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Hmgb3 is an X-linked member of a family of sequence-independent
chromatin-binding proteins that is preferentially expressed in
hematopoietic stem cells (HSC). Hmgb3-deficient mice (Hmgb3-'Y)
contain normal numbers of HSCs, capable of self-renewal and
hematopoietic repopulation, but fewer common lymphoid (CLP)
and common myeloid progenitors (CMP). In this study, we tested
the hypothesis that Hmgb3—/Y HSCs are biased toward self-
renewal at the expense of progenitor production. Wild-type and
Hmgb3~'Y CLPs and CMPs proliferate and differentiate equally in
vitro, indicating that CLP and CMP function normally in Hmgb3~/Y
mice. Hmgb3~/Y HSCs exhibit constitutive activation of the canon-
ical Wnt signaling pathway, which regulates stem cell self-renewal.
Increased Wnt signaling in Hmgb3~/Y HSCs corresponds to in-
creased expression of Dv/1, a positive regulator of the canonical
Wnt pathway. To induce hematopoietic stress and a subsequent
response from HSCs, we treated Hmgb3~'Y mice with 5-fluorou-
racil. Hmgb3~'Y mice exhibit a faster recovery of functional HSCs
after administration of 5-fluorouracil compared with wild-type
mice, which may be due to the increased Wnt signaling. Further-
more, the recovery of HSC number in Hmgb3~/Y mice occurs more
rapidly than CLP and CMP recovery. From these data, we propose
a model in which Hmgb3 is required for the proper balance
between HSC self-renewal and differentiation.

hematopoiesis | Wnt

H ematopoietic stem cells (HSC) are a rare population of cells
that predominantly reside within adult bone marrow and
are responsible for life-long replenishment of all blood cell types
(1). HSCs differentiate into common lymphoid (CLP) and
common myeloid progenitors (CMP) that are capable of expo-
nential proliferation and differentiation. To maintain their num-
bers, HSCs undergo self-renewal, which generates progeny that
retain the ability for multilineage differentiation. The mecha-
nisms by which the fate of HSCs, either self-renewal or differ-
entiation, is determined are still unclear.

The proteins that comprise the high-mobility group (HMG)
superfamily are among the most abundant nonhistone proteins
in the eukaryotic nucleus (2). Hmgb3 is an X-linked member of
this superfamily and is classified with Hmgb1l and -2 into the
Hmg-box subfamily, defined by the presence of DNA-binding
Hmg-box domains (3). The 80% identity between Hmg-box
proteins (4), suggests similar functions at the molecular level.
Hmgb1 and -2 have been shown to bind DNA without sequence
specificity and can bend linear DNA (5, 6). They also interact
directly with Hox and Oct family transcription factors, which
have been reported to be important regulators of stem cell
differentiation (7-10).

Hmgbl, -2, and -3 exhibit different patterns of gene expression
in the adult mouse. Hmgbl expression is ubiquitous, Hmgb2 is
primarily expressed in the thymus and testes, and Hmbg3 ex-
pression is localized to the bone marrow (4, 11, 12). The
tissue-specific expression patterns may be responsible for the
phenotypes observed in mouse knockout models. Hmgbl defi-
ciency results in lethal hypoglycemia in newborn mice and,
whereas Hmgh2~/~ mice are viable, homozygous males exhibit
decreased fertility because of defective spermatogenesis (4, 11).

www.pnas.org/cgi/doi/10.1073/pnas.0604006103

In adult bone marrow, Hmgb3 is found in maturing Ter119*
erythroid cells and in populations enriched for HSCs, CLPs, and
CMPs (12). Hmgb3 is a marker for HSCs, whereas lin~, c-kit™,
and Hmgb3NEGC cells were incapable of long-term bone marrow
repopulation. Hmgb3-deficient mice (Hmgb3~'Y) are viable and
hematologically normal except for a mild erythrocythemia (13).
Hmgb3~/Y mice contain normal numbers of HSCs, which are
capable of self-renewal and long-term repopulation. However,
there are reduced numbers of CLPs and CMPs in Hmgb3~/Y
mice, which is compensated by increased proliferation of more
mature progenitors, resulting in normal numbers of hematopoi-
etic cells.

The canonical Wnt signaling pathway regulates proliferation
and differentiation of several cellular systems, including multiple
types of stem cells (reviewed in Logan and Nusse, ref. 14). In this
pathway, binding of Wnt ligand to its cognate receptor leads to
activation of the Dishevelled (Dvll) protein, which ultimately
causes stabilization and nuclear translocation of B-catenin and
the subsequent induction of target gene expression. Activation of
this pathway has been shown to increase HSC and leukemia stem
cell self-renewal (15, 16).

In this study, we have focused on the role of Hmgb3 in
regulating cell-fate decisions of HSCs. We hypothesized that the
reduction in CLP and CMP numbers in Hmgh3~'Y mice may be
because of either more rapid differentiation of CLPs and CMPs
or decreased production of CLPs and CMPs. We observed that
CLPs and CMPs from wild-type and Hmgb3~'Y mice proliferate
and differentiate at similar rates, leading us to hypothesize that
the decreased numbers of CLPs and CMPs were because of their
impaired production by the HSC. We observed enhanced acti-
vation of the canonical Wnt signaling pathway in Hmgb3-
deficient HSCs. Consistent with this observation, Hmgb3-
deficient HSCs contain increased levels of Dvil mRNA. We
compared the effects of 5-fluorouracil (5-FU), which transiently
eliminates c-kit"! cells, on HSC, CLP, and CMP populations in
wild-type and Hmgb3~/Y mice (17). After 5-FU treatment,
c-kitHl HSCs in Hmgb3 /Y mice recovered more rapidly than in
wild-type mice. Furthermore, recovery of c-kitH! hematopoietic
progenitors in Hmgb3~/Y mice was biased in favor of HSCs over
CLPs and CMPs. Together, our data suggest that Hmgb3 defi-
ciency biases HSCs toward self-renewal at the expense of
differentiation, and that the normal function of Hmgb3 is to
regulate the balance between these cell-fate decisions.

Results

Analysis of CLP and CMP Function in Hmgb3-Deficient Mice. We
hypothesized that the reduced number of phenotypic CLP and
CMP in Hmgb3~/Y mice may be caused by rapid differentiation of
Hmgb3~/Y CLP and CMP, resulting in fewer cells with the typical
CLP or CMP phenotype. To test this hypothesis, we performed in
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Abbreviations: 5-FU, 5-fluorouracil; CFU-GM, CFU-granulocyte-macrophage; CLP, common
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Fig. 1. Expansion of CLP and CMP in vitro. (A) Mean CFU-Pre-B frequency
generated from CLPs (lin—, c-kit'©, Sca-1'©, and IL-7Ra™) before (day 0) and
after 5 days in culture (day 5). CFU-Pre-B frequency was determined by scoring
CFU-Pre-B per 1 X 104 CLP at day 0 and at day 5. Wild-type, n = 12, 212 colonies
counted on day 0, 1,038 colonies counted on day 5; Hmgb3~"Y, n = 12, 306
colonies counted on day 0, 1,563 colonies counted on day 5. The data repre-
sent the pooled results of three independent experiments. Error bars repre-
sent standard deviations. (B) Mean CFU-GM frequency generated from CMPs
(lin—, c-kit*, Sca-1-, and IL-7Ra ") before (day 0) and after 5 days in culture (day
5). CFU-GM frequency was determined by scoring CFU-GM per 1,000 CMP at
day 0 and at day 5. Wild-type, n = 12, 646 colonies counted on day 0, 1,755
colonies counted on day 5; Hmgb3~Y, n = 12, 377 colonies counted on day 0,
1,854 colonies counted on day 5. The data represent the pooled results of
three independent experiments. Error bars represent standard deviations. (C)
Average expansion in CFU generated by CLP and CMP before and after 5 days
in culture (n = 3). The expansion in the number of CFU for each individual
experiment was calculated by dividing the average CFU frequency at day 5 by
the average CFU frequency at day 0. Error bars represent standard error of the
mean. P values were generated by Student’s t test.

vitro“delta” assays (18, 19), in which the formation of clonogenic
colonies derived from CLPs (lin—, c-kit*, Sca-1*, and IL-7Ra*; ref.
20) and CMPs (lin~, c-kit™, Sca-1-, IL-7Ra~; ref. 21) isolated from
Hmgb3~/Y and littermate control mice were compared before and
after 5 days of expansion in serum-free culture.

Cultured Hmgh3~'Y and wild-type CLPs proliferated equiva-
lently in culture (1.3 = 0.2- and 1.4 = 0.6-fold, respectively; P =
0.7). CFU-pre-B formation by wild-type and Hmgb3~/Y CLP also
increased equivalently after 5 days in culture (5.2 = 0.8- and
5.2 = 2.0-fold, respectively; P = 0.96; Fig. 1 4 and C). Wild-type
and Hmgb3~'Y CMPs proliferated equivalently (6.5 + 2.2- and
5.7 = 1.5-fold, respectively; P = 0.6). There was no significant
difference in CFU-granulocyte-macrophage (CFU-GM) forma-
tion after 5 days in culture by Hmgb3~"Y CMP compared with
wild-type (4.9 £ 1.9- and 2.7 £ 1.8-fold, respectively; P = 0.16;
Fig. 1 B and C). These data indicate that under identical in vitro
conditions, wild-type and Hmgb3~/Y CLP and CMP are func-
tionally similar in regard to proliferation and differentiation.

Activation of Wnt Signaling Through Overexpression of Dvi1 in

Hmgh3-Deficient HSC. Based on these data, we hypothesized that
Hmgb3-deficient HSCs are biased toward self-renewal, resulting in
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Fig. 2. Increased canonical Wnt signaling in Hmgb3~/Y HSCs after 5-FU
treatment. (A) (Left) Semiquantitative duplex RT-PCR analysis of p-galactosi-
dase mRNA in TOPGAL (wild-type) and TOPGAL X Hmgb3~/Y HSCs (lin~, SP*,
c-kit", Sca-11!, and IL-7Ra~). Test gene mRNA levels were quantified within
the linear range of amplification by densitometry and normalized to B2-
microglobulin expression. (Right) p-Galactosidase mRNA levels relative to
B2-microglobulin. The amount of 3-galactosidase (lacZ) mRNA in TOPGAL (n =
3) and TOPGAL X Hmgb3~"Y (n = 3) HSCs was normalized to 82-microglobulin
mRNA (82) by the formula (densitometry value, test; densitometry value,
B2-microglobulin). The normalized TOPGAL B-galactosidase mRNA level was
then set to 1. The data represent the pooled results of three independent
experiments by using mRNA isolated from sorted HSCs pooled from three
mice. Pvalues were determined by Student’s t test. (B) (Left) Semiquantitative
duplex RT-PCR analysis of Dv/IT mRNA in wild-type TOPGAL and TOPGAL X
Hmgb3~Y HSCs (lin—, SP*, c-kit"!, Sca-1M!, and IL-7Ra ). Test gene mRNA levels
were quantified within the linear range of amplification by densitometry and
normalized to B2-microglobulin expression. (Right) Dvi1T mRNA levels relative
to B2-microglobulin. The amount of Dv/IT mRNA in TOPGAL (n = 3) and
TOPGAL X Hmgb3~'Y (n = 3) HSCs was normalized to 82-microglobulin mRNA
as described above.

a deficiency in CLP and CMP. The canonical Wnt signaling
pathway has been reported to activate self-renewal pathways in
HSCs and leukemia stem cells (15, 16). To test our hypothesis, we
examined the status of the canonical Wnt signaling pathway in
wild-type and Hmgb3-deficient HSCs containing a lacZ reporter
gene that is specifically expressed when the canonical Wnt pathway
is activated (TOPGAL; ref. 22). Using RT-PCR, we observed a
3.1 = 1.1-fold (P = 0.03) increase in the amount of lacZ mRNA in
steady-state HSCs [lin~, side population® (SP; ref. 23), Sca-17,
c-kit*, and IL-7Ra | isolated from TOPGAL X Hmgb3 /Y F; mice
compared with TOPGAL controls (Fig. 24), indicating a higher
level of Wnt signaling in Hmgb3-deficient HSCs.

To determine the mechanism of increased Wnt signaling in
Hmgb3-deficient HSCs, we analyzed the mRNA levels of several
components of the canonical Wnt pathway. Using RT-PCR, we
observed a 3.9 *= 1.2-fold increase in Dvll mRNA levels in
Hmgb3-deficient HSCs compared with wild-type (Fig. 2B). We
were unable to detect any differences in the mRNA levels of
Axin, APC, and Btrc, which are negative regulators of Wnt
signaling (data not shown).

Hmgh3 Is Expressed Specifically in c-kit~ Cells with Long-Term Re-

populating Activity After 5-FU Treatment. Randall and Weissman
(17) have shown that 5-FU transiently alters the HSC phenotype

Nemeth et al.
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Fig. 3.  Analysis of Hmgb3 expression in primitive hematopoietic cells after
5-FU. (A) Representative FACS analysis of GFP™ cells within various c-kit and
Sca-1 populations in lin- bone marrow cells isolated from untreated
Hmgb3GPY mice and from Hmgb3SFPY mice 4 days after 5-FU administration.
Regions were drawn based on isotype controls. (B) Average percentage of
GFP* cells in lin~ populations (c-kit"!, Sca-1H; c-kitNEG, Sca-1*; c-kitNEC, and
Sca-1NEG) from untreated Hmgb3S Y mice and from Hmgb3SFPY mice 4 days
after 5-FU administration. Bone marrow cells from three mice were pooled for
each independent experiment; data represent the average of three experi-
ments. Error bars represent standard deviation. P values were generated by
Student'’s t test.

from c-kitH! to c-kitPO/NEG followed by a reappearance of the
c-kitH HSC after 8 days. According to our model, the HSCs in
Hmgb3-deficient mice are actively engaging in self-renewal and
should recover faster after 5-FU treatment than wild-type HSCs.
We first established whether Hmgb3 was expressed in c-kitNEC
HSCs after 5-FU treatment by monitoring Hmgb3 expression in
lin~ cells isolated from phenotypically normal Hmgb3CFP/Y
knockin mice before and after treatment with 5-FU. Hmgb3CGFP/Y
mice contain an internal ribosomal entry site-GFP cassette
inserted into the 3" UTR of Hmgb3, enabling the tracing of
Hmgb3 expression through GFP (12).

Before 5-FU treatment, 20.6 = 1.7% of lin-, c-kit"!, and
Sca-1HT cells (HSCs) were GFP™* as compared with 1.6 + 0.4%
of lin~, c-kit™, and Sca-1" cells and 8.3 = 4.7% of lin—, c-kit™,
and Sca-1~ cells (Fig. 3 4 and B). Four days after 5-FU
treatment, lin~, c-kit"'!, and Sca-1"! cells were absent. There was
a 14.5-fold increase in the number of lin~, c-kit~, and Sca-1"
cells that were GFP* (P < 0.01). There was no change in the
percentage of lin—, c-kit ™, and Sca-1~ cells that were GFP* (Fig.
3B). The increased proportion of GFP* lin~, Sca-1", and c-kit™
cells after 5-FU treatment is consistent with previous findings

Nemeth et al.
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Fig.4. Analysis of competitive repopulation assays. (A) Representative FACS
profiles of c-kit* and Sca-1" populations within lin~ bone marrow cells iso-
lated from wild-type and Hmgb3~'Y mice 2, 4, and 8 days after treatment with
5-FU. Regions were drawn based on isotype controls. (B) FACS analysis was
performed on bone marrow cells to determine the contribution to hemato-
poietic repopulation made by lin~, Sca-1*, c-kitH, or c-kitNEG cells (CD45.2)
isolated from untreated wild-type (c-kitH, n = 3; c-kitNES, n = 3) and Hmgb3~"Y
(c-kitH!, n = 3; c-kitNEG, n = 3) mice and wild-type (c-kitNES, n = 8) and Hmgb3~Y
(c-kit"!, n = 8; c-kitNEG, n = 8) mice 4 days after 5-FU treatment. No experiment
was performed by using c-kit"' cells from wild-type mice 4 days after 5-FU
treatment (ND) because of the lack of cells. Error bars represent standard
deviation.

that repopulating activity resides within the c-kit"**/NEG popu-
lation after 5-FU treatment, and that Hmgb3 serves as a marker
for long-term repopulating activity (12, 17). Furthermore, these
results indicate that loss of Hmgb3 has the potential to affect the
c-kitNES population after 5-FU administration

We then compared the effects of 5-FU on Hmgb3-deficient and
wild-type HSCs. As expected, 4 days after treatment of wild-type
and Hmgb3~'Y mice with 5-FU, the c-kit"! population was absent
from wild-type lin~ cells. However, numerous c-kit?! and Sca-1"
cells were present in Hmgh3 /Y lin~ cells (Fig. 44). To determine
whether this effect was because of 5-FU resistance caused by higher
levels of thymidylate synthase, we measured the levels of thymidy-
late synthase mRNA in wild-type and Hmgb3-deficient HSCs and
found that the levels were identical (data not shown).

We analyzed repopulating activity of HSCs after 5-FU treat-
ment isolated from untreated wild-type and Hmgb3~/Y mice and
from wild-type and Hmgb3~/Y mice 4 days after 5-FU treatment.
Lin~, Sca-1", IL-7Ra~, c-kit"! or c-kitNES candidate HSCs
(CD45.2) were transplanted along with congenic bone marrow
(CD45.1) cells into irradiated recipients. Twelve weeks after
transplant, recipient bone marrow cells were analyzed by flow
cytometry for contribution of donor (CD45.2) and competitor
(CD45.1) HSCs to repopulation. Untreated wild-type and
Hmgb3~Y c-kitH! cells repopulated recipients (95.1 = 2.2%
CD45.2* and 93.1 £ 5.0% CD45.27, respectively), but untreated
c-kitNEG cells did not (Fig. 4B). In agreement with previous
results, 4 days after 5-FU treatment, lin~, Sca-1%, and c-kitNEG
cells isolated from wild-type mice provided all of the repopu-
lating activity (78.4 = 18.0% CD45.27; ref. 17). In contrast, 4

PNAS | September 12,2006 | vol. 103 | no.37 | 13785
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Fig. 5. Analysis of cell cycle status of Hmgb3~/Y HSCs after 5-FU. (A) Repre-
sentative cell cycle histograms obtained through propidium iodide staining of
HSCs (lin—, SP*, Sca-1*, and IL-7Ra ") isolated from wild-type and Hmgb3~"Y
mice 4 days after 5-FU administration. Staining was performed on HSCs pooled
from five mice for each group. Histograms were analyzed as described in
Materials and Methods. (B) Average percentage of wild-type and Hmgb3~"Y
HSCs in S/G;/M phases of the cell cycle. HSCs were isolated from untreated
wild-type and Hmgb3~"Y mice and from wild-type and Hmgb3~Y mice 2 and
4 days after 5-FU administration. Data represent the average of three inde-
pendent experiments for each group. Error bars represent standard deviation.
P values were generated by Student’s t test. (C) Representative FACS analysis
of Sca-1* and BrdU* populations in lin~, SP*, and IL-7Ra ™~ cells isolated from
wild-type and Hmgb3~/Y mice treated with 5-FU. Regions were drawn based
on isotype controls. These analyses were performed on mice that were pulsed
with a single dose of BrdU 4 days after treatment with 5-FU. Analyses were
performed 18 h later, therefore Sca-1* and BrdU™ cells represent HSCs that
incorporated BrdU within the 18-h window. (D) Ratios of BrdU* to BrdU~ HSCs
(defined aslin~, SP*, and IL-7Ra~ that were also Sca-1") in untreated wild-type
and Hmgb3~"Y mice (18-h window) and in wild-type and Hmgb3~/Y mice 2 days
(BrdU pulse present for 2-2.75 days; n = 3) and 4 days (BrdU pulse present for
4-4.75 days; n = 4) after 5-FU treatment. Ratios were determined by the
formula (no. BrdU* Sca-1* events/no. BrdU~ Sca-1" events). Error bars rep-
resent standard deviations. P values were generated by Student’s t test.

days after 5-FU treatment, both lin~, Sca-17, and c-kitNEC cells
(86.3 = 7.2% CD45.2") and lin-, Sca-1H1, and ckit™' cells (82.8 =
6.9% CD45.2"; P = 0.60, not significant) from Hmgh3~/Y mice
demonstrated long-term repopulating ability. These results dem-
onstrate a faster recovery of functional and phenotypic c-kitH!
HSCs in Hmgb3~'Y mice compared with wild-type.

Cell Cycle Status of Hmgh3-Deficient HSC After 5-FU Treatment. We
hypothesized that after treatment with 5-FU, Hmgbh3~'Y HSCs
undergo self-renewal and return to a quiescent state sooner than
wild-type HSCs. To test this, we performed cell cycle analyses on
HSCs isolated from wild-type and Hmgb3~'Y mice 2 and 4 days
after 5-FU treatment. Because c-kit cannot be used as an HSC
marker in 5-FU-treated bone marrow, we used the side-
population phenotype as an HSC marker instead, because this

13786 | www.pnas.org/cgi/doi/10.1073/pnas.0604006103
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Fig. 6. Analysis of Hmgb3~Y primitive hematopoietic cells after 5-FU treat-
ment. (A) Average percentages of phenotypic primitive hematopoietic cells
detected by FACS analysis in lin~ cells isolated from untreated wild-type and
Hmgb3~"Y mice and from wild-type and Hmgb3~'Y mice 2, 4, and 8 days after
5-FU treatment (n = 4 for all groups). (Upper) HSC (lin—, c-kitH!, Sca-1H!, and
IL-7Ra”). (Lower Left) CLP (lin~, c-kit'©, Sca-1'°, and IL-7Ra™). (Lower Right)
CMP (lin~, c-kit*, Sca-1~, and IL-7Ra™). Error bars represent standard devia-
tions. Pvalues were generated by Student’s t test. (B) (Left) Ratio of HSCs to CLP
in lin~ cells from untreated wild-type and Hmgb3~Y mice and from wild-type
and Hmgb3~'Y mice 4 days after 5-FU treatment. (Right) Ratio of HSCs to CMP
in lin~ cells from untreated wild-type and Hmgb3~Y mice and from wild-type
and Hmgb3~/Y mice 4 days after 5-FU treatment. Ratios were determined by
the formula (HSC [average % lin~ cells)/CLP (or CMP) (average % lin~ cells)].
Error bars represent standard deviations. P values were generated by Stu-
dent’s t test.

property is unaffected by 5-FU (24). Previously, we showed that
14.0% of untreated wild-type and 13.3% of Hmgb3~'Y HSCs are
in the S/G,/M phase (13). Two days after 5-FU treatment, there
was no difference in the number of HSCs (lin~, SP*, Sca-1*, and
IL-7Ra ™) that were in the S/G,/M phases of the cell cycle in
wild-type mice (34.0 = 3.4%) compared with Hmgh3~'Y mice
(28.0 = 5.6%; P = 0.22; Fig. 5 A and B). In contrast, 4 days after
5-FU treatment, there was a 50% decrease in the number of
actively cycling HSCs in Hmgb3~/Y mice (12.6 *= 2.3%) com-
pared with wild type (22.2 = 1.9%; P < 0.01).

We also analyzed HSC proliferation by injecting Hmgh3~/¥
and wild-type mice with BrdU at various time points after 5-FU
administration (Fig. 5C). As we have shown previously, there was
no difference in BrdU incorporation between steady-state wild-
type and Hmgh3~'Y HSCs (ref. 13; Fig. 5D). The ratio of BrdU™"
to BrdU~ HSCs was significantly increased in wild-type mice
18 h after a single pulse of BrdU was administered 2 days after
5-FU treatment compared with Hmgbh3~'Y mice (0.60 = 0.02 and
0.43 = 0.07, respectively; P = 0.02). A similar increase was also
observed 4 days after 5-FU treatment in wild-type mice (0.67 =
0.11) compared with Hmgb3~"Y mice (0.48 = 0.06; P = 0.02).
Together, these data indicate decreased cell cycling and prolif-
eration by Hmgb3~/Y HSCs 2-4 days after 5-FU administration
and correlate with the percentage of HSCs in S/G,/M.

Analysis of Effects of 5-FU on HSC and Primitive Progenitor Popula-

tions in Hmgb3-Deficient Mice. Because 5-FU depletes the bone
marrow of cycling cells, which stimulates the HSC to begin pro-
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duction of progenitors, we hypothesized that the reduction in CLP
and CMP in Hmgh3~'Y mice was due to increased HSC generation
at the expense of CLP and CMP. To test this, we used flow
cytometry to compare the effects of 5-FU on the recovery of the
HSC (lin~, c-kit'!!, Sca-11", and IL-7Ra™), CLP (lin-, c-kit"©,
Sca-10, and IL-7Ra™), and CMP (lin~, c-kit*, Sca-1~, and IL-
7Re™) populations in wild-type and Hmgh3~/¥ mice. As shown in
Fig. 44, 4 days after 5-FU treatment, the number of phenotypic
HSCs is increased in Hmgb3~'Y mice. We also observed a signifi-
cant increase (P < 0.01) in the number of phenotypic CMPs in
Hmgb3~/Y mice compared with wild-type (Fig. 64). There was no
difference in the number of phenotypic CLP.

To determine whether Hmgb3-deficient and wild-type HSCs
favored self-renewal or production of progenitors upon activa-
tion, we measured the ratios of HSCs to CLPs and CMPs after
5-FU administration. An increase in the HSC to CLP and HSC
to CMP ratios would lead us to conclude that self-renewal was
favored over differentiation. In the steady state, the ratios of
HSCs to CLPs in wild-type and Hmgb3 Y mice were 1.41 = 0.44
and 2.16 = 0.53, respectively (Fig. 6B). Four days after 5-FU
treatment, as expected, the HSC to CLP ratio in wild-type mice
decreased to 0.27 =+ 0.46, reflecting the relatively greater number
of CLP. In contrast, in Hmgb3~'Y mice, this ratio increased to
4.0 = 0.53 (P < 0.01) after 5-FU treatment. The ratios of HSC
to CMP in wild-type and Hmgb3~/Y mice at steady state were
0.11 = 0.05 and 0.15 = 0.12, respectively (Fig. 6B). After 5-FU
treatment, the wild-type HSC to CMP ratio decreased to 0.03 =
0.02, whereas in Hmgb3~/Y mice, the HSC to CMP ratio in-
creased to 1.1 = 0.5 (P < 0.05).

Discussion

Previously, we demonstrated that Hmgb3-deficient mice have
fewer CLPs and CMPs (13). It is possible that the decreased
number of CLPs and CMPs in Hmgb3 'Y mice is due to increased
apoptosis or rapid differentiation of CLPs and CMPs. However,
the data generated by the “delta” assay do not support this
conclusion. If the loss of Hmgb3 enhanced CLP and CMP
apoptosis, we expected to see decreased in vitro proliferation
compared with wild-type progenitors. If Hmgb3 deficiency
caused a more rapid differentiation of CLP and CMP to a
different phenotype or a stage with decreased ability to form
clonogenic colonies, we expected to see a relative decrease in
expansion of progenitor-derived CFU compared with wild-type.
However, because we observed identical rates of CLP and CMP
proliferation and expansion of CFU derived from Hmgh3~'Y and
wild-type CLPs and CMPs, we concluded that Hmgh3~'Y and
wild-type CLPs and CMPs are functionally identical.

Our hypothesis that Hmgb3 deficiency biases HSCs toward
self-renewal is supported by our observation that canonical Wnt
signaling is increased in steady-state Hmgb3-deficient HSCs.
Reya et al. (15) demonstrated that activation of the canonical
Wnt pathway by recombinant Wnt ligand leads to HSC expan-
sion. Similarly, overexpression of B-catenin increased self-
renewal of leukemia stem cells isolated from chronic myeloge-
nous leukemia patients (16). The increased activation of Wnt
signaling may be because of the increased expression of Dvi/ in
Hmgb3-deficient HSCs, because overexpression of dishevelled
has been shown to activate the Wnt pathway (25, 26). The
increased level of Wnt signaling in steady-state Hmgb3-deficient
HSCs may also contribute to the rapid expansion of ckit"! and
Sca-1HI HSCs at the expense of progenitor production, as
indicated by the increased ratios of HSCs to CLPs and CMPs in
Hmgb3~/Y mice observed 4 days after 5-FU treatment.

Administration of 5-FU has been shown to affect HSC mark-
ers, such as the level of cell surface c-kit and rhodamine efflux
(17, 24). The ability of Hmgb3 to function as a stem cell marker
is unaffected by treatment with 5-FU, because Hmgb3 is ex-
pressed in the post-5-FU lin~, c-kitNFS, and Sca-1* population
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that contains the repopulating HSCs. Randall and Weissman
(17) observed that, after treatment with 5-FU, the number of
HSC is inversely correlated with the percentage of actively
cycling HSCs. The rapid expansion of the c-kit"! HSC popula-
tion in Hmgb3~'Y mice is consistent with the decreased number
of Hmgb3-deficient HSCs that are actively cycling and prolifer-
ating compared with wild type 4 days after 5-FU administration.
From these data, we propose that during the first 48 h after 5-FU
administration, wild-type and Hmgbh3~/Y HSCs are actively di-
viding, but beyond 48 h, the increased numbers of Hmgb3-/Y
HSCs begin to regain quiescence before the smaller number of
wild-type HSCs.

Hmgb3 deficiency is correlated with increased Dvl1 expression
and activation of the canonical Wnt signaling pathway. Hmgb
family members regulate chromatin structure and recruit pro-
teins to DNA. We speculate that the observed increase in Dv/I
expression is because of alterations in the normal chromatin
architecture at the Dvl! locus, which subsequently activates Wnt
signaling, allowing for increased HSC self-renewal and the
generation of fewer CLP and CMP.

Materials and Methods

Mouse Strain Information. Hmgh3C*"Y and Hmgb3~/Y mice
(129/Sv strain) were generated as described (12, 13). TOPGAL
mice (22) were kindly provided by Yingzi Yang (National
Human Genome Research Institute, Bethesda, MD).
129SvEvTac and B6.SJL-Piprc?/BoAiTac mice were obtained
from Taconic Farms (Germantown, NY).

Analysis of CLP and CMP Differentiation. CLPs (lin~, c-kit"©, Sca-
159, and IL-7Ra; ref. 20) were isolated from 8- to 10-week-old
Hmgb3~'Y and littermate control mice, as described (12). Cells
were sorted by using a FACSAria (Becton Dickinson, San Jose,
CA) with 488-nm argon and 633-nm helium-neon lasers. Por-
tions of sorted CLPs were cultured in Methocult M3630 meth-
ylcellulose, supplemented with 100 ng/ml stem cell factor (SCF)
and 20 ng/ml human FIt3 ligand (FIt3L). The remainder was
cultured in StemSpan media (StemCell Technologies, Vancou-
ver, BC, Canada), supplemented with 100 ng/ml SCF/20 ng/ml
FIt3L/20 ng/ml IL-7 (Peprotech, Rocky Hill, NJ) for 5 days
before culturing in supplemented M3630 methylcellulose (Stem-
Cell Technologies). Methylcellulose cultures received equal
numbers of input CLP before and after expansion. CFU-Pre-B
assays were scored after 7 days. The expansion in the number of
CLP-derived CFU-Pre-B after 5 days in culture was calculated
by dividing the average number of CFU-Pre-B/1 X 10* CLP at
day 5 by the average number of CFU-Pre-B/1 X 10* CLP at day
0. P values were generated by Student’s ¢ test.

CMPs (lin~, c-kit™, Sca-17, and IL-7Ra; ref. 21) were isolated
from 8- to 10-week-old Hmgb3~'Y and littermate control mice, as
described (12), with the exception that purified anti-IL-7Ra anti-
body (A734; eBioscience, San Diego, CA) was included in the
lineage depletion. A portion of sorted CMPs were cultured in
Methocult GF M3434 (StemCell Technologies) methylcellulose
supplemented with 20 ng/ml human FIt3L (Peprotech). The re-
mainder was cultured in StemSpan media supplemented with 100
ng/ml stem cell factor/20 ng/ml FIt3L/20 ng/ml IL-3/20 ng/ml
IL-6/100 ng/ml thrombo poietin for 5 days before culturing in
supplemented M3434 methylcellulose. Methylcellulose cultures
received equal numbers of input CMP before and after expansion.
CFU-GM, burst-forming unit erythroid (BFU-E), and CFU-
granulocyte/erythroid/macrophage/megakaryocyte (CFU-
GEMM) were all present in day 0 cultures. Only CFU-GM were
present in day 5 cultures. Therefore, only CFU-GM numbers were
used to determine expansion of CMP. The expansion in the number
of CMP-derived CFU-GM after 5 days in culture was calculated by
dividing the average number of CFU-GM/1,000 CMP at day 5 by
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the average number of CFU-GM/1000 CMP at day 0. P values were
generated by Student’s ¢ test.

Analysis of Primitive Hematopoietic Populations in Hmgh3—/Y Mice
After 5-FU Treatment. Eight- to ten-week-old Hmgh3~/Y and
littermate wild-type mice were injected i.p. with 150 mg/kg 5-FU
(the standard dose for all experiments; Sigma, St. Louis, MO).
Two, four, six, and eight days after treatment, mice were killed
and their bone marrow analyzed for the presence of HSC, CLP,
and CMP populations. Cell staining and detection of the HSC
(lin—, c-kitHl Sca-1H! and IL-7Ra™), CLP (lin-, c-kit-©, Sca-
150, and IL-7Ra™), and CMP (lin~, c-kit™, Sca-1~, and IL-
7Ra™) populations were performed as described (13). Unless
specified, flow cytometry analysis for this and all other experi-
ments was performed on a FACSCalibur (Becton Dickinson) by
using 488-nm argon and 633-nm helium-neon lasers. P values
were generated by Student’s ¢ test.

Analysis of Primitive Hematopoietic Populations in Hmgh3GFP/Y Mice
After 5-FU Treatment. Lin~ cells were isolated from groups of
three untreated 8- to 10-week-old Hmgh3SF*/Y and littermate
wild-type mice 4 days after 5-FU administration and were
stained with APC-conjugated c-kit (2B8: PharMingen, San
Diego, CA) and phycoerythrin-conjugated Sca-1 (E13-161.7:
PharMingen), as described (12), before analysis by flow cytom-
etry. P values were generated by Student’s ¢ test.

Competitive Bone Marrow Transplants. Bone marrow cells were
pooled from groups of three untreated wild-type and Hmgb3 ™'Y
mice and wild-type and Hmgbh3~/Y mice 4 days after 5-FU
treatment. Lineage depletion and staining for c-kit and Sca-1
were performed as described (12). Cells were sorted into lin™,
Sca-17", and c-kit"" or ¢-kitNEC populations. Sorted cells (1 X
10%) were transplanted along with 1 X 10° B6.SJL-Ptprc?/
BoAiTac bone marrow cells into lethally irradiated (990 rad,
Cs'37 source) 129SvEvTac X B6.SJL-Piprc*/BoAiTac F1 recip-
ients. Twelve weeks later, contribution of donor and competitor
HSCs toward repopulation was determined by staining recipi-
ents’ bone marrow with phycoerythrin-conjugated anti-CD45.1
(A20, PharMingen) and PerCP-Cy5.5-conjugated anti-CD45.2
(104, PharMingen) before analysis by flow cytometry. P values
were generated by Student’s ¢ test.

Analysis of HSC Cell Cycle Status. Bone marrow cells from groups
of five 8- to 10-week-old Hmgb3~/Y and littermate wild-type mice
were pooled together 2 and 4 days after 5-FU treatment. Lineage
depletion was performed as described, with the exception that
purified anti-IL-7Ra« was included in the depletion, and purified
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anti-Mac-1 was not (17, 24). Staining for the SP phenotype by
using Hoescht dye was performed as described (23). After
Hoescht staining, cells were stained with phycoerythrin-
conjugated anti-Sca-1. Cells were sorted on a FACS Vantage SE
(Becton Dickinson) by using UV (100 mW) and 488-nm argon
lasers. Sorted lin—, SP*, Sca-1", and IL-7Ra ™ cells were imme-
diately stained with propidium iodide by using the NuCycl PI
staining kit (Exalpha Biologicals, Watertown, MA) according to
the manufacturer’s instructions before analysis by flow cytom-
etry. Cell cycle data analysis was performed by using ModFit
software (Verity Software, Topsham, ME). P values were gen-
erated by Student’s ¢ test.

Analysis of HSC Proliferation. Groups of three Hmgb3~'Y or litter-
mate wild-type mice were injected with a single dose of 1 mg of
BrdU (PharMingen) i.p. 2 and 4 days after treatment with 5-FU.
Eighteen hours later, bone marrow was harvested and lin~, SP™,
and IL-7Ra™ sorted as described above. Sorted cells were stained
with APC-conjugated anti-Sca-1 (D7, eBioscience) before the cells
were fixed and stained with a FITC-conjugated anti-BrdU antibody
by using the FITC BrdU Flow Kit (PharMingen) according to the
manufacturer’s instructions before analysis by flow cytometry.
P values were generated by Student’s ¢ test.

RT-PCR. Bone marrow cells were harvested from 8- to 10-week old
TOPGAL X Hmgb3~'Y or littermate TOPGAL wild-type mice.
Lineage depletion (which included purified anti-IL-7Ra), Hoe-
scht dye staining for the SP phenotype, and antibody staining
with anti-c-kit and Sca-1 were performed as described above.
RNA was isolated from sorted HSCs (Lin~, SP+, c-kit*, Sca-1%,
and IL-7Ra”) by using TRIzol (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. RT-PCR was
performed as described by using a duplex-PCR with one primer
pair amplifying the test gene and the second primer pair
amplifying B2-microglobulin as an internal control. Limiting
dilutions of HSC mRNA were used to ensure amplifications
remained within the linear range. Primer pairs used for gene
amplification were: 5'-GGCTGTAGAGCGAGTGTTGC-3’
(sense) and 5'-GTAGAGGTTGACAGTGTAGAT-3' (anti-
sense) for lacZ (27), 5'-AAGCACAAATGCCGTCGTC-3’
(sense) and 5'-CAGCGTCGTCATTGCTCATG-3' (anti-sense)
for Dvll, and 5'-TGGGCAACATGATGGTTGTG-3' (sense)
and 5'-GCTGTCTTGAGACTCATGGA-3’ (anti-sense) for B2-
microglobulin (28). Reactions were performed for 32 cycles at
94° for 30 sec, 64° for 30 sec, and 72° for 30 sec. LacZ and DviI
mRNA levels were measured and normalized to B2-microglobu-
lin by performing densitometry on relative band intensities. RT
reactions performed without enzyme served as negative controls
for genomic DNA amplification.
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