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The bone marrow (BM) niche is an important milieu where hematopoietic stem and

progenitor cells (HSPCs) are maintained. Previous studies have indicated that genetic

mutations in various components of the niche can affect hematopoiesis and promote

hematologic abnormalities, but the impact of abnormal BM endothelial cells (BMECs),

a crucial niche component, on hematopoiesis remains incompletely understood. To dis-

sect how genetic alterations in BMECs could affect hematopoiesis, we have employed a

novel inducible Tie2-CreERT2 mouse model, with a tdTomato fluorescent reporter, to

introduce an oncogenic KRasG12D mutation specifically in the adult endothelial cells.

Tie2-CreERT2;KRasG12D mice had significantly more leukocytes and myeloid cells in

the blood with mostly normal BM HSPC populations and developed splenomegaly.

Genotyping polymerase chain reaction revealed KRasG12D activation in BMECs but not

hematopoietic cells, confirming that the phenotype is due to the aberrant BMECs.

Competitive transplant assays revealed that BM cells from the KRasG12D mice con-

tained significantly fewer functional hematopoietic stem cells, and immunofluorescence

imaging showed that the hematopoietic stem cells in the mutant mice were localized

farther away from BM vasculature and closer to the endosteal area. RNA sequencing

analyses found an inflammatory gene network, especially tumor necrosis factor a, as a

possible contributor. Together, our results implicate an abnormal endothelial niche in

compromising normal hematopoiesis. © 2019 ISEH – Society for Hematology and Stem

Cells. Published by Elsevier Inc. All rights reserved.
Germ line or acquired mutations in genes of the Rasopathy

pathway are often associated with hematologic abnormalities,

and patients that harbor such mutations are at an increased

risk of developing blood disorders [1]. In fact, in juvenile

myelomonocytic leukemia (JMML), Rasopathy mutations
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have been implicated in »85% of clinical cases, with a Ras

mutation being present in about 25% of all cases [2−6]. Muta-

tions in Kras, Nras, Nf1, and Ptpn11 can promote cellular

transformation and lead to the development of myeloprolifera-

tive disorders (MPDs) and/or myelodysplastic syndromes

(MDSs) [7,8] that affect hematopoietic cell output. A study

using the interferon-inducible Mx1-Cre mouse model to over-

express Ptpn11 in the hematopoietic stem and progenitor cells

(HSPCs) led to the development of a fatal MPD and anemia

[9]. Loss of heterozygosity in the Nf1 tumor suppressor gene

is associated with JMML. The transplantation of fetal Nf1−/−

HSPCs into recipient mice led to an MPD phenotype that
by Elsevier Inc. All rights reserved.
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mimicked human JMML, suggesting that such mutations can

be causal for the clonal expansion of aberrant HSPCs in

JMML [10]. Significantly, oncogenic KRasG12D expression

resulted in a lethal myeloproliferative disorder with 100%

penetrance [11]. These studies suggest that deregulated Ras

signaling can promote hematologic abnormalities [1].

HSPCs, which are responsible for hematopoietic cell pro-

duction, are maintained in a specialized bone marrow micro-

environment, the niche [12,13]. Anatomically and

functionally defined, the bone marrow niche constitutes a

home where HSPCs reside and their balance between self-

renewal and differentiation is governed by a host of cell

intrinsic and extrinsic factors [14−17]. The existence of sev-
eral niche components, including the osteoblastic [18,19] and

vascular cells [20], has been well documented. These niche

cells help maintain and regulate the hematopoietic landscape

within the bone marrow and in peripheral blood in a dynamic

fashion. Different models have been proposed regarding how

niche abnormalities may contribute to blood disease patho-

genesis [21]. Several groups have found that genetic muta-

tions in the BM niche cells can lead to the development of

myeloproliferative disorders. Mice without retinoic acid g or

with inactivated retinoblastoma protein in their hematopoietic

system developed MPD [22,23], whereas deletion of the

endonuclease Dicer1 in mesenchymal osteoprogenitors initi-

ated an MDS-like disease [24]. The activation of mutated

Ptpn11 in Nestin+ cells resulted in increased myeloid progen-

itors in the bone marrow and increased myeloid cells in the

blood [25]. These studies thus indicate that blood abnormali-

ties can be derived from niche anomalies. However, although

it is increasingly recognized that bone marrow endothelial

cells (BMECs) act as a major niche component required for

HSPC interaction [26−29], the functional and mechanistic

relationship between an abnormal endothelial niche and blood

pathogenesis remains unclear.

In this study, we crossed previously described inducible

Tie2Cre-ER mice [30] with mice bearing the conditional lox-

stop-lox KRasG12D mutation to specifically introduce a

KRasG12D mutation into adult endothelial cells. We also intro-

duced a fluorescent tdTomato reporter to track our genetic

mutation. We describe how such a mutation in the vascular

niche affects normal hematopoiesis. The mutant mice dis-

played splenomegaly and decreased HSC reconstitution

potential. Molecularly, we observed a surprising inflamma-

tory signature in the BMECs expressing KRasG12D. Our find-

ings demonstrate that an altered BM vascular niche can

change HSC function and imply that oncogenic KRas may

elicit an inflammatory response in the BMECs, contributing

to hematologic abnormalities.
Methods

Animals

All animal work was performed in accordance with the pro-

tocols approved by the Institutional Animal Care and Use
Committee at Cincinnati Children’s Hospital Medical Center.

To induce Cre expression, male and female mice at the adult

stage (6−10 weeks of age) were injected with tamoxifen

(Cayman Chemical 13258) for 4 consecutive days. More

details are available in the Supplementary Material (online

only, available at www.exphem.org

Cell preparation

BM cells were harvested from femurs, tibias, and iliac crests.

The bones and spleens were flushed and/or crushed and fil-

tered, and single-cell suspensions were made. For cell sort-

ing, the BMECs were flushed with Hank’s balanced salt

solution, 2% fetal bovine serum, and 2 mmol/L ethylenedi-

amine tetraacetic acid (EDTA).

Data availability

RNA sequencing data from the sorted CD31+ tdT+ BMECs

have been deposited to the National Center for Biotechnol-

ogy Information’s Gene Expression Omnibus (GSE137649).

Statistical analysis

Statistical analyses were performed using GraphPad Prism soft-

ware. Unless otherwise specified, unpaired Student’s t-test and a

normal analysis of variance were used. Data were expressed as

the mean § the standard error of the mean. A p value of <0.05
was considered statistically significant.

Additional methods are described in the Supplemental

Materials.

Results

KRasG12D expression in the murine bone marrow

microenvironment causes an MPD-like phenotype and

lethality

To determine the effect of an oncogenic gene mutation on the

hematopoietic system, we used an Mx1-Cre; KRasG12D

mouse model. The mutant mice showed a drastic increase in

total white blood cell counts (Supplementary Figure E1A,

online only, available at www.exphem.org). They had

increased neutrophil and monocyte counts (Supplementary

Figures E1B and E1C), but no change in lymphocyte counts

(Supplementary Figure E1D). Overall, they had more myeloid

cells, especially in the neutrophil population (Supplementary

Figures E1E and E1F), with a concurrent decrease in lympho-

cyte percentage (Supplementary Figure E1G). Blood smears

confirmed the presence of more leukocytes and polychroma-

sia cells (Supplementary Figures E1H and E1I). The mutant

mice also had reduced hemoglobin (Supplementary Figure

E1J) and platelets (Supplementary Figure E1K). These obser-

vations are consistent with previously published results of

KRasG12D expression in the broad hematologic compartments

leading to MPDs [31].

To examine the effect of KRasG12D expression in the BM

microenvironment on hematopoiesis, we transplanted whole

BM cells from syngeneic WT CD45.1 BoyJ cells into lethally

irradiated adult CD45.2 Mx1-Cre;KRasG12D (WT:KRas) or

Mx1-Cre;KRasWT (WT:WT) recipients (Figure 1A).

http://www.exphem.org
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Figure 1. Inducible KRasG12D expression in the BM microenvironment causes an MPD-like phenotype. (A) Five million whole BM cells from

WT mice were transplanted into lethally irradiated MxCre;KRasG12D or control mice. The recipients were injected with pIpC 1−2 weeks later

to induce KRasG12D activation. (B) Genotyping data reveal the presence of only WT allele in the mononuclear blood cells of WT:WT and WT:

Kras transplanted mice 5 weeks after transplantation. KRasG12D lane: Mononuclear cells from MxCre;KRasG12D mice prior to transplant; WT:

KRas lane: WT donor transplanted to a MxCre;KRasG12D recipient; WT:WT lane: WT donor transplanted into a WT recipient. (C) Survival

curve depicting the faster death of WT:KRas recipients. Complete blood counts by Hemavet (Drew Scientific) revealed an increase in the per-

centage of (D) neutrophils with concurrent decrease in (E) lymphocytes, as well as (F, G) anemia development and (H) decreased platelet

counts. n = 6−12. *p < 0.05. **p < 0.01. ***p < 0.001.
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Genotyping polymerase chain reaction (PCR) analysis of the

peripheral blood cells after poly(I:C) injection of KRasG12D

recipient mice revealed the absence of activated KRasG12D,

suggesting that the observed effect was due to KRasG12D

expression in the nonhematologic lineage microenvironment

(Figure 1B). A Kaplan−Meier log-rank test showed that WT:

KRas mice all died within 100 days after transplantation,

whereas all but one of the WT:WT recipients remained alive
at the end of the period (Figure 1C). Five weeks post-trans-

plantation, blood composition was found unchanged in the

WT:WT recipients, but the WT:KRas mice rapidly developed

a myeloproliferative phenotype, as evidenced by the increased

percentage of neutrophils in the blood (Figure 1D) and con-

current decrease in the percentage of lymphocytes

(Figure 1E). We also observed rapid anemia and thrombocy-

topenia onsets in the WT:KRas mice, as they had significantly

https://doi.org/10.1016/j.exphem.2019.10.003


6 C.L. Hochstetler et al. / Experimental Hematology 2019;79:3−15
lower counts of red blood cells (Figure 1F), hemoglobin

(Figure 1G), and platelets (Figure 1H). Thus, KRasG12D

expression in the BM microenvironment is sufficient to cause

an MPD-like phenotype and lethality.

An inducible, endothelial cell-specific KRasG12D-

expressing mouse model

The effects of genetic mutations in BM niche compo-

nents have been intensively studied recently, and it has

been shown that these mutations can induce hemato-

logic malignancies [24,25]. Endothelial-specific knock-

out of SCF or CXCR4 has also been reported to alter

the BM microenvironment for HSC maintenance

[32,33]. To investigate how a genetic mutation, such as

KRasG12D, when restricted in BMECs, may alter the

BM microenvironment and possibly affect hematopoie-

sis, we utilized a recently generated inducible Tie2-

CreERT2 mouse model allowing expression of genes

selectively in adult mice ECs. This mouse model is

highly efficient in response to tamoxifen injection to

express Cre activity only in the endothelial lineage, not

blood lineages [34]. Six- to ten-week-old adult Tie2-

CreERT2;KRasG12D mice, denoted as KRasG12D mice,

and control Tie2-CreERT2;KRasWT, denoted as WT

mice, were injected with TAM. This led to specific

activation of oncogenic KRas in endothelial cells

(Figure 2A). We tracked the tdTomato (tdT) fluorescent

reporter to confirm the specific activation of KRasG12D

in endothelial cells. Immunofluorescence staining

revealed that the fluorescent reporter was strictly con-

fined in the vasculature, which expressed endothelial

marker CD31 (Figure 2B−D), and co-localized with

the endothelial markers Ve-Cadherin, VEGFR2, and

DiI-Ac-LDL labeled BM sinusoids [35] (data not

shown). Immunofluorescence staining of flushed BM

showed similar vascular expression of the tdT marker

in WT and mutant mice (Figure 2E, F). FACS analysis

also showed no difference in the CD31+tdT+ cell fre-

quencies in WT and mutant bone marrow or spleen

(Figure 2G, H). To exclude the possibility that the

induced phenotype might be due to gene leakage in the

hematopoietic system, we seeded BM cells into M3434

Methocult medium and isolated the colonies 7−10 days

later. Genotyping PCR found activated KRasG12D allele

in the CD31+tdT+ endothelial cells but not in the

hematopoietic cells (Figure 2I−K). We thus utilized

this new mouse model to study the effect of the

KRasG12D mutation in BMECs on hematopoiesis.

Endothelial cell-specific KRasG12D expression leads to

leukocytosis and myeloid bias

Following TAM injection, retro-orbital bleeds were

performed monthly to assess blood composition. The

KRasG12D mice develop leukocytosis, as the absolute

counts of both myeloid and lymphoid cells increased
(Figure 3A−D). Fluorescence-activated cell sorting

(FACS) analysis revealed a myeloid versus lymphoid

cell bias as evidenced by an increase in the percentage

of myeloid cells (Figure 3E−G) and a decrease in the

percentage of lymphocytes (Figure 3H).

To further ensure the Tie2-CreERT2;KRasG12D

model limited KRasG12D expression in the endothelia,

we transplanted WT CD45.1 whole BM cells into

lethally irradiated CD45.2 KRasG12D (WT:KRas) or

KRasWT (WT:WT) recipients, and injected the recipient

mice with TAM after engraftment (Supplementary

Figure E2A, online only, available at www.exphem.

org). Similar to the native Tie2-CreERT2;KRasG12D

model, the KRasG12D recipients developed splenomeg-

aly (Supplementary Figure E2B). At 16 weeks post-

transplant, the WT:KRas mice had a significantly

higher percentage of myeloid cells, especially neutro-

phils, and a lower percentage of lymphoid cells (Sup-

plementary Figure E2C−F). Furthermore, the KRas:WT

recipients showed signs of anemia, as evidenced by a

lower hemoglobin count (Supplementary Figure E2G).

To determine the effects on blood composition in

KRasG12D mice, we performed FACS analysis to assess

the different progenitor compartments in the BM. Our

results indicated that most HSPCs appeared normal. There

were no major changes within the different LK (Lin−Sca
+cKit−) and LSK (Lin−Sca+cKit+) compartments

(Figure 4A, B). In addition, colony-forming assays

revealed that the BM of KRasG12D mice had slightly

increased colony-forming activity (Figure 4C). Pathologic

examination of the BM with hematoxylin and eosin

(H&E) revealed no major changes (Supplementary Figure

E3A, B, online only, available at www.exphem.org). These

results indicate that endothelia expression of KRasG12D

does not significantly affect HSPC populations and activi-

ties in the BM compartments.

On the other hand, the KRasG12D mice exhibited

clear splenomegaly (Figure 4D). Endothelial KRasG12D

expression altered the hematopoietic composition in the

spleen, as the spleens of mutant mice had an increased

percentage of myeloid cells (Supplementary Figure

E3C), especially neutrophils (Supplementary Figure

E3D), with a concurrent decrease in lymphoid cell per-

centage. However, there was no change in lymphoid

cell numbers (data not shown). FACS analysis further

showed significant expansion of the GMP population

(Figure 4E) and a small increase in the ST-HSC popu-

lation (Figure 4F). Colony-forming unit (CFU) assays

revealed that the KRasG12D spleens had greater colony-

forming activity as evidenced by a significantly

increased number of CFUs (Figure 4G). CFU activity

from the blood of KRasG12D mice was also signifi-

cantly increased (Supplementary Figure E3E), but it is

not clear whether GMP and ST-HSC populations are

responsible for the increased colony numbers. Gross

http://www.exphem.org
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Figure 2. Inducible expression of KRasG12D in the BM endothelial cells of the Tie2-CreERT2 mouse model. (A) Schematic representing the

model used. (B−D) Immunofluorescence staining to determine the expression of CD31 in tdT+ BM after tamoxifen induction. (B) CD31 stain-

ing. (C) tdT. (D) Overlay of CD31 and tdT. (E, F) Confocal microscopy detected no obvious change in the BM vasculature. (G, H) FACS anal-

ysis measuring CD31+ tdT+ cell frequency in the (G) BM and (H) spleen (n = 5) of the Tie2-CreERT2 mice. (I) Genotyping PCR found no

KRasG12D activation in hematopoietic cells assayed from colonies of whole bone marrow cells. (J, K) KRasG12D activation is shown in (J)

freshly sorted CD31+tdT+ lung endothelial cells and (K) sorted CD31+tdT+ BM endothelial cells.
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Figure 3. Endothelial KRasG12D expression leads to leukocytosis and myeloid bias. Complete blood counts revealed that KRasG12D mice had

higher counts of (A) leukocytes, (B) neutrophils, (C) monocytes, and (D) lymphocytes. FACS analysis of the blood also showed an increase in

the percentages of (E) total myeloid, (F) neutrophils, and (G) monocytes, with a concurrent decrease in (H) lymphocytes. n ≥ 5. *p < 0.05.

**p < 0.01.
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Figure 4. Endothelial KRasG12D expression does not significantly alter the HSPCs in the BM but promotes extramedullary hematopoiesis. FACS

analysis of the BM progenitor cells revealed no major change in the (A) LK or (B) LSK compartments. (C) Colonies were scored 7−10 days

after total bone marrow cells were plated in Methocult. n ≥ 10. (D) KRasG12D mice had enlarged spleens (n = 3 or 4). FACS analysis of spleen

progenitor cells revealed (E) expansion of the GMP compartment and (F) a small increase in the ST-HSC compartments. (G) Colonies were

scored 7−10 days after spleen cells were plated in Methocult. KRasG12D mice had increased colony-forming potential. n ≥ 10. *p < 0.05. **p

< 0.01.
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examination of the spleen with H&E revealed a slight

disruption of the splenic architecture with a modest

broadening of the white pulp regions (Supplementary

Figure E3F, G). These results suggest that endothelial

KRasG12D expression alters extramedullary hematopoie-

sis in the spleen, which may contribute to the observed

myeloid bias and leukocytosis phenotypes.

Endothelial KRasG12D reduces HSC function and alters

their BM vascular localization

To determine if there were functional consequences of

HSCs residing in an abnormal BM vascular niche, we

performed a competitive transplantation experiment fol-

lowed by a secondary transplantation. At 13 weeks

post-TAM injection, we transplanted 2.5 million whole

BM cells from pooled CD45.2 KRasG12D (KRas:WT)

or KRasWT (WT:WT) mice, along with 2.5 million host

supportive cells, into lethally irradiated CD45.1 synge-

neic BoyJ primary recipients (Figure 5A). These mice

were then bled monthly to assess donor chimerism.

FACS analysis revealed that the KRas:WT mice had

significantly less overall CD45.2% donor chimerism

(Figure 5B) and in all blood lineages analyzed

(Figure 5C, D). To analyze the functionality of the

HSCs, 5 months after the primary transplantation, the

BM cells from the recipients were transplanted into

lethally irradiated CD45.1 secondary recipients. FACS

analysis revealed an effect similar to that in the pri-

mary transplant recipients: 5 months post-transplant,

the KRas:WT recipients had significantly reduced over-

all donor chimerism (Figure 5E) and in all blood line-

ages analyzed (Figure 5F, G).

To determine if the observed phenotypic and func-

tional abnormality of the HSCs is reflected in their BM

niche localization, we examined the endogenous HSCs

by immunofluorescence in the native bones harvested

13 weeks post-TAM injections. The HSCs in mutant

mice were seen localized more distal to the blood ves-

sels (Figure 6A−D). Quantification revealed that the

HSCs of mutant mice were located closer to the endos-

teal area (Figure 6E) but were significantly further

away from the vasculature (Figure 6F).

KRasG12D-expressing BM endothelial cells gain an

inflammatory signature

As a change in the BM endothelial niche may alter the

microenvironment in which HSCs reside, we asked how

the BMECs have modified the immediate niche compo-

nents that may affect the hematopoietic landscape. Thirteen

weeks post-TAM injection, WT and mutant mice were

euthanized and their BM cells harvested. RNA was

obtained from CD31+tdT+ sorted cells and RNA-sequenc-

ing (RNA-seq) was performed. The genes were grouped,

and differentially expressed pathways were obtained using

EGSEA [36] (Figure 7A). Gene set enrichment analysis
(GSEA) revealed a list of the differentially expressed genes

(Figure 7B). The enrichment plots showed that the cyto-

kine−cytokine receptor interaction pathway and the TNFa

signaling pathways were among the most significantly

enriched (Figure 7C−E). To further validate these results,

CD31+tdT+ cells in the BM were analyzed by FACS and

Western blotting for the tumor necrosis factor a (TNFa)

level. The KRasG12D mice contained significantly higher

TNFa protein in their BMECs (Figure 7F, G). Interest-

ingly, p-ERK and p-AKT levels in the isolated KRasG12D-

expressing BMECs did not exhibit significant differences

from those of the WT samples (Figure 7H), suggesting the

growth-promoting MAPK pathway was not altered in the

BMECs. Consistently, the mutant BM vasculatures

appeared normal compared with that of WT mice

(Figure 2E, F), indicating that even under the influence of

a strong genetic mutation such as KRasG12D, the BM vas-

culatures strive to retain normal angiogenic activity.
Discussion

HSCs are maintained in a tightly regulated BM niche that

contains balanced secreted signals such as cytokines and

chemokines. The secretory signals can be modulated by a

change in the niche components. Multiple studies using the

interferon-inducible Mx1-Cre model have found that an

oncogenic KRas mutation in the hematopoietic system

could lead to leukocytosis and a phenotype that is reminis-

cent of MPDs/MDSs [11,37]. To interrogate the contribu-

tions of the BM niche components, mutations were

introduced into cells of the osteoblastic lineage [18,24] and

mesenchymal stroma cells [25,38]. These studies found

that oncogenic mutations such as Dicer and Shp2 in these

niche cell types are sufficient to cause hematologic malig-

nancies. In our study, WT mouse BM transplantation into

Mx1-Cre;KRasG12D mice caused increased myeloid cell

bias with a decrease in lymphoid cells. Consistent with

what has previously been reported by Staffas et al. [31],

our Mx1-Cre;KRasG12D recipient mice with WT blood

cells had significantly less hemoglobin and platelets, and

developed MPD/MDS-like syndromes that led to lethality.

As germ-line and acquired mutations of the Rasopathy

pathway have previously been linked with diverse blood

disorders [39,40], we seek to understand how an initiating

oncogenic KRasG12D mutation in the BMECs alone may

affect the normal hematopoietic process. An aberrant BM

vascular niche expressing genetic mutations such as

KRasG12D led to increased leukocytosis with a myeloid

versus lymphoid differentiation bias, which is reminiscent

of MPD/MPN. At later time points of our model, this phe-

notype was even more pronounced, and the mice also

developed anemia (data not shown). However, we did not

observe a transformation to leukemia, suggesting that a hit

such as KRasG12D in the bone marrow endothelial microen-

vironment is not enough for full transformation.

https://doi.org/10.1016/j.exphem.2019.10.003


Figure 5. Endothelial KRasG12D expression reduces HSC function. (A) Schematic for competitive transplant model. Two and one-half million

whole BM cells were transplanted from pooled KRasG12D or WT CD45.2 donors injected with TAM into lethally irradiated syngeneic BoyJ

recipients. Two and one-half million CD45.1 cells were also used as competitor cells. Five months later, 3 million cells from pooled donors

were transplanted to lethally irradiated syngeneic BoyJ recipients in a noncompetitive setting. Compared with WT:WT, primary KM:WT recipi-

ents had (B) significantly overall lower CD45.2% donor chimerism and in all blood lineages analyzed, namely, (C) Mac1+Gr1+ and (D) B220.

Compared with WT:WT, secondary KM:WT recipients had (E) significantly overall lower CD45.2% donor chimerism and in all blood lineages

analyzed, namely, (F) Mac1+Gr1+ and (G) B220. n = 5−7. *p < 0.05. **p < 0.01. ***p < 0.001.
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Recent studies have demonstrated that HSCs and

progenitors mostly reside close to the BM vasculature,

specifically in the perisinusoidal niche [41], which are

the exclusive sites for HSPC migration from the BM
[42]. Our HSC/BMEC co-imaging data revealed that

HSCs of KRasG12D mice were located further from the

vasculature but closer to the endosteum. Such a loca-

tion may explain the observed reduction in HSC

https://doi.org/10.1016/j.exphem.2019.10.003


Figure 6. Endothelial KRasG12D alters HSC localization in the BM. (A−D) Immunostaining revealed that the mice expressing endothelial

KRasG12D had fewer long-term stem cells closer to blood vessels. Quantification showed that in mice expressing endothelial KRasG12D, the

HSCs (indicated by the yellow arrowheads) were located slightly closer to the (E) endosteal area, but significantly further away from the (F)

vasculature. **p < 0.01.
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function of the mutant mice. The observed splenomeg-

aly phenotype in the mutant mice could be a result of

more egress of immature HSPCs into the circulation,

and it is likely that the altered spleen contributed to

the increased leukocytosis.

Interestingly, under homeostatic conditions, while

the KRasG12D-expressing BM vasculature appeared nor-

mal in morphology and the BMECs did not bear detect-

able change in canonical MAPK signaling, our RNA
sequencing analysis revealed that multiple gene expres-

sion changes in the KRasG12D-expressing BMECs

occur, with a significant increase in the inflammatory

signatures, especially in the TNFa pathway. The cyto-

kine−cytokine receptor interaction network was also

significantly enriched. We speculate that the increased

TNFa secretion from the mutant BMECs and the

resulting inflammatory microenvironment are factors

contributing to the hematopoiesis change observed in

https://doi.org/10.1016/j.exphem.2019.10.003


Figure 7. KRasG12D BM endothelial cells contain increased inflammatory signatures. BMECs were sorted on the basis of CD31+tdT+ signals.

(A) After sequencing, differentially expressed pathways were determined with EGSEA. n = 4. (B) By use of GSEA software, the most differen-

tially expressed genes were made into a heat map. (C, D) Enrichment plots were then generated. (E) Heat map revealing the differentially

expressed genes within the TNFa pathway. BM cells were harvested, and by use of FACS, CD31+tdT+ cells were assessed for TNFa levels by

(F) flow cytometry (n = 5) and (G) Western blot. (H) Phospho-ERK and phospho-AKT levels were also assessed. *p < 0.05.
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the mutant mice. Walkley et al. [22] formerly showed

that myeloid proliferation derived from a microenviron-

ment-induced defect was partially caused by a signifi-

cant increase in TNFa expression. However, similar to

their case, we did not observe any significant increase

in other cytokines typically linked with inflammation

(data not shown). A more recent study by Zhou et al.

[43] showed that, in a Fanconi anemia model, WT

bone marrow transplantation into Fancc−/−;Fancg−/−

double knockout mice resulted in significantly

decreased colony-forming potential of BM cells, but a

marked increase in the myeloid cells and their associ-

ated progenitors in a co-culture model. This phenotype

was accompanied by a significant increase in TNFa

concentration measured from the supernatant of their

mesenchymal stem progenitor cells and adipocytes.

This suggests that TNFa can contribute to the expan-

sion of myeloid cells. Although the increase in TNFa

may partially underlie the BM transplant results that

showed a reduced long-term reconstitution capability

of the HSCs, it is likely that additional factors in the

altered BMEC microenvironment also play important

roles as the inflammatory gene changes were more pro-

found. To this end, our results are also consistent with

other reports that TNFa had inhibitory effects on

hematopoiesis and HSPC exposure to extraneous TNFa

pre-transplant impaired HSPC reconstitution capability

[44,45].

Previous clinical studies have revealed that abnormal

niche components can promote blood disorders. Ver-

stovsek et al. [46] found that the bone marrows of

patients with primary myelofibrosis (MF) have a large

number of abnormal neoplastic fibrocytes, and trans-

plantation of these BM cells into immunodeficient mice

caused the recipient mice to develop a phenotype that

resembles MF. Furthermore, a study looking at splenic

vascular endothelial cells (SVECs) in MF patients

reported that those SVECs may contribute to the

expansion of MF CD34+ cells [47]. Additionally, when

BM samples were collected from patients with aplastic

anemia, researchers found that the BM mesenchymal

cells from the patients had an abnormal morphology

and appeared “ragged” [48]. These studies thus

strongly support the concept that an abnormality in the

niche can trigger changes in hematopoiesis.

Taken together, our data provide direct evidence that an

alteration in BMECs can abrogate normal hematopoiesis,

affecting HSC function and myeloid versus lymphoid line-

age balance. As some Ras pathway inhibitors have shown

promising results in animal models, our studies suggest

that BMECs affected by genetic mutations can be thera-

peutic targets. Significantly, oncogenic mutations in

BMECs may promote an inflammatory surrounding that

contributes to blood pathogenesis.
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Generation of Tie2-CreERT2;KRasG12D;tdT Transgenic

Mouse Lines. To generate an endothelial-specific inducible

Cre line, previously described Tie2-CreERT2 mice were

crossed with mice bearing the LSL-KRasG12D mutation and

the Rosa26-tdTomato transgene. Both the LSK-KRasG12D and

the Rosa26-tdTomato mice were obtained from Jackson lab.

Tamoxifen was injected into Tie2CreERT2;tdTomato mice

once/day for 3-5 days (Cayman Chemical 13258).

Histopathology. Mouse bones and spleens were fixed in 10%

neutral buffered formalin, washed with PBS, and dehydrated

in 70% ethanol. Paraffin embedding, microtomy, and staining

with hematoxylin and eosin were performed by the Research

Pathology Core at Cincinnati Children’s Hospital Medical

Center.

Colony-Forming Assays. Blood (100uL) or cells from bone

marrow (2£ 104 cells) and spleen (2£ 105 cells) were isolated

and then seeded in triplicates per 1mL of Methocult medium

(M3434, StemCell Technologies) in a humidified 37˚C, 5% carbon

dioxide incubator. Colony-forming units were scored 7-10 days

later using an inverted microscope.

Flow Cytometry and Cell Sorting. Multiparameter flow

cytometry analysis was performed. Cells were first blocked with

mouse BD Fc blockTM. Lineage markers CD45 (30-F11), Mac1

(M1/70), Gr1 (RB6-8C5), B220 (RA3-6B2), and CD3 (17A2)

were used. For HSPC analysis, the following markers were used:

Lineage-streptavidin, Sca-1 (D7), CD117 (2B8), CD135

(A2F10), and FC g R III/II (93) were used. Data were collected

on LSR II. The gating was done after the exclusion of dead cells,

doublets, and debris. Cell sorting was done on the basis of CD31

+ (MEC13.3) tdT+ using a FACS Aria cytometer. Antibodies

were purchased mostly from Biolegend, with some from BD Bio-

sciences or e-Bioscience.
Immunofluorescence Staining. Bone marrows were flushed

from hind leg bones. They were then fixed in 4% paraformalde-

hyde, washed, permeabilized with 0.1% of Triton-X, washed fur-

ther, and incubated with blocking buffer for at least 2 hours.

Incubation with primary antibodies was done overnight at 4˚C.

The marrows were washed and incubated with the secondary anti-

bodies, washed again, and then mounted with Prolong Diamond

Antifade mountant (Thermofisher P36965). Images were acquired

using a confocal microscope (Nikon).

For the localization studies, heart perfusion was performed

with 4% paraformaldehyde and the bones were then harvested

and fixed. Bones were embedded in optimum cutting temperature
compound (Sakura� Finetek 4583) and snap frozen in liquid

nitrogen. After sectioning, the bones were purified by melting the

compound. The bones were briefly fixed again, permeabilized,

and then incubated with primary antibodies for 1-3 days at 4˚C.

Secondary antibodies were added. The bone tissues were

mounted in an antifade reagent. Images were then using a Zeiss

or Leica confocal microscope. Data were analyzed using the

Volocity image analysis software.

Transplantation. For our BoyJ CD45.1 donor cell transplan-

tation into MxCre;KRasG12D or control mice, 3 million donor

cells from pooled donors were transplanted into lethally irra-

diated 6-10 weeks old adult recipient mice. To ensure Cre

expression, the recipient mice were injected intraperitoneally

with polyinosinic-polycytidylic acid (GE Healthcare Life Sci-

ences 27473201) at a dose of 10mL/g of body weight 1-2

weeks post transplant every other day for 2 doses.

For our competitive transplant experiment, 2.5 million

CD45.2 donor cells obtained from the bone marrow were

transplanted alongside an equal number of host competitor

cells (CD45.1) from at least 3 pooled donors into lethally

irradiated mice by tail vein injections for competitive trans-

plant. For secondary non-competitive transplant, 3 million

cells from at least 2 pooled donors were transplanted into

lethally irradiated recipients. Retro-orbital bleeds were per-

formed monthly to assess for donor chimerism.

Immunoblotting. For immunoblots, cell lysates were made

from sorted CD31+ tdT+ cells. The protein separation was

done on a 4-15% polyacrylamide gel (Biorad) and the pro-

teins were transferred to a PVDF membrane. Primary anti-

body incubation was done overnight. Secondary antibody

incubation was done the next day and the protein bands were

imaged using a Biorad ChemiDoc imager.

RNA Sequencing. CD31+ tdT+ cells were sorted directly into

Qiazol (Qiagen). RNA was then isolated from the flow cytometry

sorted cell populations using the Qiagen RNeasy Mini Kit, per the

manufacturer’s instructions. The RNA quality was determined using

an Agilent Bioanalyzer. All samples used had an RNA integrity num-

ber (RIN) ≥ 9.30. 75bp paired-end reads were sequenced using Illu-

mina Hiseq2500, and aligned to the mouse mm9 genome with

TopHat. Differential gene expression was analyzed using the Cuf-

flinks pipeline49. Gene set enrichment analysis was achieved using

the EGSEA36, and GSEA software50.
Supplementary references
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50. Subramanian A, Tamayo P, Mootha VK, et al. Gene set enrichment

analysis: a knowledge-based approach for interpreting genome-wide

expression profiles. Proc Natl Acad Sci USA. 2005;102:15545-15550.

https://doi.org/10.1016/j.exphem.2019.10.003


Supplementary Figure E1. KRasG12D expression in the Mx1-cre driven mice leads to a MPD-like phenotype. MxCre;KRasG12D or MxCre;

KRasWT mice were bled at 8 weeks of age. Complete blood counts were performed. (A) Total WBC counts, (B) Neutrophil counts, (C) Mono-

cyte counts, (D) Lymphocyte counts. The mutant mice had significantly more (E) neutrophils, and (F) monocytes, and significantly (G) less

lymphocytes. H&E staining showed (H-I) more leukocytes and polychromasia cells (indicated by the red arrowhead) in the blood. The MxCre;

KRasG12D mice had less (J) hemoglobin, and significantly less (K) platelet counts. n=3-5. *p<0.05, **p<0.01, and ***p<0.001.
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Supplementary Figure E2. Endothelial expression of KRasG12D causes splenomegaly and a myeloid bias in a transplant setting. (A) Sche-

matic of the transplant model. 3 million cells from CD45.1 BoyJ mice were transplanted into lethally irradiated Tie2Cre-ER;KRasG12D mice

(WT:KM) or Tie2Cre-ER;KRasWT (WT:WT). The recipient mice were injected with Tamoxifen on 4 consecutive days 2 weeks after transplant.

(B) The WT:KRas mice had enlarged spleens. At 16 weeks post transplant, they had (C) increased myeloid cell percentage, with a significant

increase in the (D) neutrophil population, and no change in the (E) monocyte population. The mutant mice also had less (F) lymphoid cells and

less (G) hemoglobin. n=6. *p<0.05.
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Supplementary Figure E3. Endothelial KRasG12D expression does not significantly alter the BM but promotes extramedullary hematopoi-

esis. (A-B) H&E staining showed no major difference in the bone marrow. (C-D) FACS analysis at 13 weeks after TAM injections showed (C) a

decrease in lymphoid cells and an increase in myeloid cells, especially in (D) neutrophils. n=3-4. (E) Colonies were scored 7-10 days after

blood cells were plated in Methocult. KRasG12D mice had an increased colony forming potential (n≥10). (F-G) H&E staining showed a minor

difference in the spleen. *p<0.05, **p<0.01.
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