
SOD2 acetylation on lysine 68 promotes stem cell
reprogramming in breast cancer
Chenxia Hea, Jeanne M. Danesa, Peter C. Hartb, Yueming Zhuc, Yunping Huanga, Andre Luelsdorf de Abreub,
Joseph O’Brienc, Angela J. Mathisond, Binwu Tange, Jonna M. Frasorf, Lalage M. Wakefielde, Douglas Ganinig,
Erich Stauderh, Jacek Zielonkah, Benjamin N. Gantnera, Raul A. Urrutiad, David Giusc, and Marcelo G. Boninia,1

aDepartment of Medicine, Division of Endocrinology, Medical College of Wisconsin, Milwaukee, WI 53226; bDepartment of Pathology, University of Illinois
at Chicago, Chicago, IL 60612; cDepartment of Radiation Oncology, Northwestern University, Chicago, IL 60657; dGenomic Sciences and Precision Medicine
Center, Medical College of Wisconsin, Milwaukee, WI 53226; eCenter for Cancer Research, National Cancer Institute, Bethesda, MD 20892; fDepartment
of Physiology and Biophysics, University of Illinois at Chicago, Chicago, IL 60612; gFree Radical Metabolism Group, National Institute of Environmental
Health Sciences, Research Triangle Park, NC 27709; and hDepartment of Biophysics, Medical College of Wisconsin, Milwaukee, WI 53226

Edited by Rafael Radi, Universidad de la República, Montevideo, Uruguay, and approved September 11, 2019 (received for review March 15, 2019)

Mitochondrial superoxide dismutase (SOD2) suppresses tumor
initiation but promotes invasion and dissemination of tumor cells
at later stages of the disease. The mechanism of this functional
switch remains poorly defined. Our results indicate that as SOD2
expression increases acetylation of lysine 68 ensues. Acetylated SOD2
promotes hypoxic signaling via increased mitochondrial reactive
oxygen species (mtROS). mtROS, in turn, stabilize hypoxia-induced
factor 2α (HIF2α), a transcription factor upstream of “stemness”
genes such as Oct4, Sox2, and Nanog. In this sense, our findings
indicate that SOD2K68Ac and mtROS are linked to stemness repro-
gramming in breast cancer cells via HIF2α signaling. Based on these
findings we propose that, as tumors evolve, the accumulation of
SOD2K68Ac turns on a mitochondrial pathway to stemness that
depends on HIF2α andmay be relevant for the progression of breast
cancer toward poor outcomes.
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Cancer stem cells (CSC) represent a small but extremely rel-
evant subpopulation of cells in tumors due to their capacity

to self-renew, invade healthy tissues, and initiate tumors at dis-
tant organs. They are significantly more resistant to clinical in-
terventions than bulk cells and are largely responsible for treatment
failure, recurrence, and the metastasis of primary tumors (1–8).
Hence, the identification of targetable pathways supporting CSC
formation may have significant clinical impact. The tumor mi-
croenvironment changes as tumors grow, resulting in cellular
adaptation to evolving new conditions, including hypoxia. The
abnormal activation of hypoxia-inducible factors (HIFs) in tu-
mors contributes to the acquisition of “stemness” by bulk cells in
the tumor (9). HIF “alpha” subunits are continuously synthe-
sized and degraded in the presence of oxygen. In hypoxia the
stabilization of HIFα activates hypoxic signaling response. HIF1α
and HIF2α share a common “β” partner subunit called HIF1β or
ARNT. HIF1 and HIF2 transcription factors also share a num-
ber of redundant target genes (10). Although both promote CSC
formation and amplification in cancer (11–14), mechanisms are
distinct (reviewed in ref. 15). In the case of HIF2α reprogramming
to stemness (14, 16–18) involves the (re)activation of Oct4, an
HIF2-target gene that is essential for the maintenance of
pluripotency during embryonic development (19) and CSC for-
mation in cancer (20).
We found that in breast cancer cells expressing high SOD2

levels, HIF2α is stabilized, suggesting that SOD2 overexpression
in advanced stage tumors may be involved in the evolution of
cellular states prone to dedifferentiation and metastasis. In ad-
dition, we observed that the overexpression of SOD2 leads to its
accumulation in an acetylated state that lacks antioxidant activity
but promotes, instead, mitochondrial reactive oxygen species
(ROS) production and the activation of HIF2α. Scavenging of
mitochondrial H2O2 or suppression of HIF2α reduced SOD2-
induced expression of stemness genes and CSC characteristics

in breast cancer cells. Further, increasing acetylated SOD2, via
the knockdown of sirtuin-3 deacetylase, promoted stem cell gene
expression as well as the acquisition of stem cell characteristics
by luminal estrogen receptor-positive epithelial cancer cell lines.
Sirtuin-3 is the major deacetylase acting upon SOD2 in mito-
chondria (21, 22) and reducing its expression increased levels of
SOD2 acetylation similarly to SOD2 overexpression. Based on
these studies, we propose that it is SOD2K68Ac that stimulates the
development of CSC and contributes to breast cancer progression
to metastasis, helping to explain in part the dichotomous behavior
of SOD2 that inhibits tumor initiation and yet promotes more ag-
gressive cancer phenotypes at the later stages of the disease.

Results
Increased SOD2 Promotes Hypoxia- and Stem Cell-Associated Gene
Expression. It has been found that SOD2 expression is higher in
breast cancer compared to noncancerous parental tissue (23).
This increase is particularly evident in tumors of higher histo-
logic and clinical grade (24). Recent studies have also indicated
that SOD2 may play an active role in the phenotypic transition of
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cancer toward more invasive, drug-resistant, and prometastatic
phenotypes (25–27). The mechanisms involved are unclear.
Hence, we obtained a collection of epithelial breast cancer cells
based on the MCF7 cell line, stably expressing SOD2 at different
levels (28) (i.e., 6-fold and 10-fold higher than wild-type cells,
referred heretofore as MCF76X and MCF710X, respectively).
Genome-wide messenger RNA (mRNA) expression comparing
MCF710X against vector control, MCF7neo, showed that higher
SOD2 levels increased the expression of genes associated with
ROS metabolism, hypoxia, and epithelial-to-mesenchymal tran-
sition (EMT) (SI Appendix, Fig. S1A). Genes involved in each of
these pathways were randomly selected for validation using qRT-
PCR (SI Appendix, Fig. S2A). Because ROS (29) and hypoxia
(30, 31) can promote EMT via either HIF1α or HIF2α stabili-
zation, we next focused on determining if SOD2 overexpression
selectively effected a specific type of hypoxic signaling. Western
blot analysis showed an increase in HIF2α protein levels in
MCF76X and MCF710X that rose proportionally to increases in
SOD2 expression (Fig. 1A and SI Appendix, Fig. S1B). Both
protein (SI Appendix, Fig. S1C) and HIF2α mRNA (SI Appendix,
Fig. S1D) levels increased with SOD2 up-regulation. HIF1α
protein was also analyzed but in our hands SOD2 up-regulation

failed to stabilize HIF1α in MCF7 cells (Fig. 1A), consistent
with previous reports that indicated SOD2 suppresses hypoxia-
induced HIF1α stabilization when overexpressed (32, 33). While
both HIF1α and HIF2α have been implicated in CSC repro-
gramming (11–14), HIF2α is uniquely positioned as an upstream
regulator of Oct4 (34, 35), a bona fide stemness factor that
contributes to somatic cell reprogramming to pluripotency (36).
Consistent with the idea that SOD2 up-regulation promotes stem
cell factor expression via HIF2α signaling, Fig. 1B showed in-
creased Oct4 as well as additional stem cell/pluripotency genes
such as Sox2 and KLF4, in clones expressing high SOD2 levels.
This was consistent with suppression of epithelial differentiation
marker, EpCAM, and a parallel rise in mesenchymal cell
markers such as vimentin and α-SMA. In turn, the expression of
the tumor suppressor factor p53 (Fig. 1B and SI Appendix, Fig.
S1C), shown to hinder stem cell reprogramming (37), was slightly
reduced by SOD2 up-regulation in MCF710X. We also verified if
SOD2 affected phosphatase and tensin homolog (PTEN), a
tumor-suppressor pathway independent of HIF2 signaling. Data
shown in SI Appendix, Figs. S2B and S2C indicated that PTEN
expression, oxidation status, or activity (assessed using Akt1
phosphorylation as a proxy) are not affected by SOD2. These
results support a model whereby SOD2 up-regulation promotes
breast cancer dedifferentiation via stabilization of HIF2α and
the transcription of stem cell-associated gene expression.

Elevated SOD2 Expression Supports CSC Function and Transcriptional
Reprogramming. Consistent with other studies (38, 39), we ob-
served that increased SOD2 led to profound changes in cellular
phenotype including increased anchorage-independent growth
of MCF76X as well as MCF710X compared with control MCF7neo

(Fig. 2A) and invasiveness of cells grown in Matrigel (Fig. 2B).
These functional changes are consistent with reports that
SOD2 promotes anoikis resistance (39) and invasiveness (40),
characteristics frequently observed in CSC.
The functional changes, combined with our observation of

stem cell-associated gene expression in Fig. 1 and SI Appendix,
Fig. S1, led us to examine transcriptional reprogramming more
directly. We used a recently developed reporter that detects the
functional activity of the stem cell-associated transcription fac-
tors, Oct4 and Sox2. This is accomplished by assaying for a
destabilized green fluorescent protein (GFP) gene whose ex-
pression is driven by the SORE6 promoter (41). The expression of
SOD2 in MCF710X resulted in an increase of SORE6+ cells (Fig. 2C
and SI Appendix, Fig. S3). The population of SORE6+ cells in
MCF710X was comparable to that seen in MDA-MB231 cells (Fig.
2C), an estrogen receptor-negative breast cancer line that shows
high percentage of CSC-like cells compared to MCF7 at baseline
(34). In addition to SORE6 activity, we also saw an increased
percentage of cells with surface marker expression characteristic
of breast CSC (i.e., CD44+/CD24−) in MCF710X and MDA-
MB231, compared with MCF7neo controls (Fig. 2D). Consis-
tent with MCF7s, 2 other estrogen receptor-positive epithelial
breast cancer cell lines, T47D and ZR75.1, showed a significant
increase in SOD2K68Ac, HIF2α, and the percentage of CD44+/CD24−

CSC-like cells when SOD2 expression is enforced (SI Appendix,
Fig. S4 A–D). We also performed loss-of-function analysis in
MDA-MB231 cells by knocking down SOD2 or HIF2α expres-
sion using 2 independent constructs (Fig. 2 E and F). Suppressing
either SOD2 or HIF2α reduced the SORE6+ cell subpopulation
by ∼50% (Fig. 2 E and F). These results indicate SOD2 over-
expression contributes to the expansion of cells exhibiting CSC
characteristics, including surface marker expression, and behavior.
Acetylated SOD2 promotes stemness reprogramming. Acetylation of
SOD2 has been receiving considerable attention as a mechanism
promoting aggressive forms of breast cancer (27, 42). We ob-
served increased acetylation on lysines 68 and 122 (SOD2K68Ac

and SOD2K122Ac) by Western blot with increasing levels of
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Fig. 1. SOD2 activates HIF2α and stem cell reprogramming. (A) Western
blot analysis of HIFα subunits in cells expressing different levels of SOD2.
MCF7neo are control MCF7 cells expressing a neomycin resistance cassette.
MCF76X and MCF710X are single clones expressing ∼6- and 10-fold higher
SOD2 levels than parental MCF7 cells. (B) Western blot analysis of pluripotency/
“stem cell” markers including Oct4, SOX2, and KLF4 as well as phenotypic
markers including epithelial (EpCAM) and mesenchymal (α-SMA and vimentin).
B also shows Western blot results for levels of expression of the tumor sup-
pressor p53 in MCF7 cells. Figures are representative of at least 3 independent
biological replicates.
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SOD2 expression in MCF7 cells (Fig. 3 A–C). Using a model of
malignant transformation, we also noted an increase in SOD2K68Ac

as cells transitioned from nontransformedMCF10A to transformed
cells (43). Indeed, the induced activation of oncogenic v-Src in-
creased SOD2 protein, SOD2K68Ac levels, and HIF2α (Fig. 3D).
All 3 were clearly observable within 48 h of v-Src activation.
Also, SOD2 constructs with Lys68 mutated to mimic acetylation

(K68Q) or block it (K68R) (27, 44) were used to test if acetylation
was required for HIF2α stabilization. Expression of comparable
levels of the acetyl-mimetic (SOD2K68Q), wild-type, and acetyl-
resistant (SOD2K68R) showed that only SOD2K68Q was able to
induce higher HIF2α, Oct4, and Sox2 in MCF7 cells. In con-
trast, the acetyl-resistant mutant, SOD2K68R, did not affect
Oct4 or HIF2α protein levels (Fig. 3E, quantification in SI
Appendix, Fig. S5A), although it slightly increased Sox2. In
addition, the expression of SOD2K68Q increased the population of
SORE6+ cells in MCF7 cells while SOD2K68R did not (SI Ap-
pendix, Fig. S5B). The link between SOD2 acetylation and HIF2α
stabilization was further confirmed in a mouse model of aggressive
mammary tumorigenesis (MMTV.PyVT). MMTV.PyVT tumors
are highly aggressive and metastasize to the lung in 80 to 90% of
the tumor-bearing female mice (45). As shown in SI Appendix, Fig.
S5C PyVT tumors had increased levels of SOD2K68Ac and HIF2α
despite comparable levels of total SOD2, indicating that SOD2K68Ac

is required for HIF2α activation. Consistently, the RNA-sequencing
comparison between SOD2K68Q and SOD2K68R showed that cells
expressing SOD2K68Q have a transcriptomic signature more
consistent with that of less differentiated cancer cells than those
expressing SOD2K68R, as indicated by increased expression of
members of theWnt (WNT2) and Sox (Sox15) family of transcription
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Fig. 2. SOD2 promotes the expansion of the CSC population. (A) Up-
regulation of SOD2 expression promotes mammosphere formation shown
as percent of cells capable of forming colonies when plated as single cells per
well in a 5% Matrigel suspension. (B) Up-regulation of SOD2 increases in-
vasiveness of MCF7 clones plated on Matrigel in a transwell invasion assay.
The number of invading cells was normalized per MCF7neo (MCF7) control.
Errors represent ± SD. (C) Quantification of SORE6+ cells in MCF7neo,
MCF710X as well as MDA-MB231. Results are averages of at least 3 in-
dependent flow cytometry experiments. Errors represent ± SD. (D) Flow
cytometry quantification of CD44+/CD24− after staining of the membrane
markers. (E) Effect of silencing either SOD2 or HIF2α on the counts of
SORE6+ cells in the MDA-MB231 cell line. (F) Knocking down SOD2 and
HIF2α expression in MDA-MB231 cells measured by qRT-PCR. **P < 0.01 and
*P < 0.05.
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Fig. 3. SOD2 acetylation at Lys68 promotes stemness. (A) Western blot
analysis of lysines K68 and K122 acetylation analyzed by Western blot in
MCF7neo, MCF76X and MCF710X cells. (B and C) Quantification of results
shown in A was performed by first normalizing SOD2 total levels per β-actin
to correct for differences in loading. Results shown in the figure represent
Ac-SOD2 levels normalized per the SOD2/β-actin ratio. (D) Western blot
analysis of levels of SOD2, SOD2K68Ac, and HIF2α in MCF10A-ER-vSrc cells
transitioning to a cancer phenotype after activation of the oncogenic v-Src
construct using hydroxy-tamoxifen. (E) Effect of expressing either the acetyl
mimetic (SOD2K68Q) or acetyl-resistant (SOD2K68R) mutants on the expression
of core stem cell/pluripotency factors (Sox2 and Oct4) as well as HIF2α sta-
bilization. (F) HIF2α as well as SOD2K68Ac accumulate in aggressive cancer cell
lines with high SOD2 expression at baseline. The figure is a representative of
3 independent experiments. Quantification of SOD2 (G), SOD2K68Ac (H), and
HIF2α (I) normalized over GAPDH in F. Errors represent ± SD. *P < 0.05 and
**P < 0.01.
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factors directly involved in dedifferentiation (SI Appendix, Fig.
S6). Data obtained from additional cancer cell lines, T47D,
ZR75.1, MDA-MB231, and BT474 are consistent with the con-
clusion that high levels of acetylated SOD2K68Ac lead to the
stabilization of HIF2α, and an increase in the percentage of cells
with CSC characteristics in an array of different breast cancer
cell types (SI Appendix, Fig. S4 and Figs. 2E and 3 F–I).

SOD2 Deacetylation Reduces CSC Subpopulation in Breast Cancer Cell
Lines. Sirtuin-3 (Sirt3) has been reported to be the major deacetylase
of SOD2 in mitochondria (46), so we tested if silencing it would
increase acetylated SOD2 and CSC numbers. Knockdown of
Sirt3 increased levels of Oct4, Nanog, and SORE6+ cells in a
manner that was blocked by simultaneous knockdown of SOD2
(Fig. 4). Silencing of Sirt3 was associated with an increase in the
fraction of SOD2 that was acetylated and the expression of
HIF2α (SI Appendix, Fig. S7 A and B) but, interestingly, led to a
decrease in the total levels of SOD2, reinforcing the idea that
SOD2K68Ac is required for HIF2α stabilization independently of
the total SOD2 levels. In addition, silencing Sirt3 led to an in-
crease in H2O2 level (SI Appendix, Fig. S7 C and D), consistent
with previous observations (47). We also tried to reduce
SOD2 acetylation, a process that involves both enzyme-catalyzed

and catalysis-independent mechanisms (48), For this we silenced
GCN5L1, a mitochondrial acetyl transferase (49) (SI Appendix,
Fig. S7E). Knocking GCN5L1 down reduced SOD2K68Ac while
conserving total SOD2 protein levels (SI Appendix, Fig. S7 F
and G). The reduction in SOD2K68Ac by GCN5L1 knockdown
paralleled a reduction in Oct4 and Nanog expression (SI Ap-
pendix, Fig. S7 H and I) as well as the CSC population measured
with SORE6 reporter (SI Appendix, Fig. S7J). While CSC
reprogramming is critically dependent on SOD2, these results
suggest that it is not the level of SOD2 expression per se, but
rather the fraction of the protein that is acetylated that affects
“stemness” reprogramming.

SOD2 Mediates HIF2α Accumulation and CSC Reprogramming through
H2O2. We next examined if mitochondria-generated H2O2 was
involved in HIF2α stabilization. For this, we treated MCF710X

cells with the H2O2-scavenging enzyme catalase, either using a
cell-permeable pegylated polyethylene glycol (PEG)–catalase, or
by expressing a mitochondrially targeted mutant catalase using
an adenoviral vector. Both increased catalase activity in cells (SI
Appendix, Fig. S8A) and significantly attenuated HIF2α accu-
mulation (Fig. 5 A and B), as well as Oct4 and Nanog expression
(Fig. 5C). These parameters paralleled a reduction in the ca-
pacity of the cells to invade Matrigel (SI Appendix, Fig. S8B). Re-
sults were further confirmed by treating MCF710X cells with either
EUK134, a synthetic SOD2 and catalase mimetic, or EUK8, which
only exhibits SOD2 activity. While EUK134 reduced colony for-
mation in soft agar and the mRNA level of Oct4 and Nanog (SI
Appendix, Fig. S8 C–F), EUK8 did not, indicating the need of
catalase activity for effectiveness as a stem cell suppressor. Silencing
HIF2α (but not HIF1α) in MCF710X recapitulated the effect of
catalase in reducing the expression of Oct4 and Nanog (Fig. 5 E–G).
We also overexpressed other H2O2-scavenging mitochondria-
localized enzymes, such as Prx3 and Gpx4, but did not see an ef-
fect on Oct4 and Nanog (SI Appendix, Fig. S8 G–J). This is maybe
due to reduced cellular levels of their substrates thioredoxin (23)
and reduced glutathione (GSH) (SI Appendix, Fig. S8K) observed in
MCF7 cells overexpressing SOD2. These findings further indicate
that acetylated SOD2 activates stemness reprogramming via H2O2-
dependent HIF2α stabilization.

Elevated SOD2 Expression Promotes Tumorigenesis and the Engraftment
of Breast Cancer Cells In Vivo. We assessed 2 different in vivo
models to determine if SOD2 overexpression promotes tumor
aggressiveness. We analyzed a xenograft implant model in the
mammary fat pad to assess the capacity of SOD2-overexpressing
cells to establish tumors and an intravenous (i.v.) injection model
to assess metastatic potential. MCF710X cells established tumors
when injected at a significantly lower density in NSG mice (Fig. 6
A–C), although interestingly SOD2 expression appeared to slow
tumor growth once established, as reflected by reduced individ-
ual tumor sizes (Fig. 6D). Luciferase-expressing cells were used to
demonstrate that i.v. introduced MCF710X cells were detectable
after 2 mo at significantly higher rates (5 of 6 mice) than MCF7
controls (1 of 6 mice) despite similar burdens after cell adminis-
tration (Fig. 6 E and F). These results are in agreement with pre-
vious reports that SOD2 suppresses cell proliferation (50), as
evidenced by the smaller tumor volumes observed in Fig. 6D.
Despite this change in growth rates, SOD2 overexpression
supports significantly higher rates of tumor establishment, survival,
and dissemination.

Elevated SOD2 Expression and Acetylation Occur in Metastatic Tissue
from Patients. We next determined if our findings from animal
and cell experiments corresponded to cancer in patient pop-
ulations. We analyzed the expression of SOD2 and HIF2α using
immunofluorescence and determined that both were significantly
increased in lymph node metastatic lesions compared to primary
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tumors from the same patients (Fig. 7 A–C). We also noted
larger numbers of cells coexpressing SOD2 and HIF2α (yellow
cells in the “Merged” channel) in images of metastatic tissue
(Fig. 7A, Lower) compared with primary tumors (Fig. 7A, Up-
per). In addition, SOD2 levels were higher in primary tumors from
patients with positive lymph node infiltration as compared to those
from patients whose lymph nodes were negative (Fig. 7D). A sep-
arate analysis found elevated SOD2 acetylation and reduced
Sirtuin-3 expression in metastatic lesions compared to primary tu-
mor tissue as well (Fig. 8). Combined, these data are consistent with
a molecular signaling pathway promoting tumor aggressiveness,
particularly metastasis, through elevated SOD2 expression, acet-
ylation (SOD2K68Ac), and HIF2α stabilization in breast cancer.

Discussion
Our studies using cell lines, in vivo xenograft models, and human
tumor tissue from patients with metastatic lesions show that
SOD2 expression in human breast cancer cells drastically changes
the transcriptional programming and phenotype of transformed
cells. Our results agree with previous studies supporting a role
for SOD2 in tumor evolution toward more aggressive pheno-
types (23, 24, 39, 51, 52). However, this idea of a metastasis-
promoting function has been difficult to reconcile with the
well-established concept that SOD2 suppresses the growth of
malignant cells. Based on findings presented here, we propose
that this apparent dichotomy can be explained, at least in part,
by a gain of function of the acetylated SOD2 form associated
with high-grade, aggressive tumors. The past few years have
seen accumulating evidence that SOD2 is regulated by post-
translational modifications (PTM) (42, 46, 53) and displays
noncanonical biochemical activities [i.e., peroxidase (54)] that
may be conferred by these PTMs. Acetylation of lysine 68 has
received attention as a major driver of SOD2 function as a dis-
mutase of superoxide (42, 55). We hypothesize that the increase in
SOD2K68Ac during tumor progression switches SOD2 from a
suppressor of malignant transformation to a factor that promotes
less-differentiated (thus more aggressive) tumor phenotypes via
the activation of specific types of hypoxia-induced responses

(i.e., HIF2). Accordingly, we found that the elevated SOD2 ex-
pression levels in both breast cancer cell lines and tumor tissues
results in the accumulation of SOD2K68Ac. SOD2K68Ac occurred at
baseline in highly tumorigenic cell lines with elevated SOD2
expression and higher levels were detected in metastatic lesions
compared with tissue from primary tumors in the same pa-
tients. These results suggest that the acetylation of SOD2
promotes stemness. This idea is supported by our finding that
silencing Sirt3 promotes the accumulation of SOD2K68Ac and
triggers stemness reprogramming, although it is noted
thatSirt3 silencing led to reduced SOD2 expression levels
which could have contributed to affect stemness reprogram-
ming. Because of this, additional experiments with silencing
GCN5L1 acetyl transferase were performed. Silencing GCN5L1
dampened SOD2K68Ac and reduced the expression of stem cell
genes (i.e., Oct4 and Nanog) as well as the number of breast CSC.
As shown before, cells that accumulate SOD2 and its acetylated
form SOD2K68Ac are more invasive and better at resisting anoikis
(25, 40, 56), consistent with a stem cell phenotype. Taken to-
gether with data shown here, SOD2 overexpression leading to the
accumulation SOD2K68Ac appears to promote transitions to less-
differentiated cellular phenotypes that are associated with dissem-
ination or metastatic recurrence in breast cancer.
In agreement with this idea, we found that acetylation at lysine

68 of SOD2 and catalase-sensitive H2O2 were both required for
HIF2α stabilization, a well-established predictor of breast cancer
metastasis (57). This is consistent with a model where SOD2K68Ac

contributes to the increase in mitochondria-generated H2O2,
whether directly or indirectly, leading to HIF2α stabilization,
which is itself reported to promote the expression of stem cell-
associated genes like Oct4, Sox2, and Nanog (14, 58). We found
that silencing HIF2α or quenching H2O2 using a mitochondrially
targeted catalase (or EUK134) led to significant reduc-
tions in the expression of stemness factors and the number
of SORE6+ CSC. We also observed HIF2α and SOD2 in
metastatic lesions were expressed at higher levels and more
frequently coexpressed compared to primary tumor sites.
We propose that this SOD2/HIF2α axis is a likely mechanism

A B

D E F G

C

Fig. 5. Inhibition of mitochondrial H2O2 with catalase decreases stem cell marker expression. (A) Incubation of MCF710X with cell-permeable catalase (PEG-
cat) or transfection with a mitochondrial-targeted catalase (Mito-Cat) construct decreases HIF2α accumulation. (B) Quantification of A using averages of
3 independent experiments. (C) qRT-PCR analysis of the effect of catalase on the mRNA expression level of 2 critical stem cell markers, Oct4 and Nanog. (D and
E) The extent of silencing of HIF1α or HIF2α achieved in MCF710X cells as well as the impact of short hairpin RNA (shRNA) targeting one HIFα on the expression
levels of the other. (F and G) qRT-PCR analysis of the effect of silencing either HIF2α or HIF1α on the levels of Oct4 and Nanog mRNA expression in MCF710X

cells. Errors represent ± SD of 2 independent experiments composed by 3 biological replicates each. **P < 0.01.
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and possible signature for tumor cells with high metastatic
potential.
It is noteworthy that other HIF-driven pathways to stemness

have been reported. For example, the Wicha group showed that
HIF1α promotes stemness in breast cancer cells that display an
ALDEFLUOR+ phenotype and originate from epithelial line-
ages, while CD44+/CD24− CSC tend to originate from mesen-
chymal backgrounds (59). They also reported in a more recent
study that mesenchymal and epithelium-like CSC rely on distinct
metabolic and oxidative stress pathways for survival and pro-
liferation regulated by AMPK/ROS and HIF1α (60). In an ear-
lier study, our group reported that the overexpression of SOD2,
which we now know results in the accumulation of SOD2K68Ac,
promotes glycolysis and the activation of AMPK in breast cancer
cells (23). Taken together, our previous and current studies as
well as these findings from the Wicha group suggest that
SOD2 and its acetylated form, SOD2K68Ac, may function as a
metabolism-sensitive switch in mitochondria critical for the de-
termination the type of hypoxia-induced response (HIF1- or
HIF2-dependent) that is triggered during cancer evolution. In our
observations, SOD2-overexpressing cells display CD44+/CD24−

(Fig. 2D and SI Appendix, Fig. S4), suggesting that the SOD2/
HIF2α pathway could promote “stemness” of cells dedifferentiating
from a mesenchymal background, an idea that is supported by
our findings of activated EMT gene transcription (SI Appendix,
Fig. S1A). In addition, it has been shown that SOD2 suppresses
HIF1α stabilization induced by hypoxia (33), further supporting
the proposition that SOD2K68Ac may act as a switch to activate
HIF2-driven hypoxic signaling.
Reinforcing these conclusions a recently published study (27)

presented strong evidence indicating that acetylated SOD2 loses
dismutase activity but gains peroxidase activity that could amplify
oxidative damage to mitochondria and the generation of ROS
(54). Zhu et al. (27) also showed that SOD2K68Ac endows breast
cancer cells with the ability to resist tamoxifen via increasing
H2O2. Resistance to chemotherapy is a well-established charac-
teristic of CSC. Taken together with the studies presented here,
findings to date indicate that SOD2K68Ac may be a key factor
affecting treatment responses and outcomes in breast cancer
because of its involvement in somatic cell reprogramming to
CSC-like phenotypes.

Methods
Animal Studies.All mouse experimentationwas conducted in accordancewith
standard operating procedures approved by the Animal Care Facility of the
University of Illinois at Chicago, the Medical College of Wisconsin, and the
National Institute of Environmental Health Sciences. NOD-Scid IL2Rgammanull

(NSG) mice and FVB/MMTV-PyVT mice were acquired from The Jackson
Laboratory. For subcutaneous (s.c.) xenograft, 25 μL cells were mixed with 75 μL
Matrigel matrix (Corning Life Sciences) and injected into the inguinal
mammary fat pad of the female NSG mice at 6 to 8 wk of age. The diameters
of tumor were measured with a digital caliper, and the tumor volume in
cubic millimeters was calculated using the formula (length × width2/2). For
tail-vein injection, 3 million MCF7neo and MCF710X cells transduced with
lentiviral vector expressing luciferase (61) were resuspended in 200 μL PBS
and injected into female NSG mice at 6 to 8 wk of age. Imaging of grafted
tumors was performed using an IVIS in vivo imager (PerkinElmer) after i.p.
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Fig. 7. SOD2 and HIF2α are enriched in metastasis compared to primary
tumors from the same patients. (A) Micrographs of primary tumor and
metastatic tumors stained for HIF2α (green) and SOD2 (red). (B and C)
Quantification of A. (D) Analysis of SOD2 expression in the primary tumors
of patients with and without breast cancer infiltration into lymph nodes.
Errors represent ± SD. n = 9. *P < 0.05 and **P < 0.01. Representative images
are shown.
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Fig. 6. SOD2 promotes tumorigenicity, dissemination, and persistence of
cancer cells in mice. Tumor formation assay in NSG mice after the s.c. im-
plantation of 105 (A), 104 (B), or 103 (C) of MCF7neo and MCF710X cells indi-
cates that MCF710X is more tumorigenic than control MCF7neo. (D) Tumors
formed from s.c. xenografted MCF7neo or MCF710X cells (104) harvested at
week 8 and week 19. (Inset) Tumor sizes at week 19. Errors represent ± SD.
**P < 0.01. (E) Luciferin-assisted imaging of disseminated tumors formed
from i.v. injected cells expressing luciferase. Measurements were performed
2 mo after initial tail-vein injection of either 3 × 106 MCF7neo or MCF710X

cells. Imaging at 2 h indicates that the load of cells accumulating in lungs
immediately after injection was comparable in the case of MCF7neo- and
MCF710X-injected mice. Representative images are shown. (F) Relative lu-
minescence quantification of images shown in E at 2 mo.
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injection of RediJect D-Luciferin Bioluminescent Substrate (PerkinElmer) within
2 h and after 2 mo after injection.

Cell Culture. MCF-7 cells stably expressing SOD2 under β-actin promoter from
pHβApr-1 vector (MCF76X, MCF710X) or control cells with empty vector
(MCF7neo) were a gift from Larry Oberley, Iowa City, IA. The MCF10A-ER-vSrc
cell line was a generous gift from Kevin Struhl, Harvard University, Cam-
bridge, MA. Transformation was induced with 4-HO-tamoxifen (1 μM).

Invasion Assay, the Anchorage-Independent Growth Assay, and Soft Agar
Colony Assay. For invasion assay (62), Matrigel (BD Bioscience) was mixed
with the culture medium (1:8) and 100 μL of the mixture was laid over the
membrane insert (Corning) placed on top of a 12-well companion plate
(Corning). The Matrigel mix was left undisturbed overnight in a CO2 in-
cubator. Then, 5,000 cells in 700 μL medium were added on top of the insert
and additional 500 μL of medium with 20% fetal bovine serum (FBS) was
added into the companion well below the inserts. After 16 h of culturing,
the supernatant and Matrigel in the insert were removed. The invading cells
on the membrane were stained with hematoxylin/eosin and counted under
microscope. Anchorage-independent growth was performed by resuspend-
ing 1,000 cells in media mixed with Matrigel (5% vol/vol). The cell suspension
was then placed in low-adherence plates and cultured over a period of 21 d.
Colonies were counted using a Celigo Cell Cytometer by Nexcelom Bio-
science. Soft agar colony formation assay followed previously published
protocols (63). Briefly, 5,000 cells in 0.3% noble agar were laid on top of
0.5% noble agar in a 6-well plate. After 21 d of culture with addition of 200 μL
medium on top of the agar every other day, colonies bigger than 70 μm
diameter were counted under a microscope.

SORE6 Reporter Assay and CD44/CD24 Marker Analysis. CD44 and CD24 were
analyzed by staining of paraformaldehyde-fixed cells using APC-conjugated
mouse anti-human CD44 antibodies (560890; BD Pharmingen) and PE-
conjugated mouse anti-human CD24 (560991; BD Pharmingen) used according
to instructions provided by the manufacturer. Cells were analyzed using a flow
cytometer instrument LSRII equipped with FlowJo software. SORE6 reporter was
used to detect CSC by transducing cells with lentiviral vector expressing GFP or
mCherry expressed under the SORE6 promoter according to previously published
protocols (41).

H2O2 Measurement and Catalase Activity Assay.AmplexRedHydrogenPreroxide/
Peroxidase/Assay kit (Invitrogen) was used to measure H2O2 level released by
cells in the cell culture medium without FBS according to protocols published
by the manufacturer. Mitochondrial H2O2 level was measured with MitoB by
sample processing reported previously (64) and analyzed according to the
published protocol (65) in the Redox and Bioenergetics Shared Resource in
the Medical College of Wisconsin. Catalase activity assay was performed
using the same kit to quantify catalase activity using a standard catalase
activity curve.

Vector Preparation and Cell Transduction. Adenoviral vector expressing
mitochondria-targeted catalase (mt-catalase) was a generous gift from
J. Andres Melendez, The State University of New York, Albany. Cells were
seeded onto 6-well dishes and allowed to grow overnight to ∼75% conflu-
ence and incubated with mt-catalase (1 × 107 viral particles) in Opti-Mem
(Life Technologies) for 3 d. For silencing SOD2, HIF1α, or HIF2α, the corre-
sponding lentiviral vectors were produced using pGIPZ shRNA plasmids
(Dharmacon) (61), titered by GFP flow cytometry, and used to transduce cells
with a multiplicity of infection of 2 for 2 to 3 d. Stem cell reporter SORE6
prolentiviral plasmids (SORE6-mCMV-dsCopGFP-Puro and SORE6-mCMV-
dsmCherry-Puro) and the control plasmids (mCMV-dsCopGFP-Puro and
mCMV-dsmCherry-Puro) were packaged and used as in ref. 41. Lenti-
SOD2 plasmid was used for site-directed mutagenesis, that is, K68 to argi-
nine or glutamine (27). Lentiviral vectors expressing Prx3 and Gpx4 were
from Origene.

qRT-PCR. Total RNA was isolated using the RNeasy Mini Kit (Qiagen). Random
complementary DNA (cDNA) was synthesized using High Capacity cDNA
Reverse Transcription kit (Applied Biosystem). Quantitative PCR was per-
formed on an Applied Biosystems Quantstudio 6 Flex Real-Time PCR System
using Fast SYBR GreenMasterMix (Applied Biosystems). Quantification of the
amplification product was carried out using as ΔΔCt using glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as endogenous controls for normaliza-
tion. The primer sequences are included in SI Appendix, Table S1.

Western Blot Analysis. Western blot was performed on cell lysates to identify
changes in protein expression. Briefly, cell lysates in RIPA buffer containing
protease inhibitor mixture (Sigma-Aldrich) was separated on sodium dodecyl
sulfate polyacrylamide gel electrophoresis gel and transferred to nitrocel-
lulose membranes. After incubation with primary antibodies and IRdye
secondary antibodies (LI-COR), themembranewas imaged on imaging station
Odyssey FC (LI-COR). The primary antibodies were anti-SOD2 (ab13533;
Abcam), anti-SOD2K68Ac (ab137037; Abcam), anti-HIF1α (79233; Cell Sig-
naling), anti-Oct4 (ab181557; Abcam), anti-Sox2 (ab97959; Abcam), anti-
KLF4 (ab129473; Abcam), anti-HIF2α (NB100-122; Novus Biologicals), and
GAPDH (sc25778; Santa Cruz Biotechnology).

Fluorescent Immunohistochemistry. Tissue microarrays TMA-Br1503d and
TMA-Br10010c were purchased from US Biomax. Following rehydration,
antigen retrieval was performed using 20 mM sodium citrate in a decloaking
chamber. Antibodies were used at the following dilutions (SOD2, 1:100;
HIF2α, 1:100; Sirtuin-3, 1:100; and SOD2K68Ac 1:50; Abcam) overnight at 4 °C.

Statistical Analysis. Statistical analysis was conducted using GraphPad InStat
(GraphPad). One-way ANOVA with post hoc t test were used for determining
significance between groups. Pearson’s correlation coefficient was used to de-
termine the significance of correlation between SOD2 and HIF2α fluorescence.
Significance for differences in cell or patient samples was verified using z-test.
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