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ABSTRACT

MicroRNAs (miRNAs) are short endogenously ex-
pressed RNAs that have the potential to regulate
the expression of any RNA. This potential has led to
the publication of several thousand papers each year
connecting miRNAs to many different genes and hu-
man diseases. By contrast, relatively few papers ap-
pear that investigate the molecular mechanism used
by miRNAs. There is a disconnect between rigor-
ous understanding of mechanism and the extraordi-
nary diversity of reported roles for miRNAs. Conse-
quences of this disconnect include confusion about
the assumptions underlying the basic science of hu-
man miRNAs and slow development of therapeutics
that target miRNAs. Here, we present an overview
of investigations into miRNAs and their impact on
gene expression. Progress in our understanding of
miRNAs would be aided by a greater focus on the
mechanism of miRNAs and a higher burden of evi-
dence on researchers who seek to link expression of
a particular miRNA to a biological phenotype.

INTRODUCTION

microRNAs (miRNAs) are endogenously expressed short
nucleic acids that function through RNA interference
(RNAi) (1,2). miRNAs have the potential to bind to many
different sequences within RNA, endowing them with the
potential to be sequence-specific regulators of any gene.

Many thousands of publications appear each year de-
scribing the function of miRNAs in normal physiology and
disease. These studies have been encouraged by: (i) the con-
ceptual ease of imagining complementary recognition be-
tween a miRNA and an interesting RNA target; (ii) the po-
tential of miRNAs to bind to almost any gene; (iii) con-

servation of miRNAs across species (3,4); (iv) examples of
miRNA function in model organisms (5–9) and (v) the rou-
tine success of fully complementary duplex RNAs as exper-
imental tools for regulating gene expression in human cells
(10).

While the case for the potential impact of miRNA-
mediated gene regulation in human cells is compelling, af-
ter decades of research there has been little success de-
veloping approved drugs that take advantage of miRNAs
as targets (11,12) (Table 1). This lack of success is espe-
cially striking when compared to the recent clinical progress
of duplex RNA and antisense oligonucleotide therapeutics
(13–15). For investigators examining prior literature and
attempting to form new hypotheses, it can be difficult to
discern underlying lessons, make accurate predictions, or
draw general conclusions about the scope of recognition by
miRNAs.

Our purpose here is to describe the foundation of knowl-
edge about miRNAs, how that foundation has been used
to gain insights into mammalian physiology, and why many
studies fall short of providing conclusive insights. We end
by advising how researchers interested in this field should
prioritize their evaluation of the thousands of papers that
describe miRNAs.

BIOGENESIS OF miRNAs

miRNAs are chromosomally-encoded short ∼22 nucleotide
(nt) duplex RNAs (1,5–8). The first step in the biogene-
sis of miRNAs is the synthesis of a relatively long struc-
tured primary transcript (pri-miRNA) (Figure 1A) (16,17).
This transcript is processed to an intermediate length hair-
pin precursor miRNA (pre-miRNA) by the nuclear micro-
processor complex consisting of the proteins Drosha (18)
and DGCR8 (19–21) and exported into cytoplasm (Fig-
ure 1B). In the cytoplasm, Dicer (22–24) cleaves the pre-
cursor to produce the mature miRNA (Figure 1C). miRNA
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Table 1. The clinical trials of anti-miR miRNA inhibitors

Clinical trial

Drug name miRNA Diseases/disorders Number Phase Status (Year)

Miravirsen (SPC3649) miR-122 Hepatitis C NCT00688012 I Completed (2009)
NCT00979927 I Completed (2011)
NCT01646489 I Completed (2012)
NCT01200420 II Completed (2012)

NCT01727934
II Unknown (2014)

NCT01872936 II Unknown (2014)
pSil-miR200c/PMIS
miR200a

miR-200a/c Tooth Extraction Status Nos NCT02579187 I Withdrawn (2019)

RG-125 (AZD4076) miR-103/107 Type 2 diabetes mellitus with
non-alcoholic fatty liver disease

NCT02826525 I Completed (2019)

Non-alcoholic Steatohepatitis NCT02612662 I Active
MRG-110 (S95010) miR-92 Wound healing NCT03603431 I Completed (2019)

Cardiovascular Diseases NCT03494712 I Completed (2020)
CDR132L miR-132 Heart Failure NCT04045405 I Completed (2020)
Cobomarsen (MRG-106) miR-155 Lymphoma; Mycosis Fungoides;

Leukemia
NCT02580552 I Completed (2020)

Cutaneous T-Cell Lymphoma/Mycosis
Fungoides

NCT03837457 II Terminated (2020)

NCT03713320 II Terminated (2020)
Lademirsen (RG-012) miR-21 Alport Syndrome NCT03373786 I Completed (2019)

NCT02855268 II Recruiting
RGLS4326 miR-17 Polycystic Kidney Disease, Autosomal

Dominant NCT04536688
I Completed (2021)

LNA-i-miR-221 miR-221 Multiple Myeloma, Refractory;
Hepatocarcinoma; Advanced Solid
Tumor

NCT04811898 I Recruiting

Notes. Information taken from https://clinicaltrials.gov

biogenesis has been the subject of several recent primary re-
ports and reviews (2,25–28).

SEQUENCE SPECIFIC RECOGNITION

Mature miRNAs are loaded into cytoplasmic argonaute
(AGO) protein to form a programmable ribonucleoprotein
complexes (29–31) (Figure 2A). The miRNA ‘programs’
the complex with the complementary sequence information
necessary to recognize RNA target sequences within cells.
The role of AGO protein is to protect RNA from being de-
graded, prioritize one strand of an miRNA over the other,
spatially organize the miRNA for binding complementary
sequences, and facilitate the search for and recognition of
RNA targets inside cells (32–34).

There are four AGO variants in mammalian cells, AGO1-
AGO4 (30,31). In cell lines where quantities of the AGO
variants have been measured, AGO1, AGO2, and AGO3
are the prevalent variants with AGO4 being much less de-
tectable (29,35–37). AGO2 (29,30), and to a lesser extent
AGO3 (38), have the ability to promote cleavage of target
RNA when the match between short RNA is fully comple-
mentary.

Efficient cleavage of fully complementary target se-
quences by RNA:AGO2 complexes facilitated the
widespread application of duplex RNAs as laboratory
tools, either as expressed hairpin RNAs (shRNAs) (39)
or synthetic RNA duplexes (10). Potent control of gene
expression had led to the development of synthetic duplex
RNAs as successful drugs (14) (Figure 2B). The intro-
duction of base mismatches into the central region of

the small RNA relative to its RNA target does not block
sequence-specific binding but does prevent cleavage by
AGO2 (Figure 2C).

Most miRNAs are only partially complementary to their
target sequences – full or even majority complementarity
is not necessary (40,41). It is generally assumed that ‘seed’
base-pairing at position 2–7 or 8 of the miRNA is the pri-
mary factor governing recognition (Figure 2A). It is also of-
ten assumed that binding occurs within the 3′-untranslated
region (3′-UTR) to inhibit gene translation in the cytoplasm
through RNA interference (RNAi) (1). Other reports de-
scribe non-canonical binding beyond 3′-UTR and seed re-
gions, making the rules governing recognition even more
complex (42–46). Repression can occur through destabiliza-
tion of target transcripts or inhibition of gene translation
(47–49).

Binding by a miRNA to cellular RNA can be ‘on-target’
or ‘off-target’ (50,51). On-target binding produces a ben-
eficial effect on gene expression through recognition of a
predictable complementary target site. Off-target interac-
tions do not produce a beneficial effect on cell fitness. They
can have two detrimental consequences by (i) reducing the
amount of the miRNA available for on-target action and
(ii) perturbing the expression of genes in ways that reduce
fitness.

A given six or seven base sequence will occur many times
within the transcriptome. Therefore, the seed sequences of
miRNAs have the potential to bind to the 3′-UTRs of many
different genes (3,40,52,53) as well as to sequences within
coding regions and noncoding RNAs (43,46,54,55). Be-
cause of this inherent potential for association with many
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Figure 1. Biogenesis of miRNAs. (A) A miRNA is transcribed into pri-miRNA by Pol II. (B) Drosha/DCGR8 microprocessor complex cleaves the pri-
miRNA to pre-miRNA, which enters the cytoplasm. (C) The mature duplex miRNA is generated by Dicer.

targets, the binding of miRNAs within the transcriptome
will always lead to a mixture of on- and off-target effects.
The mechanisms for balancing these effects should be un-
derstood.

It is important to acknowledge that the concept of ‘on-
target’ and ‘off-target interactions may be an oversimplifi-
cation when it is applied to physiologic regulation. Physi-
ologic control may be the additive outcome of many inter-
actions between miRNAs and complementary miRNAs, in-
cluding some that may appear to bind with low affinity. Per-
haps a better strategy is to consider ‘primary’ target sites
where high affinity interactions take place and ‘secondary’
lower affinity sites, all functioning together to regulate gene
expression. This complexity adds to the difficult of under-
standing the action of miRNAs.

The potential for an individual miRNA to recognize
many different sequences raises important questions: How
does a miRNA evolve selectivity for the control of a phys-
iologically advantageous subset of potential target genes?
What distinguishes the magnitude of effects miRNAs have
on a given gene? How is the finite pool of a particular
miRNA within a cell partitioned between the relatively large
number of binding sites that are not points for physiolog-
ical regulation and the likely smaller number of binding
sites that are candidates for regulation? Are biological im-
pacts due to regulation of just one or perhaps a handful of
genes, or do outcomes arise from modest changes to many
genes?

DIVERSITY OF miRNAs AND miRNA FAMILIES

RNA sequencing (RNAseq) has identified thousands of po-
tential miRNAs (56–58). RNAseq is a sensitive technique
and not every miRNA detected will be expressed at levels
that permit biologically relevant gene regulation. It is im-
portant, therefore, to understand the level of expression of
individual miRNAs and miRNA ‘families’.

Many miRNAs have the same or similar seed sequences,
allowing them to be classified into families (59), with the
impact on gene expression being the sum of the individ-
ual effects of each family member. Some families are ex-
pressed at higher levels than others (57). For example, in
HCT116 cells, just six families account for ∼50% of all
miRNAs detected after immunoprecipitation with an anti-
AGO2 antibody (60) (Figure 3A). The Let-7-5p/98-5p fam-
ily in HCT116 cells has eight different members that con-
tribute to overall expression, each expressed at a different
locus. By contrast, the miR-96-5p/1271-5p family has only
one member (Figure 3B). While seed sequences among fam-
ily members are mostly identical, there can be significant
variation outside the seed sequence (Figure 3C).

NOT ALL ‘miRNAs’ ARE EQUAL

Thousands of genes are annotated as miRNAs in miRBase
(61). Too often, these annotations are not treated with ad-
equate critical evaluation. Recent studies have shown that
only a fraction of annotated miRNAs are Drosha substrates
in vitro (28,58,62). It is possible that many studies inves-
tigate ‘miRNAs’ that are more likely to be degradation
products and thus biological noise. Simply assuming that
a miRNA is biologically relevant because it appears on a
published list is not an adequate foundation for research.

The observations that many annotated ‘miRNAs’ might
not be relevant to biological function emphasizes the need
to carefully consider the biochemical basis for choosing a
miRNA. There should be justification for the belief that the
RNAs in question are processed by the proteins responsi-
ble for production of miRNAs and are loaded to AGO pro-
teins. As will be discussed at more length below, the quan-
tity of a candidate miRNA per cell and the stoichiometry of
miRNA relative to target RNA should be considered. All
papers should make a clear, transparent case that there is a
plausible physical basis for believing that a miRNA might
have a biological function.



620 Nucleic Acids Research, 2022, Vol. 50, No. 2

Figure 2. Interactions between AGO protein, an miRNA guide strand, and an RNA target. AGO proteins are composed of four domains: The N-terminal
domain supports miRNA loading, the PAZ domain anchors the 3′ end while the MID domain binds the 5′ end of the miRNA. (A) Argonaute loaded
miRNA seed region and other regions. (B) PIWI is the protein domain responsible for cleaving RNA substrates by AGO2 when there is full complementarity.
(C) Centrally mismatched bases will block cleavage while permitting binding of a miRNA to a target RNA. PAZ – PIWI-Argonaute-Zwille, N – N-terminal
(amino-terminal), PIWI – P-element-induced whimpy testes and MID – middle domains.

COOPERATIVE BINDING

As noted above, the primary determinant of recognition for
miRNAs, the seed sequence, is just six or seven bases long.
These short sequences have the potential to bind to many
places within the transcriptome––approximately once per
4100 bases for six base recognition and once per 16 000
bases for seven base complementarity. If binding were dis-
tributed over all potential binding sites two complications
become apparent: (i) significant gene repression due to off-
target interactions and (ii) less miRNA available to bind to
target RNA sequences and produce a biologically signif-
icant reduction in gene expression. Mechanisms that pri-
oritize ‘on-target’ recognition over ‘off target’ recognition

would enhance the likelihood of achieving gene repression
at levels adequate to have a real effect on cell biology.

One solution to the problem of achieving selective gene
regulation by miRNAs is cooperative binding between two
or more AGO:miRNA complexes to nearby target se-
quences. The potential for cooperativity was first suggested
by the observation that regulation of a luciferase reporter
system became more efficient as the number of miRNA
binding sites was increased within the reporter gene’s
3′-UTR (63). Subsequent studies supported the conclusion
that adjacent binding sites and allow cooperative interac-
tions were important for the action of miRNAs (42,64–66).

One example of the power of adjacent target sites to con-
trol gene expression is provided by the allele selective inhibi-
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Figure 3. miRNA families. (A) Six miRNA families account for ∼50% of top 100 miRNAs loaded on AGO2 in HCT116 cells (60). (B) miR-96 is the only
member of its family while Let-7 has several family members expressed. (C) Sequence variation among Let-7–5p/98–5p family members.
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Figure 4. An example of the impact of cooperative binding on repression of gene expression by duplex RNAs. In this example an anti-CAG repeat duplex
RNA is introduced into patient-derived Huntington’s disease cells. (A) The wild-type huntingtin (HTT) allele has 17 repeats, while the mutant allele has
69 repeats. 1–2 anti-CAG small RNAs can bind to the wild-type allele while as many as nine anti-CAG RNAs can bind to the mutant allele. (B) Allele
selective inhibition by a small RNA with a central mismatch relative to the RNA target.

tion of mutant huntingtin protein (67). Mutant huntingtin
is the cause of Huntington’s disease and contains an ex-
panded CAG repeat sequence within its coding region. The
wild-type gene has less than twenty CAG repeats, whereas
the mutant gene usually contains >40 repeats (Figure 4A).

As noted above (Figure 2C), the introduction of one or
more mismatched bases relative to the mRNA target se-
quences eliminates the potential for cleaving the target while
retaining the ability to bind target RNA (68). When duplex
anti-CAG RNAs that contain central mismatched bases
(Figure 4B) are introduced into mutant cells, they yield ro-
bust inhibition of mutant (greater than six potential binding
sites) gene expression while leaving wild-type (one or two
potential binding sites for the anti-CAG RNA) expression
largely unaffected.

Cooperative binding provides a foundation for under-
standing how miRNAs might discriminate between binding
to a site that has a single seed sequence match (Figure 5A)
and a site with multiple matches (Figure 5BC). The simplest
‘multiple match’ scenario would be multiple seed matches
for particular miRNA or members of the same family of
miRNAs (Figure 5B). It is also possible to have a more com-
plex scenario when members of different miRNA families
have the potential to bind near to one another (Figure 5C).
This more complex scenario has obvious implications for
the challenges face by investigators seeking to define the ac-
tion of a particular gene by an individual miRNA.

STRUCTURAL BASIS OF COOPERATIVITY

What is the structural basis for cooperativity? All AGO vari-
ants bind trinucleotide repeat binding containing six protein
A (TNRC6A), also known as human GW182, and its two
paralogs, TNRC6B and TNRC6C (69–71). The TNRC6
paralogs are multidomain proteins that act as protein scaf-
folds. Part of the scaffolding function involves the recruit-
ment of proteins that can facilitate the repression of trans-
lation.

The TNRC6 paralogs also possess an N-terminal AGO-
binding domain containing Glycine/Tryptophan (GW)-
repeats that has the capacity to recognize up to three AGO
proteins simultaneously (72,73). A TNRC6 protein can bind
up to three AGO proteins while each AGO protein can bind
one TNRC6 protein (71). The capacity of TNRC6 proteins
to bridge more than one AGO protein gives it the capac-
ity to facilitate cooperative binding by miRNAs that recog-
nize adjacent sequences (Figure 5D). The consequence of
the AGO:TNRC6 partnership is that a single miRNA may
bind relatively weakly, but two or more miRNAs binding
to adjacent sites can form multi-valent interactions bridged
by TNRC6. Briskin et al. (73) have recently confirmed that
TNRC6 increases affinity of adjacent bound miRNAs, in-
dependently of type of miRNA and loaded AGO protein.
This was achieved by slowing dissociation of the miRNA-
AGO complex from the target.
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Figure 5. Single versus multiple binding of miRNAs and cooperativity. (A) Binding of a single miRNA to a target, no potential for cooperativity. Multiple
miRNAs of the (B) same or (C) different miRNA families. (D) Bridging of AGO:miRNA complexes by TNRC6 scaffolding protein provides a structural
basis for cooperativity.

PRIORITIZING CANDIDATE miRNAs FOR STUDY

Thousands of miRNAs have been annotated, each miRNA
has seed sequence complementarity to many different genes,
and the potential for gene regulation by a particular
miRNA will likely differ depending on cell type or environ-
mental conditions. As a result, connecting a miRNA to a
known set of genes to affect a demonstrated cellular func-
tion can be like finding a needle in a haystack. The first
question for a productive investigation into miRNA func-
tion is to identify the most promising candidate miRNAs
for in depth investigation.

One obvious starting point is to quantify the expres-
sion of miRNAs relative to one another. As noted above,
miRNAs can form both ‘on-target’ and ‘off-target’ inter-
actions. The ‘off-target’ interactions may have no biolog-
ically significant impact on cell physiology, but when a
miRNA is bound to the ‘off-target’ site it is not available
to contribute to the regulation at biologically relevant con-
trol points. A miRNA with a relatively high concentration
within a cell will be more likely to have a biological im-
pact than miRNAs that are present at lower concentrations
(32,74–76).

A second factor is whether expression of a miRNA is in-
creased in a cell type or tissue relative to other tissues (77).
A large increase in expression of a miRNA might signal that
the miRNA is assuming a regulatory role unique to that cell
type or tissue. Similarly, miRNA expression might increase
when environmental conditions change, suggesting a poten-
tial role in responding to that change. miR-122, which will
be discussed below, has stood out as a candidate for robust
studies of miRNA action because it is highly expressed rel-
ative to most other miRNAs in hepatocytes and its expres-
sion in hepatocytes is much higher than in other cell types
(Figure 6A, B).

Relative concentrations are useful to initially rank candi-
date miRNAs but, at a molecular level, the absolute num-
ber of miRNAs per cell determines biological impact. The
number of miRNA molecules per cell can be calculated
by parallel comparisons with standards of known con-
centration. Quantitation in tissue confronts the difficulty
separating and counting intact cells can be expressed as
copy/number per ng of total RNA relative to reference sam-
ples. Quantification can extend to RNA targets. A highly
expressed mRNA target will require a higher concentration
of a miRNA to achieve a given outcome (78–80) (Figure
6C). The stoichiometry between an mRNA and a potential
regulatory RNA is a critical consideration governing activ-
ity. This readily quantitated value should be reported and is
essential for any evaluation of potential physiologic activity.

anti-miRs, TOOLS FOR BLOCKING miRNA ACTION

Synthetic antisense oligonucleotides (ASOs) that bind
RNA sequences and control gene expression are reliable
experimental tools and form a growing class of successful
drugs (13,15,81). In the clinic, some ASOs induce RNase
H-mediated cleavage of target genes and function through
lowering the levels of disease-causing mRNA. Alternatively,
ASOs can block splice sites to affect alternative splicing
act through defined mechanisms that yield predictable out-
comes.

ASOs that affect alternative splicing have been used to
change the splicing of dystrophin to created drugs to treat
muscular dystrophy (82,83). Spinraza, an ASO that affects
splicing of the survival motor neuron 2 (SMN2) RNA has
proven to be a remarkably effective treatment for spinal
muscular atrophy (84). An outstanding question is whether
the clinical success of ASOs when used for steric blocking of
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Figure 6. Interplay of miRNA and target concentration. miR-122 was prioritized for study because of (A) high expression in hepatocyte cells relative
to most other miRNAs and (B) other cell types. (C) Model showing the correlation between miRNA concentration, target mRNA concentration, and
potential for biologically significant inhibition of gene expression. CPM – counts per million. Data obtained from FANTOM5 database (77).

splice sites can be recreated in drug development programs
that target miRNAs.

Studies have shown that ASOs can bind miRNAs to
block their activities (85–87) (Figure 7). These compounds
are known as antagomirs or anti-miRs. The combination of
a well-known technology (ASOs) and an emerging biologi-
cal target of obvious broad potential importance (miRNAs)
led to creation of several companies aiming to target miR-
NAs with synthetic oligonucleotides, modulate gene expres-
sion, and treat disease (88).

These companies benefited from two decades of practi-
cal experience developing ASOs that target mRNA. Previ-
ous efforts with ASOs provided a strong understanding of
the chemistry needed to create oligonucleotide drugs and
their pharmacological properties. This foundation, in com-
bination with the simplicity of the steric blocking mech-

anism for interfering with miRNA action, created opti-
mism that targeting miRNAs might become an important
modality for therapeutic development. In spite of these
advantages and substantial investment, the main compa-
nies in this area have either ceased operation, rebranded
to pursue other modalities, or continue at a reduced
level.

We note that the successful application of ASOs in the
clinic required many years of research and over two decades
of work in industry before there were substantial benefits
to patients. It is not surprising, therefore, that the pace of
miRNA drug development has been slow. One lesson from
ASO development is that a steady focus on mechanism, ro-
bust basic science, and shrewd selection of development tar-
gets makes it more likely that programs will succeed. Rigor
is the cornerstone of progress.
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Figure 7. Anti-miRs, tools for investigating the function of miRNAs.
When an anti-miR is present it has the potential to block the miRNA and
prevent miRNA-mediated repression of the target RNA.

miR-122: CASE STUDIES FOR CLINICAL USE OF
miRNA INHIBITORS

miR-122 is a case study for targeting miRNAs for therapeu-
tic development (89). miRNA-122 first attracted attention
because of its high expression levels in adult liver, where it
is composes ∼70% of the total RNA pool (9) with an abun-
dance of 50 000 (90) to 150 000 copies per cell. High expres-
sion levels made efficient target recognition more likely and
miR-122 was a target for all initial studies using antagomirs
(85,86). These studies revealed that blocking miR-122 with
a synthetic oligonucleotide altered lipid metabolism and re-
duced cholesterol levels.

Several genes involved in cholesterol metabolism had
potential target sites for miR-122. These genes were up-
regulated by addition of anti-miR, as would be expected
for the anti-miR acting by reversing miRNA-mediated inhi-
bition of translation. Control oligonucleotides with altered
sequences were not active. While these studies did not di-
rectly implicate miRNA binding at the target sites, they did
show that miRNAs could orchestrate the control of multi-
ple genes and produce a physiologically relevant outcome.

miRNA-122 also has a second important physiologic
role. It was found that the Hepatitis C virus had incorpo-
rated recognition of miR-122 into its life cycle with an in-
teraction between miR-122 and the 5′-UTR enhancing vi-
ral replication (91,92). While not a typical miRNA:mRNA
target interaction, these studies are additional evidence that
miRNAs can regulate gene expression through binding to
an RNA target.

Two different companies, Santaris Pharma and Regulus
Therapeutics initiated clinical trials using anti-miRs that
target miR-122 for the treatment of HCV infection (Table
1). Neither advanced past Phase II clinical trials because
adverse events outweighed the potential for clinical benefit.
The failure of drug development of anti-miRs that target
miRNAs that have well-demonstrated biological relevance
highlights the challenges of targeting other miRNAs whose
biological roles and disease relevance are less understood.

A CAUTION ABOUT THE USE OF ANTI-miRs

Anti-miRs can be powerful tools for investigating the mech-
anism and biological function of miRNAs. Many papers,
however, are based on the assumption that because anti-
miR ‘A’ is complementary to miRNA ‘B’, recognition will
automatically occur and block miRNA ‘B’ from binding to
mRNA ‘C’. The authors further assume that by blocking
miRNA:mRNA recognition, expression of target gene ‘C’
will increase. The observation of an increase in expression is
often taken as conclusive evidence that their initial hypoth-
esis about miRNA ‘A’ function is correct.

All too often, these assumptions and the circular rea-
soning underlying them are inaccurate. It is possible that
an anti-miR can act through the hypothesized direct ef-
fect. However, it is also possible that the anti-miR is chang-
ing gene expression through many different indirect mech-
anisms that have no relationship to engagement at the in-
tended target. Demonstrating a direct ‘on-target’ mecha-
nism is not trivial. Indeed, the effort necessary to build a
strong (but probably not definitive) case for an on-target ef-
fect is likely to require a substantial effort.

Some of the experimental strategies available to acquire
enough evidence to make a plausible case for on-target ac-
tion are outlined below.

THEORY TO FUNCTION: STRUGGLING WITH AS-
SIGNING PHYSIOLOGIC ROLES FOR miRNAs

In contrast to the scaling back of drug development efforts,
a literature search from 2000 to 2021 of the term miRNA
reveals continued growth of publications related to miR-
NAs. There have been over 90 000 citations with over 10
000 new citations appearing every year (Figure 8). 56 000
papers (7000 in 2020) appear on a PubMed search of ‘can-
cer’ and ‘miRNA’. These numbers suggest that the science
of miRNA action is well settled and that there should be
many opportunities to gain insights into basic biology and
begin well-reasoned drug development.

The proliferation of published work stands in contrast to
the slow progress encountered when developing drugs that
target miRNAs (Table 1). Slow progress towards important
goals presents a paradox–miRNA activity in human cells
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Figure 8. Challenges to identifying candidate miRNAs from CLIP data and predictions programs. (A, B) Show AGO2 eCLIP data (60) in HCT116 cells
for the MYC 3′-UTR. miRNAs were predicted using (A) TargetScan or (B) miRANDA. (C) Let-7f, can example of a highly expressed miRNA that was
not predicted by TargetScan but was predicted by miRANDA. Red labeled miRNAs significantly loaded on AGO2 over AGO2 KO cell line.
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seems ubiquitous when viewed as a body of thousands of
peer-reviewed publications, but the connection of a miRNA
to a function can be impossible to reproduce or rational-
ize when miRNAs are examined closely. Since almost every
3′-UTR has binding sites for many different miRNAs, it is
tempting to form hypotheses that relate almost any miRNA
to almost any human disease.

Many of these papers describe a change in miRNA ex-
pression in response to some alteration in physiology. Gene
expression changes are observed and a gene that has a seed
sequence match with a miRNA with changed expression is
identified. Often, manipulation of the miRNA:target gene
interaction is observed to change cell proliferation or some
other physiologic readout. Closer examination, however, re-
veals that many papers lack the minimum controls and ex-
perimentation necessary to make convincing conclusions
linking complementary recognition by a miRNA to a func-
tional effect on gene expression (93).

High quality data, not just quantities of data

Many papers characterizing the action of miRNAs span a
broad range of experiments, from initial identification of a
candidate miRNA, to characterization in cultured cells and
demonstration of phenotypes in an animal model. In many
cases, superficial evaluation suggests that the experiments
are appropriate and the data appear to support the overall
conclusion. Closer inspection, however, often reveals that
conclusions are inadequately supported and controls lack-
ing. In many cases, individual figures involve complex bio-
logical systems that are better suited as the focus of an en-
tire paper rather than one part of an expansive manuscript.
Because the individual experiments are unconvincing, the
grand conclusions are unsupported.

A more constructive approach might be to focus ini-
tial reports on well-controlled studies that demonstrate that
miRNA ‘A’ has the potential to regulate mRNA ‘B’ through
an RNAi mechanism. Because experiments in animals are
often difficult or expensive, it would be reasonable to ex-
pect that these mechanistic experiments focus on cell cul-
ture. Once the link between miRNA and an mRNA has a
strong mechanistic foundation, further follow-up investiga-
tions in more complex cell culture systems or animals would
be justified.

Lessons from a retracted paper

A paper describing the impact of miR-34a on osteoporo-
sis and bone metastasis was recently retracted from Na-
ture (94). It is instructive to retrospectively examine this
report. The format of the paper is similar to many oth-
ers, emphasizing extensive characterization of physiologic
change over investigation into the mechanism of action of
the miRNA. The initial reason for choosing to focus on
miR-34a is only briefly described. Little mechanistic data is
shown and miRNA numbers are not quantitated. Synthetic
tool compounds are used to evaluate mechanism but con-
trols are insufficient. In vivo experiments assume delivery of
anti-miR oligonucleotides to target tissues where there is
little precedent for expecting successful uptake. There was
no consideration that multiple genes and multiple miRNAs
might be acting in concert or how that might affect analysis.

In tandem with the retraction, penalties were ap-
plied by the National Institutes of Health and the au-
thor’s home institution (https://ori.hhs.gov/content/case-
summary-wan-yihong). Scientific misconduct is often as-
sumed to involve plagiarism or doctored images. That was
not the case here - superficial examination of the data does
not reveal misconduct and the manuscript is indistinguish-
able from many hundreds of similar manuscripts. Instead,
meticulous study of the spreadsheets containing the numer-
ical data underpinning the phenotypic imaging was per-
formed. This difficult detective work raised questions about
the veracity of the analysis.

The hallmark potential shortcomings of this manuscript
might have been less apparent to referee with primary ex-
pertise in cancer biology or bone physiology because such
referees could not be expected to have a deep understand-
ing of the limitations or need for controls related to the
study of nucleic acids (just as a nucleic acid expert could
not be expected to understand scholarly standards related
to bone physiology). This case study emphasizes the need
to prioritize transparent mechanistic data as a foundation
before focusing on extensive descriptive studies that exam-
ine physiologic change. While editors may be attracted to
a manuscript for its biological conclusions, they should in-
clude reviewers with a demonstrated understanding of nu-
cleic acid mechanisms. Editors should also have a basic un-
derstanding of the controls necessary when evaluating miR-
NAs.

Paper mills: Adding to the challenge of discriminating signal
from noise

It has become apparent that hundreds, perhaps thousands,
of published papers are the products of ‘paper mills’ that
construct scientific manuscripts. While many of these pa-
pers re-use images making them relatively susceptible to de-
tection, others are less obvious. General advice for how to
detect the products of paper mills is available (95,96).

Unfortunately, a substantial proportion of retracted pa-
pers involve miRNAs. The practical consequence of the pro-
liferation of such papers is their sheer numbers complicate
attempts to use literature searches to discern research trends
and identify papers containing legitimate findings. The poor
scientific practice exemplified by the output of paper mills
reinforces the need for research to prioritize focused adher-
ence to transparent and convincing experiments over broad
superficial explorations.

THE GLASS IS HALF FULL: RECENT MECHANISTIC
INSIGHTS INTO MAMMALIAN RNAi

Paper mills, scientific misconduct, and inadequate rigor
can create a dispiriting impression of the current state of
RNAi/miRNA exploration. In reality, the importance of
RNAi as a powerful mechanism for controlling mammalian
gene expression has remained clear. Important questions
are unanswered and increasingly refined techniques are now
available to address them. While these gaps in knowledge
can be frustrating, filling them will provide opportunities
for discovery.

https://ori.hhs.gov/content/case-summary-wan-yihong
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One recent example of laying the foundation to under-
standing complex issues is work from MacRae et al. in-
vestigating the structural basis for PIWI-interacting RNA
(piRNA) function (97). piRNAs are molecular cousins of
miRNAs that guard the germline from transposable ele-
ments and their study confronts challenges that parallel
those confronting the study of miRNAs. This study used
cryo-EM structural analysis in combination with quanti-
tative binding assays to address the fundamental question
of how piRNA and miRNA recognition differ. They found
that PIWI protein, the AGO analog in the piRNA system,
forms weaker seed sequence interactions with piRNAs rel-
ative to typical AGO/miRNA interactions. These interac-
tions are compensated by stronger interactions outside the
sequence. One possibility is that PIWI proteins have evolved
to minimize off-target interactions, a provocative basis for
future studies that aim to understand how mRNAs control
different targets.

Another recent example from Kim and colleagues (28)
asked the basic question: How many annotated miRNAs
are processed by DROSHA protein? This comprehensive
study examined processing of a full set of 1881 human pri-
miRNAs. Of these 1881 candidate pri-miRNAs, only 758
were clearly processed by DROSHA. This study better de-
fined the mechanism of DROSHA-mediated processing and
re-emphasized the caution that the existence of a functional
miRNA cannot be assumed solely on its appearance in a
database. An understanding of what is or is not a miRNA
is the foundation for understanding biological function.

A third example that highlights aspects of basic miRNA
functions that are largely unexplored involves recent in-
sights into a mechanism termed target-directed miRNA
degradation (TDMD) (98,99). In TDMD, RNA target se-
quences with high degree of complementarity to a miRNA
induce the degradation of the miRNA. The two recent re-
ports discovered that this process involves a specific E3
ubiquitin ligase complex inducing proteolysis of the bound
AGO protein. The data are transparent and prioritize mech-
anism over broad physiologic or disease-related descrip-
tions. While important aspects of this process remain to be
explored, the findings demonstrate the continued potential
to discover new perspectives on the fundamental compo-
nents of gene regulation by RNAi.

HCT116, A MODEL CELL LINE FOR TESTING THE
CONNECTION BETWEEN miRNA, TARGET AND AC-
TIVITY

The function of miRNAs is complex and varies from one
cell type to the next. As a result, assumptions about univer-
sal rules governing function that are based on experiments
in one cell should be made with caution. Nevertheless, as is
the case for any complex system, well controlled studies of
defined model cell types can be instructive.

HCT116 is a widely used colorectal cancer-derived cell
line. A recent study of over 1000 cell lines (100) reported that
HCT116 cells expressed miRNAs at levels that are typical.
Because miRNA expression in HCT116 cells falls within
the norm, it is reasonable to believe that the relationship of
miRNAs and gene expression in HCT116 cells will broadly
reflect trends found in many other cell lines.

HCT116 is also a good model because it has been used ex-
tensively in miRNA research. A search of ‘HCT116’, ‘can-
cer’, and ‘miRNA’ on PubMed reveal over 900 publications.
We examined the most recent 29 publications from early
2020 to March 2021. These papers implicate dozens of miR-
NAs in the repression of dozens of different genes (Table 2).
These data report that miRNAs play a major role directly
controlling the expression of a remarkably large set of dif-
ferent genes involved in cancer cell proliferation. Close ex-
amination of miRNA-mediated regulation in HCT116 cells
would facilitate understanding the value of these data.

To test the impact of miRNAs on HCT116 cells, the
Corey laboratory used enhanced crosslinking immunopre-
cipitation (eCLIP) to identify the locations for AGO2 bind-
ing within 3′-UTRs (60). Sequences within RNA that bind
AGO2 are strong candidates for interactions with miRNAs
(45). CLIP protocols combine RNA sequencing and im-
munoprecipitation to provide an important tool for iden-
tifying potential binding sites between RNA and proteins.
eCLIP is a modified protocol to enhance discrimination be-
tween promising sites for biologically relevant interactions
and background. To further enhance the focus on bona
fide AGO2:RNA interactions, we compared wild-type and
AGO2 knockout cells to reduce the likelihood of false pos-
itive identification of AGO2:RNA interactions.

We examined the effect of the expression of genes that
were associated with AGO2 in AGO1, AGO2, AGO1/2 and
AGO1/2/3 knock out cell lines. The standard expectation
for the action of miRNAs suggests that knocking out AGO
gene expression should reverse the action of miRNAs and
increase the expression of genes with significant engagement
between 3′-UTRs and AGO protein. Contrary to that ex-
pectation, we observed little correlation between binding of
AGO2 and change in gene expression. Genes with strong
evidence of association were as likely to show decreased ex-
pression as increased expression.

For example, the strongest eCLIP/RNAseq signal within
3′-untranslated regions was within the Myc gene (Figure
8A). However, upon knocking out AGO expression, expres-
sion of Myc RNA and protein were decreased rather than
increased (60) as would be expected from standard assump-
tions about miRNA action. Complicating experimental ex-
ploration, many miRNAs possessed seed sequence comple-
mentary to sites defined by the RNAseq read cluster, and
the identity of these miRNAs varied depending on which
miRNA prediction program was used (Figure 8B, C). Vari-
ation of outcomes depending on prediction programs has
been noted previously (101,102). The uncertainty of predic-
tion in combination with the many possible combinations
of miRNAs that might be involved repressing a particular
gene complicate experimental validation.

Our data demonstrated that an experimentally verified
association between AGO2 and a 3′-UTR cannot be as-
sumed to lead to a predictable effect on gene expression.
By extension, a predicted seed sequence match––a primary
criteria for forming hypothesis in many papers––also is not
a reliable predictor. Our experience with HCT116 cells sug-
gests that demonstrating on-target miRNA control at a par-
ticular gene requires extensive experimentation to support
conclusion about mechanism. Other laboratories have re-
ported similar unpredictable relationships between miRNA
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Table 2. The summary of recent publications reporting functions of miRNAs in HCT116 cells

miRNA Rank abundance Target Citation

miR-142-3p >50 beta-Catenin Front Oncol. 2021 Feb 10;10:552944.
miR-128-3p >50 FOXO4 Front Cell Dev Biol. 2021 Feb 9;9:568738.
miR-206 >50 c-Met Oncol Lett. 2021 Feb;21(2):147.
miR-424-5p >50 PLSCR4 Eur Rev Med Pharmacol Sci. 2021,25:749-757.
miR-106a >50 ULK1 Genes 2021 Feb 9;12(2):245.
miR-133b >50 LUCAT-1 Future Oncol. 2021 Mar;17(9):1013-1023.
miR-1254 >50 MEGF6 Am J Transl Res. 2021 Jan 15;13(1):183-196.
miR-423-5p >50 BCL-2 Front Oncol. 2021 Jan 11;10:582239.
Let-7b, miR-203a >50 Survivin Cancer Res. 2021 Jan 20:canres.3157.2020.
miR-34a >50 n/a Mol Biol Rep. 2021 Jan;48(1):203-218.
miR-145 >50 MYC, FSCN1 J Biomed Nanotechnol. 2020;16(8):1183-1195.
miR-143,145 >50 ADAM17, K-Ras, XPO5, SET Epigenetics. 2020 Dec 28:1-18.
miR-144 >50 KLF4 J Biomed Nanotechnol. 2020;16(7):1102-1109.
miR149,150 27, >50 linc00460 Mol Ther Nucleic Acids. 2020;22:1004-1015.
miRNA-140 >50 TRAF6 Onco Targets Ther. 2020;13:11991-12001.
miRNA-486-5p >50 n/a Cancers. 2020 Nov 19;12(11):3432.
miR-141 29 PHLPP2 Cancer Manag Res. 2020;12:11341-11350.
mR-608 >50 MRPL43 DNA Cell Biol. 2020 Nov;39(11):2017-2027.
miR-942 >50 DLG2 Mol Carcinog. 2020 Dec;59(12):1323-1342.
miR-103a-5p >50 PDHB Neoplasma. 2020 Oct 30:200813N858.
miR-20b-5p >50 CCND1 Cell Cycle. 2020 Nov;19(21):2939-2954.
miR-708 >50 ZNF549 Sci Rep. 2020 Oct 7;10(1):16729.
miR-30a-5p >50 HSPA5 Int J Mol Sci. 2020 Oct 3;21(19):7315.
miR-409-3p >50 ERCC1 Evid Based Comp Alternat Med. 2020:8394574.
miR-488 >50 PFKB3 J Clin Lab Anal. 2021 Jan:e23578.
miR-421 >50 CASP3 Cancer Manag Res. 2020 Aug;12:7579-7587.
miR-548a-3p >50 TPX2 Cancer Biother Radiopharm. 2020.

doi:10.1089/cbr.2020.3767
miR-34a-5p >50 lncASPR Cancer Sci. 2020 Oct;111(10):3938-3952.
miR-195-5p >50 CEP55 J Envir. Pathol Toxicol Oncol. 2020;39:101-111.

Notes. n/a – not available.

recognition and gene expression (101,103) and differences
in outcomes depending on which algorithm was used for
predicting potential sites for miRNA association. Struc-
ture within mRNA can also complicate the potential for
binding to miRNAs (104). These same uncertainties make
predictions based solely on seed sequence complementar-
ity even less predictable, raising the bar for experimental
validation.

BENCHMARKS FOR EVALUATING CLAIMS FOR CEL-
LULAR REGULATION BY miRNAs

Evaluating the scientific value of papers that describe the
action of miRNAs is an important task for editors, review-
ers, and researchers. With tens of thousands of papers in the
literature (Figure 9), designing new projects requires sepa-
rating those papers that provide a firm foundation for future
research from those that do not. Authors have a responsibil-
ity to make a strong and transparent case for their conclu-
sions. Benchmarks for judging studies that involve human
miRNAs include:

Strong justification for focusing on a miRNA

Many different miRNAs are expressed in cells and miR-
NAs have seed sequence complementary to many different
genes. It is easy to form a hypothesis that miRNA ‘A’ recog-
nizes mRNA ‘B’ to cause phenotype ‘C’. It is essential that
persuasive reasons be supplied for focusing on a particular

miRNA for in-depth experimental investigation. This evi-
dence is necessary to build a case that the miRNA being
brought into focus has not been ‘cherry picked’ to fit into
a particular endogenous or disease-related biological path-
way.

Quantitate the level of miRNA expression to verify it has the
potential to be compatible with biologically relevant regula-
tion

Highly expressed miRNAs in a cell or tissue will probably be
the most promising candidates for investigation. It is essen-
tial, therefore, to have data on the number of a particular
miRNA per cell. As shown above (Figure 3) a handful of
miRNA families are typically the prevalent miRNAs inside
cells. Quantitation and insights into stoichiometry are espe-
cially important for projects that implicate miRNAs outside
these families.

Quantitative PCR (qPCR) alone or newer approaches
like droplet digital PCR are inadequate for determining ‘per
cell’ numbers for miRNAs because the data provides rel-
ative amounts of a give RNA under different conditions.
Even these relative measurements are not reliable when dif-
ferent primer sets are used, preventing comparisons of the
quantity of different miRNAs.

The experimental solution is to standardize measure-
ments of mRNA targets or miRNAs using known quan-
tities of the RNA species, providing reliable benchmarks
for evaluation. These measurements of miRNA and mRNA



630 Nucleic Acids Research, 2022, Vol. 50, No. 2

Figure 9. The miRNA literature. Publications identified by PubMed searches for the terms ‘miRNA’ and ’miRNA and cancer’, 2000–2020.

quantities are straightforward. For miRNAs, they allow
rapid decisions to be made about physiologic relevance –
low amounts are probably not relevant, while levels of miR-
NAs that are high are better candidates for in-depth exper-
imental investigation.

Of the twenty-nine papers from 2020–2021 describing the
action of miRNAs in HCT116 cells (Table 2), not a single
RNA from the top seven families was implicated in the con-
trol of gene expression. Only a handful appeared among the
top ranked fifty miRNAs determined by our eCLIP and
none were estimated to have concentrations of more than
one thousand per cell. It is not easy, therefore, to under-
stand the physical basis for the interactions and physiologic
effects being described in these manuscripts.

Quantitate variation of miRNA expression in different cell
types, tissues, or environmental conditions

One common hypothesis is that an miRNA will have in-
creased expression in one cellular or environmental context
and that this increased expression will allow the miRNA to
exert its biological effect. The most reliable starting point
for these studies is an unbiased screen to identify a particu-
lar miRNA that is highly up-regulated in a cell-type of in-
terest.

Fold-change from one cell type or tissue relative to an-
other is an imperfect measurement. A 10-fold increase in
expression of an miRNA that is lowly expressed may leave
it expressed at level that remains too low to have an im-
pact, whereas a 10-fold increase in expression of a highly
expressed miRNA may push the equilibrium of recognition
into a range where biological impacts begin to be important.
Fold-change should be accompanied by absolute quantita-
tion, as noted above. While qPCR is a useful technique for
comparing the relative amounts of RNA expression in dif-
ferent cell lines or under different conditions, it is important
to understand that the method should not be viewed as a
‘black box’, its limitations be understood, and that appro-
priate guidelines be followed (105,106).

Prioritize building a foundation of molecular mechanism over
physiologic function

As noted, many papers hypothesize that miRNA ‘A’ recog-
nizes mRNA ‘B’ to cause phenotype ‘C’ and then supply
data to match that formula. In many cases, data (often in
vivo data) about phenotype dominates the paper. While un-
derstanding the physiologic impact of miRNAs is an impor-
tant goal, that goal cannot be achieved without first build-
ing the foundation for understanding mechanism.

Editors and readers should understand that building a
reliable foundation supporting the link between a miRNA
and a function is difficult. They should not demand expan-
sive publications that begin with identification of a candi-
date miRNA and end with demonstration of a function in
animals. In many cases, rather than superficial explorations
of mechanism, better outcomes would be achieved by hav-
ing multiple papers, each of which demonstrates one impor-
tant finding in a persuasive and transparent manner.

Transparent data

Transparent data helps build a case that conclusions are
trustworthy and, therefore, its presence or absence is a criti-
cal factor affecting confidence in papers that examine miR-
NAs and lncRNAs. Experimenters may differ on how they
define transparent data, but some guidelines include: (i) pri-
mary data that can be directly inspected for quality (i.e.
western blots for protein expression); These complement
secondary data (i.e. bar graphs of RNA expression) by pro-
viding a direct window on data quality; (ii) microscopy is
not useful when it is supplied as anecdotal pictures. A suf-
ficient number of images should be obtained and evalu-
ated through unbiased means before claiming an effect; (iii)
replicate experiments should be performed and replicate
data shown as Supplemental information; (iv) it is routine
to observe small variations from day to day or experimenter
to experimenter. When effects are small, it is necessary that
authors persuasively justify why the effects have biological
significance. Proper use of control conditions because espe-
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cially important when variation is small and (v) methods for
obtaining large datasets from RNAseq or mass spectrome-
try should be described in detail, justifying the reliability of
the data and precautions taken against cherry picking an
experimental focus.

The RNAseq and mass spectrometry data should be pre-
sented in a transparent fashion where thought has been
given to reducing the inherent complexity of the data to vi-
sual representations that can be easily interpreted by readers
outside the laboratory acquiring the data. Proper execution
of RNAseq and mass spectrometry experiments is not triv-
ial and data should not be trusted absent clear support from
the researchers responsible for generating it.

Controls

miRNAs are nucleic acids that control gene expression by
recognizing target nucleic acids. Many experiments use syn-
thetic anti-miRs or miRNA mimics to control gene ex-
pression and test hypotheses. The potential for synthetic
oligonucleotides and duplex RNAs to cause confounding
off-target effects is well known (15,107–111). It is essential
that experiments be carefully controlled and adhere to com-
monly accepted guidelines (93). Failure to adhere to the use
of proper controls should be easy to spot. For example, a
paper that uses an anti-miR with a single control oligonu-
cleotide (or, even worse, a buffer only control) to show a
change in gene expression or cell proliferation in a novel sys-
tem is not likely to be persuasive. Failure to persuasively ad-
dress the use of controls provides a simple means for editors
or readers to determine their confidence in a paper’s results.
The advent of CRISPR has made gene editing widely acces-
sible and provides another approach to directly address the
importance of potential target sequences.

SUMMARY

Thousands of papers have appeared describing the actions
of miRNAs in human cells and potential impacts on normal
physiology and disease. It can be difficult for researchers to
discriminate between papers that offer convincing results
and those that do not. Lack of confidence in published
results, in combination with an incomplete understanding
of miRNA mechanism, is an obstacle to miRNA-directed
therapeutics achieving the same high level of success as fully
complementary synthetic duplex RNAs.

We note that similar calls for renewed emphasis on rigor-
ous and quantitative experiments have been for studies in-
vestigating phase separation (112–114), RNA:protein bind-
ing interactions (115), and miRNA sponges (75,116,117).
miRNAs, phase separation, circular RNAs, and specific
RNA:protein interactions share the potential to reshape
views of how gene expression is regulated. All these fields,
however, have been weighted towards descriptive research
rather than the detailed biochemical investigations neces-
sary to build the strong framework for making testable pre-
dictions.

Journals, especially journals that set publishing trends,
should prioritize studies that focus on mechanism rather
than superficial investigations spanning a broad (and often
unrealistic) swath of science ranging from identification of a

miRNA to an in vivo physiologic impact. A focus on mech-
anism is necessary to discriminate sound from unsound sci-
ence among the thousands of papers appearing every year.
Such papers may sometimes appear ‘incremental’ at first
glance, but robust data that clarifies critical issues and con-
tributes to the foundation necessary for progress should al-
ways be welcome.

RNAi is a powerful mechanism for controlling mam-
malian gene expression. Studies of detailed molecular
mechanisms for individual miRNAs will build a better un-
derstanding of how RNAi proteins, miRNAs, and cellular
RNA targets act in concert to regulate gene expression. This
foundation of rigorous research, coupled with an unbiased
view about the boundaries of RNAi, will unlock discoveries
and likely point the field in new directions both unexpected
and exciting.
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