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Abstract

Although the treatment of acute myeloid leukemia (AML) has improved significantly, more than 

half of all patients develop disease that is refractory to intensive chemotherapy1,2. Functional 

genomics approaches offer a means to discover specific molecules mediating aberrant growth and 

survival of cancer cells3–8. Thus, using a loss-of-function RNA interference genomic screen, we 

identified aberrant expression of the hepatocyte growth factor (HGF) as a critical factor in AML 
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pathogenesis. We found HGF expression leading to autocrine activation of its receptor tyrosine 

kinase, MET, in nearly half of the AML cell lines and clinical samples studied. Genetic depletion 

of HGF or MET potently inhibited the growth and survival of HGF-expressing AML cells. 

However, leukemic cells treated with the specific MET kinase inhibitor crizotinib developed 

resistance due to compensatory upregulation of HGF expression, leading to restoration of MET 

signaling. In cases of AML where MET is coactivated with other tyrosine kinases, such as 

fibroblast growth factor receptor 1 (FGFR1)9, concomitant inhibition of FGFR1 and MET blocked 

compensatory HGF upregulation, resulting in sustained logarithmic cell kill both in vitro and in 

xenograft models in vivo. Our results demonstrate widespread dependence of AML cells on 

autocrine activation of MET, as well as the importance of compensatory upregulation of HGF 

expression in maintaining leukemogenic signaling by this receptor. We anticipate that these 

findings will lead to the design of additional strategies to block adaptive cellular responses that 

drive compensatory ligand expression as an essential component of the targeted inhibition of 

oncogenic receptors in human cancers.

We used a doxycycline-inducible retroviral RNAi library of 5,087 bar-coded shRNAs 

targeting 1,740 human genes to screen for functional pathway dependence in OCI/AML-2 

cells derived from a patient with complex-karyotype AML (Supplementary Fig. 1a)10. 

Among the top 30 genes specifically required for the growth of OCI/AML-2 cells but not 

cells from a variety of non-myeloid hematologic malignancies was HGF, the ligand of the 

receptor tyrosine kinase MET11. Targeting of HGF and downstream mediators of the MET 

signaling pathway, such as STAT3 and MAPK1, with two independent shRNAs, significantly 

suppressed the growth of AML but not non-myeloid hematologic cancer cells 

(Supplementary Fig. 1b–d).

In tests of the functional consequences of HGF expression in AML cell lines, we found that 

four of seven cell lines, but not normal CD34+ cells, expressed HGF that was associated 

with MET activation (Fig. 1b). These data indicate that HGF expression by AML cells is 

aberrant, while expression of MET is lineage appropriate. Knockdown of HGF using two 

independent specific shRNAs inhibited the growth of OCI/AML-2 cells (Fig. 1c and 

Supplementary Fig. 2a). This effect could be rescued with recombinant HGF protein or by 

the transduction of complementary DNA (cDNA) encoding HGF (Fig. 1c). OCI/AML-2 cell 

growth was also inhibited by the addition of a neutralizing antibody against HGF to the 

culture medium (Fig. 1c). We also demonstrated the requirement for HGF/MET signaling in 

three additional AML cell lines (HEL, SKNO-1, KG-1) by depleting HGF and MET using 

specific shRNAs and inhibiting MET kinase signaling using the kinase inhibitor SU11274 

(Supplementary Fig. 3–5). Inhibition of HGF/MET signaling led to a significant increase in 

the apoptosis of HGF-expressing cells (Fig. 1d), without the induction of cell cycle arrest 

(Supplementary Fig. 3). In addition, treatment with the specific MET kinase inhibitor 

crizotinib led to decreased colony formation of HGF-expressing primary AML samples (Fig. 

1e–f). Taken together, our findings indicate that cell-autonomous production of HGF causes 

autocrine activation of MET and is necessary for the proliferation or survival of HGF-

expressing AML cells.
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To estimate the prevalence of aberrant HGF/MET signaling in patients with AML, we used 

immunohistochemistry to detect the coexpression of HGF and MET in bone marrow biopsy 

specimens from 138 adults with a broad spectrum of AML subtypes (Fig. 2a–c, 

Supplementary Fig. 6a–e). These proteins were expressed together in 58 (42%) of the 

patients (Fig. 2c), often in association with specific genetic abnormalities, including the 

PML-RARA and AML1-ETO translocations (Supplementary Fig. 6f). Using capillary 

isoelectric focusing electrophoresis nanoimmunoassay (NIA), which allows precise 

quantitation of differences in protein expression and phosphorylation, we observed 

expression of HGF and activation of MET in 5 (38%) of 13 viably frozen bone marrow 

aspirate specimens (Supplementary Fig. 7), with confirmation by flow cytometry 

(Supplementary Fig. 8). In the cohort we examined, there was no statistically significant 

difference in survival between patients with and without aberrant HGF expression 

(Supplementary Fig. 6g). Additional analysis of the gene expression profiles of primary 

AML blasts from 285 patients with AML also revealed the expression of high levels of HGF 

in a subset of patients with AML12, including cases with PML-RARA and AML1-ETO 

(Supplementary Fig. 9).

Because HGF expression is associated with specific biologic subtypes of AML, we 

hypothesized that it might be induced by chimeric transcription factors that act in trans on 

the HGF locus to drive AML pathogenesis. Consistent with this concept, we did not detect 

any copy number changes (Supplementary Fig. 10a–b), mutations of the HGF promoter 

(Supplementary Fig. 10c), or allelic skewing of single nucleotide polymorphism expression 

(Supplementary Fig. 10d) in human AML cell lines with aberrant HGF expression. To test 

this predicted trans-acting mechanism directly, we transduced primary lineage-depleted 

mouse hematopoietic cells with fusion protein-encoding retroviruses, and monitored for 

expression of HGF and activation of MET using nanoimmunoassays. Cells transduced with 

PML-RARA, PLZF-RARA, and AML1-ETO expressed HGF (Fig. 2d, Supplementary Fig. 

11), and exhibited phosphorylation of MET (Fig. 2e, Supplementary Fig. 11). Transformed 

cells were sensitive to MET kinase inhibition in serial replating colony-formation assays 

(Fig. 2f, Supplementary Fig. 11), while showing downregulation of MET phosphorylation 

(Fig. 2g, Supplementary Fig. 11). Thus, distinct chimeric transcription factors can induce 

expression of HGF, leading to aberrant MET activation and functional dependence on 

HGF/MET signaling.

To assess the potential of HGF/MET signaling as a therapeutic target, we investigated the 

sensitivity of HGF/MET-dependent AML cell lines to chemical inhibition of the MET 

kinase using the specific MET/ALK inhibitor crizotinib13, which permits targeting of MET 

in AML because ALK is not expressed by hematopoietic cells or any of the AML cell lines 

studied to date (Supplementary Fig. 3b). The growth of AML cell lines with aberrant HGF 

expression and MET activation was strongly inhibited by treatment with crizotinib, while 

that of cell lines lacking HGF expression and MET activation was unaffected (Fig. 1d, 

Supplementary Fig. 4e–f). However, cells treated for more than 6 days with crizotinib 

appeared to regain their normal growth rate (Fig. 3a, Supplementary Fig. 12a–b).

Further experiments to determine the origin of the acquired resistance to crizotinib using 

quantitative nanoimmunoassays showed profound inhibition of MET activation within 12 
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hours of crizotinib treatment (Supplementary Fig. 13a) that was associated with the 

induction of apoptosis (Supplementary Fig. 14). In addition, we observed a surprising 13-

fold upregulation of HGF in crizotinib versus control-treated OCI/AML-2 cells 

(Supplementary Fig. 13b), which occurred in concert with the recovery of phospho-MET 

levels after 10 days of treatment (Supplementary Fig. 13a), accounting for the restoration of 

pre-treatment cell growth rates (Fig. 3a). This finding, confirmed in 3 different AML cell 

lines (Supplementary Fig. 12c), reflects increased biallelic expression of HGF mRNA 

(Supplementary Fig. 15). The recovery of MET phosphorylation corresponded with a 

recovery in the abundance of phosphorylated CRKL, STAT3, and ERK1/2 (Supplementary 

Fig. 13d–f), all associated with marked upregulation of HGF (Supplementary Fig. 13b). 

Depletion of HGF with a specific shRNA partially mitigated the compensatory upregulation 

of HGF in response to MET kinase inhibition, but this strategy was only partially successful 

in inhibiting leukemia growth in vivo due to the intrinsic variability in knockdown efficiency 

(Supplementary Fig. 16–17). While the rapid development of crizotinib resistance was 

somewhat surprising, the selective pressure to maintain MET phosphorylation by 

upregulation of HGF reinforces our original conclusion that specific types of AML require 

aberrant HGF-mediated activation of MET signaling for sustained growth and survival.

Since activation of MET can occur in AMLs that also harbor aberrant activation of other 

receptor tyrosine kinases, we reasoned that combined inhibition of the signaling pathways 

co-activated with MET might be required to block compensatory upregulation of HGF. In 

this study, we focused on the co-activation of FGFR1 and HGF/MET in KG-1 cells, which 

bear a FOP2-FGFR1 chromosomal translocation, derived from aggressive 8p11 

myeloproliferative syndrome/stem cell leukemia9. After treating KG-1 cells with various 

concentrations of crizotinib and PD173074, a specific and potent inhibitor of the FGFR1 

tyrosine kinase14, we analyzed the effects using isobologram analysis (Supplementary Fig. 

18a). Nearly all dose combinations of PD173074 and crizotinib produced synergistic effects, 

as indicated by their low combination index values (Supplementary Fig. 18a). We 

demonstrated that the effect of PD173074 was mediated specifically by inhibition of 

FGFR1, by finding that depletion of FGFR1 sensitized KG-1 cells to treatment with 

crizotinib (Supplementary Fig. 19).

Combination treatment of KG-1 cells with 100 nM crizotinib and 20 nM 

PD173074(corresponding to their individual IC50 values) prevented compensatory 

upregulation of HGF (Fig. 3b), leading to sustained inhibition of MET phosphorylation (Fig. 

3c), and sustained blockade of downstream signaling pathways (Supplementary Fig. 18b–f). 

This strategy also led to potent induction of apoptosis and logarithmic cell kill that was 

sustained for 14 days of treatment (Fig. 3e–f). We confirmed the on-target effect of 

PD173074 by specifically depleting cells of FGFR1 by shRNA knockdown, and showing 

that cells depleted of FGFR1, but not those transduced with vector control, fail to upregulate 

HGF in response to chronic crizotinib treatment (Supplementary Fig. 19c). Thus, FGFR1 

activity is required for the compensatory upregulation of HGF in response to MET 

inhibition.

Finally, we evaluated simultaneous inhibition of MET and blockade of compensatory HGF 

expression in KG-1 cells modified to express luciferase for bioluminescence imaging, and 
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engrafted into immunocompromised mice via tail vein injection. Leukemic mice were 

treated with vehicle control, crizotinib (50 mg−1 kg−1) alone, PD173074 (25 mg−1 kg−1) 

alone, or combined treatment with these agents by daily oral gavage 10 days after 

transplantation of leukemia cells. Mice treated with single drugs or vehicle control continued 

to show exponentially growing leukemia, whereas animals treated with both crizotinib and 

PD173074 had significant disease regression after 10 days of therapy, as measured by 

bioluminescence (Fig. 4a–b). These results were confirmed by flow cytometry, 

demonstrating near-complete ablation of CD45+ human cells in the peripheral blood and 

bone marrow of mice treated with the combination of crizotinib and PD173074, but not in 

those treated with either drug alone or vehicle control (Fig. 4c–d). Although PD173074 had 

more potent effects on cell growth than crizotinib, they were only modest at best, indicating 

that the impressive therapeutic synergy of this combination stems primarily from the 

PD173074-induced blockade of compensatory HGF upregulation in response to crizotinib 

treatment (Fig. 4e–f).

We have identified aberrant HGF/MET signaling as a requisite pathway in the growth and 

survival of AML cells, in nearly half of a large group of primary clinical samples. Besides 

HGF, our genome-wide shRNA screen identified a number of additional genes as critical 

factors in the biochemical processes that drive AML pathogenesis, which with proper 

validation could offer a functional taxonomy of AML cells, provide powerful insights into 

the pathophysiology of the disease, and ultimately targets for improved therapy.

How does aberrant production of HGF contribute to the pathobiology of AML? We show 

here that dysregulated expression of this secreted growth factor, due in part to the activity of 

distinct AML-associated transcription factors, leads to autocrine activation of the MET 

receptor and, in turn, to autocrine receptor tyrosine kinase signaling, as originally postulated 

on the basis of first-principle considerations15. Instead of direct mutational activation16, we 

find that MET is activated in AML as a result of aberrant autocrine signaling by HGF, which 

appears to be dynamically controlled, as indicated by the upregulation of HGF in response to 

chronic MET kinase inhibition. Since constitutive activation of growth factor signaling 

pathways can have maladaptive cellular effects, such as cell cycle arrest and senescence17, 

these findings suggest that HGF deregulation and autocrine signaling provide a mechanism 

by which MET activity can be modulated to levels that optimize the fitness of AML cells, a 

property that may not be achieved by mutational activation of MET. In addition, HGF 

appears to be one of the most differentially expressed genes in the leukemia-initiating cells 

of AML, as compared to normal hematopoietic stem cells18, suggesting that aberrant 

HGF/MET signaling may contribute to the growth and survival of AML stem cells, thus 

strengthening the rationale for targeting this pathway.

Our study also raises the intriguing possibility that ligand-induced receptor activation may 

provide a general mechanism through which cancer cells can develop resistance to the 

therapeutic inhibition of receptor tyrosine kinase signaling. Autocrine signaling is widely 

prevalent in human cancers, affecting the EGFR, IGFR, PDGFR, FGFR, TRK, EPH, and 

TIE receptor families, many of which are currently being explored as therapeutic targets19. 

Indeed, ligand-dependent activation of receptor tyrosine kinases has been observed with 

other leukemogenic receptor tyrosine kinases, most notably KIT and FLT320. Treatment 
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with FLT3 kinase inhibitors leads to upregulation of FLT3 ligand21, which may be 

responsible, at least in part, for the diminished clinical efficacy of FLT3 inhibitors in 

patients with AML22. Autocrine or paracrine ligand-induced receptor activation will likely 

mitigate the effects of targeted kinase inhibitors of these receptors, in a manner analogous to 

the mechanisms by which HGF antagonizes inhibition of the MET kinase by crizotinib. 

Adaptive increases in ligand expression levels provide a means for cancer cell populations to 

re-establish the signal transduction pathways that existed prior to the onset of inhibitor 

treatment.

Clinical strategies will need to be developed to effectively overcome ligand-mediated 

resistance to targeted therapies. In the case of 8p11 stem cell leukemia involving FGFR1 

translocations, FGFR1 activity is required for compensatory upregulation of HGF in 

response to MET inhibition. Combined inhibition of these co-activated pathways is highly 

synergistic due to the blockade of compensatory HGF upregulation, which leads to the 

sustained logarithmic cell kill that is required for clinically effective therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Aberrant HGF expression by AML cells is associated with MET activation and is 
necessary for cell growth and survival
(a) Heat map of the 30 top-ranking genes in the RNAi screen, whose depletion reduced the 

growth of OCI/AML-2 cells but not diffuse large B-cell lymphoma (Ly3, Ly10, Ly7, Ly19, 

K1106), myeloma (KMS12, H929, SKMM1), or T-cell acute lymphoblastic leukemia 

(Jurkat, CEM) cell lines. Relative cell depletion is represented by a bluered color gradient. 

The master myeloid transcription factor SPI1 served as the internal positive control; HGF is 

denoted with an arrowhead. (b) Western blot analysis of lysates of colon carcinoma DLD-1 

cells with MET amplification, WI-38 fibroblasts expressing HGF, normal human CD34+ 

cells, and seven AML cell lines; OCI/AML-2 is duplicated. HGF is detected with an 

apparent mobility of 90 kDa, corresponding to its intracellular pro-form, while MET is 

detected as both pro- and mature forms in DLD-1 cells (180 and 140 kDa, respectively), and 

predominantly as the mature form (140 kDa) in AML cells (arrowhead). (c) Growth of OCI/

AML-2 cells is inhibited by transduction of specific shRNAs targeting HGF (h9 and h10) or 

by treatment with a neutralizing anti-HGF antibody (100 nM), but not by transduction of 

control shRNA (GFP) or by concomitant rescue with HGF cDNA or recombinant human 

HGF (0.1 nM). Measurements are normalized to the value for untreated cells at day 7, and 

shown as means and standard deviations of three biologic replicates. * p < 0.05 versus 

untreated control. (d) TUNEL analysis of AML cells that express HGF and activate MET 

(OCI/AML-2, HEL, KG-1) versus those that lack HGF expression (F36P, MOLM-13, 

K562) as a function of depletion of HGF or MET using RNAi, treatment with the MET 
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kinase inhibitor SU11274 (1 μM) or crizotinib (0.1μM) for 48 hours. Transduction with GFP 

shRNA and treatment with DMSO served as controls. Values are means and standard 

deviations of three biologic replicates. * p < 0.05 versus DMSO or GFP shRNA control. 

(e,f) Methylcellulose colony-forming assays of KG-1 cells (e) in the presence of DMSO 

control (black box) or crizotinib (0.1μM, red circle), and primary AML specimens (f) with 

aberrant HGF expression (AML 1, AML 2) versus those lacking HGF (AML 3, AML 4). 

Individual data points and means (bars) of three biologic replicates are shown. * p < 0.05 

versus DMSO control.
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Fig 2. HGF and MET are co-expressed in the leukemic blasts of patients with AML and are 
induced by leukemogenic transcription factors in primary mouse hematopoietic progenitor cells, 
conferring susceptibility to MET kinase inhibition
(a,b) Immunohistochemical analysis of diagnostic bone marrow AML biopsy, 

demonstrating intracellular staining of HGF and pericytoplasmic membrane staining of 

MET in leukemic blasts, consistent with autocrine activation of MET. Scale bar = 25 μm. (c) 

Distribution of primary AML specimens that co-express HGF and MET (HGF+) versus 

those that lack HGF expression (HGF−) by immunohistochemistry among patients with a 

normal karyotype, complex karyotype (complex), and other cytogenetic abnormalities, 

demonstrating aberrant HGF expression in 58 (42%) of the cases. (d) Abundance of mouse 

HGF at 7 days after retroviral transduction of mouse hematopoietic progenitors with PML-

RARA (red) or vector control (blue), showing induction of HGF expression as measured with 

nanoimmunoassays. (e) Abundance of MET and phospho-MET (pMET) 7 days after 

retroviral transduction of mouse hematopoietic progenitors with PML-RARA (red) or vector 

control (blue), showing activation of MET upon induction of HGF expression. Equal protein 

loading was confirmed by the use of β2-microglubilin as the loading control. (f) Colony 

replating efficiency of PML-RARA transformed mouse hematopoietic progenitor cells, as a 

function of increasing concentration of crizotinib. Values are normalized to the number of 

colonies in mock-treated cells and plotted as means and standard deviations of three biologic 

replicates. * p < 0.05 for comparison to DMSO treated cells. (g) Abundance of HGF (black) 

and phospho-MET (red) in PML-RARA-transformed mouse hematopoietic progenitor cells 
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treated with 0 and 300 nM crizotinib, demonstrating inhibition of MET phosphorylation and 

upregulation of HGF.
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Fig 3. Restoration of leukemic cell growth upon chronic MET kinase inhibitor treatment is due 
to compensatory upregulation of HGF and MET re-activation, which can be overcome by 
inhibiting compensatory upregulation of HGF
(a) Kinetics of growth of OCI/AML-2 cells treated with crizotinib (0.1 μM in DMSO) or 

vehicle (DMSO), demonstrating that acute crizotinib treatment leads to significant reduction 

in AML cell growth (doubling time of 2.1 versus 12 days, p < 0.05), while with chronic 

treatment (10 days), the doubling time is 2.0 days. Cells were split and culture medium 

changed to maintain a constant cell density of 1 million cells ml−1. (b) Abundance of HGF 

in KG-1 cells treated for 10 days with DMSO (black), 100 nM crizotinib (orange), 20 nM 

PD173074 (blue), or a combination of crizotinib and PD173074 (green), as measured by 

quantitative nanoimmunoassay, with β2-microglobulin as the loading control, also see 

(Supplementary Fig. 16e). (c) MET activation as assessed by the abundance of phospho-

MET (pMET) in KG-1 cells treated for 10 days with the indicated drugs, demonstrating 

maintenance of MET signaling in cells treated with 100 nM crizotinib or 20 nM 

PD1730734, but not in cells exposed to combination treatment. (d) FGFR1 activation as 

assessed by abundance of phospho-FGFR1 (pFGFR1) in KG-1 cells treated for 10 days with 

the indicated drugs, demonstrating lack of effect of crizotinib on FGFR1 activity. (e) 

Induction of apoptosis as assessed by the abundance of cleaved caspase 3 (cCASP3) in 

KG-1 cells treated for 10 days demonstrating substantially greater induction of apoptosis in 

cells treated with combination of 100 nM crizotinib and 20 nM PD173074 as compared to 

either drug alone. (f) Combined treatment of KG-1 cells with crizotinib and PD173074 leads 
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to sustained logarithmic cell kill as compared to either drug alone. Values are means and 

standard deviations of three biologic replicates. * p < 0.05 versus either drug alone.
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Fig 4. Combined inhibition of MET and FGFR1 blocks compensatory upregulation of HGF, 
leading to sustained inhibition of MET in KG-1 cells and to near-complete regression of AML in 
vivo
(a) Bioluminescence measurements of leukemic mice engrafted with luciferase-modified 

KG-1 cells and treated with vehicle control (black), 50 mg−1 kg−1 crizotinib alone (orange), 

25 mg−1 kg−1 PD173074 (blue), or a combination of crizotinib and PD173074 by daily oral 

gavage (green). Values are means and standard deviations of each treatment group (n = 9). * 

p < 0.05 versus each remaining group. (b) Bioluminescent photographs of representative 

mice from each treatment group (blue-to-red color gradient represents increasing 

bioluminescence intensities). (c,d) Scatter plots of the fraction of human CD45+ KG-1 cells 

in the peripheral blood (c) and bone marrow (d) of mice after 10 days of treatment, 

demonstrating near-complete elimination of human AML cells in mice treated with the 

combination of crizotinib and PD173074. Boxes denote means and standard deviation for 

each group (n = 9). * p < 0.05 versus vehicle control group. (e,f) Abundance of HGF (e) and 

phospho-MET (f) in human CD45-selected KG-1 cells isolated from the bone marrow of 

mice after 10 days of treatment as indicated, demonstrating blockade of compensatory HGF 

upregulation in response to crizotinib treatment by the combined inhibition of MET and 

FGFR1, and sustained inhibition of MET activation.
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