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Abstract
MicroRNAs (miRNAs) are ~22-nucleotide-long noncoding RNAs that normally function by
suppressing translation and destabilizing messenger RNAs bearing complementary target
sequences. Some miRNAs are expressed in a cell- or tissue-specific manner and may contribute to
the establishment and/or maintenance of cellular identity. Recent studies indicate that tissue-
specific miRNAs may function at multiple hierarchical levels of gene regulatory networks, from
targeting hundreds of effector genes incompatible with the differentiated state to controlling the
levels of global regulators of transcription and alternative pre-mRNA splicing. This multilevel
regulation may allow individual miRNAs to profoundly affect the gene expression program of
differentiated cells.

There is a surprisingly small difference in the number of protein-encoding genes between
organisms of vastly different morphological and behavioral complexity. A plausible
explanation for this paradox may be in the increased elaboration of gene regulatory networks
at the levels of transcription (1) and alternative pre-mRNA splicing (2). More recently,
miRNAs have been proposed to play a role in the expansion of organismal complexity (3).
Indeed, some miRNAs are expressed in a cell- or tissue-specific manner during embryonic
development, suggestive of a role in cellular differentiation (4) [also see essay by O. Hobert
in this issue (5)]. Certain of these tissue-specific miRNAs, such as miR-1 and miR-124,
which are expressed in muscle cells and neurons, respectively, have been shown to stimulate
differentiation of the corresponding cell types (6–8).

Targeting Gene Batteries
Several distinct molecular mechanisms may underlie the biological functions of miRNAs.
Individual miRNAs can repress large sets of mRNAs that are not required at a particular
developmental stage (9, 10). A number of these miRNA targets fall into the category of
“gene batteries,” sets of functionally related effector genes that represent outputs of gene
regulatory networks (11). Indeed, when miR-124 is introduced into nonneuronal mammalian
cells a preferential reduction in the amounts of multiple nonneuronal mRNAs, for example,
those encoding proteins required for cell proliferation or neural stem cell function, is
observed (7, 9, 12). Conversely, depletion of miR-124 from primary neurons leads to the
accumulation of a number of nonneuronal mRNA targets (13). A similar mode of action has
been reported for miR-1 (9). Thus, in cells undergoing differentiation, miRNAs can
effectively deplete unwanted mRNAs left over from progenitor cells. Furthermore, miRNAs
may regulate a fraction of mRNA targets at the level of translation without affecting their
stability (14, 15).

Targeting Regulators of Transcription
MiRNAs can also control the expression of critical transcriptional regulators, as first shown
by the repression of transcription factor lin-14 by miRNA lin-4 (16, 17). Another example is
miR-124, which targets mRNA of the small C-terminal domain phosphatase 1 (SCP1/
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CTDSP1) protein, a component of the RE1-silencing transcription repressor (REST/NRSF)
(6) (Fig. 1). REST represses the transcription of a large number of neuron-specific genes in
nonneural cells (13). Thus, by reducing SCP1 expression in differentiating neurons,
miR-124 may facilitate the derepression of the neuronal transcription program (6). The
REST complex may also repress miR-124 gene expression and thus establish a double-
negative feedback loop between miR-124 and the REST complex (6, 13) (Fig. 1). Similarly,
miR-1 and another muscle-specific miRNA, miR-133, regulate several transcription factors
essential for muscle development (4, 8).

Targeting Regulators of Alternative Splicing
Recent studies have identified yet another activity of miRNAs: the induction of large-scale
changes in gene expression by targeting global regulators of alternative pre-mRNA splicing
(7, 18). In early muscle cell precursors, a repressor of alternative splicing called
polypyrymidine tract-binding protein 1 (PTBP1/PTB/hnRNP-I) and its homolog, PTBP2
(nPTB/brPTB/PTBLP), repress the inclusion of a number of muscle-specific exons into
mature mRNAs. However, upon myotube differentiation, PTBP1 and PTBP2 protein
quantities are reduced, leading to increased inclusion of their target exons during splicing.
This splicing switch is regulated, at least in part, by miRNAs: The aforementioned miR-133
strongly suppresses PTBP2 production, whereas miR-1 and its sequence homolog miR-206
may also contribute to down-regulation of the PTBP1 and PTBP2 quantities during muscle
development (18).

The amounts of PTBP1 and PTBP2 are also regulated by miRNAs during the development
of the nervous system (7, 19). PTBP1 functions in this context as a repressor of neuron-
specific alternative exon inclusion, and it is expressed in neural precursors as well as many
other types of nonneuronal cells. However, in differentiating and mature neurons, PTBP1
quantities decrease, leading to the inclusion of a number of neuron-specific alternative exons
in mature mRNA (19). Similar to the regulation in muscle cells, the reduced PTBP1
expression in neurons is mediated by miR-124, which interacts with conserved and
nonconserved cognate target sites in the 3′ untranslated region (3′UTR) of the PTBP1
mRNA (7) (Fig. 1).

In addition to other alternative exons, PTBP1 represses the inclusion of exon 10 of PTBP2
pre-mRNA (7, 19, 20). When this exon is skipped (i.e., excluded from mature mRNA),
PTBP2 mRNA acquires a premature termination codon and as a result is degraded by the
nonsense-mediated decay machinery (7, 19, 20). During neuronal differentiation, miR-124
quantities increase, thus reducing PTBP1 amounts and resulting in the accumulation of
correctly spliced PTBP2 mRNA, which in turn leads to a substantial increase in PTBP2
protein. Notably, although PTBP1 and PTBP2 are closely related homologs, PTBP1 appears
to be a much stronger repressor of neuron-specific alternative exons (7, 19). Thus, the
reduction in PTBP1 and increase in PTBP2 results in a global switch from nonneuronal to
neuron-specific alternative splicing patterns, leading to the production of neuron-specific
protein isoforms. Interestingly, PTBP2 mRNA contains conserved miR-124 binding sites
that allow miR-124 to suppress PTBP2 expression, albeit less efficiently than PTBP1 (7).
This regulation may provide a mechanism that dampens PTBP2 expression (Fig. 1).

The increasing diversity of cellular differentiation in metazoans, accompanied by an
increase in the complexity of gene regulatory networks, must have required a mechanism to
prevent interference between spatially or temporally adjacent gene expression programs.
The above examples argue that at least some miRNAs play an important role in this
mechanism by effectively rewiring the cell-specific networks at all levels of the regulatory
hierarchy, from the gene battery to global regulators of transcription and alternative splicing.
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It seems likely that other examples of this multilevel regulation will be revealed as target
repertoires of other miRNAs are determined.
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Fig. 1.
MiR-124 controls an extensive gene regulatory network. Active regulatory interactions are
shown as solid black lines. Inactive interactions are in gray. Weaker regulatory interactions
are rendered as thinner lines. Gene battery expression inputs to the cellular transcriptome are
indicated as dashed lines. Nonneuronal elements are colored in dark blue (present) or light
blue (absent); neuron-specific elements are colored in corresponding shades of red. This is a
simplified diagram that does not account for potential inputs from other neuron-specific
miRNAs, as well as the recently identified miRNA function in translational activation (15).
Furthermore, PTBP1 and PTBP2 may also activate subsets of alternative exons by using a
yet-to-be understood mechanism (19). (A) In nonneuronal cells or neural precursors,
miR-124 is either absent or present at a low amount, which allows efficient expression of
global repressors of neuronal transcription and alternative pre-mRNA splicing, as well as
nonneuronal gene batteries. (B) In differentiating neurons, miR-124 quantities increase,
leading to the down-regulation of corresponding repressors, thus allowing the production of
the corresponding neuronal proteins. Inversely, the nonneuronal battery genes are directly
down-regulated by miR-124.
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