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Abstract

Osteoblasts are emerging regulators of myeloid malignancies since genetic alterations in them,
such as constitutive activation of f-catenin, instigate their appearance. The LDL receptor-related
protein 5 (LRP5), initially proposed to be a co-receptor for Wnt proteins, in fact favors bone
formation by suppressing gut-serotonin synthesis. This function of Lrp5 occurring in the gut is
independent of -catenin activation in osteoblasts. However, it is unknown whether Lrp5 can act
directly in osteoblast to influence other functions that require -catenin signaling, particularly, the
deregulation of hematopoiesis and leukemogenic properties of f-catenin activation in osteoblasts,
that lead to development of acute myeloid leukemia (AML). Using mice with gain-of-function
(GOF) Lm5alleles (Lrp53214Y) that recapitulate the human high bone mass (HBM) phenotype, as
well as patients with the T2531 HBM Lrp5 mutation, we show here that Lrp5 GOF mutations in
both humans and mice do not activate -catenin signaling in osteoblasts. Consistent with a lack of
B-catenin activation in their osteoblasts, L0534V mice have normal trilinear hematopoiesis. In
contrast to leukemic mice with constitutive activation of p-catenin in osteoblasts (Ctnnb16Aosb),
accumulation of early myeloid progenitors, a characteristic of AML, myeloid-blasts in blood, and
segmented neutrophils or dysplastic megakaryocytes in the bone marrow, are not observed in
Lrp5214V mice. Likewise, peripheral blood count analysis in HBM patients showed normal
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hematopoiesis, normal percentage of myeloid cells, and lack of anemia. We conclude that Lrp5
GOF mutations do not activate 3-catenin signaling in osteoblasts. As a result, myeloid lineage
differentiation is normal in HBM patients and mice. This article is part of a Special Issue entitled:
Tumor Microenvironment Regulation of Cancer Cell Survival, Metastasis, Inflammation, and
Immune Surveillance edited by Peter Ruvolo and Gregg L. Semenza.
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1. Introduction

Hematopoietic stem cells (HSC) can be found temporarily circulating or in secondary
residence organs such as spleen and liver, but the majority of functional adult HSCs reside in
the bone marrow (BM). It is within this compartment that they interact directly or indirectly
with the different types of cells that comprise the HSC niche. Among this stromal
population, cells of the osteoblast lineage are important determinants of the size of the niche
and the function of hematopoiesis [1-10]. They influence HSC expansion and engraftment
[3,10-13], promote quiescence [14-16], initiate HSC mobilization [17], regulate B-
lymphopoiesis [18,19] and integrate sympathetic nervous system and HSC regulation [20].
More recently, osteoblasts have been directly implicated in the development of myeloid
malignancies when global disruption of gene expression in osteoblast progenitors led to
myelodysplasia (MDS) in mice [21], and constitutive activation of $-catenin signaling in
osteoblasts induced acute myeloid leukemia (AML) in mice [22]. Conversely, leukemic
myeloid cells were shown to stimulate osteoblast expansion into myeloproliferative cells that
effectively support leukemic cells [23]. These observations suggested that functional
changes in osteoblasts that are demonstrated by alterations in bone remodeling might
eventually impact on their ability to regulate hematopoiesis.

LDL receptor-related protein 5 (LRP5) is a broadly expressed cell-surface receptor that
affects bone formation. LRP5 loss-of-function mutations cause the autosomal recessive
osteoporosis—pseudoglioma syndrome (OPPG), characterized by a severe decrease in bone
formation [24], while gain-of-function (GOF) mutations cause the autosomal dominant high
bone mass syndrome (HBMS) [25,26]. Studies in a variety of different mouse models have
shown that Lrp5 potently regulates bone mass mainly through a gut-bone endocrine
signaling system, in a non-cell autonomous manner, by suppressing the synthesis of gut
serotonin, a powerful inhibitor of bone formation [27,28]. However, the homology of Lrp5
with a wingless co-receptor, has also led to the suggestion that Lrp5 may favor bone
formation by acting as a co-receptor in the Wnt canonical signaling pathway in osteoblasts
[24,25, 29,30]. This hypothesis has been challenged by previous and more recent findings
showing that activation of canonical -catenin signaling in osteoblasts, as opposed to Lrp5
activation, has no effect on osteoblast numbers and bone formation, but instead, increases
bone formation by suppressing osteoclastogenesis and thus inhibiting bone resorption [31-
36]. Consistent with this, it has been shown that Wnt16 is a f-catenin-activating ligand in
osteoblasts which favors bone mass by inducing -catenin-mediated suppression of bone
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resorption [37]. Although it appears more and more unlikely that the Lrp5 regulation of bone
formation might rely on p-catenin activation in osteoblasts, it remains unknown whether
Lrp5 can directly influence other osteoblast functions that require B-catenin signaling.

It has recently been shown that an activating mutation of -catenin in mouse osteoblasts
(Ctnnb1CA%D mice) invariably disrupts hematopoiesis altering the differentiation potential
of myeloid and lymphoid progenitors and is sufficient to initiate the development of AML
and death within 6 weeks of age [22]. These findings are relevant to human disease, since
38% of patients with AML, MDS, or AML arising from previous MDS have increased -
catenin signaling and nuclear accumulation in osteoblasts, suggesting that a similar
mechanism may contribute to leukemia in humans. The demonstration that -catenin
activation in osteoblasts can induce AML raised the possibility that if there is indeed any
link between Lrp5 signaling and -catenin activation in osteoblasts, Lrp5 signaling would
have detrimental effects on hematopoiesis in patients with the autosomal dominant HBMS
(HBM, OMIM#601884) [38].

To address this important question, we have examined both in humans and in mouse models,
whether Lrp5 and p-catenin interact in osteoblasts to deregulate hematopoiesis. We thus
analyzed B-catenin activation in BM-derived osteoblasts, and hematopoiesis regulation in
mice carrying a A213V amino acid mutation, that is equivalent to the A214V missense
mutation reported in human patients with HBMS, the Lp5°223V mice [30]. We have also
analyzed B-catenin activation in circulating osteoblastic-lineage cells of patients carrying
activating mutations in LRP5 known to cause the HBM. We found that Lrp5 gain-of-
function does not activate canonical Wnt signaling (3-catenin activation) and that there is no
alteration of hematopoiesis as a consequence of Lrp5 activating mutations, both in humans
and mice.

2. Materials and methods

2.1. Animals and genotyping

The L5213V targeted mutation mice strain was purchased from 7he Jackson Laboratory.
The Citnnb1¢A% have been previously described [22]. In each experiment, the mice used
were all littermates of the same genetic background. All the protocols and procedures were
conducted according to the guidelines of The Columbia University Institutional Animal Care
and Use Committee (IACUC). Randomization was done according to genotype and blinding
was applied during histological analysis.

2.2. Hematological measurements and peripheral blood morphology

For hematological measurements in mice, blood was collected by cardiac puncture and
peripheral blood cell counts were performed on a FORCYTE hematology analyzer (Oxford
Science). For morphological assessment, peripheral blood smears were stained with Wright—
Giemsa stain (Sigma—Aldrich) for 10 min followed by rinsing in distilled H,O for 3 min.
Images were taken using a 63x objective on a Leica microscope outfitted with a camera.
Hematological measurements in patients and healthy controls were performed using
standard techniques.
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2.3. Antibodies and flow cytometry analysis

Freshly isolated BM cells from L5223V and corresponding WT littermates were
resuspended in FACS buffer (PBS, 2% FBS, 2 mM EDTA), filtered (40 um), and kept on ice.
Cells were incubated for 30 min at 4 °C with a cocktail of primary conjugated antibodies as
previously described [39]. The following cocktails of monoclonal conjugated antibodies
were used for the myeloid population (defined as CD11b* Gr-1%): CD11b (M1/70) and Gr-1
(RB6-8C5). For the hematopoietic progenitors, cells were first stained with lineage cocktail
(CD3e; CD11b; CD45R/B220; Ter-119, Ly-6G, and Ly-6C) and then stained with c-kit
(2B8), Sca-1 (D7), CD34 (RAM34), and CD16/CD32 (FcyRII/1I1; 2.4G2). LSK cells were
defined as Lin™ Sca-1* c-kit*; GMP, CMP, and MEP cells were defined as CD34* FcyRNgh,
CD34* Fcy!oW and CD34~ FcyR™ population from Lin~ Sca-1- c-kit* cells, respectively.
The LT-HSC, ST-HSC, and MPP were identified using the previously described LSK
combination together with the SLAM markers CD150 (Sham) and CD48 (HM48-1), and
defined as LSK CD150* CD48~, CD50~ CD48~, and CD150~ CD48*, respectively. BM-
derived osteoblasts were identified by surface expression of Lin™ CD34~ OCN™ (osteocalcin
V-19, sc-18319) and intracellular expression of the RunX2* osteoblast-specific transcription
factor (RunX2 M-70, sc-10758). Stromal cells were isolated following previously published
procedures [9,39-42], with minor modifications. Briefly, intact long bones were isolated,
cleaned, and crushed with mortar and pestle to release the BM cells. Bone fragments were
collected by filtration through a 40 pm cell strainer and extensively washed in HBSS with
2.5% FCS to remove non-adherent BM cells. The bone fragments were further minced and
incubated at 37 °C with a 3 mg/mL solution of type 1V collagenase (Worthington) and
dispase Il (Roche) in HBSS for 90 min, in a shaking water bath. The resulting population of
endosteal stromal cells was stained for the following three populations: endothelial cells
(Lin~ CD45~ Sca-1* CD31%), mesenchymal cells (MSC; Lin- CD45~ CD31~ Sca-1*
CD51%), and endosteal osteoblasts (Lin~ CD45~ CD31~ Sca-1~ CD51*). In order to
specifically detect activated (nuclear) -catenin in osteoblasts, a non-phospho-3-catenin
antibody that recognizes endogenous -catenin protein when residues Ser33, Ser37, and
Thr4l are not phosphorylated was used (Cell Signaling D13A1). Multicolor flow cytometry
acquisition was performed in a BD LSRFortessa™ Cell Analyzer (Becton Dickinson) and
analysis was done using the FlowJo software (Treestar). Cells were gated for size, shape,
and granularity using forward and side scatter parameters. A fixable viability dye was used
to exclude dead cells. The positive populations were identified as cells that expressed
specific levels of fluorescence activity above the non-specific auto fluorescence of the
isotype control.

2.4. Histology and immunohistochemistry

Murine long bones were collected from Lrp5~213V, Cinnb1CASP and WT littermates mice,
fixed overnight in 10% neutral buffered formalin, embedded in paraffin, sectioned at 5 um,
and counterstained with hematoxylin and eosin (H&E) following standard procedures. Heat-
induced epitope retrieval (HIER) for immunohistochemical staining was done overnight at
65 °C in 10 mM Citrate buffer pH 6.0, 0.1% Tween-20. Endogenous peroxidases were
quenched using 3% H,05 in PBS. After blocking, sections were incubated with primary
antibodies for either RunX2 or p-catenin (Santa Cruz #sc-10758, and #ab16051, Abcam,
respectively) at 4 °C overnight. Signal was revealed using the avidin-biotin complex method
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(Vector Labs #PK6101), Horseradish peroxidase, and 3,3’-Diaminobenzidine (DAB, Vector
Labs #SK4100). After permanent mounting, slides were analyzed with a brightfield
microscope (Leica).

2.5. Patient samples

The patients with genetically and phenotypically verified HBM phenotype were recruited
from hospital registry and have previously participated in other studies from our group [43].
The controls were recruited through personal contact. Each HBM patient was compared with
age- and gender-matched controls. All participants gave written informed consent, and the
local scientific ethical committee approved the study. After an overnight fast, the peripheral
blood samples were collected in the morning in an EDTA-containing tube and immediately
stored at 4 °C. The hematological parameters were carried out at the hospital Clinical
Biochemistry Department and were collected from patients’ records. Osteocalcin surface
staining was evaluated in bone marrow biopsies obtained from MDS patients after informed
consent. Samples were stored in an IRB-approved Tissue Repository at Columbia University
Medical Center and were used according to protocols approved by the institutional IRB.

2.6. Statistical analyses

Statistical significance was assessed by Student’s t-test. P < 0.05 was considered significant.

3. Results

3.1. Lrp5 gain-of-function mutant mice do not show B-catenin activation in osteoblasts

We have used a previously described Lrp5 gain-of-function (GOF) mutant mouse model, the
Lrp5 A213V knock-in (Lrp5YA, ‘A’ indicates the Lrp5 A213V gain-of-function allele)
carrying the missense A213V amino acid mutation that is equivalent to the A214V missense
mutation reported in human patients with HBM in the exon 3 of Lsp5in all cells [38].
Homozygous mutant mice show an abnormally high bone density and heterozygous ones
also show significantly increased bone mass and strength compared to WT mice. The
A213V mutation encodes a mutant protein, expressed at normal (wild type, WT) levels and
comparable to WT human LRP5 in their ability to transduce canonical Wnt signaling /n
vitro.

We first determined the concentration of BM-derived osteoblastic cells [44,45] in mice
carrying either one (Lrp5Y*) or two copies (Lrp5VA) of the A213V mutation versus WT
littermates. Those were identified as Lin™ CD34~ RunX2* OCN* cells. Since osteocalcin is
a secreted protein, we confirmed the specificity of the surface staining by showing specific
osteocalcin staining in mouse calvaria-derived osteoblasts, the osteoblastic MC3T3-E1 cell
line, and in human osteoblasts derived from bone biopsies, but not in non-osteoblastic cells,
such as mouse Lewis lung carcinoma or human A-431 epithelial cells (Sup. Fig. 1). In
addition, we show that nearly all human bone marrow CD34~ Lin~ cells that stained positive
for osteocalcin, stained positive also for the osteoblast-specific transcription factor RunX2
(Sup. Fig. 1B). Taken together, these observations suggest that osteocalcin staining is
specific for osteoblasts and ostoeprogenitors.
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The Lrp5 GOF mutant mice carrying either one (Lrp54*) or two copies (Lmp5YA) of the
mutant allele, show a significant increase in the number of BM-derived osteoblastic cells
(Lin~ CD34~ RunX2* OCN™") compared to WT littermates (Fig. 1A). We also examined
changes in the endosteal osteoblasts, since these are likely responsible for the high bone
mass phenotype and are also the cells that represent osteoblastic niches [3,10,46-48].
Similar to our findings with BM-derived osteoblasts, the number of endosteal osteoblasts
(defined as Lin~ CD45~ CD31~ CD51" Sca-17) increased in both the heterozygous and the
homozygous Lrp5 gain-of-function mice (Fig. 1B). These results further support and provide
a quantitative proof of the previously described increase in bone mass, strength, and bone
formation rate of Lrp5 GOF mice [30].

We next analyzed the -catenin activation state in both osteoblastic populations (BM-derived
and endosteal osteoblasts), as measured by flow cytometry using an antibody specifically
recognizing non-phosphorylated (active, nuclear) f-catenin [22]. Neither A213V mice nor
their WT littermates showed any evidence of $-catenin activation in their BM-derived
osteoblasts (Fig. 1A) or in their endosteal osteoblasts (Fig. 1B). Similarly,
immunohistochemical analysis performed on bone marrow of WT, GOF, and Ctrnb1CA0s
mice for both RunX2 and B-catenin showed lack of -catenin activation in the osteoblasts of
the WT or GOF compared with the aberrant nuclear localization (activation) observed in
several osteoblasts from the CtnnbICA%P mice (Fig. 1C). All together, these experiments do
not provide any evidence that Lrp5 activating mutations in mice affect p-catenin signaling.

3.2. Lrp5 gain-of-function mice have normal hematopoiesis

Cells of the osteablast lineage affect the homing and number of long-term repopulating
hematopoietic stem cells (LT-HSC) [3,6,10], HSC mobilization, and lineage determination
as well as B-cell lymphopoiesis [18,49]. Moreover, we have recently demonstrated that an
activating mutation of 3-catenin in mouse osteoblasts alters hematopoiesis by affecting the
differentiation potential of myeloid and lymphoid progenitors, ultimately leading to
development of AML [22]. Therefore, we analyzed hematopoietic function in Lrp5 GOF
mutant mice and found that mice harboring the A213V mutation did not die prematurely and
showed normal blood counts and regular levels of circulating blood cells, with no evidence
of the anemia, monocytosis, neutrophilia, lymphocytopenia, or thrombocytopenia that are
seen in CtnnbICA%P mice harboring an activating mutation of p-catenin in osteoblasts [22]
(Fig. 2A). The presence of blasts and dysplastic neutrophils in the blood as well as infiltrates
in the BM are all features of AML and characteristic of the CtnnbICA%P mice; none of these
aberrations were found in the BM of the Lp53223V mice (Fig. 2B).

The BM hematopoietic stem and progenitor cell (HSPC) population, identified by the
surface markers Lin~ Sca-1* ¢c-Kit* (LSK cells), showed no significant changes between the
LrpFAA Lrp5A*, and WT littermates (Fig. 3A) as opposed to the increase percentage of
LSK cells seen in the CtnnbICA%P mice [22]. In the adult mouse, multipotent cells are
contained in the LSK fraction of BM cells. Using the signaling lymphocyte activation
molecules (SLAM) CD48 and CD150, along with the cell-cell adhesion factor CD34, we
have dissected the immature hematopoietic stem and progenitor BM compartments by
analyzing the percentage of LT-HSC, short-term HSC (ST-HSC), and multipotent
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hematopoietic progenitors (MPP) populations. The Lrp5 GOF mice did not show any
differences in any of those populations compared to WT littermates (Fig. 3B). Within the
Lin~ Sca-1~ ¢-Kit" population, we analyzed the BM granulocyte/monocyte progenitor
(GMP), the common myeloid progenitor (CMP), and the megakaryocyte erythrocyte
progenitor (MEP) subpopulations and found that all of them remained unaltered in Lrp5YA
and LpZY* compared to WT littermates (Fig. 3C), as opposed to what have been described
for the CtnnbICA%P mice. The number of common lymphoid progenitors (CLP) identified
as Lin~ Sca-1!oW c-kitlow F1t3+ IL-7R* was also not affected (Fig. 3D). Similarly, myeloid
(CD11b* Gr-1*) and erythroid cells (Ter119* CD71*) were unaltered in Lrp5YA and
Lrp54* compared to WT littermates (Fig. 3E) contrasting with the CtnnbICA%P mice, that
show decreased erythroid cells and increase percentage of myeloid cells, a characteristic
indicating a shift in the differentiation of HSCs to the myeloid lineage. Lrp5 GOF mice
remained healthy for at least 6 months, the entire time they were observed. Although, we
cannot rule out the possibility that hematopoietic deregulation may occur at an older age and
that AML may develop with latency, these results show lack of abnormal myeloid
differentiation in £/p5Y4 mice and indicate that Lrp5 GOF mutations do not alter
hematopoiesis.

3.3. Lack of B-catenin activation in osteoblasts of patients with HBM LRP5 gain-of-
function mutations

It increasingly appears that Lrp5 exerts its effects on bone mass through inhibition of the
synthesis of the gut-derived hormone serotonin rather than through an osteoblast-
autonomous Wnt-dependent mechanism [27]. Consistent with this notion, patients with an
HBM phenotype due to a gain-of-function mutation of LRP5 (T253I) show reduced serum
levels of serotonin [50]. To determine whether an LRP5 GOF mutation results in f-catenin
activation in humans, we first analyzed the number and p-catenin activation state of the
circulating osteoblastic cells in patients carrying the HBM T2531 LRP5 GOF mutation and
age-matched healthy control subjects. We have previously shown that circulating
osteoblastic cells obtained from peripheral blood faithfully reflect the numbers, functions,
and activation state of osteoblasts found in the bone, in bone disease and following treatment
with parathyroid hormone (PTH), a bone anabolic agent drug [44,51-54].

As shown in Fig. 4A, the number of circulating osteoblastic cells in the HBM patients was
significantly higher than in healthy controls, while there was no difference in the -catenin
activation state of those osteoblasts (Fig. 4B). These results suggest that in humans, as well
as in mice, Lrp5 activation does not activate f-catenin signaling in a measurable manner.

3.4. HBM patients harboring activating mutation in LRP5 show normal hematopoiesis

We have shown that 38% of patients with either MDS or AML show increase 3-catenin
signaling in their osteoblasts [22]. To examine whether LRP5 could be influencing any
osteoblast functions that require B-catenin signaling, we analyzed hematopoiesis in HBM
patients harboring the T253I activating mutation in LRP5. These patients showed no
evidence of anemia, increased myelopoiesis, or overtly deregulated hematopoiesis (Fig. 5),
further confirming that LRP5 is not responsible of the -catenin activation in osteoblasts.
Collectively, the observations made in humans carrying LRP5 HBM mutations point toward
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a difference between the consequence of LRP5 gain-of-function mutations and the known
consequences of activation of 3-catenin signaling in osteoblasts.

4. Discussion

Together, human and mouse genetic studies have established that L/P5is a major regulator
of bone formation by osteoblasts [24—-26,55]. Based on this property and the notion that
alterations in osteoblast numbers correlate with changes in the number of LT-HSCs, defects
in BM hematopoiesis, and the development of extramedullar hematopoiesis [3,4,19,46,56],
we explored the possibility that activation of LRP5 gain-of-function mutations that lead to
high bone mass in humans may also lead to alteration in hematopoietic capacity. To this end,
we considered whether the mechanism of Lrp5 GOF induced increase in osteoblast numbers
could also influence hematopoiesis.

Until recently, the molecular mechanisms whereby this surface receptor exerts this function
were debated between activation of the canonical Wnt signaling pathway in osteoblasts and
regulation of serotonin synthesis in the gut. However, the possibility still existed that Lrp5
might influence in a B-catenin-dependent manner, other functions of osteoblasts. Our results
show that despite the increase in the number of osteoblasts induced by the Lrp5 GOF
mutations, both in humans and in mice, -catenin activity is not increased in those
osteoblasts. In agreement with the lack of f-catenin activation in their osteoblasts, mice and
patients harboring a gain-of-function mutation in Lsp5have normal hematopoiesis, with
normal myeloid lineage differentiation and lack any signs of AML.

We note that the osteoblastic cell populations studied among humans and mice were not
identical. Circulating osteoprogenitors from peripheral blood were used for patients,
whereas bone marrow-derived and bone-lining osteoblasts were used for mice. The main
reason for this discrepancy is that we were restricted in matching the source of osteoblastic
cells between species because bone marrow biopsies are rarely performed in the LRP5HBM
patients. However, we and others have previously shown that circulating osteoprogenitors
obtained from peripheral blood faithfully reflect the numbers, functions, and activation state
of osteoblasts found lining the bone in several cohorts with low bone formation, including
diabetic patients and hypoparathyroid subjects before and after treatment with parathyroid
hormone (PTH), a bone anabolic drug [52-54]. Circulating osteoblast lineage cells within
the CD34~ Lin~ population are distinguished from myeloid and endothelial elements by the
presence of OCN and correlate well with molecular and histomorphometric indices of bone
formation; moreover, when these cells are cultured, they form mineralized nodules on bone
forming surfaces [44,51,54].

The absence of evidence of activation of -catenin in osteoblasts of mice and patients
harboring a gain-of-function mutation in Lsp5has to be interpreted cautiously. This being
acknowledged, we note that patients with the HBM syndrome are not known to show a
higher risk for developing hematological malignancies as compared to the general
population and are not anemic. Collectively, our results and published observations [43—
45,57-59] indicate that it is not possible to dissociate Lrp5 regulation of osteoblast numbers
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and gut-serotonin synthesis, while they do not provide evidence linking Lrp5 and p-catenin
functions.

Cell differentiation along the osteoblast lineage is a complex, multi-step process, and
manipulating the osteoblast or its progenitor at different stages of the osteoblast lineage can
have utterly different repercussion on the functions and the influences of these cells in whole
body physiology. Indeed, inactivation of $-catenin in the bipotential osteochondroprogenitor
lineage can have different effect that in the osteoblast lineage. Whereas p-catenin activation
in osteochondroprogenitors during skeletogenesis promotes osteoblastogenesis, its activation
in mature osteoblasts of the adult mouse does not affect osteoblasts but suppresses
osteoclastogenesis [60]. Similarly to the differences of -catenin action on bone mass,
activation of p-catenin signaling in osteocytes is sufficient to enhance components of the
Notch signaling pathway but does not alter hematopoiesis or survival [61]. In addition to the
fact that disparate outcomes of 3-catenin activation depend on the stage of the osteolineage
at which activation occurs, these observations may also reveal another important component
in the mode of osteoblastic -catenin-induced AML. They may indicate that cell-to-cell
interaction between osteoblast and HSC is required for AML to develop. This possibility is
further supported by the fact that osteoblast-induced AML development depends on
increased expression of the Notch ligand Jagged-1 by osteoblasts which in turn activates
Notch signaling in neighboring HSCs [22].

Similar to our observations showing that constitutive activation of p-catenin in osteoblasts is
sufficient to drive the development of a transplantable AML-like disease with common
chromosomal aberrations [22], other studies have highlighted the role of osteoblasts and
other non-hematopoietic BM stromal elements in disease initiation. Loss of the miRNA
processing enzyme Dicer-1 gene in mesenchymal/osteoblast progenitors can drive the
development of an MDS-like disease with sporadic transformation to AML, which can be
reverted following transplantation into WT mice [21]. Loss of Dicer-1 in osteoblast
progenitors leads to reduced expression of the ribosome maturation protein Shds gene,
which is mutated in human Shwachman-Bodian-Diamond syndrome, a congenital BM
failure disease with known leukemic predisposition. Deletion of the NF-xB inhibitor, |
kappa B alpha (Ix-Ba), in the liver, leads to the development of MPN [62]. The disease was
non-transplantable and arose due to constitutive expression of the Notch ligand Jagged-1 by
Ix-Ba-deficient hepatocytes, driving the aberrant expansion of myeloid cells. Similarly,
deletion of the retinoblastoma (Rb) gene or retinoic acid receptor gamma (Rary) was
required in both hematopoietic and stromal cells in order to lead to a widespread MPN-like
disease [63,64]. Likewise, deletion of the E3-ubiquitin ligase and canonical Notch ligand
regulator mind-bomb-1 (Mib1) in stromal cells causes an MPN-like disease that is
independent of Mib1 status in the hematopoietic compartment and can be reversed by
constitutive activation of Notch signaling in the microenvironment [65]. Another recent
study suggests that endothelial cells can also play a direct role in disease initiation. Deletion
of Rbp-j (or Cbf1), a non-redundant downstream effector of the canonical Notch signaling
pathway, in endothelial cells is sufficient to cause MPN-like disease leading to lethality [66].
Together, these studies in murine models demonstrate an initiating role for several HSC
niche components in the development of a broad range of myeloid diseases.
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These findings raise the question of whether alterations in the bone marrow niche are also
involved in disease initiation in humans. The evidence is so far limited to correlative data
obtained from patient samples. Consistent with the leukemogenic mouse model of overactive
[3-catenin signaling in osteoblasts driving Notch signaling in human AML cells, 38.3% of a
cohort of 80 patients with MDS, AML, or MDS that progressed to AML showed increased
nuclear B-catenin in their osteoblasts associated with increased Notch signaling in
hematopoietic cells [22]. In support of a role for stromal upregulation of miR-155 in human
MPN, overexpression of miR-155 was documented in BM aspirates from primary
myelofibrosis (PMF) patients [67]. These data show that genetic alterations in the stromal
population driving myeloid disorders in mice are detected in human tissues and could
contribute to disease development. In addition, stromal cells isolated from patients with
myeloid malignancies have been found to carry genetic mutations that are different from the
initiating mutation(s) in the leukemic clone [68-70] suggesting that genetic changes could
independently occur in BM niche cells during the course of the disease. In support of this
notion, subjects undergoing allogeneic stem cell transplantations can develop a rare donor-
derived leukemia that is distinct from the classical recipient disease relapse [71], raising the
possibility that an altered BM stromal compartment could directly contribute to or drive the
development of a new leukemia in these individuals. Taking together, the observations in
mouse models and human samples, are increasingly suggesting that genetic lesions acquired,
perhaps over time, in HSC niche components, can independently contribute to the
development of human myeloid disease.
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Fig. 1. Activating mutationsin Lrp5 do not activate B-catenin signaling in osteoblast
Representative flow plots of A) bone marrow (BM)-derived osteoblasts (osb; defined as Lin™

CD34~ RunX2* OCN™ cells) and B) endosteal osteoblasts (defined as Lin~ CD45~
CD317Sca-1~ CD51%) in Lrp5 GOF (Lp5Y4) and corresponding WT mice (top dot plots).
Bottom plots for each population show non-phospho (active) p-catenin staining of the
corresponding osteoblastic population. Right graphs show percentage of A) BM-derived
osteoblast (left graph) and pB-catenin activation state in those ones (right graph) in WT (n =
3), LrpFA* (n=7), and LrpFYA (n = 7) mice; and B) endosteal osteoblast numbers and their
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B-catenin activation state in WT (n = 3), Lrp5Y* (n = 4), and Lp5YA (n = 3) mice; t-test p <
0.05 (*) p <0005 (***). C) Immunohistochemistry of serial femur sections (5 um) from WT,
LrpFYA, and Cinnb1CA%P mice stained for either RunX2 or p-catenin. Arrows point to the
details shown in the inserts of the original 63% magnification. Top row shows Runx2
staining in osteoblasts of WT, Lp5YA (blue arrows), and CtnnbICA%0 mice (red arrow):;
bottom row shows normal (membrane) 3-catenin staining in osteoblasts from WT and
Lrp54A (blue arrows) as compared to active (nuclear) p-catenin staining in osteoblasts from
CtnnbICA0 mice (red arrow).
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MO l%} 0.0-7.5 6,1 9,21 7 797 1053 7,07 7.6+1,33 8.81+2.45

Ctnnb1Chosd

Fig. 2. Normal peripheral blood countsand bone marrow cellularity in mice carrying high bone
mass L rp5 gain-of-function mutations

A) Peripheral blood counts in L7p5Y4 and sex-matched WT littermates in 5-week-old mice.
White blood cells (WBC), red blood cells (RBC), hemoglobin (HB), hematocrit (HCT),
platelets (PL), lymphocytes (LY), neutrophils (NE), and monocytes (MO). B) Upper panel
shows H&E staining images of bone marrow sections (63x). Inserts show in detail normal
megakaryocytes in WT and Lp5YA mice (blue arrows) and dysplastic megakaryocytes,
with hyperchromatic nuclei in Ctnnb1CA% mice (red arrows). Bottom panel depicts blood
smears, showing lack of blasts and presence of normal neutrophils in WT and Lp5YA mice

(blue arrows) but immature monocytic blasts (black arrows) and a hypersegmented

neutrophil (right panel, red arrow) in the CtnnbICA%H mice. Pictures are representative of n

= 6 for WT, n = 6 for Lrp5¥4 mice, and n = 4 for CinnbICA0Sh,
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Fig. 3. Mice carrying high bone mass L rp5 gain-of-function mutations have normal
hematopoiesis

A) Representative flow plots of LSK cells (defined as Lin~ Sca-1* ¢-Kit*), B) within the
LSK gate (right upper gate on A), multipotent progenitor (MMP, CD48* CD1507), long- and
short-term hematopoietic stem cells (LT-HSC, CD48~ CD150*; ST-HSC, CD48~ CD1507),
C) within the Lin~ Sca-1~ ¢-Kit" gate (upper left gate on A), progenitor cells (CMP, FcY 11/
I1IR'W CD34*; GMP, FcY I1/I1IRN9" CD34* and MEP, FcY II/1IIR™ CD347). D) Within the
Lin~ Sca-1'9W ¢c-kit!oW cells, common lymphoid progenitors (CLP, FIt3* IL7R*) and £)
within the CD45* leukocytes, myeloid (CD11b* Grl™) and erythroid (CD71* Ter119%)
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populations in the BM of Lp5YA, Lp5A*, and matched WT mice. Right graphs show
percentage of the indicated BM cells in WT (n = 3), Lrp5Y* (n=7), and Lro54A (n=7)
mice. GMP: granulocyte/monocyte progenitors, CMP: common myeloid progenitor, MEP:
megakaryocyte/erythroid progenitor.
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Fig. 4. Human L RP5 gain-of-function mutations do not activate -catenin signaling in circulating

osteoblasts

A) Flow analysis of peripheral blood circulating osteoblasts (defined as Lin™ CD34~
RunX2* OCN™ cells) in LRP5 HBM and age-matched control patients; left graph shows the
percentage of cells in each patient and right panel the mean and standard deviation of the
analyzed population; t-test p < 0.05 (*). B) Quantification of the non-phospho (active) -
catenin state in peripheral blood circulating osteoblasts. C) Patients table. Control n = 6;
HBM n = 4; OCN: osteocalcin; Osh: osteoblasts; p-cat: non-phospho (active) -catenin.

Biochim Biophys Acta. Author manuscript; available in PMC 2016 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Galan-Diez et al.

Reference

Page 20
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Age 68 60 55 13 | a0 35 21 40 26 51 21 66
WBC (x10%L)| 3.50-8.80 6.9 7.52 89 17 ' 5.8 7.9 7.1 8.45 6.22 1.3 5.63 4.19
HB (mmoliL) 7.3-95 95 9.1 7.8 85 86 86 8.3 7.8 7.7 10.1 9.1 8
PL (x10%/L) 120-400 176 254 242 | a01 222 280 | 234 | 292 359 2a7 | 266 | 237
LY (x10°L) 1.00-3.50 1.45 241 N.D. 38 255 2.29 N.D. 312 193 2,06 1.82 218
NE (x10°L) | 1.50-7.50 4.42 445 | ND. 6.9 2.55 4.58 N.D 4.57 3.77 8.04 3.37 1.64
MO (x10"L) | 0.20-0.80 0.9 043 | ND. 0.58 0.52 0.55 N.D 0.6 0.36 0.64 0.3 0.3
EO (x10%L) 0.04-0.5 0.14 0.18 | ND. 024 | 047 0.4 N.D. 0.13 0.12 0.43 0.09 0.06
BA (x10°/L) <0,20 0.07 0.03 N.D. 0.06 | 0.06 0.08 N.D 0.03 0.04 0.09 0.05 0.01

Fig. 5. HBM patients harboring the T253I activating mutation in L RP5 show no anemia and

normal hematopoiesis

Peripheral blood parameters in HBM (n = 12) LRP5T253I subjects compared to reference
range in healthy individuals.
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