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Abstract

The signal recognition particle (SRP) pathway has long been regarded as the
primary mechanism of transcriptome and translatome partitioning to the endoplasmic
reticulum (ER). This co-translational targeting mechanism is conserved in all living
organisms studied to date. By the SRPpathway, ribosomes translating secretory and
membrane protein-encoding mMRNAs in the cytosol are selected for recruitment to the
ER following presentation of a peptide signal sequence early in translation. SRP
recognizes and binds the peptide signal and targets the mRNA -ribosome-nascent chain
complex to the ER membrane via interaction with the ER-resident SRP receptor (SR).
The membrane-targeted signal peptide is then passed to the translocon and the
secretory/membrane protein is co-translationally transloc ated into the ER lumen or
inserted into the ER membrane. Via this positive selection strategy, mRNAs encoding
secretory and membrane proteins are translated by ERassociated ribosomes, while non
signal encoding mRNAs are translated by free ribosomes in the cytosol. Yeast and
bacterial species possess postranslational protein translocation mechanisms which
allow SRP-independent translocation . Mammalian cells, by contrast, rely on the SRP
pathway for protein targeting and translocation. The preciserole of the SRP pathwayin
subcellular mRNA localization, however, remains elusive. In fact, studies which

investigate RNA localization to the ER suggest many diverse strategies could anchor a



broad representation of all cellular mMRNAs to the ER membrane and regul ate their
translation. Here we evaluate the extent to which the SRP pathway contributes to
transcriptome partitioning in mammalian cells via CRISPR/Cas9 - and RNAi -mediated
depletion of SR, followed by sequential detergent fractionation into cytosol and ER
subcellular fractions and deep sequencing of the compartmentalized mRNAs. We found
that disruption of the SRP pathway does not impact steady-state mRNA localization to
the ER, though minor defects in protein expression were observed in a quantitative
proteomic study, thereby decoupling SRP pathway function in protein biogenesis from
general mMRNA partitioning. Assessment ofde novasubcellular localization patterns of
newly synthesized mRNAs , via deep sequencing of 4thiouridine metabolically labeled
MRNAs in the cytosol and ER fractions of parental and SR-deficient cells, revealed that
MRNAs are predominately localized to the ER membrane upon nuclear export,
independently of a functional SRP pathway or encoded signal sequence We further
found that translati on inhibition, through physiological stress or chemical inhibitors,
enhancad the ER localization of mMRNAs, especially non-signal encoding mRNAs. This
suggests that translation -coupled events releasethis mMRNA cohort into the cytosol to
establish steady-state subcellular distribution s. Additional investigation into RNA
localization patterns by single molecule RNA imaging under conditions of stress-
induced translation inhibition, which promotes the formation of ribonuc leoprotein stress

granules (SG), revealed that newly synthesized mRNAS serve as primary substrates for



SG biogenesis astranscription inhibition prevent ed mRNA recruitment into SGs .
Furthermore, SG formation was found to occur in association with the ER membrane for
both signal- and non-signal-encoding mRNAs . Collectively these data support a novel
MRNA trafficking model by which newly synthesized mRNAs are exported from the
nucleus and localized directly to the ER membrane independently of the SRP pathway,
likely via interaction with ER -resident ribosome and/or RNA binding proteins
implicating the ER as a regulatory center for initiation of subcellar transcriptome

partitioning .
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1l ntroducti on

Throughout history, we have seen our understanding of biological systems
expand with the advent of new methods and technologies. For example, in the mid-
twentieth century, when only weak powered microscopes were available, scientists
largely considered the cytoplasm of a cell to be an empty void (Alberts et al, 2002) With
the development of electron microscopy, we could however see that this space was filled
with fibrillar and membranous structural elements (Alberts et al, 2002) Now, after
decades of further advancement, we are still left to wonder if what we take as fact may
transpire to be oversight in the coming years. It is with this in mind that we must push
forward as scientist, to find the biological truth, and rely on data, not assumptions, to
fuel and shape our ever-changing hypotheses.

For example, the concept of subcellular partitioning of ribosomes, proteins, and
RNAs to the endoplasmic reticulum (ER) began with studies of protein secretion in the
1950s(Palade, 1955) Observed differences in the fate of proteins synthesized on either
cytosolic or membrane-bound ribosomes in pancreatic exocrine cells drove the
development of the signal hypot hesis, which was subsequently validated using in vitro
systems of purified translation components and ER -derived membrane vesicles (rough
microsomes) (Blobel and Sabatini, 1971; Walter and Blobel, 1981a; ByValter et al, 1981)
When this in vitro characterized model, termed the signal recognition particle (SRP)

pathway, was investigated in cellular systems, including bacteria, yeast, and



mammalian cells, the data generally supported the in vitro findings and deviations were
attributed to compensatory events and cellular adaptation. Given suitable explanations
for the accepted cellular digressions from the established model, the SRP pathway has
remained the rule and baseline for data interpretation surrounding partitioning between
the cytosol and ERthrough present day. When data is assessed only in the context of an
existing model, complex factors and findings must often be ignored in order for the data
to fit the model. Some researchers are sasfied by this approach, claiming technical
background or methodological short comings, while others look at these reproducible
trends across all branches of evolution and question if we have been limiting our
understanding of the complex nature of biology by staying true to a single hypothesis
for 50 years.

The following review will take you from signal hypothesis, to SRP model, to
cellular findings, and conclude with a critical evaluation of what this means in the
context of RNA partitioning and local protein synthesis on the ER membrane in
mammalian cells. This discussion will also highlight questions which remain to be
answered and suggest that focused studies on RNA localization dynamics, from
synthesis through degradation, and functional organization of the ER membrane may
help us to elucidate in vivo mechanisms of transcriptome and translatome partitioning

and subcellular regulation.



1.1 The signal hypothesis

In 1955 George Palade observed the ribosome by electron microscopy for the first
time. He noted several observations, the most prominent being that some of these dense
particulates were found free in the cytosol whereas another, physically indistinguishable
population, seemed to be associated with the ER membrane(Palade, 1955) The
functional importance of this ribosome -ER junction remained the focus of scientific
study for decades to come. Because overexpressiomnd genetic manipulation was not
available, researchers at the time relied on natural systems which would allow them to
investigate specific organelles and/or subpopulations of mMRNAs and proteins.

Pancreatic exocrine cells, for example, became a common sgtem to study the ER and

membrane-bound ribosomes due to their heavily studded, vast network of ER

membrane (Figure 1) (Palade, 1975b% w! I EEUUT wUOT 1 Ul wEl OOUZ7z wOEDQuwi C
digestive enzymes for secretion, researchers reasoned that the ER and its associated

ribosomes may be connected to this process. Indeed, H-leucine labeling of newly

synthesized proteins via intravenous injection in guinea pigs, followed by harvesting of

pancreatic tissue at various time points after injection, and visualization by electron

microscopy revealed proteins synthesized on membrane-bound ribosomes were

transported into the ER lumen, shuttled to the Golgi, concentrated in zymogen vacuoles,

and subsequently discharged from the cell (Caro and Palade, 1964) Conversely, proteins

synthesized on free ribosomes seemed to remain in the cytoplasm(Caro and Palade,



1964) It was therefore hypothesized that the two populations of ribosomes were
dedicated to the translation of distinct cohorts of mMRNAs, i.e. free ribosomes translating

cytoplasmic proteins and membrane-bound ribosomes translating secreted proteins.

Figure 1: Visualization of free and membrane -bound ribosomes.

Electron micrograph of a pancreatic exocrine cellshowing the endoplasmic reticulum
membrane (mer), cisternal space (cs), cyasol (Klionsky et al), free ribosomes (fr), and
membrane-bound ribosomes (ar). Source: Intracellular Aspects o the Process of Protein
Synthesis, George PaladeScienc€1975), vol. 189, no. 4200, pages 34358.

The next major question in the field became, how such segregation of protein
synthesis could occur. A possible answer arouse in 1971 when Glnter Blobel aad David
Sabatini hypothesized that secretory proteins contain a signal sequence of some kind
which would mark an mRNA to be translated on the ER (Blobel and Sabatini, 1971) This
hypothesis, termed the signal hypothesis (Figure 2), was based on the observations that
nascent polypeptide chains and large ribosomal subunits associate closely with the ER

and that translation on membrane -bound ribosomes seemed to be selective for secretory
4



proteins, as described above. The signal hypothesis painted a picture where mRNAS to
be translated by membrane-bound ribosomes on the ER encode a common feature not
present in mRNASs to be translated by free ribosomes in the cytosol, i.e. a signal
sequence. This signal sequence was hypothesized to be @ognized by a factor which
would mediate targeting to the ER membrane, potentially by contacting a site on the
large ribosomal subunit and one on the membrane. Blobel and Sabatini also proposed
that once the nascent chain was release from the ribosome intahe intracisternal space,
the ribosomal subunits, and even the binding factor, may dissociate from the membrane
and enter their respective cytosolic pools to repeat this cycle. Although this hypothesis
was largely speculation, essentially every aspect ganed experimental support in the
coming years.
SUBUNIT POOL
/ o éw
D
— SBINDING FACTOR

@ MEMBRANE

Figure 2: The signal hypothesis .

The signal hypothesis depicts a nascent peptide signal interactng with a binding factor
on the endoplasmic reticulum which allows for membrane assaiation of the ribosome
and associated mMRNA. Source: RibosomeMembrane Interaction in Eukaryotic Cells,
Glnter Blobel and David Sabatini, Biomembranegl971), pages 19395, Plenum Press,
New York.




1.2 Discovery of the signal recognition particle pathway
1.2.1 Evidence of a signal sequence

In 1975, Blobel and Bernhard Dobberstein published the existence of an ~20
amino acid N -terminal sequence on newly synthesized light chain 1IgG which was
cleaved upon translocation into the ER lumen to form an auth entic light chain protein,
i.e. matching identity to in vivo secreted light chain, in MOPC 41 tumor cells which
mainly synthesize IgG (Blobel and Dobberstein, 1975a) Furthermore, mRNA for the
light chain was found to b e exclusively associated with membrane-bound ribosomes via
sequential velocity sedimentation which can separate free and membrane-bound
polyribosome, i.e. polysome, populations (Blobel and Dobberstein, 1975a) These
findings sparked a series of experiments which would become the founding support for
the signal hypothesis.

One such study utilized an in vitro translation system of salt washed
(translationally inactive) dog pancreatic rough microsomes (RM), small and large
ribosomal subunits and initiation factors from rabbit reticulocyte lysate which
predominantly contain globin mRNA (encoding a cytosolic protein), as well as
exogenous light chain IgG mMRNA (encoding a secreted protein) (Blobel and
Dobberstein, 1975b) In this system it was found that RM were capable of processing
precursor light chain into authentic light chain, and that only pr ocessed light chain was

detectable following translation in the presence of RM. This processed product was



protected from external proteases, which degraded precursor and authentic light chain
protein in the absence of RM, suggesting that translation by RM-associated ribosomes
was coupled with translocation into the microsomal lumen and that this translocation
was coupled with cleavage of the sighal sequence(Blobel and Dobberstein, 1975b) Both
translocation and signal processing occurred only during ongoing translation and not
after termination, i.e. addition of completed precursor light chain to the translation
system did not result in translocation or processing (Blobel and Dobberstein, 1975b)
Because no change in globin synthesis was observed irany experimental condition, it
was suggested the information for membrane targeting and translocation was encoded

by the prolactin mRNA, thus supporting the signal hypothesis.

1.2.2 Identifying and characterizing the signal recognition particle

31 1 wis BektQ@dalavas to determine the factor cited in the signal hypothesis
responsible for recognition of the signal sequence. Attempts to isolate the translocation
activity of microsomes had been performed using salt extraction (Warren and
Dobberstein, 1978)and/or tryptic digestion of microsomes (Walter et al, 1979) Both
attempts resulted in a water soluble fraction that when recombined with salt -washed
microsomes restored translocation activity (Walter et al, 1979; Warren and Dobberstein,
1978) In 1980, Peter Walter and Blobel, managed to further purify the active component
of the salt-extracted fraction to 6 proteins which consistently co -purified and restored

translocation activity to salt -washed RM (Walter and Blobel, 1980) Translocation was



measured in this case by the preprolactin:prolactin (a secreted protein encoding a
cleavable signal sequence) ratio synthesizedn vitro by bovine pituitary lysate in the
presence of RM. Like precursor light chain IgG and authentic light chain, preprolactin is
only processed upon translocation into the microsomal lumen to produce prolactin. This
processing is completely efficient in that no preprolactin is found inside the RM lumen,
thus allowing assessment of translocation activity based on the precursor:processed
ratio. Following various purification methods, isolated protein fractions were added to
salt washed RM and translocation activity was assessed. Hydrophobic chromatography
of the salt washed extract, following removal of ribosomes via centrifugation, yielded
three high MW proteins (72 kDa, 68 kDa, and 54 kDa) and three low MW proteins (19
kDa, 14 kDa, and 9 kDa) which were reproduci bly obtained in eluate and restored
translocation when added to salt washed RM (Walter and Blobel, 1980) This fraction
was further purified using gel filtration on Sephrose C1 -B6, ion exchange
chromatography, and adsorption chromatography on hydroxyapatite. All 6 proteins
consistently cochromatographed with translocation activity, strongly suggesting that the
active agent was a250 kDa complex containing six subunits. Although the mechanism
by which this complex may restore translocation activity was unknown at the time,
Coomassie staining suggested a stoichiometric relationship between the complex and
the number of translocated peptide chains to be approximately 1:1. Because the complex

was purified via hydrophobic chromatography, it was also hypothesized that the



complex may facilitate translocation via interaction with a hydrophobic signal sequence
or via tethering to the ER membrane.

Following the purification of the 250 kDa protein complex, it was found that this
complex binds to nascent, in vitro assembled polysomes synthesizing preprolactin, but
not globin (a cytosolic protein), in a cell -free wheat germ translation system (Walter et
al., 1981) It was thus hypothesized that the complex binds the signal sequence of
preprolactin and was termed the signal recognition protein (SRP; nomenclature was
later changed to signal recognition particle upon the discovery of a 7SL RNA which is
critical for the structure and function of SRP (Walter and Blobel, 1982. 129 -labeled SRP
was used to assess its interaction with preprolactin-synthesizing polysomes following
sucrose gradient sedimentation. It was found that SRP binds monosomes with low
affinity whether or not mRNA was being translated and binds preprolacti n synthesizing
polysomes with 6,000 fold higher affinity than monosomes (Walter et al, 1981) SRP did
not interact with polysomes synthesizing globin. Furthermore, in a membrane -free
translation system, SRP was found to inhibit preprolactin and prolactin synthesis, but
had no effect on globin synthesis (Walter et al, 1981) With this preprolactin vs. globin
difference, experiments were designed to identify what might drive the specificity of the
SRRUDT OEOwUI @UI OET wbOUI Ukydrdxpléubrt intp §att@sizn® UEUD OO wo

preprolactin had previously been shown to inhibit translocation (Hortin and Boime,



absence of l:leucine there was a significant decrease in concentrationdependent
inhibition of preprolactin synthesis by SRP (Walter et al, 1981) When L-leucine was
added to the translation system alO O1T wp-HE@EWE R & w ChydiokyDeQdin®wad
successfully out competed and SRPmediated translation inhibition was completely
mitigated. This suggested that SRP interacts with the nascent chain of preprolactin, not
the mRNA itself, thereby defining th e signal sequence recognized by SRP as a peptide.
Follow -up studies revealed that SRP allows binding of preprolactin -synthesizing
polysomes to RM in an in vitro wheat germ translation system; i.e. preprolactin
polysomes bound to translationally active RM b ut did not bind to translationally
inactive salt-washed RM, however, when purified SRP was added even to salt extracted
RM, polysome binding to the membrane was restored (Walter and Blobel, 1981b)
Globin -synthesizing polysomes were never found in association with the membrane
and, as mentioned, does not bind SRP(Walter et al, 1981) Collectively these data
support the hypothesis that the polysome-RM interaction could be mediated via SRP
binding the peptide signal sequence. Additionally, as disruption of the signal sequence
Y B Ehydpoxy leucine incorporation inhibited not only SRP binding to the polysome, but
also prevented polysome bindin g to the membrane (Walter and Blobel, 1981b) these
data suggest protein translocation across the ER is a receptormediated process with SRP
serving as the targeting factor.

The third paper in this series provided evidence that the previously observed
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inhibition of preprolactin synthesis by SRP is due to a site-specific stall in translation
which is released when RM is added to the stalled system (Walter and Blobel, 1981a)
This study created a translation system synchronized with respect to polypeptide chain
elongation via addition of 7 -mG, a translation inhibitor specific to initiati on without
effecting elongation, such that the time of subsequent addition of RM to a translationally
stalled system would perfectly parallel nascent chain length. This system therefore
allowed detection of an SRP-arrested polysome state. In the absence oRM, it took 15
minutes for preprolactin synthesis to be completed, as measured by [3*S]methionine
incorporation. When translationally active RM was added to the translation system at
various times after 7-mG addition, translocated prolactin was observed o nly when the
membrane was added soon after 7mG, i.e. addition of RM three minutes post initiation
block resulted in all processed prolactin, at six minutes there was a mix of prolactin and
preprolactin, and when RM were added nine or fourteen minutes afte r the initiation
block, only preprolactin was observed, indicating that nascent chains were no longer
capable of translocation at this time point. When the same experiment was repeated in
the absenceof salt extracted RM and presence of SRP, no prolactin o preprolactin was
synthesized, rather only an ~8 kDa band was detected across all time points(Walter and
Blobel, 1981a) When RM was added to the SRRcontaining translation system three, six,
or nine minutes after initiation block, processed prolactin was detected 20 minute s after

RM addition. This lag in protein processing suggested that SRP releases translation
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arrest and allows for protein translocation. When the system was incubated for a longer
time in the presence of SRP before the salt extracted RM were added to theygstem (14 or
20 minutes), the ~8 kDa band persisted until prolactin could be detected. The appearance
and disappearance of the 8 kDa band and the correlation with translation and
translocation activity suggests SRP arrests preprolactin mRNA translation at a distinct
site during its synthesis. Furthermore, the dependence on addition of RM for release of
translation -arrest suggests that interaction with the RM membrane is required for
release of SRPmediated translation release. The authors therefore speculaed that SRP
recognizes an N-terminal signal sequence of secretory nascent polypeptide chains,
causes sitespecific elongation arrest, transports the ribosome translating the secretory
protein to the ER membrane, where SRRmediated arrest is released and translation and
translocation proceeds. The authors reasoned that this would provide a mechanism by
which the cell could ensure proteins were being translated in the proper subcellular
compartment to prevent damage of cytosolic components by secretory proteins, many of
which are degradative enzymes. The authors also noted that translation arrest by SRP
may be due to experimental conditions and may never or rarely occur in cells where ER
membrane is always available.

It was quickly recognized that SRP not only acts upon signal sequences of
secretory proteins, but also on transmembrane domains (TMD) of membrane proteins

using similar experiments with parallel results (Anderson et al, 1982; Spiess and Lodish,
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1986) This SRRTMD interaction was found not only to direct the transmembrane
protein to the ER, but also determines the directionality of insertion (Skach and
Lingappa, 1994; Zerialet al, 1986)

The studies recounted to this point provided a mechanism of positive selection
for the ER-localization of reporter secretory and membrane protein synthesis and
translocation, but did not consider that these may be a casespecific phenomenon or that
other mechanisms may also exist to recruit mRNAs and proteins to the ER membranein

vivo (see Sectiois 1.5and 1.6).

1.2.3 Isolating the signal recognition particle receptor

The above described experiments revealed that SRP can create a critical link
between a translating secretory or transmembrane protein and the ER membrane, but it
was unclear if this was a direct tethering event or if SRP indirectly intera cted with the
membrane via another protein located on the ER membrane. Attempts to identify a
potential ER-resident SRP binding partner began with treatment of salt extracted RM
with elastase under high salt conditions and resulted in the release of a 60 kDa peptide
(Meyer and Dobberstein, 1980b) This peptide was subsequently shown to be ER specific
and derived from a me mbrane bound 72 kDa protein (Meyer and Dobberstein, 1980a) It
was also found that this protein relieved SRP-induced translation stalls, i .e. translation
and translocation could proceed following SRP -induced stall in vitro only when the SRP-

nascent chain complex contacted a membrane containing the 72 kDa protein(Meyer et
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al., 1982) It was therefore presumed that SRP binds he 72 kDa protein on the membrane
and the protein was termed the docking protein (Meyer et al, 1982)

Further studies found that neither protease treated RM, nor protease treated RM
plus the 60 kDa docking protein, facilitated active translocation in vitro, however when
SRP was added to the later system, translocation was restored suggesting the docking
protein interacts with SRP to mediate translocation (Gilmore et al, 1982b) This study
additionally compared the docking protein activity in wheat germ and rabbit
reticulocyte lysates. While the wheat germ system required the addition of SRP to
induce translocation, the reticulocyte lysate was able to translocate without exogenous
SRP. This lead to the conclusion that SRP must already be present in the cytoplasm of
reticulocytes, suggesting SRP may only be transiently associated with the membrane
while a cytosolic population of the protein also exists (Gilmore et al, 1982b) These data
lead to the conclusion that the 72 kDa docking protein is the first site of interaction
between the ribosome-secretory nascent chainrSRP complex and the ER membrane and
became known as the SRP receptofGilmore et al, 1982b; Meyeret al, 1982; Srivastaveaet
al.).

Attempts to purify the arrest -releasing activity of the elastase fraction of the
above system verified that the 72 kDa protein binds SRP in that the 60 kDa elastase
sensitive protein could not release translation arrest itself, but could do so when

combined with the elastase-treated membrane fraction, which was also by itself in active
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(Gilmore et al, 1982d) This showed that the cytoplasmic and membrane bound domains
of this protein could not release translation arrest on their own, but only as a complete
protein complex. Furthermore, it was again shown that translocation of nascent
secretory proteins occurs only upon release of SRRinduced elongation arrest by SR
(Gilmore et al, 1982d) thereby supporting the idea that SRP binds the nascent chain of
translating secretory protein, stalls translation until localization to the ER membrane is
ensured via binding to SR, and once this interaction occurs, translation proceeds and
translocation occurs.

A later study revealed that the above described 72 kDa SR was actually derived
from a slightly larger heterodimeric complex consisting of two subunits, SR a and SRb
(Tajima et al, 1986) SRa, a 69 kDa protein, was chemically and immunologically
identified as the previously described 60 kDa elastase-sensitive cytosolic portion of SR
plus a small N -terminal domain which presumably binds SR b. The novel SR subunit
was characterized as the integral membrane subunit of the receptor, with a cytosolic
domain previously recognized as the elastase-insensitive portion of the 72 kDa receptor
plus a transmembrane domain and a short N-terminal luminal domain. Both SRa and
SRb subunits were present only on the ER membrane, consistently copurified with each
other, and were found in 1:1 stoichiometric rations when purified from RM (Tajima et al,
1986) Together SRa and SRb form the complete SR heterodimer, with cytosolic SRa able

to bind the SRP-ribosome-nascent chain complex, and transmembrane SR tethering
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SRa to the ER membrane.

1.2.4 The SRP pathway model

Collectively, the experiments described in the above sections established the SRP
pathway, which has been the accepted model of mRNA and protein localization to the
ER membrane since its hypothesis in 1971The SRP model dictates that cytosolic and
ER-bound ribosomes are dedicated to the translation of distinct, non -overlapping
cohorts of MRNA with only secretory and membrane proteins being translated on the
ER. This strict, biphasic partitioning pattern is a ccredited to SRP and its interaction with
the ER-resident SR. By this model, as depicted in Figure 3, SRP recognizes and binds the
amino terminal peptide signal sequence, encoded only by secretory and membrane
MRNASs, as it emerges from the exit tunnel of a free ribosome in the cytosal, stalling
translation elongation of the membrane/secretory protein. The SRP-ribosome-nascent
chain complex is then targeted to the ER via interaction with SR. Upon binding to the
membrane, the signal sequence is passed to th@rotein translocation channel, known as
the translocon (Johnson and van Waes, 1999; Matlaclet al, 1998; Pohlschrdderet al,
1997; Walterand Lingappa, 1986), translation resumes, the signakcontaining protein is
co-translationally translocated into the ER lumen or inserted into the ER membrane, and
SRP andthe ribosome are released back into the cytosol. This series of protein
interaction and release is mediated by several GTPase domains within SRP pathway

components, as described in Section 1.3.3Gilmore et al, 1982b; Gilmoreet al, 1982d)
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(Mandon and Gilmore, 2004; Mandon et al, 2003; Meyer and Dobberstein, 1980a; Miller
and Walter, 1993) Because this system operates via positive selection, proteins which do
not contain a signal sequence or transmembrane domain arenot directed to the ER and
are therefore translated by free ribosomes in the cytosol (Walter and Blobel, 1981b;

Walter et al, 1981)
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Figure 3: The signal recognition particle pathway model.

The signal recognition particle pathway co-translationally directs topogenic signal
sequences to the endoplasmic reticulum. Source: Diversity and selectivity in mRNA
translation on the endoplasmic reticulum, David Reid and Christopher Nicchitta, Nature
Reviews Molecular Cell Biolod2015), vol. 16, pages 22231

Although the SRP model has received and maintained wide acceptance as the
primary mechanism of mRNA and protein localization to the ER membrane, and despite
pathway components being conserved across evolution (seeSection 1.3), again

supporting a critical role for this pathway in general cellular function and survival, data
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from experiments performed in cells suggest a much more complex and diverse
biological story than the SRPmodel predicts, as is discussed in the remainder of this

chapter.

1.3 Conservation, structure, and function of SRP pathway
components

With the establishment of the SRP pathway model following the above described
in vitro experiments, researchers looked to identify and characterize this pathway in
cells. Homologs of SRP and & have been identified in all branches of life studied thus
far (Walter and Johnson, 1994a) The above introduced eukaryotic SRP and SR,
comprised of six protein subunits on an RNA scaffold and a protein heterodimer,
respectively, are the most intricate examples of these compexes in evolution. Only three
of these components- SRP54, SRP RNA, and SR - are conserved from bacteria to
mammals, with the bacterial system comprising only the three conserved components
and serving to direct signal -containing proteins to the inner me mbrane (Keenan et al,
2001) The acquired intricacy of the SRP pathway through evolution suggests a more
specialized function with increased cellular complexity and the advent of subcellular
organelles.

The following se ction will briefly introduce the conservation and terminology of
the SRP pathway across bacteria, yeast, and mammals, discuss the structural
composition of mammalian SRP pathway components, and introduce the regulation of

SRP pathway function by the coordi nate GTPase activity of SRP and SR.
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1.3.1 Conservation of SRP pathway components

In the mammalian SRP, consisting of six proteins named for their molecular
weight (SRP9, 14, 19, 54, 68, and 72) and an RNA scaffold (7SL RNA, aka SRP RNA),
SRP54 is responsile for the main functionalities, i.e. binding to the signal sequence and
interaction with SR (Krieg et al, 1986; Kurzchaliaet al, 1986; Walter and Blobel, 1980;
Walter and Blobel, 1982a) The remaining five SRP proteins provide secondary functions
such as stability and elongation arrest, while the 7SL RNA provides structural support
and stabilizes interactions between SRP and ribosomal proteins(Walter and Johnson,
1994a) The prokaryotic homolog of SRP, in regard to protein composition, contains only
the SRP54 equivalat (Keenan et al, 2001) This protein is referred to as Ffh, or fifty four
homolog, and shares 31% sequence identity with mammalian SRP54(Bernstein et al,
1989; Rémischet al, 1989; Walter and Johnson, 1994affh, like SRP54, is a GTPase that
binds the signal sequenceand contacts the SR(Poritz et al, 1990b) The prokaryotic SRP
also contains an SRP RNA, termed 4.5RNA, to which Ffh binds (Bernstein et al, 1989)
While the SRP RNA sequence and length has diverged through evolution, the secondary
structure and core functionality has been conserved (Walter and Johnson, 1994a)As Ffh
and 4.5S RNA are the only components of the bacterial SRP, it is considered a minimal
SRP. Yeast SRPjKe the mammalian SRP, contains six protein subunits and an SRP RNA
known as scR1(Felici et al, 1989; Hann and Walter, 1991) Four of the yeast SRP proteins

share loose conservation with mammalian SRP72, 68, 19, and 14 (280% sequence
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identity), and are referred to as Srp72p, Srp68p, Sec65p, and Srpl4, respectivelgBrown
et al, 1994, Stirling and Hewitt, 1992). One yeast SRP protein, Srp54p, is highly
homologous to SRP54 (47% sequence identityfAmaya etal., 1990; Hannet al, 1989) The
final fungal SRP proteins, Srp21p, is unique to yeast(Brown et al, 1994) A yeast
homolog of the mammalian SRP9 has not been identified.

The mammalian SR is a heterodimer of two distinct subunits, SRa and SRb
(Gilmore et al, 1982d; Meyer and Dobberstein, 1980a; Tajimaet al, 1986). SRa is the
cytosolic subunit which binds SRP54. Like SRP54 SRa is a GTPase and shares sequence,
structure, and functional similarity with the SRP54 GTPase domain (Bourne et al, 1991;
Connolly and Gi Imore, 1989) SRa is tethered to the ER membrane by the single pass
transmembrane SRb subunit (Lauffer et al, 1985; Tajimaet al, 1986) Intriguingly, SR b
also contains a GTPaséut is only distantly related to the SRa and SRP54 GTPase
domains (Tajima et al, 1986) Like the prokaryotic SRP, the bacterial SR is a minimal
version of the receptor and contains only a single protein, FtsY, which is a GTPase and
homologous to the mammalian SRa (de Leeuw et al, 1997; Ladefoged and Christiansen,
1997; Luirink et al, 1994) FtsY only loosely and intermittently associates with the
bacterial inner membrane, but is still required for efficient translocation of signal
sequencecontaining protein into the periplasm (Herskovits et al, 2001) The lack of a
prokaryotic SRb homolog suggests the membrane localization of SR in eukaryotic cells

may serve to increaseefficiency of the SRP pathway or address a more complex
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requirement for protein targeting in highly organized cells. Yeast SR is structurally and
functionally similar to mammalian SR (Ogg et al, 1992) In fact, mostin vivo SR function
was characterized in yeast and assumed to apply to mammalian systems. The precise
role of SR subunits in mammalian cells had been under investigated due to a lack of
genomic mutants until recently (see Chapter 2).

Functionally, the role of Fth, 4.5S RNA, and FtsY is more specific to insertion of
inner membrane proteins than secreted proteins, with deletion mutations having only
mild effects on protein secretion (see Section 1.4). In contrast, eukaryotic SRP and SR are
believed to be critical for both protein translocation and secretion (see Section 1.4). Itis
believed that prokaryotic cells are less sensitive to loss of SRP pathway components than
eukaryotic cells due to the presence of posttranslational targeting pathways which are
not present or are less abundant in eukaryotic cells (Keenan et al, 2001) In general, the
functional conservation between prokaryotic and eukaryotic SRP pathway components
is best demonstrated by the ability of Ffh and FtsY to efficiently substitute for SRP and
SR in eukaryotic protein translocation assaysin vitro (Luirink et al, 1992) The ability of
the minimal SRP and SR (Ffh and FtsY, respectively) to fully complement the eukaryotic
system in respect to protein translocation may suggest that the eukaryotic SRP and SR

have evolved such to perform functions beyond protein translocation in cells.
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1.3.2 Structure and function of mammalian SRP pathway components

The mammalian SRP owes its overall structural and functional organization to
the 7SL RNA. This SRP RNA is 300 nucleotides long and undergoes extensive base
pairing , resulting in a conserved secondary structure of helices and stem loops(Figure 4)
(Ullu et al, 1982) This secondary structure facilitates interactions with the SRP protein
subunits and ribosomal proteins (Figure 5) (Walter and Johnson, 1994a) The
mammalian SRP RNA structure is discussed in four domains, named domain | -1V:
EOOEPOwW( wbhUwUT T wkz wl OEwbPi PET WEPUxOEaAUWYEUDPEEOI
main stem that connects domain | to the two branched stem loop domains, Il and IV
(Figure 4) (Poritz etal., 1988) Functionally the 7SL RNA is referred to in two parts, with
domain | and most of domain Il known as the Alu domain due to its homology with the
repetitive Alu DNA family (Ullu et al, 1982; Ullu and Tschudi, 1984) and the remaining
portion of d omain Il, as well as domains Ill and IV making up the S domain (Figure 4)
(Larsen and Zwieb, 1993; Liaoet al, 1992; Siegel and Walter,1986; Ullu et al, 1982. As
mentioned previously, the SRP RNA secondary structure, but not the nucleotide
sequence, has been conserved across evolution (Larseand Zwieb, 1991) Saccharomyces
cerevisia&RP RNA is about twice the length of 7SL(Felici et al, 1989; Hann and Walter,
1991) and Bacillus subtilisand Escherichia coBRP RNAs are truncated, lacking domain
Il or domains | -lll, respectively (Figure 4) (Poritz et al, 1988; Strucket al, 1988) The

most conserved SRP RNA sequence is domain 1V, consisting of a tetra loop and two

22



bulges which provide the binding site for SRP54 (Figure 5) (Poritz et al, 1988;

Samudsson, 1992; Selingeet al, 1993; Strucket al, 1988; Woodet al, 1992)
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Figure 4: SRP RNA secondary structure across species
Secondary structure of SRP RNAs across kingdoms with domains I-IV and Alu and S
domains indicated. Source: Signal sequence recognition and protein targeting to the
endoplasmic reticulum membrane, Peter Walter and Arthur Johnson, Annual Review of
Cell and Developmental Biolog$994), vol. 10, pages 872.19.
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Figure 5: SRP protein subunit interactions with SRP RNA.

(A) Mammalian and (B) E. coliSRP subunit binding sites on the respective SRP RNA
Arrows indicate sites of nucleolytic digestion which allow for separation of SRP RNAS
and Alu domains. Source: Signal sequence recognition and protein targeting to the
endoplasmic reticulum membrane, Peter Walter and Arthu r Johnson,Annual Review of

Cell and Developmental Biolog¥994), vol. 10, pages 8419.

SRP protein subunit binding to the SRP RNA has been resolved by footprinting

experiments which utilized the dissociation of SRP in the presence of EDTA to purify

and recombine both protein and RNA components under appropriate conditions to

assess function(Figure 5) (Siegel and Walter, 1985; Siegel and Walter, 1988a; Strub and
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Walter, 1990; Walter and Blobel, 1983) SRP68 and SRP72 bind the SRP RNA as a stable

I 1T Ul UOEDPOI UwEUwWUT EQE uk kg QE @6 wdiegairinégi@O1085( ( w
Walter and Blobel, 1983) SRP9 and SRP14 also form a heterodimeric coplex and bind
UOwk z wi O E ui®dgelhd\Odid, A98%; Walter and Blobel, 1983)SRP54 and

SRP19 independently bind the 7SL at domain IV and across domains Ill and IV,

respectively, however SRP54 binding to the RNA requires the stabilizing presence of
SRP19(Miller et al, 1993; Poritzet al, 1990b; Walter and Blobel, 1983)

The Alu domain, with SRP9/14, has been attributed to the elongation arrest
function of SRP (Siegel and Walter, 1985; Siegel and Walter, 1986Wwhereas the S
domain, with SRP68/72, SRP19, and SRP54, is required for signal sequence and ribosome
binding, as well as targeting to the ER membrane via interaction with SR (Beckeret al,
2017; High et al, 1991; Kobayashiet al, 2018; Krieget al, 1986; Kurzchaliaet al, 1986;

Miller and Walter, 1993; Rapiejko and Gilmore, 1992; Siegel and Walter, 1988a; b; Walter
and Blobel, 1981b; Wild et al, 2016; Zopfet al, 1990)

Most structural studies of SRP subunits have focused on SRP54 as the conserved
protein which carries out the main function of SRP. Such studies have revealed that
SRP54 contains &5 TPase domain surrounded by an N domain on the N -terminus and
an M domain on the C-terminus (Bernstein et al, 1989; Halicet al, 2004, Liitckeet al.,

1992) The M domain contains an unusually high number of Met residues, is connected

to the rest of the SRP54 protein by a flexible, proteasesensitive linker region, and is
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responsible for binding to the 7SL RNA as well as the peptide signal sequencgBernstein
et al, 1989; Liicke et al, 1992; Romischet al, 1990; Zopfet al, 1990) The N and GTPase
domains are collectively referred to as the NG domain and binds the ribosome exit
tunnel as well as SRa, as described in Section 1.3.3Halic et al, 2004; Kobayashiet al,
2018)

As mentioned, eukaryotic SR is a heterodimer comprised of SRa and SRb
subunits. SRa is the cytosolic subunit and can be separated into its eukaryotic-specific
N-terminal SRX domain, which contacts SRb, and its C-terminal GTPasecontaining NG
domain separated by a protease sensitive linker region (Figure 6) (Kobayashi et al, 2018;
Young et al, 1995) SRb is a standard single pass transmembrane protein with a short N-
terminal luminal domain, a 25 amino acid hyd rophobic membrane-spanning region, and
a cytosolic C-terminal domain (Miller et al, 1995) The SR C-terminal interacts with
SRa, tethering the cytosolic subunit to the ER membrane (Miller et al, 1995; Tajimaet al,
1986) Interestingly, the SRb C-terminal domain also contains a GTPase, though distinct
from the SRa and SRP54 GTPases and without defined function(Miller et al, 1995) SFb
has not been shown to hydrolyze GTP, though it is believed that the GTP-bound state of
SRb provides stabilizing effects for the SRai SRP interaction (Bacheret al, 1999;

Kobayashi et al, 2018; Mandonet al, 2003)
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Figure 6: Interactions of SRP and SRP receptor functional domains .
Schematic representation of SRP and SR functional domains (right) andinteractions
(left). The interaction of SRP54 and SR NG domains is depicted by an arrow. Source:
Structure of a prehandover mammalian ribosomal SRP-SRP receptor targeting complex,
Kan Kobayashi, et al, Science (2018), vol. 360, no. 6386, pages 3337.

1.3.3 GTPase-driven membrane targeting of the ribosome-nascent
chain complex by SRP-SR interaction

As mentioned above, the GTPase domains of SRP54 and Skare closely related,
but distinct from other known GTPases, thus defining a unique subfamily (Bourne et al,
1991) SR resides in its own distinct subfamily of GTPases and is only distantly related
to SRP54 and SR and other known GTPases(Bourne et al, 1991) The NG domains of
SRa and SRP54 interact to form an NG heterodimer in a GTRP-dependent manner
(Rapiejko and Gilmore, 1997; Wild et al, 2016) This interaction pulls the pre -assembled
SRPRribosome-nascent chain complex onto the ER membiane, as SR is anchored to the
membrane by SRb. Interestingly, when non -hydrolyzable GTP is used in targeting and
translocation assaysin vitro, SRP and SR remain locked togetherSRP is not recycled
back into the cytosol, and subsequent rounds of translocation are inhibited (Connolly et

al., 1991)
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Cryo-EM derived structure of the GTP -bound mammalian SR-SRRribosome-
nascent chain complex recently allowed a detailed structural depiction of SRP-SR
interactions, and thus the membrane targeting mechanism of the mammalian SRP
pathway (Kobayashi et al, 2018) A 3.6 A resolution picture was resolved for the 80S
ribosome docked on the SRSRP complex(Figure 7A) (Kobayashi et al, 2018) The
specific interactions of SRP and SR could be determined at 6 A resolution(Figure 7B and
7C) (Kobayashi et al, 2018) Figure 8 shows the functional interaction s of SRP pathway
protein domains which mediate membrane targeting. SRo performs the most
straightforward function, serving predominately to anchor SR a to the ERmembrane via
interaction with the SRa SRX domain. This SB/SRa interaction is stable and static; SRa
is only found in complex with SR b in mammalian cells (Tajima et al, 1986) The SRa NG
domain is spaced away from the SRb/SRa interaction site, and binds to the SRP54 NG
domain on an assembled SRRribosomes-nascent chain complex(Figure 8). The GTR
dependent formation of the SRP54/SRa NG heterodimer causes a conformation change
in SRP which positions SRP54 near the distal end of the 7SL RNA, proximal to SRP68/72.
This conformational change in SRP pulls the complex into the ER membrane via
additional stabilizing interactions between the SRa SRXbound SRb and SRP68. These
stabilizing effects result in another GTP -dependent conformational change which
exposes the ribosome exit tunnel, allowing the signal sequence to be passed to the

translocon. In this way, the SRP-ribosome-nascent chain complex must bind to SR in
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order to allow efficient exposure of the ribosome exit tunnel and facilitate signal peptide
hand off to the translocon in order for protein translocation to occur by the SRP
pathway. Following signal hand off, the ribosome docks on the translocon and SRP is
released back into the cytosol to cotranslationally bind other signal -translating
ribosomes and restart the membrane targeting cycle (Bacheret al, 1999; Fulgaet al,
2001) The SRP pathway model also predicts that the ribosome is released back into the
cytosol after translation termination, however the dynamics of ribosome exchange

between free and membrane-bound po pulations is heavily debated (see Section 1.5.2).

Ribosome
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Figure 7: Structure of the SR-SRP-ribosome -nascent chain complex.
(A) Cryogenic-electron microscopy (Cryo-EM) map of SRR SRribosome-nascent chain
complex at 3.7 A resolution. (B) Cryo-EM map of SRP S domain bound to SR at 6 A
resolution. Signal sequence (SS) is shown in red(C) Structure model of panel B from
two directions. Source: Structure of a prehandover mammalian ribosomal SRP-SR
receptor targeting complex, Kan Kobayashi, et al, Scienc€2018), vol. 360, no. 6386, pages
323327.
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Figure 8: GTPase-mediated docking of SRP to SR.

(A) SRP54ANG domain (lilac) binds to the signal sequence (SSred) at the ribosome exit
tunnel. SR is anchored to the membrane by the transmembrane (TM) domain of
SRb (tan). The SR cytosolic domain binds the SRa SRX domain (yellow) , which is
connected to the SRL NG domain via a long linker region (green). (B) SRP54 NG domain
binds SRa NG domain, resulting in a relocation of SRP54to the distal region of the SRP
RNA. This confirmation allows SRP68(purple) to bind SRb/SRa SRX complex,
stabilizing the ribosome on the ER membrane.(C) The stabilized, docked SRP-ribosome-
nascent chain complex bound to SR in close proximity to the Sec61 translocon (left).
Schematic representation of SRP and SR subunit interactionsn the prehandover state
(right) . Source: Structure of a prehandover mammalian ribosomal SRP-SRP receptor
targeting complex, Kan Kobayashi, et al, Sciencg€2018), vol. 360, no. 6386, pages 32®7.

1.4 Gene manipulation of SRP pathway components across
model systems

Although the SRP pathway model has been well characterized using in vitro

translation systems, genetic manipulation of SRP pathway components in cells suggest
30



MRNA and translation partitioning may be much more complex than originally
predicted. While deletion of SRP pathway components in yeast and bacteria results in
initial growth and translocation defects, many of the phenotypes resolve with time due
to cellular adaptation and/or alternative translocation pathways. Though genetic
manipulation of SRP pathw ay components in mammalian cells had not been performed
until recently (see Chapter 2), RNAI studies suggest that the SRP pathway may only be
critical for the localization of a subset of proteins even in higher organisms.
Furthermore, studies on SRP pathway disruption have focused on the effect on protein
biogenesis and localization, and generally do not specifically assess RNA localization.
Rather, these studies use the site of protein synthesis (i.e. localization of the ribosome
nascent chain complex) asa proxy measure of RNA localization for a given mRNA,
ignoring the possibility of translation -independent localization mechanisms. The studies
described in this section detail the known effects of SRP pathway disruption in vivo and

reveal discrepancies betveen the canonical SRP pathway model and cellular function.

1.4.1 SRP pathway disruption in bacteria

In bacteria, the SRP pathway cotranslationally localizes signal -containing
proteins from the cytosol to the inner membrane. Bacterial SRP and its RNA, also known
as Ffh and 4.5S RNA, respectively, and the SRP receptor, FtsY, are required for insertion
of inner membrane proteins (IMPs) into the inner membrane, but are not required for

protein secretion, which can be mediated by post-translational targeting p athways such
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as SecB/A or Tat translocase pathwaygDriessen and Nouwen, 2008; Lee and Bernstein,
2001; Saraogi and Shan, 2014; Seluam and Bibi, 1997; Ulbrandt et al, 1997) Loss of the
bacterial SRP pathway in E. coliwas found to be lethal, whereas disruption of this
pathway in Streptococcus mutare B. subtiliswas non-lethal (Crowl ey et al, 2006;
Perssonet al, 1995; Takamatsuet al, 1997) This divergence may be explained by the
shorter SRP RNA in E. colicompared to other bacterial species, but no clear mechanistic
explanation has been found. This subsection will briefly present the consequences of
genomic mutation or loss of SRP pathway components in various bacterial species.

In E. coli Ffh was found to be essential for cell viability via a reverse genetics
screen(Perssonet al, 1995) With this finding, studies into the E. coliFfh centered on
supplement- or temperature -sensitive mutants which allowed for transient but rapid
depletion of Ffh. Depletion of Ffh or the 4.5S RNA in arabinose-sensitive strains resulted
in decreased IMP insertion (Macfarlane and Miiller, 1995). The defects of integration,
however, were only seen for a subset of IMPs, and the requirement for Ffh scaled with
increased hydropho bicity of the transmembrane signal (Lee and Bernstein, 2001,
Ulbrandt et al, 1997) Additionally, export of only a few proteins was hindered by loss of
Ffh, with secretion as a whole being largely unaffected in these cells(Oliver and
Beckwith, 1981). With the temperatur e-sensitive ffh mutant, growth at the permissive
temperature (30°C) resulted in slow growth rate, whereas growth at the non -permissive

temperature (42°C) resulted in rapid loss of cell viability (Park et al, 2002) Temperature-
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sensitive Ffh mutants showed an increase in heat shock proteins and an accumulation
and aggregation of membrane proteins in the cytosol, especially at the non-permissive
temperature (Bernstein and Hyndman, 2001; Parket al, 2002) Interestingly, the
temperature-sensitive ffh mutant also showed an overproduction of the 4.5S RNA (Park
et al, 2002) presumably as a cellular response in attempt to stabilize the temperature
sensitive protein. Depletion of the E. coliFtsY revealed results similar to those seen for
loss of Ffh (Luirink et al, 1994; Seluanov and Bibi, 1997)Shockingly, in terms of the
established SRP pathway, FtsY was required for efficient association of ribosomes on the
inner membrane while Ffh was dispensable (Herskovits and Bibi, 2000). Collectively
these data showed that theE. coliSPR pathway is only required for a subset of signal-
containing IMPs and that ribosome localization to the inner membrane can occur
independently of the canonical SRP pathway.

The observed lethality of Ffh deletion in E. coliwas attributed to the defect in
translocation of IMPs (Macfarlane and Miiller, 1995; Seluanov and Bibi, 1997; Ulbrandtet
al.,, 1997) As mentioned, viable E. colistrains with stable Ffh deletions could notb e
obtained by standard deletion methods. Recently, however, a suppressor screen showed
that E. coliSRP is in fact nonessential under favorable conditions as it could be deleted
alongside loss of two translation initiation factors, IF2 and IF3, or a ribos omal protein,
RS3(Zhao et al, 2021) This study implied that decreased translation initiation allowed

for physiological compensation to the loss of SRP, presumably by decreasing the protein
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load on alternative targeting and translocation pathways and by creating a time delay in
translation initiation. This is in contrast to studies discussed below in yeast and other
bacteria which appear to adapt to loss of SRP by slowing translation elongation by
various mechanisms.

In S. mutans full deletion of Ffh did not sacrifice cell viability (Crowley et al,
2006) It was suggested that cellscould compensate for the loss of Ffh by slowing
translation elongation, thus allowing more time for co -translational membrane targeting
to occur (Hasona et al, 2007) Still, the protein profiles of S. mutanswith and without Ffh
varied and the Ffh mutants were more sensitive to acid stress(Crowley et al, 2006;
Gutierrez et al, 1999; Hasonaet al, 2007) It was found via microarray analysis that, in
response toffh deletions, genes for several chaperones and proteases were upregulated,
likely to de al with mis -localized IMPs, and genes for ribosomal proteins and protein
biogenesis were downregulated, likely allowing slower translation to lessen the protein
burden on translocation machinery and pathways (Hasona et al, 2007) Similar results
were also seen in yeast, as described belowMutka and Walter, 2001a). Furthermore,
individual or combined mutation in Ffh, 4.5S RNA, or FtsY in S. mutansshowed similar
results, suggesting these SRP pathway components do operate as a single pathway and
do not have independent function in terms of protein biogenesis (Hasona et al, 2005;

Hasonaet al, 2007)
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In the B. subtilisSRP, similar to S. mutansdepletion of Ffh did not affect cell
viability (Takamatsu et al, 1997) Furthermore, it was found the Ffh could bind a signal -
sequence een in the absence of the SRP RNATakamatsu et al, 1997) Despite the
ability of B. subtilisFfh to recognize a signal sequence in the absence of the SRP RNA, the
45S RNA was required for complete functionality of IMP insertion in vivo (Takamatsu et
al., 1997) This suggests that signal binding alone does not facilitate ribosome-nascent
chain association with the translocon, and suggested a role on the SRP RNA in
facilitating SRP-ribosome-nascent chain binding to FtsY, which was later validated by
mutational an alysis (Jagathet al, 2001) fluorescence resonance energy transfer
(Buskiewicz et al, 2005) and crystal structure (Wild et al, 2020)

As briefly introduced, the precise requirement and order of key steps in the
canonical SRP pathwayt namely co-translational signal recognition by Ffh and targeting
of the translating ribosomes to the inner membrane via interaction with FtsY + were not
obviously apparent by the above described bacterial in vivo experiments. Sane
researchers favored an interpretation, which was supported by more recent studies,
where FtsY was required for proper expression of membrane proteins, whereas Ffh only
affected the assembly of these proteins in the membrane(Herskovits and Bibi, 2000;
Herskovits et al, 2002; Yosekt al, 2010) One study in support of this interpretation, as
mentioned, showed that FtsY was required for ribosome association with the inner

membrane, whereas Ffh was not(Herskovits and Bibi, 2000), placing FtsY up stream of
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the requirement for Ffh. Further studies revealed that FtsY was specifically required for
IMP translation, as no changes were observed in corresponding mRNA levels or IMP
stability upon depletion of this protein (Yosefet al, 2010) In contrast, Ffh depletion did
not affect membrane protein levels or localization, but did impair IMP complex
assembly (Yosefet al, 2010) Again suggesting that FtsY is involved in protein
localization to the inner membrane at an earlier step in the pathway than Ffth. It was
further established that signal recognition by free Ffh in the cytosol was not required for
membrane targeting of IMPs as an Ffh-FtsY fusion protein showed constitutive
membrane localization and allowed for efficient translocation of IMPs (Braig et al, 2011)
It has further been suggested that IMP-encoding mMRNAs may localize to the inner
membrane independently of translation (Bibi, 2012) These observedcaveats to thein
vivo bacterial SRP pathway suggest that additional studies with modern techniques may

be required to fully characterize the role of Ffh, 4.5S RNA, and FtsYin vivo.

1.4.2 SRP pathway disruption in yeast

As eukaryotes, it was expected that the yeast SRP system would more closely
relate to the mammalian in vitro characterized system than bacteria. In yeast, the SRP
pathway contains an SRP, made up of six proteins including SRP54p and an SRP RNA
encoded by the scrlgene, and an SR, consisting of SR encoded by the genesrpl0land
SRb from the gene srpl102(Amaya et al, 1990; Brownet al, 1994; Feliciet al, 1989; Hann

et al, 1989; Hann and Walter, 19910qgg et al, 1992; Stirling and Hewitt, 1992). The
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function and structure of the yeast SRP pathway components closely resemble that of
the mammalian components and serve to localize membrane and secretory proteins to
the ER membrane, as described in previous sections. It was initially considered that
disruption of the SRP pathway in yeast would be lethal given the apparent importance
of the pathway to subcellular translation organization and delivery of membrane and
secretory proteins to the entry point of the secretory pathway, i.e. the ER membrane and
translocon. Initial experiments confirmed this suspicion as deletion of SRP54 in
Saccharomyces cerevisigas found to diminish cell viability and inhibit growth ~ (Amaya
et al, 1990; Hannet al, 1989) However, in 1991 and 1992, SRP54p/scR1 and S&,
respectively, were genomically deleted in S. cerevisiaand it was discovered that both
growth and protein translocation defects were short lived (Hann and Walter, 1991; Ogg
et al, 1992) as detailed in this section.

The study that identified the yeast SRP RNA as scR1 bund that deletion of either
scR1, SRP54p, or both resulted in impaired growth and loss of viability given that tetrad
formation during cross -mating of haploid deletion mutants resulted in 2:2 alive:dead
daughter cells (Hann and Walter, 1991). However, extended incubation of these colonies
at 30°C for 7-10 days revealed the presence of several slow growing colonies which were
confirmed to be genomic deletions of either SRP54p or scR1. Backcrossing against the
parent lines and redissection of tetrad colonies revealed deletion mutants with the same

growth phenotype, su ggesting that this surprising adaptation was not due to suppressor
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mutations, but a result of a physiological response (Hann and Walter, 1991). Combined
deletion of both SRP54p and scR1 showed identical growth rates (fourfold reductions
compared to parent) to either deletion alone (Hann and Walter, 1991), suggesting that
SRP54p and scR1 are members of the same pathway. Shoakgly, adapted cells did not
show signs of protein translocation defects (Hann and Walter, 1991). To assess the effects
of SRP component depletion on protein translocation before adaptation, SRP54 was
placed on a GAL1 promoter which enabled conditional depletion of the protein with a
switch from galactose to glucose containing media. It was found that as SRP54p levels
decreased following media change, growth rate slowed and translocation defects
accumulated, measured both by protein modification or signal cleavage, which occur
only in the ER lumen, and by protease protection following selective permeabilization of
the cell membrane (Hann and Walter, 1991). Interestingly, the degree of observed
translocation impairment varied for specific proteins, as was seen in bacterial systems.
Of the five secretory and membrane proteins assessed in this study, four showed
reduced translocation to varying degrees following SRP54p depletion, with the multi -
pass membrane protein being the most effected. As mentioned, translocation of these
same proteins was unaffected by long-term SRP54p or scR1 deletion, suggesting that
surviving cells had adap ted to loss of a functional SRP(Hann and Walter, 1991). Minor
phenotypes of the SRP54p deletion mutants included increased levels of the cytosolic

chaperone HSP70, decreased rate of ER to Golgi transport, and inhibition of import of
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the mitochondrial protein F ib into the mitochondrial matrix (Hann and Walter, 1991).
Collectively these data showed that SRP54p and scR1 @ important for growth, but their
requirement for protein translocation can be by -passed in cells, perhaps by post
translational targeting pathways (Greenet al, 1992; Nget al, 1996; Panzneret al, 1995;
Rothblatt et al, 1989)

Identification of srp10lin S. cerevisiaeevealed 32% shared sequence and 54%
chemical similarity between mammalian and yeast SRa (Ogg et al, 1992) Like
mammalian SRa, the yeast homolog was confirmed to be a peripheral membrane
protein and contained a GTP binding domain (Ogg et al, 1992) Deletion of srp10] like
SRP54p and scR1, showed reduced growth rate and immediate translocation defects
(Ogg et al, 1992) Conditional de pletion of srpl0lunder a GAL1 promoter phenocopied
the translocation defects seen in the SRP54p GALL1 system, with translocation of specific
proteins being variably inhibited with decreased levels of SR a and resolved with time.
As with SRP54p, caodeletion of SRa and scR1 revealed the same phenotypes, suggesting
these proteins also belong exclusively to the same pathway (Ogg et al, 1992) The ability
of the srpl01deletion mutants to adapt in respect to protein translocation was proven
not to be due to a suppressor mutation, but rather was attributed to an unidentified
physiological response. Here it was also shown that even when cells had adapted and
translocation was restored, cell growth following SR a deletion remained slower than

parent strains (Ogg et al, 1992) This suggested that decreased growth and concomitant
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lowered translation rate may allow cells to adapt to disruption of the SRP pathway.
Intriguingly, defects in F ib import into the mitochondrial matrix were also observed in
srpl0ldeletion mutants as was seen with deletion of SRP54p(Hann and Walter, 1991;
Ogg et al, 1992) Together this study revealed SRa, like SRP54p and scR1, to be
important but not essential in yeast.

Other protein components of yeast SRP were identified as Sec65p, Srpl4, Srp21p,
Srp68p, and Sp72p, and depletion mutants for these proteins also showed decreased
growth and selective and variable translocation defects which resolved with time
(Brown et al, 1994, Stirling and Hewitt, 1992). Loss of any one of these later identified
SRP component (i.e. Srpl4, Srp21p, Srp68p, and Srp72p) rendered loss of SRP function
and a coincident decrease in the expression of all other SRP protein components,
including the SRP RNA (Brown et al, 1994) Surprisingly, loss of either Srp54p or Sec65p
did not impact expression of the other subunits, suggesting that Srp14, Srp21p, Srp68p,
and Srp72p contribute to overall SRP stability, while Sec65p and Srp54p may have more
critical and specialized function independent of other SRP protein components (Brown
et al, 1994)

The yeast homolog to SR, encoded by the genesrpl102 was not identified unt il
several years after the identification of srp101(Ogg et al, 1998) Like its mammalian
homolog, S. cerevisiaBRo is a transmembrane protein with a GTP binding domain.

Deletion of srpl02revealed the same growth and transient translocation defects as
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sprl07l srp54p and scrldeletion mutants (Ogg et al, 198). Shockingly, truncation
mutants of yeast SR determined that deletion of the GTP binding domain was sufficient
to result in short -lived translocation defects, whereas deletion of the transmembrane
domain rendered the truncated SR complex soluble but did not impact translocation
(Ogg et al, 1998) This suggests that, like FtsY, yeast SR requires only transient
interaction with ER membrane, and that this can be accomplished by SRa and the SR
cytosolic domain alone, or perhaps in combination with unidentified alternative
interactors.

Investigation into the molecular mechanism(s) of cellular adaptation to loss of
SRP pathway components in S. cerevisiaeame in 2001 when both upregulated cytosolic
chaperone expression and decreased protein synthesis rates were identified as
contributors to this physiological response (Mutka and Walter, 2001a). This study
utilized a conditional dominant negative mutant of SRP54p and a temperature -sensitive
strain of srpl02and mapped gene expression changes via cDNA microarray over the
course of adaptation (i.e. as protein levels are depleted), as well as in fully adapted
SRP54p, SR, and scR1 deletion strains. For all strains assessed, these data revealed a
transient increase in heat shock gene expression and a sustained decrease in protein
synthesis gene expression temporally corresponding to decreased levels of target SRP
pathway prote in expression, the degree of translocation defect, and the onset of

repressed growth rate (Mutka and Walter, 2001a) Within hours of improved
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translocation, growth remained slower than parent cells, chaperone gene levels returned
to normal, but protein synthesis gene expression remained low (Mutka and Walter,
2001a) These results suggest that the increase in cytosolic chaperone proteins may
immediately serve to alleviate the stress of accumulated and mis-targeted membrane
and secretory proteins in the cytosol, while a sustained slow growth rate and decreased
translation machinery may serve as long term adaptation mechanisms, allowing for
reduced protein load on the translocon and prolonged time for protein targeting by
alternative mechanisms in the absence of a functional SRP pathway. Such alternative
mechanisms could include post-translational targeting to the ER membrane by the Sec
pathway (Greenet al, 1992; Nget al, 1996; Panzneret al, 1995; Rothblattet al, 1989)

It was shown that cellular adaptation to SRP pathway disruption was not due to
increased or altered translocation machinery, as the abundance and composition of the
translocon remained similar with and without depletion of SRP pathway components
(Mutka and Walter, 2001a). Furthermore, the chaperone response alone was insufficient
to facilitate cellul ar adaptation; constitutive expression of the heat shock transcription
factor Hsfl in the SRP54p dominant negative mutant did not facilitate adaptation, as
initial translocation defects were still observed ahead of decreases in protein synthesis
machinery (Mutka and Walter, 2001a). Additionally, depletion of individual chaperone
proteins did not prev ent adaptation (Mutka and Walter, 2001a). In contrast, sublethal

treatment with the translation elongation inhibitor cycloheximide did reveal a dose -
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dependent decrease in initial translocation defects (Mutka and Walter, 2001a).
Collectively these data suggest that chaperone induction is a temporary response to
aggregated protein in the cytosol, and ultimately the cell sacrifices speed of growth and
translation for fidelity of protein sorting in  the absence of a functional SRP pathway.
Interestingly, microarray data also revealed repression of mitochondrial and/or energy
generating genes, however it was not investigated whether this contributed to cellular
adaptation or rather was a side effect of the decreased growth rate (Mutka and Walter,

2001a)

1.4.3 SRP pathway component knockdown in mammalian cells

Little work has been done with depletion of mammalian SRP components in vivo.
It had been accepted that SRP pathway components are essentiah mammals as they
lack the post-translational targeting pathways known in yeast and bacteria, and thus
work to delete these genes was perceived as futile. A handful of studies have utilized
RNAI against SRP pathway components in mammalian cells, though this was usually
performed in very specific contexts rather than in a whole c ell characterization
approach. Overall, gene silencing of SRP pathway components in mammalian cells
revealed only select defects in protein targeting and secretion, while cell viability and
general cellular function were unaffected. These RNAI studies will be introduced below,
whereas the first mammalian genomic mutant of any SRP pathway component, SRb, is

discussed in detail in Chapter 2.
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During a study of DR4 - and DR5-mediated apoptosis, where binding of the
cytokine TRAIL to these cell surface receptorsinduces caspasedependent apoptosis, an
siRNA screen was performed and cell surface presentation of these two proteins was
assessed in HelLa cell{Ren et al, 2004a) The results of this screen revealed that
knockdown of SRP72 or SRP54 by siRNA prevented cell surface localization of DR4, but
not DR5, thus revealing selective defects in protein secretion in the absence of a
functional SRP pathway . These results were confirmed using stable shRNAs against
either SRP72 or SRP54Ren et al, 2004a) The inhibition of DR4 cell surface localization
following knockdown of SRP54 was also seen in a subs@uent study, where cell surface
localization of FGFR was unaffected by SRP54 depletion(Pyhtila et al, 2008)
Knockdown of SRP72 or SRP54 did not affect expression of DR4 mRNA or protein, only
Ul T wxUOUI DbOZUWOOEEOPAEUDPOOOWUT 1 WOOEEOPAEUDPOOWO
(Renet al, 2004a) Furthermore, no overt cellular effects were seenfollowing SRP
depletion { in these studies SRP54 protein was reduced to ~20% expression compared to
control and SRP72 was reduced to ~5% of contro(Pyhtila et al, 2008; Reret al, 2004a)

Intriguingly, DR4 was translocated into the ER lumen and trafficked to the Golgi, even
prevented by SRP knockdown (Ren et al, 2004a) This suggests that membrane targeting,

translocation, and ER to Golgi trafficking do not depend on SRP in mammalian cells, but

rather there was an undefined defect in late stages of intracellular protein trafficking for
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DR4 following depletion of SRP54 or SRP72 It was reasoned that an unidentified
alternative localization mec hanism must allow for ER membrane targeting and
translocation in cells deficient for SRP, or that the minimal levels of SRP remaining after
knockdown were sufficient for ribosome -nascent chain ER targeting and translocationin
these studies(Ren et al, 2004a) Given that the aim of this study was to investigate
mechanisms of apoptotic signaling, this research group did not further pursue the
cellular role of SRP.

A similar study, however, found that knockdown of SRP14, SRP54, or SRP72 by
ShRNA in HeLa and HEK 293T cells resulted in the accumulation of several, but not all,
secretory proteins in the Golgi while cell viability was unaffected (Lakkaraju et al, 2007)
These results mirror those of DR4, with ER membrane targeting, translocation, and ER
to Golgi trafficking occurring under conditions of reduced SRP levels, however post -ER
secretory defects prevented efficient secretion of example proteins. In this study, SRP
subunit protein expression was decreased to ~10% ofcontrol for a given shRNA target at
the time of experimentation (Lakkaraju et al, 2007) Interestingly, knockdown of any of
the three investigated SRP subunits resulted in decreased levels of the 7SL RNA
suggesting a cooperative stability phenomenon (Lakkaraju et al, 2007) Expression levels
of proteins which showed post -ER secretion defects wih depletion of SRP were either
not effected or minimally effected by SRP knockdown; precise changes in expression

were protein dependent and did not follow a consistent trend in regard to protein class
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or function (Lakkaraju et al, 2007) Assessment of ERresident proteins, such as Sec61
and SRa, did not show altered expression or localization with depleted levels of SRP. In
addition to defects in Golgi to plasma membrane vesicle trafficking following SRP -
depletion, select defects were also seen for Golgi to ER transport and recycling of
specific example endocytosed cell surface receptors back to the plasma membrane
(Lakkaraju et al, 2007) General endocytosis, however, was unaffected by loss of SRP, as
were general ER and Golgi morphology (Lakkaraju et al, 2007) These data further
support the idea that depletion of SRP may affect post-ER protein trafficking, either via
direct or indirect consequences. In terms of cotranslational ER membrane targeting and
translocation, however, this study did not support the canonical SRP model.

Another study, while looking for mechanisms of RNA quality control, noted that
when SRP is unable to bind a signal sequence, eithethrough SRP depletion or via an
encoded mutant signal sequence, the corresponding secretory and membrane protein
encoding mRNAs were degraded by what was termed regulation of aberrant protein
production (RAPP) (Karamyshev et al, 2014) This study generally used exogenous
expression via a TetOn plasmid of wildtype preprolactin or preprolactin with a mutant
signal sequence which prevented recognition by SRPin vitro. When this mutant
preprolactin was expressed in HelLa cells, neither precursor nor processed protein was
detected, whereas wildtype preprolactin was translated, processed to prolactin, and

secreted from cells in parallel experiments (Karamyshev et al, 2014) The inability to
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detect preprolactin with a mutant signal sequence was found not to be due to
degradation by the proteasome, but rather degradation of the mutant mRNA

(Karamyshev et al, 2014) Similar results were obtained when the mutant preprolactin

signal sequence was added to mature sequences of two other example secreted proteins,

OE Ol O-antitipein and carbonic anhydrase IV (Karamyshev et al, 2014) To assess
whether the observed degradation of mMRNA with a mutant signal sequence was
connected to the inability of SRP to bind the signal, a scenario in which preprolactin
would be translated in the cytosol and not targeted to the ER-membrane for
translocation, SRP54 was depeted via siRNA and preprolactin mRNA and protein

levels were assessed. Both mRNA and protein levels of wildtype and mutant
preprolactin were dramatically reduced in SRP -depleted cells (Karamyshev et al, 2014)
Interestingly, no effect in preprolactin mRNA or protein expression was seen when SR a
or SRb were knocked down, or following depletion of Sec61 a, a key component of the
translocon (Karamyshev et al, 2014) This suggested that mRNA degradation of a

Ul EUT UOUawxUOUI POwO C

held true for endogenous mRNAs, cellular levels of three signal -encoding mRNAs (i.e.
alkaline phosphatase,BiP, and calreticulin) were assessed by qPCR following depletion
of SRP54. Levels of these three mMRNAs were severely reduced in cells with depleted

SRP54 whereas no effect was seen for two nossignal-encoding mRNA controls (i.e.

hypoxanthi ne phosphoribosyltransferase and SRa) (Karamyshev et al, 2014) The

47

EUUUwPT | OwEwWOEUEIT OUWET

ED

0

w



reduced levels of the example signalcontaining mMRNAs were assumed to be due to
targeted RNA degradation following SRP depletion, rather than reduced transcription,
based on experiments in which synthesis of wildtype or mutant preprolactin mRNA was
inhibit ed by a TetOff system and only levels of the mutant preprolactin decreased over
the experimental time frame, showing long -term inherit stability of signal -encoding
MRNA and degradation of mutant -signal-encoding mRNA (Karamyshev et al, 2014)
The remainder of this study assessed the mechanism by which mislocalized secretory
nascent dains in the cytosol were detected for RNA degradation, and it was found that
when signal sequences do not bind SRP, through signal sequence mutation or SRP
depletion, Argonaute2 binds instead, marking the ribosome -associated mRNA for
degradation (Karamyshev et al, 2014) Though this study identified a mechanism by
which cells could avoid deleterious effects by aberrant cytosolic accumulation of
membrane and secretory proteins when the SRP pathway is disrupted, and noted
decreased expression levels of example membrane and secretory proteirencoding
MRNAs following SRP depletion, it did not assess the subcellular localization of mMRNAs
or changes in the total transcriptome that may occur upon loss of SRP.

One study did look at membrane targeting of a specific mMRNA following
knockdown of SRP14, SRP54, or S& by siRNA or shRNA in HEK 293 an d HelLa cells
(Plumb et al, 2015) This study investigated the localization of unspliced XBP1 mRNA to

the ER-localized transmembrane RNA binding protein Irel during the unfolded protein
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response (UPR). In brief, the UPR is a stress response pathway that is activated
following accumulation of unfolded proteins in the ER lumen (Hetz et al, 2020) In the
case of this paper, UPR activation was achieved by treatment with 1,4dithiotheitol

(DTT) which prevents disulfide bond formation and causes an accumulation of

misfolded protein s and ER stresgBraakman et al, 1992; Oslowski and Urano, 2011) Irel
is a transmembrane ER stressensor whose luminal domain detects misfolded proteins
while its cytoplasmic kinase and RNase domains trigger activation of downstream stress
response pathways (Adams et al, 2019) One of those pathways involves cleavageof the
Irel target mMRNA, unspliced XBP1 (Cox et al, 1997; Cox and Walter, 1996; Walter and
Ron, 2011) When Irel cleaves the XBP1 mRNA, resulting in spliced XBP1, the spliced
RNA is translated into a transcription factor which activates selective transcription of
stress response genes which serve to alleviate ER stress by expanding the ER and
increasing its protein folding capacity (Cox et al, 1997; Cox and Walter, 1996; Walter and
Ron, 2011) Despite the vast characterization of Irel, it was unclear how this low
abundance protein could efficiently find and cleave unspliced XBP1 mRNA from the
cytosolic pool of RNAs. This study found that Irel associates with the Sec61 translocon
in the ER membrane (Plumb et al, 2015) The authors also identified a hydrophobic
pseudo-signal sequence encoded by the unspliced XBR. mRNA which was recognized
by SRPin vitro (Plumb et al, 2015) Knockdown of SRP14, SRP54, or SRin HeLa cells

showed a marked decrease in XBP1 splicing, suggesting that unspliced XBP1 mRNA is

49



localized to the translocon-adjacent Irel by the SRP pathway in order to facilitate
splicing at the ER membrane (Plumb et al, 2015) This is one example where a
specialized mMRNA may depend on th e SRP pathway for ERlocalization and function.
Despite the above described studies- which revealed only specific examples of
MRNAs /proteins depend upon SRP or suggesed that the presumed in vivo essentiality
of SRP pathway componentsis a result of post-ER protein trafficking - the field of cell
biology, in particular the study of cytosol -to-ER partitioning of RNA, ribosomes, and
proteins, still centers around the canonical SRP pathway model. It was believed that low
levels of SRP proteins are sufficientfor proper targeting of the SRP-ribosome-nascent
chain to the ER membrane, and that complications in post-ER transport were an indirect
effect of SRP depletion (i.e. proteins responsible for this transport may depend on SRP
for proper localization). All of the above studies, however, focus on a selection of
example proteins and RNAs and do not characterize the total cellular effects of SRP
pathway depletion in mammalian cells. In Chapter 2 we take a holistic approach to the
characterization of HeLa and 293T SRb non-sense mutants, assessing general cell health
as well as total transcriptome and proteome expression and subcellular localization, thus

providing detailed insight into the cellular role of the canonical SRP pathway.

1.5 Diversity and complexity of the ER transcriptional and
translational landscape

The previous section (Section 1.4) provides many examples which make it is clear

that the SRP pathway is important for protein compartmentalization and trafficking in
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cells, even if the precise role may be different or more intricate than the initial in vitro
characterization experiments implied (see Section 1.2). What has been historically
understudied, however, is the importance of SRP pathway components on
transcriptome partit ioning in cells and organisms. Experiments which did assess the
RNA composition of the ER transcriptome and translatome revealed a diverse variety of
ER-associated RNAs, expanding beyond those encoding a signal sequence t@lso
include cytosolic and nucleo plasmic RNAs. These results, discovered across many cell
types and organisms by a broad range of molecular techniques, cannot be explained by
the SRP model. This section will discuss these studies and point to the ER as a hub for

the localization and trans lation of essentially all cellular RNAs.

1.5.1 Broad representation of mRNAs on the ER membrane

Immediately following the discovery of SRP, two studies set out to demonstrate
the predicted biphasic distribution of MRNA between free polysome sin the cytosol and
membrane-bound polysomes on the ER (Mechler and Rabbitts, 1981; Mueckler and
Pitot, 1981) In these studies, rat liver tissue or mouse myeloma cells were fractionated in
highly controlled experiments with demonstrated minimal cross-fraction contamination
and cDNA libraries were constructed from the mRNAs associated with either free or
membrane-bound polysomes (Mechler and Rabbitts, 1981; Mueckler and Pitot, 1981)
Isolated mMRNAs from free and membrane -bound fractions were then hybri dized to

cDNA libraries made from the same or opposing fraction. As expected, free or
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membrane-bound mRNA completely hybridized to cDNA constructed from the same
fraction. Unexpectedly, free or membrane-bound mRNA almost completely hybridized
to cDNA made from the opposite fraction ; in fact, ~90% of mMRNAs present on free
polysomes were also detected on membranebound polysomes, demonstrating
significant overlap in the mRNA species associated with both polysomes populations
(Mechler and Rabbitts, 1981; Mueckler and Pitot, 1981) The presence of secretory and
membrane protein-encoding mRNAs in the cytosol could be explained as incomplete
localization events. However, the presence of cytosolic mRNA on the ER could not be
explained in terms of the signal hypothesis. Unfortun ately, the lack of accordance with
the SRP model discouraged further studies of this kind for decades to come.

In 2000, genomewide cDNA microarray analysis again revealed significant over
lab between mRNAs associated with free and membrane-bound polysome fractions in
both human Jurkat cells and S. cerevisiaéDiehn et al, 2000a) This study used
enrichment of MRNAs in a given fraction to define mRNAs likely to encode secreted
and membrane proteins comprehensively for the first time, but noted that most mMRNAs
were present in both fractions (Diehn et al, 2000b) Similar studies were performed
throughout Drosophila embryogenesis and revealed similar results (Kopczynski et al,
1998a) as did a study which evaluated mRNA distributions in 11 different human cell
lines (Diehn etal., 2006) Largely, the overlap in mMRNAs between the two polysome

populations was ignored in favor of enrichment in a given fraction for concern of
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fractional cross-contamination. Still, follow -up studies aimed to focus on the overlap and
validate the presence of cytosolic mMRNAs in association with the ER by additional
methods in many cell lines and included extensive controls to address the concern of
cross-fraction contamination.

One such study thoroughly investigated the distribution of MRNA s between free
and ER-bound ribosomes in two cell lines, human Jurkat E6-1 and murine J558, using
two fractionation methods (Lerner et al, 2003) The first method utilized traditional cell
homogenization in hypo tonic media followed by isopycnic density flotation and velocity
sedimentation protocols to separate free and membrane-bound polysomes, respectively.
The second method used cell membrane permeabilization by the non-ionic detergent,
digitonin, which release s cytosolic contents while membrane-bound components remain
ER-associated free and membrane-bound polysomes were then isolated from the
cytosol and ER fractions by differential centrifugation. Efficient fractionation with
minimal cross-fraction contaminat ion by both methods was extensively validated by
immunoblot of known membrane and soluble protein markers, compartmental LDH
activity, ribosome/tRNA distributions, spike -in of free radio -labeled ribosomes/mRNAs
before homogenization, and electron microscopy of intact vs. digitonin -permeabilized
cells (Lerner et al, 2003) Cytosol:ER distributions for example mRNAs belonging to
three classes, i.e. encoding ER membrane proteins, ER lunmal proteins, or cytosolic

proteins (non-signal containing), were assessed by oligo hybridization to fractionated
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RNAs and subsequent S1 nuclease digestiorof non-hybridized RNAs . Analysis of the
hybridization products showed high enrichment of signal con taining mRNAs in the ER
fraction (90-97% ERassociated for a given assayed mRNA) as expected, but also a
surprisingly broad distribution of cytosolic mMRNAs between the two fractions (30 -75%
ER-association for a given assayed mRNA) (Lerner et al, 2003) These results were
observed in 15 independent experiments and were shown to be insensitive to translation
inhibition by puromycin (a tRNA analog which results nascent peptide release f rom the
ribosome) or pactamycin (a late stage initiation inhibitor which allows run -off
translation, but not re -initiation) (Lerner et al, 2003) suggesting the ERassociation of
these RNAs was not solely dependent upon the nascent chain.

For a more comprehensive look into mRNA distributions between cytosolic and
ER-associated polysomes, cDNA microarray analysis was performed on total cellular
RNA and ER-associated RNA in the same gsudy (Lerner et al, 2003) Qualitatively,
without applying statistical cutoffs, hybridization was seen for 98.9% of all cDNA
targets in the ER-associated RNA pool, suggesting almost all RNAs in the array show at
least partial localization to the ER (Lerner et al, 2003) Quantitatively, using a twofold
enrichment over background cut off, 83% of mMRNAs in the total RNA pool were found
in the ER-associated pool(Lerner et al, 2003) Analysis of enriched and overlapping
MRNA identities revealed that 1) mMRNAs found exclusively in the ER -associated

fraction encoded membrane and secretory mRNAs, 2) mRNAs found in total RNA but
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not ER-associatel RNA encoded non-signal encoding mRNAs, and 3) mRNAs which
were present in both RNA pools, and enriched at least fourfold in the ER -associated
pool, encoded both signal-containing and non -signal encoding mRNAs (Lerner et al,
2003) This diverse representation confirmed the nuclease digestion results, as well as
the above-described preceding hybridization and array studies, demonstrating the
presence of noncanonically partitioned cy tosolic mRNAs to be associated with the ER
membrane. This partitioning was further confirmed for select RNAs by in situ
hybridization in whole, fixed cells (Lerner et al, 2003) These experiments revealed that
GRP94, an ERtargeted, signal-encoding mRNA, displayed perinuclear and ER staining ,
GAPDH, an mRNA found in both cytosolic and ER fractions in the above-described
experiments, showed a homogenous distribution across the cell, and Hsp90, a nor+
signal encoding mRNA that showed high enrichment on the ER in the above-described
experiments, showed perinuclear and ER staining similar to that seen for GRP94 mRNA.
Northern blot analysis of these three example mRNAs in cytosol and ER fractions also
confirmed the results of the microarray analysis (Lerner et al, 2003) Furthermore,
polysome fractionation via sucrose density velocity sedimentation followed by RT -PCR
of the collected fractions suggested these ERocalized RNAs were actively engaged with
ribosomes, regardless of an encoded signal sequencélLerner et al, 2003) Collectively
these data revealed, with extensive thoroughness, a broad representation of cellular

mMRNAs on the ERmembrane regardless of their identity.

55



One study, mentioned briefly in Section 1.4.3, specifically addressed the role of
SRP54 in mRNA localization to the ER membrane in HelLa cells following depletion of
SRP54 by shRNA(Pyhtila et al, 2008) In control cells, a broad representation of both
signal-encoding and non-signal encoding mRNAs were found in association with the ER
by Northern blot analysis (Pyhtila et al, 2008) Surprisingly, these RNA -specific
distribution patterns were unaffected by depletion of SRP54 (Pyhtila et al, 2008) Given
the apparent SRRindependence of RNA localization to the ER for mRNAs both with
and with out an encoded signal sequence, the dependence of membrane localization on
translation and a functional signal sequence was assessed for the signakencoding GRP94

mMRNA (Pyhtila et al, 2008) This RNA was found to associate with the ER even when its

when its signal sequence was deleted(Pyhtila et al, 2008) These results show that ER
localization of GRP94 mRNA can occur independently of SRP, translation, and a signal
sequence. It is possible that thelow -level expression of SRP54 in the knockdown cells
was sufficient for SRP pathway function, however the experiment in which the GRP94
signal sequence was deleted further suggests the canonical SRP pathway may not be
solely responsible for localization of RNA to ER membrane in cells. Recent work has
begun to identify alternative ER -centric RNA localization mechanisms which may help
to explain theseobserved SRRindependent localization events (see Section 1.5.4).

Whether these alternative mechanisms work in combination with the SRP pathway, or

56



are the predominate mechanisms of localization, in cells remains to be determined.

Finally, the broad distr ibution of RNAs on the ER membrane has been confirmed
by modern deep-sequencing techniques(Chartron et al, 2016; Costeet al, 2018; Reid and
Nicchitta, 2012). These studies often pair RNA-seq with ribosome profiling (sequencing
of ribosome protected RNA fragments which can serve as a proxy for translation

efficiency) and will be discussed in terms of ER-associated translation in Section 1.5.3.

1.5.2 Ribosomes display membrane association beyond SRP pathway
model predictions

Although the SRP pathway model dictates that ER-associated SRP and ribosomes
are released from the membrane following transfer of the signal sequence to the
translocon and translation terminat ion, respectively, a series of studies suggest that this
may not always be the caseg(Potter and Nicchitta, 2000a; Potter and Nicchitta, 2002b;
Seiser and Nicchitta, 2000) The following section will introduce this seriesof studies
which revealed ribosome behaviors that deviate from the SRP model, namely the
findings that ribosomes can remain membrane-bound following translation termination
and initiate subsequent rounds of translation without membrane release and re-
targeting (Potter and Nicchitta, 2000a; Potter and Nicchitta, 2002b; Seiser and Nicchitta,
2000)

The first study in this series found that termination of protein synthesis on rough
microsome-bound ribosomes was accompanied by the release of small ribosomal

subunits, however large ribosomal subunits remained membrane -associated(Seiser and
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Nicchitta, 2000). This suggested that the association of the large ribosomal subunit to the
ER is decoupled from translocation and translation termination. Another report
confirmed that assembled ribosomes can remain membrane-associated following
translation termination, and that these long-term membrane-bound ribosomes can
initiate new rounds of translation for both secretory and cytosolic proteins (Potter and
Nicchitta, 2000a). Interestingly, when translation of a non -signal encoding mRN A was
initiated on a membrane-bound ribosome, the ribosome was subsequently released into
the cytosol as a ribosomenascent chain complex(Potter and Nicchitta, 2000a).
Furthermore, when a membrane-bond ribosome translated a signal-encoding mRNA, it
could access the translocon even in the absence of the SRP recept@Potter and
Nicchitta, 2000a). These data suggest that ribosomes can remain membrane bound
following translation termination and that ribosome release occurs co -translationally
with subsequent rounds of translation if no signal sequence is produced in a given time
frame (which was relatively long compared to the rate of translation (Potter and
Nicchitta, 2000a)). Whether a membrane-bound ribosome translating a signal encoding
MRNA could remain membrane bound in the absence of a signal peptide-translocon
interaction was not assessed.

The connection between translocon, signal sequence, and ribosome association to
the ER membrane was explored in a subsequent study(Potter and Nicchitta, 2002b).

This study revealed that ribosomes maintain stable association with the Sec61 translocon
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even following translation termination i n cultured cells (Potter and Nicchitta, 2002b).
These Sec6dbound ribosomes were able to initiate translation of both secretory and
cytosolic proteins, as was previously seen using in vitro rough microsomes, following
solubilization and gradient purification of the ribosome-translocon complexes (Potter
and Nicchitta, 2000a; Potter and Nicchitta, 2002b) These purified complexes were also
able to recognize a translated signal sequencs, resulting in a tight ribosome -translocon
junction, whereas synthesis of a peptide without a signal sequence dissociated the
ribosome-translocon interaction (Potter and Nicchitta, 2002b). These results suggest that
ribosome exchange between the membrane and cytosol is driven bythe presence or lack
of a signal sequencetranslocon interaction.

Together this series of papers provided in vitro, in vivo, and in situ evidence of
long-lived ribosome interactions with ER membrane components which were de -
coupled from translation termination and stabilized by subsequent signal sequence
translation or destabilized by translation of non -signal encoding mRNAs. In this way, it
is possible that a subset of cellular ribosomes remain membrane bound as their default
state, and are only released into the cytosolupon translation of a cytosolic protein.
Mechanisms by which ribosomes may maintain their membrane-association, both with

or without translocon interaction, are discussed in Section 1.5.4.

1.5.3 Membrane-bound ribosomes contribute to global cellular
translation

As suggested by the previously described investigations into the subcellular
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distribution of MRNAs which mainly utilized techniques center ed around isolation of
compartment-specific polysomes (Section 1.5.1), there is ample evidence that ER
associated ribosomes engage in the translation of essentially all cellular RNAs,
regardless of an encoded signal sequence. This has been demonstrateih vivo, across
multiple organism and cell lines , as described below Evidence of a broad role for ER
bound ribosomes in global cellular translation has been expanded by modern techniques
such as deep sequencing of ribosome protected RNA fragments (RibeSeq)in subcellular
compartments across multiple organisms. This section will detail such experiments in
both mouse embryonic fibroblasts and S. cerevisigghough similar studies have also
been performed in E. coli, Komagataella phaffind 293T cells with comparable results
(Alva et al, 2021; Jaret al, 2014; Schibichet al, 2016)

One study using mouse embryonic fibroblasts assessed the subcellular
distribution of both the transcriptome by RNA -Seq and translatome by RiboSeq
following detergent fractionation of cells into their cytosol and ER compartments (Reid
and Nicchitta, 2012). Transcriptomic analysis found that essentially all cellular mMRNAs
show at least partial localization to the ER membrane, regardless of an encoded signal
sequence, with ~25% mode ERocalization for cytosolic mMRNAs and ~75% mode ER-
localization for signal-containing mMRNAs (Reid and Nicchitta, 2012). Intriguingly, the
fractional compartmentalization of ribosome -engaged mRNAs was skewed even more

toward the ER membrane with ~45% mode ERlocalization for cytosolic mRNAs and
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~95% mode ERIlocalization for signal -containing mRNAs (Reid and Nicchitta, 2012).
Furthermore, the ribosome loading density was similar for all ER -associated mRNAs,
regardless of a signal sequence, suggesting that membranebound ribosomes efficiently
contribute to total cellular mRNA translation. Surprisingly, the ribosome loading
density was higher for mRNA s in the ER fraction compared to mRNAs found in the
cytosol, suggesting that translation may be more efficient in the ER fraction, potentially
due to the ability of the organized environment to concentrate translation machinery
including ribosomes, initia tion factors, chaperones, RNA binding proteins, etc. (Besse
and Ephrussi, 2008; Mansfield and Keene, 2009)This was the first study to provide an
unbiased, detailed view of the complete ER-associated transcriptome and translatome
using deep-sequencing techniques.

Ribo-Seq studies in yeast have also found evidence of broad cellular translation
on the ER and indicate that translation initiation can occur on already membrane -bound
MRNAs (Chartron et al, 2016) This study biochemically fractionated S. cerevisiamto
cytosolic and ER fractions and performed Ribo-Seq for eachsubcellular compartment.
This revealed that most cellular mMRNAs were at least partially translated by membrane -
bound ribosomes, though translation of non -signal-containing and signal -containing
transcripts were enriched in the cytosol and ER fractions, respectively, as expected
(Chartron et al, 2016) According to the SRP pathway model, ERtargeted mRNAs

should begin translation in the cytosol and become targeted to the ER only after a signal
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sequence has emerged from the ribosome exit tunnel. Therefore, ERassciated Ribo-seq
reads were predicted to only be detected downstream of the encoded signal sequence
for secretory and membrane protein-encoding mRNAs. Interestingly, ER -bound
ribosome protected fragment reads of signal-encoding mRNAs were evenly distribute d
across the whole coding sequence(Chartron et al, 2016) suggesting that membrane-
bound ribosomes can initiate translation of secretory and membrane protein -encoding
MRNAS, i.e. translation does not need to be initiated by free ribosomes in the cytosol as
suggested by the SRP pathway Furthermore, Ribo-seq reads of signalencoding mRNAs
by cytosolic ribosomes were found downstream of the signal sequence, suggesting that
either SRP recognition of the signal was inefficient, or that translation stalls by bound
SRP were not as evidentin vivo compared to the in vitro rough microsome systems
(Chartron et al, 2016)

This study additionally assessed the requirement of SRP for ribosome-nascent
chain complex targeting to the ER membranein S. cerevisie(Chartron et al, 2016) To do
this, Ribo-seq was performed on cytosolic ribosomes following immunoprecipitation via
interaction with Srp72p (the homolog of mammalian SRP72). These SRPassociated
Ribo-Seq reads spanned the entire length 6 the detected mRNAs, recapitulating the
total cytosolic reads for signal-containing mMRNAs and suggesting that the expected
elongation arrest following SRP binding the signal sequence in the cytosoldoes not

occur in vivo (Chartron et al, 2016) Of note, non-signal-encoding reads were not found
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to associate with SRP bound ribosomesas expected(Chartron et al, 2016) Interestingly,
many of the first SRP-ribosome-nascent chain binding events, per signal-containing
transcript, occurred before the signal sequence exited the ribosome exit tunnel(Chartron
et al, 2016) This finding lead to the hypothesis that SRP may perfO U O wWE-WE £ QIOD O 2 w
function, which could enhance the specificity of ribosome -nascent chain complex
targeting to the ER membrane for transcripts encoding weaker signal sequences (i.e. less
hydrophobic) (Chartron et al, 2016) Once targeted, as theabove-described data
revealed, signal-containing mMRNAs can undergo subsequent rounds of translation
initiation and translocon engagement while remaining membrane -associated.
Another Ribo -Seq study in S. cerevisiaeonfirmed the ability of ER -bound
ribosomes to translate both signal-containing and non -signal-containing mRNAs, even
following short term depletion of SRP72 by auxin -induced degradation (Costaet al,
2018) Though this study focused its conclusions on general trends of mMRNAs grouped
Eawx Ul YDOUUOaHRIEA 1T @ EUmBW@EY v DE/N OU» wEEUI T OUDI UO
their plotted data bell curves tell an i nteresting, yet ignored, story of deviation from the
l UUEEODUIT 1 Ew21/ wOOEIT 086 wnOU wi REOxIGd EO u@~> O umuse GEu
mMRNAs encoding N -terminal transmembrane domains, showed ER-associated
translation bell curves with a loss of ER-enrichment, though still non -zero, following
SRP72 depletion(Costaet al, 2018) Thesedata also revealed a wide distribution, with

ER-associated0 UE O U O E U D OO wED I xui DED 1O0Ww» a1 - U whyilobs®di wOOET |
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SRP72(Costaet al, 2018) A similarly variable range of response to SRP72 loss was seen
for mMRNAs encoding internal transmembrane domains, which had previously been
considered not to be acted upon by SRP due tathe distance of the transmembrane
domain signal from the N -terminal end of the nascent peptide (Costaet al, 2018) This
PEUWEOUOwWUI | OQwi OUwxDDEDPOUOBOAE @BY WDOI EwOmbl DET wb
signal encoding mRNAs that were found to be translated by ER-associated ribosomes,
though this class was generally more resistant to the loss of SRP, as expecteosta et
al., 2018) It is worth noting that these experiments were performed within a 1 hour time
frame of SRP72 degadation by auxin treatment. Based on previous SRP pathway
deletion studies in yeast, even the most drastically effected mRNAs would be expected
to resolve their ER-associated translation status with time (Hann and Walter, 1991;
Mutka and Walter, 2001a; Ogg et al, 1992)

Overall the above described studies reveal that ERassociated ribosomes are
engaged in the translation of nearly all cellular mRNAs, not only those encoding a signal
sequence, ad confirm that translation can be initiated on ER -bound ribosomes de novo
in vivo. Additionally, though SRP appears to increase the efficiency of membrane
association for many signal-encoding, ribosome-engaged mRNAs, loss of SRP did not
fully prevent ribosome and mRNA localization to the ER, going against the predictions
of the canonical SRP pathway model. Collectively these data open the door to the

possibility that stably membrane bound ribosomes could provide an SRP-independent
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mechanism of mMRNA localization to the ER membrane. Potential mechanisms of SRP
pathway -independent ribosome and RNA membrane tethering are discussed further in

section 1.5.4.

1.5.4 Alternative mechanisms of RNA localization to the ER

Two major remaining question in the fields of RNA and cell biology are, 1) given
the deviation of RNA and translation subcellular partitioning observed in vivo from the
predictions of the SRP pathway, to what extent does the SRP pathway dictate RNA axd
translation partitioning in cells, and 2) what are the alternative localization mechanisms
which allow for these deviations? This section will discuss alternative mechanisms by
which RNA s and ribosomes can be localized to the ER membrane. It has not bee
formally assessed if these mechanisms occur independently of or in combination with
the SRP pathway, though the experiments discussed in Chapter 2 suggest that, in

mammalian cells, such alternative pathways may predominate.

1.5.4.1Co-nuclear export polysome and mRNA localization to the ER

One possible mechanism by which mRNAs and their associated ribosomes could
localize to the ER, either directed by or independently of SRP-pathway components, is
that newly synthesized mRNA, upon export from the nucleus , appear to have a
particular propensity to associate with ER -bound ribosomes (Nicchitta et al, 2005) It
was observed in 1976 that ribosomes preferentially localize to the perinuclear portion of

the cell upon export from the nucleus (Edstrom and L6nn, 1976; Lonn and Edstrém,
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1977) Furthermore, inhibition of translation by puromycin or cycloheximide treatment
disrupted this loc alization (Edstrém and Lonn, 1976; Lonn and Edstrom, 1977) Together
these findings lead to the hypothesis that the perinuclear locale of ribosomes is a resut
of translation -dependent interaction s with mRNAs (i.e. polysome formation) soon after
or coincident with nuclear export.

Many pioneering studies of nuclear export , including those mentioned above,
utilized the Balbiani ring, a large nuclear RNA -protein puff on polytene chromosomes in
the salivary glands of dipteran Chironomus tentanswhose large size and distinct
morphological structure made it possible to visualize via electron microscopy, thereby
providing a valuable experimental tool (Bjork and Wieslander, 2015; Mehlin and
Daneholt, 1993) The abovepredicted polysome formation coincident with nuclear
export was visualized using the Balbiani ring system in 1992when ribosomes were
observed to assemble on nascent Balbiani ring transcripts as they emergd from the
nucleus (Figure 9) (Mehlin et al, 1992) Furthermore, these newly exported ribosomes
and associated mMRNA appeared to be membrane bound, or at least quickly associate
with the membrane upon polysome formation (Bjérk and Wieslander, 2015; Lonn, 1978;
Lonn, 1977; Mehlin et al, 1992; Mehlinet al, 1991) These data suggest the existence of an

unidentified mechanism for direct nuclear -to-ER targeting of polysomes and mRNAs.
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Figure 9: Co-nuclear export polysome formation.
Polysome formation as Balbiani Ring RNA is exported from the nuclear pore. Arrows
indicate ribosomes. Scale bar 100 nm. Source: Translocation of apecific pre-messenger
ribonucleoprotein particle through the nuclear pore studied with electron microscope
tomography, Hans Mehlin, Bertil Daneholt, and Ulf Skoglund, Cell(1992), vol. 69, pages
605613.

In another study, the Balbiani ring mRNA was labele d with 5 -fluorouridine and
its localization after export was measured as distance from the nucleus following
salivary gland dissection (Lonn, 1978) In this study, the mRNA was found in close
proximity to the nuclear envelope, and it predominantly remained in that local e, with
only small amounts of the mRNA migrating to the cell periphery (L6nn, 1978) note that
the perinuclear ER membrane is continuous with the nuclear envelope. Interestingly,
when cells were pre-treated with the translation elongation inh ibitor, cycloheximide, the
newly exported Balbiani ring mRNA more quickly dispersed throughout the cell  (L6nn,
1978) These results suggestd that translation -coupled events maintain the mRNA
proximal to the nuclear envelope, in agreement with the similar observations made for
ribosomal subunits as introduced above (Edstrém and Lonn, 1976; Lonn and Edstrém,

1977) Again, this concept was supported by electron microscopy and visualization of
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nuclear pore/ER membrane proximal polysome formation on mRNA s being exported
from the nuclear pore (Mehlin et al, 1992)

This concept of co-nuclear export translation was again supported by a more
recent study which specifically evaluated the translation of secretory and membrane
protein -encoding mMRNAs as they exited the nuclear pore in Cos-7, U20S, and Hela cells
(Mahadevan et al, 2013) In this study, it was found that the signal sequence region of
secretory and membrane protein-encoding mRNAs interacts wi th RanBP2/Nup358, a
large protein complex on the cytoplasmic face of the nuclear pore, immediately upon
nuclear export. This interaction was found to be mediated by the zinc finger repeats of
the RanBP2/Nup358 complex which recognized the signal-encoding region of the target
mMRNA (Mahadevan et al, 2013) Knockdown of RanBP2 or deletion of its zinc finger
repeats disrupted translation of signal -containing proteins (Mahadevan et al, 2013)
These data present a scenario by whichthe translation of specific classes of MRNAs can
be selectively regulated concomitantly with nuclear export and provides a biological
function for the mRNA -encoded signal sequence beyond SRP recognitionGiven the
proximity of the ER membrane to nuclear pore complexes, and in light of the electron
microscopy findings with the Balbiani ring, it is easy to envision that co -nuclear export
assembled polysomes could directly associate with the ER membrane. Whether this
targeting would be driven by the SRP pathway, or a below described alternative

mechanism, remains to be determined.
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Collectively these studies suggest it may be possible that mRNAs do not need to
be trafficked from the cytosol to the ER, as is currently believed, but rather that mRNAs
could directly associate with the ER membrane following nuclear export. New evidence
of direct nuclear-to-ER mRNA trafficking , using modern techniques such as deep
sequencing of metabolically labeled mRNAs and single molecule RNA imaging, is

presented in Chapters 2 and 3.

1.5.4.2Diverse ER-associatedribosome receptors

The translocon, i.e. the Sec61 complex, has been established as the primary ER
associated ribosome binding partner (Kalies et al, 1994; Prinzet al, 2000; Raderet al,
2000) which, as described previously, receives the ribosomeand signal sequenceasthe
last step of the SRP pathway(Walter and Lingappa, 1986). Interestingly, t hough the SRP
model depicts SR as an indirect ribosome receptor, with SRP serving as a mediator for
the SRa-ribosome interaction, it and other ER-resident membrane proteins have been
identified as potential direct , alternative ribosome bind ing partners. For example, SRa
has been shown to have a high affinity for ribosomes in vitro even in the absence of SRP
(Mandon et al, 2003) however the in vivo relevance, or even presence, of this interaction
has not been determined or validated. A handful of other ER -resident membrane
proteins have also been implicated to have an affinity to bind ribosomes in vitro and/or
in vivo, as described below. These potential direct ribosome receptors could serve to

tether ribosomes and their associated mMRNAs to the ER membrane either with or
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without a requirement for SRP. Additionally, these membrane -associated ribosomes
could have the ability to translate both cytosolic and signal -encoding mRNAs, as the
requirement of a translocon interaction has not been suggested for all implicated direct
ribosome receptors. In fact, specific ribosome binding proteins may have a propensity
for a given pool of mRNASs, as suggested by recent studies (Hoffman et al, 2019; Hsuet
al.), setting the stage for the ER as an organized hub for global protein synthesis and
translation regulation.

The putative alternate ribosome binding protein, p180, was identified in 1990
(Savitz and Meyer, 1990)and has since been implicated as a ribosome receptor in
multiple studies (Savitz and Meyer, 1993; Uenoet al, 2011; Uenoet al, 2010; Wankeret
al.,, 1995) p180 is an ERresident microtubule -bundling protein with a large protease -
sensitive cytosolic domain that can outcompete rough microsome membranes in respect
to ribosomes binding (Ogawa-Goto et al, 2007; Savitz and Meyer, 199Q)A more recent
study revealed that loss of p180 in human fibroblasts disrupted the assembly of heavy
polysomes on the ER membrang suggesting p180 is required for efficient ER-associated
translation (Ueno et al, 2011) This study also found that p 180 associats with polysomes
which are localized to the translocon through multiple contact sites (Ueno et al, 2011)
Furthermore, in the context of thesefibroblast secretory cells, p180 associated ribosomes
were enriched for specific mMRNAs, including those encoding collagen and fibronectin

(Ueno et al, 2011) Collectively these data show that p180 is required to form fully active
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polysomes and plays a vital role in specialized protein synthesis on the ER membrane.
Whether p180 acs alone or in combination with other proteins to localize ribosomes to
the ER is unknown.

Other studies have suggested additional ER-resident proteins to be alternative
ribosome receptors, including the oligosaccharyltransferase subunit ribophorin 1 and
the leucine-rich repeat-containing protein LRRC59 (Harada et al, 2009; Kreibichet al,
1978; Tazawaet al, 1991) Although these proteins showed a high affinity for ribosome
binding in vitro, their in vivo function was not evaluated until recently. In this recent
study, the canonical ribosome receptor Sec6b, the prospective ribosome receptors
ribophorin 1 and LLRC59, and a protein that associates with the translocon but with
unknown ribosome interaction potential Sec62 were fused to the proximity biotin
ligation enzyme BirA in HEK 293T cells (Hoffman et al, 2019) Following the covalent
biotin tagging of near -neighbor proteins in vivo for each of the reporter proteins, the
ability of each of the fusion proteins to label ribosomes was assessed. 8ong labeling of
ribosomes by Sec61b and LRRC59 reporters, as well as weaker labeling of ribosomes by
the ribophorin | reporter, was found (Hoffman et al, 2019) No ribosome labeling was
detected for the Sed62 reporter (Hoffman et al, 2019) To examine the dynamics of
exchange between the ER and cytosol compartments for ribosomes labeled by SECA4
and LRRC59 reporters, biotin pulse -chase was combined with cell fractionation. These

experiments revealed that at steady state, both rapid- and slow-exchanging pools of

71



ribosomes exist(Hoffman et al, 2019) Interestingly, translation initiation inhibition by
harringtonine accelerated compartmental exchange for ribosomes labeled by the SEC6b
reporter, suggesting that ribosomes associated with the translocon are rekeased when
they cannot re-initiate membrane -bound translation (Hoffman et al, 2019) fitting with
previous in vitro findings (Potter and Nicchitta, 2000a; Potter and Nicchitta, 2002b; Potter
et al, 2001; Seiser and Nichitta, 2000) RNA-seq analysis wasalso performed for

MRNAs associated with Sec61b and LRRC59 labeled ribosomesfollowing capture of
ribosomes biotinylated by the BirA -reporter constructs and library preparation of the
precipitated mMRNAs (Hoffman et al, 2019) This analysis surprisingly revealed reporter -
specific and shared pools of mMRNAs, including both signal -encoding and cytosolic
MRNAs, further supporting a role for ER-associated ribosomes inthe translation of a
broad range of cellular mRNAs (Hoffman et al, 2019) The shared pool of mMRNAs
predominately contained cytosolic mMRNAs, suggesting the translation of non -signal
encoding mRNAs is less regulated into specific ER-subdomains compared to signal-
encoding mRNAs (Hoffman et al, 2019) ER-resident protein -encoding mRNAs were
enriched in the SEC6D reporter labeled ribosomes, whereas integral plasma membrane
protein encoding MRNAs were enriched in the pool of LRRC59 reporter labeled
ribosomes (Hoffman et al, 2019) These data support the id ea that specific mRNAs, and
even specific functional classes of mMRNAs, can be bound to the ER membrane by

different mechanisms. Furthermore, the diversity and specificity of mMRNAs being
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translated by specific pools of ribosomes adds to the body of work suggesting the ERas
a key locale for global proteome synthesis and regulation. Notably, this study confirmed
a role for LRRC59, and a minor role for ribophorin 1, in ribosome binding with distinct
function from Sec61b.

Further analysis of the LRRC59ER subdomain in a subsequent study evaluated
the proximity labeling of proteins by t he same LRRC59BIrA reporter (Hannigan et al,
2020b) Interestingly, the protein interactome of LRRC59 was enriched in SRP pathway
components, translation factors, and ER-associated RNA binding proteins (Hannigan et
al., 2020b) Specifically the labeled proteins included initiation factors (elF2A and elF5),
the putative ribosome/RNA bin ding protein (p180), SRP subunits (SRP54 and SRP72),
and RNA binding proteins (AEG -1 and SND1) (Hannigan et al, 2020b)(see section
1.5.4.3 for more detal on these ERresident RNA binding proteins). This interactome
suggests the LRRC59 ER subdomain is involved in translational regulation. These data
also suggest LRRC59 may serve as an alternative SRP receptor in cellss the LRRC59
reporter labeled SRP subunits but not SRa or SRb; in fact, the C-terminal domain of
LRRC59 shares overlapping sequence and structure with SR (Ohsumi et al, 1993)
Together these two proximity labeling studies provide in vivo evidence of alternative
mechanisms by which ribosomes and their associated mMRNAs could localize to the ER
membrane independently of or in combination with the canonical SRP pathway, and

furthermore reveal that ER-resident ribosome binding proteins are capable of creating
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organized subdomain s and specialized complexes which can contribute to cellular
protein biogenesisand regulation of translation.

Additional proteins involved in protein translocation, including TRAP complex
members and TRAM proteins, have also been suggested to be capable of binding
ribosomes, however their in vivo binding and function have not been fully explored
(Harada et al, 2009; Jagannatharet al, 2014a; Kalieset al, 1994, Pfefferet al, 2016)

It is not yet well known what the mechanisms by which these proposed
alternative ribosome receptors may recruit their affiliated ribosomes. Perhaps ribosome
recruitment to candidate receptors occurs simply by diffusion, or is perhaps this
recruitment is driven by cisencoded elementsin ribosome-associated RNAs, as is seen
for other examples of RNA trafficking (Ben-Ari et al; Daset al, 2021; Jansen, 2001,
Oleynikov and Singer, 1998). It is also possible that these proposa ribosome-receptor
binding events occur indirectly, mediated by RNA and/or nascent chain binding

proteins, asis the casefor ribosome targeting to the translocon by SRP.

1.5.4.3ER-resident RNA binding proteins

The recent identification of many ER-resident RNA binding proteins (RBPs) with
non-canonical RNA binding motifs suggest that RNA localization to the ER membrane
could also occur via direct, translation -independent localization events. In these
scenarios, ERIlocalized RBPs may bind RNA at the membrane before the RNA associates

with ribosomal subunits. This direct RNA tethering could also serve as a mechanism to
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recruit ribosomes into the membrane-bound fraction following ribosomal subunit
scanning and translation initiation.

The first eviden ce of RBRdirected, ribosome-independent mRNA localization to
the ER came with p180(Cui et al, 2012) which is also considered to be a ribosome
receptor as mentioned above. In this study, RNA localization to the ER membrane was
found to be translation- and ribosome-independent, as Cos7 and U20S cells treated
with translation inhibitors or ribosome subunit dissociating agent ( i.e. puromycin,
harringtonine, EDTA, or DMSO control ) were digitonin permeabilized , releasing the
cytosolic contents of the cell, and showed no significant change in RNA association with
the ER membrane as assessed by poly(dT) RNAfluorescencein situ hybridization and
co-localization with the ER membrane protein TRAP a (Cui et al, 2012) Specific mMRNAs,
including endogenous Sec61a, b-actin, BiP, calreticulin, and TRAPa, also revealed
membrane association insensitiveto combined puromycin and EDTA treatment (Cui et
al.,, 2012) Detergent digestion of the ER fraction of U20S cells followed by RNase A
digestion revealed several proteins which bound mRNA , determined by mobility shift
in SDS-PAGE with and without RNase treatment (Cui et al, 2012) The most abundant
RNase-sensitive protein was identified as p180 (Cui et al, 2012) Over expresson of p180
in Cos-7 cells enhanced RNA localization to the ER membrane(Cui et al, 2012) In vitro
assessment of p180 functional domains revealed that the cytosolic, lysinerich domain of

p180, which has been shown to bind ribosomes (Savitz and Meyer, 1990) can also
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directly bind mRNAs (Cui et al, 2012) Knockdown of p180 in U20S cells showed a
decrease in MRNA association with the ER membrane, which was even more dramatic
when translation initiation was inhibited via harringtonine treatment  (Cui et al, 2012)
As mentioned, this was the first mechanistic explanation of translation - and SRR
independent localization of mMRNAs to the ER membrane directed by an RBP.

A subsequent study in yeast revealed translation- and SRRindependent mRNA
targeting to the ER can be facilitated by cis-encode@lements and/or trans-acting RBPs
(Kraut-Cohen et al, 2013) Using RNA aptamers and fluorescence microscopy, it was
found that mMRNAs encoding polarity and secretion factors were localized to the cortical
ER at the bud tip, whereas secreted and membrane protein mRNAs, as well as cytosolic
MRNAs, localized mainly to the peri-nuclear ER (Kraut-Cohen et al, 2013) This ER
localization was not effected by SRP inactivation or translation inhibition (Kraut-Cohen
et al, 2013) Exogenous RNAtruncEUDP OOU wUIl YT EOI EwUT EQwUT T wt z w431
localization to the ER for selectmRNAs but was not required (Kraut-Cohen et al, 2013)
The dependence of RNA localization on the known yeast ER-resident RBPsPUF2 and
SHE2was assessed using deletion mutants and revealed loss okither protein reduced
RNA localization to the ER (Kraut-Cohen et al, 2013) Collectively this study confirmed
that RNA tethering to the ER can be SRPand translation -independent and can be
influenced by ciselements and RBPs.

A later screen for RNA membrane-anchoring mechanisms revealed a list of
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candidate mRNA -associated ER membrane proteins(Jagamathan et al, 2014a) In this
study, rough microsomes were treated with EDTA to dissociate ribosomes from the
membrane, membrane proteins were crosslinked to mRNA by UV, the membranes
were solubilized by detergents, mRNAs were isolated by oligo(dT), and mRNA -bound
proteins were assessed by proteomics(Jagannathanet al, 2014a) These data revealed
many proteins involved in protein translocation and modification, including Sec61 a,
Sec6D, ribophorin 1, ribophorin 2, STT3A, OST4B, SPCS2 and SPCS@agannathanet al,
2014a) Interestingly, SRa and SRb also scored as potential direct RBPsthough in vivo
evidence of these interactions have not been estabkhed (Jagannathanet al, 2014a)
These findings again reveal a wide range of ER-localized proteins which could serveto
anchor mRNAs to the ERmembrane and organize the ER into subdomains.

Specific proteins, such as AEG1 (Hsu et al, 2018)and IRE1 (Acosta-Alvear et al,
2018) have been identified as RBPs that preferentially bind mRNAs with similar
function and/or class, further suggesting a strong organizat ion of the ER into functional
domains. For example, AEG-1 was found to bind endomembrane -encoding transcripts,
and among that class of mMRNAs, integral membrane protein -encoding mRNAs were
most prominent (Hsu et al, 2018). Remarkably, AEG-1 was found to bind the coding
sequence of itstargetm1 - U wOOUIl woOi Ul OwUT EOQwUT 1 PUwk z w4 31 OwE
UT 1 DU w{Hzwetad, 2008)i This suggests direct AEG-1 binding to mRNA may help

to regulate gene-specific translation. Additionally , AEG-1 binding clusters were found
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downstream of encoded transmembrane domains, suggesting a rolefor AEG-1in the
regulation of membrane protein biogenesis, potentially by stalling or slowing translation
after synthesis of transmembrane domains, thus allowing additional time for proper
translocation and membrane insertion (Hsu et al, 2018) Secreted and cytosolic protein
encoding mRNAs were also identified in the AEG -1 interactome (Hsu et al, 2018) These
cytosolic mMRNAs were functionally related to mRNA localization, translation
regulation, and RN A quality control , yet again suggesting a role for AEG-1in the
organization of the ER into regulatory domains (Hsu et al, 2018) In a similar study,
IRE1, which is known to complex with the SEC61 translocon (Plumb et al, 2015) was
found to preferentially bind signal -encoding mRNAs, SRP RNA, ribosomal RNAs, and
transfer RNAs, implicating this RBP in establishing protein translocation centers on the
ER membrane (Acosta-Alvear et al, 2018)

Much remains to be learned about ER-resident RBPs, including comprehensive
identification of all ER -associated RBPs, the mechanisms of RNA recognitionand
recruitment, the specificity and overlap of their RNA substrates, their protein
interactomes, and their intersection with ribosome binding proteins , all of which could

serve to mediate organization of regulatory ER subdomains.

1.5.4.4ER-localized ribonucleoprotein complexes, domains, and granules

Increasing examples of ERassociated organization of proteins and mRNAs into

functional complexes, subdomains, and granules have been identified. The mechanism
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of association of theseribonucl eoprotein complexes with the ER is understudied, but it
is easy to envision that this association could be mediated by the aforementioned RBR
and/or ribosome-related interactions.

For example, nonsensemediated decay (NMD) complex machinery , such as
SMG6,UPF3B, UPF1,and NBAS, have been found in association with the ER membrane
(Longman et al, 2020; Lykke-Andersen and Jensen, 2015; Maquat, 2004; Sakakt al,
2012) NMD is a translation-dependent mechanism by which mRNA s encoding a
frameshift or nonsense mutation are recognized and degraded, however NMD can also
act upon alternatively spliced RNAs and selenoprotein mMRNAs (Maquat, 2004). It is
believeE wUT EVw- , # WEEOWOEEUUWUDPOUOUEODI OUUOGa wbDPUT wi B
nucleus (Maquat, 2004} again note that the outer nuclear membrane is continuous with
the ER. It istherefore possible that membrane-bound ribosomes on the outer nuclear
envelope/perinuclear ER patrticipate in NMD events (Maquat, 2004). Furthermore, it has
been suggested that RNA surveillance by NMD is required to maintain ER protein -
foldin g homeostasis (also referred to as proteostasis), especially under conditions of ER
stress(Sakaki et al, 2012) Although the specifics of th e interaction between NMD
machinery and ER-associated ribosomes and mRNAs are not well known, a recent study
showed that ER-localized NMD relies on NBAS, a peripheral ER membrane protein
which typically functions in Golgi -to-ER trafficking but has also bea identified as an

NMD factor (Anastasaki et al, 2011; Longmanet al, 2013; Longmanet al, 2020) NBAS
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was shown to interact with ER-associatedtranscripts and recruit the core NMD factor
UPF1 to the translocon, where ER-associated NMD targets were degraded (Longman et
al., 2020) Together NBAS and UPF1 were shown to coregulate ERassociated mRNA
stability, predominately interacting with mRNAs associated with cellular stress response
(Longman et al, 2020) As NMD can occur for both cytosolic and signal-encoding
MRNAs, this could serve as yet another mechanism by which all cellular mMRNAs may
be localized to the ER membrane perhaps through discrete functional centers.

Another example of specialized ER-associated ribonucleoprotein complexesis
found with the related TIS granules and TIGER domains(Ma and Mayr, 2018; Maet al,
2021) TIS granules were identified as a membraneless organelle, associated with the ER
membrane by unknown mechanisms, composed of the RBP TIS11B and primarily
membrane protein-encoding mMRNAs with AU -UDP ET wi Ol O OUU ueGundU T | DU wt 7
Mayr, 2018). These TIS granules are localized to the perinuclear ER as a reticular
meshwork, creating a subcellular compartment known as TIGER domains (Ma and
Mayr, 20188 w3 1T 1 Ul wE O OE b O Umediatéd RRNA)pratelingnteradidns ,
allowing for organization of functionally related proteins and RNAs in a unique
biochemical environment which promotes translation of the associated mMRNAs (Ma and
Mayr, 2018). Recent investigations into how TIS granules form and organize into TIGER
domains revealed the minimal components for formation to be a multivalent RBP,

typically but not necessarily TIS11B (Ma et al, 2021) This critical multivalent RBP then
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interacts with and concentrates mRNAs, which collectively serve as a seed for further
RBP and RNA recruitment (Ma et al, 2021) mRNAs with unstructured regions have a
high propensity to form intramolecular interactions and were found to be more-likely to
serve as a granule scaffoldin TIGER domains (Ma et al, 2Q21). As stated, the mechanism
of ER localization of TIS granules and TIGER domains is unknown, but likely relies on
ER-resident RNA and/or ribosome binding proteins , or direct interaction with

membrane lipids (Choudhary and Schneiter, 2020)

Similar mechanisms of multivalent RBP and RNA-RNA interactions are
responsible for the biogenesis of other membranelessribonucleoprotein granules,
including stress granules (Guillen -Boixet et al, 2020; Katoet al, 2012; Mathenyet al,
2020; Yanget al, 2020) The subcellular localization of stress granules was assumed b be
cytosolic until very recently. In chapter 3 we provide evidence that stress granules are
ER-associated and provide yet another example of RNA and protein localization and
organization on the ER membrane. This finding was supported by another recent re port
in which ER tubules make contact sites with both stress granules and a related RNP
granule, processing bodies (Lee et al, 2020) The possible mechanisms by which stress
granules could be stably associated with their ER are discussed in chapter 3, including
the potential for multivalent and intrinsically disordered RBPs to serve asanchors for

these and otherribonucleoprotein granules on the ER membrane.
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1.6 Current endeavors in the field of subcellular RNA partitioning

As discussed throughout this chapter, the fields of RNA and ER biology are
beginning to merge in impactful ways. There is a growing body of evidence that the ER
is a nexus for global protein synthesis and RNA localization. The hesitance of the field to
look beyond the SRP pathway for mechanisms of MRNA targeting to the ERis being
wiped away as new data continues to point toward the complex diversity of the ER
subcellular compartment and the organization of the ER into functional subdomains.

The most direct path forward to investigate the diversity and regulation of the ER
landscapeis to assess the extent to which the ER transcriptome and translatome are
defined by the SRP pathway. InChapter 2 we assess this question through CRISPR/Cas9
and RNAI -mediated depletion of SR in HeLa and 293T cellsand reveal that SRP

pathway cellular function is uncoupled from RNA localization to the ER membrane . We
also demonstrate that newly exported mRNAs are directly trafficked to the ER following
nuclear export, independently of SR, suggesting this novel trafficking pattern bypasses

the expected requirement for the canonical SRP pathway in mammalian cells.

Beyond determining mechanisms of homeostatic partitioning patterns, similar
investigations into the dynamic regulation of mRNA and translation on the ER- such as
throughout development, during disease onset, after infection, or in response to cellular
stress - would provide further insight into  RNA and translation regulation, and

potentially reveal targeted strategies for therapeutic intervention. Interestingly, an ER-
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centric stress response pathway, theunfolded protein response (UPR), branchesmany of
the above mentioned topics, as it is activated by a variety of environmental stressor(e.qg.
oxidative stress and nutrient deficiency), pathogenic infections (e.g. Shigella dysenteriae
Listeria monocytogengllycobacterium tuberculosisind herpes simplex viru s), and
prominent diseases (e.gamyotrophic lateral sclerosisOw Oa1 1 DOl Uz UWEDBUI EUI O
diabetes, and rheumatoid arthritis ) (Choi and Song, 2020; CostaMattioli and Walter,
2020; Harding et al, 2003; Lindholm et al, 2017; Sakakiet al, 2012; Wang and Kaufman,
2012) In brief, the UPR is a multi-branched physiological response to misfolded proteins
in the ER lumen which triggers global translation inhibition and a selective stress
responsetranscriptional program , both of which serve to reinstate cellular proteostasis
(Braakman et al, 1992; Oslowski and Urano, 2011 Taniuchi et al, 2016; Wek, 2018; Wek
et al, 2006) This stressinduced translation inhibition promotes the recruitment of
translationally repressedmRNAs into membraneless ribonucleoprotein organelles
known as stress granules (SGs)which serve as storage depots for mRNAs while cellular
translation in suppressed (Decker and Parker, 2012; Kedersheet al, 1999; Matejuet al,
2020; Reidet al, 2014; Wolozin and Ivanov, 2019) In Chapter 3 we investigate the
mechanism and pattern of RNA localization into SGs following activation of the UPR .
With this we demonstrate the ERis a major subcellular locale for SGbiogenesisand

reveal that newly exported mRNAs serve ascritical SG substrates
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Further investigation will be required to identify the precise mechanisms of
MRNA and SG tethering to the ER, especially the preferential targeting of newly
exported MRNAs. Given the independence of this localization to the SRP pathway, we
propose that mMRNAs are predominately localized to the ER via direct binding to ER -
resident RNA binding proteins (e.g. AEG -1, LRRC59, and p180) and/or ribosome
interacting proteins (e.g. Sec6b, LRRC59, and p180). Deeper identificationand
characterization of these and additional ER-resident RNA and ribosome binding
proteins could reveal layered regulation of ER -associatedmRNA anchoring and
translation. Such studies have and will continue to redefine how we think about the ER
in terms of global cellular function and specific regulatory pathways. As eluted to, direct
localization mechanismslikely serve asthe primary determinants of transcriptome and
translatome subcellular partitioning and organization , and likely explain the findings
presented in Chapters 2 and 3 These hypothesized connections will be detailed as

general conclusions and future directions in Chapter 4.
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2Uncoupl i Pagt isMEWCcti on and mMRNA
Locaatiizon Enda otpH e Rentiiccul um

2.1 Introduction

As the subcellular site of secretory and membrane protein synthesis, the
endoplasmic reticulum ( ER) is a cellular nexus for RNA localization and local translation
(Blobel, 1980; 2000; Johnson and van Waes, 1999; Palade, 587Rapoport, 2007; Reid
and Nicchitta, 2015a; Walter et al, 1984) With ca. 35% of the protein-encoding
transcriptome undergoing translation on the ER, the mag nitude of RNA traffic on the ER
substantially exceeds that reported for other prominent examples of RNA localization
such ascell specification, cell migration, and embryonic patterning , where limited
subsets of MRNAs undergo regulated spatiotemporal localization and translation as an
expression of discrete biological programs (Blower, 2013; Jansen, 2001; Martin and
Ephrussi, 2009; Ryder and Lerit, 2018) These quantitative differences may also be
reflected in distinct mechanisms of RNA localization which typicall y operate via cis
encoded localization signals (zipcodes) and molecular motor protein -dependent
transport of tran slationally silenced mRNAs (Ben-Ari et al; Daset al, 2021;Jansen, 2001;
Oleynikov and Singer, 1998). In contrast, RNA localization to the ER is thought to occur
via nascent polypeptide -dependent ER targeting of translating ribosomes. By this
mechanism, namely the signal recognition particle (SRP) pathway, the SRP associates
with hydrophobic topogenic signals in the nascent polypeptide chain as it emerges from

the ribosome exit tunnel and the mRNA/ribosome/nascent chain/SRP complex is
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subsequently localized to the ER via direct binding interactions with the ER -localized
SRP receptor (SRYAkopian et al, 2013; Blobel, 1980; 2000; Gilmore, 1993; Rapoport,
2008; Walteret al, 1984)

Foundational in vitro studies using reconstituted experimental systems,
comprising translation -competent cell extracts and ERderived microsom al vesicles,
demonstrated that localization of mMRNAs to the ER membrane is selective for secretory-
or membrane protein-encoding mRNAs, is translation -dependent, and requires both
SRP and SRGilmore et al, 1982a; Gilmoreet al, 1982c; Walter, 1981c; a; b)rhis coupled
sequence of biochemical events is supported by mutagenesis and structural biology
studies which identified mechanisms of topogenic signal recognition by SRP, as well as
the mechanism of SRRSR interaction (Akopian et al, 2013; Blobel, 2000; Gilmore and
Blobel, 1983; Keenaret al, 2001) The broad significance of SRP pathway function in vivo
was elaborated with the discovery of SRP and SR homologs in yeast, eubacteria, and
archaea(Hann and Walter, 1991; Ogget al, 1992; Poritzet al, 190a; Zwieb and Bhuiyan,
2010; Zwieb and Eichler, 2002)

This identification of SRP and SR homologs in yeast, as well as findings that
secretory pathway organization and function operates via evolutionarily -conserved
components and mechanisms, provided opportunities for molecular genetic analyses of
SRP pathway function in vivo. Such analyses included studies of secretory and

membrane protein synthesis and trafficking, as well as RNA localization and translation
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on the ER(Chartron et al, 2016; Costeet al, 2018; Jaret al, 2014; Reid and Nicchitta,
2012; 2015a; Walter, 19Bc; a; b) In yeast, for both SRP and SR, geatic inactivation
studies revealed that loss of SRP pathway function elicited a temporary disruption of
secretory pathway function , followed by an adaptive response marked by expansion of
the ER and consequent enhanced mRNA translation capacity on the ER(Mutka and
Walter, 2001b; Ogget al, 1992) Interestingly, ER-localized translation was largely
insensitive to loss of SRP activity (Costaet al, 2018) These data imply the existence of
alternative or cooperative pathways of RNA localization to the ER, although candidate
mechanisms and components remain to be identfied.

Further supporting the view that RNA localization to the ER can operate via
SRRpathway independent processes, studies of the ERassociated mRNA transcriptome
in yeast, fly, and mammalian cells revealed that cytosolic protein -encoding mRNAs are
both broadly represented and translated on the ER (Diehn et al, 2006; Diehnet al, 2000a;
Janet al, 2014; Kopczynskiet al, 1998b; Reid and Nicchitta,2012; 2015a)Indeed, when
examined from the perspective of overall composition, cytosolic protein synthesis may
comprise the majority of ER-associated translation (Reid and Nicchitta, 2012; 2015a; b)
Nevertheless, in mammalian cells, and in contrast to yeast, the translation of secretory
and membrane protein-encoding mMRNAs is thought to be obligatorily coupled to
protein translocation and therefore must be localized to the ER membrane. Thus, the

SRP pathway could represent the primary mechanism, or be one d multiple
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mechanisms, contributing to mMRNA localization and translation on the ER in this class.
Other contributing pathways, including ER -resident RNA and/or ribosome binding
proteins, may, for example, be selective for distinct cohorts of mMRNAs, as suggested by
recent studies, but remain to be evaluated for their contributions to ER -directed RNA
localization (Bethune et al, 2019; Cui and Palazzo, 2014; Cuet al, 2012; Gerst, 2008;
Hoffman et al, 2019; Hsuet al, 2018) It thus remains uncertain in mammalian cells if
MRNA localization and SRP-dependent protein translocation are coupled, synergistic
processes or if they might operate independently.

Here we utiliz ed CRISPR/Cas%diting and RNAI to disable SRprotein
expression in HeLa and 293T cells. We report that knockout of SRP receptotb subunit
(SRb) is well tolerated and accompanied by pronounced destabilization of SRP receptor
a subunit (SRa), consistent with cooperative stability interactions previously reported
for other hetero-oligomeric proteins and confirmed by knockdown of SR a resulting in
consequent destabilization of SRb. To examine SRP pathway function in ER-directed
RNA localization, SRb knockout HeLa cell lines were combined with siRNA silencing of
SRa to fully abrogate SR heterodimer expression (termed SRdeficient). Loss of total SR
expression was confirmed by SILAC proteomic analyses in comparison of HeLa Cas9
parental and SR-deficient cells. These studies also demonstrated that the membrane
protein proteome was largely unaltered by loss of SR, though reduced expression of a

limited subset of membrane proteins was observed, including the previously reported
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SRRdependent membrane protein DR4. Notably, steady-state mRNA localization and
expression in the cytosol and ER compartments were generally unperturbed in SRP
pathway -deficient cell lines. Furthermore, steady state subcellular distributions and
trafficking of ribosomes in SR-deficient cells mirrored those of the parental cells.
Analyses of the subcellular localization of newly transcribed and exported mRNAS in
SRdeficient cells established that mRNA trafficking and localization to the ER can be
uncoupled from SRP pathway function in protein biogenesis, suggesting that the two

processes are functionally independent.

2.2 Results

2.2.1 SRP receptor subunits in mammalian cells display cooperative
stability

As in mammalian cells, the yeast S. cerevisia&SR comprises two subunits, SRP1Q,
a homolog of SRa, and SRP102, a homolog of SR (Ogg et al, 1998; Ogget al, 1992) In
yeast, disruption of either gene phenocopies disruption of SRP, indicating that they
operate in a common pathway and are thus suitable targets for investigating SRP
pathway function in mRNA localizat ion to the ER (Mutka and Walter, 2001b; Ogg et al,
1998; Ogget al, 1992) Using a CRISPR gene editing approach, HeLa and 293T cells
stably expressing Cas9 (HeLa Cas9 WT and 293T Cas9 WT) were transduced with
lentiviral sgRNA constructs targeting SR b. Transduced cells wereclonally selected and
screered for loss of SR expression by immunoblot and CRISPR/Cas9-mediated

mutation s in the SRb genewere mapped via allele-specific DNA sequencing. Multiple
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SRo knockout (KO) clones were obtained for both cell lines (named HeLa Cas9 SR KO1,
HelLa Cas9 SB KO2, and 293T Cas9 SR KO3) with disrupted reading frames encoding
premature stop codons at or upstream of the encoded transmembrane domain and GTP
binding functional element ( Fig. 10A, Fig. 11). Consistent with the DNA sequencing
data, immunoblot analysis of SRb expression in both HeLa and 293T SB KO clones
revealed no immunoreactive bands in either the cytosol or ER fraction following
sequential detergent fractionation (Fig. 10B). In contrast to findings in S. cerevisigehere
loss of SPb protein expression was accompanied by a pronounced decrease in SR
protein levels as well as a partial redistribution of the remaining SR a to the cytosol
compartment, with cytosolic (GAPDH, tubulin) and ER (GRP94, TRAP a) marker protein
distributions confirming the efficiency of fractionation ( Fig. 10B). The latter finding is
consistent with prior results in yeast, where disruption of SR b expression resulted in a
redistribution of SR a to the cytosol (Ogg et al, 1998) Steady-state SRP levels (i.e., SRP54,
SRP72) and subcellular distributions were not discernibly altered in either the HeLa or
293T Sk KO cells, with SRP being predominately cytosolic in both parental and SRb KO
clonal lines. Surprisingly, the fraction of membrane -associated SRP was unaffected by
the loss of SR expression, which may reflect interactions with other protein components
of the ER membrane such as LRRC59, as previously reported Fig. 10B) (Hannigan et al,

2020a; Hoffman et al, 2019)
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Figure 10: Loss of SRb protein destabilizes and redistributes SR a in mammalian cells .
(A) Schematic representation of CRISPRmediated genomic SRb mutations in HeLa Cas9
(KO1 and KO2) and 293T Cas9 (KO3) clonal cell lines. See also Figl. (B) Representative
immunoblot analysis of expression and subcellular distributions (C = cytosol, ER =
endoplasmic reticulum) for SR subunits (SRa and SRb), SRP components (SRP54 and
SRP72), cytosolic proteins (Tubulin and GAPDH) and ER resident proteins (GRP94 and
TRAPa) in HeLa and 293T SR KO clones with paired parental cell lines. (C) RT-gPCR
analysis of SRa and SR mRNA in SRb KO clones and paired parental cells. Wildtype
expression levels were set as 1 after normalization to GAPDH per cell type. n=3
biological replicates. Data are means + SD. * indicates pvalue ¢ 0.01. (D) Representative
polysome profiles (collected by Qiang Chen) assessed by As:nm absorbance traces of
sucrose density velocity sedimentation gradients following detergent extraction from
HelLa Cas9 SR KO clones and paired parental line. RNA was extracted from collected
gradient fractions for HeLa Cas9 WT and SRo KO2 cell lines, RT-PCR was performed for
SRb, SR, and GAPDH mRNA from each fraction, and PCR products were separated by
agarose gel electrophoresis. Data are representative ofhree biological replicates.
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A

WT SR, Start, sgRNA target
TGTGTGTCCCTCGACAAATAACCTGTCTGCCCCTATCGTTCTGTAGGAGGACGGAGTCCCAGAGAACTACAACTCCCATCAAGCACTTGGGGGATCGCCGCGGCTGAGS
GAGAGACTATGGCTTAGGAACCACCATTCGCGTGAGGCTCTGCTCCCCGCGCCTGCGCAGAGTGCAGGGCCACGTCGCTTTTGCTGTACCGGGGACCACGCGTCTCAT
CCATGGCTTCCGCGGACTCGCGCCGGGTGGCAGATGGCGGCGGTGCCGGGGGCACCTTCCAGCCCTACCTAGACACCTTGCGGCAGGAGCTGCAGCAGACGGACCC
AACGCTGTTGTCAGTAGTGGTGGCGGTTCTTGCGGTGCTGCTGACGCTAGGTAAAAGGCGGCCGGTGGTCATGGCGGGTTTGGGGCGGGCAGAGGTCCGGGLTTTGG
CTGCACCGCTGCAGGCCGGGGACGCGGGGCTGAGAGGGCGCCTTGAGGGCATCAGGAGGGTGAGACCCACCCAGTCTACACCCCACCCTCTCTCCTGAAGCAGCGG
CAGCAGCTGGGCGTTAAGGGGGATGCCGGGCAACCCCCGGAGTTAACGTCCTGGTCCTTGGGGCGCAGATTGCTCTTCGTCATCTGCCCTGTTACGCTTGAGCGCGCT
GTTCCTCGCCTTCCGCTGTTCTCACTGCAAAGACTCAGGGTCTTGACACCAACT

SRp KO1, Start, sgRNA target, Mutation
TGTGTGTCCCTCGACAAATAACCTGTCTGCCCCTATCGTTCTGTAGGAGGACGGAGTCCCAGAGAACTACAACTCCCATCAAGCACTTGGGGGATCGCCGCGGCTGAGG
GAGAGACTATGGCTTAGGAACCACCATTCGCGTGAGGCTCTGCTCCCCGCGCCTGCGCAGAGTGCAGGGCCACGTCGCTTTTGCTGTACCGGGGACCACGCGTCTCAT
CCATGGCTTCCGCGGACTCGCGCCGGGTGGCAGATGGCGGCGGTGC(50ntDeletion)AGACGGACCCAACGCTGTTGTCAGTAGTGGTGGCGGTTCTTGCGGTGCTGC
TGACGCTAGGTAAAAGGCGGCCGGTGGTCATGGCGGGTTTGGGGCGGGCAGAGGTCCGGGCTTTGGCTGCACCGCTGCAGGCCGGGGACGCGGGGCTGAGAGGGC
GCCTTGAGGGCATCAGGAGGGTGAGACCCACCCAGTCTACACCCCACCCTCTCTCCTGAAGCAGCGGCAGCAGCTGGGCGTTAAGGGGGATGCCGGGCAACCCCCGG
AGTTAACGTCCTGGTCCTTGGGGCGCAGATTGCTCTTCGTCATCTGCCCTGTTACGCTTGAGCGCGCTGTTCCTCGCCTTCCGCTGTTCTCACTGCAAAGACTCAGGGTC
TTGACACCAACT

TGTGTGTCCCTCGACAAATAACCTGTCTGCCCCTATCGTTCTGTAGGAGGACGGAGTCCCAGAGAACTACAACTCCCATCAAGCACTTGGGGGATCGCCGCGGCTGAGG
GAGAGACTATGGCTTAGGAACCACCATTCGCGTGAGGCTCTGCTCCCCGCGCCTGCGCAGAGTGCAGGGCCACGTCGCTTTTGCTGTACCGGGGACCACGCGTCTCAT
CCATGGCTTCCGCGGACTCGCGCCGGGTGGCAGATGGCGGCGGTGCCGGGGGCACCTTCCAGCCCTACCTAG(14ntDeletion) GAGCTGCAGCAGACGGACCCAACG

CTGTTGTCAGTAGTGGTGGCGGTTCTTGCGGTGCTGCTGACGCTAGGTAAAAGGCGGCCGGTGGTCATGGCGGGTTTGGGGCGGGCAGAGGTCCGGGCTTTGGCTGC
ACCGCTGCAGGCCGGGGACGCGGGGLCTGAGAGGGCGCCTTGAGGGCATCAGGAGGGTGAGACCCACCCAGTCTACACCCCACCCTCTCTCCTGAAGCAGCGGCAGC
AGCTGGGCGTTAAGGGGGATGCCGGGCAACCCCCGGAGTTAACGTCCTGGTCCTTGGGGCGCAGATTGCTCTTCGTCATCTGCCCTGTTACGCTTGAGCGCGCTGTTC

CTCGCCTTCCGCTGTTCTCACTGCAAAGACTCAGGGTCTTGACACCAACT

TGTGTGTCCCTCGACAAATAACCTGTCTGCCCCTATCGTTCTGTAGGAGGACGGAGTCCCAGAGAACTACAACTCCCATCAAGCACTTGGGGGATCGCCGCGGCTGAGG
GAGAGACTATGGCTTAGGAACCACCATTCGCGTGAGGCTCTGCTCCCCGCGCCTGCGCAGAGTGCAGGGCCACGTCGCTTTTGCTGTACCGGGGACCACGCGTCTCAT
CCATGGCTTCCGCGGACTCGCGCCGGGTGGCAGATGGCGGCGGTGCCEGGGGGCACCTTCCAGCCCTACCTAGACAC(DeletedC)TTGCGGCAGGAGCTGCAGCAGAC
GGACCCAACGCTCTTGTCAGTAGTGGTGGCGGTTCTTGCGGTGCTGCTGACGCTAGGTAAAAGGCGGCCGGTCGTCATGGCGGGTTTGCGGCGGGCAGAGGTCCGGE
CTTTGGCTGCACCGCTGCAGGCCGGBGACGCGGEGCTGAGAGGGCGCCTTGAGGGCATCAGCGAGGGTGAGACCCACCCAGTCTACACCCCACCCTCTCTCCTGAAGC
AGCGGCAGCAGCTGGGCGTTAAGGGGGATGCCGGGCAACCCCCGGAGTTAACGTCCTGGTCCTTGGGGCGCAGATTGCTCTTCGTCATCTGCCCTGTTACGCTTGAGC
GCGCTGTTCCTCGCCTTCCGCTGTTCTCACTGCAAAGACTCAGGGTCTTGACACCAACT

SRp K02, Start, sgRNA target, Mutation
TGTGTGTCCCTCGACAAATAACCTGTCTGCCCCTATCGTTCTGTAGGAGGACGGAGTCCCAGAGAACTACAACTCCCATCAAGCACTTGGGGGATCGCCGCGGCTGAGG
GAGAGACTATGGCTTAGGAACCACCATTCGCGTGAGGCTCTGCTCCCCGCGCCTGCGCAGAGTGCAGGGCCACGTCGCTTTTGCTGTACCGGGGACCACGCGTCTCAT
CCATGGCTTCCGCGGACTCGCGCCGGGTGGCAGATGGCGGCGGTGCCGGGGGCACCTTCCAGCCCTCCCTAGACACC(8ntDeletion)GGAGCTGCAGCAGACGGACC
CAACGCTGTTGTCAGTAGTGGTGGCGGTTCTTGCGGTGCTGCTGACGCTAGGTAAAAGGCGGCCGGTGGTCATGGCGGGTTTGGGGCGGGCAGAGGTCCGGGCTTTG
GCTGCACCGCTGCAGGCCGGGGACGCGGGGCTGAGAGGGCGCCTTGAGGGCATCAGGAGGGTGAGACCCACCCAGTCTACACCCCACCCTCTCTCCTGAAGCAGCG
GCAGCAGCTGGGCGTTAAGGGGGATGCCGGGCAACCCCCCGAGTTAACGTCCTGGTCCTTGGGGCGCAGATTGCTCTTCGTCATCTGCCCTGTTACGCTTGAGCGCGC
TGTTCCTCGCCTTCCGCTGTTCTCACTGCAAAGACTCAGGGTCTTGACACCAACT

TGTGTGTCCCTCGACAAATAACCTGTCTGCCCCTATCGTTCTGTAGGAGGACGGAGTCCCAGAGAACTACAACTCCCATCAAGCACTTGGGGGATCGCCGCGGCTGAGG
GAGAGACTATGGCTTAGGAACCACCATTCGCGTGAGGCTCTGCTCCCCGCGCCTGCGCAGAGTGCAGGGCCACGTCGCTTTTGCTGTACCGGGGACCACGCGTCTCAT
CCATGGCTTCCGCGGACTCGCGCCGGGTGGCAGATGG(65ntdeletion)ACCCAACGCTGTTGTCAGTAGTGGTGGCGGTTCTTGCGGTGCTGCTGACGCTAGGTAAAAG
GCGGCCGGTGGTCATGGCGGGTTTGGGGCGGGCAGAGGTCCGGGCTTTGGCTGCACCGCTGCAGGCCGGGGACGCGGGGCTGAGAGGGCGCCTTGAGGGCATCAG
GAGGGTGAGACCCACCCAGTCTACACCCCACCCTCTCTCCTGAAGCAGCGGCAGCAGCTGGGCGTTAAGGGGGATGCCGGGCAACCCCCGGAGTTAACGTCCTGGTC
CTTGGGGCGCAGATTGCTCTTCGTCATCTGCCCTGTTACGCTTGAGCGCGCTGTTCCTCGCCTTCCGCTGTTCTCACTGCAAAGACTCAGGGTCTTGACACCAACT

TGTGTGTCCCTCGACAAATAACCTGTCTGCCCCTATCGTTCTGTAGGAGGACGGAGTCCCAGAGAACTACAACTCCCATCAAGCACTTGGGGGATCGCCGCGGCTGAGG
GAGAGACTATGGCTTAGGAACCACCATTCGCGTGAGGCTCTGCTCCCCGCGCCTGCGCAGAGTGCAGGGCCACGTCGCTTTTGCTGTACCGGGGACCACGCGTCTCAT
CCATGGCTTCCGCGGACTCGCGCCGGGTGGCAGATGGCGGCGGTGCCGGGGGCACCTTCCAGCCCTACCTAGACAC(DeletedC)TTGCGGCAGGAGCTGCAGCAGAC
GGACCCAACGCTGTTGTCAGTAGTGGTGGCGGTTCTTGCGGTGCTGCTGACGCTAGGTAAAAGGCGGCCGGTCGTCATGGCGGGTTTGCGGCEGGGCAGAGGTCCGGE
CTTTGGCTGCACCGCTGCAGGCCGGBGACGCGGEGCTGAGAGGGCGCCTTGAGGGCATCAGCGAGGGTGAGACCCACCCAGTCTACACCCCACCCTCTCTCCTGAAGC
AGCGGCAGCAGCTGGGCGTTAAGGGGGATGCCGGGCAACCCCCGGAGTTAACGTCCTGGTCCTTGGGGCGCAGATTGCTCTTCGTCATCTGCCCTGTTACGCTTGAGC
GCGCTGTTCCTCGCCTTCCGCTGTTCTCACTGCAAAGACTCAGGGTCTTGACACCAACT

SRp KO3, Start, sgRNA target, Mutation
TGTGTGTCCCTCGACAAATAACCTGTCTGCCCCTATCGTTCTGTAGGAGGACGGAGTCCCAGAGAACTACAACTCCCATCAAGCACTTGGGGGATCGCCGCGGCTGAGG
GAGAGACTATGGCTTAGGAACCACCATTCGCGTGAGGCTCTGCTCCCCGCGCCTGCGCAGAGTGCAGGGCCACGTCGCTTTTGCTGTACCGGGGACCACGCGTCTCAT
CCATGGCTTCCGCGGACTCGCGCCGGGTGGCAGATGGCGGCGGTGCCGGGGGCACCTTCCAGCCCTACCTAGACACC(InsertedC)TTGCGGCAGGAGCTGCAGCAG
ACGGACCCAACGCTGTTGTCAGTAGTGGTGGCGGTTCTTIGCGGTGCTGCTGACGCTAGGTAAAAGGCGGCCGGTGGTCATGGCGGGTTTGGGGCGGGCAGAGGTCCG
GGCTTTGGCTGCACCGCTGCAGGCCGGGGACGCGGEGCTGAGAGGGCGCLTTGAGGGCATCAGGAGGGTGAGACCCACCCAGTCTACACCCCACCCTCTCTCCTGAA
GCAGCGGCAGCAGCTGGGCGTTAAGGGGGATGCCGGGCAACCCCCGGAGTTAACGTCCTGGTCCTTGGGGCGCAGATTGCTCTTCGTCATCTGCCCTGTTACGCTTGA
GCGCGCTGTTCCTCGCCTTCCGCTGTTCTCACTGCAAAGACTCAGGGTCTTGACACCAACT

TGTGTGTCCCTCGACAAATAACCTGTCTGCCCCTATCGTTCTGTAGGAGGACGGAGTCCCAGAGAACTACAACTCCCATCAAGCACTTGGGGGATCGCCGCGGLTGAGG
GAGAGACTATGGCTTAGGAACCACCATTCGCGTGAGGCTCTGCTCCCCGCGCCTGCGCAGAGTGCAGGGCCACGTCGCTTTTGCTGTACCGGGGACCACGCGTCTCAT
CCATGGCTTCCGCGGACTCGCGCCGGGTGGCAGATGGCGGCGGTGCCGGGGGCACCTTCCAGE(14ntDeletion)TTGCGGCAGGAGCTGCAGCAGACGGACCCAACG
CTGTTGTCAGTAGTGGTGGCGGTTCTTGCGGTGCTGCTGACGCTAGGTAAAAGGCGGCCGGTGGTCATGGCGGGTTTGGGGCGGGCAGAGGTCCGGGLTTTGGCTGC
ACCGCTGCAGGCCGGGGACGCGGGGLCTGAGAGGGCGCCTTGAGGGCATCAGGAGGGTGAGACCCACCCAGTCTACACCCCACCCTCTCTCCTGAAGCAGCGGCAGC
AGCTGGGCGTTAAGGGGGATGCCGGGCAACCCCCGGAGTTAACGTCCTGGTCCTTGGGGCGCAGATTGCTCTTCGTCATCTGCCCTGTTACGCTTGAGCGCGCTGTTCC
TCGCCTTCCGCTGTTCTCACTGCAAAGACTCAGGGTCTTGACACCAACT

TGTGTGTCCCTCGACAAATAACCTGTCTGCCCCTATCGTTCTGTAGGAGGACGGAGTCCCAGAGAACTACAACTCCCATCAAGCACTTGGGGGATCGCCGCGGCTGAGG
GAGAGACTATGGCTTAGGAACCACCATTCGCGTGAGGCTCTGCTCCCCGCGCCTGCGCAGAGTGCAGGGCCACGTCGCTTTTGCTGTACCGGGGACCACGCGTCTCAT
CCATGGCTTCCGCGGACTCGCGCCGGGTGGCAGATGGCGECGGTGCCGGGGGCACCTTCCAGCCCT(25ntDeletion)GCAGCAGACGGACCCAACGCTGTTGTCAGTA
GTGGTGGCGGTTCTTGCGGTGCTGCTGACGCTAGGTAAAAGGCGGCCCGGTGGTCATGGCGGGTTTGGGGCEGGCAGAGGTCCGGGCTTTGGCTGCACCGCTGCAGG
CCGGGGACGCGGGGCTGAGAGGGCGCCTTGAGGGCATCAGGAGGGTGAGACCCACCCAGTCTACACCCCACCCTCTCTCCTGAAGCAGCGGCAGCAGCTGGGCGTT
AAGGGGGATGCCGGGCAACCCCCGGAGTTAACGTCCTGGTCCTTGGGGCGCAGATTGCTCTTCGTCATCTGCCCTGTTACGCTTGAGCGCGCTGTTCCTCGCCTTCCG
CTGTTCTCACTGCAAAGACTCAGGGTCTTGACACCAACT
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WT SR, sgRNA target, , GTP Binding

MASADSRRVADGGGAGGTFQPYLDTLRQELQQTDPT RSRRSSQRAVLLVGLCDSGKTLLFVRLLTGLYRDTQTSITDSCAVYRVNNNRGNSLTL
IDLPGHESLRLQFLERFKSSARAIVFVVDSAAFQREVKDVAEFLYQVLIDSMGLKNTPSFLIACNKQDIAMAKSAKLIQQQLEKELNTLRVTRSAAPSTLDSSSTAPAQLGKKGKEFE
FSQLPLKVEFLECSAKGGRGDVGSADIQDLEKWLAKIA

SRp KO1, sgRNA target, Mutation
MASADSRRVADGGGADGPNAVVSSGGGSCGAADAR-STOP

MASADSRRVADGGGAGGTFQPYLGAAADGPNAVVSSGGGSCGAADAR-STOP
MASADSRRVADGGGAGGTFQPYLDTCGRSCSRRTQRCCQ-STOP

SRpB KO2, sgRNA target, Mutation
MASADSRRVADGGGAGGTFQPSLDTGAAADGPNAVVSSGGGSCGAADAR-STOP

MASADSRRVADGPNAVVSSGGGSCGAADAR-STOP
MASADSRRVADGGGAGGTFQPYLDTCGRSCSRRTQRCCQ-STOP

SRB KO3, sgRNA target, Mutation
MASADSRRVADGGGAGGTFQPYLDTLAAGAAADGPNAVVSSGGGSCGAADAR-STOP

MASADSRRVADGGGAGGTFQLAAGAAADGPNAVVSSGGGSCGAADAR-STOP
MASADSRRVADGGGAGGTFQPCSRRTQRCCQ-STOP

Figure 11: SRb genomic mutations and truncated protein products in SR b knockout
clonal cell lines .

(A) Allele -specific genomic sequencing for wildtype (WT) SRb as well as mutations in
HelLa Cas9 S KO1, HeLa Cas9 SR KO2, and 293T Cas9 SB KO3 clonal cell lines.
Three genomic copies of SR were detected per HeLa and 293T clonal cell line, as
indicated. The translation start sequence isnoted in green, the SRb sgRNA target
sequenceis indicated in blue, and mutations are detailed in red. (B) Amino acid
sequences oftranslation products resulting from genotypes in (A). The sgRNA target
site is indicated in blue, the SRb transmembrane domain is depicted in orange, SRo GTP
binding sites are presented in purple, and mutant, non -sense amino acidsequencesare
detailed in red. Note that all genotypes result in mutation upstream of all wildtype SR b
functional domains as well asearly stop codons.

The decrease in SR protein expression in the SRo KO HelLa and 293T cell lines
could arise through a cooperative protein stabil ity phenomenon, where loss of protein
subunit expression destabilizes oligomeric partners, or through epigenetic gene
silencing upon loss of SRo expression (Ogg et al, 1998; Ogget al, 1992) To distinguish
between these scenarios, RIGPCR analyses of SR and SRa transcript levels were
performed for multiple clones across the two cell lines (Fig. 10C). For SRa, transcript
levels in SRb KO cells were either indistinguishable from or slightly elevated relative to

the parental lines. These data are consistent with a cooperative protein stablity
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interaction as the mechanism for loss of SR expression in SR KO cell lines. Of interest,
SRb transcript levels were only partially reduced in the SR b KO lines, suggesting that
the premature codon-bearing SRb mRNAs were relatively inefficient substra tes for
nonsensemediated decay (NMD). NMD is a translation -dependent, polyribosome -
associated process, prompting us to examine SR mMRNA translation efficiency via
polysome profiling (Durand and Lykke -Andersen, 2013; Huet al, 2010; Kurosakiet al,
2019) Representative polyribosome traces (Aes4) are depicted in Fig. 10D with paired
SRb, SR, and GAPDH mRNA gradient distributions determined by semi -quantitative
RT-PCR. Although SRa and GAPDH mRNA profiles are similar in the parental and SR b
KO HelL a line, S/ mRNAs shift from the heavy polysome region of the gradient (e.g.,
fractions 13-18) to predominately monosome and light polysome fractions (e.qg., fractions
8-10), consistent with prior reports that NMD substrates are enriched in the 80S
monosome and small polysome fractions and supporting inefficient translation of the
mutant MRNA (Heyer and Moore, 2016; Hu et al, 2010)

To further validate a cooperative protein stability mechanism for the loss of SRa
in SRb KO cells, two sets of experiments were performed. In one approach, parental
HelLa Cas9, SR KO1, and SRy KO2 cells were treated with the proteosome inhibitor
MG132 for 16 hours and SRa levels were examined by immunoblot ( Fig. 12A). For all
cell lines, the addition of MG132 resulted in an increase in SRa levels, indicating that in

both parental and SRb KO Hela lines, SRa is a relatively unstable protein whose levels
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can be substantially increased by inhibition of proteosome activity. In a second set of
experiments, complementation studies were performed, where SRo expression was
restored via transient transfection of SRb cDNA (Fig. 12B, C). In the HeLa Cas9 parental
line, overexpression did not substantially enhance SRa levels or alter subcellular
distributions, with all SR a recovered in the ER fraction of detergent-fractionated cells
(Fig. 12B). Contrastingly, overexpression of SRb in SRb KO cell lines resulted in both
redistribution of SR a to the ER (compare SR levels in cytosol and ER fractions) and
enhanced stability of SRa, as evident by the higher quantities of SRa detected by
immunoblot when SR b expression is increased Fig. 12C). These data support

cooperative stability for the maintenance of SRa/SRb in the heterodimer state.

A B
Hela Cas9: WT
Vector: EV_~ SRp 2XSRp
Hela Cas9 C ER C ER C ER
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Figure 12: SRP receptor subunits of mammalian cells display cooperative stability.

(A) Representative immunoblot analysis of whole cell lysates collected from HelLa Cas9
WT, SRb KO1, and SRy KO2 clonal cell lines following 16 hr treatment with the
proteasome inhibitor, MG132, or DMSO control . Experiment performed by Qiang Chen.
(B) Representative immunoblot analysis of subcellular distributions (C = cytosol extract,

ER = endoplasmic reticulum) of SR subunits (SR and SRb), SRP component (SRP54),
cytosolic protein (tubulin), and ER resident pro tein (TRAPa) in HeLa Cas9 WT cells
transfected with empty vector or SRb expression vector at two concentrations, 0.2ng/mL
or 0.4ng/mL (2X). (C) as in (B) but for HeLa Cas9 WT cells transfected with empty
vector and SR KO1 and KO2 clones transfected with empty vector or SRb expression
vector at two concentrations.

Surprisingly given the reduction in growth rate following SRP pathway

disruption by SR - or SRRdepletion in yeast (Mutka and Walter, 2001b; Ogg et al, 1998)
neither cell proliferation (Fig. 13A), cell morphology (Fig. 13B), nor cell viability (Fig.
14C) were affected by loss of SR and decreased SR protein expression in HeLa or 293T
cells. Furthermore, whereas SRP pathway disruption in yeast results in reduced protein
synthesis rates(Mutka and Walter, 2001b; Ogg et al, 1998) loss of SRP pathway function
in HeLa and 293T cell lines was not accompanied by net changes in steadystate protein
synthesis, which was essentially identical in cells either expressing or lacking SRb and/or

SRa (Fig. 13G).
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Figure 13: Knockout of SR b does not impact general cell health.

(A) CFSE staining over three days of cell proliferation for HeLa Cas9 and 293T Cas9
parental and SRb knockout clonal cell lines. Data are representative ofthree biological
replicates. (B) Representative immunofluorescence staining of tubulin (red) and TRAP a
(green) for cell lines described in (A). DAPI nuclear stain is included in merge images
(blue). Scale bar = P mm. (C) Trypan blue assessment of cell viability by live/dead
staining for cell lines described in (A). Data are presented as meanst SD for at least 16
independent counts per cell line. (D) [3*S-methionine/cysteine incorporation after 7.5
minutes of labeling for cell conditions as in (A). Scintillation counts were normalized to
protein content. Data are presented as meas + SD for three biological replicates.
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2.2.2 Cell viability is sustained in the absence of SRP receptor
expression

By mediating the localization of mRNA/ribosome/nascent chain complexes to the
ER membrane, SR is thought to perform a critical function in the localization of secretory
and membrane protein synthesis to the ER membrane(Akopian et al, 2013; Gilmoreet
al., 1982a; Gilmoreet al, 1982c; Keenaret al, 2001; Walter and Johnson, 1994b)
Molecular genetic analyses of SR in yeast, including both gene inactivation and
transmembrane domain deletion studies, demonstrated however that disrupting SR a
localization to the ER did not compromise secretory and membrane protein biogenesis
(Ogg et al, 1998) These investigators also reported that SRa can associate with the ER
membrane, albeit inefficiently, in the absence of SR, consistent with in vitro
reconstitution studies in mammalian systems (Gilmore et al, 1982a; Gilmoreet al, 1982c;
Nicchitta and Blobel, 1989; Ogget al, 1998) We thus considered that although knockout
of SRb expression in mammalian cells results in a marked reduction in SRa levels, as
well as partial re -localization of SRa to the cytosol, the low levels of ER-associated or
cytosolic SRa present in SR KO cell lines were sufficient to support SRP pathway
function. We therefore examined the consequences of SRNA -mediated silencing of SRa
in SRb KO cells. Using parental HeLa Cas9 cells, the time course of siRNAdependent
SRa knockdown was examined, with SR a protein levels decreasing by 72 hr post
transfection and undetectable by 96 hr (Fig. 14A). mRNA levels, however, were

maximally reduced at 24 hr post-transfection indicating that in the presence of SRb, SRa

98



has a protein half-life of ca. 24 hr (Fig. 14B). Using the 96 hr post-transfection time point,
we examined SRa knockdown in a HeLa SRb KO background. Untr ansfected and non
targeting siRNA controls in HeLa SR b KO cells confirmed destabilization of SRa protein
expression and redistribution toward the cytosol coincident with loss of SR b (Fig. 14C,
lanes 7-10). Knockdown of SRa in the HeLa SRb KO background reduced SRa levels to
below detection limits (see also below), functionally yielding SR knockout cells which
were termed SR-deficient (Fig. 14C, lanes 11, 12 Paired comparisons with the HeLa
Cas9 parental cell line demonstrated that loss d SRa expression was restricted to the
targeting siRNA and yielded loss of SRb expression, consistent with a reciprocal
cooperative stability interaction for SR a and SRb (Fig. 14C, lanes 4, §. This conclusion
was further supported by gPCR analyses demonstrating that knockdown of SR a did not
significantly alter SRb mRNA levels, though SRb protein levels were reduced (Fig. 14D,
3C). Surprisingly, as with SRb knockout alone, neither cell morphology (Fig. 14E), cell
division (Fig. 14F), protein synthesis (Fig. 14G), nor cell viability (Fig. 15) were affected

by loss of SRheterodimer expression in HeLa or 293T cells.
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(A) Representative time course of siRNA-mediated SRa knockdown in HeLa Cas9 WT
cells, along with non -targeting siRNA control, assessed via immunoblot for SRa (target),
tubulin (cytosolic control), and TRAP a (ER membrane control) after separation of cells
into cytosol (C) and ER fractions. (B) As in (A) but including HeLa SRb KO2 cells and
assessment of mMRNA levels by RT-gPCR from total RNA extracts. n = 2 biological
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replicates. Data are means + SD. (C) Represeative immunoblot analysis of subcellular
distributions (C = cytosol, ER = endoplasmic reticulum) of SR subunits (SRa and SRb),
SRP (SRP54), ER resident protein (TRAR), and cytosolic protein (Tubulin) in HeLa Cas9
WT and SRb KO2 cells untransfected (-) or transfected with non -targeting (ctrl) or SRa
siRNA, 96 hr post transfection. (D) RT-gPCR analysis of SR and SRo mRNA in cell
conditions as in (C). Untransfected wildtype expression levels were set as 1 after
normalization to GAPDH per cell line. n = 3 biological replicates. Data are means = SD. *
indicates p-value ¢ 0.01. (E) Representative immunofluorescence staining of tubulin
(red) and TRAPa (green) for HeLa Cas9 WT and SB KO2 cells transfected with either
non-targeting (ctrl) or SRa siRNA, assayed 96hr post transfection. DAPI nuclear stain is
included in merge images (blue). Scale bar = B mm. (F) CFSE staining over three days of
cell proliferation for cell conditions as in (C). Data are representative ofthree biological
replicates. (G) [3°9-methionine/cysteine incorporation after 7.5 minutes of labeling for
cell conditions as in (C). Data are presented as mean = SD fothree biological replicates.
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Figure 15: Cell viability is sustain ed in the absence of SRP receptor expression.
Trypan blue assessment of cell viability by live/dead staining for HeLa Cas9 WT and
SRb KO2 cells untransfected (-) or transfected with non -targeting (ctrl) or SRa siRNA, 96
hr post transfection. Data are presented as meansz SD for at least 16 independent counts
per cell line.

2.2.3 SILAC proteomic analysis of protein biogenesis in SRP
receptor-deficient cells

In yeast, loss of function mutations in SRP pathway components result in
transient disruptions of secr etory and membrane protein biogenesis, with subsequent
physiological adaptations enabling near wild -type protein biogenesis and trafficking

activity (Mutka and Walter, 2001b; Ogg et al, 1998) Yeast differ from mammalian cells
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in their high capacity for post -translational transloc ation and so it would be expected
that mammalian cells, which utilize the co -translational translocation pathway (Johnson
and van Waes, 1999; Rapoport, 2008; Walter and Johnson, 1994hyould be sensitive to
the loss of SRP pathway activity. To examine this hypothesis, we performed a sable
isotope labeling by amino acids in cell culture (SILAC) proteomic study, comparing
HelLa Cas9 parental cells transfectedwith non -targeting siRNA ( HeLa Cas9 control) with
HelLa SRo knockout/SRa knockdown cells (SR-deficient), using the 96 hr post SiRNA
knockdown time point noted above. With prior studies demonstrating that membrane
protein biogenesis is generally more sensitive to loss of function mutations in the SRP
pathway , we fractionated cells cultured in light or heavy SILAC amino acids into

cytosol, luminal/peripheral protein, and integral membrane protein fractions, as
illustrated in Fig. 16A, to enhance spectral detetion of integral membrane proteins. In
brief, an equal number of light amino acid -labeled HeLa Cas9 control cells and heavy
amino acid-labeled HeLa SRdeficient cells were combined and homogenized by Dounce
homogenization. Homogenates containing both light and heavy SILAC labeled proteins
were centrifuged to recover the membrane fraction, with the supernatant providing the
cytosol fraction. The membrane pellet was then homogenized in an alkaline sodium
carbonate/urea buffer to extract luminal and peripheral membrane proteins and
subsequently centrifuged to separate the luminal/peripheral protein (supernatant) and

integral membrane protein (pellet) fractions (Fujiki, 1982). The SILAC experiment was
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performed in biological duplicate, and cytosol, carbonate extractable, and integral
membrane protein samples were trypsin digested, tandem mass tagged (TMT), and

analyzed via LC-MS-MS (Fig. 16A).
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Figure 16: Protein biogenesis is minorly affected by SRP pathway disruption in
mammalian cells.
(A) Schematic representation of combined SILAC-TMT proteomic study as described in
text. (B) Representative immunoblot showing enrichment of tubulin (cytosolic), GRP94
(ER luminal), and TRAPa (ER membrane) proteins across the three fractions described
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in (A) for HeLa Cas9 WT and SRo KO2 cells. (C) Difference hierarchical clustering
analysis of duplicate proteomic samples as described in (A). (D) Violin plot
demonstrating the log 2fold change distribution comparing heavy and light protein
abundance for samples collected as in (A). (E) Comparison of total SILAC abundance for
proteins detected in as in (A). Proteins with log 2 fold change 2 2 are colored green, and
proteins with log 2 fold change ¢ -2 are colored in red. Number of total and differentially
detected proteins between cell lines are listed. (F) Comparison of calculated abundance,
determined as in (A), for integral membrane proteins detected in the membrane fraction
of samples described in (A). Proteins with log 2 fold change ¢ -2 are colored in red.
Number of total and differentially detected proteins between cell lines are listed. (G) As
in (F) but comparison of non-signal-containing proteins in the cytosol fraction. Proteins
with log 2 fold change 2 2 are colored green. (H) Proteomicdata from SILAC analysis as
described in (A) for proteins of interest. Raw proteomics data analysis was performed by
BGI. Molly M. Hannigan assisted with proteomics data filtering and analysis in (D,E).

Immunoblot analysis for cytosolic (tubulin), ER luminal (GRP94), and ER integral
membrane (TRAPa) protein distributions across the three subcellular fraction s
demonstrated that the fractionation procedure yielded a substantial enrichment of
compartment-marker proteins in their expected fractions (Fig. 16B). GRP94 was
predominately detected in the carbonate-extractable fraction, with some recovery in the
cytosol fraction as a consequence of the mechanical disruption of the ER into
microsomes during homogenization. Tubulin was predominately recovered in the
cytosol fraction, and the ER membrane protein marker TRAPa was enriched in the
membrane fraction as expected. Notably, the expression and localization patterns of
these proteins were similar between wildtype and SRb KO cells.

The hyperplexed SILAC/TMT MS analysis yielded quantitative total protein
abundance values via SILAC as well as fractional enrichments via TMT labeling. A

heatmap comparison of the protein abundance distributions between fractions in both
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heavy and light amino acid labeled cell cultures is depicted in Fig. 16C. For both HeLa
Cas9 control and SRdeficient cells, cluster heat map visualization of the data
demonstrates the reproducibility of fractionation as well as the overall compositional
similarities between the biological replicates and the relatively high clustering distance

of the membrane protein fractions. As these data report on absolute abundance (SILAC),
it is apparent that the overall protein compositions of the parental and SRP pathway -
deficient cell lines are quite similar, indicating that loss of SRP pathway function was not
broadly di sruptive of proteome expression. Interestingly, total SILAC abundances
revealed a modest decrease in protein expression in SRieficient cells compared to
control (Fig. 16D). This finding is consistent with a modest reduction in steady -state
protein synthesis activity and, although not captured in short term (min) [ 35S]
methionine incorporation studies in which scintillation counts were normalized to

protein content (Fig. 14G), is consistent with observations in yeast where the adaptive
response to SRP pathvay disruption includes reductions in steady -state translation rates
(Mutka and Walter, 2001b; Ogg et al, 1998; Ogget al, 1992)

To investigate the effect of SR loss on protein biogenesis, total SILAC data sets
were compared across HeLa Cas9 control and SRieficient samples (Fig. 16E). Proteins
which were detected in only one cell line were assigned zero abundance values for the
paired cell line. Data were furt her filtered to include only those proteins with high

combined FDR confidence (> 95% confidence interval). Importantly, high FDR
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confidence SRa and SRb peptides were identified in HeLa Cas9 control cells but were
absent in the SRdeficient cells (Fig. 16H), providing confident orthogonal confirmation
of the KO phenotype determined for the SR-deficient cell lines. Comparisons of the
SILAC abundance values in the HeLa Cas9 control vs SRdeficient samples depicted in
Fig. 16E illustrate a tight clustering on t he diagonal, consistent with the conclusion that
the proteome is generally unaffected by the loss of SR, though with a trend toward
lower protein abundance in SR-deficient cells as in Fig. 16D. Proteins with log 2 log
change? 2 in SRdeficient cells are cdor coded and illustrate the modest impact of SR
deficiency on proteome expression.

To assess compartmentspecific alterations in protein biogenesis, calculated
abundance values were determined for each protein (SILAC abundance multiplied by
TMT fractional distribution) ( Fig. 16A) to represent the fractional localization scaled to
the total protein abundance. Calculated abundance determinations provided a means to
guantitatively examine the consequences of SRP pathway loss on protein levels in a
given fraction. Given the predicted phenotypes of a disruption in membrane protein
biogenesis and/or upregulation of chaperone expression in the SRP pathway-deficient
cells, as was seen in yeast studies, the high confidence protein expression variation in
the two cell line conditions were plotted for integral membrane proteins in the
membrane fraction and non-signal encoding proteins in the cytosolic fraction ( Fig. 16F,

G, respectively). Surprisingly , membrane protein biogenesis was largely unaffected by
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loss of SRP pathway activity, with a tight clustering of the data set on the diagonal. As
summarized in Fig. 16H, the notable changes in membrane protein expression were
restricted to SR and death receptor 4 (DR4/TNFRSF10A), which has been previously
reported to be sensitive to SRP pathway inactivation (Ren et al, 2004b) Importantly,
integral membrane proteins with decreased or no detection in SR-deficient cell
membrane fractions compared with HeLa Cas9 control cell membrane fractions were not
detected in the cytosol or carbonate extractable fractions, suggesting the decreased
detection was an effect of protein expression rather than mis-localization to a different
subcellular locale. Changes to nonsignal containing proteins in the cytosol were also
minimal in comparison of HeLa Cas9 control and SR-deficient cells, with no evidence of
cytosolic chaperone upregulation (Fig. 16G). Furthermore, there was no detected
accumulation of secreted proteins in the cytosol fraction, suggesting that these proteins
were successfully translocated and secreted from the cell. The overall conclusion that
loss of SRP pathway function was minimally disruptive of proteome expression was
further examined by analyzing protein cumulative densities in the three subcellular
fractions. As depicted in Fig. 17, protein compositions and abundances in the three

subcellular fractions were very similar in parental and SRP pathway -deficient cells.
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Figure 17: Protein expression is relatively unaffected by loss of SRP receptor.
Cumulative density plots for calculated abundance in cytosol, carbonate extractable, and
membrane fractions for HeLa Cas9 WT cells transfected with non-targeting siRNA (light

labeled amino acids) and HeLa Cas9 SR cells transfected with SRa siRNA (heavy
labeled amino acids). Analysis was performed by Molly M. Hannigan.

2.2.4 Steady-state and dynamic ribosome localization to the ER in
SRP receptor-deficient cells

The unexpected similarities in secretory and membrane protein composition
between HelLa Cas9 control and SRdeficient cell lines prompted the question of how
ER-localized translation is supported in the absence of SR expression. With prior data
from in vitro reconstituted translation -translocation assays demastrating that SR is
required for ribosome/mRNA localization to the ER, and biochemical reconstitution
studies establishing direct SRa binding interactions with ribosome/nascent chain/SRP
complexes and ribosomal large subunits (Akopian et al, 2013; Gilmoreet al, 1982a;
Gilmore et al, 1982c; Mandon et al, 2003) it would be expected that loss of SR would
disrupt rib osome association with the ER membrane. To test this we examined steady
state ribosome distributions between cytosol and ER fractions in HeLa Cas9 parental
and HelLa Cas9 SR KO cell lines with and without transfection with either a non -
targeting siRNA or SRa siRNA. At 96 hr post-transfection (see above), cells were
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fractionated into cytosol and ER compartments, total RNA extracted, and steady -state
ribosome distributions examined by denaturing RNA gel analysis of 18S and 28S RNA
levels across subcellular fractions (Fig. 18A). The tRNA marker provides a useful
validation of cell fractionation as it is largely recovered in the cytosol fraction
(Jagannathanet al, 2011; Lerneret al, 2003; Stephenst al, 2008) Under all conditions
examined, steady-state ribosome distributions between the cytosol and ER were similar
and represented an approximately 60:40cytosol:ER distribution, similar to prior findings
(Chenet al, 2011; Jagannatharet al, 2011; Jagannatharet al, 2014b; Lerneret al, 2003,
Stephenset al, 2008) Within the sensitivity limits of the fractionation assay, these data
indicate that loss of SR expression does not compromise steadystate ribosome
partitioning between the cytosol and ER, and also demonstrate that ER-associated

ribosomes are predominately bound to sites other than SR.
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Figure 18: Steady-state and dynamic ribosome localization to the ER in maintained in
the absence of SRP receptor.

(A) Representative agarose gel electrophoresis of total RNA from cytosol (C) and ER
fractions in HeLa Cas9 WT and SB KO2 cells untransfected (-) or transfected with non -
targeting (ctrl) or SRa siRNA 96 hr post transfection. (B,C) Representative time cour® of
rRNA synthesis, nuclear export, and trafficking between the cytosol and ER. HeLa Cas9
WT cells transfected with control siRNA and HeLa Cas9 SR KO2 cells transfected with
SRa siRNA were pulse -labeled with 4SU 96 hr post transfection and chased with excess

uridine for the indicated time points. Cells were then fractionated into cytosol and ER
fractions, RNA was extracted from each fraction, 4SU-RNA was biotinylated, and RNA
fractions were separated via agarose geland transferred to nitrocellulose membr ane.

Total fractional RNA was detected by methylene blue (B) and 4SU-labeled RNA was

detected by streptavidin -IRDye 800CW (C). (D) Quantification of 28S and 18S rRNA
bands from (C). Data are averages of band intensity from two biological replicate RNA

gels° SD. Experiments in (B,C) were performed by Qiang Chen.

As an additional test of SR function in the regulation of ribosome dynamics on
the ER, we examined the kinetics of newly exported ribosomal subunit partitioning

between the cytosol and ER compartmerts via transcriptional pulse -chase analysis.
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HelLa Cas9 control and SRdeficient cell cultures were supplemented with the uridine
analog 4-thiouridine (4SU) to biosynthetically label transcription. Cells were then
washed, a labeling chase was initiated by addition of excess uridine, and subcellular
distribution of 4SU -labeled ribosomal subunits was examined over a 6 hr period (Fig.
18B,C). At each time point, cells were fractionated into cytosol and ER fractions, total
RNA recovered, and the fractionated RNA was subjected to thiol-specific biotinylation
of the 4SU-labeled RNA species. Total RNA was then separated by denaturing RNA gel,
transferred to nitrocellulose membranes, and total rRNA ( Fig. 18B) and 4SU-labeled
rRNA ( Fig. 18C) species determined by methylene blue staining and streptavidin -IRDye
800CW detection, respectively. As a biosynthetic labeling assay, these 4SU pulsechase
experiments provided a measure of rRNA transcription, ribosome subunit assembly,
ribosomal subunit export and maturation, and subcellular distributions. As shown in
Fig. 18C,D, the kinetics of 4SU-labeled mature 18S and 28S rRNA appearance and
distribution in the cytosol and ER fractions were very similar in the presence or absence
of SR expresson, with linear rates of export and partitioning in the two compartments.
These data demonstrate that ribosomal subunit assembly, export, and subcellular
partitioning is not disrupted upon loss of SR expression.

In parallel studies, we examined 4SU-labeled poly(A) mRNA incorporation into
4SU-labeled polyribosomes, as a measure of 4Sklabeled ribosomal subunit functionality

and to ensure 4SUlabeling did not impact compartmental translation. This confirmed

111



that 4SU-labeled ribosomal subunits were efficient ly incorporated into polyribosomes
comparably to unlabeled controls (Fig. 19A), and were engagedin the translation of
4SU-labeled mRNAs in both the cytosol and ER compartments, as evident by prominent
detection of 4SU-mRNA in the 4SU-labeled polysome fraction pool s (Fig. 19B).
Collectively these data revealed that ribosome trafficking and association with
the ER membranewas indistinguishable in the presence or absence of SR expression,
indicating that the regulatory mechanisms governing ribosome localiza tion to the ER

can function independently of SRP pathway activity.
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Figure 19: 4SU-labeled ribosomes and mRNAs can assemble into heavy polysomes.
(A) Representative polysome profiles assessed by Ass nm absorbance traces of sucrose
density velocity sedimentation gradients following 4SU pulse-chase andcell
fractionation into cytosol and ER compartments for control (WT + non-targeting siRNA )
and SR-deficient cell lines. RNA was extracted from collected and pooled subunit (sub),
monosome (mono), and polysome gradient fractions for both cell conditions . (B) RNA
extracted from pooled gradient fractions in (A) underwent 4SU-RNA biotinylat ion and
poly(A) -mRNA isolation. Poly(A)-mRNA samples were then dot blotted onto
nitrocellulose membrane and 4SU-labeled poly(A) -mRNA was detected by streptavidin -
IRDye. Data are representative ofthree biological replicates. Experiments were
performed by Qiang Chen.

2.2.5 mRNA transcriptome partitioning in SRP receptor-deficient cells

In vitro experimental systems have demonstrated that the SRP pathway can
mediate mRNA localization to the ER. This role in vivo, however, remains largely
unassessed. To examine SRP pathway funtion in RNA localization in cells, we first
examined steady state mMRNA distributions between the cytosol and ER fractions of
HeLa Cas9 control and SRdeficient cell lines. Here, tissue culture cells were separated
into cytosol and ER fractions, total RNA was isolated from each fraction as well as
paired whole cell extracts, and RNA-seq libraries prepared from rRNA depleted -mRNA.
We first assessed the reads per million reads for SR and SRb in control and SR-deficient
whole cell RNA -Seq libraries and confirmed the above discussed gPCR results, with SR
MRNA significantly reduced in SR -deficient cells and non-sense encoding SR mRNA

levels being depleted to a lesser extent (Fig. 20).
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Figure 20: SRa and SRb mRNA levels in SR P receptor-deficient cells.
RNA -seq analysis of SR (green) and SR (blue) mRNA reads per million reads in whole
cell rRNA -depleted RNA extracts from control (HeLa Cas9 WT + control siRNA) and
SRdeficient (HeLa Cas9 SR KO2 + SR siRNA) cell lines 96 hr post transfection. RNA-

seq libraries were prepared and sequenced in triplicate. Data represent pooled analysis
of the three biological replicates. Analysis was performed by David W. Reid.

We next determined the fractional enrichment of mRNAs on the ER, examining
both signal-encoding as well as cytosolic protein-encoding mRNAs (Fig. 21A). By
including all ER -associated mRNAs, potential functions for SR in mRNA localization to
the ER were considered without bias to signal sequence or tail anchor protein -encoding
MRNAs. In Fig. 21A, the fractional ER enrichments of mMRNAs from HelLa Cas9 control
and SRdeficient cells are depicted and demonstrate that mMRNA partitioning to the ER is
similar between the two genotypes, with > 95% of mMRNAs showing log - fold change < 2.
Importantly, no mRNA cohort -selective changes in ER enrichment were observed in the
absence of SR expressionKig. 21B). Cytosolic protein -encoding genes, for example,
which as expected had the widest range in ER fractional enrichment, displayed very
similar mean and variation values in the presence and absence of SR expression.

Furthermore, comparisons of the fractional ER enrichments of secretory, single
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transmembrane domain (singleTM), and polytopic (multiTM) protein -encoding mMRNAs
were not signif icantly different. These data indicate that the processes regulating mRNA
partitioning to the ER compartment are largely independent of SR function, a conclusion
supported by the cumulative density plot depicted in  Fig. 21C, revealing the high

similarities in fractional ER enrichments of the mRNA transcriptome.
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Figure 21. Steady-state mMRNA transcriptome partitioning in SRP  receptor-
deficient cells.

(A) Enrichment of transcriptome -wide mRNA localization to the ER in HeLa Cas9 WT
cells transfected with non -targeting siRNA and HeLa Cas9 SRo KO2 cells transfected
with SRa siRNA 96 hr post transfection. mMRNAs with logz fold change 2 2 are colored in
blue, MRNAs with log fold change ¢ -2 are colored in red. (B) ER localization of mMRNAs
encoding cytosolic, secretory, single transmembrane (singleTM), and polytopic
membrane (multiTM) protein -encoding mRNAs in cell lines as in (A). (C) Cumulative
density plot for data presented in (B). (D) As in (A) but for mMRNA expression levels
from whole cell rRNA -depleted RNA extracts. (E) As in (B) but for mRNA expression
from whole cell rRNA -depleted RNA extracts. (F) Cumulative density plot for data
presented in (E). All RNA -seq libraries were prepared and sequenced in triplicate. Data
represent pooled analysis of the three biological replicates. Analysis was performed by
David W. Reid.

115



In yeast, loss of SRP pathway function is accompanied by a transient activation
of the UPR, with an accompanying expansion of the ER and upregulation of cytosolic
chaperones, thought to comprise the primary adaptation responsible for near wild type
secretory and membrane protein biogenesis activity of SR pathway-deficient yeast. To
determine if loss of SR expression inHeLa cells elicits a compensatory or adaptive
transcriptional response, the mRNA transcriptome composition of HeLa Cas9 control
and SR-deficient cells were compared (Fig. 21D-F). Similar to what was observed in
analyses of relative ER partitioning of mRNAs , the mRNA transcriptomes of the two
HelLa cell conditions were similar with > 95% of genes displaying < 2-fold differences in
expression. Although a small set of genes displayed statistically significant up - or down -
regulation, these differences were not linked to the encoded protein subtype ¢ cytosolic,
secretory, single TM, multi -TM, as would be expected if loss of SR expression
compromised the stability or expression of a given cohort of mMRNAs ( Fig. 21D,E). This
conclusion, as with relative ER localization, was supported by the similarities seen in the
cumulative density distribution plots comparing the mRNA transcriptomes of parental
and SRdeficient HeLa cells (Fig. 21F). Notably, Biocarta pathway analysis of the
transcriptome data sets demonstrated significant up or down regulation of a variety of
pathways, though the biological significance of these changes is not readily apparent.

Collectively these findings are consistent with the view that loss of SR expression
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impacts cell physiology, however steady -state RNA partitioning between the cytosol

and ER compartments.

2.2.6 Newly exported mRNASs localize to the ER even in the absence
of SRP receptor expression

MRNASs, once localized, are thought to remain at their subcellular destinations
throughout their lifetimes (Martin and Ephrussi, 2009; Ryder and Lerit, 2018). In the
experiments discussed above, where steadystate mRNA distributions were examined
24 hr after SRa levels were below detection limits (i.e. 96 hours post siRNA transf ection),
a role for SR in ERdirected mRNA localization could be obscured by a dominant
contribution of pre -existing, ER-localized mRNAs. To assess the contribution of SR to
MRNA localization kinetics, we examined the composition and subcellular traffickin g
itineraries of newly exported mRNAs using 4SU biosynthetic pulse-chase labeling, cell
fractionation, and deep sequencing of the 4SUlabeled mRNAs (4SU-seq). In brief, HeLa
cells were pulse-labeled with 4SU and, over a 1 hr chase period separatedinto cytosol
and ER fractions, excluding nuclear contents. 4SUlabeled RNA fractions were
biotinylated and recovered by streptavidin magnetic bead affinity isolation, followed by
oligo(dT) enrichment of poly(A) mMRNA , and deep sequencing of the 4SUpoly(A)
mRNAs. Total 4SU-poly(A) mRNA reads acrosschase time points revealed
approximately linear mMRNA export rates over the 1 hr chase period as well asan
enrichment of 4SU-poly(A) mRNA in the ER fraction ( Fig. 22A). As 4SU mRNA export

rates were approximately linear, the deep sequencing data from one chase time point (45
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min) was chosen to examine the composition and subcellular distribution of newly
exported 4SU mRNAs. These analyses revealed the expected high enchment of signal-
encoding mRNAs on the ER as well as a substantial presence (ca. 0.6 fractional
enrichment) of cytosolic/nucleoplasmic protein -encoding mRNAs in the ER fraction (Fig.
22B). Previous studies have identified broad steady-state representation of
cytosolic/nucleoplasmic protein -encoding mMRNAs on the ER of mammalian cells (c.a. 0.2
fractional enrichment) as well as yeast and fly (Janet al, 2014; Kopczynskiet al, 1998b;
Reid and Nicchitta, 2012; 2015a)the data obtained here by 4SU pulse-chase analysis
mirror these findings and suggest that this phenomenon is particularly evident in the

population of newly exported mRNAs.
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Figure 22 Newly exported mRNAs localize to the ER with and without SRP receptor.
(A) Time course of 4SU poly(A) mRNA accumulation in the cytosol and ER fractions in
Hela cells, with total representing the sum of the two fractions. (B) Fractional
enrichments of newly exported, 4SU-poly(A) cytoplasmic, secretory, single
transmembrane (singleTM), and polytopic membrane (multiTM) protein -encoding
MRNAs in the ER vs. cytosol fractions. (C) As in (B), cells treated with DTT at the
initiation of the 4SU transcriptional labeling period. (D) As in (B), cells treated with
harringtonine at the in itiation of the 4SU transcriptional labeling period. (E) Comparison
of 4SU-poly(A) mRNA enrichments for cytoplasmic, secretory, single transmembrane
(singleTM), and polytopic membrane (multiTM) protein -encoding mRNAs between
HelLa Cas9 WT cells transfectedwith non -targeting siRNA and HeLa Cas9 SRb cells
transfected with SRa siRNA 96 hr post-transfection. All 4SU-seq was prepared and
sequenced in duplicate. Data in (A,E) represent pooled analysis of biological duplicates.
Data in (B-D) are representative of biological duplicates. Samples and libraries were
generated by Qiang Chen. Analysis was performed by David W. Reid.

To examine the effect of cotranslational localization of newly exported mRNAs,
we first determined if translation of newly exported 4SU mRNA was required for ER
localization. In one approach, translation initiation was inhibited via activa tion of the
unfolded protein response (UPR), where dimerization of the UPR sensor PERK results in
phosphorylation of elF2 a and suppression of translation initiation (Kaufman, 1999; Shi
et al, 1998) Intriguingly, when 4SU mRNA export and subcellular trafficking w ere
assayed during UPR activation, the subcellular distributions of both cytoplasmic and
signal-encoding mRNAs merged, with both cohorts of mMRNAs being highly ER -
enriched (Fig. 22C). These data indicate that stressinduc ed inhibition of translation
initiation dramatically alters the trafficking of newly exported cytoplasmic protein -
encoding mRNAs, while not impacting the membrane localization of mMRNAs encoding

secretory or membrane proteins. This suggests that early translation -coupled events are
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linked to the compartmental trafficking of mRNAs following nuclear export. In a second
approach to examine the role of translation initiation in the trafficking of newly exported
MRNASs, identical experiments were performed where c ells were treated with
harringtonine, a selective inhibitor of translation initiation (Huang, 1975; Ingolia et al,
2012) In this scenario as well, the subcellular trafficking of newly exported
cytoplasmic/nucleoplasmic mMRNAs was markedly altered, resulting in a high

enrichment of all 4SU mRNAs in the ER membrane fraction, regardless of the encoded
MRNA cohort (Fig. 22D).

To more directly address SRP pathway function in ER-directed mRNA
localization, identical experiments were performed to compare the relative ER
enrichment of newly exported 4SU mRNAs in HeLa Cas9 control an d SR-deficient cells.
As shown in Fig. 22E, the relative ER enrichments of 4SU mRNAs encoding cytosolic,
secretory, single transmembrane and multi-transmembrane domain proteins were
highly similar in the two cell conditions. Combined these data demonstrate that
translation is of particular importance for the localization of cytosolic protein -encoding
MRNAs to the ER (Fig. 22C,D) and demonstrate that neither translation nor SR are
obligatory for localization of topogenic signal -encoding mRNAs to the ER. The
unexpected finding that newly exported mRNAs are broadly represented in and
predominately localized to the ER compartment suggests that the ER is anmportant

subcellular locale for the initiation of MRNA trafficking (Fig. 23).
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Figure 23: Model of direct ER -trafficking for newly exported mRNAs.

A cartoon model of direct mMRNA and ribosome trafficking to the ER membrane
following nuclear export. Such trafficking could occur coordinately as polysomes, or
independently for RNAs and ribosomes. Tethering of ribosomes and RNA to the
membrane is likely a function of ER -resident ribosome and/or RNA binding proteins

and was determined to occur independently of SRP receptor expression.

2.3 Discussion

The endoplasmic reticulum (ER) is the intracellular site of localized translation
for secretory and membrane protein-encoding mRNAs, which comprise approximately
one third of protein coding genes. Although the biological significance of ER -localized
translation has long been appreciated (Blobel, 2000;Blobel and Dobberstein, 1975b;
Palade, 1958; 1975a}he cellular mechanisms and context for mMRNA localization and
translation on the ER remains largely unstudied. Given the extensive biochemical and
structural evidence supporting SRP pathway function in the coupling of secretory and
membrane protein synthesis and protein translocation across the ER membrane, a
primary role for the SRP pathway in mRNA localization to the ER has long been

considered a functional correlate to this established mechanism.
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Here we use CRISPR/Cas9 gene editing and RNAI to examine SRP pathway
function in mRNA localization and translation on the ER. Focusing on SR and its role in
localizing mRNA/ribosome/nascent chain complexes to the ER, we first generated
mammalian cell lines lacking the transmembrane SRP receptorb subunit (SRb) which
anchors the SRRinteracting SRP receptora subunit (SRa) to the ER membrane(Gilmore
and Blobel, 1983; Gilmoreet al, 1982a; Gilmoreet al, 1982c; Ogget al, 1998; Ogget al,
1992) We report that loss of SRo expression is accompanied by a profound
destabilization of SRa, demonstrating that cooperative stability interactions regulate
cellular SR levels. Destabilization of uncomplexed SRa in the absence of SR would
minimize aberrant SRa activity in the cytosol, thus constraining SR function to the ER
membrane. Further supporting this cooperative stability strategy, loss of SRa expression
elicits the pronounced degradation of SRb, suggesting that the subunits do not have
prominent cellular func tion individually. Surprisingly, loss of SR expression did not
disrupt localization of secretory and membrane proteins to the ER/endomembrane
system or the steady-state partitioning of the mRNA transcriptome between the cytosol
and ER compartments. As recantly reported in yeast, we conclude that SRP pathway
function in protein translocation is functionally distinct from the processes regulating
secretory and membrane protein-encoding mRNA localization to and translation on the

ER (Mutka and Walter, 2001b; Ogg et al, 1998; Ogget al, 1992)
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Past molecular genetic studies of SRP pathway function in yeast are compatible
with the conclusion that the mRNA localization to the ER is functionally autonomous
from SRP function in protein translocation. Specifically, genetic inactivation of SRP54,
SRa, or SRo results in a transient disruption of membrane protein translocation followed
by an adaptive response of reduced protein synthesis and growth rate which allows for
restoration of wildtype protein trafficking (Mutka and Walter, 2001b; Ogg et al, 1998;
Ogg et al, 1992) As an alternative experimental approach for examining SRP pathway
function in yeast, the Weissman lab utilized an auxin -induced degradation system to
rapidly disable SRP function and examined mRNA localization and translation on the
ER (Costaet al, 2018) In this study, loss of SRP activity did not prevent secretory
protein -encoding mMRNA localization to or translation on the ER; thus, SRP pathway
function is not obligatory for the localization of signal sequence -encoding mRNAs to the
yeast ER. In the current study, mRNA transcri ptome partitioning to the ER of SRP
pathway -disabled HeLa cells was nearly indistinguishable from that of control cells,
indicating that SRP pathway -independent localization of mMRNAs to the ER is likely a
ubiquitous, evolutionarily conserved phenomenon.

Given the established contributions of SRP-independent post-translational
translocation pathways in yeast, and the broad requirement for co -translational
translocation in mammalian cells, it would be expected that RNA localization/protein

translocation in m ammalian cells would be highly sensitive to the loss of SR expression
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(Brodsky, 1993; Brodskyet al, 1995; Johnson and van Waes, 1999; Rapoport, 2006; 2008;
Walter and Blobel, 1982b) Prior in vitro studies in a reconstituted mammalian protein
translation/translocation system demonstrated, how ever, that if translation of a secretory
protein -encoding mMRNA was initiated on ER -bound ribosomes, efficient protein
translocation proceeded in the absence of SR activity(Potter and Nicchitta, 2002a).
Consistent with these findings, ribosome footprinting studies of ER -bound ribosomes, in
both yeast and mammalian cells, revealed footprinting patterns representative of de novo
translation initiation on ER -bound ribosomes (Chartron et al, 2016; Jagannatharet al,
2014b) Furthermore, the identification of SRP association with ribosomes prior to
emergence of the signal sequence serves as an important demonstration that
SRP/ribosome interactions can be regulated independently of topogenic signal
interactions (Chartron et al, 2016) Here we report that both steady-state and dynamic
ribosome localization to the ER is insensitive to the loss of SR expression, as would be
predicted if the processes regulating RNA/ribosome localization to the ER and protein
translocation are functionally distinct. These observations raise the interesting question

of how ribosomes are localized to the ER (Palade, 1975a)and more specifically, the
contribution of the SRP pathway to ribosome localization and exchange on the ER
(Hoffman et al, 2019; Potter and Nicchitta, 2000b; Potter and Nicchitta, 2002a; Stephens

et al, 2005)
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The combined biochemical, molecular genetic, and transcriptomic analyses of
secretory pathway function, mRNA localization, and ER -localized translation appear to
best fit a model where mRNA and ribosome localization to the ER is regulated largely
independently of protein translocation, perhaps via direct ribosome ER-interactions and
SRP pathway-independent RNA localization operating coordinately to support ER -
localized translation initiation and subsequent sorting/coupling of nascent chains to the
translocation machineries. These processes may be died by contributions of ER -resident
RNA binding proteins, e.g., p180 and AEG-1, both of which have been demonstrated to
interact with ER -associated mRNAs (Bethune et al, 2019; Cui and Palazzo, 2014; Cuet
al.,, 2012; Gerst, 2008; Hoffmaret al, 2019; Hsuet al, 2018) How ER-resident RNA
and/or ribosome binding proteins contribute to the localization and translational
regulation of MRNAs on the ER remains an open question.

Once localized to the ER, mRNAs likely undergo repeated rounds of initiation,
elongation, and termination while in the ER -bound state. Assuming that repeated cycles
of translation occurring on ER -bound mRNAs represent the supermajority of translation
events on the ER, SRP pathway function in initial RNA localization may be masked by
the relatively small contribution of de novdocalization events, prompting the evaluation
of SRP pathway function in initial trafficking of newly exported mRNAs. We report that,
as with steady-state distributions, loss of SR expression did not discernibly impact

newly synthesized signal -encoding mRNA localization as assessed by cell fractionation
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and 4SU-Seq.Although localization patterns of newly synthesized poly(A) MRNAs were
similar in control and SR -deficient cells, with signal -encoding mRNAs being efficiently
localized to the ER and cytosolic protein-encoding mRNAs displaying cytosol and ER
partitioning patterns similar to those previous ly reported, inhibition of translation
initiation selectively disrupted the trafficking itinerary of cytosolic protein  -encoding
MRNAS, resulting in their recovery predominately in the membrane fraction. These data
indicate that in the absence of translation, ER membrane localization serves as the
default destination for newly exported mRNAs. How translation and ER -directed RNA
localization of newly exported mRNAs are linked requires substantial further study,
including identification of the subcellular site (s) of translation initiation and the
mechanism(s) of ribosome localization and association on the ER. These questions were
posed decades ago in a landmark perspective on the discovery and organization of the
secretory pathway, but remain unanswered (Palade, 1975a)lt is likely that insights into
mechanisms d RNA localization to the ER will be aided by an understanding of how
newly exported mRNAs are localized and if that process is coupled to the initial/pioneer
rounds of translation.

The premise of the current study lies in the analysis of SR function in mRNA and
ribosome localization to the ER. Molecular genetic analyses in yeast support the
conclusion that SRP and SR function in a common pathway, with genetic disruptions of

their expression yielding very similar phenotypes, as would be predicted by curren t
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models. That yeast can adapt to SRP pathway inactivation and that mammalian cells are
tolerant of the loss of SR expression for time periods far exceeding that necessary for
transcription, mRNA export, localization, translation, and decay, argues against an
essential role for the SRP pathway in RNA localization. Nonetheless, the evolutionary
conservation of the SRP pathway through eubacteria, archaea, and eukaryotes is
testimony to its importance, perhaps to elements of proteome expression and
translocation efficiency not yet appreciated. One clue may lie in the finding that the
MRNA transcriptome is broadly localized to and translated on the ER, making the ER
compartment unique in its comprehensive inventory of mRNA expression and
translation (Chartron et al, 2016; Diehnet al, 2000a; Jaret al, 2014; Lerneret al, 2003;
Reid and Nicchitta, 2012; 2015a) With the ER in communication with all organelles of
the endomembrane system, as well as its intimate association with the mitochondria, it
may be that the SRP pathway operates primarily as a fidelity enhancer, preventing ER-
associated mRNA mis-localizati on to other organelles, as recently reported in yeast,

rather than directing localization per se (Costaet al, 2018)

2.4 Material and methods
2.4.1 Cell line generation and allele-specific genome sequencing

Cells were cultured in DMEM with 10% FBS and 1X non-essential amino acidsat
37°C in 5% CO2 with humidity and grown to 80% confluency before experimentation.

HelLa and 293T cells were transduced with a Cas9containing lentivirus with blasticidin
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resistance. Cells were selected with 10mg/mL blasticidin and single cell clones were
isolated. Clones were tested for Cas9 efficiency using a positive control SgRNA and high
efficiency clones were chosen based on activity in Surveyor Mutational Detection Kit
(IDT), performed as described by the manufacturer. High efficiency clones stably
expressing Cas9 (HeLa Cas9 WT and 293T Cas9 WWere expanded and transduced
with lentivirus containing sgRNA against SRP receptor subunit beta (SR b,
AGCCCTACCTAGACACCTTG) and puromycin resistance. Transduced cells were
selected with 2 mg/mL puromycin and 10 ng/mL blasticidin to ensure sgRNA and Cas9
expression, respectively, and single cell cloned. Clones were screened for mutations via
amplification of the SRb genomic DNA region spanning the sgRNA target site using
Takara Hot Start DNA Polymerase (Takara Bio USA, Inc.) and primers:
TGTGTGTCCCTCGACAAATAAC (forward), AGTTGGTGTCAAGACCCTGAGT
(reverse). dones showing mis-match mutations were screened for SR protein
expression via immunoblot as described below. Clones without detectable SRb protein
expression had genomic SRb PCR products (see above)sequencedvia Zero Blunt topo
cloning kit (Thermo -Fisher). Bacterial cloning colonies were screened until each
independent sequence was identified at least three times for all SRy knockout clonal cell
lines to ensure all alleles were detected and mutated. Non-sense mutation in the protein

product of the mutated alleles was confirmed via Expasy Translate (SIB SwissInstitute
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of Bioinformatics ). HeLa and 293T dones which showed mutation by Surveyor
Mutational Detection , no protein via Western, and nonsense genomic mutations in all
detected alleles were expanded (HeLa Cas9 SBRKO1, HeLa Cas9 S KO2,and 293T

Cas9 SB KO3).

2.4.2 Sequential detergent fractionation

All samples and reagents were RNasefree and kept on ice unless otherwise
specified. Cellsin culture were washed twice with PBS, scrapedin the second washto
release from plate, incubated on ice for 10 minutes to depolymerize microtubule
networks, and pelleted at 2,500 rpmand 4°C for 5 minutes. Cell pellets were
resuspended in ice cold digitonin cytosol extraction buffer (0.03% Digitonin, 110 mM
KCI, 25 mM HEPES, pH 7.2, 15 mM MgOAcz, 4 mM CacClz, 1X Roche cOmplete™
protease inhibitor, 40 U RNaseOut) and incubated on ice for 10 minutes. Samples were
spun at 6,000 rpm for 5 minutes at £C to pellet the ER membrane fraction. Supernatants
were collected as cytosol fractions and membrane pellets were suspended in 100
digitonin wash buffer (0.0015% Digitonin, 110 mM KCI, 25 mM HEPES, pH 7.2, 15 mM
MgOACc 2, 4 mM CacClz, 1X Roche cOmpleté™ protease inhibitor, 40 U RNaseOut).
Samples were immediately spun at 6,000 rpm for 5 minutes at 4°C to pellet the washed
membranes. Supernatants were combined with the appropriate cytosol fractions and
membrane pellets were suspended in ice cold n-dodecylmaltoside (DDM )

permeabilization buffer (2% DDM, 200 mM KCI, 25 mM HEPES, pH 7.4, 15 mM
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MgOACc 2, 4 mM CacClz, 1X RochecOmplete™ protease inhibitor, 40 U RNaseOut) and
incubated on ice for 10 minutes. Samples were spun at 12,000 rpm for 5 minutes at 4C

to clear the sample of nuclei and cell debris. Supernatants were collected as ER fractions.
Cytosol and ER fractions were processed for protein precipitation or RNA extraction as

described below.

2.4.3 Protein precipitation

Following sequential detergent fractionation or whole cell lysis with RIPA buffer
for 10 minutes on ice, TCA was added to fraction s or lysatesto a final concentration of
10%wt/vol . Sample were incubated on ice at 4C overnight to precipitate protein.
Samples were spun at 14,000 rpm ér 10 minutes at 4°C to pellet TCA -precipitated
protein . Supernatants were aspirated andprotein pellets washed twice in ice cold 100%
acetone. Washed TCA pellets were dried for 510 minutes at 95°C and then stored at -

20°C.

2.4.4 Immunoblotting

TCA-precipitated protein pellets were resuspended in 0.5 M Tris, pH 11, 5% SDS
at 95°C for 10 minutes. Protein concentrations were determined via BCA assay (Pierce)
or Nanodrop Spectrophotometer (Thermo Scientific). Equivalent protein mass per
sample was separated ty SDSPAGE, transferred to nitrocellulose membranes, blocked
in 5% nonfat dry milk/Tris -buffered saline, and processed using standard procedure.

Antibodies used include SRa (affinity purified rabbit polyclonal antisera, 0.8 ug/mL),
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SRb (Santa Cruz, se376723, 1:100 dilution), SRP54 (Santa Cruz, s893855, 1:50 dilution),
SRP72 (Thermo Scientific, PA549601, 1:500 dilution), GAPDH (DSHB, DSHBhGAPDH -
2G7, 1:500 dilution), Tubulin (DSHB, E-7, 1:1000 dilution), GRP94 (rabbit polydonal

antisera, 1:2000 dilution), and Trapa (rabbit polyc lonal antisera, (Migliaccio, et al, 1992),

1:1000 dilution).

2.4.5 Proteasome inhibition

Where incubated, cells were treated with 10 M MG132 for 16 hours in complete
culture media. Cells were then lysed, proteins TCA precipitated, and samples analyzed

via immunoblot as described above.

2.4.6 SRb complementation

Cells were transfected with 0.2 ng/mL (1X) or 0.4ng/mL (2X) SRb expression
ready cDNA plasmid (Transomics, pCS6(BC065299)or pCMV -SPORT6 empty vector
UUDOT w+bxOi 1 EUEODPOT wl YYYwx] UwOEOUI EEUUUI zUwUI E
48 hours post transfection.

2.4.7 RNA extraction

All samples and reagents were RNasefree and kept on ice unless otherwise
specified. RNA was extracted from collected subcellular fractions or total cell pellets by
guanidinium thiocyanate (GT)-phenol-chloroform extraction as described in
(Chomczynski and Sacchi, 2006) Briefly, 2:1 GTphenol was added to collect fractions or

cell pellets, inverted to mix, and incubated on ice for 15 minutes. Chloroform was then
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added to each sample, shaken by hand for 10 seconds, and incubated on ice for 15
minutes. Samples were thenphase separated via centrifugation, the aqueousphase was
collected and combined with equal volume 100% isopropanol , and samples were
inverted to mix. After incubation at -20°C, RNA was pelleted by centrifugation, re -
precipitated with 1:1 GT:isopropanol, washed twice with 75% ethanol, dried at 65°C,
resuspended in nucleasefree water, and RNA purity and concentration were assessed
via Nanodrop Spectrophotometer (Thermo Scientific). RNA samples were then used for

RNA-Seq RT-PCR, or RT-qPCR as described below.

2.4.8 Reverse transcription and gPCR
Reverse transcription was performed with equal massRNA samplesusing
D2EUDxUWE#- w2al0U0l 1 UPUw*PUwep! POLTEEAwWx] UwOEOQUI E
then diluted 1: 10 with nuclease free water and quantitative PCR (QPCR) was performed
using Luna Univer sal qPCR Master Mix (New England BioLabs) following
CFX Maestro Program. Results were reported as relative expression between
experimental and parental cell lines for a given cell type after normaliz ation to GAPDH
MRNA levels. Primers include: SRa, ACCTGTGAGGTCCATGATTGA (forward) and

GGTTTGCTGGTAGCCAAAGGA (reverse); SB, AGTAGTGGTGGCGGTTCTTG

(forward) and ACGTTTTCCCGGAATCACAAAG (reverse); GAPDH,
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TCATCAGCAATGCCTCCTGC (forward) and GATGGCATGGACTGTGGTCA

(reverse).

2.4.9 Polysome gradients and RT-PCR

Polyribosomes from cells lysed in DDM lysis buffer (200 mM KCI, 25 mM K -
HEPES, pH 7.2, 10 mM MgOAc, 2 mM DTT, 100ng/mL cycloheximide, 1X Roche
cOmplete™ protease inhibitor , 40U/mL RNaseOUT, and 2% DDM) were resolved on 15
50% sucrose gradients and fractionated using a Teledyne/lsco gradient fractionator as
described in Stephens and Nicchitta (Stephens and Nicchitta 2007; Stephens and
Nicchitta 2008). Total RNA was extracted from collected gradient fractions and reverse
transcribed as described above but with equal volume RNA per gradient fraction. Equal
volume of cDNA was used for PCR using Tag DNA polymerase with 10X ThermoPol
buffer (NEB) per manufactureUz UwUIl EOOOI OEEUPOOS w/ayb Ol UUwUUIT Eu
ACCTGTGAGGTCCATGATTGA (forward) and GGTTTGCTGGTAGCCAAAGGA
(reverse); SB, TCCGGGAAAACGTTGCTCTT (forward) and
TGCTGGAACTGTCCAGTGTG (reverse); GAPDH, CACTAGGCGCTCACTGTTCTC
(forward) and GACTCCACGACGTACTCAGC (rev erse) PCR products were resolved
on a 2% agarose gel containing SYBR Safe DNAtain (Thermo Fisher) and visualized via

green fluorescenceusing an Amersham Imager 600 (GE Healthcare).
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2.4.10 siRNA transfections

HelLa Cas9 WT and HelLa Cas9 SR KO?2 cells were transfected at 6680%
confluency with scramble (Silencer® Select Negative Control No. 1 siRNA, Thermo
Fisher) or SRa (Silencer® Select SRPRA siRNA ID s13458, Therm&isher) siRNA using
Lipofectamine RNAiIMax (Thermo Fisher) following manufacture protocol, except half
the suggested transfection reagent was used due to observed toxicity when transfection
was performed as suggested. Cells were grown for 24-96 hours, as indicated, and

assayed for protein or RNA content as described.

2.4.11 Immunofluorescence

For imaging experiments, HelLa cells were seeded onto 12 mm round #1 glass
coverslips, and for 293T cells, coverslips were precoated with poly -L-lysine. Cells were
washed with PBS and fixed with 4% paraformaldehyde (Bley et al) for 15 minutes at
room temperature. Cells were then washed with PBS and permeabilized with 0.1%
Triton X -100 for 5 minutes on ice. Cells were then blocked in 1% BSA in PBS, stained
with primary antibody (polyclonal TRAPa antisera, (Migliaccio, et al, 1992),rabbit, 1:100
dilution and monoclonal Tubulin hybridoma antisera, DSHB, E7, mouse, 1:200 dilution),
and counterstained with secondary antibody (goat anti-rabbit AlexaFlour 488,

Invitrogen, 1:2000 dilution and goat anti-mouse AlexaFlour 647, Invitrogen, 1:2000
dilution ) and 1 ng/mL DAPI (Sigma, MBDO0015). Stained coverslips were mounted with

FluorSave Mounting Reagent (EMD Millipore). Images were obtained on aDeltaVision
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deconvolution microscope (Applied Precision) with 60X NA 1.4 oil immersion objective
(UPlanSApo 100X0O; Olympus) and a high-resolution CCD camera (CoolSNAP HQ?2;
conditions across samples for a given protein. Data were deconvolved using the
SoftWoRx program (Applied Precision) and further processed using ImageJ/FIJI
software to merge channels, linearly adjust contrast, and pseudo color images. All

changes were applied uniformly across all images for a given experiment.

2.4.12 Cell viability and proliferation

Cell viability was assessed via trypan blue staining and Countess Il automatic
counter (Thermo Fisher) per manufacturer recommendations. Cell proliferation was
assessed by labeling cell monolayers with 1 mM CFSE Thermo Fisher, C34554) for HelLa
El OOwoOPOl UwOUwYd k wd, w" %2$wi OUwl Nt 3wETI OOwoH Ol Uw
were collected, fixed in 1% formaldehyde , and assessed viaCANTO Il Flow Cytometer
(BD Biosceinces) immediately following fixation . Data was visualized using FlowJo

software (BD Biosciences).

2.4.13 [*S]-methionine incorporation

Cells were methionine starved for 15 minutes in methionine - and cysteine-free
media at 37°C and then labeled with 50 nCi/mL [ 3°S] methionine/cysteine in methionine -
and cysteine-free media for 7.5 minutes. A fter the labeling period, cells were washed

twice with media containing 100 ng/mL cycloheximide, incubated in the second wash
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for 10 minutes at 37°C to stall translation, washed twice in PBS containing 100 ng/mL
cycloheximide, and then lysed for 10 minutes at room temperature in RIPA buffer
containing 100 ng/mL cycloheximide and 1 mM PMSF. Parallel cycloheximide controls
were prepared in parallel, without the addition of [ 35S] methionine/cysteine. Lysates
were collected, spun at 12,000 rpm for 5 minutes and £C to clear. Proteins were
precipitated from c leared lysateswith 10% final TCA concentration (wt/vol), protein
pellets were washed four times with ice cold 10% TCA, and then washed three times
with ice cold acetone. Washed pellets were dried at 98C and resuspended in 0.5 M Tris,
pH 11, 5% SDS. Radioactivity was assessed by liquid scintillation counting and protein
concentration was assessed by BCA assayPierce). Radioactivity data are reported as
scintillat ion counts per minute (CPM) per milligram ( mg) of protein for experimental

samples minus average CPM/mg of cycloheximide controls.

2.4.14 Cell homogenization and enrichment of membrane proteins

HelLa Cas9 WT cells were grown in SILAC media (DMEM, Athens ES, 0420,
supplemented with L -glutamine, sodium pyruvate, pen/strep/antifungal, 10% dialyzed
FBS, methionine, leucine, and proline) with light arginine and lysine, and HeLa Cas9
SR KO cells were grown in SILAC media with heavy arginine and lysine (*3Ce N4l + I
Arg and 3Cs 5N21 + 1 Har Utgtal days. On the third day of labeling, SRb knockout cells
were transfected with SRa siRNA and wildtype cells were transfected with scramble

siRNA, as described above, induplicate per condition. These transfected cellswere
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cultured in the appropriate SILAC media for an additional 96 hours. At this time point,
an equal number of cells from matched replicates (one wildtype , light-labeled replicate
and one SRdeficient, heavy-labeled replicate) were combined, washed twice in HBS,
swelled in 15 mM KCI, 1.5 mM MgOAc, 1 mM DTT, 10 mM HEPESKOH, pH 7.5, with
protease inhibitor on ice for 10 minutes, and homogenized with 25 strokes of a Dounce
homogenizer with tight pestle. Osmotic balancer (375 mM KCI, 22.5 mM MgOAc, 1 mM
DTT, 220 mM HEPESKOH, pH 7.5, 1X protease inhibitor ; 1/5 volume), was added to the
homogenate. Total membranes were isolated from homogenate via ultracentrifugation
in a TLA 100.3 rotor at 45,000 rpm for 41 minutes at 4C. Supernatants from total
membrane centrifugation were collected, centrifuged in a TLA 100.3 rotor at 50,000 rpm
for 60 minutes at 4°C to clear, and TCA precipitated as the cytosol samples.Total
membrane pellets were resuspended in 100 mM sodium carbonate, pH 11, plus 4 M
urea, homogenized with 100 passes of &ounce homogenizer with tight pestle,
incubated on ice for at least 30 minutes, and centrifuged in a TLA 100.3 rotor at 90,000
rpm for 31 minutes at 4°C. Carbonate/urea supernatants were collected and TCA
precipitated as the peripheral me mbrane fraction. Carbonate/urea pellets were gently

washed with water and stored as the integral membrane fraction.

2.4.15 Proteomics sample preparation and proteolytic digestion

Cell homogenate protein fraction pellets were resuspended in lysis buffer (9 M

urea, 10 mM HEPES, pH 8.5, 15 mM NacCl) and protein concentrations were measured
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via BCA assay (Thermo Fisher). 50ng of each sample was brought to the same volume
(150nL) with lysis buffer. In parallel, 8 ng of each sample (48ng total) were combined
and volume brought to 150 niL with lysis buffer to serve as a control sample. 1,4
Dithiothreitol (DTT) was added to each sample to 1 mM final concentration and
incubated at 60°C for 15 mins (Eppendorf, Thermomixer C). lodoacetamide was then
added to 1.6 mM per sample and incubated at room temperature for 20 minutes in the
dark. All reactions were then quenched with an additional 1 mM DTT. 330 mni H20 and
40 100 mM HEPES (pH 8.5) were added to each sample for enzymatic digestion. 15
L of Tryp/LysC (0.1ng/m, Thermo Fisher Scientific) was added to each sample, and
shaken at 3 PC for 12 hours (Eppendorf, Thermomixer C). An additional 5 m of
Tryp/LysC was added to each sample after the 12 hour incubation and incubated
another 4 hours at 3PC. 60nL of 10% trifluoroacetic acid was added to each sample to
quench the trypsin reaction after the 16 hour total incubation (Giansanti et al, 2016)
Each sample was then passed through a SEK PAK column (SOLA HRP SPE, Cat No.
60109001), and elutes from each sample were dried via Speedvac concentrator (Thermo

Fisher Scientific) for TMT labeling.

2.4.16 TMT labeling and TMT label assessment

Dried samples were resuspendedin 50 100mM HEPES (pH 8.5) and gently
vortexed. TMT labels (as indicated in Fig. 16) were resuspendedin acetonitrile

(Optima™, LC/MS grade, Fisher Chemica™) and 20nL of TMT reagent was added to
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the appropriate samples. All samples were incubated at room temperature for 1 hour
(Roseet al, 2016) 4L of each TMT labelled sample wasremoved and combined to
perform a label quality assessment(Nusinow et al, 2020) which also served asa
normalization marker for downstream analysis. The TMT label assesment mixture was
desalted with C18 stage tips (Cat no. PTR-92-05-18, PhyNexus Inc.) andcombined with
80 nL reconstitution buffer (0.1% formic acid). LC/MS run of the label assessmentsample
identified 9235 TMT labelled peptides in 9280 total peptides. 35 m of 5% hydroxylamine
solution was added to each TMT labelled sample to quench the TMT reaction. Equal
mass of TMT labelled samples were mixed according to the label assessment LC/MS
data and separated via high pH reversephasehigh performance liquid chromatography

(HPLC) as described below.

2.4.17 High pH reverse phase high performance liquid
chromatography (HPLC) fractionation

The TMT labeled mixture was fractionated by high pH reverse phase HPLC
(Vanquish HPLC, Thermo Fisher Scientific) . A total of 96 fractions were collected over 75
minutes with a flow rate of 0.5 mL/min with m obile phase A as20mM formic acetate,
pH 9.3 in deionized water and mobile phase Basacetonitrile (Optima ™, LC/MS grade,
Fisher Chemical™) with 20 mM formic acetate, pH 9.3.Fractions were pooled into 12
total samples (i.e. 8 fractions per sample) and were dried and desalted using C18 stage

tips (Cat. no. PTR-92-05-18, PhyNexus Inc.) before LC-MS-MS.
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2.4.18 Liquid chromatography i tandem mass spectrometry (LC-MS-
MS)

Fractionated samples were analyzed by nano flow HPLC (Ultimate 3000, Thermo
Fisher Scientific) followed by Thermo Orbitrap Mass Spectrometer (Q -Exactive HF-X).
Nanospray Flex™ lon Source (Thermo Fisher Scientific) equipped with Colu mn Oven
(PRSOV2, Sonation) to heat the nano column (PicoFrit, 100um x 250 mm x 15um tip,
New Objective) for peptide separation. The nano LC method was water acetonitrile
basedand 210 minutes long with 0.25 pL/min flowrate. For each TMT fraction, all TM T
labeled peptides were first engaged on a trap column (Part No. 160454, Thermo Fisher)
and were then delivered to the separation nano column by the mobile phase. A TMT
specific MS2-based mass spectrometry method on QE HRX was used to sequence TMT
peptide s that were eluted from the nano column. For the full MS, 120,000 resolution was
used with 3E6 AGC target or 50ms IT, and the scan range is 300 m/2 1500 m/z. For the
dd-MS(MS/MS), 60,000 resolution was used with 1E5 AGC target or 100ms IT. Isolation
wind ow was 0.7 Da with a fixed first mass of 110.0 Da. Normalized Collision Energy

(NCE) was set to 32 with a 15cycle loop.

2.4.19 Quantitative proteomic analysis

Collected LC-MS data were analyzed by Proteome Discoverer 2.4 (Thermo
Fisher). Because all peptides were labeled with SILAC and TMT tags, multiple
guantitative proteomics searches were needed to breakdown the complex dataset.

Therefore, a TMT database seach was performed separately from a SILAC database,
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providing TMT fractional enrichment analysis separate from quantitative SILAC protein
abundance (Welle et al, 2016). All searches were performed in Sequest HT node with
mass tolerance of 20 ppm MS1 and 0.05 Da for MS2. Homo Sapiens database
(UP000005640) from SwissProt was used. Perculator node was used forpeptide FDR
filtering (Strict: 0 .01, relaxed: 0.05)TMT Search. TMT quantitative search was
performed for heavy peptides and light peptides. For heavy labeled TMT search, TMT -
based modification (+237.177 Da) was added to accommodate the fact that all TMT
labeled lysine were heavy lysine (+8.014 Da). Both heavy TMT modification (+237.177
Da) and heavy Arginine (+10.008 Da) were set as static modification. A standard TMT
gquantitative proteomics search was performed for the light TMT peptides. SILAC
Search. SILAC search was performed to parse out heavy labeled peptides from the light
peptides. Standard TMT tag mass (+229.163 Da) was used as variable modification and
N -terminal modification for the SILAC quantification search. Calculated Abundance.
Calculated abundance was determined by multiplying the SILAC protein abundance by
the fractional distrib ution of each protein across homogenate pellets determined via

TMT analysis.

2.4.20 RNA gel electrophoresis

Cell equivalent volumes of RNA extracted from cytosol and ER fractions were
diluted two -fold with RNA -loading dye (80% formamide, 1 mg/m L xylonol bl ue,

1mg/mL bromophenol blue, 10 mM EDTA), heated to 65°C for 10 minutes to denature
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RNA secondary structure, and separated via electrophoresis in 1% agarosecontaining
SYBR Safe(Thermo Fisher). RNA was visualized via green fluorescence on an

Amersham Imag er 600(GE Healthcare).

2.4.21 4-Thiouridine (4SU) pulse-chase labeling, RNA biotinylation,
and detection via agarose gel or dot blot

"1 OOWEUOUUUI Uwbkl Ul wU U *thiddridiod (450) (Sigme, Bal.0 wl Y Y ws ,
No. T4509) for 15 minutes in DMEM, 10% FBS (julse). Labeled cells were washed with 1
mM uridine in PBS and then incubated in 1 mM uridine in DMEM, 10% FBS for 0, 1.5, 3,
or 6 hours (chase). At the indicated timepoints, cells were washed twice with PBS,
incubated on ice, and processed for sequential detergent fractionation as described
previously. Total RNA from the resulting cytosol and ER fractions was extracted by GT-
phenol-chloroform as described above. Control samples were processed identically with
the exception that 4SU was omitted (mock pulse).
Y Y w4 T uebdled ér 2ohtrol RNA was collected from cytosol and ER
fractions, or pooled polysome gradient fractions, and treated with DNase | (New
England Biolabs) for 10 minutes at 37°C.DNasel was then inactivated with 5 mM EDTA
at 75°C for 10 minutes. DNA-free RNA was purified using GT -phenol-chloroform
Il BROUUEEUDOOWEUWEEOYT BwkYwsT wl- wxl UthiotEOx Ol wbkb EUw
(Biotium) in 10 mM HEPES, pH 7.5, 1 mM EDTA, 20% dimethylform amide for 2 hours

at room temperature in light -protected sample tubes. Total biotinylated RNA (including
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biotinylated, 4SU-labeled RNA and non-labeled RNA synthesized before or after the
4SU pulse) was extracted with phenol/chloroform/isoamyl alcohol (25:2 4:1).

For assessment of 4Stlaebeled rRNA, biotinylated RNA was separated on a
0.8% agarose gel as described above. Electrophoresed RNA was transferred to a
nitrocellulose membrane overnight with 10X s aline sodium citrate (SSC). RNA was
crosslinked to the membrane using a UV crosslinker and stained with methylene blue
solution (0.02% wt/vol in 0.3 M sodium acetate pH 5.5, 3-5 minutes). The membrane was
imaged on an Amersham Imager 600 (GE Healthcare) as total, input RNA. The
membrane was then destained with 0.2X SSC, 1% wt/vol SDS for 15 minutesind rinsed
with nuclease free water. To assess 4SUabled RNA on the same destained membrane,
the biotinylated RNA was detected using a streptavidin -coupled antibody. The
membrane was first equilibrated in 10% SDS,1 mM EDTA in PBS with gentle shaking
for 1.5 hours. The membrane was then stained with IRDye 800CW Streptavidin (LI-COR
Inc.) at a1:10,000Qdilution in 10% SDS, 1 mM EDTA in PBSor 30 minutes at room
temperature with gentle shaking protected from light. T he membrane was then washed
in sequential washes of 10% SDSn PBS, 1% SD$ PBS,and 0.1% SDSn PBS for 8
minutes each. Finally, the membrane was washed in PBS for 5 minutes and IRDye was
imaged on an Odyssey CIx (LI-COR Inc.) to detect 4SUlabeled, biotinylated RNA.
IRDye signal intensity was quantitated using Empiria Studio Software (LI-COR Inc.)

where indicated.
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For assessment of 4Stlabeled mRNA, poly(A) mRNAs were isolated following

biotinylation using NEBNext® Poly(A) mMRNA Magnetic Isolation Module (New

| Uz UwUuil ESGOOI OEEUDOO

Qu

England Biolabs, E7490)x | UwOEQUI EEUU w
were diluted in sample buffer to 65% formamide, 0.4X MOPS, and 4% formaldehyde,

heated to 65°C for 10 minutes, and cooled on ice. SSC was added to denatured RNA

samples to 10X and prepared RNA was spotted onto a 0.22mm nitrocellulose membrane

equilibrated with 10X SSC in a Minifold Il Slot -Blot Manifold (Cole-Parmer). Membrane

was dried in a vacuum and RNA was cross-linked to the membrane by UV -cross linker.

Membrane was the blocked in 0.5% SDS, 0.2% Casein, PBS for 20 minutes at room

temperature. Blocked membrane was then stained with streptavidin -conjugated

IRDye680RD (LI-COR) at 1:30,000 in blocking bugger for 30 minutes at room

temperature protected from light. Membran e was then washed three times in 0.5% SDS,

PBS and imaged an Odyssey CIx (LFCOR Inc.) to detect 4SUlabeled, biotinylated

poly(A) -mRNA.

2.4.22 RNA-seq library construction

5 g of RNA extracted from cytosol, ER, or total cell fractions was DNase treated
UUDPOT w341! . oow# - BOIBD migudes dt TG PeX manufacturer
recommendation. DNase was deactivated by adding 0.1X volume 25 mM EDTA to each
reaction and heating to 65°C for 10 minutes. DNase-treated RNA was precipitated by

adding 2.5X volume 100% ethanol and 0.1X 3M NaOAc, pH 5.2, mixing by inversion,
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and incubating at -20°C for 30 minutes. Samples were then spun at 14,000 rpm for 30
minutes at 4°C. Precipitated pellets were washed twice by adding 500 niL. 75% ethanol,
incubating at room temperature for 10 minutes, centrifuging at 14,000 rpm for 10
minutes at 4°C, and repeating. Washed pellets were dried for 10 minutes at 65C and 20
nL DEPC treated water was added to each dried pellet. Samples were heated to 6%C for
10 minutes to aid resuspension and RNA purity and concentration were assessed via
Nanodrop Spectrophotometer (Thermo Fisher).

rRNA depletion was performed on 1 ng DNase-treated RNA per sample using
either NEBNext rRNA Depletion Kit (Human/mouse/rat, NEB #E6310) or KAPA
RiboErase Kit (H/M/R, KAPA Biosystems) following manufacturers recommendation,
I REI xOw' BT T/ Ul-upsSysterh (Magbi@) ivas dsed for RNA and cDNA clean
up steps in place ofthe suggested magnetic bead systems. Briefly, for NEBNext rRNA
Depletion Kit, DNase -treated RNA was diluted to 1 ng in 12 total nL with nuclease free
water. RNA was combined with rRNA depletion solution and hybridization buffer and
annealed by heating to 95°C and then ramping down to 22 °C at 0.1°C/sec. Annealed
RNA was combined with RN ase H and buffer and heated to 37°C for 30 minutes.
Digested RNA was then combined with DN ase and buffer and heated to 37C for 30
minutes. rRNA depleted RNA was then purified using HighPrep ™ beads. For KAPA
RiboErase, DNasetreated RNA was diluted to 1 ng in 10 total nL with nuclease free

water. RNA was combined with hybridization buffer and hybridization oligos and
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annealed by heating to 95°C and then ramped down to 45°C at 0.1°C/sec. RNase H and
buffer was added to annealed RNA and heated to 37°C for 30 minutes. Digested RNA
was cleaned up using HighPrep™ beads as described. Beads containing cleaned and
digested RNA were then resuspended in DN ase and buffer to elute. Once separated
from the beads, eluted RNA in DNase and buffer were heated to 37°C for 30 minutes.
rRNA depleted RNA was then purified using HighPrep ™ beads.
rRNA depleted RNA was used in RNA -Seq library construction with NEBNext
400VUEwW( (wl- w+PEUEUVUaw/ Ul xw*DO0wi OUw( OOUODPOEwWm- $
recommendation except that SPRIselet beads were replaced with' BT T / Ul xaw/ " 1 w
Clean-up System (Magbio). Briefly, RNA was then fragmented and primed using the
suggested incubation for intact RNA (RIN > 7) due to observed quality of RNA via
agarose gel, i.e. samples were combined with first strand buffer and random primers,
heated to 94 C for 15 minutes, and immediately placed on ice. First strand synthesis was
then completed, immediately followed by second strand synthesis. cDNA was purified
using HighPrep ™ beads and was eluted in 0.1X TE Bufer. cDNA ends were repaired
using NEB end prep enzyme mix and buffer. Adaptors were ligated to the cDNA using
1:5 diluted adaptors, ligation enhancer, and ligation master mix. Adaptor -ligated cDNA
was purified using HighPrep ™ beads. Purified cDNA wa s then amplified via PCR using
NEBNext Index Primers for lllumina 1 -48 (from Set 1, 2, 3, and 4 NEB #7335, #E7500,

SSAARNYOWEOEwWS w$A At YOwWEUwD OE b E E Udydiesud® éxtarsipn, w2 | w2
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as was recommended for 1eg RNA input. PCR amplified cDNA was purified using
HighPrepTM beads and eluted in 20 eL 0.1X TE Buffer. cDNA Libraries were then
sequenced on NovaSeq 6000 platform by the Duke Center for Genomic and

Computational Biology.

2.4.23 RNA-seq data analysis

RNA -seq reads were analyzed using Kdlisto (Bray et al, 2016) A Kallisto index
was built from all RefSeq genes (downloaded from
https://ftp.ncbi.nim.nih.gov/refseq/H_sapiens/mRNA_Prot/ on 04.06.2018)Illumina read
files were mapped to the RefSeq index sequences at default settings (singleend
mapping; parameters of -1 300-s20). Mapped reads were transformed to transcript per
million (TPM), including only annotated mRNAs (NM prefix) and summed to gen erate
a TPM/gene metric. All code used to analyze the RNA-seq datasets is available on
request RNA-Ul GWUEPWEOEwWx UOET UUI EwUI EEwi DOT UWEUI WEYE
restricted accession token (obybawksphajrgf).

2.4.24 4SU-seq library preparation

Cells were pulse-labeled with 4SU, incubated in 1 mM uridine for 15, 30, 45, or 60
minutes (chase), fractionated, and RNA extracted as described above Where indicated, 1
mM DTT or 2 mg/mL harringtonine were added at the start of the 4SU pulse and
included in the chase buffers.tuy Y w4 1 debéled & 2ohtrol RNA was collected from

cytosol and ER fractions and experiments were performed in biological triplicate. 10 ng
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of a Bacillus subitilisin vitro transcribed thiolated mRNA (spike -inz0) was added to each
sample to correct for fractional losses and recovery during subsequent biotin labeling

and isolation procedures (Neymotin et al, 2014) In vitro transcriptions were performed
with 4 -thioUTP/UTP admixtures using a B. subtilissequence cloned into pSP64
(Polyansky et al, 2013)as the DNA template. The B. subtilispSP64(Polyansky et al, 2013)
(spike-ino0) construct was the kind gift of Dr. David Gresham, New York University.

RNA samples were treated with DNase |, purified using GT -phenol-chloroform
extraction, biotinylated, and extracted by phenol/chloroform/isoamyl alcohol as
described above.

Biotinylated RNAs were recovered by affinity purification using NanoLink ™
streptavidin magnetic beads (Vector Laboratories), prepared as follows. Streptavidin
three washes in 1X binding buffer (5 mM Tris, pH 7.4, 0.5 mM EDTA, 1 M NacCl). Beads
were then resuspended in 2X binding buffer (10 mM Tris , pH 7.4, 1 mM EDTA, 2 M
-E" OAWEOEwhiws T wlU01- wop OEPOOAwx] Uws +wlOi wEl EEUwP
4°C to reduce nonspecific RNA binding in subsequent steps. tRNA -blocked beads were
washed three times with wash buffer (100 mM Tris, pH 7.4, 10 mM EDTA, 1 M NacCl,
0.1% Tween 20), once with 0.1 M NacCl, three times with 1X binding buffer, and
resuspended in 2X binding buffer. Equal volumes of biotinylated RNA samples were

EEEIl EwOOwU1- wEOOEO!I EwWEI EEUwWmt Yws +wl- wUEOxOI w
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binding buffer) and incubated at room temperature for 60 minutes protected from light.

Magnetic beads, now bound with biotinylated RNA, were washed once with wash

buffer pre -heated to 48 °C and then washed six time with wash buffer at room

temperature. RNA was eluted from beads by addition of 0.1M DTT. Biotinylated RNA

elution was repeated, and eluates were combined. RNA was recovered with RNeasy

RNA was prepared for deep sequenciOT wUOUDOT w- $! - 1 RUs w4 OUUEaw( ( wl-
Kit for lllumina® (New England Biolabs, E7770) with NEBNext® Poly(A) mRNA

Magnetic Isolation Module (New England Biolabs, E7490) to de-enrich for ribosomal

RNAs prior to library construction, following manufactu Ul Uz Uwx UOUOEOOwP P UT w
multiplexing. Prepared cDNA libraries were sequenced using the lllumina NovaSeq6000

platform at the Duke Center for Genomic and Computational Biology Facility. As noted

above, all 4SU pulsechase studies were performed in biological tri plicate. RT-gPCR

analyses were performed on all replicates for marker gene distributions ( GRP94

GAPDH) to validate reproducibility. Primers used include: GRP94,
CTGGAAATGAGGAACTAACAGTCA (forward) and

TCTTCTCTGGTCATTCCTACACC (reverse); GAPDH, TCATCAGCAATGC CTCCTGC

(forward) and GATGGCATGGACTGTGGTCA (reverse) . Deep sequencing was

performed on two of the three biological replicates.
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2.4.25 4SU-seq data analysis

4SU-seq reads were analyzed using Kallisto (Bray et al, 2016) A Kallisto index
was built from all RefSeq genes (downloaded from
htt ps://ftp.ncbi.nim.nih.gov/refseq/H_sapiens/mRNA_Prot/ on 04.06.2018)B. subtilis
spike-in7o0 sequence was obtained from Dr. David Gresham, New York University and is
described in (Neymotin et al, 2014) lllumina read files were mapped to the RefSeq index
and B. subtilisspike-in sequences at defalt settings (single-end mapping; parameters of
-1 300-s20). Mapped reads were transformed to transcript per million (TPM), including
only annotated mRNAs (NM prefix) and B. subtilisspike-inz sequence and summed, to
generate a TPM/gene metric. TPM values were then normalized to B. subtilisspike-in7oo
abundance. Background corrections, representing non-4SU labeled poly(A) mRNA
recovered in paired (control) pulse -chase studies where 4SU was omitted, were
performed by subtracting TPM read metrics generated from the paired (-) 4SU
background control libraries, processed as above andB. subtilisspike-inzonormalized.
Steady state HeLa mRNA levels, used to generate a relative mRNA export metric that
rank orders 4SU-seq read counts of exported 4SU poly(A) mRNA to steady state mMRNA
levels, were obtained from (Rendleman et al, 2018) All code used to analyze the 4SUseq
datasets is available on request4SU-seq raw and processed read files are available on

&$. WEUwUI YPI Pl UzUwUI UOUUPEUI EWEEET UUPOOWUOO! OQwm
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This chapter was adapted from the following publication: Child JR, Chen Q, Reid
DW, Jagannathan S, and Nicchitta CV. 2021. Recruitment of endoplasmic reticulunm:
targeted and cytosolic mRNAs into membrane -associated stress granulesRNA (2021)

DOI:10.1261/rna.078858.121.

3.1 Introduction

Environmental, pathogen, and nutrient stressors can disrupt proteostasis,
leading to toxic protein aggregation and in scenarios of unresolved stress, cell death
(Costa-Mattioli and Walter, 2020; Harding et al, 2003; Sakakiet al, 2012; Wang and
Kaufman, 2012). Reflecting the pathological consequences of dysregulated proteostasis,
eukaryotic cells express a family of stress response eukaryotic initiation factor 2a (elF2a)
kinaseswhose activation results in the inhibition of protein synthesis, as a key step in
the resolution of unfolded protein accumulation (Pakos-Zebrucka et al, 2016; Wek,
2018) This elF2a kinase activity is central to the unfolded protein response (UP R), which
comprises a translational regulatory arm mediated by the elF2a kinase PERKand a
stress response transcriptional program which supports the restoration of proteostasis
and promotes stress tolerance(Taniuchi et al, 2016; Weket al, 2006)

In response to stressinduced inactivation of elF2 a, translationally suppressed

MRNAs can undergo recruitment into stress granules (SGs) membraneless organelles
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comprised of mMRNAs and RNA binding proteins (RBPs) (Decker and Parker, 2012;
Kedershaet al, 1999; Matejuet al, 2020; Wolozin and lvanov, 2019) SGformation is
driven by the structural properties of SG-resident RBPs,in particular multivalent RNA
binding motifs and intrinsically disordered domains , that in the presence of RNA
support granule assembly (Guillen -Boixet et al, 2020; Katoet al, 2012; Mathenyet al,
2020) mRNA recruitment into SGs is not, however, a simple process; the biochemical
criteria for mRNA recruitment are complex and include intrinsic and stress-regulated
translation efficiencies, transcript length, AU -rich element abundance, as well as other
undefined cis-encoded elements(Khong & al., 2017; Mathenyet al, 2020; Namkoong et
al.,, 2018) In addition to these global criteria, deep sequencing analyses of SG RNAs
revealed that endoplasmic reticulum (ER) -targeted transcripts are substantially under-
represented (Khong et al, 2017) This finding is consistent with earlier reports that ER-
targeted mRNAs can be excluded from SGs (Unsworth et al, 2010) Intriguingly, the ER
engages in dynamic contact-site interactions with processing bodies (PBs) and SGsthat
are thought to regulate granule fission (Lee et al, 2020) How the ER contributes to PB
and SGbiology while its associated mMRNAs are largely sequestered from these
regulatory organelles is unknown .

As an ER-localized physiological stress response pathwaythat targets elF2a
(Sidrauski et al, 2015) the UPRprovides a useful biological model for examining the

functional interface between the ER and SG biology. Here we report that ER-targeted
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MRNAs can undergo gene-selective recruitment into SGs in response to UPR activation
by the reducing agent 1,4-dithiothreitol (DTT) or the oxidizing agent sodium arsenite
(Braakman et al, 1992; Delaneyet al, 2020; Liet al, 2011; Oslowski and Urano, 2011;
Srivastava et al, 2013) Combined cell fractionation and single molecule fluorescence in
situ hybridization (smFIS H) studies revealed that SGs formed on or near the ER
membrane, identifying the ER as a subcellular site of SG formation. Of the four ER-
targeted MRNAs examined, SG accumulation was observed for HSP90B1/GRP94 and
CTGF/CCN2, but not HSPA5/GRP78 or B2M.Selective recruitment into ER -associated
SGswas also observed for cytoplasmic mRNAs, where NCL /nucleolin was recruited
into SG, but GAPDH was not. Intriguingly, mMRNAs experiencing translational
suppression in response to UPR activation showed differential recruitment into SGs,
indicating that translational suppression alone is insufficient for SG recruitment. SG
formation was, however, highly sensitive to the transcriptional inhibitors  actinomycin D
(ActD) and triptolide, which prevented SG formation for all m RNAs examined. We
summarize these data in a working model of SG assembly on the ER, emphasizing a role

for newly exported mRNAs as preferred substrates for SG recruitment.

3.2 Results

3.2.1 Selective recruitment of ER-targeted mRNAs into stress
granules

To examine the intersection between the ER, the UPR, and ribonucleoprotein

(RNP) granule dynamics, we first performed polyribosome profiling and single
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molecule RNA imaging of three ER-targeted mRNAs which encode ER-resident stress
response or secretory cargo proteins andvary in their transcriptional and translational
responses to UPR activation.UPR activation was initiated by treatment of HeLa cells
with the reducing agent DTT, which induces ER stress by preventing disulfid e bond
formation and thereby promoting the accumulation of misfolded proteins in the ER
lumen (Braakman et al, 1992; Oslowski and Urano, 2011)DTT addition elicited a rapid
reduction in cellular translation to ca. 20% of controllevels at 30 min, followed by
recovery to a reduced steady state as measured by F°S]Met/Cys incorporation (Fig.
24A). This biphasic translation inhibitory response was mirrored in the kinetics of elF2a
phosphorylation ( Fig. 24B), where phospho-elF2a levels peaked at 30-60 min of DTT
treatment and gradually resolved after 120 min. Activation of the UPR transcriptional
arm was assayed by RFqPCR analysis ofER chaperone GRP78 and GRP9RNAs and
revealed the expected induction of both transcript levels by 60 min post DTT addition
(Fig. 24C) (Leeet al, 2003; Lee, 1987)evels of B2M mRNA were not altered in response
to DTT, consistent with prior studies demonstrating that B2M is not a UPR response
gene (Fig. 24C) (Reid et al, 2014; Rendlemanet al, 2018) Sucrosedensity gradient
polysome profil ing studies confirmed global UPR-elicited translatio n inhibition as
evidenced by the pronounced collapse of heavy polysomes (fractions 5-8, ribosome
density > 4)to a predominately monosome profile (fractions 2-4, 80S monosome)

following 60 min of DTT treatment (Fig. 24D, E, grey line). As with global polys ome
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remodeling, UPR activation had a substantial impact on GRP94 and B2M translation
profiles, with parallel shifts of their mMRNAs from heavy to light polysome fractions ,
indicating reduced translation initiation frequencies for these mRNAs (Fig. 24D, E).
Notably , UPR activation had comparatively modest effects on the GRP78translation
profile, with a less pronounced redistribution of GRP78 mRNAs to light polysomes (Fig.
24D, E). The blunted translational response of GRP78 mRNAs to UPR activation is
consistent with previous reports that its k ¥ TR encodes aninternal ribosome entry site ,
enabling translation initiation under conditions of elevated elF2a phosphorylation

(Starck et al, 2016)
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Figure 24: Selective recruitment of ER -targeted mRNAs into UPR -induced stress
granules.

(A) Representative time course of UPRinduced inhibition of protein synthesis assayed
by [3*S]Met/Cys incorporation. HeLa cell cultures were treated with DTT and protein
synthesis rates assayed at the indicated time points. (B) Immunoblot analysis of elF2

and phosph-elF2a levels following DTT treatment of cell cultures for the indicated
times. (C) Representative time course of UPRelicited transcriptional activation of the
UPR response genes GRP94 and GRP78 and the BRrgeted gene B2M. Cell cultures
were treated with DTT and total RNA was extracted for RT -gPCR analysis of transcript
levels at the indicated time points. Data points are mean logz fold -change + SD,
normalized to GAPDH levels. (D, E) Polyribosome profiling of GRP94, GRP78, and B2M
translational status by sucrose density gradient velocity sedimentation. HeLa cell
cultures at time zero (D) or following DTT treatment (E) were detergent extracted and
total polyribosome profiles were determined by the A 2s4nm absorbance traces(grey).
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MRNA distributions were determined by RT-gPCR analysis of GRP78§Mahadevan et
al), GRP94 (magenta), and B2M (green) mRNAsextracted from the gradient fractions.
Data are representative of three biological replicates; RT-qPCR data are mean fraction of
total MRNA for the given gene across all gradient fractions £ SD. (F) Representative
smFISH visualization of GRP94 (magenta), GRP7§Mahadevan et al), and B2M (green)
MRNAs in untreated and DTT-treated (60 min) HelLa cells. (G) As in (F) but treatment

with sodium arsenite (60 min). DAPI nuclear stain (blue) is indicated for all images.
Scale bar = 20m. Experiments were performed by Sujatha Jagannathan, except
polysome profiles were perf ormed by Qiang Chen. Image analysis by Jessica R. Child.

With translation initiation inhibition being a primary trigger for SG formation
(Kedershaet al, 1999) we examined the subcellular distributions of GRP94, GRP78, and
B2M mRNAs by single molecule RNA fluorescencein situ hybridization (SmFISH)
before and after UPR activation (Fig. 24F). For the two mRNAs whose translation was
strongly repressed in response to UPR activaion, i.e. GRP94 and B2M, divergent
smFISH patterns were observed. GRP94 mRNAs transition ed from diffuse, diffraction -
limited single foci at steady state to prominent perinuclear granules following UPR
activation, whereas the subcellular distribution of B2 M mRNAs remained as single foci
in both untreated and UPR-activated states As expected for actively translating mRNAs,
GRP78 smFISH patterns were largely unaltered by the UPR(Fig. 24F). These data
indicate that mRNA recruitment into UPR -elicited granules is not solely driven by
MRNA translational status and suggest that genespecific phenomenon may contribute
to granule formation . Importantly, these findings were not unique to DTT stress as
treatment of HeLa cell cultures with sodiu m arsenite, which has beendemonstrated to

activate the UPRvia induction of oxidative stress, also elicited GRP94, but not B2M,
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MRNA granule formation ( Fig. 24G) (Delaney et al, 2020; Liet al, 2011; Srivastaveet al,
2013) This finding is consistent with prior studies which indicate that SG RNA

composition can be conserved across different stressor§Khong et al, 2017)

3.2.2 Stress granules containing ER-targeted mRNAs can be ER-
associated

With prior studies reporting that ER-targeted mRNAs were under -represented
and/or excluded from SGs(Khong et al, 2017; Unsworth et al, 2010) we considered that
the UPR-elicited GRP94 mRNA granules could comprise a novel RNP granule, distinct
from canonical SGs. To examine this hypothesis, immunofluorescence co-localization
studies were performed for the SG marker proteins HUR, G3BP1, and PABPIn parallel
with GRP94 smFISH (Protter and Parker, 2016; Stoecklin and Kedersha, 2013; Youset al,
2018) GRP94smFISH profiles co-stained with the three SG components examined
followin g but not prior to UPR activation, consistent with the recruitment of GRP94
MRNAs into canonical, rather than unique, SGs Fig. 25). In light of this finding, we

hereafter refer to GRP94 mRNA granules as GRP94 SGs, or simply SGs.
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Figure 25: GRP94 mRNA granules co-localize with canonical stress granule protein
markers.
Representative GRP94 smFISH (magenta) with immunofluorescence cestaining for the
stress granule protein markers HUR, G3BP1, and PABP (cyan) in untreated and DTTF
treated Hel a cell cultures. Dotted boxes indicate regions of grayscaleinsets for mMRNA
and protein channels, as well as color merge, for DTT-treated cells (right). DAPI staining
(blue) is indicated for all images. %6U OO wET OOWUEEOI WEEUUWAQA Y ws O0w
Experiments performed by Sujatha Jagannathan. Image analysis by Jessica R. Child.

With GRP94 mRNAs displaying high enrichment on the ER under both
homeostatic and UPR-activated conditions (Chen et al, 2011; Reidet al, 2014; Reid and
Nicchitta, 2012), we asked if GRP94 SGs were also ERssociated.ER-association was
assayed byan established sequential detergent fractionation method where cells are
incubated on ice to depolymerize the microtubule network and subsequently treated

with a digitonin -supplemented buffer to permeabilize the plasma membrane, releasing
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the cytosolic contents of the cellswhile leaving the ER membrane and its associated
RNAs intact (Jagannathanet al, 2011; Lerneret al, 2003) This fractionation is illustrated
in Fig. 26, depicting the loss of monomeric b-tubulin and retention of the ER -membrane
protein TRAP a following digitonin treatment . With subsequent treatment of the
digitonin -permeabilized cells with the nonionic detergent n-dodecyl-b-D-maltoside

(DDM) , the ERmembrane is solubilized while leaving the nucleus intact (Fig. 26).

Unfractionated Digitonin DDM

Tubulin

DAPI

Figure 26: Immunofluorescence characterization of s equential detergent frac tionation.
HeLa cell cultures were chilled on ice and treated with ice -cold digitonin buffer. The loss
of tubulin staining (Mahadevan et al) reflects depolymerization of microtubules and loss
of cytosol contents. Subsequent treatment of digitonin-permeabilized cell cultures with
DDM results in the solubilization of the ER membrane and loss of immunostaining
against TRAPa, an ER resident integral membrane protein, while leaving the nuclear
compartment intact (DAPI nuclear stain, blue). Scale bar = 20mm.
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This cell fractionation protocol was utilized to examine the subcellular
distribution of GRP94 SGs in UPR-activated HeLa cell cultures via GRP94 smFISH and
G3BP1 immunofluorescence castaining of intact, cytosol -extracted, and cytosol/ER-
extracted cells.We observed that GRP94 SGs are intimately associated with the ER
membrane, as they are retained following digitonin permeabilization and rel eased upon
treatment with DDM , following either DTT - (Fig. 27A) or arsenite-induced stress (Fig.
27B). The minor intranuclear GRP94 smFISH signal retained following DDM treatment
demonstrates a selective lossof ER-associatedGRP94 SGs coincident with ER nembrane

solubilization .
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Figure 27: UPR activation elicits ER -associated stress granulesassessed by detergent
fractionation .

(A) Representative GRP94 smFISH (magenta) and G3BP1 immunofluorescence (cyan)
co-staining in DTT -treated cells. Following DTT treatment, cells were permeabilized
with digitonin -supplemented buffer to release cytosolic contents (digitonin) or
sequentially tre ated with digitonin and n-dodecyl-b-D-maltoside (DDM) buffers to
solubilize organelle membranes. See alsd-ig. 26 for detergent permeabilization protocol
validation. ( B) As in (A) but with arsenite stress. DAPI staining (blue) is indicated for all

images. £ EOI WEEUUwWi wl Yws O

Though sequential detergent fractionation is a useful tool for examining
membrane-association of cellular components, it does not allow us to examine the
cytosolic contents released during digitonin permeabilization . To assesshe possible
compartmentalization of SGs between cytosolic and ER-associated populations, GRP94
smFISH patterns were examined in cells coimmunostained for G3BP1 andthe ER-
resident membrane protein TRAPa in both intact and cytosol-depleted UPR-activated
cells (Fig. 28A). As in the experiments depicted in Fig. 26 and Fig. 27, the parallel
insensitivity of GRP94 SGsG3BP1, and TRAR to digitonin extraction supports the
conclusion that GRP94 SGformation occurs in close physical proximity to or in direct
association with the ER membrane. The close proximity of all observed GRP94 SGs to
the ER membrane (TRAPa) in the UPR-activated, unfractionated experimental condition
suggeststhat GRP94 SGs are predominately, if not exclusively, ERassociated (Fig. 28A).
Surprisingly, this was also the case for all observed G3BP1 granules 3D-reconstructions

of ER-proximal SGs in unfractionated and cytosol-depleted UPR-activated cells were

consistent with these findings and revealed SG complexes engaged in aparent contact
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siteswith the ER (Fig. 28B). By the criteria of detergent sensitivity and fluorescence co-
localization, these data indicate that ER-targeted mMRNAs can be recruited to ER
proximal/ ER-associated SGs and suggests that the ER membrane may begeneral site of

SG formation (Khong et al, 2017; Leeet al, 2020)
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Figure 28 UPR activation elicits ER -associated stress granules assessed byER
membrane co-staining .

(A) Representative micrographs of ER membrane protein TRAPa immunofluorescence
(yellow) with GRP94 smFISH (magenta) and/or G3BP1 immunofluorescence (cyan) co-
staining in unfractionated and cytosol-depleted (digitonin -permeabilized) cells

following DTT treatment or untreated control. Boxes indicate regions of interest for (B).
(B) 3D renderings of representative granules from (A) in unfractionated and digitonin -
permeabilized cells. DAPI staining (blue) is indicated for all images. Full cell scale bars =

| Yws OOwbhOUI ODwEOEwWt # WUEEOI WEEUU WA wKu

3.2.3 Transcriptional inhibitors block GRP94 stress granule formation

The data in Fig. 24F demonstrate that mRNA recruitment into SGs was selective
for one of the three ERtargeted mRNAs examined, GRP94 mRNAs can, however,
display temporal variations in their translational sensitivity to elF2 a phosphorylation
state and so we examined GRP94 and B2M mRNA organizaton over a time course of
elevated elF2a phosphorylation ( Fig. 24A, B) (Andreev et al, 2015; Sidrauskiet al, 2015;
Young and Wek, 2016) In these experiments,GRP94 granules were observedas early as
30 min post-DTT addition whereas B2M mRNAs remained as diffuse single foci
throughout the two hour time course (Fig. 29A) despite the similar and sustained
inhibition of translation for the two mRNAs (Fig. 29B). The smFISH data depicted in Fig.
29A also highlights the divergent transcriptional responsesof the two genes to UPR
activation. For GRP94,UPR-elicited transcription al induction was detected by smFISH
asintranuclear transcriptional foci at the 30 min time point, with prominent intranu clear
MRNA staining at the 120min time point (Fig. 29A). In contrast, UPR activation did not

alter B2M intranuclear smFISH patterns, consistent with the data presented in Fig.24C.

These smFISH data provide orthogonal validation that GRP94, but not B2M, is
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transcriptionally upregulated in response to UPR activation and indic ate that gene

transcriptional state may be a criterion for mRNA recruitment into SGs.
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Figure 29: Translation repression alone does not predict mMRNA recruitment into stress
granules.
(A) Representative time course analysis of GRP@ (magenta) and B2M (green) smFISH
staining patterns over the course of maximal inhibition of elF2 a activity (see Fig. 24A).
DAPI staining (blue) is included for all images. Scale bar = 205 Q (B) Sucrose density
velocity sedimentation gradients and RT -gPCR analysis as in Fig. 24D at the indicated
time points following DTT addition. Data are representative of three biological
replicates. Experiments were performed by Sujatha Jagannathan, except polysome
profiles were performed by Qiang Chen. Image analysis by Jessica R. Child.
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To explore potential links between gene transcription and mRNA recruitment
into SGs,we examined SG formation in cells treated with the transcriptional inhibitor s

actinomycin D (ActD) , a DNA intercalating agent, or triptolide, an RNA p olymerase Il
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inhibitor (Titov et al, 2011) As shown in Fig. 30A, GRP94 SG formation was efficiently
inhibited in the presence of either ActD or triptolide. To exclude possible off -target
effects of transcriptional inhibiti on on UPR signaling, we assayed for IREtmediated
splicing of transcription factor XBP1 mRNA, a signature event in UPR activation, in the
absence or presence ofActD (Fig. 30B) (Cox et al, 1997; Cox and Walter, 1996; Walter
and Ron, 2011) As expected, ActD addition resulted in decreased levels of unspliced
XBP1 mRNA at the two hour time point, a consequence of mMRNA decay in the absence
of ongoing transcription. ActD did not, however, alter IRE1 activation, as demonstrated
by similar levels of spliced XBP1 mRNA in both control and ActD -treated cells following
DTT addition ( Fig. 30B). Furthermore, ActD treatment has previously been shown not to
inhibit elF2a phosphorylation (Bounedjah et al, 2014) These data demonstrate that
transcriptional inhibition did not disrupt UPR signaling; ActD treatment did, however,
block transcriptional upregulation of GRP94 (Fig . 30C). ActD treatment also prevented
arsenite-elicited GRP94 SG formation (Fig. D), demonstrating this inhibition was not a

stressor-specific effect.
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Figure 30: Transcriptional inhibitors actinomycin D and triptolide prevent RNA

recruitment into stress granules.
(A) Representative GRP94 smFISH in control (untreated, ActD, triptolide) and stressed
(treatment with DTT, with and without treatment with indicated transcriptional
inhibitor, ActD or triptolide) conditions. Boxes indicate regions of grayscaleinsets of
MRNA distributions (right). ( B) RT-gPCRanalysis of spliced and unspliced XBP1 mRNA
in control (untreated or ActD) and stressed (treatment with DTT, with and without
ActD) conditions. Data are expression level relative to O min without ActD -after
normalization to GAPDH + SEM from 3 biological replicates. (C) RT-gPCR analysis of
GRP94 mRNA levels over a time course of DTT treatment with or without ActD
addition. Data are mean log fold change of expression relative to GAPDH + SEM from 3
biological replicates. (D) Representative GRP94 smFISH in untreated and sodium
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arsenite-treated cells with or without ActD addition . Dotted boxes indicate regions of
grayscale insets of mMRNA distribution (right). DAPI staining (blue) is included for all
images. Full cell scale bar =207 OOwbHOUI OWUEEOI WEE U Wl wK ws (

Given the established translocation of nuclear HuR protein into the cytosol
following ActD treatment, and the corresponding inhibition of cytosol ic RBP
aggregation in combination with arsenite stress (Bounedjah et al, 2014) we investigated
the effects of ActD treatment on HUR, G3BP1,and PABP granule formation following
DTT-induced UPR activation (Fig. 31). HUR accumulation in the cytosol was evident
following treatment with ActD alone or in combination with DTT ( Fig. 31A).
Furthermore, ActD treatment markedly inhibited, but did not entirely block, formation
of HUR -positive granules following DTT addition ( Fig. 31A). In the instances of
observed HuUR granul e formation, there was minimal co-localization of GRP94 mRNA
(Fig. 31A), consistent with the finding presented in Fig. 30.

To examine the specificity of the ActD -induced RNA binding protein granule
blockade, we also investigated the effect of ActD treatment on G3BP1 and PABP granule
formation ( Fig. 31B, C). G3BP1 staining mirrored the aggregation patterns of HUR, with
decreased protein granule formation and little to no GRP94 mRNA recruitmen t when
treated with ActD+DTT compared to DTT alone ( Fig. 31B). PABP staining, however,
which can serve as a proxy for mRNA detection, did reveal a complete block of both
PABP and GRP94 mRNA granule formation following combined ActD+DTT treatment

(Fig. 31C). The degree of PABP and GRP94 SG formation inhibition by ActD was similar
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to the established effect of cyclohexmide (CHX) treatment during arsenite stress (Fig.
31D) (Kedershaet al, 2000) The inhi bition of SG formation by CHX treatment was also
confirmed with DTT stress ( Fig. 31E). Together these data suggest that DTFinduced SG
protein aggregation is suppressed but not blocked by ActD treatment, whereas RNA
recruitment into SGs is effectively prev ented by ActD, similarly to CHX, despite total
extra-nuclear RNA concentrations being similar with and without short term ActD
exposure (Bounedjah et al, 2014) These data indicae that SG proteins, such as G3BP1,
initiate granule nucleation during combined ActD+DTT treatment similar to stress
induced conditions without transcriptional inhibitors  (Yang et al, 2020) In contrast, pre-
existing mMRNASs are not recruited into these nucleation sites, as demonstrated by +ActD
conditions (Fig. 31). The lack of RNA recruitment to the nucleation sites prevents further
growth of the SGs and suggests a role folde novdRNA transcription in SG biogenesis. In
support of this interpretation, a similar inhibition of G3BP1 granule formation was seen
when cells were treated with both ActD and arsenite, while GRP94 mRNA remained

dispersed compared to arsenite treatment alone (Fig. 31F).
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Figure 31: Actinomycin D inhibits RNA binding protein granulation during the UPR.
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