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In this study, Ubellacker et al. show that unlike in blood vessels,
the lymph is a more efficient route for tumor metastasis due to a
more favorable redox environment, whereby disseminating cancer
cells acquire additional protection against ferroptosis via incor-
poration of monosaturated fatty acids into their lipid bilayers.1

Gemütlichkeit—A German word without actual translation in
other languages is used to describe a state of being “relaxed and
cozy”. It usually refers to a unique atmosphere, for instance, when
enjoying a couple of drinks with your mates in a comfy location
like a beergarden. Seemingly, disseminating cancer cells when
going on their long and lonesome journey to generate distant
metastases prefer to travel via the lymphatics, a somewhat fairly
friendly and “gemütlich” environment, rather than the blood-
stream (Fig. 1). To avoid the harsh and potentially pro-ferroptotic
conditions disseminating cancer cells may encounter, migrating
cells not only choose the lymph as the prime route, but they also
alter their membrane makeup as a cell-intrinsic mechanism to
protect themselves against ferroptosis.
Ferroptosis is a metabolic form of cell death marked by an iron-

dependent peroxidation of membrane polyunsaturated fatty acyl
phospholipids. Accumulation of phospholipid hydroperoxides is
generally prevented by the activity of the main ferroptosis
suppressor, glutathione peroxidase 4 (GPX4), that catalyzes the
glutathione (GSH)-dependent reduction of lipid hydroperoxides to
their corresponding alcohols. While this enzyme is highly relevant
for optimal functioning of normal cells, a growing body of
evidence suggests a strong dependence on GPX4 for growth and
survival of cancer cells.2 For instance, it was repeatedly shown that
therapy-resistant cancer cells and those in a high-mesenchymal
state become dependent on GPX4 activity and other enzymes
involved in polyunsaturated fatty acid metabolism.3 This acquired
dependence on a pathway protecting against lethal lipid
peroxidation renders the therapy-resistant high-mesenchymal
state particularly sensitive to ferroptosis, thus opening a new
window for therapeutic intervention.
One may assume that increased ferroptosis could potentially

account for the low survival rates of cancer cells metastasizing via
the blood. Evidence supporting the involvement of ferroptosis in
tumor metastasis has been provided in this study by Ubellacker
et al.,1 whereby the authors have focused on comparing
dissemination of metastasizing melanoma cells through blood
versus lymphatic fluid. To this end, the authors injected mice with
patient-derived or mouse melanoma cells and found that
melanoma cells are by far more efficient in metastasis formation
after intranodal injection than intravenous injection. Further
experiments, in which melanoma cells were injected subcuta-
neously, revealed that cancer cells were more abundant in tumor-

draining lymph nodes than in tumor-draining blood, suggesting a
higher fitness and better survival of cancer cells in lymph than in
blood. This apparent difference in the survival of circulating
metastasizing cells was associated with an increased level of
reactive oxygen species and a lower ratio of reduced versus
oxidized GSH in cells disseminating in blood, indicating increased
intracellular oxidative stress. This may result from a more oxidative
and hostile environment in the blood, characterized by a higher
concentration of free iron and a lower concentration of reduced
GSH. Interestingly, cells that spontaneously metastasized through
the blood also exhibited increased lipid peroxide formation. To
ascertain that ferroptosis indeed contributes to impaired metas-
tasis, melanoma cells were treated with a ferroptosis inhibitor,
liproxstatin-1, a potent radical trapping antioxidant. While the
extent of metastatic disease burden was not affected after
intranodal transplantation of liproxstatin-1-pretreated cells, a
substantial increase of metastasis was observed after intravenous
injection, suggesting that ferroptosis restrains tumor metastasis
via the blood. This was corroborated by experiments using mouse
melanoma cells genetically engineered to lack Gpx4. The targeted
knockout of Gpx4 decreased the percentage of mice with formed
metastatic tumors after intravenous injection of Gpx4-deleted
melanoma cells, but not after intranodal injection. These results
clearly demonstrate that cancer cells are prone to undergo
ferroptosis and become dependent on GPX4 activity during
metastasis in the blood.
To unravel additional cell-intrinsic mechanisms that might

contribute to protection of cancer cells against ferroptosis in the
lymph, the authors performed metabolomic and lipidomic
analyses of metastasizing melanoma cells, and detected an
enrichment of oleic acid in lymph-derived cells, a monounsatu-
rated fatty acid previously described to confer robust antiferrop-
totic activity.4 This correlates with the finding that the levels of
oleic acid-containing lipids were higher in lymph, where oleic acid
is overwhelmingly present in triacylglycerols within ApoB-positive
vesicles. Consequently, pretreatment of melanoma cells with oleic
acid increased tumor metastasis after intravenous injection.1

Incorporation of oleic acid into cellular membranes was further
shown to require the activity of a distinct fatty acid ligase, i.e., acyl-
CoA synthetase long-chain family member 3. As a final proof-of-
concept, the authors addressed whether a lymph environment
provides any benefits for cancer cells to form subsequent distal
metastases through the blood. To this end, cancer cells derived from
lymph-node metastases were intravenously injected and they
emerged to be more efficient in metastasis than intravenously
injected control cells from the subcutaneous tumor. Besides, those
cells were generally more resistant to a ferroptosis inducer erastin
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in vitro. Interestingly, the transient subcutaneous growth of the
lymph-node-derived cells completely abrogated their ability to
efficiently metastasize through blood, suggesting a reversible
mechanism of the lymph-associated antiferroptotic phenotype.
Conclusively, the findings of this exciting study provide

compelling evidence supporting the concept that lymph provides
a more “cozy” and favorable environment for disseminating cancer
cells, and after being exposed to that environment, the cells
become more efficient in subsequent metastasis in the blood. This
study may have far-fetched implications as the cystine/glutamate
antiporter, known as system xc

−, a heterodimeric amino acid
transporter supplying cells with cysteine, the building block of GSH,
is considered the most upstream component of ferroptosis. Besides
its role in cysteine delivery to cells, system xc

− was also shown to be
the driver of the cystine/cysteine redox cycle that is critically
involved in generating a highly reducing environment that might
also be favorable to nearby cells. In this context, a recent study
showed that the targeted knockout of the substate-specific subunit
of system xc

−, xCT, in B16F10 melanoma cells almost completely
abrogated tumor metastasis and consequently allowed drastically
increased survival rates of tumor-bearing mice.5 The findings
presented by this and earlier studies thus reinforce the notion that
pharmacological targeting of xCT is perhaps one of the most
promising strategies to combat disseminating tumor cells.

ACKNOWLEDGEMENTS
The authors acknowledge funding from the Deutsche Forschungsgemeinschaft (DFG)
CO 291/7-1, the Ministry of Science and Higher Education of the Russian Federation
(075-15-2019-1933), and the m4 Award provided by the Bavarian Ministry of
Economic Affairs, Regional Development and Energy (StMWi).

FUNDING
Open Access funding enabled and organized by Projekt DEAL.

ADDITIONAL INFORMATION
Competing interests: M.C. is an inventor on patents for the compound class of
liproxstatins described herein.

REFERENCES
1. Ubellacker, J. M. et al. Lymph protects metastasizing melanoma cells from fer-

roptosis. Nature 585, 113–118 (2020).
2. Friedmann Angeli, J. P., Krysko, D. V. & Conrad, M. Ferroptosis at the crossroads of

cancer-acquired drug resistance and immune evasion. Nat. Rev. Cancer 19,
405–414 (2019).

3. Viswanathan, V. S. et al. Dependency of a therapy-resistant state of cancer cells on
a lipid peroxidase pathway. Nature 547, 453–457 (2017).

4. Magtanong, L. et al. Exogenous monounsaturated fatty acids promote a
ferroptosis-resistant cell state. Cell Chem. Biol. 26, 420–432.e429 (2019).

5. Sato, M. et al. Loss of the cystine/glutamate antiporter in melanoma abrogates
tumor metastasis and markedly increases survival rates of mice. Int. J. Cancer 147,
3224–3235 (2020).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

Fig. 1 Due to a more favorable redox environment, tumor
metastasis via the lymph is much more efficient than via the
bloodstream
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