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Abstract

Background: Breast cancer is a major cause of cancer related death in women worldwide.
Molecular diagnostic markers that are detectable in early-stage breast cancer can ad in
effective clinical intervention. Circular RNAs are a recently identified group of non-coding
RNA with potential role in cancer development and progression. In this study, we aimed to
identify circular RNAs specific for early stage breast cancer. Method: Circular RNA
expression profile was analyzed in early-stage breast cancer tissues (N=5), matched normal
counterparts (N=5) and absolute normal samples (N=5) by RNA-sequencing that enables a
comprehensive analysis of RNA expression across the transcriptome. Two different
algorithms, find_circ and DCC were used to identify the differentially expressed circular
RNAs. Results: A total of 58 and 87 circular RNAs were found to be differentialy
expressed by find_circ and DCC algorithms, respectively, among which 26 circular RNAs
were common. Hsa circ_0001946 (CDR1-as) was found to be upregulated in early stage
breast cancer along with other novel circular RNAs (hsa_circ_0008225, hsa_circ_0007766,
hsa_circ_0016601). We aso found that a few of the identified circular RNAs harbor
microRNA binding sites which can lead to microRNA sponging activity and pre-microRNA
sequences which can generate mature microRNAS. The identified circular RNAs that are
differentially regulated in early stage breast cancer can be of potential diagnostic/prognostic
importance. Conclusion: Circular RNA are differentially expressed in the early-stage breast
cancer with potential application in early diagnosis and prognosis. The differentially
expressed circular RNA can sequester microRNA and can act as microRNA precursor as
well.
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INTRODUCTION

Breast cancer is the leading cause of cancer related deaths among women with 1.6 million
new cases and 0.52 million deaths each year *. Early detection can aid in better treatment
outcomes. In recent years, non-coding RNA comprising different types of small and long
non-coding RNA have shown to be dysregulated in cancer with accumulating evidence in
diagnosis and prognosis 2°. Circular RNAs (circRNA) are a large group of emerging non-
coding RNA that result from back splicing of linear RNA. Circular RNASs are covaently
closed circular single stranded RNA molecules lacking both 5'-cap and 3'-tail °. Classified
under the group of non-coding RNA, it is interesting to note that circular RNAs with ORF
and IRES sequence can also code for peptides and therefore are a hybrid set of RNA with
both structural and functional importance ’. High-throughput sequencing and algorithms like
find_circ, CIRCexplorer, CIRI, DCC etc have aided in emerging number of circular RNAS.
Few databases like circRNADDb and circBase have listed 32914 (exonic) and 92375 circular
RNAsS respectively reported from various studies ®°. Circular RNA contain a combination of
exon or intron or an untranslated region of a linear RNA . The most common spliced-out
forms of circular RNAs carry exonic sequences of the parental transcript. But those circular
RNAs harboring UTR sequence and with intronic features may possess regulatory function.
The differentially expressed circular RNAs are attributable to molecular events in
carcinogenesis. Circular RNAs are reported to be deregulated in hepatocellular carcinoma,
esophageal squamous cell carcinoma, colorectal cancer, bladder cancer and breast cancer
1011 A recent study found, circGFRA1 5-7 overexpression in estrogen receptor positive
(ER+) breast tumors while circ_ RPPH1 and circ ERBB2_7-11 were abundantly expressed
in human epidermal growth factor receptor 2 positive (HER2+) breast tumors samples but
their role corresponding to the subtypes are yet to be elucidated *2. Similarly circ-FOXO3
was observed to be downregulated in human breast cancer tissues while its ectopic
expression induced apoptosis in mouse xenografts. Circ_103110, circ 104689 and
circ_104821 were previously reported to be more of diagnostic use in infiltrating ductal
carcinoma **. Moreover, circular RNAs are abundantly found in bodily fluids like saliva,
serum and also sorted into exosomes *°. Hence, detectable circular RNAs specific to

early stage breast cancer can be of immense importance in diagnosis and prognosis.

Understanding about the functional role of circular RNAs in tumorigenesis and progression
isstill at its early stage. The structure of circular RNA provides alonger half-life, increasing

the probability of interaction with other biomolecules *’. Most common role as competing
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endogenous RNAs is a well-known function of circular RNA. Circular RNA CDR1-as
through its sponging activity was shown to hamper miR-7 mediated gene regulation CDR1-
as apart from sponging, can act as buffer by sustained release of miR-7 or as a reservoir
when miR-671 cleaves CDR1-as using RISC assembly to mediate control of targets *. The
miR7-CDR1-as regulation has been associated with hepatocellular carcinoma and other
disorders *°. Various circular RNAs have been shown to repress microRNA, altering its
function in breast cancer. Hsa_circ_0001982, circABCB10 and circRAK3 were reported to
be sponging mMiR-143, miR-1271 and miR-3607 respectively leading to breast
carcinogenesis and metastasis %, Nevertheless, newly identified breast cancer specific
circular RNA will disclose potential circular RNA-microRNA relationship uncovering

unknown underlying ncRNA interactions contributing to breast carcinogenesis.

In this study, we have attempted to identify circular RNAs differentially expressed in early
stage breast cancer using RNA-sequencing. The assessment of potential circular RNA-
microRNA interaction revealed multiple binding sites for microRNA, suggesting that the
sponging of microRNA or Argonaute mediated degradation of circular RNA may be the
dual outcome of these interactions. In addition, we have aso explored the function of
circular RNAs harboring sequences with the potential to yield mature microRNA. Overall
we have identified aberrantly expressed circular RNAs in early stage breast cancer, which
may be used as stable diagnostic and prognostic biomarkers based on further evaluation.

MATERIALSAND METHODS
Study samples

Tissues were surgical specimen obtained from tumor bank at Cancer Institute (WIA),
Chennai, India. Breast cancer cases of stage I-11A were selected for the study. Tumor tissue
(N=5) sections were histo-pathologically confirmed to contain more than 70% of tumor
cells. Adjacent normal breast tissue from the same patient were used as matched normal
samples (N=5). From patients undergoing surgery for non-malignant breast conditions,
tissues samples distally away from the pathological indication within the breast were used as
normal samples (N=3) (Supplementary Table 3). All the surgical specimens were obtained
after informed consent from the participants. The study was conducted in accordance with
the Declaration of Helsinki, and the protocol was approved by the Cancer Institute Ethical
Committee, Cancer Ingtitute (WIA), on 24-10-2013 (Project title: Identification and
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functional characterization of non-coding RNAs (IncRNA/microRNA) in early stage breast
cancer). The RNA sequencing data was deposited in SRA (Accession ID: SRP156355).

RNA-sequencing

Total RNA isolated from frozen tissues was depleted for ribosomal RNA using the Ribo-
Zero Gold rRNA removal kit (Illumina, USA). The cDNA libraries were prepared using
TruSeq Stranded Total RNA Library Prep kit (Illumina, USA) following standard protocol.
Quality profile of library was assessed using Bioanalyzer 2100 (Agilent, Santa Clara, CA)
and 100 bp PE sequencing was carried out by HiSeq 2000 (I1lumina, San Diego, CA).

| dentification of circular RNAs

FASTQ files were mapped against human reference genome (hg38) using bowtie2. The
unmapped reads from BAM files were used as input for find_circ algorithm “. Briefly, the
20-mer sequence from both ends of the unmapped reads were aligned against the anchor
position within the spliced exon. BED files were filtered for circular RNAs with
unambiguous breakpoints carrying characteristic GT/AG splice sites and a head-to-tall
reverse alignment of the anchors. These circular RNAs obtained were filtered by 5 unique
back spliced reads in at least one sample and > 2 reads in minimum of 2 out of other
biological replicates of each group *'.

We used another algorithm DCC developed to detect circular RNAS using output from
STAR read mapper and refine data with series of inbuilt filters “**°. Reads were mapped to
hg38 reference genome and ENSEMBL GrCh.38.37 GTF file using STAR alignment tool to
obtain information on chimeric splice junctions. The generated ‘chimeric.out.junction’ file
contains chimerically aligned reads including circular RNA junction spanning reads.
Circular RNAs identified by both tools were then annotated using circus R package using
UCSC hg38 TxDB. The differential expression of circular RNAs detected by both find_circ
and DCC was carried out using DESeg2 R package. Circular RNAs with [fold change| > 2
and p-value < 0.05 were considered to be differentially expressed between sample group.

MicroRNA —circular RNA interaction prediction

MicroRNA target binding sites of circular RNAs were predicted using Circlnteractome web
tool *°. Circlnteractome uses TargetScan's Perl script for prediction of microRNA with
exact 7-mer or 8-mer seed sequence, complementing the mature circular RNA sequence.

Cytoscape was used to visualize circular RNA-microRNA interaction. For circular RNAs


https://doi.org/10.1101/506246

bioRxiv preprint doi: https://doi.org/10.1101/506246; this version posted December 25, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

acting as microRNA precursor, the mature sequences of circular RNA were searched for
stem-loop microRNA sequence using BLAST tool in mirBASE.

RESULTS
Expression signature of circular RNAsin breast cancer

RNA seguencing of breast tissues resulted in approximately 89 million reads which were
filtered for unmapped reads using bowtie2. The unmapped reads were used for identification
of circular RNAs using two different algorithms, find_circ and DCC. Find_Circ tool was
used to identify circular RNASs by converting unmapped reads to the anchor fastq file using
unmapped2anchors.py. The identified number of circular RNAs varied between samples
across all groups with a minimum number of 2958 circular RNAS to a maximum of 21214
circular RNAs. About 1769 circular RNAs were found to carry unique back spliced reads in
at least three samples and circular RNASs left after filtering by reads in individual sample
ranges from 560 to 1632. Likewise, 1413 overlapping circular RNAs were detected by DCC
analysis, which ranges from 1179 to 1412 among the samples [Tablel].

The genomic features of identified circular RNAs show that exonic circular RNAs are the
most abundant class accounting for 78 % obtained from find_circ and 75.8 % from DCC.
Circular RNAs consisting of 5’ UTR-exon (13.1% & 14.6%) and exon-3' UTR sequence (2%
& 2.7%) also contributed to the number of identified circular RNAs through find_circ and
DCC respectively [Figure 1]. Circular RNASs arising from exon-intron and intergenic regions
and others (5'UTR-3'UTR, UTR-tx, exon-tx etc) were ranging from 2.9 — 0.5%. The results
show that mgjority of circular RNAs carry exon-exon sequence arising due to mRNA

splicing and circularization.
Differentially expressed circular RNAsin breast tumors

Among 1769 and 1413 circular RNAs identified using find_circ and DCC, respectively,
1516 and 1270 circular RNAs were annotated using CircBase reference. Hierarchal
clustering shows the grouping of samples distinctively into tumor-matched normal and
normal illustrating the characteristic expression of circular RNAs associated with breast
cancer [Figure 2]. Almost al of the down-regulated circular RNAs (hsa circ_0001064,
hsa _circ_0001073, hsa_circ_0001097, hsa circ_0001400 etc.) were expressed at relatively

low levels in tumor and matched normal tissues in comparison to normal tissues. However,
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two circular RNAs, hsa circ_7386 (circCRIM1) and hsa circ_8345 (circPTK2) were
downregulated in tumor relative to both matched norma and normal tissue samples. The
results establish breast cancer specific circular RNASs deregulated in tumor compared to
normal tissue obtained from the same patient. Expression variation between normal breast
tissue and tumor tissue illustrate distinct circular RNA signature profile specific to early
stage breast cancer. DEseg2 analysis on circular RNA identified by find circ showed 58
differentially regulated circular RNAs (30 upregulated and 28 downregulated), whereas 87
deregulated circular RNAs consisting of 61 upregulated and 26 downregulated candidates
resulted from DCC-identified circular RNAs. Several common deregulated circular RNAS
were found when tumor samples were compared to matched normal and normal separately
(Supplementary Table 1 and 2). In total 26 circular RNAs (13 upregulated and 13
downregulated) were found to be differentially regulated in both find_circ and DCC based
analysis [Table 2].

Based on normalized read counts from both pipelines, the expression status was plotted to
specifically identify candidate circular RNAs differentially expressed in early stage breast
cancer. Among the upregulated circular RNAS, hsa_circ_0001946 (CDRlas) showed a high
expression in tumor tissues and matched normal tissue when compared with normal.
Similarly, hsa circ_0000117 (circMAN1A2) and hsa circ_0023990 (circNOX4) were also
observed with increased expression levels in both tumor and matched normal tissue.
Hsa circ_0008225 (circZMYND11) and hsa circ_ 0016601 (circDNAH14) were
specifically upregulated in tumor tissues compared to matched normal and normal tissue.

MicroRNA sponging by circular RNA

The sponging potential of circular RNA was predicted using the web tool Circlnteractome.
Exact seed sequence match of 7mers or 8mers for the 26 circular RNAs that were
differentially expressed in both find_circ and DCC were predicted. About 223 microRNA
were predicted to be sponged by these 26 circular RNASs through 495 interactions. About 40
interactions were filtered by considering circular RNAS carrying at least 2 binding sites for
single microRNA [Figure 3]. Hsa_circ_0001946 was found to harbor the highest number of
microRNA binding sites with 73 binding regions for miR-7. We speculate that
hsa_circ_0001946 may be a specific biomarker for breast cancer with possible functional
role through sponging of microRNA. In addition, hsa_circ_0006950 was predicted with 2-3
binding sites for about 6 microRNA. Similarly, hsa circ_00256765 showed binding sites for
four microRNA; hsa circ_ 0016001 and hsa circ_0001519 harbored binding sites for 3
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microRNA each [Table 3]. Hence we hypothesized that the identified differentially
expressed circular RNAs carrying multiple microRNA binding sites could alter microRNA
function by sponging.

Circular RNA act as precursorsfor microRNA

The secondary structure of circular RNAs showed several stem loop structures resembling
pre-microRNA structure. The mature circular RNA sequences were checked for carrying
pre-microRNA that can generate microRNA. Of the circular RNAs identified,
hsa _circ_ 0001519 was found to contain precursor sequences for 5 microRNA while
hsa_circ_0007766 contained precursor sequences for 4 microRNA [Table 4]. Five circular
RNAs, namely hsa _circ_0002346, hsa_circ_0001064, hsa circ_0002496, hsa_circ_0000639
and hsa_circ_0001073, were predicted to yield 3 microRNA each. Hsa circ_0007766 was
predicted to give rise to miR-370, commonly upregulated microRNA in breast cancer.
Besides, miR-141 and miR-372 were predicted to be processed from circ_0008225 and
circ_0002496 respectively had been previously reported to possess tumor suppressive

property.

DISCUSSION

Circular RNAs are emerging non-coding RNA recognized with immense potentia in
controlling regulatory events, playing significant role in different diseases including cancer.
Several studies have established the differential expression of circular RNAS in tumor
tissues compared to normal tissue in a range of cancer types . Circular RNAs were also
detectable in circulation especially enriched in exosomes indicating their significance as
non-invasive tumor biomarkers *#. Recent findings on circular RNA/microRNA axis of
gene expression regulation demonstrate higher degree of complexity. Therefore,
interrogating circular RNAs can uncover multiple fundamental mechanisms in cancer.
Identification of circular RNAs is challenging with the current tools available. Although we
have several pipelines for identifying circular RNAS, all of them are back-spliced junction

based detection methods with minor variations %°.

In our study, we combined the power of RNA sequencing that enables a comprehensive
analysis of RNA expression across the transcriptome, with two different pipelines to detect
circular RNAs in a set of tumor, matched normal and normal samples. Find_circ utilizes the

unmapped reads from bowtie2 to identify back-spliced junctions while DCC detects circular
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RNA through splice aware aligner STAR. The number of deregulated circular RNAs varied
between find_circ and DCC but 944 common circular RNAs were found among a total of
1769 (find_circ) and 1413 (DCC) predicted circular RNAS. It was interesting to observe that
the genomic landscape of most circular RNAs was exonic followed by 5 UTR-exon and
exon-3'UTR, implicating mgor contribution from mRNA splicing. The circular RNA
transcripts with intron and UTR sequence can sequester microRNA especially the exonic-
J'UTR circular RNAs which may harbor multiple microRNA response elements.
Upregulation of such circular RNAs will compete for microRNA affecting target mRNA
levels. In this study, early stage breast tumors (Stage I-11A) were taken for investigation
along with matched normal and normal tissues to delineate relevant circular RNAs. Most
importantly, differentially regulated circular RNAs among tumor-matched normal samples
indicated prime circular RNA candidates (hsa_circ_0002496 and hsa_circ_0006743) that are
deregulated in individuals with cancer or having a predisposition for the disease. These
circular RNAs, apart from diagnostic use, can be verified for risk association with breast
cancer. Similarly, hsa circ 0000639 and hsa circ 0025765 are novel circular RNAs
identified to be upregulated in tumor tissues compared to normal breast tissue. Certan
circular RNAs (hsa_circ_0007766 and hsa circ_0016601) were overexpressed exclusively
in tumor tissues when compared to the adjacent normal tissue. However, these circular
RNAs when associated with subtypes can be more informative on treatment response.
Recently, circular RNA expression was evaluated using TCGA-BRCA data correlating
subtypes and risk of relapse, indicative on the use of circular RNAs in clinical application %°.
Moreover, few circular RNAs like circRNA-MTO1 and circ_0006528 have been associated

with chemo-resistance in breast cancer 2%,

Circular RNA-microRNA interaction has proved to be a potential mechanism of gene
regulation that plays significant role in breast cancer progression. The sponging of mir-1271
and miR-143 by circ-ABCB10 and hsa _circ_0001982 respectively has been demonstrated

earlier with breast cancer %%

. In our analysis, we observed that hsa circ_0001946, also
known as CDR1as, is differentially regulated in early stage breast tumors. Overexpression of
CDR1as decoys miR-7 with its 73 binding sites causing tumor promotion through epithelial-
to-mesenchymal transition, invasion and metastasis ***!. Oncogenic potential of CDR1as
through miR-7 sponging has been shown in gastric cancer and carcinoma of liver, esophagus
and lung ******, Since miR-7 has several proven targets like CCNE1, PIK3CD and KLF4,

one or more pathways seems to be affected by CDR1as. Besides miR-7, CDRlas also
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sponges other microRNAs like miR-135a, miR-1290, miR-876-5p, miR-671-5p *%
Nevertheless, dysregulated CDR1as expression and sponging of particular microRNA
hugely determine their functional role in tumor development. Similarly, hsa_circ_0006950
was another circular RNA overexpressed in our study samples that was predicted with 6
microRNA binding sites. Notably, microRNA like miR-1184, miR-127-5p and miR-516b
that can be sponged by the identified circular RNAs have previously been associated with
prognosis of breast cancer *%. Other circular RNAs interacting microRNA such as miR-
433, miR-151, miR-182, miR-136 and miR-543 have been previously associated with breast
cancer development **. Under normal physiological condition, most of the circular RNAs
are expressed at low levels “°. However, high expression of circular RNAs can determine
microRNA activity by either decoying or utilizing Argonaute-associated microRNA forming
the silencing complex. The expression of circular RNAs can hence be detrimental to the
expression or availability of such microRNA. Nevertheless, it is warranted to evaluate the
regulatory relationship between circular RNA and microRNA experimentally. Although we
have identified novel circular RNAs differentially expressed in early stage breast cancer, the
main limitation of our study is the requirement of validation in a larger series of samples
with clinical correlation. Another major limitation of the study is adapting the mature
circular RNA sequence retrieved from database instead of the sequence read from our
analysis. As a result, any novel splice junction creating new microRNA binding sites from

our analysis may not be addressed.

In summary, we have used two different circular RNA detection tools to identify aberrantly
expressed circular RNAs in breast cancer. We have identified 26 circular RNAs
differentially expressed between tumor and normal. Further, we have explored circular
RNA-microRNA interaction and reported multiple microRNA binding sites that can aid in
its sponging function. Interestingly, some circular RNAs were found to harbor pre-
microRNA sequence, thus having possibility to act as precursors for microRNA of relevance
in breast cancer. This study identifies novel breast cancer associated circular RNAs that can

be explored for diagnostic and prognostic potential.
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TABLES
Tablel: Identified number of circular RNAS

Samples Find_circ DCC identified Number of
circular RNAs circular RNAs
in common
Number of Filtered circular
circular RNAs RNAs

T-1 7698 560 1194 421
T-2 10309 1055 1392 700
T-3 12415 1396 1395 828
T-4 19041 1632 1412 921
T-5 11436 1373 1403 840
MN-1 6475 695 1307 510
MN-2 12717 1269 1405 813
MN-3 10987 1323 1392 821
MN-4 12857 1239 1350 767
MN-5 6265 918 1303 611
N-1 21214 1604 1409 926
N-2 15729 1385 1394 869

N-3 7000 885 1179 643
Note: T —tumor, MN- Matched normal, N- Normal
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Table 2. List of differentially regulated circular RNAs in early stage breast cancer

Circular RNA MN-T vsN TvsMN TvsN Parental

(logoFC) (logoFC) (logFC) Gene

DCC  find_circ DCC find  DCC find_circ
Circ

hsa_circ_0000117 113 1.08 - - 111 1.05 MAN1A2
hsa_circ_0000283 165 263 - - - - CSTF3
hsa_circ_0000639 - - - - 2.05 2.61 ETFA
hsa circ 0001064 -1.17 -2.68 - - - - EPB41L5
hsa_circ_0001073 - - - - -1.56 -1.32 ACVR2A
hsa circ_ 0001097 -1.37 -1.51 - - - - PIKFYVE
hsa_circ 0001400 -1.25 -1.35 - - -1.20 -1.36 RELL1
hsa circ 0001519 -1.24 -1.45 - - -1.25 -1.34 MANZ2A1
hsa_circ_0001946 210 158 - - 2.00 1.47 AL078639.1
hsa_circ_0002346 - - - - -2.10 -1.85 CRIM1
hsa_circ_0002496 228 4.02 - - 242 4.10 APPBP1
hsa_circ_0003247 - - - - 1.19 1.09 ASHIL
hsa_circ_0004069 -1.30 -1.43 - - -1.72 -2.01 SLC37A3
hsa circ 0006743 218 4.77 - - - - IMJID1C
hsa circ 0006884 -1.17 -15 - - -1.12 -1.45 TIMMDC1
hsa_circ_0006950 - - 137 197 - - TRPS1
hsa_circ_0007386 - - - - -1.71 -1.65 CRIM1
hsa_circ_0007766 - - 3.14 3.03 - - ERBB2
hsa circ 0007897 -1.17 -1.98 - - - - BOC
hsa_circ_0008225 - - 2.19 249 1.96 201 ZMYND11
hsa_circ_0008311 113 125 - - - - STAM
hsa_circ_0008345 - - - - -1.29 -1.64 PTK2
hsa _circ 0009069 -1.06 -1.61 - - - - PHF8
hsa_circ_0016601 - - 3.58 3.58 - - DNAH14
hsa _circ_0023990 172 243 - - 1.99 2.85 NOX4
hsa circ 0025765 -1.59 -1.73 - - -2.01 -1.96 TMTC1

Note: T —tumor, MN- Matched normal, N- Normal; Log2FC - p< 0.05
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Table 3. List of circular RNAs with predicted number of miRNA binding sites

circular RNA

micr oRNA

0
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hsa circ 0001400

hsa-miR-1227
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hsa-miR-1184

hsa-miR-1205
hsa-miR-1238

hsa-miR-127-5p

hsa-miR-516b

hsa-miR-520f

hsa_circ_0007766

hsa-miR-1184
hsa-miR-187

hsa circ_0007897

hsa-miR-184

hsa_circ_0008345

hsa-miR-151-3p
hsa-miR-182

hsa_circ_0016601

hsa-miR-136

hsa-miR-543
hsa-miR-548k

hsa_circ_0025765

hsa-miR-1299

hsa-miR-433

hsa-miR-543

hsa-miR-549
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Table 4. List of circular RNAs predicted to be a precursor for microRNAs

Circular RNA Number of microRNAs MicroRNA
originated

hsa_circ_0007766 3 hsa-miR-6865; hsa-miR-3155a; hsa-
miR-370

hsa_circ_0002346 3 hsa-miR-1263; hsa-miR-12118 ; hsa-
miR-7114

hsa_circ_0008225 2 hsa-miR-141; hsa-miR-19a

hsa_circ_0001064 3 hsa-miR-3612; hsa-miR-4447; hsa-
miR-9986

hsa_circ_0008311 2 hsa-miR-6504; hsa-miR-517a

hsa_circ_0001097 2 hsa-miR-211; hsa-miR-548ay

hsa_circ_0001519 5 hsa-miR-5195; hsa-miR-3913-1; hsa-
miR-3913-2 ; hsa-miR-6864; hsa-miR-
379

hsa_circ_0002496 3 hsa-miR-372; hsa-miR-450b; hsa-miR-
450a-2

hsa_circ_0006884 2 hsa-miR-3152; hsa-miR-548am

hsa_circ_0007897 2 hsa-miR-1266; hsa-miR-3085

hsa_circ_0000639 3 hsa-miR-2681; hsa-miR-548Kk ; hsa-
miR-4299

hsa_circ_0001073 3 hsa-miR-6129; hsa-miR-449a; hsa-
miR-563

hsa_circ_0007386 2 hsa-miR-1263; hsa-miR-7114
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FigureLegends

Figure 1: Genomic features of identified circular RNAs in early stage breast cancer

Figure 2: @ Heatmap of differentially expressed circular RNAs by find_circ (N= 58) b)
Heatmap of differentially expressed circular RNAs by DCC tool (N= 87), c) commonly
deregulated circular RNAs in both find_circ and DCC in early stage breast cancer (N= 26)

Figure 3. Network of circular RNAs and binding microRNAs in early stage breast cancer.
Green circles represent circular RNAs and round squares represent microRNAS, intensity

marked by colour gradation indicate microRNA binding sites.

Supplementary Materials: Supplementary Table 1: List of differentially regulated
circRNA identified by find_circ between tumor, matched normal samples and normal
samples. Supplementary Table 2: List of differentially regulated circRNA identified by DCC
between tumor, matched normal samples and normal samples. Supplementary Table 3.

Clinico-pathological characteristics of samples
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