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Highlights: 

• ExRNAs are “Theranostics” for Cancer: These tiny bits of RNA, especially those in exosomes, are
super promising because they can both diagnose and treat cancer.

• ExRNAs are great for “liquid biopsies” (like blood tests) because they are stable and can tell us a lot
about a tumor without needing a tissue sample.

• ExRNAs can also help predict how a cancer might behave, if it will come back, or a patient’s
survival chances.

• Exosomes, which carry exRNAs, are like natural delivery cargo for cancer drugs.
• ExRNAs are good for tracking if cancer treatments are working or if the cancer is becoming resistant

to drugs.
• The future involves combining exRNA info with other biological data (multi-omics), using AI to

find patterns, and creating “smart exosomes” that precisely deliver therapies.

Abstract: Cancer remains a leading cause of mortality worldwide despite the development of novel, 
precise, and less invasive strategies for diagnosis, prognosis, and treatment. Encapsulated within 
different extracellular vesicles (EVs), especially exosomes, extracellular RNAs (exRNAs) have become 
important players in disease pathogenesis and intercellular communication. They are perfect candidates 
for liquid biopsies because of their stability, ubiquity in biofluids, and capacity to replicate the 
physiological and pathological conditions of parental cells. The growing role of exRNAs as “theranostic 
agents” in cancer, combining diagnostic, prognostic, and therapeutic capabilities, is thoroughly explored 
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in this review. We investigate their potential as non-invasive biomarkers for tumor classification, early 
detection, and disease progression or recurrence prediction. Furthermore, we discuss the expanding 
therapeutic potential of exRNAs, which is frequently made possible by engineered exosome platforms 
and ranges from delivering therapeutic RNA molecules to inhibiting oncogenic exRNAs. Finally, we 
also highlight the current challenges in exRNA research, such as targeted delivery, standardization, 
isolation, and characterization, and we outline potential future directions for integrating exRNA-based 
theranostics into standard clinical practice for better cancer patient care. 
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1. Introduction 

Uncontrolled cell growth, invasion, and metastasis are hallmarks of the complex disease known as 
cancer, which poses a serious threat to global health [1]. Despite recent advancements in 
immunotherapy, radiotherapy, chemotherapy, and surgery, problems persist, such as severe side effects, 
treatment resistance, and late-stage diagnosis. A promising paradigm shift towards personalized and 
precision medicine in oncology is provided by the idea of “theranostics,” which combines therapeutic 
and diagnostic approaches on a single platform [2]. By delivering targeted therapies, predicting 
treatment response, and identifying biomarkers for early disease detection, this strategy aims to 
improve patient outcomes. 

Because of their crucial functions in intercellular communication, as well as their potential as novel 
disease biomarkers and therapeutic delivery vehicles, extracellular vesicles (EVs), and exosomes in 
particular, have garnered a lot of attention in recent years [3]. Almost every type of cell secretes 
exosomes, which are nanoscale (30–150 nm) lipid bilayer vesicles [4]. They transport a wide range of 
biomolecules, such as proteins, lipids, DNA, and different types of RNA, which are referred to as 
extracellular RNAs (exRNAs) [5]. These exRNAs consist of messenger RNAs (mRNAs), transfer 
RNAs (tRNAs), ribosomal RNAs (rRNAs), and, prominently, non-coding RNAs (ncRNAs) such as 
microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs) [6]. 

Exosomes are frequently secreted by cancer cells, and the molecular environment of the parent 
tumor is reflected in the exosomal cargo [7]. Tumor-derived exRNAs are very desirable candidates for 
liquid biopsies because of this special quality, which offers a non-invasive method to evaluate tumor 
presence, heterogeneity, and treatment limitations. Exosomes’ capacity to transport functional exRNAs 
to recipient cells presents previously unheard-of possibilities for therapeutic interventions, such as 
modifying gene expression in cancer cells or the tumor microenvironment, in addition to their diagnostic 
applications [8]. 

This review aims to provide a comprehensive overview of the current understanding and emerging 
applications of exRNAs as theranostic agents in cancer (Figure 1). We will discuss their potential as 
prognostic and diagnostic biomarkers, explore using them therapeutically, and address the major 
obstacles that need to be eradicated before they can be successfully integrated into clinical applications. 
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Figure 1. Overview of exRNA-based strategies. The multifaceted applications of exRNA in 
cancer, including (a) diagnostics, (b) therapeutics, and (c) monitoring of therapy. 

2. ExRNA biogenesis and cargo packaging 

The endosomal pathway is the source of exosomes. Exosomes originate from the endosomal pathway 
by the formation of the early sorting endosome (ESEs), late sorting endosome (LSEs), and ultimately 
the multivesicular bodies (MVBs) [9]. In particular, early endosomes develop into late endosomes, which 
subsequently undergo inward budding of their limiting membrane to form intraluminal vesicles (ILVs) inside 
MVBs [10]. MVBs, now referred to as exosomes, have the ability to either fuse with lysosomes for 
breakdown or dock and fuse with the plasma membrane, releasing ILVs into the extracellular 
environment [11]. 

The packaging of specific RNAs into exosomes is not a random process but rather a highly regulated 
and selective mechanism, although the precise molecular machinery is still being fully elucidated. This 
non-random packaging is evidenced by several proposed mechanisms that suggest a selective loading 
process for exosomal RNA cargo (Table 1). These mechanisms include: i) RNA-binding proteins (RBPs), 
ii) ceramide-mediated budding, iii) lysosomal-associated multivesicular body protein (LAMP), and  
iv) direct budding from the plasma membrane: 
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Table 1. Mechanisms of RNA packaging into extracellular vesicles. 

Mechanism Description Key players References 

RNA-binding 
proteins (RBPs) 

Specific RBPs are known to bind to 
particular RNA sequences and 
facilitate their encapsulation into 
forming vesicles within the cell. 

Ago2, hnRNPA2B1, Y-box protein 
1 (YB-1), heterogeneous nuclear 
ribonucleoproteins (hnRNPs) 

[12–14] 

Ceramide-mediated 
Budding 

The lipid ceramide plays a role in the 
inward budding of endosomal 
membranes, which can influence 
which RNAs are included in the 
vesicles. 

Ceramide [15–18] 

LAMP2B 
Association 

Some RNAs may associate with 
specific LAMP proteins found on the 
surface of multivesicular bodies 
(MVBs) to be packaged into 
exosomes. 

Lysosomal-associated 
multivesicular body protein 
(LAMP) 2B 

[19–21] 

Direct budding 
from the plasma 
membrane 

While less common for typical 
exosomes, some vesicles can bud 
directly from the cell’s outer 
membrane, carrying a unique cargo. 

Plasma membrane [3,22–24] 

Once released, exosomes can pass through bodily fluids and be absorbed by distant recipient cells 
through phagocytosis, endocytosis (caveolin-mediated, clathrin-mediated), or direct membrane fusion [25]. 
After internalization, exosomal cargo, including exRNAs, is discharged into the recipient cell’s 
cytoplasm, where it can alter gene expression and cellular functions, affecting angiogenesis, immune 
evasion, metastasis, and cancer progression [26]. 

3. ExRNA as diagnostic biomarkers in cancer 

To improve patient outcomes, non-invasive, highly sensitive, and specific biomarkers for early cancer 
detection and diagnosis must be identified. ExRNA, especially those taken from liquid biopsies, can be 
used instead of traditional tissue biopsies because they are stable, easy to access, and can change over 
time to reflect tumor biology [27]. 

The desirability of exRNAs over other liquid biopsy components like circulating tumor DNA (ctDNA) 
or proteins stems from several key advantages: ExRNAs, particularly those encapsulated within 
exosomes, exhibit remarkable stability in biofluids, making them less prone to degradation compared to 
naked RNA or even some forms of ctDNA [28]. This inherent stability ensures better detectability and a 
more accurate representation of the tumor’s molecular landscape. For instance, circular RNAs (circRNAs) 
are highly stable due to their closed-loop structure, providing a significant benefit for detection as 
biomarkers [29]. Furthermore, exosomes are actively secreted by cancer cells, and their cargo, including 
exRNAs (such as miRNAs, lncRNAs, and circRNAs), directly reflects the real-time molecular 
environment and physiological or pathological conditions of the parental tumor cells [30]. These features 
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offer an ever-evolving and comprehensive snapshot of tumor presence, heterogeneity, and evolution that 
might not be fully captured by analyzing static DNA mutations or transient protein expression alone [31]. 
The dynamic responsiveness means exRNA profiles can change in response to tumor progression, the 
efficacy of therapeutic interventions, and the development of drug resistance. This makes them 
exceptionally valuable for real-time monitoring of treatment response, early detection of resistance, and 
predicting disease recurrence, thereby enabling adaptive and personalized clinical decision-making [32]. 
Finally, exRNAs contained within exosomes are crucial mediators of intercellular communication, 
actively influencing processes like angiogenesis, immune evasion, metastasis, and overall cancer 
progression by altering gene expression in recipient cells [33]. This functional aspect provides unique 
insights into the tumor’s active signaling with its microenvironment, a dimension often not directly 
revealed by isolated DNA or protein analysis. 

3.1. MicroRNAs (miRNAs) 

Exosomal miRNAs have been widely studied and show great promise as diagnostic biomarkers in 
cancer. Their abnormal levels are well-reported across various types of cancers, and because we can find 
them in easily accessible bodily fluids, they’re highly attractive candidates for new diagnostic tests [34]. 
For early detection, exosomal miRNAs are proving valuable in identifying cancer at its earliest stages 
when treatment is most effective [35]. For instance, higher levels of miR-21, miR-145, and miR-210 in 
the blood plasma of lung cancer patients have shown promise for early diagnosis, even if they are found 
in the initial stages of the disease [36,37]. In pancreatic cancer, serum exosomal miR-21, miR-107, and 
miR-210 have been highly effective at identifying the difference between patients with pancreatic 
cancer, healthy individuals, and those with benign pancreatic conditions [38,39]. Similarly, specific 
combinations of exosomal miRNAs, such as the miR-21 cluster, miR-92a, and miR-223, found in plasma 
or stool samples are being explored for non-invasive screening in colorectal cancer [40,41]. Beyond just 
early detection, these specific exosomal miRNA signatures can also help us distinguish between different 
cancer types or subtypes, which is crucial for tailoring personalized treatment plans. For instance, the 
levels of exosomal miR-223 can help doctors differentiate between neuroendocrine tumors and other 
gastrointestinal cancers [42]. 

3.2. Long non-coding RNAs (lncRNAs) 

Similar to miRNA, exosomal long non-coding RNAs (lncRNAs) are also increasingly recognized as 
powerful diagnostic biomarkers, primarily due to their unique tissue-specific expression and significant 
roles in cancer development and progression. For instance, exosomal lncRNA H19 and GAS5 
measurements in plasma have great potential for diagnosis; elevated H19 levels and decreased GAS5 
levels are often indicative of gastric cancer [43]. While lncRNA PCAT1 and exosomal PCA3 (prostate 
cancer gene 3) are being actively studied for non-invasive detection of prostate cancer, they may have 
higher specificity than conventional PSA tests [44]. Furthermore, exosomal lncRNAs HEIH and 
HOTAIR have been found to be useful biomarkers for precisely identifying the stage of hepatocellular 
carcinoma (HCC) as well as for cancer diagnosis [45]. 
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3.3. Circular RNAs (circRNAs) 

CircRNAs are very stable because they’re closed-loop RNA molecules, which makes them especially 
useful as biomarkers in bodily fluids compared to linear RNAs that quickly break down. In fact, this 
stability provides a significant benefit for detection. For instance, exosomal S100A9 has been found to 
be substantially elevated in the blood plasma of patients with colorectal cancer (CRC), suggesting that 
they may be used as diagnostic markers [46]. According to a clinical study, circRNAs like circ_0067934 
that are present in urine exosomes may provide a non-invasive means of detecting bladder cancer [47]. 
Furthermore, a promising new diagnostic biomarker for non-small cell lung cancer has been discovered: 
exosomal circ-IARS [48]. 

4. ExRNA as prognostic biomarkers in cancer 

ExRNAs are proving to be immensely useful for prognosis, which goes beyond just diagnosing cancer. 
They provide information about how a disease might progress, the possibility that it will recur, and even 
a patient’s chances of survival [49]. For clinical decision-making and patient treatment plan adaptation, 
this information is completely important. 

4.1. MicroRNAs (miRNAs) 

Pertaining to miRNAs, high levels of exosomal miR-105 from breast cancer cells have been associated 
with a worse prognosis and a higher risk of metastasis, in part because it increases blood vessel 
permeability [50]. Furthermore, exosomal miR-21 is consistently linked to a lower overall survival rate 
for a number of cancer types [51]. Exosomal miR-211 has been linked to BRAF inhibitor resistance in 
melanoma, which aids in identifying patients who may not respond well to treatment [52]. Additionally, 
higher exosomal levels of miR-145 and miR-200a are associated with metastases, more advanced stages, 
and shorter survival times for ovarian cancer [53]. 

4.2. Long non-coding RNAs (lncRNAs) 

Long non-coding RNAs (lncRNAs) can serve as powerful indicators for predicting how a disease, 
particularly cancer, is likely to behave in a patient. For instance, exosomal lncRNA UCA1 has been 
found to be a predictor of a worse prognosis and chemotherapy resistance in gastric cancer when its 
levels are elevated [54]. On the other hand, exosomal lncRNA MALAT1 levels in prostate cancer are 
linked to advanced disease and the risk of postoperative biochemical recurrence [55]. In the meantime, 
exosomal lncRNA PVT1 has been linked to both poor prognosis and resistance to gemcitabine, a 
common chemotherapy drug in pancreatic cancer [56]. 

4.3. Circular RNAs (circRNAs) 

Lastly, circRNAs are becoming important prognostic markers as well. Exosomal circ_0029325 has been 
demonstrated to predict overall survival and disease recurrence in hepatocellular carcinoma (HCC) [57]. 
Elevated exosomal circ_0000284 is linked to larger tumors, more advanced stages, and a generally worse 
prognosis for colorectal cancer (CRC) [58]. These findings suggest that circRNAs could serve as 
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valuable biomarkers for predicting outcomes in various types of cancer. Extensive research is needed to 
fully understand the role of exosomal circRNAs in cancer progression and treatment response. 

Area under the Curve (AUC) is one crucial indicator used to assess the operation of a binary 
classification model, especially when dealing with Receiver Operating Characteristic (ROC) curve. It 
measures the capability of a model in discriminating between positive and negative cases and thus varies 
between 0 and 1- where a score of 0.5 implies no discrimination and 1.0 as perfect discrimination [59]. 
In the context of exRNAs as biomarkers, AUC is an important variable determining the diagnostic and 
prognostic performance in a number of cancers [60]. Differences in AUC values of exRNA biomarkers 
may occur because of the following reasons sample size, variation among populations, biological 
variability in the expression of biomarkers, methods of measurement, complexity of models, and how 
the threshold is selected to divide data into categories [61]. It is possible that knowing these factors can 
help provide the correct interpretation of these AUC values, as it can strongly determine the validity and 
usefulness of diagnostic or prognostic models in the clinical setting. 

5. ExRNA as therapeutic agents in cancer 

A key advantage of using exosomes as organic drug delivery vehicles for cancer treatment is 
demonstrated by the functional transfer of exRNAs into recipient cells. Exosomes provide some of the 
benefits, such as low immunogenicity, high biocompatibility, the capacity to penetrate biological barriers 
(such as the blood-brain barrier), and intrinsic targeting capabilities [62,63]. 

5.1. Delivery of therapeutic RNAs 

Exosomes are showing incredible promise as natural delivery systems for various therapeutic RNAs aimed 
at treating cancer. They can be manipulated to transport antitumor miRNAs like miR-145, miR-34a, and 
let-7b directly to cancer cells. Once delivered, these miRNAs can work to inhibit cancer cell growth, 
trigger their self-destruction, and even make them more sensitive to chemotherapy [64]. For instance, 
exosomes from mesenchymal stem cells, when loaded with miR-145, have effectively suppressed colon 
cancer by targeting cancer-promoting genes like c-Myc [65]. Similarly, exosomes from normal 
fibroblasts, engineered to produce more miR-34a, could inhibit lung cancer cell growth and spread [66]. 
Besides miRNAs, exosomes are also capable of delivering siRNAs or shRNAs to switch off genes that 
promote cancer. An exciting instance of this is how exosomes derived from dendritic cells, being 
modified with a Lamp2b-targeting peptide, were able to deliver Kras-specific siRNA to pancreatic 
cancer cells and successfully inhibit tumor growth in living organisms [67]. While it’s less common and 
still presents challenges in ensuring efficient protein production, exosomes theoretically also hold the 
potential to deliver therapeutic mRNAs for expressing beneficial proteins in target cells. 

5.2. Inhibition of oncogenic exRNAs 

Directly preventing the adverse effects of oncogenic exRNAs is another promising strategy in addition 
to delivering therapeutic RNAs. Anti-miRNA oligonucleotides (AMOs), which are made expressly to 
prevent cancer-promoting exosomal miRNAs from entering recipient cells, are one method [68]. This 
approach is more indirect but still works; for instance, it has been demonstrated that inhibiting exosomal 
miR-21 effectively lowers the proliferation and metastasis of cancer cells [69]. Making exogenous RNA 
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“sponges” that competitively bind to oncogenic exosomal lncRNAs or circRNAs and inhibit them from 
interacting with their natural targets, like endogenous miRNAs, is another new therapeutic approach that 
aims to counteract the cancer-promoting effects of these molecules. 

5.3. Engineering exosomes for enhanced therapy 

Significant efforts are now being made to transform exosomes into even more effective and precise 
therapeutic instruments in cancer treatment. One key strategy involves adding targeting ligands such as 
antibodies, peptides, or aptamers to the exosome surface. This ensures that the therapeutic cargo is 
delivered precisely where it is needed by acting as a molecular address that directs them to specific 
cancer cells or specific regions within a tumor [70]. Researchers are also focused on increasing the 
loading efficiency of therapeutic RNAs into exosomes using methods such as electroporation, 
sonication, or saponin treatment while meticulously maintaining the integrity of the exosome [71]. To 
monitor their effectiveness in real-time, scientists are working on incorporating reporter systems within 
exosomes for tracking their delivery and therapeutic impact. Finally, an exciting frontier is the 
development of immunomodulatory exosomes, engineered to deliver RNAs that can reprogram immune 
cells within the tumor’s immediate environment [72]. For instance, shifting M2 macrophages to their 
anti-tumor M1 state or activating T cells will ultimately enhance the body’s own immune response 
against the cancer [73,74]. 

6. ExRNA as monitoring strategies in cancer therapy 

Due to exRNAs constantly evolving, they are extremely useful elements for tracking the effectiveness 
of cancer treatments, anticipating when medications may prevent effective, and even identifying any 
disease or recurrence that may still exist [32]. This enables medical professionals to modify therapy in 
real time, resulting in individualized patient care. Some changes in particular exosomal miRNA levels, 
like miR-21 or miR-1246, have been demonstrated to be directly correlated with the means in which 
patients react to chemotherapy or targeted therapies for a variety of cancers, making them useful for 
tracking treatment response [75]. While an increase may unfortunately indicate drug resistance or the 
advancement of the disease, a decrease in exRNAs originating from the tumor may indicate that 
treatment is effective. 

In addition, exRNAs are showing promise in the prediction of drug resistance. Specifically, resistant 
cancer cells can actually transfer their resistance to sensitive cells through exosomal circRNAs (like 
circ_0000092 in colon cancer) or miRNAs (like miR-21 in glioblastoma), and their elevated levels can 
predict treatment failure [76,77]. Clinicians can be encouraged to proactively transition to alternative 
therapies by monitoring these resistance-associated exRNAs. Lastly, exRNAs provide a potent method 
for identifying minimal residual disease (MRD). Tumor-specific exRNAs may be a sign of MRD and 
enable much earlier intervention to avoid a complete relapse if they are consistently detected even after 
primary treatment that appears to be successful [78]. 
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7. Challenges and future perspectives 

7.1. Challenges 

Despite their immense promise, several challenges must be tackled before exRNA-based theranostics 
can fully realize their full potential in clinical practice. Firstly, isolation and characterization remain a major 
hurdle. Current methods for isolating exosomes, such as size exclusion chromatography and 
ultracentrifugation, frequently produce low yields and contamination from other vesicles or proteins [79]. 
More importantly, there is a serious lack of standardization, which makes it challenging to compare 
research findings across different labs. To guarantee repeatable research and a seamless transition to the 
clinic, we urgently need a global agreement on the correct methods for isolating, characterizing, and 
quantifying exRNAs (according to standards like MISEV) [80]. On top of that, reliable, high-throughput, 
and cost-effective platforms for comprehensive exRNA profiling are essential for large-scale  
clinical application. 

Secondly, biodistribution and targeted delivery present significant challenges. It is challenging to 
precisely target therapeutic exosomes to cancer cells while protecting healthy tissues because systemic 
administration frequently results in non-specific uptake by macrophages and other cells [81]. Even 
though exosomes can pass through the blood-brain barrier (BBB), research is still ongoing to determine 
how most effectively to deliver them to brain tumors. We also need a much better understanding of the 
half-life, clearance, and distribution of therapeutic exosomes in the body in order to optimize dosing and 
administration routes [82]. Thirdly, immunogenicity and safety are paramount concerns. Exosomes are 
generally considered to have low immunogenicity, but using genetically modified exosomes or 
administering them repeatedly, especially from non-autologous (non-self) sources, may cause 
unintended immune reactions [83]. 

Furthermore, delivering therapeutic RNAs, particularly miRNAs, can have unintended off-target 
effects because they can regulate multiple genes. As a result, careful design and comprehensive safety 
profiling are absolutely essential. Lastly, scaling up for GMP (Good Manufacturing Practice) production 
of therapeutic exosome preparations remains a significant challenge [84]. Finally, the regulatory 
pathway for treatments based on exosomesis still very emerging. Clear guidelines from regulatory 
agencies such as the FDA and EMA are urgently needed to provide the standard procedure for their 
clinical approval [85]. 

7.2. Future perspectives 

ExRNA-based theranostics has a very promising future because of a few of innovative strategies. 
Multi-omics integration is one important avenue in which we integrate exRNA profiles with other 
important biological information, including circulating tumor DNA (ctDNA), lipids, exosomal proteins, 
and even single-cell RNA sequencing of tumors [86]. We would be able to create far more reliable and 
accurate models for identifying cancer and forecasting its progression in part to this comprehensive  
data fusion. 

The field is also expected to undergo a revolution because of machine learning and artificial 
intelligence. Finding complex exRNA signatures and creating predictive algorithms that can more 
accurately direct diagnosis, prognosis, and treatment response will require the use of these potent 
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computational approaches [87]. The creation of “smart exosomes” or “designer exosomes” is an 
inventive idea. These modified vesicles would be programmed to react to stimuli in the tumor 
microenvironment, such as pH variations, particular enzymes, or even light, in order to release their 
therapeutic cargo precisely when and where it is required, improving the spatial and temporal control of 
therapy [88]. For instance, Kras-specific siRNA to pancreatic cancer cells, successfully inhibiting tumor 
growth in living organisms [89]. This demonstrates the potential of engineered exosome platforms for 
targeted therapy, aligning with Figure 1’s therapeutic panel (b) which illustrates exosomes loaded with 
therapeutic RNAs treating cancer cells. While this highlights a promising avenue, ongoing research 
continues to explore and establish more widespread in vivo efficacy outcomes and their impact on tumor 
reduction and survival rates. 

In addition, hybrid exosomes and biomimetic nanoparticles are starting to appear. These cutting-edge 
innovations aim to combine the best qualities of synthetic nanoparticles, such as controllable size, 
scalable production, and highly precise cargo loading, with the best qualities of natural exosomes, such 
as their innate biocompatibility and targeting abilities [90]. In the end, preclinical research must give 
way to carefully planned, extensive clinical trials if these developments are to be genuinely beneficial 
to patients [91]. These studies are essential for firmly establishing exRNA-based theranostics’ practical 
applicability and securing their position in standard clinical practice for better cancer patient care. 

8. Conclusion 

In conclusion, exRNAs have become a novel class of molecules with enormous potential as theranostic 
agents in cancer especially those encapsulated within exosomes. They are uniquely positioned for  
non-invasive liquid biopsy applications for early detection, accurate diagnosis, and prognostication due 
to their unmatched stability in biofluids, dynamic reflection of tumor biology, and innate capacity for 
intercellular communication. At the same time, a potent new paradigm for targeted cancer therapy and 
real-time treatment efficacy monitoring is provided by the ability to engineer exosomes to deliver 
therapeutic RNA molecules or block oncogenic pathways. Standardization, large-scale production, 
targeted delivery, and regulatory approval are still major obstacles, but these should be addressed by the 
quick developments in exRNA research and exosome engineering. The exciting potential to 
revolutionize cancer treatment and open the door to genuinely individualized and successful precision 
oncology lies in the incorporation of exRNA-based theranostics into standard clinical practice. 

Acknowledgments 

This work was supported by the Universiti Putra Malaysia, GIP-Putra (GPP/2017/9542800).  

Authors’ contribution 

Conceptualization, P.C.S. and N.B.M.A.; methodology, N.A.M.S. and S.S.; validation, N.M.A.N.A.R. 
and N.B.M.A.; formal analysis, C.N.M.C.Z.; writing—original draft preparation, N.M.A.N.A.R. and 
C.N.M.C.Z.; writing—review and editing, N.M.A.N.A.R., C.N.M.C.Z and M.O.A. All authors have read 
and agreed to the published version of the manuscript. 

 
 



ExRNA  Review 

 11 

Conflicts of interests 

The authors declare no conflicts of interest. 

References 

[1] Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, et al. Global cancer statistics 2020: 
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA 
Cancer J. Clin. 2021, 71(3):209–249. 

[2] Bilgin GB, Bilgin C, Burkett BJ, Orme JJ, Childs DS, et al. Theranostics and artificial intelligence: 
new frontiers in personalized medicine. Theranostics 2024, 14(6):2367. 

[3] Kalluri R, LeBleu VS. The biology, function, and biomedical applications of exosomes. Science 
2020, 367(6478):eaau6977. 

[4] Lu K, Zhang Y, Song E. Extracellular RNA: mechanisms of it’s transporting into target cells. 
ExRNA 2019, 1(1):22. 

[5] Asgarpour K, Shojaei Z, Amiri F, Ai J, Mahjoubin-Tehran M, et al. Exosomal microRNAs derived 
from mesenchymal stem cells: cell-to-cell messages. Cell Commun. Signaling 2020, 18:1–16. 

[6] Borniego ML, Innes RW. Extracellular RNA: mechanisms of secretion and potential functions. J. 
Exp. Bot. 2023, 74(7):2389–2404. 

[7] Zhang C, Qin C, Dewanjee S, Bhattacharya H, Chakraborty P, et al. Tumor-derived small 
extracellular vesicles in cancer invasion and metastasis: molecular mechanisms, and clinical 
significance. Mol. Cancer 2024, 23(1):18. 

[8] Rezaie J, Feghhi M, Etemadi T. A review on exosomes application in clinical trials: perspective, 
questions, and challenges. Cell Commun. Signaling 2022, 20(1):145. 

[9] Isaac R, Reis FCG, Ying W, Olefsky JM. Exosomes as mediators of intercellular crosstalk in 
metabolism. Cell Metab. 2021, 33(9):1744–1762. 

[10] Polanco JC, Li C, Durisic N, Sullivan R, Götz J. Exosomes taken up by neurons hijack the endosomal 
pathway to spread to interconnected neurons. Acta Neuropathol. Commun. 2018, 6:1–14. 

[11] Malgundkar SH, Tamimi Y. Exosomes as crucial emerging tools for intercellular communication 
with therapeutic potential in ovarian cancer. Future Sci. OA 2023, 9(1):FSO833. 

[12] Wang B, Luo L, Vunjak‐Novakovic G. RNA and protein delivery by cell‐secreted and bioengineered 
extracellular vesicles. Adv. Healthcare Mater. 2022, 11(5):2101557. 

[13] O’Brien K, Breyne K, Ughetto S, Laurent LC, Breakefield XO. RNA delivery by extracellular 
vesicles in mammalian cells and its applications. Nat. Rev. Mol. Cell Biol. 2020, 21(10):585–606. 

[14] Leidal AM, Huang H, Marsh T, Solvik T, Zhang D, et al. The LC3-conjugation machinery specifies 
the loading of RNA-binding proteins into extracellular vesicles. Nat. Cell Biol. 2020, 22(2):187–199. 

[15] Bian F, Xiong B, Yang X, Jin S. Lipid rafts, ceramide and molecular transcytosis. Front Biosci. 
(Landmark Ed.) 2016, 21:806–838. 

[16] Zelnik ID, Ventura AE, Kim JL, Silva LC, Futerman AH. The role of ceramide in regulating 
endoplasmic reticulum function. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2020, 1865(1):158489. 

[17] Horbay R, Hamraghani A, Ermini L, Holcik S, Beug ST, et al. Role of ceramides and lysosomes in 
extracellular vesicle biogenesis, cargo sorting and release. Int. J. Mol. Sci. 2022, 23(23):15317. 



ExRNA  Review 

 12 

[18] Hullin-Matsuda F, Colosetti P, Rabia M, Luquain-Costaz C, Delton I. Exosomal lipids from 
membrane organization to biomarkers: focus on an endolysosomal-specific lipid. Biochimie 2022, 
203:77–92. 

[19] Yadav A, Nandy A, Sharma A, Ghatak S. Exosome mediated cell-cell crosstalk in tissue injury and 
repair. In Results and Problems in Cell Differentiation, 1st ed. Cham: Springer, 2024. pp. 249–297. 

[20] Solovyev AG, Atabekova AK, Lezzhov AA, Solovieva AD, Chergintsev DA, et al. Distinct 
mechanisms of endomembrane reorganization determine dissimilar transport pathways in plant RNA 
viruses. Plants 2022, 11(18):2403. 

[21] Zhang Q, Zhang K, Li D, Wang X, Zhang Y. Replication organelles of plant positive-strand RNA 
viruses: a boost in knowledge following new imaging approaches. Annu. Rev. Phytopathol. 2025, 63. 

[22] Meldolesi J. Exosomes and ectosomes in intercellular communication. Curr. Biol. 2018, 
28(8):R435–R444. 

[23] Askenase PW. Exosomes provide unappreciated carrier effects that assist transfers of their miRNAs 
to targeted cells; I. They are ‘The Elephant in the Room’. RNA Biol. 2021, 18(11):2038–2053. 

[24] Ping JYX, Neupane YR, Pastorin G. Extracellular vesicles and their interplay with biological 
membranes. In Extracellular Vesicles-Role in Diseases, Pathogenesis and Therapy, 1st ed. 
Singapore: Springer, 2021. 

[25] Kim HI, Park J, Zhu Y, Wang X, Han Y, et al. Recent advances in extracellular vesicles for 
therapeutic cargo delivery. Exp. Mol. Med. 2024, 56(4):836–849. 

[26] Loh HY, Norman BP, Lai KS, Rahman NMANA, Alitheen NBM, et al. The regulatory role of 
microRNAs in breast cancer. Int. J. Mol. Sci. 2019, 20(19):4940. 

[27] Netti GS, De Luca F, Camporeale V, Khalid J, Leccese G, et al. Liquid biopsy as a new tool for 
diagnosis and monitoring in renal cell carcinoma. Cancers 2025, 17(9):1442. 

[28] Lombo TB, Ganguly A, Tagle DA. Diagnostic potential of extracellular RNA from biofluids. 
Expert Rev. Mol. Diagn. 2016, 16(11):1135–1138. 

[29] Fang G, Xu D, Zhang T, Wang G, Qiu L, et al. Biological functions, mechanisms, and clinical 
significance of circular RNA in colorectal cancer. Front. Oncol. 2023, 13:1138481. 

[30] Liu M, Wen Z, Zhang T, Zhang L, Liu X, et al. The role of exosomal molecular cargo in exosome 
biogenesis and disease diagnosis. Front. Immunol. 2024, 15:1417758. 

[31] Wang X, Wang L, Lin H, Zhu Y, Huang D, et al. Research progress of CTC, ctDNA, and EVs in 
cancer liquid biopsy. Front. Oncol. 2024, 14:1303335. 

[32] Happel C, Ganguly A, Tagle DA. Extracellular RNAs as potential biomarkers for cancer. J. Cancer 
Metastasis Treat. 2020, 6:32. 

[33] Aakel N, Mohammed R, Fathima A, Kerzabi R, Abdallah A, et al. Role of exosome in solid cancer 
progression and its potential therapeutics in cancer treatment. Cancer Med. 2025, 14(9):e70941. 

[34] Cao M. The extracellular RNA and drug resistance in cancer: a narrative review. ExRNA 2023, 5(1). 
[35] Wang Z, Wang Q, Qin F, Chen J, Exosomes: a promising avenue for cancer diagnosis beyond 

treatment. Front. Cell Dev. Biol. 2024, 12:1344705. 
[36] Bartoszewska E, Misiąg P, Czapla M, Rakoczy K, Tomecka P, et al. The role of microRNAs in 

lung cancer: mechanisms, diagnostics and therapeutic potential. Int. J. Mol. Sci. 2025, 26(8):3736. 
[37] Leng Q, Lin Y, Jiang F, Lee CJ, Zhan M, et al. A plasma miRNA signature for lung cancer early 

detection. Oncotarget 2017, 8(67):111902. 



ExRNA  Review 

 13 

[38] Khan MA, Zubair H, Srivastava SK, Singh S, Singh AP. Insights into the role of microRNAs in 
pancreatic cancer pathogenesis: potential for diagnosis, prognosis, and therapy. In Advances in 
Experimental Medicine and Biology, 1st ed. Cham: Springer, 2015. pp. 71–87. 

[39] Vieira NF, Serafini LN, Novais PC, Neto FSL, de Assis Cirino ML, et al. The role of circulating 
miRNAs and CA19-9 in pancreatic cancer diagnosis. Oncotarget 2021, 12(17):1638. 

[40] Dohmen J, Semaan A, Kobilay M, Zaleski M, Branchi V, et al. Diagnostic potential of exosomal 
microRNAs in colorectal cancer. Diagnostics 2022, 12(6):1413. 

[41] Chang P, Chen C, Chang Y, Tsai W, You J, et al. MicroRNA-223 and microRNA-92a in stool and 
plasma samples act as complementary biomarkers to increase colorectal cancer detection. 
Oncotarget 2016, 7(9):10663. 

[42] Hellberg T, Mohr R, Geisler L, Knorr J, Wree A, et al. Serum levels of miR-223 but not miR-21 
are decreased in patients with neuroendocrine tumors. PLoS One 2020, 15(12):e0244504. 

[43] Zhou H, Shen W, Zou H, Lv Q, Shao P. Circulating exosomal long non-coding RNA H19 as a 
potential novel diagnostic and prognostic biomarker for gastric cancer. J. Int. Med. Res. 2020, 
48(7):0300060520934297. 

[44] Elimam H, Zaki MB, Abd-Elmawla MA, Darwish HA, Hatawsh A, et al. Natural products and 
long non-coding RNAs in prostate cancer: insights into etiology and treatment resistance. 
Naunyn-Schmiedeberg’s Arch. Pharmacol. 2025, 398:6349–6368. 

[45] Sasaki R, Kanda T, Yokosuka O, Kato N, Matsuoka S, et al. Exosomes and hepatocellular 
carcinoma: from bench to bedside. Int. J. Mol. Sci. 2019, 20(6):1406. 

[46] Titu S, Gata VA, Decea RM, Mocan T, Dina C, et al. Exosomes in colorectal cancer: from 
physiology to clinical applications. Int. J. Mol. Sci. 2023, 24(5):4382. 

[47] Liu Q, Zhou Q, Zhong P. circ_0067934 increases bladder cancer cell proliferation, migration and 
invasion through suppressing miR-1304 expression and increasing Myc expression levels. Exp. 
Ther. Med. 2020, 19(6):3751–3759. 

[48] Yang J, Yang C, Li P. circ-IARS depletion inhibits the progression of non-small-cell lung cancer 
by circ-IARS/miR-1252-5p/HDGF ceRNA pathway. Open Med. 2023, 18(1):20220613. 

[49] Chu YL, Li H, Ng PLA, Kong ST, Zhang H, et al. The potential of circulating exosomal RNA 
biomarkers in cancer. Expert Rev. Mol. Diagn. 2020, 20(7):665–678. 

[50] Lin B, Liu C, Shi E, Jin Q, Zhao W, et al. MiR-105-3p acts as an oncogene to promote the 
proliferation and metastasis of breast cancer cells by targeting GOLIM4. BMC Cancer 2021, 
21(1):275. 

[51] Tian X, Wang C, Jin X, Li M, Wang F, et al. Acidic microenvironment up-regulates exosomal miR-21 
and miR-10b in early-stage hepatocellular carcinoma to promote cancer cell proliferation and metastasis. 
Theranostics 2019, 9(7):1965–1979. 

[52] Ray A, Kunhiraman H, Perera RJ. The paradoxical behavior of microRNA-211 in melanomas and 
other human cancers. Front. Oncol. 2020, 10:628367. 

[53] Kim S, Choi MC, Jeong JY, Hwang S, Jung SG, et al. Serum exosomal miRNA-145 and 
miRNA-200c as promising biomarkers for preoperative diagnosis of ovarian carcinomas.  
J. Cancer 2019, 10(9):1958–1967. 



ExRNA  Review 

 14 

[54] Ramli S, Sim MS, Guad RM, Gopinath SCB, Subramaniyan V, et al. Long noncoding RNA UCA1 
in gastrointestinal cancers: molecular regulatory roles and patterns, mechanisms, and interactions. 
J. Oncol. 2021, 2021(1):5519720. 

[55] Imran M, Abida, Eltaib L, Siddique MI, Kamal M, et al. Beyond the genome: MALAT1’s role in 
advancing urologic cancer care. Pathol. Res. Pract. 2024, 256:155226. 

[56] Zhou C, Zhu X, Liu N, Dong X, Zhang X, et al. B-lymphoid tyrosine kinase-mediated FAM83A 
phosphorylation elevates pancreatic tumorigenesis through interacting with β-catenin. Signal. 
Transduct. Targeted Ther. 2023, 8(1):66. 

[57] Yin K, Sun T, Duan Y, Ye W, Li M, et al. Nomograms incorporating hsa_circ_0029325 highly 
expressed in exosomes of hepatocellular carcinoma predict the postoperative outcomes. Discov. 
Oncol. 2024, 15(1):212. 

[58] Lei T, Zhang Y, Wang X, Liu W, Feng W, et al. Integrated analysis of the functions and clinical 
implications of exosome circRNAs in colorectal cancer. Front. Immunol. 2022, 13:919014. 

[59] Çorbacıoğlu ŞK, Aksel G. Receiver operating characteristic curve analysis in diagnostic accuracy 
studies: a guide to interpreting the area under the curve value. Turk. J. Emerg. Med. 2023, 
23(4):195–198. 

[60] Liu S, Liao Y, Hosseinifard H, Imani S, Wen Q. Diagnostic role of extracellular vesicles in cancer: 
a comprehensive systematic review and meta-analysis. Front. Cell Dev. Biol. 2021, 9:705791. 

[61] Parodi S, Verda D, Bagnasco F, Muselli M. The clinical meaning of the area under a receiver 
operating characteristic curve for the evaluation of the performance of disease markers. Epidemiol. 
Health 2022, 44:e2022088. 

[62] Choi H, Choi K, Kim DH, Oh BK, Yim H, et al. Strategies for targeted delivery of exosomes to the 
brain: advantages and challenges. Pharmaceutics 2022, 14(3):672. 

[63] Xiao M, Xiao Z, Yang B, Lan Z, Fang F. Blood-brain barrier: more contributor to disruption of 
central nervous system homeostasis than victim in neurological disorders. Front. Neurosci. 2020, 
14:764. 

[64] Wang X, Li S, Wang Z, Kang B, Yan H. The co-delivery of natural products and small RNAs for 
cancer therapy: a review. Molecules 2025, 30(7):1495. 

[65] Xuan X, Tian C, Zhao M, Sun Y, Huang C. Mesenchymal stem cells in cancer progression and 
anticancer therapeutic resistance. Cancer Cell Int. 2021, 21(1):595. 

[66] Cui H, Ge J, Xie N, Banerjee S, Zhou Y, et al. miR-34a inhibits lung fibrosis by inducing lung 
fibroblast senescence. Am. J. Respir. Cell Mol. Biol. 2017, 56(2):168–178. 

[67] Kamerkar S, LeBleu VS, Sugimoto H, Yang S, Ruivo CF, et al. Exosomes facilitate therapeutic 
targeting of oncogenic KRAS in pancreatic cancer. Nature 2017, 546(7659):498–503. 

[68] Han S, Li G, Jia M, Zhao Y, He C, et al. Delivery of anti-miRNA-221 for colorectal carcinoma 
therapy using modified cord blood mesenchymal stem cells-derived exosomes. Front. Mol. Biosci. 
2021, 8:743013. 

[69] He Q, Ye A, Ye W, Liao X, Qin G, et al. Cancer-secreted exosomal miR-21-5p induces 
angiogenesis and vascular permeability by targeting KRIT1. Cell Death Dis. 2021, 12(6):576. 

[70] Manzari MT, Shamay Y, Kiguchi H, Rosen N, Scaltriti M, et al. Targeted drug delivery strategies 
for precision medicines. Nat. Rev. Mater. 2021, 6(4):351–370. 



ExRNA  Review 

 15 

[71] Bahadorani M, Nasiri M, Dellinger K, Aravamudhan S, Zadegan R, et al. Engineering exosomes 
for therapeutic applications: decoding biogenesis, content modification, and cargo loading 
strategies. Int. J. Nanomed. 2024, 19:7137–7164. 

[72] Cao J, Lv G, Wei F. Engineering exosomes to reshape the immune microenvironment in breast 
cancer: molecular insights and therapeutic opportunities. Clin. Transl. Med. 2024, 14(4):e1645. 

[73] Gao J, Liang Y, Wang L. Shaping polarization of tumor-associated macrophages in cancer 
immunotherapy. Front. Immunol. 2022, 13:888713. 

[74] Yahaya MAF, Lila MAM, Ismail S, Zainol M, Afizan NARNM. Tumour-associated macrophages 
(tams) in colon cancer and how to reeducate them. J. Immunol. Res. 2019, 2019(1):2368249. 

[75] Gruner HN, McManus MT. Examining the evidence for extracellular RNA function in mammals. 
Nat. Rev. Genet. 2021, 22(7):448–458. 

[76] Zhang Y, Tang J, Wang C, Zhang Q, Zeng A, et al. Autophagy-related lncRNAs in tumor 
progression and drug resistance: a double-edged sword. Genes Dis. 2024, 11(1):367–381. 

[77] Li Q, Zhang Y, Jin P, Chen Y, Zhang C, et al. New insights into the potential of exosomal circular 
RNAs in mediating cancer chemotherapy resistance and their clinical applications. Biomed. 
Pharmacother. 2024, 177:117027. 

[78] Lampropoulou DI, Pliakou E, Aravantinos G, Filippou D, Gazouli M. The role of exosomal non-coding 
RNAs in colorectal cancer drug resistance. Int. J. Mol. Sci. 2022, 23(3):1473. 

[79] Kurian TK, Banik S, Gopal D, Chakrabarti S, Mazumder N. Elucidating methods for isolation and 
quantification of exosomes: a review. Mol. Biotechnol. 2021, 63(4):249–266. 

[80] Reithmair M, Lindemann A, Mussack V, Pfaffl MW. Isolation and characterization of urinary 
extracellular vesicles for microRNA biomarker signature development with reference to MISEV 
compliance. In Methods in Molecular Biology, 1st ed. Totowa: Humana Press, 2022. pp. 113–133. 

[81] Zhang M, Hu S, Liu L, Dang P, Liu Y, et al. Engineered exosomes from different sources for 
cancer-targeted therapy. Signal Transduct. Targeted Ther. 2023, 8(1):124. 

[82] Arenaccio C, Chiozzini C, Ferrantelli F, Leone P, Olivetta E, et al. Exosomes in therapy: 
engineering, pharmacokinetics and future applications. Curr. Drug Targets 2019, 20(1):87–95. 

[83] Mukherjee AG, Wanjari UR, Gopalakrishnan AV, Kannampuzha S, Murali R, et al. Exploring the 
molecular pathogenesis, pathogen association, and therapeutic strategies against HPV infection. 
Pathogens 2022, 12(1):25. 

[84] Ma C, Zhai Y, Li C, Liu J, Xu X, et al. Translating mesenchymal stem cell and their exosome 
research into GMP compliant advanced therapy products: promises, problems and prospects. Med. 
Res. Rev. 2024, 44(3):919–938. 

[85] Bode G. Regulatory guidance: ICH, EMA, FDA. In Drug Discovery and Evaluation: Methods in 
Clinical Pharmacology, 1st ed. Cham: Springer, 2019. pp. 1085–1138. 

[86] Xie Q, Liu S, Zhang S, Liao L, Xiao Z, et al. Research progress on the multi-omics and survival 
status of circulating tumor cells. Clin. Exp. Med. 2024, 24(1):49. 

[87] Su Y, Li Y, Guo R, Zhao J, Chi W, et al. Plasma extracellular vesicle long RNA profiles in the 
diagnosis and prediction of treatment response for breast cancer. NPJ Breast Cancer 2021, 7(1):154. 

[88] Johnson V, Vasu S, Kumar US, Kumar M. Surface-engineered extracellular vesicles in cancer 
immunotherapy. Cancers 2023, 15(10):2838. 



ExRNA  Review 

 16 

[89] Strand MS, Krasnick BA, Pan H, Zhang X, Bi Y, et al. Precision delivery of RAS-inhibiting siRNA 
to KRAS driven cancer via peptide-based nanoparticles. Oncotarget 2019, 10(46):4761. 

[90] Khosravi N, Pishavar E, Baradaran B, Oroojalian F, Mokhtarzadeh A. Stem cell membrane, stem 
cell-derived exosomes and hybrid stem cell camouflaged nanoparticles: a promising biomimetic 
nanoplatforms for cancer theranostics. J. Controlled. Release. 2022, 348:706–722. 

[91] Das S, Shah R, Dimmeler S, Freedman JE, Holley C, et al. Noncoding RNAs in cardiovascular 
disease: current knowledge, tools and technologies for investigation, and future directions: a 
scientific statement from the american heart association. Circ.: Genomic Precis. Med. 2020, 
13(4):e000062. 

 


	1. Introduction
	2. ExRNA biogenesis and cargo packaging
	3. ExRNA as diagnostic biomarkers in cancer
	3.1. MicroRNAs (miRNAs)
	3.2. Long non-coding RNAs (lncRNAs)
	3.3. Circular RNAs (circRNAs)

	4. ExRNA as prognostic biomarkers in cancer
	4.1. MicroRNAs (miRNAs)
	4.2. Long non-coding RNAs (lncRNAs)
	4.3. Circular RNAs (circRNAs)

	5. ExRNA as therapeutic agents in cancer
	5.1. Delivery of therapeutic RNAs
	5.2. Inhibition of oncogenic exRNAs
	5.3. Engineering exosomes for enhanced therapy

	6. ExRNA as monitoring strategies in cancer therapy
	7. Challenges and future perspectives
	7.1. Challenges
	7.2. Future perspectives

	8. Conclusion
	Acknowledgments
	Authors’ contribution
	Conflicts of interests
	References

