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Abstract

Gastrointestinal stromal tumor (GIST) is commonly driven by oncogenic KIT mutations that 

are effectively targeted by imatinib, a tyrosine kinase inhibitor (TKI). However, IM does not 

cure GIST and adjuvant therapy only delays recurrence in high-risk tumors. We hypothesized 

that GIST contains cells with primary imatinib resistance that may represent a reservoir for 

disease persistence. Here, we report a subpopulation of CD34+KITlow human GIST cells that 

have intrinsic imatinib resistance. These cells possess cancer stem cell-like expression profiles and 

behavior, including self-renewal and differentiation into CD34+KIThigh progeny that are sensitive 

to imatinib treatment. We also found that TKI treatment of GIST cell lines led to induction of 

stem-cell associated transcription factors (OCT4 and NANOG) and concomitant enrichment of 

the CD34+KITlow cell population. Using a data-driven approach, we constructed a transcriptomic

oncogenic map (Onco-GPS) based on the gene expression of 134 GIST samples to define pathway 

activation during GIST tumorigenesis. Tumors with low KIT expression had overexpression of 

cancer stem cell gene signatures consistent with our in vitro findings. Additionally, these tumors 

had activation of the Gas6/AXL pathway and NF-κB signaling gene signatures. We evaluated 

these targets in vitro and found that primary imatinib-resistant GIST cells were effectively 

targeted with either single agent bemcentinib (AXL inhibitor) or bardoxolone (NF-κB inhibitor), 

as well as with either agent in combination with imatinib. Collectively, these findings suggest that 

CD34+KITlow cells represent a distinct, but targetable, subpopulation in human GIST that may 

represent a novel mechanism of primary TKI resistance, as well as a target for overcoming disease 

persistence following TKI therapy.
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Background

Gastrointestinal stromal tumor (GIST) is the most common mesenchymal tumor of the 

gastrointestinal tract.(1) The treatment of GIST provided proof of principle for precision 

medicine in solid tumors as oncogenic driver mutations in the KIT gene were identified 

and targeted with the tyrosine kinase inhibitor (TKI), imatinib (IM). Despite this landmark 

discovery, clinical trials show that 40% of primary localized GISTs develop recurrence 

within 5 years.(2) In clinical trials, high-risk patients begin developing recurrences between 

8 to 12 months after stopping adjuvant imatinib, leading to near convergence of all survival 

curves irrespective of the length of imatinib therapy.(3–5) The later lines of FDA-approved 

anti-GIST TKIs (i.e., sunitinib, regorafenib, and ripretinib) can provide additional survival 

benefit, but disease control is often short-lived.(6,7) These observations suggest that the 

paradigm of targeting KIT oncogene addiction is fundamentally limited.

TKI resistance is mediated by acquired and de novo causes. Acquired resistance is the 

most common mechanism and involves acquisition of secondary KIT mutations following 

imatinib treatment. These mutations are well characterized and tend to cluster in either 

the ATP-binding pocket or the activation loop of KIT, impairing the ability of imatinib to 

bind KIT.(8) Contrastingly, de novo, or primary resistance, is seen in 10-20% of GISTs. 

In general, this TKI sensitivity is entirely determined by specific alterations within driver 

mutations.(9–11) While 60-70% of all sporadic GISTs have activating genomic alterations in 

KIT, certain alterations (i.e., KIT exon 17) confer primary resistance to imatinib. Similarly, 

10-15% of GISTs have activating genomic alterations in PDGFRA that are frequently 

TKI sensitive, with the exception of PDGFRA D842V mutants that are intrinsically 

imatinib resistant, but respond to the newly FDA-approved agent, avapritinib.(10,12,13) The 

remainder of GISTs are driven by a heterogenous group of alterations, but are frequently 

TKI resistant. These include 15% with activation of the RAS pathway (K/H/N-RAS, BRAF, 

NF1) and 7% arising from mutations or epimutations in SDHx subunits (A, B, C, or D), and 

kinase fusions (ETV6-NTRK3, FGFR1-TACC1, or FGFR1-HOOK3).(10,13–18) Despite 

variable genomics, the putative cell of origin – the interstitial cell of Cajal (ICC) (19–21) – 

appears to be the same for all subgroups of the disease.(10,22)

On the basis that cancer stem cells (CSCs) arise from and resemble their cell of origin,

(21,23) genetic subtypes of a cancer may possess similar CSCs that may be responsive to 

killing by similar therapies. Currently, very little is known about GIST CSCs, and therefore 

effective agents for targeting them remain undetermined. Studies in a mouse model of GIST 

suggest that KITlowCD34+ cells may represent IM-resistant murine GIST CSCs.(24) While 

all anti-KIT TKIs hit the “right” target in mature KIT-mutant GIST cells, they do not target 

KITlow cells, a possible cellular reservoir for disease persistence and recurrence.

In the present study, we sought to identify KITlowCD34+ GIST cells and to define the 

molecular properties of these GIST cells isolated from human GISTs bearing heterogenous 
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KIT mutations. We then performed a bioinformatic-driven approach to determine distinct 

oncogenic states that predominate within the KITlow GIST subpopulation. Lastly, we 

tested putative candidate therapies for cytotoxicity of KITlow GIST cells. On this 

basis, we hypothesized that human KITlowCD34+ cells are an intrinsically TKI-resistant 

subpopulation that exists within primary human GIST, and can mediate tumor recurrence 

and disease progression.

Methods

Reagents

Cell culture media and reagents were purchased from Mediatech (Manassas, VA). 

Primary and secondary antibodies for immunoblotting, immunofluorescent staining, 

and immunohistochemistry (IHC) are described in the Supplementary Table 1. OPAL 

4-color manual IHC Kit was purchased from Akoya Biosciences (Marlborough, 

MA). iScript cDNA synthesis kit and iTaq universal SYBR Green supermix were 

purchased from Bio-Rad Laboratories (Hercules, CA). Dimethyl sulfoxide (DMSO), poly(2

hydroxyethyl methacrylate) (poly-HEMA), and MTT reagent, 3-(4, 5-dimethylthiazol-2

yl)-2,5-diphenyltetrazolium bromide, were purchased from Sigma-Aldrich (St. Louis, 

MO). Transwell plates were purchased from Corning (Lowell, MA). CellTiter-Glo (CTG) 

luminescent cell viability assay was purchased from Promega (Madison, WI). BCA 

protein assay, the Western Blot stripping buffer, and an enhanced chemiluminescence 

system for western blot detection were purchased from Thermo Scientific (Waltham, 

MA). Bemcentinib/BEM, bardoxlone/BARD, and Nocodazole were purchased from 

Selleckchem (Houston, TX). Imatinib (IM) was provided by Novartis Pharmaceuticals (East 

Hanover, NJ). Propidium iodide (PI) is from Roche Applied Science (Indianapolis, IN). 

ALDEFLUOR kit was purchased from STEMCELL Technologies (Cambridge, MA). The 

RNeasy Kit was purchased from Qiagen (Germantown, MD). The human tumor dissociation 

kit is from Miltenyi Biotec (Auburn, CA).

Human GIST Source

Tumor acquisition and banking under our IRB-approved protocol (#181755) is routinely 

performed for all surgical procedures at UC San Diego Moores Cancer Center. Informed 

consent was obtained from all patients for tissue collection. Resected tumors were first 

submitted to Moores Pathology for diagnostic workup. The Biorepository and Tissue 

Technology Shared Resource (BTTSR) at Moores Cancer Center then acquired and 

distributed excess tumor tissue for research purposes. Table 1 lists demographic information 

of 4 GIST patients in this study who underwent operations. Clinical diagnosis of GIST 

employed tissue staining including hematoxylin and eosin (H&E), KIT and ANO1. The 

immunohistological diagnoses were confirmed under light microscopy by an experienced 

pathologist. Tumor samples from these 4 patients were used for flow cytometry assays and 

immunofluorescent staining as described below.

Tumor Dissociation

Resected fresh tumors were cut into fine pieces and processed into single-cell suspensions 

using the human tumor dissociation kit (Miltenyi Biotec, Auburn, CA). Briefly, tumor tissue 
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was digested with a proprietary enzyme mixture and mechanically dissociated using the 

gentleMACS Dissociator (Miltenyi Biotec) following the manufacturer’s instructions for the 

tough tumor settings. Undigested tissue was removed by passing through a 70-micron filter. 

Dissociated tumor cells were collected and counted with a TC20 Automated Cell Counter 

(Bio-Rad). Cell viability was checked using 0.4% trypan blue dye.

GIST Cell and Tumorsphere Cultures

The GIST-T1 line containing KIT exon 11 (V560-Y579Δ5) mutation(25) was cultured in 

Dulbecco’s modified Eagle’s medium (DMEM; Gibco) with 10% FBS. The GIST882 line 

containing KIT exon 13 (K642E) mutation(26) was cultured in Roswell Park Memorial 

Institute (RPMI 1640; Gibco) with 20% FBS. All cell culture media were supplemented 

with 1% penicillin/streptomycin (Mediatech) and 2 mM glutamine (Mediatech). All cell 

lines were maintained in a humidified incubator with 5% CO2 at 37°C. All cell lines were 

confirmed to be negative for mycoplasma contamination. For tumorsphere culture, GIST-T1 

cells were seeded at a density of 2.5 x 105 cells/well in poly-HEMA-coated 6-well plates, 

and allowed to grow as spheres for indicated time.

Two-step Real-time Quantitative RT-PCR

Human GIST snap-frozen tumor was processed with a tissue homogenizer in RLT lysis 

buffer (Qiagen, Germantown, MD). Total RNA from tissue homogenates or cell pellets was 

prepared using the RNeasy Kit (Qiagen) according to manufacturer’s instructions. Reverse 

transcription with iScript cDNA synthesis kit (Bio-Rad) and quantitative real-time PCR 

conducted with iTaq universal SYBR Green supermix (Bio-Rad). Samples were run on 

a CFX96 real-time system (Bio-Rad) with the following PCR parameters: denaturing at 

95°C for 30 seconds followed by 40 cycles of 10-second denaturation at 95°C, 30-second 

annealing at the optimal primer annealing temperatures, and 10-second extension at 72°C. 

Primers specific for genes of interest and the beta-actin and cyclophilin A housekeeping 

genes are in Supplementary Table 1. The threshold cycle (Ct) values from triplicated 

samples were automatically generated after each run. Target gene levels based on Ct values 

are presented as a ratio to levels detected in the control samples, according to the ΔΔCt 

method.(27)

Immunoblotting

Monolayer cells were lysed and scraped in RIPA buffer (Cell Signaling Technology, 

Danvers, MA) containing Halt Protease and Phosphatase Inhibitor Cocktail (ThermoFisher 

Scientific); while tumorsphere pellets were directly lysed in the same buffer/inhibitor 

solution. Whole cell lysates were cleared by centrifugation at 14,000 rpm for 30 min 

and protein was quantified using the BCA protein assay (ThermoFisher Scientific). Protein 

lysates were resolved on a 4–12% Bis-Tris gel (Life Technologies, Carlsbad, CA) and 

transferred to a polyvinylidene difluoride (PVDF) membrane which was blocked for 1 

hour at room temperature. The membrane was incubated with indicated primary antibody 

(1:1,000) overnight at 4°C; then followed with 1 h incubation of horseradish peroxidase 

(HRP)-conjugated secondary antibody (1:5,000) at room temperature. Protein bands were 

detected using the Pierce enhanced chemiluminescence (ECL) Western blotting detection 

system (ThermoFisher Scientific). Bound antibodies were removed from membranes using 
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Restore PLUS Western Blot Stripping Buffer (ThermoFisher Scientific). Then the membrane 

was re-probed with the alpha-tubulin antibody (Cell Signaling Technology) for loading 

controls and detected by an HRP-conjugated goat anti-mouse IgG (1:5,000, Jackson 

ImmunoResearch Laboratories, West Grove, PA) and the Pierce ECL reagents.

Flow Cytometry (FCM)/ Fluorescence-activated cell sorting (FACS)

GIST882 cells were harvested, counted using a TC20 cell counter (Bio-Rad), and stained 

with CD34-PE and CD117-APC (both from BD Biosciences) for 30 minutes on ice in the 

dark. To evaluate cell viability, propidium iodide (PI, Roche Applied Science, Indianapolis, 

IN) was added to samples immediately before analysis. Stained cells were analyzed using a 

BD FACSDiva cell sorter (BD Biosciences) with 10,000 events collected for each sample. 

GIST882 cells were treated with imatinib (IM) with the specified final concentration for 

48-72 hours as indicated in figure legends. After treatment, cells were harvested, counted, 

and stained as described above. The 3 subpopulations were identified and defined as 

following: stem cells as KITlow CD34+, immature cells as KIThigh CD34+, and mature 

cells as KIThigh CD34−. Two subpopulations, stem cells and immature cells, were sorted and 

subjected to downstream experiments named as KITlow and KIThigh, respectively.

For single-cell sorting, individual KITlow (N=48) or KIThigh (N=48) cells were sorted 

directly into a 96-well plate and co-cultured in regular growth media with unsorted GIST882 

(10,000 cells/well) on a Transwell top for 2 weeks; then the Transwell top was discarded 

and sorted cells continued to grow for additional 3 weeks. At the end of 5 weeks, 

cell proliferation was determined by CellTiter-Glo (CTG) assay as described below and 

expressed as relative fluorescent units (RFU).

Cell Viability Assay

GIST-T1 and GIST882 cells were seeded in 96-well plates and treated in triplicate 

with indicated compounds for 72 or 120 hours, respectively. MTT reagent, 3-(4, 5

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma-Aldrich), was added to cells 

and then incubated for 4 hours at 37°C. Dimethyl sulfoxide (DMSO, Sigma-Aldrich) was 

used to dissolve purple formazan product. The absorbance was read at 560 nm to measure 

cell viability. The background absorbance was determined from wells with media only.

For sequential treatment experiments, GIST882 and GIST-T1 cells were treated for a total 

of 6 days in sextuplicate for each condition. More specifically, imatinib added to GIST cells 

for 3 days. After imatinib treatment, remaining cells in wells were subjected to various 

conditions for an additional 3 days: 0.1% DMSO, IM, BARD, BEM, (IM+BARD), or (IM+ 

BEM). All groups were analyzed by MTT assay to determine cell viability as described 

above. The following conditions were set as controls of 100% viability: cells treated with 

DMSO for 3 days (for the 3-day group) or DMSO 6 days (for the 6-day group).

Cell Cycle Analysis

GIST-T1 and GIST882 cells were grown to 70-80% confluency and harvested using Trypsin. 

Cells were then treated with RNAse (10 μg/ml) for 10 min at room temperature followed by 

propidium iodide (0.5 mg/ml in PBS) for 30 min at 37°C in the dark. Cell cycle arrest was 
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achieved by nocodazole treatment (50 ng/mL) for 24 hours in regular growth media prior to 

the aforementioned steps. Cells were analyzed by BD FACSAria™ Flow Cytometer.

ALDEFLUOR Assay

ALDH isoform activity analysis was performed using the ALDEFLUOR kit (STEMCELL 

technologies). Briefly, GIST882 cell pellets or dissociated tumor tissue were collected 

and resuspended in Aldefluor assay buffer. Cells were then incubated with BODIPY

aminoacetaldehyde (BAAA) which is a fluorescent substrate for ALDH. Control tubes were 

set as BAAA added to cells in the presence of N,N-diethylaminobenzaldehyde (DEAB), an 

inhibitor of ALDH enzymes. ALDH-positive (i.e. ALDHhigh) versus ALDH-negative (i.e. 

ALDHlow) cells were analyzed and separated using a BD FACSDiva cell sorter.

Immunofluorescence and Confocal Microscopy

GIST tumorsphere pellets were embedded in optimal cutting temperature (OCT) compound 

prior to frozen sectioning. Sections were fixed with 4% paraformaldehyde, permeabilized 

with 0.3% Triton X-100, blocked with 5% normal donkey serum in PBS, and labelled 

with anti-OCT4 (ab200834), anti-NANOG (ab109250), or Ki-67 antibody (ab15580). Co

staining of ≥ 2 antibodies was performed with the OPAL 4-color manual IHC Kit (Akoya 

Biosciences) following the manufacturer’s instructions. Slides were incubated with Alexa 

Fluor-conjugated secondary antibodies (ThermoFisher Scientific) and 4′,6-diamidino-2

phenylindole (DAPI) at room temperature in the dark and mounted in ProLongGold 

antifademountant (ThermoFisher Scientific). Immunofluorescence images were captured 

using a Nikon Confocal A1R Microscope (Nikon, Melville, NY). In addition, fresh-frozen 

OCT-embedded tumor tissues were sectioned, fixed, stained, and imaged as described above.

In vivo Spleen-to-liver metastasis model

Five-week-old male nude mice were purchased from the Jackson Laboratory (Bar Harbor, 

ME). mCherry-conjugated T1 cells were treated with 10 nM IM for 4 days then sorted 

for KITlow or KIThigh cells. 1 x 106 cells resuspended with Hanks’ Balanced Salt Solution 

(HBSS) were injected into the spleen (KITlow: n=3, KIThigh: n=3 ). After 3 weeks, all 

mice were sacrificed. The harvested livers from each mouse were analyzed using the IVIS 

imaging system (Xenogen) in an unblinded manner. The IVIS signals were graphed by 

total photon flux (p/s). All animal experiments were conducted in accordance with protocol 

S11020 approved by the Institutional Animal Care and Use Committee of University of 

California, San Diego.

Bioinformatics Analysis

Gene Set Enrichment Analysis (GSEA) was performed on paired data (pre- and post-IM) 

from 18 patients in RTOG 0132 study using publicly available data (GSE1596636).(28–

30) Human GIST RNASeq data from 75 GIST samples generated in previous study are 

accessible from the Sequencing Read Archive (Accession number PRJNA521803).(31)

Banerjee et al. Page 6

Mol Cancer Ther. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Onco-GPS

The methodology to define GIST states follows our original Onco-GPS approach.(32) The 

method starts by defining a group of GIST-relevant gene sets (see Supplementary Table 2) 

from our MSigDB (Molecular Signatures Database(33,34)). These were chosen based on 

the current molecular, biological and genomic understanding of the disease. These gene sets 

define a total of 3,675 GIST-relevant genes that we believe are relevant and representative of 

transcriptional changes in GIST. The mRNA profiles of these genes are selected in 4 GIST 

datasets(31,35–37) representing 134 GISTs. Genetically diverse GIST samples were utilized 

to study KITlow cells in a genotype-agnostic manner. This is a feasible approach because 

non-KIT mutant GIST often highly express wild-type KIT protein.(10) Additionally, non-

KIT mutant GISTs are known to have overlapping downstream targets as KIT-mutant GIST 

and promote tumorigenesis via parallel pathways.(38) These datasets, sharing the same 

selected GIST-relevant genes, are then decomposed using a parallel Non-Negative Matrix 

Factorization (NMF) algorithm(39) that produces a common genes vs. components matrix 

(W) and 4 components vs. samples matrices (H1-4). The output lower rank matrices from 

the NMF decomposition (W, H1-4) represent the most coherent patterns of gene expression 

across the many GIST in the input datasets. The W matrix provides the weight of each 

gene in each component, and the matrix H provides the combination of components to 

make each of the original sample profiles. In this way, the NMF algorithm deconvolves the 

functional consequences of GIST oncogene activation and produces a set of 5 transcriptional 

components. The decomposition treats the 4 input datasets independently and in parallel 

so the model is able to find common transcriptional components shared by the datasets 

without one dominating the other as they all get some dedicated amount of numerical 

“real state” in the output (H1-4 matrices). Once the Onco-GPS transcriptional components 

have been divided they are used to cluster the GIST samples in the 4 datasets in order to 

define oncogenic states (Supplementary Fig. 5). This is accomplished using a hierarchical 

clustering algorithm(32). The components and oncogenic states are displayed in a 2D layout 

(Onco-GPS map) following the Onco-GPS method (Fig 5).

Annotating the Onco-GPS components and single-sample GSEA Analysis.

This computational characterization is based on measuring the degree of association 

between each transcriptional component and different types of genomic features that have 

been profiled for the same tumor samples. To estimate the degree of association we will 

use a rescaled mutual information metric: the Information Coefficient (IC). The IC is a 

non-linear correlation coefficient based on the differential mutual information(40–42),

IC x, y = sign ρ x, y 1 − exp 2I x, y (1)

where ρ is the correlation coefficient, x is the oncogenic activation profile, and y is the 

genomic feature. The sign of the correlation coefficient provides directionality to the metric. 

The I(x,y) is the differential mutual information between x and y computed using kernel 

density estimation.
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I x, y = p x y log p x, y
p x p y dxdy (2)

Where p(x), and p(y) are p(x, y) the joint and marginal probability densities. This type of 

feature selection process has been used in many of our studies.(43–52)

In order to characterize pathway enrichment, we used our single-sample GSEA (Gene Set 

Enrichment Analysis) algorithm(53) with gene sets from MSigDB (Molecular Signatures 
Database(33,34)), including recently-added subcollections of oncogenic and hallmark gene 

sets.(54) This is also the method we use to produce the profiles of pathways in the heatmap 

of Figure 1.

Onco-GPS components were characterized by matching individual mRNA gene and 

pathway profiles against the per-sample NMF component amplitudes using the Information 

Coefficient This was also done with KIT mRNA expression in order to investigate its 

relationship with e.g. stemness pathways.

Statistical Analysis

All statistical analysis was performed using GraphPad Prism 7 (GraphPad Software, La 

Jolla, CA). Data are reported as means ± standard deviation (SD). Comparisons between 

controls and experimental groups were analyzed for significance by the Student’s t-test 

(2-tailed) or Mann-Whitney test. Statistical significance was accepted at the 5% level (P ≤ 

0.05). Correction for multiple comparisons was performed when appropriate.

Results

IM increases expression of stem markers in human GIST

We performed GSEA on 18 matched GISTs comparing pre- and post-neoadjuvant IM 

treatment (RTOG S0132).(28) Post-IM samples had reduced KIT (P=0.0002) and ETV1 
(P<0.001) mRNA expression, as well as upregulation of known gene signatures associated 

with GIST tumorigenesis and IM-resistance. Additionally, we detected activation of 

several hallmark cancer pathways including “cancer stem cell”, NF-κB, PDGFRA, and 

AXL signaling gene signatures (Fig. 1A). Transcript expression of two stem-associated 

transcription factors (SATFs), OCT4 (P<0.05) and NANOG (P<0.05), showed induction 

after treatment with IM while KIT expression was suppressed (P<0.001) (Fig. 1B). 

Enrichment of cancer stem cell gene profiles represented a novel putative mechanism 

of IM-resistance. We then attempted to confirm this finding using established GIST cell 

lines. Tumorsphere formation has been associated with cancer “stemness” and can signify 

enrichment of cancer stem cells.(55) GIST-T1 tumorspheres were treated with imatinib 

(10 nM) for 72 hours and RT-qPCR was performed. We observed marked induction of 

SATFs including OCT4 (8.1-fold, P<0.001) and NANOG (12.0-fold, P<0.001) (Fig. 1C). 

While IM treatment decreased KIT protein (0.41-fold, P=0.048), it induced OCT4 (4.5

fold, P=0.015) and NANOG (2.9-fold, P=0.035) proteins in GIST-T1 tumorspheres (Fig. 

1C; Supplementary Fig. 1A). These results were confirmed by immunofluorescence (IF) 

microscopy. GIST-T1 grown as tumorspheres led to detectable OCT4 and NANOG proteins 
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as shown in DMSO panels. Treatment of GIST-T1 tumorspheres with imatinib (100 nM) 

further promoted a subpopulation of cells that highly expressed OCT4 and NANOG (Fig. 

1D; Supplementary Fig. 1B). We also identified a similar pattern of scattered expression 

of SATFs in resected KIT exon 11 mutant human GIST imatinib therapy but not in the 

untreated KIT exon 11 mutant GIST (Fig. 1E; Supplementary Fig. 1C). Co-expression of 

OCT4 and NANOG was observed in the GIST tissues (detected by yellow color in Merge 

panels).

Treatment naïve GIST cells have properties of “stemness”

In addition to tumorsphere models, we evaluated aldehyde dehydrogenase (ALDH) function, 

which is an established marker of cell stemness.(56) The GIST882 cell line was found 

to have a high proportion of ALDHhigh cells (Fig. 2A). Consistent with aforementioned 

findings in tumorshpere models, we observed SATF enrichment within the ALDHhigh 

subpopulation compared with ALDHlow cells (Fig. 2B–C). There was induction of OCT4 
(30.6-fold, P<0.001) and NANOG (34.9-fold, P<0.001) transcripts (Fig. 2B), along with the 

induction of OCT4 (21.5-fold, P=0.041) and NANOG (58.0-fold, P=0.025) proteins (Fig. 

2C). Importantly, such ALDHhigh cells were also detected in primary human GISTs bearing 

KIT exon 11 mutations: GIST#3, OCT4 (1.9-fold, P<0.05) and NANOG (2.3-fold, P<0.01); 

and GIST#4, OCT4 (4.1-fold, P<0.001) and NANOG (2.3-fold, P<0.05) (Fig. 2D–E). Taken 

together, putative GIST stem-like cells exist and can be further enriched in 3D culture, as 

well as in sorted ALDHhigh subpopulation.

KITlow GIST cells are stem cell-like

As previously reported, GIST CSCs may represent a KITlow population in mice.(24) We 

next aimed to isolate and study the functional properties of human KITlow cells. We first 

evaluated the expression of SATFs in KITlow compared to KIThigh cells using RT-qPCR.(57) 

GIST882 KITlow cells had higher expression of OCT4 (1.6-fold, P=0.0033) and NANOG 
(1.9-fold, P=0.0046) (Fig. 3A). Next, we compared the colony forming potential of single

cell KITlow versus KIThigh cells to evaluate their self-renewal proliferation capability. FACS

sorted KIThighCD34+ and KITlowCD34+ GIST882 were sorted into single cells per well 

and cultured for 5 weeks and then analyzed for viable cell population. KITlow cells had 

a higher proliferation potential than KIThigh cells (P<0.05) (Fig. 3B). We next analyzed 

the cell cycle states of KITlow and KIThigh cells. GIST-T1 and GIST882 cells showed that 

KITlow cells had marked enrichment in G0-G1 cells compared to KIThigh cells (P<0.001). 

Importantly, the ratio of KITlow to KIThigh cells was unchanged following cell cycle arrest 

suggesting that KIT expression is not driven by cell cycle state (Supplemental Fig. 2). 

KITlow cells progressed through the cell cycle, but had a lower proportion of cells arrested at 

G2/M compared to KIThigh cells (P<0.001) in GIST-T1 and GIST882 cells. The proportion 

of cells in cell cycle states differed between GIST-T1 and GIST882 because the former 

has a doubling time of 12 hours while the latter doubling time is 24-36 hours. (Fig. 3C). 

Another hallmark of cancer stem cells is the ability to self-renew and differentiate into 

mature progeny. We tested the capacity for diffentiation of FACS-sorted KITlow cells to 

give rise to KIThigh cells. FACS-sorted KITlowCD34+ GIST882 cells were isolated and 

cultured for 5 days followed by FCM analyses. KITlow cells recapitulated the original 

cellular composition of the parental GIST882 cell line although the proportion of KITlow 
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cells remained higher (Fig. 3D). To examine the proliferative potential of KITlow cells at 

the tissue level, multiplexing IF was performed in IM-treated GIST using antibodies against 

KIT, NANOG, and Ki-67. (Fig. 3E). We detected tumor foci containing KITlow cells with 

co-expression of NANOG and Ki-67. This supports our in vitro results in human tumor 

samples: stem cell-like KITlow cells in GIST have a higher proliferative potential. Taken 

together, these findings support the notion that KITlow cells have stem-like properties given 

their capacity to self-renew, differentiate and proliferate.

TKI treatment enriches for KITlow GIST cells

Gene expression analysis of matched samples pre- and post-IM treatment (Fig. 1) showed 

reduced KIT expression in imatinib treated tumors. Next, we examined the proportion of 

KITlow cells before and after imatinib treatment. IM treatment resulted in an increase in the 

population of KITlow cells (25.1% increase, P=0.01) and concomitant decrease in KIThigh 

cells (25% decrease, P=0.008) (Fig. 4A). We then tested the sensitivity of sorted cells to 

imatinib treatment. KIThigh cells were sensitive to imatinib treatment across a range of drug 

doses as compared to KITlow cells that demonstrated relative imatinib resistance, even at 

high drug doses (Fig. 4B). Lastly, we examined early changes in the proportion of KITlow 

and KIThigh cells in order to determine whether KITlow cell enrichment is a consequence of 

receptor downregulation or proliferation of the KITlow subpopulation (Fig. 4C–D). KIThigh 

cells from GIST882 pre-treated with short duration, high dose of imatinib had stable 

viability between 1 to 6 hours (1-hr and 3-hr, Supplemental Fig. 3) whereas significant cell 

death started at 24-hr post-IM. In contrast, the KITlow population was increased resulting 

from two events: 1) KIT protein was slightly down modulated by 6-hrs post-IM and then up 

to 24 hours (1-hr and 3-hr, Supplemental Fig. 3); 2) cell death of KIThigh cells began at the 

24-hr time point leading to an additional enrichment of the KITlow population (Fig. 4C–D). 

This suggests that KITlow cells primarily represent a cell population insensitive to imatinib 

and there are two potential mechanisms, namely receptor downregulation and enrichment of 

insensitive cells, for imatinib resistance.

To address the stem-like proliferative potential of KITlow cells in vivo, we utilized a spleen

to-liver metastasis mouse model as we have previously reported.(58) mCherry-labeled T1 

cells after IM treatment were sorted into KIThigh and KITlow cells. Equal cell numbers 

from each sub-population were injected into the spleens of nude mice (n = 3 per group) 

and liver metastases were evaluated (Fig. 4E–F; Supplementary Fig. 4). KITlow cells show 

engraftment potential in this metastatic GIST animal model. Taken together, our findings 

indicate that imatinib treatment enriches KITlow cells have higher proliferative potential in 
vitro and in vivo.

KITlow primary tumors have distinct pathway activation

KITlow cells are present in genetically diverse forms of GIST. To better understand pathway 

activation that predominates within the KITlow subpopulation, we utilized a bioinformatic 

approach. In this analysis framework, GIST samples are used to define top oncogenic states 

and the top transcriptional component pathways that are statistically significant or near 

significant.(32) The map defines the top 5 oncogenic states and the top 5 transcriptional 

component pathways in GIST (Supplementary Fig. 5). In an unsupervised manner, the map 
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naturally separates states based on KIT expression (Fig. 5). Interrogating KITlow samples 

revealed 2 distinct oncogenic states. One state was of particular interest (circled), which is 

associated with stem cell pathways, Gas6/AXL (transcript expression) and NF-κB gene sets. 

This agnostic data-driven approach serves as an encouraging validation of the in vitro cell 

line and primary tumor analysis that SATF activation occurs in KITlow cells. Furthermore, 

the value of the Onco-GPS map is to understand parallel pathway activation within a given 

oncogenic state. We noted that AXL and NF-κB were associated with a KITlow state. This 

is supported by enrichment of NF-κB (gene sets) and AXL receptor (transcripts) in the 

IM-treated tumors (GEO dataset GSE15966(28)) (Fig. 1A). Therefore, these pathways may 

represent novel targets for inhibition of KITlow GIST cells.

NF-κB and GAS6/AXL inhibition augments imatinib toxicity

We next tested the in vitro effect of TKI treatment in GIST cell lines. As demonstrated 

previously, IM treatment results in enrichment of resistant KITlow cells. GIST882 cells 

treated for 3 days with IM (300 nM) resulted in 46% cell viability as compared to control 

treatment (P<0.001, Fig. 6A). Cells were then retreated with imatinib for an additional 

3 days or switched to DMSO for a total of 6-day treatment. Subsequent treatment with 

DMSO resulted in expected cell recovery. However, additional treatment with imatinib had 

limited additional toxicity with a final cell viability of 32%. Based on our prior evidence, 

we hypothesized that the plateau in cytotoxicity (between 3- and 6-day IM treatment) is 

determined by the KITlow subpopulation. We next aimed to apply the insights gleaned 

through the Onco-GPS map to drug pathways that may target KITlow cells. The Onco

GPS map revealed enrichment in TAM receptors (Tyro3, AXL, and MerTK) in KITlow, 

which are known to mediate TKI resistance in several cancer types.(59) Additionally, 

NF-κB is a well-established regulator of stemness and drug resistance.(60) To test these 

hypotheses, we utilized inhibitors for TAM receptors (R428, bemcentinib/BEM(61)) and 

NF-κB (bardoxolone/BARD(62)). We tested cytotoxicity of unsorted cells after pretreatment 

with imatinib (185 nM, for 72 hours) to enrich KITlow cells for subsequent treatments. 

Imatinib sensitized cells to BEM (1 μM, 70%, P<0.001), and BARD (1 μM, 73%, P<0.001) 

(Fig. 6B). In addition, combination treatment with imatinib and either inhibitor was more 

effective than imatinib treatment alone, exerting killing up to 85% as compared with controls 

(P<0.05, Fig. 6B). Similar effects were observed in GIST-T1 cells. More specifically, T1 

cells treated for 3 days with IM (20 nM) resulted in 44% cell viability as compared to 

control treatment (P<0.001, Fig. 6C). Imatinib sensitized T1 cells to BEM (1 μM, 82%, 

P<0.001) and BARD (1 μM, 62%, P<0.001) (Fig. 6D). Combination of imatinib with either 

BEM or BARD was more potent than imatinib alone (P<0.001, Fig. 6D). We next sought 

to access the change of AXL and NF-κB expression when treated with BEM and BARD 

inhibitors, respectively. Our data showed that a decrease in NF-kB p65 phosphorylation level 

was detected as early as 60 minutes when inhibited with BARD (Fig. 6E). Inhibition of 

AXL phosphorylation by BEM treatment was detected as early as 30 minutes (Fig. 6F). 

Taken together, these data indicate that IM-resistant KITlow GIST cells are a targetable 

compartment, and that inhibition of TAM- and NF-κB pathways alone or in combination 

with TKI can serve as platforms for future studies.
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Discussion

Imatinib (IM) activity in gastrointestinal stromal tumor serves as a paradigm for targeted 

therapy in solid organ malignancies. However, IM does not cure GIST and a majority 

of patients either develop resistance on therapy, or experience disease recurrence after 

discontinuation of therapy. Failure of KIT targeted therapies prompted us to hypothesize 

that a KIT-insensitive subpopulation may serve as a mechanism of disease persistence. 

In this study, we find that KITlow cells are a distinct subpopulation in human GIST, 

which have intrinsic (i.e., de novo or primary) IM-resistance. Moreover, TKI treatment 

induces enrichment of this KITlow cellular subpopulation, which expresses stem-associated 

transcription factors and has several functional properties of bona fide cancer stem cells in 
vitro and in vivo. To further characterize the KITlow phenotype, we employed a data-driven 

integrative bioinformatic approach which identified Gas6/AXL and the NF-κB pathway as 

putative novel therapeutic targets in vitro. Together, these data suggest that KITlow cells may 

function as a targetable cellular compartment in GIST that is a source of disease persistence 

despite molecularly matched therapy for KIT oncogene driven disease.

The role of cancer stem cells (CSCs) in GIST has been poorly understood. Characterization 

of GIST CSCs has been partly derailed by the observation that well established markers of 

CSCs (e.g., CD44 and CD133) are ubiquitously expressed on GIST cells.(23) Additionally, 

KIT/CD117 is the stem cell factor receptor (SCFR) and has been proposed as the source of 

drug resistance, disease recurrence, and metastasis in many other tumor types.(63,64) In the 

absence of established surface markers, several studies have interrogated alternate candidates 

for markers of GIST CSCs. BMI1, TERT and KLF4 were found to be preferentially 

expressed in GISTs, and expression of BMI1 was found to correlate with advanced disease.

(65) Moreover, Nestin, or neuroectodermal stem cell marker, expression has also been 

reported as a marker of aggressive forms of GIST.(66) In the current study, we find that 

OCT4 and NANOG are previously unappreciated stem cell associated transcription factors 

(SATFs) that were upregulated following TKI treatment and overexpressed in ALDHhigh and 

KITlow GIST cells, which both have selected hallmarks of CSC-like cells.

Although these associations are valuable, the first mechanistic insight into the role of CSCs 

in GIST was described in a mouse model of progenitor ICCs.(24) Bardsley et al. discovered 

an ICC progenitor in the gastric wall of mice with properties of stem cells including 

self-renewal and the ability to differentiate into mature ICCs. A cell line derived from 

this ICC progenitor demonstrated spontaneous transformation resulting in the formation of 

GIST-like tumors. Importantly, this ICC progenitor was noted to have low KIT expression 

compared to its mature ICC counterpart. Here, we find that KITlow cells are a distinct 

cellular subpopulation within human GISTs. These cells are quiescent, but have greater 

replicative capacity and superior colony-forming potential than KIThigh cells. Additionally, 

isolated and cultured KITlow cells give rise to KIThigh cells. Moreover, imatinib treatment 

preferentially enriches KITlow cells while having a cytotoxic effect on KIThigh cells. These 

results suggest that KITlow cells have stem-like properties, and may represent a reservoir for 

disease persistence following TKI therapy. This model mirrors an established mechanism of 

CML disease persistence in which CML stem progenitors have been shown to be quiescent, 

stem-like cells that exhibit imatinib resistance.(67)
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The notion that some GIST lack KIT expression is known and these KIT-negative tumors 

were found to harbor primarily PDGFRA mutations.(68) In a recent paper, Tu et al. profiled 

tyrosine kinases that were differentially activated in IM-resistant cell lines of KIT-negative 

GIST.(69) They found that EGFR, AXL, EPHA2 and FAK were active in KIT-negative 

cell lines. Interestingly, AXL knockdown and pathway inhibition was found to be cytotoxic 

in an IM-resistant GIST line. AXL has also been previously shown to be important in 

imatinib-resistant GIST.(70,71) In the current study, we utilized a bioinformatic approach 

to identify co-functioning pathways within a KITlow, stem cell associated oncogenic state. 

We confirmed that Gas6/AXL and other TAM receptors (Tyro3 and MerTK) were associated 

with this state. AXL is an attractive target as it has also been previously reported to increase 

tumorigenicity of breast CSCs resulting in decreased breast CSC chemosensitivity.(72) 

Increased expression of AXL also accounts for TKI resistance in EGFR-mutant non-small 

cell lung cancer,(73) pancreatic cancer metastases,(74) and melanoma.(47,75) In addition to 

the prior reports in GIST, we now find that AXL inhibition augments imatinib cytotoxicity 

presumably by targeting the KITlow compartment. This result was observed in imatinib

naïve cells compared to imatinib-resistant cell lines as shown in prior reports.(69,70) The 

Onco-GPS bioinformatic analysis also suggested that NF-κB is active in KITlow cells. NF-

κB has been previously implicated in GIST tumorigenesis through an autoregulatory loop 

or recruitment of tumor-associated macrophages.(76,77) Here, we found that the addition 

of NF-κB inhibition to imatinib resulted in augmented cell killing over IM-treatment alone. 

Thus, our findings provide new evidence for therapeutic targets in a rare subpopulation of 

GIST that is imatinib-resistant in the absence of imatinib selection pressure.

This study has several limitations. First, KITlow cells are a rare cell subpopulation. 

FACS-isolated KITlow cells “differentiate” quickly, which poses technical challenges to 

studying this cell population in downstream experiments. We addressed this by enriching 

the proportion of KITlow cells with imatinib pretreatment prior to FACS, which also 

mimics patient treatment schema. Indeed, our data supported the notion that TKI-resistant 

cells with stem-like characteristics are responsible for disease recurrence. However, an 

immortalized cell line would be a valuable resource to study this cell population. 

Additionally, negative marker selection is a suboptimal method of cellular sorting. We 

attempted several methods of transcriptomic and proteomic screening KITlow cells for over 

240 surface markers (Supplemental Table 3). However, we were not able to identify a unique 

positive selection marker for the subpopulation. We addressed this limitation by performing 

a rigid methodology of fluorescence minus one (FMO) controls within our FACS protocol 

that enabled reproducible isolation of the KITlow subpopulation, which was capable of 

complementary analyses.

Despite the success of IM in GIST therapy, disease persistence remains an unaddressed 

challenge. Here, we report that KITlow cells are stem-like cells within human GISTs that 

have primary IM resistance. These KITlow cells also possess distinct pathway activation that 

can be targeted to eradicate this IM-resistant cellular compartment. Our findings support the 

role of combinatorial therapeutic approaches to overcome drug resistance or to treat disease 

persistence in GIST.
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FIG. 1. IM increases expression of stem markers in human GIST
A. Gene Set Enrichment Analysis (GSEA) analysis(53) performed on 18 paired pre-IM vs. 

post-IM samples from RTOG 0132.(78) Selected gene sets that show differential enrichment 

before and after IM treatment. The heatmap displays the standardized enrichment scores of 

a variety of gene sets representing KIT activation, imatinib resistance, stemness, NF-κB, 

and PDGFRA/AXL. On the left side of the heatmap, the numbers display the association 

metric (IC score(40), and the p-values obtained by performing an empirical permutation 

test. Red: above mean; blue: below mean). B. Transcript expression differences among 

Banerjee et al. Page 19

Mol Cancer Ther. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stem-associated transcription factors and KIT from RTOG0132 microarray data. *** and * 

represent statistical significance P<0.001 and P<0.05, respectively. C. Relative expression 

levels of stem markers by RT-PCR analysis and protein levels by Western blots in GIST-T1 

tumorspheres treated with IM (10 nM) for 3 days. RT-PCR data performed in triplicates 

were shown as mean ± standard deviation (SD). Alpha-tubulin was used as a Western blot 

loading control. D. Protein levels of stem markers by immunofluorescent (IF) staining in 

GIST-T1 spheres treated with 100 nM IM for 7 days. E. Representative IF staining for 

co-localization of stem markers comparing untreated GIST #1 and IM-treated KIT exon 11 

mutated GIST #2.
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FIG. 2. Treatment naïve GIST cells have properties of “stemness”
A. Specific ALDH fluorescent intensity was detected by FCM in GIST882 with or without 

ALDH inhibitor DEAB. B. Bar graphs displayed relative expression level of stem markers 

by RT-PCR analysis in sorted ALDHhigh and ALDHlow (set as 1-fold baseline) cells from 

GIST882. Data shown as mean ± SD was performed in triplicate. C. Immunoblots showed 

protein levels of stem markers in GIST882 from sorted ALDHhigh and ALDHlow cells. 

Alpha-tubulin was used as a loading control. D.-E. Two KIT-mutant GIST analyzed by FCM 

for ALDH fluorescent intensity in the presence or absence of DEAB. Bar graphs showed 

RT-PCR data of sorted ALDHhigh and ALDHlow (set as 1-fold baseline) from both GIST for 

OCT4 and NANOG relative expression. Data performed in triplicate was shown as mean ± 

SD. Statistical significance is indicated by *** P<0.001, ** P<0.01, and * P<0.05.
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FIG. 3. KITlow GIST cells are stem cell-like
A. Relative expression level of stem markers (OCT4 and NANOG) and KIT by RT-PCR 

analysis in sorted GIST882 KIThigh and KITlow cells. Data performed in triplicate are 

shown as mean ± SD. *** P<0.001 and ** P<0.01. B. Cell viability displayed in relative 

fluorescence units (RFU) was determined by CellTiter-Glo assay in sorted GIST882 KIThigh 

and KITlow cells based on their fluorescence intensity. Box plots show the average RFU for 

sorted populations. *represents statistical significance P=0.042 by Mann-Whitney test. Three 

outliers were indicated by black dots. C. FCM contour plot show sorted KIThigh and KITlow 
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cells inside the top and bottom boxed areas, respectively, that were collected and treated 

with DMSO or the microtubule inhibitor nocodazole (+Noc) for 24 hours. FCM histograms 

and bar graph show cell distribution within the cell cycle phases namely, G0/G1, S-phase 

and G2/M, from DMSO- or Noc-treated KIThigh and KITlow cells. D. FCM contour plots 

showed the percentages of KIThigh and KITlow cells that were derived from GIST882 KITlow 

cells (inside the boxed area) from the first sorting after culturing in regular growth media for 

5 days. E. Representative IF staining for co-localization of KIT, NANOG, and Ki67 from 

IM-treated KIT exon 11 mutated GIST#2. Arrows indicate KITlow cells expressing both 

NANOG and Ki-67.
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FIG. 4. TKI treatment enriches for KITlow GIST cells
A. GIST882 cells were treated with 1 μM IM for 48 hours. FCM analysis performed 

on treated and untreated cells. Box-and-whisker plots depict median values ± standard 

deviation. B. GIST882 cells underwent FACS to separate KIThigh/low populations. Cell 

viability of sorted KIThigh and KITlow cells treated with indicated doses of IM for 72 hours. 

DMSO-treated cells were set as 100% viability. Statistical significance is indicated by *** 

P<0.001, ** P<0.01, and * P<0.05. C. Relative cell population from sub-groups of KIThigh 

and KITlow cells after treated GIST882 with 1μM IM for 6 or 24 hours and determined by 
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FCM. Counts from cells treated with DMSO in each group at each time point were set as 

the baseline (100%). ** P<0.01. D. Representative FCM dot plots showed the sub-groups 

of KIThigh and KITlow cells from GIST882 cells 6- or 24-hr post-treatment with 1 μM IM. 

E. Flowchart diagram for in vivo testing of sorted KIThigh and KITlow from mCherry-GIST 

cells pre-treated with 10nM IM for 4 days in a liver metastasis model. F. FCM dot plot 

displayed cell sorting for KIThigh and KITlow from mCherry-T1 cells. IVIS images of the 

whole liver were obtained from all animals. Bar graph showed the liver metastasis quantified 

by the total photon flux (p/s). ** P<0.01.
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FIG. 5. KITlow primary tumors have distinct pathway activation
Onco-GPS map constructed using gene expression of 134 GIST samples from 4 datasets. 

Relative gene expression and gene set enrichment scores are shown on the map by coloring 

projected samples on a scale of blue for low enrichment and red for high enrichment of each 

indicated gene or pathway. Indicated genes and pathways are also shown in the left panel 

showing the matching score (Information Coefficient) against KIT mRNA expression.
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FIG. 6. Combination drug treatment is cytotoxic in IM-resistant GIST
A. Cell viability for GIST882 cells in sequential treatment experiments with 300 nM IM 

(dose selected based on IC75). Some cells were treated for a total of 6 days. After 3-day IM 

treatment (i.e. Days 1-3), remaining cells in wells were refreshed with new media containing 

DMSO or IM then cultured for an additional 3 days (i.e. Days 4-6). For the 3-day group, 

cells treated with DMSO were set as controls of 100% viability; whereas controls for the 

6-day group were cells in DMSO from Days 1-3 then in DMSO from Days 4-6. B. Cell 

viability for GIST882 cells treated with 185 nM IM (dose selected based on IC50) followed 

by various compounds in sequential treatment experiments. After 3-day IM treatment (i.e. 

Days 1-3), remaining cells were refed with fresh media containing DMSO, 185nM IM, 1μM 

BARD, 1 μM BEM, or combination of IM and indicated drugs were then cultured for an 

additional 3 days (i.e. Days 4-6). C. Cell viability for GIST-T1 cells in sequential treatment 

experiments with 20 nM IM (dose selected based on IC75). Some T1 cells underwent 6-day 
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treatment as described above in (A) for GIST882 cells. D. Cell viability for GIST-T1 cells 

with 20 nM IM treatment for 3 days then followed with various compounds and 20 nM IM 

in sequential treatment as described above in (B) for GIST882 cells. DMSO-treated cells 

(for total 6 days) were set as 100% viability controls. Statistical significance is indicated by 

*** P<0.001 and * P<0.05. E. GIST cells were treated with 1μM BARD for indicated time 

and lysed for Western blotting to detect total NF-kB p65 protein and phospho-NF-kB p65 

(Ser536). F. Immunoblots from GIST cells treated with 1μM BEM for indicated time and 

probed for total AXL and phosphor-AXL. Alpha-tubulin was used a loading control.
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Table 1:

Characteristics of primary human GISTs

Tumor Name Primary Site Mutation

GIST #1 Gastric KIT exon 11 V560E

GIST #2 Gastric KIT exon 11 V560E

GIST #3 Gastric KIT exon11 R586 N587_insPTQLPYDHKWEFPR

GIST #4 Gastric KIT exon11 V560D
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