Hematopoiesis
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ABSTRACT

he bone marrow microenvironment regulates normal and malig-

nant hematopoiesis, but the underlying molecular mechanisms

remain poorly defined. Using a chimeric mice model, we demon-
strate that Tivist/ deletion in the bone marrow microenvironment results
in alteration of multiple niche cells as well as downregulated expression
of major hematopoietic stem cell supportive factors. The perturbed
microenvironment reduces hematopoietic stem cell homing and reten-
tion, impairs hematopoietic stem cell self-renewal and induces myeloid
skewing. Nevertheless, it accelerates the progression of AMLL-AF9
leukemia, which is partially mediated by Jagged-2-dependent Notch sig-
naling. Our data provide the first demonstration of a pivotal role of
TWIST1 in favoring normal hematopoiesis and hampering leukemia
development. They also bring new insights into the role of the bone
marrow niche in driving the development of acute myeloid leukemia,
and suggest possible new avenues, exploiting the niche, to improve
leukemia treatments.

Introduction

Hematopoietic stem cells (HSC) reside in a special bone marrow (BM) niche,
which regulates their localization, self-renewal and differentiation. Studies have
identified several major cell types of the niche, including mesenchymal stem cells
(MSC), osteolineage cells (OLC), adipocytes and vascular endothelial cells (EC).*
Besides the key cellular components, some growth and survival factors are also
indispensable components of the niche, including C-X-C motif chemokine 12 ligand
(CXCL12), vascular cell adhesion moleculel (VCAM1),%” stem cell factor (SCF)* and
osteopontin.® A sophisticated network of interactions between these multiple BM
cells, extracellular factors and adhesion molecules is essential to regulate different
HSC properties during homeostasis and keep normal hematopoiesis in check.

Acute myeloid leukemia (AML) has been considered for decades to be a disorder
intrinsic to hematopoietic cells; however, evidence is accumulating that the
microenvironment exerts more than a mere bystander effect. Leukemic cells can
remodel the niche into a permissive environment favoring leukemic stem cell (LSC)
expansion over normal HSC maintenance.” Recently, emerging evidence even points
to a role for the BM niche as a driver of disease maintenance/progression. Krause et
al. showed that osteoblast-specific activation of the parathyroid hormone receptor
enhances VLL-AF9 oncogene-induced AML in mouse transplantation models.” To
date, there are still few studies concerning the role of the bone marrow niche in ini-
tiating and maintaining AML and relevant mechanisms remain elusive.

TWIST1 is a highly conserved transcription factor belonging to the basic helix-
loop-helix family and is implicated in diverse developmental systems."* Studies
have revealed that TWIST1 is a key regulator of MSC self-renewal, enhances their
life-span, inhibits MSC osteo/chondrogenic differentiation and promotes adi-
pogenic differentiation.** Tiist/ haploisufficiency leads to Saethre-Chotzen syn-
drome, which is characterized by alterations in osteogenic precursor cell prolifera-
tion, differentiation and survival.” Recent studies have demonstrated that TWIST1
promotes angiogenesis by inducing EC proliferation and migration, and deregula-
tion of this mechanism mediates pathological angiogenesis."*” Arthur et al. showed
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that overexpression of Tivist/ in MSC enhances the capac-
ity to maintain human CD34" cells in long-term culture-ini-
tiating cell assays through increasing Cxc/12 expression.”
However, the effects of TWIST1 on multiple niche ele-
ments and its modulation of normal HSC maintenance and
leukemia progression in vivo have not been functionally
characterized so far.

To explore this issue, we generated a murine model of a
Tivist1-deficient microenvironment. We showed that the
major niche cellular components and factors changed
remarkably upon Tivist1 deletion, causing severe dysfunc-
tion of normal HSC. Nevertheless, these alterations of the
BM microenvironment promoted ANLL-AF9 oncogene-
induced AML progression in mouse transplantation mod-
els, not only pointing to TWIST1 as an instructive signal
modulating the stem cell niche, but also emphasizing the
importance of the niche for AML development.

Methods

Mice

Tivist1™®* mice were purchased from Mutant Mouse Regional
Resource Centers. ER-Cre mice were a gift from Professor
Weiping Yuan. C57BL/6 and B6.SJL mice were purchased from
the animal facility of State Key Laboratory of Experimental
Hematology. Tivist1"** mice were crossed with ER-Cre mice to
generate ER-Cre;Twist1"" and ER-Cre;Tivist1" mice. Eight- to 12-
week old mice were used. Cre expression was induced by daily
intraperitoneal injection of tamoxifen (75 mg/kg of total body
weight in corn oil; Sigma-Aldrich, St. Louis, MO, USA) for 5 days.
All animal procedures complied with the animal care guidelines
approved by the Institutional Animal Care and Use Committees
of the State Key Laboratory of Experimental Hematology.

Transplantation assays

For non-competitive BM transplantation, to create the chimeras
described in Ounline Supplementary Figure S1A, 2x10° whole BM
cells from B6.SJL (CD45.1) mice were transplanted into ER-
Cre;Twist1"* or ER-Cre;Tiwist1"" (CD45.2) recipients that were
lethally irradiated (9.5 Gy from a Cesium source, 4-24 h before
transplantation). Sixteen weeks later, tamoxifen was injected to
induce Tivist! deletion. For competitive transplantation, 300 BM
long-term HSC (CD45.1) from tamoxifen-treated ER-Cre;Twist1*'*
or ER-Cre; Twist1"® chimeric mice were mixed with 2x10° congenic
BM support cells and injected into lethally irradiated CD45.2
recipients. For the MLL-AF9 AML model, 5x10° GFP* leukemic
cells were transplanted into Twist1-deleted or control chimeric
recipients.

Flow cytometry analysis and cell sorting

The BM cell suspensions were flushed from femora and tibiae.
Spleen cells were pestled by the plug of a 10 mL syringe. The cells
were then filtered through a 74 um nylon mesh. For flow cyto-
metric analysis of stromal cells, BM was flushed using phosphate-
buffered saline with 2% bovine serum, the bones were minced
with scissors, then the plugs were digested in 1 mg/mL collage-
nase I (OLC) or IV (MSC and EC) (Sigma-Aldrich) dissolved in
Hank’s balanced salt solution with 10% fetal bovine serum for 90
min (collagenase I) or 30 min (collagenase IV) at 37°C. The disso-
ciated cells were collected and kept on ice. Cells were incubated
with conjugated antibodies. Stained cells were analyzed with
FACS LSR II or sorted with a FACS Aria II instrument (BD
Biosciences, Franklin Lakes, NJ, USA). Data were analyzed by
FlowJo software.

Statistical analysis
The significance of differences between two groups was deter-
mined using unpaired two-tailed Student  tests. Data are present-
ed as means + standard deviations. Overall survival curves were
plotted according to the Kaplan-Meier method with the log-rank
test applied for comparisons. *P<0.05, **P<0.01, ***P<0.001.
Details of other experimental procedures are given in the Online

Supplementary Methods.

Results

Microenvironmental Twist1 deficiency leads

to decreased numbers of mesenchymal stem cells
and mature osteoblasts, an increased proportion
of endothelial cells, and altered expression of cell
factor genes

To explore the role of TWIST1 in the BM niche and its
regulation of HSC, we generated microenvironment
Tivist1-deleted and control chimeric mice according to the
method described by Schreck and Saez.”” In brief, 2x10°
BM cells from B6.SJL wild-type (WT) mice (CD45.1) were
transplanted into ER-Cre; Twist™" and ER-Cre; Twist1** recip-
ients (CD45.2) (Online Supplementary Figure S1A). Sixteen
weeks later, about 90% of the cells in the peripheral blood
of recipients were donor-derived cells (Online
Supplementary Figure S1B). Tamoxifen was then injected
intraperitoneally for 5 days to induce Twist1 deletion. Two
weeks after the last injection, mRNA detection demon-
strated that Twist/ had been knocked out in all the MSC,
OLC, and EC isolated from Tivist1** mice with similar
knockout levels (Online Supplementary Figure S1C), while
the expression of Tiist2 was almost unchanged (data not
shown).

To define components of the Twist/-deleted BM
microenvironment that may be altered, stromal popula-
tions and extracellular factors were assessed in Tiist{-
deleted and control chimeric mice. We observed that con-
ditional deletion of Tivist1 led to a significant decrease in
the number of MSC (CD140a*CD51*CD45/Ter119/CD31-
) in the BM compared with that in control mice, as deter-
mined by flow cytometry (Figure 1A). The decrease in
MSC number was further confirmed by a fibroblastic
colony-forming unit assay (Online Supplementary Figure
S2A). Furthermore, Twist1-deleted MSC showed a decrease
in proliferative cells and an increase in apoptotic cells
(Online Supplementary Figure S2B,C), indicating the mecha-
nism underlying the reduced number of MSC.

Tiwist1 deficiency resulted in a marked increase in the fre-
quency of Sca-1/CD166" stromal cells (Figure 1B), which
include immature and mature OLC.* Meanwhile, the
expression of osteoblastic differentiation genes Runx2, Ogn
and Gpnmb"“* was significantly upregulated in Twist1-
deleted MSC (Online Supplementary Figure S2D). To assess
the ability of MSC to differentiate into the osteoblastic lin-
eage, we induced osteoblast differentiation in MSC and
found that Tiwist1 deletion clearly increased alkaline phos-
phatase activity and matrix mineralization (Online
Supplementary Figure S2E). These results establish that
Tiwist1 deficiency enhanced MSC commitment toward
osteoblasts. However, expression of the mature osteoblast
marker, Bglap, was downregulated (Online Supplementary
Figure S2F). In addition, micro-computed tomography
analysis also revealed a significant decrease in mature
osteoblasts in Tiist1-deleted mice, which was reflected by
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a reduction of trabecular volume (Figure 1C). Collectively, ferent properties in relation to HSC distribution and quies-
Tivist1 deletion promotes MSC to differentiate toward the — cence.””” Ciuculescu et al. reported that Rac deletion in
osteoblast lineage with a block of mature osteoblast differ- MSC leads to an inverted ratio of marrow arterioles and
entiation. sinusoid vessels and impaired hematopoiesis.” We

Emerging data demonstrate the role of vascular EC in  observed that Tivist1 deletion resulted in increased CD45
HSC maintenance, and arterioles and sinusoids exhibit dif-  Ter119-CD31*, CD45Ter119-CD31'Scal* and CD45 Ter119
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Figure 1. Twist1 deficiency in the bone marrow microenvironment leads to decreased frequency of mesenchymal stem cells and mature osteoblasts, and an increased
proportion of endothelial cells. (A) Flow cytometry (FACS) analysis of bone marrow (BM) msesenchymal stem cells (MSC, CD140a*CD51*CD45/Ter119/CD31) in chimeric
control (Ctrl) and knockout (KO) mice. Representative FACS profiles are shown on the left, and cell frequency is shown on the right (n=4, three independent experiments).
(B) FACS analysis of BM osteolineage cells (OLC, Sca-1CD166'CD45/Ter119/CD31) in chimeric Ctrl and KO mice. Representative FACS profiles are shown on the left,
and cell frequency is shown on the right (n=5, three independent experiments). (C) Micro-computed tomography analysis of the trabecular bone of chimeric Ctrl and KO
mice. Representative images are shown on the left. Scale bars, 1 mm. Trabecular bone volume/total volume (BT/BV), trabecular number (Th. N) and trabecular spacing
(Th. Sp) in the femoral metaphysis are shown on the right (n=4, two independent experiments). (D) FACS analysis of BM endothelial cells (EC) in chimeric Ctrl and KO
mice. Representative FACS profiles of sinusoidal EC (SEC, CD45Ter119CD31'Sca-1) and arteriolar EC (AEC, CD45Ter119CD31'Sca-1*) are shown on the left.
Frequencies of BM total EC (CD45Ter119CD31*), AEC and SEC are shown on the right (n=6, two independent experiments). (E) Immunofluorescent images of the BM
microvasculature in the femoral diaphysis of animals of each genotype are shown after staining for Sca-1 (white, arteries), Endoglin (green, sinusoids) and 4’,6-diamidi-
no-2-phenylindole (DAPI, blue), as detailed in the Methods. Scale bars, 40 um. (n=3, two independent experiments). (F) Proliferation analysis of EC in chimeric Ctrl and
KO mice (n=4, two independent experiments). (G) In vitro tube formation assay with EC from chimeric Ctrl and KO mice. (H) Quantification of the tube formation assay
(n=3, two independent experiments). Column plots show the mean + standard deviation. *P<0.05; **P<0.01, ***P<0.001 (Student t test).
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CD31+Scal” populations enriched for total EC, arteriolar EC
and sinusoidal EC,” respectively (Figure 1D). The increase
of arteriolar and sinusoidal EC was further confirmed by
the observation that arteries (Sca-1-staining) and sinusoids
(Endoglin-staining) were both significantly increased in
Tiwist1-deleted mice compared with control mice by
immunofluorescence of femoral sections (Figure 1E). The
increase of EC may be the result of cell proliferation as
determined by increased bromodeoxyuridine incorporation
into CD45Ter119CD31* stromal cells in Tiwist-deleted
mice (Figure 1F). We next performed a tube formation assay
to determine the effect of TWIST1 on new blood vessel
development. Consistent with increased microvessels in
knockout mice in vivo, capillary tube formation of Twist1-
deleted EC was also increased on matrigel (Figure 1G,H),
indicating that Tivist/ deletion promotes angiogenesis.

To further evaluate the impact of Tivist1 deficiency on
cell factors, we performed quantitative real-time poly-
merase chain reaction to analyze the expression of key
niche factors. The results showed significant decreases in
the expression of Cxc/12, Veam1, Angiopoietin-1 (Angpt1)
and Sc¢f, particularly the membrane-bound isoform Scf
(m220 Scf), which was found to be extremely important for
HSC maintenance, in MSC (5x10* cells) from Tivist7-delet-
ed mice as compared to control mice (Figure 2A). The
expression of Opn, which negatively regulates the HSC
pool, was obviously increased in both MSC and OLC
(Figure 2B). Enzyme-linked immunoassay demonstrated
the reduced protein levels of CXCL12, VCAM1, SCF and
elevated level of osteopontin (Figure 2C) in BM super-

natants of Tivist1-deleted mice as compared to those in
control mice.

Collectively, Tiist1 deletion leads to significant alter-
ations in various key niche components, demonstrating its
functional importance in the BM microenvironment, and
implying its potential regulatory role in HSC maintenance.

Microenvironmental Twist1 deficiency impairs
the homing and retention of hematopoietic stem
cells but promotes their mobilization

Most HSC are retained in the BM niche in a quiescent,
nonmotile mode by adhesion to stromal cells, which are
essential for normal hematopoiesis and for protection from
myelotoxic injury. Twist/ deletion resulted in decreased
expression of BM CXCL12 and VCAMI, which are critical
for HSC retention, homing and mobilization,”” implying
that TWIST1 may have a functional impact on the migra-
tion of HSC. We first evaluated homing of normal HSC to
the BM of Twist1-deleted mice. Freshly isolated c-Kit" cells
from B6.SJL (CD45.1) mice were injected into lethally irra-
diated Tivist1-deleted or control mice. Sixteen hours after
transplantation, the absolute number of CD45.1" and
CD45.1* LSK (LinSca-1*c-Kit") cells was significantly
decreased in Tivist1-deleted mice compared to the number
in controls (Figure 3A), indicating that Twist/ deficiency
impairs homing of hematopoietic stem/progenitor cells
(HSPC) to the BM microenvironment.

We next determined the contribution of TWIST1 to
HSC retention and mobilization by assessing total cells
and HSPC in the BM, spleen and peripheral blood of
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Figure 2. Twist1 deletion in the bone marrow microenvironment changes expression of niche factors. (A) Quantitative real-time polymerase chain reaction (qQRT-PCR)
analysis of the expression of C-X-C motif chemokine ligand 12 (Cxcl12), Vascular cell adhesion molecule 1 (Vcam1), Stem cell factor (Scf) and Angiopoietin-1 (Angpt1)
in freshly sorted mesenchymal stem cells (MSC), osteolineage cells (OLC) and endothelial cells (EC) from chimeric control (Ctrl) and knockout (KO) mice (n=4). (B)
gRT-PCR analysis of the expression of Osteopontin (Opn) in MSC and OLC from chimeric Ctrl and KO mice (n=4). (C) Enzyme-linked immunosorbent assay analysis of
BM protein concentrations of CXCL12, VCAM1, SCF and OPN in chimeric Ctrl and KO mice (n=5-8). Column plots show the mean + standard deviation from three

independent experiments. *P<0.05; **P<0.01; ***P<0.001 (Student t test).
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Tivist1-deleted mice and control mice (Figure 3B). The
results revealed that Tivist/ deletion led to decreases in the
numbers of total cells (Figure 3C), colony-forming units
(Figure 3D), and HSC-enriched SLAM LSK (CD150°CD48
LSK) in the BM (Figure 3EF) but significant increases in
those in the spleen and circulation (Figure 3G-]).
Granulocyte colony-stimulating factor (G-CSF) is a
hematopoietic cytokine known as the prototypic mobiliz-
ing agent.* To determine whether Twist/ deletion promot-

TWIST1 regulates normal hematopoiesis and leukemia

ed secretion of endogenous G-CSE we examined G-CSE
levels in the BM supernatants of Tivist/-deleted and control
mice by enzyme-linked immunosorbent assay. We found
that G-CSF protein expression was significantly elevated in
Tivist1-deficient mice as compared to that in controls.
Furthermore, quantitative real-time polymerase chain reac-
tion results revealed that among MSC, OLC, EC and
macrophagocytes, which are all producers of G-CSE OLC
and macrophagocytes were the major source of G-CSE
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Figure 3. Decreased hematopoietic stem/progenitor cell homing and retention in bone marrow and increased hematopoietic stem/progenitor cell mobilization to
spleen and peripheral blood in Twist1-deficient mice. (A) Experimental scheme of the hematopoietic stem/progenitor cell (HSPC) homing assay (left), and absolute
number of CD45.1* and CD45.1°LSK (Lin'Sca-1*c-Kit*) cells homing to the bone marrow (BM) (right) (n=5, two independent experiments). (B) Experimental scheme
for analysis of HSPC retention and mobilization. (C-F) Analysis of BM cells of chimeric control (Ctrl) and knockout (KO) mice. Total BM cells (C) of femora and tibiae,
number of BM progenitor cells (D) measured by colony-forming cell (CFC) assay in methylcellulose, and frequency and number of SLAM LSK cells (CD150*CD48LSK)
(E-F) are shown (n=4-6, three independent experiments). (G-J) Analysis of peripheral blood cells of chimeric Ctrl and KO mice. Number of total cells (G), number of
colony-forming units (CFU) (H), frequency and number (I) of SLAM LSK cells in spleen, and number of CFU (J) in peripheral blood are shown (n=4-6, three independent
experiments). Column plots show the mean + standard deviation. *P<0.05; **P<0.01; ***P<0.001 (Student t test).
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(Online Supplementary Figure S3A,B). We next assessed
HSPC mobilization after infusion of exogenous G-CSF and
found that Tiist1 deletion significantly increased exoge-
nous G-CSF-induced mobilization of total cells and
colony-forming cells to the blood and spleen, and SLAM
LSK to the spleen (Online Supplementary Figure S3C-H).
Taken together, these results demonstrate a functional
role of TWIST1 in HSC homing, retention, baseline mobi-
lization and stress mobilization in response to G-CSE

Twist1 deficiency impairs hematopoietic stem cell qui-
escence and self-renewal, and induces enhanced early
myeloid lineage differentiation

Quiescence, self-renewal and committed differentiation
are important properties of HSC, which could be con-
trolled by stromal cells, extracellular matrix, cytokines and
chemokines. ™ Our study revealed that Tiist1 deletion
altered multiple stromal cells and the level of expression of
HSC supportive factors, so we next investigated whether
these HSC features were consequently changed.
Immunophenotypic analysis demonstrated that Tivist/
deletion resulted in a significant decrease in the number of
long-term HSC (CD34Fit3LSK) in the BM (Online
Supplementary Figure S4A). Ki67 staining revealed a signifi-
cant decrease in the percentage of HSC (CD341SK) in G,
phase in Tivist1-deleted mice, together with an increase in
G, phase (Figure 4A). Bromodeoxyuridine labeling further
identified a higher frequency of proliferating cells in CD34
LSK cells from Twist1-deleted mice compared to control
mice (Figure 4B). These data suggest that TWIST1 in the
microenvironment plays an important role in maintaining
HSC quiescence, and loss of Tivist/ drives aberrant prolifer-
ation of HSC.

To clarify the role of TWIST1 in HSC self-renewal, we
conducted serial transplantation assays (Figure 4C). Three
hundred long-term HSC (CD34Flt3LSK, CD45.1) from
Tivist1-deleted or control chimeric mice were transplanted
into lethally irradiated recipients (CD45.2), together with
2x10° CD45.2* support BM cells. Then secondary trans-
plantation assays were performed 16 weeks later. Three
hundred long-term HSC (CD45.1%) from the primary recip-
ients were transplanted into lethally irradiated secondary
recipients, together with 2x10° CD45.2* support BM cells.
Donor cells from Tiwist/-deleted mice showed lower
engraftment capacity than control cells out to 16 weeks in
both primary and secondary transplantation (Figure 4D).
From the above, it can be concluded that Tivist1 deficiency
in niche cells impairs HSC self-renewal capacity.

We then performed FACS analysis to evaluate the dif-
ferentiation capacity of HSC, and found increases in the
numbers of common  myeloid  progenitors
(CD34'CD16/32Lin Sca-1¢c-Kit*, 1.5-fold, P=0.047) and
granulocyte/macrophage progenitors (GMP:
CD34'CD16/32'Lin Sca-1¢-Kit’, 1.3-fold, P=0.022) in the
BM of Twist1-deleted mice in comparison with those in
controls, accompanied by decreases in the numbers of
megakaryocyte/erythroid progenitors (MEP, CD34
CD16/32LinSca-1c-Kit’, 1.5-fold, P=0.028) and common
lymphoid progenitors (Lin Sca1**c-Kit**IL7R*, 2.5-fold,
P=0.046) (Figure 4E,F). In accordance with the change of
progenitors, the proportion of mature myeloid cells
(Macl", 1.2-fold, P=0.007; Gr-1*, 1.2-fold, P=0.008; Mac-
1"Gr-1%, 1.2-fold, P=0.011) was also significantly increased,
accompanied by reduced proportions of B lymphoid cells
(B2207, 1.4-fold, P=0.004) and erythrocytes (Ter119‘, 1.3-

fold, P=0.008) in the BM of Tiist1-deleted mice (Figure
4G,H). These results suggest that Tivist/ deletion in niche
cells promotes HSC differentiation into the myeloid line-
age. We observed that apart from the increase of HSPC in
the spleen of Tiist7/-deleted mice, the numbers of mature
myeloid cells and erythrocytes were also increased, while
the number of lymphoid cells remained unchanged (Online
Supplementary Figure S4B-D), indicating the occurrence of
extramedullary hematopoiesis in the spleen of Tivist1-
deleted mice.

Taken together, these data suggest that TWIST1 in the
BM microenvironment plays a critical role in HSC mainte-
nance, and Tivist! deletion impairs all the fundamental fea-
tures of HSC.

Twist1 deficiency promotes progression
of MLL-AF9-induced acute myeloid leukemia

It has been reported that the MLL-AF9 AML model
exhibited multiple alterations in the niche compartments,
including decreased frequencies of MSC and osteoblasts,
an increased number of vascular EC, and downregulated
expression of Veam1, Cxcl12, Angpt1, and Scf, together
with upregulation of Opn.** Intriguingly, these pheno-
types are quite similar to the niche alterations in our
Tiwist1-deleted mice. Considering the emerging impor-
tance of the BM niche for leukemia maintenance and pro-
gression, we were tempted to speculate that the altered
niche in Twist1-deleted mice may play a role in the devel-
opment of MLL-AF9 AML. To validate this hypothesis,
we transduced WT BM c-Kit* cells with retrovirus
expressing MLL-AF9, and injected these cells into lethally
irradiated WT recipient mice, in which the disease was
rapidly induced with massive BM and spleen infiltration
of GFP' leukemic cells. We next injected 5x10° GFP*
spleen cells from these mice into Twist1-deleted and con-
trol chimeric recipient mice (Figure 5A). Notably, the
overall survival of Twist1-deleted recipients was signifi-
cantly shorter than that of control recipients (Figure 5B),
and Twist1-deleted recipient mice exhibited a greater
infiltration of total cells and leukemic cells in the BM,
peripheral blood and spleen than that of control mice
(Online Supplementary Figure S5A-G).

Previous studies using AMLL-AF9 AML models have
established that LSC are enriched in the leukemic GMP
populations (IL-7RLin GFP¢c-Kit"CD34"*CD16/32")** or c-
Kit'Gr-1"* We found that the infiltration of leukemic GMP
cells was significantly increased in the BM and periphery
of Twist1-deleted recipient mice compared to control mice
(Figure 5C,D), and so was that of GFP*c-Kit'Gr-1" cells
(Online Supplementary Figure S6A-C). Additionally, cell
cycle analysis showed that the proportion of LSC (GFP*c-
Kit'Gr-1) in the G, phase was decreased and that in the G,
or S/G,/M phases was increased in both BM and spleen
from Twist1-deleted mice, but rates of LSC apoptosis in
BM and spleen did not differ between Tiist1-deleted and
control mice (Online Supplementary Figure S6D-G). We then
performed secondary transplants using LSC (Figure 5A),
injecting 5000 GFP'c-Kit'Gr-1" cells isolated from Tivist1-
deleted and control mice into WT recipient mice. We
found that the survival of the secondary recipients of LSC
grafts from leukemic Tivist/-deleted donors was signifi-
cantly reduced compared to that of recipients of control
LSC grafts (Figure SE).

Taken together, these results demonstrate that the
altered niche in Tiist1-deleted mice accelerates the pro-
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gression of MLL-AF9-induced AML by increasing the sequencing analysis on BM stromal cells isolated from

expansion and leukemogenic capacity of LSC. Tivist1-deleted or control chimeric mice. There were 6948

differentially expressed genes (4764 downregulated and
Microenvironmental Twist1 deletion promotes acute 2184 upregulated; fold change of >2 and P value <0.05).
myeloid leukemia development partially through the Analysis of leukemia-related signaling revealed a marked
Notch signaling pathway increase of Jagged-2 expression in stromal cells from Tivist1-

To understand the mechanism underlying TWIST1 func-  deleted mice (Figure 6A). Previous studies have demon-
tion in the development of AML, we performed RNA-  strated that TWIST1 regulates the Notch pathway in
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Figure 4. Twist1 deletion causes impaired quiescence, self-renewal of hematopoietic stem cells and myeloid skewing. (A) Percentage of the cell cycle distribution
of CD34-LSK (Lin'Sca-1'c-Kit') cells in chimeric control (Ctrl) and knockout (KO) mice. Representative flow activated cell sorting profiles are shown on the left, and
cell frequency is shown on the right (n=4-5, two independent experiments). (B) Proliferation analysis of CD34°LSK cells in chimeric Ctrl and KO mice (n=4-5, two inde-
pendent experiments). (C) Schematic overview of the serial transplantation assay. (D) Percentages of donor-derived peripheral blood (PB) cells and bone marrow (BM)
cells after the primary and secondary competitive transplants (n=5, two independent experiments). (E-F) Frequency (E) and number (F) of common myeloid progen-
itors (CMP, CD34°CD16/32LinSca-1c-Kit’), granulocyte/macrophage progenitors (GMP, CD34*CD16/32'LinSca-1c-Kit"), megakaryocyte/erythroid progenitors (MEP,
CD34CD16/32LinSca-1c¢c-Kit") and common lymphoid progenitors (CLP, Lin"Sca-1""c-Kit**IL7R*) in chimeric Ctrl and KO mice (n=4-5, three independent experi-
ments). (G-H) Frequency (G) and number (H) of B cells (B220"), T cells (CD3*), myeloid cells (Mac-1* and Gr-1*) and erythrocytes (Ter119) in chimeric Ctrl and KO
mice (n=4-5, three independent experiments). Column plots show the mean + standard deviation. *P<0.05; **P<0.01; ***’< 0.001 (Student t test).
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prospective coronal suture mesenchyme and osteoprogen-
itors.”* Moreover, aberrant Notch signaling is a common
mechanism in niche-induced AML and pre-leukemic con-
ditions.”* To investigate whether Tivist! deficiency pro-
motes the development of MLL-AF9 AML through Notch
signaling, we determined the expression of all Notch lig-
ands (DIl1, DII3, Dil4, Jagged-1, Jagged-2) in MSC, OLC and
EC of Tiist1-deleted mice. The results revealed that Jagged-
2 was significantly upregulated in all these cells (Figure 6B-
D). Additionally, the levels of expression of all four Notch
receptors (Notch1-4), cleaved Notch1 and the Notch targets
Dtx, Hes1, Hes5, Hey1, and Hey2 were significantly upreg-
ulated in LSC from Tivist1-deleted mice compared to those
of controls (Figure 6E-G), indicating increased Notch sig-
naling in this population. Furthermore, pharmacological
inhibition of Notch signaling with a y-secretase inhibitor
(DBZ) (Figure 6H-K) or blockade of Notch with dominant-
negative MAML1 (DNMAML1) (Online Supplementary
Figure S7) partially rescued leukemic cell infiltration and
LSC engraftment, and prolonged the overall survival of
Tivist1-deleted recipients. These data suggest that a Tivist1-
deleted microenvironment contributes to MLL-AF9 AML
development at least in part via Notch signaling.

Discussion

In the current study, we demonstrated that excision of
the Tivist1 gene from the BM microenvironment resulted in
a significant decrease in the numbers of MSC and mature
osteoblasts, and an increase in the number of EC. The
expression of CXCL12, VCAMI1 and SCF was reduced,
while that of osteopontin was increased. These changes
led to a marked impairment of HSC localization, self-
renewal, quiescence and differentiation. By transplanting
MLL-AF9 cells into the Tivist1-deleted and control chimeric
mice, we verified that Tiist/ deletion resulted in accelerat-
ed development of leukemia, at least partially through
Notch signaling (Figure 7). These results reveal the essential
role of TWIST1 in supporting normal hematopoiesis and
perturbing AML development.

In our model, Tiist1 deletion in the BM microenviron-
ment leads to an increased number of EC and microvessel
density, suggesting the existence of an indirect and power-
ful mechanism for promoting angiogenesis in vivo. Ohki et
al. reported that G-CSF can markedly increase vascular
endothelial growth factor (VEGF) release from G-CSF-
responsive myelomonocytic cells, which promote the co-
recruitment of VEGFR1* (VEGF receptor 1) cells contribut-
ing to neo-angiogenesis.” Since we have found elevated G-
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Figure 5. Twist1 deletion in the bone marrow microenvironment promotes the
acute myeloid leukemia model and leukemic stem cell (LSC, GFP*c-Kit'Gr-1) tran

(D) Frequency and absolute number of L-GMP in the bone marrow (BM) and sp

KO mice (n=6, two independent experiments, log-rank test).

progression of acute myeloid leukemia. (A) Experimental scheme of the MLL-AF9
splantation. (B) Kaplan-Meier survival curve of chimeric control (Ctrl) and knockout

(KO) recipient mice (n=5, three independent experiments, log-rank test). (C) Representative flow cytometry profiles of L-GMP (IL-7RLinGFP*c-Kit"CD34*CD16/32").

leen of Ctrl and KO recipients (n=5, three independent experiments. Column plots

show the mean * standard deviation. **P<0.01; ***P<0.001, Student t test). (E) Kaplan-Meier survival curve of mice transplanted with LSC from chimeric Ctrl and
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CSF secretion in the BM supernatant of Tivist/-deleted
mice, we then determined VEGF mRNA expression in BM
cells and its protein concentration in BM supernatant. As
expected, the results revealed a marked increase of VEGE
production in Tivist/-deleted mice compared with control
mice (Online Supplementary Figure S8A,B). These observa-
tions provide a possible explanation for the EC alterations,
i.e., Twist1 deficiency in the BM microenvironment leads to
increased production of G-CSE which in turn induces the
secretion of VEGE exerting a promotive effect on the pro-
liferation of EC. This effect overrides the direct inhibitory
role of Twist1 deletion on EC, and results in increased num-
bers of EC. As VEGF can be produced by various cell types,

TWIST1 regulates normal hematopoiesis and leukemia

the specific mechanism needs further investigation.

Our understanding of niche contributions to AML has
increased tremendously over the past decade. However,
most studies have focused on how the leukemic cells
actively shape their microenvironment to reinforce disease
progression. There are a limited number of reports show-
ing that certain niche alterations can act as a driver of AML
initiation or progression, without having been educated by
leukemic cells.”*** Our present study demonstrates that
environmental deletion of Tiist1, a conserved transcrip-
tional factor gene, results in diverse cellular and factor alter-
ations common to the microenvironmental dysregulation
exhibited by AML. These alterations appear to be predis-
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Figure 6. Notch signaling is activated in leukemic stem cells and inhibition of Notch signaling partially rescues MLL-AF9-induced acute myeloid leukemia progres-
sion in Twist1-deficient mice. Expression of Jagged-2 in RNA-sequencing analysis of stromal cells (CD45Ter119) from chimeric control (Ctrl) and knockout (KO) mice.

(B-D) Quantitative real-time polymerase chain reaction (QRT-PCR) analysis of Notch

stem cells (MSC) (B), osteolineage cells (OLC) (C) and endothelial cells (EC) (D) from chimeric Ctrl and KO mice. (E) qRT-PCR analysis of Notch receptors (Notch1-4)
in freshly sorted GFP*c-Kit'Gr-1 from chimeric Ctrl and KO mice. (F) Western blot showed a significant increase of cleaved Notchl expression in leukemic stem cells
(LSC) from chimeric KO mice compared to Ctrl mice. (G) qRT-PCR analysis of downstream genes (Dtx, Hes1, Hes5, Heyl and Hey2) regulated by the Notch pathway
in freshly sorted GFP'c-Kit'Gr-1 from chimeric Ctrl and KO mice. (B-E, G) Data represent the mean + standard deviation from three independent experiments.

*P<0.05, **P<0.01, ***P<0.001 (Student t test). (H-J) GFP* leukemic cells were

were treated daily with vehicle (dimethylsulfoxide, DMSO) or y-secretase inhibitor (DBZ) (2 umol per kg body weight) for 10 days. The counts of white blood cells (WBC)
(H), leukemic cells in peripheral blood (PB) (I), and L-GMP (IL-7R Lin GFP*c-Kit"CD34*'CD16/32") cells in bone marrow (BM) (J) are shown (n=4, two independent exper-
iments). Column plots show the mean * standard deviation. *P<0.05; **P<0.01, Student t test). (K) Survival curve of chimeric Ctrl and KO recipients treated with

DMSO or DBZ (n=7-8, log-rank test).

ligands (DII1, DII3, DIl4, Jagged-1 and Jagged-2) in freshly sorted mesenchymal

transplanted into chimeric Ctrl and KO recipient mice. Five days later, the mice
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Figure 7. Overview of the alterations in the bone marrow niche of Twist1-deleted mice. Simplified scheme of the normal hematopoietic stem cell (HSC) niche and
its alterations in the Twist1-deleted mice. The left panel shows that HSC are around arterioles, sinusoids and endosteum where factors such as C-X-C motif chemokine
ligand 12 (CXCL12), vascular cell adhesion moleculel (VCAM1), stem cell factor (SCF) and osteopontin (OPN) secreted by mesenchymal stem cells (MSC), endothelial
cells and osteoblastic cells (OBC) influence their self-renewal, quiescence, retention and differentiation. The right panel summarizes alterations of the niche, HSC

and leukemic stem cells (LSC) observed in Twist1-deleted mice.

posing or initiating factors for the evolution of AML and
point to TWIST1 as an instructive signal that alters the
function of the niche.

The opposing effects of TWIST1 on normal HSC and
LSC found in this study are of value. In an effort to eluci-
date the underlying mechanism, we performed RNA-
sequencing and quantitative real-time polymerase chain
reaction analysis. We found that Tivist1 deletion leads to
increased expression of the Notch ligand Jagged-2 in all the
OLC, EC and MSC. LSC from Twist1-deleted chimeric
mice have robust expression of all Notch receptors and
canonical downstream Notch target genes, suggesting the
aberrant activation of Notch signaling. A previous report
showed that Notch activation promotes expansion and
self-renewal of LSC,* consistent with our results obtained
by deletion of Tivist1. We also found activation of Notch
receptors and target genes in normal HSC (CD34LSK)
after Twist1 deletion (Online Supplementary Figure S9). In
contrast to the promoting role in LSC, Notch activation in
HSC has been reported to cause loss of stem cell quies-
cence,” which often correlates with impaired self-renewal
capacity of HSC, in line with the observations in our
mouse model. Besides the direct impact of activated
Notch signaling on LSC and HSC, the augmented prolifer-
ation and infiltration of LSC compared to normal HSC
could be favorable for their competition for the niche over
HSC. Various studies have demonstrated that LSC could
positively remodel the BM microenvironment to enhance
support of LSC at the expense of HSC,”* and this remod-
eling may in turn further promote leukemia progression
and impair normal hematopoiesis. In addition, the
reduced expression of Cxcl12, Scf and Angpt1 in Twist1-
deleted mice may also account for the opposing impact of
Twist1 deletion on HSC and LSC, since compared with
HSC, LSC are less factor-dependent.***

In consideration of the important role of TWIST1 in reg-

ulating MSC, osteoblasts and EC, and to exclude the inter-
ference of hematopoietic cells, which were found to
express Tiwist1 in our previous work,” we generated the
chimeric mouse model, in which Twist/ was diffusely
deleted in the BM microenvironment. The BM niche com-
prises multiple cell types, which not only closely connect
but also communicate with each other via cell factors and
adhesion molecules throughout the BM. Due to the com-
plexity of the niche, an overall environmental knockout
strategy will facilitate the detection of direct and indirect
effects of TWIST1 on the niche components. Utilizing our
model, we uncovered extensive cellular and factor alter-
ations in the BM niche and the AML-like microenviron-
mental phenotype resulting from Tivist1 deficiency, and
demonstrated the essential role of TWIST1 in HSC main-
tenance and suppression of AML evolution. To refine the
contribution of different cell populations, studies in which
Tiwist1 is modified in specific stromal cell subsets are ongo-
ing in our laboratory.

In conclusion, we used a Tiwist/-deficient chimera model
to obtain, for the first time in vivo, direct evidence that
TWIST1 in the microenvironment plays a key role in main-
taining the hematopoietic phenotype and hampering
leukemia progression. These findings provide new insights
into the importance of the BM niche for AML develop-
ment, and lay the foundation for tackling leukemia from a
different angle to improve current treatments.
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