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Abstract. Treatment for locally-advanced rectal cancer 
(LARC) typically consists of neoadjuvant chemoradiation 
followed by total mesorectal excision. Recently, there has been 
growing interest in non-operative management for patients who 
are medically-inoperable or wish to avoid surgical morbidity 
and permanent colostomy. Approximately 50% of patients who 
receive pre-operative neoadjuvant chemoradiation develop 
some degree of pathologic response. Approximately 10-20% 
of patients are found to have a complete pathologic response, 
a finding which has frequently been shown to predict better 
clinical outcomes, including local-regional control, distant 
metastasis and survival. Many recent studies have evaluated 
the role of molecular biomarkers in predicting response to 
neoadjuvant therapy. MicroRNAs (miRNAs) are an emerging 
class of biomarkers that have the potential to predict which 
patients are most likely to benefit from pre-operative therapy 
and from a selective surgical approach. Here, we review the 
published literature on microRNAs as prognostic and predic-
tive biomarkers in rectal cancer after pre-operative therapy. In 
the future, the development of prospectively validated miRNA 
signatures will allow clinical implementation of miRNAs as 
prognostic and predictive signatures in LARC.
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1. Introduction

Colorectal cancer (CRC) is the 3rd most common cancer in 
men and women in the United States. There are approxi-
mately 135,000 new cases of colorectal cancer diagnosed per 
year (1).  Approximately one out of three cases of colorectal 
cancer is located in the rectum and categorized as rectal 
adenocarcinoma. Common treatments for localized (non-
metastatic) rectal cancer include surgery, chemotherapy and 
radiation therapy. Neoadjuvant (pre-operative) chemoradia-
tion has been shown in multiple randomized clinical trials 
to improve clinical outcomes and toxicity profiles compared 
to post-operative chemoradiation for locally-advanced rectal 
cancer. This approach has become the current standard of 
care, and typically consists of 5-fluorouracil based chemora-
diation over 5.5 weeks, followed by total mesorectal excision 
6-10 weeks later  (2,3). In ~10-20% of cases, pathological 
complete response (pCR) is observed in the surgical resec-
tion specimen after neoadjuvant chemoradiation  (4-8). In 
addition, up to 25-50% of patients develop a clinical complete 
response (cCR) after neoadjuvant chemoradiation, which is 
determined by endoscopic or imaging-based assessments (9). 
The discrepancy between rates of pCR and cCR results 
from the presence of microscopic tumor deposits which are 
undetectable using clinical techniques, but are discovered 
with meticulous pathologic assessment following resection. 
Notaby, a study published in 2004 showed that for patients 
who experienced a pCR or cCR after chemoradiation, subse-
quent surgery had no effect on disease-free survival or cancer 
control (10). The potential for avoiding surgery, and thereby 
improving quality of life for these patients, has become an 
active area of research, particularly in patients who other-
wise would require an abdominoperineal resection (APR) 
and permanent colostomy. Indeed, there have been multiple 
publications over the last several years highlighting this 
‘watch and wait’ approach, commonly called non-operative 
management (NOM) or selective surgery  (9,11-13). Using 
this approach, rates of avoiding pelvic surgery in patients 
treated with definitive chemoradiation have been reported to 
be as high as ~70% in some studies, while still maintaining 
equivalent cancer control  (10). Additionally, local control 
rates remain as high as 95% with the use of salvage surgery 
when a local recurrence is detected. While these results 
are promising, the challenge still remains to prospectively 
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identify which patients are best suited for a non-operative 
approach.

Because less than half of patients experience a pCR or 
cCR after chemoradiation, the present study is focused on 
pre-therapeutic biomarkers that may predict which patients are 
more likely to achieve a complete response. Many different 
types of biomarkers have been studied in the hope of identi-
fying patients who would be best treated with a non-operative 
approach. Many of these molecular profiling studies have 
focused on DNA, looking for genetic mutations in specific 
tumor suppressor genes and/or oncogenes, such as APC or 
TP53, to predict response to therapy. One of the most studied 
cancer genes is KRAS, a GTPase which is implicated in 
mediating resistance to the anti-EGFR agent cetuximab (14). 
KRAS has also been theorized to confer radioresistance, 
but the results from studies have been mixed. Some studies 
(15,16) have linked KRAS mutations to lower rates of pCR in 
patients receiving chemoradiation therapy, while other studies 
have found that KRAS mutations have no consistent utility in 
predicting the probability of pCR (17,18). Some articles have 
postulated that this inconsistency may be due to the fact that 
mutations specifically in codon 13 of the KRAS gene are also 
more likely to have concurrent TP53 mutations, potentially 
explaining why KRAS gene mutations may be associated with 
radioresistance (since TP53 mutations have also been linked to 
radioresistance) (19). Other studies have identified other genes 
such as the DNA repair gene SMC1 (20), the apoptotic gene 
LUM (21) and the DNA repair gene XRCC3 (22) that predict 
response to chemoradiation. However, many of these genes are 
rarely replicated across studies, resulting in the identification 
of many non-overlapping genes that may predict radiation 
sensitivity or resistance that is beyond the scope of the present 
review (23).

Due to the difficulty with identifying genetic aberrations 
consistently conferring radiation resistance, other genetic 
biomarkers such as methylation status and non-coding RNA 
are now being investigated. For example, a 2013 study found 
that methylation of the TIMP3 gene correlated with chemo-
radiation resistance (24). In addition, a 2014 study found the 
expression of long non-coding RNA (lncRNA) lincRNA-p21 to 
be correlated with improved response to chemoradiation (25). 
Additional analyses of methylation status and lncRNA 
biomarkers are ongoing.

In recent years, another type of non-coding RNA, micro-
RNA (miRNA), has been increasingly studied in cancer, along 
with their possible radio-sensitizing and/or radio-resistant 
properties. miRNA begins as a DNA transcript called pri-
miRNA in the nucleus, where DGCR8 and Drosha then cut it 
into pre-miRNA, which subsequently leaves the nucleus (26). In 
the cytoplasm, an enzyme called DICER cuts the pre-miRNA 
hairpin into the mature miRNA, which is then loaded onto 
the RNA-induced silencing complex (RISC). RISC delivers 
miRNA to particular messenger RNA (mRNA) in order to 
silence those transcripts. The miRNA binds to the untrans-
lated region of mRNA to prevent it from being able to enter 
the ribosome and be translated (26). miRNA dysregulation 
is a well-documented contributing factor to carcinogenesis 
with loss of normal function resulting in altered expression 
of important oncogenes and/or tumor suppressor genes (27).  
Finally, since miRNA can be secreted into bodily fluids with 

minimal degradation (unlike mRNA), miRNAs have the poten-
tial to serve as stable, and relatively non-invasive biomarkers 
for prognosis and prediction of therapeutic response (28,29).

2. Patient studies evaluating miRNAs and response in 
rectal cancer

In recent years, the role of miRNA dysregulation in cancer 
has been better elucidated as more studies are identifying 
particular miRNAs that predict response to treatments such 
as radiation and chemoradiation. As non-operative manage-
ment for rectal cancer continues to gain momentum amongst 
patients and practitioners, it will be especially important to 
integrate reliable methods of predicting disease response 
to ensure proper patient selection for this approach. We 
performed a literature review, and to date, twelve studies have 
analyzed rectal cancer tumor tissue to evaluate the role of 
various miRNAs (miRs) in predicting therapeutic response 
(Table I). The results of these studies are listed in Table i. Each 
of these studies, except for one, included pathological staging, 
as it has been shown to correlate with prognosis better than 
clinical downstaging after pre-operative chemoradiation (30). 
In addition, the majority of these studies performed unbiased 
screening of hundreds of miRNAs using various platforms 
(e.g. Taqman microRNA, miScript assay, Agilent SurePrint 
Technology Rel 12.0), rather than studying a few miRNAs 
in a hypothesis-driven (i.e. a priori) manner. As such, these 
studies may be confounded by type  I error resulting from 
multiple comparison testing methodology. The only studies 
that were driven by a priori evaluation of certain miRNAs 
were the studies by Drebber et al (31) Carames et al (36) and 
Svoboda et al (45). Many of the miRNAs identified in these 
studies have been shown to impact DNA damage response, 
cell cycle and apoptotic signaling pathways. The associations 
of some of these miRNAs with various protein mediators of 
these pathways are depicted in Fig. 1.

Summary of patient studies identifying a single pre-thera-
peutic miRNA associated with response. A number of studies 
have identified relationships between single miRs and patho-
logical response to chemoradiation. Typically, these studies 
have measured the relationship between the pre-therapeutic 
levels of certain miRs and the pathological response to therapy. 
The first of these studies measured the relationship between 
miR-145, a miR known to downregulate IRS-1 expression and 
cellular proliferation and treatment response (24,31). Higher 
pre-therapeutic miR-145 expression levels correlated with 
chemoradiosensitivity and more pathological tumor down-
staging. Other studies have shown that miR-145 levels are often 
decreased in colorectal cancer, further supporting its role as a 
tumor suppressor (32-34). Another study by Ramos et al (35) 
found pre-treatment miR-21-5p expression to be upregulated in 
patients who demonstrated an improved pathological response 
to chemoradiation. This result, however, was contradicted by a 
study by Carames et al (36) which found that increased miR-21 
correlates with worse pathologic response to therapy. A study 
by D'Angelo et al (37) similarly identified that upregulation 
of miR-125b correlates with a worse pathological response 
to therapy. This study is particularly interesting, as it found 
that high expression levels of both tissue and serum miR-125b 
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correlated with a poor response to therapy. This study supports 
the potential for serum-based miRNA analysis as a less inva-
sive and cost-effective biomarker compared to tissue-based 
analysis and offers the potential for serial monitoring.

Summary of patient studies identifying multiple pre-thera-
peutic miRNAs associated with response. Other studies have 
identified multiple miRNAs whose individual pre-therapeutic 
levels correlate with pathological response to chemoradiation. A 
study by Svoboda et al (38) examining 20 rectal cancer patients 
detected eight miRNAs that differed in expression between 
responders and non-responders. Five miRNAs (miR‑196b, 
450a, 450b-5p and 99a) were elevated in responders while three 
different miRNAs (miR-215, 190b and 29b-2) were elevated 
in non-responders. A study by Hotchi et al (39) was unique 
in that it used three separate methods of measuring response 
to chemoradiation: RECIST (Response Evaluation Criteria in 
Solid Tumors), histopathological analysis (tumor regression 
grade) and clinical tumor downstaging. Each of these methods 
detected distinct miRNAs associated with response to therapy. 
Using the RECIST method to evaluate response, miR-223 was 
found to be elevated in responders, while miR-20b, miR-92, 
let-7a, miR-20a, miR-17 and miR-106a were decreased in 
responders. Histopathological examination with tumor regres-
sion grade revealed miR-142-3p and miR-223 to be elevated 
in responders. Clinical tumor downstaging showed elevated 
levels of miR-223, miR-630 and miR-126 to correlate with 
improved response to therapy. Of these, miR-223 was the only 
miR found to be elevated in responders via all three responder 

classification methods. A study by Nakao et al (40) validated 
these results by demonstrating that elevated pre-therapeutic 
miR-223 levels predicted for a pCR. In addition, many other 
miRs correlated with a complete response, and these can be 
referenced in Table I. A more recent study by Millino et al (41) 
found a large number of miRs to be upregulated in complete 
responders (Table  I) They also detected two miRs to be 
significantly upregulated in non-responders: miR-630 and 
miR-210. Notably, this finding for miR-630 contradicts studies 
by Hotchi et al (39) and Della Vittoria Scarpati et al (42).

Summary of patient studies predicting clinical response. As 
mentioned, pathologic staging appears to correlate better with 
outcomes than clinical staging and is likely to serve as a better 
endpoint for development of molecular signatures given that 
clinical response may be more subjective and that investigators 
use different methods to assess clinical response (e.g. MRI, 
PET scan and endoscopic biopsies). However, clinical staging 
evaluation has the advantage of not requiring a thorough patho-
logic evaluation of the resected surgical specimen. In addition 
to the study by Hotchi et al (39), two other studies used clinical/
imaging indicators with or without pathological downstaging 
to measure response to therapy. Lopez-Ramos  et  al  (35) 
assessed clinical response by biopsy, rectal examination, 
pelvic MRI, proctoscopy and CEA levels. miR-21-5p upregu-
lation prior to therapy was found to predict better clinical 
and pathologic responses to therapy. Nakao et al (40) was the 
only study that did not combine clinical downstaging with 
pathologic downstaging. In the present review, associations 

Figure 1. Selected miRNAs from the studies in Table I that act on DNA damage response, cell cycle and apoptosis pathways. The molecular targets of the miRs 
were found using miRTarBase (http://mirtarbase.mbc.nctu.edu.tw).
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between miRs were based purely on RECIST response, and 
many miRs were upregulated and associated with complete 
imaging response, including miR-223, which was identified in 
the study by Hotchi et al (39) (Table I).

Summary of patient studies that have developed miRNA 
signatures. Since single molecular aberrations are often 
unlikely to reliably predict response across a large number of 
patients, investigators have attempted to develop signatures 
by incorporating multiple miRs. In doing so, it is hoped that 
biomolecular signatures will exhibit improved predictive 
power compared to single miR biomarkers. Bandres et al (43) 
examined the expression profile of 667 miRNAs in 85 rectal 
cancer patients. They found a signature consisting of miR-21, 
miR-99, miR-125b, miR-125b1, miR-let-7c and miR-490 
upregulation that was associated with pCR. Conversely, a 
signature incorporating miR-21 and 125a-3p downregulation 
was associated with no response to treatment.

Another study by Della Vittoria Scarpati et al (42) identi-
fied many different miRNAs that correlated with treatment 
response and used these miRs to develop a signature that best 
correlated with pCR. They identified 13 miRNAs (Table i) that 
were differentially expressed between complete responders 
versus incomplete responders. The miRNAs with the strongest 
predictive value for treatment response were miR-630 and 
miR-622. A study by Kheirelseid et al (44) reported a unique 
signature consisting of miR-16, miR-590-5 and miR-153 that, 
when upregulated, predicted for pCR. The authors also identi-
fied a signature comprised of miR-519-3p and miR-561 that 
could predict a better treatment response. Further efforts are 
warranted to investigate the utility of miR expression signa-
tures in predicting clinical outcomes and validate them across 
multiple clinical datasets.

Patient studies comparing miRNA levels before and after 
therapy. All of the previously mentioned studies used pre-ther-
apeutic miRNA levels to predict response to therapy. Notably, 
only one study by Svoboda et al (45) measured changes in 
miRNA expression levels after therapy, and how this differ-
ence could predict response to therapy. The authors found that 
two miRs (miR-125b and miR-137) increased in expression 
during treatment (from tumor biopsy tissue obtained 2 weeks 
into chemoradiation) and correlated with a poor response 
to therapy. Overall, there is a lack of studies utilizing this 
methodologic approach and further work is warranted to 
explore how the expression of miRNA biomarkers change 
during and after therapy. These studies could provide a better 
understanding of how tumor tissue responds to chemoradia-
tion while simultaneously identifying molecular pathways that 
could mediate resistance (particularly by assessing miRNAs 
in recurrent or persistent disease).

3. Summary of individual miRs and in vitro studies

Despite the large number of studies, a significant confounding 
factor is that there has been minimal overlap amongst the 
miRNAs identified as being predictive of treatment response.  
This may be due to different tumor down-staging criteria, 
histopathologic regression grading systems, treatment 
methods and/or patient characteristics (i.e. cancer stage, grade, 

perineural invasion and lymphovascular space invasion).  
However, some miRNAs were identified in multiple studies, 
and the discussion that follows is centered on many of these, 
along with some of the in vitro evidence that assists to charac-
terize their mechanisms of action in determining response to 
CRT. We summarize the major findings of individual miRNAs 
identified in these rectal cancer studies in Table II.

miR-21. miR-21 is significant as it is the most prolific miRNA 
in patient studies predicting response to CRT. It was found to 
have a significant correlation with response to therapy in 3 of 
the 12 studies examined for this analysis (35,36,43), and had 
a correlation approaching significance in one other study (36). 
In addition, its molecular targets and oncogene and tumor 
suppressor properties are well documented in preclinical 
studies (46-54). Its role in predicting patient response to CRT, 
however, remains controversial. Two of the above patient 
studies found upregulation of miR-21 to be correlated with a 
complete response to CRT (35,43). An in vitro study by Lopes-
Ramos et al (35) showed that miR-21-5p upregulation induces 
radiosensitization by inhibiting SATB1 expression. SATB1 is a 
gene regulator that is associated with poor outcomes in rectal 
cancer (55). This inverse relationship between miR-21-5p and 
SATB1 has also been confirmed in other cancer types (56). In 
addition, another in vitro study with colon cancer cells found 
that miR-21 inhibits cdc25a levels, therefore, arresting the cell 
cycle at the G1/S checkpoint and preventing tumor growth (57).

A potential radiosensitizing property for miR-21 has been 
contradicted by other studies, however. Carames et al  (36) 
found that patients having upregulated miR-21 experienced 
worse response to CRT, postulating that miR-21 conferred 
radioresistance in these patients. This result has been replicated 
in an in vitro study by Deng et al (46) which demonstrated that 
inhibiting miR-21 can increase the sensitivity of CRC cells to 
CRT. Mechanistically, a link between miR-21 and PDCDR, a 
programmed cell-death protein, has been identified. PDCD4 
helps induce apoptosis, and therefore leads to cellular death.  
Dou  et al   showed that PDCD4 inhibition rendered rectal 
cancer cells less likely to commit to apoptosis after radiation 
therapy, thereby decreasing the sensitivity of cancer cells to 
radiation therapy (52). Inhibition of PDCDR by miR-21 has 
also been shown in several other in vitro studies (47,50,51,53).

These seemingly contradictory results may be due, in part, 
to miR-21 affecting different gene targets under different 
cellular circumstances. While targeting SATB1 may induce 
radiosensitivity, targeting PDCD4 may lead to radioresistance. 
Context dependencies whereby a gene, RNA transcript, protein, 
or other molecules have both oncogenic and tumor suppressor 
roles have been identified for many other molecules, and are 
similarly possible for miRNAs.

Let-7 family. The Let-7 family of miRNAs was implicated in 
three of the above studies (38,39,43). Svoboda et al (38) found 
that let-7e downregulation was associated with a poor response 
to chemoradiation. Bandres et al (43) report similar results, 
with let-7c upregulation correlating with complete response. 
Let-7's role in radiation sensitivity has been extensively studied 
in vitro, although only one study focused on rectal cancer cells. 
Salendo et al (58) found that let-7g, in addition to other miRs, 
promotes increased radiosensitivity in rectal cancer cells, 
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congruent with the Svoboda (38) and Bandres (43) studies. The 
Salendo study (58) also quantified pre-treatment expression 
levels of miR‑let-7g in rectal cancer biopsy samples and found 
that higher levels of let-7g were associated with improved 
disease-free survival.

The possible mechanisms for let-7's radiosensitizing prop-
erties can be elucidated via studies in other cancer cell lines.  
The major target appears to be RAS (59). RAS is a protein 
in the EGFR/MAPK pathway that has been implicated in 
diminishing the effectiveness of radiation in multiple cancer 
types (60,61). Its role in promoting radioresistance appears to 
be mediated by DNA repair mechanisms, thereby correcting 
radiation-induced DNA damage and preventing subsequent 
cell death  (61). Let-7 can silence the RAS gene, therefore 
eliminating this protection and increasing cancer cell suscep-
tibility to radiation therapy. Another study found let-7 to be a 
master regulator of cell division, possibly affecting more than 

30 genes involved in mitosis (59). While very interesting and 
hypothesis-generating, these studies should be extrapolated to 
rectal cancer with caution.

A study by Hotchi et al (39) found radioresistance prop-
erties associated with a let-7 family member. It showed that 
let-7a was one of many miRs whose downregulation actually 
correlated with a complete response. However, this correlation 
was only seen in one of the three downstaging methods used, 
and let-7a appears to be the only member of the let-7 family to 
be associated with radioresistance.

miR-125 family. The miR-125 family was identified in four of 
the ten patient studies (37,42,43,45). Two of these found upreg-
ulated miR-125a-5p levels to be associated with a complete 
response to therapy. Della Vittoria Scarpati et al (42) found 
elevated miR-125a-3p to be 1 of 11 elevated miRs implicated 
in a signature that correlated with complete response to CRT, 

Table II. Specific miRs that were common among studies: effect on radiation sensitivity and relevant targets.

	 Effect on
miRNA	 radiation	 Relevant target(s)	 Function of target(s)	 Study/Authors

miR-21	 Radioresistance	 SABT1: recruits chromatin	 Regulation of gene	K ohwi-Shigematsu et al (55)
		  remodeling and epigenetic	 expression at G1/S	K owalzyk et al (56)
		  modifying proteins	 checkpoint	 Mima et al (48)
	 Radiosensitivity	 PDCD4: a protein which helps	 Apoptosis
		  induce apoptosis

Let-7	 Radiosensitivity	 RAS: a GTPase in the MAPK	 Regulation of growth,	 Johnson et al (59)
family		  pathway (identified in	 transcription, and	 Weidhass et al (61)
		  other cell lines)	 translation

miR-125a-5p	 Radiosensitivity	B cl2 family: anti-apoptotic	 Anti-apoptosis	 Tong et al (62)
		  proteins		  Xie et al (63)
miR-125b	 Radioresistance	 p53: regulates cell division and	D NA repair induction, 	B anzhaf-Strathmann et al (65)	
		  apoptosis	 G1/S checkpoint

miR-99	 Radiosensitivity	 SNF2H/SMARCA5: chromatin	D NA repair, cellular	 Xu et al (68)
		  remodeling factor implicated in	 proliferation, survival, 	 Tokunaga et al (69)
		D  NA repair	 apoptosis	 Hay et al (70)
		  mTOR: integrates
		  signaling pathways to
		  promote cellular growth
		  and survival
		  HOXA1: transcription 
		  factor and proto-oncogene
		  that regulates anti-apoptotic

miR-630	 Radiosensitivity	B CL2CL2, TP53RK: proteins	 Anti-apoptosis	 Zhang et al (73)
		  that prevent apoptosis

miR-223	 Radiosensitivity 	 STMN1: contributes to mitotic	 Exit from mitosis	 Sugatani et al (74)
		  spindles		  Fazi et al (75)
				    Wong et al (76)
				    Rubin et al (77)
				    Ghosh et al (78)
				    Saal et al (79)
				    Alli et al (80)
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while Bandres et al (43) confirmed this result by finding down-
regulation of miR-125a-5p to be associated with no response 
to therapy. Cellular and human tissue studies further confirm 
these results (62). 

A study by Tong et al (62) investigated the cellular targets 
of miR-125a-5p. In concordance with the two patient studies, 
they found miR-125a-5p to be a tumor suppressor in colon 
cancer, inhibiting cell proliferation and growth. Furthermore, 
they found the anti-apoptotic genes BCL2, BCL2L12 and 
Mcl-1 to be targets of miR-125a-5p. Increased miR-125a-5p 
levels decreased the expression of these anti-apoptotic genes, 
while overexpression of these anti-apoptotic genes overcame 
the tumor suppressive effect of miR-125a-5p. Additional 
support for a tumor suppressive role for miR-125a-5p was 
provided by a study showing miR-125a levels to be decreased 
in colorectal cancer (63).

These results are distinct from those for miR-125b. 
miR-125b has been consistently shown to be upregulated in 
colorectal cancer and correlated with poor prognosis (64). 
Svoboda et al (45) found elevated miR-125b levels to correlate 
with a poor response to therapy. This result is supported by a 
study by D'Angelo et al (37) which found elevated miR‑125b 
levels to correlate with a poor response to chemoradiation. 
These apparent oncogenic properties of miR‑125b were further 
confirmed by a study by Banzhaf-Strathmann et al (65) iden-
tifying the targets of miR-125b to be the apoptosis-associated 
gene BAK1, as well as cell cycle proteins Puma, cyclin C, 
Cdc25c and p53. The only contradictory study was published 
by Bandres et al  (43) who reported upregulated miR-125b 
to be part of a miR signature that correlated with complete 
response.

miR-99. miR-99 was identified in two of the patient studies.  
Svoboda  et al  (38) found downregulated miR-99 levels to 
correlate with a poor response to therapy, and this result was 
further corroborated by Bandres et al (43) who found that high 
miR-99 levels correlated with a complete response to therapy. 
The data may suggest that miR-99 has a radiosensitizing 
effect. In vitro studies in other cancer cell lines have identified 
plausible targets for miR-99 that may explain its association 
with radiosensitization/response. In one study, miR-99 family 
miRNAs were identified in a screen for miRNAs that corre-
late with radiosensitivity. They were found to target SNF2H/
SMARCA5 (a SWI/SNF chromatin remodeling factor), 
reduce BRCA1 localization to sites of DNA damage, and 
reduce the efficiency of multiple types of double-strand break 
repair (homologous recombination and non-homologous end-
joining) (66). Another study by Sun et al (67) in esophageal 
cancer cells found that miR-99 induces apoptosis by inhibiting 
mTOR. mTOR has been identified as an important protein 
in oncogenesis, as its overexpression and dysregulation leads 
to uncontrolled proliferation and survival (68). Its functions 
in cellular growth and proliferation include integration of 
nutrient sensing pathways and mitochondrial activity  (69). 
mTOR receives extensive signaling input from many upstream 
cell signaling pathways regulating growth, including insulin 
and IGF-1 (70). In addition, another study showed that miR-99 
family miRNAs target homeobox A1 (HOXA1), a proto-
oncogene, and Bcl2 and then reduced proliferation, migration 
and enhanced apoptosis (69,71). Consistent with these func-

tions, miR-99 has been shown to be downregulated in human 
cancers, including prostate, head and neck and esophageal 
cancer, consistent with tumor suppressive functions  (72). 
Thus, higher miR-99 appears to be associated with improved 
response.

miR-630. miR-630 was identified in three of the patient 
studies (39,41,42). Two of these, Hotchi et al (39 and Della 
Vittoria Scarpati et al (42) found that upregulated miR-630 
correlated with a better response to chemoradiation. 
Additional support for this result was provided by an in vitro 
study by Zhang et al (73) who found that miR-630 induces 
apoptosis in cancer cells after radiation  therapy. Subsequent 
mechanistic investigations identified that the targets of 
miR-630 are BCL2L2 and TP53RK, two proteins which 
prevent apoptosis.  However, these results were contradicted 
by the most recent study by D'Angelo et al (37), which found 
that miR-630 upregulation correlates with a poor response 
to CRT.

miR-223. miR-223 was identified in two of the studies, and 
in both cases, its upregulation increased response to CRT.  
In Hotch et al  (39), the evidence for miR-223 radiosensi-
tizing effect was especially strong, as it was the only miR 
to be consistently associated with an increased response in 
all three methods of response assessment. Nakao et al (40) 
provided supporting evidence of this, as miR-223 was one 
of many miRs associated with an increase in response to 
CRT. No in vitro studies have been performed to examine 
the mechanism of action of miR-223 in rectal cancer cells 
specifically, but studies from other cell lines propose a role 
in modulating cell differentiation and proliferation (74,75). 
In hepatocellular carcinoma, STMN1 has been identified 
as a target of miR-223 which is responsible for its tumor 
suppressor effect (76). STMN1 is a microtubule regulator 
which promotes depolymerization of tubulin and is impor-
tant for forming the mitotic spindle. Inhibition of STMN1 
leads to cell accumulation in the G2/M phase, unable to 
exit mitosis (77). In addition, overexpression of STMN1 has 
been correlated with poor treatment response in other tumor 
types (78-80). Therefore, the tumor suppressive effects of 
miR-223 may be mediated by silencing of STMN1, thereby 
preventing cancer cells from proliferating.  

4. IPA Molecular Network Analysis

An Ingenuity Pathway Analysis (IPA) was carried out to 
find potential links between some of the miRs found in 
the present review. miR-223, miR-21, miR-125a, miR-125b, 
miR-630, miR-99 and the let-7 family were analyzed. The 
IPA analysis searched the literature for upstream and down-
stream targets of these miRs, and then tried to connect them 
into a single possible network. A network (Fig. 2) was identi-
fied containing six of the seven miRs, with an IPA correlation 
score of 17. One of the main molecules in this network was 
AGO2, which has been shown to interact with many of the 
miRs. AGO2 is a member of the argonaute family of proteins 
which guide miRs to their targets for silencing (81). One 
important target of this pathway is CDC25A. CDC25A has 
been identified as an oncogene, encoding for cdc25a, which 
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is required to transition from the G1 to S of mitosis (82,83). 
These results suggest that some of identified miRs may work 
together to modulate the ability of tumor cells to progress 
through the cell cycle, and therefore ultimately modify their 
radiosensitivity.

5. Conclusions/Future directions

There are promising results with the use of miRNAs as 
biomarkers to predict response in rectal cancer after CRT.  
However, as shown above, there is no consensus among 
studies with regards to the individual miRs or miR signatures 
that predict pCR or cCR. This may be due to many different 
confounding factors. One is that some studies used different  
chemotherapy regimens with distinct agents (e.g. fluorouracil, 
capecitabine, platinum agent and S-1) and/or doses that may 
induce different miR responses. In addition, the different types 
of tissue fixation methods that were used (paraffin-embedded 
versus frozen) might impact results as well. Another potential 
confounding factor is that the studies used different method-
ologies to evaluate expression of miRNAs as shown in Table I, 
certainly leading to variability in quantification. Furthermore, 
different staging techniques and different endpoints (e.g. 
clinical response versus pathologic response) may have 
contributed to some inconsistencies between studies. Finally, 
performing large-scale molecular testing can be subject to 
type I error from multiple comparisons testing.

Future studies should attempt to develop and validate 
consistent miR signatures that correlate with pathological and/
or clinical complete responses, and be cognizant of the endpoint 
that is being used to develop the signature. For example, if a 
signature is designed to best select patients for avoiding surgery 
after neoadjuvant CRT, the quality of the signature should be 
based on its ability to predict pCR. Conversely, if a signature 
is being developed to predict a poor response after CRT, then 
the signature should reliably predict which patients will have 
lymph node positive disease or poor tumor regression grade 
(e.g. Mandard TRG ≥4) after standard CRT in efforts to poten-
tially intensify the neoadjuvant regimen. Finally, if the clinical 
objective is to potentially alter post-operative (adjuvant) treat-
ment, the signature should be able to predict local or distant 
recurrence. Further research should also be focused on devel-
oping more predictive signatures using less invasive tests (e.g. 
urine/serum miRNAs). In addition, other clinical outcomes 
beyond primary tumor response (e.g. survival, cause-specific 
survival, colostomy-free survival, local failure, regional 
failure and distant failure) should ultimately be correlated with 
miRNA expression. Such predictive biomarkers could then be 
used to identify patients with a high probability of pCR/cCR 
from chemoradiation, or low probability of response. Ideally, 
those patients identified as high likelihood of responding could 
be initially spared the morbidity and quality of life issues asso-
ciated with total mesorectal excision, particularly for distal 
tumors. Lastly, miRNA analysis has the potential to identify 

Figure 2. Ingenuity pathway analysis of the miRNAs in table  II: miR-21, miR-125a, miR-125b, miR-99/100, miR-223 and let-7a. Solid lines indicate a direct 
relationship while dotted lines indicate an indirect relationship.
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pathways conferring radiation or chemoradiation resistance, 
by comparing pre-therapeutic and post-therapeutic samples 
(i.e. at the time of surgery). These analyses hold promise for 
identifying novel molecular pathways for targeting in combi-
nation with radiation or chemoradiation, in an effort to further 
improve upon current cCR and pCR rates.
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