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 Cancer is among the leading causes of death worldwide, highlighting the urgent 

need for identification of new targets and the development of new strategies to 

intervene against this disease. Recently, it was reported that several members of the 

sirtuin family (Sirt1-7), the mammalian orthologs of the silent information regulator 2 

(Sir2) in Saccharomyces cerevisiae, play important roles in carcinogenesis. In mammals 

there are three mitochondrial sirtuins, SIRT3, SIRT4, and SIRT5. Among these, SIRT5 

is the only known enzyme that catalyzes nicotinamide adenine dinucleotide-dependent 

demalonylation, desuccinylation and deglutarylation. SIRT5 impacts diverse metabolic 

pathways. One substrate of SIRT5 is carbamoyl phosphate synthase 1 (CPS1), an 

enzyme involved in the rate-limiting step of the urea cycle. By deacylating CPS1, SIRT5 

promotes urea cycle function and clearance of toxic ammonia. Sirt5-deficient mice fail to 

up-regulate CPS1 activity and show elevated blood ammonia during fasting. SIRT5 

regulates mitochondrial respiration by targeting glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), pyruvate kinase M2 (PKM2), pyruvate dehydrogenase 

complex (PDH), isocitrate dehydrogenase 2 (IDH2) and succinate dehydrogenase 

(SDH). SIRT5 also controls glutamine metabolism by targeting glutaminase (GLS), and 

fatty acid metabolism by activating very long-chain acyl-CoA dehydrogenase (VLCAD), 

enoyl-CoA hydratase (ECHA) and 3-Hydroxy-3-Methylglutaryl-CoA Synthase 2 
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(HMGCS2). SIRT5 has also been implicated in regulating NADPH generation and redox 

potential by deglutarylating glucose 6-phosphate dehydrogenase (G6PD) and 

desuccinylating superoxide dismutase 1 (SOD1). 

 Recent studies revealed that SIRT5 knock-down in human breast and lung 

cancer cells inhibited their transformed properties, whereas it had no significant effect 

on the growth of normal cells. Furthermore, it has been shown that the expression 

levels of SIRT5 are increased in several human cancers, often due to gene 

amplification. We hypothesize that SIRT5 is required by cancer cells to regulate the 

post-translational modifications of key enzymes involved in cancer metabolism. This 

dissertation aims to (A) elucidate the role of SIRT5 in cancer by using both, in vitro and 

in vivo approaches, (B) identify targets for desuccinylation catalyzed by SIRT5 in cancer 

cells, (C) evaluate the impact of Sirt5 loss on the expression of genes that might be 

critical for tumor progression, and (D) test the effect of SIRT5 inhibition in tumor 

progression.  

 To study the effect of Sirt5 deficiency on mammary tumorigenesis, we used 

MMTV-PyMT transgenic mice, a genetically engineered model in which the animals 

develop metastatic mammary adenocarcinoma. We tested how mammary tumor 

latency, multiplicity, size and histological grade are affected by Sirt5 loss, and found that 

Sirt5 knockout (Sirt5-/-) mice had delayed mammary tumor onset, significantly increased 

overall survival, and decreased incidence of lung metastasis as compared to controls. 

Thus, SIRT5 loss significantly reduced cancer cell proliferation in vitro and mammary 

tumor growth in vivo.  
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  To extend our knowledge of the pro-tumorigenic roles of SIRT5, we used 

another in vivo model that recapitulates glutamine-dependency of human cancers. We 

used a genetic mouse model in which Sirt5 is knocked out and c-Myc is constitutively 

activated in B cells. Unexpectelly, Sirt5 loss in Eμ-Myc transgenic mice did not affect 

lymphoma incidence and mortality, even though it targets multiple key metabolic 

enzymes, suggesting that the pro-tumorigenic roles of SIRT5 are tissue or oncogene-

specific. 

 Immunoblotting for succinyl-lysine levels in mammary tumor tissues from Sirt5-/- 

PyMT and Sirt5+/+ PyMT mice revealed that there were several proteins with greatly 

increased succinylation in Sirt5-/- PyMT mammary tumors. To identify targets for 

desuccinylation catalyzed by SIRT5, we performed liquid chromatography-mass 

spectrometry (LC-MS) analysis on tumor tissues from Sirt5-/- PyMT and Sirt5+/+ PyMT 

mice. We identified many metabolic enzymes that were highly succinylated in Sirt5-/- 

PyMT mammary tumors, many of which are known to plays a critical role in the 

metabolic reprograming of cancer cells.  

 To investigate how Sirt5 loss affects gene expression, we performed a 

comparative analysis of expression profiles in mammary tumors from Sirt5+/+ PyMT and 

Sirt5-/- PyMT mice. We identified significant dysregulation of 129 genes involved in 

multiple cellular processes such as cellular metabolism, circadian clock, and 

inflammation. Among these dysregulated genes, serum amyloid A (Saa), a gene that 

encodes for an acute phase protein linked to inflammation, was significantly 

downregulated in Sirt5-/- PyMT mammary tumors. Increased levels of SAA have been 

linked to tumor pathogenesis and metastasis.  
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 In light of the tumor promoting activity of SIRT5 and the grossly normal 

phenotype of Sirt5-/- mice, we tested SIRT5-selective small molecule inhibitors as 

cancer therapeutics. Pharmacological inhibition of SIRT5 repressed the anchorage 

independent growth of cancer cells and suppressed tumor progression in vivo. 

Together, these data demonstrate the importance of SIRT5-regulated post-translational 

modification in cancer metabolism and highlight novel regulatory events that are 

important for cancer progression.  
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CHAPTER 1. LITERATURE REVIEW 

1.1 Breast cancer overview 

 Cancer is one of the leading causes of morbidity and mortality worldwide, 

with approximately 14 million new cases in 2012, and 8.8 million cancer deaths in 2015 

(Ferlay et al. 2015). Among all cancer types, invasive breast cancer is one of the most 

common cancers diagnosed in women. In 2012, almost 1.7 million people were 

diagnosed with invasive breast cancer and about 500,000 died from this disease (Ferlay 

et al. 2015). According to the Breast Cancer Organization, 12% of all women in the U.S. 

will be diagnosed with invasive breast cancer over the course of their lifetime (Breast 

Cancer Organization, 2017). Statistical studies predict that by 2017, 252,719 women in 

the U.S will be diagnosed with invasive breast cancer (Table 1.1) (American Cancer 

Society, 2017). 

 A continuous decline in breast cancer death rates has been reported over 

the last two decades. This decline is mostly due to improvements in early detection and 

treatments. Despite this decline, it is estimated that 40,610 women will die from invasive 

breast cancer by the end of 2017 (Table 1.2). Furthermore, invasive breast cancer is 

still the second leading cause of cancer-related death in women in developed countries 

and the most common cause of death in women in less developed countries (Ferlay et 

al. 2015).  

  

1.2 Breast cancer type 

  There are many types of breast cancer. Breast cancer is classified based on 

the type of cells in the breast that are affected. The most common type of breast cancer
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Table 1.1 Leading sites of estimated new cancer cases in the United States by 

2017 in female.* 

Site Number of cases Percentage 

Breast 252,710 30% 

Lung & bronchus 105,510 12% 

Colon & rectum 64,010 8% 

Uterine corpus 61,380 7% 

Thyroid 42,470 5% 

Melanoma of the skin 34,940 4% 

Non Hodgkin lymphoma 32,160 4% 

Leukemia 25,840 3% 

Pancreas 25,700 3% 

Kidney & renal pelvis 25,700 3% 

Others 182,210 21% 

All sites 852,630 100% 

* Estimated new cases are based on 1999-2013 incidence data reported by the North 

American Association of Central Cancer Registries (NAACCR). Estimates are rounded 

to the nearest 10. Data retrieved from the American Cancer Society, 2017.



 3 

Table 1.2 Leading sites of estimated deaths in the United States by 2017 in 

female.* 

Site Number of cases Percentage 

Lung & bronchus 71,280 25% 

Breast 40,610 14% 

Colon & rectum 23,110 8% 

Pancreas 20,790 7% 

Ovary 14,080 5% 

Uterine corpus 10,920 4% 

Leukemia 10,200 4% 

Liver & intrahepatic bile duct 9,310 3% 

Non-Hodgkin lymphoma 8,690 3% 

Brain & other nervous system 7,080 3% 

Others 66,430 24% 

All sites 282,500 100% 

* Estimated deaths are based on 2000-2014 US mortality data, National Center for 

Health Statistics, Centers for Disease Control and Prevention. Estimates are rounded to 

the nearest 10. Data retrieved from the American Cancer Society, 2017.
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is carcinoma. Carcinomas are tumors that arise from the epithelial component of the 

breast and can originate in the ducts (ductal carcinoma) or the lobules (lobular 

carcinoma). Carcinomas are often divided into in situ and invasive. In situ breast 

cancers remain in a particular area of the breast without spreading. Invasive breast 

cancers, in the other hand, infiltrate outside of the normal breast tissues and spread to 

other parts of the body.  

 Among in situ carcinomas, ductal in situ carcinoma (DCIS) is the most 

common type. DCIS cells are usually confined in the lining of the milk ducts without 

spreading throughout the duct walls. This type of cancer, if not treated on time, can 

become invasive. According to the American Cancer Society, DCIS accounts for about 

1 out of every 5 new breast cancer cases in the U.S. Women with DCIS have around 

30% risk of recurrence after treatment (American Cancer Society 2017). Recurrence is 

often observed 5 to 10 years after the initial diagnosis.  

 The most common type of breast cancer overall is invasive ductal carcinoma 

(IDC). According to the American Cancer Society, 8 of 10 breast carcinomas are IDC. 

IDC originates in the cells that line a milk duct in the breast, breaks through the wall of 

the duct and invades nearby tissues (American Cancer Society 2017). Over time, IDC 

can spread to the lymph nodes and other parts of the body. The second most common 

type of breast cancer is invasive lobular carcinoma (ILC). Lobular carcinoma starts in 

the milk-producing gland and can also metastasize to other parts of the body. ILC 

accounts for 10% of all the breast cancers diagnosed each year (American Cancer 

Society 2017).  
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 Other types of invasive breast carcinomas include: adenoid cystic 

carcinoma, low-grade adenosquamous carcinoma, medullary carcinoma, papillary 

carcinoma and tubular carcinoma. These types of invasive breast carcinomas are much 

less common and account for less than 5% of all breast cancers (American Cancer 

Society 2017).   

 Breast cancer is also categorized based on the molecular subtypes. There 

are five main molecular subtypes of breast cancer: Luminal A, Luminal B, human 

epidermal growth factor receptor-2 (HER2)-overexpressing, Triple-negative and Normal-

like breast cancer.  

 

Luminal A 

 Luminal A breast cancer is the most common subtype of breast cancer, 

accounting for approximately 50% of all subtypes (O'Brien et al. 2010; Voduc et al. 

2010). Luminal A breast cancers are positive for estrogen and progesterone-receptors 

(ER+, PR+), and negative for HER2 (HER2-). This type of breast cancer is 

characterized by low levels of Ki-67, a protein that controls proliferation of cells. Luminal 

A cancers are usually low-grade cancers (grade 1 or 2). Patients with Luminal A breast 

cancer have the best prognosis, with high survival rates and low recurrence rates 

(Voduc et al. 2010; Carey et al. 2014; Foukakis et al. 2016). Given that Luminal A 

tumors are ER+, they respond well to hormone therapy (Brenton et al. 2005).  

 

Luminal B 
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 Luminal B breast cancer is the second most common breast cancer. It 

accounts for nearly 10-20% of all breast cancers (Voduc et al. 2010). Luminal B breast 

cancers are characterized by low expression of estrogen and progesterone-receptors 

and high expression of HER2. These tumors tend to grow slightly faster than Luminal A 

subtypes, and their prognosis is significantly worse (Sorlie et al. 2003). However, 

women with Luminal B tumors tend to have fairly high survival rates, although not as 

high as those with Luminal A tumors (Metzger-Filho et al. 2013; Foukakis et al. 2016). 

Combined therapeutic strategies of chemotherapy and hormonal treatment are often 

used to treat Luminal B cancers (Ades et al. 2014).  

 

HER2-overexpressing 

 The HER2-overexpressing subtype accounts for about 5-15% of all breast 

cancers (Voduc et al. 2010). Tumors that overexpress HER2, are characterized by 

overexpression of other genes in the HER2 amplicon such as: GRB7, and PGAP3 (Dai 

et al. 2014). HER2 overexpressing tumors tend to grow faster than the luminal subtype 

and are more likely to be of grade 3. Compared to the luminal subtypes, patients with 

HER-overexpressing tumors, have a worse prognosis and high risk of early relapse 

(Brenton et al. 2005). Unlike other subtypes, HER2-overexpressing tumors can be 

treated with targeted therapies aimed at the HER2 protein. Among those targeted 

therapies include: Herceptin, Perjeta, Kadcyla, all of which are monoclonal antibodies, 

and Tykerb, a kinase inhibitor (Slamon et al. 2011).  

 

Triple-Negative 



 7 

 Triple-Negative breast cancers (TNBC) are all tumors that lack the 

expression of estrogen and progesterone-receptors, as well as HER2. There are 

several subgroups of triple-negative breast cancer; including basal-like, mesynchemal 

stem-like, mesynchemal-related and immunomodulatory groups. Among these 

subgroups, basal-like breast cancers are the most frequent subtype of TNBC, 

accounting for 15-20% of all breast cancers (Prat et al. 2014). Unlike other subtypes, 

TNBC is associated with younger patient age and commonly develop in African-

American and Hispanic women (Carey et al. 2006). In addition, most BRCA1-related 

breast cancers are both triple negative and basal-like (Hartman et al. 2012; Carey et al. 

2014). Patients with TNBC typically have a relatively poor prognosis when compared to 

other breast cancer subtypes due to an inherently rapid growth and invasiveness, and 

the lack of molecular targets for therapy (Perou et al. 2000; Rakha et al. 2008). The 

most common treatment for TNBC patients is chemotherapy.  

 

Normal-like 

 Normal-like breast cancer accounts for about 5-10% of all breast 

carcinomas. This subtype of breast cancer features expression of the hormone-

receptors (ER+ and PR+) but is HER2 negative. In addition, like Luminal A cancers, 

normal-like breast cancers have low levels of the protein Ki-67. Although the Normal-

like breast subtype shares the same hormone receptor status as Luminal A, it has 

different gene expression patterns and a slightly worse outcome than the Luminal A 

subtype (Breast Cancer Organization, 2017).   
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1.3 Risk factors for breast cancer 

 Doctors and researchers cannot explain why some individuals develop 

cancers while others don’t. However, research has demonstrated that there are certain 

risk factors that increase the chances of developing cancer. Among the risk factors that 

increase the risk of developing invasive breast cancer include:  gender, aging, genetic 

alterations, race, hormone changes, obesity, lack of exercise and alcohol consumption 

(American Cancer Society, 2017).  

 

Gender and Aging 

 The main risk factors for developing invasive breast cancer are gender and 

aging. The risk of developing invasive breast cancer in women is much more higher 

than men. There are estimated to be about 250,000 new cases of breast cancer this 

year in American women, while approximately 2,000 cases of breast cancer are 

expected to be diagnosed in American men (American Cancer Society, 2017). The main 

reason for the difference in breast cancer rates between women and men is because 

women breast cells are highly proliferative and responsive to hormone changes while 

men breast cells are mostly inactive and the levels of estrogen are very low. The 

responsiveness of female breast cells to hormonal changes increases significantly the 

risk of women to develop breast cancer when compared to men.  

 The risk of developing invasive breast cancer rises sharply as women age. 

According to the American Cancer Society, women under 20 years old have 0.1% 

probability of developing invasive breast cancer, while women in their 30s, 40s and 50s 

have 0.5%, 1.5% and 2.3% probability respectively. However, a woman’s risk of 
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invasive breast cancer increases to 3.5% or higher if she is 60 or or older (American 

Cancer Society 2017) (Figure 1.1A).  

 There is no single explanation for why an aging body is more susceptible to 

cancer development. However, accumulating evidences suggests that breast cancer 

develop in older women because cells accumulate more mutations the longer we live 

(DePinho 2000). In addition, studies have shown that aging is associated with gradual 

breast tissue changes that alter gene expression and induces a more favorable 

microenvironment for cancer cells to growth (LaBarge et al. 2016).  

 

Genetic alterations 

 The second risk of breast cancer is genetic alterations. About 5-10% of 

breast cancer can be linked to inherited genetic mutations, such as, mutations of the 

BRCA genes (Easton 1999). BRCA are genes produce tumor suppressor proteins that 

are involved in the repair of damaged DNA. Mutations of any these genes, may affect 

the proper repair of damaged DNA and therefore, induce genetic alterations that can 

lead to cancer. Epidemiologic studies have shown that women who have an abnormal 

BRAC1 and/or BRAC2 can have up to 80% risk of being diagnosed with invasive breast 

cancer (Francken et.al, 2013). In addition to BRAC1 and BRAC2 genes, alteration of 

other genes, such as ATM, BRIP1, CDH1, PALB2, PTEN, TP53 and CHEK2 are 

associated with invasive breast cancer (Mavaddat et al. 2010). However, mutations in 

these genes are much less common and do not seem to increase the risk of developing 

invasive breast cancer to the same extent as abnormal BRAC1 and BRAC2 genes. 
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Nevertheless, 85% of invasive breast cancers occur in women with no family history of 

breast cancer (American Cancer Society, 2017).  

 

Race 

 Race is another important factor that correlates with the risk of occurrence of 

invasive breast cancer. Breast cancer incidence and mortality rates vary substantially by 

race in the U.S. According to the American Cancer Society, White women are slightly 

more likely to develop invasive breast cancer (128.7 per 100,000) when compared to 

African American (125.5 per 100,000), Asian (98.5 per 100,000), Hispanic (93.1 per 

100,000) and American Indian (82.2 per 100,000) women (Copeland et al. 2017) 

(Figure 1.1B). However, the incidence of breast cancer-associated death is higher in 

African American women. This is due to the fact that African American women tend to 

develop more aggressive breast cancer. Hispanics, on the other hand, tend to develop 

breast cancer at younger age and often develop invasive breast cancers that lack the 

expression of estrogen (ER-) and progesterone (PR-) receptors (Ban and Godellas 

2014).  

 

Hormone changes 

 Estrogens are natural hormones that are essential for the development of the 

female reproductive system. Before menopause, estrogens are mainly produced in the 

ovaries. After menopause, they are produced in fat tissues. Studies have shown that 

high estrogen levels increase the chances of developing breast cancer, mainly in 
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Figure 1.1 Breast cancer incidences by age and race in the United States. (A) Age-specific probability of developing 

invasive breast cancer among women. The probability is among those females free of cancer at beginning of age interval. 

Based on cases diagnosed 2012-2014. (B) Female breast cancer incidence (2010-2014) and mortality (2011-2015) rates 

by race. Statistics are based on data from Contract Health Service Delivery Area (CHSDA) counties. Date retrieved on 

February 12, 2018 (American Cancer Society 2017; Copeland et al. 2017). 
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postmenopausal women (Key et al. 2011; Zhang et al. 2013). Similarly, increased 

breast cancer risk is observed in women who use menopausal hormone treatments with 

estrogen and progestin. Women who used the hormone treatment for 5 years have a 

15% risk of developing breast cancer, while those who have used it for 10 years has a 

34% risk (Ban and Godellas 2014). 

 The relation between the use of oral contraceptives and breast cancer risk is 

still controversial. Some studies of oral contraceptives suggest that the risk of 

developing breast cancer increases 24% in women who use oral contraceptives when 

compared to those who have never used them (Ban and Godellas 2014). On the other 

hand, other studies have shown no association between the use of oral contraception 

and the risk of breast cancer (Westhoff 1999; Marchbanks et al. 2002).  

 Pregnancy and breastfeeding, on the other hand, decrease breast cancer risk by 

reducing the number of menstrual cycles in a woman and consequently, the cumulative 

exposure to endogenous hormones (Ruso et al. 2005; Britt et al. 2007). A meta-analysis 

of eight studies revealed that women who give birth to their first child at age 35 or 

younger tend to get a protective benefit from pregnancy (Ewertz et al. 1990). Global 

gene expression and epigenetic profiles of multiple cell types from normal breast tissue 

of nulliparous and parous women revealed that pregnancy at young ages (20-30) lower 

the number of mammary gland progenitors and therefore, reduces the probability for 

these cells to become malignant (Choudhurye et al. 2013). 

 

Obesity 
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 Obesity is a growing health problem in the U.S. and growing evidences 

suggest a direct correlation between obesity and increased risk of breast cancer 

development. Multiple studies have demonstrated that, in postmenopausal women, a 

higher body mass index increases the risk of breast cancer. A 5-unit increase in body 

mass index is associated to with a 12% increase risk in developing breast cancer 

(Renehan et al. 2008). Furthermore, women who are overweight or obese at the time of 

breast cancer diagnosis are at increased risk of recurrence (30%) and death (50%) 

when compared with leaner women (Sparano et al. 2012).  

 The link between obesity and breast cancer is still under investigation. 

However, some evidence suggests that excess fat tissue in obese women results in 

elevated serum estrogen levels that ultimately cause breast cancer development 

(Margot and Grossmann 2009).  

 

Alcohol consumption 

 Alcohol consumption is consistently associated with risk of breast cancer. 

Compared to other tissues, women’s breast tissue seems to be very sensitive to the 

carcinogenic effects of alcohol. Several epidemiologic studies have shown that the risk 

of breast cancer is significantly increased by 4–15% for light alcohol consumption (Chen 

et al. 2011; Seitz et al. 2012). Furthermore, it has been shown that 4-10% of breast 

cancers in the U.S. are attributed to alcohol consumption.  

 The mechanisms by which alcohol consumption increases breast cancer risk 

remain unclear. Some evidence suggests that alcohol increases breast cancer risk by 

damaging the DNA of breast cells and by altering epigenetic regulation of gene 
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expression (Varela-Rey et al. 2013). Other studies suggest that alcohol can increase 

estrogen levels and other hormone associated with hormone-receptor-positive breast 

cancer (Meng et al. 2000; Seitz and Maurer 2007). 

  

1.4 Breast cancer treatments  

 Breast cancer treatments are chosen based on the type and the stage of the 

cancer. Breast cancer treatments can be classified into two types: local treatment and 

systemic treatment. While local treatment (e.g. surgery and radiation therapy) is used to 

remove the cancer from a limited area, systemic treatment (e.g. chemotherapy, 

hormone therapy and targeted therapy) is often used to get rid of all cancer cells that 

may spread from the breast to other parts of the body.  

 

Local treatment  

Surgery 

 The aim of surgery is to remove the entire tumor from the breast. In some cases, 

the lymph nodes in the axillary nodes may also be removed.  Surgery of the breast can 

be divided into two types: lumpectomy or mastectomy (Robinson 2007). When 

lumpectomy of the breast is performed, only the tumor and a small portion of normal 

tissue that surrounds the tumors is removed. Mastectomy, in the other hand, removes 

the whole breast, including the nipple and parts of the skin. This type of surgery is often 

performed when the tumor is large, diffused or located in the center of the breast. 

Mastectomy is also performed when there are multiple tumors in the breast.  
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Radiation therapy 

 Radiotherapy is another type of local treatment that is often used to treat women 

who have early stage breast cancer. It is also used in most patients who have 

lumpectomy and sometimes, it is recommended after mastectomy. The main purpose of 

treating patients with radiotherapy is to kill cancer cells that might be left in the breast 

after surgical removal of the tumors. Studies have shown that radiation therapy after 

mastectomy can reduce the risk of recurrence by up to 70% (Orecchia 2014). 

 

Systemic treatment  

Chemotherapy 

 Chemotherapy is one of the main systemic treatments used to destroy cancer 

cells. Chemotherapy may be given to breast cancer patients before surgery to shrink 

the size of the tumor. It is also used after surgery to reduce the risk of recurrence. There 

is a wide range of chemotherapy medicines that are used to treat breast cancer, 

including, Capecitabine, Carboplatin, Doxorubicin, 5-fluorouracil, Gemcitabine and 

Paclitaxel. The mechanism of action of these chemotherapies varies, however most of 

them cause DNA damage or inhibit DNA synthesis (Plunkett et al. 1995; Longley et al. 

2003; Walko et al. 2005; Tacar et al. 2013; Dasari and Tchounwou 2015). Paclitaxel on 

the other hand, blocks cell division by inhibiting the disassembly of microtubules during 

mitosis (Jordan and Wilson 2004).  

 These chemotherapy medicines can be given as an individual dose or in 

combination. Studies have shown that combination of chemotherapy medicines lowers 

the risk of cancer recurrence in patients with early-stage breast cancer, and significantly 
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reduces the tumor (30-60%) in patients with advanced breast cancer (Bonadonna et al. 

1976; American Cancer Society 2017). Although chemotherapy can be beneficial in 

treating breast cancers, these treatments often have significant side effects, including, 

mouth sores, hair loss, nausea, vomiting, and diarrhea. 

 

Hormone therapy  

 Hormone therapy is a form of systemic treatment used to block the growth of 

tumors that express estrogen (ER+) or progesterone (PR+) receptors (American Cancer 

Society 2017). These types of breast cancers depend on the female’s hormones 

(estrogen and progesterone) ability to promote growth, and blockage of these hormones 

by hormone therapy significantly reduces tumor growth. There are several strategies to 

treat hormone sensitive tumors. Among those include: blocking ovary function, blocking 

estrogen production or blocking estrogen effects.  

 Hormone therapy is often used after surgery to reduce the risk of relapse, and 

sometimes is used before surgery. Studies have shown that five years of hormone 

therapy treatment after surgery can reduce the risk of breast cancer recurrence and 

improve overall survival (Early Breast Cancer Trialists’ Collaborative Group et al. 2011; 

Dowsett et al. 2015). Furthermore, clinical trials have shown that hormone therapy can 

also be used to prevent breast cancer in women who are at increased risk of developing 

the disease (Vogel et al. 2006; Cuzick et al. 2015). 

 

Targeted therapy 
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 Targeted therapy is a treatment that targets breast cancer’s specific genes or 

proteins that contribute to breast cancer growth and survival. Most targeted therapies 

uses small molecules drugs or monoclonal antibodies that specifically target cancer 

cells. Among the targeted therapies that are currently used to treat breast cancer 

include: mTOR inhibitors, HER2 receptor inhibitors, PARP inhibitors and cyclin-

dependent kinase 4/6 inhibitors (Mitri et al. 2012; Vicier et al. 2014; Ponec et al. 2017; 

Griggs and Wolff 2017). Clinical studies have shown that combination of Herceptin, an 

mTOR inhibitor, with chemotherapy increases the overall survival of women with early 

stage HER2-positive breast cancers (Perez et al. 2014). Although this type of treatment 

mostly targets cancer cells and not healthy cells, there are several drawbacks: (1) 

cancer cells often become resistant to the therapy, (2) biopsy of the tumor might be 

needed to determine whether a patient can be treated with a specific targeted therapy 

(3) drugs for some targets are hard to develop. 

 

1.5 Cancer metabolism as a therapeutic target  

 Significant progress has been made in breast cancer treatment over the past 

decades, yet breast cancer is still one of the leading causes of cancer-related death in 

women, underlining the need for new therapeutic treatments. Recently, altered 

metabolism has become one of the hallmarks of cancer and drug resistance (Pavlova 

and Thompson 2016). Therefore, much more interest has been focused on targeting 

cellular metabolism as a promising strategy to target cancer and to overcome drug 

resistance.   
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 The metabolism of breast tumors, like most cancers, heavily relies on the use of 

both aerobic glycolysis and glutamine catabolism to support cancer cell growth (Long et 

al. 2016). For more than a century, it has been known that most cancer cells increase 

glucose consumption to produce the necessary nutrients for proliferation. This metabolic 

shift, known as Warburg effect, can be observed regardless of oxygen availability 

(Warburg, 1925). Although aerobic oxidation is an inefficient pathway for energy 

production, cancer cells rely on aerobic glycolysis for several reasons: i) Glycolysis 

provides most of the building blocks required for cell proliferation. Since cancer cells 

grow faster than normal cells, they not only need energy, but also need metabolic 

intermediates to synthesize macromolecules, such as nucleic acids, lipids and proteins, 

which are required for cancer growth and proliferation (Kroemer et al. 2008; Lunt and 

Vander 2011). ii) Aerobic glycolysis maintains high glycolytic flux through lactate 

production. Much of the glucose is converted to lactate. The conversion of pyruvate to 

lactate regenerates NAD+; which is essential for high glycolytic flux maintenance (Long 

et al. 2016). iii) Glycolysis helps cancer cells to grow under hypoxic environment. 

Cancer cells excrete high levels of lactate into the extracellular space, which acidifies 

the tumor environment. The acidic environment provides an advantage to cancer cells 

to grow, invade, metastasize and suppress anticancer T cell immune responses 

(Fischer et al. 2007; Gillies and Gatenby 2007; Doherty and Cleveland 2013). 

 The expression of many glycolytic enzymes has been shown to be dysregulated 

in breast cancer. GLUT1, GLUT2 and GLUT3 are often amplified in several subtypes of 

breast cancer.  Studies have also shown a correlation between glycolysis levels and 

expression of GLUT (Choi et al. 2013; Gao et al. 2013). The molecular subtypes of 
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invasive breast cancer, TNBC and HER-2 positive, exhibit the highest expression of 

GLUT-1 when compared to other molecular subtypes and show the higher levels of 

glycolysis (Choi et al. 2013). Increased expression of lactate dehydrogenase isoforms 

(LDHA, LDHB), have also been observed in breast cancer (Zhao YH et al. 2009). 

Abrogation of LDHA and LDHB impair breast cancer cell proliferation and caused 

tumour regression in-vivo (Fantin et al. 2006; McCleland et al. 2012). 

 In addition to altered glucose metabolism, cancer cells exhibit a notorious 

dependency on glutamine metabolism for their survival and enhanced proliferation. 

Glutamine breakdown by-products serve as a carbon source to maintain the citric acid 

cycle and to continue fatty acid synthesis (Wise et al. 2011). After entering cells, 

glutamine is hydrolyzed by glutaminase (GLS) to glutamate and ammonia. Glutamate 

can be converted to α-ketoglutarate and enter the TCA cycle to supply energy and 

intermediates (e.g. nonessential amino acids such as aspartate, asparagine, glutamate 

and proline) for cell growth. This process also produces NADH and FADH2; which are 

essential for the maintenance of mitochondrial integrity and function. Glutamate can 

also serve as a nitrogen donor to amino acids. Immunohistochemical staining of breast 

cancer tissues indicated that among the different molecular subtypes of breast cancer, 

HER-2 positive and TNBC exhibited the most frequent expression of glutamine 

metabolism related proteins, including glutaminase 1 (GLS1), glutamate dehydrogenase 

(GDH) and amino acid transporter-2 (ASCT2) (Kim et al. 2013). 

 Beside these two pathways, breast cancer deregulates fatty acid metabolism to 

support its malignant transformation. Cancer cells often increase fatty acid synthesis to 

provide lipids for membrane biogenesis and signaling molecules (Currie et al. 2014). In 
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response to nutrient deprivation conditions, fatty acid can also be consumed through β-

oxidation to provide ATP and total NADPH for cancer cell survival (Qu et al. 2016). 

Recent studies have shown that the expression and activity of many enzymes involved 

in fatty acid synthesis are upregulated in many types of cancers (Menendez and Lupu 

2007; Vander Heiden et al. 2009; Cairns et al. 2011). Among those, fatty acid synthase 

(FASN), has been reported to be upregulated in breast cancer and associated with 

tumor recurrence and poor prognosis (Alo’ et al. 1996; Menendez and Lupu 2007; 

Vazquez-Martin et al. 2008).  

 These metabolic changes, together with the alteration of several signaling 

pathways (e.g. PI3K/Akt pathway), allow cancer cells to convert available resources into 

biomass in efficient way, and to support their proliferative phenotype. Here, I discuss the 

main metabolic reprograming of breast cancer and the recent advances in targeting 

cancer metabolism and the development of new therapeutic strategies.  

 

Targeting glycolytic enzymes 

 Given that the glycolytic pathway requires multiple enzymes to transport and 

breakdown glucose, researchers have developed anticancer drugs that target selected 

enzymes in the glycolytic pathway. Among these enzymes include, glucose transporters 

(GLUT), Hexokinase (HK) and lactate dehydrogenase A (LDHA) (Table 1.3). 

 To acquire additional glucose, cancer cells up-regulate the expression of multiple 

glucose transporters. Among the 14 glucose transporters, GLUT1 seems to be the main 

glucose transporter in breast cancer. Research has shown that inhibition of GLUT1 

halts cell proliferation of MCF-7 breast cancer cells (Liu et al. 2012). In addition, a 
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synergistic effect has been observed when WZB117 (GULT1 inhibitor) is combined with 

other anticancer drugs such as cisplatin (Liu et al. 2012).  

 HK plays an important role in glycolysis, and inhibition of HK with deoxyglucose 

(2-DG) or 3-bromopyruvate (3-BrPA) increases cell death and combats drug resistance 

when combined with chemotherapy (Table 1.3). Clinical studies have shown that 

combination of 2- DG with trastuzumab, an HER2 targeted cancer therapy, potentiates 

the tumor-destroying effects and overcome trastuzumab resistance (Zhao et al. 2011). 

On the other hand, inhibition of HK-2 with 3BrPA has been shown to improve tamoxifen 

cytotoxicity of breast cancer cell lines by increasing oxidative stress (Attia et al. 2015). 

Studies in mice have shown 3Br-PA treatment significantly abolishes breast cancer 

growth, without damaging normal tissues (Gao et al. 2016). Although the potent 

anticancer effects of this drug, 3-BP has not yet been approved for use in humans.  

 LDHA catalyzes the final step in the glycolytic pathway, the conversion of 

pyruvate to lactate. Increased evidence has shown that LDHA plays a critical role in 

tumor maintenance. Inhibition of LDHA selectively inhibits the growth of HER2+ 

overexpressing breast cancer cells and overcome trastuzumab-resistance (Zhao et al. 

2011). Furthermore, downregulation of LDHA re-sensitizes taxol-resistant cells to taxol 

treatment (Zhou et al. 2010).  

 

Targeting glutamine metabolism 

 In addition to altered glucose metabolism, cancer cells exhibit a notorious 

dependency on glutamine metabolism for their survival and enhanced proliferation 

(Long et al. 2016). Targeting glutamine transport and glutamine addiction has become a 



 22 

potential anticancer therapeutic strategy. Blockage of GLS with CB-839 has shown to 

halt the growth of TNBC cells lines, but not in ER+ cell lines (Gross et al. 2014).  Clinical 

data have shown that combination of CB-839 with paclitaxel in patients with TNBC 

increases therapy response and overcomes resistance to paclitaxel (Calithera 

Biosciences 2016). Inhibition of glutaminase C (GAC) with benzophenanthridinone, 

known as 968, induces cytotoxic effects in breast cancer cell lines and stimulates the 

down-regulation of anti-apoptotic and metastatic genes (Table 1.3). Furthermore, 968 

enhances the sensitivity of MDA-MB 231 cancer cells to doxorubicin chemotherapy 

(Katt et al. 2012; Simpson et al. 2012). 

 

Targeting fatty acid metabolism 

 Breast cancer, like most cancers, also shows alteration of multiple lipogenic 

pathways (Menendez and Lupu 2007; Hilvo et al. 2011). The most common altered 

enzyme involved in lipid metabolism is FASN. Studies have shown that inhibition of 

FASN causes depletion of the end product long chain fatty acids and the accumulation 

of the substrate malonyl-CoA (Pizer et al. 2000). Furthermore, FASN blockage with 

cerulenin overcomes HER2-induced breast cancer resistance to docetaxel and induces 

synergestic chemosensitization to other chemotherapy agents, such as, paclitaxel and 

vinorelbine (Menendez et al. 2004; Menendez et al. 2005). However, inhibition of FASN 

has shown dramatic effects on whole body metabolism causing substantial weight loss 

in mice (Loftus et al. 2000). Another key enzyme involved in altered lipid metabolism is 

monoacyclglyerol lipase (MAGL). MAGL is elevated in aggressive cancer cells and 

accumulating evidence suggests that it promotes cancer cell survival and migration by 
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controlling free fatty acid (FFA) levels (Nomura et al. 2010). Inhibition of MAGL 

decreases lipid messenger production and the metastatic potential of breast cancer 

cells (Nomura et al. 2010). 

 

Targeting the TCA cycle 

 The tricarboxylic acid (TCA) cycle is a central hub for the production of ATP, 

macromolecules and redox balance. Aberrant function of the TCA cycle has been 

implicated in cancer progression, and increased efforts have been made to target TCA 

cycle enzymes as a therapeutic strategy. Some cancers harbor mutations in metabolic 

enzymes, such as IDH1, IDH2, FH and SDH, leading to metabolic alterations that 

promote and support cancer cell growth (Dang et al. 2009; Sudarshan et al. 2009; 

Bardella et al. 2011; Kim et al. 2013; Sajnani et al. 2017). Among all the TCA cycle 

enzymes, sporadic cases of fumarate hydratase (FH) and isocitrate dehydrogenase 

1/2 (IDH1/2) mutations have been reported in breast cancer (Lehtonen et al. 2006; 

Cerami et al. 2012). In addition, studies have shown down-regulation of oxoglutarate 

dehydrogenase (OGDH) in breast cancer (Fedorova et al. 2015). Recently, the U.S. 

Food and Drug Administration (FDA) approved Idhifa (enasidenib) for the treatment of 

adult patients with relapsed or refractory acute myeloid leukemia (AML) who have IDH2 

mutation (U.S. Food and Drug Administration 2017). Clinical data revealed that 19% of 

199 people with AML treated with Idhifa showed complete remission after being treated 

with Idhifa for approximately 8 months (U.S. Food and Drug Administration 2017). 

Interestingly, among the reported drugs that target TCA cycle enzymes, none have 

been reported in breast cancer.  



 24 

Table 1.3 Metabolic inhibitors and targets to improve cancer therapeutics. 

 

*Most metabolic therapeutics are combined with conventional cancer treatments to improve the efficacy of cancer therapy 

and to overcome therapeutic resistance.  

 

Targeted  

pathway 

Targeted  

enzyme 

Metabolic 

Inhibitors 

Cancer 

therapeutics* 
References 

Glycolysis 

GLUT1 WZB117 Cisplatin/paclitaxel Liu Y et al. 2012 

HK 

2-DG Trastuzumab Zhao Y et al. 2011 

3-BrPA Tamoxifen Attia Y et al. 2015 

LDHA Oxamate Trastuzumab Zhao Y et al. 2011 

Glutamine 

metabolism 

GAC 968 Paclitaxel Katt W et al. 2012 

GAC 968 Doxorubicin Simpson NE et al. 2012 

Fatty acid 

metabolism 
FASN Cerulenin 

Docetaxel Menendez JA et al. 2004 

Vinorelbine Menendez JA et al. 2004 

Paclitaxel Menendez JA et al. 2005 
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Summary  

 In summary, advances in understanding breast cancer metabolism have led to 

the discovery of metabolic dependencies that can serve as potential therapeutic 

strategies. Inhibition of metabolic enzymes has shown the ability to enhance the efficacy 

of existing therapies and in many cases has also overcome drug resistance. Although 

most metabolic therapies have only been evaluated in preclinical models, in recent 

years, an increased number of metabolic therapies have been pre-clinically tested. 

Although more efforts are needed to fully understand breast cancer metabolic 

dependencies, recent advances suggest that metabolic profiling can provide new 

opportunities to improve breast cancer treatment.  

 

1.6 The importance of specific post-translational modifications in cancer 

metabolism 

 Post-translational modifications (PTM) can influence a broad range of biological 

processes such as gene regulation, cell proliferation and apoptosis by affecting 

enzymes activity, protein turnover and localization, protein-protein interactions and 

protein stability (Hitosugi and Chen 2014). Given the pivotal role of PTMs in the 

regulation of cellular processes, there is a constant effort in understanding the roles of 

PTMs in influencing cell signaling and metabolic pathways that contribute to the diverse 

metabolic phenotypes found in cancer.  

 To date, more than a hundred types of PTMs have been identified. Among those, 

lysine malonylation, succinylation and glutarylation are new post-translational 

modifications that have been implicated in regulating metabolic enzymes (Zhang et al. 
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2011; Peng et al. 2011; Xie et al. 2012; Tan et al. 2014). These three lysine 

modifications are structurally similar, but have the potential to regulate different proteins 

in multiple metabolic pathways (Figure 1.2) (Park et al. 2013; Weinert et al. 2013; Radin 

et al. 2013; Tan et al. 2014). Most of the proteins known to be malonylated are found in 

the cytoplasm, whereas the vast majority of succinylated and glutarylated proteins are 

found in the mitochondria. However, there is a subset of non-mitochondrial proteins that 

are succinylated and glutarylated (e.g. ribosomes) (Xie et al. 2012). Pathways analysis 

has shown that malonylation is mostly enriched in the glycolytic pathway, whereas the 

top metabolic pathways identified as having succinylated and glutarylated lysines 

include fatty acid metabolism and amino acid metabolism (Park et al. 2013; Radin et al. 

2013; Tan et al. 2014; Nishida et al. 2015). No clear picture has emerged on the 

regulatory role of malonylation, succinylation, and glutarylation. Some proteins show 

increased activity in the acylated states, while other proteins show reduced activity.  

 Despite the advances on discovering proteins that are acylated, less is known 

about the enzymes that catalyze acylation of targeted proteins (Wagner and Payne 

2013). Lysine malonyltransferase, succinyltransferase, or glutaryltransferase enzymes 

have not been identified in any subcellular compartment (Park et al. 2013; Weinert et al. 

2013). Recent evidences support the idea that protein acylation is predominantly 

mediated in a non-enzymatic manner and it is favored by the high concentrations of 

acyl-CoA (Newman et al. 2012; Wagner and Payne 2013). 

 In the context of cancer, it has been shown that oncogenic activation can alter 

PTM signaling cascades that contribute to a complete reprogramming of metabolism. 

To date, limited information is available on the contributions of lysine malonylation, 
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Figure 1.2 Lysine acetylation, malonylation, succinylation and glutarylation. The addition of acyl groups from acyl-

CoA to lysine residues may be non-catalytic or proceed by as yet unknown acyltransferases. Lysine malonylation, 

succinylation, and glutarylation are targeted for removal by the NAD+-dependent deacylase SIRT5.  
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sucinylation and glutarylation to cancer cells metabolic reprograming. Understanding 

the roles of these new PTMs in cancer metabolism will help to identify and generate 

novel therapies to target cancer.  

 

1.7 Sirtuins Family 

1.7.1 Sirtuins are NAD+-dependent deacylases 

 Sirtuins are a family of ubiquitously expressed and evolutionarily conserved 

nicotinamide adenine dinucleotide (NAD+)-dependent deacylases/mono-ADP 

ribosyltranferases that influence a wide range of cellular processes, including longevity,

cell cycle, transcription, metabolism, inflammation and genome stability (North and 

Verdin 2004; Chalkiadaki et al. 2015) (Figure 1.3). In mammals, there are seven sirtuins 

(SIRT1-SIRT7), each with diverse sub-cellular localization. SIRT1, SIRT6 and SIRT7 

are mainly localized in the nucleus, whereas SIRT3, SIRT4 and SIRT5 are found in the 

mitochondria. SIRT2 is localized in the cytoplasm, but translocates to the nucleus during 

G2/M phase (Ford et al. 2006; Tanno et al. 2007; Michan and Sinclair 2007; Haigis and 

Sinclair 2010) (Figure 1.4). Besides the distinct cellular localizations, the seven 

mammalian sirtuins exert different enzymatic activities. SIRT1, SIRT2 and SIRT3 

display robust deacetylation activity (North et al. 2003). SIRT5 functions as a protein 

demalonylase, desuccinylase and deglutarylase, while SIRT6 removes long-chain acyl 

modifications and also has been reported to have mono-ADP-ribosyl transferase 

activity. (Du et al. 2011; Tan et al. 2014). The activities of SIRT4 and SIRT7 are still 

unclear. Studies have reported that SIRT4 catalyze ADP-ribosyltransfer of glutamate 
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Figure 1.3 Sirtuins are a family of NAD+-dependent protein deacetylases/ADP ribosyltransferases that influences 

a wide range of biological processes.  Some sirtuins are known to remove deacyl group from targeted enzymes, while 

others are known to transfer ADP-ribosyl group. Adapted from Oellerich et al. 2012. 
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Figure 1.4 Schematic illustration of the seven mammalian sirtuins. All of the sirtuins contains a conserved core 

domain that comprises the NAD+-binding domain and the catalytic site (blue), and a N- and C- terminals that vary in 

lengths (gray). The seven sirtuins also show different cellular localization. This figure was adapted from Michan and 

Sinclair 2007.  
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dehydrogenase, while SIRT7 is known to have weak deacetylase activity (Haigis et al. 

2006; Pan et al. 2011).   

 

1.7.2 Phylogenetic classification of mammalian sirtuins 

 The divergences of enzymatic activity among the seven mammalian sirtuins 

might be explained by their phylogeny. Phylogenetic analysis of the core domain of 

sirtuins from a diverse array of organism places the seven mammalian sirtuins into four 

different classes designated as classes I-IV (Frye, 2000). Mammalian SIRT1, SIRT2 

and SIRT3; all of which exhibit strong deacetylase activity are known as Class I sirtuins. 

SIRT1 belongs to Class Ia, while SIRT2 and SIRT3 are part of sub-class Ib with fungi 

and protozoan sirtuins. SIRT4 and SIRT5, which are known to have weak deacetylase 

activity, belong to Class II and Class III, respectively. Class II and Class III sirtuins 

include sirtuins from bacteria, archae, protozoan and nematodes. SIRT6 and SIRT7 

belongs to Class IV; a class that only includes sirtuins from eukaryotes. According to the 

phylogenetic classification, sirtuins from Class II, III and U appeared earliest in 

evolution.   

 

1.7.3 Sirtuin structure and chemistry 

 Every member of the sirtuin family contains a highly conserved core NAD+-

binding domain and catalytic site, despite the existence of minor differences in the 

active site, which could account for the ADP-ribosyltransferase activity of certain sirtuins 

(Finnin et al. 2001). Structural analysis reveals that sirtuins’ core domain is composed of 

two subdomains, a large Rossmann fold domain, which consists of six parallel β strands 
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forming a β sheet, and a small domain that contains the α-helical and the Zn2+ binding 

subdomains (Min J et al. 2001; Chen et al. 2015). The NAD+ and the substrate bind at 

the interface of the large and small subdomains (Figure 1.5).  In contrast to the well-

conserved core domain, the amino and carboxyl termini of sirtuins vary in length and 

chemical composition. These differences can account for the divergence of function and 

targets. 

 

1.7.4 Sirtuin enzymatic activity and cellular regulation  

 Initially, it was reported that the activity of sirtuins was NAD+-dependent 

ADP-ribosylation, however in the past decades, NAD+-dependent protein deacylation 

has been the most prevalent reaction that sirtuin enzymes catalyze (Hirschey 2011). 

Sirtuin-mediated deacylation occurs in two continuous steps. The first step is initiated by 

the cleavage and release of nicotinamide (NAM) derived from NAD+, and the formation 

of an O-alkylamidate intermediate (Sauve et al. 2010). In the second step, the acyl 

group from the substrate is transferred to the ADP-ribose, generating O-acyl-ADP-

ribose (OAADPr) and the newly deacylated substate (Sauve et al. 2010). NAM, the 

product of sirtuins’ first step reaction, is recycled back to NAD+ via a salvage pathway. 

The enzyme that catalyzes this reaction is nicotinamide phosphoribosyltransferas 

(NAMPT) (Revollo et al. 2004). In addition, NAM serves an endogenous inhibitor of 

sirtuins (Bitterman et al. 2002; Sauve et al. 2006).   

 

1.8 Nuclear Sirtuins 

1.8.1 SIRT1 
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Figure 1.5 The overall structure of sirtuins. The catalytic core of human SIRT3 

(rainbow ribbon) in complex with carba-NAD+ (ball and sticks) (PSB ID 4FVT). The 

catalytic core domain is composed of the large Rossmann-fold domain and the small 

zinc-binding domain containing the Zn2+ ion (gray). The modified structure was obtained 

from Szczepankiewicz et al. 2012.  
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 SIRT1, the best-studied SIrtuin, is a NAD+-dependent deacetylase enzyme 

that performs a wide variety of function in biological systems (Rahman and Islam 2011). 

SIRT1 is known to mediate chromatin silencing and heterochromatin formation through 

the deacetylation of specific histones including histones H1, H3, and H4 (Imai et al. 

2000; Vaquero et al. 2004; Zhang and Kraus 2010). In addition to histones, SIRT1 

deacetylates non-histone proteins including several transcriptions factors and 

coregulators, tumor suppressors and signaling proteins (Rahman and Islam 2011). 

SIRT1 is known to inhibit cell death by deacetylating and inactivating the transcriptional 

activity of tumor suppressor p53 (Vaziri et al. 2001). SIRT1 also control cell cycle arrest 

and apoptosis by regulating the activity of several members of the forkhead box factors 

regulated by insulin/Akt (FOXO) family; FOXO1, FOXO3, FOXO4 and FOXO6 (Brunet 

et al. 2004; Van der Horst et al. 2004).  

 In addition to controlling cell death, SIRT1 have been implicated in regulating 

inflammation by deacetylating nuclear factor kappa B (NF-κB), a transcription factor that 

signals pathways involved in the innate immune response (Yeung et al. 2004; Lin and 

Fang 2013). SIRT1 also blocks pro-inflammatory pathways by inhibiting the 

transcriptional activity of AP-1 through the deacetylation of c-JUN (Gao and Ye 2008). 

Recent studies have shown that SIRT1 negatively regulates inflammation by promoting 

autophagy through the deacetylation of ATG5, ATG7 and ATG8 (Lee et al. 2008).  

 Another cellular process regulated by SIRT1 is metabolism. SIRT1 is an 

important regulator of energy homeostasis in response to nutrient availability (Xiaoling 

2013).  Multiple reports have shown that SIRT1 is an important regulator of hepatic 

glucose and fatty acid metabolism. During short-term fasting, SIRT1 reduces 
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gluconeogenesis by inhibiting the activity of rapamycin complex 2 (TORC2), a CREB-

regulated transcription coactivator that is important for cAMP/CREB-mediated activation 

of gluconeogenesis genes (Liu et al. 2008). SIRT1 also induces fatty acid β-oxidation 

through the PPARα/PGC-1α pathway (Purushotham et al. 2009). Hepatic deletion of 

Sirt1 increases the susceptibility of mice to high-fat diet-induced dyslipidemia, hepatic 

steatosis and inflammation (Purushotham et al. 2009).  In addition to glucose and fatty 

acid metabolism, it has been reported that SIRT1 controls cholesterol metabolism by 

activating LXRs, a nuclear receptor that enhance cholesterol transport from peripheral 

tissues to the liver (Li et al. 2007). SIRT1 also activates sterol-regulatory-element-

binding protein-1 (SREBP-1) and promotes the expression of lipogenic and 

cholesterogenic genes for fat storage (Walker et al. 2010). 

 Numerous studies suggest that SIRT1 could act as either a tumor promoter 

or tumor suppressor depending on its targets in specific signaling pathways or in 

specific cancers (Luo et al. 2001; Vaziri et al. 2001; Howitz et al. 2003; Motta et al. 

2004; Pruitt et al. 2006; Dai et al. 2007; Wong and Weber 2007; Firestein et al. 2008; 

Wang et al. 2008). The first evidence of SIRT1 as a tumor promoter came from 

experiments showing that SIRT1 deacetylates and inactivates p53 (Vaziri et al. 2001; 

Luo et al. 2001). Other studies show that overexpression of SIRT1 represses 

expression and/or activity of many tumor suppressor genes and proteins including, 

members of FOXO family, p73, RB, GATA4 and CDH1 (Motta et al. 2004; Pruitt et al. 

2006; Dai et al. 2007; Wong and Weber 2007). On the other hand, recent studies have 

shown that SIRT1 serves as a tumor suppressor. Overexpression of Sirt1 in 

APCmin/+ mice reduces colon cancer formation through SIRT1-mediated deacetylation of 
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β-catenin (Firestein et al. 2008). Studies in breast cancer show that SIRT1 acts as a 

tumor suppressor in BRCA1-associated breast cancers. The expression of SIRT1 is 

often reduced in this type of cancer and restoration of SIRT1 levels in BRCA1 mutant 

cancer cells inhibited cell proliferation and tumor growth (Howitz et al. 2003; Wang et al. 

2008). Recent studies reported that SIRT1 plays an important role in DNA damage 

repair and Sirt5-deficient cells displayed genomic instability that lead to tumorigenesis 

(Wang et al. 2008; Oberdoerffer et al. 2008).   

 

1.8.2 SIRT6 

 SIRT6 is a nuclear protein that is associated with chromatin. SIRT6 functions 

mainly as a NAD+-dependent deacetylase enzyme (Yang et al. 2009; Michishita et al. 

2008; Michishita et al. 2009). However, studies have reported other functions including, 

NAD+-dependent ADP-ribosylation and hydrolysis of long-chain fatty acyl groups (Liszt 

et al. 2005; Mao et al. 2012; Feldman et al. 2013; Jiang et al. 2013; Van Meter et al. 

2014). SIRT6 impacts multiple cellular processes including, DNA repair and 

maintenance, metabolism and inflammation. SIRT6 is best characterized as a H3K9 

and H3K56 histone deacetylase (Michishita et al. 2008; Michishita et al. 2009). 

Deacetylation of histones H3K9 and H3K56 reduces chromatin accessibility impacting 

the expression of genes that are modulated by nuclear factor kB (NF-kB), c-JUN, 

FOXO3, MYC, HIF1α (Kugel and Mostoslavsky 2014). In addition, SIRT6 maintains 

genome integrity by decreasing H3K56Ac levels following double strand breaks (DSB) 

and by regulating H3K9Ac and H3K56Ac levels within telomeric regions (Michishita et 

al. 2008). SIRT6 has also been found to ADP-ribosylate PARP1 in and stimulate its 
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poly-ADP ribosylation activity upon DNA damage caused by oxidative stress (Mao et al. 

2011). SIRT6 interact with SNF2H to enhance its recruitment to sites of damage thereby 

enhancing DSB repair (Toiber et al. 2013). 

 SIRT6 impacts cell homeostasis by regulating glucose and lipid metabolism. 

SIRT6 was found to suppress the expression of multiple glucose-metabolic genes 

including, glucose transporter-1 (GLUT1), pyruvate dehydrogenase kinase-1 (PDK1), 

phosphofructokinase-1 (PFK1) and lactate dehydrogenase (LDH), by suppressing the 

activity of HIF1α (Sebastian et al. 2012; Toiber et al. 2013). In addition to impacting 

glycolysis, SIRT6 directly regulates gluconeogenesis by modulating the activity of 

peroxisome proliferator-activated receptor-a coactivator 1a (PGC-1a), the main 

regulator of gluconeogenesis (Puigserver et al. 2003).  SIRT6 also regulates cholesterol 

biosynthesis by repressing the sterol-regulatory element binding protein (SREBP) (Tao 

et al. 2013).   

 Recent studies have shown that SIRT6 preferentially hydrolyzes long-chain 

fatty acyl groups, including myristoyl and palmitoyl groups, from lysine residues (Jiang 

et al. 2013). SIRT6 regulates TNF-alpha secretion through hydrolysis of long-chain fatty 

acyl lysine (Jiang et al. 2013). 

 Recent studies suggest that SIRT6 function as a tumor suppressor 

(Mahlknecht et al. 2006; Das et al. 2009; Marquardt et al. 2013). Sirt6 is often mutated 

in a variety of cancer types including, breast cancer, liver cancer and lung cancer 

(Mahlknecht et al. 2006; Kanfi et al. 2012; Marquardt et al. 2013; Van Meter et al. 

2014).  In addition, deletion of SIRT6 in cells increases hyperacetylation of H3K56, a 

chromatin modification that is associated to tumorigenesis (Das et al. 2009). In vivo 
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studies show that overexpression of Sirt6 delays lung tumor onset in mice (Kanfi et al. 

2012). Mechanisms by which SIRT6 protects against tumor formation include, SIRT6-

mediated promotion of genome stability, SIRT6-mediated suppression of inflammation 

and SIRT6-meduiated regulation of cellular metabolism (Van Meter et al. 2014).   

 

1.8.2 SIRT7 

 SIRT7, as other sirtuins, has NAD+-dependent deacetylase activity and is a 

key mediator of many cellular activities. SIRT7 is enriched in the nucleolus, where it 

activates the transcription of ribosomal DNA (rDNA) by facilitating association of RNA 

pol I (Chen et al. 2013). SIRT7 has also been found to deacetylate U3-55k, a core 

component of the U3 snoRNP complex, and thus promoting pre-rRNA processing 

(Chen et al. 2016). SIRT7 has also been reported to deacetylates p53, however, the 

role of SIRT7-mediated deacetylation of p53, remains controversial (Vakhrusheva et al. 

2008; Barber et al. 2012).  

 SIRT7 has been implicated in regulating metabolic homeostasis by 

repressing the Myc activity. SIRT7-mediated repression of Myc blocks ribosomal protein 

expression and alleviates the endoplasmic reticulum stress (Shin et al. 2013). In 

addition to Myc, SIRT7 in known to negatively regulate the leves and activity of HIF1α 

and HIF2α, which are central players in energy metabolism (Hubbi et al. 2013). 

Furthermore, a recent report shows that SIRT7 controls mitochondrial function by 

deacetylating and increasing the activity of GABPβ1; a central mediator of mitochondrial 

function (Ryu et al. 2014). Sirt7-deficient mice displayed pathologies that resemble 

phenotypes of mitochondrial diseases (Nunnari and Suomalainen 2012). 
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 Several studies have attributed SIRT7 an oncogenic potential (Ford et al. 

2006; Barber et al. 2012; Zhang et al. 2015; Aljada et al. 2015; Wang et al. 2015). 

SIRT7 expression correlates with cancer aggressive phenotypes and poor prognosis 

(Zhang et al. 2015; Aljada et al. 2015; Wang et al. 2015). However, increased 

expression of SIRT7 is not sufficient to induce the transformation of primary fibroblasts 

(Barber et al. 2012). Multiple mechanisms by which SIRT7 exert oncogenic properties 

have been proposed. Among those includes, attenuation of the transcription of genes 

associated to tumor suppression, by deacetylating H3K18, upregulation of rRNA 

synthesis, which is essential for cancer cell growth, and repression of microRNA miR-

34a expression  (Ford et al. 2006; Barber et al. 2012; Zhang et al. 2015).  

 

1.9 Cytoplasmic Sirtuins 

1.9.1 SIRT2 

 SIRT2, like SIRT1 removes lysine acetyl groups in a NAD+-dependent 

manner. SIRT2 is the only Sirtuin family member that is preferentially localized in the 

cytoplasm. However, multiple studies have shown that it can translocate into the 

nucleus (Dryden et al. 2003; North et al. 2003; North and Verdin 2007). SIRT2 have a 

number of biological functions, including cell cycle control, microtubule dynamics and 

metabolic network. SIRT2 controls the anaphase promoting complex/cyclosome 

(APC/C) ubiquitin ligase complex activity by deacetylating cell division cycle protein 20 

(CDC20) and fizzy and cell division cycle 20 related 1 (FZR1) protein (Kim et al. 2011). 

In addition, SIRT2 regulates the cell cycle through deacetylation of histones H3 and H4 

mitosis (Imai et al. 2000; Vaquero et al. 2006).  
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 SIRT2 regulates microtubule dynamics deacetylating α-tubulin and 

destabilizing microtubules. In addition to α-tubulin, SIRT2 deacetylates multiple proteins 

involved in cellular metabolism. SIRT2 regulates glucose homeostasis by deacetylating 

and stabilizing phosphoenolpyruvate carboxykinase (PEPCK) (North et al. 2003; Jiang 

et al. 2011). Recent studies also show that SIRT2 controls fatty acid synthesis by 

deacetylating ATP-citrate lyase (ACLY), a lipogenic enzyme that catalyzes the 

conversion of cytosolic citrate to acetyl coenzyme A (acetyl-CoA). SIRT2-mediated 

deacetylation induces ACLY degradations (Lin et al. 2013).  

 SIRT2 also deacetylates multiple transcription factors including several 

members of the FOXO family. SIRT2-dependent deacetylation of FOXO1 results in the 

repression of peroxisome proliferator-activated receptor gamma (PPARγ) transcription 

and the inhibition of adipocyte differentiation (Jing et al. 2007). Deacetylation of FOXO3 

results in upregulation of antioxidant enzymes expression and the reduction of ROS 

levels (Wang et al. 2012). In addition to transcription factors, SIRT2 also regulates 

tumor suppressors and oncogenes. SIRT2 inhibits transcription activation of TP53 by 

deacetylating p300, a histone acetyltransferase (Han et al. 2008). SIRT2-mediated 

deacetylation stabilizes c-Myc oncoprotein and promotes cancer (Liu et al. 2013; Jing et 

al. 2016).  

 As SIRT1, evidences suggest dual roles of SIRT2 in cancer. Some studies 

indicate that SIRT2 acts as a tumor suppressor, while others suggest that SIRT2 has 

oncogenic functions (Hiratsuka et al. 2003; Inoue et al. 2007). Several evidences show 

that SIRT2 is often downregulated in gliomas, gastric carcinoma and melanomas 

(Hiratsuka et al. 2003; Inoue et al. 2007; Jing et al. 2016; Shah et al. 2016; Zhou et al. 
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2016). Studies indicate that loss of SIRT2 compromises the mitotic checkpoint, 

contibutig to genomic instability and tumorigenesis (Hiratsuka et al. 2003; Inoue et al. 

2007). On the other hand, recent studies have shown that SIRT2 serves as a tumor 

promoter by promoting the stabilization of oncogenic proteins such as Slug and c-Myc 

(Jing et al. 2016; Shah et al. 2016; Zhou et al. 2016). Evidences suggest that SIRT2 

inactivation antagonizes aggressive traits and tumorigenesis in basal-like breast cancer 

(Zhou et al. 2016). Others have shown that selective inhibition of SIRT2 induces c-myc 

degradation, and reduces cancer cell growth in vitro and tumorigenesis in vivo. (Liu et 

al. 2013; Jing et al. 2016; Shah et al. 2016).  

 

1.10 Mitochondrial Sirtuins 

1.10.1 SIRT3 

 As described above, mammals have three mitochondrial sirtuins, SIRT3, 

SIRT4 and SIRT5. These mitochondrial sirtuins are considered metabolic sensors of 

cellular energetic status due to their dependence on NAD+. Among the mitochondrial 

sirtuins, SIRT3 is the main deacetylase responsible for regulating global mitochondrial 

lysine acetylation. Basal SIRT3 expression varies widely, however it is highly expressed 

in metabolically active tissues including liver, heart and kidney (Ahn et al. 2008). SIRT3 

is known to control acetyl CoA levels by deacetylating and activating acetylcoenzyme A 

synthase 2 (AceCS2) (Hallows et al. 2006). SIRT3 regulates fatty acid oxidation and 

ketone body synthesis by activating Acyl-CoA Dehydrogenase, Long Chain (LCAD) and 

3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2) (Hirschey et al. 2010; Shimazu 

et al. 2010). Mice lacking Sirt3 accumulate β-oxidation precursors and intermediates 

and show reduced fasting serum levels of ketone bodies (Hirschey et al. 2010; Shimazu 
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et al. 2010). SIRT3 is also involved in regulating mitochondrial oxidative phosphorylation 

(OXPHOS) by deacetylating and activating several components of the respiratory 

transport chain, including succinate dehydrogenase complex, subunit A (SDHA) (Ahn et 

al. 2008; Finley et al. 2011).  

 Studies have shown that SIRT3 can regulate glycolysis by inactivating 

peptidyl-prolyl isomerase cyclophilin D and consequently, inducing the dissociation of 

hexokinase II (HK2) from the mitochondria (Shulga et al. 2010). Dissociation from the 

mitochondria inactivates HK2 and reduces the production of glucose 6-phosphate. In 

addition, SIRT3 controls the Warburg effect in cancer cells by controlling ROS levels 

(Someya et al. 2010). Studies have shown that SIRT3 deacetylates and activates 

isocitrate dehydrogenase 2 (IDH2), the major source of NADPH. Maintenance of 

NADPH levels is essential for the regeneration of reduced gluthatione (GSH), the major 

antioxidant responsible for preventing ROS damage. SIRT3 also deacetylates and 

activates mitochondrial superoxide dismutase 2 (MnSOD); a major mitochondrial 

antioxidant enzyme (Qiu et al. 2010). 

 Growing evidences have shown that SIRT3 acts as a tumor suppressor in 

multiple cancers (Kim et al. 2010; Finley et al. 2011; Haigis et al. 2012). Sirt3 is 

deleted in human breast cancer, lung cancer and ovarian cancer (Kim et al. 2010; 

Finley et al. 2011). Furthermore, mice lacking Sirt3 develop hormone receptor-

positive mammary tumors (Kim et al. 2010).  

 

1.10.2 SIRT4 
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 Unlike SIRT3, SIRT4 has no detectable NAD+-dependent deacetylase 

activity. Mice lacking Sirt4 show no significant change in protein acetylation levels 

(Haigis et al. 2006). Interestingly, it has been reported that SIRT4 has ADP-

ribosyltransferase activity. SIRT4 blocks glutaminolysis by ADP-ribosylating glutamate 

dehydrogenase (GDH) to block glutaminolysis (Haigis et al. 2006; Jeong et al. 2013). By 

inhibiting GDH, SIRT4 also inhibits amino acid-stimulated insulin secretion (Ahuja et al. 

2007). SIRT4 also has been reported to promote lipid anabolism by regulating malonyl 

CoA decarboxylase (MCD) (Laurent et al. 2013).  

 Recently, it has been reported that SIRT4 has tumor-suppressor effects 

(Jeong et al. 2013). Loss of Sirt4 in a mouse model of Myc-induced Burkitt lymphoma 

accelerates the growth of lymphomas (Jeong et al. 2014). Furthermore, the loss of 

SIRT4 appears to be a result of mammalian target of rapamycin complex 1 (mTORC1). 

mTOR downregulates the expression of Sirt4 by destabilizes cAMP-responsive element 

binding 2 (CREB2). Further studies need to be done to fully understand the roles of 

SIRT4 in cellular metabolism and cancer (Csibi et al. 2013). 

 

1.10.3. SIRT5 

 SIRT5 was an enzymatic enigma until recent years. It was initially 

characterized as a weak deacetylase enzyme. However, recent findings showed that 

SIRT5 has potent desuccinylase, demalonylase and deglutarylase activities (Figure 

1.6). (Du et al. 2011; Zhou et al. 2012) After the discovery of these novel enzymatic 

activities, SIRT5 has becomes an active topic of research towards it biological and 

physiological functions.  
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Figure 1.6 SIRT5-catalyzed demalonylation, desuccinylation and deglutarylation reactions. In the reaction, NAD+ is 

consumed to release nicotinamide, while the ADP-Ribose moiety serve as the final acceptor of the acyl group (malonyl, 

succinyl, glutaryl). The modified figure was obtained from the Lin lab. 
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1.10.3.1 SIRT5 enzymatic activity 

  The weak deacetylase and strong demalonylase, desuccinylase and 

deglutarylase activity of SIRT5 is mainly due to slight variations in the catalytic pocket 

when compared to SIRT1, SIRT2 and SIRT3.  SIRT5 consists of 14 α helices and 9 β 

strands, which are organized into two main domains: the Rossmann fold domain and 

the Zn2+-binding domain (Figure 1.7) (Schuetz et al. 2007; Du et al. 2011; Zhou et al. 

2012; Szczepankiewicz et al. 2012; Roessler et al. 2014). Crystal structure comparisons 

show that SIRT5 has similar overall domain organization to the structures of SIRT1, 

SIRT2, and SIRT3 (Yang et al. 2017). Interestingly, SIRT5 has specific residues in the 

catalytic pocket – tyrosine (Y102) and arginine (R105) that are required for its 

demalonylase, desuccinylase and deglutarylase activities. These unique residues in the 

catalytic site can form hydrogen-bonding and ionic-bonding interactions with the 

negatively charged acyl groups such as malonyl, succinyl or glutaryl-lysine (Du et al. 

2011). In addition, SIRT5 harbors a larger acyl-lysine binding pocket when compared to 

other sirtuins. SIRT5 contains a smaller residue (Ala86), while SIRT1, SIRT2 and SIRT3 

contain a phenylalanine residue (Zhou et al. 2012). These subtle variations in the 

catalytic pocket explain SIRT5 preference for malonyl, succinyla and glutaryl groups.  

 

1.10.3.2 SIRT5 substrates 

 At present, an extensive number of potential SIRT5 targets have been 

identified by proteomic studies. SIRT5 has been implicated in regulating multiple 

metabolic pathways by targeting enzymes involved in amino acid degradation, 

glycolysis, TCA cycle, oxidative phosphorylation and fatty acid metabolism (Xie et al.
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Figure 1.7 Crystal structure of SIRT5 bound to NAD+. The crystal structure (PDB: 

3RIY) was obtained from Du et al. 2011. 
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2012; Tan et al. 2014; Hirschey and Zhao 2015). However, Sirt5KO mice do not show 

remarkable phenotypes or metabolic disorders (Yu et al. 2013).  

 

Roles of SIRT5 in the urea cycle 

 The first identified substrate of SIRT5 was carbamoyl phosphate synthetase 

1 (CPS1), an enzyme that catalyzes the rate-limiting step of the urea cycle for ammonia 

detoxification (Figure 1.8) (Nakagawa et al. 2009). SIRT5 deacetylates and activates 

CPS1.  Mice lacking Sirt5 showed increased levels of blood ammonia due to the lack of 

SIRT5-mediated activation of CPS1 (Nakagawa et al. 2009). Later, studies reported that 

SIRT5 dessucinylates and deglutarylates CPS1. Dessucinylation and deglutarylation of 

CPS1 also induces its activity (Yu et al. 2013; Tan M et al. 2014).  

 Increased levels of ammonia have been implicated in inducing autophagy in 

tumor cells.  Recently it was reported that SIRT5 modulates ammonia-induced 

autophagy and survival in cancer cells by controlling glutamine metabolism (Polleta et 

al. 2015). Polleta et al. reported that SIRT5 desuccinylates and inactivates glutaminase 

(GLS2), thereby reducing the levels of glutamate and ammonia production (Figure 1.8). 

Overexpression of SIRT5 in breast cancer (MDA-MB 231) and mouse myoblast 

(C2C12) cell lines causes decreased levels of ammonia production and a reduced 

expression of autophagy and mitophagy proteins (Polleta et al. 2015). Knockdown and 

pharmacological inhibition of SIRT5 showed the opposite phenotype. These findings 

demonstrate the important role of SIRT5 in ammonia detoxification.  

 

Roles of SIRT5 in cellular respiration 
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 SIRT5 also has been implicated in regulating cellular respiration (Figure 1.8). 

Global lysine malonylation proteome studies in mouse liver tissues revealed that the 

pathways most enriched with SIRT5-regulated malonylated proteins were 

gluconeogenesis and glycolysis, while the pathways most enriched with SIRT5-

regulated succinylated and glutarylated proteins were involved in mitochondria 

metabolism (Park et al. 2013; Radin et al. 2013; Nashida et al. 2015).  

 Among all the glycolytic enzymes, Aldolase B and Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), exhibited the highest increase in lysine 

malonylation in the absence of SIRT5. Nashida and coworkers showed that SIRT5 

demalonylates and activates GAPDH, the enzyme that catalyzes the conversion of 

glyceraldehyde 3-phosphate to glycerate 1,3-bisphosphate (Nashida et al. 2015). 

SIRT5-mediated activation of GAPDH increased glycolytic flux and lactate production in 

primary mouse hepatocytes in vitro. In accordance with these data, an independent 

study reported a correlation between Sirt5 and Ldha mRNA expression. Knockdown of 

Sirt5 in a lung cancer cell line decreased Ldha expression (Lv et al. 2015). 

 Augmented lactate production is a key feature of many cancer cells. It has 

been reported that suppression of pyruvate dehydrogenase diminishes the amount of 

acetyl-CoA entering into the TCA cycle and promotes its transformation to lactate in the 

cytoplasm (Zhang et al. 2015). Studies have reported that SIRT5 desuccinylates and 

inactivates pyruvate dehydrogenase complex (PDC) E1α subunit (Park et al. 2013). 

These data together suggest that SIRT5 promotes the Warburg effect and supports the 

malignant phenotype of cancer cells.  
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 Recently, it was reported that SIRT5 desuccinylates and inactivates pyruvate 

kinase M2 (PKM2) (Xiangyun et al. 2017). Blockage of PKM2 has been reported to be a 

common metabolic way of cancer cells to divert glucose flux to the pentose phosphate 

pathway and increase antioxidant response (Christofk et al. 2008). Inhibition of PKM2 

by SIRT5 promoted cell proliferation of non-small cell lung cancer cells (A549) in vitro 

and tumor growth in vivo (Xiangyun et al. 2017). These data support the tumor 

promoting roles of SIRT5 by protecting cancer cells from oxidative stress. Interestingly, 

an independent study in LPS-activated macrophages reported that SIRT5 

desuccinylates and activates PKM2 to block macrophage IL-1β production and 

inflammation (Wang et al. 2017). These data suggest that the impact of SIRT5 on PKM2 

may be context-dependent.  

 As discussed above, most of the SIRT5 identified targets via desuccinylation 

are involved in the TCA cycle and the oxidative phosphorylation pathway. Recent data 

suggest that SIRT5 not only blocks the TCA cycle by limiting the formation of Acetyl 

CoA via PDC, but also, by desuccinylating and inactivating succinate dehydrogenase 

(SDH), subunit A (SDHA) (Park et al. 2013). The SDH complex is composed of four 

subunits, SDHA-SDHD, that catalyze the oxidation of succinate to fumarate with the 

concomitant reduction of ubiquinone to ubiquinol. Park et al. reported that knockdown of 

Sirt5 in 293T cells substantially increased SDH activity and cellular respiration (Park et 

al. 2013).  It has been reported that inhibition or dysregulation of SDH activity results in 

the accumulation of succinate and reduced levels of fumarate and malate, which lead to 

disruption of multiple metabolic pathways including central carbon metabolism (Pollard 

et al. 2005; Aspuria et al. 2014). Furthermore, elevated levels of succinate induce 
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epigenetic alterations, activation of HIFα, cancer progression and angiogenesis.  The 

work of Park et al. implicates SIRT5 in promoting the Warburg effect by inhibiting SDH 

activity (Park et al. 2013).  

 Interestingly, two independent studies have shown opposite effects of 

SIRT5-mediated desuccinylation on SDH activity. Both works suggest that SIRT5 

induces SDH activity. Li et al. reported that expression of a succinylation mimetic SDHB 

mutant in cultured cells decreased SDH activity, while overexpression of Sirt5 increased 

SDH activity (Li et al. 2015). In support of these findings, a recent work showed that 

deletion of Sirt5 in vivo compromised SDH (complex II) and ATP synthase function 

(Zhang et al. 2017). These findings support the view of SIRT5 as a promoter of 

mitochondrial respiration through the TCA cycle and oxidative phosphorylation.  

 SIRT5 has also been implicated in promoting the TCA cycle by 

desuccinylating and activating IDH2 (Zhou et al. 2016). Zhou et al. showed that 

knockdown of Sirt5 in 293T cells decreased IDH2 activity by 41%, while overexpression 

of Sirt5 significantly increased its activity (Zhou et al. 2016). Furthermore, the study 

reported that SIRT5-mediated activation of IDH2 preserved cellular antioxidant capacity 

by the production of NADPH, an essential metabolite for the regeneration of GSH. 

These findings provide evidences of SIRT5-mediated oxidative protection.  

 

Roles of SIRT5 in the pentose phosphate pathway 

 The pentose phosphate pathway represents one of the major pathways for 

cellular NADPH generation in most tissues, together with the IDH1/2 pathway. Zhou et 

al. also reported that SIRT5 maintains cellular NADPH homeostasis and redox balance 
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by deglutarylating and activating glucose 6-phosphate dehydrogenase (G6PD), the 

enzyme that converts D-glucose 6-phosphate and NADP+ into 6-phospho-D-glucono-

1,5-lactone + NADPH (Figure 1.8) (Zhou et al. 2016). 

 Production of NADPH is essential for maintaining the levels of glutathione, 

which in turn protect the cells against oxidative damage. Beside its function in promoting 

NADPH production, SIRT5 has been implicated in reducing reactive oxygen species 

(ROS) by desuccinylating and activating superoxide dismutase 1 (SOD1) (Figure 1.8) 

(Lin et al. 2013). SOD1 is a member of a class of enzymes that catalyzes the 

detoxification of superoxide into oxygen and hydrogen peroxide (McCord and Fridovich 

1969).  In the study, Lin et al. reported that overexpression of SIRT5 increased SOD1 

activity by 50% and that SIRT5-mediated desuccinylation of SOD1 was essential for 

tumor cell growth (Lin et al. 2013). Together, these data support the roles of SIRT5 in 

promoting cell survival by promoting NADPH homeostasis, redox potential and reducing 

ROS levels. 

  

Roles of SIRT5 in the fatty acid metabolism 

 SIRT5 has been implicated in fatty acid β-oxidation and ketone body 

synthesis (Radin et al. 2013; Zhang et al. 2015; Sadhukhan et al. 2016). Lysine 

succinylome analysis in liver mitochondria showed that 14 out of 15 proteins involved in 

fatty acid β-oxidation, and 4 of 4 proteins in the ketone body synthesis were targeted by 

SIRT5. Radin et al. reported reduced fatty acid β-oxidation and accumulation of 

medium- and long-chain acylcarnitines in Sirt5KO mouse liver and skeletal muscle 

(Radin et al. 2013). In concordance with these data, it was recently reported that SIRT5 
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regulates very long-chain acyl-CoA dehydrogenase (VLCAD) (Figure 1.9) (Zhang et al. 

2015). SIRT5-mediated desuccinylation and SIRT3-mediated deacetylation promotes 

VLCAD activity and binding to cardiolipin (Zhang et al. 2015). Along with the activation 

of VLCAD, SIRT5 has been implicated in regulating the activity of mitochondrial enoyl-

CoA hydratase/3-hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase trifunctional 

enzyme. SIRT5 specifically desuccinylates and activates enoyl-CoA hydratase (ECHA), 

thereby promoting lipid metabolism (Figure 1.9) (Sadhukhan et al. 2016). Sadhukhan et 

al. reported that SIRT5 deficiency in mice, leads to cardiomyopathy due to decreased 

ECHA activity and reduced cardiac energy metabolism (Sadhukhan et al. 2016). 

Consistently, Boylston et al. showed that Sirt5KO mice are more susceptible to 

ischemia-reperfusion injury compared with Sirt5WT due to increased succinylation 

(Boylston et al. 2015).  

 SIRT5 has been also implicated in regulating ketogenesis. Succinylome 

studies reported that all four key enzymes in the ketone body synthesis are highly 

succinylated and targeted by SIRT5. Furthermore, Sirt5-deficient mice showed 

decreased ketone body production and hypersuccinylation of 3-Hydroxy-3-

Methylglutaryl-CoA Synthase 2 (HMGCS2), the rate-limiting step of ketone body 

synthesis (Figure 1.9) (Radin et al. 2013). Together, these data demonstrate that SIRT5 

promotes ATP generation through fatty acid β-oxidation and ketone body production. 

 

1.10.3.3 Sirt5 gene and tissue distribution  

 Human SIRT5 gene is located at chromosome locus 6p23 and consists of 

eight exons (Exon 1-8) (Mahlknecht et al. 2006). Exon 1 codes for the N-terminal 
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Figure 1.8 SIRT5 regulates cellular respiration, glutamine metabolism, urea cycle 

and the pentose phosphate pathway. Multiple studies have reported that SIRT5-

mediated deacylation increases the activity of G6PD, GAPDH, IDH2, CPS1 and SOD1 

(red ovals) and reduces the activity of PDC and GLS (blue ovals). The impact of SIRT5-

mediated deacylation on PKM2 and SDH activity varies, depending on cell context (red-

blue ovals). Note that the schematic representation of key metabolic pathways is 

simplified. Multiple steps and connections between pathways were not shown to 

emphasize the steps discussed in the text. G-6-P, Glucose 6 phosphate; G-3-P, 
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Glucose 3 phosphate; GAPDH, Glyceraldehyde phosphate dehydrogenase; 1,3-BPG, 

1,3-Bisphosphoglycerate; PEP, Phosphoenolpyruvate; PKM2, Pyruvate kinase muscle 

isoform 2; PDC, Pyruvate dehydrogenase complex; Acetyl-CoA, Acetyl-Coenzyme A; 

IDH2, Isocitrate dehydrogenase 2; αKG, Alpha ketoglutarate; Succiny-CoA, Succinyl-

Coenzyme A; SDH, Succinate dehydrogenase; Cyt C, Cytochrome C; GLS, 

Glutaminase; CPS1, Carbamoyl phosphate synthetase 1; 6-G-P; 6-Phosphogluconate; 

Ribulose-5-P, Ribulose 5 phosphate isomerase; R-5-P, Ribose 5 phosphate; ROS, 

Reactive oxygen species; SOD1, Superoxide dismutase 1; GSH, Glutathione; GSSG, 

Oxidized glutathione; NADP/NADPH, Nicotinamide adenine dinucleotide phosphate.  
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Figure 1.9 SIRT5 promotes fatty acid β-oxidation and ketone body synthesis. 

SIRT5-mediated deacylation increases the activity of VLCAD, ECHA and HMGCS2 (red 

ovals). Note that the schematic representation of key metabolic pathways is simplified. 

To emphasize the steps discussed in the text, multiple steps and connections between 

pathways were not shown. VLCAD, Very long-chain acyl-coenzyme A dehydrogenase; 

ECHA, Enoyl‐coenzyme A hydratase; HMGCS2, 3-hydroxy-3-methylglutaryl-CoA 

synthase 2; HMG-CoA, hydroxymethylglutaryl-CoA.  
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sequence, while Exons 2-8, code for the catalytic core. In humans, SIRT5 is found in 

two isoforms, which encode a 310 aa and a 299 aa protein, respectively (Mahlknecht et 

al. 2006). These two isoforms have been reported to localize in different compartments 

in the cell. SIRT5iso1 was found in the nucleus and the cytoplasm, while SIRT5iso2 

localized in the mitochondria (Matsushita et al. 2011). Studies have reported that human 

SIRT5 is predominantly expressed in heart muscle cells and in lymphoblasts 

(Mahlknecht et al. 2006). However, other studies testing for tissue distribution reported 

high SIRT5 expression levels in brain, heart, liver, kidney, skeletal muscle, and testis 

(Michishita et al. 2005: Nakagawa et al. 2009).  

 The murine Sirt5 gene is located at chromosome 13A4 and consists of 8 

exons. It encodes a 310 aa protein with a molecular weight of 34.1 kDa. Mouse Sirt5 is 

ubiquitously expressed in various tissues, with relatively high Sirt5 expression level in 

the heart, skeletal muscle, brain, liver, testis and kidney (Su et al. 2002; Su et al. 2004; 

Michishita et al. 2005; Mahlknecht et al. 2006; Nakamura et al. 2008). 

 

1.10.3.4 SIRT5 and diseases 

 Despite the large number of metabolic targets, there is no overt metabolic 

dysfunction seen in SIRT5-deficient mice (Yu et al. 2013). After prolonged fasting, 

SIRT5-deficient mice display elevated ammonia levels due to inactivation of CPS1 

(Nakagawa et al. 2009; Yu et al. 2013). Metabolic characterization of these mice feed 

with chow and high fat diet, showed minor metabolic consequences (Yu et al. 2013).  

 SIRT5 is highly expressed in the heart compared to other tissues (Nishida 

et al. 2015; Sadhukhan et al. 2016). Several studies have shown that deletion of Sirt5 
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in mice has unfavorable effects on the heart. SIRT5-deficient mice show reduction in 

cardiac function in early adulthood, and acute stress of cardiac ischemia-reperfusion 

results in an increased infarct area in mice lacking SIRT5 (Boylston et al. 2015; 

Sadhukhan et al. 2016). Mechanistic studies have identified decreased activity of 

hydroxyacyl-CoA dehydrogenase alpha subunit (HADHA) and increased SDH activity 

as the main factors contributing to these cardiac phenotypes in SIRT5-deficient mice 

(Boylston et al. 2015; Sadhukhan et al. 2016). Together, these studies demonstrate that 

SIRT5 regulates heart metabolism and function via its desuccinylase activity. 

 SIRT5 is also highly experessed in the brain (Su et al. 2002; Su et al. 2004; 

Michishita et al. 2005; Mahlknecht et al. 2006; Nakamura et al. 2008). Multiple studies 

suggest that SIRT5 has neuroprotective roles (Parihar, et al. 2014; Liu et al. 2015). 

SIRT5-deficient mice show accerlerated neurodegeneration in a neurotoxin-induced 

model of Parkinson's disease by altering mitochondrial antioxidant capacity (Liu et al. 

2015). SIRT5-deficient mice also show increased mortality to epileptic seizures and 

neuronal loss when exposed to Kainate, a potent neuroexcitatory amino acid agonist 

that acts by activating receptors for glutamate (Li and Liu 2016). Together, these studies 

show the potential of SIRT5 to serve as protector of neurodegenerative diseases.  

 

1.10.3.5. SIRT5 and cancer 

 The role of SIRT5 in the pathogenesis of human diseases is currently being 

investigated. The SIRT5 gene is situated on chromosome locus 6p23, a region that has 

been reported to be involved in a variety of chromosomal abnormalities associated with 

malignant diseases (Mitelman et al. 1997). SIRT5 mRNA expression is often increased 
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in several human cancers when compared to normal tissue. The increased levels of 

SIRT5 mRNA in cancer are often due to gene amplification (Figure 1.10) (Finley, et al. 

2011; Cerami et al. 2012; Gao et al. 2013; Lu et al. 2014). 

 SIRT5 was reported to be overexpressed in bone marrow 

lymphoplasmacytic cells from Waldenstrom's macroglobulinemia patients and in 

multiple types of pancreatic cancers (Ouaissi et al. 2008; Sun et al. 2011). An 

independent study reported that Sirt5 is highly expressed in non-small cell lung cancer 

(NSCLC) and associated with poor survival rates (Lu et al. 2014). In concordance with 

these data, a recent study in human breast cancer showed that the expression levels of 

Sirt5 were significantly overexpressed in breast cancer tissues and elevated in two 

breast cancer cell lines, MCF-7 and SKBR3 (Igci et al. 2016). Alongside, multiple 

studies using mouse models, also have reported the oncogenic potential of SIRT5 (Lu 

et al. 2014; Xiangyun et al. 2017). Together, these data suggest that SIRT5 may have 

crucial roles in the development of cancer.  

 Interestingly, some studies have reported a reduction of Sirt5 expression in 

some cancers when compared to healthy tissue. SIRT5 was found to be downregulated 

in head and neck squamous cell carcinoma when compared to healthy tissues (Lai et al. 

2013). Interestingly, downregulation of Sirt5 was more pronounced in advanced stages 

when compared to earlier stages, indicating that downregulation of Sirt5 expression 

might contribute to the development of cancer in some context (Lai et al. 2013). 

 

1.11 Summary 

 Breast cancer is the most commonly diagnosed cancer in women and the



 59 

 

Figure 1.10 Cross-cancer alteration summary for SIRT5 (166 studies). According to 

cBioPortal web-based tool, SIRT5 gene copy number is often amplified (red bars) in 

many cancer types. Some cancers show other types of SIRT5 alterations such as 

mutation (green bars) or deletion (blue bars). Data was retrieved from BioPortal (Gao et 

al. 2013) on December 3, 2013. 
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second leading cause of cancer death. Besides new advances, the identification of new 

targets and the development of new strategies are necessary to intervene against this 

disease. Cancer cells posses an altered metabolism to obtain the energy and the 

essential building blocks to sustain their relentless proliferation. Most cancer cells 

increase glucose uptake to produce lactate even when oxygen is plentiful, a 

phenomenon known as the “Warburg effect”. In addition, cancer cells exhibit an 

increased rate of glutamine metabolism to replenish the Krebs cycle. For the past 50 

years, numerous therapeutic approaches to target cancer metabolism have been 

developed. Unfortunately, many of these treatments fail to effect cures because small 

populations of cancer cells become resistant to treatment. This highlights the urgent 

need to identify new targets and develop new strategies to intervene against cancer. 

 Studies over the last decade strongly indicate that several members of the 

sirtuin family play important roles in carcinogenesis. Furthermore, recent findings have 

highlighted the importance of mitochondrial sirtuins (SIRT3, SIRT4, and SIRT5) in 

regulating multiple metabolic pathways. Among these, SIRT5 is the only known 

nicotinamide adenine dinucleotide-dependent deamalonylase, desuccinylase and 

deglutarylase enzyme. SIRT5 is known to regulate multiple metabolic pathways 

including urea cycle, mitochondria respiration, pentose phosphate pathway, and 

glutamine metabolism.  

 Growing evidences implicate SIRT5 in contributing cancer growth and 

metabolic reprogramming. Sirt5 is often amplified in cancer and robust evidences have 

shown that SIRT5-mediated desumalonylation, desuccinylation and deglutarytion 
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support cancer proliferation by promoting the Warburg effect, antioxidant defense and 

resistance to chemotherapy.  

 This dissertation investigates the importance of SIRT5-regulated post-

translational modification in cancer progression, identifies SIRT5 targets that are 

essential for cancer cell metabolic reprograming, and evaluates the impact of Sirt5 loss 

on the expression of genes that might be critical for tumor progression. In addition, this 

dissertation highlights the potential of SIRT5 as pharmacological target for treatment of 

specific cancer types. 
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2.1 ABSTRACT 

 The sirtuins are a family of NAD+-dependent enzymes that regulate a wide range 

of biological pathways involved in longevity, survival, DNA repair, metabolism, and 

proliferation. Among the 3 mitochondrial sirtuins, SIRT5 is the only known enzyme that 

catalyzes NAD+-dependent demalonylation, desuccinylation and deglutarylation of 

protein substrates. SIRT5 expression is increased in several human cancers and 

knockdown of Sirt5 represses breast cancer cell growth and transformation in vitro. 

Here, we used MMTV-PyMT transgenic mice, a genetically engineered mouse model 

featuring metastatic mammary adenocarcinoma to study the roles of SIRT5 in 

mammary tumorigenesis. MMTV-PyMT mice with targeted Sirt5 deletion (Sirt5-/-) 

showed delayed mammary tumor onset, significantly increased overall survival, and 

decreased incidence of lung metastasis, as compared to controls. Immunoblotting for 

succinyl-lysine levels in mammary tumor tissues from Sirt5+/+ PyMT and Sirt5-/- PyMT 

mice revealed that there were several proteins with greatly increased succinylation in 

Sirt5-/- PyMT mammary tumors. Liquid chromatography-mass spectrometry (LC-MS) 

analysis identified 413 lysine succinylation sites across 147 proteins in mammary 

tumors from Sirt5-/- PyMT and Sirt5+/+ PyMT mice, with many metabolic enzymes highly 

succinylated in Sirt5-/- samples. To evaluate the impact of Sirt5 loss on the expression of 

genes that might be critical for tumor progression, we performed a comparative analysis 

of expression profiles between Sirt5+/+ PyMT and Sirt5-/- PyMT mice. We identified 

significant deregulation of 129 genes involved in multiple cellular processes such as 

cellular metabolism, circadian clock, and inflammation. Pharmacological inhibition of 

SIRT5 reduced tumor progression in MMTV-PyMT mice. These data highlight the 
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importance of SIRT5-regulated post-translational modification in cancer metabolism and 

emphasize novel regulatory events that are important for cancer progression.  
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2.2 INTRODUCTION 

 Breast cancer is among the most common cancer types diagnosed in 

women. Despite advances in early detection and treatments, acquired resistance to 

chemotherapy and disease recurrence remain a challenge, making breast cancer one of 

the leading causes of cancer-deaths worldwide (Ferlay et al. 2015). Breast cancer cells, 

as other cancer types, rewire their metabolism to sustain their biosynthetic and 

bioenergetics needs. Even in the presence of oxygen, cancer cells utilize most of the 

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

pathway (the “Warburg effect”) (Warburg 1925; Kroemer and Pouyssegur 2008; Lunt 

and Vander 2011). In addition to altered glucose metabolism, cancer cells increase fatty 

acid synthesis and glutamine metabolism as an alternative source of energy for their 

survival and enhanced proliferation (Wise et al. 2011). These metabolic changes, 

together with alterations of several signaling pathways, have been recognized as 

hallmarks of cancer progression and associated to cancer therapeutic resistance. On 

the basis of these observations, much attention has been given on the development of 

therapies that target cancer metabolism.  

 Emerging evidences show that post-translational modifications (PTMs); such 

as acetylation, succinylation, malonylation and glutarylation, play crucial role in cancer 

progression and drug resistance by regulating cell metabolism and signaling pathways 

(Karve and Cheema 2011; Hirschey and Zhao 2015). Therefore, targeting enzymes that 

regulate these specific PTMs hold a lot of potential for cancer treatment. Protein 

acetylation, succinylation, malonylation and glutarylation are regulated in part by 

sirtuins, a family of nicotinamide adenine dinucleotide (NAD+)-dependent protein 
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deacetylases (He et al. 2012; Houtkooper et al. 2012). Sirtuins have been implicated to 

play crucial roles in cancer by regulating cellular metabolism (Lee et al. 2016). Among 

the seven mammalian sirtuins, SIRT5 is the only known enzyme that catalyzes 

nicotinamide adenine dinucleotide-dependent demalonylation, desuccinylation and 

deglutarylation of metabolic enzymes involved in glycolysis, glutamine metabolism, fatty 

acid oxidation and the pentose phosphate pathway (Du et al. 2011; Bringman-

Rodenbarger et al. 2017). To date, the role of SIRT5 in cancer is still under 

investigation. Recent findings indicate that Sirt5 is overexpressed in multiple cancer 

types (Ouaissi et al. 2008; Sun et al. 2011; Lu et al. 2014). High expression of Sirt5 is 

associated poor survival in patients with NSCLC (Lu et al. 2014). Furthermore, recent 

studies have shown that SIRT5 promotes proliferation of cancer cells by targeting 

multiple metabolic enzymes, including IDH2, G6PD and PKM2 (Zhou et al. 2016; 

Xiangyun et al. 2017).  

 Here, we put forward the idea that SIRT5 is essential for breast cancer cells 

to regulate post-translational modifications of proteins involved in cancer metabolism. 

To elucidate the function of SIRT5 in breast cancer, we used MMTV-PYMT transgenic 

mice, a genetically engineered model in which the animals develop mammary 

adenocarcinoma with metastasis to lung (Guy et al. 1992). In the study, we show that 

Sirt5 deficiency reduces tumor proliferation and the incidence of lung metastasis.  

 

2.3 MATERIALS AND METHODS 

Antibodies 
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 Rabbit pan-specific antisuccinyllysine (PTM-401) and antiglutaryllysine (PTM-

1151) antibodies were purchased from PTM Biolab, Inc. The SIRT5 rabbit monoclonal 

antibody (8782) and CD31 (PECAM1-D8V9E) antibody were purchased from Cell 

Signaling. Ki67 antibody (06-570) was purchased from Millipore. Apoptag kit for Tunnel 

staining was purchased from Millipore. F4/80 (sc-377009) and CD68 (sc-20060) 

antibodies were purchased from Santa Cruz Biotechnology.  

 

Cell Culture and Mouse Embryonic Fibroblasts (MEFs) preparation 

 All cultured cells were grown in Dulbecco's modified Eagle's medium (DMEM) 

(Corning Inc.) supplemented with 10% bovine calf serum (Thermo Scientific Hyclone, 

SH30072), 1% nonessential amino acids (Corning Cellgro, 25-025-CI), 1% L-glutamate 

(25-005-CI), and 1% penicillin and streptomycin (30-002-CI). MEFs were prepared from 

13.5 dpc embryos from timed matings between heterozygous Sirt5 mice (Sirt5+/-) and 

Sirt5+/- carrying the conditional oncogenic Kras allele, LSL-KrasG12D (Sirt5+/- Kras+/LSL) 

(Jackson et al. 2001; Yu et al. 2013).  Embryos were dissected from the deciduum and 

cultured in DMEM supplemented with 10% fetal bovine serum, 1% nonessential amino 

acids, 1% L-glutamate and 1% penicillin and streptomycin. 

 

Immortalization of Mouse Embryonic Fibroblasts  

 After five days, 500,000 primary MEFs cells were seeded into 60 mm dishes. The 

day after, a mixture of 2.5 mL of media, 2.5 uL polybrene and 250 uL of T-large antigen 

virus were added onto the cells. Transfected MEFs cells were selected in culture 

medium containing 1.83 μg/mL puromycin, replaced every other day for two weeks. 
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Stable drug-resistant cells were cultured according to the 3T3 passaging protocol for 

maintenance and experimental use.  

 

Viral infection  

 Virus was prepared as described by Zhu (Zhu and Weiss 2007). For infections, 

1,000,000 MEFs cells were plated into a 10 cm culture dish.  The next day, the cells 

were infected with 1.95 x 1011 Ad-cre particles in 2.5 mL of culture medium at 37 °C for 

6 hours. Media was removed and replaced by fresh medium. Cells were cultured 

according the 3T3 passaging protocol for maintenance and experimental use.  

 

Short and long term survival assays 

 For short-term survival assays, 50,000 cells were seeded in triplicate in 6-well 

plates. Cells were allowed to grow for 3 days. On the third day, cells were properly 

counted using a hemocytometer. For long-term survival assays, 5,000 cells were 

seeded in triplicate in 6-well plates. At day 4 post-culture, media was replaced with fresh 

medium. Cells were allowed to grow for a week, fixed with methanol and stained with 

0.5% crystal violet solution. For treatments, 5,000 cells were seeded in 6-well plates. 

After 24hrs, cells were treated with different concentrations of SIRT5 inhibitor (0, 5, 10, 

25, 50 and 100 μM). The medium and inhibitor were replaced with new ones at day 4 

post-culture. After 7 days treatment, cells were ixed with methanol and stained with 

0.5% crystal violet solution.  

  

Soft agar colony formation assay  
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 For colony formation 100 μL of Kras expressing MEFs (1.0x106 cells/mL) were 

mixed with 0.3 mL of 0.4% low melting point agarose and 2.6 mL of DMEM-

supplemented media (10% BCS, 1% nonessential amino acids, 1% L-glutamate and 1% 

penicillin and streptomycin) and seeded onto 60 mm plates coated with 0.6% agarose in 

DMEM-supplemented media. Cells were allowed to growth for 2 weeks. For treatments, 

67 μL of human breast cancer cells (200,000 cells/mL) were mixed with 0.2 mL of 0.4% 

low melting point agarose, 1.7 mL of DMEM-supplemented media and 67 μL of I5-2AM 

(final concentration 10 μM or 50 μM) or vehicle. Cells were allowed to growth for 2 

weeks. The medium and inhibitor were replaced with new ones every 3 days. Colonies 

were photographed and counted 2 weeks after incubation.  

 

Animals 

 Sirt5 transgenic mice were obtained from Johan Auwerx (Yu et al. 2013). These 

mice were backcrossed with C57BL/6 mice. MMTV-PyMT transgenic mice on a pure 

FVB/N background were obtained from the Jackson Laboratory (Guy et al. 1992). Male 

PyMT mice were mated with female Sirt5+/- mice to obtain heterozygous Sirt5 PyMT 

(Sirt5+/- PyMT) males. Sirt5+/- PyMT males were bred with heterozygous (Sirt5) Sirt5+/- 

females to generate female littermates that were Sirt5+/+ PyMT and Sirt5-/- PyMT.  

 

Genotyping 

 Genotyping was performed by polymerase chain reaction (PCR) amplification 

using allele-specific primers and genomic DNA extracted from mouse-tails. Identification 

of the PYMT transgene was determined using the following PYMT primers:   
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(F) 5’-GGAAGCAAGTACTTCACAAGGG-3' 

(R) 5'-GGAAAGTCACTAGGAGAGGG-3' 

PCR reaction conditions were 94 °C (3 minutes), followed by 30 cycles of 94 °C (30 

seconds), 64 °C (1 minute), 72 °C (1 minute), and 72 °C (2 minutes). Identification of the 

Sirt5 genotyping was performed using the following Sirt5 primers:  

5'-CTTGAGCAGAAAACCACAGAGGAGAGAAC-3', 

5'-GTGTATAGTTGTGTGCTGTGTGCTTGTAC-3' 

5'-GGGAAAGATCTGGGGTTGGAATTTACC-3' 

PCR reaction conditions were 95 °C (5 minutes), followed by 30 cycles of 95 °C (30 

seconds), 64.6 °C (30 seconds), 72 °C (1 minute), and 72 °C (7 minutes).  

 

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 ages. After the detection of palpable tumors, mice 

were monitored for tumor growth with caliper twice a week. Tumor onset was measured 

upon detection of any palpable tumor mass. For the Kaplan-Meier survival, tumor 

endpoint was defined as a mouse having any one tumor of 1.5 cm with multiple tumors 

bigger than 0.5 cm or when any one tumor reached 2.0 cm (Cohort 1) (Table 2.1). For 

the quantification of tumor load and lung metastasis, a second cohort of experimental 

mice was collected 50 days after the onset of the first tumor (Cohort 2). A third cohort of 

experimental females was sacrificed at 42 days old of age to perform whole mount 

(Cohort 3). When experimental mice met the endpoint criteria, mice were euthanized by 

CO2 asphyxiation. All mammary glands were dissected and weighed. Mammary tumors 
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and other tissues were collected, fixed with 4% paraformaldehyde (PFA), embedded in 

paraffin, sectioned, and stained with hematoxylin and eosin (H&E). H&E-stained 

sections were scanned using an Aperio ScanScope and analyzed by a veterinarian 

certified in anatomic pathology by the American College of Veterinary Pathologists 

blinded to treatment group. Serum, tumor tissues and organs were snap frozen in liquid 

N2 and stored at -80 °C for subsequent analyses.  

 

Immunohistochemistry on tissue sections 

 Tissue sections (5μm thickness) were deparaffinized, rehydrated in graded 

alcohols. Antigen retrieval was performed by microwaving slides in citrate buffer, pH 

6.0. Slides were immersed in 30% hydrogen peroxide in methanol for 10 minutes to 

inhibit endogenous peroxidase activity. Slides were blocked in BSA to prevent non-

specific antibody binding, and then incubated with Ki67 antibody overnight at 4 °C. 

Slides were incubated in biotinylated secondary antibody, followed by streptavidin HPR 

conjugate (Invitrogen Histostain SP) at room temperature. Immunoreactivity was 

visualized using DAB (Invitrogen), counterstained with hematoxylin (Fisher CS401-1D), 

dehydrated and mounted. Slides were scanned using an Aperio ScanScope and 

analyzed using Image J.  

 For terminal dUTP nick-end labelling (TUNEL) staining, tissue sections (5μm 

thickness) were deparaffinized, rehydrated in graded alcohols and digested with Protein 

Kinase. Slides were immersed in 30% hydrogen peroxide in methanol for 10 minutes 

and incubated in TdT Enzyme for an hour at 37 °C. Slides were washed and incubated
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Table 2.1 Endpoint criteria established for the collection of experimental mice. 

Cohort Endpoint criteria 

 

Cohort 1 

A mouse was euthanized if (a) it had multiple tumors smaller than 0.5 cm and one 

tumor reached 2.0 cm, or if (b) it had multiple tumors bigger or equal to 0.5 cm and 

one tumor reached 1.5 cm.  

 

Cohort 2 A mouse was euthanized 50 days after palpating the first tumor 

 

Cohort 3 A mouse was euthanized at 42 days old (6 weeks) of age. 
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in Anti-Digoxigenin Conjugate solution for 30 minutes at room temperature. DAB 

peroxidase kit (Invitrogen), was use to visualize TUNEL-positive cells. Sections were 

counterstained with hematoxylin, dehydrated and mounted. Slides were analyzed as 

described above. 

  

Whole mount staining 

 Whole abdominal mammary gland was dissected as described by Plante et al. 

and mounted on slides (Plante et al. 2011). The mammary gland was fixed in 4% PFA 

overnight, washed in a gradient of ethanol solutions and stained for two days in 

Carmine Alum (Fisher). Mammary gland was then dehydrated.  

 

Immunoblot analysis 

 Tissue extracts were prepared using lysis buffer (50 mM Tris-HCl, pH 8.0, 150 

mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 5 mM nicotinamide) supplemented with 

protease and phosphatase inhibitors. Tissues were homogenized in a tissue 

homogenizer. The lysates were centrifuged at 20,000 × g for 30 min at 4 °C to remove 

the cell debris. Protein concentration of the supernatant was measured using the 

Bradford method. Fifty micrograms of protein were loaded and separated on 10% 

polyacrylamide gel and transferred to PVDF membrane (Perkin Elmer). The membrane 

was blocked using 5% BSA or milk in TBST (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 

and 0.1% Tween-20), incubated with antibodies in 5% BSA or milk in TBST. 

Chemiluminescent signal was detected on a VersaDoc Imaging system and quantified 

using Quantity One software (Bio-Rad Laboratories).  
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Nano LC/MS-MS  

 Frozen powdered mammary tumor tissues from Sirt5+/+ PyMT and Sirt5-/- PyMT 

mice were homogenized and lysed as previously described. One milligram of total 

protein from Sirt5+/+ PyMT and Sirt5-/- PyMT tumor samples was digested with trypsin 

and labeled with light and heavy dimethyl groups, respectively. The isotopically labeled 

peptides were mixed and enriched using antisuccinyllysine antibody as described by 

Sadhukhan et al. (Sadhukhan et al. 2016). Nano LC-MS/MS was used for the 

identification and quantification of succinyl-lysine peptides (Sadhukhan et al. 2016).  

 

Extraction of RNA 

 Total RNA was extracted from mammary tumor tissues or lung tissue using RNA 

STAT-60. The concentration and quality (A260/230 and A260/280 ratios) of total RNA 

were determined by using the Nanodrop (Thermo Fisher Scientific Inc, Wilmington, DE). 

RNA integrity was confirmed by Fragment Analyzer (Advanced Analytical). 

 

RNA-Sequencing and analysis 

 Ribosomal RNA was subtracted by hybridization from total RNA samples using 

the RiboZero Magnetic Gold Mouse Kit (Illumina) and quantified with a Qubit 2.0 (RNA 

HS kit; Thermo Fisher). TruSeq-barcoded RNAseq libraries were generated with the 

NEBNext Ultra II Directional RNA Library Prep Kit (New England Biolabs) and quantified 

with a Qubit 2.0 (dsDNA HS kit; Thermo Fisher). The size distribution of the libraries 

was determined with a Fragment Analyzer (Advanced Analytical) prior to pooling and 

sequenced on a NextSeq500 instrument (Illumina). Reads were trimmed for low quality 
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and adaptor sequences with cutadapt v1.8 as described by Martin (Martin, 2011). Read 

were mapped to the mouse genome using tophat v2.1 (Kim et al. 2013). Cufflinks v2.2 

was used to generate FPKM values and statistical analysis of differential gene 

expression (Trapnell et al. 2013). 

 

Reverse transcription (RT)-PCR analysis 

 cDNA was synthesized using High Capacity cDNA Reverse Trancription Kit 

(Applied Biosystem). Amplification of genes of interest was performed using 20 μL total 

volume, containing 5 μL of 5 ng/μL cDNA, 1 μL of each primer and 13 μL of master mix 

buffer. Samples were run on a C1000 Touch Thermal Cycler, CFX96 Real-Time 

System, Bio Rad machine. Two different housekeeping genes were used to normalize 

the expression of the gene of interest. A list of primers is provided in Table 2.2.  

 

Detection of SIRT5 inhibitors in blood serum and tissue samples 

 Treated MMTV-PyMT mice were euthanized at different timepoints (24 hrs, 3 hrs 

or 30 minutes) after performing the last injection of I5-2AM, MY01170 or vehicle 

solution. Blood serum, tumor tissues and fat were collected and snap frozen in liquid N2 

and stored at -80 °C. Serum samples (100 μL) and small pieces of tissue or fat were 

homogenized with 100 uL of pure methanol for 30 seconds using tissue homgenizer. 

Samples were centrifuged at maximum speed for 10 minutes at 4°C. The supernatant 

was collected, sonicated for 5 minutes and centrifuged at maximum speed for 10 

minutes at 4°C. Supernant was analyzed by High Performance Liquid Choromatography 

(HPLC) with Kinetex 5u EVO C18 100A 30 x 2.1 mm Column and Mass Spectrometry 
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using Thermo LCQ Fleet MS. HPLC grade water with 0.1 % acetic acid was used as 

Buffer A and HPLC grade acetonitrile with 0.1% acetic acid was used as Buffer B. 100 

µL of the supernatant was loaded and eluted at gradient of 0% Buffer B in the first 2 

minutes, 20% in the next 2 minutes, 40% in 13 minutes, 40% in 2 minutes and 100% in 

6 minutes, and lastly 100% in 4 minutes (total 29 minutes). The elutions are monitored 

by two wavelengths 215 nm and 254 nm. After the run, Thermo Xcalibur Qual program 

was used for further analysis. As the positive control samples, purified I5-2AM and 

MY01170 were dissolved in methanol, and diluted in 1:1 mixture of water and 

acetonitrile to inject into the LC-MS. 

 

Blood ammonia measurements 

 The day before reaching the established endpoint, mice were fasted. 

Twentyfour hours after, mice were euthanized and blood was collected by cardiac 

puncture. Serum was immediately frozen in liquid nitrogen and used for measurement 

of ammonia levels. Serum ammonia measurments were performed as described by 

Yu et al. (Yu et al. 2013).  
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Table 2.2 Primers sequences used for RT-qPCR.  

Gene Forward Reverse 

PyMT 5'-CGGCGGAGCGAGGAACTGAGGAGAG-3' 5'-TCAGAAGACTCGGCAGTCTTAGGCG-3' 

Sirt5 5'-GGGTTCCCACTTTCAGAG-3' 5'-ACACCTGTGATGGGTTTC-3' 

Saa 5'-AGGATGAAGCTACTCACCAG -3' 5'-GCTTCCTTCATGTCAGTGTAG-3' 

Fgg 5'-CTGTTGCATCCTAGATGAGAG-3' 5'-GCGTTCGGAGATCATTGT-3' 

IL-6 5'-CAGGCTTTCCTCCAGATAAAC-3' 5'-TCAAGGTAAGTCTCCCTTCC-3' 

Vegfα 5'-GTCTACCAGCGAAGCTACT-3' 5'-ACAGGACGGCTTGAAGAT-3' 

Tnfβ 5’-GAACCAAGGAGACGGAATAC-3’ 5’-GGCTGATCCCGTTGATTT-3’ 

Hprt  5'-CCTAAGATGAGCGCAAGTTGAA-3' 5'-CCACAGGACTAGAACACCTGCTAA-3'  

Rpl13a  5'-CCTAAGATGAGCGCAAGTTGAA-3' 5'-CCACAGGACTAGAACACCTGCTAA-3'  

Mfge8  5'-CGCCTCGTCTGTGTATATG-3' 5'-ATCATAGTTGCTGGCTGTC-3' 

IL-6 5'-CAGGCTTTCCTCCAGATAAAC-3'  5'-TCAAGGTAAGTCTCCCTTCC-3' 

Cd68  5'-ACTACATGGCGGTGGAATA-3' 5'-GGAGCTCTCGAAGAGATGAA-3' 

Fgg 5'-CTGTTGCATCCTAGATGAGAG-3' 5'-GCGTTCGGAGATCATTGT-3' 

 

 



 117 

Synthesis of SIRT5-specific inhibitor  

Synthetic Route for I5-2AM (Compound I) 

 To a solution of 3-Boc-amino propionic acid (A, 1.0 g, 5.3 mmol) in acetonitrile 

(30mL) at room temperature was added triethylamine (0.886 mL, 6.36 mmol) and 

bromomethyl acetate  (B, 0.624 mL, 6.36 mmol). The resulting reaction solution was 

stirred at room temperature for overnight (16 hrs). Acetonitrile was removed and residue 

was dissolved in ethyl acetate (30 mL) and washed by water and brine and dried. After 

removed solvent, crude compound C was obtained. The crude compound C (~5.3 

mmol) was dissolved in DCM (30 mL), to this solution was added TFA (3 mL). The 

solution was stirred at room temperature for 1 hr. TLC showed no compound C left. The 

solution was concentrated and residue was azeotropic evaporated two times with 

toluene (10 mL X2) to obtain crud compound D. To a solution of crude compound D 

(~5.3 mmol) in dry THF (20 mL) was added triethylamine (0.813 mL, 5.83 mmol) 

following thiocarbonyldiimidazole (0.945 g, 5.3 mmol). The reaction mixture was stirred 

at room temperature for overnight (18 hrs). THF was removed under vacuum, the 

residue was dissolved in DCM  (30 mL) and washed by water and brine and dried on 

sodium sulfate. After removed solvent, the residue was passed through a little long pad 

of silica gel, eluted by Hexane /ethyl acetate (4:1) to collected product. Totally, 0.569 g 

(51.7% for three steps) of compound E was obtained, which was used to next step 

reaction and no more purification. 

 To a solution of N-Z-N-Boc-L-Lysine (Compound F, 1.5 g, 3.9 mmol) in DCM 

(25 mL) at room temperature was added NMM (0.686 mL, 6.24 mmol), following t-butyl 

chloroformate (0.712 mL, 5.45 mmol) was added drop wise. The solution was stirred at 
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room temperature for 1 hr. 3-aminophenol (511 mg, 4.68 mmol) was added one portion. 

The resulting reaction mixture was stirred at room temperature for overnight (18hrs.). 

0.5 N HCl (8 mL) was added. Organic solution was isolated and washed by water and 

brine and dried on sodium sulfate and concentrated. The residue was purified by 

column (hexane:ethyl acetate= 2:1) to afford Compound G (1.65 g, 88%) as white 

solid. LC-Ms: Calcd: 471.55; Found: 471.92 (M); 372.21 (M-Boc+1). To a solution of 

Compound G (0.84 g, 1.8 mmol) in DCM (20 mL) was added TFA (5 mL). The solution 

was stirred at room temperature for 1 hrs. The solvent was removed under vacuum. The 

residue was azeotropic evaporated two times with toluene (10 mL X2) to obtain crud 

Compound H, which was used to next step reaction without more purification. The 

crude Compound H (~1.8 mmol) was dissolved in dry THF (30 mL), to this solution was 

added triethylamine (0.753 mL, 5.4 mmol), following, Compound E (0.549 g, 2.7 mmol) 

was added. The resulting reaction mixture was stirred at room temperature for overnight 

(18 hrs).  THF was removed under vacuum, the residue was dissolved in DCM (50 mL) 

and washed by water and brine and dried on sodium sulfate. After concentrated, the 

residue was purified by column (hexane:ethyl acetate=1:1) to afford I5-2AM 

(Compound I, 650 mg, 66%) as white solid. 1H NMR (CDCl3, 400Hz): δ (ppm) 8.96 (s, 

1H), 7.81 (s, 1H), 7.42 (s, 1H), 7.28 (s, 5H), 7.12-7.10 (t, 2H), 6.86 (s, 1H), 6.72 (s, 1H), 

6.65 (t, 2H), 6.02-6.00 (t, 2H), 5.31 (s, 1H), 5.12-5.02 (q, 2H), 4.39 (m, 1H), 4.12-4.09 

(q, 2H), 3.79 (m, 2H), 3.28 (b, 1H), 2.33 (s, 3H), 1.96 (m, 2H), 1.65 (m, 2H), 1.25 (m, 

2H). LC-Ms: Calcd: 574.65; Found: 575.03(M+1).  
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Figure 2.1 Synthetic route for I5-2AM, a SIRT5 inhibitor (Compound I).  
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Synthetic Route for MY01170 (Compound J) 

 To a solution of compound A (1 g, 3.77 mmol) in DCM (20 mL) at room 

temperature NHS was added (520mg, 4.52 mmol), followed by EDC:HCl (1.08 g, 5.66 

mmol). The resulting solution was stirred at room temperature overnight (~16 hrs). The 

reaction mixture was washed with water and brine, and dried on sodium sulfate. The 

residue was dissolved in DCM and fast pass through a pad of silica gel to afford 

compound B (1.2g, 88%) as colorless oil. Compound B was used for the next step 

reaction without further purification.  

 To a solution of compound C (100 mg, 0.624 mmol) in DCM (10 mL) at room 

temperature NHS was added (86.15 mg, 0.749 mmol), followed by EDC:HCl (179.4 mg, 

0.936 mmol). The solution was stirred at room temperature overnight (~16 hrs.). The 

reaction mixture was washed with water and brine, and dried on sodium sulfate. The 

residue was purified by column to afford compound D (115 mg, 70%) as colorless oil. 1H 

NMR (CDCl3, 400Hz): δ4.19 (q, 2H); 2.88 (s, 4H); 2.75 (t, 2H); 2.49 (t, 2H); 2.11 (dt, 2); 

1.30 (t, 3H).  

 L-Lys (Boc)-OH (compound E, 0.93 g, 3.77 mmol) was dissolved in THF (18 mL). 

Then, NaHCO3 (0.633 g, 7.54 mmol) and water (20 mL) were added. The suspension 

was stirred utill converted into a clear solution. Compound B (1.36 g, 3.77 mmol, 

dissolved in minimum THF) was added to this solution and the reaction mixture was 

stirred at room temperature overnight (~18 hrs.). The reaction mixture was diluted with 

water (50 mL), acidified with 15% citric acid (10 mL, pH~3-4), and extracted with ethyl 

acetate (3X50 mL). Combined organic layer was washed with water (1X) and brine and 

dried with. The residue was purified with column to afford compound F (1.83 g, 98%) as 
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colorless oil. LC-MS Calcd: 493.59; Found: 394.21 (M-Boc+1). To a solution of 

compound F (1.83 g, 3.77 mmol) in DCM (20 ml) at room temperature TFA (5 mL) was 

added. The mixture was stirred for 2 hrs. The solvent and TFA were removed by 

evaporation. The residue was co-evaporated with toluene (2X). The crude compound G 

(light yellow oil) was used for the next step reaction without further purification. The 

crude compound G (~3.77mmol) was dissolved in DMF (30 mL) and cooled down. 

Triethylamine (1.5 mL, 11.1 mmol) was added, followed by compound D (0.951 g, 3.77 

mmol, in minimum DMF). The reaction mixture was stirred at room temperature 

overnight (~16hrs), diluted with DCM (100 mL), washed with water (2X80 mL) and brine, 

and dried with sodium sulfate. The residue was purified with column 

(DCM:MeOH:Acetic acid = 300:10:3 to 250:10:3) to afford compound H (1.18 g, 60%) 

as colorless oil. LC-MS Calcd: 535.63; Found: 536.13 (M+1). Compound H (0.658 g, 1.2 

mmol) was dissolved in dry THF (10 mL). Lawesson’s reagent (0.485 g, 1.2 mmol) was 

added. The reaction mixture was stirred for 15 hrs. Concentrated and residue was 

purified with column (DCM:MeOH:Acetic acid = 300:10:3) to afford compound I (0.617g, 

93%) as colorless oil. LC-MS  Calcd: 551.70; Found: 552.12 (M+1). To a solution of 

compound I (617 mg, 1.18 mmol) in DCM (25 mL) NMM (0.19 mL, 1.725 mmol) was 

added and the mixture was stirred for 5 minutes at room temperature, Isobutyl 

chloroformate (0.169 mL, 1.294 mmol) was added and the mixture was stirred for 1 hr. 

3-aminophenol (141.2 mg, 1.294 mmol) was added and the reaction was stirred for 18 

hrs at room temperature. The mixture was diluted with DCM (50 mL), washed with 1N 

HCl (20 mL), water and brine, and dried with sodium sulfate. Concentrated and residue 

were purified with column to afford MY01170 (Compound J, 450 mg, 60%) as colorless 
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oil. 1H NMR (CDCl3, 400Hz): δ (ppm) 9.39 (s, 1H), 8.62 (s, 1H), 7.42 (s, 1H), 7.38 (s, 

5H), 7.16-6.53 (m, 4H), 5.00 (s, 2H), 4.57 (t, 1H), 4.17 (t, 1H), 4.01 (q, 2H), 3.35 (t, 2H), 

2.60 (t, 2H), 2.25 (t, 2H), 1.84 (t, 2H), 1.75-1.28 (m, 11H), 1.13 (t, 3H), 0.80 (d, 6H).  LC-

Ms, Calcd: 642.81; Found: 643.07 (M+1). 
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Figure 2.2 Synthetic route for MY01170, a SIRT5 inhibitor (Compound J). 
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Inhibition assays on SIRT5 with HPLC 

 To a solution of SIRT5 (final concentration = 1 M) and 1 mM NAD in assay 

buffer (20 mM of Tris-HCl, pH 7.4) was added the inhibitor at various concentrations 

(0.68, 2.06, 6.17, 18.52, 55.56, 166.67 M). The resulting mixture was incubated for 10 

min at 37 °C. Then, 50 μM succinyl peptide (H3K9WWSu) was added to the mixture. 

After incubation at 37 °C for 15 min, the reactions were stopped by adding 60 μL of an 

aqueous solution containing 200 mM of HCl and 320 mM of acetic acid. The reaction 

mixtures were centrifuged at 17000g for 10 min and the supernatant was analyzed on 

an analytical HPLC with Kinetex 5u EVO C18 100A column (100 mm × 4.60 mm, 5.0 

μm, Phenomenex). The gradient was: 0% B for 2 min, 0 to 30% B in 13 min, and then 

30% to 100% in 10 min at a flow rate of 0.5 mL/min.  All reactions were done in 

duplicate. The product and the substrate peaks were quantified based on the area of 

absorbance monitored at 280 nm. IC50 values were determined with SigmaPlot 

software. IC50 for I5-2 on SIRT5 is 2.05 μM. 

 

Treatment of MMTV-PyMT mice with SIRT5-specific inhibitor 

 MMTV-PyMT transgenic female mice were treated with IP injections (5 

days/week) of vehicle (60% DMSO in water) or 50 mg/kg I5-2AM in dissolved in 60% 

DMSO over six weeks. Mice were monitored daily for health status and tumors size was 

measured twice per week. After six weeks of treatment or if mice met humane endpoint 

criteria, mice were euthanized by CO2 asphyxiation and necropsied. Tissues were 

collected and analyzed as described above.  
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2.4 RESULTS 

2.4.1 SIRT5 is overexpressed is human breast cancer and is associated with poor 

survival 

 Previous works have reported that SIRT5 is overexpressed in multiple 

cancer types (Ouaissi et al. 2008; Sun et al. 2011; Lu et al. 2014). To profile the 

importance of SIRT5 in human breast cancer, we first used cBioPortal web-based tool 

incorporated in TCGA website to display gene copy number alterations (Gao et al. 

2013). Our analysis revealed that 2.9% of breast invasive carcinomas have alterations 

in SIRT5 gene. Among those, 2.5% accounts for amplifications of SIRT5 (Figure 2.3A). 

We further analyzed the mRNA expression of SIRT5 in breast cancer cell lines using 

the dataset from Cancer Cell Line Encyclopedia and found that SIRT5 is overexpressed 

in many breast cancer cell lines (Figure 2.3B) (Broad Institute of MIT and Harvard). 

Next, we analyzed the correlation of SIRT5 mRNA expression with the clinical outcome 

of untreated and treated breast cancer patients using the Kaplan Meier Plotter web-

based tool (Gyorffy, et al. 2010). The analysis revealed that high SIRT5 mRNA levels 

are associated with poor overall and post progression survival, indicating that 

overexpression of SIRT5 supports cancer progression (Figure 2.3C and D).  

 

2.4.2 SIRT5 deficiency affects the malignant transformation in vitro 

 To examine the importance of SIRT5 for the development of transformed 

phenotypes in human cancer cells, we first knocked-down SIRT5 in two independent 

cancer cell lines; SKBR3 (human breast cancer) and CRL-5800 (human lung cancer) 

and assessed their ability to grow in soft-agarose. We found that knock-down of SIRT5 
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Figure 2.3 SIRT5 is often overexpressed in cancer and it is associated to poor survival. (A)  Alterations of SIRT5 

gene in Breast invasive carcinoma (TCGA, 963 cases) Retrieved from cBioPortal. (B) SIRT5 mRNA expression in 

multiple cancer cell lines. Red box highlights breast cancer cell lines. Data retrieved from Cancer Cell Line 

Encyclopedia. (C-D) Kaplan-Meier curves comparing the overall survival and post-progression survival of breast cancer 
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patients with low and high SIRT5 expression. Data retrieved from Kaplan Meier Plotter web-based tool. BL, Burkitt 

Lymphoma; DLBCL, Diffuse Large B Cell Lymhoma; AML, Acute Myeloid Leukemia; CML, Chronic Myeloid Leukemia; 

SCLC, Small Cell Lung Cancer; ES, Ewing Sarcoma; NSCLC, Non Small Cell Lung Cancer; MM, Multiple Myeloma; HL, 

Hodgkin Lymphoma.  
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markedly reduced their ability to exhibit anchorage-independent growth. Furthermore, 

we did not observe any significant effect on the growth of normal (non-transformed) 

cells (Figure 2.4 A-C).   

 To extend our analysis, we prepared mouse embryonic fibroblasts from 

heterozygous Sirt5 mice carrying the conditional oncogenic Kras allele, LSL-KrasG12D. 

This Kras allele features the G12D activating mutation at the endogenous Kras locus as 

well as a lox-stop-lox cassette to control expression (Jackson et al. 2001). To explore 

whether SIRT5 is essential for the ability of MEFs to undergo transformation following 

expression of activated oncogene, we first immortalized primary mouse embryonic 

fibroblasts (Sirt5+/+, Sirt5+/+ Kras+/LSL and Sirt5-/- Kras+/LSL) and infected them with Cre 

recombinase as described in the Materials and Methods Section. Addition of Cre 

recombinase deletes the stop cassette, allowing for activated Kras expression in Sirt5+/+ 

Kras+/LSL and Sirt5-/- Kras+/LSL, but not in Sirt5+/+ control cells. Proliferation assays 

revealed increased proliferation rate of Sirt5+/+ Kras+/LSL when compared to Sirt5+/+ 

control cells. Interestingly, deletion of Sirt5 significantly reduced the proliferation rate 

of Kras-transformed MEFs (Figure 2.5A and B). We also tested whether deletion of 

Sirt5 affects the transformative properties of Kras expressing cells. Excitingly, we 

observed reduced number of colonies in Sirt5-/- Kras+/LSL when compared to Sirt5+/+ 

Kras+/LSL. (Figure 2.5C and D).  Together, these data show that SIRT5 is essential for 

the transformed phenotype of cancer cells.  

 

2.4.2 Mammary tumor progression is impaired upon genetic deletion of Sirt5. 

 Recent studies have implicated SIRT5 in stimulating human lung cancer 
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Figure 2.4 SIRT5 knock-down inhibits the anchorage independent growth of cancer cells. (A) RT-PCR results 

showing that SIRT5 is knocked-down by both siRNA in SKBR3 (breast cancer) and CRL-5800 (lung cancer) cells. (B) 

Soft-agarose assay demonstrating that SIRT5 knockdown inhibits the colony formation in SKBR3 and CRL-5800 cancer 

cells. (C) Bar graph showing the number of colonies formed in the soft-agarose assay. Data generated in the Cerione lab.  
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Figure 2.5 Sirt5 loss inhibits transformed MEFs proliferation and ability to growth in soft-agarose. (A-B) 

Deletion of Sirt5 inhibits the proliferation of transformed Kras-expressing MEFs. (A) Graph showing the number of cells 

after growing for 3 days (p-value = 0.0001, One-way ANOVA) (B) Clonogenic assay showing reduced colonies in  

Sirt5-/- Kras+/LSL cells when compared to Sirt5+/+ Kras+/LSL cells. (C-D) Soft-agar colony formation of Sirt5+/+ Kras+/LSL and 

Sirt5-/- Kras+/LSL cells. Representative images of colonies are shown on panel (C). Quantification of the colony numbers is 

shown on panel (D) (p-value = 0.039, Mann-Whitney test).   
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growth and drug resistance (Lu, et al. 2014; Xiangyun et al. 2017). However, the 

oncogenic effects of SIRT5 have not been reported in other cancer types and it is not 

clear whether SIRT5 oncogenic potential is tissue specific. Here we examined roles of 

SIRT5 in mammary tumor progression using mouse mammary tumor virus (MMTV)- 

polyoma middle T (PyMT) transgenic mice. In this model, the expression of PyMT 

antigen is under the control of mouse mammary tumor virus promoter, resulting in highly 

penetrant mammary tumors and extensive lung metastasis (Guy et al. 1992; Lin et al. 

2003; Herschkowitz et al. 2007). 

 To determine the effects of Sirt5 deletion on mammary gland tumor 

formation and metastasis, Sirt5 heterozygous females (Sirt5+/-) were crossed to 

MMTV-PyMT males to obtain Sirt5+/- PyMT mice. Sirt5+/- PyMT males were then 

crossed to Sirt5+/- females to generate experimental cohorts (Sirt5+/+ PyMT and Sirt5-/- 

PyMT). To detect mammary tumor formation, virgin mammary glands from Sirt5+/+ 

PyMT and Sirt5-/- PyMT females were monitored every other day beginning at 4 

weeks of ages. Our examinations revealed that the tumor onset in Sirt5-/- PyMT was 

slightly delayed when compared to Sirt5+/+ PyMT mice (Figure 2.6A). Sirt5+/+ PyMT 

females developed palpable mammary tumors at around 51 days after birth and by 

day 55, 60% of these mice had palpable tumors. Interestingly, the tumor onset 

median value was 59 days for Sirt5-/- PyMT females and only 36% developed 

palpable tumors by day 55 after birth. Although Sirt5 deletion slightly delayed 

mammary tumor development, this difference was not found to be significant. To 

further analyze tumor initiation, we collected abdominal mammary glands from Sirt5+/+ 

PyMT and Sirt5-/- PyMT females at 6 weeks of age (Cohort 3) and performed whole 
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mount examination of mammary glands using Carmine Alum-staining (mammary 

gland 4) and H&E staining (mammary glands 2-3). Analysis of the whole mammary 

gland showed multiple small lesions near to the main duct, however these lesions 

were not significantly different between Sirt5+/+ PyMT and Sirt5-/- PyMT mice (Figure 

2.6B). Closer examination revealed no differences between Sirt5+/+ PyMT and Sirt5-/- 

PyMT mice. Mammary glands showed proliferative acini with mild atypia.   

 Next, we addressed whether Sirt5 deficiency affected tumor growth. 

Mammary tumors from Sirt5+/+ PyMT and Sirt5-/- PyMT females were allowed to grow 

and reach a diameter of 1.5 cm or 2.0 cm (Cohort 1) (as described in the Materials 

and Methods section). Interestingly, Sirt5 loss slowed down tumor growth and 

significantly prolonged the survival of PyMT mice (p-value=0.0256) (Figure 2.6C). The 

median survival for Sirt5+/+ PyMT was 121 days old while the median survival for 

Sirt5-/- PyMT was 142 days old. These results indicate that SIRT5 is required for PyMT-

induced mammary tumor growth. 

 Given that Sirt5 deletion slightly delayed tumor initiation and increased the 

overall survival of PyMT mice, we next examined tumor multiplicity and total tumor 

burden in Sirt5+/+ PyMT and Sirt5-/- PyMT females. Mammary glands from virgin 

females were monitored as previously indicated and tumors were allowed to grow for 

50 days after the detection of the first tumor (Cohort 2). Upon reaching the endpoint, 

mice were euthanized, the numbers of tumor-affected mammary glands were counted 

and the total mammary tumors were weighted. We found no significant difference in 

the number of mammary glands affected, however tumors size and total wet weight of 

all mammary tumors per animal were significantly lower in Sirt5-/- PyMT mice (0.5822 
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± 0.1681 g) when compared to Sirt5+/+ PyMT controls (1.405 ± 0.3562 g) (p-value 

=0.0395) (Figure 2.6D-E). Taken together, these results strongly show the oncogenic 

roles of SIRT5 in mammary tumor formation and progression.  

 

2.4.3 Histological analysis of mammary tumors upon deletion of Sirt5. 

  To investigate the basis for extended survival in Sirt5-/- PyMT mice, the 

histology of the primary tumors were evaluated in a blinded fashion. Analysis of 

mammary tumors collected upon reaching 1.5 cm or 2.0 cm of diameter did not show 

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

of epithelial cells, characteristic of a late carcinoma stage. In addition, mammary 

tumors showed some areas of extensive necrosis (27.3% for Sirt5+/+ PyMT and 11.1% 

for Sirt5-/- PyMT).  

 Histological analysis of mammary tumors from mice that were euthanized 

50 days after detecting the first tumor (Cohort 2) revealed small histopathological 

differences between the two groups. Most tumors from these mice showed the 

presence of cytological atypia, acini filled by solid sheets of cells, and stromal invasion, 

which are features of advance malignant lesions (Figure 2.7A) (Lin et al. 2003). To 

characterize mammary tumors, we used the four-distingly identifiable stages of tumor 

progression previously established in PyMT mice (Lin et al. 2003). Stage classification 

includes, hyperplasia, adenoma/mammary intraepithelial neoplasia (MIN), early 

carcinoma, and late carcinoma (Cardiff et al. 2000; Lin et al. 2003). Mammary tumors 

from PyMT mice are often heterogeneous. As expected, Sirt5+/+ PyMT and Sirt5-/- PyMT  
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Figure 2.6 Sirt5 deletion delayed mammary tumor onset and significantly 

increased overall survival of mice. (A) Kaplan Meier tumor free survival curve for 

Sirt5+/+ PyMT and Sirt5-/- PyMT mice. A slight delay in mammary tumor development 

was observed in Sirt5-/- PyMT mice (p = 0.1352, Logrank (Mantel-Cox test)). (B) 

Carmine alum and H&E stained whole mammary glands from 42 days old Sirt5+/+ PyMT 

and Sirt5-/- PyMT mice. (C) Kaplan Meier overall survival curve for Sirt5+/+ PyMT and 

Sirt5-/- PyMT mice. Increased survival was observed in Sirt5-/- PyMT mice (p = 0.0256, 

Logrank (Mantel-Cox test)). (D) Representative images of mammary tumors. (E) Total 

tumor weight fifty days after palpation of the first tumor (p = 0.0395, Unpaired t-test).
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mice showed multiple histological stages within the same tumor. To perform an 

accurate analysis, we classified and quantified the areas (in percentage) within each 

tumor in these four stages. Only 7% of Sirt5+/+ PyMT mammary tumors were 

hyperplastic, while greater areas were classified as adenoma/MIN (41%), early 

carcinoma (17%) and late carcinoma (17%) (Figure 2.7B). Similar to Sirt5+/+ PyMT 

mammary tumors, only 9% of Sirt5-/- PyMT mammary tumors were hyperplastic, while 

larger areas of the tumors were classified as adenoma/MIN (49%), early carcinoma 

(26%) and late carcinoma (16%) (Figure 2.7B). Although there were no significant 

differences, smaller areas of tumors from Sirt5-/- PyMT mice were categorized in the 

advanced stages (e.g. early and late carcinoma) when compared to the control group, 

indicating a slight delay in tumor progression.  

 We also categorized each tumor within these four stages based on the 

highest percentage affected. We found that the largest area for most mammary tumors 

from Sirt5+/+ PyMT mice were classified as early carcinoma (48%, 11 out of 22), while 

the largest area for most tumors from Sirt5-/- PyMT mice were categorized as 

adenoma/MIN (52%, 15 out of 27) (Figure 2.7C, Supplemental Table 1). Together, 

these data supports the idea that Sirt5 deletion affects tumor progression in PyMT 

mice. 

 To investigate whether the lack of Sirt5 in PyMT mice inhibited proliferation, 

the proliferative rate of the primary tumors was measured by immunohistochemical 

detection of the proliferation marker Ki67. We found a significant decrease in 

proliferation of tumor cells in Sirt5-/- PyMT mice relative to Sirt5+/+ PyMT as measured 

by Ki67 staining (Figure 2.8A-B). We further investigated if Sirt5 loss affects apoptosis 
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Figure 2.7 Histological comparisons of mammary tumors from Sirt5+/+ PyMT and Sirt5-/- PyMT mice. (A) H&E 

staining of mammary tumor sections from Sirt5+/+ PyMT and Sirt5-/- PyMT mice. Tumors were harvested 50 days after 

the detection of the first tumors. (B) Graph showing the area of individual tumors (in percentage) featuring one of the 

four histilogical stages; hyperplasia, adenoma/MIN, and early and late carcinoma. Unpaired T-test with Welch’s 

correction was performed for each histological stage (Hyperplasia p-value=0.3084; Adenoma/MIN p-value=0.3036; 

Early Carcinoma p-value= 0.1084; Late Carcinoma p-value=0.9738). (C) Graph showing the number of tumors (in 

prercentage) with the largest area featuring, hyperplasia, adenoma/MIN, early carcinoma or late carcinoma. Tumors 

were classified based on the stage of the largest area. The percentage of tumors per stage was determined dividing 

the number of tumors per stage by the total number of tumors.  
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in mammary tumor tissues. Quantification of TUNEL-positive cells revealed no 

genotype-dependent difference in cell death (Figure 2.8C-D). Immunoblot analysis of 

mammary tumor extract using cleaved caspase-3 antibody also revealed no differences 

in apoptotic index (Figure 2.8E). Together, these data demonstrates that Sirt5 loss 

affects tumor growth by diminishing the proliferation rate.  

 

2.4.4 Sirt5 deficiency delays progression of mammary tumor metastases in 

MMTV-PyMT mice.  

 We next investigated whether pulmonary metastasis of mammary tumors is 

affected upon Sirt5 deletion by examining the frequency of lung metastasis in Sirt5+/+ 

PyMT and Sirt5-/- PyMT females. Mice were sacrificed 50 days after palpating the first 

mammary tumor, thus tumors from Sirt5+/+ PyMT and Sirt5-/- PyMT mice had the 

equivalent growth period at the experimental endpoint (Cohort 2). At this stage, 

metastatic tumors were not visible to the naked eye. We next examined H&E-stained 

lung sections of five independent sectional planes to quantify metastatic burden 

(Figure 2.9A). Interestingly, ~40.0% of Sirt5+/+ PyMT mice but no Sirt5-/- PyMT mice 

exhibited lung micro-metastasis (Figure 2.9A-B). The number of lung micro-

metastases in Sirt5+/+ PyMT mice fluctuated between 1 and 6 per mouse (Figure 

2.9C). We next analyzed the incidence of metastasis when tumors reached 1.5 cm in 

size (Cohort 1). Surprisingly, we found no differences in the number of metastasis in 

Sirt5+/+ PyMT and Sirt5-/- PyMT lung tissues. Together, these data indicate that Sirt5 

loss delays pulmonary metastasis of mammary tumors, but does not abolish it 

completely.  
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Figure 2.8 Histopathology of Sirt5+/+ PyMT and Sirt5-/- PyMT mammary tumors. 

(A) Representative images of Ki67 immunohistochemical staining of tumor tissues. (B) 

Quantification of Ki-67 positive cells. The proportion of Ki-67 proliferating cells was 

significantly lower in Sirt5-/- PyMT mammary tumors when compared to Sirt5+/+ PyMT 

(p-value = 0.0372, Mann-Whitney U-test). (C) Representative examples of 

immunolabeling for TUNNEL in Sirt5+/+ PyMT and Sirt5-/- PyMT mice. (D) Quantification 

of TUNNEL positive cells. The proportion of apoptotic cells was not significantly different 
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between genotypes (p-value = 0.3290, Mann-Whitney U-test). (E) Immunoblot for 

caspase and cleaved caspase. Actin was used as a loading control.  
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Figure 2.9 Sirt5 deletion reduces metastasis burden in PyMT mice. (A) 

Representative images of lung tissues from Sirt5+/+ PyMT and Sirt5-/- PyMT mice. Top 

image, low magnification of one lobe. Bottom image, high magnification showing lung 

metastasis in the Sirt5+/+ PyMT lungs, but not in Sirt5-/- PyMT mice. (B) Quantification 

of percentage of mice with lung metastasis (Sirt5+/+ PyMT, n = 9 and Sirt5-/- PyMT, n = 

10). (C) Quantification of number of foci observed in lung tissues from Sirt5+/+ PyMT 

and Sirt5-/- PyMT mice.  
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2.4.5 Prominent increase of succinylated proteins in Sirt5-/- PyMT mammary 

tumors.  

 We screened global protein succinylation in normal mammary glands and 

mammary tumors from Sirt5+/+ PyMT and Sirt5-/- PyMT mice. In agreement with 

published data, we found a prominent increase in succinylated proteins in Sirt5-/- 

PyMT mice when compared to control mice in normal mammary gland and mammary 

tumor tissues (Figure 2.10A). To validate these results, we treated Sirt5-/- PyMT 

mammary tumor lysates with recombinant SIRT5 and found that numerous proteins 

were regulated by SIRT5 (Figure 2.10B). Given that SIRT5 also deglutarylates a set of 

enzymes, we investigated protein lysine glutarylation status in Sirt5+/+ PyMT and   

Sirt5-/- PyMT mammary tumors. Glutarylation levels were not significantly different in 

mammary tumors from Sirt5+/+ PyMT and Sirt5-/- PyMT mice (Figure 2.11).  

 To identify proteins that were regulated by SIRT5 in mammary tumor tissues, 

we performed a comparative proteomic analysis using a stable-isotope reductive 

dimethylation approach, followed by enrichment of succinylated peptides and LC-

MS/MS analysis as described by Sadhukhan et al. (Sadhukhan et al. 2016). LC-

MS/MS analysis identified 413 lysine succinylation sites across 147 proteins in 

mammary tumors from Sirt5+/+ PyMT and Sirt5-/- PyMT mice. Among these 413 

peptides, 286 peptides were only succinylated in Sirt5-/- PyMT mammary tumors and 86 

were highly abundant in Sirt5-/- PyMT when compared to Sirt5+/+ PyMT (Figure 2.12A). 

This accounts for a total of 132 hypersuccinylated proteins upon Sirt5 loss. Interestingly, 

most of the identified proteins showed only one unique succinylated site, however, other 

proteins had between two to seventeen unique succinylated sites (Figure 2.12B).  
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Figure 2.10 Succinylation levels in mammary tissues from Sirt5+/+ PyMT and  

Sirt5-/- PyMT mice. (A) Western blot of normal mammary tissues and mammary tumors 

lysates (50 μg) against Anti-succinyllysine antibody. Tissues from Sirt5-/- PyMT mice 

showed increased succinylation levels when compared to Sirt5+/+ PyMT. Tubulin levels 

and coomassie blue staining were used as loading controls. Tissue lysates were 

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

the first tumor (Cohort 2). (B) In-vitro reaction of SIRT5 with mammary tumors from 

Sirt5-/- PyMT mice. Five microliters of recombinant SIRT5 were added into a mixture 
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containing 5, 10, 15 and 20 μL of tumor tissue lysate from a Sirt5-/- PyMT mouse and 

incubated at 45 °C for an hour. Lysates were used to run a western blot. Anti-

succinyllysine antibody was used to examine the succinylation levels. A reduction of 

succinylation levels was observed in upon the addition of recombinant SIRT5. 

Coomassie blue staining was used as loading control. Data shown in Figure 2.10B 

correspond to Sushabhan Sadhukhan.  
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Figure 2.11 Succinylation and glutarylation levels in mammary tumors from Sirt5+/+ PyMT and Sirt5-/- PyMT mice. 

Western blot of mammary tumors lysates (50 μg) against (A) Anti-succinyllysine antibody and (B) Anti-glutaryllysine 

antibody. Mammary tumors from Sirt5-/- PyMT mice showed higher succinylation levels when compared to Sirt5+/+ PyMT 

mice. Glutarylation levels were not distinct between the two groups. Succinylation and glutarylation levels were measured 

in the same membrane. Western blot membrane was blotted with Anti-glutaryllysine ab. After stripping 30 minutes, the 

membrane was blocked with 5% milk in TBST solution and blotted with Anti-succinyllysine ab. An independent experiment 

was performed using different membranes and same results were obtained. (C) Coomassie blue stained-gel was used as 

loading control. 
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 Analysis of the cellular localization of the identified proteins revealed that 61% of 

the succinylated proteins localize in the mitochondria, consistent with earlier reports, 

while the rest of the identified proteins are cytoplasmic or secreted (Radin, et al. 2013; 

Sadhukhan et al. 2016). To gain an insight into how succinylation and SIRT5 regulate 

metabolic networks, we performed pathway enrichment analysis using Reactome  

(www.reactome.org). Interestingly, most of the succinylated proteins identified (66%) in 

our LC-MS analysis were enzymes involved in cellular metabolism. Other cellular 

pathways, such as, organelle biogenesis, cellular transport, immune system and 

homeostasis, were enriched to a lesser extent with succinylation targeted enzymes 

(Figure 2.12C). Further analysis of metabolic pathways revealed that the top pathways 

enriched with succinylation-targeted proteins were the TCA cycle and respiratory 

electron transport, as well as metabolism of lipids (Figure 2.12D). Interestingly, 7 out of 

8 enzymes involved in the TCA cycle were highly succinylated in Sirt5-/- PyMT 

mammary tumors (Figure 2.13, Table 2.3, Supplemental Table 2.2). Besides the TCA 

cycle, multiple subunits of ATP synthase as well as enzymes involved in ATP transport 

were also hypersuccinylated in Sirt5-/- PyMT mammary tumors (Table 2.4, Supplemental 

Table 2.2).  

 Another pathway that is highly enriched with SIRT5 targets is lipid metabolism, 

specifically fatty acid β oxidation pathway. Among the identified hyper-succinylated 

proteins in Sirt5-/- PyMT mammary tumors, the trifunctional enzyme subunit α had the 

highest amount of succinylated sites (9 unique succinylation sites) as described by 

Sadhukhan et al. (Sadhukhan et al. 2016) (Table 2.5, Supplemental Table 2.2). Other  

 

http://www.reactome.org/
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Figure 2.12 Metabolic pathways highly targeted by SIRT5.  (A) Venn diagram 

showing the number of unique succinylated peptides identified in Sirt5+/+ PyMT and 

Sirt5-/- PyMT mammary tumors. (B) Distribution of number of lysine succinylation sited 

per proteins. (C) Cellular processes enriched by succinylation-targeted proteins. (D) 

Metabolic pathways enriched with lysine succinylated proteins.  
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Figure 2.13 TCA cycle enzymes are targeted by SIRT5. Acetyl-CoA, Acetyl-

Coenzyme A; CS, Citrate synthase; ACO2, Aconitase 2; IDH2/3, Isocitrate 

dehydrogenase 2/3; αKG, Alpha ketoglutarate; OGDC-E2, 2-oxoglutarate 

dehydrogenase complex 2; Succinyl-CoA, Succinyl-Coenzyme A; SDH, Succinate 

dehydrogenase; FH, Fumarate hydratase; MD, malate dehydrogenase.  
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Table 2.3 List of hyper-succinylated proteins involved in the TCA cycle.*  

Protein 
Unique succinylation 

sites 

Sites in 

Sirt5+/+ PyMT 

Sites in 

Sirt5-/- PyMT 

Sites in Sirt5+/+ 

and Sirt5-/- PyMT 

Citrate synthase 9 2 7 0 

Aconitate hydratase 17 0 11 6 

Isocitrate dehydrogenase 2 8 0 6 2 

Isocitrate dehydrogenase 3 9 0 8 1 

2-oxoglutarate dehydrogenase 

complex, E2 subunit 
5 1 4 0 

Succinate dehydrogenase 4 0 4 0 

Fumarate hydratase 6 0 4 2 

Malate dehydrogenase 14 1 6 7 

*Data shown in this table was obtained from a comparative proteomic analysis using stable-isotope reductive 

dimethylation approach, followed by enrichment of succinylated peptides and LC-MS/MS analysis. Unique 

succinylated sites in Sirt5+/+ PyMT and Sirt5-/- PyMT mammary tumors were quantified manually.  
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Table 2.4 List of hyper-succinylated proteins involved in the production and transport of ATP.  

Protein 
Unique 

succinylation sites 

Sites in 

Sirt5+/+ PyMT 

Sites in 

Sirt5-/- PyMT 

Sites in Sirt5+/+ and 

Sirt5-/- PyMT 

ATP synthase 
    

      Subunit α 8 1 6 1 

      Subunit β 4 0 1 3 

      Subunit γ 1 1 0 0 

      Subunit d 3 1 1 1 

      Subunit O 6 0 4 2 

      Subunit ε 1 0 1 0 

ADP/ATP translocase 1 3 1 2 0 

ADP/ATP translocase 2 4 0 2 2 

ATPase inhibitor  2 0 2 0 

*Data shown in this table was obtained from a comparative proteomic analysis using stable-isotope reductive 

dimethylation approach, followed by enrichment of succinylated peptides and LC-MS/MS analysis. Unique 

succinylated sites in Sirt5+/+ PyMT and Sirt5-/- PyMT mammary tumors were quantified manually.  
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Table 2.5 List of hyper-succinylated proteins involved in lipid metabolism.  

Protein 
Unique 

succinylation sites 
Sites in 

Sirt5+/+ PyMT 
Sites in 

Sirt5-/- PyMT 
Sites in Sirt5+/+ and 

Sirt5-/- PyMT 

serum albumin precursor  16 1 6 9 

trifunctional enzyme 
subunit alpha 

9 0 9 0 

acetyl-CoA 
acetyltransferase 

8 0 7 1 

3-ketoacyl-CoA thiolase 6 0 3 3 

enoyl-CoA delta 
isomerase 1 

5 0 3 3 

hydroxyacyl-coenzyme A 
dehydrogenase 

4 0 4 0 
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enoyl-CoA delta 
isomerase 2b  

4 0 4 0 

very long-chain specific 
acyl-CoA dehydrogenase 

3 0 3 0 

long-chain specific acyl-
CoA dehydrogenase 

3 0 2 1 

enoyl-CoA hydratase 3 0 2 1 

acyl-coenzyme A 
thioesterase 13  

3 0 2 1 

trifunctional enzyme 
subunit beta 

2 0 2 0 

methylmalonyl-CoA 
epimerase 

2 0 2 0 

medium-chain specific 
acyl-CoA dehydrogenase 

1 0 0 1 
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carbonyl reductase family 
member 4  

1 0 1 0 

estradiol 17-beta-
dehydrogenase 8  

1 0 1 0 

acyl-CoA synthetase 
family member 3 

1 0 1 0 

2,4-dienoyl-CoA 
reductase 

1 0 1 0 

succinyl-CoA:3-ketoacid 
coenzyme A transferase 1 

3 1 1 1 

trans-2-enoyl-CoA 
reductase 

1 0 1 0 

carnitine O-
palmitoyltransferase 2 

1 0 1 0 

*Data shown in this table was obtained from a comparative proteomic analysis using stable-isotope reductive 

dimethylation approach, followed by enrichment of succinylated peptides and LC-MS/MS analysis. Unique 

succinylated sites in Sirt5+/+ PyMT and Sirt5-/- PyMT mammary tumors were quantified manually. 
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proteins that were found to be hyper-succinylated are acetyl-CoA acetyltransferase and 

3-ketoacyl-CoA thiolase. Together, these data highlight the importance of SIRT5-

mediated desuccinylation in the regulation of mammary tumor metabolism.    

 

2.4.6 Sirt5 deficiency alters gene expression 

 There is increasing evidence for a direct invovelment of metabolic enzymes and 

metabolites in regulating gene expression (Raghow et al. 2008; van der Knaap and 

Verrijzer 2016). Given that SIRT5 regulates multiple metabolic enzymes and its activity 

is associated to metabolic states, we wanted to evaluate the impact of Sirt5 loss on the 

expression of genes that might be critical for tumor progression. We performed a 

comparative analysis of expression profiles between mammary tumors from Sirt5+/+ 

PyMT and Sirt5-/- PyMT mice and identified significant dysregulation of 129 genes in 

Sirt5-/- PyMT mice when compared to the control group (Figure 2.14A, Supplemental 

Table 2.3). Of these, 68 genes were down-regulated and 61 were up-regulated in Sirt5-/- 

PyMT mice when compared to Sirt5+/+ PyMT (Figure 2.14B).  

 Principal component analysis and unsupervised hierarchical clustering of 1,620 

genes identified did not show similar expression profile between samples within the 

same group (Figure 2.14C, Supplemental Figure 2.1A). Interestingly, heatmap analysis 

of the 129 differentially expressed genes showed distinct segregation between Sirt5-/- 

PyMT and control group (Figure 2.14D).  Among the differentially expressed gene, Sirt5 

was one of the genes with the lowest p-values and highest fold-change (Supplemental 

Figure 2.1B). To validate this data, we analysed Sirt5 expression for each sample using 
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RT-qPCR and observed no detectable expression of Sirt5 in Sirt5-/- PyMT mammary 

tumors, confirming the genotyping results (Figure 2.14E).  

 To determine the biological functions of these differentially expressed genes, we 

performed GO enrichment analysis. Among the biological processes enriched with the 

identified differential genes included: positive/negative regulation of metabolic 

processes, response to stimuli, signal transduction, cell communication, cell 

differentiation and regulation of cell proliferation (Figure 2.14F, Supplemental Table 

2.4). We also assigned these genes to Reactome database and found enrichment of 

genes involved in cellular metabolism, signal transduction and regulation of 

inflammation (Figure 2.14G).   

 Given that SIRT5 regulates many metabolic enzymes, we expected to observe 

dysegulation in the expression of genes that regulate metabolism and mitochondrial 

function. Although some metabolic genes were altered by Sirt5 deletion (Table 2.6), 

we did not observe enrichment of a specific metabolic pathway (FDR < 0.05), 

suggesting that deletion of Sirt5 does not impact the expression of genes involved in 

major metabolic pathways.  

 Surprisingly, we did observe enrichment of pathways associated with the 

immune system, including cytokine-signaling pathways (Figure 2.15A, Table 2.7). 

Among the differentially expressed genes involved in the immune system, two that 

caught our attention were the serum amyloid A genes (Saa1 and Saa2). Saa1 and 

Saa2 genes are highly related genes that encode a family of apoliproteins, known as 

the serum amyloid A (SAA) proteins. SAA proteins are secreted during the acute 

phase of inflammation and have been associated to perform multiple functions; 
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Figure 2.14 Sirt5 loss affects the expression of genes involved in different 

metabolic pathways. (A) Differential gene expression in between Sirt5+/+ PyMT and 

Sirt5-/- PyMT mammary tumors. Red dots represent the differential genes. (B) Bar graph 

showing the number of genes that are significantly down-regulated and up-regulated in 

Sirt5-/- PyMT mammary tumors. (C) Non-supervised Principal Component Analysis 

(PCA) showing variability in gene expression between samples. (D) Hierarchical 

clustering analysis of the differential expressed genes between Sirt5+/+ PyMT and Sirt5-/- 

PyMT mice. Z-Score values and Spearman Rank Correlation Method were used for the 

generation of the heatmap. (E) Expression of Sirt5 in mammary tumors from Sirt5+/+ 

PyMT and Sirt5-/- PyMT mice. (F) GO analysis of the differentially expressed genes. All 

enriched GO Biological Processes categories shown showed a P-value and FDR below 

0.05. (G) Pathways enriched with differentially expressed genes. 
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Table 2.6 List of differentially expressed genes involved in cellular metabolism. 

Gene ID Average Sirt5+/+ PyMT (log2(FPKM)) Average Sirt5-/- PyMT (log2(FPKM)) Fold Change  

Cyp3a57 0 3 3.2 

Fbp2 5 21 2.2 

Slc5a5 2 8 1.9 

Fmo2 1 3 1.7 

Hal 1 4 1.4 

Inpp5j 4 9 1.3 

Prkar2b 14 27 1.0 

Slc27a1 23 41 0.8 

Gpam 7 12 0.8 

Ddhd2 16 26 0.7 

Idh1 44 69 0.6 

Chsy1 32 20 -0.7 

Psmb8 169 104 -0.7 

Ddah2 117 72 -0.7 
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Ldhb 140 83 -0.8 

Nqo1 62 34 -0.9 

Ckb 47 25 -0.9 

Ptgs2 4 1 -1.4 

Rbp1 104 30 -1.8 
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including transport of cholesterol, recruitment of immune cells to inflammatory sites 

and induction of enzymes that degrades extracellular matrix (Malle et al. 1993; Ye 

and Sun 2015). In the context of cancer, increased levels of SAA are often used as a 

clinical cancer marker. Multiple studies have shown that SAA levels are significantly 

elevated in the serum of patients with esophageal squamous cell carcinoma, ovarian 

cancer and lung cancer (Cho et al. 2010; Urieli-Shoval et al. 2010; Wang et al. 2012). 

Interestingly, previous work revealed that Saa expression is down-regulated in liver 

tissues from Sirt5-/- mice treated with high fat diet (Yu et al. 2013).  

 As shown in Table 2.7, Saa1 and Saa2 were highly expressed in mammary 

tumors when compared to other genes. Furthermore, Saa1 and Saa2 were 

significantly down-regulated in Sirt5-/- PyMT mice. To validate the data, we conducted 

RT-qPCR using mammary tumor samples from a bigger cohort of mice. Analysis of 

serum amyloid A expression confirmed the results obtained in the RNA-sequencing 

analysis, suggesting that deletion of Sirt5-/- significantly reduces serum amyloid A 

expression (Figure 2.15B).  

 Given that SAA is secreted during the acute phase of inflammation, we wanted to 

know whether deletion of Sirt5-/- affects the expression of other genes involved in 

inflammation. No significant differences were observed in the expression of several 

additional inflammation genes (Figure 2.15C). 

 

2.4.7 Selective inhibition of SIRT5 affects cancer cell growth in vitro and 

mammary tumorigenesis in MMTV-PyMT mice 

  To further demonstrate that Sirt5 loss inhibits cancer cell growth we synthesized
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Figure 2.15 Serum amyloid A expression is decreased in Sirt5-/- PyMT mammary 

tumors.  (A) Multiple pathways associated to the immune system are enriched with 

differentially expressed genes.  (B) Expression of Saa in mammary tumors from Sirt5+/+ 

PyMT and Sirt5-/- PyMT mice. (C) The expression profile of a selected set of genes 

associated to inflammation. mRNA level of each gene was normalized to the 

housekeeping gene Hprt and Rpl13A and further normalized to the expression level 

in Sirt5+/+ PyMT mice.  
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Table 2.7 List of differentially expressed genes associated to the immune system.  

Gene ID Average Sirt5+/+ PyMT (log2(FPKM)) Average Sirt5-/- PyMT (log2(FPKM)) Fold Change 

Zbtb16 1 5 2.4 

Ctse 1 2 1.8 

Cd93 3 5 1.0 

Padi2 17 34 1.0 

Lama5 9 17 0.9 

Sh3kbp1 11 18 0.8 

Rap1gap 39 61 0.7 

Vegfa 19 31 0.7 

Idh1 44 69 0.6 

Ifngr2 57 36 -0.7 

Psmb8 169 104 -0.7 

Ube2f 66 41 -0.7 

Atp8a1 8 5 -0.8 

Xaf1 16 9 -0.8 
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Bst2 233 126 -0.9 

Nrtn 64 32 -1.0 

Tnfrsf1b 8 4 -1.1 

Fgf1 15 6 -1.2 

Isg15 133 55 -1.3 

Ptgs2 4 1 -1.4 

Saa1 755 276 -1.5 

Saa2 566 169 -1.7 

Tnfrsf11b 7 2 -1.9 

Fgg 29 7 -2.0 
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SIRT5-selective inhibitors. To develop SIRT5-selective inhibitors, we used mechanism-

based thioacyl lysine compounds, described in Jing et al. (Jing et al. 2016). Thioacyl 

lysine peptides react with NAD+ in the sirtuin active site and form a stable intermediate 

that inhibit sirtuin activity. Two thioacyl lysine compounds with different R groups were 

synthesized, I5-2AM and MY01170 (Figure 2.16A, Supplemental Figure 2.2A).  

 To test the effectiveness of I5-2AM, we first performed an inhibition assay of 

recombinant SIRT5 activity using I5-2 (unprotected form of I5-2AM). The IC50 for this 

compound was 2.05 μM (Figure 2.16B). We next wanted to test the ability of I5-2AM to 

inhibit the growth of human cancer (MDA-MB 231) and PyMT mammary tumor (AT3) 

cell lines. Clonogenic assays showed that I5-2AM inhibited the proliferation of MDA-MB-

231 and AT3 cancer cells at 100 μM (Figure 2.16C, Supplemental Figure 2.3). We 

further tested I5-2AM in human embryonic kidney cells, HEK-293T and found that I5-

2AM inhibits its proliferation at 50 μM (Supplemental Figure 2.4A). Selective inhibition of 

SIRT5, also suppressed the anchorage-independent growth of MDA-MB 231 cancer 

cells and HEK-293T cells (Figure 2.16D-E, Supplemental Figure 2.4B).  

 To investigate whether SIRT5-selective inhibition affects tumorigenesis in vivo, 

MMTV-PyMT mice received IP injections with either the control vehicle solvent or I5-

2AM. Upon treatment, I5-2AM-treated mice had smaller tumors when compared to 

DMSO-H2O-treated mice (Figure 2.17A). Total tumor weight was significantly lower in 

I5-2AM-treated mice (Figure 2.17B). The same trend was observed when only the 

biggest tumor was weighed (Figure 2.17C). Importantly, I5-2AM treatment did not cause 

any apparent toxicity or weight loss in mice (Figure 2.17D). We also assessed whether 

I5-2AM had an effect on the metastatic potential of PyMT mammary tumors. We found 
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no significant differences. Most PyMT-treated mice did not show lung metastasis 

(Figure 2.17E). Together, these data suggest that selective inhibition of SIRT5 has 

anticancer properties. 

 To test, whether I5-2AM-treatment efficiently reduced SIRT5 activity in tumor 

samples, we screened global protein succinylation in mammary tumors from I5-2AM- 

and DMSO-treated mice. Mamamry tumors were collected 24 hrs after the last IP 

injection and processed as described in the Materials and Method section. We found an 

increment in protein succinylation levels in I5-2AM-treated mice when compared to 

control groups (Figure 2.17F). Given that SIRT5 regulates CPS1 activity, we further 

tested blood ammonia levels in treated mice. Blood ammonia was measured in fasted 

I5-2AM-treated mice 24 hrs post-I5-2AM IP administration. Consistent with the idea that 

SIRT5 was inhibited in treated mice, we observed that ammonia levels were higher in 

I5-2AM-treated mice when compared to the control group (Figure 2.17G).  

 We further analysed I5-2AM content in blood and tissue samples from I5-2AM-

treated mice using LC-MS and found the active form of I5-2AM in blood serum and 

abdominal fat 30 minutes post-I5-2AM IP administration (Figure 2.17H). However, no 

traces of I5-2AM were detected on mammary tumor samples at this timepoint (Figure 

2.17H). We also measured I5-2AM at later endpoints post-I5-2AM IP injection (3 and 24 

hrs post-IP administration) and found no traces of this compound in blood or any tissues 

tested, suggesting that the half-life of I5-2AM is less than 30 minutes.  

 Given that the half-life of I5-2AM, we tested an additional SIRT5-inhibitor, 

MY01170 (Supplemental Figure 2.2A). MY01170 is a thioacyl lysine compound with 
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Figure 2.16 SIRT5 inhibition reduces the proliferation of breast cancer cells. (A) 

Structure of SIRT5-selective inhibitor, I5-2AM. Red box highlights the protective group 

of I5-2AM when compared to I5-2.  (B) Graph showing the inhibition of SIRT5 activity 

with I5-2AM. IC50 for I5-2 on SIRT5 is 2.05 μM. (C) Clonogenic assay performed on 

MDA-MB 231 cells upon treatment with different concentrations of I5-2AM. (D) Soft-

agarose assay showing that selective inhibition of SIRT5 with I5-2AM reduced the 

colony formation of MDA-MB 231 breast cancer cells. (E) Quantification of the number 

of colonies (p-value = 0.0088, T-test). 
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Figure 2.17 Selective inhibition of SIRT5 reduces tumor load in PyMT mice. (A) Gross images of mammary tumors 

after 6 weeks of treatment with I5-2AM or control vehicle. (B) Total tumor weight after treatment (p = 0.0172, Mann 

Whitney test). (C) Weight of the biggest tumors after I5-2AM treatment (p = 0.0111, Mann Whitney test). (D) Average of 

mice weight through out the 6 weeks treatments with I5-2AM or DMSO:H2O solution. (E) Quantification of the number of 

lung metastasis in PyMT mice after treatment (p > 0.999, Mann Whitney test). (F) Western blot of mammary tumors 

lysates (50 μg) against Anti-succinyllysine antibody. Tissues from I5-2AM-treated mice showed an increment in 

succinylation levels when compared to DMSO:H2O-treated mice. Coomassie blue staining was used as loading control. 

Tissue lysates were prepared using tumor tissues from PyMT mice that were treated for 6 weeks with I5-2AM or control 

vehicle, and euthanized 24 hrs after the last injection. (G) Serum ammonia levels after 24 hrs of I5-2AM or vehicle 

administration. PyMT-treated females were treated for 6 weeks with I5-2AM or control vehicle. After the last injection, 

mice were fasted for 24 hours and sacrificed. Blood was collected by cardiac puncture. Serum was immediately frozen in 

liquid nitrogen and used for measurement of ammonia levels. N=3 for I5-2AM-treated mice, N=4 for DMSO-H2O-treated 

mice. P-value > 0.05. (H) Detection of I5-2AM in mouse serum, abdominal fat, and mammary tumor tissues by LC-MS at 

different timepoints post-I5-2AM IP administration. Minos and plus signs symbolize no detection and detection of I5-2AM, 

respectively. 
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greater stability than I5-2AM. Our preliminary data showed that MY01170 had stronger 

anti-cancer effect than I52-AM in MCF7. Treatment of MCF7 with different 

concentrations of MY01170 showed an IC50 < 20 μM (Supplemental Figure 2.2B). We 

further evaluated the anticancer activity of MY01170 using soft agar colony formation 

assay. MY01170 significantly inhibited anchorage-independent growth of MCF7 when 

compared to DMSO control vehicle (Supplemental Figure 2.2C). Further experiments 

are needed to show the potential of MY01170 as a selective-SIRT5 inhibitor with anti-

cancer properties.  

 

2.5 DISCUSSION 

 Lysine succinylation is a major type of protein acylation that plays an important 

role in regulating the activity of key metabolic enzymes in cancer. Up to now, SIRT5 

is the only known enzyme that controls the state of lysine succinylation of 

mitochondrial proteins. Given that cancer cells rewires their metabolism to sustain 

their biosynthetic and bioenergetics needs, in part through alteration of lysine 

succinylation, targeting SIRT5 hold a lot of potential for cancer treatment. 

 In present work, we investigated the roles of SIRT5 in breast cancer 

progression. Here, we demonstrated that clinically, overexpression of SIRT5 has been 

found in a percentage of breast cancers and its overexpression correlates to poor 

overall survival of breast cancer patients. Knock-down of SIRT5 affects the ability of 

human breast cancer cells, as well as lung cancer cells to exhibit anchorage-

independent growth. Furthermore, Sirt5 loss slowed down the proliferation rate of Kras-

transformed MEFs and significantly reduced their ability to growth in soft-agarose, 
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suggesting that SIRT5 is essential for the proliferation and malignant transformation 

of cancer cells.  

 Previous studies have reported that SIRT5 promotes tumorigenesis in 

human xenograft mouse models, however there are no studies to date that have 

examined the roles of SIRT5 in a transgenic breast cancer mouse model (Lu et al. 

2014; Xiangyun et al. 2017). To test whether SIRT5 has a fundamental role in 

mammary tumorigenesis, we used MMTV-PYMT transgenic mice, a genetically 

engineered model in which the animals develop mammary adenocarcinoma with 

metastasis to lung and lymph nodes (Guy et al. 1992). This model is characterized for 

recapitulating many aspects of human breast cancer (Lin et al. 2003). MMTV-PyMT 

mice were bred with Sirt5+/- to generate MMT-PyMT mice carrying either wild type or 

deleted Sirt5 gene. Our data clearly showed that deletion of Sirt5 slightly delayed 

mammary tumor development, significantly increased the overall survival of mice and 

reduced tumor load by affecting the proliferation rate of tumor cells. Together, our data 

suggested that SIRT5 is essential for the growth of mammary tumors in vivo. To further 

study the effect of Sirt5 loss in tumor progression to malignancy, we examined lung 

metastasis in MMTV-PyMT mice. Interestingly, we found that loss of Sirt5 delays, but 

does not completely abolishes lung metastasis in vivo. Our study shows for the first 

time, that SIRT5 plays a role in metastasis, however further experiments needs to be 

performed to underlie the mechanism by which SIRT5 promotes metastasis in vivo.  

 Previous studies have reported that there are several proteins in major metabolic 

pathways that are targeted by succinylation and regulated by SIRT5 (Park et al. 2013; 

Radin, et al. 2013; Zhou et al. 2016; Xiangyun et al. 2017). Consistent with previous 
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work, Sirt5 deficiency led to hypersuccinylation of 132 proteins in mammary tumor 

tissues, most of which play a role in major metabolic pathways. Among the top identified 

pathway enriched with hypersuccinylated proteins includes the TCA cycle. In the past 

years, it has been reported that acquired alterations in some enzymes of the TCA cycle 

have a pivotal role in carcinogenesis (Sajnani et al. 2017). IDH2, for example, has been 

recognized as a key enzyme that supports cancer cells anchorage independent growth 

by maintaining redox homeostasis (Jiang et al. 2016). Futhermore, recent works have 

shown that SIRT5 reduces cellular ROS production by activating IDH2 activity (Zhou et 

al. 2016). Here, we showed that depletion of SIRT5 induces hypersuccinylation of IDH2 

in mammary tumors. Furthermore, loss of SIRT5 significantly impairs anchorage 

independent growth of cancer cells. We believe that SIRT5 promotes cancer cell 

proliferation under such conditions, in part by desuccinylating and activating IDH2. 

However, it should be pointed out that effects on other SIRT5-regulated pathways might 

also contribute to the inhibition of cancer growth and tumorigenesis. Other pathways, 

including, the respiratory electron transport and lipid metabolism, were also enriched 

with hypersuccinylated proteins. These pathways also contribute as sources of energy 

and macromolecule production in cells, and deregulation of enzyme involved in these 

metabolic pathways have been extensively associated with cancer cells malignant 

proliferation (Phan et al. 2014; Jiang et al. 2016). These data highlight the potential 

mechanisms whereby SIRT5 may impact tumorigenesis.  

 Several studies have also reported that Sirt5 loss affects the expression 

levels of genes involved in different cellular processes (Lu et al. 2014; Lv et al. 2015). 

However, the mechanism by which SIRT5 regulates expression of these genes is still 
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undefined. Our RNA-seq data on mammary tumors showed that Sirt5 depletion induces 

alteration of multiple genes, several of which are involved in inflammatory response and 

cytokine signaling. Among the identified genes, Saa1 and Saa2 were significantly 

reduced in Sirt5-/- PyMT mammary tumors. Saa genes encode for a family of 

apoliproteins, known as serum amyloid A (SAA). The SAA proteins are highly 

expressed in response to inflammation and accumulating evidence suggests that these 

proteins play an active role in inflammation by activating transcription factors, such as 

NF-kB, influencing the lifespan of neutrophils and stimulating different immune cells 

(e.g. neutrophils and macrophages) to promote cell immunity (Urieli-Shoval et al. 2010; 

Eklund et al. 2012; Ye and Sun 2015). The level of SAA proteins in human blood 

severely increases in cancer and its expression are associated with poor prognosis 

(Yang, et al. 2016). Furthermore, most recent studies have shown that SAA also 

induces the expression of pro-inflammatory factors that potentiates the tumor growth 

and invasion (Ye and Sun 2015). Down-regulation of Saa upon Sirt5 deletion has been 

previously reported in mice liver tissues after fasting (Yu et al. 2013). Our data, also 

supports the reported evidences and opens up the possibility of novel biological 

functions of SIRT5. Further experiments are needed to establish the mechanism by 

which Sirt5 deletion induces down-regulation of Saa. 

 Given that complete Sirt5 deletion in mice has anti-cancer effects in 

mammary tumorigenesis and modest effects in whole animals, pharmacological 

inhibition of SIRT5 represents an attractive therapeutic target. We have developed 

SIRT5 inhibitors and tested their anti-cancer effects in vitro and in vivo. SIRT5-selective 

inhibitor I5-2AM showed inhibition of cell viability and anchorage independent growth of 
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cancer cells. Furthermore, pharmacological inhibition of SIRT5 with I5-2AM resulted in a 

reduction of mammary tumor growth in PyMT mice while had no toxicity. Measurements 

of I5-2AM in blood and tissues showed short half-life, limiting the anti-cancer potential of 

inhibiting SIRT5 activity. We are currently developing novel SIRT5-selective inhibitors 

and testing their anticancer potentials.  

 In conclusion, this work provided strong evidence that SIRT5-mediated post-

translational modification of metabolic enzymes regulates the transformed phenotype 

of cancer cells in vitro and mammary tumorigenesis in vivo. Together, this data 

highlights the potential therapeutic value of SIRT5 in cancer treatment.  
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Supplemental Materials and Methods 

Soft agar assay for Supplemental Figure 2.2 

 For colony formation in semisolid medium, 10,000 MCF-7 cells were plated in 

0.3% low-melting point agarose (LMP, Invitrogen) onto 6-well plate coated with 1.2% 

LMP mixed with 2X DMEM medium. For treatments, 2X inhibitor (100 µM final 

concentration) was added to cells at the time of plating. The medium and inhibitor were 

replaced with fresh ones every 2-3 days. After 14 days of incubation, colonies were 

stained and pictured. 

 

Cell viability assay for Supplemental Figure 2.2 

 MCF-7 cells were seeded into 96-well plates at 3,000 cells per well. After 24 h, 

inhibitors were added in triplicates to cells at final concentrations ranging from 1 to 100 

μM. Cells were then incubated for 72 h and cell viability was measured using the 

CellTiter-Blue viability assay (Promega) following the manufacturer's instructions. 

Relative cell viability in the presence of the inhibitors was normalized to the control 

sample (DMSO treated) after background subtraction. GraphPad Prism software was 

used to determine the IC50 values. 
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Supplemental Figures  

 

 

Supplemental Figure 2.1 Hierarchical clustering analysis and volcano plot for 

genes expressed in Sirt5+/+ PyMT and Sirt5-/- PyMT mammary tumors. (A) 

Hierarchical clustering analysis of 1,620 variable genes detected in Sirt5+/+ PyMT and 

Sirt5-/- PyMT mice. Log2(FPKM) values were and Ward Method were used for the 

generation of the heatmap. (B) Volcano plot of 1,620 variable genes detected in Sirt5+/+ 
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PyMT and Sirt5-/- PyMT mice. Genes (red dots) above horizontal line showed p-value > 

0.05. Genes to the extreme left and to the extreme right of the gray vertical lines 

showed a fold change > 2.  
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Supplemental Figure 2.2 Potential anti-cancer effects of another SIRT5-inhibitor, 

MY01170. (A) Structure of SIRT5 inhibitor, MY01170. (B) Cell viability of MCF-7 cells 

treated with different concentrations of MY01170 for 3 days. Cells were seeded into 96-

well plates at 3,000 cells per well. After 24 h, inhibitors were added in triplicates to cells 

at final concentrations ranging from 1 to 100 μM. Cells were incubated for 72 hrs and 

cell viability was measured using the CellTiter-Blue viability assay (Promega) following 

the manufacturer's instructions. (C) Soft-agarose assay showing that inhibition of SIRT5 

with MY01170 reduced the colony formation of MCF7 cells. MCF-7 cells were plated in 

0.3% low-melting point agarose and coated with 1.2% LMP mixed with 2X DMEM 

medium. For treatments, 100 µM MY01170 was added to cells at the time of plating. 

The medium and inhibitor were replaced with fresh ones every 2-3 days. After 14 days 

of incubation, colonies were stained and pictured. Data provided by Sushabhan 

Sadhukhan.  
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Supplemental Figure 2.3 Clonogenic assay performed on AT3 cells upon 

treatment with different concentrations of I5-2AM. Cells were seeded in six well 

plates. A day after, cells were treated with DMSO:H2O, 5 μM, 10 μM, 25 μM 50 μM or 

100 μM of I5-2AM for seven days. Cells were fixed with methanol and stained with 

Crystal Violet. A reduced number of colonies were observed at 100 μM of I5-2AM. 
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Supplemental Figure 2.4 Clonogenic assay and soft-agarose assay performed on 

HEK-293T cells upon treatment with different concentrations of I5-2AM. (A) For 

long-term survival assay, cells were seeded in six well plates. A day after, cells were 

treated with DMSO:H2O, 5 μM, 10 μM, 25 μM 50 μM or 100 μM of I5-2AM for seven 

days. Cells were fixed with methanol and stained with Crystal Violet. A reduced number 

of colonies were observed at 50 μM of I5-2AM (B) Soft-agarose assay showing that 

selective inhibition of SIRT5 with I5-2AM reduced the colony formation of HEK-293T 

cancer cells.  



 181 



 182 

Supplemental Figure 2.5 LC-MS data showing the presence of I5-2AM in the serum of I5-2AM-treated mouse after 

30 minutes of I5-2AM-IP administration. Treated MMTV-PyMT mice were euthanized 30 minutes after performing the 

last injection of I5-2AM. Metabolites were extracted from blood serum using methanol. Supernant was analyzed by LC-

MS. (A) Mass trace from the whole sample. (B-C) UV traces using Channel 1 (254 nm) and Chanel 2 (215 nm), 

respectively. (D) Mass trace for I5-2AM (peak observed at 10.35 RT). (E) Mass trace for the cyclized form of I5-2AM. (F) 

Chromatogram at 10.28 RT showing the relative abundance of I52AM in serum. The structure of I5-2AM (m/z 502.59) and 

its cyclized form (m/z 484.57) are shown at the bottom of image. 
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Supplemental Figure 2.6 LC-MS data showing the presence of I5-2AM in the fat of I5-2AM-treated mouse after 30 

minutes of I5-2AM-IP administration. Treated MMTV-PyMT mice were euthanized 30 minutes after performing the last 

injection of I5-2AM. Metabolites were extracted from fat using methanol. Supernant was analyzed by LC-MS. (A) Mass 

trace from the whole sample. (B-C) UV traces using Channel 1 (254 nm) and Chanel 2 (215 nm), respectively. (D) Mass 

trace for I5-2AM (peak observed at 10.35 RT). (E) Mass trace for the cyclized form of I5-2AM. (F) Chromatogram at 10.28 

RT showing the relative abundance of I52AM in fat. The structure of I5-2AM (m/z 502.59) and its cyclized form (m/z 

484.57) are shown at the bottom of image. 
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Supplemental Tables 

 

Supplemental Table 2.1 Histological classifications of mammary tumors into four 

distinctly identifiable stages of tumor progression. 

Genotype Tumor 
Tumor Area  

Hyperplasia MIN Early Late Total 

Sirt5+/+ 

PyMT 

1 5 10 80 5 100 

2 5 40 55 0 100 

3 5 20 70 5 100 

4 5 30 65 0 100 

5 5 60 35 0 100 

6 10 70 20 0 100 

7 0 5 10 85 100 

8 5 70 25 0 100 

9 20 70 10 0 100 

10 5 40 30 25 100 

11 5 20 60 15 100 

12 10 85 5 0 100 

13 10 90 0 0 100 

14 5 40 40 15 100 

15 5 80 15 0 100 

16 5 30 40 25 100 

17 5 20 30 45 100 
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18 5 20 40 35 100 

19 5 30 50 15 100 

20 10 40 40 10 100 

21 10 50 40 0 100 

22 5 10 10 75 100 

23 5 10 75 10 100 

Mean 

±SD 

7 

±4 

41 

±26 

37 

±23 

16 

±24 

100 

±0 

Sirt5-/- 

PyMT 

1 0 10 30 60 100 

2 5 40 55 0 100 

3 5 5 5 85 100 

4 5 60 35 0 100 

5 30 70 0 0 100 

6 10 90 0 0 100 

7 5 40 50 5 100 

8 0 10 10 80 100 

9 5 60 35 0 100 

10 10 90 0 0 100 

11 10 50 40 0 100 

12 10 90 0 0 100 

13 20 80 0 0 100 

14 5 80 15 0 100 

15 5 10 40 45 100 
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16 5 15 40 40 100 

17 50 50 0 0 100 

18 5 30 40 25 100 

19 5 20 70 5 100 

20 5 30 50 15 100 

21 5 95 0 0 100 

22 5 35 60 0 100 

23 5 10 10 75 100 

24 5 50 45 0 100 

25 5 60 35 0 100 

26 10 90 0 0 100 

27 5 55 40 0 100 

Mean 

±SD 

9 

±10 

49 

±30 

26 

±23 

16 

±28 

100 

±0 

* Four distinct categories were used to classify areas in the tumors (Lin et al. 2003). 

Values correspond to the area of the tumor (in percent). Values in bold represent the 

largest area of the tumor featuring one of the four stages. Mean and standard deviation 

are shown in Bold-Italic.   
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Supplemental Table 2.2 List of all the succinylated proteins identified in the LC-MS analysis. 

Description 
Unique 

peptides 

Peptides only 

succinylated in 

Sirt5+/+ PyMT 

Peptides only 

succinylated in 

Sirt5-/- PyMT 

Peptides 

succinylated in 

both 

hemoglobin subunit alpha 7 4 0 3 

hemoglobin, beta adult s chain 5 2 0 3 

10 kDa heat shock protein 8 0 6 2 

serum albumin precursor 16 1 6 9 

malate dehydrogenase 14 0 6 8 

28S ribosomal protein S36 1 0 1 0 

ATP synthase subunit d 3 1 1 1 

ATP synthase subunit O 6 0 4 2 

isocitrate dehydrogenase [NADP] 8 0 6 2 

acyl-coenzyme A thioesterase 13 3 0 2 1 

electron transfer flavoprotein subunit beta-like partioal 3 0 3 0 

isocitrate dehydrogenase [NAD] 9 0 8 1 
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glyceraldehyde-3-phosphate dehydrogenase isoform 2 6 0 4 2 

acetyl-CoA acetyltransferase 8 0 7 1 

methylglutaconyl-CoA hydratase 8 0 6 2 

cytochrome c oxidase subunit 5B 1 0 1 0 

aconitate hydratase 17 0 11 6 

3-ketoacyl-CoA thiolase 6 0 3 3 

dihydrolipoyl dehydrogenase 9 1 4 4 

enoyl-CoA delta isomerase 1 5 0 2 3 

creatine kinase M-type 6 0 6 0 

serine hydroxymethyltransferase 5 0 3 2 

peptidyl-prolyl cis-trans isomerase F 4 0 3 1 

protein NipSnap homolog 2 isoform X1 5 0 5 0 

methylmalonyl-CoA epimerase 2 0 2 0 

proline synthase co-transcribed bacterial homolog protein 

isoform c 
2 1 1 0 

acyl-CoA-binding protein isoform 2 1 1 0 0 
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citrate synthase 9 2 7 0 

hydroxyacyl-coenzyme A dehydrogenase 4 0 2 0 

pterin-4-alpha-carbinolamine dehydratase 2 2 1 0 1 

aspartate aminotransferase 6 0 2 4 

ADP/ATP translocase 1 3 1 2 0 

ES1 protein homolog 4 0 3 1 

fumarate hydratase 6 0 4 2 

succinyl-CoA ligase [ADP/GDP-forming] 5 0 5 0 

ATP synthase subunit epsilon 1 0 1 0 

ADP/ATP translocase 2 4 0 2 2 

60 kDa heat shock protein 8 0 5 3 

ATPase inhibitor 2 0 2 0 

histidine triad nucleotide-binding protein 2 2 0 2 0 

fructose-bisphosphate aldolase A isoform 2 2 0 2 0 

stress-70 protein 9 0 7 2 

trifunctional enzyme subunit alpha 9 0 9 0 
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grpE protein homolog 1 3 0 3 0 

ATP synthase subunit alpha 8 1 6 1 

electron transfer flavoprotein subunit alpha 1 0 1 0 

copper transport protein ATOX1 1 0 0 1 

elongation factor Tu 4 1 2 1 

succinyl-CoA ligase [GDP-forming] subunit beta 2 0 2 0 

phosphoglycerate mutase 2 2 0 2 0 

single-stranded DNA-binding protein 2 0 2 0 

NAD(P)H-hydrate epimerase isoform X1 1 0 0 1 

enoyl-CoA delta isomerase 2 4 0 4 0 

myoglobin 2 0 2 0 

histone H2B type 3-A 1 0 1 0 

enoyl-CoA hydratase 3 0 2 1 

carbonyl reductase [NADPH] 2 isoform X1 1 0 0 1 

citrate lyase beta like isoform X1 3 0 3 0 

serotransferrin precursor 3 0 2 1 
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3-hydroxyacyl-CoA dehydrogenase type-2 2 0 2 0 

NADH dehydrogenase 1 0 1 0 

succinyl-CoA ligase [ADP-forming] subunit beta 4 0 4 0 

peptidyl-prolyl cis-trans isomerase A 1 0 1 0 

glutamate dehydrogenase 1 4 0 2 2 

carbonic anhydrase 3 1 0 1 0 

GTP:AMP phosphotransferase AK3 2 0 2 0 

succinyl-CoA:3-ketoacid coenzyme A transferase 1 1 1 1 1 

long-chain specific acyl-CoA dehydrogenase 3 0 2 1 

trifunctional enzyme subunit beta 2 0 2 0 

dihydrolipoyllysine-residue succinyltransferase component 

of 2-oxoglutarate dehydrogenase complex 
5 1 4 0 

3-hydroxyisobutyryl-CoA hydrolase 4 0 4 0 

acyl-Coenzyme A dehydrogenase family, member 12 

isoform X1 
3 0 3 0 

maleylacetoacetate isomerase isoform 2 1 0 1 0 
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succinate dehydrogenase [ubiquinone] flavoprotein subunit 4 0 4 0 

estradiol 17-beta-dehydrogenase 8 1 0 1 0 

39S ribosomal protein L12 3 0 3 0 

beta-enolase 1 0 1 0 

ATP synthase subunit beta 4 0 1 3 

trans-2-enoyl-CoA reductase 1 0 1 0 

myosin light chain 1/3,  skeletal muscle isoform isoform 3f 1 0 1 0 

cytochrome c, somatic 1 0 1 0 

alpha-enolase 1 0 0 1 

L-lactate dehydrogenase A chain isoform 1 2 0 2 0 

protein DJ-1 isoform X1 1 0 1 0 

actin,  aortic smooth muscle isoform X1 1 0 0 1 

28S ribosomal protein S9 1 0 1 0 

glutaredoxin-related protein 5 1 0 1 0 

lipoamide acyltransferase component of branched-chain 

alpha-keto acid dehydrogenase complex 
3 0 3 0 
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very long-chain specific acyl-CoA dehydrogenase 3 0 3 0 

persulfide dioxygenase ETHE1 1 0 1 0 

putative RNA-binding protein Luc7-like 2 isoform X10 1 0 1 0 

ATP synthase F(0) complex subunit B1 1 1 0 0 

carnitine O-palmitoyltransferase 2 0 0 1 0 

alpha-1-antitrypsin 1-4 precursor 2 1 1 0 

apolipoprotein A-I preproprotein 1 0 0 1 

28S ribosomal protein S26 1 0 1 0 

pyruvate dehydrogenase E1 component subunit alpha 2 0 2 0 

mitochondrial import inner membrane translocase subunit 

TIM44 
1 0 1 0 

carnitine O-acetyltransferase isoform X4 1 0 1 0 

elongation factor Ts 1 0 1 0 

thioredoxin reductase 2 0 0 0 1 

aminomethyltransferase 1 0 1 0 

2,4-dienoyl-CoA reductase 1 0 1 0 
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bisphosphoglycerate mutase 1 1 0 0 

ubiquinone biosynthesis protein COQ9 0 0 1 0 

monofunctional C1-tetrahydrofolate synthase 0 0 3 1 

acyl-CoA dehydrogenase family member 9 1 0 1 0 

D-2-hydroxyglutarate dehydrogenase 1 0 1 0 

pyruvate dehydrogenase protein X component 2 0 2 0 

lactamase,  beta isoform X2 1 0 0 1 

presequence protease 1 0 0 1 

NADH dehydrogenase [ubiquinone] flavoprotein 3 1 0 1 0 

acyl-CoA synthetase family member 2 1 0 0 1 

STAM binding protein like 1 isoform X7 1 0 1 0 

short/branched chain specific acyl-CoA dehydrogenase 1 0 1 0 

propionyl-CoA carboxylase alpha chain 1 1 0 0 

acyl-CoA synthetase family member 3 1 0 1 0 

isoleucine--tRNA ligase 1 0 1 0 

medium-chain specific acyl-CoA dehydrogenase 1 0 0 1 
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ubiquinone biosynthesis monooxygenase COQ6 isoform X2 1 0 1 0 

ATP synthase subunit gamma 1 1 0 0 

dihydrolipoyllysine-residue acetyltransferase component of 

pyruvate dehydrogenase complex 
1 0 0 1 

glutaminase kidney isoform 1 0 0 1 

cytochrome b-c1 complex subunit 2 1 0 0 1 

carbonyl reductase family member 4 1 0 1 0 

alpha-aminoadipic semialdehyde dehydrogenase isoform b 1 1 0 0 

acyl-coenzyme A thioesterase 9 1 0 1 0 

probable arginine--tRNA ligase 1 0 1 0 

delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase 1 0 1 0 

tyrosine--tRNA ligase 1 0 0 1 

glutaryl-CoA dehydrogenase 1 0 1 0 

calcium-binding mitochondrial carrier protein SCaMC-1 1 0 0 1 

28S ribosomal protein S30 1 0 1 0 

keratin,  type I cytoskeletal 19 1 0 1 0 
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pyruvate carboxylase 2 0 2 0 

secreted frizzled-related protein 1 precursor 1 1 0 0 

spectrin beta chain,  erythrocytic 1 0 1 0 

cytochrome b-c1 complex subunit 1 1 0 0 1 

methylmalonyl-CoA mutase 1 0 1 0 

alpha-2-macroglobulin precursor 1 0 1 0 

sporulation-specific protein 15 1 0 1 0 

glycine--tRNA ligase 1 0 1 0 

outer dense fiber protein 2 isoform c 1 0 1 0 

axonemal dynein heavy chain isoform X5 1 0 1 0 

NAD(P) transhydrogenase 1 1 0 0 

fibrillin-1 precursor 1 0 1 0 

myosin-4 1 0 1 0 
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Supplemental Table 2.3 List of significantly differential genes between Sirt5+/+ PyMT and Sirt5-/- PyMT mice. 

Entrez gene Gene ID 
Average Sirt5+/+ PyMT 

(log2(FPKM)) 

Average Sirt5-/- PyMT 

(log2(FPKM)) 
Fold Change 

110187 Scgb2b26 6 86 3.9 

622127 Cyp3a57 0 3 3.2 

235320 Zbtb16 1 5 2.4 

57816 Tesc 6 30 2.4 

14120 Fbp2 5 21 2.2 

233099 Scgb2b27 467 2117 2.2 

235135 Tmem45b 1 4 2.2 

18162 Npr3 0 2 2.2 

18667 Pgr 0 2 2.1 

78284 Creb3l4 3 11 2.0 

69387 Dnajb13 2 8 1.9 

114479 Slc5a5 2 8 1.9 

13034 Ctse 1 2 1.8 
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270192 Rab6b 1 5 1.7 

55990 Fmo2 1 3 1.7 

209588 Sectm1a 5 16 1.7 

21386 Tbx3 1 2 1.6 

433182 Gm5506 13 41 1.6 

18227 Nr4a2 3 10 1.6 

69863 Ttc39b 4 13 1.6 

66805 Tspan1 10 30 1.6 

30051 Spdef 11 31 1.5 

20249 Scd1 167 472 1.5 

18576 Pde3b 2 6 1.5 

12023 Barx2 11 30 1.5 

207592 Tbc1d16 1 4 1.5 

15109 Hal 1 4 1.4 

63954 Rbp7 48 127 1.4 

19737 Rgs5 4 11 1.3 
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18627 Per2 5 13 1.3 

170835 Inpp5j 4 9 1.3 

234797 6430548M08Rik 4 9 1.2 

14563 Gdf5 6 13 1.2 

227618 Lrrc26 9 21 1.2 

30806 Adamts8 3 7 1.2 

12580 Cdkn2c 27 59 1.1 

81879 Tfcp2l1 7 15 1.1 

83397 Akap12 6 13 1.1 

17064 Cd93 3 5 1.0 

18600 Padi2 17 34 1.0 

74413 Tc2n 8 15 1.0 

23796 Aplnr 4 8 1.0 

1908 Prkar2b 14 27 1.0 

76551 Ccdc6 34 66 0.9 

17341 Bhlha15 46 88 0.9 
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16776 Lama5 9 17 0.9 

20856 Stc2 12 23 0.9 

223775 Pim3 13 24 0.9 

235380 Dmxl2 2 3 0.9 

214137 Arhgap29 10 19 0.9 

20530 Slc31a2 48 86 0.9 

232023 Vopp1 15 27 0.9 

97998 Deptor 22 41 0.9 

13819 Epas1 8 15 0.8 

26457 Slc27a1 23 41 0.8 

69993 Chn2 13 23 0.8 

14732 Gpam 7 12 0.8 

58194 Sh3kbp1 11 18 0.8 

18626 Per1 18 30 0.8 

64209 Herpud1 35 59 0.8 

94040 Clmn 12 20 0.7 



 202 

22339 Vegfa 19 31 0.7 

328329 Mast4 4 7 0.7 

72108 Ddhd2 16 26 0.7 

16529 Kcnk5 24 38 0.7 

21413 Tcf4 9 14 0.7 

14284 Fosl2 18 29 0.7 

110351 Rap1gap 39 61 0.7 

15926 Idh1 44 69 0.6 

15980 Ifngr2 57 36 -0.7 

70350 Basp1 183 116 -0.7 

54353 Skap2 62 39 -0.7 

269941 Chsy1 32 20 -0.7 

67921 Ube2f 66 41 -0.7 

16913 Psmb8 169 104 -0.7 

51793 Ddah2 117 72 -0.7 

12608 Cebpb 216 132 -0.7 
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20556 Slfn2 63 38 -0.7 

56699 Cdc42ep4 46 28 -0.7 

70186 Fam162a 156 94 -0.7 

16832 Ldhb 140 83 -0.8 

108655 Foxp1 8 5 -0.8 

54366 Ctnnal1 17 10 -0.8 

70155 Ogfrl1 75 44 -0.8 

108096 Slco1a5 27 15 -0.8 

11980 Atp8a1 8 5 -0.8 

13197 Gadd45a 57 32 -0.8 

54725 Cadm1 19 11 -0.8 

327959 Xaf1 16 9 -0.8 

13640 Efna5 17 9 -0.8 

19401 Rara 15 8 -0.9 

16007 Cyr61 60 33 -0.9 

18104 Nqo1 62 34 -0.9 
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225207 Zfp521 7 4 -0.9 

385354 Frmd7 8 4 -0.9 

69550 Bst2 233 126 -0.9 

74319 Mettl23 37 20 -0.9 

12709 Ckb 47 25 -0.9 

18188 Nrtn 64 32 -1.0 

16518 Kcnj2 6 3 -1.0 

116701 Fgfrl1 48 24 -1.0 

19280 Ptprs 19 9 -1.0 

83396 Glis2 6 3 -1.0 

68957 Paqr6 17 8 -1.1 

12587 Mia 90 42 -1.1 

329252 Lgr6 18 9 -1.1 

64075 Smoc1 63 29 -1.1 

21938 Tnfrsf1b 8 4 -1.1 

14164 Fgf1 15 6 -1.2 
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94346 Tmem40 22 10 -1.2 

100038882 Isg15 133 55 -1.3 

22419 Wnt5b 46 18 -1.3 

19225 Ptgs2 4 1 -1.4 

20208 Saa1 755 276 -1.5 

217682 Plekhd1 15 5 -1.5 

30937 Lmcd1 11 4 -1.6 

12560 Cdh3 3 1 -1.6 

69219 Ddah1 23 7 -1.6 

229791 
D3Bwg0562e/Plp

pr4 
7 2 -1.6 

72027 Slc39a4 9 3 -1.6 

16665 Krt15 7 2 -1.6 

68010 Bambi 4 1 -1.6 

226245 Plekhs1 8 3 -1.6 

17304 Mfge8 847 264 -1.7 
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20209 Saa2 566 169 -1.7 

19659 Rbp1 104 30 -1.8 

56279 Fam69b 6 2 -1.8 

18383 Tnfrsf11b 7 2 -1.9 

434197 Fam169b 3 1 -2.0 

99571 Fgg 29 7 -2.0 

69938 Scrn1 4 1 -2.0 

13406 Dmp1 18 4 -2.1 

67573 Loxl4 2 0 -2.3 

22373 Wap 148 29 -2.3 

21956 Tnnt2 12 2 -2.4 

18189 Nrxn1 2 0 -2.4 

68346 Sirt5 15 3 -2.4 

67547 Slc39a8 16 2 -2.8 

192200 Wfdc12 51 7 -2.9 

319169 Hist1h2ak 3 0 -10.0 
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Supplemental Table 2.4 List of GO Biological Pathways enriched with differential genes between Sirt5+/+ PyMT 

and Sirt5-/- PyMT mice. 

#Pathway ID Pathway description Gene count FDR 

GO.0048518 positive regulation of biological process 62 9.34E-08 

GO.0048522 positive regulation of cellular process 55 8.30E-07 

GO.0048519 negative regulation of biological process 51 1.25E-05 

GO.0019222 regulation of metabolic process 62 1.58E-05 

GO.0009893 positive regulation of metabolic process 44 2.21E-05 

GO.0051239 regulation of multicellular organismal process 35 8.72E-05 

GO.0050896 response to stimulus 59 1.54E-04 

GO.0031325 positive regulation of cellular metabolic process 37 2.08E-04 

GO.0009605 response to external stimulus 26 4.34E-04 

GO.0031323 regulation of cellular metabolic process 53 4.34E-04 

GO.0044700 single organism signaling 43 4.34E-04 

GO.0048523 negative regulation of cellular process 44 4.34E-04 

GO.0050793 regulation of developmental process 31 4.34E-04 
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GO.0051716 cellular response to stimulus 50 4.39E-04 

GO.0007165 signal transduction 41 4.91E-04 

GO.0007154 cell communication 43 7.54E-04 

GO.0009892 negative regulation of metabolic process 32 7.54E-04 

GO.0030154 cell differentiation 39 7.54E-04 

GO.0042221 response to chemical 35 7.54E-04 

GO.0044763 single-organism cellular process 78 1.12E-03 

GO.0050794 regulation of cellular process 71 1.12E-03 

GO.0060591 chondroblast differentiation 3 1.32E-03 

GO.0048513 organ development 35 1.62E-03 

GO.0009888 tissue development 25 1.97E-03 

GO.0044767 single-organism developmental process 49 1.97E-03 

GO.0048731 system development 41 1.97E-03 

GO.0010646 regulation of cell communication 32 2.95E-03 

GO.0031328 positive regulation of cellular biosynthetic process 25 3.42E-03 

GO.0060541 respiratory system development 9 3.66E-03 
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GO.0031324 negative regulation of cellular metabolic process 28 4.30E-03 

GO.0001501 skeletal system development 12 4.46E-03 

GO.0050789 regulation of biological process 71 5.31E-03 

GO.0042127 regulation of cell proliferation 21 7.12E-03 

GO.0007275 multicellular organismal development 43 7.64E-03 

GO.0048469 cell maturation 7 7.74E-03 

GO.0048608 reproductive structure development 11 8.55E-03 

GO.0051173 positive regulation of nitrogen compound metabolic process 24 8.75E-03 

GO.0061458 reproductive system development 11 8.75E-03 

GO.0048583 regulation of response to stimulus 33 9.38E-03 

GO.0010033 response to organic substance 26 9.79E-03 

GO.0000052 citrulline metabolic process 3 1.02E-02 

GO.0031326 regulation of cellular biosynthetic process 37 1.02E-02 

GO.0045893 positive regulation of transcription, DNA-templated 21 1.02E-02 

GO.0048584 positive regulation of response to stimulus 23 1.02E-02 

GO.0051216 cartilage development 7 1.02E-02 
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GO.0065007 biological regulation 72 1.02E-02 

GO.0065009 regulation of molecular function 29 1.02E-02 

GO.0030855 epithelial cell differentiation 12 1.09E-02 

GO.0010647 positive regulation of cell communication 21 1.10E-02 

GO.0023051 regulation of signaling 29 1.10E-02 

GO.0080090 regulation of primary metabolic process 46 1.33E-02 

GO.2000026 regulation of multicellular organismal development 22 1.33E-02 

GO.0044707 single-multicellular organism process 48 1.39E-02 

GO.0045944 positive regulation of transcription from RNA polymerase II  17 1.41E-02 

GO.0032101 regulation of response to external stimulus 14 1.42E-02 

GO.0044092 negative regulation of molecular function 16 1.42E-02 

GO.0010605 negative regulation of macromolecule metabolic process 26 1.63E-02 

GO.0048856 anatomical structure development 42 1.71E-02 

GO.0009653 anatomical structure morphogenesis 26 1.76E-02 

GO.0009966 regulation of signal transduction 26 1.76E-02 

GO.0006950 response to stress 30 1.86E-02 
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GO.0032879 regulation of localization 26 1.86E-02 

GO.0032269 negative regulation of cellular protein metabolic process 15 2.03E-02 

GO.0045935 positive regulation of nucleobase-containing compound  22 2.03E-02 

GO.0010604 positive regulation of macromolecule metabolic process 29 2.16E-02 

GO.0048468 cell development 21 2.16E-02 

GO.1900744 regulation of p38MAPK cascade 3 2.16E-02 

GO.0009987 cellular process 84 2.21E-02 

GO.0006357 regulation of transcription from RNA polymerase II promoter 22 2.23E-02 

GO.0050790 regulation of catalytic activity 24 2.30E-02 

GO.0010628 positive regulation of gene expression 22 2.33E-02 

GO.0030968 endoplasmic reticulum unfolded protein response 4 2.33E-02 

GO.0043086 negative regulation of catalytic activity 13 2.52E-02 

GO.0034620 cellular response to unfolded protein 4 2.72E-02 

GO.0030324 lung development 7 2.83E-02 

GO.0033554 cellular response to stress 19 2.94E-02 

GO.0030323 respiratory tube development 7 2.98E-02 
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GO.0030852 regulation of granulocyte differentiation 3 2.98E-02 

GO.0051094 positive regulation of developmental process 17 2.98E-02 

GO.0060429 epithelium development 16 2.98E-02 

GO.0072358 cardiovascular system development 14 2.98E-02 

GO.0072359 circulatory system development 14 2.98E-02 

GO.0009991 response to extracellular stimulus 10 3.18E-02 

GO.0097167 circadian regulation of translation 2 3.18E-02 

GO.0060255 regulation of macromolecule metabolic process 44 3.41E-02 

GO.0061448 connective tissue development 7 3.53E-02 

GO.0060411 cardiac septum morphogenesis 4 3.72E-02 

GO.0009967 positive regulation of signal transduction 17 3.83E-02 

GO.0030155 regulation of cell adhesion 11 3.84E-02 

GO.0071456 cellular response to hypoxia 5 4.00E-02 

GO.0033993 response to lipid 13 4.05E-02 

GO.0045444 fat cell differentiation 5 4.08E-02 

GO.0001817 regulation of cytokine production 10 4.29E-02 
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GO.0001525 angiogenesis 8 4.41E-02 

GO.0048738 cardiac muscle tissue development 6 4.44E-02 

GO.0006082 organic acid metabolic process 13 4.66E-02 

GO.0023056 positive regulation of signaling 18 4.66E-02 

GO.0044093 positive regulation of molecular function 19 4.66E-02 

GO.0051270 regulation of cellular component movement 12 4.66E-02 

GO.0030334 regulation of cell migration 11 4.73E-02 
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3.1 ABSTRACT 

 Aberrant activation of c-MYC oncogene induces cancer cell dependency on 

glutamine metabolism for their survival and enhanced proliferation. Clinically, MYC 

overexpression is associated to poor disease outcome in B-cell lymphoma patients, 

highlighting the need to identify molecular mechanisms that can suppress glutamine 

usage in these cancers. Recently, it was reported that the mitochondrial sirtuin, SIRT5 

modulates ammonia-induced autophagy and survival in cancer cells by controlling 

glutamine metabolism, suggesting that it might have therapeutic potential for treating 

glutamine-dependent cancers; such as B-cell lymphoma. To investigate the importance 

of SIRT5-regulated post-translational modifications in lymphomagenesis, we generated 

a mouse model in which Sirt5 is knocked out and c-Myc is constitutive activated. Eμ-

Myc transgenic mice overexpress Myc under the control of the immunoglobulin heavy 

chain gene enhancer (Eμ), resulting in the development of pre-B and B-cell lymphoma. 

Our data revealed that deletion of Sirt5 had no effect on lymphoma incidence and 

progression. Both, Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc mice showed signs of illness at 

similar ages and analysis of tumor tissues did not showany difference in size or 

histological grade. Interestingly, immunoblotting for succinyl lysine revealed multiple 

proteins with elevated succinylation in tumors from Sirt5-/- Eμ-Myc mice, and liquid 

chromatography-mass spectrometry (LC-MS) analysis identified many metabolic 

enzymes that were highly succinylated in Sirt5-/- Eμ-Myc thymic tumors, including 

aconitate hydratase, malate dehydrogenase, isocitrate dehydrogenase, fumarate 

hydratase and multiple subunits of ATP synthase. Together, these data show that 
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SIRT5-mediated post-translational modification of key metabolic enzymes is not 

essential for lymphomagenesis.  
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3.2 INTRODUCTION 

 B cell lymphoma comprises around 80% of cases of Non Hodgkin’s lymphoma 

and is the seventh leading cancer in females and males in the U.S. (Siegel et al. 2012). 

In recent years, multiple studies have shown that dysregulation of c-MYC is essential in 

the pathogenesis of a number of B-cell lymphomas, including Burkitt lymphoma (BL) 

and diffuse large B-cell lymphoma (DLBCL) (Green et al. 2012; Cattoretti 2013). 

Dysregulation of c-MYC, together with other prognostic factors, confers proliferation and 

survival advantages in lymphoma cells, and therefore a poor prognosis. 

 Growing evidence suggest that activation of c-MYC oncogene reprograms 

cancer cell metabolism (Dang 2013). MYC regulates multiple metabolic pathways 

including glycolysis, lipid synthesis and glutamine metabolism (Muñoz-Pinedo et al. 

2012; Le et al. 2012; Boroughs and DeBerardinid 2015). Activation of c-MYC in B-cell 

lymphoma induces cellular dependence on glutamine as an important biosynthetic and 

bioenergetic source for cell growth and survival (Wise and Thompson 2010; Dang 

2013). Furthermore, MYC-induced glutaminolysis supports the production of NADPH 

and glutathione, which are two major antioxidants in the cell (DeBerardinis et al. 2007; 

Gao et al. 2010).  

 Recent reports have shown that generation of ammonia from glutaminolysis 

could potentially promote autophagy activation (Eng, et al. 2010; Cheong et al. 2011). 

Autophagy in cancer seems to have dual role. In some settings, it serves as a tumor 

suppressive pathway, by limiting oxidative stress-mediated oncogenic mutations 

(Mathew et al. 2009; Takamura et al. 2011). In other settings, autophagy supports 

cancer cell survival by providing nutrients and suppressing apoptosis (Guo et al. 
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2011; Altman et al. 2011). Recently, it was reported that one member of the Sirtuin 

family, SIRT5, modulates ammonia-induced autophagy and survival in cancer cells by 

controlling glutamine metabolism (Polleta et al. 2015). SIRT5 is the only known 

mitochondrial sirtuin that has strong desuccinylase, demalonylase and deglutarylase 

activity (Du et al. 2011; Tan et al. 2014). SIRT5 inactivates glutaminase (GLS2), thereby 

reducing the levels of glutamate and ammonia production. SIRT5 also promotes 

ammonia detoxification by activating carbamoyl phosphate synthase 1 (CPS1), the rate-

limiting enzyme of the urea cycle. Given the relative contributions of SIRT5 in 

glutaminolysis, we hypothesized that SIRT5 is essential to tune ammonia-induced 

autophagy to the specific needs of cancer cells. 

 In this study, we examined the tumor modulatory role of SIRT5 in 

lymphomagenesis by using a genetic mouse model in which Sirt5 is knocked out and c-

Myc is constitutive activated. Unexpectelly, SIRT5 loss in Eμ-Myc transgenic mice did 

not affect lymphoma incidence and mortality, even though it targets multiple key 

metabolic enzymes. Together, these data suggest that SIRT5-regulated 

posttranslational modification of metabolic enzymes is not essential for the metabolic re-

programing in Myc-induced murine B-cell lymphoma.   

 

3.3 MATERIALS AND METHODS 

Animals 

 Sirt5 transgenic mice were obtained from Johan Auwerx (Yu et al. 2013). These 

mice were backcrossed with C57BL/6 mice. Eμ-Myc transgenic mice (catalogue name, 

C57BL/6J-Tg(IghMyc)22Bri/J) were purchased from The Jackson Laboratory (Adams et 
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al. 1985). Eμ-Myc transgenic mice were crossed with Sirt5+/- mice to obtain Sirt5+/- Eμ-

Myc offspring. Sirt5+/- Eμ-Myc mice were then bred with Sirt5+/- mice to generate 

littermates that were Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc.  

 

Genotyping 

 Genotyping was performed by polymerase chain reaction (PCR) amplification 

using allele-specific primers and genomic DNA extracted from mouse-tails. Identification 

of the Eμ-Myc transgene was detected using the following Eμ-Myc primers:   

(F) 5'-TTAGACGTCAGGTGGCACTT-3' 

(R) 5'-TGAGCAAAAACAGGAAGGCA-3’ 

PCR reaction conditions were 94 °C (5 minutes), followed by 30 cycles of 94 °C (20 

seconds), 65 °C (30 seconds), 72 °C (1 minute), and 72 °C (10 minutes). Identification 

of the Sirt5 genotypin was performed using the following Sirt5 primers:  

5'-CTTGAGCAGAAAACCACAGAGGAGAGAAC-3', 

5'-GTGTATAGTTGTGTGCTGTGTGCTTGTAC-3' 

5'-GGGAAAGATCTGGGGTTGGAATTTACC-3' 

PCR reaction conditions were 95 °C (5 minutes), followed by 30 cycles of 95 °C (30 

seconds), 64.6 °C (30 seconds), 72 °C (1 minute), and 72 °C (7 minutes).  

 

Monitoring tumor development and tissue collection 

 Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc mice were weighed and monitored twice 

weekly after birth for tumors and signs of illness. Only mice showing enlarged lymphoid 

organs at necropsy were designated as having lymphomas. When experimental mice 
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met the endpoint criteria, mice were euthanized by CO2 asphyxiation. Enlarged thymus, 

spleen and lymph nodes were dissected and weighed. Lymph nodes collected include 

cervical, axillary, brachial and inguinal lymph nodes. Tumors and other tissues were 

collected, fixed with 4% paraformaldehyde (PFA), embedded in paraffin, sectioned, and 

stained with hematoxylin and eosin (H&E). H&E-stained sections were scanned using 

an Aperio ScanScope and analyzed by a veterinarian certified in anatomic pathology by 

the American College of Veterinary Pathologists blinded to treatment group. Tumor 

tissues and organs were snap frozen in liquid N2 and stored at -80 °C for subsequent 

analyses.  

 

Immunoblot analysis 

 Tissue extracts were prepared using lysis buffer (50 mM Tris-HCl, pH 8.0, 150 

mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 5 mM nicotinamide) supplemented with 

protease and phosphatase inhibitors. Tissues were homogenized in a tissue 

homogenizer. The lysates were centrifuged at 20,000 × g for 30 min at 4 °C to remove 

the cell debris. Protein concentration of the supernatant was measured using the 

Bradford method. Fifty micrograms of protein were loaded and separated on 10% 

polyacrylamide gel and transferred to PVDF membrane (Perkin Elmer). The membrane 

was blocked using 5% BSA or milk in TBST (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 

and 0.1% Tween-20), incubated with Rabbit pan-specific antisuccinyllysine (PTM-401, 

PTM Biolabs) or SIRT5 rabbit monoclonal antibody (8782, Cell Signaling) antibody 

antibodies. Chemiluminescent signal was detected on a VersaDoc Imaging system and 

quantified using Quantity One software (Bio-Rad Laboratories).  
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Nano LC/MS-MS 

 Frozen powdered thymic lymphomas from Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc 

mice were homogenized and lysed as previously described (Sadhukhan et al. 2016). 

One milligram of total protein from Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc tumor samples 

was digested with trypsin and labeled with light and heavy dimethyl groups, 

respectively. The isotopically labeled peptides were mixed and enriched using 

antisuccinyllysine antibody as described by Sadhukhan et al. (Sadhukhan et al. 2016). 

Identification and quantification of succinyl-lysine peptides were analyzed by Nano LC-

MS/MS as described by Sadhukhan et al (Sadhukhan et al. 2016).  

 

3.4 RESULTS 

3.4.1 Reduced succinylation levels are observed in multiple proteins in thymic 

lymphoma when compared with normal thymus tissue in mice 

 Overexpression of Sirt5 has been reported in multiple cancer types. In Chapter 2, 

we demonstrated that Sirt5 deletion reduces breast cancer growth and mammary 

tumorigenensis. To identify other tumor types that might become susceptible to Sirt5 

deletion, we investigated the status of protein lysine succinylation in a variety of normal 

and tumor tissues from mice. Western blot analysis for succinyllysine demonstrated that 

the greatest change in protein succinylation levels was observed in normal thymus 

(Lane 4) versus thymic lymphoma (Lane 3) (Figure 3.1A). There was higher protein 

succinylation level in normal thymus compared with lymphoma tumors, supporting the 

idea that SIRT5 activity is increased and essential for tumor growth. Other tumor types, 

such as lung tumors (Lane 1) and testis tumors (Lane 5) did not show significant 
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differences in succinylation levels when compared to normal tissues (Lanes 6-7) (Figure 

3.1A). Interestingly, we did not observe significant differences in SIRT5 expression 

between tumors and normal tissues. To validate these results, we tested protein lysine 

succinylation status in lymphoma tumor tissues from different mouse strains including,   

Hus1neo/neoAtm−/− (Lanes 3-4), P53KO+/- (Lane 5), and CHK-HKOneo/neoATM−/− (Lane 6) 

mice (Figure 3.1B). Succinylation levels were lower in thymus tumors from different 

mouse backgrounds when compared to healthy thymus, suggesting that SIRT5 activity 

is increased in lymphomagenesis (Figure 3.1B).  

 To investigate the relevance of our results, we analyzed the mRNA expression of 

Sirt5 in different blood cancer cell lines using the dataset from Cancer Cell Line 

Encyclopedia and found that Sirt5 is overexpressed in some blood cancers cells 

including Chronic Myeloid Leukemia (CML), B-cell lymphoma (B-cell) and Diffuse Large 

B Cell Lymphomas  (DLBCL)  (Figure 3.1C) (Broad Institute of MIT and Harvard). 

Together, these data suggest that SIRT5 might be essential for lymphomagenesis.   

 

3.4.2 Lymphoma development and progression is not impaired upon genetic 

deletion of Sirt5.  

 To investigate the roles of SIRT5 in lymphomagenesis, we generated a 

murine mouse model in which Sirt5 is knocked out and c-Myc is constitutively activated. 

Eμ-Myc transgenic mice overexpress Myc under the control of the immunoglobulin 

heavy chain gene enhancer (Eμ) and show increased pre-B and B cell lymphomas at 

15-20 weeks of age (Adams et al. 1985). Sirt5+/- mice were crossed with Eμ-Myc 

transgenic to generate Sirt5+/- Eμ-Myc mice. These mice were then crossed with Sirt5+/-  
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Figure 3.1 Succinylation levels in normal and tumor tissues and SIRT5 mRNA 

expression in lymphoma. (A) Succinylation and SIRT5 levels in different normal and 

tumor tissue lysates. Ttissues were collected from different mice strains. Tissues lysates 

in the following lanes correspond to: (1) Rrm2Tg, (2) Sirt5+/+ PYMT, (3) Hus1neo/neoAtm−/−, 

(4,6,7) WT-129, and (8) Sirt5-/- PyMT. (B) Western blot comparing succinylation levels in 

normal thymus and thymic lymphomas from different strains of mice. Tissues lysates in 
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the following lanes correspond to: (1-2) WT-129, (3-4) Hus1neo/neoAtm−/−, (5) P53KO+/-, 

and (6) CHK-HKOneo/neoATM−/−. Fifty micrograms of samples were separated on a 12% 

SDS gel, transferred to a membrane, and probed with anti-succinyl antibody (1:500) 

and/or SIRT5. Coomassie blue and actin were used as the loading controls. (C) SIRT5 

mRNA expression in multiple blood cancer cell lines. Data retrieved from Cancer Cell 

Line Encyclopedia. 
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mice to produce Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc littermates. To assess whether the 

loss of Sirt5 affects lymphomagenesis we compared the survival of Sirt5+/+ Eμ-Myc 

(n=12) and Sirt5-/- Eμ-Myc (n=11) mice. Surprisingly, we found that the loss of Sirt5 did 

not affect the survival of Eμ-Myc mice (p-value = 0.7420 with the log rank test) (Figure 

3.2A). The median survival of Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc mice were 86 and 88 

days, respectively.  

 At necropsy, most of these mice had lymphoma invading the thoracic cavity 

and enlarged lymph nodes and spleen (Figure 3.2B). Some mice had tumors on the 

thoracic vertebral column. The formation of these tumors was observed at a similar rate 

in Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc mice (Table 3.1). To test whether Sirt5 loss 

affected the growth of lymphoma, we evaluated the weight of the thymus, spleen and 

lymph nodes in these mice. No significant differences were observed in the weight of 

any of these tissues (Figure 3.2C-E). Thes data are consistent with the Kaplan Meier 

survival and indicated that SIRT5 is not essential for lymphomagenesis in this model.  

 

3.4.3 Histological analysis of lymphomas and spleens upon deletion of Sirt5. 

  Although there were no differences in the overall survival of Eμ-Myc mice 

upon Sirt5 deletion and no significant differences in tumor weight, we wanted to 

investigate whether there were histological differences among Sirt5+/+ Eμ-Myc and  

Sirt5-/- Eμ-Myc tumor tissues. The histology of lymphomas, spleens and livers were 

evaluated in a blinded fashion. Most lymphomas and spleen tissues from Sirt5+/+ Eμ-

Myc and Sirt5-/- Eμ-Myc were infiltrated and replaced by a population of neoplastic 

lymphocytes. High mitotic rate was observed, especially in the thymus where there are 
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Figure 3.2 Sirt5 deletion does not significantly affect lymphomagenesis in vivo. 

(A) Kaplan Meier tumor overall survival curve for Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc 

mice (p = 0.7420, Logrank (Mantel-Cox test)). (B) Representative images of thymic 

lymphomas and enlarged spleens in Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc mice. Scale 

represents 0.25 cm. (C-E) Bar graphs showing the weight of thymic lymphomas, lymph 

nodes and spleens for Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc mice. No significant 

differences were observed for the three comparisons (p > 0.05, Unpaired t-test).
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Table 3.1 Percent of mice with enlarged thymus, spleen and lymph nodes.  

Mice Enlarged Thymus Enlarged Spleen Enlarged Lymph nodes* 

Sirt5+/+ Eμ-Myc (9/10) 0.90 (8/9) 0.89 (8/11) 0.72 

Sirt5-/- Eμ-Myc (8/8) 1.00 (8/8) 1.00 (7/10) 0.70 

* Lymph nodes collected include cervival, axillary, branchial and inguinal lymph nodes.  
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large chromatin aggregates amongst the tumor. No metastases were observed in liver 

tissues from Sirt5+/+ Eμ-Myc or Sirt5-/- Eμ-Myc mice (Figure 3.3).  

 

2.4.4 Prominent increased of succinylated proteins in Sirt5-/- Eμ-Myc lymphomas. 

  We screened global protein succinylation in thymic tumors from Sirt5+/+ Eμ-

Myc and Sirt5-/- Eμ-Myc mice. In agreement with the data shown in Chapter 2, we 

found prominent increases in succinylated proteins in Sirt5-/- Eμ-Myc mice when 

compared to Sirt5+/+ Eμ-Myc mice (Figure 3.4A).  We next, performed a comparative 

proteomic analysis using a stable-isotope reductive dimethylation approach, followed 

by enrichment of succinylated peptides and LC-MS/MS analysis as described by 

Sadhukhan et al. (Sadhukhan et al. 2016) to identify proteins that were regulated by 

SIRT5 in lymphoma. LC-MS/MS analysis identified 235 lysine succinylation sites across 

81 proteins in mammary tumors from Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc mice. Among 

these 235 succinylated peptides, 171 peptides were only succinylated in Sirt5-/- Eμ-Myc 

lymphomas and 31 were highly abundant in Sirt5-/- Eμ-Myc when compared to Sirt5+/+ 

Eμ-Myc (Figure 3.4B). Similarly to what we observed in mammary tumors, most of the 

identified proteins showed only one unique succinylated site, however, other proteins 

had between two to seventeen unique succinylated sites (Figure 3.4C).  

 We investigated pathway enrichment analysis using Reactome 

(www.reactome.org) to gain an insight into how succinylation and SIRT5 regulate 

metabolic networks in lymphomas. As expected, most succinylated proteins identified 

are enzymes involved in cellular metabolism (62%). Detailed analysis of metabolic 

pathways revealed that the top pathways enriched with succinylation-targeted proteins 

http://www.reactome.org/
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Figure 3.3 Representative images of tumor tissues, spleen and liver tissues from Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-

Myc mice. Tumors and other tissues were harvested upon necropsy. Analysis of H&E stained tumors and spleens did 

not show significant histological differences between Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc mice. Histology of liver tissues 

show no presence of metastases. Scale represents 100 μm. 
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were enzymes involved in the TCA cycle and respiratory electron transport, as well as 

metabolism of lipids (Figure 3.4D). Among the hypersuccinylated enzymes involved in 

the TCA cycle were citrate synthase, aconitase hydratase, isocitrate dehydrogenase, 

succinyl CoA ligase, fumarate hydratase and malate dehydrogenase (Table 3.2).  ATP 

synthases subunits (alpha, beta, delta, F(0) and F(1)) as well as other enzymes 

involved in ATP transport were also hypersuccinylated in Sirt5-/- Eμ-Myc thymic tumors 

(Table 3.3). Another pathway that was highly enriched in hypersuccinylated proteins is 

lipid metabolism. A total of 19 proteins involved in fatty acid metabolism and ketone 

body synthesis were hypersuccinylated in Sirt5-/- Eμ-Myc thymic tumors (Table 3.4). 

Interestingly, our LC-MS data did not show glutaminase (GLS2) as a SIRT5 target in 

thymic lymphomas. Together, these results validate our data in mammary tumor tissues 

and suggest that SIRT5 targets key metabolic enzymes independently of the tumor 

type.  

 

3.5 DISCUSSION 

 In Chapter 2, we showed that SIRT5 is essential for the anchorage independent 

growth of cancer cells and mammary tumor growth. To extend our knowledge on the 

pro-tumorigenic roles of SIRT5, we screened protein succinylation levels in a variety of 

tumor tissues and normal tissues. We found that the greatest change in protein 

succinylation levels was in normal lymph node versus lymphoma. The succinylation 

states of proteins were significantly reduced in lymphomas when compared to healthy 

lymph nodes, suggesting increased SIRT5 activity in lymphomas.  
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Figure 3.4 Succinylation levels in thymic tumors from Sirt5+/+ Eμ-Myc and Sirt5-/- 

Eμ-Myc mice and metabolic pathways highly targeted by SIRT5.  (A) Western blot 

of thymic tumors lysates (50 μg) against Anti-succinyllysine antibody. Thymic tumors 

from Sirt5-/- Eμ-Myc mice showed increased succinylation levels when compared to 

Sirt5+/+ Eμ-Myc. Coomassie blue staining was used as loading control. (B) Number of 

unique succinylated peptides identified in Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc thymic 

tumors. (C) Distribution of number of lysine succinylation sited per proteins. (D) 

Metabolic pathways enriched with lysine succinylated proteins. 
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Table 3.2 List of hyper-succinylated proteins involved in the TCA cycle.  

Protein 
Unique 

succinylation sites 

Sites in 

Sirt5+/+  Eμ-Myc 

Sites in 

Sirt5-/-  Eμ-Myc 

Sites in Sirt5+/+ and 

Sirt5-/-  Eμ-Myc 

Citrate synthase 6 0 5 1 

Aconitate hydratase 10 0 9 1 

Isocitrate dehydrogenase 2 7 2 3 2 

Isocitrate dehydrogenase 3 4 0 4 0 

Succinyl CoA ligase synthase, 

subunit α 

subunit β 

4 

4 

0 

0 

3 

4 

1 

0 

Fumarate hydratase 4 0 3 1 

Malate dehydrogenase 7 0 6 1 

*Data shown in this table was obtained from a comparative proteomic analysis using stable-isotope reductive 

dimethylation approach, followed by enrichment of succinylated peptides and LC-MS/MS analysis. Unique 

succinylated sites in Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc thymic tumors were quantified manually.  
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Table 3.3 List of hyper-succinylated proteins involved in the production and transport of ATP.  

Protein 
Unique 

succinylation sites 

Sites in 

Sirt5+/+  Eμ-Myc 

Sites in 

Sirt5-/-  Eμ-Myc 

Sites in Sirt5+/+ and 

Sirt5-/-  Eμ-Myc 

ATP synthase 
    

      Subunit α 2 0 2 0 

      Subunit β 3 0 3 0 

      Subunit d 1 0 0 1 

      Subunit O 1 0 1 0 

      F(0) 2 0 2 0 

      F(1) 1 0 0 1 

ADP/ATP translocase 1 5 1 4 0 

ADP/ATP translocase 2 5 0 5 0 

ATPase inhibitor  1 0 1 0 

*Data shown in this table was obtained from a comparative proteomic analysis using stable-isotope reductive 

dimethylation approach, followed by enrichment of succinylated peptides and LC-MS/MS analysis. Unique 

succinylated sites in Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc thymic tumors were quantified manually.  
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Table 3.4 List of hyper-succinylated proteins involved in lipid metabolism.  

Protein 
Unique 

succinylation sites 

Sites in 

Sirt5+/+  Eμ-Myc 

Sites in 

Sirt5-/-  Eμ-Myc 

Sites in Sirt5+/+ and 

Sirt5-/-  Eμ-Myc 

serum albumin precursor  6 0 3 3 

trifunctional enzyme 

subunit alpha 
17 0 10 7 

trifunctional enzyme 

subunit beta 
2 0 1 2 

acetyl-CoA 

acetyltransferase 
4 0 4 0 

acyl-CoA synthetase 

family member 2 
2 0 2 0 

acyl-coenzyme A 

thioesterase 2  
1 0 1 0 
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acyl-coenzyme A 

thioesterase 13  
2 0 2 0 

hydroxyacyl-coenzyme A 

dehydrogenase 
3 0 3 0 

enoyl-CoA delta 

isomerase 1 
2 0 2 0 

enoyl-CoA delta 

isomerase 2b  
2 0 2 0 

enoyl-CoA hydratase 3 0 3 0 

trans-2-enoyl-CoA 

reductase 
2 0 1 1 

very long-chain specific 

acyl-CoA dehydrogenase 
2 0 2 0 

long-chain specific acyl-

CoA dehydrogenase 
1 0 1 0 
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medium-chain specific 

acyl-CoA dehydrogenase 
2 0 2 0 

carnitine O-

palmitoyltransferase 2 
2 0 2 0 

3-ketoacyl-CoA thiolase 10 0 9 1 

succinyl-CoA:3-ketoacid 

coenzyme A transferase 1 
2 0 2 0 

carbonyl reductase family 

member 2  
1 0 1 0 

*Data shown in this table was obtained from a comparative proteomic analysis using stable-isotope reductive 

dimethylation approach, followed by enrichment of succinylated peptides and LC-MS/MS analysis. Unique 

succinylated sites in Sirt5+/+ Eμ-Myc and Sirt5-/- Eμ-Myc thymic tumors were quantified manually.  
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 B-cell lymphomas are characterized by displaying a pronounced dependency in 

glutamine metabolism. Increased glutamine uptake in cancer cells is often driven by 

alterations in the expression of the transcription factor c-MYC (Le et al. 2012). Growing 

evidences have shown that increased glutamine metabolism is essential for survival and 

proliferation of Myc-induced Burkitt lymphoma cells, and inhibition of glutaminase, 

inhibited tumor cell growth in vivo (Ogura et al. 2010; Le et al. 2012; Jeong et al. 2014).  

 Several studies have shown that the mitochondrial sirtuin, SIRT4, functions as a 

tumor suppressor by regulating glutamine metabolism. SIRT4 negatively regulates 

glutamate dehydrogenase (GDH) activity through ADP-ribosylation, and represses Myc-

induced B-cell lymphomagenesis (Jeong el al. 2014). SIRT5, in the other hand, has 

been reported to regulate glutamine metabolism. A recent report has shown that SIRT5 

desuccinylates and inactivates glutaminase (GLS2) activity in breast cancer cells 

(Polleta et al. 2015). Inactivation of GLS2 results in reduced levels of glutamate and 

ammonia production. Another study revealed that SIRT5 promotes glutamine 

metabolism in colorectal cancer cells by deglutarylating and increasing the enzymatic 

activity of GLUD1 (Wang et al. 2018). Given the dependency of Myc-induced Burkitt 

lymphoma in glutamine, the relative contribution of SIRT5 in glutaminolysis, and the 

great differences in protein succinylation levels between normal thymus and thymic 

tumors, we set out to investigate the requirements of SIRT5 in lymphomagenesis. 

 Here, we generated a mouse model in which Sirt5 is knocked out and c-Myc is 

constitutive activated. Eμ-Myc transgenic mice overexpress Myc under the control of the 

immunoglobulin heavy chain gene enhancer (Eμ) and show increased pre-B and B cell 

lymphomas (Adams et al. 1985). Unexpectedly, our study revealed that Sirt5 loss did 
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not affect Myc-induced lymphomagenesis and mortality in Eμ-Myc mice. Furthermore, it 

did not have any impact on tumor size or histological grade.  

 While lymphomagenesis in Eμ-Myc mice was not affected by Sirt5 deletion, 

protein succinylation levels of thymic lymphomas were significantly increased upon Sirt5 

loss. Immunobloting for succinyl lysine revealed multiple proteins with elevated 

succinylation in tumors from Sirt5-/- Eμ-Myc mice when compared to Sirt5+/+ Eμ-Myc 

littermates. Furthermore, LC-MS analysis identified many metabolic enzymes involved 

in the TCA cycle and respiratory electron transport, fatty acid metabolism and ketone 

body synthesis were highly succinylated in Sirt5-/- Eμ-Myc thymic tumors. To our 

surprise, the LC-MS data did not identify GLS2 as a SIRT5 target. Although GLS2 was 

not identified as a SIRT5 target in lymphomas, the LC-MS data collected in lymphomas 

tissues was very consistent with the LC-MS data collected in mammary tumor tissues 

(Chapter 2), suggesting that SIRT5 targets the same metabolic enzymes, indistinctively 

of tumor types. Furthermore, these data suggest that the key metabolic enzymes 

regulated by SIRT5-mediated post-translational modifications are essential for 

metabolic reprogramming in mammary tumorigenesis, but not in lymphomagenesis. 

Further experiments are required to fully understand the molecular mechanism by which 

SIRT5 loss impairs mammary tumorigenesis, but not lymphomagenesis. However, we 

might entail that SIRT5 likely impacts cancer in a tissue or oncogen-specific manner.  

  While studying the roles of SIRT5 in Eμ-Myc transgenic mice, we did observe 

that there was a cohort of mice carrying the Eμ-Myc transgene that never became sick 

and did not develop lymphoma, independently of Sirt5 status (Supplemental Table 3.1). 

Recently, it was reported that lymphomas arising in the Eμ-Myc transgenic mouse are 
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heterogeneous and show two distinct gene expression profiles that significantly affect 

lymphoma onset (Rempel et al. 2014). In our study, we observed that lymphoma onset 

and lymphoma mortality were independent of Sirt5 status, suggesting that SIRT5 is not 

essential for lymphomagenesis. However, in our study, we did not discriminate between 

these two distinct groups. To further investigate the roles of SIRT5 in lymphomagenesis, 

it is crucial to perform genetic profiling of tumor tissues from Sirt5+/+ Eμ-Myc and Sirt5-/- 

Eμ-Myc mice and determine whether any of these two distinctive groups are susceptible 

to SIRT5 loss. These data will serve as a stratification method to establish the 

importance of SIRT5 in different types of B-cell lymphoma. 
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3.6 SUPPLEMENTAL MATERIALS 

Supplemental Table 3.1 
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 Supplemental Table 3.1 List of mice that did not develop lymphoma or show signs of illness at 17 weeks old or 

older.*  

Genotype Number of mice Number of females Number of males 

Sirt5+/+ Eμ-Myc 3 1 2 

Sirt5+/- Eμ-Myc 4 1 3 

Sirt5-/- Eμ-Myc 4 0 4 

* Autopsy was performed in these mice and they showed no signs of lymphoma development.
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CHAPTER 4 

4.1 CONCLUSIONS 

 Mammalian sirtuins have been implicated in a wide variety of cellular processes, 

such as gene expression, cell survival, cell death, angiogenesis and regulation of 

energy metabolism (North and Verdin 2004; Chalkiadaki et al. 2015).  Among the three-

mitochondrial sirtuins, SIRT5 is the only known mitochondrial enzyme that catalyzes 

NAD+-dependent demalonylation, desuccinylation and deglutarylation (Schuetz et al. 

2007; Du et al. 2011; Zhou et al. 2012; Roessler et al. 2014; Li et al. 2015). In recent 

years, many studies have implicated SIRT5 in regulating a variety of metabolic 

pathways by targeting key metabolic enzymes. SIRT5 is known to stimulate glycolysis 

and restrict the TCA cycle as well as the electron transport chain (Park et al. 2013; 

Nashida et al. 2015; Zhang et al. 2015; Xiangyun et al. 2017). SIRT5 has been also 

implicated in blocking glutaminolysis by inhibiting glutamine metabolism, reducing 

cellular ROS levels by promoting NADPH production, promoting ammonia detoxification 

by activating the urea cycle and inducing fatty acid β oxidation by activating VLCAD and 

ECHA (Nakagawa et al. 2009; Radin et al. 2013; Polleta et al. 2015; Zhou et al. 2016). 

Given the significant roles of SIRT5 in regulating multiple metabolic pathways, 

increased attention has been given in elucidating the roles of SIRT5 in cancer metabolic 

reprogramming.  

 In recent years, multiple studies have implicated SIRT5 in contributing to the 

malignant phenotype of cancer. The work presented here highlights a novel function of 

SIRT5-mediated post-translational modification in breast cancer progression. Firstly, we 

show that Sirt5 is overexpressed in human breast cancer. Furthermore, we demonstrate 
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that overexpression of Sirt5 correlates with poor overall survival of patients with breast 

cancer.  

 To test the unique enzymatic activity of SIRT5 in cancer progression, we first 

examined its importance for the development of transformed phenotypes in cultured 

cancer cells. Our data demonstrates that SIRT5 is essential for the transformed 

phenotype of human cancer cells. Loss of SIRT5 in human breast cancer cells and 

Kras-expressing mouse embryonic fibroblast cells suppresses their transformed 

properties. We later demonstrated that knock-out of Sirt5 reduces mammary 

tumorigenesis and metastasis in PyMT transgenic mice. To extend our knowledge of 

the pro-tumorigenic roles of SIRT5, we used another in vivo model that recapitulates 

glutamine-dependency of human cancers. Unexpectedly, our study revealed that loss of 

SIRT5 has no effect on the incidence of lymphomas in Eμ-Myc transgenic mice, 

suggesting that the pro-tumorigenic roles of SIRT5 are tissue or oncogene-specific.  

 Given the biological functions of SIRT5 and its therapeutic potentials, in recent 

years, there has been increasing interest in developing novel SIRT5 inhibitors. Several 

peptides and small molecule inhibitors of SIRT5 have been reported, however, the anti-

tumor potential of these compounds has not been reported yet (He et al. 2012; Maurer 

et al. 2012; Roessler et al. 2014; Zhang et al. 2015). Here, we show for the first time the 

anti-tumor potential of two small molecule SIRT5 inhibitors named, I5-2AM and 

MY01170. Inhibition of SIRT5 with these small molecules inhibited the anchorage 

independent growth of cancer cells. Furthermore, treatment with I5-2AM reduced 

mammary tumor growth in MMTV-PyMT mice. These data recapitulates similar results 

as when Sirt5 was knock-out/down and highlights the potential of targeting SIRT5 as a 
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to treat cancer. To identify SIRT5 cellular targets that might support tumorigenesis we 

performed LC-MS analysis using mammary and thymic tumor tissues from Sirt5+/+ and 

Sirt5-/- transgenic mice. Consistent with published works, our data revealed that SIRT5 

targets many metabolic enzymes (Park et al. 2013; Radin et al. 2013). Our data 

specifically show that SIRT5 targets most enzymes involved in the TCA cycle and ATP 

production and transport. SIRT5 also targets a number of enzymes involved in fatty acid 

metabolism. Some of the enzymes identified as SIRT5-targets (e.g. IDH2, SDH, 

ACAT2) in our study have been implicated in supporting the transformed phenotypes of 

cancer cells (e.g. anchorage-independent growth and migration/invasiveness) (Phan et 

al. 2014; Jiang et al. 2016). These data highlight the potential mechanisms whereby 

SIRT5 may impact tumorigenesis.  

 In conclusion, the work presented here provides a novel example of the pro-

tumorigenic roles of SIRT5-mediated post-translational modification on key metabolic 

enzymes.  

 

4.2 FUTURE DIRECTIONS 

 Our data indicate that SIRT5, a mitochondrial regulator of metabolism, supports 

the malignant phenotypes of breast cancer cells and promotes mammary tumorigenesis 

in mice. We also demonstrate that SIRT5 targets many key metabolic enzymes that 

have been involved in the metabolic reprograming of cancer cells. However, further 

experiments are required to identify SIRT5-specific targets that serve as downstream 

effectors, conferring human breast cancer cells with the ability to grow in soft agarose 

and promoting mammary tumor growth and metastasis in PyMT transgenic mice.  
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 Recent reports have shown that enhanced production of reactive oxygen species 

(ROS) is associated with cancer cell detachment from the extracellular matrix. In order 

to continue growing under these conditions (high ROS levels and no anchorage), 

cancer cells depend on IDH1/2 activity to support redox homeostasis (Jiang et al. 2016).  

Previously reports have shown that SIRT5 reduces cellular ROS production by 

activating 6PDG, IDH2 and SOD1 (Lin et al. 2013; Zhou et al. 2016). Our LC-MS data 

also identified IDH2 as a SIRT5 target. Therefore, we are currently performing 

immunobloting assays to validate IDH2 as a SIRT5 substrate and functional assays to 

determine whether IDH2 can rescue the defect in anchorage-independent growth in 

Sirt5KD/KO cells. Given the fact that SIRT5 targets many metabolic enzymes, we plan 

to continue testing other potential targets that are also associated to anchorage 

independence phenotype of cancer cells. 

  Comparative analysis of gene expression profiles between Sirt5+/+ PyMT and 

Sirt5-/- PyMT mice revealed significant dysregulation of genes involved in inflammation. 

Recent reports have shown that inflammation plays a crucial role in tumor progression, 

invasion and metastasis (Swann et al. 2008; Grivennikov et al. 2010). Furthermore, 

inflammation also affects immune surveillance and response to therapy (Smyth et al. 

2006; Lin and Karin 2007). Immune cells that infiltrate tumors engage in an extensive 

and dynamic crosstalk with cancer cells. The most frequently found immune cells within 

the tumor microenvironment are tumor-associated macrophages (TAMs) and T cells 

(Condeelis and Pollard 2006; Smyth et al. 2006). TAMs are known to promote tumor 

growth and metastasis by stimulating angiogenesis (Condeelis and Pollard 2006; 

Grivennikov et al. 2010). In this work, we show for the first time that Sirt5 loss delays 
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lung metastasis in PyMT transgenic mice, however no mechanism has been fully 

studied. In order to elucidate the mechanism by which SIRT5 promotes lung metastasis 

in vivo, we are setting out multiple experiments to test the requirements of SIRT5 in 

regulating cellular events that induces mammary tumor invasion and metastasis. We 

are currently testing the effect of SIRT5 loss in inflammation, angiogenesis and 

macrophage infiltration.  

 Recently, it was reported that SIRT5 controls inflammatory response of 

macrophages (Wang et al. 2017). Wang and co-workers showed that SIRT5 

suppresses the pro-inflammatory response in macrophages by desuccynylating and and 

activating PKM2 (Wang et al. 2017). SIRT5-dependent hypersuccinylation of PKM2 in 

LPS-stimulated macrophages promotes PKM2 entry into the nucleus that results in an 

increased transcriptional expression of IL-1β and other pro-inflammatory cytokines 

(Wang et al. 2017). Given that macrophages play an important role in modulating the 

tumor microenviroment, and that SIRT5 regulates the pro-inflammatory response of 

activated macrophages, we set out to study the roles of SIRT5 in the tumor 

microenviroment. We are currently generating orthotopic mice by injecting PyMT tumor 

cells into the mammary fat pad of Sirt5+/+ and Sirt5-/- mice to study whether SIRT5 is 

essential in the tumor microenviroment to facilitate tumor proliferation and metastasis or 

whether SIRT5 is only essential for tumor cells. Together, these experiments will help 

us to further elucidate roles for SIRT5 in the tumor microenvironment that impact 

mammary tumor progression and metastasis.  

 Given that complete deletion of Sirt5 in mice negatively affected mammary 

tumorigenesis and had modest effects in whole animals, we generated SIRT5 inhibitors 
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to test its therapeutic potentials. Our SIRT5 inhibitors, I5-2AM and MY01170, effectively 

inhibited the proliferation and anchorage independent growth of cancer cells. Treatment 

with I5-2AM showed a reduction in mammary tumor growth in PyMT mice. However, 

further experiments need to be conducted to test its stability and its potential to inhibit 

SIRT5 activity in mammary tumor tissues. We are also conducting in vivo treatments 

with MY01170 to test whether it has stronger anti-tumor potential when compared to I5-

2AM.   

 In Chapter 3, we showed that SIRT5 loss does not affect Myc-induced 

lymphomagenesis and mortality in Eμ-Myc mice. Furthermore, it does not have any 

impact in tumor size and histological grade. A recent report has shown that lymphomas 

arising in the Eμ-Myc transgenic mouse are heterogeneous and show two distinct gene 

expression profiles that significantly affect lymphoma onset (Rempel et al. 2014). Given 

the heterogeneity in the gene expression profile of these lymphomas and the effect that 

these variations impart on the tumor incidence and mortality, it might be necessary to 

perform gene expression profile on lymphoma tissues from Sirt5+/+ Eμ-Myc and Sirt5-/- 

Eμ-Myc mice to determine whether any of these two distinctive groups are susceptible 

to SIRT5 loss. This data will serve as a stratification method to establish the importance 

of SIRT5 in different types of B-cell lymphoma. 

 Together these future experiments will provide an insight on the mechanism of 

action of SIRT5 in promoting mammary tumorigenesis, and will further highlight the 

potential of SIRT5 to regulate other factors associated to cancer progression and 

metastasis. In addition, these experiments have the potential to highlight vulnerabilities 
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that SIRT5 deletion creates in mammary tumorigenesis but not in lymphomagenesis 

and therefore, identify novel therapeutic intervention against breast cancer.  
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Figure 4.1 Graphical summary model. SIRT5 is amplified in a subset of breast 

cancers and other malignancies and it supports the anchorage-independent growth of 

human cancer cell lines and transformed-Kras MEFs cells. SIRT5 promotes mammary 

tumorigenesis and metastasis in PYMT mice. Deficiency of Sirt5 leads to the 

hypersuccinylation of multiple mitochondrial proteins and induced dysregulation of 

genes. SIRT5 holds promise as a target for cancer therapy. 
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APPENDIX A. A SIRT2-selective inhibitor promotes c-Myc oncoprotein 
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SUMMARY 
 
  Targeting sirtuins for cancer treatment has been a topic of debate due to 

conflicting reports and lack of potent and specific inhibitors. We have developed a 

thiomyristoyl lysine compound, TM, as a potent SIRT2-specific inhibitor with broad 

anticancer effect in various human cancer cells and mouse models of breast cancer. 

Mechanistically, SIRT2 inhibition promotes c-Myc ubiquitination and degradation. The 

anticancer effect of TM correlates with its ability to decrease c-Myc level. TM had limited 

effects on non-cancerous cells and tumor-free mice, suggesting that cancer cells have 

an increased dependency on SIRT2 that can be exploited for therapeutic benefit. Our 

studies demonstrate that SIRT2-selective inhibitors are promising anticancer agents 

and may represent a general strategy to target certain c-Myc-driven cancers. 
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INTRODUCTION 

Oncogenes that drive tumorigenesis have attracted extensive interest as 

therapeutic targets for treating cancers. MYC, and c-Myc in particular, is one such 

oncogene. MYC was discovered in studies of fulminant chicken tumors caused by 

oncogenic retroviruses, which co-opted cellular c-Myc to generate the oncogenic v-Myc 

(Meyer and Penn, 2008). Subsequently, mouse plasmacytomas and human Burkitt 

lymphomas were found to be caused by c-Myc activation due to chromosomal 

translocations that fused c-Myc to the immunoglobin (Ig) gene loci (Meyer and Penn, 

2008). Recent genomic sequencing efforts identified c-Myc as one of the most highly 

amplified oncogenes in many different human cancers, further highlighting the 

oncogenic role of c-Myc activation (Beroukhim et al., 2010). The identification of 

effective therapeutic strategies targeting Myc has been challenging. Recently it was 

demonstrated that bromodomain inhibitors that target BRD4 could suppress c-Myc 

transcription and lead to tumor inhibition in vivo (Delmore et al., 2011). This finding 

underscores the therapeutic value of targeting Myc. 

The sirtuin family of NAD-dependent protein lysine deacylases has been shown 

to play important roles in many physiological processes, including the regulation of 

transcription, metabolism, and DNA repair (Haigis and Sinclair, 2010; Imai et al., 2000; 

Imai and Guarente, 2010). Many of these functions are achieved by their ability to 

deacylate various substrate proteins, including histones, transcription factors, and 

metabolic enzymes (Du et al., 2011; Haigis and Sinclair, 2010; Imai et al., 2000; Imai 

and Guarente, 2010; Jiang et al., 2013; Peng et al., 2011; Zhu et al., 2012). Because 

the functionally related but structurally distinct zinc-dependent histone deacetylases 
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(HDACs) are established cancer targets (Lee et al., 2012; Marks and Breslow, 2007), 

there is interest in exploring whether sirtuins can also be important targets for cancers 

(Fang and Nicholl, 2011; Herranz and Serrano, 2010; Stünkel and Campbell, 2011). 

However, there is evidence suggesting both tumor suppressor and oncogenic roles of 

sirtuins (Fang and Nicholl, 2011; Herranz and Serrano, 2010; Stünkel and Campbell, 

2011). In the case of SIRT2, genetic studies indicated that aged Sirt2 knockout (KO) 

mice show increased tumor incidence as compared to wild-type (WT) (Kim et al., 

2011a) controls. In contrast, SIRT2 was also observed to have tumor promoting activity 

in several studies (Chen et al., 2013; Liu et al., 2013; McGlynn et al., 2014; Soung et al., 

2014; Yang et al., 2013; Zhao et al., 2014; Zhao et al., 2013). Moreover, several SIRT2 

inhibitors have also been reported to have anticancer effects (Cheon et al., 2015; He et 

al., 2014; Heltweg et al., 2006; Hoffmann et al., 2014; Kim et al., 2011b; Mahajan et al., 

2014; McCarthy et al., 2013; Neugebauer et al., 2008; Rotili et al., 2012; Zhang et al., 

2009). However, the moderate potency and specificity of the existing sirtuin inhibitors 

are insufficient to draw conclusions about the anticancer potential of sirtuin inhibition. 

Thus, whether sirtuin inhibitors are useful anticancer agents is still an open question. 

Here we set out to develop sirtuin inhibitors with improved potency and selectivity to 

explore the potential of targeting sirtuins for treating human cancers, especially c-Myc 

driven cancers. 

 

EXPERIMENTAL PROCEDURES 

For more details, see Supplemental Experimental Procedures. 
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Synthesis of Compounds used in the study 

 Detailed synthetic routes are presented in Supplemental Experimental 

Procedures. The NMR spectra of the synthesized compounds are shown in Figure S7. 

 

Inhibition assay for different sirtuins 

 The assays were carried out using an HPLC-based method with different acyl 

peptides. The detailed method is described in Supplemental Experimental Procedures. 

 

Cell viability assay 

 Cells were seeded into 96-well plates at 3000–4000 cells per well. After 24 hr, 

test compounds were added to cells to final concentrations ranging from 1–50 μM. Cells 

were then incubated for 72 hr and cell viability was measured using the CellTiter-Blue 

viability assay (Promega) following the manufacturer’s instruction. Relative cell viability 

in the presence of test compounds was normalized to the vehicle-treated controls after 

background subtraction. Graphpad Prism software was used to determine the IC50 

values. 

 Knockdown of SIRT1–7 in various cell lines was achieved by lentiviral infection. 

Lentiviral supernatants were generated as described previously. Cell viability was 

assessed after 3, 5 or 10 days of infection by using CellTiter-Blue. 

 

Animal experiments 

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

institutional guidelines, under a protocol approved by the Cornell University Institutional 
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Animal Care and Use Committee (IACUC). For more animal experimental details, 

please see the Supplemental Experimental Procedures. 

 

Statistical analysis 

 Quantitative data were expressed as mean ± sd (standard deviation, shown as 

error bar) from at least three independent experiments. Differences between two groups 

were examined statistically as indicated (*p < 0.05, **p < 0.01, and ***p < 0.001). 

 

RESULTS 

Development of a highly selective and potent SIRT2 inhibitor 

Most existing sirtuin inhibitors are either not very potent (e.g. with IC50 values in 

the high micromolar range) or not very selective (i.e. they inhibit several different 

sirtuins). More potent and more selective sirtuin inhibitors would greatly aid in evaluating 

the therapeutic potential of targeting sirtuins. To develop potent inhibitors specific for a 

particular sirtuin, we used mechanism-based thioacyl lysine compounds. Thioacyl lysine 

peptides can react with NAD in the sirtuin active site, forming a relatively stable 

intermediate that inhibits sirtuin (Figure 1A) (Fatkins et al., 2006; Hawse et al., 2008; 

Smith and Denu, 2007). Recent studies suggested that different sirtuins may have 

different acyl group specificity (Du et al., 2011; Feldman et al., 2013; et al., 2013a; Zhu 

et al., 2012), which can be utilized to design inhibitors specific for different sirtuins (He 

et al., 2012; He et al., 2014). To target the sirtuins that can recognize aliphatic acyl 

groups, we synthesized four thioacyl lysine compounds, TA (thioacetyl) (Suzuki et al., 

2009), TB (thiobutyryl), TH (thioheptanoyl), and TM (thiomyristoyl) (Figure 1B), and then 
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analyzed their ability to inhibit different sirtuins. 

Remarkable differences in the potency and selectivity of these compounds were 

observed by sirtuin activity assays in vitro (Figure 1C, Figure S1A). TA could inhibit 

SIRT1, SIRT2 and SIRT3, but not very potently. TB was a better SIRT1/SIRT2 inhibitor 

than TA. The IC50 of TB for SIRT1 (3.8 μM) and SIRT2 (0.43 μM) were about 3 fold and 

>10-fold, respectively, better than those of TA (Figure 1C). Further increasing the size of 

the thioacyl group by three methylene groups lead to TH, which had even lower IC50 

values for SIRT1 (1.2 μM) and SIRT2 (0.13 μM). Remarkably, TM, with a 14-carbon 

thioacyl group, could inhibit SIRT2 with an IC50 value of 0.028 μM, but inhibited SIRT1 

with an IC50 value of 98 μM and did not inhibit SIRT3 even at 200 μM (Figure 1C). 

None of these compounds can efficiently inhibit SIRT5, SIRT6, or SIRT7. Thus, TM is a 

SIRT2-speific inhibitor in vitro. To facilitate later investigations of TM, we also 

synthesized the corresponding myristoyl lysine compound (M, Figure 1B) as an inactive 

control for TM. M differs from TM by only one atom (the S atom in TM is changed to an 

O atom in M). As expected, M did not show sirtuin inhibition even at 200 μM (Figure 

1C). 

To further confirm that TM is a mechanism-based inhibitor of SIRT2, we 

performed substrate competition analyses for TM-mediated SIRT2 inhibition. At 

saturating NAD concentration, the apparent Km value for acetyl-H3K9 peptide (acH3K9) 

increased with increasing TM concentrations, whereas the vmax remained relatively 

constant (Figure 1E). The double-reciprocal plot of 1/v versus 1/[acH3K9] revealed a 

series of lines that intersect at the 1/v axis (Figure S1C), suggesting that TM is 

competitive with acH3K9. This is consistent with our recent finding that SIRT2 
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possesses a large hydrophobic pocket that can accommodate the myristoyl group 

(Teng et al., 2015). At saturating acH3K9 concentration, both the apparent Km value for 

NAD and vmax decreased with increasing TM concentrations (Figure 1F), suggesting 

that TM is uncompetitive with NAD, which is consistent with the fact that formation of the 

inhibitory covalent intermediate requires NAD. We then used liquid 

chromatographymass spectrometry (LC-MS) to examine the formation of the stalled 

covalent intermediate. Ions with m/z of 1123.33 (the protonated intermediate) and 

1145.25 (the sodium adduct of the intermediate) were detected only when TM was 

incubated with both SIRT2 and NAD (Figure 1D), but not without SIRT2 or NAD (Figure 

S1B). Overall, these results indicate that TM acts as a mechanism-based inhibitor of 

SIRT2. 

 

TM exhibited potent anticancer activity 

 Sirtuin inhibitors have been reported to have anticancer properties. However, 

most of the inhibitors used are not very selective and thus, inhibiting which sirtuins can 

provide beneficial effects remains unclear. Having a potent and very selective SIRT2 

inhibitor provided a unique opportunity to investigate whether inhibiting SIRT2 can be 

useful as an anticancer strategy. We initially explored this in several breast cancer cell 

lines because of the substantial tumor-promoting role of SIRT2 in breast cancer 

(McGlynn et al., 2014; Soung et al., 2014; Zhao et al., 2014) and the previous studies 

showing that SIRT2 inhibitors exert anti-proliferative effect against breast cancer cell 

lines (Di Fruscia et al., 2012; Neugebauer et al., 2008; Rotili et al., 2012; Seifert et al., 

2014; Yoon et al., 2014). We assayed the ability of TA, TB, TH, and TM to inhibit three 
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human breast cancer cell lines, MCF-7, MDA-MB-468 and MDA-MB-231. The 

cytotoxicity of these compounds correlated with their in vitro SIRT2 inhibitory effects 

(Figure 2A and Figure S2A). TA, which showed modest SIRT1, SIRT2 and SIRT3 

inhibition in vitro, did not inhibit cell viability at 50 μM. TB had greater inhibitory effect on 

cell viability than TA, but only showed inhibition at 50 μM. TH and TM were more potent 

than TA and TB. Compared with TH, the SIRT2-selective inhibitor TM showed greater 

inhibition of cell viability. The inactive inhibitor mimic M did not affect cell viability at 50 

μM. Similar result was also obtained in HeLa cells (Figure S2B). Next we treated eight 

different human normal and breast cancer cell lines with TM. As shown in Figure 2B, 

different malignant cells showed differential susceptibility to TM. And the two non-

cancerous cell lines, MCF-10A and HME1, were much less sensitive to TM, suggesting 

that the cytotoxicity of TM is relatively selective toward cancer cells. We further 

evaluated the anticancer activity of TM using soft agar colony formation assay. TM 

significantly inhibited anchorage-independent growth of various cancer cells tested 

(Figure 2C and Figure S2C), while the control compound M did not (Figure 2C). 

 The correlation between the cytotoxic effects of TA, TB, TH, TM and M and their 

in vitro SIRT2 inhibitory activities suggests that SIRT2 inhibition could have anticancer 

effects. To further confirm this, we knocked down all seven sirtuins individually in MCF-

7, MDA-MB-468, and HeLa cells, which were relatively sensitive to TM (Figure S3A). 

SIRT2 knockdown (KD) produced the strongest cytotoxicity in all the three cell lines 

tested (Figure 3A & S3B), which further supported SIRT2 inhibition as a promising 

anticancer strategy. 

 We then further examined the effect of SIRT2 KD in the same set of human 
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breast cancer and non-tumorigenic mammary cell lines in which the cytotoxic effect of 

TM was tested. SIRT2 KD significantly decreased cell viability in a time-dependent 

manner in MCF-7, MDA-MB-468, and MDA-MB-231 cells, but did not show much 

cytotoxicity in BT-549, SK-BR-3, and MDA-MB-453 cells or the non-transformed MCF-

10A and HME1 cells (Figure 3B). In MCF-7 and MDA-MB-468 cells, SIRT2 KD resulted 

in less than 1% cell viability after 10 days of lentiviral infection (Figure S3C). Moreover, 

colony formation in soft agar by MCF-7 cells was dramatically diminished by SIRT2 KD 

(Figure 3D–3F). The knockdown data are thus consistent with the small molecule data, 

indicating that SIRT2 inhibition can effectively suppress cancer cell proliferation and that 

the anticancer effect of TM is likely through SIRT2 inhibition. 

 

TM inhibits SIRT2 in cells  

 We next wanted to determine whether TM inhibits cancer cells by targeting 

SIRT2. We first carried out a number of experiments to validate that SIRT2 is the target 

of TM in cells. We conjugated biotin to TM and M to generate Biotin-TM and Biotin-M 

compounds (Figure S4A). We then added these compounds to either total protein 

extract (Figure 4A) or live cells (Figure 4B) to pull down sirtuins. Biotin-TM was able to 

pull down SIRT2 but not SIRT1 from the HEK293T cell extract. In contrast, Biotin-M, the 

inactive control compound, did not pull out SIRT2 (Figure 4A). When assayed using 

SIRT2 KD cells, the amount of SIRT2 pulled down by Biotin-TM was also decreased 

(Figure 4B). These data suggest that TM targets SIRT2 but not SIRT1 in cells. 

 Second, we confirmed that TM inhibits SIRT2 in cells by detecting the acetylation 

level of known SIRT2 as well as SIRT1 targets. In MCF-7 and MDA-MB-468 cells, TA, 
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TB, and TH, inhibited SIRT1, based on the acetylation level of a known SIRT1 

deacetylation target, p53 (Figure 4D). In contrast, TM showed almost no inhibition of 

p53 deacetylation. By detecting the acetylation of α-tubulin, a known SIRT2 target, we 

monitored SIRT2 inhibition. TA or M, which did not inhibit SIRT2 well, did not affect the 

acetylation of α-tubulin. TB and TH, which have intermediate SIRT2 inhibition potency, 

slightly increased the acetylation of α-tubulin. TM, the best SIRT2 inhibitor, led to the 

greatest increase in α-tubulin acetylation (Figure 4C). The effect of TM on α-tubulin 

acetylation was dose-dependent, whereas M did not affect acetyl-α-tubulin level at 50 

μM (Figure 4E). Similarly, TM, but not M, increased the level of α-tubulin acetylation in 

MDA-MB-231 cells based on immunofluorescence imaging (Figure 4F). SIRT2 has 

been reported to be not only a deacetylase, but also a defatty-acylase (He et al., 2014; 

Liu et al., 2014), so we further examined the effect of TM on the defatty-acylase activity 

of SIRT2 in cells. Metabolic labeling of fatty-acylated proteins revealed that SIRT2 KD 

(Figure S4B) but not TM (Figure S4C) was able to elevate the fatty-acylation levels of 

many proteins, suggesting that in cells TM is a potent inhibitor of SIRT2 deacetylase but 

not defatty-acylase. 

 Finally, to confirm that the anticancer effect of TM is due to SIRT2 inhibition, we 

tested the sensitivity of cells to TM under SIRT2 overexpression or knockdown 

conditions. If TM inhibits cancer cells by targeting SIRT2, overexpression of SIRT2 

would decrease the sensitivity of cells to TM (the increased SIRT2 level would require 

more TM for inhibition), while partial and transient knockdown of SIRT2 would increase 

the sensitivity. Indeed, overexpression of SIRT2 (Figure 4H) significantly decreased the 

cytotoxicity of TM (Figure 4G), while transient and partial knockdown of SIRT2 (Figure 
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S4E) sensitized cells to TM (Figure S4D). These results support the conclusion that the 

anticancer effect of TM is through SIRT2 inhibition instead of other off-target effects. 

 

TM inhibits tumor growth in mouse models of breast cancer 

 To further demonstrate that SIRT2 inhibition can be useful for treating cancers, 

we tested TM in two mouse models of cancer. The first was a xenograft model in which 

the triple-negative breast cancer cell line, MDA-MB-231, was injected subcutaneously 

into immunocompromised mice. When tumor size reached ~200 mm3, the mice were 

divided into two groups and treated by either direct intratumor (IT) (Figure S5) or 

intraperitoneal (IP) (Figure 5) injection of the control vehicle solvent (DMSO) or TM (1.5 

mg TM in 50 μL DMSO; n = 5) daily. Tumors were collected after 30-days of treatment 

and analyzed. TM treatment significantly inhibited tumor growth as compared to the 

control (Figure S5A, S5B, and 5A). Histopathological examination revealed central 

areas of necrosis in tumors from both DMSO and TM treated mice, but the necrosis was 

more extensive and the overall tumor size was smaller in the TM treated mice (Figures 

S5D and 5C). IT TM injection showed a stronger effect in reducing tumor volume and 

increasing areas of necrosis as compared to IP TM injection. Analysis of TM content in 

tissue samples from TM-treated mice showed that IP-administered TM reached the 

tumors, even though the serum concentration of TM was low and a significant amount 

of TM accumulated in abdominal fat (Figure 5D). TM did not cause significant toxicity in 

mice (one mouse from each treatment group died, likely due to infection caused by 

repeated IP injection but not due to TM toxicity) and no significant weight loss was 

observed in TM-treated mice (Figure S5C and 5B). Immunohistochemistry staining of 
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Ki-67 was performed to assess the effect of TM on the proliferation of tumor cells in 

vivo. As shown Figure 5E (upper panel) and 5F, as well as Figure S5F (upper panel) 

and S5G, a significant decrease in Ki-67+ cells was observed with TM treatment relative 

to vehicle treatment. To determine whether TM inhibits SIRT2 in vivo, we performed 

immunofluorescence staining of acetyl-α-tubulin in the xenograft tumors. As shown in 

Figure 5E (lower panel) and 5G, and Figure S5F (lower panel) and S5H, the acetyl-α-

tubulin level was moderately but statistically significantly increased in tumors from TM 

treated mice compared with those from vehicle-treated mice, suggesting that TM indeed 

inhibits SIRT2 in vivo. 

 The second mouse model was the mammary tumor model driven by mammary 

gland-specific expression of polyoma middle T antigen under the control of mouse 

mammary tumor virus promoter/enhancer (MMTV-PyMT model) (Guy et al., 1992). The 

MMTV-PyMT mice received daily IP injections with either the control vehicle solvent 

(DMSO) or TM (1.5 mg TM in 50 μL DMSO; n = 10). The Kaplan-Meier tumor-free 

survival curve showed that TM treatment significantly prolonged the tumor-free survival 

of mice compared with vehicle-treated mice (Figure 6A). While the average time to 

tumor onset in the control group was 48 days, the mean latency for TM-treated mice 

was 54 days. Histopathological examination revealed more extensive areas of necrosis 

in the neoplasms from TM-treated mice as compared to the control group (Figure 6B). A 

significant decrease in proliferation of tumor cells was observed with TM treatment 

relative to vehicle treatment as measured by Ki-67 staining (Figure 6C, upper panel, 

and 6D). A modest but statistically significant increase in the acetyl-α-tubulin level was 

observed in tumors from TM-treated mice compared to those from vehicle-treated mice 
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(Figure 6C, lower panel, and 6E), indicating that SIRT2 was inhibited by TM in vivo. The 

data demonstrate that SIRT2 inhibition with TM delays tumor onset in the MMTV-PyMT 

model and reduces tumor growth in vivo. 

 

COMPARE analysis with the NCI-60 cancer cell panel points to possible 

mechanism of action for the SIRT2 inhibitor TM 

 To further investigate the anticancer effects of TM, we first examined whether the 

level of SIRT2 in different cell lines could be used to predict which cell lines would be 

more sensitive to SIRT2 inhibitors. We checked the SIRT2 protein level in all the eight 

human normal and breast cancer cell lines above (Figure 2B & 3B) to see if the 

sensitivity to TM correlated with SIRT2 level in these cell lines. Compared to MCF-10A 

and HME1 cells, the cancer cell lines showed relatively high SIRT2 expression. 

However, we did not see an obvious correlation between SIRT2 level and TM sensitivity 

(Figure S6A and S6B) among the cancer cell lines, suggesting that other factors 

account for the SIRT2 inhibitor sensitivity. 

 To examine the anticancer activity of TM against other malignancies and the 

molecular mechanisms underlying its activity, we submitted the TM compound to the 

Developmental Therapeutics Program of the National Cancer Institute (NCI) at the 

National Institutes of Health for screening against the NCI-60 panel of human cancer 

cell lines (Shoemaker, 2006) at a single dose of 10 μM. The screening result showed 

that TM inhibited 36/56 of the NCI-60 cell lines by >50% at 10 μM (Figure 7A). In 

particular, all the leukemia cell lines were very sensitive to TM and most of colon cancer 

cell lines were sensitive to TM. In contrast, melanoma and ovarian cancer cells were 
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less sensitive to TM. Consistent with our earlier findings (Figure 2), MCF-7 and MDA-

MB-468 cells were very sensitive to TM. One discrepancy was noted for MDA-MB-231 

cells, which were very sensitive to TM in the NCI-60 screening, but not very sensitive to 

TM in our study (IC50 34 μM). This could be due to differences in the MDA-MB-231 

cells or the culture conditions used in NCI-60 screening and our laboratory. To confirm 

our findings with MDA-MB-231 cells, we purchased a new batch of MDA-MB-231 cells 

and showed that the sensitivity to TM was similar to that of the cells we tested earlier 

(Figure S2D). Despite the discrepancy with MDA-MB-231 cells, the screening results 

suggest that SIRT2 inhibitors can potentially be used to treat many types of cancers. 

To investigate how SIRT2 inhibition halts cancer cell proliferation, we took advantage of 

NCI molecular target COMPARE analysis (Zaharevitz et al., 2002). NCI has 

accumulated many data sets regarding the properties of the NCI-60 cell lines, including 

gene expression, DNA methylation, protein expression, and post-translational 

modifications. The molecular target COMPARE analysis serves to correlate the 

response of the NCI-60 panel to a small molecule (TM in this case) to known molecular 

patterns. From this analysis, we found that the sensitivity of NCI-60 cell lines to TM 

correlated best with c-Myc phosphorylation/protein levels. In other words, cell lines with 

higher c-Myc phosphorylation/protein levels were more sensitive to TM (Table S1). The 

correlation between TM sensitivity and c-Myc is intriguing as c-Myc is an oncoprotein 

that is up-regulated in many cancers. 

 

TM decreases c-Myc oncoprotein level in cancer cells 

 The correlation between TM efficacy and c-Myc was informative, but the small 
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correlation value (~0.5) was not sufficient to establish a mechanistic relationship. To 

further understand the connection, we measured c-Myc level in the cells treated with 

and without TM or M. TM decreased c-Myc protein level in a time-dependent manner in 

MCF-7 cells, whereas M treatment had no effect on the c-Myc protein level (Figure 7B). 

Similar effects of TM on c-Myc were also observed in K562 and MDA-MB-468 cells 

(Figure S6C and S6D). Consistent with the effect of TM, c-Myc abundance was also 

reduced by SIRT2 KD (Figure 7D), suggesting that TM works through SIRT2 inhibition 

to decrease c-Myc. To further establish that the reduction in c-Myc protein is important 

for the anticancer effect of TM, we examined whether the sensitivity of cancer cell lines 

to TM correlated with the decrease in c-Myc level induced by TM treatment. Among the 

six breast cancer cell lines in the NCI-60 panel, BT-549 did not respond to treatment 

with 10 μM TM. At 10 μM TM, the viability of BT-549 was close to 100%. This result was 

in line with our own findings (Figure 2B). Although higher concentrations of TM did 

decrease the viability of BT-549, the sensitivity was much lower than that of MCF-7 

cells. Consistent with the reduced sensitivity to TM, SIRT2 KD in BT-549 cells did not 

decrease cell viability (Figure 3B and S3C). We therefore examined whether TM could 

affect c-Myc protein level in BT-549 cells. Consistent with the decreased TM sensitivity, 

TM treatment did not have a significant effect on c-Myc protein abundance in BT-549 

cells (Figure 7C). SIRT2 KD also failed to decrease c-Myc level in BT-549 cells (Figure 

7D). These data collectively suggest that the sensitivity of cancer cell lines to TM 

correlates with the ability of TM to decrease c-Myc level via SIRT2 inhibition in these 

cell lines. We further measured the IC50 values of TM in six different cancer cell lines 

and the corresponding decrease in c-Myc level in these cell lines upon TM treatment. 
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Plotting the IC50 values against the decreases in c-Myc levels indicates that there was 

an excellent correlation between them (Figure 7E), supporting that the ability of TM to 

decrease c-Myc is important for its anticancer effect in the cell lines that are very 

sensitive to TM. 

 MCF-7 cells were then further analyzed for Myc-specific biological effects. Flow 

cytometry of TM-treated cells revealed a pronounced increase in cells arrested in 

G0/G1 phase, with a concomitant decrease of cells in S phase (Figure 8A). Treatment 

of TM resulted in significant cellular senescence by β-galactosidase staining (Figure 

8B). Similar effects of TM on cell cycle progression and cellular senescence were also 

observed in K562 cells (Figure S6E and S6F), suggesting that the effect of TM-induced 

c-Myc decrease is not restricted to breast cancer cells. Overall, the phenotypes of 

G0/G1 cell cycle arrest and cellular senescence are consistent with the anticipated 

effects of inhibiting cellular c-Myc function (Wu et al., 2007). 

 To further establish that decreasing c-Myc is important for the anticancer effect of 

TM, we examined whether forced overexpression of c-Myc in MCF-7 cells is able to 

reduce TM-mediated cytotoxicity. Cells were transfected with c-Myc for 12 hr before 

being treated with TM. As shown in Figure 8C and S6G, overexpression of c-Myc 

significantly reduced the cytotoxicity effect of TM. Together, these results demonstrate 

TM decreases c-Myc, which is important for the cytotoxicity of TM in tumor cell, 

although it is likely not the only mechanism that underlies the cytotoxicity. 

 The c-Myc mRNA level was not affected by TM treatment, suggesting that TM 

does not affect c-Myc transcription (Figure 8D, Figure S6H). Therefore, the effect of TM 

on c-Myc protein turnover was tested. The half-life of c-Myc was shortened by TM 
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treatment, suggesting that TM promoted c-Myc degradation (Figure 8F). Treatment with 

a proteasome inhibitor, MG132, prevented the TM-induced down-regulation of c-Myc, 

suggesting that TM promoted the proteasomal degradation of c-Myc (Figure 8E). 

Increased proteasomal degradation was associated with increased c-Myc ubiquitination 

(Figure 8G). It was previously reported that SIRT2 can suppress the expression of 

NEDD4, an E3 ubiquitin ligase for c-Myc (Liu et al., 2013), which could explain why 

SIRT2 inhibition promotes c-Myc degradation. Indeed, NEDD4 was up-regulated by TM 

at the transcriptional level (Figure 8H and Figure S6H) and also modestly at the protein 

level (Figure 8I and Figure S6C) in both MCF-7 and K562 cells. However, this is not a 

universal mechanism as alteration of NEDD4 level was not detected in TM-treated 

MDA-MB-468 cells despite the observed reduction in c-Myc protein abundance (Figure 

S6D & H). As TM regulates the protein stability of c-Myc in all three cell lines, we 

checked the effect of TM on the transcription levels of several additional known E3 

ligases that destabilize c-Myc (Choi et al., 2010; Kim et al., 2003; Liu et al., 2013; Paul 

et al., 2013; Welcker et al., 2004). As shown in Figure S6H, NEDD4 and TRPC4AP 

were increased in MCF-7 and K562 cells, but not in MDA-MB-468 cells; FBXW7 and 

STUB1 were up-regulated only in MDA-MB-468 cells; FBXO32 was increased in all the 

three cell lines. However, none of the E3 ligase genes was obviously up-regulated by 

TM in BT-549 cells in which neither cell viability nor c-Myc level was affected by TM. 

These results suggested that SIRT2 inhibition led to up-regulation of several c-Myc E3 

enzymes, which may result in the destabilization of c-Myc by TM. 

 

DISCUSSION 
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 Previous reports have suggested that SIRT1 or SIRT2 inhibitors can have 

anticancer activity. However, the potency of most of these inhibitors is modest, with 

IC50 values in the micromolar range at inhibiting purified sirtuins. Most of the sirtuin 

inhibitors tested for anticancer activity are also not very selective and can inhibit several 

sirtuins. The modest potency and selectivity make it hard to rule out off-target effects 

and pinpoint which sirtuin should be targeted for treating cancers. Our SIRT2 inhibitor 

TM described here has an excellent combination of potency and selectivity that allowed 

us to conclude that inhibiting SIRT2 produces anticancer effects in a variety of human 

cancer cell lines. Knocking down of all seven sirtuins also confirmed that SIRT2 is 

important for the viability of various cancer cell lines while knocking down other sirtuins 

either had no significant effect or much less effect on cancer cell viability. 

 C-Myc is an important oncoprotein and is up-regulated in many human tumors. 

Thus, it has been considered as a promising cancer target. So far, no small molecules 

can directly target c-Myc in vivo. Recent studies showed that bromodomain inhibitors 

targeting BRD4 can suppress c-Myc transcription and inhibit tumorigenesis (Delmore et 

al., 2011). Our studies demonstrate that inhibiting SIRT2 offers a different way to target 

c-Myc. We show here that our SIRT2 inhibitor TM can effectively decrease the level of 

c-Myc in various cancer cell lines. Our data suggest that the ability of TM to decrease c-

Myc abundance in different cell lines correlates with the sensitivity of the cell lines to 

TM. We further demonstrate here that decreasing c-Myc protein level is an important 

mechanism that accounts for hypersensitivity of certain cancer cell lines to TM. 

However, it should be pointed out that effects on other SIRT2-regulated pathways may 

also contribute to the activity of TM in cancer cells. This is especially true given that 
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even cells without TM-induced c-Myc decrease (e.g. MDA-MB-231 and BT-549 cells) 

can still be inhibited by TM at higher concentrations. This also likely explains why c-Myc 

overexpression confers some but not complete resistance to TM (Figure 8C). We found 

that TM promotes the proteolytic degradation of c-Myc without affecting its transcription, 

which serves as an important but perhaps not the only mechanism by which TM 

destabilizes c-Myc. Aberrant translational control of the Myc oncoprotein has been 

implicated in many cancers (Chappell et al., 2000; Wolfe et al., 2014) and might also be 

involved in TM-induced reduction in c-Myc level. Our work establishes SIRT2 inhibition 

as a strategy to target the oncoprotein c-Myc, which is effective in many human cancer 

cell lines. Future detailed mechanistic investigations of the SIRT2/c-Myc regulatory 

pathway could potentially lead to the identification of additional therapeutic targets. 

 The roles of sirtuins in cancer have been a topic of debate. Both tumor-promoting 

and tumor-suppressing roles of SIRT1 have been reported. For SIRT2, Kim et al. 

reported that SIRT2 is a tumor suppressor because Sirt2 KO mice develop tumors 

earlier than WT mice (Kim et al., 2011a). Serrano and co-workers did not find a cancer-

prone phenotype in unchallenged Sirt2 KO mice that they generated, although they did 

observe that Sirt2 KO mice had increased tumorigenesis when challenged with 

carcinogens (Serrano et al., 2013). Contradictory to these genetic studies that pointed 

to a weak tumor suppressor role of SIRT2, we found that inhibiting SIRT2 with TM has 

broad anticancer activity in many cancer cell lines. 

 Different outcomes for mouse genetic studies and pharmacological studies in 

cancer cells are not without precedent. Similar cases have been well documented in the 

literature (Weiss et al., 2007). There are several possible explanations. First, there are 
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several examples of factors that have tumor suppressor activity in normal cells but 

nevertheless are required for the growth and survival of transformed cells. For example, 

loss of function for the DNA damage checkpoint kinase ATR causes modest tumor 

predisposition, but greatly impairs the growth of established tumors (Bartek et al., 2012). 

SIRT2 has been identified as a regulator of mitotic chromosome segregation (Kim et al., 

2011a), a function that could account for the weak tumor predisposition phenotype in 

Sirt2-deficient mice given the oncogenic consequences of genomic instability. 

Nevertheless, a greater dependency of transformed cells on SIRT2 due to increased 

mitotic and other stresses, or because of the regulation of other targets such as c-Myc 

by SIRT2, result in heightened sensitivity to SIRT2 inhibition in cancer cells. It also 

should be noted that small molecules may have off target effects, which could contribute 

to observed pharmacological effects. While it is difficult to completely rule out this 

possibility for the anticancer effect of TM, our studies using the inactive control 

compound (M) and the SIRT2 KD studies suggest that the anticancer effect is largely 

through SIRT2 inhibition. 

 An alternative explanation relates to the fact that in a genetic knockout, the 

protein is gone and thus all the enzymatic activities and protein-protein interactions 

involving the enzyme also are gone. In contrast, when using a small molecule to inhibit 

the enzyme, the protein is intact and so are the protein-protein interactions that involve 

the protein. In the case of SIRT2, another layer of complexity is that SIRT2 has multiple 

enzymatic functions. We and others recently found that sirtuins are not only 

deacetylases. Some sirtuins, such as SIRT5 (Du et al., 2011) and SIRT6 (Jiang et al., 

2013), prefer to hydrolyze other acyl lysine modifications. Perhaps more surprising is 
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the fact that even the well-studied deacetylases (SIRT1, SIRT2, and SIRT3) can 

remove long chain fatty acyl groups efficiently (He et al., 2014; Liu et al., 2014). 

Although the exact substrate proteins for the defatty-acylase activity of SIRT2 remain to 

be identified, our preliminary studies showed that the fatty-acylation levels of many 

proteins were elevated when SIRT2 was knocked down (Figure S4B), but not when 

SIRT2 inhibitor TM was used (Figure S4C). Thus, the small molecule inhibitor may 

selectively target one of the enzymatic functions of SIRT2, thus contributing to the fact 

that small molecule inhibitors may produce beneficial pharmacological effects that are 

different from genetic knockout. 
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FIGURE LEGENDS  

 

Figure 1. Development of mechanism-based inhibitor of sirtuins. (A) The 

enzymatic reaction mechanism of sirtuin-catalyzed NAD-dependent deacylation (upper 

panel). Thioacyl lysine compounds act as suicide substrates to inhibit sirtuins (lower 

panel). (B) Structures of four different thioacyl lysine sirtuin inhibitors, TA, TB, TH, and 

TM. M, which differs from TM by just one atom (highlighted by yellow color), is an 

inactive control of TM. (C) IC50 (μM) values of the TA, TB, TH, TM and M against 

SIRT1–7. IC50 values derived from Graphpad Prism are presented as mean values 

from three independent experiments. (D) Mass spectrometry detection of the stable 

covalent intermediate formed by TM and NAD. (E, F) Henri-Michaelie-Menten plots 

showing acH3K9 (E) and NAD (F) competition analyses of TM-mediated SIRT2 

inhibition. Error bars represent mean ± sd. See also Figure S1. 

 

Figure 2. TM inhibits human cancer cells. (A) Cell viability of MCF-7 and MDA-MB-

468 cells treated with the indicated inhibitors for 72 hr. (B) Cell viability of the indicated 

human normal and breast cancer cells treated with TM for 72 hr. IC50 values were 

means from 3 independent experiments. (C) Soft agar colony formation of MCF-7 cells 

treated with ethanol, TM (25 μM in ethanol) or M (25 μM in ethanol). Representative 

images of colonies were shown on the left panel. Quantification of the colony numbers 

was shown on the right panel. The y axis represents percent colony number relative to 

ethanol-treated cells. Statistics, two-tailed Student’s t-test. Error bars represent mean ± 

sd. ***p < 0.001. See also Figure S2. 
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Figure 3. SIRT2 KD decreases the viability of various cancer cell lines. (A) Cell 

viability of MCF-7 and MDA-MB-468 cells infected with lentivirus carrying luciferase 

shRNA (Ctrl) or SIRT1–7 shRNAs for 72 hr. The heat map presents average relative 

cell viability compared to Ctrl shRNA-infected cells from three independent experiments. 

(B) Cell viability of various human normal and breast cancer cells infected with lentivirus 

carrying luciferase (Ctrl) or SIRT2 shRNAs. (C) Representative Western blots showing 

the knockdown efficiency of SIRT2 in MCF-7 and BT-549 cells. (D) Soft agar colony 

formation of MCF-7 cells transfected with scrambled siRNA or SIRT2 siRNA. (E) 

Quantification of the colony numbers in (D). The y axis represents percent colony 

number relative to scrambled siRNAtransfected cells. Statistics, two-tailed Student’s t-

test. (F) Representative Western blots showing the knockdown efficiency of SIRT2 by 

siRNAs in MCF-7 cells. Error bars represent mean ± sd. ***p < 0.001. See also Figure 

S3. 

 

Figure 4. TM specifically inhibits SIRT2 in cells. (A) Pull-down assay to detect the 

binding of Biotin-M (10 μM) and Biotin-TM (10 μM) to SIRT1 and SIRT2 in HEK293T 

total cell lysate. (B) Pull-down assay to detect the binding of Biotin-TM (50 μM) to SIRT2 

in MCF-7 cells. D-Biotin (50 μM) was used as a negative control. (C) Immunoblot for the 

acetyl-α-tubulin (K40) levels in SIRT2-overexpressing MCF-7 cells treated with indicated 

inhibitors (25 μM) for 6 hr. (D) Immunoblot for the acetylation of p53 (K382) in In MCF-7 

or MDA-MB-468 cells treated with TSA (200 nM) and the indicated inhibitors (25 μM) for 

6 hr. (E) Immunoblot for acetyl-α-tubulin (K40) levels in MCF-7 cells treated with TM or 

M for 6 hr. (F) Immunofluorescence detection of the acetyl-α-tubulin (K40) level in MDA-
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MB-231 cells treated with ethanol, M or TM (25 μM in ethanol) for 6 hr. (G) Effect of 

SIRT2 overexpression on the cytotoxicity effect of TM. MCF-7 cells were transfected 

with pCMV vector or pCMV-SIRT2 for 12 hr before being treated with 25 μM of TM for 

12 or 24 hr. The y axis represents relative cell viability compared to ethanol-treated 

controls. Statistics, two-tailed Student’s t-test. (H) SIRT2 overexpression in (G) was 

confirmed by Western blot. Error bars represent mean ± sd. ***p < 0.001. See also 

Figure S4. 

 

Figure 5. Analysis of tumor growth and histopathological findings of xenografted 

mice treated by intraperitoneal TM injection. Mice bearing MDA-MB-231 human 

breast cancer xenograft were divided into two groups and treated by IP injection with 

either the vehicle (DMSO) or TM (1.5 mg TM in 50 μL DMSO; n = 5) daily. Tumors were 

collected after 30-day treatment. (A) Tumor growth chart. Arrows indicate time point 

when an animal was found dead (1 untreated, 1 treated). Statistics, paired Student’s t-

test. (B) Mouse body weight chart. (C) Hematoxylin and eosin staining of tumor tissues 

after 30 days of treatment with DMSO or TM. (D) Detection of TM in mouse serum, fat 

and tumor tissues by mass spectrometry. (E) Representative images of Ki-67 

immunohistochemistry staining and acetyl-α-tubulin (K40) immunofluorescence staining 

of tumor tissues after 30 days of treatment with DMSO or TM. (F) Quantification of Ki-

67+ cells in (E). The y axis represents Ki-67+ cells per high power field (10 HPFs/tumor 

for all the tumors analyzed, n = 3 for DMSO, n = 4 for TM). Statistics, unpaired 

Student’s t-test. (F) Quantification of acetyl-α-tubulin fluorescence intensity in (E) by 

ImageJ. The y axis represents integrated intensity per cell. (10 HPFs/tumor for all the 
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tumors analyzed, n = 3 for DMSO, n = 4 for TM). Statistics, unpaired Student’s t-test. 

Error bars represent mean ± sd. *p < 0.05, **p < 0.01. See also Figure S5. 

 

Figure 6. Mammary tumorigenesis in MMTV-PyMT female mice following 

intraperitoneal TM injection. (A) Kaplan-Meier tumor-free survival curve of MMTV-

PyMT mice treated by IP injection with either the vehicle (DMSO) or TM (1.5 mg TM in 

50 μL DMSO; n = 10) daily. The x-axis shows mice age; the y-axis shows proportion of 

mice remaining tumor-free. Statistics, log-rank test. (B) Hematoxylin and eosin staining 

of mammary tumors after 30 days of treatment with either DMSO or TM. (C) 

Representative images of Ki-67 immunohistochemistry staining and acetyl-α-tubulin 

(K40) immunofluorescence staining of tumor tissues after 30 days of treatment with 

either DMSO or TM. (D) Quantification of Ki-67+ cells in (C). The y axis shows Ki-67+ 

cells per high power field (10 HPFs/tumor for all the tumors analyzed, n = 4 for DMSO, n 

= 4 for TM). Statistics, unpaired Student’s t-test. (E) Quantification of acetyl-α-tubulin 

fluorescence intensity in (C) by ImageJ. The y axis shows integrated intensity per cell. 

(10 HPFs/tumor for all the tumors analyzed, n = 8 for DMSO, n = 8 for TM). Statistics, 

unpaired Student’s t-test. Error bars represent mean ± sd. *p < 0.05, **p < 0.01. 

 

Figure 7. TM inhibits various types of human cancer cell lines and decreases c-

Myc protein level. (A) NCI-60 cell line screening of TM. NCI-60 cell lines were cultured 

with and without 10 μM TM for 24 hr. The percent growth of TM-treated cells compared 

to the controls is shown. The horizontal dotted red line shows 50% growth. (B) The c-

Myc protein levels in MCF-7 cells treated with TM (25 μM) or M (25 μM). (C) The c-Myc 
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protein levels in BT-549 cells treated with TM (25 μM). (D) The levels of c-Myc, SIRT2 

and α–tubulin in MCF-7 or BT-549 cells infected with luciferase or SIRT2 shRNAs for 72 

hr. (E) The correlation between the ability of TM to inhibit cancer cell lines and its ability 

to decrease c-Myc level. The x axis shows IC50 values of TM in different cell lines. The 

y axis shows the TM-induced decreases in c-Myc level. Relative c-Myc level was 

obtained by comparing the c-Myc protein level in cells treated with TM for 24 hr to that 

in vehicle-treated control cells. Error bars represent mean ± sd. See also Figure S6. 

 

Figure 8. Decreasing c-Myc protein abundance contributes to the anticancer 

effect of TM. (A) Cell cycle distribution (assessed by propidium iodide staining-coupled 

flow cytometry) of MCF-7 cells treated with TM (25 μM) for 0, 24, 48 or 72 hr. (B) Acidic 

β-gal (β-gal) staining in MCF-7 cells treated with TM (25 μM) for 5 days. Representative 

images were shown in the upper panel, quantification was shown as percentage of β-

gal+ cells in the lower panel. Statistics, two-tailed Student’s t-test. (C) Effect of c-Myc 

overexpression on the cytotoxicity effect of TM. MCF-7 cells were transfected with 

pCDH vector or pCDH-c-Myc for 12 hr before being treated with TM for 72 hr. Statistics, 

two-tailed Student’s t-test. (D) The mRNA levels of c-Myc in MCF-7 cells treated with 

TM (25 μM) or M (25 μM) analyzed by RT-PCR. (E) Effect of MG132 on TM-mediated 

decrease in c-Myc protein level in MCF-7 cells. Cells were treated with ethanol or TM 

(25 μM in ethanol) for 4 hr and then MG132 (10 μM) for 2 hr. (F) Effect of TM on c-Myc 

degradation in MCF-7 cells. Cells were incubated ethanol or TM (25 μM in ethanol) for 4 

hr and then with CHX (10 μg/mL) for 0, 0.5, 1, or 2 hr. Loading was normalized based 

on the level of the internal control, actin. The relative c-Myc protein levels at different 
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time point of CHX treatment were calculated by normalizing to the corresponding level 

without CHX treatment. The relative c-Myc levels were plotted against the time of 

treatment with CHX. (G) Effect of TM (25 μM) on the polyubiquitination of c-Myc in 

MCF-7. (H) The mRNA level of NEDD4 in MCF-7 cells treated with TM (25 μM) for 12 

hr. (I) Western blot analysis of NEDD4 protein level in MCF-7 cells treated with TM (25 

μM). Error bars represent mean ± sd. **p < 0.01, ***p < 0.001. See also Figure S6 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

Cloning, expression and purification of human sirtuins.  

 Human SIRT1, SIRT3, SIRT5 and SIRT6 were expressed as previously 

described (Du et al., 2009; Jiang et al., 2013). Human SIRT2 (aa38-356) was cloned 

and inserted into pET28a vector for the expression of N-terminal His6-SUMO fusion 

protein. Then SIRT2 expression vector was introduced into an E. coli BL21. Successful 

transformation were selected by plating the cells on kanamycin (50 μg mL−1) and 

chloramphenicol (20 μg mL−1) luria broth (LB) plates. Single colonies were selected 

and grown in LB with kanamycin (50 μg mL−1) and chloramphenicol (20 μg mL−1) 

overnight at 37 °C. On the following day the cells were subcultured (1:1000 dilution) into 

2 L of LB with kanamycin (50 μg mL−1) and chloramphenicol (20 μg mL−1). The cells 

were induced with 20 μM of isopropyl β-D-1-thiogalactopyranoside (IPTG) at an OD600 

of 0.6 and grown overnight at 15 °C, 200 rpm. The cells were harvested by 

centrifugation at 8000 rpm for 5 min at 4 °C (Beckman Coulter refrigerated floor 

centrifuge) and passed through an EmulsiFlex-C3 cell disruptor (AVESTIN, Inc.) 3 

times. Cellular debris was removed by centrifuging at 20,000 rpm for 30 min at 4 °C 

(Beckman Coulter). The supernatant was loaded onto a nickel column (Histrap, Ge 

Healthcare) pre-equilibrated with 20 mM Tris-HCl pH 8.0 with 500 mM NaCl. The 

protein was eluted with a linear gradient of imidazole (0-500 mM). The desired fractions 

were pooled, concentrated and buffer exchanged. The His6-SUMO tag was removed by 

overnight incubation at 4 °C with ULP1, followed by Ni-affinity column purification to 

remove any undigested SIRT2. The tag-free SIRT2 was further purified on a Superdex 

75 column (Bio-Rad, Hercules, CA). The protein was eluted with 20 mM Tris-HCl, pH 
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8.0, 500 mM NaCl. After concentration, the target protein was frozen at -80 °C. 

 

Reagents, antibodies and plasmids.  

 All chemicals were obtained in the highest purity available. MG132 was from 

Cayman Chemical Co. (Ann Arbor, MI). Cycloheximide was purchased from Amresco 

(Euclid, OH). Trichostatin A (TSA) and AGK2 (2-Cyano-3-[5-(2,5-dichlorophenyl)-2-

furanyl]-N-5-quinolinyl-2-propenamide) were obtained from Sigma-Aldrich (St. Louis, 

MO). The anti-human SIRT1 antibody (3H10.2) was from EMD Chemicals Inc. (San 

Diego, CA). The anti-human SIRT2 (EPR1667), SIRT6 antibodies were from Abcam 

(Cambridge, MA). The anti-human SIRT3 (C73E3), acetyl-p53 (Lys382) antibodies were 

obtained from Cell Signaling Technology (Danvers, MA). The anti-SIRT7 (C-3), c-Myc 

(9E10), NEDD4 (H-135), ubiquitin (P4D1), β-actin (C4) and the goat anti-mouse/rabbit 

IgG-horseradish peroxidase-conjugated antibodies were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA). The anti-SIRT4 (LS-C100490) antibody was 

purchased from LSBio, Inc. (Seattle, WA). The anti-SIRT5 antibody (Center) was from 

Abgent (San Diego, CA). The anti-acetyl-α-tubulin (6-11B-1), α-tubulin (B-5-1-2) 

antibodies, the anti-Flag M2 antibody conjugated with horseradish peroxidase and the 

anti-Flag M2 affinity gel were from Sigma-Aldrich.  

 The pLKO.1-puro lentiviral shRNAs constructs toward Luciferase and SIRT1-7 

were purchased from Sigma-Aldrich. Luciferase shRNA (SHC007), SIRT1 shRNA1 

(TRCN0000018980), SIRT1 shRNA2 (TRCN0000018981), SIRT2 shRNA1 

(TRCN0000040221), SIRT2 shRNA (TRCN0000310335), SIRT3 shRNA1 

(TRCN0000038890), SIRT3 shRNA2 (TRCN0000038893), SIRT4 shRNA1 
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(TRCN0000018948), SIRT4 shRNA2 (TRCN0000232894), SIRT5 shRNA1 

(TRCN0000018544), SIRT5 shRNA2 (TRCN0000018545), SIRT6 shRNA 1 

(TRCN0000378253) and shRNA 2 (TRCN0000232528), SIRT7 shRNA1 

(TRCN0000359663), and SIRT7 shRNA2 (TRCN0000020254) were used. The 

scrambled siRNA and Stealth Select RNAi™ siRNA targeting SIRT2 (HSS117928 and 

HSS177042) were purchased from Invitrogen (Carlsbad, CA). To generate human 

SIRT2 with C-terminal Flag-tag expression vector, full-length human SIRT2 cDNA was 

amplified by PCR and inserted into pCMV-tag-4a vector between BamHI and XhoI sites. 

A human c-Myc expression vector with N-terminal Flag-tag was obtained by PCR 

amplification of Flag-c-Myc and subcloning via BamHI and XhoI sites into pCMV-tag-4a 

vector. 

 

Inhibition assay for SIRT1, SIRT2, SIRT3, SIRT5.  

 Different concentrations (0.0064, 0.032, 0.16, 0.8, 4.0, 20, 100 and 200 μM) of 

TA~TM, and M were pre-incubated with 0.1 μM of SIRT1, 0.2 μM of SIRT2, 1 μM of 

SIRT3 or 1 μM of SIRT5, respectively, and 1 mM NAD in 20 mM Tris-HCl buffer (pH 

8.0) with 1 mM dithiothreitol (DTT) at 37 °C for 15 min. Then 10 μM of acyl peptide 

(acetyl-H3K9 for SIRT1, SIRT2 and SIRT3; succinyl-H3K9 for SIRT5) was added to 

initiate the reactions. Then reactions were incubated at 37 °C in a total volume of 60 μL 

(5 min for SIRT1, 5 min for SIRT2, 20 min for SIRT3, and 10 min for SIRT5). The 

reactions were stopped by adding 60 μL of an aqueous solution of 50% methanol 

containing 200 mM HCl and 320 mM acetic acid. 

After quenching the sirtuin reactions, centrifugation was used to remove precipitated 
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proteins and the supernatant was analyzed by HPLC with a reverse phase C18 column 

(Kinetex XB-C18 100A, 100 mm × 4.60 mm, 2.6 μm, Phenomenex) with a gradient of 0 

% in 2 min, 0% to 20% in 2min, 20% to 40% B in 13 min and then 40% to 100% for 2 

min at 0.5 mL/min. Product quantification was based on the area of absorbance 

monitored at 280 nm. The peak areas were integrated and the conversion rate was 

calculated from the peak areas as the fraction of the free H3K9 peptide from the total 

peptide. All reactions were done in duplicate. 

 

Determination of kinetic parameters for TM.  

 For SIRT2 inhibition kinetics of TM, a mixture of acetyl-H3K9 (acH3K9) peptide 

substrate (2.5, 5, 10, 25, 50, 100, 187.5 μM), NAD (25, 50, 100, 250, 500, 1000, 1500 

μM), TM (0, 0.01, 0.03, 0.1, and 0.3 μM), 20 mM Tris-HCl (pH 8.0) and 1 mM DTT was 

incubated at 37 °C. 1 mM NAD was used for determining the kinetic parameters for 

acH3K9 peptide, 100 μM of acH3K9 peptide was used for the determination of kinetic 

parameters for NAD. The reaction was started by adding 0.2 μM of SIRT2, and stopped 

after 5 min by adding 60 μL of an aqueous solution of 50% methanol containing 200 mM 

HCl and 320 mM acetic acid. The samples were analyzed by HPLC as described above 

and the initial velocity was calculated. The Km and vmax were obtained from Michaelie-

Menten plots using Graphpad Prism software. 

 

Mass spectrometry detection of the stalled intermediate formed by TM and NAD. 

 Reactions containing 50 μM SIRT2, 100 μM NAD, 100 μM TM, 1 mM DTT, and 

20 mM pyridinium formate (pH 7.0) was reacted for 5 min at 37 °C. Controls were run in 
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which NAD or SIRT2 was removed from the reaction mixture. Reactions were quenched 

with 1 volume of acetonitrile and the mixture was centrifuged to remove the precipitated 

protein. The supernatant was then analyzed by LCMS using water and acetonitrile as 

solvents. 

 

Inhibition assay for SIRT6.  

 Different concentrations (0.0125, 0.05, 0.2, 0.8, 3.2, 12.8, 51.2, 204.8 μM) of 

TA~TM were pre-incubated with 1 μM of SIRT6 and 1 mM NAD in 20 mM Tris-HCl 

buffer (pH 8.0) with 1 mM DTT at 37 °C for 20 min. Then 50 μM of myristoyl-H3K9 

peptide (myrH3K9) was added to initiate the reactions. The reactions were incubated at 

37 °C in a total volume of 60 μL for 1 hr. The reactions were stopped by adding 60 μL of 

an aqueous solution of 50% methanol containing 200 mM HCl and 320 mM acetic acid. 

 

Inhibition assay for SIRT7.  

 Different concentrations (0.0125, 0.05, 0.2, 0.8, 3.2, 12.8, 51.2, 204.8 μM) of 

TA~TM were pre-incubated with 1 μM of SIRT7 and 1 mM NAD in 150mM NaCl and 50 

mM KH2PO4 buffer (pH 8.0) with 1 mM DTT at 37 °C for 20 min. Then 10 

μM myrH3K9 peptide and 0.083mg/mL tRNA were added to initiate the reactions. Then 

reactions were incubated at 37 °C in a total volume of 60 μL for 110 min. The reactions 

were stopped by adding 60 μL of an aqueous solution of 50% methanol containing 200 

mM HCl and 320 mM acetic acid. 

 

Cell culture and transfection.  
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 All cell culture media contained 10% (vol/vol) heat-inactivated fetal bovine serum 

(FBS; Invitrogen, Carlsbad, CA) and 1% penicillin-streptomycin (Invitrogen) unless 

otherwise specified. Human MCF-7, MDA-MB-231, MDA-MB-468, HeLa, HME1 cells 

were grown in DMEM media (Invitrogen). Human BT-549, SK-BR-3, MDA-MB-453 and 

K562 cells were grown in RPMI-1640 media (Invitrogen). The MCF-10A cells were 

cultured in mammary epithelial cell growth medium (MEGM; Lonza, Walkersville, MD) 

with supplements according to manufacturer’s instruction. 

 To overexpress SIRT2 or c-Myc in cells, the pCMV-tag-4a vector containing 

SIRT2 or c-Myc, or pCDH vector containing c-Myc were transfected into cells using 

FuGene 6 (Promega, Madison, WI) according to manufacturer’s protocol. Empty vector 

was transfected as negative control. 

 

Soft agar colony formation assay.  

 For colony formation in semisolid medium, 1.0 × 104 cells were plated in 0.3% 

low-melting point agarose (LMP, Invitrogen) onto 6-well plate coated with 1.2% LMP 

mixed with 2 × complete medium. For treatments, 2 × inhibitor was added to cells at the 

time of plating. The medium and inhibitor were replaced with fresh ones every 3 days. 

For colony formation of the SIRT2 KD cells, cells were transfected with the scrambled 

siRNA or SIRT2 siRNAs for 48 hr before plating in 6-well plate. Similarly, cell media was 

replaced every 3 days. After 14 days of incubation, colonies were photographed and 

counted with ImageJ. 

 

Western blot analysis.  
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 Western blot analysis was performed as described previously (Jiang et al., 2013). 

The proteins of interest were detected using enzyme-linked chemiluminescence (ECL; 

Pierce Biotechnology Inc.) and visualized using the Storm Imager (GE Healthcare, 

Piscataway, NJ). Quantification of Western blots was done using the Quantity One 

software (Bio-Rad). 

 

Biotin-TM/M pull-down assay. 

 HEK293T cells were collected and lysed in lysis buffer containing 25 mM Tris, pH 

7.4, 150 mM NaCl, 10% glycerol, 1% Nonidet P-40 and 1 × protease inhibitor cocktail 

(Sigma-Aldrich). The cell extract supernatant was collected after centrifugation at 

14,000 g for 20 min at 4 °C. Cell lysates were incubated with 10 μM Biotin-TM or Biotin-

M in the absence or presence of 1 mM NAD at 4 °C for 1 hr. The high capacity 

streptavidin resin (Pierce Biotechnology, Rockford, IL) was added to the mixture and 

incubated at 4 °C for another 1 hr. After centrifugation at 500 g for 2 min at 4 °C, the 

streptavidin resin was washed 3 times with 1 mL washing buffer (25 mM Tris, pH 7.4, 

150 mM NaCl, 10% glycerol, 0.2% Nonidet P-40). The resinbound proteins were then 

separated with SDS-PAGE and immunoblotted with anti-SIRT1 or anti-SIRT2 

antibodies. To assess the binding of TM to SIRT2 in cells, MCF-7 parental cells, 

Luciferase KD and SIRT2 KD cells were treated with 50 μM D-Biotin or Biotin-TM as 

indicated for 6 hr and then lysed in lysis buffer containing 1 mM NAD. Cell extract was 

collected, streptavidin pull-down and western blot analysis was performed as described 

above. 
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SIRT1 inhibition in cells.  

 MCF-7 or MDA-MB-468 cells were treated with indicated test compounds in the 

presence of 200 nM TSA for 6 hr. The acetylation level of p53 protein was determined 

by western blot using anti-acetyl-p53 (K382) antibody. β-actin served as a loading 

control. SIRT2 inhibition in cells. MCF-7 cells were treated with indicated inhibitors at for 

6 hr after being transfected with pCMV-tag-4a-SIRT2 for 18 hr. Cells were collected and 

lysed in lysis buffer containing 25 mM Tris, pH 7.4, 150 mM NaCl, 10% glycerol, 4 mM 

MgCl2, 0.2 mM DTT, 100 mM NAD, 1% Nonidet P-40 and 1 × protease inhibitor 

cocktail. And the cell lysates were subjected to western blot for the analysis of acetyl-α-

tubulin (K40) and α-tubulin levels. 

 

TM treatment of mice bearing human breast cancer xenotransplants.  

 Two million MDA MB-231 cells suspended in 100 μL 1 × PBS and 100 μL 

Matrigel were injected subcutaneously on the flanks of female Ncr Nu/Nu mice. 

Following the injections, mice were permitted to recover and monitored biweekly, 

including tumor measurement using calipers. Once the majority of tumors reached a 

threshold size of 200 mm3, mice with intraperitoneal (IP) or intra-tumor (IT) injections of 

vehicle alone (DMSO) or inhibitor (TM in DMSO) over one month. IP injections of 1.5 

mg TM in 50 μL DMSO were given daily. IT injections of 0.75 mg TM in 50 μL DMSO 

per tumor were given 3 days per week. After one month of treatment or if mice met 

humane endpoint criteria, mice were euthanized by CO2 asphyxiation. Tissues were 

collected, fixed with 10% neutral-buffered formalin, embedded in paraffin, sectioned, 

and stained with hematoxylin and eosin (H&E). H&E-stained sections were scanned 
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using an Aperio ScanScope and analyzed by a veterinarian certified in anatomic 

pathology by the American College of Veterinary Pathologists blinded to treatment 

group. Serum, tumor tissues and organs were snap frozen in liquid N2 and stored at -80 

°C for subsequent analyses. 

 

TM treatment of MMTV-PyMT mice.  

 MMTV-PyMT transgenic female mice on a pure FVB/N background were 

obtained from the Jackson Laboratory and treated beginning at 6 weeks of age with 

daily IP injections of vehicle (DMSO) or 1.5 mg TM in 50 μL DMSO over one month. 

Mice were monitored daily for tumor development and health status, and tumor size was 

measured twice per week. After one month of treatment or if mice met humane endpoint 

criteria, mice were euthanized by CO2 asphyxiation and necropsied. Tissues were 

collected and analyzed as described above. 

 

Ubiquitination assay.  

 MCF-7 cells were transfected with pCMV-tag-4a or pCMV-tag-4a-c-Myc, 

respectively. 18 hours after transfection, cells were treated with 25 μM TM for 6 hr in the 

presence of proteasome inhibitor MG132 (10 μM). Immunoprecipitation was performed 

with the cell lysates by anti-Flag M2 affinity gel as described previously (He et al., 

2014). The gel-bound proteins were resolved on SDS-PAGE and detected with anti-

ubiquitin antibody. The c-Myc level in total cell lysates was used as input control. 

 

Reverse transcription (RT)-PCR analysis of mRNA levels.  
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 Total RNA was extracted from vehicle-, TM- or M-treated cells using RNeasy 

Mini Kit (Qiagen, CA, USA) according to the manufacturer's instructions. The 

concentration and purity of total RNA were determined by using the NanoDrop (Thermo 

Fisher Scientific Inc, Wilmington, DE). cDNA was synthesized using SuperScript III 

reverse transcriptase (Invitrogen). Amplification of genes of interest was performed 

using Herculase II Fusion DNA Polymerase (Agilent Technologies, Santa Clara, CA) 

with the gene-specific primers shown below. 10 μl of each PCR product were analyzed 

by gel electrophoresis on a 2% agarose gel. 

 

Primer Direction Sequence 

c-Myc Forward GGCTCCTGGCAAAAGGTCAGAGT 

c-Myc Reverse CTGCGTAGTTGTGCTGATGTGT 

NEDD4 Forward TCAGGACAACCTAACAGATGCT 

NEDD4 Reverse TTCTGCAAGATGAGTTGGAACAT 

Actin Forward CATGTACGTTGCTATCCAGGC 

Actin Reverse CTCCTTAATGTCACGCACGAT 

STUB1 Forward AGCAGGGCAATCGTCTGTTC 

STUB1 Reverse CAAGGCCCGGTTGGTGTAATA 

SKP2 Forward ATGCCCCAATCTTGTCCATCT 

SKP2 Reverse CACCGACTGAGTGATAGGTGT 

TRPC4AP Forward ACAAGCACACGCTTCTTGC 

TRPC4AP Reverse CTGACACCTTTCGAGTCGCC 

FBXW7 Forward CGACGCCGAATTACATCTGTC 
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FBXW7 Reverse CGTTGAAACTGGGGTTCTATCA 

FBXO32 Forward GCCTTTGTGCCTACAACTG 

FBXO32 Reverse CTGCCCTTTGTCTGACAGAAT 

 

Immunofluorescence of cultured cells.  

 MDA-MB-231 cells were treated with ethanol, M (25 μM) or TM (25 μM) for 6 hr. 

Immunostaining was performed and images were acquired by confocal microscopy as 

previously described (Mabjeesh et al., 2003). Flow cytometry. For cell cycle analyses, 

MCF-7 or K562 cells were treated with 25 μM for 0, 24, 48 and 72 hr. Cells were spun 

down, washed with PBS, fixed with 70% ethanol overnight, and then washed with PBS. 

RNA was degraded with RNAse A and DNA was stained with propidium iodide 

(Invitrogen). Samples were analyzed on a BD LSR-II. Cell cycle analysis was performed 

with FlowJo flow cytometry analysis software (Tree Star, Inc., Ashland, OR). 

 

Cellular senescence staining. 

 MCF-7 or K562 cells were treated with ethanol or 25 μM TM. After 5 days of 

treatment, cells were stained for senescence as previously described (Debacq 

Chainiaux et al., 2009).  

 

Immunofluorescence and Immunohistochemistry of tumor sections.  

 Formalin-fixed, paraffin-embedded (FFPE) tumors were sectioned, dewaxed and 

submitted to heat mediated antigen retrieval in 0.01 M citrate buffer for 50 min. For 

immunofluorescence, sections were incubated with anti-acetyl-α-tubulin, followed by 
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Alexa Fluro-488 conjugated secondary antibodies from Invitrogen and cell nuclei 

counterstaining with DAPI Fluoromount-G® from SouthernBiotech. Fluorescent images 

were taken using Zeiss LSM880 inverted confocal microscopy (Carl Zeiss Inc., 

Thornwood, NY). For immunohistochemistry, sections were incubated with anti-Ki67 

Clone MM1 (Vector Laboratories) antibody followed by biotinylated polyclonal rabbit 

anti-mouse (DAKO). Color was developed using 3,3'-Diaminobenzidine 

tetrahydrochloride substrate from Invitrogen and counterstained with hematoxilin. 

Images were scanned using an Aperio ScanScope. 

 

Synthesis of compounds used in the study 

General methods.  

 Reagents were obtained from Aldrich or Acros in the highest purity 

available and used as supplied. 1HNMR was performed on INOVA 400/500 

spectrometer. LCMS was carried out on a SHIMADZU LC and Thermo LCQ FLEET MS 

with a Sprite TARGA C18 column (40 × 2.1 mm, 5 μm, Higgins Analytical, Inc.) 

monitoring at 215 and 260 nm. Solvents used in LCMS were water with 0.1% acetic 

acid and acetonitrile with 0.1% acetic acid. 

1. Synthetic Route for TA 

  

Synthesis of compound 2. To a solution of Z-Lys-OH (2.8 g, 10 mmol) in ethanol (100 
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mL) was added 20 mL of 10% (w/v) Na2CO3 aqueous solution at 0°C. The reaction 

mixture was allowed to warm to room temperature (rt) while stirred extensively. Ethyl 

dithioacetate (1.32 g, 11 mmol) was added and the reaction mixture was stirred 

overnight at rt. Solvent was evaporated and then the crude product was acidified to 

pH＝2 with 3 M HCl on ice and extracted with DCM (3 x 100 mL). The organic phase 

was washed with brine (2 x 30 mL), dried with Na2SO4, and evaporated to obtain 

compound 2, which was directly used in the next step without further purification.  

Synthesis of compound TA. To a solution of compound 2 (3.38 g, 10 mmol) and 

Nmethylmorpholine (1.1 ml, 10 mmol) in dry dichloromethane (100 mL) at 0 °C was 

added dropwisely iso-butylchloroformate (1.3 ml, 10 mmol). The reaction mixture was 

stirred for 30 min at 0°C. Aniline (1.09 ml, 12 mmol) was added at 0 °C and the reaction 

mixture was stirred overnight at room temperature. The solvent was removed under 

reduced pressure and the resulting residue was purified by flash chromatography on 

silica gel (Hexane/ethyl acetate = 2/1) to afford the expected compound 3 (3.95 g, 

95.5% yield). 1H NMR (400 MHz, CD3OD): δ 7.53-7.51 (m, 2H), 7.34-7.22 (m, 7H), 

7.08-7.04(t, J =7.2Hz, 1H), 5.06 (q, J=8.0Hz, 2H), 4.26-4.22 (m, 1H), 3.54 (t, J=7.1Hz, 

2H), 2.39 (s, 3H), 1.89-1.76(m, 1H), 1.78-1.70 (m, 1H), 1.66-1.58 (m, 2H), 1.55-1.35 (m, 

2H). 13C NMR (126 MHz, CDCl3): δ 200.88, 170.34, 156.79, 137.34, 135.87, 129.01, 

128.62, 128.35, 127.93, 124.78, 120.23, 120.13, 67.34, 55.19, 45.74, 33.97, 32.04, 

27.00, 22.70.LCMS (ESI) calcd. for C22H28N3O3S [M+H]+ 414.2, obsd. 414.3. 

 

2. Synthetic Route for TB, TH, and TM 
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Synthesis of compound 4. To the solution of acid (30 mmol) in anhydrous N, N’-

dimethylformamide (DMF, 20 mL) was added N-hydroxysuccinimide (NHS, 3.45 g, 30 

mmol) with stirring at rt. Then N, N’-dicyclohexylcarbodiimide (DCC, 6.19 g, 30 mmol) in 

anhydrous DMF (20 mL) was added to the reaction. After stirring for 2 hr, the reaction 

mixture was filtered. The filtrate was added to a solution of Z-Lys-OH (8.4 g, 30 mmol) 

with N, Ndiisopropylethylamine (DIEA, 5.2 mL, 30 mmol) in anhydrous DMF (50.0 mL) 

at room temperature. The resulting reaction mixture was stirred overnight. Then 44 mL 

water and 26 mL 1 M HCl was added to the reaction mixture to adjust pH to 2~3. The 

mixture was extracted ethyl acetate (3 x 200 mL) and washed brine (2 x 100 mL). The 

organic layer was dried over anhydrous sodium sulfate. After removal of the solvents in 

vacuum, the residue was purified by flash chromatography on silica gel (DCM/MeOH = 

20:1) to afford the expected compound 4 (85% yield). 

Synthesis of compound 5. To a solution of compound 4 (20 mmol) in THF (100 mL) 

was added Lawesson's reagent (8.0 g, 20 mmol) at room temperature. The reaction 

mixture was stirred overnight under nitrogen (monitored by LCMS). After removal of 
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THF using a rotary evaporator, the residue was purified by silica gel column 

(DCM/MeOH = 20:1) to give the product as a white solid (76% yield). 

Synthesis of compound TB, TH and TM. To a solution of compound 5 (10 mmol) and 

Nmethylmorpholine (1.1 ml, 10 mmol) in dry dichloromethane (100 mL) at 0 °C was 

added dropwisely iso-butylchloroformate (1.3ml, 10 mmol). The reaction mixture was 

stirred for 30 min at 0 °C. Aniline (1.09 ml, 12 mmol) was then added at 0 °C and the 

reaction mixture was stirred overnight at room temperature. The solvent was removed 

under reduced pressure and the resulting residue was purified by flash chromatography 

on silica gel (Hexane/ethyl acetate= 2/1) to afford the expected compound TB, TH, and 

TM. TB (91% yield) 1H NMR (400 MHz, CD3OD): δ 7.57-7.45 (m, 2H), 7.39-7.12 (m, 

7H), 7.12-6.99 (m, 1H), 5.05 (q, J = 12.5 Hz, 2H), 4.27-4.23 (m, 1H), 3.55 (q, J = 12.5 

Hz, 2H), 2.51 (t, J = 7.2Hz, 2H), 1.91-1.78 (m, 1H), 1.78-1.57 (m, 5H), 1.55-1.33 (m, 

2H), 0.86 (t, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 205.60, 170.19, 156.74, 

137.36, 135.88, 128.99, 128.60, 128.33, 127.96, 124.72, 120.16, 120.06, 119.98, 67.34, 

55.19, 48.93, 45.30, 31.89, 27.07, 22.78, 22.63, 13.36. LCMS (ESI) calcd. for 

C24H32N3O3S [M+H]+ 442.2, obsd. 442.3; TH (89% yield) 1H NMR (500 MHz, 

CDCl3): δ 8.54 (s, 1H), 7.73 (s, 1H), 7.49 (d, J = 7.5 Hz, 2H), 7.41-7.20 (m, 7H), 7.11 (t, 

J = 7.4 Hz, 1H), 5.79 (d, J = 7.5 Hz, 1H), 5.19 -5.03 (m, 2H), 4.45-4.31 (m, 1H), 3.70-

3.62 (m, 2H), 2.60(t, J = 7.5 Hz, 2H), 1.98-1.91 (m, 1H), 1.81-1.60 (m, 5H), 1.54-1.41 

(m, 2H), 1.36-1.18 (m, 6H), 0.87 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 

205.84, 170.21, 156.75, 137.38, 135.88, 128.99, 128.60, 128.33, 127.95, 124.71, 

120.16, 67.34, 55.19, 47.16, 45.34, 31.91, 31.52, 29.47, 28.66, 27.07, 22.65, 22.53, 

14.06. LCMS (ESI) calcd. for C27H38N3O3S [M+H]+ 484.3, obsd. 484.3; TM (91% 
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yield) 1H NMR (400 MHz, CD3OD): δ 7.53 (d, J = 8.0 Hz, 2H), 7.41-7.12 (m, 7H), 7.08 

(t, J = 7.4 Hz, 1H), 5.22-4.97 (m, 2H), 4.22 (dd, J = 8.8, 5.4 Hz, 1H), 3.57 (t, J = 7.1 Hz, 

2H), 2.54 (t, J = 7.6 Hz, 2H), 1.90-1.79(m, 1H), 1.79-1.61 (m, 5H), 1.55-1.37 (m, 2H), 

1.26 (s, 20H), 0.87 (t, J = 6.7 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 205.84, 170.18, 

156.75, 137.37, 135.88, 128.99, 128.60, 128.33, 127.95, 124.71, 120.16, 67.35, 55.19, 

47.21, 45.35, 31.93, 29.70, 29.67, 29.65, 29.55, 29.40, 29.37, 29.06, 27.08, 22.70, 

22.65, 14.15. LCMS (ESI) calcd. for C34H52N3O3S [M+H]+ 582.4, obsd. 582.4; 

 

3. Synthesis of compound M  

 

 The synthesis of compound 6 followed the method using in the synthesis of 

compound 4. To a solution of compound 6 (4.9 g, 10 mmol) and N-methylmorpholine 

(1.1ml, 10 mmol) in dry dichloromethane (100 mL) at 0 °C was added dropwisely iso-

butylchloroformate (1.3 ml, 10 mmol). The reaction mixture was stirred 30 min at 0 °C. 

Aniline (1.09 ml, 12 mmol) was added at 0 °C and the reaction mixture was stirred 

overnight at rt. The solvent was removed under reduced pressure and the resulting 

residue was purified by silica gel chromatography (DCM/MeOH = 50:1) to afford the 

expected compound M (5.14 g, 91% yield). 1H NMR (400 MHz, CD3OD): δ 7.53 (d, J = 

7.9 Hz, 2H), 7.40-7.13 (m, 7H), 7.08 (t, J = 7.4 Hz, 1H), 5.13-5.02 (m, 2H), 4.20 (dd, J = 
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8.5, 5.5 Hz, 1H), 3.15 (t, J = 6.7 Hz, 2H), 2.11 (t, J = 7.6 Hz, 2H), 1.88-1.64 (m, 2H), 

1.62-1.34 (m, 6H), 1.32-1.21 (s, 20H), 0.87 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, 

DMSO-d6): δ 172.35, 171.54, 156.53, 139.43, 137.46, 129.11, 128.77, 128.22, 128.14, 

123.67, 119.66, 65.87, 55.85, 38.61, 35.92, 31.98, 31.76, 29.53, 29.50, 29.48, 29.41, 

29.35, 29.24, 29.18, 29.15, 25.77, 23.48, 22.56, 14.41.LCMS (ESI) calcd. for 

C34H52N3O4 [M+H]+ 566.4, obsd. 566.5; 

 

4. Synthetic Route for Biotin-TM and Biotin-M 

 

Synthesis of Compound 8. To a solution of compound 7 (14.8 g, 100 mmol) in DCM 

(200 mL) was added 100 mL of di-tert-butyl dicarbonate (2.18 g, 10mmol) in DCM at 

0°C. The reaction mixture was allowed to warm to rt and stirred extensively overnight. 
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The organic phase was washed with water, until all the unreacted compound 7 was 

extracted. After drying over Na2SO4 and concentration under vacuum the Boc-

protected compound 8 was quantitatively obtained. 

 

Synthesis of Compound 9. To a solution of Biotin (2.2 g, 9 mmol) and HBTU (3.41 g, 9 

mmol) in DMF (30 mL) was added DIEA (3.6 mL, 20 mmol) at room temperature with 

stirring for 30 min. Then compound 8 was added to the resulting mixture. The reaction 

mixture was stirred extensively overnight. After removal of the solvents under reduced 

pressure, the residue was purified by flash chromatography on silica gel (DCM/MeOH = 

20:1 then 10:1) to afford the expected compound 9 (3.5 g, 81% yield). 

 

Synthesis of Compound 10. To 20 mL of TFA was added the compound 9 (2 g, 4.2 

mmol) and the resulting mixture was stirred for 30 min at room temperature. After 

removing the solvent under vacuum the deprotected compound 10 was quantitatively 

obtained and used in the next step without further purification. 

 

Synthesis of Compound Biotin-TM and Biotin-M. The synthesis followed the method 

using in the synthesis of TM. The solvent used to dissolve the compound 10 is DMF 

instead of DCM. Biotin-TM (81% yield) 1H NMR (500 MHz, CD3OD): δ 7.41-7.29 (m, 

5H), 5.18-5.05 (m, 2H), 4.49 (dd, J = 7.8, 4.8 Hz, 1H), 4.30 (dd, J = 7.9, 4.5 Hz, 1H), 

4.10 (dd, J = 8.7, 5.4 Hz, 1H), 3.66-3.52 (m, 10H), 3.44 -3.34 (m, 4H), 3.21 (dt, J = 9.9, 

5.6 Hz, 1H), 2.93 (dd, J = 12.7, 5.0 Hz, 1H), 2.71 (d, J = 12.7 Hz, 1H), 2.59 (t, J = 7.4 

Hz, 2H), 2.22 (t, J = 7.4 Hz, 2H), 1.86-1.55 (m, 10H), 1.48-1.38 (m, 4H), 1.35-1.25(m, 
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20H), 0.91 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CD3OD): δ 205.01, 174.72, 173.54, 

164.68, 156.99, 136.77, 128.10, 127.64, 127.42, 69.92, 69.21, 69.09, 66.29, 61.95, 

60.21, 55.61, 55.06, 45.68, 45.16, 39.66, 38.91, 35.35, 31.68, 29.44, 29.41, 29.37, 

29.33, 29.24, 29.08, 28.57, 28.37, 28.10, 26.92, 25.45, 22.95, 22.34, 13.06. LCMS (ESI) 

calcd. for C44H75N6O7S2 [M+H]+ 863.5, obsd. 863.6. Biotin-M (83% yield)1H NMR 

(400 MHz, CD3OD): δ 7.39-7.22 (m, 5H), 5.10-5.04 (m, 2H), 4.46 (dd, J = 7.9, 4.9 Hz, 

1H), 4.27 (dd, J = 7.8, 4.5 Hz, 1H), 4.05 (dd, J = 8.8, 5.3 Hz, 1H), 3.58 (s, 4H), 3.52 (q, J 

= 5.2 Hz, 4H), 3.37-3.32 (m, 4H), 3.19-3.11 (m, 3H), 2.89 (dd, J = 12.7, 5.0 Hz, 1H), 

2.68 (d, J = 12.7 Hz, 1H), 2.19 (t, J = 7.5 Hz, 2H), 2.13(t, J = 7.5 Hz, 2H), 1.80-1.34 (m, 

14H), 1.26 (s, 20H), 0.88 (t, J = 6.8 Hz, 3H). 13C NMR (126 MHz, DMSO): δ 172.58, 

172.50, 172.35, 163.15, 156.36, 137.49, 128.77, 128.21, 128.10, 69.98, 69.62, 69.42, 

65.79, 61.48, 59.64, 55.88, 55.06, 38.97, 38.88, 38.65, 35.90, 35.55, 32.14, 31.76, 

29.53, 29.49, 29.41, 29.31, 29.25, 29.18, 29.15, 28.66, 28.49, 25.78, 25.72, 23.36, 

22.56, 14.43. LCMS (ESI) calcd. For C44H75N6O8S [M+H]+ 847.5, obsd. 847.8. 
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SUPPLEMENTAL TABLE 

Table S1. Related to Figure 7. Top four correlated genes from molecular target 

Compare analysis of the NCI-60 assay data of TM. The data set used is the MT 

series. 

Rank Mol. Target ID Gene 
Correlation 

value 
Target pattern description 

1 MT18283 MYC 0.503 
c-Myc phosphorylation level at T58 

and S62 

2 MT18332 MYC 0.493 c-Myc protein level 

3 MT11065 FGFR2 0.477 
Fraction of DNA methylation at 

FGFR2 5’ UTR 

4 MT1125 CDC25A 0.465 Relative mRNA levels of CDC25A 
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SUPPLEMENTAL FIGURES 

 

Figure S1. Related to Figure 1. (A) Dose-responsive curve for TA, TB, TH, TM and M 

against SIRT1-3. (B) LC-MS detection of the covalent intermediate formed by TM and 

NAD. The selected ion chromatogram (SIC) (m/z = 1123-1124) was shown on the left, 

the mass spectrum was shown on the right. The data from the reaction mixture 

containing 100 μM NAD, 100 μM TM, 1 mM DTT, and 20 mM pyridinium formate (pH 

7.0) or the mixture containing 50 μM SIRT2, 100 μM TM, 1 mM DTT, and 20 mM 

Pyridinium formate (pH 7.0) were shown as negative controls. (C) Double reciprocal plot 

with varied TM and acH3K9 concentrations. Data was fit to competitive inhibition using 

Graphpad Prism. Error bars represent mean ± sd. 
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Figure S2. Related to Figure 2. (A and B) Cell viability of MDA-MB-231 (A) and HeLa 

(B) cells treated with ethanol or indicated inhibitors (1, 5, 10, 25, 50 μM) for 72 hr. (C) 

Soft agar colony formation of MDA-MB-468 and MDA-MB-231 cells treated with ethanol 

or TM (25 μM). The y axis represents percent colony number relative to ethanol-treated 

cells. Statistics, two-tailed Student’s t-test. (D) Comparison of the sensitivity of two 

batches of MDA-MB-231 cells to TM treatment. The old MDA-MB-231 cell line has been 

maintained in our laboratory for over 2 years; while the new MDAMB-231 cell line has 

been recently purchased from ATCC. Cells were seeded in 96-well plate one day before 

TM treatment at a density of 3,000/well. On the day of treatment, cells were incubated 

with media containing 0, 1, 5, 10, 25, and 50 μM for TM for 3 days. CellTiter-Blue® 

assay was performed to assess the cell viability. Error bars represent mean ± sd. ***p < 

0.001.
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Figure S3. Related to Figure 3. (A) Representative results showing the knockdown 

efficiency of SIRT1-7 in HeLa cells. Cells were infected with lentivirus carrying 

Luciferase shRNA and shRNAs against SIRT1-7 for 72 hr before analyzed by Western 

blot for sirtuin levels. (B) Cytotoxicity effects of knocking down SIRT1-7 in HeLa cells 

after 72 hr of lentiviral infection. (C) Cytotoxicity effects of SIRT2 knockdown in MCF-7, 

MDA-MB-468, MDA-MB-231 and BT-549 cells at day 10 after the infection. (D) SIRT2 

knockdown efficiency in Figure 3B and Figure S3C was confirmed by Western blot (the 

first row). The α-tubulin level was used as internal standard of total protein amount. 
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Figure S4. Related to Figure 4. (A) Structures of Biotin-TM and Biotin-M. (B) Global 

protein fatty-acylation in HEK293T cells with Ctrl and SIRT2 knockdown. Protein fatty 
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acylation was detected by a metabolic labeling method using alkyne-tagged fatty acid 

analogs Alk12 (50 μM) and Alk14 (50 μM) as previously reported (Jiang et al., 2013). 

(C) Global protein fatty acylation in HEK293T cells treated with the ethanol, AGK2 (25 

μM) or TM (25 μM) for 6 hr in the presence of Alk12 (50 μM) and Alk14 (50 μM). (D) 

Effect of SIRT2 knockdown on the sensitivity of MDA-MB-231 cells to TM. MDA-MB-231 

cells were infected with lentiviral Luciferase shRNA and SIRT2 shRNAs, respectively, 

for 24 hr before being treated with different concentrations of TM for another 72 hr. Cell 

viability was measured by CellTiter-Blue® assay. (E) SIRT2 knockdown in (D) was 

confirmed after 72 hr of infection by Western blot. Error bars represent mean ± sd. 
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Figure S5. Related to Figure 5. Analysis of tumor growth and histopathological 

findings of xenografted mice treated by intratumor TM injection. Mice bearing MDA-MB-

231 human breast cancer xenograft were divided into two groups and treated by direct 

intratumor injection with either the control vehicle solvent (DMSO) or TM (0.75 mg TM in 

50 uL DMSO; n = 5) three times per week. Tumors were collected after 30-day 

treatment. (A) Gross findings at necropsy after 30 days of intratumor treatment with 

either DMSO or TM. (B) Tumor growth chart. Statistics, paired Student’s ttest. (C) 

Mouse body weight chart. (D) Hematoxylin and eosin staining of tumor tissues after 30 

days of treatment with either DMSO or TM. (E) Detection of TM in mouse serum and 

tumor tissues by mass spectrometry. (F) Representative images of Ki-67 

immunohistochemistry staining and acetyl-α- tubulin (K40) immunofluorescence staining 

of tumor tissues after 30 days of treatment with either DMSO or TM. (G) Quantification 

of Ki-67+ cells in (F). The y axis represents Ki-67+ cells per high power field (10 

HPFs/tumor for all the tumors analyzed, n = 4 for DMSO, n = 6 for TM). Statistics, 

unpaired Student’s t-test. (H) Quantification of acetyl-α-tubulin fluorescence intensity in 

(F). The y axis represents integrated intensity per cell. (10 HPFs/tumor for all the tumors 

analyzed, n = 4 for DMSO, n = 6 for TM). Statistics, unpaired Student’s t-test. Error bars 

represent mean ± sd. *p < 0.05, **p < 0.01. 

 

 

 

 

 



 339 

 

Figure S6. Relate to Figure 8. (A, B) SIRT2 levels in different human normal and 

breast cancer cell lines. Western blot analysis of SIRT2 level (A) and semi-

quantification of SIRT2 level relative to GAPDH level (B). (C, D) Effects of TM on c-Myc 

and NEDD4 protein levels in K562 (C) and MDAMB-468 (D) cells. Cells were treated as 

indicated. (E) Cell cycle distribution of K562 cells treated with TM (25 μM) for 0, 24, 48 

or 72 hr. The graph shows the percentage of cells for each cell cycle phase as 

assessed by propidium iodide (PI) staining-coupled flow cytometry. (F) Acidic β-gal (β-
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gal) staining in K562 cells treated with TM (25 μM) for 5 days. Quantification (right 

panel) was shown as percentage of β-gal+ cells. Statistics, two-tailed Student’s t-test. 

(G) Effect of c-Myc overexpression on the cytotoxicity effect of TM. MCF-7 cells 

transfected with pCDH vector or pCHD-c-Myc for 12 hr were treated with TM (25 μM) for 

another 0, 24, 48 or 72 hr, followed by CellTiter-Blue® assay. (H) Effect of TM on the 

transcript levels of various E3 ligases of c-Myc. MCF-7, K562, MDA-MB-468 or BT-549 

cells were treated with TM (25 μM) for the indicated time. PCR was performed for the 

assessment of transcript levels of E3 ligases (NEDD4, FBXW7, STUB1, TRPC4AP, 

FBXO32, SKP2), c-Myc and Actin. Statistics, two-tailed Student’s t-test. Error bars 

represent mean ± sd. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure S7. Relate to Synthesis of Compounds used in the study in the section of 

Experimental Procedures. NMR spectra of the synthesized compounds. (A) 1H NMR 

spectrum of Compound TA. (B) 13C NMR spectrum of Compound TA. (C) 1H NMR 

spectrum of Compound TB. (D) 13C NMR spectrum of Compound TB. (E) 1H NMR 

spectrum of Compound TH. (F) 13C NMR spectrum of Compound TH. (G) 1H NMR 

spectrum of Compound TM. (H) 13C NMR spectrum of Compound TM. (I) 1H NMR 

spectrum of Compound M. (J) 13C NMR spectrum of Compound M. (K) 1H NMR 

spectrum of Compound Biotin-TM. (L) 13C NMR spectrum of Compound Biotin-TM. (M) 

1H NMR spectrum of Compound Biotin-M. (N) 13C NMR spectrum of Compound Biotin-

M. 
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ABSTRACT 

 A balanced supply of the four deoxyribonucleotide triphosphates (dNTPs) 

is essential for genomic integrity in mammalian cells. The rate-limiting step in de 

novo dNTP biosynthesis is catalyzed by Ribonucleotide Reductase (RNR). RNR 

is composed of two non-identical homodimeric subunits, α and β, encoded by the 

Rrm1 and Rrm2/p53R2 genes respectively. Regulation of RNR activity is crucial 

to maintaining balanced dNTP pools. In mammals, RNR activity is regulated in 

part by β subunit availability and negative feedback control of the α subunit via 

an allosteric site termed the activity site. We previously showed that β subunit 

overexpression in mice induces lung neoplasms. Disruption of the α subunit 

activity site by the D57N mutation results in an enzyme that cannot be inhibited 

by dATP, leading to elevated dNTP pools. Here we report on a mouse model 

featuring loss of RNR feedback control, the Rrm1-D57NTg mouse. Despite loss of 

dATP feedback inhibition, Rrm1-D57NTg mice were grossly normal. However, 

simultaneous overexpression of Rrm1-D57N and either β subunit caused 

synthetic lethality associated with dramatically elevated dNTP pools. Rrm1-

D57NTg + Rrm2Tg mice survived gestation, but rapidly developed multiple organ 

dysfunction, including cardiac dilation, kidney degeneration and hepatocellular 

swelling, that ultimately resulted in death. Together, these data suggest that 

simultaneous disruption of two main RNR regulatory mechanisms induces lethal 

imbalances of dNTP pools.  
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INTRODUCTION 

Ribonucleotide reductase (RNR) is a key enzyme for the biosynthesis of 

the four deoxyribonucleotide triphosphates (dNTPs). RNR catalyzes the rate-

limiting step in de novo dNTP synthesis by converting ribonucleotides to 2’-

deoxyribonucletides (Nordlund and Reichard 2006). Mammalian RNR enzyme is 

composed of two non-identical homodimeric subunits, α and β, encoded by the 

Rrm1 and Rrm2/p53R2 genes respectively (Tanaka et al. 2000; Nordlund and 

Reichard 2006). The α subunit of RNR contains the catalytic site and two 

allosteric sites that regulate the substrate specificity and the enzyme activity. The 

β subunit contains an iron center that is used for the generation of a tyrosyl 

radical that is essential for RNR activity. 

Regulation of RNR activity is crucial for maintaining balanced dNTP pools 

(Aye, et al. 2015). In mammals, RNR activity is primarily controlled through two 

main mechanisms; limitation of β subunit availability and allosteric feedback 

control. The availability of the α and β subunits is regulated in a cell cycle-

dependent manner by S phase-specific transcription of Rrm1 and Rrm2 genes 

and the degradation of RRM2 protein at the end of S-phase. While the protein 

expression of the RRM1 (α subunit) remains relatively constant throughout the 

cell cycle, the protein expression of RRM2 (β subunit) increases to maximal 

levels in S-phase and is rapidly degraded by the anaphase-promoting complex 

(APCCdh1) in late mitosis, limiting RNR activity (Engström et al. 1985; Chabes et 

al. 2003; Chabes et al. 2004). The alternative β subunit induced by p53 (p53R2) 

is expressed at low levels throughout the cell cycle and can complex with the 
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RRM1 protein to provide dNTPs for mitochondrial replication and DNA repair 

(Guittet et al. 2001; Hakansson et al. 2006). We have previously shown that 

overexpression of either Rrm2 or p53R2 in mice induced lung neoplasm (Xu et 

al. 2008). Furthermore, disruption of RNR cell cycle regulation by overexpressing 

individual RNR subunits or combined overexpression of both wild-type RNR 

subunits induces modest dNTP pool alterations in mice and age-dependent 

mtDNA depletion (Xu et al. 2008; Ylikallio et al. 2010).  

In addition to control of RNR protein levels, a second regulatory 

mechanism governing RNR activity is allosteric feedback control. This involves 

the binding of effectors to two distinct allosteric sites in the α subunit of RNR: the 

specificity and the activity site (Nordlund and Reichard 2006). Binding of ATP, 

dATP, dTTP or dGTP to the specificity site determines substrate specificity. 

Binding of ATP or dATP to the activity site can respectively stimulate or inhibit 

RNR activity (Fairman et al. 2011). It has been reported that mutation in residue 

Asp57 to Asn (D57N) results in conformational changes of RNR and 

consequently affects its ability to discriminate between dATP and ATP (Weinberg 

et al. 1981; Eriksson et al. 1981; Caras and Martin 1988). Disruption of the 

allosteric feedback control by Rrm1D57N mutation was shown to be mutagenic in 

yeast and in mammalian cell culture models (Weinberg et al. 1981; Caras and 

Martin 1988; Chabes et al. 2003). Furthermore, dATP feedback inhibition of RNR 

is essential in developing embryos (Song et al. 2017).  

To date, no studies have been performed to test the physiological effect of 

the Rrm1D57N mutation in mice. Here we report on the first model of loss of 
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allosteric feedback control of RNR in mice, as well as the effect of simultaneous 

disruption of multiple regulatory modes of RNR. Whereas mice that 

overexpressed Rrm1-D57N alone were grossly normal, combined 

overexpression of Rrm1-D57N with either small subunit caused synthetic lethality 

and unbalanced dNTP pools. These manipulations will allow us to study the 

effects of various degrees of RNR deregulation in mice, and more completely 

understand the complex control of this critical enzyme.  

 

MATERIALS AND METHODS 

Plasmids 

An expression plasmid encoding mouse Rrm1 was constructed in the pCaggs 

expression vector as described previously (Ylikallio et al. 2010). The Rrm1-D57N 

mutation was inserted in the pCaggs-Rrm1 plasmid by site-directed mutagenesis 

as described in Supplemental Materials and Methods.  

 

Experimental mice 

Transgenic mice were generated by microinjection of linear plasmid DNA into the 

male pronucleus of FVB/N zygotes as described in the Supplemental Materials 

and Methods. Rrm1-D57N(high/low)Tg mice were crossed with either Rrm2Tg or 

p53R2Tg mice to generate bitransgenic mice. All mice were maintained following 

guidelines approved by the Cornell University Institutional Laboratory Animal Use 

and Care Committee.  

 



 356 

Southern blot analysis 

DNA extracted from tails of adult mice or yolk sacs of embryos was subjected 

overnight to transgene-specific restriction digest and separated on 0.8% agarose 

gel. The Rrm1 and Rrm1-D57N transgenes were detected by digestion with 

BamHI (Fermentas) and the p53R2 transgene was detected by digestion with 

EcoRV (Fermentas). Following alkaline transfer to a nylon membrane 

(GeneScreen Plus, Perkin Elmer), the presence of transgene DNA was detected 

with a transgene-specific radiolabeled probe. To determine mtDNA copy number 

total DNA was isolated from tissues by proteinase K digestion and standard 

phenol-chloroform extraction. Southern blotting was performed essentially as 

described (Tyynismaa et al. 2005).  

 

Northern blot analysis  

Total RNA was extracted from mouse cells with RNAStat-60 (TelTech, Inc) and 

separated on agarose/formaldehyde gel. RNA was transferred to a nylon 

membrane (GeneScreen, Perkin Elmer) and detected with Rrm1- or Gapdh-

specific radiolabeled probe. 

 

Immunoblot analysis  

Tissue extracts were prepared as described in Supplemental Materials and 

Methods. Rrm1 protein was detected by AD203, mouse monoclonal anti-R1 

(InRo Biomedtek), and loading was assessed by detection of α-tubulin with 
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mouse monoclonal anti-α-tubulin (Sigma). To quantify overexpression in Rrm1-

D57N transgenic mice, serial dilutions were prepared in RIPA buffer.  

 

Measurement of Ribonucleotide Reductase activity  

The activity of RNR was assayed by measuring the formation of radioactive 

dCDP from [5-3H] CDP. The assay mixture (+/- 0.3 mM dATP) was pre-incubated 

in a 37 °C water bath for 1 minute after which reconstituted human Rrm2 (3 µM) 

was added and the assay mixture was incubated. Aliquots, 30 μL each, were 

removed at the indicated time points, quenched with 30 µL of 2% HClO4 and 

neutralized with 30 µL of 0.4M NaOH. Radioactivity was measured using a 

scintillation counter (Beckman Coulter, LS6500), subsequent to 

dephsophorylation with Alkaline Phosphatase as described in the Supplemental 

Materials and Methods. To measure the activity of RNR in tissue lysates, 400-

600 mg of frozen mouse skeletal muscle tissue was ground to a fine powder 

using a pestle and mortar and transferred to an Eppendorf tube. The tissue 

powder was suspended in 50 µL of assay buffer and subjected to 3 cycles of 

rapid freeze-thaw followed by centrifugation at 18,000 x g for 8 min in a pre-

chilled (4°C) centrifuge. The reaction mixture was initiated after adding clarified 

tissue lysate and 6 µM reconstituted human Rrm2 to the assay buffer (+/- 0.3 mM 

dATP). 30 µL of the reaction mixture was removed at the indicated time points, 

quenched and neutralized. Same procedure as discussed above was used for 

the dephosphorylation, separation of the [5-3H]-dCDP product and quantification.   
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Neonate survival assays  

Rrm1-D57N(low)Tg mice were set up in timed mating with Rrm2Tg or p53R2Tg 

mice. Females were monitored until pups were born, at which time the pups were 

counted and weighed. Mice were counted and weighed daily until P21. Pups 

were genotyped by Southern blot at weaning or when found dead. Only litters in 

which the fate of all pups was known and in which all control littermates survived 

the full 21 days or died naturally were used in this analysis. Survival plots were 

generated with GraphPad Prism software. 

 

Pathological assessment of the heart  

Neonates (mice ages P14 and younger) were euthanized by decapitation. Hearts 

were excised, gently washed in sterile 1X Phosphate Buffer Saline (PBS), fixed 

in 10% buffered formalin overnight at room temperature and transferred to 70% 

ethanol. Gross heart morphology pictures were taken through a dissecting 

microscope within 48 hours of neonate sacrifice. Hearts were cut in either the 

coronal and transverse plane and embedded for histological analysis.  

 

Histological analysis  

Adult and neonate tissues were fixed in 10% buffered formalin overnight at room 

temperature and embedded in paraffin. Tissues were sectioned at 5μm 

thickness, mounted onto slides and subjected to hematoxylin and eosin (H&E), 

Masson’s trichrome stain (MT), Periodic Acid Schiff’s stain (PAS), Phospho-histone 

H3 (PH3) (Abcam), mtDNA-encoded complex IV (COX) (Abcam) or the nDNA-
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encoded complex II (SDH) (Abcam) staining.  Stained slides were digitalized 

using the Amperio ScanScope (CS0 and CS2) and viewed through Amperio 

ImageScope program. Detailed description of immunohistological stainings are 

provided in the Supplemental Materials and Methods. 

 

Extraction of nucleotides from neonate skeletal muscle and embryos  

Total nucleotides were extracted from neonatal skeletal muscle using the method 

described in Ylikallio et al. (Ylikallio et al. 2010). Modifications to this method are 

described in the Supplemental Materials and Methods. 

 

qRT-Real time PCR 

Twenty-five nanograms of DNA were used as template. mt-Cytb gene 

amplification level was normalized against the amplification level of Rbm15, 

which was used as a nuclear DNA control. Samples were run on an Abi Prism 

SDS 7000 machine (Applied Biosystem). QPCR data were analysed using 7000 

System Sequence Detection Software version 1.2.3 (Applied Biosystems). Refer 

to the Supplemental Materials and Methods for primer sequences.  

 

Long PCR 

Long PCR to amplify the entire mitochondrial genome or selectively deleted 

mtDNA molecules was done using the Expand Long Template PCR System 

(Roche). Twenty-five nanograms of DNA were used as template. PCR products 
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were separated by electrophoresis on 1% agarose gels. Cycling conditions and 

primer sequences are described in the Supplemental Materials and Methods.  

 

Serum sample preparation and liquid-chromatography mass-spectrometry 

For sample preparation and liquid-chromatography mass-spectrometry analysis 

(LC-MS), all solvents used were HPLC grade, unless otherwise specified. For 

metabolite extraction 10 μL of serum was added to 90 μL ice cold water.  Next, 

400 μL of methanol was added and the mixture was vortexed rigorously and 

subsequently left on ice for 10 minutes. Samples were centrifuged at 20.000 g for 

10 minutes at 4 °C. The supernatants were completely dried using a vacuum 

centrifugal evaporator.  For LC-MS analysis, the pellets were reconstituted by 

first adding 15 μL water and next 15 μL of a 1:1 mixture methanol and acetonitrile 

(v/v). After centrifugation for 20 minutes at 20.000 g and 4 °C, supernatants were 

transferred to LC vials. LC-MS was performed as described earlier by Liu et al. 

(Liu et al. 2014)  

 

Peak extraction for LC-MS metabolites, statistical evaluation and pathway 

analysis 

LC-MS raw files were analyzed using Sieve (Thermo Fisher, version 2.0). Both a 

targeted and untargeted approach was used. For the targeted approach, a pre-

defined list with metabolite names together with associated MZ-values and 

retention times was used to extract high confidence peaks that passed a visual 

check for quality and interference. For the untargeted approach, Sieve software 
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selects potential peaks within certain retention time windows and performs a 

database search for identification. Untargeted metabolite peaks already identified 

in the targeted analysis were not included again. All statistical evaluations were 

performed using R (version 3.2.1) (Team R 2013). For data normalization, zero 

values were substituted with a background noise level of 1000. Significant peaks 

(p < 0.05 and FDR <0.05) were identified using t-statistics and the false 

discovery rate method by Benjamini and Hochberg (Benjamini, and Hochberg 

1995). The combined targeted and untargeted peaks yielded 219 significant 

peaks that mapped to 186 unique metabolites associated with a Human 

Metabolome Database (HMDB) Identifier (some peaks have multiple 

identifications while some do not have an associated HMDB identifier). The 219 

significant peaks were used for principal component analysis and hierarchical 

clustering. The 186 metabolites were mapped to HMDB identifier numbers and 

used for pathway analysis using Metaboanalyst (version 3) (Xia, et al. 2012). 

 

Data availability 

 Rrm1Tg, Rrm2Tg, p53R2Tg and Rrm1-D57NTg mice are available upon 

request. The level of Rrm1-D57N overexpression in skeletal and heart muscles 

are shown in Figure S1. The frequencies of mice and embryos obtained for each 

strain are shown in Table S1-S3. Figures S2-S3 show representative images of 

muscle, kidney and liver of Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice. 

Summary of body weight, heart weight, and heart to body weight ratio for wild 

type and Rrm1-D57N(low)Tg + Rrm2Tg mice are shown in Table S4. M-mode 
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echocardiographic images and measurements for wild type and Rrm1-

D57N(low)Tg + Rrm2Tg bitransgenic mice are shown in Figure S4 and Table S5. 

Hierarchical cluster analysis of metabolites identified using mass spectrometry is 

shown in Figure S5. Table S6 and S7 show the list of differential metabolites in 

the purine and pyrimidine metabolism, and differential metabolites associated 

with various heart conditions, respectively. 

 

RESULTS 

Generation of Rrm1-D57N transgenic mice and expression analyses 

To assess the effect of loss of RNR allosteric feedback control, we 

generated mice that overexpress a mutant form of the α subunit by modifying the 

pCaggs-Rrm1 construct previously described by Xu, X. (Xu, et al. 2008). Two 

independent transgenic founder animals were obtained (Figure 1A, lanes 6 and 

12). The founder animal in lane 12 showed greater transgene signal and the 

presence of two different transgene bands whereas the founder in lane 6 showed 

a single band of lower relative intensity; the resulting strains are referred to 

hereafter as Rrm1-D57N(low)Tg (lane 6) and Rrm1-D57N(high)Tg (lane 12). Both 

strains were maintained on a pure FVB/N background.  

Endogenous and transgenic expression was assessed in a variety of 

tissues in Rrm1-D57N(high)Tg and wild-type FVB mice by Northern blot analysis 

(Figure 1B). In wild type FVB mice, Rrm1 was detected most strongly in the most 

proliferative tissues, the testis and thymus. Northern blot analysis of Rrm1-

D57N(high)Tg mice revealed two bands corresponding to Rrm1 transcript, the 
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upper band from the endogenous locus was the predominant band in the spleen 

and thymus, while the lower band from the transgene predominated in lung, liver, 

kidney, and skeletal muscle.  

The expression results obtained by Northern blot analysis were confirmed 

by immunoblot (Figure 1C). We assessed total Rrm1 protein levels in tissues 

obtained from wild type FVB mice (Wt), Rrm1-D57N(low)Tg mice (L), and Rrm1-

D57N(high)Tg (H) mice. In agreement with the Southern blot in Figure 1A, Rrm1-

D57N(high)Tg mice showed higher Rrm1 protein levels than Rrm1-D57N(low)Tg 

mice, which were intermediate between wild type and Rrm1-D57N(high)Tg levels. 

To obtain a more precise value for Rrm1-D57N overexpression in tissues from 

transgenic mice, we utilized the serial dilution method reported previously 

(Ylikallio et al. 2010). Because pCaggs drives the greatest expression in skeletal 

and cardiac muscle, we assessed the level of Rrm1-D57N overexpression in 

these two tissues (Figure S1). We found that the Rrm1-D57N(low)Tg was 

expressed roughly 94-fold (93.99x) in the skeletal muscle while the Rrm1-

D57N(high)Tg was expressed over 600-fold (608.41x).   

To assess whether the Rrm1-D57NTg mice were defective for feedback 

control, we performed a radioactivity assay that measures the formation of 

radioactive dCDP from [5-3H] CDP previously described by Aye and Stubbe (Aye 

and Stubbe 2011). We first measured the specific activity of recombinant RNR in 

the presence or absence of dATP. As shown in Figure 1D, the specific activity of 

wild type enzyme was completely inhibited in the presence of dATP. However, 

the opposite trend is observed in the activity of the mutant enzyme bearing the 
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D57N mutation. In the presence of dATP, the activity of the mutant enzyme 

increases dramatically. This increase in activity is due to the deficiency of the 

mutant enzyme to discriminate between ATP and dATP. We next measured the 

catalytic activity of RNR in skeletal muscle lysates from Rrm1-D57N(high)Tg mice 

using the same radioactive assay (Figure 1E). As expected, the addition of dATP 

did not inhibit the activity of mutant RNR overtime. Together these data strongly 

suggest that D57N mutation desensitize RNR to the feedback inhibition of dATP 

and Rrm1-D57N mutant mice lack RNR allosteric control.  

We next wanted to address whether overexpression of Rrm1-D57N in 

mice would cause changes to the dNTP pools. We previously reported that mice 

that overexpress either of the β RNR subunits, Rrm2 or p53R2, show elevated 

and unbalanced dNTP pools in the skeletal muscle, the tissue with the highest 

level of overexpression. We therefore measured dNTPs from the skeletal muscle 

of wild type, Rrm1Tg, and Rrm1-D57N(high)Tg aged 3-6 months (Figure 1F). We 

found no dNTP pool elevations in the Rrm1Tg mice compared to wild type mice, 

consistent with our findings from a previous study (Ylikallio et al. 2010). We found 

a statistical significant elevation of dATP levels in the skeletal muscles from 

Rrm1-D57N(high)Tg when compared to wild type mice. No statistical differences 

were observed for the other three nucleotides (dGTP, dCTP and dTTP).  

Even with the high levels of Rrm1-D57N overexpression, mice harboring 

the transgenes appeared grossly normal and were obtained at expected 

frequencies (Table S1). In crosses between wild type FVB mice and Rrm1-

D57N(low)Tg mice, 256 wild type and 231 transgenic mice were obtained 
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(P=0.26, x2). Likewise, crosses between wild type FVB and Rrm1-D57N(high)Tg 

mice yielded 275 wild type and 246 transgenic mice (P=0.20, x2). In order to 

assess the phenotypic effects of loss of RNR allosteric regulatory control in mice, 

we generated a cohort of Rrm1-D57N(low)Tg, Rrm1-D57N(high)Tg, and 

transgene-negative control mice and aged them to a maximum age of 18 

months. Necropsy of these mice revealed that mice harboring either D57N 

transgene were grossly normal relative to wild type control animals. We found a 

modest increase in the lung tumor incidence in both Rrm1-D57N(low)Tg (36.73%, 

n=49) and Rrm1-D57N(high)Tg (34.62%, n=26) mice compared to wild type mice 

(27.27%, n=44). Mean tumor size, tumor multiplicity, and histopathological grade 

were not altered by overexpression of Rrm1-D57N.  

 

Simultaneous overexpression of Rrm1-D57N and either small RNR subunit 

causes synthetic lethality 

To assess the effect of simultaneous disruption of multiple RNR regulatory 

mechanisms, we crossed mice overexpressing Rrm1-D57N (high or low) with 

mice overexpressing either small RNR subunit. We found that mice with high 

levels of Rrm1-D57N overexpression and either small RNR subunit were not 

viable (Table 1). Specifically, of a total of 30 Rrm1-D57N(high)Tg + p53R2Tg 

bitransgenic mice expected, 0 were obtained. Likewise, 26.5 Rrm1-D57N(high)Tg 

+ Rrm2Tg bitransgenic mice were expected and 0 were observed.  

To determine the exact stage of lethality, we dissected embryos from 

Rrm1-D57N(high)Tg x p53R2Tg cross and Rrm1-D57N(high)Tg x Rrm2Tg cross 
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(Figures 2A-B). Through embryonic day 10.5 (e10.5), Rrm1-D57N(high)Tg + 

p53R2Tg embryos were observed at the expected frequencies, and most were 

grossly normal (Table S2). After e12.5, only dead Rrm1-D57N(high)Tg + p53R2Tg 

embryos were observed, and were fewer than expected. These embryos lacked 

blood within the vessels of the yolk sac (Figure 2A). The frequency of resorbed 

embryos increased over the time frame analyzed, with few resorptions being 

observed before e10.5, but 8, 19 and 9 resorptions at e10.5, e11.5 and e12.5, 

respectively. Rrm1-D57N(high)Tg + Rrm2Tg embryos derived from crosses 

between Rrm1-D57N(high)Tg and Rrm2Tg mice displayed great variability in 

lifespan (Figure 2B). As early as e10.5, abnormal bitransgenic embryos were 

observed. Normal bitransgenic embryos were observed through e17.5 but at 

lower than expected frequencies, and two bitransgenic mice were observed that 

had survived gestation but died immediately after birth (Table S3).  

Mice bearing low levels of Rrm1-D57N overexpression and either small 

RNR subunit overexpression showed distinct survival. Of an expected 51.25 

Rrm1-D57N(low)Tg + p53R2Tg mice at weaning, 0 were observed (Table 1). 

Rrm1-D57N(low)Tg + p53R2Tg mice who survived gestation developed normally 

through approximately 4 days. However, survival of these mice decreased 

progressively at P5; none lived beyond P8 (Figure 2C). Interestingly, of 69.75 

expected Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice expected at weaning, 5 

were obtained that survived to adulthood. Of the five surviving bitransgenic 

adults, two survived 21 days and one 25 days. The last two mice survived 90 and 
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120 days. With the exception of these five mice, most Rrm1-D57N(low)Tg + 

Rrm2Tg bitransgenic mice died between P6 to P11 (Figure 2D).  

Overall, higher levels of expression of Rrm1-D57N caused shorter 

lifespan, while overexpression of p53R2 had more severe effects when combined 

with Rrm1-D57N than does overexpression of Rrm2. 

 

Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice exhibit altered morphology 

and histology of the heart 

 Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice that survived to weaning 

were runt compared to littermates (Figure 2E). Throughout life, bitransgenic mice 

were hunched, inactive, and displayed small muscles and alopecia. Bitransgenic 

mice that survived 90 days or longer exhibited severe skeletal and cardiac 

muscle degeneration (Figure S2). However the aforementioned muscle defects in 

bitransgenic mice do not account for the earlier lethality observed in this and the 

other synthetic lethal crosses. To determine the primary cause of death in these 

mice, we monitored and weighted daily the neonates and performed necropsy in 

the entire litter when the bitransgenic neonate was about to die. Upon necropsy, 

we noticed that Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice, but not control 

mice, showed pleural effusion. Fluid accumulation affected the entire pleural 

cavity, and in mice surviving 8 days or later, was also observed within the 

abdomen. To determine the cause of the pleural effusion, we analyzed multiple 

tissues via H&E staining. Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic exhibited 

degeneration of renal tubules, edema, dilated tubules, and fibrosis (Figure S3). 
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These mice also displayed hepatocellular swelling. Periodic acid Schiff’s (PAS) 

staining on liver samples showed lipid and glycogen accumulation (Figure S3).  

 Necropsy of mice also revealed that the hearts from wild-type and Rrm1-

D57N(low)Tg + Rrm2Tg bitransgenic mice were morphologically different. The 

heart of Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice were significantly 

enlarged when compared with wild type and single transgenic littermates 

(Figures 3 A-B). Analysis of heart weight/body weight ratio showed that all 

bitransgenic mice had significantly (P=0.0031, Unpaired t-test) higher heart to 

body weight proportions as compared with age-matched wild type controls 

(Figure 3C and Table S4).  

 To assess the possibility of dilated cardiomyopathy (DCM) in bitransgenic 

mice, we measured ventricular size and wall thickness. DCM is characterized by 

ventricular chamber enlargement and depressed myocardial contractility 

(Hershberger et al. 2010). Histological examination of the cardiac cross sections 

showed a significant enlargement of ventricular chambers in Rrm1-D57N(low)Tg + 

Rrm2Tg bitransgenic mice (Figure 3 D-G). The left ventricular chamber was 

significantly larger in bitransgenic mice compared to wild type littermates. There 

was also a trend towards increased right ventricular size and thinner ventricular 

walls in Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice. Intracardiac thrombi was 

apparent in the left atrium or ventricle of Rrm1-D57N(low)Tg + Rrm2Tg 

bitransgenic mice but not wild type mice (Figures 3 E and G). The presence of 

intracardiac thrombi was confirmed histologically in 6 of 13 bitransgenic mice 

(P=0.005, Fisher’s exact test). The occurrence of cardiac thrombi was related to 
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age. Six out of seven Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice 7 days old 

or older had thrombi. In contrast, only one of six mice 6 days old and younger 

had thrombi. 

Abnormal myocardial architecture, such as cardiomyocyte size and 

increased interstitial space were also observed in Rrm1-D57N(low)Tg + Rrm2Tg 

bitransgenic mice (Figure 3 H-I). Histological analysis of the heart revealed lower 

number of cells in bitransgenic mice. To corroborate this observation we arbitrary 

counted the number of cells in ten high power fields (HPF) and found that 

bitransgenic mice had significant lower number of cells when compared to wild 

type (P=0.0019, Unpaired t-test with Welch’s correction) (Figure 3J). To test 

whether the reduced number of cells was due to abnormal proliferation of cells, 

we performed phospho-histone H3 (PH3) staining in heart tissues from 

bitransgenic and wild type littermates. PH3 staining showed significantly fewer 

mitotic cells in Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic hearts as compared to 

wild type mice (P=0.0026, Unpaired t-test with Welch’s correction) (Figures 3 K-

M).  

We performed echocardiograms in a cohort of mice to determine whether 

the morphologic and structural changes in the heart were associated with 

functional deficits. M-Mode echocardiographic measurements from the right 

parasternal short axis view revealed a depression in fractional shortening 

between wild type and Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice (Figure S4 

and Table S5). 
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Taken together, these results suggest that simultaneous disruption of 

multiple regulatory modes of RNR affects proper cell proliferation and promotes 

DCM that lead to synthetic lethality in mice.  

 

Altered dNTP pools in the skeletal muscle of Rrm1-D57N(low)Tg + Rrm2Tg 

bitransgenic mice 

 We hypothesized that simultaneously disruption of both main regulatory 

mechanisms governing RNR activity would lead to elevated and/or unbalanced 

nucleotide pools, which may have consequences for genomic stability and 

survival. To test whether RNR deregulation in mice caused lethality through 

alterations to dNTP pools, we extracted total nucleotides from the skeletal 

muscle of Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice at P5. The total amount 

of each dNTP was measured using the indirect enzymatic assay described by 

Sherman and Fyfe with modifications (Sherman and Fyfe 1989; Ferraro et al. 

2010). The levels of each nucleotide in Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic 

muscle tissue were increased relative to wild type (Figure 4A). Level of dATP 

was increased 335-fold, dGTP was increased 2.55-fold, dCTP was increased 

8.78-fold, and dTTP was increased 12.57-fold.  We also extracted and measured 

nucleotides from the skeletal muscle from Rrm1-D57N(low)Tg + p53R2Tg mice 

and found dNTP pools were also elevated in Rrm1-D57N(low)Tg + p53R2Tg mice 

compared to wild type littermates (Figure 4B).  

  To determine whether the timing of lethality is dictated in part by dNTP 

pool alterations during embryonic development, we extracted and measured 
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dNTPs from whole embryos derived from the Rrm1-D57N(low)Tg x Rrm2Tg and 

the Rrm1-D57N(high)Tg x p53R2Tg cross at e10.5. We found no difference in any 

of the dNTPs between the genotypes in embryos derived from the Rrm1-

D57N(low)Tg x Rrm2Tg cross. (Figure 4C). For our surprise, dNTP pools were only 

moderately altered in Rrm1-D57N(high)Tg + p53R2Tg bitransgenic embryos 

relative to wild type embryos (Figure 4D).  

 Extreme RNR hyperactivity could not only elevate dNTP pools to toxic 

levels, but could conceivably also deplete the pools of precursors. In order to test 

whether this was occurring in our Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice, 

we measured the levels of the NDPs (CDP, UDP, GDP, and ADP) by HPLC 

(Figure 4E). We found no differences between genotypes. These data suggest 

that elevated RNR activity causes increased and unbalanced dNTP pools, 

especially after gestation, but do not deplete precursor pools. 

 

Mitochondrial genome instability does not cause synthetic lethality in 

Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice 

 We previously reported age-dependent mtDNA depletion in wild-type 

Rrm1Tg + Rrm2Tg and Rrm1Tg + p53R2Tg mice, to levels of approximately 40% 

compared to wild-type (Ylikallio et al. 2010). MtDNA depletion to <1-10 % in mice 

is known to be lethal during embryonic development (Larsson et al. 1998) and 

after birth (Bourdon et al. 2007). Furthermore, mtDNA mutations have been 

associated to several forms of cardiomyopathy (DiMauro and Schon 2003; Zhang 

et al. 2003). Therefore, we asked if the synthetic lethality of Rrm1-D57NTg + 
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Rrm2Tg or p53R2Tg bitransgenic mice was caused by mtDNA instability. We 

measured mtDNA copy number in Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic 

mice at juvenile (P4 and P8), young adult (P19 and P25), and aged adult (P90 

and P102) mice (Figure 5A). We found that bitransgenic mice had normal mtDNA 

copy numbers in the skeletal muscle at P4 and P8. However, while mtDNA copy 

number in skeletal muscle of control mice increased with age, mtDNA copy 

number in the skeletal muscle of bitransgenic mice failed to expand to the same 

level throughout development. At P19, mtDNA copy number in bitransgenic mice 

was ~50% of the wild type level. In the two mice that survived to 90 and 102 

days, mtDNA copy numbers in skeletal muscle were 30% and 62% of the wild-

type levels, respectively. Therefore, as the mice aged beyond P19, the mtDNA 

levels remained lower in the Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice than 

in wild-type mice, but the depletion did not appear to progress below the levels 

present at P19. These results suggest that simultaneous overexpression of 

Rrm1-D57N(low)Tg and Rrm2Tg delays the developmental amplification of 

mtDNA, but the residual mtDNA is higher than the minimum threshold reported to 

escape pathogenic mtDNA depletion in mice. 

 In addition to quantitative mtDNA defects, alterations to dNTP pools have 

been suggested to cause mtDNA point mutations and large scale mtDNA 

deletions in humans (Nishino et al. 1999; Nishigaki et al. 2003; Tyynismaa et al. 

2009). We sequenced mtDNA in the hypervariable control region and the 

cytochrome b gene regions but found no increase in mtDNA point mutations in 

skeletal muscle of Rrm1-D57N(low)Tg + Rrm2 Tg bitransgenic mice at P25 (data 
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not shown). To determine whether mtDNA deletions were present, we performed 

long PCR to assess the total size of the mtDNA in P25 bitransgenic mice. In both 

wild type and Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice, we detected only 

the full-length mtDNA (16kb) in skeletal muscle (Figure 5B), kidney and heart 

(data not shown), indicating that no deletions were formed in the mtDNA of 

Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice. 

 A clinically significant defect of mtDNA maintenance leads to dysfunction 

of respiratory chain complex IV (cytochrome c oxidase, COX) that is partially 

encoded by mtDNA. Compensatory hyperproliferation of mitochondria, which can 

be observed as increased activity of the nuclear encoded complex II (succinate 

dehydrogenase, SDH), is also frequently observed. COX/SDH assay on frozen 

skeletal muscle from the P25 bitransgenic mice showed normal COX activity and 

no increase in SDH signal (Figure 5C).  

 Taken together, these results showed that extreme upregulation of dNTP 

pools in Rrrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice caused age-dependent 

mtDNA depletion in skeletal muscle, but no point mutations or deletions. The 

mice were born with normal mtDNA copy numbers, suggesting that mtDNA 

maintenance was not impaired during embryonic development. Finally, the 

mtDNA depletion was not deep enough to impair respiratory chain function, as 

determined by the COX/SDH activity assay. 

 

Metabolic alterations in Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice  

 To investigate systemic effects of RNR hyperactivity on metabolism, we 
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analyzed serum samples from Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic and wild 

type littermates (P6-P8). The LC-MS analysis showed gross metabolite 

differences, with a hierarchical clustering analysis showing complete separation 

between the two conditions (Figure S5). A statistical analysis identified 219 

differential peaks that were used in a principal component analysis (PCA) that 

resulted in two separate groups using only the first principal component (Figure 

6A). Pathway analysis showed purine and pyrimidine metabolism had a large 

number of differential metabolites, in concordance with a hyperactive enzyme 

active in both of these pathways (Figure 6B, Table S6).  In addition, the LC-MS 

analysis revealed altered levels of metabolites associated to heart conditions in 

bitransgenic mice (Table S7). These data together, showed alteration of multiple 

metabolites in bitransgenic mice. 

 

DISCUSSION 

 Regulation of RNR activity is essential for maintaining balanced pools of 

dNTPs. Malfunction of RNR regulatory mechanisms can results in genomic 

instability, enhanced mutagenesis and cell death (Kunz et al. 1994). In mammals, 

RNR activity is regulated primarily through the availability of the β subunit and 

negative feedback control of the activity site in the α subunit. We previously 

showed that disruption of RNR cell cycle regulatory mechanism by 

overexpressing either β subunit induces dNTP pool alteration and increases the 

incidence of lung neoplasms in mice (Xu et al. 2008). Here we report on the first 

mouse model featuring the loss of allosteric feedback control of RNR. 
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Additionally, the data presented here demonstrates that simultaneous 

overexpression of Rrm1-D57N and either β subunit causes synthetic lethality 

associated with dramatically elevated dNTP pools. 

 Previous studies have shown that defects in RNR allosteric regulation is 

mutagenic in yeast and mammalian cells. Analysis of Rrm1-D57N mutants, which 

are defective to feedback inhibition by dATP, showed increase dNTP levels and 

high mutation rates as compared to the corresponding wild type cell lines 

(Weinberg et al. 1981; Chabes et al. 2003). Despite loss of dATP feedback 

inhibition, mice bearing either, high or low expression of Rrm1-D57N transgene 

were grossly normal and did not show increased dNTP pools. The limited effect 

of deregulating RNR allosteric feedback control in mice could be due to the fact 

that other RNR regulatory mechanisms are still intact.  

 Unlike the disruption of a single regulatory mechanism of RNR, 

simultaneous disruption of the two main regulatory mechanisms is synthetic 

lethal in mice. Overexpression of Rrm1-D57N(high)Tg and either β subunit causes 

embryonic lethality. Mice carrying low expression of Rrm1-D57N transgene and 

either Rrm2 or p53R2 transgene survived through gestation, but the lifespan was 

significantly shortened.  

 To understand the synthetic lethality of RNR deregulation, we further 

characterized mice derived from the least severe combination, the Rrm1-

D57N(low)Tg x Rrm2Tg cross. Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice 

showed pronounced growth retardation and weight loss starting at postnatal day 

5. These phenotypes were accompanied by a progressive deterioration of 
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skeletal muscles, accumulation of pleural effusion, kidney degeneration and 

hepatocellular swelling. Further characterization revealed that the lethality 

observed in Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice was mainly caused 

by heart failure. Cardiac pathology in these mice showed similar patterns to 

those described for human DCM; ventricular dilation with thinner walls and 

depression in fractional shortening (Van Vleet and Ferrans 1986; Schönberger 

and Seidman 2001; Hershberger et al. 2010). Furthermore, our histological 

analysis revealed a reduction of cell proliferation in Rrm1-D57N(low)Tg + Rrm2Tg 

bitransgenic hearts. The reduced number of proliferating cells within the heart 

could possibly contribute to the development of DCM and it is likely to be caused 

by increased replication stress that results from RNR–mediated dNTP pool 

alteration. Together, these data suggest that balance supply of dNTP pools 

through RNR regulation is essential for survival.  

Data presented here, also demonstrates that RNR deregulation induces 

unbalance pool of dNTPs. Rrm1-D57N(low)Tg + Rrm2Tg bitransgenics mice 

showed dramatic elevation of dNTP pools in the skeletal muscles, resulting in 

300-fold increase in dATP, 10 fold increase of dCTP and dTTP and 50% 

increase in dGTP. This was consistent with our previous findings that both the 

Rrm1-D57N(low)Tg and Rrm2Tg transgenes are highly overexpressed within the 

skeletal muscle. These significant changes support a role for RNR hyperactivity 

in causing synthetic lethality. 

Altered dNTP pools are thought to underlie mtDNA instability in several 

mitochondrial disorders in humans and mice. Mutation of thymidine kinase 2 
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(TK2), a mitochondrial kinase that plays and important role in the salvage 

pathway, induces mitochondrial DNA depletion syndrome with progressive 

encephalopathy and myopathy in humans (Saada et al. 2001; Götz et al. 2008). 

In our previous work, we reported that mice overexpressing Rrm1Tg and Rrm2Tg 

or p53R2Tg displayed age-dependent mtDNA depletion, which was associated 

with altered dNTP pools in the skeletal muscle (Ylikallio et al. 2010). Mutations in 

mtDNA have also been linked to cardiomyopathy (Zhang et al. 2003; DiMauro 

and Schon 2003; Kujoth et al. 2005; Wallace et al. 2013). Mice expressing a 

knock-in inactivation of the POLG show mtDNA mutagenesis that results in 

anemia, kyphosis and heart enlargement (Trifunovic et al. 2004; Kujoth et al. 

2005). Mice lacking p53R2 developed post-natal mtDNA depletion that resulted 

in early myopathy (Bourdon et al. 2007). Despite the dramatic alteration of dNTP, 

Rrm1-D57N(low)Tg + Rrm2Tg mice did not show mtDNA depletion, nor signs of 

increased rate of mtDNA point mutations or deletions. The normal result from the 

COX/SDH activity assay confirmed that mitochondrial dysfunction is not a cause 

of muscle degeneration in these mice. Therefore, mtDNA depletion is unlikely to 

account for the lethal phenotype in these mice.  

 To investigate systemic effects of RNR hyperactivity on metabolism, we 

performed global metabolomics analysis on serum from Rrm1-D57N(low)Tg + 

Rrm2Tg mice and wild type littermates. The LC-MS analysis showed gross 

metabolite differences, with a hierarchical clustering analysis already showing 

complete separation between the two conditions. Pathway analysis showed 

purine and pyrimidine metabolism had a large number of differential metabolites, 
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in concordance with RNR hyperactivity. Moreover, several intermediates of 

nucleotide metabolism and other pathways that were differential in our analysis 

have been linked to various heart conditions. 

 In many cardiovascular diseases, including DCM, the heart undergoes 

“metabolic shift” causing impairment of myocardial energetics manifested as 

decreased phosphocreatine to ATP ratio and depletion in ATP content, that 

ultimately results in malfunction of the heart. Studies in animal models have 

shown that loss of ATP depletion in heart failure (HF) is caused in part by total 

adenine pool (Shen et al. 1999). The lost of total adenine pool in HF is believed 

to result from excessive purine degradation. In concordance with this, metabolic 

profile in our Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice revealed significant 

decrease of several intermediates of purine metabolism, including AMP, GMP, 

inosine and hypoxanthine. We also observed mild elevation of uric acid, the final 

oxidation product of purine catabolism. Serum uric acid levels are frequently 

elevated in heart and renal failure (Cicoira et al. 2002; Johnson et al. 2003), 

which are observed in Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice. Lower 

levels of AMP, GMP, inosine and hypoxanthine and accumulation of uric acid, 

may reflect increase purine degradation as a defense mechanism against 

unbalanced dNTP levels that results from RNR hyperactivity (Shen  et al. 1999; 

Gironès et al. 2014). In addition to loss of total adenine pools, we see reduced 

serum levels of several acyl carnitines in Rrm1-D57N(low)Tg + Rrm2Tg 

bitransgenic mice. Carnitine/acylcarnitine exchange is essential for transporting 

long chain fatty acids into mitochondria. This pathway is the major source of 
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energy for myocardium (Palmieri 2008). Previous studies have shown 

progressive inhibition of fatty acid metabolism in hypertrophic and failing heart 

(Regitz et al. 1990; Maekawa et al. 2013; Sansbury et al. 2014). Therefore, 

deficiency of acyl carnitines in Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice 

could limit the energy production in the heart and contribute to the development 

of DCM. Collectively, these results show that RNR hyperactivity has profound 

effects myocardial energetics that ultimately results in DCM.  

 All together, these findings illustrate the need for tight control of RNR 

activity. Severe deregulation of RNR in multicellular organisms leads to 

significant changes of in dNTPs that ultimately results in systemic organ failure 

and death.  
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FIGURE LEGENDS  

 

Figure 1. Generation of Rrm1-D57N overexpressing mice. (A) Southern blot 

analysis of DNA from potential Rrm1-D57NTg founder animals. Tail DNA was 

subjected to hybridization with a Rrm1-specific radiolabeled probe. Arrows 

indicate bands corresponding to the endogenous Rrm1 gene and the Rrm1-

D57N transgene. Note that the founder in lane 12 [referred to as Rrm1-

D57N(high)] shows greater signal intensity and an additional transgene band, 

indicating higher transgene copy number than in the founder in lane 6 [Rrm1-

D57N(low)]. (B) Northern blot analysis of Rrm1 expression in wild type and 

Rrm1-D57N(high)Tg mice. Total RNA was extracted from the indicated tissues of 

wild type FVB and Rrm1-D57N(high)Tg mice and subjected to Northern blot 

analysis with a radiolabeled Rrm1-specific probe. Positions of the wild type and 

Rrm1-D57N-derived transcripts are indicated. Total RNA is shown as a loading 

control. Note that skeletal muscle was intentionally underloaded. (C) Immunoblot 

analysis of RRM1 protein expression in the indicated tissues of wild type (Wt), 

Rrm1-D57N(low)Tg (L), and Rrm1-D57N(high)Tg (H) mice. Total protein from the 

indicated tissues was immunoblotted with a RRM1-specific antibody. The same 

membrane was probed with an antibody specific to -tubulin as a loading control. 

(D) Specific activity of recombinant RNR (Wild type and Rrm1-D57N) in the 

presence or absence of dATP. The specific activity (25,000 cpm/nmol) of RNR 

was measured using [5-3H]-CDP for the formation of dCDP over time in the 

presence or absence of dATP. [5-3H]-CDP, ATP, hRNR1 (Wild type/Rrm1-
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D57N), and hRNR2 were incubated in a 37 °C water bath in the presence and 

absence of dATP. (E) Measurement of RNR specific activity (25,000 cpm/nmol) 

in Rrm1-D57NTg skeletal muscle in the presence or absence of dATP. Frozen 

mouse skeletal muscle tissue was powdered, suspended in assay buffer and 

freeze thawed three times. Reaction was initiated after adding tissue lysate to the 

reaction mixture containing [5-3H]-CDP, ATP, hRNR2 and +/- dATP.  (F) 

Measurement of dNTP levels in the skeletal muscle of adult wild type, Rrm1Tg 

and Rrm1-D57N(high)Tg mice. Total nucleotides were extracted from the skeletal 

muscle of mice of the indicated genotypes and were quantified using the indirect 

enzymatic method. Stars above the bars denote presence of a significant 

difference: * indicates 0.01< p ≤ 0.05; **** p ≤ 0.0001, determined using t-test. 

 

Figure 2. Simultaneous overexpression of Rrm1-D57N and either beta 

subunit causes synthetic lethality. (A) Images of embryos derived from the 

Rrm1-D57N(high)Tg x p53R2Tg breedings. Bitransgenics are grossly normal 

through 10.5 dpc. At 11.5 dpc, dead bitransgenic embryos are distinguishable 

from controls. (B) Images of Rrm1-D57N(high)Tg + Rrm2Tg bitransgenic embryos 

and controls. Bitransgenics are found dead as early as 13.5 dpc. (C) Kaplan-

Meier survival curve for mice derived from Rrm1-D57N(low)Tg + p53R2Tg 

breeding. p < 0.0033, log rank test. (D) Kaplan-Meier survival curve for mice 

derived from Rrm1-D57N(low)Tg + Rrm2Tg breeding. p < 0.0001, log rank test. (E) 

Gross morphology of Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice. 

Bitransgenic mice are runted and show alopecia and decreased activity. Pups 
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were counted on P0 (day of birth) and monitored daily. Pups were genotyped by 

Southern blot analysis of tail DNA at 21 days of age or when found dead. 

Bitransgenics surviving past 21 days of age were housed with sex-matched 

littermates and monitored frequently, and euthanized when moribund.   

 

Figure 3. Characterization of cardiac defects in Rrm1-D57NTg + Rrm2Tg 

bitransgenic mice. Heart tissue from bitransgenic and wild type control mice 

was excised, gently washed in sterile 1xPBS, weighed, fixed in 10% formalin 

overnight, moved to 70% ethanol, sectioned, and stained. (A-B) Gross heart 

morphology in wild type and bitrangenic mice. Scale bars, 1 cm. (C) Analysis of 

heart to body weight ratio for wild type and Rrm1-D57N(low)Tg + Rrm2Tg 

littermates. Unpaired t-test P =0.0031. (D-G) Representative H&E sections of 

heart tissue from wild type and bitrangenic mice cut in the coronal or transverse 

plane. Most bitransgenics developed a thrombus (black arrow) in their right 

atrium or left ventricle. Scale bars, 1 mm. (H-I) Representative images of H&E 

sections of hearts from wild type and Rrm1-D57NTg + Rrm2Tg littermates. Scale 

bars, 50 μm. (J) Quantification of the total number of cells in H&E sections of 

hearts from wild type and Rrm1-D57NTg + Rrm2Tg mice. Bitransgenics showed a 

significantly decreased number of cells when compared to wild type mice. 

Unpaired t-test with Welch’s correction P=0.0019. (K-L) Phospho-histone H3 

(PH3) staining of the heart tissues from wild type and Rrm1-D57NTg + Rrm2Tg 

mice. Black arrows indicate phospho-histone H3 positive cells. Scale bars, 50 μm. 

(M) Quantification of the total number of phospho-histone H3 positive cells. 
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Rrm1-D57NTg + Rrm2Tg showed significantly fewer mitotic cells as compared to 

wild type mice. Unpaired t-test with Welch’s correction P=0.0026. Data shown 

are the mean ± SD, n = 7. 

 

Figure 4. dNTP pool alterations in bitransgenic embryos and neonates. 

Each dNTP was measured by an indirect enzymatic assay. Results are 

normalized for total amount of tissue used. (A) dNTP pools in Rrm1-D57N(low)Tg 

+ Rrm2Tg bitransgenic mice. Total nucleotides were extracted from the skeletal 

muscle of bitransgenic and control littermates at P5. One-way ANOVA P < 

0.0001 for dATP, P = 0.0026 for dGTP, P = 0.0078 for dCTP and P = 0.0007 for 

dTTP. (B) dNTP pools in Rrm1-D57N(low)Tg + p53R2Tg bitransgenic mice at P3 

or P5. One-way ANOVA P = 0.0003 for dATP, P = 0.0159 for dCTP and P = 

0.0059 for dTTP. (C-D) dNTP pools from whole embryos derived from the Rrm1-

D57N(low)Tg x Rrm2Tg and Rrm1-D57N(high)Tg x p53R2Tg breeding at e10.5. 

One-way ANOVA for Figure D P < 0.0001 for dATP and P = 0.0058 for dGTP. 

(E) NDP pools in Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic mice skeletal muscle. 

Nucleotides are measured by HPLC and compared to standard curves. No 

statistical difference observed for NDP pools. Data shown are the mean ± SD. 

Stars above the bars denote presence of a significant difference after calculating 

exact P values using Turkey’s multiple comparisons tests: * indicates 0.01< p ≤ 

0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. 
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Figure 5.  mtDNA integrity in bitransgenic mice. (A) mtDNA copy number in 

bitransgenic mice from Rrm1-D57N(low)Tg x Rrm2Tg breedings. Total DNA was 

extracted from skeletal muscle of bitransgenic and control mice at different 

stages of development: Juvenile = P4, P8; Young adult = P19, P25; Adult = P90, 

P102. mtDNA is quantified by qPCR and normalized to the nuclear 18S rRNA. 

Number of mice varies among genotype and age (Juvenile: Wild type = 2, Rrm1-

D57N(low)Tg = 5, Rrm2Tg = 6, Rrm1-D57N(low)Tg + Rrm2Tg = 4; Young adults: 

Wild type = 3, Rrm1-D57N(low)Tg = 1, Rrm2Tg = 3, Rrm1-D57N(low)Tg + Rrm2Tg = 

2; Adults: Wild type = 2, Rrm1-D57N(low)Tg = 2, Rrm2Tg = 0, Rrm1-D57N(low)Tg + 

Rrm2Tg = 2). One-way ANOVA P = 0.0301 for Juvenile. Data shown are the 

mean ± SD. Stars above the bars denote presence of a significant difference: * 

indicates 0.01< p ≤ 0.05, determined using t-test. (B) Long PCR on mtDNA from 

skeletal muscle of Rrm1-D57N(low)Tg + Rrm2Tg bitransgenic and wild type 

littermate at P25. Only the full length 16 kb mtDNA is detected. (C) Activity of 

respiratory chain complexes in skeletal muscle of Rrm1-D57N(low)Tg + Rrm2Tg 

bitransgenic and wild type littermate at P25. Tissues were stained for activity of 

the mtDNA-encoded complex IV (COX, brown), the nDNA-encoded complex II 

(SDH, blue), or both.   

 

Figure 6. Metabolome analysis of serum from Rrm1-D57NTg + Rrm2Tg 

bitransgenic mice and wild type control littermates. (A) Principal component 

analysis. Differential metabolites identified using mass spectrometry readily 

distinguished the two groups (Rrm1-D57NTg + Rrm2Tg vs Wild type) in the first 
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principal component (explaining 76.9% of the variation) highlighting profound 

differences in serum metabolite profiles. (B) Pathway analysis. The number and 

fraction of differential metabolites (p < 0.05, fdr < 0.05) that participate in the 

depicted KEGG pathway modules. Only KEGG pathway modules with 4 or more 

differential metabolites are depicted. (C) Nucleotide biosynthesis pathway. 

Arrows show downregulated (blue) and upregulated (red) nucleotides in the 

serum of bitransgenic mice. 
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Table 1. Synthetic lethality upon simultaneous overexpression of Rrm1-

D57N and either small RNR subunit. 

CROSS GENOTYPE # OFFSPRING 

Rrm1Tg x p53R2Tg 

Wild type 

Rrm1Tg 

p53R2Tg 

Rrm1Tg + p53R2Tg 

29 (37.25) 

52 (37.25) 

35 (37.25) 

33 (37.25) 

Rrm1-D57N(high)Tg x p53R2Tg 

Wild type 

Rrm1Tg 

p53R2Tg 

Rrm1-D57N(high)Tg + p53R2Tg 

51 (30) 

40 (30) 

29 (30) 

0 (30)* 

Rrm1-D57N(low)Tg x p53R2Tg 

Wild type 

Rrm1Tg 

P53R2Tg 

Rrm1-D57N(low)Tg + p53R2Tg 

77 (51.25) 

68 (51.25) 

60 (51.25) 

0 (51.25)* 

Rrm1Tg x Rrm2Tg 

Wild type 

Rrm1Tg 

Rrm2Tg 

Rrm1Tg + Rrm2Tg 

57 (48.75) 

54 (48.75) 

38 (48.75) 

46 (48.75) 

Rrm1-D57N(high)Tg x Rrm2Tg 

Wild type 

Rrm1Tg 

Rrm2Tg 

Rrm1-D57N(high)Tg +Rrm2Tg 

33 (26.5) 

35 (26.5) 

38 (26.5) 

0 (26.5)* 

Rrm1-D57N(low)Tg x Rrm2Tg 

Wild type 

Rrm1Tg 

Rrm2Tg 

Rrm1-D57N(low)Tg + Rrm2Tg 

96 (69.75) 

93 (69.75) 

85 (69.75) 

5 (69.75)* 
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Note: Mice harboring Rrm1Tg, Rrm1-D57N(low)Tg , or Rrm1-D57N(high)Tg were crossed to mice 

carrying either the Rrm2 or p53R2 transgene. Progeny were genotyped at weaning by Southern 

blot. Observed numbers of animals of each genotype are indicated with expected number in 

parentheses. * p<0.05, x2 test. 
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SUPPLEMENTAL MATERIALS AND METHODS 

Plasmids 

 An expression plasmid encoding mouse Rrm1 was constructed in the pCaggs 

expression vector as described previously by Xu, et al. (Xu, et al. 2008). Relative 

to the previously reported Rrm1 transgene construct, UTR sequences were 

removed in order to improve expression. The Rrm1 open reading frame (ORF) 

was amplified from pCaggs-Rrm1 with primers F: 5’-

CTCGTCGACATGCATGTGATCAAGCGAGATGGC-3’ and R: 5’-

TCAGGATCCACACATCAGGCACTC-3’. The PCR product was cloned into 

pCR2.1 with the Topo-TA cloning kit (Strategene). Following sequencing analysis 

of the insertion fragment ends to confirm the absence of PCR-induced mutations, 

the PCR-amplified Rrm1 sequence was digested out with StuI and replaced by 

the non-amplified StuI fragment from pCaggs-Rrm1. Fragment orientation was 

confirmed by SphI and EcoRI digestion. The Rrm1 ORF was then excised from 

pCR2.1 with SalI/XhoI and ligated into XhoI-linearized pCaggs. Fragment 

orientation was confirmed by BamHI and SalI/XhoI digests. The Rrm1-D57N 

mutation was inserted by site-directed mutagenesis. Briefly, primers D57N (5’-

CCACAGTGGAACTGAACACCCTGGCTGCT-3’) and D57N-AS (5’-

AGCAGCCAGGGTCAGTTCCACTGTGG-3’) were used to amplify the entire 

pCaggs-Rrm1 plasmid. Following DpnI digestion, products were transformed into 

DH5a and cultured on NZY+ medium. The presence of the mutation was 

confirmed by XcmI digest, as the D57N mutation destroys an XcmI site. The 
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pCaggs-Rrm1-D57N clone was confirmed to be free of other mutations by 

sequencing. 

 

Generation of transgenic mice 

Transgenic mice were generated by microinjection of linear plasmid DNA into the 

male pronucleus of FVB/N zygotes. The pCaggs-Rrm1-D57N plasmid was 

linearized by SalI digestion. Transgenic founder mice were identified by Southern 

blot analysis. Transgenic mice were maintained as hemizygotes on the FVB/N 

inbred background strain. Genotyping of mice expected to carry a single RNR 

transgene was performed as previously described by Xu et al. (Xu et al. 2008). 

 

Pathological assessment of the heart 

Fixed hearts were cut in either the coronal and transverse plane. Hearts cut in 

the coronal plane were positioned with forceps so that one auricle was positioned 

above the opposite auricle. The longitudinal cut was made vertically down 

through the two auricles to reveal all four chambers (right and left atrium, right 

and left ventricles). To observe ventricle cavity and wall thickness, transverse 

cuts were made by making a horizontal cut right below the auricles of each heart. 

To quantify ventricle morphology, transversely cut hearts embedded in paraffin 

and stained with H&E stain were scanned using Amperio ScanScope. The area 

of the whole heart cross-section, the left ventricle, and right ventricle were 

measured using Amperio ImageScope program. The diameter of the heart was 

obtained by measuring the length of the cross sectional area. The diameter line 
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was drawn such that it cut halfway through the right ventricle and the left 

ventricle. Along this same line, the right ventricle wall thickness was obtained by 

measuring the distance from the right ventricle exterior to the adjacent outer wall 

of the heart. The interventricular septum wall thickness was measured between 

the left and right ventricle wall. The left ventricle exterior (edge farther from the 

interventricular septum) to the adjacent outer wall of the heart was measured as 

the left ventricle wall. The proportion of each length to the whole diameter was 

quantified. Only hearts cross sections that did not seem to show artifice from the 

atrial area were measured. Significance was evaluated through JMP by the 

Student’s T- test with α = 0.05 and when applicable, α = 0.005.  

 

Immunohistochemistry on tissue sections 

Tissue sections (5μm thickness) were deparaffinized, rehydrated in graded 

alcohols. Antigen retrieval was performed by microwaving the slides in 0.01M 

sodium citrate (40 minutes). After incubation in 30% hydrogen peroxide and BSA 

blocker, sections were incubated with Phospho-histone H3 primary antibody 

(Millipore, 06-570) overnight at 4°C. Immunoreactivity of PH3 was visualized 

using Histostain bulk kit from Invitrogen. Slides were scanned and viewed as 

previously described. Ten HPF images per mouse were used to quantify PH3 

positive cells. Unpaired t-test with Welch’s correction was used to evaluate the 

significance. COX/SDH staining was performed as described by Tyynismaa et al. 

(Tyynismaa et al. 2005).  
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Echocardiography 

Neonatal mice (6-8 days of age) were anesthetized with isoflurane and 

echocardiograms were performed using a Visual Sonics Vevo-2100 ultrasound 

fitted with an MS-700 ultrasound probe. The body temperature was maintained at 

36-37°C. M-mode measurements were obtained from a right parasternal short 

axis view of the heart at the level of the papillary muscles.   

 

Immunoblot analysis 

Tissue extracts were prepared by lysis in RIPA buffer (150mM NaCl, 50mM NaF, 

1% NP-40, 0.8% DOC, 0.1% SDS, 50 mM Tris pH 8.0, and 50 mM EDTA) 

supplemented with protease inhibitors (apropinin, 2μg/mL; leupeptin 2μg/mL, and 

PMSF, 20 μg/mL) and sodium orthovanadate (400 μM) as a phosphatase 

inhibitor. Extracts were separated on 10% polyacrylamide gel and transferred to 

PVDF membrane (Perkin Elmer). R1 protein was detected by AD203, mouse 

monoclonal anti-R1 (InRo Biomedtek), and loading was assessed by detection of 

α-tubulin with mouse monoclonal anti-α-tubulin (Sigma). To quantify 

overexpression in Rrm1-D57N transgenic mice, serial dilutions were prepared in 

RIPA buffer. The same sample volume necessary for 25 μg of total protein from 

undiluted lysate was used for the dilution samples. Chemiluminescent signal was 

detected on a VersaDoc Imaging system and quantified using Quantity One 

software (Bio-Rad Laboratories). Band intensity was determined for each dilution 

series sample and plotted following subtraction of background signal. The 

measured intensity for each undiluted wild-type band was fitted to the generated 
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line for the corresponding Rrm1-D57NTg dilution series. Fold overexpression 

values were corrected for loading by standardization based on α-tubulin signal. 

 

Measurement of Ribonucleotide Reductase activity 

 To measure the activity of recombinant RNR, assay buffer in a final volume of 

130 µL, containing, in final concentrations, 50 mM Hepes (pH 7.6), 15 mM MgCl2, 

3 mM ATP,  2mM NADPH, 0.1 mM TR, 1 µM TRR, 0.3 µM hRNR1 (WT/D57N), 

+/- 0.3 mM dATP, and 0.5 mM [5-3H]-CDP (Specific activity: 25,000 cpm/ nmol) 

was incubated in a 37 °C water bath for 1 min after which 3 µM reconstituted 

human RNR2 was added and the assay mixture was incubated. 30 µL of the 

reaction mixture was removed at the indicated time points and quenched with 30 

µL of 2% HClO4 and then neutralized with 30 µL of 0.4M NaOH. 

Dephosphorylation, separation of the [5-3H]-dCDP product, and liquid scintillation 

counting were performed as follow: To the reaction mix, 1 mM dC, 10U Calf 

Alkaline Phosphatase in dephosphorylation buffer [100 mM Tris-HCl (pH 8.5)] 

was added in a final volume of 500 µL and incubated at 37 °C for 2 hours. 450 µL 

of the dephosphorylated sample was then loaded onto a borate resin, washed 

first with 550 µL ddH2O and twice subsequently with 3.5 mL ddH2O.  One milliliter 

of the flow through was added with 9 mL of scintillation solution (Perkin-Elmer, 

6013389) and the radioactivity was measured using a scintillation counter 

(Beckman Coulter, LS6500). To measure the activity of RNR in tissue lysates, 

400-600 mg of frozen mouse skeletal muscle tissue was ground to a fine powder 

using a pestle and mortar and transferred to an Eppendorf tube. The tissue 
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powder was suspended in 50 µL of assay buffer [50 mM Hepes buffer (pH 7.6) 

containing 15 mM MgCl2 and protease inhibitor (Roche, 11836170001)]. The 

suspension was subject to 3 cycles of rapid freeze-thaw followed by 

centrifugation at 18,000 x g for 8 min in a pre-chilled (4°C) centrifuge. Meanwhile, 

assay buffer in a final volume of 130 µL, containing, in final concentrations, 50 

mM Hepes (pH 7.6), 15 mM MgCl2, 3 mM ATP, 10 mM DTT, 10 mM NaF, +/- 0.3 

mM dATP and 0.5 mM [5-3H]-CDP (Specific activity: 25,000 cpm/ nmol) was 

incubated in a 37 °C water bath for 1.5 min after which 6 µM reconstituted human 

RNR2 was added and the assay mixture was incubated for an additional 30 s. 

The reaction was initiated by the addition of clarified tissue lysate (i.e., the 

supernatant collected post centrifugation above) and assay buffer such that the 

total assay volume was brought up to 130 µL. (Around 5 µL lysate was flash 

frozen and saved for the subsequent determination of protein concentration using 

Bradford assay). 30 µL of the reaction mixture was removed at the indicated time 

points, quenched and neutralized. Same procedure as discussed above was 

used for the dephosphorylation, separation of the [5-3H]-dCDP product and 

quantification.   

 

qRT-PCR 

 For mtDNA quantification, qRT-PCR reactions were done with 25 ng total DNA 

used as template and normalizing the mt-Cytb gene amplification level (primer 

sequences: 5'-GCTTTCCACTTCATCTTACCATTTA-3' and 5'-

TGTTGGGTTGTTTGATCCTG-3') against the amplification level of Rbm15, 
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which was used as a nuclear DNA control (primer sequences: 5’- 

GGACACTTTTCTTGGGCAAC-3’ and 5’-AGTTTGGCCCTGTGAGACAT-3’). 

Samples were run on an Abi Prism SDS 7000 machine (Applied Biosystem). 

Amplification conditions were: 95◦C for 7 minutes followed by 35 cycles of 95◦C 

for 10 seconds and 60◦C for 30 seconds. Dissociation curves were checked to 

ensure the existence of a single PCR product. Each sample was run in duplicate, 

and samples with significant variation between duplicates were excluded. QPCR 

data were analyzed using 7000 System Sequence Detection Software version 

1.2.3 (Applied Biosystems).  

 

Long PCR 

Long PCR to amplify the entire mitochondrial genome or selectively deleted 

mtDNA molecules was done using the Expand Long Template PCR System 

(Roche). 25 ng total DNA was used as template. Cycling conditions were: 92◦C 

for 2 minutes followed by 30 cycles of 92◦C for 10 seconds and 68◦C for 12 

minutes. PCR products were separated by electrophoresis on 1% agarose gels 

and visualized with a Typhoon 9400 scanner (Amersham Biosciences). Primers 

hybridized to the control region of mtDNA located at nucleotide positions 1953-

1924 and 2473-2505 (primer sequences 5'-

GAGGTGATGTTTTTGGTAAACAGGCGGGGT-3' and 5'-

GGTTCGTTTGTTCAACGATTAAAGTCCTACGTG -3'). 

 

Extraction of nucleotides from neonate skeletal muscle and embryos 
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Total nucleotides were extracted from neonatal skeletal muscle using the method 

described by Ylikallio et al. (Ylikallio, et al. 2010) with the following modifications: 

Neonates were euthanized by decapitation and immediately dissected in order to 

prevent nucleotide degradation. Skeletal muscle harvested from all four limbs 

was pooled together and immediately chilled on dry ice. The sample was 

weighed and snap-frozen in liquid nitrogen. Samples were stored at -80 °C until 

nucleotides were extracted. Samples were homogenized in cold 10% 

trichloroacetic acid+15mM MgCl2 for 1 minute in a Qiagen TissueLyser. Halfway 

through, samples were incubated on ice for 30 sec. Embryos at e10.5 were 

removed from the uterus and yolk sac in cold 1x PBS and immediately ground in 

100 L of cold 0.4N perchloric acid using a microcentrifuge tube-fitting pestle. 

Following homogenization, samples were incubated on ice for 20 minutes. The 

rest of the extraction was performed as previously described by Ylikallio, et al. 

(Ylikallio, et al. 2010). 

 

Measurement of nucleotide pools 

 dNTPs were measured using an indirect enzymatic assay as reported by Ferraro 

et al. (Ferraro et al. 2010). Standard curves were prepared from concentrated 

stocks of pure individual dNTPs (Fermentas). Reactions in 50 μL total volume 

were incubated for 1 hour and then 30mL was spotted to Whatman DE81paper 

discs and dried. Discs were washed three times in 5%Na2HPO4, and once each 

in dH2O and 95% EtOH. Discs were dried and counted on a Beckman Coulter 

LS6500 scintillation counter. Measurement of ribonucleosides was performed as 



 411 

in N. Kochanowski et al. (Kochanowski et al. 2006) with modifications. Analyses 

were carried out on a Shimadzu UHPLC system. Samples were separated on a 

Supelco LC-18T column in 30mM KH2PO4 and 10mM tetrabutylammonium 

hydrogen sulfate, pH 6.5 : methanol (A=91.7:8.3, B=71.6:28.4) over a 40 minute 

time period. The program ran 0%-100%B from 0-24 minutes, 1 minute at 100% 

B, and 100%-0% B from 25-30 minutes at a flow rate of 1 mL/minute. Identities of 

analytes were confirmed both by comparison of elution time to known standards 

and by wavelength of maximum absorbance (λmax). Sample extracts in which 

ATP comprised less than 65% of the total adenine nucleotides were excluded 

from further analysis.  
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SUPPLEMENTAL TABLES 

 

Table S1 (related to Figure 1). Rrm1-D57N transgenic mice are obtained at 

expected frequenciesa 

 

a Mice harboring Rrm1-D57N(low)Tg or Rrm1-D57N(high)Tg mice were crossed to wild type FVB 

mice. Progeny were genotyped at weaning by PCR. Observed numbers of animals of each 

genotype are indicated with expected number in parentheses. 

 

 

 

 

 

 

Cross Genotype # offspring 

Wild type FVB x Rrm1-D57N(low)Tg 
Wild type 

Rrm1-D57N(low)Tg 

256 (243.5) 

231 (243.5) 

Wild type FVB x Rrm1-D57N(high)Tg 
Wild type 

Rrm1-D57N(high)Tg 

275 (260.5) 

246 (260.5) 
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Table S2 (related to Figure 2).  Lifespan of Rrm1-D57N(high)Tg + p53R2Tg bitransgenic embryosa 

 Rrm1-D57N(high)Tg x p53R2Tg 

 Wild type Rrm1-D57NTg p53R2Tg Rrm1-D57N(high)Tg + p53R2Tg  

stage # obs (#exp) # obs (#exp) # obs (#exp) # obs (#exp) resorptions 

9.5 5 4.5 6 4.5 3 4.5 4(1) 4.5 2 

10.5 37(3) 26.75 24 26.75 14 26.75 32(1) 26.75 8 

11.5 54 30.5 29 30.5 36 30.5 13(3) 30.5 19 

12.5 25 16.5 14 16.5 16 16.5 11(11) 16.5 9 

13.5 12 10.25 17(2) 10.25 10(1) 10.25 2(2) 10.25 1 

14.5 7 4 5 4 4 4 0 4 0 

a Females harboring the Rrm1-D57N(high) transgene were mated to males harboring the p53R2 transgene. At the indicated timepoints (in days 

post coitus or dpc) females were euthanized by CO2 asphyxiation and the embryos analyzed. DNA isolated from the yolk sacs was genotyped by 

Southern blot analysis. Total numbers of embryos of each genotype observed are indicated with expected numbers in parentheses. 
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Table S3 (related to Figure 2).  Lifespan of Rrm1-D57N(high)Tg + Rrm2Tg bitransgenic embryosa 

 Rrm1-D57N(high)Tg x Rrm2Tg 

 Wild type Rrm1-D57NTg Rrm2Tg Rrm1-D57N(high)Tg + Rrm2Tg  

stage # obs (#exp) # obs (#exp) # obs (#exp) # obs (#exp) resorptions 

9.5 3 4 5 4 3 4 5 4 0 

10.5 7 7.25 3 7.25 11 7.25 8(1) 7.25 3 

11.5 6 6 6 6 7 6 5 6 9 

12.5 8 10 7(1) 10 16 10 9(1) 10 2 

13.5 2 8.25 7 8.25 13(1) 8.25 11(6) 8.25 1 

14.5 2 4 2 4 7 4 5(3) 4 1 

15.5 7 9.25 9(1) 9.25 11(1) 9.25 10(7) 9.25 1 

16.5 1 4 3 4 7 4 5(1) 4 0 

17.5 7 7 6 7 12(1) 7 4(3) 7 0 

18.5 11(1) 8.75 7 8.75 17 8.75 0 8.75 7 

19.5 4 2.75 4(1) 2.75 3 2.75 0 2.75 0 

P0 9 4.5 3 4.5 4 4.5 2(2) 4.5 0 
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a Females harboring the Rrm1-D57N(high) transgene were mated to males harboring the Rrm2 transgene. At the indicated timepoints in days post 

coitus or dpc) females were euthanized by CO2 asphyxiation and the embryos analyzed. DNA isolated from the yolk sacs was genotyped by 

Southern blot analysis. Total numbers of embryos of each genotype observed are indicated with expected numbers in parentheses.  
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Table S4 (related to Figure 3). Summary of body weight, heart weight, and 

heart to body weight ratio for wild type and Rrm1-D57N(low)Tg + Rrm2Tg 

micea 

Genotype Mouse ID Age Heart/body weight Mean ± SEM 

Wild type 

WT1 P6 0.0089 

0.0068 ± 0.0005 

WT2 P6 0.0070 

WT3 P6 0.0056 

WT4 P6 0.0078 

WT5 P8 0.0058 

WT6 P8 0.0052 

WT7 P8 0.0075 

Rrm1-D57N(high)Tg + 

Rrm2Tg 

BTG1 P6 0.0091 

0.0113 ± 0.0011*  

 

BTG2 P6 0.0076 

BTG3 P6 0.0093 

BTG4 P6 0.0134 

BTG5 P8 0.0116 

BTG6 P8 0.0122 

BTG7 P8 0.0162 

aBody and heart weight were measured for seven pairs of bitransgenic and control mice from the 

same litter (1-7). Heart to body weight ratio was calculated. * Bitransgenic mice had significantly 

increased heart to body weight compared to their control littermates (p=0.0031, Unpaired T-test) 
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Table S5 (related to Figure 3 and Figure S4). M-mode (right parasternal short axis) echocardiographic 

measurementsa 

AVG Measurements Wild type (n=4) Rrm1-D57N(low)Tg + Rrm2Tg (n=3) 

IVS Diastole (mm) 0.51 ± 0.12 0.46 ± 0.09 

IVS Systole (mm) 0.80 ± 0.08 0.50 ± 0.10 

LVFW Diastole (mm) 0.64 ± 0.12 0.46 ± 0.08 

LVFW Systole (mm) 0.90 ± 0.13 0.51 ± 0.13 

LVID Diastole (mm) 2.33 ± 0.36 2.55 ± 0.22 

LVID Systole (mm) 1.23 ± 0.32 2.27 ± 0.33 

Fractional Shortening (%) 47.34 ± 10.64 10.86 ± 9.79 

aAverage M-Mode echocardiographic measurements from the right parasternal short axis view of the heart of 4 WT and 3 bitransgenic mice. IVS 

(Interventricular Septum), LVFW (left ventricular free wall), LVID (left ventricular internal diameter), mm (millimeters). 
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Table S6 (related to Figure 6 and Figure S5). List of differential metabolites in the 

purine and pyrimidine metabolisma 

Pathway Metabolite name p-value t test Fold Change 

Purine metabolism 

AMP 0.016005030 -20.76228369 

GMP 0.004647431 -9.362703288 

AIR 0.005980463 -2.80679423 

Inosine 0.007372458 -2.549259594 

Hypoxanthine 0.049149711 -2.158606562 

Glycine 0.002880878 1.339805793 

Deoxyinosine 6.80491E-08 24.88329957 

Deoxyadenosine 0.000144484 15.20253383 

 

 

 

 

 

Pyrimidine metabolism 

UMP 0.006323849 -7.706238833 

Pseudouridine 5'-phosphate 0.006357483 -7.635914545 

CMP 0.012497728 -5.515799943 

UDP 0.012685871 -2.303684243 

Uridine 0.017885909 -1.651225633 

N-Carbamoyl-L-aspartate 0.018851765 -1.642490867 

Cytidine 0.014050652 -1.617895588 

Thymidine 0.000348291 2.163989536 

Uracil 0.000208663 2.881647745 

Deoxyuridine 8.26473E-08 3.853914213 

Deoxycytidine 6.60698E-07 3.299096232 

Cytosine 1.88958E-06 3.193446704 

3-Ureidoisobutyrate 0.000813166 8.263965385 

dCMP 0.004866022 20.18931581 

Orotidine 5'-phosphate 0.000000001 42.96192763 
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a Significant peaks (p < 0.05 and FDR <0.05 ) were identified using t-statistics and the false discovery rate 

method by Benjamini & Hochberg (Benjamini and Hochberg, 1995). 
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Table S7 (related to Figure 6 and Figure S5).  Differential metabolites associated with various heart conditionsa 

Pathway Metabolite Name p-value t test Fold Change 

Purine metabolism Adenosine monophosphate 0.016005 -20.762284 

Nitrogen Metabolism Taurine 0.005979 -1.396908 

Amino acid metabolism 
L-Glutamic acid 0.001129 -1.752943 

L-Aspartic acid 0.005562 -1.662126 

Acyl-Carnitines and fatty acid 

meatbolism 

Phosphorylcholine 0.001504 -2.258348 

Glycerophosphocholine 0.007144 -2.122081 

Glycerol 3-phosphate 0.004763 -2.082439 

Propionylcarnitine 0.000051 -2.035061 

Dodecanoic acid 0.011492 -1.834362 

Succinylcarnitine 0.002943 -1.724781 

Butyrylcarnitine 0.000256 -1.660670 

Stearic acid 0.008851 -1.490892 

Dodecanedioic acid 0.007035 -1.373794 

Stearoylcarnitine 0.023869 1.928315 

L-Palmitoylcarnitine 0.006573 2.154932 

3-Hydroxyhexadecanoylcarnitine 0.008714 2.294344 

3-Hydroxy-9-hexadecenoylcarnitine 0.004390 3.026049 
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Bilirubin 0.015088 5.216729 

Prostaglandin metabolism/ 

Omega Fatty acids 

15(S)-Hydroxyeicosatrienoic acid 0.008840 -2.746080 

Eicosenoic acid 0.000514 -2.176045 

8,11,14-Eicosatrienoic acid 0.000075 -1.666021 

Prostaglandin PGE2 glyceryl ester 0.000018 8.920992 

a Significant peaks (p < 0.05 and FDR <0.05 ) were identified using t-statistics and the false discovery rate method by Benjamini and Hochberg 

(Benjamini and Hochberg, 1995).  
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SUPPLEMENTAL FIGURES  

 

 

Figure S1 (related to Figure 1). High-level overexpression of Rrm1-D57NTg in 

skeletal and cardiac muscle in mice. (A-B) Dilution series of Rrm1-

D57N(low)Tg and Rrm1-D57N(high)Tg lysates. Serial dilutions were prepared in 

RIPA lysis buffer before a constant volume was separated on a 10% SDS-PAGE 

gel. Rrm1 was detected with mouse monoclonal anti-RRM1 antibody (AD203). 

Loading control. 25 g of each lysate was probed with mouse monoclonal anti-α-

tubulin.
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Figure S2 (related to Figure 2 or 3). Muscle degeneration in Rrm1-

D57N(low)Tg + Rrm2Tg bitransgenic adult mice. Tissues from 90-day old mice 

were fixed overnight in formalin at room temperature prior to embedding and 

sectioning. Skeletal (A-H) and heart (I-P) muscles were stained with H&E or 

Masson’s trichrome (MT). Both skeletal and cardiac muscles from bitransgenic 

mice display irregular fiber size and shape, large internal nuclei (black arrow), 

interstitial replacement fibrosis (yellow arrows), and vacuoles within muscle fibers 

(green arrow). Scale bars, 25 mm. 
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Figure S3 (related to Figure 2 or 3). Tissue pathology in Rrm1-D57NTg + 

Rrm2Tg bitransgenic mice. (A-B) Kidney degeneration in bitransgenic mice. 

Tissues were harvested from bitransgenic and control littermates at P11 and 

fixed overnight in 10% formalin. Sections were stained with H&E. The 

bitransgenic shows degeneration of cortical tubules, dilated tubules in the 

medulla, and fibrosis. Scale bars, 100 mm. (C-D) Hepatocellular swelling in 

bitransgenic liver. Tissues were harvested from bitransgenic and control 

littermates at P9 and fixed, sectioned, and H&E stained as previously. Black 
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arrow indicates focus of hepatocytes with abnormal accumulations of lipid or 

glycogen, leading to swollen appearance. Scale bars, 20 mm. (E-F) Periodic acid 

Schiff’s stain of neonate livers from (C-D). Hepatocytes with glycogen 

accumulation stain fuschia, while hepatocytes with lipid accumulation remain 

mostly white. Glycogen is abundant in the wild type liver but does not accumulate 

within hepatocytes. Scale bars, 25 mm.  
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Figure S4 (related to Figure 3). Representative M-mode echocardiographic 

images and measurements. (A-B) Right parasternal short axis view (left panel) 

and M-mode tracing (right panel) for wild type and bitransgenic hearts. Juvenile 

mice (6-8 days of age) were anesthetized with isoflurane and echocardiograms 

were performed using a Visual Sonics Vevo-2100 ultrasound fitted with an MS-

700 ultrasound probe. M-mode measurements were obtained from a right 

parasternal short axis view of the heart at the level of the papillary muscles. IVS 

(Interventricular Septum), LVFW (left ventricular free wall), LVID (left ventricular 

internal diameter), RVFW (right ventricular free wall), RVID (right ventricular 

internal diameter). 
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Figure S5 (related to Figure 6). Hierarchical cluster analysis of metabolites 

identified using mass spectrometry. In the clustering heat map, blue indicates 

upregulation, while red indicates downregulation. The dendogram and heat map 

pattern show the separation into two groups (Wild type vs Rrm1-D57NTg + 

Rrm2Tg) without using any prior statistical identification of differential metabolites 

indicating large overall differences in overall metabolite level. 
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