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Abstract 

Cutaneous melanoma remains the most lethal skin cancer, and ranks third among all 

malignancies in terms of years of life lost. Despite the advent of immune checkpoint and 

targeted therapies, only roughly half of patients with advanced melanoma achieve a durable 

remission. SIRT5 is a member of the sirtuin family of protein deacylases that regulate 

metabolism and other biological processes. Germline Sirt5 deficiency is associated with mild 

phenotypes in mice. Here we show that SIRT5 is required for proliferation and survival across 

all cutaneous melanoma genotypes tested, as well as uveal melanoma, a genetically distinct 

melanoma subtype that arises in the eye, and is incurable once metastatic. Likewise, SIRT5 is 

required for efficient tumor formation by melanoma xenografts, and in an autochthonous mouse 

Braf;Pten-driven melanoma model. Via metabolite and transcriptomic analyses, we find that 

SIRT5 is required to maintain histone acetylation and methylation levels in melanoma cells, 

thereby promoting proper gene expression. SIRT5-dependent genes notably include MITF, a 

key lineage-specific survival oncogene in melanoma, and the c-MYC proto-oncogene. SIRT5 

may represent a novel, druggable genotype-independent addiction in melanoma. 
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Introduction 

Cutaneous melanoma remains the most lethal skin cancer. In 2019, there were an estimated 

96,480 new melanoma cases and 7,230 melanoma-related deaths in the US. Melanoma 

incidence is rising (1), and melanoma ranks third among all cancers in terms of years of life lost 

(2, 3). Despite the advent of immune checkpoint and targeted therapies, only about half of 

patients with advanced melanoma achieves long-term remission, even with optimal immune 

checkpoint therapy (4). Uveal melanoma represents a genetically and clinically distinct subtype 

of melanoma that arises in the eye, and currently has no effective treatment options once 

metastatic (5). New therapeutic strategies for advanced melanoma are desperately needed. 

 

Mammalian sirtuins are a family of seven NAD+-dependent lysine deacylases that regulate 

diverse processes to promote cellular and organismal homeostasis and stress responses. 

Among these proteins, Sirtuin 5 (SIRT5) has remained a somewhat enigmatic and poorly 

characterized sirtuin. SIRT5 is atypical, in that it lacks robust deacetylase activity, and primarily 

functions to remove succinyl, malonyl, and glutaryl modifications from lysines on its target 

proteins, in mitochondria and throughout the cell, thereby regulating multiple metabolic 

pathways (6-13). 

 

SIRT5-deficient mice are viable, fertile, and mostly healthy (14, 15), with the most prominent 

effects described to date occurring in the myocardium (16). Sirt5 knockout (KO) mice are more 

susceptible to ischemia-reperfusion injury and exhibit impaired recovery of cardiac function 

compared to wild type (WT) mice (17). Aged Sirt5 KO mice develop cardiac hypertrophy and 

mildly impaired ejection fraction (18). Whole-body Sirt5 KOs, but not cardiomyocyte-specific 

KOs, show increased lethality in response to cardiac pressure overload (19, 20). Overall, the 

lack of strong phenotypes associated with SIRT5 loss-of-function in normal tissues has hindered 
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progress in understanding the biological significance of SIRT5 and its target post-translational 

modifications. 

 

Multiple sirtuins are now linked to neoplasia, as tumor suppressors and/or oncogenes, in a 

context-specific manner (21). The functions of SIRT5 in cancer are incompletely understood, 

and a subject of active investigation (6). For example, SIRT5 promotes chemoresistance in non-

small cell lung carcinoma cells by enhancing NRF2 activity and expression of its targets 

involved in cellular antioxidant defense (22). SIRT5 promotes Warburg-type metabolism in lung 

cancer cells by negatively regulating SUN2, a member of the linker of nucleoskeleton and 

cytoskeleton complex (23). SIRT5 suppresses levels of reactive oxygen species (ROS) via 

desuccinylation of multiple targets (superoxide dismutase 1, glucose-6-phosphate 

dehydrogenase, and isocitrate dehydrogenase (IDH) 2), thereby promoting growth of lung 

cancer cell lines in vitro (24, 25). SIRT5 also plays an important role in facilitating tumor cell 

growth by desuccinylating serine hydroxymethyltransferase 2 (SHMT2), which catalyzes the 

reversible, rate-limiting step in serine catabolism, providing methyl groups for cellular 

methylation reactions via one-carbon metabolism (1CM) (26). Another study indicated that 

SIRT5 promotes hepatocellular carcinoma (HCC) proliferation and invasion by targeting the 

transcription factor E2F1 (27). Similarly, it was recently reported that SIRT5 suppresses 

apoptosis by deacetylation of cytochrome C, thereby promoting HCC growth (28). SIRT5 also 

promotes breast cancer tumorigenesis by desuccinylating and stabilizing glutaminase (29), an 

enzyme that catalyzes the conversion of glutamine to glutamate, which supports the metabolic 

demands of tumorigenesis (30). In contrast, SIRT5 opposes malignant phenotypes associated 

with expression of mutant IDH, which generates the novel oncometabolite R-2-hydroxyglutarate, 

thereby perturbing the epigenome (31). IDH mutant glioma cells show increased protein 

succinylation, exhibit mitochondrial dysfunction and are resistant to apoptosis. Ectopically 
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expressed SIRT5 in these cells impaired their growth in vitro and in vivo. Another recent report 

indicates that SIRT5 inactivates STAT3, thus suppressing mitochondrial pyruvate metabolism in 

lung cancer (32).  

 

Here, we identify a critical requirement for SIRT5 in melanoma cell survival, through chromatin 

regulation. In all cutaneous and uveal melanoma cell lines tested, from both humans and mice 

and with varied genetic drivers, SIRT5 depletion resulted in rapid loss of proliferative capacity 

and cell death. Likewise, SIRT5 loss reduced melanoma formation in xenograft and 

autochthonous mouse melanoma models. Via transcriptomic analysis, we identified a core set 

of genes that responds to SIRT5 depletion. Among these, MITF, an essential lineage-specific 

transcription factor in melanoma, is downregulated, along with expression of its targets (33). 

SIRT5 loss is also associated with reduced expression of c-MYC, a well-described proto-

oncogene that is often overexpressed in metastatic melanoma and melanoma cell lines (34). 

We link the effects of SIRT5 depletion on gene expression to alterations in histone methylation 

and acetylation induced by metabolic changes occurring in the context of SIRT5 loss-of-

function. Taken together, our results identify SIRT5 as a novel genotype-independent 

dependency in melanoma cells, likely exerting its effects via chromatin modifications zand gene 

regulation. Given the modest effects of SIRT5 loss-of-function in normal tissues, SIRT5 may 

represent an attractive therapeutic target in melanoma and potentially other cancer types. 
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Results 

The chromosomal region encompassing SIRT5 shows frequent copy number gain in 

human melanoma 

In humans, the SIRT5 gene localizes to chromosome 6p23. The 6p region exhibits frequent 

copy number gain in melanoma, an event associated with an adverse prognosis, both in 

melanoma (35) and other cancers (36). To confirm that gain of the SIRT5 locus specifically 

occurs in human melanomas, we mined TCGA data (37) using cBioportal, and observed that 

copy number gain or amplification of SIRT5 was present in 55% of melanoma cases, whereas 

SIRT5 deletion or mutation was rare (Figure 1A, S1A, and S1B). Increased SIRT5 copy number 

also correlated with increased SIRT5 mRNA expression in these samples (Figure S1C). In 

contrast, the presence of extra copies of the other six sirtuins was comparatively rare in 

melanoma (Figure 1A and S1A). Activating mutations in NRAS and BRAF represent the most 

common oncogenic drivers in cutaneous melanoma (38). SIRT5 gain or amplification was 

observed in melanomas with either driver, and in melanomas with the less common driver 

mutation, NF1 (Figure 1A). Increased SIRT5 copy number was associated with moderately 

worsened overall survival (p=0.0097; Figure 1B), although not progression-free survival (Figure 

S1D).  

 

To assess further the status of the SIRT5 locus in melanoma, we performed fluorescence in situ 

hybridization (FISH) analysis of SIRT5 and the centromere of chromosome 6 in an independent 

group of melanoma samples (Figure 1C and S1E). Consistent with TCGA data, increased 

SIRT5 copy number was observed in 38% (12/32) of cases analyzed overall, with co-

amplification of SIRT5 and the centromere of chromosome 6 present in 16% (5/32) of cases. 

Similarly, using comparative genomic hybridization analysis in yet another independent group of 

melanoma samples, gain of the SIRT5 locus was present in 27% of melanoma cases analyzed 

(37/139), the most frequent gain among any of the sirtuins (Figure 1D). 
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We then interrogated SIRT5 mRNA expression in melanomas of varied depth of invasion, and 

found that increased SIRT5 mRNA expression occurred in melanomas of greater Clark’s level, 

which are more clinically aggressive and confer a worse prognosis (39, 40) (Figure 1E). 

Similarly, we examined SIRT5 protein expression in tissue microarrays containing examples of 

benign and dysplastic nevi, as well as localized and metastatic melanomas. We found by 

immunohistochemistry that SIRT5 protein was overexpressed in melanomas relative to benign 

melanocytic lesions (Figure 1F). 

 

To begin to characterize the stage of melanogenesis at which SIRT5 gain occurs, we screened 

a panel of genomically characterized benign and dysplastic nevi (n=30) (41) for SIRT5 somatic 

mutations and copy number aberrations. No deleterious point mutations were identified in 

SIRT5; however, there was evidence of regional loss of heterozygosity encompassing the 

SIRT5 locus in 3/30 benign nevi (10%) assayed (Table S1). However, no SIRT5 copy number 

gain or amplification was identified in any of the nevus samples, supporting the idea that SIRT5 

amplification represents a relatively late event in melanomagenesis. This is consistent with the 

known rarity of such genomic events in nevi (41, 42). Overall, these data show that gain or 

amplification of SIRT5 is a common genomic event in melanoma but not nevi. 

 

SIRT5 is required for survival of BRAFV600E and NRASQ61R melanoma cells 

We assessed the potential requirement of SIRT5 in melanoma cells using a panel of 10 BRAF 

or NRAS mutant melanoma cell lines (Table S2). SIRT5 protein was readily detectable by 

immunoblot in all cell lines tested (Figure S2A). We initially depleted SIRT5 using two lentiviral 

shRNAs targeting distinct regions of the SIRT5 mRNA (knockdown (KD) 1 and KD2) (10). 

Although predominantly mitochondrial, SIRT5 is also present in the cytosol and the nucleus 

(10), and was efficiently depleted from all of these compartments upon SIRT5 shRNA 
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transduction in all cell lines tested (Figure S2B and S2C). In both NRASQ61R and BRAFV600E 

cells, SIRT5 depletion induced rapid loss of proliferation over the course of 7 days (Figure 2A 

and S2D). Similar results were obtained in an in vitro colony forming assay (Figure 2B). 

Vemurafenib is a targeted therapy FDA-approved for treatment of BRAF-mutant melanoma. 

Patients treated with targeted therapies often rapidly relapse with drug-resistant disease (43). 

SIRT5 inhibition in a vemurafenib-resistant derivative of the melanoma cell line SK-MEL-239, 

SK-MEL-239VR, induced rapid loss of proliferation upon SIRT5 KD, indicating that these 

vemurafenib-resistant cells retained SIRT5 dependency (Figure 2A and S2E). To complement 

shRNA-based studies, and to further evaluate the requirement of melanoma cells for SIRT5, we 

mutated the SIRT5 locus via CRISPR-Cas9, using four distinct guide RNAs (gRNAs, G1-G4) 

targeting SIRT5. A dramatic reduction in colony formation was observed in SIRT5 mutant 

populations compared to control (Figure 2C). Thus, genetic ablation of SIRT5 dramatically 

reduces melanoma cell growth, consistent with results obtained using shRNA-mediated SIRT5 

depletion.  

 

Loss of SIRT5 leads to apoptotic cell death in cutaneous and uveal melanoma cells 

We evaluated the mechanism of cellular attrition induced by SIRT5 loss-of-function. SIRT5 

depletion in melanoma cells induced cleavage of caspase 3 (Figure 3A and 3B) and induction of 

Annexin V positivity (Figure 3C and 3D). Importantly, SIRT5 depletion also blocked proliferation 

and induced cleavage of caspase 3 in uveal melanoma cell lines (Figure 3B; top panel; 

representative of 4/4 uveal melanoma cell lines tested; see Table S2). Cell loss and induction of 

caspase 3 cleavage at 96 hrs. post-transduction were also observed, to varying degrees, with 

an additional 3 unique shRNAs targeting human SIRT5 (Figure 3B; middle panel), and 5 unique 

shRNAs targeting murine SIRT5 in YUMM5.2, a mouse melanoma cell line (44) (Figure 3B; 

bottom panel). Thus, SIRT5 is required for survival and proliferation of multiple genetically 
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diverse melanoma cell lines in vitro, in both human and mouse, and for survival of human uveal 

melanoma cells. 

 

SIRT5 supports robust melanoma tumor formation in vivo 

To investigate the potential requirement for SIRT5 to support melanoma tumor development in 

vivo, we initially employed a xenograft assay. Immediately following transduction with SIRT5 

shRNAs, A2058 melanoma cells were subcutaneously injected into the flanks of female 

NOD/SCID mice (Figure S3A); tumor growth was followed by serial measurement of tumor 

volume (Figure 4A; left panel). SIRT5 depletion greatly impaired tumor growth and reduced 

tumor size at endpoint relative to controls (Figure 4A; right panel, 4B and S3B).  

 

To examine the role of SIRT5 in melanoma development in a more physiologic, 

immunocompetent context, we crossed Sirt5 KO mice to a commonly-used mouse melanoma 

model, the BrafCA;Ptenfl/fl;Tyr::CreER strain (45). Topical application of 4-hydroxytamoxifen 

(4HT) in this system induces activated BRAF expression and ablation of Pten in melanocytes, 

resulting in melanoma development. In males, SIRT5-deficient mice showed an approximately 

3-fold reduction in tumor mass on average (WT: 1.005±0.618g vs. KO: 0.323±0.198g, p<0.05, 

(Figure 4C and 4D). In our colony, female mice showed rapid ulceration of even small 

melanoma tumors following induction, requiring euthanasia of the host and rendering it difficult 

to assess the effects of SIRT5 in melanoma in females. Thus, SIRT5 promotes human and 

mouse melanoma growth, both in cell culture and in vivo. 

 

Neither glucose nor glutamine metabolism are greatly altered by SIRT5 loss  

Initially, we considered the possibility that SIRT5 depletion might induce global metabolic 

collapse and energetic catastrophe in melanoma. SIRT5 has been reported to promote 

mitochondrial respiration (46, 47) and glycolysis (13). We previously showed that SIRT5 
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suppresses mitochondrial respiration through Pyruvate Dehydrogenase and Complex II in 293T 

cells and liver mitochondria (10), a finding recapitulated in some systems (32), but not others 

(46, 47). We used the XFe96 Extracellular Flux Analyzer to assess the effects of SIRT5 

depletion on cellular bioenergetics in melanoma cells. Relative to SIRT5-proficient controls, 

SIRT5 KD A2058 or A375 cells did not show consistent changes in the extracellular acidification 

rate (ECAR), a measure of cellular glycolysis (Figure 5A). Likewise, glucose-dependent 

mitochondrial oxygen consumption rate (OCR), ATP production, and mitochondrial membrane 

potential were not consistently affected by SIRT5 depletion (Figure 5B-5D).  

 

Melanoma and many other cancer types replenish the TCA cycle in part via glutaminolysis (48-

51). In this pathway, glutaminase (GLS) catalyzes conversion of glutamine to glutamate, 

generating carbon and nitrogen to fuel the metabolic demands of tumorigenesis. In breast 

cancer cells, SIRT5 desuccinylates GLS to protect it from ubiquitination and subsequent 

degradation. Loss of SIRT5 resulted in decreased GLS expression, exogenous glutamine 

consumption, glutamine-derived intracellular metabolite levels, and cellular proliferation (29). 

These findings, along with reports that inhibiting glycolysis or glutamine metabolism sensitizes 

melanoma cells to cell death, prompted us to investigate a potential role for SIRT5 in promoting 

glutamine metabolism in melanoma (52, 53). We cultured control or SIRT5 KD A2058 cells in 

medium containing glutamine labeled with stable isotopes ([15N2]-glutamine or [13C5]-glutamine) 

or in medium containing [13C6]-glucose, and measured both labeling derived from 13C or 15N and 

total quantities of cellular metabolites. Following SIRT5 KD, the fractional labeling of glutamine 

derived metabolites (glutamate, aspartate and TCA cycle metabolites) decreased when cultured 

with [13C5]-glutamine, but showed corresponding (or compensatory) increases in labeling when 

cultured with 3C6-glucose (Figure S4A-S4B). Labeling derived from 15N2-glutamine decreased in 

one KD A2058 cell line but not the other (Figure S4C). Overall, these results provide evidence 

consistent with previous results showing that SIRT5 promotes glutaminase activity (29). 
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However, importantly, total cellular amounts of glutamate, aspartate, TCA cycle or other 

metabolites were not consistently reduced by SIRT5 loss (Figure S4D), indicating that although 

the depletion of SIRT5 may reduce glutaminase activity, this effect is insufficient to compromise 

levels of essential cellular metabolites. In parallel studies, glutamine-dependent mitochondrial 

OCR, and GLS protein levels, were assessed, and were not appreciably altered by SIRT5 

depletion across multiple melanoma cell lines (Figure S4E and S4F). Moreover, incubation of 

SIRT5 KD A2058 cells with exogenous non-essential amino acids plus alpha-ketoglutarate – 

interventions that can rescue defects in glutamine catabolism (51) – in the context of SIRT5 KD 

failed to rescue the proliferative defect observed upon SIRT5 loss (Figure S4G). Taken 

together, these data indicate that neither glycolysis nor glutamine metabolism represent major 

SIRT5 target pathways in promoting melanoma viability. 

 

Transcriptomic analysis reveals a requirement for SIRT5 in supporting MITF and MITF 

target gene expression  

To understand the requirement of melanoma cells for SIRT5 mechanistically, RNA-seq based 

transcriptomic analysis was performed on three cutaneous melanoma cell lines (A2058, A375 

and SK-MEL-2), each subjected to SIRT5 depletion using two distinct shRNAs (Table S3). A 

gene was scored as differentially expressed only if it was consistently altered in all technical 

replicates by both independent SIRT5 shRNAs. We identified core sets of genes whose 

expression responded to SIRT5 KD, many of which overlapped among the cell lines (Figure 6A 

and 6B). Among SIRT5-responsive genes was the Melanocyte Inducing Transcription Factor 

(MITF), a key lineage-specific oncogenic transcription factor in melanoma that plays crucial 

roles in development and proliferation of melanocytes (33). MITF is expressed in human 

melanomas, and MITF amplification, present in a subset of melanoma tumors, portends a poor 

prognosis (54). In cutaneous melanoma cells with robust baseline MITF expression, MITF 

protein and mRNA expression declined markedly in response to SIRT5 KD (Figure 6C and 6D), 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 7, 2020. ; https://doi.org/10.1101/2020.09.07.286526doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.07.286526


 
 

14 

associated with decreased expression of MITF’s canonical targets: genes involved in 

metabolism (PPARGC1A), melanocytic differentiation (TYR, MLANA), cell survival (BCL2) and 

others (Figure 6D). A trend towards a reduced MITF gene expression profile was also observed 

in A375 cells upon SIRT5 KD (Figure S5A). Likewise, decreased SIRT5, MITF and MITF target 

gene expression was validated by qRT-PCR in A2058 cells, and to a lesser degree, in SK-MEL-

2 (Figure S5B). We also observed a decrease in MITF protein levels upon SIRT5 KD in MP-41 

cells, a uveal melanoma line (Figure 6C).  

 

To assess the potential relationship between SIRT5 and MITF in a more physiologic, non-loss-

of-function setting, we mined TCGA data, to test whether any correlation exists between SIRT5 

and MITF mRNA expression in melanoma clinical samples. Consistent with the RNA-seq data, 

mRNA co-expression analysis revealed a strong positive correlation between SIRT5, MITF and 

two canonical MITF target genes, PPARGC1A and BCL2. Indeed, the correlation between 

SIRT5 and MITF expression was stronger than that of MITF with these two targets (Figure 6E 

and S5C). As a specificity control, SIRT3 levels showed a modest, negative correlation with 

MITF expression (Figure S5C). These data suggest that SIRT5 expression levels influence 

expression of MITF and its targets in patient melanoma tumors. 

 

Previous reports demonstrate that the proto-oncogene c-MYC is upregulated in melanoma 

tumors and cell lines, acting to bypass mutant BRAF- or NRAS-induced senescence during 

melanomagenesis (34). Furthermore, siRNA KD of c-MYC in melanocytic tumor cells results in 

a loss of MITF expression (55). Consistent with these data, we observed a loss of MITF 

expression and a concomitant reduction in expression of c-MYC in SIRT5-depleted melanoma 

cell lines. Both c-MYC RNA and c-MYC protein levels were decreased in melanoma cells after 

SIRT5 ablation (Figure S5D and S5E). A positive correlation between SIRT5 and c-MYC RNA 

expression in melanoma tumors from TCGA data was observed (Figure S5C). Taken together, 
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these data show that SIRT5 promotes expression of two key oncogenic drivers, MITF and c-

MYC, in melanoma. 

 

SIRT5 regulates melanoma cell metabolism to promote histone acetylation 

To obtain systems-level insight into potential roles for SIRT5 in regulating metabolism and gene 

expression, we re-analyzed our transcriptomic data, using a genome-scale model of human 

metabolism to identify metabolic reactions that change in activity after SIRT5 KD. The Recon1 

human network model used contains a relationship between 3,744 reactions, 2,766 

metabolites,1,496 metabolic genes, and 2,004 metabolic enzymes (56). This network model has 

been used successfully to predict the metabolic behavior of various cancer cells and stem cells 

(57, 58). Using this model, we identified a metabolic flux state most consistent with expression 

data for each of the three cell lines after SIRT5 depletion. This was achieved by maximizing the 

activity of reactions that are associated with up-regulated genes and minimizing flux through 

reactions that are down-regulated for each condition, while simultaneously satisfying the 

stoichiometric and thermodynamic constraints embedded in the model (see Methods).  

 

The model identified 20 reactions among the 3744 that showed significantly different activity 

across all cell lines after SIRT5 KD (p<0.01; Figure 7A, Table S4). Among these, the enzyme 

ATP-Citrate Lyase (ACLY) was predicted to have the most significant change, with reduced 

activity after SIRT5 KD. ACLY generates acetyl-CoA from citrate, thereby playing an important 

role in supporting histone acetylation (59). Furthermore, the mitochondrial 

methylenetetrahydrofolate dehydrogenase reaction was also predicted to have reduced activity 

after SIRT5 loss, a part of the folate and one-carbon metabolism (1CM) pathways (see below). 

Several reactions involving cholesterol metabolism and nucleotide salvage were also affected 

by SIRT5 KD, highlighting the pervasive metabolic effects of SIRT5 in melanoma cells. 
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To test the predictions of the metabolic model, we evaluated protein acetylation levels in SIRT5 

KD cells. Indeed, SIRT5 depletion induced a striking decrease in total lysine acetylation, most 

notably on histones, including H3K9 acetylation (H3K9ac) and H4K16 acetylation (H4K16ac) 

(Figure 7B and 7C). After 4 weeks in culture following SIRT5 KD, although SIRT5 depletion was 

maintained, a small residual population of SIRT5 KD A2058 cells overcame SIRT5 loss-of-

function to survive and proliferate. Importantly, total lysine acetylation was restored in surviving 

SIRT5 KD A2058 cell populations after 4 weeks in culture (Figure 7D), consistent with the 

importance of maintaining histone acetylation levels in melanoma survival.  

 

Protein acetyltransferases employ acetyl-CoA to acetylate their protein targets, including 

histones (60). To investigate the potential basis for reduced histone acetylation in SIRT5-

depleted melanoma cells, we employed a sensitive mass spectrometry-based method to assess 

total cellular acetyl-CoA levels (61, 62). Surprisingly, we observed an increase of total cellular 

acetyl-CoA after SIRT5 KD (Figure 7E), implying that reduced acetyl-CoA levels may not 

contribute to the observed decrease in lysine acetylation upon SIRT5 depletion, and suggesting 

that reduced acetyltransferase activity may underlie the reduced acetylation levels in SIRT5-

depleted melanoma cells (see Discussion). 

 

SIRT5 promotes one-carbon metabolism and histone methylation in melanoma  

To investigate further how SIRT5 may function to affect gene expression in melanoma, SIRT5-

depleted melanoma cell lines were profiled using liquid chromatography coupled tandem mass 

spectrometry (LC-MS/MS)-based metabolomics, followed by functional analysis using 

MetaboAnalyst pathway enrichment (Table S5). Two BRAF mutant lines (A2058 and A375) and 

an NRAS mutant (SK-MEL-2) showed perturbations in pathways involving 1CM in response to 

SIRT5 depletion (Figure 8A, S6A and S6B). 1CM is comprised of the linked folate and 

methionine cycles (63). Outputs include metabolites required for amino acid and nucleotide 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 7, 2020. ; https://doi.org/10.1101/2020.09.07.286526doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.07.286526


 
 

17 

synthesis; glutathione for antioxidant defense; and crucially, S-adenosylmethionine (SAM) for 

methylation reactions, including those on histones. We observed a reduction in levels of several 

key 1CM metabolites upon SIRT5 depletion in BRAF mutant melanoma cell lines, but not in SK-

MEL-2 (Figure 8B).  

 

Histone methylation, particularly H3K4 trimethylation (H3K4me3), is highly sensitive to 

fluctuations in SAM levels (64). We observed reductions in H3K4me3 and H3K9me3 in 

melanoma cells following SIRT5 KD, consistent with 1CM perturbation (Figure 8C). However, 

addition of exogenous SAM did not consistently restore H3K4me3 or H3K9me3, nor did it 

markedly elevate levels of these marks in control cells (Figure S6C and not shown). Similar to 

acetylation, SIRT5-depleted melanoma cells that grew out after prolonged culture recovered 

H3K4me3 and H3K9me3 levels (Figure 8D), while maintaining reduced SIRT5 expression 

(Figure 7D), suggesting that loss of these histone modifications represents an important driver 

of the lethality associated with SIRT5 depletion in melanoma.  

 

A decrease in cellular glutathione content occurring in the context of impaired 1CM would be 

predicted to elevate levels of cellular reactive oxygen species (ROS) (65). Consistently, in 

A2058 cells, we observed increased staining with 2′,7′-dichlorofluorescin diacetate (DCFDA), a 

ROS-sensitive dye, following SIRT5 depletion (Figure 8E). However, treatment with the 

antioxidants, N-acetylcysteine, mitoTEMPOL or β-mercaptoethanol failed to mitigate cell 

lethality after SIRT5 loss (data not shown), indicating that regulation of ROS levels is not likely a 

primary determinant of the requirement of melanoma cells for SIRT5.  

 

A previously identified SIRT5 substrate, SHMT2, is a mitochondrial enzyme that converts serine 

and tetrahydrofolate to glycine and 5,10-methylene tetrahydrofolate, in turn providing methyl 

groups for 1CM (26). SIRT5 desuccinylates SHMT2, thereby promoting its activity and 
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proliferation of cancer cells (26). We also noted that previous proteomic surveys identified the 

1CM enzyme, MTHFD1L (methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 1 

like), as another candidate SIRT5 substrate (10, 66). MTHFD1L is a 1CM enzyme that 

participates in the folate cycle to convert formate and tetrahydrofolate into 10-formyl-

tetrahydrofolate in an ATP-dependent reaction. We tested the interaction of MTHFD1L with 

SIRT5 in the context of melanoma, and found that MTHFD1L co-immunoprecipitates with SIRT5 

(Figure 8F). These data suggest a potential role for SIRT5 in regulating multiple 1CM enzymes, 

such as SHMT2 and potentially MTHFD1L and others, to promote 1CM and histone 

methylation. Likewise, since SK-MEL-2 cells showed a reduction in histone H3K4me3 levels 

without apparent declines in 1C metabolites under our experimental conditions, it is likely that 

SIRT5 plays additional roles in regulating histone methylation, perhaps in an oncogenic driver-

dependent manner. We hypothesize that SIRT5 regulates histone methylation and acetylation 

via regulation of multiple protein targets in melanoma cells. 
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Discussion 

Sirtuin-family NAD+-dependent protein deacylases regulate metabolism and other diverse 

aspects of cell biology (67). SIRT5 is a poorly-understood, atypical sirtuin, whose primary known 

biochemical function is to remove succinyl, malonyl, and glutaryl groups from lysines on its 

target proteins (7, 8, 10-12). A substantial fraction of SIRT5 is present in the mitochondrial 

matrix; however SIRT5 is present and functional in the cytosol, and even in the nucleus (10, 13). 

Most of the phenotypes associated with SIRT5 loss-of-function in normal cells and tissues 

reported in the literature to date are remarkably mild (16). In sharp contrast, here we report that 

cutaneous and uveal melanoma cells show exquisite dependency on SIRT5, in a genotype-

independent manner. SIRT5 depletion, induced by shRNA or CRISPR/Cas9, provokes 

dramatic, rapid loss of cell viability and induction of apoptosis in both cutaneous and uveal 

melanoma cell lines. Likewise, SIRT5 promotes melanoma xenograft tumor formation in 

immunocompromised mice, and melanoma formation in an autochthonous Braf;Pten-driven 

mouse melanoma strain. 

 

Our transcriptomic results reveal that SIRT5 plays a major role in maintaining proper gene 

expression in melanoma cells. SIRT5-dependent genes notably include the lineage-specific 

oncogenic transcription factor MITF (68) and c-MYC (34). In the TCGA dataset, SIRT5 levels 

correlate with those of MITF and c-MYC, suggesting that SIRT5 activity influences both MITF 

and c-MYC expression in a physiologic context. Via metabolomic analysis, we identified a role 

for SIRT5 in promoting 1CM in two BRAF-dependent cell lines, and in maintaining histone 

trimethylation at H3K4 and H3K9, marks associated with transcriptional activation and 

repression, respectively. SIRT5 also plays a distinct role in maintaining histone acetylation. To 

our knowledge, SIRT5 is the first protein implicated in maintaining both histone methylation and 
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acetylation, highlighting its important roles in maintaining chromatin structure and gene 

expression in melanoma.  

 

Our in vivo findings in an autochthonous system are in contrast to a recently published study by 

Moon et al., in which SIRT5 deficiency was found to exert no impact on tumor growth in a 

similar mouse melanoma model as the one used in our studies (69). Several potential 

explanations exist for this discrepancy. Moon et al. used a Sirt5 allele distinct from the one 

employed in our work; the Sirt5 allele used in their analysis deletes a single exon in the Sirt5 

gene (15), whereas the one used herein deletes essentially the entire Sirt5 protein coding 

sequence (14). Likewise, subtle genetic background differences in the strains of the mice used 

may contribute to these discrepancies, as could microbiome differences between the mouse 

colonies. Another potential explanation involves the protocol used to induce gene 

recombination; we applied a higher concentration of tamoxifen than did Moon et al. (64.5 mM 

versus 5 mM).  

 

Transcriptomic analysis reveals that SIRT5 regulates expression of key genes involved in cell 

survival in melanoma, including MITF and its targets (54). MITF is a member of microphthalmia 

family of transcription factors, and is dysregulated in melanoma (70). Attenuation of melanocyte 

differentiation and pigmentation are observed in humans and mice deficient for MITF activity, 

highlighting the importance of MITF in melanocyte survival and function. Likewise, MITF is 

known to play key roles in melanoma cell survival and differentiation, and MITF amplification 

occurs in 15% to 20% of primary and metastatic melanomas, associated with a worsened 

prognosis (54). In melanoma cell lines where MITF is expressed, SIRT5 depletion induced a 

rapid decrease in expression of MITF and several well-characterized MITF targets. Likewise, in 

TCGA data, SIRT5 and MITF levels were highly correlated, suggesting that SIRT5 may play a 

role in regulating MITF in tumors in vivo. Notably, we were unable to rescue the lethality of 
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SIRT5 depletion by overexpressing MITF in melanoma cells (data not shown); however, this 

experiment is complicated by the fact that MITF overexpression itself drives melanoma cells to 

leave the cell cycle and differentiate, and thus is likely selected against in short-term culture 

(71). Likewise, we were unable to rescue SIRT5-depleted melanoma cells via transduction with 

c-MYC-encoding lentiviruses (data not shown). Nevertheless, we hypothesize that loss of MITF 

and c-MYC expression likely represent important mechanisms through which SIRT5 promotes 

melanoma viability. 

 

We did not observe major effects of SIRT5 depletion on OCR, ECAR, or overall ATP production 

in melanoma. Instead, through mass spectrometry-based metabolite profiling, we identified one-

carbon metabolism (1CM) as a SIRT5 target pathway likely important for maintenance of gene 

expression and melanoma viability. 1CM consists of the linked folate and methionine cycles. A 

major output of 1CM is SAM, the universal methyl donor in mammalian cells. Metabolite profiling 

in BRAF mutant melanoma cells lacking SIRT5 reveals profound perturbations in levels of many 

1C metabolites, including reductions in cellular SAM. Moreover, H3K4me3, a mark of active 

gene expression and a sensitive marker for intracellular SAM, drops in response to SIRT5 loss-

of-function. Furthermore, global lysine acetylation and H3K9me3, which marks heterochromatic 

regions in the genome (72) decrease upon SIRT5 loss. Likewise, oxidative stress increases in 

SIRT5-depleted melanoma cells, consistent with impaired regeneration of reduced glutathione, 

a major antioxidant species and an output of 1CM.  

 

Many questions remain as to the mechanisms by which SIRT5 promotes proper gene 

expression and viability in melanoma. The accumulation of acetyl-CoA in SIRT5-depleted 

melanoma cells suggests that SIRT5 may promote the activity of a histone acetyltransferase to 

promote histone acetylation, a possibility that we are currently investigating. Alternatively, SIRT5 
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could promote generation of a localized acetyl-CoA pool necessary to drive histone acetylation, 

without influencing global acetyl-CoA levels. In the context of 1CM, SIRT5 has previously been 

shown to desuccinylate and activate SHMT2, which converts serine to glycine, thereby 

providing one carbon units to 1CM (26). In addition, we identified MTHFD1L as another SIRT5 

interactor and candidate target which could also plausibly play a role in SIRT5-mediated 

regulation of 1CM. Unfortunately, we have been unsuccessful at rescuing the cellular lethality 

associated with SIRT5 depletion using relevant small molecule metabolites or drugs (acetate, 

acetyl-CoA, SAM, serine, glycine, histone deacetylase and demethylase inhibitors, antioxidants, 

and amino acids [data not shown]). We suspect that this reflects pleiotropic functions and 

targets of SIRT5 in melanoma cells, impairment of which cannot be rescued by intervention in 

any individual pathway. SIRT5 targets involved in other pathways -- e.g. ROS suppression, cell 

death (26, 73), and others -- could well contribute to the requirement of melanoma cells for 

SIRT5. This is consistent with the hundreds of cellular targets of SIRT5, involved in diverse 

cellular pathways, identified in proteomics studies (16). Moreover, it is consistent with the 

observation that SIRT5 plays pro-survival roles across multiple different cancer types, via 

distinct proposed mechanisms. As the dominant cellular 

desuccinylase/demalonylase/deglutarylase, it is possible that SIRT5 is recruited to play distinct 

roles in supporting tumorigenesis, modulating activities of different suites of targets and 

pathways, in a cancer type-specific manner. 

 

Overall, our data reveal a major, hitherto unknown requirement for SIRT5 in melanoma cell 

survival, through suppression of apoptosis via regulation chromatin modifications and 

expression of critical pro-survival genes, including MITF and c-MYC (Figure 8G). These results, 

along with those already in the literature (6), suggest that SIRT5 may play potent oncogenic 

roles across many diverse tumor types, seemingly engaging a variety of different cellular 
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mechanisms to do so in a cancer- and context-specific manner. Since the phenotypes of Sirt5 

null mice are quite mild, we propose that SIRT5 may represent an attractive new therapeutic 

target, in melanoma and specific other cancer types. In this regard, published studies (16) 

demonstrate that SIRT5 is in principle druggable with small molecules. SIRT5 dependency may 

be particularly therapeutically significant in uveal melanoma, where currently no effective 

therapeutic options exist for patients with metastatic disease. 
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Materials and Methods 

Analysis of SIRT5 gene amplification, mRNA and protein expression in melanoma 

Percentages of genetic alterations, as indicated, in SIRT1-SIRT5, BRAF, NRAS, PTEN, MITF 

and NF1 in human melanoma cases were calculated from TCGA data (n=287, Provisional, 

analyzed on cBioPortal). Kaplan–Meier analysis of overall or disease-free survival in melanoma 

patients with or without copy number gain or amplification of SIRT5 were similarly analyzed. 

Sirtuin copy number analysis of melanoma cell lines was performed by high density SNP array 

of 8 primary, 72 stage III, 51 stage IV and 8 stage III/IV (metastatic disease) melanoma cell 

lines, as previously described (39, 40). Data were analyzed using Nexus Copy Number 

(BioDiscovery) for copy gain, copy loss and loss of heterozygosity of genes and chromosomal 

regions. Data from the TCGA was used via cBioPortal to further investigate SIRT5 in melanoma 

(n=478; Cancer Genome Atlas Network), including copy number (by GISTIC 2.0) and 

expression data (by RNAseq) and correlation with clinical attributes, including the Clark level at 

diagnosis of the melanoma.  

 

Immunohistochemical analysis of SIRT5 in human nevus and melanoma 

The study was undertaken with Human Ethics Review Committee approval and patient's 

informed consent. The Melanoma Institute Australia Medical Research Database and archival 

files of the Department of Tissue Pathology and Diagnostic Oncology, Royal Prince Alfred 

Hospital, were utilized to identify melanocytic lesions (human ethics committee approval X11-

0289, HREC/11/RPAH/444). Melanocytic lesions were selected based on the pathological 

diagnosis of the melanocytic lesion as a compound nevus, dysplastic nevus, thin primary 

melanoma (Breslow thickness <1mm), thick primary melanoma (Breslow thickness >1mm) or 

metastatic melanoma in regional lymph node or distant metastatic site. Immunohistochemical 

SIRT5 staining intensity in melanocytes was scored by two pathologists blinded as to the 

diagnosis associated with each tissue core. Scores were then averaged. 
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Cell culture 

Cutaneous melanoma cell lines with mutations in either NRAS or BRAF: A375, A2058, SK-MEL-

2, SK-MEL-28, VMM15, and VMM917 were purchased from ATCC (Table S2); SK-MEL-19 was 

generously provided by Monique Verhaegen (UM); C8161 was provided by Dr. Zaneta 

Nikolovska-Coleska (UM); SK-MEL-239 and vemurafenib-resistant (SK-MEL-239VR) lines were 

generously provided by Dr. Emily Bernstein (ISMMS). Uveal melanoma cell lines MP-38, MP-41 

and MP-46 were purchased from ATCC; cell line 92-1 was purchased from Sigma-Aldrich 

(Table S2). HEK293T cells were purchased from ATCC.  

 

Unless otherwise noted, A375, A2058, SK-MEL-19 and 293T cell lines were cultured in DMEM 

(Gibco) containing 4.5g/L glucose, 110mg/L sodium pyruvate, 4mM L-glutamine, 100units/mL 

penicillin, 100µg/mL streptomycin and 10% heat-inactivated FBS. SK-MEL-2 and SK-MEL-28 

cell lines were cultured in MEM (Gibco) containing 1.0g/L glucose, 110mg/L sodium pyruvate, 

2mM L-glutamine, 0.1mM non-essential amino acids (Gibco), 100units/mL penicillin, 100µg/mL 

streptomycin solution and 10% heat-inactivated FBS. VMM15, VMM917, SK-MEL-239 and SK-

MEL-239VR cell lines were cultured in RPMI (Gibco) containing 4.5g/L glucose, 10mM HEPES, 

110mg/L sodium pyruvate, 4mM L-glutamine, 100units/mL penicillin, 100µg/mL streptomycin 

and 10% heat-inactivated FBS. SK-MEL-239VR derivative cells were cultured in 2µM 

vemurafenib (Cayman Chemical). The C8161 cell line was grown in DMEM/F12 (1:1) (Gibco) 

containing 1.2mM L-glutamine, 0.1mM non-essential amino acids, 100units/mL penicillin, 

100µg/mL streptomycin and 5% heat-inactivated FBS. MP-38, MP-41 and MP-46 cells were 

cultured in RPMI (Gibco) containing 2 mM L-glutamine, 10 mM HEPES, 110mg/L sodium 

pyruvate, 4.5g/L glucose, 100units/mL penicillin, 100µg/mL streptomycin and 25% heat-

inactivated FBS; 92-1 cells were cultured in RPMI (Gibco) containing 2 mM L-glutamine, 10 mM 

HEPES, 110mg/L sodium pyruvate, 4.5g/L glucose, 100units/mL penicillin, 100µg/mL 

streptomycin and 10% heat-inactivated FBS. S-adenosylmethionine (SAM) resuspended in 
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0.005M sulfuric acid and 10% ethanol was purchased from New England Biolabs. All cell lines 

were routinely confirmed to be free of mycoplasma contamination by PCR assay and were 

grown in a humidified chamber at 37°C containing 5% CO2. All cutaneous melanoma and 293T 

cell lines were authenticated via STR profiling at the University of Michigan DNA Sequencing 

Core (data available upon request). Table S2 lists the genetic alteration of each cell line, and 

the sex and age of the patient at the time of cell line derivation, if known. 

 

Lentiviral transduction 

Lentiviral plasmids in the pLKO.1 backbone, encoding puromycin N-acetyl-transferase, 

containing shRNAs targeting human SIRT5 or murine Sirt5 (Table S6) were used to generate 

high-titer lentiviral particles at the Vector Core (UM). A non-silencing control shRNA against 

Gaussia luciferase was used as the non-targeting control (NT). KD3 and KD4 shRNA lentiviral 

plasmids targeting human SIRT5 were designed based on previously published CRISPR 

screens (74, 75). All other shRNA plasmids were purchased through the Vector Core (UM). 

Lentiviral transduction was carried out in the presence of 8 µg/ml polybrene in complete growth 

medium for 24 hrs., after which medium was replaced with fresh complete growth medium. 

Puromycin was added to a final concentration of 1 µg/ml 48 hrs. post-transduction to select for 

transductants. Successful SIRT5 KD was routinely confirmed by western blotting 48-96 hrs. 

post-transduction. 

 

Proliferation assays 

Forty-eight hrs. after lentiviral transduction, 5x103 cells were plated into 96-well plates in the 

presence of 1µg/ml puromycin or in 1µg/ml puromycin with a cocktail of 0.1mM non-essential 

amino acids (Gibco) and 5mM alpha-ketoglutarate (Sigma), where indicated. Twenty-four hrs. 

after plating, relative cell mass was assessed using WST-1 Cell Proliferation Reagent 

(Clontech) per manufacturer’s instruction. After addition of WST-1, plates were incubated at 
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37ºC for 2 hrs. before reading the optical density at 450nm. OD450nm was assessed every 24 

hrs. as indicated and plotted.  

 

Colony formation assays 

Two million A2058 or SK-MEL-2 melanoma cell lines were lentivirally transduced in a 10-cm 

dish with a non-silencing shRNA or one of two shRNAs targeting human SIRT5. Forty-eight hrs. 

post-transduction 1x105 cells were plated into each of four wells of a six-well dish as previously 

described. Twelve days after transduction, puromycin-selected cells were stained with 0.25% 

(w/v) crystal violet (Sigma) in 20% ethanol for 30 minutes according to standard protocols. 

Colony formation was quantified by solubilizing crystal violet in a 30% methanol, 10% acetic 

acid solution and absorbance measured at OD590nm. 

 

CRISPR/Cas9 targeting of SIRT5 

CRISPR plasmids were generated as described (76). Briefly, guide sequences (Table S6) 

targeting the SIRT5 locus were inserted into pSpCas9(BB)-2A-Puro (PX459) backbone 

(Addgene catalog #62988). Guide sequences were designed based on previous CRISPR 

screens (74, 75, 77). Sanger sequencing confirmed successful cloning of guide sequences. 

A2058 cells were seeded at 50,000 cells/well two days prior to transfecting 500ng of each 

indicated plasmid using polyethylenimine (PEI) in DMEM without serum or antibiotics. 

Transfected cells were selected using puromycin (1 µg/ml) for 7 days, beginning 24 hrs. post-

transfection. Fourteen days after transfection, cells were fixed and stained with 0.25% crystal 

violet in 20% ethanol for 30 mins at room temperature. Colony formation was quantified by 

solubilizing crystal violet in a 30% methanol, 10% acetic acid solution and absorbance 

measured at OD590nm. Confirmation of SIRT5 KD via immunoblot was performed 33 days 

post-transfection. 
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Immunoblotting 

Whole-cell protein extracts were prepared in protein sample buffer (62.5mM Tris pH 6.8, 2% 

SDS, 10% glycerol). Lysates were sonicated for 30 seconds using a Branson Sonifier set to 

output “2.” Lysates were then clarified by centrifugation at 15,000rcf for 30 minutes at 4ºC. 

Protein concentrations were determined using DC Protein Assay (Bio-Rad). Equivalent amounts 

(10-50 µg) of total protein, supplemented with 710mM β-mercaptoethanol and 0.01% (w/v) 

bromophenol blue, then boiled for 5 minutes, were fractionated by SDS-PAGE on a 12% or 15% 

polyacrylamide gel, electrophoretically transferred to PVDF, and probed with antibodies diluted 

in 5% nonfat milk in 1XTBS-0.1% Tween-20. Membranes were imaged on an ImageQuant LAS 

4000 Scanner (GE Healthcare) after application of Immobilon Western HRP Substrate 

(Millipore). See Table S7 for antibodies used in this study.  

 

Immunofluorescence 

A2058 cells were plated at a density of 0.5x106 per well in six-well plates containing glass 

coverslips (Werner #1.5 thickness, 12mm diameter). Twenty-four hrs. later, cells were 

transduced with either a lentivirus expressing a non-silencing shRNA (control) or one of two 

shRNAs targeting SIRT5 (KD1 or KD2). Ninety-six hrs. after transduction, puromycin-selected 

cells were incubated with 100nM Mitotracker (BD Biosciences) for 30 minutes at 37ºC, washed 

with PBS, and fixed in 3.7% formaldehyde. After permeabilization in 0.3% Triton X-100 for 10 

minutes at room temperature, cells were blocked with 5% normal goat serum in 0.2% Triton X-

100 in PBS for one hour. Cells were incubated in SIRT5 (Sigma) primary antibody diluted to 1 

µg/ml in 5% bovine serum albumin in 0.2% Triton X-100 in PBS overnight at 4ºC. Cells were 

then washed 3 times in 1X PBS and incubated in Alexa 488 anti-rabbit (Invitrogen) diluted 

1:1000 in 5% bovine serum albumin in 0.2% Triton X-100 in PBS for 1 hour at room 

temperature. Cells were washed 2 times in 1X PBS, and 1X with PBS supplemented with 0.01 
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µg/ml DAPI. Cells were mounted with prolong gold antifade reagent (ThermoFisher) and imaged 

on an Olympus FV 500 Confocal microscope. 

 

Annexin V flow cytometry  

A2058 and SK-MEL-2 cells were plated at a density of 0.5x106 per well of two six-well plates/cell 

line. Four wells of each cell line were transduced with either a lentivirus expressing a non-

silencing shRNA (control) or one of two shRNAs targeting SIRT5 (KD1 or KD2). Ninety-six hrs. 

after transduction, puromycin-unselected cells were harvested and stained for 30 minutes at 

room temperature with FITC Annexin V (BD Biosciences) and propidium iodide (Sigma), 

according to the BD Biosciences staining protocol. Cells were analyzed by flow cytometry using 

a BD FACSCalibur and results were plotted using FlowJo 10.2 analysis software. 

 

Xenograft assays 

A2058 puromycin-unselected cells were harvested 72 hrs. post-transduction with pLKO control, 

pLKO SIRT5 KD1, or pLKO SIRT5 KD2. Subcutaneous tumor growth was initiated by injection 

of 1x106 cells of each cell line, resuspended in 1:1 DMEM:Matrigel Matrix (Corning), into the 

contralateral flanks of 11-13 week old NOD.Cg-PrkdcscidHrhr/NCrHsd female mice (Envigo). 

Each experimental group contained 5 mice. Tumor size was measured in millimeters (mm) 

using Vernier calipers at the timepoints indicated. Tumor volume was calculated according to 

the formula: 

𝑉 =
𝑋(𝑌!)
2

 

where V is tumor volume in mm3, X is the longest length of the tumor, and Y is the shortest 

length of the tumor, perpendicular to X (78, 79). All mice were euthanized when a tumor 

ulcerated or reached 2000mm3. All mice were housed at the Biomedical Science Research 
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Building (UM). All vertebrate animal experiments were approved by and performed in 

accordance with the regulations of the University Committee on Use and Care of Animals. 

 

Tumor induction in BrafCA;Ptenfl/fl;Tyr::CreER;Sirt5 mice 

Sirt5 KO mice (14) were crossed with BrafCA;Ptenfl/fl;Tyr::CreER mice (45) to generate groups of 

littermate BrafCA;Ptenfl/fl;Tyr::CreER;Sirt5 KO and WT controls on a mixed BL/6/129SvJ genetic 

background. For melanoma induction, flanks of adult mice (4-9 weeks of age) were treated with 

depilatory cream with a cotton applicator. After 3-5 minutes, the area was rinsed with distilled 

water, and the treatment spot marked. Topical administration of 4-hydroxytamoxifen (4-HT; 

25mg/ml in DMSO, Cayman Chemical) was repeated on each of three consecutive days, by 

applying one microliter of 4-HT to the spot. Mice were monitored for tumor appearance, which 

occurred typically within 4-8 weeks, and euthanized when a tumor ulcerated or reached 

2000mm3. All mice were housed at the Biomedical Science Research Building (UM). 

Experiments were approved by and performed in accordance with the regulations of the 

University Committee on Use and Care of Animals. 

 

Transcriptomic analysis of SIRT5 depletion 

A2058, A375 and SK-MEL-2 cells were plated at a density of 0.5x106/well of two six-well plates 

per cell line. Four wells of each cell line were transduced with either a lentivirus expressing a 

non-silencing shRNA (control) or one of two shRNAs targeting SIRT5 (KD1 or KD2). Total RNA 

was extracted in TRIzol (Invitrogen) 96 hrs. post-transduction from three wells and treated with 

RNAse-free DNAse I (Roche) for 1 hour at 37ºC, according to manufacturer’s instructions. RNA 

samples (n=3 biological replicates for each of 3 cell lines for each condition) were submitted to 

the University of Michigan Sequencing Core for sample processing and Illumina HiSeq-4000 

50nt paired-end sequencing. The remaining well was harvested for protein to confirm SIRT5 KD 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 7, 2020. ; https://doi.org/10.1101/2020.09.07.286526doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.07.286526


 
 

31 

by immunoblot. Illumina libraries were prepared using random primers according to 

manufacturer’s instructions.  

 

Reads were aligned to hg19 using STAR (80). Mapped reads were filtered to exclude PCR 

duplicates and reads mapping to known ribosomal RNA coordinates, obtained from the repeat 

masker (rmsk) table in the UCSC database (http://genome.ucsc.edu). Gene expression was 

calculated using featureCounts (81). Only primary alignments with mapping quality of 10 or 

more were counted. Counts were then normalized to 1 million reads. Signal tracks were 

generated using bedtools (82). Differential expression was calculated using DESeq2 (83). 

DEseq analysis of gene expression changes, comparing control to changes common to both 

KDs, was used to generate the Venn diagrams in Figure 6A. Calculated p-values, after adjusting 

for multiple comparisons, < 0.05 were considered significant. 

 

Identifying differentially active reactions using genome-scale metabolic modeling 

Gene expression data from the melanoma cell lines A2058, A375, and SK-MEL-2 was used as 

input to identify differentially active reactions in the human genome-scale metabolic model using 

a modeling approach detailed in Shen et al. (84, 85). This approach identifies a metabolic flux 

state that best fits the transcriptomics profile in each condition. Normalized expression data for 

each cell line was compared between the two groups (C vs. KD) to attain a list of significantly 

up- and down-regulated genes using a significance threshold of p<0.05 and a z-score threshold 

above 2 or below -2, respectively. These genes were then overlaid onto the metabolic model 

based on gene-protein-reaction annotations in the model. Finally, reaction flux data was 

generated using a linear optimization version of the iMAT algorithm (58, 85) with the following 

inputs: the RECON1 model, the list of up- and down-regulated genes, and the recommended 

values for the optional parameters (rho = 1E-1, kappa = 1E-1, epsilon = 1, mode = 0). This 

resulted in flux predictions for all three cell lines. Differentially active reactions were identified by 
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transforming the fluxes into z-scores and estimating the significance of the difference between 

z-scores before and after KD across all cell lines using a t-test. The flux data for all the reactions 

is available in Table S4. Flux data was visualized through heatmaps generated using R 

software, where reactions were clustered by rank correlation. Only reactions with significant flux 

difference between control and KD groups (p<0.01) are shown. Transport reactions were 

excluded from the analysis. 

 

Acetyl-CoA Quantification 

Acetyl-CoA were quantified by stable isotope dilution liquid chromatography-high resolution 

mass spectrometry, as previously described (61, 62). Cell pellets were spiked with an internal 

standard prepared as described (61), and sonicated for 12 cycles of 0.5 sec. pulses in 10% 

(w/v) trichloroacetic acid (Sigma Aldrich) in water. Protein was pelleted by centrifugation at 

17,000rcf for 10 min. at 4ºC. The cleared supernatant was purified by solid-phase extraction 

using Oasis HLB 1cc (30 mg) SPE columns (Waters). Columns were washed with 1ml 

methanol, equilibrated with 1ml water, loaded with sample, desalted with 1ml water, and eluted 

with 1ml methanol containing 25 mM ammonium acetate. The purified extracts were evaporated 

to dryness under nitrogen and resuspended in 55μl 5% (w/v) 5-sulfosalicylic acid (SSA) in 

optima HPLC grade water. Acetyl-CoA was measured by liquid chromatography-high resolution 

mass spectrometry. Briefly, 5μl of sample in 5% SSA were analyzed by injection into an 

Ultimate 3000 HPLC coupled to a Q Exactive Plus (Thermo Scientific) mass spectrometer in 

positive ESI mode using the settings described previously (62). Calibration curves were 

prepared using analytical standards from Sigma Aldrich and processed identically as the 

samples. Data were integrated using Tracefinder v4.1 (Thermo Scientific) software, and 

additional statistical analysis conducted by Prism v7.05 (GraphPad). Acetyl-CoA values were 

normalized to cell number and reported as pmol/105 cells. 
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Steady-state targeted metabolomics analysis of SIRT5 depletion 

Melanoma cell lines infected with a control (pLKO.1 empty vector), SIRT5 KD1 or KD2 virus 

were cultured for 72 hrs. in complete growth medium on 10cm dishes in biological sextuplicate. 

Three dishes were reserved for metabolite collection, and three dishes were harvested in 

protein sample buffer (62.5mM Tris pH 6.8, 2% SDS, 10% glycerol) for protein quantification. A 

complete medium change was performed two hrs. prior to metabolite collection. Cells were 

washed twice in 2ml of PBS; one wash at room temperature and one at 4ºC. Taking care to 

aspirate all remaining liquid, plates were placed onto dry ice to cool before incubating in 4ml of 

80% methanol for 10 mins. Plates were then scrape-harvested, and lysates transferred to 15 ml 

conical tubes. Lysates were centrifuged at 200 x g for 10 mins. For all experiments, the quantity 

of the metabolite fraction analyzed was adjusted to the corresponding average protein 

concentration. Liquid chromatography coupled-tandem mass spectrometry (LC-MS/MS) was 

employed for the detection of relative metabolite levels (86). Samples were analyzed on a 6490 

Triple Quadrupole (QqQ) LC-MS against a targeted panel of 225 metabolites run in positive and 

negative modes. Agilent MassHunter Optimizer and Workstation Software LC-MS Data 

Acquisition for 6400 Series Triple Quadrupole B.08.00 was used for standard optimization and 

data acquisition. Agilent MassHunter Workstation Software Quantitative Analysis Version 

B.0700 for QqQ was used for initial raw data extraction and analysis. Each MRM transition and 

its retention time of left delta and right delta was 1 min. Additional parameters include mass 

extraction window of 0.05 Da right and left from the extract m/z, Agile2 integrator algorithm, 

peak filter of 100 counts, noise algorithm RMS, noise SD multiplier of 5 min, S/N 3, Accuracy 

Max 20% max %Dev, and Quadratic/Cubic Savitzky-Golay smoothing algorithm with smoothing 

function width of 14 and Gaussian width of 5. Peak area values under 10,000 were discarded as 

noise. Remaining raw values for each metabolite were median-centered across all conditions for 

each cell line. The average and standard deviation were taken for all replicates, and Student’s t-

tests were conducted comparing each KD to the control. Data for each metabolite was 
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represented as log(2) fold change with relative standard deviation. Pathway enrichment studies 

of both up- and down-regulated signaling were completed using Metaboanalyst and represented 

as log10(p-value) (87). 

 

CM-H2DCFDA staining for ROS measurement 

A2058 cells were plated at a density of 1x106 per well of two six-well plates. Three wells were 

transduced each with either a lentivirus expressing a non-silencing shRNA (control) or one of 

two shRNAs targeting SIRT5 (KD1 or KD2). Ninety-six hrs. after transduction, CM-H2DCFDA 

(ThermoFisher) was added to a final concentration of 5μM and incubated for 30 minutes in a 

humidified chamber at 37ºC. Cells were analyzed by flow cytometry using a BD FACSCalibur 

and results were plotted using FlowJo 10.2 analysis software. 

 

Co-immunoprecipitation of SIRT5 with MTHFD1L 

A2058 whole-cell protein extracts were prepared in protein lysis buffer (50mM Tris pH 7.4, 

150mM NaCl, 1% Triton X-100, 0.5% NP40, 10% Glycerol) supplemented with 1µM TSA, 

10mM nicotinamide, PhosStop cocktail (Roche), and protease inhibitor cocktail (Roche). 

Lysates were sonicated for 30 seconds using a Branson Sonifier set to output “2.” Lysates were 

then clarified by centrifugation at 15,000rcf for 30 minutes at 4ºC. Protein concentrations were 

determined using DC Protein Assay (Bio-Rad). Equivalent amounts (1mg) of total protein were 

mixed with the indicated amount (or 5μg) of biotinylated anti-SIRT5 antibody or normal rabbit 

IgG, and 20µl of protein A magnetic beads (Pierce), equilibrated in lysis buffer. After overnight 

rotation at 4ºC, samples were washed 4 times in 1ml of lysis buffer. Following the final wash, 

samples were boiled in 62.5mM Tris pH 6.8, 2% SDS, and 10% glycerol, supplemented with 

710mM β-mercaptoethanol and 0.01% (w/v) bromophenol blue for 5 mins, and fractionated by 
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SDS-PAGE, followed by electrophoretic transfer and immunoblotting with the indicated 

antibodies. 

 

Measurement of Oxygen consumption, Extracellular acidification, and Real-Time ATP 

production rate 

Oxygen consumption rate (OCR), Extracellular acidification rate (ECAR), and Real-Time ATP 

production rate were measured using the XFe96 Extracellular Flux Analyzer (Seahorse 

Bioscience, Agilent Technologies, Santa Clara, CA). To measure glucose-dependent 

mitochondrial respiration, mitochondrial stress tests were performed to measure OCR per 

manufacturer’s instructions. Briefly, 72 hrs. post-transduction, 4x104 A375 or A2058 cells were 

plated in DMEM complete media supplemented with 10% heat-inactivated FBS into each well of 

a 96-well Seahorse microplate. Cells were then incubated in 5% CO2 at 37ºC for 24 hrs. 

Following incubation, cells were washed twice, incubated in non-CO2 incubator at 37ºC, and 

analyzed in XF assay media (non-buffered DMEM containing 25mM glucose, 2mM L-glutamine, 

and 1mM sodium pyruvate, pH 7.4) at 37ºC, under basal conditions and in response to 2μM 

oligomycin (Sigma), 1μM fluoro-carbonyl cyanide phenylhydrazone (FCCP) (Sigma) and 0.5μM 

rotenone (Sigma)/0.5μM antimycin A (Sigma). Data were analyzed by the Seahorse XF Cell 

Mito Stress Test Report Generator. OCR (pmol O2/min) values were normalized to the protein 

content. 

 

To measure glutamine-dependent mitochondrial respiration, mitochondrial stress test was 

performed to measure OCR as per manufacturer’s instructions. Briefly, 72 hrs. post-

transduction, 4x104 A375, A2058 or SK-MEL-2 cells were plated in DMEM complete media 

supplemented with 10% heat-inactivated FBS into each well of a 96-well Seahorse microplate. 

Cells were then incubated in 5% CO2 at 37ºC for 24 hrs. Following incubation, cells were 

washed twice, incubated (in non-CO2 incubator at 37ºC), and analyzed in XF assay media (non-
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buffered DMEM containing 4 mM L-glutamine, and 1 mM sodium pyruvate, pH 7.4) at 37ºC, 

under basal conditions and in response to 2μM oligomycin (Sigma), 1μM fluoro-carbonyl 

cyanide phenylhydrazone (FCCP) (Sigma) and 0.5μM rotenone (Sigma)/0.5μM antimycin A 

(Sigma). Data were analyzed by the Seahorse XF Cell Mito Stress Test Report Generator. OCR 

(pmol O2/min) values were normalized to protein content. 

 

ECAR values were measured by performing glycolysis stress tests according to manufacturer’s 

instructions. Briefly, 72 hrs. post-transduction, 4x104 A375 and A2058 cells were plated in 

DMEM complete media supplemented with 10% heat-inactivated FBS into each well of a 96-

well Seahorse microplate. Cells were then incubated in 5% CO2 at 37ºC for 24 hrs. Following 

incubation, cells were washed twice, incubated in a non-CO2 incubator at 37ºC, and analyzed in 

XF assay media (non-buffered DMEM containing 2mM L-glutamine, pH 7.4) at 37ºC, under 

basal conditions and in response to 10mM glucose (Sigma), 2μM oligomycin (Sigma), and 

50mM 2-deoxy-D-glucose (Sigma). Data were analyzed by the Seahorse XF Cell Glycolysis 

Stress Test Report Generator. ECAR (mpH/min) values were normalized to protein content. 

 

The Seahorse XF Real-Time ATP Rate Assay Kit (Agilent) was used to simultaneously measure 

the basal ATP production rates from mitochondrial respiration and glycolysis. The assay was 

performed per manufacturer’s instructions. Briefly, 72 hrs. post-transduction, 4x104 A375 and 

A2058 cells were plated in DMEM complete media supplemented with 10% heat-inactivated 

FBS into each well of a 96-well Seahorse microplate. Cells were then incubated in 5% CO2 at 

37ºC for 24 hrs. Following incubation, cells were washed twice, incubated in a non-CO2 

incubator at 37ºC, and analyzed in XF assay media (non-buffered DMEM containing 10mM 

glucose, 2mM L-glutamine, and 1mM sodium pyruvate, pH 7.4) at 37ºC, under basal conditions 

and in response to 1.5μM oligomycin, and 0.5μM rotenone/0.5μM antimycin A. Data were 
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analyzed by the Seahorse XF Real-Time ATP Rate Assay Report Generator. ATP production 

rates were normalized to protein content. 

 

JC-1 Mitochondrial membrane potential assay 

At 96 hrs. post-transduction approximately 2x105 A2058 cells in 100µl warm PBS were 

transferred into tube and stained with 10 µg/ml of JC-1 dye (AnaSpec). An additional 100µl from 

control cells were treated with 200 µM FCCP, a mitochondrial uncoupler, which depolarizes 

mitochondrial membrane potential, and used as a positive control. After 30 minutes of staining, 

cells were centrifuged to remove excess JC-1, washed twice with warm PBS and resuspended 

in 100µl of warm PBS. Cells were transferred into black 96-well plates and absorbance 

measured at 535nm (excitation)/595nm (emission) (aggregate, red) and 485nm 

(excitation)/435nm (emission) (monomer, green) using a H1 Synergy plate reader. The data are 

presented as a ratio of red to green fluorescence. 

 

[13C6] Glucose, [13C5] Glutamine and [15N2] Glutamine Labelling for Metabolic Flux  

Glucose and glutamine labelling were carried out as described previously (48). Briefly, 72 hrs. 

after transduction with pLKO control, pLKO SIRT5 KD1, or pLKO SIRT5 KD2, cells were 

trypsinized and plated in triplicate in 6-well dishes at a density of 1x106 cells per well. Culture 

medium was replaced with [13C6] glucose, [13C5] glutamine or [15N2] glutamine labelling medium 

for 6 hours. Glucose labeling medium consisted of: MEM (1 g/L glucose; Gibco) supplemented 

with 1 g/L [U-13C6] glucose (Sigma), 10% v/v fetal bovine serum, 2 mM L-glutamine, 1% v/v 

pen/strep solution, and 1% MEM non-essential amino acids. Glutamine labeling medium was 

prepared as the glucose labeling medium, except an additional 1 g/L of unlabeled glucose, 1 

mM unlabeled L-glutamine, and 1 mM [U-13C5] L-glutamine (Sigma) or 1 mM [15N2] L-glutamine 

(Sigma) was added. After 6 hours, cells were washed with cold PBS, then 0.45 ml of 50% 

methanol:50% water containing the internal standard, 20 µM L-norvaline (Sigma) was added to 
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each well. Plates were frozen on dry ice for 30 minutes and thawed on ice for 10 minutes. The 

cell suspension was transferred to a microfuge tube followed by the addition of 0.225 ml 

chloroform. Samples were vortexed, then centrifuged at 20,000rcf for 5 minutes at 4°C. The top 

layer was transferred to a fresh tube and dried in a Speedvac. Samples were then shipped to 

the Sanford Burnham Prebys Medical Discovery Institute (La Jolla, CA) for GC/MS-based 

metabolic profiling. Derivatization of metabolites, GC/MS settings, and data analysis for stable 

isotope labeling and metabolite quantification were as described (51). Metabolite quantities 

were determined using mass ion peak areas corresponding to unlabeled metabolites, and then 

corrected for the fraction of a metabolite that was 13C or 15N labeled to yield the total (labeled 

plus unlabeled) cellular quantity for that metabolite. This amount was normalized to total cellular 

protein. 

 

Statistical Analysis 

All statistical analyses were performed using Prism graphing software (Graphpad). Unless 

otherwise noted, p≤0.05 produced from an unpaired Student’s t-test was considered significant.  

 

Study approval 

All mice were housed at the Biomedical Science Research Building (UM). All vertebrate animal 

experiments were approved by and performed in accordance with the regulations of the 

University Committee on Use and Care of Animals. 
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Figure 1 Increased SIRT5 copy number in human melanoma.
A. Gain of extra SIRT5 copies in melanoma. BRAF, NRAS, PTEN, MITF, NF1 and other sirtuins are shown for comparison (n=287; data from TCGA, 
Provisional, analyzed on cBioPortal). ND, not determined. Percentage of samples with any genomic alteration (Any) or amplification or gain 
(Amp/Gain) is indicated. Graphed are any alterations queried for the indicated gene. Copy number gain indicates a low-level gain of a single addition-
al copy, and amplification refers to high-level amplification (multiple extra copies). Results from the query (GENE: MUT AMP HOMDEL GAIN HET-
LOSS) in cBioPortal were analyzed and plotted. B. Kaplan–Meier analysis of overall survival in melanoma patients with or without copy number gain 
or amplification of SIRT5. Overall survival was analyzed using the query: “SIRT5: AMP GAIN.” C. SIRT5 (6p23) and centromere 6p (Cen6p) amplifica-
tion (amp) or co-amplification (Co-amp) in melanoma, as assayed by FISH staining (n=32). D. Sirtuin gene copy number (CN) in human melanoma 
samples, as assayed by high density SNP array (n=139). E. SIRT5 mRNA expression levels in melanoma correlate with Clark’s level (p=0.0044, 
linear regression; p=0.037, ANOVA). F. SIRT5 protein levels are increased in melanoma relative to benign melanocytic lesions (p=0.0333, 
Chi-squared; n=14 nevi, n=87 melanoma). See also Figure S1 and Table S1.
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Figure 2 SIRT5 is required for melanoma cell growth and survival.
A. BRAF or NRAS mutant melanoma cell lines indicated were infected with a non-targeting shRNA (control) or one of two SIRT5 shRNAs 
(KD1 or KD2). Equivalent cell numbers were then plated 48 hrs. post-transduction into 96-well plates in the presence of puromycin. Cell 
mass was determined at the indicated timepoints via WST-1 assay, with absorbance measured at 450nm. Average results (n=6/timepoint) 
are graphed. Error bars represent standard deviation. Representative of 5/5 SIRT5 shRNAs tested (see also Figure 3B). B. SIRT5 KD 
results in significantly (p<0.0001) impaired colony formation by A2058 and SK-MEL-2 cells 12 days post-transduction. Cell mass was 
assayed using crystal violet staining, with absorbance measured at 590nm. Average of n=12 technical replicates results are plotted. Error 
bars represent SD. Representative crystal violet-stained wells are shown. Lower panel, representative immunoblot analysis demonstrating 
SIRT5 KD. C. Top panel, viability of A2058 cells transfected with the indicated CRISPR guide RNA (Control or G1-G4). Cell mass was 
assayed using crystal violet staining, with absorbance measured at 590nm. Average of n=9 technical replicates results are plotted. Error 
bars represent standard deviation. Bottom panel, representative immunoblot analysis confirming CRISPR-mediated SIRT5 loss (Control: 
empty vector).
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Figure 3 SIRT5 depletion rapidly induces apoptosis in melanoma cells.
A. Immunoblot analysis demonstrating induction of caspase 3 cleavage 72 and 96 hrs. post-transduction with shRNAs targeting SIRT5 
(KD1 or KD2) in A2058 and SK-MEL-2 cell lines. B. Viability of MP-41, A2058 or YUMM5.2 cells infected with control (C) or one of five 
SIRT5 shRNAs (KD1-KD5) against human SIRT5 (top and middle panels) or mouse Sirt5 (bottom panel). Average results (n=6/time-
point) are graphed. Error bars represent standard deviation. Right panels: immunoblot analysis demonstrating loss of SIRT5 and 
induction of caspase 3 cleavage following SIRT5 KD. C. Flow cytometric analysis of A2058 cells stained with Annexin V and propidium 
iodide (PI), as indicated, showing an increased fraction of Annexin V-positive cells 96 hrs. after SIRT5 KD. D. Average of n=3 technical 
replicates is graphed. Error bars represent (SD). Increased Annexin V+ staining is observed in both the PI-positive and PI-negative 
populations.
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Figure 4 SIRT5 loss-of-function inhibits melanoma tumor growth in vivo.
A. SIRT5 depletion in A2058 cells results in attenuated xenograft tumor growth. Quantification of tumor size was initiated on day 13 
after initial injection of cells (left panel). Tumor size was recorded with Vernier calipers on the days indicated. Each point represents the 
measurements on n=5 mice for each condition (C, KD1, or KD2). Pairwise representation of endpoint tumor size in each mouse within 
each group is plotted (right panel). Average tumor mass measurements at day 28 are plotted (p<0.05, paired two-tailed t-test for each 
group). Error bars represent SD. B. Mice were sacrificed, and tumors were dissected at 28 days after initial injection. Scale bar below 
tumors=2cm. C. SIRT5 deficiency attenuates tumor formation in an autochthonous melanoma model. Sirt5 deficient-mice were bred 
into the BrafCA;Ptenfl/fl;Tyr::CreER background (45). Melanomas were induced in littermate male Sirt5 WT or Sirt5 KO mice as shown by 
topical application of 4HT at ages 4-9 weeks; tumors were weighed following euthanasia. Averages of 5 sets of male mice are plotted 
(p<0.05, paired two-tailed t-test). Means ± SD are shown. D. SIRT5 immunoblot of a representative tumor from a SIRT5 WT or KO male 
or female mouse (left panel). Representative tumor from a SIRT5 WT or KO male mouse, as indicated, after 4HT induction (right 
panel). Scale bar=1cm.
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Figure 5
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Figure 5 Bioenergetics are maintained upon SIRT5 loss in melanoma cells.
A2058 and A375 cells maintain glycolytic function (A.), glucose-dependent mitochondrial respiration (B.), and ATP production (C.) upon 
SIRT5 depletion compared to control cells. Mitochondrial respiration, glycolytic stress tests, and ATP production rates were measured at 
96 hrs. post-transduction with shRNAs against SIRT5 using a Seahorse XFe96 Analyzer. All rates are normalized to total protein 
content per sample (N=5 for each assay). OCR, oxygen consumption rate; ECAR, extracellular acidification rate. Error bars represent 
SEM. D. Mitochondrial membrane potential is stable in A2058 cells after SIRT5 loss (C, control cells). Cells were incubated with JC-1, a 
dye which exhibits potential-dependent accumulation in mitochondria, indicated by a fluorescence emission shift from green to red. 
Mitochondrial depolarization is indicated by a decrease in the red:green (aggregate:monomer) fluorescence intensity ratio. FCCP, a 
mitochondrial uncoupler, depolarizes mitochondrial membrane potential and is used as a positive control.
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Figure 7
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Figure 7 SIRT5 promotes histone acetylation in melanoma.
A. Heatmap of z-scores calculated from metabolic reaction fluxes predicted by genome-scale modeling to be differentially active (p<0.01) after SIRT5 KD. B. Total histone 
acetylation is reduced 96 hrs. post-transduction with shRNAs targeting SIRT5 (KD1 or KD2) compared to a non-targeting control (C) in melanoma cell lines. C. Immunoblot 
demonstrating loss of H3K9ac and H4K16ac 96 hrs. post-transduction with shRNAs targeting SIRT5 (KD1 or KD2) compared to a non-targeting control (C) in A2058 cells. D. 
Acetylation is restored in A2058 cells lacking SIRT5 after 4 weeks of continual culture in puromycin. E. Total cellular acetyl-CoA levels are increased in A2058, A375 and 
SK-MEL-2 cells 96 hrs. after SIRT5 depletion. Acetyl-CoA abundance was quantified by liquid chromatography-high resolution mass spectrometry and normalized to cell 
number. Plotted are average (n=5) acetyl-CoA levels as pmol acetyl-CoA/105 cells. Error bars represent SD.
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