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Abstract

Disease-specific induced pluripotent stem cells (iPSCs) provide an unprecedented opportunity to

establish novel disease models and accelerate drug development using distinct tissue target cells

generated from isogenic iPSC lines with and without disease-causing mutations. To realize the

potential of iPSCs in modeling acquired diseases which are usually heterogeneous, we have

generated multiple iPSC lines including two lines that are JAK2-wild-type and four lines

homozygous for JAK2-V617F somatic mutation from a single polycythemia vera (PV) patient

blood. In vitro differentiation of the same patient-derived iPSC lines have demonstrated the

differential contributions of their parental hematopoietic clones to the abnormal erythropoiesis

including the formation of endogenous erythroid colonies. This iPSC approach thus may provide

unique and valuable insights into the genetic events responsible for disease development. To

examine the potential of iPSCs in drug testing, we generated isogenic hematopoietic progenitors

and erythroblasts from the same iPSC lines derived from PV patients and normal donors. Their
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response to three clinical JAK inhibitors, INCB018424 (Ruxolitinib), TG101348 (SAR302503),

and the more recent CYT387 was evaluated. All three drugs similarly inhibited erythropoiesis

from normal and PV iPSC lines containing the wild-type JAK2 genotype, as well as those

containing a homozygous or heterozygous JAK2-V617F activating mutation that showed

increased erythropoiesis without a JAK inhibitor. However, the JAK inhibitors had less inhibitory

effect on the self-renewal of CD341 hematopoietic progenitors. The iPSC-mediated disease

modeling thus underlies the ineffectiveness of the current JAK inhibitors and provides a modeling

system to develop better targeted therapies for the JAK2 mutated hematopoiesis.
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Introduction

Disease-specific induced pluripotent stem cells (iPSCs) provide an unprecedented

opportunity to establish novel human cell-based disease models and accelerate drug

development [1-3]. In addition to the recent success of modeling inherited forms of blood

disorders [4-9], progress in integration-free reprogramming of human blood cells through

episomal vectors [10-12] has made it more feasible to develop iPSC models for studying

acquired blood diseases such as myeloproliferative neoplasms (MPNs), aplastic anemia,

myelodysplastic syndrome, paroxysmal nocturnal hemoglobinuria, and many forms of

leukemia. Most of these diseases are heterogeneous and are caused by accumulation of

somatic mutations in hematopoietic lineages. Distinct iPSC clones derived from each patient

of an acquired disease may provide unique opportunities for understanding the sequential

genetic events underlying disease development.

Patient-specific iPSCs can also have major contributions to therapeutic development by

providing new platforms of drug screening and testing. Traditional drug screening and

testing relies heavily on immortalized human cell lines or non-human cells. Primary cells

from patients represent the most physiologically relevant cell source; however, they are

typically a heterogeneous mixture of normal and diseased cells, and their availability is

usually limited and difficult to sustain. As exemplified by myeloid cells in polycythemia

vera (PV), these cells are composed of a mixture of clonal JAK2- V617F homozygous,

heterozygous, and also by clonal JAK2 wild-type and normal polyclonal hematopoietic cells

[13, 14], making the functional analyses of native cells challenging because of their genetic

diversity.

Patient-iPSCs can be expanded without limits and redifferentiated back to the cell types

most relevant to the disease and drug targets [3, 15]. In addition, the clonality of iPSCs that

capture the exact genetic complement of a parental somatic cell makes it possible to

determine the drug effects specific to the investigated genotype. The latter feature is

particularly attractive as the primary patient samples are often phenotypically and

genetically heterogeneous such as that in MPNs including PV, essential thrombocythemia

(ET), and primary myelofibrosis [16-20]. Although patient-specific iPSCs have been used
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for drug testing and screening in genetic diseases [21-23], this approach has not been

reported for acquired hematologic diseases associated with an array of somatic DNA

changes and in some instances germline predisposing DNA alterations [24-28].

The acquired somatic mutation, IAK2-V617F, is associated with approximately 95% of PV

patients and half of the ET and myelofibrosis patients [29-32]. We have established PV-

specific iPSC lines from multiple patients with various allelic burdens of JAK2-V617F

(Table 1) [33]. These iPSC lines, especially their hematopoietic progeny at various stages of

lineage commitment and differentiation, provide a unique opportunity to examine the

potential of drug testing for MPNs. JAK kinase inhibitors are the first targeted therapy for

the MPN, with INCB018424 (Ruxolitinib) first approved by FDA in November 2011 for

clinical use [34-37]. Several other JAK inhibitory drugs such as TG101348 (SAR302503)

[38-40] and more recently CYT387 [41, 42] are being evaluated in clinical trials. However,

the existing laboratory and clinical data show that INCB018424 and TG101348 do not

suppress the mutated JAK2-V617F myeloid or erythroid cells selectively while blunting

hematopoiesis from both wild-type and the mutated hematopoietic cells. Using the human

iPSC-based in vitro hematopoietic differentiation model, we investigated the effects of

INCB018424, TG101348, and CYT387 on hematopoietic cells differentiated from iPSC

clones derived from normal and PV patients, some of them are from the same patient but

with different JAK2 genotypes.

Materials and Methods

Approvals of Using Human iPSCs and Primary Cells from Anonymous Donors

The experimental designs using human iPSCs were approved by the Institutional Stem Cell

Research Oversight (ISCRO) committee in the Johns Hopkins University. Use of

anonymous human samples for laboratory research was approved by the Institutional

Review Board of the Johns Hopkins University and for UT001 patient samples at University

of Utah, Salt Lake City.

Derivation and Expansion of Integration-Free iPSCs from Patient Blood Cells

Control iPSC lines BC1, TNC1, and one PV-iPSC line iPV183 were reported previously

[10, 33]. For this study, we primarily used iPSC-derived from hematopoietic cells by

nonintegrating method. The virus-free, integration-free iPSC derivation protocol was

described in detail previously [11]. Briefly, 1 × 107 mononuclear cells from PV patient

peripheral blood were cultured in serum-free medium (SFM) containing stem cell factor

(SCF), interleukin-3 (IL-3), insulin-like growth factor-1, erythropoietin (EPO), and

dexamethasone for 11 days before nucleofected with EBNA1-based episomal vectors pEB-

C5 (addgene.org plasmid # 28213) and pEB-Tg (addgene.org plasmid# 28220) expressing

Oct4, Sox2, Klf4, c-Myc, and Lin28 (in pEB-C5) and SV40 large T antigen.

A female patient (UT001) with typical PV and a high allele burden (99%) of JAK2-V617F,

and approximately 1% of wild-type JAK2, was treated with pegylated interferon alpha (peg-

IFNα). The JAK2-V617F allele burden decreased after the treatment. Peripheral blood

mononuclear cells from this patient with a neutrophil JAK2-V617F allelic burden of 58%
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were used for derivation of iPSCs. JAK2-V617F genotyping was performed as previously

described [43]. Human iPSC-like colonies were picked 14 days after nucleofection and

expanded on Matrigel-coated plates with NutriStem medium (Stemgent, Cambridge, MA,

http://www.stemgent.com) and were passaged with collagenase type IV (Sigma, St. Louis,

MO, http://www.sigmaaldrich.com) or more recently cultured with the E8 medium (Life

Technologies, Rockville, MD, http://www.lifetech.com) and passaged with Accutase

(Sigma). Human iPSCs with and without somatic mutations were characterized by standard

pluripotency and karyotyping assays [33]. For pluripotency marker staining, cells were

grown on mouse embryonic fibroblast (MEF) feeder plates and fixed by 4%

paraformaldehyde before primary antibody staining. Alexa Fluor 555-conjugated secondary

antibodies (Life Technologies) were used for fluorescent imaging.

The use of immunodeficient mice for the teratoma formation assay was approved by the

Animal Care and Use Committee at Johns Hopkins University. For teratoma assays, 5 × 106

undifferentiated iPSCs were harvested and injected intramuscularly into NOD/SCID IL2

receptor gamma chain knockout (NSG) mice with 200 μL of (1:1) diluted Matrigel (BD

Biosciences, San Jose, CA, http://www.bdbiosciences.com) solution. Between 5 and 8

weeks after injection, tumors were harvested and sectioned for H&E staining.

Hematopoietic and Erythroid Differentiation of iPSCs

Human iPSCs were differentiated into hematopoietic cells following a spin-EB protocol

(Fig. 2A) [33, 44]. Briefly, iPSCs were harvested by Accutase (Sigma) and plated into 96-

well U bottom plates at density of 3,000–5,000 cells per well in a SFM containing bone

morphogenetic protein 4 (BMP4) (10 ng/mL), basic fibroblast growth factor (bFGF) (10 ng/

mL), vascular endothelial growth factor (VEGF) (10 ng/mL), and SCF (50 ng/mL). 50

microliter of fresh medium containing growth factors was added to the wells on day-2, −5,

−8 and −11. On day 8, half of the medium was removed before addition of fresh medium.

Cells resembling blood cell morphology can be observed after day 10. On day 14 of the

spin-EB differentiation, many hematopoietic cells expressing CD45+ were released from

embryoid bodies (EBs) into medium. Suspension cells (nearly all of them CD45+ positive,

Fig. 2) were harvested and immature cells expressing the CD34 marker were enriched by

positive selection through magnetic-activated cell sorting (MACS) cell separation (Miltenyi,

Bergisch Gladbach, Germany, http://www.miltenyibiotec.com) following manufacturer’s

instruction.

For erythroid liquid culture, the purified CD45+CD34+ hematopoietic stem/progenitor cells

(HSPCs) were plated in SFM containing 50 ng/mL SCF, 10 ng/mL IL-3, and EPO at various

concentrations, ranging between 0 and 3 units/mL. The cells were cultured for 7 days before

being harvested and stained by allophycocyanin (APC)-conjugated CD45 and phycoerythrin

(PE)-conjugated CD235a antibodies (Life Technologies) and analyzed by flow cytometry

using FACSCalibur (BD Biosciences).

For endogenous erythroid colony (EEC) forming assay, 1 × 104 cells were plated per dish

into MethoCult H4534 Classic without EPO (Stem Cell Technologies, Vancouver, BC,

Canada, http://www.stemcell.com) for colony forming. Colonies were enumerated between

day 12 and day 14.
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Drug Treatment of iPSC-Derived Hematopoietic Cells

The CD45+CD34+ HSPCs generated from iPSCs were cultured in the SFM containing SCF

(50 ng/mL), IL-3 (10 ng/mL), and EPO (0.2 unit/mL) for 7 days in the absence or presence

of JAK inhibitor INCB018424, TG101348, or CYT387 (all from ChemieTek, Indianapolis,

IN, http://www.chemietek.com). 1.5 × 105 cells were plated per well in 12-well culture

plates in each culture condition. The fold of expansion was calculated after counting total

live cell numbers by trypan blue exclusion and Countess Automated cell counter (Life

Technologies) at the end of the 7-day culture. Cells were also stained by APC-conjugated

CD45 and PE-conjugated CD235a antibodies (Life Technologies) and analyzed by flow

cytometry using FACSCalibur (BD Biosciences).

For hematopoietic progenitor growth (or maintenance) assay, cells harvested at day-14 of

iPSC differentiation were cultured in SFM containing thrombopoietin (TPO) (20 ng/mL),

SCF (100 ng/mL), and Flt-3 ligand (FL) (100 ng/mL) for 7 days in the absence or presence

of JAK inhibitors. 5 × 105 cells were plated in each culture condition. Fold of expansion was

calculated after counting total live cell numbers at the end of 7-day culture. Cell surface

expression of CD34 and CD45 were analyzed by flow cytometry. At the end of culture from

dimethyl sulfoxide (DMSO) control condition, INCB018424 (250 nM), TG101348 (250

nM), or CYT387 (250 nM) treated conditions, 1 × 104 cells were plated into MethoCult

H4034 medium (Stem Cell Technologies) for colony forming unit (CFU) assay. Colonies

were numerated at day 14.

Quantitative Real-Time Polymerase Chain Reaction

Human iPSC-derived CD34+ cells enriched by MACS and the cells further cultured for 5

days in erythroid differentiation condition (SFM supplemented with 50 ng/mL SCF, 10

ng/mL IL-3, and 2 unit/mL EPO) or in progenitor expansion condition (SFM supplemented

with 20 ng/mL TPO, 100 ng/mL SCF, and 100 ng/mL FL) were harvested for total RNA

isolation using RNeasy isolation kit (Qiagen, Hilden, Germany, http://www1.qiagen.com).

0.5 microgram total RNA from each group was used for cDNA synthesis by SuperScript III

first-strand synthesis kit (Life Technologies). TaqMan JAK2 assay (Hs.00234567_m1, Life

Technologies) was used for quantitation of JAK2 expression by StepOne Plus Quantitative

PCR instrument (Life Technologies). β-Actin was used as control.

Results

Generation of iPSCs with Distinct JAK2-V617F Allele Compositions from Blood Samples of
the Same PV Patient

Using retroviral vectors and patient CD34+ cells, we have previously generated PV-specific

iPSC line iPV183 containing heterozygous JAK2-V617F mutation (Table 1) [33].

Genotyping of the patient (PV patient 183 [45]) CD34+ progenitor cells, neutrophils, and

burst forming unit-erythroid (BFU-e) cells had revealed 100% heterozygous JAK2-V617F

genotype; therefore, all the iPSC clones obtained from this patient carry the heterozygous

JAK2-V617F genotype. In order to generate integration free PV-specific iPSCs that have

various JAK2 genotypes, we used a recently developed episomal vector-based technology

[11] to reprogram blood cells from a female PV patient UT001. Genotyping of her
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neutrophils at the time of reprogramming revealed a 58% JAK2-V617F allele burden. After

expansion in an erythroblast culture condition, patient peripheral blood unfractionated

mononuclear cells were reprogrammed with episomal vectors [11]. JAK2-V617F allele

burden analysis of the iPSCs showed that both JAK2 wild-type and JAK2-V617F

homozygous cell lines were derived from this patient (Table 1). The iPSC derivation and

expansion efficiency appeared normal as compared to those from normal and other types of

blood samples. The iPSC lines with different JAK2 genotypes appeared normal at the rate

similar to iPSCs derived from other normal cell types. Only the iPSC lines with a normal

(cytogenetic) karyotype and validated pluripotency were used for this study (Fig. 1).

Genotyping of the JAK2 gene also confirmed that iPSC lines from a healthy donor and a

non-MPN (sickle cell anemia) patient [10] possess only the wild-type JAK2 allele, while the

previously reported PV iPSC line iPV183 was heterozygous for JAK2-V617F as in the

patient [33].

Abnormal Erythropoiesis of Hematopoietic Progenitors Derived from PV-Specific JAK2-
V617F iPSCs

A major clinical feature of PV is the augmented erythropoiesis resulting in overproduction

of red blood cells [17]. The panel of iPSCs with various JAK2 allele compositions generated

from PV patients and controls provides an opportunity to study the association of the

abnormal erythropoiesis as an effect of JAK2-V617F mutation. In order to assess their

erythroid differentiation potential, the iPSCs were first differentiated to hematopoietic

progenitor cells followed by an erythroid differentiation and expansion step (Fig. 2A) [33,

44]. In the first step, iPSCs were aggregated and cultured as EBs in a SFM supplemented

with BMP4, bFGF, VEGF, and SCF. The levels of CD34+CD45+ hematopoietic progenitor

cells generated at the end of the 14-day spin-EB differentiation were similar in all the iPSC

lines used (Fig. 2B, 2C). The purified CD45+CD34+ HSPCs were then used for erythroid

differentiation/expansion in SFM supplemented with SCF, IL-3, and EPO [33, 46]. Since

EPO-independent erythropoiesis is a hallmark of PV, differentiation without exogenous

EPO was also carried out in parallel to determine if PV-iPSC derived hematopoietic cells

could also recapitulate the characteristic. After 7 days in these liquid culture conditions, the

cells were enumerated and then analyzed by flow cytometry for their expression of

erythroid-specific marker CD235a (Glycophorin A) and downregulation of pan-leukocyte

marker CD45 (Fig. 3). All cell lines underwent erythroid differentiation in the presence of

EPO, as indicated by the gain of CD235a and downregulation of CD45 (Fig. 3). The PV-

specific iPSC line PVB1.4 which is homozygous for JAK2-V617F mutation underwent more

extensive differentiation compared to JAK2-wild-type iPSCs (PVB1.11) derived from the

same patient or from a healthy control (BC1). The enhanced erythropoiesis associated with

JAK2-V617F was more apparent in the absence of EPO. More than 50% of the PVB1.4-

derived cells gained the expression of CD235a after 7 days of culture when supplemented

with only SCF and IL3 (Fig. 3A), recapitulating the EPO-independent erythropoiesis in

liquid culture condition. These results using the iPSC lines derived from the same PV patient

also recapitulated the differential contribution to the augmented erythropoiesis by individual

hematopoietic clones from the patient.
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EEC formation is a typical characteristic of PV [47]. To investigate the relationship between

EEC formation and JAK2 allele composition, hematopoietic progenitor cells derived from

PV-iPSCs and control iPSCs were plated in methylcellulose medium without EPO. After 14

days of incubation, typical erythroid colonies were formed from cells carrying homozygous

JAK2-V617F (Fig. 3C), although the average colony size was smaller compared to those

formed in the presence of EPO. In contrast, no EEC formation was observed in other groups

that are either JAK2 wild-type or heterozygous for JAK2-V617F.

These results have demonstrated that iPSCs can be efficiently differentiated into

CD34+CD45+ HSPCs which could be further differentiated into CD235a+ erythroid cells.

The patient-specific iPSCs and the in vitro differentiation conditions not only provide

experimental system for studying disease mechanism but also permit assessment of possible

differential drug effects on these isogenic cell types at various developmental stages.

INCB018424, TG101348, and CYT387 Drugs Inhibit Erythroid Differentiation of JAK2 Wild-
Type and V617F+ Cells

To assess the effects of candidate drugs on erythroblasts and on hematopoietic progenitors,

iPSCs with various JAK2 allele compositions (Table 1) were first differentiated into

CD34+CD45+ progenitor cells which were obtained by the same protocol (Fig. 2). The

progenitor cells were then further cultured, in the presence or absence of drug, in conditions

that favor either erythroid differentiation/expansion or HSPC growth/maintenance (Fig. 2A).

For evaluation of drug effects on erythropoiesis, the sorted CD34+CD45+ cells were

cultured for 7 days in SFM supplemented with SCF, IL-3, and EPO favoring erythroblast

expansion and differentiation. Consistent with previous observations [33], the JAK2-V617F+

cells from PV iPSCs under such condition displayed a significant proliferative advantage

over JAK2 wildtype cells (Fig. 4A). When JAK inhibitors INCB018424, TG101348, or

CYT387 were added to the culture media at various dosages for the whole culture period, all

three drugs inhibited cell proliferation in a dosage-dependent manner (Fig. 4A). Cell

expansion was almost completely blocked by INCB018424 or TG101348 at doses ≥250 nM

regardless of JAK2 mutation status. In comparison, cell proliferation was still observed with

CYT387 treatment at doses ≥250 nM although at reduced level (Fig. 4A). To specifically

assess the drug effect on erythroid (CD235a+CD45low) cells, we used fluorescence-activated

cell sorting (FACS) to detect CD235a+ and CD45+ cells (Supporting Information Fig. S1).

The percentage changes of the erythroid cells under each condition showed that at doses

≥250 nM, erythroid differentiation was significantly inhibited by INCB018424 and

TG101348 and to a lesser degree by CYT387 (Fig. 4B). These results demonstrated the

significant effect of JAK2 inhibitors on erythroblast proliferation, supporting the important

role of JAK2 in erythropoiesis, and explained the clinical observation of anemia being one

of the most common side effects in the clinical trials of JAK inhibitors INCB018424 and

TG101348 [35, 37] while CYT387 has been reported to improve anemia conditions in some

myelofibrosis patients [42].

The JAK Inhibitory Drugs Have Little Effect on Self-Renewal of CD34+ Progenitor Cells

MPNs originate from long-lived malignant HSPCs [17, 20, 48, 49]; therefore, we

investigated the effects of these JAK inhibitors on JAK2-V617F CD341 cells. Parallel to the
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erythroid differentiation, the CD34+CD45+ HSPCs derived from the same panel of PV-

iPSCs were cultured in SFM containing SCF, TPO, and FL that favors HSPC self-renewal

or maintenance [50]. After culture for 7 days, total cells were enumerated and the

percentages of CD341 (also CD451) cells were measured by flow cytometry. Distinct from

what was observed in the erythroid culture, the JAK inhibitors had little effect on progenitor

cell expansion across a broad range of doses (Fig. 5A). Moreover, the cells in all conditions

maintained comparable CD341 percentages (Fig. 5B). Although not statistically significant,

slight increase of CD341 percentages were observed at higher doses of TG101348 and

CYT387 where erythroid differentiation and expansion were markedly inhibited (Fig. 3).

Similar results were obtained with JAK2 wild-type cells (Supporting Information Fig. S2).

The colony forming ability of the cells treated at 250 nM was measured: no decrease of

erythroid and myeloid progenitor cells was observed compared to the control (Fig. 5C).

These data suggest that JAK2 inhibition does not affect HSPC growth while markedly

inhibiting erythropoiesis from the same cell types with various JAK2 genotypes. The

insensitivity of CD34+ cells to JAK inhibitors may be explained, at least partly, by the lower

expression of JAK2 gene in CD34+ HSPCs than in erythroblasts as demonstrated by

quantitative polymerase chain reaction analysis (Fig. 5D). The gene expression analysis

demonstrated that although the JAK2 expression was significantly upregulated by EPO

stimulation, it was much less by TPO or the TPO, SCF, and Flt3-ligand cytokine

combination (Fig. 5D). Our data provide strong evidence that the current JAK2 inhibitors

effectively inhibit erythropoietic differentiation from HSPCs of various JAK2 genotypes but

had little effect on HSPCs, explaining the lack of reduction in JAK2-V617F mutated cells in

patients after treatment.

Discussion

The ability of reprogramming blood cell types not only allowed the generation of patient-

specific iPSCs that carry blood-specific somatic mutations but also provides a means of

generating distinct iPSC clones with diverse somatic mutations from a single patient. In this

study, we have derived iPSCs with various JAK2-V617F allele compositions from the same

patient. The generation of distinct iPSC clones with diverse somatic mutations demonstrates

the genetic heterogeneity of the PV clones. Given the technical challenges of isolating and

expanding individual HSC clones from patients, this iPSC approach may provide unique and

valuable insights into the clonal evolution of PV. As red-cell overproduction is one of the

major clinical features of PV, the same individualderived iPSC clones with different JAK2

genotypes may also provide an ideal system to elucidate the mechanisms of JAK2-V617F in

the abnormal erythropoiesis. Our results have demonstrated the association of JAK2-V617F

mutation and EPO-independent erythropoiesis and suggested that the EEC formation is an

indicator of the presence of HSC clone(s) with homozygous JAK2-V617F mutation.

Although JAK2-V617F plays important roles in MPN pathology, it has been suggested that

this somatic mutation is not the disease-initiating mutation and that identification of other

genetic lesion(s) may be crucial for developing strategies to eliminate the disease-causing

cells. One of the biggest challenges in MPN research is the identification of such pre-JAK2-

V617F malignant clone(s) in the patients. We have derived two JAK2-wild-type iPSC

clones from the UT001 patient who possessed high level of JAK2-V617F allelic burden in
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the blood. Due to the limitation of current knowledge and technology, it remains to be

determined whether the JAK2-wild-type HSC clone(s) that gave rise to these iPSCs

represent the normal or pre-JAK2-V617F polycythemic clones. The ability to clonally

expand such cells through iPSC generation provides additional tools for future identification

of such pre-JAK2-V617F malignant clones once a better assay becomes available.

A practical application for patient-iPSCs is drug testing and screening. Compared to most

transformed animal or human cancer cell lines that have been frequently used in

conventional drug development, patient-specific iPSCs retain their genomic configuration,

therefore are more disease-relevant. Unlike the patient primary cells which are often difficult

to obtain, iPSCs can be expanded extensively while maintaining karyotypes and

differentiation capability. In addition, iPSC clones and their functional derivatives are

genetically homogeneous, thus offering the opportunity to develop drugs targeting disease-

causing cells. This is another advantage over primary samples, especially those from

patients with acquired diseases, which are usually genetically heterogeneous. Moreover, as

we have shown in this study, iPSCs can be sequentially differentiated to specific blood

lineages, which facilitates the analysis of differential sensitivities to given drugs in isogenic

cell types and at various developmental stages. Our study revealed that while the

erythroblasts were sensitive to JAK inhibitors, CD34+ progenitors were much more

resistant. These results also indicate that none of the tested drugs were selectively inhibitory

to JAK2-V617F harboring cells, which corroborates with the clinical findings that the

presence of JAK2-V617F mutation in patients does not significantly influence the

therapeutic response to JAK inhibitors [34, 36]. The results have also shown that, in

comparison to the previously used JAK inhibitors INCB018424 and TG101348, CYT387

inhibited erythroid differentiation to a lesser degree in the dose range tested. This is in

agreement with the clinical trial results that patients treated with CYT387 are less likely

transfusion-dependent than those treated with INCB018424 and TG101348 drugs [42]. The

iPSC-based system described here may offer an in vitro model for development of new

drugs that are selectively targeting the mutated cells.

With differentiation methods and screening technology continuously being improved,

patient-specific iPSC lines will offer the advantage of identifying drugs specifically

eradicating rare but potent malignant subclones such as those in the CD34+ HSPC

compartment. This will be particularly beneficial in developing better targeted and efficient

treatment for various acquired and inherited diseases with known and unknown mutations.

Summary

We have generated multiple patient-specific iPSC lines with various JAK2-V617F allele

compositions from blood cells of a single PV patient. Directed in vitro differentiation of the

iPSCs have shown that the JAK2-V617F containing cells underwent enhanced

erythropoiesis and that the EEC formation was only observed in cells that are homozygous

for JAK2-V617F mutation. Drug testing results using the hematopoietic progenitors and

erythroblasts derived from a panel of PV-specific and control iPSCs have shown that three

JAK inhibitors INCB018424, TG101348, and CYT387 similarly inhibited erythropoiesis

from normal and PV iPSC lines. However, the JAK inhibitors had less inhibitory effect on
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the self-renewal of CD34+ hematopoietic progenitors. These results of using iPSC-mediated

disease modeling underlie the ineffectiveness of the JAK inhibitors in eliminating the

disease clones in PV patients. We suggest that this iPSC approach provides valuable system

for understanding disease mechanisms and for discovering new drugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of induced pluripotent stem cells (iPSCs) with various JAK2-V617F

compositions derived from a single polycythemia vera (PV) patient. Representative images

of undifferentiated phenotypes and in vivo pluripotency assays of JAK2 wild-type

(PVB1.11, shown in (A)) and JAK2 V617F (PVB1.4, shown in (B)) PV-specific iPSCs.

Colonies cultured on mouse embryonic fibroblasts were stained with antibodies against

pluripotency-related cell surface markers TRA-1–60 and SSEA4. The fixed colonies were

also stained with antibodies against human embryonic stem cell-specific transcription

factors NANOG and OCT-4. Both types of cells were injected into immunedeficient NOD/

SCID IL2 receptor gamma knockout (NSG) mice for teratomas formation. H&E staining of

the teratomas showed the tissue types of all three embryonic germ layers endoderm,

mesoderm, and ectoderm, demonstrating the pluripotency of iPSCs. (C): Karyotyping of

both types of iPSCs showed normal karyotype. Scale bar = 200 μm.
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Figure 2.
The in vitro hematopoietic differentiation-based disease modeling and drug testing. (A): A

diagram of the spin-EB hematopoietic differentiation procedure and the following drug

testing experiments using the iPSC-derived hematopoietic progenitors. iPSCs from both PV

patients and controls were first differentiated into CD34+CD45+ hematopoietic progenitors

using serum-free medium in the presence of bFGF, BMP4, VEGF, and SCF. The

differentiated hematopoietic progenitors were then used to assess their responses to JAK

inhibitors in both erythroid differentiation and progenitor self-renewal assays. (B): Flow

cytometry analysis of the suspension cells harvested at the end of the 14-day spin-EB

differentiation of PVB1.11 (JAK2 wild-type iPSC from a PV patient) showed high

percentage of CD34+CD45+ cells. The CD34+CD45+ hematopoietic progenitor cells can be

further enriched by CD34 positive selection. (C): Compared to PVB1.11, the JAK2 V617F-

positive iPSC PVB1.4 (derived from the same patient as PVB1.11) showed comparable

level of CD34+CD45+ hematopoietic cells at the end of the 14-day spin-EB differentiation.

Abbreviations: BMP4, bone morphogenetic protein 4; bFGF, basic fibroblast growth factor;

EPO, erythropoietin; FL, Flt-3 ligand; HSPCs, hematopoietic stem/progenitor cells; IL-3,

interleukin 3; iPSCs, induced pluripotent stem cells; SCF, stem cell factor; TPO,

thrombopoietin; VEGF, vascular endothelial growth factor.
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Figure 3.
Elevated erythroid differentiation of hematopoietic progenitors generated from JAK2-V617F

positive polycythemia vera (PV)-specific induced pluripotent stem cells (iPSCs). (A): iPSC-

derived CD34+CD45+ progenitors were further differentiated to erythroblasts for 7 days in

the presence or absence of EPO. Compared to wild-type JAK2 iPSCs derived from either

healthy control (BC1) or PV patient (PVB1.11), the iPSCs with homozygous JAK2-V617F

mutation (PVB1.4) displayed elevated erythroid differentiation based on flow analysis of

erythroid-specific cell surface marker CD235a and pan-leukocyte marker CD45. (B):

Hematopoietic progenitor cells derived from PVB1.4 formed endogenous erythroid colonies

(EECs) in methylcellulose assay in the absence of EPO. (C): Only PV-iPSCs with

homozygous JAK2-V617F showed the ability to form EECs. wt/wt: the data are an average

of results from BC1 iPSC experiments (n = 3); wt/V617F: the data are an average of three

experiments using iPV183 (n = 3); V617F/V617F: the data are an average of results from

PVB1.4 and PVB1.18 (n = 3). Data are mean ± SD. n.d. = nondetectable. Scale bar = 100

μm. Abbreviation: EPO, erythropoietin.
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Figure 4.
JAK inhibitors inhibit erythroid differentiation of hematopoietic progenitors generated from

diversified induced pluripotent stem cell (iPSC) lines. (A): CD34+ cells generated from

iPSCs were cultured in erythroid differentiation conditions for 7 days in the absence or

presence of JAK inhibitors. The fold expansion was calculated after counting total cell

numbers at the end of the 7-day culture. (B): Erythroid differentiation was measured by flow

cytometry for CD235a expression. Percentages of CD235a+ cells at the end of 7-day culture

in each culture condition were displayed as “Percent of red cells” on the y-axis. V617F/

V617F: the data are an average of results from PVB1.4 and PVB1.18 (n = 2). WT/V617F:

the data are an average of two independent experiments from iPV183 (n = 2). WT/WT: the

data are an average of results from BC1, TNC1, and PVB1.15 in INCB018424 experiments

(n = 3); BC1 and PVB1.11 in TG101348 and CYT387 experiments (n = 2). Data are mean ±

SD. Abbreviation: wt, wild type.
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Figure 5.
JAK inhibitors have little effect on self-renewal of CD34+ progenitor cells. Hematopoietic

progenitor cells generated from spin-EB differentiation of PVB1.4 induced pluripotent stem

cells (iPSCs) were cultured in serum-free medium supplemented with TPO, stem cell factor,

and Flt3-L for 7 days. JAK2 inhibitors at indicated concentrations were added throughout

the culture. (A): Total cell number in each condition was counted and divided by the input

cell number to yield the fold of expansion (n = 2). (B): In the same experiments as shown in

(A), cells were also analyzed by flow cytometry and the percentages of CD34+ cells were

compared among all culture conditions. (C): Cells cultured with DMSO, 250 nM

INCB018424, TG101348, or CYT387 were plated in methylcellulose medium for 14 days.

Colonies with myeloid and erythroid morphology were numerated. (D): Purified CD34+

cells from day 14 of spin-EB differentiation of iPSCs, and the cells further differentiated for

additional = days in either erythroid culture condition (EPO) or in progenitor culture

condition (TPO) were harvested and analyzed by quantitative polymerase chain reaction for

JAK2 expression. JAK2 expression in both cell types was first normalized by β-actin

expression then normalized to that of the cells cultured in erythroid condition for 5 days (n =

3). Data are mean ± SD. *, p < .05. Abbreviations: DMSO, dimethyl sulfoxide; EPO,

erythropoietin; TPO, thrombopoietin.
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Table 1
PV-specific and control iPSC lines used in this study

iPSC clone Donor
JAK2 WT

allele
JAK2 V617F

allele

BC1 Healthy donor 2 0

TNC1 Sickle cell anemia 2 0

iPV183 PV patient #1 1 1

PVB1.11 PV patient #2 2 0

PVB1.15 2 0

PVB1.4 0 2

PVB1.18 0 2

A panel of iPSCs derived from healthy donors and PV patients were used for this study. In addition to a healthy donor- and a sickle cell anemia
patient-derived iPSCs, two clones generated from a PV patient’s blood cells also contained only wild-type JAK2 alleles (WT/WT). iPSC clones
with homozygous JAK2 V617F mutation (V617F/V617F) were derived from the same PV patient. iPSCs with heterozygous JAK2 (WT/V617F)
were derived from a separate PV patient in a previous study [33].

Abbreviations: iPSC, induced pluripotent stem cell; PV, polycythemia vera.
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