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Abstract

Drug resistance is a major barrier in cancer treatment and anticancer drug development. Growing evidence indicates that non-coding RNAs (ncR-
NAs), especially microRNAs (miRNAs), long non-coding RNAs (IncRNAs) and circular RNAs (circRNAs), play pivotal roles in cancer progression,
therapy, and drug resistance. Furthermore, ncRNAs have been proven to be promising novel therapeutic targets for cancer treatment. Revers-
ing dysregulated ncRNAs by drugs holds significant potential as an effective therapeutic strategy for overcoming drug resistance. Therefore,
we developed ncRNADrug, an integrated and comprehensive resource that records manually curated and computationally predicted ncRNAs
associated with drug resistance, ncRNAs targeted by drugs, as well as potential drug combinations for the treatment of resistant cancer. Cur
rently, ncRNADrug collects 29 551 experimentally validated entries involving 9195 ncRNAs (2248 miRNAs, 4145 IncRNAs and 2802 circRNAs)
associated with the drug resistance of 266 drugs, and 32 969 entries involving 10 480 ncRNAs (4338 miRNAs, 6087 IncRNAs and 55 circRNAs)
targeted by 965 drugs. In addition, N cRNADrug also contains associations between ncRNAs and drugs predicted from ncRNA expression profiles
by differential expression analysis. Altogether, ncRNADrug surpasses the existing related databases in both data volume and functionality. It will
be a useful resource for drug development and cancer treatment. ncRNADrug is available at http://www.jianglab.cn/ncRNADrug.
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Introduction mately leads to treatment failure and recurrence. Cancer cells

Cancer is a leading cause of death worldwide, posing a seri-
ous and long-term threat to human health (1). Chemotherapy
continues to serve as the first-line therapeutic approach for
cancer patients. However, the emergence of drug resistance
significantly impacts the efficacy of chemotherapy, and ulti-

develop resistance to drugs through various mechanisms, such
as drugs efflux, DNA repair and so on (2).

More and more evidence has been proved that non-coding
RNAs (ncRNAs), especially microRNAs (miRNAs), long non-
coding RNAs (IncRNAs) and circular RNAs (circRNAs), play
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crucial roles in regulating the occurrence and progression of
various cancers, and are closely associated with drug resis-
tance. For instance, miR-149-3p promotes cisplatin resistance
in ovarian cancer by targeting CDKN1A and TIMP2 (3). Also,
perturbations of ncRNAs can directly or indirectly influence
downstream targets and signaling pathways, making ncRNAs
as a new class of drug targets. For instance, Sorafenib medi-
ates the dysregulation of the IncRNAs GASS, HOTTIP and
HOXA-AS2 in a panel of human cancer cell lines (4).

Due to the importance of ncRNAs in regulating drug resis-
tance, multiple databases collecting associations between ncR-
NAs and drugs have been developed, including our previously
developed SM2miR (5), D-Inc (6) and ncDR (7), and others,
such as miREnvironment (8) and NoncoRNA (9). However,
these databases tend to focus primarily on one type of associa-
tion, either drug response or drug target. There is no database
that systematically integrates these two types of associations
with up-to-date data. Therefore, it is necessary and highly de-
sirable to construct a centralized resource of ncRNAs associ-
ated with drug resistance, ncRNAs targeted by drugs, and po-
tential drug combinations for the treatment of resistant cancer.
To fill this gap, we developed ncRNADrug, which collected
curated and predicted associations of ncRNAs and drugs.

Materials and methods

Data collection

First, we conducted a comprehensive search in the PubMed
database using a list of keywords, such as ‘drug and IncRNA’,
‘drug response and circRNA’ and others (Supplementary Ta-
ble S1, Supplementary Table S2). Subsequently, we screened
the literature by reading abstracts, retaining only those re-
lated publications with clinical or experimental evidence. Sec-
ond, we manually extracted the detailed information of exper-
imentally validated ncRNA and drug associations from more
than 9000 published papers. The detailed information includ-
ing ncRNA information (name, ID, type), drug information
(name, DrugBank ID, PubChem CID, FDA approved or not),
pattern (up-/down-regulated or resistant/sensitive), ncRNA
target and pathway, experimental technique (e.g. qRT-PCR,
microarray, and RNA-seq), confidence of experiment (low-
or high-throughput), species, experimental sample (cell line
and/or tissue), phenotype, evidence and reference (PubMed
ID, title, published year). In addition, the information in
our SM2miR, D-Inc and ncDR were also integrated into the
ncRNADrug database. Third, the information about ncR-
NAs, drugs and phenotypes was further standardized. miR-
NAs were mapped to miRBase (miRBase Accession). IncR-
NAs were mapped to Ensembl (Ensembl Gene ID) and NON-
CODE (NONCODE GENE ID). circRNAs were mapped to
circBase (circRNA ID). Drugs were mapped to DrugBank
(DrugBank Accession Number), PubChem (PubChem CID)
and DTP/NCI (NSC Number). Cancer names were unified as
the definition in TCGA.

To predict ncRNAs associated with drug resistance,
we firstly obtained ncRNA expression profiles in drug
resistant/sensitive tissues and cell lines from GEO database.
Also, miRNA and IncRNA expression profiles, as well as drug
response data were extracted from NCI60 (10), TANRIC (11),
GDSC (12) and CCLE projects (13). Data statistics are shown
in Supplementary Table S3. Next, we performed differential
expression analysis of ncRNAs between drug resistant and
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sensitive samples. The differentially expressed ncRNAs were
considered as the potential ncRNAs associated with drug re-
sistance.

To predict ncRNAs targeted by drugs, we firstly obtained
drug-perturbed ncRNA expression profiles from GEO and
Connectivity Map (CMap) databases. Data statistics are
shown in Supplementary Table S3. Next, differentially ex-
pressed ncRNAs under drug perturbation were identified as
the potential drug target ncRNAs.

Data processing for prediction of ncRNAs
associated with drug response

GEO. (i) Obtain dataset. We searched all series in the GEO
database using the following combination of keywords: (‘drug
resistance’ OR ‘drug sensitive’ OR ‘drug response’) AND
(‘miRNA” OR ‘IncRNA’ OR ‘circRNA’). Filter criteria as
follows: Study type: ‘Non-coding RNA profiling by array’,
‘Non-coding RNA profiling by genome tiling array’ and
‘Non-coding RNA profiling by high throughput sequencing’.
Species: ‘Homo sapiens’, ‘Rattus norvegicus’ and ‘Mus mus-
culus’. (ii) Data Preprocess. Remove probes without ncRNA
names. For IncRNA series that do not have GPL annotation,
we mapped the probes to the human genome (GRCh38.p13)
by the SeqMap tool (1.0.13), and used GENCODE (Release
43) to determine IncRNA genes. If one probe corresponds to
multiple ncRNAs, it will be directly abandoned. If an ncRNA
has multiple probes, take the average of the expression values
of all probes. (iii) Differential expression analysis. For series
without biological repeats, calculate the fold change directly
by resistant/sensitive; For series with biological repeats: (a)
Expression profiling by RT-PCR and microarray data are an-
alyzed by Limma; (b) RNA-seq data with raw count are an-
alyzed by DESeq2; (c) RNA-seq data with normalized data
(like TPM, FPKM) are analyzed by Limma. The threshold of
significantly differentially expressed ncRNAs: P-value < 0.05
and llog, (fold change)l > 1.

NCI60. (i) Cancer cell line data. The normalized 1C50
values (defined as compound concentrations that were re-
quired for 50% growth inhibition) across 60 cancer cell
lines for 20 218 compounds were obtained from the
CellMiner database. Meanwhile, the expression levels of
260 miRNAs of 60 cancer cell lines were acquired and
analyzed. (ii) Resistant and sensitive cell lines. For each
compound, cell lines with at least 0.8*standard deviation
(SD) above the mean normalized IC50 value were de-
fined as resistant to the compound, whereas those with at
least 0.8*SD below the mean normalized IC50 value were
regarded as sensitive. (iii) Predicted drug resistance-associated
miRNAs. For each compound, the significantly differentially
expressed miRNAs between the resistant and sensitive cell
lines were filtered as drug resistance-related miRNAs, which
were computed with the #-test (P-value < 0.05 and llog; (fold
change)l > 1).

GDSC and TANRIC. (i) Cancer cell line data. The drug
response (totally including 135 compounds across 707 cell
lines) and IncRNA expression profiles (measuring the RPKM
values of 12 727 IncRNAs in 739 cell lines across 20 tumor
types) were gained from GDSC and TANRIC (RNA-seq data
from CCLE) project, respectively. (ii) Resistant and sensitive
cell lines. For each compound, cell lines with at least 0.8 *stan-
dard deviation above the mean normalized IC50 value were
defined as resistant to the compound, whereas those with at
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least 0.8*SD below the mean normalized IC50 value were re-
garded as sensitive. (iii) Predicted drug resistance-associated
IncRNAs. For one drug in a specific cancer type, if it comprises
only one cell in sensitive or resistant class, we applied ‘fold
change’ method to measure the extent of association between
drug resistance and IncRNAs (llog, (fold change)l > 1). Apart
from this condition, T-test was used to screen the differen-
tially expressed IncRNAs based on RPKM values between the
resistant and sensitive cell lines (P-value < 0.05 and llog, (fold
change)l > 1).

Data processing for prediction of ncRNAs targeted
by drug

GEO. (i) Obtain dataset. We searched all series in the
GEO database using the following combination of key-
words: (‘drug’ OR ‘small molecule’ OR ‘compound’) AND
(‘miRNA” OR ‘IncRNA’ OR ‘circRNA’). Filter criteria as
follows: Study type: ‘Non-coding RNA profiling by array’,
‘Non-coding RNA profiling by genome tiling array’ and
‘Non-coding RNA profiling by high throughput sequencing’.
Species: ‘Homo sapiens’, ‘Rattus norvegicus’ and ‘Mus mus-
culus’. (ii) Data Preprocess. Remove probes without ncRNA
names. For IncRNA series that do not have GPL annotation,
we mapped the probes to the human genome (GRCh38.p13)
by the SeqMap tool (1.0.13), and used GENCODE (Release
43) to determine IncRNA genes. If one probe corresponds to
multiple ncRNAs, it will be directly abandoned. If an ncRNA
has multiple probes, take the average of the expression values
of all probes. (iii) Differential expression analysis. For series
without biological repeats, calculate the foldchange directly
by treat/control; For series with biological repeats: (a) RT-
PCR and microarray data are analyzed by Limma; (b) RNA-
seq data with raw count are analyzed by DESeq2; (c) RNA-seq
data with normalized data (like TPM, FPKM) are analyzed by
Limma. The threshold of significantly differentially expressed
ncRNAs: P-value < 0.05 and llog; (fold change)l > 1.

CMap. We retrieved 6100 drug-perturbed gene expres-
sion datasets from CMap. Then we re-annotated the probes
to IncRNAs. The differentially expressed IncRNAs between
drug-treated samples and control samples were considered as
drug-affected IncRNAs. Here, two-fold change was used for
the identification of differentially expressed IncRNAs.

Database design and implementation

ncRNADrug was constructed based on Apache Tomcat (https:
/ltomcat.apache.org/) and MySQL (https://www.mysql.com/).
Web interfaces were developed by PHP (https://www.php.
net/), HTMLS, CSS2, JQuery and BootStrap. Highcharts
(https://www.highcharts.com/) and cytoscape.js (https://js.
cytoscape.org/) were adopted to generate interactive graphs.
DataTables (https://datatables.net/) was used to build interac-
tive data tables.

Results

Data statistics in ncRNADrug

An overview of ncRNADrug database is shown in Figure 1.
ncRNADrug provides a user-friendly, open access web inter-
face for searching, browsing and downloading data. So far, in
terms of experimentally validated entries, ncRNADrug con-
tains 29 551 entries involving 9195 ncRNAs (2248 miRNAs,
4145 IncRNAs and 2802 circRNAs) associated with the drug

D1395

resistance of 266 drugs, and 32 969 entries involving 10 480
ncRNAs (4338 miRNAs, 6087 IncRNAs and 55 circRNAs)
targeted by 965 drugs. Further analysis revealed that the as-
sociations between ncRNAs and drugs could vary based on
specific conditions, such as different diseases, cell lines, and
species. For example, IncRNA CRNDE promotes colorec-
tal cancer cell resistance to oxaliplatin, whereas it attenu-
ates resistance to oxaliplatin in gastric cancer. Dexamethasone
can up-regulate IncRNA GASS expression in prostate cancer,
whereas it down-regulated GASS expression in diabetes. In
terms of predicted entries, ncRNADrug contains 624 246 en-
tries involving 134 201 ncRNAs (3601 miRNAs, 32 892 IncR-
NAs and 97 708 circRNAs) associated with the drug resis-
tance of 5588 drugs, and 285 100 predicted entries involving
61 602 ncRNAs (5423 miRNAs, 36 814 IncRNAs and 19 365
circRNAs) targeted by 1303 drugs. Table 1 and Figures S1, S2
summarized the results deposited in ncRNADrug.

Furthermore, we also compared the amount of experimen-
tally validated datasets and functionality of ncRNADrug with
commonly used databases (Table 2 and Figure S3). In terms of
drug response, ncDR (7) provides curated and predicted drug
resistance-related ncRNAs, but does not include circRNAs.
NoncoRNA (9) only provides curated associations, and most
of ncRNAs and drugs are covered by ncRNADrug. In terms of
drug target, miREnvironment (8) curated and collected exper-
imentally supported miRNA and environmental factor inter-
plays and their associated phenotypes. However, drugs were
only a small part of environmental factors included in miREn-
vironment, and drug information has not been mapped to
drugs in standard databases like DrugBank.

In conclusion, the ncRNADrug database surpasses existing
databases of drug and ncRNA associations in both data vol-
ume and functionality.

Web interface and database functions

Users can search for ‘Drug Response’ or ‘Drug Target’ by
clicking on the image on the Homepage or the options in
the top menu bar. If users pay more attention to specific
drug or ncRNA, not just limited to drug response or drug
target, it is recommended to search by selecting the ‘Search’
drop-down box in the top menu bar (Figure 2A). On the
‘Search’ page, ncRNADrug allows users to search by drug
or ncRNA (miRNA, IncRNA, circRNA). ncRNADrug sup-
ports fuzzy search, returning the most relevant results. Users
can browse associations from different sources (curated, GEO,
CMap, NCI60 and CCLE) in the left sidebar (Figure 2B).
Several filters (species, ncRNA type, throughput, expression
pattern) are provided at the top, allowing users to further
filter based on their specific interests (Figure 2B). For cu-
rated associations, ncRNADrug provides four filters: species,
ncRNA type, throughput and ncRNA pattern. For predicted
associations, users can filter by ncRNA type, ncRNA pattern,
foldchange or p-value. A network graph with corresponding
ncRNA or drug as central node is provided at the bottom
of the ‘Result’ page. Clicking ‘More’ will direct users to a
‘Detail’ page to show detailed information, for curated asso-
ciations, detailed information consists of the following sec-
tions: ncRNA info, Drug info, Experiment info and Literature
info (Figure 2C). ncRNADrug also added a widget offering
predicted sensitizers that may reverse drug resistance (Figure
2C). Clicking on each drug button will return the correspond-
ing entry. For predicted associations, detailed information
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Table 1. Data summary of ncRNAs associated with drug resistance (drug response) and ncRNAs targeted by drugs (drug target) in ncRNADrug
Drug response Drug target
Source Literature GEO NCI60 CCLE Literature GEO CMap
Drug 266 31 5457 135 965 159 1190
miRNA 2248 3601 260 - 4338 5423 -
IncRNA 4145 31 868 - 9000 6087 36 796 129
circRNA 2802 97 708 - - 55 19 365 -
Association? 29 551 284 534 128 965 210 747 32 969 265 154 19 946

3The number of drug-ncRNA pairs.

Table 2.
in ncRNADrug with other databases

Comparison of curated information about ncRNAs associated with drug resistance (drug response) and ncRNAs targeted by drugs (drug target)

Drug response

Drug target

Database ncDR NoncoRNA  ncRNADrug SM2miR miREnvironment D-lnc  ncRNADrug
Data Drug 145 154 266 255 161 59 965
volume miRNA 877 1006 2248 1658 686 - 4338
IncRNA 162 3599 4145 - - 4917 6087
circRNA - 959 2802 - - - 55
Database  Prediction J X i X X J v
function Drug combination X X 4 X X X Vv
ncRNA target and pathway J J J X x x v

comprises the following sections: ncRNA info, Drug info, Ex-
periment info and Statistic info, which includes fold change,
p-value and false discovery rate (FDR) (Figure 2D). ‘Browse’
page allows users to browse and query drugs in the curated
drug response and drug target datasets in the Medical Sub-
ject Headings (MeSH) tree (Figure 2E). ‘Submit’ page allows
users to submit new validated data for updating the database.

If the records are approved by our review committee, they will
be available in ncRNADrug. Users can download all data on
the ‘Download’ page, ncRNADrug provides two formats of
the downloadable file in TXT and Excel formats, respectively.
The detailed data process is available on the ‘Document’ page.
A comprehensive manual on how to use ncRNADrug is avail-
able on the ‘Manual’ page.
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Application: drug combination

Drug combination is considered as a promising therapy to
overcome drug resistance and improve the efficacy of cancer
treatment (14). For example, BRCA1 and BRCA2 play key
roles in DNA damage repair, PARP inhibitors (PARPi) were
considered as possible therapeutic agents for patients with
BRCA1/2 germline mutations (15). However, intragenic dele-
tion and genetic reversion of BRCA1/2 has been demonstrated
to alter sensitivity of BRCA1/2 mutated cells to PARPis
(16). Michal et al showed that micromolar concentrations
of vorinostat could lead to a major reduction in the level of
BRCAT1 and led to increased sensitivity of various cancer cell
lines to ABT-888 (a PARPi) (17). In addition, accumulated
evidence demonstrates that dysregulated ncRNAs are impor-
tant regulators in the development of drug resistance (18,19).
Thus, we developed a new function to assist researchers in
exploring sensitizers that can reverse the dysregulated expres-
sion of ncRNAs associated with drug resistance on the ‘Result’
page. Here, we showed how to identify drug-resistant IncR-
NAs, acquire drugs that influence IncRNA expression, and
explore potential drug combinations using the following ex-

ample, which may aid users in generating new hypotheses for
further experimental validation.

If users are interested in IncRNAs related to doxorubicin re-
sistance, they can input ‘doxorubicin’ in the search box on the
‘Drug Response’ page. Then, select ‘Homo sapiens’ in species,
‘IncRNA’ in ncRNA type, and ‘low’ in throughput to filter
the results on the ‘Result’ page. We can obtain 145 related
associations validated by low-throughput experiments in dif-
ferent conditions. Furthermore, input ‘H19’ in the search box
in the upper right corner to focus on a specific IncRNA. We
can obtain 5 entries, which show that H19 is up-regulated in
doxorubicin resistant cells in several diseases, such as breast
cancer (20).

Next, if users want to explore which drugs can reverse the
expression of H19 in doxorubicin resistant cells, they can
input ‘H19’ in the search box on the ‘Drug Target’ page.
Then, select ‘low’ in throughput, and ‘down-regulated’ in pat-
tern to filter the results on the ‘Result’ page. We can ob-
tain 23 validated associations in different species and differ-
ent conditions, including 20 candidate drugs with potential to
down-regulate H19 expression, such as aspirin, curcumin, and
metformin.
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Finally, sensitizers can be predicted through exploring drugs
that can reverse the dysregulated expression of ncRNAs in
drug resistance. Thus, the above 20 candidate drugs might
be the sensitizers of doxorubicin resistance. Take aspirin as
an example, the new hypothesis is that aspirin has the po-
tential to reverse doxorubicin resistant via down-regulating
H19 expression. In fact, several studies have reported on the
combination of aspirin and doxorubicin. For example, Xie et
al found that aspirin enhances the sensitivity of hepatocel-
lular carcinoma (HCC) side population cells to doxorubicin
via up-regulating miR-491 and down-regulating target gene
ABCG2 (21). miR-491 was demonstrated to be a potential
target for the therapy of HCCs, since it can decrease cancer
stem cells-like properties of HCC by inhibition of GIT-1/NF-
kB-mediated EMT (22). Apoorva et al found that aspirin
prevents doxorubicin-induced repression of SMART1 (scaffold
matrix attachment region binding protein 1) and prolifera-
tion of breast cancer stem-like cells, consequently enhancing
the cytotoxicity of doxorubicin (23). Previous reports have re-
vealed that SMART, acting as a potential tumor suppressor,
plays a critical role in maintaining genomic stability and cell
cycle progression (24).

Discussion

Studies have increasingly indicated that ncRNAs play cru-
cial roles in biological process and tumorigenesis. High-
throughput sequencing has generated extensive data, bringing
new insights to researches on ncRNA and opening up new
prospects to expand druggable targets from proteins to ncR-
NAs. In the past few years, several databases have been de-
veloped to aid researchers in exploring the associations be-
tween ncRNAs and drugs. However, to the best of our knowl-
edge, none of these resources have integrated both experi-
mentally supported drug-resistance related ncRNAs and drug
target ncRNAs. Thus, we developed ncRNADrug, a central-
ized database that encompasses experimentally validated and
computationally predicted ncRNAs associated with drug re-
sistance, as well as ncRNAs targeted by drugs. In addition to
collecting a great number of experimentally supported asso-
ciations between ncRNA and drug, the widget within ncR-
NADrug offers potential drug combinations for the treatment
of resistant cancer. These features not only provide mechanis-
tic insights but also supply valuable experimental evidence to
inform future drug development endeavors. We believe that
ncRNADrug will serve as a valuable resource, contributing to
drug discovery and cancer treatment. However, although ncR-
NADrug surpasses the existing databases in data volume, we
must declare that there may be missing some data due to the
challenges of capturing all relevant information during man-
ual curation. In the future, we will continuously enhance ncR-
NADrug by adding more data and functions, ensuring regular
updates to improve its efficacy and usefulness.

Data availability

ncRNADrug is freely available at: http://www.jianglab.cn/
ncRNADrug/.

Supplementary data
Supplementary Data are available at NAR Online.
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