
MicroRNAs (miRNAs) are small, non-coding RNAs 
that repress gene expression through interaction with 
3′ untranslated regions (3′ UTRs) of mRNAs (reviewed 
in REF. 1). miRNAs are predicted to target over 50% of 
all human protein-coding genes, enabling them to have 
numerous regulatory roles in many physiological and 
developmental processes2. Global downregulation of 
miRNA expression is an emerging feature in cancer, 
and the specific deregulation of certain miRNAs is seen 
in specific tumour types3,4 (BOX 1). RNA-binding pro-
teins (RBPs) are key components in the determination 
of miRNA function, as they control different stages of 
miRNA biogenesis and their localization, degradation 
and activity. Indeed, alteration of RBP function can lead 
to impairment in any of the crucial steps of the miRNA 
pathway. Deregulation of RBP expression or activity has 
been reported in several malignancies. Recently, several 
groups obtained evidence for more specific miRNA–
RBP interplay under various physiological conditions 
or in response to external stimuli. Such regulatory 
mechanisms rely on miRNA and RBP binding activity to 
common target RNAs and are probably under tight spatio-
temporal control. These insights uncover a wide variety 
of new mechanisms in RNA regulation, which could have 
relevance for cancer development and progression.

RBPs modulate post-transcriptional regulation
RBPs are essential players in RNA metabolism, regulat-
ing RNA splicing, transport, localization, stability, trans-
lation and degradation. Some RBPs recognize common 
mRNA features such as the 5′ cap or the 3′ poly(A) tail, 
but most RBPs contain RNA-binding domains for recog-
nition of specific sequence motifs or secondary structures 

in mRNA (reviewed in REF. 5) (TABLE 1). In the past dec-
ade, numerous roles of RBPs in miRNA processing  
and function have emerged.

More than 500 human RBPs are known, but only a few 
have been assigned an oncogenic or tumour-suppressive 
function (reviewed in REF. 6). Examples of RBPs impli-
cated in tumorigenesis are the TET family of RBPs7, the 
STAR family of RBPs (such as Src-associated in mitosis 
68 kDa protein (SAM68; also known as KHDRBS1)8, 
β-catenin9 and multiple RBPs involved in alternative 
splicing (see REF. 10 for a review of alternative splicing 
in cancer). In addition, many RBPs are involved in RNA 
stability, in which simultaneous assembly of these RBPs 
on target RNA has either a synergistic or antagonistic 
effect. RNA-binding activity can be rapidly modulated 
in response to external stimuli, for example through 
RBP expression levels, nucleocytoplasmic translocation, 
post-translational modifications or changes in secondary 
structure. The specifics of RNA binding remain largely 
undiscovered, but the function of various classes of RBPs 
in miRNA-mediated post-transcriptional regulation has 
started to receive more attention.

The biogenesis of miRNAs
The biogenesis of miRNAs starts with RNA polymer-
ase II-dependent transcription of a miRNA gene locus, 
generating a long primary transcript (pri-miRNA) that 
folds into a hairpin structure. These pri-miRNAs are 
first 5′ 7-methyl-guanosine (m7G) capped and 3′ poly-
adenylated before further processing occurs (FIG. 1). In 
the nucleus, recognition by the microprocessor complex 
results in cleavage of the pri-miRNA, which is attained 
through catalytic cleavage of the double-stranded stem 
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Abstract | Non-protein-coding transcripts have been conserved throughout evolution, 
indicating that crucial functions exist for these RNAs. For example, microRNAs (miRNAs) 
have been found to modulate most cellular processes. The protein classes of RNA-binding 
proteins include essential regulators of miRNA biogenesis, turnover and activity. RNA–RNA 
and protein–RNA interactions are essential for post-transcriptional regulation in normal 
development and may be deregulated in disease. In reviewing emerging concepts of the 
interplay between miRNAs and RNA-binding proteins, we highlight the implications of 
these complex layers of regulation in cancer initiation and progression.
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Passenger strand
The strand of the microRNA 
duplex that is complementary 
to the guide strand and is 
destined for degradation upon 
loading of the guide strand 
into the microRNA-induced 
silencing complex (miRISC).

by the RNase III endonuclease Drosha, while the hairpin 
is correctly positioned by DiGeorge syndrome critical 
region 8 (DGCR8; also known as Pasha)11,12. After cleav-
age, the secondary structure of the resulting ~70 nucleo-
tide (nt) precursor miRNA (pre-miRNA) is recognized 
by a complex of exportin 5 (XPO5) and RAN-GTP13,14. 
The stabilized pre-miRNAs are then shuttled to the  
cytoplasm and released on GTP hydrolysis.

In the cytoplasm, the pre-miRNA terminal loop is 
cleaved by another double-stranded RNA (dsRNA)- 
specific RNase III, Dicer, in collaboration with the human 
immunodeficiency virus transactivation responsive 
RNA-binding protein 2 (TARBP2)15–18. A PAZ domain 
within Dicer binds the pre-miRNA 2-nt 3′ overhang, 
while the RNA-binding domain of Dicer binds the 
double-stranded stem and defines the site of cleavage by 
measuring 22 nt from the 3′ overhang19,20. The cofactor 
TARBP2 uses two dsRNA-binding domains (dsRBDs) 
to interact with the pre-miRNA, stimulating Dicer-
mediated cleavage, and a third dsRBD to increase the 
stability of the Dicer–RNA complex21,22. Another cofac-
tor, the protein activator PACT (also known as PRKRA), 
has a similar function to TARBP2 in that it recognizes 
the same binding domain of Dicer23. TARBP2 and PACT 
therefore selectively promote miRNA processing but are 
not essential for Dicer-mediated cleavage. After cleavage 
of the ~22-nt RNA duplex, now consisting of two 5′ phos-
phorylated sequence strands with 3′ overhangs, the func-
tional strand, referred to as the guide strand, is loaded 
into an Argonaute (AGO) protein24. TARBP2 secures the 
recruitment of the AGO protein and the formation of a 
ternary complex together with Dicer18. All AGO proteins 
are characterized by evolutionarily conserved MID and 
PAZ domains involved in RNA binding and an RNase 
H-like PIWI domain for endonuclease activity25,26. The 
5′ phosphate group of the miRNA guide strand is sta-
bly bound by the MID domain while the PAZ domain 

recognizes the dinucleotide 3′ overhang that is charac-
teristic of Dicer-mediated cleavage27. Occasionally, a 
processing intermediate is generated by AGO2-mediated 
cleavage of a pre-miRNA that probably facilitates removal 
of the passenger strand28. Rarely, an miRNA with a short 
stem region that cannot be recognized by Dicer, as occurs 
for pre-miR-451 in mice and zebrafish, is trimmed by 
the endonuclease activity of AGO2 (REFS 29,30). Although 
this provides evidence for an miRNA biogenesis path-
way that does not require Dicer cleavage, the extent to 
which such phenomena occur is unclear. In general, 
pre-miRNA characteristics determine which strand is 
retained, whereby the suffixes 5p and 3p (or *) designate 
the 5′ and 3′ duplex arms, respectively31,32.

Global control of miRNA biogenesis in cancer
In human tumours, global downregulation of miRNA 
expression is an apparent feature3,4. Another striking 
observation in primary tumours is the accumulation 
of pri-miRNAs compared with normal tissue33. Hence, 
impairment of crucial steps in miRNA production, 
either in the nucleus or in the cytoplasm, could be 
the underlying cause. In recent years, an increasing 
amount of evidence has been obtained for cancer-
related alterations in RBPs that are intimately involved 
in miRNA biogenesis.

At the genetic level, copy number abnormalities of 
DICER1, AGO2, XPO5 and other genes that are essen-
tial for miRNA biogenesis occur often in breast and  
ovarian cancer, as well as in melanoma34,35. In various 
human cancer cell lines, mature miRNA expression lev-
els are inconsistent with pre-miRNA expression levels 
owing to nuclear retention of pre-miRNAs36. Mutations 
that inactivate XPO5 in human tumours lead to precursor 
accumulation in the nucleus and lower levels of mature 
miRNAs37. Moreover, XPO5 knockdown enhances the 
tumorigenicity of cells injected into mice, and the reverse 
effect is seen on overexpression of wild-type XPO5 in 
colorectal cancer cells expressing mutant XPO5 (REF. 37).

Intriguingly, disruption of miRNA production 
by depletion of any of the miRNA processing factors 
Drosha, DCGR8 or Dicer has been shown to promote 
oncogenesis38. In a mouse model of retinoblastoma, the 
upregulation of an miRNA subset in response to Rb1 
inactivation is abolished on monoallelic loss of Dicer1, 
resulting in accelerated tumour formation39. Indeed, the 
frequent occurrence of heterozygous, but not homozy-
gous, genetic deletions in various human tumours 
implicate DICER1 as a haploinsufficient tumour sup-
pressor40,41. Piccolo and colleagues42 have also recently 
shown that the miRNA family miR-103/107 abrogates 
miRNA maturation by targeting the 3′ UTR of DICER1. 
Low Dicer protein levels result in stimulation of migra-
tion and metastasis that is at least partially due to 
blocked processing of miR-200.

Several reports suggest that TARBP2 function is 
also impaired in cancer. The occurrence of frame-shift 
mutations in TARBP2 in colon tumours with micro-
satellite instability correlates with lower levels of Dicer 
and mature miRNAs43,44. Indeed, the downregulation 
of TARBP2 expression by RNA interference (RNAi) 

At a glance

•	Global	downregulation	of	microRNA	(miRNA)	expression	is	an	apparent	feature	of	
many	tumours.	Oncogenic	or	tumour-suppressive	functions	have	been	assigned	to	
numerous miRNAs.

•	Alterations	in	key	players	of	miRNA	biogenesis	affect	mature	miRNA	levels	in	a	
global	manner,	whereas	RNA-binding	proteins	(RBPs)	regulating	specific	miRNAs	
can	contribute	to	differences	in	the	production	of	specific	(subsets	of) miRNAs.

•	The	observation	that	miRNA	binding	to	target	mRNAs	can	repress	gene	expression	
through	distinct	mechanisms	suggests	the	involvement	of	accessory	proteins,	some		
of	which	are	linked	to cancer.

•	Interplay	between	miRNAs	and	RBPs	on	target	3′	untranslated	regions	can	rapidly	
modulate	target	expression	under	specific	conditions.	Binding	of	RBPs	near	miRNA	
target	sites	can	potentially	regulate	miRNA	function	either	directly	by	affecting	
miRNA	binding	or	indirectly	through	a	switch	in	RNA	secondary	structure.

•	The	activity	of	RBPs	is	temporally	and	spatially	regulated	through	changes	in	
transcription	rate,	post-translational	modifications	and	subcellular	localization,		
and	is	sometimes	deregulated	in	cancer	and	other	diseases.

•	The	data	discussed	in	this	Review	illustrate	several	examples	of	mechanisms	for	
miRNA–RBP	interplay	that	could	hold	true	for	other	miRNAs	and	RBPs.	As	some	
of	these	mechanisms	are	linked	to	oncogenesis,	the	challenge	now	is	to	connect	
the	mechanisms	of	action	to	disease	by	applying	state-of-the-art	genome-wide	
approaches.
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Seed
Six to eight nucleotides at the 
5′ end of the mature microRNA 
that are involved in the 
recognition of target mRNAs.

destabilizes the Dicer protein, resulting in concurrent 
impairment of miRNA biogenesis18. As expected, resto-
ration of wild-type TARBP2 levels in cell lines expressing 
truncated TARBP2 reconstitutes normal levels of Dicer 
and mature miRNAs43. Importantly, rescue of miRNA 
production by TARBP2 restoration is accompanied by a 
decline in tumour growth in vivo, showing that the nor-
mal production of miRNAs is tumour suppressive in this 
setting. Interestingly, under normal growth conditions 
TARBP2 is phosphorylated, which increases the stability 
of TARBP2 and Dicer45. On growth factor stimulation, 
the MAPK–ERK pathway increases TARBP2 phos-
phorylation, resulting in increased levels of a subset 
of miRNAs but lower levels of the let-7 miRNA fam-
ily45. This illustrates how mitogenic signalling can be 
translated into changes in cell viability and prolifera-
tion through the miRNA biogenesis pathway. Thus, the 
role of TARBP2 in miRNA processing is important for  
preservation of a normal, untransformed cell state.

Specific control of miRNA biogenesis in cancer
In addition to global changes in miRNA levels, dif-
ferential expression of specific miRNAs is also appar-
ent in tumours, and this could result from changes in 
various RBPs.

DDX5 and DDX17. The stability of the micro processor 
complex is controlled by post-transcriptional cross-
regulation between Drosha and DGCR8 (REF. 46). 
Furthermore, Drosha-mediated cleavage of specific 
pri-miRNAs is modulated by accessory RBPs such as 
DEAD-box 5 (DDX5; also known as p68) and DDX17 
(also known as p72), a number of heterogeneous 
nuclear ribonucleoproteins (hnRNPs) and other fac-
tors47. Interestingly, both DDX5 and DDX17 are often 
highly expressed in human breast, prostate and colon 

tumours (reviewed in REF. 48). In mice, both DDX5 and 
DDX17 are required for efficient processing of a subset 
of pri-miRNAs, as depletion of either protein results in 
lower levels of mature forms49. This has consequences 
for cell proliferation and survival, as Ddx5-deficient or 
Ddx17-deficient mouse embryonic fibroblasts (MEFs) 
are characterized by slower cell growth and increased 
apoptosis49. Moreover, joint knockdown of DDX5 and 
DDX17 in human cervical carcinoma cells suppressed 
cell proliferation, whereas overexpression of wild-type 
DDX5 stimulated keratinocyte proliferation, and overex-
pression of a constitutively phosphorylated DDX5 medi-
ated cell proliferation and epithelial-to-mesenchymal 
transition (EMT) on growth factor stimulation48. These 
functions provide a causal explanation for the over-
expression of DDX5 and DDX17 in human cancer, but 
evidence for a specific role of the miRNAs regulated by 
DDX5 and DDX17 in tumorigenesis is still lacking.

Intriguingly, DDX5 and DDX17 can act as a bridge 
between Drosha activity and other regulators through 
protein–protein interactions. The tumour suppressor 
p53, for example, interacts with DDX5 to enhance pro-
cessing of miRNAs that function in growth suppression50. 
Cancer-related mutations in p53 result in loss of DDX5 
interaction with Drosha and inefficient miRNA matura-
tion50. As a transcription factor, p53 is known to activate 
transcription of a subset of miRNA genes that partially 
overlaps with the group of miRNAs that is targeted  
by p53 during processing (reviewed in REF. 51).

Another case is illustrated by oestrogen receptor-α 
(ERα), a transcription factor that is overexpressed in 
the largest subgroup of breast tumours. Yamagata et al.52 
reported that the processing of a set of DDX5- and 
DDX17-dependent pre-miRNAs is blocked by the bind-
ing of activated ERα to DDX5 and DDX17. Thus, steroid 
hormones can affect miRNA maturation through their 
cognate nuclear receptors, resulting in the stabilization  
and efficient expression of ERα-target mRNAs.

SMAD signal transducers also facilitate processing 
of a subset of miRNAs following transforming growth 
factor-β (TGFβ) and bone morphogenetic protein (BMP) 
growth factor activation53. The SMADs (in a complex 
with the microprocessor component DDX5) promote 
miRNA maturation by binding a consensus sequence 
in the pri-miRNA stem region, which is similar to the 
SMAD-binding sequences in gene promoters54. SMAD 
nuclear interacting protein 1 (SNIP1) induces pro-
cessing of some miRNAs as well, either by pri-miRNA 
binding or by direct interaction with Drosha55. Whether 
enhanced processing of these specific pri-miRNAs con-
tributes to TGFβ-induced tumour progression remains  
to be established (reviewed in REF. 56).

The serine/arginine-rich splicing factor 1 (SRSF1) 
gene encodes the mRNA splicing factor SRSF1 (also 
known as SF2 and ASF), which recognizes the stem 
region of specific pri-miRNAs, resulting in enhanced 
cleavage by Drosha57. Amplification of the SRSF1 proto-
oncogene is found in various tumours, along with 
increased levels of miR-221 and miR-222, which are tar-
gets of SRSF1. However, the contribution of miRNAs to 
the tumorigenic capacity of SRSF1 is uncertain58,59. Some 

Box 1 | MicroRNAs as regulators of gene expression

At	present,	almost	1,500	unique	microRNAs	(miRNAs)	are	produced	from	mostly	
evolutionarily	conserved	regions	in	the	human	genome	(miRBase,	release	April	
2011)161–163.	miRNAs	regulate	gene	expression	by	seed	base-pairing	to	one	or	more	
partially	complementary	sites	in	target	mRNAs	(reviewed	in	REF. 1).	Gene	expression	
is mainly	and	most	efficiently	controlled	via	target	sites	located	in	the	mRNA		
3′	untranslated	region	(UTR),	although	a	small	number	of	target	sites	in	open	reading	
frames	(ORFs)	or	5′ UTRs	have	also	been	reported164.	During	animal	development,	
expression	of	miRNAs	is	pivotal	for	the	timing	and	regulation	of	many	processes165.	
Subsequent	differentiation	is	associated	with	a	global	increase	in	expression	of	miRNAs	
that	define	tissue-specific	gene	expression	patterns3,166.	Moreover,	miRNA	expression	
profiles	can	discriminate	tumour	tissue	from	normal	tissue,	associating	low	miRNA	
expression	levels	with	a	loss	of	cellular	differentiation	in	tumours	(reviewed	in	REF. 167).	
In	almost	all	cancer	types,	alterations	in	miRNA-mediated	regulation	are	implicated	in	
key	processes	of	tumorigenesis,	such	as	apoptosis168,	proliferation169,	angiogenesis170,	
migration171	and	invasion172,173.	Whether	miRNAs	act	as	oncogenes	or	as	tumour	
suppressor	genes	is	dependent	on	the	presence	of	their	targets	and	the	cellular	
context174	(reviewed	in	REFS 175,176).	In	addition,	expression	profiling	of	human	
tumours	has	identified	miRNA	signatures	associated	with	diagnosis,	progression,	
prognosis	and	treatment	response	(reviewed	in	REF. 177).	In	cancer,	miRNA-mediated	
repression	can	be	altered	owing	to	genetic	variation	and	small-	or	large-scale	mutations	
in	miRNA	genes	and	mRNA	target	genes	(reviewed	in	REFS 178,179).	Also,	the	
production	of	miRNAs	can	be	induced	or	disturbed	by	changes	in	miRNA	transcription	
or	further	processing	(reviewed	in	REFS 178,180,181).

R E V I E W S

646 | SEPTEMBER 2011 | VOLUME 11  www.nature.com/reviews/cancer

© 2011 Macmillan Publishers Limited. All rights reserved

http://www.mirbase.org/


common ALL1 (also known as MLL) leukaemogenic 
fusion proteins interact with Drosha and have a role in 
the biogenesis of specific miRNAs, which could contrib-
ute to the abundant levels of some miRNAs observed in 
acute myeloid leukaemias60.

The let-7 miRNA family. Another regulatory circuit 
is provided by the let-7 miRNA family and LIN28, an 
RBP exclusively expressed in undifferentiated cells61. 
The role of LIN28 in development is well studied and 
involves suppression of let-7 miRNA levels by binding to 
the terminal loop of pri-let-7, thereby blocking Drosha 
cleavage (reviewed in REF. 62). In the cytoplasm, LIN28 
recruits terminal uridyltransferase (TUT4; also known 
as ZCCHC11) to a 4-nt sequence motif in the terminal 
loop of pre-let-7, and of other pre-miRNAs, resulting in 
oligo-uridylation. This causes resistance to Dicer cleav-
age and the subsequent precursor degradation decreases 
let-7 abundance (see REF. 62). In response to inflam-
mation, upregulation of LIN28 blocks let-7-mediated 
repression of interleukin-6 (IL6). This activates STAT3 
and reinforces LIN28 expression, both of which can lead 
to a transformed state in the absence of external signals63.

Interestingly, in differentiated cells lacking LIN28 
expression, mature let-7 levels differ substantially, 
pointing towards a more complex regulation of miRNA 
processing by distinct RBPs. KH-type splicing regula-
tory protein (KHSRP; also known as KSRP) recognizes 
a conserved sequence in the terminal loop of let-7 and 
promotes its maturation and that of other miRNAs by 
facilitating an association with Drosha in the nucleus or 

with Dicer in the cytoplasm64. By contrast, the binding of 
the splicing regulator HNRNPA1 to the same sequence 
in the pri-let-7 terminal loop represses Drosha-mediated 
processing65. In differentiated cells that lack LIN28 
expression, KHSRP and HNRNPA1 compete for pri-let-7 
binding to regulate the extent of Drosha cleavage. 
In addition, the pre-miR-18a hairpin is recognized by 
HNRNPA1, and this promotes microprocessor interac-
tion and maturation of pre-miR-18a66. Other members 
of the mir‑17‑92 polycistron are not subject to regulation 
by HNRNPA1.

Altogether, the findings described above illustrate that 
RBP binding can have a dual effect on miRNA processing, 
and thus on development and cancer. Whether the even-
tual effect is determined by the relative abundance of each 
RBP, by differences in RNA binding affinity or by both 
generally requires additional clarification. Interestingly, 
both the pri-miRNA stem region and the terminal loop 
harbour specific RNA-binding motifs serving as control 
regions67,68. It remains a challenge to unravel sequence 
and structural characteristics that confer RBP binding 
specificity and dictate further processing.

RBPs, miRNA-mediated repression and cancer
The RNA silencing process involves assembly of the 
miRNA-induced silencing complex (miRISC), also 
called the miRNA ribonucleoprotein complex (miRNP) 
(reviewed in REF. 69). This complex minimally consists 
of three components: an active miRNA strand associ-
ated with an AGO protein and a GW182 protein70. The 
incorporated miRNA strand guides the RISC machinery 

Table 1 | Classes of proteins with RNA-binding capacity and their motifs

Classes of RBPs Structure elements RNA recognition Examples

RNA recognition 
motif (RRM)

β-α-β-β-α-β (canonical) ~4-bp ssRNA 
nucleotide

DAZ, DAZL, DND1, ELAV, GW182, hnRNPs, 
IGF2BP1, PABP1 and SRSF1

dsRNA-binding 
domain (dsRBD)

α-β-β-β-α (canonical) dsRNA DGCR8, Dicer, Drosha and TARBP2

HNRNPK homology 
(KH) domain 

Variable loop of α/β and 
Gly-X-X-Gly

~4-bp ssRNA 
nucleotide 

FMRP, FXR1, FXR2, IGF2BP1, KHSRP 
and STAR

PIWI, AGO and 
Zwille (PAZ) domain

OB-like β-barrel fold 3′ single-stranded 
overhangs

AGO and Dicer

PIWI domain RNase H-like fold 5′ phosphate group* AGO

MID domain Rossman-like fold 5′ phosphate group* AGO

GW domain Gly-Trp repeats – GW182

Zinc-binding motif Cys
n
/His

n 
in a β-β-α 

structure
– LIN28, TRIM proteins with NHL domain 

and TTP

PUF repeat Eight base-specific 
repeats of three α-helices 

UGUAHAUA PUM1 and PUM2

DEAD-box motif Asp-Glu-Ala-Asp – DDX5, DDX6, DDX17, DDX20 and DDX42

DExD/H-box motif Asp-Glu-X-Asp/His – MOV10

α, alpha helix in secondary protein structure; β, beta sheet in secondary protein structure; AGO, Argonaute; DAZ, deleted in 
azoospermia; DAZL, DAZ-like; DGCR8, DiGeorge syndrome critical region 8; DDX, DEAD-box; DND1, dead end 1; dsRNA: 
double-stranded RNA; ELAV, embryonic lethal abnormal vision; FMRP, fragile X mental retardation protein; FXR, fragile X mental 
retardation syndrome-related protein; hnRNP, heterogenous nuclear ribonucleoprotein; IGF2BP1, insulin-like growth factor 2 
binding protein 1; KHSRP, KH-type splicing regulatory protein; MOV10, Moloney leukaemia virus 10; PABP1, poly(A) binding 
protein 1; PUM1, pumilio 1; SRSF1, serine/arginine-rich splicing factor 1; ssRNA, single-stranded RNA; STAR, steroidogenic acute 
regulatory protein; TARBP2, transactivation responsive RNA-binding protein 2; TRIM, tripartite motif; TTP, tristetraprolin.  
*The 5′-phosphate binding pocket lies at the interface between the MID and PIWI domains; the MID domain alone binds 
nucleotides with low affinity.
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Cytoplasmic foci containing 
proteins involved in diverse 
post-transcriptional processes, 
such as mRNA degradation.

to a matching mRNA, resulting in specific target repres-
sion71,72. The activity of miRISC is regulated by interact-
ing proteins, which either directly bind AGO or GW182 
or are integrated through binding to RNA molecules74.

The AGO protein family is active in embryogenesis, 
germ cell maintenance and cell differentiation74. The four 
ubiquitously expressed human AGO proteins (AGO1–4),  
with AGO2 as the best-characterized member24, seem to 
have overlapping functions in miRNA-mediated repres-
sion75,76. The second essential RISC component, GW182, 
is probably responsible for translational repression, as 
GW182-deficient cells have impaired miRNA function 
(reviewed in REF. 77). In humans, the PIWI domain of 
AGO proteins interacts with trinucleotide repeat-con-
taining gene 6A (TNRC6A), TNRC6B and TNRC6C 
(homologues of Drosophila melanogaster GW182). All 
three homologues contain a bipartite carboxy-terminal 
silencing domain that is required for translational 
repression (see REF. 77).

Modulation of miRISC function by RBPs in cancer. 
According to the current view, miRNAs accomplish 
gene repression by inhibiting translation or by reduc-
ing mRNA stability, which generally results in target 
degradation (reviewed in REFS 78,79) (FIG. 2a,b). It is 
unknown what determines the decision between mRNA 
storage in a translationally repressed state or destabili-
zation. However, although inhibition of translation 
results in decreased protein levels, the changes in target 
protein levels following miRNA binding are found to 
mainly coincide with actual destabilization of the target 

mRNA80. Remarkably, in mammalian cells, observed 
changes in ribosome occupancy on miRNA targeting 
largely reflect concurrent mRNA destabilization, rather 
than persistence of repressed mRNAs81.

Human miRISC is found associated with several pro-
teins characterized by RNA helicase domains (FIG. 2c). By 
RNA unwinding, RNA helicase activity could facilitate 
either the incorporation of the active miRNA in AGO 
or miRISC target binding. The DEAD-box RNA heli-
case DDX6 (also known as RCK and p54) interacts with 
AGO2 and has been assigned a function both in trans-
lational repression and decapping82,83. Overexpression 
of DDX6 is found in colon cancer and RNAi-mediated 
downregulation results in antitumour effects, suggesting 
an oncogenic function84. Another DEAD-box member, 
DDX5, has also been shown to have helicase activity 
when in the cytoplasm and facilitates miRISC loading 
by unwinding the let-7 precursor duplex85. The pro-
teins described next are also reported to co-purify with 
miRISC, but their exact role in miRNA-mediated repres-
sion has not been validated yet. The DExD-box RNA 
helicase Moloney leukaemia virus 10 (MOV10) interacts 
with either of the core miRISC components in the cyto-
plasm, whereas when in the nucleus it is thought to bind 
chromatin86,87. Furthermore, the co-purification of the 
DEAD-box helicases DDX20 (also known as gemin 3) 
and DDX42 (also known as gemin 4) from HeLa cells 
suggests that they reside in a complex with AGO2 and 
miRNAs71,88. Whereas knockdown of MOV10, DDX20 
or DDX42 does not disrupt miRISC localization in 
P-bodies, an intact helicase domain of DDX6 is required 
for P-body assembly and for miRNA-mediated repres-
sion82. Interestingly, HeLa cells in which P-bodies have 
been disrupted by depletion of the P-body component 
LSM1 retain functional miRNA-mediated repression89. 
Thus, the function of DDX6 in miRNA-mediated tar-
geting is probably not dependent on P-body localiza-
tion. Moreover, these data indicate that the aggregation 
of stalled translation complexes in cytoplasmic foci is 
merely a consequence of translational repression, but 
leave the exact role of RNA helicase activity in facilitating 
miRNA function unexplained.

A number of heat shock proteins, a class of proteins 
that is frequently overexpressed in cancer, were found 
to reside in complex with AGO proteins73,90 (FIG. 2c). For 
example, heat shock protein 90 (HSP90), an essential 
member of an ATP-dependent chaperone complex, 
stabilizes unloaded AGO2 but also influences miRISC, 
eukaryotic translation initiation factor 4E (eIF4E) and 
eIF4E transporter (eIF4E-T) localization91–93. eIF4E-T 
is thought to compete with eIF4G for binding to eIF4E, 
thereby preventing mRNA circularization94. Inhibition 
of HSP90 prevents P-body formation and, through 
AGO protein destabilization, affects miRNA function 
indirectly91,95.

Several tripartite motif (TRIM) domain proteins, 
which are known for ubiquitin ligase activity, influence 
the function of specific miRNAs. TRIM71 is a mam-
malian homologue of Caenorhabditis elegans lin‑41 
and a target of let-7. TRIM71 drives AGO degradation 
through ubiquitylation, thereby interfering with miRNA 

Figure 1 | Regulation of the microRNA biogenesis pathway by processing factors. 
Several RNA-binding proteins (RBPs) influence the processing of (a subset of) microRNAs 
(miRNAs) by recognizing specific RNA features or by associating with key components of 
the miRNA biogenesis pathway. Some of these factors are overexpressed or lost in tumours. 
RBPs can influence miRNA processes both in the nucleus and in the cytoplasm, depending 
on which steps in the biogenesis of miRNAs they affect. Blue and red boxes indicate a 
stimulative or inhibitive effect, respectively, of RBPs on miRNA processing. AGO, Argonaute; 
DGCR8, syndrome critical region 8; E2, 17β-oestradiol; ERα, oestrogen receptor-α; 
HNRNPA1, heterogeneous nuclear ribonucleoprotein A1; KHSRP, KH-type splicing 
regulatory protein; m7G, 7-methyl-guanosine; p53mt, mutant p53; p53wt, wild-type p53; 
SNIP1, SMAD nuclear interacting protein 1; SRSF1, serine/arginine-rich splicing factor 1; 
TARBP2, transactivation responsive RNA-binding protein 2; XPO5, exportin 5.
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function96 (FIG. 2c). Together with LIN28, TRIM71 forms a 
feedback circuit for let-7 regulation. As a positive modu-
lator, TRIM32 stimulates the function of a specific set 
of miRNAs in mice, including let-7a, independently of 
its E3 ubiquitin ligase domain97 (FIG. 2c). However, the 

mechanism by which TRIM32 operates, or whether 
TRIM32 binds RNA, is unknown. Whereas TRIM32 
and TRIM71 do not change miRNA levels, interaction 
of a TRIM protein that contains an NCL1, HT2A and 
LIN41 (NHL) domain and AGO1 interferes with miRNA 
biogenesis in D. melanogaster98. In head and neck carci-
noma, TRIM32 is overexpressed and promotes tumour 
growth in part through its ubiquitin activity99.

Importin 8 (IPO8) binds to AGO proteins and influ-
ences AGO nuclear import. It also functions as a chap-
erone and targets AGO2-associated mRNAs, possibly 
through RNA-independent interactions with miRISC 
that may alter the structure of the complex100 (FIG. 2c). 
In addition, 5′–3′ exoribonuclease 1 (XRN1), a cellu-
lar exoribonuclease that is essential for efficient decay 
of uncapped mRNA101, is often lost in osteogenic sar-
comas and may act as a tumour suppressor protein in 
these types of tumours102.

miRNA–RBP interplay on the target mRNA
Although several proteins can modulate the efficacy of 
miRNA biogenesis, two observations support the exist-
ence of an alternative regulatory mechanism that influ-
ences miRNA activity. First, certain genes are exclusively 
subject to miRNA regulation in particular conditions, 
but no significant change is observed in the level of the 
targeting miRNA. Second, of all potential high affinity 
targets of a specific miRNA, only a subset is subjected 
to miRNA regulation. An expanding number of reports 
now provide mechanistic explanations, often demon-
strating interplay between miRNAs and RBPs on target 
3′ UTRs under specific conditions, some of which are 
linked to differentiation (BOX 2) or oncogenesis (FIG. 3).

The ELAV RBP family. Positive modulators of RNA 
stability include the Hu proteins. They share homol-
ogy with the D. melanogaster embryonic lethal abnor-
mal vision (ELAV) protein and have a broad function 
in stabilizing AU-rich element (ARE)-containing mRNAs 
in the cytoplasm (reviewed in REF. 103). Whereas HuB, 
HuC, and HuD are neuronal or gonadal proteins, HuR is 
ubiquitously expressed and mediates cellular responses 
to different types of stress (FIG. 3a). Bhattacharyya and 
colleagues104 found that HuR relieves cationic amino acid 
transporter 1 (CAT1) mRNA from miR-122-mediated 
repression under stress conditions in human liver cells. 
On stress induction, nuclear HuR is translocated to the 
cytoplasm and specifically recruits target mRNA to poly-
somes to secure translation104,105. In rare cases, HuR and/or 
HuD inhibit target expression106–108. HuR can bind to 
untranslated mRNA regions or can modulate miRNA 
binding to a nearby site, as illustrated by the requirement 
of HuR binding for let-7-mediated repression of MYC109. 
Interestingly, the activity of HuR is controlled by phos-
phorylation and other post-translational modifications 
that affect HuR subcellular localization and RNA bind-
ing activity110. Furthermore, miR-125a and miR-519 lev-
els in cells generally inversely correlate with HuR target 
levels in various tumours. In fact, re-expression of these 
miRNAs decreased HuR protein levels and tumorigenic-
ity in vitro and in a nude mouse xenograft model111–113. 

Figure 2 | RISC-associated factors regulate efficient microRNA-mediated 
repression. a | The common process of cap-dependent mRNA translation begins with 
modifications at the mRNA 5′ methylated guanosine cap structure and 3′ poly(A) tail. The 
cap-initiation complex eukaryotic translation initiation factor 4F (eIF4F, which consists of 
the RNA helicase eIF4A, the cap-binding protein eIF4E and the scaffolding protein 
eIF4G) associates with the 5′ cap and recruits the 43S pre-initiation complex (which 
contains the 40S ribosomal subunit) to the mRNA 5′ cap. The cytoplasmic poly(A) binding 
protein 1 (PABP1) is bound to the 3′ poly(A) tail and interacts with the cap-initiation 
complex through eIF4G. This interaction effectively establishes mRNA circularization, 
which stimulates translation. The 43S pre-initiation complex starts scanning in a 3′ 
direction and then, on recognition of an initiation codon, the 60S large ribosomal subunit 
is recruited to form a ribosome (80S) that enables translation elongation. b | When 
human miRNA-induced silencing complex (miRISC) recognizes the 3′ untranslated 
region (UTR) of a target mRNA, interference with the process of translation can occur 
either at the initiation step or during mRNA translation processes following initiation 
(reviewed in REF. 189). According to the conventional model, the mechanism of gene 
repression by miRISC is through translational inhibition at initiation and removal of the 
target poly(A) tail, which is facilitated by the cytoplasmic deadenylase complex made up 
of CC chemokine receptor type 4 (CCR4), CCR4-associated factor 1 (CAF1; also known 
as CNOT7) and negative regulator of transcription subunit 1 (NOT1; also known as 
CNOT1). It is plausible that this deadenylation is enabled by direct interaction between 
the carboxy-terminal silencing domain of trinucleotide repeat-containing gene 6 
(TNRC6) and PABP1, which interferes with the function of eIF4F and PABP1 and impedes 
mRNA circularization (reviewed in REFS 78,190). Actual target degradation can follow 
recruitment of the DCP1–DCP2 decapping complex and several decapping activators 
to the 5′ cap, allowing mRNA degradation by the major cytoplasmic 5′-to-3′ 
exonuclease XRN1. c | Some miRISC-associated RNA helicases, such as specific 
DEAD-box (DDX) proteins and Moloney leukaemia virus 10 (MOV10), may facilitate 
miRISC loading or target binding by RNA unwinding. The RNA-binding tripartite 
motif (TRIM) proteins, heat shock proteins (HSPs) and importin 8 (IPO8) co-regulate 
mRNA translation at various points, and this function can be deregulated in cancer. 
Green boxes indicate a stimulatory effect and red boxes an inhibitory effect on 
miRNA function. 4E-T, eIF4E transporter; AGO, Argonaute; m7G, 7-methyl-guanosine.
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The relevance of HuR to cancer is further shown by 
the high levels of HuR protein in various tumours and 
direct or miRNA-mediated regulation of many mRNA 
targets involved in cell proliferation, survival, evasion 
of immune recognition, metastasis, invasion and local 
angiogenesis (reviewed in REF. 110).

Occasionally, more complex interactions between 
HuR and other RBPs in post-transcriptional regulation 
are observed114. For example, HuR and the cap-binding 
protein eIF4E cooperatively stimulate translation of 
proteins involved in growth, survival and malignancy, 
whereas eIF4E mRNA itself is concurrently stabilized 
by HuR binding115. As eIF4E is overexpressed in many 
cancers and closely correlates with HuR expression lev-
els and poor prognosis, these mechanisms are likely to 
influence tumour progression115–117.

hnRNPs. Another important RBP family is the hnRNPs. 
These are sequence-specific repressors of mRNA splic-
ing but are being increasingly associated with a broader 
range of functions. Whereas some hnRNPs strictly local-
ize to the nucleus, others constantly shuttle between the 
nucleus and the cytoplasm, indicating a putative role in 
translational control118. Nuclear AU-rich element RNA-
binding protein 1 (AUF1; also known as HNRNPD) and 
HuR simultaneously bind separate regions in the 3′ UTR 
of common targets but competitively bind shared targets 
in the cytoplasm in a manner dependent on the abun-
dance of either RBP115,119. HuR-bound mRNAs are local-
ized to polysomes for protein synthesis, whereas mRNAs 
bound by AUF1 are destined for degradation120. Several 

environmental cues can cause cytoplasmic enrichment 
of these, and other, RBPs105. However, the contrasting 
fate of the common targets cyclin-dependent kinase 
inhibitor 1A (CDKN1A) and cyclin D1 (CCND1) after 
ultraviolet C (UVC) irradiation argues for target-specific 
regulatory mechanisms in addition to RBP enrichment119. 
Indeed, access of AUF1, but not of HuR, to AREs in target 
3′ UTRs can be inhibited by local changes in secondary 
ARE structure121. However, RBPs tend to induce a local 
change in secondary RNA structure on binding, possibly 
modulating access of other trans-acting factors122,123.

Hypoxia, a hallmark of the tumour microenviron-
ment, coincides with translocation of nuclear HNRNPL 
and stabilization of vascular endothelial growth factor 
A (VEGFA)124 (FIG. 3b). During hypoxia, translocated 
HNRNPL competes with several miRNAs that repress 
VEGFA under normoxic conditions through a CA-rich 
element in the 3′  UTR125. In addition to relieving 
miRNA-mediated repression, translocation of HNRNPL 
alleviates the repression of VEGFA in response to an 
inflammatory cytokine, interferon-γ (IFNγ)126. In this 
case, HNRNPL induces a change in RNA secondary 
structure, whereby access of the IFNγ-activated inhibi-
tor of translation (GAIT) complex to the VEGFA 3′ UTR 
is prevented126. Furthermore, VEGFA mRNA can be sta-
bilized by binding of HuR to AREs downstream in the 
3′ UTR in a hypoxia-responsive manner127.

An interesting interplay has been observed between 
HNRNPE2 (also known as PCBP2) and miR-328 
(REF. 128) (FIG. 3c). The binding of HNRNPE2 to C-rich 
regions in the 5′ UTR of CCAAT/enhancer binding 

Box 2 | RNA–RNA-binding protein interplay during differentiation

Specifically	expressed	in	germ	cells,	
dead	end	1	(DND1)	is	a	negative	
modulator	of	microRNA-induced	
silencing	complex	(miRISC)	activity.	
In zebrafish	and	human	germ	cells,	
DND1	binds	uridine-rich	regions	(URRs)	
in	the	3′	untranslated	regions	(UTRs)	of	
germline-specific	genes,	which	either	
sequesters	mRNAs	or	physically	
displaces	miRISC	to	alleviate	microRNA	
(miRNA)-mediated	suppression182.	In	
zebrafish,	the	miR-430	family	represses	
translation	of	the	germ	cell	factors	
nanos1	(also	known	as	nanos3),	tdrd7 and 
deleted in azoospermia-like (dazl).	The	human	orthologues	of	the	miR-430	family,	which	comprises	miR-371–373	
and	miR-518–520,	are	oncogenic	in germ	cells	and	associated	with	increased	proliferation,	migration,	invasion	and	
metastasis183,184.	DND1	alleviates	miR-372-mediated	repression	of	large	tumour	suppressor	2	(LATS2)	and	also	
miR-221-	and	miR-222-mediated	repression	of	cyclin-dependent	kinase	inhibitor 1B (CDKN1B)182.	In	mouse	germ	
cells,	DND1	directly	interacts	with	apolipoprotein	B	mRNA-editing	complex	3	(APOBEC3),	but	whether	these	
RNA-binding	proteins	(RBPs)	cooperatively	de-repress	germ-cell-specific	genes	is	not	known185.	DAZL	also	
antagonizes	miRNA	function	in	human	germ	cells.	During	embryogenesis,	DAZL	binds	URRs	and	drives	
polyadenylation	through	interaction	with	poly(A)-binding	protein	1	(PABP1),	thereby	antagonizing	the	miRNA	
effect186.	DAZL	in	humans	is	found	associated	with	pumilio	2	(PUM2),	either	as	an	RNA-binding	complex	or	bound	
to	separate	motifs187,188.	Although	PUM	proteins	generally	function	in	gene	silencing,	the	fate	of	mRNAs	jointly	
targeted	by	DAZL	and	PUM2	in	the	context	of	human	germ	cells	is	unclear.	The	RBPs	DND1,	DAZL	and	PUM2	
are essential	for	germline	development	and	form	part	of	an	extended	network	of	post-transcriptional	regulation	
for	the	maintenance	of	stemness.	Although	these	RBPs	are	mainly	expressed	in	germ	cells,	their	regulatory	
mechanisms	could	be	relevant	in	tumours	with	acquired	multipotency	or	pluripotency.	This	hypothesis	needs	to	
be examined	in	the	future.	ORF,	open	reading	frame.
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Figure 3 | Mechanisms of microRNA–RNA-binding protein interplay 
in various cellular processes. Schematics of the versatile roles of 
RNA-binding proteins (RBPs) in regulation of microRNA (miRNA)- 
mediated repression under various conditions. Deregulation of miRNAs  
or RBPs in cancer can be due to altered expression, localization, activity or 
stability of these regulators. Also, both RBPs and miRNAs are dependent 
on the secondary structure of their target RNA for accessibility. The mRNA 
is presented linearly for simplicity. a | In response to cellular stress, HuR is 
dephosphorylated and translocates, which relieves cationic amino acid 
transporter 1 (CAT1) mRNA from miR-122-mediated repression. HuR is 
also required for let-7-mediated repression of MYC mRNA. Binding of  
HuR to AU-rich elements (AREs) in the 3′ untranslated region (UTR)  
of eukaryotic translation initiation factor 4E (eIF4E) mRNA promotes 
production of eIF4E protein, which is a positive modulator of MYC  
mRNA stability. b | Under hypoxic conditions, heterogeneous nuclear 
ribonucleoprotein L (HNRNPL) and HuR translocate and target the 3′ UTR 
of vascular endothelial growth factor (VEGF) mRNA. Through competitive 
binding of CA-rich sites, HNRNPL relieves miR-297- or miR-299-mediated 
repression of VEGF mRNA. Also, HNRNPL binding causes a change in 
secondary structure of VEGF mRNA that impedes translational repression 
by interferon-γ-activated inhibitor of translation (GAIT). VEGF mRNA  
can be stabilized by HuR binding to AREs downstream of the 3′ UTR.  

c | The binding of HNRNPE2 to C-rich regions in the 5′ UTR of CCAAT/
enhancer binding protein-α (CEPBA) mRNA represses protein translation. 
The C-rich mature form of miR-328 competes with CEPBA for binding of 
HNRNPE2, which is induced by CEPBA-stimulated transcription of 
miR-328. d | Tristetraprolin (TTP) interaction with an Argonaute (AGO) 
protein enables miR-16-mediated repression of tumour necrosis factor 
(TNF) and cyclooxygenase 2 (COX2). TTP is also known to bind AREs and 
promote ARE-mediated mRNA decay by recruiting components of the 
degradation machinery, as is demonstrated for VEGFA, hypoxia inducible 
factor 1α (HIF1A), large tumour suppressor 2 (LATS2) and MYC. e | On 
binding of insulin-like growth factor 2 mRNA-binding protein 1 (IGF2BP1) 
to the coding region of MYC mRNA, the mRNA is sequestered and 
protected from cleavage and subsequent decay by an endoribonuclease 
within a region termed the coding region determinant (CRD). IGF2BP1 
also relieves miR-183-mediated targeting of the coding region of BTRC 
mRNA and miR-340-mediated targeting of the 3′ UTR of microphthalmia-
induced transcription factor (MITF) mRNA, where IGF2BP1 is thought to 
bind on recognition of a CAUH motif. f | Phosphorylation of pumilio 1 
(PUM1) activates binding of this RBP to the UGUANAUA pumilio 
recognition element (PRE). The change in secondary structure of 
cyclin-dependent kinase inhibitor 1B (CDKN1B) mRNA enables miR-221 
or -222 to access its binding site in the 3′ UTR.
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protein-α (CEPBA) mRNA, a key regulator of differen-
tiation, represses protein translation and myeloid dif-
ferentiation129. The C-rich mature form of miR-328 
competes with CEPBA for binding of HNRNPE2 in a 
RISC-independent manner128. Intriguingly, this com-
petition is induced by CEPBA-stimulated transcrip-
tion, mainly of miR-328 and other miRNA genes128,130. 
It is conceivable that miR-328 sequesters other C-rich 
region-binding proteins, such as PCBP4 and HNRNPK, 
in a similar way or that other miRNAs containing an 
RBP recognition motif function likewise. The importance 
of this interaction in the context of cancer is stressed by 
the loss of miR-328 in chronic myelogenous leukaemia. 
Here, HNRNPE2 activity is upregulated by oncogenic sig-
nalling and results in lower miR-328 levels. Subsequent 
deregulation of direct HNRNPE2 targets, as well as 
miR-328 targets (such as MYC and PIM1), contributes to 
cancer progression128,129,131.

Tristetraprolin. Another ARE-targeting RBP is tristetrap-
rolin (TTP; also known as ZFP36), an mRNA decay 
factor that recruits components of the mRNA degrada-
tion machinery to the bound target and directs ARE-
mediated decay120,132. Tumour necrosis factor (TNF), 
VEGFA, hypoxia inducible factor 1α (HIF1A), cyclooxy-
genase 2 (COX2; also known as PTGS2), large tumour 
suppressor 2 (LATS2) and MYC are among numerous 
TTP targets, establishing links with apoptosis and prolif-
eration133–138 (FIG. 3d). Interestingly, human tumours fre-
quently lack TTP expression, and low TTP mRNA levels 
correlate with a poor prognosis139. Several studies have 
also reported interactions between TTP and components 
of the RISC machinery, as well as overlap between the 
associated mRNA degradation machinery (reviewed in 
REF. 140). For example, TTP can induce mRNA decay by 
decapping in a manner that requires both binding to an 
ARE in the 3′ UTR and interaction of the RBP with the 
decapping complex. However, it has been reported that 
TTP interaction with AGO2 instead of binding to AREs 
enables miR-16-mediated repression of TNF and COX2 
in human cells141. These data suggest that there may be 
multiple mechanisms whereby TTP and miRNAs can 
synergistically promote mRNA degradation.

Cell cycle control by RBP–miRNA interplay. On activa-
tion of β-catenin signalling, the insulin-like growth fac-
tor 2 mRNA-binding protein 1 (IGF2BP1; also known as 
CRDBP or IMP1) increases levels of MYC and an F-box 
protein, βTrCP1 (also known as FBW1A), by targeting 
a recognition motif in the protein coding region142,143 
(FIG. 3e). IGF2BP1 captures the mRNAs in cytoplasmic 
particles, thereby providing protection from decay, pos-
sibly with assistance from IGF2BP1-associated RBPs144. 
Moreover, IGF2BP1 was found to control degradation of 
BTRC (which encodes βTrCP1) by disrupting the asso-
ciation of miR-183 and AGO2 with a target site in the 
BTRC coding region145. Additionally, IGF2BP1 targets 
the 3′ UTR of a microphthalmia-induced trans cription 
factor (MITF) isoform that is predominantly expressed 
in melanoma and prevents miR-340-mediated repres-
sion of MITF146. Whereas IGF2BP1 proteins are barely 

detectable in normal cells, overexpression is seen in 
human tumour cells and correlates with high MYC 
mRNA levels and poor prognosis145,147. Moreover, knock-
down of IGF2BP1 in colorectal cancer cells reduces col-
ony formation and stimulates apoptosis142. Thus, part of 
IGF2BP1’s multifunctional activity is to bind mRNAs, 
prevent miRNA-mediated repression and regulate 
tumour progression.

The mRNA 3′ UTR of CDKN1B (also known as p27), 
a crucial inhibitor of cell cycle progression, harbours 
an 8-nt recognition motif for pumilio 1 (PUM1) near a 
miR-221 and miR-222 target region59,148 (FIG. 3f). Under 
starved conditions, these reverse complementary regions 
form a stem–loop RNA structure, prohibiting miRNA 
binding149. However, on growth factor stimulation, 
both phosphorylation and upregulation of PUM1 pro-
mote RNA binding activity, exposing the miR-221 and 
miR-222 site and allowing repression of CDKN1B. In fact, 
several other cell cycle regulators have been identified as 
human PUM1 targets and are repressed through their 
mRNA 3′ UTR148,150. Furthermore, enrichment of PUM 
motifs in low-accessibility target 3′ UTRs of miR-410, 
together with consistent target expression data in various 
cancer cell lines, support the idea that PUM1 cooperates 
with miRNAs by inducing conformational changes151.

As reported by Steitz and colleagues152, the repression 
of ARE-containing mRNAs switches to translational 
activation on growth factor deprivation and subsequent 
cell cycle exit. Whereas miRNAs act as repressors under 
proliferative conditions, the binding of miRNAs to AREs 
now stabilizes target mRNAs by an unspecified mecha-
nism153. Strikingly, besides complementary miRNA bind-
ing, this process requires recruitment of the RBPs AGO2 
and fragile X mental retardation syndrome-related 
protein 1 (FXR1) to the ARE. FXR1 may function as a 
translational repressor by binding to the ARE in prolif-
erating cells154. However, despite these and other data, the  
mechanism for activation has not yet been elucidated.

Alternative splicing and polyadenylation. Genome-wide 
analysis of mature mRNAs reveals alternative transcripts 
of individual genes with diverse composition and length. 
About half of the mammalian genes express mRNA iso-
forms varying in 3′ UTR length or sequence as a result of 
alternative polyadenylation (APA)155. APA can occur in 
two modes: 3′ exon switching, which requires splicing-
dependent terminal exon selection, and tandem UTRs, 
where different polyadenylation sites (PASs) occur in 
the same terminal exon. Recognition of a PAS by the 
polyadenylation machinery is directed by RNA cleavage 
factors, which select the site of cleavage and determine 
3′ UTR length. Interestingly, switching to shorter 3′ UTR 
forms may circumvent 3′ UTR-mediated regulation by 
miRNAs and RBPs, conveying changes in mRNA and 
protein abundance156,157.

Whereas in the majority of 3′ UTRs with APA the 
canonical poly(A) signal is distally located, substantial 
expression of mRNAs with shorter 3′ UTRs is observed 
in proliferating and less differentiated cells146,156,158. For 
several genes, mRNA isoforms with shorter 3′ UTRs are 
expressed at higher levels in transformed cells than in 
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non-transformed cells, possibly owing to changes in RBP 
activity158. In human colorectal cancer cell lines, binding 
of TTP to the COX2 3′ UTR promotes the use of the 
proximal PAS134. Overexpression of a shorter, but not 
full length mRNA isoform of IGF2BP1 leads to onco-
genic transformation158. However, the exact changes in 
APA that correlate with tumour development, as well 
as the mechanisms that operate to control them, are 
largely unknown.

Conclusions and perspectives
miRNAs are often deregulated in cancer. However, 
miRNA deregulation is rarely caused by gene amplifi-
cation or disruption, most probably owing to redun-
dant functions in different genomic loci. Frequently, 
changes in transcription rate and processing, as well 
as miRNA activity, are observed. Although transcrip-
tion factors and chromatin modulators account for 
alterations in miRNA production, which explain sev-
eral cases of miRNA overexpression in cancer, RBPs 
and their interacting partners mostly cause the changes 
observed in miRNA processing and activity. In can-
cer these range from disruption of miRNA biogenesis 

core components to changes in the secondary struc-
ture of miRNA target sites, and from a global effect 
on miRNA processing to specific regulation of select 
3′ UTRs. Interestingly, in response to external or inter-
nal stimuli, RBPs can dynamically shape the extent of 
miRNA-mediated repression to maintain robust gene 
expression. In this way, the 3′ UTR can be considered a 
multi-faceted docking platform for post-transcriptional 
regulators that either synergistically or antagonistically 
fine-tune gene expression in time and space. The fact 
that 3′ UTRs frequently contain multiple evolutionary 
conserved binding sites for both miRNAs and RBPs 
suggests that the interplay between RBPs and miR-
NAs is a crucial component of gene regulation. Novel 
high-throughput techniques to measure RNA–RNA 
and RNA–protein interactions (reviewed in REF. 159) 

(TABLE 2), as well as to monitor mRNA secondary 
structure160, should enable us to connect networks 
of post-transcriptional regulation and decipher their 
relevance for cancer initiation and progression. This 
exciting playground of RBPs and miRNAs still holds 
secrets that, when uncovered, hopefully will reveal 
networks with potential therapeutic benefits.

Table 2 | Current methods for isolating RNPs to identify interactions between RNA and RBPs or miRISC 

Method Procedure Refs

RIP-chip Microarray profiling of endogenous mRNAs associated with immunoprecipitated RBPs  
and identification of sequence motifs among the bound targets

191

SELEX Immunoprecipitation of RBPs bound to artificial 52-nt RNAs in vitro, followed by cDNA 
sequencing to identify sequence motifs

192

Genomic SELEX Analogous to SELEX, but using a genome-based RNA pool, generated by random priming 
and in vitro transcription to reduce complexity and increase sensitivity

193

HITS-CLIP RBP immunoprecipitation with prior in vivo ultraviolet-light-mediated crosslinking of  
RNA–protein interactions, followed by deep sequencing of linked RNA fragments

194

Ribotrap Expression of a reporter mRNA containing a 3′ untranslated region recognition site for 
a known RBP, followed by RBP immunoprecipitation and analysis of associated RNP 
components by mass spectrometry

195

RNA competition Definition of RBP binding preferences by microarray analysis of RBP-bound sequences 
in vitro from an abundant pool of 29–38-nt small RNAs. This approach yields binding 
preferences for either structured or unstructured RNA

196

PAR-CLIP Analogous to HITS-CLIP, but using incorporation of the nucleotide analogue 4SU into the 
RNA, which allows efficient crosslinking and direct identification of the RBP binding site by 
deep sequencing

143

RaPID Identification of RNP components associated to RNA-aptamer tagged mRNA in vivo by 
mass spectrometry, which allows detection of different RNA species captured in the same 
RNP by quantitative real-time PCR

197

4SU, 4-thiouridine; HITS-CLIP, high-throughput sequencing of RNAs isolated by crosslinking immunoprecipitation; miRISC, 
microRNA-induced silencing complex; nt, nucleotide; PAR-CLIP, photoactivatable ribonucleoside-enhanced crosslinking and 
immunoprecipitation; RaPID, RBP purification and identification; RBP, RNA-binding protein; RIP-chip, RBP immunoprecipitation 
on cDNA array chip; RNP, ribonucleoprotein; SELEX, systemic evolution of ligands by exponential enrichment.
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