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Abstract 

DNA helicase RECQ1 (also known as RECQL or RECQL1) is a candidate breast cancer 

susceptibility gene significantly correlated with clinical outcomes of sporadic breast cancer 

patients. Prior studies have suggested that RECQ1 maintains genomic stability by regulating a 

wide variety of core cellular functions including DNA replication, DNA damage response, and 

transcription. However, it is unclear which, if any, of these are the primary functions of RECQ1 

as related to its role in suppressing breast cancer. We describe here an unbiased integrative 

genomics approach that enabled us to discover a previously unknown regulatory role of RECQ1 

in promoting Estrogen Receptor alpha (ERα) expression and the expression of specific ERα 

target genes in ER positive breast cancer cells.  We discuss potential future applications of 

similar experimental strategies in advancing the mechanistic understanding and elucidating 

specific new details of genome-wide functions of RECQ1 and other RecQ helicases in 

maintaining genomic stability and preventing cancer. 
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1. Introduction 

First discovered in 1994, the RECQ1 gene (also known as RECQL or RECQL1) is localized to 

chromosome 12p12 and encodes the most abundant of the five known homologs of E. coli DNA 

helicase RecQ in humans [1,2]. As is typical of RecQ helicases [3], RECQ1 catalyzes ATP-

dependent unwinding of duplex DNA representing a variety of structures intermediates of 

replication, repair, and recombination in vitro [4-8]. In addition to be a structure-specific 

helicase, RECQ1 also promotes annealing of complementary single-strand DNA in an ATP-

independent manner [4]. Biochemical activities of RECQ1 are aided by various protein partners 

to facilitate its cellular functions [9-17]. Depletion or loss of RECQ1 leads to increased sister 

chromatid exchanges, chromosomal instability, DNA damage accumulation in cells, and 

enhances sensitivity to cytotoxic chemotherapy [9,13,18-21]. Notably, knockdown of RECQ1 in 

breast cancer cells has a significant effect on gene expression associated with tumorigenesis 

[22,23]. Another recent study has also implicated RECQ1 in transcriptional regulation [24].   

Since the first demonstration in 2007 that RECQ1 is essential for genomic stability [18,19], 

research from our lab over the past 15 years has contributed significantly to the current 

understanding of the biochemical and cellular functions of RECQ1 and provided a strong 

rationale to investigate RECQ1 mutations in cancer patients, that ultimately resulted in its 

discovery in 2015 as a candidate breast cancer susceptibility gene by Cybulski et al. [25] and 

Sun et al. [26]. Given that germline mutations in RECQ1 have been associated with increased 

risk of breast cancer, it is important to determine the mechanisms by which functional loss of 

RECQ1 promotes breast cancer susceptibility. Additionally, a recent study has identified RECQ1 

mutations as the underlying cause for a new genomic instability disease named as RECON 

syndrome [27], underscoring the need to investigate RECQ1 function at the molecular level.  
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Our previous study had revealed that RECQ1 expression predicts clinical outcomes for 

sporadic breast cancer patients (METABRIC cohort) stratified by estrogen receptor (ER) status, 

and that low RECQ1 expression negatively influenced survival in ER positive cohorts that 

received endocrine therapy [28].  To understand the mechanism(s) involved, and to uncover 

RECQ1’s role in cancer and other diseases, we chose to utilize an unbiased, genome-wide 

approach. Using this approach, we discovered a novel crosstalk between RECQ1 and the master 

regulatory transcription factor Estrogen Receptor alpha (ERα) [29]. Here, we provide the 

methodology we used to investigate the role of RECQ1 in gene regulation (Figure 1) and discuss 

future applications. More broadly, similar approaches can be used to investigate diverse genomic 

functions of other RecQ homologs in humans.    

 

2. Description of methods 

2.1. Identification of RECQ1-regulated genes 

2.1.1 Knockdown of RECQ1 in breast cancer cell lines. MCF7 (Michigan Cancer 

Foundation-7) cells (ER positive breast cancer) were reverse transfected in 6-well plates at a 

density of 3 × 105 cells per well reaching ~70%‐ 80% confluence one day after transfection. 

Reverse transfection was performed with Allstars negative control (CTL) siRNA or RECQ1 

siRNAs (SmartPool) using Lipofectamine RNAiMAX Reagent (ThermoFisher) in accordance 

with the manufacturer's protocol. The final concentration of siRNA in each well was 20 nM. 

After 48 h of transfection, depletion of RECQ1 and ERα (the protein encoded by ESR1) was 

confirmed by Western blotting from RIPA whole cell lysates. Fifty µg of whole cell lysates were 

used for immunodetection of RECQ1 and ERα using RECQ1 antibody (Bethyl Laboratories, 

A300-450A) (1:1000 dilution) and ERα antibody (Santa Cruz Biotechnology, sc542) (1:1000 
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dilution), respectively. Since we found that ERα protein is significantly reduced in RECQ1-

depleted cells, we decided to compare transcriptome-wide changes in RECQ1 knockdown (KD) 

with ESR1 KD in MCF7 cells. To do this, MCF7 cells were similarly transfected with ESR1 

siRNAs (SmartPool). Additionally, 48 h after transfection, total RNA was isolated from each 

well of a 6-well plate using the RNeasy Plus Micro kit (Qiagen). After determining the quality of 

the RNA using a Nanodrop spectrophotometer (Thermo Scientific), reverse transcription (RT) 

followed by quantitative PCR (qPCR) was performed to verify the efficiency of knockdown of 

RECQ1 and ESR1 mRNAs and the expression changes of some genes that were commonly 

regulated by RECQ1 and ERα 48 h after transfection. For RT, 0.5 μg of total RNA was reverse 

transcribed using the iScript reverse transcription supermix kit (Bio-Rad) according to the 

manufacturer’s instructions. The resulting cDNA was then subjected to real-time qPCR using 

iTaq Universal SYBR green Supermix (Bio-Rad). Each qPCR was performed in triplicate, 

cycled at 95°C for 30 s, followed by 40 cycles of 94°C for 10 s and 60°C for 15 s on the CFX96 

real-time PCR system (Bio-Rad). The qPCR data was then normalized to the housekeeping 

gene GAPDH, and differential expression was measured using the 2–ΔΔCT method. Nearly 80% 

knockdown of RECQ1 mRNA in MCF7 cells was consistently associated with ~50-55% 

reduction in ESR1 expression.  Specific primers targeting GAPDH, SDHA, RECQ1, ESR1 and 

the ERα-transactivated genes SLC16A1, JAK2, CAV1 and TFF1 used in RT-qPCR analysis are 

available in Lu et al. [29].  

2.1.2.  RNA isolation. MCF7 cells were harvested 48 h after transfection with siRNAs as 

mentioned above and total RNA were isolated using the RNeasy Plus Micro kit (Qiagen). For 

RNA-seq, 1 × 107 MCF7 cells were reverse transfected with CTL siRNA, ESR1 siRNAs or 

RECQ1 siRNAs for 48 h and total RNA was isolated using the RNeasy Plus Micro kit (Qiagen). 
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Knockdown efficiency of RECQ1 and ESR1 was verified by RT-qPCR, and samples with at least 

70% reduction in RECQ1 or ESR1 mRNA levels in RECQ1 or ESR1 siRNA transfected cells as 

compared to CTL siRNA transfected cells, respectively, were considered for downstream 

experiments. RNA integrity was checked with a Bioanalyzer (Agilent), and samples with an 

RNA integrity number (RIN) of 9.5 were subsequently subjected to mRNA-seq. 

2.1.3. mRNA-seq. To ensure reproducibility, mRNA-seq was performed from biological 

triplicates. The mRNA-seq samples were pooled and sequenced on HiSeq using the Illumina 

TruSeq mRNA Prep kit (RS122-2101) and paired-end sequencing was performed. After 

sequencing, the samples had ~79-101 million pass filter reads with a base call quality of >90% of 

bases with Q30 and above. Reads were trimmed for adapters and low-quality bases, using 

Trimmomatic software before alignment with the reference genome (human, hg19) and the 

annotated transcripts using STAR. The average mapping rate of all samples was ~95%. Unique 

alignment was >89%. The mapping statistics were calculated using Picard software. The samples 

had ~0.88% ribosomal reads. The percent coding base values were between 64 and 66%. The 

percent untranslated region (UTR) base values were 29 to 31%, and mRNA base values were 

between 93 and 94% for all samples. Using Picard’s MarkDuplicate utility, the library 

complexity was measured in terms of unique fragments in the mapped reads. The samples had 64 

to 70% non-duplicate reads. Read count per gene was calculated by HTSeq (a Python package 

for analysis of high-throughput sequencing data) using the Gencode annotation database and 

normalized by size factor implemented in the DESeq2 package. Regularized-logarithm 

transformation (rlog) values of gene expression were used to perform hierarchical clustering and 

principal-component analysis. To assess differential gene expression between the samples, we 

used a generalized linear model within DESeq2 that incorporates information from counts and 
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uses negative binomial distribution with a fitted mean and a gene-specific dispersion parameter. 

DESeq2 used Wald statistics for significance testing and the Benjamini-Hochberg adjustment for 

multiple corrections. 

2.1.4. Pathway analysis. To identify cellular pathways and biological processes for the genes 

significantly downregulated upon knockdown of RECQ1 or ESR1, Gene set enrichment analysis 

(GSEA) was performed for the deregulated genes identified by mRNA-seq from MCF7 cells that 

were transfected with CTL siRNA, RECQ1 siRNAs or ESR1 siRNAs (see above). Genes were 

considered as significantly downregulated if the log2(fold change) was at least 0.5 and p <0.05. 

GSEA analysis was performed using the GSEA software [30].     

2.1.5. RT-qPCR verification. To validate differential expression of specific genes whose 

expression changed upon depletion of RECQ1 or ESR1, MCF7 or T47D (another ER positive 

breast cancer) cells were reverse transfected with CTL siRNA, RECQ1 siRNAs or ESR1 siRNAs 

as described above. RT-qPCR was performed from total RNA isolated from the transfected cells 

as described above. Primer sequences are available in Lu et al. [29]. 

 

2.2. Identification of Genome-wide binding sites of RECQ1 

2.2.1. RECQ1-ChIP. To determine whether RECQ1 regulates ESR1 expression by associating 

with specific regions on the promoter and/or enhancer of ESR1, ChIP (Chromatin 

Immunoprecipitation) experiments were performed using the ChIP-IT High Sensitivity kit 

(Active Motif). Ten million MCF7 cells were used for each immunoprecipitation reaction, and 

duplicate experiments were performed for each antibody.  The lysate containing sheared 

chromatin was incubated overnight at 4°C with 4 μg of anti-RECQ1 (Bethyl Lab, A300-450A) 

or 4 μg of rabbit IgG as control (Bethyl Lab, P120-101). After the overnight incubation, 30 µl of 
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Protein A Sepharose beads were added to each immunoprecipitation reaction and incubated for 3 

h at 4°C. Next, the beads were washed, and DNA bound to the beads was eluted. The washing 

and elution steps were performed on the ChIP filtration column. To reverse the crosslinks, the 

eluted ChIP DNA was digested with 5 µl Proteinase K (20 µg/µl) at 55°C for 30 min and then 

incubated at 80°C for 2 h. The ChIP DNA was then purified using a PCR purification kit 

according to manufacturer’s instruction and analyzed by qPCR performed in triplicates, with an 

initial denaturation at 95°C for 3 min, then 40 cycles of denaturation at 95°C for 15 s and 

annealing and extension at 60°C for 30 s using the CFX96 Real-Time PCR System. The fold 

enrichment of the target genomic DNA sequences was measured relative to IgG control as fold 

enrichment = 2-(CtIP− CtIgG), where Ct IP and Ct IgG are mean threshold cycles of PCR in 

triplicates on DNA samples immunoprecipitated with the specific antibody or IgG control, 

respectively. Melt curve analyses were performed for all qPCR reactions and the presence of a 

single specific product of expected size was further confirmed by agarose gel electrophoresis. 

The sequences of primers used for ChIP-qPCR are available in Lu et al [29]. 

2.2.2. ChIP-seq.  Ten million MCF7 cells were harvested for each ChIP-seq reaction, and 

duplicate experiments were performed for each antibody.  For ChIP-seq, crosslinked chromatin 

from MCF7 cell lysates was fragmented by sonication using a Bioruptor (Diagnode) at setting 9 

with 30 cycles of 30 s on and 60 s off to generate fragments <200 bp long. After reversing the 

crosslinks as mentioned above, the size of DNA fragments was confirmed by agarose gel 

electrophoresis. The lysate containing sheared DNA fragments was then divided into two parts. 

The first part was subjected to ChIP using the anti-RECQ1, anti-ERα (Abcam, ab32063), and 

IgG antibodies, as described above for ChIP-qPCR. The second part was used as the 

corresponding input control. After purification of the material bound to the beads using the 
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ChIP-IT High Sensitivity kit (Active Motif), the ChIP DNA and input DNA were converted into 

sequencing libraries using the TruSeq ChIP Sample Preparation kit (Illumina), which were then 

sequenced in single-end 75-bp sequencing using a NextSeq 500 system (Illumina). The samples 

had ~30-64 million pass filter reads with a base call quality of above ~90% of bases with Q30. 

2.2.3. ChIP-seq peak calling: To identify ChIP-seq peaks, RECQ1 and ERα ChIP-seq peaks 

were called against IgG controls by using the MACS2 algorithm from the Genomatix genome 

analyzer (https://www.genomatix.de/solutions/genomatix-genome-analyzer.html), with the 

following parameters: broad region calling on, band width = 300, q-value cutoff = 1.00e-02 and 

model fold = [5, 50]. 

2.2.4. Heatmap and Colocalization analysis: BAMscale was used to generate normalized 

sequencing coverage for the RECQ1 and ER ChIP-seq data [31]. The heatmap for ChIP-seq 

peaks colocalization was created using the rtracklayer (version1.48.0) [32] and 

ComplexHeatmap [33] (version 2.4.3) packages in R (version 4.0.2, script available at: 

https://github.com/ncbi/BAMscale) using the RECQ1 called ChIP-seq peaks (n=7,023) with the 

RECQ1 and ER ChIP-seq data. ChIP-seq identified thousands of RECQ1 binding events 

distributed predominantly in intergenic regions and introns, and majority of the RECQ1 peaks 

colocalized with transcription start sites in MCF7 cells.  When we compared the genome-wide 

binding events of RECQ1 with that of ERα, we found that ~35% of RECQ1 peaks colocalize 

with ERα peaks.  When we compared the RECQ1 peaks with ERα peaks in promoters and gene 

bodies, we found that ~59% of RECQ1 peaks colocalize with ERα peaks and ~36% of ERα 

peaks colocalize with RECQ1 peaks. Our study is the first to report genome-wide RECQ1 

binding sites via ChIP-seq. When we compared our ERα ChIP-seq data with 9 previously 

published ERα ChIP-seq from MCF7 cells (GSM1967545, GSM2257828, GSM986061, 

https://www.genomatix.de/)
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GSM1019125, GSM1187116, GSM1643947, GSM1643949, GSM2752596 and GSM2752590), 

there was ~75-95% colocalization, thus ERα ChIP-seq also served as a positive control for ChIP-

seq experiments. We also performed colocalization of RECQ1 ChIP-seq along with FOXA1 

(ENCFF255FPM), GATA3 (ENCFF477GZL), H3K27ac (ENCFF411FCW), H3K4me1 

(ENCFF983TTS), H3K4me3 (ENCFF862CKA) and H3K9me3 (ENCFF688REP) ChIP-seq data 

that was downloaded from ENCODE. The ChIP-seq peaks were clustered using k-means 

clustering, setting the centers to 3, and using the histone markers H3K4me1 (a marker of 

enhancers) and H3K4me3 (a marker of promoters) for cluster identification. The RECQ1 ChIP-

seq peaks were extended to 5 kb upstream or downstream of the peak when creating the 

heatmaps. 

To explore how genome-wide binding of RECQ1 correlates with estrogen response and the 

binding of transcriptional factors known to be involved in estrogen signaling, colocalization 

analyses were performed between the binding sites of POL2RA (RNA polymerase II) from cells 

collected over a time-course of 0 to 320 min after estradiol treatment [34] and ChIP-seq data for 

RECQ1 (two biological replicates), ERα (two biological replicates, this study), PAX8, REST, 

FOXA1 and GATA3. Publicly available ChIP-seq bed files were obtained from Cistrome 

(http://cistrome.org) [35] and ENCODE: POLR2A (GSM1091921 [control], GSM1091915 [10 

min], GSM1091916 [20 min], GSM1091917 [40 min], GSM1091918 [80 min], GSM1091919 

[160 min], GSM1091920 [320 min]; PAX8 (GSM2828671, GSM2828670), REST 

(GSM1010891), FOXA1 (ENCFF255FPM, GSM1534737, GSM3092505, GSM798437, 

GSM798436) and GATA3 (ENCFF477GZL, GSM986068, GSM1241752, GSM720423). We 

used the genome inspector program of the genomatix genome analyzer to quantify colocalization 

in 5 kb windows between anchor sets for RECQ1 (n=2 datasets), ERα (n=2), PAX8 (n=2), REST 
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(n=1), FOXA1 (n=5) and GATA3 (n=4) and each of the partner sets POLR2A binding sites for 

0, 10, 20, 40, 60, 160 and 320 min (n=1 dataset each). The average of colocalization values for 

each anchor sets were normalized using the time point t=0 for estradiol treatment. The 

colocalization analysis between the RECQ1 binding sites (7,023 peaks) and the transcriptional 

start regions (TSRs, 291,570 regions) was also performed. As per the genomatix genome 

annotation and analysis project, TSRs are defined as regions of the genomic sequence for which 

the experimental evidence for transcription initiation was available. The percent colocalization 

was determined as the fraction of RECQ1 ChIP-seq peaks within the 5 kb of the TSSs. These 

analyses suggest that the genome-wide binding of RECQ1 is correlated with estrogen-induced 

transcriptional dynamics in MCF7 cells and implicate RECQ1 in the estrogen response pathway. 

 

3. Discussion  

RECQ1 is a candidate breast cancer susceptibility gene significantly correlated with clinical 

outcomes of sporadic breast cancer patients. However, the mechanisms by which RECQ1 

helicase acts to suppress breast cancer development, progression and therapeutic response are 

poorly understood.  An unbiased integrative genomics approach allowed us to discover RECQ1 

as a co-factor of ERα, the major driving transcription factor in the mammary gland development 

as well as a master regulator of tumor development and progression and the primary therapeutic 

target in luminal breast cancer which accounts for ~70% of all breast cancer cases [36]. We 

determined the genomic landscape of endogenous RECQ1 binding and compared it with the ERα 

ChIP-seq to show that one third of RECQ1-binding sites are co-bound with ERα genome-wide in 

MCF7 cells.  Transcriptome profiling by RNA-seq revealed estrogen response as the most 

significantly enriched pathway in RECQ1 KD MCF7 cells. Integrating the results from these 
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unbiased experiments as well as taking advantage of publicly available ChIP-seq and RNA-seq 

datasets, followed by functional analysis including cell-based assays, we found that RECQ1 is an 

important determinant of ERα expression and cooperates with ERα by binding to the promoters 

and/or enhancers of a subset of ERα cistrome, thereby promoting the expression of specific ERα 

target genes in breast cancer cells [29]. We are currently investigating how estrogen treatment 

modulates RECQ1 landscape in ERα positive cells, and the subset of genes whose expression is 

commonly regulated by ERα and RECQ1 binding under basal condition and upon estrogen 

stimulation. Experiments using CRISPR/Cas9 edited isogenic MCF7 cell lines reconstituted with 

wild-type or helicase deficient breast cancer risk-associated RECQ1 point mutants will examine 

if the ERα mediated transcriptional regulation and signaling is dependent on RECQ1 helicase 

activity. Overall, this initial elucidation of the RECQ1 as a new component of the regulatory 

machinery underlying ERα transcriptional program provides mechanistic insight to RECQ1’s 

role in breast cancer. A similar experimental approach can be used to identify additional factors 

that cooperate with RECQ1 for regulating disease-driving gene expression changes in breast 

cancer (Figure 2a). 

Although Figure 2 depicts putative roles of RECQ1, the described approach could be broadly 

applicable to investigate the molecular function(s) of other human RecQ homologs [3]. In doing 

so, it is important to consider which cell lines to perform ChIP-seq and RNA-seq experiments 

depending upon the goal of the study and expression levels of the protein of interest. We 

recommend careful evaluation of available antibodies to determine the specificity and 

immunoprecipitation efficiency for a successful ChIP-seq. Specificity of siRNAs for target gene 

knockdown is a critical factor in RNA-seq analyses to minimize off-target effects. When 

available, an isogenic knockout cell line can serve as an excellent negative control for ChIP-seq, 
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and for transcriptome profiling by RNA-seq. Bioinformatic analysis of genome-wide binding 

sites reveals enriched pathways with statistical significance. Functional relevance of genomic 

binding can be assessed by the expression of target gene(s) in knockdown cells. Combining the 

ChIP-seq data with RNA-Seq in control and knockdown or isogenic knockout cells can identify 

functionally and biologically relevant genomic targets RECQ1 and related RecQ helicases. 

Overlap of statistically significant enriched pathways in these two independent and unbiased 

analyses will suggest biological relevance that should be corroborated by functional assays.   

Genome-wide chromatin accessibility is important for global epigenetic control of gene 

expression [37]. Indeed, MCF7 cells lacking RECQ1 have reduced chromatin accessibility at the 

ESR1 regulatory regions indicating a role in facilitating local chromatin states at specific 

genomic loci [29]. Through its robust DNA-binding/unwinding activities, RECQ1 may facilitate, 

at a subset of genomic sites, genome accessibility of transcriptional machinery and transcription 

factors to control physiologically relevant gene expression programs (Figure 2b). In our initial 

study, using a locus-centric approach by Formaldehyde-assisted isolation of regulatory elements 

(FAIRE)-qPCR, we reported that RECQ1 helicase cooperates with FOXA1, the known pioneer 

factor of ERα, to enhance chromatin accessibility and promote ESR1 expression [29]. Profiling 

the genomic targets of RECQ1 by ChIP-seq and integrating that with chromatin accessibility 

data from high throughput sequencing methods [35,38] such as assay for transposase-accessible 

chromatin with high-throughput sequencing (ATAC-seq) [39], DNase I hypersensitive site 

sequencing (DNase-seq) [40], or FAIRE-seq [41] in RECQ1 proficient and deficient cells can 

provide important new information about the chromatin features (e.g. histone marks dictating 

chromatin state) of RECQ1 binding sites genome-wide, and lead to further identification of 

factors that provide specificity to RECQ1 to be recruited at the specific subsets of genomic sites.  
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Gene regulatory function of RECQ1 may also be attributed to its ability to recognize specific 

DNA structures genome wide. We had reported that the promoters of genes downregulated upon 

RECQ1 silencing in triple negative MDA-MB-231 breast cancer cells were significantly 

enriched for G-quadruplex (G4) motifs with potential to form G4 structures [22].  However, the 

functional significance of RECQ1 binding to G4 motifs in vivo [22] and G4 DNA structures in 

vitro [5] has been unclear until very recently. Liu et al. have now demonstrated that the 

endogenous RECQ1 can unfold intramolecular G4 DNA [42]. Thus, RECQ1 may modulate gene 

expression by binding to the G4 motifs and regulating the in vivo stability of G4 structures in the 

regulatory chromatin (Figure 2c, left panel). ChIP-seq of RECQ1 and the G4-specific antibody 

BG4 [43,44], in the presence and absence of G4 stabilizers [45], and integrating that with the 

RNA-seq in RECQ1 proficient and deficient cells should determine RECQ1 associated G4 

structures genome-wide and how that affects transcriptomic changes. 

Transcriptional regulation by G4 DNA depends on the composition of G4 motif sequence, its 

location with respect to transcription start sites, and whether it is present in the template or non-

template strand [46].  Intramolecular G4 DNA on the non-template strand could interfere with 

transcription by impeding the reannealing of two DNA strands behind the RNA polymerase 

complex favoring the formation and stabilization of RNA:DNA hybrids, the so called R-loops 

[45,47,48]. Given that recombinant RECQ1 can bind DNA-RNA hybrids in vitro and the 

availability of a variety of assays to identify endogenous R-loops [49-52], it should be possible to 

use genome-wide approaches to determine whether endogenous RECQ1 has a role at R-loops 

mediated transcriptional outcomes (Figure 2c, right panel).  

Biological functions of RECQ1 helicase are expected to be dictated by interacting protein 

partners, post-translational modifications, and local chromatin features to facilitate specific 
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signaling and regulatory pathways for genome homeostasis. Mechanistic investigation of this is 

likely to have therapeutic implications. For example, RECQ1 as a key cofactor that promotes 

ERα and its target gene expression could have significance as a potential molecular target in 

endocrine therapy for breast cancer. With the availability of high throughput techniques to 

profile DNA-protein interactions and integrating those with epigenomic and transcriptomic 

changes genome-wide, an important next step in understanding the molecular role of RECQ1 in 

breast cancer is to gain a more complete understanding of the mechanisms of genome-wide gene 

regulation by RECQ1 in breast cancer cells, including the involvement of cooperating 

transcriptional partners. Understanding the genomic elements of RECQ1 binding sites (e.g. 

potential secondary structures, histone marks dictating chromatin state) may also elucidate the 

genomic instability in RECQ1-deficiency. Unbiased integrative functional genomics approaches 

as described here can reveal underlying mechanisms by which RECQ1 performs its critical 

functions in genome maintenance and how the genetic or functional loss of RECQ1 results in 

cancer predisposition.  
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Figure Legends 

Figure 1.  Schematic of experimental approach utilized to identify RECQ1-ERα crosstalk. 

Comparing the results from RECQ1 and ERα ChIP-seq revealed significant co-occupancy of 

these proteins in MCF7 cells genome-wide. Transcriptomic analyses in control versus RECQ1 

KD cells revealed estrogen response as the major RECQ1-regulated pathway in MCF7 cells. 

Integrating the results of RECQ1 ChIP-seq and RNA-seq identified a subset of RECQ1-regulated 

genes in MCF7 cells. We utilized siRNA knockdown for transcriptome analysis in our original 
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study but the functions of RECQ1 (or other RecQ protein) can also be investigated following 

shRNA-mediated knockdown or CRISPR-Cas9-mediated knockout in cell lines.  

Figure 2.  Suggested applications of genome-wide approaches to investigate mechanisms of 

transcriptional regulation by RECQ1. Depicted here are the putative roles of RECQ1 but this 

could be broadly applicable to all RecQ helicase homologs in humans. (a) Analogous to its 

crosstalk with ERα and FOXA1, RECQ1 may cooperate with other transcription factors (TF) and 

co-regulators (Co-reg) for regulating the expression of a subset of their target genes, (b) Catalytic 

activities of RECQ1 may facilitate chromatin accessibility of transcription factors and promote 

gene expression, and (c) Structure-specific DNA binding of RECQ1 and its ability to unwind G4 

structures (left) and/or R-loop (right) may alter transcriptional outcomes. RNA polymerase II is 

denoted as RNAP. TSS denotes transcriptional start site.   




