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Abstract 

Pyruvate dehydrogenase complex (PDC) is a mitochondrial enzyme that links 

glycolysis to oxidative phosphorylation by decarboxylating glucose-derived pyruvate 

to produce acetyl-CoA that is used in the Krebs cycle. PDC was initially thought to 

reside only in the mitochondrial matrix but we recently showed that proliferative 

stimuli induce its nuclear translocation, where it facilitates cell proliferation by 

providing acetyl-CoA towards histone acetylation. The mechanism that allows PDC to 

navigate throughout the cytoplasm and finally enter the nucleus is currently unknown. 

Protein import into the nucleus occurs through the nuclear pores (NPs) that allow the 

free diffusion of proteins and small metabolites of molecular weights up to 40 kDa and 

diameters of ~5 nm. Larger proteins require a nuclear localization sequence (NLS) that 

is recognized by cargo carriers before crossing the NP. PDC does not have a known 

NLS and its multimer size and diameter varies from small complexes that could pass 

through the NP to very large complexes that would not be able to cross the NP.  We 

propose that while smaller PDC can travel (with the help of chaperones) on 

microtubules and reach the nucleus, entering through the NPs, larger complexes follow 

a novel (non-canonical) pathway that does not include NPs. Rather, it involves close 

contact of the mitochondria to the nucleus, allowing entrance, particularly during 

mitosis, in a manner similar to what is known for large viruses.   

Intracellular protein trafficking is carried out by protein carriers, including 

molecular chaperones, that move along the microtubules and it is facilitated by 

acetylation of α-tubulin. Organelles like mitochondria also move along acetylated 

microtubules, and tubulin acetylation may affect their trafficking. Here we show that 
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stimuli inducing the nuclear translocation of PDC increase its colocalization with 

Hsp70 and acetyl-tubulin. Increased levels of tubulin acetylation facilitate the nuclear 

translocation of PDC. PDC can directly associate with acetylated microtubules through 

its E2 subunit in a manner irrespective of microtubule stability. We also found that loss 

of PDC but not of the main acetyl-CoA producer in the cytoplasm, ATP citrate lyase 

(ACLY), decreases tubulin acetylation suggesting that extramitochondrial PDC might 

also act as a novel tubulin acetyltransferase.  

Mitochondria are highly dynamic organelles that constantly span the cytoplasm and 

tether to the endoplasmic reticulum (ER) via contact points rich in mitofusin 2 (MFN2). 

The nuclear envelope (NE) is a continuation of the ER sharing many similarities on 

their protein profile. Here we show that proliferative stimuli induced a perinuclear 

clustering of mitochondria before we were able to detect any nuclear PDC. Perinuclear 

mitochondria under a transmission electron microscope formed electron-dense 

structures with the NE similar to those between mitochondria and the ER. We detected 

MFN2 on both the NE and the nucleoplasm, suggesting that it can facilitate 

mitochondrial tethering to the NE in a manner similar to their tethering on the ER. We 

also show that loss of MFN2 decreased both nuclear PDC levels and mitochondrial 

tethering onto the NE.  

We found that PDC is released from perinuclear mitochondria and interacts with 

lamin A (LMNA), which is part of the inner nuclear membrane. Loss of LMNA 

decreased the levels of nuclear PDC, but had no effect on SIRT6, a protein known to 

reside into the nucleoplasm. We found that extramitochondrial PDC embedded into the 

LMNA layer was not associated with the NPs. Inhibition of the trafficking through the 
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NPs by wheat germ agglutinin (WGA) had no effect on the nuclear PDC levels after 

exposure to proliferative stimuli, but decreased STAT3, a protein known to enter the 

nucleus via the NPs. The interaction between PDC and LMNA persisted during 

mitosis, where LMNA is depolymerized and dispersed throughout the cytoplasm 

before the formation of the daughter nuclei.  

We speculate that the tethering of perinuclear mitochondria on the NE and the 

interaction of PDC with LMNA provides a novel mechanism for PDC to enter the 

nucleus in a manner that does not involve the NPs. We believe that this is the 

predominant mechanism for nuclear entry of PDC under proliferative conditions, 

without excluding some canonical PDC entrance via the NPs of smaller complexes. 

Our work enhances the concept of mitochondria to nucleus communication and maybe 

applicable to the entrance of other large proteins or viruses into the nucleus. 

  



 v 

Preface 
 

Chapters 2 and 3 are currently in preparation for submission to peer-reviewed journals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vi 

 
 

 

 

 

 

 

 

To Dimitra K. Always in my heart. 

The poetry that comes from the squaring off between 

And the circling is worth it 

Finding beauty in the dissonance 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 vii 

Acknowledgements 

I would like to express my great appreciation to my supervisor Dr. Evangelos 

Michelakis, for giving me the opportunity to carry out this project in his lab. His 

mentorship and continuous guidance shaped me into the man and scientist that I am 

today. I also want to express my greatest gratitude to my parents, Dimitrios and Olga 

Zervopoulos for their love and for always believing in me. I would like to thank my 

colleagues and friends, Adam Kinnaird, Vikram Gurtu, Areli Lorenzana Carillo, 

Yongneng Zhang and especially Aristeidis Boukouris; without their help I would not 

had been able to complete this dissertation. Lastly, I would like to thank Alois Haromy 

for his friendship and help throughout this project.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 viii 

Table of Contents 
Chapter One: Background .......................................................................................... 1 

1.1 Metabolic enzymes in the nucleus ......................................................................... 2 

1.2 Pyruvate dehydrogenase complex – composition and regulation ........................ 3 

1.3 Pyruvate dehydrogenase complex in the nucleus ................................................. 5 

1.4 Involvement of pyruvate dehydrogenase complex in disease ............................... 6 

1.5 Protein and organelle trafficking within the cell ................................................. 8 

1.6 Nucleocytoplasmic transport of proteins .............................................................. 9 

1.7 The nuclear envelope and nuclear lamina ......................................................... 11 

1.8 Post-translational modifications of nuclear lamins ........................................... 13 

1.9 Interacting partners of nuclear lamins on the NE and the nucleoplasm .......... 13 

1.10 Nuclear lamins in disease .................................................................................. 15 

Chapter Two: Extramitochondrial PDC translocates into the nucleus via acetylated 
microtubules and it is involved in the process of tubulin acetylation ...................... 40 

Abstract ....................................................................................................................... 41 

2.1 Introduction ......................................................................................................... 43 

Results ........................................................................................................................ 45 

2.2 Proliferative stimuli induce the colocalization of extramitochondrial PDC with 
Hsp70 and acetylated microtubules .......................................................................... 45 

2.3 PDC interacts with acetylated tubulin directly via its E2 subunit ...................... 47 

2.4 Extramitochondrial PDC regulates tubulin acetylation during its nuclear 
translocation ............................................................................................................... 50 

2.5 Loss of tubulin acetylation decreases nuclear PDC levels ................................. 51 

2.6 Increased tubulin acetylation results in a faster translocation of PDC into the 
nucleus ....................................................................................................................... 52 

2.7 Discussion ............................................................................................................ 54 

2.8 Materials and methods ......................................................................................... 59 

Chapter three: A non-canonical pathway for the entrance of the large mitochondrial 
enzyme Pyruvate Dehydrogenase Complex (PDC) into the nucleus ....................... 95 

Abstract ....................................................................................................................... 96 

3.1 Introduction ......................................................................................................... 98 



 ix 

Results ...................................................................................................................... 100 

3.2 Mitochondria cluster around the nucleus and tether on the nuclear envelope, 
following proliferation stimuli ................................................................................. 100 

3.3 Mitofusin 2 (MFN2) tethers mitochondria onto the nuclear envelope (NE) .. 101 

3.4 PDC is released from nucleus-tethered mitochondria and deposited on the lamin 
layer, before entering the nucleus ........................................................................... 104 

3.5 PDC enters the nucleus independently of nuclear pores (NPs) ....................... 108 

3.6 Discussion .......................................................................................................... 110 

3.7 Materials and methods ....................................................................................... 115 

Chapter four: Final conclusions and future directions ......................................... 158 

4.1 Overall conclusions ............................................................................................ 159 

4.2 Future directions ................................................................................................ 162 

Bibliography ............................................................................................................. 170 

Appendix I: Antibodies used in this dissertation .................................................... 195 

Appendix II: Macros for image analysis with FIJI ................................................ 197 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 x 

Table of Figures and tables 
Fig. 1-1 The oxidation of pyruvate to acetyl-CoA by PDC ................................... 16 
Fig. 1-2 PDC translocates into the nucleus upon exposure to various proliferative 
stimuli including mitochondrial stress, serum and EGF, where it produces acetyl-
CoA that is used towards histone acetylation ......................................................... 17 
Table 1 Proteins that bind to LMNA through its Ig domain ................................ 18 
Fig. 2-1 PDC can be found outside the mitochondria as a whole complex while 
translocating into the nucleus .................................................................................. 66 
Fig. 2-2 Extramitochondrial PDC is localized on acetylated microtubules while 
translocating into the nucleus .................................................................................. 68 
Fig. 2-3 Extramitochondrial PDC colocalizes with both acetylated microtubules 
and Hsp70 .................................................................................................................. 69 
Fig. 2-4 Proliferative stimuli increase the colocalization of extramitochondrial 
PDC with acetylated microtubules .......................................................................... 71 
Fig. 2-5 Proliferative stimuli increase the association of extramitochondrial PDC 
with acetylated microtubules ................................................................................... 72 
Fig. 2-6 PDC interacts directly with acetylated tubulin via its E2 subunit ......... 74 
Fig. 2-7 Binding of PDC onto microtubules is regulated by tubulin acetylation and 
not the stability of the microtubule network .......................................................... 76 
Fig. 2-8 Tubulin acetylation peaks after two hours of exposure to serum and EGF
 .................................................................................................................................... 77 
Fig. 2-9 Loss of PDC decreases tubulin acetylation ............................................... 79 
Fig. 2-10 Loss of tubulin acetylation decreases nuclear PDC and acetyl-histone 3 
levels ........................................................................................................................... 81 
Fig. 2-11 Tubacin increases tubulin acetylation ..................................................... 82 
Fig. 2-12 Increased tubulin acetylation results in a faster and more efficient 
nuclear translocation of PDC .................................................................................. 84 
Fig. 2-13 Proposed model for the nuclear translocation of PDC along acetylated 
microtubules .............................................................................................................. 85 
Fig. 3-1 Mitochondria cluster around the nucleus in response to proliferative 
stimuli and form electron dense areas with the NE ............................................. 127 
Fig. 3-2 Proliferative stimuli increase nuclear PDC levels and perinuclear 
mitochondrial clustering ........................................................................................ 129 
Fig. 3-3 MFN2 is between perinuclear mitochondria and the NE ...................... 131 
Fig. 3-4 MFN2 is present on the NE ...................................................................... 133 
Fig. 3-5 Mitochondria tether to the NE via MFN2-rich contact points ............. 135 
Fig. 3-6 Extramitochondrial PDC colocalizes with LMNA on the NE ............... 136 
Fig. 3-7 PDC interacts with LMNA ....................................................................... 138 
Fig. 3-8 Perinuclear mitochondria release PDC into the nucleoplasm .............. 140 



 xi 

Fig. 3-9 Perinuclear mitochondria release PDC into the nucleoplasm in response 
to hypoxia ................................................................................................................ 141 
Fig. 3-10 All PDC subunits can be found within nuclear invaginations that are 
increased after exposure to proliferative stimuli ................................................. 143 
Fig. 3-11 LMNA is necessary for the nuclear entrance of PDC .......................... 145 
Fig. 3-12 PDC does not enter the nucleus through the nuclear pore .................. 147 
Fig. 3-13 PDC interacts with LMNA during cell division ................................... 150 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 xii 

List of Abbreviations 
 

ACLY – ATP citrate lyase 

AFU – Arbitrary fluorescent units 

ATP – Adenosine trisphosphate 

BAF – Barrier of autointegration 

Cdk1 – Cyclin dependent kinase 1 

DNA – Deoxyribonucleic acid 

DSS – Disuccinimidyl suberate 

E3BP – E3 binding protein 

EGF – Epidermal growth factor 

EM – Electron microscopy 

ER – Endoplasmic reticulum  

FADH – Flavin adenine dinucleotide 

FG repeats – Phenylalanine glycine repeats 

GTP – Guanosine trisphosphate 

HDAC6 – Histone deacetylase 6 

HGPS – Hutchinson’s Gilford progeria syndrome 

Hsp70 – Heat shock protein 70 

kDa – Kilodalton 

LEM domain – LAP2 Emerin MAN1 domain 

LMNA – Lamin A 

LMNB1 – Lamin B1 

LMNB2 – Lamin B2 

MDa – Megadalton 

MDVs – Mitochondrial-derived vesicles 

MFN2 – Mitofusin 2 

MLS – Mitochondrial localization sequence 

MOF – Ortholog of Drosophila males absent on the first 

NADH2 – Nicotinamide adenine dinucleotide 

NE – Nuclear envelope 

NLS – Nuclear localization sequence 



 xiii 

NP – Nuclear pore 

nPDC – Nuclear PDC 

PBC – Primary biliary cirrhosis  

PCG – Polycomb group of proteins 

PDC – Pyruvate dehydrogenase 

PDK – Pyruvate dehydrogenase kinase 

PDP – Pyruvate dehydrogenase phosphatase 

PKM2 – Pyruvate kinase isoform 2 

PLA – Proximity ligation assay 

SDHB – Succinate dehydrogenase B 

Ser – Serine 

shRNA – Short hairpin ribonucleic acid 

siRNA – Short interfering ribonucleic acid 

SIRT2 – Sirtuin 2 

SIRT6 – Sirtuin 6 

STAT3 – Signal transducer and activator of transcription 3 

STAT5 – Signal transducer and activator of transcription 5 

TCA cycle – Tricarboxylic acid cycle 

TOM20 – Mitochondrial import receptor subunit TOM20 homolog 

VDAC – Voltage-dependent anion channel 

WGA – Wheat germ agglutinin  

WNT – Wingless and Int-1 

ZMPSTE24 – Zinc metallopeptidase STE24 

αTAT1 – α-Tubulin N-acetyltransferase 1 

Δψm – Mitochondrial membrane potential 

 
 

 
 
 
 
 
 



 1 

Chapter One: Background 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 2 

1.1 Metabolic enzymes in the nucleus 

Metabolism is the summary of chemical and enzymatic reactions that occur in our 

bodies to provide energy and the necessary building blocks for sustaining life. Most of 

these reactions occur in distinct cellular compartments, i.e. the cytoplasm (e.g. 

glycolysis) or the mitochondria (e.g. TCA cycle and oxidative phosphorylation). The 

majority of these reactions are carried out by specialized enzymes that are collectively 

known as metabolic enzymes. Nowadays, it is known that a large number of these 

enzymes can translocate into the nucleus, where they exert either their canonical or 

non-canonical functions (reviewed in 1). The nuclear translocation of these enzymes 

suggests that their role in the cell is far more complex than what we once thought and 

paves the way for exciting discoveries in the years to come.  

All glycolytic enzymes, that once perceived as strictly cytoplasmic, have been found 

to be present and active in the nucleus since the late 1950s’2,3 but the purpose and 

stimuli that induce their nuclear translocation remain unknown for most of them. One 

exception is pyruvate kinase M2 (PKM2), which plays a major role in cancer 

progression and tumorigenesis. Nuclear PKM2 can alter gene expression either directly 

as a transcription factor or indirectly by promoting histone phosphorylation by using 

phosphoenolpyruvate and producing ATP and pyruvate (canonical function)4-7. 

Pyruvate can then be converted to various metabolites that affect gene transcription by 

altering histone post-translational modifications8.  

Mitochondria are central organelles to metabolism and the energy production 

process since two of the main metabolic pathways occur in their matrix and inner 

membrane, i.e. the Krebs cycle and oxidative phosphorylation respectively9. Like 
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glycolytic enzymes, most of the mitochondrial enzymes that translocate into the 

nucleus participate in various aspects of controlling gene transcription either by acting 

as members of transcription activating complexes or through their end products that 

can alter DNA and histone post-translational modifications e.g. histone or DNA 

methylation via alpha-ketoglutarate and histone acetylation via acetyl-CoA 

respectively1. Interestingly enough, one of the largest enzymes of the cell, pyruvate 

dehydrogenase complex (PDC), has also been found to translocate into the nucleus, 

where it contributes to the nuclear pool of acetyl-CoA10.  

 

1.2 Pyruvate dehydrogenase complex – composition and regulation 

PDC is a conserved enzymatic complex that can be found in different organisms 

ranging from prokaryotes to eukaryotes. The prokaryotic form of PDC includes three 

main subunits, the E1, the E2 and the E3 subunit, while the mammalian PDC includes 

a fourth subunit known as the E3 binding protein (E3BP)11. In mammals, PDC resides 

in the mitochondria and is considered to be a gatekeeping enzyme that links glycolysis 

to the TCA cycle9. PDC catalyzes the conversion of glucose-derived pyruvate towards 

CO2, acetyl-CoA and NADH (H+) (Fig 1-1)12. The E1 subunit is a heterodimer of E1α 

and E1β and is known as pyruvate dehydrogenase. The function of this subunit depends 

on thiamine phosphate and catalyzes two reactions a) the decarboxylation of pyruvate 

to CO2 and b) the reductive acetylation of the lipoyl groups of the E2 subunit. The E2 

subunit is known as dihydrolipoamide acetyltransferase and adds the acetyl-group to a 

CoA-SH molecule. The E3 subunit is known as dihydrolipoamide dehydrogenase (E3) 
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and reoxidizes the lipoamide of E2 by generating FADH11. In mammals, the E3BP 

facilitates the binding of all subunits to E2, which forms the core of the complex11.   

The exact organization of the complex in mammals is unknown. There are currently 

two proposed models trying to describe it: i) the addition model, where the core of the 

complex comprises of 60 copies of E2 binding to 12 copies of E3BP13 and ii) the 

substitution model, where the core is comprised of 40 copies of E2 and 12 of E3BP14 

or 40 copies of E2 and 20 of E3BP15. The stoichiometry and organization of the 

individual subunits that result in the final form of the complex makes PDC one of the 

largest complexes within the cell with molecular weights ranging from 1-1016,17 and 

diameters from 25-45 nm16-18. 

The regulation of PDC occurs mainly through phosphorylation of Ser232, Ser293 and 

Ser300 of the E1 subunit19,20. The addition of a phosphate group to these serines is 

mediated by pyruvate dehydrogenase kinase (PDK) and results in the inhibition of the 

complex. Mammals express four PDK isoforms that are tissue-specific, except PDK2, 

which is expressed ubiquitously21. Removal of the phosphate group is mediated by the 

pyruvate dehydrogenase phosphatase (PDP)11. Mammals express only two PDP 

isoforms. Both PDK and PDP are binding to the lipoyl-domains of the E2 subunits of 

the complex before they exert their function. Other factors that can also activate PDC 

is pyruvate, while it can be inhibited by high levels of acetyl-CoA. Moreover, PDC, 

along with other mitochondrial enzymes, is calcium dependent22.  
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1.3 Pyruvate dehydrogenase complex in the nucleus 

PDC was found to translocate into the nucleus as a whole complex upon exposure 

to various proliferative stimuli e.g. serum stimulation, exposure to epidermal growth 

factor (EGF) and mitochondrial stress (e.g. rotenone). Nuclear PDC carries out its 

canonical function, i.e. producing acetyl-CoA from pyruvate that is used towards 

histone acetylation affecting the progression of the cell cycle10 (Fig. 1-2). More 

importantly, PDK, the main inhibitor of PDC, did not translocate into the nucleus along 

with the whole complex10, suggesting that nuclear PDC is either constantly active or it 

is regulated via other mechanisms that might include already known nuclear kinases.  

All the subunits of PDC, like all mitochondrial proteins that are transcribed in the 

nucleus, contain a mitochondrial localization sequence (MLS) that targets them to the 

mitochondria and are partially folded as precursor proteins23. Once they enter the 

mitochondria they are being processed by the mitochondrial protein peptidase that 

cleaves the MLS and are folded properly by the action of mitochondrial chaperones 

like the mitochondrial heat shock protein 70, also known as mortalin23. This suggests 

that PDC has to first enter the mitochondria and be fully assembled before it 

translocates into the nucleus as a whole complex. The exact mechanism for PDC’s 

translocation into the nucleus is currently unknown, except that it mediated by the 

molecular chaperone heat shock protein 70 (Hsp70)10, which has been previously found 

to act as a carrier of proteins that enter the nucleus24. Identification of this pathway will 

expand our current knowledge on how mitochondrial proteins enter the nucleus and 

how they contribute to the mito-nuclear communication that plays an important role in 

critical cell decisions, like apoptosis, proliferation and cell differentiation.  
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Recent work has showed that nuclear PDC can form a complex with PKM2 upon 

activation of the aryl-hydrocarbon receptor and induces the expression of certain genes. 

As part of that complex, PKM2 produces pyruvate from phosphoenolpyruvate and 

PDC produces acetyl-CoA that is used for histone acetylation by the acetyltransferase 

p3007. Another group found that nuclear PDC plays a major role in zygote formation 

by increasing histone acetylation and facilitating genomic activation of the human 

embryo25. PDC has also been found to play a role in adipocyte signaling by forming 

complexes with STAT5 into the nucleus and initiating downstream signaling 

cascades26 as well as maintaining lipogenesis in renal cancer27. Lastly, nuclear PDCE2 

levels have also been found to be elevated and identified as a potential target for therapy 

of acute liver failure28. 

 

1.4 Involvement of pyruvate dehydrogenase complex in disease 

PDC has been shown to be involved in various human diseases with different 

clinical manifestations but the most prominent of them is a lethal disease known as 

PDC deficiency, where the whole complex is dysfunctional due to indels or missense 

mutations in one of its individual subunits. In most cases, patients with this deadly 

disease have a dysfunctional E1α subunit due to indels that affect mostly females and 

occur preferentially in exons 10 and 11 or missense mutations that can be found on all 

exons29-31. There are 37 missense mutations that have been documented so far, where 

some of the most common ones were found in exons 3, 7, 8 and 1129. The symptoms 

of PDC deficiency range from lactic acidosis to chronic neurologic dysfunction that is 

not associated with systemic acidosis32,33.  
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Pulmonary arterial hypertension is a disease that manifests as thickening of the 

pulmonary artery resulting in increased pulmonary vascular resistance and finally to 

right ventricular failure34. It has been shown that PDC is inactivated in the endothelial 

cells of the patients and its activation via inhibition of PDK through treatment with 

dichloroacetate, a small drug inhibitor, has significantly improved their survival35. 

Another deadly disease that PDC plays a central role is cancer. Cancer cells show 

increased glycolysis and decreased oxidative phosphorylation due to mitochondrial 

inhibition that is associated with hyperpolarization (i.e. increased mitochondrial 

membrane potential, Δψm) due to inhibition of the mitochondrial voltage dependent 

anion channel (VDAC) by a phosphorylated form of hexokinase 236. Moreover, cancer 

cells show decreased mitochondrial PDC activity due to its phosphorylation by PDK, 

which further contributes to mitochondrial hyperpolarization and the increased 

glycolytic phenotype37. A small clinical trial showed that activation of PDC by 

dichloroacetate resulted in mitochondrial depolarization and increased apoptosis in 

cancer cells; prolonging the survival of patients with glioblastoma, an aggressive type 

of brain cancer38,39.  

Primary biliary cirrhosis (PBC) is a chronic cholestatic liver disease that destroys 

the small intrahepatic bile ducts and can lead to cirrhosis through various 

complications40. Patients with PBC have high titer of antimitochondrial antibodies in 

their serum. These antibodies target a specific family of mitochondrial enzymes 

including the E3BP subunit of PDC and a family of enzymes termed 2-oxo-acid 

dehydrogenase complexes that include PDCE241,42. The cause of the disease as well as 
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why immune cells react to these particular mitochondrial enzymes is currently 

unknown.  

 

1.5 Protein and organelle trafficking within the cell 

A plethora of proteins and organelles are being trafficked or are in constant 

movement at any given time within the cell. Most of the intracellular trafficking occurs 

on the cytoskeleton and more importantly on the actin and microtubule networks43. 

Microtubules are dynamic polymers that consist of heterodimers of α- and β- tubulin 

and are undergoing several polymerization and depolymerization events during the cell 

cycle (reviewed in 44). The main carrier proteins that are mediating the majority of the 

cytoplasmic protein and organelle trafficking through microtubules belong to the 

superfamilies of dyneins (responsible for retrograde trafficking i.e. towards the 

nucleus)45 and kinesins (responsible for anterograde trafficking i.e. away from the 

nucleus)46. These proteins bind to their cargo and propelled along microtubules via a 

sophisticated cycle that involves GTP hydrolysis47.  

Even though dyneins and kinesins are the main cargo carriers within the cell, there 

are other carrier proteins that also use microtubules to reach their destination within the 

cell. One of them is the heat shock protein (Hsp) family, the members of which play 

an important role in heat-shock induced stress, protein folding and intracellular 

trafficking48. A well-studied example is the nuclear translocation of the glucocorticoid 

receptor, which upon activation forms a complex with Hsp70 and Hsp90 and enters the 

nucleus by using the microtubule network49,50. The nuclear translocation of the 

glucocorticoid receptor has been associated with increased acetylation of α-tubulin on 
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K40, a post-translational modification that has been shown to facilitate motor protein 

binding on the microtubules and enhance intracellular trafficking51,52.  

Microtubules mediate the intracellular trafficking of various organelles, like 

mitochondria and the endoplasmic reticulum53-55, and proteins. One example is HIF-

1α, the master regulator of hypoxic response, which translocates into the nucleus upon 

establishment of hypoxia via acetylated microtubules56. Another example is the tumour 

suppressor p53 that translocates into the nucleus upon induction of DNA damage also 

in a microtubule-dependent manner57. Moreover, the microtubule network is also 

exploited by certain viruses as a means to reach the nucleus before they start replicating 

themselves58,59. All these examples highlight the importance of an intact microtubule 

network in intracellular trafficking. 

The recent discovery of mitochondrial-derived vesicles (MDVs) offers a novel 

pathway for intracellular protein trafficking that is exclusive to mitochondria60. In this 

work, the authors showed that oxidized mitochondrial proteins can be encapsulated 

into double membrane vesicles budding off from the mitochondria and translocate into 

the late endosome, where they are degraded60,61. Among these proteins the authors 

detected PDC61 but they were not able to detect its final destination or if the MDVs use 

microtubules to navigate through the cytoplasm.  

 

1.6 Nucleocytoplasmic transport of proteins 

The nuclear import and export of proteins occurs mainly through the nuclear pore 

complexes (NPs)62. NPs are highly conserved megacomplexes that penetrate the 

nuclear envelope with a total mass that can reach up to 120 MDa in mammals63,64. The 
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NPs consist of more than one hundred proteins and are comprised of three distinct 

components: a) the cytoplasmic ring, b) the central ring and c) the nucleoplasmic 

basket. The central ring consists of various nucleoporins that contain phenylalanine-

glycine (FG) repeats that play a central role in trafficking of proteins through the central 

channel of the NP65,66. The assembly and proper positioning of the NPs has been found 

to be regulated by nuclear lamins67.  

NPs allow for the passive diffusion of small proteins and metabolites with molecular 

weights of up to 40 kDa or a diameter around 5 nm68. Proteins with larger diameters 

(of up to 39 nm69) and molecular weights (more than 40 kDa) are crossing the NP via 

assisted transport through association with specialized protein carriers known as 

importins70. Importins recognize and bind to certain amino acid sequences of proteins 

that are destined to enter the nucleus known as nuclear localization sequences (NLS)71. 

Except from nuclear import, importins are also facilitating the exit of proteins from the 

nucleus through a sophisticated mechanism, where the small GTPase Ran-GTPase 

binds to them and facilitates their nuclear export in the expense of a GTP molecule. 

Once outside of the nucleus, Ran-GTPase dissociates from the importin that releases 

its cargo into the cytoplasm72.  

Not all proteins that enter the nucleus contain a known NLS. One example is beta-

catenin that upon activation of the WNT signaling pathway enters the nucleus in an 

NLS-independent manner73. This also applies to the majority of the metabolic enzymes 

that translocate into the nucleus, including PDC. Moreover, the large molecular weight 

and diameter of PDC further prohibits it from entering the nucleus through the nuclear 
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pore due to size exclusion. This suggests that it might be another yet undiscovered 

mechanism that PDC uses to enter the nucleus.  

 

1.7 The nuclear envelope and nuclear lamina 

The nucleus is surrounded by two lipid double membranes known as the nuclear 

envelope (NE)74 that separate the cytoplasm from the nucleoplasm. The NE consists of 

the outer and inner nuclear membranes and shares many similarities with the rough ER, 

since its outer membrane is a continuation of it75. The proteins attached to the NE are 

involved in diverse cellular functions, including mechanotransduction, initiation of 

various signaling cascades, nuclear positioning and genomic organization76. The NE 

also hosts the NPs that are scattered on its surface and are formed on areas where the 

outer and inner nuclear membranes merge64.  

Underneath the NE lies a layer known as nuclear lamina consisting of lamins that 

are classified as type V intermediate filaments77,78. Mammals have two types of lamins 

known as A- and B-type. A-type lamins consist of lamin A and C that are produced 

from alternative splicing of the LMNA gene and are expressed on differentiated cells. 

Some vertebrates express two less abundant isoforms of A-type lamins known as AΔ10 

and C2 that are also products of alternative splicing of the same gene79,80. B-type lamins 

consist of lamin B1 and lamin B2 that are transcribed from the LMNB1 and LMNB2 

genes respectively and are ubiquitously expressed in all cells (reviewed in 81). The 

LMNB2 gene also encodes for a testis-specific isotype known as lamin B3, which is a 

product of alternative splicing82.  
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All nuclear lamins, except lamin C, undergo farnesylation and carboxymethylation 

shortly after their synthesis. These modifications are thought to facilitate targeting to 

the inner nuclear membrane83-86. The farnesylated site of lamins A, B1 and B2 is the 

CaaX domain of their C terminus, where C is a cysteine, a is any aliphatic residue and 

X is generally methionine. After incorporation into the nuclear lamina, lamin A 

undergoes further processing by the zinc metalloproteinase Ste 24 homolog 

(ZMPSTE24)87 that cleaves the last 15 amino acids including the farnesylated C 

terminus. This second modification occurs only on lamin A and is part of its maturation 

process.  

All nuclear lamins consist of a small stretch of amino acids known as the head 

domain, which is followed by a central rod domain that contains four coiled-coil 

regions (1A, 1B, 2A and 2B)88,89. This domain increases the stability of the lamin 

network by facilitating lateral interactions between lamin polymers. Downstream of 

the rod-domain lies a nuclear localization sequence (NLS) and a beta immunoglobulin-

like (Ig-like) domain90. Ig-like domains have been described to facilitate protein - 

protein interactions91 and it is now known that many of the interacting partners of 

lamins bind to that domain (Table 1)92.  

The stoichiometry of lamins on the nuclear lamina has been suggested to affect 

nuclear rigidity. In fact, it was shown recently that migrating cells have low lamin A to 

B ratio, which was associated with softer nuclei that were able to fit through narrow 

openings during cell migration93. On the contrary, an increased lamin A to B ratio was 

associated with more rigid nuclei, highlighting the importance of lamin A on nuclear 

stability.  
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1.8 Post-translational modifications of nuclear lamins 

Lamins undergo various post-translational modifications during the cell cycle, 

including phosphorylation, methylation, acetylation and SUMOylation94. The most 

important among them is the cell cycle dependent phosphorylation of Ser-22 (lamin 

A/C), Ser-23 (lamin B1) and Ser-37 (lamin B2) by cyclin dependent kinase 1 (cdk1). 

The phosphorylation of these serines promotes the depolymerization of nuclear lamins 

and eventually the disassembly of the nuclear envelope that precedes cell division95-97. 

Upon depolymerization, lamin A/C is dispersed throughout the cytoplasm and remains 

there until its dephosphorylation that promotes its reassembly on the nuclear envelope 

of the daughter cells.  

Lamin A was found to be acetylated in various lysine residues by a mass-

spectrometry study but the effect of this post-translational modification remains 

unknown. Recent evidence suggests that lamin A acetylation is associated with 

increased stability of the nuclear envelope and it might have implications on various 

diseases that include defects of the nuclear lamina98,99. MOF is the only 

acetyltransferase that has been associated with the acetylation of a specific lysine 

residue of lamin A (K311) to date98. However, since more than one lysine residues of 

lamin A appear to be acetylated it is tempting to speculate that MOF might not be the 

only lamin A acetyltransferase.  

1.9 Interacting partners of nuclear lamins on the NE and the 

nucleoplasm 

Lamins are known to interact with other lamins of the same type in the nuclear 

periphery that allows them to form the nuclear lamina network underlying the NE. 
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Moreover, they can also interact with lamins of different types through their rod domain 

facilitating the positioning of various proteins that reside on the NE, including the 

NPs100,101. Once the lamin network is fully assembled lamins can interact with a 

plethora of other proteins and DNA (or histones) either directly or indirectly (reviewed 

in 92). Indirect binding of lamins with histones is mediated mostly through association 

with proteins containing a LEM (Lap, Emerin and MAN) domain102 that can 

subsequently bind to a conserved metazoan factor known as barrier to autointegration 

(BAF) that binds directly to histones103. Moreover, it has been reported that lamins 

contain a LEM-like domain on their C terminus that allows them to bind directly to 

certain DNA sequences104,105. 

Lamin A is the only member of the lamin family that has been found in the 

nucleoplasm, where it interacts with various proteins including retinoblastoma and 

RNA polymerase II106,107 that are known to play an important role in the regulation of 

the cell cycle108. It has also been suggested that nucleoplasmic lamin A can form 

complexes with proteins that can repress gene transcription, like the polycomb group 

of proteins (PCG) that promotes heterochromatin formation via histone 

methylation109,110.  

Nucleoplasmic lamin A has been suggested to form a network similar to the 

cytoskeleton in the cytoplasm111-113. Even though the function of this network is poorly 

understood it has been proposed to facilitate the formation of microdomains, where 

lamin A associates with other proteins that can potentially regulate chromatin 

organization and gene expression113. Therefore, it is tempting to speculate that such 
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nucleoplasmic lamin microdomains might offer a platform where various proteins bind 

to and regulate different nuclear processes, including histone acetylation.   

 

1.10 Nuclear lamins in disease 

Mutations in nuclear lamins or proteins that associate with them result in a wide 

spectrum of diseases known as laminopathies (reviewed in 114). Laminopathies can be 

categorized based on their phenotype as a) striated muscle diseases (e.g. dilated 

cardiomyopathy), b) lipodystrophy syndromes (e.g. Dunnigan-type familial partial 

lipodystrophy), c) peripheral nerve disorders (e.g. Charcot-Marie-Tooth disease), d) 

bone diseases (e.g. Buschke-Ollendorf syndrome) and e) accelerated aging disorders 

(e.g. Hutchinson-Gilford progeria syndrome).  

A well-studied laminopathy is the Hutchinson-Gilford progeria syndrome (HGPS), 

where a de novo silent mutation in the position 608 of lamin A results in a cryptic 

splicing site and the transcription of progerin115. Progerin, is a truncated form of lamin 

A that lacks the binding site of ZMPSTE24, resulting in a permanently farnesylated 

product that eventually leads to NE distortion. Patients affected from HGPS usually die 

in their second to third decade of life mostly by heart-related issues116.  

Alterations in nuclear lamin expression have also been associated with cancer 

progression due to the highly dysmorphic nuclei that characterize the disease117. 

Altered lamin ratios between the different types of lamins in cancer have been 

suggested to participate in genomic instability that is a hallmark of cancer118. 
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Fig. 1-1 The oxidation of pyruvate to acetyl-CoA by PDC. 
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Fig. 1-2 PDC translocates into the nucleus upon exposure to various proliferative 

stimuli including mitochondrial stress, serum and EGF, where it produces acetyl-CoA 

that is used towards histone acetylation. PDC’s entrance into the nucleus is facilitated 

by the molecular chaperone Hsp70. 
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Table 1 Proteins that bind to LMNA through its Ig domain 

 

Protein Reference 

F-Actin 119 

Titin 120 

Nesprin 2 121,122 

LCO1 123 

SUN1 124 

SUN2 125 

Nup153 126 

Nup88 127 

Lap2α 128 

MAN1 129 

LEM2 130 

Emerin 131,132 

PCNA 133 

DNA 134 

SREBP1 a/c 135 

PKCα 136 

NARF 137 
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Chapter Two: Extramitochondrial PDC translocates into the 

nucleus via acetylated microtubules and it is involved in the 

process of tubulin acetylation 
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Abstract 

The mitochondrial pyruvate dehydrogenase complex (PDC) is one of the largest 

complexes within the cell with diameters up to 45 nm based on the stoichiometry and 

organization of its individual subunits. PDC was thought to reside in the mitochondrial 

matrix linking glycolysis to oxidative phosphorylation but we recently showed that it 

can translocate into the nucleus after association with the molecular chaperone Hsp70 

upon exposure to stimuli inducing cell proliferation (i.e. serum and epidermal growth 

factor) and mitochondrial inhibition (i.e. rotenone). Intracellular protein trafficking is 

mediated by protein carriers (including molecular chaperones) moving along 

microtubules. Tubulin acetylation stabilizes protein binding onto the microtubules and 

enhances the binding of protein carriers, thus facilitating protein trafficking. Here we 

show that extramitochondrial PDC binds to acetylated microtubules via Hsp70 before 

it enters the nucleus. Exposure to proliferative stimuli increase both the binding of PDC 

onto acetylated microtubules and its nuclear levels. Loss of tubulin acetylation results 

in decreased nuclear PDC levels, while its pharmacologic increase results in faster 

translocation of PDC into the nucleus. PDC interacts directly with acetylated tubulin 

through its E2 subunit independently of microtubule stability. Loss of PDC but not 

ATP citrate lyase (ACLY), the main cytoplasmic acetyl-CoA producer, decreases 

tubulin acetylation, suggesting that extramitochondrial PDC is involved in the process 

of tubulin acetylation and might act as a novel tubulin acetyltransferase. Our work 

highlights acetylated tubulin as a pathway for the nuclear translocation of PDC that can 

potentially be extended to other mitochondrial proteins known to translocate into the 

nucleus. We believe that this pathway is relevant to smaller size PDC complexes (<39 
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nm in diameter) that are able to cross the nuclear pore. Moreover, our findings that 

PDC might act as a tubulin acetyltransferase provide a new angle for future PDC 

studies and have implications in diseases with aberrant intracellular protein trafficking.  
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2.1 Introduction 

Pyruvate dehydrogenase complex (PDC) is a key mitochondrial enzyme residing in 

the mitochondrial matrix, where it produces acetyl-CoA using glucose-derived 

pyruvate and feeding it into the Krebs cycle1. It consists of three main subunits, the 

pyruvate dehydrogenase E1 (a heterodimer of E1α and E1β) that removes an acetyl-

group from pyruvate, the dihydrolipoamide acetyltransferase E2 that attaches the 

acetyl-group to a CoA-SH molecule resulting in the formation of acetyl-CoA and the 

dihydrolipoamide dehydrogenase E3 that re-oxidizes the lipoamide groups of the E2 

subunit resulting in the formation of NADH22. PDC is one of the largest enzymatic 

complexes within the cell with molecular weights that can reach up to 10 MDa and 

diameters ranging from 25-45 nm based on the different conformations that its 

individual subunits can obtain3-5. We recently showed that active PDC translocates into 

the nucleus without its inhibitor pyruvate dehydrogenase kinase via interaction with 

the molecular chaperone Hsp70 upon exposure to proliferative stimuli, like serum and 

epidermal growth factor (EGF), where it carries out its canonical function (i.e. acetyl-

CoA production) facilitating histone acetylation that is necessary for cell cycle 

progression6. Even though these findings were provocative they have now been 

verified by various independent research groups7-12. However, the presence of PDC in 

the nucleus raises the question of how one of the largest enzymatic complexes within 

the cell leaves the mitochondria and navigates through the cytoplasm before entering 

the nucleus.  

Intracellular protein trafficking occurs via movement of carrier proteins on the 

microtubules that are parts of the cytoskeleton and are consisted of heterodimers of α- 
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and β-tubulin13. Carrier proteins, like dyneins, kinesins and molecular chaperones 

(including Hsp70) bind to them and transfer proteins or entire organelles (e.g. 

mitochondria) towards the minus end (towards the nucleus) or the plus end (away from 

the nucleus) of microtubules14,15. Microtubules can undergo several post-translational 

modifications (reviewed in 16), including acetylation of α-tubulin on the lysine 40 

(K40) residue that resides within the microtubule lumen. This modification has been 

associated with increased stability of the microtubule network17,18 and binding of 

protein carriers including molecular chaperones like heat shock protein 90 (Hsp90) and 

Hsp70, hence facilitating intracellular protein trafficking19-22.  

Here we provide evidence that extramitochondrial PDC colocalizes with acetylated 

microtubules and Hsp70 and this colocalization is enhanced upon exposure to serum 

and EGF. We found that PDC interacts directly with acetylated microtubules via its E2 

subunit and this interaction is lost when tubulin acetylation is decreased. We also show 

that tubulin acetylation is positively correlated with the levels of nuclear PDC. 

Moreover, we show that tubulin acetylation levels oscillate throughout the cell cycle 

following the same pattern as nuclear PDC levels and knockdown of PDCE2, a subunit 

with an intrinsic acetyl-transferase activity, but not ATP citrate lyase (ACLY), the main 

acetyl-CoA producer in the cytoplasm, results in decreased tubulin acetylation levels, 

suggesting that extramitochondrial PDC might be a novel tubulin acetyl-transferase. 

Our work enhances the concept of interorganellar communication and highlights the 

importance of an intact microtubule network and tubulin acetylation in the intracellular 

trafficking of large complexes that are destined to enter the nucleus.  
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Results 

2.2 Proliferative stimuli induce the colocalization of 

extramitochondrial PDC with Hsp70 and acetylated microtubules 

Newly synthesized PDC subunits have to first enter the mitochondrial matrix and 

undergo a processing step by the mitochondrial processing peptidase (cleavage of the 

mitochondrial localization sequence) before forming the whole complex that can then 

translocate into the nucleus6,23. Therefore, cytoplasmic PDC that is translocating into 

the nucleus will contain all four of its subunits. We visualized extramitochondrial PDC 

after we induced its nuclear translocation by exposing synchronized A549 cells to 

serum and EGF (500 ng/ml) for 2 hours before staining them for PDCE1α, PDCE2, 

PDCE3 and mitotracker and obtained super resolution confocal images that increase 

the lateral resolution to ~160 nm compared to 260 nm that classical confocal 

microscopy offers (Fig. 2-1). By following this approach, we were able to detect PDC 

in the cytoplasm (white arrows), suggesting that this complex had left the mitochondria 

and it was translocating into the nucleus.  

Since the majority of the intracellular protein and organelle trafficking occurs along 

the microtubule network and it is enhanced by α-tubulin acetylation we wanted to test 

whether extramitochondrial PDC that is translocating into the nucleus colocalizes with 

acetyl-tubulin. To visualize this colocalization we stimulated both A549 and HEK293 

cells with serum and EGF and stained them for PDCE2, acetyl-tubulin and mitotracker 

before imaging them under a super resolution confocal microscope. To visualize 

extramitochondrial PDC we developed a code on an image analysis software that 

allowed us to measure the area occupied by a) mitochondrial PDCE2, b) 
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extramitochondrial PDCE2 and c) extramitochondrial PDCE2 that colocalizes with 

acetyl-tubulin (Fig. 2-2A and 2-2B) and we found that almost 57% of the 

extramitochondrial PDCE2 (white arrows) colocalizes with acetylated microtubules.  

We previously showed that the nuclear translocation of PDC is mediated by the 

molecular chaperone Hsp706 that has been found to preferentially associate with 

acetylated microtubules during the nuclear translocation of large molecules, e.g. the 

glucocorticoid receptor24,25. Thus, it is reasonable to assume that a complex of 

extramitochondrial PDC and Hsp70 will be colocalizing with acetylated microtubules 

upon stimulation with serum and EGF, while being transferred into the nucleus. To 

visualize this colocalization we obtained super resolution confocal images of serum 

and EGF-stimulated A549 cells that were stained with antibodies against PDCE2, 

Hsp70 and acetyl-tubulin (Fig. 2-3). In this experiment we were not able to stain the 

cells with mitotracker or for any other of the PDC’s subunits due to overlap of the 

emission spectrum of the fluorophores we used. To exclude mitochondrial PDC from 

our analysis we hypothesized that the brightest intensity PDCE2 signal will be 

observed only in the mitochondria, while the rest will be coming from 

extramitochondrial subunits since the nuclear and hence extramitochondrial PDC is 

only a small fraction of the mitochondrial one6. To visualize extramitochondrial PDC 

we developed an image analysis code to exclude areas with high intensity PDCE2 

signal and show only areas with low intensity signal. This analysis revealed that Hsp70 

colocalizes with both PDCE2 and acetyl-tubulin in the cytoplasm, suggesting that 

extramitochondrial PDC forms a complex with Hsp70 that moves along acetylated 

microtubules before entering the nucleus.  
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Next, we wanted to test whether exposure to stimuli that induce the nuclear 

translocation of PDC will result in an increase of its colocalization with acetylated 

tubulin. Therefore, we exposed A549 cells to serum and EGF and stained them for 

PDCE1α, PDCE2, acetyl-tubulin and mitotracker before we obtained images with a 

super resolution confocal microscope. By using the same image analysis code as in 

Fig. 2-1 we found that exposure to serum and EGF increased the colocalization of 

extramitochondrial PDC (i.e. both PDCE1α and PDCE2) with acetylated microtubules 

by ~25% compared to baseline (Fig. 2-4), suggesting that the nuclear translocation of 

PDC occurs via acetylated microtubules. To further strengthen this result, we 

performed a proximity ligation assay (PLA) that allows the visualization of the 

subcellular localization of proteins lying within 40 nm from each other. We used 

synchronized (i.e. serum deprived) and stimulated (exposed to serum and EGF) A549 

cells and stained them for PDCE2 and acetyl-tubulin and performed z stacks under a 

confocal microscope to capture the entire volume of the cell (Fig. 2-5). We found that 

exposure to serum and EGF greatly increased the association of the two proteins, 

further strengthening our previous findings that PDC translocates into the nucleus by 

moving along acetylated microtubules.  

 

2.3 PDC interacts with acetylated tubulin directly via its E2 subunit  

 Since extramitochondrial PDC colocalizes with acetylated microtubules and 

proliferative stimuli increase their association we wanted to test whether the two 

proteins interact directly. Therefore, we performed a co-immunoprecipitation 

experiment, where we pulled down PDCE2 from stimulated A549 cells and found that 
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both PDCE1α and acetyl-tubulin precipitated along with it (Fig. 2-6A). The presence 

of PDCE1α in the precipitates suggests that we pulled down the whole complex and 

PDC interacts directly with acetylated tubulin through its E2 subunit. To further 

strengthen this result, we performed the reverse experiment, where we pulled down 

acetylated tubulin and also found PDCE2 in the precipitates. More importantly, neither 

the mitochondrial succinate dehydrogenase B (SDHB) nor PDCE1α were detected 

among the precipitated proteins, further suggesting that acetylated tubulin interacts 

directly with the E2 subunit of PDC (Fig 2-6B). To test whether this interaction is 

enhanced upon exposure to stimuli that induce the nuclear translocation of PDC, we 

exposed synchronized A549 cells to serum and EGF and pulled down PDCE2. We 

found that cell cycle arrested cells (i.e. synchronized to the G0 phase after serum 

deprivation) showed no interaction of PDCE2 with acetyl-tubulin but exposure to 

serum and EGF greatly increased the interaction of the two proteins (Fig. 2-6C), 

suggesting that PDCE2 binds to acetylated microtubules only when the whole complex 

has left the mitochondria and it is being translocated into the nucleus. Moreover, 

exposure to serum and EGF had no effect on the total PDCE2 levels as seen in the input 

groups, suggesting that proliferative stimuli do not increase the total PDCE2 levels and 

therefore it is not newly synthesized PDCE2 that is interacting with acetyl-tubulin but 

the one incorporated into the whole complex as it moves towards the nucleus.  

Since extramitochondrial PDC interacts directly with acetylated microtubules 

through its E2 subunit we wanted to test whether loss of tubulin acetylation will 

decrease the interaction of the two proteins. Tubulin acetylation is regulated via the 

opposing actions of α-tubulin N-acetyltransferase 1 (αTAT1) and histone deacetylase 
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6 (HDAC6)26,27. Therefore, to decrease the levels of tubulin acetylation, we knocked 

down αTAT1 by using siRNA (Fig. 2-7A and 2-7B) and pulled down α-tubulin from 

A549 cells that were exposed to serum and EGF. Since the molecular weight of tubulin 

is at 50 kDa we were afraid that a harsher elution method for detaching the bound 

antibodies from the magnetic beads (such as boiling the samples for 5 minutes at 55 °C 

in SDS buffer) might result in the release of IgG, the heavy chain of which is at 50 kDa 

and can potentially mask the tubulin band. Therefore, we decided to continue with a 

milder elution method by acidifying the sample with glycine (pH 2.6) for 10 minutes 

that results in the release of the bound proteins from the beads by breaking the bonds 

between them. After elution we neutralized the pH by adding Tris buffer (pH 8.0). 

However, this technique results in a different pH between the input and the IP groups 

that can lead to differences on the separation speeds of the samples on the gel, since 

the speed of the protein separation on a polyacrylamide gel is affected by the charge 

(hence the pH) of the sample28. This explains the molecular weight differences that we 

observed between the IP and the input groups. In this experiment we found that loss of 

tubulin acetylation resulted in decreased tethering of PDCE2 on the microtubules (Fig. 

2-7C), which is in agreement with the idea that tubulin acetylation strengthens protein 

– protein interactions between the microtubules and their interacting partners (e.g. 

motor proteins and molecular chaperones)19-22. Moreover, we found that loss of tubulin 

acetylation did not alter the levels of detyrosinated tubulin, which is also a marker of 

stable microtubules along with acetyl-tubulin, suggesting that the interaction of PDC 

with microtubules is affected only by their acetylation levels and not their stability.  
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2.4 Extramitochondrial PDC regulates tubulin acetylation during its 

nuclear translocation 
The E2 subunit of PDC is an acetyltransferase and it is responsible for the addition of 

an acetyl-group from pyruvate to a CoA-SH molecule. Since it interacts directly with 

acetylated microtubules it is reasonable to assume that extramitochondrial PDC might 

be regulating tubulin acetylation. First, we wanted to test how exposure to proliferative 

stimuli that induce the nuclear translocation of PDC affect tubulin acetylation. 

Therefore, we performed a time course experiment where we stimulated synchronized 

A549 cells with serum and EGF for 2, 4, 8 and 12 hours before measuring acetyl-

tubulin levels by immunoblots. We found that tubulin acetylation levels peaked after 2 

hours of treatment (Fig. 2-8), which resemble the same pattern that nuclear PDC levels 

follow under the same stimuli6. To assess whether PDC is involved in tubulin 

acetylation we used A549 cells and knocked down PDCE1α and PDCE2 by shRNA 

and siRNA respectively (Fig. 2-9A and 2-9B). The transfections resulted in a great 

decrease of total PDCE1α and PDCE2 levels, which in turn decreased the levels of 

tubulin acetylation by ~ 30% for PDCE2 and ~50% for PDCE1α, suggesting that PDC 

is involved in the process of tubulin acetylation. However, the cytosolic pool of acetyl-

CoA is mostly generated by ATP citrate lyase (ACLY) and to a lesser extent by acetyl-

CoA synthetase 2 (AcCS2)29 that use citrate and acetate respectively. Citrate is mostly 

derived from the TCA cycle1 and the reductive glutamine pathway, which is known to 

be upregulated in cancer cells30 (Fig. 2-9C). Thus, it is reasonable to assume that loss 

of PDC’s activity by knocking down any of its individual subunits will result in 

decreased levels of citrate deriving from the TCA cycle, which can further decrease the 

cytosolic pool of acetyl-CoA and eventually tubulin acetylation. Nevertheless, it has 
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been shown that knockdown of ACLY does not decrease the levels of tubulin 

acetylation in cell cycle arrested (i.e. serum deprived) fibroblasts that were stimulated 

with serum31. To verify these findings, we used synchronized A549 cells that were re-

exposed to serum and EGF for 2 hours after we knocked down ACLY or PDCE2 by 

siRNA. Exposure to proliferative stimuli increased the levels of tubulin acetylation on 

both the scrambled and ACLY siRNA group equally, verifying the previous findings 

that ACLY does not provide acetyl-CoA towards tubulin acetylation. On the contrary, 

loss of PDCE2 resulted in lower tubulin acetylation levels similar to our previous 

findings (Fig. 2-9D), suggesting that extramitochondrial PDC can be potentially a 

novel tubulin acetyltransferase that is responsible for the residual tubulin acetylation 

when αTAT1 is knocked out32. 

 

2.5 Loss of tubulin acetylation decreases nuclear PDC levels 

If PDC interacts with acetylated microtubules and translocates into the nucleus along 

them, then it is reasonable to assume that loss of tubulin acetylation will also result in 

decreased levels of nuclear PDC. To test this hypothesis, we used siRNA to knock 

down αTAT1 in A549 cells and then synchronized them to the G0 phase by serum 

deprivation before stimulating them with serum and EGF for two hours. We then 

stained them for PDCE2 and the outer mitochondrial membrane marker TOM20 before 

we measured nuclear PDCE2 levels under a confocal microscope. The addition of 

serum and EGF increased nuclear PDCE2 levels in the scrambled group but had no 

effect in the siαTAT1 group, where the levels were comparable to baseline (Fig. 2-

10A). To expand our findings on a different metabolic enzyme that is known to 
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navigate through the cytoplasm before entering the nucleus under proliferative stimuli 

we decided to study nuclear PKM2 levels after exposure to hypoxia (1% O2). By using 

siRNA we knocked down αTAT1 on A549 cells and exposed them to hypoxia for 24 

hours before staining them for PDCE2 and PKM2 and examined them under a confocal 

microscope. Loss of tubulin acetylation resulted in decreased nuclear PDCE2 levels on 

both normoxic and hypoxic conditions but had no effect on nuclear PKM2; the levels 

of which increased under hypoxia (Fig. 2-10B), suggesting that not all metabolic 

enzymes entering the nucleus navigate the cytoplasm along acetylated microtubules.  

We previously showed that nuclear PDC regulates histone acetylation by generating 

acetyl-CoA in the nucleus6. This would suggest that loss of tubulin acetylation will also 

result in decreased levels of acetylated histones due to decreased nuclear translocation 

of PDC. To test this idea, we stimulated A549 cells with serum and EGF for 2 hours 

after knocking down αTAT1 by siRNA. We then extracted histones by using a 

commercially available kit and measured acetyl-histone 3 levels by immunoblots and 

found that exposure to serum resulted in almost 30% increase of histone 3 acetylation 

in the scrambled siRNA group, while loss of tubulin acetylation had no effect on acetyl-

histone 3 levels when compared to baseline (Fig. 2-10C), further strengthening our 

previous findings that loss of tubulin decreases the nuclear translocation of PDC.  

 

2.6 Increased tubulin acetylation results in a faster translocation of 

PDC into the nucleus 

Next, we wanted to test whether increased tubulin acetylation will also increase the 

levels of nuclear PDC by inhibiting HDAC6, the main tubulin deacetylase33,34. HDAC6 



 53 

is a unique deacetylase that contains two deacetylase domains and is mainly localized 

in the cytoplasm35. It is involved in many functions other than tubulin acetylation, 

including degradation of misfolded proteins, maturation of the glucocorticoid receptor 

and cell migration36,37. Moreover, HDAC6 has also been found in the nucleus, where 

it regulates gene transcription via histone deacetylation38. These suggest that knock 

down of HDAC6 by siRNA might result in various off-target effects and therefore 

mask the effect of tubulin acetylation on the nuclear translocation of PDC. For that 

reason, we decided to use tubacin (Fig. 2-11A); a small-molecule inhibitor that shows 

high specificity for HDAC6 at low doses35. First, we were interested on studying the 

dynamics of tubacin on tubulin acetylation. We used A549 cells that were treated with 

the drug for 15, 30 and 60 minutes at a low and a high dose; 2.5 μM and 10 μM 

respectively. By using immunoblots we found that tubacin greatly increased tubulin 

acetylation even after 15 minutes of treatment with 2.5 μM (Fig. 2-11B). Since we were 

concerned that high doses of tubacin might also show off-target effects by inhibiting 

other HDACs we decided to continue with the lower dose in all of our subsequent 

experiments. To test whether increased tubulin acetylation results in higher nuclear 

PDC levels we used synchronized A549 cells that we stimulated with serum and EGF 

for 2 hours and added tubacin at the same time. We then stained the cells for PDCE2 

and mitotracker, while the effects of tubacin were visualized after staining of the cells 

with antibodies against tubulin and acetyl-tubulin (Fig. 2-12A and 2-12B). Increased 

tubulin acetylation did not alter the levels of nuclear PDCE2 when compared to the 

vehicle group. However, since tubulin acetylation is known to increase and stabilize 

protein – protein interactions19-22 we speculated that increased tubulin acetylation 
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might result in a sturdier association of the Hsp70-PDC complex with the microtubules 

and thus prevent its dissociation from the microtubules (due to its large size), resulting 

in the faster and more efficient translocation of the complex into the nucleus. To test 

the efficiency of the nuclear translocation of PDC under conditions that increase 

tubulin acetylation, we stimulated A549 cells with serum and EGF and treated them 

with 2.5 μM of tubacin for 1 and 2 hours respectively before staining them with 

antibodies against PDCE2, acetyl-tubulin and mitotracker and measured nuclear 

PDCE2 levels under a confocal microscope. Increased tubulin acetylation resulted in 

higher nuclear PDCE2 levels after 1 hour compared to the vehicle group, while both 

groups had the same nuclear PDCE2 levels after 2 hours of treatment (Fig. 2-12C). To 

verify these findings with another technique we isolated nuclei from synchronized 

A549 cells that were exposed to serum and EGF for 1 hour in the presence or absence 

of tubacin (2.5 μM) before we measured nuclear PDCE1α levels by immunoblots (Fig. 

2-12D). Tubacin treatment resulted in higher nuclear PDCE1α levels compared to the 

stimulated vehicle group, further strengthening our previous finding that increased 

tubulin acetylation results in a faster and more efficient translocation of PDC into the 

nucleus. 

 

2.7 Discussion 

Here we show that extramitochondrial PDC navigates through the cytoplasm as a 

whole complex via acetylated microtubules before it enters the nucleus in response to 

proliferative stimuli that induce its nuclear translocation (i.e. serum and EGF)6. By 

using super resolution confocal microscopy, we visualized for the first time 
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extramitochondrial PDC that colocalized with both Hsp70 and acetylated microtubules 

and studied this association under exposure to serum and EGF on both cancer and non-

cancer cells. Moreover, exposure to serum and EGF increased tubulin acetylation 

similarly to how it increases nuclear PDC levels. Loss of tubulin acetylation by αTAT1 

knockdown decreased nuclear PDC levels, while pharmacologic induction of tubulin 

acetylation by tubacin, a specific small-drug inhibitor of HDAC6, resulted in the faster 

and more efficient translocation of PDC into the nucleus. Extramitochondrial PDC 

interacts directly with acetylated microtubules via its E2 subunit and we provide 

evidence for the first time that the interaction of PDC with acetylated microtubules 

regulates tubulin acetylation.  

Tubulin acetylation has been shown to enhance intracellular protein trafficking by 

facilitating the binding of cargo carriers like dynein and heat shock proteins19-22 on the 

microtubule network. For example, Hsp70 has been shown to mediate the nuclear 

translocation of various large complexes along microtubules, like the 

glucocorticoid24,37 (97 kDa) and androgen receptors39,40 (110 kDa). Hence, a complex 

of PDC and Hsp70 that moves along acetylated microtubules is not surprising as a 

means of PDC’s navigation through the cytoplasm before entering the nucleus. We 

were able to show that extramitochondrial PDC colocalizes with both Hsp70 and 

acetylated microtubules and exposure to serum and EGF increased this colocalization. 

Loss of tubulin acetylation greatly decreased the levels of nuclear PDC along with 

histone 3 acetylation. Moreover, increased tubulin acetylation via inhibition of HDAC6 

did not increase the levels of nuclear PDC but resulted in the faster translocation of the 
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complex into the nucleus, suggesting that tubulin acetylation is important for fine-

tuning and stabilizing the Hsp70-PDC complex while it moves along microtubules.  

Although Hsp70 binds to and moves along microtubules to carry its cargo within the 

cytoplasm, we found that extramitochondrial PDC also interacts with acetylated 

microtubules directly via its E2 subunit (by co-immunoprecipitation and a PLA assay), 

potentially fine-tuning the nuclear translocation of PDC by offering a secondary 

binding site of the Hsp70-PDC complex on the microtubule network. Even though the 

formation of a secondary binding site of a motor protein with the microtubules is not a 

new concept (e.g. dynein-dynactin)41 it has never been described between the cargo 

and microtubules. Therefore, given the large size of PDC, we speculate that its 

interaction with both Hsp70 (via the E1α subunit) and acetylated microtubules (via the 

E2 subunit) might offer a sturdier association of the Hsp70-PDC complex with the 

microtubule network and therefore prevent its dissociation while it is being translocated 

into the nucleus.  

The only tubulin acetyltransferase known to date is αTAT132. Knockout of αTAT1 in 

mice results in almost complete loss of tubulin acetylation32 but the presence of residual 

tubulin acetylation in some tissues indicates the presence of another yet undiscovered 

tubulin acetyltransferase. Our work suggests that PDC might act as a novel tubulin 

acetyltransferase through its E2 subunit by adding an acetyl-group to K40 of α-tubulin 

due to its intrinsic acetyltransferase activity, since its substrate (i.e. pyruvate) is highly 

available in the cytoplasm. Even though further research is needed the verification that 

PDCE2 can use its acetyltransferase activity in reactions other than acetyl-CoA 

production will provide a new angle to approach PDC in the future and might offer a 
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potential target for various diseases where tubulin acetylation and thus protein 

trafficking is altered. One example is primary biliary cirrhosis (PBC), where PDCE2 is 

one of the antimitochondrial antibodies presented on the cell surface triggering an 

immune response that eventually results in hepatic failure42,43. Along this line of 

thought, it is tempting to speculate that hepatic cells of PBC patients might show 

intracellular trafficking abnormalities due to the altered PDCE2 acetyltransferase 

function and/or tubulin – PDCE2 interactions that can potentially result in the 

mistargeted translocation of PDCE2 onto the cell membrane.  

Deacetylation of microtubules is regulated by the action of HDAC6, which is the 

main tubulin acetyltransferase, and sirtuin 2 (SIRT2). The function of SIRT2 is highly 

dependent on the availability of NAD+, while the presence NADH2 inhibits it44. Since 

the oxidation of pyruvate to acetyl-CoA by PDC results in the formation of NADH2 

from its E3 subunit, it is reasonable to assume that extramitochondrial PDC 

translocating into the nucleus can further increase tubulin acetylation by inhibiting 

SIRT2 via local production of NADH2 and thus self-enhancing the efficiency of its 

intracellular navigation towards the nucleus.  

Tubulin acetylation is increased during times that cell proliferation is increased like 

the early stages of development and it is decreased later on45. During these times, 

nuclear PDC levels are also elevated potentially for sustaining the high demand for 

acetyl-CoA in the nucleus6,10 that is used towards histone acetylation46. Therefore, 

pharmacologic inhibition of tubulin acetylation and hence the nuclear translocation of 

PDC might offer a new tool for controlling the nuclear pool of acetyl-CoA and cell 

proliferation that has implications in various diseases, like cancer or aging. Increased 
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histone acetylation is also necessary for undifferentiated cells to maintain their 

pluripotency47, thus it is reasonable to speculate that both tubulin acetylation and 

nuclear PDC levels will be increased in these cells. Therefore, altering the interaction 

between PDC and microtubules by pharmacologically modifying the tubulin 

acetylation status might offer a novel way to control pluripotency.  

Protein entry into the nucleus occurs via the nuclear pores that allow crossing of 

proteins up to 39 nm in diameter48. Moreover, proteins with diameters larger than 5 

nm49 need to be carried into the nucleoplasm via specialized cargo carriers50. PDC’s 

size and diameter are dynamic and they are dependent upon the stoichiometry of its 

individual subunits, resulting in diameters ranging from 25 to 45 nm3,5. This suggests 

that smaller size complexes (i.e. less than 39 nm of diameter) meet the size exclusion 

criterion of the nuclear pore and are able to go through it with the aid of a carrier protein 

like Hsp70 that is known to facilitate crossing of its cargo through the nuclear pores51.  

Overall, our work suggests that PDC’s translocation into the nucleus is dependent on 

an intact microtubule network and the levels of tubulin acetylation (Fig. 2-13). Our 

findings shed more light on the mechanism of nuclear translocation of PDC and open 

a broad field of research that can have implications in various aspects of modern 

biology and disease, where cell proliferation is altered. Nevertheless, more research is 

needed before elucidating all the key proteins of this mechanism that might be relevant 

to other proteins translocating into the nucleus and meet the size exclusion criterion of 

the nuclear pore, like the smaller size PDC complexes (<39 nm in diameter). 
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2.8 Materials and methods 

Cell culture 

Human non-small cell lung cancer cells (A549) and embryonic kidney (HEK293) 

cells were purchased from ATCC (Manassas, VA). A549 cells were grown in F12K 

medium (Gibco – Thermo Fisher Scientific, Waltham, Massachusetts, US) while 

HEK293 cells were maintained in EMEM medium (ATCC). All media were 

supplemented with 10% FBS (unless otherwise stated) and 1% antimycotic.  

 

Transfection with siRNA 

siRNA transfections were carried out by Lipofectamine RNAiMax (Thermo Fisher 

Scientific, Waltham, MA, USA) following manufacturer’s specifications. Briefly, cells 

were seeded onto a 35 mm dish at a 50-60% confluency and let to adhere overnight. 

The cells were transfected the following day with 25 pmol of siRNA diluted into 

OptiMem medium (Gibco – Thermo Fisher Scientific, Waltham, Massachusetts, US) 

and mixed with Lipofectamine RNAiMax. The mixture was incubated for 10 minutes 

at room temperature and then added to the cells without changing the medium for 72 

hours in order to achieve maximum knockdown of the gene of interest. 

 

Immunofluorescence 

Cells were grown onto coverslips and treated accordingly for each experiment. 

Fixation occurred in 2% paraformaldehyde (PFA) for 10 minutes at 37 degrees. The 

cells were permeabilized with 0.25% Triton for 10 minutes at room temperature, 

followed by a blocking step with Image-iT FX signal Enhancer (Thermo Fisher 
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Scientific, Waltham, Massachusetts, US) for 30 minutes at room temperature. Further 

blocking occurred with a one-hour incubation of the cells with 10% serum from the 

host of the secondary antibody. Cells were incubated with the primary antibodies 

overnight at 4 degrees. The following day the cells were incubated with the secondary 

antibodies (raised in donkey) for 1 hour at room temperature followed by subsequent 

washes with 1X PBS. If an experiment required the use of two mouse antibodies (e.g. 

experiments depicted on Fig. 2-1, Fig. 2-3 and Fig. 2-4) we used isotype specific 

secondary antibodies (IgG1, IgG2a or IgG2b) raised in goat. In the end of this step the 

cells were counterstained with 1 μM DAPI (Molecular Probes, Oregon, USA) for 10 

minutes at room temperature and mounted on slides with ProLong Glass antifade 

mountant (Thermo Fisher Scientific, Waltham, Massachusetts, US). For information 

on antibody dilutions see Appendix I.  

 

Confocal microscopy  

All images were obtained on a ZEISS LSM 710 microscopy (Carl ZEISS AG, 

Oberkochen, Germany), equipped with a GaAsp detector and the AiryScan module, 

allowing us to obtain super-resolution images with lateral resolution of ~140 nm. 

Images were acquired with a 40x Oil objective at optimal pixel size and interval (for z-

stacks) based on the zoom factor and the fluorophores used in each experiment. After 

acquisition, the Airyscan images were processed with the ZEN software (Carl ZEISS 

AG, Oberkochen, Germany) resulting in the final super resolution images.  
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Proximity ligation assay (PLA) 

Duolink In Situ detection Orange kit against mouse and rabbit antibodies was 

purchased from Sigma Aldrich and performed based on the manufacturer’s 

recommendations. Briefly, we followed the immunofluorescence protocol described 

above until the overnight primary antibody incubation step. The following day the cells 

were washed with the buffer A that included within the kit and incubated with the 

secondary antibodies coupled to the DNA probes for one hour at 37 degrees. After this 

step we induced the ligation of the DNA probes that are in close proximity by adding 

the DNA ligase for 30 minutes at 37 degrees, followed by a signal amplification step 

after incubation with the kit’s DNA polymerase for 200 minutes at 37 degrees. After 

the necessary washing steps, the cells were mounted on #1.5 coverslips with the DAPI-

containing mounting medium that came with the kit and sealed with nail polish.  

 

Staining of the cells with mitotraker 

Mitotracker dyes were purchased from Molecular probes (Oregon, USA) and used 

according to manufacturer’s instructions. Briefly, the mitotracker dyes were dissolved 

into DMSO, aliquoted and stored at -20 degrees. Cells were stained with 150 nM of 

mitotracker added into the medium for 30 minutes at 37 degrees. If the cells had to be 

fixed, we followed the immunofluorescence protocol.  

 

Image analysis and 3D video reconstruction 

All images were analyzed with FIJI52, either manually or via macros written in the 

ImageJ macro language. In general, we thresholded all the channels of interest by using 
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the Otsu thresholding algorithm after a smoothening step by using a Gaussian blur filter 

with a radius of 2 pixels. All the macros used in this chapter can be found in Appendix 

II.  

 

Immunoblots 

Standard SDS-PAGE experiments performed as described previously53. Cells were 

pelleted and lysed on ice cold RIPA buffer for 30 minutes while vortexing every 10 

minutes. The samples were then centrifuged at 10,000 rpm for 20 minutes in a TA-15 

rotor of an Allegra 25R centrifuge (Beckman Coulter, Brea, CA, USA). After the 

centrifugation step we discarded the pellet and used the supernatant for further 

experiments. Protein concentration was identified by using a BCA kit (Thermo Fisher 

Scientific, Waltham, Massachusetts, US) and measured on a SpectraMax i3 (Molecular 

Devices, San Jose, CA, USA). The samples were then diluted to a final concentration 

of 1 mg/ml in RIPA buffer and 1X SDS buffer (Bio Rad, Hercules, CA, USA). The 

samples were then boiled to 98 degrees for 5 minutes. If the initial sample contained 

nuclei, we lysed it in RIPA for 10 minutes and sonicated it with three quick pulses 

using a 60 sonic dismembrator (Thermo Fisher Scientific, Waltham, Massachusetts, 

US). The sonication power was set to 20%. After that step we continued with the 

centrifugation as described before. 

All samples were loaded on 12% polyacrylamide gels. The gels were transferred to 

0.22 nm pore nitrocellulose membranes (Bio Rad, Hercules, CA, USA) using a Trans-

blot turbo transfer apparatus following the manufacturer’s instructions (Bio Rad, 

Hercules, CA, USA). After transferring we incubated the membranes with Ponceau S 
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(Thermo Fisher Scientific, Waltham, Massachusetts, US) to verify efficient loading 

and transferring of the proteins onto the membrane. Membranes were then washed with 

TBS-T and blocked with 5% milk in TBS-T for 1 hour at room temperature. The 

membranes were then incubated with the primary antibody in TBS-T containing 2% 

milk overnight at 4 degrees with gentle rotation. The following day the membranes 

were washed with TBS-T and incubated with the appropriate secondary antibodies 

coupled to horseradish peroxidase (Cell Signaling Technology, Danvers, MA, USA). 

Protein bands were detected after incubation of the membranes with ECL buffer 

(Thermo Fisher Scientific, Waltham, Massachusetts, US) and visualized on a 

Chemidoc machine (Bio Rad, Hercules, CA, USA). If stripping was necessary, we used 

a commercially available stripping buffer (Thermo Fisher Scientific, Waltham, 

Massachusetts, US) and repeated the procedure described above starting from the 

initial blocking step with 5% milk in TBS-T. For information on antibody dilutions see 

Appendix I. 

 

Co-immunoprecipitation 

Co-immunoprecipitation experiments were performed as previously described. 

Briefly, cells were grown on 150 mm dishes until 90-95% confluency. The cells were 

lysed in the plate after addition of a commercially available lysis buffer suitable for co-

immunoprecipitation experiments (Thermo Fisher Scientific, Waltham, Massachusetts, 

US) and measured protein via a BCA kit purchased from Thermo Fisher Scientific 

following the manufacturer’s instructions. We pulled down the protein of interest from 

500 μg of protein by adding a primary antibody in the tube, while rotating it at 4 degrees 
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overnight. The following day we added 30 μL magnetic beads slurry (Thermo Fisher 

Scientific, Waltham, Massachusetts, US) coupled with either protein A or G (based on 

the antibody host and IgG subtype) in each tube and incubated for 1 hour at 4 degrees 

under gentle rotation. Protein elution from the beads for all experiments but the one 

depicted on Fig. 2-7C was done after addition of 2X loading buffer (Bio Rad, Hercules, 

CA, USA) in each tube and boiling for 10 minutes at 55 degrees. The eluted fraction 

was diluted into 1X by addition of equal volume of lysis buffer and then loaded on a 

polyacrylamide gel for further analysis by western blot. For the experiment depicted 

on Fig. 2-7C we eluted the proteins from the beads by adding 100 μL of Glycine 0.2 

M (pH 2.6) for 10 minutes followed by removal of the magnetic beds. The acidified 

sampled was neutralized by the addition of 100 μL of Tris (pH 8.0) and 2X loading 

buffer (Bio Rad, Hercules, CA, USA). 

 

Histone extraction 

Histones extracted by using a commercially available kit bought from EpigenTek 

(Brooklyn, NY) following the manufacturer’s instructions. Briefly, cells were pelleted 

by centrifugation and lysed with the lysis buffer that came with the kit followed by a 

centrifugation step. The supernatant that contained histones was transferred to a new 

tube and mixed with a balance buffer for pH normalization that came with the kit.  

 

Isolation of functional nuclei 

A nuclear isolation kit: Nuclei PURE prep was purchased from Sigma Aldrich. 

Functional nuclei were isolated based on the manufacturer’s instructions. Briefly, cells 
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grew in a 150 mm dish until 90-95% confluency. Cells were scrapped from the plate 

and lysed on the kit’s lysis buffer for 30 minutes while mixing them every 10 minutes. 

After the lysis step the nuclei were loaded on a 2 M sucrose cushion and centrifuged at 

30,000 g for 45 minutes at 4 degrees. The isolated nuclei were maintained in the kit’s 

nuclear storage buffer until used for downstream experiments.  

 

Treatment of cells with EGF 

Before treatment with EGF cells were synchronized to the G0 phase of the cell cycle 

by serum deprivation for 24 hours. Then we treated the cells with 500 ng/ml EGF 

(Sigma Aldrich) into complete medium (10% FBS) for 2 hours before ending the 

experiment unless otherwise stated. 

 

Statistical analyses 

All statistical analyses performed on STATA (StataCorp LLC, Texas, USA). We used 

student’s t test (for comparison between two groups) or one-way ANOVA (for multiple 

groups). For one-way ANOVA, significance was obtained by applying a Bonferroni 

post-hoc analysis. Significance for all statistical testing was considered to be P < 0.05. 
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Fig. 2-1 PDC can be found outside the mitochondria as a whole complex while 

translocating into the nucleus. A super resolution confocal microscope image of an 

A549 cell stimulated with serum and EGF (500 ng/ml) showing extramitochondrial 

PDC while translocating into the nucleus (white arrows). The cells were stained with 

antibodies against PDCE2 (red), PDCE1α (green) and PDCE3 (blue). Mitochondria 

were stained with mitotracker red (cyan). Scale bar is set at 5 μm. 
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Fig. 2-2 Extramitochondrial PDC is localized on acetylated microtubules while 

translocating into the nucleus. Super resolution confocal images of A549 (A) and 

HEK (B) cells stimulated with serum and EGF (500 ng/ml) for 2 hours. The cells were 

stained with antibodies against PDCE2 (green) and acetyl-tubulin (red). The nucleus 

was counterstained with DAPI (blue). White arrows point to extramitochondrial 

PDCE2 that colocalizes with acetylated microtubules. n = 60 cells of 3 experiments. 

Error bars represent SEM. Scale bar is at 5 μm. 
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Fig. 2-3 Extramitochondrial PDC colocalizes with both acetylated microtubules 

and Hsp70. PDCE2 (green), indicated by white arrows, colocalizes with Hsp70 (red) 

on acetylated microtubules (magenta) of A549 cells stimulated with serum and EGF 

(500 ng/ml). Cells were imaged under a super resolution microscope. The nucleus was 

counterstained with DAPI (blue). Scale bar is at 5 μm. 
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Fig. 2-4 Proliferative stimuli increase the colocalization of extramitochondrial 

PDC with acetylated microtubules. Super resolution confocal images of an A549 cell 

stained for PDCE1α (green), PDCE2 (red), acetyl-tubulin (grey) and mitotracker 

(cyan). Exposure to serum and EGF (500 ng/ml) increased the association of 

extramitochondrial PDC (E1α and E2) with acetyl-tubulin (white and red arrows), 

suggesting that PDC translocates into the nucleus via acetylated microtubules. n = 80 

cells per group in 3 experiments. P value is 0.042 obtained by student’s t test. Scale bar 

is at 5 μm. 
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Fig. 2-5 Proliferative stimuli increase the association of extramitochondrial PDC 

with acetylated microtubules. PLA assay between PDCE2 and acetylated tubulin (red 

dots) on A549 cells that were exposed to serum and EGF (500 ng/ml) for 1 hour. 

Exposure to serum and EGF increases the association of the two proteins. The nuclei 

were counterstained with DAPI (blue). n = 100 cells per group in 3 experiments. P 

value <0.0001 assessed by student’s t test. 
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Fig. 2-6 PDC interacts directly with acetylated tubulin via its E2 subunit. co-

immunoprecipitation of PDCE2 (A) and acetyl-tubulin (B) from A549 cells that were 

previously synchronized and re-exposed to serum and EGF (500 ng/ml) for 1 hour 

showing that the two proteins interact directly. PDCE1α was present when we 

immunoprecipitated PDCE2 but not acetyl-tubulin, suggesting that PDC binds to 

acetylated microtubules via its E2 subunit, potentially offering a secondary binding site 

of the Hsp70-PDC complex on the microtubules while navigating the cytoplasm. 

SDHB was used as a negative control when we immunoprecipitated acetyl-tubulin. The 

input for both experiments was 2% of the total amount of protein from which we 

performed the co-immunoprecipitation. C) A co-immunoprecipitation experiment 

(PDCE2) showing that exposure of A549 cells to serum and EGF (500 ng/ml) increases 

the binding of PDC onto acetylated microtubules via its E2 subunit. 
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Fig. 2-7 Binding of PDC onto microtubules is regulated by tubulin acetylation and 

not the stability of the microtubule network. (A-B) siRNA knockdown of the main 

tubulin acetyltransferase αTAT1 greatly decreases tubulin acetylation on A549 cells as 

seen on an immunoblot and an immunofluorescence experiment. C) A co-

immunoprecipitation experiment (tubulin) showing that loss of tubulin acetylation by 

αTAT1 knockdown via siRNA decreases the binding of PDC onto microtubules after 

exposure to serum and EGF (500 ng/ml). The presence of detyrosinated-tubulin, 

another marker of microtubule stability along acetyl-tubulin, suggests that PDC’s 

binding onto microtubules is regulated by tubulin acetylation and not microtubule 

stability. 
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Fig. 2-8 Tubulin acetylation peaks after two hours of exposure to serum and EGF. 

Immunoblot of synchronized A549 cells that were re-exposed to serum and EGF (500 

ng/ml) for 2, 4, 8 and 12 hours. Serum + EGF increased tubulin acetylation that peaked 

after two hours from the initiation of the experiment. Acetyl-tubulin levels remained 

unchanged at four hours since the addition of serum and started to decrease thereafter. 

P value = 0.012 between the 0 and 2 hours group as assessed by ANOVA with 

Bonferroni post-hoc analysis. n = three experiments. Error bars represent SEM. 
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Fig. 2-9 Loss of PDC decreases tubulin acetylation. (A-B) Knock down of PDCE2 

and PDCE1α in A549 cells by siRNA and shRNA respectively resulted in a decrease 

of tubulin acetylation as seen on immunoblots. n = 4 experiments. Error bars represent 

SEM. P values > 0.001 in both experiments as assessed by student’s t test. C) 

Cytoplasmic citrate is generated either through the TCA cycle in the mitochondria or 

the reductive glutamine pathway in the cytoplasm, which is used by ACLY to generate 

acetyl-CoA, contributing to the cytoplasmic pool of the metabolite. D) Immunoblot 

showing that loss of PDCE2 but not ACLY, one of the main acetyl-CoA producers in 

the cytoplasm, results in decreased tubulin acetylation levels. n = 3 experiments. Error 

bars represent SEM. P value > 0.001 as assessed by one-way ANOVA with Bonferroni 

post-hoc analysis. 
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Fig. 2-10 Loss of tubulin acetylation decreases nuclear PDC and acetyl-histone 3 

levels. A) Loss of αTAT1 by siRNA decreased nuclear PDCE2 (green) levels in A549 

cells that were stimulated with serum and EGF (500 ng/ml) for two hours. 

Mitochondria were stained with an antibody against the mitochondrial outer membrane 

marker Tom20 (red). Nuclei were stained with DAPI (blue). P value < 0.001 between 

the scrambled and αTAT1 siRNA groups when exposed to serum and EGF as assessed 

by one-way ANOVA with Bonferroni post-hoc analysis. n = 90 cells per group in 3 

experiments. B) Immunofluorescence experiment showing A549 cells that were 

exposed to 1% hypoxia for 24 hours after treatment with scrambled and αTAT1 siRNA. 

The cells were stained with antibodies against PKM2 (magenta) and PDCE2 (green). 

Loss of tubulin acetylation decreased the levels of nuclear PDCE2 compared to the 

normoxic group but had no effect on PKM2. Scale bar at 5 μm. P value for the nuclear 

PDCE2 levels between the scrambled and αTAT1 siRNA groups in hypoxia was 

0.0021 as assessed by one-way ANOVA. Error bars represent SEM. n = 80 cells per 

group in 3 experiments. C) Loss of αTAT1 by siRNA resulted in decreased acetyl-

histone 3 levels after exposure of synchronized A549 cells to serum and EGF. n = 3 

experiments. P value < 0.001 between the scrambled and αTAT1 siRNA groups when 

exposed to serum and EGF as assessed by student’s t test. Error bars represent SEM on 

both analyses. 
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Fig. 2-11 Tubacin increases tubulin acetylation. A) Mechanism of action of tubacin. 

B) Immunoblot of A549 cells treated with two different doses of tubacin (2.5 μM and 

10 μM) for 15, 30 and 60 minutes. Treatment with tubacin greatly increases tubulin 

acetylation even after 15 minutes of treatment with the lower dose (2.5 μM).  
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Fig. 2-12 Increased tubulin acetylation results in a faster and more efficient 

nuclear translocation of PDC. A) A549 cells treated with 2.5 μM of tubacin for 2 

hours and stained for tubulin (green) and acetyl-tubulin (red). Nuclei were stained with 

DAPI (blue). Scale bar is at 5 μm. B) A549 cells stimulated with serum and EGF (500 

ng/ml) and treated with 2.5 μM of tubacin for 2 hours were stained for PDCE2 (red) 

and mitotracker (magenta). Increased tubulin acetylation did not result in higher 

nuclear PDC levels. Nuclei were stained with DAPI (blue). n = 100 cells per group in 

3.  P values were less than 0.0001 as assessed by one-way ANOVA with Bonferroni 

post-hoc analysis. Scale bar is at 5 μm. C) A549 cells treated with 2.5 μM of tubacin 

and serum + EGF (500 ng/ml) for 1 and 2 hours and stained for PDCE2 (green) acetyl-

tubulin (magenta) and mitotracker (red). Increased tubulin acetylation resulted in 

increased levels of nuclear PDCE2 after 1 hour of treatment, suggesting that increased 

tubulin acetylation results in a faster and more efficient nuclear translocation of PDC. 

Nuclei were stained with DAPI (blue). n = 90 cells per group in 3 experiments.  P 

values were less than 0.0001 as assessed by one-way ANOVA with Bonferroni post-

hoc analysis. Scale bar is at 5 μm. D) Immunoblot of isolated nuclei from A549 cells 

stimulated with serum and EGF (500 ng/ml) for 1 hour in the presence or absence of 

tubacin (2.5 μM). Treatment with tubacin resulted in higher nuclear PDCE1α levels 

compared to the vehicle group upon stimulation with serum and EGF. Nuclear purity 

was assessed by the absence of tubulin and the mitochondrial succinate dehydrogenase 

B (SDHB) and the presence of lamin A/C.  
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Fig. 2-13 Proposed model for the nuclear translocation of PDC along acetylated 

microtubules. 
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Chapter three: A non-canonical pathway for the entrance of 

the large mitochondrial enzyme Pyruvate Dehydrogenase 

Complex (PDC) into the nucleus 
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Abstract 

Nuclear protein import occurs via the nuclear pores (NPs) that allow the entrance of 

proteins containing a nuclear localization sequence (NLS) and are up to 39 nm in 

diameter. The mitochondrial pyruvate dehydrogenase complex (PDC) translocates into 

the nucleus upon exposure to proliferative stimuli (e.g. serum and epidermal growth 

factor) facilitating histone acetylation by producing acetyl-CoA. PDC is among the 

largest enzymatic complexes with diameters up to 45 nm and it does not contain a 

known NLS. Its large diameter and the lack of an NLS suggest that it does not enter 

the nucleus by the canonical pathway. Here we describe a novel pathway for PDC’s 

nuclear import that does not involve the NPs. Mitochondria cluster around the nucleus 

in response to various proliferative stimuli (serum + EGF and hypoxia) and tether to 

the nuclear envelope (NE) via MFN2 rich contact points (in a manner similar to their 

tethering onto the endoplasmic reticulum) before releasing PDC into the nucleoplasm. 

By using super resolution and electron microscopy we visualized PDC on the NE in 

areas away from the NPs.  Blockage of NP trafficking via microinjection of wheat germ 

agglutinin decreased the levels of STAT3, a protein known to cross the NPs, but had 

no effect on the nuclear PDC levels. Nuclear PDC interacts with lamin A that is part of 

the inner nuclear membrane through its E2 subunit. This interaction is maintained 

during cell division, where lamin A is depolymerized and dispersed throughout the 

cytoplasm before forming the NE in the daughter cells, providing a way for the PDC 

to be released into the nucleoplasm. Our work provides a novel angle on visualizing 

the mitochondrial to nucleus communication and suggests the presence of a novel 
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mechanism for the nuclear entry of large PDC complexes that might have implications 

on other proteins.  
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3.1 Introduction 
The mitochondrial pyruvate Dehydrogenase Complex (PDC) is the gatekeeping 

enzyme for glucose oxidation and one of the largest known enzymes in nature, with a 

complex and dynamic stoichiometry of 4 subunits (PDCE1-4), that can reach sizes of 

10 MDa1,2 and diameters of 45 nm1,3,4. Following translation and driven by a 

mitochondria-localization sequence (MLS) (and since they have no known nuclear 

localization sequences, NLS) the 4 subunits directly reach and enter the mitochondria, 

where they are folded and assembled into the PDC mega complex in the inner 

membrane and the MLS is excised5. PDC catalyzes the oxidation of pyruvate (the end 

product of glycolysis) to acetyl-CoA, which then enters the Krebs’ cycle to complete 

glucose oxidation. We recently showed that PDC can translocate into the nucleus, upon 

exposure to proliferative stimuli like serum and epidermal growth factor (EGF) or 

hypoxia, as a constitutively active whole complex (Pyruvate Dehydrogenase Kinase, 

which inhibits the PDC function in the mitochondria, does not follow PDC into the 

nucleus)6. We also showed that nuclear (nPDC) oxidizes pyruvate into acetyl-CoA in 

the nucleoplasm, providing a source of acetyl-groups for the histone acetylation 

required for cell cycle progression6. This is important because the high energy state of 

acetyl-CoA makes it energetically unstable, requiring that it is produced close to where 

it is needed. Our findings were provocative because PDC’s extremely large size and 

lack of a known NLS make it difficult to enter through the canonical pathway, i.e. 

through the nuclear pores (NP), which (although their diameter is somewhat dynamic 

in size) allow the entrance of molecules less than 39 nm7. Yet, our findings were soon 

confirmed by several independent groups that also showed functional PDC in the 

nucleus in both cancer and normal cells8-13. 
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Here we show that intact PDC can enter the nucleus via a non-canonical pathway that 

does not involve the NPs. We found that under proliferative stimuli, mitochondria 

cluster around the nucleus and tether onto the outer membrane of the nuclear envelope 

(NE), an extension of the endoplasmic reticulum, via mitofusin 2 (MFN2); in a process 

analogous to the MFN2-mediated tethering of mitochondria to the endoplasmic 

reticulum (ER) to allow inter-organelle molecule exchange14,15. The tethered 

mitochondria then release PDC through the NE and onto the lamin layer, which forms 

the inner nuclear membrane. We found that PDC can bind to lamin A before entering 

the nucleoplasm. With live imaging we directly visualized PDC going through the 

lamin layer and entering the nucleoplasm at sites were no NP was present, particularly 

within nuclear invaginations. More PDC entered the nucleus at the time of cell division, 

when the lamin layer disassembles due to lamin depolymerization16. When it 

reassembles later to form the daughter nuclei, lamin-bound PDC can enter the 

nucleoplasm. Our work describes for the first time a mechanism for direct entrance of 

very large molecules into the nucleus, independent of nuclear pores, that may also be 

relevant to the mechanisms that bacteria or viruses use to enter the nucleus. For 

example, retroviruses like the Murine Leukemia Virus (diameter 80-130 nm) can enter 

the nucleus during mitosis (when the NE and lamin layer are disrupted) and the smaller 

Parvoviruses (diameter 18-26 nm) enter the nucleus not through NPs, but directly by 

causing localized disruptions of the NE and lamin layer17. Rickettsia, considered 

potential ancestors of mitochondria18, are found to nest and grow into the nucleus of 

mammalian cells, via an unknown mechanism of entry19.  
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Results 

3.2 Mitochondria cluster around the nucleus and tether on the nuclear 

envelope, following proliferation stimuli 
Since mitochondria can travel in the cytoplasm with the help of motor proteins on 

microtubules, we hypothesized that clustering around the nucleus may facilitate the 

translocation of PDC from mitochondria into the nucleoplasm. We used synchronized 

A549 cells and exposed them to serum and Epidermal Growth Factor (EGF) for 1, 2 

and 4 hours before fixing and staining them with antibodies against PDCE2 and lamin 

A, while mitochondria were stained with mitotracker-red. To measure the distance of 

the mitochondria from the nuclear periphery we obtained z stacked super-resolution 

confocal images and used a software code that allowed us to measure the intensity of 

the mitotracker signal within 350 nm (i.e. the size of ~ 2 pixels in our super-resolution 

confocal microscope which has a resolution of ~160 nm) from the outer edge of the 

lamin layer (which includes the ~50 nm thickness of the NE). We found clustering of 

mitochondria around the nucleus, that peaked 1 hour after the treatment, while nuclear 

PDCE2 (nPDCE2) levels peaked after 2 hours, in keeping with our hypothesis that 

perinuclear mitochondrial clustering precedes PDC’s nuclear entry (Fig. 3-1A). To test 

this with another cell type, another PDC subunit (i.e. PDCE1), a different proliferative 

stimulus and a different method, we used human foreskin fibroblasts (HFF-1) exposed 

to 1% hypoxia for 24 hours and found again clustering of mitochondria around the 

nucleus (decreased shortest distance of mitochondria from the nuclear envelope) using 

transmission electron microscopy (EM) (Fig. 3-1B). In these cells, hypoxia also 

resulted in 44% increase of the nPDC levels, measured by confocal microscopy and 

immunoblots in isolated nuclei (Fig. 3-2A). Using EM we also observed that some of 
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the clustered perinuclear mitochondria formed electron dense structures with the 

nuclear envelope that resembled the contact points between mitochondria and the ER 

(Fig. 3-1C).  

We then used live imaging to visualize the mitochondria as they cluster around the 

nucleus. We transfected cells with a Dendra2-PDCE2, a photosensitive construct which 

changes colour when activated by a focused laser beam. We focused the laser beam in 

an area of the cell away from the nucleus, which changed the colour of the PDCE2 in 

the mitochondria at that area to red from green. When 2 hours later, and after 

serum+EGF treatment we imaged the cell, we found that these mitochondria had 

traveled and clustered around the nucleus. We observed a pattern in which the 

perinuclear mitochondria (with the red PDCE2) were actually rolling on the NE, and 

either rolled away or tethered on the NE (Fig. 3-2B).  

 

3.3 Mitofusin 2 (MFN2) tethers mitochondria onto the nuclear 

envelope (NE) 
MFN2 was originally thought to be present only in mitochondria, before it was also 

found to be present in the ER as well20. Since the outer nuclear membrane is an 

extension of the ER, we looked for MFN2 in the nucleus. We first used immunoblots 

and a kit that allows the isolation of NE proteins and showed that MFN2 is present at 

the NE (Fig. 3-3A). In the same immunoblot, we compared the expression of MFN2 to 

the cytosolic cellular fraction, that includes mitochondria and ER, and found that NE 

MFN2 has exactly the same molecular weight with the MFN2 in mitochondria and ER, 

suggesting that it is the same protein, rather than a different isoform. We also found 

MFN2 to be present in the NE using electron microscopy (Fig. 3-3B) and super-
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resolution confocal microscopy (z stacked images), which showed that MFN2 was 

present throughout the whole depth of the nuclear envelope and embedded into the 

lamin layer, protruding through lamin towards the cytoplasmic site (Fig. 3-3C and Fig. 

3-4A). We observed MFN2 to be present at contact points between mitochondria and 

the lamin layer by super-resolution (Fig. 3-3D and Fig. 3-4B) and electron microscopy 

(Fig. 3-3E), suggesting that MFN2 can act as a potential tether between the two 

organelles. We also found that in response to proliferative stimuli, the levels of MFN2 

increase further within the NE, in a manner that correlates temporally with the 

clustering of the mitochondria around the nuclear envelope (i.e. 1 hour post exposure 

to serum+EGF) (Fig. 3-4C). We managed to measure NE MFN2 by excluding any 

MFN2 signal that associated with the mitotracker signal in the cytoplasmic side and 

with the DAPI signal in the nucleoplasmic side, visualizing MFN2 as a ring, on top of 

the lamin layer, which was partial in the untreated cells and full in the serum+EGF-

treated cells. (Fig. 3-4C). 

We then wanted to study the effects of siRNA-mediated knockdown of MFN2 on 

mitochondrial tethering to the NE and the PDC entrance into the nucleus. However, 

MFN2 is involved in various mitochondrial functions other than mitochondrial fusion 

and ER tethering, like autophagy, mitochondrial bioenergetics and apoptosis21. This 

suggests that knocking down MFN2 will confound its specific effects on mitochondrial 

tethering to the NE and the subsequent nuclear translocation of PDC, since it will alter 

mitochondrial function. In fact, we did find that nPDC decreased significantly after 

treatment with MFN2 siRNA, but at the same time confocal imaging showed that the 

mitochondria were not only decreased in number but they appeared dysmorphic (Fig. 
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3-5A). Therefore, we designed an in vitro experiment, similar to the one followed to 

prove the same concept in the mitochondria-ER tethering14. We studied whether 

isolated mitochondria will still tether to isolated intact and functional nuclei in vitro 

(we have previously shown that with this method the isolated nuclei are functional6), 

when the nuclei lack MFN2. We first isolated mitochondria from A549 cells at baseline 

and mixed them with intact functional nuclei from cells that had been previously 

transfected with either a scrambled or MFN2 siRNA. (Fig. 3-5B). To ensure that any 

mitochondria we detect tethered on nuclei after we mixed them together are not due to 

nuclei contaminated with attached mitochondria during the nuclear isolation, we 

stained the cells from which we isolated mitochondria with mitotracker red, while those 

that we isolated nuclei from were stained with mitotracker deep-red. We then placed 

the nuclei on coverslips and mixed them with mitochondria, ensuring that both groups 

(i.e. the scramble and the siRNA treated nuclei) received the same amount of 

mitochondria (80 μg of protein) for 1 hour, before confocal imaging. Both 

mitochondria and nuclei were placed in a commercially available cytoplasmic buffer, 

in which we had added 0.5 μM of GTP to ensure the proper function of MFN2 (a 

GTPase). After fixation of the samples we counted the nuclei (stained with DAPI) that 

were bound with mitotracker red-stained mitochondria and not mitotracker deep red-

stained mitochondria. We found that loss of nuclear MFN2 resulted in almost 60% loss 

of mitochondrial tethering on the NE (Fig. 3-5B), suggesting that MFN2 participates 

in the tethering of the two organelles, even out of the cell.  
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3.4 PDC is released from nucleus-tethered mitochondria and 

deposited on the lamin layer, before entering the nucleus 
We observed that perinuclear mitochondria release free PDC (i.e. PDC signal not 

associated with mitotracker) which is deposited onto the lamin layer, forming a ring 

pattern (Fig. 3-6). This suggested that PDC may interact with lamin, a protein that is 

known to associate with a large number of proteins22. Confocal microscopy, with z 

stack imaging and 3D reconstruction, revealed the presence of extra-mitochondrial 

PDCE2 that was embedded throughout the whole depth of the lamin A (LMNA) layer 

(Fig. 3-7A). To prove this beyond the spatial detection limits of Airy scan super-

resolution confocal microscopy (i.e. ~160 nm), we used the Proximity Ligation Assay 

(PLA), where an association of two proteins in proximity of less than 40 nm can be 

visualized23. In the PLA assay, two proteins of interest are stained with two antibodies 

covalently linked to specific DNA primers, followed by hybridization and PCR 

amplification with fluorescent probes that marks the proximity of the proteins. To 

assess the proximity of PDCE2 and LMNA in the nucleus we performed z stacks of the 

whole nucleus that was stained with DAPI and counted only the PDCE2-LMNA 

interactions (i.e. the PLA signal) that occurred within the nucleoplasm and the nuclear 

periphery (Fig. 3-7B). As a positive control for the PLA assay we used the known close 

interaction between LMNA and LMNB1. Exposure of the cells to serum/EGF resulted 

in a significantly higher number of interactions between PDCE2 and LMNA (Fig. 3-

7B), which suggests a dynamic process. We also used EM in cells exposed to 

serum/EGF as well as immunoblots of isolated nuclei or isolated NE proteins (using a 

NE protein isolation kit) and verified the localization of PDCE2 on the NE (Fig. 3-7C). 

The presence of PDCE2 in the NE specifically was shown by the purity of the NE 



 105 

protein isolation, lacking cytoplasm (no MEK), or mitochondria (no succinate 

dehydrogenase) or nucleoplasm (no nucleolin) in the immunoblot. EM also showed 

free PDCE2 (extra-mitochondrial) located in the NE as well as the periphery of the 

nucleoplasm (Fig. 3-7C) Finally, we found that PDCE2, but not PDCE1, co-

immunoprecipitated with lamin A/C (Fig. 3-7D). We were not able to do the reverse, 

i.e. find PDC when we immunoprecipitated lamin A/C, even with the use of the 

crosslinker DSS, but we believe that this interaction may be weak, allowing perhaps a 

temporary association with PDC. Nevertheless, because protein-protein interactions 

can be facilitated by acetylation and there are several lysine residues on the segment of 

lamin that interacts with proteins24, we found it interesting that the subunit of PDC 

which is responsible for the formation of acetyl-CoA and has acetyl-transferase activity 

(transferring the acetyl-group on the CoA-SH molecule in its enzymatic reaction) is the 

one that associates with lamin. 

We then used live super-resolution confocal imaging to study the trafficking of PDC 

from the perinuclear mitochondria through the NE. To visualize PDC and the nuclear 

periphery we generated plasmids expressing PDCE1α coupled to GFP and LMNA 

coupled to mCherry. We used synchronized A549 cells on which we labeled the 

mitochondria with mitotracker and transfected them with the above plasmids before 

exposing them to serum and EGF for 2 hours. We started acquiring super-resolution 

images every 6 seconds and found that PDCE1α layered on the lamin and free of NE-

tethered mitochondria (not associated with the mitotracker signal) entered directly in 

small amounts into the nucleus, braking through the lamin layer (see images at 24 and 

30 sec) (Fig. 3-8A). To further verify this observation in a different cell type we used 
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HFF-1 cells that were transfected with the PDCE1α-GFP and LMNA-mCherry 

plasmids and stained mitochondria with mitotracker red. We then exposed the cells to 

1% hypoxia for 24 hours and obtained live super-resolution images every 14 seconds, 

showing the same pattern of extra-mitochondrial PDCE1α entering the nucleus through 

the lamin layer (Fig. 3-9).  

For these live imaging experiments, we had to label PDC which means that we could 

label only one of its subunits. To show that all PDC subunits can cross the lamin layer 

as a complex, we simultaneously stained for several subunits and used super resolution 

confocal microscopy. We found that the whole PDC complex traveled through the 

lamin layer, particularly in nuclear invaginations. These invaginations have long been 

described and originally thought to allow easy reach of cytoplasmic proteins to the 

nucleolus, since they reach deep into the nucleoplasm. A 3D confocal image of a large 

invagination is shown in Fig. 3-10A. However, by increasing the nuclear surface, we 

speculated that these invaginations may also facilitate the tethering and exchange of 

molecules with organelles like mitochondria. In fact, using EM, we were able to detect 

intact mitochondria deep within these invaginations forming contact points with the 

NE (Fig. 3-10B). By using stacked imaging, we were able to measure these 

invaginations in each nucleus and found that not only nuclear invaginations increased 

after exposure to serum/EGF (which we have shown to bring mitochondria closer to 

the nucleus) but they are increased in number in cancer vs non-cancer cells, further 

enabling our proposed mechanism to the proliferative cancer cells (Fig. 3-10A). Fig. 

3-10C shows a 3D reconstructed area of the nucleus that includes an invagination, 

stained for lamin A/C and PDCE2. PDCE2 is embedded throughout the whole depth 
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and width of the lamin layer towards the nucleoplasmic site. Fig. 3-10D shows cells 

stained with 3 PDC subunits simultaneously, along with lamin A/C. Below it, we 

zoomed into a large invagination and show that all PDC subunits colocalize and are 

embedded in the lamin layer of the invagination as they cross into the nucleus. Live 

imaging with PDCE1α-GFP and mitotracker-red zoomed within an invagination, 

showed that a mitochondrion (in red, shown by the yellow arrow) was attached on the 

lumen of the invagination and mitochondria-free PDCE1α (in green, shown by the 

white arrow) enters, through the invagination wall, into the nucleoplasm marked by 

Hoechst, which in this case appears to be surrounding the nucleoplasmic side of the 

invagination (Fig. 3-8B).  

We then used lamin A siRNA (versus scrambled RNA) and showed that decreasing 

the levels of nuclear lamin A, decreased the nPDC levels caused by serum/EGF 

exposure, measured both by confocal imaging and by immunoblots in isolated pure 

nuclei (which, as we have also previously shown, had no mitochondrial 

contamination6) (Fig. 3-11A). This loss of lamin A did not affect the levels of nuclear 

SIRT6 that is known to reside into the nucleus25. To determine the effects of structural 

abnormalities in lamin A on nPDC levels, we studied fibroblasts from a progeria patient 

and a relative of this patient without progeria (a laminopathy) (Fig. 3-11B). We found 

that the progeria fibroblasts which express dysfunctional lamin had much higher levels 

of nPDC suggesting that the abnormal lamin was perhaps permissive of more nuclear 

PDC entry. 

To study whether physiologically lower lamin A/C levels relate to nPDC levels, we 

studied a non-terminally differentiated cell type (i.e. HEK cells) that is known to have 
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less lamin A/C than other cells, like A549 or 786-O cancer cells26. HEK cells indeed 

expressed much less lamin A compared to the other cell types (Fig. 3-11C). When we 

transfected HEK cells with a plasmid expressing lamin A coupled to mCherry and 

measured its effects on nuclear PDCE2 levels with confocal microscopy (Fig. 3-11C). 

We found that the increase in lamin levels, increased nPDCE2 levels, also suggesting 

that lamin A and not any of the B-type lamins regulate the nuclear translocation of 

PDC. The confocal images revealed that the cells that had the highest levels of nPDC 

were indeed the cells that had successfully expressed the lamin-mCherry construct 

(white arrow), compared to the cells that did not express the lamin-mCherry construct 

(yellow arrow).  

 

3.5 PDC enters the nucleus independently of nuclear pores (NPs) 
3D reconstruction of confocal images of cells stained with antibodies against a key 

component of the NP (NUP98), PDCE2 and lamin showed that PDCE2 can be seen in 

the nucleoplasmic site protruding through lamin independent of NUP98. A red arrow 

shows PDCE2 close to a NUP98 signal but the 2 white arrows show PDCE2 in no close 

association with NUP98 (Fig. 3-12A). This was confirmed by the fact that the PLA 

assay showed that 2 hours after exposure to serum and EGF, there was no significant 

association between the NUP98 and the PDCE2 signal, although there was good 

expression of NUP98 and perinuclear PDCE2 independently and the assay worked as 

shown by the positive control image (Fig. 3-12B). Lastly, EM revealed that PDCE2 

was found in both the NE and the peripheral nucleoplasm (white arrows), at sites 

remote from a clear example of an NP (green arrow) (Fig. 3-12C). 
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To further support our finding that PDC can enter the nucleus independent of NPs, 

we used wheat germ agglutinin (WGA), a plant-based lectin that has been shown to 

bind to the glycoproteins of the NPs preventing all trafficking across them27,28. Because 

WGA cannot cross the extracellular membrane, we had to microinject it into 

synchronized A549 cells. We microinjected WGA coupled to Alexa 555 and Hoechst 

that binds to nuclear DNA, so we can easily identify the microinjected cells after 

fixation. We then exposed the cells to serum and EGF for two hours before fixation 

and stained them with mitotracker-red and antibodies against PDCE2 and STAT3. 

STAT3 is a cytoplasmic protein that upon activation of the EGF receptor is 

phosphorylated29-31 and translocates into the nucleus via the action of karyopherins that 

carry it through the NPs32,33. To verify that we are measuring the nuclear PDCE2 levels 

of the entire nucleus, we performed z stacks on a confocal microscope and projected 

the images as a sum of intensities, which resulted in high values of arbitrary fluorescent 

units (AFU) compared to previous immunofluorescence experiments. Microinjection 

of the cells with WGA resulted in decreased entrance of STAT3 into the nucleus, but 

it had no effect on the levels of nuclear PDCE2 (Fig. 3-12D), confirming that PDC can 

enter the nucleus independent of NPs. 

We then aimed to study the fate of PDC at the time of cell division, when the lamin 

is phosphorylated, depolymerized and disassembled as the nucleus needs to divide; 

only to reassemble again and form the nuclear envelopes in both daughter nuclei. We 

found that the PDC that was associated with lamin prior to cell division (Fig. 3-7B), 

retained its association with the disassembled lamin polymers scattered through the 

cytoplasm during division, using the PLA technique (Fig. 3-13A). We also imaged 
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cells during the late stages of division when lamin is still disassembled and we found a 

large amount of PDCE2 touching histone complexes (H3), which were heavily 

acetylated, in the forming daughter nuclei (Fig. 3-13B). This suggested that nPDC may 

have directly acetylated the histones and since PDCE2 has acetyl-transferase activity, 

as part of the canonical PDC function, it may produce acetyl-CoA from nuclear 

pyruvate (as we previously showed 6) but also directly transfer the acetyl-group on 

histone 3. Taken together these data allow us to speculate that it is lamin that keeps the 

bulk of PDC into the newly formed daughter nuclei after its entry during mitosis, since 

lamin has to encircle the histone/DNA complexes to form the new nuclear envelope. 

Nucleoplasmic lamin also forms a network, perhaps forming PDC-enriched hubs that 

could facilitate histone or other protein acetylation in the nucleus.  

 

3.6 Discussion 
Here we describe a novel mechanism for the nuclear entry of a large enzymatic 

complex into the nucleus, that resembles the way that some viruses have been shown 

to enter the nucleus through the NE and lamin layers (either bigger or smaller than the 

maximum diameter allowed for NP entrance). We show for the first time that MFN2 is 

not only present in the nucleus (both at the NE and the nucleoplasm) but can facilitate 

tethering of mitochondria to the NE. Tethered mitochondria on the NE release PDC 

that can bind lamin and either enter the lamin layer directly (like parvoviruses) or enter 

during mitosis, when the NE and lamin layers are temporarily disassembled (like the 

Murine Leukemia Virus). We studied both cancer and non-cancer cells and we 

described the PDC entry following treatment with serum+EGF, that we had recently 

shown to result in increase in intranuclear functional PDC levels. Using live imaging 
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with super-resolution confocal microscopy we were able to visualize PDC subunits 

entering the nucleus directly through lamin and independently of NPs, even though 

these fluorescent-bound PDC subunits had diameters much smaller than the intact PDC 

that would allow them to enter through the NPs. At the same time, we showed that all 

PDC subunits can enter the nuclear membrane together as part of PDC. 

Although MFN2 has not been previously described in the nucleus, its presence at least 

in the NE is not surprising since the NE is an extension of the ER where MFN2 has 

previously been described. Similarly, the fact that MFN2 tethers mitochondria with the 

nucleus is also not surprising since it has been shown to tether mitochondria with the 

ER. This suggests that there is perhaps a generalized inter-organelle tethering pathway 

involving MFN2 throughout the cell. We were able to show that MFN2 enriched the 

contact points of mitochondria and nuclei, embedded between the 2 organelles. 

Although decreasing MFN2 levels with siRNA resulted in decreased nPDC levels, 

this could be because of a primary generalized mitochondrial dysfunction, since MFN2 

participates in many important mitochondrial functions. Thus we used a technique by 

which we mixed nuclei that lacked MFN2 (since we isolated them from cells treated 

with MFN2 siRNA) versus nuclei that had MFN2 (since we isolated them from cells 

treated with scrambled RNA) with intact mitochondria and showed that lack of nuclear 

MFN2 resulted in a large decrease in mitochondria tethering to nuclei in vitro. 

Proliferative stimuli (serum+EGF, hypoxia) had several effects relevant to our 

proposed mechanism. First, they caused a clustering of mitochondria around the 

nucleus. This is likely mediated by changes in mitochondrial trafficking on 

microtubules, previously well established. With live imaging, we were able to show 
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that mitochondria approached the nucleus and first rolled across the NE before they 

hooked to a tethering spot. Second, they caused an increase in NE MFN2 levels, 

facilitating the tethering. And third, they increased nPDC levels. At the same time, such 

stimuli also increased the nuclear membrane surface area by promoting the formation 

of large nuclear invaginations (which are also increased in cancer versus non-cancer 

cells). We found that nuclear invaginations included mitochondria and were primary 

sites for PDC entrance. These data suggest that this mitochondria-nuclear 

communication is a dynamic process, activated perhaps at times that the nuclear needs 

for acetyl-CoA (as an acetyl-group donor for histone acetylation) are increasing, during 

cell cycle progression. This need characterizes either cancer cell proliferation or the 

proliferation of cells during embryonic development, where nPDC levels have also 

been shown to increase9. 

Our finding that MFN2 contributes to the tethering of mitochondria to the nucleus 

does not exclude the participation of other candidate tethering proteins34. For example, 

in the mitochondria tethering to the ER, several tethering protein couples have been 

described, in addition to the ER MFN2 tethering with mitochondrial MFN2 or MFN1. 

These include the mitochondrial fission 1 homologue (Fis1) and the ER protein 

BAP3135, or the mitochondrial protein tyrosine phosphatase-interacting protein 51 

(PTPIP51) and the ER vesicle-associated membrane protein-associated protein B 

(VAPB)36. Thus, it is possible that other proteins can participate in the mitochondria to 

nucleus tethering in a cell type or condition-dependent manner, but the above pairs 

have not been studied in the nucleus yet. To the best of our knowledge this is the first 

description of an organelle tethering to the nucleus in mammalian cells. In the yeast, 
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tethering of the vacuole to the nucleus has been described (Nucleus to Vacuole 

Junctions, NVJ). Similar to our mechanism, the ER-localized protein Nvj1 associates 

with the vacuolar protein Vac8, but it is not known yet whether this mechanism is 

conserved in higher eukaryotes37. 

We speculate that PDC exhibits a weak association with lamin. We found that 

extramitochondrial PDC (after released from tethered mitochondria) layers directly on 

top of lamin A/C. We immunoprecipitated PDCE2 and found lamin but we could not 

find PDCE2 when we immunoprecipitated lamin, even after crosslinking with DSS. 

This may relate to the fact that the association with lamin needs to be transient and thus 

relatively weak or dynamic. Because there are lysine residues at the sites that lamin 

associates with proteins, we also speculate that PDC can directly produce acetyl-CoA 

upon contact with lamin (since pyruvate is present both outside and inside the nucleus) 

and directly transfer the acetyl-group to lamin facilitating their association, since PDC 

also has acetyl-transferase ability through the PDCE2 subunit. Because we found that 

PDC and lamin remain linked even after lamin depolymerizes at mitosis (using the 

PLA assay), we propose that this allows PDC to be pulled into the nucleus as lamin 

reassembles to form the daughter cell nuclear membrane. As lamin also forms a 

network in the nucleoplasm, it may allow PDC to be a part of nucleoplasmic hubs used 

for histone or other protein acetylation. On the other hand, the direct passage of PDC 

through the lamin layer needs to be studied more with future research. Parvoviruses 

can enter the nucleus directly through lamin and while a mechanism has not been 

elucidated, the involvement of caspases locally to disrupt the lamin layer has been 

proposed. It has also been proposed that this occurs in order to allow the co-entrance 
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of other molecules and proteins that parvoviruses need to succeed in their intranuclear 

functions. This direct mode of entrance may allow some PDC entry into the nucleus 

independent of cell mitosis. 

The stoichiometry of PDC (i.e. how many copies of each subunit participate to the 

PDC megacomplex) can vary or even be dynamic in different conditions, but its 

mechanism remains unknown. This means that some smaller PDC complexes may 

have diameters smaller than 39 nm and may indeed be able to enter the nucleus through 

NPs. The nonspecific NP entry inhibitor WGA however, did not have any effects on 

nPDC levels, while it inhibited the entrance of another protein residing into the nucleus, 

i.e. STAT3. But the PDC stoichiometry in other cell types or conditions may be 

different, allowing entrance through NPs. 

Our work shows for the first time how a large enzymatic complex can enter the 

nucleus via a non-canonical NP-independent pathway and expands the field of inter-

organelle communication further34. To the best of our knowledge, this is also the first 

description of tethering of mitochondria to the nucleus. Mitochondria-to-nucleus 

communication which has been gaining a lot of interest particularly in metabolic 

pathways in cancer38, may now be approached from a new angle, since additional 

mitochondrial proteins can be directly entering the nucleus at rest or under mitosis, 

avoiding intracellular trafficking and without the need for NLSs.  
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3.7 Materials and methods 

Cell culture 

Human non-small cell lung cancer cells (A549), renal cell carcinoma (786-O), 

embryonic kidney (HEK293) cells and human foreskin fibroblasts (HFF-1) were 

purchased from ATCC (Manassas, VA). Small airway epithelial cells were purchased 

from ScienCell (CA, USA). Patient-derived progeria fibroblasts (ID: AG03513) and a 

matching control from a healthy individual (ID: AG06293) were obtained from the 

NIGMS Human Genetic Cell Repository at the Coriell Institute for Medical Research. 

A549 cells were grown in F12K medium, while 786-O cells in RPMI (Gibco – Thermo 

Fisher Scientific, Waltham, Massachusetts, US). Patient-derived progeria fibroblasts 

and HEK293 cells were maintained in EMEM medium (ATCC). Small airway 

epithelial cells were grown in SAEpiCM media (ScienCell, CA, USA). HFF-1 cells 

grown on DMEM (Gibco – Thermo Fisher Scientific, Waltham, Massachusetts, US). 

All media were supplemented with 10% FBS (unless otherwise stated) and 1% 

antimycotic. 

 

Confocal microscopy 

All images were obtained on a ZEISS LSM 710 microscopy (Carl ZEISS AG, 

Oberkochen, Germany), equipped with a GaAsp detector and the AiryScan module, 

allowing us to obtain super-resolution images with lateral resolution of ~140 nm. 

Images were acquired with a 40x Oil objective at optimal pixel size and interval (for z-

stacks) based on the zoom factor and the fluorophores used in each experiment. After 
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acquisition, the Airyscan images were processed with the ZEN software (Carl ZEISS 

AG, Oberkochen, Germany) resulting in the final super resolution images. 

 

Immunoblotting 

Standard SDS-PAGE experiments performed as described previously39. Cells were 

pelleted and lysed on ice cold RIPA buffer for 30 minutes while vortexing every 10 

minutes. The samples were then centrifuged at 10,000 rpm for 20 minutes in a TA-15 

rotor of an Allegra 25R centrifuge (Beckman Coulter, Brea, CA, USA). After the 

centrifugation step we discarded the pellet and used the supernatant for further 

experiments. Protein concentration was identified by using a BCA kit (Thermo Fisher 

Scientific, Waltham, Massachusetts, US) and measured on a SpectraMax i3 (Molecular 

Devices, San Jose, CA, USA). The samples were then diluted to a final concentration 

of 1 mg/ml in RIPA buffer and 1X SDS buffer (Bio Rad, Hercules, CA, USA). The 

samples were then boiled to 98 degrees for 5 minutes. If the initial sample contained 

nuclei, we lysed it in RIPA for 10 minutes and sonicated it with three quick pulses 

using a 60 sonic dismembrator (Thermo Fisher Scientific, Waltham, Massachusetts, 

US). The sonication power was set to 20%. After that step we continued with the 

centrifugation as described before. 

All samples were loaded on 12% polyacrylamide gels. The gels were transferred to 

0.22 nm pore nitrocellulose membranes (Bio Rad, Hercules, CA, USA) using a Trans-

blot turbo transfer apparatus following the manufacturer’s instructions (Bio Rad, 

Hercules, CA, USA). After transferring we incubated the membranes with Ponceau S 

(Thermo Fisher Scientific, Waltham, Massachusetts, US) to verify efficient loading 
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and transferring of the proteins on the membrane. Membranes were then washed with 

TBS-T and blocked with 5% milk in TBS-T for 1 hour at room temperature. The 

membranes were then incubated with the primary antibody in TBS-T containing 2% 

milk overnight at 4 degrees with gentle rotation. The following day the membranes 

were washed with TBS-T and incubated with the appropriate secondary antibodies 

coupled to horseradish peroxidase (Cell Signaling Technology, Danvers, MA, USA). 

Protein bands were detected after incubation of the membranes with ECL buffer 

(Thermo Fisher Scientific, Waltham, Massachusetts, US) and visualized on a 

Chemidoc machine (Bio Rad, Hercules, CA, USA). If stripping was necessary, we used 

a commercially available stripping buffer (Thermo Fisher Scientific, Waltham, 

Massachusetts, US) and repeated the procedure described above starting from the 

initial blocking step with 5% milk in TBS-T. 

 

Plasmid constructs 

EGFP-PDCE1α was generated by OriGene Technologies (Rockville, MD). Briefly, a 

Homo sapiens cDNA ORF clone of pyruvate dehydrogenase alpha 1 (PDHA1) was 

cloned into the pEGFP-N1 vector (Clontech, Mountain View, CA). mCherry-LaminA-

C 18 was a gift from Michael Davidson (Addgene plasmid #55068).  

 

Plasmid and siRNA transfection 

All plasmid transfections were carried out in 35 mm dishes by adding 7.5 μg of DNA 

into the cells with CaCl2. Briefly, we prepared two tubes from which the first one 

contained 7.5 μg of the plasmid, along with water and CaCl2, while the second one 2X 
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HBS buffer. We then added the content of the first tube to the second in a dropwise 

manner and with constant aeration. The mixture was incubated for 30 minutes at room 

temperature and then added to the cells in a dropwise manner and incubated overnight, 

followed by a medium change the following day. siRNA transfections were carried out 

by Lipofectamine RNAiMax (Thermo Fisher Scientific, Waltham, MA, USA) 

following manufacturer’s specifications. Briefly, cells were seeded onto a 35 mm dish 

at a 50-60% confluency and let to adhere overnight. The cells were transfected the 

following day with 25 pmol of siRNA diluted into OptiMem medium (Gibco – Thermo 

Fisher Scientific, Waltham, Massachusetts, US) and mixed with Lipofectamine 

RNAiMax. The mixture was incubated for 10 minutes at room temperature and then 

added to the cells without changing the medium for 72 hours in order to achieve 

maximum knockdown of the gene of interest. 

 

Immunofluorescence 

Cells were grown onto coverslips and treated accordingly for each experiment. 

Fixation occurred in 2% paraformaldehyde (PFA) for 10 minutes at 37 degrees. The 

cells were permeabilized with 0.25% Triton for 10 minutes at room temperature, 

followed by a blocking step with Image-iT FX signal Enhancer (Thermo Fisher 

Scientific, Waltham, Massachusetts, US) for 30 minutes at room temperature. Further 

blocking occurred with a one-hour incubation of the cells with 10% serum from the 

host of the secondary antibody. Cells were incubated with the primary antibodies 

overnight at 4 degrees. The following day the cells were incubated with the secondary 

antibody for 1 hour at room temperature followed by subsequent washes with 1X PBS. 
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In the end of this step the cells were counterstained with 1 μM DAPI (Molecular 

Probes, Oregon, USA) for 10 minutes at room temperature and mounted on coverslips 

with ProLong Glass Antifade mountant (Thermo Fisher Scientific, Waltham, 

Massachusetts, US). For information on antibody dilutions see Appendix I. 

 

Proximity ligation assay 

Duolink In Situ detection Orange kit against mouse and rabbit antibodies was 

purchased from Sigma Aldrich and performed based on the manufacturer’s 

recommendations. Briefly, we followed the immunofluorescence protocol described 

above until the overnight primary antibody incubation step. The following day the cells 

were washed with the buffer A that included within the kit and incubated with the 

secondary antibodies coupled to the DNA probes for one hour at 37 degrees. After this 

step we induced the ligation of the DNA probes that are in close proximity by adding 

the DNA ligase for 30 minutes at 37 degrees, followed by a signal amplification step 

after incubation with the kit’s DNA polymerase for 200 minutes at 37 degrees. After 

the necessary washing steps, the cells were mounted on #1.5 coverslips with the DAPI-

containing mounting medium that came with the kit and sealed with nail polish.  

 

Mitotracker staining 

Mitotracker dyes were purchased from Molecular probes (Oregon, USA) and used 

according to manufacturer’s instructions. Briefly, the Mitotracker dyes were dissolved 

into DMSO, aliquoted and stored at -20 degrees. Cells were stained by adding 150 nM 

of mitotracker in the medium for 30 minutes at 37 degrees. If cells had to be fixed, we 
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incubated them with 2% PFA in PBS for 10 minutes at 37 degrees. If the cells had to 

be fixed, we followed the immunofluorescence protocol. 

 

Transmission electron microscopy (TEM) 

For conventional TEM, the cells were grown on 35 mm dishes (MatTek Corporation, 

Ashland, Massachusetts) until the desired confluency. The cells were fixed in a solution 

of 5% EM-grade Glutaraldehyde (Electron Microscopy Sciences, Hatfield, 

Pennsylvania) for 30 minutes, followed by three five-minute washings with 0.1M 

cacodylate duffer (Electron Microscopy Sciences, Hatfield, Pennsylvania). The cells 

were then incubated with 1% K4Fe(CN)5 and 1% OsO4 in 0.1 M cacodylate buffer for 

15 minutes on ice, followed by three 3-minute washing steps in 0.1 M cacodylate 

buffer. The cells were further washed with 0.1M Na2+ in acetate buffer, pH 5.2 

(Electron Microscopy Sciences, Hatfield, Pennsylvania) for three minutes. Before 

dehydration, the cells were washed for 2 minutes in Milli-Q water. We dehydrated the 

cells by subsequent incubation steps of 10%, 30%, 50%, 70%, 80%, 90% and 100% 

ice cold ethanol. After dehydration the cells were embedded in Spurr’s Resin by 

following subsequent incubation steps of a mixture of 100% ethanol and Spurr’s with 

ratios 2:1 (30 minutes at room temperature), 1:1 (1 hour at room temperature), 1:2 (2 

hours at room temperature) and finally absolute Spurr’s resin (overnight at room 

temperature). The following day we polymerized the resin by incubating it overnight 

in an oven that was preheated at 70 degrees. After polymerization the cell monolayer 

was thin sectioned using a Leica ultramicrotome (Leica, Wetzlar, Germany) and placed 

on a Cu Formvar / Carbon Grid (Electron Microscopy Sciences, Hatfield, 
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Pennsylvania). The grids were then counterstained with 1% uranyl acetate in Milli-Q 

water followed by subsequent washing steps with Milli-Q water. The grids were coated 

on a Leica EM ACE6000 Carbon evaporator (Leica, Wetzlar, Germany). The carbon 

coating height was set to 7 nm.  

For immunogold TEM, cells were grown on 7.9 nm Thermanox coverslips (Thermo 

Fisher Scientific, Waltham, Massachusetts, US) and fixed in a solution with 2% EM-

grade paraformaldehyde for 30 minutes. The coverslips were then washed and 

dehydrated by subsequent incubation steps of 10%, 30%, 50%, 70%, 80% and 90% ice 

cold ethanol. We further embedded the cells in LR white medium (Electron 

Microscopy Sciences, Hatfield, Pennsylvania) by subsequent incubation steps with 

90% ethanol to LR white in ratios 2:1 (30 minutes at 4 degrees), 1:1 (1 hour at 4 

degrees), 1:2 (2 hours at 4 degrees) and finally absolute LR white (overnight at 4 

degrees under a UV light). After polymerization of LR white the cells were sliced and 

placed on Ni grids and stored until further processing. The grids that underwent 

antibody staining were quenched in quenching buffer (50% glycine in Milli-Q water) 

for 15 minutes at room temperature. The cells were then washed with washing buffer 

(2% BSA, 2% fish skin gelatin and 0.02 M PBS) and blocked into blocking buffer 

(10% BSA, 10% fish skin gelatin in 0.02 M PBS) for 30 minutes at room temperature. 

The cells were then incubated overnight at four degrees with the primary antibody at a 

concentration ten times higher than the one used for immunofluorescence in the 

incubation buffer (2% BSA, 2% fish skin gelatin and 0.01 M PBS). The following day 

the cells were washed with the washing buffer and incubated with the secondary 

antibody for 2 hours at room temperature in the incubation buffer. After that we washed 
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the cells with 0.01 M PBS (Thermo Fisher Scientific, Waltham, Massachusetts, US) 

and counterstained them with 1% uranyl acetate diluted into Milli-Q water followed by 

a washing step with Milli-Q water before continuing with imaging. TEM images 

obtained on a Hitachi H-7650 TEM (Hitatchi). The beam voltage for all images was 

set to 60 kV. 

 

Image analysis and 3D video reconstruction 

All images were analyzed with FIJI40, either manually or via macros written in the 

ImageJ macro language. In general, we thresholded all the channels of interest by using 

the Otsu thresholding algorithm after a smoothening step by using a Gaussian blur filter 

with a radius of 2 pixels. All the macros used in this chapter can be found in Appendix 

II. Video reconstruction took place on FIJI after processing the z stacks and rendering 

them using either the surface or the volume algorithm of the 3Dviewer plugin of FIJI41.  

 

Co-immunoprecipitation 

Co-immunoprecipitation experiments were performed as previously described. 

Briefly, cells were grown on 150 mm dishes until 90-95% confluency. The cells were 

lysed in the plate after addition of a commercially available lysis buffer suitable for co-

immunoprecipitation experiments (Thermo Fisher Scientific, Waltham, Massachusetts, 

US) and measured protein via a BCA kit purchased from Thermo Fisher Scientific 

following the manufacturer’s instructions. We pulled down the protein of interest from 

500 μg of protein by adding a primary antibody directly into the tube, while rotating it 

at 4 degrees overnight. The following day we added 30 μL magnetic beads slurry 
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(Thermo Fisher Scientific, Waltham, Massachusetts, US) coupled with either protein 

A or G (based on the antibody host and IgG subtype) in each tube and incubated for 1 

hour at 4 degrees under gentle rotation. Protein elution from the beads was done after 

addition of 2X loading buffer (BioRad) in each tube and boiling for 10 minutes at 55 

degrees. The eluted fraction was diluted onto 1X by addition of equal volume of lysis 

buffer and then loaded on a polyacrylamide gel for further analysis by western blot. 

 

Isolation of functional nuclei 

A nuclear isolation kit: Nuclei PURE prep was purchased from Sigma Aldrich. 

Functional nuclei were isolated based on the manufacturer’s instructions. Briefly, cells 

grew in a 150 mm dish until 90-95% confluency. Cells were scrapped from the plate 

and lysed on the kit’s lysis buffer for 30 minutes while mixing them every 10 minutes. 

After the lysis step the nuclei were loaded on a 2 M sucrose cushion and centrifuged at 

30,000 g for 45 minutes at 4 degrees. The isolated nuclei were maintained in the kit’s 

nuclear storage buffer until used for downstream experiments.  

 

WGA Microinjection 

Cells were grown on 50 mm dishes suitable for microinjection (MatTek Corporation, 

Ashland, Massachusetts) until they reached a confluency of 50%. Cells were 

synchronized in serum free medium for 24 hours. The following day and three hours 

before the completion of 24 hours of serum synchronization we microinjected the cells 

with 450 μg/ml WGA along with Hoechest (Molecular probes, Oregon, USA) in 1X 

PBS using a FemtoJet microinjector (Eppendorf, Hamburg, Germany). After the 
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completion of serum synchronization, we added complete medium along with 150 

ng/ml EGF (Sigma Aldrich) for two hours before fixing the cells and continuing with 

the staining protocol described above.  

 

In vitro assay for mitochondrial tethering onto the nuclear envelope 

Functional mitochondria isolation performed as described previously42. Briefly, cells 

grew on a 150 mm plate until 90-95% confluency. Cells were scraped and diluted into 

IBc buffer (1 M sucrose, 0.1 M Tris-MOPS and 0.1 mM EGTA/Tris) pH 7.4 before 

manual homogenization with 50 strokes in a glass-Teflon potter. Mitochondria were 

separated from partially lysed cells via two 10-minute centrifugation steps at 1000 g 

on a precooled (4 0C) tabletop centrifuge. Finally, mitochondria were collected as a 

pellet after two twenty-minute centrifugation steps at 8,000 g. Protein concentration of 

mitochondria was assessed by BCA. Cells from which we isolated nuclei were plated 

on a 150 mm plate until 90-95% confluency. Nuclear isolation was done as described 

before. Both nuclei and mitochondria were dissolved in a commercially available 

cytoplasmic buffer purchased from Biovision (San Francisco, CA, USA) contained 0.5 

μM of GTP (Abcam, Cambridge, UK). We added nuclei equal to 80 μg of protein on a 

30 mm MatTek dish (MatTek Corporation, Ashland, Massachusetts) and mixed them 

with an equal amount of mitochondria, while incubating at 37 degrees for 1 hour before 

fixing them with 2% PFA diluted in 1X PBS. The dishes were then mounted with 

coverslips and left to dry overnight before imaging them. To make sure that we will 

image the entire nucleus to assess whether any mitochondria were bound to them, we 

obtained z stacks with a confocal microscope. 
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Treatment of cells with EGF 

Before treatment with EGF cells were synchronized to the G0 phase of the cell cycle 

by serum deprivation for 24 hours. Then we treated the cells with 150 ng/ml EGF 

(Sigma Aldrich) into complete medium (10% FBS) for 2 hours before ending the 

experiment unless otherwise stated. 

 

Statistical analysis 

All statistical analyses performed on STATA (StataCorp LLC, Texas, USA). We used 

student’s t test (for comparison between two groups) or one-way ANOVA (for multiple 

groups). For one-way ANOVA, significance was obtained by applying a Bonferroni 

post-hoc analysis. Significance for all statistical testing was considered to be P < 0.05. 
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Fig. 3-1 Mitochondria cluster around the nucleus in response to proliferative 

stimuli and form electron dense areas with the NE. (A) A549 cells exposed to serum 

and EGF (500 ng/ml) for 1, 2 and 4 hours were stained for PDCE2 (red), LMNA 

(green), mitotracker (magenta) and DAPI (blue). Mitochondria clustered around the 

nucleus at 1 hour, while nuclear PDCE2 levels peaked at 2 hours after treatment. 

Mitochondrial distance was measured by drawing concentric circles from the edge of 

the nucleus by using an image analysis software. P value for nuclear PDCE2 levels was 

0.038. P value for mitochondrial distance was 0.041. n = 150 cells per group in 3 

experiments. Error bars represent SEM. Scale bar is at 5 μm. (B) Hypoxia (1% O2) 

increases mitochondrial clustering around the nucleus as seen under a TEM. A yellow 

arrow points at the edge of the nucleus, while a green arrow at the edge of a 

mitochondrion. n = 60 cells/group. P value = 0.037. Error bars represent SEM. Scale 

bar is at 500 nm. (C) A TEM image showing perinuclear mitochondria forming electron 

dense areas with the NE. 
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Fig. 3-2 Proliferative stimuli increase nuclear PDC levels and perinuclear 

mitochondrial clustering. (A) Confocal images and immunoblot (loaded with whole 

cell, mitochondrial and nuclear extracts) of HFF-1 cells exposed to hypoxia (1% O2) 

for 24 hours. Cells were stained for citrate synthase (red) and PDCE1α (green) showing 

increased nuclear PDC levels after exposure to hypoxia. n = 150 cells per group in 3 

experiments. P value was less than 0.001 as assessed by student’s t test. Error bars 

represent SEM. Scale bar is at 10 μm. (B) Live imaging of A549 cells transfected with 

a construct expressing PDCE2 coupled to Dendra2. Native Dendra2 fluoresces green 

but it switches to red after irradiation with a 405 laser. We photoconverted Dendra2 in 

an area distant to the nucleus in synchronized A549 cells (red boxes on the left images) 

before the addition of serum and EGF (500 ng/ml). After 2 hours from the addition of 

serum, mitochondria (grey) with photoconverted Dendra2 (red) had moved closer to 

the nucleus and showed a rolling pattern on the nuclear envelope, suggesting that 

proliferative stimuli promote the perinuclear clustering of mitochondria. Nuclei were 

stained with Hoechst (blue). Scale bar is at 10 μm. The video can be seen at 

https://bit.ly/3nPK0kf  
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Fig. 3-3 MFN2 is between perinuclear mitochondria and the NE. (A) Immunoblot 

loaded with nuclear and NE protein extracts from A549 cells showing MFN2 on the 

NE in two different experiments. Nuclear and NE purity was assessed by the absence 

of the mitochondrial marker SDHB, the cytoplasmic marker MEK1 and the presence 

of LMNA. NE purity was assessed by the absence of the nucleolar marker nucleolin. 

(B) ΙmmunoTEM staining of an A549 cell showing MFN2 (black dots) on the NE (red 

arrow). Scale bar is at 100 nm. (C) A super resolution confocal image of A549 cells 

stained for MFN2 (magenta), LMNA (green), mitotracker (red) and DAPI (blue). On 

the right, we show a still from a video of a 3D reconstructed model of the area indicated 

by the white square, where MFN2 is embedded within the LMNA layer (red arrow). 

Scale bar is at 5 μm. The video can be seen at https://bit.ly/33UWXBi (D) MFN2 

(green) is between the NE and perinuclear mitochondria (red) touching the NE (white 

arrows) suggesting that MFN2 facilitates the tethering of the two. Cells were also 

stained with LMNA (magenta) to allow visualization of the NE. Scale bar is at 5 μm. 

(E) ImmunoTEM image of an A549 cell showing MFN2 (black dots) between a 

mitochondrion (dotted red line) and the NE (white arrow). Scale bar is at 100 nm. 
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Fig. 3-4 MFN2 is present on the NE. (A) Confocal super resolution image of an A549 

cell stained with MFN2 (magenta), LMNA (green) and PDCE2 (red). The white square 

indicates an area where we performed a z stack and created a 3D reconstruction model. 

On the left, the top and bottom of the nucleus as seen on the 3D reconstructed model 

showing the presence of MFN2 (white arrows) on the NE. (B) Super resolution 

confocal image of an A549 cell stained with antibodies against MFN2 (green), LMNA 

(magenta), mitotracker (red) and DAPI (blue) showing MFN2 on the NE. On the left, 

we show 3D reconstructed models of the areas indicated by the white squares (on the 

right), where MFN2 is embedded on the LMNA layer and is located between 

perinuclear mitochondria and the NE (white arrows). Scale bar is at 5 μm. (C) Exposure 

of A549 cells to serum and EGF (500 ng/ml) for 1 hour increases MFN2 (red) on the 

NE.  The NE was selected based on staining of the cells with LMNA (not shown). 

MFN2 was also present in the nucleoplasm. n = 120 cells per group in 3 experiments. 

P value was 0.0021 as assessed by student’s t test.  
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Fig. 3-5 Mitochondria tether to the NE via MFN2-rich contact points. (A) 

Immunostaining experiment showing MFN2 knockdown by siRNA on A549 cells 

decreases nuclear PDCE2 (green) levels after exposure to serum and EGF (500 ng/ml). 

The nucleus is indicated by a dotted white line. n = 180 cells per group in 3 

experiments. P values are less than 0.001 as assessed by one-way ANOVA with 

Bonferroni post-hoc analysis. Error bars represent SEM. Scale bar is at 10 μm. (B) 

Schematic representation of the experimental design and in vitro experiments assessing 

mitochondrial tethering to the NE on A549 cells. Loss of nuclear MFN2 by siRNA 

results in decreased tethering of untransfected mitochondria (red) to isolated nuclei 

(blue), indicated by white arrows. Nuclear purity was assessed by the presence of native 

mitochondria that were stained with mitotracker deep-red (magenta). Loss of MFN2 

after the siRNA treatment was verified by an immunoblot. In another experiment 

mitochondria were stained with NAO and added to isolated nuclei. The nuclear 

envelope was visualized by LMNA staining (red). P value was less than 0.001. n = 120 

nuclei per group in 3 experiments. Error bars represent SEM. Significance was assessed 

by student’s t test. 
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Fig. 3-6 Extramitochondrial PDC colocalizes with LMNA on the NE. Super 

resolution confocal image of an A549 cell stained for PDCE2 (red), LMNA (green) and 

mitotracker (magenta). The white squares indicate areas where we obtained high 

magnification images showing extramitochondrial PDCE2 (red) colocalizing (white 

arrows) with LMNA (green) after exposure of A549 cells to serum and EGF (500 

ng/ml). The nucleus was stained with DAPI (blue). Scale bar is at 5 μm. 
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Fig. 3-7 PDC interacts with LMNA. (A) Super resolution image of an A549 cell 

stained with antibodies against PDCE2 (red), LMNA (green), mitotracker (magenta) 

and DAPI (blue). The white square indicates an area that we performed a z stack and 

created a video of a 3D reconstructed model. A still of the video is shown on the right, 

where extramitochondrial PDC is embedded into the LMNA layer (white arrows), 

suggesting that the two proteins might interact directly and this interaction is important 

for the nuclear import of PDC. The video can be seen on https://bit.ly/34UE14Z (B) 

Proximity ligation assay (PLA) between PDCE2 and LMNA (red dots) in A549 cells 

suggesting that the two proteins come to close proximity and might interact directly. 

As a positive control we used the known interaction of LMNA and LMNB1. Nuclei 

were stained with DAPI (blue). n = 150 cells per group in 3 experiments. P value was 

0.035 as assessed by a student’s t test. Error bars represent SEM. (C) 

Extramitochondrial PDCE2 can be found on the NE and the nuclear periphery of A549 

cells exposed to serum and EGF (500 ng/ml) for 2 hours as seen by immunoblots 

(extracts from whole cells, nuclei and NE) and immunoTEM (yellow arrows point to 

extramitochondrial PDCE2, while a white arrow points to PDCE2 within a 

mitochondrion). (D) A co-immunoprecipitation experiment showing direct interaction 

between PDCE2 and LMNA in A549 cells. 
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Fig. 3-8 Perinuclear mitochondria release PDC into the nucleoplasm. (A) Super 

resolution live imaging of A549 cells transfected with constructs expressing PDCE1α 

and LMNA coupled to GFP (green) and mCherry (red) respectively. Mitochondria were 

stained with mitotracker (magenta). (Below) A still of a super resolution live imaging 

video on the area indicated by the white square (upper image) showing perinuclear 

mitochondria releasing PDCE1α (green) into the nucleoplasm (white arrows) in 

response to serum and EGF (500 ng/ml). Images were obtained every 6 seconds. Scale 

bar is at 5 μm. The video can be seen on https://bit.ly/374amsR (B) Super resolution 

live imaging of A549 cells transfected with a construct expressing PDCE1α coupled to 

GFP (green). Mitochondria were stained with mitotracker (red) and the nucleus with 

Hoechst (blue). (On the right) A still of a super resolution live imaging video of the 

area indicated with the white square on the left showing mitochondria (red/yellow 

arrow) releasing PDC (green) within a nuclear invagination (white arrow). The video 

can be seen on https://bit.ly/341UPrP  

 

 

 

 

 

 



 141 

 
 

Fig. 3-9 Perinuclear mitochondria release PDC into the nucleoplasm in response 

to hypoxia. A still of a super resolution live imaging video of an HFF-1 cell under 

hypoxia (1% O2) transfected with constructs expressing PDCE1α and LMNA coupled 

to GFP (green) and mCherry (red) respectively. (Below) Consecutive time frames of 

the video from the area indicated by the white square on the upper image showing 

PDCE1α being released into the nucleoplasm from perinuclear mitochondria (white 

arrow). Mitochondria were stained with mitotracker (magenta). The video can be seen 

at https://bit.ly/376MrZY 
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Fig. 3-10 All PDC subunits can be found within nuclear invaginations that are 

increased after exposure to proliferative stimuli. (A) A super resolution confocal 

image of an A549 cell stained with LMNA (green) showing a nuclear invagination (red 

square). On the left, a still from a 3D reconstructed video of the nuclear invagination 

(indicated by a red square on the left image). The video can be seen at 

https://bit.ly/3nR0pVt Cancer cells (A549 and 786-O cells) have more nuclear 

invaginations (white arrows) than their healthy controls (small airway epithelial and 

proximal tubule cells). n = 150 cells per type in 3 experiments with 50 cells. P values 

were less than 0.001. Scale bar is at 10 μm. Hypoxia (1% O2) increases the number of 

nuclear invaginations in a healthy cell line (proximal tubule cells). n = 180 cells per 

group in 3 experiments. P value was 0.002. Error bars represent SEM. Statistical 

significance was assessed by student’s t test. (B) A TEM image of an A549 cell showing 

a whole mitochondrion (yellow arrow) within a nuclear invagination (white box). The 

nuclear pore is indicated by a green arrow. (C) PDCE2 (red) colocalizes with LMNA 

(green) within a nuclear invagination (white arrow) in an A549 cell as seen under a 

confocal microscope. The lower image is a still from a video of a 3D reconstructed 

model of the nuclear invagination. The video can be seen at https://bit.ly/318nutb (D) 

All PDC subunits (white arrows) can be found within a nuclear invagination of A549 

cells stained with LMNA (green), PDCE2 (red), PDCE1α (magenta) and PDCE3 

(grey). 
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Fig. 3-11 LMNA is necessary for the nuclear entrance of PDC. (A) Loss of LMNA 

(green) by siRNA decreases nuclear PDCE2 (red) but not SIRT6 levels in A549 cells 

that were exposed to serum and EGF (500 ng/ml) as assessed by confocal imaging and 

immunoblots (whole cells and nuclear extracts). Nuclei were stained with DAPI (blue). 

n = 150 cells per group in 3 experiments. P value was less than 0.001 as assessed by 

one-way ANOVA with Bonferroni post hoc analysis. Error bars represent SEM. Scale 

bar is at 5 μm. Nuclear purity on immunoblots was assessed by the absence of SDHB 

(mitochondria) and MEK1 (cytoplasm). (B) Fibroblasts from progeria patients have 

higher nuclear PDCE2 (red) levels compared to healthy HFF-1 cells. Cells were stained 

with antibodies against LMNA (green) and DAPI (blue). Scale bar is at 5 μm. (C) 

Immunoblot showing that HEK cells express lower levels of lamin A (higher band) 

than 786-O and A549 cells. Overexpression of lamin A (green) on HEK cells by 

transfecting them with a lamin A-mCherry plasmid results in higher nuclear PDCE2 

(red) levels. A nucleus of a transfected cell is indicated by a white arrow, while a yellow 

arrow points to a cell that did not take up the plasmid. n = 180 cells per group in 3 

experiments with. P value was 0.024 as assessed by a student’s t test. Error bars 

represent mean. Scale bar is at 10 μm. 
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Fig. 3-12 PDC does not enter the nucleus through the nuclear pore. (A) Super 

resolution confocal image of an A549 cell stained with NUP98 (magenta), LMNA 

(green) and PDCE2 (red). The white square indicates an area where we performed a z 

stack and created a 3D reconstruction model. (Below) A still of a video of the 3D 

reconstructed model showing that most of the PDC does not colocalize with the NP 

(white arrows). However, a fraction of PDC can be found colocalizing with the NP (red 

arrow). The video can be seen on https://bit.ly/3k1BOLt The nucleus was stained with 

DAPI (blue). Scale bar is at 5 μm. (B) Proximity ligation assay (red dots) between 

NUP98 (magenta) and PDCE2 (green) does not show association of the two proteins, 

suggesting that the majority of PDC does not enter the nucleus through the nuclear 

pores. The known interaction of LMNA (green) and LMNB1 (magenta) was used as a 

positive control. The nucleus was stained with DAPI. (C) immunoTEM image of an 

A549 cells showing that PDCE2 (black dots) can be found on the NE (white arrows) 

and not in close proximity to the NP (green arrow). Scale bar is at 100 nm. (D) 

Microinjection of 450 μg/ml of wheat germ agglutinin (red) in A549 cells does not alter 

the levels of nuclear PDCE2 (green) unlike STAT3 (green) that is known to enter the 

nucleus through the NP after exposure to serum and EGF (500 ng/ml), suggesting that 

PDC does not enter the nucleus via the canonical pathway (i.e. through the NPs). 

Mitochondria were stained with mitotracker (magenta) and the nucleus with DAPI 

(blue). To ensure that we are obtaining the full depth of the nucleus we performed z 

stacks and summed the intensities before measuring nuclear levels of either PDCE2 or 

STAT3. n = 150 cells per group in 3 experiments. P value for STAT3 levels was 0.021 
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as assessed by one-way ANOVA coupled to Bonferroni post-hoc analysis. Error bars 

represent SEM. Scale bars are at 5 μm. 
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Fig. 3-13 PDC interacts with LMNA during cell division. (A-B) Super resolution 

confocal imaging and PLA between PDCE2 and LMNA shows interaction of the two 

proteins during cell division, where LMNA is depolymerized and dispersed throughout 

the cytoplasm before reforming the NE in the daughter cells, suggesting that lamin-

bound PDC can then be released into the nucleoplasm of the daughter nuclei. Scale 

bars are at 5 μm. (C) Proposed mechanism for the nuclear entry of PDC. 
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Chapter four: Final conclusions and future directions 
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4.1 Overall conclusions 

In this dissertation we expand our previous work on PDC’s translocation into the 

nucleus1. We provide evidence for the presence of two different pathways that PDC is 

using to enter the nucleus and speculate that the utilization of each pathway is primarily 

dependent on the size of the complex, which is regulated by the stoichiometry and 

organization of its individual subunits2.  

In the second chapter of this thesis we show that the translocation of PDC into the 

nucleus depends on tubulin acetylation. We show for the first time that 

extramitochondrial PDC associates with both Hsp70 and acetylated microtubules and 

this interaction is enhanced after exposure to proliferative stimuli that also induce the 

nuclear translocation of PDC (i.e. serum and EGF). This is in agreement with previous 

observations that highlight the importance of this post translational modification (i.e. 

tubulin acetylation) in intracellular trafficking, since it facilitates the tethering of carrier 

proteins like dyneins or heat shock proteins on microtubules3-5. In the same chapter we 

show that loss of tubulin acetylation by knocking down the main tubulin acetyl-

transferase αTAT1 results in decreased levels of nuclear PDC, while pharmacologic 

inhibition of the main tubulin deacetylase HDAC6 by the small drug inhibitor tubacin, 

hence increased tubulin acetylation, results in a faster and more efficient translocation 

of the complex into the nucleus. Moreover, we found that extramitochondrial PDC is 

directly interacting with acetylated microtubules through its E2 subunit independently 

of microtubule stability and this interaction is lost upon knockdown of αTAT1 (i.e. 

decreased tubulin acetylation). We speculate that this interaction provides a secondary 

binding site and hence a sturdier interaction between the Hsp70-PDC complex with 
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microtubules while it is translocating into the nucleus similar to the dynein-dynactin 

complex6,7. 

In the same chapter we show that PDC might act as a novel tubulin acetyltransferase 

since loss of PDC’s activity results in decreased tubulin acetylation, something that did 

not happen when we knocked down ACLY that provides the bulk of cytoplasmic 

acetyl-CoA by utilizing citrate. This finding, even though provocative, is not surprising 

since the E2 subunit of PDC has an intrinsic acetyl-transferase activity and it is 

responsible for the addition of an acetyl-group to a CoA-SH molecule from the 

oxidation of pyruvate. Our findings suggest that extramitochondrial PDC might be 

responsible for the remaining tubulin acetylation that has been observed in mice when 

αTAT1 is knocked out8. However, it cannot be excluded that extramitochondrial PDC 

bound onto the microtubule network might be regulating tubulin acetylation indirectly 

by providing acetyl-CoA to αTAT1. The elucidation of the role of PDC on tubulin 

acetylation requires further research. Overall, our work suggests that a certain fraction 

of extramitochondrial PDC might be using this pathway to reach the nucleus after 

forming a complex with Hsp70. However, since the entrance of proteins into the 

nucleus occurs via crossing of the NPs that allow only the entrance of proteins with 

diameters of ~39 nm we speculate that this pathway is relevant only for the smaller size 

PDC complexes with diameters of 25 to 39 nm. Once into the nucleus, these complexes 

can reach deep into the nucleoplasm and produce acetyl-CoA from pyruvate that can 

be used towards histone acetylation and potentially gene transcription in a localized 

manner, something that might have implications in the fine-tuning of the cell cycle 

progression. 
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In the third chapter of this dissertation, we unveil a novel mechanism for the 

entrance of PDC into the nucleus that does not involve crossing of the NPs. Direct 

crossing of the nuclear envelope by proteins is not a new concept as it is a common 

strategy for certain viruses9. We show that proliferative stimuli induce the perinuclear 

clustering of mitochondria and provide evidence that they tether to the NE via MFN2-

rich domains, similar to the MFN2-mediated mitochondria-ER tethering, before 

releasing PDC into the nucleoplasm. The presence of MFN2 on the nuclear envelope 

is not surprising since it is a continuation of the rough endoplasmic reticulum and 

therefore it is reasonable to expect that both compartments will have similarities in their 

protein composition. We speculate that this is the main pathway that PDC uses to enter 

the nucleus, especially during states of increased proliferation. Moreover, this pathway 

might be more relevant to larger size (>39 nm of diameter) PDC complexes (and hence 

more active as it has been previously suggested10-12), since these complexes cannot 

cross the NP due to its intrinsic size exclusion.  

PDC that enters the nucleus through this novel pathway interacts with the underlying 

lamin A layer, where it remains tethered until cell division that lamin A is 

depolymerized and dispersed throughout the cytoplasm, until its repolymerization in 

the nuclear envelope of the daughter cells. Exploitation of the nuclear envelope 

disassembly during mitosis has also been used as a means of viral entry into the 

nucleus9. The reformation of the NE in the daughter cells will allow the PDC that is 

bound to lamin to enter the nucleoplasm of the new cells. We speculate that the 

interaction of PDC with lamin A might be facilitated via acetylation of a lysine residue 

of the latter in its Ig-like domain (via the E2 subunit of PDC) that has been previously 
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shown to facilitate tethering of lamin A with a plethora of nuclear proteins. This is also 

in agreement with the idea that protein acetylation enhances protein – protein 

interactions. 

 

4.2 Future directions 

Overall, our work has new implications for future basic science and translational 

research: 

• The discovery of acetylated microtubules as a means of nuclear translocation 

of PDC might provide a novel therapeutic target in various states or diseases, e.g. aging 

or cancer.  Pharmacologic regulation of acetyl tubulin levels can result in higher or 

lower levels of nuclear PDC that might provide a novel approach for controlling cell 

proliferation.  

• The framing of PDC as a potential tubulin acetyltransferase opens a new and 

exciting field of research. Verification of this idea will expand the role of PDC into the 

cell and suggest that it can use its intrinsic acetyltransferase activity to directly acetylate 

proteins.  

• The finding that PDC does not enter the nucleus through the nuclear pores can 

be extended to a plethora of proteins that are known to translocate into the nucleus from 

different cellular compartments, including mitochondria, but do not have a known 

nuclear localization sequence. Further work will unveil all the key proteins of this novel 

pathway and can potentially lead to new therapeutic targets for various diseases. 

• The presence of MFN2 on the nuclear envelope, even though not surprising, 

provides a new way to approach the mitochondria to nucleus communication. 



 163 

However, MFN2 is not the only protein that facilitates tethering of mitochondria onto 

the ER, and thus the NE. Future research is necessary to reveal other proteins that might 

mediate the tethering of mitochondria to the NE and can potentially provide another 

way to control cell proliferation that has implications in various diseases with altered 

cellular functions e.g. cancer or aging. 

• Little is known regarding the exit of proteins from the mitochondria once they 

are properly folded. Since PDC resides in the mitochondrial matrix it will have to cross 

both the inner and outer mitochondrial membranes before it can translocate into the 

nucleus by any of the two pathways that we propose in this dissertation. Studies 

involving the fractionation of mitochondrial membranes revealed that fully assembled 

PDC can be found on both the intermembrane space and the outer mitochondrial 

membrane13, suggesting that the whole complex somehow manages to leave the matrix. 

Recently, it was found that mitochondria release small vesicles known as 

mitochondrial-derived vesicles (MDVs) to communicate with other cellular 

compartments i.e. the lysosome and the late endosome14,15. Interestingly enough, 

PDCE1α was found to be present in these vesicles but the authors were not able to 

verify its final destination15. The exact mechanism for the MDV formation is not known 

but it was suggested that it involves mitochondrial molecular chaperones (e.g. Hsp70) 

and the local oxidation of cardiolipin that results in the outward bending of the 

mitochondrial membranes before the formation of the vesicle15,16. Therefore, it is 

reasonable to assume that alterations in mitochondrial membrane curvature due to local 

lipid oxidations or by the action of molecular chaperones might offer a potential way 

for PDC to leave the matrix and cross the mitochondrial membranes before exposed to 



 164 

the cytoplasm, either as a free complex or within an MDV. Even though, further 

research is needed, elucidation of this pathway might result in a novel therapeutic target 

that can offer a way to control the mitochondria-to-nucleus communication.  

• Nuclear PDC is carrying out its canonical function by producing acetyl-CoA 

that is necessary to sustain the nuclear pool of acetyl-CoA, where a part of it is used 

towards histone acetylation facilitating the progression of the cell cycle1. However, it 

is reasonable to assume that a fraction of the PDC-derived acetyl-CoA will be used to 

acetylate other proteins that reside in the nucleoplasm. One example is its interacting 

partner lamin A that has been recently shown to be acetylated17. Another example is 

ANKLE2 the hyperacetylation of which is necessary for the breakdown of the NE prior 

to cell division18-20. Therefore, it is tempting to speculate that nuclear PDC might have 

a broader role in the regulation of proliferation by providing the necessary acetyl-CoA 

for the acetylation of a) histones and b) other proteins that are fine-tuning cell division. 

Identification of other interacting partners of nuclear PDC will provide a better insight 

on its role in cell proliferation. 

• Lamin A is the only member of the nuclear lamins family that can reside on 

both the NE and the nucleoplasm21. In the nucleoplasm, lamin A is known to interact 

with and regulate various proteins that are involved in gene transcription and histone 

post-translational modifications, e.g. retinoblastoma22 and the polycomb group of 

proteins23. Since nuclear PDC can also localize in the nucleoplasm and interacts with 

lamin A then it is reasonable to assume that nucleoplasmic lamin might provide a 

scaffold for PDC to bind to and produce acetyl-CoA locally and therefore induce the 

transcription of certain genes. Even though further research is needed, it is tempting to 
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speculate that the interaction of PDC with lamin A can also regulate its activity and 

therefore provide a novel therapeutic target for various diseases where gene 

transcription is altered, e.g. cancer and aging.  
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Appendix I: Antibodies used in this dissertation 

Antibody Company Catalogue 
number 

Immunofluorescence/
PLA dilution 

TEM 
dilution 

Western 
Blot 

dilution 

PDHA1 Santa Cruz 
Biotechnology sc-377092 1:50 N/A 1:1000 

PDCE2 Abcam ab126224 1:200 1:20 1:5000 

PDCE2 Cell signaling 
technology 12362 N/A N/A 1:1000 

PDCE3 Abcam ab133551 1:100 N/A N/A 

LMNA Cell signaling 
technology 4777S 1:100 N/A 1:1000 

LMNB1 Abcam ab16048 1:100 N/A 1:1000 
SDHB Abcam ab14714 1:100 N/A 1:1000 

MEK1 Cell signaling 
technology 2352S N/A N/A 1:1000 

Actin Abcam ab3280 N/A N/A 1:10,000 
Tubulin Sigma Aldrich T6199 1:1000 N/A 1:10,000 
Acetyl-
Tubulin Sigma Aldrich T6793 1:2000 N/A 1:20,000 

Acetyl-
Tubulin 

Cell signaling 
technology 5335 1:800 N/A 1:1000 

Detyrosinated
-Tubulin Abcam ab48389 N/A N/A 1:1000 

Hsp70 Santa Cruz 
Biotechnology sc-27 1:50 N/A N/A 

Citrate 
synthase Abcam ab96600 1:200 N/A N/A 

Sirt6 Cell signaling 
technology 12486S N/A N/A 1:1000 

MFN2 Cell signaling 
technology 11925S 1:100 1:10 1:1000 

STAT3 Cell signaling 
technology 9139S 1:1600 N/A N/A 

PKM2 Cell signaling 
technology sc-292640 1:50 N/A N/A 

TOM20 Santa Cruz 
Biotechnology sc-11415 1:50 N/A N/A 

Histone 3 Cell signaling 
technology 9715S N/A N/A 1:50,000 

Acetyl-
Histone 3 

Sigma 
Millipore 06-599 1:500 N/A 1:20,000 

Nucleolin Cell signaling 
technology 14574S 1:50 N/A 1:1000 
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Nup98 Cell signaling 
technology 2598S 1:100 N/A N/A 

ACLY Cell signaling 
technology 13390 N/A N/A 1:1000 
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Appendix II: Macros for image analysis with FIJI 
Measuring extramitochondrial PDC and its colocalization with acetyl- tubulin. 
Fig. 2-2 and Fig. 2-3 
image=getTitle(); 
run("Duplicate...", " "); 
run("Subtract Background...", "rolling=100"); 
run("Gaussian Blur...", "sigma=1"); 
setAutoThreshold("Triangle dark"); 
setOption("BlackBackground", true); 
run("Convert to Mask"); 
run("Create Selection"); 
roiManager("Add"); 
close(); 
selectWindow(image); 
run("Next Slice [>]"); 
run("Next Slice [>]"); 
run("Next Slice [>]"); 
run("Duplicate...", " "); 
rename("DAPI " + image); 
run("Gaussian Blur...", "sigma=1"); 
setAutoThreshold("Otsu dark"); 
//run("Threshold..."); 
run("Convert to Mask"); 
run("Fill Holes"); 
waitForUser("Select the Nucleus"); 
roiManager("Add"); 
selectWindow(image); 
run("Previous Slice [<]"); 
run("Previous Slice [<]"); 
run("Duplicate...", " "); 
rename("PDCE2 " + image); 
run("Subtract Background...", "rolling=100"); 
run("Gaussian Blur...", "sigma=1"); 
setAutoThreshold("Otsu dark"); 
//run("Threshold..."); 
run("Convert to Mask"); 
roiManager("Select", 0); 
setBackgroundColor(0, 0, 0); 
run("Clear", "slice"); 
run("Select None"); 
roiManager("Select", 1); 
setBackgroundColor(0, 0, 0); 
run("Clear", "slice"); 
run("Create Selection"); 
run("Select None"); 
run("Find Maxima...", "prominence=10 output=Count"); 
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run("Select None"); 
run("Create Selection"); 
roiManager("Add"); 
selectWindow(image); 
run("Next Slice [>]"); 
run("Duplicate...", " "); 
rename("actub"); 
run("Subtract Background...", "rolling=100"); 
run("Gaussian Blur...", "sigma=1"); 
setAutoThreshold("Triangle dark"); 
//run("Threshold..."); 
run("Convert to Mask"); 
run("Create Selection"); 
run("Make Inverse"); 
roiManager("Add"); 
run("Select None"); 
selectWindow("PDCE2 " + image); 
roiManager("Select", 3); 
run("Clear", "slice"); 
run("Select None"); 
selectWindow("actub"); 
run("Create Selection"); 
roiManager("Add"); 
selectWindow("PDCE2 " + image); 
roiManager("Select", 4); 
run("Find Maxima...", "prominence=10 output=Count"); 
run("Select None"); 
run("Create Selection"); 
roiManager("Add"); 
selectWindow(image); 
roiManager("Select", 5); 
waitForUser("Should I close the image?"); 
roiManager("Deselect"); 
roiManager("Delete"); 
run("Close All"); 
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Measuring mitochondrial distance from the nucleus written in IJ1 Macro 
language for Fiji. This code allows measurement of mitochondria on top of the 
nucleus and then every 175 nm. (Fig. 3-1A) 
image1=getTitle(); 
waitForUser("Ready?"); 
run("Out [-]"); 
run("Out [-]"); 
run("Out [-]"); 
run("Enhance Contrast", "saturated=0.35"); 
run("Next Slice [>]"); 
run("Enhance Contrast", "saturated=0.35"); 
run("Next Slice [>]"); 
run("Enhance Contrast", "saturated=0.35"); 
run("Next Slice [>]"); 
run("Enhance Contrast", "saturated=0.35"); 
waitForUser("Ready?"); 
close(); 
waitForUser("Ready?"); 
run("Out [-]"); 
run("Out [-]"); 
run("Out [-]"); 
run("Enhance Contrast", "saturated=0.35"); 
run("Next Slice [>]"); 
run("Enhance Contrast", "saturated=0.35"); 
run("Next Slice [>]"); 
run("Enhance Contrast", "saturated=0.35"); 
run("Next Slice [>]"); 
run("Enhance Contrast", "saturated=0.35"); 
run("Duplicate...", "duplicate"); 
run("Out [-]"); 
run("Out [-]"); 
run("Out [-]"); 
selectWindow("Montage-1"); 
run("Split Channels"); 
selectWindow("C4-Montage-1"); 
run("Out [-]"); 
run("Out [-]"); 
run("Out [-]"); 
selectWindow("C3-Montage-1"); 
run("Out [-]"); 
run("Out [-]"); 
run("Out [-]"); 
selectWindow("C2-Montage-1"); 
run("Out [-]"); 
run("Out [-]"); 
run("Out [-]"); 
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selectWindow("C1-Montage-1"); 
run("Out [-]"); 
run("Out [-]"); 
run("Out [-]"); 
selectWindow("C1-Montage-1"); 
run("Duplicate...", " "); 
run("Out [-]"); 
run("Out [-]"); 
run("Out [-]"); 
setAutoThreshold("Triangle dark"); 
setOption("BlackBackground", true); 
run("Convert to Mask"); 
run("Dilate"); 
run("Dilate"); 
run("Dilate"); 
run("Create Selection"); 
roiManager("Add"); 
selectWindow("C1-Montage-1"); 
run("32-bit"); 
roiManager("Select", 0); 
run("Make Inverse"); 
setBackgroundColor(0, 0, 0); 
run("Clear", "slice"); 
run("Divide...", "value=0"); 
run("Select None"); 
selectWindow("C3-Montage-1"); 
run("Duplicate...", " "); 
run("Out [-]"); 
run("Out [-]"); 
run("Out [-]"); 
run("Gaussian Blur...", "sigma=10"); 
setAutoThreshold("Otsu dark"); 
run("Convert to Mask"); 
run("Fill Holes"); 
waitForUser("Ready?"); 
roiManager("Add"); 
run("Clear Outside"); 
run("Select None"); 
run("Dilate"); 
run("Dilate"); 
run("Dilate"); 
run("Dilate"); 
run("Dilate"); 
waitForUser("Ready?"); 
run("Create Selection"); 
roiManager("Add"); 
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run("Select None"); 
run("Dilate"); 
run("Dilate"); 
run("Dilate"); 
run("Dilate"); 
run("Dilate"); 
waitForUser("Ready?"); 
run("Create Selection"); 
roiManager("Add"); 
selectWindow("C1-Montage-1"); 
rename(image1); 
roiManager("Select", 1); 
waitForUser("Ready?"); 
run("Measure"); 
run("Clear", "slice"); 
run("Divide...", "value=0.000"); 
roiManager("Select", 2); 
waitForUser("Ready?"); 
run("Measure"); 
run("Clear", "slice"); 
run("Divide...", "value=0.000"); 
roiManager("Select", 3); 
waitForUser("Ready?"); 
run("Measure"); 
roiManager("Deselect"); 
roiManager("Delete"); 
run("Close All"); 
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This macro measures the intensity of a MFN2 on the nuclear envelope. Moreover, 
it can also give you the ratio of the intensity of the protein of interest on the nuclear 
envelope over the nucleoplasm. It can also save images of the protein of interest 
on the nuclear envelope and the nucleoplasm in your preferred folder. Fig. 3-4C 
image1=getTitle();  
Dialog.create("What do you want to do?");  
Dialog.addCheckbox("Measure MFN2 on the NE", false);  
Dialog.addCheckbox("Get ratio for MFN2 on the NE over nuclear MFN2", false);  
Dialog.addCheckbox("Create MFN2 image on the NE", false); 
Dialog.show();  
choice1=Dialog.getCheckbox();  
choice2=Dialog.getCheckbox(); 
choice3=Dialog.getCheckbox(); 
if (choice1==true) {  
 run("Duplicate...", "duplicate channels=3"); 
run("Make Montage...", "columns=7 rows=5 scale=0.25");  
run("Enhance Contrast", "saturated=0.35");  
waitForUser("Action Required", "Write down the boxes from montage that you want 
to analyze");  
Dialog.create("What boxes do you want to keep?");  
Dialog.addNumber("First image", 0);  
Dialog.addNumber("Last image", 0);  
Dialog.show();  
number1=Dialog.getNumber();  
number2=Dialog.getNumber();  
close();  
run("Duplicate...", "duplicate range=number1-number2");  
run("Make Montage...", "columns=7 rows=5 scale=0.25");  
rename("LMNA");  
run("Enhance Contrast", "saturated=0.35");  
run("Gaussian Blur...", "sigma=2");  
setAutoThreshold("Otsu dark");  
run("Convert to Mask");  
run("Fill Holes");  
run("Erode");  
run("Create Selection");  
roiManager("Add");  
roiManager("Select", 0);  
roiManager("Rename", "LMNA");  
selectWindow(image1);  
run("Duplicate...", "duplicate channels=4 slices=number1-number2");  
run("Make Montage...", "columns=7 rows=5 scale=0.25");  
rename("DAPI");  
run("Gaussian Blur...", "sigma=2");  
setAutoThreshold("Otsu dark");  
run("Convert to Mask");  
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run("Fill Holes");  
run("Erode");  
run("Erode");  
run("Erode");  
run("Create Selection");  
roiManager("Add");  
roiManager("Select", 1);  
roiManager("Rename", "Nuclei");  
selectWindow("LMNA");  
roiManager("Select", 1);  
setBackgroundColor(0, 0, 0);  
run("Clear", "slice");  
run("Select None");  
run("Create Selection");  
run("Make Inverse");  
roiManager("Add");  
roiManager("Select", 2);  
roiManager("Rename", "NE");  
selectWindow(image1);  
run("Duplicate...", "duplicate channels=2 slices=number1-number2");  
run("Make Montage...", "columns=7 rows=5 scale=0.25");  
run("Enhance Contrast", "saturated=0.35");  
rename(image1);  
roiManager("Select", 2);  
run("Measure");  
roiManager("Deselect");  
roiManager("Delete");  
run("Close All"); 
print(image1, "First Image - " + number1, "Last Image - " +  number2);  
}  
if (choice2==true) {  
 run("Duplicate...", "duplicate channels=3"); 
run("Make Montage...", "columns=7 rows=5 scale=0.25");  
run("Enhance Contrast", "saturated=0.35");  
waitForUser("Action Required", "Write down the boxes from montage that you want 
to analyze");  
Dialog.create("What boxes do you want to keep?");  
Dialog.addNumber("First image", 0);  
Dialog.addNumber("Last image", 0);  
Dialog.show();  
number1=Dialog.getNumber();  
number2=Dialog.getNumber();  
close();  
run("Duplicate...", "duplicate range=number1-number2");  
run("Make Montage...", "columns=7 rows=5 scale=0.25");  
rename("LMNA");  
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run("Enhance Contrast", "saturated=0.35");  
run("Gaussian Blur...", "sigma=2");  
setAutoThreshold("Otsu dark");  
run("Convert to Mask");  
run("Fill Holes");  
run("Erode");  
run("Create Selection");  
roiManager("Add");  
roiManager("Select", 0);  
roiManager("Rename", "LMNA");  
selectWindow(image1);  
run("Duplicate...", "duplicate channels=4 slices=number1-number2");  
run("Make Montage...", "columns=7 rows=5 scale=0.25");  
rename("DAPI");  
run("Gaussian Blur...", "sigma=2");  
setAutoThreshold("Otsu dark");  
run("Convert to Mask");  
run("Fill Holes");  
run("Erode");  
run("Erode");  
run("Erode");  
run("Create Selection");  
roiManager("Add");  
roiManager("Select", 1);  
roiManager("Rename", "Nuclei");  
selectWindow("LMNA");  
roiManager("Select", 1);  
setBackgroundColor(0, 0, 0);  
run("Clear", "slice");  
run("Select None");  
run("Create Selection");  
run("Make Inverse");  
roiManager("Add");  
roiManager("Select", 2);  
roiManager("Rename", "NE");  
selectWindow(image1);  
run("Duplicate...", "duplicate channels=2 slices=number1-number2");  
run("Make Montage...", "columns=7 rows=5 scale=0.25");  
run("Enhance Contrast", "saturated=0.35");  
rename(image1);  
roiManager("Select", 2);  
run("Measure");  
roiManager("Select", 1);  
run("Measure"); 
roiManager("Deselect");  
roiManager("Delete");  
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run("Close All");  
print(image1, "First Image - " + number1, "Last Image - " +  number2); 
} 
if (choice3==true) {  
 run("Duplicate...", "duplicate channels=3"); 
run("Make Montage...", "columns=7 rows=5 scale=0.25");  
run("Enhance Contrast", "saturated=0.35");  
waitForUser("Action Required", "Write down the boxes from montage that you want 
to analyze");  
Dialog.create("What boxes do you want to keep?");  
Dialog.addNumber("First image", 0);  
Dialog.addNumber("Last image", 0);  
Dialog.show();  
number1=Dialog.getNumber();  
number2=Dialog.getNumber();  
close();  
run("Duplicate...", "duplicate range=number1-number2");  
run("Make Montage...", "columns=3 rows=2 scale=0.25");  
rename("LMNA");  
run("Enhance Contrast", "saturated=0.35");  
run("Gaussian Blur...", "sigma=2");  
setAutoThreshold("Otsu dark");  
run("Convert to Mask");  
run("Fill Holes");  
run("Erode");  
run("Create Selection");  
roiManager("Add");  
roiManager("Select", 0);  
roiManager("Rename", "LMNA");  
selectWindow(image1);  
run("Duplicate...", "duplicate channels=4 slices=number1-number2");  
run("Make Montage...", "columns=3 rows=2 scale=0.25");  
rename("DAPI");  
run("Gaussian Blur...", "sigma=2");  
setAutoThreshold("Otsu dark");  
run("Convert to Mask");  
run("Fill Holes");  
run("Erode");  
run("Erode");  
run("Erode");  
run("Create Selection");  
roiManager("Add");  
roiManager("Select", 1);  
roiManager("Rename", "Nuclei");  
selectWindow("LMNA");  
roiManager("Select", 1);  
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setBackgroundColor(0, 0, 0);  
run("Clear", "slice");  
run("Select None");  
run("Create Selection");  
run("Make Inverse");  
roiManager("Add");  
roiManager("Select", 2);  
roiManager("Rename", "NE");  
selectWindow(image1);  
run("Duplicate...", "duplicate channels=2 slices=number1-number2");  
run("Make Montage...", "columns=3 rows=2 scale=0.25");  
run("Enhance Contrast", "saturated=0.35");  
roiManager("Select", 2);  
run("Clear Outside");  
roiManager("Deselect");  
roiManager("Delete");  
dir=getDirectory("Choose Destination Directory");  
saveAs("Tiff", dir+image1);  
run("Close All");  
}  
 


