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biomedical version of “it takes two to tango”
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The role of stem cells in normal and neoplastic hematopoiesis is well established. How-

ever, neither normal nor neoplastic hematopoietic stem cells (HSCs) develop in isola-

tion and accumulating evidence indicates that a critical developmental role is played

by the perivascular “niche.” The cellular, humoral, and cell surface contacts that pro-

vide the proper environment for HSC survival, proliferation, and differentiation are

becoming increasingly better understood. A number of studies have established that

endothelial cells (ECs), several types of perivascular stromal cells, and megakaryocytes

(MKs) provide several cell surface and secreted molecules required for HSC develop-

ment. Accumulating evidence also indicates that the normal stem cell niche is altered

in patients with hematological neoplasms and that the “neoplastic niche” plays an

important role in promoting malignant and suppressing normal blood cell development

in such patients. To explore this concept in the myeloproliferative neoplasms (MPNs),

we employed a murine model to determine the effects of Jak2V617F, an oncogene found

in a majority of such patients, in marrow ECs and MKs and their effect on promoting

neoplastic and suppressing normal hematopoiesis. We found that Jak2V617F has pro-

found effects on both cell types, which together are critical for the growth advantage

and radioresistance shown by Jak2V617F-bearing HSCs. Such findings should provide

new approaches to the treatment of patients with MPNs. © 2018 ISEH – Society for

Hematology and Stem Cells. Published by Elsevier Inc. All rights reserved.
Each day, the adult human produces approximately

5£ 1011 blood cells, a number that can increase 10- to

20-fold in times of heightened demand. This remark-

ably prolific and adaptable system arises from a rela-

tively small pool of hematopoietic stem cells (HSCs),

rare marrow cells that have the capacity, not only to

proliferate and differentiate into multiple distinct types

of blood cells, but also to self-renew and repopulate all

of hematopoiesis. Although there remains some contro-

versy over the precise pathway that any given stem

cell takes to become one or more of the mature types

of blood cells, there is little doubt that the cells require

the proper environment (the hematopoietic vascular

niche) to perform these functions and, should a single

HSC acquire one of a variety of somatic mutations, it

can ultimately give rise to a hematological malignancy.
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As an illustrative example, this review will focus on

the myeloproliferative neoplasms (MPNs) polycythemia

vera (PV), essential thrombocythemia (ET), and pri-

mary myelofibrosis (PMF), three disorders in which an

activating Jak2 kinase mutation, Jak2V617F, plays a

critical, pathogenetic role in from 50−100% of patients

with these disorders. It is the central theme of this

review that Jak2V617F affects both stem cells and vas-

cular cells. At the risk of providing the punch line

before the story, evidence is presented that the devel-

opment of MPNs requires both an abnormal, mutation-

bearing HSC and an abnormal, mutation-bearing stem

cell niche.

Much has been written about the hematopoietic

niche. Stem cell niches were first postulated to exist in

the 1970s based on the discovery of clonal (i.e., single-

cell derived) splenic colonies of multiple cell types

upon transplantation of marrow cells into lethally irra-

diated mice [1]. Studies 35−40 years later suggested

that there were two anatomically defined stem cell
by Elsevier Inc. All rights reserved.
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niches, the periosteal niche adjacent to bony trabeculae

of the marrow and the vascular niche adjacent to the

capillary endothelial cells of marrow sinusoids [2].

Most current evidence favors the latter site as critical,

and much literature focuses on the contributions of

three distinct cell types to the stem cell niche, endothe-

lial cell (ECs), and perivascular stromal cells, some of

which express nestin and leptin receptors [2]. Evidence

indicates that marrow megakaryocytes (MKs) must be

added to this cadre of nurturing niche cells. One such

line of evidence comes from a seemingly simple, con-

trol experiment.

Murine model of a myeloproliferative neoplasm

Several investigators have created murine models of

myeloproliferative neoplasms (MPNs) by introducing a

transgene for Jak2V617F into the germline and then

activating the mutation with a specific Cre recombi-

nase. Based on work in the Skoda laboratory, we

employed a murine model of MPN possessing an acti-

vatable Jak2V617F transgene (FF1) [3] and two Cre

recombinases: Tie2 Cre, which is expressed in HSCs

and ECs [4] and when crossed to FF1 mice was

expected to create a robust MPN, and platelet factor 4

(PF4) Cre, which is expressed exclusively in MKs and

platelets [5] and expected to produce, at most, modest

thrombocytosis, serving as a control. Although the

transgene present in the FF1 mouse contains nine cop-

ies of the human Jak2V617F cassette, in our study, the

level of human Jak2V617F expressed in murine hemato-

poietic cells is only a fraction of the level of their

endogenous, wild-type (WT) murine Jak2.

As predicted, driving Jak2V617F expression in HSCs

and ECs produced a robust MPN, with peripheral blood

neutrophilia and thrombocytosis, massive splenomegaly,

and HSC expansion. When Jak2V617F expression was

restricted to MKs, modest thrombocytosis ensued, with

platelet counts approximately twofold, marrow CD41+

cells threefold, and MK colony-forming cells twofold nor-

mal levels [6]. What was unexpected was the myeloprolif-

erative effect of Jak2V617F-expressing MKs. Granulocyte

−macrophage and erythroid progenitor cells (CFU-GM

and BFU-E, respectively) were each elevated twofold and

the number of CD45+/CD201+/CD150+/CD48¡ (E-SLAM

positive) marrow cells, a population of cells highly

enriched in HSCs, threefold that seen in the marrow of

PF4Cre control mice. When an equal mixture of PF4Cre/

FF1 or PF4Cre (CD45.2) marrow cells were transplanted

together with CD45.1 WT competitor marrow cells into

lethally irradiated, normal recipient mice, the number of

blood cells derived from the PF4Cre/FF1 donor was three-

fold higher than blood cells derived from the control,

proving a threefold increase in functional HSCs in mice

expressing Jak2V617F restricted to MKs. Rigorous,

extremely sensitive reverse transcription polymerase chain
reaction (PCR) assays eliminated the possibility that HSCs

in PF4Cre/FF1 mice express the mutant kinase. Together

with the studies of others using alternate experimental

strategies [7,8], as well as the perivascular location of

many marrow MKs, the MK is now an established compo-

nent of the HSC niche.

Fifty-four years before the identification of Jak2V617F,

William Dameshek postulated that three MPNs—PV, ET,

and PMF—were pathogenetically related [9]. In 1974, Jeff

Prchal identified that marrow cells from patients with PV

could form erythroid cells in cultures without the addition

of exogenous growth-promoting factors [10]. Until that

time, a myriad of blood cell types could be grown in tis-

sue culture, but only upon the addition of growth factors

derived from certain tissue-culture-conditioned medium or

spleen-conditioned medium or, later, with purified erythro-

poietin or other hematopoietic growth factors. Such

“endogenous erythroid colonies” (EECs) were pathogno-

monic of PV and, later, the same phenomenon was shown

to be true for marrow and blood cells from patients with

ET and PMF [11,12]. Hypersensitivity to growth factors,

or autocrine growth, was postulated to account for the

finding of EECs and the presence of EECs was considered

definitive evidence of an MPN.

Another major milestone in the pathogenesis of

MPNs (and another hematological conundrum, thrombo-

poiesis) came in 1992, when Vigon et al. [13] reported

that the cellular proto-oncogene related to the murine

myeloproliferative leukemia virus (MPLV) had all of

the hallmarks of a hematopoietic growth factor recep-

tor. Because there was no obvious corresponding

ligand, c-Mpl was termed an orphan cytokine receptor.

Two years later, several groups nearly simultaneously

reported that the c-Mpl ligand was the long sought after

stimulator of platelet production, thrombopoietin (TPO)

[14,15]. Subsequent studies by us and others, as well as

both murine knock-out and human studies, established

that the c-Mpl/TPO receptor/cytokine system was criti-

cal for HSC survival and expansion [16,17]. The first

link between c-Mpl and MPNs came in 1996, when Li

et al. [18] reported that antisense oligonucleotide-medi-

ated knock-down of c-Mpl expression in marrow cells

from patients with MPNs reduced endogenous colony

formation. Together with the presence of c-Mpl on

HSCs [17], this finding led us, and eventually others, to

suggest that c-Mpl was necessary for the formation of

MPNs [19].

Jak2V617F signaling kinase

Postulations regarding the pathogenetic relatedness of

the various MPNs, first suggested in 1951 by Dameshek

[9], were definitively established in 2005 with the find-

ing of the presence of the constitutively active mutant

kinase Jak2V617F in virtually all patients with PV and

about half of patients with ET and PMF [20−22]. This
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finding potentially called into question a role for c-Mpl

in the MPNs because introduction of a Jak2V617F-bear-

ing transgene in marrow cells produced polycythemia in

mice [20]. However, because all members of the Jak

family of signaling kinases act by binding to the cyto-

plasmic domain of one or more cytokine receptors such

as c-Mpl, and because c-Mpl is expressed in the cell of

origin of all MPNs, the HSC, it remained possible that

c-Mpl served as the vital scaffold upon which

Jak2V617F acts. To test this hypothesis, as noted previ-

ously (Murine Model of a Myeloproliferative Neo-

plasm), a murine model of MPN was generated by

crossing Jak2V617F FF mice with mice bearing a Tie2-

Cre, in which the recombinase is expressed in both

HSCs and ECs [23]. The rationale for including EC

expression in our murine model of MPNs was based on

findings from Sozer et al. [24], later corroborated and

expanded by Rosti and colleagues [25], that Jak2V617F

is expressed in several types of endothelium of patients

with MPNs. As predicted, introduction of Jak2V617F

into HSCs and ECs produced a robust MPN character-

ized by profound thrombocytosis and neutrophilia,

splenomegaly, and marrow with greatly expanded num-

bers of MKs, erythroid and leukocyte progenitors, and

transplantable HSCs. These mice eventually developed

myelosclerosis at about age 8−12 months. We then

eliminated the expression of c-Mpl in these mice

through extensive back-crossing. All signs of disease

were eliminated, and the marrow and blood resembled

that seen in c-Mpl-null mice [26]. Others have reported

a similar dependence of MPN on c-Mpl through alter-

nate experimental approaches (e.g., in PMF) [27].
Central role of c-Mpl in Jak2V617F-induced and

other MPNs
As noted, the presence of Jak2V617F accounts for

approximately 75% of all patients with an MPN. What

of the remainder? Since the discovery of Jak2V617F,

several additional mutations have been identified in

“Jak2V617F-negative” patients with an MPN. Approxi-

mately 5−10% of these patients have a mutation in

c-Mpl, some have an alternate activating mutation in

Jak2 in a different exon, also likely working through

c-Mpl, but the most common Jak2V617F-negative

MPN mutation, first reported in 2013, is in the C-ter-

minus of the calreticulin (CALR) gene [28]. Although

there are numerous reported mutations, all are in the

final coding exon of the gene and all are predicted

to eliminate the C-terminus endoplasmic reticulum

anchor sequence, thereby releasing the truncated gene

product to interact with other cellular proteins. Sev-

eral investigators have now shown that the pathogene-

sis of CALR-mutation-induced MPNs is dependent on

its interaction with c-Mpl [29]. Therefore, it takes two
(i.e., either Jak2V617F or CALR, along with c-Mpl) to

“tango” (i.e., develop an MPN).

Role of endothelial cell Jak2V617F in MPNs
The second example of “taking two to tango” comes from

our Tie2Cre/Jak2V617F model of MPN. As noted previ-

ously, ECs make up a critical part of the HSC niche and

ECs in patients with Jak2V617F-bearing MPNs express the

mutant kinase in their ECs [24,25]. Therefore, one of the

hypotheses that we hoped to address in our Tie2/

Jak2V617F MPN is whether the niche is an important part

of a Jak2V617F-induced MPN.

The concept that the HSC niche is altered in hema-

tological malignancies was developed in the late

1990s, when marrow vascular density was found to be

greatly increased in patients with hematological malig-

nancies [30,31]. Subsequent studies demonstrated that

genetic changes in the niche can initiate and propagate

hematopoietic malignancies and, conversely, malignant

cells from both animal models and humans with leuke-

mia alter niche cell functions to reinforce hematopoi-

etic-cell-based diseases. In fact, remodeling of the BM

microenvironment has emerged as an important event

in the development of blood malignancies and is

involved in controlling the maintenance and activity of

disease-initiating leukemic stem cells and their progeny

[32].

Myeloproliferation is dependent on Jak2V617F

expression in both HSCs and ECs

To test the effect of Jak2V617F-bearing ECs on normal

and Jak2V617F-bearing HSCs, we conducted both in

vitro (tissue culture) and in vivo (mixed transplanta-

tions) experiments. WT or JAK2V617F marrow line-

age-negative/c-Kit positive (Lin¡/cKit+) cells were

cultured on a monolayer of normal or JAK2V617F

ECs; no difference between WT and JAK2V617F

Lin−/Kit+ cell proliferation was noted when co-cul-

tured on WT ECs. In contrast, JAK2V617F Lin¡/cKit+

displayed a relative growth advantage over the corre-

sponding WT Lin¡/cKit+ cells when co-cultured on

JAK2V617F-bearing ECs [33].

To test for a competitive growth advantage in vivo, we

performed competitive marrow transplantation experi-

ments. Donor marrow cells from CD45.2 Tie2+/FF1+ mice

were injected intravenously together with an equal number

of CD45.1 WT marrow cells into either lethally irradiated

CD45.2 Tie2+/FF1+ mice (i.e., ECs were Jak2V617F-posi-

tive) or CD45.2 WT (i.e., ECs were Jak2 WT) recipients.

During a 4-month follow up, Tie2+/FF1+ recipients dis-

played a twofold greater level of peripheral blood

JAK2V617F-bearing cells than WT cells, whereas WT

recipients displayed an equal number of JAK2V617F

and WT blood cells. Moreover, JAK2V617F recipients

developed an MPN phenotype with neutrophilia,

https://doi.org/10.1016/j.exphem.2018.12.004
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thrombocytosis, and moderate splenomegaly [34]. In con-

trast, no apparent disease developed in the WT recipients

of a mixture of the mutant and WT donor cells. Consistent

with these results, quantitative evaluation of the marrow 4

months after transplantation revealed significant increases

in JAK2V617F mutant-bearing CD150+CD48¡ cells, a pop-

ulation of cells highly enriched in HSCs (»20% display

long-term repopulating capacity), in Tie2+/FF1+ recipients

compared with WT recipients. Therefore, the JAK2V617F-

bearing vascular niche promoted the expansion of

JAK2V617F HSCs but not WT cells.

Jak2V617F expression in the niche leads to HSC

radioresistance

Relapse following myeloablative, radiation-based transplan-

tation of patients with MPNs is a common occurrence. We

hypothesized that this relative radioresistance of MPNs

could be due to the JAK2V617F-bearing vascular niche. To

investigate the effects of the JAK2V617F-bearing vascular

niche on the response of HSCs to irradiation, we trans-

planted CD45.1 WT marrow cells directly into lethally irra-

diated (950 cGy, a dose that we have found virtually always

results in full donor engraftment) CD45.2 Tie2+/FF1+ mice

or CD45.2 WT recipients. During a 3-month follow up,

whereas all WT recipients displayed full donor (CD45.1)

engraftment, »60% of recipients with a JAK2V617F-bearing

vascular niche displayed mixed donor/recipient chimerism

10 weeks after irradiation. Therefore, resident JAK2V617F-

bearing HSCs were relatively protected in the JAK2V617F-

bearing vascular niche compared with a WT vascular niche

from an otherwise lethal dose of irradiation administered

during marrow cell transplantation. Because this result could

have been due to relative radioresistance of the JAK2V617F-

bearing HSCs or to an effect of the JAK2V617F-bearing vas-

cular niche on HSCs, we next tested posttransplantation WT

marrow cells for radiation sensitivity in a WT recipient

compared with JAK2V617F-bearing marrow cells trans-

planted into a WT mouse. We found that, compared with

WT cells in a WT niche, JAK2V617F hematopoietic cell

apoptosis following 300 cGy irradiation was significantly

greater in a WT niche (Figure 2B [35]). In contrast, when

WT marrow cells were transplanted into a WT recipient or

a JAK2V617F-bearing recipient and then irradiated following

engraftment, marrow cell apoptosis was reduced by 40% in

JAK2V617F recipients compared with WT recipients. There-

fore, intrinsic radioresistance of JAK2V617F-bearing marrow

cells did not seem to account for the radiation resistance of

JAK2V617F HSCs in JAK2V617F recipients; rather, it is the

niche that counts.

To more directly assess radiation sensitivity, Lin− marrow

cells were isolated from WT or primary JAK2V617F mice

and cultured on primary EC monolayers derived from WT

or JAK2V617F-bearing murine lungs. The co-cultures were

then irradiated with 300 cGy and the hematopoietic cells

were counted and then placed in colony-forming assays
24 hours after irradiation. We observed higher total hemato-

poietic cell numbers and colony-forming progenitors from

JAK2V617F marrow cells cultured on JAK2V617F-bearing

ECs compared with those cultured on WT ECs, again indi-

cating that the JAK2V617F-bearing vascular niche contributed

directly to JAK2V617F-mutant marrow cell radioprotection.

Taken together, these data indicate that the JAK2V617F-bear-

ing vascular niche contributes directly to HSC radioprotec-

tion, which could be responsible for the high incidence of

disease relapse in patients undergoing allogeneic stem cell

transplantation for MPNs.

To determine the cellular basis of how JAK2V617F

promotes radioresistance and supports the neoplastic

JAK2V617F-bearing HSCs, we compared the activity of

JAK2V617F ECs with those of WT in several assays.

We found that the presence of JAK2V617F enhanced

the proliferation of ECs twofold, reduced radiation-

induced apoptosis 2.5-fold, and enhanced tube forma-

tion (as a measure of in vitro angiogenesis) [33], indi-

cating that the mutant kinase could act to expand the

vascular niche in JAK2V617F-positive mice, findings

that also characterize the marrow of patients with

MPNs [36].

Next, to determine the molecular basis for the enhanced

malignant HSC support provided by Jak2V617F ECs, we

assessed two signaling systems known to play an impor-

tant role in HSC biology, CXCL12/CXCR4 and SCF/c-Kit

[37−40]. We found that the expression of CXCL12 and

SCF were both modestly increased in freshly isolated mar-

row ECs from Tie2Cre/Jak2V617F-bearing mice compared

with WT mice [34] Figure 1. Moreover, and perhaps more

importantly, the proportion of primitive hematopoietic cells

(CD150+CD48¡) expressing the CXCL12 receptor CXCR4

or the SCF receptor c-Kit were increased twofold and 10-

fold, respectively, in the marrow of JAK2V617F compared

with WT mice. Therefore, the increased CXCL12 and

SCF levels in the JAK2V617F-bearing ECs could contrib-

ute to the clonal expansion of JAK2V617F HSCs via the

upregulated CXCR4 and c-Kit receptors over that seen in

normal animals. To determine whether this same mecha-

nism might be at least in part responsible for the relative

radioresistance seen in Tie2Cre/Jak2V617F-bearing mice,

the expression levels of CXCL12 and two additional

growth factors important for HSCs, epidermal growth fac-

tor and pleiotrophin, were also upregulated in irradiated

JAK2V617F ECs compared with WT ECs [35].

As noted previously, elimination of the c-Mpl receptor

abrogated Jak2V617F-mediated MPN in our murine model

[26]. Because elimination of c-Mpl greatly reduces marrow

MKs [16] and marrow MKs contributes to the marrow

vascular niche [41], we sought to determine whether

c-Mpl might also exert niche function through its expres-

sion on ECs [42,43].

We measured EC c-Mpl expression by quantitative

PCR and found that, compared with WT cells, the

https://doi.org/10.1016/j.exphem.2018.12.004


Figure 1. JAK2V617F-bearing MKs and ECs promote JAK2V617F-mutant HSC expansion and radioresistance in myeloproliferative neoplasms.

Shown are the cytokines and cytokine receptors that are altered in JAK2V617F-expressing HSCs, MKs, and ECs in the cited experimental studies

proposed to contribute to MPNs.
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receptor was upregulated in JAK2V617F-bearing lung

and marrow ECs [32,34]. We also examined the effect

of Tpo on EC function in vitro and found that the cyto-

kine significantly stimulated EC cell migration and

enhanced the expression of the EC junction molecules

ZO-1 and PECAM1 (platelet endothelial cell adhesion

molecule or CD31) in a dose-dependent fashion [6].

To test directly whether EC c-Mpl affects Jak2V617F-

bearing HSC expansion through soluble factors in the

perivascular niche, we designed an in vitro competitive

growth assay in which Lin−/cKit+ cells from either WT

or JAK2V617F were cultured together (1:1 mixture) in

the presence of EC conditioned medium (ECCM) col-

lected from either WT or c-Mpl−/− murine lung ECs. At

the end of the 6-day culture, WT and JAK2V617F cells

remained 1:1 when cultured in WT ECCM compared

with a 4:1 output of WT cells over JAK2V617F cells

when grown in the presence of Mpl−/− ECCM. [32].

This observation suggests that growth factors secreted

from ECs affect JAK2V617F clonal expansion in MPNs

and that c-Mpl signaling is critical for this EC function.

In support of this hypothesis, we found that CXCL12

expression was reduced by half in c-Mpl−/− marrow

ECs compared with WT ECs. Because CXCL12 is

important in localizing MKs and HSCs to the perivascu-

lar niche, the decrease in chemokine expression in c-

Mpl−/− marrow ECs could impair the interactions
between MKs and ECs in the vascular niche, reducing

HSC expansion.

Over the past several years, much has been learned

of the role of the vascular niche on both normal and

neoplastic HSC survival, function, and expansion. As

has been shown for acute leukemias and marrow-based

lymphoid malignancies (e.g., myeloma), the marrow

microenvironmental niche is significantly altered in

chronic MPNs [30,31,36]. In this review, we have sum-

marized changes seen in the vascular niche in a murine

model of an aggressive MPN produced by HSC and

EC expression of Jak2V617F, the most common genetic

alteration found in patients with acquired PV, ET, and

PMF. In this model, two primary cell types of the vas-

cular niche (EC and MK) carry the Jak2V617F muta-

tion, as is seen in patients with MPNs (although EC

expression is 100% in our model, less so in patients)

and each altered cell type contributes to the differential

survival, growth, and radioresistance of Jak2V617F-

bearing cells over that of the residual WT cells. In

essence, it takes two to tango, an abnormal stem cell

and an abnormal environment, to produce a disease

sufficient to jeopardize the lives of our patients.

Others have come to very similar conclusions using

several different experimental conditions: it takes the

niche and the stem cells and communication between

the two partners to produce an MPN. For example,

https://doi.org/10.1016/j.exphem.2018.12.004
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Walkley et al. [44] reported that Mx1-Cre-mediated

deletion of the retinoblastoma (Rb) gene in both

hematopoietic and stromal elements leads to a wide-

spread MPN-like disease with splenomegaly, mobiliza-

tion of cells from the BM, and eventual loss of HSCs,

but neither the sole inactivation of Rb in HSC nor in

stromal cells results in a myeloid disorder. The impor-

tance of interplay between genetic alterations in

stem cells and their environment was also highlighted

in a recent Perspective in Experimental Hematology.

Migliaccio [45] stressed a potential role for inflamma-

tion, mediated by tumor necrosis factor, to alter the

effects of tet2 deficiency (one of the non-Jak2V617F

mutations associated with MPNs) on stem cell biology.

The role of inflammation and MPNs was mechanisti-

cally explored further by Lu et al. [46], who concluded

that LCN2 derived from neoplastic leukocytes is an

additional inflammatory cytokine that contributes to the

predominance of the neoplastic clone of cells in PMF

and to a dysfunctional niche. Arranz and colleagues

[47] have focused in recent studies on both sympathetic

nerve fibers and Nestin+ mesenchymal stromal cell

reductions in the marrow of patients with MPNs and in

mice expressing JAK2V617F in the HSCs to further

illustrate the importance of the communication between

HSCs and their niche. It is hoped that such studies of

these and other models of MPNs will lead to better,

more comprehensive approaches to the treatment of

patients with life-threatening PV, ET, and IMF. Our

patients deserve nothing less.
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