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Abstract

Caspase-activated DNase (CAD) and its inhibitor (ICAD) are essential regulators of
apoptosis, playing a pivotal role in DNA fragmentation and cellular disintegration. Under
proapoptotic conditions, caspase-3 cleaves ICAD within the CAD-ICAD heterodimer, releasing
CAD to form homodimers which induce double-strand breaks (DSBs) in nuclear DNA. Beyond
apoptosis, the involvement of CAD also has been recognized in cellular differentiation and
senescence. In these contexts, ICAD undergoes partial cleavage, allowing for limited CAD
activation and controlled DNA damage that contributes to specific cell fate decisions. More
recently, CAD-ICAD heterodimers have been shown to serve an additional function in cancer
cells. Phosphorylation of specific serine residues on ICAD enables CAD to induce DNA lesions
even in its heterodimeric form. These lesions activate DNA damage response that arrest cell
cycle progression, giving cancer cells time to repair their genomes. This thesis recapitalizes
current knowledge on the functions of CAD and ICAD in apoptosis, differentiation, senescence,
and emerging involvement in cell cycle regulation. It also explores the evolutionary origins of
the CAD—-ICAD system, proposing that its role in DNA damage modulation and cell cycle control
may not limited to malignancy, but could represent a conserved feature across diverse

species.

Keywords: Apoptosis, Caspase-activated DNase (CAD), Inhibitor of caspase-activated DNase

(ICAD), DNA fragmentation, ICAD phosphorylation.

Abstrakt

Kaspazou aktivovanad DNaza (CAD) a jeji inhibitor (ICAD) jsou klicovymi regulatory
apoptoézy, hrajicimi zasadni roli ve fragmentaci DNA a rozpadu burky. V heterodimeru CAD—
ICAD dochazi pfi proapoptotickych podminkach ke stépeni ICAD kaspazou 3, ¢imz se uvolni
CAD, ktery nasledné vytvori homodimery s u¢innou nukledzovou aktivitou vedouci k vzniku
dvouretézcovych zlomu (DSBs) v jaderné DNA. Mimo apoptdzu bylo zapojeni CAD pozorovano
také pfi bunécné diferenciaci a senescenci. V téchto pripadech dochazi k ¢astecnému Stépeni

ICAD, coz umoziiuje omezenou aktivaci CAD a vznik kontrolovaného poskozeni DNA, které



pfispiva k rozhodnuti o bunééném osudu. Nedavné studie ukazaly, Ze heterodimery CAD—-ICAD
maiji dalsi funkci v nddorovych burikach. Fosforylace specifickych serinovych zbytkd na ICAD
umoziuje CAD indukovat poskozeni DNA i ve své heterodimerické formé. Tim aktivuji
odpovéd na poskozeni DNA, ktera zastavuje bunéény cyklus a dava nddorovym bunkam cas
na opravu genomu. Tato prace shrnuje soucasné poznatky o funkcich CAD a ICAD v apoptdze,
diferenciaci, senescenci a jejich nové rozpoznané roli v regulaci bunééného cyklu. Zaroven se
zabyva evoluénim pivodem systému CAD-ICAD a navrhuje, Ze jeho role v modulaci poskozeni
DNA a kontrole bunécéného cyklu nemusi byt omezena pouze na maligni procesy, ale mlze

predstavovat konzervovanou vlastnost napfi¢ rlznymi druhy.

Klicova slova: Apoptdza, Kaspazou aktivovand DNdza (CAD), Inhibitor kaspdzou aktivované

DN4azy (ICAD), Fragmentace DNA, Fosforylace ICAD.
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1. Introduction

Apoptosis is a well-established mechanism of programmed cell death, with the term
"apoptosis" first coined over 50 years ago by (Kerr, Wyllie and Currie, 1972). DNA
fragmentation is recognized as one of the hallmarks of apoptosis, with cleavage of chromatin
into regular fragments following pro-apoptotic insult first reported in 1976 by a Czechoslovak
research team (Skalka, Matyaova and Cejkovd, 1976). However, the identity of the nuclease
responsible for this fragmentation remained unclear for decades. In 1997, Liu and colleagues
identified the DNA Fragmentation Factor (DFF), a heterodimeric complex composed of a
nuclease, DFF40, and its inhibitor, DFF45 (Liu et al., 1997). Shortly after (Enari et al., 1998), the
nuclease and its inhibitor have received their widely accepted names, caspase-activated
DNase (CAD) and inhibitor of CAD (ICAD). A detailed structure of CAD was described even
later, in 2004 (Woo et al., 2004).

CAD, also known as caspase-activated nuclease (CPAN), DNA fragmentation factor 40 kDa
subunit (DFF-40), or DNA fragmentation factor subunit beta (DFFB), is a His-Me finger nuclease
(Wu, Lin and Yuan, 2020) that requires Mg?* and Zn?* ions for proper function (Widlak et al.,
2000). In its homodimeric (or homo-oligomeric) form, CAD can induce blunt double-strand
breaks (DSBs) in linker DNA (Widlak et al., 2000). Under normal conditions, CAD is tightly
bound and inhibited by its regulatory partner ICAD, also known as the DNA fragmentation
factor 45 kDa subunit (DFF-45) or DNA fragmentation factor subunit alpha (DFFA) (Enari et al.,

1998). ICAD exists in two canonical isoforms: shorter ICAD-S and longer ICAD-L.

Both ICAD isoforms can suppress CAD’s nuclease activity (Gu et al., 1999). However, only
the long isoform (ICAD-L) functions as an effective chaperone, without which CAD cannot
properly fold or induce DNA fragmentation (Gu et al., 1999) and only ICAD-L contains nuclear

localization signal (NLS) (Samejima and Earnshaw, 2000).

Recent findings have advanced our understanding of CAD and ICAD. This thesis aims to
summarize current knowledge of the molecular structure of human CAD and ICAD, explore
both classical and modern perspectives on their function, and examine their evolutionary

history.



2. Apoptotic context of CAD and ICAD

To fully understand the roles of CAD and ICAD, it is essential to first consider the
broader context of apoptotic signaling pathways in which these proteins operate. Apoptosis,
a form of programmed cell death, is crucial for eliminating damaged, dysfunctional, or
unnecessary cells from the body. It can be initiated through three main pathways — intrinsic
(mitochondrial), extrinsic (death receptor-mediated), and perforin/granzyme (cytotoxic T cell-
mediated), depending on the type of cellular stress or insult (ElImore, 2007) (Figure 1). These
pathways converge on a common execution phase, where caspase activation leads to
widespread proteolysis and the dismantling of key cellular components, including the

activation of the CAD/ICAD system.

Extrinsic Pathway Intrinsic Pathway Perforin/Granzyme
radiation, toxins, hypoxia, etc. Pathway
* Cytotoxic T cells
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endonuclease activation — degradation of chromosomal DNA
protease activation — degradation of nuclear and cytoskeletal proteins — cytoskeletal reorganization

cytomorphological changes:
chromatin and cytoplasmic condensation, nuclear fragmentation, etc.

formation of apoptotic bodies

Figure 1. Summary of the apoptotic pathways.

Extrinsic, intrinsic and perforin/granzyme pathways converge in the activation of effector
caspases but use different activation cascades to achieve that. Activation of caspase-3 is an
irreversible step that starts execution pathway, leading to cell’s demise. Adapted from (Elmore,
2007).

In the extrinsic pathway, activation of death receptors on the surface of the cell triggers
a signaling cascade that leads to cleavage of procaspase-3 into its active form, caspase-3 (the
full pathway is reviewed in (Cavalcante et al., 2019)). Activated caspase-3 then initiates the
execution phase of apoptosis by cleaving multiple substrates, including ICAD, thereby

releasing active CAD to fragment nuclear DNA (Sakahira, Enari and Nagata, 1998).



Perforin/granzyme pathway may bypass caspase activation entirely, inducing single-
stranded DNA breaks through granzyme A in a caspase-independent manner (Beresford et al.,
1999). Granzyme B, however, is capable of caspase-3 activation (Darmon, Nicholson and

Bleackley, 1995) and therefore can indirectly induce ICAD cleavage.

The intrinsic (mitochondrial) pathway is triggered by internal stressors, such as DNA
damage, and involves mitochondrial outer membrane permeabilization (MOMP) (Elmore,
2007). MOMP leads to the release of cytochrome c into the cytosol, where it binds to cofactors
to form the apoptosome—a multiprotein complex that activates caspase-3 (Li et al., 1997; Hill

etal., 2004).

Caspase-3, also known as CPP32 or apopain, is a cysteine-aspartic endoprotease, which
is synthetized as an inactive zymogen (Han et al., 1997), which is called procaspase-3. Each
monomer contains an N-terminal prodomain, a large (p20), and a small (p10) catalytic subunit
(Steller, 1998). Upon activation, caspase-3 forms a tetramer composed of two p20/p10
heterodimers (Steller, 1998). Each active site cleaves after the last aspartate residue in a
sequence of Asp-P2-P3-Asp, with a hydrophobic amino-acid residue at P2 and a hydrophilic
amino-acid residue at P3 (EC 3.4.22.56 form ExplorEnz classification list), although the enzyme

can accommodate different residues at P2 and P3 (Fang et al., 2006).

As the final step in multiple apoptotic signaling pathways, activated caspase-3 cleaves

ICAD, thereby releasing and activating CAD, which then initiates chromatin fragmentation.



3. Structure and expression of CAD and ICAD

I.  Expression of CAD and ICAD.

In human, both isoforms of ICAD protein are created by alternative splicing of ICAD
pre-mRNA (Kawane et al., 1999), which is encoded by DFFA gene, located on the first
chromosome on position 1p36.2 (Leek et al., 1997). In both human and mouse, it was shown
that ICAD pre-mRNA has 6 exons, and all six of them are present in both ICAD-S and ICAD-L
mMRNA, but unremoved intron 5 in ICAD-S mRNA leads to earlier stopping of translation and
makes the short isoform a product of exons 1-5 (and a short part of expressed intron 5), while
the long isoform is a product of all 6 exons (Kawane et al., 1999; Abel et al., 2002). ASF/SF2
protein, a member of highly conserved serine/arginine-rich (SR) protein family, have been
shown to play a considerable role in modulating alternative splicing of the ICAD pre-mRNA (Li,
Wang and Manley, 2005). Li et al. have also shown that depletion of ASF/SF2 protein have
switched pre-mRNA splicing pattern to decrease ICAD-L formation but increase ICAD-S isoform

formation in chicken DF-40 cell line.

CAD protein is a product of DFFB gene, located on the first chromosome on position
1p36.3 (Mukae et al., 1998), relatively close to ICAD’s DFFA gene. Transcript of the gene has 7
exons, all of which are required for canonical CAD protein (Sugimoto et al.,, 1999).
Nevertheless, aberrant CAD transcripts have been identified in hepatoma cell lines, likely
arising from alternative splicing events and splicing errors (Hsieh et al., 2003). Notably, Hsieh
et al. also report that some of these transcripts feature the replacement of exon 3 with a

truncated Alu transposable element.

In vitro experiment have shown that ICAD-L protein binds co-translationally with
nascent, ribosome bound, CAD polypeptide via Cell Death-Inducing DFF45-like Effector-N
(CIDE-N) functional domains, that can be found in both proteins (Sakahira and Nagata, 2002).
In this interaction, CIDE-N domain of CAD can fold independently (Otomo et al., 2000), while,
at least in in vitro conditions, the folding of CIDE-N domain of ICAD-L is induced through its
interaction with CAD (Zhou et al., 2001), suggesting that CAD acts as a chaperone for CIDE-N
domain of ICAD-L. The folding of CAD’s later-translated regions is further assisted by

chaperones Hsp70 and Hsp40, in addition to ICAD-L (Sakahira and Nagata, 2002). Interestingly,



one study showed that ICAD-S also retains some chaperone abilities, albeit it is between one

and two orders of magnitude less effective at CAD folding (Scholz et al., 2002).

Earlier study (Samejima and Earnshaw, 2000) showed that CAD and ICAD-L are
primarily localized in the nucleus, while ICAD-S is mainly cytoplasmic. A more recent study
(Sanchez-Osuna et al., 2016), however, showed that in certain glioblastoma cell lines, all three
proteins—CAD, ICAD-L, and ICAD-S—can be found in both the cytoplasm and nucleoplasm.
Additionally, an experiment demonstrated that nuclear transport of the DFF complex is
mediated by the classical importin a/B pathway and requires the NLS regions of both CAD and
ICAD-L (Neimanis et al., 2007).

. Structure of CAD

In humans, CAD consists of 338 amino acids and has a predicted molecular weight of
approximately 39.1 kDa (UniProt entry 076075) and pl of 9.3 (Nagata, 2000), its C-terminus
contains NLS (Neimanis et al., 2007). CAD consists of three distinct structural domains: CIDE-

N (C1), C2, and C3 (Figure 2A) (Woo et al., 2004; Kutscher et al., 2012).

_/

&
dsDNA g#8x-

-

’”

Figure 2: Monomeric structures of human (Homo sapiens) CAD, CAD:dsDNA, and ICAD-
L.

CAD has three domains: C1 enables CAD-ICAD binding, C2 mediates CAD homodimerization,
and C3 provides catalytic activity. Its function depends on Mg?*, while Mn?* stabilizes
homodimers. ICAD-L also has three domains: |1 supports CAD binding, 12 disrupts CAD
dimerization by targeting C2, and I3 acts as a chaperone essential for proper CAD folding and
function. (A) Structure of human CAD monomer. Domains are color-coded: cyan for C1
domain, yellow for C2, pink for C3, NLS in the C3 domain is colored white. The green sphere
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is Mg?* ion, the grey sphere is Mn?* ion. (B) Interaction between dsDNA and CAD monomer,
color-coded as above, highlighting CAD’s active cite placement. The dsDNA chain is in B
conformation and consists of normal deoxynucleotides (deoxyadenosine, deoxyguanosine,
deoxythymidine, deoxycytidine) in random order, both strands are complementary to each
other. It can be seen that Mg?* ion is in the active site. (C) Human ICAD-L structure. Domains
are color-coded: |1 domain is red, 12 is green, 13 is biege, NLS is not color-coded. All structures
are created using AlphaFold3 (Abramson et al., 2024) and visualized by PyMol (The PyMOL
Molecular Graphics System, Version 3.0 Schrédinger, LLC.) The structures shown are in the
supplement to the thesis.

The CIDE-N domain, also referred to as C1, is located at the N-terminal region of CAD
(Inohara et al., 1999). In mouse CAD, this domain spans residues 1-85 and plays a crucial role
in binding to ICAD, its inhibitor (Woo et al., 2004). Structurally, it consists of five B-sheets and
one a-helix (Otomo et al., 2000). Since this thesis focuses primarily on human CAD and ICAD,
and many studies reference their murine orthologs, the author performed a sequence
alignment of human and mouse CAD using Clustal Omega (Sievers et al., 2011). This analysis

revealed that the C1 domain in human CAD spans residues 1-82. (Figure 3)

The C2 domain, found between residues 86—131 in mouse CAD, consists of three a-
helices that are essential for CAD homodimerization (Woo et al., 2004). In human CAD this

domain corresponds to residues 83—129. (Figure 3)

The C3 domain, spanning residues 132—345 in mouse CAD, serves as the catalytic core
(Kutscher et al., 2012). This domain contains binding sites for Mg?* and Zn?* ions, both of which
play critical roles in CAD activity (Widlak et al., 2000). It was shown that chelating agent
ethylenediaminetetraacetic acid (EDTA) is capable of inactivating CAD, showing that Mg?* is
essential for CAD’s catalytic function (Widlak et al., 2000); Zn?* was shown to be required for
stable homodimerization (Woo et al., 2004); however, at high concentrations, Zn?* can also

inhibit CAD activity (Widlak et al., 2000).

At the C-terminal region, CAD features an intrinsically disordered segment that
includes a nuclear localization signal (NLS), facilitating its transport into the nucleus (Neimanis

et al., 2007). In human CAD the C3 domain spans residues 130—-338. (Figure 3)
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C1 Domain

sp|054788| DFFB_MOUSE MCAVLRQPKCVKLRALHSACKFGVAARSCQELLRKGCVRFQLPMPGSRLCLYEDGTEVTD 60
sp|076075 | DFFB_HUMAN - - -MLOKPKSVKLRALRSPRKFGVAGRSCQEVLRKGCLRFQLPERGSRLCLYEDGTELTE 57
Th I Tk kkkkkk o, 4 kkkkkkhhhhhdh Ik
C2 Domain
sp|054788| DFFB_MOUSE DCFPGLPNDAELLLLTAGETWHGYVSDITRFLSVFNEPHAGVIQAARQLLSDEQAPLRQK 120
sp|076075 | DFFB_HUMAN DYFPSVPDNAELVLLTLGQAWQGYVSDIRRFLSAFHEPQVGLIQAAQQLLCDEQAPQRQR 117
* ARSI ERIEkEARIEKEAER Aok ikRkAkEkk okdRkk &Lk R Dk iEkREk SRRk kEkkkk AL
C3 Domain
sp|054788| DFFB_MOUSE LLADLLHHVSQNITAETREQDPSWFEGLESRFRNKSGYLRYSCESRIRGYLREVSAYTSM 180
sp| 076075 | DFFB_HUMAN LLADLLHNVSQNIAAETRAEDPPWFEGLESRFQSKSGYLRYSCESRIRSYLREVSSYPST 177
khkhkkdk D hhkkkhk I hhkkh Ihh hkkkkkhkkk Dk kR kA ko Ak Lhkkkkk Ik K
sp| 054788 | DFFB_MOUSE VDEAAQEEYLRVLGSMCOKLKSVQYNGSYFDRGAEASSRLCTPEGWFSCQGPFDLESCLS 240
sp| 076075 | DFFB_HUMAN VGAEAQEEFLRVLGSMCQRLRSMQYNGSYFDRGAKGGSRLCTPEGWFSCQGPFDMDSCLS 237
K khkk Ak kkhkkkAkk Ik A I hkAhkkEkhAkAAk D, ARk RkhkRRkhkRkAkA AR AR D D hhkEk
sp| 054788 | DFFB_MOUSE KHSINPYGNRESRILFSTWNLDHIIEKKRTVVPTLAEAI--QDGREVNWEYFYSLLFTAE 298

RHSINPYSNRESRILFSTWNLDHITIEKKRTIIPTLVEAIKEQDGREVDWEYFYGLLFTSE 297
Dhkk ok ko |k kR kkk Rk k kR hkhkkkhkhkk D D hkk  kkk

sp|076075| DFFB_HUMAN
Fdkkdk D kkkkk L kkokk Lk

sp|054788| DFFB_MOUSE
sp|076075 | DFFB_HUMAN

NLKLVHIACHKKTTHKLECDRSRIYRPQTGSRRKQPARKKRPARKR 344
NLKLVHIVCHKKTTHKLNCDPSRIYKPQTRLKRKQPVRKRQ- - --- 338

Fhkkkkk kkkkkkkk I hkk hkkkIkdk ThkEkk okkIl

Figure 3. Alignment of mouse (Mus musculus) and human (Homo sapiens) CAD proteins

The top line corresponds to murine CAD, the bottom line corresponds to human CAD. The
domains of the proteins are color-coded and named. Sequences were obtained from UniProt
(https://www.uniprot.org), structures 054788 (mouse CAD) and O76075-1 (human canonical
isoform of CAD) were used. Alignments were done using Clustal Omega (Sievers et al., 2011)
with default parameters. The alignment is in the supplement to the thesis.

. Structure of ICAD

Inhibitor of CAD exists in two isoforms, ICAD-L (long isoform) and ICAD-S (short isoform),

which are generated through alternative splicing (Kawane et al., 1999).

In human, ICAD-S (also known as DFF-35, UniProt entry 000273-2) has 268 amino acids,
and predicted molecular weight of ~29.4 kDa, while ICAD-L (also known as DFF-45, UniProt
entry 000273-1) has 331 amino acids and predicted molecular weight of ~36.5 kDa. In
literature, the term "DFF-45" is sometimes used interchangeably to refer to ICAD in general,
but more specifically it often denotes the long isoform, ICAD-L. The molecular weights of DFF-
45 and DFF-35 were initially determined by SDS-PAGE/Western blot analysis (Enari et al.,
1998; Gu et al., 1999). However, modern annotations, such as those in UniProt, rely on in silico
predictions using tools like ExPASy ProtParam, which calculates molecular mass based on

amino acid sequence (the tool is described in (Walker, 2005)).
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ICAD-L consists of three structural domains: the N-terminal domain (I11), the inhibitory
domain (12), and the C-terminal domain (DFF-C) (I3) (Figure 2C) ((Kutscher et al., 2012), named
D1, D2, D3 by Kutscher et al., here the domains were renamed for better clarity). Alignment
of mouse and human ICAD-L isoforms by Clustal Omega (Sievers et al., 2011) shows that ICAD-
L has the same length in both humans and mice, with each of its three domains spanning
identical residue ranges in both species (Figure 4). ICAD have been shown to be resistant to

heat (90°C) and denaturant (0.1% SDS) (Enari et al., 1998).

I1 Domain
sp| 054786 | DFFA_MOUSE MELSRGASAPDPDDVRPLKPCLLRRNHSRDQHGVAASSLEELRSKACELLAIDKSLTPIT 60
sp| 000273 | DFFA_HUMAN MEVTGDAGYPESGEIRTLKPCLLRRNYSREQHGVAASCLEDLRSKACDILATDKSLTPYT 60
dkZC k. kD (Il dkkdkkdkikk Ik lkkkikkdk kkIkkkkkkI IkkkkkkkkkIk
12 Domain
sp| 054786 | DFFA_MOUSE LVLAEDGTIVDDDDYFLCLPSNTKFVALACNEKWIYNDSDGGTAWVISQESFEADEPDISRA 120
sp| 000273 | DFFA_HUMAN LVLAEDGTIVDDDDYFLCLPSNTKFVALASNEKWAYNNSDGGTAWISQESFDVDETDISGA 120

Fhkkkhhkhhkhhhhhdhhkhhdhhdhhrhd ddhhdx kI hhdhddhIdddhd . Fd% % *

sp| 054786 | DFFA_MOUSE GVKWKNVARQLKEDLSSIILLSEEDLQALIDIPCAELAQELCQSCATVQGLOSTLQQVLD 188
sp| 000273 | DFFA_HUMAN GLKWKNVARQLKEDLSSIILLSEEDLQMLVDAPCSDLAQELRQSCATVQRLOHTLQQVLD 188
1 dekedekd Aok ek de Ao de ok e ek ek Ao ek F*ihk hk DDAk ddedkokkeokok *k Kkkhhkk
13 Domain
sp| 054786 | DFFA_MOUSE QREEARQSKQLLELYLQALEKEGNTLSNQKESKAALSEELPAVDJTGVGREMASEVLLRS) 240
sp| 000273 | DFFA_HUMAN QREEVRQSKQLLQLYLQALEKEGSLLSKQEESKAAFGEEVPAVDTGISRETSSDVALASH 240

dhkk  kkdkhkhhhk lhkdkhkdhkhkhkhk | IkkIkIkhkhkhkkD FdkIdkkdkhkhkkl okk [kIk Kk k]

sp| 054786 | DFFA_MOUSE ILTTLKEKPAPELSLSSQPLESVSKEDPKALAVALSWDIRKAETVQQACTTELALRLQQY 300
sp| 000273 | DFFA_HUMAN ILTALREKQAPELSLSSOPLELVTKEDPKALAVALNWDIKKTETVQEACERELALRLOQT 300
FHKIKIKK KEIKKKFAKKHE K IRRKIAKKKERK KKK I IKKRK I hE hkhhkkrk.

sp| 054786 | DFFA_MOUSE QSLHSLRNLSARRSFPLPGEPQRPKRAKRDSS 331
sp| 000273 | DFFA_HUMAN QSLHSLRSISASKASPPGDLONPKRARQDPT 331
RRERARES kT 2 RN G Sk s

Figure 4. Alignment of mouse (Mus musculus) and human (Homo sapiens) ICAD-L
proteins

The top line corresponds to murine ICAD-L, the bottom line corresponding to human ICAD-L.
The domains of the proteins are color-coded and named. Sequences recognized by caspase-
3 are highlighted in red, phosphorylation sequences described in (Larsen et al., 2022)
highlighted in purple .Sequences were obtained from UniProt, structures O54786-1 (mouse
canonical isoform of ICAD-L) and O00273-1 (human canonical isoform of ICAD-L) were used.

Alignments were done using Clustal Omega (Sievers et al., 2011) with default parameters. The
alignment is in the supplement to the thesis.

The 11 domain, spanning residues 1-117 ((McCarty, Toh and Li, 1999), there D1, D2,
and D3 designations were also used), is responsible for a stable interaction of CAD-ICAD,
ensuring CAD remains inactive (Kutscher et al., 2012), the N-terminal domain of ICAD includes
residues 19-100, which correspond to CIDE-N (Park, 2015). Nuclear magnetic resonance

12



(NMR) model of interaction between CAD’s and ICAD’s CIDE-N domains can be observed in
(Otomo et al., 2000), corresponding to 1F2R structure in Protein Data Bank
(https://www.rcsb.org/structure/1F2R). The end of the domain is marked by residue Asp117,
necessary for cleaving ICAD by caspase-3 (Sakahira, Enari and Nagata, 1998).

The 12 domain, located between residues 118—224 (McCarty, Toh and Li, 1999), serves
as the primary inhibitory region of ICAD. It binds to the C2 domain of CAD, preventing
homodimerization, a crucial step for CAD activation. Additionally, this domain partially
interacts with the C3 catalytic domain, further suppressing CAD’s enzymatic activity (Woo et
al., 2004). Residue 224 is aspartic acid, necessary for cleaving ICAD by caspase-3 in the region

(Sakahira, Enari and Nagata, 1998).

The 13 domain, spanning residues 225-331 (McCarty, Toh and Li, 1999), is largely
absent in ICAD-S and is believed to be essential for ICAD’s chaperone function, which ensures

the proper folding and stabilization of CAD before activation (Woo et al., 2004).

At the C-terminal region, ICAD-L contains a small, intrinsically disordered segment that

includes NLS, necessary for its cellular localization (Samejima and Earnshaw, 2000).

Iv. CAD-ICAD Heterodimer (DFF Complex)

In non-apoptotic cells, CAD remains inactive due to its interaction with either isoform
of ICAD, forming the CAD-ICAD heterodimer, also known as DFF (DNA Fragmentation Factor)
(Gu etal., 1999) (Figure 5A). In healthy cells, the CAD-ICAD-L heterodimer is primarily localized
in the nucleus, where it remains inactive until apoptotic signals trigger ICAD cleavage
(Samejima and Earnshaw, 1998, 2000). However, at least in some glioblastoma cell lines, CAD-

ICAD-L can still be found in the cytoplasm at a considerable levels (Sanchez-Osuna et al., 2016).

The ICAD-S isoform, due to its lack of a C-terminal NLS, is primarily confined to the
cytoplasm, preventing CAD from entering the nucleus in its inactive state (Samejima and

Earnshaw, 2000).

V. CAD- ICAD phosphorylated (CAD-ICADpp)

Recent research suggests that human cancer cells exploit ICAD phosphorylation to
regulate DNA damage (Larsen et al., 2022). According to the study, phosphorylation of ICAD-

L at serine residues 107 and 257 can allow CAD to make single-strand DNA breaks (SSBs) while
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being bound to ICADpp. For visualization purpose, author of this thesis performed
computational structure predictions, using AlphaFold3 (Abramson et al., 2024), which show
that when ICAD-L is phosphorylated, the 13 domain undergoes a conformational shift,
exposing the C3 catalytic domain of CAD (Figure 5B). This structural rearrangement may play

a crucial role in initiating DNA damage and promoting genomic stability in cancer cells.

vi. CAD-CAD Homodimer

After ICAD cleavage by caspase-3, CAD becomes active and forms homodimers,
adopting a structure resembling molecular scissors, as determined experimentally (Woo et al.,
2004), visualization of human structure made by AlphaFold3 can be seen in Figure 5C. These
homodimers function as endonucleases, capable of cutting linker DNA and generating blunt
double-strand breaks (DSBs) or 1-base 5’-overhangs with 5’-phosphate and 3'-hydroxyl groups
(Widlak et al., 2000). Studies show that the dimer may create DSBs by cleaving each DNA
strand stepwise in special in vitro conditions (Widlak and Garrard, 2001) and potentially in in
cellula conditions as well (Iglesias-Guimarais et al., 2013). Although CAD does not exhibit
strong DNA sequence specificity, it shows a tendency to cleave AT-rich regions more
frequently (Widlak et al., 2000). Interestingly, CIDE-N domains are reported to interact in

head-to-tail fashion to from higher-order, spiral-like CAD homo-oligomers (Choi et al., 2017).
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Figure 5: Dimeric structures of human (Homo sapiens) CAD-ICAD-L, CAD-ICAD-L
phosphorylated (CAD-ICADpp), CAD-CAD, CAD-CAD:dsDNA.

(A) Human CAD-ICAD-L heterodimer. Each domain and ions are color-coded as in Figure 2,
NLS are not colored. I1 and C1 domains interact, C2 domain is disassembled by interactions
with 12, C3 domain still binds both Mg?* and Mn?* ions, and is tilted in comparison with free
CAD’s C3 domain, 13 domain covers active site and ions of C3. (B) CAD-ICADpp heterodimer.
In comparison with unphosphorylated structure from Figure 4A, the phosphorylation of ICAD-
L on S$107 and S257 changes position of I3 domain, uncovering C3 domain’s active site and
ions bound to CAD. (C) CAD-CAD homodimer. The homodimer creates a scissor-like
structure. The same domains of different monomers have similar colors of different gamma,
NLS in both domains are white. The green spheres are Mg?* ion, the grey spheres are Mn?*
ion. Annotations on the picture show the domains of the same monomer. (D) Interactions
between CAD-CAD homodimer and dsDNA, highlighting active site of the “scissors”. Color
coding is the same as in Figure 5C. The dsDNA chain is in B conformation and consists of
normal deoxynucleotides (deoxyadenosine, deoxyguanosine, deoxythymidine, deoxycytidine)
in random order, both strands are complementary to each other. Interestingly, the direct
interaction between CAD-CAD and dsDNA was predicted at AT rich sequence. (E) Side view
of CAD-CAD homodimer interactions with dsDNA. Both CAD-CAD and DNA are identical to
those described in Figure 5D. All structures are created using AlphaFold3 (Abramson et al.,
2024) and visualized by PyMol (The PyMOL Molecular Graphics System, Version 3.0
Schrédinger, LLC.) The structures shown are in the supplement to the thesis.
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4. Function of CAD and ICAD

I. Role of CAD and ICAD in apoptosis

Although ICAD can be cleaved by caspases -3 and -7 (Wolf et al., 1999), caspase-3 is
considered the most efficient and physiologically relevant enzyme for CAD activation via ICAD
cleavage. In humans, both ICAD isoforms are cleaved after the final aspartic acid residues in
the motifs DEPD (position 117) and DAVD (position 224), resulting in ICAD inactivation and
subsequent release of CAD from inhibition (Sakahira, Enari and Nagata, 1998). Importantly,
cleavage at D117 plays a more critical role in CAD activation (Yuste et al., 2005), since cells
unable to cleave ICAD at this site do not exhibit DNA fragmentation, whereas those lacking
cleavage at D224 still undergo normal apoptosis. Following ICAD cleavage, CAD
homodimerizes and cleaves chromosomal DNA into nucleosomal fragments, generating the
characteristic DNA laddering pattern observed during apoptosis (Sakahira, Enari and Nagata,
1998). However, under in vivo conditions, CAD may not be sufficient to accomplish complete
internucleosomal DNA fragmentation on its own. In certain cancer cell lines, it has been shown
to cooperate with DNAS1L3 (also known as DNase y), a Ca?*-dependent endonuclease, to fully

degrade chromatin DNA into nucleosomal units (Errami et al., 2013).

More broadly, CAD plays an essential role in the structural disassembly of the nucleus
during apoptosis. While early nuclear changes, such as chromatin condensation, can occur
independently of CAD, later-stage events like nuclear fragmentation and collapse depend on
CAD’s activity (Iglesias-Guimarais et al., 2013). Specifically, CAD is required to generate single-
strand DNA breaks (SSBs) with free 3'-OH ends, which are critical for nuclear disintegration
(Iglesias-Guimarais et al., 2013). Notably, Iglesias-Guimarais et al. showed that CAD is

responsible for most SSBs observed in the apoptotic nucleus.

Although DNA fragmentation by CAD is a hallmark of apoptosis, it is not strictly
essential for cell death to occur. Mice lacking functional CAD due to ICAD-L deficiency exhibit
no DNA laddering in immune cells yet show normal immune system development (Zhang et
al., 1998), despite the known role of apoptosis in this process (most directly reviewed in
(Opferman, 2008)). Nonetheless, DNA degradation is considered a key step in marking the cell
for clearance. It has been shown that degraded DNA acts as a chemoattractant, critical for

efficient phagocytosis of apoptotic cell remains (Elliott et al., 2009), and it was hypothesized
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that unfragmented, “naked” DNA could be dangerous to neighboring cells by “potentially

integrating and disrupting their genomes” (Wyllie, 1998).

II. Roles beyond apoptosis (ICAD cleaved pathway)

While CAD is best known for its role in apoptosis, subapoptotic activation of caspase-3 and
CAD also plays a critical role in influencing cell fate decisions, particularly in differentiation.
For instance, in skeletal muscle differentiation, transient activation of caspase-3 leads to
partial cleavage of ICAD at D117 (cleavage at D224 was not reported), leading to limited
activation of CAD and the generation of SSBs in DNA at specific loci (Larsen et al., 2010). These
DNA lesions are not destructive but rather serve as critical signaling events that initiate
myoblast differentiation. Notably, CAD-mediated damage within the promoter region of p21,
a key regulator of cell cycle arrest, appears to upregulate its expression, thereby promoting

the terminal differentiation of muscle cells.

Further supporting this model, later study (Al-Khalaf et al., 2016) reinforced the theory by
finding that in the process of muscle differentiation presence of repair protein XRCC1—
essential for base excision repair (BER), which resolves SSBs—is crucial for muscle
differentiation. Moreover, Al-Khalaf et al. found that the expression of p21 is dependent on
XRCC1 activity reinforcing the idea that CAD-induced DNA damage and subsequent repair are

functionally linked to the transcriptional regulation in muscle cells.

The importance of caspase-3 in cellular differentiation extends beyond muscle tissue. In
various mammalian lineages—including lens fiber epithelial cells, keratinocytes, erythrocytes
and bone marrow cells—differentiation is impaired when caspase-3 activity is inhibited
(Ishizaki, Jacobson and Raff, 1998; Weil, Raff and Braga, 1999; Zermati et al., 2001; Miura et
al., 2004). Since ICAD is a principal substrate of caspase-3, it is plausible that CAD contributes
to these differentiation processes by mediating downstream DNA modifications. The
conservation of caspase-dependent differentiation pathways across diverse metazoans
supports the hypothesis that CAD functions extend beyond apoptosis, potentially
representing an evolutionarily conserved mechanism of cell fate regulation (hypothesis

proposed in (Bell and Megeney, 2017)).

In addition to differentiation, CAD also appears to be involved in cellular senescence. A

recent study demonstrated that sublethal activation of CAD induces senescence in both
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murine and human non-cancerous cells (Haimovici et al., 2024). In this study, CAD-deficient
cells exhibited significantly reduced senescence markers, including diminished cell cycle
arrest, lower expression of senescence-associated genes, and decreased IL-6 secretion. The
study further showed that direct activation of CAD via ICAD degradation was sufficient to
induce a full senescence-associated phenotype. Notably, in mouse embryonic fibroblasts and
human keratinocyte HaCaT cells, CAD activation led to upregulation of p21, a key mediator of

the senescence response.

Other findings also imply that CAD plays a role in inducing senescence of human tumor
cells. In various cancer cell lines treated with MOMP-inducing agent, cells that resist apoptosis
undergo p53-dependent senescence (Song et al., 2011). This response is triggered by partial
MOMP, resulting in low-level cytochrome c release and sublethal caspase-3 activation. As a
result, ICAD is cleaved, CAD becomes partially active, and introduces DNA lesions, which are
marked by yH2AX phosphorylation and activate p53, ultimately leading to a permanent

growth arrest.

Conversely, in untreated cancers, CAD activity may support malignant progression. One
study (Haimovici et al., 2022) demonstrated that minor MOMP can activate CAD, leading to
the formation of micronuclei, which are linked to invasive growth and chromosomal
instability. Transcriptomic analysis of CAD-deficient HeLa and MDA-MB231 cells revealed
altered expression of genes associated with epithelial-mesenchymal transition (EMT) and
cellular invasiveness. The findings suggest that CAD-associated gene expression patterns may
be linked to poor clinical outcomes. Interestingly, CAD-deficient tumor cells did not show
impaired viability compared to their wild-type counterparts, indicating that CAD may serve
more as a pro-tumorigenic modulator of the tumor environment rather than a simple

executioner of apoptosis.

. Role in controlling cell cycle (ICAD phosphorylated pathway)

According to a recent article (Larsen et al., 2022), activation of CAD’s catalytic function
does not require cleavage of ICAD-L . Following exposure to ionizing radiation, and subsequent
DNA damage, cancer cells use DNA damage response mechanisms to phosphorylate ICAD-L at
S$107 and S257, leaving CAD attached to ICAD-L, but allowing CAD to act as a source of DNA

damage, predominantly in form of SSBs, but not allowing it to homodimerize. This mechanism
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involves ATM (ataxia telangiectasia mutated) and ATR (ataxia telangiectasia and RAD3-
related) kinases that phosphorylate ICAD-L, and PARP-1 (poly(ADP-ribose)polymerase—1) for
repair of lesions, caused by CAD. The irradiated cells use this pathway to make a second wave
of DNA lesions ~24 hours after exposure to ionizing radiation (the first wave is induced by the
irradiation), allowing the tumor cells to stall progression of cell cycle by activating G2
checkpoint. Postponed cell cycle progression gives time to cancer cells for finishing DNA
repairs, improving genome stability and cell survival. It is not clear, however, how the cancer
cells time the second wave of DNA damage, since ATM/ATR-mediated response takes place
rapidly after irradiation (Hartlerode et al., 2015), so there is most likely another mechanism of
delay of second wave DNA damage. Interestingly, this pathway does not involve caspase-3
activation, as neither ICAD cleavage nor caspase-3 activity in general were detected, and pan-

caspase inhibition did not affect induction of new DNA breaks ~24 hours after irradiation.

Currently this is the only known instance of CAD activation via ICAD’s post-translational
modification, however high throughput phosphoproteomic datasets, in particular
PhosphoSitePlus (Hornbeck et al., 2015), show other instances of phosphorylation on ICAD,
most notably Y75 and S315 have been shown carrying phosphate group in 32 and 34 mass
spectroscopy references, respectively, at the time of writing. For comparison, S107 and S257
have 11 and 8 references, respectively, at the time of writing. These references, however, do
not discuss functions of phosphorylations on ICAD, but many of them are related to cancer
research, further hinting at possible post-translational regulation of ICAD in tumors.
Specifically, 2 studies (Curated info on PhosphoSitePlus, referencing (Chen et al., 2009; Hsu et
al., 2011)) found links between mTOR, a key regulator of cell cycle, and its inhibitor rapamycin
with ICAD’s phosphorylation on $110 and S315. Additionally, Y75 have been shown to have a

significant role in CAD-ICAD interactions (Otomo et al., 2000).
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5. Evolution of CAD and ICAD

The CAD and ICAD proteins, encoded by the DFFB and DFFA genes respectively, appear
to have originated early in animal evolution. These proteins are conserved across a wide range
of species, including members of evolutionarily ancient clades (Wu et al., 2008). In Cnidarians,
both CAD and ICAD have been identified in species such as Nematostella vectensis (starlet sea
anemone) (Eckhart, Fischer and Tschachler, 2007) and Hydra vulgaris (hydra, a fresh-water
polyp) (Wu et al., 2008), have both ICAD and CAD. In Porifera, the sponge Geodia cydonium
exhibits caspase-3-dependent apoptosis with DNA fragmentation (Wiens et al., 2003),
however, BLAST searches (Altschul et al., 1990), performed by the thesis’s author using the
human CAD sequence did not reveal clear homologs in this species. Interestingly, BLAST search
in Porifera revealed structures closely resembling CAD (accession number XP_065183936.1)
(Figure 6) and ICAD (accession number XP_065183937.1) in Sycon ciliatum. These findings
suggest that both CAD and ICAD were already present in the last common ancestor of the

Metazoa clade.

Sycon ciliatum Homo sapiens

Figure 6. Comparison of CAD-CAD dimers in Sycon ciliatum and human.

Both dimers have characteristic scissors-like structure, with C1 and C2 of S. ciliatum twisted
by ~90° in comparison to those of human. The same domains of different monomers have
similar colors of different gamma. NLS, Mg?* (green sphere) and Mn?* (grey sphere) ions are
shown only in human CAD-CAD dimer. All structures are created using AlphaFold3 (Abramson
et al., 2024) and visualized by PyMol (The PyMOL Molecular Graphics System, Version 3.0
Schrédinger, LLC.) The structures shown are in the supplement to the thesis.
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Strikingly, the evolutionary history of CAD and ICAD may extend beyond the Metazoa
clade. At the time of writing, BLAST searches using the human CAD sequence across non-
metazoan organisms return no clear homologs of non-synthetic origin. However, a recent
study identified a CAD ortholog in Giardia lamblia (Villa-Medina et al., 2025), a flagellated
parasitic protozoan microorganism that does not possess functional mitochondria (Bagchi et
al., 2012). Villa-Medina et al. also reported that the G. lamblia CAD ortholog contains a CIDE-
N domain—an essential motif for proper folding and activation by ICAD—suggesting that this
protozoan may also possess an ICAD-like protein, although further confirmation is required
(author’s BLAST searches did not identify a clear ICAD homolog). Interestingly, Giardia has
been shown to undergo apoptosis-like programmed cell death characterized by DNA
fragmentation under oxidative stress, despite absence of caspase genes in its genome and
detectable caspase-like activity. One possible explanation for the presence of CAD in G.
lamblia may be horizontal gene transfer from another species. However, sequence analysis
reveals only 22.43% identity between the Giardia CAD and human CAD (Villa-Medina et al.,
2025). Moreover, multiple sequence alignment done by the thesis’s author, comparing CAD
from Giardia lamblia, Sycon ciliatum (sponge), Nematostella vectensis (sea anemone), and
Hydra vulgaris (hydra) show minimal sequence similarity (Figure 7), reinforcing the notion that
the G. lamblia CAD is evolutionarily distant from even the most ancient metazoan
counterparts. These findings hint at either an ancient and highly divergent origin of the CAD

gene or an independent evolutionary pathway in this protozoan lineage.
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Figure 7. Alignment of CAD between Giardia lamblia and evolutionary ancient

metazoans.

“parasite” corresponds to CAD of Giardia lamblia, “sponge” to CAD of Sycon ciliatum, “hydra”
to CAD of Hydra vulgaris, “anemone” to CAD of Nematostella vectensis. Sequences were
obtained from BLAST (Altschul et al., 1990) searches as well as from UniProt, structures with
accession numbers WBY50935.1 (caspase-activated DNase [Giardia intestinalis]),
XP_065183936.1 (DNA fragmentation factor subunit beta-like [Sycon ciliatum]), T2MHH7
(CAD of Hydra), XP_001641901.3 (DNA fragmentation factor subunit beta isoform X1
[Nematostella vectensis]). Alignments were done using Clustal Omega (Sievers et al., 2011)
with default parameters. The alignment is in the supplement to the thesis.

The CIDE-N domain shared by CAD and ICAD is a relatively well-conserved sequence,

making it a valuable marker for identifying evolutionary related proteins. Notably, this domain
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is not exclusive to CAD and ICAD; it is also found in a group of related proteins—CIDE-A, CIDE-
B, and CIDE-C—which are unique to vertebrates and are involved in lipid metabolism and
energy homeostasis (Inohara et al., 1998; Liang et al., 2003). According to (Wu et al., 2008),
CIDE-N domains of CIDE proteins are most closely related to that of ICAD and the presence of
CIDE proteins exclusively in vertebrates supports the 2R whole-genome duplication
hypothesis. In line with the 2R hypothesis, it is proposed that the CIDE gene family first
emerged from an ancestral ICAD gene during an early vertebrate genome duplication event,
with a subsequent duplication giving rise to distinct CIDE proteins in both Agnatha (jawless
vertebrates) and Gnathostomata (jawed vertebrates). This highlights ICAD’s pivotal role as a

genomic precursor within the expanded CIDE protein family.

Interestingly, CAD and ICAD may have served as evolutionary templates for the
development of a broader range of proteins. Domain architecture search of the thesis’s author
using InterPro (https://www.ebi.ac.uk/interpro), focused on the characteristic combination of
a CIDE-N domain and an effector domain of CAD or ICAD, revealed a surprising diversity of
protein configurations across taxa. Among these are proteins containing only a functional
domain, as well as proteins combining CIDE-N with entirely different domains. For example, a
protein with accession number AOA1J7IBC6 belongs to a fungus of Ascomycota clade and has

DFF-C as well as other domains involved in processing of sugars.

An analysis of specific phosphorylation sites in ICAD, described in (Larsen et al., 2022)
reveals intriguing patterns of evolutionary conservation that may reflect functional
significance. The mentioned study identified and demonstrated the role of two conserved
phosphorylation sites in ICAD of mammals, corresponding to human’s S107 and S257. The
author of the thesis extended this bioinformatic investigation across 32 species. Multiple
sequence alignment of ICAD proteins shows (Figure 8) that the phosphorylation site
corresponding to human S107 is well conserved across examined mammals. In these species,
the residue consistently appears as an SQ motif, a well-established target for phosphorylation
by ATM/ATR kinases (Traven and Heierhorst, 2005). In birds, reptiles, and legless amphibians,
a serine residue is present at the analogous position, but the critical glutamine that follows in
the canonical SQ motif is absent, suggesting potential divergence in kinase recognition or
regulation. The second phosphorylation site, corresponding to human S257, shows even

broader conservation. The SQ motif is preserved not only in mammals, but also in birds,
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reptiles, and at least one species of legless amphibian. This widespread conservation suggests
a conserved regulatory mechanism involving CAD-ICAD phosphorylation across Tetrapoda and

supports the idea that these sites are functionally significant rather than retained by chance.
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Figure 8. Phylogenetic tree of ICAD in select species

Despite the unusual placement of certain ICAD proteins, the tree shows that specific
phosphorylation sites are preserved in many species. “1t phosphorylation site” corresponds
to human’s S107, “2" phosphorylation site” corresponds to human’s S257. Silhouettes of the
animals were obtained from PhyloPic (https://www.phylopic.org) and can correspond to more
than 1 specie. The species were selected in a way that a taxon would have 3 representatives,
where possible. If a specie had more than 1 ICAD isoform, the longest one was chosen.
Sequences were obtained from BLAST searches and from UniProt. Accession numbers of the
sequences as well as alignments used are in the supplement to the thesis. Alignments were
done using Custal Omega (Sievers et al., 2011) with default parameters.

Additionally, the residue corresponding to human ICAD’s Y75—a key site implicated in
CAD-ICAD interaction—is extremely well conserved across all studied species, with only
Branchiostoma lanceolatum (a lancelet) substituting a phenylalanine, a chemically similar
aromatic residue. This highlights the critical role of Y75 in maintaining CAD-ICAD structural

integrity. In contrast, the residue corresponding to S315 appears to be conserved exclusively

within primates.
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6. Conclusion

CAD and ICAD are well-established components of the apoptotic pathways,
responsible for fragmenting chromatin (Woo et al., 2004). However, a growing body of
evidence shows that the functional scope of CAD and ICAD extends beyond classical apoptosis.
Sublethal activation of apoptotic pathways can result in limited cleavage of ICAD and partial
activation of CAD, triggering non-lethal cellular responses. These include cellular senescence
(Haimovici et al., 2024), sometimes used for tumor-suppressive consequences (Song et al.,
2011), as well as terminal differentiation in several cell lineages, such as myoblasts (Larsen et

al., 2010).

Intriguingly, some of these alternative functions may be co-opted by tumor cells. While
cancer cells are known to exploit subapoptotic signaling for their advantages (Haimovici et al.,
2022), a study (Larsen et al., 2022) has revealed a novel mechanism in which malignant utilize
CAD activity to stall the cell cycle and provide time for DNA repair. The conservation of these
phosphorylation sites across mammalian species, mentioned in Larsen et al. 2022, suggests
that this mechanism is not unique to cancer but likely serves a physiological role in normal

cells.

To explore this further, this thesis includes a multiple sequence alignment of ICAD
across multiple species. The analysis reveals that the key phosphorylation sites in ICAD can be
found in many Tetrapoda species, supporting the hypothesis that phosphorylation-mediated
regulation of ICAD is an evolutionary conserved mechanism, potentially linked to DNA damage
response pathways. This regulatory axis may be exploited by cancer cells to maintain genomic

integrity under stress, as discussed in Larsen et al., 2022.

Despite decades of research, several questions about CAD and ICAD remain
unresolved. Their evolutionary origin is still by the most part unclear, as homologs of these
proteins are present not only in early metazoans but also in some unicellular eukaryotes. In
particular, CAD-like sequences found in protists such as Giardia lamblia (Villa-Medina et al.,
2025) appear to be evolutionarily distinct. Additionally, domains resembling those of CAD and
ICAD have been identified in non-metazoan lineages, including members of the Ascomycota
phylum (like an InterPro entry with accession number AOA1J7IBC6), suggesting a deeper and

more complex evolutionary history.
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Understanding the multifaceted roles of CAD and ICAD can enhance our knowledge of
not only apoptotic mechanisms but also tumor suppression and broader evolutionary trends

in eukaryotic biology.

7. Supplementary files:

e Alignments
o Alignment_CAD_mouse_vs_human —alignment from Figure 3
o Alignment_ICAD_mouse_vs_human - alignment from Figure 4
o Alignment_parasite_vs_metazoa —alignment from Figure 7
o Alignment_phylogenetic_tree - alignment from Figure 8
o names_of_sequences_for_the_tree — list of accession numbers used for
phylogenetic tree in Figure 8
o sequences_of _32_species — list of sequences used for phylogenetic tree in
Figure 8
e Structures (used for both mono- and dimers)
o CAD_CAD_dsDNA ions — structure of CAD-CAD homodimer with dsDNA
o CAD_CAD_sponge - structure of CAD-CAD homodimer of Sycon ciliatum
o CAD_ICAD colored_ions - structure of CAD-ICAD-L
o CAD_ICADpp_ions - structure of CAD-ICAD-L phosphorylated
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