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Dissertation Abstract 

 

Mitochondrial proteins as Tumor Markers and  

Anti-Cancer Drug Targets 

 

Mansi Babbar 

Sponsor: M. Saeed Sheikh, MD., PhD 

 

Cancer is a major cause of morbidity and mortality. Identification and characterization of 

novel biomarkers are expected to facilitate early diagnosis and improve prognosis of 

human malignancies. Increasing number of studies have linked tumor progression with 

metabolic reprogramming. However, the players involved are not fully discovered. 

Therefore, understanding the cancer cell plasticity may offer a successful approach for an 

anti-cancer strategy. In this regard, we report the functional characterization of Coiled-

coil Helix Tumor and Metabolism 1 (CHTM1) and KM1 as important regulator of cancer 

cell metabolism. 

CHTM1 is localized in cytosol and mitochondrial inter-membrane space and regulates 

mitochondrial activity. Our results demonstrate that MIA40 appears to alter CHTM1 

mitochondrial localization and stability. Further, CHTM1 cysteine residues involved in 

CHTM1 folding modulates cellular distribution of CHTM1. Importantly, alterations in 

CHTM1 expression in cancer cells affect mitochondrial activity. Given that mitochondria 

play an important role in cellular response to nutrient stress, we sought to analyze the role 
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of CHTM1 in glucose/glutamine-deprived conditions. We have found that CHTM1 

deficiency enhances cancer cell sensitivity to glucose/glutamine starvation and metformin 

treatment. Additionally, increased sensitivity of CHTM1-deficient cells to metabolic 

stress could be in part due to inability to activate fatty acid oxidation. Further, targeting 

CHTM1 expression in cancer cells reduce fatty acid oxidation causing decrease in 

substrate availability under metabolic stress conditions. This can explain the increase in 

autophagy and protein catabolism in CHTM1-deficient cancer cells under metabolic 

stress conditions. Mechanistic studies suggest that CHTM1-mediated alterations in cancer 

cell metabolism under stress conditions involve modulation of PGC1 alpha-CREB-PKC 

signaling. We further demonstrate that under metabolic stress, CHTM1 deficiency 

activates p38-AIF1 pathway leading to increased cell death.  CHTM1 negatively 

regulates p38 and interacts with AIF1 altering AIF1 release from mitochondria under 

metabolic stress conditions.  These findings are highly significant because alterations in 

cancer cell metabolism are linked to pathogenesis of cancer. Most importantly, multiple 

human malignancies associated with breast, colon and lung tissues show increase in 

CHTM1 expression. CHTM1 appears to be a high value tumor marker, that has the 

potential to facilitate early diagnosis of human malignancies and could also serve as a 

target to develop novel therapeutics to manage human malignancies.  

In the second part of this manuscript, we report the characterization of a novel protein 

temporarily named as KM1. Our results indicate that KM1 is localized in the 

mitochondrial inner membrane and regulates mitochondrial activity. Metabolic stress-

induced increased cell death is noted in KM1 knockout cancer cells, a finding consistent 

with the defective mitochondria in KM1-deficient cells. Our results further demonstrate 
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that under metabolic stress KM1 regulates mitochondrial-mediated cell death. Most 

importantly, KM1 levels are upregulated in breast and lung cancer tissues. 

Collectively, our results suggest that CHTM1 and KM1 are novel proteins and are 

involved in regulating cancer cell metabolism.  



vi 

 

Table of Contents 

 

Chapter 1: Introduction ................................................................................................... 1 

Mitochondria ................................................................................................................... 1 

Mitochondrial Import ...................................................................................................... 7 

Mitochondrial Cell Death .............................................................................................. 11  

Mitochondrial Dysfunction and Diseases ..................................................................... 15 

Cancer and Metabolism ................................................................................................. 20  

Kinases and Transcription Factors in Cancer Cell Homeostasis................................... 27 

CHCHD Family............................................................................................................. 30 

    References ..................................................................................................................... 34 

 

Chapter 2: CHTM1, a novel metabolic marker deregulated in human malignancies 

…………………………………………………………………………………………....39 

    Abstract ......................................................................................................................... 40 

Introduction ................................................................................................................... 41 

Materials and methods .................................................................................................. 43 

Results ........................................................................................................................... 47 

   Discussion ...................................................................................................................... 89 

   References ...................................................................................................................... 97 



vii 

 

Chapter 3: CHTM1 regulates cancer cell sensitivity to metabolic stress via p38-AIF 

pathway .......................................................................................................................... 106 

Abstract ....................................................................................................................... 107 

Introduction ................................................................................................................. 108 

Material and Methods.................................................................................................. 111 

Results ......................................................................................................................... 115 

   Discussion .................................................................................................................... 145 

   References .................................................................................................................... 151 

 

Chapter 4: CHTM1, a novel substrate of MIA40 import pathway .......................... 153 

Abstract ....................................................................................................................... 154 

Introduction ................................................................................................................. 155 

Materials and methods ................................................................................................ 158 

    Results ......................................................................................................................... 161 

    Discussion ................................................................................................................... 176 

    References ................................................................................................................... 181 

 

Chapter 5: CHTM1, a novel regulator of autophagy in cancer cell ......................... 184 

    Abstract ....................................................................................................................... 185 

    Introduction ................................................................................................................. 186 



viii 

 

    Material and Methods ................................................................................................. 189 

    Results ......................................................................................................................... 192 

    Discussion ................................................................................................................... 211 

    References ................................................................................................................... 216 

 

Chapter 6: Characterization of KM1:  a novel mitochondrial protein linked to 

cancer cell metabolism .................................................................................................. 219  

    Abstract ....................................................................................................................... 220 

    Introduction ................................................................................................................. 221 

    Material and Methods ................................................................................................. 223 

    Results ......................................................................................................................... 228 

    Discussion ................................................................................................................... 251 

    References ................................................................................................................... 257 

 

Chapter 7: General discussion ..................................................................................... 261 

    References ................................................................................................................... 277 

    Significance................................................................................................................. 281 

 

Appendix: Metabolic Stress and Disorders Related to Alterations in Mitochondrial 

Fission or Fusion ........................................................................................................... 284 



ix 

 

List of Table and Figures 

 

 

Chapter 1: Introduction ................................................................................................... 1 

Figure 1-1. Schematic illustration of mitochondria and its compartmentalization ......... 3 

Figure 1-2.   MIA40 Import Pathway ............................................................................ 10 

Figure 1-3.   Mitochondria in cell death ........................................................................ 12 

Figure 1-4 Number of estimated cancer death with leading cancer sites ...................... 19 

Figure 1-5. Metabolic pathways in the presence and absence of the nutrients ............. 24 

Figure. 1-6 Solution structure of CHCHD5 (2LQL) ..................................................... 33 

 

Chapter 2: CHTM1, a novel metabolic marker deregulated in human malignancies

........................................................................................................................................... 39 

Figure 2-1. CHTM1 sequence and cellular distribution ................................................ 48 

Figure 2-S1. CHTM1 is evolutionary conserved .......................................................... 50 

Figure 2-2. CHTM1 regulates mitochondrial function and cellular sensitivity to    

glucose/glutamine deprivation ...................................................................................... 54 

Figure 2-S2. CHTM1 regulates glycolysis and cellular sensitivity to glucose/glutamine 

deprivation ..................................................................................................................... 56 

Figure 2-3. CHTM1 regulates lipid metabolism ........................................................... 59 



x 

 

Figure 2-S3. CHTM1 regulates lipid accumulation in cancer cells   ............................ 61  

Figure 2-4. CHTM1 regulates PGC-1 alpha expression and activity ........................... 64 

Figure 2-5.1. CHTM1 regulates CREB phosphorylation. ............................................. 67  

Figure 2-5.2. CHTM1 regulates CREB phosphorylation via PKC. .............................. 68 

Figure 2-6. Glc/Gln deprivation regulates cellular distribution of CHTM1. ................ 71 

 Figure 2-7. CHTM1 levels are deregulated in human cancers………………………..74 

Figure 2-S5. CHTM1 levels are upregulated in colon cancer ....................................... 76 

Figure 2-S6. CHTM1 levels are upregulated in breast cancer ...................................... 77 

Table 2-S1.  Clinicopathological features of colon cancer patient samples analyzed by 

western blot ................................................................................................................... 78 

Table 2-S2. Clinicopathological features of colon cancer patient samples analyzed 

immunohistochemistry .................................................................................................. 81 

Table 2-S3.  Clinicopathological features of breast cancer patient samples analyzed by 

western blot ................................................................................................................... 84 

Table 2-S4. Clinicopathological features of colon cancer patient samples analyzed by 

immunohistochemistry .................................................................................................. 85 

Figure 2-S7. CHTM1 deficiency regulates cellular urea levels .................................... 92 

Figure 2-8. Proposed model depicting the function of CHTM1as a novel modulator of 

metabolic stress ............................................................................................................. 95 

 



xi 

 

Chapter 3: CHTM1 regulates cancer cell sensitivity to metabolic stress via p38-AIF 

pathway .......................................................................................................................... 106 

Figure 3-1.  Alterations in CHTM1 levels affect sensitivity of lung cancer cells to 

metabolic stress. .......................................................................................................... 117 

Figure 3-2. Alterations in CHTM1 levels affect sensitivity of lung cancer cells to 

metformin treatment .................................................................................................... 119 

Figure 3-3. CHTM1 deficiency-associated metabolic stress-induced cell death is 

caspase-independent. ................................................................................................... 121 

Figure 3-4. CHTM1 regulates AIF1 cellular distribution in response to metabolic stress

 ..................................................................................................................................... 125 

Figure 3-5. CHTM1 regulates AIF1 cellular distribution in response to metabolic stress

 ..................................................................................................................................... 126 

Figure 3-6. Metabolic stress regulates CHTM1-AIF1 interactions............................. 128 

Figure 3-7. CHTM1 modulates p38 phosphorylation under glucose/ glutamine deprived 

condition ...................................................................................................................... 132 

Figure 3-8. CHTM1 regulates p38 phosphorylation under metformin treatment ....... 133 

Figure 3-9. CHTM1 affects sensitivity of lung cancer cells to metabolic stress in p38-

AIF1-dependent manner .............................................................................................. 134 

Figure 3-10. CHTM1 is deregulated in human lung cancer ........................................ 137 

Figure 3-S1. CHTM1 levels are upregulated in lung cancer......................................  139 



xii 

 

Table 3-S1.  Clinicopathological features of samples representing matching normal and 

tumor tissues from patients with lung cancer analyzed by Western blot analyses ..... 140 

Table 3-S2.  Clinicopathological features of samples representing matching normal and 

tumor tissues from patients with lung cancer analyzed by immunohistochemistry ...... 42 

Figure 3-S2. Metformin downregulates CHTM1 expression...................................... 149        

Figure 3-S3. Schematic illustration depicting the role of CHTM1 in regulating cancer 

death under metabolic stress ....................................................................................... 150 

 

Chapter 4: CHTM1, a novel substrate of MIA40 import pathway .......................... 153 

Figure 4-1. CHTM1 is a soluble protein present in oxidized form inside the cells.. .. 162 

Figure 4-2. CHTM1 interacts with MIA40 ................................................................. 165 

Figure 4-3. Mapping of CHTM1 interaction region in CHTM1-MIA40 interaction.. 169 

Figure 4-S1. Role of CHCH domains in mitochondrial localization of CHTM1 ....... 171 

Figure 4-S2. Effect of single point mutation of cysteine residues in CHTM1 on 

MIA40-CHTM1 interaction. ....................................................................................... 173 

Figure 4-4. MIA40 regulates CHTM1 levels .............................................................. 175 

Figure 4-S3. Solution structure of CHTM1 and MIA40 ............................................. 178 

Figure 4-S4. CHTM1, AIF and MIA40 forms a complex .......................................... 180 

 

Chapter 5: CHTM1, a novel regulator of autophagy in cancer cell ......................... 184 



xiii 

 

Figure 5-1. CHTM1 expression is increased in multiple human malignancies .......... 194 

Figure 5-S1. Tissue distribution of human CHTM1 protein ....................................... 195 

Figure 5-2. CHTM1 regulates autophagy ................................................................... 197 

Figure 5-S2. CHTM1 regulates mitochondrial morphology ....................................... 199 

Figure 5-3. CHTM1 deregulates amino-acid metabolism ........................................... 201  

Figure 5-4. CHTM1 regulates autophagy under metabolic stress ............................... 203                                       

 Figure 5-S3(A&B). Global impact of CHTM1 deficiency on metabolic pathways on 

glucose/ glutamine deprivation ................................................................................... 205 

 Figure 5-S3(C&D). Metabolite heap map analyses of CHTM1-proficient and -

deficient cells under glucose/ glutamine deprived conditions .................................... 206 

Figure 5-5. Metabolite heap map analyses of effect of CHTM1 deficiency ............... 208 

Figure 5-6. Metabolite set enrichment analyses of CHTM1- proficient and -deficient 

cells under glucose/ glutamine deprived conditions ................................................... 209 

Figure 5-7 Metabolite set enrichment analyses of CHTM1- proficient and -deficient 

MCF-7 cells ................................................................................................................. 210 

Figure 5-8. CHTM1 regulates cancer cell metabolism ............................................... 214 

 

Chapter 6: Characterization of KM1:  a novel mitochondrial protein linked to 

cancer cell metabolism .................................................................................................. 261 

Figure 6-1.1. KM1 nucleotide and amino acid sequence ............................................ 230  

Figure 6-1.2. Expression of exogenous and endogenous KM1 .................................. 231 



xiv 

 

Figure 6-S1. KM1 is evolutionarily conserved ........................................................... 232 

Figure 6-S2. KM1 expression in human tissues .......................................................... 233 

Figure 6-2. KM1 localizes to mitochondria ................................................................ 236 

Figure 6-3. KM1 expression regulates mitochondrial activity .................................... 239 

Figure 6-S3. KM1 deficiency may not induce oxidative stress .................................. 240  

Figure 6-4 KM1 modulates cancer cell sensitivity to glucose/ glutamine deprivation 242        

Figure 6-5. KM1 regulates mitochondrial mediated cell death in response to metabolic 

stress ............................................................................................................................ 244 

Figure 6-6. KM1 is deregulated in human malignancies  ........................................... 246 

Figure 6-S4. KM1 is deregulated in multiple human malignancies ............................ 247 

Figure 6-7. KM1 is deregulated in human malignancies ...........................................  248 

Table 6-S1.  Clinicopathological features of samples representing matching normal and 

tumor tissues from patients with breast cancer analyzed by Western blot analyses ... 249 

Table 6-S2.  Clinicopathological features of samples representing matching normal and 

tumor tissues from patients with lung cancer analyzed by Western blot analyses. .... 249 

Figure 6-S5 KM1 deficiency regulates lipid droplet accumulation ............................ 253 

Figure 6-8. Hypothetical model showing the role of KM1 under metabolic stress .... 256 

 

Chapter 7: General Discussion .................................................................................... 261 

    Figure 7-1. CHTM1 in cancer cell metabolism……………………………………...273 

 



xv 

 

List of Abbreviations 

 

2DG 2-Deoxyglucose 

5-FU 5-Fluorouracil 

A Alanine 

ACC Acetyl-Coa Carboxylase 

AIF1  Apoptosis-Inducing Factor 1 

AMP Adenosine Monophosphate 

AMPK 5' Adenosine Monophosphate-activated Protein Kinase 

AMS 4-Acetamido-4'-Maleimidylstilbene-2,2'-Disulfonic Acid 

ANT Adenine Nucleotide Translocase 

ATP Adenosine Triphosphate 

BID BH3 Interacting-Domain Death Agonist, 

BSA Bovine Serum Albumin 

C Cysteine 

CCDC51 Coiled-Coil Domain Containing 51 

cDNA Complementary DNA 

CHCHD Coiled-Coil-Helix-Coiled-Coil-Helix Domain 

CHCM1 Coiled Coil Helix Cristae Morphology 1 

CHTM1 Coiled Coil Helix Tumor and Metabolism 1 

CIP Calf Intestinal Protease 

cPARP Cleaved PARP 

CPT1b Carnitine Palmitoyltransferase 1b 



xvi 

 

CREB cAMP Response Element Binding 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

C-terminal Carboxy Terminal 

Cys Cysteine 

DAF-FM 4-Amino-5-Methylamino-2',7'-Difluorofluorescein  

DAPI 4', 6-Diamidino-2-Phenylindole  

DCF-DA  2’,7’ –Dichlorofluorescin Diacetate 

DCIS  Ductal Carcinoma In Situ 

DHR123 Dihydro-rhodamine 123 

DMEM Dulbecco’s Modified Eagle’s Medium  

DMSO Dimethyl Sulfoxide 

DNA Deoxyribonucleic Acid 

DTT Dithiothreitol 

EDTA Ethylenediaminetetraacetic Acid 

EGTA Ethylene Glycol Tetra-acetic Acid 

EST Expressed Sequence Tag 

FAD Flavin Adenine Dinucleotide 

FAO Fatty Acid-Oxidation 

FASN Fatty Acid Synthase 

FBS Fetal Bovine Serum 

FITC Fluorescein isothiocyanate 

GFP Green Fluorescent Protein 

Glc Glucose 



xvii 

 

Glu Glutamine 

H202 Hydrogen Peroxide 

HA Hemagglutinin 

HEPES 4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic Acid 

IHC Immunohistochemistry 

IM Inner Membrane 

IMS Inter Membrane Space 

IP Immuno-precipitation 

IPTG Isopropyl Β-D-1-Thiogalactopyranoside 

ITS IMS-Targeting Signal 

KD Knockdown 

kDa Kilodalton 

LDHA Lactate Dehydrogenase A  

LKB1 Liver Kinase B1 

mAbs Monoclonal Antibodies  

MAPK Mitogen-Activated Protein Kinase 

MCF-7 Michigan Cancer Foundation-7 

MIA40 Mitochondrial Intermembrane Space Import and Assembly Protein 40 

MISS Mitochondria IMS-Sorting Signal 

MMP Mitochondrial Membrane Potential 

MOI Multiplicity of Infection 

mtDNA Mitochondrial DNA 

MTT 3-[4, 5-Dimethylthiazol-2-Yl]-2, 5-Diphenyl Tetrazolium Bromide  



xviii 

 

Na3VO4 Sodium Orthovanadate  

NAC N-Acetyl Cysteine 

NADH Nicotinamide Adenine Dinucleotide 

NMR Nuclear Magnetic Resonance 

NRF Nuclear Respiratory Factor 

NSCLC Non-Small-Cell Lung Cancer  

N-terminal Amino- Terminal 

OCR Oxygen Consumption Rate 

OM Outer Membrane 

ORF Open Reading Frame 

Oxphos Oxidative Phosphorylation 

PBS Phosphate Buffer Saline 

PDB Protein Data Bank 

PGC-1 alpha Peroxisome Proliferator-Activated Receptor-Gamma Coactivator-1alpha 

PKC Protein Kinase C 

RNA Ribonucleic Acid 

RNAi RNA Interference  

RNS Reactive Nitrogen Species 

ROS Reactive Oxygen Species 

RT-PCR Reverse Transcription-Polymerase Chain Reaction 

SCR Scramble 

SDS-PAGE Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 

sgRNA Single-Guide RNA 



xix 

 

siRNA Small Interfering RNA 

SREBP Sterol Regulatory Element-Binding Protein  

TCA Tricarboxylic Acid 

TM Transmembrane 

TMD Transmembrane Domain 

TMRM Tetramethyl-rhodamine 

TNM Tumor-Nodes-Metastasis 

TOM Translocase of Outer Membrane 

UV Ultraviolet 

VDAC Voltage-Dependent Anion Channel 

WB Western Blot 

WT Wild Type 

 

 



  Chapter 1 

1 
 

Chapter 1 

 

Introduction 

I. Mitochondria 

Mitochondria are semi-autonomous organelle that play an important role in growth and 

survival of eukaryotic cells. Mitochondria are multifunctional organelles involved in 

various cellular processes including metabolism, cell death, ATP generation and various 

cellular signaling pathways. Structurally mitochondria are double-membrane organelles 

comprising four major compartments: outer membrane (OM), inter membrane space 

(IMS), inner membrane (IM) and matrix (Fig. 1-1). Each mitochondrial compartment has 

its role in regulating mitochondria activity. Mitochondrial outer membrane separates 

mitochondria from rest of the cellular compartment, regulates mitochondrial morphology, 

contact sites and regulates the import/export of mitochondrial proteins. Mitochondrial IMS 

mainly regulates mitochondrial membrane potential and release of apoptotic proteins like 

cytochrome c, Smac, AIF and also provides reducing environment for the formation of 

disulfide bonds. Further, mitochondrial inner membrane provides the site for electron 

transport chain and oxidative phosphorylation, whereas mitochondrial matrix is involved 

in maintaining the mitochondrial genome and is also a major site for various metabolic 

processes. 

Mitochondrion is considered as the power house of the cell. Mitochondria uptake the 

substrates (carbohydrates, amino acids and fatty acids) from the cytosol using 
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mitochondrial OM and IM transporters for the import. Once inside the mitochondrial 

matrix, substrates get catabolized with the help of TCA cycle and β-oxidation, synthesizing 

electron carriers NADH and FADH2. NADH and FADH2 donate electrons to the ETC 

chain. The downstream flow of electrons from complexes I, III and IV releases the free 

energy which fuels the pumping of protons in the IMS creating the mitochondrial 

membrane potential (MMP). The resulting proton motive force is used to pump protons 

back to the matrix via F0F1 ATP synthase coupled with oxidative phosphorylation causing 

ATP production (Fig. 1-1). However, this flow of electron is not 100% efficient leading to 

electron leak from ETC complexes I, II, and III. Incomplete reduction of oxygen (O2) by 

the leaked electrons cause generation of superoxide radicals (O−∙). Mitochondrial and 

cytosolic dismutase convert the superoxide radicals to more stable and permeable hydrogen 

peroxide (H2O2). The reactive oxygen species (ROS) thus formed are important signaling 

molecules. As low ROS levels enhance the mitogenic signaling, cancer cells produce large 

amounts of H2O2. However, further increase in ROS levels enhances cancer cell sensitivity 

to cell death. Furthermore, mitochondria also aid in maintaining intracellular Ca2+ 

homeostasis, and dysregulation which otherwise leads to cell death. 

a. Mitochondrial homeostasis 

Mitochondrial dysfunction is linked to various disorders including cancer, type 2 diabetes, 

cardiomyopathy, and atherosclerosis (Babbar and Sheikh, 2013). Therefore, mitochondrial 

homeostasis is essential for normal cell growth and survival. Cells regulate mitochondrial 

mass and number depending upon the internal and/or external stimuli via balancing 

mitochondrial biogenesis, mitochondrial dynamics and mitophagy.  
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Figure 1-1. Schematic illustration of mitochondria and its compartmentalization 

(Taken from Pourahmad et al., 2015). 1.  Nuclear encoded proteins get inside the 

mitochondria mainly through a transport machinery classified as translocase of the outer 

membrane (TOM). Imported protein gets sorted based on the protein sequence. 2. 

Mitochondria also import various substrates with the help of transporters for TCA cycle 

and fatty acid oxidation inside mitochondrial matrix 3. Mitochondria utilize high energy 

NADH and FADH2 from TCA cycle to generate mitochondrial membrane potential 

(MMP) and ATP molecules. 4. Energy stress activates mitochondrial biogenesis and 

mitochondrial gene transcription via AMPK-PGC-1 alpha activation. 5. Activation of death 

signaling causes mitochondrial outer membrane permeabilization (MOMP) leading to 

release of pro-apoptotic proteins including cytochrome c and AIF. 
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b.  Mitochondrial homeostasis 

Mitochondrial dysfunction is linked to various disorders including cancer, type 2 diabetes, 

cardiomyopathy, and atherosclerosis (Babbar and Sheikh, 2013). Therefore, mitochondrial 

homeostasis is essential for normal cell growth and survival. Cells regulate mitochondrial 

homeostasis via balancing mitochondrial biogenesis, mitochondrial dynamics and 

mitophagy.  

i. Mitochondrial biogenesis 

Mitochondrial biogenesis is a complex process ranging from the transcription of 

mitochondrial encoded proteins to the import of nuclear encoded mitochondrial protein.  

Mitochondria themselves regulate the mitochondrial biogenesis by regulating mtDNA 

transcription and translation; import of nuclear encoded proteins and mitochondrial 

morphology. 

The transcription of mitochondrial encoded proteins from mtDNA is mainly regulated by 

the transcription factor A, mitochondrial (TFAM). On the other hand, the transcriptional 

regulation of the nuclear encoded mitochondrial proteins depends on various nuclear 

transcription factors including nuclear respiratory factors (NRF1 and NRF2), (Ploumi et 

al., 2017) and coactivators, mainly proliferator-activated receptor gamma coactivator-1 

alpha (PGC-1α). PGC-1α regulates NRFs’ activity by direct interaction in the nucleus 

whereas, TFAM regulates transcription of mtDNA. 

Various lines of evidence suggest that PGC-1α plays an important role in mitochondrial 

biogenesis (Lehman et al., 2000; Herzig et al., 2003; Herzig et al., 2001). PGC-1α has been 

related to various metabolic disorders including mitochondrial dysfunction, insulin 
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resistance and type 2 diabetes. To our interest, PGC-1α is induced during exercise (Rowe 

et al., 2012) and fasting (Kelly and Huss, 2004), and is also involved in metabolic switch 

from glucose to fatty acid oxidation (Lehman and Kelly, 2002). These studies suggest 

PGC-1α to be one of the key players involved in metabolic regulation. 

PGC-1α is a co-activator of various transcription factors, including NRF1 and NRF2 genes 

(Wu et al., 1999) and is involved in the transcription of TFAM. PGC-1α also recruit histone 

acetyltransferase (HAT) containing proteins like SRC-1 and p300 to the transcription 

complex (Puigserver et al., 1999) to regulate the mitochondrial biogenesis, fatty acid 

oxidation and gluconeogenesis (Lin et al., 2004). PGC-1 α expression is induced during 

the exercise, exposure to cold and fasting (Yoon et al., 2001; Puigserver and Spiegelman, 

2003). Further, various post-translational modifications such as phosphorylation, 

acetylation, and arginine methylation regulate PGC-1 α activity (Clapier et al., 2008). For 

instance, AMP-activated kinase (AMPK) is activated during the energy stress (Hardie et 

al., 2012), which further activates PGC-1 α by phosphorylation (Canto et al., 2009). PGC-

1α itself is regulated at the transcriptional level by various transcription factors such as 

cAMP response element-binding protein (CREB) and its further post transcriptional 

modifications regulates PGC-1 α protein stability. PGC-1 α has also been linked to cancer 

invasiveness and metastasis (LeBleu et al., 2014). 

ii. Mitochondrial dynamics 

Mitochondria are dynamic organelles which undergo fission and fusion. Mitochondrial 

dynamics play an important role in the cell cycle regulation, apoptosis, mitochondrial 

quality control, mitophagy, mtDNA stability, OXPHOS and mitochondrial cellular 

distribution via regulation of mitochondrial motility (Babbar and Sheikh, 2013). 
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Mitochondrial morphology is maintained by the balance between the components of 

mitochondrial fission and fusion which are further regulated by the metabolic demands 

(Babbar and Sheikh, 2013). Mitochondrial fission is regulated by various proteins such as 

Drp1, hFis1 and Mff1. Drp1 is one of the most well studied mitochondrial fission protein. 

Drp1, a GTP1ase, binds to the mitochondrial OM forming a rim and leads to mitochondrial 

constriction and therefore, fission. However, mitochondrial fusion is a two-step process 

which involves the fusion of OM followed by the fusion of IM. The fusion of OM and IM 

is regulated by Mfn1/Mfn2 and Opa1, respectively. Mfn1 and Mfn2 are GTP1ases, which 

form dimers between the fusing mitochondria and helps in mitochondrial fusion (Babbar 

and Sheikh, 2013). Mitochondrial fission and fusion are regulated by the intra-

mitochondrial and extra-mitochondrial factors. Mitochondrial membrane potential (MMP) 

plays an important role in the mitochondrial fusion. Disruption of MMP downregulates 

Opa1 activity and thereby mitochondrial fusion. On the other hand, various post-

transcriptional modifications alters Drp1 mitochondrial localization and mitochondrial 

fission (Babbar and Sheikh, 2013). Studies have shown increase in mitochondrial fusion 

under the energy stress conditions. However, it is not clear that how cells adapt their 

mitochondrial network to stress conditions. 

iii. Mitophagy 

Mitochondrial autophagy or mitophagy is a crucial process regulating mitochondrial 

physiology and activity. Mitophagy involves engulfment of unhealthy mitochondria with 

the help of autophagosomes. Disruption of mitochondrial membrane potential leads to 

PINK1 activation through dimerization and autophosphorylation. Activated PINK1 leads 

to Parkin-mediated ubiquitination of mitochondrial proteins. Mitochondria with 
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ubiquitinated proteins on OMM are further targeted to phagophores for mitophagy. Various 

other mitochondrial proteins including Bnip3, Nix, FUNDC1, Bcl-Rambo and lipids like 

cardiolipin are involved in targeting mitochondria to bind with LC3 II on phagophore for 

the degradation (Ploumi et al., 2017).  

Cells regulate mitochondrial homeostasis by regulating mitochondrial biogenesis and 

mitophagy. Cellular stresses causing an increase in cAMP and AMP levels directly activate 

PKA and AMPK, respectively. Activated AMPK leads to mTOR inhibition and therefore, 

activation of autophagy. 

 

II. Mitochondrial Import 

More than 99% of mitochondrial proteins are encoded by the nuclear genome and 

synthesized by cytosolic ribosomes, whereas mitochondrial genome only encodes for 13 

proteins involved in the electron transport chain. Therefore, mitochondrial biogenesis relies 

heavily on the efficient import of the nuclear encoded proteins. These pre-proteins are 

imported from the cytosol and folded in the mitochondria. To begin with the mitochondrial 

import, proteins synthesized in the cytosol binds to the chaperon proteins mainly HSP90, 

HSP70, and HSP40. Nuclear encoded newly synthesized mitochondrial precursors proteins 

interact with cytosolic chaperones to prevent their aggregation and degradation. Most of 

the nuclear encoded mitochondrial proteins utilize outer membrane translocase, TOM 40 

before being sorted to different compartments. HSP90 with its cargo protein binds to 

TOM70 receptor of TOM complex machinery. This helps the binding of the cargo protein 

to TOM70 receptor leading to transport of the cargo across the OM via TOM40 pore 
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(Gabriel et al., 2003). Once inside the mitochondria, cargo proteins are further sorted with 

the help of various other mitochondrial proteins. Mitochondria mainly utilize five major 

pathways for the import of the cytosolic precursor proteins into the mitochondria. Various 

matrix proteins and inner membrane proteins contain N-terminal mitochondrial targeting 

signal (MTS). The MTS gets cleaved by mitochondrial peptidases upon entry of the protein 

into the mitochondria (Wiedemann and Pfanner, 2017). Rest of the mitochondrial proteins 

do not rely on mitochondrial targeting pre-sequence for their import into the mitochondria. 

Hydrophobic inner membrane carrier proteins are imported by translocase of the outer 

membrane (TOM) and the translocase of the inner membrane (TIM) transport machinery 

with the help of TIM chaperons; β-barrel containing outer membrane proteins utilizes TOM 

and sorting and assembly machinery (SAM) for mitochondrial import. Proteins with 

cysteine rich motifs utilize TOM and the mitochondrial import and assembly (MIA) 

transport machinery. Finally, α-helical transmembrane segments containing outer-

membrane proteins involve mitochondrial import (MIM) complex for mitochondrial 

import. IMS proteins mainly fall into two categories; one with MTS that employs TIM23 

for import and the other with cysteine rich motif which undergoes oxidative folding by 

utilizing disulfide relay machinery mediated by MIA40/CHCHD4. 

a. Mitochondrial disulfide relay import machinery 

MIA40/CHCHD4.1-mediated import utilizes IMS targeting signal called ITS or MISS. 

ITS/MISS sequence is comprised of 9 amino acids, which resides upstream or downstream 

of a specific cysteine residue essential for the docking of MIA40, when the substrate 

protein is accommodated in the MIA40 binding cleft. MIA40 forms covalent disulfide bond 

between its cysteine-proline-cysteine (CPC) motif and cysteine residue of the substrate 
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protein. This interaction is followed by the formation of intra-molecular disulfide bonds in 

the substrate protein leading to oxidative folding of the substrate protein. Reduced CPC 

motif thus formed is regenerated with the help of FAD linked sulfhydryl oxidase ALR, a 

human analog of Erv1 (Fig. 1-2). MIA40 is involved in the import of multiple subunits of 

electron transport chain complexes. Defects in the import pathways or mutation in these 

MIA40 substrate complex subunits are associated with the defects in the mitochondrial 

activity and morphology (Kroemer et al., 2016). 

MIA40 is an evolutionary conserved protein. In yeast, Mia40 is IM anchored, whereas in 

humans, MIA40 is soluble but interacts with an IM anchored flavoprotein AIF1. MIA40 

directly interacts with AIF1 with the help of its N terminal region (Hangen et al., 2015). 

NADH binding to AIF1 enhances the interaction between AIF1 and MIA40. Studies have 

also reported that the AIF1-MIA40 interaction increases MIA40 protein stability. 

Therefore, AIF1 deficiency is linked to reduced MIA40 protein level which ultimately 

leads to defective electron transport chain assembly  (Hangen et al., 2015). 
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Figure 1-2. MIA40 import pathway. Cysteine-rich proteins with MISS/ITS sequence are 

guided to mitochondrial OM with the help of chaperones. The cysteine rich precursor 

protein utilizes TOM complexes to enter into the IMS. Inside the IMS, the precursor protein 

interacts with MIA40 CPC motif and gets oxidized, leading to formation of disulfide bonds 

in the precursor protein. The oxidative folding helps in the retention of proteins inside the 

mitochondria. Reduced MIA40 is oxidized with the help of ALR. ALR further passes the 

electrons down to cytochrome c in the electron transport chain. [Picture taken from 

(Wiedemann and Pfanner, 2017)]. 
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III. Mitochondrial Cell Death 

Mitochondria play an important role in regulating various cell death pathways. 

Mitochondria help in regulating both intrinsic and extrinsic apoptotic pathways. In the 

extrinsic pathway, activation of the cell surface death receptors by ligand binding leads to 

the formation of death-inducing signaling complex (DISC).  This causes the activation of 

initiator caspase-8, followed by the activation of effector caspases including caspase-3 

which cleaves various regulatory and structural proteins in cells. DISC may also cause the 

activation of BH3 only protein, Bid and therefore may result in mitochondrial outer 

membrane permeabilization (MOMP) followed by the release of pro-apoptotic proteins. 

a. Intrinsic pathway of apoptosis: caspase-dependent pathway 

Caspases are cysteine-dependent aspartate-directed proteases. Intrinsic apoptosis involves 

stress-mediated loss of mitochondrial membrane potential leading to mitochondrial outer 

membrane permeabilization. MOMP further causes release of apoptogenic proteins like 

cytochrome c, AIF1, and Smac/DAIBLO (Second mitochondria-derived activator of 

caspase/direct inhibitor of apoptosis-binding protein with low pI). Cytochrome c, once 

released from mitochondria, interacts with and activates Apaf1 (apoptotic protease 

activating factor-1) to form the apoptosome. Apoptosome proteolyzes and activates pro 

caspase-9. Activated-caspase-9 activates effector caspases-3, 6, and 7, which play an 

important role in cell apoptosis. On the other hand, Smac/DIABLO induces cell death by 

neutralizing IAPs (inhibitor of apoptosis proteins) and thus, promoting caspase 9 and 

further effector caspase activation. 
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Figure 1-3.   Mitochondria in cell death.  [Picture adapted from (Kroemer et al., 2007)]: 

Mitochondria sequester various pro-apoptotic proteins. Caspase Dependent Pathway - 

Apoptotic insult causing mitochondrial membrane permeabilization (MMP) releases 

cytochrome c. Released cytochrome c aids in the formation of the apoptosome, and 

Caspase 9 activation. Activated Caspase 9 initiates effector caspase cascade, eventually 

leading to cell death. On the other hand, mitochondria also release Smac/DIABLO and 

Omi/HrtA2 which block IAPs activity and further promotes apoptosis. Caspase 

Independent Pathway - Mitochondria release AIF1 and Endonuclease G in response to 

pro-apoptotic signals.  AIF1 and EndoG translocate to nucleus and causes DNA 

fragmentation (Kroemer et al., 2007). 
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i. Bcl-2 family modulates MOMP 

The opening of mitochondrial outer-membrane pores is a pre-requisite in caspase-

dependent and/or caspase-independent cell death. OMM integrity is maintained, in part, by 

Bcl-2 family of proteins. Bcl-2 family proteins share BH3 (Bcl-2 homology) domains and 

are grouped into three functional groups: anti-apoptotic, pro-apoptotic and BH3-only 

proteins (Parsons and Green, 2010). Anti-apoptotic Bcl-2 family of protein includes Bcl-

2, Bcl-xL, Bcl-w and Mcl-1. These proteins sequester pro-apoptotic proteins and therefore, 

prevent the opening of the pores in OMM. Pro-apoptotic Bcl-2 family proteins, Bax and 

Bak oligomerize to form pores in OMM, causing the permeabilization. Lastly, BH3 only 

proteins including Bid, Bim, NOXA, and PUMA work indirectly by activating pro-

apoptotic proteins and inhibiting anti-apoptotic proteins. 

b. Intrinsic pathway of apoptosis: caspase-independent AIF1 pathway 

Although caspase activation is considered as a critical event in the apoptosis induction, 

recent studies suggest the existence of caspase-independent cell death (CICD) 

phenomenon. AIF1, is perhaps the best studied example of a CICD mediator. AIF1 is a 

flavoprotein encoded by a single gene on the X chromosome, and is ubiquitously expressed 

in human organs. AIF1 is synthesized as 67kDa polypeptide with a N-terminal MTS. After 

mitochondrial import and processing, 62kDa mature AIF1 protein binds to IM with the 

help of transmembrane domains. AIF1 also binds to FAD and NADH which regulates its 

confirmation. Under non-stress conditions, AIF1 is mainly localized in the mitochondria 

and is anchored to mitochondrial inner membrane by its N-terminus. AIF1 is a bifunctional 

protein. Inside the mitochondria, it is an oxidoreductase and helps in maintaining the 

electron transport chain, whereas once released from the mitochondria, AIF1 acts as a pro-
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apoptotic protein. Mitochondrial AIF1 acts as a NADH oxidase and regulates oxidative 

phosphorylation. This may explain embryonic lethality observed in AIF1-knockout mice 

(Brown et al., 2006). Apoptotic stimuli induce proteolytic cleavage of AIF1 with the help 

of calpains and cathepsins in the caspase-independent manner. Mitochondrial membrane 

permeabilization aids in the release of the cleaved AIF1 to the cytosol, which further results 

in AIF1 translocation to the nucleus with the help of nuclear localization signal. Studies 

have shown a link between AIF1-mediated apoptosis and cellular autophagy (Irina, 2011). 

In the cytosol, AIF1 interacts with multiple proteins including Hsp70, XIAP, EIF3, T-cell 

ubiquitin ligand (TULA), and cyclophilin A (Irina, 2011). Inside the nucleus, AIF1 is 

involved in the chromatin condensation and DNA fragmentation with the help of 

endonucleases. 

In addition to its role in maintaining mitochondrial activity, AIF1 plays an important role 

in the developmental as well as pathological cell death. AIF1 is found to be mutated in 

various pathological conditions including X-linked recessive auditory neuropathy and 

mitochondriopathy causing encephalomyopathy and cardiomyopathy. AIF1 deficiency is 

also associated with the reduction in ETC subunits. Other than its role as NADH oxidase 

in mitochondria, AIF1 is also involved in the CHCHD4.1/MIA40 import and thus regulates 

the import and proper folding of other mitochondrial proteins. Defects in OXPHOS 

induced by AIF1 deficiency can be rescued by the MIA40 overexpression. Mitochondrial 

defects observed in AIF1 deficiency resemble those found upon MIA40 knockdown or 

knockout (Modjtahedi et al., 2015). 
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IV. Mitochondrial Dysfunction and Diseases 

Mitochondrial dysfunction is linked to various genetic and acquired disorders. Mutations 

in the mitochondrial proteins are associated with various pathophysiological disorders 

including autosomal dominant optic atrophy (ADOA), costeff optic atrophy syndrome, 

charcot-marie tooth type 2A/4A, Wolf-Hirschhorn Syndrome and neonatal lethality 

(Babbar and Sheikh, 2013). 

a. Metabolic disorders 

Mitochondria are the major sites for metabolic biochemical reactions and therefore, 

mitochondrial dysfunction leads to metabolic disorders. Enhanced mitochondrial activity 

has been linked to cancer aggressiveness and metastasis (Fogal et al., 2010; Funes et al., 

2007; LeBleu et al., 2014; Martinez-Outschoorn et al., 2016). Recent studies have revealed 

that people with diabetes are at the increased risk of cancer of various major organs 

including the pancreas, liver, endometrium, breast, colon, rectum and urinary bladder 

(Kasznicki et al., 2014). Various common risk factors are associated with type 2 diabetes 

mellitus (T2DM) and cancer including aging, obesity and smoking. Anti-diabetic agent, 

metformin, is under investigation for its anti-cancer properties. Various mechanisms have 

been proposed for metformin’s anticancer effect including mTORC1 inhibition; inhibition 

of insulin/IGF1/PI3K/Akt signaling; AMPK activation (which also causes mTORC1 

inhibition), p53 activation and complex I inhibition. Liver Kinase B1 (LKB1) is an 

upstream kinase of AMPK. Studies have revealed that decrease in LKB1 activity is 

associated with increased sensitivity to metformin (Shackelford et al., 2013). 

Understanding the interplay between mitochondria and metabolic processes will provide 

targets for anti-cancer therapy. Further, increased mitochondrial activity has also been 
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linked to cancer stem cell maintenance and survival (Lamb et al., 2015). Therefore, 

targeting mitochondrial activity using mitocans has emerged as a novel anti-cancer 

treatment strategy. One of the most valued such anti-cancer agent is metformin. For 

decades, metformin is in use as an anti-diabetic agent. Studies linked the metformin usage 

to reduced cancer risk, thereby attributing metformin as an anticancer agent. Increased 

metformin effectiveness has been linked to reduced/limited glucose availability (Martinez-

Outschoorn et al., 2016). Limited glucose availability also increases cancer cell sensitivity 

to OXPHOS inhibitors (Palorini et al., 2013).  These studies suggest that a two-fold 

approach utilizing OXPHOS inhibitors and lower glucose availability may emerge as a 

promising anti-cancer therapy. However, most of the known OXPHOS inhibitors show low 

specificity to cancer cells causing toxic adverse effects. Therefore, there is a need to find 

the targets that can alter mitochondrial activity specifically in cancer cells and make them 

more sensitive to low glucose stress. 

b. Cancer 

Cancer is an assembly of defects which can affect human body at more than 100 different 

sites. Journey from a normal cell to cancer cell involves alterations in intracellular and 

extracellular factors. Cells are biochemical systems which utilize metabolites to carry out 

essential processes involved in cell growth, maintenance, reproduction and death. In 

response to the change in nutrient availability and energy demands, cancer cells adapt to 

utilize variable energy substrates. This metabolic flexibility is an essential feature for the 

cell survival under metabolic stress conditions. However, cancer cells in order to enhance 

the oncogenic potential, undergo reversible (activation/inhibition) or irreversible changes 

(deletions/mutations). Cancer cells exhibit multiple hallmarks during the cancer 
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progression including enhanced  proliferative signaling, evasion from  growth suppressors, 

cell death resistance, immortality, angiogenesis, metabolic reprogramming, evasion from 

immune destruction, invasion and metastasis (Hanahan and Weinberg, 2011). Alterations 

in the micro-environment caused by obesity and diabetes are linked to heightened 

incidences of tumorigenesis. It has been estimated that in 2017, there will be an estimated 

1,688,780 new cancer cases and 600,920 cancer deaths in the US alone (American Cancer 

Society). 

i. Breast cancer 

Breast cancer is the second leading cause of the cancer-related deaths in women and thus, 

a major health problem in the US and globally (Fig. 1-4). The linear multistep model of 

breast cancer progression has identified a sequence of pathologically defined stages 

including ADH (atypical ductal hyperplasia), DCIS (ductal carcinoma in situ) and IDC 

(invasive or infiltrating ductal carcinoma).  About 70% of breast cancers are reported to be 

hormone receptor-positive. Breast cancers positive for estrogen receptor (ER) and 

progesterone receptor (PR) tend to have better prognosis than the ER/PR-negative 

counterparts.  

ii. Colon cancer 

Colorectal cancer is the third foremost cause of cancer death in US (Fig 1-4). Among the 

hereditary and non-hereditary types of colorectal cancers, the later accounts for 80-90% of 

all cases.  Colorectal tumors could be of various types depending on the site of the origin: 

adenocarcinoma (>95% cases), carcinoid tumor, gastrointestinal stromal tumor, lymphoma 

and sarcoma. Colon cancer has been linked to various genetic mutations in APC, MLH1, 
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MLH2, MLH3, KRAS, p53 and SMAD4. According to American cancer society, about 

90% of the colorectal cancer cases diagnosed at the early stage (Stage I) has a 5-year 

survival rate, whereas only 6% of the population diagnosed at the stage IV/metastatic has 

a 5-year survival rate. The best strategy to avoid increasing number of deaths by colon 

cancer is early detection. Colon cancer management involve polypectomy, resection, 

anastomosis, chemotherapy and radiotherapy. Colon cancer progression has also been 

linked to mitochondrial deregulation (Sánchez-Aragó M et al., 2012).  

iii. Lung cancer 

Lung cancer is the foremost cause of cancer related deaths in US (Fig. 1-4). Three major 

types of lung cancer are non-small cell lung cancer (NSCLC), small cell lung cancer, and 

lung carcinoid tumor. NSCLC accounts for 85% of the lung cancer associated deaths. Lung 

cancer is a metabolic disease and targeting the metabolic alteration is emerging as a 

promising therapeutic target. Cancer links with increase morbidity and mortality demands 

for the development of novel therapeutic approaches for this debilitating and deadly 

disease. 
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Figure 1-4. Number of estimated cancer death with leading cancer sites. Data was 

taken from American Cancer Society. 
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V. Cancer and Metabolism 

Cells are biochemical systems which utilize metabolites to carry out essential processes 

involved in cell growth, maintenance, cell division and death. Links between cancer and 

metabolism dates to 1950’s. Since then, various studies have reported altered metabolism 

in cancer. Cancer cells have higher metabolic rates in comparison to their normal 

counterparts. Owing to the high metabolic demand, cancer cells exhibit dependence on 

multiple catabolites and a great deal of flexibility during nutrient stress.  

a. Glucose metabolism 

Cancer development and progression is an energy consuming process. Extracellular or 

intracellular carbohydrate, fats and proteins, depending upon cellular environmental 

condition, contribute to this energy demand. Cancer cells are characterized by metabolic 

switching from OXPHOS to glycolysis, a less efficient pathway even under normoxia 

conditions. This switching increase cancer cell dependency on nutrient availability 

(Yueneva et al., 2007). As a result, cancer progression causes an increase in the demand of 

the nutrients than supplied, causing a permanent or temporary nutrient shortage. Under fed 

conditions cancer cells, prefers to use metabolic intermediates over ATP production. 

Therefore, multiple genes involved in glycolysis are overexpressed in cancer cells and 

hence, are potential candidates for anti-cancer therapy including glucose transporter 1 

(GLUT1), hexokinase (HKII), phosphoglycerate dehydrogenase (PHGDH), and lactate 

dehydrogenase (LDHA). 

Under fasting conditions or under limited nutrient availability, cancer cells switch to ATP 

generating pathways. These stress conditions cause re-reprogramming of cancer cells to 
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OXPHOS, gluconeogenesis and FAO (Sottnik JL, 2011; Robinson et al., 2012). Recently, 

studies have shown that glucose depletion makes cancer cells more sensitive to 

defects/inhibition of OXPHOS and FAO. This distinguishing feature of cancer cells has 

been utilized for the development of various anticancer drugs targeting OXPHOS and 

FAO. 

b. Cancer cell response to metabolic stress 

In a tumor, cells show metabolic heterogeneity in their preference to use metabolic 

pathways. A part of the tumor shows the preference to glycolytic pathway whereas the 

others prefers OXPHOS. This preference is, in part, regulated by tumor microenvironment 

and vasculature which regulates the nutrients availability (Lisanti et al., 2016). Cancer cells 

under non-stress conditions prefer glycolysis, energetically inefficient pathway, over 

oxidative phosphorylation. This phenotype suggests that cancer cells prefer biosynthetic 

pathways for the formation of building blocks for new cells over the energy. Cells adapt in 

response to the change in nutrients availability and energy demands. This metabolic 

flexibility is an essential feature for a cell survival under metabolic stress conditions. Under 

non-stress conditions, cells undergo both anabolic as well as catabolic processes. However, 

nutrient deprivation causes the induction of catabolic processes over the anabolic processes 

for the generation of macromolecules and energy. 

Early stages of cancer formation involve limited angiogenesis leading to nutrient and 

oxygen stress causing metabolic alterations in cancer cells. Cancer cells undergo metabolic 

reprogramming, not only at the time of tumor development, but also during the limited 

angiogenesis and loss of attachment.  Reduced angiogenesis causes reduced nutrient supply 
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and therefore, demands metabolic flexibility to utilize alternate energy pathways. Also, 

loss of attachment during the cancer metastasis reduces cancer cell glucose uptake 

(Carracedo A et al., 2013) emphasizing on the relevance of alternate energy sources. 

Recently, studies have also shown that circulating cancer cells switch back to more energy 

efficient pathways than glycolysis (LeBleu, V. S. et al., 2014). Circulating tumor cells 

show an increase in mitochondrial biogenesis and activity, correlated with an increase in 

PGC-1alpha activity. 

i. Autophagy 

Autophagy involves the degradation of cytoplasmic content including organelles and 

protein aggregates. Cells perform basal autophagy as a source of metabolite and for 

organelle quality control. Metabolic stress enhances catabolic process including 

autophagy. Stress-induced autophagy provides components for metabolic pathways and 

energy generation. To initiate with a double layered membrane, phagophore sequesters 

cytoplasmic material. Phagophore develops and closes to form an autophagosome.  

Autophagosome containing the cargo fuses with endosomes/lysosomes to form 

autolysosome, which utilizes lysosomal hydrolases for degradation and recycling of 

macromolecules. Considering the role of autophagy in multiple cellular processes and 

survival under metabolic stress conditions, autophagy has emerged as a target for anti-

cancer therapies. However, increase in autophagy is linked with both cancer cell survival 

and cell death. Therefore, a better understanding of the role of autophagy in cancer is 

required to identify the patients most likely to respond with autophagy inhibitors/inducers. 

Autophagy induction is regulated by various stress sensors including ATGs, AMPK, p38 

MAPK and mTOR. ATGs are involved in autophagosome formation and silencing ATGs 
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have been linked with increase cancer sensitivity to stressful conditions (Liu et al., 2013). 

mTOR a serine threonine kinase negatively regulates autophagy. mTOR-mediated 

autophagy inhibition involves multiply pathways including PI3K/Akt and MAPK/ ERK.  

Further, activation of LKB1-AMPK pathway induces autophagy by inhibiting mTORC1 

(Liu et al., 2013). 

ii. Lipid metabolism in cancer 

Cell proliferation needs 50% more energy than that is required to maintain the cells in the 

resting phase  (Kilburn et al., 1969). Tumor cells undergo metabolic reprogramming to 

meet the needs for uncontrolled cell growth and survive under the limited nutrient supply. 

To meet the energy and biomass demands, tumor cells depend heavily on glucose and 

lipids. Cancer cells show increased lipid uptake and lipogenesis, leading to an increase in 

cellular lipid level stored in the form of lipid droplets (LD). Increased LD content is linked 

to increased cancer aggressiveness and reduced response to anti-cancer drugs (Beloribi-

Djefaflia et al., 2016). Fatty acid synthesis mainly relies on the activity of rate limiting 

enzymes adenosine triphosphate citrate lyase (ACLY), acetyl-CoA carboxylase (ACC) and 

fatty acid synthase (FASN). Increased expression and/or activity of these enzymes is linked 

to advanced tumor progression and poor survival rate. Citrate produced by the glucose 

oxidation and the Krebs cycle inside the mitochondria acts as a substrate for fatty acid 

synthesis.  ACLY catalyzes the synthesis of oxaloacetate and cytosolic acetyl-CoA from 

citrate. Acetyl-CoA is then carboxylated to malonyl-CoA with the help of ACC. Acetyl-

CoA and Malonyl-CoA are utilized by FASN for the synthesis of saturated fatty acids and 

by Stearoyl-CoA for the synthesis of unsaturated fatty acids like oleic acid. 
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Figure 1-5. Metabolic pathways in the presence and absence of the nutrients. Nutrients 

availability induces anabolic processes in cancer cells leading to an increase in 

proliferation. However, limited angiogenesis lends depletion of nutrients and oxygen. The 

metabolic stress thus caused induces the catabolic processes [Taken from (DeBerardinis 

and Chandel, 2016)]. 
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Cancer cells that promote lipogenesis for the synthesis of bio molecules required for 

elevated proliferation rates show an increase in lipolytic enzymes during metabolic stress 

(Luo et al., 2017). During metastasis, cancer cells couple metabolically with host cells in 

the tumor micro-environment including fibroblasts, adipocytes, smooth muscles and 

endothelial cells which provide metabolites to fuel cancer cells. Under limited nutrient 

supply, cancer cells increase fatty acid oxidation (FAO) (Kamphorst et al., 2013; Zaugg et 

al., 2011). Lipolysis involves lipid hydrolysis to release the free-fatty acids.  Lipids stored 

in the lipid droplets are converted from triacylglycerol to diacylglycerol (DAG) with the 

help of adipose triacylglycerol lipase. DAG is further hydrolyzed using hormone-sensitive 

lipase to synthesize monoacylglycerol (MAG). Monoacylglycerol lipase catabolizes MAG 

to release glycerol and non-esterified fatty acid (NEFA). NEFA undergoes esterification to 

generate esterified free-fatty acids which are further oxidized by beta-oxidation inside the 

mitochondria. 

During the metabolic stress, activated-AMPK activates FAO by phosphorylation of ACC1. 

Phosphorylated-ACC1 dissociates from CPT1 and therefore, promotes CPT1A 

mitochondrial distribution promoting FAO. CPT1 aids the transport of fatty acid-CoA 

along with carnitine to the mitochondria. Inside the mitochondria, fatty acids-CoA undergo 

beta oxidation generating ATP and carbon dioxide. On the other hand, CPT1 deficiency or 

reduced activity by etomoxir (CPT1 inhibitor) increases cancer cell sensitivity to anti-

cancer agents. FAO not only provides catabolites for TCA cycle, but also helps in renewal 

of NADPH and maintains redox balance required for tumor cell survival and proliferation. 

However, under non-stress conditions NADPH levels are maintained by pentose-phosphate 
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pathway (Jeon et al., 2012).  This dependence of cancer cells on FAO during nutrient stress 

makes cancer cells vulnerable to FAO inhibitors. 

iii. Metabolism targeting anti-cancer therapeutics 

Tumor cells need more metabolites in comparison to normal cells. In order to enhance the 

oncogenic potential, some cancer cells undergo reversible (activation/inhibition) or 

irreversible changes (deletions/mutations). These irreversible changes limit new cancer 

cells’ ability to adapt to evolving environmental changes making them metabolically 

inflexible. Since, cancer cells show metabolic flexibility, an anticancer approach may 

involve targeting multiple metabolic pathways at the same time.  

Mitochondria serve as the pivot point regulating cellular metabolism and cell death. 

Mitochondrial dysfunction is linked to various physiological and pathological diseases 

including cancer, diabetes, aging, neuro-degenerative disorder and metabolic disorders. 

Therefore, mitochondrial metabolism has emerged as a promising target for anti-cancer 

therapy. However, like other anti-cancer therapy, it is important to target cells with minimal 

side effects. Targeting some metabolic enzymes may cause toxicity because of 

physiological roles in normal cells and immune cells. It is of premier importance to target 

metabolic regulators specific to cancer cells only. This approach can be combined with 

established chemotherapy drugs or with promising immunotherapy.  

Various drugs have been designed to target proteins involved in  metabolic pathways 

upregulated in cancer, specifically glucose transporter 1 (GLUT1), hexokinase (HK), 6-

phosphofructo 2-kinase-fructose-2,6-biphosphatase 3 (PFKFB3), pyruvate kinase enzyme 

M2 (PKM2), lactate dehydrogenase (LDHA), and monocarboxylate transporter 1 (MCT1), 
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hypoxia-inducible factor 1 (HIF-1), isocitrate dehydrogenase 1 (IDH1), and glutaminase 

(Vander Heiden, 2011). However, drugs targeting these enzymes and transporters show 

lack of efficacy because tumor cells are comprised of heterogenous population. Drugs 

targeting metabolic enzymes also show toxic side effects as in response to changes in the 

microenvironment normal cells also show activation of metabolic pathways upregulated in 

cancer.  

Lipid metabolism modulators have emerged has anti-cancer therapeutics. Various drugs 

have been proposed to target enzymes in fatty acid synthesis including cerulenin (FASN), 

SB-204990 (ACLY), fatostatin (SREBP) and triacscin C (ACS). Lipids stored in the form 

of lipid droplets act as cellular energy reserves. Defects in fatty acid oxidation have been 

linked to various mental disorders, myopathy and liver dysfunction. Fatty acid oxidation is 

also required in metastasizing cancer cells as loss of adhesion prevents glucose uptake and 

consumption. Various fatty acid oxidation inhibitors have shown inhibitory effects on the 

growth of cancerous cells such as etomoxir, ranolazine and timetazine. Also, inhibition of 

lipolysis by reducing lipase activity reduces cancer cell pathogenicity. The deleterious 

effects of FAO inhibition could be attributed to increased cancer cells 

dependency/addiction on glucose metabolism. 

 

VI. Kinases and Transcription Factors in Cancer Cell Homeostasis 

Protein kinases play a pivotal role in regulating cancer cell proliferation and cell death. 

Further, protein kinases also aid in sensing and responding to cell stress. Accordingly, 

protein kinases have become invaluable targets for anti-cancer therapies. 
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a. p38 

Cancer cell development and invasion involve communication with external cues. MAPKs 

regulate cancer cells’ response to extracellular stimuli. MAPKs are classified in three 

groups: Erk, p38 and cJun N-terminal kinases (JNK). p38 is phosphorylated in response to 

the various stress stimuli. p38 and JNK are involved in cancer cell response to stress stimuli 

and therefore grouped as stress activated protein kinase (SAPK). p38 has four isoforms 

(p38 alpha, beta, gamma and delta) and JNK has three isoforms (JNK1, 2 and 3). p38alpha 

and beta are ubiquitously expressed. p38 MAPKs are activated by upstream kinases 

MKK3, MKK6 and MKK8. 

Nutrient stress has been linked with the activation of stress-activated kinases including p38. 

p38 is involved in caspase-dependent and-independent cell death in response to stress 

(Ammoun et al., 2006). Active p38 aids in loss of mitochondrial membrane potential and 

therefore, release of cytochrome c, AIF1 and further caspase activation (Farley et al., 2006, 

Chen JY et al., 2014). Hsp27 is a downstream target of p38. Hsp27 is a stress-inducible, 

ATP-independent molecular chaperone and is activated by various physical or chemical 

stresses. Increase in phosphorylated Hsp27 has been linked to increased cancer patient 

response to radiotherapy and chemotherapy (Okuno et al., 2016). 

b. PKC 

Protein kinase C family of kinases are serine/threonine kinases involved in cell survival, 

proliferation, differentiation and motility. Protein kinase C (PKC) family is subdivided into 

three groups: the classical PKC (cPKC- PKCα, PKCβ and PKCγ), novel PKC (nPKC- 

PKCδ, PKCε, PKCη, and PKCθ), atypical PKC (aPKC- PKCζ and PKCι) and PKCμ. 

Conventional PKCs and novel PKCs are activated by biding to diacylglycerol (DAG). 
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Conventional PKCs can also bind to calcium. However, atypical PKCs do not bind to DAG 

and calcium but depend upon protein-protein interactions for activation. PKC isoforms 

show variable expression in different cancer tissues. In certain cases, they act as tumor 

promoters, whereas in others, they act as tumor suppressors. PKCε and PKCι are found to 

be upregulated in most of the tumor types and therefore have therapeutic potential. Various 

studies have shown that different isoforms of PKC differentially regulate lipolysis as well 

as lipogenesis. For example, PKCε and PKCθ have been shown to activate lipolysis, 

whereas PKCβ regulates lipogenesis (Schmitz-Peiffer, 2013). PKCε, upon activation, 

phosphorylates CREB and triggers downstream signaling (Li et al., 2006). Lipolysis 

induction by PKC may involve MAPK activation (Fricke et al., 2004).  

c. PKA 

Protein Kinase A (PKA), also known as cAMP-dependent protein kinase, is a serine-

threonine kinase (Sapio et al., 2014). cAMP is a signaling molecule generated from ATP 

by adenylate cyclase (AC). Adenylate cyclase get activated by a variety of intracellular and 

extracellular stimuli forming cAMP. PKA is one of the major target of cAMP and under 

inactive conditions PKA stays as inactive holoenzymes hetero-tetramers. Upon cAMP 

binding, catalytic subunits of PKA gets released from the regulatory subunits. Once 

activated, PKA phosphorylates its target proteins in cytoplasm and nucleus at serine and 

threonine residues. CREB is one of the most well studied PKA target. Various signaling 

pathways have been linked to stress response including CREB, SIRT, AMPK, and HIF-1α.  

Numerous transcription factors and co-factors regulate cellular metabolism including 

CREB. CREB is a transcription factor, and is evolutionary conserved to regulate cellular 

metabolism in response to various stresses and binds to cAMP response elements (CRE) 
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upon activation. Upon phosphorylation at serine residue 133 by upstream kinases, CREB 

protein binds optimally to palindromic CRE sequence (TGACGTCA) in promoter regions. 

CREB activity is regulated by the phosphorylation at Ser133 residue by various kinases 

including protein kinase A (PKA), protein kinase C (PKC), phosphatidylinositol-4,5-

bisphosphate 3-kinase (PI3K), MAPK, calmodulin kinase (CAMK) and lipid activated 

enzymes, PKC (Delghandi et al., 2005; Sun et al., 1994; Zhang et al., 2006). 

Phosphorylated CREB promotes recruitment of CREB-binding protein (CBP), p300 and 

polymerase II transcription compound. CREB has multiple downstream targets involved 

in various cellular processes including cellular metabolism and circadian rhythm. Fasting 

hormones-mediated gluconeogenesis requires CREB activity. Decrease in CREB activity 

in drosophila also causes increased sensitivity to starvation reducing its survival (Iijima et 

al., 2009). Decrease in CREB levels has been linked to fatty liver (Herzig et al., 2003) 

possibly due to decline in fatty acid oxidation and gluconeogenesis (Herzig et al., 2001).  

 

VII. CHCHD Family 

Mitochondria contain various proteins with CXnC motif forming conserved coiled-coil-

helix-coiled-coil-helix (CHCH) domain. CHCHD is a family of proteins grouped by 

HUGO on the basis of the structural similarity. CHCHD proteins are evolutionary 

conserved nuclear encoded proteins comprising of at least one CHCH domain. CHCH 

domain-containing protein family members carry double cysteine-X3-cysteine (CX3C)2 or 

double cysteine-X9-cysteine (CX9C)2 motifs and utilize CHCHD4/ MIA40 machinery for 

their mitochondrial import. Various mitochondrial proteins possess CXnC motif and are 

linked to MIA40 including CHCHD1-10, Coa4, Coa5, Coa6, Cmc1, Cmc2, Cox6B, 
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Cox17, Cox19, and Cox23 involved in the biogenesis and assembly of respiratory chain 

complex CIV; subunits of complex CI (NDUFB7, NDUFS5, NDUFA8, and NDUFS8); 

TP53-regulated inhibitor of apoptosis 1 (TRIAP1), ethanol-induced protein 6 (Etohi6), 

estrogen-induced gene 2 (E2IG2), Mrp10p, mature T cell proliferation-1 type A 

(p8MTCP1), and C2360 (Seo et al; 2010).  

Cysteine residues in CHCH are involved in the formation of disulfide bonds. Disruption of 

disulfide bonds causes protein instability and aggregation. Studies have proposed that 

CHCHD proteins play important role in regulating mitochondrial activity and various other 

cellular processes. Mutations in CHCHD proteins and alterations in CHCHD proteins’ 

expression levels are associated with various pathophysiological disorders including 

cancer and neurodegenerative diseases (Modjtahedi et al., 2016). However, functional and 

structural implication of CHCH domain is still unclear (Modjtahedi et al., 2016). Further 

understanding of CHCHD proteins may provide potential novel targets for the 

pathophysiological conditions. 

CHCHD5 (alias MIX 14) is a member of CHCHD family of proteins andis a yeast 

homologue of Mic14. Depletion of Mic14 affects mitochondrial oxygen consumption, but 

has no effect on mitochondrial cytochrome c oxidase and reductase activities (Gabriel et 

al., 2007). NMR structure of the oxidized CHCHD5 protein (Fig. 1-6) suggest that the 

formation of four disulfide bonds between eight cysteine residues (PDB ID: 2LQL). 

CHCHD5 comprises of two rigid CHCH domain with limited motion between the two 

(Banci et al., 2012). 
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Summary 

Mitochondrial activity and metabolic reprogramming are linked to cancer development and 

progression. Cancer cells are highly plastic and adapt to metabolic stress utilizing alternate 

sources of energy. This adaptability of cancer cells can highlight points of vulnerabilities 

that can be exploited for developing anticancer strategies. In this regard, we have identified 

and characterized two novel proteins CHTM1 and KM1 that are overexpressed in multiple 

human malignancies and these appear to act as important modulators of cancer cell 

response to metabolic stress. Collectively our findings have provided valuable new 

information about two novel proteins that can be developed as predictive tumor markers 

that could facilitate early diagnosis, and predict prognosis and response to therapy.  
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Figure. 1-6. Solution structure of CHCHD5 (2LQL) (Banci et al., 2012). 
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Abstract 

 

A better understanding of the link between cellular metabolism and tumorigenesis is 

needed. Here, we report characterization of a novel protein named Coiled-coil Helix Tumor 

and Metabolism 1 (CHTM1). We have found that CHTM1 is associated with cancer and 

cellular metabolism. CHTM1 localizes to mitochondria and cytosol, and its deficiency in 

cancer cells results in decreased mitochondrial oxygen consumption and ATP levels as 

well as oxidative stress indicating mitochondrial dysfunction. CHTM1-deficient cancer 

cells display poor growth under glucose/glutamine-deprived conditions, whereas cells 

expressing increased levels of exogenous CHTM1 exhibit enhanced proliferation and 

survival under similar conditions. CHTM1 deficiency also leads to defects in lipid 

metabolism resulting in fatty acid accumulation, which explains poor growth of CHTM1-

deficient cells under glucose/glutamine deprivation since nutrient deprivation increases 

dependency on lipids for energy generation. We also demonstrate that CHTM1 mediates 

its effect via the PKC, CREB and PGC-1alpha signaling axis, and cytosolic accumulation 

of CHTM1during nutrient deprivation appears to be important for its effect on cellular 

signaling events. Furthermore, analyses of tissue specimens from 71 breast and 97 colon 

cancer patients show CHTM1 expression to be upregulated in the majority of tumor 

specimens representing these malignancies. Collectively, our findings are highly 

significant because CHTM1 is a novel metabolic marker that is important for the growth 

of tumorigenic cells under limiting nutrient supplies and thus, links cellular metabolism 

and tumorigenesis. 
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Introduction 

 

It is now well-established that normal cells predominantly depend on oxidative 

phosphorylation (OXPHOS) for energy generation, whereas cancer cells rely on aerobic 

glycolysis. Given that glycolysis is less efficient pathway to generate energy, cancer cells 

by undergoing the metabolic switch from OXPHOS to glycolysis may conceivably acquire 

a state that facilitates their rapid proliferation (Babbar and Sheikh, 2013; Pavlova and 

Thompson, 2016). This switching, commensurate to the rapid proliferation of cancer cells, 

involves complex metabolic reprogramming but the molecular details remain to be fully 

elucidated.  

Various transcription factors and cofactors have been reported to regulate cellular 

metabolism including CREB (cAMP response element binding protein) (Herzig et al., 

2003). CREB, a transcription factor, regulates cellular metabolism in response to various 

stresses, and its function is regulated via phosphorylation at Ser133 by various kinases 

(Delghandi et al., 2005; Li et al., 2006; Sun et al., 1994; Zhang et al., 2006). CREB has 

various targets including PPAR gamma coactivator-1 alpha (PGC-1α). PGC-1α is a master 

regulator of mitochondrial biogenesis (Herzig et al., 2003; Herzig et al., 2001) and linked 

to various metabolic disorders (Babbar and Sheikh, 2013). It is also involved in metabolic 

switch from glucose to fatty acid oxidation (FAO) (Lehman and Kelly, 2002).  

Recent studies have shown that glucose depletion makes cancer cells more dependent on 

OXPHOS and FAO for energy generation. Defects in OXPHOS and FAO increase cancer 

cell sensitivity to glucose deprivation (Agarwal et al., 2016; Buzzai et al., 2005). Clearly, 
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cancer can also be considered as a metabolic disorder; thus, a better understanding of the 

alterations in cellular metabolism linked to tumorigenesis is needed to improve the 

management of human malignancy. In the present study, we report the characterization of 

a novel protein that is named Coiled-coil Helix Tumor and Metabolism 1 (CHTM1) based 

on its features reported in this manuscript. Sequence corresponding to CHTM1 is also 

annotated in the databank as CHCHD5, an experimentally uncharacterized protein of 

unknown function based on the predicted presence of two CHCH domains (Banci et al., 

2012). Our present study demonstrates that CHTM1 is a novel metabolic marker that is 

deregulated in human malignancies and plays an important role in promoting the growth 

of tumorigenic cells under limiting nutrient supplies. Thus, our results are highly 

significant, and provide valuable new information about the link between altered cellular 

metabolism and the process of tumorigenesis.  
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Material and Methods 

 

Antibodies and reagents 

Antibodies: anti-HA tag (clone 3F10) (Roche Applied Science), anti-β-actin and anti-

alpha-tubulin (Sigma-Aldrich), anti-Smac (Upstate Cell Signaling Solutions, Lake Placid, 

NY), anti-Hsp60 (Enzo Life Sciences, Plymouth Meeting, PA), anti-VDAC1 (Calbiochem, 

Darmstadt, Germany), anti-GAPDH, anti-PDK4 and anti-Vinculin (Santa Cruz), anti-

PGC-1α (a gift from Dr. Daniel P. Kelly, Sanford-Burnham Medical Research Institute, 

FL), anti-pAMPK, anti-pCREB and anti-CREB (Cell Signaling Technologies, Boston, 

MA), anti-CHCHD4 (Protein-Tech Group, IL), anti-Tim23 (BD Biosciences, San Diego, 

CA). The peroxidase-conjugated goat anti-rat, goat anti-rabbit, goat anti-mouse and horse 

anti-goat antibodies were from Vector Laboratories (Burlingame, CA). Rabbit polyclonal 

antibodies specific for human CHTM1 were generated in our laboratory through ProSci 

Inc. (Poway, CA) using full-length recombinant human CHTM1 protein purified 

from Escherichia coli. For cell transfections, Mirus (Madison, WI) and Lipofectamine 

2000 (Invitrogen, Carlsbad, CA) were used. Restriction endonucleases were from New 

England BioLabs (Ipswich, MA). PKA inhibitor-H89, p38 inhibitor-SB203580, PI3K 

inhibitor-LY294002 and PKC inhibitor-GO6983 were from Sigma-Aldrich (St. Louis, 

MO). Other chemical reagents were from Thermo Fisher Scientific and Sigma-Aldrich.  
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Cells and culture conditions 

Human cell lines HEK293T (embryonic kidney cells from NIH), MCF-7 (breast cancer 

cells from NIH), RKO (human colon cancer cells from NIH), MDA-MB-231 (breast cancer 

cells from NIH), UACC-62 (melanoma cells from Dr. Markovitz, University of Michigan) 

were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 

10% fetal bovine serum (Gemini Bio-Products, West Sacramento, CA). For 

glucose/glutamine deprivation experiments, cells were washed 3 times with PBS and 

incubated with DMEM without glucose, glutamine and sodium pyruvate. 

Expression constructs 

pCMV6-CHTM1 construct was purchased from Origene, MD. ORF of CHTM1 was 

inserted into pSRα-HA-S and pCEP4 expression vectors for transient and stable expression 

respectively. GST-tagged CHTM1 was generated by inserting the PCR-amplified full-

length CHTM1 cDNA into pGEX6P-1 expression vector (GE Healthcare, Pittsburgh, 

PA). All expression vectors were sequenced to validate their authenticity. 

Luciferase assays 

pGL3-PGC-1α promoter construct was a gift from Dr. Michael Shuen (York University, 

Canada). pFA2-CREB and pFR-Luc (Agilent, Santa Clara, CA) were used to measure 

CREB activity.  Luciferase assays were performed as previously reported (Lucchesi et al., 

2016)  

 



  Chapter 2 

45 
 

Oxygen consumption rate, ATP and extracellular lactate measurement 

Whole cell oxygen consumption rate was measured by an Oxygraph system (Hansatech 

Instruments, Norfolk, UK) as described previously(An et al., 2012). ATP and lactate levels 

were measured using kits from Promega (Madison, WI) and Enzo Life Sciences 

(Farmingdale, NY) per the manufactures’ protocols. 

Western blotting, immunostaining, immunohistochemistry and cell fractionation 

Western blotting and immunostaining were done as previously described (An et al., 2012). 

Band intensities were measured using Image J program. Immunohistochemistry staining 

was performed using Vector Vectastain kit per the manufacturer’s protocol. 

Photomicrographs were captured using Olympus AX70 fluorescent microscope. 

Mitochondrial and cytosolic fractionations were done as previously described (An et al., 

2012). 

Human biological samples 

Samples for Western blot analyses were from Cooperative Human Tissue Network, an 

NCI-supported network. Frozen samples were shipped on dry-ice and kept at -80˚C for 

long-term storage. Samples for immunohistochemistry were purchased from Biomax 

(Rockville, MD) as formalin-fixed, paraffin-embedded tissue array slides. Slides were 

shipped and stored at room temperature. Quantification was performed by a board-certified 

pathologist.  
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 Statistical analyses 

All experiments represent at least three-independent repeats. Values are mean ± S.E. 

Statistical significance was determined by 2-tailed Student’s t test or ANOVA. The value 

of p < 0.05 was considered as statistically significant. 

 

  



  Chapter 2 

47 
 

Results 

 

 

CHTM1 localizes to cytosol and mitochondria 

Fig. 2-1A shows the nucleotide and amino acid sequences for human CHTM1. The human 

CHTM1 gene harbors four exons (Fig. 2-1A) that encode a protein of 110 amino acids with 

a molecular mass of 12.9 kDa. CHTM1 is predicted to harbor two coiled coil helix-coiled 

coil helix (CHCH) domains (Fig. 2-1A) and is evolutionarily conserved, sharing high 

degree of homology with its counterparts from various species (Fig. 2-S1A). It is also 

predicted to be phosphorylated at serine, threonine and tyrosine residues, with the highest 

probability of being phosphorylated at serine 29 (Fig. 2-S1B). CHTM1 antibodies, 

generated against full-length recombinant CHTM1, specifically detected the recombinant 

CHTM1 protein (Fig. 2-1B, left panel) and exogenous CHTM1 protein (Fig. 2-1B, middle 

panel). CHTM1 antibodies also detected the endogenous CHTM1 in the expected size 

range (~13 kDa); the CHTM1 shRNAs targeting three different regions of CHTM1 mRNA 

significantly reduced CHTM1 levels (Fig. 2-1B, right panel) further confirming the anti-

CHTM1 antibody specificity.  
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Figure 2-1. CHTM1 sequence and cellular distribution. (A) Upper panel, nucleotide 

and amino acid sequence of CHTM1. Underlined sequences indicate the targeted-sites for 

shRNA-based CHTM1 knockdown. Middle panel, genomic organization of CHTM1. 

Region between the arrows corresponds to CHTM1 open reading frame (ORF). Bottom 

panel, structural organization of CHTM1 with predicted CHCH domains. (B) Left panel, 

purified CHTM1 stained with Coomassie dye and then probed with purified anti-CHTM1 

antibody. Middle and right panels, the anti-CHTM1 antibody detect exogenous and 

endogenous CHTM1 on Western blot analysis respectively. CHTM1 signals are reduced 

in CHTM1-knocked down cells confirming antibody specificity. Endogenous CHTM1 

expression was silenced by the lentivirus-mediated shRNA approach. The scramble 

shRNA construct was purchased from Addgene, Inc. (Cambridge, MA). All other shRNA 

constructs were purchased from Origene, MD. The three different nucleotide sequences to 

target the human CHTM1 used in this study were as follows: KD-1, 5′-

CTTAAGGTAGTGACAGTCC-3′; KD-2, 5′-TCTGTCGAAGACACTCCTC-3′ and KD-

3, 5′-TGGAAGTCCTGATATCCAG-3′. Virus production and infection were performed 

per the protocol provided by Addgene. (C) Representative fluorescent photomicrographs 

show subcellular distribution of endogenous CHTM1 (green) in MCF-7 cells; cells were 

co-stained with Mito-tracker (red) and DAPI (blue) to detect mitochondria and nuclei 

respectively staining (Olympus AX70, Objective 60X). (D) Western blot analyses showing 

subcellular distribution of endogenous CHTM1 in UACC-62 melanoma cells. (E) Western 

blot analyses of sub-mitochondrial fractions predominantly detect CHTM1 in the inter-

membrane space of mitochondria in RKO colon cancer cells. MT : Mitochondria ; OM : 

Outer Membrane ; IMS : Intermembrane space ; IM ; Inner-membrane and M : Matrix. 
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Figure 2-S1. CHTM1 is evolutionary conserved. (A) CHTM1 is evolutionarily 

conserved. The amino acid sequence of CHTM1 was aligned using the ClustalW program. 

Identical (asterisk), conserved (double dot), and partially conserved (single dot) amino acid 

residues are indicated. (B) Predicted phosphorylation sites on CHTM1. NetPhos 3.1 

program was used to predict phosphorylation sites involving the indicated serine, threonine 

and tyrosine residues. (C) Western blot analyses showing subcellular distribution of 

endogenous CHTM1 in MCF-7 breast cancer cells and (D) Myc-tagged exogenous 

CHTM1 in 293T cells. CHCHD4/MIA40 and Tim23, mitochondrial proteins, were used as 

mitochondrial control; whereas α-tubulin was used as cytosolic control. 
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To determine the subcellular localization of CHTM1, we performed immunostaining on 

MCF-7 human breast cancer cells. Results (Fig. 2-1C) indicated a punctate staining pattern 

and diffuse background staining for CHTM1. The punctate staining overlapped with that 

of mitochondrial-specific Mito-tracker suggesting CHTM1 to be mitochondrial, whereas 

its diffuse staining suggested cytosolic distribution. Biochemical analyses performed using 

cytosolic and mitochondrial fractions prepared from UACC-62 cells (Fig. 2-1D) and MCF-

7 and 293T cells (Fig. 2-S1C&D) revealed that CHTM1 was present in both cytosol and 

mitochondria. Because CHTM1 was also detected in mitochondria, sucrose gradient 

centrifugation was performed to determine its sub-mitochondrial localization(An et al., 

2012). The submitochondrial fractions representing outer membrane (OM), inter-

membrane space (IMS), inner membrane (IM) and matrix were analyzed by Western 

blotting. The results indicated that, unlike other mitochondrial proteins such as VDAC, 

CHCM1 and Hsp60, CHTM1 was predominantely detected in the IMS similar to Smac 

(Fig. 2-1E) a known IMS protein (Burri et al., 2005). 

 

CHTM1 regulates mitochondrial function and cellular sensitivity to 

glucose/glutamine deprivation 

Mitochondrial distribution of CHTM1 prompted us to investigate its potential influence on 

mitochondrial function. Fig. 2-2A shows CHTM1-deficient MCF-7 cells exhibiting 

decreased oxygen consumption rate, suggesting reduced oxidative phosphorylation. 

CHTM1-deficient MCF-7 cells also demonstrated decreased cellular and mitochondrial 

ATP levels when compared to scrambled cells (Fig. 2-2B). Reduction in ATP is known to 
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activate AMPK (AMP-activated protein kinase) activity (Hardie, 2011), accordingly, 

CHTM1 knockdown in MCF-7 cells enhanced AMPK phosphorylation (Fig. 2-2C). 

Collectively, these results indicate that CHTM1 deficiency leads to mitochondrial 

dysfunction. Because oxidative phosphorylation is tightly coupled with glycolysis, we also 

measured lactate levels to determine CHTM1 effect on glycolysis. CHTM1-deficient cells 

showed increased lactate levels in the media (Fig. 2-S2A), suggesting increased glycolysis. 

Because mitochondrial dysfunction has been linked to oxidative stress (Cui et al., 2012), 

the effect of CHTM1 deficiency on oxidative stress was also investigated. DCF-DA, a 

reactive oxygen species (ROS) sensitive dye, was used for measuring cellular ROS in 

CHTM1 knockdown cells. The results (Fig. 2-2D) revealed that CHTM1-deficient cells 

had significantly increased ROS levels indicating oxidative stress. Together, these results 

indicate that CHTM1-deficiency affects mitochondrial function.  

Defects in electron transport chain (Fath et al., 2009) and mitochondrial activity (Landor 

et al., 2011) have been linked to altered cellular sensitivity to glucose deprivation. 

Likewise, cancer cells are believed to also rely on glutamine, a non-essential amino acid, 

for energy generation (Hao et al., 2016). Because CHTM1 knockdown affected 

mitochondrial function, we therefore, investigated the effect of CHTM1-deficiency on 

cellular sensitivity to glucose/glutamine deprivation using MCF-7 and UACC-62 cells. 

Because pyruvate is an important product of glucose via glycolysis and the fact that cells 

can also utilize glutamine for energy generation through the TCA cycle, CHTM1 

knockdown and scrambled (control) cells were cultured under glucose, glutamine and 

sodium pyruvate-deprived conditions. The growth behavior of cells grown under these 

conditions was analyzed by phase contrast microscopy, crystal violet staining and trypan 
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blue exclusion assays. We noted that while CHTM1 knockdown in MCF-7 cells (Fig. 2-

S2B) and CHTM1 overexpression in RKO cells (Fig. 2-S2C) did not significantly alter cell 

proliferation and survival in complete culture medium, both CHTM1-deficient MCF-7 

cells (Fig. 2-2E&F) and UACC-62 cells (Fig. 2-S2D, E&F) grew poorly under 

glucose/glutamine-deprived conditions when compared to their respective scrambled 

counterparts (Fig. 2-2E&F and Fig. 2-S2B, C&D). Conversely, cell proliferation and 

survival were significantly enhanced in CHTM1-overexpressing RKO colon cancer cells 

(that inherently exhibit low levels of endogenous CHTM1) compared to RKO cells 

expressing the empty vector-only under the glucose/glutamine-deprived conditions (Fig. 

2-2G&H). Together, these results indicate that CHTM1 levels affect mitochondrial 

function, and cell proliferation and survival under nutrient (glucose/glutamine)-deprived 

conditions.   
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Figure 2-2. CHTM1 regulates mitochondrial function and cellular sensitivity to 

glucose/glutamine deprivation. CHTM1 knockdown affects mitochondrial (A) oxygen 

consumption. MCF-7 cells with CHTM1 knockdown or scramble knockdown were 

harvested by trypsinization and subjected to centrifugation at 2500 rpm. 1.5×106 cells were 

resuspended in 300 μl of growth medium for each sample and injected into the 

polarographic chamber for the intact cell-coupled oxygen consumption rate. and (B) ATP 

production in MCF-7 human breast cancer cells. (C) Western blot showing CHTM1 

knockdown increases phospho-AMPK in MCF-7 cells. (D) CHTM1 increases oxidative 

stress in MCF-7 cells. Cells were stained with 1 μM DCF-DA a ROS sensitive dye 

(Invitrogen, CA) for 45 minutes at 37˚C followed by washing with Hank's balanced salt 

solution and fluorescence intensity measurement was done at excitation: 485 nm and 

emission: 530 nm using Synergy 2 micro plate reader. (E & F) CHTM1 knockdown and 

scrambled MCF-7 cells were grown in the absence of glucose/glutamine (Glc/Gln) 

deprivation for 48h; CHTM1 knockdown cells are more sensitive to Glc/Gln deprivation 

compared to scramble cells.  Panels E & F show phase contrast microscopy, crystal violet 

staining & trypan blue exclusion assay respectively. (G & H) CHTM1 overexpressing RKO 

colon cancer cells are less sensitive to Glc/Gln deprivation in comparison to vector-only 

expressing cells. Panels G & H show phase contrast microscopy, crystal violet staining, & 

trypan blue exclusion assay respectively. CHTM1 overexpression using pCEP4-CHTM1 

construct in RKO cells (Lower panel H). Values represent mean ± S.E. (error bars) of three 

independent experiments. *p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 2-S2. CHTM1 regulates glycolysis and cellular sensitivity to glucose/glutamine 

deprivation. (A) Bar graph showing relative extracellular lactate levels in scrambled and 

CHTM1 knockdown MCF-7 breast cancer cells. Values represent average ± S.E. (error 

bars) of three independent experiments. (B) Trypan blue exclusion assay showing that 

growth of CHTM1 knockdown MCF-7 cells is not altered in   comparison to scramble cells 

when cultured in complete media. (C) Trypan blue exclusion assay showing that growth of 

CHTM1 overexpressing RKO cells is not altered in comparison to vector-only carrying 

cells when cultured in complete media. (D) Western blot analyses showing CHTM1 

knockdown in UACC-62 melanoma cells using three shRNA constructs. (E) Phase contrast 

microscopy and (F) crystal violet staining showing that CHTM1 knockdown cells grow 

poorly under Glc/Gln-deprived conditions. *p < 0.05; ** p < 0.01 
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CHTM1 regulates cellular lipid metabolism   

Our preceding results indicate that CHTM1-deficient cells exhibited poor growth and 

survival under nutrient (glucose/glutamine)-deprived conditions suggesting their inability 

to utilize alternative sources (such as lipids) to generate energy for their survival under 

such conditions. To determine whether indeed that was the case, we investigated the lipid 

metabolism in CHTM1-proficient and -deficient cells. Our results (Fig. 2-3A and Fig. 2-

S3) revealed that the lipid droplets, indicated by BODIPY staining, were more abundant in 

most of the CHTM1-deficient MCF-7 and UACC-62 cells grown in complete media or 

glucose/glutamine-deprived media. We also performed the Oil Red O (ORO) staining to 

detect neutral lipids in CHTM1-proficient and -deficient cells and the results (Fig. 2-3B) 

showed that CHTM1 deficiency was also associated with increased ORO staining 

indicating increased cellular lipid content (p value =0.0171). Conversely, overexpression 

of CHTM1 in MCF-7 cells led to a decrease in lipid droplet accumulation (Fig. 2-3C, left 

panel) as well as ORO staining (Fig. 2-3C, right panel, p value =0.0351) under 

glucose/glutamine-deprived conditions indicating decreased cellular lipid content. 

Together, these results indicate that CHTM1 regulates intracellular lipid accumulation in 

both the presence and absence of glucose/glutamine, and that CHTM1-deficient cells 

appear to have defects in lipid metabolism. Thus, CHTM1-deficient cells are capable of 

growing in the glucose/glutamine-containing medium because they do not depend on lipids 

for energy generation under these conditions. However, since CHTM1-deficient cells 

appear to have defects in lipid metabolism, they exhibit poor growth under 

glucose/glutamine-deprived conditions because glucose/glutamine deprivation increases 

dependency on lipids for energy generation.  
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Increased lipid accumulation in CHTM1-deficient cells could occur due to increased 

lipogenesis or decreased lipolysis. To gain insight into these alternatives, we analyzed 

genes linked to fatty acid oxidation or synthesis. As shown in Fig. 2-3D, CHTM1 

knockdown caused a decrease in the expression of various genes linked to fatty acid 

oxidation including carnitine palmitoyl-transferase 1b (CPT1b), medium-chain acyl-CoA 

dehydrogenase (MCAD) and peroxisome proliferator-activated receptor alpha (PPAR-α). 

Interestingly, CHTM1 knockdown in MCF-7 cells was also associated with a decrease in 

the expression of genes involved in fatty acid synthesis, which included acetyl-CoA 

carboxylase 1 (ACC1), fatty acid synthase (FAS), sterol regulatory element- binding 

protein-1c (SREBP-1c) and peroxisome proliferator-activated receptor gamma (PPAR-γ) 

(Fig. 2-3E). Similar regulation of genes linked to fatty acid oxidation and synthesis was 

also noted under the glucose/glutamine-deprived conditions (data not shown). It is possible 

that the decrease in fatty acid synthesis as reflected by decreased expression of genes 

involved in fatty acid synthesis in CHTM1-deficient cells, could be a feedback mechanism 

in response to decreased fatty acid oxidation or increased lipid accumulation. We also 

performed the reverse experiments by overexpressing CHTM1 in MCF-7 cells and noted 

that increased levels of exogenous CHTM1 caused increased expression of genes involved 

in fatty acid oxidation and fatty acid synthesis (data not shown). Collectively, these results 

suggest that CHTM1 is an important player involved in the regulation of lipid metabolism.  
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Figure 2-3. CHTM1 regulates lipid metabolism. Cells were cultured in the Lab-tek II 

chamber slides and subjected to glucose/glutamine deprivation. Cells were then fixed with 

4% paraformaldehyde for 30 minutes.  Fixed cells were stained with 0.1 mg/ml BODIPY 

for 10 minutes and washed twice with PBS. DAPI was used for nuclear staining and slides 

were analyzed using a Zeiss LSM 780 confocal microscope that had the required filters. 

Images were processed using Image J software. (A) CHTM1 knockdown causes increase 

in cellular lipid content. Representative confocal images of scrambled and CHTM1 

knockdown MCF-7 breast cancer cells (Olympus AX70, Objective 60X).  and UACC-62 

melanoma cells stained with BODIPY and DAPI are shown (Zeiss LSM 780). Scale bar 

represents 20 μm. Left panel, scrambled and CHTM1 knockdown MCF-7 breast cancer 

cells grown in complete medium. Right panel, scrambled and CHTM1 knockdown UACC-

62, melanoma cells grown in complete medium or glucose/glutamine (Glc/Gln)-deprived 

medium for 24h (B) Oil red O (ORO) staining in scramble and CHTM1 knockdown MCF-

7 cells grown in complete medium or in Glc/Gln-deprived medium for 24h. ORO staining 

shows increased lipid content in CHTM1 knockdown cells. (C) Left panel, representative 

confocal images of control and CHTM1 overexpressing MCF-7 cells grown in Glc/Gln-

deprived medium for 24h (Zeiss LSM 780). Scale bar represents 20 μm. Right panel: Oil 

red O staining in CHTM1 overexpressing MCF-7 cells grown in Glc/Gln-deprived 

conditions for 24h show decrease in lipid content. (D) CHTM1 knockdown decreases 

mRNA levels of genes involved in fatty acid oxidation (CPT1b, MCAD AND PPARα). 

(E) CHTM1 knockdown decreases mRNA levels of genes involved in fatty acid synthesis 

(ACC1, FAS, SREBP1c, PPARγ). mRNA levels were analyzed by Q-PCR and the values 

represent SEM+ of three independent experiments.  Two-step quantitative real-time PCR 

was performed using the iScript cDNA Synthesis Kit and iQ SYBR Green super mix from 

Bio-Rad (Hercules, CA, USA). Specific gene values were normalized to the C(T) values 

of GAPDH (glyceraldehyde 3-phosphate dehydrogenase) mRNA within the same sample. 

The following primer sets were used: ACC1 forward: 5'- ATC CCG TAC CTT CTT CTA 

CTG -3'; reverse: 5'- CCC AAA CAT AAG CCT TCA CTG -3'; FAS forward: 5'- CAG 

GGA CAA CCT GGA GTT CT -3'; reverse: 5'- CTG TGG TCC CAC TTG ATG AGT -

3'; SREBP1c forward: 5'- GGA GGG GTA GGG CCA ACG GCC T -3'; reverse: 5'- CAT 

GTC TTC GAA AGT GCA ATC C -3'; PPAR forward: 5'- GGC TTC ATG ACA AGG 

GAG TTT C -3'; reverse: 5'- AAC TCA AAC TTG GGC TCC ATA AAG -3'; CHTM1 

forward: 5'- GAG CAG TAT GGC CAG TGT GT -3'; reverse: 5'- ACT GGG CAA TGC 

TCA TCT TA -3'; MCAD forward: 5'- TAC TTG TAG AGC ACC AAG CAA TAT CA -

3'; reverse: 5'- TGC TCT CTG GTA ACT CAT TCT AGC TAG T -3'; PPAR  forward: 

5'- GGC GAG GAT AGT TCT GGA AGC -3'; reverse: 5'- CAC AGG ATA AGT CAC 

CGA GGA G -3'; PGC-1α forward: 5'- TGC CCT GGA TTG TTG ACA TGA -3'; reverse: 

5'- TTT GTC AGG CTG GGG GTA GG -3', CPT1b: forward: 

GCGCTGGAGGTGGCTTT, reverse: TCGTGTTCTCGCCTGCAAT; *p < 0.05. 
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Figure 2-S3. CHTM1 regulates lipid accumulation in cancer cells. CHTM1 knockdown 

causes increase in cellular lipid content. MCF-7 breast cancer cells were cultured in the 

presence and absence of Glc/Gln for 24 hrs. Representative fluorescent micrographs of 

cells stained with BODIPY and DAPI observed at 60X magnification. 
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CHTM1 regulates PPAR gamma coactivator-1 alpha (PGC-1α) 

Next, we investigated the possible mechanisms via which CHTM1 regulated genes 

involved in fatty acid metabolism. Given that PGC-1α is a transcription coactivator that is 

known to play a key role in regulation of glucose and fatty acid metabolism(Canto and 

Auwerx, 2009), we investigated the potential influence of CHTM1 on PGC-1α. Our results 

indicated that CHTM1 knockdown resulted in down-regulation of endogenous PGC-1α 

levels in MCF-7 (Fig. 2-4A) and UACC-62 (Fig. 2-4B) cells grown in complete culture 

medium or the glucose/glutamine-deprived medium. We also performed the reverse 

experiments using RKO and MDA-231 cells that exhibit low levels of endogenous CHTM1 

and noted that stable expression of exogenous CHTM1 led to increased PGC-1α levels 

(Fig. 2-4C). Together, these results indicate that CHTM1 regulates endogenous PGC-1α 

levels. To confirm that alterations in PGC-1α levels were also reflected in changes in PGC-

1α activity, the expression of PGC-1α downstream target genes including Pyruvate 

dehydrogenase kinase 4 (PDK4) and Carnitine palmitoyltransferase-1b (CPT-1b) were 

analyzed. Our results indicated that PGC-1α down-regulation due to CHTM1 knockdown 

was also coupled with down-regulation of PDK4 and CPT-1b mRNA levels (Fig. 2-4D); 

Western blotting confirmed that down-regulation of PDK4 mRNA was coupled with a 

decrease in PDK4 protein levels (Fig. 2-4E). Thus, CHTM1 deficiency affects both PGC-

1α levels and function. We also investigated the effect of CHTM1 overexpression on PGC-

1α mRNA and its downstream target genes, and the results showed that CHTM1 

overexpression led to increased mRNA expression of PGC-1α and its downstream target 

genes, CPT1b and PDK-4 (Fig. 2-4F). Because CHTM1 deficiency or overexpression-

mediated regulation of PGC-1α also occurred at the mRNA levels, next, we investigated 
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CHTM1 effect on PGC-1α promoter activity. We used PGC-1α promoter-reporter 

construct co-expressed with CHTM1 or control vector in MCF-7 cells; results (Fig. 2-4G) 

showed exogenous CHTM1 to upregulate PGC-1α promoter activity. Thus, CHTM1 

regulates PGC-1α at the transcriptional level and could also affect lipid metabolism, in part, 

via its influence on PGC-1α expression.     
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Figure 2-4. CHTM1 regulates PGC-1 alpha expression and activity. (A&B) Left 

panels, Western blot analyses showing that CHTM1 knockdown decreases PGC-1 alpha 

levels in MCF-7 cells (A) and UACC-62 cells (B) grown in complete medium or under 

Glc/Gln-deprived conditions for 12h. Right panels, densitometric quantification of PGC-1 

alpha signals normalized to β-actin. Values are mean ±SEM of three independent 

experiments. (C) CHTM1 overexpression in RKO cells and MDA-MB-231 cells increases 

PGC-1 alpha levels. C1, C2 &C3 are three individual clones that exhibit stable 

overexpression of exogenous CHTM1.  (D) CHTM1 knockdown in MCF-7 cells 

downregulates mRNA levels of PGC-1 alpha, CPT1b and PDK4. mRNA levels were 

analyzed by Q-PCR and the values represent mean+ SEM of three independent 

experiments. The following primer sets were used PDK4 forward: 5′-CCC 

GCTGTCCATGAAGCAGC-3′, reverse: 5′-CCAATGTGGCTTGGGTTTCC.  (E) 

CHTM1 knockdown downregulates PDK-4, protein levels in MCF-7 cells grown in 

complete medium or in Glc/Gln-deprived medium for 12h. (F) PGC-1 alpha, CPT-1b and 

PDK4 mRNA levels are increased in CHTM1 overexpressing MCF-7 cells. mRNA levels 

were analyzed by Q-PCR and the values represent mean+ SEM of three independent 

experiments (G) Exogenous expression of CHTM1 increases PGC-1 alpha promoter 

activity in complete medium or in Glc/Gln-deprived medium for 12h. MCF-7 cells were 

transiently transfected with the indicated vectors for 24h by using TransIT-LT1 

transfection reagent (Mirus, Madison, WI) according to manufacturer's protocol. 

Transfected cells were Glc/Gln-deprived medium for 12h. The luciferase activity was 

measured using 50 μg of total protein corresponding to each sample by a luminometer 

(LUMAT LB9507, Berthold Technologies, Germany).  MCF-7 cells were co-transfected 

with PGC-1 alpha promoter luciferase construct either with vector control or CHTM1 

expression vector for 48h. *p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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CHTM1 regulates CREB phosphorylation via Protein Kinase C (PKC) 

CREB transcription factor is known to be activated via phosphorylation on Ser133 and 

regulates PGC-1α transcription under energy stress conditions. CREB transcriptionally 

regulates PGC-1α gene expression via the CREB-binding element present within the 

promoter of PGC-1α gene(Fernandez-Marcos and Auwerx, 2011). Next, we investigated 

whether CHTM1 was involved in CREB activation. We noted that both MCF-7 and 

UACC-62 cells exhibited constitutive phosphorylation of CREB at Ser133 in complete 

medium or glucose/glutamine-deprived medium (Fig. 2-5 A&B scrambled controls). 

Interestingly, CHTM1 knockdown in both cell lines resulted in decreased CREB 

phosphorylation on Ser133; the effect was more pronounced under glucose/glutamine-

deprived conditions (Fig. 2-5 A&B). CHTM1 knockdown also led to a significant 

reduction in the transactivation function of CREB from its regulatory element (Fig. 2-5C). 

Thus, reduction in CREB phosphorylation due to CHTM1 deficiency was functionally 

relevant, as it was also reflected in decreased CREB transactivation function. Our results 

indicate that CHTM1 regulates CREB activity and that CHTM1 is expected to regulate 

PGC-1α (as shown in Fig. 2-4) at least in part via CREB.  
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Figure 2-5.1. CHTM1 regulates CREB phosphorylation. (A&B) Western blot analyses 

showing decreases in CREB phosphorylation on Ser133 in CHTM1 knockdown MCF-7 

cells (A) and UACC-62 cells (B) grown in complete medium or Glc/Gln-deprived medium 

for 12h. (C) CHTM1 knockdown reduces CREB activity. Scrambled or CHTM1 

knockdown MCF-7 cells were transfected with CREB DNA binding domain-luciferase 

construct for 48h. Promoter luciferase analyses were performed as described in material 

and methods section. Results shown are the relative luciferase amounts for CREB promoter 

activity and the values represent SEM+ of three independent experiments.  *p < 0.05; ** p 

< 0.01; *** p< 0.00.1 
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Figure 2-5.2. CHTM1 regulates CREB phosphorylation via PKC.  (D) PKC inhibitor 

blocks CREB phosphorylation in CHTM1 overexpressing MCF-7 cells. Cells were 

transiently transfected with vector-only or CHTM1 expression construct and grown under 

Glc/Gln-deprived conditions for 12h followed by Glc/Gln stimulation for 1h in the 

presence or absence of various kinase inhibitors- 10 μM PKI (PKA), 10 μM G06983 

(PKC), 50 μM LY294008 (PI3K) and 30 μM SB203580 (p38). Left panel, Western blot 

analyses; right panel, densitometric quantification showing that exogenous CHTM1 

increases CREB phosphorylation (lanes 1&2) that is blocked by and PKC inhibitor (lanes 

5&6). (E) PKC activation by 1 μM PMA rescues prevents decreases in CREB 

phosphorylation in the CHTM1 knockdown MCF-7 cells, whereas PKA activator forskolin 

(FSK) and oleic acid were unable to do so. *p < 0.05; ** p < 0.01; *** p< 0.001. 
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Various kinases such as PKA, PKC PI3K and p38 have been implicated in phosphorylation 

and activation of CREB. To identify the kinase(s) engaged by CHTM1 to regulate CREB 

phosphorylation, we investigated the effects of various kinase inhibitors on CHTM1-

mediated increase in CREB phosphorylation. Our results indicated that PKC inhibitor 

abrogated CHTM1-mediated CREB phosphorylation (p=0.0844), whereas PKA, PI3K and 

p38 inhibitors did not (Fig. 2-5D). Consistent with these results, phorbol 12-myristate 13-

acetate (PMA), known to activate PKC, rescued CHTM-1 deficiency-mediated decreases 

in CREB phosphorylation, whereas the PKA activator forskolin, and oleic acid (an 

unsaturated fatty acid) did not (Fig. 2-5E). These results suggest that CHTM1-mediated 

increase in CREB phosphorylation involves PKC activity. 

 

Glucose/glutamine deprivation increases cytosolic distribution of CHTM1 

We also sought to investigate how CHTM1 affects cellular signaling during 

glucose/glutamine deprivation. We found that while the total endogenous CHTM1 protein 

levels were not significantly changed during glucose/glutamine-deprived conditions (Fig. 

2-6A, lanes 1&2 and 5&6), the cytosolic levels of endogenous CHTM1 were increased 

(Fig. 2-6A, lanes 3&4 and 7&8). We also analyzed RKO cells stably expressing exogenous 

CHTM1 and noted increased cytosolic accumulation of exogenous CHTM1 under 

glucose/glutamine-deprived conditions (data not shown). Thus, cytosolic accumulation of 

both the endogenous and exogenous CHTM1 is regulated in a similar manner under 

glucose/glutamine deprived conditions. Furthermore, increased accumulation of cytosolic 

CHTM1 was specific to glucose/glutamine deprivation because treatment with other agents 

such as H2O2, metformin or oxamate did not have similar effect (Fig. 2-6B). We also 
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examined the effect of exogenous CHTM1 on the cytosolic levels of phospho-CREB under 

glucose/glutamine-deprived conditions, and found that increased CHTM1 levels in cytosol 

were also coupled with increased cytosolic phospho-CREB (Fig. 2-6C). Blots were also 

probed for cytosolic protein α-tubulin, and mitochondrial protein Sam50 as positive and 

negative controls (Fig. 2-6A, B&C). Together these results suggest that cytosolic 

accumulation of CHTM1 during nutrient (glucose/glutamine) deprivation appears to be 

important for its effect on cellular signaling events particularly in relation to its impact on 

CREB function.  
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Figure 2-6. Glc/Gln deprivation regulates cellular distribution of CHTM1. (A) 

Western blot analyses showing increased cytosolic levels of CHTM1 in MCF-7 cells grown 

under Glc/Gln-deprived conditions for 12h (left panel) and 24h (right panel). (B) MCF-7 

breast cancer cells were grown in completed medium and treated with 25 μM hydrogen 

peroxide (H2O2), 10 mM metformin and 80 mM oxamate for 24h, or grown in Glc/Gln-

deprived conditions for 24h.  Western blot analyses showing increase in cytosolic levels of 

CHTM1 only under Glc/Gln-deprived conditions for 24h.  (C) Western blot analysis 

showing increase in cytosolic levels of CREB in CHTM1 overexpressing MCF-7 cells 

grown under Glc/Gln-deprived conditions for 12h.  
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CHTM1 is overexpressed in patient samples of breast and colon cancers 

Given that cancer can also be considered as a metabolic disease, therefore, we investigated 

the expression of CHTM1 in human malignancy. To that end, we analyzed samples 

representing matching normal and tumor tissues from patients with breast and colon 

cancers. CHTM1 levels were determined by Western blot and immunohistochemical 

analyses. Fig. 2-7A depicts a representative Western blot showing results from 6 pairs of 

colon cancer samples and as is shown, tumor samples from all patients exhibited increased 

levels of CHTM1 when compared to their corresponding matched normal tissues. Overall, 

we analyzed matched normal and tumor tissue from 53 colon cancer patients by Western 

blotting and found 43 out of 53 (81.11%) tumors to show increased levels of CHTM1 when 

compared to matched normal tissues (Fig. 2-S4, Fig. 2-S5A and Table 2-S1). We also 

sought to analyze CHTM1 status in tumors by immunohistochemical staining and to that 

end first confirmed the specificity of anti-CHTM1 antibody using scrambled and CHTM1-

knockdown cells. Our results (Fig. 2-S5B, left panel) confirmed that the anti-CHTM1 

antibody detected the immunohistochemistry-based signals in the scrambled cells but not 

in CHTM1-knockdown cells. Furthermore, only the anti-CHTM1 antibody detected 

endogenous CHTM1 signals, whereas isotype matched IgG did not (Fig. 2-S5B, right 

panel). After confirming that the anti-CHTM1 antibody specifically detected CHTM1, we 

analyzed 44 colon cancer patient samples by immunohistochemical staining and our results 

indicated that 36 out of 44 (81.81%) tumors exhibited increased levels of CHTM1 (Table 

2-S2). Representative results showing increased staining for CHTM1 in tumor tissues are 

depicted in Fig. 2-7B. 
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 In the case of breast cancer, samples from 10 patients were analyzed by Western blotting 

and all 10 breast cancer samples showed increased levels of CHTM1 when compared to 

corresponding matched normal tissues (Fig. 2-S6 and Table 2-S3). Representative results 

of 6 pairs of matched normal and tumor tissues are shown in Fig. 2-7C. In the case of 

immunohistochemical analyses, out of 61 informative cases, 51 (about 83.60%) tumors 

had increased staining for CHTM1 (Table 2-S4). Representative results showing increased 

staining for CHTM1 in tumor tissues are depicted in Fig. 2-7D. Overall results for colon 

and breast cancer samples are summarized in Fig. 2-7E. We also investigate the CHTM1 

expression status in microarray data in the GEO database. CHTM1 expression data for 17 

colorectal cancer patients (GEO profile ID # GSD4382) were retrieved that indicated 

CHTM1 mRNA expression to be higher in tumors compared to matching normal tissues 

(Fig. 2-7F). Together these results indicate that CHTM1 is overexpressed in human colon 

and breast cancers. 
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Figure 2-7. CHTM1 levels are deregulated in human cancers. (A) Representative 
Western blot showing CHTM1 levels are increased in tumor (T) tissue samples from colon 

cancer patients compared to corresponding matched normal (N) tissues. Samples were 

obtained from Cooperative Human Tissue Network (CHTN), a NCI-supported network. 

Frozen tissue samples were shipped on dry-ice and stored at -80˚C. (B) 

Immunohistochemical staining of CHTM1 in representative patient-derived matched 

normal and tumor tissues from colon cancer patients. Brown color indicates CHTM1 

specific staining and blue color indicates hematoxylin (Olympus AX70, Objective 20X). 

Samples were purchased from Biomax (Rockville, MD) as formalin-fixed, paraffin-

embedded tissue array slides. Slides were shipped and stored at room temperature. (C) 

Representative Western blot showing CHTM1 levels are increased in tumor (T) tissue 

samples from breast cancer patients compared to corresponding matched normal (N) 

tissues. Samples were obtained from CHTN. Frozen tissue samples were shipped on dry-

ice and stored at -80˚C. (D) Immunohistochemical staining of CHTM1 in representative 

patient-derived matched normal and tumor tissues from breast cancer patients (Olympus 

AX70, Objective 20X). Samples were purchased from Biomax as formalin-fixed, paraffin-

embedded tissue array slides. Slides were shipped and stored at room temperature. (E) 

Summary of results showing CHTM1 levels are increased in colon and breast cancer 

samples when compared to corresponding matched normal tissues from multiple patients. 

(F) Microarray data in GEO database showing that CHTM1 mRNA levels are increased in 

colon cancers compare to normal tissues. Values represent 17 normal and colon cancer 

tissue samples. GEO data ID: GDS4382. Each symbol represents an individual sample. P 

=0.01156. 
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Figure 2-S5. CHTM1 levels are upregulated in colon cancer. (A) Western blots showing 

CHTM1 expression in matched normal (N) and tumor (T) tissues from colon cancer 

patients (Patient #35-55). (B) Left panel; Immunohistochemical staining of scramble and 

CHTM1 knockdown MCF-7 cells as described in material and methods. Right panel: 

Immunohistochemical staining of DU145 prostate cancer cells stained with isotype 

matched IgG and anti-CHTM1 antibodies as described in material and methods.   
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Figure 2-S6. CHTM1 levels are upregulated in breast cancer. Western blot showing 

CHTM1 expression in matched normal (N) and tumor (T) tissues from breast cancer 

patients (Patient #7-10) 
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Table 2-S1.  Clinicopathological features of colon cancer patient samples analyzed by 

Western blot. Clinicopathological features of samples representing matching normal and 

tumor tissues from patients with colon cancer analyzed by Western blot analyses.  

Patient # Patient ID Type Age Sex Ethnicity 
Status of CHTM1 

in Tumors 

1 
D-50608 Normal 

50 F White Increased 
D-50609 Malignant 

2 
D-50610 Normal 

82 F White Increased 
D-50611 Malignant 

3 
D-50622 Normal 

58 M White Increased 
D-50623 Malignant 

4 
D-50626 Normal 

69 M White Increased 
D-50627 Malignant 

5 
D-50628 Normal 

71 M White Increased 
D-50629 Malignant 

6 
D-50630 Normal 

53 M White Increased 
D-50631 Malignant 

7 
28788 Normal 

89 F White Increased 
28788 Malignant 

8 
28166 Normal 

42 M White Increased 
28166 Malignant 

9 
27909 Normal 

82 F White Increased 
27909 Malignant 

10 
0303C 230C Normal 

43 F White Increased 
0303C 229C Malignant 

11 
3030033B Normal 

54 M Black Increased 
3030033A Malignant 

12 
D-50634 Normal 

57 M White Increased 
D-50635 Malignant 

13 
D-50640 Normal 

50 M White Decreased 
D-50641 Malignant 

14 
D-50646 Normal 

67 F White Increased 
D-50647 Malignant 

15 D-50648 Normal 82 F White No Change 
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D-50649 Malignant 

16 
D-50650 Normal 

74 M White Increased 
D-50651 Malignant 

17 
D-50652 Normal 

71 M White Increased 
D-50653 Malignant 

18 
1100308B Normal 

90 M White Increased 
1100308A Malignant 

19 
1100501B Normal 

43 M White Increased 
1100501A Malignant 

20 
3100293C Normal 

80 F White Increased 
3100293B Malignant 

21 
3100304B Normal 

68 M White Increased 
3100304A Malignant 

22 
4091364B Normal 

60 F Unknown Increased 
4091364A Malignant 

23 
4100153B Normal 

57 F White Increased 
4100153A Malignant 

24 
D-50656 Normal 

82 F White Increased 
D-50657 Malignant 

25 
D-50658 Normal 

63 F White Increased 
D-50659 Malignant 

26 
D-50660 Normal 

76 M White Decreased 
D-50661 Malignant 

27 
D-50664 Normal 

43 F White Increased 
D-50665 Malignant 

28 
D-50670 Normal 

56 F White Increased 
D-50671 Malignant 

29 
D-50672 Normal 

66 F White No Change 
D-50673 Malignant 

30 
3030679B Normal 

74 M White Decreased 
3030679A Malignant 

31 
3030602B Normal 

54 M White Increased 
3030602A Malignant 

32 
3030427B Normal 

75 F White Increased 
3030427A Malignant 

33 3030167B Normal 67 M White Decreased 
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3030167A Malignant 

34 
3030091B Normal 

51 M White Increased 
3030091A Malignant 

35 
3040466C Normal 

46 F White Increased 
3040466B Malignant 

36 
3040463B Normal 

72 F Black Increased 
3040463A Malignant 

37 
3040442B Normal 

88 M White Decreased 
3040442A Malignant 

38 
33264 A2A Normal 

75 M White Increased 
33264 A1A Malignant 

39 
32269 A2B Normal 

58 M White Decreased 
32269 A1B Malignant 

40 
30766 A2B Normal 

79 F White Increased 
30766 A1B Malignant 

41 
33264 A2A Normal 

75 F White Increased 
33264 A1A Malignant 

42 
33257 A2C Normal 

84 M White Increased 
33257 A1C Malignant 

43 
32751 A2C Normal 

57 M White Increased 
32751 A1C Malignant 

44 
1100546B Normal 

27 F White Increased 
1100546A Malignant 

45 
1100608B Normal 

66 M White Increased 
1100608A Malignant 

46 
1100655B Normal 

60 M White No Change 
1100655A Malignant 

47 
1100670B Normal 

81 F Black No Change 
1100670A Malignant 

48 
1100834B Normal 

71 F White Increased 
1100834A Malignant 

49 
1100571B Normal 

66 M White Increased 
1100571A Malignant 

50 
10-02-A079a Normal 

53 M White Increased 
10-02-A078a Malignant 

51 10-02-A282b Normal 57 M Black - 
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10-02-A280a Malignant 

52 
3100034B Normal 

61 M White Increased 
3100034A Malignant 

53 
3100135B Normal 

59 M White Increased 
3100135A Malignant 

54 
10-04-A052a Normal 

62 F White Increased 
10-04-A050a Malignant 

55 
10-04-A124b Normal 

63 M White No Change 
10-04-A123b Malignant 

 

Table 2-S2. Clinicopathological features of colon cancer patient samples analyzed 

immunohistochemistry. Clinicopathological features of samples representing matching 

normal and tumor tissues from patients with colon cancer analyzed by 

immunohistochemistry. Tissue array slides (from Biomax) were probed with anti-CHTM 

antibody and results were analyzed by a board-certified pathologist (SAL). 

Patient # Type Age Sex TNM 
Status of CHTM1 

in Tumors 

BM-1 
Malignant 

81 M T2N0M0 Increased 
Normal Adjacent 

BM-2 
Malignant 

62 F T3N0M0 Increased 
Normal Adjacent 

BM-3 
Malignant 

47 M T4N1M0 Increased 
Normal Adjacent 

BM-4 
Malignant 

62 F T4N0M0 Increased 
Normal Adjacent 

BM-5 
Malignant 

73 M T3N0M0 Increased 
Normal Adjacent 

BM-6 
Malignant 

45 F T2N0M0 Increased 
Normal Adjacent 

BM-7 
Malignant 

52 M T2N0M0 Increased 
Normal Adjacent 
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BM-8 
Malignant 

39 F T2N0M0 Increased 
Normal Adjacent 

BM-9 
Malignant 

57 M T3N0M0 Increased 
Normal Adjacent 

BM-10 
Malignant 

53 F T3N2M0 No Change 
Normal Adjacent 

BM-11 
Malignant 

68 M T3N1M0 Increased 
Normal Adjacent 

BM-12 
Malignant 

72 M T3N0M0 Increased 
Normal Adjacent 

BM-13 
Malignant 

67 F T3N1M1 Increased 
Normal Adjacent 

BM-14 
Malignant 

69 M T3N0M0 Increased 
Normal Adjacent 

BM-15 
Malignant 

68 M T3N1M0 Increased 
Normal Adjacent 

BM-16 
Malignant 

68 F T3N0M0 Increased 
Normal Adjacent 

BM-17 
Malignant 

43 M T3N1M0 No Change 
Normal Adjacent 

BM-18 
Malignant 

72 M T3N1M2 Increased 
Normal Adjacent 

BM-19 
Malignant 

54 M T3N0M0 Increased 
Normal Adjacent 

BM-20 
Malignant 

43 M T3N0M0 Increased 
Normal Adjacent 

BM-21 
Malignant 

57 F T3N0M0 Increased 
Normal Adjacent 

BM-22 
Malignant 

82 F T3N0M0 Increased 
Normal Adjacent 

BM-23 
Malignant 

26 M T3N0M0 Increased 
Normal Adjacent 

BM-24 
Malignant 

41 F T3N1M0 Increased 
Normal Adjacent 

BM-25 
Malignant 

53 M T3N1M0 Increased 
Normal Adjacent 
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BM-26 
Malignant 

62 F T3N0M0 No Change 
Normal Adjacent 

BM-27 
Malignant 

60 F T3N0M0 No Change 
Normal Adjacent 

BM-28 
Malignant 

77 M T3N0M0 Increased 
Normal Adjacent 

BM-29 
Malignant 

41 F T3N0M0 Increased 
Normal Adjacent 

BM-30 
Malignant 

70 M T2N0M0 Increased 
Normal Adjacent 

BM-31 
Malignant 

32 F T3N0M0 No Change 
Normal Adjacent 

BM-32 
Malignant 

68 M T4N0M0 No Change 
Normal Adjacent 

BM-33 
Malignant 

87 M T2N0M0 No Change 
Normal Adjacent 

BM-34 
Malignant 

59 F T3N1M0 Increased 
Normal Adjacent 

BM-35 
Malignant 

67 M T2N1M0 Increased 
Normal Adjacent 

BM-36 
Malignant 

64 F T4N0M0 Increased 
Normal Adjacent 

BM-37 
Malignant 

57 M T4N0M0 Increased 
Normal Adjacent 

BM-38 
Malignant 

50 M T4N0M0 Increased 
Normal Adjacent 

BM-39 
Malignant 

62 M T4N0M0 Increased 
Normal Adjacent 

BM-40 
Malignant 

42 M T3N1M0 Increased 
Normal Adjacent 

BM-41 
Malignant 

46 F T3N0M0 Increased 
Normal Adjacent 

BM-42 
Malignant 

52 F T3N1M0 Increased 
Normal Adjacent 

BM-43 
Malignant 

74 F T3N1M0 Increased 
Normal Adjacent 
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BM-44 
Malignant 

68 M T4N1M0 No Change 
Normal Adjacent 

 

 

Table 2-S3.  Clinicopathological features of breast cancer patient samples analyzed 

by Western blot. Clinicopathological features of samples representing matching normal 

and tumor tissues from patients with breast cancer analyzed by Western blot analyses  

Patient 

# Patient ID Type Age Ethnicity 

Status of CHTM1 

Expression in Tumors 

1 

3091452B Normal 

56 White Increased 3091452A Tumor 

2 

3091233B Normal 

62 White Increased 3091233A Tumor 

3 

3091417B Normal 

62 White Increased 3091417A Tumor 

4 

3091462B Normal 

54 White Increased 3091462A Tumor 

5 

3091468B Normal 

48 White Increased 3091468A Tumor 

6 

3091418B Normal 

58 Hispa Increased 3091418A Tumor 

7 

47869-A3A N Normal 

57 White Increased 47869-A1A T Tumor 

8 

4040133B N Normal 

68 Unknown Increased 4040133A T Tumor 

9 

49564B N Normal 

93 White Increased 49563A T Tumor 

10 

0910-A057f N Normal 

39 White Increased 0910-A058d T Tumor 
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Table 2-S4. Clinicopathological features of colon cancer patient samples analyzed by 

immunohistochemistry. Clinicopathological features of samples representing matching 

normal and tumor tissues from patients with breast cancer analyzed by 

immunohistochemistry. Tissue array slides (from Biomax) were probed with anti-CHTM 

antibody and the results were analyzed by a board-certified pathologist (SAL). 

Patient # Type Age TNM Status of CHTM1 in Tumors 

BM-1 
Malignant 

44 T2N0M0 Increased 
Normal adjacent 

BM-2 
Malignant 

41 T2N2M0 Increased 
Normal adjacent 

BM-3 
Malignant 

51 T2N0M0 Decreased 
Normal adjacent 

BM-4 
Malignant 

38 T3N0M0 Increased 
Normal adjacent 

BM-5 
Malignant 

53 T3N0M0 Increased 
Normal adjacent 

BM-6 
Malignant 

54 T2N2M0 Increased 
Normal adjacent 

BM-7 
Malignant 

47 T4bN0M0 Increased 
Normal adjacent 

BM-8 
Malignant 

50 T2N1M0 Increased 
Normal adjacent 

BM-9 
Malignant 

46 T2N1M0 Increased 
Normal adjacent 

BM-10 
Malignant 

54 T2N2M0 Decreased 
Normal adjacent 

BM-11 
Malignant 

53 T3N0M0 Increased 
Normal adjacent 

BM-12 
Malignant 

60 T2N0M0 Increased 
Normal adjacent 

BM-13 
Malignant 

53 T2N0M0 Increased 
Normal adjacent 

BM-14 Malignant 46 T1N0M0 Increased 
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Normal adjacent 

BM-15 
Malignant 

51 T2N1M0 Increased 
Normal adjacent 

BM-16 
Malignant 

39 T2N1M0 No Change 
Normal adjacent 

BM-17 
Malignant 

50 T2N1M0 Increased 
Normal adjacent 

BM-18 
Malignant 

48 T2N0M0 Increased 
Normal adjacent 

BM-19 
Malignant 

31 T2N0M0 Increased 
Normal adjacent 

BM-20 
Malignant 

53 T4N0M0 Increased 
Normal adjacent 

BM-21 
Malignant 

52 T2N1M0 Increased 
Normal adjacent 

BM-22 
Malignant 

50 T2N1M0 Increased 
Normal adjacent 

BM-23 
Malignant 

46 T4N0M0 Increased 
Normal adjacent 

BM-24 
Malignant 

37 T4N2M0 Increased 
Normal adjacent 

BM-25 
Malignant 

38 T3N1M0 Increased 
Normal adjacent 

BM-26 
Malignant 

38 T2N0M0 Increased 
Normal adjacent 

BM-27 
Malignant 

49 T3N0M0 Increased 
Normal adjacent 

BM-28 
Malignant 

58 T2N0M0 Decreased 
Normal adjacent 

BM-29 
Malignant 

30 T2N2M0 Increased 
Normal adjacent 

BM-30 
Malignant 

78 T2N1M0 Increased 
Normal adjacent 

BM-31 
Malignant 

38 T3N0M0 Increased 
Normal adjacent 

BM-32 Malignant 47 T2N1M0 No Change 
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Normal adjacent 

BM-33 
Malignant 

45 T2N1M0 Increased 
Normal adjacent 

BM-34 
Malignant 

41 T2N1M0 Increased 
Normal adjacent 

BM-35 
Malignant 

30 T2N0M0 Increased 
Normal adjacent 

BM-36 
Malignant 

38 T2N1M0 Increased 
Normal adjacent 

BM-37 
Malignant 

34 T4N0M0 Increased 
Normal adjacent 

BM-38 
Malignant 

40 T1N0M0 Increased 
Normal adjacent 

BM-39 
Malignant 

52 T2N0M0 Increased 
Normal adjacent 

BM-40 
Malignant 

40 T2N0M0 Increased 
Normal adjacent 

BM-41 
Malignant 

49 T4N0M0 Increased 
Normal adjacent 

BM-42 
Malignant 

36 T2N1M0 Increased 
  

BM-43 
Malignant 

36 T2N0M0 Increased 
Normal adjacent 

BM-44 
Malignant 

37 T2N0M0 Increased 
Normal adjacent 

BM-45 
Malignant 

46 T3N0M0 Increased 
Normal adjacent 

BM-46 
Malignant 

56 T2N2M0 Increased 
Normal adjacent 

BM-47 
Malignant 

52 T2N1M0 Increased 
Normal adjacent 

BM-48 
Malignant 

36 T2N0M0 Decreased 
Normal adjacent 

BM-49 
Malignant 

46 T3N0M0 Decreased 
Normal adjacent 

BM-50 Malignant 51 T4N0M0 Increased 
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Normal adjacent 

BM-51 
Malignant 

32 T4N0M0 Increased 
Normal adjacent 

BM-52 
Malignant 

32 T3N0M0 Increased 
Normal adjacent 

BM-53 
Malignant 

30 T3N0M0 Increased 
Normal adjacent 

BM-54 
Malignant 

38 T1N1M0 Increased 
Normal adjacent 

BM-55 
Malignant 

48 T2N0M0 Increased 
Normal adjacent 

BM-56 
Malignant 

40 T2N2M0 Decreased 
Normal adjacent 

BM-57 
Malignant 

56 T3N2M0 No Change 
Normal adjacent 

BM-58 
Malignant 

39 T3N1M0 Increased 
Normal adjacent 

BM-59 
Malignant 

50 T2N2M0 No Change 
Normal adjacent 

BM-60 
Malignant 

42 T1N1M0 Increased 
Normal adjacent 

BM-61 
Malignant 

31 T4N2M0 Increased 
Normal adjacent 
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Discussion 

 

We report, for the first time, the experimental characterization of CHTM1. Database 

searches revealed the presence of cDNAs corresponding to CHTM1 as experimentally 

uncharacterized protein. We provide experimental evidence that CHTM1 is detected in 

both mitochondria and cytosol, and in the case of mitochondria, predominantly in the inter-

membrane space (IMS). Furthermore, CHTM1deficiency affects mitochondrial function 

and its levels alter cellular growth under nutrient (glucose/glutamine) deprivation. For 

example, CHTM1 deficiency led to defective OXPHOS coupled with reduced ATP 

production indicating defects in mitochondrial function. We noted that CHTM1-deficient 

cells grown in the complete medium exhibited enhanced glycolysis as was evident by 

increased lactate production. Possibly, CHTM1-deficient cells with defective 

mitochondrial function grown in the complete medium increasingly rely on enhanced 

glycolysis for proliferation and survival. CHTM1-deficient cells, however, exhibited poor 

growth in the glucose/glutamine-deprived conditions suggesting that CHTM1-deficient 

cells were unable to utilize alternative sources to generate energy for their proliferation and 

survival. Because glucose/glutamine deprivation leads to metabolic stress, these findings 

also suggest that CHTM1 appears to function as an important modulator of cellular 

response to metabolic stress. In this context, it is of note that metabolic stress induces fatty 

acid oxidation for ATP generation (Carracedo et al., 2013). However, the CHTM1-

deficient cells exhibit defects in lipid metabolism. For example, CHTM1 deficiency under 

regular and nutrient (glucose/glutamine)-deprived conditions was associated with 
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increased intracellular lipid contents, while reverse was noted upon overexpression of 

CHTM1. Furthermore, CHTM1 knockdown was associated with decreased expression of 

genes involved in fatty acid oxidation as well as those involved in fatty acid synthesis. In 

the reverse experiments, overexpression of CHTM1 was also associated with increased 

expression of genes involved in fatty acid oxidation and fatty acid synthesis. Conceivably, 

alteration in fatty acid synthesis is a feedback response to changes in fatty acid oxidation 

because both fatty acid synthesis and oxidation are coupled processes. Thus, alterations in 

CHTM1 levels appear to regulate lipid metabolism affecting both lipogenesis and lipolysis. 

Accordingly, due to defects in lipid metabolism, the CHTM1-decifient cells would be 

compromised in generating ATP via fatty acid oxidation following metabolic stress. 

We also noted that CHTM1-deficient cells had an increased rate of protein catabolism 

under glucose/glutamine deprived conditions as was evident by higher levels of urea 

production by these cells (Fig. 2-S7). These results coupled with the finding that CHTM1-

deficient cells exhibit increased glycolysis would be consistent with the notion that 

CHTM1-deficient cells, unable to fully metabolize lipids, switch to increased utility of 

carbohydrates and proteins for energy generation. This would also explain that despite 

defects in mitochondrial function and lipid metabolism, the CHTM1-deficient cells are 

capable of growing in the regular medium i.e. in the presence of glucose/glutamine. This 

scenario will be similar to that reported for another mitochondrial protein namely, 

CHCHD4/MIA40 (Yang et al., 2012). CHCHD4/MIA40-deficient cells have been reported 

to grow normally under normoxia, however, their growth is affected under hypoxic 

conditions. It has also been reported that cancer cells harboring PIK3CA mutations exhibit 
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normal growth in complete medium but do not grow optimally under glutamine-deprived 

conditions (Hao et al., 2016). 

Our results also indicate that CHTM1 regulates PGC-1α levels and activity. PGC-1α is a 

transcriptional co-activator that regulates downstream targets that are linked to modulating 

fatty acid metabolism. Our results further indicate that CHTM1 affects PGC-1α regulation 

at the transcriptional level. CHTM1 is not predicted to function as a transcription factor 

and thus, unlikely to directly affect transcription of PGC-1α. In this context, involvement 

of CREB appears to be more likely for the following reasons: (i) CREB has been known 

to regulate PGC-1α transcription under metabolic stress, (ii) the PGC1 α promoter harbors 

CREB binding site (CRE), (iii) alterations in CHTM1 levels lead to changes in CREB 

phosphorylation and activity that are coupled with changes in PGC-1α levels and (iv) 

CREB phosphorylation at Ser133 is a critical step in its activation accordingly, CHTM1 

appears to engage PKC to induce CREB phosphorylation at Ser133. Although CREB is 

reported to induce PGC-1 α and repress PPAR-γ during FAO (Herzig et al., 2003), our 

results indicate that decreased CREB activity was associated with a decrease in both PGC-

1 α and PPAR-γ in CHTM1 knockdown cells. PPAR-γ down-regulation may conceivably 

reflect a feedback response to changes in lipogenesis or is independent of CREB regulation. 

CREB has been reported to positively regulate PGC-1 α expression (Herzig et al., 2003), 

which further positively regulates PPAR-γ expression (Puigserver et al., 1998), suggesting 

an indirect positive correlation between CREB activity and PPAR-γ regulation.  
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Figure 2-S7. CHTM1 deficiency regulates cellular urea levels. Representative results of 

cellular urea levels in glucose/glutamine-deprived scramble and CHTM1 knockdown 

MCF-7 cells measured by H1-NMR. 
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In addition to mitochondria, CHTM1 was detected in cytosol. Interestingly, cytosolic 

accumulation of CHTM1 was more pronounced under glucose/glutamine-deprived 

conditions. Retrograde signaling from mitochondria to cytosol has been reported to be 

linked to nutrient sensing and stress response(Butow and Avadhani, 2004). Increased 

cytosolic CHTM1 may reflect translocation from mitochondria to cytosol as a consequence 

of nutrient stress response. Alternatively, increased cytosolic levels of CHTM1 may reflect 

de novo synthesis or increased stability of CHTM1 in cytosol in response to nutrient stress. 

Although further studies are needed to elucidate these alternatives, cytosolic accumulation 

of CHTM1 is clearly indicative of an important and novel feature of metabolic stress 

response. Furthermore, increased cytosolic accumulation of CHTM1 during nutrient 

(glucose/glutamine) deprivation is coupled with increased cytosolic levels of phospho-

CREB (active-CREB). Thus, cytosolic accumulation of CHTM1 appears to be functionally 

relevant in context to its effect on cellular signaling events particularly in relation to CREB. 

We have also analyzed matched normal and tumor tissues from colon and breast cancer 

patients. Our results indicate that the majority of tumors have increased levels of CHTM1 

when compared to matching normal tissues. Given that cancer is also considered as a 

metabolic disease, the significance of these findings is relevant to the process of 

tumorigenesis and metastasis. For example, it is conceivable that increased levels of 

CHTM1 during transformation would promote the growth of tumorigenic cells particularly 

under limiting nutrient supplies. Likewise, early in the process of tumorigenesis when 

angiogenesis is not fully established, the increasing levels of CHTM1 would also enable 

the transformed cells to better adapt to and survive under the limiting nutrient supplies. 

Consistent with this notion, it has been reported that tumors in the advanced and metastatic 



  Chapter 2 

94 
 

stages show increased dependency on mitochondrial respiration and fat consumption 

(Kamarajugadda et al., 2012; Luo et al., 2017; Simoes et al., 2015). Accordingly, our 

results are highly significant because CHTM1 is a novel metabolic marker that appears to 

play an important role in promoting the growth of tumorigenic cells under limiting nutrient 

supplies and thus, links cellular metabolism and tumorigenesis. Therefore, targeting 

CHTM1 appears to be a viable approach to halt the growth of advanced and metastatic 

tumors. Based on our collective results, we propose (Fig. 2-8) CHTM1 to be a novel and 

important modulator of cellular response to metabolic stress that appears to mediate its 

effect, at least in part, via the PGC-1α, CREB and PKC signaling axis. Furthermore, 

CHTM1 is deregulated in human malignancies and could potentially serve as an important 

tumor marker that can also be developed as a target of novel anticancer therapeutics.  
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Figure 2-8. Proposed model depicting the function of CHTM1as a novel modulator of 

metabolic stress (glucose/glutamine deprivation).  Under glucose and glutamine-

deprived condition, CHTM1 induces CREB-phosphorylation possibly via PKC. 

Phosphorylated-CREB enhances transcription of downstream targets including PGC-1 

alpha, which further modulates the transcription of genes involved in lipogenesis and 

lipolysis. Under metabolic stress, CHTM1 regulates mitochondrial activity and induces 

fatty acid oxidation and therefore, generating more ATP for cancer cell survival. As a 

feedback response to increased lipolysis, lipogenesis is also increased. Overall, in CHTM1-

proficient cancer cells, CHTM1 confers protection in response to metabolic stress by 

regulating lipid metabolism and PGC-1α-CREB-PKC axis. Conversely, CHTM1 

deficiency increases cancer cell sensitivity to metabolic stress.  
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Abstract 

Recently, we have reported the characterization of a novel protein named Coiled-coil Helix 

Tumor and Metabolism 1 (CHTM1). CHTM1 is a 12.9 kDa protein composed of 110 

amino acids that localizes to both cytosol and mitochondria. CHTM1 is deregulated in 

human breast and colon cancers and its deficiency in human cancer cells leads to defective 

lipid metabolism and poor growth under glucose/glutamine starvation. Here we report that 

CHTM1 deficiency sensitizes human lung cancer cells to metabolic stress-induced cell 

death mediated by glucose/glutamine deprivation and metformin treatment. CHTM1 

interacts with Apoptosis Inducing Factor 1 (AIF1) that is one of the important death 

inducing molecules. CHTM1 appears to negatively regulate AIF1 by preventing AIF1 

translocation to cytosol/nucleus and thereby inhibit AIF1-mediated caspase-independent 

cell death. Our results also indicate that p38, a stress kinase, plays a critical role in 

metabolic stress-induced cell death in CHTM1-deficient cells. Furthermore, p38 appears 

to enhance AIF1 translocation from mitochondria to cytosol particularly in metabolically 

stressed CHTM1-deficient cells and CHTM1 negatively regulates p38 kinase activity. The 

expression status of CHTM1 in lung cancer patient samples is also investigated and our 

results indicate that CHTM1 levels are increased in the majority of lung tumors when 

compared to their matching normal tissues. Furthermore, increased CHTM1 levels 

correlate with poor overall survival in lung cancer patients particularly in those with 

adenocarcinoma. Thus, CHTM1 is an important metabolic marker that bridges altered 

cellular metabolism and the process of tumorigenesis. It has the potential to be developed 

as a predictive tumor marker that could facilitate early diagnosis, and predict prognosis and 

response to therapy. 
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Introduction 

 

Cancer is considered as a metabolic disease and various types of cancer cells predominantly 

utilize aerobic glycolysis to generate energy. This behavior of cancer cells is in contrast to 

normal cells that use oxidative phosphorylation (OXPHOS) to fulfil their energy demand. 

The metabolic switch from OXPHOS to glycolysis is believed to facilitate enhanced 

proliferation that is a hallmark of cancer cells (Babbar and Sheikh 2013, Pavlova and 

Thompson 2016). The indicated switching involves intricate metabolic reprogramming, the 

molecular details of which warrant further investigations. 

Several lines of recent evidence indicate that in the absence of glucose, cancer cells rely on 

OXPHOS and fatty acid oxidation (FAO) to generate energy, and defects in OXPHOS and 

FAO affect the growth of cancer cells under glucose-deprived conditions (Buzzai et al., 

2005, Agarwal et al., 2016). Recently, we had reported the characterization of a novel 

protein named CHTM1 (Coiled-coil Helix Tumor and Metabolism 1). Sequence matching 

that of CHTM1 was also noted in the database as CHCHD5, an uncharacterized protein of 

unknown function. According to our recent report, CHTM1, a 12.9 kDa protein composed 

of 110 amino acids, localized to both cytosol and mitochondria. Furthermore, CHTM1 

knockdown cancer cells grew poorly under glucose/glutamine-deficient conditions, while 

cells with increased exogenous levels of CHTM1 displayed increased growth and survival 

under same conditions. Lack of CHTM1 also led to defective lipid metabolism and hence, 

the poor growth of CHTM1 knockdown cells under glucose/glutamine deficiency since 

upon nutrient deprivation cells rely on lipids for energy generation. We also found that 
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CHTM1 was deregulated in breast and colon cancers and that CHTM1 regulated breast and 

colon cancer cell sensitivity to metabolic stress via PKC-CREB-PGC-1 alpha pathway 

regulating fatty acid metabolism. Thus, our recent report has identified CHTM1 as a novel 

metabolic marker with altered expression in breast and colon tumors that may be linked to 

tumorigenic growth under restricted nutrient supplies.  

More recently, we have found that CHTM1 is also deregulated in human lung cancer. Lung 

cancer is the most common cause of cancer-related deaths for both men and women 

worldwide (Siegel et al., 2016). Lung carcinomas are divided into small cell lung 

carcinoma (SCLC) and non-small cell lung carcinoma (NSCLC). The majority (>85%) of 

lung carcinomas are NSCLC that are associated with poor prognosis with a 5-year survival 

rate ~ 15.9% (Chen et al., 2014). Although the molecular pathogenesis of NSCLC remains 

to be fully elucidated, oncogenic activation due to mutations or overexpression of various 

signaling molecules have been implicated in the development and progression of NSCLC 

(Chen et al., 2014). Some of these molecules include epithermal growth factor receptor 

(EGFR), fibroblast growth factor receptor 1 and 2 (FGFR1/2), k-RAS, BRAF, Notch1, 

platelet-derived growth factor receptor alpha (PDGFRA) and phosphatidylinositol-4,5-

bisphosphate 3-kinase (PI3-K), catalytic subunit alpha (PIK3CA) (Chen et al., 2014). 

Alterations in Anaplastic Lymphoma Kinase (ALK) gene as well as loss-of-function 

mutations in tumor suppressor genes such as p53, PTEN and LKB1 have also been 

implicated in this malignancy (Chen et al., 2014). It is evident that NSCLCs are associated 

with significant genetic and cellular heterogeneity (Chen et al., 2014) and accordingly, the 

information on a given tumor’s histologic type and the associated molecular changes is 

becoming increasingly important in the planning of optimal treatment strategies. For 
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example, identification of EGFR mutations and ALK alterations has led to the development 

of tyrosine kinase inhibitors (TKIs) to target these abnormalities and their utility in the 

clinic (Zhao et al., 2014). However, about 10–15% NSCLC patients’ tumors 

harbor EGFR changes in exon 19/21 and about 3–7% have alterations in ALK gene (Zhao 

et al., 2014). Thus, although certain molecular markers such as EGFR mutations and ALK 

alterations are now evaluated in lung cancer patients, not all lung cancers share similar 

molecular abnormalities.  

Clearly, identification of additional gene/proteins that show alterations in lung cancers is 

desirable as these markers can improve diagnosis and, if associated with oncogenic 

potential, can serve as valuable targets to develop novel therapeutics and to improve the 

use of existing ones. In this context, here we report that CHTM1 is a novel metabolic 

marker for lung cancer, as it is deregulated in lung cancer patient samples when compared 

to their matching normal tissues. We further report that CHTM1 negatively regulates p38 

kinase and Apoptosis Inducing Factor 1 (AIF1). In addition, CHTM1 deficiency, under 

metabolic stress, leads to cell death that involves p38 activation and translocation of AIF1 

into nucleus. 
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Material and Methods 

 

Antibodies and reagents 

We used the following antibodies: anti-HA tag (clone 3F10) (Roche Applied Science), 

anti-β-actin and anti-alpha-tubulin (Sigma-Aldrich), anti-GAPDH and anti-Vinculin 

(Santa Cruz), cleaved PARP, pro-caspase 3 and pro-caspase 8, phospho-H2AX, AIF1, p38, 

phospho-p38, phospho- Hsp27, phospho-MAPKAP2 (Cell Signaling Technologies, 

Boston, MA), anti-CHCHD4 (Protein Tech Group, IL), anti-Tim23 (BD Biosciences, San 

Diego, CA). The peroxidase-conjugated goat anti-rat, goat anti-rabbit, goat anti-mouse and 

horse anti-goat antibodies were from Vector Laboratories (Burlingame, CA). Rabbit 

polyclonal antibodies specific for human CHTM1 and Mic25 were generated in our 

laboratory through ProSci Inc. (Poway, CA) using full-length recombinant protein. For cell 

transfections, Mirus (Madison, WI) and Lipofectamine 2000 (Invitrogen, Carlsbad, CA) 

were used. Restriction endonucleases for sub-cloning were from New England BioLabs 

(Ipswich, MA).  p38 inhibitor-SB203580 was from Sigma-Aldrich (St. Louis, MO) and 

pan-caspase inhibitor- Z-VAD-FMK was from BD Biosciences (San Jose, CA, USA). 

Other chemical reagents were from Thermo Fisher Scientific and Sigma-Aldrich.  

Cells and culture conditions 

Cell lines HEK293T (human embryonic kidney cells), MCF-7 (human breast cancer cells), 

HeLa (human cervical cancer cells), A549 and H157 (human lung cancer cells) were 

maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal 

bovine serum (Gemini Bio-Products Inc., West Sacramento, CA). For glucose/glutamine 
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deprivation experiments, cells were washed 3 times with PBS and were incubated with 

DMEM without glucose, glutamine and sodium pyruvate. 

Expression constructs 

pCMV6-CHTM1 construct was purchased from Origene, MD, USA. ORF of CHTM1 was 

inserted into pSRα-HA-S and pCEP4 expression vectors for transient and stable expression 

respectively. GST-tagged CHTM1 was generated by inserting the PCR-amplified full-

length CHTM1 cDNA into pGEX6P-1 expression vector (GE Healthcare, Pittsburgh, PA, 

USA). Mutation and deletion constructs were generated using quick change site-directed 

mutagenesis kit (Agilent, Santa Clara, CA) following manufacturer’s protocol.  All 

expression vectors were sequenced to validate their authenticity. 

Luciferase assays 

pFA-ATF2 and pFR-Luc (Agilent, Santa Clara, CA) were used to measure p38/ATF2 

activity.  Cells were transfected with pFR-Luc,  pFA-ATF2  and pSRα-HA-S CHTM1 or 

empty vector in the ratio of 1:0.25:1.Luciferase assays were performed as previously 

reported (Lucchesi et al., 2016)  

Lentivirus-mediated shRNA silencing 

Endogenous CHTM1 expression was silenced by the lentivirus-mediated shRNA 

approach. The scramble shRNA construct was purchased from Addgene, Inc. (Cambridge, 

MA, USA). All CHTM1 specific shRNA constructs were purchased from Origene, MD, 

USA. The three different nucleotide sequences to target the human CHTM1 used in this 

study were as follows: KD-1, 5′-CTTAAGGTAGTGACAGTCC-3′; KD-2, 5′-
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TCTGTCGAAGACACTCCTC-3′ and KD-3, 5′-TGGAAGTCCTGATATCCAG-3′. 

Virus production and infection were performed as per the Addgene protocol. 

Western blotting, immunostaining, immunohistochemistry and cell fractionation 

Western blotting was done by standard protocols as we previously described (An et al., 

2012). Relative band intensity was measured using Image J program. For immunostaining 

of endogenous CHTM1 protein, A549 cells were fixed, blocked with goat serum, and 

incubated with anti-CHTM1 antibody followed by FITC-labeled secondary antibody; the 

nuclei were counterstained with DAPI. To perform immunohistochemistry, paraffin 

embedded patient tissue slides were purchased from Biomax (Rockville, MD, USA) and 

staining was performed using Vector Vectastain kit following the manufacturer’s protocol. 

Quantification was performed by board certified pathologist.  Mitochondrial and cytosolic 

fractionations were done as described previously (An et al., 2012). 

ROS and RNS level measurement 

To measure oxidative stress, cells were stained with 1 μM DCF-DA (Invitrogen, CA), a 

ROS sensitive dye or with 1 μM DAF-FM (Invitrogen, CA) for 45 minutes at 37˚C 

followed by washing with Hank's balanced salt solution (HBSS). Fluorescence intensity 

was measured with excitation: 485 nm and emission: 530 nm using Synergy 2 micro plate 

reader. In case of DCF-DA stained A549 lung cancer cells, live-cell confocal microscopy 

was performed using Zeiss LSM-780 microscope. 
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Statistical analysis 

All in vitro experiments are representative of at least 3 independent repeats. Values are 

expressed as the mean ± SEM of three-independent experiments, and statistical 

significance was determined by 2-tailed Student’s t test or ANOVA. The value of p < 0.05 

was considered as statistically significant. 
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Results 

 

CHTM1 deficiency increases lung cancer cell sensitivity to metabolic stress  

We have recently reported that CHTM1 affects sensitivity of breast and colon cancer cells, 

and melanoma cells to glucose and glutamine deprivation (Babbar et al., 2017). 

Glucose/glutamine deprivation induces metabolic stress. We therefore, investigated the 

effect of CHTM1 deficiency on lung cancer cell sensitivity to metabolic stress and to that 

end, we used RNAi approach to first knockdown CHTM1 in A549 and H460 lung cancer 

cells. Western blots in Fig. 3-1A show that CHTM1 was effectively knockdown in these 

cells. We cultured CHTM1 knockdown and scrambled (control) cells in the absence of 

glucose/glutamine and noted that CHTM1 knockdown cells exhibited poor growth under 

glucose/glutamine deprivation as was noted by MTT assay (Fig. 3-1B), crystal violet 

staining (Fig. 3-1C) and phase-contrast microscopy (Fig. 3-1D).  These results suggest that 

CHTM1 regulates cellular response to metabolic stress induced by glucose/glutamine 

deprivation. We further sought to investigate the role of CHTM1 in lung cancer cell 

response to another metabolic stress inducer namely, metformin. Metformin is an anti-

diabetic drug that is extensively used for the treatment of type 2 diabetes. Scramble 

(control) and CHTM1 knockdown A549 lung cancer cells were treated with metformin and 

the effect was analyzed by MTT assay (Fig. 3-2A), crystal violet staining (Fig. 3-2B) and 

phase-contrast microscopy (Fig. 3-2C).  As shown (Fig. 3-2), CHTM1 knockdown lung 

cancer cells exhibited poor growth also in response to metformin treatment. Collectively, 
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these results indicate that CHTM1 regulates cellular response to metabolic stress induced 

by metformin as well as glucose/glutamine deprivation. 

CHTM1 deficiency-associated metabolic stress-induced cell death is caspase-

independent. 

Next, we investigated whether poor growth of CHTM1-deficient cells under metabolic 

stress was due to enhanced cell death involving caspases and to that end, we investigated 

the effect on PARP and caspases. Our results (Fig.3-3A), indicate that glucose/glutamine 

deprivation was associated with PARP cleavage and caspases 3 and 8 activation (decrease 

in procaspase levels) in scramble (control) cells. However, although PARP cleavage was 

further enhanced in CHTM1-deficient cells under glucose/glutamine deprivation, caspases 

3 and 8 activation did not further increase when compared to scramble (control) cells. We 

also investigated the effect of pan-caspase inhibitor Z-VAD-FMK on metabolic stress-

induced growth inhibition in CHTM1-deficient and –proficient lung cancer cells. Our 

results (Fig. 3-3B) indicate that pretreatment with pan-caspase inhibitor Z-VAD-FMK 

rescued metabolic stress-induced growth inhibition in scramble cells. However, Z-VAD-

FMK was unable to fully rescue metabolic stress-induced growth inhibition in CHTM1-

deficient cells. In sum, these results suggest that metabolic stress-induced growth inhibition 

occurs due to cell death and that metabolic stress-induced increased cell death in CHTM1-

deficient cells may not fully depend on caspase activation.  
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Figure 3-1.  Alterations in CHTM1 levels affect sensitivity of lung cancer cells to 

glucose/glutamine starvation. (A) Western blot analyses showing CHTM1 knockdown 

in A549 and H460 lung cancer cells using three independent constructs. (B-D) CHTM1 

knockdown and scrambled A549 and H460 lung cancer cells were glucose/glutamine 

starved for 6h and 48h respectively. (B) Relative cell proliferation (MTT assay), (C) 

Crystal violet staining and (D) Representative phase-contrast photo micrographs showing 

decreased cell survival of CHTM1 knockdown A549 (top panel) and H460 (bottom panel) 

cells compared to scramble cells under glucose/glutamine deprived condition. 
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Figure 3-2.  Alterations in CHTM1 levels affect sensitivity of lung cancer cells to 

metformin treatment. CHTM1 knockdown and scrambled A549 lung cancer cells were 

treated with 50 mM metformin for 48h. Panel A, B & C show relative cell proliferation 

(MTT assay), crystal violet staining and representative phase-contrast photo micrographs 

respectively showing decreased cell survival of CHTM1 knockdown cells following 

metformin treatment in comparison to scramble cells. 
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We also sought to investigate whether metabolic stress-induced cell death was associated 

with increased oxidative stress (Zhao et al., 2017). DCF-DA is a fluorogenic dye that is 

used for measuring the reactive oxygen species (ROS). First, we stained the scramble and 

CHTM1 knockdown lung cancer cells growing in regular media with DCF-DA and noted 

that the CHTM1-deficient cells exhibit increased oxidative stress as is reflected by 

increased DCF-DA staining (Fig. 3-3C). Next, we quantified the levels of ROS and reactive 

nitrogen species (RNS) in scramble and CHTM1 knockdown cells following 

glucose/glutamine deprivation (Fig. 3-3D) or metformin treatment (Fig. 3-3E). Our results 

indicate that glucose/glutamine-deprived (Fig. 3-3D) or metformin-treated (Fig. 3-3E) 

CHTM1-deficient cells exhibited increased ROS and RNS levels when compared to 

similarly treated scramble cells. We noted that the fold changes in ROS and RNS levels 

between CHTM1-proficent and -deficient cells with and without metabolic stress were not 

substantially different. However, given that CHTM1-deficient cells under metabolic stress 

exhibited increased accumulation of ROS and RNS compared to unstressed CHTM1-

deficient cells, it is possible that metabolic stress-induced cell death may involve oxidative 

stress. Furthermore, CHTM1-deficient cells exhibited increased phospho-H2AX levels in 

response to glucose/glutamine deprivation-induced metabolic stress (Fig. 3-3F). Because 

phospho-H2AX is a marker of DNA damage that can also occur due to cell death, 

collectively, our results so far indicate that the absence of CHTM1 enhances cell death 

under metabolic stress, however, cell death appears to occur in a caspase-independent 

manner.  
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Figure 3-3. CHTM1 deficiency-associated metabolic stress-induced cell death is 

caspase-independent. CHTM1 knockdown and scrambled A549 lung cancer cells were 

glucose/glutamine starved for 4h. Western blot analyses showing (A) increase in PARP 

cleavage and no effect on caspase cleavage on CHTM1 knockdown. (B) MTT assay 

showing decreased cell survival of CHTM1 knockdown under glucose/glutamine deprived 

conditions in comparison to scramble cells in the presence or absence of 20 μM Z-VAD-

FMK (pan-caspase inhibitor). (C) Representative fluorescent photo micrographs showing 

increase in DCF-DA (red) stained reactive oxygen species in CHTM1 knockdown A549 

cells. (D) Relative levels of ROS and RNS in 4h glucose/glutamine starved CHTM1 

knockdown A549 cells and (E) Relative levels of ROS and RNS in 12h 50 mM metformin 

treated CHTM1 knockdown A549 cells using DCF-DA for ROS and DAF-FM for RNS by 

spectrophotometric analysis (F) Western blot analyses showing increase in H2AX 

phosphoylation on CHTM1 knockdown under glucose/glutamine deprived condition.  
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CHTM1 regulates cellular distribution of AIF1 in response to metabolic stress  

AIF1 is an oxidoreductase that resides in mitochondria (Cande et al., 2002). AIF1 

translocates from mitochondria to nucleus to play a role in caspase-independent cell death 

(Cande et al., 2002). Our preceding results indicate that metabolic stress-induced (under 

glucose/glutamine-deprivation) cell death in CHTM1-deficient cells appears to be caspase-

independent. Next, we investigated the effect of CHTM1 deficiency on AIF1 subcellular 

localization under metabolic stress. It is known that upon immunostaining, mitochondrial 

AIF1 exhibits punctate distribution, whereas cytosolic AIF1 appears diffuse. Our results 

shown in Fig. 3-4A indicate that in A549 lung cancer cells, AIF1 was mainly localized in 

mitochondria in both scramble and CHTM1 knockdown cells grown in complete media. 

However, cytosolic and nuclear distribution of AIF1 (Fig. 3-4A, white arrows) was 

increased in CHTM1-knockdown cells in glucose/glutamine-deprived conditions when 

compared to scramble controls. To quantify these results, several hundred cells were 

counted and results in Fig.3-4B indicate that the percent of cells exhibiting AIF1 

cytosolic/nuclear distribution was clearly increased in CHTM1-deficient cells under 

metabolic stress. Similar experiments were performed using metformin and our results 

indicate that metformin-induced metabolic stress also increased cytosolic and nuclear 

distribution of AIF1 in CHTM1 knockdown cells (Fig.3-4C&D).  

We also performed biochemical analyses to determine the subcellular distribution of AIF1 

and our results (Fig. 3-5A) indicate that in MCF-7 breast cancer cells, AIF1 levels were 

increased in the cytosolic fractions of glucose/glutamine-deprived CHTM1-deficient cells 

with concomitant decrease in the mitochondrial fractions. The reverse experiment was also 

performed by introducing exogenous CHTM1 into A549 lung cancer cells and our results 
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(Fig. 3-5B) indicate that CHTM1 overexpression blunted the cytosolic accumulation of 

AIF1 under glucose/glutamine deprivation. Biochemical analyses performed on metformin 

treated and untreated CHTM1-profieicnt -deficient A549 cells also revealed increased 

cytosolic accumulation of AIF1 in CHTM1-deficient cells (Fig. 3-5C). Taken together, 

these findings suggest that CHTM1 appears to affect subcellular distribution of AIF1 under 

metabolic stress. 

CHTM1 and AIF1 interact with each other  

Next, we sought to investigate the potential mechanism by which presence and absence of 

CHTM1 affects subcellular distribution of AIF1 under metabolic stress. Both CHTM1 and 

AIF1 are mitochondrial proteins and our results indicated that both co-localized in 

mitochondria (Fig. 3-6A). We also investigated whether both interact with each other and 

to that end, we transfected 293T cells with empty vector or expression vector carrying HA-

S-tagged CHTM1. Pull-down was performed using S-tag agarose beads and our results 

(Fig. 3-6B) revealed that exogenous CHTM1 interacted with endogenous AIF1. To further 

confirm these interactions, we performed immunoprecipitations using anti-CHTM1 

antibody on A549 cell lysates followed by immunoblotting using anti-AIF1. The results 

(Fig. 3-6C) indicate that indeed endogenous CHTM1 co-immunoprecipitated with 

endogenous AIF1. These results therefore, demonstrate that CHTM1 and AIF1 interact 

with each other.   
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Figure 3-4. CHTM1 regulates AIF1 cellular distribution in response to metabolic 

stress. (A) Representative fluorescent photo micrographs showing increase in nucleo-

cytosolic distribution of endogenous AIF1 (green) in CHTM1 knockdown A549 cells 

following glucose/glutamine starvation for 4h. (B) Quantitative results showing the relative 

numbers of A549 cells with cytosolic/nuclear/mitochondrial localization of AIF1 (n≥200). 

(C) Representative fluorescent photo micrographs showing increase in nucleo-cytosolic 

distribution of endogenous AIF1 (green) in CHTM1 knockdown A549 cells following 12h 

metformin treatment. (D) Quantitative results showing the relative numbers of A549 cells 

with cytosolic or nuclear localization of AIF1 (n≥150) following metformin treatment.  



  Chapter 3 

126 
 

 

Figure 3-5. CHTM1 regulates AIF1 cellular distribution in response to metabolic 

stress.  (A) Representative Western blot showing increase in cytosolic AIF1 levels in 

CHTM1 knockdown MCF-7 breast cancer cells following 12h glucose/glutamine 

starvation. (B) Representative Western blot showing decrease in levels of cytosolic AIF1 

in CHTM1 over-expressing A549 lung cancer cells following 12h glucose/glutamine 

starvation. (C) Representative Western blot analyses showing increase in AIF1 cytosolic 

levels in CHTM1 knockdown A549 cells upon 12h metformin treatment. 
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CHTM1 harbors two CHCH domain, therefore, we investigated the contribution of CHCH 

domains in CHTM1-AIF1 interactions. Accordingly, we generated deletion variants of 

CHTM1 with deleted domain 1 and domain 2, and used those to determine their 

interactions with endogenous AIF1. Results shown in Fig. 3-6D indicate that the deletion 

of CHCH domain 2 did not considerably alter binding to AIF1 when compared with 

binding between full-length (WT) CHTM1 and AIF1. By contrast, deletion of domain 1 

increased binding of this variant with AIF1. By site-directed mutagenesis, we also 

introduced point mutations replacing important cysteine (C) residues with alanine (A) in 

the CHCH domains (Fig.3-6E). We determined the interactions of mutant variants of 

CHTM1 with AIF1 and the results indicated that CHTM1 variant Mut3 harboring 

mutations at residues C58, C68 and C89 in the second CHCH domain exhibited increased 

binding to AIF1. We also noted that further mutation of residue C79 in the second CHCH 

domain (Mut 4 variant) abolished CHTM1 interactions with AIF1 (Fig.3-6E). These results 

indicate that residue C79 appears to be critical in facilitating interactions between CHTM1 

and AIF1. We also investigated the effect of metabolic stress on CHTM1 and AIF1 

interactions and our results indicated that CHTM1 and AIF1 interactions were reduced 

under glucose/glutamine starvation-induced metabolic stress (Fig. 3-6F).   

  



  Chapter 3 

128 
 

 



  Chapter 3 

129 
 

Figure 3-6. Metabolic stress regulates CHTM1-AIF1 interactions. (A)  Representative 

fluorescent photo micrographs showing cellular localization of HA-tagged 

CHTM1(Rhodamine stained) and endogenous AIF1 (FITC stained) in HeLa cells. (B)  

Western blot analyses showing S-tag pull-down to demonstrate the interaction between 

endogenous AIF1 and exogenous HA-tagged CHTM1. (C) Western blot analyses showing 

S-tag pull-down to demonstrate the interaction of endogenous AIF1 with endogenous 

CHTM1. (D) Western blot analyses showing increased CHTM1-AIF1interaction in the 

absence of CHCH domain 1in CHTM1. (E) CHTM1-deficient and -proficient A549 cells 

were cultured in glucose/glutamine deprived condition for 4h. Representative Western blot 

analyses showing increased CHTM1-AIF1 interaction in CHTM1 mutants harboring C58, 

68, 89A. 
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CHTM1 modulates p38 phosphorylation and activation 

p38 kinase has been reported to be activated in response to various stresses including 

glucose starvation and metformin treatment (Wu et al., 2011, Lauretti and Pratico 2015). 

To gain further mechanistic insights into the role of CHTM1 in affecting the sensitivity of 

lung cancer cells to metabolic stress, we sought to investigate the contribution of p38. First, 

we determined the effect of CHTM1 deficiency on phospho-p38 and total p38 levels under 

glucose/glutamine deprivation-induced metabolic stress. Results in Fig. 3-7A indicate that 

phospho-p38 levels were substantially induced in CHTM1-deficient cells under metabolic 

stress.  Hsp27 is a downstream target of p38 and is known to be phosphorylated following 

p38 activation (Deng et al., 2016). Next, we used p38 inhibitor and noted that the inhibitor 

abrogated glucose/glutamine starvation–induced p38-dependent phosphorylation on 

Hsp27 in lung cancer cells (Fig.3-7B). 

As a reverse experiment, we expressed exogenous HA-tagged CHTM1 in A549 lung 

cancer cells and noted that CHTM1 overexpression (Fig. 3-7C) led to reduced p38 

phosphorylation under glucose/glutamine deprivation. MAPKAP2 is a p38 substrate, 

accordingly, we investigated effect of exogenous CHTM1 on MAPKAP2 phosphorylation 

under glucose/glutamine deprivation. The results (Fig. 3-7D) indicated that overexpression 

of exogenous CHTM1 abrogated glucose/glutamine starvation-induced phosphorylation 

on MAPKAP2.  In addition, p38 inhibitor also inhibited MAPKAP2 phosphorylation under 

glucose/glutamine deprivation (Fig.3-7D).  Together, these results indicate that CHTM1 

appears to negatively regulate p38 activity. 
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We also investigated the role of p38 in metformin-induced cell death in CHTM1-deficient 

cells. Metformin treatment resulted in increased p38 phosphorylation in CHTM1 

knockdown A549 and H1299 lung cancer cells when compared to scramble controls (Fig. 

3-8A). In the reverse experiment, overexpression of exogenous CHTM1 abrogated 

metformin-induced p38 phosphorylation (Fig. 3-8B).  ATF2 is a downstream target of p38, 

therefore, we utilized luciferase reporting system containing ATF2 binding site to analyze 

the activation of ATF2. Our results (Fig. 3-8C) indicated that CHTM1 overexpression 

inhibited glucose/glutamine starvation and metformin-induced ATF2 activation in A549 

lung cancer cells.  

CHTM1 negatively affects p38-AIF1 to modulate lung cancer cell sensitivity to 

metabolic stress  

p38 activation has been linked to stress-induced cell death. Therefore, we investigated the 

contribution of p38 in metabolic stress-induced cell death in CHTM1-deficient cells. 

CHTM1-proficient and –deficient A549 lung cancer cells were subjected to 

glucose/glutamine deprivation-induced metabolic stress in the presence and absence of p38 

inhibitor, SB203580. The growth behavior of cells grown under these conditions was 

determined by phase contrast microscopy (Fig. 3-9A) and crystal violet staining (Fig. 3-

9B). Our results indicated that metabolic stress-induced enhanced cell death in CHTM1-

deficient cells was prevented in presence of p38 inhibitor (Fig. 3-9A-b’, c’; Fig. 3-9B- II’, 

III’) (Fig. 3-9A-e’, f; Fig. 3-9B- V’, VI’’).  

 

  



  Chapter 3 

132 
 

 

Figure 3-7. CHTM1 modulates p38 phosphorylation under glucose/glutamine 

deprived condition. (A) Western blot analyses showing increase in p38 phosphorylation 

in CHTM1 knockdown A549 cells following 4h glucose/glutamine starvation (B) CHTM1 

knockdown A549 cells were pretreated with 10 μM p38 inhibitor- SB203580 (p38i) for 2h 

followed by 4h of glucose/glutamine deprivation which abrogates Hsp27 phosphorylation 

as evidenced by Western blot analyses (Lane 7-9). (C) Western blot analyses showing 

decrease in p38 phosphorylation in CHTM1 overexpressing A549 cells followed by 4h of 

glucose/glutamine deprivation and (D) Decrease in MPAKAP-2 phosphorylation in 

CHTM1 overexpressing A549 cells followed by 4h of glucose/glutamine deprivation and 

2h pretreatment with 10 μM p38 inhibitor-SB203580 (p38i) followed by glucose/glutamine 

deprived conditions abrogates MPAKAP-2 phosphorylation (Lane 5-6).  
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Figure 3-8. CHTM1 regulates p38 phosphorylation under metformin treatment. (A) 

Western blot analyses showing increase in p38 phosphorylation in CHTM1 knockdown 

A549 and H1299 lung cancer cells following 50 mM metformin treatment for 12h. (B) 

Western blot analyses showing decrease in p38 phosphorylation in A549 cells expressing 

exogenous CHTM1 following 50 mM metformin treatment for 12h. (C) CHTM1 

overexpression regulates p38 activity under metabolic stress. A549 cells were transfected 

CHTM1 or empty vector and with ATF2-luciferase construct for 48h and luciferase activity 

assay was performed after 4h glucose/glutamine deprivation or after 12h of 50 mM 

metformin. 
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Figure 3-9. CHTM1 affects sensitivity of lung cancer cells to metabolic stress in p38-

AIF1-dependent manner. CHTM1-knockdown and scrambled A549 lung cancer cells 

were glucose/glutamine starved for 6h in the presence and absence of p38 kinase inhibitor 

SB203580. (A) Representative phase-contrast photo micrographs, (B) crystal violet 

staining and (C) trypan blue exclusion assay show that p38 inhibition abrogates increased 

sensitivity of CHTM1 knockdown cells to glucose/glutamine starvation compared to 

scramble cells.  (D) Western blot analyses showing p38 inhibition abrogates CHTM1 

knockdown-mediated increase in AIF1 cytosolic levels upon 4h glucose/glutamine 

starvation in A549 lung cancer cells  
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p38 inhibitor also blunted metformin-induced enhanced cells death in CHTM1-deficient 

cells as was determined by trypan blue exclusion assay (Fig. 3-9C). These results indicate 

that p38 plays a critical role in metabolic stress-induced cell death in CHTM1-deficient 

cells. It has been reported that p38 also modulates subcellular localization of AIF1 (Kwon 

et al., 2008). Our results in previous sections indicate that cytosolic and nuclear distribution 

of AIF1 is enhanced in CHTM1-deficient cells under metabolic stress (Fig. 3-4). Given 

that p38 activation is also enhanced in CHTM1-deficient cells under metabolic stress, we 

investigated the effect of p38 inhibition on cytosolic distribution of AIF1 in CHTM1-

deficient cells under metabolic stress. Our results (Fig. 3-9D) indicated that under p38 

inhibition, there was a decreased accumulation of cytosolic AIF1 in metabolically stressed 

CHTM1 knockdown cells. These findings suggest that in CHTM1-deficient lung cancer 

cells, metabolic stress regulates AIF1 subcellular distribution via p38 activation. These 

findings also suggest that in CHTM1-deficient cells, metabolic stress-induced cell death 

involves activations of p38 and AIF1. 

CHTM1 is deregulated in human lung cancer 

We also investigated the expression status of CHTM1 in lung cancer patient samples. 

CHTM1 levels in lung cancer patient samples were analyzed by Western blotting and 

immunohistochemically staining. Fig. 3-10A shows a representative Western blot with 

samples from 6 lung cancer patients in pairs as tumors and matching normal tissues. As is 

shown, tumor samples from 5 patients show increased CHTM1 levels when compared to 

their matching normal tissues (Fig. 3-10A). Overall, we analyzed matching normal and 

tumor tissues from 29 patients via Western blotting and noted that 24 out 29 (82.75%) had 

increased CHTM1 levels in their tumors. We also sought to analyze the CHTM1 status in 
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patient samples by immunohistochemical staining by using anti-CHTM1 antibody. First, 

the specificity of the anti-CHTM1 antibody was confirmed via immunohistochemical 

staining performed on scrambled and CHTM1 knockdown A549 lung cancer cells 

(supplementary Fig. 3-S1A). The anti-CHTM1 antibody detected the 

immunohistochemistry-based signals in the scrambled cells but not in CHTM1 knockdown 

cells (supplementary Fig. 3-S1). Furthermore, only the anti-CHTM1 antibody detected the 

CHTM1-specific endogenous signals, whereas isotype matched IgG did not 

(supplementary Fig. 3-S1A). After confirming the specificity of the anti-CHTM1 antibody, 

we analyzed 36 lung cancer patient samples by immunohistochemical staining and our 

results indicated that 18 tumor specimens (50%) exhibited increased CHTM1 level. Fig. 3-

10B shows representative immunohistochemical staining performed on tumors and 

adjacent normal specimens from 2 lung cancer patients. Our overall results based on 

Western blotting and immunohistochemistry are presented in Fig. 3-10C and also as 

supplementary information (Fig. 3-S1B, Table 3-S1&3-S2). Collectively, these results 

indicate that CHTM1 is deregulated in human lung cancer. 

Given that CHTM1 was overexpressed in a large portion of lung cancer patient samples, 

we sought to determine the prognostic value of increased CHTM1 expression in lung 

cancer patients using publicly available databases. Searches in Kaplan Meier plotter 

(www.kmplot.com) revealed that higher tumor levels of CHTM1 correlated with poor 

overall survival in lung cancer patients (Fig. 3-10D) particularly in patients with lung 

adenocarcinoma (Fig. 3-10E). Interestingly, increased levels of CHTM1 in female lung 

cancer patients also correlated with poor overall survival (Fig.  3-10F).  

  

http://www.kmplot.com/
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Figure 3-10. CHTM1 is deregulated in human lung cancer. (A) Representative Western 

blot showing CHTM1 expression in matching normal (N) and tumor (T) tissues from lung 

cancer patients. (B) Immunohistochemical staining of CHTM1 in representative patient-

derived matched normal and tumor tissues. Brown color indicates CHTM1 specific 

staining and blue color indicates hematoxylin. (C) Summary of results showing CHTM1 

levels are increased in lung cancer samples when compared to matching normal tissues 

from multiple patients. (D) Kaplan-Meier plots showing high expression level of CHTM1 

in correlation with lung cancer patient survival. (E) Kaplan-Meier plots showing high 

expression level of CHTM1 in correlation with lung adenocarcinoma patient survival. (F) 

Kaplan-Meier plots showing high expression level of CHTM1 in correlation with lung 

cancer female patient survival. The correlation between of CHTM1 expression and survival 

is calculated from KM plot database. 
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Figure 3-S1. CHTM1 levels are upregulated in lung cancer. (A) Left panel; 

Immunohistochemical staining of scramble and CHTM1 knockdown A549 cells as 

described in material and methods. Right panel: Immunohistochemical staining of H1299 

cells stained with isotype matched IgG and anti-CHTM1 antibodies as describe in material 

and methods. (A) Western blots showing CHTM1 expression in matched normal (N) and 

tumor (T) tissues from lung cancer patients (Patient #7-30).  
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Table 3-S1.  Clinicopathological features of samples representing matching normal 

and tumor tissues from patients with lung cancer analyzed by Western blot analyses  

Patient # Patient ID Type Age Sex 
CHTM1 Status in 

tumor 

1 

D-50624 Normal 72 Male 

Increase 
D-50625 

Squamous Cell 

Carcinoma 
72 Male 

2 

D-50642 Normal 76 Male 

Increase 
D-50643 

Large cell 

carcinoma 
76 Male 

3 
D-50668 Normal 48 Male 

Increase 
D-50669 Adenocarcinoma 48 Male 

4 
D-50662 Normal 70 Male 

No Change 
D-50663 Adenocarcinoma 70 Male 

5 

D-50644 Normal 70 Male 

Increase 
D-50645 

Squamous Cell 

Carcinoma 
70 Male 

6 
D-50685 Normal 68 Female 

Increase 
D-50686 Adenocarcinoma 68 Female 

7 

D-50616 Normal 68 Male 

Decrease 
D-50617 

Squamous Cell 

Carcinoma 
68 Male 

8 

D-50618 Normal 76 Male 

No Change 
D-50619 

Squamous Cell 

Carcinoma 
76 Male 

9 

D-50632 Normal 80 Female 

Increase 
D-50633 

Squamous Cell 

Carcinoma 
80 Female 

10 

D-50638 Normal 66 Male 

Increase 
D-50639 

Squamous Cell 

Carcinoma 
66 Male 

11 
D-50654 Normal 60 Male 

Increase 
D-50655 Adenocarcinoma 60 Male 

12 

D-50676 Normal 78 Male 

Increase 
D-50677 

Squamous Cell 

Carcinoma 
78 Male 

13 
10-09-A127b l Normal 74 Female 

Increase 
10-09-A126b Adenocarcinoma 74 Female 

14 
10-04-A114a Normal 68 Male 

Increase 
10-04-A113a Adenocarcinoma 68 Male 
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15 
11-03-151c Normal 66 Female 

Increase 
11-03-150d Adenocarcinoma 66 Female 

17 
D-50666 Normal 47 Male 

Increase 
D-50667 Adenocarcinoma 47 Male 

18 
10-03-A123a Normal 68 Male 

Increase 
10-03-A122c Adenocarcinoma 68 Male 

19 
1100292B Normal 67 Male 

Decrease 
1100292A Adenocarcinoma 67 Male 

20 
1111097B Normal 74 Male 

Increase 
1111097A Adenocarcinoma 74 Male 

21 
11-02-A064d Normal 67 Male 

Increase 
11-02-A063e Adenocarcinoma 67 Male 

22 
3100487B Normal 73 Female 

Increase 
3100487A Adenocarcinoma 73 Female 

23 
3091218B Normal 66 Female 

Increase 
3091218A Adenocarcinoma 66 Female 

24 
49259T-003 Normal 60 Female 

Increase 
49258T-007 Adenocarcinoma 60 Female 

25 
1101263B Normal 75 Female 

No Change 
1101263A Adenocarcinoma 75 Female 

26 
2091427B Normal 57 Female 

Increase 
3091427A Adenocarcinoma 57 Female 

27 
1111108B Normal 76 Male 

Increase 
1111108A Adenocarcinoma 76 Male 

28 
3100292B Normal 54 Male 

Increase 
3100292A Adenocarcinoma 54 Male 

29 
3091487B Normal 68 Male 

Increase 
3091487A Adenocarcinoma 68 Male 

30 
1091945B Normal 75 Female 

Increase 
1091945A Adenocarcinoma 75 Female 
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Table 3-S2.  Clinicopathological features of samples representing matching normal 

and tumor tissues from patients with lung cancer analyzed by immunohistochemistry. 

Tissue array slides were purchased from Biomax and probed with anti-CHTM1 antibody. 

The results were analyzed by a board-certified pathologist. 

Patient # 
Pathology 

diagnosis 
Age Sex TNM Grade Stage 

CHTM1 

Status 

BM-1 

Squamous cell 

carcinoma 
64 M 

T3N1M1 

 
3 IV No Change 

Normal 

Adjacent 

BM-2 

Squamous cell 

carcinoma 

66 M T2N0M0 2 I No Change Pulmonary 

edema with 

congestion 

BM-3 

Squamous cell 

carcinoma 
67 M T3N0M0 3 IIB No Change 

Normal 

Adjacent 

BM-4 

Squamous cell 

carcinoma 
49 M T2N1M0 3 IIB No Change 

Normal 

Adjacent 

BM-5 

Squamous cell 

carcinoma 
53 M T2N0M0 3 IB No Change 

Normal 

Adjacent 

BM-6 

Adenocarcinoma 

42 M T2N0M0 3 IB No Change Normal 

Adjacent 

BM-7 

Adenocarcinoma 

66 F T1N0M0 G1 IA Increased Normal 

Adjacent 

BM-8 

Adenocarcinoma 

68 F T1N0M0 G1 IA Increased Normal 

Adjacent 

BM-9 

Adenocarcinoma 

69 F T1N0M0 G1 IA Increased Normal 

Adjacent 

BM-10 Adenocarcinoma 58 F T3N0M0 G1-G2 IIB Increased 
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Normal 

Adjacent 
 

BM-11 

Adenocarcinoma 

63 F T1NxM0 G1-G2 II-III Increased Normal 

Adjacent 

BM-12 

Adenocarcinoma 

71 F T1NxM0 G2 II-III No Change Normal 

Adjacent 

BM-13 

Adenocarcinoma 

51 M T1NxM0 G2 II-III Increased Normal 

Adjacent 

BM-14 

Adenocarcinoma 

56 F T2aNxM0 G2 II-III Increased Normal 

Adjacent 

BM-15 

Adenocarcinoma 

30 F T2aNxM0 G2 II-III Increased Normal 

Adjacent 

BM-16 

Adenocarcinoma 

42 M T1NxM0 G2 II-III Increased Normal 

Adjacent 

BM-17 

Adenocarcinoma 

63 M T1NxM0 G2 II-III Increased Normal 

Adjacent 

BM-18 

Adenocarcinoma 

57 F T2aNxM0 G2 II-III Increased Normal 

Adjacent 

BM-19 

Adenocarcinoma 

51 F T2aNxM0 G2 II-III Increased Normal 

Adjacent 

BM-20 

Adenocarcinoma 

60 F T1NxM0 G2 II-III No Change Normal 

Adjacent 

BM-21 

Adenocarcinoma 

61 F T1NxM0 G2 II-III No Change Normal 

Adjacent 

BM-22 

Adenocarcinoma 

50 F T1NxM0 G2 II-III Increased Normal 

Adjacent 

BM-23 

Adenocarcinoma 

70 M T2aNxM0 G2 II-III No Change Normal 

Adjacent 

BM-24 

Adenocarcinoma 

59 M T2aNxM0 G2 II-III Increased Normal 

Adjacent 
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BM-25 

Adenocarcinoma 

40 M T1NxM0 G2 II-III No Change Normal 

Adjacent 

BM-26 

Adenocarcinoma 

62 F T1NxM0 G2 II-III No Change Normal 

Adjacent 

BM-27 

Adenocarcinoma 

52 F T2aNxM0 G2-G3 II-III Increased Normal 

Adjacent 

BM-28 

Adenocarcinoma 

63 F T2aNxM0 G2-G3 II-III No Change Normal 

Adjacent 

BM-29 

Adenocarcinoma 

60 M T1NxM0 G2-G3 II-III No Change Normal 

Adjacent 

BM-30 

Adenocarcinoma 

60 F T1M0 G2-G3  No Change Normal 

Adjacent 

BM-31 

Adenocarcinoma 

37 F T2aM0 G3  Increased Normal 

Adjacent 

BM-32 

Adenocarcinoma 

67 M T2bNxM0 G3 II-III Increased Normal 

Adjacent 

BM-33 

Adenocarcinoma 

63 F T2aNxM0 G3 II-III No Change Normal 

Adjacent 

BM-34 

Adenocarcinoma 

67 M T2bM0 G3  Increased Normal 

Adjacent 

BM-35 

Adenocarcinoma 

67 M T2bNxM0 G3 II-III No Change Normal 

Adjacent 

BM-36 

Adenocarcinoma 

62 M T2aNxM0 G3 II-III No Change Normal 

Adjacent 
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Discussion 

 

In this manuscript, we report that CHTM1 is a novel modulator of metabolic stress as its 

deficiency sensitized human lung cancer cells to metabolic stress-induced cell death 

mediated by glucose/glutamine deprivation and metformin treatment. Our results indicate 

that metabolic stress-induced increased cell death in CHTM1-deficient lung cancer cells 

does not appear to be fully dependent on activation of caspases. Consistent with these 

findings, CHTM1 regulates subcellular distribution of AIF1 in response to metabolic stress 

(Fig. 3-S3). For example, cytosolic and nuclear distribution of AIF1 is increased in 

CHTM1-deficient cells under metabolic stress. Furthermore, CHTM1 and AIF1 interact 

with each and although it remains to be investigated whether these interactions are direct 

or indirect, the fact that both interact with each is an important finding.  

AIF1 is one of the important death inducing molecules. It resides in mitochondria and 

known to translocate from mitochondria to nucleus to mediate its caspase-independent 

apoptotic effects (Cande et al., 2002).  Thus, it is possible that CHTM1 acting as an 

important modulator of metabolic stress response interacts with AIF1 (directly or 

indirectly) and thereby keeps AIF1 in mitochondria under metabolic stress. Accordingly, 

CHTM1 appears to negatively regulate AIF1 by preventing AIF translocation to 

cytosol/nucleus and inhibiting AIF1-mediated caspase-independent cell death. In this 

context, we note that in CHTM1-proficient cells, the interactions between CHTM1 and 

AIF1 are blunted under metabolic stress but not fully abolished (Fig.3-6F). It is therefore, 

possible that in CHTM1-proficient cells, some AIF1 is still able to translocate to 
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cytosol/nucleus to mount apoptotic effects under metabolic stress. In CHTM1-deficient 

cells, however, due to the absence of CHTM1, the AIF1 release out of mitochondria and 

towards cytosol/nucleus would be more efficient and could explain increased cell death in 

CHTM1-deficient cells under metabolic stress.  

Our results also indicate that p38 kinase is strongly phosphorylated in CHTM1-deficient 

cells under metabolic stress and that p38 phosphorylation in response to metabolic stress 

is inhibited by CHTM1 overexpression. We used multiple approaches to demonstrate that 

increased p38 phosphorylation was indeed coupled with increased activation of p38 kinase. 

Thus, p38 kinase is strongly activated in CHTM1-deficient cells under metabolic stress and 

overexpression of CHTM1 inhibits metabolic stress-induced activation of p38. We further 

noted that inhibition of p38 rescued the cells from metabolic stress-induced cell death in 

CHTM1-deficient cells. These findings indicate that p38 activation plays a critical role in 

metabolic stress-induced enhanced cell death under CHTM1 deficiency. Interestingly, p38 

inhibition blunted the cytosolic accumulation of AIF1 in CHTM1-deficient cells under 

metabolic stress suggesting that p38 also appears to play a role in translocation of AIF1 out 

of mitochondria particularly in metabolically stressed cells. The question remains as to how 

p38 facilitates AIF1 translocation out of mitochondria particularly in CHTM1-deificient 

cells under metabolic stress and will be investigated in our future studies.   

We also investigated the expression status of CHTM1 in lung cancer patient samples. Two 

approaches were used to analyze CHTM1 levels in matched normal and tumor tissues of 

lung cancer patients including Western blotting and immunohistochemically staining. 

Western blot analyses revealed that 24 out 29 (82.75%) patients had increased CHTM1 

levels in their tumors and immunohistochemical staining indicated that 18 out of 36 (50%) 
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patients had increased CHTM1 levels in their tumors. These results are clinically relevant 

because CHTM1 is a novel modulator of metabolic stress response and a metabolic marker. 

Deregulation of CHTM1 in human lung cancer would further highlight the significance of 

CHTM1 as a valuable tumor marker. Consistent with this notion, our results indicate that 

increased CHTM1 levels correlate with poor overall survival in lung cancer patients 

particularly those with adenocarcinoma. It is known that carcinogenic substances in 

cigarettes damage lung tissues and promote lung cancer in the smokers (Chen et al., 2014). 

However, a large proportion of adenocarcinomas are diagnosed in non-smokers and the 

causes of such cancers are largely unknown (Chen et al., 2014). Clearly, identification of 

additional gene/proteins that show alterations in lung cancers particularly in non-smokers 

is desirable as these markers can facilitate early diagnosis and predict prognosis. In this 

context CHTM1 has potential to be developed as a valuable tumor marker that appears to 

also provide an important link between altered cellular metabolism and the process of 

tumorigenesis. 

Our results also indicate that CHTM1 deficiency sensitizes human lung cancer cells to 

metformin. Metformin is an anti-diabetic drug. It is a safe drug that is extensively used for 

the treatment of type 2 diabetes. Accordingly, World Health Organization (WHO) lists 

metformin to be one of the essential medicines. Metformin has also shown anticancer 

potential and thus, there is now interest to repurpose this drug for the treatment and 

prevention of human cancers. Regarding the role of metformin in the treatment of human 

malignancy, several clinical trials are ongoing including also for lung cancer 

(ClinicalTrials.gov). Clearly, metformin is an important drug that also shows anticancer 

potential, however, the molecular mechanisms by which metformin mediates its anticancer 
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effects remain to be fully elucidated. In this context, our results indicate that CHTM1 is an 

important modulator of metabolic stress response that is also capable of altering lung 

cancer cell sensitivity to drugs such as metformin.  

Our results also indicate that metformin down-regulated CHTM1 levels in various cancer 

cell lines including lung cancer cells (Fig. 3-S2). It is therefore, conceivable that metformin 

may mediate its anticancer effects at least in part by down-regulating CHTM1 and 

accordingly, CHTM1 deficiency is expected to further sensitize lung cancer cells to the 

growth inhibitory effects of metformin. Our present study indicates that indeed is the case 

as our results demonstrated that CHTM1-deficient lung cancer cells became more sensitive 

to the growth inhibitory effects of metformin. Given that metformin is known to induce 

metabolic stress, it is therefore, tempting to propose that the sensitivity of lung cancer cells 

to drugs such as metformin can be enhanced if CHTM1 is genetically or pharmacologically 

antagonized.  Clearly, CHTM1 can be developed as a valuable target to test novel 

anticancer therapeutics and improve the use of existing ones. 
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Figure 3-S2. Metformin downregulates CHTM1 expression. Western blot analyses 

showing the effect of 5 mM and 10 mM metformin treatment for 24h on CHTM1 

expression in MCF-7, MDA-231, MDA-468 (human breast cancer cells), PANC-1 (human 

pancreatic cancer cells), 293T (human embryonic kidney cells), A549 (human lung cancer 

cells) and HeLa (human cervical cancer cells). 
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Figure 3-S3. Schematic illustration depicting the role of CHTM1 in regulating cancer 

death under metabolic stress. Hypothetical model showing that CHTM1downregulates 

metabolic stress-induced p38 phosphorylation/activation. CHTM1 interacts with AIF1 and 

prevents AIF1 release out of mitochondria under metabolic stress. CHTM1 deficiency 

enhances AIF1 cytosolic and nuclear accumulation and thereby induces DNA 

fragmentation and cell death under metabolic stress in lung cancer cells. 
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Abstract 

  

Mitochondria play an important role in cancer development and progression. We have 

recently reported the characterization of a novel protein Coiled-coil Helix Tumor and 

Metabolism 1 (CHTM1). We found CHTM1 expression to be increased in multiple human 

malignancies and linked to cancer cell metabolism. CHTM1 is localized in cytosol and 

mitochondrial inter-membrane space and regulates mitochondrial activity. CHTM1 

harbors two evolutionarily conserved CHCH domains at the N-and C-termini. 

Mitochondrial inter-membrane space (IMS) proteins containing CHCH domain have been 

reported to interact with MIA40 for oxidative folding and trapping in the mitochondria. In 

the present study, we have investigated the role of CHCH domains of CHTM1 in 

mitochondrial import and binding to MIA40. We have found that CHTM1 co-localizes 

with MIA40 and also directly binds to MIA40 with the help of disulfide bonds. Further, 

we have noted that the C-terminal CHCH domain of CHTM1 is involved in binding to 

MIA40 and mitochondrial localization. Mutation analyses of cysteine residues in the 

CHCH domain of CHTM1 identifies second cysteine (Cys79) in the helix 1 of C-terminal 

CHCH domain as the critical residue that facilitates interaction with MIA40. Collectively, 

our results demonstrate that CHTM1 is a substrate of MIA40 that appears to utilize MIA40-

dependent mitochondrial import pathway.    
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Introduction 

 

Mitochondria are considered as the power house of the cell that play an important role in 

regulation of cellular energy state, redox state, proliferation, apoptosis and calcium 

signaling (Babbar and Sheikh, 2013). A mitochondrion consists of ~1000 proteins, but the 

mitochondrial genome encodes for only 13 proteins, as most of the mitochondrial proteins 

(~99%) are encoded in the nucleus (Babbar and Sheikh, 2013). 

Import of nuclear encoded mitochondrial proteins is critical to mitochondrial functionality. 

Mutations in mitochondrial proteins involved in import cause mitochondrial dysfunction. 

For instance, scErv1, a protein involved in inter membrane space (IMS) protein import and 

assembly, has been linked with defects in mitochondrial morphology and distribution 

(Kallergi et al., 2012). Multiple mitochondrial import mechanisms exist for import of 

different proteins to individual mitochondrial compartment. Nearly 40% of mitochondrial 

proteins contain an N-terminal mitochondrial targeting sequence (MTS). However, most 

of the proteins which translocate to IMS lack a predictable N-terminal sequence. 

Mitochondrial IMS sequesters various apoptotic factors including cytochrome c, AIF1 and 

proteins involved in regulating mitochondrial morphology and respiration (Otera and 

Mihara, 2012). Low molecular weight (<25kDa) proteins with conserved CX9C or CX3C 

domain are known to depend on MIA40 oxidoreductase. The human genome has 31 genes 

with twin CX9C motif (Fischer and Riemer, 2013). The majority of such proteins are either 
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involved in biogenesis of respiratory chain complexes (like Cox17) or maintaining 

mitochondria morphology and function (like CHCM1) (An et al., 2012; Chojnacka et al., 

2015). These proteins contain a mitochondria IMS-sorting signal/IMS-targeting signal 

(MISS/ITS) for their translocation to IMS (Sideris et al., 2009) and utilize MIA40 

machinery for mitochondrial import, where MISS/ITS sequence provides the site for 

interaction with hydrophobic region (CPC motif) in MIA40. This interaction helps in 

oxidation of incoming protein with the help of MIA40 CPC motif (Sideris et al., 2009).  In 

yeast, Mia40-Erv1 oxido-reductase pathway is a major IMS import-oxidative folding trap 

mechanism (Banci et al., 2010). Defects in MIA40 activity has been linked to defective 

import of various proteins and therefore, mitochondrial dysfunction. It has been reported 

that this oxidative import pathway is hooked with mitochondrial membrane potential 

(Fischer and Riemer, 2013), suggesting a link between IMS protein import and 

mitochondrial activity. 

CHTM1 (also annotated as CHCHD5) is a nuclear encoded protein that is present on the 

human chromosome 2q13. We have recently reported that CHTM1is localized in cytosol 

and mitochondria (Babbar et al., 2017) and in the case of mitochondria, predominantly in 

IMS. NMR structure of oxidized CHTM1 suggested that the eight cysteine residues form 

two rigid CHCH domains with help of four disulfide bonds (Banci et al., 2012). Formation 

of disulfide bonds require specialized compartment having less reducing environment than 

cytosol. In eukaryotes, oxidative folding mainly occurs in the ER and mitochondria (Sideris 

et al., 2009). In the case of mitochondria, Erv1-Mia40 disulfide relay plays an important 

role in oxidative folding of CHCH domain-containing proteins (Hell, 2008). CHTM1 

contains the MISS/ITS sequence (shown in Fig. 4-1), a sequence reported to be sufficient 
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for MIA40-mediated import (Mordas and Tokatlidis, 2015). It has been reported (Gabriel 

et al., 2007) that Mic14 (Mitochondrial IMS cysteine motif protein of 14kDa), a yeast 

homologue of CHTM1,  translocates to mitochondria with the help of Mia40-Erv 1 

pathway (Gabriel et al., 2007). However it remains unclear that how CHTM1 that is 

homologus to yeast Mic14 translocates to mitochondria. In the present study, we report the 

role of C-terminal CHCH domain in mitochondrial localization of CHTM1. Our 

experimental evidence suggest that  CHTM1 utilizes its C-termianl CHCH domain and the  

MIA40 machinery for its mitochondrial localization.  
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Material and Methods 

 

Cell culture 

Cell lines HeLa (human cervical cancer cells, NIH), HEK293T (human embryonic kidney, 

kindly provided by Dr. Guillermina Lozano, U. T. M. D. Anderson Cancer Center, USA), 

MCF-7 (human breast cancer cells, NIH) and RKO (human colon cancer cells, NIH) were 

maintained in Dulbecco's modified Eagle's medium (DMEM) (Corning Cellgro; 

Tewksbury, MA) supplemented with 10% fetal bovine serum (Gemini Bio-Products Inc.; 

West Sacramento, CA), 100 units/ml penicillin (Corning Cellgro; Tewksbury, MA), 100 

μg/ml streptomycin (Corning Cellgro; Tewksbury, MA), and 2  mM l-glutamine (Corning 

Cellgro; Tewksbury, MA). 

Antibodies and reagents 

Antibodies used in the present study are anti-HA tag (clone 3F10) (Roche Applied 

Science), anti-MIA40 (Protein-tech, Rosemont, IL), anti-p53 (Santacruz), anti-alpha-

tubulin (Sigma-Aldrich), anti-Sam50 (Epitomics, Burlingame, CA), anti-β-actin (Sigma-

Aldrich), anti-mitofilin (Protein Tech Group, Chicago, IL), anti-Tim23 (BD Biosciences), 

anti-Vinculin (Santa Cruz) and anti-CHCM1 (Generated in our own lab with help of 

Prosci). Chemical reagents were purchased from Thermo Fisher Scientific and Sigma-

Aldrich. 
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Expression constructs 

pCMV6 CHTM1 construct was purchased from Origene, MD, USA. Fragments 

corresponding to open reading frames (ORFs) of MIA40 were generated by PCR 

amplification. ORF of CHTM1 and MIA40 was inserted into pSRα-HA-S expression 

vector. GST-tagged CHTM1or MIA40 constructs were generated by inserting the PCR-

amplified full-length CHTM1 or MIA40 cDNA into pGEX6P-1 expression vector (GE 

Healthcare, Pittsburgh, PA, USA). CHTM1 fused with GST tag was further digested with 

prescission protease to generate cleaved/un-tagged CHTM1. Deletion/mutation variants of 

CHTM1 were generated using site directed mutagenesis kit (Agilent, Santa Clara, CA) 

following manufacturers’ protocol.  All expression vectors were sequenced to validate their 

authenticity. 

Lentivirus-mediated shRNA silencing 

Endogenous CHTM1 expression was silenced by the lentivirus-mediated shRNA 

approach. The scramble shRNA construct was purchased from Addgene, Inc. (Cambridge, 

MA, USA). All other shRNA constructs were purchased from Origene, MD, USA. The 

three different nucleotide sequences to target the human CHTM1 used in this study were 

as follows: KD-1, 5′-CTTAAGGTAGTGACAGTCC-3′; KD-2, 5′-

TCTGTCGAAGACACTCCTC-3′ and KD-3, 5′-TGGAAGTCCTGATATCCAG-3′. 

Virus production and infection were performed per the protocol provided by Addgene. 
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Mitochondrial import assay 

Mitochondria from MCF-7 cells were isolated as described previously (An et al. 2012). 

Bacterial recombinant gel purified GST-CHTM1 was synthesized. Recombinant protein 

was incubated with freshly isolated mitochondria in import buffer (0.6 M sorbitol, 150 mM 

KCl, 10 mM MgCl2, 2.5 mM EDTA, 2 mM ATP, 2 mM NADH, 1 mg/ml fatty acid-free 

BSA, and 20 mM Hepes-KOH, pH 7.4) at 30 °C for 1h. To remove non-imported proteins, 

samples were treated with 25 μg/mL proteinase K for 15 min on ice. Reactions were 

stopped by addition of 2 mM PMSF. Samples were subsequently washed with import 

buffer and denatured in reducing Laemmli buffer and analyzed by Western blot analyses. 

Western blotting and cell fractionation 

Western blotting was done by standard protocols as described previously (An et al., 2012). 

Relative band intensity was measured using Image J program. Mitochondrial and cytosolic 

fractionations were done as we have previously described (An et al., 2012).  

Statistical analyses 

Data from densitometric analyses and reported in this study were expressed as the mean ± 

S.E. of three independent experiments. Two-tailed Student’s t-test or ANOVA was used as 

appropriate for statistical analysis. The value of p < 0.05 was considered as statistically 

significant. 
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Results 

 

CHTM1 is a soluble protein predominantly exist in oxidized form  

We have recently reported that CHTM1 localizes to cytosol and mitochondrial inter 

membrane space. In the present study, we aim to understand the mechanism involved in 

CHTM1 mitochondrial localization. To start with we first analyzed the amino-acid 

sequence of CHTM1 (Fig. 4-1A).  

CHTM1 harbors two CHCH domains each having twin CX9C motif forming MISS/ITS 

sequence. Cysteine residues have been reported to be involved in the formation of disulfide 

bonds to help protein folding. Therefore, we sought to analyze if the CHTM1 is present in 

oxidized-folded form inside the cells. To that end, we utilized untreated and AMS-treated 

MCF-7 breast cancer cells and as shown in Fig. 4-1B, CHTM1 in AMS treated cells 

migrates higher than the one in untreated cells. Because AMS binds to the oxidized proteins 

and affects their mobility shift when analyzed by immunoblotting, our results therefore 

suggest that CHTM1 exist in oxidized form similar to MIA40 is known to also exist as an 

oxidized protein. We have previously reported that CHTM1 exist in the IMS, a finding 

which suggests it to be a soluble protein. To further confirm that CHTM1 is a soluble 

protein and not membrane associated, we performed sodium carbonate extraction assay. 

Our results indicate that CHTM1 exist in the soluble fraction but not in the membrane 

associated or membrane integrated fractions (Fig. 4-1C). 
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Figure 4-1. CHTM1 predominantly exist as a soluble protein in oxidized form (A) 

Amino acid sequence of CHTM1where underlined sequences indicate the CX9C motif. 

Hydrophobic residues are highlighted in grey and aromatic residues in bold are indicating 

MISS/ITS. (B) Western blot analyses showing mobility shift in CHTM1 in MCF-7 cells 

on treatment with 1 mM AMS followed by denaturation with TCA and solubilization in 

SDS. The AMS (∼0.5 kDa) modifications can be distinguished by the difference in 

mobility on SDS–PAGE. (C) Western blot analyses of samples from sodium carbonate 

extraction assay in HeLa cells showing CHTM1 in soluble fraction. IMMT serves as a 

marker for insoluble fraction present in membrane-integrated fraction.  
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CHTM1 directly interacts with MIA40 using disulfide relay 

MISS/ITS sequence in precursor proteins is involved in interaction with MIA40. Moreover 

Mic14, yeast homologue of CHTM1, containing MISS/ITS interacts with Mia40. These 

findings prompted us to find if CHTM1 interacts with MIA40. To investigate this, we first 

performed immunostaining on HeLa human cervical cancer cells. Results (Fig. 4-2A) 

indicate a colocalization of staining pattern for exogenous HA-tagged CHTM1 and 

endogenous MIA40. The staining overlap suggest that CHTM1 and MIA40 col-localize. 

Next, we sought to investigate if CHTM1 interacts with MIA40. For this purpose, we 

transiently transfected 293T cells with CHTM1 constructs having HA-S-tag at N and C 

terminal, respectively. This was followed by S-tag pull down assay (An et al., 2012), under 

non-reducing conditions (in the absence of DTT). Our results suggest that the cells 

transfected with construct having S-tag at N-terminal of CHTM1 successfully pulls down 

MIA40, but not as much with the C-terminal tagged CHTM1. These results suggest that 

the C terminal might be involve in interaction with MIA40 (Fig. 4-2B). Next, we performed 

immunoprecipitation with anti-CHTM1 antibody. Our results indicate that endogenous 

CHTM1 also interact with endogenous MIA40 in MCF-7 breast cancer cells (Fig. 4-2C). 

These results indicate that CHTM1-MIA40 interact in cellulo. Conversely, exogenous HA-

S-tagged MIA40 interacts with endogenous CHTM1in 293T cells (Fig. 4-2D). These 

findings suggest that CHTM1 directly/indirectly interacts with MIA40. 

Next, we sought to study whether CHTM1 directly interacts with MIA40. For this purpose, 

we purified bacterial expressed recombinant proteins: GST tagged MIA40 and gel-purified 

CHTM1 and performed in-vitro interaction study.  It is important to note that CHTM1 was 

purified from SDS-PAGE gel leading to the denaturation of the protein. Results in Fig. 4-
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2E show purified CHTM1 interacts with purified MIA40 suggesting direct interaction 

between MIA40 and CHTM1.  Interestingly, we found that the interaction between 

CHTM1-MIA40 gets disrupted under reducing environment (Fig. 4-2F). These findings 

suggest that CHTM1 interacts with MIA40 with help of disulfide bonds and therefore, 

CHTM1 could be a potential MIA40 substrate. 

CHCH domain in MIA40- CHTM1 interaction  

Next, we investigated the role of CHCH domain in CHTM1-MIA40 interaction. For this 

purpose, we generated deletion variants of CHTM1 lacking 8 amino-acids at N-terminal 

(NT) or 18 amino acids at C-terminal (CT). We transiently transfected 293T cells with an 

empty vector, full length(FL), ∆NT and ∆CT CHTM1 constructs with HA-S-tag at N-

terminal and performed S-tag pull down. Fig. 4-3A shows that both N-terminal and C-

terminal CHTM1 truncation were unable to prevent MIA40-CHTM1 interaction, 

suggesting that MIA40 interacts with CHCH domain of CHTM1. It is to note that CHTM1 

truncation at C-terminal substantially reduced the interaction between CHTM1 and 

MIA40. It is possible that C-terminal aids in binding of MIA40 to CHCH domain of 

CHTM1. Also, N-terminal and C-terminal truncation had minimal effect on CHTM1 

mitochondrial localization Figure 4-S1A. Further, we sought to generate CHTM1 

constructs with deletion of first CHCH domain (∆D1) or second CHCH domain (∆D2). 

Our results suggest that deletion of CHCH domain at C-terminal (∆D2) disrupted CHTM1-

MIA40 interaction (Fig 4-3B). However, deletion of first CHCH domain (∆D1) or second 

CHCH domain (∆D2) did not disrupt CHTM1 mitochondrial localization (Fig. 4-S1B).  
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Figure 4-2. CHTM1 interacts with MIA40. (A) HeLa cells were transiently transfected 

with HA-tagged CHTM1. Representative confocal images showing the immunostaining of 

exogenous HA-tagged CHTM1 and endogenous MIA40 in HeLa human cervical cancer 

cells. Images were processed using Image J software(B) Western blot analyses showing 

interaction between exogenous HA-S-tagged CHTM1 and endogenous MIA40. S-tag pull 

down experiment was performed on empty vector-transfected or CHTM1-transfected 293T 

cells. (C) Immunoprecipitation analyses indicating interactions between endogenous 

CHTM1 and endogenous MIA40 using anti-CHTM1 antibody in MCF-7 human breast 

cancer cells. Exogenous untagged-CHTM1 interacts with endogenous MIA40 in RKO 

colon cancer cells stably transfected with CHTM1. (D) Western blot analyses showing 

interaction between exogenous HA-S-tagged MIA40 and endogenous CHTM1 in 293T 

cells. (E) CHTM1interacts directly with MIA40; purified GST-tagged full-length MIA40 

was incubated with gel-purified denatured CHTM1 and GST-tag pull-down assays was 

performed, followed by Western blot analyses. (F) Western blot analyses showing that 

CHTM1 interacts with MIA40 under non-reducing conditions only. S-tag pull down was 

performed under non-reducing (No DTT) as well as under reducing conditions (10 mM 

DTT). 
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Studies have reported that MIA40 binds to its substrates in a cysteine-dependent manner. 

To test the CHTM1 cysteine residue interaction with MIA40, we generated four CHTM1 

constructs each having mutations in cysteine pair involved in formation of disulfide bond 

(C1-C12A+C44A; C2-C22A+C34A; C3- C58A+C89A; C4- C68A+C79A). Interestingly, 

we found that C58A+ C89A mutation in CHTM1causes increase in CHTM1-MIA40 

interaction (Fig. 4-3C), suggesting the involvement of cysteine residues 68 and 79 in 

MIA40 interaction. Further analyses with the triple and quadruple cysteine mutants Mut1-

C12A+C22A+C44A, Mut2-C12A+C22A+C34A+C44A, Mut3-C58A+C68A+C89A and 

Mut4-C58A+C68A+C79A+C89A showed increase in binding of MIA40 with 

C58A/C68A/C89A. Based on the results in figure 4-3, we presume that CHTM1 

preferentially binds to MIA40 with Cysteine residue 79. To seek the significance of 

cysteine residues in CHTM1 mitochondrial localization, we determined the effect of each 

mutation on CHTM1 localization. As shown in figure 4-S1C&D, single, double, triple or 

quadruple cysteine mutations did not have significant effect on CHTM1 mitochondrial 

distribution. To our surprise, CHTM1 mutation constructs with single cysteine point 

mutations did not alter CHTM1-MIA40 (Fig. 4-S2A&B) interaction or CHTM1 

mitochondrial distribution (Fig. 4-S2E&F). These findings suggest that MIA40 binds 

CHTM1 in flexible manner and is not specific to single cysteine residue 

Based on our results, cysteine residue 58, 68 and 89 seems to be nonessential for binding 

to MIA40. It is possible that CHTM1-MIA40 intermediate gets trapped in CHTM1 Mut3 

mutant as other cysteine are not available for electron transfer for subsequent bond 

formation and folding of the CHTM1. Owing to flexibility in CHTM1s’ cysteine residue 

involved in CHTM1-MIA40 interaction, mutation/deletion sin CHTM1 did not 
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significantly alter CHTM1 mitochondrial localization (Fig. 4-S1) Similar findings were 

reported for CHCHD3-MIA40 interactions (Darshi et al. 2011). 

MIA40 deficiency alters CHTM1 stability 

In our previous studies, we have found that mutation in cysteine residues alters CHTM1 

protein levels in mitochondria. Cysteine residues are involved in disulfide bond formation 

of inter-molecular disulfide bonds and with MIA40. We therefore sought to investigate the 

effect of MIA40 absence on CHTM1 stability and localization.  For this purpose, we 

generated MIA40-knockdown in MCF-7 human breast cancer cells using two independent 

shRNA constructs- 27 and 50.  As shown in Fig. 4-4A MIA40-deficient MCF-7 breast 

cancer cells exhibit decrease in CHTM1 levels. We have also found that MIA40-

knockdown does not affect CHTM1 mRNA level (data not shown). Therefore, this 

decrease in CHTM1 levels could be due to alterations in CHTM1 stability in MIA40-

knockdown cells.  
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Figure 4-3. Mapping of CHTM1 interaction region in CHTM1-MIA40 interaction. 

(A) Left panel, schematic illustration of the full-length and deletion variants of HA-S-

tagged CHTM1 protein. Middle panel, Western blot analyses showing S-tag pull down 

from 293T cells transiently transfected with full length (1-110aa), N-terminal truncated (8-

110aa) and C-terminal truncated (1-92aa) HA-S-tagged CHTM1 variants. Right panel, 

densitometric quantification of MIA40 pull down by different CHTM1 constructs. MIA40 

band intensities were normalized with respect to band intensities of HA. (B) Left panel, 

schematic illustration of the full-length and deletion variants of HA-S-tagged CHTM1 

protein. Middle panel, CHTM1 interacts with MIA40 mainly using CHCH domain at C-

terminal. HEK293T cells were transiently transfected with empty vector, full length, 

deletion CHCH domain 1(∆D1) and deletion CHCH domain 2 (∆D2) HA-S-tagged 

CHTM1 constructs, followed by S-tag pull down and Western blot analyses. Right panel, 

densitometric quantification of MIA40 pull down by different CHTM1 constructs. (C) 

293T cells expressing HA-S-tagged CHTM1 double point-mutants (C1-C12A+C44A; C2-

C22A+C34A; C3- C58A+C89A; C4- C68A+C79A) were subjected to S-tag pull down and 

Western blot analyses.  (D) Western blot analyses of CHTM1 triple and quadruple point 

mutations (Mut1-C12A+C22A+C44A, Mut2-C12A+C22A+C34A+C44A, Mut3-

C58A+C68A+C89A and Mut4-C58A+C68A+C79A+C89A) on CHTM1-MIA40 

interactions in 293T cells followed by S-tag pull down and Western blot analyses showing 

that CHTM1 interacts with MIA40 preferentially with cysteine residue 79. 
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Figure 4-S1. Role of CHCH domains in mitochondrial localization of CHTM1. 

Western blot analyses of mitochondrial and cytosolic fractions of 293T cells transiently 

transfected with ( A) empty vector, N-terminal truncated (8-110aa) and C-terminal 

truncated (1-92aa) HA-S-tagged CHTM1 variants; (B) empty vector, wild-type, deletion 

CHCH domain 1(∆D1) and deletion CHCH domain 2 (∆D2) HA-S-tagged CHTM1 

constructs; (C) HA-S-tagged wild-type and CHTM1 double point-mutant (C1-

C12A+C44A; C2-C22A+C34A; C3- C58A+C89A; C4- C68A+C79A) variants; (D) 

CHTM1 triple and quadruple point mutation constructs (Mut1-C12A+C22A+C44A, Mut2-

C12A+C22A+C34A+C44A, Mut3-C58A+C68A+C89A and Mut4-

C58A+C68A+C79A+C89A) with a HA-S-tag at the N terminal. 
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Figure 4-S2. Effect of single point mutation of cysteine residues in CHTM1 on MIA40-

CHTM1 interaction. (A) Western blot analyses showing S-tag pull down from 293T cells 

transiently transfected with empty vector, wild-type CHTM1, point mutants of CHTM1 

with Cys to Ala mutations in CHCH domain 1 at the N-terminal and (B) Western blot 

analyses showing S-tag pull down from 293T cells transiently transfected with empty 

vector, wild-type CHTM1, point mutants of CHTM1 with Cys to Ala mutations in CHCH 

domain 2 at the C-terminal.  
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Studies have suggested that defects in MIA40 pathway increases substrate protein 

degradation by proteasome (Bragoszewski et al. 2013). Next, we investigated 

whether MIA40 affects CHTM1 degradation by the proteasome.  For this purpose, MIA40-

knockdown and scramble MCF-7 cells were treated with proteasome inhibitor MG132 to 

prevent CHTM1 degradation. Our results in Fig. 4-4B suggest that MG132 can partially 

rescue the decrease in CHTM1 levels caused by MIA40-knockdown, suggesting the role 

of MIA40 in preventing CHTM1 from proteasomal degradation Next, we considered the 

effect of MIA40 deficiency on CHTM1 cellular distribution. Cellular fractions were 

prepared from HeLa human cervical cancer cells with scramble and MIA40-knockdown. 

We found that MIA40-knockdown causes decrease in CHTM1 mitochondrial and cytosolic 

levels (Fig. 4-4C). It is important to note that, the decrease in CHTM1 levels in cytosol and 

mitochondria could be due to decrease in total cellular CHTM1 content. Since MIA40 is 

an oxidoreductase and is involved in oxidative folding and mitochondrial-trapping of 

substrate proteins, we next sought to analyze the role of oxidative folding in CHTM1s’ 

mitochondrial localization. To understand the role of disulfide bond formation in CHTM1 

mitochondrial localization, we performed mitochondrial import assay in the presence and 

absence of DTT. As shown in Fig. 4-4D, gel-purified recombinant CHTM1 localizes to 

mitochondria in non-reducing conditions only.   
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Figure 4-4. MIA40 regulates CHTM1 levels. (A) Western blot analyses showing the 

effect of MIA40 knockdown on CHTM1 protein level in MCF-7 cells. (B) Western blot 

analyses showing that MG132 can rescue the decrease in CHTM1 levels noted on CHTM1 

knockdown. Scramble and MIA40 knockdown MCF-7 cells were treated with 10 mM 

MG132 for 12h. (C) Effect of MIA40 knockdown on CHTM1 subcellular distribution in 

HeLa human cervical cancer cells determined by Western blot analyses. (D) Western blot 

analysis showing bacterial purified recombinant GST-tagged CHTM1 imported into 

mitochondria purified from MCF-7 human breast cancer cells, in the presence or absence 

of DTT. * =Non-specific band.   
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Discussion 

 

We have recently published that breast, colon and lung cancer show increase in CHTM1 

expression. We have also reported that CHTM1 localizes to cytosol and mitochondrial 

inter-membrane space and can serve as a metabolic regulator in cancer cells. In our recent 

findings (Chapter 3) we have found that CHTM1 sequesters AIF1 inside the mitochondria 

and CHTM1 deficiency causes increase in AIF1 cytosolic distribution under metabolic 

stress. These findings implicate the potential to target CHTM1 for anti-cancer therapeutics. 

Therefore, it is important to understand the mechanisms that regulate the CHTM1 stability 

and subcellular localization.  

CHTM1 amino-acid sequence analyses suggested the presence of two cysteine-rich CHCH 

domain comprising MISS/ITS sequence. In the present study, we have assessed the role of 

CHCH domains in CHTM1-MIA40 interactions, mitochondrial localization and CHTM1 

degradation. Our results show that CHTM1, a soluble protein is present inside the cell 

mainly in the oxidized state with the help of disulfide bonds. 

Several lines of evidence suggest that the precursor proteins with MISS/ITS sequence 

utilize MIA40-mediated disulfide relay and oxidative folding for mitochondrial import and 

localization (Mordas and Tokatlidis 2015). We have found that CHTM1 directly interacts 

with MIA40 with the help of disulfide bonds, suggesting CHTM1 a potential MIA40 

substrate. Further previous studies (Banci et al. 2012) and our findings suggest that the 

flexible C-terminal of CHTM1 may help MIA40 to slide to CHCH domain. Once bound to 

target sequence, MIA40 aids in substrate folding by forming an intermediate with the 
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substrate with the help of disulfide bonds. Therefore, MIA40 might transiently form 

disulfide bond with multiple cysteine residues of the substrate protein. We have found that 

MIA40 preferentially binds to Cys79 in CHTM1, however, mutation of individual cysteine 

residues is not sufficient to fully disrupt CHTM1-MIA40 interaction.  Similar results were 

also reported forCHCHD3, and other mitochondrial protein where cysteine residue 193 in 

CHCHD3 proved critical for CHCHD3-MIA40 interaction. However, point mutation of 

cysteine residue 193 was not sufficient to fully disrupt interactions between the two 

proteins (Darshi et al., 2011). It is therefore possible that multiple sites exist on CHTM1 

that would facilitate interactions between CHTM1 and MIA40. Accordingly, oxidative 

folding and trapping inside the mitochondria may not solely rely on individual disulfide 

bond formation and rather, a cumulative response to multiple folding events. This can 

explain our findings that CHTM1 mutants or deletion variant were unable to disrupt 

mitochondrial localization.  

CHTM1 mutants show differential protein expression in comparison to full-length 

CHTM1.We observed that the majority of CHTM1 mutants/deletion variants show reduce 

protein expression in comparison to full-length CHTM1. This decrease in protein levels 

could be due to reduced stability of unfolded/mis-folded CHTM1 mutants/deletion 

variants.  Hence, these findings can explain our observation of decrease in CHTM1 protein 

levels in response to MIA40 deficiency. We have also found that inhibition of proteasome 

degradation can partially rescue the reduction in CHTM1 levels caused by MIA40- 

knockdown. Our experimental evidence also suggests the role of MIA40 and disulfide 

bonds in CHTM1 mitochondrial localization. 
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Figure 4-S3. Solution structure of CHTM1 and MIA40. NMR structure of MIA40 

(grey) (PDB ID: 2K3J) (Banci et al., 2009) with the CHTM1 (yellow) (PDB ID: 2LQL) 

(Banci et al., 2012). Box highlights the region of interaction between MIA40’s CPC 

motif and Cys 79 residue of CHTM1. 
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Yang et al., have suggested that breast cancer shows increased MIA40 level (Yang et al. 

2012). We have found that similar to CHTM1, lung cancer patient samples also exhibit 

increased levels of in MIA40 when compared to matching normal tissues (data not shown). 

In future it will be interesting to investigate the molecular basis of co-expression of these 

two proteins particularly in human malignancies. Further, deficiency in MIA40 expression 

has been linked with increased sensitivity to hypoxia (Yang et al. 2012). Given that MIA40 

regulates CHTM1 cellular content and CHTM1s’ role in cancer cell response to metabolic 

stress, it is possible that MIA40-modulated cancer cell response to hypoxia may be 

dependent on CHTM1 expression. 

A recent study has reported that AIF1 directly interacts with MIA40, and regulates MIA40 

mitochondrial import and activity (Hangen et al. 2015). In our recent studies, we have 

shown that CHTM1 interacts with AIF1 and modulates AIF1 mitochondrial release under 

metabolic stress conditions. Based on our findings, we hypothesize the formation of a 

complex of∼480kDa between CHTM1, AIF1 and MIA40 (Fig. 4-S4). Since we have 

shown that CHTM1 interacts directly with MIA40, it would be interesting to analyze the 

effect of metabolic stress on CHTM1-MIA40 interaction. Further, since AIF1-MIA40 

interactions regulate respiratory chain biogenesis (Hangen et al., 2015), it would be 

interesting to analyze the role of CHTM1 in respiratory chain biogenesis. Based on our 

findings we propose that MIA40 interacts with CHTM1 with the help of disulfide bonds 

and regulates CHTM1 folding and stability. MIA40 appears to preferentially binds to 

cysteine residue 79 of CHTM1, however other cysteine residues could also be involved in 

mediating the interaction. Collectively, this study may form the basis for the designing of 
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novel drugs to target CHTM1 cysteine residues and/or folding to increase cancer cell 

sensitivity to alterations in metabolite availability. 

 

 

Figure 4-S4. CHTM1, AIF1 and MIA40 form a complex. (A) BN-PAGE analyses 

showing a putative complex formation between CHTM1, MIA40 and AIF1 under non-

denaturing and non-reducing conditions. Equal mitochondrial protein samples from 

mitochondria of MCF-7 cells were separated by BN-PAGE, and complex were analyzed 

by Western blot analyses with antibodies against CHTM1, AIF1 and MIA40 (B) Schematic 

illustration depicting possible CHTM1, AIF1 and MIA40 configuration inside 

mitochondrial inter-membrane space. 
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Abstract 

 

Metabolic reprogramming is one of the hallmark of cancer and has evolved as a major 

target for anti-cancer therapies. Consistent with this notion, we have recently identified 

Coiled-coil Helix Tumor and Metabolism 1 (CHTM1), a novel biomarker of human 

malignancies involved in regulating cancer cell metabolism. We have also previously 

reported that targeting CHTM1 expression increases cancer cell sensitivity to 

glucose/glutamine deprivation. Autophagy plays an important role in cancer cell response 

to metabolic stress. In the present study, we have investigated the role of CHTM1 in 

autophagy regulation. We have found that CHTM1 deficiency induces autophagy in the 

presence/absence of glucose/glutamine starvation. Consistent with these findings, NMR 

based metabolomic profiling also suggest increase in amino-acid metabolism in CHTM1- 

deficient cells. Interestingly, metabolomic analyses also suggest that targeting CHTM1 

expression reduces dependency on fatty-acid metabolism under glucose/glutamine 

deprived conditions, causing increase in lipid droplet accumulation as reported previously 

(Chapter 2). These findings suggest that CHTM1-mediated increase in sensitivity to 

glucose/glutamine deprivation is not due to defects in autophagy.  Future studies are needed 

to understand the pro or anti-apoptotic role of increased autophagy on targeting CHTM1 

expression in cancer cells.  
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Introduction 

 

Cancer is a leading cause of death. Recent advances in cancer research aims to improve 

diagnostic methods and anti-cancer therapies. In the past decade, studies have established 

metabolic deregulations as one of the major cancer hallmarks. Based on Warburg 

hypothesis, cancer cells undergo metabolic switch to have increased glycolysis over the 

mitochondrial oxidative-phosphorylation (Warburg, 1956). However, under nutrient stress 

conditions cancer cells show metabolic flexibility to utilize alternate metabolic pathways. 

Under nutrient stress, cancer cells induce the mitochondrial oxidative-phosphorylation, 

fatty acid oxidation and other catabolic processes including autophagy (DeBerardinis and 

Chandel, 2016). Autophagy has been considered as a self-defense mechanism against 

nutrient stress. During metabolic stress conditions, cancer cells induce autophagy to 

increase tumor sustainability, growth and aggressiveness. On the contrary, increased 

autophagy is also linked to autophagy induced death or autophagic death (Wu et al., 2015). 

Nutrient and energy starvation activates autophagy with help of sensor kinases including 

AMPK and mTORC1 (Kim et al., 2011).  Energy stress alters AMP/ATP and ADP/ATP 

ratio causing AMPK activation. Activated AMPK inhibits mTORC1 activity and induces 

autophagy. Autophagy involves degradation of damaged cellular compartments and 

proteins via engulfment of cytoplasmic components and organelles with the help of 

autophagosome. Autophagosome fuses with the lysosome to form autolysosome which 

finally hydrolyze intra-organelle components yielding amino acids, nucleotides and fatty 

acids for ATP production, metabolic homeostasis and biosynthesis.  



  Chapter 5 

187 
 

Defects in autophagy has been linked with increased lipid accumulation (Yang et al., 2017). 

Conversely, autophagy induction reduces lipid accumulation in cancer cells (Song et al., 

2012). As a reverse effect, increase in free fatty acids like palmitate also causes autophagy 

induction (Stryeck et al., 2017). This increase in autophagy could possibly be due to the 

increase in autophagosome formation. Autophagy not only provides nutrients during stress 

but also limits the activation of cell death by intrinsic pathway by multiple pathways. 

Firstly, excess lipid induced autophagy not only provides energy but also helps to avoid 

lipo-toxicity (Stryeck et al., 2017). Secondly, mitochondrial autophagy or mitophagy helps 

in removal of damaged fragmented mitochondria with dissipated membrane potential, 

thereby preventing activation of intrinsic apoptosis pathway (Kubli and Gustafsson, 2012).  

Personalized metabolic profiling may form the basis of future anti-cancer therapies. Given 

that, targeting mitochondrial metabolism has been proposed as an effective anti-cancer 

strategy, evaluation of metabolite profile is the most relevant approach for identification of 

altered metabolic pathways (Gowda et al., 2008). Studies have utilized several analytical 

techniques for metabolite profiling including nuclear magnetic resonance (NMR), liquid 

chromatography-mass spectrometry (LC-MS) and gas chromatography–mass 

spectrometry (GC-MS) (Baniasadi et al., 2013). Data thus obtained is analyzed with the 

help of reference databases to determine alterations in metabolite concentrations and 

pathways. In recent years, non-targeted cancer cell metabolite profiling has expanded our 

understanding of altered cancer cell metabolism. However, very few studies have evaluated 

the effect of gene manipulation on cancer cell metabolome.   

Coiled-coil Helix Tumor and Metabolism 1 (CHTM1) is overexpressed in human breast, 

colon and lung cancers. Interestingly, CHTM1 regulates cancer cell sensitivity to metabolic 
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stress and CHTM1 deficiency causes lipid accumulation under metabolic stress. These 

findings suggest the role of CHTM1 in inducing lipid catabolism in response to metabolic 

stress. Given that autophagy regulates lipid degradation, our next question was to 

investigate the role of autophagy in lipid accumulation induced by CHTM1 deficiency in 

nutrient-deprived cancer cells.  In the present study, we have investigated the role of 

CHTM1 in autophagy induction and assessed the alteration in metabolic pathways. Our 

experimental evidence suggests that under metabolic stress conditions, CHTM1 deficiency 

induces autophagy and proteolysis and shows reduced dependency on fatty-acid oxidation. 
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Material and Methods 

 

 

Antibodies and reagents 

Antibodies: anti-HA tag (clone 3F10) (Roche Applied Science), anti-β-actin (Sigma-

Aldrich), anti-pAMPK, anti-AMPK, anti-LC3B, anti-Beclin1 and anti-CREB (Cell 

Signaling Technologies, Boston, MA) were used in the present study. Peroxidase-

conjugated secondary antibodies were from Vector Laboratories (Burlingame, CA). 

Antibody against CHTM1 was generated in our laboratory using bacterial purified full-

length recombinant human CHTM1 through ProSci Inc. (Poway, CA). Other chemical 

reagents were from Thermo Fisher Scientific and Sigma-Aldrich.  

Cells and culture conditions 

MCF-7 (breast cancer cells from NIH), RKO (human colon cancer cells from NIH) and 

human melanoma cells (A2058, A2058-T2R7, A2058-T21H, A375, Sk-Mel-15, UACC-

62, UACC-257, C8161, Mum 2C, Sk-Mel-103) were maintained in Dulbecco's modified 

Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Gemini Bio-

Products, West Sacramento, CA), 100 μg/ml streptomycin (Cellgro, Manassas, VA), and 

2 mM L-glutamine (Cellgro, Manassas, VA). Primary human epidermal melanocytes, 

neonatal, moderately pigmented (HEMn-MP) were maintained in medium 254 (Gibco). 

For glucose/glutamine deprivation experiments, cells were washed incubated with DMEM 

without glucose, glutamine and sodium pyruvate (Cellgro, Manassas, VA). 
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Lentivirus-mediated CHTM1 knockdown 

CHTM1 expression was knockdown by using the lentivirus-mediated shRNA approach. 

The scramble shRNA construct was purchased from Addgene, Inc. (Cambridge, MA). The 

three different nucleotide shRNA sequences (Origene, MD) were used in this study to 

target the human CHTM1 (KD-1, 5′-CTTAAGGTAGTGACAGTCC-3′; KD-2, 5′-

TCTGTCGAAGACACTCCTC-3′ and KD-3, 5′-TGGAAGTCCTGATATCCAG-3′). 

Lenti-virus production and infection were performed as per the Addgene protocol.  

Western blot analyses and immunostaining 

Western blot and immunostaining were done as previously described (An et al., 2012). For 

immunostaining, MCF-7 human breast cancer cells were cultured on LabTekII chambered 

slides. Slides with cultured cells were washed and incubated with 100 nM LysoTracker 

Red (Invitrogen) for 30 min at 37 ˚C in phenol-red-free Dulbecco's Modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum (Gemini Bio-Products, 

West Sacramento, CA) followed by one PBS wash and 4% PFA fixation. Slides with fixed 

cells were stained with DAPI for nuclear staining and mounted with coverslips. Confocal 

images were captured using Zeiss LSM 780 confocal microscope (Carl Zeiss, Oberkochen, 

Germany). Images were analyzed using ImageJ software. 

Sample preparation for 1H-NMR 

10 million cells were counted and washed thoroughly with PBS. Cell pellets were 

resuspended in 100 μl of 80% methanol (-80C). Cells were freeze (-80C, 15 min) and 

thawed (room temp), followed by centrifugation at 13,000 rcf for 30 min at 4°C, and 100 
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μl of supernatant was saved. Another 100 μl of 80 % methanol (−80°C) was added to the 

pellet, the sample was vortexed, centrifuged at 13,000×g for 30 min at 4°C, and the 

supernatant was pooled with the previous supernatant. Pooled supernatant was lyophilized 

in speed vac. 600 μl of D2O containing 1 mM DSS was added to each sample. All one-

dimensional 1H-NMR spectra were acquired at 300 K on a Bruker Avance 800 MHz 

ultrashielded spectrometer (Bruker Biospin Gmbh, Rheinstetten, Germany) 

Metabolite and pathway analyses 

Quantitative enrichment analyses of 306 detected metabolites were carried out employing 

the web-based Metabo Analyst 3.0 (Xia and Wishart, 2016) software. Multivariate analyses 

were performed, and the samples were normalized to the median of all signals between 

separate runs. 

Statistical analyses 

Statistical analyses were performed by utilizing GraphPad Prism 6.0 Software (San Diego, 

CA). Values were expressed as the mean ± standard error of the mean (SEM). Statistical 

significance was determined by a 1-tailed or 2-tailed Student’s t test or ANOVA. The value 

of p < 0.05 was considered as statistically significant. 
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Results 

 

CHTM1 expression is increased in multiple human malignancies 

Online database search suggests that CHTM1 is expressed in multiple human tissues with 

varied degree of expression (Fig. 5-S1A) (Uhlen et al., 2015). Melanoma cell lines (A2058, 

A2058-T2R7, A2058-T21H, A375, Sk-Mel-15, UACC-62, UACC-257, C8161, Mum 2C, 

Sk-Mel-103) show increased expression of CHTM1 in comparison to HEMn-MP, normal 

melanocytes (Fig. 5-1A).  

We further screened microarray date sets from GEO profiles. As shown in Fig. 5-1B, 

analyzing data (GEO ID GDS2547) from 53 prostate cancer patients suggested an 

increase in CHTM1 mRNA levels in prostate cancer tissue in comparison to matched 

normal adjacent tissue. It is important to note that normal tissue adjacent to tumor also 

show increase in CHTM1 levels in comparison to normal prostate tissue free of any 

pathological alteration (Fig. 5-S1B). These results suggest that the role of CHTM1 might 

also be involved in the early stages of tumor development. We next investigated the 

prognostic significance of CHTM1 expression in cancer patients. We utilized online 

available databases (Szasz et al., 2016) to perform Kaplan Meier survival analyses on 

631 gastric cancer patients, we observed that patients with low CHTM1 expression 

shows significantly higher survival (p = 0.00054) in comparison to gastric cancer 

patients with high CHTM1 expression. Upper quartile survival indicates higher median 

survival of 21 months in gastric cancer patients having low CHTM1 expression and 13.9 

months in patients with higher CHTM1 expression (Fig. 5-1D). 
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CHTM1 regulates autophagy in cancer cells 

Autophagy induction plays a significant role in cancer cell response to metabolic stress. 

Under nutrient stress, defects in autophagy induction have been associated with increased 

cell death. CHTM1 regulates cancer cell sensitivity to metabolic stress. To determine 

whether CHTM1 regulates autophagy, we investigated lysosomal accumulation in 

CHTM1-proficient and -deficient MCF-7 human breast cancer cells. Our results suggest 

(Fig. 5-2A, left panel) increase in the lysosomes, indicated by LTR staining, in most of the 

CHTM1-deficient MCF-7 human breast cancer cells. Quantification analyses suggest 

CHTM1 deficiency causes significant increase in lysosomal content per cell (Fig. 5-2A, 

right panel).  
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Figure 5-1. CHTM1 expression is increased in multiple human malignancies. (A) 

Western blot analyses showing CHTM1 expression in primary human epidermal 

melanocytes, neonatal, moderately pigmented (HEMn-MP) and multiple melanoma cell 

lines (A2058, A2058-T2R7, A2058-T21H, A375, Sk-Mel-15, UACC-62, UACC-257, 

C8161, Mum 2C, Sk-Mel-103). Beta-actin was used as the loading control. (B) Analyses 

of GEO profiles microarray dataset (GEO ID GDS2547) showing CHTM1 gene expression 

in prostate cancer and matched normal tissue from 53 patients. The values are expressed 

as the mean ± SEM and paired t-test was performed to calculate p value.  (C)  Kaplan-

Meier analyses (Szasz et al., 2016) of CHTM1 expression in gastric cancer patients using 

online available database (www.kmplot.com).  CHTM1 expression lower-than the median 

or higher-than the median is considered as low or high CHTM1 expression. 
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 Figure 5-S1. Tissue distribution of human CHTM1 protein.  (A) CHTM1 protein 

expression in multiple tissues (www.proteinatlas.org). (B) CHTM1 gene showing 

increased expression in tumor and normal tissue adjacent to tumor (n=53) in comparison 

to pathological alteration free matched normal tissue (n=16). 
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Increase in lysosomes is associated with increased LC3B II levels, Beclin1 levels and 

AMPK phosphorylation (Fujiwara et al., 2016).  Therefore, we next sought to analyze the 

effect of CHTM1 on proteins linked with autophagy. Our results in Fig. 5-2B, upper panel 

indicates that CHTM1 knockdown causes increase in LC3B II levels, Beclin1 levels and 

AMPK phosphorylation in CHTM1 knockdown cells in comparison to scrambled MCF-7 

cells. We also observed increase in Beclin1 levels in CHTM1 knockdown UACC-62 

melanoma cells (Fig. 5-S2A). On the other hand, CHTM1 overexpression causes decrease 

in LC3B levels in UACC-62 melanoma cells, suggesting reduced autophagy (Fig. 5-2B, 

lower panel). These findings suggest that CHTM1 regulates autophagy in cancer cells. 

CHTM1 is localized in cytosol and mitochondria. CHTM1 deficiency downregulates the 

mitochondrial activity. Defects in the mitochondrial activity is associated with increased 

mitochondrial fission, followed by mitophagy. We next determined the effect of CHTM1 

on mitochondrial morphology and mitophagy. For this purpose, we used CHTM1-

proficient and -deficient UACC-62 melanoma cells to analyze mitochondrial morphology. 

As shown in Fig. 5-2C, CHTM1 deficiency causes increase in number of cells with 

fragmented looking mitochondria. We also quantified the number of cells with altered 

mitochondrial morphology. We found that CHTM1 knockdown causes increase in number 

of cells with majority of fragmented mitochondria and reduced normal mitochondria from 

~200 cells. These results suggest that CHTM1 deficiency causes increase in mitochondrial 

fission. Accordingly, CHTM1 deficiency in UACC-62 melanoma cells cause increase in 

Drp1, a mitochondrial fission protein (Fig. 5-S2B).   
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Figure 5-2. CHTM1 regulates autophagy. (A, Left panel) Representative fluorescent 

photomicrographs show CHTM1 knockdown and scramble MCF-7 human breast cancer 

cells stained with lysotracker (red) and DAPI (blue) to detect lysosomes and nuclei 

respectively. Scale bar is 20μM. Right panel, Quantification analyses of cellular lysosomal 

content in CHTM1-proficient and-deficient cells. (B, Upper panel) CHTM1 knockdown 

upregulates LC3B, Beclin1 and phosphorylated-AMPK protein levels in MCF-7 breast 

cancer cells. Lower panel, CHTM1 overexpression decreases LC3B protein level in RKO 

colon cancer cells. (C, Upper panel) Representative fluorescent photomicrographs of 

CHTM1 knockdown and scramble UACC-62 melanoma cells stained with Mito-tracker 

Red, a mitochondrial dye to analyze mitochondrial morphology and DAPI, a nuclear dye. 

Lower panel, Quantification analyses of change in mitochondrial morphology (n ~200 

cells). 

 

  



  Chapter 5 

199 
 

 

Figure 5-S2. CHTM1 regulates mitochondrial morphology (A) Western blot analyses 

showing that CHTM1 knockdown increases Beclin-1 levels in UACC-62 cells. (B) 

Western blot analyses showing that CHTM1-knockdown increases Drp1 levels in UACC-

62 human melanoma cells. 
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CHTM1 modulates cellular proteolysis 

Autophagy involves degradation of cellular organelles and proteins. Our preceding results 

indicate that CHTM1 regulates autophagy. We next analyzed the effect of CHTM1 

knockdown on MCF-7 cells metabolic signature by performing 1H-NMR spectroscopy. 

The NMR spectra was processed using chenomx software to assign metabolite resonance 

and concentration. Using chenomx profiling of NMR spectra, 306 compounds were 

identified. 

Global metabolome assessment by NMR provided mechanistic insights into the role of 

CHTM1 in cancer cell metabolism. We analyzed the different metabolites responsible for 

differential clustering. Metabolic pathway analyses in Fig. 5-3A suggest alterations in 

cysteine, methionine, glycine, serine, threonine, arginine proline, alanine aspartate and 

glutamate metabolism. Metabolite heat map was generated with top 50 metabolites to 

analyze the differences in metabolite levels in CHTM1 knockdown cells.  In accordance 

with metabolic pathway analyses findings, Fig. 5-3B suggest significant increase in several 

amino-acid metabolites (including 5-aminopentanoic acid, 4-Hydroxyphenylacetate, 

desaminotyrosine, uridine) in CHTM1 knockdown cells in comparison to scramble MCF-

7 human breast cancer cells. These results indicate increase in amino-acid metabolism in 

CHTM1-deficient cells.  We also observed alterations in TCA cycle, its metabolites and 

ketone body metabolism which can explain our previous findings (Chapter 2) of defects in 

mitochondrial activity and fatty acid metabolism in CHTM1-deficient cells (Babbar et al., 

2017). 
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Figure 5-3. CHTM1 deregulates amino-acid metabolism. (A) Global impact of CHTM1 

deficiency on metabolic pathways. Pathway analyses was performed using Metabo Analyst 

3.0, showing altered pathways between scramble and CHTM1 knockdown cells. (B) Heat 

map of the significantly different top 50 metabolites of scrambled and CHTM1 knockdown 

MCF-7 human breast cancer cells. Color indicates the relative concentration of 

corresponding metabolites (Red-higher concentration; blue-lower concentration).  
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CHTM1 regulates autophagy under metabolic stress 

We have recently reported that CHTM1-deficient cancer cells are more sensitive towards 

nutrient (glucose/glutamine)-deprived conditions, suggesting their inability to utilize 

alternative energy sources (such as lipids) to generate energy for their survival. Autophagy-

mediated degradation is an important source of metabolites for energy generation and 

survival. We next sought to determine whether autophagy is altered by CHTM1 expression 

under metabolic stress. We utilized CHTM1 knockdown and scramble MCF-7 breast 

cancer cells and cultured them under glucose/glutamine deprived conditions for 24h. Our 

results (Fig. 5-4A) indicate that under glucose/glutamine deprived conditions CHTM1 

knockdown increases the lysosomal content of MCF-7 human breast cancer cells. We also 

observed increase in LC3B levels in CHTM1-deficient glucose/glutamine deprived MCF-

7 human breast cancer cells (Fig. 5-4B).  
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Figure 5-4. CHTM1 regulates autophagy under metabolic stress. (A, Left panel) 

Representative confocal images of scrambled and CHTM1 knockdown MCF-7 breast 

cancer cells stained with Lyso-tracker (Red) and DAPI (Blue) are shown. (B, Right Panel) 

Bar graph indicating LTR staining per cell in scrambled and CHTM1 knockdown cells 

cultured in complete medium or glucose/glutamine (Glc/Gln)-deprived medium for 24h. 
Scale bar represents 20 μm. (B) Western blot analyses of scrambled and CHTM1 

knockdown MCF-7 breast cancer cells showing increase in LC3B protein levels under 

glucose/glutamine (Glc/Gln)-deprived conditions. 
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To assess the role of CHTM1 in regulating cancer cell metabolome under metabolic stress 

conditions, we also performed 1H-NMR based metabolic profiling of scramble and 

CHTM1 knockdown MCF-7 breast cancer cells cultured under glucose/glutamine deprived 

conditions. We first sought to investigate the difference between metabolic profiles of 

glucose/glutamine deprived scramble and CHTM1 knockdown MCF-7 breast cancer cells. 

For this purpose, Principal component analyses (PCA) models were generated from the 

1H-NMR data using Metabo Analyst 3.0 online tool and outliers were removed. PCA 

models of unsupervised clustering in Scr. and CHTM1 knockdown MCF-7 cells revealed 

significant difference between two groups (data not shown). To further understand the 

differences, we investigated the metabolome difference. We first investigated the effect of 

metabolic stress on MCF-7 scramble cells (Fig. 5-S3A) and CHTM1 knockdown cells (Fig-

S3B) on metabolic pathways. Pathway analyses in Fig. 5-S3A&B show increased ketone 

body metabolism in scramble cells and amino-acid metabolism in CHTM1 knockdown 

under metabolic stress conditions. In accordance with the differences in metabolite 

profiling, heat map analyses results suggest that glucose/glutamine deprivation causes a 

decrease in glycolysis (including pyruvate, lactate) and TCA cycle (including fumarate, 

succinate, citrate, glutamate, aspartate, malate) intermediates in both scramble (Fig 5-S3C) 

and CHTM1 knockdown (Fig. 5-3D). Further, CHTM1 knockdown cells (Fig. 5-S3C) also 

show significant increase in intermediates of amino acid degradation (2-

hydroxyphenyllactate, 4-Hydroxyphenylacetate, Kynurenine) and urea cycle (including 2-

deoxy uridine, urea, uracil) in comparison to scramble cells (Fig-5-S3D), suggesting 

increased proteolysis. 
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Figure 5-S3(A&B). Global impact of CHTM1 deficiency on metabolic pathways on 

glucose/glutamine deprivation. Pathway analyses, performed using Metabo Analyst 3.0 

(Xia and Wishart, 2016), showing altered pathways between scramble and CHTM1 

knockdown cells, cultured under normal and glucose/glutamine deprived conditions.  
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Figure 5-S3(C&D). Metabolite heap map analyses of CHTM1-proficient and -

deficient cells under glucose/glutamine deprived conditions. Heat map of the 

significantly different top 50 metabolites in scrambled and CHTM1 knockdown MCF-7 

breast cancer cells cultured under normal and glucose/glutamine deprived conditions. 

Color indicates the relative concentration of corresponding metabolites (Red-higher 

concentration; blue-lower concentration).  

C 
D 

Figure 5-S3 
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We next compared the metabolome differences in scramble and CHTM1 knockdown cells. 

We generated a metabolomic heat map of top 30 metabolites showing individual 

metabolites difference in two groups. As shown in Fig. 5-5A, pathway analyses suggest 

alterations in amino acid metabolism, ketone bodies degradation and TCA cycle. Further, 

Fig. 5-5B shows that CHTM1 knockdown cells have decrease in TCA cycle intermediates 

(including malate, isocitrate, citrate, fructose, gluconate, pyroglutamate) and increase in 

amino-acids and amino-acid catabolism intermediates (including xanthurenate, isovalerate, 

urea, xanthine, 4-hydroxyphenyllactate, desaminotyrosine) in comparison to scramble 

cells. Deregulation in carbohydrate metabolism could in part be due to glucose/glutamine 

deprivation. To further understand the preferential pathways utilized by CHTM1 

knockdown cells we performed enrichment analyses. As shown in figure 5-6, under 

metabolic stress conditions scrambled MCF-7 cells show increased dependency on fatty-

acid metabolism (oxidation of long chain fatty acids, oxidation of branched fatty acids, 

phospholipid metabolism, glycerolipid metabolism) in comparison to amino-acid 

metabolism. However, CHTM1 knockdown cells show increase in amino acid metabolism 

and decrease in fatty acid oxidation in comparison to scramble MCF-7 breast cancer cells 

under glucose/glutamine deprived conditions (Fig. 5-7).  
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Figure 5-5. Metabolite heap map analyses of effect of CHTM1 deficiency. (A) Global 

impact of CHTM1 deficiency in glucose/glutamine deprived MCF-7 cells on metabolic 

pathways. Pathway analyses was performed using Metabo Analyst 3.0 (Xia and Wishart, 

2016), showing altered pathways between scramble and CHTM1 knockdown cells.  (B) 

Heat map of the significantly different top 30 metabolites of scrambled and CHTM1 

knockdown MCF-7 cells cultured in glucose/glutamine deprived conditions. Color 

indicates the relative concentration of corresponding metabolites (Red-higher 

concentration; blue-lower concentration).   
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Figure 5-6. Metabolite set enrichment analyses of CHTM1-proficient and -deficient 

cells under glucose/glutamine deprived conditions. Summary plot showing enhrichment 

of metabolite-associated pathways in scrambled cells in comparison to CHTM1 

knockdown MCF-7 breast cancer cells cultured under glucose/glutamine-deprived 

condition. Color indicates the relative p value.  
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Figure 5-7. Metabolite set enrichment analyses of CHTM1-proficient and -deficient 

MCF-7 cells.  Summary plot showing enhrichment of metabolite-associated pathways in 

CHTM1-deficient cells in comparison to control scrambled  MCF-7 breast cancer cells 

cultured under glucose/glutamine-deprived condition. Color indicates the relative p value. 
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Discussion 

 

Identification of prognostic and diagnostic markers is of immense importance for cancer 

treatment. CHTM1 has previously been reported to have increased expression in human 

breast, colon and lung malignancies. Online data analyses suggested a trend in CHTM1 

mRNA expression levels showing increase in CHTM1 level from pathological alterations 

free normal prostate tissue to tumor adjacent normal tissue to tumor. These results suggest 

that CHTM1 expression possibly increases with increase in transformation from normal to 

cancerous stage. Furthermore, CHTM1 expression corelates with gastric cancer patient 

survival. Patients with low CHTM1 expression show higher median survival in comparison 

to patients with high CHTM1 expression.  These results suggest that CHTM1 is 

deregulated in human malignancies. 

Cancer is a metabolic disease and therefore targeting CHTM1, a metabolic regulator could 

be of great significance. Cancer cells get exposed to variable nutrient availability 

depending on multiple factors including cancer stage, degree of complexity, angiogenesis 

and changes in microenvironment. Cancer cells otherwise addicted to glucose undergo 

metabolic switch to utilize alternative metabolic pathways to survive under nutrient 

limiting environment. Various studies have reported that under nutrient stress conditions, 

cancer cells upregulate fatty-acid oxidation and autophagy (Cai et al., 2016).  

Autophagy involves degradation of cellular organelles and proteins to get rid of damaged 

biological content and provide nutrients for biosynthesis and energy generation. Cancer 

cells show increased autophagy to fulfil the increased metabolic demands and therefore, 
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autophagy has emerged as a potential target for anti-cancer therapy. However, autophagy 

induction has also been linked with increased cell death. Various anti-cancer 

chemotherapies and radiation therapies have been linked with increased autophagy 

induction to promote cancer cell survival or cell death. Studies have adapted combinatorial 

approach utilizing inhibition of molecular targeted agents and autophagy inhibition. For 

instance, combining HDAC inhibitor Panobinostat, with autophagy inhibitor chloroquine 

against breast cancer cells (Rao et al., 2012). Considering the positive and negative effects 

of autophagy inhibition, it is essential to find biomarkers to predict tumor dependency on 

autophagy. 

Based on our previous studies, CHTM1 offers increased metabolic flexibility to cancer 

cells to utilize multiple energy substrates in order to survive under metabolic stress 

conditions. Our present and previous findings suggest that CHTM1 aids in fatty-acid 

utilization under metabolic stress conditions. Given that autophagy plays an important role 

in cancer cell survival under metabolic stress condition, this study helps to understand the 

role of CHTM1 in autophagic regulation. Our experimental evidence suggests that CHTM1 

knockdown causes increase in cellular autophagy in breast cancer cells grown in complete 

media or in glucose/glutamine-deprived conditions. The increase in autophagy could be 

due to increase in fatty acid accumulation (Qi et al., 2011) or oxidative stress (Ou et al., 

2014) in CHTM1 knockdown cells. It is important to note that these findings also explain 

the increase in fatty-acid accumulation in CHTM1-deficient cells, which is probably not 

due to defects in autophagosome turnover but may involve defective autophagosome-

mediated targeting of lipid droplets (Jaishy and Abel, 2016). 
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Metabolic profiling of glucose/glutamine deprived breast cancer cells show increase in 

activation of fatty-acid oxidation followed by amino-acid degradation. Metabolome 

analyses of CHTM1-proficient and-deficient cells suggest that CHTM1 deficiency causes 

increase in amino acid metabolism under both normal and glucose/glutamine-deprived 

conditions. These findings strengthen our previous results showing increased autophagy in 

CHTM1-deficient cells. Under glucose/glutamine-deprived conditions, CHTM1-deficient 

cells show increased amino-acid catabolism and urea-cycle in comparison to scrambled 

MCF-7 human breast cancer cells. The increased amino acid metabolites generated can 

feed into TCA cycle and provide substrates for energy generation. On the other hand, 

CHTM1-deficient cells explicit reduced fatty-acid degradation in comparison to scramble 

cells under glucose/glutamine-deprived conditions. These results can explain the increased 

lipid droplet accumulation in CHTM1-deficient cancer cells. However, CHTM1 

knockdown-mediated increase in autophagy in glucose/glutamine deprived breast cancer 

cells may not be sufficient to overcome the metabolic stress caused by glucose/glutamine 

deprivation and reduced fatty-acid oxidation leading to energy stress and cell death. 
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Figure 5-8. CHTM1 regulates cancer cell metabolism. Schematic illustration showing 

differences in preferential metabolic pathways adapted by CHTM1-proficient and-

deficient cancer cells under metabolic stress condition. CHTM1-proficient cancer cells 

show increase dependence on fatty-acid degradation in comparison to amino acid 

degradation whereas CHTM1-deficient cancer cells, unable to induce fatty-acid oxidation 

exhibit reliance on proteolysis. 
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Collectively, CHTM1 regulates cancer response to metabolic stress via modulating 

autophagy and fatty-acid utilization. Metabolomic analyses performed in the current study 

reveals increased amino-acid metabolism in CHTM1-deficient cells suggesting increased 

proteolysis. Given that CHTM1 is deregulated in human malignancies and could 

potentially serve as an important tumor marker, it would be interesting to 

pharmacologically target autophagy in CHTM1-deficient cancer cells under metabolic 

stress conditions. Such combinatorial approach may help to target metabolically flexible 

cancer cells specifically and effectively.  
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Abstract 

 

Alterations in cell metabolism is one of the hallmarks of cancer. However, the players 

involved in metabolic reprogramming are not fully discovered. Therefore, understanding 

the changes in cancer cell metabolism may offer a successful approach for targeting cancer. 

In this context, we have characterized a novel protein that is temporarily named as KM1 

that appears to be associated with cancer cell metabolism. Our results show that KM1 is 

localized in mitochondrial inner membrane. KM1-knockout in human cancer cell lines 

caused decrease in mitochondrial membrane potential and cellular ATP levels. Since 

mitochondria play an important role in cellular response to nutrient stress, we sought to 

analyze the role of KM1 in glucose/glutamine-deprived conditions. Interestingly, KM1-

deficient cells show increased sensitivity to glucose/glutamine starvation and defects in 

fatty acid metabolism. Further, mechanistic studies suggested that KM1 regulated 

mitochondrial-mediated cell death pathway under metabolic stress. We have also found 

that KM1 expression is increased in multiple human malignancies. These findings are 

highly significant because alterations in cellular metabolism are also linked to pathogenesis 

of cancer. Collectively, we propose KM1 to be a budding tumor marker, that can facilitate 

improved diagnosis of human malignancies and can also serve as a target to develop novel 

anti-cancer therapeutics.  
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Introduction 

 

Metabolic reprogramming plays an important role in cancer pathogenesis. Cancer cells 

prefer glycolysis over oxidative phosphorylation. Owing to flexible nature, cancer cells 

also show metabolic flexibility in the pathway preference depending on the metabolite 

availability. Under metabolic stress, cancer cells switch to mitochondrial oxidative 

phosphorylation from glycolysis, whereas inability to switch increases cancer cells 

sensitivity to metabolic stress (Agarwal et al., 2016).  Targeting the adaptability of cancer 

cells towards metabolic stress has emerged as a potential anti-cancer strategy. 

Mitochondrial activity plays a vital role in regulating cell-death and proliferation. 

Mitochondrial functionality is regulated by mitochondrial structure, integrity and 

dynamics. Mitochondrial inner membrane plays a key role in regulating mitochondrial 

cristae morphology and regulates mitochondrial membrane potential, the permeability pore 

and therefore regulates mitochondrial activity. In cancer cells, mitochondria aid in 

determining cancer cells metabolic flexibility under metabolic stress conditions. Defects in 

mitochondrial functionality affects switching to oxidative phosphorylation and increase 

cancer cell sensitivity to metabolic stress. 

Coiled-coil domain containing (CCDC) proteins are a class linked with cancer cell 

proliferation of multiple human malignancies including bladder cancer, breast cancer, 

gastric cancer, leukemia, pancreatic cancer, papillary thyroid carcinoma and prostate 

cancer. CCDC family comprises of almost 160-member proteins and most of them are not 

fully characterized yet. Various CCDC protein family members have been characterized 
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previously such as CCDC106, a cytoplasmic protein overexpressed in non-small cell lung 

cancer (NSCLC) tissues. CCDC106 regulates cancer cell proliferation by regulating p53 

activity, cell cycle regulators and enhancing Akt signaling (Zhang et al., 2017). CCDC34 

is found to be overexpressed in bladder carcinoma and regulates cancer cell proliferation 

by regulating MAPK and Akt signaling pathways (Gong et al., 2015). CCDC56 is localized 

in mitochondria and regulates cytochrome c oxidase function (Peralta, Clemente et al., 

2012). CCDC109b is a mitochondrial protein and regulates mitochondrial calcium uptake. 

Interestingly CCDC109b overexpressed in human gliomas, is a transcriptional target of 

HIF-1 alpha and regulates tumor invasion and metastasis under hypoxia (Xu et al., 2017). 

On the other hand, CCDC67 acts as a tumor suppressor in papillary thyroid carcinoma (Yin 

et al., 2016) and gastric cancer (Park et al., 2012).  It is well documented that the proteins 

containing CCDC domain including CCDC19 (nasopharyngeal carcinoma), CCDC62 

(prostate cancer), CCDC68 (Colorectal cancer) and CCDC8 (renal carcinoma) are linked 

to tumor development and progression. 

In the present study, we report the characterization of a novel protein that is KM1. KM1 is 

an experimentally uncharacterized protein of unknown function. KM1 is predicted to 

contain-coiled-coil-domain and two transmembrane domains. Coiled-coil-domain is a 

highly adaptable motif  with unknown functionality (Burkhard et al., 2001). We propose 

that KM1 is a novel cancer metabolic marker that is deregulated in human malignancies. 

KM1 regulates cancer cell survival under metabolic stress conditions via regulating p38 

activity. Therefore, KM1 can serve as a target of therapeutic importance in cancer patients. 
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Material and Methods 

 

Cell Culture, antibodies, and reagents 

Cell lines A549 (human lung cancer cells, NIH), HeLa (human cervical cancer cells, NIH), 

HEK293T (embryonic kidney, kindly provided by Dr. Guillermina Lozano, U. T. M. D. 

Anderson Cancer Center, USA), MCF-7 (human breast cancer cells, NIH) and RKO 

(human colon cancer cells, NIH) were maintained in Dulbecco's modified Eagle's medium 

(DMEM) (Corning Cellgro; Tewksbury, MA supplemented with 10% fetal bovine serum 

(Gemini Bio-Products Inc.; West Sacramento, CA), 100 units/ml penicillin (Corning 

Cellgro; Tewksbury, MA), 100 μg/ml streptomycin (Corning Cellgro; Tewksbury, MA), 

and 2  mM l-glutamine (Corning Cellgro; Tewksbury, MA). 

Antibody specific to KM1 (Catalog number HPA010980) was purchased from Sigma 

Aldrich (St. Louis, MO). We used anti-HA tag (clone 3F10) (Roche Applied Science), anti-

β-actin (Sigma-Aldrich), anti-VDAC1 (Calbiochem, EMD Chemicals Group, Darmstadt, 

Germany), anti-mitofilin (Protein Tech Group, Chicago, IL), anti-Tim23 (BD 

Biosciences), anti-Hsp60 (Enzo Life Sciences, Plymouth Meeting, PA), anti-Smac 

(Upstate Cell Signaling Solutions, Lake Placid, NY), anti-Vinculin (Santa Cruz) and anti-

CHCM1 (Generated in our own lab with help of Prosci) antibodies in our studies. Chemical 

reagents were obtained from Thermo Fisher Scientific and Sigma-Aldrich. 

 

 



  Chapter 6 

224 
 

Expression constructs  

Fragments corresponding to open reading frames (ORFs) of KM1 were generated by PCR 

amplification of EST sequence (Addgene, Cambridge, MA). Amino and carboxyl terminal 

HA-S-tagged pSRα-KM1 were generated by inserting the PCR-amplified cDNA fragment 

into pSRα vector. KM1-pcep4 expression construct was obtained by inserting KM1 ORF 

into pCEP4 mammalian expression vector.  

Endogenous KM1 were knocked out by a lentiviral CRISPR-mediated approach. 

CRISPR/Cas9 all-in-one lentivector pLenti-U6-sgRNA-SFFV-Cas9-2A-Puro containing 

the scrambled or KM1-specific sgRNAs (Catalog Number: K0376805) were purchased 

from Abm good (Richmond, BC). The following two sgRNAs to target two different 

regions of KM1 were used: KM1-specific sgRNA-Target1 (T1): 

GTTTGCCATGCAGCACATCG, KM1-specific sgRNA-Target3 (T3): 

GTCATGAGAAGGAGCGCACA. Lentivirus were produced and tittered according to the 

suppliers’ protocol. The infected cells were then selected by puromycin (2 ng/ml); and 

KM1-knockout and scrambled cells were used and analyzed after 5 days of selection. 

Western blotting, sodium carbonate extraction and cell fractionation 

Western blotting, sodium carbonate extraction, mitochondrial and sub-mitochondrial 

fractionation was performed by standard protocols as we previously described (An et al., 

2012). 

  



  Chapter 6 

225 
 

Immunostaining 

Briefly, for immunostaining of exogenous HA-tagged KM1, cells were cultured in Lab-

Tek II chamber slides and then transiently co-transfected with pSRα-HA expression vector 

alone or amino/carboxy-terminal HA-tagged KM1-pSRα expression construct. After ∼24 

h, cells were stained with 100nM of Mito-tracker in phenol-red free DMEM for 45 min at 

37°C, followed by washing with HBSS. Mito-tracker stained cell were fixed with 4% 

paraformaldehyde for 30 min followed by 10% goat serum blocking for 1h and 

permeabilized with 0.1% Triton X-100. Finally, cells were incubated with primary anti-

HA antibody diluted (1:500) in PBS plus 0.05% Triton X-100 buffer at 4 °C overnight. 

Following day, cells were washed with PBS plus 1% BSA buffer three times for 10 min 

each. Cells were then incubated with secondary antibody diluted (1:500) in PBS buffer for 

1h at room temperature.  DAPI was used for nuclear staining and slides were mounted with 

coverslips. Slides were observed under Zeiss LSM 780 confocal microscope. For 

immunostaining of endogenous protein, cells were probed with anti-KM1 primary 

antibody diluted (1:500) and FITC-conjugated secondary antibody (Jackson Immuno 

Research Laboratories, West Grove, PA). 

Immunohistochemistry 

To perform immunohistochemistry, paraffin embedded patient tissue slides were 

purchased from Biomax (Rockville, MD, USA). KM1 staining was performed using 

Vector Vectastain stain kit by following the manufacturer’s protocol. Slides were further 

stained with hematoxylin and mounted. Photomicrographs were obtained using Olympus 

AX70 fluorescent microscope. 
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ATP and extracellular lactate measurement 

ATP and lactate levels were measured using kits from Promega (Madison, WI) and Enzo 

Life Sciences (Farmingdale, NY) as per the manufactures’ protocols. 

Mitochondrial membrane potential measurement 

Plate-reader spectrophotometric analysis was performed to measure mitochondrial 

membrane potential. Briefly, cells were cultured in black wall clear-bottom 96 well plate 

and stained with 100 nM tetramethylrhodamine (TMRM), a potentiometric dye 

(Invitrogen) for 45 minutes at 37˚C, followed by washing with Hank's balanced salt 

solution (HBSS). Fluorescence intensity was measured at excitation: 548 nm and emission: 

574 nm using Synergy 2 micro plate reader. For microscopic analysis, cells were cultured 

on Lab-Tek II chambered glass slides and stained with 100 nM TMRM dye. Cells were 

incubated with TMRM for 45 min in the dark at 37˚C, followed by wash with DMEM. 

Live imaging was performed using Zeiss LSM 780 confocal microscope. 

ROS level measurement 

For plate-reader spectrophotometric analysis, cells were cultured in black wall clear-

bottom 96-well plate and stained with 1μM DCF-DA, a ROS sensitive dye (Invitrogen) or 

1μM DAF-FM, a RNS sensitive dye (Invitrogen) for 45 minutes at 37˚C, followed by 

washing with Hank's balanced salt solution and fluorescence intensity measurement at 

excitation: 485 nm and emission: 530 nm using Synergy 2 micro plate reader. For 

microscopy analyses, cells were cultured on Lab-Tek II chambered glass slides and 

incubated with 1uM DCF-DA for 45 min in the dark at 37˚C. After 45 min, cells were 
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washed with DMEM and live imaging was performed using Zeiss LSM 780 confocal 

microscope. 

BODIPY staining 

Cells were cultured on Lab-Tek II chamber slides and were glucose/glutamine deprived. 

Cells were fixed with 4% paraformaldehyde for 30 min.  Fixed cells were stained with 

0.1mg/ml BODIPY dye for 10 min and washed twice with PBS. DAPI was used for nuclear 

staining, and slides were analyzed using Zeiss LSM 780 confocal microscope. 

MTT assay 

Cells were cultured in 24 well plate and MTT was added to a concentration of 0.5 mg/ml 

and incubated for ∼1–4 h. An equal volume of isopropyl alcohol with 0.04 N HCl was 

added to dissolve the precipitate. Absorbance was read at 570-nm, subtracting background 

reading at 650-nm with a Bio-Rad Smart-Spec 3100 instrument. 
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Results 

 

KM1, a novel mitochondrial protein  

Our lab has identified, cloned and characterized several novel proteins, including PDRG1, 

SKNY, DOC45, RBEL1, MGL, CHCM1 and CHTM1. In the present study, we have 

identified a novel gene, which we have temporarily named as KM1. The KM1 gene maps 

to chromosome 3p21.31. The nucleotide and amino acid sequence of KM1 is shown in Fig. 

6-1A. KM1 gene harbors four exons that encode KM1 protein comprising of 411 amino 

acids with a predicted molecular mass of 45811 Da (Fig. 6-1B). Based on computational 

prediction analyses, KM1 harbors two transmembrane domains of 20 amino acids each 

(Fig. 6-1B). KM1 is evolutionarily conserved, sharing high degree of homology across the 

species (Fig. 6-S1). An EST cDNA was sequenced and was found to contain KM1 open 

reading frame encoding for 411 amino acids. To confirm that cDNA encodes for KM1 

protein, we prepared mammalian expression vectors with HA-S-tag at the N-and the C-

terminal of KM1. 293T human embryonic kidney cells and HeLa cervical cancer cells were 

transfected with the expression constructs. In Fig. 6-1C, Western blot results show that the 

expression vector carrying KM1 cDNA expressed KM1 protein in the expected size range 

in HEK 293T (Fig. 6-1C, top panel) and HeLa, human cervical cancer cells (Fig. 6-1C, 

bottom panel). It is worth mentioning that N-and C-tagged KM1 constructs are of different 

sized because N-tagged construct has three HA-tags, whereas the C-tagged construct has 

only one HA-tag. KM1 antibody was purchased from the commercial source and was found 

to detect endogenous protein (Fig. 6-1D). It is important to note that the endogenous protein 

is running at ~40kDa, lower than the expected size of 45kDa. This difference could 
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possibly be due to the alternate transcription start site. Further, we examined the expression 

of KM1 in multiple normal mouse tissues (Fig. 6-1E), human tissues (Fig. 6-S2A) (Uhlen, 

et al., 2015) and multiple breast cancer cell lines (Fig. 6-S2B) indicating KM1 to be 

expressed in multiple tissues with varied degree of expression. Interestingly, based on 

prediction tool analyses, KM1 is phosphorylated at serine residue 70. Further, on treatment 

with CIP (phosphatase) KM1 protein showed mobility shift on SDS-PAGE gel suggesting 

its phosphorylation. Further investigations are required to understand the role of 

phosphorylated KM1. 
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Figure 6-1.1. KM1 nucleotide and amino acid sequence. (A) Nucleotide and amino acid 

sequence of KM1. Underlined sequences indicate the targeted-sites for sgRNA/CRISPR 

based KM1 knockout. Highlight sequences show the predicted transmembrane region and 

the region in bold is the predicted coiled coil domain.  (B) Upper panel, genomic 

organization of KM1, showing four exons and the open reading frame. Bottom panel, 

schematic illustration of KM1 protein with TM, transmembrane motif highlighted in white.  
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Figure 6-1.2. Expression of exogenous and endogenous KM1. (C) Western blot analyses 

showing exogenous KM1 with HA-S at N-and C-terminal in HEK293T and HeLa cervical 

cancer cells. (D) Western blot analyses showing specificity of the antibody for endogenous 

KM1 in HeLa cells (E) Western blot analyses showing KM1 protein expression in different 

mouse tissues. 
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Figure 6-S1. KM1 is evolutionarily conserved. KM1 amino-acid sequence showing 

identical (asterisk), conserved (double dot), and partially conserved (single dot) amino-

acids aligned using the ClustalW program. 
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Figure 6-S2. KM1 expression in human tissues. (A) Bar graph showing KM1 protein 

expression in multiple tissues using data from protein atlas (www.proteinatlas.org). (B) 

Western blot analyses showing KM1 expression in multiple breast cancer cell lines. (C) 

Western blot analyses showing differential mobility of CIP treated KM1, suggesting KM1 

to be phosphorylated in 293T cells. 293T cell lysate was incubated with 1 unit of Calf-

intestinal alkaline phosphatase (CIP) enzyme/µg of protein at 37˚C. Cell lysates were 

denatured and resolved on SDS-PAGE. 
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KM1 localizes to mitochondria  

We investigated the cellular localization of KM1. For this purpose, we transiently 

transfected HeLa, human cervical cancer cells with expression constructs having HA-S-tag 

at N-and C-termini of KM1. In Fig. 6-2A, immunostaining results show that exogenous 

KM1 displayed localization similar to Mito-tracker, a mitochondrial dye, suggesting KM1 

to be a mitochondrial protein. To further confirm, we prepared mitochondrial and cytosolic 

subcellular fractions from HeLa human cervical cancer cells and analyzed the subcellular 

localization of KM1 by utilizing Western blot analyses. Our results suggest that KM1 is 

predominantly present in mitochondrial fractions. Next, we analyzed the cellular 

distribution of endogenous KM1. Immunostaining analyses in HeLa cervical cancer cells 

showed that endogenous KM1 demonstrates similar distribution to Mito-tracker, 

suggesting mitochondrial distribution of endogenous KM1 (Fig. 6-2C). We also prepared 

subcellular cellular fractionations from multiple cell lines to confirm the subcellular 

distribution of endogenous KM1. Results in Fig. 6-2D indicate that endogenous KM1 is 

predominantly present in the mitochondrial fractions in HeLa cervical cancer cells, MCF-

7 human breast cancer cells and A375 human melanoma cells. We used CHCM1 as a 

mitochondrial marker. It is to note that we also observed a faint band running at higher 

molecular weight in the cytosol which could be KM1 or a result of non-specific binding of 

KM1 antibody. Taken together, these results indicate that KM1 is a mitochondrial protein. 

Next, we sought to determine the subcellular mitochondrial distribution of KM1. For this 

purpose, we performed sucrose gradient centrifugation followed by differential 

centrifugation to separate outer membrane (OM), intermembrane space (IMS), inner 

membrane (IM) and matrix (M) fractions from RKO colon cancer cells. Our results in Fig. 
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6-2E indicates that KM1 is predominantly present in mitochondrial-inner membrane, 

similar to CHCM1 another mitochondrial inner membrane protein previously reported by 

our lab (An et al., 2012). 

Since KM1 is found to be present in inner membrane fraction and is predicted to contain 

trans-membrane domains, we sought to determine that whether KM1 is an integral 

membrane protein or a membrane-associated protein. With this aim, we performed sodium 

carbonate extraction assay in HeLa cervical cancer cells and A549 lung cancer cells. As 

shown in Fig. 6-2F, KM1 is not present in the soluble fraction, but is mainly concentrated 

in membrane integral fraction similar to IMMT, a known membrane integral protein. 

Together, these results suggest that KM1 appears to be a membrane-integral protein. 
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Figure 6-2. KM1 localizes to mitochondria. (A) Representative fluorescent 

photomicrographs show subcellular distribution of exogenous KM1 with HA-tag at N-or 

C-termini stained with FITC in HeLa human cervical cancer cells. Cells were also stained 

with Mito-tracker (red), a mitochondrial dye and DAPI (blue) for nuclear staining. (B) 

Western blot analyses showing subcellular distribution of exogenous KM1 with HA-tag at 

N-or C-termini in HeLa cells. (C) Representative fluorescent photomicrographs show 

subcellular distribution of endogenous KM1 (green) in HeLa human cervical cancer cells. 

Immunostaining was performed with anti-KM1 antibody and FITC-conjugated secondary 

antibody. Cells were also stained with Mito-tracker (red), and DAPI (blue). (D) Western 

blot analyses showing subcellular distribution of endogenous KM1 in HeLa human cervical 

cancer cells, MCF-7 human breast cancer cells and A375 human melanoma cells. (E) 

Western blot analyses of sub-mitochondrial fractions of KM1 in RKO colon cancer cells 

(MT: Mitochondria; OM: Outer Membrane; IMS: Intermembrane space and IM; Inner-

membrane). (F) Western blot analyses of sodium carbonate extracts of soluble, membrane 

associated and membrane integrated fraction of HeLa human cervical cancer cells and 

A549 human lung cancer cells. 
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KM1 regulates mitochondrial activity 

Our previous findings suggest that KM1 is localized in mitochondrial-inner membrane. 

Mitochondrial-inner membrane plays an important role in regulating mitochondrial 

membrane potential. Therefore, we wanted to determine the role of KM1 in mitochondrial 

functionality. To start with, we first generated KM1-deficient A549 lung cancer cells by 

CRISPR/Cas9 using two independent sgRNA (T1 and T3) targeting two regions of KM1 

Fig. 6-3A). Also, A549 cells were infected with both T1 and T3 lentivirus are labeled as T. 

To determine the effect of KM1 deficiency on mitochondrial membrane potential, we 

performed live microscopy on KM1-proficient and/or deficient A549 lung cancer cells 

using TMRM dye. As shown in Fig. 6-3B, KM1-knockout A549 lung cancer cells 

exhibited reduced TMRM (red) staining in comparison to scramble cells, suggesting 

reduced mitochondrial membrane potential. We further confirmed these results by 

performing spectrophotometric analysis on KM1-proficient and -deficient cells stained 

with mitochondrial membrane potential sensitive dyes, TMRM and DHR123. We found 

reduced fluorescence intensity in KM1-deficient cells when compared to scramble cells, 

accordingly, KM1-knockout in A549 cells exhibited reduced membrane potential (Fig. 6-

3C). Accordingly, KM1-deficient cells also showed reduced cellular ATP levels (Fig. 6-

3D). These results suggest that KM1 deficiency down-regulates mitochondrial activity. On 

the other hand, KM1 deficiency causes increase in extracellular lactate levels and 

yellowing of media, suggesting increase in lactate production and thereby glycolysis (Fig. 

6-3E&F). 
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Figure 6-3. KM1 expression regulates mitochondrial activity. (A) Western blot 

analyses showing KM1 knockout using 2 individual construct T1 and T3 in A549 lung 

cancer cell lines. T has equal amounts of T1 and T3. (B) Representative fluorescent 

micrographs show reduced mitochondrial membrane potential (TMRM stain-red) in KM1 

knockout cells in comparison to scramble A549 lung cancer cells. Cells were also stained 

with DAPI (blue) as a nuclear dye. (C) Bar graph showing spectrophotometric analysis of 

mitochondrial membrane potential using TMRM and DHR123 in A549 lung cancer cells. 

(D) Bar graph showing ATP production in scramble and KM1 knockout A549 lung cancer 

cells. (E) Extracellular lactate levels in KM1-proficient and-deficient A549 lung cancer 

cells. (F) Representative image showing changes in color (red to yellow) of cell culture in 

media as a representative of change in pH in KM1-deficient A549 cells.  

Figure 6-3 
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Figure 6-S3. KM1 deficiency may not induce oxidative stress. (A) Representative 

fluorescent micrographs showing minimal effect of KM1 knockout on ROS levels (DCF-

DA staining) in A549 lung cancer cells. Cells were stained with DAPI (blue), a nuclear 

dye. (B) Bar graphs showing spectrophotometric analyses of reactive oxygen species 

(ROS) and reactive nitrogen species (RNS) levels. 
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KM1 modulates cancer cell sensitivity to glucose/glutamine deprivation 

Mitochondrial activity plays an important role in determining cancer cell response to 

metabolic stress (Agarwal et al., 2016). KM1 knockout cells harbor defective 

mitochondria, we therefore, investigated the role of KM1 in regulating cancer cell response 

to metabolic stress. To this end, we cultured KM1-proficient and-deficient cells under 

glucose, glutamine and pyruvate deprived conditions and analyzed the cells by phase 

contrast microscopy, crystal violet staining and trypan blue exclusion assays. We found 

that KM1-deficient A549 lung cancer cells (Fig. 6-4A, B &C) and HeLa cervical cancer 

cells (Fig. 6-4D&E) grew poorly under glucose/glutamine-deprived conditions. We also 

found that KM1 knockout A549 cells have lower ATP levels in comparison to scramble 

cells under glucose/glutamine deprived conditions (Fig. 6-4F). 
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Figure 6-4. KM1 modulates cancer cell sensitivity to glucose/glutamine deprivation. 

(A, B &C) KM1 knockout and scramble A549 lung cancer cells are more sensitive to 6h 

of glucose/glutamine deprivation as indicated by (A) trypan blue exclusion assay, (B) phase 

contrast microscopy, and (C) crystal violet staining. (D&E) Accordingly, KM1 knockout 

and scramble HeLa cervical cancer cells are more sensitive to 24h of glucose/glutamine 

deprivation as indicated by (D) trypan blue exclusion assay and (E) phase contrast 

microscopy. (F) Relative ATP levels in KM1-deficient and scramble A549 lung cancer 

cells cultured in the presence and absence of glucose/glutamine.   
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KM1 regulates cancer cell death to metabolic stress  

Our preceding results indicate that KM1-deficient cells undergo increased cell death when 

cultured in glucose/glutamine-deprived conditions. To understand the mechanism 

involved, we cultured KM1 and scramble knockout A549 lung cancer cells under 

glucose/glutamine-deprived conditions and performed Western blot analyses. As shown in 

Fig. 6-5, KM1 knockout increases in p38 phosphorylation and PARP cleavage under 

metabolic stress conditions. p38 activation has been linked with increased cell death under 

stress. As a downstream effect, we observed reduced Bid, XIAP and pro-Caspase9 levels 

in KM1 knockout cells under glucose/glutamine-deprived conditions (Fig. 6-5). We also 

observed increased in p53 and its downstream target p21 expression level (data not shown). 

On the other hand, KM1 knockout had minimal to no effect on expression of oxidative 

phosphorylation complex subunits (data not shown). These results suggest that KM1 

deficiency may employ p38 activation to increase Bid truncation leading to increase 

caspase activation and reduced XIAP levels. On the other hand, KM1 knockout may cause 

cell cycle arrest suggested by increase in p53 and p21 levels. 
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Figure 6-5. KM1 regulates mitochondrial cell death in response to metabolic stress. 

Western blot analyses showing increase in p38 phosphorylation, cleaved PARP and 

decrease in Bid, pro-caspase9, XIAP levels in KM1-deficient A549 cells under 

glucose/glutamine-deprived condition.  
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KM1 is overexpressed in multiple human malignancies 

Mitochondrial activity and sensitivity to nutrient stress plays an important role in tumor 

progression. Therefore, we analyzed the expression level of KM1 in multiple human 

malignancies. Microarray analyses in GEO database indicate increase in KM1 mRNA 

expression in colon (GEO profile ID: GDS4382) and squamous lung tumors (GEO profile 

ID: GDS1312) in comparison to matching normal tissue (Fig. 6-6A). Breast cancer patient 

analysis using GEO database (GEO Profile ID: GDS3139 & GDS3716) also showed 

increased in KM1 expression in comparison to unmatched normal breast tissue (Fig. 6-

S4A). We further analyzed the expression of KM1 in human cancer patient samples by 

performing Western blot analyses and immuno-histochemical staining. Breast and lung 

tumor samples exhibit increase in KM1 expression in comparison to matching normal 

tissue (Fig. 6-6B, 6-S4B, C&D). The clinicopathological features of breast and lung cancer 

samples analyzed by Western blot are mentioned in table 6-S1& 6-S2. To further confirm 

the results by immunostaining, we first sought to confirm anti-KM1 antibody specificity. 

Based on our results in Fig. 6-S4E, we found that only anti-KM1 antibody detects 

endogenous KM1, whereas isotype matched IgG was unable to detect endogenous KM1. 

On performing immunohitsochemical analyses on tumor and matching normal tissue by 

using anti-KM1 antibody, we observed increase in KM1 levels in lung cancer and thyroid 

cancer in comparison to matching normal tissue (Fig. 6-6C). The slides need to be further 

analyzed with the help of a pathologist to get a better understanding. Further, Kaplan Meier 

analyses (www.kmplot.com) on online databases suggest that KM1 expression (Fig. 6-7) 

is linked with lung cancer patient survival (Gyorffy et al., 2013). Together these results 

indicate that KM1 is overexpressed in multiple human malignancies.  
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Figure 6-6. KM1 is deregulated in human malignancies. (A&B) Microarray data from 

GEO database showing that KM1 mRNA levels are increased in colon cancers (GEO 

profile ID: GDS4382) (A) and squamous lung cancer (GEO profile ID GDS1312) in 

comparison to normal tissues. Each symbol represents an individual sample. (B) 

Representative Western blot showing increase in KM1 levels in tumor (T) tissue samples 

in comparison to matching normal (N) tissues derived from breast cancer and lung cancer 

patients. (C)  Representative bright field photomicrographs showing increased 

immunohistochemical staining of KM1 in tumor tissue sections in comparison to matching 

normal tissue from lung cancer and thyroid cancer. Brown color indicates KM1 specific 

staining and blue color indicates hematoxylin.  
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Figure 6-S4. KM1 is deregulated in multiple human malignancies. (A) Microarray data 

from GEO database (GEO Profile ID: GDS3139 & GDS3716) showing that KM1 mRNA 

levels are increased in breast cancer patients. (B, C&D) Western blot analyses showing 

increase in KM1 expression in lung tumor (T) tissue in comparison to matching normal 

tissue (N) (Patient # 7-23). (E) Representative immunohistochemical staining images of 

H1299 lung cancer cells stained with isotype matched IgG and anti-KM1 antibodies. 
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Figure 6-7. KM1 is deregulated in human malignancies. (A) Summary of results 

showing increase in KM1 levels in breast and lung cancer samples when compared to 

corresponding matched normal tissues from multiple patients. (B) Kaplan Meier plot 

analyses showing the correlation between KM1 expression and lung cancer patient 

survival.  
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Table 6-S1.  Clinicopathological features of samples representing matching normal 

and tumor tissues from patients with breast cancer analyzed by Western blot analyses  

 

 

Table 6-S2.  Clinicopathological features of samples representing matching normal 

and tumor tissues from patients with lung cancer analyzed by Western blot analyses.  

 Patient# Sample ID Age Sex Pathology KM1 Status 

1 D-50616 68 Male Normal Increase 

D-50617 68 Male Squamous Cell 

Carcinoma 

2 D-50618 76 Male Normal Not 

Informative D-50619  76 Male Squamous Cell 

Carcinoma 

3 D-50632  80 Female Normal Increase 

D-50633  80 Female Squamous Cell 

Carcinoma 

4 D-50638  66 Male Normal Increase 

D-50639 66 Male Squamous Cell 

Carcinoma 

5 D-50654  60 Male Normal No Change 

Patient# Sample ID Age Ethnicity Type KM1 Status 

1 3091452B 56 White Normal Increased 

3091452A Tumor 

2 3091233B 62 White Normal Not Informative 

3091233A Tumor 

3 3091417B 62 White Normal Not Informative 

3091417A Tumor 

4 3091462B 54 White Normal Increased 

3091462A Tumor 

5 3091468B 48 White Normal Increased 

3091468A Tumor 

6 3091418B 58 Hispanic Normal Increased 

3091418A Tumor 
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D-50655  60 Male Adenocarcinoma 

6 D-50676 78 Male Normal Increase 

D-50677  78 Male Squamous Cell 

Carcinoma 

7 10-09-A127b l 74 Female Normal Increase 

10-09-A126b 74 Female Adenocarcinoma 

8 10-04-A114a  68 Male Normal Increase 

10-04-A113a 68 Male Adenocarcinoma 

9 11-03-151c  66 Female Normal No Change 

11-03-150d 66 Female Adenocarcinoma 

10 D-50666 47 Male Normal Increase 

D-50667  47 Male Adenocarcinoma 

11 10-03-A123a  68 Male Normal Not 

Informative 10-03-A122c  68 Male Adenocarcinoma 

12 1100292B   67 Male Normal Not 

Informative 1100292A  67 Male Adenocarcinoma 

13 1111097B  74 Male Normal Increase 

1111097A 74 Male Adenocarcinoma 

14 11-02-A064d  67 Male Normal No Change 

11-02-A063e  67 Male Adenocarcinoma 

15 3100487B  73 Female Normal Increase 

3100487A  73 Female Adenocarcinoma 

16 3091218B  66 Female Normal Increase 

3091218A 66 Female Adenocarcinoma 

17 49259T-003 60 Female Normal No Change 

49258T-007  60 Female Adenocarcinoma 

18 1101263B  75 Female Normal No Change 

1101263A 75 Female Adenocarcinoma 

19 2091427B  57 Female Normal Increase 

3091427A  57 Female Adenocarcinoma 

20 1111108B  76 Male Normal Increase 

1111108A 76 Male Adenocarcinoma 

21 3100292B 54 Male Normal Increase 

3100292A  54 Male Adenocarcinoma 

22 3091487B  68 Male Normal Increase 

3091487A  68 Male Adenocarcinoma 

23 1091945B 75 Female Normal Increase 

1091945A  75 Female Adenocarcinoma 
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Discussion 

 

In the present study, we report the identification and characterization of novel protein KM1. 

KM1 is evolutionary conserved, suggesting KM1 to be an important protein in cellular 

processes. We report that KM1 is localized in mitochondria and is predominantly present 

in mitochondrial inner membrane. Mitochondrial inner membrane is the site for electron 

transport chain. Defects in mitochondrial inner membrane may affect mitochondrial 

membrane potential and therefore cancer cell sensitivity to intrinsic apoptosis pathway. 

Consistent with this notion, our findings suggest that knockout of inner membrane protein 

KM1 reduces mitochondrial membrane potential and therefore, ATP levels. Defective 

mitochondrial activity may explain the increase in glycolysis observed in KM1 knockout 

cells. Published evidence suggests the role of oxidative-stress in loss of mitochondrial-

membrane potential (Satoh et al., 1997). However, based on our findings KM1 knockout 

does not induce oxidative-stress suggesting the involvement of alternate pathways for 

mitochondrial-membrane potential disruption (Fig. 6-S3). Thus, KM1 appears to be an 

important regulator of mitochondrial activity. 

Mitochondria play an important role in regulating cancer cell metabolic flexibility in 

response to metabolic stress (Babbar and Sheikh 2013). Defects in mitochondrial activity 

has been linked with increased sensitivity of cancer cells towards nutrient stress (Agarwal, 

et al., 2016). In accordance with these observations, our results indicate that KM1 knockout 

cells are more sensitive to glucose/glutamine-deprivation. Theseevidence also suggests that 
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KM1 regulates cancer cell sensitivity to metabolic stress by modulating mitochondrial 

functionality. 

LKB1 is a tumor suppressor and is the third most frequently mutated or deleted gene in 

non-small cell lung cancer (NSCLC). LKB1 senses metabolic stress and therefore 

modulates cancer cell response to stress by AMPK activation (Zhao and Xu 2014). It is 

important to note that the cell lines used in this study i.e. HeLa cervical cancer cells and 

A549 lung cancer cells are more sensitive to metabolic stress possibly due to the absence 

of LKB1. Therefore, the next question arises is whether KM1 can regulate the cancer cell 

response to metabolic stress in the presence of LKB1. Therefore, in future studies it would 

be interesting to investigate correlation between LKB1 and KM1.  

Metabolic stress induces fatty acid oxidation and thereby enhances fatty acid utilization for 

cell survival. In contrast, KM1 knockout increases cellular lipid accumulation under 

metabolic stress and therefore, makes it less available for fatty acid oxidation and ATP 

generation (Fig. 6-S5). This inability of KM1 knockout cells can in part explain the 

increased sensitivity to metabolic stress in the absence of KM1. However, the exact 

molecular mechanism employed by KM1 to regulate lipid droplets utilization is still 

unknown. Nonetheless, these findings suggest the potential to target KM1 under metabolic 

stress conditions. 
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Figure 6-S5. KM1 deficiency regulates lipid droplet accumulation. Representative 

confocal images of scramble and KM1 knockout A549 lung cancer cells showing increase 

in cellular lipid content in KM1-deficient cells. Cells were stained with BODIPY and DAPI 

to detect lipid droplets and nuclei respectively. 
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Stress-kinases including p38 play an important role in regulating cancer cell response to 

metabolic stress. Our findings suggest that KM1 knockout causes increase in p38-

phosphorylation. p38-activation is linked with increase in accumulation of pro-apoptotic 

proteins like Bid to mitochondria and prevents Bcl-Xl and Bcl-2 accumulation (Farley et 

al., 2006) leading to mitochondrial outer membrane permeabilization (Billen et al., 2008). 

These findings are coupled with our results suggesting that KM1 knockout causes increase 

in Bid truncation.  It is possible that the cleaved bid is involved in mitochondrial membrane 

permeabilization in KM1 knockout cells under metabolic stress. Alternatively, bid 

truncation may have followed MOMP.  Further, opening of mitochondrial outer-membrane 

pores causes release of pro-apoptotic proteins including cytochrome c, AIF1, Smac, and 

EndoG which eventually leads to caspase activation, cleavage of genomic DNA and cell 

death (Bhola and Letai 2016). Consistently, KM1 deficiency under metabolic stress causes 

increase in H2AX phosphorylation suggesting increase in DNA damage (Sharma et al., 

2012). Also, decrease in mitochondrial membrane potential and Bid truncation induced in 

KM1-deficient cancer cells under metabolic stress may be involved in increase in caspase 

activation and XIAP inhibition and thereby cell death. It would be interesting to further 

evaluate the role of KM1 knockout in metabolically stressed cancer cells in the presence 

of p38 inhibitor. Further, previous studies have suggested the role of p38-activation in 

metformin induced cell death in lung cancer cells (Wu et al., 2011). Accordingly, targeting 

KM1 might affect the efficacy of metabolic regulators like metformin. 

In the present study, we have also analyzed human breast and lung cancer patient samples.  

We found that KM1 is overexpressed in majority of lung cancer tissues in comparison to 

matching normal tissue. It is possible that the increase in KM1 levels may regulate tumor 
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development at early stages with limited angiogenesis. Collectively, KM1 is mainly present 

in mitochondria and regulates mitochondrial activity. Further, targeting KM1 expression 

increases cancer cell death in response to metabolic stress via regulating mitochondrial 

membrane potential, p38, Bid and caspase activation (Fig. 6-8). Based on our experimental 

evidence, we propose KM1, a novel regulator of cancer cell response to metabolic stress.  

Our findings form the basis for future investigations to utilize therapeutic potential of KM1.   
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Figure 6-8. Hypothetical model showing the role of KM1 under metabolic stress. In 

KM1 rich cells, KM1 confers protection in response to metabolic stress by regulating p38 

and caspase activation. Conversely, KM1 deficiency increases cellular sensitivity to 

metabolic stress. 
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Chapter 7 

 

 

General Discussion 

 

This dissertation aims to elucidate the role of mitochondrial proteins in tumor progression 

and development. In this study, I report the identification and characterization of novel 

proteins CHTM1 and KM1. The most intriguing finding is the role of CHTM1 and KM1 

in regulating cancer cell response to metabolic stress. In this dissertation, we have provided 

experimental evidences to support that 1) CHTM1 regulates mitochondrial activity and 

response to metabolic stress via PGC-1 alpha-CREB-PKC pathway. 2) CHTM1 blocks 

metabolic stress induced cell death by negatively modulating p38-AIF1 axis. 3) Role of 

cysteine residues in CHTM1 mitochondrial import and MIA40 interactions. 4) CHTM1 

regulates autophagic induction in response to metabolic stress. 5) CHTM1 is overexpressed 

in multiple human malignancies.  I have also reported the role of KM1 in induction of 

mitochondrial cell death under metabolic stress. Further, I have investigated the role of 

KM1 in mitochondrial activity, cancer cell metabolism and expression status in cancer 

patients. 
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CHTM1 

 

In this dissertation we report, for the first time, the experimental characterization of 

CHTM1. CHTM1 is annotated in GenBank database as CHCHD5 (alias MIX 14). CHTM1 

is an evolutionarily conserved protein and human CHTM1 is present on chromosome 

2q14.1. Mic14 is a yeast homologue of CHTM1. Depletion of Mic14 affects mitochondrial 

oxygen consumption but has no effect on mitochondrial cytochrome c oxidase and 

reductase activities (Gabriel et al., 2007). In accordance with findings on yeast Mic14, we 

have shown that human CHTM1 is localized in the mitochondria and the cytosol. In the 

case of mitochondria, we have found that CHTM1 is predominantly present in the inter-

membrane space. CHCHD family proteins have previously been reported to be involved in 

mitochondrial respiration, redox regulation, lipid homeostasis, and membrane 

ultrastructure and membrane dynamics (Zhou et al.,2017). Consistent with these findings 

our experimental evidence suggests that CHTM1 regulates mitochondrial activity by 

regulating mitochondrial ATP production and oxidative phosphorylation. However, the 

mechanism involved in CHTM1-mediated regulation of mitochondrial activity and 

morphology is unclear. Online prediction analysis suggested CHTM1 to be phosphorylated 

at serine residue 29. Our attempts to investigate the effect of CHTM1 post-translational 

modifications on CHTM1 functionality were inconclusive (data not shown).  

CHTM1 is a member of CHCH domain family proteins. CHCH domain containing proteins 

are nuclear encoded proteins and are mainly localized inside the mitochondria. CHCH 

domain composed of twin CX9C motif which forms MISS/ITS signal for mitochondrial 

import (Peleh et al.,2016). NMR structure of CHTM1 suggests that CHTM1 has 8 cysteine 
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residues forming four disulfide bonds (Banci et al.,2012). As shown in chapter 4, CHTM1 

molecular shift on interaction with AMS also suggests the presence of disulfide bonds. 

Various studies have previously reported that the members of the CHCHD family proteins 

utilize MIA40 import pathway for the mitochondrial import and oxidative folding of the 

protein. Most of CHCH domain-containing proteins are involved in regulating 

mitochondrial morphology and activity (Zhou et al.,2017). CHTM1 harbors two CHCH 

domains – domain 1 (C12-C44) and domain 2 (C58-C89). Inside the cell, cysteine-rich 

CHTM1 protein is mainly present in the oxidized folded form with the help of disulfide 

bonds (Banci et al., 2012). Our results in chapter 4 suggest that CHTM1 interacts with 

MIA40 with the help of disulfide bonds. We have also found that cysteine residue 79 of 

domain 2 in CHTM1 appears to be critical for CHTM1 and MIA40, and CHTM1 and AIF1 

interactions. Thus, cysteine 79 also appears to be critical in regulating the mitochondrial 

localization of CHTM1. We have further provided experimental evidence to support the 

role of MIA40 in mitochondrial localization of CHTM1. MIA40 deficiency reduces 

CHTM1 stability and modulates CHTM1 mitochondrial and cytosolic levels. The next 

question is to evaluate the role of MIA40 in folding of cytosolic CHTM1. It is possible that 

cytosolic CHTM1 is released from mitochondria following its folding with the help of 

MIA40 inside the mitochondria. However, one cannot rule out the possibility that cytosolic 

CHTM1 is the cytosolic translated CHTM1 protein, which has not translocated to 

mitochondria. Furthermore, whether or not MIA40 regulates metabolic stress-mediated 

CHTM1 cytosolic accumulation is unclear. 

MIA40 expression has been found to be increased in human breast malignancies. Like 

CHTM1, MIA40 deficiency causes defects in mitochondrial activity. Furthermore, MIA40/ 
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CHCHD4 knockdown causes increased sensitivity to hypoxia and reduces tumor cell 

migration, motility, and invasion (Yang et al., 2012). There is a possibility that increased 

sensitivity to hypoxia in MIA40-knockdown cells could be in part due to reduced CHTM1 

levels. Intriguingly, CHTM1 forms complex with AIF1 and MIA40 with an approximate 

molecular mass of 480 kDa. More recently, Hangen et al., (2015) have found that AIF1-

MIA40 interaction regulates AIF1-mediated biogenesis of mitochondrial respiratory chain 

complexes (Hangen et al., 2015). AIF1 regulates the complex I, III, and IV activity and 

thereby mitochondrial respiratory chain. Future studies are expected to help understand the 

molecular basis of the interactions among CHTM1, AIF1 and MIA40 to regulate cancer 

cell response to oxygen/nutrient deprivation and mitochondrial activity.  

CHTM1 is a novel modulator of cancer cell metabolism 

Cancer hallmarks include prolonged proliferation signaling, escape from growth 

suppressors, resistance toward cell death, immortalization, angiogenesis, invasion and 

metastasis, genomic instability, inflammation, metabolic reprogramming and evasion from 

immune attack (Hanahan and Weinberg, 2011). Various anti-cancer therapies target 

molecules involved in adaption of cancer hallmarks. The majority of hallmarks are inter-

related, therefore targeting one may increase cancer cell dependence on other implying the 

need for combinatorial anti-cancer therapy. 

This dissertation also focuses on targeting metabolic reprogramming exhibited by cancer 

cells. Cancer is a metabolic disease and targeting the metabolic alteration has emerged as 

a new therapeutic approach. Unlike normal cells, cancer cells mainly rely on glucose to 

sustain ATP production via glycolysis. Tumor cells need more metabolites in comparison 
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to normal cells. Cancer cells are also metabolically flexible in terms of substrate utilization 

under metabolic stress conditions. The metabolic flexibility in part depends on activity of 

highly plastic organelles, mitochondria and change in mitochondrial activity in response to 

cell state.  In the initial stages of cancer development, cancer cells undergo nutrient stress 

due to limited angiogenesis (DeBerardinis and Chandel, 2016). Under limited nutrient 

availability, breakdown of fatty acids and amino-acids can also provide metabolites to enter 

TCA cycle. This metabolic flexibility to switch between various fuels for ATP production 

provide cancer cells an edge to survive under limited nutrient availability. The metabolic 

stress thus induced could be utilized/ exploited as an anti-cancer therapeutic target.  

In the present study, we have established a set of empirical data suggesting that CHTM1 

regulates cancer cell response to metabolic stress. We have provided experimental 

evidence that CHTM1 deficiency increases cancer cell-death in response to glucose/ 

glutamine deprivation and metformin treatment. Conversely, CHTM1 overexpression 

reduces cancer cell death in response to glucose/ glutamine deprivation. These findings 

suggest that CHTM1 is involved in alternate energy generation pathways. However, the 

precise mechanism employed by CHTM1 to sense the metabolic stress is unclear.  

To support cancer cell survival under reduced nutrient availability, cancer cell induces 

oxidation of fatty acids and amino-acids as well as macromolecular degradation through 

autophagy (Guo and White 2013). This dissertation project also focuses on understanding 

the role of CHTM1 in cancer cell survival pathways including fatty acid oxidation, protein 

catabolism, autophagy and cell death pathways activated under metabolic stress. 
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Lipid accumulation has been correlated with increased tumor aggression (Luo et al.,2017). 

However, cancer cells show increase dependency on fatty acid oxidation during nutrient 

stress. Our next question was to understand the role of CHTM1 in regulating the switch to 

fatty acid oxidation during metabolic stress.  Interestingly, our studies in chapter 2 reveal 

that CHTM1 regulates fatty acid accumulation inside the cancer cell. Our experimental 

evidence suggests that CHTM1 deficiency increases lipid accumulation in the presence and 

the absence of nutrient and vice-versa, suggesting increased lipogenesis or reduced 

lipolysis on lack of CHTM1 expression. On further metabolomic analysis, we confirmed 

that CHTM1 deficiency reduces fatty acid oxidation. Hence these findings can explain our 

observation of increased sensitivity to metabolic stress could be in part due to inability of 

CHTM1-deficient cancer cells to activate fatty acid utilization.  

Lipid accumulation has also been linked with defects in autophagy (Dong and Czaja 2011). 

Therefore, we next sought to understand the role of CHTM1 in autophagy. We found that 

CHTM1 deficiency increases autophagy in cancer cells in comparison to CHTM1 

proficient cells. The ability of CHTM1-deficient cells to induce autophagy suggests that 

the defective fatty acid metabolism could be independent of autophagy. Further, increase 

in autophagy could be a compensatory mechanism to overcome the defects in fatty acid 

metabolism. However how CHTM1 regulates autophagy is not completely understood. We 

hypothesize that CHTM1 deficiency-mediated autophagy induction may involve p38 

activation. More importantly, this study raises the question about the efficacy of autophagy 

inhibitors as chemotherapeutic agents under such settings. 

There are few questions in the study that remain to be addressed. For instance, how does 

mitochondrial CHTM1 regulates fatty acid oxidation? It is possible that CHTM1 regulates 
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the activity of lipid transporter or limit beta-oxidation by affecting the activity of oxidative 

phosphorylation complexes. Also, it will be informative to understand the role of CHTM1 

in lipophagy. Targeting lipophagy under reduced nutrient availability is likely to be an 

effective therapeutic strategy. 

Alterations in multiple gene expressions and activities integrate at downstream 

metabolites. Therefore, identification of differences in metabolome may help to identify 

potential biomarkers. Along these lines, we performed NMR spectroscopy to identify the 

altered metabolites and metabolic pathways in CHTM1-deficient cancer cells. A number 

of metabolic pathways were found to be altered in CHTM1-deficient cancer cells including 

fatty acid oxidation pathway, amino-acid, purine, pyrimidine, urea cycle pathway. In depth 

analysis of change in metabolite concentration suggested that CHTM1-deficient cells 

cultured in complete media exhibited increase in amino acid levels, amino-acid catabolism 

and urea cycle. This increase in amino-acid metabolism could be due to increased 

proteolysis caused during autophagy. 

Intriguingly, under glucose/glutamine-deprived conditions both CHTM1-proficient and-

deficient cell had increase in amino-acid metabolism which could possibly be due to 

increase in autophagy. Further, under metabolic stress conditions CHTM1-deficient cells 

undergo increased cell death, lipid accumulation and down regulation of genes involved in 

fatty-acid metabolism. Based on this, we propose that CHTM1-deficient cells might show 

reduction in fatty acid oxidation. In accordance with it, our NMR studies suggest that 

CHTM1-deficient cell show preferential activation of amino-acid metabolism and urea 

cycle in comparison to fatty-acid oxidation under metabolic stress conditions. Also, it is 
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important to note that under metabolic stress conditions CHTM1 gets accumulated in the 

cytosol.  

To gain insight into the mechanisms controlling the switch to reduced fatty acid oxidation 

in CHTM1-deficient cancer cells, we analyzed changes in the signaling pathways involved. 

Interestingly, we found that CHTM1 regulates PGC-1 alpha transcription and activity. 

PGC-1 alpha is a metabolic adaptor and helps cancer cells to survive under harsh conditions 

by regulating mitochondrial biogenesis and fatty- acid metabolism (Tan et al., 2016). It is 

important to note that PGC-1 alpha inhibits autophagy (Halling et al., 2016), which can 

further explain autophagy induction in CHTM1-deficient cancer cells. Further, PGC-1 

alpha promoter has CRE binding site and CREB regulates PGC-1 alpha activity to induce 

fatty acid oxidation under metabolic-stress conditions (Herzig et al., 2003). These findings 

further strengthen our results indicating that CHTM1 regulates CREB activity thereby 

affecting PGC-1 alpha transcription.  

CREB activity is regulated by its own phosphorylation via multiple upstream kinases 

including PKA and PKC. Various studies have shown that increase in cellular lipid content 

causes increase in DAG levels which further activate conventional and novel PKC. 

Activated PKC negatively regulates insulin signaling and therefore have been related to 

the insulin resistance. Therefore, lipid accumulation induced PKC activity is inhibited 

under CHTM1-deficient conditions. Further. we also found that CHTM1 mediated 

phospho-CREB regulation involves active PKC. Activation of PKCε and PKCθ stimulates 

lipolysis (Schmitz-Peiffer, 2013). Further studies are needed to find the specific PKC 

isoform involved in CHTM1 mediated PKC/CREB regulation. Also, whether or not 

CHTM1 mediated CREB phosphorylation regulation is limited to kinase activity or 
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involves regulation of phosphatases as well, remains to be investigated. Given that, PKC 

regulates lipolysis, it would be fascinating to investigate the role of PKC in CHTM1 

mediated autophagy regulation. 

A recent study on CHCHD2 (Aras et al., 2015) has reported that under hypoxia conditions 

CHCHD2 translocate from mitochondria to nucleus. Under hypoxia, nuclear CHCHD2 

promotes COX subunit 4 isoform transcription and aids cell survival. Consistent with these 

observations, CHTM1 gets accumulated in cytosol under metabolic stress conditions. 

However, the role of cytosolic CHTM1 is unclear. This cytosolic CHTM1 could be 

involved in autophagy induction and lipid accumulation via modulating PKC activity. 

Further studies are needed to understand the individual roles of cytosolic and mitochondrial 

CHTM1.  

CHTM1 in cancer cell death 

Cell death evasion has been considered as one of the hallmarks of cancer cell. Cancer cells 

exhibit defective death signaling pathways contributing resistance to anti-cancer therapies. 

Therapeutic strategies are employed to alter apoptotic pathways and thus improve response 

to chemotherapies. Based on our experimental evidence, we propose that targeting CHTM1 

expression in cancer cells under metabolic stress conditions induces cancer cell-death.  

How does CHTM1 deficiency mediates cell death to glucose/glutamine deprivation and 

metformin treatment? We have demonstrated that CHTM1 induces cancer cell-death 

mainly in a caspase-independent manner. Our exploratory studies suggest that CHTM1 

modulates the mitochondrial release of AIF1, followed by nuclear accumulation and cell 

death. Further mechanistic studies suggested that CHTM1 interacts with AIF1 in a 
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metabolic- stress dependent manner, with the help of its CHCH domain. The discovery of 

CHTM1-AIF1 interactions has provided a unique dimension to interplay between these 

two very important proteins, however 1) how the metabolic stress disrupts the interaction 

and 2) the chronological order of AIF1 and CHTM1 release from mitochondria under 

metabolic stress yet needs to be investigated.  Future studies are needed to evaluate whether 

CHTM1 directly interacts with AIF1. Also, whether or not MIA40 expression and activity 

would affect CHTM1 binding to AIF1 needs to be carefully evaluated. Conversely, it is 

unclear if AIF1 regulates CHTM1 expression or activity inside the mitochondria. 

Considering the promising effect of Smac mimetics (Fulda, 2015) and our findings, may 

form a rationale for the generation and utilization of non-mitochondrial AIF1 mimetics.  

It has been well established that stress kinases play a significant role in modulating cancer 

cell response to stress conditions.  p38 acts as the dual modulator to regulate cancer cell 

survival and cell death. Various anti-cancer chemotherapeutic agents including Taxol, 

Nocodazole, Cisplatin and 2-Methoxyestradiol mediate cell-death via p38 activation 

(Olson and Hallahan, 2004). On the contrary, various p38 inhibitory agents have been 

reported to increase the efficacy of anti-cancer therapeutics (Jin et al., 2016). Additional 

markers are needed to evaluate the differential role of p38 in cancer cell death or survival, 

for the development of effective anti-cancer strategies. Our experimental evidence suggest 

that CHTM1 deficiency increases p38 phosphorylation and activity under glucose/ 

glutamine deprivation and metformin treatment and, vice-versa. Most importantly, 

CHTM1 deficiency mediates cancer cell death in p38-dependent manner because p38 

inhibition prevents CHTM1 knockdown induced cell-death under metabolic stress. The 

next question is how CHTM1 regulates p38 phosphorylation? It is possible that CHTM1 
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directly regulates MKK mediated p38 phosphorylation or indirectly CHTM1 deficiency 

mediated increase in saturated fatty-acid content (Seok et al., 2014) may be involved in 

p38 activation which requires additional investigation. While we have proposed these two-

correlated mechanism, the molecular basis for how p38 modulates CHTM1-AIF1 

interaction is unknown. Our findings also demand to investigate the role of p38 activation 

in CHTM1 cytosolic accumulation under metabolic stress. 

p38 kinases are also involved in stress-mediated autophagy induction (Qiang et al., 2013). 

Studies have suggested the role of AMPK (Qiang et al., 2013) and CREB (Seok et al., 

2014) kinase in autophagy induction.  Based on our findings, CHTM1 regulates the activity 

of various kinases including PKC, AMPK, CREB and p38. Therefore, it would be 

interesting to understand the interplay between these kinases and CHTM1 in regulating 

autophagy. Whether CREB regulates CHTM1 mediated regulation of p38 and AMPK or 

vice versa is very interesting and needs to be investigated. Further studies are required to 

dissect the mitochondrial and cytoplasmic function of CHTM1.  

Based on our study, CHTM1 plays a pivoting role as a metabolic regulator in cancer cells. 

We propose that the disruption of CHTM1 expression and the potential compensatory 

pathways in the presence of metabolic regulators like metformin, could be a beneficial 

approach to maximize the therapeutic efficacy of CHTM1. 
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CHTM1 expression is deregulated in human malignancies 

Tumor markers not only help to distinguish normal tissue from tumor tissue but also play 

a crucial role in monitoring response to therapy, early detection of metastasis and 

determination of recurrence in patients with breast cancer. CHTM1 regulates cancer cell 

response to metabolic stress and therefore, it is relevant to investigate the expression status 

of CHTM1 in human malignancies. Online database analysis suggested that CHTM1 

mRNA is increased in colon, lung and gastric cancer. Further, Kaplan Meier analysis 

suggested that CHTM1 expression regulates cancer patient survival. These findings 

suggest CHTM1 may serve as a tumor marker and could be a potential target for anti-

cancer therapeutics. 

Collectively, based on our findings CHTM1 is nuclear encoded protein and gets imported 

inside the mitochondria with the help of MIA40. During metabolic stress, CHTM1 

activates PKC-CREB-PGC-1 alpha signaling to activate fatty-acid metabolism, and 

provide energy for cell survival. On the other hand, targeting CHTM1 reduces fatty acid 

oxidation and induces autophagy.  Further, targeting CHTM1 upregulates p38-AIF1 

pathway to induce cell death (Fig. 7-1). Based on our findings we propose a therapeutic 

strategy for cancer management which involve targeting CHTM1 expression and glucose 

availability in tumor microenvironment along with ketogenic diets to protect the energy 

metabolism of normal cells. 
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Figure 7-1. CHTM1 in cancer cell metabolism. Schematic illustration showing role of 

CHTM1 in cancer cell under metabolic stress. (1) CHTM1, a nuclear encoded protein, gets 

imported inside the mitochondria with the help of MIA40 import machinery. (2) Inside the 

mitochondria, CHTM1 makes a complex with AIF1 and MIA40. (3) Metabolic stress 

induces CHTM1 accumulation inside the cytosol. (4) CHTM1, further induces the 

phosphorylation of CREB via PKC activation. (5) Activated CREB increases PGC-1 alpha 

transcription to further enhance fatty acid metabolism associated gene transcription 

including CPT1b. (6) Upregulation of fatty acid oxidation signaling causes increase in 

fatty-acid utilization for ATP generation, helping in cell survival under metabolic-stress 

condition. (7) Whereas, CHTM1 deficiency induces autophagy causing increased 

proteolysis. (8) On the other hand, CHTM1 inhibits p38 phosphorylation and activation, 

under metabolic stress. (9) Activated p38 aids in the release of AIF1 from the mitochondria 

into the cytosol. (10) AIF1 translocation to the nucleus induces DNA degradation 11) 

causing cell death. 
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KM1 

 

In the sixth chapter we report the cloning and characterization of a novel protein that we 

have temporarily named as KM1. KM1 is an evolutionarily conserved protein of 411aa 

with a predicted molecular mass of 45kDa. We have found that KM1 is mainly present in 

mitochondria. Prediction analysis suggested the presence of two transmembrane domains. 

This can explain our experimental results showing KM1 to be an insoluble protein and 

predominantly present in mitochondrial inner membrane. However, how KM1 is imported 

inside the mitochondria needs to be investigated. 

Various reports have suggested the role of CCDC proteins in mitochondrial activity. For 

instance, CCDC56 regulates cytochrome c oxidase (COX) complex and activity and 

thereby regulates oxidative phosphorylation (Ban-Ishihara et al.,2015). Considering KM1 

to be a mitochondrial inner-membrane protein, KM1 might be involved in regulating inner-

membrane architecture. Consistent with this, we have shown that KM1 regulates 

mitochondrial membrane potential and cellular ATP levels, which suggests that KM1 is 

involved in regulation of mitochondrial activity. The molecular basis for this regulation 

remains to be fully elucidated.  

Mitochondria play an important role in cancer cell proliferation and cell death. According 

to Warburg hypothesis, cancer cells are less dependent on mitochondria and more on 

glycolysis for their energy needs (Warburg, 1956). However, under nutrient stress 

conditions cancer cells show metabolic flexibility and switch to mitochondria for energy 

generation (Agarwal et al., 2016). Therefore, defects in mitochondrial activity can alter 

cancer cell response to nutrient-stress. Our next question was to investigate the role of KM1 
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in cancer cell survival and cell death. For this purpose, we utilized CRISPR based approach 

to knock out KM1. Based on our experimental evidence, KM1 regulates cancer cell 

sensitivity to glucose/glutamine deprivation. KM1 knockout cell undergo increased cell 

death in glucose/glutamine deprived conditions. This increase in sensitivity to metabolic 

stress could be due to increase in lipid accumulation in KM1 knockout cells, suggesting 

inability to utilize fatty-acids in the absence of KM1. However, further studies are needed 

to understand the molecular basis of KM1 role in lipid accumulation and fatty-acid 

oxidation. 

Considering the role of KM1 in regulating mitochondrial membrane potential, we 

investigated the role of KM1 in regulation of mitochondrial apoptosis under 

glucose/glutamine deprived conditions. Our experimental evidence suggests that KM1 

deficiency induces activation of mitochondrial cell death involving decrease in uncleaved 

Bid levels, pro-caspase 9 levels, and XIAP levels and increase in cleaved PARP. It is 

therefore postulated that CHTM1 deficiency might affects MMP mediated release of pro-

apoptotic factors causing decrease in Bid and pro-caspase 9 levels. On the other hand, 

CHTM1 deficiency also reduces XIAP inhibition, further enhancing pro-apoptotic 

signaling. Whether KM1 regulates the release of pro-apoptotic proteins (cytochrome c, 

AIF1, Smac, EndoG) from the mitochondria needs to be investigated. 

In this study, we have also investigated KM1 expression in multiple cancer tissues. Online 

database analysis suggested that colorectal cancer and squamous lung cancer show increase 

in KM1 mRNA expression. Our experimental evidence further suggested that breast and 

lung tumor samples have increased KM1 expression than adjacent normal tissue from the 

same patient. Most importantly, KM1 expression affects lung cancer patient survival. 
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These findings highlight the potential of KM1 as a marker for human malignancies and a 

target for anti-cancer therapeutics regulating cancer cell metabolism. 

To summarize this work, we report the identification and characterization of novel 

mitochondrial proteins CHTM1 and KM1. The proteins regulate mitochondrial activity and 

modulate cancer cell response to metabolic stress. Most importantly, CHTM1 and KM1 

are deregulated in human malignancies. Collectively, our findings have allowed us to gain 

valuable insight into the role of metabolic regulators in cancer cell growth and 

proliferation.  
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Significance 

 

Cancer has proved to be one of the deadliest disease to the mankind. Despite all the 

advances, the mechanism involved in tumor development and progression are elusive, and, 

therefore hard to be targeted if not detected on time. Thus, the identification of early 

biomarkers and novel therapies is essential to improve cancer patient survival.  This 

dissertation aims to characterize novel cancer biomarkers CHTM1 and KM1.  

My novel contribution to the understanding of CHTM1 and KM1 are: 

1) In chapter 2, I have demonstrated that CHTM1 levels are increased in breast and colon 

cancer and therefore, can be utilized as a novel biomarker for breast and colon human 

malignancy. I have also revealed the crucial role of CHTM1 in breast cancer, colon cancer 

and melanoma cells sensitivity to glucose/glutamine deprivation. Therefore, targeting 

CHTM1 may affect cancer cell metabolic flexibility under nutrient stressed conditions. For 

the first time, I have linked CHTM1 to the PKC-CREB-PGC1 alpha signaling pathway. 

This newly identified the CHTM1-PKC-CREB-PGC1 alpha axis provides a novel 

mechanism for the pathogenesis of breast and colon cancer. Also, molecules in this axis 

can further be exploited for their efficacy to serve as potential biomarkers and therapeutic 

targets. 

2) In chapter 3, I have demonstrated that CHTM1 levels are increased in lung cancer. These 

novel findings offer CHTM1 as a novel marker for human lung malignancy. Intriguingly, 

I have shown that CHTM1 regulates lung cancer cell sensitivity to glucose/glutamine 

deprivation and metformin treatment. These findings suggest CHTM1 as a novel 
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therapeutic target and facilitates a mechanism to increase metformin efficacy.  I have also 

established the involvement of p38-AIF1 pathway in cell death events induced under 

metabolic stress conditions CHTM1-deficient cells. I have found that CHTM1 interacts 

with and sequesters AIF1 inside the mitochondria to regulate AIF1-mediated cell death 

under metabolic stress conditions. Finally, I have noted that metabolic stress mediated 

cancer cell death in CHTM1-deficient cells is p38 dependent. 

3) In chapter 4, I have provided the evidence that MIA40 is involved in regulating the stability 

and import of CHTM1, with the help of CHCH domains. Therefore, defects in MIA40 

activity or CHTM1 folding regulate CHTM1 mitochondrial cellular distribution and may 

alter CHTM1s’ functionality. Novel drugs can be designed to target CHTM1 cysteine 

residues and/or folding to increase cancer cells sensitivity to alterations in metabolite 

availability. 

4) In chapter 5, I have shown that CHTM1 regulates autophagy in cancer cells. NMR based 

metabolic profiling studies suggest that CHTM1 deficiency increases amino-acid 

metabolism and reduces fatty-acid oxidation in metabolically stressed cancer cells. I have 

also shown that CHTM1 is overexpressed in multiple human malignancies. The increased 

autophagy in CHTM1-deficient cells could be a compensatory mechanism to overcome the 

defects in lipid metabolism, therefore targeting autophagy may further increase CHTM1-

deficient cells sensitivity to metabolic stress.  

5) In chapter 6, I have characterized a novel protein KM1. I have reported that KM1 has 

increased expression in human breast and lung cancer patient sample in comparison to 

matching normal tissue. Interestingly, CRISPR based KM1 knockout increases cancer cell 

sensitivity to metabolic stress by regulating activation of cancer cell death signaling. This 
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study offers another mitochondrial protein as a biomarker of human malignancies and a 

target for anti-cancer therapeutics. 

Taken together, for the first time, we have unraveled the novel cancer biomarkers CHTM1 

and KM1 involved in cancer cell metabolism. This dissertation study contributes to 1) 

understanding of the carcinogenesis, 2) providing potential biomarkers for the early 

detection, and targets for the anti-cancer strategies. 
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