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SUMMARY

Adaptation to changes in amino acid availability is crucial for cellular homeostasis, which requires 

an intricate orchestration of involved pathways. Some cancer cells can maintain cellular fitness 

upon amino acid shortage, which has a poorly understood mechanistic basis. Leveraging a 

genome-wide CRISPR-Cas9 screen, we find that superoxide dismutase 2 (SOD2) has a previously 

unrecognized dismutase-independent function. We demonstrate that SOD2 regulates global 
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proteasomal protein degradation and promotes cell survival under conditions of metabolic stress 

in malignant cells through the E3 ubiquitin ligases UBR1 and UBR2. Consequently, inhibition of 

SOD2-mediated protein degradation highly sensitizes different cancer entities, including patient-

derived xenografts, to amino acid depletion, highlighting the pathophysiological relevance of our 

findings. Our study reveals that SOD2 is a regulator of proteasomal protein breakdown upon 

starvation, which serves as an independent catabolic source of amino acids, a mechanism co-opted 

by cancer cells to maintain cellular fitness.

Graphical abstract

In brief

Ibrahim et al. show that SOD2 has a dismutase-independent function by regulating proteasomal 

degradation through UBR1 and UBR2. This SOD2-driven protein breakdown enhances cancer cell 

survival upon starvation by creating an alternative source of amino acids. In leukemia, inhibition 

of SOD2 sensitizes cells to asparaginase treatment, demonstrating its therapeutic potential.

INTRODUCTION

The survival capacity of cells depends on their ability to withstand or evade variable cellular 

stressors that dysregulate cellular homeostasis. Exploiting the dependency of cancer cells 

on amino acid availability offers therapeutic avenues, for instance, through the use of 

asparaginase, which depletes the non-essential amino acid asparagine. This potent activity 
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of asparaginase in hematopoietic neoplasms has led to its integral role in the first-line 

standard of care for lymphoblastic leukemias.1–4 Dose intensification of asparaginase has 

led to improved outcomes in T cell and B cell acute lymphoblastic leukemias1,5–7; however, 

resistance to asparaginase-based therapies is associated with poor prognosis, and effective 

treatment options remain limited for many of these patients.8

The molecular mechanisms that allow mammalian cells to maintain cellular fitness upon 

asparagine starvation remain incompletely understood. Eukaryotic cells are well known 

to respond to amino acid starvation by inhibiting protein synthesis to reduce amino acid 

consumption,9,10 increase de novo amino acid biosynthesis and transport, and stimulate 

lysosomal protein degradation as a catabolic source of amino acids.11–14 However, the role 

of the ubiquitin-proteasome system in this context is still evolving. The proteasome is a 

highly sophisticated protease complex that can serve as a source of proteinogenic amino 

acids. However, the mechanisms that regulate proteasomal degradation under conditions of 

metabolic stress remain poorly understood.

Here, we show that the inhibition of the superoxide dismutase 2 (SOD2) sensitizes 

different cancer entities, including leukemia and colorectal cancer cells, to amino acid 

starvation independently of known SOD2-associated pathways, including reactive oxygen 

species (ROS) signaling. Instead, we demonstrate that SOD2 has a previously unrecognized 

dismutase-independent function and regulates protein degradation through the E3 ubiquitin 

ligases UBR1 and UBR2 upon starvation. While UBRs have been mainly associated 

with the Arg/N-degron pathway, which targets proteins for degradation by recognizing 

their N-terminal or internal degrons,15–20 we here show that SOD2 does not appear to 

mediate degradation of particular N-degron substrates, but instead regulates proteasomal 

protein degradation as a starvation response. Intriguingly, inhibition of SOD2 or UBRs 

highly sensitized drug-resistant patient-derived xenograft (PDX) leukemia specimens to 

asparaginase. Thus, SOD2-regulated protein degradation promotes cancer cell fitness upon 

amino acid depletion, reflecting an adaptive mechanism to maintain metabolic homeostasis.

We propose a model in which the interaction of SOD2 and UBRs can adaptively trigger 

protein breakdown as an independent catabolic source of amino acids, a mechanism co-

opted by cancer cells to maintain cellular fitness upon starvation. This study highlights the 

unique role of these biomolecules within a distinct pathway relevant to cell fitness, protein 

metabolism, and cancer therapy.

RESULTS

SOD2 inhibition sensitizes leukemia cells to asparagine depletion

Leveraging a genome-wide CRISPR-Cas9 loss-of-function screen in the resistant T cell 

acute lymphoblastic leukemia (T-ALL) cell line CCRF-CEM21 to identify molecular 

pathways that drive response and resistance to asparaginase, we could previously show that 

WNT-induced inhibition of GSK3-dependent protein degradation (WNT/STOP) sensitizes 

resistant cancer cells to asparaginase.21,22 In this screen, we also found the gene SOD2 
among the top hits (Figure 1A), which attracted our interest for further investigation as it 

has not previously been linked to asparaginase response in resistant leukemias. Of note, 
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analysis of guide RNA-level results revealed that all six guide RNAs targeting SOD2 
were significantly depleted in asparaginase-treated cells (Figure S1A; Table S1), making 

it unlikely to reflect a false-positive hit.

To validate that loss of SOD2 sensitizes leukemia cells to asparaginase, we first induced 

an shorth hairpin RNA (shRNA)-mediated knockdown of SOD2 (shSOD2), which resulted 

in efficient gene silencing as assessed by RT-qPCR (Figure 1B) and western blot (Figure 

1C). Inhibition of SOD2 by RNA interference induced a striking asparaginase sensitization 

(Figure 1D), which could be rescued by expression of the SOD2 cDNA (Figure 1E). 

Additionally, inhibition of SOD2 potentiated asparaginase-induced mitochondrial apoptosis 

(Figure 1F). Thus, inhibition of SOD2 mediates sensitization to asparaginase in these cells.

SOD2 inhibition sensitizes different cancer entities to asparaginase-induced cytotoxicity

To exclude the possibility that the observed sensitization is a cell line-specific effect, we 

used a panel of cell lines from different cancer entities (Table S2). Knockdown of SOD2 

induced a significant reduction in viability upon treatment with asparaginase (Figures 2A–

2F) but did not sensitize leukemic cells to other commonly used leukemia chemotherapeutic 

agents (Figures 2G–2J).

SODs have been reported to be located in different cellular compartments: SOD1 in the 

cytosol and mitochondria, SOD2 mainly in the mitochondria, and SOD3 in the extracellular 

compartment (reviewed by Fukai et al.24). This prompted us to test whether the sensitization 

phenotype is selective to SOD2, or whether it could be phenocopied by the inhibition of 

other isoforms. We started by transducing shRNAs selectively targeting the SOD1 or SOD3 

isoforms (Figures S1B–S1D). Knockdown of SOD1 (Figure S1E) exhibited high baseline 

toxicity in all transduced cell lines in the absence of asparaginase treatment (Figure S1F), 

in line with the general toxicity attributed to SOD1 inhibition from previous work.25–27 

Similarly, the knockdown of the extracellularly located isoform SOD3 failed to induce 

asparaginase sensitization (Figure S1G).

SOD2-regulated asparaginase response is independent of known SOD2-associated 
pathways

We then asked how SOD2 inhibition sensitizes cancer cells to asparagine depletion. The 

activity of SODs has been extensively related to oxidative stress (reviewed by Fukai et 

al.24 and Miao et al.28), thus raising the possibility that SOD2-mediated asparaginase 

sensitization is related to changes in ROS.

Inhibition of SOD2 showed only a modest increase in ROS when compared with the 

Luciferase (Luc) control in the presence of asparaginase (Figure 3A), while the positive 

control antimycin A29,30 displayed a striking ROS generation. In line, treatment with 

exogenous superoxide mimetics xanthine or xanthine plus xanthine oxidase resulted in the 

previously reported baseline toxicity27 (Figure 3B), but did not induce an exacerbated cell 

death in response to asparagine depletion, despite showing the expected increase in ROS 

levels (Figure S2A).

Ibrahim et al. Page 4

Cell Rep. Author manuscript; available in PMC 2025 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In previous studies, inhibition of the SOD1 isoform has been reported to increase 

hydrogen peroxide levels in non-small lung cell carcinomas27 by diminishing the activity 

of glutathione peroxidase (GPX), an effect rescued by treatment with the ROS scavenger 

N-acetyl-cysteine (NAC), or the GPX mimetic ebselen.27 We thus wondered whether the 

inhibition of SOD2 displays a similar effect on GPX activity. However, treatment with NAC 

or ebselen was not able to block asparaginase-induced cell death upon SOD2 inhibition 

(Figures 3C and 3D). On balance, inhibition of SOD2 surprisingly appeared to regulate 

sensitization to asparagine starvation in a manner independent of ROS. Our findings 

that SOD2, but not SOD1 and SOD3, exhibited low baseline toxicity in the absence of 

asparaginase is in line with the observation that SOD2 inhibition does not dramatically 

change the ROS levels in cancer cells such as leukemia cells, which collectively suggests the 

activation of other redox pathways to compensate.31,32

We next wondered whether SOD2 inhibition affects the expression of relevant amino acid 

enzymes or transporters, but found no consistent effect on the expression of asparagine 

synthetase, glutamine synthetase (Figures 3E and 3F), or relevant amino acid transporters33 

upon inhibition of SOD2 and asparaginase treatment (Figure 3G). In addition, asparagine 

depletion did not consistently affect expression levels of SOD2 in a panel of cancer cell lines 

as well as B-ALL PDXs (Figures S2B–S2C; Table S3).

To assess whether SOD2 is interconnected with mTORC1,34,35 we leveraged 

phosphorylation of p70S6K (Thr389) as an activity marker of mammalian target of 

rapamycin but could not find any remarkable changes in shSOD2 cells treated with 

asparaginase (Figure 3H).

In the regulation of metabolic pathways, SOD2 can be activated through deacetylation 

at amino acid position 68 (K68) by the mitochondrial sirtuin SIRT3,36,37 which can be 

up-regulated in response to calorie restriction as an effort to restore mitochondrial function 

under stress.38 However, assessment of SIRT3 expression in cells treated with asparaginase 

did not yield any significant differences (Figure S2D). In line, K68 levels of SOD2 did not 

show any remarkable differences in the presence of an asparagine depletion by contrast with 

the positive control nicotinamide36 (Figure S2E). Additionally, the knockdown of SIRT3 did 

not exacerbate asparaginase-induced cell death (Figure S2F).

Previous findings on SOD2-dependent cell-cycle fluctuations, particularly in the G1 

phase,39,40 prompted us to check for cell-cycle-dependent changes in shSOD2 cells. 

However, we could not find any significant effects (Figures S3A–S3B), indicating the 

independence of previously characterized SOD2-related pathways.

SOD2 promotes cell survival during amino acid starvation by interacting with UBR2

Next, we wondered whether SOD2-mediated sensitization to amino acid starvation is 

regulated by its dismutase activity. We, thus, leveraged the dismutase dead variant Y34F 

of SOD2,41 which fully phenocopied the effect of the SOD2 cDNA (Figure 4A and S4A). 

In addition, we failed to rescue shSOD2-mediated asparaginase sensitization by leveraging 

the SOD mimetic MnTBAP42,43 (Figures 4B and S4B). These data collectively indicate a 

dismutase-independent function of SOD2.
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The observation that SOD2 inhibition sensitizes selectively to asparaginase out of all tested 

chemotherapeutic agents prompted us to ask whether SOD2 inhibition mediates cancer cell 

sensitization selectively to asparagine depletion, or whether it represents a broader cellular 

amino acid starvation phenotype. To test this, we cultured T-ALL cells transduced with 

shSOD2 in the absence of essential or non-essential amino acids, resulting in a striking 

sensitization, which could be rescued by the expression of SOD2 cDNA (Figure 4C).

To further dissect the mechanistic underpinnings of the SOD2-mediated phenotype, we 

leveraged the Bioplex Interactome database44,45 and identified the protein UBR2, a 

major E3 ubiquitin ligase, mainly associated with the Arg/N-degron protein degradation 

pathway,46–48 as a binding partner of SOD2 (Figure 4D). While UBR2 is localized in the 

cytosol, the previously described functions of SOD2 have been linked to its mitochondrial 

localization.24 Leveraging subcellular fractionation assays, we found that SOD2 is not only 

localized in the mitochondria but also the cytosol in different cancer cell line models (Figure 

S4C). Indeed, SOD2 and UBR2 co-immunoprecipitated in a whole cell lysate using a non-

denaturing lysis buffer (Figure 4E), as well as in an isolated cytosolic cell fraction (Figures 

4F and S4D). Of note, leveraging immunofluorescence super-resolution microscopy, we 

could also find co-localization of SOD2 and UBR2 (Figures 4G and 4H).

Next, we took advantage of a construct lacking the mitochondrial target sequence of SOD2 

(ΔMTS-SOD2). Upon SOD2 depletion, this protein failed to translocate to the mitochondria 

by contrast with the SOD2 wildtype control (Figure S4E), but could still fully rescue the 

shSOD2-mediated sensitization phenotype (Figures 4I and S4F). These findings collectively 

add up to the line of evidence whereby the cytosolic population of SOD2 plays a crucial role 

in mediating the phenotype.

We then turned our attention to UBR2 as an interaction partner of SOD2. Intriguingly, 

the knockdown of UBR2 (Figure 4J) fully phenocopied the effect of SOD2 inhibition and 

resulted in profound asparaginase sensitization (Figure 4K), which could be rescued by 

expressing a UBR2 cDNA.

Assessing levels of total ubiquitinated proteins, we found decreased levels in both normal 

and asparagine-starved conditions (Figures 4L and S4G), which could not be rescued 

by providing an excess of asparagine in normal conditions. We thus hypothesized that 

the SOD2 phenotype is dependent on UBR2 function. In line with this hypothesis, 

overexpression of a UBR2 cDNA could rescue shSOD2-mediated asparaginase sensitization 

(Figure 4M).

Previous studies could show that, in cancer cells, UBR2 is up-regulated in response to 

cachectic stimuli, including proinflammatory cytokines.49 We thus asked whether asparagine 

starvation induces an upregulation of UBR2 expression levels but failed to observe this 

phenotype (Figure S4H). Similarly, the knockdown of SOD2 also did not affect the 

expression levels of UBR2 (Figure S4H). On balance, these findings are consistent with 

the hypothesis that SOD2 regulates cancer cell survival during amino acid starvation by its 

interaction with UBR2.
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UBR1 inhibition phenocopies the defective response to amino acid starvation

UBR1 and UBR2 are sequelogous, functionally overlapping, E3 ubiquitin ligases that 

have been previously shown to dominate the targeting of Arg/N-degron substrates, and 

thus mediate the bulk degradation of model substrates bearing Arg/N-degrons (reviewed 

by Varshavsky50,51). The Arg/N-degron pathway targets specific proteins for degradation 

through the 26S proteasome or the autophagy-lysosomal pathway by recognizing their 

specific N-terminal residues or their internal degrons.15–19,50–54 Depending on their 

destabilizing N-terminal residue, target proteins are classified as either tertiary, secondary, 

or primary, based on the serial modification steps required to be recognized by the 

N-recognins. Primary residues can be categorized as type 1 (basic) or type 2 (bulky 

hydrophobic) (reviewed by Tasaki et al.,18 Varshavsky,50,51 Timms and Koren,52 and Sriram 

et al.55). In mammals, the Arg/N-degron pathway is characterized by the ability of specific 

E3 ubiquitin ligases (N-recognins), including UBR1, UBR2, UBR4, and UBR5, as well as 

the p62 regulator of autophagy, to recognize these protein targets.46,54–58

Thus, we next asked whether a knockdown of the sequelog UBR1 could phenocopy 

sensitization to amino acid starvation. Indeed, SOD2 and UBR1 co-immunoprecipitated 

(Figure S5A) and showed co-localization as assessed by immunofluorescence confocal 

microscopy (Figure S5B). The knockdown of UBR1 phenocopied the profound sensitization 

to asparagine depletion (Figures 5A and 5B), which could be rescued by overexpressing the 

UBR1 cDNA (Figure 5C). In line with these findings, overexpression of a UBR1 cDNA 

could rescue shSOD2-mediated asparaginase sensitization (Figure 5D). As for UBR2, we 

also did not observe any significant changes in UBR1 levels on mRNA or protein levels 

upon asparagine starvation (Figures S5C–S5D).

We then assessed whether UBRs promote survival in response to amino acid starvation. 

Knockdown of UBR1 or UBR2 did not impair the viability of T-ALL cells cultured in 

a medium supplemented with all amino acids (Figure 5E). However, in the absence of 

essential or non-essential amino acids, loss of UBR1 or UBR2 was highly toxic to these 

cells (Figures 5F and 5G).

SOD2 is not a target of UBRs and does not appear to regulate the ATE1-dependent axis of 
the Arg/N-degron pathway

UBR1 and UBR2 are best known to function within the Arg/N-degron pathway. To 

investigate the role of SOD2 in this pathway and the directionality of the regulation between 

SOD2 and UBRs, we first wondered whether SOD2 is a substrate of the Arg/N-degron 

pathway.

As previously described for the identification of N-degron substrates,17,20 we induced a 

knockdown of UBR1 and/or UBR2 (Figure S5E), but failed to see measurable differences in 

SOD2 protein expression on these experimental manipulations (Figure 6A). Previous studies 

identifying specific N-degrons could show that the Arg/N-degron pathway can also modulate 

the translation of the mRNAs.17,20,54,59 Thus, we also checked for changes in mRNA levels 

of SOD2 but could not detect any significant differences (Figure 6B), arguing against SOD2 

as a substrate of the N-degron pathway.
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If SOD2 is not a target of the UBRs, does SOD2 function upstream and stimulate protein 

degradation via the Arg/N-degron pathway? For this, we focused on the ATE1-dependent 

axis of protein degradation. The ATE1 Arg-tRNA protein transferase (arginyltransferase 

or R-transferase) conjugates Arg to secondary N-terminal residues, thus converting them 

to primary type 1 residues.60,61 Importantly, ATE1 seems to be solely responsible for the 

N-terminal arginylation.62 To dissect this axis, we treated leukemia cells with tannic acid, 

an inhibitor of ATE1 activity,63 but could not observe any asparaginase sensitization (Figure 

6C). In line, the knockdown of ATE1 did not sensitize cells to asparaginase (Figure 6D).

To further strengthen the conclusion that asparaginase resistance is independent of ATE1, we 

next focused on the protein RGS4 as a known substrate downstream of the ATE1 axis.17,64 

However, in line with the findings described above, the knockdown of SOD2 did not change 

levels of RGS4 (Figure 6E). Collectively, these findings suggest that SOD2 is not involved 

in the arginylation-dependent degradation of distinct substrates within the mammalian N-

degron pathway. Additionally, inhibition of SOD2 led to a conceivable decrease in total 

ubiquitinated proteins upon asparagine starvation (Figure 4L). While the Arg/N-degron 

pathway has been demonstrated to catalyze most ubiquitin conjugation in muscle cells, 

it only makes a minor contribution to overall protein ubiquitination in cancer cells.65 On 

balance, these findings indicate that SOD2 does not appear to mediate the degradation of 

particular N-degron substrates.

Inhibition of SOD2 impairs global cellular protein degradation upon starvation

Next, we set out to strengthen the hypothesis that SOD2 regulates bulk cellular protein 

degradation. If inhibition of SOD2 decreases global proteasomal protein degradation by 

interaction with the E3 ubiquitin ligases UBR1 and UBR2 upon amino acid starvation, then 

SOD2 inhibition should lead to a measurable decrease in K48-chain ubiquitinated proteins. 

Indeed, inhibition of SOD2 led to a significant reduction in total K48-chain ubiquitinated 

proteins in asparaginase-treated T-ALL cells, and this effect could be phenocopied by 

inhibition of the UBRs (Figure 7A). Reprogramming the ubiquitin chains from K48- to 

K63-linked ubiquitin can redirect proteins to the autophagy-lysosome system.66,67 However, 

levels of K63-linked ubiquitin remained unchanged upon inhibition of SOD2 or UBRs 

(Figure 7B). To further assess the role of autophagy-mediated protein degradation, we 

measured levels of the autophagy marker P62 (also known as SQSTM1) by western blot 

analysis. P62 is degraded by autophagy; thus, levels of this protein are inversely correlated 

with the rate of autophagy.68 However, we could not find any remarkable differences in 

P62 expression (Figure S5F). Moreover, treatment with inhibitors of lysosomal protein 

degradation, which blocks autophagy-induced protein degradation,68 had no effect on 

sensitivity to SOD2 inhibition and asparaginase (Figure S5G).

We then took advantage of the proteasomal inhibitor bortezomib, which has been 

demonstrated to decrease cellular proteasomal activity, marking its ability to impair the rate 

of global proteasomal protein degradation.69–71 We found that treatment with asparaginase 

and bortezomib led to a remarkable increase in K48-linked ubiquitin in shLuc control cells, 

an effect that was strikingly reduced upon inhibition of SOD2 (Figure 7C). These findings 

indicate that SOD2 is required to induce ubiquitination of target proteins. Additionally, 
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proteasomal degradation was decreased upon inhibition of SOD2 and treatment with 

asparaginase (Figure S6A).

To support the hypothesis that the SOD2-mediated phenotype is dependent on protein 

ubiquitination through the UBRs, we expressed a RING domain wildtype as well as a RING 

domain defective variant of UBR2 (Figure S6B).72 Expression of the wild-type construct 

could fully restore viability in SOD2-deficient cells (Figure 7D), while expression of the 

defective variant failed to rescue the sensitization phenotype (Figure 7D).

Next, we set out to gain insights into the regulation of UBRs by SOD2. Ubiquitin ligases 

are not only functionally but also spatially linked to the proteasome, and their physical 

proximity allows for efficient substrate processing.73–75 Additionally, the proteasome can 

serve as a platform for E3 ligases to enhance substrate ubiquitination and degradation.76 

We thus leveraged confocal microscopy and asked whether SOD2 regulates the physical 

proximity of UBRs with the proteasome, as assessed by immunofluorescence for the 

proteasomal subunit PSMA4. Indeed, UBR1 and UBR2 strongly co-localized with the 

proteasome, an effect that was markedly reduced upon knockdown of SOD2 (Figure S6C).

Does the inhibition of SOD2 mediate cancer cell sensitivity to amino acid starvation by 

inhibition of protein degradation? For this, we leveraged a hyperactive open-gate mutant 

of the proteasomal subunit PSMA4 (ΔN-PSMA4), which is sufficient to stimulate the 

degradation of a wide range of proteasomal substrates.77 Indeed, expression of the ΔN-

PSMA4 proteasomal subunit fully blocked shSOD2-mediated sensitization to asparagine 

starvation (Figure 7E). These findings indicate that SOD2 inhibition sensitizes cancer cells 

to amino acid starvation by inhibiting proteasomal degradation of proteins.

We previously showed that proteasomal protein degradation dependent on GSK3α activity 

is a catabolic source of proteinogenic amino acids, which is blocked by WNT-dependent 

stabilization of proteins (WNT/STOP).21,22 To assess whether SOD2 is a regulator of 

WNT/STOP, we overexpressed the E3 ubiquitin ligase component FBXW7,78–80 which 

can rescue WNT/STOP-induced asparaginase hypersensitivity.21,22 As a control, we 

leveraged the FBXW7 R465C mutant, which displays impaired binding to its canonical 

phosphodegron.81 However, overexpression of FBXW7 wildtype failed to block shSOD2-

mediated asparaginase hypersensitivity (Figure S7A), while it rescued shGSK3α-mediated 

asparaginase sensitization (Figure S7B). We note that mutations in FBXW7 are a common 

event, particularly in T-ALLs, and that Jurkat cells harbor an endogenous FBXW7 

mutation.82,83 However, FBXW7 overexpression could also not reverse shSOD2-mediated 

asparaginase sensitization in KOPTK1 cells, which do not harbor identifiable FBXW7 

mutations82 (Figures S7C).

Based on our previous model, asparaginase sensitization upon inhibition of GSK3α could 

be reversed by overexpressing ubiquitin ligases such as FBXW7. We thus reasoned that 

the overexpression of UBRs as E3 ubiquitin ligases should rescue shGSK3α-mediated 

sensitization if the SOD2-UBR axis functions within the same pathway. However, 

overexpression of UBR2 failed to compensate for shGSK3α-mediated asparaginase 

sensitization (Figure S7D).
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To assess the role of other E3 ubiquitin ligases, we turned our attention to STUB1 

(encoding for CHIP), a critical E3 ubiquitin ligase increasing cellular levels of K48-linked 

ubiquitinated proteins.84–86 Overexpression of STUB1 failed to rescue shSOD2-mediated 

sensitization by contrast to UBR1, or UBR2 (Figure S7E), underscoring the role of UBRs in 

the SOD2-dependent phenotype.

We could previously show that GSK3α undergoes supramolecular assembly with the 

ubiquitin-proteasome system in so-called GSK3α bodies to promote the degradation of 

proteins.87 Leveraging immunofluorescence confocal microscopy, we failed to identify 

UBR1 as a component of the GSK3α bodies (Figure S7F). In line, the knockdown of SOD2 

or UBR1 did not impair the ability of GSK3α to undergo spatial sequestration (Figure S7G). 

Collectively, the described observations argue against the role of the SOD2-UBR axis in the 

WNT/STOP pathway.

SOD2-mediated protein breakdown promotes cancer cell fitness upon amino acid 
starvation and reflects an adaptive proteasomal degradation machinery

Protein ubiquitination and proteasomal degradation are of high importance for the 

degradation of unfolded, or damaged proteins.88 Thus, we wondered whether inhibition 

of SOD2-mediated protein breakdown might promote cell death by activating the unfolded 

protein response (UPR). However, transduction of shRNAs targeting SOD2, UBR1, UBR2, 

or UBR1 and UBR2 and treatment with asparaginase did not induce an increase of the 

spliced XBP1 mRNA transcript, a well-known UPR marker89 (Figure S7H) by contrast with 

the thapsigargin-treated positive control.

Next, we applied unbiased mass spectrometry proteomics but found no individual proteins 

that were consistently up- or down-regulated upon inhibition of SOD2, UBR1, UBR2, or 

the combination of both (Figure S8; Table S4). These findings, together with the effects on 

K48-linked ubiquitin, and the reversal by direct stimulation of proteasomal activity, support 

a model in which SOD2-regulated response to amino acid starvation is mediated by the 

global effects on protein degradation.

This model suggests that leukemias resistant to asparaginase depend on the proteasomal 

breakdown of proteins, which provides amino acids,90 to sustain asparagine levels above 

a critical threshold during asparaginase treatment. This adaptive pathway can be disrupted 

by inhibiting SOD2. To test this, we performed amino acid quantification in cells depleted 

from SOD2, UBR1, or UBR2 in the absence or presence of asparaginase treatment. While 

the knockdown of these genes had little effect on asparagine concentrations in anabolic 

conditions, it significantly exacerbated the asparaginase-induced depletion of asparagine 

(Figure 7F), with no significant effect on other amino acids (Figures S9A–S9B).

We then assessed whether the depletion of asparagine is responsible for the cytotoxicity 

upon inhibition of SOD2 and asparaginase treatment. Intriguingly, shSOD2, or shUBR-

induced sensitization to asparaginase, was fully blocked by providing a 10-fold excess 

of free asparagine, but not standard media or a 10-fold excess of glutamine, whose 

physiochemical properties resemble those of asparagine but that is not depleted upon 

asparaginase treatment21,22 (Figure 7G).
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While our data show that SOD2-mediated proteasomal degradation plays a crucial role 

in promoting cancer cell fitness upon amino acid starvation, we next wondered whether 

this pathway also promotes survival in non-cancer cells. Of note, we previously showed 

that normal cells can compensate for adaptive protein degradation by relying on autophagy 

during longer periods of asparagine depletion.22,87 We thus turned our attention to cells 

derived from normal human intestinal epithelium (CCD841 cells).91 We focused on the 

requirement of SOD2-mediated protein degradation at the early stages of the amino acid 

response in these cells and could indeed observe a significant sensitization upon inhibition 

of SOD2 or UBRs (Figure S7I).

Our previous studies could demonstrate GSK3-dependent protein degradation as a key 

mechanism that allows drug-resistant cancer cells to tolerate asparagine starvation.21,22,87 

However, resistance toward WNT/STOP-induced asparaginase sensitivity can occur,87 

indicating that cells can activate alternative escape mechanisms to tolerate amino acid 

starvation.

To test the idea that SOD2-mediated proteasomal protein degradation reflects a 

compensatory mechanism for cancer cells, we generated WNT/STOP-resistant T-ALL 

single-cell clones. Of note, we could observe that shSOD2 could re-sensitize these clones 

(Figures S7J–S7K) demonstrating the essentiality of SOD2-mediated protein degradation as 

an independent proteasomal protein degradation pathway in maintaining cancer cell fitness 

upon starvation.

Inhibition of SOD2 or UBRs sensitizes drug-resistant human leukemia PDXs to 
asparaginase

To test the pathophysiological relevance of our findings, we turned our attention to 

human PDX leukemia specimens, which were derived from patients with B-precursor acute 

lymphoblastic leukemia treated with asparaginase-intensive combination chemotherapy on 

contemporary clinical trials (Figure 7H; Table S3). The samples were collected at diagnosis 

or relapse from patients carrying unfavorable genetic alterations such as BCR-ABL or 

TCF3-HLF who went on to have poor treatment responses. In line with the clinical 

characteristics, the samples proved to be highly refractory to asparaginase treatment (Figures 

S10A–S10E).

Intriguingly, the knockdown of SOD2, or UBRs induced a striking asparaginase 

sensitization (Figures 7I–M) in the drug-resistant PDX cells with a comparable order of 

magnitude when compared with Jurkat T-ALL cells after 48 h of treatment (Figure S10F).

DISCUSSION

Nutrient availability is fundamental to cellular homeostasis. However, the mechanisms 

that allow mammalian cells to tolerate amino acid starvation remain incompletely 

understood. The ubiquitin-proteasome machinery is responsible for the bulk of intracellular 

protein degradation in mammalian cells.88,92 Previous studies have implicated the role of 

proteasomal protein degradation in the maintenance of amino acid homeostasis. After acute 

deprivation of amino acids, proteasomal activity plays a crucial role in the maintenance 
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of protein synthesis and cell survival.9 In addition, cell death in response to proteasome 

inhibition has been linked to a lethal amino acid shortage.90 While these studies provide 

a potential link between amino acid starvation and proteasomal activity, the regulation of 

the proteasomal protein degradation through the ubiquitin-proteasome system in response to 

amino acid deprivation is less well studied.

SOD2 is a member of the SOD family of antioxidants, which play an essential role in 

cellular protection against mitochondrial oxidative damage, while dismutase-independent 

functions are much less well studied. UBR1 and UBR2 are E3 ubiquitin ligases previously 

shown to function in the Arg/N-degron pathway,50,51 which facilitates the degradation of 

target substrates by recognizing destabilizing N-terminal amino acids. However, the function 

of UBRs distinct from their role in the Arg/N-degron pathway remains largely unknown. 

In this context, some studies could demonstrate that in yeast Ubr1 and Ubr2 function in 

a quality control pathway for the degradation of unfolded cytosolic proteins, a mechanism 

distinct from the N-degron pathway.93–95 While these studies indicate the role of UBRs 

in cellular protection against proteotoxic stress, their role in the metabolic stress response 

remains elusive.

The studies shown here demonstrate that SOD2 has a previously unrecognized dismutase-

independent function to regulate global proteasomal protein degradation (Figure 7N). 

We propose that, in response to amino acid depletion, cancer cells can trigger protein 

degradation through the SOD2-UBR interaction as a catabolic source of amino acids 

to promote cell survival. Our model posits that asparaginase-resistant leukemias rely on 

proteasomal degradation of proteins, a catabolic source of amino acids,90 to maintain 

asparagine levels above a critical threshold during treatment with asparaginase, an adaptive 

pathway blocked by the inhibition of SOD2-dependent protein degradation. This reflects a 

cellular escape mechanism in cancer cells that heavily depend on proteasomal degradation to 

survive amino acid shortage, and that have developed independence from other proteolytic 

systems such as WNT/STOP. Thus, our findings highlight the possibility for cancer cells to 

opt for different proteasomal degradation routes as alternatives to supply amino acids. Of 

note, inhibition of SOD2 or UBRs highly sensitized drug-resistant human leukemia PDXs to 

asparaginase. Thus, our study emphasizes the importance of the development of inhibitors 

interfering with the SOD2-UBR interaction, which are expected to have a meaningful 

clinical benefit. Fully defining how SOD2 and UBRs molecularly interact, and how SOD2 

signals the degradation of target proteins through the ubiquitin-proteasome system is thus of 

high interest for future investigation.

We note that UBRs, along with other genes that could be associated with asparaginase 

sensitization, such as GSK3A, did not score in our initial genome-wide screen. We believe 

this outcome highlights the limitations of guide RNA libraries, which tend to favor targeting 

early (5′-terminal) protein-coding exons rather than those that encode functional protein 

domains.

GSK3-dependent protein degradation was previously shown to provide a catabolic source of 

proteinogenic amino acids, which can be blocked by WNT/STOP.21,22 To date, regulators 

of WNT/STOP and associated ubiquitin ligases, as well as substrates, are not well 
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characterized. Despite the role of SOD2-regulated protein degradation as a mechanism 

to generate an alternative supply of amino acids, the SOD2-UBR axis does not seem to 

be directly involved in WNT/STOP signaling. It is of high interest for future studies to 

characterize substrates of the SOD2-UBR axis and to investigate whether this axis shares 

protein targets for subsequent ubiquitination with distinct proteolytic systems, such as the 

Arg/N-degron pathway or the WNT/STOP pathway. A further intriguing question will also 

be whether these proteolytic pathways can substitute for each other under certain metabolic 

stress conditions.

Transduction of UBR1 and UBR2 was sufficient to rescue leukemia cells from shSOD2-

mediated sensitization to asparaginase while transduction of FBXW7 or STUB1 could not 

reverse this effect. It is perhaps surprising that overexpression of selective E3 ubiquitin 

ligases targeting substrates for proteasomal degradation can suppress the effect of SOD2 

depletion. However, the findings that specific ubiquitin ligases can rescue the effect on 

global proteasomal protein breakdown in the context of distinct cellular proteasomal 

degradation machineries is consistent with previous work,79 showing that a specific E3 

ubiquitin ligase FBXW7 can rescue the effect of WNT/STOP, which impairs proteasomal 

breakdown of bulk cellular proteins. These findings collectively raise the possibility 

that specific E3 ubiquitin ligases can function as the principal E3 ubiquitin ligases in 

distinct cellular proteasomal degradation machineries. Distinguishing among these and other 

possibilities will require additional investigation.

While our findings indicate that activation of the UPR does not mediate cytotoxicity upon 

inhibition of SOD2-mediated protein breakdown, it does not exclude the possibility that 

binding of SOD2 to UBRs changes substrate specificity in the context of amino acid 

starvation to preferentially degrade unfolded, or misfolded proteins. Consequently, it will 

be of future interest to elucidate the physiological substrates of the SOD2-UBR axis in the 

context of cellular stress conditions and to fully characterize how SOD2 regulates protein 

ubiquitination and proteasomal degradation.

Limitations of the study

While we find binding of UBR1 and UBR2 to SOD2, we observe a stronger binding 

affinity for UBR2. Despite being highly sequelogous proteins, previous studies could show 

differences in preferential binding of the two UBRs based on factors such as the dissociation 

constant of their binding protein96 or the electrostatic environment that may change the 

protonation state and/or conformation of proteins.97–99 This scenario may also apply to the 

interaction and affinity of SOD2 and UBR1/2, which will require an in-depth biochemical 

characterization. Thus, it will be of future interest to delineate which molecular factors 

determine the binding of SOD2 and the UBRs.

Additionally, SOD2-regulated adaptation to amino acid starvation through UBRs appears 

to be not mediated by the arginylation-dependent branch of the N-degron pathway, as 

demonstrated by the ATE1-independent phenotype (Figure 6). While this does not fully 

rule out the possibility of arginylation-independent branches of the Arg/N-degron pathway 

such as intracellular endopeptidases,51,100,101 bulk changes in total cellular ubiquitin levels 
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(Figure 4L) are unlikely to be mediated through these branches, which rather target a subset 

of specific proteins for degradation.17,20,59

STAR★METHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines: HEK293T cells, T-ALL, AML, B-ALL, colorectal cancer cell lines, and normal 

colon cells (CCD841) cells were purchased from ATCC (Manassas, VA, USA) or DSMZ 

(Braunschweig, Germany), and cultured in RPMI-1640, MEM-alpha, Leibovitz’s L-15, or 

DMEM media (Thermo Fisher Scientific) with 10% or 20% fetal bovine serum (FBS, 

Thermo Fisher Scientific) and 1% penicillin/streptomycin (Thermo Fisher Scientific) at 

37°C, 5% CO2. Cell lines used in these studies were not genotyped, however, exclusively 

early passages (max. 25) were used. Mycoplasma contamination was excluded using the 

MycoSpy Detection Kit according to the manufacturer’s instructions (Biontex Laboratories; 

most recently in December 2024). Further information on the characteristics of the cell lines 

can be found in Table S2.

Patient-derived xenografts (PDXs): PDX cells used were from specimens obtained 

from the ALL-BFM 2000, 2009, or COALL 06–97 with informed consent and 

institutional review board approval in accordance with the Declaration of Helsinki. Patient-

derived xenografts were generated by engraftment of viably frozen leukemic cells into 

immunodeficient mice, followed by harvesting and viably freezing, as described.104 PDX 

cells were cultured in MEM-alpha medium supplemented with 10% human serum (Sigma-

Aldrich), 10% FBS (Sigma-Aldrich), 1% L-glutamine (Sigma-Aldrich), 1% penicillin/

streptomycin (Thermo Fisher Scientific), 50 ng/mL human SCF (R&D systems), 20 ng/mL 

FLT3 (R&D systems), and 10 ng/mL human IL7 (R&D systems) at 37°C, 5% CO2. Further 

information on the characteristics of the PDXs can be found in Table S3.

METHOD DETAILS

Lentiviral transduction and transient transfection: Lentiviruses were generated by 

co-transfecting plasmids of interest (pLKO.1, pLX304) together with packaging vectors 

psPAX2 (a gift from Didier Trono; addgene plasmid # 12260) and VSV.G (a gift from 

Tannishtha Reya; addgene plasmid # 14888) using OptiMEM (Thermo Fisher Scientific) 

and Polyethyleneimine (PEI, Carl Roth), as previously described.21 For concentrated virus, 

the virus-containing medium was ultracentrifuged at 24,000 rpm for 2 h at 4°C (Beckman 

Coulter), and the obtained pellet was resuspended in RPMI.

Lentiviral infections with the unconcentrated virus were performed by spinoculating cell 

lines with virus-containing media (1,500 g × 90 min) in the presence of 8 μg/mL polybrene 

(Merck Millipore). Selection with antibiotics was started 24 h after infection with neomycin 

(700 μg/mL for a minimum of 5 days; InvivoGen), puromycin (1 μg/mL for a minimum of 

48 h; InvivoGen), or blasticidin (15 μg/mL for a minimum of 5 days; InvivoGen). Lentiviral 

infections with the concentrated virus were performed without spinoculation by directly 

adding the virus to the cultured cells. Antibiotic selections were performed as described 

above.
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Transient transfection was performed using Lipofectamine 2000 reagent (Thermo Fisher 

Scientific). Briefly, 800,000 cells were seeded in 2 mL of growth medium in 24 well plates. 

Five μg plasmid of interest and 10 μL lipofectamine were mixed with 300 μL OptiMEM, 

incubated for 10 min, and added to the wells. Antibiotic selection was begun after 48 h of 

incubation.

shRNA and expression plasmids: The following lentiviral shRNA vectors 

in pLKO.1 with puromycin were generated by the RNAi Consortium library 

and obtained from Sigma-Aldrich as bacterial stocks. Alternatively, oligos were 

purchased from Eurofins or IDT and cloned in pLKO.1 with puromycin or 

blasticidin (a gift from Bob Weinberg, addgene plasmid #8453, or Keith 

Mostov, addgene plasmid #26655, respectively). The shRNAs sequences are as 

follows: shLuciferase (TRCN0000072243), shSOD1#2 (TRCN0000018344), shSOD1#4 

(TRCN0000039812), shSOD2#3 (TRCN0000005942), shSOD2#5 (TRCN0000005939), 

shSOD3 #3 (TRCN0000049077), shUBR1 #1 (TRCN0000003423), shUBR1 #4 

(TRCN0000003424), shATE1#1 (TRCN0000034669), shATE1#4 (TRCN0000034672), 

shSIRT3 #1 (TRCN0000038889), shSIRT3 #2 (TRCN0000038890), and shGSK3α#1 

(TRCN0000010340). shUBR2 #2 sequence, 5′-CCAATGGAATGGTACCTTT-3′ and 

shUBR2 #3 sequence, 5′- GCTGCTTCCTCCAAGAAAT-3′, were based on previous 

publications.102,103 SOD2 cDNA (NM_00 0636) was obtained from OriGene as a human-

tagged cDNA clone RC202330 (Herford, Germany), or cloned in pLX304.

DNA constructs were designed with attB sites for gateway cloning and subsequently cloned 

into the pLX304 destination vector (a gift from David Root; addgene plasmid #25890). 

For the SOD2 dismutase dead variant, amino acid position 34 was mutated from Tyrosine 

to Phenylalanine, resulting in the Y34F mutant.41 For the ΔMTS-SOD2 construct, the 

first 18 amino acids (corresponding to the mitochondrial targeting sequence,105 https://csb-

imlp.bio.rptu.de/) were deleted. Amino acid numbering was based on Uniprot ID P04179.

A hyperactive open-gate mutant of the human proteasomal subunit PSMA4, termed 

ΔN-PSMA4, was designed by deleting the cDNA sequences encoding amino acids 

2 to 10 (SRRYDSRTT) of PSMA4 isoform NP_002780.1 (encoded by the transcript 

NM_002789.6), based on the data of Choi and colleagues.77 This ΔN-PSMA4 coding 

sequence was synthesized by gene synthesis and cloned into the pLX304 lentiviral 

expression vector in-frame with the C-terminal V5 tag provided by this vector, by 

GeneCopoeia (Rockville, MD).

Expression constructs expressing wild-type FBXW7 (also known as CDC4) or its R465C 

mutant were a gift from Bert Vogelstein (addgene plasmid #16652 and #16653). For 

lentiviral transduction, sequences encoding wild-type FBXW7, or the R465C were cloned 

into the pLX304 lentiviral expression vector by GeneCopoeia (Rockville, MD).

The RING wildtype and dead domains of UBR1 and UBR2 were designed based on the 

sequence from.72 RING dead domains were designed by replacing cysteine residues with 

alanine residues.106 For lentiviral transduction, sequences encoding the wild-type RING 
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domain or the RING dead domain were cloned into the pLX304 or pLX302 lentiviral 

expression vector by Twist Bioscience (San Francisco, CA).

Assessment of drug response and apoptosis: Leukemia cells (25.000 per well) 

were seeded in 100 μL of complete growth medium in 96-well plates and incubated with 

indicated chemotherapeutic agents or vehicle. Cells were split every 48 h. Briefly, 20 

μL of cells were mixed with 80 μL fresh culture medium, supplemented with vehicle or 

chemotherapeutic drugs at the indicated doses.

For the treatment of colorectal cancer cells, 150.000 cells were seeded in 2.5 mL of 

culture medium supplemented with the indicated drugs in a 12-well or 6-well plate format, 

respectively.

Cell viability was assessed by counting viable cells based on trypan blue vital dye staining 

(Thermo Fisher Scientific), according to the manufacturer’s instructions.

All asparaginase experiments were performed using pegaspargase (Oncaspar, Shire 

Pharmaceuticals, Lexington, MA), an FDA-approved PEGylated form of E. coli 

asparaginase. Other leveraged drugs include dexamethasone (Sigma-Aldrich), vincristine 

(Selleckchem), doxorubicin (Sigma-Aldrich), 6-mercaptopurine (Abcam), N-acetyl-cysteine 

(Sigma-Aldrich), xanthine (Sigma-Aldrich), xanthine oxidase (Sigma-Aldrich), MnTBAP 

(Sigma-Aldrich), tannic acid (Sigma-Aldrich), ebselen (Sigma-Aldrich), nicotinamide 

(Sigma-Aldrich), thapsigargin (Sigma-Aldrich) bortezomib (Sigma-Aldrich), bafilomycin 

(Sigma-Aldrich), ammonium chloride (Sigma-Aldrich), and chloroquine (Sigma-Aldrich). 

All drugs and reagents were used at the indicated concentrations.

Caspase 3/7 activity was assessed using the Caspase Glo 3/7 Assay (Promega) according to 

the manufacturer’s instructions.

Assessment of patient-derived xenografts: For assessment of mRNA levels, patient-

derived xenografts (PDX) cells were seeded in 500 μL of the complete MEM-alpha growth 

medium and treated with vehicle or 100 U/L asparaginase for 48 h. For drug treatments, 

40,000 PDX cells were seeded in 100 μL of the complete MEM-alpha growth medium and 

treated with vehicle or 100 U/L asparaginase for 48 h.

Single cell cloning: To derive single-cell clones, a limiting dilution strategy was used. 

Viable T-ALL cells were counted based on trypan blue and then diluted in RPMI (80 cells 

in 10 mL medium). Cells were seeded in 100 μL in a 96-well format and incubated at 37°C, 

5% CO2. Plates were screened weekly for the formation of colonies. Established colonies 

were further expanded, and cultured for downstream experiments. Assessment of treatment 

response was performed as described above.

Quantitative Reverse Transcriptase PCR: RNA was isolated using the 

RNeasy kit (Qiagen) or NucleoZOL (Macherey-Nagel), and cDNA was made 

using the RevertAid Reverse Transcriptase (Thermo Fisher Scientific), Oligo(dT)18 

Primer (Thermo Fisher Scientific), and dNTP mix (Biozym), or SuperScript 

VILO Master Mix (Thermo Fisher Scientific) according to the manufacturer’s 
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protocol. RT-qPCR was performed using iTaq Universal SYBR Green Supermix 

(Bio-Rad) and QuantStudio 1 Real-Time PCR system (Applied Biosystems). The 

primers used are as follows: ATE1 (forward 5′-AGACCGAGGATGGCGAAGAAGT-3’; 

reverse 5′-AAGGCTGAAATTGTAAAGGTCGGCA-3′), beta-actin (forward 5′-
CTGGCACCCAGCACAATG-3’; reverse 5′-GCCGATCCACACGGAGTACT-3′), 
GAPDH (forward 5′-TGGGGAAGGTGAAGGTCGGAGT-3’; reverse 

5′-TGGAGGGATCTCGCTCCTGGAA-3′), SIRT3 (forward 5′-
GGGCAGCAGCTCCCAGTTTCT-3’; reverse 5′-CCACTCCCCGGCGATCTGAAG-3′), 
SOD1 (forward 5′-CCGCACACTGGTGGTCCATGA-3’; reverse 

5′-CAAGCCAAACGACTTCCAGCGT-3′), SOD2 (forward 5′-
GCGTTGGCCAAGGGAGATGT-3’; reverse 5′-AGTCACGTTTGATGGCTTCCAGC-3′), 
SOD3 (forward 5′-TTGGAGGAGCTGGAAAGGTGCC-3’; reverse 

5′-CCGCCGAGTCAGAGTTGGGC-3′), UBR1 (forward 5′-
GGTGGTGTGCAGATCCTGCCT-3’; reverse 5′-GCAGACCGTGGGCACCTGAAA-3′), 
UBR2 (forward 5′-GAGGAGATTGCGGGGAAATGGC-3’; reverse 

5′-GGTTGGG ACCCCTGCAGTAGATT-3′), SLC1A5 (forward 5′-
CAGGCGGCTACTGCGGTT-3’; reverse 5′-GTTGGAAGGGAAGATATTTCTCGC 

A-3′), SLC7A5 (forward 5′-GGACCATTATCGGCTCGGGCAT-3’; 

reverse 5′-GATTGGACACATCACCCTTCCCG-3′), SLC38A1 

(forward 5′-TGCAATCGGCCCGGAAAGGA-3’; reverse 5′-
AAAATGGAAGCTTGACACCCCTGT-3′), SLC38A3 (forward 5′-CAACCGCG 

AGGCCAGACATC-3’; reverse 5′-AAGGCGCCTCCATGGCTCAG-3′), 
XBP1_spliced (forward 5′-TGCTGAGTCCGCAGCAGGTG-3’; reverse 5′-
GCTGGCAGGCTCTGGGGAAG −3′).

Western Blot and dot blot analysis: Cells were lysed in Frackelton, or RIPA buffer 

(Merck Millipore) supplemented with cOmplete protease inhibitor (Roche) and PhosSTOP 

phosphatase inhibitor (Roche). Laemmli sample buffer (Bio-Rad), and β-mercaptoethanol 

(Sigma-Aldrich) were mixed with protein lysate before being run on a 4%–12% bis-tris 

polyacrylamide gel (Bio-Rad). Blots were transferred to polyvinylidene difluoride (PVDF) 

membrane (Carl Roth) and blocked with 5% BSA (AppliChem), or 5% sure block 

(LubioScience) in PBS with 0.1% Tween, and probed with the following antibodies: 

Phospho-p70S6Kinase (1:1000, Cell Signaling #9205, RRID: AB_330944), ASNS (1:1000, 

Santa Cruz #sc-376151, RRID: AB_11012145), GLUL (1:1000, Cell Signaling #80636, 

RRID: AB_2799956), alpha Tubulin (1:1000, Santa Cruz #sc-5286, RRID: AB_628411), 

SOD2 (1:1000, Thermo Fisher Scientific #MA1–106, RRID: AB_2536812), SOD2 (1:1000, 

Cell Signaling #13141S, RRID: AB_2636921) RGS4 (1:1000, Santa Cruz #sc-398348), 

UBR2 (1:1000, Abcam #ab217069), total ubiquitin (1:1000, Abcam #ab7254, RRID: 

AB_305802), K48-linked ubiquitin (1:1000, Millipore, #05–1307, RRID: AB_11213655), 

K63-linked ubiquitin (1:1000, Cell Signaling, Cat#5621, RRID: AB_10827985), SOD2-

K68 (1:1000, Abcam #ab137037, RRID: AB_2784527), V5 tag (1:1000, Cell Signaling 

#13202, RRID: AB_2687461), P62/SQSTM1 (1:1000, Cell Signaling, Cat#5114, RRID: 

AB_10624872), ATP5A (1:1000, Santa Cruz, Cat#sc-136178, RRID: AB_2061764), 

GAPDH (1:1000, Santa Cruz #sc-365062, RRID: AB_10847862).
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Detection of horseradish peroxidase–linked secondary antibodies (mouse and rabbit) 

with horseradish peroxidase substrate (Santa Cruz #sc-516102, RRID: AB_2687626 and 

#sc-2357, RRID: AB_628497) was visualized using Amersham Imager 800 (Cytiva). 

Densitometry analyses were performed by equalizing the signal-to-background ratio of each 

membrane and measuring the densitometry using Cytiva ImageQuant Software. For dot 

blot analyses, 3 μL of cell lysates of equal concentration were dropped onto a 0.2 μM 

nitrocellulose membrane (Bio-Rad) and dried for 30 min. The membrane was then blocked 

for 1 h with 5% BSA (AppliChem) in PBS and probed with the indicated antibodies.

Co-immunoprecipitation analysis: Briefly, cells were lysed in 300 μL Frackelton 

buffer (10 mM Tris-HCl (Carl Roth), 50 mM NaCl (Carl Roth), 30 mM NaPPi (Sigma-

Aldrich), 50 mM NaF (Carl Roth), 1% Triton X-100 (Carl Roth)), supplemented with 

cOmplete protease inhibitor (Roche), and incubated for 30 min (4°C, rotating). Samples 

were then centrifuged (13.000 rpm × 12 min). Subsequently, 200 μL of PBS were added. 

The obtained supernatant was precleared with magnetic beads, incubated, and rotated at 

4°C for 60 min. Beads were removed, and the supernatant was incubated with antibodies 

overnight (4°C, rotating). Magnetic beads were added and incubated (30 min at room 

temperature, 60 min at 4°C), followed by one washing step with Frackelton buffer and 

two washing steps with PBS. Washed beads were mixed with 1x Laemmli sample buffer 

(Bio-Rad), supplemented 100 mM DTT (PanReac Applichem), and incubated at 90°C for 5 

min. Upon magnetic separation, the obtained supernatant was directly loaded on the 4–20% 

Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad).

Subcellular fractionation: For the fractionation, cells (5 million) were pelleted, washed 

with PBS, and subsequently resuspended in 500μL of fractionation buffer (20mM HEPES 

pH7.4, 10mM KCl, 2mM MgCl2, 1mM EDTA, 1mM EGTA, 1mM DTT) supplemented 

with cOmplete protease inhibitor (Roche), and incubated on ice for 15 min. The cell 

suspension was then passed through a 27-gauge needle ten times, and incubated on ice 

for 20 min, followed by centrifugation at 720 × g for 5 min. The resulting supernatant 

containing cytoplasm, membrane, and mitochondria was further processed by centrifugation 

at 10,000 × g for 5 min. The supernatant (cytoplasm and membrane) was kept on ice while 

the resulting pellet containing the mitochondrial fraction was resuspended in 200μL TBS/

0.1% SDS (Carl Roth) and briefly sonicated three times.

For the full lysates, cells (1.5 million) were resuspended in 100 μL RIPA buffer (Merck 

Millipore) supplemented with cOmplete protease inhibitor (Roche), incubated on ice for 20 

min, followed by centrifugation at 20.000g × 10 min. The obtained supernatant was further 

processed as the full lysate. Samples to be analyzed were mixed with Laemmli sample 

buffer (Bio-Rad) before being run on a 4%–12% bis-tris polyacrylamide gel (Bio-Rad), as 

described above. For the subcellular fractionations shown in Figures S4C–S4E, 2 μL (~2%) 

of the full lysates, 35 μL (~7%) of the cytosolic and 35 μL (~18%) of the mitochondrial 

fractions were loaded.

Amino acid starvation assay: Cells (250,000) were cultured in 1 mL of amino 

acid free RPMI (US Bio) supplemented with either all non-essential amino acids: 

L-Alanine (Sigma-Aldrich, Cat#A7469), L-Arginine (Sigma-Aldrich, Cat#A5131), L-
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Asparagine (Sigma-Aldrich, Cat#A0884), L-Aspartic acid (Sigma-Aldrich, Cat#A9256), L-

Cystine 2HCl (Sigma-Aldrich, Cat#30200), L-Glutamic Acid (Sigma-Aldrich, Cat#G1251), 

L-Glutamine (Sigma-Aldrich, Cat#G3126), Glycine (Sigma-Aldrich, Cat#G7126), L-

Hydroxyproline (Sigma-Aldrich, Cat#H5534), L-Proline (Sigma-Aldrich, Cat#P0380), L-

Serine (Sigma-Aldrich, Cat#S4500), L-Tyrosine disodium salt dihydrate (Sigma-Aldrich, 

Cat#T3754), or with all essential amino acids: L-Histidine (Sigma-Aldrich, Cat#H8000), L-

Isoleucine (Sigma-Aldrich, Cat#I2752), L-Leucine (Sigma-Aldrich, Cat#L8000), L-Lysine 

hydrochloride (Sigma-Aldrich, Cat#L5626), L-Methionine (Sigma-Aldrich, Cat#M9625), 

L-Phenylalanine (Sigma-Aldrich, Cat#P2126), L-Threonine (Sigma-Aldrich, Cat#T8625), 

L-Tryptophan (Sigma-Aldrich, Cat#T0254), L-Valine (Sigma-Aldrich, Cat#V0500), or with 

all amino acids. For the amino acid add-back experiments, amino acid concentrations were 

used as in the formulation of regular RPMI-1640 (Thermo Fisher Scientific, Cat#11875119).

ROS measurement assay: Cells were cultured as described above and then harvested 

by centrifugation (500 g × 5 min). The supernatant was removed, and cells were 

further processed with the Dihydroethidium (DHE) Assay Kit (Abcam) according to the 

manufacturer’s protocol. Samples were subsequently analyzed using flow cytometry.

Cell cycle analysis: For cell cycle analyses, cells were cultured as described above 

and then harvested by centrifugation (500 g × 5 min). The supernatant was removed, 

and cell pellets were fixed with 4% paraformaldehyde (Alfa Aesar) for 10 min at room 

temperature and subsequently washed with PBS. Staining was performed with FxCycle 

PI/RNase Staining Solution (Thermo Fisher Scientific) according to the manufacturer’s 

protocol. Samples were analyzed by flow cytometry using a BD FACS Canto instrument. 

For assessment of cell size, cells were cultured in the presence of indicated reagents, and the 

forward scatter was subsequently determined by flow cytometry.

Immunofluorescence confocal microscopy: For immunofluorescence experiments, 

cells (400,000) were seeded in 1 mL of complete growth medium and incubated with 

appropriate drugs or vehicle. After 48 h, cells were harvested and fixed using 4% 

paraformaldehyde for 15 min at room temperature. Immunostaining was performed as 

previously described.65 Briefly, cells were washed twice with PBS, and permeabilized 

using 1% Triton X-100 (Carl Roth) for 15 min at room temperature, again followed 

by 2 wash steps (PBS). For immunostaining, cells were blocked in blocking buffer (5% 

goat serum and 5% BSA in PBS) for 45 min at room temperature. Subsequently, cells 

were incubated in a blocking buffer containing the primary antibody mouse anti-UBR1 

(Santa Cruz sc-515753, 1:100), rabbit anti-GSK3α (Cell Signaling (CST) Cat#4818, RRID: 

AB_10831511, 1:100), rabbit anti-UBR2 (Abcam Cat#ab217069, 1:100), mouse anti-SOD2 

(Thermo Fisher Scientific, Cat#MA1–106, RRID: AB_2536812, 1:200), rabbit anti-UBR1 

(Abcam, Cat#138267, 1:100), or mouse anti-PSMA4 (Santa Cruz, Cat#sc-271297, RRID: 

AB_10608330). After 45 min, cells were washed twice with PBS and incubated in blocking 

buffer supplemented with the secondary antibody anti-mouse Alexa Fluor 488 (Thermo 

Fisher Scientific, A-11001, RRID: AB_2534069, 1:100), anti-mouse Alexa Fluor 555 

(Thermo Fisher Scientific, A-21422, RRID: AB_2535844, 1:100), anti-rabbit Alexa Fluor 

488 (Thermo Fisher Scientific, A-11008, RRID: AB_143165, 1:100), anti-rabbit Alexa 
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Fluor 555 (Thermo Fisher Scientific, A-21428, RRID: AB_2535849, 1:100), or Alexa Fluor 

647 (Thermo Fisher Scientific, A-21245, RRID: AB_2535813, 1:100) Cells were again 

washed twice and mounted on microscope slides using mounting media with DAPI or with 

separate DAPI to stain nuclei (ProLong Diamond Antifade Mountant with DAPI, Thermo 

Fisher Scientific; ProLong Gold Antifade Mountant, Thermo Fisher Scientific; DAPI, 

Carl Roth). Immunostaining was observed and imaged using a Zeiss LSM780 confocal 

microscope using the 63X objective. Representative super-resolution images were taken on 

an LSM900 Airyscan2.

Pearson’s correlation coefficient was calculated using custom-written MATLAB scripts. 

The analysis strategy follows the colocalization theory of Scientific Volume Imaging107 

or https://svi.nl/ColocalizationTheory. Negative control for the correlation coefficient was 

obtained for each image by rotation of the second channel by 90° and 50% pixel shift, 

followed by the same correlation analysis as for the original image. The cut-off for a low 

degree of colocalization was set to a Pearson correlation coefficient of 0.3, as previously 

described.108

Mitochondrial staining and imaging: Cells were treated as described above. After 

48 h, cells were incubated with MitoTracker Red CMXRos (Thermo Fisher Scientific) 

based on the manufacturer’s instruction using a 300 nM final working concentration of 

the MitoTracker. Cells were then fixed and permeabilized based on the manufacturer’s 

instructions, followed by confocal slide preparation as described above.

Amino acid quantification: Jurkat cells (400,000 per well) were transduced with shLuc, 

shSOD2, shUBR1, or shUBR2 and seeded in 1 mL of complete growth medium in a 

24-well format. The growth medium was supplemented with final concentrations of 10 U/L 

asparaginase or vehicle. After 48 h of treatment, amino acid quantification of cells was 

performed as previously described.22 The entire amino acid profile was determined using 

LC/MS-MS. Values of ≤1.0 were set to 1.0.

Mass spectrometry analysis: Protein extracts were mixed with Laemmli buffer and 

incubated for 5 min at 95°C. Proteins were then alkylated by the addition of acrylamide 

up to a concentration of 2%, and incubated at room temperature for 30 min. SDS PAGE 

was performed on 12% gels in a mini protean cell (Bio-Rad). After electrophoresis, proteins 

were stained with GelCode Blue Safe Protein Stain (Thermo Fisher Scientific) for 15 min, 

and background staining was reduced with water. Each lane was cut into four pieces, 

which were further minced into 1 mm3 gel pieces. Further sample processing was done as 

previously described.109

Peptide samples were analyzed by a shot-gun approach in an LC-MS system (RSLC, 

Orbitrap Exploris 240, both Thermo Fisher Scientific) as described recently.110 Raw MS 

data were processed using Max Quant (version 2.0, Cox and Mann 2008), Perseus software 

(version 2.0.6.0),111 and human entries of Uniprot DB. Proteins were identified by a false 

discovery rate of 0.01 on protein and peptide levels.
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Data normalization and statistical analysis were performed using R version 4.3.2 and 

Rstudio version 2023.09.0 + 463. The initially identified proteins were filtered for 

quantification. Only proteins detected in at least 70% of all samples were used. Missing 

values were imputed with a downshift of 1.8 and a width of 0.3. To offset differences in lane 

loading, quantile normalization was performed as described by.112 Additional normalization 

was computed using treatment cell counts of each condition. For the statistical analysis, 

limma functions, voom, and eBayes (trend = TRUE, robust = TRUE) were used to calculate 

and retrieve log-fold change and p-value.113

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 9, or R package in the case of 

mass spectrometry analyses as described in detail for this experimental method. The number 

of biological replicates, the statistical test for each individual experiment and the precision 

measures are indicated in the figure legends. Statistical significance was defined as *p < 0.05 

and is indicated in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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in the following publication: https://doi.org/10.1016/j.ccell.2019.03.004.

• Proteome data are available via ProteomeXchange/MassIVE. Database: 

MSV000094325.

• This paper does not report any original code.

REFERENCES

1. DeAngelo DJ, Stevenson KE, Dahlberg SE, Silverman LB, Couban S, Supko JG, Amrein PC, Ballen 
KK, Seftel MD, Turner AR, et al. (2015). Long-term outcome of a pediatric-inspired regimen used 
for adults aged 18–50 years with newly diagnosed acute lymphoblastic leukemia. Leukemia 29, 
526–534. 10.1038/leu.2014.229. [PubMed: 25079173] 

2. Place AE, Stevenson KE, Vrooman LM, Harris MH, Hunt SK, O’Brien JE, Supko JG, Asselin BL, 
Athale UH, Clavell LA, et al. (2015). Intravenous pegylated asparaginase versus intramuscular 
native Escherichia coli L-asparaginase in newly diagnosed childhood acute lymphoblastic 
leukaemia (DFCI 05–001): a randomised, open-label phase 3 trial. Lancet Oncol. 16, 1677–1690. 
10.1016/S1470-2045(15)00363-0. [PubMed: 26549586] 

3. Wetzler M, Sanford BL, Kurtzberg J, DeOliveira D, Frankel SR, Powell BL, Kolitz JE, Bloomfield 
CD, and Larson RA (2007). Effective asparagine depletion with pegylated asparaginase results in 
improved outcomes in adult acute lymphoblastic leukemia: Cancer and Leukemia Group B Study 
9511. Blood 109, 4164–4167. 10.1182/blood-2006-09-045351. [PubMed: 17264295] 

4. Pession A, Valsecchi MG, Masera G, Kamps WA, Magyarosy E, Rizzari C, van Wering ER, Lo 
Nigro L, van der Does A, Locatelli F, et al. (2005). Long-term results of a randomized trial on 
extended use of high dose L-asparaginase for standard risk childhood acute lymphoblastic leukemia. 
J. Clin. Oncol 23, 7161–7167. 10.1200/jco.2005.11.411. [PubMed: 16192600] 

5. Clavell LA, Gelber RD, Cohen HJ, Hitchcock-Bryan S, Cassady JR, Tarbell NJ, Blattner SR, 
Tantravahi R, Leavitt P, and Sallan SE (1986). Four-agent induction and intensive asparaginase 
therapy for treatment of childhood acute lymphoblastic leukemia. N. Engl. J. Med 315, 657–663. 
10.1056/NEJM198609113151101. [PubMed: 2943992] 

6. Ertel IJ, Nesbit ME, Hammond D, Weiner J, and Sather H (1979). Effective dose of L-asparaginase 
for induction of remission in previously treated children with acute lymphocytic leukemia: a report 
from Childrens Cancer Study Group. Cancer Res. 39, 3893–3896. [PubMed: 383278] 

7. Pession A, Valsecchi MG, Masera G, Kamps WA, Magyarosy E, Rizzari C, van Wering ER, Lo 
Nigro L, van der Does A, Locatelli F, et al. (2005). Long-term results of a randomized trial on 
extended use of high dose L-asparaginase for standard risk childhood acute lymphoblastic leukemia. 
J. Clin. Oncol 23, 7161–7167. 10.1200/JCO.2005.11.411. [PubMed: 16192600] 

8. Pieters R, Hunger SP, Boos J, Rizzari C, Silverman L, Baruchel A, Goekbuget N, Schrappe M, 
and Pui CH (2011). L-asparaginase treatment in acute lymphoblastic leukemia: a focus on Erwinia 
asparaginase. Cancer 117, 238–249. 10.1002/cncr.25489. [PubMed: 20824725] 

9. Vabulas RM, and Hartl FU (2005). Protein synthesis upon acute nutrient restriction relies on 
proteasome function. Science 310, 1960–1963. 10.1126/science.1121925. [PubMed: 16373576] 

10. Gameiro PA, and Struhl K (2018). Nutrient Deprivation Elicits a Transcriptional and Translational 
Inflammatory Response Coupled to Decreased Protein Synthesis. Cell Rep. 24, 1415–1424. 
10.1016/j.celrep.2018.07.021. [PubMed: 30089253] 

11. Kristensen AR, Schandorff S, Høyer-Hansen M, Nielsen MO, Jauaüaüttelaü M, Dengjel J, and 
Andersen JS (2008). Ordered Organelle Degradation during Starvation-induced Autophagy. Mol. 
Cell. Proteomics 7, 2419–2428. 10.1074/mcp.M800184-MCP200. [PubMed: 18687634] 

Ibrahim et al. Page 22

Cell Rep. Author manuscript; available in PMC 2025 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://doi.org/10.1016/j.ccell.2019.03.004


12. Butler M, van der Meer LT, and van Leeuwen FN (2021). Amino Acid Depletion 
Therapies: Starving Cancer Cells to Death. Trends Endocrinol. Metabol 32, 367–381. 10.1016/
j.tem.2021.03.003.

13. van Leeuwen W, van der Krift F, and Rabouille C (2018). Modulation of the secretory pathway by 
amino-acid starvation. J. Cell Biol 217, 2261–2271. 10.1083/jcb.201802003. [PubMed: 29669743] 

14. Mejlvang J, Olsvik H, Svenning S, Bruun JA, Abudu YP, Larsen KB, Brech A, Hansen TE, Brenne 
H, Hansen T, et al. (2018). Starvation induces rapid degradation of selective autophagy receptors 
by endosomal microautophagy. J. Cell Biol 217, 3640–3655. 10.1083/jcb.201711002. [PubMed: 
30018090] 

15. Bachmair A, Finley D, and Varshavsky A (1986). In vivo half-life of a protein is a function of its 
amino-terminal residue. Science 234, 179–186. 10.1126/science.3018930. [PubMed: 3018930] 

16. Bachmair A, and Varshavsky A (1989). The degradation signal in a short-lived protein. Cell 56, 
1019–1032. 10.1016/0092-8674(89)90635-1. [PubMed: 2538246] 

17. Lee MJ, Tasaki T, Moroi K, An JY, Kimura S, Davydov IV, and Kwon YT (2005). RGS4 and 
RGS5 are in vivo substrates of the N-end rule pathway. Proc. Natl. Acad. Sci. USA 102, 15030–
15035. 10.1073/pnas.0507533102. [PubMed: 16217033] 

18. Tasaki T, Sriram SM, Park KS, and Kwon YT (2012). The N-end rule pathway. Annu. Rev. 
Biochem 81, 261–289. 10.1146/annurev-biochem-051710-093308. [PubMed: 22524314] 

19. Yoo YD, Mun SR, Ji CH, Sung KW, Kang KY, Heo AJ, Lee SH, An JY, Hwang J, Xie XQ, et al. 
(2018). N-terminal arginylation generates a bimodal degron that modulates autophagic proteolysis. 
Proc. Natl. Acad. Sci. USA 115, E2716–e2724. 10.1073/pnas.1719110115. [PubMed: 29507222] 

20. Vu TTM, and Varshavsky A (2020). The ATF3 Transcription Factor Is a Short-Lived Substrate 
of the Arg/N-Degron Pathway. Biochemistry 59, 2796–2812. 10.1021/acs.biochem.0c00514. 
[PubMed: 32692156] 

21. Hinze L, Pfirrmann M, Karim S, Degar J, McGuckin C, Vinjamur D, Sacher J, Stevenson 
KE, Neuberg DS, Orellana E, et al. (2019). Synthetic Lethality of Wnt Pathway Activation 
and Asparaginase in Drug-Resistant Acute Leukemias. Cancer Cell 35, 664–676. 10.1016/
j.ccell.2019.03.004. [PubMed: 30991026] 

22. Hinze L, Labrosse R, Degar J, Han T, Schatoff EM, Schreek S, Karim S, McGuckin C, 
Sacher JR, Wagner F, et al. (2020). Exploiting the Therapeutic Interaction of WNT Pathway 
Activation and Asparaginase for Colorectal Cancer Therapy. Cancer Discov. 10, 1690–1705. 
10.1158/2159-8290.Cd-19-1472. [PubMed: 32703769] 

23. Li W, Xu H, Xiao T, Cong L, Love MI, Zhang F, Irizarry RA, Liu JS, Brown M, and Liu XS 
(2014). MAGeCK enables robust identification of essential genes from genome-scale CRISPR/
Cas9 knockout screens. Genome Biol. 15, 554. 10.1186/s13059-014-0554-4. [PubMed: 25476604] 

24. Fukai T, and Ushio-Fukai M (2011). Superoxide dismutases: role in redox signaling, vascular 
function, and diseases. Antioxidants Redox Signal. 15, 1583–1606. 10.1089/ars.2011.3999.

25. Li X, Chen Y, Zhao J, Shi J, Wang M, Qiu S, Hu Y, Xu Y, Cui Y, Liu C, and Liu C (2019). 
The Specific Inhibition of SOD1 Selectively Promotes Apoptosis of Cancer Cells via Regulation 
of the ROS Signaling Network. Oxid. Med. Cell. Longev 2019, 9706792. 10.1155/2019/9706792. 
[PubMed: 30911355] 

26. Somwar R, Erdjument-Bromage H, Larsson E, Shum D, Lockwood WW, Yang G, Sander 
C, Ouerfelli O, Tempst PJ, Djaballah H, and Varmus HE (2011). Superoxide dismutase 1 
(SOD1) is a target for a small molecule identified in a screen for inhibitors of the growth 
of lung adenocarcinoma cell lines. Proc. Natl. Acad. Sci. USA 108, 16375–16380. 10.1073/
pnas.1113554108. [PubMed: 21930909] 

27. Glasauer A, Sena LA, Diebold LP, Mazar AP, and Chandel NS (2014). Targeting SOD1 reduces 
experimental non–small-cell lung cancer. J. Clin. Investig 124, 117–128. 10.1172/jci71714. 
[PubMed: 24292713] 

28. Miao L, and St Clair DK (2009). Regulation of superoxide dismutase genes: implications in 
disease. Free Radic. Biol. Med 47, 344–356. 10.1016/j.freeradbiomed.2009.05.018. [PubMed: 
19477268] 

29. Campo ML, Kinnally KW, and Tedeschi H (1992). The effect of antimycin A on mouse liver inner 
mitochondrial membrane channel activity. J. Biol. Chem 267, 8123–8127. [PubMed: 1569069] 

Ibrahim et al. Page 23

Cell Rep. Author manuscript; available in PMC 2025 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



30. Pham NA, Robinson BH, and Hedley DW (2000). Simultaneous detection of mitochondrial 
respiratory chain activity and reactive oxygen in digitonin-permeabilized cells using flow 
cytometry. Cytometry 41, 245–251. 10.1002/1097-0320(20001201)41:4<245::aid-cyto2>3.0.co;2-
#. [PubMed: 11084609] 

31. Girerd S, Tosca L, Herault O, Vignon C, Biard D, Dkhissi F, Bouneau C, Aggoune D, Bertrand 
A, Bonnet ML, et al. (2013). Superoxide Dismutase 2 (Sod2) Expression Is Highly Decreased 
In Chronic Myeloid Leukemia (CML): Contribution To Genetic Instability In Bcr-Abl-Expressing 
Leukemic Cells. Blood 122, 3980. 10.1182/blood.V122.21.3980.3980.

32. Hurt EM, Thomas SB, Peng B, and Farrar WL (2007). Molecular consequences of SOD2 
expression in epigenetically silenced pancreatic carcinoma cell lines. Br. J. Cancer 97, 1116–1123. 
10.1038/sj.bjc.6604000. [PubMed: 17895890] 

33. Kandasamy P, Gyimesi G, Kanai Y, and Hediger MA (2018). Amino acid transporters revisited: 
New views in health and disease. Trends Biochem. Sci 43, 752–789. 10.1016/j.tibs.2018.05.003. 
[PubMed: 30177408] 

34. Bröer S, and Bröer A (2017). Amino acid homeostasis and signalling in mammalian cells and 
organisms. Biochem. J 474, 1935–1963. 10.1042/bcj20160822. [PubMed: 28546457] 

35. Liu GY, and Sabatini DM (2020). mTOR at the nexus of nutrition, growth, ageing and disease. Nat. 
Rev. Mol. Cell Biol 21, 183–203. 10.1038/s41580-019-0199-y. [PubMed: 31937935] 

36. Chen Y, Zhang J, Lin Y, Lei Q, Guan KL, Zhao S, and Xiong Y (2011). Tumour suppressor SIRT3 
deacetylates and activates manganese superoxide dismutase to scavenge ROS. EMBO Rep. 12, 
534–541. 10.1038/embor.2011.65. [PubMed: 21566644] 

37. Qiu X, Brown K, Hirschey MD, Verdin E, and Chen D (2010). Calorie restriction reduces oxidative 
stress by SIRT3-mediated SOD2 activation. Cell Metab. 12, 662–667. 10.1016/j.cmet.2010.11.015. 
[PubMed: 21109198] 

38. Hirschey MD, Shimazu T, Jing E, Grueter CA, Collins AM, Aouizerat B, Stančáková A, 
Goetzman E, Lam MM, Schwer B, et al. (2011). SIRT3 deficiency and mitochondrial protein 
hyperacetylation accelerate the development of the metabolic syndrome. Mol. Cell 44, 177–190. 
10.1016/j.molcel.2011.07.019. [PubMed: 21856199] 

39. Kim YS, Gupta Vallur P, Phaëton R, Mythreye K, and Hempel N (2017). Insights into the 
Dichotomous Regulation of SOD2 in Cancer. Antioxidants 6, 6040086. 10.3390/antiox6040086.

40. Sarsour EH, Kalen AL, and Goswami PC (2014). Manganese superoxide dismutase regulates 
a redox cycle within the cell cycle. Antioxidants Redox Signal. 20, 1618–1627. 10.1089/
ars.2013.5303.

41. Perry JJP, Hearn AS, Cabelli DE, Nick HS, Tainer JA, and Silverman DN (2009). Contribution of 
human manganese superoxide dismutase tyrosine 34 to structure and catalysis. Biochemistry 48, 
3417–3424. 10.1021/bi8023288. [PubMed: 19265433] 

42. Day BJ, Shawen S, Liochev SI, and Crapo JD (1995). A metalloporphyrin superoxide dismutase 
mimetic protects against paraquat-induced endothelial cell injury, in vitro. J. Pharmacol. Exp. 
Therapeut 275, 1227–1232.

43. Salvemini D, Muscoli C, Riley DP, and Cuzzocrea S (2002). Superoxide Dismutase Mimetics. 
Pulmonary. Pulm. Pharmacol. Ther 15, 439–447. 10.1006/pupt.2002.0374. [PubMed: 12406666] 

44. Huttlin EL, Bruckner RJ, Paulo JA, Cannon JR, Ting L, Baltier K, Colby G, Gebreab F, Gygi MP, 
Parzen H, et al. (2017). Architecture of the human interactome defines protein communities and 
disease networks. Nature 545, 505–509. 10.1038/nature22366. [PubMed: 28514442] 

45. Schweppe DK, Huttlin EL, Harper JW, and Gygi SP (2018). BioPlex Display: An Interactive Suite 
for Large-Scale AP-MS Protein-Protein Interaction Data. J. Proteome Res 17, 722–726. 10.1021/
acs.jproteome.7b00572. [PubMed: 29054129] 

46. Kwon YT, Reiss Y, Fried VA, Hershko A, Yoon JK, Gonda DK, Sangan P, Copeland NG, Jenkins 
NA, and Varshavsky A (1998). The mouse and human genes encoding the recognition component 
of the N-end rule pathway. Proc. Natl. Acad. Sci. USA 95, 7898–7903. 10.1073/pnas.95.14.7898. 
[PubMed: 9653112] 

47. Kwon YT, Xia Z, Davydov IV, Lecker SH, and Varshavsky A (2001). Construction and Analysis of 
Mouse Strains Lacking the Ubiquitin Ligase UBR1 (E3a) of the N-End Rule Pathway. Mol. Cell 
Biol 21, 8007–8021. 10.1128/MCB.21.23.8007-8021.2001. [PubMed: 11689692] 

Ibrahim et al. Page 24

Cell Rep. Author manuscript; available in PMC 2025 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



48. Kwon YT, Xia Z, An JY, Tasaki T, Davydov IV, Seo JW, Sheng J, Xie Y, and Varshavsky A (2003). 
Female Lethality and Apoptosis of Spermatocytes in Mice Lacking the UBR2 Ubiquitin Ligase 
of the N-End Rule Pathway. Mol. Cell Biol 23, 8255–8271. 10.1128/MCB.23.22.8255-8271.2003. 
[PubMed: 14585983] 

49. Zhang G, Lin RK, Kwon YT, and Li YP (2013). Signaling mechanism of tumor cell-induced 
up-regulation of E3 ubiquitin ligase UBR2. FASEB J. 27, 2893–2901, official publication of 
the Federation of American Societies for Experimental Biology. 10.1096/fj.12-222711. [PubMed: 
23568773] 

50. Varshavsky A (2011). The N-end rule pathway and regulation by proteolysis. Protein Sci. 20, 
1298–1345. 10.1002/pro.666. [PubMed: 21633985] 

51. Varshavsky A (2019). N-degron and C-degron pathways of protein degradation. Proc. Natl. Acad. 
Sci. USA 116, 358–366. 10.1073/pnas.1816596116. [PubMed: 30622213] 

52. Timms RT, and Koren I (2020). Tying up loose ends: the N-degron and C-degron pathways 
of protein degradation. Biochem. Soc. Trans 48, 1557–1567. 10.1042/bst20191094. [PubMed: 
32627813] 

53. Hu RG, Sheng J, Qi X, Xu Z, Takahashi TT, and Varshavsky A (2005). The N-end rule pathway as 
a nitric oxide sensor controlling the levels of multiple regulators. Nature 437, 981–986. 10.1038/
nature04027. [PubMed: 16222293] 

54. Heo AJ, Kim SB, Ji CH, Han D, Lee SJ, Lee SH, Lee MJ, Lee JS, Ciechanover A, Kim BY, and 
Kwon YT (2021). The N-terminal cysteine is a dual sensor of oxygen and oxidative stress. Proc. 
Natl. Acad. Sci. USA 118, e2107993118. 10.1073/pnas.2107993118. [PubMed: 34893540] 

55. Sriram SM, Kim BY, and Kwon YT (2011). The N-end rule pathway: emerging functions and 
molecular principles of substrate recognition. Nat. Rev. Mol. Cell Biol 12, 735–747. 10.1038/
nrm3217. [PubMed: 22016057] 

56. Cha-Molstad H, Yu JE, Feng Z, Lee SH, Kim JG, Yang P, Han B, Sung KW, Yoo YD, Hwang 
J, et al. (2017). p62/SQSTM1/Sequestosome-1 is an N-recognin of the N-end rule pathway 
which modulates autophagosome biogenesis. Nat. Commun 8, 102. 10.1038/s41467-017-00085-7. 
[PubMed: 28740232] 

57. Ji CH, and Kwon YT (2017). Crosstalk and Interplay between the Ubiquitin-Proteasome System 
and Autophagy. Mol. Cells 40, 441–449. 10.14348/molcells.2017.0115. [PubMed: 28743182] 

58. Tasaki T, Mulder LCF, Iwamatsu A, Lee MJ, Davydov IV, Varshavsky A, Muesing M, and 
Kwon YT (2005). A family of mammalian E3 ubiquitin ligases that contain the UBR box motif 
and recognize N-degrons. Mol. Cell Biol 25, 7120–7136. 10.1128/mcb.25.16.7120-7136.2005. 
[PubMed: 16055722] 

59. Vu TTM, Mitchell DC, Gygi SP, and Varshavsky A (2020). The Arg/N-degron pathway targets 
transcription factors and regulates specific genes. Proc. Natl. Acad. Sci. USA 117, 31094–31104. 
10.1073/pnas.2020124117. [PubMed: 33229537] 

60. Kwon YT, Kashina AS, and Varshavsky A (1999). Alternative splicing results in differential 
expression, activity, and localization of the two forms of arginyl-tRNA-protein transferase, a 
component of the N-end rule pathway. Mol. Cell Biol 19, 182–193. 10.1128/mcb.19.1.182. 
[PubMed: 9858543] 

61. Ferber S, and Ciechanover A (1987). Role of arginine-tRNA in protein degradation by the 
ubiquitin pathway. Nature 326, 808–811. 10.1038/326808a0. [PubMed: 3033511] 

62. Kwon YT, Kashina AS, Davydov IV, Hu RG, An JY, Seo JW, Du F, and Varshavsky A (2002). 
An essential role of N-terminal arginylation in cardiovascular development. Science 297, 96–99. 
10.1126/science.1069531. [PubMed: 12098698] 

63. Saha S, Wang J, Buckley B, Wang Q, Lilly B, Chernov M, and Kashina A (2012). Small 
molecule inhibitors of arginyltransferase regulate arginylation-dependent protein degradation, 
cell motility, and angiogenesis. Biochem. Pharmacol 83, 866–873. 10.1016/j.bcp.2012.01.012. 
[PubMed: 22280815] 

64. Davydov IV, and Varshavsky A (2000). RGS4 is arginylated and degraded by the N-end 
rule pathway in vitro. J. Biol. Chem 275, 22931–22941. 10.1074/jbc.M001605200. [PubMed: 
10783390] 

Ibrahim et al. Page 25

Cell Rep. Author manuscript; available in PMC 2025 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



65. Solomon V, Lecker SH, and Goldberg AL (1998). The N-end rule pathway catalyzes a major 
fraction of the protein degradation in skeletal muscle. J. Biol. Chem 273, 25216–25222. 10.1074/
jbc.273.39.25216. [PubMed: 9737984] 

66. Ikeda F, and Dikic I (2008). Atypical ubiquitin chains: new molecular signals. EMBO Rep. 9, 
536–542. 10.1038/embor.2008.93. [PubMed: 18516089] 

67. Nathan JA, Kim HT, Ting L, Gygi SP, and Goldberg AL (2013). Why do cellular proteins 
linked to K63-polyubiquitin chains not associate with proteasomes? Embo j 32, 552–565. 10.1038/
emboj.2012.354. [PubMed: 23314748] 

68. Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ, Abeliovich H, Acevedo Arozena A, Adachi H, 
Adams CM, Adams PD, Adeli K, et al. (2016). Guidelines for the use and interpretation of assays 
for monitoring autophagy (3rd edition). Autophagy 12, 1–222. 10.1080/15548627.2015.1100356. 
[PubMed: 26799652] 

69. Adams J, Palombella VJ, Sausville EA, Johnson J, Destree A, Lazarus DD, Maas J, Pien CS, 
Prakash S, and Elliott PJ (1999). Proteasome inhibitors: a novel class of potent and effective 
antitumor agents. Cancer Res. 59, 2615–2622. [PubMed: 10363983] 

70. Cortes J, Thomas D, Koller C, Giles F, Estey E, Faderl S, Garcia-Manero G, McConkey D, 
Ruiz SL, Guerciolini R, et al. (2004). Phase I study of bortezomib in refractory or relapsed 
acute leukemias. Clin. Cancer Res 10, 3371–3376. 10.1158/1078-0432.Ccr-03-0508. [PubMed: 
15161691] 

71. Pitcher DS, de Mattos-Shipley K, Tzortzis K, Auner HW, Karadimitris A, and Kleijnen MF (2015). 
Bortezomib Amplifies Effect on Intracellular Proteasomes by Changing Proteasome Structure. 
EBioMedicine 2, 642–648. 10.1016/j.ebiom.2015.05.016. [PubMed: 26288836] 

72. Lee PCW, Sowa ME, Gygi SP, and Harper JW (2011). Alternative ubiquitin activation/conjugation 
cascades interact with N-end rule ubiquitin ligases to control degradation of RGS proteins. Mol. 
Cell 43, 392–405. 10.1016/j.molcel.2011.05.034. [PubMed: 21816346] 

73. Deshaies RJ, and Joazeiro CAP (2009). RING domain E3 ubiquitin ligases. Annu. Rev. Biochem 
78, 399–434. 10.1146/annurev.biochem.78.101807.093809. [PubMed: 19489725] 

74. Imai J, Yashiroda H, Maruya M, Yahara I, and Tanaka K (2003). Proteasomes and molecular 
chaperones: cellular machinery responsible for folding and destruction of unfolded proteins. Cell 
Cycle 2, 585–590. [PubMed: 14512774] 

75. Pickart CM, and Cohen RE (2004). Proteasomes and their kin: proteases in the machine age. Nat. 
Rev. Mol. Cell Biol 5, 177–187. 10.1038/nrm1336. [PubMed: 14990998] 

76. Elsasser S, Gali RR, Schwickart M, Larsen CN, Leggett DS, Müller B, Feng MT, Tübing 
F, Dittmar GAG, and Finley D (2002). Proteasome subunit Rpn1 binds ubiquitin-like protein 
domains. Nat. Cell Biol 4, 725–730. 10.1038/ncb845. [PubMed: 12198498] 

77. Choi WH, de Poot SAH, Lee JH, Kim JH, Han DH, Kim YK, Finley D, and Lee MJ (2016). 
Open-gate mutants of the mammalian proteasome show enhanced ubiquitin-conjugate degradation. 
Nat. Commun 7, 10963. 10.1038/ncomms10963. [PubMed: 26957043] 

78. Welcker M, Orian A, Jin J, Grim JE, Harper JW, Eisenman RN, and Clurman BE (2004). The 
Fbw7 tumor suppressor regulates glycogen synthase kinase 3 phosphorylation-dependent c-Myc 
protein degradation. Proc. Natl. Acad. Sci. USA 101, 9085–9090. 10.1073/pnas.0402770101. 
[PubMed: 15150404] 

79. Acebron SP, Karaulanov E, Berger BS, Huang YL, and Niehrs C (2014). Mitotic wnt 
signaling promotes protein stabilization and regulates cell size. Mol. Cell 54, 663–674. 10.1016/
j.molcel.2014.04.014. [PubMed: 24837680] 

80. Chen Y, Li Y, Xue J, Gong A, Yu G, Zhou A, Lin K, Zhang S, Zhang N, Gottardi CJ, and Huang S 
(2016). Wnt-induced deubiquitination FoxM1 ensures nucleus b-catenin transactivation. EMBO J. 
35, 668–684. 10.15252/embj.201592810. [PubMed: 26912724] 

81. Koepp DM, Schaefer LK, Ye X, Keyomarsi K, Chu C, Harper JW, and Elledge SJ (2001). 
Phosphorylation-dependent ubiquitination of cyclin E by the SCFFbw7 ubiquitin ligase. Science 
294, 173–177. 10.1126/science.1065203. [PubMed: 11533444] 

82. Thompson BJ, Buonamici S, Sulis ML, Palomero T, Vilimas T, Basso G, Ferrando A, and Aifantis 
I (2007). The SCFFBW7 ubiquitin ligase complex as a tumor suppressor in T cell leukemia. J. 
Exp. Med 204, 1825–1835. [PubMed: 17646408] 

Ibrahim et al. Page 26

Cell Rep. Author manuscript; available in PMC 2025 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



83. Malyukova A, Dohda T, von der Lehr N, Akhoondi S, Corcoran M, Heyman M, Spruck C, Grandér 
D, Lendahl U, and Sangfelt O (2007). The tumor suppressor gene hCDC4 is frequently mutated 
in human T-cell acute lymphoblastic leukemia with functional consequences for Notch signaling. 
Cancer Res. 67, 5611–5616. 10.1158/0008-5472.Can-06-4381. [PubMed: 17575125] 

84. Hu Q, Lei J, Cheng Z, Xu J, Wang L, Yuan Y, Gan M, Wang Y, Xie Y, Yao L, et al. 
(2023). STUB1-mediated ubiquitination regulates the stability of GLUD1 in lung adenocarcinoma. 
iScience 26, 107151. 10.1016/j.isci.2023.107151. [PubMed: 37416474] 

85. Liu Y, Sun Y, Huang Y, Cheng K, Xu Y, Tian Q, and Zhang S (2021). CHIP promotes Wnt 
signaling and regulates Arc stability by recruiting and polyubiquitinating LEF1 or Arc. Cell Death 
Dis. 7, 5. 10.1038/s41420-020-00394-9.

86. Liu Y, Zhou H, and Tang X (2023). STUB1/CHIP: New insights in cancer and immunity. Biomed. 
Pharmacother 165, 115190. 10.1016/j.biopha.2023.115190. [PubMed: 37506582] 

87. Hinze L, Schreek S, Zeug A, Ibrahim NK, Fehlhaber B, Loxha L, Cinar B, Ponimaskin E, Degar 
J, McGuckin C, et al. (2022). Supramolecular assembly of GSK3α as a cellular response to amino 
acid starvation. Mol. Cell 82, 2858–2870. 10.1016/j.molcel.2022.05.025. [PubMed: 35732190] 

88. Kwon YT, and Ciechanover A (2017). The Ubiquitin Code in the Ubiquitin-Proteasome 
System and Autophagy. Trends Biochem. Sci 42, 873–886. 10.1016/j.tibs.2017.09.002. [PubMed: 
28947091] 

89. Walter P, and Ron D (2011). The unfolded protein response: from stress pathway to homeostatic 
regulation. Science 334, 1081–1086. 10.1126/science.1209038. [PubMed: 22116877] 

90. Suraweera A, Münch C, Hanssum A, and Bertolotti A (2012). Failure of amino acid 
homeostasis causes cell death following proteasome inhibition. Mol. Cell 48, 242–253. 10.1016/
j.molcel.2012.08.003. [PubMed: 22959274] 

91. Thompson AA, Dilworth S, and Hay RJ (1985). Isolation and culture of colonic epithelial cells in 
serum-free medium. J. Tissue Cult. Methods 9, 117–122. 10.1007/BF01797782.

92. Rock KL, Gramm C, Rothstein L, Clark K, Stein R, Dick L, Hwang D, and Goldberg 
AL (1994). Inhibitors of the proteasome block the degradation of most cell proteins and 
the generation of peptides presented on MHC class I molecules. Cell 78, 761–771. 10.1016/
s0092-8674(94)90462-6. [PubMed: 8087844] 

93. Eisele F, and Wolf DH (2008). Degradation of misfolded protein in the cytoplasm is mediated by 
the ubiquitin ligase Ubr1. FEBS Lett. 582, 4143–4146. 10.1016/j.febslet.2008.11.015. [PubMed: 
19041308] 

94. Nillegoda NB, Theodoraki MA, Mandal AK, Mayo KJ, Ren HY, Sultana R, Wu K, Johnson J, Cyr 
DM, and Caplan AJ (2010). Ubr1 and Ubr2 function in a quality control pathway for degradation 
of unfolded cytosolic proteins. Mol. Biol. Cell 21, 2102–2116. 10.1091/mbc.e10-02-0098. 
[PubMed: 20462952] 

95. Heck JW, Cheung SK, and Hampton RY (2010). Cytoplasmic protein quality control degradation 
mediated by parallel actions of the E3 ubiquitin ligases Ubr1 and San1. Proc. Natl. Acad. Sci. 
USA 107, 1106–1111. 10.1073/pnas.0910591107. [PubMed: 20080635] 

96. Matta-Camacho E, Kozlov G, Li FF, and Gehring K (2010). Structural basis of substrate 
recognition and specificity in the N-end rule pathway. Nat. Struct. Mol. Biol 17, 1182–1187. 
10.1038/nsmb.1894. [PubMed: 20835242] 

97. Han C-T, Song J, Chan T, Pruett C, and Han S (2020). Electrostatic Environment of 
Proteorhodopsin Affects the pKa of Its Buried Primary Proton Acceptor. Biophys. J 118, 1838–
1849. 10.1016/j.bpj.2020.02.027. [PubMed: 32197061] 

98. Morgenstern A, Jaszai M, Eberhart ME, and Alexandrova AN (2017). Quantified electrostatic 
preorganization in enzymes using the geometry of the electron charge density. Chem. Sci 8, 5010–
5018. 10.1039/c7sc01301a. [PubMed: 28970888] 

99. Vallina Estrada E, Zhang N, Wennerström H, Danielsson J, and Oliveberg M (2023). Diffusive 
intracellular interactions: On the role of protein net charge and functional adaptation. Curr. Opin. 
Struct. Biol 81, 102625. 10.1016/j.sbi.2023.102625. [PubMed: 37331204] 

100. Piatkov KI, Brower CS, and Varshavsky A (2012). The N-end rule pathway counteracts cell death 
by destroying proapoptotic protein fragments. Proc. Natl. Acad. Sci. USA 109, E1839–E1847. 
10.1073/pnas.1207786109. [PubMed: 22670058] 

Ibrahim et al. Page 27

Cell Rep. Author manuscript; available in PMC 2025 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



101. Timms RT, Zhang Z, Rhee DY, Harper JW, Koren I, and Elledge SJ (2019). A glycine-specific 
N-degron pathway mediates the quality control of protein N-myristoylation. Science 365, 
eaaw4912. 10.1126/science.aaw4912. [PubMed: 31273098] 

102. Kume K, Iizumi Y, Shimada M, Ito Y, Kishi T, Yamaguchi Y, and Handa H (2010). Role of N-end 
rule ubiquitin ligases UBR1 and UBR2 in regulating the leucine-mTOR signaling pathway. 
Genes Cells 15, 339–349. 10.1111/j.1365-2443.2010.01385.x. [PubMed: 20298436] 

103. Villa E, Paul R, Meynet O, Volturo S, Pinna G, and Ricci J-E (2020). The E3 ligase UBR2 
regulates cell death under caspase deficiency via Erk/MAPK pathway. Cell Death Dis. 11, 1041. 
10.1038/s41419-020-03258-3. [PubMed: 33288741] 

104. Townsend EC, Murakami MA, Christodoulou A, Christie AL, Köster J, DeSouza TA, Morgan 
EA, Kallgren SP, Liu H, Wu SC, et al. (2016). The Public Repository of Xenografts Enables 
Discovery and Randomized Phase II-like Trials in Mice. Cancer Cell 29, 574–586. 10.1016/
j.ccell.2016.03.008. [PubMed: 27070704] 

105. Wispe JR, Clark JC, Burhans MS, Kropp KE, Korfhagen TR, and Whitsett JA (1989). Synthesis 
and processing of the precursor for human mangano-superoxide dismutase. Biochim. Biophys. 
Acta Protein Struct. Mol. Enzymol 994, 30–36. 10.1016/0167-4838(89)90058-7.

106. Shih Y-C, Chen H-F, Wu C-Y, Ciou Y-R, Wang C-W, Chuang H-C, and Tan T-H (2024). 
The phosphatase DUSP22 inhibits UBR2-mediated K63-ubiquitination and activation of Lck 
downstream of TCR signalling. Nat. Commun 15, 532. 10.1038/s41467-024-44843-w. [PubMed: 
38225265] 

107. Dunn KW, Kamocka MM, and McDonald JH (2011). A practical guide to evaluating 
colocalization in biological microscopy. Am. J. Physiol. Cell Physiol 300, C723–C742. 10.1152/
ajpcell.00462.2010. [PubMed: 21209361] 

108. Lakdawala SS, Wu Y, Wawrzusin P, Kabat J, Broadbent AJ, Lamirande EW, Fodor E, Altan-
Bonnet N, Shroff H, and Subbarao K (2014). Influenza a virus assembly intermediates fuse in the 
cytoplasm. PLoS Pathog. 10, e1003971. 10.1371/journal.ppat.1003971. [PubMed: 24603687] 

109. Jochim N, Gerhard R, Just I, and Pich A (2011). Impact of clostridial glucosylating toxins on 
the proteome of colonic cells determined by isotope-coded protein labeling and LC-MALDI. 
Proteome Sci. 9, 48. 10.1186/1477-5956-9-48. [PubMed: 21849038] 

110. Stieglitz F, Gerhard R, Hönig R, Giehl K, and Pich A (2022). TcdB of Clostridioides difficile 
Mediates RAS-Dependent Necrosis in Epithelial Cells. Int. J. Mol. Sci 23, 23084258. 10.3390/
ijms23084258.

111. Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann M, and Cox J (2016). The 
Perseus computational platform for comprehensive analysis of (prote)omics data. Nat. Methods 
13, 731–740. 10.1038/nmeth.3901. [PubMed: 27348712] 

112. Dubois E, Galindo AN, Dayon L, and Cominetti O (2022). Assessing normalization methods 
in mass spectrometry-based proteome profiling of clinical samples. Biosystems 215, 104661. 
10.1016/j.biosystems.2022.104661. [PubMed: 35247480] 

113. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, and Smyth GK (2015). limma powers 
differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 
43, e47. 10.1093/nar/gkv007. [PubMed: 25605792] 

Ibrahim et al. Page 28

Cell Rep. Author manuscript; available in PMC 2025 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• SOD2 has a previously unrecognized dismutase-independent function

• It regulates proteasomal degradation through the E3 ubiquitin ligases UBR1 

and UBR2

• SOD2-driven protein breakdown promotes cancer cell fitness upon amino 

acid scarcity

• In resistant human leukemia, inhibition of SOD2 induces asparaginase 

sensitization
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Figure 1. SOD2 inhibition sensitizes leukemia cells to asparagine depletion
(A) Significance of SOD2 depletion upon asparaginase treatment was assessed by robust 

ranking aggregation (RRA) score calculated using the MAGeCK analysis.23 Note that 

details on the CRISPR-Cas9 screen can be found in.21

(B) CCRF-CEM cells were transduced with indicated shRNAs, and knockdown efficiency 

was assessed with RT-qPCR analysis in biological duplicates.

(C) CCRF-CEM cells were transduced with shLuc, shSOD2 #3, or shSOD2 #5. Protein 

levels of SOD2 and GAPDH were assessed by western blot analysis.

(D) CCRF-CEM cells were transduced with shLuc, shSOD2 #3, or shSOD2 #5 and treated 

with indicated asparaginase doses in biological triplicates. Relative viability was assessed 

after 8 days of treatment. All cell counts were normalized to shLuc-transduced, vehicle-

treated cells.

(E) CCRF-CEM cells were transduced with indicated shRNAs. Cells expressing shRNAs 

in the presence or absence of SOD2 cDNA were subsequently treated with the indicated 

doses of asparaginase in biological triplicates. Relative viability was assessed after 8 days of 

treatment. Cell counts were normalized as in (D).

(F) CCRF-CEM cells were transduced with indicated shRNAs and treated with 100 U/L 

asparaginase for 48 h, and caspase 3/7 activity was assessed in biological duplicates.

All error bars represent SEM. ****p ≤ 0.0001, ***p ≤ 0.001 by one-way ANOVA Dunnett’s 

adjustment for multiple comparisons (B and F). See also Table S1 and Figure S1.

Ibrahim et al. Page 30

Cell Rep. Author manuscript; available in PMC 2025 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. SOD2 inhibition sensitizes different cancer entities to asparaginase-induced 
cytotoxicity
(A–F, left) Jurkat, MOLT4, OCI-AML2, NALM-16, HCT-15, and SW480 cells were 

transduced with the indicated shRNAs, and the knockdown efficiency of SOD2 was assessed 

by RT-qPCR analysis in biological duplicates.

(A–F, right) Jurkat, MOLT4, OCI-AML2, NALM-16 HCT-15, and SW480 cells were treated 

with the indicated doses of asparaginase in biological triplicates. After 8 days of treatment, 

relative viability was assessed. Cell counts were normalized to shLuc-transduced, vehicle-

treated cells.

(G–J) Jurkat cells were transduced with the indicated shRNAs and treated with the indicated 

doses of vincristine, dexamethasone, doxorubicin, and 6-mercaptopurine in biological 

duplicates. After 8 days of treatment, relative viability was assessed. Cell counts were 

normalized as in (A–F).

All error bars represent SEM. ***p ≤ 0.001, **p ≤ 0.01, *p < 0.05 by two-sided Student’s t 

test with Welch adjustment (A–F, left). See also Figure S1 and Table S2.

Ibrahim et al. Page 31

Cell Rep. Author manuscript; available in PMC 2025 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. SOD2-regulated asparaginase response is independent of known SOD2-associated 
pathways
(A) CCRF-CEM cells were transduced with the indicated shRNAs and treated with 100 

U/L asparaginase. ROS levels were measured by assessing the percent of PE positivity 

with flow cytometry in biological duplicates. Antimycin A served as a positive control and 

N-acetylcysteine (NAC) as a negative control.

(B) CCRF-CEM cells were treated with vehicle, 1 mM xanthine, 1 mM xanthine plus 

0.01 U/mL xanthine oxidase (XO) in the presence or absence of 100 U/L asparaginase in 

biological triplicates. Relative viability was assessed after 8 days of treatment. Cell counts 

were normalized to vehicle-treated cells.

(C) CCRF-CEM cells were transduced shLuc or shSOD2 #3 and treated with vehicle or 

5 mM NAC in the presence or absence of 100 U/L asparaginase in biological triplicates. 

Relative viability was assessed after 8 days of treatment. Cell counts were normalized to 

shLuc-transduced, vehicle-treated cells.
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(D) CCRF-CEM cells were transduced with the indicated shRNA and treated with either 

vehicle or 20 μM ebselen in the presence or absence of 100 U/L asparaginase in biological 

triplicates. Relative viability was assessed as in (C).

(E and F) Cells were transduced with shLuc or shSOD2 #3 and treated with vehicle or 

100 U/L asparaginase. Protein levels of asparagine synthetase (ASNS), glutamine synthetase 

(GLUL), and GAPDH were assessed by western blot analysis. Densitometry was performed 

in biological duplicates for the target bands (ASNS or GLUL) and normalized to their 

respective GAPDH.

(G) Cells transduced with shLuc or shSOD2 #3 were treated with 100 U/L asparaginase 

after confirmation of an efficient knockdown. Relative expression of amino acid transporters 

was assessed by RT-qPCR analysis in biological duplicates.

(H) Cells transduced with shLuc or shSOD2 #3 were treated with vehicle or 100 U/L 

asparaginase after confirmation of an efficient knockdown. Protein levels of p-p70S6K, 

p70S6K, and GAPDH were evaluated by western blot analysis.

All error bars represent SEM. ****p ≤ 0.0001, **p ≤ 0.01, *p < 0.05, n.s. p ≥ 0.05 by 

one-way ANOVA with Dunnett’s adjustment for multiple comparisons (A–F) and two-sided 

Student’s t test with Welch adjustment (G). See also Figures S2, S3, and Table S3.
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Figure 4. SOD2 promotes cell survival during amino acid starvation by interacting with UBR2
(A) Jurkat cells were transduced with shLuc, or shSOD2 #5, followed by transduction with a 

V5-tagged pLX304 control vector, pLX304-SOD2 wildtype (WT), or pLX304-SOD2 Y34F 

vector. After 4 days of treatment, viability was assessed in biological duplicates. Cell counts 

were normalized to vehicle-treated cells for each condition.

(B) Jurkat cells were transduced with shLuc, or shSOD2 #5, and treated as indicated. After 

8 days of treatment, viability was assessed. Cell counts were normalized to vehicle-treated 

cells.

(C) Jurkat cells were transduced with the indicated shRNAs and pLX304-SOD2 WT vector 

and cultured in RPMI medium supplemented with only essential amino acids (EAA) or 

non-essential amino acids (NEAA) in biological duplicates. Cell counts were normalized to 

shLuc-transduced cells for each condition.
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(D) Schematic depiction of the interaction of SOD2 with UBR2. The protein-protein 

interaction is based on the BioPlex database.44,45

(E and F) Immunoprecipitation of UBR2 reveals a co-immunoprecipitation with SOD2 in 

Jurkat cells in a whole cell lysate using a non-denaturing buffer (E) and in a cytosolic cell 

fraction (F).

(G) Jurkat cells were treated with vehicle or 100 U/L asparaginase for 48 h, and 

immunofluorescence staining was observed using a Zeiss LSM780 microscope. The co-

localization of indicated targets was assessed by the Pearson correlation coefficient and 

ranked based on their degree of co-localization.

(H) Representative images using super-resolution microscopy. Arrows indicate co-

localization of UBR2 and SOD2. Scale bar, 2 μm

(I) Jurkat cells were transduced with shLuc, or shSOD2 #5, followed by transduction with 

a V5-tagged pLX304 control vector, pLX304-SOD2 WT, or pLX304-SOD2 ΔMTS vector. 

After 8 days of treatment, viability was assessed in biological duplicates. Cell counts were 

normalized to vehicle-treated cells for each condition.

(J) Jurkat cells were transduced with shUBR2 #2 and #3. Knockdown was confirmed by 

RT-qPCR in biological duplicates.

(K) Cells were transduced with indicated shRNAs in the presence or absence of a UBR2 

cDNA and treated with vehicle or 100 U/L asparaginase in biological triplicates. After 

4 days of treatment, relative viability was assessed. Counts were normalized to shLuc-

transduced cells.

(L) Jurkat cells were treated as indicated. After a confirmed knockdown, cells were 

harvested, and protein levels of total ubiquitin and GAPDH were assessed by western blot 

analysis.

(M) Jurkat cells were transduced with shLuc or shSOD2 and, subsequently UBR2 cDNA. 

After 4 days of treatment with vehicle or asparaginase (100 U/L) in biological duplicates, 

relative viability was assessed. Cell counts were normalized to shLuc-transduced, vehicle-

treated cells.

All error bars represent SEM. ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, *p < 0.05, n.s., p 
≥ 0.05 by one-way ANOVA with Dunnett’s adjustment for multiple comparisons (A–C, I–K, 

and M). See also Figure S4.
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Figure 5. UBR1 inhibition phenocopies the defective response to amino acid starvation
(A) Jurkat cells were transduced with shUBR1 #1 and #4. Knockdown was confirmed by 

RT-qPCR in biological duplicates.

(B) Jurkat cells were transduced with shUBR1 and treated with vehicle or 100 U/L 

asparaginase in biological triplicates. After 4 days of treatment, viability was assessed and 

normalized to shLuc-transduced cells.

(C) Jurkat cells were transduced with shLuc or shUBR1 in addition to a UBR1 cDNA. After 

4 days of treatment with vehicle or asparaginase (100 U/L) in biological duplicates, relative 

viability was assessed. Cell counts were normalized to shLuc-transduced, vehicle-treated 

cells.

(D) Jurkat cells were transduced with shLuc or shSOD2 and subsequently UBR1 cDNA. 

After 4 days of treatment with vehicle or asparaginase (100 U/L) in biological duplicates, 

relative viability was assessed as in (C).

(E–G) Jurkat cells were transduced with indicated shRNAs and cultured in a medium 

supplemented with all amino acids, or in a medium deficient in essential or non-essential 

amino acids in biological triplicates. Cell counts were normalized to shLuc-transduced cells.

All error bars represent SEM. ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, n.s., p ≥ 0.05 

by one-way ANOVA with Dunnett’s adjustment for multiple comparisons (A–G). See also 

Figure S5.
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Figure 6. SOD2 is not a target of UBRs and does not appear to regulate the ATE1- dependent 
axis of the Arg/N-degron pathway
(A) Jurkat cells were transduced with the indicated shRNA and treated with vehicle or 

asparaginase (100 U/L) for 48 h. SOD2 and GAPDH levels were assessed by western blot 

analysis.

(B) Jurkat cells were transduced with the indicated constructs and treated with vehicle 

or asparaginase (100 U/L) for 48 h. SOD2 mRNA levels were assessed by RT-qPCR in 

biological duplicates and normalized to shLuc control cells.

(C) Jurkat cells were treated with vehicle or 100 U/L asparaginase in the presence or 

absence of 1 μM tannic acid (TA). Relative viability was assessed after 4 days of treatment 

in biological duplicates. Cell counts were normalized to vehicle-treated cells.

(D) Jurkat cells were transduced with indicated shRNAs, and knockdown efficiency was 

assessed by RT-qPCR in biological duplicates (left). Upon successful knockdown, cells were 

treated with vehicle or 100 U/L asparaginase (right). Relative viability was assessed after 4 

days of treatment in biological triplicates.
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(E) Jurkat cells were transduced with indicated shRNAs. Levels of RGS4 and alpha-tubulin 

were assessed by western blot analysis.

All error bars represent SEM. ****p ≤ 0.0001; n.s., p ≥ 0.05 by one-way ANOVA with 

Dunnett’s adjustment for multiple comparisons (B–E). See also Figure S5.
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Figure 7. SOD2-mediated protein breakdown promotes cancer cell fitness upon amino acid 
starvation and reflects an adaptive proteasomal degradation machinery
(A and B) Jurkat cells were transduced with the indicated shRNAs and treated with 100 

U/L of asparaginase. Western blot analysis was performed for K48-linked ubiquitin (A) or 

K63-linked-ubiquitin (B) together with GAPDH. Densitometry analysis was performed for 

target protein levels and normalized to the respective GAPDH signal in biological triplicates.

(C) Jurkat cells were transduced with the indicated constructs and treated with 1,000 U/L 

of asparaginase for 48 h in the presence or absence of bortezomib (20 nM for 5 h). 

Western blot analysis was performed for K48-linked ubiquitin. Note that a very short time 

of exposure was chosen due to the striking K48 accumulation in bortezomib-treated shLuc 

cells, resulting in a lack of signal in samples not treated with bortezomib.

(D) Jurkat cells were transduced with shLuc or shSOD2 in addition to a pLX304-UBR2 

RING wildtype (WT) or mutant (mut) vector, and viability was assessed after 4 days of 

treatment in biological duplicates. Viability was normalized to each vehicle condition.
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(E) Jurkat cells were transduced with shLuc or shSOD2 in addition to a pLX304-GFP 

control vector, or the hyperactive proteasomal subunit pLX304-ΔN-PSMA4. After 8 days of 

treatment with vehicle or asparaginase (100 U/L) in biological triplicates, relative viability 

was assessed. Cell counts were normalized to shLuc-transduced, vehicle-treated cells.

(F) Jurkat cells were transduced as indicated and treated with vehicle or 10 U/L asparaginase 

for 48 h. Asparagine content in cells was quantified by liquid chromatography tandem mass 

spectrometry.

(G) (Inset) Jurkat cells were first transduced with shLuc, shSOD2 #3, shUBR1 #1, shUBR2 

#3, or a combination of shUBR1+2. Cells were then treated with vehicle, or asparaginase 

(100 U/L) in a complete growth medium (RPMI-1640 + 10% fetal bovine serum), or treated 

with asparaginase in a complete growth medium supplemented with 10× of L-asparagine or 

10× of L-glutamine. Fifty percent of the media was removed every 12 h and replaced with 

fresh growth medium, supplemented with the appropriate concentration of asparaginase, 

asparagine, or glutamine. (Bottom) The viability was assessed after 48 h by counting viable 

cells and normalized to the viability in vehicle controls.

(H) Schematic depiction of generation of B-ALL PDX models used in this study.

(I–M) ALL PDX specimens were transduced with the indicated constructs, and treated 

with asparaginase (100 U/L) for 48 h. Viability was normalized to shLuc cells. Note that 

treatment could not be extended beyond 48 h due to the limited life span of PDX cells.

(N) Proposed model.

All error bars represent SEM. ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, *p < 0.05, n.s., p ≥ 

0.05 by one-way ANOVA with Dunnett’s adjustment for multiple comparisons (A, B, D–G, 

and I–M). See also Figure S5–S10.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse anti-GAPDH Santa Cruz Cat#sc-365062, RRID:AB_10847862

mouse anti-alpha tubulin Santa Cruz Cat#sc-5286, RRID: AB_628411

rabbit anti-Ubiquitin Abcam Cat#ab7254, RRID: AB_305802

rabbit anti-K48 linked ubiquitin Millipore Cat#05–1307, RRID: AB_11213655

rabbit anti-K63 linked ubiquitin Cell Signaling Cat#5621, RRID: AB_10827985

mouse anti-ASNS Santa Cruz Cat#sc-376151, RRID: AB_11012145

rabbit anti-GLUL Santa Cruz Cat#sc-74430, RRID: AB_1127501

rabbit anti-SOD2 Cell Signaling Cat#13141S, RRID: AB_2636921

mouse anti-SOD2 Thermo Fisher Scientific Cat#MA1-106, RRID: AB_2536812

mouse anti-RGS4 Santa Cruz Cat#sc-398348

rabbit anti-UBR2 Abcam Cat#ab217069

rabbit anti-UBR1 Abcam Cat#ab138267

mouse anti-UBR1 Santa Cruz Cat#sc-515753

rabbit anti-GSK3α Cell Signaling Cat#4818, RRID: AB_10831511

mouse anti-ATP5A Santa Cruz Cat#sc-136178, RRID: AB_2061764

rabbit anti-P62/SQSTM1 Cell Signaling Cat#5114, RRID: AB_10624872

rabbit anti-SOD2, Lys68-specific Abcam Cat#ab137037, RRID: AB_2784527

rabbit anti-V5-tag Cell Signaling Cat#13202, RRID: AB_2687461

rabbit anti-p70S6K Cell Signaling Cat#9203, RRID: AB_331676

rabbit anti-p-p70S6K Cell Signaling Cat#9205, RRID: AB_330944

mouse anti-PSMA4 Santa Cruz Cat#sc-271297, RRID: AB_10608330

Anti-mouse IgG HRP Santa Cruz Cat#sc-516102, RRID: AB_2687626

Anti-rabbit IgG HRP Santa Cruz Cat#sc-2357, RRID: AB_628497

Anti-mouse Alexa Fluor 488 Thermo Fisher Scientific Cat# A-11001, RRID: AB_2534069

Anti-mouse Alexa Fluor 555 Thermo Fisher Scientific Cat# A-21422, RRID: AB_2535844

Anti-rabbit Alexa Fluor 488 Thermo Fisher Scientific Cat# A-11008, RRID: AB_143165

Anti-rabbit Alexa Fluor 555 Thermo Fisher Scientific Cat# A-21428, RRID: AB_2535849

Anti-rabbit Alexa Fluor 647 Thermo Fisher Scientific Cat #A-21245, RRID: AB_2535813

Biological samples

PDX #3296 This paper N/A

PDX #5639 This paper N/A

PDX #4138 This paper N/A

PDX #3418 This paper N/A

PDX #5899 This paper N/A

PDX #5910 This paper N/A

PDX #1385 This paper N/A

PDX #5027 This paper N/A

PDX #4119 This paper N/A

Chemicals, peptides, and recombinant proteins
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REAGENT or RESOURCE SOURCE IDENTIFIER

Asparaginase (pegaspargase) Shire Pharmaceuticals Oncaspar

Trypan blue Thermo Fisher Scientific Cat#T10282

Human FLT3 R&D systems Cat#398-FK

Human Interleukin-7 R&D systems Cat#206-IL-010

Human stem cell factor R&D systems Cat#255-SC

Human R-Spondin 3 R&D systems Cat#3500-RS

Human Wnt3a R&D systems Cat#5036-WN

Puromycin InvivoGen Cat#ant-pr-1

Neomycin (G418/Geneticin) InvivoGen Cat #ant-gn-1

Blasticidin InvivoGen Cat#ant-bl-05

Polybrene Merck Millipore Cat#TR-1003-G

Lipofectamine 2000 Thermo Fisher Scientific Cat#11668030

Dexamethasone Sigma-Aldrich Cat#D4902

Vincristine Selleckchem Cat#S1241

6-Mercaptopurine Abcam Cat#ab142389

Doxorubicin Sigma-Aldrich Cat#D1515

RIPA buffer Merck Millipore Cat#20-188

cOmplete Protease Inhibitor Roche Cat#05892970001

PhosSTOP Phosphatase Inhibitor Roche Cat#4906845001

Laemmli sample buffer Bio-Rad Cat#161-0737

b-mercaptoethanol Sigma-Aldrich Cat#M6250

4–20% Mini-PROTEAN® TGX™ Precast Protein Gels Bio-Rad Cat#4568093

PVDF membrane Carl Roth Cat# T830.1

Nitrocellulose membrane, 0.45 μM Bio-Rad Cat#162-0115

BSA Carl Roth Cat#8076.4

Sure Block LuBio Science Cat#SB232010

GelCode Blue Safe Protein Stain Thermo Fisher Scientific Cat #24594

A/G agarose beads Thermo Fisher Scientific Cat#20423

L-Isoleucine Sigma-Aldrich Cat#I2752

L-Methionine Sigma-Aldrich Cat#M9625

L-Histidine Sigma-Aldrich Cat#H8000

L-Phenylalanine Sigma-Aldrich Cat#P2126

L-Threonine Sigma-Aldrich Cat#T8625

L-Tryptophan Sigma-Aldrich Cat#T0254

L-Lysine hydrochloride Sigma-Aldrich Cat#L5626

L-Valine Sigma-Aldrich Cat#V0500

L-Leucine Sigma-Aldrich Cat#L8000

Glycine Sigma-Aldrich Cat#G7126

L-Arginine Sigma-Aldrich Cat#A5131

L-Alanine Sigma-Aldrich Cat#A7469

L-Asparagine Sigma-Aldrich Cat#A0884

L-Aspartic acid Sigma-Aldrich Cat#A9256
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REAGENT or RESOURCE SOURCE IDENTIFIER

L-Cystine 2HCl Sigma-Aldrich Cat#30200

L-Glutamic Acid Sigma-Aldrich Cat#G1251

L-Glutamine Sigma-Aldrich Cat#G3126

L-Proline Sigma-Aldrich Cat#P0380

L-Serine Sigma-Aldrich Cat#S4500

L-Hydroxyproline Sigma-Aldrich Cat#H5534

L-Tyrosine disodium salt dihydrate Sigma-Aldrich Cat#T3754

Phosphate Buffer Saline (PBS) Thermo Fisher Scientific Cat#14190-144

Fetal bovine serum (FBS) Sigma-Aldrich Cat#F7524

Human serum Sigma-Aldrich Cat#H4522

Leibovitz’s L-15 Thermo Fisher Scientific Cat#11415064

Alpha-MEM Thermo Fisher Scientific Cat#12571063

RPMI1640 without amino acids US Bio Cat#R9010

DMEM Thermo Fisher Scientific Cat#41966029

RPMI-1640 Thermo Fisher Scientific Cat#11875119

OptiMEM Thermo Fisher Scientific Cat#31985062

Polyethyleneimine Sigma-Aldrich Cat#408727

AgeI-HF NEB Cat#R3552L

MluI-HF NEB Cat#R3198S

BamHI-HF NEB Cat#R3136S

EcoRI-HF NEB Cat#R3101S

Sucrose Sigma-Aldrich Cat#S0389

Horseradish peroxidase substrate Thermo Fisher Scientific Cat#34577

N-acetyl-cysteine Sigma-Aldrich Cat#A9165

Ebselen Sigma-Aldrich Cat#E3520

Nicotinamide Sigma-Aldrich Cat#N0636

Xanthine Sigma-Aldrich Cat#X0626

Xanthine oxidase Sigma-Aldrich Cat#X4875

MnTBAP Sigma-Aldrich Cat#475870

Tannic Acid Sigma-Aldrich Cat#403040

Bortezomib Sigma-Aldrich Cat# 5043140001

Thapsigargin Sigma-Aldrich T9033

Bafilomycin Sigma-Aldrich Cat# SML1661

Ammonium chloride Sigma-Aldrich Cat#A9434

Chloroquine Sigma-Aldrich Cat#C6628

Potassium Chloride Carl Roth Cat#HN02.2

Leupeptin Sigma-Aldrich Cat#L2884

Pepstatin Sigma-Aldrich Cat#P5318

Phenylmethylsulfonylfluoride AppliChem Cat#A0999.0005

EDTA AppliChem Cat#A4892.0500

Sulfosalicylic Acid Sigma-Aldrich Cat#390275

Tris-HCl Carl Roth Cat#9090.3
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REAGENT or RESOURCE SOURCE IDENTIFIER

Sodium chloride Carl Roth Cat#HN00.1

Sodium pyrophosphate tetrabasic Sigma-Aldrich Cat#P8010

Sodium flouride Carl Roth Cat#2618.1

DTT PanReac Applichem Cat#A2948.0010

Tween 20 Sigma-Aldrich Cat#P9416

SDS Carl Roth Cat#2326.1

RevertAid Reverse Transcriptase Thermo Fisher Scientific Cat#EP0441

Oligo(dT)18 Primer Thermo Fisher Scientific Cat#SO132

dNTP Mix Biozym Cat#331520

iTaq Universal SYBR Green Supermix Bio-Rad Cat# 1725124

Paraformaldehyde Alfa Aesar Cat#043368

Triton X-100 Carl Roth Cat#3051.3

Goat Serum Thermo Fisher Scientific Cat#31873

ProLong™ Diamond Antifade Mountant with DAPI Thermo Fisher Scientific Cat#P36962

ProLong™ Gold Antifade Mountant Thermo Fisher Scientific Cat# P10144

DAPI Carl Roth Cat#6335

MitoTracker™ Red CMXRos Thermo Fisher Scientific Cat#M7512

Critical commercial assays

RNeasy Plus Mini Kit Qiagen Cat#74316

MycoSpy Detection Kit Biontex Laboratories Cat#M020

Caspase Glo 3/7 Assay Promega Cat#G8090

DHE Assay Kit Abcam Cat#ab236206

FxCycle™ PI/RNase Staining Solution Thermo Fisher Scientific Cat# F10797

GeneJet Plasmid Maxi Kit Thermo Fisher Scientific Cat#K0492

NucleoZOL Macherey-Nagel Cat#740404.200

SuperScript™ VILO™ Master Mix Thermo Fisher Scientific Cat#11755050

Deposited data

Proteomics ProteomeXchange/
MassIVE

MSV000094325

Experimental models: Cell lines

CCRF-CEM cells ATCC Cat#CCL-119

Jurkat cells ATCC Cat#TIB-152

NALM-16 cells DSMZ Cat#ACC-680

OCI-AML2 cells Alex Kentsis lab N/A

MOLT4 cells DSMZ Cat#ACC-362

KOPTK1 cells ATCC Cat# CVCL_4965

SW480 cells ATCC Cat#CCL-228

HCT-15 cells ATCC Cat#CCL-225

CCD841 cells ATCC Cat#CRL-1790

HEK293T cells ATCC Cat#CRL-3216

Oligonucleotides

See Table S5. This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

shLuciferase Broad RNAi 
Consortium

Cat# TRCN0000072243

shGSK3α #1 Broad RNAi 
Consortium

Cat# TRCN0000010340

shSOD1 #2 Broad RNAi 
Consortium

Cat# TRCN0000018344

shSOD1 #4 Broad RNAi 
Consortium

Cat# TRCN0000039812

shSOD2 #3 Broad RNAi 
Consortium, IDT

Cat# TRCN0000005942

shSOD2 #5 Broad RNAi 
Consortium

Cat# TRCN0000005939

shSOD3 #3 Broad RNAi 
Consortium

Cat# TRCN0000049077

shATE1 #1 Broad RNAi 
Consortium

Cat# TRCN0000034669

shATE #4 Broad RNAi 
Consortium

Cat# TRCN0000034672

shUBR1 #1 Broad RNAi 
Consortium

Cat# TRCN0000003423

shUBR1 #4 Broad RNAi 
Consortium

Cat# TRCN0000003424

shUBR2 #2 Kumeetal.102; Villa et 
al.103

N/A

shUBR2 #3 Kume et al.102; Villa et 
al.103

N/A

shSIRT3 #1 Broad RNAi 
Consortium

Cat#TRCN0000038889

shSIRT3 #2 Broad RNAi 
Consortium

Cat#TRCN0000038890

UBR2 cDNA This paper N/A

UBR1 cDNA This paper N/A

SOD2 cDNA OriGene Cat# RC202330

SOD2 Y34F mutant Perry et al.41 N/A

RING WT This paper N/A

RING DEAD This paper N/A

SOD2 WT This paper N/A

SOD2 ΔMTS This paper N/A

psPAX2 Addgene.org Cat#12260, RRID: Addgene_12260

VSV.G Addgene.org Cat#14888, RRID: Addgene_14888

pLX304 Addgene.org Cat#25890

pLX302 Addgene.org Cat#25896

pLKO.1-puro Addgene.org Cat# 8453

pLKO.1-blasti Addgene.org Cat# 26655

FBXW7 wild-type Addgene.org Cat# 16652

FBXW7 R465C mutant Addgene.org Cat# 16653

FBXW7 wild-type GeneCopoeia CS-T3614-LX304-01-B
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REAGENT or RESOURCE SOURCE IDENTIFIER

FBXW7 R465C mutant GeneCopoeia EX-OL03574-LX304-B

DN-PSMA4 Choietal., 201677 N/A

STUB1 This paper N/A

Software and algorithms

Photoshop Adobe N/A

Illustrator Adobe N/A

ImageQuant Cytiva N/A

R Studio R Studio N/A

MATLAB The MathWorks N/A
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