"™*%) were obtained from Mouse Models of
Human Cancers Consortium (NCI-Frederick). pI 9/~ mice were obtained
from C. Sherr. Bmil™~ mice were obtained from T. Magnuson. All mice were
bred with BA mice (C57Bl/Ka-CD45.2/Thyl.1) at least five times, and verified
for Thy1.1, H-2" and CD45.2 homozygosity by peripheral blood analysis using
flow cytometry. Recipient mice in transplant assays were adult C57Bl/Ka-
CD45.1/Thy1.2 mice. All mice used for this study were maintained at the
University of Michigan Animal Facility or Stanford Animal Facility in accord-
ance with the guidelines of both Institutional Animal Care Use Committees.
Flow cytometry. Antibodies used for sorting bone marrow cells and analysis
were lineage markers (CD3, CD5, CD8, Gr-1, B220 and Ter119), Sca-1, c-kit,
CD135 (Flt3), FcyR (CD16/CD32), CD34, IL-7R, CD150 and CD48. Cells were
analysed or sorted using a Vantage fluorescence-activated cell sorter (BD
Biosciences) or FACSAria cell sorter (BD Biosciences). For analysis of wild-type
and mutant mice in a Bmil-deficient background we used Lin~ CD135™
Thy-1.1"Sca-1"c-kit " HSCs®. For analysis and sorting of wild-type and triple
mutant HSCs and multipotent progenitors we used CD150"CD48"
Sca-1"Lin"c-kit™ HSCs and CD150 CD48 Sca-1"Lin~ c-kit™ multipotent
progenitors as previously described®'®". For sorting of wild-type and triple
mutant myeloid progenitors we used c-kit™Sca-1"Lin~ myeloid progenitors,
whereas for further fractionation we used CD34 " FcyR°IL-7R ™ Sca-1 Lin~
c-kit" common myeloid progenitors and CD34*FcyRMIL-7R ™ Sca-1" Lin~
c-kit™ granulocyte—-macrophage progenitors®'. For lineage analysis, both bone
marrow cells and splenocytes were stained with antibodies against Gr-1, Mac-1,
CD3, B220 and Ter119, and thymocytes with antibodies against CD3, CD4 and
CD8. For peripheral blood analysis, red blood cells were lysed with hypotonic
buffer, and nucleated cells were stained with antibodies against CD45.2, Gr-1,
Mac-1, CD3 and B220. Antibodies were directly conjugated or biotinylated and
purchased from e-Bioscience, BD Biosciences, or Biolegend.

Long-term competitive reconstitution. C57Bl/Ka-CD45.1/Thyl.2 congenic
mice were lethally irradiated (1,140rad) at a dose rate of approximately
3Gy min !, delivered in two doses 4 h apart. The next day, mice were competi-
tively reconstituted by retro-orbital venous sinus injection of whole bone mar-
row cells from donor mice mixed with a radioprotective dose of 2 X 10° bone
marrow cells from unirradiated C57Bl/Ka-CD45.1/Thyl.2 mice. Peripheral
blood was drawn monthly up to 20 weeks to monitor reconstitution by donor
type (CD45.2) myeloid and lymphoid cells, as described above. Mice that had
more than 1% donor-derived (Ly5.1") cells in both lymphoid (CD3™ and
B220") and myeloid (Gr-1" and Mac-17) subpopulations were considered to
be repopulated by donor cells. The secondary bone marrow transplant was
performed using 1 X 10° or 2 X 10° whole bone marrow cells. Frequency of
long-term reconstituting cells from limiting dilution experiments was calculated
using L-Calc software (StemCell Technologies).

In vitro proliferation, colony formation and annexin V analysis. We double-
sorted 1 or 5 wild-type or triple mutant HSCs or multipotent progenitors into
U-bottom 96-well plates containing 200 pl of StemSpan serum-free media
(StemCell technologies) supplemented with 10 pgml™" of heparin (Sigma),
10ngml™" mouse SCF, 20ngml™" mouse TPO, 20ngml~' mouse IGF-2,
100ngml ™" mouse Angptl3 (all from R&D) and 10ngml™ ' human FGE-1 as
previously described'®°. In the case of both wild-type and triple mutant multi-
potent progenitors we also clone-sorted 1 or 5 cells into the StemSpan serum-free
media supplemented as above with the addition of 30 ng ml™~" mouse Flt3 ligand
(R&D). The cell counts were performed on day 12.

For colony formation we double-sorted single wild-type or triple mutant
HSCs or multipotent progenitors into U-bottom 96-well plates containing
100 pl of Methocult GF M3434 media (StemCell Technologies) or 100 pl of
Methocult GF M3434 media supplemented with 10ngml™" mouse IL-11,
50ngml~' mouse GM-CSF, 50ngml~" mouse TPO and 10ngml™' mouse
Flt3 ligand (all from R&D) as previously described”’. Colonies were scored on
day 10 of culture. Pictures of colonies were taken with a Leica DMI 6000B
microscope using Image Pro-plus software version 5.1.

For annexin V analysis of apoptotic cells we sorted 1,000 wild-type or triple
mutant HSCs into StemSpan serum-free media supplemented with the cytokines
SCF, TPO, IGF-2, FGF-1 and Angptl3, or 1,000 wild-type or triple mutant multi-
potent progenitors sorted into StemSpan serum-free media supplemented with
the cytokines SCF, TPO, IGF-2, FGF-1, Angptl3 and FIt3 ligand. The cells were
cultured for 12 days and stained with annexin V-Fitc (BD Biosciences) and the
viability marker DAPI (Molecular Probes).
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