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1. INTRODUCTION 

 

1.1 MITOCHONDRIA  

Mitochondria are maternally inherited, cytoplasmic organelles that originated from 

symbiotic bacteria around two billion years ago1. They co-evolved with their host, such that 

most mitochondrial proteins are nuclear encoded2,3. Cells have hundreds or thousands of 

these organelles and the number not only vary among species but also among tissue types4. 

Mitochondria are important bioenergetic and biosynthetic factories critical for normal cell 

function and human health5. Moreover, they are responsible for energy production in 

eukaryotes, including the synthesis of phospholipids and heme, calcium homeostasis, 

apoptotic activation and cell death6,7,8. Mitochondrial biogenesis is influenced by 

environmental stress such as exercise, caloric restriction, low temperature, oxidative stress, 

cell division, renewal and differentiation. Mitochondrial biogenesis is accompanied not only 

by variations in number, but also in size and mass9. 

 

1.1.1 MITOCHONDRIAL STRUCTURE AND FUNCTION 

Mitochondria are generally described as static, rod-shaped structures ranging from 2 to 8 

micrometers scattered throughout the cytoplasm. 

Mitochondria are characterized by two membranes, the outer and the inner membrane (OM 

and IM, respectively). The two membranes delimit two aqueous compartments, the 

intermembrane space (IMS) between the OM and the IM and the matrix enclosed by the IM 

(Figure 1).  

 

Figure 1: Mitochondrial structure 
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The OM is a semipermeable barrier prevalently enriched by porins that allow the free 

passage from/to cytosol of ions or up to 5-6 kDa small molecules.   

The IMS, vice versa, is really selective, has a very high protein to phospholipids ratio (3:1) 

and is impermeable to molecules and even small ions. It contains multi-subunit complexes 

involved in generation of ATP (ATP synthase), in electron transport (cytochromes) and the 

Mitochondrial carriers (MCs) family, a highly represented group of solute and protein 

transporters10. It houses proteins involved in the assembly of respiratory chain components, 

in apoptotic signalling and protein import. The peculiarity of the IM is the folding into the 

cristae mitochondrialis, which enhance its surface area and thus the ability to produce ATP.  

The matrix contains about one third of the total amount of mitochondrial proteins, since most 

of mitochondrial processes occur in the matrix (e.g. oxidation of pyruvate, of fatty acids, and 

Krebs’ cycle). The solute environment of the matrix is dependent on the solutes and proteins 

transported across the IM.  

Mitochondria retain a small 16,5 Kb double-stranded circular DNA genome (mtDNA) that 

encodes 37 genes: 22 tRNAs, 2 rRNAs and 13 proteins, which are core constituents of the 

mitochondrial respiratory complexes I-IV that are embedded in the inner membrane9,11. 

Mitochondria possess about 900 different proteins in yeast and about 1,500 different proteins 

in humans12,13,14.  Ninety-nine percent of mitochondrial proteins is encoded by the nuclear 

DNA and synthesized on cytosolic ribosomes15. 

Within these organelles, sugars and long chain fatty acids are broken down, ADP is recycled 

back into ATP, steroids and lipids are synthesized, ancient DNA is replicated, transcribed 

and proteins are translated, along with numerous other reactions that are essential for human 

life16. 

 

1.1.2 MITOCHONDRIAL TARGETING SIGNALS 

Biogenesis of mitochondria is under the control of two genetic systems, their own genome 

and that of the cell nucleus. However, contribution of the mitochondrial genome to the 

mitochondrial proteome is very limited and does not exceed 1% of the total number of 

proteins. The biogenesis of mitochondria, therefore, depends on the import of several 

hundreds of proteins from the cytosol. Mitochondrial precursor proteins are delivered to the 

organelle by virtue of specific targeting signals (MTS)17,18. These signals are highly 

divergent in nature but are all recognized by the specialized receptor proteins, which are 

located in the mitochondrial outer membrane and expose their hydrophilic receptor domains 

to the cytosol19. The information which directs specific targeting of newly synthesized 

precursor proteins (preproteins) to mitochondria is in the amino-terminal portion of the 
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presequence20,21,22 . Presequences usually consist of 15 to 30 amino acid segments that are 

rich in positively charged and often hydroxylated amino acids23. Protein import into 

mitochondria is a highly regulated process that is coordinated by translocons on the outer 

membrane and the inner membrane24 (Figure 2). 

 

 

Figure 2: Two main protein import pathways of mitochondria. Presequences direct proteins 

through the TOM complex, TIM23 complex and motor PAM to the matrix; the 

mitochondrial processing peptidase (MPP) removes the presequences. Cleavable inner 

membrane proteins are laterally released from the TIM23 complex. Carrier precursors with 

internal targeting signals are recognized by the receptor Tom70, and translocated by the 

TOM complex and the Tim9–Tim10 chaperone of the intermembrane space. The TIM22 

complex promotes insertion of carrier proteins into the inner membrane. MtHsp70, matrix 

heat shock protein 70; PAM, presequence translocase-associated motor; TIM, translocase of 

the inner membrane; TOM, translocase of the outer membrane25. 

 

The receptors deliver the precursor proteins to the translocation channel of the TOM 

(translocase of the outer membrane) complex through which the preproteins cross the outer 

membrane. TOM is the major gateway for proteins to enter the mitochondria and contains 

import receptors for the initial recognition of preproteins (Tom20, Tom22, and Tom70) and 

membrane-embedded components that form the general import pore which facilitates the 

translocation of preprotein across the outer membrane (Tom40, Tom5, Tom6, and 

Tom7)26,27,28. The Translocase of the Inner Membrane (TIM23) mediates import for proteins 
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that typically have an amino-terminal targeting sequence and reside in the matrix, whereas 

the TIM22 translocon directs the import of the carrier proteins.  Together the translocation 

and assembly complexes coordinate assembly of the mitochondrion23. Tim50 is the first 

component of the TIM23 complex that interacts with precursors after they have been 

partially translocated across the outer membrane29. It is anchored into the mitochondrial 

inner membrane with a single transmembrane domain exposing its large C-terminal domain 

into the intermembrane space (IMS). Besides binding to the preproteins, this C-terminal 

domain also interacts with the N-terminal domain (amino acid residues 50–100) of Tim23, 

the other core complex of TIM23 together with Tim17. The TIM23 channel is formed by 

Tim17 and the C-terminal region of Tim2330. The accessory subunit Tim21 assembles with 

the TIM23 core complex to serve as a conduit to promote the transfer of substrates with a 

hydrophobic stop-transfer signal into the inner membrane in a membrane-potential 

dependent manner. The membrane potential Δψ serves as the initial driving force for protein 

translocation across the inner membrane by activating the Tim23 channel and promoting 

translocation of the positively charged presequences. For translocation of the entire 

preprotein into the matrix, a second driving force, the presequence translocase-associated 

motor (PAM), is essential31. Components of the PAM complex includes Tim44, 

mitochondrial Hsp70, the nucleotide exchange factor mGrpE (Mge1), and J-proteins Pam16 

and Pam18. mtHsp70 is the central component of the PAM complex as it pulls the precursor 

into the matrix. mtHsp70 consists of an N-terminal nucleotide-binding domain and a C-

terminal peptide-binding domain. Hsp70 chaperones use the energy of ATP hydrolysis at the 

nucleotide-binding domain to drive conformational changes of the peptide-binding domain, 

thereby altering its affinity for substrates32. In the case of mtHsp70, the substrates are the 

precursor polypeptides that are entering the mitochondrial matrix. The ATP-hydrolysis-

driven cycle allows Hsp70 chaperones to associate with unfolded protein substrates in the 

ATP form and then bind them tightly upon hydrolysis to ADP. Release of ADP and 

rebinding of ATP triggers the release of the bound substrate33.Co-chaperone Pam18 

stimulates the ATPase activity of mtHsp70, whereas co-chaperone Pam16 regulates Pam18. 

Tim44 is crucial for mtHsp70 and J-protein binding and association of the PAM complex 

with the membrane34. Mge1 is the nucleotide exchange factor that is required for completion 

of the mtHsp70 reaction cycle. Repeated mtHsp70-binding cycles drive the complete 

translocation of the precursors into the matrix, where the presequence is proteolytically 

removed by the mitochondrial processing peptidase (MPP). Thus, the TIM23 translocon is 

a dynamic and highly regulated machine3536. TOM and TIM23 complexes do not appear to 

form a stable super complex in the absence of the precursor19.  
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1.1.3 MITOCHONDRIA AND APOPTOSIS 

Programmed cell death serves as a major mechanism for the precise regulation of cell 

numbers and as a defense mechanism to remove unwanted and potentially dangerous cells. 

Despite the striking heterogeneity of cell death induction pathways, the execution of the 

death program is often associated with characteristic morphological and biochemical 

changes, and this form of programmed cell death has been termed apoptosis37. 

Apoptosis is an evolutionary conserved, intrinsic program of cell death that occurs in various 

physiological and pathological situations and is characterized by typical morphological and 

biochemical hallmarks, including cell shrinkage, nuclear DNA fragmentation and membrane 

blebbing 3839. The best characterized and the most prominent ones are called the extrinsic 

and intrinsic pathways. In both pathways, cysteine aspartyl-specific proteases (caspases) are 

activated, cleave cellular substrates, and this leads to the biochemical and morphological 

changes that are characteristic of apoptosis (Figure 3). 

 

 

                                     

Figure 3: Extrinsic and intrinsic apoptotic signaling pathways40. 
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In the extrinsic pathway (also known as “death receptor pathway”), apoptosis is triggered 

by the ligand-induced activation of death receptors at the cell surface. Death receptors are 

activated by their natural ligands, the TNF family41. When ligands bind to their respective 

death receptors, such as TNFR1-2, CD95, TRAIL-R1 (TNF-related apoptosis-inducing 

ligand-R1) or TRAIL-R2, the death domains (DD) attract the intracellular adaptor protein 

TRADD or FADD4243 (Fas-associated death domain protein, also known as MORT1), 

which, in turn, recruits the inactive proforms of certain members of the caspase protease 

family. The caspases that are recruited to this death-inducing signaling complex (DISC)44, 

caspase-8 and caspase-10, function as ‘initiator’ caspase for the signaling pathway45,46,47. 

In the intrinsic pathway (also called “mitochondrial pathway”), apoptosis results from an 

intracellular cascade of events in which mitochondrial outer membrane permeabilization 

(MOMP) plays a crucial role48. Upon cellular stress, the functional balance of proapoptotic 

BCL-2 (B-cell lymphoma 2) family members, such as BAX, BAK or BOK and anti-

apoptotic Bcl-2 family members such as BCL-2 or BCL-XL is shifted in favor of the pro-

apoptotic proteins. It appears that a third class of BH3-only proteins (BAD, BIK, BID, 

NOXA, PUMA, BNIP3 and BNIP3L49) and antiapoptotic BCL-2 proteins are positive and 

negative regulators of BAX/BAK, respectively50,51,52. It turns out a loss of mitochondrial 

transmembrane potential (∆Ψm) with the formation of mitochondrial permeability transition 

(MPT) pores53 and the release of pro-apoptotic proteins, normally sequestered from the 

intermembrane space, into the cytosol50. The BCL2-family members BAX, normally 

localized in the cytosol as a monomer, and BAK, normally localized in the mitochondria54, 

directly activated by the tumor suppressor p5355,  form pores in the outer mitochondrial 

membrane (OMM), which releases several proteins, including cytochrome c and SMAC 

(second mitochondria-derived activator of caspases)/Diablo, from the intermembrane space 

into the cytosol56. Once in the cytosol, cytochrome c and SMAC/Diablo participate 

independently in activating caspases57. Cytochrome c binds and activates monomeric 

APAF1, promoting a conformational change with the replacement of ADP by dATP or ATP, 

that permits the formation of the APAF1 heptameric apoptosome able to recruit and activate 

caspase-958,59,60,61. In the fully assembled complex, the NH2-terminal caspase recruitment 

domain (CARD) of Apaf-1 form a ring structure that sits above the central hub of the 

apoptosome62, and interactions with the CARD in the procaspase-9 prodomain recruit 

procaspase-9 into the apoptosome.  Binding of procaspase-9 to the apoptosome results in its 

activation, by proteolytic cleavage. Active caspase-9 cleaves and activates the main 

proteases of the apoptosis execution phase, effectors caspases-3 and -7 63. SMAC/Diablo 

facilitates caspase activation by binding the X-linked inhibitor of apoptosis protein (XIAP) 
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and promoting apoptosis by inhibiting IAP (inhibitors of apoptosis proteins) activity64, that 

specifically inhibit caspases 3, 7, and 9 and thereby prevent apoptosis65. 

Other pro-apoptotic proteins are released from the mitochondria during apoptosis and 

provoke nuclear condensation and chromatin fragmentation: AIF, endonuclease G and CAD. 

AIF translocates to the nucleus and causes DNA fragmentation into ~50–300 kb pieces and 

condensation of peripheral nuclear chromatin66. Endonuclease G also translocates to the 

nucleus where it cleaves nuclear chromatin to produce oligonucleosomal DNA fragments67. 

AIF and endonuclease G both function in a caspase-independent manner. CAD is 

subsequently released from the mitochondria and translocates to the nucleus where, after 

cleavage by caspase-3, it leads to oligonucleosomal DNA fragmentation and a more 

pronounced and advanced chromatin condensation68,47 . 

One example of the “cross-talk” between the death-receptor (extrinsic) pathway and the 

mitochondrial (intrinsic) pathway45 happens when mitochondrial damage in the Fas pathway 

of apoptosis is mediated by the caspase-8 cleavage of  pro-apoptotic BID (BH3-family) that 

translocate to the mitochondria to release cytochrome c 47. 

  

1.1.4 RELEVANCE OF MORTALIN (MThSP70) TO CANCER CELLS 

Cancer cells depend heavily on mitochondria, a key organelle for regulation of metabolism, 

survival and death signaling69. Mortalin/mtHsp70 has been shown to be highly expressed in 

cancer cells and to promote proliferation, metastasis and angiogenesis, and downregulate 

apoptotic signaling. It has been shown to interact with p53, telomerase and hnRNP-K in 

cancer cells70,71. It was shown to contribute to carcinogenesis by sequestrating the wild type 

p53, a key tumor suppressor protein, in the cytoplasm resulting in an abrogation of its 

transcriptional activation function72. Whereas p53 is inactivated by mortalin in cancer cells, 

telomerase and hnRNP-K are activated and were shown to contribute to malignant 

transformation. Increased mortalin expression was shown to inhibit p53-BAX interactions 

and activate AKT that are required for apoptotic signaling and to mediate resistance of 

ovarian cancer cells to cisplatin73. 
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1.2  MAGMAS 

Magmas (mitochondria-associated protein involved in granulocyte-macrophage colony-

stimulating factor signal transduction) was identifies as a GM-CSF inducible gene in 

PGMD1 murine myeloid cells 74.  61 Magmas homologs were analyzed in 52 species 

distributed among animals, plants and fungi and it was seen that all members possess three 

novel sequence motifs in addition to a conserved leader peptide. Analysis of Magmas gene 

organization demonstrated incremental intron acquisition in plants and vertebrates75. 

In humans it has been localized on the 16p13.3 chromosome with a genome of 11,16 Kb. It 

has 5 exons and encodes for the mitochondrial protein Tim16 of 125 aa76 (Figure 4). 

 

Figure 4: human Magmas genome and protein organization 

 

Tim16 is member of the translocase complex TIM23, located in the mitochondrial inner 

membrane, that drives proteins from the intermembrane space into the matrix and its 

expression is both developmentally regulated and tissue specific77. The protein is highly 

conserved, and is required for mitochondria function and cell survival. Immuno-precipitation 

and immunoaffinity chromatography studies show that Magmas mostly associates with other 

mitochondrial proteins. Reduction in Magmas expression results in decreased mitochondrial 

function75. 

The yeast ortholog of Tim16, Pam16, has been shown to functionally interact with another 

protein Pam18 (Tim14), to regulate the importation of peptides into the mitochondria 

through the import complex78. Studies have also established that the functional 

Tim14/Tim16 complex is a heterodimer79,80,81.  

Tim16 and Tim14 together with Tim44, mtHsp70 and Mge1 form the PAM (Protein 

associated Motor) complex of TIM23. The ADP/ATP states of Hsp70 regulate its 

interactions with client proteins 82,83. However, the basal ATPase activity of Hsp70 is not 

sufficient to drive the reactions efficiently and, thus, requires J-proteins as cofactors to 

stimulate its ATPase activity84,85,86. Hence, J-proteins are the critical components of the 

Human 
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Hsp70 chaperone machine and drive the multifunctionality of Hsp70s84. In yeast, 

mitochondrial import motor consists of a single J-protein, Pam18, which stimulates yeast 

mitochondrial Hsp70 (Ssc1) ATPase activity and forms a heterodimeric subcomplex with 

Pam16, a J-like protein that inhibits its ATPase stimulatory activity and thereby exerts a 

regulatory role on the overall activity of import motor and the transport process33,87,88,89. 

Homologs of Pam16 and Pam18-like proteins are found across all eukaryotic species. 

In contrast to yeast, which has a single J-protein Pam18, humans involve two J-proteins, 

Tim15 and Tim14, able to form two distinct subcomplexes with Tim16 at the import 

channel90. 

 

1.2.1 J-PROTEINS 

J-domain is a general feature of molecular chaperones that are highly conserved throughout 

evolution. Prokaryotic and eukaryotic Hsp70 proteins, for example, are over 50% identical 

at the amino acid level. The DnaJ family of molecular chaperones however, share this 

conservation only within a single 70 amino acid domain called the J-domain, and outside of 

this region the family is greatly divergent. Members of the J-protein family function as 

coupling factors to stimulate ATP hydrolysis by a partner Hsp70 when a polypeptide is 

present in its substrate-binding pocket.  

DnaJ family has been classify upon the degree of domain conservation with E. coli DnaJ: 

type I- full domain conservation with N-terminal J-domain that is linked by a glycine-rich 

region to a zinc-finger domain followed by a carboxy-terminal domain; type II-  N-terminal 

J-domain and G/F domains; type III-  J-domain only91. The domain consists of four helices, 

the second of which has a charged surface that includes at least one pair of basic residues 

that are essential for interaction with the ATPase domain of Hsp7092. Further residues on the 

same face of this helix show backbone amide-proton chemical shifts in the presence of 

Hsp70, which indicates that they form an entire surface that is occluded in the transient 

DnaJ–Hsp70 complex93.  Flexibility in the isolated J-domain is constrained on docking with 

the surface of the Hsp70 partner, as the J- domain assumes a fit with a bend induced in helix 

II94. The turn between helix II and III has the sequence triptych HPD, which is essential for 

the interaction of the protein with Hsp7093,95.  

Although Pam18 and Pam16 have significant sequence similarity, particularly in their J-

domain regions, significant differences exist as well. Pam18 has a single transmembrane 

domain, with 60 N-terminal amino acids extending into the intermembrane space 

(IMS)31,96,97. Pam16 does not extend into the IMS, and it has been classified as a peripheral 

membrane protein80,88. Tim16 is a J-like protein as it contains a domain with sequence 
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similarity to the J-domain of Tim14 but lacks the invariant tripeptide motif His-Pro-Asp 

(HPD), a signature of J proteins, having a DKE motif instead. Pam18 and Pam16 form a 

heterodimeric complex, which is defined here as J-complex, and they strongly interact in a 

hydrophobic pocket that includes L150 of Pam18 and L97 of Pam16, leaving the conserved 

HPD motif of Pam18 available for stimulating Hsp70 ATPase activity33 (Figure 5). 

 

Figure 5: Domain organization of Pam16 and Pam18. (A) Pam18: aa 1-60, intermembrane 

space (IMS); aa 65-83, transmembrane (TM); aa 101-168, J-domain (J). Pam16: aa 1-29, 

hydrophobic (H); aa 54-117, J-like domain (J). Amino-acid alterations analyzed in this report 

are indicated by asterisks or, in the N terminus of Pam16, by a dotted line, indicating K19, 

E23, R26, and Q27. The segment of Pam18 and Pam16 used in structural determination33  is 

indicated by the solid line. (B) Interaction of Pam18 and Pam16 J-domians88. 

 

Pam16 plays a major role in translocon association, as alterations affecting the stability of 

the Pam18:Pam16 heterodimer dramatically affect association of Pam18, but not Pam16, 

with the translocon88. The molecular function of Pam16 in the protein import motor 

remained unknown, but it is known that it inhibits the Pam18-mediated stimulation of the 

ATPase activity of mtHsp7098 . 

Alterations that destabilized the Pam16:Pam18 heterodimer had deleterious effects on cell 

growth and mitochondrial protein import79. Mutations that destroy the complex seems to be 

lethal demonstrating that complex formation is an essential requirement for the viability of 

cells32. 
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1.2.2 MAGMAS AND NEOPLASIES  

Magmas, that encodes for the 13-kDa mitochondrial protein Tim16, is ubiquitously 

expressed in eukaryotic cells and it was identified as a granulocyte-macrophage-colony 

stimulating factor (GM-CSF) inducible gene in hematopoietic cells. Although Magma's role 

in key cellular processes is still not entirely clear, some studies have highlighted a possible 

correlation between Tim16’s over-expression and key events such as cell growth and 

apoptosis. Because GM-CSF receptor levels are elevated in prostate cancer, Magmas 

expression was examined in normal and neoplastic tissue. Magmas was found to be over-

expressed in 50% prostate cancer, regardless to changes in mitochondrial content, suggesting 

a role for this gene in tumor development99.  

Studies conducted in our laboratory demonstrated that Magmas mRNA is over-expressed in 

72% human pituitary adenomas as well as in ACTH-secreting mouse pituitary adenoma cell 

lines (AtT-20 D16v-F2 cells) compared to their respective human and murine normal 

counterparts (Figure 6).  Fluorescence microscopy analysis showed that such over-

expression lies in the mitochondria, and RQ-PCR experiments suggest that Magmas over-

expression is not parallel to increased expression of other mitochondrial proteins. Magmas 

silencing determined a reduced rate of DNA synthesis, an accumulation in G0/G1 phase, and 

a concomitant decrease in S phase in At-T20 D16v-F2 cells, supporting the hypothesis that 

Magmas may play a role in tumor development by protecting neoplastic cells from apoptosis 

and by promoting cell proliferation. Moreover, Magmas-silenced cells displayed basal 

caspase 3/7 activity and DNA fragmentation levels similar to control cells, which both 

increased under pro-apoptotic stimuli100.  

 



 15 

 

 

Figure 6:  Identification of Magmas cDNA by DD-PCR and expression levels of Magmas, 

Timm23, and DNAjc19 genes in AtT-20 and AtT-20 D16v-F2 cell lines. A) The arrow 

indicates Magmas cDNA fragments. B) The 273-bp cDNA was used as a probe to confirm 

the expression of Magmas (_0.5 kb) by Northern blot analysis in a pool of mouse normal 

pituitary mRNAs and in the AtT-20 and AtT-20 D16v-F2 cell lines. Magmas mRNA signal 

was normalized to mouse 18S RNA (bottom panel). C) Expression of mouse Magmas, 

Timm23, and DNAjc19 genes in AtT-20 and AtT-20 D16v-F2 cell lines was determined by 

RQ-PCR and normalized to L37 as a housekeeping control. RQ-PCRs were run in triplicate, 

and the data are presented as a fold change of mRNA levels in target gene expression (mean 

_ SE) in the cell lines relative to the normal pituitary pool (NP). *, P _ 0.05100. 

 

The protective role of Magmas toward apoptotic stimuli was also confirmed in two GH-

secreting rat pituitary adenoma cell lines, where Magmas over-expression protects from 

apoptosis by inhibiting staurosporine-induced cytochrome c release from mitochondria, 

influencing BAX and Bcl2 modulation by proapoptotic stimuli101.  

These data point to a role for Magmas in tumor resistance to proapoptotic stimuli (such as 

chemotherapic drugs), indicating that Magmas inhibition may represent a successful strategy 

to overcome chemoresistance102.  

Magmas has been also identified as a ‘reactive oxygen species (ROS) regulator’.  Over-

expression of Magmas led to reduction in ROS and increased cellular tolerance to oxidative 

stress, whereas its downregulation elevated the cellular ROS level and made the cells more 

susceptible to ROS-mediated apoptosis. Magmas enhances the activity of electron transport 
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chain (ETC) complexes, causing reduced ROS production suggesting that J-like domain of 

Magmas is essential for maintenance of redox balance103. 

Recently a homozygous missense Magmas mutation (pAsn76Asp) was reported in patients 

from two unrelated Lebanese families, affected with a rare lethal spondylometaphyseal 

dysplasia: Megarbane– Dagher–Melki type, a Skeletal dysplasias (SD) characterized by pre- 

and postnatal disproportionate short stature, short limbs, cardiomegaly, bone malformations, 

and early death104,105. The pAsn76Asp mutation lies in the helix II of Magmas J-like domain. 

The latter domain forms, with the J-domain of DNAJC19 (Tim14), a stable heterodimeric 

subcomplex. This is the first report linking a mutation in Magmas gene with a human 

developmental disorder, connecting this mitochondrial protein in the ossification process106. 

A second homozygous mutation (pQ74P) was reported on a 5 years old child107.  

 

1.2.3 MAGMAS INHIBITORS 

Concerning the involvement of Magmas gene in human tumors such as prostate cancer or 

invasive adenocarcinoma, where a higher amount of Tim16 in the abnormal cells is not due 

to an increased number of mitochondria, small molecule of Magmas inhibitors (SMMI) have 

been synthesized. To study if these SMMI could be beneficial for studying mitochondrial 

function and for diagnosing and treating human disease, the first molecules where tested in 

Saccharomyces cerevisiae and mice, where these molecules were biologically active. This 

study showed that compound 9 (Figure 7) was predicted to bind at the dimer interface 

establishing multiple idrophobic contacts with both Tim14 (L100, K111, L114, Q115, T120) 

and Tim16 (F95) residues, resulting in complex dissociation. In addition, compound 9 likely 

interfered with the N-terminal arm of Tim14 that interacts with Tim16 helix III, known to 

be necessary for complex formation and function. Moreover, they shown that an 

overexpression of Magmas reduces sensitivity to SMMI 981. 

 

Figure 7: Model of SMMI 9 binding in the Tim14–Tim16 interface pocket. The predicted 

Tim14–Tim16 binding pocket surface is color coded according to protein binding properties 
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(white: neutral surface; green: hydrophobic surface; red: hydrogen bonding acceptor 

potential; blue: hydrogen bond donor potential; brown; SMMI 9)81 . 

 

Our laboratory together with the Dept. of Chemical and Pharmaceutical Sciences of the 

University of Ferrara, synthesized 6 compounds, derived from compound 9, challenging 

their effect toward the proapoptotic effects of staurosporine in TT cell line, deriving from a 

human medullary thyroid carcinoma (MTC). One of these molecules, the compound 5, 

turned out to be not cytotoxic but enhanced the proapoptotic effects of staurosporine by 

reducing mitochondrial membrane potential (MMP) activation102 (Figure 8). 

 

 

 

 

Figure 8: Effects of compounds 1, 2, 3, 4, and 5 on cell viability and apoptosis. TT cells 

were treated with increasing doses (1−10 μM) of compound 1 (black line) or compound 2, 

3, 4, or 5 (gray line), renewing the treatment every 24 h. After 72 h, cell viability was   

measured by ATPlite assay (A) and apoptosis activation was measured by caspase 3/7 assay 

(B). ∗∗ indicates P < 0.01 vs control cells. (E) Effects of compound 5 5 and 10 μM in 

combination with staurosporine 50 nM on cell viability and apoptosis. ∗∗ indicates P <  0.01 

vs control cells. # indicates P < 0.05 and ## indicates P < 0.01 vs staurosporine-treated 

cells102. 

 

 

Mass spectrometry studies have demonstrated that compound 5 was entirely present inside 

mitochondria of TT cell line, while it was absent in the medium.  
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Furthermore, our lab silenced Magmas in MCF7 cells by specific shRNA and found that 

compound 5 sensitizes control MCF7 cells to the pro-apoptotic stimuli of doxorubicin and 

cisplatin, but fails to do so in silenced cells, indicating that compound 5 targets Tim16 and 

that Tim16 levels modulate the chemosensitizing effects of compound 5 (Figure 9).  

 

 

 

 

Figure 9: Effects of compound 5, doxorubicin and cisplatin on cell viability in MCF7 cells 

(A), MCF7_S transfected with the scramble shRNA (B) and MCF7_shM4 silenced with a 

shRNA (C). (* p< 0,05 vs ct, ** p< 0,01 vs ct, # p < 0,05 vs doxorubicin treated-cells, ## p 

< 0,01 vs doxorubicin treated-cells, ++ p < 0,01 vs cisplatin treated-cells). 

 

The evidence that Magmas down-regulation sensitizes pituitary cells to proapoptotic stimuli 

prompted the search for chemical compounds that may be effective in reducing Magmas 

function. The availability of such compounds may indeed represent a powerful therapeutic 

tool to enhance tumor sensitivity to drugs inducing apoptosis, thereby contrasting the 

proliferative tumor potential.  These data suggested that these compounds may be useful in 

association with classical chemotherapeutic drugs for cancer treatment.  

This strategy would allow a reduction of the chemotherapeutic agent effective dose, with a 

consequent decrease in side effect development, overcoming also chemoresistance. 
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1.3 CHEMORESISTANCE  

Chemotherapy is one of the principal modes of treatment for cancer, but the effectiveness of 

chemotherapy is limited by drug resistance. Resistance to chemotherapeutics can be divided 

into two broad categories: intrinsic or acquired. Intrinsic resistance indicates that before 

receiving chemotherapy, resistance-mediating factors pre-exist in the bulk of tumor cells that 

make the therapy ineffective. Acquired drug resistance can develop during treatment of 

tumors that were initially sensitive and can be caused by mutations arising during treatment, 

as well as through various other adaptive responses, such as increased expression of the 

therapeutic target and activation of alternative compensatory signaling pathways108. 

Moreover, it is increasingly recognized that tumors can contain a high degree of molecular 

heterogeneity109, thus drug resistance can arise through therapy-induced selection of a 

resistant minor subpopulation of cells that was present in the original tumor110. Overcoming 

intrinsic and acquired drug resistance is a major challenge in treating cancer patients because 

chemoresistance causes recurrence, cancer dissemination and death. 

Chemoresistance causes disease relapse and metastasis, challenges the improvement of 

clinical outcome for the cancer patients, and remains the main obstacle to cancer therapy111. 

Most cancers are intrinsically resistant to chemotherapy or become resistant after an initial 

partial response112. Chemoresistance, whether intrinsic or acquired, is attributable to genetic 

or epigenetic processes taking place in neoplastic cells113. Several explanations for drug 

resistance have been put forward: (a) decreased accumulation of drug within cells because 

of reduced inward transport or increased drug efflux; (b) enhanced inactivation or 

detoxification of the drug; (c) failure to convert the prodrug to its active form; (d) altered 

amounts or activities of target proteins; (e) enhanced capacity for DNA repair; and (f) 

increased resistance to apoptosis. Multiple factors in that list appear to coexist in cancer 

cells. An increased understanding of mechanisms underlying drug resistance may lead to the 

development of more successful therapeutic protocols114. 

The use of modern genomic, proteomic and functional analytical techniques has resulted in 

a substantial increase in the ability to identify novel genes and signaling networks that are 

involved in determining the responsiveness of tumors to a particular drug treatment. 

Moreover, the use of high-throughput techniques in combination with bioinformatics and 

systems biology approaches has aided the interrogation of clinical samples and allowed the 

identification of molecular signatures and genotypes that predict responses to certain drugs. 

In addition, such approaches can identify novel therapeutic targets for overcoming or 

bypassing drug resistance. As the understanding of the molecular biology of cancer has 
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advanced, drug development has shifted towards agents that target specific molecular 

alterations in tumors. These ‘molecularly targeted therapies’ have had varying degrees of 

success because a diverse range of resistance mechanisms have limited patient responses110.  

 

1.3.1 MEDULLARY THYROID CANCER 

Medullary thyroid cancer (MTC) accounts for 3%–4% of all thyroid cancers115,116. The 

clinical course of MTC can be indolent, remaining unchanged for years, or it can be 

aggressive, associated with high mortality. Although the majority of MTC cases are sporadic 

(70-80%), approximately 20-30% are hereditary because of a germline mutation in the 

‘REarranged during Transfection’ (RET) proto-oncogene, transmitted as an autosomal 

dominant trait117,118,119, 120,121. Sporadic MTC (sMTC) can arise clinically at any age but its 

incidence peaks between the fourth and sixth decade of life. Patients with sporadic MTC 

usually present a palpable thyroid nodule. Clinical neck lymph node metastases are detected 

in half of patients and may reveal the disease. Metastases outside the neck, in the liver, lungs 

or bones are present initially in 20% of cases122. Hereditary MTC can present in isolation 

(familial medullary thyroid cancer [FMTC]) or as part of the multiple endocrine neoplasia 

syndrome type 2 (MEN2; MEN2A or MEN2B).  

Genetic abnormalities are present in MTC, and hereditary forms are characterized by 

germline RET mutations while sporadic MTC showed somatic alterations in 40-60% of 

patients123. 

MTC arises from the neural crest, specifically the parafollicular C cells of the thyroid gland 

and for this reason is considered a neuroendocrine tumor. Although the C cells are located 

throughout the thyroid gland, they are predominant at the junction of the upper third and 

lower two-thirds, which is where the majority of MTCs are found. C cells secrete a variety 

of peptides and hormones, and MTC is characterized by the secretion of calcitonin, which is 

used as a diagnostic and prognostic marker in MTC124. 

 

1.3.2 MTC AND CHEMORESISTANCE  

The only effective MTC treatment is surgical resection of the tumor and the most difficult 

problem is treatment of unresectable metastatic MTC125.  

Pharmacological cancer therapy for decades was performed with non-targeted mostly DNA-

interacting cytostatic drugs. Administration of these so-called conventional cytostatics 

usually is entailed with severe side-effects126. One of the main disadvantages of those 

substances is that they do not specifically target cancer cells but all (also benign) rapidly 
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dividing cells. This non-specific mechanism of action was the rationale to develop 

specifically targeted anti-cancer Tyrosine kinase inhibitors (TKI). Initially, great 

expectations were associated with these drugs; some were met, others not. TKI are a very 

worthy additional option for physicians in clinical management of certain types and lines of 

cancer treatment127. Small-molecule inhibitors of RET, including vandetanib128 and 

cabozantinib129, have been demonstrated to extend the PFS of patients with progressive, 

advanced-stage MTC, and are both now approved in the USA and EU for use in such 

patients. Interestingly, the available RET TKIs are also potent inhibitors of VEGFR, leaving 

open questions as to whether RET inhibition in addition to inhibition of VEGFR and/or other 

kinases might also contribute to the clinical effectiveness of these agents. Other small-

molecule multikinase inhibitors that block VEGFR signalling have shown promise in the 

treatment of radioactive iodine (RAI)-refractory differentiated thyroid cancer (DTC): 

sorafenib and lenvatinib are approved for use in the metastatic setting130. Metastatic MTC 

responds poorly to conventional treatments with chemotherapy and 

radiotherapy131. Doxorubicin treatment resulted in tumor response rates between 0% and 

20% in patients with recurrent MTC. In these trials, all responses were partial and lasted 

only a few months. Combination therapy with doxorubicin and cisplatin yielded response 

rates similar to those achieved with doxorubicin alone, but with additional major toxic 

effects132. The aim of the introduction of these targeted therapies is to extend life duration 

while assuring a good quality of life. Toxicities of many of these new therapies, although 

less life-threatening than cytotoxic chemotherapies, are common and can be dose limiting, 

and clinicians should be familiar with recognizing and managing the side effects if they 

intend to use these agents133. Even if PFS of patients treated with TKI therapy is significantly 

longer, the chemoresistance problem is still existing.  

The challenge is to find novel therapeutic approaches in overcoming chemoresistance and 

the MTC cell line, TT cells, are a good chemoresistent candidate for these studies134.  

 

1.3.3 BREAST CANCER 

Breast cancer is the second most common cancer in the world, but is the most common 

malignancy in women and it has a high incidence and mortality rate, with 1,384,155 (25% 

of all cancers) estimated new cases worldwide with nearly 459,000 related deaths.135,136. One 

in eight women in the United States will develop breast cancer in her lifetime and it has been 

predicted that the worldwide incidence of female breast cancer will reach approximately 3.2 

million new cases per year by 2050137. The disease is the single commonest cause of death 
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among women aged 40-50138.  Only 5–10% of breast cancer cases are hereditary, however, 

for women with germline BRCA mutations, the breast cancer risk is substantial. Women 

with BRCA1 and BRCA2 mutation-associated breast cancer also face elevated risk of 

second malignancies139. There are many types of breast cancer and they can be broadly 

categorized into in situ carcinoma and invasive (infiltrating) carcinoma140. Moreover, the 

type of breast cancer is determined by the specific cells in the breast that are affected. Most 

breast cancers begin in the cells that line the ducts (ductal cancers). Some begin in the cells 

that line the lobules (lobular cancers)141. However, the most common types are ductal 

carcinoma in situ, invasive ductal carcinoma, and invasive lobular carcinoma. While the 

histological classification scheme has been a valuable tool for several decades, it has become 

necessary to more accurately stratify patients based on relative risk of recurrence or 

progression140. Clinically, this heterogeneous disease is categorized into three basic 

therapeutic groups. The estrogen receptor (ER) positive group is the most numerous and 

diverse, with several genomic tests to assist in predicting outcomes for ER+ patients 

receiving endocrine therapy142,143. The HER2 (also called ERBB2) amplified group144  is a 

great clinical success because of effective therapeutic targeting of HER2, which has led to 

intense efforts to characterize other DNA copy number aberrations145,146. Triple-negative 

breast cancers (TNBCs, lacking expression of ER, progesterone receptor (PR) and HER2), 

also known as basal-like breast cancers147, are a group with only chemotherapy options, and 

have an increased incidence in patients with germline BRCA1 mutations 148,149 or of African 

ancestry150. 

 

1.3.4 BREAST CANCER AND CHEMORESISTENCE 

 Four types of breast cancer, including Basal (also known as, triple negative), HER2 (human 

epidermal growth factor receptor 2) positive, Luminal A (estrogen-receptor and/or 

progesterone-receptor positive, HER2 negative), and Luminal B (estrogen-receptor and/or 

progesterone-receptor positive, HER2 positive or negative)151 demonstrate phenotypic and 

genotypic heterogeneity, which is a common feature of breast cancer152. Heterogeneity is 

considered a dilemma for breast cancer therapy153. Early detection is key for patients; with 

a >90% 5-year survival rate for patients diagnosed at stages 0, I or II.  Approximately 10% 

of patients present with stages III and IV, where treatment options are determined on an 

individual patient basis. For advanced breast cancer, traditional chemotherapy and radiation 

can be used.  Primary breast cancers without distant spread are highly curable with local or 

regional treatment. However, most women with primary breast cancer have subclinical 
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metastases and eventually develop distant metastases that complicates the curability of the 

disease. Over the past several decades, breast cancer survival rates have significantly 

improved154. While many factors are credited, including the development of early detection 

methods, this improvement can be attributed to the development of new treatment modalities 

and new drugs. Regimens based on anthracyclines (doxorubicin, daunomycin, and 

epirubicin)155 and taxanes (paclitaxel and docetaxel)156157 are the most frequently used 

combination therapy for breast cancers. However, the response rates remain suboptimal158. 

Taxane chemotherapy is one of the most common therapeutic options in breast cancer; 

however, its effectiveness usually decreases progressively until it reaches a point where the 

treatment must be modified. As seen in clinical practice, after multiple rounds of treatment, 

triple negative tumors acquired resistance to the drug; this resistance, once present, remained 

even if the treatment was not supplied159. The MDR1-encoded Pgp is responsible for 

multidrug resistance in cultured cells exposed to antitumor agents, including doxorubicin, 

vincristine, and taxanes, etoposide, teniposide, Actinomycin D. Many of these agents are 

used to treat breast cancers160. It has been seen in previous studies that the human cell line 

MCF7, deriving from a pleural effusion of a patient with metastatic breast cancer, is able to 

reproduce this chemoresistance towards doxorubicin, resulting a good model for these 

studies161,162. 

 

1.4 ANIMAL MODELS  

Animal models can be an essential tool in the delineation of human disease pathophysiology, 

as well as a test bed for potential therapeutic strategies. Animal models represent a good tool 

to predict human outcomes and to determine safety margins and toxicity. In the following 

studies the focus will be on two different models, xenograft mice and zebrafish. 

 

1.4.1 SUBCUTANEOUS XENOGRAFT MICE 

Mouse models of cancer have consistently been used to determine the in vivo activity of new 

anti-cancer therapeutics prior to clinical development and testing in humans. The most 

common models are xenografts of human tumors and cell lines grown subcutaneously in 

immunodeficient mice such as athymic (nude) or severe combined immune deficient (SCID) 

mice. These mouse strains exhibit very high take rates for xenografts, making them ideal 

hosts for in vivo propagation of human tumor cells. Xenograft tumors are usually established 

via subcutaneous inoculation of a predetermined number of tumor cells into the flank of nude 
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mice. Xenograft models are commonly used to determine ideal drug dosing, treatment 

schedules, and routes of drug administration that maximize anti-tumor efficacy and 

therapeutic window. To study the in vivo effects of the compound 5102,  the Tim16 inhibitor, 

in combination with the chemotherapeutic drug paclitaxel, nude mice were injected 

subcutaneously with MTC cells. Previous in vitro studies conducted in our lab on TT cell 

line shown that compound 5 was able to increase the effect of paclitaxel by 14% and to 

reduce basal and pentagastrin induced calcitonin secretion.  

 

1.4.2 ZEBRAFISH  

The zebrafish (Danio Rerio) is one of the most important vertebrate model organisms in 

genetics, developmental biology, neurophysiology and biomedicine163,164,165. Since 1970s, 

the zebrafish has become increasingly important to scientific research as a genetically 

tractable vertebrate model system. Through the 1980s, the development of zebrafish genetic 

techniques, such as ‘cloning’166 , mutagenesis 167,168,169,170,  transgenesis171 and mapping 

approaches172, underpinned the use of zebrafish to apply invertebrate-style forward genetics 

to questions of vertebrate development. The zebrafish is a tropical freshwater fish belonging 

to the family Cyprinidae, native to Southeast Asia173. Zebrafish have a number of unique 

features that have contributed to its attraction, such as its rapid development, easy 

maintenance in the laboratory, large number of offspring, transparency of embryos and 

access to experimental manipulation174. It is a small (3-5 cm), robust fish, so large numbers 

can be kept easily and cheaply in the laboratory, where it breeds all year round. Females can 

spawn every 2-3 days and a single clutch may contain several hundred eggs. Generation time 

is short, typically 3-4 months, making it suitable for selection experiments. Zebrafish eggs 

are large relative to other fish (0.7 mm in diameter at fertilisation) and optically transparent, 

the yolk being sequestered into a separate cell. Furthermore, fertilization is external so live 

embryos are accessible to manipulation and can be monitored through all developmental 

stages under a dissecting microscope. Development is rapid, with precursors to all major 

organs developing within 36 hours and larvae displaying food seeking and active avoidance 

behaviors within five days post fertilisation, i.e. 2-3 days after hatching 175,176(Figure 10).  

Zebrafish possess 26,206 protein-coding genes177 , more than any previously sequenced 

vertebrate, and they have a higher number of species-specific genes in their genome than do 

human, mouse or chicken. A direct comparison of the zebrafish and human protein-coding 

genes reveals a number of interesting features. 71.4% of human genes have at least one 
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zebrafish orthologue, reciprocally, 69% of zebrafish genes have at least one human 

orthologue178.  

 

Figure 10: Life cycle of the zebrafish. Zebrafish develop rapidly from one one-cell zygote 

that sits on top of a large yolk cell. Gastrulation begins approximately 6 h post fertilization, 

hatching at 2 days as a free-swimming larva. Zebrafish reach sexual matu- rity around 3 

months of age and can live for up to 5 years. 

 

1.4.3 TOXICITY TEST IN ZEBRAFISH 

Zebrafish embryo (Danio Rerio) has emerged as a useful prototype for investigating 

vertebrate development and as a promising alternative model for developmental toxicity 

screening179. Their transparency makes them well suitable for embryo-larval toxicity tests 

which are generally more sensitive than toxicity tests with juvenile and adult fish. Moreover, 

the high cost and the long-term assessment of developmental toxicity testing in mammals, 

the vertebrate zebrafish has become a useful alternative model organism for high-throughput 

developmental toxicity testing180. Acute fish toxicity tests are required for the testing of 
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chemicals, pesticides, biocides and pharmaceuticals for environmental risk assessment 

(Commission of the European Communities 1967, 1991, 1992, 1993a, b, 1994; 

CVMP/VICH 2000; EMEA/CHMP 2006; VICH 2004). In a number of countries (OSPAR 

2000) they are also used for routine testing of waste water effluents174. Acute toxicity in fish 

embryos correlates very well with acute toxicity in adults. Originally designed as an 

alternative for the acute fish toxicity test according to, e.g., OECD TG 203181, the fish 

embryo test (FET) with the zebrafish has been optimized, standardized, and validated by the 

Working Group of the National Coordinators (WNT) of the OECD Test Guideline Program 

in 2013 (OECD 2013)182 and adopted as OECD TG 236 as a test to assess toxicity of 

embryonic forms of fish.  Given its excellent correlation with the acute fish toxicity test and 

the fact that non-feeding developmental stages of fish are not categorized as protected stages 

according to the new European Directive 2010/63/EU on the protection of animals used for 

scientific purposes, the FET is ready for use not only for range-finding but also as a true 

alternative for the acute fish toxicity test, as required for a multitude of national and 

international regulations. If, for ethical reasons, not accepted as a full alternative, the FET 

represents at least a refinement in the sense of the 3Rs principle183.  According to the 

procedure specified by OECD TG 236 (OECD 2013), newly fertilized zebrafish embryos 

are exposed to the test chemical for a total of 96 h. Every 24 h, up to four apical observations 

are recorded as indicators of lethality184,185,186: (1) coagulation of fertilized eggs, (2) lack of 

somite formation, (3) lack of detachment of the tail bud from the yolk sac, and (4) lack of 

heartbeat. In order not to miss the possible very early adverse effects on zebrafish 

development, particular care has to be taken to initiate exposure as early as possible (at latest 

1.5 h after fertilization) (Figure 11).  
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Figure 11: Scheme of the zebrafish embryo acute toxicity test procedure (from left to 

right): production of eggs, collection of the eggs, pre-exposure immediately after 

fertilization in glass vessels, selection of fertilized eggs with an inverted microscope or 

binocular and distribution of fertilized eggs into 24-well plates prepared with the respective 

test concentrations/controls, n = number of eggs required per test concentration/control (here 

20), hpf = hours post-fertilization. 
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1.5 GENOME EDITING 

Targeted genome editing has become a powerful genetic tool for studying gene function or 

for modifying genomes. These advances in the comprehension of the genetic basis of disease 

have improved the understanding of disease mechanisms and pointed toward potential 

therapeutic strategies. A rapidly developing alternative technology to manipulate gene 

expression is genome editing, which, in contrast to gene-transfer approaches, uses 

programmable DNA nucleases. Four genome-editing platforms currently predominate the 

field: meganucleases, zinc-finger nucleases (ZFNs), transcription activator-like effector 

nucleases (TALENs), and the (clustered regularly interspaced short palindromic repeat) 

CRISPR–Cas9 system187(Figure 12). All of them can achieve precise genetic modifications 

by inducing targeted DNA double-strand breaks (DSBs)188. Foundational to the field of gene 

editing was the discovery that targeted DNA double strand breaks (DSBs) could be used to 

stimulate the endogenous cellular repair machinery. Breaks in the DNA are typically 

repaired through one of two major pathways—homology-directed repair (HDR) or 

nonhomologous end-joining (NHEJ)189. HDR relies on strand invasion of the broken end 

into a homologous sequence and subsequent repair of the break in a template-dependent 

manner190. Alternatively, NHEJ functions to repair DSBs without a template through direct 

relegation of the cleaved ends191. This repair pathway is error-prone and often results in 

insertions and/or deletions (indels) at the site of the break. Stimulation of NHEJ by site-

specific DSBs has been used to disrupt target genes in a wide variety of cell types and 

organisms by taking advantage of these indels to shift the reading frame of a gene192. 
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Figure 12: The mechanisms of genome editing and DSB repair. Zinc-finger nuclease (ZFN), 

transcription activator-like effector nuclease (TALEN) and CRISPR–Cas systems can 

induce double-strand breaks (DSBs) in DNA. One of two mechanisms repairs the DSB to 

achieve genome editing: non-homologous end joining (NHEJ) or homology-directed repair 

(HDR). NHEJ disrupts the target gene through insertions or deletions, whereas HDR inserts 

donor DNA template into the target genomic region to install insertions, deletions or 

alterations of genomic sequences. sgRNA, single guide RNA187. 

 

Programmable nuclease-mediated NHEJ can disrupt disease-causing genes permanently. It 

is possible to use NHEJ to restore the reading frame of a dysfunctional gene to treat a 

disease193. In the following study the focus will be on the CRISPR/Cas9 system that 

introduces a DSB at a genomic sequence of interest and the lesion that is generated is 

repaired via nonhomologous end joining (NHEJ), which is an endogenously equipped 

pathway in living nuclei to repair DSBs by connecting lesions. NHEJ is an error-prone 

mechanism; thus, small insertions or deletions can be introduced and can disrupt target genes 

by shifting the reading frame, resulting in mRNA degradation or the production of 

nonfunctional proteins194. When a gRNA is set within an open reading frame of a gene of 

interest, a frameshift mutation is expected to be induced by repair error. This method can 

also be applied to generate double-, triple- or multiple-gene knockouts by introducing a set 

of gRNAs for target genomic sequences and Cas9195.  
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1.5.1 CRISPR/Cas9 TECHNOLOGY 

The development of recombinant DNA technology in the 1970s marked the beginning of a 

new era for biology. For the first time, molecular biologists gained the ability to manipulate 

DNA molecules, making it possible to study genes and harness them to develop novel 

medicine and biotechnology. Recent advances in genome engineering technologies are 

sparking a new revolution in biological research196.  The field of biology is now experiencing 

a transformative phase with the advent of facile genome engineering in animals and plants 

using RNA-programmable CRISPR-Cas9. CRISPRs (clustered regularly interspaced 

palindromic repeats) had been described in 1987 by Japanese researchers as a series of short 

direct repeats interspaced with short sequences in the genome of Escherichia coli197. In 2007, 

infection experiments of the lactic acid bacterium Streptococcus thermophilus with lytic 

phages provided the first experimental evidence of CRISPR/Cas–mediated adaptive 

immunity198. In 2012 the first biochemical characterization of Cas9-mediated cleavage199,200. 

The CRISPR-Cas9 technology originates from type II CRISPR-Cas systems, which provide 

bacteria with adaptive immunity to viruses and plasmids and requires only a single protein 

for RNA-guided DNA recognition and cleavage201. The RNA-guided Cas9 nucleases from 

the microbial CRISPR-Cas systems are robust and versatile tools for stimulating targeted 

double-stranded DNA breaks (DSBs) in eukaryotic cells202. Two molecules must be 

introduced into each target cell, a Cas9 protein and a single guide RNA (sgRNA). The 

sgRNA is the result of a crRNA (CRISPR-targeting RNA), that provides target specificity, 

and a tracrRNA (trans-activation crRNA) that acts as a scaffold between the crRNA and 

Cas9 endonuclease.  SgRNA and Cas9 form a complex with genomic DNA (gDNA), 

specifically targeting DNA sites complementary to an approximately 20-base sequence 

within the sgRNA and neighboring a protospacer adjacent motif (PAM), the identity of 

which is dictated by the particular Cas9 protein employed (Figure 13). For the most 

commonly used Cas9 to date from Streptococcus pyogenes, the optimal PAM sequence is 

NGG (where ‘N’ is any nucleobase). The protospacer specifies the target sequence for Cas9, 

and is used by bacteria as a mechanism to remember and defend against foreign pathogens. 

The wild-type Cas9 (wtCas9) has two endonuclease domains that produce double-stranded 

breaks (DSBs) in the targeted gDNA sites. DSBs produced by wtCas9 are subsequently 

repaired through endogenous DNA repair mechanisms, either non-homologous end-joining 

(NHEJ) or homology-directed repair (HDR)203.  
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Figure 13:  Cas9 is recruited to the DNA target site by the duplex tracrRNA:crRNA 

(gRNA). The crRNA binds the complementary DNA strand upstream of the PAM sequence. 

Cas9 domains generate a DS break. 

 

1.5.2 CRISPR/Cas9 IN ZEBRAFISH 

CRISPR/Cas9 technology of genome editing has greatly facilitated the targeted inactivation 

of genes in vitro and in vivo in a wide range of organisms. In zebrafish it allows the rapid 

generation of knock-out lines by simply injecting a single guide RNA (sgRNA) and Cas9 

mRNA into one-cell stage embryos204. Targeting an early exonic sequence frequently leads 

to gene disruption through frame-shifts or non-sense mutations. Transfection of sgRNAs and 

Cas9 mRNA or DNA into bacteria, human or mouse cells was shown to efficiently inactivate 

target genes205,206,207,208. The CRISPR/Cas9 technology was subsequently used in mice to 

observe in vivo loss-of-function phenotypes and to generate knock-out strains209.  In 

zebrafish, injection of sgRNAs and Cas9 mRNA into one-cell stage embryos similarly yields 

indels at target sites with relatively high, although variable, frequencies210,211. Mutations are 

inheritable due to mosaic targeting of the germline, allowing rapid establishment of mutant 

strains. Since gene inactivation by CRISPR/Cas9 is complete and permanent, this technology 

provides an effective complementary approach to morpholinos for loss-of-function studies 

in zebrafish, particularly at later stages of development. Mutant lines are invaluable to 

analyze gene function in both embryos and adults. The global loss of some genes is 

embryonic lethal, making them challenging to study in adults, and there is a great need in 

the field to create tissue-specific knockouts211. The Magmas gene in zebrafish is located on 
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the chromosome 3 and, as in humans, it has 5 exons. Its genome consists in 7,5 Kb and 

encodes for the Protein Pam16 of 129 aa212 (Figure 14).  

 

Figure 14: zebrafish Magmas genome and protein organization. 

 

The Pam16 protein in zebrafish is highly conserved and it counts the same number of amino 

acid of the human ortholog.  It has the J-like domain, but instead have the DKS moitif it has 

the DKA.  

To study the Tim16 gene in zebrafish, 3 in vitro transcribed sgRNA were synthesized (Figure 

15) and micro-injected into the yolk of one-cell stage embryos with the CRISPR/Cas9 

technology.  

 

Figure 15: Complementary site of sgRNA1, sgRNA2 AND sgRNA3. 

In this study the focus will be on the gRNA2, through which 6 founders have been identified. 

These fish have been outcrossed with wildtype AB fish, which generated 5 different F1 

family. Actually, we are in a F2 situation (Figure 16). 

Zebrafish 
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Figure 16: CRISPR/Cas9 experimental study with sgRNA2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 34 

2. AIM OF THE STUDY 

Magmas gene (mitochondria-associated protein involved in granulocyte-macrophage 

colony-stimulating factor signal transduction) encodes for the mitochondrial protein Tim16 

that is a member of the TIM23 translocase, located in the mitochondrial inner membrane. 

Tim16 is a highly conserved protein, developmentally regulated and tissue specific77. Tim16 

is a J-like protein that forms a heterodimer with the J-protein Tim14 and they are both co-

chaperones of the mtHsp7088. Both proteins participate in the PAM complex that pulls 

protein precursors from the intermembrane space into the mitochondrial matrix32. 

An over-expression of Tim16 has been demonstrated in prostate cancer99 and in 72% of 

human pituitary adenomas, as well as in ACTH-secreting mouse pituitary adenoma cell 

lines100 and in two GH-secreting rat pituitary adenoma cell lines101. These studies showed 

that Magmas may play a role in tumor development by protecting neoplastic cells from 

apoptosis and by promoting cell proliferation. It was also observed that its over-expression 

protects from apoptosis by inhibiting staurosporine-induced cytochrome c release from 

mitochondria, influencing Bax and Bcl2 modulation by proapoptotic stimuli. 

Our lab together with the Dept. of Chemical and Pharmaceutical Sciences of the University 

of Ferrara, synthesized a Tim16 inhibitor, named “compound 5” and challenged its effects 

towards the proapoptotic effects of staurosporine in TT cells, deriving from a human 

medullary thyroid carcinoma (MTC). Compound 5 turned out not to be cytotoxic but was 

capable of enhancing the proapoptotic effects of staurosporine by reducing mitochondrial 

membrane potential (MMP) activation102. 

Considering that an over-expression of Tim16 seems to play a consistent role in neoplastic 

cells and that its inhibitor, compound 5, seems to modulate Tim16 activity by enhancing the 

proapoptotic effects of an apoptosis inductor, such as staurosporine, the aim of this study is 

to better understand the effects of Tim16 in cancer chemoresistance. 

For this purpose, chemotherapeutic drugs and different in vitro and in vivo models were 

used. 

Experiments have been performed on: 

1. MCF7 cells deriving from human breast cancer, in order to understand the possible 

role of Tim16 in the chemoresistance to doxorubicin. 

2. Xenograft mice injected with TT cell lines, deriving from human MTC, to understand 

the in vivo role of Tim16.  

3. Zebrafish model to study compound 5 toxicity in vivo and to create a mutated model 

for the Magmas gene. 
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3. MATERIAL AND METHODS 
 

 

3.1 DRUGS AND CHEMICALS: 

Doxorubicin (Adriamycin) was provided by Cell Signalling Technology (Danvers, 

Massachusetts, USA); the compound was dissolved in dimethyl sulfoxide (DMSO) and 

stored at -20 °C as a 10mM stock solution. Dilution to the final concentration was made in 

culture medium immediately before use. 

Paclitaxel was provided by Accord (Milano, IT); the compound was dissolved in 

physiological salt solution (PSS) and stored at t -20 °C as a 1mM stock solution. Dilution to 

the final concentration was made in culture medium immediately before use. 

Compound 5 (N-carbamidoyl-4-((3-ethyl-2,4,4-trimethylcyclohexyl)methyl)benzamide 

(Figure 17) was synthesized by the Department of Chemical and Pharmaceutical Sciences 

of the University of Ferrara (Italy); the compound was dissolved in in dimethyl sulfoxide 

(DMSO) and stored at -80°C as a 10 or 5 mM stock solution. Dilution to the final 

concentration was made in culture medium immediately before use. 

All other reagents, if not otherwise specified were purchased from Sigma (Milano, IT).

  

 

 

Figure 17: Chemical formula of compound 5 

 

3.2 IN VITRO IMMORTALIZED HUMAN CELL LINES: 

The TT cell line, deriving from a 77 years old female with thyroid medullary carcinoma, was 

purchased from ATCC (American Type Culture Collection, Manassas, VA, USA; ATCC 

CRL-1803) and grown in F12 medium (Euroclone, Milano, Italy), supplemented with 10% 

fetal bovine serum, 10 U/ml Penicillin/Streptomycin, 0.025 µg/ml antimycotic. The 



 36 

nontumorigenic breast epithelial MCF-12A cell line and the adenocarcinoma MCF-7 cell 

line, deriving from a 69 years old female with breast cancer, were purchased from the ATCC 

and both grown in DMEM-High Glucose (Euroclone, Milano, Italy) supplemented with 10% 

fetal bovine serum, 10 U/ml Penicillin/Streptomycin, 0.025 µg/ml antimycotic. All the cell 

lines were maintained at 37 °C in a humidified atmosphere with 5% CO2. 

 

3.3 CELL VIABILITY ASSAY: 

Cell viability was assessed by ATPlite assay (Perkin-Elmer, Monza, IT) and luminescence 

was measured with the EnVisionTM 2104 Multilabel Reader (Perkin-Elmer). The CellTiter-

Glo® Luminescent Cell Viability Assay is a homogeneous method to determine the number 

of viable cells in culture based on quantitation of the ATP present, which signals the presence 

of metabolically active cells and is directly proportional to the cells number present in the 

culture. The Assay relies on the properties of a proprietary thermostable luciferase (Ultra-

GloTM Recombinant Luciferase), which generates a stable “glow-type” luminescent signal 

after a specific reaction, as shown in Figure 18, with a consequent light emission. 

 

 

Figure 18: Mono-oxygenation of luciferin is catalyzed by luciferase in the presence of  

Mg2+, ATP and molecular oxygen.  

 

Briefly, MCF12A and MCF7 cells were seeded 2 x 104/well in 96-well black plates in 

complete medium (10% FBS). Cells were synchronized by overnight incubation in 0.5 % 

FBS medium. The day after, cells were treated with 5 µM Compound 5 and/or 200 nM 

doxorubicin in complete medium. Control cells were treated with the vehicle alone (0.1% 

DMSO); treatments were renewed every 24 h. After incubation time of 48 hours, cell 

viability assay was assessed adding substrate solution directly to cell culture plates. Results 

are expressed as mean value ± standard error of the mean (S.E.M) percent RLU vs. untreated 

control cells in tree replicates.  
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3.4 CASPASE ASSAY: 

Caspase activity was performed by using Caspase-Glo 3/7 assay (Promega, Milano, IT) 

according to the manufacturer’s instructions. Luminescence was measured with the 

EnVision
TM

 2104 Multilabel Reader Multilabel Counter (Perkin-Elmer) and expressed as 

relative light units (RLU). The Caspase-Glo® 3/7 Assay is a homogeneous, luminescent 

assay that measures caspase-3 and -7 activities. These members of the cysteine aspartic acid-

specific protease (caspase) family play key effector roles in apoptosis in mammalian cells. 

The Caspase-Glo® 3/7 Assay relies on the properties of a proprietary thermostable luciferase 

(Ultra-GloTM Recombinant Luciferase), which is formulated to generate a stable “glow-

type” luminescent signal, after cell lysis and caspase cleavage of the substrate, Figure 19; 

luminescence is proportional to the amount of caspase activity present. 

 

 

 

Figure 19: Caspase-3/7 cleavage of the luminogenic substrate containing the DEVD 

sequence. Following caspase cleavage, a substrate for luciferase (aminoluciferin) is 

released, resulting in the luciferase reaction and the production of light.  

 

Briefly, MCF12A and MCF7 cells were seeded at 2 x 10
4
 cells per well in 96-well white 

plates and treated as previously described for the CellTiter-Glo® Luminescent Cell Viability 

Assay. Results are expressed as mean value ± SEM percent RLU vs. control cells in three 

replicates. 
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3.5 ELISA: 

BAX production was used as antigen recognition assay. As target we used MCF12A and 

MCF7 cells. 104 cells/well were seeded in 96-well plates, synchronized by a 24 h incubation 

in 0.5 % FBS medium and then treated with 5 µM compound 5 and/or 200 nM doxorubicin. 

After 48 hours supernatants were collected and BAX secretion was measured by using 

Human BAX ELISA kit (DRG diagnostics, Marburg, Germany) and the EnVisionTM 2104 

Multilabel Reader (Perkin-Elmer). All the samples were measured in triplicates. 

 

3.6 PROTEIN ISOLATION: 

The cells were seeded at a cell density of 106 cells/ml in 100-mm dishes (Corning) in 

complete medium (10% FBS). Cells were synchronized by overnight incubation in 0.5 % 

FBS medium, and the day after, cells were treated with compound 5 and/or doxorubicin in 

complete medium and then after 3-6-48 hours cell pellets were collected. For protein 

isolation from mice tumours, total cell lysates were obtained by using Tissue Raptor 

(Qiagen, Hilden, Germany), according to the manufacturer’s instructions. Human cell lines 

and mice tissues were dissolved in RIPA buffer (Pierce Biotechnology, Inc, Rockford, 

Illinois, USA) (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium 

deoxycholate, 0.1% SDS), kept in ice for 30 min, and then centrifuged at 13,000 rpm for 20 

min at 4°C. The supernatant, containing the proteins, was then transferred to a new tube and 

protein concentration was measured by using the BCA Protein Assay Reagent Kit (Pierce 

Biotechnology).  

 

3.7 WESTERN BLOT ANALYSIS: 

For protein evaluation, proteins were mixed with 2X Laemmli buffer213 (62,5 mM Tris-HCl 

(pH 6.8), 25% glycerol, 2.1% sodium dodecyl sulphate, 0.01% bromophenol blue, DTT) and 

denaturized at 95°C for 5 min. 20 µg or 30 µg of protein, deriving from mice tissues or 

Human cell lines respectively, were fractionated on a precast 4-10% SDS-PAGE gel (Perkin 

Elmer) and transferred by electrophoresis to polyvinylidene difluoride (PVDF) membranes 

(PerkinElmer) by using the Lightning BlotterTM (PerkinElmer). 

Protein panel profile was performed by using protein extracts and the following primary 

antibodies: 1:10000 rabbit anti-PAM16 antibody (Abcam, Cambridge, MA, USA), 1:1000 

rabbit cytochrome c antibody (Cell Signalling, Beverly, MA, USA), 1:1000 rabbit 

BNIP3L/Nix antibody (Cell Signalling, Beverly, MA, USA), 1:1000 rabbit RIP antibody 
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(Cell Signalling, Beverly, MA, USA), 1:1000 mouse anti-DNAJC19 antibody (Abcam, 

Cambridge, MA, USA), 1:500 mouse anti-Grp75 antibody (Abcam, Cambridge, MA, USA), 

1:500 mouse anti-DNAJC15 antibody (Abcam, Cambridge, MA, USA), 1:1000 mouse 

Caspase-9 antibody (Cell Signalling, Beverly, MA, USA), 1:1000 rabbit anti-GAPDH 

antibody (Cell Signalling, Beverly, MA, USA), 1:1000 rabbit anti-p53 antibody (Cell 

Signalling, Beverly, MA, USA), 1:1000 rabbit anti-VDAC1 antibody (Abcam, Cambridge, 

MA, USA).  

Anti-rabbit or anti-mouse HRP IgG antibodies (Dako Italia, Milano, Italy) were used at a 

dilution from 1:2000 to 1:5000 and proteins were revealed by enhanced chemiluminescence 

using the Azure c300 (Azure Biosystems, Dublin, CA, USA). Quantification of the band 

intensity was performed using the open source image processing program ImageJ. Three 

independent experiments were performed; data are expressed as the ratio between protein of 

interest and GAPDH/VDAC1 signal intensity, expressed as a ratio protein/housekeeping.  

 

3.8 IMMUNOPRECIPITATION: 

Approximately 5x106 MCF7 cells were seeded in 100 mm-dishes (Corning) and cultivated 

overnight. Cells were treated for 3 and 6 hours with 5 µM Compound 5 and then collected 

with 400 µl of IP Lysis Buffer for 20 minutes on ice. The lysate was centrifuged (13000 x g 

for 10 minutes) and 1 mg of the supernatant was incubated with 10 µg anti-PAM16 antibody 

overnight at 4°C, after a pre-clearing of the lysate using the Control Agarose Resin, 

following the Pierce Co-Immunoprecipitation (Co-IP) kit (Thermo Scientific,  Waltham, 

Massachusetts, USA).  The precipitates were washed three times with 200 µl of IP 

Lysis/Wash Buffer, eluted in 20 µl of Elution Buffer, added  with the 5X sample buffer and 

boiled for 5 minutes at 95°C. Proteins were then separated by 4-10% SDS-Page 

(PerkinElmer) and analyzed by immunoblot analysis. 

 

3.9 MITOCHONDRIA ISOLATION  

In order to submit mitochondria to mass spectrometry, 5 x 106 MCF7 cells were seeded 100 

mm-dishes (Corning) and cultivated overnight. Cells were treated for 3 and 6 hours with 

Compound 5 5 µM and then collected with 1 ml of Lysis Buffer using the Qproteome 

Mitochondria Isolation Kit (QIAgen). The mitochondrial pellet was submitted to mass 

spectrometry.  

 

https://www.google.it/search?q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwjQx6WlhIzXAhUDcBoKHf03BNUQmxMIkAEoATAQ
https://www.google.it/search?q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwjQx6WlhIzXAhUDcBoKHf03BNUQmxMIkAEoATAQ
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3.10 MASS SPECTROMETRY 

Each sample was treated with 1 mL of a mixture of CH3CN and H2O (6:4) with CF3COOH 

(0.1 %).  Cell membrane disruption was induced by ultrasonication for 10 min. After 

filtration (0.2 µm), the obtained solutions were analysed through LC-HRMS analysis 

performed by a ESI-Q-TOF Nano HPLC-CHIP Cube® Agilent 6520 instrument (Agilent 

Technologies USA) using a linear gradient (0.4µL/min) from 100% solvent A (97% 

water/3% acetonitrile/0.1% formic acid) to 90% solvent B (97% acetonitrile/3% water/0.1% 

formic acid) in 5 minutes and from 90% solvent B to 0% solvent B in 5 minutes, using a 

Zorbax C18 Coloumn (43mmX75µm, 5µm) equipped with enrichment coloumn (4mm 

40nL). In Figure 20 there is the compound 5 mass spectra profile. 

 

 

 

Figure 20: Mass spectra profile of compound 5. This compound is characterized by three 

abundant isotopic peaks at 330,331 and 332 m/z. 
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3.11 FISH EMBRYO ACUTE TOXICITY (FET) TEST: 

To evaluate the toxicity of compound 5 the FET Test was performed on Zebrafish (Danio 

Rerio) using the OECD 2013 guidelines for the testing of chemicals182. 

Eggs were collected immediately after fertilization, washed several times with the E3 (5 mM 

NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) and only the fertilized embryos 

were transferred to a 96-well cell culture plate with 1 embryo per well in 200 ul of E3 with 

different concentrations of compound 5 (0; 5uM; 10uM; 25uM; 30uM). Doxorubicin was 

used as positive control (50mg/L) and DMSO was used as vehicle control.  35-48 embryos 

were used for each concentration. Every treatment was performed twice.  

The survival of zebrafish embryos from blastula stage to early larval stage where observed 

after 96 hours. The number of surviving embryos of each treatment at this time point were 

recorded.  
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3.12 CRISPR/Cas9 EDITING IN ZEBRAFISH: 

3.12.1 gRNAs IN VITRO SYNTHESIS 

sgRNA Scorer 1.0214215 was used to generate a list of input sequences with a defined spacer 

length and a PAM sequence (Tab 1- 2).  

  
gRNA sequence  

(PAM sequence in red) Score Location 

sgRNA 1 AACGCCAGAGGAGATCCAGAAGG 98,79 End of exon 3 

sgRNA 2 AGCGGGCAGACAGTCTGCGGCGG 92,99 exon 3 

sgRNA 3 CATTGTAATGGGGGCTCAGGTGG 86,28 exon 2 
 

Tab 1.  Tim16 sgRNA sequences with the PAM (-NGG) sequences 

 

  Oligo sequence ordered (5’>3’) 

sgRNA 1 TAATACGACTCACTATAGGAACGCCAGAGGAGATCCAGAGTTTTAGAGCTAGAAATAGCAAG 

sgRNA 2 TAATACGACTCACTATAGGAGCGGGCAGACAGTCTGCGGGTTTTAGAGCTAGAAATAGCAAG 

sgRNA 3 TAATACGACTCACTATAGGCATTGTAATGGGGGCTCAGGGTTTTAGAGCTAGAAATAGCAAG 

 

Tab 2.  Tim16 gRNA sequences, preceded by the specific T7 polymerase template and 

followed by a common tracer sequence. 

 

Oligos were purchased by IDT (Coralville, Iowa, USA) and resuspended as a 250 µM stock 

solution. 

PCR primers were also designed to amplify a product size of ~ 400 bp flanking the targeted 

mutation site (IDT). 

 

 

 

 

 

Tab 3. Primers 5’ and 3’ to amplify ~400bp of exon 2 and 3 

The follow reaction was used to generate the new sgRNA: 

 5' 3' 

Exon 3 ATGCACACACATTGGCCAG AGCGTCATCTCTTACCTTCGA 

Exon 2 TGGGCTGGATAAAAACCAAT GTGAACATTTCCTCGCACTGT 
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HF Phusion Buffer 4 µl 

10 mM dNTPs 0,4 µl 

Phusion DNA pol. 0,2 µl 

Scaffold oligo (10µM) 5 µl 

gRNA oligo (10 µM) 5 µl 

ddH2O 5,4 µl 

Total volume 20 µl 

 

Tab 4. PCR reaction. 

 

The tubes were placed in the thermal cycler (Mastercycler® pro, Eppendorf, Hamburg, 

Germany) and run with the following program:  

Temperature Time Cycles 

95°C 30sec 1 

95°C 10sec   

40 
60°C 10sec 

72°C 10sec 

72°C 5 min 1 

4 °C hold  1 

 

Tab 5. PCR setting. 

 

1 µl of the reaction was run on a 2% agarose gel electrophoresis and the image was taken 

with the Chemidoc (Biorad,  Hercules, California, USA).   

https://www.google.it/search?q=Hercules+California&stick=H4sIAAAAAAAAAOPgE-LSz9U3MC4wzDVPUeIAsQsrCwu1tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUALCJywkQAAAA&sa=X&ved=0ahUKEwjW7uvcvp_XAhVKORoKHTapCIYQmxMIjQEoATAQ
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Figure 21: 2% agarose gel to verify PCR product, the amplicon is 125bp. 

 

The PCR products were purified with the QIAquick PCR Purification Kit (Qiagen, Hilden, 

Germany), eluted in 30 µl of water and quantified with the Invitrogen Qubit® 2.0 

Fluorometer (Thermo Fisher,  Waltham, Massachusetts, USA). 

To transcribe the three sgRNAs from the DNA template was used the SureGuide 

gRNA Synthesis Kit (Agilent Genomics, Santa Clara, CA, USA) following the table 6. 

DEPC Water 3,75 µl 

5X Transcription Buffer 2,5 µl 

rATP 0,5 µl 

rCTP 0,5 µl 

rGTP 0,5 µl 

rUTP 0,5 µl 

0.75M DTT 0,5 µl 

Yeast Pyrophosphatase 0,25 µl 

RNase Block 0,25 µl 

T7 RNA Polymerase 0,5 µl 

DNA input 2,5 µl 

Total 12,25 µl 

 

Tab 6. SureGuide sgRNA Synthesis reaction.  

 

The three sgRNAs were purified following the same SureGuide kit (Agilent), eluted in 30 

µl of water and quantified with the Qubit (Thermo Fisher). 

160 ng of the sgRNAs were run on a 2% agarose gel electrophoresis (Figure 2).  

100bp 

https://www.google.it/search?q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwjQkravxY7XAhXmA8AKHU4pA5cQmxMIhgEoATAQ
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Figure 22: 2% agarose gel to verify PCR product. 

 

3.12.2 ZEBRAFISH EMBRYOS MICROINJECTION 

Gene editing of Tim16 was performed by microinjection of 500 pg recombinant S. pyogenes 

Cas9 (PNA Bio, Thousand Oaks, CA, USA) complexed with 250 pg of sgRNA (1,2 or 3) 

into a 1-cell-stage embryo, to ensure a high efficiency delivery of injected mRNA to the 

embryo as well as to reduce mosaicism. The injected volume was ~1 nl of solution, which 

was measured with a millimetric ruler, in mineral oil. The injected embryos were maintained 

in E3 medium at 28.5°C and phenotyped for morphological abnormalities under a Zeiss 

Discovery V8 stereomicro-scope (Zeiss, Oberkochen, Germany) over the first 5 days of 

development. When analysed, embryos and larvae were anesthetized by placing them in 

water with 0.003% tricaine methanesulfonate (Sigma, St. Louis, MO, USA). Embryos that 

had a putative phenotype were removed and lysed for further genotyping analysis. 

Embryos/larvae were raised to adulthood. 

 

3.12.3 GENOMIC DNA EXTRACTION 

To extract the genomic DNA of embryos and larvae, they were incubated with 100 µl 

DirectPCR Lysis Reagent (Viagen Biotech, Los Angeles, CA, USA) added with Proteinase 

K 1:1000 (Qiagen, Hilden, Germany) with the following genotyping condition: 55°C, 60 

min; 85°C, 45 min; 4°C, hold in the thermal cycler (Eppendorf). 

 

 

 

 

 

100bp 
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3.12.4 DETECTION OF CRISPR/Cas9 INDUCED MUTATIONS 

The target locus of Tim16 was PCR amplified using the Platinum Blue PCR Supermix 

(Fisher Scientific, Hampton, New Hampshire, USA) and the primers listed before (Tab 3): 

18 µl Platinum Blue mix, 0,5 µl 10 µM 5’ primer, 0,5 µl 10 µM 3’ primer, 1 µl gDNA at 

this conditions: 94°C, 3 min; 42 cycles of 94°C, 30 sec; 55°C, 30 sec; 72°C, 30 sec; 72°C, 

10 min. 2-3 µl  of the sample was run on an 1% agarose gel to verify the size of the product. 

8 µl of the amplified product was than hybridized using 1,6 µl of NEB buffer 2 (BioLabs, 

Ipswich, Massachusetts, USA) and 6,4 µl of ddH20 following this protocol: 95°C, 2 min; -

1C/s to 85°C; -0,1 C/s to 25°C; hold at 4°C. The effectiveness of editing was confirmed with 

restriction enzyme digestion assay, using the T7 endonuclease assay (BioLabs): 0,4 µl of 

NEB buffer 2, 0,2 µl of T7El, 3,4 µl of ddH20 added directly to the hybridized mix and 

incubated at 37°C for 1 hour. 

Half the reaction was run directly on a 2% agarose gel electrophoresis. 

 

3.12.5 CLONING, SEQUENCING AND TIDE ASSAYS 

F1 embryos, obtained out-crossing F0 microinjected with wild-type fish, positive to the T7 

assay, were sent to sequence at Genewiz (South Plainfield, NJ, USA). The PCR product was 

purified with the QIAquick PCR Purification Kit (Qiagen), eluted in 15 µl of water, 

quantified with Qubit (Thermo Fisher) and 10 ng of each sample was sent to sequence with 

the 5’ or 3’ primer 5 µM. 

To rapidly assess genome editing by CRISPR/Cas9 of a target locus, the TIDE (Tracking of 

Indels by Decomposition) software 216 was use. It is based on the quantitative sequence trace 

data from two standard capillary sequencing reactions, quantifies the editing efficacy and 

identifies the predominant types of insertion and deletions (indels) in the DNA of a targeted 

cell pool217 (Figure 23).  

https://www.google.it/search?q=Hampton+New+Hampshire&stick=H4sIAAAAAAAAAOPgE-LUz9U3MI03N85SAjMNcy3TirS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQAnixfXRAAAAA&sa=X&ved=0ahUKEwiszpDb-pDXAhUPYlAKHceWCToQmxMImQEoATAN
https://www.google.it/search?q=Ipswich+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MDKvyMoyV-IEsQ1zzQsqtbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFAHZQROBFAAAA&sa=X&ved=0ahUKEwjHz7Lu_5DXAhUCLMAKHXuDA6QQmxMImQEoATAO


 47 

 

Figure 23: Assessment of genome editing by sequence trace decomposition. (a) Due to 

imperfect repair after cutting by a targeted nuclease, the DNA in the cell pool consists of a 

mixture of indels, which yields a composite sequence trace after the break site. (b) 

Overview of TIDE algorithm and output, which consists of three main steps: (1) 

Visualization of aberrant sequence signal in control (black) and treated sample (green), the 

expected break site (vertical dotted line) and the region used for decomposition (gray bar); 

(2) Decomposition yielding the spectrum of indels and their frequencies; (3) Inference of 

the base composition of +1 insertions216.  

 

To determine the frequency of the desired editing event in the pool of cells, one can amplify 

the targeted genomic region by polymerase chain reaction (PCR), clone individual DNA 

molecules in a bacterial vector and analyze 50–100 clones by sequencing. This approach is 

labor-intensive, time-consuming and relatively costly. This approach was used to verify the 

type of editing once the F1 were grown up. A fresh PCR product was cloned into a pCR II-

TOPO vector using the TOPO TA Cloning Kit (Thermo Fisher) using 1 µl of fresh PCR, 0,5 

µl of Salt Solution, 1 µl of ddH2O and 0,5 µl of pCR II-TOPO. The mix was then transformed 

in 25 µl TOP10 competent cells adding ~10 ng of plasmid DNA directly to the cells; the 

tubes were incubated for 5 minutes on ice, heated for 30s in a 42°C water bath, placed in 

ice 2 minutes, added of 125 µl of SOC medium and incubated at 37°C while shacking at 

250 rpm for 60 minutes. 30 µl of transformation were spread on the LB/agar/antibiotic plates 

and incubated overnight at 37°C. The day after 5 colonies were taken and cultured overnight 

in LB medium containing 50 ng/ml ampicillin. The plasmid DNA was isolate using the 
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QIAprep MiniPrep Kit (Qiagen), quantified using the NanoDrop™ One Microvolume UV-

Vis Spectrophotometers (Thermo Fisher Scientific) and submitted for sequencing using SP6 

primer to Genewiz. 

 

3.13 ZEBRAFISH HUSBANDRY 

Zebrafish (Danio Rerio) were bred and reared according to established guidelines218. They 

grow in the fish facility with a 14 hours light/10 hours dark cycle. Zebrafish embryos were 

obtained from natural spawning of two lines, wild-type AB and Tim16 mutants. For the 

Toxicity Assay were use wild-type AB. 

 

3.14 EXPERIMENTAL MICE 

7 weeks-old nude female mice were injected with 1,5 x 107 TT cells in 200 µl of Matrigel 

(BD Bioscences)/F12 1:1 dilution, a human tumor-forming cell line, in order to obtain 

measurable masses219,220. Cells were established via subcutaneous inoculation into the flank 

of mice. Tumor growth was monitored daily and tumor volumes were measured every two 

days. When tumor mass became palpable in successfully engrafted mice, after 7 weeks, 

animals were randomly divided into 4 groups according to the delivered treatments221: 

control solution, intra-tumoral 5µM Compound 5, intra-peritoneal 10 mg/Kg Paclitaxel, and 

intra-tumoral Compound 5 + intra-peritoneal Paclitaxel. They were treated twice (day 0 and 

day 2) and tumor volumes were measured after 2 and 4 days of treatments. Mice were 

sacrificed, tumors were excised and protein expression was evaluated by Western Blot222.  

 

3.15 STATISTICAL ANALYSIS 

Results are expressed as the mean value ± standard error of the mean (SEM). A preliminary 

analysis was carried out in order to determine whether the data sets conformed to a normal 

distribution using both D’Agostino-Pearson omnibus and Shapiro-Wilk normality tests. 

Student’s paired t test and/or MannWhitney test were used to evaluate individual differences 

between means (GraphPad PRISM6 Software). Differences were considered significant at P 

< 0.05. 
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4. RESULTS 

 

4.1 PAM COMPLEX PROTEIN BASAL LEVELS IN MCF7 AND MCF12A 

CELL LINES 

Since Tim16, the mitochondrial protein encoded by Magmas gene, results to be over-

expressed in different cell lines (ACTH-secreting mouse and GH-secreting rat pituitary 

adenoma cell lines) as well as human tissues (prostate, pituitary adenomas)99,100,101, we 

investigated its expression in different cell lines. We previously found that MCF7 cells 

express higher level of Tim16 as compared to the normal cell line, the MCF12A cells. 

Therefore, we investigated Tim16 expression pattern concurrently with other proteins 

involved in the PAM complex, such as mtHsp70, Tim14 and Tim15 in these cell lines. 

Total proteins were extracted and quantified from MCF7 and MCF12A cell lines and a 

Western blot for Tim14, Tim15, Tim16 and mtHsp70 was performed with 30 µg of protein 

(Figure 24 A). Protein level quantification was performed by densitometry analysis; results 

represent the mean of 3 different experiments and are expressed as the ratio between the 

protein of interest and the housekeeping protein, GAPDH (p/GAPDH) (Figure 24 B). 

 

 

 

A

 



 50 

 

Figure 24: A) Western blot analysis of Tim14, Tim15, Tim16 and mtHsp70 in MCF7 and 

MCF12A cells. A representative blot of three independent experiments is shown. B) 

Protein expression in both cell lines expressed as the ratio between total protein and 

GAPDH.  (*p<0.05 vs MCF7). 

 

MCF7 cell line displayed ~6- fold higher Tim16 levels as compared to MCF12A. On the 

contrary, MCF12A cells displayed ~1,5-fold higher mtHsp70 levels as compared to MCF7 

cells (Figure 24 B). Tim14 and Tim15 expression levels were not significantly different in 

the two cell lines. We found that MCF7 cells display a significantly higher level of Tim16 

and a lower level of mtHSP70 as compared to MCF12A cells. 

 

4.2 EVALUATION OF CELL VIABILITY AND CASPASE 9 ACTIVATION 

IN MCF7 AND MCF12A CELLS AFTER TREATMENT WITH 

COMPOUND 5 OR/AND DOXORUBICIN  

Our group previously demonstrated that Magmas silencing increased cell sensitivity to 

apoptotic stimuli (represented by staurosporine), while its over-expression increased cell 

viability and apoptosis reduction100,101. Considering that MCF7 cells express high Tim16 

levels, we investigated compound 5 effects on cell viability and caspase 9 activation, in 

combination with a chemotherapeutic drug commonly used to treat breast cancer, such as 

doxorubicin. 

MCF7 and MCF12A cells were incubated for 48h in a cultured medium with 5 µM 

compound 5 and/or 200 nM doxorubicin. The effects have been evaluated in terms of cell 

viability reduction (Figure 25 A-B) and caspase 9 activation (Figure 25 C-D). 

As shown in Figure 25 A-B, compound 5 does not affect cell viability in both MCF7 and 

MCF12A cell lines; doxorubicin significantly reduces cell viability by 30% vs. control in 
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MCF7 cells and by 20% vs. control in MCF12A cells. In addition, compound 5 enhances 

doxorubicin effect by 15-20% in MCF7 cells, while it does not alter doxorubicin action in 

MCF12A cells. 

To verify whether compound 5 and doxorubicin influence apoptotic process, we evaluated 

caspase 9 activity. As shown in Figure 25 C-D, the combined treatment with compound 5 

and doxorubicin results in a significant increase in caspase 9 activation only in MCF7 cell 

line and not in MCF12A cells. 

 

 

 

 

 

Figure 25: MCF7 and MCF12A cells ATPlite Assays (A-B) and Caspase 9 activation 

Assays (C-D) assessed after 48h of treatment with 5 µM compound 5 and/or 200 nM 

doxorubicin. (**p<0,01 vs control, ##p<0.01 vs. doxorubicin treatment).  
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4.3 EVALUATION OF BAX LEVELS 

Upon cellular stress, the functional balance of proapoptotic BCL-2 (B-cell lymphoma 2) 

family members, such as BAX, BAK or BOK and anti-apoptotic Bcl-2 family members, 

such as BCL-2 or BCL-XL, is shifted in favor of the pro-apoptotic proteins50,51,52. As a 

consequence, mitochondrial transmembrane potential (∆Ψm) is altered with the formation 

of mitochondrial permeability transition (MPT) pores53 and the release into the cytosol of 

pro-apoptotic proteins, normally sequestered from the intermembrane space50. The BCL2-

family members BAX, normally localized in the cytosol as a monomer, and BAK, normally 

localized in the mitochondria54, directly activated by the tumor suppressor p5355, form pores 

in the outer mitochondrial membrane (OMM), which releases several proteins, including 

cytochrome c and SMAC/Diablo, from the intermembrane space into the cytosol56. To verify 

whether compound 5 and/or doxorubicin activate the apoptotic process, BAX level was 

evaluated. 

MCF7 and MCF12A were treated for 48h with 5 µM compound 5 and/or 200 nM 

doxorubicin and the cellular lysate has been submitted to BAX ELISA Assay.  As shown in 

Figure 26, MCF7 cells show significantly higher BAX levels, as compared to control, after 

compound 5 and/or doxorubicin treatment. Doxorubicin induces BAX expression by 25%, 

compound 5 by 8% and the co-treatment increases BAX level to a greater extent as compared 

to the individual treatments. In MCF12A cells, BAX levels seem not to be influenced by the 

indicated compounds. 

 

 

 

Figure 26: BAX levels in MCF7 and MCF12A cells evaluated by ELISA Assay, assessed 

after 48h of treatment with 5 µM compound 5 and/or 200 nM doxorubicin. (**p<0,01 vs ct, 

#p<0,05 vs doxorubicin treatment). 
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4.4 PROTEIN PROFILE IN MCF7 CELLS AFTER TREATMENT WITH 

COMPOUND 5 AND/OR DOXORUBICIN 

We previously showed that compound 5 enhances doxorubicin effect mainly in MCF7 cells, 

that show higher levels of Tim16, by decreasing cell viability and increasing caspase 9 

activation. 

In order to further understand the effects of these molecules on expression levels of proteins 

such as Tim16, Tim14 or cytochrome c, we performed a Western blot analysis on MCF7 

cells. 

MCF7 were treated for 48h with 5 µM compound 5 and/or 200 nM doxorubicin; total 

proteins were extracted, quantified and 30 µg of protein were analyzed (Figure 27). 

 

 

 

Figure 27: Western blot analysis of Tim14, Tim16, mtHsp70, BNIP3L, RIP and cytochrome 

c in MCF7 cells treated with 5 µM compound 5 and/or 200 nM doxorubicin. GAPDH was 

used as housekeeping. A representative blot of three independent experiments is shown. 

 

As shown in Figure 27 Tim16 levels are not affected by the indicated compounds, since 

protein levels remain stable, similarly to what observed for Tim14 and mtHsp70.  

The death domain kinase RIP, a key component of the TNF signaling complex, is cleaved 

by Caspase-8 in TNF-induced apoptosis223. Here, compound 5 and doxorubicin induce an 

increase in cleaved RIP levels, which increase even more with co-treatment. 
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BNIP3L/Nix is a “BH3-only protein” belonging to the Bcl-2 family, that can stimulate 

apoptotic or necrotic cell death49. The levels of this protein are not modified by treatment 

with compound 5, but are enhanced by co-treatment with doxorubicin.  

Doxorubicin and compound 5 together induce cytochrome c levels, an effect not detected 

for the single treatments. 

 

4.5 EFFECTS OF COMPOUND 5 ON Tim16-Tim14 BINDING 

It is already known that Tim16 forms a heterodimer with Tim14 and that its inhibitors, such 

as SMMI9, interfere with this binding811. Compound 5 has never been tested in this context 

and its effect on Tim16-Tim14 binding is unknown. To better understand the effects of 

compound 5, the interaction of these proteins, including also mtHsp70, was investigated by 

co-immunoprecipitation (CoIP). This experiment was performed using the MCF7 cells, that 

display higher levels of Tim16, treated with the inhibitor at 5 µM for 3 and 6 hours. Proteins 

were co-immunoprecipitated with the Tim16 antibody (Figure 28 A). Protein level 

quantification was performed by densitometry analysis and the results of each protein 

densitometry are represented in a graph (Figure 28 B), and expressed as a ratio between the 

protein of interest and Tim16 (p/Tim16). 

 

 

 

A
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Figure 28: Co-immunoprecipitation of Tim16, Tim14 and mtHsp70 after 3 or 6h of 

treatment with compound 5. A) MCF7 cells were collected, immunoprecipitated and 

analysed with immunoblotting. A representative blot of three independent experiments is 

shown. B) Protein expression in the untreated and the treated cells expressed as the ratio 

between total protein and Tim16. 

 

 

These findings suggest that compound 5 acts mainly at 3h, interfering in the binding between 

Tim16 and both Tim14 and mtHsp70. Compound 5 seems to bind Tim16 in a reversible 

manner, since after 6 h the binding between Tim16 and both Tim14 and mtHsp70 is partially 

restored. 

 

4.6 EVALUATION OF COMPOUND 5 PRESENCE IN MITOCHONDRIA 

To verify the actual presence of compound 5 into the mitochondrial compartment, 

mitochondrial cell extracts mass spectrometry was performed after 3 or 6 hours of treatment 

with the Tim16 inhibitor. MCF7 cells were treated with compound 5 and collected; 

mitochondria were isolated and submitted to mass spectrometry. By comparing mass spectra 

results we found that compound 5 is present in the mitochondria of treated MCF7 cells 

(Figure 29 B-C) and not in the mitochondria of untreated MCF7 cells (Figure 29 A). The 3 

characteristic mass spectrometry peaks of compound 5 can be recognized in the 

mitochondrial extracts of cells treated for 3 and 6 hours. These peaks are not visible in the 

spectrum of control untreated cells. The evidence that compound 5 is present in the 

mitochondria further supports our previous results, showing that Tim16-Tim14-mtHsp70 

binding is modulated by compound 5.  
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Figure 29: Mass spectra of untreated (A) and compound 5 treated MCF7 cells for 3 hours 

(B) and 6 hours (C). 

 

4.7 PROTEIN PROFILE IN MCF7 CELLS AFTER 3 AND 6 HOURS OF 

TREATMENT WITH COMPOUND 5 

Once it was established that compound 5 was inside the mitochondria and that the effect that 

we observed after 3 and 6 hours was indeed due to this molecule, we investigated the cell 

protein profile. 

In order to evaluate the effects of compound 5 on MCF7 cells we performed a Western blot 

analysis after the isolation of both cytosolic and mitochondrial fractions, to better understand 

if there was an activation of the apoptotic process. 

We investigated the mitochondrial PAM-complex proteins, Tim16 and mtHsp70 and 

proteins involved in the apoptotic pathway as p53, cytochrome c, BNIP3L and RIP. As 

housekeeping we used the GAPDH for the cytosolic fraction and VDCA1 for the 

mitochondrial one. 

As shown in figure 30, p53 and cytochrome c are highly expressed in the mitochondrial 

compartment after 3 hours, but not so after 6 hours. This evidence may indicate that the 

action of compound 5 on the Tim16-Tim14 binding at 3 hours influences p53 protein that is 

in part in the cytosolic fraction but mostly in the mitochondrial one. It is known that p53 

C 
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translocates to the mitochondria and initiates a first wave of MOMP, interacting with BCL2 

protein family, in response to death stimuli224. This could be the case, but the effect, however, 

seems transient and there is no evidence of a cytochrome c release in the cytosol. 

BNIP3L protein levels increase after 6 hours and RIP is slightly cleaved already after 3h, 

but much more after 6 hours. 

On the contrary proteins belonging to the PAM complex do not display significant changes 

in the three conditions. 

 

 

 

Figure 30: Western blot analysis of Tim16, mtHsp70, BNIP3L, RIP, P53 and cytochrome c 

in MCF7 cells treated for 3 and 6 hours with 5 µM compound 5 and separated for the 

cytosolic (C) and the mitochondrial (M) fractions. GAPDH was used as housekeeping for 

the cytosolic fraction, VDAC1 for the mitochondrial fraction. A representative blot of three 

independent experiments is shown. 

 

Protein signal densitometry was performed for each protein and Figure 31 shows p53 levels 

(A) with the cytosolic and mitochondrial protein expression normalized against GAPDH and 

VDAC1 respectively; cytochrome c (B) and BNIP3L graphs (C) are normalized against 

VDAC1.  
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The figure shows that mitochondrial levels of p53 at 3 hours is ~2-fold higher as compared 

to the mitochondrial levels in the untreated cells, that show the same p53 expression level as 

cells treated for 6 hours. cytochrome c levels are ~6,5-fold higher at 3 hours vs. control and 

~2,5- fold higher at 6 hours vs. control. BNIP3L display similar levels in the untreated cells 

and at 3 hours, but at 6 hours its levels are ~2,5-fold higher than the untreated cells. 

  

 

Figure 31: p53, cyt. C, BNIP3L expression after densitometry analysis. of MCF7 cells 

treated for 3 and 6 hours with  5 µM compound 5. A) p53 expression in the cytosolic fraction 

(grey bars) and mitochondrial fraction (black bars). They are express as a ratio between p53 

and the cytosolic housekeeping (GAPDH) or the mitochondrial housekeeping (VDAC1). B) 

Cyt. C express as a ratio between the protein and the mitochondrial housekeeping VDAC1; 

C) BNIP3L express as a ratio between the protein and the mitochondrial housekeeping 

VDAC1. (*p<0,05 vs ct; #p< 0,05 vs 3h). 

 

 

4.8 PROTEIN PROFILE IN MCF7 CELLS AFTER 3 AND 6 HOURS OF 

TREATMENT WITH COMPOUND 5 AND/OR DOXORUBICIN 

To evaluate the influence that a chemotherapeutic drug, such as doxorubicin, could have 

on the effects induced by compound 5, we performed the experiment described above by 

using both molecules. 
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MCF7 cells were treated with 5 µM compound 5 and/or 200 nM doxorubicin for 3 and 6 

hours and a Western blot analysis was performed with 30 µg of protein, evaluating 

mtHsp70 and Caspase 9 activation, as shown in Figure 32.  

As shown, mtHsp70 levels do not change, while the levels of cleaved Caspase 9 increase 

after treatment with doxorubicin treatment for 6 hours and after treatment with doxorubicin 

+ compound 5 for 3 and 6 hours. Treatment with compound 5 alone for 3 and 6 hours does 

not seem to modify basal cleaved Caspase 9 levels. 

 

 

 

 

Figure 32:  Western blot analysis of mtHsp70 and Caspase 9 in MCF7 cells treated for 3 

and 6 hours with 5 µM compound 5 and/or 200nM doxorubicin. GAPDH was used as 

housekeeping. A representative blot of three independent experiments is shown. 

 

4.9 TOXICITY TEST OF COMPOUND 5 IN ZEBRAFISH 

In order to understand the in vivo toxicity of Compound 5, we performed a Fish Embryo 

Acute Toxicity (FET) Test in zebrafish using the OECD 2013 guidelines for the testing of 

chemicals182.  

Newly fertilized zebrafish embryos were exposed to different concentrations of compound 

5 (0, 5, 10, 25, and 30 µM), within the first 3 hours post fertilization (hpf), for a total of 96 

hours. After 4 days the number of surviving embryos after each treatment was recorded.  

As shown in Figure 33, compound 5 at the concentration of 5 µM (the concentration used 

to perform in vitro experiments with cell lines) does not affect embryos survival as 

compared to control. The number of surviving embryos decreases at higher concentrations 

of compound 5 in a dose-response manner: a concentration of 25-30 µM is toxic for 
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embryos. The graph represents surviving embryos as % of total number of incubated 

embryos. 

 

 

 

 

Figure 33: % survival at 4 days post fertilization of zebrafish embryos treated with 5 

different concentrations of compound 5 (0-5-10-25-30 µM). This experiment was performed 

twice. 

 

4.10 IN VIVO EFFECTS OF COMPOUND 5 AND PACLITAXEL IN 

XENOGRAFT MICE 

Previous in vitro studies conducted in our lab on TT cells shown that compound 5 is able to 

increase the cytotoxic effect of paclitaxel by 14% and to reduce basal and pentagastrin 

induced calcitonin secretion. Furthermore, in TT cells we tested a library of Tim16 

inhibitors, identifying compound 5 as not cytotoxic but able to enhance the proapoptotic 

effects of staurosporine by reducing mitochondrial membrane potential (MMP) activation102. 

After the in vivo evaluation of compound 5 toxicity in zebrafish embryos, we wanted to 

investigate the in vivo action of compound 5, in combination with paclitaxel, a 

chemotherapeutic drug, commonly used to treat MTC, in mice. 
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To perform this experiment, mice were injected subcutaneously with TT cells into the flank. 

After 3 weeks, a tumor mass could be detected and mice were divided in 4 groups and started 

treatment with: control solution, intra-tumoral 5 µM compound 5, intra-peritoneal 10 mg/Kg 

Paclitaxel, and intra-tumoral Compound 5 + intra-peritoneal Paclitaxel.  Mice were treated 

twice (day 0 and day 2) and data were collected after 2 and 4 days of treatment (Figure 34). 

Results were plotted as tumor volume (mm3) and expressed as % vs. day 0. 

As shown in Figure 34, at day 4, tumors in control mice increased in volume by ~80% vs. 

day 0; in mice treated with compound 5 tumor volumes increased by ~40% vs. day 0; tumors 

treated with paclitaxel increased by ~30% vs. day 0; in mice treated with both Compound 5 

and paclitaxel tumor volume decreased by ~10%.  

Compoun5 and paclitaxel as single treatments induced a decrease in tumor volume by ~50% 

and ~150%, respectively. The combination resulted in a 10-fold increase in mass volume 

reduction. Mice weight was similar, between 20 and 25 gr. 

 

 

 

 

Figure 34: Tumor volume, express in mm3, measured in xenograft mice after 2 and 4 days 

of treatment with control solution, 5µM compound 5, 10mg/Kg paclitaxel and the 

combination of both, compared to day 0 (first treatment). 
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4.11 PROTEIN PROFILE IN TUMORS EXTRACTED FROM 

XENOGRAFT MICE 

In order to evaluate protein expression in mice tumors treated with compound 5 and 

paclitaxel, tumors were isolated and protein expression of Tim16, RIP and BNIP3l was 

evaluated by Western blot, using 20 µg of protein. Western blot was normalized for the 

housekeeping GAPDH and the densitometry analysis is expressed as a ratio between Tim16 

and the housekeeping. 

As shown in Figure 35 A-B Tim16 levels do not change between treated and untreated mice.  

 

 

 

 

 

Figure 35: A) Western blot analysis of Tim16 in tumoral masses, isolated from xenograft 

mice, treated with 5 µM compound 5 and/or 10mg/kg paclitaxel. GAPDH was used as 

housekeeping. The three different cages are shown (ct:control, p:paclitaxel, c5:compound 5, 

c+p:compound5 +paclitaxel)  B) Tim16 expression after combined densitometry analysis, 

express as a ratio between Tim16 and the housekeeping GAPDH. 

 

We evaluated also RIP expression, involved in the apoptotic pathway (Figure 36). 

Densitometry analysis is expressed as a ratio between cleaved RIP and total RIP, after 
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normalization with the housekeeping GAPDH. No difference was detected after treatment 

with compound 5 or paclitaxel alone, but co-treatment with compound 5 and paclitaxel 

increased RIP activation by ~3-fold.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36: A) Western blot analysis of RIP in tumoral masses, isolated from xenograft mice, 

treated with 5 µM compound 5 and/or 10mg/kg paclitaxel. GAPDH was used as 

housekeeping. The three different cages are shown. (ct:control, p:paclitaxel, c5:compound 

5, c+p:compound5 +paclitaxel) B) RIP expression after combined densitometry analysis, 

express as a ratio between cleaved RIP and total RIP, after normalization for the 

housekeeping GAPDH. 

 

 

Furthermore, we investigated BNIP3L protein expression, a BCL-2 family protein (Figure 

37 A-B). Similarly to what observed for RIP, compound 5 and paclitaxel alone do not 

influence BNIP3L expression, while the combination of compound 5 and paclitaxel induce 

higher protein levels.  
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Figure 37: A) Western blot analysis of BNIP3L in tumoral masses, isolated from xenograft 

mice, treated with 5 µM compound 5 and/or 10mg/kg paclitaxel. GAPDH was used as 

housekeeping. Two different cages are shown. . (ct:control, p:paclitaxel, c5:compound 5, 

c+p:compound5 +paclitaxel)  B) RBNIP3L expression after combined densitometry 

analysis, express as a ratio between BNIP3L and the housekeeping GAPDH. 

 

 

4.12 GENERATION OF A ZEBRAFISH Tim16 MUTANT LINE 

In order to better understand the role of Magmas gene, that encodes for the mitochondrial 

protein Tim16, we have considered to investigate a in vivo model, such as zebrafish, by 

creating a zebrafish mutant line for the Magmas gene, using the CRISPR/Cas9 Technology. 

It is well known that this technology enables to generate double-stranded DNA breaks 

(DSBs) in eukaryotic cells202 using a single guide RNA (sgRNA) and the Cas9 protein. They 

form a complex with genomic DNA (gDNA), sspecifically targeting DNA sites 

complementary to an approximately 20-base sequence within the sgRNA and neighboring a 

protospacer adjacent motif (PAM), the identity of which is dictated by the particular Cas9 

protein employed203. 

To generate this mutant line, we identified 3 hypothetical sgRNA that targeted different 

exons in the Magmas gene. We then acquired the complimentary oligos and then synthesized 

the desired sgRNAs in vitro, by using the t7 polymerase. 
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We injected 1 ng of each of the three sgRNAs (alone or in combination sgRNA1+ sgRNA2) 

with the recombinant S. pyogenes Cas9 into a 1-cell stage embryo to ensure a high efficient 

delivery of injected mRNA to the embryo, as well as to reduce mosaicism. To verify the 

editing, 5 days embryos were genotyped and DNA was sequenced. Embryos of the same 

positive editing strand were raised to adulthood. Once they grew up, we out-crossed the fish 

with wild type ABs fish and analyzed F1 embryos (first filial generation). After extraction 

of gDNA from these embryos, we performed a PCR amplification, followed by the T7 assay 

to verify the presence of editing, and sent to sequence the positively amplified DNAs.  We 

amplified the targeted genomic region by PCR. As shown in figure 38 several fish from 6 

different F1 families injected with gRNA2, at first, were analysed.  

 

 

 

Figure 38: Examples of 2% agarose gel after PCR that amplified the genomic region of 

Magmas probably edited by sgRNA2 in 6 different families. To each band correspond a F1 

embryos. 

 

To evaluate the presence of editing we performed a T7 Endonuclease I Assay. This technique 

allows to rapidly identify the editing presence. The endonuclease recognizes and cleaves 

non-perfectly matched DNA. The cleavage site is at the first, second or third phosphodiester 

bond that is 5´ to the mismatch (Figure 39).  
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Figure 39: T7 endonuclease Assay to rapidly determine editing. PCR amplificated product 

has been submitted to T7 endonuclease I. Some fish show a double band, sign of editing. 

Some samples were sent to sequence (*) to better understand the type of Indels. 

 

 

DNA from fish positive to the T7 were sent to sequence and a TIDE (Tracking of Indels by 

Decomposition) assay was than performed to rapidly assess genome editing (Figure 40).  

We identified 6 founders F0 injected with gRNA2, 3 founders F0 injected with gRNA1 and 

4 founders F0 injected with gRNA1+gRNA2. gRNA3 did not work from the beginning.  

F1 embryos of the same family of those positive to T7 and TIDE analysis were raised to 

adulthood.  
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Figure 40: Examples of Indel spectrum determined by TIDE (Tracking of Indels by 

Decomposition)216 of some F1 embryos. The method is effective for tracing INDELs in 

heterozygotes. TIDE uses these peak heights to determine the relative abundance of every 

possible indel within a chosen size range. R2 is calculated to assess the goodness of fit. The 

P-value associated with the estimated abundance of each indel is calculated by a two-tailed 

t-test of the variance–covariance matrix of the standard errors (black p ≥ 0,001, red p< 0,01). 

  

 

Once F1 reached adulthood, a fin clipping was performed to identify hypothetical interesting 

founders. The target genomic region was amplified by PCR (Figure 41 A) and the T7 

endonuclease I assay was performed (Figure 41 B).  
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Figure 41: PCR and T7 2% agarose gel. A) PCR amplified of some F1 fin clipped fish 

injected, at first, with gRNA1 an gRNA2. B) T7 assay to evaluate the presence of editing. 

In gRNA2 F1 fish, deriving from family 6, we identified 1 edited fish (arrow). 

 

We outcrossed the edited fish (n 5), a male, with a wild type AB female. We genotyped F2 

(second filial generation) embryos deriving from this outcross, selecting those that had an 

abnormal phenotype as well as those with a normal phenotype. 

As shown in Figure 42 A, we selected embryos deriving from 3 different fish, of 2 different 

families, and performed a PCR amplification (Figure 42 B) followed by a T7 assay (Figure 

42 C). 
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Figure 42: F2 embryos selection, PCR and T7 assay. A) different phenotypes were observed 

and weird/normal embryos were selected, from 3 different fish deriving from founders 

injected initially with gRNA2; B) 2% agarose gel after PCR; C) 2% agarose gel after T7 

assay. 

 

To determine the type of mutation that occurred in F2(6)2 embryos, we cloned individual 

DNA molecules in a bacterial vector and analyzed 4 clones each by sequencing embryos 1 

and 3, positive to the T7 test. 

We found that these F2 embryos has a 7bp deletion, as the father, that may cause a truncated 

protein (Figure 43). 

 

 

 

Figure 43: embryo 5, of family 6, injected initially with gRNA2, shows a 7bp deletion that 

bring to a premature stop codon. It is also represented the hypothetical protein with this stop 

codon. 

 

Many fish at different filial generations (F0, F1 and F2) injected with gRNA1, gRNA2 and  

X AB 

B 

A 



 71 

both, were analyzed. We found lots of small (3-12bp) or big (33-42bp) in-frame mutations 

with all of these sgRNAs (Figure 44). 

 

 

Figure 44: Example of a 33bp in-frame deletion in 3/4 clones of a F2 embryo of family 1, 

injected with gRNA2, at first. 

 

We focused on fish identified as displaying a 7pb deletion (not in frame). Actually, we are 

in a F2 generation stage, with fish that are wild-type or heterozygous, so we are not yet aware 

of what might happen in a homozygous situation. 

The most common phenotype observed in this heterozygous fish relates mainly to cardiac 

edema, or to body malformations such as a shorter and curved tail (Figure 45). The scoring 

of observed phenotype and a statistical analysis will be performed in future, when more data 

will be available. 

 

 

Figure 45: F2(6)2 embryos at ~3dpf showing some phenotypic anomalies. 

Cardiac edema 

Shorter tail 
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5. DISCUSSION AND CONCLUSIONS 

Magmas (mitochondria-associated protein involved in granulocyte-macrophage colony-

stimulating factor signal transduction) was identified as a GM-CSF inducible gene in 

PGMD1 murine myeloid cells and encodes for the mitochondrial protein Tim1674. 

Tim16 is member of the translocase complex TIM23, located in the mitochondrial inner 

membrane, that drives proteins from the intermembrane space into the matrix and its 

expression is both developmentally regulated and tissue specific77. 

It has been widely studied in yeast as Pam16 and has been shown to functionally interact 

with another protein, Pam18 (Tim14 in humans), to regulate the importation of peptides into 

the mitochondria through the import complex78. Homologs of Pam16 and Pam18 proteins 

are found across all eukaryotic species. Tim16/Pam16 is a J-like protein as it contains a 

domain with sequence similarity to the J domain of Tim14/Pam18 but lacks the invariant 

tripeptide motif His-Pro-Asp (HPD), a signature of J proteins, having a DKE motif instead. 

They form a heterodimeric complex, which is defined here as J-complex, and they strongly 

interact in a hydrophobic pocket that includes L150 of Pam18 and L97 of Pam16, leaving 

the conserved HPD motif of Pam18 available for stimulating Hsp70 ATPase activity33. 

Members of the J-protein family, in fact, function as coupling factors to stimulate ATP 

hydrolysis by a partner Hsp70 when a polypeptide is present in its substrate-binding pocket. 

Tim16 and Tim14 together with Tim44, mtHsp70 and Mge1 form the PAM (Protein 

associated Motor) complex of TIM23. The ADP/ATP states of Hsp70 regulate its 

interactions with client proteins8283. 

Tim16 was found overexpressed for the first time in prostate cancer and studies conducted 

in our laboratory demonstrated that Magmas mRNA is overexpressed in 72% human 

pituitary adenomas as well as in ACTH-secreting mouse pituitary adenoma cell lines (AtT-

20 D16v-F2 cells) compared to their respective human and murine normal counterparts.  

It was observed that an overexpression of Tim16 protects cells from apoptosis by inhibiting 

staurosporine-induced cytochrome c release from mitochondria, influencing Bax and Bcl2 

modulation by proapoptotic stimuli101. Moreover, Magmas-silenced cells displayed basal 

caspase 3/7 activity and DNA fragmentation levels similar to control cells, which both 

increased under pro-apoptotic stimuli100 . 

Since Tim16 seems to be involved in cancers, small molecule of Magmas inhibitors (SMMI) 

have been synthetized81. Our laboratory together with the Dept. of Chemical and 

Pharmaceutical Sciences of the University of Ferrara, synthesized 6 compounds, identifying 

the compound 5 as not cytotoxic but able to enhance the proapoptotic effects of staurosporine 
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in TT cell lines, that express Tim16 high levels, by reducing mitochondrial membrane 

potential (MMP) activation102. We found that MCF7 cells, deriving from a human breast 

cancer, express higher levels of Tim16 as compared to the normal immortalized breast cell 

line, MCF12A. We found that MCF7 cells displayed 6-fold higher Tim16 levels as compared 

to MCF12A and, analysing also other protein of the PAM complex, we discovered that 

mtHsp70 was 1,5-fold higher in MCF12A as compared to MCF7. Therefore, MCF7 cells are 

a good model to test Magmas inhibitors. Since compound 5 effects were tested only in 

combination with pro-apoptotic stimuli, such as staurosporine, to better understand if 

compound 5 could modulate also the response of MCF7 cells to chemotherapeutic drug, such 

as doxorubicin, commonly used for breast cancers chemotherapy, we tested Tim16 inhibitor 

in combination with doxorubicin evaluating cell viability and caspase activation in both 

MCF7 and MCF12A cells. We found that compound 5 modulate the response to the 

chemotherapic drug in MCF7 cells and not in the normal control MCF12A, further 

enhancing doxorubicin cytotoxic action and caspase 9 activation. Similarly to previous 

results, in this study we did not observe a cytotoxic effect of compound 5. To better evaluated 

whether Tim16 plays a role in cell protection from apoptosis, we evaluated proteins involved 

in apoptosis and we found that compound 5 enhances doxorubicin action, inducing higher 

BAX levels in MCF7 cells, with no appreciable effects in MCF12A cells. Moreover, we 

observed that the combination of compound 5 and doxorubicin obtained a further induction 

of other apoptotic proteins, such as cytochrome c, BNIP3L and RIP. Therefore, compound 

5 sensitises MCF7 cells to the cytotoxic action of doxorubicin by involving apoptosis. 

Other studies conducted in our lab have shown that Compound 5 enhanced the pro-apoptotic 

stimuli of doxorubicin and cisplatin in MCF7 cells and mock-silenced MCF7 cells, but fails 

to do so in silenced MCF7 cells with a shRNA targeting Magmas. These results indicate that 

compound 5 targets Tim16 and that Tim16 levels modulate the chemosensitizing effects of 

compound 5. 

Magmas inhibitors are predicted to bind at the Tim 16/Tim 14 dimer interface establishing 

multiple idrophobic contacts with both Tim14 and Tim16, resulting in complex dissociation. 

In addition, a Magmas inhibitor named compound 9 likely interfered with the N-terminal 

portion of Tim14 that interacts with Tim16 helix III, known to be necessary for complex 

formation and function. Moreover, it has been previously shown that Magmas 

overexpression reduces sensitivity to SMMI 981. In order to better understand the effects of 

compound 5 on Tim16-Tim14 interaction, we evaluated its effect in MCF7 cells after 

treatment for 3 and 6 hours. We observed that compound 5 acted mainly at 3h, as there is a 

reduction in protein interaction. Both Tim14 and mtHsp70 were less associated to Tim16, 
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although this effect seemed transient and partially reversed at 6 hours. We also confirmed 

that the observed effect is due to the presence of compound 5 in the mitochondrial 

compartment by mass spectrometry. Therefore, our findings support the hypothesis that 

compound 5 disrupts Tim16-Tim14 interaction in a reversible manner. 

Evaluating protein expression at the two different time points, we found that while Tim16-

Tim14 and Tim16-mtHsp70 complexes decreased at 3 hours, p53 and cytochrome c levels 

simultaneously increased, returning almost normal at 6 hours. It is known that p53 is 

activated by many stress signals through mechanisms that result in stabilization and 

accumulation of the p53 protein225. Moreover, mortalin (mtHsp70) was found to interact 

with p53 and this interaction was suggested to promote sequestration of p53 in the 

cytoplasm, thereby inhibiting its nuclear activity226,227,228 and inducing the resistance of 

some tumors to radiotherapy and chemotherapy229. Inhibition of mortalin increases 

translocation of p53 to the nucleus230. Therefore, our data suggest that compound 5 at 3 hours 

induces a stress signal that results in a p53 and cytochrome c mitochondrial accumulation, 

that is partially restored after 6 hours. On the contrary, BNIP3L and RIP expression is higher 

at 6 hours. On the basis of our results, we hypothesize that after 3 hours compound 5 targets 

Tim16, disrupting its interaction with both mtHsp70 and Tim14, triggering a signal cascade 

that involves BNIP3L and RIP after 6h, without influencing Tim16, Tim14 or mtHsp70 

expression levels. 

We also evaluated the effects of doxorubicin after 3 and 6 hours alone or in combination 

with compound 5 on Caspase 9 activation. As expected doxorubicin, induced Caspase 9 

activation, and this effect was enhanced by co-treatment with compound 5.  Therefore, these 

data support the idea that compound 5 might be used as a chemosensitizing agent. 

In order to understand the in vivo toxicity of compound 5, we performed a Fish Embryo 

Acute Toxicity (FET) Test in zebrafish using the OECD 2013 guidelines. As expected, we 

obtained a dose-response curve. However, we found that compound 5 at the lowest 

concentrations (5 µM), which we used in vitro, was not toxic for embryos. Therefore, we 

can postulate that the employed concentration might not be toxic in vivo. 

Previous in vitro studies conducted in our lab on TT cells showed that compound 5 was able 

to increase the cytotoxic effect of paclitaxel and to reduce basal and pentagastrin induced 

calcitonin secretion. Furthermore, in TT cells compound 5 is not cytotoxic but able to 

enhance the proapoptotic effects of staurosporine by reducing mitochondrial membrane 

potential (MMP) activation102. After the in vivo evaluation of the compound 5 toxicity in 

zebrafish embryos, we wanted to investigate the in vivo action of compound 5, in 

combination with paclitaxel, a chemotherapeutic drug commonly used to treat cancer, in 
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mice. After 2 days of treatment, we found that tumors in control mice increased in volume 

by a ~ 80%, while the increase in tumor volume was reduced in mice treated with compound 

5 (~ 40%) or with paclitaxel (~ 30%). In mice treated with both compound 5 and paclitaxel 

tumor volume decreased by ~10%. These results indicate that the combinations of compound 

5 and the chemotherapeutic drug indices a strong cytotoxic effect also in vivo. 

We analyzed the protein profiles in tumors extracted from these xenograft mice. Tim16 

levels did not change between treated and untreated tumors, while the levels of the pro-

apoptotic proteins RIP and BNIP3L were ~3-fold higher in tumors treated with both 

compound 5 and paclitaxel as compared to the control and the single treatments. These data 

indicate that compound 5 in vivo exerted a similar effect to that observed in vitro: if used 

alone it does not affect apoptosis but can enhance the pro-apoptotic effects of a 

chemotherapeutic drug, either doxorubicin or paclitaxel. 

One of the aims of our study was to create a mutant animal in order to better understand the 

role of Magmas. Therefore, we tried to create a zebrafish mutant line for the Magmas gene, 

using the CRISPR/Cas9 Technology. 

We started with the injection of 3 different gRNAs and the recombinant Cas9 into a 1-cell 

stage embryos, and identified 6 founders F0 injected with gRNA2, 3 founders F0 injected 

with gRNA1 and 4 founders F0 injected with gRNA1+gRNA2.  Over time we focused on 

gRNA2-injected offspring, as it was the one that worked best, and we identified a F1 fish of 

family 6 as an interesting founder with a 7bp deletion that probably results in a truncated 

protein. 

Unfortunately, our results are too preliminary soon to predict what exactly happens in 

homozygous condition. We are now in a wild-type/heterozygous situation and we observed 

some phenotypes as cardiac edema, or body malformations, but at this stage it is difficult to 

discriminate between casual events and Magmas disruption effects. 

However, previous evidence showed that both Tim14 and Tim16 are involved in diseases 

including cardiac problems. A mutation of Tim14 causes the dilated cardiomyopathy with 

ataxia (DCMA) syndrome231,232 . In addition, Magmas mutations were reported in patients 

affected with a rare lethal spondylometaphyseal dysplasia, the Megarbane– Dagher–Melki 

type, a skeletal dysplasia (SD) characterized by pre and postnatal disproportionate short 

stature, short limbs, cardiomegaly, bone malformations, and early death104,105. It will 

definitely be interesting to deepen this study. 

To conclude, the aim of this study was to investigate Tim16 effects in cancer 

chemoresistance. We knew that overexpression of Tim16 protects cells from apoptotic 

stimuli, therefore using the compound 5, a Tim16 inhibitor, we investigated its in vitro and 
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in vivo action in combination with chemotherapeutic drugs. We found that compound 5 was 

not cytotoxic but enhanced doxorubicin or paclitaxel effects, and we observed that Tim16 

over-expression seems to play a relevant role in the apoptotic pathway, because its inhibition 

sensitizes the cells to chemotherapeutic drugs, with a concomitant release of pro-apoptotic 

proteins. Moreover, compound 5 acts only when Tim16 protein is expressed at high levels, 

because it did not affect the normal cell line MCF12A, which expresses low Tim16 protein 

levels.  

These experiments suggest that compound 5 could be a good candidate to overcome 

doxorubicin and paclitaxel chemoresistance in cancer expressing high levels of Tim16 

protein.  

Considering that compound 5 sensitizes chemoresistant cancer cells to the cytotoxic action 

of chemotherapeutic drugs, without significantly affecting normal cells, it may represent a 

new therapeutic strategy, with important clinical application, through compound 5 

modulates Tim16 activity only in those tumors with a high expression of the protein. Tim16 

expression could have a potential role in tumors as a predictor of response to chemotherapy. 

The use of compound 5 could restore efficacy in chemoresistant cancers and allow a 

reduction in chemotherapeutic dose and in patients’ side effects.  

Further studies are necessary to further strengthen our hypothesis, as well to investigate the 

role of Magmas in the zebrafish model. 
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