interesting phenomena — for example, the
quantum correlations that are expected to be
exhibited by pairs of sound waves produced at
the event horizon. m
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Guarding the gate for
mitochondrial entry

The protein-import systems of organelles can become clogged by proteins. A
protein from one organelle, the endoplasmic reticulum, is found to also unclog
such blockages in mitochondrial organelles. SEE ARTICLE P.679

SYLVIE CALLEGARI & PETER REHLING

rganelles known as mitochondria are
O the energy-generating powerhouses

of the cell. As a crucial part of the
cellular machinery, disruption to their func-
tion could have serious consequences, and so
mechanisms exist to combat mitochondrial
dysfunction. On page 679, Martensson et al."
report a pathway that tackles problems
concerning the import of proteins into
mitochondria, as they arise, to prevent mito-
chondrial and cellular dysfunction. This
pathway uses part of the cellular repair kit
that handles damaged proteins in another
organelle — the endoplasmic reticulum (ER).

At least 1,000 proteins reside within the
mitochondria of yeast, where they carry out
functions that contribute to cellular energy
production and metabolism’. Almost all of
these proteins are made in the cytoplasm and
are then transported into mitochondria in
an unfolded precursor form. Mitochondria
receive a heavy inbound flow of protein traffic,
and the entry route that bears the brunt of this
influx is a protein complex on the mitochon-
drial surface called the TOM complex. When
the TOM complex becomes overloaded or is
compromised due to mitochondrial damage,
unfolded mitochondrial proteins can accu-
mulate in the cytoplasm and cause cellular
toxicity’ *. Mechanisms exist to combat the
stress to cells that results from this’®, but how
mitochondria handle protein-import failure as
it arises was unclear.

The pore of a TOM complex will sometimes
become clogged with a mitochondrial protein
(Fig. 1). Protein misfolding is a common cel-
lular event that can be exacerbated by stress

or occur if a protein is in a mutant form’. A
mitochondrial precursor protein that folds
prematurely in the pore of the TOM complex
could become stuck there. A blockage
might also occur if the energy levels of the
cell drop, leading to a slowing or stalling of
protein import®. If such an obstruction is
not removed, the accumulation of unfolded
precursor proteins in the cytoplasm can
trigger transcriptional changes that lead to
the unleashing of a cellular stress response’.
Such stress-response pathways™* include the
UPRam pathway and the mitoCPR pathway,
which prime the cytoplasmic waste-disposal
system — a protein complex called the pro-
teasome — to degrade the accumulated
precursor proteins.

Martensson ef al. investigated whether a
system is in place to constantly monitor the
TOM complex and to remove trapped precur-
sor proteins, thereby preventing blockages
from hampering protein import to an extent
that causes cellular stress. Such a monitor-
ing system is in place for an entry gate into
the ER’. To identify possible factors that
might clear away trapped precursor proteins,
Martensson et al. purified the TOM complex
from the mitochondria of yeast cells. One
of the TOM-complex-associated proteins
that they identified was Ubx2, which was a
surprise. This is because Ubx2 is best known
for its activity at the ER, where it functions in
the routine clearance of misfolded proteins as
part of an ER-specific quality-control pathway
called ER-associated degradation (ERAD)'*".
Martensson and colleagues conducted bio-
chemical experiments that showed that Ubx2
exists in two distinct cellular pools, one at the
ER and another on the mitochondrial surface

© 2019 Springer Nature Limited. All rights reserved.
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50 Years Ago

Apollo 10 has demonstrated the
technical virtuosity of NASA and its
works. It is hard now to remember
that it is merely two years since an
unlucky fire cost the lives of three
astronauts at Cape Kennedy. Then
it seemed as if the dream of getting
to the Moon before the end of the
sixties would be broken. Now; as
the numbers tick by towards eleven,
the meticulous care with which

the whole enterprise has been
conducted becomes increasingly
apparent. The Apollo programme
seems to be bursting with a host of
technological sagas ... Itis true that
the United States is hoping that there
will flow from this accumulation

of expertise a further refinement of
the skill ... which has made it the
inventive place itis already ... But
the more lasting achievement is

the way in which the anticipation

of technical problems has created

a sense of mastery of machines ...
The old cliché of the returning hero
that it is the team which deserves the
honours has become a truism.
From Nature 31 May 1969

100 Years Ago

As the result of an executive order
issued by President Wilson ... the
temporary arrangement inaugurated
two years previously has acquired
permanence as the National
Research Council of the United
States. The history of this organisation
is instructive in showing that in time
of national stress the Governmental
authorities appreciate the necessity
for active co-operation from
scientific bodies or individuals who
have in peace conditions received
but little recognition or support ...
Thusitis that the ... direction of
research work in the United States
has become vested in a body of men
whose ... work during the war ...
has shown that they are competent
to handle the great problems which
go with peace and reconstruction.
From Nature 29 May 1919
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Figure 1 | A mechanism for unclogging blockages in the protein-import system of

mitochondria. a, Unfolded mitochondrial proteins are imported from the cytoplasm into mitochondria
through a protein complex called TOM that is located on the outer mitochondrial membrane. However,
the TOM complex can become blocked when, for example, a protein folds prematurely as it passes
through the complex. Mértensson et al.' report a system in yeast cells that monitors and unclogs

such blockages. The protein Ubx2, which acts in quality-control systems for another organelle (the
endoplasmic reticulum)'®", is required to recognize protein blockages in the TOM complex. b, Ubx2
recruits the protein Cdc48, which removes the clogged protein and delivers it to a protein-degradation
complex called the proteasome. ¢, The degradation of the mitochondrial protein completes the process
that unclogs the TOM complex. Figure based on Fig. 4f of ref. 1.

that is associated with TOM complexes.

In the ERAD pathway, enzymes add the
protein ubiquitin to misfolded proteins that
are trapped in the ER'*'". This ubiquitin tag
is recognized by Ubx2, which triggers the
recruitment of a protein called Cdc48 — a
type of enzyme called an AAA ATPase. Cdc48
extracts misfolded proteins from the ER and
delivers them to the proteasome for degra-
dation'*". To ascertain whether Ubx2 might
function in mitochondria in a similar way,
Martensson and colleagues tested whether
Cdc48 interacts with the TOM complex. They
found that it does, and also that the inter-
action depends on Ubx2. When the authors
blocked the energy source that is needed for
mitochondrial protein import, this resulted in
an accumulation of precursor proteins only in
mitochondria that lacked Ubx2.

Precursor-protein accumulation in the
absence of Ubx2 was also observed if mito-
chondrial protein import was slowed by
an alternative means — the use of a mutant
version of a protein that drives protein
import into mitochondria'>". In this set-up,
Martensson et al. observed that precursor
proteins accumulated in the cytoplasm of cells
that had defects in Cdc48 or in a component
of the proteasome, which indicates that Cdc48
and the proteasome have a key role in this
pathway.

To specifically determine whether Ubx2 is
needed to remove precursor proteins that are
clogging the TOM complex, Mértensson and
colleagues expressed mitochondrial precursor
proteins, in yeast, that were chosen because
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they are imported slowly into the organelle.
The authors engineered this scenario to
boost the number of blockage events, and then
extracted TOM complexes. They found that, in
cells that lacked Ubx2, precursor proteins were
stuck in TOM complexes. However, in cells
where Ubx2 was present, no precursor pro-
teins were detected in TOM complexes. This
key piece of evidence indicates that Ubx2 is
part of a previously unknown quality-control
mechanism that surveils the TOM complex,
and Martensson et al. have named it the mito-
chondrial protein translocation-associated
degradation (mitoTAD) pathway.

Martensson and colleagues’ findings raise
two crucial questions. First, what is the
relationship between the mitoTAD path-
way and the mitochondrial quality-control
pathways that operate under conditions of
cellular stress? During their investigation, the
authors unearthed a functional link between
Ubx2 and the protein Vmsl, as well as with
the enzyme Msp1 (which, like Cdc48, is an
AAA ATPase). Both Vmsl and Msp1 have
been implicated in mitochondrial quality-
control processes'™”. When the authors
removed these proteins from cells that
lacked Ubx2, mitochondria lost their energy-
producing function and ubiquitin-tagged
proteins accumulated. This result suggests
that Vms1 and Msp1 work in a way that is
complementary to Ubx2 function. An inves-
tigation to assess the crosstalk between these
pathways and the mitoTAD pathway might
deepen our understanding of mitochondrial
quality-control mechanisms.



Second, how does Ubx2 recognize that
a precursor protein is stuck in the
TOM complex? Ubx2 can bind to ubiquitin,
so ubiquitin is probably used to tag clogged
precursor proteins. Defining the compo-
nents of the ubiquitination machinery and
the ubiquitin signals that govern not just the
mitoTAD pathway, but also the stress-induced
quality-control pathways that regulate mito-
chondrial protein import will be an important
direction for future research. The fact that
the ER and mitochondria use the same pro-
tein for quality control might imply that these
processes are co-regulated.

Many other fascinating questions also
remain to be addressed. In the meantime,
Martensson and colleagues’ work has painted
an illuminating picture of a previously

unknown aspect of how mitochondria protect
their main entry gate. m
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Brain cells invade
prostate tumours

Prostate cancer contains nerve cells that are linked to disease progression, but
their source was unknown. A mouse study reveals that cells from the brain invade
prostate tumours and give rise to this nerve-cell population. SEE ARTICLE P.672

SIMON T. SCHAFER & FRED H. GAGE

any studies' in the past decade have
Mshown that interactions between

tumour cells and nerve cells can
influence the progression of various types of
cancer. In prostate tumours, the presence of
newly formed nerve cells is associated with
the progression of malignancy and tumour
spread to other locations in the body"*’. The
microenvironment of a tumour can permit
the development of such new nerve cells in a
process called neo-neurogenesis. Yet how these
nerve cells emerge in tumours in the first place
has been a key unanswered question. Writing
in Nature, Mauffrey et al.’ report a study in
mice which indicates that a type of precur-
sor cell called a neural progenitor cell, from a
region of the brain in which the normal process
of nerve-cell formation (neurogenesis) occurs,
migrates to the site of prostate cancer. These
cells invade the tumour microenvironment
and give rise to new nerve cells.

The processes by which embryos and solid
tumours develop are thought to share many
features. In most multicellular animals, the
nervous system and the vasculature have roles
in both of these processes. In mice, neurons
arise throughout life, by neurogenesis from
neural progenitor cells in two regions of the
adult brain — the subventricular zone and the
dentate gyrus’. Although there has been con-
troversy lately about the extent of neurogenesis

in adult humans'*™"2, decades of previous work
have indicated that humans generate new neu-
rons throughout the course of life only in the
dentate gyrus"".

To address the origin of nerve cells in
prostate tumours, Mauffrey and colleagues
used a mouse model of prostate cancer called
Hi-myc. The authors report that prostate
tumours in these animals were associated
with a type of newborn nerve cell called a
neuroblast (Fig. 1). These cells express the

protein doublecortin
(DCX), which is also

“Neural expressed by spe-
progenitor cial types of neural
cells fromthe progenitor cell, which
subventricular  give rise to neurons.

zZone can The authors iso-
migrate from lated DCX-express-

ing cells (which
might be neural
progenitor cells or
neuroblasts) from samples of the animals’
prostate tumours, and analysed the expres-
sion of genes and proteins. Using an approach
termed antigenic profiling, they tracked the
source of the DCX-expressing neuroblast
cells that they had isolated, and found that the
cells expressed several proteins characteristic
of neural progenitor cells that can give rise
to neurons. The neuroblasts did not express
the gene Myc, which drives prostate tumour
formation in the Hi-myc model, leading the

the brain.”

© 2019 Springer Nature Limited. All rights reserved.
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authors to conclude that these neuroblasts
were probably not derived from tumour cells.
Further neuroblast-cell profiling did not
reveal any obvious similarities to other types
of cell in the tumour microenvironment, such
as immune or endothelial cells. The authors
found that the tumour-associated neuro-
blasts had molecular hallmarks similar to
those of neural progenitor cells from the sub-
ventricular zone. Moreover, the cells could
differentiate into neuronal-like cells when
grown in vitro.

Mauffrey and colleagues next studied neural
progenitor cells in the mouse brain, obtaining
crucial support for their proposal that these
cells drive neo-neurogenesis in prostate
tumours. The authors tracked the cells using
a technique that labels neural progenitor cells
in specific brain regions. This revealed that
neural progenitor cells from the subventricu-
lar zone can migrate from the brain and travel
through blood vessels to specifically invade
prostate tumours. However, the molecular
factors and the mechanisms that guide the
migration of these cells to this location are
unknown. The authors found no evidence that
neural progenitor cells from the dentate gyrus
exited the brain. And they report that there was
a selective breach in the blood-brain barrier
around the region of the subventricular zone,
but that no such breach was associated with
the dentate gyrus.

To determine the relevance of their findings
to other types of cancer, Mauffrey and col-
leagues used various mouse cancer models
generated through the transplantation of
human tumour cells. The authors consistently
observed a similar mode of neural-progenitor-
cell migration from the brain to the tumours.
Moreover, when they used a technique to
produce mice that had selective depletion of
DCX-expressing neural progenitor cells and
neuroblasts, the resulting animals showed
impaired tumour establishment compared
with control mice. When mice bearing
human prostate tumours were transplanted
with neuroblasts from either mouse prostate
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