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Translational control in cellular and
developmental processes

Jian Kong and Paul Lasko

Translational control contributes immensely to the
establishment of the intricate complexity of genetic
regulation that is necessary for the development of mul-
ticellular organisms. It provides possibilities for con-
trolling the spatial deployment of a protein that cannot
be achieved through controlling transcription alone.
Many translationally regulated mRNAs encode pro-
teins whose correct distributions are essential for devel-
opmental processes, such as embryonic patterning, or
for cellular processes, such as synaptic transmission'.
Translational regulation of pre-existing mRNA can also
provide a highly dynamic temporal response, which is
exemplified by the immediate commencement after
fertilization of global protein synthesis from maternally
expressed and silenced mRNAs in the embryos of many
species. The central role of post-transcriptional mecha-
nisms of genetic regulation, including that of transla-
tional control, in establishing the proteome and enabling
cellular and developmental processes is exemplified by
the observation that only 40% of variability of protein
levels in mouse embryonic fibroblasts is attributable to
mRNA levels®. In addition, localization of mRNAs
to particular subcellular regions is now known to be
widespread® even in cells that are not as specialized as
oocytes or neurons, where it has been most thoroughly
studied. Localization of mRNA is usually coupled to
translational control to restrict the distribution of the
corresponding protein spatially.

This Review will explore various means by which
interactions between RNA-binding proteins, transla-
tion initiation factors and the ribosome can be regulated
in cellular and developmental processes. Regulation by

Abstract | Growing evidence indicates that translational control of specific mMRNAs
contributes importantly to genetic regulation across the breadth of cellular and
developmental processes. Synthesis of protein from a specific mMRNA can be controlled
by RNA-binding proteins at the level of translational initiation and elongation, and
translational control is also sometimes coupled to mRNA localization mechanisms.
Recent discoveries from invertebrate and vertebrate systems have uncovered novel
modes of translational regulation, have provided new insights into how specific
regulators target the general translational machinery and have identified several new
links between translational control and human disease.

microRNAs (miRNAs) is another extremely important
mechanism of regulating translational activity and sta-
bility of mRNAs that has also been linked to genetic dis-
ease. However, this area has been extensively reviewed
by others (for example, REFS 4,5) and will not be fur-
ther considered here. Furthermore, translation of many
viral and some cellular mRNAs is initiated through an
alternative mechanism that is independent of the 5’ cap
structure, in which the ribosome is recruited to a struc-
tured site on the mRNA called the internal ribosome
entry site (IRES). IRES-mediated translation has been
reviewed elsewhere®” and will not be discussed in detail
in this Review.

In this Review, we first discuss mechanisms that regu-
late the initiation of translation by modulating the bind-
ing of essential translation initiation factors to the 5’ cap
structure. Next, we review processes that regulate trans-
lation by acting on the length of the poly(A) tail of target
mRNAs. In subsequent sections, we turn to the regu-
lation of mRNAs that have short open reading frames
(ORFs) upstream of their main ORFs (these are known
as upstream ORFs (uORFs)) and then to translational
control at later stages of the process, such as ribosomal
subunit joining and elongation. Processes by which ribo-
somal proteins function outside ribosomes to regulate
translation is discussed in the next section, followed
by a review of how post-transcriptional modifications
of nucleotides in ribosomal RNAs (rRNAs) modulate
ribosome function. Later sections of the Review include
a discussion of translational masking, the targeting of
mRNAs into translationally silent particles and how
the phenomenon of mRNA localization is coupled to
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Mammalian target of
rapamycin complex 1
(mTORC1). A signalling
complex that senses nutrient
abundance and regulates cell
growth and proliferation
accordingly.

translational regulation. Finally, examples are given that
demonstrate how these processes are related to human
disease.

Translational control involving the 5’ cap structure
Translation proceeds through three phases — ini-
tiation, elongation and termination — and the initia-
tion phase (FIG. 1) is subject to the greatest degree of
regulation®®. Most eukaryotic mRNAs are recruited to
the ribosome through a mechanism that involves the
5" 7-methylguanosine ('mG) cap structure, to which
initiator factors eventually bind to recruit the ribo-
some (FIC. 1). In this section, we consider how regula-
tion of cap-dependent initiation is implicated in cell
proliferation and development.

Translational control by elF4E-binding proteins. Proteins
that bind to the translation initiation factor eukary-
otic translation initiation factor 4E (eIF4E), which are
called eIF4E-binding proteins (4EBPs), can prevent
ribosome recruitment by competing with the initia-
tion factor eIF4G for binding to eIF4E. 4EBPs thereby
block the assembly of eIF4F, which is itself a complex
of eIF4E and two other initiation factors called eIF4A
and eIF4G, and thereby repress translation (FIC. 2a,b).
The binding affinity of 4EBPs to eIF4E is regulated by
phosphorylation; increased phosphorylation promotes
dissociation of 4EBPs and thus increases translational
activity. The binding specificity of 4EBPs is regulated
through an associated RNA-binding protein, which
is often (but not always) a member of the PUF family
(FIG. 2). How widespread this mechanism of translational
regulation is can be seen in Saccharomyces cerevisiae, in
which translation of over 1,000 mRNAs is regulated by
either of two 4EBPs, Eapl and Caf20, which associate
with different PUF proteins'.

Regulation by 4EBPs is important in cell cycle con-
trol. Activity of 4EBPs is modulated by intercellular
signalling pathways that act on protein kinases. For
example, 4EBP1 is a key effector of signalling pathways
that regulate cell proliferation (and, in lower eukaryotes,
cell size) in response to growth factors and nutrient sta-
tus. Growth factors such as insulin promote the binding
of 4EBP1 to the Raptor subunit of the mammalian target
of rapamycin complex 1 (mTORC1), which is a key sensor
of nutrient status'"'? (FIC. 3). Activity of mTORCI has
been linked to phosphorylation of 4EBPs (in addition
to phosphorylation of many other targets) and to conse-
quent translational activation of a set of cell cycle regu-
lators that drive cell cycle progression in mammalian
cultured cells® (FIC. 3). Presumably related to this role,
in response to nutrient status, mice that lack 4EBP1 and
4EBP?2 are obese and have increased insulin resistance
and increased fat accumulation'. These mice also show
defects in myelopoiesis with increased titres of immature
granulolytic precursor cells and a concomitant decrease
in more mature cell types'.

In Drosophila melanogaster, Thor (also known as
4EBP) transcription can also be stimulated through
TORCI. Transcription of 4EBP is activated by the tran-
scription factor forkhead box protein O (FOXO), which
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<Figure 1| An overview of cap-dependent translation initiation. The small
ribosomal subunit (40S) becomes associated with eukaryotic translation initiation
factors (elFs) 1, 1A, 3 and 5 (labelled as such in the figure) and then with the ternary
complex, which is itself composed of the initiator Met-tRNA, elF2 ('2") and GTP. This
produces the 43S pre-initiation complex (PIC). Next, the mRNA is recruited to the 43S
PIC through an association between the elF4G subunit of the cap-binding complex and
the 40S-bound elF3 to form the recruitment complex. An association between elF4G
and poly(A)-binding protein (PABP) also promotes mRNA recruitment to the ribosome.
After the mRNA is recruited, 40S that is bound to elFs scans from 5" to 3" untilan
initiation codon is found; the complex is now termed the 48S initiation complex. Next,
the large ribosomal subunit (60S) is recruited to the complex. This involves elF5B (‘'5B’)
and the release of elF2-GTP, elF1, elF3 and elF5. After subunit joining, elF1A and
elF5B-GDP are released. This marks the end of the initiation phase, and elongation then
commences. For simplicity in all panels, some details and auxiliary factors have been
omitted, and many multi-subunit components are represented by a single shape.

is positively regulated by the insulin-signalling pathway
by AKT-dependent phosphorylation (FIC. 3). Increased
FOXO and 4EBP activity enhances autophagy and
removal of protein aggregates that accumulate over time
in muscle tissue, thus regulating tissue ageing'®. Related
to this function of 4EBP in regulating tissue ageing,
D. melanogaster 4EBP can extend lifespan under die-
tary restriction. 4EBP is activated under limited nutri-
ents, leading to the preferential translation of a set of
mRNAs that have less structured 5’ untranslated regions
(UTRs). This set includes mRNAs that encode mito-
chondrial electron transport chain complexes, resulting
in increased mitochondrial activity’.

Acting through a different signalling pathway, other
4EBPs have been implicated in regulating cell prolifera-
tion in early embryonic development in D. melanogaster
and Xenopus laevis. Maskin is a 4EBP that regulates
translation of target mRNAs, including cyclin Bl
(ccnbl), that contain cytoplasmic polyadenylation ele-
ments (CPEs) in their 3'UTRs'®. Mitotic entry requires
ccnbl, which is expressed during the G2 and M phases
of the cell cycle but is destroyed and translationally
silenced during G1 and S phases". For ccnblI translation
to occur, maskin has to dissociate from elF4e to allow
the eif4e-eif4g interaction. CPE-binding protein la
(cpebla; see below) triggers the elongation of the ccnbl
mRNA poly(A) tail, which enables binding of poly(A)-
binding protein 1a (pabp1la), which also binds eif4g and
promotes maskin dissociation from eif4e®. In X. laevis
embryo extracts, the affinity of maskin for eif4e is pri-
marily modulated by cdkl-dependent phosphorylation
and calcineurin-dependent dephosphorylation, result-
ing in oscillating translation of ccnblI throughout the
cell cycle?®?'. Although characterized in early embryo-
genesis, 4EBPs such as maskin are likely to have a more
widespread developmental role.

Another example of a 4EBP regulating translation in
early development is the D. melanogaster 4EBP called
CUP. In this case, the regulation is related to patterning
rather than to cell cycle and proliferation, showing that
this mode of translational control is involved in diverse
processes. CUP represses the translation of oskar (osk)
and nanos (nos) mRNAs, restricting these proteins
to the posterior cytoplasm, which is essential for cor-
rect embryonic patterning (BOX 1,2). CUP is recruited
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to its target mRNAs by associating with particular
RNA-binding proteins: Bruno (BRU) in the case of
osk? and Smaug (SMG) in the case of nos*. However,
CUP is much more functionally complex than mam-
malian 4EBPs. Although CUP indeed induces transla-
tional repression, surprisingly, this does not require its
eIF4E-binding activity and thus does not involve com-
petition for elF4G***. Rather, CUP affects poly(A) tail
length by recruiting the CCR4 deadenylase complex (see
below) to its target mRNAs. CUP-associated mRNAs
are not subsequently degraded, however, as they are
protected by an amino-terminal regulatory domain of
CUP through a mechanism that prevents decapping and
requires one of the two eIF4E-binding motifs of CUP.

4EBPs may be involved in synaptic plasticity by their
association with the fragile X mental retardation protein
(FMRP), which is a neuronal RNA-binding protein that
negatively regulates protein translation. Synaptic plas-
ticity is necessary for learning and long-term memory
and requires new protein synthesis, including local pro-
tein translation in dendrites and at the synapse*. FMRP
can be recruited to eIF4E by a 4EBP called cytoplas-
mic FMR1-interacting protein 1 (CYFIP1). Reduction
of CYFIP1 in neurons increased the levels of proteins
encoded by mRNAs targeted by FMRP, such as Map1b,
aCamk2 and App?¥, indicating a role for FMRP and
CYFIP1 in regulating translation initiation. FMRP
has also been implicated in regulation of translational
elongation (see below).

Repression by competitive inhibition of eIF4E binding
to the cap. Another mode of translational repression at
the cap structure involves eI[F4E homologous protein
(4EHP). 4EHP is an elF4E-related protein that binds to
the 5’ cap structure but cannot bind eIF4G or 4EBPs,
thus it represses translation by blocking assembly of
eIF4F at the cap®. In D. melanogaster, translational
control by 4EHP is involved in generating protein gra-
dients that are essential for specifying embryonic pat-
tern (BOX 1). 4EHP is recruited to caudal (cad) mRNA
by bicoid (BCD) (FIG. 2b). cad encodes a transcriptional
regulator that is involved in establishing anterior-to-pos-
terior pattern in the early embryo. BCD binds to both
4EHP and the cad 3’'UTR. As BCD is distributed in a
gradient with the highest concentration in the anterior
of the embryo, a posterior-to-anterior gradient of CAD
is thus produced®. Another target of 4EHP-mediated
translational control in D. melanogaster is hunchback.
Hunchback is also a transcriptional regulator involved in
anterior-to-posterior patterning. Recruitment of 4EHP
to hunchback involves several proteins, including brain
tumour (BRAT), nanos (NOS) and pumilio (PUM). In
mammals, there is also evidence for 4EHP-dependent
translational control of important developmental tran-
scriptional regulators; homeobox B4 (HOXB4) mRNA
translation is repressed by 4EHP***!, and HOXB4 is a
transcriptional regulator implicated in stem cell self-
renewal®. Cap-binding activity of human 4EHP, as well
as its ability to inhibit translation of a reporter mRNA
with the cad 3'UTR, is substantially increased by modifi-
cation by the ubiquitin-like protein ISG15 (REF. 33). This

NATURE REVIEWS ‘ GENETICS

ADVANCE ONLINE PUBLICATION | 3

© 2012 Macmillan Publishers Limited. All rights reserved




REVIEWS

a Competitive inhibition of elF4E binding to elF4G

¢ Regulation of polyadenylation state
AAAAAAAAA

CPEB > .
% Polyadenylation

AAA

SMG, NOS,
BICC, C3H4,

Deadenylation
and so on

Figure 2 | Three mechanisms for regulating translation
of specific mRNAs. In cap-dependent translation,
recruitment of the mRNA to the small ribosomal subunit
requires the association of eukaryotic translation initiation
factor 4F (elF4F) with the 5’ cap structure on the mRNA.
elF4F has three subunits called elF4E, elF4G and elF4A
(labelled ‘4E’, ‘4G’ and ‘4A’ in the figure, repectively). The
elF4E subunit binds the cap structure. Mechanisms that
inhibit elF4E binding to the cap or that inhibit the assembly
of elF4F will in turn inhibit translation initiation.

a| Translational repression by competitive inhibition

of elF4E binding to elF4G. In this mechanism, an elF4E-
binding protein (4EBP) is recruited to a target mRNA by an
RNA-binding protein, often of the PUF family. elF4E binds
to the 4EBP and is thus locally sequestered away from
elF4G, preventing cap-binding-complex assembly and thus
recruitment of the mRNA to the 43S pre-initiation complex
(PIC). Some types of 4EBP-mediated regulation are
reversible by phosphorylation of the 4EBP (shown by

the yellow circles), which in turn can be responsive to
intercellular signalling mechanisms. b | Translational
repression by competitive inhibition of elF4E binding to the
cap by an alternative cap-binding protein (namely, elF4E2;
also known as 4EHP) that cannot bind elF4G. 4EHP is
recruited to the target mRNA by an RNA-binding protein
(bicoid (BCD) in the example illustrated), which prevents
the recruitment of elF4E and the assembly of a cap-binding
complex. It is unknown whether and how this type of
repression can be reversed. ¢ | Translational regulation
through effects on polyadenylation. Deadenylases such
as CCR4 reduce translational activity, whereas poly(A)
polymerases (PAPs) such as GLD2 increase translational
activity. Deadenylases or polyadenylases can be recruited
to target mMRNAs by RNA-binding proteins that recognize
specific sequence or structural elements. For simplicity,
proteins that mediate the interactions between the
RNA-binding protein and CCR4 or PAPs have been omitted
from the drawing, and the multi-subunit CCR4 complex

is represented as a single shape. BBD, Bicoid binding
domain; BICC, bicaudal C; cad, caudal; CPEB, cytoplasmic
polyadenylation element (CPE)-binding protein;

NOS, nanos; SMG, Smaug.

indicates that 4EHP activity can be modulated by post-
translational modifications. It is unknown how wide-
spread 4EHP-type regulation is and whether it is linked
to other developmental processes, but 4EHP orthologues
have also been identified in Arabidopsis thaliana and
Caenorhabditis elegans®. In addition, D. melanogaster
encodes a second e[F4E-related protein, eIF4E6, that
does not bind eIF4G and thus could function similarly
to 4EHP*.

Translational control and the poly(A) tail

In addition to control at the cap structure, translational
control frequently involves effects on the poly(A) tails of
target mRNAs. In general, lengthening the poly(A) tail
promotes translational activity, whereas deadenylation
leads to repression of translation and often to decapping
and degradation of the mRNA. Many mRNAs that are
important in germ cell development, neuronal synap-
tic plasticity and cellular senescence are translationally
regulated through processes that affect their poly(A)
tail length, which may be especially dynamic and finely
tunable. This mode of regulation can be considered in
terms of the competing activities of deadenylases and
polymerases.

The multi-subunit CCR4 deadenylase complex is a
major effector of this type of regulation. In the simplest
case, a sequence-specific RNA-binding protein recruits
the CCR4 complex to a specific mRNA, leading to a
reduction in poly(A) tail length of that mRNA (FIC. 2¢).
Examples of proteins in D. melanogaster that recruit
the CCR4 complex include: SMG, which mediates the
degradation of maternal mRNAs at the maternal-to-
zygotic transition®; Bicaudal C (BICC), which medi-
ates autoregulation of Bicc*; and NOS, which regulates
cyclin BmRNA?. In X. laevis, the zinc finger protein
c3h4 recruits the ccr4 complex to target mRNAs that
contain A/U-rich elements in their 3’UTRs, includ-
ing F box protein 5 (fbxo5a; also known as emil) and
fbxo43 (also known as emi2), the products of which are
required for meiotic progression beyond metaphase I*%.
Links are also emerging between CCR4 and regulation
mediated by small RNAs. For example, PTWI-associated
RNAs (piRNAs) that are produced by transposable ele-
ments participate in recruiting SMG and CCR4 to the
nos 3'UTRY.

Cytoplasmic poly(A) polymerases (PAPs) oper-
ate antagonistically to deadenylases, lengthening the
poly(A) tails of their targets and thus promoting trans-
lation. CPEB1A recruits PAPs to mRNAs that contain
a particular U-rich element in their 3'UTRs. cpebla
has been extensively studied in X. laevis oocytes, which
remain quiescent in the first meiotic prophase until they
have been stimulated by steroid hormones to resume the
cell cycle; cpebla is a key component of this response.
In unstimulated oocytes, cpebla is hypophospho-
rylated and contributes to translational repression®.
Progesterone triggers the phosphorylation of cpebla,
which leads to it acting to promote polyadenylation of
a class of mRNAs that are involved in meiotic resump-
tion*~**. CPEB1A regulation of meiosis occurs in mam-
mals as well, as mice that lack CPEB1A fail to produce
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Figure 3| The mTORC1 pathway influences translation. Evidence frominvertebrate
and vertebrate systems indicates that growth factors, such as insulin, insulin-like growth
factor 1 (IGF1) or tumour necrosis factor-a (TNFa), stimulate cellular translation, cell
survival and autophagy through the mammalian target of rapamycin complex 1
(mTORC1). Growth factors trigger mTORC1 signalling via the PI3K-AKT pathway or the
RAS-RAF-MEK-ERK pathway. a | Activated mTORC1 phosphorylates multiple sites on
the eukaryotic translation initiation factor 4E (elF4E)-binding protein (4EBP; shown
by the yellow circles), which causes its dissociation from elF4E (labelled “4E’ in the figure),
allowing binding of elF4E to elF4G (‘4C’), assembly of an active cap-binding complex
and recruitment of mRNA to the 40S ribosomal subunit. b | Activated mTORC1
promotes phosphorylation of elF4B (‘4B’) and ribosomal protein S6 (RPS6; ‘S6’) by S6K.
Phosphorylated elF4B enhances the RNA helicase activity of elF4A (‘4A’), which is
believed to promote the scanning step of translation initiation. ¢ | The 4EBP is a
downstream target of the transcription factor forkhead box protein O (FOXO), which is
phosphorylated and thus inhibited by AKT. Under limited nutrients, the 4EBP promotes
mitochondrial activity and autophagy. IRS1, insulin receptor substrate 1.

Pachytene

The stage during the first
meiotic division when
chromosomal crossing-over
and recombination occurs.

viable germ cells and arrest meiosis at pachytene through
effects on mRNAs encoding synaptonemal complex
components*,

In mammals, one of the targets of translational regu-
lation by CPEB1A-mediated effects on the poly(A) tail
is the tumour suppressor p53. p53 is a central regulatory
molecule that triggers cell cycle arrest, senescence or apo-
ptosis in response to cellular stress*. Expression of TP53
(which encodes p53) is highly regulated at many differ-
ent levels, including transcription, translation, control

Synaptonemal complex

A protein structure that forms
between homologous
chromosomes during the first
meiotic prophase and that
facilitates chromosome pairing.
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of mRNA and protein stability and post-translational
modification of the protein. Translational control of
an existing pool of TP53 mRNA enables levels of the
protein to increase rapidly in response to an activating
stress signal.

Evidence for CPEBIA regulation of p53 came
from human foreskin fibroblasts with knocked-down
CPEBI1A. These cells do not senesce and show reduced
expression of p53 (REF. 46). In these cells, TP53 mRNA
had shorter poly(A) tails and was translated at lower
levels. Further analysis revealed a complex mecha-
nism. The vertebrate PAP GLD2 stabilizes miR-122
by adding a single A residue to its 3" end, and this
miRNA represses CPEB1A expression?. Thus, GLD2
depletion results in miR-122 depletion and increases
CPEBIA expression. Another PAP, GLD4, is guided
by CPEBIA to polyadenylate TP53 mRNA and to pro-
mote its translation®. Therefore, reduction in GLD2
results in increased p53 expression*®. Collectively, these
examples illustrate that regulation of translation at the
level of the poly(A) tail is likely to be widespread in
development and in cellular processes (such as cell
cycle versus senescence).

Negative regulation through uORFs

Some highly regulated mRNAs possess one or sev-
eral uORFs®. Translating the main ORF thus requires
resumption of ribosomal scanning, the efficiency
of which depends on the length of the uORE, on the
degree of secondary structure between the end of
the uORF and the start of the main ORF and on proteins
that may bind the mRNA between the uORF and the
main ORE A well-studied example is male-specific lethal 2
(msl2) mRNA, which is regulated by Sex lethal (SXL) in
D. melanogaster. In male flies, MSL2 is a part of a dosage
compensation complex that is required for hypertran-
scription of the single X chromosome in males, which
is necessary to equalize X-linked gene expression in
males and females. Although msi2 is required in males,
its expression in females is lethal. Translation of msl2
is repressed in females by the interaction of SXL with
poly(U) tracts in both the 5’UTR and 3'UTR of msl2
mRNA. In the 3'UTR, SXL recruits the co-repressor
Upstream of N-ras (UNR) to inhibit the association of
the 43S pre-initiation complex to the 5’ end of the msi2
mRNA®!. SXL also binds to a poly(U) stretch down-
stream of the third of three uORFs in the 5'UTR; this
promotes recognition of the translational start codon
AUG of this uORF by the 43S pre-initiation complex,
thus inhibiting further scanning and so repressing msl2
translation®. As upstream translation initiation codons
are found in around half of human and mouse transcripts
and in nearly 60% of annotated D. melanogaster 5’UTRs,
similar uORF-dependent regulatory mechanisms
may be widespread®.

Regulation at later stages of translation

Regulation of subunit joining. Translation may be reg-
ulated at stages later than the beginning of initiation;
indeed, the subunit joining that marks the end of the
initiation stage of translation is subject to regulation.
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Box 1| Translational control in the Drosophila melanogaster early embryo

mRNA distribution

Protein distribution

At the beginning of embryogenesis, the single nucleus of the fertilized egg proceeds
through a series of rapid mitotic divisions: doubling occurs every 9 minutes. During this
time, transcription from the nuclei of the embryo is almost nonexistent; mRNAs and
proteins that are expressed during oogenesis in germline cells called nurse cells, which
are loaded into the egg, drive the early mitotic divisions and specify patterning®*2
Therefore, translational control is particularly important at this developmental stage.
The nuclei that are generated by these rapid divisions migrate to the periphery of the
embryo. Starting with the ninth division, the rate of mitosis begins to slow. Whereas
the rest of the embryo remains syncytial, approximately five nuclei that have migrated
to the posterior pole become enclosed by cell membranes to generate the primordial
germ cells, called pole cells, and their divisions become asynchronous from those of the
somatic nuclei, which pass through another four mitotic cycles without cytoplasmic
division. At this stage, the embryo is called a syncytial blastoderm, and large-scale
zygotic transcription begins.

In the early Drosophila melanogaster embryo, translational regulation of maternal
mRNAs establishes anterior-to-posterior pattern, and this is usually coupled with mRNA
localization. After localization, mMRNAs are translated in the region where they are
concentrated and are repressed elsewhere. For example, bicoid (bcd) is transcribed
maternally in the nurse cells and is transferred into the oocyte during late oogenesis, and
its MRNA becomes distributed in a steep anterior-to-posterior gradient, leading to an
anterior-to-posterior distribution of BCD protein, which is a transcription factor!!>.
Somatic nuclei at the periphery of the embryo experience different concentrations of
BCD and activate different sets of downstream genes, depending on the concentration
of BCD that they receive, thus resulting in further patterning. Translation of caudal (cad)
is repressed by the recruitment of 4EBP by BCD, resulting in a posterior localization of
CAD protein. Translation of oskar (osk) and nanos (nos), which encode proteins that are
essential for posterior patterning and germ cell development, is restricted to the
posterior pole of the oocyte and syncytial embryo through coupled mRNA localization
and translational control (this is discussed further in the main text and in BOX 2).
4EHP, elF4E homologous protein.

Anterior Posterior

-|-Translational repression
BCD-4EHP

This stage involves the recruitment of the 60S riboso-
mal subunit and requires the general translation factor
eIF5B. Regulation of this stage can occur by targeting
of transcripts to ribonucleoproteins (RNPs) from which
the 60S subunit is excluded, as is the case for r15-LOX
mRNA that is silenced in premature human erythroid
cells®. Repression of r15-LOX in this manner is medi-
ated by a complex of three proteins that bind a 3'UTR
element: heterogeneous nuclear ribonucleoprotein K
(hnRNPK), hnRNPE1 (also known as PCBP1) and dead
box helicase 6 (DDX6). Conversely, in D. melanogaster,
subunit joining can be promoted by VASA, which is
an RNA-binding protein that is maternally required
for germ cell specification and posterior patterning.
VASA interacts with eIF5B and induces translation of
particular germline mRNAs. A mutant form of VASA

Ribonucleoproteins
Multimolecular complexes
that contain both RNAs
and proteins.

Heterogeneous nuclear
ribonucleoprotein E1
(hnRNPET). An RNA-binding
protein with functions in
precursor mRNA processing
and in regulating mRNA
stability and translation.
Despite its name, it is present
and functional both in

nuclei and in the cytoplasm.

with greatly reduced eIF5B-binding activity fails to
activate translation of its targets, suggesting that its role
may be to alleviate translational repression at the step of
subunit joining>***. VASA orthologues exist throughout
the animal kingdom, but their specific role in transla-
tional regulation has not been thoroughly studied out-
side D. melanogaster. It is interesting to speculate that
repressing translation at the final step of initiation, when
protein synthesis is poised to begin, allows an instant
response to a developmental or extracellular signal.

Regulation of translational elongation. Some examples
exist of translational regulation of specific mRNAs at
post-initiation phases of translation. In addition to
the role of FMRP in initiation (as described above),
this protein has been implicated in the regulation of
elongation because in the brain a substantial pro-
portion of FMRP is associated with polyribosomes®.
High-throughput sequencing coupled with crosslinking and
immunoprecipitation (HITS-CLIP) of FMRP-associated
mRNAs identified 842 FMRP target transcripts in the
mouse brain, many of which are enriched in synapses
and are involved with neuronal plasticity”. FMRP is
usually associated with coding sequences, and FMRP-
associated mRNAs are associated with polyribosomes.
These and other observations indicate that FMRP
represses translation of its targets during the elongation
stage by stalling ribosomal translocation, providing a
molecular basis for FMRP-mediated synaptic function.
Stalling elongation might be a mechanism that is suited
to achieving the precise and rapid control of protein
synthesis needed at neuronal synapses.

Another example of regulation at the level of transla-
tion elongation is the yeast protein Stm1, which inhib-
its translation by stalling the 80S ribosome on a target
mRNA, most likely by directly binding the ribosome
and causing it to pause in the elongation process®. The
affected mRNAs can either be targeted for decapping
and degradation or maintained in a paused status that
would enable immediate resumption of translation.
Stm1 orthologues do not seem to exist in higher eukar-
yotes, and Stm1 activity has not yet been linked to any
specific cellular process.

Regulation of elongation can also occur at the level
of elongation factors. Phosphorylated eEF2 is a general
inhibitor of translational elongation®. However, trans-
lation of certain neuronal mRNAs that are involved in
memory processing actually increases under condi-
tions of eEF2 hyperphosphorylation®. This is believed
to occur because the reduction in general translational
activity that is brought about by eEF2 hyperphos-
phorylation increases the availability of factors that
promote translation initiation, thus weakening the
effects of negative regulation that operates at this step. In
Aplysia californica neurons, eEF2 phosphorylation can
promote the translation of some mRNAs while repressing
the translation of others, presumably through a similar
mechanism, and the activity of eEF2 kinase can be differ-
entially regulated at different positions within the cell®'.

eEF2 may also act as a platform for binding of
regulatory proteins that block ribosome progression.
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Polyribosomes

Actively translated mRNAs
that are associated with
multiple ribosomes, each
elongating a different nascent
polypeptide chain.

High-throughput
sequencing coupled with
crosslinking and
immunoprecipitation
(HITS=CLIP). A technique

in which mRNAs associated
with a particular protein

or in a ribonucleoprotein
complex are recovered by
co-immunoprecipitation and

analysed by deep sequencing.

Normoxia

A physiological condition

in which oxygen levels are
sufficient and not limiting
for metabolic processes.

MDM2

An E3 ubiquitin ligase
that recognizes and
destabilizes p53.
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Box 2 | CUP: an example of translational regulation in Drosophila melanogaster embryogenesis

In Drosophila melanogaster, CUP is a eukaryotic
translation initiation factor 4E (elF4E)-binding protein
(4EBP) that is produced in nurse cells and is maternally
deposited into the egg. CUP represses translation of oskar
(osk) and nanos (nos) mRNAs — which encode important
patterning proteins — before their posterior localization.
This repression is mediated through interactions with the
3’ untranslated region (UTR)-binding proteins Bruno (BRU)
and Smaug (SMQG), which bind to osk and nos, respectively
(see the figure). Although CUP was initially believed to

Anterior

Localized

Posterior
osk and nos

T

BRU-CUP (osk)
SMG-CUP (nos)

translational repression

repress translation by competing with elF4G for elF4E binding, recent work has shown that its function is more complex.

The amino-terminal regulatory domain of CUP contains two elF4E-binding motifs: 4EBM1, which matches a sequence
consensus that is common to many elF4E-binding sites'™, and 4EBM2, which is non-canonical?. The carboxy-terminal
region of CUP is glutamine-rich (Q-rich). The middle region and the Q-rich region, which are collectively referred to as
the effector domain, associate with the CCR4 deadenylase complex and with decapping activators; thus, they have
potent mRNA degradation activity?. However, the amino-terminal domain that includes 4EBM2 counteracts the activity
of the effector domain through an unknown mechanism and protects the deadenylated and translationally repressed
mRNA from further degradation by preventing it from being decapped. Repression of target mRNAs by CUP is
complicated in that the effector domain can repress translation in the absence of deadenylation, and mRNAs that lack a
cap structure can be repressed by CUP in cell-free extracts?*!**. CUP binding to elF4E appears to be primarily important
not for repression but for sequestering elF4E to the repressed mRNA to allow prompt translation activation after
dissociation of CUP. CUP also modulates the phosphorylation of elF4E to regulate its function'*®. As CUP is required for
other processes in oogenesis, including cyst formation, chromosome condensation and oocyte development and
growth, it must have additional mRNA targets beyond osk and nos'**.

This mechanism of translation regulation occurs on
hypoxia-inducible factor 1 alpha (HIFIA) RNA, which
rapidly increases in response to oxidative stress®* and is
translationally repressed under normoxia. Repression of
HIFIA translation is accomplished by CPEB2, a protein
that is related to CPEB. CPEB2 binds to the 3'UTR of
HIF1A mRNA and to eEF2 and slows translation elon-
gation®. Under hypoxic conditions, CPEB2 dissociates
from HIFIA mRNA. The translation factor eEF1A1
can act in a similar manner during epithelial-to-mes-
enchymal transitions (EMTs), in which epithelial cells
undergo a developmental switch to a highly motile
mesenchymal state. EMTs occur in some normal devel-
opmental processes and also in tumours, where they
drive metastasis. EMTs can be induced by transforming
growth factor-B (TGFp), which stimulates a kinase cas-
cade that ultimately phosphorylates the RNA-binding
protein hnRNPEIL. Unphosphorylated hnRNPE1 binds
to a 3'UTR element and inhibits translation of target
mRNAs by binding to eEF1A1, blocking progres-
sion of the ribosome®. Phosphorylation of hnRNPEI
releases it from its binding site, thus activating
translation.

Recently, it was demonstrated that in both C. elegans
and human cells, PUF proteins can form an inhibi-
tory complex with miRNA-binding proteins of the
Argonaute (AGO) family and with eEF1A, which is
another translation elongation factor®. Inhibition of
translation appears to involve a negative effect on the
GTPase activity of eEF1A by PUF and AGO, which is
accompanied by a subsequent stronger repression that
may affect release of the nascent polypeptide from the
ribosome. Whether miRNAs are involved in this pro-
cess — for instance, by targeting the inhibitory complex
to particular mRNAs — remains to be investigated.

Regulation by components of the ribosome

In addition to their constitutive function in transla-
tion, some ribosomal proteins are actively involved in
translational control of certain genes or sets of genes.
Recent findings support specific and regulatory func-
tions of ribosomes or ribosomal proteins in embry-
onic development, neuronal synaptic function and cell
survival.

Ribosomal proteins as regulators of cell proliferation
and cell survival. In cultured human and mouse cells,
ribosomal protein L26 (RPL26) operating outside
of ribosomes is required for full activation of TP53
mRNA translation after DNA damage, redistributing
it into heavier polysomes®. To exert its effects, RPL26
binds to a double-stranded RNA structure that can
form from complementary sequences in the 5" and
3'UTRs. Preventing formation of this structure abro-
gates RPL26-mediated activation®®®”. Precisely how
binding of RPL26 to the structure stimulates translation
remains unclear, although it is known that this form
of translation activation is regulated by the E3 ubiqui-
tin ligase MDM2, which is a negative regulator of p53.
Under non-stressed conditions, p53 protein is kept at
a low level by the inhibitory binding of MDM2, result-
ing in its ubiquitylation®. MDM2 also specifically binds
to RPL26, promoting its degradation and sequestering
it from TP53 mRNA. In response to genotoxic stress,
RPL26 is released from MDM?2 (REF. 69). Thus RPL26
is one of the important components of an MDM2-p53
autoregulatory feedback loop that controls cell cycle
arrest and apoptosis.

Other ribosomal proteins are also thought to regulate
thelevels of p53. In mice, two mutations causing pigment-
ation defects affect ribosomal protein S19 (Rps19)
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Box 3 | Examples of links between translational control and human disease

The importance of translational control in developmental and cellular processes is
shown by links between translational control and human disease. Although space does
not permit a fully comprehensive discussion of all instances in which perturbations in
translational control have been connected to disease, the examples below illustrate
how the pathways discussed in this Review have been linked to cancer, neurological
disease and rare genetic disorders.

elF4E and cancer

Consistent with the important role of the balance between eukaryotic translation
initiation factor 4E (elF4E)-binding proteins (4EBPs) and elF4E in regulating of cell
proliferation, there is extensive evidence linking misexpression or misregulation of
these proteins to cancer. elF4E is overexpressed in many cancers, ectopic expression of
elF4E is oncogenic, and hyperphosphorylated 4EBPs are adverse prognostic indicators.
Recently, a small molecule was identified that inhibits interactions of elF4E with elF4G
or 4EBP1. This molecule was also demonstrated to reverse chemoresistance in the
mouse Ep-MYC lymphoma model*"".

4EBPs and Parkinson’s disease

4EBPs can be phosphorylated by leucine-rich repeat kinase 2 (LRRK2), and dominant
mutations in LRRK2 are frequently found in Parkinson’s disease. 4EBPs are substrates for
LRRK2, and in Drosophila melanogaster, LRRK2 mutants affect dopaminergic survival, at
least in part through changes in 4EBP activity'*®. Two additional genes, PINK1 and
parkin, that operate in a common pathway have been implicated in human Parkinson’s
disease, and mutations in the counterpart genes in D. melanogaster result in
neurodegeneration and locomotory phenotypes that are related to Parkinson’s
disease'*’. Concomitant loss of 4EBPs drastically worsens these phenotypes, producing
lethality, whereas overexpression of 4EBPs substantially suppresses them'%.

Fragile X syndrome and related disorders

Fragile X syndrome, which is the most common cause of intellectual disability in males,
is caused by triplet expansions in the promoter region of the gene encoding fragile X
mental retardation protein (FMRP) that reduce or eliminate its expression. There is also
evidence linking cytoplasmic FMR1-interacting protein 1 (CYFIP1) and elF4E to autism
spectrum disorder and Prader—Willi syndrome??!.

Ribosomes and genetic disease

As mentioned in the text, mutations affecting genes that encode any of several
ribosomal proteins are associated with Diamond-Blackfan anaemia. In addition,
dyskeratosis congenita 1 (DKC1), which is the gene that encodes pseudouridine
synthase, is mutated in X-linked dyskeratosis syndrome — a rare human disease with
symptoms including bone marrow failure, skin abnormalities and an increased risk
of cancer. Mutations in small nucleolar RNA genes have been associated with

Prader-Willi syndrome??%.

Prader—Willi syndrome

A rare genetic disorder that
results in obesity and
reductions in muscle tone,
cognitive capacity and
production of sex hormones.

Homeotic transformation
In developmental biology, a
situation that is often caused
by a mutation or an alteration
in gene expression whereby
precursors to a particular cell,
tissue or organ type develop
instead into a different one.

and Rps20 (REF. 70), which encode ribosomal pro-
teins. These mutants, as well as mutations in Rps6,
show increased levels of kit ligand (Kitl) mRNA and
increased levels of p53, which is essential for the pig-
mentation phenotypes. Rp/24-mutant mice show
some related phenotypes and also show upregulation
of p53 (REF. 71). How these ribosomal proteins regulate
p53 level remains to be elucidated. The mouse pheno-
types are related to those of the human genetic disorder
Diamond-Blackfan anaemia (DBA; BOX 3), which is
linked to germline heterozygous mutations in the genes
Rps17, Rps19, Rps24, Rpl5, Rpl11 or Rpl35a7>77¢ that
encode ribosomal proteins. The fact that mutations
in so many different ribosomal protein genes produce
related phenotypes suggests that the effects observed
result from ribosomal haploinsufficiency and a con-
comitant reduction in translational activity. Consistent
with this, reduction of Rps19 and Rpl11 expression in
p53-deficient erythroblast cells reduced polyribo-
some association and translation of a specific set of

transcripts, including two genes — BCL2-associated
athanogene (Bagl) and cold shock domain containing
El (Csdel) — that encode essential proteins required
for erythrocyte differentiation’. Probably related to
this role in control of translation of p53, heterozygous
mutations in ribosomal protein genes in zebrafish
cause cancers in the embryo’®. Furthermore, knock-
down of rps7 in zebrafish results in elevated p53 expres-
sion and p53-mediated cell cycle arrest and apoptosis,
as well as in other developmental abnormalities that
can be partially rescued by simultaneous knockdown of
P53 (REF. 79).

Ribosomal proteins in developmental regulation. It is
not only p53 that is translationally regulated by riboso-
mal proteins: they may also have a role in translational
regulation during development. A dominant mutation
in mice called tail short, which was first identified in
1950, and two other mutations with similar phenotypes
all result from alterations in the ribosomal protein gene
Rpl38 (REF. 80). These mutations cause skeletal pat-
terning abnormalities, including anterior-to-posterior
and posterior-to-anterior homeotic transformations, eye
abnormalities and numerous other developmental
defects, such as cleft palate and exencephaly. Many
of these phenotypes are consistent with alterations
in Homeobox gene (HOX gene) expression. Although
global translation was unaffected in the mutants, for 8
of 39 HOX genes, the level of 80S monosome-associ-
ated and polysome-associated HOX gene mRNA was
substantially reduced by as much as nearly tenfold.
Corresponding protein levels were also reduced, indi-
cating a specific regulatory role for RPL38. Mutations
in other ribosomal protein genes did not lead to similar
effects. Quantitative expression profiling also revealed
that not only RPL38 but also most ribosomal proteins
show a great deal of temporal and tissue heterogene-
ity in their expression during embryogenesis, which
suggests that they may also have other such specialized
functions.

Finally, there has been intriguing recent evidence
that translation may be regulated by modifications of
ribosomal proteins. Many nucleotide bases of rRNAs
are enzymatically modified, either by methylation
or by conversion of uridine to pseudouridine. These
modifications are evolutionarily conserved and are
often clustered in functionally important parts of the
ribosome. Ribosomes from yeast, mouse or human
cells with reduced pseudouridine synthase activity
bound less well both to charged tRNA and to a viral
internal ribosome entry site (IRES), and they had
decreased reading frame fidelity, indicating deficien-
cies in translation®. These results help to explain trans-
lational control defects observed in cells from mice
with mutations in the pseudouridine synthase gene
DKCI or from human patients with mutations in the
homologous gene®*® (BOX 3). Enzymes that modify
rRNA residues are guided to the correct sites by small
nucleolar RNAs (snoRNAs). A recent study in zebrafish
reported that snoRNA depletion results in extensive
developmental defects and embryonic lethality®.
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Homeobox gene

(HOX gene). One of a set of
genes that encodes a particular
type of transcription factor and
that is implicated in establishing
many developmental fates,
including the identity of

body segments along the
anterior—posterior axis.

Processing bodies

Also called P bodies, these
constitute a type of RNA
granule that is linked to
cytoplasmic RNA decay
pathways.

Sequestering mRNAs into inactive particles
mRNAs are often components of ribonucleoprotein
particles or larger complexes, and the nature of these
complexes contributes to translational control. For
example, it has been recognized for nearly half a cen-
tury that in X. laevis, translationally repressed mater-
nal mRNAs are packaged into large cytoplasmic bodies
called processing bodies. Related structures called stress
granules form under stress conditions, such as glucose
starvation or hypoxia, and the term ‘RNA granules’
has been proposed to refer to all such particles collec-
tively®. The molecular composition of various types of
RNA granules and the means by which they assemble
are beginning to be understood®. RNA granules in
D. melanogaster embryos that contain translationally
repressed nos include SMG, CUP, maternal expression
at 31B (ME31B), trailer hitch (TRAL) and at least two
subunits of the CCR4 complex®. ME31B and TRAL
have both been implicated in translational repression
and frequently associate with translationally silent RNP
particles. The repressor complex excludes e[F4G and
thus blocks 48S initiation complex formation on the
associated nos mRNA. However, a later step in transla-
tion is also targeted as IRES-dependent translation and
is also repressed in these RNP particles, suggesting that
multiple mechanisms are at play.

Further insight into the nature of RNA granules
came from a study of polypyrimidine tract binding
protein (PTB) in D. melanogaster, which is required for
translational repression of osk during early oogenesis®.
PTB is found throughout evolution and has been linked
to many nuclear and cytoplasmic processes involving
RNA®, In the D. melanogaster oocyte, PTB binds with a
high affinity and cooperativity to the osk 3'UTR at sev-
eral pyrimidine-rich sites and catalyses oligomerization
of multiple osk mRNA molecules through bridging inter-
actions. A remaining question is whether proteins such
as PTB can achieve coordinate regulation of more than
one species of mRNA by nucleating assembly of mRNPs.
However, there is some observational evidence to the
contrary, as particular mRNA species are clustered into
specific domains within particles*. PTB may act in other
cell types, as several mRNAs expressed in rat pancreatic
B-cells that encode protein components of insulin secre-
tory granules are bound, stabilized and translationally
upregulated by PTB”.

mRNA localization and translational control

In addition to sequestration for repression, mRNA local-
ization to a particular cytoplasmic compartment often
contributes to the spatial restriction of the distribution of
the corresponding protein. This process has been studied
in many cell types, including embryos, oocytes, neurons
and polarized epithelial cells”. Localization of mRNAs
must be coupled to translational regulation to be maxi-
mally effective. Localized mRNA is translationally active
when it is at a high concentration and translationally
repressed elsewhere. Disruption of mRNA localization
pathways can result in ectopic expression of proteins; for
example, in the D. melanogaster female germline, this
can result in a failure to complete oogenesis or a failure

REVIEWS

a S. cerevisiae

Mother cell

Bud (future
daughter cell)

Movement

b D. melanogaster

mRNA with stem—loop

Figure 4 | Linking mRNAs to motor proteins for
localization. a|Localization of ashl mRNA to the bud tip
in dividing Saccharomyces cerevisiae cells involves myosin
(Myo4)-driven transport along F-actin filaments. Two
proteins, called She2 and She3, mediate the linkage; She2
binds to a stem-loop region of the ash1 3’ untranslated
region. b | Apical localization of mRNAs in Drosophila
melanogaster blastoderm cells involves dynein-driven
transport along microtubules. mRNAs are linked through
an interaction of the egalitarian-Bicaudal D (EGL-BICCD)
complex to dynactin, which in turn binds to dynein.

in embryonic patterning defects that cause lethality®.
It is estimated that about 70% of mRNAs in early
D. melanogaster embryos are localized, and over 50
mRNAs localize to mouse fibroblast pseudopodia®. In
differentiated neurons, dendritically localized mRNAs
allow rapid responses to neuronal stimulation, which has
akey role in synaptic plasticity”**. Therefore, this mecha-
nism is likely to be widespread throughout development.

As discussed above, mRNA localization is important
in embryonic patterning, and in D. melanogaster mRNA
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Ribosome profiling

A technique for measuring
translation of many species of
mRNA simultaneously in vivo.

transport and localization has been studied with a par-
ticular focus on processes that occur during oogenesis
and early embryogenesis. In embryonic blastoderm
cells, mRNAs are directed to the apical cytoplasm by
a dynein-dependent minus-end-directed microtubule
cargo transport mechanism. A complex of two pro-
teins — egalitarian (EGL) and Bicaudal D (BICD) — is
directly responsible for linking mRNAs to dynein and
to microtubules®” (FIG. 4a). EGL binds to a localization
element in the mRNA to be transported and to BICD”,
which in turn interacts with dynein through dynac-
tin?®*°. Localization of oskar (osk) mRNA to the poste-
rior of the D. melanogaster oocyte also proceeds through
microtubule-dependent motor-driven transport, but the
mechanism is more complex'%-1%,

RNA localization can also be achieved by zipcodes,
which are RNA sequence elements that are usually
located in the 3’'UTR and are binding sites for proteins
that mediate localization. An example of the use of these
zipcodes is the localization of f-actin mRNA to pseudo-
podia in chicken embryo fibroblasts. Here, transport
along both actin microfilaments and microtubules is
mediated through an association with zipcode-binding
protein 1 (ZBP1), which is also involved in its transla-
tional regulation'®. Localization mechanisms are also
important in ensuring the correct distribution of pro-
teins between daughter cells of S. cerevisiae following
asymmetric division by budding'”' (FIC. 4b).

Conclusion
Translational control has an impact on many cellular
and developmental processes, and most steps of transla-
tion are subject to specific regulation. New results in this
area are rapidly emerging, and ribosome profiling, which
is a new quantitative technique for precise genome-wide
monitoring of translational activity''’, promises to revo-
lutionize this field further when it becomes more widely
used to study developing multicellular systems.
mRNAs can be translationally active, stored in trans-
lationally quiescent particles or targeted for degradation.
How these options are regulated for a particular mRNA
and how this regulation responds to different cellular

conditions remain important open questions for most
developmentally regulated mRNAs. Also of interest is
emerging evidence that the same protein can influence
several stages of post-transcriptional gene regulation, as
exemplified above with CUP. Finally, whereas a substan-
tial amount has been learned about processes that repress
or silence translation, less is understood about how these
mechanisms can be overcome in cellular or developmental
contexts in which translation needs to be activated.

Much of what has been learned about translational
control in development has been derived from forward
genetics approaches in which a particular gene encoding
a regulatory protein is mutated and consequent effects
are measured. If the functional units in translational
control are actually RNA-protein complexes and a given
protein may be a component of several such complexes,
then inactivating one gene might perturb multiple func-
tional units. This might explain why so many mutations
affecting translational control pathways give pleiotropic
phenotypes. Molecular approaches will be necessary
to unravel this; more efficient techniques are required to
identify particular species of RNA-protein complexes
from developing cells and tissues and to determine their
compositions. Potential approaches could be based
on quantitative imaging and on improved affinity-
purification techniques, such as those successfully used
to help elucidate RNP biogenesis pathways in yeast!!'.
In addition, further comparisons of transcriptomes with
proteomes in particular cell types and at particular stages
of development will improve the definition of the scope of
translational control.

Unlike transcriptional control, which is restricted
to the nucleus, translational control mechanisms oper-
ate throughout the cell and can regulate expression of
cytoplasmic proteins to ensure that they are present
at the positions and times that they are required.
Through the experimental approaches outlined above,
as well as through complementary techniques, a better
picture of the crucial role of translational control in cel-
lular and developmental processes is certain to emerge,
as is a more widespread appreciation of its enormous
role in genetic regulation.
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