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48 Abstract

49  microRNAs (miRNAS) are important regulators in gene expression. The deregulation
50 of miRNA expression is widely reported in the transformation from physiological to
51 pathologica state of cells. A large amount of differentially expressed miRNAs
52 (DEMSs) have been identified in various human cancers by using high-throughput
53 technologies, such as microarray and miRNA-seq. Through mining of published
54 researches with high-throughput experiment information, the database of differentially
55  expressed miRNAs in human cancers (dbDEMC) was constructed with the aim of
56  providing a systematic resource for the storage and query of the DEMs. Here we
57  report an update of the dbDEMC to version 3.0, containing two-fold more data entries
58 than the previous version, now including aso data from mouse and rat. The dobDEMC
59 3.0 contains 3,268 unique DEMs in 40 different cancer types. The current datasets for
60 differential expression analysis have expanded to 9 generalized categories. Moreover,
61 the current release integrates functional annotations of DEMs obtained from
62 experimentaly validated targets. The annotations can greatly benefit integrative
63 anaysis of DEMs. In summary, dobDEMC 3.0 provides a vauable resource for
64 characterizing molecular functions and regulatory mechanisms of DEMS in human
65 cancers. The dbDEMC 3.0 is freely accessible at https://www.biosino.org/dbDEMC.
66

67 KEYWORDS: miRNA; Cancer; Differentiad expression; Model Organisms;
68 Database
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71 Introduction

72 Since the first discovery of microRNAs (miRNAS) at the beginning of this century,
73  this class of small non-coding RNA has received extensive attention [1]. As an
74  important gene expression regulator acting at the post-transcriptional level, studies
75 havedisclosed the critical role of miRNAs in targeting mRNAS for the degradation or
76  trandationa repression [2]. Till now, atotal of 2,654 miRNASs have been identified in
77 the human genome according to the latest version of miRBase database [3].
78  Significant researches on miRNAs have dramatically expanded our understanding
79 about gene regulatory network and its roles in physiological and pathological
80 conditions, such as in broad spectrums of biological processes including cell cycle,
81 cell proliferation, differentiation, apoptosis and cellular signaling [4, 5]. Owing to the
82 biological significance of MiRNAS, alterations of the miRNAs are linked to the
83 development of many diseases including the cancer [6]. Differentially expressed
84 miRNAs (DEMs) are widely reported to hold great value in the diagnosis or prognosis
85 aswell astreatment targeting for cancer research [7]. The potential use of circulating
86 miRNAs in serum, plasma and other body fluids as non-invasive cancer biomarkers
87  have aso been thoroughly investigated [8].

88 Given the important functions of miRNA in cancer development, severa on-line
89  resources have been built for warehousing information of cancer-related miRNAS,
90 such as the HMDD [9], miRCancer [10], and OncomiRDB [11]. With the
91 development of high-throughput techniques such as microarray and miRNA-seq, large
92 amount of cancer DEMs were identified from miRNA profiling data each year.
93  However, these valuable data were scattered in the vast literatures and it is of great
94  necessity to catalogue them in a favorable way, thus to provide integrative tools for
95 the effective utilization and systematic investigation. With this aim, we developed the
96 initial database of differentially expressed miRNAs in human cancers (dbDEMC) in
97 2010 [12] and further updated in 2017 [13]. To our knowledge, dbDEMC is the only
98 working repository currently available for storing DEMs from de-novo analysis of

99  high-throughput profiling data in human cancers, characteristic with miRNANome
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100 data in various types of cancer. It greatly facilitates the efforts to excavate cancer
101  associated miRNAs and investigate their roles in pathological processes of cancer.
102  While the database could have been much more useful had there been more
103  high-quality dataincluded.

104 In recent years, cancer quantitative miRNA profiling data has been increasing at
105 an unprecedented rate, and given the success of dobDEMC 2.0, this motivates an
106 update of this database. Here we introduce doDEMC 3.0, a significantly expanded
107  version of this database. This update incorporates a substantial amount of new data.
108 Besides the human data, we have also incorporated the miRNA expression profiling
109 data of mouse and rat. A total of 403 datasets of high-throughput miRNA expression
110 encompassing 40 cancer-types, with the results of 807 differential expression
111  analyses, have been included. The present update is nearly doubling the data amount
112  over the previous version. In addition to the expanded data volume, the content of the
113  database has also been enriched. The new database firstly recorded the experimentally
114  validated DEMs targets and also their enrichment analysis on Gene Ontology (GO)
115 and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. In this way, we
116  provided the functional annotation of DEMs for various cancers. Also, the web
117  interface of the database was refined for a better visualization of the aforementioned
118 data Taken together, the dbDEMC 3.0 is a comprehensive resource to systematically
119 characterize the function of DEMs in human cancers as well as other model
120 organisms.

121

122  Data collection and processing

123  Datacollection

124  To compile the datasets, we used the keywords ‘cancer’, ‘tumor’, ‘carcinoma and
125  ‘neoplasm’, in combination with ‘microRNA’ or ‘miRNA’ to conduct an exhaustive
126  search for the microarray based miRNA expression profiles in Gene Expression
127  Omnibus (GEO) [14] and ArrayExpress [15], and further for miRNA-seq based
128 miRNA expression profiles in Sequence Read Archive (SRA) [16]. While the miRNA
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129  profiles of mouse and rat were rapidly accumulating, we also incorporated the miRNA
130 data of the two model organisms in the current update. In addition, we also appended
131 the new miRNA profiling data from TCGA that was released since the last update of
132 dbDEMC 2.0. All theinvolved data were published as of June 2021. The data records
133  were manually reviewed and evaluated rigorously to guarantee that only high-quality
134  data sets were included. To ensure analysis reliability, we required at least three
135 biologica replicates of samples each condition (for both case and control) as usual.
136  Data processing

137  For miRNA profiling data sets based on microarray, we used the same protocol as that
138 of dbDEMC 2.0 to identify the DEMs [13]. Briefly, the expression values were
139  logarithmically transformed (base 2) and quantile normalized. Then the limma (Linear
140 Models for Microarray Data) package was applied to select miRNAs whose mean
141  expression level is significantly different between case and control samples with FDR
142 value< 0.05.

143 For miRNA-seq based profiling data obtained from SRA database, we
144  downloaded the SRA files of raw sequence reads and converted them into FASTQ
145 format using the fastg-dump of SRA Toolkit. Here we included only the data
146  produced on Illumina systems (Genome Analyzer I, 11, 11x, HiSeq 1000, HiSeq 2000,
147  HiSeq 2500, HiSeq 4000, NextSeq, MiSeq). The involving miRNA-seq data was
148 analyzed by using QuickMIRSeq toolkit [17]. This toolkit utilizes the Cutadapt to
149 remove sequence adapters and performs quality control [18]. We collected detailed
150 information of DNA adapters of different miRNA-seq libraries from public resources
151 to guarantee that the adapters can be properly trimmed from the raw reads (Table S1)
152  [19]. The clean reads were then aligned to the reference genome by using Bowtie
153 [20], and miRDeep2 was used to obtain count tables of aligned reads for miRNA
154  quantification [21]. The reads count table was further normalized by using
155 limmavoom [22], and DEMs were then identified. For the datasets obtained from
156 TCGA, we directly used the prepared reads count data for further analysis [23].
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157 Experimental validation of DEMs in low-throughput methods (such as rea-time
158 PCR and northern blot, etc.) were manually collected from the original papers. These
159 types of information were carefully formatted and integrated into our update.

160 Functional annotation

161 For each obtained DEMs set, we collected the experimentally validated targets by
162 using multiMiR [24], which integrate miRNA target data from TarBase [25] and
163 miRTarBase [26]. Then we performed the enrichment analysis of the DEM s targets on
164 GO terms and KEGG pathways by using clusterProfiler package to facilitate the study
165 of context-dependent miRNA functional mechanisms [27]. Enriched GO terms and
166 KEGG pathways were selected where adjusted P value < 0.05. The data collection
167  and curation procedure for dbDEMC 3.0 isshown in Figure 1.

168 Database construction

169 All the data in dbDEMC 3.0 was managed by using MongoDB. The dynamic web
170 interface was developed using JSP and JavaScript. Data visualization was achieved
171  through the tools of vue, jquery, and Echarts, Elasticsearch was used for search
172  engine. The database was developed by Spring Boot framework. Apache Tomcat web
173  server was used for the http server. All the information in dbDEMC 3.0 is freely
174  available to the public domain through https://www.biosino.org./dbDEMC.

175 miRNA cluster annotation

176 A miRNA cluster is defined as set of miRNAs which located adjacent genomic
177  regions in the same or opposite orientation and not separated by other transcriptional
178 units. miRNAs within a cluster are thought to be regulated by common factors and
179 involved in same signaling pathways. According to Kabekkodu SP et al., among 1881
180 precursor miRNAs of human origin annotated in miRBase, 468 of which can be
181  attributed to 153 clusters [28]. Here we obtained these data about miRNA clusters and
182  annotated mature miRNAS by using annotation file from miRBase. Finally, a total of
183 688 (22.8%) mature miRNAs from 143 clusters were annotated in the human genome.
184  Analysis of homogeneous dysregulation pattern of miRNA clustersin cancer

185 For systematic study of co-dysregulation pattern of miRNA clusters in human

186 cancers, we considered all miRNAs associated with specific cancer. miRNAS not
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187 belonging to any cluster and clusters of which at least half the members are not
188 associated with any cancer were discarded. To avoid potential bias introduced by
189  different expression platforms, here we only use the results obtained from TCGA and
190 checked for experimental design of Cancer vs. Norma for 19 kinds of epithelia
191  cancers. We finally obtained 106 unique clusters for these cancer types. A cluster was
192  designated to be homogeneous if at least half of its members show the same direction
193  of expression pattern (either up- or down-regulated). For each cluster, we computed
194  the homogeneous fraction as that of co-dysregulation throughout all cancer types
195 anayzed. A significant P-value for this fraction was calculated as follow: for each
196 cancer type, the expression of al its associated miRNAs was distributed randomly
197  within these miRNAs for 10,000 times, keeping the distribution of up- and
198 down-regulated miRNAs constant for each step. The homogeneous fraction over all
199 cancers was computed, which yields the P-value as the number of sampled
200 homogeneous fractions exceeding the original homogeneous fractions divided by
201  10,000.

202 In order to check whether clustered miRNAs are more enriched in cancer
203  development compared to single miRNA, we calculated an enrichment score of

204  log-odds (LOD) score for each cancer type:

_ - Xg Fan
205 LOD = iagé((‘—rc”c}j (—mem)}
206 Where X. and ¥, denote the number of cluster miRNAs and non-cluster

207  miRNAs for each cancer type, and X, denotes the number of the cluster miRNAs

208 and denotes the number of the miRNAs not contained in any cluster. Here we take
209 into account all known human miRNAs annotated in the human genome, thus
210 designate asthe 688 clustered miRNAs and 900 non-clustered miRNAS. In this case, a
211  positive LOD score indicates enrichment for cluster miRNAs compared to non-cluster
212  miRNAsin aspecific cancer.

213

214 Implementation and results
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215 Database content

216 Inthe current release of dbDEMC, the data of miRNA transcriptome of total 46,388
217 samples from 403 studies of human, mouse or rat were collected from public
218 resources (Table S2). These profiles are derived from 149 subtypes of 40 different
219 cancers and many different cell lines (Table S3). We then performed a systematic
220 analysis on each dataset, and yielded a total of 807 experiments for differential
221  expression analysis. dbDEMC 3.0 now hosts a total of 3,268 differentially expressed
222  miRNAs, among them, 2,584 are specific to human. A total of 160,799 miRNA
223  variatons related to cancers were deposited in our database. The detailed information
224  about number of MIRNAS, cancer types, datasets, and experiments for different
225  specieswas presented in Table 1.

226 Figure 2A depicts the number of DEMs for each type of human cancer. The
227  breast cancer presents a large number of DEMs that 1,833 up-regulated and 1,988
228  down-regulated DEMs had been identified. The number of DEMs from mouse and rat
229  can be found in Figure S1. Whereas Figure 2B demonstrates the number of DEMs
230 vadidated by low-throughput methods across magjor cancers, the brain cancer,
231  colorectal cancer and breast cancer are top ranked cancer types. Figure 2C shows the
232  percentages of experiments for top ranked cancers. The breast cancer accounted 15%
233  of the total experiments and ranked the first of the list. It was followed by colorectal
234  cancer and lung cancer. Whereas the 9 different comparisons, cancer samples vs.
235 normal controls constitutes about half of the total experiments, and followed by
236  comparisons of high-grade versus low-grade cancer samples (Figure 2D). Overall, the
237  sizes of analysis experiments and related literatures in dbDEMC 3.0 have a two-fold
238  increment by comparing with the previous version (Figure S2).

239  New features

240 In the dobDEMC 2.0, we assigned the different experimental designs to 7 different
241  classes: Cancer vs. Normal; High grade vs. Low grade; Metastasis vs. Primary cancer;
242  Subtypel vs. Subtype2; Poor outcome vs. Good outcome; Blood sample of patients
243  vs. Blood sample of normal controls, and also Treatment vs. Non-treatment. In recent

244 years, many studies disclosed exosomes and microvesicles act as cell communication
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245  agents, where miRNA is the most important molecular in exosomes and microvesicles
246  for regulating cancer progression [29]. In addition, circulating miRNAs were aso
247  widely found in body fluids and represent a gold mine of noninvasive biomarkers in
248  cancer [30]. In this update version, we thus added these two classes of experimental
249  design: Exosome sample from patients vs. Exosome sample from control, and Body
250  fluid from patients vs. Body fluid from control. Moreover, for each DEMs set, targets
251 of miRNAs and enrichment information of the target genes in the KEGG pathways
252 and GO terms were deposited in the dbDEMC 3.0, which makes it possible for
253  ingpecting functional mechanisms behind a set of miRNAs.

254  Newly designed web interface

255 The web interface of dbDEMC 3.0 has been significantly refined and improved,
256 alowing better use of the data. The Search page permits users to perform a quick
257  search and extract summarized information of a DEM list across cancer types. Users
258 can also specify the cancer type, experimental design or platform to select the
259  interested experiments (Figure 3A—C). After filtering the experimental results, users
260 can select interested experiments. Detailed information of DEM related experiment,
261  which includes description with the up-regulated and down-regulated miRNAsS, can be
262 accessed. In the functional chart section, heatmap of the DMEs expression,
263  miRNA-target regulatory network for top ranked DEMs, as well as the bubble chart
264  for miRNA targets enriched KEGG and GO terms were presented (Figure 3D). Using
265 a single miRNA query, summary information of the interested miRNA can be
266  retrieved, including the general description of the interested miRNA and differential
267 expression summary heatmap which decided by number of experiments shows up
268 expresson or down expression. In addition, summary statistics tables for both
269  high-throughput data analysis and low-throughput validation data were also displayed
270  (Figure 3E).

271  Analysistools

272 miRBase is the central reference database for miRNA annotation by assigning names
273 and unique gene IDs for novel miRNAs. During its development, some miRNA

274  definition and annotation may have been changed. This leads to the inconsistence of
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275 the miRNA IDs from different data sets, which derived from different miRBase
276  versions and making it difficult for comparing research results for integrative analysis.
277 To solve this problem, we provide a “ID convertor” in our database, by which users
278  could convert miRBase old version IDs to the latest version (v22.0) for the three
279  species of human, mouse, and rat. In addition, other analyzing tools including BLAST
280 and meta-profiling, which are used for sequence similarity search of unknown
281 miRNAs and identify the confident cancer related miRNAs in pan-cancer wide, are
282  aso available in dbDEMC v3.0. For the meta-profiling study, the vote-counting
283  approach was used to calculate the consistent score of differential expression for
284  meta-analysis[31]. Common miRNAs identified in multiple cancer types with similar
285 differential expression pattern may suggest they could have similar regulatory
286  mechanisms and play important rolesin cancer development.

287  miRNA clusters aresignificantly overrepresented in cancers

288 A large proportion of miRNASs localized as conserved clusters in the genome and
289  present similar expression pattern across tissues. It is critical to understand whether
290 miRNA clusters present smilar differential expression across cancers and correlate
291  with the similar pathobiology. Here we obtained human miRNA cluster annotation
292  from public resources, which includes 22.8% (688/2588) of mature miRNAs appear
293 as 143 clusters of at least two members within (Table $S4). We systematically
294  analyzed the homogeneity of expression patterns within miRNA clusters. We
295  excluded those clusters having less than half of all miRNAs annotated from the results
296 of TCGA, which leads to 106 remaining clusters. The clusters are denoted as
297  exhibiting a homogeneous expression pattern if annotated miRNA members are either
298 up- or down-regulated (see Data processing). In total, cancer-associated clusters
299 reveadled homogeneous expression patterns for 74% of all annotated cancer, which
300 confirms the hypothesis of co-regulation pattern of miRNA clusters in cancer. For
301 example, the cluster of miR-142-5p, miR-142-3p, MiR-4736 presents a consistent
302 differential expression pattern in 91% (11/12) of the cancers analyzed (Table S5). A
303 null model by randomly linking miRNA expression patterns (permutation 10,000
304 times within each cancer) indicated 52 clusters (49%, P-value < 0.05) showed a
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305 significantly higher homogeneity pattern in all 19 kinds of cancer compared to that
306 expected by chance (Table S5). These clusters exhibit a homogeneous expression
307 patternin at least 78.5% of all these types of cancer.

308 To further investigate the association of miRNA clusters with different kinds of
309  cancer, we estimated the enrichment of miRNA clusters in cancer-associated miRNAs
310 by using a LOD score. We found enrichment for all 19 kinds of cancer (Figure 4).
311  Within these 19 kinds of cancer, miRNAs located in clusters are, on average, 1.56
312  times (LOD = 0.65) enriched compared to random. In summary, our analyses show a
313  significant enrichment of clustered miRNAs in cancers compare to the single miRNA
314 members, which demonstrated that the different miRNAs within cluster act
315 synergistically in cancer development.

316

317 Discussion

318 Over the last decade, a large amount of miIRNA transcriptome profiles of various
319 cancers have been generated. Many studies have performed miRNA transcriptome
320 analysis to explore the underlying molecular mechanisms of miRNA genes in cancer
321 development [32, 33]. This progress motivated a novel release of doDEMC to keep
322  track of the latest published data. Along with this, we curate these data and provide a
323 platform to facilitate the study of miRNA-cancer associations. For dobDEMC 3.0, it
324  not only contains more miRNA-cancer associations, we also extended our database to
325 the species of mouse and rat, which benefits those studies characterizing the miRNA
326  functional machinery in cancer using the model organisms. Beyond the rapid increase
327  of dataamount, our database now offers many new features and powerful tools for the
328 downstream analysis of DEMSs, such as the integrated target identification and
329 functional enrichment analysis for miRNA-regulated biological processes.

330 One of the key questions of differential expression analysis of miRNAs is which
331 cancer types are regulated by a particular miRNA (miRNA-centric view), or
332 conversely, which miRNAs may involve in a given type of cancer (cancer-centric

333  view). Our databases support both miRNA- and cancer-centric investigations, users
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334 are ableto search miRNAS to determine the spectrum of cancer types that it involved,
335 or to find candidate miRNA list based on reference of the miRBase which link to
336 individual type of cancer. Although studies have indicated false positive and negative
337  records may exist in miRBase, researchers need to be cautious about resources based
338 on references from miRBase [34, 35]. Overadl, we expect that dbDEMC 3.0 could
339 serve as avauable resource with comprehensive data amount and data analysis tools
340 to facilitate the study of DEMs in cancers. In the future, we will continue to make
341 improvements to the functional characterizations as well as integrate more
342  heterogeneous data for the flexible analysis of miRNA functions in various cancers.
343 We believe that the development of dbDEMC database can help accelerate the
344 integration between miRNANome and cancer studies.

345
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Data availability

dbDEMC v3.0 is freely accessible at hitps://www.biosino.org/dbDEMC/.
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472

473  Figurelegends

474  Figure 1 Schematic illustration of the data collection and architecture of the
475 dbDEMC 3.0

476

477  Figure2 $Statisticsof data content in dbDEM C 3.0 for humans

478  A. Number of DEMs from each cancer types identified by high-throughput methods.
479  B. Number of DEMs from major cancer types identified by low-throughput methods.
480 C. The percentage of experiments for major cancer types. D. The percentage of
481  experimentsin seven types of experimental design.

482

483 Figure3 Web interface of dbDEMC 3.0

484  A. Search page. miRNAS can be searched viamiRBase IDs, or filter experiments with
485 interested conditions. B. Filtering result page of experiments. C. Search result page
486  with example miRNAs. D. Experiment page. The page summarizes the description of
487  the experiments and associated differentially expressed miRNA list, functional chart
488 for expression heatmap, regularly network and miRNA targets enriched KEGG
489 pathways and GO terms are also depicted. E. miRNA page. This page mainly consists
490 of four sections: miRNA Summary, Expression Profile and Expression Detail and
491  Vadlidation.

492
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493 Figure4 miRNA cluster enrichment for 19 kinds of cancer

494  For each cancer type, the log-odds (LOD) score is plotted. There is an enrichment of
495 miRNA cluster members for all 19 kinds of cancer (100%, P-value < 1e-4). Within
496 these 19 types of cancer, miRNAs located in clusters are, on average, 1.56 times
497 (LOD = 0.65) enriched compared to random.

498

499 Tables

500 Tablel Summary of the data content of the current release of dbDEMC

501

502

503 Supplementary material

504 Figure S1  Number of differentially expressed miRNAs identified by
505 high-throughput methods for each cancer type. A. Number of DEMs for mouse; B.
506  Number of DEMsfor rat.

507

508 Figure S2 Increasing number of experiments for each cancer type. The number
509 of experiments for each cancer type in dbDEM C v3.0 and v2.0 are depicted.

510
511 TableSl Adaptersfor miRNA-seq kitsfor thelllumina platform.
512

513 Table S2 The table below lists datasets collected from public resources,
514  including the GEO, ArrayExpress, SRA and TCGA. The Source Data ID, PubMed
515 1D, Species, Cancer Type, platform ID and the total number of samples for each
516  dataset werelisted.

517

518 Table S3 Cancer types and associated subtypes and cell line names covered in
519 dbDEMC 3.0.

520
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521 Table S4 All miRNA clusters and associated miRNA [Ds identified. A total of
522 143 miRNA clusters and associated 688 human mature miRNAs were obtained in the
523  human genome.

524

525 Table S5 miRNA clusters showing a homogenous expression pattern in all 19
526  kinds of cancer. T: number of cancers for which each cluster showing a
527  homogeneous expression pattern; F: number of diseases for which each cluster shows
528  no homogeneous expression pattern; Homogeneous-fraction: number of diseases for
529  which each cluster shows a homogeneous expression pattern for each miRNA cluster
530 asdefined; P-value: estimate by randomly linking miRNA-expression patterns 10,000
531 timeswithin each cancer.

532
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