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Abstract

Aims: Drivers of the drug tolerant proliferative persister (DTPP) state have not been well 

investigated. Histone H3 lysine-4 trimethylation (H3K4me3), an active histone mark, might enable 

slow cycling drug tolerant persisters (DTP) to regain proliferative capacity. This study aimed to 

determine H3K4me3 transcriptionally active sites identifying a key regulator of DTPPs.

Methods: Deploying a model of adaptive cancer drug tolerance, H3K4me3 ChIP-Seq data 

of DTPPs guided identification of top transcription factor binding motifs. These suggested 

involvement of O-linked N-acetylglucosamine transferase (OGT), which was confirmed by 

metabolomics analysis and biochemical assays. OGT impact on DTPPs and adaptive resistance 

was explored in vitro and in vivo.

Results: H3K4me3 remodeling was widespread in CPG island regions and DNA binding motifs 

associated with O-GlcNAc marked chromatin. Accordingly, we observed an upregulation of OGT, 

O-GlcNAc and its binding partner TET1 in chronically treated cancer cells. Inhibition of OGT led 

to loss of H3K4me3 and downregulation of genes contributing to drug resistance. Genetic ablation 

of OGT prevented acquired drug resistance in in vivo models. Upstream of OGT, we identified 

AMPK as an actionable target. AMPK activation by acetyl salicylic acid downregulated OGT with 

similar effects on delaying acquired resistance.

Conclusion: Our findings uncover a fundamental mechanism of adaptive drug resistance that 

governs cancer cell reprogramming towards acquired drug resistance, a process that can be 

exploited to improve response duration and patient outcomes.

Keywords

Cellular reprogramming; Epigenetics; Metabolism; OGT; H3K4me3; TET1; Cancer persisters; 
Adaptive cancer drug resistance; Acquired drug resistance

1. Introduction

Acquired drug resistance is the main cause for disease relapse in metastatic cancer patients 

that initially respond to therapeutic intervention. Traditionally, research investigating the 

development of acquired drug resistance has focused on the identification of resistance 

mediated by genetic mutations that are often present in drug resistant tumors (Ahronian, 

Sennott et al. 2015, Jia et al. 2016, Manzano et al. 2016, Wang et al. 2018). Accumulating 

evidence now suggests the existence of an epigenetically regulated and reversible drug-

tolerant state in cancer before the emergence of permanent acquired resistance (Roesch et 

al., 2010, Sharma et al., 2010, Hammerlindl and Schaider, 2018), which can give rise to 

different resistance mechanisms including de novo mutations (Hata et al., 2016, Ramirez et 

al., 2016) through a persister-like phenotype (Hong, Moriceau et al. 2018). These cancer 
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persisters are characterized by expression of histone demethylases (Hinohara et al., 2018) 

that allow for transcriptional adaption and drug tolerance (Ravindran Menon et al., 2015, 

Shaffer et al. 2017, Emran et al., 2018). The clinical impact of therapy-induced reversible 

cellular reprogramming is reflected in studies that showed delayed drug resistance following 

intermittent treatment schedules in a melanoma mouse model (Das et al., 2013) and the 

clinically meaningful re-challenge response of patients that progressed after BRAF inhibitor 

treatment following a short period of drug withdrawal (Tietze et al., 2018, Valpione et 

al., 2018). However, molecular mechanisms facilitating the shift of cancer persisters from 

dormant to the proliferative state remain underinvestigated.

We identified a ubiquitous cellular transition in cancer cells that drive global epigenetic 

reprogramming as an important factor contributing to acquired drug resistance. Specifically, 

the transition from the dormant drug tolerant persister (DTP) state to the proliferative drug 

tolerant (DTPP) state characterized by cellular clusters is achieved through upregulation of 

O-GlcNAc transferase (OGT) fueled by the hexosamine biosynthesis pathway. This adaption 

consequently leads to CpG island specific H3K4me3 remodeling. Blocking the adaptive 

process prolonged the treatment response to targeted- and chemotherapy, identifying OGT 

as a promising therapeutic target to interfere with a fundamental adaptive process that is a 

major obstacle for successful treatment.

2. Materials and Methods

2.1. Cell lines

Melanoma cell lines WM164, WM9, WM1366 and WM983B were obtained from The 

Wistar Institute. A375 were purchased from Rockland Immunochemicals Inc. Generation of 

FUCCI melanoma cell lines has been previously reported (Haass, Beaumont et al., 2014, 

Spoerri, Beaumont et al., 2017). The lung cancer cell line A549 was kindly provided by Dr. 

Gerald Hoefler from the Medical University of Graz, Austria. HCC827 cells were kindly 

provided by Dr. Derek Richard, Queensland University of Technology, Brisbane, Australia. 

H1975 was kindly provided by Dr. Brian Gabrielli from Mater Research Institute, The 

University of Queensland. All cell lines are routinely tested for mycoplasma as described 

previously (Uphoff and Drexler 2002, Uphoff and Drexler 2004) and were authenticated 

via STR fingerprinting. Cells were maintained in RPMI-1640 medium (Thermo Fisher 

Scientific), supplemented with 5% fetal bovine serum (Assaymatrix), 2% L-glutamine 

(Thermo Fisher Scientific) and 2% Pen/Strep (Thermo Fisher Scientific).

2.2. Inhibitors and Chemicals

Dabrafenib, trametinib, osimertinib, LY3009120 and docetaxel were purchased from 

Selleck Chemicals and were dissolved in DMSO for treatments. Metformin and 

compound C (CC) were obtained from Cayman Chemicals and dissolved in DMSO for 

treatments. Aspirin, Benzyl 2-acetamido-2-deoxy-α-D-galactopyranoside hydrate (BADG) 

and O-(2-acetamido-2deoxy-D-glucopyranosylidene)amino-N-phenylcarbamate (PUGNAc) 

were purchased from Sigma-Aldrich and dissolved in DMSO. OSMI-4b was kindly 

provided by UniQuest, The University of Queensland, Brisbane, Australia and dissolved 
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in DMSO. All drugs were diluted and used not exceeding a final DMSO concentration of < 

0.5% (v/v).

2.3. Generation of IDTC, IDTC colonies and permanent resistant cells

Induced- drug tolerant cells (IDTCs) (Ravindran Menon et al., 2015), equivalent to drug 

tolerant persister (DTP) cells, and IDTC colonies, equivalent to drug tolerant proliferative 

persister (DTPP) cells, were generated by continuous treatment of the respective cell 

lines with the indicated drug dosage in RPMI-1640 medium (Thermo Fisher Scientific), 

supplemented with 5% fetal bovine serum (Assaymatrix), 2% L-glutamine (Thermo Fisher 

Scientific) and 2% Pen/Strep (Thermo Fisher Scientific). Drugs were replenished every 3 

days and cells were maintained in the same culture vessel for the whole experiment. The 

time until the emergence of individual cell states depends on the cell line used, the initial cell 

number and drug dose. Unless indicated otherwise, WM164 and WM9 cells were exposed 

to dabrafenib 50 nM 45–55 days, WM164 and WM983b were exposed to dabrafenib 50 

nM in combination with trametinib 25 nM for 80–90 days, A375 cells were exposed to 

vemurafenib 1 μM for 45–55 days, A549 and WM1366 were exposed to docetaxel 5 nM 

for 45–55 days, HCC827 were exposed to erlotinib 15 nM for 45–55 days and H1975 

were exposed to osimertinib 2 nM for 30–35 days to generate IDTC colonies. Similarly, 

slow-cycling IDTCs were generated using the same drugs for 12–15 days for all cell lines 

except H1975, which were exposed for 9–12 days. All cells were phenotypically monitored 

before each experiment to confirm the emergence of the respective phenotype. Lower cell 

number and higher drug concentrations as well as re-seeding of cells delay the emergence of 

the IDTC colony phenotype. WM164 and A375 resistant cells were generated by continuous 

exposure to the respective BRAF inhibitors for 90–120 days. Cells were re-seeded and 

subjected to 3 weeks (21 days) of drug- free culturing followed by continuous maintenance 

in the presence of 50 nM dabrafenib.

2.4. Isolating colonies

The colonies were isolated using Pyrex® cloning cylinder 6 mm × 8 mm from Sigma-

Aldrich (CLS31666–125EA). The cloning cylinder was placed over the colony and cells 

were trypsinized for harvesting.

2.5. Metaphase preparation and mFISH Karyotyping

The isolated resistant colony was given 3 weeks of drug holidays followed by two weeks 

of re-exposure to 100 nM dabrafenib to eliminate the reversible drug tolerant population. 

Further parent cells and cells isolated from IDTC colony were grown to ~80% confluence 

and treated with 100 ng/mL Colcemid solution (Gibco) for 4 h, collected by trypsinization 

and centrifuged at 1000 rpm for 10 min. Cell pellets were re-suspended in 75 mM KCl 

and incubated for 15 min in a 37 °C water bath. 1/10 vol of 3:1 methanol/acetic acid 

was added to cells followed by centrifugation at 1000 rpm for 15 min. Cells were then 

fixed by resuspension in 3:1 methanol/acetic acid solution, incubated for 30 min at room 

temperature, centrifuged at 1200 rpm for 5 min and finally washed once more with fixative. 

Cells were re-suspended in a small volume of fixative, dropped onto clean glass slides 

and let to air dry. Multicolor FISH (mFISH) was performed according to manufacturer’s 
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instructions (MetaSystems) and visualized using the automated Metafer imaging platform 

(MetaSystems).

2.6. Permutations for the phylogenetic tree

Clustering of cells was performed by extracting cross-over events from the karyograms. 

Each translocation event was encoded as a binary event. We assumed that two independent 

cells carrying the same translocation derived one from the other with a shared common 

ancestor and that de novo generation of the same translocation is a rare and negligible event. 

In total, we identified 129 presumably independent events (Supplementary Table 1). For ease 

of plotting, a dummy sample representing a normal diploid genome was added to act as 

the root of the lineage tree. From these binary properties, the Manhattan-distance between 

each pair of samples was determined using the “dist” function in R (v3.3.2). The distance 

matrix was printed in nexus file format and loaded into SplitsTree (v4.14.4) (Huson and 

Bryant, 2006). Using this software, we generated a Neighbor-Join tree with default settings 

and plotted it in cladogram style and highlighted the parental cells in bold font. To test 

the hypothesis that resistance was acquired independently from multiple ancestral cells, we 

used the following permutation- based approach. For our null-hypothesis we assumed that 

the average distance between pairs of parental and resistant cells would be roughly equal to 

the average distance between resistant-resistant pairs. If all resistant cells were derived from 

the same parental lineage this would manifest itself as a shorter average resistant-resistant 

distance (XRR) compared to the average resistant-parental distance (XRP) (i.e. all resistant 

are clustered in one branch of the lineage tree). We determined the null-distribution by 

bootstrapping the distances (without dummy root sample) 50,000-fold and determining 

the empirical cumulative distribution function (ecdf) of the ratio XRR/XRP. From this 

distribution we derived that the ratio for the real clustering tree corresponds to a 1-sided 

p-value of 0.34184. In other words, the resistance was most likely acquired in multiple 

independent ancestors.

2.7. Sample preparation for metabolomics analysis

For metabolomics analysis parent WM164 cells and all cell states (slow-cycling, colonies 

and permanent resistant) were cultured and generated on lumox® dish 35 (Sarstedt) in 

RPMI-1640 medium (Thermo Fisher Scientific), supplemented with 5% fetal bovine serum 

(Assaymatrix), 2% L-glutamine (Thermo Fisher Scientific) and 2% Pen/Strep (Thermo 

Fisher Scientific). The same media lot was used for all conditions. Metabolites were 

extracted 48 h after the last media change by cutting the lumox membrane containing 

the adherent cells, dip washing it in isotonic 37 °C NaCl supplemented with 2 g/L 

C13Glucose (Sigma Aldrich) and submerging the whole membrane in 75% EtOH / 25% 

1.5 M ammonium acetate solution pre-heated to 85 °C in 15 mL falcon tubes as described 

previously (Vogel et al., 2019). All steps were performed on a 37 ° heat plate to minimize 

temperature induced changes. The samples were incubated at 85 °C for 2 min and frozen 

at − 80 °C until further processing. Cell culture supernatants were collected and centrifuged 

1 min, 14,000 rpm at 4 °C. 100 μL of the respective supernatant samples were added to 

2 mL of a pre-heated 80% EtOH / 20% 1.875 M ammonium acetate solution, incubated at 

85 °C for 2 min and frozen at − 80 °C until further processing. For HPLC-MS analysis, 

samples were thawed, transferred into fresh 2 mL protein LoBind tubes (Eppendorf) and 
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dried for 8 h under constant flow of nitrogen at 21 °C. Cell samples were reconstituted 

in 60 μL, supernatant samples in 100 μL H2O. All samples were centrifuged for 5 min at 

14,000 g at 4 °C and transferred into autosampler vials (cells 25 μL, supernatant 25 μL). A 

small aliquot from each sample was pooled for quality control (QC) with 10 μL from cell 

samples for cells QC and 15 μL from supernatant samples for supernatant QC. All samples 

and QC were frozen at − 80 °C. All cell samples were measured in one run, followed by 

all supernatant samples in a second run. To reduce unwanted metabolite degradation each 

run was additionally divided into two 24 h batches and only samples for a 24 h batch were 

freshly thawed and placed into the autosampler at 4 °C.

2.8. Metabolomics measurement of intra- and extracellular metabolites

Samples were measured in a stratified randomized sequence with blanks (MiliQ H2O), 

QC and ultramix in between. All samples were analyzed with a Dionex Ultimate 3000 

HPLC setup (Thermo Fisher Scientific, USA) equipped with a reversed-phase Atlantis T3 

C18 pre- and analytical column (Waters, USA) as previously described (Buescher et al., 

2010; Vogel et al., 2019). Injection volume was 10 μL and metabolite separation was 

achieved with a 39-min gradient: 2-propanol was used as eluent A and aqueous methanol 

solution [(5% methanol v/v), tributylamine (10 mM), acetic acid (15 mM), pH 4.95] was 

used as eluent B. Mass spectrometric detection was carried out with an LTQ Orbitrap XL 

system (Thermo Fisher Scientific, USA). Heated electrospray ionization (HESI) was used 

for negative ionization and masses between 70 and 1100 m/z were detected.

2.9. Metabolomics data processing and statistical analysis

Raw data were converted into mzXML by msConvert (ProteoWizard Toolkit v3.0.5) 57, and 

known metabolites were searched for, with the tool PeakScout (Fröhlich et al., 2016), with a 

reference list containing accurate mass and retention times. Chromatographic peaks of every 

substance in every sample were checked manually and peak areas were integrated using the 

PeakScout software.

Statistical analysis was performed with R [R Core Team] (v3.4.1, packages stats, 

FactoMineR, missMDA, nlme, lsmeans, readxl, openxlsx) and TibcoSpotfire (v7.6.1). All 

metabolites were strictly controlled for their analytical quality and graded into two classes, 

namely suitable for multivariate analysis and univariate analysis (labelled as “MVA_UVA”) 

only univariate analysis (labelled as “UVA”), or no statistics, only qualitative analysis (only 

in ultramix, labelled as “no statistics”). Quality was assessed according to the following 

parameters: difference from target mass, retention time standard deviation, percentage 

missing values, relative standard deviation in QC, drift with progressing measurement time 

over run and/or daily batch, blank load in QC. In total, 38 MVA_UVA and 75 UVA 

intracellular metabolites and 8 MVA_UVA and 103 UVA extracellular metabolites were 

detected. To correct for cell number differences and to reduce technical variability, median 

normalization on QC-normalized data was performed. Each metabolite was normalized 

to the median of the QC value defined as peakareasampleQC-normed = peakareasample/

median (peakareaQC). For each sample, the samplemedian was calculated as the median 

of all peakareasampleQC-normed in the sample and peak areas were normalized as 

peakareasamplemedian-normalized on QC-normalized data = peakareasampleQC-normed/
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samplemedian. Finally, normalized peak areas were log10-transformed. Log10-transformed, 

normalized data were normally distributed according to the Kolmogorov Smirnov test 

(99.1% of all metabolites were normally distributed) and homoscedastic according to 

the Brown-Forsythe Levene-type test (3.5% were significantly heteroscedastic with p < 

0.01, p-values reported in Supplemental Table 2). For univariate analysis ANOVA was 

performed with the fixed factor cellular_state (R function lm, aov) and p-values were 

Benjamini-Hochberg (BH) adjusted (R function p-adjust). All samples were checked for 

analytical outlier behavior according to the sample median, peak shapes, retention time 

shifts, percentage of missing values and position in PCA. PCA analysis was performed 

centered and scaled to unit variance (R function prcomp). Missing values were imputed by a 

regularized expectation-maximization (R function imputePCA, estim_ncpPCA).

2.10. ChIP and ChIP-qPCR

Chromatin immune precipitation was performed using the Active Motif ChIP-IT® 

Express Chromatin Immunoprecipitation Kits (53009). WM164 parent, IDTC colonies and 

dabrafenib resistant cells were fixed using 4% paraformaldehyde for 10 min followed 

by chromatin preparation according to the manufacturer’s protocol. 15 microgram DNA 

containing chromatin was used as input per reaction. ChIP-grade H3K4me3 (Active 

Motif Cat: 39159), O-GlcNAc antibody (Active Motif Cat: 61454) or rabbit IgG (Cell 

Signaling #2729) was used to perform the pulldown. Isolated chromatin was directly 

used for next generation sequencing or qPCR analysis. Primers (Supplementary Table 

4) were used together with SensiFAST™ SYBR® Lo-ROX Kit (Bioline, Bio-94005) for 

PCR amplification and products were detected by AB7900 Standard real time PCR system 

(Applied Biosystems).

2.11. ChIP-seq bioinformatics analyses

The ChIP DNA samples were submitted to the Otago Genomics Facility at the University 

of Otago (Dunedin, New Zealand) for library construction and sequencing. The libraries 

were prepared using ThruPLEX DNA-seq kit (Takara Bio) according to the manufacturer’s 

protocol. All libraries were uniquely indexed and pooled for single-read sequencing across 8 

lanes of HiSeq 2500 High Output, V4 chemistry (Illumina, Inc.), generating 50 bp reads. For 

data analysis, reads were first trimmed for quality (Phred score >20) and Illumina adapters 

using fastq-mcf59. Cleaned reads were then aligned to the human genome GRCh37 (hg19) 

version using BWA60. Alignments were converted to sorted BAM files using SAMtools 

(1.9) (Li et al., 2009). Peaks were called using Macs2 (2.1.2) callpeak (Feng et al., 

2012) on both replicates against both input replicates. ChIP-seq signals were normalized 

for sequencing depth and effective length using deepTools (2.5.4) (Ramírez et al., 2016). 

Signal enrichment was checked by plotting the ranked cumulative sum distribution using 

deepTools.

2.12. ChIP-seq differential peak analysis and annotation

Differential peaks were identified using DESeq2 (Love et al., 2014). Briefly, peak count data 

were retrieved using featureCounts (Liao et al., 2014). Dispersions were estimated using 

Generalized Linear Models. Differential events were then defined using Wald test, p-values 

were adjusted for multiple testing using Benjamini-Hochberg false discovery rate (FDR) < 
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0.05. Peaks were assigned to the closest gene using Homer66 package (annotatePeaks.pl, 

v4.9.1). Gene over representation analyses were performed using ReactomePA67 on genes 

having significant differential peaks (FDR<5%) in their proximal regions as defined 

by − 5Kb/+ 5Kb from transcription start sites. Only significantly enriched pathways 

(FDR<5%) were considered. CpGs islands were downloaded from UCSC repository (http://

hgdownload.cse.ucsc.edu/goldenpath/hg19/database/cpgIslandExt.txt.gz) and converted to a 

BED file. Intersections between CpG islands and differentially marked proximal H3K4me3 

peaks or universe of peaks (all peaks) were performed using BEDTools intersect (version 

2.27.1). Statistical significance was tested using Fisher exact Test using R. Sequence logos 

for enriched motifs were generated on differential proximal peaks or the overlapping regions 

between CpG islands and differential proximal peaks using findMotifsGenome.pl tool with 

the whole genome as background.

2.13. Gene expression analysis

Gene expression analysis were performed as previously described (Ravindran Menon, Das 

et al. 2015). Briefly, total RNA was labeled using the Ambion WT Expression Kit for 

Affymetrix GeneChip whole transcript (WT) Expression Arrays® (Life Technologies) and 

250 ng of the labeled total RNA was then hybridized to GeneChip Human 1.0 ST arrays 

according to the manufacturer’s instruction. The Affymetrix GeneChip scanner GCS3000 

was used for reading. Genomic Suite v6.5 (Partek Inc) was used for the analyses of 

the results. All samples passed the quality control check and significantly differentially 

expressed genes were determined using ANOVA. Genes with p < 0.05 and FC≥ +/− 1.5 were 

used for further analysis.

2.14. Immunofluorescence

Cells were fixed with 4% paraformaldehyde (VWR International) for 10 min, washed twice 

with 1% BSA (Sigma Aldrich) –PBS solution and blocked in 1% BSA/ 5% goat serum/

0.03% TritonX-100 (Sigma Aldrich) solution for 1 h. Cells were then stained with respective 

primary antibody (Supplementary Table 5) overnight at 4 °C, washed twice with 1% BSA 

solution and incubated with the respective secondary antibodies for 3 h. For tumor tissue, 

frozen sections were OCT (PST-IA018) embedded, cut, and transferred onto glass slides. 

The slides were fixed for 10 min in 4% paraformaldehyde and washed twice in PBS for 5 

min. The cells were permeabilized for 30 min in 0.2% TritonX-100, washed twice with PBS 

for 5 min each and blocked in 5% goat serum/ 1% BSA/ 0,2% TritonX-100 solution for 1 

h. Slides were incubated overnight at 4 °C in primary antibody diluted in blocking solution, 

followed by two 30 min wash steps in PBS and incubated for 2 h at room temperature with 

respective secondary antibody in blocking solution. Nuclear counterstaining was performed 

using Hoechst nuclear stain (Sigma Aldrich) for 20 min. Fluorescence was visualized under 

an Olympus IX73 microscope and images were analyzed by Image J.

2.15. Live cell imaging

WM164/FUCCI-WM164 cells were maintained in RPMI-1640 medium (Thermo Fisher 

Scientific), supplemented with 5% fetal bovine serum (Assaymatrix), 2% L-glutamine 

(Thermo Fisher Scientific) and 2% Pen/Strep (Thermo Fisher Scientific). Cells were 

maintained in 5% CO2 environment and images were taken with Olympus IX81 microscope. 
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The image series were overlaid with ImageJ for visualization. Movies depict 4-day treatment 

periods (Movie S1 and S2).

Supplementary material related to this article can be found online at doi:10.1016/

j.drup.2023.100993.

2.16. Xenograft tumor model

All animal experiments were performed in accordance with institutional guidelines (Ethics 

number: SOM/TRI/197/15/DRC) in C.B-17/IcrHanHsdArcPrkdcscid mice. Animals were 

inoculated subcutaneously with human WM164 and A549 cells (1 ×106) and treatment was 

started once tumors reached an approximate volume of 200 mm3. A mixture of 0.75% 

hydroxyl methyl cellulose/25% ethanol/10% DMSO was used as vehicle. The respective 

treatment combinations of dabrafenib (10 mg/kg)/trametinib (0.1 mg/kg) and aspirin (100 

mg/kg) were dissolved in vehicle and administered by oral gavage once daily. Docetaxel 

(15 mg/kg) was dissolved in vehicle and administered by intraperitoneal injection every 

7 days. Control groups were administered only with vehicle. The tumor volume was 

monitored twice weekly. Animals were sacrificed at the end of the experiment or when 

animal wellbeing was outside the protocol defined ethical limits. The tumorigenic potential 

of WM164 parent cells or cells exposed to dabrafenib for 45 days (IDTC colonies) and 

dabrafenib/aspirin for 45 days were tested by subcutaneously injecting 5 × 105 cells into the 

flanks of C.B-17-scid mice. The tumor volume was monitored twice weekly. Animals were 

sacrificed at the end of the experiment or when animal wellbeing was outside the protocol 

defined ethical limits.

2.17. Isolation of cells from tumors

RPMI-1640 medium (Thermo Fisher Scientific), supplemented with 10% fetal bovine serum 

(Assaymatrix), 2% L-glutamine (Thermo Fisher Scientific), 200 U/mL collagenase type IV 

(Life Technologies), and 0.6 U/mL dispase (Sigma Aldrich) was used as dissociation buffer. 

10 mL cell dissociation buffer was used per 1 g of tumor tissue. Tumors cells were minced 

into small fragments and incubated in dissociation buffer. The tumor cell suspension was 

then incubated at 37 °C for 2 h with intermittent vortexing for 1 min every 20 min. The cell 

suspension was filtered with a 70-μm filter and plated in 6 well plates. Cells were grown in 

standard media for 3 weeks before experiments.

2.18. Immunoblotting

Protein lysates prepared in RIPA buffer (Sigma-Aldrich) supplemented with 1% protease 

inhibitor cocktail (Cell Signaling Technology) or nuclear cytoplasmic fractions generated 

using the Nuclear Extraction Kit (Abcam) according to the manufacturers protocol were 

used for immunoblotting. The protein concentration was measured using Bradford Protein 

Assay (BioRad). Proteins were separated on a 6–10% SDS-polyacrylamide gel followed 

by transfer to a polyvinylidene difluoride membrane (BioRad). The Membrane was then 

probed for the protein of interest with the specific primary and the corresponding peroxidase 

conjugated secondary antibodies (Supplementary Table 5). Proteins were visualized using 

Amersham ECL Select Western Blotting Detection Reagent (GE Healthcare) and scanned 

on an LI-COR C-DiGit® Blot Scanner. The membranes were stripped and re-probed using 
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Restore Plus Western Blot stripping buffer (Thermo Fisher Scientific) as required in the 

individual experiment.

2.19. Immunoprecipitation

Untreated cells or cells at the IDTC colony state were lysed using 1x Cell Lysis Buffer 

(Cell Signaling) and sonicated on ice three times for 5 s. Cell lysates were subject to a 

pre-cleaning step by incubating with Protein G Agarose Beads (Cell Signaling) for 1 h at 

4°C with gentle rocking. Pre-cleaned cell lysates corresponding to 500 μg total protein were 

mixed with 2 μL Anti-O-Linked N-Acetylglucosamine antibody [RL2] (Abcam ab2739) 

and incubated overnight at 4°C with gentle rocking. Immunoprecipitation was performed 

by adding 10 μL Protein G Agarose Beads (Cell Signaling) per 100 μL cell lysate and 

incubated for 3 h. Co-immunoprecipitation was then assessed by immunoblotting using 

specific antibodies for OGT and Histone 3 (Supplementary Table 5).

2.20. RT-qPCR

Total RNAs were isolated using a QIAGEN RNA easy kit according to the manufacturer’s 

protocol and Tetro cDNA synthesis kit (Bioline) was used to generate cDNA. SensiFAST™ 

SYBR® Lo-ROX Kit (Bio-94005) was used for PCR amplification and products were 

detected by AB7900 Standard real time PCR system (Applied Biosystems). ACTB was used 

as housekeeping genes and relative gene expression levels were calculated using the ddCT 

method. Primers are summarized in Supplementary Table 4.

2.21. Crystal violet staining

At the end of the respective experiments, cells were fixed with 4% paraformaldehyde, 

followed by 30 min incubation with 0.05% crystal violet solution. The plates were then 

washed, air dried at room temperature and scanned using BioRad Gel Doc.

2.22. shRNA transduction and lentiviral vectors

shPRKAA1 (TRCN0000000861), shPRKAA2 (TRCN0000002171), shOGT 

(TRCN0000293652) and shTET1 (TRCN0000075024) were ordered from Sigma Aldrich. 

Transduction were carried out according to the manufacturer’s protocol. Briefly cells 

were incubated with 8 ng/mL polybrene complete media and incubated overnight with 

the lentiviral particles and selected by exposing the cells to 5 μg/mL puromycin for 2 

weeks. WM164 GFP and RFP driven with EF1alpha promoter were generated as previously 

reported (Škalamera et al., 2012). Fluorescent cells were sorted 72 h after transduction using 

MoFlo® Astrios™ cell sorter.

2.23. MTT assay

2 × 104 cells were seeded in 96-well culture plates and exposed to the respective 

experimental conditions. At the end of the experiment, MTT (3-(4, 5-dimethylthiazolyl-2)– 

2,5diphenyltetrazolium bromide) assay (Thermo Fischer Scientific) was performed 

according to the manufacturers protocol. Briefly, cells were exposed to 1.2 mM MTT 

solution in culture media at 37°C for 4 h. After incubation, 85 μL MTT solution were 

removed and MTT reagent was dissolved in 50 μL DMSO, incubated at 37 °C for 10 min 
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before absorbance was measured at 540 nm using a microplate reader. All experiments were 

performed in triplicate.

2.24. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8. Data are represented as 

arithmetic mean + /− standard deviation. Unpaired two-tailed t-test or ANOVA has been 

performed. If indicated, correction for multiple testing was performed using the Holm-Sidak 

method. N.s. indicates a P value > 0.05, * indicates a P value ≤ 0.05, * * indicates a P 

value ≤ 0.01, * ** indicates a P value ≤ 0.001, and * ** * indicates a P value ≤ 0.0001. 

No statistical methods were used to predetermine sample sizes. Pearson’s correlation was 

calculated in python (v3.10) using pandas (v1.9). Details about statistical analysis of 

metabolomics and ChIP-sequencing are summarized in the respective sections.

3. Results

3.1. Continuous drug exposure identifies intermediate phenotypic cell states, preceding 
permanent acquired drug resistance

Based on our previous work describing a slow-cycling multidrug-tolerant cell state, termed 

induced drug-tolerant cells (IDTCs) (Ravindran Menon, Das et al. 2015), which resemble 

DTPs (Ramirez, Rajaram et al. 2016, Hong, Moriceau et al. 2018) we exposed melanoma 

cells to the BRAF inhibitor dabrafenib and monitored cell cycle characteristics over time 

using the fluorescent ubiquitination-based cell cycle indicator (FUCCI) system that allows 

real time assessment of the cell cycle (Sakaue-Sawano, Kurokawa et al. 2008). BRAF 

inhibitor treatment leads to cell cycle arrest in the G1 phase with the development of IDTCs, 

characterized by increased expression of NGFR, as previously reported (Ravindran Menon, 

Das et al. 2015) (Figs. 1a, (2); Supplementary Fig. 1a). Despite continuous drug exposure, 

individual cells eventually escaped the slow-cycling IDTC state, regained proliferative 

capacity and formed proliferating cell clusters called IDTC colonies, resembling DTPPs 

(Ramirez, Rajaram et al. 2016, Hong, Moriceau et al. 2018) (Figs. 1a, (3)). Cells outside 

these colonies remained slowly cycling (Figs. 1a, (3)). Interestingly, the IDTC colony 

phenotype developed also by cell migration (Movie S1, S2), suggesting an important 

function of cell mobility for early cluster formation. Eventually, colonies dispersed and 

gave rise to a cell population with the same cell cycle characteristics as untreated parental 

cells, in the presence of drugs, signifying the development of acquired drug resistance as 

previously reported (Ravindran Menon et al., 2015) (Fig. 1a (4 and 5)). The number of IDTC 

colonies peaked around 50 days after treatment initiation before decreasing and disappearing 

(Fig. 1b) and did not correlate with cell proliferation, which gradually increased over time 

(Fig. 1c). Accordingly, NGFR expression was increased in IDTCs and IDTC colonies but 

disappeared in resistant cells (Supplementary Fig. 1a). The IDTC colony phenotype was 

also observed following exposure to different anti-cancer agents in different cancer types 

(Supplementary Fig 1. b–e), highlighting the prevalence of this phenomenon. Because 

of the transient nature of the IDTC colony phenotype and the reversibility of the early 

slow-cycling IDTC state (Ravindran Menon, Das et al. 2015, Emran et al., 2018), we 

hypothesized that the IDTC colony state may also represent a reversible drug resistant cell 

state. To test reversibility of drug resistance, WM164 cells isolated after 45 and 65 days 
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of BRAF inhibitor treatment were subjected to 21 days of drug holiday and re-challenged 

with BRAF inhibitors. The results were compared to WM164 parent and WM164 BRAF 

inhibitor resistant (90 days treated) cells exposed to BRAF inhibitor (Fig. 1d). We observed 

that 45 days treated cells did not show any signs of resistance while 65 days treated cells 

showed partial resistance to BRAF inhibitors. We hypothesized that the densely packed cell 

structures of IDTC colonies are specifically important for the re-initiation of proliferation. 

To test this hypothesis, we investigated reversibility of drug resistance in isolated IDTC 

colonies rather than the entire population. We found that WM164 IDTC colonies start 

dispersing after 75 days of drug exposure, suggesting a gradual process (Supplementary 

Fig. 1f). Hence, WM164 IDTC colonies isolated after 45, 55, 65 and 75 days of BRAF 

inhibitor exposure were subjected to 21 days drug holidays and re-challenged with BRAF 

inhibitor (Fig. 1e). 75 days BRAF inhibitor treated WM164 cells outside the colonies were 

isolated and subjected to the same treatment as controls (Fig. 1f). Re-challenged cells in 

the early IDTC colony state (45 and 55 days) completely re-gained drug sensitivity (Fig. 

1e) while, IDTC colonies treated for 65 days showed partial drug resistance and 75 days 

treated colonies showed near complete resistance to BRAF inhibitor (Fig. 1e), indicating 

a gradual stabilization of the resistant phenotype. In comparison, cells surrounding IDTC 

colonies remaining in the slow-cycling state after 75 days of treatment completely regained 

drug sensitivity following drug holidays (Fig. 1f). The cell cycle characteristics of cells in 

IDTC colonies readily responded to drug withdrawal or re-treatment (Supplementary Fig. 

2), suggesting no fitness disadvantage and subsequent selection pressure in the absence 

of drug(s). Overall, the data show a multi-state adaptive response of cancer cells to drug 

treatment, initially involving reversible cellular reprogramming that is eventually stabilized 

over time (Fig. 1g). The time frame of this progression in vitro appears to be partially 

dependent on the cytotoxicity level of the initial treatment as addition of MEK inhibitors 

to BRAF inhibitors delays the formation of the colony phenotype (Supplementary Fig. 1e). 

To investigate the origin of the cells forming the IDTC colonies we co-cultured GFP- and 

RFP-expressing WM164 cells in a 1:1 ratio and exposed them to dabrafenib. The resulting 

distribution of approximately 25%/25%/50% of GFP-only, RFP-only and double-positive 

IDTC colonies (Fig. 1h) indicates IDTC colonies are predominantly multi-clonal. To 

substantiate these results, we performed whole chromosome painting (mFISH) in untreated 

parental cells and cells isolated from IDTC colonies after 75 days of treatment. The cells 

showed a considerable amount of heterogeneity regarding chromosomal re-arrangements 

and a phylogenetic tree generated based on identified signature chromosomal aberrations 

(Supplementary Table 1). Multiple resistant clones were more closely related to different 

parental clones, suggesting a multi-clonal origin of the cells forming a single IDTC colony 

(Fig. 1i).

3.2. H3K4me3 remodeling during the development of permanent acquired drug 
resistance

Previous reports including ours have shown that formation of persisters/IDTCs in multiple 

cancers are characterized by the downregulation of histone3 lysine 4 trimethylation 

(H3K4me3) (Ravindran Menon, Das et al. 2015, Emran et al., 2018, Shaffer, Dunagin et al. 

2017). Hence, H3K4me3 levels in early IDTCs and after colony formation were monitored 

in multiple cancer cell lines treated with BRAF inhibitor (WM164 and A375), EGFR 

Menon et al. Page 12

Drug Resist Updat. Author manuscript; available in PMC 2023 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inhibitor (H1975) and Docetaxel (A549) (Fig. 2a). We observed a considerable increase 

in H3K4me3 levels in IDTC colony samples in comparison to 15 days treated samples. 

In WM164 and A375 90 days treated BRAF inhibitor resistant cells H3K4me3 levels 

remained stabilized (Fig. 2a). Immunofluorescence images of H3K4me3 showed that cells 

displaying the IDTC colony morphology show a strong H3K4me3 signal (Supplementary 

Fig. 3a). To investigate the molecular consequences of H3K4me3 remodeling during 

the development of acquired drug resistance, chromatin immunoprecipitation followed by 

high throughput sequencing (ChIP-seq) was performed in untreated parental cells, IDTC 

colony and dabrafenib-resistant cells. The ChIP seq experiment resulted in 32,322 peaks 

in untreated parental cells, 22,854 in IDTC colony and 20,087 in dabrafenib-resistant 

cells. Differential expression analysis showed extensive H3K4me3 remodeling, with 7212 

and 9786 differentially marked peaks in colonies and resistant compared to parental 

cells, respectively (Supplementary Fig 3b). ChIP-qPCR using H3K4me3-specific negative 

and positive primer sets (Supplementary Fig. 3c) and the characteristic global H3K4me3 

distribution around transcription start sites (TSS) (Fig. 2b) confirmed the specificity of 

the ChIP experiment. Peaks in proximity of TSS (−5Kb/+5Kb) encompassed the majority 

(5165/7212 and 7249/9786) of differentially marked peaks (Supplementary Fig. 3d) and 

corresponded to 4766 and 6548 genes in parent compared to IDTC colony or resistant 

cells, respectively. Pathway enrichment analysis of these genes showed activation of 

cellular response to stress, WNT signaling related pathways, SUMOylation related pathways 

and pathways related to epigenetic regulation as most strongly affected by H3K4me3 

remodeling, while genes involved in pathways related to cell cycle regulation, p53 signaling 

and Rho GTPase signaling showed decreased H3K4me3 marking (Fig. 2c). Alterations of 

global SUMOylation and transient accumulation of active β-catenin were confirmed during 

the development of permanent drug resistance (Supplementary Fig. 3e and f). The observed 

transient accumulation of active β-catenin in slow cycling IDTCs and the continuous 

H3K4me3 remodeling in WNT signaling related pathways indicates the initiation of a 

permissive epigenetic state at β-catenin target genes early in the development of permanent 

drug resistance and is reminiscent of H3K4me3 remodeling following transient activation of 

β-catenin during senescence-associated reprogramming of cancer cells (Milanovic, Fan et al. 

2018). Comparing genes with differential H3K4me3 markings with differentially expressed 

genes in microarray data of WM164 cells treated with the BRAF inhibitor Vemurafenib 

for 60 days showed a positive correlation of H3K4me3 markings with gene expression 

(Pearson’s correlation 0.42), supporting the functional relevance of the observed epigenetic 

remodeling (Fig. 2d). The pathway enrichment analysis of differentially marked genes 

showed substantial overlap between the top enriched pathways in IDTC colony vs parent 

and resistant vs parent. In fact, ~47% genes with increased H3K4me3 in IDTC colony 

compared to parent cells also show increased H3K4me3 markings in resistant compared 

to parent cells. Similarly, ~37% of genes with decreased H3K4me3 marking in IDTC 

colony compared to parent cells also show decreased H3K4me3 markings in resistant 

compared to parent cells, suggesting a gradual stabilization of some epigenetic markings 

(Fig. 2e). Despite the high similarity of the IDTC colony and resistant ChIP-seq datasets, 

a direct comparison of IDTC colony and resistant cells showed 3488 decreased and 5503 

increased differentially marked H3K4me3 peaks in resistant compared to IDTC colony 

(Supplementary Fig. 4a). Pathway enrichment analysis showed that IDTC colonies have 
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increased H3K4me3 in pathways related to Rho GTPase signaling, cell cycle progression, 

RUNX2 signaling and the circadian clock while showing decreased H3K4me3 in pathways 

related to kinase signaling and metabolism compared to resistant cells (Supplementary Fig. 

4b), suggesting gradual epigenetically regulated adaption at later stages of the development 

of acquired drug resistance.

3.3. Therapy induced H3K4me3 remodeling preferentially occurs at CpG island motifs

Motif analysis of H3K4me3 peaks was performed to identify possible transcription factors 

associated with epigenetic remodeling. ELK1, ARNT, ELK4, ELF1 and FLI1 were 

identified as the 5 commonly enriched DNA sequences within the top 20 enriched DNA 

sequences in IDTC colony and resistant, but not parent cells (Fig. 3a, Supplementary Table 

3). Further analysis of top 20 enriched DNA sequences in differentially regulated H3K4me3 

motifs between all conditions revealed MYB, BMYB, FLI1, ELK1, ELK4, ETV2 and RFX6 

as the 7 commonly enriched DNA sequences (Fig. 3b, Supplementary Table 3), suggesting 

prominent accumulation of H3K4me3 in areas of the ELK1, ELK4 and FLI1 DNA binding 

motifs. Analysis of differential H3K4me3 peaks of parent and IDTC colonies revealed that 

most epigenetic changes occurred at CPG island regions. Differentially marked proximal 

H3K4me3 peaks between parent and IDTC colony or resistant showed an 82% (4228/5165) 

and 88% (6361/7249) overlap with CpG islands, indicating preferential remodeling of 

H3K4me3 associated with CpG islands (Figs. 3c and 3d). ELK4, ELK1, FLI1, ELF1 and 

ETS were identified as the top 5 enriched DNA sequences within CPG island regions of the 

differentially marked H3k4me3 peaks of both parent vs IDTC colony and parent vs resistant 

comparison.

Next, we tested the expression of 21 genes that have previously been linked to acquired 

drug resistance (Shaffer, Dunagin et al. 2017). Of the resistance associated genes, 52% 

(11/21) showed changes of H3K4me3 peaks closest to their TSS with strong correlation 

(Pearson’s correlation >0.95) between expression (log2FC as determined by RT-qPCR) and 

H3K4me3 markings (log2FC of H3k4me3 as determined by ChIP-seq) (Fig. 3e). Of all 

genes with differentially expressed H3K4me3, 73% (8/11) showed significant changes of 

their gene expression (2 are downregulated and 6 are upregulated in the IDTC colony state) 

(Fig. 3e and Supplementary Fig. 5a). Of the upregulated genes that also show increased 

H3K4me3 in IDTC colonies compared to parent cells, 83% (5/6) showed H3K4me3 

remodeling overlapping with CpG islands (Fig. 3e and Supplementary Fig. 5a), suggesting 

a prominent role of CpG island specific H3K4me3 remodeling for their regulation. We 

picked EGFR, CDH2 (upregulated and marked) and PDGFRB (upregulated not marked) to 

confirm H3K4me3 enrichment using ChIP qPCR (Supplementary Fig. 5b and c), further 

underscoring the specificity of our ChIP experiments.

Taken together, H3K4me3 ChIP-seq of the different states of drug-induced cellular 

reprogramming showed extensive, partially stabilized epigenetic remodeling, preferentially 

at genes harboring CpG islands and a limited set of TF DNA binding consensus motifs 

including ELK1 and ELK4. Genes are involved in multiple pathways implicated in 

BRAF inhibitor resistance and appear regulated by H3K4me3 remodeling exemplifying the 

relevance of this process for the development of acquired drug resistance.
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3.4. Transiently resistant IDTC-colonies upregulate H3K4me3 through O-linked N-
acetylglucosamine transferase

We next decided to focus on the molecular logic of early remodeling of H3K4me3 in IDTC 

colonies. Because the analysis of H3K4me3 differentially marked peaks in CPG island 

regions revealed ELK1 and ELK4 TF binding sequences to be the top candidates, we tried 

to understand how ELK1 and ELK4 could be related to H3K4me3 remodeling. We could 

not find any relevant literature that linked ELK1 and ELK4 to H3K4me3 upregulation. 

We also did not see any significant increase in ELK1 or ELK4 expression at the IDTC 

colony state (Supplementary Fig. 5d). However, ELK1 and ELK4 DNA binding motifs 

have recently been described to be enriched in O-GlcNAc marked chromatin (Itkonen, 

Urbanucci et al. 2019) and we were able to confirm O-GlcNAc markings in selected 

resistance associated genes (Supplementary Fig. 5e). OGT is the only protein that catalyze 

the addition of single ring sugar, O-GlcNAc, to serine and threonine residues to modify 

their function, stability, and localization (Fardini, Dehennaut et al. 2013, Chiaradonna, 

Ricciardiello et al. 2018). Importantly, OGT has been reported to regulate SET1/COMPASS 

mediated H3K4me3 remodeling (Deplus, Delatte et al. 2013). In addition, it has been shown 

to function closely with TET1 protein to regulate H3K4me3 marks in embryonic stem cells. 

TET1 helps in the recruitment of OGT to chromatin (Deplus, Delatte et al. 2013). OGT 

and TET1 co-localize with H3K4me3 peaks at unmethylated CpG-rich promoters (Vella, 

Scelfo et al. 2013). Hence, we hypothesized that OGT and TET1 could be involved in 

the H3K4me3 remodeling process. We observed that OGT and TET1 protein and mRNA 

levels were upregulated at the IDTC colony state (Fig. 4a and Supplementary Fig. 6a). 

Isolated individual IDTC colonies showed an upregulation of both OGT and TET1 mRNA 

levels (Supplementary Fig. 6b). Accordingly, an increase in O-GlcNAcylation levels at the 

IDTC colony state was found confirming increased OGT catalytic activity (Fig. 4b). The 

O-GlcNAcylation levels were also increased in the nuclear fraction of the IDTC colony state 

(Supplementary Fig. 6c). In contrast, expression of OGT and TET1 were not consistently 

increased at the slow-cycling IDTC state (Fig. 4a and Supplementary Fig. 6d), suggesting 

state specific expression of these enzymes corresponding to H3K4me3 levels (Fig. 2a). 

Previously reported melanoma patient derived xenograft models after 30 days of treatment 

with the MEK inhibitor TAK-733 (Micel, Tentler et al. 2015), a time point corresponding to 

the IDTC colony state showed increased OGT, TET1 and O-GlcNAcylation in the majority 

of samples, irrespective of the mutational background (Fig. 4c).

OGT activity is reported to be fueled by the hexosamine biosynthesis pathway (HBP) 

(Akella, Ciraku et al. 2019). Metabolomics analysis of WM164 parental, IDTC, IDTC 

colony state and 90 days treated resistant cells for 113 intracellular components including 

amino acids, fatty acids, intermediates of glycolysis and the citric acid cycle allowed a broad 

overview of the cellular metabolic profile (Supplementary Table 2). Detailed investigation 

of the metabolomics data showed that the HBP was significantly activated at the IDTC 

colony state as evidenced by increased levels of its end product UDP-N-acetylglucosamine 

as well as all detected metabolites feeding into this pathway (Figs. 4d and 4e). UDP-N-

acetylglucosamine acts as the substrate for O-GlcNAcylation catalyzed by OGT. Principle 

component analysis revealed that untreated parental cells and permanent resistant cells in 

the presence of drug(s) clustered together, while cells in the slow-cycling IDTC state or the 
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re-proliferative IDTC colony state clustered separately, suggesting distinct metabolic states 

(Supplementary Fig. 6e). Similarly, principal component analysis of secreted components in 

the conditioned media showed distinct clustering of each state (Supplementary Fig. 6f).

Furthermore, immunoprecipitation revealed increased O-GlcNAcylation of histone 3, a 

known OGT target (Fong, Nguyen et al. 2012), suggesting increased OGT-mediated 

epigenetic modifications at the IDTC colony state. It’s noteworthy that increased O-

GlcNAcylation of histone 3 is evident in all cell lines despite clear cell line dependent 

effects of both baseline and drug induced O-GlcNAcylation levels. (Fig. 4f). Inhibition of 

OGT by OSMI4B (Martin, Tan et al. 2018), a recently developed cell-penetrating OGT 

inhibitor for in vitro studies, efficiently downregulated H3K4me3 levels at the IDTC colony 

state confirming the role of OGT in H3K4me3 remodeling (Fig. 4g). Inhibition of OGT also 

downregulated the expression of BRAF inhibitor resistance associated genes like NRG1, 

WNT5A, VEGFC and EGFR at the IDTC colony state which were also associated with 

H3K4me3 remodeling (Fig. 4h). However, FGFR1, RUNX2, JUN and CDH2 did not show 

any significant downregulation suggesting OGT independent mechanisms (Supplementary 

Fig. 6g). AXL and IGF2 genes related to BRAF inhibitor resistance but unassociated with 

H3K4me3 remodeling were also downregulated in IDTC colony state after OGT inhibition, 

suggesting potential indirect or H3K4me3 independent effects of OGT in BRAF inhibitor 

resistance (Supplementary Fig. 6h). Furthermore, expression levels of transcription factors 

FLI1 and ARNT that showed motif enrichment in our H3K4me3 ChIP-seq data also showed 

dependence on OGT (Supplementary Fig. 6i), suggesting direct and indirect effects of OGT 

on H3K4me3 remodeling. ELF1 transcript levels did not depend on OGT and did not show 

any significant difference in any of the conditions tested (Supplementary Fig. 6i). Together 

the data suggest an important role for OGT in H3K4me3 remodeling and the acquired 

resistance phenotype at the IDTC colony state.

3.5. Inhibition of OGT blocks therapy-induced cellular reprogramming preventing tumor 
recurrence

To determine the functional relevance of OGT for therapy-induced reprogramming, we 

generated shRNA mediated OGT knockdown cell lines (Fig. 5a). Knockdown of OGT 

did not decrease growth rate (Supplementary Fig. 7a) or sensitize cells for short-term 

treatment (Supplementary Fig. 7b) in vitro. However, shOGT cell lines showed a markedly 

decreased ability to form IDTC colonies compared to shControl cells (Fig. 5a) following 

prolonged drug exposure. We observed similar effects when cells were treated with the OGT 

inhibitor OSMI4B (Supplementary Fig. 7c) or Benzyl-N-acetyl-α-galactosaminide (BADG) 

(Supplementary Fig. 7d). In contrast to OGT inhibition, the OGA inhibitor PUGNAc that 

stabilizes pre-existing O-GlcNAc modification, rather than inducing O-GlcNAc in new 

target proteins, did not affect colony formation (Supplementary Fig. 7d) despite increasing 

global O-GlcNAc levels (Supplementary Fig. 7e). In line with the reported functions of 

TET proteins for OGT stability and chromatin localization (Deplus, Delatte et al. 2013, 

Vella, Scelfo et al. 2013, Ito, Katsura et al. 2014), knockdown of TET1 did not consistently 

affect the growth rate or drug sensitivity (Supplementary Fig. 7f and g) but decreased the 

efficiency of therapy induced IDTC colony formation (Fig. 5b). Sparse IDTC colonies that 

formed during long term BRAF inhibitor exposure in shOGT cell populations showed that 
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OGT transcript levels were re-activated compared to the whole cell population, highlighting 

the importance of OGT for the formation of this phenotype (Supplementary Fig. 7h).

Regain of H3K4me3 and increased OGT and TET1 expression were absent in chronically 

treated shOGT and shTET1 cells compared to shControl cells (Supplementary Fig. 7i 

and 7j). Like in vitro results, shOGT and shTET1 cells showed no growth differences in 
vivo compared to shControl but displayed prolonged response to BRAF/MEK inhibition, 

resulting in significantly decreased tumor burden compared to shControl mice (Fig. 5c). 

Immunoblotting showed that OGT, TET1 and O-GlcNAc levels were all increased in 

the treated shControl tumors, which was diminished in the treated shOGT tumors (Fig. 

5d). Immunofluorescence revealed that H3K4me3 levels remained low in the BRAF/MEK 

inhibitor treated shOGT and shTET1 tumors compared with shControl (Fig. 5e). The 

importance of OGT in vivo was also confirmed in a lung adenocarcinoma xenograft model 

using KRAS mutant A549 cells treated with weekly intraperitoneal injected docetaxel (Fig. 

5f). Altogether, the data shows that OGT and TET1 play key roles during the emergence of 

acquired drug resistance by enabling cancer cells to regain proliferative capacity.

3.6. AMP-activated protein kinase (AMPK) activation prevents OGT-mediated cellular 
reprogramming

Despite ongoing efforts, the development of specific OGT inhibitors for in vivo use has not 

yet been successful (Trapannone et al. 2016, Martin et al. 2018). OSMI-4b (Martin et al. 

2018) inhibits global O-GlcNAc and IDTC colony formation in our in vitro model. Due to 

limited in vivo data available for this novel inhibitor, we decided to explore indirect ways to 

inhibit OGT function. Recent reports show that AMPK is able to prevent O-GlcNAcylation 

by decreasing HBP flux (Gelinas et al. 2018), interfering with OGT chromatin binding (Xu 

et al. 2014) and direct regulation of OGT in an mTOR-dependent manner (Sodi, Khaku et 

al. 2015). Accordingly, combination of anti-cancer drugs with the AMPK activator aspirin 

prevented IDTC colony formation compared to single treatment (Fig. 6a). Furthermore, 

the combination of dabrafenib with either aspirin or another AMPK activator, metformin, 

inhibited the re-activation of cell proliferation that is typically seen between 45 and 80 

days in WM164 melanoma cells (Fig. 6b). WM164 cells treated with the combination 

of dabrafenib, and aspirin for 235 days regained drug sensitivity following 21 days of 

drug holidays (Fig. 6c), indicating the prevention of permanent drug resistance. Aspirin 

combination treatment for 45 days induced phosphorylation of the AMPK target acetyl-CoA 

carboxylase (p-ACC) and inhibited drug-induced increase of OGT and O-GlcNAcylation 

(Fig. 6d) as well as re-activation of H3K4me3 (Fig. 6e). OGT transcript levels were 

also found to be decreased in multiple cell lines after chronic treatment of aspirin in 

combination with different chemotherapeutic drugs (Supplementary Fig. 8a), confirming 

AMPK activation as a suitable strategy to interfere with therapy-induced OGT expression. 

The effect of aspirin in long term treatments was not due to synergy between the drugs as 

short-term combination showed no increased cytotoxicity (Supplementary Fig. 8b). ShRNA-

mediated gene knockdown of the catalytic subunits AMPKα1/2 (PRKAA1/PRKAA2) 

(Supplementary Fig. 8c) abrogated the aspirin-mediated H3K4me3 downregulation and 

resulted in the emergence of IDTC colonies even in the presence of Aspirin (Fig. 6f, 

Supplementary Fig. 8d). Similarly, the triple combination of cell type specific drug(s), 
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aspirin and the AMPK inhibitor dorsomorphin (Compound C), rendered aspirin ineffective 

in preventing the re-activation of H3K4me3 (Supplementary Fig. 8e), confirming the 

potential of AMPK to block therapy-induced epigenetic reprogramming.

These experiments were extended to melanoma xenografts to test the combination of 

BRAF/MEK inhibitor treatment with aspirin in vivo. In line with the in vitro results, 

aspirin alone did not affect tumor growth, but combined dabrafenib/trametinib/aspirin 

showed a prolonged response compared to dabrafenib/trametinib, which started to relapse 

after approximately 19–21 days of treatment, resulting in a significant difference of tumor 

volume at the end of the experiment (Fig. 6g). Immunoblotting and immunofluorescence 

staining of tumor sections showed time-dependent changes of OGT, TET1 and H3K4me3 

that resembled our in vitro findings of diminished OGT, O-GlcNAc and H3K4me3 in 

tumors treated with the dabrafenib/trametinib/aspirin triple combination (Figs. 6h and 6i), 

suggesting that aspirin can block therapy-induced metabolic and epigenetic reprogramming 

in vivo.

We have previously reported high initiating potential of early IDTCs (Ravindran Menon, 

Das et al. 2015). Therefore, the tumor-initiating potential of WM164 cells at the IDTC 

colony state and the effects of chronic treatment combined with aspirin was tested. 

WM164 cells exposed to dabrafenib (IDTC colony state) for 50 days in vitro showed 

significantly increased in vivo growth potential compared to untreated parental cells, 

which was prevented by aspirin co-treatment (Supplementary Fig. 8f). Cells isolated from 

tumors and subjected to drug holidays in vitro regained drug sensitivity for all conditions 

(Supplementary Fig. 8g), indicating that transient epigenetic reprogramming is sufficient to 

induce disease relapse. Altogether, we identified AMPK as an actionable target to interfere 

with OGT-mediated development of acquired drug resistance.

4. Discussion

Evidence is mounting that a cell-intrinsic adaptive response is a major contributor to 

acquired drug resistance in different cancer types and treatment regimens (Shaffer et al. 

2017, Hammerlindl and Schaider, 2018, Bai et al. 2019). Reversible epigenetic remodeling 

in a slow cycling persister phenotype, has been first reported more than a decade ago as 

the immediate response to drug treatment (Sharma et al. 2010). Based on our previous 

work in which we described this persister phenotype as an innate stress response that 

leads to slow-cycling induced drug tolerant cells (IDTCs) (Ravindran Menon et al. 2015), 

we have expanded this model to chronic drug treatment and identified a re-proliferative 

colony phenotype (IDTC colony) as the missing link to stable drug resistance. Similar 

to early IDTCs (Ravindran Menon et al. 2015), IDTC colonies are not the result of pre-

existing subpopulations that are enriched during prolonged drug treatment but represent 

a dynamically regulated intermediate state that initially remains reversible. The IDTC 

model, specifically the identified NGFRhigh IDTC colonies resemble findings of minimal 

residual disease (MRD) that show a “starved” cellular phenotype with low metabolic activity 

after treatment initiation, followed by a transition towards a NGFRhigh stem-like state 

(Rambow et al., 2018). This NGFRhigh subpopulation has been found to cluster together 

and drive tumour relapse (Rambow et al., 2018), highlighting the importance of phenotypic 
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conversions in vivo. We observed that cell migration is contributing to the development 

of the cluster morphology and our H3K4me3 ChIP seq experiments showed that genes 

associated with Rho GTPase signaling undergo H3K4me3 remodeling in colony vs parent 

as well as colony vs resistant cells. While the importance and molecular mechanism of cell 

migration involved in IDTC colony formation remains to be uncovered, our studies hint at a 

potential involvement of Rho GTPase signaling.

Our four-state model is in line with recently described multi-stage differentiation subtypes 

in melanoma cells and patients in response to MAPK pathway inhibition or immune therapy 

(Tsoi et al., 2018, Bai et al., 2019) and resembles resistance emerging from dynamic 

transcriptional heterogeneity in melanoma and other cancer types (Shaffer et al., 2017), 

supporting the broad applicability of the described therapy-induced cellular reprogramming 

model.

Previous studies have underlined the importance of losing H3K4me3 in the early persister 

phenotype. Downregulation of multiple pathways is necessary for maintaining the dormant 

phenotype aided by downregulation of H3K4me3, an active chromatin mark. Accordingly, 

our studies indicate that escape of cancer persisters from the dormant state is instigated 

by the regain of H3K4me3. In WM164 cells treated with BRAF inhibitor, H3K4me3 

upregulation in IDTC colonies correlated with upregulation of multiple genes reported to 

cause BRAF/MEK inhibitor resistance. H3K4me3 ChiP Seq revealed that the majority 

of H3K4me3 remodeling occurred at CPG island regions. Motif analysis of differentially 

regulated H3K4me3 peaks identified OGT consensus DNA binding motifs ELK1 and ELK4 

(Itkonen et al., 2019) among the top 5 modified regions in IDTC colonies and resistant 

cells compared to parental cells. OGT, together with TET1, is a key player of the adaptive 

H3K4me3 remodeling process, supported by previously reported functions of these genes 

in embryonic stem cells (Deplus et al., 2013, Vella et al., 2013, Wu et al., 2017). TET1 

plays an important role recruiting OGT to chromatin (Vella, Scelfo et al. 2013) and initiating 

DNA demethylation at CpG island regions (Tahiliani et al., 2009). It co-localizes with 

H3K4me3 peaks at TSS (Vella et al., 2013). Binding of OGT to TET1 is also known 

to enhance its functions (Hrit et al., 2018). Metabolic characterization of the individual 

cell states during transition to acquired drug resistance revealed the upregulation of the 

hexosamine biosynthesis pathway which generates the necessary substrate for OGT activity. 

Accordingly, O-GlcNAc ChIP qPCR showed an increase in O-GlcNAc modification in 

promoters of genes EGFR and CDH2 associated with H3K4me3 remodeling. PDGFRB 

gene which did not show any differences in H3K4me3 peak also showed an upregulation 

of O-GlcNAc modification in its promoter. These results suggest that OGT binding to 

chromatin may not always lead to H3K4me3 remodeling and could be dependent on the 

binding of other factors like TET1.

Inhibition of OGT reduced H3K4me3 levels, and the expression of genes associated 

with BRAF/MEK inhibitor resistance. Knockdown of both OGT and TET1 inhibited the 

formation of IDTC colonies in vitro and delayed acquired drug resistance in vivo. This 

epigenetic adaptive process can also be blocked indirectly through forced activation of 

AMPK which downregulated OGT expression and activity. AMPK activators have been 

previously proposed to synergize with BRAF inhibition and delay the development of 
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BRAF inhibitor resistance (Yuan et al., 2013). We now show that the effectiveness of 

AMPK-activating drugs goes beyond cytotoxic synergy by blocking the adaptive cellular 

reprogramming process that drives tumor relapse, which may be linked to the observed 

survival benefit of post-diagnosis aspirin use in melanoma patients (Rachidi, et al., 2018). 

While our studies cannot exclude OGT independent effects of AMPK activation that 

contribute to the delayed development of drug resistance, our results, supported by several 

studies showing direct interactions of AMPK and OGT (reviewed in Gelinas et al., 2018), 

suggest an important role for the AMPK-OGT axis for this process. These observations are 

in line with reports that suggest OGT expression with poor prognosis (Gao et al., 2018, 

Lin et al., 2018) and link O-GlcNAc modified transcription factors with genotoxic stress 

response in cancer (Liu et al., 2020).

Together, co-targeting oncogenic drivers and mediators of stress-induced cellular 

reprogramming like OGT could trap cells in a slow-cycling persister state, preventing the 

development of permanent acquired drug resistance and disease relapse. The vulnerabilities 

of cancer persisters could then be either directly targeted (Zou et al., 2019, Sun et al., 

2022) or the reversibility of the phenotype could be exploited through scheduled treatment 

interruption and re-challenge (Schreuer et al., 2017). While the mechanistic details of the 

epigenetic reprogramming and stabilization as well as the specific contribution of the OGT/

TET1/H3K4me3 complex-mediated transcriptional programs remain to be elucidated, this 

work identified a novel mechanism of epigenetic reprogramming that can be targeted to 

inhibit cancer plasticity and adaption, ultimately prolonging treatment success of current 

standard of care.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Transient cell states precede the development of multi-clonal acquired drug resistance.
a, Representative bright field or combined fluorescence images (n ≥ 3 independent 

experiments) of FUCCI-WM164 cells exposed to dabrafenib 50 nM for the indicated 

time frames. mKO2-hCdt1 (red) indicates G1 phase, mAG-hGem (green) indicates G2/M 

and mKO2-mAG (yellow) indicates early S phase. Red arrows indicate re-proliferative 

cell clusters (IDTC colonies) that escape the drug-induced slow-cycling state. b, Number 

of IDTC colonies at indicated time points during chronic exposure of WM164 cells to 

dabrafenib 50 nM (n = 3), P-Values were calculated using one-way ANOVA, * ** P ≤ 
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0.001, * * P ≤ 0.01, data are represented as mean ± SD. c, Relative growth rate at indicated 

time points during chronic exposure of WM164 cells to dabrafenib 50 nM measured by 

MTT assay (n = 3). P-Values were calculated using one-way ANOVA, * ** P ≤ 0.001, 

* * P ≤ 0.01, data are represented as mean ± SD. d, Re-treatment response of WM164 

cells to indicated concentrations of dabrafenib (72 h treatment) subjected to 21 days of 

drug holiday after chronic exposure to dabrafenib 50 nM for the indicated time measured 

by MTT assay. P-Values were calculated using two-way ANOVA, * ** P ≤ 0.001. e and 
f, Re-treatment response of isolated IDTC colonies (e) or slow-cycling (f) WM164 cells 

to indicated concentrations of dabrafenib (72 h treatment) subjected to 21 days of drug 

holiday after chronic exposure to dabrafenib 50 nM for the indicated time measured by MTT 

assay (n = 3). Data are represented as mean ± SD. g, Model of reversibility of phenotypic 

transitions during chronic drug exposure. h, Number of IDTC colonies in a co-culture of 

GFP-positive and RFP-positive WM164 cells in a 1:1 ratio following 45 days of exposure 

to dabrafenib 50 nM that are either GFP-positive, RFP-positive, or double-positive (n = 2). 

Data are represented as mean ± SD. i, Phylogenetic tree of individual parental cells (n = 19, 

bold) and cells isolated from IDTC colonies after 75 days of exposure to dabrafenib 50 nM 

(n = 29), generated by analyzing chromosomal re-arrangements using whole chromosome 

FISH.
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Fig. 2. H3K4me3 remodeling during the development of permanent acquired drug resistance.
a, Immunoblotting of H3K4me3 at the individual cell states in WM164, A375, A549 and 

H1975 cells. Histone 3 were used as loading control. Representative images of independent 

experiments are shown (n ≥ 2). b, Global H3K4me3 ChIP-seq profiles of parent, IDTC 

colony and resistant cells, replicates (all n = 2) were combined for visualization. c, Over-

representation analysis of genes annotated to significantly (FDR<5%) differentially marked 

proximal H3K4me3 peaks against Reactome pathways database of parent compared to 

IDTC colony or resistant. The top 10 most significantly enriched pathways are shown. 
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d, Scatter plot showing log2 fold change of differentially marked proximal H3K4me3 

peaks (colony vs parental) as determined by ChIP-seq and mRNA expression levels of 

differentially expressed genes (colony vs parental) as determined by microarray. Shown are 

all genes that were significantly differentially expressed (p ≤ 0.05, absolute log2FC ≥ 0.5) in 

both datasets. The slope is indicated by the red line. e, Venn diagrams comparing annotated 

genes with increased (upper panel) and decreased (lower panel) H3K4me3 in IDTC colony 

(Col) compared to parent (P) and resistant (R) compared to parent (P).
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Fig. 3. Therapy induced H3K4me3 remodeling preferentially occurs at CpG island motifs.
a and b, Transcription factor binding motifs of proximal H3K4me3 peaks identified 

in IDTC colony and resistant cells (a) or significantly (FDR<5%) differentially marked 

proximal H3K4me3 peaks of all conditions (b). Top 20 most significantly discovered 

motifs were compared and commonly found sequence logos are shown. c and d, Venn 

diagram comparing annotated CpG islands from the USC genome browser for hg19 with 

significantly (FDR<5%) differentially marked proximal H3K4me3 peaks (ΔH3K4me3) of 

parent (P) vs IDTC colony (Col) (c middle panel) or parent (P) vs resistant (R) (d middle 
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panel). Top 5 transcription factor binding motifs identified in significantly differentially 

marked proximal H3K4me3 peaks (lower panel) and significantly differentially marked 

proximal H3K4me3 peaks that also overlap with CpG islands (upper panel) are shown. e, 
Scatter plot of log2FC of the differentially marked proximal H3K4me3 peaks of parent vs 
IDTC colony as determined by ChIP-seq and log2FC of mRNA levels as determined by 

RT-qPCR of 21 resistance-associated genes. Genes with significant changes in their mRNA 

level are indicated in red. Genes with H3K4me3 peaks overlapping with CpG islands are 

indicated by squares.
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Fig. 4. Transiently resistant IDTC-colonies upregulate H3K4me3 through O-linked N-
acetylglucosamine transferase.
Immunoblotting of OGT, TET1 (a) and O-GlcNAc (b) at the individual cell states in 

WM164, A375 (a only), A549 and H1975 cells. β-Actin was used as loading control. c, 
Immunoblotting of OGT, TET1 and O-GlcNAc in PDX tumors either untreated (control) 

or exposed to TAK-733 for 30 days. GAPDH was used as processing and loading control. 

Representative images are shown (n ≥ 2). d, Schematic representation of the hexosamine 

biosynthesis pathway. e, Abundance of the indicated metabolites (QC normalized data) from 
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WM164 cells (IDTC and IDTC colony n = 6, parent and resistant n = 7) at individual 

cell states. P-Values were calculated using ANOVA, * ** P ≤ 0.001, * * P ≤ 0.01, 

* P ≤ 0.05, n.s. P > 0.05, Data are represented as mean +SD. f, Immunoprecipitation 

of O-GlcNAcylated proteins in WM164, A549 and H1975 parent or IDTC colony cells 

followed by immunoblotting for histone 3. Cell lysates were normalized to total protein 

concentration, and OGT was used as an IP positive control. Representative images of 

independent experiments are shown (n ≥ 2). g, Immunoblotting of O-GlcNAc and H3K4me3 

after treatment with PLX4032 (1 μM) (45 days) or OSMI4B (10 μM) (48 h), alone or in 

combination (45 days). β-Actin and H3 was used as loading control. h, Transcript levels of 

NRG1, WNT5A, VEGFC and EGFR after treatment with PLX4032 (1 μM) (45 days) or 

OSMI4B (10 μM) (48 h), alone or in combination (45 days). P-Values were calculated using 

ANOVA, * ** P ≤ 0.001, * * P ≤ 0.01, * P ≤ 0.05, n.s. P > 0.05, Data are represented as 

mean +SD.
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Fig. 5. Inhibition of OGT blocks therapy-induced cellular reprogramming preventing tumor 
recurrence.
a, Crystal violet staining of shOGT and shControl WM164 and A549 following exposure 

to dabrafenib (50nM) or docetaxel (5nM), respectively, for 45 days (left panels). 

Immunoblotting of OGT in WM164 and A549 (right panels) following transfection with 

shRNA targeting OGT. β-Actin was used as loading control. Representative images of 

independent experiments are shown (n≥2). b, Same as (a) with shTET1. Representative 

images of independent experiments are shown (n≥2). c, Tumor growth of WM164 
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shControl, shOGT and shTET1 cells injected into flanks of immunocompromised mice 

and treated with vehicle or dabrafenib (10 mg/kg)/trametinib (0.1 mg/kg), (n=6 per group). 

P-Values were calculated using t-tests corrected for multiple comparisons, *** P ≤ 0.001, 

Data are represented as mean ±SD. d, Immunoblotting of OGT, TET1 and O-GlcNAc 

from isolated tumor samples treated with vehicle (11 days) or dabrafenib (10 mg/kg)/

trametinib (0.1 mg/kg) (treated, 27 days). β-Actin was used as loading control. Samples 

correspond to e and representative images of independent experiments are shown (n≥2). 

e, Immunofluorescence of H3K4me3 (red) combined with Hoechst nuclear staining (blue) 

of tumor samples treated with vehicle or dabrafenib (10 mg/kg)/trametinib (0.1 mg/kg). 

Representative images of independent experiments are shown (n≥3). f, Tumor growth of 

A549 shControl and shOGT cells injected into flanks of immunocompromised mice and 

treated with vehicle or docetaxel (15 mg/kg) (n=4 per group). P-Values were calculated 

using t-tests corrected for multiple comparisons, * P ≤ 0.05. Data are represented as mean 

±SD.
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Fig. 6. AMP-activated protein kinase (AMPK) activation prevents OGT-mediated cellular 
reprogramming.
a, Crystal violet staining of WM164 and A549 cells exposed to dabrafenib 50 nM or 

docetaxel 5 nM with or without aspirin 2 mM for the indicated time frames. b, Relative 

growth rate of WM164 cells exposed to the indicated drug combinations for the indicated 

time points using MTT assay (n = 3). P-values were calculated using one-way ANOVA, 

* ** P ≤ 0.001, n.s. P > 0.05, Data are represented as mean ± SD. c, Relative growth 

rate of WM164 parental cells compared to WM164 cells exposed to dabrafenib 50 nM 

and aspirin 2 mM for 235 days, followed by 21 days drug holiday and re-treatment with 
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indicated dabrafenib concentrations for 72 h (n = 3). Data are represented as mean ± SD. d, 
Immunoblotting of phospho-acetyl-CoA carboxylase (p-ACC), OGT, TET1 and O-GlcNAc 

from WM164 and A549 cells following indicated treatments. β-Actin was used as loading 

control. Representative images of independent experiments are shown (n ≥ 2). e and f, 
Immunofluorescence staining of H3K4me3 (red) combined with Hoechst nuclear staining 

(blue) in WM164 shControl or shAMPK cells with indicated treatments. Representative 

images of independent experiments are shown (n ≥ 3). g, Tumor growth of WM164 cells 

that were treated in vitro with either dabrafenib 50 nM or dabrafenib 50 nM combined with 

aspirin 2 mM for 50 days before injection into immunocompromised mice (n = 3). P-values 

were calculated using t-tests corrected for multiple comparisons, * ** P ≤ 0.001, Data are 

represented as mean ± SD. h, Immunoblotting of OGT, TET1 and O-GlcNAc from isolated 

tumor samples treated with vehicle, aspirin (100 mg/kg), dabrafenib (10 mg/kg)/trametinib 

(0.1 mg/kg) or the combination. GAPDH was used as loading control. Representative 

images of independent experiments are shown (n ≥ 2). i, Immunofluorescence staining of 

H3K4me3, OGT and TET1 (all red) combined with Hoechst nuclear staining (blue) of tumor 

samples treated with vehicle, aspirin (100 mg/kg) dabrafenib (10 mg/kg)/trametinib (0.1 

mg/kg) or the combination. Representative images of independent experiments are shown (n 

≥ 3).
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