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mRNA imprinting

Additional level in the regulation of gene expression
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ollowing its synthesis in the nucleus,

mRNA undergoes various stages
that are critical for the proper synthesis,
localization and possibly functional-
ity of its encoded protein. Recently, we
have shown that two RNA polymerase I1
(Pol II) subunits, Rpb4p and Rpb7p,
associate with the nascent transcript
co-transcriptionally. This “mRNA im-
printing” lasts throughout the mRNA
lifetime and is required for proper regu-
lation of all major stages that the mRNA
undergoes. Other possible cases of co-
transcriptional imprinting are discussed.
Since mRNAs can be transported from
the synthesizing cell to other cells, we
propose that mRNA imprinting can
also affect the phenotype of the recipi-
ent cells. This can be viewed as “mRNA-
based epigenetics.”

The yeast RNA polymerase II (Pol II) con-
sists of two substructures: a 10-subunit
core enzyme and a heterodimer formed
by Rpb4p and Rpb7p."? The interface
between the core and Rpb4/7 is very small
and the two substructures can readily be
dissociated. In vitro studies, using proteins
extracted from human cells, demonstrated
that hsRpb7p interacts with the transcript
as it emerges from Pol II,? raising the pos-
sibility that the RNA-binding capacity of
Rpb7p is involved in regulating transcrip-
tion. Recently, we showed that the yeast
Rpb4/7 interacts with Pol II transcripts
in vivo.*> Despite the excess of Rpb4/7
over Pol II, interaction between Rpb4/7
and mRNA can occur only in the context
of Pol II.* Significantly, this interaction
is critical to the capacity of Rpb4/7 to
regulate all major stages that the mRNA

Cellular Logistics

undergoes.** Specifically, Rpb4/7 remains
associated with the mRNA throughout its
life, as well as regulating processes such as
export,® translation,” movement out of P
bodies,” 5' to 3" decay” and 3' to 5' decay®
pathways (by Xrnlp and the exosome
complex, respectively). Rpb4/7 binds
the 3'-untranslated regions of MFA2 and
RPL30 mRNAs even after most of these
mRNAs was exonucleolytically degraded
from 5' to 3' in the cytoplasm (Guterman
and Choder, unpublished results). After
the cytoplasmic mRNA decay is com-
pleted, Rpb4/7 returns to the nucleus,’
probably to stimulate another round of
transcription. Thus, in addition to the
coding information for protein synthesis,
the mRNA carries “imprinted” informa-
tion. In case of imprinting by Rpb4/7, this
information serves to regulate all major
post-transcriptional stages. A model is
shown in Figure 7 of reference 5.

How can mRNA imprinting regulate
so many different mechanisms? A plau-
sible explanation might be related to the
capacity of Rpb4/7 to physically interact
with components of the translation ini-
tiation factor 3 (Niplp and Herlp)® and
components of P bodies and mRNA decay
machinery (Patlp and Lsm2p).”® It is quite
possible that Rpb4/7 interacts with these
components temporarily, thereby regu-
lating each stage in due time. Although
genetic interaction between Rpb4/7 and
a component of the export machinery has
been demonstrated,® actual physical inter-
actions remain to be determined.

mRNA imprinting might be crucial
for proper gene regulation as defects in
Rpb4/7 activities result in pleiotropic
effects.’ One remarkable feature is the
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Figure 1. Model for a possible impact of mRNA imprinting on epigentics. Imprinted mRNA can be transported between cells via one of the following
ways: (A) Imprinted mRNA can be transferred from mother to daughter cell, thus affecting the phenotype during bud growth and shortly after the
daughter cell separates. (B) Imprinted mRNA can be transferred between neighboring cells through specific gates, such as plasmodesmata in plant tis-
sues. (C) Imprinted mRNA can be transferred between distant cells through vesicles, such as exosomes. We propose that, in all these cases, the nature
of imprinting can regulate the mRNA transport process itself, as well as the mRNA localization and translatability within the recipient cell. In this way,
mRNA imprinting might contribute to epigenetics.

highly variable cell size that character-
izes the rpb4A cell population (prolifer-
ating in rich medium at 30°C). It seems
that a critical cellular decision regard-
ing if and when to divide' requires
proper mRNA imprinting by Rpb4/7.
It is tempting to speculate that Rpb4/7
coordinates expression of genes required
for cell growth (e.g., protein biosynthetic
machinery) with those involved in the cell
division cycle (CDC). Moreover, similar
to DNA imprinting, mRNA imprinting
is likely to be transmitted from mother
to daughter cell (Fig. 1A). Thus, in the
case of defective imprinting, CDC regu-
lation becomes chaotic and cell division
is not in tune with cell mass. It is also
possible that the timing of separation
between mother and daughter cell, each
carrying improperly imprinted mRNAs,
is deregulated.

Is mRNA imprinting regulated? To
answer this question we need to understand
what controls the dissociation of Rpb4/7
from Pol II and its association with the
mRNA. Dissociation of Rpb4/7 from Pol
IT can be regulated by ubiquitination of
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two Dol II subunits, Rpblp and Rpb2p."
Whether this ubiquitin-stimulated disso-
ciation of Rpb4/7 is required for its bind-
ing with Pol II transcripts remains to be
determined. Another possibility for regu-
lation is post-translational modification of
Rpb4/7. This kind of modulation can also
occur post-transcriptionally, at any loca-
tion the mRNA is visiting. Of note, both
Rpb4p and Rpb7p are highly modified
post-translationally (Duek and Choder,
unpublished observation). At least one of
the modifications is phosphorylation.'?

Is the function of Rpb4/7 in higher
eukaryotes similar to that of the yeast
heterodimer? Rpb7p is a highly conserved
protein.”® The human Rpb7p can function-
ally replace the yeast Rpb7p."* However,
Rpb4p is less conserved. Most notable is
the presence of an unstructured domain in
the yeast Rpb4p, which is absent in higher
eukaryotes. Nevertheless, hRpb4 can par-
tially complement the temperature sensi-
tivity and proliferation defects of 7pb4A
yeast cells.” It is therefore possible that the
human Rpb4/7 functions similarly to that
of the yeast homolog. Indeed, the human

Cellular Logistics

Rpb7p can interact with Pol II transcript
co-transcriptionally,® like we propose for
yeast Rpb4/7. On the other hand, the
absence of the unstructured domain in
the human Rpb4p, a domain that might
be responsible for the capacity of the yeast
Rpb4/7 to interact with different part-
ners,'® raises the possibility that Rpb4/7-
mediated regulation in higher eukaryotes
is more complex and might involve addi-
tional factors that provide the function(s)
of the missing domain.

Discovering  the Rpb4/7-mediated
mRNA imprinting raises the question
whether similar versions of RNA imprint-
ing exist in yeast and other organisms.
She2p is associated with some specific
Pol II transcripts co-transcriptionally.
This interaction is required to promote
the transport of these mRNAs from the
nucleus of yeast mother cell to the tip of
the daughter cell.” A number of additional
proteins have been proposed to associate
with Pol II transcripts during transcrip-
tion. Examples are: ZBP1,"* THO/TREX
complex,” Mext67,” CPEB,* Npl3p,*
Suslp*? and Sro9p.?® Notably, all these
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factors  regulate  post-transcriptional
stages. ZBP1 has been implicated in regu-
lation of localization and translatability
of several different RNAs.> TREX and
Mex67 mediate mRNA export.” CPEB
affects alternative splicing as well as cyto-
plasmic polyadenylation and translation
regulation,” Npl3p affects both mRNA
export and translation,” and Suslp regu-
lates mRNA decay.*? Sro9p associates
with polysomes and might regulate trans-
lation.?® Interestingly, overexpression of
SROY partially suppresses the temperature
sensitivity of 7pb4A cells.’® Like Rpb4/7,
Sro9p is a shurttling protein whose export
is dependent on transcription.? It is pos-
sible that there is some functional link
between the two factors. The exon junc-
tion complex (EJC) is deposited on the
mRNA following splicing in the nucleus
and also regulates translation and non-
sense mediated decay.?”*® Finally, the
kinase Ctklp phosphorylates the Pol II
C-terminal domain® as well as the ribo-
somal protein Rps2p, thereby regulating
translation.’® Ctklp interacts with TREX
complex and with polysomes and prob-
ably associates with mRNAs both in the
3% Hence,
Ctklp has the potential capacity to regu-

nucleus and in the cytoplasm.

late mRNA fate by phosphorylating its
associated proteins temporarily (in tune
with the environment?). However, it is
important to emphasize that involvement
of a given factor in more than one process
does not necessarily signify that its vari-
ous functions are mechanistically linked.
It is possible that, during evolution, this
factor has acquired more than one unre-
lated function, and that each function
is carried out by a separate pool of this
factor. In our recent papers, we demon-
strated that recruitment of Rpb4/7 to
Pol II is a prerequisite for its subsequent
functions in all major post-transcriptional
stages.”> Thus, the Rpb4p and Rpb7p
molecules that interact with the mRNA
co-transcriptionally are the ones regu-
lating mRNA export, translation and
decay. Likewise, co-transcriptional asso-
ciation of She2p with specific mRNAs
has recently been demonstrated to affect
localization of these mRNAs to yeast
daughter cell.” It remains to be deter-
mined whether the co-transcriptional
associations of the other above-mentioned
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factors with mRNAs are required for their
post-transcriptional  functions.  Future
work will reveal whether these factors
affect all major stages in the life of the
mRNA, as is the case of Rpb4/7, and
whether there is a functional link between
these factors. The issue of specificity,
e.g., whether specific classes of mRNAs
are differently imprinted, remains to be
examined for most of the cases discussed
above. She2p associates and affects local-
ization of specific mRNAs.” Although
Rpb4/7 heterodimer interacts with every
mRNA examined today, deletion of RPB4
affects the decay of only a specific class
of mRNAs.” Specificity is an important
issue, as regulatory mechanisms usually
act on functional classes of mRNAs rather
than individual mRNA molecules.

Epigenetics refers to inherent changes
in phenotype caused by mechanisms
other than changes in the underlying
DNA sequence. Epigenetic studies focus
on DNA and chromatin.®' Recently this
concept has been broadened to include
also non-coding RNAs and association of
components of transcriptional regulatory
machinery with target genes on mitotic
chromosomes.** For example, association
of transcription factors with promoter ele-
ments during mitosis poises some genes
for expression in progeny cells.*” Here we
propose to broaden the concept of epi-
genetics and to view mRNA imprinting as
an additional element.

It is becoming clear that RNA mol-
ecules, including mRNAs, can be syn-
thesized in one cell and transported by
various mechanisms to another cell,
thereby affecting the phenotype of the
recipient cell. mRNA imprinting can play
a role in this kind of cell-cell communi-
cation (see Fig. 1). This would be par-
ticularly significant in case the imprinting
is regulated (see above). Transport of
mRNAs from mother yeast cell to daugh-
ter cell (Fig. 1A) has been documented.”
In addition to active transport, it is rea-
sonable to assume that transport of many
mRNAs occurs passively, before or after
the daughter nucleus starts to synthesize
its own mRNAs. There are many reports
of active mRNA transport between neigh-
boring cells. For example, in plant cells,
mRNA is transported through special
gates, called plasmodesmata (Fig. 1B).**
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Other, less trivial, cases involve the trans-
port of secreted vesicles containing RNDs
to neighboring or distant cells. The most
studied ones are named “exosomes”
(Fig. 1C), known to modulate immune
angiogenesis,
tion, and tumor-cell invasion.”> Examples

function, cell prolifera-
shown in Figure 1 are by no means all
cases of mRNA transfer between cells.
Other possible cases include mating,
sporulation, fertilization, maternal provi-
sion of sex determining mRNA in some
insects, and mRNA storage in seeds. In all
these cases, imprinting might have bear-
ing on the mRNA transport itself, as well
as on the phenotype of the recipient cells
(see legend to Fig. 1). The effects last until
the mRNA is degraded. Nevertheless,
the encoded protein might leave long-
term epigenetic effects (e.g., in case of a
DNA methyltransferase or chromatin
remodeler).

In summary, mRNA imprinting,
whereby co-transcriptional association of
factors with the transcript affects some or
all major events that the mRNA under-
goes, has been demonstrated in yeast.*>'
mRNA imprinting, therefore, adds an
additional level of regulation and seems
to play a key role in gene expression. It
also contributes to cellular logistics by
regulating mRNA localization and pos-
sibly also orchestrating mRNA export,
translation and decay at the right time
and location. A corollary of this view is
the possible impact of mRNA imprint-
ing on cell-cell communication and in
epigenetics (at least a short-term effect).
Future work will determine how wide-
spread mRNA imprinting is, how specific
it is, and how many different components
are involved.
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