
UCSF
UC San Francisco Previously Published Works

Title
Imipramine blue sensitively and selectively targets FLT3-ITD positive acute myeloid 
leukemia cells.

Permalink
https://escholarship.org/uc/item/3j87x6gk

Journal
Scientific reports, 7(1)

ISSN
2045-2322

Authors
Metts, Jonathan
Bradley, Heath L
Wang, Zhengqi
et al.

Publication Date
2017-06-01

DOI
10.1038/s41598-017-04796-1
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3j87x6gk
https://escholarship.org/uc/item/3j87x6gk#author
https://escholarship.org
http://www.cdlib.org/


1Scientific RepoRts | 7: 4447  | DOI:10.1038/s41598-017-04796-1

www.nature.com/scientificreports

Imipramine blue sensitively and 
selectively targets FLT3-ITD 
positive acute myeloid leukemia 
cells
Jonathan Metts1,2, Heath L. Bradley1,2, Zhengqi Wang1,2, Neil P. Shah3, Reuben Kapur4, Jack 
L. Arbiser5,6 & Kevin D. Bunting1,2

Aberrant cytokine signaling initiated from mutant receptor tyrosine kinases (RTKs) provides critical 
growth and survival signals in high risk acute myeloid leukemia (AML). Inhibitors to FLT3 have already 
been tested in clinical trials, however, drug resistance limits clinical efficacy. Mutant receptor tyrosine 
kinases are mislocalized in the endoplasmic reticulum (ER) of AML and play an important role in 
the non-canonical activation of signal transducer and activator of transcription 5 (STAT5). Here, 
we have tested a potent new drug called imipramine blue (IB), which is a chimeric molecule with a 
dual mechanism of action. At 200–300 nM concentrations, IB is a potent inhibitor of STAT5 through 
liberation of endogenous phosphatase activity following NADPH oxidase (NOX) inhibition. However, 
at 75–150 nM concentrations, IB was highly effective at killing mutant FLT3-driven AML cells through a 
similar mechanism as thapsigargin (TG), involving increased cytosolic calcium. IB also potently inhibited 
survival of primary human FLT3/ITD+ AML cells compared to FLT3/ITDneg cells and spared normal 
umbilical cord blood cells. Therefore, IB functions through a mechanism involving vulnerability to 
dysregulated calcium metabolism and the combination of fusing a lipophilic amine to a NOX inhibiting 
dye shows promise for further pre-clinical development for targeting high risk AML.

Acute myeloid leukemia (AML), the most common leukemia in adults and second most common in pediatrics, is 
a heterogeneous disease with a high relapse rate. FLT3/ITD mutated AML represents 30% of adult and 10–20% of 
pediatric AML and despite intensive therapy and allogeneic stem cell transplant the prognosis for these patients 
remains dismal1, 2. FLT3/ITD mutations result in constitutive activation of key survival and growth pathways 
including STAT5, PI3K, and MAPK. Tyrosine kinase inhibitors (TKIs) that directly target FLT3 (e.g. sorafenib, 
quizartinib, etc) are currently being studied in clinical trials, however thus far they have produced modest 
responses, with TKI resistant mutations being a main cause of relapse3. Therefore, novel methods to target this 
high risk disease subset are warranted. Mislocalization of mutant type III receptor tyrosine kinases (RTKs, e.g. 
FLT3 and c-KIT) occurs in leukemia4, 5. In FLT3/ITD+ AML, a portion of mislocalized, underglycosylated RTK 
accumulates on the endoplasmic reticulum (ER) in a highly oxidized microenvironment where the RTK activates 
signal transducer and activator of transcription 5 (STAT5) through tyrosine phosphorylation, a phenomenon that 
does not occur with the mature fully glycosylated form, and there are high levels of localized reactive oxygen spe-
cies (ROS) generated from ER-bound NADPH Oxidase 4 (NOX4)4, 6. This non-canonical activation mechanism 
is leukemia-specific, thus opening the door to an improved therapeutic index for agents that are able to exploit 
this STAT5 activation mechanism.

ROS are highly reactive molecules containing oxygen. While typically produced by the mitochondria as a 
byproduct of cellular metabolism, in recent years ROS have been shown to play a key role in many aspects of cell 
signaling. ROS are elevated in AML and specifically AML with FLT3/ITD mutations7. NOX4 has been shown 
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to be a STAT5 target gene, and its upregulation in FLT3/ITD+ AML mediates leukemic transformation through 
inactivation of protein tyrosine phosphatases (PTPs) such as DEP-1 by causing reversible cysteine oxidation at 
their catalytic site. Furthermore, NOX4 inhibitors have been shown to increase survival in murine models of 
FLT3/ITD+ AML8. STAT5 is also directly affected by ROS; in FLT3/ITD+ AML cell lines, hydrogen peroxide 
(H2O2) co-localizes to the endoplasmic reticulum and is required for STAT5 phosphorylation9. These important 
roles of ROS in FLT3/ITD+ AML raise the possibility the ROS may be a therapeutic target for this disease.

Imipramine Blue (IB) is a triphenylmethane dye conjugated to the tricyclic antidepressant imipramine. Many 
effects of this compound have been discovered, however its most prominent effect is that of NOX inhibition10. 
IB has been shown to be effective in preclinical models of glioblastoma, Burkitt lymphoma, head and neck carci-
noma, breast cancer, and chronic myeloid leukemia (CML)10–14. Given the prominent role of NOX4 and ROS in 
FLT3/ITD+ AML, we sought to determine if FLT3/ITD+ AML might be preferentially sensitive to ROS inhibition. 
However, we uncovered a new mechanism of action where AML cells are also highly sensitive to cytosolic calcium 
(Ca2+) and vulnerable to Ca2+ overload induced mitochondrial cell death15, 16.

Materials and Methods
Cell culture. All cultured cell lines were grown in media containing 1% penicillin/streptomycin and found 
to be negative for mycoplasma contamination prior to use. The FLT3/ITD+ cell lines MV4–11, MOLM-13, and 
MOLM-14 were a gift from Doug Graham (Emory University). MV4–11 cells were grown in IMDM supple-
mented with 10% FBS, and MOLM-13 and MOLM-14 cells were grown in RPMI supplemented with 10% FBS. 
FLT3/ITDneg cell line OCI-AML3 was purchased from DSMZ and grown in αMEM supplemented with 10% 
FBS. FLT3/ITDneg cell lines HL-60, HEL, and K562 (blast crisis CML) were gifts from Gang Huang (Cincinnati 
Children’s Hospital) and William Tse (University of Louisville). HL-60 cells were grown in IMDM with 20% FBS 
and HEL and K562 cells were grown in RPMI + 10% FBS. MOLM-14 cells with acquired FLT3 point mutations17 
F691L (gatekeeper mutation) and D835Y (tyrosine kinase domain mutation) were grown in RPMI + 10% FBS. 
32D clone 3 cells transduced with wild-type c-KIT and c-KIT D814V mutation were grown in IMDM + 10% FBS 
supplemented with 5 ng/mL murine IL-3 (Gemini) and 32D KIT D814V cells were starved of IL-3 for at least 
24 hours prior to experimentation.

Human umbilical cord blood and primary patient samples. Umbilical cord blood units were 
obtained with IRB approval from the Carolinas Cord Blood Bank (Duke University). All methods were carried 
out in accordance with relevant guidelines and regulation. Informed consent was obtained for all subjects donat-
ing cord blood units to the bank. Mononuclear cells were extracted using Ficoll then counted via trypan blue to 
assess viability. CD34+ cells were then extracted utilizing the human UltraPure CD34 MicroBead Kit (Miltenyi, 
130-100-453). Cells were expanded as described18 in Stemspan H3000 serum free media (StemCell Technologies, 
#09800) supplemented with 100 ng/mL of human thrombopoietin, IL-6, FLT3 ligand, stem cell factor (Gemini) 
and 1 µM StemRegenin-1 (SR-1, Cayman Chemicals, #10625).

De-identified patient samples were obtained from the Children’s Oncology Group (COG) through the AML 
Biology Committee (AAML15B9-Q). Bone marrow samples containing 70% blasts or greater were from patients 
under 21 years of age at diagnosis prior to receiving any therapy. Samples were thawed and expanded in cytokines, 
SR-1, and UM-729 (StemCell, #72332) as described19. Samples were considered satisfactory quality for analysis if 
>50% viability was maintained after 5 days in culture.

Treatment reagents. Mitochondrial complex I inhibitors rotenone and metformin (#R8875 and # 
D150959), NOX inhibitor diphenyleneiodonium (DPI, #D2926), SERCA inhibitor thapsigargin (T9033), and 
STAT5 inhibitor pimozide (P1793) were purchased from Sigma. The lipophilic amine imipramine and the triphe-
nylmethane dyes gentian violet and imipramine blue were obtained from Sigma. Imipramine blue was prepared 
at PCI Synthesis, Newburyport, MA. PCI is a cGMP facility which has prepared imipramine blue, and confirms 
the identity of imipramine blue by mass spectroscopy and NMR spectroscopy.

Western blotting. Cells were lysed in RIPA buffer with protease and phosphatase inhibitors (Roche, 
#04693124001 and #04906845001) for 30 minutes on ice followed by centrifugation for 10 minutes at 10,000 × g. 
Protein concentrations were determined using the Bio-Rad protein assay (Bio-Rad, # 500–0006) and proteins 
were separated on an SDS-polyacrylamide gel followed by transfer to either a nitrocellulose (Fisher, #1215471) or 
PVDF (Immobilon, #IPVH00010) membrane. After blocking in 5% BSA for 1 hour, membranes were incubated 
in the appropriate antibody overnight and detection was by chemiluminescence (Thermo Scientific, #34080) or 
by the Odyssey Clx imaging system (LI-COR Biosciences). Image Studio v4.0 software was used for densitometry 
quantification.

Assays of mitochondrial integrity. For ROS detection, cells were washed twice with PBS then incubated 
for 30 minutes in 1 µM H2-DCF-DA (Invitrogen, D-399) in PBS. After 2 more washes in PBS, hydrogen peroxide 
levels were detected by flow cytometry. For mitochondrial membrane potential, after 2 washes with PBS, cells 
were incubated with 5 µM JC-1 (Thermo-Fisher, T3168) in PBS for 20 minutes, then washed 3 times with PBS 
prior to analysis by flow cytometry20.

Cytoplasmic Calcium Assay. After 2 washes with serum-free RPMI medium, cells were incubated with 
serum-free RPMI with 5 µM Indo-1 AM (Thermo-Fisher, I1203) for 30 minutes. Cells were then washed 3 times 
with PBS. Flow cytometry was performed by ratiometric analysis of cytoplasmic calcium-bound vs unbound 
Indo-1 vs time. Analysis was performed for 30 seconds on untreated cells prior to the addition of treatment 
agents.
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Cell Imaging. The fluorescent properties of IB were utilized for localization analyses. IB is excited at 568 and 
emits fluorescence at >650. ER-tracker Green was purchased from Thermo-Fisher (E34250) and Golgi-ID and 
Lyso-ID were purchased from Enzo (ENZ-51028-K100 and ENZ-51034-0100). These dyes were chosen because 
they have no spectral overlap with IB. Hoechst stain provided in the Enzo kits was used for nuclear counterstain. 
Staining was performed according to manufacturer’s protocols. Cells were concurrently loaded with 150 nM IB. 
High resolution live-cell imaging was performed on the DeltaVision OMX (GE Healthcare). Post-acquisition data 
analysis was done using Fiji software (Fiji.sc).

Cell survival assays. For apoptosis assay, after 2 washes in PBS, cells were resuspended in Annexin Buffer 
with Annexin V-PE (BD Biosciences, 556421) and DAPI, according to the manufacturers’ instructions. Cells 
were analyzed by flow cytometry. For cytotoxicity assay, after 48 hours of drug treatments, cells were analyzed by 
trypan blue exclusion assay as previously described21.

Statistical Analysis. All data were derived as a result of three or more independent experiments, unless 
stated otherwise. Student’s two tailed t-test was used to calculate p-values and values less than 0.05 were consid-
ered to be significant.

Results
Inhibition of ROS potently inhibits STAT5 phosphorylation but induces cell death at lower con-
centrations. To determine the effects of ROS inhibition on STAT5 phosphorylation, we targeted the 2 main 

Figure 1. Imipramine blue selectively kills FLT3/ITD+ AML cell lines at lower concentrations than required 
to suppress STAT5 phosphorylation. (A) MV4–11 cells were treated with mitochondrial complex I inhibitors 
(rotenone and metformin) or NOX inhibitors (DPI and imipramine blue) for 4 hours prior to 30 minute H2-
DCF-DA staining and flow cytometry. For Western blots, MV4–11 cells were treated for 4 hours with or without 
1 mM PTP inhibitor sodium orthovanadate (Na3VO4). MitOX inhibitors decreased pSTAT5, and this effect was 
reversed in the presence of Na3VO4, indicating PTP liberation as the cause of decreased pSTAT5. (B) Trypan 
blue exclusion assay after 48 hours drug exposure. FLT3/ITD+ cell lines were selectively killed at nM doses of 
IB, specifically 100–150 nM. (C) Doses of 200 nM IB were required to see significant inhibition of pSTAT5. 
The original uncropped Western blot files are included as Supplemental material. (*p < 0.05, ***p < 0.001, 
****p < 0.0001, ns: p > 0.05).
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cellular ROS producers: mitochondria and NADPH oxidase. Utilizing mitochondria complex I (MitOX) inhibi-
tors (rotenone, metformin) and NADPH Oxidase (NOX) inhibitors (DPI, imipramine blue) for 4 hours, cellular 
levels of ROS as measured by hydrogen peroxide content in MV4–11 cells were effectively decreased. Western 
blot after 4 hour treatment demonstrated corresponding inhibition of pSTAT5 (Fig. 1A). Effective disruption of 
downstream STAT5 signaling was also observed using qRT-PCR for STAT5 target genes (Fig. S1). Co-treatment 
with 1 mM sodium orthovanadate (Na3VO4), a protein tyrosine phosphatase (PTP) inhibitor restored pSTAT5 
levels as measured by Western blot, implicating the liberation of PTPs by ROS inhibition as an effective method 
of pSTAT5 inhibition. (Fig.1A).

IB induces apoptosis that is selective for FLT3/ITD+ cell lines, alone and in combination with 
pimozide. Next we determined the effects of ROS inhibitors on AML cell death. With 48-hour drug treat-
ment, the MitOX inhibitors and the NOX inhibitor DPI did not show selectivity for FLT3/ITD+ cell lines 
(Fig. S2A–C). However, IB at 48 hours demonstrated potent and selective cell death for FLT3/ITD+ cell lines 
tested, with relatively little effect on FLT3/ITDneg lines (Fig. 1B) Surprisingly, the IC50 values for the FLT3/ITD+ 
cell lines were between 100–150 nM, below the dose of IB where pSTAT5 inhibition was achieved (Fig. 1C). 
Therefore, we hypothesized that the mechanism of cell death was independent of direct FLT3/ITD/pSTAT5 inhi-
bition and AML which becomes resistant to TKIs may remain sensitive to IB. We tested MOLM-14 cells which 
were transduced with acquired FLT3 point mutations that occur clinically and confer TKI resistance. Cell lines 
with these point mutations demonstrated resistance to the highly specific FLT3 inhibitor AC-220, but conferred 
no resistance to IB. (Fig. 2A,B).

To optimize selectivity and FLT3/ITD+ cytotoxicity, we also combined IB with the STAT5 inhibitor pimozide, 
which inhibits pSTAT5 at doses ≥5 µM in the MV4–11 cell line (Fig. 2C)22, 23. Doses that were suboptimal for killing 
FLT3/ITD+ cell lines at 48 hours were surprisingly selective and synergistic for FLT3/ITD+ cell lines, sparing FLT3/
ITD negative cell lines and CD34+ cord blood cells (Fig. 2D,E). The combination was also selective and synergistic 
for 32D cells transduced with c-KIT D814V mutant when compared to 32D cells with wild-type c-KIT (Fig. 2F).

We next determined the role of apoptosis in IB cytotoxicity. Annexin V/DAPI staining after 18 hours of drug 
treatment caused significant increases in the Annexin single positive and Annexin/DAPI double positive popula-
tions in MV4–11 cells with little effect on OCI-AML3 cells, indicating a selective cell death through apoptosis in 

Figure 2. Imipramine blue targets AC220-resistant FLT3/ITD mutants and synergizes with pimozide to 
selectively kill FLT3/ITD and KIT/D814V expressing cells. (A and B) By trypan blue exclusion assay at 48 hours 
of drug treatment, MOLM-14 cells with acquired point mutations in the tyrosine kinase domain (D835Y) and 
gatekeeper domain (F691L) were resistant to AC-220, but demonstrated no resistance to IB as compared to the 
parental MOLM-14 line. (C) Pimozide inhibited pSTAT5 at μM doses in MV4–11 cells. (D and E) Trypan blue 
exclusion assay at 48 hours showed that in combination, sub-optimal doses of IB and pimozide were highly 
synergistic and selective in FLT3/ITD+ cell lines, including those with FLT3 point mutations, with little effect on 
FLT3/ITDneg cell lines or on CD34+ cord blood cells. (F) 32D cells transduced with c-KIT D814V mutation were 
also sensitive to IB/Pimozide. The original uncropped Western blot files are included as Supplemental material. 
(*p < 0.05, ****p < 0.0001, ns: p > 0.05).
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the FLT3/ITD+ cell line (Fig. 3A). This was confirmed by significantly increased cleavage of Caspase 3 in MV4–11 
cells treated for 24 hours (Fig. 3B).

IB co-localizes to lysosomes and causes cytosolic Ca2+ release. Given the properties of IB as a lipo-
philic amine moiety conjugated to a triphenylmethane dye, we next hypothesized that cellular organelles may 
have disproportionately higher uptake of IB, leading to organelle stress (Fig. 4A). To determine if a specific orga-
nelle is targeted by IB, we utilized the fluorescent properties for cellular imaging. Organelle tracking dyes were 
used to determine cellular localization of organelles with substantial Ca2+ stores: ER, Golgi complex, and lyso-
somes. We found IB to localize outside of the nucleus in a punctate pattern. On dual ER/IB localization, we noted 
that IB localized to the same region of cells, but did not overlap with the ER or the Golgi (Fig. 4B). However there 
was a high degree of co-localization observed with lysosomes. This is consistent with the previously described 
phenomenon of “lysosomal trapping” of lipophilic amines due to the acidic environment of the lysosome24.

We next evaluated the effects of IB on cytosolic calcium release utilizing the Indo-1 assay. IB induced Ca2+ 
release in MV4–11 cells as did the positive control thapsigargin (TG), a SERCA inhibitor which blocks Ca2+ reup-
take by the ER and Golgi complex (Fig. 4C). Gentian violet, a triphenylmethane dye without a conjugated amine 
did not induce Ca2+ release, nor did the IB pro-drug imipramine, demonstrating that this is a unique characteris-
tic of IB (Fig. 4C). IB also induced calcium release in OCI-AML3 cells, indicating this is not a FLT3/ITD-specific 
phenomenon (Fig. 5A). However, the peak Indo-1 bound/unbound ratio for OCI-AML3 cells was not as remark-
able as for MV4–11 cells, indicating that the Ca2+ release may be more dramatic in FLT3/ITD+ cells. Ca2+ release 
and overload of the mitochondria is known to induce a loss of mitochondrial membrane potential (ΔΨm) and 
apoptosis. We then treated cell lines for 48 hours with TG and saw a similar sensitive and selective cytotoxicity for 
FLT3/ITD+ cell lines, confirming the role of cytoplasmic Ca2+ (Fig. 5B). We therefore examined the effects of IB 

Figure 3. Imipramine blue targets FLT3/ITD+ AML cells by inducing caspase 3 cleavage and apoptosis. (A) 
After 18 hours of drug treatment, Annexin V/DAPI assay demonstrated a population of Annexin V+/DAPIneg 
and a population of Annexin V+/DAPI+ cells that was statistically significant for MV4–11 cells but not for OCI-
AML3, indicating the IB was selectively inducing cell death through apoptosis (B) Western blot after 24 hours 
of drug treatment in MV4–11 cells demonstrated significant Caspase 3 cleavage at doses of 100 and 150 nM IB, 
indicating induction of apoptosis as a mechanism of IB-mediated cell death. The original uncropped Western 
blot files are included as Supplemental material. (*p < 0.05, ***p < 0.001, ns: p > 0.05).
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and TG on ΔΨm. Both IB and TG caused an increase in JC-1 monomers, indicating that Ca2+ release is causing 
a loss of mitochondrial membrane potential, resulting in mitochondria-induced (intrinsic) apoptosis (Fig. 5C).

FLT3/ITD+ patient samples are more sensitive to IB than FLT3/ITDneg samples. Utilizing primary 
pediatric AML samples obtained at the time of diagnosis in de novo AML patients, we next determined the effects 
of IB treatment. Annexin V flow assay demonstrated a larger population of Annexin V+/DAPIneg cells at 18 hours 
of 150 nM IB treatment that trended toward statistical significance (p = 0.06). FLT3/ITDneg samples remained rel-
atively unaffected (Fig. 6A). At 48 hours post-treatment, trypan blue assay showed that FLT3/ITD+ samples were 
sensitive to IB in similar doses to FLT3/ITD+ cell lines while FLT3/ITDneg samples were not, demonstrating that 
IB effectively targets more heterogeneous populations of primary FLT3/ITD+ AML cells (Fig. 6B).

Discussion
AML with the FLT3/ITD mutation portends a poor prognosis. The mutation alone is insufficient to generate 
an acute leukemic transformation but induces myelo- and lymphoproliferative disease and FLT3/ITD has been 
validated as a therapeutic target17, 25, 26. Both multikinase (e.g. sorafenib) and more selective class III receptor 
tyrosine kinase inhibitors (TKIs) (e.g. quizartinib) have now reached early-phase clinical trials, however durable 
remissions with TKI monotherapy have been limited. Multiple mechanisms are responsible for acquired TKI 
resistance, with the most prominent being the acquisition or expansion of AML clones with the ITD as well as 
TKD point mutations27. Current translational and clinical efforts targeting FLT3/ITD expressing cells include the 
development of more robust TKIs (e.g. crenolanib) and utilization of TKIs in combination with chemotherapy 
backbones or following hematopoietic stem cell transplantation as a maintenance therapy28. Given the numerous 
proliferative and anti-apoptotic downstream pathways activated by FLT3/ITD (STAT5, PI3K, MAPK), targeting 
of downstream lesions is an attractive alternative to direct inhibition of FLT3/ITD.

The data presented here reveals that the NOX inhibitor IB induces a potent and selective cell death to FLT3/
ITD+ AML through dual mechanisms of ROS/STAT5 inhibition as well as lysosomal Ca2+ release. Through the 

Figure 4. Imipramine blue is trapped in the lysosomes and increases cytosolic calcium concentration 
comparable to thapsigargin. (A) Molecular structure of IB, demonstrating the conjugation of Imipramine to a 
triphenylmethane dye. (B) (Representative result) Live cell imaging of organelle trackers and IB demonstrated 
a co-localization of 150 nM IB with lysosomal tracker, which was not seen with ER and Golgi tracker. (C) 
(Representative result) IB and the SERCA inhibitor TG caused a surge in cytoplasmic Ca2+ while Imipramine 
and Gentian Violet showed minimal effect on Ca2+ release.
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decreased production of NOX-derived ROS, IB potently inhibits the tyrosine phosphorylation and activation of 
STAT5 at doses of approximately 200–300 nM. Surprisingly, IB was highly selective against FLT3/ITD+ AML at 
75–150 nM doses, which induced cytosolic Ca2+ release from lysosomes, resulting in mitochondrial outer mem-
brane permeabilization, caspase activation, and intrinsic apoptosis29. The therapeutic strategy of cytosolic Ca2+ 
release was confirmed through SERCA inhibition with TG, which also resulted in potent and selective cell death 
of FLT3/ITD+ cells. Ca2+ release may occur via the inhibition of calcium re-uptake channels (e.g. SERCA inhib-
itors) or through the disruption of Ca2+-storing organelles (i.e. the endoplasmic reticulum; ER, Golgi apparatus, 
and lysosomes)30, 31. We also discovered a novel synergistic combination of IB with the STAT5 inhibitor pimozide 
which effectively targets FLT3/ITD+ AML while sparing cell lines without the mutation and sparing CD34+ cord 
blood cells. Importantly for IB monotherapy and the IB/pimozide combination, no drug resistance was observed 
for FLT3/ITD+ cell lines with acquired TKD mutations, indicating that IB and IB/pimozide may be able to over-
come this substantial hurdle to FLT3/ITD+ AML treatment. IB also effectively induced cytotoxicity in FLT3/ITD+ 
primary patient samples, indicating this therapeutic strategy has potential in more heterogeneous leukemic cell 
populations. The dual-effects of IB cytotoxicity and the synergistic combination of IB/pimozide are attractive 
therapeutic strategies because of their selectivity for FLT3/ITD mutations, and there is likely less potential for 
development of drug resistance.

STAT5, a crucial transcription factor for hematopoiesis, is activated through tyrosine phosphorylation. Because 
of its broad roles in hematopoiesis and hematopoietic stem cells (HSCs), our lab and others have shown that dele-
tion of STAT5 causes significant immune suppression, multilineage cytopenias, and stem cell dysfunction, thus 
far limiting the feasibility of STAT5 as a druggable target. STAT5 is classically activated through the canonical 
JAK-STAT pathway. However, STAT5 activation can be uncoupled from canonical JAK2-STAT5 activation32. Its 
downstream targets include several anti-apoptotic and pro-survival genes (i.e. c-Myc, Pim-1, etc) that are known 
to be associated with oncogenic transformation33. STAT5 is downstream of many oncogenic tyrosine kinases 
including FLT3/ITD, BCR-ABL, JAK2V617F, KITD816V and others, making it an attractive target for anti-leukemic 
therapy34. Unfortunately, STAT5 inhibition as a therapeutic target has been difficult to achieve and there is lack 
of preclinical and clinical agents with the capability to directly target STAT5, although there are now some new 
compounds with advantages and some limitations35–37. Typically STAT5 inhibition occurs through the inhibition 
of upstream tyrosine kinase pathways and inhibitors to FLT3, JAKs, and BCR-ABL may lead to drug resistance.

Figure 5. Low dose imipramine blue-mediated calcium induced cell death and both imipramine blue and 
thapsigargin are potent inducers of mitochondrial outer membrane permeabilization. (A) (Representative result 
of n = 3) Indo-1 cytoplasmic Ca2+ assay. IB and TG caused Ca2+ release in OCI-AML3 cells to a lesser extent 
(a,b). In MV4–11 cells, IB and TG demonstrated an influx of cytoplasmic Ca2+ that was reversed by the addition 
of 5 μM BAPTA (c, d) (B) Trypan blue exclusion assay after 48 hours of drug treatment showed that TG has a 
similar selective cytotoxicity profile as IB for FLT3/ITD+ cell lines, implicating Ca2+ release in the mechanism 
of cell death. (C) JC-1 assay demonstrated a significant increase in JC-1 monomers after 18 hours of drug 
treatment with IB or TG in MV4–11 cells. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: p > 0.05).
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ROS was historically considered an unwanted by-product of cellular metabolism, however recent work has 
demonstrated several important roles of ROS as a cell signaling mediator and also roles in oncogenesis, including 
in AML38, 39. FLT3/ITD+ AML has increased ROS through several mechanisms including the stabilization expres-
sion of the NOX subunit p22phox, increased expression of NOX4, and binding of Rac1-GTP to STAT57, 8, 40. One 
important role is the inactivation of PTPs through reversible oxidation of cysteines leading to the formation of 
disulfide bridges and inactivation of the enzyme41. As demonstrated here, IB treatment can restore PTP activity 
through inhibition of ROS leading to decreased tyrosine-phosphorylated STAT5 at nanoMolar doses. This may 
serve as an attractive STAT5 inhibitor not only for FLT3/ITD+ AML but more broadly for other leukemia and 
myeloproliferative neoplasms with constitutive STAT5 activation to be tested in future studies. Furthermore the 
combination of ROS inhibition with pimozide conferred a synergistic cell death at sub-therapeutic doses of each 
drug, demonstrating a potentially useful combination therapy.

Like ROS, Ca2+ is also an important mediator of cell signaling. There exists an intimate interconnection of 
Ca2+-containing organelles including endoplasmic reticulum, lysosomes, Golgi, and mitochondria. The ER and 
mitochondria have multiple contact sites that allow transfer of Ca2+. Ca2+ release at high doses from the ER to 
mitochondria may trigger apoptosis through mitochondrial swelling, cytochrome C release, caspase cleavage 
and mitochondrial rupture. Importantly, lysosomes have recently been identified as an intracellular Ca2+ store42. 
Lysosomal Ca2+ efflux may also cause a robust release of Ca2+ from the ER, likely through the activation of IP3 
and ryanodine receptors on the ER43, 44. This may explain the robust Ca2+ release caused by IB, which is similar 
in intensity to that of the SERCA inhibitor thapsigargin. Peshakov et al. confirmed a selective cytotoxic and 
anti-proliferative effect of Ca2+ overload and caspase-induced apoptosis in AML cells using a combination of 
curcumin and carnosic acid, however the authors did not test AML cells with the FLT3/ITD mutation, so it is 
unknown if this strategy has greater effects on that subset of AML45.

There are important implications regarding the underlying mechanism of IB-induced FLT3/ITD+ AML cell 
death that remain to be determined. It is unclear at this time why IB would preferentially target the lysosome, 
however we hypothesize that this is due to “lysosomal sequestration”, in which hydrophobic amines such as imi-
pramine accumulate in highly acidic environments (i.e. lysosomes) where they become protonated and are una-
ble to diffuse out of the organelle46. This mechanism would not be specific to FLT3-ITD+ AML cells. If this is 
true, then IB must possess a unique property to induce lysosomal Ca2+ release as compared to its pro-drug 
imipramine, which did not induce a cytoplasmic Ca2+ release in our experiments. Another important issue is 
the question of IB’s selectivity for FLT3/ITD+ cells. One possibility is that mitochondria are more sensitive to 
Ca2+ overload compared to FLT3/ITDneg AML cells. In addition to STAT5 inhibition, pimozide, a neuroleptic 
agent, also induces multiple metabolic perturbations including blocking T-type calcium channels which may be 

Figure 6. Imipramine blue is an effective inducer of apoptosis and selective killing of primary human FLT3/
ITD+ AML cells compared with FLT3/ITDneg AML cells. (A) After 18 hours treatment with 150 nM IB, FLT3/
ITD+ samples demonstrate apoptosis by Annexin V single positive staining, which was not seen in FLT3/ITDneg 
samples. (B) 48 hour trypan blue exclusion assay showed sensitivity to IB for FLT3/ITD+ at similar doses to 
cell lines. (C) Two-fold dose-dependent mechanism for IB-induced FLT3/ITD+ AML cell death. (*p < 0.05, 
**p < 0.01, ns: p > 0.05).
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responsible for synergy with IB. T-type calcium channels can alter cell cycle dynamics through the action poten-
tial generated by a calcium spike. When ER calcium release is accelerated by IB treatment, this hyperpolarization 
would normally be associated with relieved inactivation of T-type channels. However, pharmacologic inactivation 
of T-type channels with pimozide could prevent cell proliferation that would normally proceed through calcium 
mediated p53 inactivation, activation of p21, and release of CDK2 to promote S phase transition. Finally, a safe 
and efficacious in vivo therapeutic approach is needed. Ca2+ release as a therapeutic target is currently being 
tested by using a pro-drug of the SERCA inhibitor thapsigargin (mipsagargin, G-202) in clinical trials for prostate 
cancer and hepatocellular carcinoma47. In this study, we have demonstrated that the imipramine/triphenylmeth-
ane conjugate agent imipramine blue possess potent and selective cytotoxic effects alone and in combination with 
pimozide for FLT3/ITD+ AML. The potential clinical utility of this combination remains to be determined. IB 
acts through a dual mechanism involving STAT5 inhibition and lysosomal Ca2+ release at nM concentrations. 
IB thus represents an exciting new agent and chimeric prototype drug with promise for future development in 
treating high risk subsets of AML.

References
 1. Small, D. Targeting FLT3 for the treatment of leukemia. Semin Hematol 45, S17–21, doi:10.1053/j.seminhematol.2008.07.007 (2008).
 2. Konig, H. & Levis, M. Targeting FLT3 to treat leukemia. Expert opinion on therapeutic targets 19, 37–54, doi:10.1517/14728222.201

4.960843 (2015).
 3. Kayser, S. & Levis, M. J. FLT3 tyrosine kinase inhibitors in acute myeloid leukemia: clinical implications and limitations. Leuk 

Lymphoma 55, 243–255, doi:10.3109/10428194.2013.800198 (2014).
 4. Choudhary, C. et al. Mislocalized activation of oncogenic RTKs switches downstream signaling outcomes. Mol.Cell 36, 326–339 

(2009).
 5. Chan, P. M. Differential signaling of Flt3 activating mutations in acute myeloid leukemia: a working model. Protein & cell 2, 108–115, 

doi:10.1007/s13238-011-1020-7 (2011).
 6. Schmidt-Arras, D. et al. Anchoring of FLT3 in the endoplasmic reticulum alters signaling quality. Blood. 113, 3568–3576 (2009).
 7. Sallmyr, A. et al. Internal tandem duplication of FLT3 (FLT3/ITD) induces increased ROS production, DNA damage, and misrepair: 

implications for poor prognosis in AML. Blood 111, 3173–3182 (2008).
 8. Jayavelu, A. K. et al. NOX4-driven ROS formation mediates PTP inactivation and cell transformation in FLT3ITD-positive AML 

cells. Leukemia 30, 473–483, doi:10.1038/leu.2015.234 (2016).
 9. Woolley, J. F. et al. H2O2 production downstream of FLT3 is mediated by p22phox in the endoplasmic reticulum and is required for 

STAT5 signalling. PLoS.ONE. 7, e34050 (2012).
 10. Munson, J. M. et al. Anti-invasive adjuvant therapy with imipramine blue enhances chemotherapeutic efficacy against glioma. Sci.

Transl.Med. 4, 127ra136 (2012).
 11. Laidlaw, K. M. et al. Cooperation of imipramine blue and tyrosine kinase blockade demonstrates activity against chronic myeloid 

leukemia. Oncotarget, doi:10.18632/oncotarget.10541 (2016).
 12. Rajamanickam, S. et al. Inhibition of FoxM1-Mediated DNA Repair by Imipramine Blue Suppresses Breast Cancer Growth and 

Metastasis. Clin Cancer Res 22, 3524–3536, doi:10.1158/1078-0432.ccr-15-2535 (2016).
 13. Yang, W. H. et al. Imipramine blue halts head and neck cancer invasion through promoting F-box and leucine-rich repeat protein 

14-mediated Twist1 degradation. Oncogene 35, 2287–2298, doi:10.1038/onc.2015.291 (2016).
 14. Klingenberg, M., Becker, J., Eberth, S., Kube, D. & Wilting, J. The NADPH oxidase inhibitor imipramine-blue in the treatment of 

Burkitt lymphoma. Molecular cancer therapeutics 13, 833–841, doi:10.1158/1535-7163.mct-13-0688 (2014).
 15. Garattini, E. et al. ST1926, a novel and orally active retinoid-related molecule inducing apoptosis in myeloid leukemia cells: 

modulation of intracellular calcium homeostasis. Blood 103, 194–207, doi:10.1182/blood-2003-05-1577 (2004).
 16. Angka, L. et al. Glucopsychosine increases cytosolic calcium to induce calpain-mediated apoptosis of acute myeloid leukemia cells. 

Cancer letters 348, 29–37, doi:10.1016/j.canlet.2014.03.003 (2014).
 17. Smith, C. C. et al. Activity of ponatinib against clinically-relevant AC220-resistant kinase domain mutants of FLT3-ITD. Blood. 121, 

3165–3171 (2013).
 18. Boitano, A. E. et al. Aryl hydrocarbon receptor antagonists promote the expansion of human hematopoietic stem cells. Science. 329, 

1345–1348 (2010).
 19. Pabst, C. et al. Identification of small molecules that support human leukemia stem cell activity ex vivo. Nat.Methods. 11, 436–442 

(2014).
 20. Perelman, A. et al. JC-1: alternative excitation wavelengths facilitate mitochondrial membrane potential cytometry. Cell death & 

disease 3, e430, doi:10.1038/cddis.2012.171 (2012).
 21. Li, G. et al. Effective targeting of STAT5-mediated survival in myeloproliferative neoplasms using ABT-737 combined with 

rapamycin. Leukemia. 24, 1397–1405 (2010).
 22. Nelson, E. A. et al. The STAT5 inhibitor pimozide decreases survival of chronic myelogenous leukemia cells resistant to kinase 

inhibitors. Blood 117, 3421–3429, doi:10.1182/blood-2009-11-255232 (2011).
 23. Nelson, E. A. et al. The STAT5 Inhibitor Pimozide Displays Efficacy in Models of Acute Myelogenous Leukemia Driven by FLT3 

Mutations. Genes & cancer 3, 503–511, doi:10.1177/1947601912466555 (2012).
 24. Kazmi, F. et al. Lysosomal sequestration (trapping) of lipophilic amine (cationic amphiphilic) drugs in immortalized human 

hepatocytes (Fa2N-4 cells). Drug metabolism and disposition: the biological fate of chemicals 41, 897–905, doi:10.1124/
dmd.112.050054 (2013).

 25. Smith, C. C. et al. Validation of ITD mutations in FLT3 as a therapeutic target in human acute myeloid leukaemia. Nature 485, 
260–263, doi:10.1038/nature11016 (2012).

 26. Lee, B. H. et al. FLT3 internal tandem duplication mutations induce myeloproliferative or lymphoid disease in a transgenic mouse 
model. Oncogene 24, 7882–7892 (2005).

 27. Man, C. H. et al. Sorafenib treatment of FLT3-ITD(+) acute myeloid leukemia: favorable initial outcome and mechanisms of 
subsequent nonresponsiveness associated with the emergence of a D835 mutation. Blood 119, 5133–5143, doi:10.1182/
blood-2011-06-363960 (2012).

 28. Leung, A. Y., Man, C. H. & Kwong, Y. L. FLT3 inhibition: a moving and evolving target in acute myeloid leukaemia. Leukemia 27, 
260–268, doi:10.1038/leu.2012.195 (2013).

 29. Giorgi, C. et al. Mitochondrial Ca(2+) and apoptosis. Cell calcium 52, 36–43, doi:10.1016/j.ceca.2012.02.008 (2012).
 30. Bygrave, F. L. & Benedetti, A. What is the concentration of calcium ions in the endoplasmic reticulum? Cell calcium 19, 547–551 

(1996).
 31. Lloyd-Evans, E. et al. Niemann-Pick disease type C1 is a sphingosine storage disease that causes deregulation of lysosomal calcium. 

Nat Med 14, 1247–1255, doi:10.1038/nm.1876 (2008).
 32. Choudhary, C. et al. Activation mechanisms of STAT5 by oncogenic Flt3-ITD. Blood. 110, 370–374 (2007).

http://dx.doi.org/10.1053/j.seminhematol.2008.07.007
http://dx.doi.org/10.1517/14728222.2014.960843
http://dx.doi.org/10.1517/14728222.2014.960843
http://dx.doi.org/10.3109/10428194.2013.800198
http://dx.doi.org/10.1007/s13238-011-1020-7
http://dx.doi.org/10.1038/leu.2015.234
http://dx.doi.org/10.18632/oncotarget.10541
http://dx.doi.org/10.1158/1078-0432.ccr-15-2535
http://dx.doi.org/10.1038/onc.2015.291
http://dx.doi.org/10.1158/1535-7163.mct-13-0688
http://dx.doi.org/10.1182/blood-2003-05-1577
http://dx.doi.org/10.1016/j.canlet.2014.03.003
http://dx.doi.org/10.1038/cddis.2012.171
http://dx.doi.org/10.1182/blood-2009-11-255232
http://dx.doi.org/10.1177/1947601912466555
http://dx.doi.org/10.1124/dmd.112.050054
http://dx.doi.org/10.1124/dmd.112.050054
http://dx.doi.org/10.1038/nature11016
http://dx.doi.org/10.1182/blood-2011-06-363960
http://dx.doi.org/10.1182/blood-2011-06-363960
http://dx.doi.org/10.1038/leu.2012.195
http://dx.doi.org/10.1016/j.ceca.2012.02.008
http://dx.doi.org/10.1038/nm.1876


www.nature.com/scientificreports/

1 0Scientific RepoRts | 7: 4447  | DOI:10.1038/s41598-017-04796-1

 33. Benekli, M., Baer, M. R., Baumann, H. & Wetzler, M. Signal transducer and activator of transcription proteins in leukemias. Blood 
101, 2940–2954 (2003).

 34. Bunting, K. D. STAT5 signaling in normal and pathologic hematopoiesis. Front Biosci. 12, 2807–2820 (2007).
 35. Lai, P. S. et al. A STAT inhibitor patent review: progress since 2011. Expert opinion on therapeutic patents 25, 1397–1421, doi:10.151

7/13543776.2015.1086749 (2015).
 36. Cumaraswamy, A. A. et al. Nanomolar-Potency Small Molecule Inhibitor of STAT5 Protein. ACS medicinal chemistry letters 5, 

1202–1206, doi:10.1021/ml500165r (2014).
 37. Page, B. D. et al. Small molecule STAT5-SH2 domain inhibitors exhibit potent antileukemia activity. Journal of medicinal chemistry 

55, 1047–1055, doi:10.1021/jm200720n (2012).
 38. Hole, P. S. et al. Overproduction of NOX-derived ROS in AML promotes proliferation and is associated with defective oxidative 

stress signaling. Blood 122, 3322–3330, doi:10.1182/blood-2013-04-491944 (2013).
 39. Rhee, S. G. Cell signaling. H2O2, a necessary evil for cell signaling. Science 312, 1882–1883, doi:10.1126/science.1130481 (2006).
 40. Stanicka, J., Russell, E. G., Woolley, J. F. & Cotter, T. G. NADPH oxidase-generated hydrogen peroxide induces DNA damage in 

mutant FLT3-expressing leukemia cells. J Biol Chem 290, 9348–9361, doi:10.1074/jbc.M113.510495 (2015).
 41. Russell, E. G. & Cotter, T. G. New Insight into the Role of Reactive Oxygen Species (ROS) in Cellular Signal-Transduction Processes. 

International review of cell and molecular biology 319, 221–254, doi:10.1016/bs.ircmb.2015.07.004 (2015).
 42. Morgan, A. J., Platt, F. M., Lloyd-Evans, E. & Galione, A. Molecular mechanisms of endolysosomal Ca2+ signalling in health and 

disease. Biochem J 439, 349–374, doi:10.1042/bj20110949 (2011).
 43. Raffaello, A., Mammucari, C., Gherardi, G. & Rizzuto, R. Calcium at the Center of Cell Signaling: Interplay between Endoplasmic 

Reticulum, Mitochondria, and Lysosomes. Trends Biochem Sci, doi:10.1016/j.tibs.2016.09.001 (2016).
 44. La Rovere, R. M., Roest, G., Bultynck, G. & Parys, J. B. Intracellular Ca(2+) signaling and Ca(2+) microdomains in the control of cell 

survival, apoptosis and autophagy. Cell calcium 60, 74–87, doi:10.1016/j.ceca.2016.04.005 (2016).
 45. Pesakhov, S. et al. Cancer-selective cytotoxic Ca2+ overload in acute myeloid leukemia cells and attenuation of disease progression 

in mice by synergistically acting polyphenols curcumin and carnosic acid. Oncotarget, doi:10.18632/oncotarget.7240 (2016).
 46. Zhitomirsky, B. & Assaraf, Y. G. Lysosomes as mediators of drug resistance in cancer. Drug resistance updates: reviews and 

commentaries in antimicrobial and anticancer chemotherapy 24, 23–33, doi:10.1016/j.drup.2015.11.004 (2016).
 47. Denmeade, S. R. & Isaacs, J. T. The SERCA pump as a therapeutic target: making a “smart bomb” for prostate cancer. Cancer biology 

& therapy 4, 14–22 (2005).

Acknowledgements
We are grateful to the Children’s Oncology Group (COG) for providing AML patient samples. We also 
acknowledge the generous support of the Emory + Children’s Pediatric Research Center Flow Cytometry Core 
and the Emory Integrated Imaging Core. NIHR01DK059380, Cure Childhood Cancer Foundation, The Sam 
Robb Fund, Aflac Cancer & Blood Disorders Center of Children’s Healthcare of Atlanta.

Author Contributions
J.M., H.B., Z.W. performed the experiments, collected data, prepared the figures, and drafted the article. N.S., 
R.K., J.A. provided key reagents and input on the study. K.B. conceived the work, analyzed data, wrote the 
manuscript. All authors had final approval.®

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-04796-1
Competing Interests: Jack L Arbiser is listed as inventor on a US Patent for imipramine blue. He is co-founder 
of ABBY Therapeutics, which has licensed imipramine blue from Emory University.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1517/13543776.2015.1086749
http://dx.doi.org/10.1517/13543776.2015.1086749
http://dx.doi.org/10.1021/ml500165r
http://dx.doi.org/10.1021/jm200720n
http://dx.doi.org/10.1182/blood-2013-04-491944
http://dx.doi.org/10.1126/science.1130481
http://dx.doi.org/10.1074/jbc.M113.510495
http://dx.doi.org/10.1016/bs.ircmb.2015.07.004
http://dx.doi.org/10.1042/bj20110949
http://dx.doi.org/10.1016/j.tibs.2016.09.001
http://dx.doi.org/10.1016/j.ceca.2016.04.005
http://dx.doi.org/10.1016/j.drup.2015.11.004
http://dx.doi.org/10.1038/s41598-017-04796-1
http://creativecommons.org/licenses/by/4.0/

	Imipramine blue sensitively and selectively targets FLT3-ITD positive acute myeloid leukemia cells
	Materials and Methods
	Cell culture. 
	Human umbilical cord blood and primary patient samples. 
	Treatment reagents. 
	Western blotting. 
	Assays of mitochondrial integrity. 
	Cytoplasmic Calcium Assay. 
	Cell Imaging. 
	Cell survival assays. 
	Statistical Analysis. 

	Results
	Inhibition of ROS potently inhibits STAT5 phosphorylation but induces cell death at lower concentrations. 
	IB induces apoptosis that is selective for FLT3/ITD+ cell lines, alone and in combination with pimozide. 
	IB co-localizes to lysosomes and causes cytosolic Ca2+ release. 
	FLT3/ITD+ patient samples are more sensitive to IB than FLT3/ITDneg samples. 

	Discussion
	Acknowledgements
	Figure 1 Imipramine blue selectively kills FLT3/ITD+ AML cell lines at lower concentrations than required to suppress STAT5 phosphorylation.
	Figure 2 Imipramine blue targets AC220-resistant FLT3/ITD mutants and synergizes with pimozide to selectively kill FLT3/ITD and KIT/D814V expressing cells.
	Figure 3 Imipramine blue targets FLT3/ITD+ AML cells by inducing caspase 3 cleavage and apoptosis.
	Figure 4 Imipramine blue is trapped in the lysosomes and increases cytosolic calcium concentration comparable to thapsigargin.
	Figure 5 Low dose imipramine blue-mediated calcium induced cell death and both imipramine blue and thapsigargin are potent inducers of mitochondrial outer membrane permeabilization.
	Figure 6 Imipramine blue is an effective inducer of apoptosis and selective killing of primary human FLT3/ITD+ AML cells compared with FLT3/ITDneg AML cells.




