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Abstract 

Programmed cell death signaling networks are frequently activated to coordinate the process of 

cell differentiation, and a variety of apoptotic events can mediate the process. This can include 

the ligation of death receptors, the activation of downstream caspases, and the induction of 

chromatin fragmentation, and all of these events can occur without downstream induction of 

death. Importantly, regulators of programmed cell death also have established roles in mediating 

differentiation. This review will provide an overview of apoptosis and its regulation by Inhibitors 

of Apoptosis (IAPs) and Bcl-2 family members. It will then outline the cross-talk between NF-

ĸB and apoptotic signaling in the regulation of apoptosis before discussing the function of these 

regulators in the control of cell differentiation. It will end on a discussion of how a DNA 

damage-directed, cell cycle-dependent differentiation program may be controlled across multiple 

passages through cell cycle, and will assert that the failure to properly differentiate is the 

underlying cause of cancer. 
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Introduction 

Since the discovery of apoptosis over 40 years ago, the signaling pathways that mediate 

this form of programmed cell death (PCD) have been extensively characterized. (Kaczanowski, 

2016) These pathways can be activated by a variety of stimuli, such as the ligation of cell-surface 

death receptors, or following DNA damage, and this can lead to the coordinated destruction of 

the cell. (Elmore, 2007) Regulation of cell death frequently falls on Nuclear Factor kappa B 

(NF-ĸB) transcription factors, which are critical mediators of inflammation; however, as 

apoptosis is a developmentally regulated process, cell death signaling can reciprocally regulate 

proliferation and differentiation, as well. (Brenner et al., 2015, Kaczanowski, 2016, Fernando 

& Megeney, 2007) 

A growing body of evidence suggests that apoptotic regulators mediate the process of cell 

differentiation, and it has even been suggested that caspase-dependent apoptosis is an extreme 

form of the differentiation program. (Fernando & Megeney, 2007) As most cell types are 

required to pass through cell cycle before differentiating, coordinating proliferative signaling 

with apoptotic signaling is likely critical to mediating differentiation. This paper will provide an 

overview of intrinsic and extrinsic apoptotic signaling, and it will discuss the regulation of these 

pathways in the control of cell death. It will then highlight the coordination between apoptotic 

and NF-ĸB signaling networks and discuss how cross-talk between these systems regulates cell 

survival vs. cell death. Then it will outline how apoptotic signaling machinery can be used by 

cells to coordinate a DNA damage-dependent, cell differentiation program, and briefly discuss its 

implications for cancer  

Apoptosis 
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Apoptosis is a form of programmed cell death that is executed by a family of cysteine-

aspartate proteases known as caspases. Caspases are normally present in the cell as inactive 

procaspases, but upon induction of apoptosis, procaspases undergo proximity-induced 

dimerization, and autocatalytic cleavage to their active caspase forms. (Muzio et al., 1998, 

Boatright et al., 2003) Caspases are often recruited to multi-protein complexes called caspase 

activation platforms, such as the Death-inducing Signaling Complex (DISC), or the Apoptosome, 

to accelerate caspase activations. (Kischkel et al., 1995, Zou et al., 1999, Cain et al., 1999) 

Apoptotic caspases may be classified as either initiator or executioner caspases 

depending on their placement in apoptotic pathways. Caspases 8 and 9 are initiator caspases, and 

they are the first caspases activated during extrinsic, and intrinsic, apoptosis, respectively. 

Activated initiator caspases cleave and activate executioner procaspases, such as procaspases 3, 

6, and 7. (Cohen, 1997, Elmore, 2007) These executioner caspases cleave additional caspases, 

as well as a variety of other targets, to initiate an irreversible cascade that culminates in the 

coordinated dismantling of the cell. The dismantled intracellular components then get packaged 

into apoptotic bodies for ingestion by local macrophages. (Elmore, 2007, Fischer et al., 2003) 

Importantly, while apoptosis is the best characterized form of programmed cell death, a variety 

of other biochemical pathways exist that can also lead to cell death. As dysregulation of 

apoptosis can lead to activation of these alternate pathways, some of them will be discussed 

below. 

Extrinsic Apoptosis 

Extrinsic apoptosis is initiated by the activation of members of Tumor Necrosis Factor 

(TNF) Superfamily, which include Fas, TNFR1/2, and TRIALR1/2 (DR4/5), among others. 

(Locksley et al., 2001) Fas is the stereotypical death receptor associated with extrinsic apoptosis, 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



and its ligation stimulates death receptor trimerization and results in the assembly of adaptor 

proteins at the receptor’s cytoplasmic face. Fas-associated protein with death domain (FADD) is 

the predominant adaptor recruited to Fas, while TNFR1SF1A-associated via death domain 

(TRADD) is the main adaptor of TNFR1. (Kischkel et al., 1995, Hsu et al., 1995) FADD 

assembly results in the formation of a multi-protein DISC that recruits procaspase 8 to stimulate 

its cleavage and activation. (Kischkel et al., 1995) Distinct adaptor proteins can be recruited to 

different death receptors to change downstream protein activations. For example, in addition to 

FADD, both Daxx and Yes can to be recruited to Fas. (Yang et al., 1997, Corsini et al. 2009) 

Following ligation of death receptors and formation of a DISC, the initiator procaspase 8 

gets recruited and processed to active caspase 8, depicted in the upper left region (ULR) of 

Figure 1. Activated caspase 8, like caspase 9, is able to cleave procaspase 3 and a variety of 

intracellular targets to promote apoptosis. (Fischer et al., 2003) One notable caspase 8 target in 

extrinsic apoptosis is the pro-apoptotic Bcl-2 family member Bid. Bid is cleaved by caspase 8 to 

tBid (truncated), which enables tBid to translocate to the mitochondria to associates with pro-

apoptotic Bcl-2 family members to promote the release of proteins from the mitochondrial inner 

membrane space (IMS). (H. Li et al., 1998) The release of IMS proteins is usually accompanied 

by a loss of mitochondrial membrane integrity, and the disruption of the proton gradient that 

maintains the Electron Transport Chain (ETC). Some of the key IMS proteins that are released to 

promote apoptosis include Cytochrome c, Endonuclease G (Endo G), Apoptosis-inducing Factor 

(AIF), and SMAC/Diablo, and their contributions will be discussed further below. (L. Y. Li et 

al., 2001, Susin et al., 1996, Du et al., 2000) Importantly, cleavage of Bid enables cross-talk 

between intrinsic and extrinsic apoptosis, as either pathway can impinge on Bcl-2 family 

member activity at the mitochondria. 
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Intrinsic Apoptosis and p53 

Intrinsic apoptosis can be initiated by various types of cellular stress. DNA damage, as 

seen following irradiation or chemical treatment, can initiate intrinsic apoptosis if the lesions are 

irreparable. Growth factor/cytokine withdraw can also initiate intrinsic apoptosis, as can trophic 

factor withdraw, depending on the cell type in question. (Elmore, 2007, Letai, 2006, Kummer 

et al., 1997) These conditions lead to the activation of procaspase 9, the apical initiator caspase 

of intrinsic apoptosis. While caspase 9 can cleave and activate procaspase 3, the release of pro-

apoptotic regulators from the mitochondrial IMS space is often required for cell death. These 

IMS proteins can promote procaspase activations, inhibit anti-apoptotic proteins, and help 

commit cells to apoptosis. For example, following its liberation from the IMS, cytosolic 

cytochrome c can bind to Apoptotic Protease Activating Factor-1 (Apaf-1) to promote the 

assembly of the apoptosome, a potent caspase activation platform that recruits and activates 

procaspase 9. (P. Li et al., 1997) Apoptosome assembly dramatically increases the amount of 

active caspase 9 in the cell and allows these proteases to accelerate cleavage and activation of 

downstream procaspases 3 and 7, as well as other family members. Active caspases 3 and 7 then 

cleave downstream targets to coordinate cellular destruction. (Rodriguez & Lazebnik, 1999, 

Srinivasula et al., 1998, Martin & Green, 1995) 

The tumor-suppressor p53 is key regulator of intrinsic apoptosis, and it is activated 

following wide-ranging apoptotic stimuli, such as DNA damage, to coordinate the cellular 

response. Notably, p53 transactivates the cyclin-dependent kinase inhibitor (CKI) p21 to halt cell 

cycle through cyclin-dependent kinase (CDK) inhibition while the cell attempts to normalize the 

intracellular environment. (Haupt et al., 2003) However, if a cell is unable to restore 

homeostasis, p53 can also promote apoptosis by upregulating a variety of pro-apoptotic proteins, 
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such as the Bcl-2 family members Bax, Puma and Noxa. (Haupt et al., 2003, Yu et al., 2003, 

Oda et al., 2000) These Bcl-2 proteins can compromise the integrity of the outer mitochondrial 

membrane (OMM), and facilitate the release of the above-mentioned apoptogenic proteins from 

the IMS. Notably, p53 can promote death via transcription-independent mechanisms as well, as it 

can facilitate the translocation of pre-formed death receptors housed in the golgi apparatus to the 

plasma membrane. (Bennett et al., 1998) 

Apoptotic DNA/Chromatin Modifications 

Apoptosis results in characteristic modifications to the chromatin that facilitate its 

degradation, and caspase-mediated cleavage events facilitate these changes. (Ura et al., 2001, 

Graves et al., 2001, Hu, et al., 2007) For example, both extrinsic and intrinsic apoptotic stimuli 

lead to the activation of caspase 3, and this protease cleaves Inhibitor of Caspase-activated 

DNase (ICAD), which normally exists in a cytoplasmic complex with Caspase-activated DNase 

(CAD). Cleavage of ICAD by caspase 3 frees CAD to translocate into the nucleus to facilitate 

apoptotic DNA fragmentation. (Sakahira et al., 1998) CAD-mediated fragmentation generates 

double-strand DNA breaks (DSBs) that come concomitant with incorporation and 

phosphorylation at S139 of histone variant H2AX, referred to as γ-H2AX, into the DNA. 

(Rogakou et al., 2000) γ-H2AX is a hallmark of DSBs and is an important epigenetic 

modification involved in coordinating cellular DNA Damage Responses (DDR). 

Two additional caspase-activated proteins that mediate apoptotic epigenetic 

modifications include Mammalian Ste20-like kinase 1 (Mst1) and the non-calcium-dependent 

Protein Kinase C δ isoform (PKCδ). Caspases cleave Mst1 in the cytosol to induce its nuclear 

import, while PKC is cleaved by caspase 3 in the nucleus to restrict its export. (Ura et al., 2001, 

DeVries-Seimon et al., 2007) Both Mst1 and PKCδ facilitate histone 2B serine 14 (H2BS14) 
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phosphorylation, and the caspase-cleaved protein acinus can bind to, and enhance the activity of, 

both of these kinases. (Ura et al., 2001, Hu et al., 2007)  The H2BS14ph modification recruits 

the protein Regulator of Chromatin Condensation 1 (RCC1). (Wong et al., 2009) RCC1 is a 

Ran-GEF that controls nuclear transport by catalyzing the exchange of Ran-GDP for Ran-GTP, 

and its association with phosphorylated H2BS14 during early apoptosis disrupts this process, and 

by extension, nuclear transport. Disruption of nuclear transport impacts the subcellular 

distribution of both Mst1 and PKCδ, and it can even help exclude NF-ĸB transcription factors 

from the nucleus. (Ura et al., 2001, DeVries-Seimon et al., 2007, Wong et al., 2009) As NF-ĸB 

upregulates a variety of anti-apoptotic proteins, nuclear exclusion may potentiate apoptosis. NF-

ĸB will be discussed in more detail below. It is important to note that the H2BS14ph 

modification requires prior deacetylation at H2BK15, and that the H2BS14ph modification co-

localizes with γ-H2AX during apoptosis, which will also be discussed below. (Ajiro et al., 2010, 

Solier & Pommier, 2009) 

Another important nuclear protein that regulates apoptosis is Poly (ADP-ribose) 

Polymerase 1 (PARP1). PARP1 activates following DNA damage and catalyzes the rapid 

NAD+-dependent addition of Poly-ADP-ribose (PAR) polymers, a process referred to as 

PARylation, to a variety of proteins, including itself. (Huletsky et al., 1989, Ogata et al., 1981) 

The addition of these highly electronegative PAR polymers to some DNA-binding proteins, such 

as histones, promotes their dissociation from DNA. (Mathis & Althaus, 1987) Conversely, 

PARylation of some DDR proteins, such as Checkpoint kinase 1 (Chk1), can facilitate 

recruitment to, and repair of, DNA breaks. (Min et al., 2013) PARP1 even promotes NF-ĸB 

activation following DNA damage. (Stilmann et al., 2009, Hottiger, 2015) During apoptosis, 

caspase 3 cleaves PARP1 to prevent NAD+/ATP depletion, while the enzyme PAR 
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Glycohydrolase (PARG) is responsible for degrading the PAR polymers. (Kim et al., 2005) 

Importantly, unrestrained PARP1 activity can lead to parthanatos, a PARP1-mediated form of 

cell death that does not depend on caspase activity. (Fatokun, Dawson, & Dawson, 2014) 

AIF is an important apoptogenic protein that facilitates apoptotic chromatin 

condensation. AIF lacks nuclease activity, but it can may act through DNA-binding proteins to 

alter chromatin accessibility to various nucleases. (Vařecha et al., 2009) For example, AIF binds 

to the nuclease Macrophage Migration Inhibitory Factor (MIF) to promote PARP1-mediated 

DNA fragmentation, and an AIF-MIF association in the cytosol even facilitates nuclear 

accumulation of MIF. (Wang et al., 2016) Unlike many other IMS proteins, loss of 

mitochondrial membrane integrity is not sufficient to stimulate the release of AIF. Its release is 

frequently, though not exclusively, dependent on PARP1 and the calpain family of proteases. 

(Vosler et al., 2009, Cao et al., 2007, Y. Wang et al., 2009) Activation of PARP1 has been 

shown to promote Ca2+ mobilization, which leads to an accumulation of Ca2+ in the IMS. This 

activates the IMS-localized calpain 1, which cleaves AIF to tAIF, and enables tAIF to translocate 

into the nucleus. PAR polymers can directly binds to AIF promote this translocation. (Wang et 

al., 2011) Importantly, a fraction of AIF has also been found on the cytosolic face of the OMM 

in mouse brain cells, and this fraction’s translocation into the nucleus can precede that of the 

IMS-localized AIF. (Yu et al., 2009)    

Apoptotic Regulatory Families 

Bcl-2 Regulation of Mitochondrial Membrane Integrity 

  Bcl-2 proteins are central regulators of mitochondrial membrane integrity, and they 

thereby control the mitochondrial amplification loop that accelerates caspase activations during 
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apoptosis. These proteins are subdivided into pro- and anti-apoptotic family members, and are 

categorized based of the number of Bcl-2 homology (BH) domains they contain. (Luna-Vargas 

& Chipuk, 2016, Breckenridge & Xue, 2004) The anti-apoptotic members Bcl-2, Bcl-XL, and 

Mcl-1 are multi-region members that have four (BH1-BH4) domains, as do the pro-apoptotic 

members Bax and Bak. Bad, Bid, Bim, Bik, Noxa, and Puma are another subset of pro-apoptotic 

members that are BH3-only family members. (Breckenridge & Xue, 2004) Bcl-2 proteins 

function by forming heteromers with their family members, as well as other proteins such as p53, 

to promote or restrict mitochondrial membrane permeability (MMP), and mitochondrial 

membrane depolarization (MMD). (Vaseva & Moll, 2009) 

Bcl-2 protein heteromers function largely by associating with Voltage-dependent Anion 

Channel 1 (VDAC1) at the cytosolic face of the OMM, or by directly opening a channel in the 

mitochondrial membrane. (Tsujimoto & Shimizu, 2000, Shamas-Din, Kale, Leber, & 

Andrews, 2013) The pro-apoptotic members, such as Bax and Bak, can oligomerize at the OMM 

to promote the release of IMS-localized proteins, and this often occurs alongside MMD. (Eskes 

et al., 2000, Dewson et al., 2009) Conversely, the anti-apoptotic Bcl-2 proteins can 

heterodimerize with their pro-apoptotic counterparts to keep them sequestered in the cytoplasm, 

they can bind VDAC1 to restrict to restrict pro-apoptotic family member associations, or they 

may bind to pro-apoptotic members that are inserted into the membrane to restrict pore 

formation. (Oltval et al., 1993, Yang et al., 1995, Tsujimoto & Shimizu, 2000, Luna-Vargas 

& Chipuk, 2016) Interestingly, Hexokinase II, the commonly expressed isoform in cancer, can 

bind VDAC1 to prevent Bcl-2 family member associations, and likely functions in the regulation 

of these events. (Pastorino & Hoek, 2008) 

Inhibitors of Apoptosis 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Inhibitors of Apoptosis (IAPs) are a family of proteins that regulate cell death signaling 

by restricting caspase activity and by promoting NF-ĸB survival signaling. X-linked Inhibitor of 

Apoptosis (XIAP), the most potent IAP, is able to bind to and inhibit caspases 3, 7, and 9. 

(Deveraux et al., 1997, Deveraux et al., 1998) Cellular IAP1 (cIAP1) and cIAP2, in contrast, 

don’t directly inhibit caspases, but they can restrict the assembly of caspase activation platforms 

to limit caspase activity. (Tenev et al., 2011)  All three of these proteins play important roles in 

facilitating NF-ĸB activation, which is predominantly anti-apoptotic, and each can be 

upregulated by NF-ĸB transcriptional activity. (Stehlik et al., 1998) While there are many IAP 

family members, this article will focus on cIAP1/2, XIAP, and survivin. (Deveraux & Reed, 

1999) 

XIAP, cIAP1, and cIAP2 each contain three N-terminal baculovirus IAP-repeat (BIR) 

domains and a C-terminal RING domain. The BIR domains enable these IAPs to interact with 

processed caspases and other proteins, frequently through interaction with IAP-binding motifs 

(IBMs), while their RING domains enable them to ubiquitinate a variety of targets, including 

themselves. (Chai et al., 2000, Hegde et al., 2002, Yigong, 2002, Vaux & Silke, 2005) IAP 

ubiquitination events can modify the functions of the target proteins, generate scaffolds to recruit 

signaling regulators, or direct proteins to the proteasome for degradation. The BIR domains of 

cIAP1/2 enable them to associate with components of the TNFR1 complex, while their RING 

domains mediate ubiquitination events that are important for proper NF-ĸB activation. (Samuel 

et al., 2006, Mahoney et al., 2008) XIAP can also play a role in NF-ĸB activation through its 

BIR1 and RING domains, which will be discussed below. (Galbán & Duckett, 2009)  

Unlike the IAPs discussed above, survivin only contains 1 BIR domain and lacks a RING 

domain. (Verdecia et al., 2000) In response to various cell death stimuli, survivin regulates cell 
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death via associations with cIAP1/2, XIAP, Smac/DIABLO, and the cellular protein hepatitis B 

X-interacting protein (HBXIP), among others. (Dohi et al., 2004, Song et al., 2003, Marusawa 

et al., 2003) Survivin’s association with XIAP helps stabilize XIAP by restricting its Ub-

mediated targeting to the proteasome. (Dohi et al., 2004) By binding to HBXIP, survivin can 

also inhibit procaspase 9 recruitment to Apaf-1 to restrict apoptosome formation and apoptosis. 

(Marusawa et al., 2003)  

IAP antagonists 

IAP antagonists are a group of proteins that are often localized to the IMS and are 

released when pro-apoptotic Bcl-2 proteins compromise the OMM. Smac/DIABLO and 

Omi/Htr2 are two mammalian IAP antagonists released during apoptosis. In the cytosol, Smac 

binds to either the BIR2 or BIR3 domain of different IAPs and directs their activity. (Chai et al., 

2000) For example, cytosolic Smac/DIABLO may bind to cIAP1/2 to stimulate their 

degradation, or it may associate with XIAP to remove XIAP-mediated caspase inhibition. (Yang 

& Du, 2004) Unlike Smac/DIABLO, an alternatively spliced isoform known as Smac3 can bind 

to XIAP to promote its autoubiquitination and proteosomal degradation. (Fu et al., 2003) While 

XIAP directly inhibits caspases 3, 7, and 9, it can also indirectly promote its own induction via 

NF-ĸB signaling, which will be outlined below. (Deveraux et al., 1997, Deveraux et al., 1998, 

Jin et al., 2009) Survivin can also be induced by NF-ĸB signaling alongside XIAP, and survivin 

can simultaneously restrict the induction of apoptosis via HBXIP, and bind XIAP to prevent 

Smac-mediated inhibition of XIAP. (Wang et al., 2010) Mitochondrial Survivin can also 

directly bind to Smac in the IMS to prevent it release in response to apoptotic stimuli. (Ceballos-

Cancino et al., 2007)  
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Other IMS-localized proteins are able to promote apoptosis following their release from 

the mitochondria. For example, Omi/Htr2 is an IAP antagonist with serine protease activity that 

is released in response to some apoptotic stimuli. Unlike Smac, Omi/Htr2 is able to directly 

cleave its substrates during apoptosis. (Suzuki et al., 2001) Some of these target include IAPs 

such as cIAP1, cIAP2, and XIAP, but they are not restricted to apoptotic regulators, as Omi/Htr2 

also cleaves eukaryotic initiation factor 4GI (eIF-4GI), elongation factor 1-alpha (EF-1α) and 

various cytoskeletal proteins, among others. (Vande Walle et al., 2007) The activity of IAP 

antagonists removes IAP-mediated inhibition of caspases, shuts down NF-ĸB signaling, and 

promotes lethal levels of caspase activity to induce apoptosis.  

Nuclear Factor-kappa B and the TNFR1 

 Nuclear Factor-kappa B (NF-ĸB) proteins are a group of transcription factors that include 

RelA (p65), RelB, c-Rel, p105/p50, and p100/p52 in mammalian cells. These proteins are critical 

mediators of inflammation, but they also regulate proliferation, differentiation, and apoptosis, as 

well. (Zhang, Lenardo, & Baltimore, 2017, Zhang et al., 2012) To mediate this, NF-ĸB 

proteins form distinct dimers that preferentially induce different downstream targets. These 

dimers are normally held in the cytoplasm by Inhibitor of kB (IĸB), but following their liberation 

from this complex, they translocate in the nucleus to induce their respective targets. p65/p50 is 

the stereotypical dimer that activates classical NF-kB signaling, while RelB/p52 typically 

activates non-canonical/alternative NF-kB signaling. 

NF-kB signaling is intimately linked to apoptotic signaling, and the cross-talk between 

these pathways enables fine-tuned control of cell death. Classical NF-ĸB signaling can lead to 

the induction of cIAP1/2, XIAP, and survivin. (Stehlik et al., 1998, Wang et al., 2010) These 

IAPs operate within a feedback loop with NF-ĸB whereby they simultaneously promote 
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maintenance of NF-ĸB signaling, and restrict cell death. NF-ĸB transcription factors can also 

induce Bcl-2 and Bcl-XL, which restrict pro-apoptotic Bcl-2 family members from 

compromising the integrity of the OMM, to prevent intrinsic apoptosis. (Tamatani et al., 1999) 

While the majority of evidence supports an anti-apoptotic role of NF-ĸB signaling, these 

transcription factors can also unpregulate pro-apoptotic molecules, such as Fas, TRIALR1/2 

(DR4/5). (Liu et al., 2012, Mendoza et al., 2008, Shetty et al., 2005) After outlining the 

signaling events that activate NF-ĸB in response to TNFR1 ligation and DNA damage, a 

discussion of the cross-talk between these signaling networks will outline their co-regulation in 

more detail. 

NF-ĸB activation via TNFR1 Ligation 

The TNFR1 is a stereotypical death receptor that may promote proliferation, 

differentiation, or apoptosis, depending on the cell type and context of activation. (Widera et al., 

2006, Rastogi et al., 2012, Chomarat et al., 2003) As with Fas ligation, activation of TNFR1 

leads to caspase processing; however, TNFR1 signaling also liberates NF-ĸB to induce its 

downstream targets, which can restrict cell death. (Brenner et al., 2015) The balance between 

these countervailing signals enables cell survival under conditions of active apoptotic signaling 

Ligation of the TNFR1 by TNF-α results in trimerization of the receptor, and assembly of 

various adaptor proteins at its cytoplasmic face. (Brenner et al., 2015) As depicted in the upper 

right region (URR) of Figure 1, these adaptors include TRADD, TRAF2/5, Ripk1, and cIAP1/2, 

which together form the membrane-associated Complex I. (Hsu et al., 1995, Hsu et al., 1996, 

Ting et al., 1996, Hsu et al., 1996, Mahoney et al., 2008) The ubiquitin ligase activity of the 

cIAPs allows them to add K11-, K48- and K63-polyubiquitin chains to several adaptors, notably 

Ripk1 and cIAP1, which recruits LUBAC to add M1-polyubiquitin chains to Ripk1. (Mahoney 
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et al., 2008, Haas et al., 2009, Dondelinger, et al., 2016) These polyubiquitin chains function as 

scaffolding for NF-ĸB-activating proteins to assemble on. Notably, one complex consisting of 

TGF-β-activated kinase 1 (TAK1) and TAB2/3, and another consisting of IKKα, IKKβ, and 

NEMO (IKKγ) get recruited to the polyubiquitin chains. (Kanayama et al., 2004, Ea et al., 

2006)  Following recruitment, TAK1 phosphorylates IKKβ, which allows IKKβ to phosphorylate 

and inactivate Inhibitor of ĸBα (IĸBα). This liberates NF-ĸB transcription factors to translocate 

into the nucleus. (C. Wang et al., 2001, DiDonato et al., 1997) TAK1 can also promote the 

activation of the kinases JNK and p38 alongside NF-ĸB. Importantly, the ubiquitin ligase activity 

of the cIAPs is necessary for maintaining canonical NF-ĸB signaling, and depletion of these 

proteins, as seen following release of Smac/DIABLO from the IMS, may instead activate non-

canonical NF-ĸB signaling through stabilization of NF-kappa-B-inducing kinase (NIK). (Yang 

& Du, 2004, Zarnegar et al., 2008) 

Following signal transduction events at the membrane-associated TNFR1 Complex I, 

deubiquitination of Ripk1 results in its dissociation from Complex I, and the formation of either 

Complex IIa or Complex IIb in the cytoplasm. (Bertrand et al., 2008, Micheau & Tschopp, 

2003, Wang et al., 2008)  Either of these complexes can process procaspase 8. (Wang et al., 

2008) The TRADD-dependent Complex IIa consists of TRADD, FADD, and either a procaspase 

8/c-FLIPL heterodimer, or a procaspase 8 homodimer. Complex IIa assembly results in the 

cleavage of Ripk1, Ripk3, and the Ripk1 deubiquitlyase Cylindromatosis (CYLD). (Wang et al., 

2008, Brenner et al., 2015, Wright et al., 2007) With cIAP depletion following Complex I 

assembly, the Ripk1-dependent Complex IIb forms instead. This complex consists of a Ripk1, 

Ripk3, FADD, and either a procaspase 8/c-FLIPL heterodimer, or a procaspase 8 homodimer. 

Both Complex IIa and Complex IIb have overlapping targets, such as Ripk1, Ripk3, CYLD, and 
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procaspase 8, and the assembly of either complex can lead to apoptosis. Interestingly, the 

depletion of cIAP1/2 and XIAP promotes the formation of the Ripoptosome, a 

Ripk1/FADD/Caspase 8 complex that is reminiscent of Complex IIb; however, this caspase 

activation platform is unique in that it can form without prior assembly of Complex I. (Tenev et 

al., 2011) If caspase 8 activity is inhibited, and Ripk1/3 are not cleaved, the these kinases both 

auto- and trans-phosphorylate one-another. (Berghe, et al., 2014) This leads to the assembly of 

the necrosome, a filamentous complex consisting of Ripk1, Ripk3, FADD and inactive caspase 

8. This necrosome phosphorylates Mixed Lineage Kinase Domain-like (MLKL) proteins, which 

leads to their oligomerization, and allows them to disrupt plasma membrane integrity to mediate 

pro-inflammatory cell death. (Berghe, et al., 2014) 

c-FLIP Proteins 

Cellular FLICE (FADD-like IL-1β-converting enzyme)-inhibitory protein (c-FLIP) is an 

important regulator of apoptosis that is structurally similar to caspase 8, but lacks a functional 

catalytic domain. (Irmler et al., 1997) This protein is expressed as either a long, short, or Raji 

isoform, notated as c-FLIPL, c-FLIPS, and c-FLIPR, respectively, though c-FLIPL and c-FLIPS 

are the major isoforms present in mammalian cells. (Safa, 2012) All of these isoform have 2 N-

terminal death effector domains (DED) that mediate caspase interactions, while only c-FLIPL has 

2 C-terminal caspase-like domains. The c-FLIPS and c-FLIPR splice variants are truncated at the 

C-terminus and lack caspase-like domains. c-FLIP isoforms can also be alternatively processed 

by caspases, and the cleavage fragments can display unique regulation of apoptosis, as well. 

(Safa, 2012, Golks et al., 2006) 

c-FLIP primarily regulates apoptosis by modulating caspase activity and promoting NF-

ĸB signaling. c-FLIPL can compete with procaspase 8 for dimerization at various caspase 
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activation platforms to alter the potency of the signaling complexes, and caspase 8 substrate 

specificity. (Micheau et al., 2002, Micheau & Tschopp, 2003, Feoktistova et al., 2011) At the 

DISC for example, the ratio of c-FLIP proteins to procaspase 8 proteins critically regulates the 

stoichiometry of DISC components. (Schleich et al., 2012) Low levels of c-FLIPL allow for 

DED-mediated assembly of multiple procaspase 8 molecules at the DISC, referred to as Death 

Effector Filaments (DEF), which can lead to cell death. High levels of c-FLIPL instead prevent 

this assembly and reduce the stoichiometry of FADD:c-FLIPL:Caspase 8 to1:1:1. This allows for 

limited substrate processing at the DISC, which can inhibit apoptosis. (Hughes et al., 2016, 

Schleich et al., 2012) For example, Ripk1, an essential component of the TNFR1 Complex I, 

Complex IIb/Ripoptosome, and the necrosome, is cleaved at the membrane-restricted DISC; this 

may restrict TNFR1 signaling during active Fas signaling, and also prevent the formation of the 

cytosolic Ripoptosome, which does not require prior assembly of Complex I. (Micheau et al., 

2002, Feoktistova et al., 2011)  

The recruitment of c-FLIP proteins to cytosolic caspase activation platforms also directs 

downstream death responses. As mentioned, c-FLIPL recruitment to Complex IIa promotes the 

cleavage of Ripk1, Ripk3, and CYLD, and as Ripk1 and Ripk3 are essential components of 

Complex IIb and the necrosome, their cleavages likely restrict the formation of these complexes. 

(Brenner et al., 2015, Li et al., 2012) CYLD can also mediate deubiquitlyation of Ripk1, which 

is important for necrosome assembly. The assembly of Complex IIb, which is often seen 

alongside cIAP inhibition, similarly leads to Ripk1 and Ripk3 cleavages. Unlike c-FLIPL, 

however, c-FLIPS can both promote the formation of the Ripoptosome, and simultaneously 

inhibit caspase 8 activity within this complex. This can instead promote death via the necrosome. 

(Feoktistova et al., 2011) 
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c-FLIP proteins can also be processed by caspases to generate distinct cleavage fragments 

that control cell death. Interestingly, procaspase 8 can cleave c-FLIPL/S into an N-terminal p22-

FLIP, and elevated ratios of c-FLIPL/procaspase 8 lead to higher levels of p22-FLIP formation. 

(Golks et al., 2006) p22-FLIP is able to bind to both the Fas-assembled DISC to restrict cell 

death, and to NEMO to promote NF-ĸB signaling. While procaspase 8 processes c-FLIPL to p22-

FLIP, caspase 8 processes c-FLIPL to p43-FLIP. p43-FLIP is able to promote NF-ĸB survival 

signaling and restrict cell death, but p22-FLIP appears to be the more potent NF-ĸB activator. 

(Golks et al., 2006, Safa, 2012) 

NF-ĸB activation through Nuclear Signaling 

 Various types of genotoxic stress are able to induce NF-ĸB through nuclear signaling 

events. Treatment with chemotherapeutic drugs, exposure to UV/IR radiation, or generation of 

ROS can all lead to DNA damage-induced activation of NF-ĸB. (Jin et al., 2009, Janssens & 

Tschopp, 2006, Morgan & Liu, 2011) Importantly, as with death receptor activations, nuclear 

NF-ĸB-activating stimuli converge on the activation of the cytoplasmic IKK complex, and IAP 

ubiquitination events are critical to this process. 

 Following DNA damage, several nuclear complexes assemble to coordinate the DDR 

with NF-ĸB activation, which are depicted in the lower right region (LRR) of Figure 1. One 

important complex, the PARP1 signalosome, consists of ATM/PARP1/PIASγ/NEMO. 

(Stilmann et al., 2009) Ataxia telangiectasia mutated (ATM) is an important mediator of the 

DDR that phosphorylates a variety of proteins, such as Checkpoint kinase 2 (Chk2) and p53, to 

coordinate and amplify the DDR signal. (Shiloh & Ziv, 2013, Matsuoka et al., 2000, Saito et 

al., 2002) PIASγ (Inhibitor of Activated STATγ) is unique E3 ligase that post-translationally 

sumoylates proteins by conjugating SUMO (small ubiquitin-like modifier) groups onto lysine 
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residues of its target proteins. (Mabb et al., 2006) PARP1 initially associates with damaged 

DNA to coordinate repair, where it recruits DDR mediators. However, PARP1 autoPARylation 

causes it to disassociate from the DNA, and this promotes the assembly of the nuclear 

ATM/PARP1/PIASγ/NEMO complex. (Stilmann et al., 2009) PARP1 initially recruits ATM 

and PIASγ, after which PIASγ sumoylates NEMO at residues K277/K309, and ATM 

phosphorylates NEMO at S85. (Huang et al., 2003, Mabb et al., 2006, Wu et al., 2006) After 

phosphorylation, NEMO is mono-ubiquitinated to displace the SUMO groups, and cIAP1 can 

mediate this ubiquitination through its RING domain. Both the Ub-modified NEMO and ATM 

then translocate into the cytoplasm to facilitate IKK activation. (Jin et al., 2009, Wu et al., 

2006, Hinz et al., 2010) 

Additional cytoplasmic interactions are required to activate NF-ĸB following DNA 

damage. Cytoplasmic ATM associates with TRAF6 to promote TRAF6 K63-polyubiquitination. 

(Hinz et al., 2010) This results in the recruitment of cIAP1, TAB2/TAK1, and the IKK complex, 

and results in TAK1 phosphorylation. In addition to TAK1 activation, NEMO undergoes an 

essential mono-ubiquitination event at K285, which can be mediated by an ATM/TRAF6/cIAP1 

complex. Ripk1 also complexes with IKK and promotes IĸB degradation, and this activity is 

independent of TRAF2 and Ripk1 kinase activity. (Hinz et al., 2010, Hur et al., 2003, Yang et 

al., 2011)  

 XIAP can also facilitate NF-ĸB activation in response to some stimuli. For example, 

XIAP facilitates an important IKKβ phosphorylation event following treatment with etoposide or 

camptothecin by associating with a TAB1/TAK1 complex via an interaction with its BIR1 

domain, and recruits IKK to be phosphorylated. (Jin et al., 2009, Lu et al., 2007) Importantly, 

this provides a point at which NF-ĸB signaling can be shut down because, following its 
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liberation from the IMS, Smac can interact to XIAP in this complex and promotes its 

dissociation. (Lu et al., 2007) This restricts IKK activation and NF-ĸB activity. 

PIDD and the PIDDosome 

Another protein complex that assembles in response to genotoxic stress and coordinates 

with the PARP1 signalosome consists of PIDD-C/Ripk1/NEMO. (Janssens et al., 2005) In 

response to DNA damage, PIDD (p53-induced with Death Domain) translocates into the nucleus 

and undergoes autocatalytic cleavage to enable the formation of different protein complexes. 

(Janssens et al., 2005, Tinel et al., 2007) The PIDD-C/Ripk1/NEMO complex, like the PARP1 

signalosome, is proposed to facilitate NEMO sumoylation and NF-ĸB activation. However, 

neither PIDD nor Ripk1 was not detected as part of the PARP1/ATM/PIASγ/NEMO complex, 

and their precise contributions to NEMO sumoylation are not currently known.  (Stilmann et al., 

2009, Janssens et al., 2005) It is interesting to note that despite rapid formation of the PARP1 

signalosome, a delay in NEMO sumoylation was apparent. As such, it seems likely that the 

PIDD-C/Ripk1/NEMO complex mediates additional PARP1 signalosome-independent 

interactions that are important for NEMO sumoylation. (Stilmann et al., 2009, Janssens et al., 

2005) 

 While small amounts of DNA damage result in PIDD promoting NF-ĸB activation, 

large-scale DNA damage elicits a distinct response. In this instance, PIDD-C undergoes an 

additional cleavage event and is processed to PIDD-CC, which assembles with RAIDD (RIP-

associated ICH1/CED3-homologous protein with Death Domain) into a caspase activation 

platform known as the RAIDD-PIDDosome. (Tinel et al., 2007) This RAIDD-PIDDosome is 

cytoplasmic, and is able to recruit and process procaspase 2. Caspase 2 is able to cleave Bid to 

tBid, and Ripk1, as well. Importantly, PIDD processing appears to be sequential such that PIDD-

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



C generation, and activation of pro-survival NF-ĸB signaling, is expected to precede PIDD-CC-

mediated caspase activations. (Tinel et al., 2007)  

ATM and Checkpoint kinase 1 (Chk1) have been found to be important regulators of 

RAIDD-PIDDosome formation. (Ando et al., 2012) ATM regulates PIDD’s pro-survival to pro-

death decisions by phosphorylating PIDD on T788 in PIDD’s death domain. While this does not 

affect PIDD-C to PIDD-CC processing, it does allow PIDD to recruit RAIDD and procaspase 2 

instead of Ripk1. Active Ch1 signaling, however, restricts this phosphorylation event and 

suppresses the formation of the RAIDD-PIDDosome, and this may also restrict apoptotic 

signaling during an active DDR. (Ando et al., 2012) Interestingly, T788-phosphorylated PIDD is 

subject to mitotic regulation, where PIDD gets recruited to the sites of checkpoint signaling by 

BubR1. This interaction restricts the recruitment of RAIDD and the assembly of the caspase 2 

activation platform. 

Death and Differentiation 

 Apoptotic signaling events have been suggested to be an extreme form of the 

differentiation program, and many of the proteins discussed above have been shown to regulate 

cell differentiation in a variety of cell types; these proteins include death receptors, caspases, 

calpains, Bcl-2 proteins, IAPs, and NF-ĸB transcription factors, among others. (Fernando & 

Megeney, 2007) These proteins are often subject of differentiation-specific regulation that 

allows them to promote cell specialization as opposed to cell death. For example, transient 

protein activations, attenuated levels of activations, and spatiotemporal control of these proteins 

are the commonly proposed mechanisms by which these death-associated proteins control cell 

differentiation. (Fischer et al., 2003) 
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Among the many protein families discussed above, caspases have well-established roles 

in mediating differentiation. Caspase 8, for example, has been shown to be necessary for 

monocyte differentiation into macrophages, as well as for the differentiation of osteoblasts and 

lymphocytes. (Sordet et al., 2002, Mogi & Togari, 2003, Alam et al., 1999) Caspase 9 is 

involved in lens epithelial cell differentiation, which involves modulating the expression of Bcl-2 

family members and IAPs, and also sees cytochrome c release. (Weber & Menko, 2005) 

Caspase 3 has likewise been shown to be required for the differentiation of myoblasts, neurons, 

embryonic stem cells (ESCs), hematopoietic stem cells (HSCs) and bone marrow stromal cells. 

(Fernando et al., 2002, Rohn et al., 2004, Fujita et al., 2008, Janzen et al., 2008, Miura et al., 

2004) While these proteins often cleave and activate canonical death substrates during 

differentiation, the stage of the differentiation program that requires caspase activity is cell type-

specific. (Weber & Menko, 2005) Importantly, not all cells require caspase activity to 

differentiate. Some cell types, such as Dendritic Cells, can differentiate even in the presence of 

broad-spectrum caspase inhibitors. (Sordet et al., 2002) 

Both upstream and downstream caspase regulators have also been shown to promote cell 

differentiation. Various death receptors, including Fas, TNFR1, TRAILR1/2, and NGF, among 

others are implicated in the regulation of cell survival and differentiation of stem cells. (Solá, 

Morgado, & Rodrigues, 2013) In the hematopoietic system, regulation of the Fas-FADD-

Caspase 8 signaling axis by c-FLIP is critical to the activation of Jurkat T cells, with downstream 

induction of IL-2. (J. Zhang et al., 1998, Kataoka et al., 2000) However, Jurkat cells have 

constitutive Akt signaling, and studies of the DO11.10 T cell line indicate that both Akt and Fas 

signaling activity are critical to T cell activation. (Fang et al., 2004) Outside of the 

hematopoietic system, Fas activation in neural stem cells (NSCs) promotes survival and 
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differentiation without recruitment of FADD; instead, these cells recruit the Src family member 

Yes, which activates a PI3K/Akt/GSK3β-mTOR pathway. (Corsini et al., 2009) TNFα 

activation of canonical NF-ĸB also controls the induction of NSC differentiation, as well as the 

asymmetric division of these cells. (Y. Zhang et al., 2012) TRIAL Receptor can also induce the 

differentiation of several cell types, such as osteoclasts, and intestinal cells. (Rimondi et al., 

2006, Yen et al., 2008) As the combined activation of cell death and cell growth signaling is 

observed during both T cell activation and NSC induction of differentiation, dissecting the co-

regulation of these signaling networks in the control of cell differentiation should be a focus of 

future research. 

Bcl-2 family members, such as Bcl-XL, Bax, Bid and Bim can regulate neural 

differentiation by directing precursor cells down distinct lineages, though the molecular 

mechanisms that allow these proteins to direct cell fate are poorly defined. (Solá et al., 2012) 

Bcl-XL, for example, is essential to neuronal survival during brain development and in the 

central nervous system, and its expression can increase neuronal progenitor proliferation and 

inhibit the differentiation of glial precursors. (Motoyama et al., 1995, Parsadanian et al., 1998, 

Liste et al., 2007) Bax expression correlates with astrocyte formation, and it can direct 

embryonic cortical precursors towards astrocyte differentiation. (Chang et al., 2007) Bim may 

control survival and differentiation of adult-born neural precursor cells. (Bunk et al., 2010) 

There is also widespread distribution of Bid-expressing cells in the developing murine nervous 

system, and the caspase-cleaved tBid has been detected during this process. (Krajewska et al., 

2002) The contributions of these family members have been more extensively reviewed 

elsewhere. (Solá et al., 2012) 

Survivin 
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 Survivin is a multi-functional IAP that is widely expressed during embryonic 

development, as well as during M phase in proliferating cells, and it has emerged as one the most 

tumor-specific genes in the human genome. (Jaiswal, Goel, & Mittal, 2015) However, most 

terminally differentiated cells do not express survivin during interphase. While survivin inhibits 

apoptosis, it can also facilitate NF-ĸB activation and cell cycle progression by associating with 

proteins that regulate all three of these processes. (Wang et al., 2010, Tracey et al., 2005)  

In addition to its regulation of caspase activity discussed above, survivin plays a critical 

role in regulating cell cycle progression and apoptosis in proliferating cells. (Skoufias et al., 

2000) In normally proliferating cells, survivin is upregulated prior to M phase, where it 

facilitates the propter segregation of chromosomes by localizing to kinetochores during early 

mitosis. At the kinetochore, survivin associates with INCEP and Borealin as a component of the 

Chromosome Passenger Complex (CPC). (Skoufias et al., 2000) Even as survivin facilitates M 

phase progression, it simultaneously bridges the fidelity of this process with the induction of cell 

death by binding to cell cycle and apoptotic regulators. For example, survivin phosphorylation 

by the cdc2-B1 complex during M phase enables it to restrict caspase 9-mediated apoptosis. 

Survivin also co-localizes to centrosomes with caspase 3 and p21 to restrict cell death, and loss 

of survivin function during M phase promotes apoptosis, polyploidy, and multi-nucleation. 

(Skoufias et al., 2000, F. Li et al., 1999, F. Li et al., 1998)  

While survivin is rarely expressed during interphase in proliferating cells, survivin can be 

upregulated in the G1 phase of differentiating cells. In the G1 phase of HepG2 cells, survivin has 

been shown to promote progression into S phase by translocating into the nucleus and promoting 

CDK4, and potentially CDK6, activity, though a direct interaction with CDK6 was not tested. 

(Suzuki et al., 2000) This interaction was dependent on Fas receptor stimulation and cell 
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proliferation, further highlighting the importance of this cross-talk. In the nucleus, survivin can 

displace the CKI p16 from CDK4 and allow activation of the D-CDK4 complex, which 

phosphorylates the retinoblastoma protein (pRb). This promotes progression into S phase, 

possibly under conditions of elevated CKIs. (Suzuki et al., 2000) In addition, survivin’s 

interaction with CDK4 promotes the formation of a procaspase 3/p21 complex at the 

mitochondria that restricts cell death in response to Fas stimulation. (Suzuki et al., 2000) It 

would be interesting to see if survivin can displace the other INK4 proteins, such as p15, p18, or 

p19, from CDK4/6, as well. 

Enzymatically-induced DNA Damage and Differentiation 

It has been suggested that controlled DNA damage may be an important phenomenon in 

regulating differentiation, and the associated changes in gene expression, of a variety of cell 

types. (Larsen et al., 2010) This can be mediated by CAD during the terminal differentiation of 

myoblasts. T cell receptor (TCR) rearrangements, and class-switch recombination, both see 

regulated DNA damage promoting differentiation. (Blom et al., 1999, Daniel & Nussenzweig, 

2013) Hormone receptors have also been shown to modify gene expression patterns through 

DNA damage. Estrogen Receptor α (ERα), Retinoic Acid Receptor (RAR), Androgen Receptor 

(AR), and even Activating Protein-1 all stimulate transcription through recruitment of a 

TOPOIIβ/PARP1/DNA-PK (DNA-dependent protein kinase)complex that generates dsDNA 

breaks to modify nucleosome structure. (Ju et al., 2006) ERα, RAR, and AR are all know to 

control differentiation processes in different cell types. (Mérot et al., 2005, Luca, 1991, Culig, 

2016)  

During myoblast differentiation, caspase 3 cleavage of ICAD frees CAD to translocate to 

the nucleus to induce DNA strand-breaks, as is commonly seen during apoptosis. (Larsen et al., 
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2010) In this instance, however, phospho-H2AX foci were observed and the breaks were 

transient in nature, indicating a functional DDR. CAD also selectively localizes to the p21 

promoter during these events, and generates a strand-break to induce transcription of this CKI. 

(Larsen et al., 2010) p21 induction likely results in cell cycle arrest through CDK inhibition 

while the cell repairs the damage. It may also lead to p21-mediated inhibition of procaspase 3 

processing, as described above. If both of these events were to take place simultaneously, it 

would provide an efficient shut off mechanism that restricts lethal levels of caspase 3 activity 

after this protease cleaves the substrates that are important to terminal differentiation, such as 

ICAD in this instance. In line with the role of CAD in mediating differentiation, loss of the DNA 

damage response protein that repairs CAD-induced DNA damage in myoblasts, XRCC1, leads to 

unrepaired damage and failed differentiation. (Al-Khalaf et al., 2016) 

The widespread use of DNA damage to regulate cell fate necessitates an examination of 

the potential nucleases that can mediate this type of damage. The apoptotic nuclease CAD is an 

established mediator of differentiation-inducing DNA damage in myoblasts, and Endo G is also 

involved in both class-switch recombination in maturing B cells, and DNA rearrangements in 

MLL break-cluster region. (Zan et al., 2011, Gole et al., 2015) MIF, a cytokine and nuclease 

that can mediate DNA damage downstream of PARP1 signaling, is widely expressed during 

mouse embryonic development. (Wang et al., 2016, Kobayashi et al., 1999, Fingerle-Rowson 

& Petrenko, 2007) MIF expression coincides with tissue specification and organogenesis, and 

its ability to inhibit p53 activity, mediate DNA damage, and regulate DNA damage responses 

may allow it to coordinate the differentiation program. (Fingerle-Rowson & Petrenko, 2007) 

As DNA damage appears to be a core component of differentiation signaling, and as 

several apoptotic nucleases can mediate this type of damage downstream of programmed cell 
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death signaling, the upstream regulation surrounding the recruitment of alternate nucleases to 

mediate DNA damage needs to be outlined in more detail. As mentioned above, PARP1-

mediated upregulation of Ca2+ can lead to the activation of calpains, and the translocation of 

AIF, Endo G, and/or MIF into the nucleus. This may also activate DNAS1L3, a Ca2+-dependent, 

ER-released DNase that translocates into the nucleus to facilitate internucleosomal DNA 

fragmentation (INDF) in HT-29 cells. (Errami et al., 2013) Importantly, DNAS1L3-mediated 

INDF downstream of TNF-α required both Ca2+ and co-expression of CAD, which is interesting 

as CAD is a Mg2+-dependent nuclease that can cooperate with a Ca2+-dependent nuclease to 

mediate INDF. How distinct nucleases can work synergistically to facilitate DNA fragmentation, 

as well as how cells differentially respond to the different types of DNA damage need to be 

outline in more detail. As cells must restrict lethal levels of DNA damage when apoptotic 

nucleases facilitate cell differentiation, the bifurcation of DNA fragmentation into large-scale 

chromatin fragmentation (LSCF) and internucleosomal cleavage of the DNA may enable the 

necessary cleavage events, while also restricting death. (Oberhammer et al., 1993) 

Large-scale Chromatin Fragmentation and Internucleosomal DNA Fragmentation 

DNA fragmentation is one on the most important events in apoptosis, and the associated 

DDR may be central to coordinating differentiation. Large-scale chromatin fragmentation 

(LSCF) precedes, and can even occur in the absence of, internucleosomal DNA cleavage during 

apoptosis. (Oberhammer et al., 1993, Nagata et al., 2003) LSCF is an event that is 

characterized by the excision of 50-300kB chromosomal loop structures from nuclear scaffold 

proteins (e.g. TOPO II). CAD and AIF can both mediate this type of DNA damage, but as AIF 

lack nuclease activity, it may coordinate with other nucleases, such as MIF or Endo G to 

facilitate LSCF. (Oberhammer et al., 1993, Adachi et al., 1989, Earnshaw et al., 1985) For 
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instance, after facilitating the nuclear translocation of MIF, AIF interacts with MIF in the nucleus 

to alter MIF substrate specificity, and can enhance MIF’s association with both ssDNA and 

dsDNA. (Wang et al., 2016) Notably, Endo G has been shown to bind to TOPOIIα and to 

H2BS14 during apoptotic cell death, and may mediate chromatin fragmentation through these 

associations. (Vařecha et al., 2011) 

LSCF is observed in a variety of cell types, such as prostate carcinoma cells, colon 

adenocarcinoma cells, and fibroblasts, though LSCF does seem subject to cell type-specific 

regulation. (Oberhammer et al., 1993, Errami et al., 2013) For example, fibroblasts, 

specifically, undergo CAD-dependent LSCF when treated with TNFα, without subsequent INDF. 

(Yakovlev et al., 2000, Boulares et al., 2001) The cell’s ability to restrict CAD activity to LSCF 

without INDF may also be important in regulating differentiation as LSCF-restricted CAD 

activity may instead facilitate the chromatin modifications that are necessary for differentiation 

to occur. Distinctions in the downstream signaling consequences of LSCF vs. INDF, and whether 

these events coordinate with NF-ĸB signaling, need to be outlined in detail.  

The γ-H2AX Ring 

 The γ-H2AX ring was discovered through confocal microscopy by S. Solier et al., and 

she and her collaborators have since been characterizing the phenomenon. The γ-H2AX ring 

describes a ring-shaped staining pattern for γ-H2AX that forms within the nuclear envelope. 

(Solier & Pommier, 2009) It initiates at the nuclear periphery as an early apoptotic response, 

and it is predominantly distributed to peripheral heterochromatin regions. (Solier & Pommier, 

2009) The γ-H2AX Ring also sees co-localization of a variety of DDR proteins including Chk2, 

ATM, DNA-PK, Hsp90α, and phosphorylated H2BS14; however, it lacks traditional DDR 

proteins such as 53BP1 and mediator of DNA damage checkpoint protein 1 (MDC1). (Solier et 
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al., 2009) Caspase 3 has been shown cleave MDC1 early during apoptosis, and abrogate is DDR 

function, which may explain its absence in the complex, while DNA-PKCS is cleaved during late 

apoptosis. (Solier & Pommier, 2011, Song et al., 1996) The γ-H2AX ring has been shown to be 

a ubiquitous event seen in numerous primary cell, and cancer cell lines, and it is observed 

downstream of various death receptor activations, as well as following treatment with several 

chemotherapeutics. (Solier & Pommier, 2009, Solier & Pommier, 2014) Importantly, the 

formation of the γ-H2AX ring can be delayed for several days after DNA damage. 

Cell Cycle- and DNA Damage-mediated Control of Differentiation 

Programmed cell death signaling is rarely viewed as a cell cycle-dependent process, and 

yet several important cell cycle considerations must be made when examining apoptotic 

signaling events during differentiation. Many apoptotic stimuli lead to DNA damage, which 

results in the activation of the phase-specific G1/S, intra-S, or G2/M DNA damage checkpoints. 

(Shaltiel, et al., 2015) These checkpoints coordinate cell cycle arrest with DDR signaling to 

promote repair, and dysregulated DDRs can lead to death. Notably, survivable apoptotic stimuli 

can promote progression through cell cycle, as demonstrated following IR-induced DNA 

damage, and induction of death can be delayed for several days following the apoptotic stimuli. 

(Liu et al., 2017, Solier & Pommier, 2014) However, if the DNA damage provides the impetus 

to differentiate, progression through cell cycle makes sense, as proliferation is a frequent 

requirement of differentiation. Induction of death, potentially following several passages through 

cell cycle, may be the result of dysregulated resolution of this program. 

Cell differentiation frequently requires that a cell proliferate prior to differentiating. 

(Ruijtenberg & Heuvel, 2016) While the precise reasons for this proliferative requirement 

require further investigation, it has been shown that progression through mitosis can help 
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maintain silencing of repressed genes. (Ritland Politz et al., 2013, Zullo et al., 2012) During 

mitosis, lamina-associated domains likely interact in lamina B during anaphase to direct 

silencing in early G1 following cytokinesis, which may direct them to the nuclear periphery, a 

frequent localization of heterochromatin. Interestingly, a lengthened G1 phase is often observed 

during differentiation. (Calder et al., 2013) As many cells undergo multiple passages through 

cell cycle during the differentiation process alongside progressive specialization, distinctions in 

the control of progression though G1 during the initial, and subsequent, passages through cell 

cycle must be emphasized and compared with the cell cycle regulation that restricts continued 

cycling during terminal differentiation. Notably, proliferative signaling often antagonizes 

differentiation signaling, and much of this G1 regulation centers on the interplay among the 

CDKs, the CKIs, and the pocket proteins (i.e. pRb, p107, and p130) that regulate progression 

through the G1 phase of cell cycle, and cycling cells are known to alter this interplay. 

(Ruijtenberg & van den Heuvel, 2016, Lezaja & Altmeyer, 2018) 

Quiescent cells that are signaled to divide must pass through the G1 Restriction Point (R 

Point) to be committed to division. After the R Point, a cell will progress all of the way through 

mitosis even in the absence of further mitogenic signaling; however, continued cycling after the 

initial passage through cell cycle, seems to require that a cell have mitogenic signaling in the 

preceding G2 phase of cell cycle, with ras-mediated induction of cyclin D1 being of critical 

importance. (Hitomi & Stacey, 1999, Yang, Hitomi, & Stacey, 2006) This may allow a cell to 

gauge the proliferative environment after S phase to determine if continued cycling is necessary. 

Following mitosis, two distinct sub-populations of cells are present: one population have 

elevated CDK2 activity, low p21 levels, and a shortened G1, while the other population have low 

levels of CDK2 activity, elevated p21 levels, and a lengthened G0/G1. (Lezaja & Altmeyer, 
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2018) The former is primed to continue proliferating, while the latter enters a transient quiescent 

state and may be more susceptible to cell cycle exit and terminal differentiation.  

S phase signaling activity can also influence whether or not a cell will continue cycling 

after mitosis. The unperturbed passage through S phase can lead to the accumulation of DNA 

lesions that can be transmitted to daughter cells, and replication stress can further promote the 

formation of these lesions. (Lezaja & Altmeyer, 2018) These lesions result in the formation of 

53BP1 foci in G1, and can lead to an accumulation of cells in the G1 phase of the next cycle. G1 

arrest is heavily p53-dependent, and p53 inhibition, or mutation, can lead to S phase progression, 

potentially with unrepaired 53BP1 lesions. This can lead to an accumulation of mutations 

through multiple passages through cell cycle. As controlled DNA damage has been suggested to 

be an important phenomenon in regulating differentiation, and as 53BP1 has an established role 

in mediating the class-switch recombination, the mechanisms by which 53BP1 lesions escape 

repair during the intra-S and G2/M DNA damage checkpoints need to be outlined in detail. 

(Ward et al., 2004) It is possible that in addition to restricting continued cell cycling, the 

generation, and epigenetic modification, of the DNA in the preceding passage facilitates 

differentiation. Such modifications could function as a form of mitotic imprinting that mediates 

the chromatin modifications that are necessary for differentiation to occur in the subsequent G1 

phase. The DDR that mediates repair of these lesions in G1 may serve as an upstream signal that 

initiates the activations of PCD pathways, as well as the downstream nucleases that mediate 

differentiation-inducing DNA damage. Interestingly, elevated chromatin plasticity is seen during 

early G1 compared to the rest of interphase in various cell types. (Thomson et al., 2004, Walter 

et al., 2003) As differentiation can entail large-scale changes in chromatin territories, examining 
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how the detection of 53BP1-foci, or the formation of the γ-H2AX ring influences this plasticity 

should prove insightful. 

A Differentiation Program 

 Virtually all of the mediators of programmed cell death discussed above have putative 

roles in mediating cell differentiation across diverse cell types. These proteins often control 

differentiation by performing their canonical cell death functions, and by activating various 

components of PCD signaling networks. This can include the ligation of death receptors, the 

activation of caspases, a reduction in mitochondrial membrane potential, the liberation of 

proteins from the IMS, external presentation of phosphatidylserine, and the activation of various 

nucleases, as well as downstream DDR proteins. (Fernando & Megeney, 2007, Solá, Morgado, 

& Rodrigues, 2013, Eijnde et al., 2001, Larsen et al., 2010)  Fittingly, these networks can 

cross-talk with proliferative signaling networks, frequently via DDRs, at each phase of cell cycle 

to allow PCD signaling to control cell cycle progression.  

Cell Differentiation - A Multi-passage Program 

 The process of cell differentiation is a DNA-damage-directed, cell cycle-dependent 

specialization program that functions at the crossroads of life and death. This program can entail 

multiple passages through cell cycle, and it initiates with cell type-specific differentiation-

inducing signals that leads to entry into G1. (Basson, 2012) The accumulation of D-type cyclins 

promotes G1 restriction point progression and leads to S phase entry and DNA synthesis that may 

entail the formation of 53BP1 lesions. These lesions can escape G2/M checkpoint repair via 

checkpoint adaptation, and may accumulate across multiple cell cycle passages. (Shaltiel, et al., 

2015) Following replication, the ras-mediated induction of cyclin D1 in the G2 phase can 
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promote continued cycling after mitosis by shortening the length of the subsequent G1 phase, and 

attenuating the expression of the CKI p21. (Yang, Hitomi, & Stacey, 2006, Overton et al., 

2014) This can promote another passage through cell cycle where the accumulation of DNA 

damage, and induction of D1 in the G2 phase of cell cycle, will once again regulate continued 

proliferation. (Barr et al., 2017) The discontinuation of cycling after the final passage can be 

regulated by p53-dependent DDRs and by G1 CDK/CKI regulation, where inherited 53BP1 

lesions, or other types of DNA damage, can lead to cell cycle arrest via CKI regulation. (Lezaja 

& Altmeyer, 2018, Barr et al., 2017) This may lead to entry into a transient, or potentially 

prolonged, quiescent state that varies depending on the quiescence-inducing signal. (Coller, 

Sang, & Roberts, 2006) This may also promote activation of components of PCD signaling 

networks, as well as downstream cell death nucleases, that mediate differentiation-inducing 

DNA damage. Successful repair of the DNA can entail cell cycle exit, or continued proliferation, 

whereas failed repair can lead to cell death. 

 As outlined above, G1/S, intra-S, and G2/M, checkpoint signaling events, which are all 

inherently cell cycle-dependent, cross-talk with PCD, proliferative, and NF-ĸB signaling 

networks. In fact, by delaying the repair of 53BP1 lesions until the subsequent G1 phase of cell 

cycle, it has been demonstrated that upstream checkpoint signaling can influence downstream 

checkpoint responses. In line with this, a distinct G2/M checkpoint response is mounted 

following IR-induced DNA damage that depends on the cell cycle phase in which the damage 

was induced. (Xu, et al., 2002) DNA damage induced during S-phase or G1 leads to a prolonged 

G2/M checkpoint response, while damage induced in the G2 phase sees an abbreviated response. 

As cycling cells may have a “G2 Restriction Point” that regulates continued proliferation, a 

closer examination of how upstream DNA damage checkpoint signaling events can be 
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differentially regulated, as well as influence the response to differentiation-inducing DNA 

damage, should provide welcome insight into the multi-passage control of this program. (Yang, 

Hitomi, & Stacey, 2006) 

Regulation of Differentiation 

Regulation: Multi-phasic PCD and NF-ĸB Signaling 

The cross-talk between proliferative and PCD signaling networks, as well as the 

spatiotemporal regulation of PCD signaling alongside NF-ĸB also need to be outlined in more 

detail. This entails better defining “early” vs “late” cleavage events to understand the sequence 

of protein activations that mediate programmed cell death or differentiation. Fortunately, the 

cellular response to either the ligation of death receptors, or DNA damage, is frequently multi-

phasic. As outlined above, TNFR1 ligation leads to early activation of Complex I that facilitates 

anti-apoptotic NF-ĸB transcriptional responses; this is subsequently followed by the assembly of 

the cytoplasmic Complex IIa, IIb, or the necrosome that promotes cell death. Preceding Fas 

ligation, procaspase 8-mediated processing of c-FLIP to p22-FLIP can promote early activation 

of NF-ĸB via NEMO. This can be followed by formation of the membrane-restricted DISC, and 

possibly subsequently, the DEF DISC that can lead to procaspase 8 processing and cell death. 

Nuclear signaling events can similarly activate NF-ĸB as an “early” response, with “late” 

induction of death. Following DNA damage, PIDD is processed to PIDD-C, (Janssens et al., 

2005, Tinel et al., 2007) which promotes NF-ĸB signaling as an early response before PIDD-CC 

assembles with RAIDD into a caspase 2 activation platform. Critically, the RAIDD-Piddosome 

is subject to mitotic regulation, and as caspase 2 is the best conserved of all known caspases and 

has the ability to cleave ICAD, Bid, and PARP1, it may be facilitating this multi-passage 
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differentiation program. (Fava et al., 2012, Dahal et al., 2007, Guo et al., 2002, Gu et al., 

1995)  

As several events, such as TNFR1 ligation or DNA damage, that initiate PCD signaling 

also co-activate NF-ĸB, and as NF-ĸB signaling can restrict cell death by inducing anti-apoptotic 

regulators that can also direct cell specification, correlating NF-ĸB induction, or discontinuation, 

with the activation of PCD networks and downstream DNA damage during differentiation should 

provide insight into the regulation of this system. Critically, the presence of NF-ĸB signaling 

should restrict cell death, so if differentiation-inducing caspase activations don’t lead to cell 

death, coordinating the inactivation of NF-ĸB alongside restricted caspase activity may be 

important for differentiation. Importantly, these signaling networks cross-talk during every phase 

of cell cycle, and distinctions in their regulation can be tracked through multiple cell cycle 

passages. Mapping out these cross-connections in a few well-defined differentiation system 

should provide insight into global control mechanisms that are important for differentiation. 

Monocyte differentiation may provide a good model as monocytes can differentiate in 

macrophages via caspase-dependent mechanisms, or into dendritic cells via caspase-independent 

mechanisms. (Sordet et al., 2002) 

Regulation: Selective Substrate Release from the IMS  

One of the most critical regulatory intersections in programmed cell death centers on the 

release of proteins from the mitochondrial IMS. Fittingly, the evidence suggests that selective 

substrate release from the mitochondrial IMS is also a critical regulatory intersection in cell 

differentiation. Low-level cytochrome c release is seen in several differentiating cells types, as 

well as cancer cell types, and this can promote the caspase activity that is critical to 

differentiation. (Garrido et al., 2006, Sordet et al., 2002, Liu et al., 2017) It can also facilitate 
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sustained Ca2+ release via binding to inositol 1,4,5-trisphosphate receptor (IP3R) at the ER. 

(Garrido et al., 2006) Low-level cytochrome c release may also restrict apoptosome formation, 

especially in the presence of survivin, which is commonly upregulated in both differentiating 

cells and cancer cells. Aside from cytochrome c, the selective release of AIF, Endo G, and Smac 

may also regulate differentiation. 

Bid, which mediates cross-talk between intrinsic and extrinsic apoptosis, is an established 

mediator of selective substrate release from the IMS. (Hu et al., 2017, Deng et al., 2003) In 

macrophages, cleavage of Bid to tBid can regulate the release of AIF and Endo G downstream of 

caspase 8 without the release of cytochrome c. This can be coordinated with ROS-mediated Akt 

inactivation. (Hu et al., 2017) Following TNF-α treatment of HeLa cells, JNK activity mediates 

cleavage of Bid to jBid and facilitates the selective release of Smac from the IMS, without 

impacting cytochrome c release. (Deng et al., 2003) This cleavage is caspase 8-independent, and 

acts upstream of caspase 8 in TNF-induced apoptosis. Smac release can remove IAP inhibition 

of caspases, though this can also be restricted by survivin. The selective release of Smac 

upstream of caspase-mediated release of cytochrome c may coordinate NF-ĸB inactivation with 

the activation of caspases that promote differentiation. Critically, Smac binding to XIAP does 

not lead to the degradation of this IAP, it relieves XIAP-mediated caspase inhibition, and Smac 

release can also disrupt the XIAP’s association with the TAB1/TAK1 complex that promotes 

IKK activation. (Fu et al., 2003, Jin et al., 2009, Lu et al., 2007) As distinct BIR domains of 

XIAP mediate binding to different caspases, the Smac-XIAP complex may fine-tune downstream 

caspase activations. Alternatively, or possibly subsequently, caspase-mediated cleavage of XIAP 

downstream of Fas leads to the generation of an N-terminal BIR1-2 fragment, and a C-terminal 

BIR3-RING domain fragment. (Deveraux et al., 1999) The BIR1-2 fragment can inhibit caspase 
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3 and 7 and restrict Fas-mediated death, while the C-terminal fragment can inhibit caspase 9, but 

is no longer able to promote NF-ĸB. (Deveraux et al., 1999, Levkau et al., 2001) Importantly, 

co-expression of the C-terminal fragment alongside Bax potently restricts mitochondrial intrinsic 

apoptosis. Though Bid lacks a transmembrane domain, it can notably be post-translationally N-

terminally myristolated following its cleavage, which facilitates mitochondrial membrane 

association. (Roset, Ortet, & Gil-Gomez, 2007, Zha et al., 2000) Identifying other mechanisms 

by which Bcl-2 proteins can facilitate selective substrate release requires further investigation.  

Regulation: PAPR1 Coordinates Chromatin Modifications with Metabolic Reprogramming 

 Metabolic reprogramming is a common characteristic of many differentiating stem cells, 

including iPSCs, as well as cancer cells (Warburg Effect). (Zhang, et al., 2012) This 

reprogramming is cell-type specific, but it frequently sees elevated glycolytic activity, potentially 

under aerobic conditions, which can not only generate ATP, but can also redirect glucose in to 

Pentose Phosphate Pathway (PPP) to meet the biosynthetic requirements of rapidly dividing 

cells. (Zhang, et al., 2012) This reprogramming frequently uncouples glycolysis and TCA, and 

can allow TCA intermediates to be redirected for biosynthesis, as well. Upon terminal 

differentiation, a shift from anaerobic-to-aerobic metabolism frequently occurs, which sees 

preferential use of the ETC for energy. PARP1 is a mediator of this metabolic switch. (Murata 

et al., 2018) 

PARP1 is an established regulator of cell differentiation in a variety of cell types. It can 

facilitate somatic cell reprogramming, promote ES cell differentiation, modify differentiation-

specific transcriptional responses, and reportedly sensitize chromatin to nucleases, potentially the 

ones that PARP1 activates. (Hottiger, 2015) However, PARP1 activity can also deplete cellular 

NAD+/ATP stores by inhibiting glycolysis and reducing mitochondrial oxygen consumption. 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



(Andrabi et al., 2014) While PAPR1 enzymatic activity consumes NAD+, which is a critical 

glycolytic and TCA coenzyme, this doesn’t directly deplete cellular NAD+ levels. As depicted in 

the lower left region (LLR) of Figure 1, in MNNG-treated cortical neurons, PARylation of the 

first glycolytic enzyme hexokinase I, or the cancer-associated isoform hexokinase II, inhibits the 

activity of these proteins. (Andrabi et al., 2014) Hexokinase activity promotes retention of 

imported glucose within the cell, and it is also critical for redirecting glucose into the PPP. The 

PPP is important for generating NADPH, a coenzyme that can both facilitate biosynthetic 

reactions, and also regulate cellular redox homeostasis by recycling cellular redox systems. 

(Circu & Aw, 2010) Importantly, PARP1-mediated inhibition of HK led to a decrease in cellular 

ATP levels, which is paralleled by reductions in both NADPH and reduced glutathione (GSH), 

and this can occur within 15min following MNNG treatment. Notably, AIF regulates Complex I 

of the ETC, and its liberation downstream of PARP1 may also help coordinate these events. 

(Polster, 2013) As it was demonstrated that NAD+ depletion occurs after ATP depletion, 

approximately an hour after MNNG treatment in this instance, PARP1 utilization of NAD+ does 

not directly cause the observed glycolytic and TCA defects. Critically, NAD+/ATP levels 

remained depressed for at least 6 hours following treatment. (Andrabi et al., 2014) 

The PARP1-mediated regulation of NAD+/ATP levels has profound implications on cell 

fate. While ATP levels are rapidly depleted, which likely impairs intracellular phosphorylation 

events, maintenance of NAD+ levels for approximately an hour indicates that NAD+-dependent 

signaling can continue for a brief period after shutdown of energy metabolism. This can critically 

regulate the cellular acetylome. In elaboration, acetyl-CoA is a frequent coenzyme of lysine 

acetylases, and this coenzyme is generated by pyruvate dehydrogenase in an NAD+-dependent 

manner. (Pietrocola et al., 2015) Pyruvate dehydrogenase is inhibited by phosphorylation, an 
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event that is restricted in an ATP-depleted environment, and this may promote the generation of 

acetyl-CoA for acetlyase activity. However, some proteins, such as the class III histone 

deacetylase Sirtuin-1 (SIRT1), also utilize NAD+ for deacetlyase reactions, and balancing 

acetylation/deacetylation events during this brief period of time is likely critical to controlling 

cell death or differentiation. (Yi & Luo, 2010) For example, SIRT1 can deacetylate p53 to block 

its nuclear translocation, and redirect p53 to the mitochondria where it can interact with Bcl-2 

family members to promote cytochrome c release, and potentially regulate cell respiration. (Yi & 

Luo, 2010, Fields et al., 2008) However, shutdown of PPP activity alongside ATP/NADPH 

depletion may also restrict dATP generation via ribonucleotide reductases, and diminished levels 

of both ATP and dATP can restrict apoptosome formation despite the release of cytochrome c. 

(Sengupta & Holmgren, 2014, Zou et al., 1999) Critically, ATP-depletion likely restricts 

ubiquitylation of lysine residues, as well, as the first step in the process of ubiquitylation is ATP-

dependent. This may restrict ubiquitylation/acetylation antagonism during this time. 

Interestingly, in a study of MEFs, MNNG treatment only led to cell death if the cells were 

utilizing glycolysis, which may impair this regulation, and oligonucleosomal DNA fragmentation 

was not observed. (Moubarak et al., 2007) It is possible that cell death signaling needs to 

coordinate with temporary inactivation of energy metabolism to restrict death during 

differentiation, at least in some instances, and this may serve to reset energy metabolism.  

Internal Ribosome Entry Site-mediated Translation 

Cell differentiation and apoptotic stimuli, such as serum starvation, ER stress, or hypoxia, 

see a shutdown of cap-dependent translation with a switch to Internal Ribosome Entry Site 

(IRES) translation. (Komar & Hatzoglou, 2011, Gerlitz, Jagus, & Elroy-Stein, 2002, Lewis & 

Holcik, 2005, Stein et al., 1998) IRES translation allows ribosomes to bypass stable secondary 
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structures in the 5’-UTR that might otherwise impede translation, possibly via ATP-independent 

mechanisms, and caspase-mediated cleavage of several eukaryotic initiation factors, such as 

eIF4GI, eIF4GII, eIF2α, and Death-associated Protein 5 (DAP5), can facilitate this shift. (Hellen 

& Sarnow, 2001, Agalarov et al., 2014, Fischer et al., 2003) IRES translation is regulated by 

IRES-interacting trans-acting factors (ITAFs). (Ray, Grover, & Das, 2006) Critically, it has 

been suggested that IRES translation is important for mRNAs that regulate proliferation, 

differentiation, and apoptosis, and it can enable continued protein synthesis of select cellular 

RNAs under conditions of stress. For example, XIAP, cIAP1, Bcl-2, c-myc, apaf-1, and p53, as 

well as several growth factors, can all be regulated through IRES translation. (Lewis & Holcik, 

2005, Hellen & Sarnow, 2001, Marash et al., 2008, Ray, Grover, & Das, 2006)  

IRES translation can dramatically alter the regulation of the synthesized proteins. For 

example, p53 has two distinct IRES sites, one of which resides in the open reading frame of the 

gene. (Ray, Grover, & Das, 2006) Consequently, IRES-mediated translation of p53 can 

generate a full-length p53 (FL-p53), as well a ΔN-p53 isoform which has been shown to exert 

dominant-negative regulation of the full-length variant. This ΔN-p53 isoform lacks the AD1 

subdomain of the p53 transactivation domain, and has altered transactivation potential. (Raj & D 

Attardi, 2016) Notably, it also lacks a variety of N-terminal phosphorylation sites, such as S15, 

which is phosphorylated by ATM, ATR, and Chk1/2, as well as S20, which is phosphorylated by 

Chk1/2, and these residues normally regulate p53 stability. (Ou, et al., 2005) Critically, IRES-

mediated translation is subject to cell cycle control, with the ΔN-p53 isoform expressed during 

the G1/S transition, while FL-p53 IRES translation is upregulated during the G2/M transition, 

during which cap-dependent translation is known to be downregulated. (Ray, Grover, & Das, 
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2006) It will be important to expand on the role of IRES-mediated translation in the control of 

death and differentiation. 

Regulation: Stabilization of the Intracellular Environment? 

Though more speculative, there are several events that are associated with cell death, and 

potentially differentiation, that may lead to coordinated, large-scale changes in the intracellular 

environment. Caspases have been shown to cleave a variety of targets, such as nucleoporins and 

lamin-associated proteins, that disrupt nuclear transport and impair chromatin binding during 

apoptosis, and as mention above, recruitment of RCC1 following DNA damage can impair the 

GTP gradient that facilitates nuclear exchanges. (Fischer et al., 2003, Wong et al., 2009) 

Caspase 3 also facilitates the accumulation of various proteins into the nucleus, either by 

promoting their nuclear import, or inhibiting their export, as with Mst-1 and PKC, respectively. 

Additionally, caspase 3 cleaves ATM and MDC1 to restrict DDR signaling; however, as DNA-

PK is primarily associated NHEJ, which is the predominant repair mechanism during G1, this 

may restrict inappropriate DDR signaling during apoptosis/differentiation. (Smith et al., 1999, 

Solier & Pommier, 2011, Davis, Chen, & Chen, 2014) 

In addition to impaired nuclear transport, major cytoplasmic alterations are also observed. 

Depletion of intracellular ATP and metabolic reprogramming may restrict ub-mediated targeting 

of proteins to the proteasome, as well as the ATP-dependent activity of this proteolytic complex. 

(Peth, Nathan, & Goldberg, 2013) This may occur alongside a switch to IRES-mediated 

translation. In addition, macromolecular synthesis is impaired and various cell-surface receptors 

can be cleaved, as well. (Fischer et al., 2003) For example, Met, the hepatocyte growth factor 

receptor, can be cleaved by caspases, as can TNFR1 and EGFR. (Lefebvre et al., 2013, Ethell, 

Bossy-Wetzel, & Bredesen, 2001, Bae et al., 2001) As proliferation antagonizes differentiation, 
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these likely transient events may restrict countervailing signals that could impair the 

differentiation process. (Ruijtenberg & Heuvel, 2016) It would be interesting to monitor the 

cleavage of cell-surface receptors, or other mechanisms of their inhibition, during differentiation.  

Connecting Cancer 

 The cross-talk between the above-outlined signaling networks have broad implications in 

the treatment and understanding of cancer. Cancer is a complex disease that is often 

characterized based on hallmarks that are commonly to virtually all malignancies. (Hanahan & 

Weinberg, 2000, Hanahan & Weinberg, 2011) During malignant transformation, cancer cells 

often hyperactive proliferative signaling, alter PCD signaling, modify energy metabolism, and 

fail to properly differentiate, and this is often under conditions of constitutive inflammation. 

Cancer cells frequently need to contend with genomic instability, as well, as various DDR 

pathways are commonly dysregulated in cancer cells. As outlined above, all of these systems 

cross-talk to regulate cell differentiation. 

Cancer as a Failure of Differentiation 

I propose that the underlying cause of cancer is a failure to properly differentiate in the 

absence of death. Cancer cells can be seen attempting to progress down a differentiation 

program, but due to cancer-causing mutations that dysregulate this program, they are unable to 

terminally differentiate, discontinue cycling, or die. Critically, the hyper-proliferative phenotype 

seen in cancers may alternate between proliferation with the intent to differentiate and clonal 

expansion of a cell population. This dysregulation stems from the characteristic mutations that 

facilitate cancer formation, such as oncogenic ras mutations that promote continuous cycling. 

p53 mutations can simultaneously impair pro-apoptotic and pro-differentiation processes, impair 
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cell cycle exit, and dysregulate energy metabolism via TIGAR and other mechanisms. (Solá, 

Aranha, & Rodrigues, 2012, Hanahan & Weinberg, 2011, Bensaad et al., 2006) NF-kB 

signaling, which is constitutively active in many tumors, not only mediates the differentiation 

program, it also restricts apoptosis, and likely allows for the constitutive caspase activity that has 

been noted in a variety of tumors via upregulation of IAPs. This also explain why the activation 

of PCD signaling components in cancer can so often promote proliferation and survival. (Mérino 

et al., 2007, Rivas et al., 2008) In identifying which PCD signaling components are utilized to 

facilitate the differentiation of different cell types, cell-type-specific treatments can be developed 

for transformed cells that take advantage of the commonly observed mutations in different 

cancer subtypes. Targeting the interdependent checkpoint signaling that regulates proliferation, 

differentiation, and death may provide cancer-specific responses that can be exploited with 

combined radiation and chemotherapy. 

PCD Signaling in Cancer 

Apoptotic signaling has been shown to facilitate the growth and division of cancer cells 

in multiple contexts, and transient apoptotic stimuli is able to promote both progression through 

cell cycle and oncogenic transformation in primary cells. (Liu et al., 2017, Tang et al., 2012) 

DNA damage, which can act both upstream and downstream of PCD signaling to promote 

differentiation, helps sustain tumorigenicity and stemness in cancer cells. (Liu et al., 2017) 

Mechanistically, cancer cells have been shown to self-inflict DNA damage via low-level 

cytochrome c release from the mitochondria. This activates downstream caspases, and leads to 

the translocation of apoptotic nucleases (i.e. Endo G and CAD) into the nucleus, which may 

induce 53BP1-foci. This can lead to downstream activation of NF-ĸB signaling via STAT3, 

which can promote genetic instability and oncogenesis. (Liu et al., 2017, Ichim et al., 2015) 
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STAT3, unsurprisingly, has also been shown to promote the maintenance of a stem cell state, the 

self-renewal of stem cells, and somatic cell reprogramming. (Liu et al., 2017, Matsuda et al., 

1999, Niwa, et al., 1998, Tang & Tian, 2013) Importantly, 53BP1 does not associate with DDR 

mediators downstream of γ-H2AX ring formation, so this is a distinct response. As 53BP1-foci 

can be transmitted through cell divisions and alter downstream DDRs that can mediate the 

discontinuation of cycling and terminal differentiation, illuminating the interrelated regulation of 

these DDRs is of critical importance.  

Also connecting PCD and proliferative signaling with cancer initiation is that many 

primary cell types, upon treatment with apoptotic stimuli, are able to survive late-stage apoptotic 

events if the stimulus is removed. (Tang et al., 2012) These events include nuclear condensation, 

mitochondrial fragmentation, membrane blebbing, and DNA damage, all of which can be 

reversed upon removal of the stimuli. Caspase 3 activation, AIF and Endo G nuclear 

translocation, and even PARP1 cleavage were also survivable events. (Tang et al., 2012) The 

addition and removal of the apoptotic stimuli often led to the proliferation of these cells, some of 

which harbored chromosome aberrations. If these defects impair the resolution of the 

differentiation program, and cell death is not induced, malignant transformation may ensue.   

Concluding Remarks 

Outlined above is the foundation of a system that sees proliferative signaling, 

differentiation signaling, inflammatory signaling, Ca2+ signaling, DNA damage signaling, and 

many other pathways, working in concert to maintain the fidelity of the differentiation program. 

These networks are intricately co-regulated to ensure the proper sequence of protein activations 

take place to control life and death decisions, and yet these networks are also flexible, with 

different components being activate during the differentiation of different cells types. Critically, 
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as PCD networks regulate this program, dysregulation of this system can lead to cell death, 

which may safeguard against cancer, and other pathologies. These pathways need to be 

examined more closely, and yet with a wider focus, as the assumption that downstream induction 

of death is the intended outcome of many of these proteins’ activities has led to fragmentary 

studies in which the regulation of too few components were analyzed. An examination of how 

common cancer-associated mutations can dysregulate this system and enable cell survival should 

facilitate better targeting of the disease. 

It will also be important to examine mitochondrial fission/fusion dynamics during cell 

differentiation. Stem cell mitochondria often exhibit a fragmented morphology; however, as 

proliferating cells approach the G1/S transition, the mitochondria coalesce into an electrically 

continuous tubular network with elevated ATP output. (Prieto & Torres, 2017, Mitra et al., 

2009) As Bcl-2 family members can regulate mitochondrial fission/fusion dynamics, and as 

metabolic reprogramming during differentiation often sees elevated oxidative phosphorylation, a 

closer look the regulation of these events may prove insight into the control of differentiation. 

(Shamas-Din et al., 2013, Zhang et al., 2012) 

To better define this system, future work should be aimed at elucidating the molecular 

mechanisms that regulate programmed cell death and differentiation in a cell type- and cell 

cycle-specific manner. As multiple DNA damage events can mediate differentiation, and phase-

specific DNA damage checkpoints can be activated to mount distinct DDRs, defining the roles of 

cell death regulators in facilitating progression through these checkpoints in the presence, or 

absence, of proliferative signaling should be a key point of focus. For example, the combined 

activation of Fas alongside proliferative signaling promotes the differentiation of HepG2 cells 

via survivin’s interaction with CDK4. As this interaction promotes S phase entry, it may be a 
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differentiation-specific mechanism to bypass G1/S checkpoint arrest. It will also be important 

identify other differentiation-specific mechanisms of cell cycle progression, and expand on the 

role of G2 proliferative signaling in the control of cell cycling. 

Future work should also entail an examination of how distinct nucleases can cooperate to 

mediate differentiation-specific DNA damage, as well as the mechanisms by which they are 

recruited to the appropriate sites on the chromatin. This should be extended to include a 

comparison of the epigenetic changes observed during apoptosis with those observed during 

differentiation. (Füllgrabe, Hajji, & Joseph, 2010) It will also be important to identify 

overlapping targets of both caspases and calpains in the control of cell death and differentiation, 

as they have been shown to have redundant targets. (Harwood, Yaqoob, & Allen, 2005) 

Defining other mechanisms of differentiation-specific regulation of DNA damage checkpoints 

will be a focus of future study, as will be identifying the molecular mechanisms by which 

cancer-specific mutations allow this system to fail.  
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Figure 1: Regulation of Inflammation and Cell Death 

(ULR) Extrinsic Apoptosis via Fas Signaling: Fas activation leads to procaspase 8 processing 

with the downstream cleavage of caspase 3, Bid, and several other proteins. These cleavages can 

promote mitochondrial IMS protein release, apoptosome formation, DNA fragmentation, and 

cell death. (URR) Signaling Downstream of TNFR1 Ligation: TNFR1 Complex I assembly sees 

the generation of ubiquitin chains that mediate recruitment of NF-ĸB-activating protein 

complexes, such as TAK1/TAB2/TAB3 and IKKα/IKKβ/NEMO. These complexes facilitate the 

inactivation of IĸBα and downstream NF-ĸB transcriptional activity. Subsequently, a variety of 

cytosolic Death-inducing Signaling Complexes can form that promote cell death. (LRR) NF-ĸB 

Activation Downstream of DNA Damage: Following DNA damage, a PARP1 signalosome 

facilitates nuclear NEMO modifications to promote its export into the cytoplasm. Cytoplasmic 

NEMO can be further modified to facilitate IĸBα degradation and NF-ĸB transcriptional activity. 

(LLR) DNA Damage-induced PARP1 Signaling: DNA damage leads to the activation of 

PARP1, which generates PAR polymers that can promote intracellular Ca2+ mobilization and the 

inactivation of energy metabolism. This promotes the release of a variety of IMS proteins that 

can translocate into the nucleus to facilitate chromatin fragmentation. PARP1 activity, if 

unchecked, may also deplete intracellular ATP levels. 

 

 

 

 

 

 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



References: 

Adachi, Y., Käs, E., & Laemmli, U. K. (1989). Preferential, cooperative binding of DNA 

topoisomerase II to scaffold-associated regions. The EMBO Journal, 8(13), 3997. 

Agalarov, S. C., Sakharov, P. A., Fattakhova, D. K., Sogorin, E. A., & Spirin, A. S. (2014). Internal 

translation initiation and eIF4F/ATP-independent scanning of mRNA by eukaryotic ribosomal 

particles. Scientific Reports, 4, 4438. https://doi.org/10.1038/srep04438 

Ajiro, K., Scoltock, A. B., Smith, L. K., Ashasima, M., & Cidlowski, J. A. (2010). Reciprocal 

epigenetic modification of histone H2B occurs in chromatin during apoptosis in vitro and in 

vivo. Cell Death & Differentiation, 17(6), 984–993. https://doi.org/10.1038/cdd.2009.199 

Alam, A., Cohen, L. Y., Aouad, S., & Sékaly, R.-P. (1999). Early Activation of Caspases during T 

Lymphocyte Stimulation Results in Selective Substrate Cleavage in Nonapoptotic Cells. Journal 

of Experimental Medicine, 190(12), 1879–1890. https://doi.org/10.1084/jem.190.12.1879 

Al-Khalaf, M. H., Blake, L. E., Larsen, B. D., Bell, R. A., Brunette, S., Parks, R. J., Rudnicki, M. A., 

McKinnon, P. J., Dilworth, F. J, Megeney, L. A. (2016). Temporal activation of XRCC1-

mediated DNA repair is essential for muscle differentiation. Cell Discovery, 2, 15041. 

https://doi.org/10.1038/celldisc.2015.41 

Ando, K., Kernan, J. L., Liu, P. H., Sanda, T., Logette, E., Tschopp, J., Look, A. T., Wang, J., 

Bouchier-Hayes, L., Sidi, S. (2012). PIDD Death-Domain Phosphorylation by ATM Controls 

Prodeath Versus Prosurvival PIDDosome Signaling. Molecular Cell, 47(5), 681–693. 

https://doi.org/10.1016/j.molcel.2012.06.024 

Andrabi, S. A., Umanah, G. K. E., Chang, C., Stevens, D. A., Karuppagounder, S. S., Gagné, J.-P., 

Poirier, G. G., Dawson, V. L., Dawson, T. M. (2014). Poly(ADP-ribose) polymerase-dependent 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



energy depletion occurs through inhibition of glycolysis. Proceedings of the National Academy 

of Sciences, 111(28), 10209–10214. https://doi.org/10.1073/pnas.1405158111 

Bae, S. S., Choi, J. H., Oh, Y. S., Perry, D. K., Ryu, S. H., & Suh, P. G. (2001). Proteolytic cleavage 

of epidermal growth factor receptor by caspases. FEBS Letters, 491(1–2), 16–20. 

Barr, A. R., Cooper, S., Heldt, F. S., Butera, F., Stoy, H., Mansfeld, J., Novák, B., Bakal, C. (2017). 

DNA damage during S-phase mediates the proliferation-quiescence decision in the subsequent 

G1 via p21 expression. Nature Communications, 8, 14728. 

https://doi.org/10.1038/ncomms14728 

Basson, M. A. (2012). Signaling in Cell Differentiation and Morphogenesis. Cold Spring Harbor 

Perspectives in Biology, 4(6). https://doi.org/10.1101/cshperspect.a008151 

Bennett, M., Macdonald, K., Chan, S.-W., Luzio, J. P., Simari, R., & Weissberg, P. (1998). Cell 

Surface Trafficking of Fas: A Rapid Mechanism of p53-Mediated Apoptosis. Science, 

282(5387), 290–293. https://doi.org/10.1126/science.282.5387.290 

Bensaad, K., Tsuruta, A., Selak, M. A., Vidal, M. N. C., Nakano, K., Bartrons, R., Gottlieb, E., 

Vousden, K. H. (2006). TIGAR, a p53-Inducible Regulator of Glycolysis and Apoptosis. Cell, 

126(1), 107–120. https://doi.org/10.1016/j.cell.2006.05.036 

Berghe, T. V., Linkermann, A., Jouan-Lanhouet, S., Walczak, H., & Vandenabeele, P. (2014). 

Regulated necrosis: the expanding network of non-apoptotic cell death pathways. Nature 

Reviews Molecular Cell Biology, 15(2), 135–147. https://doi.org/10.1038/nrm3737 

Bertrand, M. J. M., Milutinovic, S., Dickson, K. M., Ho, W. C., Boudreault, A., Durkin, J., Gillard, J. 

W., Jaquith, J. B., Morris, S. J., Barker, P. A. (2008). cIAP1 and cIAP2 Facilitate Cancer Cell 

Survival by Functioning as E3 Ligases that Promote RIP1 Ubiquitination. Molecular Cell, 30(6), 

689–700. https://doi.org/10.1016/j.molcel.2008.05.014 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Blom, B., Verschuren, M. C. M., Heemskerk, M. H. M., Bakker, A. Q., Gastel-Mol, E. J. van, 

Wolvers-Tettero, I. L. M., Dongen, J. J.M. van, Spits, H. (1999). TCR Gene Rearrangements and 

Expression of the Pre-T Cell Receptor Complex During Human T-Cell Differentiation. Blood, 

93(9), 3033–3043. 

Boatright, K. M., Renatus, M., Scott, F. L., Sperandio, S., Shin, H., Pedersen, I. M., Ricci, J.-E., 

Edris, W. A., Sutherlin, D. P., Green, D. R., Salvesen, G. S. (2003). A Unified Model for Apical 

Caspase Activation. Molecular Cell, 11(2), 529–541. https://doi.org/10.1016/S1097-

2765(03)00051-0 

Boulares, A. H., Zoltoski, A. J., Yakovlev, A., Xu, M., & Smulson, M. E. (2001). Roles of DNA 

fragmentation factor and poly(ADP-ribose) polymerase in an amplification phase of TNF-

induced apoptosis. Journal of Biological Chemistry. https://doi.org/10.1074/jbc.M100629200 

Breckenridge, D. G., & Xue, D. (2004). Regulation of mitochondrial membrane permeabilization by 

BCL-2 family proteins and caspases. Current Opinion in Cell Biology, 16(6), 647–652. 

https://doi.org/10.1016/j.ceb.2004.09.009 

Brenner, D., Blaser, H., & Mak, T. W. (2015). Regulation of tumour necrosis factor signalling: live or 

let die. Nature Reviews Immunology, (6), 362. https://doi.org/10.1038/nri3834 

Bunk, E. C., König, H.-G., Bernas, T., Engel, T., Henshall, D. C., Kirby, B. P., & Prehn, J. H. M. 

(2010). BH3-only proteins BIM and PUMA in the regulation of survival and neuronal 

differentiation of newly generated cells in the adult mouse hippocampus. Cell Death & Disease, 

1(1), e15. https://doi.org/10.1038/cddis.2009.13 

Cain, K., Brown, D. G., Langlais, C., & Cohen, G. M. (1999). Caspase Activation Involves the 

Formation of the Aposome, a Large (∼700 kDa) Caspase-activating Complex. Journal of 

Biological Chemistry, 274(32), 22686–22692. https://doi.org/10.1074/jbc.274.32.22686 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Calder, A., Roth-Albin, I., Bhatia, S., Pilquil, C., Lee, J. H., Bhatia, M., Levadoux-Martin, M., 

McNicol, J., Russell, J., Collins, T., Draper, J. S. (2013). Lengthened G1 phase indicates 

differentiation status in human embryonic stem cells. Stem Cells and Development, 22(2), 279–

295. https://doi.org/10.1089/scd.2012.0168 

Cao, G., Xing, J., Xiao, X., Liou, A. K. F., Gao, Y., Yin, X.-M., Clark, R. S. B., Graham, S. H., Chen, 

J. (2007). Critical role of calpain I in mitochondrial release of apoptosis-inducing factor in 

ischemic neuronal injury. The Journal of Neuroscience: The Official Journal of the Society for 

Neuroscience, 27(35), 9278–9293. https://doi.org/10.1523/JNEUROSCI.2826-07.2007 

Ceballos-Cancino, G., Espinosa, M., Maldonado, V., & Melendez-Zajgla, J. (2007). Regulation of 

mitochondrial Smac/DIABLO-selective release by survivin. Oncogene, 26(54), 7569–7575. 

https://doi.org/10.1038/sj.onc.1210560 

Chai, J., Du, C., Wu, J.-W., Kyin, S., Wang, X., & Shi, Y. (2000). Structural and biochemical basis of 

apoptotic activation by Smac/DIABLO. Nature, (6798), 855. 

Chomarat, P., Dantin, C., Bennett, L., Banchereau, J., & Palucka, A. K. (2003). TNF Skews 

Monocyte Differentiation from Macrophages to Dendritic Cells. The Journal of Immunology, 

171(5), 2262–2269. https://doi.org/10.4049/jimmunol.171.5.2262 

Circu, M. L., & Aw, T. Y. (2010). REACTIVE OXYGEN SPECIES, CELLULAR REDOX 

SYSTEMS AND APOPTOSIS. Free Radical Biology & Medicine, 48(6), 749–762. 

https://doi.org/10.1016/j.freeradbiomed.2009.12.022 

Cohen, G. M. (1997). Caspases: the executioners of apoptosis. Biochemical Journal, 326(Pt 1), 1–16. 

Coller, H. A., Sang, L., & Roberts, J. M. (2006). A New Description of Cellular Quiescence. PLOS 

Biology, 4(3), e83. https://doi.org/10.1371/journal.pbio.0040083 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Corsini, N. S., Sancho-Martinez, I., Laudenklos, S., Glagow, D., Kumar, S., Letellier, E., Koch, P., 

Teodorczyk, M., Kleber, S., Martin-Villalba, A. (2009). The Death Receptor CD95 Activates 

Adult Neural Stem Cells for Working Memory Formation and Brain Repair. Cell Stem Cell, 5(2), 

178–190. https://doi.org/10.1016/j.stem.2009.05.004 

Culig, Z. (2016). Androgen Receptor Coactivators in Regulation of Growth and Differentiation in 

Prostate Cancer. Journal of Cellular Physiology, 231(2), 270–274. 

https://doi.org/10.1002/jcp.25099 

Dahal, G. R., Karki, P., Thapa, A., Shahnawaz, M., Shin, S. Y., Lee, J. S., Cho, B., Park, I.-S. (2007). 

Caspase-2 cleaves DNA fragmentation factor (DFF45)/inhibitor of caspase-activated DNase 

(ICAD). Archives of Biochemistry and Biophysics, 468(1), 134–139. 

https://doi.org/10.1016/j.abb.2007.09.007 

Daniel, J. A., & Nussenzweig, A. (2013). The AID-Induced DNA Damage Response in Chromatin. 

Molecular Cell, 50(3), 309–321. https://doi.org/10.1016/j.molcel.2013.04.017 

Davis, A. J., Chen, B. P. C., & Chen, D. J. (2014). DNA-PK: a dynamic enzyme in a versatile DSB 

repair pathway. DNA Repair, 17, 21–29. https://doi.org/10.1016/j.dnarep.2014.02.020 

Deng, Y., Lin, Y., & Wu, X. (2002). TRAIL-induced apoptosis requires Bax-dependent mitochondrial 

release of Smac/DIABLO. Genes & Development, 16(1), 33–45. 

https://doi.org/10.1101/gad.949602 

Deng, Y., Ren, X., Yang, L., Lin, Y., & Wu, X. (2003). A JNK-dependent pathway is required for 

TNFalpha-induced apoptosis. Cell, 115(1), 61–70. 

Deveraux, Q. L., Leo, E., Stennicke, H. R., Welsh, K., Salvesen, G. S., & Reed, J. C. (1999). 

Cleavage of human inhibitor of apoptosis protein XIAP results in fragments with distinct 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



specificities for caspases. The EMBO Journal, 18(19), 5242–5251. 

https://doi.org/10.1093/emboj/18.19.5242 

Deveraux, Q. L., & Reed, J. C. (1999). IAP family proteins—suppressors of apoptosis. Genes & 

Development, 13(3), 239–252. 

Deveraux, Q. L., Roy, N., Stennicke, H. R., Arsdale, T. V., Zhou, Q., Srinivasula, S. M., Alnemri, E. 

S., Salvesen, G. S., Reed, J. C. (1998). IAPs block apoptotic events induced by caspase‐8 and 

cytochrome c by direct inhibition of distinct caspases. The EMBO Journal, 17(8), 2215–2223. 

https://doi.org/10.1093/emboj/17.8.2215 

Deveraux, Q. L., Takahashi, R., Salvesen, G. S., & Reed, J. C. (1997). X-linked IAP is a direct 

inhibitor of cell-death proteases. Nature, (6639), 300. 

DeVries-Seimon, T. A., Ohm, A. M., Humphries, M. J., & Reyland, M. E. (2007). Induction of 

Apoptosis Is Driven by Nuclear Retention of Protein Kinase Cδ. Journal of Biological 

Chemistry, 282(31), 22307–22314. https://doi.org/10.1074/jbc.M703661200 

Dewson, G., Kratina, T., Czabotar, P., Day, C. L., Adams, J. M., & Kluck, R. M. (2009). Bak 

Activation for Apoptosis Involves Oligomerization of Dimers via Their α6 Helices. Molecular 

Cell, 36(4), 696–703. https://doi.org/10.1016/j.molcel.2009.11.008 

DiDonato, J. A., Hayakawa, M., Rothwarf, D. M., Zandi, E., & Karin, M. (1997). A cytokine-

responsive IκB kinase that activates the transcription factor NF-κB. Nature, 388(6642), 548–554. 

https://doi.org/10.1038/41493 

Dohi, T., Beltrami, E., Wall, N. R., Plescia, J., & Altieri, D. C. (2004). Mitochondrial survivin inhibits 

apoptosis and promotes tumorigenesis. The Journal of Clinical Investigation, 114(8), 1117–

1127. https://doi.org/10.1172/JCI22222 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Dondelinger, Y., Darding, M., Bertrand, M. J. M., & Walczak, H. (2016). Poly-ubiquitination in 

TNFR1-mediated necroptosis. Cellular and Molecular Life Sciences, 73, 2165–2176. 

https://doi.org/10.1007/s00018-016-2191-4 

Du, C., Fang, M., Li, Y., Li, L., & Wang, X. (2000). Smac, a Mitochondrial Protein that Promotes 

Cytochrome c–Dependent Caspase Activation by Eliminating IAP Inhibition. Cell, 102(1), 33–

42. https://doi.org/10.1016/S0092-8674(00)00008-8 

Ea, C.-K., Deng, L., Xia, Z.-P., Pineda, G., & Chen, Z. J. (2006). Activation of IKK by TNFα 

Requires Site-Specific Ubiquitination of RIP1 and Polyubiquitin Binding by NEMO. Molecular 

Cell, 22(2), 245–257. https://doi.org/10.1016/j.molcel.2006.03.026 

Earnshaw, W. C., Halligan, B., Cooke, C. A., Heck, M. M., & Liu, L. F. (1985). Topoisomerase II is a 

structural component of mitotic chromosome scaffolds. The Journal of Cell Biology, 100(5), 

1706–1715. 

Eijnde, S. M. van den, Hoff, M. J. B. van den, Reutelingsperger, C. P. M., Heerde, W. L. van, 

Henfling, M. E. R., Vermeij-Keers, C., Schutte, B., Borgers, M., Ramaekers, F. C. S. (2001). 

Transient expression of phosphatidylserine at cell-cell contact areas is required for myotube 

formation. Journal of Cell Science, 114(20), 3631–3642. 

Elmore, S. (2007). Apoptosis: A Review of Programmed Cell Death. Toxicologic Pathology, 35(4), 

495–516. https://doi.org/10.1080/01926230701320337 

Eskes, R., Desagher, S., Antonsson, B., & Martinou, J.-C. (2000). Bid Induces the Oligomerization 

and Insertion of Bax into the Outer Mitochondrial Membrane. Molecular and Cellular Biology, 

20(3), 929–935. https://doi.org/10.1128/MCB.20.3.929-935.2000 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Ethell, D. W., Bossy-Wetzel, E., & Bredesen, D. E. (2001). Caspase 7 can cleave tumor necrosis 

factor receptor-I (p60) at a non-consensus motif, in vitro. Biochimica et Biophysica Acta (BBA) - 

Molecular Cell Research, 1541(3), 231–238. https://doi.org/10.1016/S0167-4889(01)00159-8 

Fang, L.-W., Tai, T.-S., Yu, W.-N., Liao, F., & Lai, M.-Z. (2004). Phosphatidylinositide 3-Kinase 

Priming Couples c-FLIP to T Cell Activation. Journal of Biological Chemistry, 279(1), 13–18. 

https://doi.org/10.1074/jbc.M303860200 

Fatokun, A. A., Dawson, V. L., & Dawson, T. M. (2014). Parthanatos: mitochondrial-linked 

mechanisms and therapeutic opportunities. British Journal of Pharmacology, 171(8), 2000–

2016. https://doi.org/10.1111/bph.12416 

Fava, L. L., Bock, F. J., Geley, S., & Villunger, A. (2012). Caspase-2 at a glance. J Cell Sci, 125(24), 

5911–5915. https://doi.org/10.1242/jcs.115105 

Feoktistova, M., Geserick, P., Kellert, B., Dimitrova, D. P., Langlais, C., Hupe, M., Cain, K., 

MacFarlane, M., Häcker, G., Leverkus, M. (2011). cIAPs block Ripoptosome formation, a 

RIP1/caspase-8 containing intracellular cell death complex differentially regulated by cFLIP 

isoforms. Molecular Cell, 43(3), 449–463. https://doi.org/10.1016/j.molcel.2011.06.011 

Fernando, P., Kelly, J. F., Balazsi, K., Slack, R. S., & Megeney, L. A. (2002). Caspase 3 Activity Is 

Required for Skeletal Muscle Differentiation. Proceedings of the National Academy of Sciences 

of the United States of America, 99(17), 11025–11030. 

Fernando, P., & Megeney, L. A. (2007). Is caspase-dependent apoptosis only cell differentiation taken 

to the extreme? FASEB Journal: Official Publication of the Federation of American Societies for 

Experimental Biology, 21(1), 8–17. https://doi.org/10.1096/fj.06-5912hyp 

Fields, J., Hanisch, J. J., Choi, J. W., & Hwang, P. M. (2008). How does p53 regulate mitochondrial 

respiration? IUBMB Life, 59(10), 682–684. https://doi.org/10.1080/15216540601185021 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Fischer, U., Jänicke, R. U., & Schulze-Osthoff, K. (2003). Many cuts to ruin: a comprehensive update 

of caspase substrates. Cell Death & Differentiation, 10(1), 76–100. 

https://doi.org/10.1038/sj.cdd.4401160 

Fu, J., Jin, Y., & Arend, L. J. (2003). Smac3, a Novel Smac/DIABLO Splicing Variant, Attenuates the 

Stability and Apoptosis-inhibiting Activity of X-linked Inhibitor of Apoptosis Protein. Journal of 

Biological Chemistry, 278(52), 52660–52672. https://doi.org/10.1074/jbc.M308036200 

Fujita, J., Crane, A. M., Souza, M. K., Dejosez, M., Kyba, M., Flavell, R. A., Thomson, J. A., Zwaka, 

T. P. (2008). Caspase activity mediates the differentiation of embryonic stem cells. Cell Stem 

Cell, 2(6), 595–601. https://doi.org/10.1016/j.stem.2008.04.001 

Füllgrabe, J., Hajji, N., & Joseph, B. (2010). Cracking the death code: apoptosis-related histone 

modifications. Cell Death & Differentiation, 17(8), 1238–1243. 

https://doi.org/10.1038/cdd.2010.58 

Galbán, S., & Duckett, C. S. (2009). XIAP as a ubiquitin ligase in cellular signaling. Cell Death & 

Differentiation, 17(1), 54–60. https://doi.org/10.1038/cdd.2009.81 

Garrido, C., Galluzzi, L., Brunet, M., Puig, P. E., Didelot, C., & Kroemer, G. (2006). Mechanisms of 

cytochrome c release from mitochondria. Cell Death & Differentiation, 13(9), 1423–1433. 

https://doi.org/10.1038/sj.cdd.4401950 

Gerlitz, G., Jagus, R., & Elroy-Stein, O. (2002). Phosphorylation of initiation factor-2 alpha is 

required for activation of internal translation initiation during cell differentiation. European 

Journal of Biochemistry, 269(11), 2810–2819. 

Gole, B., Baumann, C., Mian, E., Ireno, C. I., & Wiesmüller, L. (2015). Endonuclease G initiates 

DNA rearrangements at the MLL breakpoint cluster upon replication stress. Oncogene, 34(26), 

3391–3401. https://doi.org/10.1038/onc.2014.268 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Golks, A., Brenner, D., Krammer, P. H., & Lavrik, I. N. (2006). The c-FLIP-NH2 terminus (p22-

FLIP) induces NF-kappaB activation. The Journal of Experimental Medicine, 203(5), 1295–

1305. https://doi.org/10.1084/jem.20051556 

Graves, J. D., Draves, K. E., Gotoh, Y., Krebs, E. G., & Clark, E. A. (2001). Both Phosphorylation 

and Caspase-mediated Cleavage Contribute to Regulation of the Ste20-like Protein Kinase Mst1 

during CD95/Fas-induced Apoptosis. Journal of Biological Chemistry, 276(18), 14909–14915. 

https://doi.org/10.1074/jbc.M010905200 

Gu, Y., Sarnecki, C., Aldape, R. A., Livingston, D. J., & Su, M. S.-S. (1995). Cleavage of Poly(ADP-

ribose) Polymerase by Interleukin-1β Converting Enzyme and Its Homologs TX and Nedd-2. 

Journal of Biological Chemistry, 270(32), 18715–18718. 

https://doi.org/10.1074/jbc.270.32.18715 

Guo, Y., Srinivasula, S. M., Druilhe, A., Fernandes-Alnemri, T., & Alnemri, E. S. (2002). Caspase-2 

Induces Apoptosis by Releasing Proapoptotic Proteins from Mitochondria. Journal of Biological 

Chemistry, 277(16), 13430–13437. https://doi.org/10.1074/jbc.M108029200 

Haas, T. L., Emmerich, C. H., Gerlach, B., Schmukle, A. C., Cordier, S. M., Rieser, E., Feltham, R., 

Vince, J., Warnken, U., Wenger, T., Koschny, R., Silke, J., Walczak, H. (2009). Recruitment of 

the Linear Ubiquitin Chain Assembly Complex Stabilizes the TNF-R1 Signaling Complex and Is 

Required for TNF-Mediated Gene Induction. Molecular Cell, 36(5), 831–844. 

https://doi.org/10.1016/j.molcel.2009.10.013 

Hanahan, D., & Weinberg, R. A. (2000). The Hallmarks of Cancer. Cell, 100(1), 57–70. 

https://doi.org/10.1016/S0092-8674(00)81683-9 

Hanahan, D., & Weinberg, R. A. (2011). Hallmarks of Cancer: The Next Generation. Cell, 144(5), 

646–674. https://doi.org/10.1016/j.cell.2011.02.013 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Harwood, S. M., Yaqoob, M. M., & Allen, D. A. (2005). Caspase and calpain function in cell death: 

bridging the gap between apoptosis and necrosis. Annals of Clinical Biochemistry, 42(Pt 6), 415–

431. https://doi.org/10.1258/000456305774538238 

Haupt, S., Berger, M., Goldberg, Z., & Haupt, Y. (2003). Apoptosis - the p53 network. Journal of 

Cell Science, 116(20), 4077–4085. https://doi.org/10.1242/jcs.00739 

Hegde, R., Srinivasula, S. M., Zhang, Z., Wassell, R., Mukattash, R., Cilenti, L., DuBois, G., 

Lazebnik, Y., Zervos, A. S., Fernandes-Alnemri, T., Alnemri, E. S. (2002). Identification of 

Omi/HtrA2 as a Mitochondrial Apoptotic Serine Protease That Disrupts Inhibitor of Apoptosis 

Protein-Caspase Interaction. Journal of Biological Chemistry, 277(1), 432–438. 

https://doi.org/10.1074/jbc.M109721200 

Hellen, C. U. T., & Sarnow, P. (2001). Internal ribosome entry sites in eukaryotic mRNA molecules. 

Genes & Development, 15(13), 1593–1612. https://doi.org/10.1101/gad.891101 

Hinz, M., Stilmann, M., Arslan, S. Ç., Khanna, K. K., Dittmar, G., & Scheidereit, C. (2010). A 

Cytoplasmic ATM-TRAF6-cIAP1 Module Links Nuclear DNA Damage Signaling to Ubiquitin-

Mediated NF-κB Activation. Molecular Cell, 40(1), 63–74. 

https://doi.org/10.1016/j.molcel.2010.09.008 

Hitomi, M., & Stacey, D. W. (1999). Cyclin D1 production in cycling cells depends on Ras in a cell-

cycle-specific manner. Current Biology, 9(19), S1–S2. https://doi.org/10.1016/S0960-

9822(99)80476-X 

Hottiger, M. O. (2015). Nuclear ADP-Ribosylation and Its Role in Chromatin Plasticity, Cell 

Differentiation, and Epigenetics. Annual Review of Biochemistry, 84(1), 227–263. 

https://doi.org/10.1146/annurev-biochem-060614-034506 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Hsu, H., Huang, J., Shu, H.-B., Baichwal, V., & Goeddel, D. V. (1996). TNF-Dependent Recruitment 

of the Protein Kinase RIP to the TNF Receptor-1 Signaling Complex. Immunity, 4(4), 387–396. 

https://doi.org/10.1016/S1074-7613(00)80252-6 

Hsu, H., Shu, H.-B., Pan, M.-G., & Goeddel, D. V. (1996). TRADD–TRAF2 and TRADD–FADD 

Interactions Define Two Distinct TNF Receptor 1 Signal Transduction Pathways. Cell, 84(2), 

299–308. https://doi.org/10.1016/S0092-8674(00)80984-8 

Hsu, H., Xiong, J., & Goeddel, D. V. (1995). The TNF receptor 1-associated protein TRADD signals 

cell death and NF-κB activation. Cell, 81(4), 495–504. https://doi.org/10.1016/0092-

8674(95)90070-5 

Hu, W.-L., Dong, H.-Y., Li, Y., Ojcius, D. M., Li, S.-J., & Yan, J. (2017). Bid-Induced Release of 

AIF/EndoG from Mitochondria Causes Apoptosis of Macrophages during Infection with 

Leptospira interrogans. Frontiers in Cellular and Infection Microbiology, 7. 

https://doi.org/10.3389/fcimb.2017.00471 

Hu, Y., Liu, Z., Yang, S.-J., & Ye, K. (2007). Acinus-provoked protein kinase C δ isoform activation 

is essential for apoptotic chromatin condensation. Cell Death & Differentiation, 14(12), 2035–

2046. https://doi.org/10.1038/sj.cdd.4402214 

Huang, T. T., Wuerzberger-Davis, S. M., Wu, Z.-H., & Miyamoto, S. (2003). Sequential Modification 

of NEMO/IKKγ by SUMO-1 and Ubiquitin Mediates NF-κB Activation by Genotoxic Stress. 

Cell, 115(5), 565–576. https://doi.org/10.1016/S0092-8674(03)00895-X 

Hughes, M. A., Powley, I. R., Jukes-Jones, R., Horn, S., Feoktistova, M., Fairall, L., Schwabe, J. W. 

R., Leverkus, M., Cain, K., MacFarlane, M. (2016). Co-operative and Hierarchical Binding of c-

FLIP and Caspase-8: A Unified Model Defines How c-FLIP Isoforms Differentially Control Cell 

Fate. Molecular Cell, 61(6), 834–849. https://doi.org/10.1016/j.molcel.2016.02.023 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Huletsky, A., Murcia, G. de, Muller, S., Hengartner, M., Ménard, L., Lamarre, D., & Poirier, G. G. 

(1989). The effect of poly(ADP-ribosyl)ation on native and H1-depleted chromatin. A role of 

poly(ADP-ribosyl)ation on core nucleosome structure. Journal of Biological Chemistry, 264(15), 

8878–8886. 

Hur, G. M., Lewis, J., Yang, Q., Lin, Y., Nakano, H., Nedospasov, S., & Liu, Z. (2003). The death 

domain kinase RIP has an essential role in DNA damage-induced NF-κB activation. Genes & 

Development, 17(7), 873–882. https://doi.org/10.1101/gad.1062403 

Ichim, G., Lopez, J., Ahmed, S. U., Muthalagu, N., Giampazolias, E., Delgado, M. E., Haller, M., 

Riley, J. S., Mason, S. M., Athineos, D., Parsons, M. J., van de Kooji, B., Bouchier-Hayes, L., 

Chalmers, A. J., Rooswinkel, R. W., Oberst, A., Blyth, K., Rehm, M., Murphy, D. J., Tait, S. W. 

G. (2015). Limited Mitochondrial Permeabilization Causes DNA Damage and Genomic 

Instability in the Absence of Cell Death. Molecular Cell, 57(5), 860–872. 

https://doi.org/10.1016/j.molcel.2015.01.018 

Irmler, M., Thome, M., Hahne, M., Schneider, P., Hofmann, K., Steiner, V., Bodmer, J.-L., Schröter, 

M., Burns, K., Mattmann, C., Rimoldi, D., French, L. E., Tschopp, J. (1997). Inhibition of death 

receptor signals by cellular FLIP. Nature, 388(6638), 190–195. https://doi.org/10.1038/40657 

Jaiswal, P. K., Goel, A., & Mittal, R. D. (2015). Survivin: A molecular biomarker in cancer. The 

Indian Journal of Medical Research, 141(4), 389–397. https://doi.org/10.4103/0971-

5916.159250 

Janssens, S., Tinel, A., Lippens, S., & Tschopp, J. (2005). PIDD Mediates NF-κB Activation in 

Response to DNA Damage. Cell, 123(6), 1079–1092. https://doi.org/10.1016/j.cell.2005.09.036 

Janssens, S., & Tschopp, J. (2006). Signals from within: the DNA-damage-induced NF-κB response. 

Cell Death & Differentiation, 13(5), 773–784. https://doi.org/10.1038/sj.cdd.4401843 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Janzen, V., Fleming, H. E., Riedt, T., Karlsson, G., Riese, M. J., Celso, C. L., Reynolds, G., Milne, C. 

D., Paige, C. J., Karlsson, S., Woo, M., Scadden, D. T. (2008). Hematopoietic stem cell 

responsiveness to exogenous signals limited by Caspase-3. Cell Stem Cell, 2(6), 584–594. 

https://doi.org/10.1016/j.stem.2008.03.012 

Jin, H.-S., Lee, D.-H., Kim, D.-H., Chung, J.-H., Lee, S.-J., & Lee, T. H. (2009). cIAP1, cIAP2, and 

XIAP Act Cooperatively via Nonredundant Pathways to Regulate Genotoxic Stress–Induced 

Nuclear Factor-κB Activation. Cancer Research, 69(5), 1782–1791. 

https://doi.org/10.1158/0008-5472.CAN-08-2256 

Ju, B.-G., Lunyak, V. V., Perissi, V., Garcia-Bassets, I., Rose, D. W., Glass, C. K., & Rosenfeld, M. 

G. (2006). A Topoisomerase IIß-Mediated dsDNA Break Required for Regulated Transcription. 

Science, 312(5781), 1798–1802. https://doi.org/10.1126/science.1127196 

Kaczanowski, S. (2016). Apoptosis: its origin, history, maintenance and the medical implications for 

cancer and aging. Physical Biology, 13(3), 31001. https://doi.org/10.1088/1478-

3975/13/3/031001 

Kanayama, A., Seth, R. B., Sun, L., Ea, C.-K., Hong, M., Shaito, A., Chui, Y.-H., Deng, L., Chen, Z. 

J. (2004). TAB2 and TAB3 Activate the NF-κB Pathway through Binding to Polyubiquitin 

Chains. Molecular Cell, 15(4), 535–548. https://doi.org/10.1016/j.molcel.2004.08.008 

Kataoka, T., Budd, R. C., Holler, N., Thome, M., Martinon, F., Irmler, M., Burns, K., Hahne, M., 

Kennedy, N., Kovacsovics, M., Tschopp, J. (2000). The caspase-8 inhibitor FLIP promotes 

activation of NF-κB and Erk signaling pathways. Current Biology, 10(11), 640–648. 

https://doi.org/10.1016/S0960-9822(00)00512-1 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Kim, M. Y., Zhang, T., & Kraus, W. L. (2005). Poly(ADP-ribosyl)ation by PARP-1: `PAR-laying’ 

NAD+ into a nuclear signal. Genes & Development, 19(17), 1951–1967. 

https://doi.org/10.1101/gad.1331805 

Kischkel, F. C., Hellbardt, S., Behrmann, I., Germer, M., Pawlita, M., Krammer, P. H., & Peter, M. E. 

(1995). Cytotoxicity-dependent APO-1 (Fas/CD95)-associated proteins form a death-inducing 

signaling complex (DISC) with the receptor. The EMBO Journal, 14(22), 5579–5588. 

Komar, A. A., & Hatzoglou, M. (2011). Cellular IRES-mediated translation. Cell Cycle, 10(2), 229–

240. https://doi.org/10.4161/cc.10.2.14472 

Krajewska, M., Mai, J. K., Zapata, J. M., Ashwell, K. W. S., Schendel, S. L., Reed, J. C., & 

Krajewski, S. (2002). Dynamics of expression of apoptosis-regulatory proteins Bid, Bcl-2, Bcl-

X, Bax and Bak during development of murine nervous system. Cell Death and Differentiation, 

9(2), 145–157. https://doi.org/10.1038/sj.cdd.4400934 

Kummer, J. L., Rao, P. K., & Heidenreich, K. A. (1997). Apoptosis Induced by Withdrawal of 

Trophic Factors Is Mediated by p38 Mitogen-activated Protein Kinase. Journal of Biological 

Chemistry, 272(33), 20490–20494. https://doi.org/10.1074/jbc.272.33.20490 

Larsen, B. D., Rampalli, S., Burns, L. E., Brunette, S., Dilworth, F. J., & Megeney, L. A. (2010). 

Caspase 3/caspase-activated DNase promote cell differentiation by inducing DNA strand breaks. 

Proceedings of the National Academy of Sciences of the United States of America, 107(9), 4230–

4235. https://doi.org/10.1073/pnas.0913089107 

Lefebvre, J., Muharram, G., Leroy, C., Kherrouche, Z., Montagne, R., Ichim, G., Tauszig-

Delamasure, S., Chotteau-Lelievre, A., Brenner, C., Mehlen, P., Tulasne, D. (2013). Caspase-

generated fragment of the Met receptor favors apoptosis via the intrinsic pathway independently 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



of its tyrosine kinase activity. Cell Death & Disease, 4(10), e871. 

https://doi.org/10.1038/cddis.2013.377 

Letai, A. (2006). Growth Factor Withdrawal and Apoptosis: The Middle Game. Molecular Cell, 

21(6), 728–730. https://doi.org/10.1016/j.molcel.2006.03.005 

Levkau, B., Garton, K. J., Ferri, N., Kloke, K., Nofer, J.-R., Baba, H. A., Raines, E.W., Breithardt, G. 

(2001). xIAP Induces Cell-Cycle Arrest and Activates Nuclear Factor-κB. Circulation Research, 

88(3), 282–290. https://doi.org/10.1161/01.RES.88.3.282 

Lewis, S. M., & Holcik, M. (2005). IRES in distress: translational regulation of the inhibitor of 

apoptosis proteins XIAP and HIAP2 during cell stress. Cell Death and Differentiation, 12(6), 

547–553. https://doi.org/10.1038/sj.cdd.4401602 

Lezaja, A., & Altmeyer, M. (2018). Inherited DNA lesions determine G1 duration in the next cell 

cycle. Cell Cycle, 17(1), 24–32. https://doi.org/10.1080/15384101.2017.1383578 

Li, F., Ackermann, E. J., Bennett, C. F., Rothermel, A. L., Plescia, J., Tognin, S., Villa, A., Marchisio, 

P. C., Altieri, D. C. (1999). Pleiotropic cell-division defects and apoptosis induced by 

interference with survivin function. Nature Cell Biology, 1(8), 461–466. 

https://doi.org/10.1038/70242 

Li, F., Ambrosini, G., Chu, E. Y., Plescia, J., Tognin, S., Marchisio, P. C., & Altieri, D. C. (1998). 

Control of apoptosis and mitotic spindle checkpoint by survivin. Nature, 396(6711), 580–584. 

https://doi.org/10.1038/25141 

Li, H., Zhu, H., Xu, C., & Yuan, J. (1998). Cleavage of BID by Caspase 8 Mediates the Mitochondrial 

Damage in the Fas Pathway of Apoptosis. Cell, 94(4), 491–501. https://doi.org/10.1016/S0092-

8674(00)81590-1 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Li, L. Y., Luo, X., & Wang, X. (2001). Endonuclease G is an apoptotic DNase when released from 

mitochondria. Nature, (6842), 95. 

Li, P., Nijhawan, D., Budihardjo, I., Srinivasula, S. M., Ahmad, M., Alnemri, E. S., & Wang, X. 

(1997). Cytochrome c and dATP-Dependent Formation of Apaf-1/Caspase-9 Complex Initiates 

an Apoptotic Protease Cascade. Cell, 91(4), 479–489. https://doi.org/10.1016/S0092-

8674(00)80434-1 

Liste, I., García-García, E., Bueno, C., & Martínez-Serrano, A. (2007). Bcl-XL modulates the 

differentiation of immortalized human neural stem cells. Cell Death & Differentiation, 14(11), 

1880–1892. https://doi.org/10.1038/sj.cdd.4402205 

Liu, F., Bardhan, K., Yang, D., Thangaraju, M., Ganapathy, V., Liles, G., Lee, J., Liu, K. (2012). NF-

κB directly regulates Fas transcription to modulate Fas-mediated apoptosis and tumor 

suppression. Journal of Biological Chemistry, jbc.M112.356279. 

https://doi.org/10.1074/jbc.M112.356279 

Liu, X., Li, F., Huang, Q., Zhang, Z., Zhou, L., Deng, Y., Zhou, M., Fleenor, D. E., Wang, He, 

Kastan, M. B., Li, C.-Y. (2017). Self-inflicted DNA double-strand breaks sustain tumorigenicity 

and stemness of cancer cells. Cell Research, 27(6), 764–783. https://doi.org/10.1038/cr.2017.41 

Locksley, R. M., Killeen, N., & Lenardo, M. J. (2001). The TNF and TNF Receptor Superfamilies. 

Cell, 104(4), 487–501. https://doi.org/10.1016/S0092-8674(01)00237-9 

Lu, M., Lin, S.-C., Huang, Y., Kang, Y. J., Rich, R., Lo, Y.-C., Myszka, D., Han, J., Wu, H. (2007). 

XIAP Induces NF-κB Activation via the BIR1/TAB1 Interaction and BIR1 Dimerization. 

Molecular Cell, 26(5), 689–702. https://doi.org/10.1016/j.molcel.2007.05.006 

Luca, L. M. D. (1991). Retinoids and their receptors in differentiation, embryogenesis, and neoplasia. 

The FASEB Journal, 5(14), 2924–2933. 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Luna-Vargas, M. P. A., & Chipuk, J. E. (2016). The Deadly Landscape Of Pro-Apoptotic BCL-2 

Proteins In the Outer Mitochondrial Membrane. The FEBS Journal, 283(14), 2676–2689. 

https://doi.org/10.1111/febs.13624 

Mabb, A. M., Wuerzberger-Davis, S. M., & Miyamoto, S. (2006). PIASy mediates NEMO 

sumoylation and NF-κB activation in response to genotoxic stress. Nature Cell Biology, 8(9), 

986–993. https://doi.org/10.1038/ncb1458 

Mahoney, D. J., Cheung, H. H., Mrad, R. L., Plenchette, S., Simard, C., Enwere, E., Arora, V., Mak, 

T. W., Lacasse, E. C., Waring, J., Korneluk, R. G. (2008). Both cIAP1 and cIAP2 regulate 

TNFα-mediated NF-κB activation. Proceedings of the National Academy of Sciences, 105(33), 

11778–11783. https://doi.org/10.1073/pnas.0711122105 

Marash, L., Liberman, N., Henis-Korenblit, S., Sivan, G., Reem, E., Elroy-Stein, O., & Kimchi, A. 

(2008). DAP5 Promotes Cap-Independent Translation of Bcl-2 and CDK1 to Facilitate Cell 

Survival during Mitosis. Molecular Cell, 30(4), 447–459. 

https://doi.org/10.1016/j.molcel.2008.03.018 

Martin, S. J., & Green, D. R. (1995). Protease activation during apoptosis: Death by a thousand cuts? 

Cell, 82(3), 349–352. https://doi.org/10.1016/0092-8674(95)90422-0 

Marusawa, H., Matsuzawa, S., Welsh, K., Zou, H., Armstrong, R., Tamm, I., & Reed, J. C. (2003). 

HBXIP functions as a cofactor of survivin in apoptosis suppression. The EMBO Journal, 22(11), 

2729–2740. https://doi.org/10.1093/emboj/cdg263 

Mathis, G., & Althaus, F. R. (1987). Release of core DNA from nucleosomal core particles following 

(ADP-ribose)n-modification invitro. Biochemical and Biophysical Research Communications, 

143(3), 1049–1054. https://doi.org/10.1016/0006-291X(87)90358-5 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Matsuda, T., Nakamura, T., Nakao, K., Arai, T., Katsuki, M., Heike, T., & Yokota, T. (1999). STAT3 

activation is sufficient to maintain an undifferentiated state of mouse embryonic stem cells. The 

EMBO Journal, 18(15), 4261–4269. https://doi.org/10.1093/emboj/18.15.4261 

Matsuoka, S., Rotman, G., Ogawa, A., Shiloh, Y., Tamai, K., & Elledge, S. J. (2000). Ataxia 

telangiectasia-mutated phosphorylates Chk2 in vivo and in vitro. Proceedings of the National 

Academy of Sciences, 97(19), 10389–10394. https://doi.org/10.1073/pnas.190030497 

Mendoza, F. J., Ishdorj, G., Hu, X., & Gibson, S. B. (2008). Death receptor-4 (DR4) expression is 

regulated by transcription factor NF-kappaB in response to etoposide treatment. Apoptosis: An 

International Journal on Programmed Cell Death, 13(6), 756–770. 

https://doi.org/10.1007/s10495-008-0210-0 

Mérino, D., Lalaoui, N., Morizot, A., Solary, E., & Micheau, O. (2007). TRAIL in cancer therapy: 

present and future challenges. Expert Opinion on Therapeutic Targets, 11(10), 1299–1314. 

https://doi.org/10.1517/14728222.11.10.1299 

Mérot, Y., Ferrière, F., Debroas, E., Flouriot, G., Duval, D., & Saligaut, C. (2005). Estrogen receptor 

alpha mediates neuronal differentiation and neuroprotection in PC12 cells: critical role of the 

A/B domain of the receptor. Journal of Molecular Endocrinology, 35(2), 257–267. 

https://doi.org/10.1677/jme.1.01826 

Micheau, O., Thome, M., Schneider, P., Holler, N., Tschopp, J., Nicholson, D. W., Briand, C., 

Grütter, M. G. (2002). The Long Form of FLIP Is an Activator of Caspase-8 at the Fas Death-

inducing Signaling Complex. Journal of Biological Chemistry, 277(47), 45162–45171. 

https://doi.org/10.1074/jbc.M206882200 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Micheau, O., & Tschopp, J. (2003). Induction of TNF Receptor I-Mediated Apoptosis via Two 

Sequential Signaling Complexes. Cell, 114(2), 181–190. https://doi.org/10.1016/S0092-

8674(03)00521-X 

Min, W., Bruhn, C., Grigaravicius, P., Zhou, Z.-W., Li, F., Krüger, A., Siddeek, B., Greulich, K.-O., 

Popp, O., Meisezahl, C., Calkhoven, C. F., Bürkle, A., Xu, X., Wang, Z.-Q. (2013). Poly(ADP-

ribose) binding to Chk1 at stalled replication forks is required for S-phase checkpoint activation. 

Nature Communications, 4. https://doi.org/10.1038/ncomms3993 

Mitra, K., Wunder, C., Roysam, B., Lin, G., & Lippincott-Schwartz, J. (2009). A hyperfused 

mitochondrial state achieved at G1–S regulates cyclin E buildup and entry into S phase. 

Proceedings of the National Academy of Sciences of the United States of America, 106(29), 

11960–11965. https://doi.org/10.1073/pnas.0904875106 

Miura, M., Chen, X.-D., Allen, M. R., Bi, Y., Gronthos, S., Seo, B.-M., Lakhani, S., Flavell, R. A., 

Feng, X.-H., Robey, P. G., Young, M., Shi, S. (2004). A crucial role of caspase-3 in osteogenic 

differentiation of bone marrow stromal stem cells. Journal of Clinical Investigation, 114(12), 

1704–1713. https://doi.org/10.1172/JCI200420427 

Mogi, M., & Togari, A. (2003). Activation of Caspases Is Required for Osteoblastic Differentiation. 

Journal of Biological Chemistry, 278(48), 47477–47482. 

https://doi.org/10.1074/jbc.M307055200 

Morgan, M. J., & Liu, Z. (2011). Crosstalk of reactive oxygen species and NF-κB signaling. Cell 

Research, 21(1), 103–115. https://doi.org/10.1038/cr.2010.178 

Moubarak, R. S., Yuste, V. J., Artus, C., Bouharrour, A., Greer, P. A., Murcia, J. M., & Susin, S. A. 

(2007). Sequential Activation of Poly(ADP-Ribose) Polymerase 1, Calpains, and Bax Is 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Essential in Apoptosis-Inducing Factor-Mediated Programmed Necrosis. Molecular and Cellular 

Biology, 27(13), 4844–4862. https://doi.org/10.1128/MCB.02141-06 

Murata, M., Kong, X., Moncada, E., Chen, Y., Wang, P. H., Berns, M. W., Yokomori, K., Digman, 

M. (2018). NAD consumption by PARP1 in response to DNA damage triggers metabolic shift 

critical for damaged cell survival. bioRxiv, 375212. https://doi.org/10.1101/375212 

Muzio, M., Stockwell, B. R., Stennicke, H. R., Salvesen, G. S., & Dixit, V. M. (1998). An Induced 

Proximity Model for Caspase-8 Activation. Journal of Biological Chemistry, 273(5), 2926–2930. 

https://doi.org/10.1074/jbc.273.5.2926 

Nagata, S., Nagase, H., Kawane, K., Mukae, N., & Fukuyama, H. (2003). Degradation of 

chromosomal DNA during apoptosis. Cell Death & Differentiation, 10(1), 108–116. 

https://doi.org/10.1038/sj.cdd.4401161 

Niwa, H., Burdon, T., Chambers, I., & Smith, A. (1998). Self-renewal of pluripotent embryonic stem 

cells is mediated via activation of STAT3. Genes & Development, 12(13), 2048–2060. 

Oberhammer, F., Wilson, J. W., Dive, C., Morris, I. D., Hickman, J. A., Wakeling, A. E., Walker, P. 

R., Sikorska, M. (1993). Apoptotic death in epithelial cells: cleavage of DNA to 300 and/or 50 

kb fragments prior to or in the absence of internucleosomal fragmentation. The EMBO Journal, 

12(9), 3679–3684. 

Oda, E., Ohki, R., Murasawa, H., Nemoto, J., Shibue, T., Yamashita, T., Tokino, T., Taniguchi, T., 

Tanaka, N. (2000). Noxa, a BH3-Only Member of the Bcl-2 Family and Candidate Mediator of 

p53-Induced Apoptosis. Science, 288(5468), 1053–1058. 

Ogata, N., Ueda, K., Kawaichi, M., & Hayaishi, O. (1981). Poly(ADP-ribose) synthetase, a main 

acceptor of poly(ADP-ribose) in isolated nuclei. Journal of Biological Chemistry, 256(9), 4135–

4137. 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Oltval, Z. N., Milliman, C. L., & Korsmeyer, S. J. (1993). Bcl-2 heterodimerizes in vivo with a 

conserved homolog, Bax, that accelerates programed cell death. Cell, 74(4), 609–619. 

https://doi.org/10.1016/0092-8674(93)90509-O 

Ou, Y.-H., Chung, P.-H., Sun, T.-P., & Shieh, S.-Y. (2005). p53 C-Terminal Phosphorylation by 

CHK1 and CHK2 Participates in the Regulation of DNA-Damage-induced C-Terminal 

Acetylation. Molecular Biology of the Cell, 16(4), 1684–1695. https://doi.org/10.1091/mbc.E04-

08-0689 

Overton, K. W., Spencer, S. L., Noderer, W. L., Meyer, T., & Wang, C. L. (2014). Basal p21 controls 

population heterogeneity in cycling and quiescent cell cycle states. Proceedings of the National 

Academy of Sciences, 111(41), E4386–E4393. https://doi.org/10.1073/pnas.1409797111 

Pastorino, J. G., & Hoek, J. B. (2008). Regulation of Hexokinase Binding to VDAC. Journal of 

Bioenergetics and Biomembranes, 40(3), 171–182. https://doi.org/10.1007/s10863-008-9148-8 

Peth, A., Nathan, J. A., & Goldberg, A. L. (2013). The ATP Costs and Time Required to Degrade 

Ubiquitinated Proteins by the 26 S Proteasome. Journal of Biological Chemistry, 288(40), 

29215–29222. https://doi.org/10.1074/jbc.M113.482570 

Pietrocola, F., Galluzzi, L., Bravo-San Pedro, J. M., Madeo, F., & Kroemer, G. (2015). Acetyl 

Coenzyme A: A Central Metabolite and Second Messenger. Cell Metabolism, 21(6), 805–821. 

https://doi.org/10.1016/j.cmet.2015.05.014 

Polster, B. M. (2013). AIF, reactive oxygen species, and neurodegeneration: a “complex” problem. 

Neurochemistry International, 62(5), 695–702. https://doi.org/10.1016/j.neuint.2012.12.002 

Prieto, J., & Torres, J. (2017). Mitochondrial Dynamics: In Cell Reprogramming as It Is in Cancer. 

Stem Cells International, 2017. https://doi.org/10.1155/2017/8073721 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Raj, N., & D Attardi, L. (2016). The Transactivation Domains of the p53 Protein. Cold Spring Harbor 

Perspectives in Medicine, 7. https://doi.org/10.1101/cshperspect.a026047 

Rastogi, S., Rizwani, W., Joshi, B., Kunigal, S., & Chellappan, S. P. (2012). TNF-α response of 

vascular endothelial and vascular smooth muscle cells involve differential utilization of ASK1 

kinase and p73. Cell Death & Differentiation, 19(2), 274–283. 

https://doi.org/10.1038/cdd.2011.93 

Ray, P. S., Grover, R., & Das, S. (2006). Two internal ribosome entry sites mediate the translation of 

p53 isoforms. EMBO Reports, 7(4), 404–410. https://doi.org/10.1038/sj.embor.7400623 

Ritland Politz, J. C., Scalzo, D., & Groudine, M. (2013). Something Silent This Way Forms: The 

Functional Organization of the Repressive Nuclear Compartment. Annual Review of Cell and 

Developmental Biology, 29, 241–270. https://doi.org/10.1146/annurev-cellbio-101512-122317 

Rivas, M. A., Carnevale, R. P., Proietti, C. J., Rosemblit, C., Beguelin, W., Salatino, M., Charreau, E. 

H., Frahm, I., Sapia, S., Brouckaert, P., Elizalde, P. V., Schillaci, R. (2008). TNF alpha acting on 

TNFR1 promotes breast cancer growth via p42/P44 MAPK, JNK, Akt and NF-kappa B-

dependent pathways. Experimental Cell Research, 314(3), 509–529. 

https://doi.org/10.1016/j.yexcr.2007.10.005 

Rodriguez, J., & Lazebnik, Y. (1999). Caspase-9 and APAF-1 form an active holoenzyme. Genes & 

Development, 13(24), 3179–3184. 

Rogakou, E. P., Nieves-Neira, W., Boon, C., Pommier, Y., & Bonner, W. M. (2000). Initiation of 

DNA Fragmentation during Apoptosis Induces Phosphorylation of H2AX Histone at Serine 139. 

Journal of Biological Chemistry, 275(13), 9390–9395. https://doi.org/10.1074/jbc.275.13.9390 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Rohn, T. T., Cusack, S. M., Kessinger, S. R., & Oxford, J. T. (2004). Caspase activation independent 

of cell death is required for proper cell dispersal and correct morphology in PC12 cells. 

Experimental Cell Research, 295(1), 215–225. https://doi.org/10.1016/j.yexcr.2003.12.029 

Roset, R., Ortet, L., & Gil-Gomez, G. (2007). Role of Bcl-2 family members on apoptosis: what we 

have learned from knock-out mice. Frontiers in Bioscience : A Journal and Virtual Library, 12, 

4722–4730. https://doi.org/10.2741/2421 

Ruijtenberg, S., & Heuvel, S. van den. (2016). Coordinating cell proliferation and differentiation: 

Antagonism between cell cycle regulators and cell type-specific gene expression. Cell Cycle, 

15(2), 196–212. https://doi.org/10.1080/15384101.2015.1120925 

Safa, A. R. (2012). c-FLIP, A MASTER ANTI-APOPTOTIC REGULATOR. Experimental 

Oncology, 34(3), 176–184. 

Saito, S. ’ichi, Goodarzi, A. A., Higashimoto, Y., Noda, Y., Lees-Miller, S. P., Appella, E., & 

Anderson, C. W. (2002). ATM Mediates Phosphorylation at Multiple p53 Sites, Including Ser46, 

in Response to Ionizing Radiation. Journal of Biological Chemistry, 277(15), 12491–12494. 

Sakahira, H., Enari, M., & Nagata, S. (1998). Cleavage of CAD inhibitor in CAD activation and DNA 

degradation during apoptosis. Nature, (6662), 96. 

Samuel, T., Welsh, K., Lober, T., Togo, S. H., Zapata, J. M., & Reed, J. C. (2006). Distinct BIR 

Domains of cIAP1 Mediate Binding to and Ubiquitination of Tumor Necrosis Factor Receptor-

associated Factor 2 and Second Mitochondrial Activator of Caspases. Journal of Biological 

Chemistry, 281(2), 1080–1090. https://doi.org/10.1074/jbc.M509381200 

Schleich, K., Warnken, U., Fricker, N., Öztürk, S., Richter, P., Kammerer, K., Schnölzer, M., 

Krammer, P. H., Lavrik, I. N. (2012). Stoichiometry of the CD95 Death-Inducing Signaling 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Complex: Experimental and Modeling Evidence for a Death Effector Domain Chain Model. 

Molecular Cell, 47(2), 306–319. https://doi.org/10.1016/j.molcel.2012.05.006 

Sengupta, R., & Holmgren, A. (2014). Thioredoxin and glutaredoxin-mediated redox regulation of 

ribonucleotide reductase. World Journal of Biological Chemistry, 5(1), 68–74. 

https://doi.org/10.4331/wjbc.v5.i1.68 

Shaltiel, I. A., Krenning, L., Bruinsma, W., & Medema, R. H. (2015). The same, only different – 

DNA damage checkpoints and their reversal throughout the cell cycle. J Cell Sci, 128(4), 607–

620. https://doi.org/10.1242/jcs.163766 

Shamas-Din, A., Kale, J., Leber, B., & Andrews, D. W. (2013). Mechanisms of Action of Bcl-2 

Family Proteins. Cold Spring Harbor Perspectives in Biology, 5(4). 

https://doi.org/10.1101/cshperspect.a008714 

Shetty, S., Graham, B. A., Brown, J. G., Hu, X., Vegh-Yarema, N., Harding, G., Paul, J. T., Gibson, 

S. B. (2005). Transcription Factor NF-κB Differentially Regulates Death Receptor 5 Expression 

Involving Histone Deacetylase 1. Molecular and Cellular Biology, 25(13), 5404–5416. 

https://doi.org/10.1128/MCB.25.13.5404-5416.2005 

Shiloh, Y., & Ziv, Y. (2013). The ATM protein kinase: regulating the cellular response to genotoxic 

stress, and more. Nature Reviews Molecular Cell Biology, 14(4), 197–210. 

https://doi.org/10.1038/nrm3546 

Skoufias, D. A., Mollinari, C., Lacroix, F. B., & Margolis, R. L. (2000). Human Survivin Is a 

Kinetochore-Associated Passenger Protein. The Journal of Cell Biology, 151(7), 1575–1582. 

https://doi.org/10.1083/jcb.151.7.1575 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Smith, G. C. M., Fagagna, F. d’adda di, Lakin, N. D., & Jackson, S. P. (1999). Cleavage and 

Inactivation of ATM during Apoptosis. Molecular and Cellular Biology, 19(9), 6076–6084. 

https://doi.org/10.1128/MCB.19.9.6076 

Solá, S., Aranha, M. M., & Rodrigues, C. M. P. (2012). Driving Apoptosis-relevant Proteins Toward 

Neural Differentiation. Molecular Neurobiology, 46(2), 316–331. 

https://doi.org/10.1007/s12035-012-8289-2 

Solá, S., Morgado, A. L., & Rodrigues, C. M. P. (2013). Death receptors and mitochondria: Two 

prime triggers of neural apoptosis and differentiation. Biochimica et Biophysica Acta (BBA) - 

General Subjects, 1830(1), 2160–2166. https://doi.org/10.1016/j.bbagen.2012.09.021 

Solier, S., & Pommier, Y. (2009). The apoptotic ring: A novel entity with phosphorylated histones 

H2AX and H2B, and activated DNA damage response kinases. Cell Cycle, 8(12), 1853–1859. 

https://doi.org/10.4161/cc.8.12.8865 

Solier, S., & Pommier, Y. (2011). MDC1 Cleavage by Caspase-3: A Novel Mechanism for 

Inactivating the DNA Damage Response during Apoptosis. Cancer Research, 71(3), 906–913. 

https://doi.org/10.1158/0008-5472.CAN-10-3297 

Solier, S., & Pommier, Y. (2014). The Nuclear γ-H2AX Apoptotic Ring: Implications for Cancers and 

Autoimmune Diseases. Cellular and Molecular Life Sciences : CMLS, 71(12), 2289–2297. 

https://doi.org/10.1007/s00018-013-1555-2 

Solier, S., Sordet, O., Kohn, K. W., & Pommier, Y. (2009). Death Receptor-Induced Activation of the 

Chk2- and Histone H2AX-Associated DNA Damage Response Pathways. Molecular and 

Cellular Biology, 29(1), 68–82. https://doi.org/10.1128/MCB.00581-08 

Song, Q., Lees-Miller, S. P., Kumar, S., Zhang, Z., Chan, D. W., Smith, G. C., Jackson, S. P., 

Alnemri, E. S.,Litwack, G., Khanna, K. K., Lavin, M. F. (1996). DNA-dependent protein kinase 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



catalytic subunit: a target for an ICE-like protease in apoptosis. The EMBO Journal, 15(13), 

3238–3246. 

Song, Z., Yao, X., & Wu, M. (2003). Direct Interaction between Survivin and Smac/DIABLO Is 

Essential for the Anti-apoptotic Activity of Survivin during Taxol-induced Apoptosis. Journal of 

Biological Chemistry, 278(25), 23130–23140. https://doi.org/10.1074/jbc.M300957200 

Sordet, O., Rébé, C., Plenchette, S., Zermati, Y., Hermine, O., Vainchenker, W., Garrido, C., Solary, 

E., Dubrez-Daloz, L. (2002). Specific involvement of caspases in the differentiation of 

monocytes into macrophages. Blood, 100(13), 4446–4453. https://doi.org/10.1182/blood-2002-

06-1778 

Srinivasula, S. M., Ahmad, M., Fernandes-Alnemri, T., & Alnemri, E. S. (1998). Autoactivation of 

Procaspase-9 by Apaf-1-Mediated Oligomerization. Molecular Cell, 1(7), 949–957. 

https://doi.org/10.1016/S1097-2765(00)80095-7 

Stehlik, C., Martin, R. de, Kumabashiri, I., Schmid, J. A., Binder, B. R., & Lipp, J. (1998). Nuclear 

Factor (NF)-κB–regulated X-chromosome–linked iap Gene Expression Protects Endothelial 

Cells from Tumor Necrosis Factor α–induced Apoptosis. The Journal of Experimental Medicine, 

188(1), 211–216. https://doi.org/10.1084/jem.188.1.211 

Stein, I., Itin, A., Einat, P., Skaliter, R., Grossman, Z., & Keshet, E. (1998). Translation of Vascular 

Endothelial Growth Factor mRNA by Internal Ribosome Entry: Implications for Translation 

under Hypoxia. Molecular and Cellular Biology, 18(6), 3112–3119. 

https://doi.org/10.1128/MCB.18.6.3112 

Stilmann, M., Hinz, M., Arslan, S. Ç., Zimmer, A., Schreiber, V., & Scheidereit, C. (2009). A Nuclear 

Poly(ADP-Ribose)-Dependent Signalosome Confers DNA Damage-Induced IκB Kinase 

Activation. Molecular Cell, 36(3), 365–378. https://doi.org/10.1016/j.molcel.2009.09.032 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Susin, S. A., Zamzami, N., Castedo, M., Hirsch, T., Marchetti, P., Macho, A., Daugas, E., Geuskens, 

M., Kroemer, G. (1996). Bcl-2 inhibits the mitochondrial release of an apoptogenic protease. 

Journal of Experimental Medicine, 184(4), 1331–1341. https://doi.org/10.1084/jem.184.4.1331 

Suzuki, A., Hayashida, M., Ito, T., Kawano, H., Nakano, T., Miura, M., Akahane, K., Shiraki, K. 

(2000). Survivin initiates cell cycle entry by the competitive interaction with Cdk4/p16INK4a and 

Cdk2/Cyclin E complex activation. Oncogene, 19(29), 3225–3234. 

https://doi.org/10.1038/sj.onc.1203665 

Suzuki, A., Ito, T., Kawano, H., Hayashida, M., Hayasaki, Y., Tsutomi, Y., Akahane, K., Nakano, T., 

Miura, M., Shiraki, K. (2000). Survivin initiates procaspase 3/p21 complex formation as a result 

of interaction with Cdk4 to resist Fas-mediated cell death. Oncogene, 19(10), 1346–1353. 

https://doi.org/10.1038/sj.onc.1203429 

Suzuki, Y., Imai, Y., Nakayama, H., Takahashi, K., Takio, K., & Takahashi, R. (2001). A Serine 

Protease, HtrA2, Is Released from the Mitochondria and Interacts with XIAP, Inducing Cell 

Death. Molecular Cell, 8(3), 613–621. https://doi.org/10.1016/S1097-2765(01)00341-0 

Tamatani, M., Che, Y. H., Matsuzaki, H., Ogawa, S., Okado, H., Miyake, S., Mizuno, T., Tohyama, 

M. (1999). Tumor Necrosis Factor Induces Bcl-2 and Bcl-x Expression through NFκB 

Activation in Primary Hippocampal Neurons. Journal of Biological Chemistry, 274(13), 8531–

8538. https://doi.org/10.1074/jbc.274.13.8531 

Tang, H. L., Tang, H. M., Mak, K. H., Hu, S., Wang, S. S., Wong, K. M., Wong, C. S. T., Wu, H. Y., 

Law, H. T., Liu, K., Talbot, C. C., Lau, W. K., Montell, D. J., Fung, M. C. (2012). Cell survival, 

DNA damage, and oncogenic transformation after a transient and reversible apoptotic response. 

Molecular Biology of the Cell, 23(12), 2240–2252. https://doi.org/10.1091/mbc.E11-11-0926 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Tang, Y., & Tian, X. C. (2013). JAK-STAT3 and somatic cell reprogramming. JAK-STAT, 2(4), 

e24935. https://doi.org/10.4161/jkst.24935 

Tenev, T., Bianchi, K., Darding, M., Broemer, M., Langlais, C., Wallberg, F., Zacharious, A., Lopez, 

J., MacFarlane, M., Cain, K., Meier, P. (2011). The Ripoptosome, a Signaling Platform that 

Assembles in Response to Genotoxic Stress and Loss of IAPs. Molecular Cell, 43(3), 432–448. 

https://doi.org/10.1016/j.molcel.2011.06.006 

Thomson, I., Gilchrist, S., Bickmore, W. A., & Chubb, J. R. (2004). The Radial Positioning of 

Chromatin Is Not Inherited through Mitosis but Is Established De Novo in Early G1. Current 

Biology, 14(2), 166–172. https://doi.org/10.1016/j.cub.2003.12.024 

Tinel, A., Janssens, S., Lippens, S., Cuenin, S., Logette, E., Jaccard, B., Quadroni, M., Tschopp, J. 

(2007). Autoproteolysis of PIDD marks the bifurcation between pro‐death caspase‐2 and pro‐

survival NF‐κB pathway. The EMBO Journal, 26(1), 197–208. 

https://doi.org/10.1038/sj.emboj.7601473 

Ting, A. T., Pimentel-Muiños, F. X., & Seed, B. (1996). RIP mediates tumor necrosis factor receptor 

1 activation of NF-kappaB but not Fas/APO-1-initiated apoptosis. The EMBO Journal, 15(22), 

6189–6196. 

Tracey, L., Pérez-Rosado, A., Artiga, M. J., Camacho, F. I., Rodríguez, A., Martínez, N., Ruiz-

Ballesteros, E., Mollejo, M, Martinez, B., Cuadros, M., Garcia, J. F., Lawler, M., Piris, M. Á. 

(2005). Expression of the NF-κB targets BCL2 and BIRC5/Survivin characterizes small B-cell 

and aggressive B-cell lymphomas, respectively. The Journal of Pathology, 206(2), 123–134. 

https://doi.org/10.1002/path.1768 

Tsujimoto, Y., & Shimizu, S. (2000). VDAC regulation by the Bcl-2 family of proteins. Cell Death 

and Differentiation, 7(12), 1174–1181. https://doi.org/10.1038/sj.cdd.4400780 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Ura, S., Masuyama, N., Graves, J. D., & Gotoh, Y. (2001). Caspase cleavage of MST1 promotes 

nuclear translocation and chromatin condensation. Proceedings of the National Academy of 

Sciences, 98(18), 10148–10153. https://doi.org/10.1073/pnas.181161698 

Vande Walle, L., Van Damme, P., Lamkanfi, M., Saelens, X., Vandekerckhove, J., Gevaert, K., & 

Vandenabeele, P. (2007). Proteome-wide Identification of HtrA2/Omi Substrates. Journal of 

Proteome Research, 6(3), 1006–1015. https://doi.org/10.1021/pr060510d 

Vařecha, M., Potěšilová, M., Matula, P., & Kozubek, M. (2011). Endonuclease G interacts with 

histone H2B and DNA topoisomerase II alpha during apoptosis. Molecular and Cellular 

Biochemistry, 363(1–2), 301–307. https://doi.org/10.1007/s11010-011-1182-x 

Vařecha, M., Zimmermann, M., Amrichová, J., Ulman, V., Matula, P., & Kozubek, M. (2009). 

Prediction of localization and interactions of apoptotic proteins. Journal of Biomedical Science, 

16(1), 59. https://doi.org/10.1186/1423-0127-16-59 

Vaseva, A. V., & Moll, U. M. (2009). The mitochondrial p53 pathway. Biochimica et Biophysica Acta 

(BBA) - Bioenergetics, 1787(5), 414–420. https://doi.org/10.1016/j.bbabio.2008.10.005 

Vaux, D. L., & Silke, J. (2005). IAPs, RINGs and ubiquitylation. Nature Reviews Molecular Cell 

Biology, (4), 287. 

Verdecia, M. A., Huang, H., Dutil, E., Kaiser, D. A., Hunter, T., & Noel, J. P. (2000). Structure of the 

human anti-apoptotic protein survivin reveals a dimeric arrangement. Nature Structural & 

Molecular Biology, 7(7), 602–608. https://doi.org/10.1038/76838 

Vosler, P. S., Sun, D., Wang, S., Gao, Y., Kintner, D. B., Signore, A. P., Cao, G., Chen, J. (2009). 

Calcium dysregulation induces apoptosis-inducing factor release: Cross-talk between PARP-1- 

and calpain- signaling pathways. Experimental Neurology, 218(2), 213–220. 

https://doi.org/10.1016/j.expneurol.2009.04.032 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Walter, J., Schermelleh, L., Cremer, M., Tashiro, S., & Cremer, T. (2003). Chromosome order in 

HeLa cells changes during mitosis and early G1, but is stably maintained during subsequent 

interphase stages. The Journal of Cell Biology, 160(5), 685–697. 

https://doi.org/10.1083/jcb.200211103 

Wang, C., Deng, L., Hong, M., Akkaraju, G. R., Inoue, J., & Chen, Z. J. (2001). TAK1 is a ubiquitin-

dependent kinase of MKK and IKK. Nature, 412(6844), 346–351. 

https://doi.org/10.1038/35085597 

Wang, K., Brems, J. J., Gamelli, R. L., & Holterman, A.-X. (2010). Survivin signaling is regulated 

through nuclear factor-kappa B pathway during glycochenodeoxycholate-induced hepatocyte 

apoptosis. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 1803(12), 1368–

1375. https://doi.org/10.1016/j.bbamcr.2010.08.008 

Wang, L., Du, F., & Wang, X. (2008). TNF-α Induces Two Distinct Caspase-8 Activation Pathways. 

Cell, 133(4), 693–703. https://doi.org/10.1016/j.cell.2008.03.036 

Wang, Y., An, R., Umanah, G. K., Park, H., Nambiar, K., Eacker, S. M., Kim, B., Bao, L., Harraz, M. 

M., Chang, C., Chen, R., Wang, J. E., Kam, T.-I., Jeong, J. S., Xie, Z., Neifert, S., Qian, J., 

Andrabi, S. A., Blackshaw, S., Zhu, H., Song, H., Ming, G.-L., Dawson, V. L., Dawson, T. M. 

(2016). A nuclease that mediates cell death induced by DNA damage and poly(ADP-ribose) 

polymerase-1. Science (New York, N.Y.), 354(6308). https://doi.org/10.1126/science.aad6872 

Wang, Y., Kim, N. S., Haince, J.-F., Kang, H. C., David, K. K., Andrabi, S. A., Poirier, G. G., 

Dawson, V. L., Dawson, T. M. (2011). Poly(ADP-ribose) (PAR) binding to apoptosis-inducing 

factor is critical for PAR polymerase-1-dependent cell death (parthanatos). Science Signaling, 

4(167), ra20. https://doi.org/10.1126/scisignal.2000902 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Wang, Y., Kim, N. S., Li, X., Greer, P. A., Koehler, R. C., Dawson, V. L., & Dawson, T. M. (2009). 

CALPAIN ACTIVATION IS NOT REQUIRED FOR AIF TRANSLOCATION IN PARP-1-

DEPENDENT CELL DEATH (PARTHANATOS). Journal of Neurochemistry, 110(2), 687–

696. https://doi.org/10.1111/j.1471-4159.2009.06167.x 

Ward, I. M., Reina-San-Martin, B., Olaru, A., Minn, K., Tamada, K., Lau, J. S., Cascalho, M., Chen, 

L., Nussenzweig, A., Livak, F., Nussenzweig, M. C., Chen, J. (2004). 53BP1 is required for class 

switch recombination. The Journal of Cell Biology, 165(4), 459–464. 

https://doi.org/10.1083/jcb.200403021 

Weber, G. F., & Menko, A. S. (2005). The canonical intrinsic mitochondrial death pathway has a non-

apoptotic role in signaling lens cell differentiation. The Journal of Biological Chemistry, 

280(23), 22135–22145. https://doi.org/10.1074/jbc.M414270200 

Widera, D., Mikenberg, I., Elvers, M., Kaltschmidt, C., & Kaltschmidt, B. (2006). Tumor necrosis 

factor α triggers proliferation of adult neural stem cells via IKK/NF-κB signaling. BMC 

Neuroscience, 7, 64. https://doi.org/10.1186/1471-2202-7-64 

Wong, C.-H., Chan, H., Ho, C.-Y., Lai, S.-K., Chan, K.-S., Koh, C.-G., & Li, H.-Y. (2009). Apoptotic 

histone modification inhibits nuclear transport by regulating RCC1. Nature Cell Biology, (1), 36. 

Wright, A., Reiley, W. W., Chang, M., Jin, W., Lee, A. J., Zhang, M., & Sun, S.-C. (2007). 

Regulation of Early Wave of Germ Cell Apoptosis and Spermatogenesis by Deubiquitinating 

Enzyme CYLD. Developmental Cell, 13(5), 705–716. 

https://doi.org/10.1016/j.devcel.2007.09.007 

Wu, Z.-H., Shi, Y., Tibbetts, R. S., & Miyamoto, S. (2006). Molecular Linkage Between the Kinase 

ATM and NF-κB Signaling in Response to Genotoxic Stimuli. Science, 311(5764), 1141–1146. 

https://doi.org/10.1126/science.1121513 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Xu, B., Kim, S.-T., Lim, D.-S., & Kastan, M. B. (2002). Two Molecularly Distinct G2/M Checkpoints 

Are Induced by Ionizing Irradiation. Molecular and Cellular Biology, 22(4), 1049–1059. 

https://doi.org/10.1128/MCB.22.4.1049-1059.2002 

Yakovlev, A. G., Wang, G., Stoica, B. A., Boulares, H. A., Spoonde, A. Y., Yoshihara, K., & 

Smulson, M. E. (2000). A Role of the Ca2+/Mg2+-dependent Endonuclease in Apoptosis and Its 

Inhibition by Poly(ADP-ribose) Polymerase. Journal of Biological Chemistry, 275(28), 21302–

21308. https://doi.org/10.1074/jbc.M001087200 

Yang, E., Zha, J., Jockel, J., Boise, L. H., Thompson, C. B., & Korsmeyer, S. J. (1995). Bad, a 

heterodimeric partner for Bcl-xL and Bcl-2, displaces bax and promotes cell death. Cell, 80(2), 

285–291. https://doi.org/10.1016/0092-8674(95)90411-5 

Yang, K., Hitomi, M., & Stacey, D. W. (2006). Variations in cyclin D1 levels through the cell cycle 

determine the proliferative fate of a cell. Cell Division, 1, 32. https://doi.org/10.1186/1747-1028-

1-32 

Yang, Q.-H., & Du, C. (2004). Smac/DIABLO Selectively Reduces the Levels of c-IAP1 and c-IAP2 

but Not That of XIAP and Livin in HeLa Cells. Journal of Biological Chemistry, 279(17), 

16963–16970. https://doi.org/10.1074/jbc.M401253200 

Yang, X., Khosravi-Far, R., Chang, H. Y., & Baltimore, D. (1997). Daxx, a Novel Fas-Binding 

Protein That Activates JNK and Apoptosis. Cell, 89(7), 1067–1076. 

https://doi.org/10.1016/S0092-8674(00)80294-9 

Yang, Y., Xia, F., Hermance, N., Mabb, A., Simonson, S., Morrissey, S., Gandhi, P., Munson, M., 

Miyamoto, S., Kelliher, M. A. (2011). f. Molecular and Cellular Biology, 31(14), 2774–2786. 

https://doi.org/10.1128/MCB.01139-10 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Yi, J., & Luo, J. (2010). SIRT1 and p53, effect on cancer, senescence and beyond. Biochimica et 

Biophysica Acta, 1804(8), 1684–1689. https://doi.org/10.1016/j.bbapap.2010.05.002 

Yigong, S. (2002). A conserved tetrapeptide motif: potentiating apoptosis through IAP-binding. , 

Published Online: 01 February 2002; | doi:10.1038/sj.cdd.4400957, 9(2). 

https://doi.org/10.1038/sj.cdd.4400957 

Yu, J., Wang, Z., Kinzler, K. W., Vogelstein, B., & Zhang, L. (2003). PUMA mediates the apoptotic 

response to p53 in colorectal cancer cells. Proceedings of the National Academy of Sciences, 

100(4), 1931–1936. https://doi.org/10.1073/pnas.2627984100 

Yu, S.-W., Wang, Y., Frydenlund, D. S., Ottersen, O. P., Dawson, V. L., & Dawson, T. M. (2009). 

Outer mitochondrial membrane localization of apoptosis-inducing factor: mechanistic 

implications for release. ASN NEURO, 1(5). https://doi.org/10.1042/AN20090046 

Zan, H., Zhang, J., Al-Qahtani, A., Pone, E. J., White, C. A., Lee, D., Yel, L., Mai, T., Casali, P. 

(2011). Endonuclease G plays a role in immunoglobulin class switch DNA recombination by 

introducing double-strand breaks in switch regions. Molecular Immunology, 48(4), 610–622. 

https://doi.org/10.1016/j.molimm.2010.10.023 

Zarnegar, B. J., Wang, Y., Mahoney, D. J., Dempsey, P. W., Cheung, H. H., He, J., Shiba, T., Yang, 

X., Yeh, W.-C., Mak, T. W., Korneluk, R. G., Cheng, G. (2008). Activation of noncanonical NF-

κB requires coordinated assembly of a regulatory complex of the adaptors cIAP1, cIAP2, 

TRAF2, TRAF3 and the kinase NIK. Nature Immunology, 9(12), 1371–1378. 

https://doi.org/10.1038/ni.1676 

Zha, J., Weiler, S., Oh, K. J., Wei, M. C., & Korsmeyer, S. J. (2000). Posttranslational N-

Myristoylation of BID as a Molecular Switch for Targeting Mitochondria and Apoptosis. 

Science, 290(5497), 1761–1765. https://doi.org/10.1126/science.290.5497.1761 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



Zhang, J., Cado, D., Chen, A., Kabra, N. H., & Winoto, A. (1998). Fas-mediated apoptosis and 

activation-induced T-cell proliferation are defective in mice lacking FADD/Mort1. Nature, 

392(6673), 296–300. https://doi.org/10.1038/32681 

Zhang, J., Nuebel, E., Daley, G. Q., Koehler, C. M., & Teitell, M. A. (2012). Metabolic Regulation in 

Pluripotent Stem Cells during Reprogramming and Self-Renewal. Cell Stem Cell, 11(5), 589–

595. https://doi.org/10.1016/j.stem.2012.10.005 

Zhang, Q., Lenardo, M. J., & Baltimore, D. (2017). 30 Years of NF-κB: A Blossoming of Relevance 

to Human Pathobiology. Cell, 168(1), 37–57. https://doi.org/10.1016/j.cell.2016.12.012 

Zhang, Y., Liu, J., Yao, S., Li, F., Xin, L., Lai, M., Bracchi-Ricard, V., Xu, H., Yen, W., Meng, W., 

Liu, S., Yang, L., Karmally, S., Liu, J., Zhu, H., Gordon, J., Khalili, K., Srinivasan, S., Bethea, J. 

R., Mo, X., Hu, W. (2012). Nuclear Factor Kappa B Signaling Initiates Early Differentiation of 

Neural Stem Cells. STEM CELLS, 30(3), 510–524. https://doi.org/10.1002/stem.1006 

Zou, H., Li, Y., Liu, X., & Wang, X. (1999). An APAF-1·Cytochrome c Multimeric Complex Is a 

Functional Apoptosome That Activates Procaspase-9. Journal of Biological Chemistry, 274(17), 

11549–11556. https://doi.org/10.1074/jbc.274.17.11549 

Zullo, J. M., Demarco, I. A., Piqué-Regi, R., Gaffney, D. J., Epstein, C. B., Spooner, C. J., Luperchio, 

T. R., Bernstein, B. E., Pritchard, J. K., Reddy, K. L., Singh, H. (2012). DNA Sequence-

Dependent Compartmentalization and Silencing of Chromatin at the Nuclear Lamina. Cell, 

149(7), 1474–1487. https://doi.org/10.1016/j.cell.2012.04.035 

 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018



PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27080v1 | CC BY 4.0 Open Access | rec: 31 Jul 2018, publ: 31 Jul 2018


