
Supplementary Methods and Data 

METHODS 

Cell lines and culture 

Ba/F3-FLT3-ITD+D835Y and Ba/F3-FLT3-ITD+F691L cells, which bear FLT3 ITD and 

TKD point mutations, were generated as described previously 1.  

The human MOLM13 and MOLM14 AML cell lines were purchased from the Deutsche 

Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Germany), and the MV4:11 

cell line was from ATCC (Manassas, VA). The Ba/F3-FLT3-ITD murine leukemia cell line was 

kindly provided by Dr. J. Donald Small (Department of Pediatric Oncology, Johns Hopkins 

University, Baltimore, MD). All details of the engineered cell lines were derived from the above 

cell lines and BM niche cell lines (i.e. MSC and EC); the culture conditions are provided in the 

Supplementary Methods. MOLM13-NRAS cells contain the NRAS G12D mutant and are 

doxycycline-inducible, as described previously 2. NRASG12D expression was induced with 

doxycycline (1 µg/ml) for 72 hours prior to the experiment. MOLM14-firefly-copGFP, MOLM14-

GFP, and MV4:11-GFP cell lines were established by lentivirally introducing firefly/Cop-GFP or 

GFP into the cells, and GFP-positive cell populations were collected using fluorescence-activated 

cell sorting (FACSAria II, BD Bioscience, San Jose, CA).  

Human normal MSCs (NMSCs) were obtained from healthy BM donors as described 

previously 3. The human BM stroma cell line HS-27A and the endothelial cell lines HUVEC and 

HEBC-5i were purchased from ATCC (Manassas, VA). 

Cell lines were maintained in RPMI medium supplemented with 10% fetal bovine serum, 

or according to the cell lines supplier’s instructions.  

 



Antibodies 

The antibodies used for FACS were as described below: mouse anti-human CD45, rat anti-

mouse CD45, and mouse anti-human CD34 were from BD Biosciences (Franklin Lakes, NJ). Anti-

human CD44-PE antibody was from Biolegend (San Diego, CA), anti-human CD184-PE was from 

BD Bioscience (San Jose, CA), and recombinant E-selectin-IgG-PE (which is a recombinant E-

selectin-IgG-PE-conjugated fusion protein that recognizes E-selectin ligands on the cell surface, 

including CD44) was kindly provided by GlycoMimetics (Rockville, MD).  

All antibodies for immunoblotting are commercially available. Rabbit polyclonal 

antibodies were purchased from the following sources: phospho-FLT3 (Tyr589/591), phospho-

ERK (Thr202/Tyr204), phospho-AKT (Ser473), phospho-S6K (Ser240/Ser244), phospho-PI3K, 

and S6K were from Cell Signaling Technology (Beverly, MA); FLT3 and anti-N-Ras antibody 

(F155) were from Santa Cruz Biotechnology (Santa Cruz, CA); Stat5A/B was from R&D Systems 

(Minneapolis, MN); and CXCR4 was from Abcam (Boston, MA). Mouse monoclonal antibodies 

were purchased from the following sources: phospho-Stat5 (Tyr694/699) was from Upstate, Inc. 

(Charlottesville, VA), and ERK2 was from Santa Cruz Biotechnology (Santa Cruz, CA); tubulin 

and GAPDH were from Sigma-Aldrich (St. Louis, MO).  

Apoptosis assays 

Cells were pretreated with plerixafor, GMI-1271 or GMI-1359 for 1-2 h and treated with 

FLT3i for an additional 48 h. Cells were harvested and apoptosis induction was determined by 

counting the Annexin V+/CD90- DAPI+ population via fluorescence-activated cell sorting and 

analyzed using the Gallios Flow Cytometer (Beckman Coulter), as described previously 4.  

Immunoblotting 



Immunoblotting was conducted as previously described 5. Phosphorylation and total 

protein levels were determined using the Odyssey Infrared Imaging System (LI-COR Biosciences, 

Lincoln, NE); semi-quantitative immunoblotting data were generated using Odyssey software v2.0. 

Tubulin or GAPDH was used as a loading control. 

Immunofluorescence staining 

Mouse tissues were harvested at the indicated time points and fixed with 10% neutralized 

formalin (pH 7.0). Bone tissue (femurs) was further decalcified with 14% EDTA buffer for an 

additional 5 days. All of the tissues were paraffin-embedded and sectioned. The sections (5-µm 

thick) were stained with H&E and analyzed by light microscopy. For immunofluorescence 

staining, the tissue sections were obtained via heat-induced epitope retrieval in sodium citrate 

buffer (10 mM sodium citrate, 0.05% Tween 20 [pH 6.0]) and incubated with anti-human CD45-

Alex 488-conjugated antibody (M0701, Dako) overnight at 4°C. For the hematopoiesis analysis, 

the histological sections from the sorafenib or GMI-1359 combination-treated mice were stained 

with anti-mouse CD41 antibody (for labeling megakaryocytes) and anti-mouse CD13 antibody 

(for labeling myelocytes). Secondary anti-mouse IgG antibodies were conjugated with DyLight 

649 or DyLight 488 (Vector), respectively, for 1 h. Counterstaining was performed with DABI 

and mounted with mounting media. The images were analyzed using fluorescence microscopy. A 

semi-quantitative analysis of immunofluorescence staining of mCD41 and mCD13 was performed 

by counting mCD41- and mCD13-positive cells under a 20x objective microscope lens (six 

random view fields per slide were chosen for counting).  

Quantitative polymerase chain reaction 

Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen). Reverse transcription 

was carried out using a High-Capacity cDNA Reverse Transcription Kit (Invitrogen). Quantitative 



polymerase chain reaction (qPCR) was performed using a QuantStudio 3 Real-Time PCR System 

with SYBR Green. The PCR reactions were set up on a 96-well optical plate by adding the 

following reagents into each well: 4 μl of cDNA and 10 μl of SYBR Green PCR Master Mix 

(Applied Biosystems, Foster City, CA, USA); the final concentrations of primers were 0.5 μmol/L 

in a final volume of 20 μl. The PCR amplification protocol was initiated at 50°C for 2 min, 

followed by 3 min at 95°C, 40 PCR cycles of 5 seconds at 95°C, and 60°C for 30 seconds. All 

samples were tested with the reference gene GAPDH for data normalization to correct for 

variations in RNA quality and quantity. The following primers were used for measuring gene 

transcriptional levels: GAPDH (forward 5’-GGAGCGAGATCCCTCCAAAAT-3’ and reverse 5’-

GGCTGTTGTCATACTTCTCATGG-3’), CXCR4 (forward 5’-

ACTACACCGAGGAAATGGGCT-3’ and reverse 5’-CCCACAATGCCAGTTAAGAAGA-3’), 

CD44 (forward 5’-CTGCCGCTTTGCAGGTGTA-3’ and reverse 5’-

CATTGTGGGCAAGGTGCTATT-3’), and SELE (forward 5’-

AGAGTGGAGCCTGGTCTTACA-3’ and reverse 5’-CTTTGCTGACAATAAGCACTGG-3’). 

The abundance of each transcript relative to GAPDH was calculated using the 2−ΔCt method, 

where ΔCt is the mean Ct of the transcript of interest minus the mean Ct of the transcript for 

GAPDH housekeeping gene. 

 

Adhesion assay 

MSC and EC were seeded in 12-well plates for growing to 70% confluence and then treated 

with TNFα (100 ng/mL) for 24 h. The cells were pretreated with plerixafor, GMI-1271, or GMI-

1359 for 2 h and MOLM14-GFP cells (2x106 cells/well) were added for an additional 20 h of co-



culture in normoxia or hypoxia conditions. After being gently washed with PBS twice and then 

trypsinized, the adhered GFP+ cells were calculated using flow cytometry with counting beads.  

Collagen type I, E-selectin, and CXCL12 were precoated onto 24-well plates overnight, 

washed with PBS, and blocked with 1% BSA. MOLM14 and the precoated wells were pretreated 

with the indicated drugs for 2 h. MOLM14-GFP cells (1x106 cells/well) were seeded in triplicate 

into the wells for an additional 30-min culture. The wells were gently washed with PBS for 5 min 

on a shaker to remove unattached cells. The attached GFP+ cells were trypsinized and calculated 

using flow cytometry with counting beads.  

Migration assay 

Precoated normal MSC (NMSC)/human umbilical vein endothelial cells (HUVEC) (1:1 

ratio) were plated onto 24-well plates to reach 80% confluence. The NMSC/EC (HUVEC) and 

MV4:11-GFP leukemia cells were pretreated with the indicated concentrations of plerixafor, GMI-

1271, and GMI-1359 for 1 h. MV4:11 cells (0.5x106 cells) were seeded into transwells (φ 0.1 µm) 

and co-cultured them with NMSC cells/EC for an additional 16 h. The cells in the outer chambers 

were collected by trypsinization. GFP+ cells were counted using flow cytometry with counting 

beads.  

Instead of NMSC cells/EC, the BM niche components E-selectin (1 µg/mL), CXCL12 (0.1 µg/mL), 

and 10% FCS were added into the outer chambers. MV4:11-GFP leukemia cells were pretreated 

with plerixafor (2 µM), GMI-1271 (20 µM), and GMI-1359 (20 µM) for 1 h. The MV4:11 cells 

(1x106 cells) were seeded into inner chambers for another 3 h. The cells in the outer chambers 

were calculated using flow cytometry after adding counting beads.  

Cytokine array 



HS-27A/HEBC-5i (at a 1:1 ratio) were seeded in 100-mm culture dishes for growing to 70% 

confluence. The MSC and EC and pretreated MOLM14 cells were treated with GMI-1359 for 1 h; 

MOLM14 cells were seeded on the MSC and EC feeder layer (at a 5:2 ratio) for an additional 24-

h co-culture in the presence of sorafenib or GMI-1359 in hypoxia condition. DMSO was used as 

vehicle controls. The supernatants were collected for analysis using the Human Cytokine Antibody 

Array (ab133997, Abcam, Boston, MA) following the manufacturer’s instructions (Fig. S10a). 

Uncultured media was used as blank controls. This assay allows us to target 42 cytokines, 

including TPO, GM-CSF, G-CSF, IL-3, etc. (Fig. S10b). The chemiluminescence data were 

acquired using the ChemiDoc MP (BioRad) system, and the data were processed using ImageLab 

software (BioRad, version 6.0.1, Hercules, CA, USA). The data are indicated as fold changes and 

normalized with vehicle control after correcting for background intensity. 

Animal studies  

To assess AML cell homing, we injected NSG mice (female at 6-8 wks old) intravenously 

(i.v.) with MOLM14-GFP cells (0.6x10^6 cells/mouse). The mice received one dose of GMI-1359 

(40 mg/kg, n = 4) or plerixafor (20 mg/kg, n = 3); saline (n = 3) was used as control at day 17 after 

AML cell injection. Absolute leukemia cell numbers of peripheral blood circulation were 

determined by collecting peripheral blood samples and measuring GFP-positive cells with flow 

cytometry; WBCs were counted with a HORIBA Hematology Analyzer (Montpellier, France). 

To evaluate the effects of blocking CXCR4/E-selectin during FLT3-targeted treatment, 

NSG mice were injected intravenously (i.v.) with MOLM14-GFP cells (0.6x10^6 cells/mouse). 

The mice received sorafenib (10 mg/kg, n = 10) or sorafenib + GMI-1359 (40 mg/kg, n = 10) 

treatment from days 5 to 20 after leukemia cell injection. BM samples were collected from mouse 

femurs and the percentage of GFP-positive cells in BM was determined using flow cytometry.  



To evaluate the anti-leukemia efficacy of co-targeting CXCR4/E-selectin and FLT3, we 

established a PDX AML mouse model by injecting AML patient tissue samples (3x10^6/mouse) 

into NSG mice that received irradiation treatment (250 mGy) one day prior to the cell injection. 

The PDX cells were from an AML patient who had experienced relapse after 

sorafenib+E6201+DAC treatment but was still sensitive to sorafenib ex vivo and had high levels 

of E-selectin-L and CXCR4 in vitro. The mice received first-generation FLT3 inhibitor sorafenib 

(8 mg/kg) or GMI-1359 (40 mg/kg) when the leukemia cells reached 1%-2% engraftment in 

peripheral blood (from day 20 to 99). Leukemia cell engraftment in peripheral blood was 

determined by collecting peripheral blood samples from the mice and measuring hCD45-

positive/mCD45-negative cells with flow cytometry on the indicated days. Three mice from each 

group were sacrificed (euthanasia with CO) and their BM and spleens were collected to assess 

hCD45-positive cells using immunofluorescence staining on day 73. In brief, the collected tissues 

were fixed in 10% neutral-buffered formalin solution at 4ºC overnight. Bone tissues were 

decalcified in 14% EDTA. The tissues were dehydrated, embedded in paraffin, and sectioned. 

After antigen retrieval, the slides were incubated with anti-hCD45-Alexa Fluor488 antibodies 

overnight. The remaining mice were closely monitored every day and counted to determine 

survival.  

We further assessed the anti-leukemia efficacy of the combination of the second-generation 

FLT3 inhibitor quizartinib with GMI-1359. In brief, PDX cells were expended in NSGS mice and 

collected from the spleen and BM when the mice reached 90% engraftment. These expended PDX 

cells also showed resistance to quizartinib ex vivo. Another set of NSG mice underwent irradiation 

(250 mGy); the next day, we administered 3.5x10^6 cells/mouse via the tail vein. The mice 

received quizartinib (3 mg/kg) or GMI-1359 (40 mg/kg) from days 63 to 115. Leukemia cell 



engraftment was determined by measuring the hCD45-positive/mCD45-negative cell population 

in peripheral blood on the indicated days. Three mice in each group were humanely sacrificed on 

day 85 after PDX cell injection and the BM and spleen were collected for immunofluorescence 

staining, as described above, to assess leukemia cell infiltration in these organs. The remaining 

mice were closely monitored to determine their survival. 
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