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Abstract
Breast cancer (BC) is the most prevalent cancer among women. Despite improvements 
in the detection and treatment of BC, drug resistance is widespread, making it the 
leading cause of cancer mortality in women. Long non-coding RNAs (lncRNAs) have 
been shown to play essential roles in regulating drug resistance in pre-clinical models. 
However, their clinical relevance remains largely unexplored. This review addresses 
this gap by identifying and examining lncRNAs with potential predictive value as 
biomarkers for drug resistance in BC cancer patients. A systematic search (last updated 
February 7, 2024) was conducted across five databases (Cochrane Library, Embase, 
PubMed, Scopus, and Web of Science) for research articles in English, published after 
2010, involving BC patients who underwent treatment. Following the selection and 
review process, 66 studies were short-listed, and 185 unique lncRNAs linked to drug 
resistance in BC patients were identified. Notably, only five lncRNAs (BCAR4, CCAT2, 
DSCAM-AS1, GAS5, and H19) were reported in at least two independent studies, 
indicating the scarcity of replicated evidence in clinical cohorts. Receiver operating 
characteristic curve analysis for these five lncRNAs confirmed that BCAR4, GAS5, 
and H19 expression levels have prognostic potential for predicting chemotherapy 
response. However, further validation is required before lncRNAs can be effectively 
utilized as prognostic markers in a clinical setting.

Keywords: Breast cancer; Long non-coding RNAs; Drug resistance; Biomarkers; 
Therapeutics

1. Introduction
Cancer is a serious global health concern and a leading cause of death among non-
communicable diseases.1 Female breast cancer (BC) is the second most commonly 
diagnosed cancer worldwide, after lung cancer.2 Among women, BC is the leading cause 
of cancer incidence (23.8%) and cancer mortality (15.4%).2 BC is a heterogeneous disease 
and can be categorized in several different ways. In clinical practice, BC subtyping and 
subsequent management are primarily based on the presence or absence of three key 
pathological markers: Estrogen receptor (ER), progesterone receptor (PR), and human 
epidermal growth factor 2 (HER2).

Therapeutic resistance is a significant contributor to BC mortality. In metastatic BC, 
over 90% of patients do not respond to chemotherapy.3 Up to 88% of metastatic HER2-
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positive patients have intrinsic resistance to trastuzumab, 
and while trastuzumab in combination with adjuvant 
chemotherapy improves the response rate, approximately 
15% of patients will still develop resistance.4 Similarly, 
around 30% of hormone receptor-positive (ER+PR+) BC 
patients treated with tamoxifen develop resistance within 
10  years, primarily due to prolonged exposure.5 Even 
in early-stage patients, approximately 30% will develop 
recurrence after chemotherapy.6,7 The mechanisms 
underlying therapeutic resistance are not yet fully 
understood, representing a significant barrier to improved 
patient outcomes.

While most of the eukaryotic genome is transcribed, 
only a tiny proportion is translated into proteins.8 Once 
thought to be transcriptional noise, long non-coding RNAs 
(lncRNAs) are now widely regarded to be important in 
the regulation of gene expression of complex organisms.9 
LncRNAs are transcripts longer than 200 nucleotides that 
are not translated into functional proteins.10 They are a 
heterogeneous group with diverse properties, mechanisms, 
and functions that regulate key biological processes (BPs). 
LncRNA dysregulation is associated with various diseases, 
including cancer, autoimmune, cardiovascular, and 
neurodegenerative disorders.11,12

In BC, regulatory lncRNAs have been reported to 
have pivotal roles in cell proliferation, apoptosis, and 
metastasis.13 Knockdown of H19 was reported to cause 
cell cycle arrest at G0/G1 and suppress cell migration 
and invasion in triple-negative BC cells (TNBC) via 
inhibition of p53 and restoring the transcription of 
TNFAIP8.14 In addition, overexpression of the lncRNA 
GAS5 appears to promote apoptosis and inhibit cell 
proliferation by sponging miR-196a-5p and inhibiting the 
phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) 
signaling pathway.15 In the TNBC cell line MDA-MB-231, 
AFAP1-AS1 was overexpressed, and its knockdown 
promoted apoptosis, inhibited proliferation, invasion, and 
migration through the Wnt/β-catenin signaling pathway. 
AFAP1-AS1 knockdown also reduced the expression of 
β-catenin, phosphorylated glycogen synthase kinase 3, 
MYC, Snail family transcriptional repressor 2, Snail family 
transcriptional repressor 1, N-cadherin, and vimentin.16 
Although only a small fraction of lncRNAs have been 
experimentally studied to date, evidence suggests that they 
could play a significant role in cancer diagnosis, prognosis, 
and therapeutic development.

While various studies have investigated the mechanism 
of lncRNAs in BC treatment resistance, it remains 
inconclusive whether these in vitro findings can be reflected 
in clinical settings.17,18 This scoping review aims to unveil 
the role of lncRNA in driving chemotherapeutic resistance 

among BC patients while also identifying potential genetic 
markers for drug resistance.

2. Methods
2.1. Literature search

The Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses guidelines19 were followed to design, 
analyze, and report the data obtained in this scoping review. 
The systematic search was independently conducted by 
JL and two other researchers (AKR and UDP) across five 
databases: PubMed, Embase, Cochrane Library, Web of 
Science, and Scopus.

2.2. Study selection

The initial systematic database search was conducted on 
July 1, 2022, and updated on August 26, 2022. A subsequent 
manual search of the reference lists of included studies was 
performed on February 7, 2024. The search terms used 
were “breast” AND “cancer” AND “lncRNA” AND “drug 
resistance” and synonyms. Depending on the database, 
the appropriate Medical Subject Headings were also used 
when available. Table S1 shows the whole search string 
used in each database. Search results from all databases 
were compiled, and duplicate references were removed in 
three stages: (i) An initial automated removal using the 
default EndNote X9 settings, (ii) manual verification and 
de-duplication, and (iii) a final automated check using 
Covidence software.20 When the search was updated, 
additional de-duplication and removal of previously 
screened records were performed.21 Only English original 
articles were included in the final selection for data analysis.

2.3. Inclusion and exclusion criteria

The inclusion criteria for this scoping review were: (i) 
Original research articles with data from BC patients, 
(ii) articles reporting data of BC patients who received 
treatment, (iii) research papers published after 2010, and 
(iv) papers written in English. The exclusion criteria were: 
(i) Not original research journal articles (e.g., reviews or 
conference abstracts), (ii) in vitro studies, or (iii) animal 
in vivo studies.

2.4. Data extraction and outcomes

The Covidence software was used to perform screening, full-
text review, and data extraction. JL and AKR independently 
conducted the title and abstract as well as the full-text 
screening. Conflicts were resolved by a third independent 
reviewer (UDP). Data extraction was conducted by JL and 
reviewed by AKR. The extracted data included bibliographic 
details (e.g., authors, year of publication, and journal name), 
number of patients, patient details, treatment, lncRNA 
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measured, and the study’s directionality. Three outcomes 
were extracted: (i) Patient response, (ii) patient survival, 
and (iii) diagnostic ability.

2.5. Enrichment analysis

The Metascape software (version 3.5)22 was used to conduct 
gene ontology (GO), BP, and GO molecular functions (MF) 
enrichment analysis on the lncRNAs that were identified 
as being associated with chemoresistance. The NcPath 
tool (version  1.0)23 was utilized to conduct the Kyoto 
Encyclopedia of Genes and Genomes pathway enrichment 
analysis based on the interactions between the identified 
lncRNAs and protein-coding genes. The RNAInter v4.0 
database (http://www.rnainter.org/batch_search/)24 was 
used to identify associated interactions with the lncRNAs 
identified in the literature search by more than one study. 
Interactions with a confidence score >0.5 were exclusively 
selected as the most reliable. The lncRNA set enrichment 
analysis (TLSEA, version  1.0) tool25 was used to analyze 
disease association.

2.6. Prognostic analysis

The lncRNAs that were reported in at least two of the research 
articles were selected for cross-validation. Probe set IDs used 
for the lncRNAs analyzed were as follows: BCAR4: 235712_
at*, DSCAM-AS1:  1562821_a_at*, GAS5:  228238_at*, 
and H19:  224348_s_at*. A  corresponding probe set for 
CCAT2 could not be identified. The validation of predictive 
biomarkers was performed through the receiver operating 
characteristic (ROC) plotter website (https://rocplot.
org/).26 Pathological complete response (pCR) and relapse-
free survival (RFS) 5 years after treatment with endocrine 
therapy, anti-HER2 therapy, and chemotherapy were 
evaluated using default settings. The Mann–Whitney test 
assessed statistical significance between responders and 
non-responders, where p<0.05 was considered significant. 
For the pCR cohort (n = 507), responders included patients 
with no histological evidence of tumor remains after 
treatment, and non-responders were patients with residual 
tumor tissue. For the RFS cohort (n = 163), patients were 
classified into two groups based on survival status at the 
5-year follow-up. Patients censored before 5 years were 
excluded. The area under the curve (AUC) is a combined 
measure of the sensitivity and specificity of the diagnostic; 
an AUC value >0.5 signifies that the lncRNA can statistically 
distinguish between responders and non-responders.

3. Results
3.1. Search results

A total of 4487 records were identified through the initial 
and the updated search. The search process is illustrated 

in Figure  1. Deduplication and removal of previously 
screened records were carried out as described by Bramer 
and Bain.21 A total of 2205 studies were deemed irrelevant 
and excluded. Subsequently, the remaining 235 studies 
were assessed for eligibility, of which only 53 were selected 
for data extraction. A  manual search was conducted on 
February 7, 2024, to identify the latest papers, leading to a 
further 13 relevant studies, resulting in a total of 66 articles 
included for data analysis.

3.2. Study characteristics

Of the 66 articles, most (38, 57.6%) focused on BC 
patients from China (Figure 2A), whereas only 11 articles 
included a patient population from multiple countries 
(Figure  2A). Most articles (30, 45.5%) analyzed all BC 
patients regardless of molecular markers (Figure  2B). Of 
specific subtypes of patients, ER-positive patients were 
the subject of nearly a third (19, 28.8%) of the studies. 
Only two articles (3.0%) were on HER2-negative BC 
patients (Figure  2B). Seven articles (10.6%) investigated 
the effects of trastuzumab, a monoclonal antibody against 
HER2, in HER2-positive patients (Figure 2B and C). Most 
studies (44, 66.7%) investigated the associations between 
lncRNAs and non-specific chemotherapy drugs, with 22 
articles (33.3%) focusing on resistance to combination 
neoadjuvant chemotherapy. About one-third of the studies 
(25, 37.8%) examined resistance to endocrine therapy. 
Tamoxifen, a selective ER modulator commonly used to 
treat ER-positive BC, was the most common single drug 
(18, 27.3%) investigated. Only seven (10.6%) studies 
looked into targeted therapies, all of which focused on 
trastuzumab, a monoclonal antibody of HER2 (Figure 2C).

Among the 66 articles, 185 unique lncRNAs were 
identified as associated with drug resistance in BC patients. 
The characteristics of the 66 studies and the lncRNAs 
identified are provided in Table S2. Only five lncRNAs were 
reported in two or more studies, namely, BCAR4, CCAT2, 
DSCAM-AS1, GAS5, and H19 (Figure  2D). While most 
articles measured the response to treatment (50, 75.8%) 
and patient survival (45, 68.2%), only 23 (34.8%) assessed 
the prognostic ability.

3.3. Enrichment analysis

This study identified 185 lncRNAs that were associated 
with poor prognosis in clinical samples of BC patients 
who underwent treatment. Enrichment analysis of 
GO, BP, and MF suggested that these lncRNAs were 
involved in regulatory ncRNA-mediated gene silencing, 
primarily through binding with microRNA (miRNA) 
(Figure  3A and Table S3). Most signaling pathway 
databases do not include information on lncRNAs, so the 
NcPath25 was used to conduct the Kyoto Encyclopedia of 

https://dx.doi.org/10.36922/CP025160029
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Figure  1. Preferred reporting items for systematic reviews flow diagram for systematic search of articles across five databases (PubMed, EMBASE, 
Cochrane, Scopus, and Web of Science)

Genes and Genomes pathway enrichment analysis based 
on experimentally validated ncRNA and protein-coding 
gene interactions. Pathways significantly enriched by these 
lncRNAs are associated with cell growth and proliferation 
(Figure 3B and Table S4). Interestingly, while these lncRNAs 
were primarily associated with BC, they were also enriched 
in other cancers such as gastric, colorectal, hepatocellular, 
and ovarian cancers (Figure 3B and C, Tables S4 and S5).

3.4. Long non-coding RNA-target interactions

Of the 185 lncRNAs identified, only five lncRNAs (BCAR4, 
CCAT2, DSCAM-AS1, GAS5, and H19) were reported in 
two or more studies. Using the RNAInter database,26  88 
lncRNA interactions were identified with a confidence 
score >0.5 (Table S6). Among these, androgen receptor 
(AR), CCCTC-binding factor (CTCF), ESR1, forkhead box 
protein A1 (FOXA1), MYC, RNA polymerase II subunit A, 
POU class  5 homeobox 1, RELA proto-oncogene, and 
tumor protein p53 were common targets for at least two 
of the selected lncRNAs (Table  1). ESR1, which encodes 
ERα, interacts with all five lncRNAs (BCAR4, CCAT2, 
DSCAM-AS1, GAS5, and H19) (Table  1). AR, CTCF, 
FOXA1, and MYC also interacted with four of the five 
selected lncRNAs (Table  1). Concordant with the results 
of the pathway enrichment analysis (Figure 3B), the targets 

of the five selected lncRNAs are also involved in tumor 
progression (Table 1).

3.5. Prognostic analysis

The five lncRNAs were selected for further validation 
analysis using the ROCplot tool to evaluate their potential 
as predictive biomarkers for treatment in a larger 
patient cohort.26 Cross-validation was only performed 
for BCAR4, DSCAM-AS1, GAS5, and H19 since the 
probe set for CCAT2 was not found. Furthermore, the 
pCR cohort’s sample size for endocrine treatment was 
insufficient for analysis. Patients with no remaining tumor 
tissues (responders, n = 119) had a significantly higher 
expression of BCAR4 and GAS5 compared to patients 
with residual tumor tissues (non-responders, n = 388) 
after chemotherapy (p<0.05, Figure  4A and C). While 
the sensitivity and specificity are somewhat lacking, the 
expression of both BCAR4 (AUC = 0.617, p=0.6 × 10−4) 
and GAS5 (AUC = 0.557, p=0.034) can differentiate 
between patients who respond to chemotherapy and 
resistant patients (Figure 4A and C).

The RFS cohort compared the lncRNA expression in 
patients who relapsed before 5  years (non-responders, 
n = 48) to patients still in remission at 5 years (responders, 
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n = 115) after chemotherapy. GAS5 expression was higher 
in responders (p=0.0056) and can predict RFS status at 
five years after chemotherapy (AUC = 0.638, p=0.0016) 
(Figure  4G). H19 expression was higher in relapsed 
patients (p=0.0011) and can predict RFS status at five 
years after chemotherapy (AUC = 0.662, p=1.6 × 10−4) 
(Figure 4H).

4. Discussion
Drug resistance remains a significant challenge that 
impedes effective treatment and contributes to BC’s 
high mortality. One method to address this is to move 
toward personalized medicine by identifying patients 
likely to benefit from a given therapy, thereby avoiding 
overtreatment, minimizing side effects, and enabling early 
intervention of alternative therapeutics for non-responders. 
Over the last two decades, lncRNAs have emerged as 
promising biomarkers for predicting drug response due to 
their frequent dysregulation in cancer, their tissue-specific 
expression, and detectability in bodily fluids.45,46 Such non-
invasive monitoring could complement existing imaging 
and molecular assays. Beyond their prognostic value, 
lncRNAs also represent attractive therapeutic targets. 
Approaches to modulate drug resistance-associated 
lncRNAs, including antisense oligonucleotides, small 
interfering RNAs, clustered regularly interspaced short 
palindromic repeats/Cas-mediated editing, and small-
molecule inhibitors, are actively under investigation.47,48 
Notably, combining lncRNA-targeted strategies with 
conventional chemotherapy may produce synergistic 
effects, potentially reversing resistance and improving 
patient survival.49

4.1. Enrichment analysis

While lncRNAs can regulate a wide range of pathways 
through various mechanisms,12,50 only the regulation 
of gene silencing via miRNA binding (Figure  3A) 
was identified in this review. Although this finding is 
statistically significant and miRNA sponging is a well-
established lncRNA mechanism, it is unlikely to be the 
sole means by which lncRNAs modulate drug resistance. 
Rather than highlighting the primacy of miRNA silencing, 
this result more likely reflects the current paucity of 
functional annotations.

Our synthesis revealed that the drug resistance-
associated lncRNAs were associated with genes regulating 
cell growth and proliferation, as the top enriched pathways 
include cell cycle, cellular senescence, mammalian/
mechanistic target of rapamycin (mTOR) signaling 
pathway, mitogen-activated protein kinase (MAPK) 
signaling, FoxO signaling pathway, and epidermal growth 
factor receptor (EGFR) tyrosine kinase inhibitor resistance 
(Figure  3B and Table S4). This suggests that lncRNAs 
could be particularly relevant as biomarkers for drugs 
targeting the cell cycle. Not only does the lncRNA-target 
interaction analysis reveal that the selected lncRNAs can 
interact with key transcription factors that drive tumor 

Figure  2. Study characteristics of the 66 research articles selected for 
this scoping review. (A) Relative distribution of the patient population 
by country. (B) Relative distribution of the breast cancer subtypes. 
“Unspecified” refers to a lack of molecular marker information regarding 
the patient samples. (C) Sunburst chart showing the relative distribution 
of treatments. (D) Bar chart showing the frequency distribution of 
lncRNAs across studies.
Abbreviations: ER: Estrogen receptor; HER2: Human epidermal growth 
factor 2; HR: Hormone receptor (ER or PR); lncRNA: Long non-coding 
RNA; PR: Progesterone receptor; TNBC: Triple-negative breast cancer.
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Figure 3. Gene enrichment of the 185 distinct lncRNAs identified by the scoping review, showing (A) gene ontology (GO), biological processes, and GO 
molecular function gene set enrichment analysis using Metascape; and (B) the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment 
analysis using NcPath. Only the top 10 pathways are displayed. (C) Gene set enrichment analysis for disease association using TLSEA. Only the top 10 
associations are shown.
Abbreviations: EGFR: Epidermal growth factor receptor; lncRNA: Long non-coding RNA; MAPK: Mitogen-activated protein kinase; miRNA: MicroRNA; 
mTOR: Mammalian/mechanistic target of rapamycin; ncRNA: Non-coding RNA; PCG: Protein coding gene; TLSEA: The lncRNA set enrichment analysis.
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Table 1. List of targets common to at least two of the selected long non-coding RNAs

Target lncRNAs Target function References

AR CCAT2, DSCAM-AS1, GAS5, H19 Proliferation, DNA damage repair, cell cycle regulation, metastasis 27,28

CTCF CCAT2, DSCAM-AS1, GAS5, H19 Proliferation, apoptosis, epithelial-mesenchymal transition 29-31

ESR1 BCAR4, CCAT2, DSCAM-AS1, GAS5, H19 Proliferation 32

FOXA1 BCAR4, CCAT2, DSCAM-AS1, GAS5 Proliferation, cell cycle regulation 33,34

MYC BCAR4, CCAT2, GAS5, H19 Proliferation, cell cycle regulation, angiogenesis, epithelial-mesenchymal 
transition, metastasis

35-37

POLR2A BCAR4, GAS5 Transcription, proliferation, apoptosis 38

POU5F1 GAS5, H19 Embryonic stem cells transcription factor, cell growth, metastasis 39-41

RELA BCAR4, GAS5 Nuclear factor kappa B transcription factor subunit, proliferation, apoptosis 42,43

TP53 GAS5, H19 Cell cycle arrest, proliferation, apoptosis 44

Abbreviations: AR: Androgen receptor; CTCF: CCCTC-binding factor; ESR1: Estrogen receptor 1; FOXA1: Forkhead box protein A1; MYC: MYC 
proto-oncogene; POLR2A: RNA polymerase II subunit A; POU5F1: POU class 5 homeobox 1; RELA: RELA proto-oncogene;  
TP53: Tumor protein p53.

development (Table  1), but pre-clinical studies have also 
demonstrated their ability to regulate the expression of key 
proteins and related signaling pathways in BC.51 Disease 
gene set enrichment of the identified lncRNAs also showed 
enrichment of other cancers besides BC (Figure 3B and C). 
While lncRNAs are generally more tissue-specific, some 
lncRNAs are more ubiquitous. LncRNAs are differentially 
expressed in various cancers52 and can also regulate drug 
resistance.18,53 For example, H19 dysregulation is associated 
with multiple cancers and resistance, including cervical,54 
colorectal,55 endometrial,56 gastric,57 ovarian,58 non-small 
cell lung cancer,59 and gliomas.60 This suggests that the 
lncRNAs identified in this review could be pan-cancer 
driver lncRNAs and potentially be involved in resistance to 
common chemotherapeutic drugs across multiple cancers.

4.2. Selected long non-coding RNAs

Of the 185 lncRNAs identified, only five lncRNAs (BCAR4, 
CCAT2, DSCAM-AS1, GAS5, H19) were reported by two or 
more studies (Figure 2D and Table S2). The overexpression 
of BCAR4, CCAT2, DSCAM-AS1, and H19 was associated 
with poor clinical prognosis. GAS5 downregulation was 
associated with drug resistance. ESR1 can interact with 
all five of the short-listed lncRNAs (Table  1) and thus 
potentially be a biomarker for resistance to therapies 
targeting the ER. Four lncRNAs (CCAT2, DSCAM-AS1, 
GAS5, and H19) of the five short-listed lncRNAs were 
found to interact with the AR and the transcription factor 
CTCF (Table  1). Expression of AR has been reported to 
be prevalent in BC patients, particularly in ER+ patients, 
as up to 90% of them also express AR.61,62 Notably, AR is 
an attractive target for treating BC, given the availability of 
AR inhibitors with proven efficacy and documented safety, 
thereby facilitating the expedited integration into clinical 
practice.61,63-65 In addition, AR is reported to be capable of 

cross-talk with other key signaling pathways and proteins, 
such as PI3K-Akt, mTOR, and FOXA1,34,63 which were also 
identified within this enrichment analysis. The role of AR 
in BC is yet to be fully understood, but it is very likely to 
be context-specific. As lncRNAs are also highly specific, 
further research into their relationship could prove 
fruitful. CTCF is a transcriptional repressor involved in 
chromatin organization, and its aberrant binding pattern is 
associated with cancer.29,30,66 The expression of CTCF can be 
modulated by estrogen and causes the aberrant expression 
of various genes, such as BAX, MYC, Nm23-H1, and TP53, 
in BC.29,30,67-69 The interaction between four of the selected 
lncRNAs with transcriptional factors CTCF, FOXA1, and 
MYC suggests another mechanism by which lncRNAs can 
modulate gene expression to drive resistance beyond the 
competitive endogenous binding with miRNAs.

4.3. Role of BCAR4 and DSCAM-AS1 in tamoxifen 
resistance

In ER+ patients, overexpression of BCAR4 and 
DSCAM-AS1 was associated with tamoxifen resistance 
(Table S2). In MCF-7 cells, the knockdown of DSCAM-AS1 
was found to downregulate several cell cycle-related 
genes, including BCL2, CDC6, E2F7, ESR1, FEN1, and 
TOP2A.70 Experiments by Ma et al.71 demonstrated that 
overexpression of DSCAM-AS1 inhibited apoptosis and 
caused cell cycle G1/S arrest by silencing miR-137, which 
in turn binds to the 3’UTR of the EPS8 signaling adaptor 
gene. Experiments in ZR-75-1 and MCF7 BC cells found 
that BCAR4 induced tamoxifen resistance through the 
phosphorylation of erb-B2 receptor tyrosine kinase 2 (also 
known as HER2).72 The activation of HER2 signaling led to 
the downstream activation of Akt and extracellular signal-
regulated kinase (ERK) ½.72

https://dx.doi.org/10.36922/CP025160029
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The activation of downstream signaling from growth 
factor receptor tyrosine kinases such as HER2 and 
EGFR correlates with tamoxifen resistance.73 Although 
co-targeting both ER and HER2 can be beneficial in the 
clinical setting, clinical trials involving EGFR tyrosine 
kinase inhibitors and tamoxifen in endocrine-resistant ER+ 

BC have not been very promising.73-76 While BCAR4 and 
DSCAM-AS1 expression could not predict the RFS status 
of all pooled BC patients undergoing endocrine therapy, 
anti-HER2 therapy, or chemotherapy (Figures 4E, F, S1, 
and S2), there is evidence to suggest that these lncRNAs 
might be helpful in stratifying patients who will benefit 

Figure 4. Boxplots and receiver operating characteristic curves of pathological complete response (pCR) for (A) BCAR4, (B) DSCAM-AS1, (C) GAS5, 
and (D) H19 for chemotherapy resistance in and relapse-free survival at 5 years for (E) BCAR4, (F) DSCAM-AS1, (G) GAS5, and (H) H19. Red *denotes 
Mann–Whitney test p<0.05.
Abbreviations: AUC: Area under the curve; TNR: True negative rate; TPR: True positive rate.
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from dual combination targeted treatment.

Pre-clinical work also suggests that BCAR4 could be 
a valuable biomarker for a combination of lapatinib and 
tamoxifen treatment in BCAR4 high/HER2 low patients, 
as the activation of HER2 is not necessarily reflected 
at the transcriptional level.72 BCAR4 was reported to 
drive trastuzumab resistance by sponging miR-665 and 
thus upregulating Yes-associated protein 1, resulting in 
downstream transforming growth factor beta signaling.77 
Several clinical trials have reported that there is no benefit 
to HER2-targeted therapy in most ER+/HER2– patients; 
however, there is a significant minority (10–15%) of 
patients that may benefit; however, biomarkers to stratify 
these patients have yet to be identified.78

While high BCAR4 expression is associated with 
tamoxifen resistance in ER+ patients,72,79 the ROC analysis 
of the pCR cohort found that high BCAR4 expression was 
significantly associated with remission when treated with 
chemotherapy (Figure 4A). While this finding needs to be 
independently verified, this discrepancy could be due to 
BCAR4 having a different role in different subgroups of 
BC patients or in response to other drugs. Interestingly, 
Gan et al.80 report that overexpression of BCAR4 in locally 
advanced BC may predict resistance to neoadjuvant 
chemotherapy, but only when using the Response 
Evaluation Criteria in Solid Tumors 1.1 evaluation system 
and not pathological response or the Miller–Payne score. 
Thus, while promising, more research is clearly needed, 
especially on the effect of combination treatments and on 
the differences between BC subtypes.

4.4. Role of GAS5 in drug resistance

Low GAS5 expression is associated with drug resistance 
(Table S2). GAS5 expression was found to predict response 
to chemotherapy significantly (Figure  4C and G). While 
the AUC is not very high, it is worth noting that even 
established biomarkers, such as HER2 for trastuzumab 
therapy, do not exhibit particularly high AUC values (p=8.4 
× 10−4, AUC = 0.629).81 This supports the use of GAS5 as 
a biomarker for chemoresistance. Various experiments 
in MCF-7  cells demonstrated that GAS5 regulates 
doxorubicin resistance by binding competitively to miR-
221-3p, preventing its inhibition of dickkopf Wnt signaling 
pathway inhibitor 2 (activator of the Wnt/β-catenin 
signaling pathway) and its downstream targets β-catenin, 
c-Myc, cyclin D1, and adenosine triphosphate binding 
cassette subfamily B member 1.82 GAS5 promotes apoptosis 
in paclitaxel and cisplatin-resistant MDA-MB-231 cells.83 
It is reported that GAS5 mediates this by inhibiting miR-
378a-5p, thus upregulating suppressor of fused homolog, 
a negative regulator of the Hedgehog signaling pathway.83 

Furthermore, low GAS5 expression was associated 
with anti-HER2 therapy resistance and can be used as a 
prognostic biomarker for RFS at 5  years (AUC = 0.797, 
p=8.7 × 10−4, Figure S3). Mechanistically, experiments 
in trastuzumab-resistant SKBR-3  cells demonstrated 
that GAS5 knockdown leads to the upregulation of 
miR-21 and the subsequent downregulation of PTEN.84 
Lapatinib upregulates GAS5 through the mTOR pathway 
and abrogates trastuzumab resistance.84 Based on pre-
clinical work, GAS5 seems to regulate multiple pathways 
dependent on the different drugs investigated and is a 
candidate therapeutic target to circumvent multidrug-
resistant BC.

4.5. Role of H19 in drug resistance

Upregulation of H19 is associated with drug resistance to 
multiple drugs (Table S2). It has been suggested that the 
lncRNA H19 can modulate drug resistance in numerous 
ways.85 Knockdown of H19 resensitized doxorubicin-
resistant MCF-7  cells to doxorubicin, epirubicin, 
pirarubicin, and paclitaxel.86 Zhu et al.86 showed this 
was mediated through the upregulation of cullin-4A, an 
ubiquitin ligase component, and downstream multidrug 
resistance (MDR) proteins MDR1 and MDR4. The negative 
regulation of poly(ADP-ribose) polymerase 1 also mediated 
doxorubicin resistance.87 H19 can also drive paclitaxel 
resistance by activating the Wnt/β-catenin pathway; H19 
upregulates YWHAZ via competitive endogenous binding 
of miR-340-3p.88 H19 recruits enhancer of zeste homolog 
2 to methylate the promoter and suppress the expression 
of B-cell leukemia/lymphoma 2 protein-interacting killer, 
thus inhibiting apoptosis when treated with paclitaxel.89 In 
TNBC cells, paclitaxel resistance was demonstrated to be 
regulated by H19 inhibition of apoptosis through the Akt 
signaling pathway.90 Furthermore, H19 can predict patients’ 
RFS status 5 years after chemotherapy (AUC = 0.662, p=1.6 
× 10−4, Figure 4H). Taken together, the involvement of H19 
in various chemoresistance pathways and the validation of 
its diagnostic ability in patients suggest that H19 is a good 
candidate biomarker, primarily since exosomal H19 in the 
serum can be utilized.91

The H19 lncRNA has also been shown to regulate the 
resistance of other targeted therapeutic drugs in cellular 
models. In endocrine resistance, H19 can promote 
autophagy by reducing methylation of the Beclin1 
promoter by the S-adenosylhomocysteine hydrolase/DNA 
methyltransferase 3 beta axis92 and can promote epithelial–
mesenchymal transition via the Wnt/β-catenin pathway.93 
Knockdown of H19 restored trastuzumab sensitivity in 
SKBR3 cells.94 However, ROC analysis indicated that H19 
expression could not predict patient response to endocrine 
or anti-HER2 therapy (Figure S4). Nevertheless, this could 

https://dx.doi.org/10.36922/CP025160029


Cancer Plus LncRNAs and drug resistance in breast cancer

Volume 7 Issue 3 (2025)	 82� doi: 10.36922/CP025160029

be due to limitations in the patient cohort. Most of the 
patients were treated with multiple agents, and the number 
of patients in the targeted therapy arms was sparse.

4.6. Role of CCAT2 in drug resistance

High CCAT2 expression is associated with resistance 
in patients who received the CMF (cyclophosphamide, 
methotrexate, and 5-fluorouracil [5FU]) regimen 
(Table S2). Zhou et al.95 reported that CCAT2 mediates 
5FU resistance in BC via the mTOR pathway. CCAT2 
is also known to regulate the Wnt/β-catenin signaling 
pathway via interaction with the Transcription Factor 
7-like 2 transcription factor.96,97 In BC, CCAT2 is positively 
associated with MYC, which is also a downstream target 
of the Wnt/β-catenin pathway.97-99 In tamoxifen-resistant 
MCF-7 cells, the knockdown of CCAT2 promoted apoptosis 
via the ERK/MAPK pathway100 and the miR-145-5p/Akt3/
mTOR axis.101 Thus, CCAT2 may also be a biomarker of 
tamoxifen resistance in BC patients. However, a recent 
paper reported that the subcellular distribution of CCAT2 
can affect its role in luminal BC.102 Exogenous cytoplasmic 
CCAT2 was found to inhibit cell proliferation by inhibiting 
miR-221/222, which in turn led to the upregulation of p27, 
a cell cycle inhibitor.102 Meanwhile, nuclear overexpression 
of CCAT2 promotes cell proliferation and stemness by 
upregulating OCT4-PG1 expression.102 This highlights the 
need for more research into the importance of lncRNA 
cellular localization and its relevance in patients. It also 
raises an important question—would non-invasive 
collection methods, such as serum or exosomal lncRNAs, 
be sufficient as reliable biomarkers?

4.7. Research gaps

Despite the expanding body of research investigating the 
role of lncRNAs in BC drug resistance; this review highlights 
the lack of clinically validated evidence in patient cohorts. 
Out of 185 lncRNAs, <3% (n = 5) were independently 
replicated, with only H19 and GAS5 reported in three 
separate studies—the highest level of recurrence observed 
(Figure  2D). Such sparse corroboration is a significant 
limitation that hinders the translation of pre-clinical 
discoveries into clinical applications.

Among the 185 lncRNAs identified as associated with 
drug resistance in this review, less than half (n = 88) 
were annotated in Metascape,24 and only eight (CARMN, 
GAS5, H19, KCNQ1OT1, MALAT1, MAPT-AS1, MIAT, 
and OIP5-AS1) had GO annotations (Table S3). While 
the analysis of proteins interacting with drug resistance-
related lncRNAs showed enrichment of various BPs, 
particularly cell cycle-related pathways (Figure  3B), 
direct lncRNA annotations of the identified drug 
resistance-related lncRNAs yielded only two enriched 

terms: miRNA inhibitor activity via base-pairing and 
regulatory ncRNA-mediated gene silencing (Figure  3A). 
This striking underrepresentation highlights the lack of 
established functional annotations in the burgeoning field 
of lncRNA research. Most of the drug resistance-associated 
lncRNAs identified in patients are not well-characterized, 
and altogether, this suggests that more research into 
the functions of lncRNAs as a whole group is required. 
Addressing this gap is essential to bridge mechanistic 
insights from in vitro studies to the development of robust 
biomarkers and/or therapeutics.

This review has identified lncRNAs associated with 
resistance to several common BC therapeutics. However, 
it is interesting to note that the roles of lncRNAs in the 
resistance of other therapeutics, such as antibody–drug 
conjugates, kinase inhibitors, or immune checkpoint 
inhibitors, were not found (Figure 2C). Most BC patients 
are diagnosed with ER+ BC,103 and tamoxifen is the most 
common targeted therapy for this subtype. However, while 
23.7% of the studies focused on resistance to tamoxifen, there 
were also no studies using other ER+ targeted therapeutics 
such as cyclin-dependent kinase 4/6 inhibitors, mTOR 
inhibitors, or PI3K inhibitors (Figure  2C). The lack of 
efficacious targeted therapy for TNBC, the most aggressive 
BC subtype, underscores the importance of identifying 
patients who will benefit from chemotherapy and newer 
therapies, such as immune checkpoint inhibitors, that 
target cell death receptor 1. As previously discussed, 
high BCAR4 expression is reported to be associated with 
chemoresistance,80 which contradicts the ROC analysis of 
the pCR cohort (Figure 4A). This mismatch may be due to 
the small sample size (n = 48) of the Gan et al. study,80 or to 
the different chemotherapy regimens or mixed BC patients 
in the pCR cohort. Furthermore, it is rare for patients to 
receive monotherapy in current clinical practice, making it 
more complicated to link a specific gene to individual drug 
response. Nonetheless, as this review indicates, lncRNAs 
are viable biomarkers in patients, and our synthesis 
underscores the need for more research into the roles of 
lncRNAs, especially in smaller subgroups of patients and 
with newer therapeutics.

5. Conclusion
Long non-coding RNAs play vital roles in the drug 
resistance of BC patients through various pathways, 
especially cell cycle-related pathways such as the PI3K/Akt/
mTOR and Wnt/β-catenin signaling. There is evidence that 
lncRNAs have the potential to be good prognostic markers 
for therapeutic management. However, this review reveals 
a striking scarcity of reproducible, clinically validated 
findings. Among candidate drug resistance-related 
lncRNAs, only BCAR4, CCAT2, DSCAM-AS1, GAS5, and 
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H19 have been repeatedly associated with drug resistance 
in patient cohorts, though their utility as biomarkers or 
therapeutic targets requires further validation. Notably, 
GAS5 and H19 emerge as the most promising candidates 
due to their recurrent validation across studies, warranting 
prioritization in translational research to confirm their 
roles in BC drug resistance and advance them toward 
clinical application. Bridging this gap between pre-clinical 
discovery and patient-centered validation will be pivotal in 
harnessing lncRNAs for personalized therapy.
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