mitochondria exploit a similar mechanism
to generate ubiquinol and thereby repair
oxidative damage to mitochondrial mem-
brane lipids.

Mao and colleagues hypothesized that a
system mitigating lipid peroxidation also
exists in mitochondria. Given the close rela-
tionship between cellular metabolism and
ferroptosis, the authors focused on metab-
olite molecules that are altered in cancer
cellsonlipid peroxidation. Surprisingly, they
observed that peroxidation is associated
with substantial changes in the abundance of
metabolites in the pathway that synthesizes
the pyrimidine bases that are acomponent
of DNA and RNA. Building on this observa-
tion, the authors investigated the possibility
that acomponent of this synthesis pathway is
involved in preventing ferroptosis.

Most of the components of this pathway
exist in the cytoplasm, but one enzyme,
DHODH, is found in mitochondria. DHODH
catalyses the conversion of the molecule
dihydroorotate to orotate through an oxida-
tionreactionthat uses ubiquinone and thereby
generates ubiquinol. Further experiments
by Mao et al. revealed that DHODH protects
cells against lipid peroxidation by regenerat-
ing ubiquinol, enabling ubiquinol-mediated
repair of oxidative damage to mitochondrial
lipids (Fig.1). Supplementing cells with the end
products of the pyrimidine-synthesis pathway
did not affectlipid peroxidation, demonstrat-
ing that this anti-ferroptotic role of DHODH
isindependent of its function in pyrimidine
synthesis.

These findings establish DHODH-mediated
regulation of ubiquinol production as an
efficient system for the mitigation of lipid
peroxidation exclusively in mitochondria,ina
mechanismthat has echoes of the FSP1system.
Interestingly, a version of the GPX4 proteinis
found in the mitochondria of some cells, and
itslevel of expression varies in different types
of cancer. This mitochondrially localized GPX4
is not essential for mouse survival’, indicat-
ing that it has aredundant role. By contrast,
DHODH is ubiquitously expressed and has
arolein cell proliferation owing to its func-
tionin nucleotide synthesis. Rapidly dividing
cells, such as cancer cells, might therefore take
advantage of this active pathway as a way to
inhibit lipid peroxidation.

Indeed, Mao and colleagues found that if
humantumour cellsthat expressed low levels
of GPX4 were transplanted into mice treated
with aninhibitor of DHODH, the resultingloss
of DHODH function led to ferroptosis of the
cellsand impaired tumour growth. The effect
was independent of DHODH’s role in pyrimi-
dine synthesis. It remains to be seen whether
this mitochondrial ferroptosis-blocking anti-
oxidant system contributes to the spread of
cancer cells through metastasis® or to the
tumour response to radiotherapy’. These are

processesinwhich theinduction of ferroptosis
might help to thwart tumour progression.
Potent DHODH inhibitors are being devel-
oped as anticancer agents, and are currently
undergoing clinical trials. Perhaps they will be
particularly effective in cancer cells that have
low levels of expression of GPX4.

Mao and colleagues’ discovery of a system
for the specific protection of mitochondrial
membranes suggests that dedicated mecha-
nisms to counteract lipid peroxidation might
existinother subcellular compartments. Inter-
estingly, squalene, which is an intermediate
molecule in the biosynthetic pathway that
generates cholesterol, protects cancers

“Potentinhibitors of
this enzyme arebeing
developed as anticancer
agents.”

called lymphomas from lipid peroxidation,
and is found in high concentrations in lipid
droplets'®. However, it is unclear whether
squalene’s protective function is due to this
specificlocalization to droplets.
Organelles such as the endoplasmic
reticulum and peroxisomes also harbour
ROS-generating reactions. Glutathione
and tetrahydrobiopterin are redox-active
molecules (which can alter the oxidation
state of other molecules), and thus might offer
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alternative ways to combat lipid peroxidation
in such cases. However, the precise mecha-
nisms and components that could enable the
transport of these molecules to organelles
are poorly understood. Advances in ways of
assessing the molecular and protein com-
positions of organelles, through techniques
suchas metabolomics and proteomics, should
provide insights into this fundamental issue,
andimprove our understanding of the role of
antioxidants in tumour progression.
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Lawof human

traveluncovered

Laura Alessandretti & Sune Lehmann

An analysis of mobile-phone tracking data has revealed a
universal pattern that describes the interplay between the
distances travelled by humans on trips and the frequency with
which those trips are made. See p.522

As a scientist, you sometimes come across a
finding that is clear and robust, revealing a
pattern that was right in front of you all along —
and which makes youwant tokick yourselffor
not noticingit before. The universal visitation
law of human mobility, reported on page 522
by Schlipfer et al', is just such a finding. The
authorsuncover a pattern of humanbehaviour
that connectstravel distanceto the frequency
of trips.

Consider any two places. Can we predict
how many people travel from oneto the other,
and vice versa, on the basis of the position and

© 2021 Springer Nature Limited. All rights reserved.

simple characteristics of the two locations?
This question is at the core of a large body
of literature whose origin dates back to the
mid-nineteenth century. In 1885, the geo-
grapher Ernst Ravenstein showed empirically
that two key elements explain the number
of individuals who move between any two
places® the distance between the places, and
the socio-economic properties of the origin
and destination. The number of travellers
tends to decrease with distance, for exam-
ple, and more-populated places attract more
travellers.
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Figure 1| A universal law of human mobility. Schlipfer et al.! analysed mobile-phone tracking data to
determine the patterns of human journeys in several cities. a, The authors find that, for people who live at
aspecific distance r, from a particular location, the number of individuals per unit area who travel with a
visitation frequency fto that location is inversely proportional to f2. b, An inverse-square relationship is
also observed for the distance from home, r, given a specific visitation frequency f,. That is, for people who
travel with a given frequency of trips f, to a particular location, the number of individuals per unit area who
travel a distance rfrom home is inversely proportional to 2. The observed relationships hold for any choice
oflocation, roand f,. The graphs shown are illustrations of the observed relationships, and do not represent

actual data.

Thesekey observationswerelaterintegrated
into the gravity law of human mobility, which
states that the number of travellers between
two cities increases with a power of the cities’
populationsizes, and decreases with apower
ofthe distance between them?. Arefinement of
the gravity law, known as the radiation model,
proposes that the number of travellers does
not depend directly on the distance between
twocities, but rather onthe number of places
between the cities at which people would
realistically stop*.

Research into human mobility has
flourished in the past few years, as a result of
data becoming available with increasingly
fine spatial and temporal resolution®. This has
allowed researchersto adjust the radiationand
gravity models, and a plethora of variations,
to capture travel patterns on a range of time-
scales, including homerelocation (residential
mobility), airline travel, urban transportation
and commuting. Schldpfer and colleagues now
reportafundamental discovery in this highly
active areaofresearch. They haveidentified a
key component that was missing from existing
theoretical frameworks of human mobility:
visitation frequency ( f), the number of trips
that someone makes to a location per unit
of time.

The authors made their discovery by refram-
ing the challenge faced by modellers. Instead
of focusing solely on distance and socio-
demographic features, they asked a further
question: ‘How many peoplelivinginany given
placetravel toany other place exactly ntimes
ina period 72’ This change in perspective is
possible because mobility dataforindividuals
arenow available frommobile-phone tracking.

516 | Nature | Vol 593 | 27 May 2021

By studying mobility traces extracted from
phones at seven urban locations around the
world, the authors uncovered a phenome-
nological law that answers their question:
the number decreases with r 2 (where ris the
distance from someone’shometoagivenloca-
tion), and withf 2, where f=n/T (Fig.1).
Surprisingly, this law is valid for all the
widely different urban systems consideredin
the study, and thus provides a general frame-
work for describing and predicting mobility
flows across timescales. Importantly, the
model accommodates diverse mobility behav-
iours, from commuting to residential mobility,

“The findings pave the way
foradeeperunderstanding
ofhowindividualand
collective mobility
patterns are connected.”

without requiring a change of parameters.
To understand how the observed pattern
emerges robustly from the multitude of indi-
vidual behaviours, Schlipfer et al. developed
amodel of the mobility of individuals that
incorporates realistic and well-understood
mechanisms, such as people’s tendency to
explore places that are popular with other
visitors, and preferential return — an empir-
ical phenomenon in which the number of
visits received by alocation is proportional
to the number of visits previously received®.
This model reproduces the collective patterns
of mobility observed in the phone data. By
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linking the mobility of individuals to collective
outcomes, the authors’ work helps to narrow
the gap between two streams of literature that
have previously been broadly distinct’. The
findings therefore pave the way for studies
that could deepen our theoretical understand-
ing of how individual and collective mobility
patterns are connected.

One unanswered question is whether
the patterns of mobility observed in urban
areas also apply outside cities. The geogra-
phies of rural areas are less centralized and
contain fewer places of interest to visitors
than do urban areas; these characteristics
might resultin travel patterns different from
those observed by Schlipfer and colleagues.
Another key question is whether mobility
patterns are different for trips that are not
anchored to people’s homes.

In their modelling of travel patterns, the
authors assume that people head straight
home after visiting any location. Butinthe real
world, geographical considerations and the
need to minimize travel time tend to resultin
tripsinspecific reccurring sequences. People
often visit placesin a certain order, for exam-
ple going from work to the supermarket and
gym, and then home. We therefore anticipate
thatmodels that capture the ordering of trips
will be key to providing a truly comprehen-
sive description of collective mobility flows
across space and time, and even more accu-
rate predictions of real-world behaviour. In
the meantime, we expect the mobility patterns
uncovered by Schldpfer et al.to be useful fora
variety of purposes, fromepidemic modelling
totransportation planning and urban design.
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