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Abstract

Messenger RNAs (MRNAS) are the templates for protein synthesis as the coding region is
translated into the amino acid sequence. mMRNAs also contain 3" untranslated regions (3'UTRs)
that harbor additional elements for the regulation of protein function. If the amino acid sequence
of a protein is necessary and sufficient for its function, we call it 3"UTR-independent. In contrast,
functions that are accomplished by protein complexes whose formation requires the presence of a
specific 3"UTR are 3’ UTR-dependent protein functions. We showed that 3'UTRs can regulate
protein activity without affecting protein abundance, and alternative 3' UTRs can diversify protein
functions. We currently think that the regulation of protein function by 3" UTRs is facilitated by
the local environment at the site of protein synthesis, which we call the nurturing niche for nascent
proteins. This niche is composed of the mMRNA and the bound proteins that consist of RNA-
binding proteins and recruited proteins. It enables the formation of specific protein complexes, as
was shown for TIS granules, a recently discovered cytoplasmic membraneless organelle. This
finding suggests that changing the niche for nascent proteins will alter protein activity and
function, implying that cytoplasmic membraneless organelles can regulate protein function in a
manner that is independent of protein abundance.

The influence of nurture on nature has classically been studied with respect to human
behavior and is usually used to characterize the influence of external factors, such as parents,
social relationships, and the surrounding culture on the development of a child (Collins et al.
2000). Nurture also affects nature during the development of organs, including the brain,
where neuronal activity influences the construction of cortical networks (Ben-Ari 2002).
Here, | propose that this principle is also true for protein functions regulated by 3’
untranslated regions (3"UTRs). We showed that proteins with the same amino acid sequence
that are encoded from mRNA isoforms with alternative 3"UTRs have different functions
(Berkovits and Mayr 2015; Ma and Mayr 2018; Lee and Mayr 2019). This suggests that
protein functions are influenced by the local environment at the site of protein synthesis,
which will be called the nurturing niche for nascent proteins. Proteins are born into a niche
provided by the mRNA and its bound factors. In this analogy, 3"UTRs act as the “social
relationships’ of nascent proteins as they influence certain protein functions. The influence
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of 3"UTRs will not entirely change the nature of a protein, as for example a kinase will
remain a kinase, but 3"UTRs are able to recruit protein interactors that influence the function
of the protein, thus changing its qualitative properties and fate. Furthermore, when a protein
is translated within a larger RNA granule, the surrounding mRNAs can serve as the
‘surrounding culture’, again changing protein interactors and functions. In this review, I will
summarize our current understanding of the regulation of protein functions by the nurturing
niche provided by 3'UTRs (Fig. 1).

3’UTR shortening does not correlate with increased mRNA levels in most

transcriptome- wide studies

My lab studies the functions of 3"UTRs. When | started my lab the boundaries of human
3’UTRs were not well annotated. Therefore, we established a sequencing method called 3'-
seq that allowed us to identify all 3"UTRs of the transcriptome (Lianoglou et al. 2013). The
obtained reads overlap the junction between the 3"UTR and the poly(A) tail, thus providing
singlenucleotide resolution of 3'UTR ends. Importantly, we validated the obtained data
using an independent method and demonstrated that 3’-seq is quantitative. This means that
in addition to identifying 3"UTR ends, we can quantify the reads and calculate the
expression of individual 3" UTR isoforms.

We applied 3’-seq to a series of cell lines and normal human tissues and found that nearly
half of human genes use alternative cleavage and polyadenylation to generate mMRNA
transcripts with alternative 3'UTRs (Lianoglou et al. 2013). Our validation experiments
showed that in the vast majority of cases the coding region was identical and the only
difference in the mRNA transcript was found in the 3'UTR. We were surprised that such a
large number of MRNAs that generate short or long 3" UTRs encode proteins with identical
amino acid sequence. This finding motivated us to study the functions of alternative
3’UTRs.

At the time, we and others thought that one of the major functions of 3"UTRs is the
regulation of protein abundance, mostly through regulation of mMRNA stability (Barreau et al.
2005; Sandberg et al. 2008; Mayr and Bartel 2009; Bartel 2009). When we compared
alternative 3'UTR isoform abundance and overall mRNA abundance of a gene from two
different conditions or cell types, we expected to see a correlation between 3’UTR
shortening and higher mRNA levels. However, in our dataset, we did not observe such a
relationship (Fig. 2)(Lianoglou et al. 2013). Importantly, several other transcriptome-wide
studies using different experimental systems agreed with our finding (Spies et al. 2013;
Gruber et al. 2014; Zhang et al. 2016; Jia et al. 2017 Overall, from the mMRNAs that
significantly changed their 3" UTR isoform levels less than 20% also changed their mMRNA
abundance levels. Instead, across conditions and cell types the majority of mRNAs either
changed their mRNA abundance levels or they changed their 3’UTR isoform expression
(Fig. 2) (Lianoglou et al. 2013). This suggested that mRNA abundance and 3" UTR ratios are
orthogonal measures of gene expression.

In addition to the lack of correlation between 3’UTR shortening and mRNA abundance, also
no association between 3"UTR isoform length and changes in protein levels was found
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during differentiation of embryonic stem cells. This study showed that 87% of genes with
significant 3" UTR isoform changes did not show differences in protein abundance
(Brumbaugh et al. 2018). However, it is worth pointing out that there are exceptions: several
classes of genes with low mRNA transcript stability which include cell cycle regulators,
cytokines, and oncogenes indeed use their 3"UTRs to change their protein levels
substantially. This regulation is largely mediated by microRNAs and AU-rich elements
(Kontoyiannis et al. 1999; Mayr and Bartel 2009; Herranz et al. 2015). Another exception
happens in development during maternal to zygotic transition, where several groups showed
that many mRNAs are cleared using elements found in 3’UTRs (Giraldez et al. 2006; Benoit
et al. 2009).

The overall lack of a relationship between 3’UTR shortening and mRNA abundance then
prompted some researchers to propose that alternative 3’ UTR isoform expression may be
random and may not matter (Spies et al. 2013; Neve and Furger 2014; Xu and Zhang 2018).
This proposal, however, is inconsistent with the known roles of regulatory elements in
3’UTRs. First of all, 3"UTRs, including alternative 3"UTRs, are known to regulate mRNA
localization (Lecuyer et al. 2007; An et al. 2008; Taliaferro et al. 2016; Mayr 2017; Tushev
et al. 2018; Ciolli Mattioli et al. 2019). Second, early comparative genomic analyses found
conserved 3’ UTR sequences when comparing homologous genes across species, but noticed
highly divergent 3"UTR sequences within an organism when comparing similar proteins.
For example, they observed that actin family members that encode similar proteins have
very different 3’ UTRs. However, these 3’UTR sequences were conserved across organisms,
suggesting that 3’'UTRs contain additional genetic information to distinguish the functions
of highly similar proteins (Yaffe et al. 1985). Although 3"UTRs are usually less conserved
than coding regions, high sequence conservation of 3"UTR regulatory elements was
confirmed in subsequent genome-wide studies (Siepel et al. 2005; Xie et al. 2005). Third,
when comparing 3"UTR length of genes across species, we and others found that 3'UTR
length has expanded substantially during evolution of more complex animals (Chen et al.
2012; Mayr 2016). And lastly, the use of replicates showed coordinated changes in 3’UTR
isoform expression in different cell types and conditions which speaks against random
3’UTR isoform choice (Lianoglou et al. 2013; Singh et al. 2018; Lee et al. 2018).

Discovery of 3’UTR-dependent protein functions

To investigate functions of alternative 3" UTRs, we studied the CD47 gene which generates
mRNA transcripts with short or long 3"UTRs and encodes a plasma membrane receptor that
acts as a ‘don’t eat me signal’ (Jaiswal et al. 2009). We fused GFP to the coding region of
CDA47 and then added either its short or long 3"UTR. When we transfected these constructs
into cells, we observed that CD47 protein encoded by the mRNA isoform with the long
3’UTR (CDA47-LU) perfectly localized to the plasma membrane, whereas CD47 protein
encoded by the mRNA isoform with the short 3’UTR (CD47-SU) mostly localized
intracellularly (Berkovits and Mayr 2015). Interestingly, mRNA localization of the two
constructs was similar and both of them localized to the endoplasmic reticulum (ER). This
suggested that the alternative 3’ UTRs of CD47 contain information for mRNA-independent
protein localization.
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Furthermore, we noticed that the cells transfected with CD47-LU formed lamellipodia,
whereas the cells that were transfected with CD47-SU did not. As lamellipodia formation is
a sign of active RAC1, we examined the amount of RAC1-GTP (active RAC1) in the cells
after transfection of either CD47-SU or CD47-LU. This revealed that transfection of CDA47-
LU increased RACL activation, whereas transfection of CD47-SU did not. This was a
surprising observation as the protein that is generated from the constructs is identical. This
finding indicated that the alternative 3"UTRs of CD47can control CD47 protein function as
only CD47-LU was able to activate a downstream signaling pathway. This was a remarkable
discovery as it shows that 3"UTRs can change the qualitative property and the function of a
protein (Berkovits and Mayr 2015).

We then investigated how the difference in protein function was regulated and found that the
RNA-binding protein HuR only bound to the long, but not to the short 3'UTR of CD47. One
of the most abundant interactors of HuR is the protein SET, a small acidic protein that is
highly expressed in the nucleus and cytoplasm of nearly all cell types (Brennan and Steitz
2001). Despite the similarity in name, SET should not be confused with a SET domain, a
domain found in methyltransferases. Instead, the protein SET has many different functions
and was initially discovered as an inhibitor of the phosphatase PP2A (Li et al. 1996). It also
acts as a histone chaperone that prevents histone acetylation and is regarded as a ‘reader’ of
non-acetylated lysines (Seo et al. 2001; Wang et al. 2016).

We performed co-immunoprecipiation of GFP-tagged CD47-SU or CD47-LU and asked if
endogenous SET binds. We found that SET only interacted with CD47-LU, but not with
CDA47-SU. Therefore, we regard the protein-protein interaction between SET and CD47-LU
to be 3"UTR-dependent. Furthermore, the binding of SET to CD47 also depends on specific
amino acids in the cytoplasmic domains of CD47. CD47 protein has five transmembrane
domains and is translated on the surface of the ER. The cytoplasmic domains contain
positively charged amino acids and mutation of 5/10 abrogated the binding of SET to CD47.
As HuR binds to AU-rich and U-rich motifs in the 3'UTR of CD47and SET binds to
positively charged amino acids in CD47 protein, our data indicates that establishment of the
3’UTR-dependent interaction between SET and CD47 requires motifs in the mRNA as well
as in the protein encoded by the mRNA (Berkovits and Mayr 2015).

Mass spectrometry identifies 3’"UTR-independent and 3’UTR-dependent

protein interactors of the E3 ubiquitin ligase BIRC3

In the case of CD47, we identified the 3" UTR-dependent protein interactor SET through
literature search. However, this approach is not scalable. Therefore, we established an
experimental strategy to identify 3" UTR-dependent protein interactors for basically any
candidate. For our proof-of-principle experiments we chose BIRC3, a non-membrane bound
E3 ligase that can be translated from an mRNA with a short or long 3"UTR. We generated
constructs where we fused GFP to the coding region of BIRC3 and then added either the
short or long B/RC33’UTR. Our goal was to identify 3’ UTR-dependent BIRC3 protein
interactors. We transfected the constructs into cells grown in SILAC media, followed by
GFP coimmunoprecipitation, followed by quantitative mass spectrometry. This revealed that
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some protein interactors bound equally well to BIRC3 protein regardless if it was translated
from the short or long 3'UTR isoform. We called these 3" UTR-independent interactors.
However, we found many BIRC3 protein interactors that bound better to BIRC3 protein
translated from the long 3"UTR isoform. We validated a number of interactors and were able
to confirm 80% of the candidates that we set out to validate (Fig. 3A) (Lee and Mayr 2019).
This experiment revealed that BIRC3 has 3" UTR-independent and 3" UTR-dependent
interactors which could be separated into different functional categories. BIRC3, which is
also called clAP2, is known to regulate NFxB signaling and apoptosis (Srinivasula and
Ashwell 2008; Beug et al. 2012). The regulation of cell death is consistent with the
identification of DIABLO and XIAP, two 3" UTR-independent BIRC3 interactors and known
regulators of cell death (Srinivasula and Ashwell 2008). In contrast, the 3" UTR-dependent
interaction partners have known roles in the regulation of chromatin, mitochondria, and
protein trafficking. These functions have previously not been associated with BIRC3 (Gyrd-
Hansen and Meier 2010).

We then set out to find a biologically relevant 3" UTR-dependent function of BIRC3. This is
a function of BIRC3 that can only be accomplished by BIRC3 protein translated from the
long 3"UTR isoform (BIRC3-LU). We identified CXCR4-dependent B cell migration as
such a function because we observed impaired B cell migration in BIRC3 knock-out cells
and in cells with knock-down of the long 3"UTR isoform. As these cells are unable to
mediate migration, despite the expression of BIRC3 protein translated from the short 3'UTR
isoform (BIRC3-SU), our data indicates that migration is a 3’ UTR-dependent function of
BIRC3. We further showed that two of the validated 3" UTR-dependent BIRC3 interactors,
IQGAP1 and RALA, were both required for migration and were mediators for one of the
3’UTR-dependent functions of BIRC3 (Lee and Mayr 2019).

In summary, we found that the E3 ligase BIRC3 has 3’ UTR-independent and 3’ UTR-
dependent interactors (Fig. 3B). It seems that the 3’ UTR-independent interactors form
complexes with BIRC3 mostly in a post-translational manner as protein abundance of
BIRC3 or the interactors was a crucial determinant for interaction. In contrast, protein
abundance does not seem to be the most important factor to establish 3"UTR-dependent
interactions. This interpretation is based on the observation that knock-down of the long
BIRC33’UTR isoform did not change overall BIRC3 protein levels, suggesting that only a
minor fraction of total BIRC3 protein consists of BIRC3-LU which was sufficient to mediate
the 3" UTR-dependent functions. Importantly, BIRC3 uses the 3" UTR-dependent protein
interactors to diversify its functions in a way that is independent of protein localization (Lee
and Mayr 2019).

3’UTRs control protein activity without affecting protein abundance

So far, we had only studied the functions of alternative 3"UTRs. However, we reasoned that
3’UTR-mediated protein complex formation is likely to happen at the majority of 3’"UTRs
and not only at alternative 3"UTRs. Therefore, as next candidate, we chose the 3'UTR of the
TP53 gene which generates a single 3'UTR isoform (Lianoglou et al. 2013). Moreover, we
previously had only used GFP-tagged expression constructs and decided to use CRISPR to
delete the 3"UTR at the endogenous locus (Mayr 2019). Our goal was to delete the majority
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of 3"UTR regulatory elements while keeping mRNA processing intact in order to not disturb
protein production. To do so, we used two guide RNAs and deleted the DNA sequence
encoding the 3"UTR between the stop codon and approximately 150 base pairs upstream of
the polyadenylation signal. We generated clones with a homozygous deletion of the 7P53
3’UTR in a human cell line and found that the 3" UTR deletion did not influence overall
mMRNA or protein levels of p53 (S. Mitschka, C. Mayr, unpubl.). This is in contrast to the
widely accepted opinion that one of the major functions of 3"UTRs is the regulation of
mRNA or protein abundance (Barreau et al. 2005; Bartel 2009). Despite no difference in p53
protein levels, in the cells with 3"UTR deletion, we observed a phenotypic difference that is
consistent with premature activation of p53 (S. Mitschka, C. Mayr, unpubl.). This indicates
that the 7P533"UTR regulates the activity of p53 protein.

We used CRISPR-mediated manipulation to investigate the 3" UTR-dependent functions of a
second candidate. Also in the case of PTEN, the 3"UTR did not affect overall mRNA or
protein levels, but instead seemed to alter the enzymatic activity of the PTEN phosphatase
(B. Kwon, S.H. Lee, C. Mayr, unpubl.). 3"UTRs were also manipulated using CRISPR by
others. Again, deletion of the long 3"UTR of Dscam1 did not change Dscam1 protein levels,
but impaired axon outgrowth in flies (Zhang et al. 2019). In our hands, all so far tested
3’UTRs controlled protein activity without affecting protein abundance, indicating that this
function of 3"UTRs is widespread. This has also been suggested by others (Fernandes 2019;
Ribero 2019).

How is information transferred from 3’UTRs to proteins?

We showed that 3" UTRs can control protein functions (Berkovits and Mayr 2015; Lee and
Mayr 2019), suggesting that 3" UTRs contain genetic information for the regulation of
protein function. We set out to investigate how the information is transferred from 3'UTRs
to proteins. We showed previously that CD47 function is regulated by the 3"UTR-dependent
binding of SET to CD47 protein. SET binds to both the long CD473’UTR (as it binds HuR
and HuR binds to the long 3"UTR) as well as to CD47 protein. After the establishment of
the SET-CDA47 interaction, the CD473"UTR is no longer necessary, suggesting that SET is
transferred from the 3’UTR to the protein. As the information contained in the long CD47
3’UTR is transferred to the protein through SET binding, we set out to study how SET
transfer is regulated.

The RNA-binding protein HuR is important in this process as knock-down of HUR
abrogated binding of SET to CD47 protein. However, HUR was not sufficient as SET
interacted better with CD47 when it was translated from an mRNA with the entire long
CD473’UTR compared to a 3" UTR that only consisted of HUR binding sites (Berkovits and
Mayr 2015). Therefore, we hypothesized that a second RNA-binding protein cooperates
with HuR to accomplish SET transfer and we set out to identify this protein.

As the 3"UTR of CD47is 4,194 nucleotides long, we started with the identification of a
region that contains the majority of information for SET transfer. We generated three 3'UTR
pieces and tested their capacity to mediate CD47 cell surface localization, one of the read-
outs for SET binding (Berkovits and Mayr 2015). We found that all three pieces contained
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some, but none of them contained the majority of information (Fig. 4) (W. Ma, C. Mayr,
unpubl.). This suggested the presence of a repeated motif that is required for SET transfer.
To identify it, we generated several short artificial 3" UTRs that contained different repeated
motifs and tested their capacity for CD47 cell surface localization. This led to the discovery
of ‘artificial UTR 5’ (aUTR5), derived from the TNFa AU-rich element which contains six
AU-rich elements (Kontoyiannis et al. 1999). This short 3"UTR fragment was able to fully
recapitulate the function of the long CD473"UTR with respect to SET binding and CD47
cell surface localization (Ma and Mayr 2018).

With the aUTR5, we performed RNA affinity pull-down experiments and identified the RNA
binding proteins that bind specifically to this 3’UTR compared with a size-matched control
derived from the short 3"UTR of CD47. Using mass spectrometry analysis, we identified
HuR and TIS11B as specific interactors of the aUTR5 (Ma and Mayr 2018). TIS11B is an
RNA-binding protein also known as ZFP36L1 or BRF1 that binds to the canonical AU-rich
element AUUUA (Stoecklin et al. 2002; Lai et al. 2002; Stumpo et al. 2004; Lykke-
Andersen and Wagner 2005; Herranz et al. 2015). TIS11B is known to bind to the 3'UTRs
of cytokines and destabilizes their mRNAs (Stoecklin et al. 2002; Lykke-Andersen and
Wagner 2005; Herranz et al. 2015). Knock-down of TIS11B abrogated the 3"UTR-
dependent binding of SET to CD47 and decreased CD47 cell surface localization. However,
it did not change expression of the proteins involved in 3’ UTR-mediated surface expression
of CD47, including CD47, HuR, and SET, that all have several AU-rich elements in their
3’UTRs, suggesting that not all AU-rich elements have destabilizing capacity. This raised
the question of how TIS11B would mediate SET transfer (Ma and Mayr 2018).

We hypothesized that TIS11B might generate a ‘special’ environment for SET transfer and
performed imaging of TIS11B. We found that endogenous TIS11B formed granular
assemblies in the vicinity of the ER. Live cell confocal imaging with Airyscan mode showed
that TIS11B assembles into a tubule-like network that is intertwined with the ER and covers
a large portion of the ER (Ma and Mayr 2018). TIS11B assemblies are RNA granules as
they contain specific mMRNAs and proteins. Therefore, we called them TIS granules. TIS
granules were detected under steady-state cultivation conditions and in the absence of stress
in all cell types investigated, including in primary cells directly isolated from human skin
(M. Pan, W. Ma, C. Mayr, J. Young, unpubl.). Not all TIS11B molecules assemble into TIS
granules, because we also detected soluble TIS11B protein in the cytoplasm.

To start to investigate the role of TIS11B or TIS granules in SET transfer, we visualized
CD47mRNAs. Using RNA-FISH, we observed that CD47-L U mRNA transcripts localized
to TIS granules, whereas CD47-SU mRNA transcripts localized to the ER but mostly to
regions not covered by TIS granules. As CD47 protein was detected at the site of mMRNA
localization, we concluded that CD47-LU is translated on the ER in the region of TIS
granules whereas CD47-SU is translated on a different domain of the rough ER that is not
associated with TIS granules (Ma and Mayr 2018). This indicates that one function of the
alternative 3'UTRs of CD47is the regulation of local translation on different subdomains of
the ER.
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Next, we investigated in more detail how the protein-protein interaction between SET and
CDA47 is formed. Usually, when two proteins are able to bind to each other, overexpression
of the proteins results in increased interaction; a principle that is often used when proteins
are tagged with FLAG and HA to test their interaction. However, overexpression of SET and
CDA47 did not result in increased interaction (Ma and Mayr 2018). Instead, we observed that
overexpression of the RNA-binding protein TIS11B resulted in better interaction between
SET and CD47-LU (Fig. 5). This raised the question if overexpression of TIS11B protein or
the presence of TIS granules is crucial. To distinguish between the two scenarios we needed
a mutant of TIS11B that behaves like the wild-type protein, but is unable to assemble into
TIS granules. Through hypothesis-driven mutagenesis of TIS11B we obtained such a
mutant. This mutant revealed that the presence of TIS granules is required for the binding of
SET to CD47-LU (Fig. 5) (Ma and Mayr 2018). This observation allowed us to predict the
following: CD47-SU is a protein that is translated on the ER outside of the TIS granule
region and does not bind to SET. If translation in the TIS granule region is required for the
interaction of SET and CD47, CD47-SU will bind to SET if CD47-SU is translated in the
TIS granule region. We set up an experiment where we forced CD47-SU to be translated in
the TIS granule region and were able to recapitulate the prediction. This finding indicates
that certain protein-protein interactions can only be established

when a protein is translated within a particular subcellular compartment and not outside the
compartment (Ma and Mayr 2018). As 3" UTRs contribute to the local environment within
TIS granules (W. Ma, C. Mayr, unpubl.), our finding indicates that one function of mMRNAs
is to create a niche during protein synthesis.

Interestingly, in the TIS granule region we found a paradoxical relationship between SET
binding and SET concentration: the interaction between SET and CD47 was increased
despite lower abundance of SET in the TIS granule region compared to the cytoplasm (Fig.
6) (Ma and Mayr 2018). A similar observation was recently obtained with a different
experimental system /n vitro. Within a CAPRIN1 phase-separated environment the activity
of the CNOT7 deadenylation enzyme was seven-times higher than in buffer, despite a lower
concentration of CNOT7 in the condensate than outside (Kim et al. 2019). The activity
increase did not happen in other phase-separated environments and was specific for
CAPRINL. The authors suggested that the protein solvent environment modulates the
enzymatic activity of CNOT7 (Kim et al. 2019).

Conclusions

These findings have several important implications. (1) The most straight-forward way how
membraneless organelles and condensates may influence reactions is through partitioning
and the concentration of molecules for reactions (Banani et al. 2017; Shin and Brangwynne
2017; Kato and McKnight 2018). This has been beautifully illustrated in signaling puncta
formed by phosphorylated LAT. Within these LAT clusters, kinases are enriched and
phosphatases are excluded, thus facilitating signaling reactions (Su et al. 2016).

(2) In addition to regulating partitioning, membraneless organelles were also shown to
provide a different biochemical environment that can affect physical and structural
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properties of biomolecules: In buffer, a short piece of double-stranded DNA remained
double-stranded,

whereas within a Ddx4 phase-separated environment it was destabilized, leading to sort of
unwinding of the double-stranded DNA, possibly through cation-pi interactions acting on
the backbone of the DNA (Nott et al. 2016).

(3) More recently, it was shown that the solvent environment provided by a CAPRIN1
phase-separated condensate increased the enzymatic activity of CNOT7 deadenylase. This
was a remarkable result as the solvent was more important for the regulation of the
enzymatic activity than the concentration of the enzyme (Kim et al. 2019). This finding is
reminiscent of the observation that SET interacts with CD47 better in the TIS granule region
than outside, despite a lower concentration of SET in the TIS granule region (Ma and Mayr
2018). These two examples provide a major conceptual advance in our understanding of how
cellular reactions are regulated. So far, most of the time, it has been assumed that a high
overall or local concentration is a key determinant of enzymatic activity, but the examples
show that the solvent or the local environment created by the mRNA together with the bound
proteins strongly influence reactions.

(4) Specific mRNAs are enriched in TIS granules and one of the determinants for their
enrichment are the motifs located in their 3’UTRs (Ma and Mayr 2018). This implies that
one of the functions of MRNAs is to compartmentalize the cytoplasm and to contribute to
the generation of a local environment. The mRNA, its bound proteins, and the emergent
properties acquired by their formation of higher-order assemblies create a local niche. In the
future, it will be important to dissect the contribution of the enriched proteins and the
enriched mRNASs to the material properties of TIS granules and other membraneless
organelles.

(5) It is highly likely that in addition to TIS granules other membraneless organelles exist
that allow translation and co-translational protein complex assembly. This would mean that
the cytoplasm is much more compartmentalized than previously thought and it will be
interesting to identify new cytoplasmic membraneless organelles and to determine the
reactions that are promoted or inhibited. This may have important implications for synthetic
and cell biology as we may be able to promote certain reactions through the generation of
designer membraneless organelles (Reinkemeier et al. 2019).

(6) As shown for TIS granules, the local environment influences processes during protein
translation and plays a role in peri-translational protein complex assembly (Ma and Mayr
2018; Natan et al. 2017). The niche formed at the site of protein synthesis may act as a filter
to promote certain 3’ UTR-dependent protein interactions over others (Fig. 7A-C). As most
3’UTRs contain thousands of nucleotides, many RNA-binding proteins are likely to bind to
a specific 3"UTR. It is currently unknown how many RNA-binding proteins bind to a
3’UTR, but mass spectrometry analyses performed in C. elegans found approximately 10—
30 different proteins bound per 1,000 nucleotides of mMRNA (Theil et al. 2019). A
complementary analysis in HeLa cells using high-resolution imaging estimated how often a
single RNA-binding protein was bound to an mRNA and detected between 2-34 molecules
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with a median of 5-8 (Mateu-Regue et al. 2019). Each RNA-binding protein may recruit
several effector proteins, thus generating a niche. It is conceivable that the composition of
the niche may affect the binding kinetics of proteins with the nascent chain. This can be
tested if a protein is forced to be translated in a different niche. One way to change the niche
is to swap the 3"UTR or to recruit the mRNA into a different membraneless organelle (Fig.
7A-C).

(7) It has long been thought that ‘mRNA regulons’ exist, where functionally related groups
of mMRNAs are co-regulated (Keene 2007). However, there is recent evidence that
cytoplasmic MRNP (messenger RNA nucleoprotein complex) granules consist of single
mRNAs which would preclude co-regulation of mMRNAs (Mateu-Regue et al. 2019).
However, formation of larger mMRNA granules such as TIS granules that contain many
mRNAs may enable the mingling of different mRNASs to allow co-regulation as well as co-or
peri-translational protein complex assembly of transcripts that are translated in vicinity to
each other (Fig. 7D) (Shiber et al. 2018; Mayr 2018; Schwarz and Beck 2019).
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Nurturing niche

Figure 1. The 3'"UTR with the bound RNA-binding proteins and recruited proteins createsa
nurturing niche for nascent proteins.

Shown are two ribosomes translating an mRNA (light green). The nascent peptide is
depicted in dark green. The RNA-binding proteins bound to the 3"UTR are in yellow,
orange, or red and the recruited proteins are in blue shaded colors.
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Figure 2. mRNAs either changetheir abundance or they changetheir 3’UTR ratio during B cell
transfor mation.

Shown are changes in mRNA levels (X-axis) versus changes in 3"UTR isoform abundance
(Y-axis) in naive B cells before and after immortalization using Epstein-Barr virus
transformation (called B lymphoblastic cells, B-LCL). Changes in 3"UTR isoform
abundance are given as difference in UTR index (UI). The Ul is the fraction of reads that
map to short 3"UTR isoform out of all the reads mapping to the 3’ UTR. Genes with
significant mMRNA or 3"UTR isoform changes are color-coded. Grey indicates no significant
change and black indicates genes with a significant change in both mRNA levels and 3"UTR
isoform abundance. Reprinted from Lianoglou et al., 2013.

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2020 July 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mayr

GFP-BIRC3
GFP

XIAP
DIABLO
SMARCA5
SMARCA4
HSPA9
TIMM44
IQGAP1
RALA

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2020 July 28.

Input GFP co-IP
S o o
o (T -] 5 L -]
= O un I O v —_ kDa
e § N RE

-188

— — — — —‘-,-,' ",

,.r:u
....._.......__62
-49
E— C— Cm— Gm—

————'m -——-188

— — — — -...,..0!1-28

§ l *,
@

IMM44 SMARCA4
BlRC3 BIRC3 BIRC3 BIRC3,
IQGAP1
MARCAS
BIRC3 BIRCTS Y

DIABLO

Cell death
NF-kB signaling

Page 16
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Figure 3. BIRC3 has 3'UTR-independent aswell as 3’ UTR-dependent interaction partners.
(A) Western blot validation of endogenous BIRC3 interactors. 3’ UTR-independent (orange

bar) and 3’ UTR-dependent (red bar) BIRC3 protein interactors identified by GFP co-
immunoprecipitation in HEK293T cells after transfection of constructs containing the
coding region of BIRC3 fused to GFP and the short 3"UTR (SU) or the long 3"UTR (LU).
1% of input was loaded. (B) 3" UTR-independent BIRC3 functions are mediated by 3"UTR-
independent protein interactors (brown), whereas 3’ UTR-dependent BIRC3 functions are
mediated by 3" UTR-dependent interactors (blue and purple colors). 3"UTR-dependent
functions can only be accomplished by BIRC3-LU. Reprinted from Lee & Mayr, 2019.
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Figure 4. All fragments of the CD47 3’UTR contain information for SET transfer.
(A) Schematic showing the full-length CD473"UTR (LU) together with the three fragments

(LU-F1, LU-F2, LU-F3) tested. The nucleotide positions for the boundaries of the LU
fragments are shown. (B) A read-out for SET binding is surface expression of GFP-CD47.
Shown are flow cytometry results of the indicated samples. SU is the short CD473’UTR
and is used as negative control, whereas LU is the positive control.
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Figure5. TISgranulesare necessary for SET binding to CD47.
(A) Wild-type TIS11B (TIS11B-WT) forms TIS granules, whereas mutant TIS11B

(T1S11B-MUT) does not. (B) Presence of TIS11B-WT substantially increases SET binding,
but expression of TIS11B that is unable to form TIS granules (TIS11B-MUT) has a small
effect. mC, mCherry. Shown as in Figure 4B. Adapted from Ma & Mayr, 2019.
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Live cell

Fixed & perm.

Figure 6. The environment in TIS granulesis different from the cytoplasm.
Confocal imaging of HeLa cells after transfection of GFP-TIS11B (red) and mCherry-SET

(green). Top: SET is relatively depleted from the TIS granule region (demarcated by the
white dotted line). The yellow dotted line demarcates the nucleus. Bottom: After fixing and
permeabilization of cells, SET disappears from the cytoplasm but is retained in the TIS
granule region suggesting that the biochemical environment in the TIS granule region is
different from the cytoplasm. Adapted from Ma & Mayr, 2018.
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Figure 7. Theniche at the site of protein synthesis affects peri-translational protein complex
formation.

(A) Translation of an mRNA (light green) without 3"UTR may result in the lack of an RNA
granule at the site of translation and may prevent co-translational protein complex assembly.
The ribosome is shown in grey and the newly synthesized protein is shown in dark green.
(B) As in (A), but the presence of a local RNA granule (yellow) allows a specific protein-
protein interaction between a 3" UTR-recruited protein (dark blue) and the newly synthesized
protein (dark green). (C) As in (B), but a different type of RNA granule (purple) allows the
formation of a different 3’ UTR-dependent protein complex. (D) Translation of two different
mRNAs (light red, light blue) within a larger RNA granule (grey) containing a diversity of
mRNAs may allow co-or peri-translational protein complex formation.
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