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Fig. 3. Reconstitution of recipient spleen B cells after single HSC transfer.
Individual HSCs were isolated from adult (9 wk) bone marrow (BM) of KuO™*
mice and injected iv. to lethally irradiated C57BL/6 recipients. Recipient
spleen was analyzed 27 wk after single HSC (KuO*) transfer. Total HSC-de-
rived B cells in recipient spleen were identified by the expression of CD19*
and KuO®. Sorted and transferred individual KuO* HSCs readily recon-
stituted follicular B-2 cells (igD™, igM'®, and B220"), marginal zone B (M2)
cells (CD21™, IgD', and IgM™), and immature B cells (lgM", IgD'°, CD21", and
CD5") at appropriate proportions. However, sorted and transferred in-
dividual KuO* HSCs failed to reconstitute B-1a (CD5*, B220'°, and CD19") in
recipient spleen, even after 27 wk of HSC transplantation.

T cells in the earliest lymphoid development wave(s), whereas B-
2 would colocate with ap T cells.

The development of the hematopoietic system in man simi-
larly changes with age (28). The differences between fetal/neo-
natal and adult erythroid development are well established. In
addition, McCune et al. have shown that human fetal and adult T
cells belong to distinct subsets originating from HSCs that are
present in different stages during development (29). Moreover,
they show that the fetal T-cell lineage is biased toward immune
tolerance, providing a plausible mechanistic explanation for the
unique tolerogenic properties of the immune system during on-
togeny (29). Finally, findings from the de la Hera and Rothstein

laboratories report phenotypic and functional shifts in the B-cell
compartment during development (30-32) that, as in the mouse,
distinguish the B-cell development pathway in children from the
well-known adult pathway.

Interestingly, the findings discussed above were predicted by
the “layered immune system” model proposed by our laboratory
over two decades ago (13, 16). In essence, this model suggests
that as species evolved, layers were added to the immune system
to perform functions necessary for the survival of more advanced
species. In addition, consistent with the idea that ontogeny
recapitulates phylogeny, the model proposes that more advanced
functions (e.g., affinity maturation) were associated with immune
system components that evolved to be expressed later in de-
velopment, when more diverse and directed functionality is
required.

B-1 and B-2, with their specialized functions and their differ-
ential development, engendered this layered immune system
model (13, 21). However, the proposed model generated more
heat than light for many years, largely because better tools were
needed to clearly define the developmental origins of B-1 and
B-2. The HSC transfer data demonstrate clearly that adult BM
contains HSCs that do not give rise to B-1a, but clearly give rise
to B-2, MZ, and B-1b. Thus, B-la emerges as a distinct de-
velopmental lineage whose early development, which occurs and
is largely complete before the emergence of the B-cell lineages
that predominate in adults, is consistent with the layered im-
mune system model.

These findings have direct implications for BM human trans-
plantation protocols (33). HSCs from adult BM have widely been
considered to be capable of reconstituting all hematopoietic cells.
However, data from both mouse and man now indicate that HSC
populations in adult BM (and perhaps in cord blood) may be
heterogeneous and may be limited with respect to the potential for
regenerating the various hematopoietic cells present in adults (17,
34).If so, then technologies will have to be developed to enable the
full reconstitution of the adult immune system.

Materials and Methods

Mice and Tissue Preparation. BALB/c (igH? allotype), CB.17 (IgH® allotype), and
RAG1™~ mice (8-10 wk old) were purchased from Jackson Labs or bred at
the Stanford Medical School Animal Care Facility. C57BL/6-Ly5.2 and Ly5.1/
Ly5.2-F; recipient mice (8~9 wk old) were bred at the Institute of Medical
Science, University of Tokyo, Tokyo, Japan, and a transgenic mouse line
expressing the fluorescent marker humanized Kusabira Orange (huKO) was
a generous gift from Masafumi Onodera (National Center for Child Health
and Development, Tokyo, Japan). All experiments were conducted with in-
stitutional animal care and use committee approval. PerC cells were har-
vested by injecting 7 mL of staining medium [deficient RPMI plus 3%
(volivol) newborn calf serum] into PerC. Spleen was disrupted and resus-
pended to obtain single cell suspensions. BM from femurs and tibias was
washed multiple times using a syringe to obtain single cell suspensions. All
cell samples were filtered and resuspended at 25 x 10° cells/mL using custom

Table 2. B-cell subset reconstitution after in vivo cell transfer studies

Cells transferred to lethally irradiated recipients

Progeny B cells

Source (reference) Donor age Isolation Type Phenotype B-1a B-1b MZ B-2

Yolk sac* (22) E9-9.5 Culture* Hemogenic endothelial VE-cadherin® CD41™ 4+ e b None
cells :

Yolk sac (24) E12-13 Whole tissue Total cells b bt et ot

Fetal liver (2, 11) E13-prior birth Whole tissue Total cells . ot ) o+

Neonatal BM (5) 2.5 wk Bulk sort HSC KSL CD150% ++ 4+ @) 4+

Adult BM >8 wk Single cell HSC KSL CD34-CD150* None ++ it +++

The amount of reconstitution of each B-cell subset (B-1a, B-1b, marginal zone, and B-2) in lethally irradiated recipients is directly dependent on the source

of donor célls used in these transfer studies.
*Isolated at indicated day and cultured for 5-11 d before transfer.
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RPMI medium 1640 deficient in biotin, 1-glutamine, phenol red, riboflavin,
and sodium bicarbonate (Invitrogen).

FACS. Cell suspensions were preincubated with anti-CD16/CD32 mAb to block
FeyRIII and stained on ice for 30 min with the following fluorochrome-
conjugated mAb in an 11-color staining combination: FITC-labeled anti-CD21
(7G6) or anti-lg x- and A-light chains (187.1 and R26-46, respectively); PE-la-
beled anti-CD43 (S7) or anti-lgM? (DS-1); PECy5-labeled anti-CD5 (53-7.3);
PECy5.5-labeled anti-CD19 (1D3); PECy7-labeled anti-lgM (331); APC-labeled
anti-B220 (RA3-6B2) or anti-CD23 (B3B4); Alexa700-labeled anti-igD (11-28)
or an‘ci—lgi\/lb (AF6-78.25); APCCy7-labeled anti-CD19 (1D3), anti-B220 (RA3-
6B2), or anti-CD11b (M1/70); Pacific Blue-labeled (Dump channel) anti-F4/80
(BM8), anti-Gr-1 (RB6-8C5), and anti-CD11b (M1/70); biotin-labeled anti-ig
x- and Mlight chains (187.1 and R26-46, respectively) or anti-CD23 (B3B4).
Cells were then washed and stained again on ice for 15 min with streptavidin
Qdot 605 {Invitrogen) to reveal biotin-coupled antibodies. Antibodies were
either purchased (Invitrogen and BD Pharmingen) or conjugated in our
laboratory at Stanford University. After washing, stained cells were resus-
pended in 10 pg/mL propidium iodide (Pl), idenitified on PE-Texas Red
channel), to exclude dead cells (i.e., PI* cells). Cells were analyzed and sorted
on Stanford FACS facility instruments (Becton Dickinson LSRIl or FACSAria).
Data were collected for 0.2-1 x 10° cells. Staining protocols were designed
with CytoGenie software (Woodside Logic); data were analyzed with Flowlo
software (TreeStar). To distinguish autofluorescent cells from cells express-
ing low levels of individual surface markers, we established upper thresholds
for autofluorescence by staining samples with fluorescence-minus-one con-
trol stain sets in which a reagent for a channel of interest is omitted.

Serting and Transfer of Single HSC. Total BM cells from 9-wk-old huKO
transgenic mice were stained with biotin-labeled lineage markers mAb (anti-
CD4, CD8, Gr-1, Ter-119, B220, and IL-7R) on ice for 30 min. Cells were then
washed and stained again on ice for 90 min with the following fluorochrome-
conjugated mAb: PECy7-labeled anti-CD117 (c-Kit 2B8); APC-labeled anti-
CD150 (SLAM); Alexa700-labeled anti-CD34 (RAM34); Pacific Blue-labeled
anti-Sca-1 (Ly-6A/E D7) and with streptavidin-APCCy7 to reveal biotin-cou-
pled mAb. After washing, stained cells were resuspended in 10 pg/mL Pl to

. Spangrude GJ, Heimfeld S, Weissman IL (1988) Purification and characterization of
mouse hematopoietic stem cells. Science 241:58-62.

. Morrison SJ, Hemmati HD, Wandycz AM, Weissman IL (1995) The purification and
characterization of fetal liver hematopoietic stem cells. Proc Nat! Acad Sci USA 92:
10302-10306.

. Cao YA, et al. (2004) Shifting foci of hematopoiesis during reconstitution from single
stem cells. Proc Nat/ Acad Sci USA 101:221-226.

. Lu R, Neff NF, Quake SR, Weissman IL (2011) Tracking single hematopoietic stem cells

N

w

o

in vivo using high-throughput sequencing in conjunction with viral genetic barcoding.

Nat Biotechnol 29:928-933.

. Barber CL, Montecino-Rodriguez E, Dorshkind K (2011) Reduced production of B-1~
specified common lymphoid progenitors results in diminished potential of adult
marrow to generate 8-1 cells. Proc Nat/ Acad Sci USA 108:13700-13704.

. Barber CL, Montecino-Rodriguez E, Dorshkind K (2011) Developmental relationships

between B-1 and B-2 progenitors. Cell Cycle 10(22):3810-3811.

Kantor AB, Stall AM, Adams S, Herzenberg LA, Herzenberg LA (1992) Differential

development of progenitor activity for three B-cell lineages. Proc Nat! Acad Sci USA

89:3320-3324.

8. Kantor AB, Stall AM, Adams S, Herzenberg LA, Herzenberg LA (1992) Adoptive
transfer of murine B-cell lineages. Ann N Y Acad S¢i 651:168~169.

9. Stall AM, Adams S, Herzenberg LA, Kantor AB (1992) Characteristics and development
of the murine B-1b (Ly-1 B sister) cell population. Ann N Y Acad Sci 651:33-43.

10. Herzenberg LA, Kantor AB (1993) B-cell lineages exist in the mouse. immunol Today
14:79-83, discussion 88-90.

11. Kantor AB, Herzenberg LA (1993) Origin of murine B cell lineages. Annu Rev Immunol
11:501-538.

12. Kantor AB, Stall AM, Adams S, Watanabe K, Herzenberg LA (1995) De novo de-
velopment and self-replenishment of B cells. Int Immunol 7:55-68.

13. Herzenberg LA, Kantor AB, Herzenberg LA (1992) Layered evolution in the immune
system. A model for the ontogeny and development of multiple lymphocyte lineages.
Ann N 'Y Acad Sci 651:1-9.

14. Kim 1, Saunders TL, Morrison SJ (2007) Sox17 dependence distinguishes the tran-
scriptional regulation of fetal from adult hematopoietic stem cells, Celf 130:470-483.

15. He §, Kim [, Lim MS, Morrison SJ (2011) Sox17 expression confers self-renewal po-
tential and fetal stem cell characteristics upon adult hematopoietic progenitors.
Genes Dev 25:1613-1627.

16. Herzenberg LA, Herzenberg LA (1989) Toward a layered immune system. Cell 53:953-954.

17. Morita Y, Ema H, Nakauchi H (2010) Heterogeneity and hierarchy within the most
primitive hematopoietic stem cell compartment. J Exp Med 207:1173-1182.

18. Hayakawa K, Hardy RR, Herzenberg LA, Herzenberg LA (1985) Progenitors for Ly-1 B
cells are distinct from progenitors for other B cells. J Exp Med 161:1554-1568.

ul

o

h

5398 | www.pnas.org/cgi/doi/10.1073/pnas.1121632109

exclude dead (PI*) cells. KuO* HSCs were identified as Lin"CD34™°c-Kit*Sca-
1*CD150" and individually sorted in 96-well plates. Individual KuO* HSCs were
transferred i.v. to 80 lethally irradiated (two doses of 4.9 Gy delivered 4 h
apart) C57BL/6 recipients along with 2 x 10° whole BM competitor cells from
8-wk-old Ly5.1/Ly5.2-F1 mice. After 30 wk, recipient PerC and spleen cells
were harvested and KuO* HSC-derived B cells were analyzed as described
above. BM-derived H5Cs were sorted on a FACSAriall (Becton Dickinson).

Chimerism. in this study, 80 mice received a single HSC i.v. along with 2 x 10°
congenic BM cells. Recipient mice were bled monthly to check for the level
of chimerism, i.e., percentage of immune cells derived from the single HSC
(KuO*) versus percentage of immune cells derived from the competitor
congenic BM (KuQ"). A total of 17/80 recipient mice showed some level of
chimerism in one, or all, hematopoietic lineages analyzed in blood (eryth-
rocytes, platelets, myeloid cells, T cells, and B cells). Here, we chose to ex-
amine the five recipients that had chimerism in all hematopoietic lineages
and yet had the highest chimerism in the B-cell compartment (10-80% of
total B cells in blood derived from sorted KuO™ HSCs). These reconstituted
hematopoietic cells were still readily detectable in blood when the mice
were killed and tissues (PerC and spleen) harvested at 30 wk posttransfer.

Note Added in Proof. While this manuscript was under review, Yuan et al.
(35) reported that adult HSC can be reprogrammed to express the fetal HSC
developmental profile, including the ability to develop into 8-1a. The authors
interpret these findings, as we interpret the HSC developmental difference
reported here, as support for the Layered immune System model that we first
proposed in the late 1980s.
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SUMMARY

Checkpoints that limit stem cell self-renewal in
response to DNA damage can contribute to cancer
protection but may also promote tissue aging.
Molecular componentis that control stem cell
responses to DNA damage remain to be delineated.
Using in vivo RNAI screens, we identified basic
leucine zipper transcription factor, ATF-like (BATF)
as a major component limiting self-renewal of
hematopoietic stem cells (HSCs) in response fto
telomere dysfunction and y-irradiation. DNA damage
induces BATF in a G-CSF/STAT3-dependent
manner resuliing in lymphoid differentiation of
HSCs. BATF deletion improves HSC self-renewal
-and function in response o y-irradiation or telomere
shortening but results in accumulation of DNA
damage in HSCs. Analysis of bone marrow from
patients with myelodysplastic syndrome supporis
the - conclusion that DNA damage-dependent in-
duction of BATF is conserved in human HSCs.
Together, these resulis provide experimental evi-
dence that a BATF-dependent differentiation check-
point limits self-renewal of HSCs in response to DNA
damage.

INTRODUCTION

An age-dependent decline in stem cell function occurs in various
tissues and this decline contributes to impairments in tissue
homeostasis during aging (Rando 2006, Sharpless and DePinho
2007). On the molecular level, there is experimental evidence
that the accumulation of DNA damage can accelerate aging in
mouse models and human progeria syndromes (Rudolph et al.,
1999, Hoeijmakers 2009, Sahin and DePinho 2010). An age-
dependent accumulation of DNA damage occurs in tissue
stem cells (Rossi et al., 2007, Ribe et al., 2011). DNA damage
checkpoints that limit the function of aging stem cells remain
to be delineated.

Unbiased, functional genomic approaches can be conducted
at stem cell level (Hope et al., 2010) and studies on carcinogen-
esis demonstrated the power of such approaches to discover
tumor suppressor checkpoints (Zender et al., 2008). Tumor
suppressor checkpoints can also limit the regenerative capacity
of tissues during aging, e.g., p53, p186, p21 (Chin et al., 1999,
Signer et al., 2008, Janzen et al., 20086, Liu et al., 2011, Molofsky
et al., 2006, Nishino et al., 2008, Choudhury et al., 2007, Sharp-
less and DePinho 2007). This dual role of checkpoint genes in
cancer protection and aging could also be relevant at stem cell
level (Pelicci 2004, Beausejour and Campisi 2006, Sharpless
and DePinho 2007). It is possible that DNA damage checkpoints
protect from stem cell-derived cancer but contribute to impair-
ments in stem cell function during aging.
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Figure 1. In Vive RNAI Screening ldentifies Candidate Checkpoints in Telomere Dysfunciional HSCs

(A-C) Freshly isolated KSL cells from 3 month old mTerc*’* and G3 mTerc™~ mice (n = 24 mice per group) were infected with a pool of lentiviruses and were
transplanted for 2 rounds into lethally irradiated recipients (n = 24 mice per group) along with noninfected KSL cells from the same culture. Four weeks later,
Lin™ BM cells were analyzed by deep sequencing.

(B) The histogram depicts the numbers of shRNAs that were detected by deep sequencing in virus producer cells and Lin™ bone marrow cells from secondary
recipients.

(C) Histogram showing the strongest selected shRNAs in G8 mT7erc™" Lin” cells compared to mTerc** Lin™ cells.

(D-H) Freshly isolated KSL cells from mTerc** or G3 mTerc™~ mice (n = & donors per group) were infected with single shRNA constructs targeting
candidate genes or with a scrambled shRNA control. The infection rate was 22%-50% and was normalized to 1. Infected cells were transplanted into

-
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Telomere shortening represents a cell intrinsic mechanism
contributing to the accumulation of DNA damage in aging cells
(d’Adda di Fagagna et al., 2003). Critically short telomeres lose
capping function at chromosome ends and induce DNA damage
responses (Chin et al., 1999, d’Adda di Fagagna et al., 2003) that
lead to induction of cell cycle arrest or apoptosis (Lee et al., 1938,
Wright and Shay, 1992). Studies on late generation telomerase
knockout mice revealed experimental evidence that telomere
dysfunction impairs somatic stem cell maintenance and function
(Wong et al., 2003; Allsopp et al., 2003) by induction of DNA
damage checkpoints (Choudhury et al., 2007, Schaetzlein
et al., 2007).

Hematopoietic stem cells (HSCs) represent one of the best-
studied somatic stem cell systems. HSC aging is characterized
by a decline in the repopulation capacity and skewed differenti-
ation (Morrison et al., 1996, Sudo et al., 2000, Rossi et al., 2005)
likely contributing to the age-associated defects in immune func-
tions (Wang et al., 2011, Rossi et al., 2008, Linton and Dorshkind
2004). The molecular pathways that impair repopulation capacity
and differentiation of aging HSCs are largely unknown.

Here, we conducted a small in vivo RNAI screen to identify
molecular pathways inhibiting HSC function in response to telo-
mere dysfunction. The study provides experimental evidence for
a differentiation checkpoint limiting self-renewal of HSCs in
response to DNA damage. This checkpoint appears to be
conserved in human HSCs and could represent a major target
to prevent functional decline and the evolution of malignancies
in the aging hematopoietic system.

RESULTS

in Vivo BRAI Screening Identifies Target Genes
Rescuing the Repopulation Capacity of Telomere
Dysfunctional Stem Celis
An in vivo RNAI screen was conducted on transplanted HSCs
from telomere dysfunctional mice (third generation telomerase
knockout: G3 mTerc™) compared to wild-type mice with long
telomere reserves (mTerc™’*, n=24 donors per group, Figure 1A).
The BNAI library was derived from a recently published set of
shRNAs targeting 947 cancer related genes (Bric et al., 2009,
Figure S1, Table S1). cKit* Sca1™ lineage™ (KSL) cells from the
donor cohorts were pooled and infected with the shRNA pool
(multiplicity of infection: 1030, transduction efficiency: 82%-
84%). On average, each shRNA was infected in approximately
500 KSL cells. Virally transduced KSL cells were transplanted
for two consecutive rounds into lethally irradiated recipients.
Four weeks later, hematopoietic cells were isolated and deep
seqguencing revealed that the vast majority of shRNAs were still
present in hematopoietic cells (Figure 1B) indicating that imbal-
ances in the prevalence of individual shRNAs did not occur
because of the random loss of shRNAs.

Seven shRNAs were strongly selected in recipients trans-
planted with G3 mTerc™™ HSCs compared to recipients of

mTerc*”* HSCs (Figure 1C, Table S2). Single construct experi-
ments showed that 4 out of 7 candidate shRNAs were positively
selected in transplanted G3 mTerc™~ HSCs (Figures 1D-1G). Al
of these shRNAs exhibited a good knockdown efficiency of
target genes on mRNA level (Figure S1B, Table S3). Three of
the shRNAs also showed a positive selection in primary recipi-
ents transplanted with mTerc*’* hematopoietic cells albeit less
pronounced compared to G3 mTerc™~ HSCs (Figures 1E-1G).

The strongest selected shRNAs in G3 mTerc™~ hematopoietic
cells (497-fold enriched compared to mTerc™* hematopoietic
cells) targeted the “Basic leucine zipper transcription factor,
ATF-like,” also known as Batf (Dorsey et al., 1995, Figure 1C).
Two independent shRNAs targeting Batf had no measurable
effect on mTerc*’* hematopoietic cells but were strongly
selected in transplanted G3 mTerc™~ hematopoietic cells corre-
lating with knockdown efficiency of the 2 shRNAs (Figure S1B,
Figure 1D). Previous studies showed that p27 deletion rescues
the function of telomere dysfunctional HSCs (Choudhury et al.,
2007). shRNA mediated knockdown of p27 shRNA was similarly
effective in rescuing the repopulation capacity of telomere
dysfunctional KSL cells compared to Batf knockdown (Figures
1D and 1H). Among other shRNAs in the RNAI library that tar-
geted DNA damage checkpoint genes (Aim, Gadd45a and
Gadd45 g, Caspase 3, Rad17, a.0.), the Batf shRNA was most
strongest selected in hematopoietic cells from G3 mTerc™~
mice compared to mTerc™’* mice (Table S4).

Batf Deletion Improves Self-Renewal but Increases DRA
Damage Accumulation of HSCs in Response to

Telomere Dysfunciion or y-lrradiation

Chimeric bone marrow (BM) from primary recipients that were
transplanted with shRNA Batf infected along with noninfected
KSL cells (Figure 1D) was serially transplanted into secondary
and tertiary recipients. Batf knockdown was not selected in seri-
ally transplanted mTerc** BM, but exhibited a strong, positive
selection in serially transplanted G3 mTerc™~ BM (Figure 2A).
Purified Batf shRNA infected G3 mTerc™™ BM cells (5x
10° GFP* cells) rescued lethally irradiated tertiary recipients,
whereas vector control infected BM cells from the same donors
exhausted at this stage (Figure 2B). These results indicated that
Batf knockdown improved self-renewal of G3 mTerc ™~ HSCs. In
line with this interpretation, shRNA mediated knockdown of
Batf rescued HSC numbers in long-term engrafted primary
(Figure 2C) and secondary recipients of G3 mTerc™~ hemato-
poietic cells (data not shown).- Control experiments confirmed
that HSC self-renewal was compromised in aging G3 mTerc™'~
mice but not in G1 mTerc™~ mice indicating that telomere
shortening rather than mTerc gene status by itself limited HSC
self-renewal (Figure S2A). Competitive transplantation of 200
or 400 highly purified shRNA infected HSCs (CD34°KSL) from
primary recipients confirmed that Batf knockdown improved
multilineage repopulation capacity of G3 mTerc™'~ HSCs (Fig-
ure 2D, Figure S2B). Telomere length analysis by quantitative

lethally irradiated recipients along with noninfected cells from the same culture (n = 3 recipients for each group). The histograms depict changes in
peripheral blood chimerism of infected cells (GFP-positive) in primary recipients at the indicated time points after transplantation. Values are shown as

mean = SEM.
See Figure S1 and Table S1, Table S2, Table S3, and Table $4.
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Figure 2. Baif Deletion Improves Self-Renewal but Increases DNA Damage Accumulation of HSCs in Response to Telomere Dysfunction or
y-lrradiation

(A-E) Batf shRNA and scrambled shRNA infected KSL cells of G3 mTerc™~ and mTerc** mice were transplanted into lethally irradiated recipients along with
noninfected KSL cells. shRNA expressing lentiviruses coexpressed GFP. (A) Bone marrow (BM) of primary recipients was serially transplanted. The histogram
shows changes in peripheral blood chimerism, 1 month after transplantation at the indicated round of serial transplantation. (B) In the 39 round of serial
transplantation 5 x 10° purified, infected BM cells were transplanted into lethally irradiated mice. The Kaplan Meier histogram depicts survival rates of recipients
of Batf shRNA or scrambled shRNA infected G3 mTerc™~ bone marrow cells (n = 3 mice per group). (C) The histogram shows the numbers of HSCs (CD34'KSL
cells) in GFP* BM cells of long-term engrafted (4 months after transplantation), primary recipients (n = 5 mice per group). (D) Purified HSCs (200 or 400 CD34KSL
cells) from primary recipients were transplanted into lethally irradiated recipients together with 500,000 competitor cells (total BM). The histogram shows the
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fluorescence in situ hybridization (qFISH) showed that Baif defi-
ciency prolonged maintenance of HSC with shortened telomeres
(Figure 2E).

Bone marrow cells of Batf knockout mice (Batf~'~) and wild-
type mice (Batf*’*) were transplanted into lethally irradiated
recipients along with Batf”* competitor cells. When primary
recipients were exposed to a single dose of 4 Gy y-irradiation,
Batf”~ HSCs were positively selected (Figures 2F and 2G).
Immunofluorescence staining against yYH2AX (a marker of DNA
breaks) indicated that Batf deficiency prolonged maintenance
of HSCs carrying DNA damage (Figure 2H).

Together, these data indicated that Batf deletion or knock-
down can improve the maintenance and function of HSCs in
the context of telomere dysfunction or y-irradiation but this
rescue results in an accumulation of DNA damage and
telomere shortening in the HSC pool. This conclusion was
further supported by an analysis of the effects of Batf knock-
down on hematopoietic progenitor cells. Specifically, shRNA-
mediated knockdown of Batf rescued the impaired capacity of
G3 mTerc™'~ HSCs to generate multipotent progenitor cells
(MPPs, p = 0.001, Figure S2C and S2F) and common myeloid
progenitors (CMPs, p = 0.007, Figures S2D and S2F). Batf
knockdown had minor effects on the generation of MPPs or
CMPs in mTerc™* HSC recipients (Figures $2C, S2D, and
S2F). Batf-knockdown reduced the number of common
lymphoid progenitors (CLPs) in recipients of both mTerc** and
G3 mTerc™~ HSCs (Figures S2E and S2F). These data sug-
gested that Batf could contribute to early stages of lymphoid
lineage differentiation of HSCs. An alternative explanation indi-
cated that Batf was required for survival of CLPs. In agreement
with this interpretation, ex vivo infection of freshly purified
CLPs from wild-type mice revealed that Batf knockdown
impaired the survival of cultured CLPs (Figure S3A). Along with
these data on impaired CLP formation/maintenance, recipients
of Batf shRNA-infected HSCs exhibited a skewing in HSC
differentiation resulting in increased myelopoiesis and
decreased lymphopoiesis compared to recipients of scrambled
shRNA infected HSCs (Figures S3B-83D). Transplantation of
Batf shRNA versus scrambled shRNA targeted CMPs showed
that Batf knockdown did not induce self-renewal of CMPs (n =
5 mice per graup, Figure S3E). These data support the conclu-
sion that Batf knockdown rescued the repopulation capacity of
G3 mTerc™'~ HSCs rather than self-renewal of CMPs.

Batf Upregulation hmpairs HSC Function in Response

to Aging and DNA Damage

mRNA annalysis of freshly purified HSCs and hematopoietic
progenitor cells from 3- and 12-month-old mice revealed that
Batf mRNA expression was upregulated in hematopoietic

progenitor cells (Figure 3A) as well as in long-term HSCs (Fig-
ure 3B) of G3 mTerc™~ mice compared to mTerc™* mice. In
both cohorts, an age-dependent induction of Batf mRNA levels
was observed in HSCs (Figure 3B) possibly reflecting the
increasing levels of DNA damage in aging HSCs (Rossi et al.,
2007). On protein level, increased expression of BATF was
seen in hematopoietic progenitor cells (KSL) and HSCs
(CD34°KSL) of G3 mTerc™~ mice compared to mTerc** mice
(Figures 3C and 3D). Again, there was an age-dependent
increase in both cohorts (Figure 3C).

Batf mRNA expression was also measured in freshly isolated
HSCs from mTerc** mice at different time points after 4 Gy
whole body y-irradiation (IR). There was a significant induction
of Batf mRNA expression from 6-48 hr after IR (Figure 3E,
n = 3 mice per group). lrradiation-induced BATF expression
was confirmed on protein level in freshly isolated HSCs (Fig-
ure 3F). Batf~-cDNA expression experiments demonstrated that
overexpression of Batf limited the repopulation capacity of
HSCs (Figure S4A, Figure 3G,H). ‘

G-CSF/STAT3-Dependent but p53-Independent
Upregulation of BATF in HSCs in Respornse

to DNA Damage

An analysis of BATF protein expression in freshly isolated Lin”
cells of y-irradiated (4Gy) and nonirradiated Trp53 knockout
mice (Trp537/7) revealed that DNA damage-induced expression
of BATF was p53-independent (Figure 4A). Previous studies sug-
gested that STAT3-dependent upregulation of BATF induces
differentiation of murine leukemia cells (Senga et al., 2002) and
G-CSF can activate STAT3 (Tian et al., 1994). An analysis of
BATF protein expression in Lin~ cells of nonirradiated and
irradiated G-Csf knockout mice (G-Csf~7) and control mice
(G-Csf*'7) revealed that the induction of BATF in response
to y-irradiation was G-CSF-dependent (Figure 4B). Cell
culture experiments showed that stimulation with G-CSF-
induced BATF protein levels in freshly isolated hematopoietic
cells (Lin") from wild-type mice and this induction was strongly
STAT3-dependent (Figure 4C, Figure S4B). Transplantation
of shRNA-transduced G3 mTerc™~ KSL cells showed that
Stat3 knockdown rescued the repopulation capacity of G3
mTerc™~ KSL cells (Figure 4D, p < 0.001). Together, these
experiments indicated that STAT3/G-CSF-dependent upregula-
tion of BATF impairs the self-renewal of HSCs in response to
DNA damage.

DRA Damage Induces BATF-Dependent Lymphoid
Differentiation of HSCs

BATF was implicated in the differentiation of peripheral lympho-
cytes (Betz et al., 2010, Schraml et al., 2009). Here, the mRNA

percentage of test donor-derived bone marrow cells 3 months after transplantation (n = 5 recipients per group). (E) Telomere length was analyzed by gFISH in
purified HSCs (CD34 KSL cells) from secondary recipients, 12 weeks after transplantation. The dot blot shows the distribution of telomere fluorescence intensities

(TFl) over all analyzed nuclei. Lines depict mean values.

(F=H) Total BM of Batf~'~ mice (CD45.2) was transplanted into 20 lethally irradiated recipients together with Batf** competitor cells (CD45.1). One month after
transplantation, 10 recipients were y-irradiated with 4Gy, 10 remained nonirradiated. Bone marrow of recipient mice was analyzed 2 months later. (F) The
histogram depicts changes in the percentage of Batf’~ CD34°KSL cell (CD45.2) in nonirradiate (NIR) versus irradiate (IR) recipients. (G) Representative blots from
flow cytometry. (H) The histogram depicts the percentage of purified HSCs (CD34'KSL) showing the indicated number of YH2AX foci per cell in immunofiuo-
rescence staining. The dotted line represents the mean value. (A,C,D,E) Values are shown as mean + SEM.

See Extended Experimental Procedures and Figure S2 and Figure $3.

Cell 748, 1001-1014, March 2, 2012 ©2012 Elsevier Inc. 1005

— 385 —



A
30+ <= mTerc**(3m) B 154 p=0.001
< 2= mTerc**(12m) < p=0.044
2 _ = G3 mTerc” (3m) Z W ]
E o0 A *=G3mTerc™(12m) EOq0{ p<0.001
x = %
a e E
< < -
O 10- | L5
= i 2:
= = @
0 T 0- " -
ST-HSC MPP CMP CLP 3m__12m  3m__12m
mTerc*™* G3 mTerc”
C
BATF
ACTIN
3m  10-12m 3m 10-12m mTerc** G3 mTerc™ ‘
mTerc** G3 mTerc™
E F
8 °
£ BATF
s M
< ACTIN
Z 5]
&
E NIR IR
g G
5 1 BATF
54
0
0 3 6 12 24 48 96 ACTIN =tess et
Time after irradiation (h) control shBaif Batf
b1 cDNA

-~ G3 mTerc™, control vector
-5 G3 mTerc’, Batf cDNA
- mTerc**, control vector
-7 mTerc**, Batf cDNA

Relative change
in % GFP* cells

KSL Bw 12w
cells Time afier Tx

Figure 3. Baif Upregulation impairs HSC Function in Response 1o Aging and DNA Damage

(A and B) The histograms show the mRNA expression of Batf relative to Gapdh in freshly purified progenitor cells from 3 and 12 month old mTerc** and G3
mTerc™" micein: (A) short-term hematopoietic stem cells (ST-HSCs: CD34*FIt3” KSL), multipotent progenitor cells (MPPs: CD34*, Fit3*, KSL), common myeloid
progenitor cells (CMPs: Lin", Sca-17, c-Kit*, CD34*, CD16/32"°), and common lymphoid progenitor cells (CLPs: Lin", Sca-1°, ¢-Kit"®, IL7R*, FIt3*); (B) long-term
HSCs (CD34" Fit3” KSL), {n = 3 mice per group; data are shown as mean; error bar represent SEM).

(C) Representative Western blot showing expression of BATF in freshly isolated hematopoietic progenitor cells (KSL) of 3 and 10-12 month old G3 mTerc™~ and
mTerc** mice (n = 3 mice per group).
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expression of lymphoid and myeloid marker genes that carry
putative AP1-binding sides in the promoters, was measured in
purified HSCs from 10-12 month old mTerc** and G3 mTerc™~
mice (Figures 5A-5C, Table S5). Telomere dysfunction and
y-irradiation was associated with a significant induction of
genes associated with lymphoid differentiation and an inhibition
of genes associated with myeloid differentiation (Figures 5A-5C,
n = 3 mice per group). Freshly isolated G8 mTerc™~ HSCs were
transduced with Batf shRNA or scrambled shRNA. Targeted
HSCs were transplanted into wild-type recipients and re-isolated
4 months after fransplantation. gPCR showed that the knock-
down of Batf reverted the induction of lymphoid differentiation
in G3 mTerc™~ HSCs (Figure 5C).

Interleukin-7-receptor (IL7R) knockin mice express Cre-
recombinase under the endogenous IL7R promoter. When
crossed to Cre-inducible reporter mice (e.g., Rosa26-lox-stop-
lox-YFP), activation of the IL7R marks the onset of lymphoid
differentiation by inducing reporter gene expression. It was
shown that IL7R-reporter gene is not expressed at HSC level
but gets activated during lymphoid differentiation at CLP level
(Schlenner et al., 2010). Here, a significant induction of IL7R-
reporter activity was detected 12 hr after 4Gy y-irradiation in
HSCs (CD34°KSL) compared to nonirradiated mice (Figure S4C).

The CD150 marker (Kiel et al., 2005) can subdivide CD34°KSL
cells into myeloid competent H3Cs (expressing high levels of
CD150 = CD150") and lymphoid competent HSCs (expressing
low levels of CD150 = CD150", Morita et al., 2010, Beerman
et al., 2010). CD150-negative CD34"KSL cells were not included
in our analysis since these cells may not represent true stem
cells (Kiel et al., 2008). Analyzing HSCs in response to y-irradia-
tion revealed a significant induction of IL7R-reporter activity in
D150 HSCs and to a much smaller extend in CD150" HSCs
(Figures 5D and 5E) suggesting that lymphoid competent
HSCs were more sensitive to DNA damage-induced lymphoid
differentiation.

CD150" and CD150"° HSCs of irradiated donor mice were
separated according to the induction of IL7R-reporter and re-
transplanted into lethally irradiated mice along with competitor
cells. lI7R-reporter negative HSCs maintained some long-
term, multilineage engraftment capacity, whereas IL7R-positive
HSCs had lost this capacity (Figure S4D). Multilineage analysis
revealed that IL7R+ HSCs differentiated into lymphoid cells
(Figures S4E and S4F). Together, these data indicated that
irradiation induces lymphoid differentiation thereby Ilimiting
the functional capacity of HSCs. Irradiation of long-term recipi-
ents of Batf shRNA or scrambled shRNA infected KSL cells

from IL7R-reporter mice revealed that DNA damage-induced
lymphoid differentiation of CD150'° HSCs was BATF-dependent
(Figures 5D and 5F).

IL7R-reporter induction was also analyzed ex vivo in freshly
isolated, highly purified HSCs that were cocultured on OP9
feeder cells to foster lymphoid differentiation if present. Irradia-
tion-induced lymphoid differentiation in 13.7 + 1.21% of
CD150" HSCs (Figures 5G and 5H) and in 52% of CD150"
HSCs (Figure 5l). Since the percentage of contaminating
lymphoid competent progenitor was significantly lower in both
HSC compartments (0% in CD150" HSCs, 28% in CD150°
HSC, Figure S4G). Specifically, recent studies revealed that
35%-45% of CD34-KSL cells represent ‘true stem cells’ exhib-
iting long-term, multilineage engraftment in single cell transplan-
tation assays (Morita et al., 2010). However, this assay likely
underestimates the percentage of ‘true stem cells’, since the
seeding efficiency in single cell fransplaniation experiments is
limited and only 50%-80% of the transplanted cells engraft.
Here, we analyzed the cellular composition of myeioid compe-
tent HSCs (CD150MCD34°KSL celis) that engraft in single cell
transplantation assay. This population contains 68% ‘true
HSCs’ (showing long-term multilineage engraftment) and 32%
myeloid-restricted progenitor cells (showing only transient,
myeloid-restricted engraftment) but no lymphoid competent
progenitor cells (Figure S4G). The population of lymphoid
competent HSCs (CD150'°CD34KSL cells) that engraft in
single cell transplantation assays contains 43% ‘true HSCS’
(showing long-term, multilineage engraftment), 28.5% of multi-
potent progenitor cells (MPPs, showing transient multilineage
engraftment) and 28.5% myeloid-restricted progenitor cells
(showing transient, myeloid-restricted engraftment) (Figure S4G).
Control experiments verified that irradiation does not induce
lymphoid differentiation of myeloid-restricted progenitor cells
(Figure S4H). Together, these data demonstrated that irradia-
tion-induced lymphoid differentiation affected ‘true HSC’ within
both HSC populations.

Isolation of HSCs from recipients that were transplanted with
shRNA infected HSCs revealed that Batf knockdown completely
prevented DNA damage-induced activation of IL7R-reporter
in freshly isclated CD150° HSCs under ex vivo cuiture condi-
tions (Figures 5J and JK). A series of control experiments
excluded that significant numbers of HSCs changed surface
markers or that significant numbers of lymphoid progenitor cells
moved into the population of surface marker defined HSCs
at the investigated time points after DNA damage induction
(Figure S$5).

(D) Representative Western blot showing expression of BATF in freshly isolated HSCs (CD347KSL) from bone marrow of 10-12 month old G3 mTerc™

mTerc™* mice (n = 5 mice per group).

'~ and

(E) The histogram shows the mRNA expression of Batf relative to Gapdh in freshly isolated HSCs (CD34 KSL) from bone marrow of 3 month old mTerc** mice at
the indicated time points after y-irradiation (4 Gy, n = 3 mice per time point).

(F) Representative Western blot showing expression of Batf in freshly isolated hematopoietic stem cells (CD34™ KSL) from bone marrow of 10-12 month oid
mTerc*’* mice with or without y-irradiation (4Gy, 12 hr after IR, n = 5 mice per group).

(G) Representative Western blot showing expression of BATF in freshly isolated, Lin” BM cells, 5 weeks after transplantation of shRNA-Batf, cDNA-Batf or
scrambled shRNA transduced KSL cells from mTerc** mice.

(H) Batf-cDNA or empty vector infected KSL cells were transplanted along with noninfected cells into lethally irradiated recipients. The infeciion efficiency was
40%-50% and was normalized to 1. The histogram depicts changes in peripheral biood chimerisms of infected cells (GFP-positive) in primary recipients at the
indicated time points after transplantation (n = 3 recipients per group; data are shown as mean + SEM).

See Figure S4A.
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Figure 4. G-CSF/STAT3-Dependent Induction of BATF Limits the
Repopulation Capacity of HSCs in Response to DNA Damage

(A-C) Representative Western blots showing the expression of BATF (A) in
freshly isolated Lin~ cells from irradiated (4 Gy, 6 hr after irradiation) and
nonirradiated Trp53™/~ mice (n = 2 mice per group), (B) in freshly isolated Lin~
cells from irradiated (4 Gy, 6 hr after irradiation) and nonirradiated G-Csf™'~
mice and G-Csf*~ mice (n =8 mice per group), (C} in Lin" cells from donor mice
that were transplanted with Staf3 shRNA or a scrambled shRNA infected KSL
cells (10 weeks after Tx). Freshly isolated, GFP positive, Lin™ cells were purified
and exposed for 3 days to G-CSF (10 ng/mi) or vehicle control (n = 2 repeat
experiments).

(D) Freshly isolated KSL cells from mTerc** or G3 mTerc™~ mice (n = 3 donors
per group) were infected with a Stat3-shRNA or a scrambled shRNA. The
infection rate was 24%-35% and was normalized to 1. Infected cells were
transplanted into lethally irradiated recipients along with noninfected cells from
the same culture (n = 3 recipients for each group). The histogram depicts
changes in peripheral blood chimerism of infected cells (GFP-positive) in
primary recipients at the indicated time point after transplantation. Values are
shown as mean + SEM, n = 3 mice per group.

See Figure S4A.
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BATF-Dependent Differentiation Leads to the Depletion
of Myeloid and Lymphoid Competent HSCs in Response
to lrradiation
The above data indicated that lymphoid competent (CD150")
HSCs were more sensitive to DNA damage-induced differentia-
tion than myeloid competent HSCs (CD150"). However, an anal-
ysis of absolute HSC numbers at different time points after y-irra-
diation revealed that the number of CD150" HSCs was also
reduced within 24 hr after 4Gy y-irradiation albeit less pronounced
compared to CD150' HSCs (Figure 6A). At these early time points
after y-irradiation, there was only a slight induction of apoptosis .
(5%-10%) and proliferation rates remained almost unchanged
in both CD150" and CD150"° HSCs (Figures S6A and S6B) sug-
gesting that other factors were involved in the observed changes
in HSC numbers in response to IR. Previous studies on single cell
transplantations suggested that CD150™ HSCs can differentiate
into CD150" HSCs (Morita et al., 2010). It was possible that this
differentiation process was induced by DNA damage in response
to IR. In agreement with this interpretation, we observed a tran-
sient increase in the number CD150'° HSCs from 6 to 12 hr after
y-irradiation paralleling the reduction in the total number of
CD150" HSCs (Figure 6A). Mathematical modeling revealed an
improvement of model fitness for the observed kinetics of y-irra-
diation-induced changes in HSC numbers when (1) differentiation
ofCD150" to CD150° HSCs and (2) depletion of CD150'° HSCs by
lymphoid differentiation were included into the equation (Fig-
ure 6B, Extended Experimental Procedures, Figures S6C-S6l).
Plain models that were solely based on the rates of HSC prolifer-
ation (Figure S6A) and apoptosis (Figure S6B), exhibited signifi-
cantly higher error values as they were fitted to the observed
data (Figures 6C and 6D). To experimentally test this prediction,
highly purified CD150™ HSCs were transplanted into lethally irra-
diated recipient. 24 hr after transplantation, one half of the recip-
jents were y-irradiated (4 Gy), while the others remained nonirra-
diated (n = 4 mice per group). Analysis of donor-derived HSCs
(24 hr after IR) confirmed that irradiation-induced the transition
of CD150"™ into CD150'° HSCs (Figure S6J). Mathematical
modeling also supported the experimental data indicating
that irradiation-induced lymphoid differentiation of ‘true HSCs'
within the populations of CD150™ and CD150"° HSCs (Figure 5,
Extended Experimental Procedures, Figures S7TA-S7E).

mRNA expression of Batf was significantly induced in freshly
isolated HSCs of y-irradiated mice (12 hr after IR) in both
CD150" and CD150' HSCs (Figure S7F, n = 3 mice per group).
To test the functional role of DNA damage-dependent BATF
induction for the depletion of HSC subpopulations, y-irradiation
was applied (1) to Batf~~ and Batf”* mice, (2) to mice that were
long-term reconstituted with Batf shRNA or scrambled shRNA
infected HSCs, and (3) to G-Csf~'~ and G-Csf*~ mice. The
depletion of D150 HSCs and CD150" HSCs was significantly
rescued in all 3 scenarios, while Batf or G-Csf gene status did not
affect the number of CD150'° or CD150™ HSCs in nonirradiated
recipients (Figures 8E-8G).

BATF Induciion Contributes to Activation of DNA
Damage Signals in HSCs

Restrictions in self-renewal and induction of differentiation of
stemn cells are associated with an activation of p53 and cell cycle
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inhibitors (e.g., p21, p16) (Kastan et al., 1991, Topley et al., 1999,
Akala et al., 2008, Choudhury et al., 2007). Here, p16 and p21
mRNA expression and p53 phosphorylation were analyzed in
long-term engrafted mice (4 month) that were transplanted
with Batf-shRNA versus scrambled-shRNA infected G3
mTerc™~ HSCs. This analysis revealed that the induction of
p16, p21, and p53 phosphorylation in G3 mTerc™~ hematopoi-
etic cells were Batf-dependent (Figures 7A-7D).

Activation of BATF in Human HSCs Correlates with
Telomere Shortening and Activation of DNA Damage
Signals

Myelodysplastic syndromes (MDS) are aging associated diseases
of the hematopoietic system leading to bone marrow failure,
skewed hematopoiesis, and a sharply increased risk of leukemia
formation. MDS are characterized by increases in HSC proliferation
and telomere shortening (Ohyashiki et al., 1994). Here, the expres-
sion of Batf and p27 mRNA and telomere length were analyzed in
freshly isolated CD34% HSCs from bone marrow aspirates of
MDS patients. Telomere shortening associated with increased
p21 mRNA expression indicating that telomere shortening led to
an activation of DNA damage signals (Figure 7E). There was a direct
association of BATF expression levels with p21 expression (p =
0.005) and an inverse association of BATF expression with telo-
mere length (p < 0.001, Figures 7F and 7G). These data support
the view that increases in BATF expression represent a conserved
response to DNA damage in murine and human HSCs.

DISCUSSION

The current study provides experimental evidence for a differenti-
ation checkpoint limiting self-renewal of HSCs in response to
DNA damage. Melanocytic stem cells were previously shown to
differentiate in response to y-irradiation (Inomata et al., 2009).
Our new data support the hypothesis that differentiation may
represent a general response of tissue stem cells to DNA damage.
The current study identified a molecular pathway controlling stem

cell differentiation in response to DNA damage. Of note, this
checkpoint depends on BATF - a transcription factor known to
control lymphocyte differentiation in the hematopoietic system
(Betzetal., 2010, Schraml et al., 2009). It is tempting to speculate
that genotoxic stress enhances tissue -specific differentiation
pathways in stem cells as a default response to DNA damage.

Stem Cell Differentiation Checkpoints: Implication

for Cancer Protection?

This study shows that abrogation of G-CSF/STAT3/BATF-
dependent differentiation prolongs self-renewal of HSCs in the
context of DNA damage but this rescue results in DNA damage
accumulation in stem cells. These data indicate that differentia-
tion represents an additional checkpoint layer to prevent survival
of damaged stem cells possibly protecting from stem cell-
derived cancers. The extreme quiescence of HSCs may have
selected for this additional checkpoint. Recent studies showed
that HSCs enter the cell cycle only once every 3-4 months (Wil-
son et al., 2008). It is conceivable that cell cycle arrest cannot
prevent aberrant DNA repair, which is known to occur in quies-
cent HSCs (Mohrin et al., 2010). Since quiescent cells are also
more resistant to DNA damage-induced cell death (Sullivan
et al., 1987), it is possible that apoptosis can also fail to prevent
the survival of quiescent HSCs harboring DNA damage.
Together, the induction of differentiation may thus represent
a critical failsafe mechanism eliminating gquiescent stem cells
that accumulate genotoxic damage.

Stem Cell Differentiation Checkpoints: mplication

for Aging?

The Batf shRNA was most strongly selected in transplanted telo-
mere dysfunctional HSCs compared to wild-type HSCs, also
among other shRNAs in the iRNA library that targeted well known
DNA damage checkpoint genes (Table S4). These data indicate
that BATF represents a major pathway limiting HSC function in
response to DNA damage. It is conceivable that this newly

" defined checkpoint affects aging of the hematopoietic system

Figure 5. DNA Damege Induces Lymphoid Differentiation of Hematopoietic Stem Cells

(A-C) The histograms show fold changes in the mRNA expression of lymphopoiesis and myelopoiesis-related genes (Table S3) in freshly isolated (A) HSCs
(CD347KSL) from 8-10 month old G3 mTerc™" versus mTerc*’* mice, (B) HSCs (CD34°KSL) from 2 month old, nonirradiated versus irradiated mTerc** mice @
Gy, 12 hr after IR), (C) GFP* HSCs (CD34°KSL) from recipient mice, 16 weeks after transplantation of shRNA-Batf versus scrambled shRNA targeted KSL cells
from G3 mTerc™"~ mice. Fold changes of the transcriptional signatures are shown as box blots in a log transformation so that a fold change of 1 is represented by
a 0. The 2-sided Wilcoxon test was used to test the Nuil hypothesis of the fold change being equal to 1 (n = 2 pools of 4-6 mice per group).

(D-F) Mice were transplanted with total bone marrow from li7R- reporter mice or with Batf shRNA transduced KSL cells from II7R-reporter mice. Engrafted recipients
were y-irradiated with 4 Gy (IR) or remained nonirradiated (NIR) (n = 3-4 mice per group, values are shown as mean = SD), 12 hr later, IL7R-reporter activity was
analyzed in freshly isolated CD150™ or CD150' HSCs. (D) The histogram shows the percentage of IL7R-reporter-positive cells in myeloid competent HSCs (CD150™)
and in lymphoid competent HSCs (CD150"). (E) Representative FACS analysis of [L7R-reporter induction: gates in left pane! indicate KSL cells, gates in middle panel
indicate CD34°KSL cells, gates in right panel show IL7R-reporter positive cells in CD150" (upper gates) and CD150" (lower gates) HSCs. (F) Representative FACS
blots showing induction of IL7R-reporter activity in CD150'° HSCs isolated from recipients that were transplanted with Batf shRNA or scrambled shRNA infected KSL
cells from II7R- reporter mice. Note that the induction of IL7R activity is impaired in Batf shRNA-infected HSCs (GFP*, upper gate in lower panel) compared to
scrambled shRNA infected HSCs (GFP™, upper gate in upper panel). IR induces lI7R-reporter activity in noninfected HSCs in both cohorts (GFP-).

(G-1) Freshly isolated myeloid competent HSCs (CD150MCD34°KSL cells) or lymphoid competent HSCs (CD150°CD347LSK cells) were seeded on OP9 feeder
cells. The induction of IL7R-activity was measured in response to y—irradiation (4Qy) and in nonirradiated controls (n = 3 repeat experiments, values are shown as
mean + SD), (G) The histogram shows the percentage of IL7R-positive cells in CD150"CD34°KSL cells, 24 hr after IR versus non-IR, (H) representative FACS blots
show the induction of IL7R-activity in CD150"CD34°KSL cells; 24 hr after IR versus non-IR, (|) The histogram shows the percentage of IL7R-positive cells in
CD150°CD347KSL cells, 12 and 24 hr after IR versus non-IR. Values are shown as mean = SEM, n = 3 mice per group.

(J and K) CD150" HSCs were freshly isolated from recipients reconstituted with Batf shRNA or scrambled shRNA infected KSL cells from IL7R-reporter mice.
1500 freshly purified CD150'° HSCs were sorted per well (n = 5 wells per group) and y-irradiated with 4Gy (IR) or nonirradiated (NIR), followed by FACS analysis
12h later. (J) The histogram shows the induction of II7R-reporter activity. Values are shown as mean = SEM, n = 5 mice per group. (K) Representative FACS blots.
See Figure S4, Figure S5, and Table S5.
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Figure 6. BATF-Dependent Differentiation Contributes to HSC Depletion in Response to y-lrradiation
(A) Histogram showing the absolute number of CD150" and CD150'® HSCs in bone marrow of 2 month old mTerc** mice at the indicated time points after 4 Gy

y-irradiation. Values are shown as mean + SD, n = 3 mice per group for each ti

me point.

(B-D) Mathematical modeling of the observed changes in cell number in response to irradiation: (C) Model without DNA damage-induced differentiation, solely

based on changes of cell numbers by cell death and proliferation (Figure S6A,B

), (B) DNA damage-induced differentiation was included in the delay-differential

equations assuming that CD150" HSCs differentiated into CD150'° HSCs and CD150'° HSCs were depleted from the stem cell pool by induction of lymphocyte
differentiation, (D) Box blot showing the mean error of cell numbers in mathematical models compared to the observed data.

(E-G) The histograms depict the number of CD150" and CD150'° HSCs in: (E) irradiated (12 hr after IR) versus nonirradiated Batf~/~ and Batf**mice; (F) irradiated
(24h after IR) versus nonirradiated recipients of Batf shRNA or scrambled shRNA (control) infected KSL cells (4 months after transplantation); (G) irradiated (24 hr
after IR) versus nonirradiated G-Csf™~ and G-Csf*~ mice (n = 5 mice per group). (E-G) Values are shown as mean = SEM, n = 4-5 mice per group.

See Extended Experimental Procedures and Figure S6 and Figure S7.

since there is growing evidence for DNA damage accumulation
in aging HSCs (Rossi et al., 2007, Rlbe et al., 2011).

Impaired replication potential and skewing in differentiation
represent the most prominent phenotypes of the aging
hematpoietic system. Studies on the cellular composition of
bone marrow-derived HSCs in mice revealed evidence that the
HSC pool consists of distinct subpopulations exhibiting a
different potential to undergo myeloid or lymphoid differentiation
(Challen et al., 2010). Aging associated skewing of hematopoi-
esis was recently associated with an increased survival of
myeloid competent HSCs in aging mice supporting a population
shift model of HSC aging (Cho et al., 2008, Beerman et al., 2010).
According to this model myeloid competent HSCs are selected
and outcompete lymphoid competent HSCs during aging. The
molecular mechanisms that control this selection process during
aging are unknown. The current study shows that BATF-depen-
dent differentiation limits the repopulation capacity and self-
renewal of HSCs in response to telomere dysfunction or y-irradi-
ation. Since lymphoid competent HSCs (CD150"°) were more

sensitive to this checkpoint, it is possible that BATF upregulation
contributes to the ablation of lymphoid competent HSCs in
response to aging associated DNA damage accumulation.

In summary, the current study provides evidence for a G-CSF/
Stat3/BATF-dependent checkpoint, which limits self-renewal
of HSCs in response to DNA damage or telomere dysfunction
by induction of lymphoid differentiation. These data support a
new concept indicating that DNA damage limits self-renewal of
damaged stem cells by activating tissue specific differentiation
pathways. The newly discovered differentiation checkpoint
appears to be conserved in human HSCs and could impact on
age-associated changes in stem cell differentiation and transfor-
mation in the hematopoietic system.

EXPERIMENTAL PROCEDURES
iice

Mice were maintained in a pathogen-free environment and fed with a standard
diet. All mice were in a C57BL6J background. Animal experiments were
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(C) Representative Western blot showing the
expression of phospho-p53 in freshly isolated Lin
cells from bone marrow of long-term reconstituted
mice, 16 weeks after transplantation of shRNA-
Batf or scrambled shRNA transduced G3
mTerc™~ hematopoietic cells (n = 3 mice per
group).

(D) Hematopoietic cells from mTerc*™* mice were
transduced with shRNA-Batf or scrambled shRNA
and transplanted into lethally irradiated recipients.
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Two months after transplantation one group of the
recipients was irradiated with 4 Gy y-irradiation.
Representative Western blot showing the expres-
sion of phospho-p53 in freshly isolated Lin™ cells
from bone marrow of nonirradiated and irradiated
recipients (6 hr after IR, n = 3 mice per group). Note
that shRNA knockdown of Batf impaired y-irradi-
ation induced p53 phosphorylation.

(E-G) Telomere length and the mRNA expression
of p16 and Batf {relative to Gapdh) was measured
in CD34* human HSCs from patients with myelo-
dysplastic syndrome (MDS, n = 26): The histo-
grams show (E) the correlation between p21
mRNA level and telomere length, (F) p21 mRNA
level and Batf mRNA level, and (G) Batf mRNA level
and telomere length. Note that telomere short-
ening and the induction of p21 correlates with
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approved by the state government of Baden-Wirttemberg (Protocol Number
35/9185.81-3/919).

Plasmid and Lentiviral Vector Construction

SF-LV-shRNA-EGFP: the spleen-focus forming promoter (SFFV) driven GFP
expression cassette was inserted into the lentiviral GIPZ (Open Biosystems,
Huntsville, USA) vector. The IRES-puromycin cassette was replaced by the
120bp fragment harboring the 5'mir30 sequence: 5'mir30 5'-AGCGGCCG
CAAATTCCGGTTTGTTTGAATGAGGCTTCAGTACTT-3 and 3'mir30 &-TAC
CTCGACTCGAGCCTTCTGTT-3 to create the final vector SF-LV-shRNA-EGFP.

Lentivirus Preduction

Lentivirus was produced in 293T cells after transfection of 20ug shRNA plasmid,
15 ug pCMVARB8.91 helper plasmid and 6 pg pMD.G according to standard
procedures (Schambach et al., 2006). Virus was concentrated by centrifugation
at 25,000rpm for 2.5 hr, 4°C, virus pellet was resuspended in sterile PBS.

cDNA Clone

Batf cDNA was amplified (forward primer: ACTGCTCGAGGCCACCATGCCT
CACAGCTCCG and reverse primer: CAGTGCGGCCGCAACTATCCACCCC
CTGC) and inserted into SF-LV-cDNA-EGFP.

1012 Cell 748, 10011014, March 2, 2012 ©2012 Elsevier Inc.

T

6 induction of Batf in human CD34* HSCs.

o=

7

telomere length

Western Blot

Whole-cell extracts were obtained in RIPA buffer and subjected to
16% SDS-PAGE using antibodies against BATF (1:1000, Abnova and
Abcam), phosphor-p53-Ser15 (1:1000, Cell Signaling) and beta-actin
(1:10000, Sigmay).

For HSC analysis bone marrow was collected from five 12 month old
mice. Lin‘cells were purified by MACS, followed by FACS purificafion of
3x10% CD34°KSL cells. Cells were lysed in loading buffer (50mM Tris base
pHB.8, 4% SDS, 0.04% Bromphenolblau, 20% glycerol) and the entire lysate
was loaded after boiling.

shRNA Recovery

Genomic DNA was isolated from lineage negative bone marrow cells (Gentra
Puregene Blood Kit, QIAGEN) and the integrated proviral sequences were
amplified with primers flanking the mir30 cassette (for details see Zuber
etal, 2011).

RHNA Isclation

Total RNA was isolated from freshly isolated and sorted HSCs by using
MagMAX 96 total RNA isolation Kit (Ambion) due to the manufactors
protocol.
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Quantitative Real-Time PCR

Quantitative real-time PCR was performed with an ABI 7300 Real-Time PCR
System (Applied Biosystems) in duplicates from at least 3 biological samples.
The superscript M1 kit (Invitrogen) was used for cDNA synthesis from total RNA.
Table S4 depicts primer sets for the detection of single genes. The quantitative
PCR was carried out in a volume of 25ul using the iTag SYBR Green supermix
with Rox (Bio-Rad).

Flow Cytometry

For flow cytometric analysis, and sorting, hind limb bones were dissected and
single-cell suspensions were stained with antibodies, as previously described
(Ema et al., 20086). Data acquisition and cell sorting were performed on FACS
LSRIl and FACSAriall (BD Biosciences). Data were analyzed with the FlowdJo
software.

Statistics

SPSS 11.5 was used for statistical analyses. Unpaired Student’s t test and
Chi-Square Test was used to generate P values for most of the datasets.
Otherwise it is stated in the figure legends.

Mathematical Modeling

Delay-differential equations were used to model changes in cell numbers and
integrated numerically (Mathematica V8, Wolfram Research). Functions for
effects of proliferation and apoptosis were fitted to data from the experiments
(see Supplemental Experimental Methods, Figure 6A, Figure S6). Differentia-
tion was modeled as occurring within a specific time frame (100 runs with
random starting values, latin hypercube sampling). Measured cell numbers
were utilized resulting in 3% = 243 possible combinations of data points. We
fitted models including differentiation and simplified models without differenti-
ation to each combination (comparison via the Wilcoxon test).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures,
five tables, and seven figures and can be found with this article online at
doi:10.1016/j.cell.2012.01.040.
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Polycomb-group (PcG) proteins form the multiprotein polycomb repressive complexes (PRC)
1 and 2, and function as transcriptional repressors through histone modifications. They
maintain the proliferative capacity of hematopoietic stem and progenitor cells by repress-
ing the transcription of tumor suppressor genes, namely Ink4a and Arf, and thus have been
characterized as oncogenes. However, the identification of inactivating mutations in the
PeG gene, EZH2, unveiled a tumor suppressor function in myeloid malignancies, including
primary myelofibrosis (PMF). Here, we show that loss of another PcG gene, BmiT, causes
pathological hematopoiesis similar to PMF. In a mouse model, loss of Bmi7 in Ink4a-Arf-/-
hematopoietic cells induced abnormal megakaryocytopoiesis accompanied by marked extra-
medullary hematopoiesis, which eventually resulted in lethal myelofibrosis. Absence of
Bmi1 caused derepression of a cohort of genes, including Hmga2, which is an oncogene
overexpressed in PMF. Chromatin immunoprecipitation assays revealed that Bmi1 directly
represses the transcription of Hmga2. Overexpression of Hmga2 in hematopoietic stem cells
induced a myeloproliferative state with enhanced megakaryocytopoiesis in mice, implicat-
ing HmgaZ2 in the development of pathological hematopoiesis in the absence of Bmi1. Our
findings provide the first genetic evidence of a tumor suppressor function of Bmit and
uncover the role of PcG proteins in restricting growth by silencing oncogenes.

Polycomb-group (PcG) proteins are transcrip-
tional repressors that function in gene silenc-
ing by modulating chromatin structure. They
form the chromatin-associated multiprotein com~
plexes, polycomb repressive complex (PRC) 1
and PR.C2 (Simon and Kingston, 2009). PcG
proteins have been implicated in the mainte-
nance of self-renewing stem cells (Pietersen
and van Lohuizen, 2008; Konuma et al., 2010;
Sauvageau and Sauvageau, 2010). Among PcG
genes, Bmil plays a central role in the inheri-
tance of the stemness of somatic stem cells, in~
cluding hematopoietic stem cells (HSCs) and
neural stem cells (Park et al., 2003; Iwama et al,,
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2004; Molofsky et al., 2003), and its forced
expression augments their self-renewal capa-
bility (Iwama et al., 2004). One of the major
targets of Bmil is the Ink4a/Asf tumor sup-
pressor gene locus, and deletion of both Ink4a
and Arf in Bmil-deficient mice substantially
restores the defective self-renewal capacity of
HSCs (Oguro et al., 2006). PcG and trithorax-
group proteins mark developmental regulator
gene promoters with bivalent domains con-
sisting of overlapping repressive and activating
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histone modifications to keep them poised for activation in
embryonic stem cells (Pietersen and van Lohuizen, 2008;
Konuma et al., 2010). Likewise, we found that Bmil rein-
forces bivalent histone domains at key hematopoietic regula-
tor gene promoters in multipotent hematopoietic stem and
progenitor cells to maintain their multipotency (Oguro et al.,
2010). Thus, Bmil functions in the maintenance of both the
self-renewal capacity and multipotency of HSCs.

Bmil has also been implicated in the maintenance of
the proliferative capacity of leukemic stem cells (LSCs). Co-
expression of HoxA9 and Meis1, which can transform HSCs,
induces leukemia from Bmil-deficient fetal liver cells in pri-
mary recipient mice, but fails to sustain a leukemic state in
the secondary recipients (Lessard and Sauvageau, 2003), sug-
gesting that Bmil regulates the self-renewal of both HSCs
and LSCs. In addition, we have recently reported that Bmil
is essential for the faithful reprogramming of myeloid pro-
genitors into LSCs, and that leukemic fusion genes require

PcG proteins acting in concert to establish LSC-specific
transcriptional profiles that confer full leukemogenic activity
on LSCs (Yuan et al., 2011). Notably, a gain-of-function
mutation of the PRC2 gene, EZH2, has recently been iden-
tified in a subset of lymphoma (Morin et al.,, 2010), high-
lighting the oncogenic properties of PRC2 genes. In contrast,
inactivating mutations of EZH2 have also been identified in
patients with myelodysplastic syndrome and myeloprolif-
erative neoplasms (MPN), revealing that EZH2 also has a
tumor suppressor function (Ernst et al., 2010; Nikoloski
et al., 2010).

In this study, we found that Bmil antagonizes develop-
ment of MPN in the absence of its major tumor-suppressive
targets, Ink4a and Arf, and identified Hinga2, an oncogene, as
one of the direct targets of Bmil involved in the development
of MPN. Our findings suggest that PcG genes fine-tune the
hematopoietic homeostasis by balancing the transcription of
oncogenic and tumor suppressive target genes.

RESULTS AND DISCUSSION
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control BM cells (Fig. 1 A). To evaluate the repopulating ca-
pacity of Bmil™/~Ink4a-Arf~'~ BM cells precisely, we then
transplanted wild-type, Inkda-Arf~’~, and Bmil™'~Ink4a-
Arf/~ BM cells into lethally irradiated mice without com-
petitor cells. At 4 mo after transplantation, the recipients
repopulated with Bmil™/~Ink4a-Arf~/~ donor cells had sig-
nificantly fewer lineage marker-negative (Lineage™) Sca-1*
c-Kit* (LSK) cells in BM than did the control recipients as
we reported previously (Oguro et al., 2010; Fig. 1 B). How-
ever, they had twofold more megakaryocyte/erythroid pro-
genitors (MEPs) than the controls (Fig. 1 B) and showed
extramedullary hematopoiesis as evident from a significant in~
crease in the number of LSK HSCs/multipotent progenitors
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(MPPs) in spleen (Fig. 1 B). All of the recipient mice repopu-
lated with Ink4a-Arf/~ BM cells eventually developed sarco-
mas or lymphomas and died by 11 mo after transplant, as
rveported with the Ink4a-Arf~/~ mice (Fig. 1 C; Serrano et al.,
1996). Alternatively, the recipient mice repopulated with
Bmi1™/" Ink4a-Arf/~ BM cells died much earlier than the
Ink4a-Arf~/~ controls (Fig. 1 C) and displayed a more pro-
gressive thrombocytopenia (Fig. 1 D).

Bmi1-deficient hematopoietic cells induce lethal myelofibrosis
The recipient mice repopulated by Bmil™/"Ink4a-Arf~/~
BM cells had marked hepatosplenomegaly (not depicted) and
hypoplastic BM with severe fibrosis (Fig. 2, A and B) at their

Ink4a-Arf- Bmit*Ink4a-Arf"
= "‘Qﬁ\ 3 ﬁ

CD41 DAPI Merge

Figure 2. Enhanced megakaryocytopoiesis and massive myelofibrosis induced by Bmi71~/~Ink4a-Arf~/- hematopoietic cells. (A) Hematoxylin
and eosin (H&E) staining of BM, spleen, and liver sections. BM, spleen, and liver of representative wild-type recipient mice repopulated by 2 x 108 BM
cells of the indicated genotype were analyzed at 174 d after transplantation. Bars: 125 pm (BM); 500 um (spieen and fiver). (B} Silver staining of BM and
spleen sections in A. Bars, 50 um. (C) H&E staining of BM sections of representative recipient mice repopulated with the indicated mutant BM cells ana-
lyzed at 138 d after transplantation. Bars, 50 um. (D) CD41 (green) and DAPI (blue) staining of spleen sections of representative recipient mice repopu-
lated with indicated mutant BM cells analyzed at 138 d after transplantation. Bars, 125 pm.
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terminal stage. The spleen structure was destroyed by extra-
medullary hematopoiesis accompanied by massive fibrosis
(Fig. 2, A and B). Extramedullary hematopoiesis was also evi-
dent in the liver (Fig. 2 A). All these features resemble those
of human primary myelofibrosis (PMF). Notably, the recipi-
ent mice infused with Bmil™/~Ink4a-Arf~/~ BM cells along
with competitor cells in Fig. 1 A also developed lethal
myelofibrosis in a similar fashion (not depicted).

PMEF is the rarest and most severe chronic MPN (Tefferi
et al., 2007; Levine and Gilliland, 2008). Abnormal mega-
karyocytosis in the BM has been proposed as the main caus-
ative factor for myelofibrosis. Deregulated stem cell signaling,
resulting in part from mutated JAK2 and MPL, likely cause
abnormal megakaryocytosis. Myelofibrosis is thought to be
the consequence of an excessive release/leakage of growth
factors within the BM by cells from pathological hematopoi-
etic clones, especially by necrotic megakaryocytes. TGF-B1
is speculated to be one of the major causative growth factors
that activate mesenchymal cells (Martyré et al, 1994). Although
abnormal megakaryocytosis was obscure in BM and spleen
because of severe fibrosis at the terminal stage of the disease,
the mice at earlier time points after transplantation had marked
megakaryocytosis in both BM and spleen (Fig. 2, C and D).
These findings clearly implicate pathological megakaryocytosis
in the development of lethal myelofibrosis, and indicate that
lethal myelofibrosis induced by Bmil™/~Ink4a-Arf~'~ hema-
topoietic cells follows the natural course of human PMF.

Derepression of Hmga2 in BmiT-deficient

hematopoietic stem/progenitor cells

To identify the genes responsible for PMF-like disease in the
absence of Bmil, we compared gene expression profiles of
LSK HSCs/MPPs and common myeloid progenitors (CMPs).
In total, 245 and 286 genes were derepressed by more than
twofold, specifically in Bmil™/~Ink4a-Arf~/~ LSKs and
CMPs, respectively (Fig. 3 A). We then compared the list of
derepressed genes with a list of PMF-associated genes identi-
fied by gene expression profiling of CD34* cells in human
PMF patients (Guglielmelli et al., 2007). HingaZ appeared to
be commonly up-regulated in Bmil™/~Ink4a-Arf~'~ CMPs
and PMF CD34% cells. HMGAZ2 was found to be one of
eight genes that can distinguish PMF CD34* cells from nor-
mal CD34* cells, and abnormal expression of HMGAZ was
associated with the presence of JAK2V417F (Guglielmelli et al.,
2007). Moreover, overexpression of HMGA2 was reported
in 12 of 12 patients with myelofibrosis with myeloid meta-
plasia, among which two patients had a chromosomal trans-
location involving the HMGAZ gene at 12q (Andrieux et al.,
2004). We therefore focused on Hmga2. HmgaZ expression
was up-regulated by 1.6- and 13.4-fold in Bmil~/~Ink4a-
Arf~/~ LSKs and CMPs, respectively, in our microarray analy-
sis (Fig. 3 A). We then quantified the Hmga2 expression in
each progenitor fraction by quantitative RT-PCR. Because the
BM environment of Bmi1™/~ and Bmil~/~ Ink4a-Arf~'~ mice
is defective in supporting HSCs (Oguro et al., 2006), we pu-
rified progenitors from wild-type recipient BM reconstituted
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with wild-type, Ink4a-Aif~'~, or Bmil™/~Ink4a-Arf~'~ BM
cells to exclude any environmental effects. Hmga2 expression
was predominantly found in CMPs in wild-type mice, but in
the absence of Bmil, it was derepressed in Flt37LSK HSCs/
MPPs (2.4-fold compared with Ink4a-Arf~/~ cells) and mark-
edly increased in myeloid-committed progenitors (CMPs,
14.1-fold; granulocyte/macrophage progenitors [GMPs], 268-
fold; MEPs, 11.5-fold), but was barely affected in FIt3*LSK
lymphoid-primed MPPs (LMPPs, 0.9-fold) or common lym-
phoid progenitors (CLPs, 0.74-fold; Fig. 3 B). To confirm
that this derepression is in fact mediated by loss of Bmil, we
performed RT-PCR. analysis on Lineage™c-Kit* Bmil~/~
progenitors and found that Hmga2, as well as the canonical
targets Ink4a and Arf, are derepressed in a Bmil-deficient set-
ting (Fig. 3 C). These results suggest that Bmil functions in
the silencing of Hmga2 in cell types ranging from HSCs to

‘myeloid progenitors. :

Direct repression of HmgaZ2 transcription by Bmi1
The high-mobility group A (HMGA) nonhistone chromatin
proteins alter chromatin structure, and thereby regulate tran-
scription. HMGA proteins have been implicated in both be-
nign and malignant tumors through mechanisms that result in
HMGA overexpression. Chromosomal rearrangements in-
volving the region 12q13-15, in which the HMGAZ gene is
located, are one of the major mechanisms causing deregula-
tion of the HMGAZ2 gene, giving rise to a truncated transcript
lacking the C-terminal tail and/or 3'-UTR. Expression of
HMGA?2 is negatively regulated by the let-7 family of mi-
croRINAs, which bind to the 3'-UTR. of HMGAZ2 and re-
strict its expression. Thus, chromosomal rearrangements
within the HMGAZ2 locus cause overexpression of a full-
length or truncated HMGAZ2 with a preserved DNA-binding
capacity (Fusco and Fedele, 2007; Young and Narita, 2007).
To examine whether Bmil directly represses transcription
of Hmga2, we next characterized the HmgaZ2 promoter by
conducting chromatin immunoprecipitation (ChIP) assays.
To obtain enough cells, we used BM Lineage™¢-Kit* progen-
itors depleted of cells committed to the lymphoid, myeloid,
and erythroid lineages. Binding of Bmil to the HmgaZ pro-
moter was detected, but not to the promoter of the control
gene, B-actin (Fig. 3 D), which was marked with H3K4me3,
an active histone mark (not depicted). PRC1 catalyzes the
monoubiquitination of histone H2A (H2Aub1) at lysine 119.
The Hmga2 promoter was marked with H2Aub1 in wild-type
BM Lineage™c-Kit* progenitors (Fig. 3 D). The levels of
Bmil binding and H2Aub were significantly reduced in
Bini1™/~Ink4a-Arf '~ Lineage™ progenitors compared with
the levels in wild-type cells (Fig. 3 E). These results indicate
that Bmi1 directly represses the expression of Hmga2 by mark-
ing its promoter with a repressive histone mark.

HmgaZ2 promotes expansion of progenitor cells

and enhances megakaryocytopoiesis in vitro

The specific up-regulation of HMGAZ2 expression in PMF,
but not in other chronic MPNs, such as polycythemia vera
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