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Chemotherapy is the main treatment used for cancer patients failing surgery. Doxorubicin
(DOX) is a well-known chemotherapeutic agent capable of suppressing proliferation in cancer
cells and triggering apoptosis via inhibiting topoisomerase II activity and producing DNA
breaks. This activity of DOX restrains mitosis and cell cycle progression. However, frequent
application of DOX results in the emergence of resistance in the cancer cells. It seems that
genetic and epigenetic factors can provide DOX resistance of cancer cells. Long non-coding
RNAs (lncRNAs) are a subcategory of non-coding RNAs with role in the regulation of several
cellular processes such as proliferation, migration, differentiation and apoptosis. LncRNA
dysregulation has been associated with chemoresistance, and this profile occurs upon DOX
treatment of cancer. In the present review, we focus on the role of lncRNAs in mediating DOX
resistance and discuss the molecular pathways and mechanisms. LncRNAs can drive DOX
resistance via activating pathways such as NF-κB, PI3K/Akt, Wnt, and FOXC2. Some lncRNAs
can activate protective autophagy in response to the stress caused by DOX, which mediates
resistance. In contrast, there are other lncRNAs involved in the sensitivity of cancer cells to
DOX, such as GAS5, PTCSC3 and FENDRR. Some anti-tumor agents such as polydatin can
regulate the expression of lncRNAs, enhancing DOX sensitivity. Overall, lncRNAs are potential
players in DOX resistance, and their identification and targeting are of importance in
chemosensitivity. Furthermore, these findings can be translated into clinical for treatment of
cancer patients.
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1. Introduction
With 9.6 million deaths in 2018, cancer is the second leading cause of death worldwide [1]. In
the past twenty years, up to 70 targeted drugs have been developed and studied in clinical trials
for cancer. These innovative anti-tumor agents are designed to affect the growth and invasion of
cancer cells by interfering with specific pathways [2]. However, these novel anti-tumor drugs
have rather narrow indications and their efficacy has been restricted due to chemoresistance,
genomic instability, cancer heterogeneity, and other unidentified factors [3, 4]. Therefore,
traditional chemotherapy continues to be one of the most important mainstays and tools in cancer
therapy. However, adverse effects and the enhanced incidence of resistance are two major
challenges facing chemotherapy [5, 6].
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One of the challenges of modern oncology is improving our understanding of the role of
transcription factors and epigenetic mechanisms, particularly non-coding RNAs (ncRNAs), in
carcinogenesis, cancer progression, and recurrence. This may lead to the development of novel
pharmacological agents, or provide new insight into possible genetic interventions. NcRNAs are
widely different in terms of size, shape and function, and many types have been found to be
dysregulated in various cancers [7-10]. Among the family of ncRNAs, long non-coding RNAs
(lncRNAs) have attracted much attention in cancer therapy due to their potential role in the
mechanism of chemoresistance [11-14]. In the present review, we focus on the role and
molecular pathways by which lncRNAs can affect the efficacy of doxorubicin (DOX) as a
chemotherapy agent.
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2. Mechanisms of doxorubicin resistance: An overview
Similar to other chemotherapeutic agents, DOX resistance occurs due to cancer cells escaping
from the initial cytotoxicity, and resuming their proliferation and invasion. As chemoresistance
has increased in frequency, experiments have been performed to reveal how cancer cells can
switch between various signaling pathways to ensure their continued proliferation and invasion,
leading to the induction of DOX resistance. DOX interferes with proliferation of cancer cells via
suppressing the activity of topoisomerase II and triggering single- and double-strand DNA
breaks to limit DNA replication and transcription [15]. In fact, by application DOX, the major
factor for cancer progression that is cell cycle, is inhibited.
However, it seems that prolonged exposure to DOX leads to p53 mutations and the development
of multidrug resistance (MDR). Notably, there can also be cross-resistance between two different
chemotherapeutic drugs. For instance, co-administration of DOX and paclitaxel (PTX) resulted
in p53 mutations and emergence of resistance in hepatocellular carcinoma (HCC) cells [16].
DOX resistance following p53 mutation has been attributed to up-regulation in the expression
and activity of P-glycoprotein (P-gp). This drug efflux transporter is involved in pumping out
DOX from cancer cells, reducing its cellular accumulation and inducing DOX resistance [16].
However, it has been reported that other molecular pathways can also affect drug transporters
and the induction of DOX resistance. For instance, nuclear factor erythroid 2-related factor 2
(Nrf2) can enhance expression and activity of ABCB1 (ATP binding cassette B1) to prevent
cellular accumulation of DOX [17]. Reducing the expression of Nrf2 substantially promoted the
sensitivity of cancer cells to DOX chemotherapy.
In addition to molecular pathways, intracellular organelles can be involved in promoting DOX
sensitivity. Apoptosis can be mediated via disrupting mitochondrial homeostasis [18, 19].
Mitochondria are critical organelles for the growth of cancer cells and are responsible for
4

respiration and energy production [20]. Mitochondrial dysfunction occurs by down-regulation of
mitochondrial transcription factor A (TFAM), leading to reduction of mitochondrial membrane
potential, thus triggering apoptosis and limiting the energy supply required for cancer
proliferation [21]. In DOX resistant-breast cancer cells, expression level of microRNA
(miRNA)-125b decreases. MiRNA-125b transfection of MCF-7 cells induces loss of
mitochondrial membrane potential that activates caspase cascade, leading to apoptotic cell death
[22]. Furthermore, under hypoxic conditions, the activity of sirtuin 1 (SIRT1) and AMPactivated protein kinase (AMPK) is inhibited. Then, localization of cytochrome C (Cyt c) in
mitochondria occurs and caspase cascade is not induced in triggering apoptosis, leading to DOX
resistance [23]. In fact, exposing cells to DOX affects expression of structural and functional
mitochondrial genes [24].
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The attention towards DOX is due to its extensive application in clinical studies for treatment of
cancer patients. To date, a wide variety of experiments have evaluated anti-tumor activity of
DOX in clinical trials. However, the important aspect is that how we can deal with DOX
resistance in clinic? Are there any studies related to this issue? An experiment has applied DOX
along with VX-710 as a multidrug-resistance inhibitor. This study revealed that a combination of
DOX and VX-710 is beneficial in enhancing therapy response, stabilizing disease and promoting
overall survival of cancer patients [25]. Another study has applied DOX (40 mg/m2) and PSC833 (2 and 10 mg/kg) to suppress drug resistance and increase potential of DOX in cancer
therapy [26]. In fact, studies recommend that DOX alone is not completely efficient in cancer
eradication and polychemotherapy with other anti-tumor agents should be conducted to achieve
best result [27-29]. Noteworthy, a clinical study has applied liposomal form of DOX with
valspodar. This combination promotes half-life and reduces DOX clearance to improve its
efficacy in cancer therapy, but does not affect DOX toxicity against cancer cells [30].
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Studies have highlighted the significant role of non-coding RNAs (ncRNAs) in DOX resistance
[31]. MiRNAs can suppress the metastasis of cancer cells via inhibiting the epithelial-tomesenchymal transition (EMT) and promoting DOX sensitivity [32]. Down-regulation of
miRNA-125b by SMYD2 resulted in DOX resistance in renal carcinoma cells [33]. Because
ncRNAs can regulate many cellular processes such as apoptosis, autophagy, differentiation and
migration [34], we focus on the role of lncRNAs in governing the sensitivity and the
development of resistance to DOX with a focus on the molecular pathways. Figure 1 provides a
summary of mechanisms involved in DOX resistance.
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Figure 1: Molecular pathways and mechanisms involved in DOX resistance of cancer cells.
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3. Long non-coding RNAs
LncRNAs are long RNA transcripts with a length more than 200 nucleotides and do not encode
any proteins (Figure 2) [35-38]. It has been found that the number of lncRNAs is higher than the
number of protein-coding transcripts, and this realization has provoked much attention towards
their roles in cells and metabolism. LncRNAs are similar to mRNAs in that that they may be
transcribed, spliced, capped and polyadenylated by the RNA polymerase II-like protein-encoding
pathway [39-41]. Despite some similarities between lncRNAs and mRNAs, it has been found
that lncRNAs possess non-random short open reading frames (sORFs) [42]. LncRNAs perform
several critical roles including chromatin modification, chromosomal looping, DNA
transcription, interactions with proteins and mRNAs, etc [43]. Consequently, disturbances or
impairment in lncRNA expression can result in the development of disorders, particularly cancer
[44]. As cancer cells are characterized by uncontrolled proliferation and metastasis, properties
that are not seen in normal cells, it is not surprising that lncRNAs are frequently dysregulated in
cancer. Therefore, lncRNAs can be considered as diagnostic, therapeutic and prognostic factors
in cancers [45-48].
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Figure 2: An overview of the biogenesis and function of lncRNAs. Adapted with permission
from [35]. mRNA, messenger RNA; lncRNA, long non-coding RNA; miRNA, microRNA.
4. LncRNAs in anti-cancer drug resistance
4.1 Molecular pathways
Before discussing the role of lncRNAs in the efficacy of DOX in cancer chemotherapy, we will
provide a brief overview of how lncRNAs are involved in the regulation of molecular pathways
that govern the effectiveness of other chemotherapeutic drugs. LncRNAs can affect various
molecular pathways resulting in increased chemoresistance. The lncRNA MALAT1 reduced the
expression of miRNA-200a by exerting a sponging effect, thus up-regulating ZEB1 expression,
and causing resistance to gefitinib [49]. More than one target can be simultaneously affected by
lncRNAs leading to an increase in chemoresistance. MiRNA-34a-5p and miRNA-204-5p were
both down-regulated by lncRNA NEAT1. This led to an increase in the expression of ASCL4
and triggered chemoresistance [50]. Down-regulation of the lncRNAs involved in cancer
chemoresistance leads to a decrease in proliferation and metastasis. The goes together with
reduced viability and increased apoptosis, leading to an improvement in the efficacy of
chemotherapy [51].
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Autophagy is a “self-digestion” mechanism responsible for the degradation of unwanted
macromolecules and damaged organelles [52, 53]. The induction of autophagy is generally
correlated with increased chemoresistance [54]. The lncRNA NEAT1 induced autophagy via upregulation of the autophagy-related gene 3 (ATG3) to mediate sorafenib resistance [55]. Based
on dual role of autophagy in chemoresistance/chemosensitivity, more studies should evaluate
autophagy and lncRNA association in cancer. Hypoxia is one of the hallmarks of cancer, and
hypoxia inducible factor-1α (HIF-1α) is up-regulated to trigger hypoxia-related gene expression
[56]. HIF-1α can induce chemoresistance by increasing proliferation and invasion of cancer cells
[57]. The lncRNA PVT1 decreased the expression of miRNA-194-5p to up-regulate HIF-1α,
resulting in cisplatin resistance [58]. The phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(Akt) axis was up-regulated by lncRNA UCA1. As this axis contributes to cancer progression, its
stimulation by UCA1 led to chemoresistance [59]. Taken together, the data show that lncRNAs
are able to affect various molecular pathways and mechanisms in cancer cells to induce
chemoresistance [60]. Down-regulation of these lncRNAs in cancer could be important to
increase the sensitivity to chemotherapy. Apoptosis, autophagy, PI3K/Akt, EMT, and HIF-1α
are just a few of the down-stream targets of lncRNAs in cancer chemotherapy [61-64]. Hence,
the first step in enhancing chemosensitivity should be identification of signaling networks
involved in cancer malignancy.
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4.2 Therapeutic strategies
Fortunately, experiments have also focused on targeting lncRNAs in cancer therapy and
reversing chemoresistance. The first strategy is using anti-tumor compounds with epigenetic
capacity. Expression level of tumor-promoting lncRNAs such as H19 and KCNQ1OT1 undergo
down-regulation, while an increase occurs in expression of tumor-suppressing lncRNAs
including MEG3 by anti-tumor compounds in enhancing chemosensitivity of cancer cells [6567]. However, potential of anti-tumor agents in cancer therapy and affecting lncRNA expression
is limited by some issues such as their poor bioavailability. Therefore, scientists have focused on
using genetic tools such as siRNA and CRISPR/Cas9 systems in targeting lncRNAs, regulating
their expression, restricting cancer progression and promoting their drug sensitivity [68-70].
Similar to anti-tumor compounds, genetic tools have also problems in reaching to tumor site and
suppressing cancer progression. In order to enhance efficacy of genetic tools in gene silencing,
more progress is needed. In this case, bioengineering can come to help by designing nanocarriers
for targeted delivery and providing chemosensitivity via targeting lncRNAs [71].
5. LncRNAs and doxorubicin
As potential regulators of many cellular processes, lncRNAs could contribute to either
chemoresistance or to chemosensitivity. DOX resistance is an increasing challenge in modern
cancer chemotherapy, and in the following sections, we discuss the role of lncRNAs in mediating
DOX resistance and sensitivity.
5.1 LncRNAs which trigger doxorubicin resistance
5.1.1 Targeting NF-kB signaling pathway
Most of the experiments on lncRNAs that have been reported so far suggest they act to increase
DOX resistance. In fact, this oncogenic role of lncRNAs is mediated by several molecular
pathways that are involved in promoting cancer progression. The BMP/OP-responsive gene
8

(BORG) is a well-known lncRNA detected in breast cancer. Upregulation of this lncRNA
(BORG) led to increased invasion of breast cancer cells and a greater risk of recurrence in
patients [72]. Recently, it was shown that the proliferation and metastasis of breast cancer cells
was promoted by BORG, and was associated with the development of chemoresistance [73].
Nuclear factor-kappa-B (NF-κB) is an inducer of cancer growth with a potential role in
triggering DOX resistance [74]. BORG stimulates NF-κB signaling in breast cancer cells via
binding and inducing RPA1, which may explain the stimulation of DOX resistance. This positive
feedback loop between BORG and RPA1 triggered NF-κB expression and reduced the
cytotoxicity of DOX towards breast cancer cells [75].
5.1.2

Targeting Wnt signaling pathway

Targeting drug transporters

na

5.1.3
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As more experiments are performed, further molecular pathways involved in DOX resistance are
being revealed. Glycogen metabolism is involved in the uncontrolled proliferation of cancer
cells. Phosphorylation of glycogen synthase kinase-3 beta (GSK-3β) stimulates cell growth by
increasing glycogen metabolism [76]. GSK3β interaction protein (GSKIP) is a negative regulator
of GSK-3β with a role in activating Wnt signaling and is associated with poor prognosis of
cancer [77]. As an oncogenic factor, the lncRNA HANR often undergoes up-regulation in HCC
cells. Overexpression of HANR induces chemoresistance and suppresses apoptosis.
Mechanistically, HANR inhibits GSK-3β via the positive regulation of GSKIP to activate the
Wnt signaling pathway. This leads to increased proliferation of HCC cells, and stimulates the
resistance to DOX chemotherapy [78].
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Another mechanism for lncRNAs to increase DOX resistance, is by increasing drug efflux
transporters. We previously mentioned that the ABCB1 drug transporter pumps DOX out of
cancer cells. Different molecular pathways can regulate ABCB1 in cancer. Recently, it was
reported that the Forkhead box protein C2 (FOXC2) could contribute to chemoresistance via
increasing ABCB1, and also promote migration and metastasis [79]. In osteosarcoma cells,
lncRNA FOXC2-AS1 regulated the expression of FOXC2 at both the transcriptional and posttranscriptional levels. The positive interaction between lncRNA FOXC2-AS1 and FOXC2
promotes DOX resistance. FOXC2 increased the expression of ABCB1 to reduce the
accumulation of DOX and triggered chemoresistance in osteosarcoma cells [80]. Therefore, in
addition to malignant behavior, another challenge is the enhanced activity of drug transporters
and as lncRNAs can function as upstream mediators, modulating lncRNA expression is vital for
suppressing DOX resistance.
5.1.4

Targeting miRNAs

There are other ncRNAs (such as miRNAs) that act as down-stream targets of lncRNAs in
mediating chemoresistance. One example is the lncRNA X inactive-specific transcript (XIST).
Increasing evidence has demonstrated the role of XIST in triggering chemoresistance, which can
be mediated via the down-regulation of miRNA-144-3p [81, 82]. The same phenomenon occurs
in breast cancer cells, where XIST reduces the expression of miRNA-200c-3p via a sponging
effect to trigger DOX resistance. XIST also affects miRNA-200c-3p by up-regulation of its
9

down-stream target. The Wnt/β-catenin responsive gene ANLN plays a significant role in cancer
migration and growth [83]. By down-regulation of miRNA-200c-3p, XIST increases the
expression of ANLN which is associated with an increase in breast cancer proliferation and
invasion, and promoting DOX resistance [84].

Targeting autophagy mechanism
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Histone deacetylase 8 (HDAC8) is another oncogenic factor in cancer. Over-expression of
HDAC8 is correlated with advanced stages of neuroblastoma [85], and HDAC8 can maintain the
proliferation capacity of neuroblastoma cells [86]. Normally, miRNA-144-3p as an oncosuppressive factor, reduces expression of HDAC8 in order to suppress the invasion and growth
of neuroblastoma cells. The non-coding RNA activated by DNA damage (NORAD) is a newly
discovered lncRNA that can function as an upstream mediator of miRNA-144-3p. NORAD
substantially decreases the expression of miRNA-144-3p by a sponging effect to increase
HDAC8 expression. This results in increased proliferation and metastasis of neuroblastoma cells
and promotes DOX resistance [87].
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Autophagy is one of the main targets in cancer therapy [88]. Autophagy plays a dual role in
cancer, so that it can exert both tumor-promoting and tumor-suppressor functions depending on
the tumor stage and conditions [89]. The activation of autophagy can result in chemoresistance
by reducing the sensitivity of the cancer cells to chemotherapy-mediated apoptosis [90]. ATGs
and the unc-51-like kinase 1 (ULK1) gene act as inducers of autophagy [91, 92]. LncRNAs can
up-regulate the expression of the aforementioned genes to promote autophagy and increase DOX
resistance. The lncRNA SOX2OT-V7 decreases the expression of miRNA-142 and miRNA-22,
which act as tumor-suppressor factors. This reduction in their expression leads to the upregulation of ULK1, ATG4A and ATG5 to induce autophagy. The DOX-mediated up-regulation
of SOX2OT-V7 that activates autophagy, is a negative influence in cancer chemotherapy. Downregulation of SOX2OT-V7 or inhibition of autophagy can enhance the DOX sensitivity of cancer
cells [93]. Autophagy and apoptosis are two major arms of programmed cell death, and can
interact with each other [94, 95]. Further studies should consider how autophagy regulation by
lncRNAs affects apoptosis and related molecular pathways that are of importance for DOX
chemotherapy.
Overall, several oncogenic molecular pathways, such as Wnt, ANLN, PI3K/Akt/mTOR and NFκB can be up-regulated by lncRNAs to induce DOX resistance. Furthermore, drug transporters
such as ABCB1 can be up-regulated to induce DOX resistance. LncRNAs can induce protective
autophagy to inhibit apoptosis in cancer cells and promote DOX resistance. A large number of
targets can be affected by lncRNAs to mediate DOX resistance. Table 1 and Figure 3 summarize
some of the lncRNAs that are involved in DOX resistance.
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Figure 3: Some lncRNAs which trigger DOX resistance in cancer chemotherapy. PI3K,
phosphatidylinositol 3-kinase; Akt, protein kinase B; lncRNA, long non-coding RNA; TUG1,
Taurine upregulated gene 1; BORG, BMP/OP-responsive gene; ZEB1, Zinc finger E‐box
binding protein 1; NF-κB, nuclear factor-kappaB; GSKIP, GSK3β interaction protein; GSK-3β,
glycogen synthase kinase-3β; DOX, doxorubicin; XIST, X inactive-specific transcript; miRNA,
microRNA; NORAD, non-coding RNA activated by DNA damage; HDAC8, histone deacetylase
8; ULK1, ; ATG, autophagy-related gene.
5.2 LncRNAs which suppress doxorubicin resistance
Most of the studies so far have focused on the role of lncRNAs in triggering DOX resistance.
However, there are other experiments showing that lncRNAs can be also involved in suppressing
DOX resistance. These lncRNAs are discussed in this section to pave the way for identification
of lncRNAs which could be able to promote DOX sensitivity.
5.2.1

Targeting STAT3 signaling pathway

Papillary thyroid carcinoma susceptibility candidate 3 (PTCSC3) was first identified as a tumorsuppressor gene in thyroid cancer [96, 97]. PTCSC3 is capable of inhibiting cancer proliferation
and migration as well as disrupting cancer stem cells. These inhibitory effects are mediated via
molecular pathways and affecting miRNAs [98, 99]. On the other hand, the signal transducer and
11

activator of transcription 3 (STAT3) is able to induce chemoresistance via promoting metastasis
and EMT, and is a down-stream target of oncogenic pathways such as MROC4 [100, 101]. There
is a negative relationship between PTCSC3 and STAT3 signaling in thyroid cancer cells. By
down-regulation of STAT3, PTCSC3 reduces expression of INO80 (chromatin remodeling
complex) to inhibit cancer stem cells, leading to enhanced sensitivity to DOX chemotherapy
[102].
5.2.2

Targeting PTEN signaling pathway

Targeting apoptosis and drug transporters
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The expression of tumor-suppressor lncRNAs is generally down-regulated in cancer cells. This is
one step towards promoting the expression of oncogenic pathways, enhancing malignancy, and
inducing chemoresistance. Growth-arrest-specific transcript 5 (GAS5) is a novel lncRNA whose
exact role in cancer has not been fully elucidated. Although one study demonstrated that GAS5
promoted cancer stemness and was involved in chemoresistance [103], another study suggested
that GAS5 over-expression was correlated with chemosensitivity and a more favorable prognosis
[104]. GAS5 showed a tumor-suppressor activity in DOX chemotherapy, and GAS5 overexpression interfered with liver cancer proliferation and increased DOX sensitivity [105]. The
PI3K/Akt axis is known to promote cancer malignancy, and this effect may involve GAS5.
Phosphatase and tensin homolog (PTEN) is a negative regulator of PI3K/Akt and can disrupt
cancer proliferation and metabolism [106]. GAS5 down-regulates the expression of miRNA-21
via sponging and stimulates PTEN expression. This leads to suppression of cancer proliferation
and migration, and is associated with increased sensitivity to DOX chemotherapy [105].
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Apoptosis and cell cycle arrest in the G2/M phase are two consequences of DOX administration.
However, the DOX needs to accumulate within the cancer cells, and can be pumped out by drugefflux transporters. ABCB1 encodes P-gp to lower DOX entrance and increase efflux in cancer
cells, causing chemoresistance [107]. ABCC1 is also called multidrug resistance protein 1
(MRP1) and promotes P-gp expression to trigger chemoresistance [108, 109]. As a
chemosensitizer, lncRNA FENDRR is capable of promoting DOX to induce cell cycle arrest and
apoptosis. This is mediated by increasing the accumulation of DOX in cancer cells via downregulating ABCB1 and ABCC1 [110]. One of the main targets in cancer therapy is p53, whose
up-regulation leads to apoptosis and cell cycle arrest [111, 112]. The lncRNA SNHG1 is retained
in the nucleus following DOX administration and binds to nucleolin. SNHG1 competes with
hnRNPC (heterogeneous nuclear ribonucleoproteins C1/C2) for binding to p53. This leads to an
increase in p53 expression and stimulates apoptosis (Figure 4) [113]. To date, only four studies
have evaluated the role of tumor-suppressor lncRNAs in promoting DOX sensitivity, and there is
still a long way to go to identify all the lncRNAs that may be involved in increasing DOX
sensitivity. Oncogenic pathways such as PI3K/Akt, tumor-suppressor pathways such as PTEN,
and drug transporters such as ABCB1 and ABCC1 are all affected by lncRNAs and could
mediate DOX sensitivity.
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Figure 4: LncRNAs that promote DOX sensitivity. PI3K, phosphatidylinositol 3-kinase; Akt,
protein kinase B; PTEN, phosphatase and tensin homolog; miRNA, microRNA; GAS5, growtharrest-specific transcript 5; lncRNA, long non-coding RNA; DOX, doxorubicin; STAT3, signal
transducer and activator of transcription 3.

Whilst most studies have investigated the role of single lncRNA transcripts in determining the
response to chemotherapy, we think that recently developed bioinformatic tools could help the
identification of more precise lncRNA signatures that can be used to predict response to therapy.
To corroborate this hypothesis, we have compared the prognostic significance of GAS5,
HOTAIR or the HOTAIR/GAS5 ratio in breast cancer patients exposed to therapy. As shown in
figure 5 both lncRNAs were associated with prognosis in a way that confirms evidence reported
in Table 1. However, the HOTAIR/GAS5 ratio was associated with an even lower p value and
narrower odds ratio interval. This finding demonstrates that multi-lncRNA signatures can be
more informative than single transcript analysis.
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Figure 5: Relapse-free survival in 2032 breast cancer patients exposed to systemic
chemotherapy. (a) GAS5; (b) HOTAIR; (c) HOTAIR/GAS5 ratio. Dichotomisation is based on
median gene expression. Analysis performed using (www.kmplot.com) [114].
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5.3 Anti-tumor compounds: Paving the way for clinical translation
Both lncRNAs and their down-stream targets could be attacked by anti-tumor drugs to promote
DOX sensitivity. The lncRNA Taurine upregulated gene 1 (TUG1) plays an oncogenic role in
different cancers. This lncRNA is capable of promoting proliferation (via Wnt up-regulation) and
metastasis (via ZEB1 up-regulation) in cancer cells [115, 116]. TUG1 is also up-regulated in
osteosarcoma cells to promote proliferation, and mediates DOX resistance via Akt up-regulation.
Polydatin is a stilbene glycoside used as an as an anti-tumor agent. Polydatin (50-250 µM)
increased the number of cancer cells undergoing apoptosis (> 50%), resulting in increased DOX
sensitivity. This effect was mediated via down-regulation of TUG1, and subsequent inhibition of
its down-stream target, the Akt signaling pathway [117]. This experiment reveals a great aspect
of DOX resistance that aggressive and malignant behaviors of cancer cells mediated by growth
and migration, stimulate drug resistance. Therefore, targeting each pathway that restrains cancer
malignancy, is of importance in reversing DOX resistance. To date, just one study has
investigated role of anti-tumor compounds targeting lncRNAs in DOX sensitivity. Future
experiments will shed more light on this potential. However, one hist should be considered for
targeting lncRNAs, as transcription factors. Targeting transcription factors is not like targeting
enzymes, since enzymes possess a binding site, while transcription factors lack such binding site.
Besides, biological activity of transcription factors in regulating molecular pathways depends on
interacting with other proteins at multiple points [118, 119]. Therefore, if transcription factors
want to be affected, their protein-protein or DNA-protein interactions should be targeted [120].
These notes should be considered while targeting lncRNAs in DOX chemotherapy. The next
issue is related to using such strategy in treatment of cancer patients by enhancing efficacy of
DOX chemotherapy. The mild acidic pH of tumor microenvironment (negatively affecting drug
structure and activity), presence of barriers such as blood-tumor barriers and so on significantly
14

inhibit anti-tumor activity of compounds in targeting lncRNAs and enhancing DOX sensitivity.
Therefore, an organized plan with addressing difficulties should be considered in this case.
6. Exosomes, lncRNAs and DOX resistance
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Exosomes are a kind of extracellular vesicles (EVs) with a mean diameter of 100 nanometers (at
the range of 40-160 nanometers) [121, 122]. These structures have been surrounded by a lipid
bilayer membrane and most eukaryotic cells have the capacity of secreting exosomes [123].
After their first identification in 1980s, exosomes were considered as cellular water products
[124]. However, more experiments revealed role of exosomes in disease progression and
diagnosis, particularly cancer [125]. After secretion into interstitial space by cells [126],
exosomes can penetrate into neighboring or remote cells via binding to cell membrane, changing
behavior of target cell [127, 128]. The interest towards exosomes is due to their role in regulating
biological mechanisms by transferring cargoes such as proteins, genetic materials and lipids
[129]. By transferring cargoes, exosomes can induce alterations in phenotype of target cells.
Noteworthy, cell communication mediated by exosomes can provide drug resistance of cancer
cells [130, 131]. Some of the underlying mechanisms include drug exportation from cells
(leading to drug inactivation) and delivery of protein and ncRNAs that can induce
chemoresistance. Hence, exosomes are considered as potential carriers for lncRNAs among
cancer cells and have diagnostic and prognostic roles [132-135].
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Although different experiments have examined role of lncRNAs in triggering DOX
sensitivity/resistance, one experiment has shown role of exosomes in transferring lncRNA in
mediating DOX resistance. LncRNA H19 is a tumor-promoting factor providing resistance of
cancer cells to apoptosis and also, enhancing their progression via EMT induction [136-138]. In
breast cancer cells, overexpression of H19 stimulates DOX resistance via enhancing cancer cell
viability, colony-formation capacity and apoptosis inhibition. Silencing H19 is correlated with an
increase in sensitivity of breast cancer cells to DOX chemotherapy. It seems that exosomes
containing H19 can internalize to breast cancer cells in enhancing H19 expression and mediating
DOX resistance. Furthermore, in DOX sensitive-breast cancer cells, H19-incoporated exosomes
in extracellular environment can enter to cells, leading to DOX resistance [139]. This study
clearly demonstrates role of exosomes in triggering DOX resistance. However, we are the
beginning point and more studies are needed to clarify role of exosomes in lncRNA delivery and
DOX resistance.
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Table 1: LncRNAs involved as regulators of doxorubicin resistance or sensitivity in cancer therapy.
Effect on
doxorubicin
effectiveness
Enhancement

PTCSC3

Thyroid cancer

In vitro (8505C and FTC
cells)

GAS5

Liver cancer

In vitro (HepG2 and HepB3
cells)

FENDRR

Osteosarcoma

In vitro (MG63, SaoS2 and
HOS cells)

MALAT1

Hepatocellular
carcinoma

In vitro (Huh-7 and Hep3B
cells)
In vivo (tumor xenograft)

LINC00160

Breast cancer

In vitro (MCF‐7 and BT474
cells)
In vivo (nude mice)

HOTAIR

Breast cancer

In vitro (MCF-7 and
SKBR3 cells)

f

Study design

oo

Cancer type
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LncRNA

Linc00152

Reduction

In vitro (MCF-7 and MDA16

Outcomes

Refs

Inhibition of STAT3 and its
down-stream target INO80
Suppresses stem cell properties
Reduces miRNA-21 expression
PTEN up-regulation
Disrupts cancer proliferation
Increases DOX accumulation in
cancer cells
Down-regulation of ABCB1 and
ABCC1
Promotes DOX sensitivity
Silencing MALAT1 suppresses
cancer proliferation and
metastasis
MiRNA-3129-5p downregulation
Nova1 upregulation
Mediating tumor growth and
DOX resistance
Triggering DOX resistance
Enhancing growth and invasion
Increasing TFF3 expression via
recruiting C/EBPβ to its promoter
Promotes proliferation
Increases apoptosis resistance
Up-regulation of
PI3K/Akt/mTOR signaling
Promotes colony formation

[102]

[105]

[110]

[140]

[141]

[142]

[143]

MB-231 cells)

In vitro (SaoS2, HOS, KHOS, MG63, 143B and U2OS cells)

MCM3APAS1

Burkitt lymphoma

In vitro (Daudi and
Namalwa cells)

PVT1

Bladder urothelial
carcinoma

In vitro (BUC J82 and T24
cells)

UCA1

Gastric cancer

In vitro (SGC-7901 cells)

oo

Osteosarcoma

LOXL1-AS1 Prostate cancer
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epr

FOXF1-AS1

f

In vitro (MCF-7 cells)

H19

In vitro (DU-145 cells)
In vivo (tumor xenograft)
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Increases cell viability
Elevates cancer migration
Triggers EMT
Increases DOX resistance
Enhances CUL4A expression
Promotes activity and expression
of MDR1 and MRP4
Mediates chemoresistance
Increases expression of FOXF1
Subsequently induesc MMP-2
and MMP-9
Promotes migration and invasion
MiRNA-15a down-regulation via
sponging
Up-regulation of anti-apoptotic
factor ELF4E
Promotes cell viability
Increases apoptosis resistance
Suppresses apoptosis and cell
cycle arrest (G1 phase)
Up-regulates MDR1, MRP1, and
Wnt/β-catenin
Reduces miRNA-27b expression
Bcl-2 up-regulation
Caspase-3 down-regulation
Increases IC50 value of DOX
Down-regulation of miRNA-let7a-5p
Up-regulates EGFR
Increases chemoresistance

[144]

[145]

[146]

[147]

[148]

[149]

of

7. Conclusion and remarks
Several different lncRNAs, including HOTAIR, linc00152, H19, FOXF1-AS1, MCM3AP-AS1,
PVT1, UCA1, and LOXL1-AS1 have been reported to mediate DOX resistance. A variety of
molecular pathways and mechanisms have been suggested to be affected by these lncRNAs to
modify DOX resistance. Moreover, pathways such as, NF-κB, Akt, GSKIP, Wnt, FOXC2 and
HDAC8 have been reported to be up-regulated by lncRNAs to stimulate cancer progression,
leading to increased DOX resistance. Importantly, some miRNAs such as miRNA-21 and
miRNA-144-3p can be affected by lncRNAs to promote DOX resistance.On the other hand,
there are also some tumor-suppressor lncRNAs that can promote DOX sensitivity, rather than
reduce it. PTCSC3, GAS5, and FENDRR are examples of some tumor-suppressor lncRNAs
capable of enhancing DOX sensitivity. The mechanism of this effect may be via suppressing
tumor-promoting factors such as STAT3, INO80, ABCB1 and ABCC1, and also by activating
the tumor-suppressor factor PTEN.

ur

na

lP

re

-p

ro

As our knowledge of the role of lncRNAs improves, we can predict that in the near future, more
lncRNAs will be revealed to be involved in DOX resistance and sensitivity. These lncRNAs
could be modified with a therapeutic intent by genetic approaches such as siRNA or the
CRISPR/Cas9 system to improve DOX efficacy in chemotherapy. Noteworthy, the expression of
lncRNAs can also be targeted by pharmacological compounds, and this efficacy has undergone
preliminary investigation. For instance, the natural product polydatin can reduce TUG1
expression and elevate DOX sensitivity. There are other natural products and phytochemicals,
which have been used as anti-tumor agents, such as sulforaphane, curcumin, resveratrol, and
quercetin which may regulate lcnRNA expression and affect the sensitivity to DOX
chemotherapy. As the knowledge about lncRNAs expands, they will be studied in clinical trials
not only as biomarkers and prognostic indicators, but also as potential therapeutic targets [150152]. These therapeutic trials may focus on the role of lncRNAs in improving the efficacy of
DOX chemotherapy in cancer patients.

Jo

The experiments have focused on revealing lncRNAs and their role in pre-clinical studies (in
vitro and in vivo). Furthermore, therapeutic strategies applied for reversing DOX resistance via
targeting lncRNAs are limited to pre-clinical studies. The next movement for bringing these
findings to clinical studies is a troublesome process, since conditions are completely different.
However, some predictions can be made and based on them, we can develop novel strategies.
One of the most important issues related to using anti-tumor compounds and genetic tools in
clinical studies is their low efficacy in cancer treatment. Poor bioavailability of anti-tumor agents
and degradation of genetic tools such as siRNA are among them. In this case, nanobiotechnology
can come to help by developing smart and biocompatible nanoarchitectures for delivery of antitumor agents and genetic tools in DOX sensitivity. Furthermore, a number of characteristics of
tumor microenvironment such as pH and so on can be used for developing stimuli-responsive
carriers in enhancing efficacy of targeting lncRNAs and reversing DOX resistance. By progress
in both fields of biology and nanomedicine, more strategies for overcoming DOX resistance via
targeting lncRNAs is provided.
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Doxorubicin is a well-known chemotherapeutic agent extensively applied in cancer
therapy.
Doxorubicin resistance is commonly observed due to frequent application of this
chemotherapeutic agent.
Alterations in cellular events are responsible for development of doxorubicin
resistance, and long non-coding RNAs (lncRNAs) are capable of regulating biological
processes such as apoptosis, differentiation, and migration.
LncRNAs dually inhibit/induce doxorubicin resistance, and in this way, a variety of
down-stream targets involving in proliferation and metastasis of cancer cells, are
affected.
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