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Helping daughters succeed: asymmetric
distribution of glucose transporter mRNA

Allyson F O’Donnell* & Martin C Schmidt?

Rapidly proliferating cells growing by
glucose fermentation must first transport
glucose into the cell. Both budding yeast
and human tumor cells utilize members of
a conserved family of glucose trans-
porters. In this issue of The EMBO Journal,
Stahl et al (2019) reveal that budding
yeast cells confer a growth advantage to
their daughters using a novel mechanism,
the asymmetric distribution to the daugh-
ter cell of the mRNA for a specific glucose
transporter.
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apidly proliferating cells, including

human tumor and budding yeast

cells, use a metabolic program that
generates energy by glucose fermentation.
While complete oxidation of glucose to CO,
is more efficient at generating ATP, partial
oxidation of glucose during fermentation
serves an added purpose; fermentation
provides the carbon skeletons that feed
biosynthetic pathways during rapid prolifer-
ation. A limitation of the fermentative life-
style is the need for high-flux glucose
transport. To achieve high rates of glucose
uptake, tumor cells increase expression of
glucose transporters, like GLUT1. Glucose
transporters in human and yeast comprise a
conserved family of 12 transmembrane
span-containing proteins at the plasma
membrane (PM) that import glucose by
facilitated diffusion. Yeast differ from tumor
cells in that they lack a constant supply of
blood glucose and must adapt to great varia-
tions in glucose concentration. To adapt to

external glucose changes, yeast express
specific glucose transporters (called hexose
transporters or HXTs) with distinct affinities
and capacities for glucose transport. When
glucose abounds, yeast utilize HXTs with a
high capacity for glucose transport. When
glucose is scarce, yeast use HXTs with a
lower capacity for transport but a higher
glucose binding affinity. Human cells also
express different members of the related
GLUT family, which have distinct transport
properties tailored to cell type needs.
Glucose transporter selection and its regu-
lated expression are critical determinants of
growth rates in human and yeast cells.
Initial studies of yeast HXT expression
focused on transcriptional regulation.
Measurement of HXT-promoter-lacZ gene
fusion expression determined the differential
response of HXTs to glucose concentrations.
Transcription of high-capacity HXTs, such as
HXT1 and HXT3, is induced at high glucose
concentrations while high-affinity HXTs,
such as HXTS and HXT6, are induced at low
glucose concentrations (Ozcan & Johnston,
1995). Regulation of HXT transcription relies
on two glucose sensors, Snf3 and Rgt2, that
are closely related to the HXTs but have
important differences: (i) Snf3 and Rgt2 bind
and sense external glucose but are not
competent for glucose transport, and (ii)
they contain long C-terminal extensions, not
present in the other HXTs, which serve as
binding sites for the transcriptional regula-
tors Stdl and Mthl (Schmidt et al, 1999).
Glucose-bound Snf3 and Rgt2 recruit Stdl
and Mthl from the nucleus and promote
their phosphorylation. Phosphorylated Std1l
and Mthl are degraded or sequestered,
allowing the transcriptional activator Rgtl to

escape inhibition and induce HXT expres-
sion. A second layer of HXT regulation
uncovered more recently is mediated by
endocytosis. The PM is a finite and valuable
piece of cellular real estate. Transporters
that needed or that become
misfolded are removed from the PM and
sent to the vacuole for degradation. This
process relies on the ubiquitin ligase Rsp5, a
member of the NEDD4 family of ubiquitin
ligases. Selecting membrane targets for ubig-
uitination and endocytosis is controlled in
yeast and humans by a family of protein
trafficking adaptors called the a-arrestins
(O’Donnell & Schmidt, 2019). Yeast encode
at least 14 o-arrestins, and identifying the
network of a-arrestin-membrane cargo pairs
is an area of active investigation. In yeast,
the a-arrestins Rod1, Rog3, and Csr2 control
the endocytosis of HXTs. The yeast AMP-
activated protein kinase Snfl negatively

are not

regulates these o-arrestins to maintain the
PM localization of the high-capacity glucose
transporters, Hxtl and Hxt3 (O’Donnell
et al, 2015).

In this issue, Stahl et al (2019) add an
exciting new layer to the already exquisite
regulation of glucose transporters in yeast.
This paper starts with the deceptively simple
observation that GFP-tagged Hxt2 is asym-
metrically distributed between mother and
daughter cells; Hxt2-GFP is at the PM in
mother cells, but not in daughter cells of
small or medium bud size. Strikingly, Hxt2-
GFP fluorescence equilibrates between the
mother and daughter cell at a specific stage
of the cell cycle. To define the mechanism
underlying this selective partitioning of
Hxt2-GFP, quantitative fluorescence in situ
hybridization (FISH)

experiments were
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performed and show that HXT2 mRNA is
initially restricted to the mother cell but
becomes evenly distributed between the
mother and daughter cell at the metaphase—
anaphase transition. However, the most strik-
ing observation is the further enrichment of
HXT2 mRNA in the daughter cells after nutri-
ent-starved cells are provided glucose (Fig 1).
This effect is restricted to HXT2 mRNA and is
not observed for HXTI, HXT3, or HXT4
mRNAs, hinting that there may be something
uniquely beneficial to specifically expressing
HXT2, and not the other HXTs, in daughter
cells. How is this selective partitioning of
HXT2 mRNA achieved?

Selective partitioning of mRNAs in divid-
ing cells is a conserved regulatory feature
from yeast to man. In multicellular eukary-
otes, mRNA partitioning plays an important
role in cell polarity and differentiation, as
well as organismal development (Martin &
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Figure 1. Asymmetric partitioning of HXT2 mRNA.

Ephrussi, 2009). Yeast has been an important
model system for unraveling the mechanisms
of selective mRNA partitioning.  First
described in yeast in 1997, ASHI mRNA
selectively partitions to daughter cells (Long
et al, 1997; Takizawa et al, 1997) in a
process that requires SWIS-dependent HO
expression (She) proteins. The She proteins
encode an ASHI mRNA binding protein,
adaptor proteins that hold the mRNA-protein
complex together, a type V myosin motor,
and a formin for actin filament nucleation.
Together, the She proteins ensure that ASHI
mRNA moves along actin cables to partition
into daughter cells where, once translated, it
represses transcription of specific genes in
the daughters. Regulation by mRNA parti-
tioning is not limited to ASHI; the mRNAs
encoding several yeast cell polarity proteins
use a similar machinery (Aronov et al,
2007), and over 30 transcripts are known to
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selectively partition into the daughter cell.
However, not all mRNA partitioning uses the
same machinery. Notably, some mRNAs use
the Scpl60 protein rather than the She
proteins (Gelin-Licht et al, 2012). Further,
not all mRNAs partition to sites of polarized
growth; the mRNA encoding the actin-
binding protein Abp140 is co-translationally
targeted to the distal pole in mother cells
(Kilchert & Spang, 2011). Unlike other mRNA
partitioning, Stahl et al show that HXT2
mRNA asymmetric distribution upon nutri-
ent starvation and refeeding is reliant upon
both actin filaments and microtubules. Inter-
estingly, the retention of HXTs in the mother
cell in the absence of starvation did not rely
on the cytoskeleton. Nuclear segregation
between mother and daughter cells is
required for HXT2 mRNA targeting to daugh-
ter cells. Specifically, the spindle positioning
factors Kar9 and Biml, which are the
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In starved cells, glucose transporter mRNA and protein are restricted to the mother cell until the metaphase—anaphase transition. Upon refeeding with glucose, the HXT2
mMRNA and protein are enriched in the daughter cell, conferring a growth advantage to the daughter cells. Appearance of glucose after starvation activates the Ras signaling
pathway which then stimulates adenylate cyclase (Cyrl). Cyclic AMP alleviates repression of protein kinase A (PKA), which in turn promotes HXT2 mRNA partitioning, possibly
by phosphorylating components of the nuclear pore complex (NPC). HXT2 mRNA partitioning to the daughters requires the cytoskeleton, spindle pole body (SPB), and nuclear

segregation.
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homologues of mammalian APC and EBI,
respectively, are required for the enrichment
of HXT2 mRNA into daughter cells. The
HXT2 mRNA inherited by daughter cells is
associated with the nucleus, and factors
needed for nuclear pore formation in the
nuclear envelope are required for regulated
partitioning of HXT2 mRNA.

The asymmetric distribution of HXT2
mRNA is most apparent in daughter cells
when glucose reappears after starvation, and
these same conditions activate protein kinase
A (PKA). Stahl et al show that PKA signaling
is required for HXT2 mRNA localization. A
potential target for PKA is Nup2, a nucleo-
porin and component of the nuclear pore
complex, which the authors show is required
for efficient distribution of HXT2 mRNA.
With this novel partitioning mechanism and
some of the molecular players defined, the
authors sought to answer the more challeng-
ing question of what is the biological signifi-
cance underlying partitioning? In competitive
growth assays, expression of HXT2—but not
HXTs 1, 3, or 4—confers a growth advantage
to daughter cells. Conversely, cells lacking
HXT?2 are at a disadvantage upon resumption
of growth after nutrient exhaustion. Hxt2 is
thought to be a generalist among the HXTs;
good under almost all glucose conditions.
Perhaps HXTZ2’s selective expression in
daughter cells ensures the best chance of
growth before fine-tuning of the HXT expres-
sion profile begins.

© 2019 The Authors

In sum, this work provides a new mecha-
nism for mRNA partitioning that relies on
PKA signaling, the nuclear envelope, and
the cytoskeleton. It further defines a novel
mode of glucose transporter regulation in
the selective targeting of the Hxt2 trans-
porter to daughter cells. Moving forward, it
will be interesting to identify the target of
PKA that regulates HXT2 movement and
define factors needed for HXT2 mRNA to
piggy back on the nuclear envelope during
partitioning. Conservation of this mRNA
partitioning of glucose transporters during
cell polarity changes, organismal develop-
ment, or the transition to disease states like
cancer would be exciting areas for future
research.
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