
Oncotarget33675www.impactjournals.com/oncotarget

www.impactjournals.com/oncotarget/ Oncotarget, Vol. 6, No. 32

Heme oxygenase-1 in macrophages controls prostate cancer 
progression

Zsuzsanna Nemeth1,6, Mailin Li1,4, Eva Csizmadia1,4, Balazs Döme6,7,8, 
Martin Johansson5, Jenny Liao Persson5, Pankaj Seth2,3, Leo Otterbein1,4, 
Barbara Wegiel1,3,4

1Department of Surgery, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA, USA
2Department of Medicine, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA, USA
3Cancer Center, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA, USA
4Transplant Institute, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA, USA
5Department of Laboratory Medicine, Lund University, Malmo, Sweden
6Department of Tumor Biology, National Koranyi Institute of TB and Pulmonology, Budapest, Hungary
7Division of Thoracic Surgery, Medical University of Vienna, Vienna, Austria
8Department of Thoracic Surgery, National Institute of Oncology, Budapest, Hungary

Correspondence to:
Barbara Wegiel, e-mail: bwegiel@bidmc.harvard.edu
Keywords: tumor-associated macrophages, mitochondria, heme oxygenase-1, E-cadherin, tumor microenvironment
Received: June 11, 2015     Accepted: September 04, 2015     Published:  September 16, 2015

ABSTRACT
Innate immune cells strongly influence cancer growth and progression via 

multiple mechanisms including regulation of epithelial to mesenchymal transition 
(EMT). In this study, we investigated whether expression of the metabolic gene, 
heme oxygenase-1 (HO-1) in tumor microenvironment imparts significant effects on 
prostate cancer progression.

We showed that HO-1 is expressed in MARCO-positive macrophages in prostate 
cancer (PCa) xenografts and human prostate cancers. We demonstrated that 
macrophage specific (LyzM-Cre) conditional deletion of HO-1 suppressed growth of 
PC3 xenografts in vivo and delayed progression of prostate intraepithelial neoplasia 
(PIN) in TRAMP mice. However, initiation and progression of cancer xenografts in 
the presence of macrophages lacking HO-1 resulted in loss of E-cadherin, a known 
marker of poor prognosis as well as EMT. Application of CO, a product of HO-1 
catalysis, increased levels of E-cadherin in the adherens junctions between cancer 
cells. We further showed that HO-1-driven expression of E-cadherin in cancer cells 
cultured in the presence of macrophages is dependent on mitochondrial activity of 
cancer cells.

In summary, these data suggest that HO-1-derived CO from tumor-associated 
macrophages influences, in part, E-cadherin expression and thus tumor initiation and 
progression.

INTRODUCTION

The tumor microenvironment provides unique 
conditions to regulate cellular transformation and 
cancer growth [1, 2]. Understanding the balance of 
signals produced by stromal immune cells in the tumor 
microenvironment facilitates new targeted therapies for 
cancer treatment [3, 4]. Tumor-associated macrophages 

(TAMs) and infiltrating myeloid cells constitute the main 
components of the tumor stroma and are commonly 
designated as M2 polarized or alternatively activated 
macrophages (AAM) [1, 2, 5].

Epithelial to mesenchymal transition (EMT) is 
characterized by loss of E-cadherin and thus loss of 
cell adhesion, gain of migratory capacity, and increased 
invasiveness, stemness, and resistance to apoptosis [6, 7]. 
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EMT generally occurs at the invasive front of metastatic 
tumors where TAMs accumulate [8] and has been linked 
to high expression of Twist and Snail [9], changes in 
mitochondrial activity, reactive oxygen species (ROS) 
production, and modulation of glucose and lipid metabolism 
[10, 11]. Knockdown of mitochondrial complex I increased 
ROS production and led to enhanced migration, invasion, 
and spheroid formation [12]. Similarly, a mutation in the 
NADH dehydrogenase subunit 6 generates a deficiency 
in respiratory complex I, leading to ROS overproduction 
and enhanced metastatic potential of cancer cells [13]. 
We recently showed that carbon monoxide (CO) requires 
functional mitochondria to induce cell cycle arrest and 
apoptosis of prostate cancer xenografts [14, 15]. However, 
the link between regulation of cancer metabolism and 
specifically how heme degradation pathways influence 
tumor-associated macrophages and EMT in cancer cells 
remains poorly defined.

Heme oxygenase-1 (HO-1) is a metabolic protein 
responsible for the degradation of heme to carbon 
monoxide (CO), bilirubin, and iron [16]. Although the 
role of HO-1 in macrophages in models of sepsis and 
injury is well-recognized, HO-1 expression in the tumor 
microenvironment remains to be investigated [17]. We 
have recently shown that HO-1 is a critical regulator of 
myeloid cell differentiation of CD14high macrophages 
[18]. Others and we have shown that HO-1 is present 
in the nucleus of moderately differentiated tumors and 
is associated with tumor progression [19–21]. HO-1 
induction favors epithelial phenotype by preventing the 
loss of E-cadherin and increased α-smooth muscle actin 
expression in rat renal fibrosis [22]. In line with this 
observation, treatment with heme fostered an E-cadherin/
β-catenin interaction at cell-cell junctions and high 
induction of HO-1 by heme was associated with increased 
levels of E-cadherin [23]. Further, beneficial effects of 
HO-1 on reversing EMT were demonstrated in human 
peritoneal mesothelial cells [24].

In this study, we evaluated the role of HO-1 
in myeloid cells in regulation of tumor growth and 
progression. Further, we hypothesized that HO-1 controls 
coupling of metabolism and respiration between cancer 
cells and macrophages. We demonstrated a role for HO-1 
in immune cell in tumor progression via regulation of 
mitochondrial activity and expression of E-cadherin in 
tumor cells.

RESULTS

HO-1 is expressed in tumor-associated 
macrophages

Others and we have previously demonstrated that 
HO-1 is highly expressed in prostate cancer [14, 15] 
and that HO-1 in cancer cells is targeted to the nucleus 
and remains enzymatically inactive to drive a malignant 

cell phenotype [25]. Overexpression of enzymatically 
active HO-1 in A549 lung carcinoma cells blocks tumor 
xenograft growth as compared to xenografts established 
from A549 cells stably transfected with control empty 
vector (control vector: 406 ± 58 mm3, HO-1: 134 ± 28.4 
mm3, p < 0.05). However, because macrophages expressed 
high levels of HO-1, we reasoned that HO-1 in myeloid 
cells in the tumor microenvironment may also influence 
tumor growth and spread. We found that in addition to 
nuclear HO-1 in cancer cells in tumor xenografts, HO-1 
is also expressed in stromal cells, specifically in the 
cytoplasm of MARCO positive macrophages in tumors 
(Figure 1A). HO-1 was not present in F4.80high or MMRhigh 
macrophages in tumor stroma (data not shown).

Since immune cells are important for the invasion 
and metastatic spread of tumors, we first correlated HO-1 
expression with macrophage markers. We evaluated 
HO-1 mRNA expression in available GEO profiles 
from 18 normal prostate tissues, 62 samples adjacent 
to tumor tissue, 64 primary prostate tumors and 24 
prostate cancer metastases [26]. We found significantly 
higher expression of HO-1 in metastatic prostate cancer 
samples as compared to normal tissues and primary tumor 
samples (Figure 1B). Similarly, we showed increased 
expression of TAM markers such as MARCO and CCR2 
in metastatic biopsies as compared to primary cancer 
specimens (Figure 1C–1D). We demonstrated a significant 
and positive correlation between HO-1 and MARCO 
expressions in all samples (Table 1).

We have further evaluated HO-1 protein expression 
in human prostate cancer and BPH biopsies, which allowed 
us to gain information about HO-1 levels and location 
in tumor and stroma cells. We confirmed that HO-1 is 
expressed in both cancer and stromal cells as well as in 
infiltrating immune cells (Figure 1E–1F). Interestingly, we 
found that HO-1 expression in the nuclei of tumor cells 
was significantly higher in cancer versus benign prostatic 
hyperplasia (BPH), while lower expression of HO-1 was 
detected in stromal cells as compare to nuclear staining in 
PCa (Figure 1F). However, only few samples in our cohort 
showed infiltration of leukocytes and therefore we were 
unable to correlate the levels of HO-1 in immune cells 
with clinical parameters.

These data suggest that changes in the expression 
of HO-1 both in the nucleus as well as in stroma might 
influence cancer progression.

TAM-derived HO-1 expressed in differentiated 
macrophages modulates tumor initiation and 
progression

To investigate the role of HO-1 in tumor stroma 
with focus on TAMs during tumor development and 
progression we have used the well-established model 
of prostate cancer in TRAMP mice [15], which were 
crossed to knockout mice with specific deletion of HO-1 
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in myeloid cells (Figure 2A–2B). Evaluation of prostate 
intraepithelial neoplasia (PIN) and cancer lesions in 
TRAMP mice at age 25 weeks demonstrated significant 
tumorigenesis when crossed to Hmox1flfl mice but much 
lower tumor incidence in TRAMP:LyzM-Cre-Hmox1flfl 
mice (Figure 2A–2B). Higher Ki67 staining indicative of 
cancer proliferation was detected in Hmox1flfl mice and 
correlated with low expression of E-cadherin, a marker 

of cancer progression (Figure 2A). Similarly, inoculation 
of mouse lung carcinoma cells (CRL), into the flanks of 
LyzM-Cre:Hmox1flfl showed slower growth of syngeneic 
tumor transplants as compared to CRL tumors in Hmox1flfl 
mice (% of tumor growth at day 12: Hmox1flfl: 489.5 ± 
109.6, LyzM-Cre:Hmox1flfl: 300.6 ± 111.11, p = 0.06, n = 
3 mice per group with 2–3 tumors per mouse), suggesting 
the importance of HO-1 in tumor microenvironment.

Table 1: Correlation between the mRNA expression of HO-1 and macrophage markers: CCR2 
and MARCO in patients with prostate cancer

MARCO CCR2 HO-1

MARCO 0.1570051* 0.2149287**

CCR2 0.1570051* 0.1448182

HO-1 0.2149287** 0.1448182

*p < 0.05
**p < 0.01

Figure 1: HO-1 is expressed in tumor microenvironment. A. PC3 xenografts were established in nude mice for 4 weeks. 
Immunofluorescence staining with antibody against HO-1 and MARCO (macrophage marker) was performed. Arrows indicate cells co-
stained with antibodies against HO-1 (Alexa549, Red) and MARCO (Alexa488, Green) and Hoechst (nuclei staining). M-macrophages, 
T-tumor cells. Note that cancer cells express nuclear HO-1 and TAM express cytoplasmic, enzymatically active HO-1. B–D. GEO mRNA 
expression profiles from 18 normal prostatic tissues, 62 tissues adjacent to tumors, 64 primary prostate tumors (PCa) and 24 prostate 
cancer metastases (MET) as described in [26] and Material and Methods. Mean values ± SD are shown. **p < 0.01, ***p < 0.001. E–F. 
Immunohistochemistry with antibody against HO-1 in prostate cancer and BPH (benign prostatic hyperplasia) biopsies. Representative 
stromal expression of HO-1 is shown in E and quantification is shown in F.
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To directly test a role of differentiated 
macrophage-derived HO-1 in regulation of tumor 
development, we inoculated PC3 cells with bone 
marrow derived macrophages (BMDM) expressing 
HO-1 (PC3+Hmox1flfl) or lacking HO-1 (PC3+LyzM-
Cre:Hmox1flfl) into the flanks of nude mice. Surprisingly, 
the presence of differentiated macrophages in PC3 
xenografts resulted in significantly slower growth of 
tumors as compared to PC3 cells derived-xenografts 
(Figure 2C). Deletion of HO-1 in myeloid cells (LyzM-
Cre-Hmox1flfl) further significantly suppressed tumor 
growth as shown by Ki67 staining and growth curve 

evaluation (Figure 2C–2D, #p < 0.05, PC3+Hmox1flfl 
versus PC3+LyzM-Cre:Hmox1flfl). These data together 
with the direct deletion of HO-1 in myeloid cells in 
TRAMP model suggest that HO-1 in macrophages is 
a positive regulator of tumor growth or transformation 
due to induction of M2 polarization [27–29], change in 
macrophage differentiation [18] or influence on other 
immune cells in tumor microenvironment.

In vitro co-culture of PC3 cell with macrophages 
expressing HO-1 (Hmox1flfl)) or lacking HO-1 (LyzM-Cre-
Hmox1flfl) demonstrated that HO-1 expressing macrophages 
significantly suppressed tumor growth after 24 h compared 

Figure 2: TAM-derived HO-1 modulates prostate cancer progression. A–B. Hmox-1fl/fl mice were crossed with LyzM-Cre mice 
to generate myeloid linage specific knockout of HO-1 (LyzM-Cre:Hmox1fl/fl), which were further crossed to TRAMP mice. Tumor initiation 
was measured at 25 weeks of age by evaluation of Ki67 positivity within the prostate glands. Sections were also stained with E-cadherin, 
loss of which is a marker of tumor progression. Number of glands per field of view (FOV) with prostatic intraepithelial neoplasia (PIN) or 
adenocarcinoma lesions were evaluated as incidence of tumorigenesis based on H&E staining in n = 5–6 mice per group. Data ± SD are 
shown, *p < 0.05 (one-tailed t-test). C–D. PC3 cells or PC3 cells mixed with BMDM from Hmox1fl/fl and LyzM-Cre:Hmox1fl/fl mice were 
inoculated into the flanks of nude mice. Xenograft growth was measured over time (C) and Ki67 staining (D) was performed at day 26 after 
inoculation. *p < 0.01, PC3 versus PC3+ BMDM from Hmox1fl/fl mice and #p < 0.05, PC3+ BMDM from Hmox1fl/fl versus PC3+ BMDM 
from LyzM-Cre:Hmox1fl/fl; n = 3–5 mice per group. E. BrdU incorporation assay was employed to measure proliferation of PC3 co-cultured 
with BMDM from LyzM-Cre:Hmox1fl/fl and Hmoxfl/fl mice in the ratio of 1:2 or 1:5 (PC3:BMDM) for 24 h. Data are representative for 3 
independent experiments in triplicates. *p < 0.05.
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to PC3 control, however macrophages lacking HO-1 failed 
to significantly alter growth of PC3 cells (Figure 2E). This 
suggests that presence or infiltration of other cell types in 
the tumor microenvironment may dictate the suppressive 
effect of macrophages lacking HO-1 in vivo.

HO-1 in macrophages controls immune cell 
infiltration to the tumor microenvironment

Since cancer growth is controlled by multiple cell 
types in the tumor microenvironment, we tested whether 
HO-1 in macrophages could influence infiltration of 
immune cells and thus affect tumor development. 
Decreased growth of tumor xenografts in the presence 
of macrophages was associated with high infiltration 
of NK cells and decreased infiltration of Gr-1 positive 
granulocytic cells (CD11b negative) (Figure 3A–3D). 
The presence of macrophages in tumor xenografts 
corresponded to higher number of Ki67 positive 
infiltrating leukocytes into the tumor (Figure 3E–3F) 
suggesting expansion of infiltrating cells in the tumor. 

In contrast, in PC3 xenografts injected with myeloid 
cells with deletion of HO-1, the number of NK and 
Ki67 positive cells did not increase as compared to PC3 
xenograft alone (Figure 3E–3F). However, there was a 
significant inhibition in number of Gr-1 positive cells 
in xenografts with the absence of HO-1 in macrophages 
suggesting the specificity of HO-1 in controlling NK 
cell infiltration (Figure 3).

TAMs control EMT in vivo

Since the control of tumor growth by macrophages 
was unexpected, we next asked whether differentiated 
myeloid cells with high HO-1 expression influences 
EMT. Co-inoculation of macrophages with cancer cells 
allow for re-expression of E-cadherin, a marker of less 
aggressive epithelial cancer phenotype. Interestingly, lack 
of HO-1 in macrophages resulted in decreased expression 
of E-cadherin (Figure 4A) and increased mesenchymal 
markers Twist-1 and Snail as compared to macrophages 
with high HO-1 expression (Figure 4A–4C). In contrast, 

Figure 3: Presence of HO-1-postitive macrophages in the tumor microenvironment modulates infiltration of 
Gr1+ and NK cells. A–F. Immunohistochemistry of xenografts established from PC3 cells alone or mixed with BMDM (1:1) from 
Hmox1fl/fl and LyzM-Cre:Hmox1fl/fl mice in nude mice as in Figure 2. NK cells (NKp46, A–B), granulocyte (Gr-1, C–D) or proliferation 
(mouse Ki67) (E–F) markers were evaluated by immunohistochemistry. Quantization of staining is expressed as number of positive 
cells (Ki67, Gr1) or % of area of staining (NKp46, Gr1) presented from n = 5–6 FOV (B, D, F). n = 3–4 animals per group. Data are 
presented as mean values ±SD.
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overexpression of full length or truncated (partially located 
in the nucleus) HO-1 in PC3 cells did not significantly 
altered expression of E-cadherin (Figure 4D–4E). This 
suggests that lack of HO-1 in myeloid cells rather than 
in cancer cells in the co-culture model of differentiated 
macrophages and cancer cells may slow tumor growth 
while leading to more aggressive and invasive cancer. 
Inverse correlation between cancer growth and invasive 
phenotype has been previously described [30, 31].

HO-1 derived CO targets STAT3 and 
mitochondrial pathways to control EMT

Since STAT3 was shown to mediate the effects of 
HO-1-derived and exogenous CO [32], we next looked at 
the effects of HO-1 in tumor microenvironment on STAT3 
signaling. We found that lack of HO-1 in myeloid cells 

resulted in lower activation of STAT3 in the co-culture 
of PC3 and BMDM in vivo and in vitro as measured by 
decreased levels of phosphorylated STAT3 (Figure 4A, 
4B, 4D, 4F).

The majority of the effects of HO-1 are mediated 
by the generation of one or more heme degradation 
products. Therefore, we also tested whether CO influenced 
macrophage-mediated effects on PC3 cells (Figure 4G 
& 5). Treatment with CO for 24–48 h resulted in higher 
expression of E-cadherin as compared to air treated PC3 
cells (Figure 4G). Further, exposure of PC3 to CO at 
250 ppm for 24 h resulted in suppression of cancer cell 
growth (Figure 5A). Similarly, BMDM expressing HO-1 
blocked cancer cell growth, which was further inhibited 
by CO (Figure 5A–5C). We previously showed that CO 
suppresses growth of human xenografts as well as TRAMP 
and KRAS-driven tumors in mice [15].

Figure 4: TAM-derived HO-1 reverted EMT in other words triggered mesenchymal to epithelial transition MET in 
vivo. A. PC3 cells alone or PC3 mixed with BMDM from Hmox1fl/fl (M) and LyzM-Cre:Hmox1fl/fl (M-/-) mice were inoculated into the 
flanks of nude mice as described in Figure 3 and xenografts were harvested on day 26. Immunoblotting with antibody against twist1, 
E-cadherin, Snail and β-catenin was performed. Neg: normal skin. B. Immunostaining and immunohistochemistry with antibody against 
E-cadherin (Alexa 594-red) and F4.80, a marker of macrophages (Alexa488-green) were applied in the xenografts as above. C. PC3 (PC) 
cells were co-cultured with BMDM (M) and harvested after 24 h. Immunoblotting with antibody against E-cadherin, twist1 and arginase 
was performed in the lysates of the co-cultures. Immunoblots correspond to the mixture of proteins isolated from both cell types. D–E. 
PC-3 cells were transfected with HO-1 (cytoplasmic) and truncated HO-1 (cytoplasmic and nuclear) and the levels of E-cadherin and HO-1 
were correlated by immunostaining (HO-1-Alexa549, E-cadherin-Alexa488) or immunoblotting. Data are representative for 3 independent 
experiments. F. PC3 cells co-cultured in vitro with BMDM from Hmox1fl/fl (M) and LyzM-Cre:Hmox1fl/fl (M-/-) mice were harvested after 24 
h and lysates were immunoblotted for HO-1 (m- mouse, h-human) and P-STAT3. Data are representative for 3 independent experiments. G. 
PC3 cells were treated with exogenous CO (250 ppm) for 24 or 48 h and the levels of E-cadherin were measured by immunofluorescence 
staining. Data are representative for 3 independent experiments. Arrows indicate positive staining for E-cadherin.
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We next tested whether HO-1-derived CO and 
exogenous CO modulates macrophage phenotype 
when co-cultured with cancer cells. Lack of HO-1 
leads to lower arginase (M2 marker) and iNOS (M1 
marker) expression as compared to wild type BMDM 
(Figure 5B) suggesting the role of HO-1 in maturation 
and polarization of macrophages [18]. Both markers 
were further suppressed by application of exogenous 
CO (Figure 5B). Evaluation of RANTES and mannose 
receptor (MMR) mRNA levels in macrophages co-
cultured with PC3 cells showed higher levels of RANTES 
and lower mannose receptor (MMR), indicating M1 

macrophage polarization in the presence of PC3 cancer 
cells, and that this polarization was in part augmented by 
CO (Figure 5C–5D). These data suggest that inefficient 
macrophage polarization in the absence of HO-1 or CO 
may be a contributing factor to the effects on cancer 
growth and EMT.

In efforts to understand how macrophages were 
influencing EMT, we tested the role of mitochondrial 
respiration, which is a target for HO-1-derived CO or 
exogenous CO. We used Mitotracker probe that labels 
active mitochondria (Figure 6A–6B) and showed that 
mitochondrial staining was much stronger under the 

Figure 5: Effects of CO treatment and HO-1 in macrophages on PC3 cell growth. A. BrdU incorporation assay was employed 
to measure proliferation of PC3 cocultured with bone marrow derived macrophages (BMDM) and treated with CO (250 ppm) for 24 h. 
*p < 0.05. Absorbance at 450 nm corresponds to the number of proliferating cells. B. LyzM-Cre:Hmox1fl/fl (flfl-Cre) and Hmoxfl/fl (flfl) 
BMDM were polarized for 3 days with IL-4 (M2 phenotype) or LPS/INFγ (M1 phenotype) in the presence or absence of CO treatment 
(250 ppm) and arginase (M2 marker), iNOS (M1 marker) and HO-1 were measured by immunoblotting. C–D. Real time PCR with primers 
against RANTES and MMR in BMDM (BM) from LyzM-Cre:Hmox1fl/fl and Hmoxfl/fl mice co-cultured with PC3 cells for 24 h in the 
presence or absence of CO. *p < 0.05, **p < 0.01.
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cell membrane in PC3 cells co-cultured with BMDM 
as compared to PC3 alone (Figure 6A–6B). Further, 
presence of macrophages increased expression of 
E-cadherin on the cell surface. To evaluate whether 
differential polarization of macrophages influenced 
E-cadherin expression, we co-cultured M1-like or M2-
like macrophages with PC3 cells. We showed that M2-
like macrophages strongly induced E-cadherin expression 
on PC3 cells, while M1-like macrophages only slightly 
upregulated E-cadherin on the surface of cancer cells 
(Figure 6C).

We reasoned that there might be a correlation 
between higher mitochondria activity and E-cadherin 
assembly in PC3 cells in the presence of macrophages. 
We found that the presence of macrophages resulted in 
higher internal respiratory capacity in cancer cells in 
response to the mitochondrial stressor FCCP as compared 
to PC3 cells or macrophages cultured alone (Figure 6D). 
Indeed the presence of macrophages in the co-culture 
experiments resulted in restoration of expression of the 
mitochondrial transcription factor A (mTFA) and grp-78 

that were otherwise suppressed after treatment with FCCP 
(Figure 6E).

Negative correlation between HO-1 and 
E-cadherin in patient samples

To evaluate the clinical significance of our studies 
on the role of HO-1 in regulation of EMT, we compared 
expression of HO-1 and E-cadherin in primary BPH and 
prostate tumors. We show a strong positive correlation 
between expression of cytoplasmic HO-1 and E-cadherin 
(Figure 7A–7B). There was no significant correlation 
between nuclear tumor-derived HO-1 or stromal HO-1 
with expression of E-cadherin (Figure 7C–7D). However, 
lower stromal expression of HO-1 in tumor biopsies as 
compared to BPH may indicate metastatic switch, which 
leads to loss of E-cadherin in primary tumors (Figure 1). 
High nuclear expression of HO-1 in cancer cells may be 
an independent driver of invasion [33] while cytoplasmic 
HO-1 or myeloid cells-derived HO-1/CO may suppress 
EMT and cancer progression [15, 34].

Figure 6: Macrophages regulate mitochondrial respiration of cancer cells. A–B. Co-culture of PC3 and BMDM from 
Hmox1fl/fl for 24 h were stained using Mitotracker Red CMXRos for detection of mitochondria and with anti-E-cadherin antibody. Note 
that presence of BMDM in the culture increased E-cadherin expression in the membrane that corresponded to the higher intensity of 
staining with Mitotracker Red. C. Co-culture of PC3 cells with M1 or M2 BMDM in a 1:2 ratio. Immnofluoresence staining with antibody 
against HO-1 (Alexa 549, macrophage staining) and E-cadherin (Alexa488, PC3 cells staining) was performed. Data are representative 
for 2 independent experiments. Arrows indicate positive staining. D. Seahorse XF Cell Mito Stress Test was performed in cultures of 
PC3, PC3+macrophages and macrophages alone. Administration of oligomycin (vertical lane A), FCCP (vertical lane B) and rotenone/
antimycinA (vertical lane C) was followed by real time measurements of OCR (oxygen consumption rate) by Seahorse. *p-0.01, PC3 versus 
PC3+macrophages. E. The levels of mtchTFA and grp-78 in the culture of PC3 or PC3+BMDM treated with FCCP (F; Mesoxalonitrile 
4-trifluoromethoxyphenylhydrazone, 0.1 mM) for 24 h were evaluated by immunoblotting. Data are representative for 3 independent 
experiments in triplicates.
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DISCUSSION

Immune cells in the tumor microenvironment shape 
multiple properties of cancer cells including their invasive 
phenotype, proliferation and survival. In this study, we 
asked whether and how the metabolic enzyme HO-1 
influences the TAM phenotype and thus influences cancer 
cell growth and metastasis.

In this study, we identified HO-1 in myeloid cells to 
be an important regulator of tumor progression and EMT. 
We show that cell-specific deletion of HO-1 in myeloid 
cells suppressed tumor initiation and growth while 
increasing EMT in different models of prostate cancer. 
Furthermore, we identified mitochondrial respiration 
in macrophages as a modulator of EMT and E-cadherin 
expression.

We found that HO-1 was expressed in MARCO 
positive macrophages in established tumors and that 
there was a strong correlation between both HO-1 and 
MARCO expression in prostate cancer metastases. 

MARCO is a class I scavenger receptor that mediates 
antibody-dependent phagocytosis of pathogen as well as 
of cancer cells and is expressed in M2 macrophages [35]. 
Presence of HO-1 in MARCO-positive macrophages may 
indicate the mechanism for regulation of tumor growth 
via enhanced polarization of macrophages towards a pro-
angiogenic M2 phenotype. Expression of HO-1 did not 
correlate with levels of CCR2, a macrophage receptor, 
which allows for monocyte recruitment into tumors and 
metastatic spread of breast cancer in mice models as well 
as marker of M1 polarization [36]. Indeed, cytoplasmic 
HO-1 correlated with higher level of E-cadherin, 
accordingly to the studies by Gueron et al. showing that 
heme induced E-cadherin and change in cell morphology 
in prostate cancer cells [23].

Polarization of macrophages towards an M1 or 
M2 phenotype dictates the immune response of T cells 
as well as angiogenesis and metastatic growth. We 
found that the presence of mature macrophages in the 
microenvironment at time of tumor initiation delays 

Figure 7: HO-1 expression correlates with E-cadherin levels in prostate cancer (PCa) and metastatic cancers. A–D. 
Expressions of HO-1 and E-cadherin were evaluated in consecutive sections of 35 prostate cancer and corresponding BPH samples. 
Cytoplasmic, nuclear and stromal HO-1 were evaluated and correlated with E-cadherin expression in the samples. Note: Cytoplasmic but 
not nuclear or stromal HO-1 correlates with E-cadherin expression.
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growth of spontaneous tumors, syngeneic transplants or 
xenografts. Number of differentiated macrophages in 
the tumor microenvironment might be a limiting factor 
that allows for dormancy of tumors and suppression 
of development of advanced and metastatic disease. 
Depletion of HO-1 from differentiated TAMs (in xenograft 
model) further suppressed the growth of cancer cells but 
initiated EMT. Indeed, HO-1 in TAMs has been associated 
with accelerated tumor growth in breast cancer [37]. HO-1 
is a strong inhibitor of acute inflammation and therefore 
may block inflammation in cancer [38]. Further, HO-1 
regulates myeloid differentiation [18] as well as immune 
response to viral [39] or bacterial infection via increased 
IL-1β release [40]. HO-1 in the tumor niche promoted lung 
metastases by controlling VEGF and IL-10 production 
[41]. The balance between proinflammatory signaling and 
anti-inflammatory mediators is often disrupted in solid 
tumors and is a hallmark of carcinogenesis [4].

Cancer cells blocked in the G1 cell cycle phase 
migrate and invade more than cells that undergo mitosis 
[30]. The presence of immune cells such as macrophages 
with a specific polarization phenotype can differentially 
modulate the growth and invasive phenotype of cancer 
cells. Our xenograft data suggest that presence of 
terminally differentiated macrophages lacking HO-1 
suppresses tumor growth and induces E-cadherin 
expression. However, we did not find similar effect on 
EMT in TRAMP mice, where expression of E-cadherin 
correlated directly with Ki67 and tumor progression, and 
was higher in PIN lesions in TRAMP mice lacking HO-1 
in myeloid cells. We speculate that a difference might be 
due to lack of T cells in the nude mice (xenografts) and 
therefore possible change in the infiltration of immune 
cells into cancer microenvironment. Further, the number 
of TAMs infiltrating xenografts as well as TRAMP tumors 
might be different. We injected terminally differentiated 
macrophages with cancer cells in xenograft model, in 
which we showed a direct influence of macrophages on 
cancer growth and EMT. In TRAMP mice, myeloid cells 
are incorporated during tumor growth and their phenotype 
and regulatory functions might be altered by cancer 
cells. These myeloid cells can be skewed to myeloid 
suppressor cells or TAMs, which support tumor growth. 
Characterization of the role of HO-1 in such conditions 
remains to be investigated in future study.

Increased expression of HO-1 restricts diff-
erentiation and polarization of TAMs which in turn 
regulate cancer cell invasion and growth. Myeloid HO-1 is 
known to drive macrophage differentiation [18]. Further, 
HO-1 knockout mice have decreased IRF3 function with 
defects in early immune responses [39]. We showed 
that HO-1 in macrophages is likely an important source 
of CO, which diffuses to the environment and targets 
E-cadherin in neighboring cancer cells. The role of HO-1 
in modulating E-cadherin expression has been addressed 

in PC3 using heme treatment in a work by Gueron et al[1]. 
Overall heme treatment induced E-cadherin expression 
in cancer cells[1]. Overexpression of a truncated HO-1 
(t-HO-1) lacking the TMS in HeLa and H1299 cells 
promoted cell proliferation and migration/invasion[2]. 
We showed that overexpression of either cytoplasmic 
or nuclear HO-1 in PC3 cells did not have significantly 
altered E-cadherin or Snail expressions (Figure 4D–4E). 
We speculate that a balance of cytoplasmic and nuclear 
HO-1 in cancer cells and myeloid cells derived HO-1 may 
dictate changes in E-cadherin expression.

E-cadherin plays a critical role in the function of 
the epithelial layer and is lost during EMT. E-cadherins 
are also recognized by Killer cell lectin-like receptor 
subfamily G member 1 (KLRG1) receptor on NK cells 
[42, 43]. NK cells in turn not only directly kill cancer cells 
or cells infected with virus but also generate cytokines 
such as interferon-γ which induces production of pro-
inflammatory cytokines in the tumor stroma. INFγ is 
critical for M1 polarization of macrophages that inhibit 
tumor growth [44]. Alternatively activated M2 polarized 
TAM promote EMT in pancreatic cancers via activation 
of TLR-IL-10 pathway [45]. Lack of HO-1 correlates 
with less mature and polarized macrophages in tumor 
microenvironment, which decreases the number of NK 
cells being recruited to the tumor.

We observed a significant negative correlation 
of HO-1 in the cytoplasm and E-cadherin in cancer 
cells of specimens from prostate cancer patients. 
Presence of HO-1-positive macrophages in the tumor 
microenvironment might be an indicator of expression 
of E-cadherin and other EMT markers. HO-1 is a 
metabolic gene that controls energy balance via targeting 
of mitochondria through generation of CO [16, 38]. 
Assembly of E-cadherin based junctions requires energy 
and therefore the link between increased mitochondrial 
content in cancer cells and less aggressiveness of tumors 
may be important for therapeutic targeting. Depletion 
of ATP results in internalization of almost 70% of 
the E-cadherin from the cell surface [46] suggesting 
that energy from glucose metabolism is required 
for E-cadherin junctions. We showed that increased 
mitochondria activity in cancer cells via presence of 
macrophages leads to significantly increased E-cadherin 
expression. The presence of macrophages in co-culture 
with cancer cells leads to significant restoration of the 
spare respiratory capacity in cancer cells as compared 
to in culture of cancer cells alone. Dysfunction of the 
tricarboxylic acid (TCA) cycle induces tumor growth 
due to activation of a pseudo-hypoxic pathway under 
normoxic conditions [47, 48].

In summary, we showed that HO-1 in TAMs dictates 
cancer growth and metastases and as such can be a target 
for modulation of immune cell function during tumor 
dormancy and progression.
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MATERIALS AND METHODS

Patient samples

36 human primary prostate cancers (PC) and 24 
benign prostatic hyperplasia (BPH) samples were obtained 
from the cancer bank from the Department of Pathology 
at Lund University in Malmo, Sweden. Prostate cancer 
samples and BPH tissues from patients with Gleason grade 
3–4 tumors and BPH samples were selected by certified 
pathologist (Dr. Martin Johansson, Lund University) 
for the tissue microarray (TMA) and printed in a TMA 
format in duplicates. Investigation has been conducted 
in accordance with the ethical standard and according 
to the Declaration of Helsinki and according to national 
and international guidelines and has been approved by the 
authors’ institutional review board.

Geo data

GEO profiles from 18 normal prostatic tissues 
(without any pathological alterations), 62 tissues adjacent 
to tumors, 64 primary tumors and 24 metastatic samples 
were obtained from patients with prostate cancer as 
described in previously published data [26]. Specifically, 
24 metastatic biopsies were derived from 4 patients with 
prostate cancer metastases to the liver, lymph nodes, 
kidney, lung and adrenal glands [26].

Animal studies

Conditional HO-1 knockout Hmox-1fl/fl mice were 
crossed with LyzM-Cre mice to generate myeloid linage 
specific knockout of HO-1 (LyzM-Cre:Hmoxfl/fl) as 
previously described [18, 40]. These mice were further 
crossed to TRAMP mice (Hmox1fl/fl: LyzM-Cre:TRAMP). 
Analyses of lesions in Hmox1fl/fl: TRAMP and Hmox1fl/fl: 
LyzM-Cre:TRAMP mice were performed at 25 weeks of 
age as previously described [15].

Xenografts (PC3 or A549) were established in 
Balb/c nude mice (Jackson Laboratory, Bar Harbor, Maine, 
USA). PC3 cells (2 × 106) alone or PC3 with BMDM from 
Hmox1fl/fl (1:2 ratio) or PC3 with LyzM-Cre:Hmox1fl/fl (1:2 
ratio) were injected to the right and left flanks of the nude 
mice to establish the tumors. A549 stably overexpressing 
HO-1 or control vector were injected to the flanks of nude 
mice. Syngeneic tumor model of Lewis lung carcinoma in 
LyzM-Cre:Hmoxfl/fl or Hmoxfl/fl mice were established by 
injecting 0.5 × 106 cells into the flanks. Tumors, lymph 
nodes and livers/lungs were harvested for histology at 4 
weeks.

Cell culture, co-culture and treatments

Bone marrow derived macrophages (BMDM) were 
differentiated for 5 days in RPMI 1640 media with 15% 

fetal calf serum (FCS) and antibiotic-antimycotic solution 
supplemented with M-CSF (20 ng/ml). Polarization of 
BMDM was performed for additional 3 days RPMI 1640 
media with 15% fetal calf serum (FCS) with 100 ng/ml 
LPS (Sigma–Aldrich, St. Louis, MO, USA) and 10 ng/ml 
IFNγ (PeproTech, Rocky Hill, NJ) for M1 macrophages 
and with IL-4 (10 ng/ml, PeproTech, Rocky Hill, NJ) for 
M2 macrophages. CO treatment was applied at 250 ppm 
in CO chamber (5% CO2, 21% O2 and 95% humidity) as 
previously described [18].

PC3 cells were co-cultured with BMDM from 
Hmox1fl/fl or LyzM-Cre:Hmox1fl/fl mice in a 1:2 or 1:5 ratio 
for 24 h. PC3/BMDM cells alone or in co-culture were 
used for immunostaining using anti-E-cadherin antibody 
(CatNo: ab15148) and Mitotracker Red CMXRos (Life 
Technologies), for detecting mitochondria as well as for 
direct testing of mitochondrial activity Mitochondria Stress 
Kit (Seahorse) was used as previously described [49].

Overexpression of HO-1: Constructs were kindly 
provided by Dr. Chau (Taiwan) and forced overexpressions 
of Flag, HO-1-Flag or truncated HO-1-Flag (t-HO-1) were 
established in PC3 cells upon transfection with Amaxa. 
Forty eight hours after transfection, cells were stained or 
cell lysates were immunoblotted.

Imunohistochemistry and immunostaining

Paraffin embedded formalin or zinc fixed tissues 
were processed for staining as previously described [15]. 
The following antibodies were applied: HO-1 (Abcam), 
MARCO (BD Biosciences), P-Stat3 (Cell Signaling), 
E-cadherin (Cell Signaling), F4.80 (BD Biosciences), Ki67 
(Dako, Clone TEC3, rat monoclonal anti-mouse Ki67) and 
Gr1 (BD Biosciences). Briefly, slides were incubated with 
primary antibodies overnight at 4°C. After washing with 
PBS, slides with tissues were blocked with H2O2 followed 
by incubation with biotin-labeled secondary antibodies 
for 1 h at RT. VECTASTAIN Elite ABC System was 
used to enhance the signals (Vector Laboratories). DAB 
substrate (Vector Laboratories) was used for developing 
the reactions. After mounting the slides they were covered 
and analyzed by light microscopy.

Immunofluoresence staining was carried out as 
previously described [15]. Briefly, 2% paraformaldehyde 
fixation with subsequent washing, blocking and staining 
with primary and fluorescently labeled secondary antibody 
was applied (Alexa Fluor488 or Alexa Fluor594; Life 
Technologies, NY, USA). Nuclei were stained with 
Hoechst and immunofluorescence staining was analyzed 
by Zeiss Apotome fluorescence microscope.

Immunoblotting

Proteins were harvested in RIPA lysis buffer (25 
mM Tris-HCl, 150 mM NaCl, 1%NP-40, 1% sodium 
deoxycholate, 100 mM NaF, Complete Mini Protease 
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Inhibitor Cocktail Tablets). After sonication lysates were 
centrifuged at 12000 × g, 4°C for 20 minutes. Protein 
concentrations were measured using BCA Protein Kit 
(Pierce). 15–35 μg were applied for NUPAGE SDS-
PAGE Electrophoresis followed by transfer on the 
PVDF membrane (Amersham, US). Membranes were 
blocked in 5% non-fat milk for an hour. The following 
antibodies were used: P-Stat3 (Cell Signaling), E-cadherin 
(Cell Signaling), Twist-1 (Abcam), Snail (Santa Cruz 
Biotechnology), β-Actin (Sigma Aldrich), β-catenin (Cell 
Signaling). After washing with 1xTBS, membranes were 
incubated with HRP-conjugated secondary antibodies 
followed by detection of chemiluminescence on films 
(BioExpress).

Statistical analysis

Statistical analysis was performed using SPSS 15.0 
software (SPSS, Chicago, IL) or GraphPad (GraphPad 
Prism version 5.04, GraphPad Software, La Jolla 
California USA, http://www.graphpad.com). T-test (one- 
or two-tailed) and ANOVA were used to compare the 
groups and p < 0.05 was considered as significant. The 
correlation was calculated by Spearman’s rank correlation 
and p < 0.01 was defined as significant difference between 
the studied variables.

ACKNOwLEDGMENTS AND FUNDING

This work was supported primarily by NCI 
1R21CA169904-01 (BW) and startup funds from 
Department of Surgery at BIDMC (BW). We thank Dr. 
Chau (Taiwan) for providing the constructs of HO-1-Flag 
and truncated HO-1-Flag.

CONFLICTS OF INTEREST

Authors declare no conflict of interests.

Editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’ 
response and revisions as well as expedited peer-review 
in Oncotarget.

REFERENCES

1. Mantovani A, Allavena P, Sica A, Balkwill F. 
 Cancer-related inflammation. Nature. 2008; 454: 436–444.

2. Sica A, Allavena P, Mantovani A. Cancer related 
 inflammation: the macrophage connection. Cancer letters. 
2008; 267:204–215.

3. McAllister SS, Weinberg RA. The tumour-induced  systemic 
environment as a critical regulator of cancer progression 
and metastasis. Nature cell biology. 2014; 16:717–727.

4. Hanahan D, Weinberg RA. Hallmarks of cancer: the next 
generation. Cell. 2011; 144:646–674.

5. Condeelis J, Pollard JW. Macrophages: obligate partners for 
tumor cell migration, invasion, and metastasis. Cell. 2006; 
124:263–266.

6. Kalluri R, Weinberg RA. The basics of epithelial-mesen-
chymal transition. The Journal of clinical investigation. 
2009; 119:1420–1428.

7. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, 
Zhou AY, Brooks M, Reinhard F, Zhang CC, Shipitsin M, 
Campbell LL, Polyak K, Brisken C, Yang J, Weinberg RA. 
The epithelial-mesenchymal transition generates cells with 
properties of stem cells. Cell. 2008; 133:704–715.

8. Biswas SK, Mantovani A. Macrophage plasticity and 
 interaction with lymphocyte subsets: cancer as a paradigm. 
Nature immunology. 2010; 11:889–896.

9. Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos 
F, Delaunay T, Naeem R, Carey VJ, Richardson AL, 
Weinberg RA. Stromal fibroblasts present in invasive 
human breast carcinomas promote tumor growth and 
 angiogenesis through elevated SDF-1/CXCL12 secretion. 
Cell. 2005; 121:335–348.

10. Gaude E, Frezza C. Defects in mitochondrial metabolism 
and cancer. Cancer & metabolism. 2014; 2:10.

11. Green DR, Galluzzi L, Kroemer G. Cell biology. Metabolic 
control of cell death. Science. 2014; 345:1250256.

12. He X, Zhou A, Lu H, Chen Y, Huang G, Yue X, Zhao P, 
Wu Y. Suppression of mitochondrial complex I influences 
cell metastatic properties. PloS one. 2013; 8:e61677.

13. Ishikawa K, Takenaga K, Akimoto M, Koshikawa N, 
Yamaguchi A, Imanishi H, Nakada K, Honma Y, Hayashi J. 
ROS-generating mitochondrial DNA mutations can regulate 
tumor cell metastasis. Science. 2008; 320:661–664.

14. Elguero B, Gueron G, Giudice J, Toscani MA, De Luca P, 
Zalazar F, Coluccio-Leskow F, Meiss R, Navone N, 
De Siervi A, Vazquez E. Unveiling the association of 
STAT3 and HO-1 in prostate cancer: role beyond heme 
degradation. Neoplasia. 2012; 14:1043–1056.

15. Wegiel B, Gallo D, Csizmadia E, Harris C, Belcher J, 
Vercellotti GM, Penacho N, Seth P, Sukhatme V, Ahmed A, 
Pandolfi PP, Helczynski L, Bjartell A, Persson JL, 
Otterbein LE. Carbon monoxide expedites metabolic 
exhaustion to inhibit tumor growth. Cancer research. 2013; 
73:7009–7021.

16. Wegiel B, Nemeth Z, Correa-Costa M, Bulmer AC, 
Otterbein LE. Heme oxygenase-1: a metabolic nike. 
Antioxidants & redox signaling. 2014; 20:1709–1722.

17. Sierra-Filardi E, Vega MA, Sanchez-Mateos P, Corbi AL, 
Puig-Kroger A. Heme Oxygenase-1 expression in M-CSF-
polarized M2 macrophages contributes to LPS-induced 
IL-10 release. Immunobiology. 2010; 215:788–795.

18. Wegiel B, Hedblom A, Li M, Gallo D, Csizmadia E, 
Harris C, Nemeth Z, Zuckerbraun BS, Soares M, 
Persson JL, Otterbein LE. Heme oxygenase-1 derived 



Oncotarget33687www.impactjournals.com/oncotarget

carbon monoxide permits maturation of myeloid cells. Cell 
death & disease. 2014; 5:e1139.

19. Grochot-Przeczek A, Dulak J, Jozkowicz A. Haem 
 oxygenase-1: non-canonical roles in physiology and 
 pathology. Clinical science. 2012; 122:93–103.

20. Jozkowicz A, Was H, Dulak J. Heme oxygenase-1 in 
tumors: is it a false friend? Antioxidants & redox  signaling. 
2007; 9:2099–2117.

21. Was H, Dulak J, Jozkowicz A. Heme oxygenase-1 in 
tumor biology and therapy. Curr Drug Targets. 2010; 
11:1551–1570.

22. Shin DH, Park HM, Jung KA, Choi HG, Kim JA, Kim DD, 
Kim SG, Kang KW, Ku SK, Kensler TW, Kwak MK. The 
NRF2-heme oxygenase-1 system modulates  cyclosporin 
A-induced epithelial-mesenchymal transition and renal fibro-
sis. Free radical biology & medicine. 2010; 48:1051–1063.

23. Gueron G, Giudice J, Valacco P, Paez A, Elguero B, 
Toscani M, Jaworski F, Leskow FC, Cotignola J, Marti M, 
Binaghi M, Navone N, Vazquez E. Heme-oxygenase-1 
implications in cell morphology and the adhesive behavior 
of prostate cancer cells. Oncotarget. 2014; 5:4087–4102.

24. Bang K, Jeong J, Shin JH, Kang JH, Kim CN, Yeom HJ, 
Yoon MO, Yang J, Ahn C, Hwang JI, Park MY, Kim JH, 
Lee KW. Heme oxygenase-1 attenuates epithelial-to- 
mesenchymal transition of human peritoneal  mesothelial cells. 
Clinical and experimental nephrology. 2013; 17:284–293.

25. Sacca P, Meiss R, Casas G, Mazza O, Calvo JC, Navone N, 
Vazquez E. Nuclear translocation of haeme  oxygenase-1 
is associated to prostate cancer. Br J Cancer. 2007; 
97:1683–1689.

26. Chandran UR, Ma C, Dhir R, Bisceglia M, Lyons-Weiler M, 
Liang W, Michalopoulos G, Becich M, Monzon FA. Gene 
expression profiles of prostate cancer reveal  involvement 
of multiple molecular pathways in the  metastatic process. 
BMC cancer. 2007; 7:64.

27. Weis N, Weigert A, von Knethen A, Brune B. Heme 
 oxygenase-1 contributes to an alternative macrophage 
 activation profile induced by apoptotic cell supernatants. 
Mol Biol Cell. 2009; 20:1280–1288.

28. Choi KM, Kashyap PC, Dutta N, Stoltz GJ, Ordog T, 
Shea Donohue T, Bauer AJ, Linden DR, Szurszewski JH, 
Gibbons SJ, Farrugia G. CD206-positive M2  macrophages 
that express heme oxygenase-1 protect against  diabetic 
 gastroparesis in mice. Gastroenterology. 2010; 138:2399–2409.

29. Gobert AP, Verriere T, Asim M, Barry DP, Piazuelo MB, 
de Sablet T, Delgado AG, Bravo LE, Correa P, Peek 
RM Jr., Chaturvedi R, Wilson KT. Heme oxygenase-1 
 dysregulates macrophage polarization and the immune 
response to Helicobacter pylori. J Immunol. 2014; 
193:3013–3022.

30. Lehn S, Tobin NP, Berglund P, Nilsson K, Sims AH, 
Jirstrom K, Harkonen P, Lamb R, Landberg G. Down-
regulation of the oncogene cyclin D1 increases migra-
tory capacity in breast cancer and is linked to unfavorable 

 prognostic features. The American journal of pathology. 
2010; 177:2886–2897.

31. Wegiel B, Bjartell A, Tuomela J, Dizeyi N, Tinzl M, 
Helczynski L, Nilsson E, Otterbein LE, Harkonen P, 
Persson JL. Multiple cellular mechanisms related to cyclin 
A1 in prostate cancer invasion and metastasis. J Natl Cancer 
Inst. 2008; 100:1022–1036.

32. Zhang X, Shan P, Jiang G, Zhang SS, Otterbein LE, Fu XY, 
Lee PJ. Endothelial STAT3 is essential for the protective 
effects of HO-1 in oxidant-induced lung injury. FASEB 
journal : official publication of the Federation of American 
Societies for Experimental Biology. 2006; 20:2156–2158.

33. Hsu FF, Yeh CT, Sun YJ, Chiang MT, Lan WM, Li FA, 
Lee WH, Chau LY. Signal peptide peptidase-mediated 
nuclear localization of heme oxygenase-1 promotes cancer 
cell proliferation and invasion independent of its enzymatic 
activity. Oncogene. 2015; 34:2410–2411.

34. Gueron G, De Siervi A, Ferrando M, Salierno M, De 
Luca P, Elguero B, Meiss R, Navone N, Vazquez ES. 
Critical role of endogenous heme oxygenase 1 as a tuner 
of the invasive potential of prostate cancer cells. Molecular 
cancer research : MCR. 2009; 7:1745–1755.

35. Gul N, Babes L, Siegmund K, Korthouwer R, Bogels M, 
Braster R, Vidarsson G, ten Hagen TL, Kubes P, van 
Egmond M. Macrophages eliminate circulating tumor cells 
after monoclonal antibody therapy. The Journal of clinical 
investigation. 2014; 124:812–823.

36. Qian BZ, Li J, Zhang H, Kitamura T, Zhang J, 
Campion LR, Kaiser EA, Snyder LA, Pollard JW. CCL2 
recruits  inflammatory monocytes to facilitate breast-tumour 
 metastasis. Nature. 2011; 475:222–225.

37. Deng R, Wang SM, Yin T, Ye TH, Shen GB, Li L, Zhao JY, 
Sang YX, Duan XG, Wei YQ. Inhibition of tumor growth 
and alteration of associated macrophage cell type by an 
HO-1 inhibitor in breast carcinoma-bearing mice. Oncology 
research. 2013; 20:473–482.

38. Wegiel B, Hanto DW, Otterbein LE. The social network 
of carbon monoxide in medicine. Trends in molecular 
 medicine. 2013; 19:3–11.

39. Tzima S, Victoratos P, Kranidioti K, Alexiou M, Kollias G. 
Myeloid heme oxygenase-1 regulates innate immunity and 
autoimmunity by modulating IFN-beta production. J Exp 
Med. 2009; 206:1167–1179.

40. Wegiel B, Larsen R, Gallo D, Chin BY, Harris C, 
Mannam P, Kaczmarek E, Lee PJ, Zuckerbraun BS, 
Flavell R, Soares MP, Otterbein LE. Macrophages sense 
and kill  bacteria through carbon monoxide- dependent 
 inflammasome activation. The Journal of clinical 
 investigation. 2014; 124:4926–4940.

41. Lin HH, Chiang MT, Chang PC, Chau LY. Myeloid heme 
oxygenase-1 promotes metastatic tumor colonization in 
mice. Cancer science. 2015; 106:299–306.

42. Li Y, Hofmann M, Wang Q, Teng L, Chlewicki LK, 
Pircher H, Mariuzza RA. Structure of natural killer cell 



Oncotarget33688www.impactjournals.com/oncotarget

receptor KLRG1 bound to E-cadherin reveals basis for 
MHC-independent missing self recognition. Immunity. 
2009; 31:35–46.

43. Rosshart S, Hofmann M, Schweier O, Pfaff AK, 
Yoshimoto K, Takeuchi T, Molnar E, Schamel WW, 
Pircher H. Interaction of KLRG1 with E-cadherin: new 
functional and structural insights. European journal of 
immunology. 2008; 38:3354–3364.

44. Liu L, Yue Y, Xiong S. NK-derived IFN-gamma/IL-4 
 triggers the sexually disparate polarization of macrophages 
in CVB3-induced myocarditis. Journal of molecular and 
cellular cardiology. 2014; 76:15–25.

45. Liu CY, Xu JY, Shi XY, Huang W, Ruan TY, Xie P, 
Ding JL. M2-polarized tumor-associated macrophages 
 promoted epithelial-mesenchymal transition in  pancreatic 
cancer cells, partially through TLR4/IL-10 signaling 
 pathway. Laboratory investigation; a journal of technical 
methods and pathology. 2013; 93:844–854.

46. Mandel LJ, Doctor RB, Bacallao R. ATP depletion: a novel 
method to study junctional properties in epithelial tissues. 

II. Internalization of Na+,K(+)-ATPase and E-cadherin. 
Journal of cell science. 1994; 107:3315–3324.

47. Baysal BE, Ferrell RE, Willett-Brozick JE, Lawrence EC, 
Myssiorek D, Bosch A, van der Mey A, Taschner PE, 
Rubinstein WS, Myers EN, Richard CW 3rd, Cornelisse CJ, 
Devilee P, Devlin B. Mutations in SDHD, a mitochondrial 
complex II gene, in hereditary paraganglioma. Science. 
2000; 287:848–851.

48. Gottlieb E, Tomlinson IP. Mitochondrial tumour  suppressors: 
a genetic and biochemical update. Nature reviews Cancer. 
2005; 5:857–866.

49. Xie H, Hanai J, Ren JG, Kats L, Burgess K, Bhargava P, 
Signoretti S, Billiard J, Duffy KJ, Grant A, Wang X, 
Lorkiewicz PK, Schatzman S, Bousamra M, 2nd, Lane AN, 
Higashi RM, et al. Targeting lactate dehydrogenase—a 
inhibits tumorigenesis and tumor progression in mouse 
models of lung cancer and impacts tumor-initiating cells. 
Cell metabolism. 2014; 19:795–809.


