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Abstract: Exosomes, the extracellular vesicles produced in the endosomal compartments, facilitate
the transportation of proteins as well as nucleic acids. Epigenetic modifications are now considered
important for fine-tuning the response of cancer cells to various therapies, and the acquired resistance
against targeted therapies often involves dysregulated epigenetic modifications. Depending on
the constitution of their cargo, exosomes can affect several epigenetic events, thus impacting post-
transcriptional regulations. Thus, a role of exosomes as facilitators of epigenetic modifications has
come under increased scrutiny in recent years. Exosomes can deliver methyltransferases to recipient
cells and, more importantly, non-coding RNAs, particularly microRNAs (miRNAs), represent an
important exosome cargo that can affect the expression of several oncogenes and tumor suppressors,
with a resulting impact on cancer therapy resistance. Exosomes often harbor other non-coding RNAs,
such as long non-coding RNAs and circular RNAs that support resistance. The exosome-mediated
transfer of all this cargo between cancer cells and their surrounding cells, especially tumor-associated
macrophages and cancer-associated fibroblasts, has a profound effect on the sensitivity of cancer cells
to several chemotherapeutics. This review focuses on the exosome-induced modulation of epigenetic
events with resulting impact on sensitivity of cancer cells to various therapies, such as, tamoxifen,
cisplatin, gemcitabine and tyrosine kinase inhibitors. A better understanding of the mechanisms by
which exosomes can modulate response to therapy in cancer cells is critical for the development of
novel therapeutic strategies to target cancer drug resistance.
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1. Cancer Therapy and Drug Resistance

Chemotherapeutic drugs aim to kill cancer cells through the disruption of mechanisms
that tumor cells rely on for survival, proliferation or migration [1]. They target the synthesis
and/or function of proteins or nucleic acids that are involved in mechanisms contributing
to cancer progression. By debilitating the cancer cell’s ability to function optimally for
survival and tumorigenesis, chemotherapeutic agents eventually result in the death of
cancer cells. Often, chemotherapy is employed in adjuvant settings along with surgery,
radiation therapy and even with other chemotherapeutic drugs [2]. Despite the many
benefits of chemotherapy for cancer cure, the associated toxicity is also well known [3].
This is because chemotherapeutic drugs target rapidly dividing cells and can thus impact
several other cells that constantly divide, such as, hair follicles, bone marrow, cells of the
gastrointestinal tract, etc. [1]. Another major challenge with the use of chemotherapy is
the phenomenon of acquired resistance [4,5]. The drug resistance that develops as a result
of continuous administration of chemotherapy has a significant impact on the clinical
outcome of cancer patients.
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Drug resistance, or tachyphylaxis, in cancer has long been a subject of investigation
and a number of underlying mechanisms have been proposed [6–8]. Primarily, there
are two types of resistance, primary resistance wherein the patient is inherently resistant
to the drug even before the drug administration, and secondary (acquired) resistance
wherein, the resistance is ‘acquired’ post-drug administration [9]. Efflux pumps, the active
transporters on cell surface, pump out the drugs from the cells through the production of
p-glycoprotein [1] while multidrug resistance-associated protein 1, multidrug resistance
protein 1 and breast cancer resistance protein are examples of transporters that also mediate
drug resistance in many different cancers, with tyrosine kinase inhibitors (TKIs) being
their well-known targets [10]. Often the chemotherapeutic drugs require activation to be
functional and effective, and the drug resistance could be induced through the inhibition
of drug activation [10]. Additionally, for an effective targeting of cancer cells, molecular
targets must be available within the cancer cell and downregulation or mutations in
these molecular targets could lead to drug resistance. Since some chemotherapies induce
DNA damage leading to apoptosis, DNA damage repair mechanisms can also induce
resistance [10]. For example, cisplatin, a platinum-based drug, creates DNA crosslinks
thus impacting DNA replication and cell division but cancer cells circumvent these effects
through increased DNA repair. Furthermore, cancer cells manipulate autophagy and
the apoptosis pathways to inhibit cell death, again resulting in resistance to drugs [8,11].
The genetic makeup of the patient [8] as well as the process of epithelial to mesenchymal
transition (EMT) [12] also play a role in the acquisition of resistance. It has been observed
that the drug-resistant cancer cells in a tumor outlive the drug-sensitive cells that are being
targeted by the drug. Therefore, drug resistance increases and dominates over time with
the increase in proportion of resistant cells within a progressing tumor.

A number of chemotherapeutic agents are FDA approved for cancer treatment but
some of the drugs that we discuss later in this article include tamoxifen, cisplatin, gemc-
itabine and TKIs. Tamoxifen is a competitive inhibitor of estrogen, and it binds the estrogen
receptor alpha on ER+ breast cancer cells [13]. However, resistance to tamoxifen is observed
due to the upregulation of growth factor signaling, as growth factors activate kinases that
phosphorylate estrogen receptors to be constitutively active. Hence, there is an alteration in
the drug target that debilitates the drug. As mentioned earlier, cisplatin is a platinum-based
drug that induces DNA damage in many different cancers [14–16]. The resistance against
cisplatin is acquired through multiple pathways and these include DNA damage repair,
dysregulation of apoptosis, inactivation of cisplatin and reduced cellular accumulation [14].
Gemcitabine is a chemotherapeutic drug that is used against a variety of solid tumors to
induce apoptosis [17]. It requires phosphorylation to be active and incorporation into the
newly synthesized DNA strands in dividing cells, thus interfering with DNA synthesis. An
alteration in the transporters that uptake gemcitabine or an inhibition of factors responsible
for phosphorylation could lead to gemcitabine resistance. Finally, TKIs have been used to
treat various cancers through their targeting of signal transduction pathways that require
receptor tyrosine kinases [18]. Multiple generations of TKIs are now being used and the
very need to come up with these successive TKI generations was due to the development
of resistance against the preceding generation(s). Mutations in the drug targets (receptor ty-
rosine kinases) that alter the kinase binding domain are the main route of resistance against
TKIs [19]. It cannot be emphasized enough that resistance against therapies, particularly
the chemotherapeutic drugs, is a major clinical challenge necessitating the validation of
novel diagnostic, prognostic as well as therapeutic targets.

2. Epigenetic Cargo of Exosomes

For past several years, the role of exosomes is being investigated in relation to the ac-
quired resistance against chemotherapeutic drugs [20]. Exosomes are extracellular vesicles
that package and transport proteins and nucleic acids from cells to their nearby cells [21].
They have an average size of approximately 100 nm and their functions include cellular
homeostasis [22,23] and intercellular communication [24]. Exosomes can exert a multi-
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tude of biological functions, often conflicting, based on the composition of their cargo.
Some exosomes can induce apoptosis, others can promote survival while others can still
modulate the immune response [21]. On the virtue of their cargo, exosomes have also been
proposed as potential cancer diagnostic and/or prognostic biomarkers [25]. Additionally,
efforts are underway to possibly deploy exosomes as drug delivery systems as part of the
anti-cancer therapy [20]. Exosomes modulate drug resistance through several mechanisms.
They can trick the drugs by carrying and presenting receptors that are drug targets, so
as to attract drugs off the cancer cells. Exosomes can also transfer the ‘characteristics’,
i.e., the factors (signaling proteins, coding and non-coding RNAs, etc.) that mediate resis-
tance. In particular, studies over the past several years have detailed the role of exosomes
in the transfer of epigenetic machinery that includes methyltransferases as well as non-
coding RNAs, resulting in epigenetic regulation of cancer drug resistance. This section
details the current knowledge on the epigenetic cargo of exosomes that determines the
sensitivity/resistance of tumor cells to different therapies.

2.1. Exosome-Mediated Transfer of DNA Methyltransferases

An important mechanism by which exosomes can epigenetically regulate drug re-
sistance is through the transfer of methyltransferases. In a study [26] that focused on
developing a new technology—a sensitive microfluidic platform for on-chip analysis of
mRNA contents of exosomes—it was found that DNA methyltransferase MGMT (O-6-
methylguanine DNA methyltransferase) mRNA is not only detectable in exosomes, but the
levels are reflective of changes in the parental tumor cells. The proof-of-principle study was
conducted in a glioma model with the background that since successive biopsies of glioma
patients are challenging, there is need to develop alternative methods for evaluating disease
progression, particularly drug resistance. In this context, it was suggested that exosomes
from the patients’ blood might be exploited for the evaluation of their cargo content. MGMT
is a DNA repair enzyme [27] and therefore involved in acquired cancer drug resistance.
MGMT’s promoter is methylated in cells that are sensitive to drug treatment. Accordingly,
it was found that the parental glioma cells that were sensitive to temozolomide (TMZ)
had lower MGMT mRNA levels which corresponded with higher sensitivity to TMZ [26].
The exosomes derived from such cells also had relatively lower levels of MGMT mRNA.
On the other hand, TMZ-resistant glioma cancer cells had elevated levels of MGMT that
probably played a role in the TMZ resistance but more importantly, the higher levels of
MGMT were also found in the exosomes derived from such resistant cells. In addition to
the initial in vitro studies in the glioma cancer cells, the study further tested blood samples
from glioma patients. It was reported that exosomal MGMT levels in samples derived
from methylation-positive patients were comparable to those from the healthy controls [26].
Such patients would be expected to be sensitive to chemotherapy. In contrast, glioma
patients with lower MGMT promoter DNA methylation had higher exosomal MGMT [26].
These are the patients at risk of demonstrating acquired resistance against chemotherapy.

While the above study [26] demonstrated exosomal presence of DNA methyltrans-
ferase, the manifestations of such phenomenon in recipient cells were not evaluated.
It would not be wrong to expect that exosomal transfer of factors responsible for acquired
drug resistance should result in enhanced resistance of exosome-receiving cells against
chemotherapy. This was demonstrated in a later study by another group that studied
cisplatin resistance in ovarian cancer [28]. First, in agreement with the earlier study on
TMZ resistance in glioma [26], this study [28] also found a positive correlation between
methyltransferase DNA methyltransferase 1 transcripts in cancer cells and the exosomes
that originated from those cells. Furthermore, this study also showed that the cells receiving
exosomes, through co-culture, acquire resistance against cisplatin, thus clearly establishing
a role of exosomal transfer of methyltransferases in acquired drug resistance. In vivo testing
was also carried out and it was reported that the administration of DNA methyltransferase
1-harboring exosomes significantly increased tumor growth in vivo [28]. To rule out factors
other than exosomes playing a role in the acquired resistance, exosome inhibitor GW4869
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was used in this study to demonstrate that exosome inhibition was enough to reverse the
phenomenon of acquired drug resistance.

Subsequent to this study demonstrating an effect of exosomal methyltransferases on
acquired cancer drug resistance [28], another independent research team evaluated such
effect of exosomal MGMT in glioma TMZ resistance. The focus of this study was on cellular
interactions within the tumor microenvironment, particularly cancer cells’ interactions
with astrocytes [29]. Firstly, glioma cancer cells could stimulate astrocytes into ‘reactive’
astrocytes and the exosomal cargo from these reactive astrocytes had particularly high levels
of MGMT [29] compared to exosomes from normal astrocytes. Furthermore, as evidence
to support the ability of exosome-derived methyltransferases to induce resistance against
chemotherapy, it was found that MGMT-negative glioma cells (TMZ-sensitive glioma cells
with promoter methylated MGMT) could take up exosomes from reactive astrocytes (with
high MGMT) and demonstrate resistance against TMZ [29]. Thus, combined with the
knowledge gained from an earlier study [26], it is evident that MGMT transportation in
exosomes plays an important role in glioma TMZ resistance. It is now also being realized
that promoter methylation is not the only factor driving MGMT expression, but MGMT
genomic rearrangements also have a fair share in determining MGMT expression with the
evidence of such MGMT genomic rearrangements in recurrent gliomas leading to MGMT
overexpression [30]. This information is relevant to MGMT’s role in glioma cell TMZ
resistance. Additionally, such fusions were also detected in glioma-derived exosomes [30]
which further indicates their exosomal transport as a possible mechanism of spreading
drug resistance within the microenvironment. This also opens up a possible exploitation of
exosome cargo for diagnosis of relapsed/recurrent disease.

Clearly, the studies discussed so far provide evidence for a role of methyltransferases
in acquired cancer drug resistance of cancer cells and the transport of methyltransferases in
the exosomal cargo with a resulting influence on the drug sensitivity/resistance of cells
that receive the exosomes. On a different note, it has also been shown that exosomal
cargo can modulate methyltransferases in the recipient cells with effects on drug resistance.
This particular study focused not on the astrocytes but on another very important cell type
within the tumor microenvironment—the fibroblasts—and it was shown that exosome-
mediated transfer of miR-29b from cancer-associated fibroblasts (CAFs) to hepatocellular
carcinoma (HCC) cells resulted in miR-29b-mediated suppression of DNA methyltrans-
ferase 3b in the HCC cells [31]. Thus, exosomes can carry cargo to effect methyltransferases
in the recipient cells with resulting effects on their cellular phenotype.

As an indirect association of DNA methyltransferases and exosome cargo, the effects of
an inhibitor decitabine were shown in colorectal cancer cells [32]. This study reported that
the invasion potential of colorectal cancer cells with acquired resistance against oxaliplatin
was significantly diminished when these cells were treated with decitabine. Although the
transportation of any methyltransferase in exosomes was not evaluated in this study, the
exosome cargo was checked for other epigenetic markers, the miRNAs, and it was found
that miRNAs such as miR-200c and miR-141 were particularly elevated in the exosomes [32].
Both of these miRNAs belong to the miR-200 family of miRNAs and this miRNA family
is involved in negative regulation of EMT [33]. Since the exosome cargo is reflective of
levels in the cells that the exosomes are derived from, there was clear elevation of the
epithelial marker—e-cadherin—in the cells treated with decitabine along with the elevated
EMT-inhibiting miRNAs [32]. On a similar note, another class of non-coding RNAs, the
circRNA (circular RNA), has also been shown to be affected by methylation in tumor cells.
In this case, circCUX1 was methylated by methyltransferase-like 3 resulting in circCUX1
stabilization with resulting resistance against radiotherapy [34]. Yet, another type of non-
coding RNAs, the long non-coding RNAs (lncRNAs), were also connected to methylation
and exosomes in a study on multiple myeloma wherein two lncRNAs, LOC606724 and
SNHG1, were reported to be elevated in multiple myeloma cells that were exposed to
exosomes from adipocytes [35]. Methyltransferase-like 7A was found to mediate m6A
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methylation of lncRNAs and these lncRNAs were reported to correlate with poor prognosis
of MM patients.

2.2. Non-Coding RNAs as Exosomal Cargo

As briefly discussed in the preceding section, a number of non-coding RNAs are
packaged inside the exosomes, and these include miRNAs, lncRNA and circRNAs. By far,
miRNAs seem to be the most common non-coding RNAs that are packaged in exosomes [36]
or at least these are the most studied non-coding RNA subtype in exosomes. miRNA load-
ing into the exosomes depends on machinery that is specific and selective which, however,
in cancer, is dysregulated resulting in omission or inclusion of specific miRNA(s) into the
vesicles that promote tumor progression [36]. For example, in metastatic melanoma it was
observed that the exosomes contained abnormally high pro-metastatic prominin-1 [36].
miRNA profiling revealed that among 49 over-expressed miRNAs in exosomes from
metastatic melanoma, compared to those from normal cells, a total of 20 miRNAs asso-
ciated with tumor progression. Exosomes package miRNAs that promote resistance to
chemotherapy [37]. One pathway by which exosomes could induce resistance to drugs
would be by packaging miRNAs that are responsible for initiating the EMT. This is some-
thing that was also indicated in the study involving decitabine, the methyltransferase
inhibitor, discussed above [32]. Thus, exosomes not only carry miRNAs, but they might
also even favor tumor- and resistance-promoting miRNAs. This is still debatable with no
clear verdict and the exosomal cargo might just be reflective of miRNA content of the cells
the exosomes were derived from. LncRNAs are another type of non-coding RNAs that
regulate gene expression. They constitute the second most studied non-coding RNAs in the
exosome, and the change in abundance of lncRNAs has been noted across tumor versus
‘normal’ exosomes [38]. The altered lncRNA cargo can have a possible effect on cancer
hallmarks such as metastasis, angiogenesis and sensitivity to therapies. For example, in
hepatocellular carcinoma cells, Linc-ROR inhibits chemotherapy-induces apoptosis and
reduces drug cytotoxicity, and this lncRNA is found to be in high abundance in cancer
cell exosomes versus normal cell exosomes [39]. In HER2+ breast cancer cells, exosomal
LncRNA-SNHG14 has been shown to promote resistance [40]. In the next section, we pro-
vide more detailed account of exosomal miRNAs/lncRNA/circRNAs that have implicated
in acquired resistance against specific chemotherapeutic agents in different human cancers.

3. Mechanisms of Exosome-Mediated Cancer Drug Resistance
3.1. Tamoxifen Resistance

Tamoxifen is used to target ER+ breast cancers, and a number of reports suggest that
exosomes might play a role in the resistance against this drug. For example, exosomes
that are rich in miR-22 are released from certain CAFs to induce tamoxifen resistance [41].
It is now known that tamoxifen resistance in ER+ breast cancer cells, such as MCF-7,
correlates with the methylation status of oncogenes and the exosome cargo is responsible
for the resistance against tamoxifen [42]. Tamoxifen resistance has also been observed
to be induced by miR-221/222 in MCF-7 cells [43]. A significant distinction was found
in the exosomal composition from wild type MCF-7 vs. tamoxifen-resistant MCF-7 cells.
Exosomes from resistant cells induced resistance in parental MCF-7 cells by reducing the
expression of p27 and Er-α genes. Tamoxifen-resistant MCF-7 cells can also transfer miR-9-
5p, which reduces the expression of ADIPOQ adiponectin, C1Q and collagen domain containing
gene hence inducing resistance to tamoxifen in neighboring cells [44]. Adiponectin, C1Q
and collagen domain containing is a gene that codes adiponectin, which is a protein that,
upon upregulation, contributes to increased survival and resistance against therapy. miR-
181a-2 induces tamoxifen resistance in MCF-7 cells through exosome delivery, which is
mechanistically mediated by the activation of the PI3K/Akt pathway and the inhibition
of estrogen receptor signaling [45]. Another miRNA, miR-205, is released in exosomes
by tamoxifen-resistant cells, leading to tamoxifen resistance in nearby cells through the
downregulation of E2F Transcription Factor 1 in MCF-7 cells [20].
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As mentioned above, miRNAs are not the only non-coding RNAs that mediate
exosome-induced resistance against therapy in cancer cells. It was reported that in
tamoxifen-resistant cells, the circular RNA circ_UBE2D2 is upregulated [46]. Upon pack-
aging and transferring of circ_UBE2D2 through exosomes to other cells, resistance to
tamoxifen was acquired through the interaction of circ_UBE2D2 with miR-200a-3p. This
interaction between circular RNA and miRNA not only regulates resistance, but also cell
viability and migration, which are the hallmarks of drug resistance. The lncRNA UCA1
was significantly more abundant in the exosomes of tamoxifen-resistant cells, compared
to sensitive MCF-7 cells, and could induce resistance in the MCF-7 cells [47]. Another
exosomal lncRNA, HOTAIR, was also found to highly correlate with tamoxifen resistance
in breast cancer cells [48]. High HOTAIR levels led to poor disease-free as well as overall
survival in breast cancer patients. Combined, a number of studies support a role of ex-
osomes in facilitating tamoxifen resistance through the transport of various non-coding
RNAs (Table 1).

Table 1. Exosome-mediated tamoxifen resistance.

Exosomal Cargo Non-Coding RNA Type Exosomes Released From Effect Reference

circ_UBE2D2 Circular RNA Cancer Cells Interaction with miR-200a-3p [46]
HOTAIR lncRNA Cancer Cells Poor survival of patients [48]
miR-9-5p miRNA Cancer Cells Tamoxifen resistance [44]
miR-22 miRNA CAF Tamoxifen resistance [41]

miR-181a-2 miRNA Cancer Cells Activation of PI3K/Akt [45]
miR-205 miRNA Cancer Cells E2F1 suppression [49]

miR-221/miR-222 miRNA Cancer Cells p27 suppression [43]
UCA1 lncRNA Cancer Cells Apoptosis inhibition [47]

CAFs: cancer-associated fibroblasts, circRNA: circular RNA, E2F1: E2F Transcription Factor 1, lncRNA: long
non-coding RNA, miRNA: microRNA.

3.2. Cisplatin Resistance

In several reports, exosomes have been observed to transfer cisplatin resistance
through packaging epigenetic modifiers. In breast cancer cells MDA-MB-231, cisplatin-
resistant cells transferred resistance through the transfer of miR-423-5p in the exosomes [50].
The expression of miR-423-5p highly impacted cisplatin resistance, as when the expression
increased so did the resistance [22]. In lung cancer cells A549, cisplatin resistance is passed
from one cell to the other, and this process is dependent on exosomal miR-100-5p [23].
Additionally, tumor-associated macrophages (TAMs) have been observed to deliver miR-21
to non-resistant/sensitive cancer cells, and this miRNA transforms gastric cancer cells to be
cisplatin resistant [51]. miR-21 acts as an inducer of resistance through the activation of the
PI3K/AKT signaling pathway and the suppression of PTEN expression, thereby inhibiting
apoptosis [51]. In oral squamous cell carcinoma, exosomes have also been seen to package
miR-21 and to confer resistance in drug-sensitive cancer cells through reducing DNA dam-
age response to cisplatin and downregulating the expression of PTEN and PDCD4 [52].
PTEN and PDCD4 are known to have tumor-suppressing functions. While PTEN reduces
tumor growth and affects PI3K/Akt/mTOR signaling pathway, PDCD4 is involved in
many cellular functions and behaviors such as tumor growth, apoptosis, invasion and cell
transformation. In osteosarcoma, the circular non-coding RNA hsa_circ_103801 was found
to be overexpressed in cisplatin-resistant cells compared to the wide-type osteosarcoma.
Exosomes containing hsa_circ_103801 not only suppressed apoptosis, but also promoted
cisplatin resistance and increased the expression of resistance-promoting proteins [53].

After cisplatin treatment, CAFs increase the production and secretion of miR-522 into
the exosomes, increasing cisplatin resistance in gastric cancer cells. Heterogeneous nuclear
ribonucleoprotein A1 was the molecule chiefly responsible for the increase in miR-522
packaging in exosomes, and miR-522 modulated cisplatin resistance through the downreg-
ulation of the arachidonate 15-lipoxygenase gene and the reduction in lipid reactive oxygen
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species accumulation [26]. CAFs are also responsible for heterogeneous nuclear ribonu-
cleoprotein A1-mediated aberrant packaging of miR-196a into exosomes to be delivered
to head and neck cancer cells to modulate cisplatin resistance [54]. The way miR-196a
functions to modulate resistance is through the inhibition of cyclin-dependent kinase inhibitor
1B and inhibitor of growth family member 5 genes. The overexpression of cyclin-dependent
kinase inhibitor 1B and inhibitor of growth family member 5 would lead to the reduction in
the growth of the cells and an increased sensitivity to chemotherapy, hence the inhibition
of their expression through miR-196a leads to opposite effects, i.e., cisplatin resistance.
In esophageal cancer, miRNA193 was seen to induce resistance through exosomal secretion,
by its ability to inhibit the gene expression of the tumor suppressor gene transcription factor
AP-2 gamma [55]. In yet another study, although the specific element in exosome was not
identified, generally, exosomes from cisplatin-resistant HCC cancer cells conferred resis-
tance to neighboring cells through the upregulation of P-glycoprotein [56]. Hence, through
multiple pathways, exosomes deliver molecules that manipulate the epigenetics of the cells
in a way that favors chemotherapeutic resistance of cisplatin (Table 2).

Table 2. Exosome-mediated cisplatin resistance.

Exosomal Cargo Non-Coding
RNA Type Cancer Exosomes

Released From Effect Reference

circ_103801 CircRNA Osteosarcoma Cancer Cells Apoptosis suppression [53]

miR-21 miRNA
Gastric TAMs Activation of PI3K/Akt [51]

Oral Cancer Cells Reduced DNA damage [52]
miR-100-5p miRNA Lung Cancer Cells Targets mTOR [57]

miR-193 miRNA Esophageal Cancer Cells Cisplatin resistance [55]
miR-196a miRNA Head and Neck CAFs CDKN1B and ING5 suppression [54]

miR-423-5p miRNA Breast Cancer Cells Increased invasion and cisplatin resistance [50]
miR-522 miRNA Gastric CAFs Ferroptosis suppression [58]

CAFs: cancer-associated fibroblasts, CDKN1B: cyclin-dependent kinase inhibitor 1B, circRNA: circular RNA,
ING5: inhibitor of growth family member 5, miRNA: microRNA, mTOR: mammalian target of rapamycin,
TAMs: tumor-associated macrophages.

3.3. Gemcitabine Resistance

Gemcitabine resistance has also been demonstrated to be manipulated and transferred
through exosome communication between cancer cells (Table 3). As discussed above, TAMs
are known to release exosomes that aid in acquiring drug resistance. In pancreatic ade-
nocarcinoma specifically, exosomes from TAMs deliver miR-365 to transform cancer cells
to become gemcitabine resistant [59]. In native cells, miR-365 facilitates apoptosis, but in
cancer cells, it contributes to cancer hallmarks. The gene target of miR-365 is nuclear factor
I/B, and other functions of this miRNA include cell differentiation, metabolic regulation,
increasing levels of triphospho nucleotides, and the upregulation in the metabolism of
pyrimidine. Increase in triphospho nucleotide availability leads to the aberrant regulation
of the cytidine deaminase, which is the principal enzyme contributing to gemcitabine
inactivation and resistance. In non-small cell lung cancer (NSCLC), gemcitabine resistance
can be transferred from cell to cell through exosomal miR-222-3p, which targets the pro-
motor region of the SOCS3 gene [60]. Additionally, this miRNA also contributes to other
hallmarks of cancer that increase aggressiveness, such as increased proliferation, migration
and invasion.
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Table 3. Exosome-mediated gemcitabine resistance.

Exosomal Cargo Non-Coding RNA Type Cancer Exosomes
Released From Effect Reference

miR-21 miRNA Pancreatic Cancer cells Apoptosis suppression [61]
miR-106b miRNA Pancreatic CAFs TP53INP1 inhibition [62]
miR-146a miRNA Pancreatic CAFs Snail induction [63]
miR-155 miRNA Pancreatic Cancer cells Apoptosis suppression [61]
miR-210 miRNA Pancreatic Stem cells mTOR activation [64]

miR-222-3p miRNA NSCLC Cancer cells SOCS3 regulation [60]
miR-365 miRNA Pancreatic TAMs Gemcitabine resistance [59]

CAFs: cancer-associated fibroblasts, miRNA: microRNA, mTOR: mammalian target of rapamycin,
NSCLC: non-small cell lung cancer, TAMs: tumor-associated macrophages.

CAFs are inherently chemo resistant, and, upon exposing CAFs to gemcitabine, the
levels of secreted transcription factor Snail, and its downstream effector miR-146a increase
in the exosomes [63]. Additionally, the take up of these exosomes by pancreatic cancer cells
also induces an increase in Snail and miR-146a expression, which leads to upregulation of
CXCR4 gene expression, stimulation of NF-κB and Akt and upregulation of cancer stem
cell markers, ultimately leading to enhanced chemoresistance, metastasis and cancer cell
growth. Pancreatic cancer stem cells display a horizontal transfer of gemcitabine resistance
through the delivery of overexpressed miR-210 via exosomes. The functions of miR-210
that render chemoresistance possible include the activation of mTOR signaling pathway,
inhibition of cell cycle arrest and reduced apoptosis [64].

Another study on pancreatic cancer revealed a role of miR-106b in exosome-mediated
gemcitabine resistance [62]. CAF-derived exosomes deliver miR-106b to pancreatic can-
cer cells where it carries out its function in targeting the gene tumor protein P53 inducible
nuclear protein 1 directly. Although the mechanisms of how it functions have not yet been
uncovered, the protein P53 inducible nuclear protein 1 gene is a known tumor suppressor in
many different cancers, and its suppression through miR-106b leads to reduced sensitivity
to gemcitabine. For pancreatic and ductal adenocarcinoma, gemcitabine resistance is also
transferred between the cancer cells via exosomal miR-155 and miR-21 [61,65]. The way
miR-155 functions in gemcitabine resistance is by preventing apoptosis through the stimu-
lation of the anti-apoptotic pathway, downregulation of certain tumor suppressor genes
such as protein P53 inducible nuclear protein 1/Sel-1-like, and upregulation of genes respon-
sible for exosome synthesis. miR-21 is a well-characterized miRNA in terms of its role in
determining resistance against multiple cancer therapies [66,67].

3.4. Resistance against TKIs

TKIs are inhibitors that bind to receptor tyrosine kinases and inhibit their function,
and examples of these receptors include EGFR, AKT, c-MET, VEGFR and MEK1/2 [68].
It is only in recent few years that the exosome-mediated acquired resistance against several
TKIs has been characterized in sufficient detail [69,70]. The acquired resistance against
TKIs can also be affected by non-coding RNA cargo of exosomes. According to a study in
renal cancer, the lncRNA lncARSR was found responsible for chemoresistance against the
TKI sunitinib [71]. lncARSR performs its function of inducing resistance through miRNA
sponging. This leads to the upregulation or higher activity of the miRNA targets, such
as other receptor tyrosine kinases, namely, AXL and c-MET. In sunitinib-resistant cells,
aberrant lncARSR expression leads to the aberrant expression of AXL and c-MET, which
were found to be essential factors in modulating sunitinib resistance.

A number of TKIs, namely, imatinib, nilotinib and dasatinib, are widely used for
the treatment of acute myeloid leukemia. Exosomes derived from human bone mar-
row microenvironment-derived mesenchymal stem cells upregulate the expression of
Bcl-2 (an anti-apoptotic protein) and limit the activation of caspase-9, caspase-3 and Poly
(ADP-ribose) polymerase cleavage. This epigenetic manipulation contributes to chemore-
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sistance [72]. Plasminogen activator urokinase receptor (PLAUR) is a receptor that has
a known function in cellular functions such as proliferation, cell motility and apoptosis.
Exosomal PLAUR in NSCLC was observed to increase at mRNA as well as protein levels
in gefitinib-resistant NSCLC cells [73]. Additionally, there was a positive high correlation
between PLAUR and EGFR expression suggesting a role of exosomal PLAUR in gefitinib
resistance, through the EGFR/p-AKT/survivin axis. Certain oncogenes that are responsible
for lipogenesis are upregulated in human cancers, and cells utilize them to inhibit apoptosis
and increase proliferation. Glycerol kinase 5 seems to play a role in gefitinib resistance
of NSCLC through the inhibition of factors controlling lipogenesis [74]. The reduction
in the glycerol kinase 5 protein levels in the exosomes leads to reduced levels of sterol
regulatory element-binding transcription factor 1 and stearoyl-CoA desaturase-1, resulting
in the attenuation of apoptosis inhibition in gefitinib-resistant cells.

The ability of exosomes, derived from TKI-resistant cancer cells, to induce TKI resis-
tance in sensitive cells is now evident. As an example, exosomes from imatinib-resistant
chronic myeloid leukemia K562 cells were shown to induce resistance in otherwise imatinib-
sensitive K562 cells [75]. As evidence for the role of epigenetic cargo of exosomes in
TKI resistance, exosomal miR-210 was shown to play a role in the resistance against
third-generation TKI, osimertinib, in NSCLC cells [76]. miR-210 was found elevated in
osimertinib-resistant HCC827 as well as PC-9 cells, relative to their native osimertinib-
sensitive counterparts. Induction of EMT was found to be the underlying cause. In an
independent study that also studied osimertinib resistance in NSCLC but used a dif-
ferent model system, osimertinib-sensitive H1975 vs. osimertinib-resistant H1975 cells,
two exosome-derived miRNAs, miR-184 and miR-3913, stood out as the miRNAs that were
elevated in osimertinib-resistant cells [77]. Interestingly, a proof-of-principle validation
was carried out in three NSCLC patients that were administered osimertinib and from
whom plasma was drawn, for exosome isolation, before and after the onset of osimertinib
resistance. In renal cancer, miR-549a was found to be reduced and such lower levels were
reflected in the derived exosomes that were taken up by endothelial cells and the reduced
miR-549a levels resulted in de-repression of HIF-1α and VEGF ultimately leading to in-
creased angiogenesis [78]. In support of an interplay between lncRNAs and the miRNAs,
lncRNA LNC000093 was found to be downregulated while the miRNA it sponged, miR-675,
is elevated in imatinib-resistant leukemia cells [79]. In summary, it is increasingly being
realized that exosomes, through their epigenetic cargo, induce resistance against multiple
TKIs in different human cancers (Table 4).

Table 4. Exosome-mediated TKI resistance.

Exosomal Cargo Non-Coding RNA Type Cancer TKI Affected Effect Reference

LNC000093 lncRNA CML Imatinib TKI resistance [79]

lncARSR lncRNA Renal Sunitinib miRNA sponging and
AXL/c-MET targeting [71]

miR-184 miRNA NSCLC Osimertinib TKI resistance [77]
miR-210 miRNA NSCLC Osimertinib EMT induction [76]

miR-549a miRNA Renal Sorafenib Increased angiogenesis through
elevated HIF-1α and VEGF [78]

miR-675 miRNA CML Imatinib TKI resistance [79]
miR-3913 miRNA NSCLC Osimertinib TKI resistance [77]

CML: chronic myeloid leukemia, EMT: epithelial–mesenchymal transition, lncRNA: long non-coding RNA,
miRNA: microRNA, NSCLC: non-small cell lung cancer.

4. Conclusions and Future Perspectives

Chemotherapeutics represent a major treatment strategy for clinical management of
cancer patients. One of the most challenging aspects of cancer treatment is the acquired
resistance against therapy i.e., acquisition of resistance against the very drug that is be-
ing administered. A better understanding of the underlying phenomena responsible for
acquired cancer drug resistance is thus urgently needed. The existence of exosomes has
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been acknowledged for many years and they are well-known mediators of cell-to-cell
communications, often transporting the proteins as well as nucleic acids between cancer
cells and their surrounding cells, which could be the basis of acquired drug resistance.
In this article, we presented evidence for the exosome-mediated transfer of epigenetic
machinery-regulating factors (Figure 1). The methyltransferases, when transported by
exosomes, can have a profound effect on gene expression in the recipient cells. Exosomes
transport methyltransferases and may also impact the expression of methyltransferases
in the recipient cells independent of a direct transport. Exosomes also transfer several
non-coding RNAs, including miRNAs, lncRNA and circRNAs, within the tumor microen-
vironment, resulting in acquired therapy resistance. Clearly, information is still emerging
and is far from complete. What is often lacking in the published reports is a complete
mechanism by which an observed upregulated or downregulated factor/non-coding RNA
can directly interfere with the anti-cancer drug action. Despite the lack of very conclusive
knowledge, there seems to be enough evidence to support exosome-mediated regulation of
epigenetic machinery in cancer and surrounding cells, resulting in conditions that favor
therapy resistance. Design and conduct of such mechanism-focused studies will be key to
the clinical future of exosomes in cancer research and treatment. Identification or synthesis
of novel chemical compounds that can modulate exosome synthesis or function, along
with novel non-toxic methods to deliver exosomes as therapeutics, can potentially rapidly
advance the field. To this end, a close collaboration between cancer researchers, chemists
and drug delivery experts will be highly desirable. Further investigations on the subject
will be important to fully understand the role of exosomes in epigenetic drug resistance.
This knowledge will invariably result in the identification and validation of invaluable
cancer diagnostic as well as therapeutic targets.
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Figure 1. Exosome-mediated epigenetic regulation of cancer therapy resistance. Within the tumor
microenvironment, various cell types communicate with each other leading to conditions favoring
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netic factors such as miRNAs, lncRNAs and circRNAs, in addition to carrying methyltransferases,
all of which bring about epigenetic modifications in the recipient cells, resulting in the induction
of EMT, cancer stem cell phenotype and cellular signaling pathways that favor cancer cell migra-
tion, invasion, angiogenesis, metastasis and therapy resistance. CAFs: cancer-associated fibrob-
lasts, EMT: epithelial–mesenchymal transition, lncRNA: long non-coding RNA, miRNA: microRNA,
mTOR: mammalian target of rapamycin, TAMs: tumor-associated macrophages.



Int. J. Mol. Sci. 2022, 23, 6222 11 of 14

Author Contributions: Conceptualization, M.I.K. and A.A.; writing-original draft preparation, M.I.K.,
R.K.M.E.A., H.C. and A.A.; writing-review and editing, A.A.; funding acquisition, M.I.K. All authors
have read and agreed to the published version of the manuscript.

Funding: The authors extend their appreciation to the Deputyship for Research & Innovation,
Ministry of Education in Saudi Arabia for funding this research work through project number IFPRP:
419-130-1442, and King Abdulaziz University, DSR, Jeddah, Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Amjad, M.T.; Chidharla, A.; Kasi, A. Cancer Chemotherapy. Available online: https://www.ncbi.nlm.nih.gov/books/NBK56436

7/ (accessed on 10 April 2022).
2. Gareev, I.; Beylerli, O.; Liang, Y.; Xiang, H.; Liu, C.; Xu, X.; Yuan, C.; Ahmad, A.; Yang, G. The role of micrornas in therapeutic

resistance of malignant primary brain tumors. Front. Cell Dev. Biol. 2021, 9, 740303. [CrossRef] [PubMed]
3. Ahmad, A.; Sakr, W.A.; Rahman, K.W. Mechanisms and therapeutic implications of cell death induction by indole compounds.

Cancers 2011, 3, 2955–2974. [CrossRef]
4. Nikolaou, M.; Pavlopoulou, A.; Georgakilas, A.G.; Kyrodimos, E. The challenge of drug resistance in cancer treatment: A current

overview. Clin. Exp. Metastasis 2018, 35, 309–318. [CrossRef]
5. Ahmad, A. Breast Cancer Metastasis and Drug Resistance; Springer: New York, NY, USA, 2012.
6. Gottesman, M.M. Mechanisms of cancer drug resistance. Annu. Rev. Med. 2002, 53, 615–627. [CrossRef] [PubMed]
7. Mondal, P.; Meeran, S.M. Micrornas in cancer chemoresistance: The sword and the shield. Noncoding RNA Res. 2021, 6, 200–210.

[CrossRef]
8. Mansoori, B.; Mohammadi, A.; Davudian, S.; Shirjang, S.; Baradaran, B. The different mechanisms of cancer drug resistance:

A brief review. Adv. Pharm. Bull. 2017, 7, 339–348. [CrossRef]
9. Farhan, M.; Aatif, M.; Dandawate, P.; Ahmad, A. Non-coding rnas as mediators of tamoxifen resistance in breast cancers. Adv. Exp.

Med. Biol. 2019, 1152, 229–241. [PubMed]
10. Housman, G.; Byler, S.; Heerboth, S.; Lapinska, K.; Longacre, M.; Snyder, N.; Sarkar, S. Drug resistance in cancer: An overview.

Cancers 2014, 6, 1769–1792. [CrossRef]
11. Giansanti, V.; Torriglia, A.; Scovassi, A.I. Conversation between apoptosis and autophagy: “Is it your turn or mine?”. Apoptosis

2011, 16, 321–333. [CrossRef]
12. Weng, C.H.; Chen, L.Y.; Lin, Y.C.; Shih, J.Y.; Lin, Y.C.; Tseng, R.Y.; Chiu, A.C.; Yeh, Y.H.; Liu, C.; Lin, Y.T.; et al. Epithelial-

mesenchymal transition (emt) beyond egfr mutations per se is a common mechanism for acquired resistance to egfr tki. Oncogene
2019, 38, 455–468. [CrossRef]

13. Bostner, J.; Karlsson, E.; Pandiyan, M.J.; Westman, H.; Skoog, L.; Fornander, T.; Nordenskjold, B.; Stal, O. Activation of akt, mtor,
and the estrogen receptor as a signature to predict tamoxifen treatment benefit. Breast Cancer Res. Treat. 2013, 137, 397–406.
[CrossRef] [PubMed]

14. Barabas, K.; Milner, R.; Lurie, D.; Adin, C. Cisplatin: A review of toxicities and therapeutic applications. Vet. Comp. Oncol. 2008,
6, 1–18. [CrossRef] [PubMed]

15. Ahmad, A.; Maitah, M.Y.; Ginnebaugh, K.R.; Li, Y.; Bao, B.; Gadgeel, S.M.; Sarkar, F.H. Inhibition of hedgehog signaling sensitizes
nsclc cells to standard therapies through modulation of emt-regulating mirnas. J. Hematol. Oncol. 2013, 6, 77. [CrossRef] [PubMed]

16. Farhan, M.; Malik, A.; Ullah, M.F.; Afaq, S.; Faisal, M.; Farooqi, A.A.; Biersack, B.; Schobert, R.; Ahmad, A. Garcinol sensitizes
nsclc cells to standard therapies by regulating emt-modulating mirnas. Int. J. Mol. Sci. 2019, 20, 800. [CrossRef]

17. Moysan, E.; Bastiat, G.; Benoit, J.P. Gemcitabine versus modified gemcitabine: A review of several promising chemical modifica-
tions. Mol. Pharm. 2013, 10, 430–444. [CrossRef]

18. Kuo, C.H.; Lin, S.M.; Lee, K.Y.; Chung, F.T.; Hsieh, M.H.; Fang, Y.F.; Yu, C.T.; Kuo, H.P. Subsequent chemotherapy improves
survival outcome in advanced non-small-cell lung cancer with acquired tyrosine kinase inhibitor resistance. Clin. Lung Cancer
2010, 11, 51–56. [CrossRef]

19. Tang, J.; Salama, R.; Gadgeel, S.M.; Sarkar, F.H.; Ahmad, A. Erlotinib resistance in lung cancer: Current progress and future
perspectives. Front. Pharmacol. 2013, 4, 15. [CrossRef]

20. Li, S.; Yi, M.; Dong, B.; Jiao, Y.; Luo, S.; Wu, K. The roles of exosomes in cancer drug resistance and its therapeutic application.
Clin. Transl. Med. 2020, 10, e257. [CrossRef]

21. Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
22. Desdin-Mico, G.; Mittelbrunn, M. Role of exosomes in the protection of cellular homeostasis. Cell Adh. Migr. 2017, 11, 127–134.

[CrossRef]

https://www.ncbi.nlm.nih.gov/books/NBK564367/
https://www.ncbi.nlm.nih.gov/books/NBK564367/
http://doi.org/10.3389/fcell.2021.740303
http://www.ncbi.nlm.nih.gov/pubmed/34692698
http://doi.org/10.3390/cancers3032955
http://doi.org/10.1007/s10585-018-9903-0
http://doi.org/10.1146/annurev.med.53.082901.103929
http://www.ncbi.nlm.nih.gov/pubmed/11818492
http://doi.org/10.1016/j.ncrna.2021.12.001
http://doi.org/10.15171/apb.2017.041
http://www.ncbi.nlm.nih.gov/pubmed/31456186
http://doi.org/10.3390/cancers6031769
http://doi.org/10.1007/s10495-011-0589-x
http://doi.org/10.1038/s41388-018-0454-2
http://doi.org/10.1007/s10549-012-2376-y
http://www.ncbi.nlm.nih.gov/pubmed/23242584
http://doi.org/10.1111/j.1476-5829.2007.00142.x
http://www.ncbi.nlm.nih.gov/pubmed/19178659
http://doi.org/10.1186/1756-8722-6-77
http://www.ncbi.nlm.nih.gov/pubmed/24199791
http://doi.org/10.3390/ijms20040800
http://doi.org/10.1021/mp300370t
http://doi.org/10.3816/CLC.2010.n.008
http://doi.org/10.3389/fphar.2013.00015
http://doi.org/10.1002/ctm2.257
http://doi.org/10.1126/science.aau6977
http://doi.org/10.1080/19336918.2016.1251000


Int. J. Mol. Sci. 2022, 23, 6222 12 of 14

23. Takahashi, A.; Okada, R.; Nagao, K.; Kawamata, Y.; Hanyu, A.; Yoshimoto, S.; Takasugi, M.; Watanabe, S.; Kanemaki, M.T.;
Obuse, C.; et al. Exosomes maintain cellular homeostasis by excreting harmful DNA from cells. Nat. Commun. 2017, 8, 15287.
[CrossRef] [PubMed]

24. Khan, A.Q.; Akhtar, S.; Prabhu, K.S.; Zarif, L.; Khan, R.; Alam, M.; Buddenkotte, J.; Ahmad, A.; Steinhoff, M.; Uddin, S. Exosomes:
Emerging diagnostic and therapeutic targets in cutaneous diseases. Int. J. Mol. Sci. 2020, 21, 9264. [CrossRef]

25. Sun, J.; Sun, Z.; Gareev, I.; Yan, T.; Chen, X.; Ahmad, A.; Zhang, D.; Zhao, B.; Beylerli, O.; Yang, G.; et al. Exosomal mir-2276-5p in
plasma is a potential diagnostic and prognostic biomarker in glioma. Front. Cell Dev. Biol. 2021, 9, 671202. [CrossRef] [PubMed]

26. Shao, H.; Chung, J.; Lee, K.; Balaj, L.; Min, C.; Carter, B.S.; Hochberg, F.H.; Breakefield, X.O.; Lee, H.; Weissleder, R. Chip-based
analysis of exosomal mrna mediating drug resistance in glioblastoma. Nat. Commun. 2015, 6, 6999. [CrossRef] [PubMed]

27. Yu, W.; Zhang, L.; Wei, Q.; Shao, A. O(6)-methylguanine-DNA methyltransferase (mgmt): Challenges and new opportunities in
glioma chemotherapy. Front. Oncol. 2019, 9, 1547. [CrossRef]

28. Cao, Y.L.; Zhuang, T.; Xing, B.H.; Li, N.; Li, Q. Exosomal dnmt1 mediates cisplatin resistance in ovarian cancer. Cell Biochem.
Funct. 2017, 35, 296–303. [CrossRef]

29. Yu, T.; Wang, X.; Zhi, T.; Zhang, J.; Wang, Y.; Nie, E.; Zhou, F.; You, Y.; Liu, N. Delivery of mgmt mrna to glioma cells by reactive
astrocyte-derived exosomes confers a temozolomide resistance phenotype. Cancer Lett. 2018, 433, 210–220. [CrossRef]

30. Oldrini, B.; Vaquero-Siguero, N.; Mu, Q.; Kroon, P.; Zhang, Y.; Galán-Ganga, M.; Bao, Z.; Wang, Z.; Liu, H.; Sa, J.K.; et al.
Mgmt genomic rearrangements contribute to chemotherapy resistance in gliomas. Nat. Commun. 2020, 11, 3883. [CrossRef]

31. Liu, X.; Wang, H.; Yang, M.; Hou, Y.; Chen, Y.; Bie, P. Exosomal mir-29b from cancer-associated fibroblasts inhibits the migration
and invasion of hepatocellular carcinoma cells. Transl. Cancer Res. 2020, 9, 2576–2587. [CrossRef]

32. Tanaka, S.; Hosokawa, M.; Ueda, K.; Iwakawa, S. Effects of decitabine on invasion and exosomal expression of mir-200c and
mir-141 in oxaliplatin-resistant colorectal cancer cells. Biol. Pharm. Bull. 2015, 38, 1272–1279. [CrossRef]

33. Ahmad, A.; Aboukameel, A.; Kong, D.; Wang, Z.; Sethi, S.; Chen, W.; Sarkar, F.H.; Raz, A. Phosphoglucose isomerase/autocrine
motility factor mediates epithelial-mesenchymal transition regulated by mir-200 in breast cancer cells. Cancer Res. 2011,
71, 3400–3409. [CrossRef] [PubMed]

34. Wu, P.; Fang, X.; Liu, Y.; Tang, Y.; Wang, W.; Li, X.; Fan, Y. N6-methyladenosine modification of circcux1 confers radioresistance of
hypopharyngeal squamous cell carcinoma through caspase1 pathway. Cell Death Dis. 2021, 12, 298. [CrossRef] [PubMed]

35. Wang, Z.; He, J.; Bach, D.H.; Huang, Y.H.; Li, Z.; Liu, H.; Lin, P.; Yang, J. Induction of m(6)a methylation in adipocyte exosomal
lncrnas mediates myeloma drug resistance. J. Exp. Clin. Cancer Res. 2022, 41, 4. [CrossRef] [PubMed]

36. Qian, Z.; Shen, Q.; Yang, X.; Qiu, Y.; Zhang, W. The role of extracellular vesicles: An epigenetic view of the cancer microenviron-
ment. Biomed. Res. Int. 2015, 2015, 649161. [CrossRef]

37. Mashouri, L.; Yousefi, H.; Aref, A.R.; Ahadi, A.M.; Molaei, F.; Alahari, S.K. Exosomes: Composition, biogenesis, and mechanisms
in cancer metastasis and drug resistance. Mol. Cancer 2019, 18, 75. [CrossRef]

38. Ng, C.T.; Azwar, S.; Yip, W.K.; Zahari Sham, S.Y.; Faisal Jabar, M.; Sahak, N.H.; Mohtarrudin, N.; Seow, H.F. Isolation and
identification of long non-coding rnas in exosomes derived from the serum of colorectal carcinoma patients. Biology 2021, 10, 918.
[CrossRef]

39. Takahashi, K.; Yan, I.K.; Kogure, T.; Haga, H.; Patel, T. Extracellular vesicle-mediated transfer of long non-coding rna ror
modulates chemosensitivity in human hepatocellular cancer. FEBS Open Bio 2014, 4, 458–467. [CrossRef]

40. Dong, H.; Wang, W.; Chen, R.; Zhang, Y.; Zou, K.; Ye, M.; He, X.; Zhang, F.; Han, J. Exosome-mediated transfer of lncrnasnhg14
promotes trastuzumab chemoresistance in breast cancer. Int. J. Oncol. 2018, 53, 1013–1026.

41. Gao, Y.; Li, X.; Zeng, C.; Liu, C.; Hao, Q.; Li, W.; Zhang, K.; Zhang, W.; Wang, S.; Zhao, H.; et al. Cd63(+) cancer-associated
fibroblasts confer tamoxifen resistance to breast cancer cells through exosomal mir-22. Adv. Sci. 2020, 7, 2002518. [CrossRef]

42. Semina, S.E.; Scherbakov, A.M.; Vnukova, A.A.; Bagrov, D.V.; Evtushenko, E.G.; Safronova, V.M.; Golovina, D.A.;
Lyubchenko, L.N.; Gudkova, M.V.; Krasil’nikov, M.A. Exosome-mediated transfer of cancer cell resistance to antiestro-
gen drugs. Molecules 2018, 23, 829. [CrossRef]

43. Wei, Y.; Lai, X.; Yu, S.; Chen, S.; Ma, Y.; Zhang, Y.; Li, H.; Zhu, X.; Yao, L.; Zhang, J. Exosomal mir-221/222 enhances tamoxifen
resistance in recipient er-positive breast cancer cells. Breast Cancer Res. Treat. 2014, 147, 423–431. [CrossRef] [PubMed]

44. Liu, J.; Zhu, S.; Tang, W.; Huang, Q.; Mei, Y.; Yang, H. Exosomes from tamoxifen-resistant breast cancer cells transmit drug
resistance partly by delivering mir-9-5p. Cancer Cell Int. 2021, 21, 55. [CrossRef] [PubMed]

45. Andreeva, O.E.; Sorokin, D.V.; Mikhaevich, E.I.; Bure, I.V.; Shchegolev, Y.Y.; Nemtsova, M.V.; Gudkova, M.V.; Scherbakov, A.M.;
Krasil’nikov, M.A. Towards unravelling the role of eralpha-targeting mirnas in the exosome-mediated transferring of the hormone
resistance. Molecules 2021, 26, 6661. [CrossRef] [PubMed]

46. Hu, K.; Liu, X.; Li, Y.; Li, Q.; Xu, Y.; Zeng, W.; Zhong, G.; Yu, C. Exosomes mediated transfer of circ_ube2d2 enhances the resistance
of breast cancer to tamoxifen by binding to mir-200a-3p. Med. Sci. Monit. 2020, 26, e922253. [CrossRef]

47. Xu, C.G.; Yang, M.F.; Ren, Y.Q.; Wu, C.H.; Wang, L.Q. Exosomes mediated transfer of lncrna uca1 results in increased tamoxifen
resistance in breast cancer cells. Eur. Rev. Med. Pharmacol. Sci. 2016, 20, 4362–4368.

48. Tang, S.; Zheng, K.; Tang, Y.; Li, Z.; Zou, T.; Liu, D. Overexpression of serum exosomal hotair is correlated with poor survival and
poor response to chemotherapy in breast cancer patients. J. Biosci. 2019, 44, 37. [CrossRef]

49. Zhao, Y.; Jin, L.J.; Zhang, X.Y. Exosomal mirna-205 promotes breast cancer chemoresistance and tumorigenesis through e2f1.
Aging 2021, 13, 18498–18514. [CrossRef]

http://doi.org/10.1038/ncomms15287
http://www.ncbi.nlm.nih.gov/pubmed/28508895
http://doi.org/10.3390/ijms21239264
http://doi.org/10.3389/fcell.2021.671202
http://www.ncbi.nlm.nih.gov/pubmed/34141710
http://doi.org/10.1038/ncomms7999
http://www.ncbi.nlm.nih.gov/pubmed/25959588
http://doi.org/10.3389/fonc.2019.01547
http://doi.org/10.1002/cbf.3276
http://doi.org/10.1016/j.canlet.2018.06.041
http://doi.org/10.1038/s41467-020-17717-0
http://doi.org/10.21037/tcr.2020.02.68
http://doi.org/10.1248/bpb.b15-00129
http://doi.org/10.1158/0008-5472.CAN-10-0965
http://www.ncbi.nlm.nih.gov/pubmed/21389093
http://doi.org/10.1038/s41419-021-03558-2
http://www.ncbi.nlm.nih.gov/pubmed/33741902
http://doi.org/10.1186/s13046-021-02209-w
http://www.ncbi.nlm.nih.gov/pubmed/34980213
http://doi.org/10.1155/2015/649161
http://doi.org/10.1186/s12943-019-0991-5
http://doi.org/10.3390/biology10090918
http://doi.org/10.1016/j.fob.2014.04.007
http://doi.org/10.1002/advs.202002518
http://doi.org/10.3390/molecules23040829
http://doi.org/10.1007/s10549-014-3037-0
http://www.ncbi.nlm.nih.gov/pubmed/25007959
http://doi.org/10.1186/s12935-020-01659-0
http://www.ncbi.nlm.nih.gov/pubmed/33451320
http://doi.org/10.3390/molecules26216661
http://www.ncbi.nlm.nih.gov/pubmed/34771077
http://doi.org/10.12659/MSM.922253
http://doi.org/10.1007/s12038-019-9861-y
http://doi.org/10.18632/aging.203298


Int. J. Mol. Sci. 2022, 23, 6222 13 of 14

50. Wang, B.; Zhang, Y.; Ye, M.; Wu, J.; Ma, L.; Chen, H. Cisplatin-resistant mda-mb-231 cell-derived exosomes increase the resistance
of recipient cells in an exosomal mir-423-5p-dependent manner. Curr. Drug Metab. 2019, 20, 804–814. [CrossRef]

51. Zheng, P.; Chen, L.; Yuan, X.; Luo, Q.; Liu, Y.; Xie, G.; Ma, Y.; Shen, L. Exosomal transfer of tumor-associated macrophage-derived
mir-21 confers cisplatin resistance in gastric cancer cells. J. Exp. Clin. Cancer Res. 2017, 36, 53. [CrossRef]

52. Liu, T.; Chen, G.; Sun, D.; Lei, M.; Li, Y.; Zhou, C.; Li, X.; Xue, W.; Wang, H.; Liu, C.; et al. Exosomes containing mir-21 transfer the
characteristic of cisplatin resistance by targeting pten and pdcd4 in oral squamous cell carcinoma. Acta Biochim. Biophys. Sin.
2017, 49, 808–816. [CrossRef]

53. Pan, Y.; Lin, Y.; Mi, C. Cisplatin-resistant osteosarcoma cell-derived exosomes confer cisplatin resistance to recipient cells in an
exosomal circ_103801-dependent manner. Cell Biol. Int. 2021, 45, 858–868. [CrossRef]

54. Qin, X.; Guo, H.; Wang, X.; Zhu, X.; Yan, M.; Wang, X.; Xu, Q.; Shi, J.; Lu, E.; Chen, W.; et al. Exosomal mir-196a derived from
cancer-associated fibroblasts confers cisplatin resistance in head and neck cancer through targeting cdkn1b and ing5. Genome Biol.
2019, 20, 12. [CrossRef] [PubMed]

55. Shi, S.; Huang, X.; Ma, X.; Zhu, X.; Zhang, Q. Research of the mechanism on mirna193 in exosomes promotes cisplatin resistance
in esophageal cancer cells. PLoS ONE 2020, 15, e0225290. [CrossRef]

56. Tang, Z.; He, J.; Zou, J.; Yu, S.; Sun, X.; Qin, L. Cisplatin-resistant hepg2 cell-derived exosomes transfer cisplatin resistance to
cisplatin-sensitive cells in hcc. PeerJ 2021, 9, e11200. [CrossRef]

57. Qin, X.; Yu, S.; Zhou, L.; Shi, M.; Hu, Y.; Xu, X.; Shen, B.; Liu, S.; Yan, D.; Feng, J. Cisplatin-resistant lung cancer cell-derived
exosomes increase cisplatin resistance of recipient cells in exosomal mir-100-5p-dependent manner. Int. J. Nanomed. 2017,
12, 3721–3733. [CrossRef] [PubMed]

58. Zhang, H.; Deng, T.; Liu, R.; Ning, T.; Yang, H.; Liu, D.; Zhang, Q.; Lin, D.; Ge, S.; Bai, M.; et al. Caf secreted mir-522 suppresses
ferroptosis and promotes acquired chemo-resistance in gastric cancer. Mol. Cancer 2020, 19, 43. [CrossRef] [PubMed]

59. Binenbaum, Y.; Fridman, E.; Yaari, Z.; Milman, N.; Schroeder, A.; Ben David, G.; Shlomi, T.; Gil, Z. Transfer of mirna in
macrophage-derived exosomes induces drug resistance in pancreatic adenocarcinoma. Cancer Res. 2018, 78, 5287–5299. [CrossRef]
[PubMed]

60. Wei, F.; Ma, C.; Zhou, T.; Dong, X.; Luo, Q.; Geng, L.; Ding, L.; Zhang, Y.; Zhang, L.; Li, N.; et al. Exosomes derived from
gemcitabine-resistant cells transfer malignant phenotypic traits via delivery of mirna-222-3p. Mol. Cancer 2017, 16, 132. [CrossRef]
[PubMed]

61. Comandatore, A.; Immordino, B.; Balsano, R.; Capula, M.; Garajova, I.; Ciccolini, J.; Giovannetti, E.; Morelli, L. Potential role of
exosomes in the chemoresistance to gemcitabine and nab-paclitaxel in pancreatic cancer. Diagnostics 2022, 12, 286. [CrossRef]

62. Fang, Y.; Zhou, W.; Rong, Y.; Kuang, T.; Xu, X.; Wu, W.; Wang, D.; Lou, W. Exosomal mirna-106b from cancer-associated fibroblast
promotes gemcitabine resistance in pancreatic cancer. Exp. Cell Res. 2019, 383, 111543. [CrossRef]

63. Richards, K.E.; Zeleniak, A.E.; Fishel, M.L.; Wu, J.; Littlepage, L.E.; Hill, R. Cancer-associated fibroblast exosomes regulate
survival and proliferation of pancreatic cancer cells. Oncogene 2017, 36, 1770–1778. [CrossRef] [PubMed]

64. Yang, Z.; Zhao, N.; Cui, J.; Wu, H.; Xiong, J.; Peng, T. Exosomes derived from cancer stem cells of gemcitabine-resistant pancreatic
cancer cells enhance drug resistance by delivering mir-210. Cell Oncol. 2020, 43, 123–136. [CrossRef] [PubMed]

65. Mikamori, M.; Yamada, D.; Eguchi, H.; Hasegawa, S.; Kishimoto, T.; Tomimaru, Y.; Asaoka, T.; Noda, T.; Wada, H.;
Kawamoto, K.; et al. Microrna-155 controls exosome synthesis and promotes gemcitabine resistance in pancreatic ductal
adenocarcinoma. Sci. Rep. 2017, 7, 42339. [CrossRef] [PubMed]

66. Arghiani, N.; Matin, M.M. Mir-21: A key small molecule with great effects in combination cancer therapy. Nucleic Acid Ther. 2021,
31, 271–283. [CrossRef]

67. Najjary, S.; Mohammadzadeh, R.; Mokhtarzadeh, A.; Mohammadi, A.; Kojabad, A.B.; Baradaran, B. Role of mir-21 as an authentic
oncogene in mediating drug resistance in breast cancer. Gene 2020, 738, 144453. [CrossRef]

68. Sudhesh Dev, S.; Zainal Abidin, S.A.; Farghadani, R.; Othman, I.; Naidu, R. Receptor tyrosine kinases and their signaling
pathways as therapeutic targets of curcumin in cancer. Front. Pharmacol. 2021, 12, 772510. [CrossRef]

69. Greenberg, J.W.; Kim, H.; Ahn, M.; Moustafa, A.A.; Zhou, H.; Barata, P.C.; Boulares, A.H.; Abdel-Mageed, A.B.; Krane, L.S.
Combination of tipifarnib and sunitinib overcomes renal cell carcinoma resistance to tyrosine kinase inhibitors via tumor-derived
exosome and t cell modulation. Cancers 2022, 14, 903. [CrossRef]

70. Li, M.Y.; Zhao, C.; Chen, L.; Yao, F.Y.; Zhong, F.M.; Chen, Y.; Xu, S.; Jiang, J.Y.; Yang, Y.L.; Min, Q.H.; et al. Quantitative proteomic
analysis of plasma exosomes to identify the candidate biomarker of imatinib resistance in chronic myeloid leukemia patients.
Front. Oncol. 2021, 11, 779567. [CrossRef]

71. Qu, L.; Ding, J.; Chen, C.; Wu, Z.J.; Liu, B.; Gao, Y.; Chen, W.; Liu, F.; Sun, W.; Li, X.F.; et al. Exosome-transmitted lncarsr promotes
sunitinib resistance in renal cancer by acting as a competing endogenous rna. Cancer Cell 2016, 29, 653–668. [CrossRef]

72. Zhang, X.; Yang, Y.; Yang, Y.; Chen, H.; Tu, H.; Li, J. Exosomes from bone marrow microenvironment-derived mesenchymal
stem cells affect cml cells growth and promote drug resistance to tyrosine kinase inhibitors. Stem Cells Int. 2020, 2020, 8890201.
[CrossRef]

73. Zhou, J.; Kwak, K.J.; Wu, Z.; Yang, D.; Li, J.; Chang, M.; Song, Y.; Zeng, H.; Lee, L.J.; Hu, J.; et al. Plaur confers resistance to
gefitinib through egfr/p-akt/survivin signaling pathway. Cell Physiol. Biochem. 2018, 47, 1909–1924. [CrossRef] [PubMed]

74. Zhou, J.; Qu, G.; Zhang, G.; Wu, Z.; Liu, J.; Yang, D.; Li, J.; Chang, M.; Zeng, H.; Hu, J.; et al. Glycerol kinase 5 confers gefitinib
resistance through srebp1/scd1 signaling pathway. J. Exp. Clin. Cancer Res. 2019, 38, 96. [CrossRef] [PubMed]

http://doi.org/10.2174/1389200220666190819151946
http://doi.org/10.1186/s13046-017-0528-y
http://doi.org/10.1093/abbs/gmx078
http://doi.org/10.1002/cbin.11532
http://doi.org/10.1186/s13059-018-1604-0
http://www.ncbi.nlm.nih.gov/pubmed/30642385
http://doi.org/10.1371/journal.pone.0225290
http://doi.org/10.7717/peerj.11200
http://doi.org/10.2147/IJN.S131516
http://www.ncbi.nlm.nih.gov/pubmed/28553110
http://doi.org/10.1186/s12943-020-01168-8
http://www.ncbi.nlm.nih.gov/pubmed/32106859
http://doi.org/10.1158/0008-5472.CAN-18-0124
http://www.ncbi.nlm.nih.gov/pubmed/30042153
http://doi.org/10.1186/s12943-017-0694-8
http://www.ncbi.nlm.nih.gov/pubmed/28743280
http://doi.org/10.3390/diagnostics12020286
http://doi.org/10.1016/j.yexcr.2019.111543
http://doi.org/10.1038/onc.2016.353
http://www.ncbi.nlm.nih.gov/pubmed/27669441
http://doi.org/10.1007/s13402-019-00476-6
http://www.ncbi.nlm.nih.gov/pubmed/31713003
http://doi.org/10.1038/srep42339
http://www.ncbi.nlm.nih.gov/pubmed/28198398
http://doi.org/10.1089/nat.2020.0914
http://doi.org/10.1016/j.gene.2020.144453
http://doi.org/10.3389/fphar.2021.772510
http://doi.org/10.3390/cancers14040903
http://doi.org/10.3389/fonc.2021.779567
http://doi.org/10.1016/j.ccell.2016.03.004
http://doi.org/10.1155/2020/8890201
http://doi.org/10.1159/000491071
http://www.ncbi.nlm.nih.gov/pubmed/29961070
http://doi.org/10.1186/s13046-019-1057-7
http://www.ncbi.nlm.nih.gov/pubmed/30791926


Int. J. Mol. Sci. 2022, 23, 6222 14 of 14

75. Hrdinova, T.; Toman, O.; Dresler, J.; Klimentova, J.; Salovska, B.; Pajer, P.; Bartos, O.; Polivkova, V.; Linhartova, J.;
Machova Polakova, K.; et al. Exosomes released by imatinib–resistant k562 cells contain specific membrane markers, ifitm3,
cd146 and cd36 and increase the survival of imatinib–sensitive cells in the presence of imatinib. Int. J. Oncol. 2021, 58, 238–250.
[CrossRef]

76. Hisakane, K.; Seike, M.; Sugano, T.; Yoshikawa, A.; Matsuda, K.; Takano, N.; Takahashi, S.; Noro, R.; Gemma, A. Exosome-derived
mir-210 involved in resistance to osimertinib and epithelial-mesenchymal transition in egfr mutant non-small cell lung cancer
cells. Thorac. Cancer 2021, 12, 1690–1698. [CrossRef] [PubMed]

77. Li, X.; Chen, C.; Wang, Z.; Liu, J.; Sun, W.; Shen, K.; Lv, Y.; Zhu, S.; Zhan, P.; Lv, T.; et al. Elevated exosome-derived mirnas predict
osimertinib resistance in non-small cell lung cancer. Cancer Cell Int. 2021, 21, 428. [CrossRef] [PubMed]

78. Xuan, Z.; Chen, C.; Tang, W.; Ye, S.; Zheng, J.; Zhao, Y.; Shi, Z.; Zhang, L.; Sun, H.; Shao, C. Tki-resistant renal cancer secretes
low-level exosomal mir-549a to induce vascular permeability and angiogenesis to promote tumor metastasis. Front. Cell Dev. Biol.
2021, 9, 689947. [CrossRef]

79. Wong, N.K.; Luo, S.; Chow, E.Y.D.; Meng, F.; Adesanya, A.; Sun, J.; Ma, H.M.H.; Jin, W.; Li, W.C.; Yip, S.P.; et al. The tyrosine
kinase-driven networks of novel long non-coding rnas and their molecular targets in myeloproliferative neoplasms. Front. Cell
Dev. Biol. 2021, 9, 643043. [CrossRef]

http://doi.org/10.3892/ijo.2020.5163
http://doi.org/10.1111/1759-7714.13943
http://www.ncbi.nlm.nih.gov/pubmed/33939301
http://doi.org/10.1186/s12935-021-02075-8
http://www.ncbi.nlm.nih.gov/pubmed/34391435
http://doi.org/10.3389/fcell.2021.689947
http://doi.org/10.3389/fcell.2021.643043

	Cancer Therapy and Drug Resistance 
	Epigenetic Cargo of Exosomes 
	Exosome-Mediated Transfer of DNA Methyltransferases 
	Non-Coding RNAs as Exosomal Cargo 

	Mechanisms of Exosome-Mediated Cancer Drug Resistance 
	Tamoxifen Resistance 
	Cisplatin Resistance 
	Gemcitabine Resistance 
	Resistance against TKIs 

	Conclusions and Future Perspectives 
	References

