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Abstract

Oncogenic mutations in components of the JAK/STAT pathway, including those in cytokine 

receptors and JAKs, lead to increased activity of downstream signaling and are frequently found in 

leukemia and other hematological disorders. Thus, small-molecule inhibitors of this pathway have 

been the focus of targeted therapy in these hematological diseases. We previously showed that 

t(8;21) fusion protein AML1-ETO and its alternatively spliced variant AML1-ETO9a (AE9a) 

enhance the JAK/STAT pathway via down-regulation of CD45, a negative regulator of this 

pathway. To investigate the therapeutic potential of targeting JAK/STAT in t(8;21) leukemia, we 

examined the effects of a JAK2-selective inhibitor TG101209 and a JAK1/2-selective inhibitor 

INCB18424 on t(8;21) leukemia cells. TG101209 and INCB18424 inhibited proliferation and 

promoted apoptosis of these cells. Furthermore, TG101209 treatment in AE9a leukemia mice 

reduced tumor burden and significantly prolonged survival. TG101209 also significantly impaired 

the leukemia-initiating potential of AE9a leukemia cells in secondary recipient mice. These results 

demonstrate the potential therapeutic efficacy of JAK inhibitors in treating t(8;21) AML.
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Introduction

Acute myeloid leukemia (AML) is a heterogeneous disease that is classified based on the 

presence of specific cytogenetic abnormalities [e.g. t(8;21)(q22;q22), inv(16)(p13q22) and 

t(15;17)(q22;q12)] and gene mutations (e.g. NPM1, CEBPA and FLT3 mutations), as well 

as the French-American-British (FAB) classification of the leukemia cells and 

immunophenotype.1–3 t(8;21) is one of the common cytogenetic abnormalities identified in 

AML,4 which is associated with nearly 40% of cases of the FAB-M2 subtype.5

t(8;21) disrupts the functions of the core binding factor (CBF), a heterodimeric transcription 

factor complex essential for hematopoiesis. CBF is composed of a DNA-binding CBFα 

subunit (AML1, 2, or 3, also called RUNX1, 3, or 2, respectively) and a non-DNA- binding 

CBFβ subunit. t(8;21) involves the AML1 (RUNX1) gene on chromosome 21 and the ETO 

(MTG8, RUNX1T1) gene on chromosome 8, generating the fusion transcription factor 

AML1-ETO.6 Studies in Runx1−/− and AML1-ETO knock-in mice indicate that AML1-

ETO dominantly blocks AML1 function during early embryo development.7–10 AML1-ETO 

also modulates functions of several other transcription factors, thereby altering gene 

expression globally.11,12 Although AML1-ETO is critical for the pathogenesis of myeloid 

leukemia, it requires one or more additional mutations to cause leukemia in mice.6 A C-

terminally truncated variant of AML1-ETO named AML1-ETO9a (AE9a), resulting from 

alternative splicing and found to co-exist with full-length AML1-ETO in most analyzed 

t(8;21) AML patients, causes rapid onset of leukemia in mice.13

Patients diagnosed with t(8;21) AML undergo conventional intensive chemotherapy and 

have a relatively favorable prognosis compared with other types of AMLs.14,15 About 90% 

of the patients achieve complete remission. However, despite this high remission rate, 

approximately half of them eventually relapse, which indicates the need for improved 

therapeutic strategies.12,16–18 We previously combined gene expression and promoter 

occupancy profiling assays using AE9a-induced primary murine leukemia cells to identify 

direct target genes of AE9a and explore potential therapeutic targets for treating t(8;21) 

AML. We showed that CD45, a negative regulator of JAK/STAT signaling, is significantly 

down-regulated in AE9a leukemia mice and human t(8;21) AML. Furthermore, we 

demonstrated that JAK/STAT signaling is hyper-activated in these leukemia cells.19 Thus 

JAK/STAT inhibitors may be effective in treating t(8;21) AML.

The JAK/STAT signaling pathway is frequently activated in leukemia and other 

hematological disorders. This may occur via activating mutations in upstream cytokine 

receptors including FLT3, cKIT and G-CSFR and constitutively active JAK kinases such as 

JAK2V617F and TEL-JAK2.20 These genetic aberrations are underlying causes of many 

hematological diseases. In particular, the JAK2-activating mutation JAK2V617F is found in 

a large proportion of myeloproliferative neoplasms such as polycythemia vera (PV; 81–

99%), essential thrombocythemia (ET; 41–72%) and myelofibrosis (MF; 39–57%).21 

Therefore, small-molecule inhibitors targeting JAK2 have been the focus in the development 

of targeted therapy.21,22 In addition to upstream activating mutations, down-regulation of a 

negative regulator of the JAK/STAT pathway could also contribute to activation of this 

pathway, as we showed previously in t(8;21) AML.19 In the current study, we test the 
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therapeutic potential of JAK inhibition in AE9a-induced AML. We demonstrate that 

inhibition of JAK1 and/or JAK2 by shRNA or small-molecule inhibitors effectively 

suppresses the colony-forming ability of AML1-ETO and AE9a-transformed hematopoietic 

cells. A JAK2-selective inhibitor TG10120923 and a JAK1/2-selective inhibitor 

INCB1842424 inhibited proliferation and promote apoptosis of leukemia cells. Furthermore, 

TG101209 effectively reduced tumor burden in AE9a leukemia mice and prolonged 

survival. Importantly, TG101209 significantly impaired the leukemia-initiating potential of 

AE9a leukemia cells in secondary recipient mice. These results suggest a potential use of 

JAK/STAT signaling inhibitors in the treatment of t(8;21) AML.

Methods

Animals

MF-1 mice, as described previously,25 and C57BL/6 mice were used in this study. Animal 

housing and research were approved by the Institutional Animal Care and Use Committee of 

the University of California San Diego.

Generation of AE9a leukemia mice

Primary transplanted AE9a leukemia mice were generated as previously described.13 To 

generate secondary transplanted leukemia mice, AE9a leukemia cells from primary 

transplant were injected into sublethally irradiated (450 Rads) MF-1 mice via tail vein. Each 

mouse received 1 × 105 EGFP+ cells.

Plasmids

MSCV-IRES-EGFP (MigR1), MigR1-HA-AML1-ETO and MigR1-HA-AE9a have been 

described previously.13,26 MSCV-MLL-AF9-Flag-IRES-puromycin (MIP-MLL-AF9-Flag) 

was constructed by subcloning the MLL (EcoRI/SalI) and AF9-Flag-IRES (SalI/NcoI) 

fragments from MigR1-MLL-AF9-Flag (kindly provided by Dr. Nancy Zeleznik-Le) into 

MSCV-IRES-puromycin (EcoRI/NcoI). The siRNA sequences for the firefly luciferase gene 

and mouse JAK1 and JAK2 were designed using the RNAi Codex website (http://

cancan.cshl.edu/cgi-bin/Codex/Codex.cgi) and cloned into the MSCV-LTRmiR30-PIG 

(LMP) retroviral vector (Thermo Scientific) following the manufacturer’s instructions. 

Firefly luciferase siRNA was used as a control. The sequences of the “sense” strands of the 

corresponding target genes are: (Luciferase) ACCGCTGAATTGGAATCGATAT; (JAK1) 

CCCAAAGCAATTGAAACCGATA; (JAK2#1) ACGTTAATGAGTGAAACCGAAA; 

(JAK2#2) CGCGAATGATTGGCAATGATAA.

JAK inhibitors

The JAK2-selective inhibitor TG101209 was provided by TargeGen/Sanofi. The JAK1/2-

selective inhibitor INCB18424 (Ruxolitinib) was purchased from ChemieTek. Both 

inhibitors were dissolved in DMSO for in vitro studies. TG101209 was dissolved in 20% 

Tween 80 (Fisher Scientific) with pH of 4.0 for in vivo mouse treatment.
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Cell culture

293T and EML cells were cultured as previously described.19 EML-AE and EML-AE9a 

cells were generated by retroviral transduction of the parental EML cells with MigR1-HA-

AML1-ETO and MigR1-HA-AE9a, respectively. Then EGFP+ cells were sorted by 

fluorescence-activated cell sorting (FACS) with a FACSAria flow cytometer (BD 

Biosciences) and cultured as the parental EML cells.

Mouse fetal liver cells and bone marrow lineage negative (Lin-) cells were isolated and 

transduced as described.19 Briefly, fetal liver cells were cultured in Iscove’s DMEM 

(IMDM) supplemented with 20% FBS, 4% SCF conditioned media prepared from 

BHK/MKL cells stably expressing a cDNA encoding the secretory form of mouse SCF and 

4% IL-3 conditioned media prepared from X63Ag-653 myeloma cells. Bone marrow Lin- 

cells were cultured in IMDM supplemented with 20% FBS, 10 ng/mL recombinant mouse 

(rm) SCF, 10 ng/mL rmIL-3 and 20 ng/mL recombinant human (rh) IL-6. Both fetal liver 

and bone marrow Lin- cells were cultured for 16 hours prior to retroviral transduction. The 

AEtr leukemia cell line was generated as described previously and cultured in IMDM 

supplemented with 20% horse serum, 10% SCF conditioned media, 10% IL-3 conditioned 

media and 20 ng/mL rhIL-6.19 All recombinant cytokines were purchased from Peprotech.

Retrovirus transduction

The retrovirus production and infection were performed as described previously.19

Colony assays

The procedure for colony-forming unit (CFU) assays was described previously.19 Fetal liver 

cells from MF-1 mice or bone marrow Lin- cells from MF-1 or C57BL/6 mice were 

transduced and transformed with MigR1-HA-AML1-ETO, MigR1-HA-AE9a or MIP-MLL-

AF9-Flag by serial replating in methylcellulose (M3534) medium (StemCell Technologies), 

which contains rmSCF, rmIL-3 and rhIL-6. The transduced cells were selected by FACS 

(for MigR1 constructs) or puromycin (1.5 μg/mL, for MIP constructs). Then transformed 

cells from the third plating or beyond were replated in the presence of DMSO (control) or 

different concentrations of TG101209 or INCB18424 for CFU assays. For JAK1 and JAK2 

knockdown experiments, AML1-ETO- and AE9a-transformed cells were infected with the 

LMP shRNA retroviruses, selected with puromycin (1.5 μg/mL) at 36 hours after infection 

in M3534 medium for 4 days and then collected for CFU assays.

JAK inhibitor treatment in AEtr leukemia cell line

The AEtr leukemia cell line was cultured in the presence of DMSO or different 

concentrations of TG101209 or INCB18424. Cell cycle analysis was done after 24 hours. 

Apoptosis and relative cell numbers were measured after 48 hours. Relative cell numbers 

were determined using the MTS assay (CellTiter96® AQueous One Solution Cell 

Proliferation Assay, Promega) following the manufacturer’s instructions. The absorbance 

(A490) of the DMSO control subtracting the background absorbance of culture medium was 

set as 100%.
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Western blot analysis

Western blot was performed as previously described.19 Primary antibodies used for 

detection included rabbit antibodies against JAK1 (1:1000) or JAK2 (1:500) (Cell 

Signaling), and mouse antibody against α-tubulin (1:20,000) (Sigma). HRP-conjugated 

secondary antibodies (GE Healthcare) were used at 1:4000.

Flow cytometric analysis

Examination of EGFP and CD11b (PE-conjugated rat anti-mouse CD11b, Invitrogen) and 

cKit (PE-Cy7-conjugated rat anti-mouse CD117, BD Biosciences) surface expression, 

Annexin V-PE (BD Biosciences) staining for apoptosis analysis, propidium iodide (Sigma) 

staining for cell cycle analysis and intracellular phospho-specific flow cytometry were 

performed as described previously.19

In vivo TG101209 treatment and secondary bone marrow transplantation

The disease development of primary transplanted AE9a leukemia mice was assessed by 

peripheral white blood cell counts using the HEMAVET multispecies hematology analyzer 

(Drew Scientific) and percentages of circulating EGFP+ cells by flow cytometry on day 48 

after transplantation. All mice developed leukocytosis and had at least 30% circulating 

EGFP+ cells prior to initiation of treatment on day 49. TG101209 was administered by oral 

gavage twice daily (b.i.d.) at 100 mg/kg for two weeks. The placebo group was treated with 

vehicle (20% Tween 80, pH 4.0) only. After two weeks of treatment, peripheral white blood 

cell counts and percentages of circulating EGFP+ cells were assessed again. The 

differentiation states (CD11b and cKit expression) of circulating EGFP+ cells after 

treatment were examined by flow cytometry. Mice transplanted with cells transduced with 

MigR1 control vector also received the same treatment and were analyzed as described 

above.

Secondary transplanted AE9a leukemia mice (see Generation of AE9a leukemia mice) were 

treated with TG101209 (100 mg/kg) or placebo at 3 weeks after transplantation twice daily 

for 5 days and then once daily for 9 days. The survival of mice was monitored.

To address whether TG101209 targets AE9a leukemia-initiating cells, primary transplanted 

AE9a leukemia mice were treated with TG101209 (100 mg/kg) or placebo at ~6 weeks after 

transplantation once daily for two weeks. The size of spleens was examined and their weight 

measured. Then EGFP+ spleen cells were sorted by FACS and transplanted into sublethally 

irradiated (450 Rads) MF-1 mice (1 × 104 EGFP+ cells per mouse). Leukemia development 

was assessed by monitoring percentages of circulating EGFP+ cells at 6 and 12 weeks after 

secondary transplantation.

Statistical analyses

The Log-rank test was used to analyze survival curves of TG101209 treatment and 

secondary bone marrow transplantation experiments, and two-tailed unpaired t-test 

(Student’s t-test) was used for the other statistical analyses (GraphPad Prism software 

version 5.0). A p-value of less than 0.05 was considered statistically significant.
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Results

JAK1 and JAK2 inhibition impairs colony-forming ability of AML1-ETO- and AE9a- 
transformed cells

AML1-ETO and AE9a are capable of transforming primary murine hematopoietic stem/

progenitor cells in serial replating assays.10,19 We assessed the effect of JAK1 or JAK2 

knockdown by shRNA on the colony-forming ability of AML1-ETO- and AE9a-

transformed murine hematopoietic cells, which had been replated at least three times in a 

serial replating assay (MigR1 vector-transduced cells have lost replating ability by this 

time). The effectiveness of JAK1 and JAK2 shRNA constructs was confirmed in EML cells, 

a murine hematopoietic stem/progenitor cell line, which express AML1-ETO or AE9a 

(supplemental Figure 1). Compared with control shRNA (firefly luciferase gene), JAK1 or 

JAK2 shRNA resulted in at least a 50% reduction of colony numbers from AML1-ETO- and 

AE9a-transformed cells (Figure 1A). To further investigate the role of JAKs in the 

transforming activity of AML1-ETO and AE9a, we performed colony formation assays in 

the presence of a JAK2-selective small molecule inhibitor, TG10120923 or a JAK1/2-

selective inhibitor, INCB1842424 using AML1-ETO- and AE9a-transformed cells. Similar 

to the shRNA results, both inhibitors reduced the colony-forming ability of the transformed 

cells in a dose-dependent manner (Figure 1B and 1C; supplemental Figure 2 and data not 

shown). At low concentrations, INCB18424 showed a greater inhibitory effect than 

TG101209, suggesting that targeting both JAK1 and JAK2 has an additive effect. When 

used at high concentrations, TG101209 inhibited colony formation better than INCB18424, 

which could be due to its ability to inhibit FLT3 and RET in addition to JAK2.23 These 

results suggest that the JAK/STAT pathway contributes to leukemia transformation by 

AML1-ETO and AE9a. Both TG101209 and INCB18424 also decreased colony numbers of 

MLL-AF9-transformed cells (supplemental Figure 3). However, the effects of these two 

inhibitors were less severe on MLL-AF9-transformed cells than on AML1-ETO- or AE9a-

transformed cells (supplemental Figure 3B and 3C). The colony size of MLL-AF9-

transformed cells was also not as severely affected by the inhibitors as that of t(8;21) fusion 

protein-transformed cells (supplemental Figure 2 and data not shown).

JAK inhibitors suppress growth and promote apoptosis of t(8;21) leukemia cells in vitro

To determine the importance of JAK/STAT signaling in t(8;21) leukemia cell proliferation 

and survival, we examined the effect of TG101209 and INCB18424 on leukemia cells in 

vitro. A murine t(8;21) leukemia cell line was previously established from an AEtr leukemia 

mouse.19 Like AE9a, AEtr lacks the NHR3 and NHR4 domains of the ETO protein due to a 

nucleotide insertion resulting in a premature stop codon.25 Both TG101209 and INCB18424 

inhibited proliferation of the AEtr leukemia cell line in a dose-dependent manner (Figure 

2A). Importantly, INCB18424 showed a significantly better inhibitory effect than 

TG101209 at concentrations below 1 μM. Both inhibitors also promoted apoptosis (Figure 

2B) and delayed cell cycle progression (Figure 2C) of the AEtr leukemia cell line. When 

used at a high concentration (1.2 μM), TG101209 caused drastic growth inhibition (Figure 

2A) accompanied by massive apoptosis (Figure 2B) and G2/M arrest (supplemental Figure 

4). These data show that t(8;21) leukemia cells exhibit a dependency on JAK/STAT 

signaling for proliferation/survival, making this pathway a potential therapeutic target. Since 
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targeting both JAK1 and JAK2 shows an additive effect, a JAK1/2 inhibitor may have a 

better therapeutic benefit than a JAK2-selective inhibitor.

JAK2 inhibitor TG101209 effectively targets AE9a leukemia cells in vivo

We next examined the in vivo effect of TG101209 in the primary transplanted AE9a 

leukemia mouse model. TG101209 and its derivative TG101348 (SAR302503) effectively 

target JAK2V617F and MPLW515L, mutations associated with myeloproliferative 

disorders, in several mouse models.23,27,28 They are also known to block wild-type JAK2 

activity.23,27–29 On day 48 after transplantation, the white blood cell (WBC) count was 

above the normal range (> 10.7 K/μL) and at least 30% were EGFP+ cells in all the 

transplanted mice. TG101209 was administered by oral gavage twice daily at a dose of 100 

mg/kg for two weeks. A 20–45% reduction in STAT5 or STAT3 phosphorylation was seen 

in AE9a leukemia cells isolated from mice treated with a single dose of TG101209 (100 

mg/kg) compared with placebo (Figure 3A), demonstrating an inhibitory effect of the drug 

on the JAK/STAT pathway in vivo. After two weeks of treatment, all mice in the placebo 

group (n = 11) had an increased peripheral WBC count (1.44 – 5.39-fold increase), whereas 

eight out of the nine TG101209-treated mice had a 50 – 90% reduction (Figure 3B; 

supplemental Table 1). Consistent with a reduction in leukemia cell burden, the percentage 

of circulating EGFP+ cells significantly decreased (40 – 80%, Student’s t-test, p < 0.0001) 

in eight of the nine TG101209-treated mice (Figure 3C; supplemental Table 2).

We have shown previously that the majority of AE9a (EGFP+) leukemia cells are Lin- (> 

90%), among which most cells express cKit but are negative for Sca1.13 We have also 

shown that both this major population (Lin-/Sca1-/cKit+) and the Lin-/Sca1+/cKit+ 

population contain leukemia initiating cells and particularly the former caused faster 

leukemia development in secondary recipient mice.19 To address whether TG101209 

promotes myeloid differentiation of AE9a leukemia cells, we examined CD11b and Gr1 

expression. Within the EGFP+ population, 0.4 – 8.5% in the placebo group were CD11b+ 

cells, including CD11b+/Gr1- and CD11b+/Gr1+ cells, whereas the percentage of total 

CD11b+ cells within the EGFP+ population was significantly higher in five of the nine 

TG101209-treated mice (12.7 – 58.1%) (Figure 3D; supplemental Figure 5A; supplemental 

Table 3). Consistent with differentiation, the percentage of total cKit+ cells, including 

Sca1+/cKit+ and Sca1-/cKit+ cells, within the EGFP+ population decreased in the treated 

group compared to the placebo group (median 36.4% versus 58.6%) (Figure 3D; 

supplemental Figure 5B; supplemental Table 4). Importantly, the percentage of Sca1-/cKit+ 

cells, the population with a robust leukemia-initiating potential, decreased significantly after 

treatment (supplemental Figure 5B). These results indicate a significant in vivo effect of 

TG101209 on AE9a leukemia cells. Mice transplanted with cells transduced with the MigR1 

control vector received the same treatment, but no significant differences in percentages of 

EGFP+ cells or WBC counts were observed between control and treated mice. There was no 

detectable health problem in the treated MigR1 mice other than a modest but significant 

decrease in hemoglobin and hematocrit levels (Figure 4 and data not shown), which is an 

expected on-target class effect of JAK2 inhibitors that is well established and seen in clinical 

practice.22 Furthermore, in a separate experiment where primary transplanted AE9a 

leukemia mice were treated once daily with TG101209 at a dose of 100 mg/kg for two 
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weeks, splenomegaly was significantly reduced (mean spleen weight 0.37 g versus 0.62 g; 

Student’s t-test, p = 0.0002) (Figure 3E and 3F).

Survival time varies extensively among the primary transplanted AE9a leukemia mice, and 

prolonged TG101209 treatment resulted in severe anemia and eventual death in these mice 

(data not shown). On the other hand, secondary-transplanted mice receiving leukemia cells 

(1 × 10 5 EGFP+ cells) isolated from primary transplant generally develop leukemia more 

rapidly and succumb to the disease in a more synchronous way. We therefore examined 

whether TG101209 provides a survival benefit in this secondary AE9a leukemia. The 

treatment was initiated 3 weeks after transplantation and continued for 2 weeks. All the mice 

in the placebo group (n = 8) succumbed to leukemia within a week after treatment started. 

However, mice treated with TG101209 (n = 9) showed a longer survival time (Figure 5).

TG101209 impairs AE9a leukemia-initiating activity

Cancer-initiating cells are believed to have limitless self-renewal capability, so targeting 

them is a high priority.30–34 To examine whether TG101209 also affects AE9a leukemia-

initiating potential, we performed secondary transplantation, as Wang et al35 reported 

previously, using sorted EGFP+ spleen cells from primary transplanted leukemia mice that 

were treated once daily with placebo or 100 mg/kg TG101209 for two weeks. TG101209 

pretreatment resulted in a significant reduction of circulating EGFP+ cells at 6 and 12 weeks 

after secondary transplantation (Figure 6A) and significantly (p < 0.0001) delayed and 

prevented leukemia development (Figure 6B). On average, 50% of recipient mice in the 

treated group from two separate experiments (n = 8 and 10, respectively) lost EGFP+ cells 

and were free of leukemia at the end point of the study (Figure 6 and data not shown). Thus, 

the JAK2 inhibitor as a single agent has a suppressive effect on the leukemia-initiating 

potential of AE9a leukemia cells.

Discussion

In our previous study, we combined gene expression and promoter occupancy profiling 

approaches to identify potential therapeutic targets of t(8;21) AML. We discovered the 

down-regulation of CD45, a negative regulator of the JAK/STAT pathway, and the 

subsequent activation of this pathway by the t(8;21) fusion protein AML1-ETO and its 

alternatively spliced variant AE9a.19 In the current report, we demonstrate the in vitro and in 

vivo effects of JAK inhibition in AE9a-induced leukemia.

Chromosomal aberrations involving the JAK2 gene that generate a variety of chimeric 

fusion proteins with constitutively activated tyrosine kinase activity have been known for 

more than a decade.22 These JAK2 fusions often promote the development of leukemias of 

both myeloid and lymphoid origins. In addition, all activating point mutations, deletions and 

insertions in the JAK2 gene lead to myeloproliferative neoplasms that can progress to a 

myelodysplastic syndrome or acute leukemia following the acquisition of additional genetic 

lesions. These observations have inspired significant efforts towards the development of 

JAK2 inhibitors for the treatment of these hematological malignancies.22 Although JAK2 

mutations are extremely rare in de novo AML, they do appear in approximately 0.5–8% of 

cases36–40 and are observed in some cases of therapy-related t(8;21) AML.41 The presence 
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of the JAK2 V617F mutation was shown to be prognostically unfavorable in a few cases of 

t(8;21) leukemia affecting their disease-free survival rate.42 Furthermore, STAT3 and/or 

STAT5 are activated in the majority of AML samples.37 This activation could be caused by 

activating mutations in a cytokine receptor,20 increased expression of a cytokine 

receptor43,44 or down-regulation of a negative regulator of the JAK/STAT pathway as we 

showed previously in t(8;21) AML.19 In addition, genes encoding other negative regulators 

of the JAK/STAT signaling cascade such as the protein inhibitor of activated stats-2 

(PIAS2),45 a direct negative regulator of Stats, and the suppressor of cytokine signaling-1 

(SOCS1),46 a negative regulator of JAK kinases, are hypermethylated in approximately 70% 

of AML cases irrespective of the AML subtype. These observations suggest that there may 

be a potential use for JAK/STAT inhibitors for the treatment of AML.

In our previous microarray study of AE9a leukemia cells,19 we observed up-regulation of 

JAK1 (p = 0.000174) and JAK2 (p = 0.006515) transcripts, which was later confirmed by 

RT-qPCR (unpublished data). Notably, we also observed higher JAK1 and JAK2 mRNA 

levels in t(8;21) AML M2 patients compared with patients without the translocation 

(supplemental Figure 6). Thus, t(8;21) fusion proteins enhance JAK/STAT signaling in two 

ways: increasing the level of an activator (JAK1/2) while decreasing the level of an inhibitor 

(CD45) of this pathway. Therefore, targeting this pathway should significantly impair the 

growth advantage of AE9a leukemia cells. Here, we show that AE9a leukemia cells and 

AML1-ETO-transformed murine hematopoietic cells are sensitive to inhibition of JAK1 or 

JAK2. Furthermore, the JAK2 inhibitor TG101209 effectively reduced the leukemia cell 

burden and the leukemia-initiating potential in the AE9a AML mouse model. These results 

suggest that JAK/STAT signaling is critical in AE9a leukemogenesis and inhibition of this 

signaling pathway has therapeutic potential. Since enhanced activation of both JAK1 and 

JAK2 is detected in AE9a leukemia cells, inhibitors that more effectively target both JAK1 

and JAK2, such as CYT387 and INCB18424, may have higher efficacy in treating t(8;21) 

AML. Our in vitro data of murine t(8;21) leukemia cells treated with TG101209 or 

INCB18424 further support this notion.

Clinically, aggressive chemotherapy is the standard treatment for t(8;21) AML. Although 

t(8;21) predicts favorable prognosis,14,15 other therapeutic options for t(8;21) AML patients 

have been investigated to further improve clinical outcome. Imatinib mesylate and dasatinib, 

which target BCR-ABL and the receptor tyrosine kinases cKIT and PDGFR, have been 

shown to inhibit proliferation and induce apoptosis in t(8;21)-positive leukemic cells47,48. 

When combined with cytarabine, these drugs prolong the survival of mice transformed by 

AML1-ETO and an activating cKit mutation.49 The histone deacetylase inhibitor Valproic 

acid was also reported to induce apoptosis and differentiation in the t(8;21)-positive 

Kasumi-1 cell line.50 In addition, Kasumi-1 cells are sensitive to arsenic-induced 

apoptosis.51 Furthermore, the diterpenoid Oridonin functions as an anti-tumor agent, 

promoting the degradation of AML1-ETO by caspase cleavage, and synergizing with Ara-C 

in the AEtr leukemia mouse model.52 Based on this preclinical work, clinical trials are 

investigating the efficacy of dasatinib in combination with standard chemotherapy in core 

binding factor leukemias [t(8;21) and inv(16)] (ClinicalTrials.gov identifiers NCT01238211 

and NCT00850382).
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More recently, the FDA-approved JAK inhibitor INCB18424/Ruxolitinib (Jakafi®; Incyte/

Novartis) was used as a single agent in a clinical study in patients with refractory AML 

including postmyeloproliferative neoplasm AML.53 Although the response rate was very 

poor, 3 out of 18 patients did respond with 2 achieving complete remission (CR) while one 

achieved CR with incomplete blood recovery. Although the efficacy of INCB18424 was 

dismal as a single agent, it showed no significant toxicity in this study. Clinical trials with 

JAK inhibitors INCB18424 and TG101348 were also well tolerated in myelofibrosis 

patients and significantly reduced the disease burden, producing a durable clinical 

benefit.54,55 Furthermore, recent investigations suggest that JAK inhibitors may be useful in 

targeting chronic myeloid leukemia (CML) when combined with the conventionally used 

tyrosine kinase inhibitors.56–58 Therefore, targeting the JAK/STAT signaling in combination 

with other therapy could be a viable approach to achieve a greater clinical response. This 

proposition is further supported by observations that AML cells are sensitive to the 

combined treatment of dasatinib and JAK inhibitors in assays designed to mimic stromal-

derived survival signals.59 Future studies are necessary to address the therapeutic potential 

of JAK/STAT inhibitors in t(8;21) AML and the possibility of combining them with 

conventional chemotherapies or other novel small molecule inhibitors for therapy.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Inhibition of JAK1 and JAK2 attenuates the colony-forming ability of AML1-ETO- 
and AE9a-transformed cells
CFU assays of AML1-ETO- and AE9a-transformed mouse fetal liver or bone marrow cells 

after control, JAK1 or JAK2 shRNA expression (A). CFU assays of AML1-ETO (B) and 

AE9a (C) transformed mouse bone marrow cells in the presence of TG101209 or 

INCB18424 at the concentrations indicated. Colony numbers are presented as percentages of 

control shRNA (A) or DMSO controls (B) and (C). Averages with SEM of at least two 

independent experiments are shown. Statistical significance of each treatment compared 

with the control is indicated above each bar. Statistical significance between two different 

treatments is also indicated. The cells treated with 600 nM (C) and 1200 nM (B and C) 

TG101209 failed to generate any colonies and therefore a p-value cannot be calculated. ** p 

< 0.01, ‡ p < 0.001, # p < 0.0001
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Figure 2. In vitro effects of the JAK2 inhibitor TG101209 and JAK1/2 inhibitor INCB18424 on 
murine t(8;21) leukemia cells
The AEtr leukemia cell line was treated with TG101209 or INCB18424 at the 

concentrations indicated for 48 hours. Relative cell numbers were determined by MTS assay 

(CellTiter96® AQueous One Solution Cell Proliferation Assay, Promega) and are presented 

as percentages of the DMSO control (A). Percentages of Annexin V-positive cells (B) and 

percentages of cells in the G1 phase upon treatment are also shown. Each bar represents the 

average with SEM of triplicate samples. Representative results from three independent 

experiments are shown. Statistical significance of each treatment compared with the control 

is indicated above each bar. Statistical significance between two different treatments is also 

indicated. * p < 0.05, ** p < 0.01, ‡ p < 0.001
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Figure 3. In vivo efficacy of TG101209 on primary transplanted AE9a leukemia mice
(A) The average mean fluorescence intensity (MFI) (± SEM) of pSTAT5 (Y694) and 

pSTAT3 (Y705) determined by flow cytometry in spleen cells of AE9a leukemia mice after 

a single-dose treatment of placebo (n = 3) or TG101209 (100 mg/kg) (n = 7). Cells were 

harvested 5 hours after treatment. EGFP+ cells were gated for the analysis. (B) Peripheral 

white blood cell (WBC) counts, and (C) percentages of circulating EGFP+ cells in placebo 

(n = 11) or TG101209-treated (100 mg/kg, twice daily) (n = 9) mice before (left panel) and 

after (right panel) two weeks of treatment. (D) Percentages of circulating CD11b+ cells (left 

panel) and cKit+ cells (right panel) within the EGFP+ population in placebo (n = 11) or 

TG101209-treated (100 mg/kg, twice daily) (n = 9) mice after two weeks of treatment. 

Horizontal bars indicate the mean values. (E) Spleens from one AE9a leukemia mouse 

treated with placebo (left) and two AE9a leukemia mice treated with TG101209 (100 

mg/kg) (middle and right) once daily for two weeks. The scale bar is 1 cm. (F) The average 

spleen weight (± SEM) of AE9a leukemia mice treated with placebo (n = 10) or TG101209 

(100 mg/kg) (n = 16) once daily for two weeks. The results are averages of two independent 

experiments. Each dot in (B), (C) and (D) represents one mouse. The p values were 

determined using Student’s t-test.
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Figure 4. TG101209 caused a modest but significant decrease in hemoglobin and hematocrit 
levels in MigR1 control mice
Percentages of EGFP+ cells (A) and white blood cell (WBC) counts (B) in the peripheral 

blood of MigR1 transplanted mice before and after treatment with placebo or TG101209 

(100 mg/kg, twice daily) for one or two weeks. Horizontal bars indicate the mean values. 

(C) Comparisons of hemoglobin (Hb) concentrations and hematocrit (HCT) levels in the 

peripheral blood of MigR1 mice treated with placebo or TG101209 for one or two weeks. 

The p values were determined using Student’s t-test.
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Figure 5. TG101209 prolongs lifespan of secondary transplanted AE9a leukemia mice
Survival curves of MF-1 mice transplanted with 1 × 105 EGFP+ leukemia cells from 

primary transplanted AE9a leukemia mice. Three weeks after secondary transplantation, 

mice were treated with placebo (n = 8) or TG101209 (100 mg/kg) (n = 9) twice daily for 5 

days and then once daily for 9 days. The p value was determined by using the Log-rank test.
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Figure 6. TG101209 impairs AE9a leukemia-initiating activity
(A) Percentages of EGFP+ cells in peripheral blood of MF-1 mice receiving 1 × 104 sorted 

EGFP+ spleen cells from primary transplanted AE9a leukemia mice that had been treated 

with placebo or TG101209 (100 mg/kg) once daily for two weeks. Peripheral blood was 

examined at 6 and 12 weeks after secondary transplantation. At 12 weeks, there were only 5 

live mice left in the placebo group (n = 8) and all of them had > 50% EGFP+ cells in blood. 

(B) Survival curves showing the lifespan of the secondary transplanted MF-1 mice in (A). 

*The remaining five mice in the TG101209 group (n = 8) had no detectable EGFP+ cells at 

the end point of the study and appeared healthy. The p values were determined by Student’s 

t-test (A) or Log-rank test (B). The results from one of two independent experiments are 

shown.
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