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Abstract

The role of Ataxia Telangiectasia Mutated (ATM) gene in human malignancies, especially in solid 

tumors, remains poorly understood. In the present study, we explored the involvement of ATM in 

transforming primary human cells into cancer stem cells. We show that ATM plays an unexpected 

role in facilitating oncogene-induced malignant transformation through transcriptional 

reprogramming. Exogenous expression of an oncogene cocktail induced a significant amount of 

DNA double strand breaks in human fibroblasts that caused persistent activation of ATM, which in 

turn enabled global transcriptional reprogramming through chromatin relaxation, allowing 

oncogenic transcription factors to access chromatin. Consistently, deficiencies in ATM 

significantly attenuated oncogene-induced transformation of human cells. In addition, ATM 

inhibition significantly reduced tumorigenesis in a mouse model of mammary cancer. ATM and 

cellular DNA damage response (DDR) therefore play a previously unknown role in facilitating 

rather than suppressing oncogene-induced malignant transformation of mammalian cells.

Keywords

ATM; transcriptional reprogramming; cancer stem cells; chromatin access; oncogenic 
transformation

Introduction

ATM is the susceptibility gene for Ataxia Telangiectasia, a rare genetic disorder 

characterized by deficiencies in the nervous, immune, and other bodily systems (1). Since its 
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initial cloning in 1995 (2), much has been learned about its biochemical and cellular 

functions (3–5). ATM protein is a key player in the DNA Damage Response (DDR), a 

eukaryotic cellular signaling pathways that are responsible for detecting, signaling, and 

repairing DNA lesions (6–8). Because of ATM’s central role in sensing and signaling for 

DNA double strand breaks, ATM-deficient cells showed extreme sensitivity to ionizing 

radiation (9).

At the molecular level, it was found that radiation-induced DSBs caused rapid 

phosphorylation of ATM, which in turn phosphorylated the tumor suppressor p53. 

Phosphorylation of p53 was shown to contribute to its stability as well as transcriptional 

activities (3). Furthermore, ATM phosphorylated the E3 ligase COP1, which stimulated its 

nuclear export and stabilizes p53 (10). In addition, ATM was shown to phosphorylate 

BRCA1, which was important for its DSB-repairing capacity of the latter (11). Even in the 

absence of external DNA damage, it was discovered that ATM was part of the so-called 

BASC complex, which contained ATM, BLM, MSH2, MSH6, MLH1, the RAD50-MRE11-

NBS1 complex, and the RFC1-RFC2-RFC4 complex (12). BASC was suggested to be a 

sensor of erroneous DNA structures and part of the post-replication DNA repair process. 

Among those proteins, both BLM and NBS1 were shown to undergo radiation-induced 

phosphorylation that was dependent on ATM, indicating a key regulatory role for ATM in 

the complex.

Because of ATM’s role in signaling DNA repair and initiate cell cycle arrest when cells 

experience DNA damage, and the fact that patients with ATM deficiencies are at higher risks 

for developing leukemia and lymphomas, ATM has traditionally been assigned the role of a 

tumor suppressor. However, in both humans and mice, lymphoma and leukemia are the only 

clear-cut examples of cancer development caused by ATM deficiency(13). Its roles in other 

types of cancer, especially solid tumors, are much less clear. Indeed, earlier studies 

implicating ATM mutation as a causal event for breast cancer remain controversial (14–18). 

Even studies that support a role for ATM in mammary carcinogenesis suggest that it is only 

a very modest risk (19). Given the pronounced effect of ATM deficiency on genomic 

instability and the central role of ATM in the DNA damage response, one has to wonder 

whether the relatively low risk for solid tumor development indicates the existence of some 

yet unidentified biological functions of ATM limits its role as a tumor suppressor. On the 

other hand, evidence is emerging that ATM may be a double-edged sword in cancer cells. 

For example, recent studies indicate that ATM plays key roles in maintaining the stemness of 

cancer cells (20–22). Furthermore, in clinical samples higher levels of ATM activation, as 

indicated by phosphorylation of ATM in tumor tissues, predict for worse prognosis in breast 

and colon cancer patients (20). In other studies, higher ATM levels in Her2+ breast cancer 

patients also predict for shorter survival in patients (21).

In the present study, we attempted to clarify the roles of ATM in solid tumor carcinogenesis 

by use of a “oncogenic cocktail” approach that was recently developed (23). In that system, 

4–6 oncogenes and stem cell genes were used to rapidly transform primary human cells into 

potent tumorigenic cells resembling cancer stem cells. By use of that approach, we show that 

ATM and DDR in fact plays an essential role in facilitating the oncogene-induced malignant 

transformation of human fibroblast cells. Furthermore, the facilitation is based on ATM’s 
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ability to relax the chromatin (24,25). We discovered that chromatin relaxation allows for the 

oncogenic transcriptional factors to access their targets and reprogram the transcriptome of 

target cells, which proves to be essential for oncogenic transformation.

Material and Methods

Cell Lines and Tissue Culture

Early passage, hTERT immortalized non-transformed human foreskin fibroblast cell line, 

HFF, was a kind gift from Dr. Michael Kastan of Duke University (Durham, NC). Normal 

and ataxia-telangiectasia (A-T) primary fibroblast cell strains were obtained from the Coriell 

Institute (Camden, NJ) (Supplementary Table S1). The cells were not authenticated because 

they are primary fibroblasts. The cells were tested periodically for and made sure for lack of 

mycoplasma infection. The culture medium was composed of DMEM supplemented with 

10%−20% fetal bovine serum (Sigma) and 100 units/ml penicillin and 100 μg/ml 

streptomycin. The p53 status of HFF and primary fibroblast cells was further confirmed by 

doxorubicin treatment induced p53 stabilization and downstream p21 and MDM2 

transactivation (Supplementary Fig. S1A).

CRISPR/Cas9-mediated gene knockout

ATM and KAP1 knockout cell lines were generated by use of lentivirus-mediated CRISPR/

Cas9 technology. Single guided RNA (sgRNA) sequences targeting ATM gene were 

designed with the use of a free online CRISPR design tool (crispr.mit.edu). Annealed double 

stranded sgRNA oligos were ligated into the lentiCRISPRv2 (deposited by Dr. Feng Zhang 

of MIT to Addgene, Cambridge, MA) at BsmB1 site, which co-expresses Cas9 and sgRNA 

in the same vector. The sgRNA-encoding CRISPR lentivirus vector plasmids were 

transduced into 293T cells together with second generation packaging plasmids (psPAX2, 

pMD2.G; both deposited at Addgene by Dr. Didier Trono of EPFL (Ecole Polytechnique 

Fédérale de Lausanne, Switzerland) following a published, calcium phosphate-based Trono 

Lab protocol (http://tronolab.epfl.ch/page58122.html). Supernatants containing lentivirus 

particles were collected 48hrs after transfection.

Oncogene-induced transformation

The plasmids encoding MycT58A, HRasG12V, p53DD, Cyclin D1 and CDK4R24C were 

obtained from Addgene. They were deposited by Dr. Christopher Counter of Duke 

University (Durham, NC). The plasmid encoding the human OCT4 gene was also obtained 

from Addgene. It was deposited by Dr. James A. Thomson of University of Wisconsin 

(Madison, Wisconsin). KAP1 wild type gene and KAP1 gene mutants with S824A and 

S824D substitutions were synthesized by Integrated DNA Technologies. All of the above 

genes were transferred into the pLEX lentiviral vector with human influenza hemagglutinin 

(HA) tag (Open Biosystems, Huntsville, AL) by use of PCR-mediated subcloning. The 

lentivirus particles encoding the above genes were packaged following a standard protocol. 

The supernatants, which contain active recombinant lentiviral vectors, were then used in 

gene transduction experiments. Four factors (MPOR; MycT58A, p53DD, Oct4, HRasG12V) 

or six factors (MPORCC; MycT58A, p53DD, Oct4, HRasG12V, Cyclin D1 and 
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CDK4R24C) were transduced into fibroblasts to reprogram normal fibroblasts into 

malignant tumor cells.

Soft agar assay.

Soft agar assay was carried out according to an established protocol (26). Growth of cells in 

soft agar was determined by plating 500–5000 cells in 0.3% Noble agar in 6-well plates. 

Three weeks after plating, soft agar plates were stained with 0.005% crystal violet. Colonies 

were then photographed and counted with the NIH ImageJ software.

Antibodies used for immunofluorescence staining and western blot analysis

Antibodies use in this study are listed in Supplemental Table S2.

Real-time quantitative PCR

Total RNA was extracted by use of the RNeasy kit(QIAGEN). Real-time quantitative PCR 

was performed to quantify the relative abundance of select genes using the QuantiTest 

SYBR Green PCR Kit (Qiagen) as recommended by the manufacturers on an Applied 

Biosystems ViiA7 real-time PCR system. Primers used in the study are listed in 

Supplementary Table S3.

TRAP assay for telomerase activities

The telomerase activities of control and transformed cells were measured by use of the 

TRAPeze Telomerase detection kit (EMD Millipore, Cat#S7700, Darmstadt, Germany) 

following manufacturer`s protocol.

Limiting dilution assay

Limiting dilution assay for tumor sphere formation assay was performed as described 

previously by Bellows and Aubin (27) and Tropepe et al. (22). Briefly, trypsinized individual 

cells were plated in 96-well tissue culture plates with 0.2 ml/well of sphere growth media 

(DMEM/F12 supplemented with non–essential amino acid, Glutamine, B-27 supplement 

without vitamin A, 0.2% heparin, 20 ng/ml EGF and 25ng/ml b-FGF). The final diluted 

average cell numbers ranged from 0.5 to 800 /well. Cells were cultured up to 14 days during 

which time they were monitored for sphere formation.

mRNA-SEQ

RNA-seq was carried out by the Duke University Sequencing and Genomic Technologies 

Core. The Kapa Stranded mRNA-seq library prep kit was used to make sequencing libraries. 

The libraries were sequenced by use of an Illumina Hiseq 4000 instrument with a 50 bp 

single end reads length. RNA-seq data were analyzed with the help from the Duke Genomic 

Analysis and Bioinformatics Core. RNA-seq data were processed using the TrimGalore 

toolkit which employs Cutadapt (28) to trim low-quality bases and Illumina sequencing 

adapters from the 3’ end of the reads. Only reads that were 20nt or longer after trimming 

were kept for further analysis. Reads were mapped to the GRCh37v75 version of the human 

genome and transcriptome (29) using the STAR RNA-seq alignment tool (30). Reads were 

kept for subsequent analysis if they mapped to a single genomic location. Gene counts were 
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compiled using the HTSeq tool. Only genes that had at least 10 reads in any given library 

were used in subsequent analysis. Normalization and differential expression was carried out 

using the DESeq2 (31) and Bioconductor package s with the R statistical programming 

environment (32). The false discovery rate was calculated to control for multiple hypothesis 

testing. Gene set enrichment analysis (33) was performed to identify differentially regulated 

pathways and gene ontology terms for each of the comparisons performed.

ATAC-seq

Cells in exponential phase were harvested. For each sample to be analyzed, a total of 50,000 

cells were washed once with 50 μL of cold PBS and re-suspended in 50 μL lysis buffer (10 

mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% (v/v) IGEPAL CA-630). Samples 

were then centrifuged at 500g at 4°C and supernatants were removed. The final crude 

nuclear pellet was re-suspended in 50 μL transposition reaction mix (25 μL TD buffer, 3 μL 

Tn5 transposase and 22 μL nuclease-free H2O) of Nextera DNA library Preparation Kit 

(Illumina). Libraries were prepared for sequencing as described (34). All samples were 

barcoded and combined into a single pool. The pool was sequenced on two lanes of an 

Illumina 4000 sequencer (San Diego, CA, USA) at the Duke Sequencing and Genomic 

Technologies Core.

Analysis of the data were carried out with the assistance of Duke Genomic Analysis and 

Bioinformatics Core. Briefly, ATAC-Seq raw fastq files were processed using the 

TrimGalore toolkit(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore) which 

employs Cutadapt (28) to trim low quality bases and Illumina sequencing adapters from the 

3’ end of the reads. Only reads that were 20 nt or longer after trimming were kept for further 

analysis. Reads were mapped to the mm10 version of the human genome using the bowtie 

alignment tool (35). Reads were kept for subsequent analysis if they mapped to a single 

genomic location. Amplification artifacts were removed using the Picard toolkit (http://

broadinstitute.github.io/picard). Regions of open chromatin regions were called using the 

MACS2 peak calling algorithm (36). To compare across the different conditions, peaks were 

called using the merged set of reads from all replicates of a single condition. Peaks that 

overlapped across the two conditions being compared were merged into a single peak. The 

number of reads from each individual sample that overlapped the peaks were quantified. 

Normalization and differential openness of chromatin regions were calculated using DESeq2 

(31) and Bioconductor (32) package with the R statistical programming environment 

(www.r-project.org). Peaks were then annotated with their nearest gene using the 

GRCh37v75(29) of the human transcriptome.

Tumorigenesis experiments

All animal experiments conducted in this study is approved by Duke University Institutional 

Animal Use and Care Committee (IACUC) and conducted according to institutional 

guidelines.

To test athymic nude mice (6–8 weeks old, Jackson Laboratory, Bar Harbor, Maine) were 

used. Putative transformed cells were injected subcutaneously into mouse hind leg. Tumor 

sizes were monitored twice a week by use of caliper.
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MMTV-PyMT and ATM+/− mice from Jackson Laboratory were used in our experiments. 

They were deposited by William Muller of McGill University and Michael Weil of Colorado 

State University, respectively. MMTV-PyMT mice were crossed with ATM+/− mice. The 

resulting offspring had a mixed FVB/129S6 genetic background. Mice were housed in 

pathogen-free housing following the Institutional Animal Use and Care Committee of Duke 

University guidelines. Since most ATM homozygous develop thymic lymphoma quickly and 

died before their mammary tumors could be examined, only mice in ATM+/− background 

were used in our experiments. PyMT;ATM(WT) and PyMT:ATM(+/−) age-matched female 

virgin littermates were observed for mammary tumorigenesis experiments. Tumor growth 

was monitored twice a week by use of caliper. Tumor-bearing mice were sacrificed once 

their tumor sizes reached 1.5cm in diameter. After sacrifice, the final number of tumors were 

counted for each mouse and total tumor mass for each mouse were also determined.

Analysis of ATM and KAP1 mRNA expression levels in matched human normal and tumor 
tissues

To analyze ATM and KAP1 mRNA expression levels in normal and tumor tissues, the 

preprocessing and normalized human tissue gene expression data sets were obtained from 

Gene Expression across Normal and Tumor tissue (GENT, http://medicalgenome.kribb.re.kr/

GENT/index.php). The original datasets were derived from various sources by use of the 

Affymetrix U133A and U133Plus2 platforms deposited either in the Gene Expression 

Omnibus (http://www.ncbi.nlm.nih.gov/geo/) or the ArrayExpress (http://www.ebi.ac.uk/

microarray-as/ae/) public resources. A total of 30435 GSM samples in 576 GSE from 11 

type of matched normal and cancer tissues were analyzed. Details of sample types and 

numbers were provided in Supplementary Table S4. Statistical analysis comparing each type 

of normal and cancer tissues was performed by use of Student’s t test.

Statistical Analysis

All reported values correspond to a minimum of 3 biological replicates. Data are represented 

as average ± SEM (standard error of the mean). Comparisons among different groups were 

mostly carried out by use of unpaired Student’s t test. In addition, for limiting dilution 

analysis, one-way ANOVA test was used for statistical analysis. For RNAseq and ATAC 

analyses, please refer to the statistical analysis description described in previous sections. 

For Kaplan-Meier analysis, log-rank test was used. In all cases, p<0.05 was defined as 

statistically significant results.

Results

Persistent DNA double strand break induction and activation of the DNA damage response 
during “oncogenic cocktail” induced transformation of human fibroblasts

We employed a recently developed system in our laboratory to achieve rapid transformation 

of human fibroblast cells by use of defined genetic factors. In a previous study, we showed 

that an “oncogenic cocktail” of 4 genetic factors (OCT4, c-MycT58A, P53DD, H-RasG12V, or 

MPOR in short) could rapidly and efficiently transform astrocytes into malignant cancer 

cells with cancer stem cell-like properties (23). In this study, we used recombinant lentivirus 

vectors to transduce the same four transcription factors into an hTERT-immortalized human 
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foreskin fibroblast (HFF) cells following a scheme depicted in Fig. 1A. Western blot 

analysis showed that our protocol led to efficient expression of the exogenous factors in the 

fibroblasts (Supplementary Fig. S1B). Transduced human fibroblasts went through a period 

of significant cell death, as observed previously in oncogene transduced astrocytes (23). 

Most of the cells that survived showed an epithelial morphology, different from parental 

human fibroblasts, which are usually spindle shaped (Fig. 1A). Previously, forced expression 

of Myc and Ras in normal human cells has been associated with increased DNA damage and 

associated apoptosis (37) and senescence (38), respectively. Therefore, we carried out 

western blot analysis to determine the levels of several well-established protein markers of 

DNA damage response: γH2AX and phosphorylated ATM (pATM) in MPOR-transduced 

HFF cells. Our data show that MPOR transduction induced a time-dependent increase in 

γH2AX levels (Fig. 1B), which were completely absent in parental HFF fibroblasts. 

Consistently, phosphorylated ATM levels were also increased significantly when compared 

with non-transduced parental fibroblasts (Fig. 1B). The authenticity of the activation of the 

DNA damage response in MPOR-transduced cells were further verified by in situ 
immunofluorescence staining (Fig. 1C–F). Our results showed significantly higher levels of 

γH2AX and ATM foci in transduced cells (Fig. 1D and F). Thus there was clear evidence 

for robust induction of DNA double strand breaks and activation of the DNA damage 

response in the process of oncogene-induced transformation of human fibroblasts.

Significant attenuation of malignant transformation in ATM knockout fibroblasts

Our observation of constitutive DSBs and ATM activation in MPOR-transduced fibroblasts 

begs for an important question: what are the roles of constitutive DNA damage and ensuing 

DNA damage response in oncogenic transformation? According to the current paradigm, 

ATM and DDR are activated by the cells to protect itself from genetic instability and 

mutagenesis and thus a key tumor-suppressive cellular process. In order to determine the 

role of ATM in oncogene induced transformation of fibroblasts, we used ATM knockout 

cells derived from HFF-hTERT cell line by use of the CRISPR-Cas9 technology (39) 

(Supplementary Fig. S1C, left panel). We then evaluated the ability of MPOR to transform 

isogenic control and ATMKO HFF-hTERT cells. As expected, control cells were readily 

transformed, eventually forming colonies that were clearly visible in the Petri dish after 

crystal violet staining (Supplementary Fig. S2A, left panel). Surprisingly, both the numbers 

(Fig. 2A) and sizes (Supplementary Fig. S2A, right panel) of transformed colonies in 

MPOR-transduced ATMKO cells were significantly attenuated instead of being enhanced as 

expected from the currently established paradigm. The reduction in transform efficiency was 

also observed when a small molecule inhibitor of ATM (KU55933) was administered to 

MPOR-transduced HFF cells (Supplementary Fig. S2B and C).

In further experiments, we picked up and expanded some of the colonies from both control 

and ATM-KO cells and evaluated their abilities for anchorage-independent growth in soft 

agar, a well-recognized characteristic of tumorigenic cells. Our results indicated MPOR-

transformed HFF-ATMKO cells showed significantly reduced soft agar colony formation 

when compared with control HFF cells (Fig.2B). In a further experiment, we evaluated the 

tumor-forming ability of MPOR-transformed cells in nude mice. Compared with the potent 

tumor-forming abilities of MPOR-transduced control cells, putative transformed cells with 
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ATM deficiency did not generate any visible tumor growth (Fig.2C). The above experiments 

clearly showed that ATM was required for oncogenic transformation of HFF cells, especially 

for in vivo tumor formation.

In order to rule out the possibility that our observation was only true for the HFF cell line we 

used, we carried out further transformation experiments in primary fibroblasts from Ataxia-
telangiectasia (A-T) patients as well as normal adults (wild type) (see Supplementary Fig. 

S1C for confirmation of ATM expression). To boost the efficiency of transformation in these 

primary cells, they were transduced with the 6 factors: MPOR, cyclin D1 and CDK4 

(MPORCC in short). Our results showed that MPORCC-transduced wild type fibroblasts 

could be transformed in three weeks. In contrast, MPORCC-transduced primary fibroblast 

from A-T patients could barely form any transformed colonies 8 weeks post transduction 

(Fig. 2D). We next evaluated the soft agar forming abilities of MPORCC-transduced primary 

fibroblasts at 4 weeks post oncogene transduction. Our results showed that MPORCC-

transduced A-T fibroblast cells could not form any soft agar colonies while MPORCC-

transduced wild type fibroblast cells formed soft agar colonies in a robust manner (Fig.2E). 

We further evaluated the effect of ATM on the tumorigenic abilities of MPORCC-transduced 

fibroblast cells (mixed cell population) in nude mice. Similar to soft agar experiments, 

MPORCC-transduced A-T fibroblast cells could not form any tumors in nude mice while 

MPORCC-transduced wild type cells formed tumors easily (Fig.2F and Supplementary Fig. 

S2D). These results suggested that our observation of the facilitative role for ATM in 

oncogene-induced transformation was also applicable to primary human fibroblasts in 

addition to immortalized HFF cells.

ATM deficiency significantly reduced tumor sphere forming ability and tumorigenicity of 
morphologically transformed cells

To further assess the influence of ATM on the tumor-forming abilities of oncogene 

transformed fibroblasts, we examined the tumor sphere forming abilities of wild type and 

ATM-deficient fibroblasts transformed with MPORCC. Tumor sphere formation in 

suspension culture is an important characteristic of cancer stem cells (40). We believe 

MPORCC transformed fibroblasts should possess properties of cancer stem cells based on 

our previous experience with transformed primary astrocytes (23). We conducted limiting 

dilution assays (27,41) in 96-well plates and our results indicated that MPORCC-

transformed wild type fibroblasts formed tumor spheres in stem cell media at low cells 

number per well. In contrast, only two out of three MPORCC-transformed A-T fibroblast 

cell lines formed tumor spheres at all and even those tumor spheres were fewer and smaller 

when compared those of the wild type cells (Fig. 2G and H). The influence of ATM on 

tumor sphere forming ability was further verified in MPOR-transduced control or ATM-

deficient HFF cells (Fig. 2I).

The ability to form tumors in immune-deficient mice is the gold standard when measuring 

the tumorigenicity of human cancer stem cells. Therefore, we evaluated the capacity of 

MPORCC-transformed fibroblast cells to grow in nude mice when injected at limited 

numbers. Injection of only 200 or 400 MPORCC-transformed wild type fibroblasts 

subcutaneously into nude mice gave rise to tumor growth in 3 out of 6 and 4 out of 6 mice, 
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respectively (Supplementary Fig.S2E and F) during eight weeks of observation, indicating 

potent tumor initiating abilities. This was in stark contrast to morphologically transformed 

ATM-deficient cells, which did not form any tumors in 8 weeks even after inoculations of 

1×106 cells per mouse (Supplementary Fig. S2D). The critical role of ATM for the induction 

of stemness in MPORCC-transformed cells was reminiscent of the requirement of ATM in 

the self-renewal of hematopoietic stem cells (42), lowered efficiency of iPSC formation from 

ATM-deficient fibroblasts (43,44), and significantly attenuated ability to form teratoma in 

mice from ATM- deficient ES cells (45). It is also consistent with reports of ATM being a 

driver for stemness of glioma, colon, and breast cancer cells, respectively (20–22).

Taken together, the above data provide compelling evidence for a pivotal role of ATM in 

facilitating oncogene-induced transformation in human fibroblast cells.

Lack of transcriptional reprogramming in ATMKO cells transduced with the MPOR 
oncogenic cocktail

In order to explore the potential mechanism of ATM’s involvement in facilitating oncogene-

induced transformation, we carried out a transcriptome profiling analysis of MPOR-

transduced human fibroblasts with or without ATM gene by use of RNA-seq. In control HFF 

cells, transduction of MPOR caused significant changes in global gene expression patterns at 

21 days post transduction, as shown on the heat map derived from hierarchical cluster 

analysis (Fig. 3A, left lanes). The results were thus consistent with the powerful 

transcriptional reprogramming activities of the oncogene “cocktail.” Strikingly, in isogenic 

HFFATM-KO fibroblasts, there was a high degree of similarity in gene expression profiles 

between control and MPOR transduced cells at 21 days post transduction (Fig. 3A, right 

lanes). Furthermore, transcriptional changes post MPOR transduction were also smaller in 

morphologically transformed colonies from the ATM-KO cells (ATMKO MOPR-T) when 

compared with those from control cells (Supplementary Fig. S3A). Principal Component 

Analysis (PCA) further confirmed the above results (Fig. 3B and supplementary Fig. S3B). 

It showed significant differences when comparing MPOR transduced, mixed HFF cells 

(MPOR day 21 vs control, Fig.3B) and even bigger differences comparing transformed 

colonies (MPOR-T) vs control or vs mixed population at day 21 (MPOR D21) 

(Supplementary Fig. S3B). In contrast, the differences for transformed ATM-KO colonies 

(ATMKO MPOR-T) vs ATMKO control or ATMKO-MPOR day 21 were much smaller, and 

mainly reflected in the second component (Supplementary Fig. S3B). Most strikingly, the 

ATMKO mixed cell population showed minimal difference when comparing with control 

cell population (Fig. 3B). In a further volcano plot analysis (Fig. 3C), we plotted every 

expressed gene out according to fold change (x-axis) and significance of difference (-Log(p), 

y axis) in a series of 4 comparisons. It is clear in control HFF cells, MPOR transduction 

induced or suppressed many more genes with higher levels of significance (lower p values) 

and greater amplitudes (fold changes) in changes (Fig. 3C, top panels). In contrast, changes 

in ATM-KO cells were fewer with less significance and smaller amplitudes (Fig. 3C, lower 

panels). Fig. 3D shows the fraction of genes with changes (both increases and reductions) of 

more than 4-fold in Fig. 3C.
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Genes that showed more than 2-fold alterations in expression levels were subjected to 

further gene set enrichment analysis (GSEA). Gene set size filters (min=15, max=500) 

resulted in 907 gene sets that were used in gene ontology analysis. Compared with parental 

HFF cells, there were 67 gene sets with significant enrichment (FWER p <0.05) in MPOR 

transduced HFF cells at day 21, which were mainly related to stem cell signaling, RNA 

polymerase transcription signaling pathways, mitochondria genes, and chromatin 

architecture gene module (Supplementary Table S5 and Fg.S3C). At the individual gene 

levels, when comparing gene expression through Q-RT-PCR in transformed vs control HFF 

cells, many representative cancer- and stem cell-specific genes including Sox17, Lin28B, 

FGFR2, and chromatin regulating genes RCC1/RCC2, were strongly upregulated. In 

contrast, fibroblast-specific genes including TGFB1I1, COL1A2, and FN1 showed down-

regulation in wild type fibroblasts (Supplementary Fig. S4A). In both cases, the same genes 

were affected much less significantly in ATM knockout HFF or A-T mutant fibroblast cells 

transduced with the same 4 genes at day 21 (Supplementary Fig. S4A), indicating significant 

lack of induced transcriptional changes. Our transcriptional profiling analysis thus clearly 

implicated ATM in facilitating transcriptional reprogramming during oncogene induced 

transformation.

Essential roles for ATM in mediating chromatin access in oncogene-induced 
transformation.

One possibility for the lack of transcriptional reprogramming by the oncogenic factors in 

ATMKO HFF cells was that chromatin access for transcriptional factors such as Oct4 and 

Myc were limited in ATMKO cells. In order to determine if this was indeed the case, we 

used ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing) to assess 

chromatin access in normal and ATM mutant primary human fibroblasts transduced with 6 

oncogenic factors (MPORCC). Our ATAC-seq data indicate that in normal fibroblasts, 

significant changes in chromatin access were induced by transduction of MPORCC when 

compared with ATM mutant cells that were transduced with the same factors, which showed 

much less changes (principal component analysis, Fig. 4A). Fig. 4B shows the distribution 

of p values in normal vs ATM mutant fibroblasts transduced with MPORCC. It is clear that 

normal cells had many more gene locations that underwent significant changes in chromatin 

access when compared with ATM mutant cells. Next we analyzed the number of chromatin 

locations that showed significant changes in chromatin access (Fig.4C). In normal control 

fibroblast cells 3531 new chromosomal locations changed from closed to open (CO) status 

while 16240 gene locations changed from open to close status after MPORCC transduction. 

In contrast, in ATM mutant fibroblasts, only 5 genes changed from closed to open status 

while 337 gene changed from open to close status. KEGG gene ontology analysis of 1571 

identifiable genes (from 3531 chromosomal locations) that changed from closed to open 

status in MPORCC transduced normal fibroblasts indicated that cancer-related pathways, 

ECM-receptor interaction pathway, and the PI3K-Akt pathway are among the notable gene 

pathways that were “opened” by oncogene transduction (Fig. 4D). At the individual gene 

levels (Fig. 4E), we found examples of genes involved in the fibroblast cellular phenotype 

(ITIH5, FLI1, TEAD3, and ITGA8) that changed from open to close in MPORCC 

transduced normal cells but not in ATM mutant fibroblasts. On the other hand, genes known 

to be involved in stem cell regulation and carcinogenesis such as ELF3, LAMA4, SOX5, 
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PAX8, AKT3, TET2, FGF12, and ETS1 changed from closed to open in normal fibroblast 

cells after MPORCC transduction. Among them, we confirmed that TET2 and AKT3 were 

indeed upregulated in MPORCC transduced wild type but not ATM knockout fibroblast cells 

(Supplementary Fig. S4B). However, this is not surprising given that it is already known that 

ATACseq identifies chromatin access and chromatin access does not always lead to changes 

in gene expression (46).

We also carried out ATAC seq analysis of MPOR-transduced wild type and ATMKO HFF-

hTERT cells. Similar to MPORCC-transduced primary fibroblast cells, PCA analysis of the 

ATAC-seq data indicated that ATM deficiency reduced oncogene-induced changes in 

accessible genomic sites (Supplementary Fig. 5A, B). This was further confirmed when 

changes in accessible sites were enumerated (combined numbers of genes with OC and CO 

changes) (Supplementary Fig. S5C, D). Our ATAC-seq data therefore strongly suggest that 

ATM enabled chromatin access by the oncogenic factors during oncogene induced 

transformation.

Further verification of ATM in mediating transcriptional activation and a potential role of 
KAP1 in oncogene-mediated transformation of human fibroblasts.

To provide further proof that ATM is important for chromatin access, we determined the 

transcriptional levels of hTERT, the telomerase gene in MPORCC-transduced control and 

ATM deficient primary human fibroblast cells. The hTERT gene has been shown to be re-

activated in almost 90% human tumor cells but inactive in the vast majority of 

untransformed somatic cells. Our results indicated that transcription levels (Fig. 5A) as well 

as telomerase activities (Fig. 5B) of hTERT were significantly activated in control primary 

fibroblast cells after MPORCC transduction. Transcriptional activation occurred in a time 

dependent manner (Supplementary Fig. S6A). In contrast, MPORCC transduction into ATM 

deficient primary fibroblasts failed to activate hTERT transcription (Fig. 5A and 

Supplementary Fig. S6A). Our result here thus confirmed the critical role of ATM in 

facilitating the transcriptional activation of hTERT, a nearly obligatory factor for oncogenic 

transformation of human cells.

Our observation that ATM deficiency could profoundly affect global access of the oncogenic 

transcription factors to the chromatin, in combination with the constitutive presence of 

double strand breaks in human fibroblast cells after oncogene expression, led us to surmise 

that, KAP1, a chromatin-regulating protein and a key downstream factor for ATM in the 

DNA damage response, might be involved. KAP1 plays key roles in maintaining 

heterochromatin and is a key part of the cellular machinery that keeps the heterochromatin in 

a locked state (47). If double strand breaks are incurred in the heterochromatin regions, such 

as after exposure to ionizing radiation, KAP1 is phosphorylated rapidly in an ATM-

dependent manner at the Ser824 site (24). Its phosphorylation leads to relaxed chromatin 

around the DSBs to allow for the cellular DNA repair machinery to access the DNA strand 

breaks in the heterochromatin and repair them (24,25). Thus it is possible that persistent 

DSBs induced by oncogene transduction (Fig. 1) activates ATM, which phosphorylate KAP1 

persistently. Such persistent KAP1 phosphorylation may then relax the chromatin in a 

prolonged manner, which enables oncogenic transcriptional reprogramming.
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Western blot analysis was conducted to examine the status of KAP1 during oncogene 

induced transformation (Fig. 5A). Our results indicate in control HFF cells, MPOR 

transduction changed KAP1 from a barely phosphorylated state to a heavily phosphorylated 

one in a time-dependent manner (Fig. 5C, left lanes). In comparison, KAP1 phosphorylation 

occurred much slower and to a much lesser extent in ATMKO HFF cells, especially at 21 

days post gene transduction (Fig. 5C, right lanes). For comparison, we exposed the control 

and ATMKO HFF cells to ionizing radiation (x-rays at 3 Gy). In irradiated HFF cells, KAP1 

phosphorylation occurred rapidly and peaks at around 1hr and was gone by 5 hrs 

(Supplementary Fig. S6B, left lanes). In ATMKO HFF cells, KAP1 phosphorylation 

occurred slower and at significantly reduced levels (Supplementary Fig.S6B, right lanes), 

consistent with previous observations (24). Immunofluorescence analysis confirmed the 

western blot analysis. Both phosphorylated KAP1 and γH2AX foci were observed 

prominently in control HFF cells at 21 days post MPOR transduction (Fig. 5D, left panels; 

and Supplementary Fig. S6C, top panels). In comparison, MPOR-transduced ATMKO cells 

showed significantly less KAP1 phosphorylation and very few γH2AX foci staining (Fig. 

5D, right panels; and Supplementary Fig. 6C, lower panels;). This is consistent with 

previous reports that both KAP1 (24,25) and H2AX (48) depend on ATM for 

phosphorylation after DNA damage.

In order to determine if KAP1 is functionally required in oncogene-induced transformation, 

we generated to KAP1 knockout HFF cells by use of CRISPR/Cas9 technology 

(Supplementary Fig. 6D). We then attempted to transform the knockout cells with MPOR. 

Our results indicated that KAP1 deficiency significantly deceased MPOR-induced 

transformation of HFF cells (Supplementary Fig. 6E).

To determine if KAP1 phosphorylation is required for oncogene-induced transformation, 

two mutant versions of KAP1 were transduced together with MPOR into ATMKO HFF 

cells, respectively (Supplementary Fig. S6F, G). Our results indicate that ectopic expression 

of KAP1(S824D), a phospho- mimic of KAP1 that simulated a constitutively 

phosphorylated form of KAP1, could rescue the lack of MPOR-induced transformation in 

ATMKO cells. This was reflected both in terms of morphological transformation 

(Supplementary Fig. 6F) and growth in soft agar (Supplementary Fig. 6G). In contrast, co-

transduction of KAP1(S824A), which could not be phosphorylated, could not rescue 

MPOR’s failure to transform ATMKO cells. These results thus suggest that ATM-dependent 

KAP1 phosphorylation and chromatin relaxation is a key downstream event in oncogene-

induced transformation of HFF fibroblasts.

To provide further proof that KAP1 phosphorylation is important for chromatin access, we 

determined the transcriptional levels of hTERT, in MPORCC-transduced ATM deficient 

primary human fibroblast cells. Co-transduction of KAP1 (S824D), but not KAP1(S824A) 

enhanced MPORCC-induced hTERT transcription in AT-deficient cells GM02052 

(Supplementary Fig. 6H). Our results were thus consistent with the hypothesis that ATM-

dependent KAP1 phosphorylation and chromatin relaxation is a key downstream event in 

oncogene induced transformation of HFF fibroblasts.
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Relevance of ATM in mouse and human malignancies

So far our data has been generated mostly from human fibroblasts in vitro. In order to 

determine if our findings could be extended to in vivo tumorigenesis models, we examined 

the effect of ATM on carcinogenesis in the MMTV-PyMT transgenic carcinogenesis model. 

In this model, the expression of polyoma middle T antigen (PyMT) is driven by the mouse 

mammary tumor virus promoter (MMTV). These mice develop mammary tumors readily 

(100%). Our data indicated ATM attenuation (in the ATM+/− heterozygous genetic 

background) significantly delayed the onset of mammary tumorigenesis (Fig. 6A) when 

compared with wild type mice. In addition, the survival of tumor-bearing mice was also 

extended in the ATM heterozygous background (Fig. 6B). Furthermore, mice in the ATM 

heterozygous background also showed reduced tumor numbers (Fig. 6C) and tumor mass 

(Fig. 6D) when compared with wild type mice. Those data thus clearly indicated that our 

findings in vitro in human fibroblasts also extended to in vivo tumorigenesis models.

To further determine if our findings also apply for human tumors, we analyzed the RNA 

expression data in from 30435 GSM data sets with matched human normal and tumor tissue 

samples (Supplementary Table S4). Our analysis indicated that ATM expression was 

significantly higher (tumor vs normal tissues) in 6 out of 11 tumor types, significantly lower 

in two tumor types, and no difference in three tumor types (Supplementary Fig. 7). Thus in 

most solid tumors ATM’s expression patterns are consistent with its role as a tumor 

promoter, as our study suggests. Interestingly, ATM expression is lower in blood-borne 

cancers, consistent with its roles as a tumor suppressor in leukemia and lymphomas. Taken 

together, our data thus support a pro-carcinogenesis role for ATM in both mouse and human 

solid tumors.

Discussion

ATM has so far been considered a tumor suppressor gene that mostly serves a “caretaker” 

role in signaling DNA repair for DNA double strand breaks, especially in the 

heterochromatin regions (24,25). Our finding of ATM playing a crucial role in facilitating, 

rather than suppressing oncogene induced transformation of human and mouse cells is 

certainly unexpected and counter intuitive. It also underscores the complicated nature of 

ATM’s cellular functions.

While ATM clearly behaves like a classical tumor suppressor in lymphoma and leukemia, its 

role in solid tumors is very limited and controversial. To date, only a very modest risk for 

breast cancer (~2 fold) was observed in positive studies and none has been observed for 

other solid tumors (19). In contrast, mutation carriers of BRCA, another DNA double strand 

break repair factor, have a 9–36 fold increase in breast cancer and 6–61 fold increase in 

ovarian cancer, and significant increases in a host of other cancers (49). Mutation carriers of 

p53, the most commonly mutated tumor suppressor gene, have dramatic increases in 

multiple cancers (50). Those data are clearly at odds with the central role of ATM as a 

guardian of genome stability similar to p53. Our finding of ATM being a key facilitator in 

malignant transformation provides plausible explanation: ATM is a double-edged sword in 

carcinogenesis. On the one hand, its deficiencies lead to genomic instability and increased 

likelihood of mutations in oncogenes and tumor suppressor genes. On the other hand, it also 
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prevented a major means for oncogenes to drive transcriptional reprograming that is 

necessary for cellular transformation. This latter property is consistent with several studies 

published on significantly reduced likelihood of success in induction of iPS cells from 

human fibroblasts with ATM deficiencies by use Yamanaka factors (44).

The counter-intuitive role of ATM in facilitating oncogenic transformation rather than 

preventing it also calls for a major revision of our current thinking of carcinogenesis. At 

present it is still a common belief that the key to carcinogenesis lies in mutations in 

oncogenes and tumor suppressor genes. Although it was generally recognized that 

epigenetic regulations play key roles, it was unclear how important epigenetics changes/

transcriptional reprogramming is in the overall carcinogenic process. The present study 

clearly demonstrates the critical roles of chromatin access and transcriptional 

reprogramming in oncogene-mediated transformation of human fibroblasts. Despite robust 

expression of potent oncogenes (Myc, p53DD, Oct4, Ras, cyclinD, Cdk4) that in theory 

endowed the host cells with all genetic factors needed to become malignant cancer cells, 

ATM deficiency prevented host cells from becoming tumorigenic. Such striking data 

indicate that transcriptional reprogramming is clearly essential for oncogenic transformation. 

Most surprisingly, reprogramming is achieved through DDR machinery, which previously 

were mostly thought of as a bulwark against genomic instability and oncogenic 

transformation. Thus the importance of DNA double strand breaks in carcinogenesis has to 

be re-evaluated. In addition to being a major source of gene and chromosomal mutations that 

are clearly important in carcinogenesis, they also play critical roles in facilitating epigenetic 

reprogramming by activating the DNA damage response and relaxing the chromatin, which 

allows the oncogenes to access their target genes.

There were some limitations of our studies: 1) our in vitro studies were done in human 

fibroblast cells, which was used for their robust growth properties, while most human 

malignancies are of the epithelial origin; 2) our in vivo carcinogenesis experiments were 

conducted using heterozygous ATMKO mice, which did not exactly recapitulate the 

ATMKO genotype of the in vitro experiments. This was mainly because full ATMKO mice 

usually die of lymphoma/leukemia before they have a chance to develop solid malignancies. 

In future experiments, a Cre-Lox mediated knockout of ATMKO model might replicate the 

in vitro oncogenic transformation experiments more closely.

In summary, our study provides compelling evidence that ATM, instead of being a pure 

tumor suppressor gene, can unexpectedly act as a facilitating factor in oncogene-induced 

transformation of human and mouse cells. Our findings also suggest that we need to re-

consider the consequences of DNA double strand breaks and ensuing DNA damage response 

in oncogene-induced carcinogenesis. In addition to their well-established roles in causing 

mutations and chromosomal aberrations, DSB- and DDR-induced chromosomal relaxation 

and chromatin access should now be considered significant risk factors in promoting 

carcinogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig.1. Oncogene-induced cellular transformation accompanied by DNA double strand breaks 
and activation of DNA damage response.
A). Schedule of oncogene transduction and representative cellular morphology in MPOR-

transduced HFF cells at day 21 post transduction.

B). Activation of the DNA damage response as indicated by increasing levels of 

phosphorylated H2AX and ATM at different time points post oncogene transduction.

C, D). Phosphorylated H2AX in MPOR-transduced HFF cells on day 21. Error bars 

represent Mean±SEM, ****P <0.001,unpaired t test.

E, F). Phosphorylated ATM of MPOR-transduced HFF cells on day 21. Error bars represent 

Mean±SEM, ****P <0.001,unpaired t test.
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Fig.2. ATM is required for oncogene-induced transformation, tumorigenesis and stemness.
A). Morphologically transformed colony outgrowth in MPOR-transduced control and 

ATMKO HFF cells. n=3.

B). Soft agar colony growth from MPOR-transduced, morphologically transformed control 

and ATMKO HFF cells. n=3.

C).Tumor formation in nude mice from MPOR transduced, morphologically transformed 

control and ATM deficient HFF cells. n=6.

D). Morphologically transformed colony outgrowth in MPORCC transduced primary 

fibroblast cells from normal and A-T patients. n=3.

E). Soft agar colony growth from mixed populations of MPORCC transduced primary 

fibroblast cells from control and A-T patients evaluated at day 30 post transduction. n=3.

F). Tumor growth of from mix populations of MPORCC transduced primary fibroblast cells 

from normal and A-T patients evaluated at day 30 post transduction. n=5.
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G).Representative morphology of tumor spheres formed by MPORCC transduced primary 

fibroblast cells from normal adult (AG04350) and A-T patient (GM02052), respectively.

H). Extreme limiting dilution assay evaluation of tumor sphere forming abilities of 

MPORCC transduced primary fibroblast cells from normal adults and A-T patients. p value 

represents chi-square.

I). Extreme limiting dilution assay evaluation of tumor sphere formation abilities of MPOR 

transduced, morphologically transformed parental and ATM deficient HFF cells. p value 

represents chi-square.

A, B, D, and E, error bars represent Mean±SEM, ***p<0.005; ****p<0.001. unpaired t test.

C and F error bars represent Mean±SEM, ****p<0.001, two-way ANOVA.
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Fig. 3. Global gene expression profiling of MPOR transduced HFF cells based on RNA-seq.
A). Unsupervised Heat map and hierarchical cluster analysis of the whole transcriptome in 

MPOR transduced parental and ATM deficiency HFF cells on Day 21 by RNA-seq. n=3.

B). Additional principal component analysis (PCA) of MPOR transduced parental and ATM 

deficient HFF cells on Day 21. n=3.

C). Volcano plots of gene expression changes in different pairs of cell populations.

D). Percent of genes with more than 4-fold changes in gene expression levels in different 

comparisons. 4F-T in C & D indicate MPOR transduced, morphologically transformed 

control or ATM KO cells. 4F-D21 in C & D indicate mixed population cells at day 21 post 

MPOR transduction.
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Fig. 4. ATAC-seq analysis of chromatin accessibility in normal (04350) and ATM mutant (02052) 
fibroblasts before and after transduction with MPORCC oncogenic cocktail.
A) PCA analysis of the ATACs-seq data from normal (04350) and ATM mutant (02052) 

fibroblasts before and 6-factor oncogene transduction. N=3 for each group.

B) The significant changes in accessibility in normal and ATM mutant fibroblasts cells 

transduced with MPORCC.

C) Venn diagram of number of gene regions recognized in ATAC-seq before and (30 days) 

after transduction of 6-factor oncogene cocktail (MPORCC).

D) KEGG pathway analysis of 1571 identifiable genes (from 3531 chromosomal locations 

indicated in Fig.4B) that transitioned from closed to open status in normal human fibroblasts 

transduced with MPORCC.

E) Examples of gene locations that transitioned from open to close (OC) or from close to 

open (CO).
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Fig.5. Key roles of ATM in hTERT activation and oncogene-induced transformation.
A). Relative levels of endogenous hTERT mRNA transcript levels in MPORCC transduced 

primary fibroblast cells from normal adults and A-T patients. n=3. Error bars represent 

SEM, ****p<0.001, unpaired t test.

B). TRAP evaluation for telomerase activities in MPORCC transduced primary fibroblast 

cells from normal adults and A-T patients. MDA-MB-231 is an established breast cancer 

cell line used as a positive control. CHAPS is a buffer used as negative control. TSR8 is 

manufacturer provided positive control.

C), Western blot analysis of phosphorylated KAP1 during the course of MPOR transduced 

parental and ATM deficiency HFF cells.

D). Immunofluorescence staining of phosphorylated KAP1 and H2AX in MPOR transduced 

parental and ATM deficiency HFF cells on Day21.
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Fig. 6. A facilitative role for ATM in MMTV-PyMT induced mouse mammary tumorigenesis.
A). Kaplan-Meier plot showing the percentage of tumor-free mice in wild type (WT) and 

ATM heterozygous (ATM+/−) MMTV-PyMT transgenic mice. Log-rank test.

B). Kaplan-Meier plot showing the survival rate of wild type (WT) and ATM heterozygous 

(ATM+/−) MMTV-PyMT transgenic mice. Mice were sacrificed when the diameter of any 

of its tumors reaches 1.5cm. Log-rank test.

C). Numbers of tumors per mouse in wild type (WT) and ATM heterozygous (ATM+/−) 

MMTV-PyMT transgenic mice. The difference between the two groups is statistically 

significant (p<0.0001, unpaired t test).

D). Weights of tumors in wild type (WT) and ATM heterozygous (ATM+/−) MMTV-PyMT 

transgenic mice. The difference between the two groups is statistically significant. 

(p=0.0014, unpaired t test).
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