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Abstract

SIRT5 is a member of the sirtuin family of NAD+-dependent protein lysine deacylases implicated 

in a variety of physiological processes. SIRT5 removes negatively charged malonyl, succinyl, and 

glutaryl groups from lysine residues and thereby regulates multiple enzymes involved in cellular 

metabolism and other biological processes. SIRT5 is overexpressed in human breast cancers and 

other malignancies, but little is known about the therapeutic potential of SIRT5 inhibition for 

treating cancer. Here we report that genetic SIRT5 disruption in breast cancer cell lines and mouse 

models caused increased succinylation of IDH2 and other metabolic enzymes, increased oxidative 

stress, and impaired transformation and tumorigenesis. We therefore developed potent, selective, 

and cell permeable small molecule SIRT5 inhibitors. SIRT5 inhibition suppressed the transformed 

properties of cultured breast cancer cells and significantly reduced mammary tumor growth in 
vivo, in both genetically engineered and xenotransplant mouse models. Considering that Sirt5 
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knockout mice are generally normal, with only mild phenotypes observed, these data establish 

SIRT5 as a promising target for treating breast cancer. The new SIRT5 inhibitors provide useful 

probes for future investigations of SIRT5 and an avenue for targeting SIRT5 as a therapeutic 

strategy.

Keywords

Breast Cancer; Deacylase; SIRT5; Sirtuin; Succinylation

INTRODUCTION

Breast cancer is the most common malignancy in women. Despite advances in early 

detection and treatment, acquired resistance to chemotherapy and disease recurrence remain 

a challenge, making breast cancer one of the leading causes of cancer death worldwide [1]. 

As with other cancers, breast cancers rewire their metabolism to sustain their biosynthetic 

and bioenergetic needs. Even in the presence of oxygen, cancer cells primarily utilize 

glucose to produce lactate rather than metabolizing it in the oxidative phosphorylation 

pathway (the “Warburg effect”) [2]. In addition to altered glucose metabolism, cancer cells 

increase fatty acid synthesis and glutamine metabolism to fuel their enhanced proliferation. 

These metabolic changes have been recognized as hallmarks of cancer and are associated 

with therapy resistance. Thus, much attention has been given to therapies that target cancer 

metabolism.

Post-translational modifications (PTMs), such as acetylation, succinylation, malonylation 

and glutarylation, play crucial roles in cancer progression and drug resistance by regulating 

cell metabolism and signaling pathways [3, 4]. Therefore, targeting enzymes that regulate 

specific PTMs has therapeutic potential. Protein acetylation, succinylation, malonylation and 

glutarylation are regulated by sirtuins, a family of nicotinamide adenine dinucleotide (NAD
+)-dependent protein deacylases [5–7]. Among the seven mammalian sirtuins, SIRT5 

localizes primarily to mitochondria and catalyzes NAD+-dependent demalonylation, 

desuccinylation, and deglutarylation of metabolic enzymes involved in glycolysis, glutamine 

metabolism, fatty acid oxidation and the pentose phosphate pathway [8–12]. Sirtuins have 

been implicated in regulating cancer cell metabolism [13–15], and recent findings indicate 

that SIRT5 is overexpressed in multiple cancer types and can be associated with poor patient 

outcomes [16–19]. Furthermore, SIRT5 promotes cancer cell proliferation by targeting 

multiple metabolic enzymes, including GLS, SHMT2, and PKM2 [20–22]. Recent studies 

have also implicated SIRT5 in protecting cells from reactive oxygen species (ROS) by 

activating SOD1, IDH2 and G6PD [23, 24].

Despite reports that SIRT5 may be important for cancer cells, it remains unknown whether 

pharmacological SIRT5 inhibition is a viable approach for treating human cancers. To date, 

no small molecule SIRT5 inhibitors have been tested in cancer models. This is mainly due to 

the lack of potent, selective, and cell permeable SIRT5 inhibitors. Several laboratories have 

reported SIRT5 inhibitors, but most are not cell permeable or were not tested in cancer cell 

lines or animal models [25–30]. Only one SIRT5 inhibitor, MC3482, has been reported to 
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inhibit SIRT5 in cells and affect glutamine metabolism, but it is of low potency (< 50% 

SIRT5 inhibition in vitro at 100 μM) and its anticancer activity was not investigated [14].

Here, we developed potent and cell permeable SIRT5-specific small molecule inhibitors to 

test the therapeutic potential of targeting SIRT5 for treating breast cancer. We also employed 

genetic approaches to demonstrate that SIRT5 loss suppressed malignant transformation in 

cultured cells and reduced mammary tumor progression and delayed lung metastasis in the 

MMTV-PyMT mouse model. Moreover, SIRT5 inhibitor treatment reduced tumor burden in 

MMTV-PyMT mice, as well as in a triple-negative breast cancer xenograft model. The small 

molecule inhibitors described here represent useful probes for future SIRT5 investigations 

and establish for the first time that pharmacological SIRT5 inhibition has anticancer effects 

in vivo.

RESULTS

SIRT5 is overexpressed in human breast cancers.

To evaluate SIRT5 alterations in breast cancer, we interrogated The Cancer Genome Atlas 

(TCGA) and Molecular Taxonomy of Breast Cancer International Consortium 

(METABRIC) datasets using cBioPortal [31]. SIRT5 showed gene amplification or gain in 

26.1% (213/817) of invasive breast carcinomas (Figure 1A). SIRT5 amplification and gain 

correlated with increased SIRT5 mRNA expression, and SIRT5 overexpression was 

significantly higher in basal-like breast cancer relative to other subtypes (Figure 1B, C). 

Further stratification based on expression of estrogen and progesterone receptors (ER/PR) 

and human epidermal growth factor receptor 2 (HER2) showed that SIRT5 is overexpressed 

in ER-, PR-, and HER2-negative breast cancer when compared to other subtypes 

(Supplementary Figure S1A). TP53 and MYC amplification are common in breast invasive 

carcinomas [32], and analysis of the TCGA data revealed that SIRT5 copy number 

amplification and gain was significantly enriched with these recurrently altered genes 

(Figure 1D and Supplementary Figure S1B, C). SIRT5 amplification/gain was not correlated 

with clinical outcome across all TCGA samples, but was associated with significantly poorer 

overall survival of patients with mixed ductal/lobular breast cancer (Figure 1E and 

Supplementary Figure S1D, E). Together these data highlight the importance of SIRT5 
overexpression in breast cancer.

SIRT5 deficiency suppresses the proliferation and anchorage-independent growth of 
human breast cancer cells.

To examine the importance of SIRT5 for malignant transformation, we knocked down 

SIRT5 in SKBR3 human breast cancer cells, as well as CRL-5800 human lung cancer cells 

for comparison, and assessed anchorage-independent growth. SIRT5 knockdown with two 

different siRNAs markedly reduced anchorage-independent growth in both cell lines (Figure 

2A, B). We further investigated the requirement for SIRT5 in a classic cell transformation 

model by generating Sirt5+/+ and Sirt5−/− mouse embryonic fibroblasts (MEFs) expressing a 

conditional oncogenic Kras allele, LSL-KrasG12D [33] (Supplementary Figure S2A-D). 

KrasG12D stimulated the proliferation of both Sirt5+/+ and Sirt5−/− MEFs to a similar extent 

in 2D culture. However, KrasG12D-expressing Sirt5−/− MEFs demonstrated significantly 
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reduced anchorage-independent growth as compared to KrasG12D-expressing Sirt5+/+ 

controls, findings that were confirmed in an independent set of MEFs.

We next used CRISPR/Cas9 to disrupt SIRT5 in MDA-MB-231 triple negative breast cancer 

cells (Figure 2C) as well as HCT116 colorectal cancer cells (Supplementary Figure S2E). 

Partial loss of SIRT5 expression was achieved in two independent clones of MDA-MB-231 

cells, while complete knockout was achieved in HCT116 cells. SIRT5 loss hampered 

proliferation in MDA-MB-231 cells but had minimal effect on HCT116 cells in 2D culture. 

However, SIRT5 loss inhibited the anchorage-independent growth of both MDA-MB-231 

and HCT116 cells (Figure 2D-F and Supplementary Figure S2F-H). Given the striking 

growth defects in detached conditions following SIRT5 loss, we also tested the invasive 

capacity of SIRT5-targeted cells in vitro using Boyden chambers. Compared to SIRT5 WT 

controls, SIRT5-deficient MDA-MB-231 cells showed significantly reduced cell migration 

(Figure 2G, H). Expression of other Sirtuins was not significantly altered following SIRT5 
disruption (Supplementary Figure S2I, J), suggesting a direct role for SIRT5 in anchorage-

independent growth and migration.

Impaired mammary tumor progression in Sirt5-deficient mice.

We next used mouse mammary tumor virus (MMTV)-polyoma middle T antigen (PyMT) 

transgenic mice, which feature highly penetrant mammary tumors and lung metastasis [34–

36] to determine how Sirt5 deletion affects mammary tumor formation and metastasis. 

Tumor onset was slightly delayed in Sirt5−/− PyMT mice when compared to Sirt5+/+ PyMT 

mice (Figure 3A). Mammary glands from Sirt5+/+ and Sirt5−/− PyMT females at 6 weeks of 

age (Cohort 3) showed multiple small hyperplastic lesions that were not significantly 

different between Sirt5+/+ and Sirt5−/− PyMT mice (Figure 3B). To further examine the 

effect of Sirt5 deficiency on tumorigenesis, Sirt5+/+ and Sirt5−/− PyMT females were aged 

until humane endpoints (Cohort 1, tumor size endpoint). Sirt5 loss suppressed tumor growth 

and significantly prolonged survival (p value = 0.0256; median survival: 121 days for 

Sirt5+/+ vs. 142 days for Sirt5−/−) (Figure 3C). We then examined tumor burden in Sirt5+/+ 

and Sirt5−/− PyMT females 50 days after initial tumor detection (Cohort 2). At this early 

timepoint, tumor size and wet weight were significantly lower in Sirt5−/− PyMT mice (0.60 

± 0.18 g) than Sirt5+/+ PyMT mice (1.4 ± 0.36 g) (p value = 0.0435) (Figure 3D, E). Taken 

together, these results demonstrate that SIRT5 promotes mammary tumorigenesis in mice.

Mammary tumors collected based on tumor size endpoint criteria (Cohort 1) did not show 

significant histological differences. Most tumors showed tumor acini with solid sheets of 

epithelial cells, characteristic of a late carcinoma stage, as well as some necrotic areas 

(27.3% for Sirt5+/+ PyMT and 11.1% for Sirt5−/− PyMT). Mammary tumors from mice that 

were euthanized 50 days after initial tumor detection (Cohort 2) showed minor 

histopathological differences between the two groups (Figure 3F). When classified into the 

four identifiable tumor progression stages previously established in MMTV-PyMT mice [36, 

37], the largest areas in mammary tumors from Sirt5+/+ PyMT mice were classified as early 

carcinoma (48%, 11/23) as compared to adenoma/mammary intraepithelial neoplasia (56%, 

15/27) in Sirt5−/− PyMT mice. We next examined the effect of Sirt5 loss on cell proliferation 

and apoptosis in mammary tumors collected 50 days after initial tumor detection. Despite 
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smaller tumor size in Sirt5−/− PyMT mice, there was no significant difference between 

tumors from Sirt5+/+ and Sirt5−/− PyMT mice in cell proliferation (Ki-67 p value = 0.6282; 

BrdU p value = 0.700) or apoptosis as determined by TUNEL staining (p value = 0.9307) 

and cleaved caspase-3 immunoblotting (Supplementary Figure S3A-E).

The MMTV-PyMT mouse model features rapid and highly penetrant lung metastasis. 

Analysis of H&E-stained lung sections from Sirt5+/+ PyMT and Sirt5−/− PyMT females 

collected 50 days after initial tumor detection (Cohort 2) revealed that 40% of Sirt5+/+ 

PyMT mice, but no Sirt5−/− PyMT mice exhibited lung metastases (Figure 3G, H). However, 

mice euthanized when tumors reached size endpoints (Cohort 1) did not show differences 

between genotypes in metastatic burden (Supplementary Figure S3F, G). It should be noted 

that in this cohort, Sirt5−/− PyMT mice had a significantly longer period of time with 

primary mammary tumors before reaching endpoint than control mice, complicating the 

direct comparison of metastatic burden between genotypes. Collectively, these data indicate 

that Sirt5 loss affects tumor growth and delays but does not abolish mammary tumor 

metastasis.

SIRT5 loss causes increased protein succinylation and oxidative stress.

Because SIRT5 is the primary mammalian enzyme for lysine desuccinylation, we examined 

global protein succinylation in mammary tumors from Sirt5+/+ PyMT and Sirt5−/− PyMT 

mice. Succinylation was prominently increased in Sirt5−/− PyMT mammary tumor lysates as 

compared to those from Sirt5+/+ PyMT controls (Figure 4A). Treatment of Sirt5−/− PyMT 

mammary tumor lysates with recombinant SIRT5 confirmed that SIRT5 regulated the 

succinylation of numerous proteins (Figure 4B). To identify SIRT5-regulated proteins, we 

performed a comparative proteomic analysis of succinylated peptides [38]. LC-MS/MS 

analysis identified 412 lysine succinylation sites across 146 proteins in mammary tumors 

from Sirt5+/+ and Sirt5−/− PyMT mice. 285 peptides were only succinylated in Sirt5−/− 

PyMT mammary tumors and 86 were highly abundant in Sirt5−/− PyMT as compared to 

Sirt5+/+ PyMT tumors (Figure 4C and Supplemental Tables S1, 2). 132 proteins were 

hypersuccinylated in mammary tumors lacking SIRT5, many of which play important roles 

in cellular metabolism (Figure 4D and Supplemental Table S3).

The succinylation data led us to hypothesize that SIRT5 might support tumor growth by 

aiding cancer cell metabolic reprogramming, one key element of which is combatting 

oxidative stress. SIRT5 has been previously shown to suppress ROS levels by regulating 

targets such as SOD1, GLS, SHMT2, G6PD, and IDH2 [22–24, 39]. Interestingly, we 

identified IDH2, an NADPH-generating enzyme, as a SIRT5 substrate in mammary tumors 

(Figure 4D). SIRT5 is established to desuccinylate and activate IDH2 [24], but the 

importance of this regulation in cancer is not known. Cell detachment from extracellular 

matrix (ECM) elevates ROS [40]. Cancer cells, but not normal cells, are able to combat 

elevated ROS and continue growing when removed from the ECM. Consequently, 

anchorage-independent growth is dependent on IDH2 [41], similar to what we observed with 

SIRT5. Therefore, we directly tested whether SIRT5 regulates IDH2 lysine succinylation in 

breast cancer cells. Consistent with a role for SIRT5 as an IDH2 desuccinylase, SIRT5 loss 

increased IDH2 lysine succinylation (Figure 4E), suggesting IDH2 desuccinylation and ROS 

Negrón Abril et al. Page 5

Oncogene. Author manuscript; available in PMC 2021 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



detoxification as mechanisms by which SIRT5 supports malignant transformation (Figure 

4F).

We next tested the hypothesis that SIRT5 protects breast cancer cells from oxidative stress. 

Reduced glutathione levels were significantly lower in Sirt5−/− PyMT than Sirt5+/+ PyMT 

mammary tumors (Figure 4G). MDA-MB-231 clones 1 and 2 also showed a significant 

reduction in total glutathione levels when compared to parental SIRT5 WT cells (Figure 

4H). Glutathione levels were also significantly reduced upon SIRT5 loss in HCT116 cells, 

while the NADP+/NADPH ratio increased (Supplementary Figure S4A, B). We next 

quantified ROS by staining with the fluorogenic dye DCFDA but did not observe differences 

between SIRT5 WT MDA-MB-231 cells and SIRT5 edited clones (Figure 4I). However, 

DCFDA can only penetrate the outer mitochondrial membrane [42], and the subcellular 

localization of SIRT5 suggested that SIRT5 might mitigate mitochondrial ROS in particular. 

We therefore used MitoSOX to measure mitochondrial superoxide levels. SIRT5-targeted 

MDA-MB-231 clones showed significantly increased mitochondrial superoxide as compared 

to SIRT5 WT cells (Figure 4J). Interestingly, we observed significantly increased staining 

with both DCFDA and MitoSOX in SIRT5−/− compared to SIRT5+/+ HCT116 cells 

(Supplementary Figure S4C, D). Collectively, these data demonstrate that cancer cells rely 

on SIRT5 to mount important cellular antioxidant defenses and combat mitochondrial ROS, 

a mechanism that may contribute to anchorage-independent growth and tumor progression.

Development of cell permeable SIRT5-selective inhibitors.

Given that SIRT5 promotes mammary tumorigenesis, SIRT5 inhibitors may have therapeutic 

potential for treating breast cancer. Because no potent cell permeable SIRT5 inhibitors had 

been reported, we set out to develop SIRT5 inhibitors to test this idea. We previously 

demonstrated that a thiosuccinyllysine peptide, H3K9TSu, inhibits SIRT5 selectively in vitro 
[25]. However, H3K9TSu has poor cell permeability and does not show SIRT5 inhibition in 

cells. To improve cell permeability, we shortened the peptide to a compound, QZ-3a, with a 

single thiosuccinyllysine residue. After truncation, SIRT5 inhibition was abolished. 

However, replacing thiosuccinyl with thioglutaryl led to QZ-3b, which showed modest 

SIRT5 inhibition with an IC50 of 43 μM. To simplify the synthesis, we replaced the 

thioamide with thiourea. Interestingly, the thiourea compound, QZ-I5, had much better 

SIRT5 inhibition with an IC50 of 5.6 μM. Adding a hydroxyl group on the C-terminal 

benzene ring of QZ-I5 led to JH-I5–2. It has been reported that this additional hydroxyl 

group provides a hydrogen bond for tighter binding with the sirtuin peptide backbone [43, 

44]. Satisfyingly, JH-I5–2 showed stronger SIRT5 inhibition with an IC50 of 2.1 μM (Figure 

5A).

To increase the potency of SIRT5 inhibition, we replaced the carboxybenzyl group (Cbz) of 

JH-I5–2 and added an amino acid, leading to four new compounds, YC6–60, YC6–62, 

DK-106, and DK1–04 (Figure 5B). These dipeptide-based SIRT5 inhibitors showed 

comparable or lower SIRT5 IC50 values than the single lysine-based SIRT5 inhibitors. 

Among them, DK1–04 portrayed the strongest SIRT5 inhibition with an IC50 of 0.34 μM, 

which was the lowest among the SIRT5 inhibitors tested (Figure 5B). JH-I5–2 and DK1–04, 

the most potent single lysine-based and dipeptide-based inhibitors, respectively, showed no 
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inhibition of SIRT1–3 and 6 deacylation activity at 83.3 μM. Next, we explored the 

inhibitory mechanism by capturing stalled covalent intermediates of DK1–04 and NAD+. 

Previously, the thioacetyl peptides or inhibitors were found to form covalent 1’-S-

alkylimidate intermediates to inhibit sirtuins [43–46], and we predicted that our SIRT5 

inhibitors would form similar stalled covalent intermediates. Using LC-MS under the 

negative ion mode, we captured single-charged and double-charged ion mass traces of the 

covalent intermediate of DK1–04 and NAD+ (Supplementary Figure S5), confirming DK1–

04 as a mechanism-based SIRT5 inhibitor.

Because JH-I5–2 and DK1–04 contain a free carboxylic acid, which might hinder cellular 

permeability, we developed two different pro-drug forms of these compounds: JH-I5–2am, 

JH-I5–2e, DK1–04am and DK1–04e (Figure 5C). The carboxylic acid is protected with 

either an acetomethoxy (am) or ethyl ester (e) group, which become hydrolyzed in cells to 

release the active SIRT5 inhibitors, JH-I5–2 and DK1–04. These pro-drug SIRT5 inhibitors 

were further used to evaluate drug efficacy in both cellular and in vivo settings.

SIRT5 prodrug inhibitors affect cancer cell growth in vitro.

The cellular cytotoxicity of the four pro-drug inhibitors was measured in 2D proliferation 

assays with MCF7 and MDA-MB-231 breast cancer cells. DK1–04am and DK1–04e 

showed greater cytotoxicity than JH-I5–2am and JH-I5–2e, which correlated with stronger 

in vitro SIRT5 inhibition by DK1–04 than JH-I5–2. In addition, the ethyl ester protected 

compound displayed greater cytotoxicity, as DK1–04e impeded cellular growth better than 

DK1–04am in breast cancer cells (Figure 6A). Among the four pro-drug inhibitors, DK1–

04e showed the strongest cell growth inhibition. We also tested the two active forms of the 

SIRT5 inhibitors, JH-I5–2 and DK1–04. As expected, due to poor cell permeability, JH-I5–2 

and DK1–04 did not affect cell proliferation. Furthermore, we tested the four pro-drug 

SIRT5 inhibitors in 2D cellular proliferation assays with various cancer cell lines, including 

lung (A549, NCI-H23), melanoma (B16-F10), colon (HCT-116) and pancreatic (CFPAC1) 

cancers. As in breast cancer cell lines, DK1–04e exhibited the strongest cytotoxicity, 

suggesting a broad anti-cancer effect (Supplementary Figure S6A). DK1–04am and DK1–

04e, the inhibitors with strongest cytotoxicity, were less effective against non-tumorigenic 

HME1 mammary epithelial cells than MCF7 cells (Supplementary Figure S6B), suggesting 

that both compounds displayed cancer selectivity.

Given that genetic SIRT5 targeting impaired anchorage-independent growth (Figure 2 and 

Supplementary Figure S2), we further tested the effect of the four pro-drug SIRT5 inhibitors 

on anchorage-independent growth. All four SIRT5 inhibitors potently suppressed the 

anchorage-independent growth of MCF7 and MDA-MB-231 breast cancer cells. Consistent 

with the cell proliferation assays, DK1–04 prodrugs showed slightly stronger effects than 

JH-I5–2, and DK1–04e showed stronger inhibition of anchorage-independent growth than 

DK1–04am (Figure 6B, C and Supplementary Figure S7). Thus, in both cell proliferation 

and anchorage-independent growth assays, targeting SIRT5 through either small molecule 

inhibitors or genetic perturbation similarly suppresses the transformed properties of breast 

cancer cells.
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The effects of SIRT5 prodrug inhibitors on cancer cells are dependent on SIRT5 inhibition.

We next evaluated whether the compounds indeed inhibited SIRT5 in cells. All four 

compounds increased global lysine succinylation in MCF7 cells (Figure 6D). DK1–04e and 

DK1–04am, with stronger cytotoxicity, increased succinylation more than JH-I5–2am and 

JH-I5–2e. Also, the ethyl ester protected compounds showed stronger SIRT5 inhibition in 

MCF7 cells than the acetomethoxy protected compounds. Among the four SIRT5 inhibitors, 

DK1–04e displayed the strongest cytotoxicity and increased lysine succinylation the most. 

Thus, the effects of these inhibitors were tightly correlated with their ability to inhibit 

SIRT5. Both cytoplasmic and mitochondrial subcellular fractions exhibited significantly 

increased global succinylation after DK1–04e treatment, whereas the change was minimal in 

the nuclear fraction (Supplementary Figure S8). Consistent with the conclusion that the 

effects of DK1–04e resulted from SIRT5 inhibition, inhibitor treatment of MDA-MB-231 

cells significantly increased mitochondrial oxidative stress (Supplementary Figure S4E), 

similar to the results from genetic SIRT5 inactivation.

Next, we synthesized DK1–04(O) and DK1–04e(O) with oxygen replacing the sulfur in 

DK1–04 and DK1–04e, respectively (Figure 6E). Based on the mechanism of how these 

inhibitors work, we expected that DK1–04(O) would not inhibit SIRT5. As expected, DK1–

04(O) did not inhibit SIRT5 desuccinylation activity even at 83.3 μM. Satisfyingly, in 2D 

proliferation assays, DK1–04e(O) caused much less cell cytotoxicity than DK1–04e in 

MCF7 (Figure 6F) or MDA-MB-231 (Supplementary Figure S6C) cells. Similarly, in soft 

agar assays, DK1–04e(O) was less effective compared to DK1–04e (Figure 6G). Finally, we 

tested DK1–04e on both parental SIRT5 WT and SIRT5-targeted MDA-MB-231 clones. We 

hypothesized that SIRT5 CRISPR/Cas9-editing would render MDA-MB-231 clones highly 

dependent on residual SIRT5 expression and therefore more vulnerable to SIRT5 inhibition. 

Indeed, DK1–04e caused greater cellular cytotoxicity in SIRT5 targeted clones 

(Supplementary Figure S6D). Overall, these results support that SIRT5 inhibitory activity is 

important for the cellular cytotoxicity of DK1–04e.

SIRT5 inhibition suppresses mammary tumor growth in mouse models.

We next tested whether pharmacological SIRT5 inhibition could be useful for treating breast 

cancer in vivo using the MMTV-PyMT model. Upon initial mammary tumor palpation, 

female MMTV-PyMT mice received intraperitoneal (IP) injections of either the control 

vehicle (DMSO) or DK1–04e at 50 mg/kg, five times per week for 6 weeks. DK1–04e 

treatment reduced tumor burden when compared to vehicle treatment (Figure 7A). Total 

tumor weight was significantly lower in DK1–04e treated mice compared to controls (Figure 

7B). Similar to results with genetic Sirt5 inactivation, there were no significant differences 

in proliferation, mitotic figures or necrotic area between DK1–04e and vehicle-treated 

MMTV-PyMT mice (Supplementary Figure S9A-D). MMTV-PyMT mice treated with 

DK1–04e exhibited little alteration in metastasis as compared to vehicle control mice 

(Supplementary Figure S9E, F), perhaps because treatment was initiated upon tumor 

palpation, which may not be an early enough intervention to inhibit metastasis completely.

We detected the active SIRT5 inhibitor DK1–04 in serum, fat, and tumor, suggesting 

effective in vivo distribution, bioavailability, and stability. Importantly, DK1–04e treatment 
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did not cause apparent overt toxicity or body weight loss in mice (Figure 7C). Toxicity was 

further assessed by measurement of serum analytes from mice following chronic DK1–04e 

treatment, and the resulting data were within normal ranges, further indicating that the 

SIRT5 inhibitor is well tolerated (Supplementary Figure S9G). Finally, we addressed target 

engagement by evaluating global protein succinylation in DK1–04e-treated or control 

mammary tumors. Protein succinylation levels were substantially increased in tumors from 

DKI-04e treated mice, providing further evidence that DK1–04e treatment effectively 

reduced SIRT5 activity in vivo (Figure 7D). Another SIRT5 inhibitor prodrug, JH-I5–2am 

similarly inhibited tumor growth in MMTV-PyMT mice (Supplementary Figure S10). 

Together, these results indicate that pharmacological inhibition of SIRT5 has anticancer 

properties in the MMTV-PyMT model.

We further tested the SIRT5 inhibitor DK1–04e in a breast cancer cell line xenograft mouse 

model in which human MDA-MB-231 cells were subcutaneously injected into 

immunocompromised NSG mice. DK1–04e treatment (50 mg/kg, daily for 3 weeks) 

significantly reduced xenograft growth as well as overall tumor size and weight at endpoint 

(Figure 7E-G). There were no significant differences in tumor morphology, cell 

proliferation, or necrotic area between the two treatment groups (Supplementary Figure 

S9H-K). Consistent with the findings from the MMTV-PyMT mammary tumor model, 

DK1–04e did not cause any apparent toxicity or significant weight loss in mice with 

xenografts (Figure 7H). These results suggest that SIRT5 inhibitors have the potential to 

effectively treat breast cancer.

DISCUSSION

Elevated SIRT5 expression has been observed in a variety of cancers [16–18], and in breast 

cancer is associated with poor patient outcomes [19]. Here, we show that genetic or 

pharmacological SIRT5 disruption inhibited the anchorage-independent growth of cultured 

breast cancer cells and significantly reduced tumor progression in vivo, indicating that 

SIRT5 is an attractive candidate as a potential therapeutic target. SIRT5 functions as a de-

acylase, and succinyl-lysine residues are one of its primary substrates [8, 11]. The process of 

protein succinylation is poorly understood but may be the product of a spontaneous reaction 

involving succinyl-CoA [47, 48]. SIRT5 is the only known mitochondrial desuccinylase, and 

many proteins in major metabolic pathways are modulated by SIRT5-regulated succinylation 

[10, 21, 24, 38, 49], including the TCA cycle, fatty acid metabolism, and amino acid 

degradation. These pathways provide energy and biosynthetic precursors, and their 

deregulation is associated with aberrant cancer cell proliferation [41, 50].

Our findings indicate that breast cancer cells are addicted to SIRT5 for anchorage-

independent growth and suggest that the SIRT5-dependency is an example of non-oncogene 

addiction. Normal cells do not require SIRT5 for survival, whereas cancer cells have 

increased reliance on SIRT5, possibly because of their increased stress levels. Anchorage-

independent growth causes increased ROS [40], rendering cells more reliant on mechanisms 

to remove ROS. We observed that a key enzyme for combatting ROS, IDH2, was 

hypersuccinylated upon SIRT5 loss, suggesting that mitigating ROS via IDH2 may be one 

mechanism by which SIRT5 supports transformed cells. However, the phenotypic impact of 
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SIRT5 loss may represent the cumulative effect on multiple SIRT5 targets. Indeed, we 

previously reported that SIRT5-mediated desuccinylation stabilizes GLS in breast cancer 

cells and may thereby promote glutamine metabolism, which in several cancer contexts is 

important for cell proliferation or survival [39]. Even though most of our data focused on 

breast cancer, we observed that SIRT5 inactivation inhibits several other types of cancer 

cells, possibly reflecting broad reliance on SIRT5 across several different cancers to combat 

oxidative stress.

Importantly, we demonstrated that pharmacological SIRT5 inhibition significantly reduced 

tumor growth in two different mouse models of breast cancer. Although SIRT5 inhibitors 

have previously been reported, most are limited by poor cell permeability and, to our 

knowledge, have not previously been tested in vivo. The SIRT5 inhibitors reported here 

demonstrate for the first time that pharmacological SIRT5 inhibition has promise as a 

mechanism-based strategy to treat cancer. Notably, Sirt5 global knockout mice have only 

very mild phenotypes, including increased serum ammonia level [51] and cardiac 

hypertrophy in aged mice [38]. Likewise, SIRT5 inhibitors have modest effects on normal 

cells, and mice treated with SIRT5 inhibitors did not show signs of toxicity. These data 

suggest that SIRT5 is dispensable under normal conditions but required by cancer cells, 

highlighting its value as an actionable target in cancers. The SIRT5 inhibitors developed here 

will be useful tools to study SIRT5 functions and explore the therapeutic potential of 

targeting SIRT5.

MATERIALS AND METHODS

Antibodies and Immunoblotting.

As detailed in the Supplementary information, all antibodies were purchased from 

commercial sources, and immunoblotting was performed using standard approaches.

Mice.

All animals used in this study were handled in accordance with federal and institutional 

guidelines, under a protocol approved by the Cornell University Institutional Animal Care 

and Use Committee. Mice were housed under specific pathogen-free conditions in an 

Association for the Assessment and Accreditation of Laboratory Animal Care International 

accredited facility and cared for in compliance with the Guide for the Care and Use of 

Laboratory Animals.

Cell culture methods.

Cell culture conditions, preparation of mouse embryonic fibroblasts, cell immortalization, 

viral transduction, and CRISPR genome editing were conducted using standard approaches 

that are described in detail in the Supplementary information. Quantification of population 

doublings, 2D cellular viability, and soft agar growth was conducted using standard 

approaches described in the Supplementary information. Two to three independent 

experiments were performed for each measurement.
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Monitoring mammary tumor development and tissue collection.

Sirt5+/+ PyMT and Sirt5−/− PyMT female mice were palpated for tumors every other day 

beginning at 4 weeks of age. Detailed humane endpoint criteria and methods for euthanasia, 

tissue collection, and histopathological analysis, as well as methods for SIRT5 inhibitor 

treatment of mice, are provided in the Supplementary information.

Succinylation proteomics.

Frozen powdered mammary tumor tissues from 4 Sirt5+/+ PyMT and 4 Sirt5−/− PyMT mice 

were homogenized, lysed, and analyzed by Nano LC-MS/MS for the identification and 

quantification of succinyl-lysine peptides as previously described [38].

High performance liquid chromatography for GSH and NADP+/NADPH measurement.

Intracellular glutathione and NADP+/NADPH levels were determined using standard 

methods; additional experimental details are provided in the Supplementary information. 

Three independent experiments were performed for each measurement.

Measurement of reactive oxygen species.

MDA-MB-231 or HCT116 cells in triplicate were incubated with 7-Amino-Actinomycin D 

(BD Bioscience), stained with CM-H2DCFDA or MitoSOX Red (Thermo Fisher Scientific), 

and analyzed by flow cytometry. Three to four independent experiments were performed for 

each measurement.

Syntheses and characterization of various SIRT5 inhibitors.

Detailed descriptions of compound synthesis and characterization are provided in the 

Supplementary information.

Cloning, expression and purification of SIRT1, 2, 3, 5 and 6.

Human SIRT1, SIRT2, SIRT3 and SIRT5 were cloned, expressed and purified as previously 

reported [45, 52].

Deacetylase, desuccinylase activity assays of SIRT1, 2, 3, 5 and 6.

To measure the in vitro IC50 values of the synthesized inhibitors on SIRT1, 2, 3, 5 and 6 

previously reported procedure was followed (n = 3, biological replicates) [45, 52].

Preparation of Ac-H3K9, Succinyl-H3K9 peptides.

The sequence of Ac-H3K9 peptide for de-acetylase sirtuin enzymatic assay was KQTAR-

(Ac-K)-STGGWW. The sequence of Succinyl-H3K9 peptide was KQTAR-(Succinyl-K)-

STGGWW. Both were synthesized by FOCUS peptide synthesizer, as previously reported 

[45].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SIRT5 is overexpressed in human breast cancer.
(A) SIRT5 copy number alteration (amplification (red), gain (pink), deep deletion (blue), 

shallow deletion (aqua blue)) across different histopathological breast cancer subtypes: 

invasive ductal carcinoma (IDC), invasive lobular carcinoma (ILC), mixed ductal/lobular 

(Mixed), and other invasive carcinoma types (IC (other)). (B) SIRT5 mRNA expression 

levels (determined by RNA-seq) with respect to relative DNA copy-number alterations in 

TCGA breast cancers. Results from the query (SIRT5: AMP GAIN MUT HOMDEL 

HETLOSS) were analyzed and plotted using the TCGA dataset (n = 817) in cBioPortal. 

Presented data are the mean values ± standard deviation. (C) SIRT5 mRNA expression 

levels (determined by microarray) across breast invasive carcinoma subtypes classified by 

Pam50: normal-like, luminal A, luminal B, HER2-enriched and basal. Results from the 

query described above were analyzed and plotted using the TCGA (n = 481 total, n = 8 

normal-like, n = 212 luminal-A, n = 119 luminal-B, n = 55 HER2-enriched, n = 87 basal) 

and METABRIC (n = 1669 total, n = 140 normal-like, n = 679 luminal-A, n = 461 luminal-

B, n = 220 HER2-enriched, n = 199 basal) datasets in cBioPortal (* means p value <0.0001, 

One-way ANOVA, Tukey’s multiple comparisons test). (D) Genetic alterations of SIRT5 and 

recurrently altered genes: MYC, TP53, PIK3CA, CDH1, GATA3 in breast invasive 

carcinomas. Values in the left of the diagram reflect the total percentage of copy number 

alterations for the corresponding gene across 817 breast invasive carcinoma samples. Results 

from the query (GENE: MUT AMP HOMDEL GAIN HETLOSS) were analyzed and 
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plotted using the TCGA dataset in cBioPortal. (E) Kaplan-Meier curves comparing the 

overall survival of patients with and without amplification or gain of SIRT5 copy number 

across the mixed histology subpopulation. Results from the query (SIRT5: AMP GAIN) 

were analyzed and plotted using the TCGA dataset (n = 88, mixed histology subtype) in 

cBioPortal (p value = 0.0226, Log Rank Test).
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Figure 2. Sirt5 knock-down inhibits the anchorage-independent growth of human cancer cells.
(A) Gel image of RT-PCR products for SIRT5 and GAPDH as loading control, showing 

effective SIRT5 knockdown by two different siRNA in SKBR3 (breast cancer) and 

CRL-5800 (lung cancer) cells. (B) Representative images of soft-agar assay demonstrating 

that SIRT5 knockdown inhibits colony formation in SKBR3 and CRL-5800 cancer cells. 

Number of colonies counted is shown below the images. (C) Immunoblot for SIRT5 and 

GAPDH as a loading control in parental SIRT5 WT MDA-MB-231 cells and CRISPR/Cas9-

edited SIRT5 clones 1 and 2 (n = 3 independent experiments). (D) Population doubling 
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analysis of MDA-MB-231 cells, comparing the proliferation of parental SIRT5 WT cells and 

CRISPR/Cas9-edited SIRT5 clones 1 and 2. (E) Representative images for soft agar growth 

assay with the parental SIRT5 WT cells and CRISPR/Cas9-edited SIRT5 clones 1 and 2. (F) 
Quantification of colony numbers in soft agar assays with parental SIRT5 WT cells and 

CRISPR/Cas9-edited SIRT5 clones 1 and 2. Data are presented as mean values ± standard 

deviation (** P value < 0.01, Unpaired t-test, n = 2 independent experiments). (G) 
Representative images from invasion assays using a Boyden chamber coated with matrigel, 

comparing MDA-MB-231 parental SIRT5 WT cells and CRISPR/Cas9-edited SIRT5 clones 

1 and 2. (H) Quantification of MDA-MB-231 cell migration in the invasion assay. Data are 

presented as mean values ± standard deviation (**** P value < 0.0001, Unpaired t-test, n = 3 

independent experiments).
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Figure 3. Sirt5 deletion impairs tumor growth and reduces metastasis burden in vivo.
(A) Kaplan Meier tumor free survival curve for Sirt5+/+ PyMT (n = 30) and Sirt5−/− PyMT 

(n = 25) mice. A slight delay in mammary tumor development was observed in Sirt5−/− 

PyMT mice (P value = 0.1352, Log Rank (Mantel-Cox test)). (B) Representative carmine 

alum and H&E-stained whole mammary glands from 42 days old Sirt5+/+ PyMT (n = 3) and 

Sirt5−/− PyMT mice (n = 4). (C) Kaplan Meier overall survival curve for Sirt5+/+ PyMT (n = 

15) and Sirt5−/− PyMT (n =13) mice. Prolonged survival was observed in Sirt5−/− PyMT 

mice (P value = 0.0256, Log Rank (Mantel-Cox test)). (D) Representative images of 

mammary tumors collected fifty days after palpation of the first tumor in Sirt5+/+ PyMT (n = 

9) and Sirt5−/− PyMT (n = 10) mice. (E) Total tumor weight for the same Sirt5+/+ PyMT and 

Sirt5−/− PyMT mice. Data are presented as the mean values ± standard deviation, (* P value 

= 0.0435, Mann-Whitney test). (F) Representative hematoxylin and eosin (H&E) staining of 

mammary tumor sections from Sirt5+/+ PyMT (n = 9) and Sirt5−/− PyMT (n = 10) mice. 

Tumors were harvested 50 days after initial tumor detection. Scale bars represent 2 mm, 1 

mm and 100 μm. (G) Representative images of lung tissues from Sirt5+/+ PyMT (n = 9) and 

Sirt5−/− PyMT (n = 10) mice. Scale bars represent 2 mm and 400 μm. (H) Quantification of 

number of foci observed in lung tissues from Sirt5+/+ PyMT (n = 9) and Sirt5−/− PyMT (n = 

10) mice. Presented data are the mean values ± standard deviation, (* P value = 0.0339, 
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Unpaired t-test). Lung tissue was harvested 50 days after initial tumor detection and 5 H&E 

slides were analyzed per mouse.
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Figure 4. Sirt5 deletion significantly increases succinylation levels of proteins and increases ROS 
levels.
(A) Immunoblot of mammary tumor lysates with anti-succinyllysine antibody. Tissue lysates 

were prepared using tumor tissues from mice that were euthanized 50 days after initial 

tumor detection. Tumor tissues from Sirt5−/− PyMT mice showed increased succinylation 

levels when compared to Sirt5+/+ PyMT. Coomassie blue staining was used as a loading 

control. (B) In-vitro reaction of SIRT5 with mammary tumor extracts from Sirt5−/− PyMT 

mice. Recombinant (Rec) SIRT5 was added into a mixture containing 5, 10, 15 or 20 μg of 
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tumor lysate from a Sirt5−/− PyMT mouse and incubated at 45 °C for an hour. Western 

blotting with an anti-succinyllysine antibody was used to examine succinylation levels. 

Reduced succinylation was observed upon SIRT5 treatment. Coomassie blue staining was 

used as a loading control. (C) Venn diagram showing the number of unique succinylated 

peptides identified in the proteomics studies performed with Sirt5+/+ PyMT and Sirt5−/− 

PyMT mammary tumors (4 mice per genotype). (D) List of the top ten proteins with the 

highest number of succinylated peptides in Sirt5−/− PyMT mammary tumors. (E) 
Immunoprecipitation of ectopically expressed FLAG-tagged wild-type IDH2 from lysates of 

MDA-MB-231 parental SIRT5 WT cells and CRISPR/Cas9-edited SIRT5 clones 1 and 2 

followed by western blot analysis using an anti-succinyllysine antibody. (F) Schematic of 

SIRT5-mediated regulation of IDH2. (G) Intracellular glutathione (GSH) levels of mammary 

tumors collected fifty days after initial tumor detection in Sirt5−/− PyMT mice relative to 

Sirt5+/+ PyMT controls (* P value = 0.0150, Unpaired t-test, n = 3 for each group). (H) 
Intracellular glutathione levels in CRISPR/Cas9 edited MDA-MB-231 clones 1 and 2 

relative to SIRT5 WT parental cells. Glutathione levels were determined by HPLC. (*** P 

value = 0.0008, *** P value = 0.0004, Unpaired t-test, n = 3 technical replicates, in 3 

independent experiments). (I) Median fluorescence intensity (MFI) quantification of 

DCFDA in MDA-MB-231 clones 1 and 2 relative to SIRT5 WT parental cells. No statistical 

differences were observed. (P = 0.0827, P = 0.0724, Unpaired t-test, n = 4 technical 

replicates, in 2 independent experiments). (J) Quantification of MitoSOX positive cells in 

MDA-MB-231 clones 1 and 2 relative to SIRT5 WT parental cells. (*** P = 0.0002, * P = 

0.0319, Unpaired t-test, n = 4 technical replicates, in 2 independent experiments). DCFDA 

and MitoSOX were measured by flow cytometry. Data are presented in panels G to J as 

mean values ± standard deviation.
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Figure 5. Development of thiourea SIRT5 inhibitors JH-I5-2 and DK1-04.
(A) The development of JH-I5-2 from a peptide-based inhibitor H3K9TSu. The in vitro 
IC50 value of each compound is indicated (n = 3 biological replicates). (B) Structures of 

four dipeptide-based SIRT5 inhibitors developed. (C) Structures of prodrug forms of JH-

I5-2 and DK1-04.
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Figure 6. DK1-04e inhibits the cellular growth of breast cancer cells by targeting SIRT5.
(A) Cellular proliferation assay with MCF7 and MDA-MB-231 cells treated with indicated 

inhibitors for 72 hours (n = 3 technical replicates). (B) Soft agar colony formation assay of 

MCF7 and MDA-MB-231 cells treated with DK1-04e for 10 days. (C) GI50 values of the 

four SIRT5 inhibitor prodrugs for MCF7 cells in cell viability and soft agar assays (n = 3 

technical replicates). (D) Immunoblots of global lysine succinylation of MCF7 cells treated 

with 50 μM of indicated inhibitors for 24 hours. Coomassie blue staining was used as a 

loading control. (E) Structures of the negative control compounds, DK1-04(O) and 
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DK1-04e(O). (F) Cellular proliferation assay of MCF7 cells treated with DK1-04e(O) for 72 

hours (n = 3 technical replicates). (G) Soft agar colony formation assay of MCF7 cells 

treated with DK1-04e(O) for 10 days.
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Figure 7. SIRT5-selective inhibitor DK1-04e impairs mammary tumor growth in MMTV-PyMT 
transgenic mice and human breast cancer mouse model.
(A) Representative images and (B) total tumor weight of mammary tumors from MMTV-

PyMT mice that were treated 5 times per week for 6 weeks with 50 mg/kg DK1-04e (n = 8) 

or vehicle (n = 8) upon initial tumor detection. MMTV PyMT mice treated with DK1-04e 

showed reduced tumor weight as compared to vehicle treated controls. (** P value = 0.006, 

Unpaired t-test, n = 8 per group). (C) Average body weight of mice treated with DK1-04e (n 

= 8) or control vehicle (n = 8) for 6 weeks. (D) Immunoblots of global lysine succinylation 
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and subcellular marker controls (Lamin A/C, Tubulin, Tom20) on mitochondria-enriched 

fractions of mammary tumor lysates from MMTV-PyMT mice treated with 50mg/kg 

DK1-04e or vehicle for 6 weeks. Coomassie blue staining was used as a loading control. (E) 
Tumor volume over time in NSG mice engrafted with MDA-MB-231 cells and treated daily 

with either DK1-04e or vehicle control for 21 days. (*** P value = 0.00014, Linear-Mixed 

Model, n = 7 tumors per group). (F) Representative images of tumors from MDA-MB-231 

xenograft mice treated daily with 50mg/kg DK1-04e or vehicle control for 21 days. n = 7 

tumors per group. (G) Quantification of tumor weight. Xenograft mice treated with 

DK1-04e had a reduction in tumor size and weight when compared to vehicle controls. (** P 

value = 0.0079, Unpaired t-test, n = 7 tumors per group). (H) Average body weight of mice 

treated with DK1-04e or control vehicle for 6 weeks. n = 4 mice per group. Data shown in 

panels B, C, E, G and H are mean values ± standard deviation.
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