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n eukaryotic cells, proteins and mem-

branes are transported between succes-
sive compartments by vesicle trafficking.
Since precise protein localization is cru-
cial for a range of cellular functions, it
is not surprising that vesicle trafficking
plays a role in many processes, including
cell division, signaling, development and
even gene expression. We recently found
evidence that the yeast secretory path-
way directly regulates the dynamics of
a key cell survival process, the unfolded
protein response (UPR). UPR activation
requires the processing of the transcrip-
tion factor encoding RNA HACI. We
showed that the small yeast GTPase
Yptl, which regulates endoplasmic retic-
ulum-to-Golgi trafficking, associates
with and controls the RNA stability of
unspliced HACI under normal growth
conditions. Other small GTPases of
the Ypt family also interacted with the
unprocessed RNA. Here, we speculate
about the possible mechanism behind
this novel secretory pathway-dependent
regulation of endoplasmic reticulum
homeostasis.

Introduction

In eukaryotes, ras family GTPases regu-
late the transport of proteins and mem-
branes in and out of the cell. In the
simplest eukaryote, the budding yeast
Saccharomyces cerevisiae, these GTPases
are called Ypts (yeast protein transport).
They are involved in different aspects
traffick-

ing, including vesicle formation, motil-

of intracellular membrane
ity, docking, and membrane fusion and
remodeling. There are 11 Ypts, and each
of them plays compartmentspecific
roles in endocytosis (Ypt7, 51/52/53)
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or exocytosis (Yptl, Ypt32/32, Sec4).
GDP-bound inactive Ypts are found in
complex with GDI (GDP-dissociation
inhibitor) in the cytosol, and the nucleo-
tide exchange occurs after recruitment
to the appropriate membrane. Although
we still lack knowledge of a universal
mechanism for Ypt targeting to mem-
branes, in vitro assays in mammalian
cells showed that a GDI-GTPase com-
plex carries all the information necessary
for proper GTPase delivery to the target
membrane.”? Further, evidence from
domain swap experiments suggests that
the Ypt C-terminal prenylated domains
called hypervariable domains, which
associate with GDL? can act as localiza-
tion tags.*> These hypervariable domains
may also participate in the interactions of
Ypts with GDFs (GDI displacement fac-
tors),° the proteins that displace GDI and
facilitate the association of Ypts with the
target membrane. Since GDFs localize to
different compartments, they are likely
to provide an additional level of specific-
ity for GTPase targeting (for extensive
reviews on GTPase targeting to distinct
membranes, see refs. 6—8). Once on a
membrane, Ypts undergo a conforma-
tional “on” change when stimulated by
GEFs (guanine nucleotide exchange fac-
tors), and can interact with downstream
effector proteins to regulate trafficking.
Conversely, when GAPs (GTPase activat-
ing proteins) associate with the GTPases,
they turn them “off.” As protein trans-
port is crucial for all cellular processes,
it is not surprising that vesicle trafficking
is coordinated with other processes. Here
we discuss novel findings which link pro-
tein transport and a key eukaryotic stress
survival response, the unfolded protein
response (UPR).
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Table 1. Secretory pathway components shown to associate with RNAs

Protein name

Annotated function*

Annotated localization*

Sec1* Docking and fusion of exocytic vesicles Bud neck; bud tip
Sec16* COPIl vesicle coat component; transport of ER vesicles COPII vesicle
Sec31* COPIl vesicle coat component; transport of ER vesicles COPII vesicle
Sec26* COPI vesicle coat component; ER-to-Golgi transport COPI vesicle
Sec27* COPI vesicle coat component; ER-to-Golgi transport COPI vesicle
Ubp3* Ubiquitin-specific protease; ER-Golgi anterograde and retrograde transport Cytosol
Vic1* Subunit of the vacuolar transporter chaperone (VTC) complex involved in membrane trafficking Vacuole; ER
Ypt1## Rab family GTPase; ER-to-Golgi step of the secretory pathway ER and Golgi
Ypt7* Rab family GTPase; late endosome-to-vacuole sorting Vacuole
Ypt32* Rab family GTPase; trans-Golgi-to-plasma membrane sorting Endosome and Golgi
Rho3* Rho/Rac GTPase; establishment of cell polarity R e

plasma membrane

*Data from the Saccharomyces genome database (www.yeastgenome.org); “Data from Tsvetanova NG, Klass DM, Salzman J and Brown PO (2010);
associated with total mRNA; *Data from Tsvetanova NG, Riordan DP and Brown PO (2012); associated with HACT RNA.

Crosstalk
between Vesicle Trafficking
and Other Cellular Processes

We will start by summarizing examples of
crosstalk between the secretory pathway
and other processes with special emphasis
on the interplay between membrane trans-
portand RNA regulation. Systematic dele-
tion screens performed in Saccharomyces
cerevisiae have shown a role for vacuolar
protein sorting genes (VPS) in the regu-
lation of telomere length’ and implicated
Golgi transport in the correct positioning
of the nucleus.!” There is ample evidence
that trafficking is coordinated with other
cellular processes in higher eukaryotes
as well. A comprehensive RNAI screen
in Drosophila discovered that COPI coat
proteins are important for cell division."

Also, vesicle trafficking has been linked

to development'? and to several signaling
cascades.!>1°
Accumulating  evidence  connects

vesicular transport and gene expression as
components of the trafficking machinery
were shown to be necessary for the cor-
rect localization of a number of RNAs.
Studies in two diverse systems (Drosophila
and retrovirus-infected mammalian cells)
have implicated a role for Rabll, which
regulates traffic from the trans-Golgi to
the plasma membrane and through recy-
cling endosomes,"”'® in RNA localization.
During Drosophila oocyte development,
oskar RNA localizes to the posterior pole
and organizes the germ plasm.” However,
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in 7abll loss-of-function mutants, oskar
RNA does not completely reach the oocyte
pole'20,21
vesicles also transport retroviral RNAs:

posterior Rabl1-containing
live imaging of RNAs from murine leu-
kemia virus show co-localization of viral
transcripts with the GTPase on recycling
endosomes.?* Likewise, components of the
yeast secretory pathway are necessary for
asymmetric RNA distribution, because
mutations in a panel of secretory genes
alter the localization of the transcription
factor encoding RNA ASHI1.%

The phenotypes observed in these
studies, however, could be a result of
defects in cytoskeleton integrity that arise
from perturbations in vesicle traffick-
ing, and therefore may reflect an indirect
involvement of the secretory pathway.
Indeed, rabll loss-of-function disrupts
the organization of the microtubule plus
ends,??* and all yeast secretory muta-
tions studied lead to defects in the actin
cytoskeleton.”® Recent work provides
more convincing evidence for a direct
involvement of the secretory pathway in
the regulation of gene expression.”> Two
independent proteomic screens identified
a significant number of trafficking regu-
lators among the proteins associated with
yeast total mRNA (Table 1, see legend).
In reciprocal experiments with two of the
transport components (Vecl and Ubp3),
hundreds of mRNAs were identified by
DNA microarrays to be reproducibly asso-
ciated with each protein.” Interestingly, a
significant number of these RNAs encode
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proteins with specific sub-cellular localiza-
tion, which coincides with the localization
of the respective trafficking protein. For
example, Vtcl, which is found at the vacu-
ole and the endoplasmic reticulum (ER),*
associates with transcripts of ER, mem-
brane and vacuolar components. Thus, it
appears that proteins with distinct roles
in membrane trafficking can participate
directly in the regulation of gene expres-
sion likely by transporting RNAs.

In yeast and mammalian cells, the pro-
cessing of one RNA determines whether
or not to activate the UPR, a crucial cell
survival signaling cascade. It turns out
that the expression of this key transcript
in yeast is controlled by the vesicle traf-
ficking machinery.”” Here, we discuss the
unexpected GTPase-dependent regula-
tion of the UPR and speculate that it
constitutes the biochemical mechanism to
explain a functional link known to exist
between these two key cellular processes.

The UPR and Vesicle Trafficking

The UPR, triggered by accumulation
of misfolded proteins in the ER, is an
important cellular homeostatic mecha-
nism implicated in a number of human
diseases and pathologies such as neu-
diabetes,
response and cancer.?*?° In Saccharomyces

rodegeneration, autoimmune
cerevisiae UPR, a highly conserved pro-
gram in eukaryotes, the ER transmem-
brane kinase-endonuclease Irel activates
this response via non-canonical splicing
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of a transcription factor encoding RNA,
HACI1* The resulting HACI junctions
are next “ligated” by a tRNA ligase,
Rlg1,% the mature HACI mRNA is trans-
lated, and activates the expression of UPR
target genes.

A number of studies have established
a functional relationship between the
UPR and vesicle trafficking. Chang et
al.® and Leber et al.* reported activation
of the UPR in the absence of chemical
stress in secretory mutants defective in
events extending from the ER to distal
secretory compartments. Furthermore,
when combined with ZreIA or haclA,
the sec mutations were either partially
lethal or led to a more extreme growth
defect than sec alone.?® Conversely, over-
expression of /REI or HACI rescued the
defects.”? Interestingly, mutations in ret-
rograde transport genes had no effect on
the UPR.** One model that can account
for all these observations is that muta-
tions affecting exit from the ER and the
exocytic pathway will perturb the bal-
ance between anterograde and retrograde
transport. This will eventually lead to
accumulation of Golgi-derived proteins
in the ER,% thus overloading the folding
capacity of the organelle (Fig. 1, dotted
arrows). The cell would next activate its
UPR, which increases the production of
genes controlling secretory functions® in
order to cope with the stress (Fig. 1, dot-
ted arrows). Therefore, the functional
relationship between trafficking and ER
stress has been generally viewed as indi-
rect and somewhat of an uneven depen-
dency, where active UPR allows the cell
to compensate for defects in its secretory
pathway. However, we recently found
evidence for a direct connection between
vesicle trafficking and ER homeostasis
(Fig. 1, solid arrows). This regulatory
interplay is performed by the binding
of the small GTPase Yptl to unspliced
HACI RNA and likely helps avert activa-
tion of the UPR in the absence of stress.

Ypti1-Dependent Active Control
of the UPR

We were interested in identifying HACI-
interacting proteins to gain new insights
into UPR regulation, so we performed an
protein microarray in vitro screen of the
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Figure 1. Crosstalk between vesicle trafficking and the unfolded protein response. (A) A block in
the secretory pathway can indirectly activate the UPR (dotted arrows) by causing accumulation
of proteins in the ER. The UPR, in turn, stimulates the expression of RNAs encoding secretory pro-
teins, and will eventually alleviate the defect in transport. (B) Vesicle trafficking directly regulates
the UPR: Ypt1 interacts with unspliced HACT and leads to its degradation. A block in Ypt1 function
will result in accumulation of HAC1, the RNA will get processed into Hac1 protein and eventually
produce enough transcription factor to activate the UPR (solid arrows).

yeast proteome for HACI-binding fac-
tors. We were surprised to find the RNA
associating almost exclusively with small
GTPases (Table 1, see legend).” Among
the strongest interactors were three mem-
bers of the Ypt family- Yptl, Ypt7, and
Ypt32. Since Yptl regulates ER-to-Golgi
transport, perturbations of which trigger
the UPR, we focused on the association
between Yptl and HACI. We confirmed
the in vitro result by showing that the
GTPase also interacts with unspliced
HACI in vivo, and observed that the
interaction happens only in the absence
of ER stress. The Yptl-HAC! associa-
tion could no longer be detected, once
cells were treated with the UPR-inducing
chemical DTT. These initial results sug-
gested that there must be a more intimate
link between vesicle trafficking and the
UPR than previously anticipated. Further
confirming a direct crosstalk were our
findings that Yptl and HACI do not asso-
ciate in mutant strains lacking two genes
required for proper UPR initiation, /RE]
and ADA572"¥ and that Yptl interacts
with Ada5.?” Ada5 and Irel form a com-
plex,” and Irel is an ER transmembrane
protein; thus, we think it is very likely
that an Irel/Ada5/Yptl-HACI complex
forms near the ER membrane. Consistent
with this model, deleting the HACI
3'UTR, which is required for efficient ER
localization,” abolishes the Yptl-HACI
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interaction.”” The precise roles of Irel and
Ada5 in the GTPase-RNA association are
currently unknown, but we speculate that
these proteins may participate in the UPR-
vesicle trafficking crosstalk by recruiting
HAC] in proximity to Yptl.

To determine the functional role of
the Yptl-HACI interaction, we examined
HACI RNA levels in a YPT1 knockdown
strain. Unspliced HACI copy number
was ~2.5-fold higher in this mutant com-
pared with wild type, and we found that
this increase in expression is due to sta-
bilization of the RNA.?” The GTPase is
also involved in recovery from ER stress,
because cells with compromised YPT1
expression recovered slower compared
with wild type cells once the source of
UPR was removed.?” Therefore, there are
physiological consequences of disturbing
the Yptl-HAC! interaction.

What could be the mechanism behind
the destabilization of HACI RNA by
Yptl? One possibility is that the RNA is
degraded directly at the site of Ypt1-HACI
interaction, which we believe is the ER
membrane (discussed above). An equally
likely and not mutually exclusive model
is that Yptl-HACI binding at the ER is
followed by transport of the RNA away
from the ER-localized processing machin-
ery (Irel and Ada5) and close to RNA
decay factors elsewhere in the cell (Fig. 2).
We favor the second model, because it is
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Figure 2. A putative mechanism for Ypt-dependent regulation of HACT stability. Under normal
growth conditions, Ypts mediate vesicle-assisted trafficking of unspliced HACT away from the ER
and the ER-localized Ire1/Ada5 complex to prevent unnecessary activation of the UPR. HACT deg-
radation may also be happening directly adjacent to the ER. Ypt GTPases ‘communicate’ with each
other via interactions with common protein factors (e.g., GEFs, effectors, etc. not shown) and may
utilize this crosstalk to direct HACT localization in proximity to RNA decay factors for degradation.
Additional adaptor proteins linking the HACT RNA to the lipid membrane of the vesicle or mediat-
ing the Ypt-RNA interactions may be present but are not shown for simplicity. The HACT RNA is
depicted as a squiggly line. EE, early endosomes; LE, late endosomes; ER, endoplasmic reticulum;

consistent with our findings that two other
Ypts (Ypt7 and 32), involved in traffick-
ing to distal cellular compartments, also
interact with unsliced HACI RNA. Ypt7
orchestrates  late  endosome-to-vacuole
trafficking and Ypt32 controls the intra-
Golgi and post-Golgi steps of exocytosis.
While we have not examined the interac-
tions between HACI and Ypts 7 and 32
beyond the initial screen, it is possible
that Ypts 1/7/32 work together to coordi-
nate the regulation of HACI (Fig. 2). In
support of this model, biochemical and
genetic data suggest that small GTPases
couple discrete vesicle trafficking steps.
This GTPase crosstalk is established via
interactions with common GEFs or down-
stream effectors (for extensive review, see
refs. 41 and 42).

Secretory vesicles associated with a
motor protein would provide a fast and
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efficient way to transport HACI to dis-
tal cellular compartments. Since Ypt
GTPases are key regulators of vesicle
formation, trafficking, and docking, we
anticipate that they could play a role in
multiple aspects of HACI trafficking. As
no RNAs have been shown to interact
directly with lipid membranes, the vesicle
loading and trafficking of HACI likely
requires one or more adaptor proteins. Ypt
GTPases, which are anchored to lipids via
their di-prenylated C-termini, or Ypt pro-
tein interactors that have the capacity to
interact with both nucleic acids and mem-
branes are natural candidates for such
mediators (it should be noted that none
of the currently documented Ypt bind-
ing partners have been shown to associ-
ate with both membranes and RNA). In
addition to acting as adaptors stabilizing
the HACI-vesicle interaction, Ypts may
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also be directly involved in the recruit-
ment of motor proteins that transport
the RNA-containing vesicle. Indeed, one
of the three Ypts associating with HACI,
Ypt32, interacts with the class V myosin
motor Myo2 during secretion.”® Directed
vesicle-mediated transport of HACI away
from the ER aided by HACI-interacting
GTPases would provide an efficient means
for the cell to keep its UPR “off” in the
absence of stress stimuli.

Our model (Fig. 2) would predict that
defects in vesicle trafficking would prevent
Ypt-dependent HACI RNA localization to
decay factors and lead to stabilization and
accumulation of unspliced HACI near the
ER and the ER-localized HACI splicing
machinery (Fig. 1, solid arrows). Amassed
HACI RNA would then be processed by
Irel to produce functional Hacl protein
that will eventually reach a critical thresh-
old and activate the UPR. In agreement
with this scenario, we observed increased
amounts of spliced HACI RNA, when we
knocked down YPT1.* Such direct regu-
latory relationship between vesicle traf-
ficking and ER stress would provide an
efficient way for the cell to communicate
defects in its secretory pathway to ER sur-
veillance and enable a robust response to
perturbations of cellular homeostasis.

Many  questions
addressed. As Yptl-dependent recruitment
of HACI to decay factors is a plausible
mechanism of how the GTPase regu-
lates RNA stability, it will be important
to test if Yptl interacts physically and/or

remain to be

genetically with known members of the
yeast decay machinery, in order to start
dissecting the precise features of the pro-
cess. Also, the recruitment of HACI could
be cither active, i.e., involving a physical
association of the RNA with the GTPase
and subsequent directional localization of
the RNA, or indirect, in which case the
RNA ‘hitches’ a ride on a secretory vesicle
along with other cargo trafficked between
the ER and Golgi. Our data do not distin-
guish between the two possibilities, since
we purified the proteins used for gener-
ating protein microarrays for the initial
screen from yeast” and cannot exclude
co-purification of proteins. Further, we
suspect that the Yptl-HAC! interaction
takes place close to the ER membrane
and is assisted by the Irel/Ada5 complex,
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but this model remains to be tested. Also,
the regulatory roles of the other secretory
proteins identified in the screen (e.g., Ypt7
and Ypt32) should be established. If these
GTPases are important in regulating the
RNA stability of HACI similar to Yptl,
it will be interesting to determine if Ypts

communicate with each other to control
the fate of HACI. Lastly, Ypts 1, 7 and 32
share 60-70% homology with and func-
tion in the same transport compartments

as mammalian Rabs 1, 7 and 11, respec-

tively.”! Future studies should investigate

whether mammalian Rabs play a direct

role in UPR regulation analogous to their

yeast counterparts by testing for interac-

tions between Rabs and the mammalian
ortholog of HACI, XBPI. Despite the
open questions, it is clear that there is a

direct link between the secretory pathway
and the UPR and that vesicle trafficking
plays an active role in the regulation of ER

homeostasis.
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