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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. Sirtuin 5 (SIRT5) is a member of the sirtuin family of protein deacylases that
regulates metabolism and other biological processes. Germline Sirt5 deficiency is associated with mild phenotypes in
mice. Here we showed that SIRT5 was 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 was required for efficient tumor formation by melanoma xenografts and in an autochthonous
mouse Braf Pten–driven melanoma model. Via metabolite and transcriptomic analyses, we found that SIRT5 was required
to maintain histone acetylation and methylation levels in melanoma cells, thereby promoting proper gene expression.
SIRT5-dependent genes notably included MITF, a key lineage-specific survival oncogene in melanoma, and the c-MYC
proto-oncogene. SIRT5 may represent a druggable genotype-independent addiction in melanoma.
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Introduction
Cutaneous melanoma remains the most lethal skin cancer. In 2021, 
there will be an estimated 106,110 new melanoma cases and 7180 
melanoma-related deaths in the United States (1). Melanoma inci-
dence is rising (2), and melanoma ranks third among all cancers in 
terms of years of life lost (3, 4). Despite the advent of immune check-
point and targeted therapies, only about half of patients with advanced 
melanoma achieve long-term remission, even with optimal immune 
checkpoint therapy (5). Uveal melanoma represents a genetically and 
clinically distinct subtype of melanoma that arises in the eye, and cur-
rently has no effective treatment options once metastatic (6). New 
therapeutic strategies for advanced melanoma are urgently needed.

Mammalian sirtuins are a family of 7 NAD+-dependent lysine 
deacylases that regulate diverse processes to promote cellular 
and organismal homeostasis and stress responses. Among these 
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bolic demands of tumorigenesis (36). Another recent publication 
showed that SIRT5 promotes breast cancer growth in part by sup-
pressing ROS, and described selective SIRT5 inhibitors that mark-
edly impaired tumor growth in vivo (37). In contrast, SIRT5 opposes 
malignant phenotypes associated with expression of mutant IDH, 
which generates the novel oncometabolite R-2-hydroxyglutarate, 
thereby perturbing the epigenome (38). IDH mutant glioma cells 
show increased protein succinylation, exhibit mitochondrial dys-
function, and are resistant to apoptosis. Ectopically expressed SIRT5 
in these cells impaired their growth in vitro and in vivo. Another 
recent report indicates that SIRT5 inactivates STAT3, thus suppress-
ing mitochondrial pyruvate metabolism in lung cancer (39).

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 mel-
anoma 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 (40). 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, which plays an important role 
in therapeutic resistance (41, 42). We link the effects of SIRT5 deple-
tion on gene expression to alterations in histone acetylation and 
methylation induced by metabolic changes occurring in the con-
text of SIRT5 loss-of-function. Taken together, our results identify 
SIRT5 as a genotype-independent dependency in melanoma cells, 
likely exerting its effects via chromatin modifications and gene reg-
ulation. Given the modest effects of SIRT5 loss-of-function in nor-
mal tissues, SIRT5 may represent an attractive therapeutic target in 
melanoma and potentially other cancer types.

Results
The chromosomal region encompassing SIRT5 shows frequent copy 
number gain in human melanoma. In humans, the SIRT5 gene local-
izes to chromosome 6p23. The 6p region exhibits frequent copy 
number gain in melanoma, an event associated with an adverse 
prognosis, both in melanoma (43) and other cancers (44). To con-
firm that gain of the SIRT5 locus specifically occurs in human mel-
anomas, we mined TCGA (The Cancer Genome Atlas) data (45) 
using cBioportal, and observed that copy number gain or amplifi-
cation of SIRT5 was present in 55% of melanoma cases, whereas 
SIRT5 deletion or mutation was rare (Figure 1A and Supplemen-
tal Figure 1, A and B; supplemental material available online with 
this article, https://doi.org/10.1172/JCI138926DS1; see complete 
unedited blots in the supplemental material). Increased SIRT5 
copy number also correlated with increased SIRT5 mRNA expres-
sion in these samples (Supplemental Figure 1C). In contrast, the 
presence of extra copies of the other 6 sirtuins was much less com-
mon in melanoma (Figure 1A and Supplemental Figure 1A). Acti-
vating mutations in BRAF and NRAS represent the most common 
oncogenic drivers in cutaneous melanoma (46). SIRT5 gain or 
amplification was observed in melanomas with either driver, and 
in melanomas with the less common driver mutation, NF1 (Figure 

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 (7–14).

SIRT5-deficient mice are viable, fertile, and mostly healthy 
(15, 16), with the most prominent effects described to date occur-
ring in the myocardium (17). Sirt5-KO mice are more susceptible 
to ischemia-reperfusion injury and exhibit impaired recovery of 
cardiac function compared with WT mice (18). Aged Sirt5-KO 
mice develop cardiac hypertrophy and mildly impaired ejection 
fraction (19). Whole-body Sirt5-KOs, but not cardiomyocyte-spe-
cific KOs, show increased lethality in response to cardiac pressure 
overload (20, 21). Overall, however, the lack of strong phenotypes 
associated with SIRT5 loss-of-function in normal tissues has hin-
dered progress in understanding the biological significance of 
SIRT5 and its target posttranslational modifications.

Multiple sirtuins are now linked to neoplasia, as tumor suppres-
sors and/or oncogenes, in a context-specific manner (22). In the 
context of melanoma, genetic inhibition of SIRT1 in human mel-
anoma cell lines induces senescence and sensitizes drug-resistant 
cells to vemurafenib, an FDA-approved therapy for the treatment 
of BRAF-mutant melanoma (23). Conversely, genetic SIRT2 inhi-
bition results in vemurafenib resistance in BRAF-mutant melano-
ma cells by altering MEK/ERK signaling (24). SIRT3 has likewise 
been reported to play an oncogenic role in melanoma. Reduction of 
SIRT3 levels in human melanoma lines results in decreased viabil-
ity, increased senescence, and impaired xenograft formation (25). 
SIRT6 is upregulated in melanoma cells and tissue samples, and 
SIRT6 depletion in melanoma cell lines results in reduced colony 
formation and proliferation (26). Paradoxically, SIRT6 haploinsuf-
ficiency induces resistance to targeted therapies in BRAF-mutant 
melanoma cells by regulating IGF/AKT signaling (27).

The functions of SIRT5 in cancer are not well understood, and 
are a subject of active investigation (7). For example, SIRT5 pro-
motes chemoresistance in non–small cell lung carcinoma cells by 
enhancing NRF2 activity and expression of its targets involved in 
cellular antioxidant defense (28). SIRT5 promotes Warburg-type 
metabolism in lung cancer cells by negatively regulating SUN2, a 
member of the linker of nucleoskeleton and cytoskeleton complex 
(29). SIRT5 suppresses levels of reactive oxygen species (ROS) via 
desuccinylation of multiple targets (superoxide dismutase 1, glu-
cose-6-phosphate dehydrogenase, and isocitrate dehydrogenase 
[IDH] 2), thereby promoting growth of lung cancer cell lines in vitro 
(30, 31). 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 reac-
tions via one-carbon metabolism (1CM) (32). Another study indi-
cated that SIRT5 promotes hepatocellular carcinoma (HCC) prolif-
eration and invasion by targeting the transcription factor E2F1 (33). 
Similarly, it was recently reported that SIRT5 suppresses apoptosis 
by deacetylation of cytochrome C, thereby promoting HCC growth 
(34). SIRT5 also promotes breast cancer tumorigenesis by desucci-
nylating and stabilizing glutaminase (35), an enzyme that catalyzes 
conversion of glutamine to glutamate, which supports the meta-
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locus was present in 27% of melanoma cases analyzed (37/139), the 
most frequent gain among any of the sirtuins (Figure 1D). We also 
note that the SIRT7 locus was amplified in a substantial fraction of 
melanoma cases. SIRT7 promotes DNA repair by deacetylating and 
desuccinylating histones (47); however, it is not currently known what 
role SIRT7-mediated deacylation might play in melanomagenesis.

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 (Fig-
ure 1E) (48, 49). Similarly, we examined SIRT5 protein expression 
in tissue microarrays containing examples of benign and dysplas-

1A). Increased SIRT5 copy number was associated with moderate-
ly worsened overall survival (P = 0.0097; Figure 1B), although not 
progression-free survival (Supplemental Figure 1D).

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 Supplemental Figure 1E). Consis-
tent with TCGA data, increased SIRT5 copy number was observed in 
38% (12/32) of cases analyzed overall, with coamplification 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 

Figure 1. Increased SIRT5 copy number in human melanoma. (A) Gain of extra SIRT5 copies in melanoma. BRAF, NRAS, PTEN, MITF, NF1 and other sirtu-
ins 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 additional copy, and amplification refers to high-level amplification (multiple extra copies). Results from the query (GENE: MUT 
AMP HOMDEL GAIN HETLOSS) 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) 
amplification (amp) or coamplification (Co-amp) in melanoma, as assayed by FISH staining (n = 32). (D) Sirtuin gene copy number (CN) in human melano-
ma 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, 1-way ANOVA). (F) SIRT5 protein levels are increased in melanoma relative to benign melanocytic lesions (P = 0.0333, χ2; n = 14 nevi, n 
= 87 melanoma). See also Supplemental Figure 1 and Supplemental Table 1.
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To characterize the stage of melanogenesis at which SIRT5 
gain occurs, we screened a panel of genomically characterized 
benign and dysplastic nevi (n = 30; ref. 50) for SIRT5 somatic 

tic 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).

Figure 2. SIRT5 is required for melanoma cell growth and survival. (A) The BRAF or NRAS mutant melanoma cell lines indicated were infected with a 
nontargeting shRNA (control) or 1 of 2 SIRT5 shRNAs (KD1 or KD2). Equivalent cell numbers were then plated 48 hours after transduction into 96-well 
plates in the presence of puromycin. Cell mass was determined at the indicated time points via WST-1 assay, with absorbance measured at 450 nm. 
Average results (n = 6/time point) are graphed. Error bars represent standard deviation. Representative of 5 of 5 SIRT5 shRNAs tested (see also Figure 3B). 
(B) SIRT5 KD results in significantly (P < 0.0001, 1-way ANOVA) impaired colony formation by A2058 and SK-MEL-2 cells 12 days after transduction. Cell 
mass was assayed using crystal violet staining, with absorbance measured at 590 nm. Average of n = 12 technical replicates is plotted. Error bars represent 
standard deviation. Representative (n = 4) crystal violet–stained wells are shown. Bottom, representative immunoblot analysis demonstrating SIRT5 KD. 
(C) Top, 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 590 nm. Average of n = 9 technical replicates is plotted. Error bars represent standard deviation. Significance calculated 
using 1-way ANOVA. Bottom, representative immunoblot analysis confirming CRISPR-mediated SIRT5 loss (Control: empty vector).
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SIRT5 is required for survival of BRAFV600E and NRASQ61R mel-
anoma cells. We assessed the potential requirement of SIRT5 in 
melanoma cells using a panel of 10 BRAF or NRAS mutant mela-
noma cell lines (Supplemental Table 2). SIRT5 protein was readily 
detectable by immunoblot in all cell lines tested (Supplemental 
Figure 2A). We initially depleted SIRT5 using 2 lentiviral shR-
NAs targeting distinct regions of the SIRT5 mRNA (knockdown 
1 [KD1] and KD2; ref. 11). Although predominantly mitochondri-
al, SIRT5 is also present in the cytosol and the nucleus (11), and 
was efficiently depleted from all of these compartments upon 

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 of 30 benign nevi (10%) assayed (Supplemental Table 1). How-
ever, no SIRT5 copy number gain or amplification was identified 
in any of the nevus samples, supporting the idea that SIRT5 ampli-
fication represents a relatively late event in melanomagenesis. 
This is consistent with the known rarity of such genomic events in 
nevi (50, 51). Overall, these data show that gain or amplification 
of SIRT5 is a common genomic event in melanoma but not nevi.

Figure 3. SIRT5 depletion rapidly induces apoptosis in melanoma cells. (A) Immunoblot analysis demonstrating induction of caspase 3 cleavage 72 and 
96 hours after transduction with shRNAs SIRT5-KD1 -KD2 in A2058 and SK-MEL-2 cell lines. (B) Viability of MP-41, A2058, or YUMM5.2 cells infected with 
control (C) or 1 of 5 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 hours after SIRT5 KD. (D) Average of n = 3 technical replicates is plotted. Error bars represent standard deviation. Significance 
calculated using unpaired 2-tailed Student’s t test. Increased Annexin V+ staining is observed in both the PI-positive and PI-negative populations.
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SIRT5 shRNA transduction in all cell lines tested (Supplemental 
Figure 2, B and C). In both BRAFV600E and NRASQ61R cells, SIRT5 
depletion induced rapid loss of proliferation over the course of 
7 days (Figure 2A and Supplemental Figure 2D). 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 ther-
apies often rapidly relapse with drug-resistant disease (52). SIRT5 
inhibition in a vemurafenib-resistant derivative of the melanoma 
cell line SK-MEL-239, SK-MEL-239VR, induced rapid loss of pro-
liferation upon SIRT5 KD, indicating that these vemurafenib-re-
sistant cells retained SIRT5 dependency (Figure 2A and Supple-
mental Figure 2E). 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 4 distinct guide 
RNAs (gRNAs, G1–G4) targeting SIRT5. Consistent with results 
obtained using shRNA, a dramatic reduction in colony formation 
was observed in SIRT5 mutant populations compared with control 
(Figure 2C). In contrast, SIRT5 KD in several ovarian cancer cell 
lines did not induce loss of viability as seen in melanoma, indicat-
ing that SIRT5 depletion is tolerated in some cancer types (Supple-
mental Figure 2, F and G).

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 melano-
ma cells induced cleavage of caspase 3 (Figure 3, A and B) and 
induction of Annexin V positivity (Figure 3, C and D). Importantly, 
SIRT5 depletion also blocked proliferation and induced cleavage 

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 2-tailed t test for 
each group). Error bars represent standard deviation. (B) Mice were sacrificed, and tumors were dissected at 28 days after initial injection. Scale bar below 
tumors: 2 cm. (C) SIRT5 deficiency attenuates tumor formation in an autochthonous melanoma model. Sirt5-deficient mice were bred into the BrafCA 
Ptenfl/fl Tyr:CreER background (55). Melanomas were induced in littermate male Sirt5-WT or Sirt5-KO mice as shown by topical application of 4HT at ages 
4 to 9 weeks; tumors were weighed following euthanasia. Averages of 5 sets of male mice are plotted (P < 0.05, paired 2-tailed t test). Mean ± standard 
deviation are shown. (D) SIRT5 immunoblot of a representative tumor from a Sirt5-WT or -KO male or female mouse (left). Representative tumor from a 
Sirt5-WT or KO male mouse, as indicated, after 4HT induction (right). Scale bar: 1 cm.
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of caspase 3 in uveal melanoma cell lines (Figure 3B; top pan-
el; representative of 4 of 4 uveal melanoma cell lines tested; see 
Supplemental Table 2). Cell loss and induction of caspase 3 cleav-
age at 96 hours after 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 (ref. 53 
and Figure 3B; bottom panel).

Nonapoptotic mechanisms of cell death have been 
described in melanomas and other cancer types, specifical-
ly: autophagic, ER-stress induced, necroptosis and pyroptosis 
(54). We evaluated whether SIRT5 KD in melanoma cell lines 
harboring either BRAF or NRAS mutations induced these 
alternate cell death pathways. We did not observe increased 
conversion of LC3 A/B I to LC3 A/B II or SQSTM1/p62 loss 
(Supplemental Figure 3A), increased expression of PERK, Cal-

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 with control cells. Mitochondrial respiration, glycolytic stress 
tests, and ATP production rates were measured at 72 hours after transduction with shRNAs against SIRT5 using a Seahorse XFe96 Analyzer. All rates 
are normalized to total protein content per sample (n = 6 for A and C, n = 5 for B). OCR, oxygen consumption rate; ECAR, extracellular acidification rate. 
(D) Mitochondrial membrane potential is stable in A2058 cells after SIRT5 loss (C, control cells, n = 6). Cells were incubated with JC-1, a dye that exhibits 
membrane 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. Error bars represent standard deviation. Significance calculated using 1-way ANOVA.
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observed between different SIRT5 KD constructs. Thus, SIRT5 
is required for survival and proliferation of multiple genetically 
diverse melanoma cell lines in vitro, in both human and mouse, 
and for survival of human uveal melanoma cells.

nexin, IRE1 alpha or PDI (Supplemental Figure 3B), phosphor-
ylation of either MLKL or RIP (Supplemental Figure 3C), or 
accumulation of gasdermin D or caspase 1 cleavage products 
(Supplemental Figure 3D), although there was some variation 

Figure 6. Transcriptomic analysis reveals MITF dependency on SIRT5 expression. Genes (A) upregulated or (B) downregulated upon SIRT5 KD. Only genes 
significantly (P < 0.05) altered in both KDs in each cell line, as indicated, were scored. (C) Expression levels of DEGs (qadj < 0.05) in response to SIRT5 KD 
were correlated with SIRT5 gene expression using Spearman’s rank correlation coefficient in 443 sequenced human skin cutaneous melanoma (SKCM) 
samples, identifying DEGs with significant clinical correlation with SIRT5 expression (q < 0.01). Labeled genes represent oncogenes or extremely correlated 
genes most significantly altered by SIRT5 KD (q < 0.0001, log2 fold change > 2). (D) Expression of SIRT5, MITF, and the MITF target, PPARGC1A, are posi-
tively correlated in melanoma clinical samples (P < 0.0001, data from TCGA, analyzed on cBioPortal; see Figure 1A).
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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 deple-
tion might induce global metabolic collapse and energetic catastro-
phe in melanoma. SIRT5 has been reported to promote mitochondri-
al respiration (56, 57) and glycolysis (14). We previously showed that 
SIRT5 suppresses mitochondrial respiration through pyruvate dehy-
drogenase and complex II in 293T cells and liver mitochondria (11), 
a finding recapitulated in some systems (39) but not others (56, 57). 
We used the XFe96 Extracellular Flux Analyzer to assess the effects 
of SIRT5 depletion on cellular bioenergetics in melanoma cells. Rel-
ative 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 5, B–D).

Melanoma and many other cancer types replenish the TCA 
cycle in part via glutaminolysis (58–61). In this pathway, glutami-
nase (GLS) catalyzes conversion of glutamine to glutamate, gen-

SIRT5 supports robust melanoma tumor formation in vivo. To 
investigate the potential requirement for SIRT5 to support melano-
ma 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 (Supplemental Figure 4A). Tumor 
growth was followed by serial measurement of tumor volume (Fig-
ure 4A; left panel). SIRT5 depletion greatly impaired tumor growth 
and reduced tumor size at endpoint relative to controls (Figure 4A, 
right panel, Figure 4B, and Supplemental Figure 4B).

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 (55). Topical application of 
4-hydroxytamoxifen (4HT) in this system induces activated 
BRAF expression and ablation of Pten in melanocytes, result-
ing in melanoma development. In males, SIRT5-deficient mice 
showed an approximately 3-fold reduction in tumor mass on 
average (WT: 1.005 ± 0.618 g vs. KO: 0.323 ± 0.198 g; P < 0.05; 
Figure 4C and 4D). In our colony, female mice showed rapid 
ulceration of even small melanoma tumors following induction 
(unpublished observation), requiring euthanasia of the host and 

Figure 7. Expression of MITF and MITF target genes is dependent upon SIRT5. (A) Immunoblot demonstrating loss of MITF expression 96 hours after 
transduction with shRNAs SIRT5-KD1 or -KD2 compared with a nontargeting control in 5 cutaneous and 1 uveal melanoma cell line, as indicated. (B) 
Relative FPKMs in A2058 and SK-MEL-2 cells demonstrate a loss of MITF (bar graphs, upper panels) and several MITF target gene transcripts upon SIRT5 
KD (heatmaps, lower panels). Scale bars adjacent to heat maps indicate linear fold change (control set to 1). Error bars represent standard deviation. Sig-
nificance calculated using 1-way ANOVA. C, control.
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loss (Supplemental Figure 5G). Taken together, these data indi-
cate that neither glycolysis nor glutamine metabolism represent 
major SIRT5 target pathways in promoting melanoma viability.

Transcriptomic analysis reveals a requirement for SIRT5 in sup-
porting MITF and MITF target gene expression. To understand the 
requirement of melanoma cells for SIRT5 mechanistically, RNA-
Seq–based transcriptomic analysis was performed on 3 cutaneous 
melanoma cell lines (A2058, A375, and SK-MEL-2), each sub-
jected to SIRT5 depletion using 2 distinct shRNAs (Supplemental 
Table 3). A gene was scored as differentially expressed only if it 
was consistently altered in all biological replicates by both inde-
pendent SIRT5 shRNAs. We identified core sets of protein-coding 
genes whose expression responded to SIRT5 KD, many of which 
overlapped among the cell lines (Figure 6, A and B). We then asked 
if any significant differentially expressed genes (DEGs) found in 
our SIRT5 RNA-Seq data set correlated with SIRT5 expression in 
TCGA data of clinical human skin cutaneous melanoma samples 
(see Methods for details). The most significant positively correlat-
ed overlapping DEG in this analysis was the melanocyte inducing 
transcription factor (MITF) (Figure 6C).

MITF is a key lineage-specific oncogenic transcription fac-
tor in melanoma that plays crucial roles in the development and 
proliferation of melanocytes (40). MITF is expressed in human 
melanomas, and MITF amplification, present in a subset of mela-
noma tumors, portends a poor prognosis (64). Melanomas exhibit 
a wide range of MITF expression levels (65–67). In cutaneous mel-
anoma cells with robust baseline MITF expression, MITF protein 
and mRNA expression declined markedly in response to SIRT5 
KD (Figure 7, A and B) and associated with decreased expres-
sion of MITF’s canonical targets: genes involved in metabolism 
(PPARGC1A), melanocytic differentiation (TYR, MLANA), cell 
survival (BCL2), and others (Figure 7B). A trend toward a reduced 
MITF gene expression profile was also observed in A375 cells, 
which have low baseline MITF expression, upon SIRT5 KD (Sup-
plemental Figure 6A). 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 (Supplemental Figure 6B). We also 
observed a decrease in MITF protein levels upon SIRT5 KD in 
MP-41 cells, a uveal melanoma line (Figure 7A).

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 coexpression analysis revealed a 
strong positive correlation between SIRT5, MITF, and 2 canonical 
MITF target genes, PPARGC1A and BCL2. Indeed, the correlation 
between SIRT5 and MITF expression was stronger than that of 
MITF with these 2 of MITF’s targets (Figure 6D and Supplemental 
Figure 6C). As a specificity control, SIRT3 levels showed a modest, 
negative correlation with MITF expression (Supplemental Figure 
6C). 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 melanom-
agenesis (41). Furthermore, siRNA KD of c-MYC in melanocytic 
tumor cells results in a loss of MITF expression (68). Consistent 

erating carbon and nitrogen to fuel the metabolic demands of 
tumorigenesis. In breast cancer cells, SIRT5 desuccinylates GLS 
to stabilize it, protecting it from ubiquitination and subsequent 
degradation. Loss of SIRT5 resulted in decreased GLS expres-
sion, exogenous glutamine consumption, glutamine-derived 
intracellular metabolite levels, and cellular proliferation (35). 
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 promot-
ing glutamine metabolism in melanoma (62, 63). We cultured 
control or SIRT5-KD A2058 cells in medium containing gluta-
mine labeled with stable isotopes ([15N2]-glutamine or [13C5]-glu-
tamine) or in medium containing [13C6]-glucose, and measured 
both the labeling derived from 13C or 15N and the total quanti-
ties of cellular metabolites. Following SIRT5 KD, the fractional 
labeling of glutamine-derived metabolites (glutamate, aspar-
tate, and TCA cycle metabolites) modestly decreased when cells 
were cultured in [13C5]-glutamine, but showed corresponding (or 
compensatory) increases in labeling when cultured in 13C6-glu-
cose (Supplemental Figure 5, A and B). Labeling derived from 
15N2-glutamine was inconsistent between the 2 KD constructs 
analyzed in A2058 cells (Supplemental Figure 5C). Overall, 
these results are consistent with previous results showing that 
SIRT5 promotes glutaminase activity (35). However, important-
ly, total cellular pools of glutamate, aspartate, TCA cycle, or 
other metabolites were not consistently reduced by SIRT5 loss 
(Supplemental Figure 5D), indicating that although the deple-
tion of SIRT5 may reduce glutaminase activity, this effect is 
insufficient to compromise levels of essential cellular metabo-
lites. In parallel studies, glutamine-dependent mitochondrial 
OCR and GLS protein levels were assessed, and were not appre-
ciably altered by SIRT5 depletion across multiple melanoma cell 
lines (Supplemental Figure 5, E and F). Moreover, incubation 
of SIRT5-KD A2058 cells with exogenous nonessential amino 
acids plus alpha-ketoglutarate — interventions that can rescue 
defects in glutamine catabolism (61) — in the context of SIRT5 
KD failed to rescue the proliferative defect observed upon SIRT5 

Figure 8. 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 hours after transduction with shRNAs 
SIRT5-KD1 or -KD2 compared with a nontargeting control in melanoma cell 
lines. Lanes were run on the same gel but are noncontiguous. (C) Immuno-
blot demonstrating loss of H3K9ac and H4K16ac 96 hours after transduc-
tion with shRNAs SIRT5-KD1 or -KD2 compared with a nontargeting control 
in A2058 cells. (D) H3K9ac is reduced within the promoter regions of MITF 
and c-Myc in SIRT5-depleted A2058 cells via CUT&RUN followed by qRT-
PCR. Signal (Ct values) relative to input DNA were normalized to control 
samples for each primer set. Graphed are averages of n = 9 replicates. Error 
bars represent standard deviation. Significance calculated using 1-way 
ANOVA. Acetylation (E) and MITF expression (F) are restored in A2058 cells 
lacking SIRT5 after 4 weeks of continual culture in puromycin. (G) Total 
cellular acetyl-CoA levels are increased in A2058, A375 and SK-MEL-2 cells 
96 hours after SIRT5 depletion. Acetyl-CoA abundance was quantified by 
liquid chromatography–high resolution mass spectrometry and normal-
ized to cell number. Plotted are average (n = 5) acetyl-CoA levels as pmol 
acetyl-CoA/105 cells. Error bars represent standard deviation. Significance 
calculated using 1-way ANOVA. C, control.
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various cancer cells and stem cells (70, 71). Using this model, we 
identified a metabolic flux state most consistent with expression 
data for each of the 3 cell lines after SIRT5 depletion. This was 
achieved by maximizing the activity of reactions that are associat-
ed with upregulated genes and minimizing flux through reactions 
that are downregulated for each condition, while simultaneous-
ly 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 8A and Supplemental Table 4). 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 (72). Furthermore, the mito-
chondrial 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 effects of SIRT5 in melanoma cells.

To test the predictions of the metabolic model, we evaluated 
protein acetylation levels in SIRT5 KD cells. Indeed, SIRT5 deple-
tion induced a striking decrease in total lysine acetylation, most 
notably on histones, including H3K9 acetylation (H3K9ac) and 
H4K16 acetylation (H4K16ac; Figure 8, B and C). This reduction in 
H3K9ac, a known mark of active gene expression (73), combined 
with the decrease in MITF and c-MYC, prompted us to test wheth-
er H3K9ac levels are reduced within the promoter regions of these 
genes. CUT&RUN (cleavage under targets and release using nucle-
ase) followed by qRT-PCR in A2058 cells demonstrated that upon 
SIRT5 depletion, a significant reduction of H3K9ac in the promoter 
regions of both MITF and c-MYC occurred (Figure 8D), suggesting a 
role for SIRT5 in maintaining transcriptional activity of these genes 
in melanoma cells by promoting histone acetylation.

After 4 weeks in culture following SIRT5 KD, a small residu-
al population of A2058 cells overcame SIRT5 loss-of-function to 
survive and proliferate, although SIRT5 depletion was maintained. 
Importantly, total lysine acetylation and MITF expression was 
restored in surviving SIRT5-KD A2058 cell populations (Figure 8, E 
and F), consistent with the relevance of SIRT5-driven histone acetyl-
ation in melanoma survival. This phenotype was recapitulated in 
vivo. Although tumors that formed in SIRT5-deficient BrafCA Ptenfl/

fl Tyr:CreER mice were smaller than WT controls (see Figure 4), total 
lysine acetylation, H3K9ac, MITF, and c-MYC protein levels were 
similar to controls. Markers for cell death (PARP cleavage) and cel-
lular proliferation (PCNA and phospho-histone H3 S10 [H3pS10]) 
were also similar between SIRT5-WT and SIRT5-deficient tumors 
in the model, suggesting that these parameters may have recovered 
during successful tumor formation (Supplemental Figure 7D).

Protein acetyltransferases employ acetyl-CoA to acetylate their 
protein targets, including histones (74). 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 (75, 76). Surprisingly, we 
observed an increase of total cellular acetyl-CoA after SIRT5 KD 
(Figure 8G), implying that reduced acetyl-CoA levels do not con-

with these data, we observed a loss of MITF expression and a con-
comitant reduction in expression of c-MYC in SIRT5-depleted 
melanoma cell lines. A positive correlation between SIRT5 and 
c-MYC RNA expression in melanoma tumors from TCGA data was 
observed (Supplemental Figure 6C). Both c-MYC RNA and c-MYC 
protein levels were decreased in melanoma cells after SIRT5 abla-
tion (Supplemental Figure 6, D and E).

Gene set enrichment analysis (GSEA) was used to identify 
pathways affected by SIRT5 depletion. GSEA revealed negatively 
enriched gene patterns in c-MYC, c-MYC–target gene signatures, 
and mitochondrial biogenesis pathways (Supplemental Figure 
6F). We also observed a positive enrichment of genes involved in 
apoptosis, consistent with our observation that SIRT5 loss induc-
es apoptosis in melanoma cells (see Figure 3). Ingenuity Pathway 
Analysis (IPA) of transcriptional regulators predicts that both 
MITF and c-MYC were significantly inhibited by SIRT5 depletion, 
based on comparisons between data from aggregated SIRT5-KD 
melanoma cells and SIRT5 control lines (Supplemental Figure 
6G). The multiple canonical pathways altered upon SIRT5 loss 
highlight other, pleiotropic effects of SIRT5 depletion on mela-
noma cells (Supplemental Figure 6H). Taken together, these data 
show that SIRT5 promotes expression and activity of 2 key onco-
genic 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 gene expression, we reanalyzed our transcrip-
tomic 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 relation-
ship between 3744 reactions, 2766 metabolites, 1496 metabolic 
genes, and 2004 metabolic enzymes (69). This network model 
has been used successfully to predict the metabolic behavior of 

Figure 9. SIRT5 promotes histone methylation and reduced cellular ROS 
levels in melanoma. (A) LC-MS/MS-based metabolite profiling followed 
by MetaboAnalyst pathway analysis demonstrate alterations in glycine 
and serine and methionine biosynthesis pathways in melanoma cells upon 
SIRT5 depletion. (B) Perturbations in 1C metabolite levels in response to 
SIRT5 loss in the cell lines shown. Each column represents the mean of 3 
independently prepared biological replicates. Metabolite levels in SIRT5-de-
pleted (KD1 and KD2, as indicated) samples are normalized to control. SAM, 
S-adenosyl-methionine; SAH, S-adenosylhomocysteine; GSH, reduced 
glutathione; GSSG, glutathione disulfide. (C) H3K4me3 and H3K9me3 
immunoblot in melanoma cells 96 hours after transduction with shRNAs 
SIRT5-KD1 or -KD2 compared with a nontargeting control. (D) H3K4me3 and 
H3K9me3 levels are restored in A2058 cells lacking SIRT5 after 4 weeks of 
continual culture in puromycin. (E) Flow cytometric analysis of DCF-
DA-stained A2058 cells 96 hours after transduction with shRNAs SIRT5-
KD1 or -KD2 reveals increased ROS compared with a nontargeting control, P 
< 0.005. Left panel, average mean fluorescence intensity of DCFDA positive 
populations in n = 3 samples. Error bars represent standard deviation. 
Significance calculated using 1-way ANOVA. Right panel, representative (n 
= 6) flow cytometric analysis of A2058 cells stained with DCFDA. (F) SIRT5 
interacts with MTHFD1L in A2058 cells. Increasing amounts of anti-SIRT5 
antibody increases SIRT5-MTHFD1L coprecipitation compared with normal 
rabbit IgG control. Basal expression of SIRT5 and MTHFD1L in whole-cell 
extract (1% of initial amount used for immunoprecipitation) is shown for 
comparison. (G) Proposed model of promotion of MITF and c-MYC expres-
sion via SIRT5-dependent chromatin modifications in human melanoma. 
Me, methylation; Ac, acetylation. C, control.
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under our experimental conditions, it is likely that SIRT5 plays 
additional roles in regulating histone methylation, perhaps in an 
oncogenic driver–dependent manner. We propose that SIRT5 reg-
ulates histone methylation and acetylation via regulation of multi-
ple protein targets in melanoma cells.

Discussion
Sirtuin-family NAD+-dependent protein deacylases regulate 
metabolism and other diverse aspects of cell biology (81). 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 (8, 9, 11–13). A substantial 
fraction of SIRT5 is present in the mitochondrial matrix; howev-
er, SIRT5 is present and functional in the cytosol, and even in the 
nucleus (11, 14). Most of the phenotypes associated with SIRT5 
loss-of-function in normal cells and tissues reported in the liter-
ature to date are remarkably mild (17). 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 dramat-
ic, rapid loss of cell viability and induction of apoptosis in both 
cutaneous and uveal melanoma cell lines. Likewise, SIRT5 pro-
motes melanoma xenograft tumor formation in immunocompro-
mised mice, and melanoma formation in an autochthonous Braf 
Pten–driven mouse melanoma strain.

Our transcriptomic analyses 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 (82) and c-MYC (41). In the 
TCGA data set, 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. Indeed, we found that 
SIRT5 depletion results in loss of H3K9ac, a marker for active tran-
scription, within the promoter regions of these genes. These data 
are consistent with previously published results describing a role 
for histone modifications in sustaining MITF expression and mel-
anoma proliferation (83). Genetic or pharmaceutical inhibition of 
the p300 acetyltransferase results in reduced MITF expression, 
reduced histone acetylation within of the MITF promoter, and 
induction of markers of cellular senescence in melanoma cell 
lines, suggesting regulation of chromatin dynamics as a mecha-
nism of MITF expression and melanoma growth (83). Via metabo-
lomic analysis, we identified a role for SIRT5 in promoting 1CM in 
2 BRAF-dependent cell lines, and in maintaining histone trimeth-
ylation 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 methyl-
ation and acetylation, highlighting its important roles in maintain-
ing chromatin structure and gene expression in melanoma.

Our in vivo findings in an autochthonous system are in con-
trast to a 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 (84). 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 

tribute to the observed decrease in lysine acetylation upon SIRT5 
depletion, and suggesting that other phenomena, such as reduced 
acetyltransferase activity, may underlie the reduced acetylation lev-
els in SIRT5-depleted melanoma cells (see Discussion).

SIRT5 promotes 1CM 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–based (LC-MS/MS-based) metabolomics, followed 
by functional analysis using MetaboAnalyst pathway enrichment 
(Supplemental Table 5). 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 
9A and Supplemental Figure 7, A and B). 1CM is comprised of the 
linked folate and methionine cycles (77). Outputs include metab-
olites required for amino acid and nucleotide synthesis, glutathi-
one 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 9B).

Histone methylation, particularly H3K4 trimethylation 
(H3K4me3), is highly sensitive to fluctuations in SAM levels (78). 
We observed reductions in H3K4me3 and H3K9me3 in melano-
ma cells following SIRT5 KD, consistent with 1CM perturbation 
(Figure 9C). However, addition of exogenous SAM did not consis-
tently restore H3K4me3 or H3K9me3, nor did it markedly elevate 
levels of these marks in control cells (Supplemental Figure 7C and 
not shown). As for acetylation, SIRT5-depleted melanoma cells 
that grew out after prolonged culture recovered H3K4me3 and 
H3K9me3 levels (Figure 9D), while maintaining reduced SIRT5 
expression (Figure 8E), suggesting that loss of these histone modi-
fications 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 ROS (79). Consistently, in A2058 cells, we observed 
increased staining with 2′,7′-dichlorofluorescin diacetate (DCF-
DA), a ROS-sensitive dye, following SIRT5 depletion (Figure 9E). 
However, treatment with the antioxidants, N-acetylcysteine, 
mitoTEMPOL, or β-mercaptoethanol failed to mitigate cell lethal-
ity after SIRT5 loss (unpublished observation), indicating that 
regulation of ROS levels is not likely a primary determinant of the 
requirement of melanoma cells for SIRT5.

We noted that previous proteomic surveys identified the 1CM 
enzyme, MTHFD1L (methylenetetrahydrofolate dehydrogenase 
[NADP+ dependent 1–like]), as a candidate SIRT5 substrate (11, 
80). MTHFD1L is a 1CM enzyme that participates in the folate 
cycle to convert formate and tetrahydrofolate into 10-formyl-tet-
rahydrofolate in an ATP-dependent reaction. We tested the inter-
action of MTHFD1L with SIRT5 in the context of melanoma, 
and found that MTHFD1L coimmunoprecipitates with SIRT5 
(Figure 9F). These data suggest a potential role for SIRT5 in reg-
ulating 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 
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Many open questions remain as to the mechanisms by which 
SIRT5 promotes proper gene expression and viability in melano-
ma. The accumulation of acetyl-CoA in SIRT5-depleted melano-
ma 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 could promote 
generation of a localized acetyl-CoA pool necessary to drive his-
tone acetylation (compare to the nuclear pool, ref. 74), without 
influencing global acetyl-CoA levels. A large number of studies 
implicate alterations in levels of specific metabolites in driving 
chromatin modifications (88). Increased lactate, for example, 
inhibits histone deacetylases, thereby increasing histone acetyla-
tion (89). Although we observe only modest and, in some cases, 
inconsistent changes in cellular metabolite levels upon SIRT5 KD, 
it is possible that alterations in levels of specific metabolites, or 
a combination of these metabolite abnormalities, may in part be 
responsible for the loss of histone modifications we observe. In 
addition, we identified MTHFD1L as a SIRT5 interactor and can-
didate target that may 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, nucleotides, and amino acids [unpublished observa-
tions]). We suspect that this reflects pleiotropic functions and tar-
gets 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 
(32, 90), and others — could well contribute to the requirement of 
melanoma cells for SIRT5. Likewise, we identified perturbations 
in innate immune pathways in SIRT5-depleted melanoma cells, 
which could also contribute to the requirement of melanoma cells 
for this protein. This is consistent with the hundreds of cellular tar-
gets of SIRT5, involved in diverse cellular pathways, identified in 
proteomics studies (17). Moreover, it is consistent with the obser-
vation that SIRT5 plays prosurvival 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 tumor-
igenesis, modulating activities of different suites of targets and 
pathways, in a cancer type-specific manner.

Overall, our data reveal a major, hitherto unknown require-
ment for SIRT5 in melanoma cell survival, through suppression of 
apoptosis via regulation of chromatin modifications and expres-
sion of critical prosurvival genes, including MITF and c-MYC (Fig-
ure 9G). These results, along with those already in the literature 
(7), suggest that SIRT5 may play potent oncogenic roles across 
many diverse tumor types, seemingly engaging a variety of differ-
ent cellular 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 therapeutic target, 
in melanoma and specific other cancer types. In this regard, pub-
lished studies (17, 91–94), including recent work focused on breast 
cancer (37), demonstrate that SIRT5 is in principle druggable with 
small molecules. SIRT5 dependency may be particularly transla-
tionally significant in uveal melanoma, where currently no effec-
tive therapeutic options exist for patients with metastatic disease.

(16), whereas the one used herein deletes essentially the entire 
Sirt5 protein coding sequence (15). Likewise, subtle genetic back-
ground 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 vs. 5 
mM). Importantly, since our model is a global Sirt5-KO, we cannot 
rule out the possibility that SIRT5 may function melanoma-cell 
nonautonomously in this system, for example, by modulating the 
antimelanoma immune response or other aspects of the tumor 
microenvironment. However, given the striking dependency of 
cultured melanoma cells on SIRT5 in vitro, we strongly suspect 
that a very important component of SIRT5’s function, at mini-
mum, is a cell-autonomous prosurvival role in melanoma cells.

MITF is a member of the microphthalmia family of transcrip-
tion factors, and is dysregulated in melanoma (85). 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. Like-
wise, MITF is known to play key roles in melanoma cell survival 
and differentiation, and MITF amplification occurs in 15% to 
20% of melanomas, associated with a worsened prognosis (64). 
In melanoma cell lines where MITF is expressed, SIRT5 depletion 
induced a rapid decrease in expression of MITF itself 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 SIRT5 depletion by over-
expressing MITF in melanoma cells (unpublished observation). 
However, this experiment is complicated by the fact that MITF 
overexpression itself can drive melanoma cells to leave the cell 
cycle and differentiate, and thus is likely selected against in short-
term culture (86). Likewise, we were unable to rescue SIRT5-de-
pleted melanoma cells via c-MYC overexpression, although we 
were able to overexpress c-MYC (unpublished observation). Nev-
ertheless, given the well-known importance of these transcription 
factors in melanoma pathobiology, we hypothesize that loss of 
MITF and c-MYC expression likely represent important mecha-
nisms 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 1CM 
as one 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 2 BRAF mutant melanoma cells lacking SIRT5 reveals 
profound perturbations in levels of many 1C metabolites, includ-
ing reductions in cellular SAM. Moreover, H3K4me3, a mark of 
active gene expression and a sensitive marker for intracellular 
SAM levels, drops in response to SIRT5 loss-of-function. Further-
more, global lysine acetylation and H3K9me3, which marks heter-
ochromatic regions in the genome (87) decrease upon SIRT5 loss. 
Likewise, oxidative stress increases in SIRT5-depleted melanoma 
cells, consistent with impaired regeneration of reduced glutathi-
one, a major antioxidant species and an output of 1CM.
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