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SODL1 is essential for oncogene-driven mammary tumor
formation but dispensable for normal development and
proliferation.
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Abstract

We previously reported that the dismutase SOD1 is overexpressed in breast cancer. However,
whether SOD1 plays an active role in tumor formation /n vivo has never been demonstrated.
Further, as luminal cells of normal breast epithelial cells are enriched in SOD1, whether SOD1 is
essential for normal mammary gland development has never been determined. We initiated this
study to investigate the role of SOD1 in mammary gland tumorigenesis as well as in normal
mammary gland development. We crossed the inducible erbB2 (MMTV-iErbB2) and Wnt
(MMTV-Wnt) transgenic mice to the SOD1 heterozygote or knockout mice. Our results show that
SOD1 is essential for oncogene-driven proliferation, but not normal proliferation of the mammary
gland associated with pregnancy or other normal proliferative tissues such as skin and intestines.
We show that activation of the oncogene ErbB2 is associated with increased ROS and that high
ROS sub-population of ErbB2 cancer cells show elevated SOD1. In the same cells, decrease in
SOD1 is associated with an elevation in both apoptosis as well as oncogene-induced senescence.
Based on these results, we suggest that SOD1 carries a housekeeping function that maintains ROS
levels below a threshold that supports oncogene-dependent proliferation, while allowing escape
from oncogene-induced senescence, independently of the oncogene driving tumor formation.
These results identify SOD1 as an ideal target for cancer therapy as SOD1 inhibitors hold the
potential to prevent the growth of cancers cells of diverse genotypes, activate multiple modes of
cell death therefore making acquired resistance more difficult, while sparing normal tissues.
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Introduction

Despite the fact that chemotherapy is linked to significant toxicity and morbidity, it remains
the main treatment against cancer. The toxicity associated with chemotherapy results from
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its effect on normal proliferation of tissues such as hair follicles, intestinal crypts and
epidermis. Therefore, identifying drug targets that would result in the elimination of cancer
cells, but not normal cells represents one of the top priorities in cancer research.

Despite significant advances in the development of targeted therapies, in the vast majority of
cases, following an initial response, resistance rapidly emerges leading to recurrence and
progression. We now understand that resistance emerges due to the heterogeneity including
notably the fact that in most cancers, multiple oncogenes act simultaneously. As a result,
inhibition of one oncogene can be overcome by another. Resistance also emerges due to
mutations in cell death pathways notably anti-apoptotic mechanism.

Theoretically therefore, drugs able to 1- target cancer cells only while sparing highly
proliferative but normal cells, 2- target a common denominator to multiple oncogenes rather
than single oncogene and 3- activate multiple modes of cell death represent the ideal anti-
cancer drug.

Large-scale screens aimed at identifying such ideal drugs have been conducted. Notably, the
Varmus group conducted a high-throughput chemical screen which identified LCS-1 as such
a molecule able to inhibit the growth of several different cancer cell lines®. They
subsequently combined affinity proteomics and gene expression analyses to identify the
target of LCS-12. Their analysis revealed the unexpected observation that the copper/zinc
dismutase SOD1 as the target of LCS-12. Based on this finding, they tested the effect of the
overexpression of SOD1 in a model of lung cancer cell lines and found that it promotes lung
cancer cells growth, while reducing apoptosis. In addition, Huang et al., also identified
SOD1 as a target of an anti-cancer agent in leukemia®.

SODL1 is an abundant enzyme required for the conversion of superoxide to hydrogen
peroxide. Recent studies have shown that hydrogen peroxide acts as a signaling molecule to
promote proliferation*®. Therefore, SOD1 plays a dual role in reducing oxidative stress due
to superoxide, as well as promoting signaling by increasing hydrogen peroxide. SOD1
localizes mainly to the cytoplasm but is also found in the nucleus and the inter-membrane
space (IMS) of the mitochondria®’. SOD1 has been mainly studied in amyotrophic lateral
sclerosis (FALS), as it was the first gene found to be associated with familial form of the
disease®. Therefore, the finding of SOD1 as a potential target in cancer therapy was not only
surprising but also mechanistically puzzling.

Along with SOD1, the manganese dismutase SOD?2 also converts superoxide to hydrogen
peroxide, but unlike SOD1, SOD2 localization is restricted to the matrix of the
mitochondria. However, SOD2 has been reported to be down-regulated in cancer®10 and the
resulting elevation in ROS is reported to be associated with the stabilization of HIF1a and
the switch to glycolysis!L.

Our group has a long-standing interest in the effect of ROS on the accumulation of
misfolded protein in the mitochondria and the resulting activation of the mitochondrial
unfolded protein response (UPR™)12-20_ Notably, we reported that the matrix sirtuin SIRT3
regulates one axis of the UPRM 13, SIRT3 has several substrates in the matrix including the
matrix dismutase SOD221.22, |n absence of SIRT3, SOD2 is inactive and as a result, ROS
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production in the matrix increases. Our current model is that while SIRT3 and SOD2
decrease early during transformation, its reactivation later during tumorigenesis is associated
with mitochondrial fitness and increased invasionl’. In support of this notion, SOD2 was
found to be elevated in metastases compared to primary breast cancerl?:23,

As SIRT3 is decreased in 87% of primary breast cancer!!, we hypothesized that the resulting
increase in ROS may be counterbalanced by an up-regulation of SOD1, which would reduce
ROS in the IMS but also in the cytoplasm and therefore contribute to an overall reduction of
cellular ROS.

We reported that SOD1 is overexpressed in three independent mouse model of breast cancer
including the MMTV-Wnt and MMTV-ErbB2 models?4 but whether SOD1 plays a role
during transformation /in vivo remained unknown. Therefore, in the current study, we used
genetic crosses between the SOD1 knockout mice and the MMT V-inducible ErbB2 (iErbB2)
and MMTV-Wnt mice to test the effect of SOD1 deletion on tumor formation /in vivo. We
also analyzed the effect of SOD1 genetic deletion on normal mammary gland development.

Our results indicate that SOD1 plays an essential house-keeping function during
transformation in an oncogene-independent fashion. Further, our data suggest that deletion
of SODL1 has no effect on normal mammary gland, skin or intestine and its absence during
tumorigenesis leads to activation of both apoptosis and oncogene-induced senescence. This
data supports the hypothesis that SOD1 may be essential for the adaptation of cancer cells to
elevated oxidative stress due to superoxide and represents a very promising target.

Oncogene-driven proliferation of mammary tumor fail to form in absence of SOD1

ErbB2 is a well-characterized oncogene in breast cancer2>26, ErbB2 expression in the
mouse mammary gland using the mouse mammary tumor virus promoter (MMTYV) either
constitutively or using an inducible TET ON system (MMTV-iErbB2) has demonstrated its
ability to promote aggressive tumor formation in mouse models?7-30, We selected the
inducible erbB2 (MMTV-iErbB2) model has it allows for the controlled and synchronized
formation of mammary tumors with a frequency of more than 90% of mammary gland
within 8 weeks of induction using 1.5 mg/kg of doxycycline in the drinking water3, The
MMTV-iErbB2 mice were crossed to the SOD1 knockout mice to generate iErbB2
transgenic lines carrying the same genetic background but carrying either both copies of the
SOD1 gene (SOD1+/+ iErbB2), heterozygotes carrying only one copy of the SOD1 gene
(SOD1+/-iErbB2) or homozygotes lacking both copies of the SOD1 gene (SOD1-/-
iErbB2). At 3 months of age, doxycycline was added to the drinking water of females of
each genotype for six weeks.

After treatment, mice from all three genotypes were harvested. Analysis of the mammary
glands of the SOD1+/+ iErbB2 females by whole mount revealed multifocal tumor
formation of varying size (Fig. 1a, b, top panel) as well as hyper-proliferation along the
ductal tree (Fig. 1a, b, top panel). Histological analysis of these foci confirmed that they
represent adenocarcinoma of the mammary gland (Fig. 1c, top panel). As both tumor size
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and the extent of hyper-proliferation showed some degree of variation, we established a
scoring system whereby continuous hyper-proliferation along the ducts was scored as 3,
dispersed hyper-proliferation was scored as 2 and ducts with morphology of normal
mammary ducts were scored as 1 (Fig. 1d). Using this scoring system, we found that the
mammary glands of the SOD1+/+ iErbB2 mice show 52% of ducts with a score of 3, 17% of
ducts with a score of 2 and the remaining 31% ducts with a score of 1 (Fig. 1d). Tumor
volume was also quantified using length and width of individual foci visualized by whole
mount. This analysis revealed an average tumor volume of 1.01 mm? (Fig. 1e).

In the SOD1+/- iErbB2 heterozygote females, whole mounts revealed a reduction in both
ductal proliferation and tumor volumes (Fig. 1a, b, ¢, middle panel). Upon quantification, we
found that 32% of ducts had a score of 3, 22% a score of 2 and 46% of ducts a score of 1
(Fig. 1d). This reduction in ductal proliferation correlated with a decrease in tumor
formation as the average tumor volume was 0.25 mm? (Fig. 1e).

In the SOD1-/- iErbB2 homozygote mice, tumor formation and hyper-proliferation were
both drastically reduced (Fig. 1a, b, ¢, bottom panel). Quantification of the ductal
proliferation showed that less the 7% of ducts with a score of 3 or 2 and the majority of 93%
scored 1. This significant reduction in ductal proliferation correlated with an average tumor
foci size of less than 0.13 mm? in volume (Fig. 1e). However, as smaller tumors remained
detectable in absence of SOD1, we conducted deeper histological assessment of these
residual tumors. We found that in contrast to the SOD1+/+ iErbB2 tumors which show high
nuclear grade characteristic of aggressive tumors, the nuclear grade of residual SOD1-/-
ErbB2 tumor was low indicating that these tumors are benign (Fig. 1f, g).

These results demonstrate that despite the very aggressive nature of the mammary tumor in
the inducible ErbB2 mouse model, their formation is reduced in mice carrying only one
copy of the SOD1 gene and abolished in absence of SOD1.

However, as doxycycline has been shown to affect mitochondrial translation3! and SOD1
localizes partly to the mitochondria®7, to test for a potential indirect interaction between
SOD1 and doxycycline and to also expand the analysis to other oncogenes, we also crossed
the SOD1 knockout mice to the MMTV-Wnt transgenic mice. The Wnt oncogene is also a
well-established mouse model of breast cancer32, Unlike the inducible erbB2 model, in the
MMTV-Wnt model, the Wnt oncogene is constitutively expressed. In these mice,
spontaneous tumors develop in 50% of older females but in young mice, the mammary
glands are characterized by hyper-proliferation across the entire gland, which resemble the
hyper-proliferation observed during pregnancy rather than distinct foci33,

We generated three genetically matched colonies of SOD1+/+Wnt, SOD1+/- Wnt and
SOD1-/- Wnt females and analyzed their mammary glands by whole mount at the age of 3
months. As expected, in the SOD1+/+ Wnt females displayed generalized ductal hyperplasia
that mimics that observed during pregnancy (Fig. 2a, b, top panel). Histological analysis
showed that at this time point, the hyper-proliferation was associated with dysplasia of the
mammary duct and ductal filling resembling ductal carcinoma in situ (DCIS) (Fig. 2¢). To
quantify the hyperplasia, we established a scoring system whereby continuous hyperplasia
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was scored as 3, dispersed hyperplasia was scored as 2 and no hyperplasia was scored as 1.
Using this system, we found that 37% of the SOD1+/+ Wnt mammary gland ducts showing
hyperplasia with a score of 3 and 57% with a score of 2 and less than 6% with a score of 1
(Fig. 2d).

In the SOD1+/- Wnt females, we observed mixed phenotype within the same mammary
gland, where some area were hyper-proliferative while adjacent area were not (Fig. 2a, b, c,
middle panel). Therefore, the overall quantification of the ductal hyperplasia resulted in a
mild reduction in the percentage of ducts with a score of 3 to 28% and an increased in the
percentage of duct with a score of 1 to 17% (Fig. 2 d).

In the SOD1-/- Wnt females however, the hyper-proliferation was severely reduced
compare to the age-matched SOD1+/+ Wnt females (Fig. 2a, b, ¢, bottom panel).
Quantification revealed that 17% of glands show a score of 3, 23% a score of 2 and 60% a
score of 1 (Fig. 2c). In addition, the nuclear grade of residual DCIS-like lesion in the
SOD1-/-/Wnt mice was significantly reduced (Fig. 2e).

Collectively, the analysis of the effect of gene dosage of SOD1 in both the inducible ErbB2
and the constitutive non-inducible Wnt model of mammary tumors led us to conclude that
SOD1 is essential for tumor formation and its effect is oncogene-independent.

Depletion of SOD1 does not affect normal tissues hyper-proliferation.

The ductal hyper-proliferation observed in the Wnt model is reminiscent of the hyper-
proliferation observed during pregnancy. As depletion of SOD1 abolished the proliferation
in the Wnt model, this observation raised the possibility that SOD1 may also be required for
the non-oncogenic ductal hyper-proliferative normally observed during pregnancy. This
concern is also supported by the report that SOD1 is selectively increased in the luminal
cells of the mammary gland34. Therefore, to address this possibility, we analyzed the
mammary glands of SOD1+/+, SOD1+/- and SOD1-/- females during pregnancy in
absence of oncogene. Females were mated and their mammary glands harvested for analysis
by whole mount following pregnancy. As expected the mammary gland of SOD1+/+ females
showed hyper-proliferation (Fig. 3a, b, c, top panel). In the SOD1+/- and SOD1-/- females,
we found no significant difference in either ductal hyper-proliferation (Fig. 3a, b, ¢, middle
and bottom panels). This observation is consistent with the fact, SOD1-/- mothers are able
to lactate and generate viable litters demonstrating that the function of the mammary gland
during pregnancy is intact in these mice35:36,

Therefore, this result indicates that while SOD1 is essential to maintain hyper-proliferation
driven by the ErbB2 or Wnt oncogene, it is dispensable for the non-oncogenic hyper-
proliferation associated with pregnancy.

Post-natal invasion of the fat pad represents another phase of mammary gland development
that is characterized by increased proliferation. We therefore monitored the effect of SOD1
on fat pad invasion during puberty. In the SOD1+/+ and SOD1+/- females no significant
difference between the rate of invasion or number of terminal end buds (TEB) were found
(Fig. 3 d, e, f, top and middle panels). In the SOD1-/- females however a significant delay
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in the rate of fat pad invasion and number of TEB was found (Fig. 3 d, e, f, bottom panels).
However, this delay ultimately did not affect mammary gland development as no significant
differences in the morphology of the mammary gland in virgin adult females were observed
between the three genotypes (Fig. 3g, h, i).

To further test the potential effect of SOD1 inhibition on highly proliferative tissues, the skin
and intestinal crypts were also analyzed. In mice of 3 months of age, we found no significant
differences between the three genotypes (Fig. 3 j, k).

Overall, these results show that lack of SOD1 has limited to no effect on normal mammary
gland development, does not affect pregnancy-associated proliferation or other hyper-
proliferative tissues such as the skin and intestine.

Oncogene activation promotes increase in superoxide levels and SOD1 expression.

Having established that SOD1 is essential for oncogene-mediated proliferation but not
cellular proliferation associated with normal mammary gland development, we next aimed at
defining the mechanism of this specificity. As SOD1 function is to convert superoxide to
hydrogen peroxide, we reasoned that the specificity of the effect of SOD1 in oncogene-
driven proliferation might be related to alteration in superoxide levels upon oncogene
activation. To test this possibility, we used isolated primary mammary epithelial cells (MEC)
from the MMTV-iErbB2 females. To expand these cells ex vivo, we adapted a recent
protocol developed for the expansion of human of primary breast epithelial cells expansion
ex vivod'. Using this protocol, primary mammary epithelial cells from the MMTV-iErbB2
mice were expanded ex vivo in absence of doxycycline for 24 hours. We then induced
ErbB2 for 72 hours using doxycycline and measured the level of ROS in both un-induced
and induced cells. We found in the un-induced ErbB2 MECs, 24% of cells show elevated
superoxide levels (Fig. 4a, higher panel). However, upon induction of ErbB2 for only 24
hours, the percentage of cells with elevated superoxide raised to 36% (Fig. 4a, lower panel).
This result supports previous findings that activation of oncogenes promotes an elevation in
ROS38:39, To test if the elevation in superoxide is linked to the differential effect of SOD1 in
oncogene-induced versus pregnancy-induced hyper-proliferation, we repeated the analysis in
MECs from virgin or pregnant females. We found a slight increase in some mice (Fig. 4b)
but a decrease in others resulting in no statistical significant difference in the levels of
superoxide (Fig. 4c) between MECs from virgin or pregnant females.

As we found that ErbB2-activation increases superoxide, we then tested if induction of
ErbB2 also increases SODL1 /n vivo. To test this possibility, we induced ErbB2 using
doxycycline for 3 months in order to promote the formation of large palpable tumors (Fig.
4d). The primary tumors and the adjacent mammary glands were harvested and stained for
SOD1 levels by immunohistochemistry. We found that within the same sections where ducts
that look histologically normal and primary tumors are found, that the normal ducts are
negative for SOD1 staining while the primary tumors express SOD1 at high levels (Fig. 4e).
Quantification of the staining revealed that mild SOD1 positivity, scored as 2, could be
observed in ducts showing early dysplasia but strong SOD1 staining scored as 3 was only
observed in tumors (Fig. 4f). However, SOD1 was not elevated in the hyper-proliferative
ducts during pregnancy (Fig. 49).
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To complement the analysis of superoxide of primary ErbB2 MECs, we sorted ErbB2 cells
directly from fully established primary tumors. We found that the fraction of cells with
elevated superoxide increases drastically in primary tumors (Fig. 4h). We then performed
western analysis of SOD1 in low and high superoxide sub-populations from the same ErbB2
primary tumors and found that the high superoxide sub-population across all mice shows
elevation in SOD1 levels (Fig. 4i, j).

Therefore, these results indicate that the specificity of SOD1 for oncogene-mediated
proliferation correlates with the elevation in superoxide levels in cancer cells, which is not
observed in highly proliferative normal cells.

Depletion of SOD1 leads to activation of apoptosis and senescence.

In lung cancer cell lines, inhibition of SOD1 using either LCS-1 or ATN-224 leads to
apoptosis1240, In the latter study, ATN224 was shown to decrease in the anti-apoptotic
protein MCL 140, To test whether the genetic ablation of SOD1 also induces cell death
through a decrease in MCL1, we monitored MCL1 in the mammary gland of the SOD1+/+
ErbB2, SOD1+/- ErbB2 and SOD1-/- ErbB2 females. Surprisingly, we found no evidence
of a decrease in MCL-1 in the mammary glands between the three genotypes. In contrast, we
found an increase in the short form of MCL-1 (MCL-1s), which is pro-apoptotic (Fig. 5a,
b)41. We reasoned that in contrast to established cell lines used in the previous studies, in our
model, the oncogene is induced in normal mammary epithelial cells. As oncogene activation
promotes oncogene-induced senescence?2:43, we tested whether senescence may contribute
to the inhibition of growth observed in the mammary glands in our models. Using p53 and
p16 as markers of senescence, we found a significant increase in both markers in the
SOD1-/-ErbB2 mammary glands (Fig. 5a, b). To confirm that senescence was induced in
the epithelial cells, we performed immunohistochemistry of p16 and found a significant
increase in p16 in the SOD1-/-/ErbB2 mammary glands (Fig. 5c, d).

As mammary gland extracts contain several cell types in the stroma in addition to the
mammary ducts, we next aimed at isolating primary MECs from all three genotypes for
further analyses. However, we found that SOD1 null cells do not grow under standard /n
vitro conditions, suggesting that these cells are already under elevated stress conditions and
are unable to adapt to growth on plastic.

We therefore pursued the analysis in 3D culture by plating cells on matrigel. Under these
conditions only the SOD1+/+ ErbB2 and SOD1+/- ErbB2 MECs survived ex vivo. We
performed a time course following addition of doxycycline to the media to induce ErbB2 in
MEC. Under these conditions, we found that induction of ErbB2, in presence of both copies
of SOD1 gene, led to rapid growth of organoids (Fig. 5e, f) characterized by intruding
morphology (Fig. 5g). However, the induction of ErbB2 in cells carrying only one copy of
SOD1 did not promote the growth of organoids and the small colonies retained a rounded
morphology (Fig. 5e, f, g). The same organoids were used for staining with MCL-1, which
recognizes both the long and short form of the protein. We found staining for MCL-1 only in
the heterozygote MECs (Fig. 5h). Since these cells failed to grow (Fig. 5e) and the
mammary glands /n vivo show elevation of the pro-apoptotic MCL-1s, we interpret this
staining as representing MCL1s. We also used these organoids for staining with beta-
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galactosidase, another standard marker of senescence that cannot be used by western or on
paraffin sections. We found an increase in beta-gal staining in the SOD1+/-/ErbB2 cells

(Fig. 5i, j).

Our data indicate that deletion of SOD1 results in reduction of tumor initiation. To test the
effect pharmacological inhibition of SOD1 on established mammary tumors, we tested the
effect of the SOD1 inhibitor LCS-1 on ErbB2 tumor cells. For this experiment, we took
advantage of our inducible ErbB2 tumor bank in which ErbB2 expression is induced in mice
until large palpable tumors are formed. Tumors were then harvested and frozen. These
ErbB2 cancer cells were seeded on matrigel and allowed to form colonies in presence of
doxycycline to maintain expression. We found that treatment with the SOD1 inhibitor LCS1
drastically inhibited colony formation (Fig. 5k, I) and cellular proliferation (Fig. 5m). These
results are consistent with previous reports of the induction of apoptosis in established
cancer cell lines following treatment with SOD1 inhibitors2:3:40:44,

Collectively, therefore our results indicate that deletion of SOD1 severely reduces the ability
of oncogene-driven tumor formation and this is linked to the induction of both apoptosis and
oncogene-induced senescence.

Elevated SODL1 is associated with poor survival and increased metastasis in all sub-type of
breast cancer.

In order to validate our findings in humans, we interrogated the Gene Expression Omnibus
dataset using KM plotter®® to determine whether elevated expression of SOD1 is associated
with clinical outcome in breast cancer. We found that primary breast cancers with elevated
SOD1 levels are associated with highly significant lower relapse free survival (Fig. 6a),
overall survival (Fig. 6b) and metastasis free survival (Fig. 6¢). However, we found that
SOD1 expression is not restricted or enriched in any breast cancer sub-type and elevated
expression of SOD1 correlates lower survival in all sub-types (Fig. 6e, f, g). These findings
are in agreement with the notion that SOD1 carries a housekeeping function that is shared by
all breast cancer sub-types and is independent of the oncogenes driving the growth of these
tumors.

Discussion

Oxidative stress plays a role in both signaling and cell death depending on their levels#1°.
SOD1 and SOD?2 are the main enzymes against oxidative stress, yet SOD2 has been reported
to be decreased at least in the initial phase of cancer formation and allow the switch to
glycolysis®=11. We previously suggested that a SOD2 to SOD1 switch maybe necessary to
counterbalance the elevation in superoxide due to the decrease in SOD22446 However, if
correct this hypothesis implies that SOD1 may play an essential role in tumor initiation.
Here, we provide genetic evidences supporting this hypothesis. We demonstrate that SOD1
is essential for tumor formation by crossing the SOD1 knockout mice with two independent
models of breast cancer. We also demonstrate that the effect of SOD1 is independent of the
oncogene-driving tumor formation and in humans, SODL1 is found in all breast cancer sub-
types. This is consistent with the observation that the SOD1 inhibitor LCS1 was effective in
killing a wide number of cancer cell lines from specific cancer types but also from various
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cancer typest2447_ This finding is significant as it suggests that SOD1 maybe a universal
target by affecting a housekeeping function rather than a specific oncogenic driver.

In addition, the current study demonstrates that the inhibition of SOD1 does not affect
normal cells with increased proliferation. This finding is also significant as toxicity of most
anti-cancer drugs is due to their ability to target any cells that are actively proliferating. Our
results suggest that the specificity of SOD1 for cancer cells is due to the increase in
superoxide associated with oncogene activation, which is not observed in normal cells. We
further show that in primary mammary tumors, the high superoxide sub-population of cells
shows an elevation in SOD1 compared to the low superoxide sub-population. Based on these
observations, we propose that under baseline level of superoxide, SOD1 is dispensable
however, when levels of superoxide reach higher levels, cancer cells up-regulate SOD1 as to
lower superoxide levels under a threshold that is compatible with maintenance of cellular
integrity and survival. (Fig. 7a). We propose that the elevation in superoxide upon oncogenic
activation represents a therapeutic window of SODL inhibitors, as failure to limit the
elevation in superoxide leads to activation of apoptosis and oncogene-induced senescence
(Fig. 7a).

Our finding that SOD1 is essential for tumor initiation integrates well with the recent report
that mTORC1 regulates SOD1 through phosphorylation“8. In this study, the authors describe
that under starvation conditions, mTORC1 is inactivated and as a result, SOD1 is up-
regulated*®. They reported that the elevation in SOD1 under starvation conditions is
necessary to enhance cancer cell survival and contribute to chemo-resistance®®. Therefore,
since early lesions do not have established vascularization and are under starvation
conditions, the effect of starvation on SOD1 may well represent the mechanism by which
SODL1 is up-regulated early during transformation (Fig. 7b).

We found that genetic deletion of SOD1 leads to induction of apoptosis as well as oncogene-
induced senescence. Since inhibition of SODL is predicted to increase superoxide and
decrease hydrogen peroxide levels, two potential mechanisms to explain these observations
were possible: cell death due to increase superoxide or inhibition of the signaling mediated
by hydrogen peroxide*®. However, we found no evidence of a decrease in hydrogen peroxide
in mammary epithelial cells of SOD1 —/-ErbB2 mice (Suppl. Fig.1). This result is in
agreement with the surprising elevation of hydrogen peroxide in lung cancer cells treated
with SOD1 inhibitor ATN-22440. While in our model we observed a similar trend toward an
elevation in hydrogen peroxide, it did not reach statistical significance. This result
nevertheless argues that inhibition of signaling is not the predominant mechanism by which
inhibition of SOD1 reduces tumor formation.

The results presented in the current study also clarify further the timing of the SOD2 to
SOD1 switch we previously proposed?4. Collectively, the down-regulation of SOD29:11.24
and the elevation on SOD122446 coincide only with the early stage of transformation (Fig.
7b). SOD2 is exclusively in the matrix of the mitochondria, while SOD1 is in both the
cytoplasm and the inter-membrane space of the mitochondria. We previously shown that in
cancer cells, the mitochondrial fraction of SOD1 increases?4. Therefore, we propose that the
effect of SOD1 is in monitoring the levels of superoxide in the cytoplasm but importantly
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also in the mitochondria especially when SOD2 levels are low. This interpretation is
consistent with the observation that treatment with the inhibitor of SOD1, LCS-1, leads to
mitochondrial morphological abnormalities that are not observed in normal cells under the
same conditions?4. SOD2 has been reported to be up-regulated later during transformation
and to be associated late disease stages®C. This finding is in line with our work indicating a
link between SOD2 expression and the invasive capacity of breast cancer cellsl’.

Therefore, as long term use of SOD1 inhibitors in the prevention setting in humans is an
unlikely option, we propose that the results presented in the current study predict that SOD1
inhibitors may be of particular use in early stage breast cancer such as DCIS and be less
effective in metastatic disease where other defense mechanisms against oxidative stress,
such as up-regulation of SOD2 may take place. These possibilities will need to be tested in
the future.

Materials and Methods

Animal Experiments

SOD1 knockout (B6.12957-Sod1!™1Leb/DnJ) mice were purchased from Jackson
Laboratory. The mice were crossed with MMTV-rtTA/TetO-NeuNT (iErbB2) (kindly
provided by Lewis Chodosh) or MMTV-Wnt (B6SJL-Tg(Wnt1)1Hev/J) (Jackson
Laboratory) mice to generate SOD1 wild-type (+/+), SOD1 heterozygous (+/-) and SOD1
(=/-) knockout in the respective transgenic background. Genotyping was performed by
polymerase chain reaction using DNA extracted from tail using the following primers:
SOD1 (5°-TGTTCTCCTCTTCCTCATCTCC-3’; 5’-ACCCTTTCCAAATCCTCAGC-3’,
5’-TGAACCAGTTGTGTTGTCAGG-3’, 5’-TCCATCACTGGTCACTAGCC-3’), rtTA (5’-
TGCCGCCATTATTACGACAAGC-3’; 5’-ACCGTACTCGTCAATTCCAAGGG-3"),
ErBb2 (5’-TTTCCTGCAGCAGCCTACGC-3’, 5’-CGGAACCCACATCAGGCC-3’), Wnt
(5’-GGACTTGCTTCTCTTCTCATAGCC-3’, 5-CCACACAGGCATAGAGTGTCTGC-3’,
5-CAAATGTTGCTTGTCTGGTG-3’, 5’-GTCAGTCGAGTGCACAGTTT-3’).

All mice used in experiments were 12 weeks old, unless otherwise described. For the SOD1-
iErbB2 tumorigenesis analysis, SOD1 +/+ iErbB2 (n=5), SOD1 +/- iErbB2 (n=5), and
SOD1 /- iErbB2 (n=5) mice were given 1.5 g/L doxycycline in the drinking water every 5
days for 6 weeks. For the SOD1-MMTV-Wnt hyper-proliferation analysis, SOD1 +/+ Wnt
(n=9), SOD1 +/- Wnt (n=9), and SOD1 -/- Wnt (n=5) mice were harvested at 15-20 weeks
of age. For the mammary gland development studies, mice were harvested at indicated time
points (for pregnancy SOD1 +/+ (n=5), SOD1 +/- (n=5), and SOD1 -/- (n=5) mice; for
postnatal SOD1 +/+ (n=3), SOD1 +/- (n=3), and SOD1 -/- (n=4) mice, for adult SOD1 +/+
(n=5), SOD1 +/- (n=5), and SOD1 -/~ (n=4) mice, for skin and intestine analysis SOD1 +/+
(n=4), SOD1 +/- (n=4), and SOD1 -/- (n=4) mice. For superoxide level analysis of virgin
(n=6) and pregnant (n=4) mammary glands, pregnant females were checked for vaginal
plugs and harvested at day 14. For the analysis SOD1 expression and reactive oxygen
species in tumors, iErbB2 mice (n=4) were given 1.5 g/L doxycycline in the drinking water
every 5 days for 3 months. Mice were euthanized and mammary glands were collected and
either flash frozen, formalin fixed, or mounted on slides for whole mount analysis. All
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experiments were approved by the Institutional Animal Care and Use Committee of the
Icahn School of Medicine at Mount Sinai.

Whole Mount Analysis

Mouse abdominal mammary glands were mounted on glass slides and fixed in Carnoy’s
fixative (ethanol:chloroform:glacial acetic acid, 6:3:1) overnight. Glands were then stained
in carmine aluminum stain overnight according to standard protocol. Whole mounts were
imaged using a Zeiss Stemi 300 macroscope.

Mouse Mammary Tissue Isolation

Mouse mammary glands were excised from SOD1-iErbB2 mice, diced, and digested in a
trypsin/collagenase mix for 25 minutes shaking at 37°C. Mammary epithelial tissues were
retrieved by centrifuging for 5 minutes at 1000 rpm. The tissue was washed twice with
Dulbecco’s modified Eagle’s medium/Nutrient Mixture F-12 (DMEM/F12) (Gibco,
Carlsbad, CA, USA) and incubated with 2 U/uL DNase for 5 minutes at room temperature.
The mammary organoids were isolated by pulse spinning twice at 1000 rpm. The pellet was
then used for either three-dimensional or two-dimensional culture.

Primary Cell Culture

Primary cell lines derived from SOD1-iErbB2 mammary glands were grown in DMEM /
F12 (1:1) supplemented with 5% Fetal Bovine Serum (FBS), 100 U/mIL Penicillin/
Streptomycin (P/S) (Gibco), 25 ng/mL Hydrocortisone (Sigma Aldrich, Saint Louis, MO), 2
ug/mL Amphotericin B (Gibco), and 2 ug/mL Doxycycline hyclate (Sigma Aldrich). Cells
were grown in 5% CO, at 37°C.

Three-dimensional culturing of mammary organoids was performed as follows. An initial
layer of growth factor reduced matrigel (Corning, Bedford, MA) was first allowed to solidify
for 30 minutes in the incubator. Mammary organoids were resuspended in 5% matrigel and
plated on the supporting layer. After 30 minutes, mammary epithelial cell (MEC) media
(DMEM/F12, 1% insulin, transferrin, selenium, and 1% penicillin/streptomycin) with 2
ug/mL doxycycline was added. Media was changed every two days. Experiments were
performed five times per time point. Brightfield images were captured using a Leica
DMI300 inverted microscope.

Immunohistochemistry (IHC)

Formalin-fixed tissue was processed and paraffin embedded by the Biorepository Core
Facility at Mount Sinai. Slides were sectioned, mounted, and stained for hematoxylin and
eosin by the core facility. Unstained slides were deparaffinized with xylene and rehydrated
with decreasing ethanol gradients. Antigen retrieval was performed in citrate buffer pH 6.0
at 95°C for 30 minutes. Sections were treated with Dual Endogenous Enzyme Block
(DAKO, Glostrup, Denmark) for 15 minutes and then incubated with Normal Antibody
Diluent (MP Biomedicals, Solon, OH, USA) for 1 hour at room temperature. Primary
antibody staining for p16 (Santa Cruz, Santa Cruz, CA, USA, sc-1661) was performed at
4°C overnight at a dilution of 1:50. Primary antibody staining for SOD1 (Santa Cruz, Santa
Cruz, CA, USA, sc-11407) was performed at room temperature for 2 hours at a dilution of
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1:100. Secondary antibody staining was performed with Biotinylated Anti-mouse (Jackson
ImmunoResearch, West Grove, PA, USA, 115-065-205) or Biotinylated Anti-rabbit (Jackson
ImmunoResearch, West Grove, PA, USA, 711-065-152) at room temperature for 1 hour.
Slides were incubated with Streptavidin-HRP (Vector Laboratories, Burlingame, CA, USA,
SA-5004) for 30 minutes. Washes were carried out with Tris Buffered Saline with 0.04%
Tween. Antigen detection was performed using aminoethyl carbazole (AEC) peroxidase
substrate kit (Vector Laboratories, SK-4200). Counterstaining was performed with
hematoxylin. Sections were washed with water and mounted with Vectamount aqueous
mounting media (Vector Laboratories, H-5501). Images were captured using a Zeiss AX10
microscope.

Flow Cytometry and Fluorescence Associated Cell Sorting (FACS)

After tissue isolation, mammary epithelial cells (MEC) were washed with phosphate
buffered saline (PBS) and passed through a 70um single cell strainer. Cells were
resuspended in Hanks Balanced Salt Solution (HBSS) with 0.5% Bovine Serum Album
(BSA) and incubated with 5 uM MitoSOX Red (ThermoFisher, Rockford, IL, USA,
M36008) or 5 uM CM-H2DCFDA (ThermoFisher, C6827) for 30 minutes at 37°C. Cells
were washed twice and passed through a single cell strainer again before flow cytometry or
FACS. BD FACSDiva software was used to excite and capture the populations of interest.
Flow cytometry was performed on a BD Canto and FACS was performed on a BD
FACSAria ll.

Western Blotting

Flash frozen mammary glands were pulverized and lysed using NP40 lysis buffer with
protease inhibitors (1 g/ml leupeptin, 1 g/ml pepstatin, 100 g/ml phenylmethylsulfonyl
fluoride). Samples were sonicated for 1 second at 20% amplitude twice, centrifuged at
14,000 rpm for 5 minutes at 4°C to remove the fatty layer followed by centrifugation at
14,000 rpm for 15 minutes at 4°C. Protein lysate concentrations were determined using a
Bradford Assay. Protein lysates were run on a SDS-PAGE electrophoresis gel and
transferred to nitrocellulose membrane (GE Healthcare, Buckinghamshire, UK). The
membrane was blocked using 5% non-fat dry milk and then probed using the appropriate
primary antibodies: MCL-1 (1:500, Santa Cruz, sc-20679), p53 (1:2000, EMB Millipore,
San Diego, CA, USA, OP33), p16 (1:500, Santa Cruz, sc-1661), actin (1:10,000, EMB
Millipore, MAB1501). Secondary antibody incubation was performed with either
horseradish peroxidase conjugated anti-mouse or anti-rabbit antibodies (KwikQuant,
Greenwich, CT, USA). Chemiluminescence was detected using the KwikQuant system.

Immunofluorescence

Mammary organoids were fixed with 4% paraformaldehyde at room temperature for 10
minutes. The organoids were washed twice with PBS, incubated with methanol for 2
minutes, followed by a 2 minutes incubation in PBS with 1% Triton-X. The organoids were
permeabilized by incubating with penetration buffer (0.2% Triton-X, 0.3M glycine, 20%
DMSO in PBS) for 15 minutes. Samples were then blocked with blocking buffer (5% mouse
serum, 5% rabbit serum, 5% goat serum, 2% bovine serum albumin, 0.5% Triton X, 10%
DMSO in PBS). MCL-1 (1:100, Santa Cruz, sc-20679) primary antibody was diluted in
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antibody buffer (50% blocking buffer, 0.2% Tween-20) and samples were incubated for 1
hour at room temperature on a shaker. Secondary antibody incubation with goat anti-mouse
Alexa Fluor 488 (ThermoFisher A-11001) conjugated antibodies at a dilution of 1:200 was
performed in the dark at room temperature for 1 hour. Samples were then washed five times
before mounting on a slide using PBS:glycerol (1:1). Images were captured using a Leica
SP3 confocal microscope. Images were pseudo-colored using ImageJ.

Beta-galactosidase staining

Cells were washed with PBS pH 5.5, then fixed with 0.5% glutaraldehyde in PBS for 15
minutes. Cells were then incubated with B-galactosidase substrate (1 mg/mL 5-bromo-4-
chloro-3-inolyl-p-D-galactoside (B-gal), 5 mM potassium ferrocyanide, 5 mM potassium
ferricyanide, 1mM MgCI2 in PBS at pH 5.5) at 37°C for 3 hours. Cells were then washed
twice with water and analyzed under light microscopy.

Colony Formation Assay

Primary cell lines were derived from mammary tumors of iErbB2 mice induced with 1.5g/L
doxycycline for 3 months. Primary cells were grown in DMEM / F12 (1:1) supplemented
with 10% Fetal Bovine Serum (FBS), 100 U/miL Penicillin/Streptomycin (P/S) (Gibco), 25
ng/mL Hydrocortisone (Sigma Aldrich, Saint Louis, MO), 2 ug/mL Amphotericin B
(Gibco), and 2 pg/mL Doxycycline hyclate (Sigma Aldrich). Single cells were resuspended
in 5% matrigel and plated on the supporting layer or matrigel. Cells were treated with either
dimethyl sufoxide (Sigma Aldrich) or 3 pM LCS-1 (EMB Millipore, San Diego, CA, USA,
567417). Experiments were performed in triplicate. Images were captured at 3X
magnification using a Zeiss Stemi 300 macroscope.

MTT Proliferation Assay

Primary mouse mammary tumor cells were grown in DMEM / F12 (1:1) supplemented with
10% Fetal Bovine Serum (FBS), 100 U/mIL Penicillin/Streptomycin (P/S) (Gibco), 25
ng/mL Hydrocortisone (Sigma Aldrich, Saint Louis, MO), 2 ug/mL Amphotericin B
(Gibco), and 2 pg/mL Doxycycline hyclate (Sigma Aldrich). Cells were treated with either
DMSO (Control) or 3 uM LCS-1 (EMB Millipore) for 24 hours. Cells were incubated with
MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (Sigma) at 0.5
mg/mL for three hours. Experiments were performed in triplicate. Absorbance was
measured at 570nM.

Bioinformatic Analyses

Statistics

Kaplan Meier plots were generated using KM Plotter (Gyoérffy et al., 2010; Lanczky et al.,
20186, http://kmplot.com/) using the SOD1 probe (200642_at). Patients were stratified into
high and low SOD1 expression groups by using the auto select best cutoff option.

Statistical analyses were performed using GraphPad Prism Software. Statistical tests
performed are included in figure legends. The p value cutoff was set to 0.05. ns = not
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significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Data were displayed as
mean + standard error of the mean (SEM).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Absence of SOD1 inhibitstumor proliferation and growth in iErbB2 driven mammary
tumors.

(aand b) Whole mount analysis of SOD1 wildtype (+/+, n=5), SOD1 heterozygous (+/-,
n=5), and SOD1 null (-=/-, n=5) iErbB2 mice after 6 weeks of induction with doxycycline.
Scale bar represents 1 mm. Arrow shows tumor lesion. Images were taken at 0.8X (a) or 2X
(b) magnification.

(c) Representative paraffin sections of mammary glands stained with hematoxylin and eosin
at 5X magnification. Scale bar represents 100 pm.

(d) Proliferation along the mammary duct was quantified from low to high using 1 (low), 2
(moderate) 3 (high) scale. Representative images of scoring shown on far right.

(e) Tumor lesions in the mammary glands of SOD1 +/+, SOD1 +/-, and SOD1 —/- iErbB2
mice. Tumor lesions size were recorded by measuring the length and width. SOD1 +/+
iErbB2 (mean = 1.01 +0.36 mm2, n=85), SOD1 +/- iErbB2 (mean = 0.25 +£0.05 mm2,
n=28), and SOD1 -/- iErbB2 (mean = 0.13 +£0.03 mm2, n=22). Data were analyzed using a
Kruskal-Wallis test. Error bars represent £ SEM. * p< 0.05

(f) Representative image of nuclear morphology of SOD1 +/+ and SOD1 —/- tumors.
Images taken at 40X magnification.

(g) Quantification of high nuclear grade morphology in SOD1 +/+ and SOD1 —/- tumors.
Data were analyzed using a Student’s t test. Error bars represent £ SEM. *** p< 0.0005.
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Figure 2. Absence of SOD1 inhibits hyperproliferation in Wnt driven mammary tumors.
(aand b) Whole mount analysis of SOD1 wildtype (+/+, n=9), SOD1 hemiyzgous (+/-,

n=9), and SOD1 null (-/-, n=5) Wnt mice at 12 weeks of age. Scale bar represents 1 mm.
Images were taken at 0.8X (a) or 2X (b) magnification.

(c) Representative paraffin sections of mammary glands stained with hematoxylin and eosin
at 10X magnification. Scale bar represents 100 um.

(d) Hyperplasia was quantified from low to high using 1(low), 2(moderate), 3 (high) scale
on three representative mice per genotype. Representative images of scoring shown on far
right.

(e) Quantification of high nuclear grade morphology in SOD1 +/+ and SOD1 —/- Wnt
lesions. Data was analyzed using Student’s t test. Error bars represent + SEM. *** p<
0.0005.
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Figure 3. SOD1 isnot necessary for normal proliferation.
(aand b) Whole mount analysis of SOD1 wildtype (+/+, n=3), SOD1 heterozygous (+/-,

n=6), and SOD1 null (-/-, n=4) mice after pregnancy. Scale bar represents 1 mm. Images
were taken at 0.8X (a) or 2X (b) magnification.

(c) Representative paraffin sections of mammary ducts stained with hematoxylin and eosin
at 20X magnification. Scale bar represents 100 um.

(d and €) Whole mount analysis of SOD1 +/+ (n=3), SOD1 +/- (n=3), and SOD1 -/~ (n=4)
mice 4 weeks after birth. Scale bar represents 1 mm. Images were taken at 0.8X (a) or 2X
(b) magnification.

(f) Representative paraffin sections of mammary ducts stained with hematoxylin and eosin at
40X magnification. Scale bar represents 100 um.

(g and h) Whole mount analysis of SOD1 +/+ (n=5), SOD1 +/- (n=5), and SOD1 -/~ (n=4)
adult mice at 3 months. Images taken under 0.8X (a) or 2X (b) objective.

(i) Representative paraffin sections of mammary ducts stained with hematoxylin and eosin at
40X magnification. Scale bar represents 100 pm.

(i) Representative paraffin sections of epidermis from SOD1 +/+ (n=4), SOD1 +/- (n=4),
and SOD1 —/- (n=4) mice stained with hematoxylin and eosin at 40X magnification. Scale
bar represents 100 um.
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(k) Representative paraffin sections of intestines from SOD1 +/+ (n=4), SOD1 +/- (n=4),
and SOD1 /- (n=4) stained with hematoxylin and eosin at 40X magnification. Scale bar
represents 100 um.
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Figure 4. SOD1 is necessary to cope with oxidative stress during transformation.
(aand b) Flow cytometry of superoxide levels as measured by MitoSOX in mammary

epithelial cells from iErbB2 mice un-induced or induced with doxycycline and (b) mammary
epithelial cells from virgin or pregnant female mice.

(c) Quantification of superoxide levels in mammary glands from virgin (n=6) versus
pregnant mice (n=4).

(d) Schematic of experimental design. Mice were induced with doxycycline in drinking
water ad /ibitum for 3 months (n=4).

(e) Representative SOD1 immunohistochemistry of virgin mammary duct and pregnant
mammary alveolar bud.

(f) Quantification of SOD1 staining using scoring scale 1+ (low), 2+ (moderate), 3+ (high).
Representative images of scoring shown on far right.

(g) Representative SOD1 immunohistochemistry of normal mammary duct and iErbB2
mammary tumor.

(h) Representative dot plot of flow cytometry associated sorting (FACS) of mammary
tumors from iErbB2 mice. Cells were gated low or high superoxide levels as measured by
MitoSOX staining.

(i) Immunoblot of SOD1 in sorted tumor cells with low (L) or high (H) superoxide.

() Quantification of SOD1 expression from (g) relative to actin.
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Figure 5. SOD1 isnecessary for oncogene-driven proliferation of primary mouse epithelial cells.
(a) Immunoblotting of MCL1-s, p53, and p16 of SOD1 +/+, SOD1 +/-, and SOD1 /-

iErBb2 mammary gland.
(b) Quantification of MCL1-s, p53, and p16 expression from (a) relative to loading.

(c) Representative images of immunohistochemistry of p16 in SOD +/+, SOD +/-, and SOD
—/- iErbB2 mammary glands.
(d) Quantification of percentage of positive p16 stain from (c).
(e) Brightfield images of 3D primary mammary epithelial organoids from SOD +/+ and
SOD +/- iErbB2 mice in the presence doxycycline at Day 1 (n=5), 4 (n=5), and 7 (n=5).
Scale bar represents 100 uM.
(f) Measurements of diameter of 3D organoids from (e).

Oncogene. Author manuscript; available in PMC 2019 December 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gomez et al.

Page 23

(9) Percentage of organoids from (e) with ErbB2 driven morphogenesis (n=3, 10
observations per time point).

(h) Immunofluorescence of MCL-1 (green) in SOD +/+ and SOD +/- erbB2 organoids.
Nuclei were stained with DAPI.

(i) Representative images of Senescence-Associated-p-galactosidase (SA-B-gal) staining of
SOD +/+ and SOD +/- iErbB2 mammary epithelial cells.

(j) Percentage of SA-B-gal positive cells.

(k) Representative images of colony formation assay or iErb2 tumor cells treated with
DMSO (Control) or SOD1 inhibitor LCS-1 (n = 5).

() Quantification of colony formation assay in k.

(m) MTT Proliferation assay of iErb2 tumor cells treated with DMSO (Control) or LCS-1 (n
=3).
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Figure 6. High SOD1 expression correlateswith poorer prognosisin breast cancer patients.
(a) Kaplan Meier analysis of relapse free survival in breast cancer patients (h=3251) with

low or high SOD1 expression. HR = hazard ratio.
(b) Kaplan Meier analysis of overall survival in breast cancer patients (n=1402) with low or

high SOD1 expression.

(c) Kaplan Meier analysis of metastasis survival in breast cancer patients (h=1746) with low

or high SOD1 expression.

(d) Kaplan Meier analysis of relapse free survival in basal breast cancer patients (n=618)
with low or high SOD1 expression.
(e) Kaplan Meier analysis of relapse free survival in luminal A breast cancer patients
(n=1933) with low or high SOD1 expression.
(f) Kaplan Meier analysis of relapse free survival in luminal B breast cancer patients
(n=1149) with low or high SOD1 expression.
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Figure 7. Model of the requirement of SOD1 either in response to oxidative stressin oncogene-
driven during transformation or normal proliferation in the mammary gland.

a) In normal mammary ducts, the levels of ROS are low and remain low despite normal
cellular proliferation as observed during pregnancy (left side). During oncogene-driven
proliferation however, ROS increases (middle). Our results suggest that under these
conditions, SOD1 also increases and prevents ROS levels from reaching excessive levels. In
absence of SOD1 (right side), ROS reach excessive levels leading to apoptosis, oncogene-
induced senescence and prevent proliferation.
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b) Model of how the increase in SOD1 integrates with the changes in SOD2 over breast
cancer progression from initiation to metastasis. The references are listed below the
indicated changes in either SOD1 or SOD2.
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