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Abstract

To date no models exist to study MnSOD deficiency in human cells. To address this deficiency, we 

created a SOD2-null human cell line that is completely devoid of detectable MnSOD protein 

expression and enzyme activity. We utilized the CRISPR/Cas9 system to generate biallelic SOD2 
disruption in HEK293T cells. These SOD2-null cells exhibit impaired clonogenic activity, which 

was rescued by either treatment with GC4419, a pharmacological small-molecule mimic of SOD, 

or growth in hypoxia. The phenotype of these cells is primarily characterized by impaired 

mitochondrial bioenergetics. The SOD2-null cells displayed perturbations in their mitochondrial 

ultrastructure and preferred glycolysis as opposed to oxidative phosphorylation to generate ATP. 

The activities of mitochondrial complex I and II were both significantly impaired by the absence 

of MnSOD activity, presumably from disruption of the Fe/S centers in NADH dehydrogenase and 

succinate dehydrogenase subunit B by the aberrant redox state in the mitochondrial matrix of 

SOD2-null cells. By creating this model we provide a novel tool with which to study the 

consequences of lack of MnSOD activity in human cells.
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Introduction

Manganese superoxide dismutase (MnSOD), encoded by the nuclear SOD2 gene, is a 

mitochondrial enzyme. MnSOD enzyme activity is essential for protecting respiring cells 

from oxidative damage due to excessive superoxide by converting superoxide to hydrogen 

peroxide. Mitochondria are major sites of reactive oxygen species production, and MnSOD 

is the primary antioxidant enzyme in the mitochondrial matrix responsible for protecting 

mitochondria from superoxide generated as a byproduct during oxidative respiration. As 

such, MnSOD expression is indispensable for aerobic life [1–3]. In whole animal knockout 

models, homozygous constitutive Sod2 knockout mice die by 2–3 weeks after birth from 

cardiomyopathy and neurodegenerative disease [4, 5]. Conditional Sod2 knockout models 

with deletion of Sod2 targeted to specific cell types has enabled the study of Sod2 deletion 

without the neonatal lethality observed in constitutive knockouts. Several conditional Sod2 
knockout models have been reported to date including thymic T cells [6], hematopoietic 

stem cells [7], hepatocytes [8], epithelial keratinocytes [9], and mammary epithelial cells 

[10]. Extensive work has been done to characterize the phenotypic effects of lack of Sod2 
expression in each of these models, which is summarized in Table 1. For example, deletion 

of Sod2 from thymic T cells resulted in immunodeficient mice with increased susceptibility 

to influenza infection in part due to defective proliferation and maturation of T cells lacking 

MnSOD. In a different mouse model where Sod2 was deleted in hematopoietic stem cells, a 

significant disruption of systemic iron homeostasis and red blood cell anemia was observed. 

In these mice an increase in superoxide levels led to a disruption in the specific activity of 

metabolic enzymes including ferrochelatase and aconitase, as well as a disruption in 

expression of genes responsible for maintaining iron homeostasis. These mice lived for 

about 76 weeks and died with severe iron overloading and apparently depleted marrow. 

Interestingly, no tumors were observed in these mice over their lifetime. Deletion of Sod2 in 

mouse liver revealed subtle global changes in the redox biology pathways in hepatocytes and 

demonstrated the remarkable potential of hepatocytes to maintain normal homeostasis in the 

complete absence of detectable MnSOD activity. Whether these livers would be able to 

withstand an oxidative challenge is still unclear, as the Sod2 deficient livers were not 

stressed with carbon tetrachloride or acetaminophen to induce a liver specific oxidative 

stress in those studies. Finally, when Sod2 was deleted from mammary epithelial cells it had 

no discernable effect on their biology or physiology and mice lacking mammary MnSOD 

were able to lactate normally and nurse multiple healthy litters. The diverse phenotypes 

resulting from tissue specific deletion of Sod2 suggest that loss of MnSOD activity confers 

varying degrees of toxicity depending on the cell type in which it is absent. These models 

have been useful to study the effects of MnSOD deficiency in mammalian cells; however, 

despite the existence of these Sod2-null mouse models, a model to study the effects of SOD2 
deletion in human cells has, to our knowledge, not yet been established.

Several methods exist to study the effect of gene-knockdown or deletion in addition to 

expensive knockout animal models, including using RNA interference (RNAi) or engineered 

DNA binding proteins such as zinc finger proteins and the TAL system [11–13]. The 

aforementioned methods are associated with several inherent limitations such as cost, 

difficulty in attaining stable knockdown of targeted genes and off-targeting effects. The 
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advent of the CRISPR/Cas9 gene-editing system, the origins of which lie in the bacterial 

immune defense system [14], has allowed efficient and specific gene-editing in a wide 

variety of organisms, including yeast, zebrafish, mice, and humans, using a simple approach 

in which a unique guide RNA (gRNA) is designed to target disruption of the desired gene 

[15–17]. The repurposing of the CRISPR/Cas9 system to enable genome-wide gene editing 

has revolutionized the study of targeted gene deletion allowing for the generation of cells 

with permanent deletion of the gene of interest.

Creating deletion mutants of genes involved in maintaining cell viability can prove to be 

fundamentally difficult. Though previous models have been generated to characterize the 

effects of Sod2 deficiency in mice and other organisms, including drosophila and yeast [2, 
18], to date no model exists to study lack of MnSOD expression in human cells. Here we 

report the use of the CRISPR/Cas9 system to generate a SOD2-null human cell line that is 

completely deficient in MnSOD protein expression and enzyme activity. We show that 

deletion of SOD2 in HEK293T cells resulted in a profound decrease in growth potential of 

SOD2-null cells due to mitochondrial dysfunction as a consequence of the accumulation of 

superoxide. These cells have many phenotypic characteristics in common with existing 

models thus validating the system, and provide for the first time a stable human cell line 

with which to study the effects of chronic MnSOD deficiency.

Materials and Methods

Cells and Plasmid Transfection

HEK293T cells were maintained in DMEM supplemented with 10% fetal bovine serum. 

Cells were maintained in a humidified 37°C incubator with 5% CO2 and were routinely 

subcultured before reaching confluence by detachment with TrypLE Express (Invitrogen, 

Carlsbad, CA). The pD130-GFP expression vector containing expression cassettes for green 

fluorescent protein (GFP), Cas9 endonuclease, and a CRISPR chimeric cDNA with the 

gRNA moiety we designed to target exon 3 of SOD2 [ATATCAATCATAGCAT TTTC] was 

custom synthesized (DNA2.0, Menlo Park, CA). HEK293T cells were transiently 

transfected by calcium phosphate precipitation. Five days after transfection GFP+ cells were 

sorted by flow cytometry and colonies were selected from single clones.

Western analysis

Total protein was extracted from HEK293T clones with standard RIPA buffer plus protease 

inhibitors and quantified by Bradford assay. Proteins were separated by SDS-PAGE, 

transferred to nitrocellulose membranes and probed with primary antibodies detecting 

CuZnSOD and MnSOD (Millipore, Billerica, MA) and beta-tubulin (University of Iowa 

Hybridoma Core, Iowa City, IA).

SOD enzyme activity assays

CuZnSOD and MnSOD enzyme activities were analyzed using gel zymography as 

previously described [19]. Briefly, 150µg total protein per sample was loaded on a 12% 

native acrylamide gel and separated by electrophoresis. The gel was first stained in the dark 

with a nitroblue tetrazolium (NBT) solution and subsequently with a riboflavin-TEMED 
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solution for 20 minutes at room temperature then exposed to light to catalyze the production 

of superoxide. SOD activity is indicated by the presence of achromatic bands. MnSOD 

activity was specifically visualized by inclusion of sodium cyanide in the staining solution to 

inhibit CuZnSOD.

Cell Proliferation and Clonogenic Assays

For cell proliferation assays HEK293T cells from wild-type or SOD2-null clones were 

plated at a density of 1×103 cells per well in 24-well plates in complete medium. Cells were 

counted daily for 7 days. For clonogenic assays, HEK293T wild-type cells or SOD2-null 
clones were seeded at a density of 200 cells per well in 6 well plates. For hypoxia 

experiments, cells were placed at either 21% or 4% O2 in a humidified 37°C incubator and 

colonies were allowed to form for 10 days. For experiments involving the SOD mimetic 

GC4419 (Galera Therapeutics Inc., Malvern, PA), cells were seeded at a density of 100 cells 

per well in 6 well plates and were treated every other day for 10 days with 5, 10, or 20 µM 

GC4419 diluted in sodium bicarbonate. Cells were fixed in ice-cold methanol and stained 

with 0.5% crystal violet (w/v) in 25% methanol. Colonies containing >50 cells were scored.

Measurement of dihydroethidium and MitoSOX red reactive species

Cells were stained with either 10 µM dihydroethidium (DHE; Molecular Probes, Eugene, 

OR) or 2 µM MitoSOX red (Life Technologies, Grand Island, NY). Briefly, cells were 

washed once in PBS and stained in PBS for 10 minutes 37°C. The mean fluorescence 

intensity (MFI) was analyzed for 10,000 cells per sample.

Mitochondrial bioenergetics

The Seahorse XF96 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA) 

was used to detect rapid, real time changes in cellular respiration and glycolysis rate to 

measure oxygen consumption and extracellular acidification rates. Cells were seeded in 100 

µl complete DMEM at a density of 2 ×104 cells/well in XF24 24-well cell culture plates. 

Eight replicates per cell type were assayed in each experiment using Seahorse technology. 

On the day of the experiment, cells were washed and incubated in XF Base medium for 1 h 

at 37°C. After recording basal respiration, successive injections of oligomycin (1 µM), 

FCCP (1 µM) and rotenone (1 mM)/Antimycin A (5 µM) were carried out to determine OCR 

and ECAR. All measurement were normalized to total protein content per sample.

Succinate dehydrogenase histochemistry

Culture medium was aspirated and cells were washed twice with PBS. Cell culture dishes 

were allowed to air dry at room temperature. A solution containing 0.55 mM NBT and 0.05 

M sodium succinate was applied and the dishes were incubated overnight at 37°C and 

washed again with PBS before images were captured.

Measurement of mitochondrial electron transport chain activities

Complex I was measured as the rate of rotenone-inhibitable NADH oxidation in the 

presence or absence of 200 µg rotenone. Complex II was assayed as previously described 

[20] and measured as the rate of dichloroindophenol (DCIP) reduction by Coenzyme Q in 
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the presence and absence of succinate. Whole cell pellets were freeze-thawed, resuspended 

in 20mM potassium phosphate buffer and sonicated for 20s. Protein concentration was 

measured by the Lowry method.

TEM

Cells were collected by scraping, washed with cold PBS, and fixed with 2.5% 

glutaraldehyde in 0.1 M Na-cacodylate buffer. Fixed cells were incubated with 1% osmium 

tetroxide for 2 h and processed for embedding. The embedding procedure consisted of 

incubation with distilled water for 1 min, then 20 min in 2.5% uranyl acetate, 15 min in 50% 

ethanol, 15 min in 70% ethanol, 30 min in 95% ethanol, 2×30 min in 100% ethanol, 1 h in 

ethanol and epon (2:1), 1 h in ethanol and epon (1:2), and overnight in 100% epon in a 60°C 

oven. Ultrathin sections of 70 nm were placed on copper mesh grids, and stained with 5% 

uranyl acetate and lead citrate. Samples were visualized using a JEOL 1230 transmission 

electron microscope. All microscopy imaging was performed using The University of Iowa 

Central Microscopy Research Core Facility.

Results

CRISPR/Cas9 mediated gene editing of SOD2 caused efficient and complete deletion of 
MnSOD expression in human cells

The CRISPR/Cas9 expression system caused efficient genetic disruption of SOD2 in human 

cells that resulted in complete loss of detectable MnSOD protein expression and enzyme 

activity. Thoughtful design of the gRNA component targeting DNA double-strand breaks 

induced by Cas9 expression in the CRISPR/Cas9 system allows for specific editing of a 

genetic locus with minimal off-target effects. To disrupt MnSOD expression in HEK293T 

cells, we designed a single gRNA to target the third exon of SOD2.

After transient expression of the CRISPR/Cas9 construct targeting SOD2 in HEK293T cells 

followed by selection and cloning, we performed western blot analysis to identify clones 

without detectable MnSOD expression. As shown in Figure 1A, two clones (clones #25 and 

29), out of a total of thirty that were assayed, show no detectable MnSOD expression. To 

evaluate whether lack of MnSOD protein correlated with absence of enzyme activity, an 

SOD activity gel assay was performed on clone 25. Results from the activity gel show no 

detectable MnSOD enzyme activity in this clone whereas CuZnSOD activity was unaffected 

by deletion of SOD2 (Figure 1B).

The CRISPR/Cas9 system can produce both insertions and/or deletions (indels) in the 

genomic target site via the non-homologous end-joining DNA repair pathway. To determine 

the nature of the genetic lesions caused by expression of the SOD2 targeted CRISPR/Cas9 

construct, clones lacking MnSOD protein expression and activity were subjected to DNA 

sequencing analysis. Genomic DNA was purified from the SOD2-null cells, PCR-amplified 

and cloned into a sequencing vector to verify the nature of indels present. As protein 

expression and activity were completely abolished in the SOD2-null cells, we expected to 

detect bi-allelic mutations. Both clones that were selected for further characterization were 

confirmed to have unique indels with bi-allelic mutations (Figure 1C). Indels consisting of 
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an insertion of 7 nucleotides and a deletion of 4 nucleotides were detected in clone 25, 

whereas indels consisting of an insertion of 2 nucleotides and a deletion of 11 nucleotides 

were detected in clone 29. Each of these indels resulted in a frameshift of the coding 

sequence of SOD2 and complete loss of MnSOD protein expression.

Genetic disruption of SOD2 abrogates clonogenic potential of SOD2-null cells

To further characterize the SOD2-null clones, we examined the growth characteristics of 

these cells compared to wild-type HEK293T cells. Since previous research has shown 

MnSOD is indispensable for cell survival, we expected the SOD2-null cells to exhibit 

reduced proliferative potential. As expected, the growth rate of SOD2-null cells was 

significantly impaired compared to wild-type cells (Figure 2A) Moreover, a greater than 5-

fold reduction in clonogenic activity was observed in SOD2-null compared to wild-type 

HEK293T cells (Figure 2B&C; normoxia). Given the central role of MnSOD in protecting 

the mitochondrial function of respiring cells, we hypothesized the observed reduction in 

clonogenic potential of SOD2-null cells could be due to oxygen toxicity leading to impaired 

cell growth. To investigate this hypothesis, we repeated the clonogenic assay in a reduced 

oxygen (4% O2) environment. The clonogenic potential of SOD2-null cells was restored by 

incubation in hypoxic conditions supporting the hypothesis that lack of SOD2 expression 

contributes to impairment of cell growth in normoxia (Figure 2B&C; 4% O2). The 

clonogenic data were quantified and the data are shown in Figure 2B (right panel). This 

finding is particularly relevant to the hypoxic fraction of tumor cells given the heterogeneous 

nature of tumor blood flow. Our data supports the concept that tumor cells located within 

highly hypoxic areas would be less likely to be affected by loss of SOD2 expression alone. 

To determine whether a pharmaceutical SOD mimic could rescue cell growth and survival in 

the SOD2 knockout cells, wild-type and SOD2-null HEK293T cells were treated with 

increasing doses of GC4419, a highly specific small molecule pharmacological mimetic of 

SOD currently being used in clinical trials. The growth defect observed in cells without 

SOD2 expression was abrogated by treatment with the mimetic in a dose-dependent manner 

as clonogenic potential of SOD2-null cells was restored to the wild-type level with 20 µM 

GC4419 without significant toxicity to WT cells (Figure 2D&E). Taken together, these 

results demonstrate that CRISPR/Cas9-mediated gene editing of SOD2 and disruption of 

MnSOD expression results in impaired growth phenotype of human HEK293T cells that can 

be rescued by incubation in a reduced oxygen environment or by treatment with a SOD 

mimic.

Elevated intracellular ROS contributes to mitochondrial dysfunction in SOD2-null cells

Due to its enzyme activity and its location in the mitochondrial matrix, MnSOD is the cell’s 

primary defense against superoxide generated by one electron reduction of oxygen as a by-

product of oxidative phosphorylation. Since mitochondria are the main site of superoxide 

production in most normal human cell types, MnSOD activity is required to prevent 

superoxide-induced mitochondrial injury and subsequent dysfunction. We examined the 

mitochondrial ultrastructure of both SOD2-null and wild-type cells by transmission electron 

microscopy to determine if lack of SOD2 expression causes any observable defects in 

mitochondrial morphology. As shown in Figure 3, representative TEMs from SOD2-null 
cells show mitochondria with abnormal shape and distribution of cristae (right panels) 
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compared to mitochondria visualized in wild-type cells (left panel). These results 

demonstrate that lack of MnSOD expression perturbs mitochondrial structure, a finding 

consistent with studies from MnSOD deficient mouse cells.

Given the abnormal appearance of SOD2-null mitochondria, we next sought to determine 

whether elevated levels of superoxide were detectable in these cells compared to wild-type 

HEK293T cells. To confirm that loss of MnSOD expression resulted in the anticipated 

increase in mitochondrial oxidative stress, the levels of dihydroethidium and MitoSOX red 

reactive species were examined and quantified by flow cytometry. We detected a 2.5-fold 

increase in dihydroethidium reactive species and 2-fold increase in MitoSOX red reactive 

species in SOD2-null cells compared to wild-type cells (Figure 4A), showing that in the 

absence of functional MnSOD activity human cells are subjected to increased baseline 

mitochondrial oxidative stress.

Increased levels of oxidative stress have been shown to cause the oxidation of mitochondrial 

electron transport chain (ETC) complexes containing iron-sulfur (Fe/S) clusters [21–23]. 

Both NADH dehydrogenase (complex I) and succinate dehydrogenase (SDH; complex II) 

contain Fe/S clusters that are particularly sensitive to oxidation and subsequent inactivation 

by increased levels of superoxide. Therefore, we hypothesized that elevated superoxide 

levels in SOD2-null cells contribute to functional alterations in ETC complexes. To test this 

hypothesis, the activities of complex I, which contains 7 Fe/S clusters, and complex II, 

which contains 3 Fe/S clusters, were assayed spectrophotometrically. Complex I activity was 

assayed via the rate of rotenone-inhibitable NADH oxidation and complex II was measured 

as the rate of DCIP reduction by Coenzyme Q in the presence and absence of succinate. As 

expected, a 2-fold reduction in complex I activity and a 5-fold reduction in complex II 

activity was observed in SOD2-null compared to wild-type cells (Figure 4B). Complex I and 

II activities were also found to be reduced in a mouse model of Sod2 deficiency, which is 

consistent with our results and the idea that respiratory chain enzymes with Fe/S clusters are 

sensitive superoxide-mediated inactivation [24, 25]. In concordance with this finding, 

histochemical staining of SDH activity was markedly decreased in cells devoid of MnSOD 

expression (Figure 4C). Altogether these results indicate MnSOD is essential for protecting 

ETC complexes I and II from superoxide-induced inactivation.

The bioenergetic profile of SOD2-null cells is altered compared to wild-type

To determine whether mitochondrial dysfunction due to alterations in ETC activity had an 

effect on cellular respiration, we utilized Seahorse technology to conduct metabolic assays 

to compare the bioenergetic profiles in real-time of SOD2-null versus wild-type cells. 

Compared to wild-type cells, SOD2-null cells displayed a nearly 3.5-fold reduction in 

baseline oxygen consumption rate (OCR) indicating a significant decrease in mitochondrial 

respiration (Figure 5B). This was accompanied by an increase in extracellular acidification 

rate (ECAR) in SOD2-null cells compared to wild-type cells (Figure 5C). These findings 

indicate that SOD2-null cells preferentially utilize glycolysis rather than oxidative 

phosphorylation to make ATP. The largest difference between the bioenergetics profiles of 

wild-type and null cells was in the reserve respiratory capacity of the two cell types where a 

5-fold reduction in reserve capacity was noted in cells devoid of MnSOD expression (Figure 
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5D). Taken together, these results indicate deletion of SOD2 in human cells results in 

significant mitochondrial dysfunction and metabolic oxidative stress.

Discussion

MnSOD, encoded by the nuclear SOD2 gene, localizes to the mitochondrial matrix and is 

the main enzyme that scavenges superoxide to prevent oxidative damage in the 

mitochondria. Mice with constitutive homozygous deletion of Sod2 develop several 

pathologies such as cardiac myopathy and motor neuron dysfunction and die soon after birth 

[5, 26]. As a result of their short life span, studying the long-term effects of loss of Sod2 in 

mice is nearly impossible without conditional Sod2 knockout models. Moreover, translating 

data derived from animal models in humans is often difficult, if not impossible, but the 

availability of appropriate human model systems is a substantial obstacle impeding research 

progress. Studying genetic knockouts associated with disease phenotypes, especially those 

pertaining to genes involved in cell proliferation and survival, such as SOD2, presents a 

unique set of challenges. We present for the first time herein a human cell model appropriate 

for studying cellular and molecular phenotypes caused by loss of MnSOD activity.

The CRISPR/Cas9 system provides the opportunity to easily and efficiently delete genes in 

human cell models [15–17]. We show targeting SOD2 with a single gRNA resulted in 

complete abrogation of MnSOD protein expression and eliminated detectable MnSOD 

enzyme activity. Unlike siRNA, which often results in multiple levels of success in terms of 

totality of knockdown and is typically transient, the mutations created in SOD2 in this study 

are stable and therefore heritable and provide an excellent model with which to study SOD2 
deficiency in a human cell model.

SOD2 is located on 6q25.3 and loss of heterozygosity of this chromosome has been reported 

in several types of cancer and other diseases. For example, LOH on the long arm of 

chromosome 6 has been reported in melanoma [27, 28], acute lymphocytic leukemia[29, 
30], as well as in breast [31–35], stomach [36], and ovarian[37] cancers. Therefore, our 

model would be particularly useful in the context of a Tet-inducible system to regulate 

expression of SOD2. The use of the CRISPR/Cas9 system to delete SOD2 would allow for 

customizable re-expression of SOD2 to evaluate the effect(s) of variable levels of MnSOD 

expression and activity in cancers and other diseases where the expression of MnSOD is 

altered.

Given MnSOD’s role as the major primary antioxidant protein responsible for protecting 

mitochondria from oxidative damage, we expected mitochondrial function to be severely 

impaired in SOD2-null cells. Without proper mitochondrial function due to increased 

oxidative stress, cellular metabolism and therefore cell growth and proliferation are impaired 

by lack of MnSOD expression. We found SOD2-null cells exhibited reduced clonogenic 

potential compared to their wild-type counterparts. This characteristic was attributable to 

increased oxidative stress since growth in reduced oxygen or treatment with the SOD small 

molecule mimetic GC4419 both restored the clonogenic potential of SOD2-null cells.
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The current study describes the negative effect of loss of MnSOD activity on ETC enzyme 

function and the subsequent metabolic impairment exhibited by SOD2-null cells supporting 

the hypothesis that oxidative stress is increased in cells without functional MnSOD. Lack of 

MnSOD expression resulted in cells that preferentially utilize glycolysis to make ATP rather 

than oxidative phosphorylation as assessed in real-time by the Seahorse Extracellular Flux 

analyzer. At baseline, a significant difference in oxygen consumption was observed in wild-

type vs. SOD-null cells indicating cells without MnSOD activity are respirationally 

challenged. Addition of the mitochondrial uncoupler FCCP failed to induce an increase in 

respiratory rate of SOD2-null cells, indicating these cells have essentially no spare reserve 

respiratory capacity. Reserve capacity is a measure of mitochondrial reserve energy and is 

oftentimes only revealed when substrate oxidation is limited by increased demand in ATP. 

Several factors influence reserve capacity including the ability of the cell to deliver substrate 

to the mitochondria and proper functioning of enzymes associated with the ETC [38]. The 

near total depletion of reserve capacity in SOD2-null cells indicates these cells are operating 

at their bioenergetic limit. Taken together, the decrease in mitochondrial complex I and II 

activities in SOD2-null cells and the Seahorse OCR data from the mitochondrial stress test 

indicate severe mitochondrial dysfunction caused by lack of MnSOD expression.

Overall our results support the hypothesis that MnSOD is essential for normal mitochondrial 

function due to its role in neutralizing superoxide radicals, preserving iron homeostasis, and 

preserving ETC function. We have created what is to our knowledge the first human cell line 

with targeted biallelic genetic disruption of SOD2 that is devoid of both detectable MnSOD 

protein expression and enzyme activity. In addition to studying the metabolic consequences 

arising as a result of deletion of MnSOD activity, this new model provides a precedent for 

the genesis of other SOD2-null human cells from other cell types including primary human 

stem cells. Given that decreased MnSOD expression has been observed in transformed cells 

and early tumors [39–41], whereas increased expression has been noted in advanced disease 

[42–45], the work described here provides an excellent model with which to further study 

the role of MnSOD expression in relevant disease pathologies, including cancer.
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HIGHLIGHTS

• We describe the generation of novel human cell line to study MnSOD deficiency

• SOD2-null cells exhibit growth deficiency compared to wild-type cells

• O2 consumption and ETC enzyme activities were inhibited without MnSOD

• SOD2-null cells exhibit significantly impaired mitochondrial function

• The SOD2-null phenotype could be rescued by hypoxia or SOD mimic drugs
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Figure 1. CRISPR/Cas9-targeted disruption of human SOD2 results in cells lacking detectable 
MnSOD expression
(A) Whole cell lysates were subjected to western blot analysis for MnSOD and CuZnSOD 

expression in selected clones after CRISPR/Cas9-mediated disruption of SOD2.

(B) Analysis of MnSOD (arrowhead) and CuZnSOD (arrow) activity of wild-type (WT) and 

SOD2 knockout clone number 25. The appearance of achromatic bands indicates the 

presence of SOD activity. Right panel: Sodium cyanide was included during native gel 

staining to inhibit CuZnSOD.

(C) Unique bi-allelic indels were detected by sequencing analysis in each knock-out clone 

(clone 25: 7 bp insertion, 4 bp deletion; clone 29: 2 bp insertion, 11 bp deletion). A 200 bp 

area encompassing the gRNA targeting site was PCR-amplified from genomic DNA, cloned, 

multiple clones sequenced, and compared to the reference sequence for human SOD2 
(RefSeq Accession NG008729.1)

Nucleotide insertions are marked in blue and deletions are marked by red dashes. PAM motif 

is marked in bold and gRNA target sequence is highlighted in green.
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Figure 2. Deletion of MnSOD activity results in growth inhibition of HEK293T cells that is 
restored by incubation in hypoxia or by treatment with a SOD mimic
(A) Growth curve of wild-type (WT) and SOD2-null (KO) HEK293T clones.

(B) Clonogenic assay of 200 WT (closed bars) or KO (open bars) cells grown in normoxia 

or 4% oxygen for 10 days. Incubation in 4% oxygen restores clonogenic activity of KO 

cells. *P<0.01 compared to WT.

(C) Photograph of 6-well plates from representative experiments in 2B is shown.
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(D) Clonogenic assay of WT and KO cells supplemented with 5, 10, or 20 µM, as indicated, 

of the SOD mimetic GC4419. 100 cells were plated and colonies were allowed to form for 

10 days. Treatment with 20 µM GC4419 restores clonogenic activity of KO cells to wild-

type levels. *P<0.01 compared to untreated WT cells.

(E) Photograph of representative experiment in which cells were treated with 20 µM 

GC4419 is shown. *P < 0.01 compared to WT cells.

Cramer-Morales et al. Page 16

Free Radic Biol Med. Author manuscript; available in PMC 2016 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Mitochondria of SOD2-null cells display ultrastructure abnormalities
Representative transmission electron micrographs from two independent samples (I and II) 

from wild-type (WT) and SOD2-null (KO) cells. Micrographs from KO cells show multiple 

mitochondria with abnormal cristae structure.
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Figure 4. Absence of MnSOD expression results in increased mitochondrial oxidative stress and 
alters mitochondrial electron transport chain function
(A) An increase in mean fluorescent intensity (MFI) of dihydroethidium (DHE) and 

MitoSOX red staining was detected by flow cytometry in SOD2 knock-out cells (open bars) 

compared to wild-type cells (closed bars). *P = 0.012 compared to wild-type.

(B) Activities of complex I (left panel) and complex II (right panel) (µmol/min/mg protein) 

were measured spectrophotometrically. Complex I activity was measured as the rate of 

rotenone-inhibitable NADH oxidation in the presence or absence of rotenone. Complex II 
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was assayed as the rate of DCIP reduction by Coenzyme Q in the presence and absence of 

succinate. Activity measurements were normalized to total cellular protein. *P<.05 

compared to wild-type.

(C) Increased succinate dehydrogenase activity was detected by histochemical staining in 

wild-type cells (left panel) compared to knock-out cells (right panel)
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Figure 5. SOD2-null HEK293T cells displayed significant alterations in mitochondrial 
bioenergetics
(A) Real-time oxygen consumption rate (OCR; pmol/min) was measured with the Seahorse 

Extracellular Flux Analyzer. A representative trace from a mitochondrial stress test is shown 

comparing OCR of wild-type cells (closed circles) to knock-out cells (open circles) with 

arrows indicating sequential additions of oligomycin, FCCP, and antimycin A/rotenone.

(B) Quantification of OCR (pMol/min/µg protein) in wild-type and SOD2-null cells. 

*P<0.01 compared to wild-type.

(C) Quantification of extracellular acidification rate (ECAR; mpH/min/µg protein) in wild-

type and SOD2-null cells. *P<0.01 compared to wild-type.
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(D) A 3.5-fold decrease in mitochondrial reserve capacity was detected in knock-out cells. 

*P = 0.01 compared to wild-type.
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Table 1

Summary of Sod2 knockout mouse models and their resulting phenotypes generated to date.

Knockout Target Phenotype

Homozygous whole
animal knockout

Neonatal lethality [4, 5], reduced succinate dehydrogenase and

aconitase activities [5], dilated cardiomyopathy [5], impairment
of mitochondrial function in organs with high demand for
oxidative metabolism including heart, liver, skeletal muscle,

and hematopoietic cells [4, 5].

Heterozygous whole
animal knockout

Increased superoxide production and mitochondrial injury [46],
increased oxidative stress-induced mitochondria-mediated

apoptosis [25].

Liver No gross histological abnormalities [47], spontaneous oxidative
damage (i.e. lipid peroxidation) in liver not detected.

Mammary
gland

Embryonic knockout: maturation arrest, hyperplastic epithelium

[48], Post-natal knockout: no apparent abnormalities associated

with loss of Sod2 [10].

Skeletal
muscle

Reduced aerobic exercise capacity and decreased mitochondrial

enzyme function; damage to glycolytic muscle fibers [49].

Hematopoietic
stem cells

Inactivation of metabolic enzymes and iron homeostasis,
improper heme formation and impaired erythrocyte

development [7].

T-cells
Increase in superoxide and mitochondria-mediated apoptosis,

reduced mitochondrial enzyme function [6].
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