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Abstract

Bone marrow is both a primary site of blood cell production and a frequent site of cancer spread,
particularly in breast cancer. Anemia, a conditioned characterized by red blood cell (RBC) deficiency, is
common in patients with bone metastases, in which cancer cells spread from the original tumors to the
bones, but the underlying mechanisms of how they are connected are not well defined. Using an in vivo
proximity-labelling system in a living organism, combined with single-cell RNA sequencing, a method that
takes a ‘snapshot’ of what each individual cell is doing by measuring its gene activity based RNA express
levels, we identified a rare population of macrophages (immune cells that act as "clean-up crew") with
iron recycling features that are enriched in the breast cancer bone metastatic niche. Under normal
conditions, these macrophages support erythropoiesis, the process of making RBCs, by recycling iron for
RBC production. In the metastatic setting, however, tumor cells hijack these macrophages to obtain iron,
impairing their ability to sustain RBC formation and contributing to anemia. In response to limited oxygen
and iron availability, metastatic tumor cells display striking plasticity, an ability to change its cellular
identity and behavior in response to its environment, by acting like erythroblasts, the RBC precursors. This
“erythroblast mimicry” helps tumor cells adapt to the hypoxic (low-oxygen) bone marrow
microenvironment.

Importantly, iron-handling macrophages with similar transcriptional features to those identified in our
mouse models were also found in human bone metastases, and elevated hemoglobin (Hgb) expression in
tumor cells was associated with increased risk of bone metastasis. Our findings reveal a previously
unrecognized role of iron-recycling macrophages in the bone metastatic niche and uncover a previously
unrecognized tumor—immune—metabolic axis that accelerates bone metastasis progression and
contributes to cancer-associated anemia.
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Background

More than 150,000 people in the U.S. are living
with metastatic breast cancer!. Around 70% of
them develop bone metastases, which can cause
severe pain, bone fractures, and other serious
complications that affect both survival and
quality of life?. Development of bone metastasis
relied on the so-called “seed and soil”
interactions, a hypothesis proposed by British
Surgeon Dr. Stephen Padget which suggests that
cancer cells (the “seeds”) thrive in supportive
environments (the “soil”)3. Most previous work
on bone metastasis has focused on the cancer
cells themselves—what makes these seeds so
good at growing in bone*°. Much less is known
about the “soil”: the specialized cells and signals
in the bone marrow that help or hinder tumor
growth.

Anemia, when the body has too few red blood
cells to carry oxygen, can leave patients feeling
persistently tired, weak, and short of breath®. It
is common in people with breast cancer that has
spread to the bone’. However, earlier
explanations were largely “macroscopic”: as
tumor cells grow in the bone marrow, they
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physically crowd out normal blood-forming cells,
reducing red blood cell (RBC) production and
leading to anemia8. Understanding how bone
metastases drive anemia could enable more
more targeted ways to treat it, improving both
quality of life and survival of cancer patients.

Our Main Findings

In this study®, we used advanced single-cell RNA
sequencing (scRNA-seq) together with an in vivo
proximity-labeling system® that marks cells
located close to tumor cells. Briefly, tumor cells
were engineered to secrete mCherry, a
fluorescent protein, and delivered to the mouse
bone marrow. In the metastatic mouse, bone
marrow cells located near tumor cells (“niche
cells”) become mCherry-labeled, whereas cells
farther away (“distal cells”) remain unlabeled.
Bone marrow cells from healthy mouse were
included as normal controls (“normal cells”) for
scRNA-seq. This allowed us to systematically map
the bone metastatic microenvironment (the
“soil”) and identify which types of cells cluster
around metastatic tumors in the bone marrow.
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Figure 1. Workflow for in vivo proximity-labeling system with scRNA-seq, created with BioRender.

We discovered a rare population of iron-recycling
macrophages (iMac) that normally surrounded
by RBC precursors and help recycle iron from old
RBCs so new ones can be made!l. In the setting
of bone metastasis, these macrophages become
highly enriched in the vicinity of tumor cells.
Because cancer cells require large amounts of

iron to grow and divide, our data suggest that
tumor cells hijack iMac to gain access to iron.
This “iron theft” disrupts normal RBC production
and contributes to anemia, a common but often
poorly explained complication in patients with
bone metastases.



Han and Kang

We also found that tumor cells adapt even
further to the harsh bone marrow environment.
In response to low oxygen, they begin to mimic
erythroblasts, the RBC precursors, by turning on
hemoglobin production. This unusual
“erythroblast-like” program appears to help
tumor cells survive and thrive in an environment
that would otherwise be difficult for them.

Story Behind the Discovery

This study was driven by both clinical urgency
and unexpected personal experiences. Using
cutting-edge in vivo niche labelling and single-
cell RNA sequencing, we sought to understand
how the bone marrow microenvironment
facilitates cancer metastasis. Along the way, we
uncovered a striking and clinically
underappreciated connection: patients with
bone metastases frequently suffer from anemia,
yet it is often left untreated®2. This gap in care
prompted us to explore how the tumor
microenvironment contributes to anemia—not
simply as a byproduct of disease, but as a process
intimately tied to the biology of metastasis.

The initial insight linking these macrophages to
anemia arose from a seemingly unrelated
personal moment. At the time we first analyzed
our RNA-seq data characterizing niche-specific
macrophages, Yujiao had just received routine
blood test results showing mild iron-deficiency
anemia, which was corrected with dietary
changes and iron supplements. At the same time
Yujiao noticed that this macrophage cluster
showed a strong transcriptional signature related
to heme metabolism—the very term Yujiao had
been reading about while trying to understand
her own lab results. The parallel between her
clinical bloodwork and the mouse phenotypes
became a “eureka moment,” suggesting that
these macrophages might connect metastasis to
anemia through heme and iron metabolism.

At the same time, Yibin was training for an
Ironman triathlon race and paying close
attention to his own iron levels, a concern
common among endurance athletes due to
chronic losses through sweat, hemolysis, and
gastrointestinal microbleeds. This made iron

metabolism a recurring topic in our casual lab
discussions and underscored how delicate the
balance of iron availability is, both in athletic
performance and disease. In a stroke of scientific
humor, we realized that the macrophage
population we were studying, labelled IronMac
or “iMac” for iron macrophage in the manuscript
coincided amusingly with the IronMan shirts that
now dominate Yibin’s wardrobe.

The convergence of these scientific insights and
personal experiences gave us a unique lens to
understand the interplay between metastasis
and anemia. Tumor cells in the bone marrow
niche were not only exploiting iMac for iron, but
were also adapting to the hypoxic environment
by upregulating erythroblast-like features,
including hemoglobin production, suggesting a
striking form of phenotypic mimicry.

Together, these observations led us to uncover a
previously unrecognized mechanism linking
immune modulation, iron metabolism, and
tumor plasticity in metastatic progression and
anemia. They also raised an important
therapeutic question: could targeting niche
macrophages or the iron-transfer pathway limit
metastasis while simultaneously alleviating
anemia?

Conclusion

Our study shows that when breast cancer cells
spread to the bone, they can steal iron from
specialized iron-recycling macrophages that
normally support RBC production. This iron theft
helps tumors grow but undermines the bone
marrow’s ability to make new RBCs, contributing
to anemia. Meanwhile, tumor cells adapt by
adopting features of RBC precursors and
synthesizing hemoglobin, allowing them to
endure hypoxia.

These findings improve our understanding of
how metastatic tumor cells exploit the bone
marrow “soil,” reveal how they can change their
identity to survive, and suggest a new
mechanism behind bone metastasis—associated
anemia. These insights may ultimately guide the
development of new therapies that protect bone
marrow function and reduce complications such
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as anemia, while limiting tumor growth in bone.
The involvement of this iron transfer
characteristic was validated in human bone
metastasis samples from multiple cancer types,
highlighting its broad translational relevance.
This discovery not only enhances our
understanding of tumor plasticity and metabolic
adaptation in the bone metastatic niche but also
identifies potential mechanism underlying
cancer-associated anemia. Targeting this
metabolic crosstalk could enable new therapies
that curb tumor growth while preserving bone
marrow function and easing anemia, a
frequently overlooked yet debilitating
complication of metastatic breast cancer. Such
approaches hold promise for improving both
survival and quality of life for patients by
addressing tumor progression and offering more
effective and safer supportive care.
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