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Abstract
Anemia of cancer (AoC) with its multifactorial etiology and complex pathology is a poor prognostic indicator for cancer
patients. One of the main causes of AoC is cancer-associated inflammation that activates mechanisms, commonly
observed in anemia of inflammation, whereby functional iron deficiency and iron-restricted erythropoiesis are induced by
increased hepcidin levels in response to raised levels of interleukin-6. So far only a few AoC mouse models have been
described, and most of them did not fully recapitulate the interplay of anemia, increased hepcidin levels and functional
iron deficiency in human patients. To test if the selection and the complexity of AoC mouse models dictates the pathology
or if AoC in mice per se develops independently of iron deficiency, we characterized AoC in Trp53floxWapCre mice that
spontaneously develop breast cancer. These mice developed AoC associated with high levels of interleukin-6 and iron
deficiency. However, hepcidin levels were not increased and hypoferremia coincided with anemia rather than causing it.
Instead, an early shift in the commitment of common myeloid progenitors from the erythroid to the myeloid lineage
resulted in increased myelopoiesis and in the excessive production of neutrophils that accumulate in necrotic tumor
regions. This process could not be prevented by either iron or erythropoietin treatment. Trp53floxWapCre mice are the first
mouse model in which erythropoietin-resistant anemia is described and may serve as a disease model to test therapeutic
approaches for a subpopulation of human cancer patients with normal or corrected iron levels who do not respond to
erythropoietin.

Introduction
Anemia of cancer (AoC) is a common comorbidity1 and an
independent poor prognostic factor in cancer patients.2
One of the most frequent types of AoC is caused by inflammation associated with cancer. Among the proinflammatory cytokines, interleukin 6 (IL-6) in particular can
cause anemia by different mechanisms. IL-6 can either directly suppress erythropoiesis or inhibit erythropoiesis by
interfering with iron homeostasis, the latter effect being
well studied in models of anemia of inflammation. During

inflammation, IL-6 induces the hepatic expression of hepcidin,3 the master regulator of iron metabolism.4,5 Under
physiological conditions, hepcidin expression is induced by
high iron levels via the BMP/HJV/SMAD pathway.6,7 In
contrast, hepcidin is suppressed by the erythropoietin
(EPO)-induced release of erythroferrone (ERFE) from red
blood cell precursors.8-10 Hepcidin regulates iron trafficking
by binding and degrading the cellular iron exporter ferroportin (FPN1)11,12 to prevent duodenal iron absorption and
iron release from hepatocytes and macrophages.13 Thereby,
hepcidin can cause functional iron deficiency by reducing
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serum iron levels and causing iron-restricted erythropoiesis even if tissue iron levels are normal or elevated.
AoC in humans is associated with increased hepcidin
levels.14,15 Mouse models with AoC displayed inconsistent
hepcidin expression despite inflammation, and the ablation of hepcidin did not change tissue and plasma iron
levels.16 Mice with tumors overexpressing IL-6 showed increased liver hepcidin expression associated with anemia.17,18 However, inhibiting IL-6 prevented anemia without
improving plasma iron levels,18 indicating that IL-6 may
suppress erythropoiesis in a hepcidin- and iron-independent manner in mice. A proportion (10-30%) of human
cancer patients also do not respond to combination therapies with iron and erythropoiesis-stimulating agents
(ESA),19 indicating that a subpopulation of cancer patients
may be resistant to ESA. Such resistance is better described in anemic patients with kidney damage, in whom
chronic inflammation and pro-inflammatory cytokines can
directly suppress erythropoiesis.20 For example, IL-6 and
interleukin-1 suppress erythropoiesis by inhibiting downstream signaling of the EPO receptor (EPOR) in erythroid
precursors,20,21 for example, through activation of the suppressor of cytokine signaling-3 (SOCS-3).22 Interferon
gamma (INFγ) and tumor necrosis factor alpha (TNFα) induce apoptosis of erythroid precursors23 or reduce their
life span.24 Granulocyte colony-stimulating factor (G-CSF)
and granulocyte-macrophage colony-stimulating factor
(GM-CSF) also inhibit erythropoiesis in mice with AoC by
interfering with red blood cell production, rather than by
increasing hepcidin levels and dysregulating iron homeostasis.25,26
However, the chosen model may determine the AoC pathology in mice. Because most mouse models analyzed so
far were established by cancer cell injection, we characterized AoC in Trp53floxWapCre mice carrying a breast tissuespecific ablation of tumor suppressor p53 that gives rise
to spontaneously occurring mammary carcinomas. In this
study we investigated whether: (i) Trp53floxWapCre mice
develop AoC due to functional iron deficiency or due to direct inhibition of erythropoiesis; and (ii) Trp53floxWapCre
mice mirror human pathology thereby representing an adequate model to study AoC mechanisms and treatment
options.

Methods
Animals
Mouse experiments were performed in accordance with
the Swiss animal law and with the approval of the ethical
committee (license 128/2012 and 100/2018) of the local
veterinary authorities. Trp53floxWapCre mice on a clean FVB
background, obtained from Thomas Rülicke (University of
Veterinary Medicine, Vienna, Austria), express Cre under
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the murine whey acid promotor (WAP) to delete p53 specifically in mammary tissue giving rise to spontaneous
breast tumors (Table 1). Housing conditions and tumor size
measurements are described in the Online Supplementary
Information. Mice were euthanized by CO2 at the indicated
time points or when either one single tumor reached a size
of 2 cm3 or multiple tumors reached a total volume of 3
cm3. We defined this time point as terminal stage (TS). As
controls we used age-matched tumor-free female
Trp53floxWapCre mice (TF), i.e., mice that had not developed tumors at that point. Tissue sampling is further described in the Online Supplementary Data.
Additional methods
Methods describing hematology, plasma cytokine
measurements, treatment with EPO and iron, and quantitative polymerase chain reaction (qPCR) analyses including
the list of primers (Online Supplementary Table S1) are described in the Online Supplementary Information. Statistical and flow cytometry analyses are also described there,
including antibody cocktails for hematopoiesis (Online
Supplementary Table S2), lineage-positive cell blocking
(Online Supplementary Table S3) and erythroid maturation
(Online Supplementary Table S4) as well as gating strategies for hematopoietic (Online Supplementary Figure S1A)
and late-stage erythroid cells (Online Supplementary Figure S1B).27,28

Results
Female Trp53floxWapCre mice developed subcutaneous
mammary tumors between 20 and 36 weeks of age and
reached TS, as defined in the Methods section, 18 to 43
days following tumor onset (Table 1). TF Trp53floxWapCre
female mice served as controls.
Trp53floxWapCre mice develop breast cancer associated
with anemia
Hematocrit, hemoglobin levels and number of erythrocytes
dropped from a mean of 41.1%, 13.3 g/dL, and 9.8x106/μL in
TF to 35.4% (P<0.001), 11.0 g/dL (P<0.001) and 7.7x106/μL
(P<0.001) in TS mice. While the proportion of overall circulating reticulocytes tended to increase, the immature reticulocyte fraction increased from 51% in TF to 56.5% in TS
mice (P<0.05), but the mature reticulocyte fraction decreased from 49% in TF to 43.5% in TS mice (P<0.05) (Figure 1A, Online Supplementary Figure S2A). The mean
corpuscular hemoglobin did not differ between TF and TS
mice. The mean corpuscular hemoglobin concentration
decreased from 33.2 g/dL in TF to 31.3 g/dL in TS mice
(P<0.01) and the mean corpuscular volume increased from
42.7 fL in TF to 45.2 fL in TS mice (P<0.01). The red cell distribution width decreased from 23.0% in TF to 22.1% in TS
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Table 1. Clinical characterization of terminal stage Trp53floxWpCre mice.

Parameter

Range

25th Percentile

Median

75th Percentile

Tumor onset [weeks of age]

21-36

25.6

27.0

30.2

Time until TS* [days]

18-43

21

24.5

29.25

1-6

2.0

3.0

4.0

Loss/gain of bodyweight at TS* [g]

-1(loss) – +8 (gain)

0

+2.0

+4.0

Loss/gain of bodyweight at TS* [g]
corrected for tumor weight

-3 (loss) – +6 (gain)

-2.0

0

+2.0

Number of tumors at TS*

Further characteristics
Type of tumors

6 % solid carcinoma; 12.5 % adenocarcinoma, 81.5% carcinosarcoma

Tumor location in mammary tissue
Cervical mammary glands
Thoracic mammary glands
Abdominal mammary glands
Inguinal mammary glands

21.1 %
19.7 %
44.9 %
14.3 %

Metastasis

not observed

Bleeding/blood loss

not observed

Hemolysis

not observed

*TS: terminal stage, when either one tumor reached a size of 2 cm3 or multiple tumors reached a total volume of 3 cm3.

mice (P=0.06) (Figure 1B, Online Supplementary Figure S2B). (P<0.001) (Figure 3A), respectively, the former due to inOverall, Trp53floxWapCre tumor mice developed hypo- creased hepatocyte proliferation (Online Supplementary
chromic, macrocytic anemia.
Figure S3) and the latter probably due to increased
extramedullary erythropoiesis. Epo mRNA levels in the kidflox
Trp53 WapCre mice develop anemia of cancer
ney were 2 times higher in TS than in TF mice (P<0.05) and
associated with inflammation
mean EPO plasma levels increased from 448 pg/mL in TF
Liver mRNA levels of the inflammation marker serum amy- mice to 1109 pg/mL in TS mice (P=0.06) (Figure 3B), indiloid A1 (Saa1) increased 100-fold (P<0.001) and plasma IL- cating that renal EPO synthesis was increased in TS
6 levels increased approximately 300-fold in TS mice Trp53floxWapCre mice. We next tested if exogenous EPO ad(P<0.05), suggesting ongoing inflammation (Figure 2A). The ministration protects Trp53floxWapCre mice from anemia.
number of circulating leukocytes in TS mice was 2.2 times EPO treatment did not alter tumor progression and inhigher than in TF mice (P<0.001). While the number of lym- creased, as expected, the hematocrit in TF mice. However,
phocytes did not change, the number of monocytes in- EPO did not prevent most tumor-bearing Trp53floxWapCre
creased 9 times in TS mice (P<0.001). Basophils were mice from developing AoC (Figure 3C). Only two of 14 EPOdetected in TF but not in TS mice and eosinophils did not treated TS mice probably responded with increased erydiffer between TF and TS mice. Neutrophils increased 9.5 thropoiesis (Figure 3C, red arrows).
times in TS mice (P<0.01) (Figure 2B, Online Supplementary Given that Trp53floxWapCre mice did not respond to EPO,
Figure S2C) and accumulated, together with monocytes we determined plasma iron levels, which can be limiting
and other leukocytes, in suppuratively inflamed tumor re- for erythropoiesis especially during inflammation. The
gions, probably contributing to tumor necrosis (Figure 2C). mean iron concentration in blood plasma dropped from
240.5 μg/dL in TF to 186.7 μg/dL (P<0.01) in TS mice, the
flox
Trp53 WapCre mice develop erythropoietin- and
mean transferrin saturation decreased from 66% to 34%
iron-resistant anemia of cancer
(P<0.001), and plasma ferritin was reduced by 54%
flox
Trp53 WapCre mice showed no evidence of metastasis (P<0.001) (Figure 3D, Online Supplementary Figure S4A).
(Table 1) or kidney, spleen, and liver damage (Online Sup- Tumor sections stained for iron as well as iron measureplementary Table S5). However, the sizes of liver and ments in tumor samples indicated that tumors were largely
spleen increased 1.5 times (P<0.001) and 2.5 times iron spared and that TS mice had less iron in bone marrow,
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A
A
A
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B

Figure 1. Anemia of cancer in Trp53floxWapCre breast cancer mice. Blood from tumor-bearing Trp53floxWapCre mice (gray boxes)
was taken when the tumor reached maximal permitted size (defined as terminal stage). Age-matched tumor-free
Trp53floxWapCre mice (white boxes) served as controls. (A) Hematocrit (n=14-15) and hemoglobin (n=16-33) analyzed by
microcentrifugation and by an ABL800, respectively, as well as erythrocyte count (n=6), proportion of overall circulating
reticulocytes and proportion of immature and mature reticulocyte fractions (n=4) analyzed by a Sysmex XT-2000iV from whole
blood. (B) Mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, mean corpuscular volume, and red cell
distribution width (n=4-6), analyzed by a Sysmex XT-2000iV from whole blood. Data are shown as a box plot with minimum to
maximum whiskers and were analyzed by a Student t-test (black symbols) or a Mann-Whitney test (red symbols or P-values)
(*P<0.05, ** P<0.01, *** P<0.001). TF: tumor free; TS: terminal stage; MCH: mean corpuscular hemoglobin, MCHC: mean
corpuscular hemoglobin concentration; MCV: mean corpuscular volume; RDW: red cell distribution width.

spleen, liver, and kidney than TF mice (Online Supplementary Figure S4B, C). Despite the high IL-6 plasma levels,
plasma hepcidin did not differ between TS and TF mice. In
fact, hepcidin (Hamp1) mRNA levels in TS mice were even
2.9 times lower (P<0.05) than in TF mice (Figure 3D). Hepcidin expression at earlier stages of tumor development
was also not altered. Among the genes that regulate hepcidin, we observed that Bmp6 RNA levels were reduced
while Bmp2, Hfe and Hjv were not differentially regulated
in the liver of TS mice (Online Supplementary Figure S4D).
However, TS mice showed 1.7 times (P=0.07) and 5 times
higher (P<0.05) mRNA levels of erythroferrone (Erfe), a suppressor of hepcidin mRNA expression, in bone marrow and
spleen, respectively, compared to TF mice (Figure 3D). Notably, expression of hepcidin-suppressing platelet-derived
growth factor BB (PDGF-BB) and its downstream target
Creb129 was not altered (Online Supplementary Figure S5).
Unchanged ferroportin (Fpn1) mRNA and immunohistochemically assessed FPN1 protein levels in the liver as well
as increased FPN1 mRNA and protein levels in the spleen
of TS mice (Online Supplementary Figure S4E) further indicated that hepcidin was not activated in Trp53floxWapCre
mice. Given that commercial diets exceed the daily iron
demand of mice and may therefore blunt hepcidin expression,3 we fed mice with an iron-sufficient diet. How-

ever, the diet did not alter either hepcidin expression or
the extent of anemia and iron deficiency in TS mice (Online
Supplementary Figure S6).
We concluded that TS mice developed iron deficiency and
suppressed hepcidin expression through a mechanism that
increases iron availability. We therefore tested if iron supplementation prevents iron deficiency and anemia in
Trp53floxWapCre tumor mice. Given that tumor growth and
time points of reaching the TS varied between 18 and 43
days among mice with tumors, we performed two iron supplementation experiments to control either the time after
iron supplementation or tumor size. We injected mice intravenously with a single dose of iron or saline immediately
after tumor onset and examined: (i) if anemia and iron levels
changed 15 days after treatment independently of tumor
size and (ii) if anemia and iron levels changed in TS mice. In
both experiments, iron treatment did alter tumor proliferation, hematocrit (Figure 3E) or hemoglobin levels (Online
Supplementary Figure S7A). While plasma iron levels were
increased 15 days after iron supplementation, indicating that
supplementary iron was available in the plasma at early time
points, plasma iron levels in saline- or iron-treated TS mice
were not altered (Online Supplementary Figure S7B). Accordingly, we concluded that hypoferremia coincided with,
rather than caused, AoC in Trp53floxWapCre mice.

Haematologica | 107 October 2022

2457

ARTICLE - Iron- and erythropoietin-resistant mice with AoC

A

N.F. Bregolat et al.

B

C

Figure 2. Inflammation in anemic Trp53floxWapCre breast cancer mice. Blood and liver tissue from tumor-bearing Trp53floxWapCre
mice (gray boxes) were taken when the tumor reached maximal permitted size (defined as terminal stage, TS). Age-matched
tumor-free Trp53floxWapCre mice (TF, white boxes) served as controls. (A) Liver mRNA levels of serum amyloid A 1 (Saa-1) (n=1415) determined by quantitative polymerase chain reaction analysis and normalized to β-actin (Actb) mRNA levels (left panel) as
well as plasma interleukin-6 (IL-6) levels (n=4), determined by enzyme-linked immunosorbent assay (right panel). (B) Cell counts
of leukocytes, lymphocytes, monocytes, neutrophils, eosinophil, and basophils in blood from TF (white boxes) and TS (grey
boxes) Trp53floxWapCre mice, analyzed by a Sysmex XT-2000iV. (n.d. not detected) (C) Representative image of suppuratively
inflamed tumor regions with massive neutrophil invasion (black arrows representative examples). Scale bar 250 μm. Data are
shown as a box plot with minimum to maximum whiskers and were analyzed by a Student t-test (black symbols) or a MannWhitney test (red symbols) (*P<0.05, **P<0.01, ***P<0.001).

Impaired erythropoiesis in bone marrow of
Trp53floxWapCre mice
To assess erythropoiesis, we quantified five different erythroid maturation stages from proerythroblast to mature
red blood cells of Ter119+ erythroid progenitors14 in bone
marrow and spleen (Figure 4A, Online Supplementary Figure S8A). The bone marrow proportion of total Ter119+ erythroid progenitors decreased 2 times (P<0.05) in TS mice
(Figure 4B, Online Supplementary Figure S8B). The relative
proportion of the different erythroid maturation stages did
not change significantly, although proerythroblasts showed
an increasing trend (P=0.06) (Figure 4C, Online Supplementary Figure S8B). In contrast, the proportion of total Ter119+
cells in spleens of TS mice did not change but the relative
proportion of the erythroid maturation stages increased
from 0.8% to 3.2% in proerythroblasts, from 4.7% to 11.7%
in basophilic erythroblasts, from 16.0% to 27.2% in polychromatic erythroblasts, and from 6.0% to 14.9% in ortho-

chromatic erythroblasts but decreased from 72.5% to
43.0% in mature red blood cells (P<0.05) (Figure 4C, Online
Supplementary Figure S8B). In parallel mRNA levels of Tfrc,
Trf2, and Dmt1 as well as of the erythroid progenitor genes
Epor, Gypa, Hba, and Hbb increased in the spleens of TS
mice, while their expression in bone marrow was reduced
(Online Supplementary Figure S8C). To test whether erythropoiesis can be boosted by acute iron supplementation
during advanced tumor progression, we injected iron into
mice harboring tumors larger than 1.5 cm3 and quantified
bone marrow and spleen Ter119+ erythroid precursors 48 h
later. While the Ter119+ bone marrow proportion of irontreated tumor mice was 2 times lower (P<0.05) than in
iron-treated TF mice, the Ter119+ spleen proportion increased from 41.6% (P<0.05) in TF to 53.8% (P<0.05) in
tumor mice after iron treatment (Figure 4D). Thus, spleen
but not bone marrow erythropoiesis profited from iron
supplementation, implying that splenic stress erythropoie-
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Figure 3. Iron and erythropoietin resistance in hypoferremic Trp53floxWapCre breast cancer mice with anemia of cancer. (A, B
and D) Tissue and blood from tumor-bearing Trp53floxWapCre mice (gray boxes) were taken when the tumor reached maximal
permitted size (defined as terminal stage; TS). Age-matched tumor-free Trp53floxWapCre mice (TF, white boxes) served as
controls. (A) Wet weight of spleen (left panel) and liver (right panel) normalized to the bodyweight. (B) Polymerase chain reaction
(qPCR)-quantified erythropoietin (Epo) mRNA levels in the kidney normalized to β-actin (Actb) (n=9-10) (left panel) as well as EPO
plasma levels determined by enzyme-linked immunosorbent assay (ELISA) (n=9-12) (right panel). (C) Immediately after tumor
onset, Trp53floxWapCre mice were subcutaneously injected with either 1000 U/kg EPO (purple) or saline (light blue) thrice a week
until tumors reached maximal size. The modified Kaplan-Meier curve shows the percentage of mice treated with saline (light
blue) or 1000 U/kg EPO (purple) which reached maximal tumor size (n=11-13) (left panel). Hematocrit levels of saline-treated
(light blue) or 1000 U/kg EPO-treated (purple) tumor mice (Tumor +) as well as TF controls (Tumor -) are also shown (n=6-14)
(right panel). Red arrows indicate two EPO-treated mice that showed increased hematocrit values. (D) Plasma iron and
transferrin saturation (n=19-20) analyzed by a bathophenanthroline assay (upper panels). Plasma ferritin (n=6) and plasma
hepcidin levels (n=5-7) analyzed by ELISA (middle panels). Liver mRNA levels of hepcidin (Hamp1) (n=9-11) as well as
erythroferrone (Erfe) (n=4-6) in bone marrow (BM) and spleen were determined by qPCR and normalized to β-actin (Actb) (lower
panels). (E) Trp53floxWapCre mice were intravenously injected with a single dose of iron (dark blue boxes) or saline (light blue
boxes) immediately after tumor onset. In experiment 1, mice received 20 mg/kg Ferinject® and blood as well as tissues were
collected 15 days after treatment (15 DAT). In experiment 2, mice received 13.28 mg/kg Ferinject® or saline and blood as well as
tissues were collected when the tumor reached maximal permitted size (TS). The modified Kaplan-Meier curve shows the
percentage of saline-treated (light blue) and iron-treated (dark blue) mice, which reached maximal tumor size (n=9-10) (left
panel) as well as hematocrit (n=8-10) (right panel). The black and red dotted lines in (E) indicate the average values of untreated
TF (black dotted line) and untreated TS (red dotted line) mice. Data are shown as a box plot with minimum to maximum whiskers
and were analyzed by a Student t-test (black symbols) or a Mann-Whitney test (red symbols) (*P<0.05, **P<0.01, ***P<0.001).
Modified Kaplan-Meier curves were analyzed with a log-rank (Mantel-Cox) test.
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sis was induced to compensate for the impaired bone other cells filled the bone marrow compartment. Indeed,
marrow erythropoiesis.
myeloid precursors and mature myeloid cells were enriched in bone marrow smears of TS mice (Online SuppleImpaired hematopoiesis in bone marrow of
mentary Figure S9B). To assess hematopoiesis, we analyzed
flox
Trp53 WapCre mice
hematopoietic cells by flow cytometry.30 Our data show
While bone marrow erythroid precursors decreased, the that neither CD48-/CD150+ hematopoietic stem cells (HSC)
bone marrow cellular density did not differ between TF and nor CD48+/CD150- multipotent progenitors (MMP) differed
TS mice (Online Supplementary Figure S9A) indicating that between TF and TS mice. However, while the bipotent

A

B

C
D

Figure 4. Late-stage erythropoiesis in anemic Trp53floxWapCre mice. Bone marrow and spleen cells from age-matched tumor
free (TF) and terminal stage (TS) Trp53floxWapCre mice were collected when the tumors reached maximal permitted size and
analyzed by flow cytometry. (A) Representative image of Ter119+ cells (late erythroid precursors) gating in Ter119+ vs. SSC-Area
plots (left panel). Different clusters of Ter119+ cells in an FSC-Area vs. CD44 plot (right panel) identified erythroid maturation
stages (I: proerythroblasts; II: basophilic erythroblasts; III: polychromatic erythroblasts; IV: orthochromatic erythroblasts
(including reticulocytes); and V: mature erythrocytes) based on cell size and CD44 expression levels. (B) Average proportions of
Ter119+ (red) and Ter119- (yellow) cells in bone marrow (upper panels) and spleen (lower panels) from TF (left) and TS (right)
Trp53floxWapCre mice analyzed by flow cytometry (n=4). (C) Average proportion of the five maturation stages of erythrocytes (I to
V) identified by flow cytometry in an FSC-Area vs. CD44 plot in bone marrow (upper panels) and spleen (lower panels) from TF
(left) and TS (right) Trp53floxWapCre mice analyzed by flow cytometry (n=4). (D) Age-matched TF and tumor-bearing (TB) mice
received a single intravenous 20 mg/kg iron injection when tumors reached a size of 1.5 cm3. Bone marrow and spleen were
harvested 48 h after injection and analyzed by flow cytometry. The proportions of bone marrow (left panel) and spleen Ter119+
cells (right panel) in iron-treated mice (n=4) are shown. Data in (B and C) are shown as average values in pie charts (n=4), data
in (D) are shown as a box plot with minimum to maximum whiskers. Data were analyzed by a Student t-test (black symbols) or
a Mann-Whitney test (red symbols, P-values) (***P<0.001; **P<0.01; *P<0.05). The black and red dotted lines in panel (D) indicate
the average values of untreated TF (black dotted line) and untreated TS (red dotted line) mice. #in panel (D) indicates a difference
(P<0.05) between iron-treated TS and untreated TS (red dotted line) mice.
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CD105-/CD150+ pre-megakaryocyte-erythrocyte progenitors (Pre MgE) decreased from 0.25% in TF to 0.16% in TS
mice (P=0.06), the CD105-/CD150- pre-granulocyte-monocyte lineage cells (Pre-GM) increased from 0.8% in TF to
1.3% in TS mice (P<0.05) (Figure 5A). This suggests that the
differentiation of common myeloid progenitors (CMP) was
shifted from the erythroid lineage towards the granulo-
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cyte-monocyte lineage (Figure 5B). This was further supported by an elevated proportion of CD45+/GR1+ neutrophil
progenitors in bone marrow which increased from 72.5%
in TF to 86.5% in TS mice (P<0.05). Although the proportion
of Pre-MgE was reduced in TS mice, we observed no difference in the proportion of CD150+/CD41+ megakaryocyte
progenitors or CD105+/CD150+ pre-colony-forming units

A

C

B

D

E

Figure 5. Early-stage hematopoiesis in anemic Trp53floxWapCre mice. (A) Bone marrow and spleen from age-matched tumor free
(TF, white boxes) and terminal stage (TS, gray boxes) Trp53floxWapCre mice were collected when the tumors reached maximal
permitted size and analyzed by flow cytometry. Proportions of CD48-/CD150+ hematopoietic stem cells (HSC), CD48+/CD150multipotent progenitors (MPP), CD105-/CD150+ pre-megakaryocyte erythrocyte progenitors (Pre-MgE), CD105-/CD150- pregranulocyte-monocyte lineage cells (Pre-GM) (n=4) are shown. The proportions of CD45+/GR1+ positive leukocyte precursors in
bone marrow and spleen are also shown, as well as CD150+/CD41+ megakaryocyte precursors (Mkp), CD105+/CD150+ pre-colonyforming units erythrocyte (Pre-CFUe), and CD105+/CD150- colony-forming units erythrocyte (CFUe) in bone marrow (n=4). (B)
Schematic illustration of the steps of hematopoiesis. The red arrows indicate an up- or down regulation of hematopoietic
precursors and the triple black arrows indicate a shift in the maturation of common myeloid progenitors (CMP) towards Pre-GM
in the bone marrow of TS Trp53floxWapCre mice. (C) mRNA levels of stem cell factor (Scf) (left panel) and suppressor of cytokine
signaling 3 (Socs3) (right panel) in the bone marrow (BM) and spleen, determined by quantitative polymerase chain reaction
(qPCR) and normalized to β-actin (Actb) mRNA levels (n=4-6). (D) mRNA levels of tumor necrosis factor alpha (Tnfα), interleukin
1 beta (Il-1b), granulocyte-macrophage colony-stimulating factor (Csf2) and granulocyte colony-stimulating factor (Csf3) in
mammary tissue of tumor free (TF Mamma) and in tumor tissue of terminal stage Trp53floxWapCre mice (TS Tumor), determined
by qPCR and normalized to β-actin (Actb) mRNA levels (n=4-8). (E) Plasma levels of tumor necrosis factor alpha (TNFα) and
Interleukin 1 beta (IL-1β) (left panel) as well as granulocyte-macrophage colony-stimulating factor (GM-CSF) and interferon
gamma (INFγ) (right panel) quantified by enzyme-linked immunosorbent assay (n=7-8). Data are shown as a box plot with
minimum to maximum whiskers and were analyzed by a Student t-test (black P values, panel E) or a Mann-Whitney test (red
symbols, P values) (***P<0.001; **P<0.01; *P<0.05).
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erythrocyte (pre-CFUe) between TF and TS mice. However,
the CD105+/CD150- colony-forming units erythrocyte
(CFUe) decreased from 0.76% in TF mice to 0.24% in TS
mice (P<0.01) (Figure 5A). To investigate why erythropoiesis
was inhibited in bone marrow but not spleen we analyzed
gene expression levels of stem cell factor (Scf), which
stimulates erythropoiesis,31 and suppressor of cytokine signaling (Socs3), which inhibits erythropoiesis.22 While Scf
mRNA levels in bone marrow of TS mice were 4.5 times
lower (P<0.01) and Socs3 mRNA levels 2.3 times higher
(P<0.05) than in TF mice, their mRNA levels in the spleen
did not differ between TF and TS mice (Figure 5C). Additionally, autophagy genes, which play a critical role in cell
organelle removal during erythroid maturation,32 were
downregulated in the bone marrow of TS mice (Online Supplementary Figure S9C). We also analyzed cytokine mRNA
levels in tumors of TS and in healthy mammary tissue of
TF mice. Tumor necrosis factor alpha (Tnfa) mRNA levels
were 9.2 times lower (P<0.001), interleukin 1 beta (Il1b)
levels were 5.3 times higher (P<0.001), and granulocytemacrophage colony-stimulating factor (Csf2) levels were
2.4 times higher (P=0.07) in tumor tissue, while granulocyte
colony-stimulating factor (Csf3) levels did not differ between tumor tissue and mammary tissue (Figure 5D). However, the plasma cytokine levels of TNFα increased from
14.6 pg/mL in TF to 40.0 pg/mL in TS mice (P<0.05), the
plasma IL-1β levels did not differ between TF and TS mice
and the plasma levels of the myelocytic differentiation
regulator GM-CSF increased from 2.0 pg/mL in TF mice to
3.1 pg/mL in TS mice (P=0.053). Additionally measured interferon gamma (INFγ) plasma levels did not differ between
TF and TS mice (Figure 5E). Our data suggest that while
erythropoiesis may be actively suppressed (e.g., by TFNα),
myelocytic differentiation regulators (e.g., GM-CSF) alter
the fate of early hematopoietic precursors and prevent
erythropoiesis by upregulating myelopoiesis.

Discussion
We examined if Trp53floxWapCre mice that spontaneously
develop breast cancer mirror the human AoC pathology. TS
Trp53floxWapCre mice developed hypochromic AoC together
with a strong inflammation and iron deficiency. However,
hepcidin levels were not induced and iron deficiency coincided with AoC rather than caused it. Treatment with iron
as well as with EPO did not restore normal hemoglobin
levels. During early hematopoiesis, the progenitor fate of
CMP shifted from erythroid towards the myeloid lineage, resulting in inadequate bone marrow production of red blood
cells and excessive production of granulocytes and neutrophils. Pro-inflammatory cytokines such as TNFα and GMCSF as well as IL-6 may block erythropoiesis and stimulate
myelopoiesis independently of hepcidin and iron levels.
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Trp53floxWapCre mice developed AoC associated with an
increased number of monocytes and neutrophils in blood,
which accumulated in suppuratively inflamed tumor regions. Anemic mice showed slightly upregulated renal Epo
mRNA as well as EPO plasma levels, probably in response
to reduced blood oxygenation. Surprisingly, EPO treatment
did not increase hematocrit and hemoglobin levels in TS
mice. Non-responsiveness to ESA is also observed in up to
30-40% of human cancer patients33 either due to inhibited
EPO signaling or due to reduced iron availability for erythropoiesis caused by pro-inflammatory cytokines. Especially, IL-6 upregulates hepcidin in the liver, causing
functional iron deficiency14,15 or it directly inhibits erythropoiesis in patients or mice.20,21,34 In anemic Trp53floxWapCre
mice, IL-6 showed by far the highest upregulation of all
cytokines assayed. However, while plasma iron levels were
reduced, plasma hepcidin levels did not differ between TF
and TS mice, and hepcidin mRNA levels in the liver were
even reduced. We explain this discrepancy by the enlarged
liver in TS mice with more hepcidin-producing cells that
compensate the reduced cellular hepcidin synthesis rate.
While hepcidin-inducing PDGF-BB29may not play a major
role in our model, the reduced expression of BMP66,7 and
the low iron levels per se35-37 may overwrite the hepcidininducing effect of IL-6 that is known from anemia of inflammation.3 Moreover, the increased bone marrow and
spleen mRNA levels of Erfe8 and the increased renal Epo
mRNA levels suggest that hepcidin may have also been
suppressed by the HIF2-EPO-ERFE axis.38,39 Hepcidin
downregulation in other murine models of AoC was suggested to be a consequence of activated erythropoiesis at
late tumor stages, while at early stages, hepcidin expression may be increased by inflammation.16 In our study,
no increase of hepcidin mRNA levels at early or late stages
of tumor progression was observed. Furthermore, feeding
mice with an iron-sufficient diet (50 mg/kg iron), to exclude the possibility that high iron levels in commercial
diets blunt acute hepcidin expression,3 did not alter either
hepcidin expression or anemia in our model. We conclude
that hepcidin is not the main driver for AoC in Trp53floxWapCre mice. However, we cannot exclude that inappropriately high hepcidin plasma levels (i.e., no decrease in
response to iron deficiency) may contribute to the development of AoC in Trp53floxWapCre mice.
When supplementing tumor mice with iron, hematocrit
and hemoglobin values did not increase, although the iron
plasma levels were elevated at least until 15 days after
treatment. The majority of mice did not fully establish an
anemic phenotype during the first 15 days of tumorigenesis
and iron supplementation may not have had the desired
effect at such early stages. We cannot exclude that higher
iron dosages could have protected Trp53floxWapCre mice
better from anemia, despite calculating iron supplementation so that normal hemoglobin values should have been
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restored (Ganzoni formula40). Moreover, iron supplementation may also increase tumor proliferation41 but the calculated iron dosages did not cause tumor progression. When
mice with advanced 1.5 cm3 large tumors were treated with
iron, they had an acute increase in Ter119+ erythroid progenitors in the spleen but not in the bone marrow. This
suggested that red blood cell production was maintained
by the spleen, while it was blocked in the bone marrow
where hypoferremia was not a limiting factor for erythropoiesis and, thus, coincided with AoC in our model.
At late-stage erythropoiesis, the proportion of Ter119+ erythroid precursors was reduced in the bone marrow of
Trp53floxWapCre mice, while the composition of the erythroid maturation stages from pro-erythroblasts to red
blood cells (stage I-V)27 were not significantly altered. In
contrast, the proportion of erythroid precursors in the
spleens of TF and TS mice did not differ, while the proportion of stages I-IV (pro-erythroblasts to orthochromatic
erythroblasts) were increased, and the proportion of the
red blood cells (stage V) decreased. We interpret these results in the spleen and the associated splenomegaly as a
consequence of stress erythropoiesis and the active release of red blood cells. Similar observations have been
made in spleens of mice with abscess-induced inflammation. It was suggested that the accumulation of the maturation stages I–IV results from a blockade of erythroid
maturation stage V.42
Neither EPO nor iron treatment prevented AoC in Trp53floxWapCre mice. Therefore, our data suggest that bone marrow erythropoiesis was inhibited prior to iron-dependent
maturation stages (erythroblast – reticulocyte) as well as
prior to EPO-dependent maturation stages (CFUe – proerythroblast). At early hematopoiesis, bone marrow HSC,
MPP and CMP did not differ between TF and TS mice. While
HSC may be recruited from bone marrow to the spleen resulting in a bone marrow depletion of HSC during AoC,26 the
stem cell niche in our model did not appear to be affected.
Instead, the commitment of CMP into either Pre-MgE or
Pre-GM was shifted in mice. While the proportion of PreMgE, including downstream CFUe that give rise to the erythroid lineage, was reduced, the proportion of the myeloid
precursors Pre-GM, which give rise to granulocytes,43 was
increased, explaining the excessive neutrophil production
in Trp53floxWapCre mice. Increased granulocytosis is also
observed in human (breast44) cancer patients,45 in whom it
associates with poor survival, as well as in transplanted
tumor mouse models.46,47 Especially tumor-produced colony-stimulating factors, G-CSF and GM-CSF,25,26 which
block erythropoiesis by depleting erythroblastic island
macrophages48 and increasing the number of granulocytes,
can cause excessive myelopoiesis.25 Some tumors in cancer
patients express G-CSF and GM-CSF associated with an increased number, survival, and activation of neutrophils.49,50
While the mRNA levels of both factors in tumors of Trp53flox-
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WapCre mice were hardly higher than in healthy mammary
tissue, plasma protein levels of myelopoiesis-stimulating
GM-CSF were increased, probably contributing to excessive
granulocytosis. Increased TNFα levels in Trp53floxWapCre
mice suggest that, in addition to promoting myelopoiesis,
erythropoiesis-suppressing mechanisms were activated.23
Indeed, Trp53floxWapCre mice showed increased expression
of the EPOR signaling inhibitor SOCS322 in bone marrow but
not in spleen. Additionally, we observed a decreased expression of erythropoiesis-stimulating SCF.51 However, the
plasma levels of TNFα as well as GM-CSF increased less
than 3 and less than 2 times, respectively, which challenges
their significance in dysregulating bone marrow hematopoiesis in anemic Trp53floxWapCre mice. We speculate that
a cocktail of several cytokines, potentially including GMCSF and TNFα, is required to cause iron- and EPO-resistant
AoC. It is also possible that AoC in Trp53floxWapCre mice is
predominantly caused by IL-6, which directly suppresses
erythropoiesis without increasing hepcidin.
Thus, AoC in Trp53floxWapCre mice differs from one of the
most common forms of AoC in humans, in whom iron deficiency plays a key role52 and increased hepcidin levels may
serve as a serological biomarker for absolute or functional
iron deficiency.53 Iron deficiency AoC is often associated
with either normocytic (75%) or microcytic (21%) anemia.52
We observed macrocytic anemia in Trp53floxWapCre mice
(corresponding to observations in 4% of human patients52),
which may be a consequence of the severe leukocytosis.54
Thus, Trp53floxWapCre mice mimic a rare type of AoC in
human patients, in whom bone marrow erythropoiesis is
irreversibly suppressed while myelopoiesis is induced.
In conclusion, we characterized AoC in breast cancer
Trp53floxWapCre mice and show that hypoferremia does
not cause AoC despite high IL-6 plasma levels, which are
expected to activate hepcidin mRNA expression. While the
IL-6-induced pathways during anemia of inflammation and
AoC largely overlap in humans, IL-6 in mice may activate
distinct pathways during anemia of inflammation and AoC.
In fact, multiple mouse models, including the herein characterized Trp53floxWapCre mice, develop AoC in response
to excessive myelopoiesis suggesting that tumor-induced
inflammation alters hematopoiesis prior to erythroid
maturation. Trp53floxWapCre tumor mice are, to our knowledge, the first mouse model in which AoC with excessive
myelopoiesis cannot be prevented by iron or EPO treatment. Thus, this model will be suitable to study mechanisms of and treatment options for EPO-resistant anemia.
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