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ABSTRACT 

 
Poly-ADP-ribose polymerases (PARPs) are proteins of a gene family that catalyze 

the post-translational modification (PTM) ADP-ribosylation. There are five human 

groups within the family that are defined according to known or unknown functions: 

DNA-PARPs, Tankyrase-PARPs, CCCH-PARPs, Macro-PARPs, and unknown-PARPs. Each of 

these members and their respective ortholog genes in four additional species (mouse, 

rat, zebrafish, and fruit fly) were studied to reveal evolutionary relationships and 

identify the nearest relative to each undefined member. This study showed PARP 

members group by function, that undefined-PARPs, 4, 6, 8, and 16 nearest relatives are 

DNA-PARPs, undefined-PARP10’s nearest relative is CCCH or Macro-PARPs, and 

undefined-PARP11’s nearest relative is CCCH-PARPs, and also provided evidence that 

another gene belongs in the PARP gene family, ZC3HAV1L. The evolution of Macro-PARP 

members 9, 14, and 15 revealed that gene duplication likely occurred.  
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INTRODUCTION 
 

In 2020, cancer was the deadliest disease with over 9 million deaths worldwide 

(World Health Organization (WHO) 2022). A person’s genetic makeup, exposure to 

mutagenic chemicals or UV-radiation, viral infection, and spontaneous mutation 

contribute to cancer (WHO 2022). In 2020, there were a total of 2.26 million breast 

cancer cases and 685,000 breast cancer related deaths (WHO 2022). The genes BRCA1 

and BRCA2 were identified as breast cancer-related genes in 1994 (BRCA1) and 1995 

(BRCA2) and in 2020 were known to be involved in 3% of breast cancers and in 10% of 

ovarian cancers in women (Centers for Disease Control and Prevention (CDC) 2022 and 

Kwon et al. 2022). BRCA1 and BRCA2 encode proteins that normally suppress tumor 

formation because they maintain genomic integrity via assisting with double-stranded 

DNA-repair (Lord and Ashworth 2008).  

However, when they are mutated they lose this function and permit genomic 

errors to accumulate, thus driving tumor formation and metastasis (Lord and Ashworth 

2008). The promising area of research for BRCA-specific tumor therapy is the use of 

inhibitors of an enzyme called Poly-ADP-ribose polymerase (PARP), PARP inhibitors (Lord 

and Ashworth 2008). These inhibitors may specifically target the homologous 

recombination deficiency, which results from the BRCA mutations (Lord and Ashworth 

2008). Indeed, mutation of either PARP or BRCA can be tolerated, but deletion of both is 

lethal (Lord and Ashworth 2008).  

Poly-ADP-ribose Polymerases (PARPs) are proteins encoded by members of the 

PARP gene family that catalyze the post-translational modification ADP-ribosylation 
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(Daugherty et al. 2014, Li and Chen 2014, Vyas et al. 2013). PARP proteins use mono-

ribose groups from nicotinamide adenine dinucleotide (NAD+) to generate either mono- 

or poly-ribose groups which are then added to amino acid residues (glutamic acid, 

lysine, and aspartic acid) of target or acceptor proteins (Li and Chen 2014, Vyas et al. 

2013, Hassa and Hottiger 2008, Schreiber et al. 2006). Each PARP protein is defined by 

the presence of a 50 amino acid block that defines the PARP domain and each exhibits 

mono- (MAR), poly- (PAR), or no ribosylase activity (Li and Chen 2014, Hassa and 

Hottiger 2008, Schreiber et al. 2006, Vyas et al. 2013, Nguewa et al. 2005). The addition 

of MAR or PAR to target proteins modulates a variety of cellular processes including 

DNA repair, chromatin remodeling, transcription, apoptosis, mitosis, ubiquitination, 

proteasomal degradation, protein-protein interactions, viral RNA replication, cellular 

proliferation, and cancer (Li and Chen 2014, Vyas et al. 2013, Daugherty et al. 2014).  

Gene families such as the PARP gene family are a group of genes originating from 

a single ancestral gene. In gene family development, an ancestral gene along with its 

regulatory sequences is duplicated in either a whole genome or gene duplication and 

then each copy is subject to mutation and divergence (Andersson et al. 2015, Fig. 1). 

Outcomes of divergence among members of a gene family include conservation of gene 

function (a gene retains the original function), pseudogenization (one gene copy is no 

longer transcribed or becomes a non-functional pseudogene due to a mutation), sub-

functionalization (an original gene copy had multiple functions that were split between 

duplicated copies) and neo-functionalization (one gene copy obtains a new function via 

mutation) (Magadum et al. 2013, Lynch and Conery 2000, Zhang 2003, Ohno 1970, 
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Hurles 2004, Fig. 1). Over time, repeated duplication and divergence generate larger 

gene families whose members, sequences, functions, and gene expression have 

diverged from the ancestral gene (Andersson et al. 2015). Duplications that occurred 

more recently will have more conservation than duplications that occurred long ago 

(Maynard et al. 2014).  
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Figure. 1. Gene Duplication and Divergence. A single gene, which is noted as Gene A, 

can be duplicated in a gene or genome duplication event, producing two copies (Gene 

A1 and Gene A1’). Mutations accumulate over time to one or both copies creating a 

divergence between the two genes (Genes A1, A2) in structure, sequence, location, 

expression, and/or function. This figure is adapted from Andersson et al. (2015).  
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In order to learn more about the origin and development of this gene family, the 

first goal of this study was to use multiple lines of evidence to provide a comprehensive 

view of the evolutionary relatedness among the members of the PARP gene family. 

PARP homologs are found in over 200 species, many with multiple gene family members 

(Cunningham et al. 2022). A previous study conducted by Citarelli et al. (2010) focused 

on the evolutionary history of eukaryotic PARP gene family members, along with PARP 

ancestral proteins. This study revealed that PARP proteins belonged to six clade 

groupings, including that of human known PARPs and undefined-PARPs, and also 

identified two suggested ancestral genes. A study conducted by Perina et al. (2014) also 

discusses these six groupings in similar detail across human and other species.  

In our study, we focus on identifying which human undefined-PARPs belong to 

known PARP groups, by incorporating other model species that have 

orthologous PARP genes, such as mouse, rat, zebrafish, and fruit fly to solidify findings, 

and associate our findings with previously identified groupings to analyze the 

evolvement of members within this gene family. The five species used in this study 

(Table 1) were chosen because they have well-annotated genomes. The PARP family has 

been most well-studied in human, where there are seventeen members that have been 

categorized into five sub-groups based on function and the presence of specific protein 

domains in addition to their PARP domain (Table 2). Since categorization of genes by 

function is one line of evidence regarding the relatedness of these genes, we have 

started with a brief overview of the human gene family in this study. 

 



6 

 

 

 

 

Table. 1. PARP Homologs in Human, Mouse, Rat, Zebrafish, and Fruit Fly (NCBI 2022, 

Kent et al. 2002, Bult et al. 2019, Smith et al. 2019, Cunningham et al. 2022, and Yates 

et al. 2022) 

Human Mouse Rat Zebrafish  Fruit Fly 

PARP1 PARP1 PARP1 PARP1 PARP 

PARP2 PARP2 PARP2 PARP2 NA 
PARP3 PARP3 PARP3 PARP3 NA 

PARP4 PARP4 PARP4 PARP4 NA 

PARP5a PARP5a PARP5a TNKSa(PARP5_1) 
TNKSb(PARP5_2) 

TNKS 

PARP5b PARP5b PARP5b NA TNKS  
PARP6 PARP6 PARP6 PARP6a 

PARP6b 
NA 

PARP7 PARP7 PARP7 PARP7 NA 

PARP8 PARP8 PARP8 PARP8 NA 
PARP9 PARP9 PARP9 PARP9 NA 

PARP10 PARP10 PARP10 PARP10 NA 

PARP11 PARP11 PARP11 PARP11 NA 

PARP12 PARP12 PARP12 PARP12a 
PARP12b 

NA 

PARP13 PARP13 PARP13 NA NA 

PARP14 PARP14 PARP14 PARP14_1 
(PARP14rs1) 
PARP14rs2.1 
PARP14_2  
(PARP14rs3) 
PARP14_3 
(PARP14rs4) 

 

PARP15 NA NA NA NA 

PARP16 PARP16 PARP16 PARP16 PARP16 
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Table. 2. Human PARP Gene and Protein Information. Gene name, sub-group, chromosome locations, exon count, protein size, 

protein domains, and ADP-ribosylation activity.  

Group1,2 Gene Chromosome3 Exon 
Count4 

Protein size 
(aa)4 

Protein Domains5-12 ADP-
ribosylation5 

DNA-
dependent- 
PARPs 

PARP1 1q42.12 23 1014 ZINC FINGER, BRCT, WGR, PARP Poly 
PARP2 14q11.2 16 570 WGR, PARP Poly 

PARP3 3p21.2 11 533 WGR, PARP Poly 

Tankyrase- 
PARPs 

PARP5a 8p23.1 27 1327 ANK, SAM, PARP Poly 

PARP5b 10q23.32 27 1166 ANK, SAM, PARP Poly 

CCCH-PARPs PARP7 3q25.31  6 657 CCCH, WWE, PARP Mono 

PARP12 7q34 12 701 CCCH, WWE, PARP Mono 

PARP13 7q34 13 902 CCCH, WWE, PARP None  

Macro-PARPs PARP9 3q21.1 11 819 MACRO, PARP None 

PARP14 3q21.1 17 1801 MACRO, WWE, PARP Mono 

PARP15 3q21.1 12 678 MACRO, PARP Mono 

Other-PARPs PARP4 13q12.12 34 1724 BRCT, PARP Poly 
PARP6 15q23 24 630 PARP Mono 

PARP8 5q11.1 26 854 PARP Mono 

PARP10 8q24.3 11 1025 PARP Mono 

PARP11 12p13.32  8 338 WWE, PARP Mono 

PARP16 15q22.31  6 322 PARP Mono 
 

1 Li and Chen 2014                                                      5 Li and Chen 2014                                       9  Ankyrin repeat 

2 Vyas et al. 2013                                                         6 Sterile Alpha Motif                                    10 Try-Gly-Arg 
3 NCBI 2021                                                                                                  7 Cys-Cys-Cys-His                                         11 Try-Try-Glu 

4 UCSC Genome Browser 2002                                             8 BRCA1 C Terminus                                    12 Poly-ADP-ribose polymerase
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          The first group is the DNA-PARPs, which includes PARPs 1, 2, and 3, were first 

identified as DNA binding proteins (Vyas et al. 2013). The PARP domain for each of these 

family members exhibits PAR activity (Li and Chen 2014). Each of these PARPs also 

contains a WGR domain (tryptophan, glycine, and arginine amino acids) (Li et al. 2014) 

which has been suggested to be a nucleic acid-binding domain (Letunic et al. 2021). 

When DNA strand breaks occur due to DNA damage, each of these PARPs can recognize 

the breaks and assist with DNA repair (Li and Chen 2014, Beck et al. 2014, Gibson and 

Kraus 2012, Hakmé et al. 2008). PARP1, has additional domains such as the Zinc finger 

domain and the BRCA1 C terminus (BRCT) domain (Li and Chen 2014). The Zinc finger 

domain can bind DNA, while the BRCT domain is a phospho-peptide binding domain 

involved with DNA-damage control and is found in proteins involved with DNA repair 

and cell cycle activity (Letunic et al. 2021, Li and Chen 2014, Glover et al. 2004, Yu et al. 

2003). PARP1 is vital for base excision repair (BER) and single-stranded break repair 

(SSBR), as it recruits and binds to the XRCC1 protein to assist with damaged areas of 

DNA (Li and Chen 2014, Parsons et al. 2005). PARP1 also facilitates double-stranded 

break repairs (DSBR), as DSBR proteins Ku and DNA-PKcs interaction with PARP1 is 

necessary for non-homologous end joining repair activity (Kraus 2008, Li et al. 2004, Li 

and Chen 2014, Ruscetti et al. 1998). PARP2 is also important for BER and SSBR activity, 

while PARP3 has been found to have a functional role in DSBR activity (Beck et al. 2014 

and Li and Chen 2014).  
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The second group of PARPs is the Tankyrase-PARPs (PARPs 5a, 5b) which exhibit 

PAR activity and also contain ankyrin repeat (ANK), sterile alpha motif (SAM), and PARP 

domains (Li and Chen 2014). The ANK domain contains ankyrin repeated regions that 

appear in helix loop formations and are involved in protein-protein interactions (Letunic 

et al. 2021). The SAM domain is associated with protein binding, cell signaling, and RNA-

binding activity (Letunic et al. 2021). These PARPs regulate protein degradation, such as 

the proteasome-based degradation of the telomeric repeat binding factor 1 (TRF1) 

protein which modulates extension of telomeres via PAR activity (Smith et al. 1998, 

Smith and de Lange 2000, Li and Chen 2014, NCBI 2022). PARP5a can cause protein 

degradation of the 3BP2 protein via PAR activity, which can allow for normal bone 

development (Levaot et al. 2011, Li and Chen 2014). Tankyrase-PARPs have also been 

proposed targets for cancer therapy treatments as they modulate proteosome-based 

degradation of the axin protein (PAR activity), which turns on the Wnt signaling pathway 

(Riffell et al. 2012, Huang et al. 2009, Li and Chen 2014). Tankyrase-PARP inhibitor 

(XAV939) was able to hinder the Wnt signaling pathway and allow stabilization of both 

axin1 and 2 proteins (Li and Chen 2014, Huang et al. 2009). PARP5a also regulated the 

nuclear mitotic apparatus protein (NUMA) via PAR activity to control cohesion of sister 

chromatids (Li and Chen 2014, Chang et al. 2005).  

The third group of PARPs is known as the zinc finger CCCH (Cys-Cys-Cys-His)- 

PARPs (PARP7, 12, and 13) and contain the CCCH, WWE, and PARP domains (Li and Chen 

2014, NCBI 2021, He et al. 2012, Vyas et al. 2013). PARP7 and PARP12 have (MAR) 

activity, while PARP13 does not have ribosylase activity (Li and Chen 2014). The WWE 
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domain, which is comprised of tryptophan and glutamic acid amino acids (He et al. 

2012) is involved with proteasome degradation and ubiquitination (Li and Chen 2014, 

Letunic et al. 2021). CCCH-zinc finger proteins, containing the CCCH-domain, bind RNA 

and play a role in RNA metabolism (Hajikhezri et al. 2020). These PARPs modulate 

transcription and viral (RNA) replication (Li and Chen 2014, Daugherty et al. 2014, Vyas 

et al. 2013). For example, PARP7 repressed transcription of the aryl hydrocarbon 

receptor (AHR) (MacPherson et al. 2013, Li and Chen 2014) and PARP12 regulated 

replication of the Venezuelan equine encephalitis virus (VEEV) (Atasheva et al. 2012, Li 

and Chen 2014). A PARP13 isoform interacted with viral RNA and inhibited its 

accumulation (Li and Chen 2014, Gao et al. 2002). Finally, overexpression of PARP13 

limited viral replication of virus families, including retrovirus (murine leukemia virus), 

filoviruses (Ebola and Marburg), togavirus (Sindbis), as well the hepadnavirus (Hepatitis 

B virus) (Daugherty et al. 2014, Gao et al. 2002, Muller et al. 2007, Bick et al. 2003, Mao 

et al. 2013).  

The fourth PARP group is the Macro-PARPs (PARP9, 14, and 15) which contain 

both a Macro and PARP domain (Li and Chen 2014, NCBI 2021, Vyas et al. 2013). Macro 

domain proteins regulate transcription, DNA repair, remodeling of chromatin, and 

protein interactions (Letunic et al. 2021, Han et al. 2011). Proteins with macro domains 

have been localized to DNA single and double stranded breaks and areas that 

underwent DNA repair (Han et al. 2011, Timinszky et al. 2009, Gottschalk et al. 2009, 

Ahel et al. 2009). Both PARP14 and PARP15 exhibit MAR activity, while PARP9 does not 

exhibit ribosylase activity (Li and Chen 2014). PARP14 alone has a WWE domain similar 
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to the CCCH-PARPs (Li and Chen 2014). Both PARP9 and 14 have been found to regulate 

transcription, as PARP9 modulated transcription in diffuse B-cell lymphoma cells and 

PARP14 modulated transcription of signal transducer and activator of transcription 6 

(STAT6) (Li and Chen 2014, Juszczynyski et al. 2006, Mehrotra et al. 2011, NCBI 2022). 

PARP9 functions in the DNA damage response by regulating ubiquitination of DSBR 

proteins 53BP1 and BRCA1 (Li and Chen 2014, Yan et al. 2013). The function of PARP15 

is not yet known (Li and Chen 2014) but exhibited transcriptional repression in a genetic 

screen for transcription regulators in human embryonic kidney 293 (HEK293) cells (Han 

et al. 2011, Aguiar et al. 2005).  

The fifth group is the “other” or undefined-PARPs (PARP4, 6, 8, 10, 11, and 16) (Li 

and Chen 2014, NCBI 2021, Vyas et al. 2013). All undefined-PARPs have (MAR) activity 

except PARP4, which has (PAR) activity (Li and Chen 2014). They share only the PARP 

domain and have various functions including response to DNA damage, regulatory cell 

cycle activity, anti-viral activity, and protein degradation (Li and Chen 2014, Guo et al. 

2019). PARP4 contains a BRCT domain, as similarly seen in PARP1 (Li and Chen 2014). 

Mice deficient in PARP4 activity showed an increase in tumors caused by mutagens, 

indicating that PARP4 may play a role in the suppression of tumor formation (Li and 

Chen 2014, Raval-Fernandes et al. 2005). PARP6 modulated cellular proliferation, while 

PARP10 interacted with known proto-oncogene Myc and inhibited the oncogenic c-Myc 

(Li and Chen 2014, Tuncel et al. 2012, Yu et al. 2005). PARP16 regulated protein levels of 

karyopherin-Beta1, a nuclear import protein (Li and Chen 2014, Di Paola et al. 2012, 

Carden et al. 2018). Additionally, when endoplasmic reticulum cellular stress occurred, 
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PARP16 ribosylated and activated proteins PERK and IRE1alpha (Jwa and Chang 2012, Li 

and Chen 2014). PARP8 performs (MAR) activity (Li and Chen 2014). PARP11 contains a 

WWE domain and uses its ribosylase activity to mediate viral responses in herpes 

simplex-1, vesicular stomatitis, and influenza A virus (Li and Chen 2014, Guo et al. 2019). 

Additionally, PARP11 was found to modulate the anti-viral activity of type I interferon 

(IFN-I) protein via MAR activity of Beta-TrCP (ubiquitin E3 ligase β-transducin repeat) 

protein, and MAR activity of this protein allowed for IFN alpha and beta receptor 

subunit 1 (IFNAR1) to be ubiquitinated and degraded (Guo et al. 2019). The placement 

of these undefined-PARPs with a sub-group is the second part of this project.  
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Conservation of function and domains among the gene family members and 

among the distinct groups necessarily depends on the conservation of particular amino 

acids. However, other data can be used to further refine these broad relationships. In 

this study we investigated additional lines of valid evolutionary-based evidence 

including amino acid identity and similarity across the entirety of the proteins, 

conservation of gene expression, and conservation of genomic context (Sievers et al. 

2011, Stothard 2000, NCBI 2022, Cunningham et al. 2022, Yates et al. 2022, Bult et al. 

2019, Smith et al. 2019, Kent et al. 2002, Obayashi et al. 2019, Loraine et al. 2015, GTEx 

2021-2022, Tostivint et al. 2014, Ocampo-Daza et al. 2011, Kolishovski et al. 2019, 

Maynard et al. 2014). Using these combined data, we provide a comprehensive view of 

the relationships among the gene family and identify the likely nearest neighbor for the 

“undefined” group of PARPs.  
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METHODS 

Species of Study 
 

The species used in this study were chosen because they have genomes that 

have been well-studied and are better annotated for gene structure, sequence, and 

gene function than many other species. These species are human (Homo sapiens), 

mouse (Mus musculus), rat (Rattus norvegicus), zebrafish (Danio rerio), and fruit fly 

(Drosophila melanogaster) (The Alliance 2019, NCBI 2022, Kent et al. 2002, Cunningham 

et al. 2022, Bult et al. 2019, Smith et al. 2019, Yates et al. 2022).  

The human PARP gene family has seventeen annotated members, the mouse 

and rat family contain sixteen members, the zebrafish family contains twenty members, 

and the fruit fly family has three members all totaling to 72 species (NCBI 2022, Kent et 

al. 2002, Cunningham et al. 2022, Bult et al. 2019, Smith et al. 2019, Yates et al. 2022; 

Table 1, Table 2).  
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PARP homolog identification and sequence sources 

The HUGO Gene Nomenclature Committee (HGNC) was used to identify the 

seventeen human PARP gene family members and sixteen mouse orthologs (Braschi et 

al. 2019). The University of California Santa Cruz (UCSC) Genomic Browser was used to 

download human exon and protein sequences (Kent et al. 2002; Table 3). Human gene 

(Homo sapiens) reference sequences were identified using the MANE (NCBI and 

Ensembl combined annotated sequences) Transcript Project (v 0.92) except PARP9, 

which does not have a MANE transcript, so the curated NCBI reference sequence was 

utilized (Kent et al. 2002). The mouse genome informatics (MGI) database was utilized 

to retrieve mouse (Mus musculus) PARP protein sequences (Bult et al. 2019; Table 4). 

Rat (Rattus norvegicus) protein sequences were retrieved from the Rat Genome 

Database (RGD) and NCBI (Smith et al. 2019, NCBI 2022; Table 5). Fruit fly (Drosophila 

melanogaster) and zebrafish (Danio rerio) protein sequences were obtained from the 

Ensembl Main and Ensembl Metazoan databases (Cunningham et al. 2022 and Yates et 

al. 2022; Table 6). ZC3HAV1L in human, mouse, and rat protein sequences were 

obtained from Ensembl Main, MGI, and RGD databases (Cunningham et al. 2022, Bult et 

al. 2019,  Smith et al. 2019; Tables 3-5).  
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Table. 3. Accession numbers of the Human members of the PARP Family. The human 

sequences were obtained from the UCSC and Ensembl Main databases (Kent et al. 2002, 

Cunningham et al. 2022).  

     
Species 

Gene 
Name Protein ID# and names Gene ID # 

Human PARP1 ENST00000366794.10 ENST00000366794.10 

Human PARP2 ENST00000429687.8 ENST00000429687.8 

Human PARP3 ENST00000398755.8 ENST00000398755.8 

Human PARP4 ENST00000381989.4 ENST00000381989.4 

Human PARP5a ENST00000310430.11 ENST00000310430.11 

Human PARP5b ENST00000371627.5 ENST00000371627.5 

Human PARP6 ENST00000569795.6 ENST00000569795.6 

Human PARP7 ENST00000295924.12 ENST00000295924.12 

Human PARP8 ENST00000281631.10 ENST00000281631.10 

Human PARP9 NP_001139576.1                    NM_001146102.2 

Human PARP10 ENST00000313028.12 ENST00000313028.12 

Human PARP11 ENST00000228820.9 ENST00000228820.9 

Human PARP12 ENST00000263549.8 ENST00000263549.8 

Human PARP13 ENST00000242351.10 ENST00000242351.10 

Human ZC3HAV1L ZC3HAV1L-201 peptide.prot NA 

Human PARP14 ENST00000474629.7 ENST00000474629.7 

Human PARP15 ENST00000464300.7 ENST00000464300.7 

Human PARP16 ENST00000649807.2 ENST00000649807.2 
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Table. 4. Accession numbers of the Mouse members of the PARP Family. The mouse 

sequences were obtained from the MGI database (Bult et al. 2019).  

Mouse  PARP1 P11103 NA 

Mouse  PARP2 O88554 NA 

Mouse  PARP3 Q3ULW8 NA 

Mouse  PARP4 ENSMUSP00000124258.1 NA 

Mouse  PARP5a Q6PFX9 NA 

Mouse  PARP5b ENSMUSP00000025729.5 NA 

Mouse  PARP6 ENSMUSP00000026267.8 NA 

Mouse  PARP7 Q8C1B2 NA 

Mouse  PARP8 ENSMUSP00000022239.6 NA 

Mouse  PARP9 ENSMUSP00000110528.1 NA 

Mouse  PARP10 Q8CIE4 NA 

Mouse  PARP11 ENSMUSP00000036127.5 NA 

Mouse  PARP12 Q8BZ20 NA 

Mouse  PARP13 ENSMUSP00000110550.1 NA 

Mouse ZC3HAV1L ENSMUSP00000062475.3 NA 

Mouse  PARP14 ENSMUSP00000037657.8 NA 

Mouse  PARP16 Q7TMM8 NA 
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Table. 5. Accession numbers of the Rat members of the PARP Family. The rat 

sequences were obtained from the RGD and NCBI databases (Smith et al. 2019, NCBI 

2022).  

Rat PARP1 NP_037195 NA 

Rat PARP2 NP_001099500 NA 

Rat PARP3 NP_001008329 NA 

Rat PARP4 XP_038949775 NA 

Rat PARP5a NP_001099554 NA 

Rat PARP5b NP_001101077 NA 

Rat PARP6 NP_001100298  NA 

Rat PARP7 NP_001101149 NA 

Rat PARP8 XP_038959446 NA 

Rat PARP9 NP_001096821 NA 

Rat PARP10 XP_006241972 NA 

Rat PARP11 XP_038964758 NA 

Rat PARP12 XP_006236408 NA 

Rat PARP13 NP_766633  NA 

Rat ZC3HAV1L XP_342662   NA 

Rat PARP14 NP_001178588 NA 

Rat PARP16 NP_001014115  NA 
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Table. 6. Accession numbers of the Zebrafish and Fruit fly members of the PARP 

Family. The zebrafish and fruit fly sequences were obtained from the Ensembl Main and 

Ensembl Metazoan databases (Cunningham et al. 2022, Yates et al. 2022). 

Zebrafish PARP1 PARP1-201peptide.prot NA 

Zebrafish PARP2 PARP2-201peptide.prot NA 

Zebrafish PARP3 PARP3-201peptide.prot NA 

Zebrafish PARP4 PARP4-201peptide.prot NA 

Zebrafish TNKSa TNKSa-201peptide.prot NA 

Zebrafish TNKSb TNKSb-201peptide.prot NA 

Zebrafish PARP6a PARP6a-201peptide.prot NA 

Zebrafish PARP6b PARP6b-201peptide.prot NA 

Zebrafish PARP7 TIPARP-201peptide.prot NA 

Zebrafish PARP8 PARP8-201peptide.prot NA 

Zebrafish PARP9 PARP9-201peptide.prot NA 

Zebrafish PARP10 si:ch1073-296d18.1(si9.prot) NA 

Zebrafish PARP11 PARP11-201peptide.prot NA 

Zebrafish PARP12a PARP12a-201peptide.prot NA 

Zebrafish PARP12b PARP12b-201peptide.prot NA 

Zebrafish PARP14rs1 
PARP14_1Dre si:ch211-219a4.3 
PARP14rs1 (si20.prot) NA 

Zebrafish PARP14rs3 

PARP14_2Dre CABZ01079480.1 
PARP14rs3 (CABZ01079480.1-201 
peptide.prot) NA 

Zebrafish PARP14rs4 

PARP14_3Dre 
PARP14rs4 (FO744833.2-201 
peptide.prot) NA 

Zebrafish PARP16 PARP16-201peptide.prot  NA 

Fruit Fly PARP1 PARP-RB peptide.prot  NA 

Fruit Fly TNKS TNKS-RA peptide.prot  NA 

Fruit Fly PARP16 PARP16-RA peptide.prot  NA 
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Sequence conservation and Phylogenetic analyses using amino acids  

The Clustal Omega multiple sequence alignment tool was used to align the PARP 

and protein sequences by similar sequence patterns between family members in each 

species and across species (Sievers et al. 2011). This then allowed the generation of an 

output FASTA sequence protein file from Clustal Omega of these members to use for 

pairwise identity and similarity sequence manipulation analysis (Stothard 2000). 

Pairwise similarity and identity amino acid conservation percentages of PARP protein 

family members across species was obtained with the use of the sequence manipulation 

suite (SMS) tool (Stothard 2000). These percentages were then downloaded and re-

organized using a custom PERL Script. Text files were colored in excel. The Clustal 

Omega and MView multiple sequence alignment tools were used to align the PARP 

protein sequences by similar sequence patterns between family members (Sievers et al. 

2011, Brown et al. 1998). MView color coded these sequences in a box color shaded 

form to show which amino acids are identical or divergent from one another (Brown et 

al. 1998, Brown 1999). The COBALT multiple sequence alignment tool was similarly used 

to align protein sequences relative to sequence patterns between members 

(Papadopoulos and Agarwala 2007, NCBI 2022).  

Molecular Evolutionary Genetics Analysis (MEGA) was utilized for the 

phylogenetic tree analysis of the PARP protein sequences of each individual species and 

all species as one analysis (Kumar et al. 2018, Tamura et al. 2021, Stecher et al. 

2020). The Neighbor-Joining tree statistical method was utilized for phylogeny 

bootstrapping purposes so that the members that were most closely related were 
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displayed in the tree results according to a replicated number of 500 or out of 500 

replicates (Felsenstein 1985, Saitou and Nei 1987). The Poisson Correction method was 

used to quantify the evolutionary distances between members (Zuckerkandl and Pauling 

1965) and the Pairwise Deletion option was chosen to remove amino acid positions 

within each pair of sequences that do not show major inference on the evolution that 

has taken place between the sequences (Zuckerkandl and Pauling 1965). There were 

three tree threads used for each analysis. The Maximum-Likelihood tree statistical 

method along with the JTT-matrix based model was utilized for phylogeny bootstrapping 

purposes so that the members that were most closely related amongst all species were 

displayed in tree results according to a log mathematical measurement of likelihood and 

produced a total number of 100 replicates (Felsenstein 1985, Jones et al. 1992). There 

were also three tree threads used for analysis.  

Gene expression analyses 

Pairwise co-expression was used to determine the similarity of gene expression 

level of each pair of the gene family for human, mouse, rat, zebrafish, and fruit fly 

members using the COXPRESdb database (Obayashi et al. 2019). Gene expression 

similarity was scaled by color using the Entrez gene ID numbers with the Hcluster 

software on the COXPRESdb database (Obayashi et al. 2019). Normalized human 

transcriptome gene expression data (transcript per million-TPM) for 54 normal human 

tissues were obtained from the Genotype-Tissue Expression (GTEx) database (GTEx 

2021) and were used to investigate overall gene family clustering of gene expression 

levels using R Studio Windows version 4.0.5. R Studio packages and R plots used to 
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analyze differential gene expression included the edgeR Package to generate multi-

dimensional scale (MDS) plots, and cluster dendrogram plots (Loraine et al. 2015 and 

Robinson et al. 2010). The GTEx database was also used to generate a gene-specific heat 

map of PARP genes expression by tissue (GTEx 2022).  

Gene order and Synteny analyses 

Majority of the PARP genes for all five species were located within its genome 

using the NCBI and Ensembl databases (NCBI 2022, Cunningham et al. 2022, Yates et al. 

2022). Neighboring genes and direction of transcription was identified, and each were 

compared to identify gene duplications, inversions, and gene loss (NCBI and Ensembl, 

Tables 7-11). Synteny analyses involve the study of genomic ancestry of species to 

determine if gene order across species chromosomes has been conserved over time 

(JAX Synteny Browser, Kolishovski et al. 2019). Synteny for human-mouse in the regions 

of each PARP gene was performed using the JAX Synteny Browser (Kolishovski et al. 

2019).  

. 
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Table. 7. Human PARP Chromosomal Context NCBI Internet URL Links. Each of these Human PARP gene members in each 

species chromosome context can be searched on NCBI. The following URL links were used to begin context analysis. The gene id 

numbers are listed at the end of the link.  

PARP1 Human  https://www.ncbi.nlm.nih.gov/gene/142 

PARP2 Human  https://www.ncbi.nlm.nih.gov/gene/10038 
PARP3 Human https://www.ncbi.nlm.nih.gov/gene/10039 

PARP4 Human https://www.ncbi.nlm.nih.gov/gene/143 

PARP5a Human https://www.ncbi.nlm.nih.gov/gene/8658 
PARP5b Human https://www.ncbi.nlm.nih.gov/gene/80351 

PARP6 Human https://www.ncbi.nlm.nih.gov/gene/56965 

PARP7 Human https://www.ncbi.nlm.nih.gov/gene/25976 

PARP8 Human https://www.ncbi.nlm.nih.gov/gene/79668 

PARP9 Human https://www.ncbi.nlm.nih.gov/gene/83666 
PARP10 Human https://www.ncbi.nlm.nih.gov/gene/84875 

PARP11 Human https://www.ncbi.nlm.nih.gov/gene/57097 
PARP12 Human https://www.ncbi.nlm.nih.gov/gene/64761 

PARP13 Human https://www.ncbi.nlm.nih.gov/gene/56829 
PARP14 Human https://www.ncbi.nlm.nih.gov/gene/54625 

PARP15 Human https://www.ncbi.nlm.nih.gov/gene/165631 

PARP16 Human  https://www.ncbi.nlm.nih.gov/gene/54956 

 
 
 
 
 

https://www.ncbi.nlm.nih.gov/gene/142
https://www.ncbi.nlm.nih.gov/gene/10038
https://www.ncbi.nlm.nih.gov/gene/10039
https://www.ncbi.nlm.nih.gov/gene/143
https://www.ncbi.nlm.nih.gov/gene/8658
https://www.ncbi.nlm.nih.gov/gene/80351
https://www.ncbi.nlm.nih.gov/gene/56965
https://www.ncbi.nlm.nih.gov/gene/25976
https://www.ncbi.nlm.nih.gov/gene/79668
https://www.ncbi.nlm.nih.gov/gene/83666
https://www.ncbi.nlm.nih.gov/gene/84875
https://www.ncbi.nlm.nih.gov/gene/57097
https://www.ncbi.nlm.nih.gov/gene/64761
https://www.ncbi.nlm.nih.gov/gene/56829
https://www.ncbi.nlm.nih.gov/gene/54625
https://www.ncbi.nlm.nih.gov/gene/54956
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Table. 8. Mouse PARP Chromosomal Context NCBI Internet URL Links. Each of these Mouse PARP gene members in each 

species chromosome context can be searched on NCBI. The following URL links were used to begin context analysis. The gene id 

numbers are listed at the end of the link.  

PARP1 Mouse https://www.ncbi.nlm.nih.gov/gene/11545 

PARP2 Mouse  https://www.ncbi.nlm.nih.gov/gene/11546 

PARP3 Mouse https://www.ncbi.nlm.nih.gov/gene/235587 
PARP4 Mouse https://www.ncbi.nlm.nih.gov/gene/328417 

PARP5a Mouse https://www.ncbi.nlm.nih.gov/gene/21951 
PARP5b Mouse https://www.ncbi.nlm.nih.gov/gene/74493 

PARP6 Mouse https://www.ncbi.nlm.nih.gov/gene/67287 

PARP7 Mouse https://www.ncbi.nlm.nih.gov/gene/99929 
PARP8 Mouse  https://www.ncbi.nlm.nih.gov/gene/52552 

PARP9 Mouse https://www.ncbi.nlm.nih.gov/gene/80285 

PARP10 Mouse https://www.ncbi.nlm.nih.gov/gene/671535 

PARP11 Mouse  https://www.ncbi.nlm.nih.gov/gene/101187 
PARP12 Mouse  https://www.ncbi.nlm.nih.gov/gene/243771 

PARP13 Mouse  https://www.ncbi.nlm.nih.gov/gene/78781 

PARP14 Mouse https://www.ncbi.nlm.nih.gov/gene/547253 

PARP15 Mouse  NA 

PARP16 Mouse  https://www.ncbi.nlm.nih.gov/gene/214424 
 
 
 
 

https://www.ncbi.nlm.nih.gov/gene/11545
https://www.ncbi.nlm.nih.gov/gene/11546
https://www.ncbi.nlm.nih.gov/gene/235587
https://www.ncbi.nlm.nih.gov/gene/328417
https://www.ncbi.nlm.nih.gov/gene/21951
https://www.ncbi.nlm.nih.gov/gene/74493
https://www.ncbi.nlm.nih.gov/gene/67287
https://www.ncbi.nlm.nih.gov/gene/99929
https://www.ncbi.nlm.nih.gov/gene/52552
https://www.ncbi.nlm.nih.gov/gene/80285
https://www.ncbi.nlm.nih.gov/gene/671535
https://www.ncbi.nlm.nih.gov/gene/243771
https://www.ncbi.nlm.nih.gov/gene/78781
https://www.ncbi.nlm.nih.gov/gene/547253
https://www.ncbi.nlm.nih.gov/gene/214424
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Table. 9. Rat PARP Chromosomal Context NCBI Internet URL Links. Each of these Rat PARP gene members in each species 

chromosome context can be searched on NCBI. The following URL links were used to begin context analysis. The gene id 

numbers are listed at the end of the link.  

PARP1 Rat https://www.ncbi.nlm.nih.gov/gene/25591 
PARP2 Rat https://www.ncbi.nlm.nih.gov/gene/290027 

PARP3 Rat https://www.ncbi.nlm.nih.gov/gene/300985 

PARP4 Rat https://www.ncbi.nlm.nih.gov/gene/361046 
PARP5a Rat https://www.ncbi.nlm.nih.gov/gene/290794 

PARP5b Rat https://www.ncbi.nlm.nih.gov/gene/309512 

PARP6 Rat https://www.ncbi.nlm.nih.gov/gene/300759 

PARP7 Rat https://www.ncbi.nlm.nih.gov/gene/310467 

PARP8 Rat https://www.ncbi.nlm.nih.gov/gene/294762 
PARP9 Rat https://www.ncbi.nlm.nih.gov/gene/303905 

PARP10 Rat https://www.ncbi.nlm.nih.gov/gene/102548778 
PARP11 Rat https://www.ncbi.nlm.nih.gov/gene/500323 

PARP12 Rat https://www.ncbi.nlm.nih.gov/gene/362343 
PARP13 Rat https://www.ncbi.nlm.nih.gov/gene/252832 

PARP14 Rat https://www.ncbi.nlm.nih.gov/gene/303903 

PARP15 Rat NA 
PARP16 Rat https://www.ncbi.nlm.nih.gov/gene/315760 

 
 
 
 

https://www.ncbi.nlm.nih.gov/gene/25591
https://www.ncbi.nlm.nih.gov/gene/290027
https://www.ncbi.nlm.nih.gov/gene/300985
https://www.ncbi.nlm.nih.gov/gene/361046
https://www.ncbi.nlm.nih.gov/gene/290794
https://www.ncbi.nlm.nih.gov/gene/309512
https://www.ncbi.nlm.nih.gov/gene/300759
https://www.ncbi.nlm.nih.gov/gene/310467
https://www.ncbi.nlm.nih.gov/gene/294762
https://www.ncbi.nlm.nih.gov/gene/303905
https://www.ncbi.nlm.nih.gov/gene/500323
https://www.ncbi.nlm.nih.gov/gene/303903
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Table. 10. Zebrafish PARP Chromosomal Context NCBI-Ensembl Internet URL Links. Each of these Zebrafish PARP gene 

members in each species chromosome context can be searched on NCBI and Ensembl. The following URL links were used to 

begin context analysis. The gene id numbers are listed at the end of the link.  

PARP1 
Zebrafish 

https://www.ncbi.nlm.nih.gov/gene/560788 
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000019529;r=20:43648369-43689779 

PARP2 
Zebrafish 

https://www.ncbi.nlm.nih.gov/gene/100007906 
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000079202;r=2:37836821-37846849 

PARP3 
Zebrafish 

https://www.ncbi.nlm.nih.gov/gene/335495 
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000003961;r=6:42038358-
42049350;t=ENSDART00000022949 

PARP4 
Zebrafish 

https://www.ncbi.nlm.nih.gov/gene/558045 
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000069934;r=9:20483846-20502622 

PARP5 
Zebrafish  
Tnksa 

https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000077650;r=21:19925910-20108849 
 
https://www.ncbi.nlm.nih.gov/gene/559022 

PARP5 
Zebrafish 
Tnksb 

https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000062897;r=5:8964926-9027936 
https://www.ncbi.nlm.nih.gov/gene/567533 

PARP6a 
Zebrafish 

https://uswest.ensembl.org/Danio_rerio/Gene/Summary?db=core;g=ENSDARG00000042703;r=18:887122-898873 
https://www.ncbi.nlm.nih.gov/gene/436810 
 

PARP6b 
Zebrafish 

https://uswest.ensembl.org/Danio_rerio/Gene/Summary?db=core;g=ENSDARG00000070473;r=25:29099477-
29134654 
https://www.ncbi.nlm.nih.gov/gene/100002364 

https://www.ncbi.nlm.nih.gov/gene/560788
https://www.ncbi.nlm.nih.gov/gene/100007906
https://www.ncbi.nlm.nih.gov/gene/335495
https://www.ncbi.nlm.nih.gov/gene/558045
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000077650;r=21:19925910-20108849
https://www.ncbi.nlm.nih.gov/gene/559022
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000062897;r=5:8964926-9027936
https://www.ncbi.nlm.nih.gov/gene/567533
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?db=core;g=ENSDARG00000042703;r=18:887122-898873
https://www.ncbi.nlm.nih.gov/gene/436810
https://www.ncbi.nlm.nih.gov/gene/100002364
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Table. 10. Zebrafish PARP Chromosomal Context Continued. Each of these Zebrafish PARP gene members in each species 

chromosome context can be searched on NCBI and Ensembl. The following URL links were used to begin context analysis. The 

gene id numbers are listed at the end of the link.  

PARP7 
Zebrafish 

https://www.ncbi.nlm.nih.gov/gene/563506 
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000061841;r=18:34599315-34642086 

PARP8 
Zebrafish 

https://www.ncbi.nlm.nih.gov/gene/568910 
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000059789;r=5:40844968-40910880 

PARP9 
Zebrafish 

https://www.ncbi.nlm.nih.gov/gene/799852 
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000006848;r=9:23754275-23765480 

PARP10 
Zebrafish 

https://www.ncbi.nlm.nih.gov/gene/564886 
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000087145;r=19:11952309-11977783 

PARP11 
Zebrafish 

https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000098716;r=4:71989418-

72002734;t=ENSDART00000170996 

 

PARP12a 
Zebrafish 

https://uswest.ensembl.org/Danio_rerio/Gene/Summary?db=core;g=ENSDARG00000042496;r=18:12839126-
12858016;t=ENSDART00000130343 
https://www.ncbi.nlm.nih.gov/gene/567195 
 

PARP12b 
Zebrafish 

https://uswest.ensembl.org/Danio_rerio/Gene/Summary?db=core;g=ENSDARG00000057974;r=4:9813753-
9822519 
https://www.ncbi.nlm.nih.gov/gene/553633 
 

PARP13 
Zebrafish 

NA 

 

https://www.ncbi.nlm.nih.gov/gene/563506
https://www.ncbi.nlm.nih.gov/gene/568910
https://www.ncbi.nlm.nih.gov/gene/799852
https://www.ncbi.nlm.nih.gov/gene/564886
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000098716;r=4:71989418-72002734;t=ENSDART00000170996
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000098716;r=4:71989418-72002734;t=ENSDART00000170996
https://www.ncbi.nlm.nih.gov/gene/567195
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?db=core;g=ENSDARG00000057974;r=4:9813753-9822519
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?db=core;g=ENSDARG00000057974;r=4:9813753-9822519
https://www.ncbi.nlm.nih.gov/gene/553633
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Table. 10. Zebrafish PARP Chromosomal Context Cont. Each of these Zebrafish PARP gene members in each species 

chromosome context can be searched on NCBI and Ensembl. The following URL links were used to begin context analysis. The 

gene id numbers are listed at the end of the link.  

PARP14rs1 
Zebrafish 

https://www.ncbi.nlm.nih.gov/gene/791754  

https://zfin.org/ZDB-TSCRIPT-090929-9946   Note:  Protein Sequence was originally obtained from Ensembl 

PARP14rs3 
Zebrafish 

https://www.ncbi.nlm.nih.gov/gene/100148704 
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000098398;r=9:56443416-56459826 

PARP14rs4 https://www.ncbi.nlm.nih.gov/gene/562648 

https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000112454;r=10:21913105-21955231 

PARP15 
Zebrafish 

NA 

PARP16 
Zebrafish 

https://www.ncbi.nlm.nih.gov/gene/405842 
https://uswest.ensembl.org/Danio_rerio/Gene/Summary?g=ENSDARG00000018593;r=25:31868268-
31882618;t=ENSDART00000022325 

 
 
 
 
 
 
 
 
 
 

https://www.ncbi.nlm.nih.gov/gene/791754
https://www.ncbi.nlm.nih.gov/gene/100148704
https://www.ncbi.nlm.nih.gov/gene/562648
https://www.ncbi.nlm.nih.gov/gene/405842


 

 

 

29 

Table. 11. Fruit Fly PARP Chromosomal Context NCBI-Ensembl Internet URL Links. Each of these Fruit Fly PARP gene members 

in each species chromosome context can be searched on NCBI, Ensembl Main, and the Ensembl Metazoan database. The 

following URL links were used to begin context analysis. The gene id numbers are listed at the end of the link. 

 

PARP1 Fruit Fly https://metazoa.ensembl.org/Drosophila_melanogaster/Gene/Summary?g=FBgn0010247;r=3R:3461351-
3587054;t=FBtr0113885;db=core 

https://uswest.ensembl.org/Drosophila_melanogaster/Gene/Summary?g=FBgn0010247;r=3R:3461351-
3587054;t=FBtr0113885 
https://www.ncbi.nlm.nih.gov/gene/3355109 

PARP5 Fruit Fly https://metazoa.ensembl.org/Drosophila_melanogaster/Gene/Summary?g=FBgn0027508;r=3R:25653091-
25661286;t=FBtr0084890;db=core 

https://uswest.ensembl.org/Drosophila_melanogaster/Gene/Summary?g=FBgn0027508;r=3R:25653091-
25661286 
https://www.ncbi.nlm.nih.gov/gene/43095 

PARP16 Fruit Fly https://metazoa.ensembl.org/Drosophila_melanogaster/Gene/Summary?g=FBgn0034129;r=2R:16445986-
16447512;t=FBtr0087159;db=core 

https://www.ncbi.nlm.nih.gov/gene/36841 

https://metazoa.ensembl.org/Drosophila_melanogaster/Gene/Summary?g=FBgn0010247;r=3R:3461351-3587054;t=FBtr0113885;db=core
https://metazoa.ensembl.org/Drosophila_melanogaster/Gene/Summary?g=FBgn0010247;r=3R:3461351-3587054;t=FBtr0113885;db=core
https://www.ncbi.nlm.nih.gov/gene/3355109
https://metazoa.ensembl.org/Drosophila_melanogaster/Gene/Summary?g=FBgn0027508;r=3R:25653091-25661286;t=FBtr0084890;db=core
https://metazoa.ensembl.org/Drosophila_melanogaster/Gene/Summary?g=FBgn0027508;r=3R:25653091-25661286;t=FBtr0084890;db=core
https://metazoa.ensembl.org/Drosophila_melanogaster/Gene/Summary?g=FBgn0034129;r=2R:16445986-16447512;t=FBtr0087159;db=core
https://metazoa.ensembl.org/Drosophila_melanogaster/Gene/Summary?g=FBgn0034129;r=2R:16445986-16447512;t=FBtr0087159;db=core
https://www.ncbi.nlm.nih.gov/gene/36841
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RESULTS 

 

Since members of a gene family are derived from a duplication of an ancestral 

gene, we expect that the amount of function, sequence, expression, and genome 

context conservation will be related to the length of time since duplication (Andersson 

et al. 2015). Recently duplicated genes of a gene family will have more similar sequence, 

expression, and gene order than genes duplicated longer ago (Ocampo Daza et al. 2011, 

Tostivint et al. 2014). To investigate these lines of evidence, we have calculated amino 

acid identity and similarity percentages for members of each gene family, performed 

phylogenetic analyses for all PARPs and each species, examined pairwise-coexpression 

of gene family members, and investigated gene order/chromosome context.  

Sequence Conservation 

Functional conservation of gene family members depends upon conservation of 

sequences, both amino acid and DNA. Conservation of identical or similar amino acids 

regions within protein sequences indicate that these amino acids are important for 

protein function. We examined amino acid identity and similarity percentages across 

PARP species pairs to determine relationships amongst known grouped PARPs (Figures 

2-6). We also investigated similarity of known groups to the undefined-PARPs to 

determine which PARP groups to which they belong (Figures 7-11). 
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Pairwise identity of amino acids across DNA-PARPs in human revealed some 

amino acid conservation amongst PARP2 and PARP3 (29.33%), PARP2 and PARP1 

(21.05%), and PARP1 and PARP3 (15.56%) (Fig. 2 panel A). Tankyrase-PARPs, PARPs 5a 

and 5b, showed the highest conservation at 71.21%. CCCH-PARPs revealed low 

conservation between members PARP7 and PARP12 (13.51%), PARP7 and PARP13 

(9.36%), and PARP12 and PARP13 (25.1%). In Macro-PARPs low conservation was 

observed amongst the pairings of PARP9 and PARP14 (12.41%) and PARP9 and PARP15 

(11.37%). Undefined-PARPs 6 and 8 had moderate pairwise identity, which was the 

highest identified conservation amongst undefined-PARP members (44.92%).  

Similarity of amino acids in the human DNA-PARPs, were similar to the identity 

values with PARPs 1, 2, and 3 having moderate similarity percentages with PARP1 and 

PARP2 (30.41%), PARP1 and PARP3 (24.78%), and PARP2 and PARP3 (42.33%) (Fig. 2 

panel B). Tankyrase-PARPs showed a high similarity percentage (76.84%). CCCH-PARPs, 

in similar fashion, revealed amino low amino acid conservation between pairings PARP7 

and PARP12 (18.87%), PARP7 and PARP13 (15.24%), and PARP12 and PARP13 (36.15%). 

Macro-PARP similarity percentages were also low: PARP9 and PARP14 (18.55%), PARP9 

and PARP15 (17.77%), and PARP14 and PARP15 (23.63%). Undefined-PARPs with 

moderate pairwise similarity were PARP6 and PARP8 (53.12%), while all others were 

also low.  
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Figure. 2. Pairwise Amino Acid Identity and Similarity of Human PARP Proteins. 17 human protein sequences were used for 

pairwise amino acid identity and similarity analyses to identify pairwise percentage relationships amongst PARP members (Kent 

et al. 2002, Sievers et al. 2011, Stothard 2000; Table 3). Panel A in blue represents human (Hs) PARP identity and panel B in green 

represents human (Hs) PARP similarity.  

 

 



 

 

 

34 

Pairwise identity of amino acids across DNA-PARPs in mouse were similar to 

humans with some amino acid conservation amongst PARP2 and PARP3 (29.72%), 

PARP1 and PARP2 (20.82%), and PARP1 and PARP3 (14.83%) (Fig. 3 panel A). Tankyrase-

PARPs, PARPs 5a and 5b, showed the highest conservation at 71.21%. CCCH-PARPs 

displayed low conservation between PARP7 and PARP12 (12.76%), PARP7 and PARP13 

(10.19%), and PARP12 and PARP13 (21.29%). In Macro-PARPs, conservation was 

observed for PARP9 and PARP14 at 12.12%. Undefined-PARPs 6 and 8 had moderate 

pairwise identity, the highest amongst undefined-PARP members (42.81%).  

Similarity among mouse DNA-PARPs also followed in similar fashion to human as 

DNA-PARPs 1, 2, and 3 had some low and moderate similarity between pairings PARP1 

and PARP2 (30.01%), PARP1 and PARP3 (24.02%), and PARP2 and PARP3 (41.9%) (Fig. 3 

panel B). Tankyrase-PARPs also showed a high percentage at 77.24%. CCCH-PARPs 

similarity values were: PARP7 and PARP12 (18.06%), PARP7 and PARP13 (16.78%), and 

PARP12 and PARP13 (31.41%). Macro-PARPs, PARP9 and PARP14 had a low similarity at 

19.06%. Undefined-PARPs 6 and 8 again were the highest similarity in this group with a 

moderate pairwise percentage (50.55%).
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Figure. 3. Pairwise Amino Acid Identity and Similarity of Mouse PARP Proteins. 16 mouse protein sequences were used for 

pairwise amino acid identity and similarity analyses to identify pairwise percentage relationships amongst PARP members (Bult 

et al. 2019, Sievers et al. 2011, Stothard 2000; Table 4). Panel A in blue represents mouse (Mm) PARP identity and panel B in 

green represents mouse (Mm) PARP similarity. 
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Pairwise identity of amino acids across DNA-PARPs in rat revealed some amino 

acid conservation amongst PARP2 and PARP3 (29.46%), PARP1 and PARP2 (20.9%), and 

PARP1 and PARP3 (15.37%) (Fig. 4 panel A). Tankyrase-PARPs, PARPs 5a and 5b, 

displayed high conservation at 71.15%. CCCH-PARPs identity showed conservation 

between PARP7 and PARP12 (8.63%), PARP7 and PARP13 (4.08%), and PARP12 and 

PARP13 (17.18%). In Macro-PARPs conservation was observed between PARP9 and 

PARP14 (11.73%). Undefined-PARPs 6 and 8 revealed moderate pairwise identity and 

were the most highly conserved pair amongst undefined-PARP members (42.45%).  

Similarly, to human and mouse, rat-DNA PARPs 1, 2, and 3 had low to moderate 

amino acid similarity percentages with PARP1 and PARP2 paired at 29.79%, PARP1 and 

PARP3 at 23.54%, and PARP2 and PARP3 at 41.58% (Fig. 4 panel B). Tankyrase-PARPs 

showed a high similarity at 76.89%. CCCH-PARPs similarity levels were: PARP7 and 

PARP12 (13.1%), PARP7 and PARP13 (7.89%), and PARP12 and PARP13 (25.45%). Macro-

PARPs, PARP9 and PARP14 showed low similarity (18.32%), while undefined-PARPs 6 

and 8 showed a moderate pairwise similarity (50.39%).
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Figure. 4. Pairwise Amino Acid Identity and Similarity of Rat PARP Proteins. 16 rat protein sequences were used for pairwise 

amino acid identity and similarity analyses to identify pairwise percentage relationships amongst PARP members (Smith et al. 

2019, Sievers et al. 2011, Stothard 2000; Table 5). Panel A in blue represents rat (Rn) PARP identity and panel B in green 

represents rat (Rn) PARP similarity.  
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Pairwise identity of amino acids across DNA-PARPs in zebrafish displayed some 

amino acid conservation amongst PARP2 and PARP3 (27.98%), PARP2 and PARP1 

(22.72%), and PARP1 and PARP3 (16.73%) (Fig. 5 panel A). Tankyrase-PARPs, PARPs 5_1 

and 5_2, had high conservation at 85.93%. CCCH-PARPs showed low conservation 

between PARP7 and PARP12a (2.54%) and PARP7 and PARP12b (3.2%). In Macro-PARPs 

low conservation is observed amongst pairings PARP9 and PARP14_1 (7.99%), PARP9 

and PARP14_3 (7.48%), and PARP14_1 and PARP14_3 (31.83%). Undefined-PARPs 6a 

and 8 revealed low pairwise expression (9.9%), while 6b and 8 had a moderate identity 

of 42.32%, which was the highest identity amongst unknown members.  

Zebrafish DNA-PARPs 1, 2, and 3 showed some similarity as PARP1 and PARP2 

was 33.3%, PARP1 and PARP3 was 25.19%, and PARP2 and PARP3 was 38.1% (Fig. 5 

panel B). Tankyrase-PARPs showed a high similarity at 89.55%. CCCH-PARPs similarity 

was low: PARP7 and PARP12a (4.16%) and PARP7 and PARP12b (5.95%). PARP12a and 

PARP12b, had a similarity of 37.67%. Macro-PARPs, PARP9 and PARP14_1 had 11.49% 

similarity and PARP9 and PARP14_3 had 11.55% similarity. PARP14_1 and PARP14_3 

showed moderate similarity with a percentage of 49.61%. Undefined-PARPs, PARP6a 

and PARP8 had a similarity percentage of 14.38%, while PARP members 6b and 8 had a 

moderate similarity of 52.06%.  
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Figure. 5. Pairwise Amino Acid Identity and Similarity of Zebrafish PARP Proteins. 19 zebrafish protein sequences were used for 

pairwise amino acid identity and similarity analyses to identify pairwise percentage relationships amongst PARP members 

(Cunningham et al. 2022, Sievers et al. 2011, Stothard 2000; Table 6). PARP14rs2.1 Dre member was not chosen for analysis.  

Panel A in blue represents zebrafish (Dre) PARP identity and panel B in green represents zebrafish (Dre) PARP similarity.  
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Fruit flies have only 3 PARPs and each is a different sub-group, so these were 

compared. Fruit fly PARPs amino acid identity was among members PARP1, PARP5, and 

PARP16. Identity was for PARP1 and PARP5 (6.8%), but even lower amongst the other 

pairs (Fig. 6 panel A). Fruit fly PARPs amino acid similarity percentages was for PARP1, 

PARP5, and PARP16 and were also low with PARP1 and PARP5 (14.6%) and even lower 

amongst other pairs (Fig. 6 panel B).  
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Figure. 6. Pairwise Amino Acid Identity and Similarity of Fruit Fly PARP Proteins. 3 fruit 

fly protein sequences were used for pairwise amino acid identity and similarity analyses 

to identify pairwise percentage relationships amongst PARP members (Cunningham et 

al. 2022, Yates et al. 2022, Sievers et al. 2011, Stothard 2000; Table 6). Panel A in blue 

represents fruit fly (Dme) PARP identity and panel B in green represents fruit fly (Dme) 

PARP similarity.  
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To gain a better idea of the closest relatives to the undefined-PARPs, each 

undefined-PARP was compared to the following group members: DNA, Tankyrases, 

CCCH, and Macro-PARPs. Undefined-PARPs similarity to DNA-PARPs across all species 

(human, mouse, rat, zebrafish, and fruit fly) showed low percentages, ranging from 0.00 

to 19.46%, with the highest similarity being between PARP8 and PARP1 (Fig. 7). A 

comparison of similarity between undefined-PARPs and Tankyrase-PARPs across all 

species displayed low similarity ranging from 2.89 to 16.79% (Fig. 8). The highest 

similarity was between PARP10 and PARP5. When comparing similarity of CCCH-PARPs 

and undefined-PARPs across all species, amino acid similarity ranged from 0.00 to 

23.56% with higher identity with PARP10 and PARP11 relative to PARP7, PARP12, and 

PARP13 (Fig. 9).  

                The comparison of Macro-PARPs to undefined-PARPs, showed similarities 

ranging from 0.00 to 26.56% (Fig. 10). PARP10 had the highest total similarity across all 

Macro-PARP members for most species. PARP11 showed some similarity to both 

PARP14 and PARP15, but was confined to Danio rerio for PARP14 (18.39-22.97%) and 

human for PARP15 (11.69-14.62%). Other undefined-PARPs showed very little similarity. 

To investigate relationships with the undefined-PARP group they were compared to 

each other (Fig. 11). Similarity was the highest amongst PARP6 and PARP8 proteins 

across species, ranging from 14.06 to 53.12%. Danio rerio PARP10 appears to be more 

similar to PARP11 regardless of species with similarity of 17.13 to 19.84%. Also, PARP11 

and PARP16 also showed some identity (10.66-17.59%) across species. 
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Figure. 7. Pairwise Amino Acid Similarity of Undefined-PARPs relative to DNA-PARPs. Each of these DNA and undefined-PARP 

protein sequences from human (Hs), mouse (Mm), rat (Rn), zebrafish (Dre), and fruit fly (Dme) species were used to identify 

pairwise amino acid similarity across these members (Kent et al. 2002, Cunningham et al. 2022, Yates et al. 2022, Bult et al. 2019, 

Smith et al. 2019, Sievers et al. 2011, Stothard 2000; Tables 3-6). 
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Figure. 8. Pairwise Amino Acid Similarity of Undefined-PARPs relative to Tankyrase-PARPs. Each of these Tankyrase and 

undefined-PARP protein sequences from human (Hs), mouse (Mm), rat (Rn), zebrafish (Dre), and fruit fly (Dme) species were 

used to identify pairwise amino acid similarity across these members (Kent et al. 2002, Cunningham et al. 2022, Yates et al. 2022, 

Bult et al. 2019, Smith et al. 2019, Sievers et al. 2011, Stothard 2000; Tables 3-6). 
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Figure. 9. Pairwise Amino Acid Similarity of Undefined-PARPs relative to CCCH-PARPs. Each of these CCCH and undefined-PARP 

protein sequences from human (Hs), mouse (Mm), rat (Rn), zebrafish (Dre), and fruit fly (Dme) species were used to identify 

pairwise amino acid similarity across these members (Kent et al. 2002, Cunningham et al. 2022, Yates et al. 2022, Bult et al. 2019, 

Smith et al. 2019, Sievers et al. 2011, Stothard 2000; Tables 3-6).  
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Figure. 10. Pairwise Amino Acid Similarity of Undefined-PARPs relative to Macro-PARPs. Each of these Macro and undefined-

PARP protein sequences from human (Hs), mouse (Mm), rat (Rn), zebrafish (Dre), and fruit fly (Dme) species were used to 

identify pairwise amino acid similarity across these members (Kent et al. 2002, Cunningham et al. 2022, Yates et al. 2022, Bult et 

al. 2019, Smith et al. 2019, Sievers et al. 2011, Stothard 2000; Tables 3-6). PARP14rs2.1 Dre member was not chosen for analysis.  
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Figure. 11. Pairwise Amino Acid Similarity of Undefined-PARPs relative to Undefined-PARPs. Each of these undefined-PARP 

protein sequences from human (Hs), mouse (Mm), rat (Rn) , zebrafish (Dre), and fruit fly (Dme) species were used to identify 

pairwise amino acid similarity across these members (Kent et al. 2002, Cunningham et al. 2022, Yates et al. 2022, Bult et al. 2019, 

Smith et al. 2019, Sievers et al. 2011, Stothard 2000; Tables 3-6). 



 

 

 

51 

In order to continue analysis of amino acid conservation and divergence with the  

PARP gene family, we performed visual multiple alignments using the COBALT multiple 

alignment tool for five model organism species (Papadopoulos and Agarwala 2007, NCBI 

2022; Tables 3-6) to identify the regions of conserved amino acids, particularly those 

that are likely important for PARP function (Figures 12-16).  
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Figure. 12. COBALT-Style Multiple Sequence Alignment of Human PARP Proteins. 17 human PARP protein sequences were 

obtained from UCSC and input into the NCBI COBALT (constraint-based) multiple alignment tool (Kent et al. 2002, NCBI 2022, 

Papadopoulos and Agarwala 2007; Table 3). The red thin colored lines indicate some conservation of similar amino acids, and the 

blue thin colored lines indicates low conservation of similar amino acids. The sequence ID numbers tab that contains 

Query_10001 to Query_10017 represents PARP members 1, 2, 3, 4, 5a, 5b, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, and 16. The end tab 

represents the identified number of amino acids in each of the sequences.  

Sequence ID Start Alignment End Organism

1 3,2002,8002,6002,4002,2002 K1,8001,6001,4001,2001 K800600400200

Query_10001 (+) 1 1,014
Query_10002 (+) 1 570
Query_10003 (+) 1 533
Query_10004 (+) 1 1,724
Query_10005 (+) 1 1,327
Query_10006 (+) 1 1,166
Query_10007 (+) 1 630
Query_10008 (+) 1 657
Query_10009 (+) 1 854
Query_10010 (+) 1 819
Query_10011 (+) 1 1,025

Query_10012 (+) 1 338
Query_10013 (+) 1 701
Query_10014 (+) 1 902

Query_10015 (+) 1 1,801
Query_10016 (+) 1 678
Query_10017 (+) 1 322

NCBI Multiple Sequence Alignment Viewer, Version 1.22.0
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Figure. 13. COBALT-Style Multiple Sequence Alignment of Mouse PARP Proteins. 16 mouse PARP protein sequences were 

obtained from MGI and input into the NCBI COBALT (constraint-based) multiple alignment tool (Bult et al. 2019, NCBI 2022, 

Papadopoulos and Agarwala 2007; Table 4). The red thin colored lines indicate some conservation of similar amino acids, and the 

blue thin colored lines indicates low conservation of similar amino acids. The sequence ID numbers tab that contains 

Query_10001 to Query_10016 represents PARP members 1, 2, 3, 4, 5a, 5b, 6, 7, 8, 9, 10, 11, 12, 13, 14, and 16. The end tab 

represents the identified number of amino acids in each of the sequences. 

Sequence ID Start Alignment End Organism

1 3,5513,2003 K2,8002,6002,4002,2002 K1,8001,6001,4001,2001 K800600400200

Query_10001 (+) 1 1,013
Query_10002 (+) 1 559
Query_10003 (+) 1 533
Query_10004 (+) 1 1,969
Query_10005 (+) 1 1,320
Query_10006 (+) 1 1,166
Query_10007 (+) 1 630
Query_10008 (+) 1 657

Query_10009 (+) 1 891
Query_10010 (+) 1 830
Query_10011 (+) 1 960
Query_10012 (+) 1 331
Query_10013 (+) 1 711
Query_10014 (+) 1 996
Query_10015 (+) 1 1,817
Query_10016 (+) 1 322

NCBI Multiple Sequence Alignment Viewer, Version 1.22.0
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Figure. 14. COBALT-Style Multiple Sequence Alignment of Rat PARP Proteins. 16 rat PARP protein sequences were obtained 

from RGD and input into the NCBI COBALT (constraint-based) multiple alignment tool (Smith et al. 2019, NCBI 2022, 

Papadopoulos and Agarwala 2007; Table 5). The red thin colored lines indicate some conservation of similar amino acids, and the 

blue thin colored lines indicate low conservation of similar amino acids. The sequence ID numbers tab that contains 

Query_10001 to Query_10016 represents PARP members 1, 2, 3, 4, 5a, 5b, 6, 7, 8, 9, 10, 11, 12, 13, 14, and 16. The end tab 

represents the identified number of amino acids in each of the sequences.  

Sequence ID Start Alignment End Organism

1 3,1553 K2,8002,6002,4002,2002 K1,8001,6001,4001,2001 K800600400200

Query_10001 (+) 1 1,014
Query_10002 (+) 1 558
Query_10003 (+) 1 526
Query_10004 (+) 1 1,806
Query_10005 (+) 1 1,317
Query_10006 (+) 1 1,166
Query_10007 (+) 1 630
Query_10008 (+) 1 657

Query_10009 (+) 1 894
Query_10010 (+) 1 830
Query_10011 (+) 1 977
Query_10012 (+) 1 248
Query_10013 (+) 1 613
Query_10014 (+) 1 776
Query_10015 (+) 1 1,787
Query_10016 (+) 1 322

NCBI Multiple Sequence Alignment Viewer, Version 1.22.0
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Figure. 15. COBALT-Style Multiple Sequence Alignment of Zebrafish PARP Proteins. 19 zebrafish PARP protein sequences were 

obtained from Ensembl Main and input into the NCBI COBALT (constraint-based) multiple alignment tool (Cunningham et al. 

2022, NCBI 2022, Papadopoulos and Agarwala 2007; Table 6). The red thin colored lines indicate some conservation of similar 

amino acids, and the blue thin colored lines indicates low conservation of similar amino acids. The sequence ID numbers tab that 

contains Query_10001 to Query_10019 represents PARP members 1, 2, 3, 4, 5_1, 5_2, 6a, 6b, 7, 8, 9, 10, 11, 12a, 12b, 14_1, 

14_2, 14_3, and 16. PARP14rs2.1 member was not chosen for analysis. The end tab represents the identified number of amino 

acids in each of the sequence.     

Sequence ID Start Alignment End Organism

1 3,5873,4003,2003 K2,8002,6002,4002,2002 K1,8001,6001,4001,2001 K800600400200

Query_10001 (+) 1 1,013
Query_10002 (+) 1 648

Query_10003 (+) 1 531
Query_10004 (+) 1 1,842
Query_10005 (+) 1 1,280
Query_10006 (+) 1 1,267

Query_10007 (+) 1 196
Query_10008 (+) 1 645
Query_10009 (+) 1 279
Query_10010 (+) 1 859

Query_10011 (+) 1 456
Query_10012 (+) 1 581

Query_10013 (+) 1 312
Query_10014 (+) 1 663
Query_10015 (+) 1 446

Query_10016 (+) 1 1,810
Query_10017 (+) 1 505

Query_10018 (+) 1 1,797
Query_10019 (+) 1 328

NCBI Multiple Sequence Alignment Viewer, Version 1.22.0
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Figure. 16. COBALT-Style Multiple Sequence Alignment of Fruit Fly PARP Proteins. 3 fruit fly PARP protein sequences were 

obtained from Ensembl Main and Metazoan Ensembl and input into the NCBI COBALT (constraint-based) multiple alignment tool 

(Cunningham et al. 2022, Yates et al. 2022, NCBI 2022, Papadopoulos and Agarwala 2007; Table 6). The red thick colored boxes 

indicate high conservation of similar amino acids, the red thin colored lines indicate some conservation of similar amino acids, 

and the blue thin colored lines indicate low conservation of similar amino acids. The sequence ID numbers tab that contains 

Query_10001 to Query_10003 represents PARP members 1, 5, and 16. The end tab represents the identified number of amino 

acids in each of the sequences. 

Sequence ID Start Alignment End Organism

1 1,2331,1501,1001,0501 K95090085080075070065060055050045040035030025020015010050

Query_10001 (+) 1 994
Query_10002 (+) 1 1,181
Query_10003 (+) 1 359

NCBI Multiple Sequence Alignment Viewer, Version 1.22.0
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The COBALT multiple alignment of human PARP proteins revealed some 

conservation of similar amino acids (red) or low conservation (blue) across members at 

region 1,500 to 1,800 of the alignment with the exception of Macro-PARPs, PARP9 and 

PARP14 (Fig. 12). Mouse PARP protein members 6 and 7, and 9 to 13 showed some 

amino acid conservation around region 1,550 of the alignment (Fig. 13). Rat PARP 

protein members 12 and 13 (CCCH-PARPs) show amino acid conservation at region 

1,000 to 1,600, while PARP members 5b and 10 from region 300-430 display some 

conservation (Fig. 14). Zebrafish PARP members 1-6b, 8, 10, and 14_2 , have some 

amino acid conservation at region 1,680 of the alignment, while members 1-5_2, 10, 11, 

and 14_2 have conservation at region 2,140 (Fig. 15). PARP members 10 and 11 at 

regions 1,980, 2,140, and 2,300 and members 14_1 and 14_3 from regions 900 to 1,400 

show some amino acid conservation. All fruit fly PARP protein members 1, 5, and 16 

showed high conservation of similar amino acids (red) relative to region 370-780 of the 

alignment (Fig. 16).  

Phylogenetic Trees 
 
           While sequence alignment can provide conservation information across protein 

sequences, another method that provides greater detail, confidence measures, and 

visualization of relationships is phylogenetic analysis. Phylogenetic analysis mostly 

grouped the human PARP family members consistent with their functional 

categorization, e.g., DNA-PARPs, Tankyrase-PARPs, CCCH-PARPs, Macro-PARPs, with 

undefined-PARPs being dispersed (Fig. 17). Analysis confirms PARP4, PARP16, PARP6, 
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and PARP8, which are all undefined-PARPs, are related to one another and appear to be 

more closely related with the DNA-PARPs. Undefined-PARP11 grouped with the CCCH-

PARPs and PARP7 appears to be closely related to PARP11 and other CCCH-PARPs. 

Undefined-PARP10 appears to be distantly grouped with Macro, CCCH, and Tankyrase-

PARPs. For the mouse PARP comparison similarly, two large branches were observed 

but with more variation among functional groupings (Fig. 18). Similarly, to what was 

observed in the human, mouse DNA-PARPs appear to be more closely related to most 

undefined-PARPs and undefined-PARP11 groups with the CCCH-PARPs. Phylogenetic 

analysis of rat PARP members showed several branches with low confidence (Fig. 19). 

There is high confidence in the close relationship of DNA-PARPs and Tankyrase-PARPs, 

as well as undefined-PARP11 with the CCCH-PARP7. The zebrafish PARP members 

phylogenetic analysis showed two large groups with low confidence and one member 

being very divergent (PARP16) (Fig. 20). Most functional groups were found to be closely 

related with high confidence (Tankyrases, DNA, and Macro-PARPs). Most undefined-

PARPs are found on one of the two large branches. Undefined-PARPs are grouped 

together with the exception of PARP4 and PARP10. Undefined-PARP10 appeared to be 

most closely related to the Macro-PARPs. 
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Figure. 17. Clustering by Amino Acid Similarity Shows Human PARP Genes Primarily 

Group by Function. The evolutionary history was determined using the Neighbor-Joining 

tree method (Saitou and Nei 1987). The percentage of replicate trees in which the 

associated clade clustered together in the bootstrap test (500 replicates) are shown 

next to the branches (Felsenstein 1985). The evolutionary distances were computed 

using the Poisson correction method (Zuckerkandl and Pauling 1965). All ambiguous 

positions were removed for each sequence pair (pairwise deletion option). A total of 

2122 positions were found in the final dataset and this analysis involved 17 PARP amino 

acid sequences from the UCSC Genome Browser (Kent et al. 2002). Each of the PARP 

groups are labeled and colored according to function, green indicates the CCCH-PARPs, 

purple indicates the unknown (undefined)-PARPs, orange indicates the Macro-PARPs, 

pink indicates the Tankyrase-PARPs, and blue indicates the DNA-PARPs.  
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Figure. 18. Clustering by Amino Acid Similarity Shows Mouse PARP Genes Primarily 

Group by Function. The evolutionary history was determined using the Neighbor-Joining 

tree method (Saitou and Nei 1987). The percentage of replicate trees in which the 

associated clade clustered together in the bootstrap test (500 replicates) are shown 

next to the branches (Felsenstein 1985). The evolutionary distances were computed 

using the Poisson correction method (Zuckerkandl and Pauling 1965). All ambiguous 

positions were removed for each sequence pair (pairwise deletion option). A total of 

2072 positions were found in the final dataset. This analysis involved 16 PARP amino 

acid sequences from the Mouse Genome Informatics Database (Bult et al. 2019).  
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Figure. 19. Clustering by Amino Acid Similarity Shows Rat PARP Genes Primarily Group 

by Function. The evolutionary history was determined using the Neighbor-Joining tree 

method (Saitou and Nei 1987). The percentage of replicate trees in which the associated 

clade clustered together in the bootstrap test (499 replicates) are shown next to the 

branches (Felsenstein 1985). The evolutionary distances were computed using the 

Poisson correction method (Zuckerkandl and Pauling 1965). All ambiguous positions 

were removed for each sequence pair (pairwise deletion option). A total of 1928 

positions were found in the final dataset and this analysis involved 16 PARP amino acid 

sequences from the Rat Genome Database (Smith et al. 2019).  
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Figure. 20. Clustering by Amino Acid Similarity Shows Zebrafish PARP Genes Group 

Primarily by Function. The evolutionary history was determined using the Neighbor-

Joining tree method (Saitou and Nei 1987). The percentage of replicate trees in which 

the associated clade clustered together in the bootstrap test (489 replicates) are shown 

next to the branches (Felsenstein 1985). The evolutionary distances were computed 

using the Poisson correction method (Zuckerkandl and Pauling 1965). All ambiguous 

positions were removed for each sequence pair (pairwise deletion option). There were a 

total of 2032 positions in the final dataset. This analysis involved 19 PARP amino acid 

sequences from the Ensembl Main Database (Cunningham et al. 2022). PARP14rs2.1 

was not chosen for analysis (NCBI 2022).  
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              Since individual species analyses were unable to agree for some relationships we 

next used phylogenetic analysis to visualize relationships across and between species 

(Fig. 21). Analysis across all PARP species showed close relationship of DNA-PARPs 

(PARP1-3). PARP4, an undefined-PARP appears to be closely related to DNA-PARPs, 

although the confidence value is low (61). DNA-PARPs appear to be most-closely related 

to undefined-PARPs 4, 6, 8, and 16. PARP16, PARP8, and PARP6 appear to be even more 

closely related to each other. All Tankyrase-PARPs are closely related. Undefined-PARPs 

10 may be related to Tankyrases based on these data. All Macro-PARPs are closely 

related to each other, but appear distant to the other PARPs. CCCH-PARPs along with 

undefined-PARP11 appears to group together. A tree for PARP fruit flies was not 

generated due to these species only having three members as phylogenetic analysis 

requires at least 4 species.  
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Figure. 21. Clustering by Amino Acid Similarity Shows PARP Genes Across Species 

Primarily Group by Function. The evolutionary history was determined using the 

Maximum-Likelihood method and JTT-matrix based model (Jones et al. 1992). The 

percentage of replicate trees in which the associated clade clustered together in the 

bootstrap test (100 replicates) are shown next to the branches (Felsenstein 1985). Initial 

tree(s) for the heuristic search were obtained by applying Neighbor-Join and BioNJ 

algorithms to a matrix of pairwise distances estimated using the JTT model, and then 

selecting the topology with superior log likelihood value. The tree is drawn to scale, with 

branch lengths measured in the number of substitutions per site. There were a total of 

2958 positions in the final dataset and this analysis involved 71 amino acid sequences 

(Tables 3-6). PARP14rs2.1 member was not chosen for analysis.  
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Expression 

            Another way to investigate the evolutionary relationships among family members 

is to determine how well gene expression has been conserved among family members 

(Ocampo-Daza et al. 2011, Tostivint et al. 2014). This analysis examines regulatory 

conservation, such as functional aspects of promoter elements and enhancer activity, 

rather than sequence conservation in the coding region. In this first expression analysis, 

hierarchical clustering was used to examine pairwise co-expression of PARP genes 

(Obayashi et al. 2019). COXPRESdb, which includes data from microarray experiments of 

normal tissues and cell lines, was used to calculate and visualize co-expression of each 

gene pair as a heat map. Data are color scaled differently across species due to data 

retrieval times and number scales of data varied (Obayashi et al. 2019).  

Human Macro-PARPs, PARP9 and PARP14 are the most co-expressed pair (Fig. 

22). PARP12, a CCCH-PARP, was co-expressed with 9 and 14. PARP10, an undefined-

PARP, and PARP13 (ZC3HAV1) a CCCH-PARP, join the co-expression of PARP9, PARP14, 

and PARP12 to a lesser degree. PARP1 and PARP2, which are DNA-PARPs as well as 

PARP5a and PARP5b, the Tankyrase-PARPs shared some co-expression. Low or no co-

expression is scattered across most of the other pairs of PARP genes. Similar to human, 

pairwise co-expression at high levels was observed between mouse Macro-PARPs, 

PARP9 and PARP14 (Fig. 23). PARP9 and PARP12 (a CCCH-PARP), as well as PARP12 and 

PARP14 displayed moderate co-expression levels. There is also moderate co-expression 

observed between PARP9 and PARP10 an undefined-PARP. PARPs 13/ZC3HAV1 (a CCCH-

PARP), PARP11 (an undefined-PARP), PARP4, (another undefined-PARP), and PARP3 (a 
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DNA-PARP) joined in co-expression to a lesser degree with those noted above. PARP1 

and PARP2, which are DNA-PARPs as well as PARP5a and PARP5b, the Tankyrase-PARPs 

shared some co-expression. The majority of the other pairs of PARPs had little or no co-

expression.  

Similar to human and mouse species in this study, pairwise co-expression at high 

levels can be observed between rat PARP9 and PARP14 (Fig. 24). In addition, pairs 

PARP9 and PARP12, as well as PARP12 and PARP14 were moderately co-expressed.  

PARP10 and PARP13 join in co-expression with these noted above, just like in mouse. 

PARP3 and PARP4 also showed some co-expression with those noted above. Tankyrase-

PARPs show some co-expression, as similarly seen in human and mouse. The majority of 

the other pairs of PARPs show little or no co-expression, similarly to mouse. Similar to 

human, mouse, and rat, zebrafish pairwise co-expression was highest between PARP9 

and PARP14_1/PARP14rs1 (Fig. 25). PARP10, PARP12a, and PARP14_3/PARP14rs4 

showed some co-expression with each other, and the groups noted above. The majority 

of the other pairs of PARPs show little or no co-expression. In fruit flies PARP and TNKS, 

and TNKS and PARP16 show minimal co-expression with one another (Fig. 26).  
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Figure. 22. PARP9, PARP12, and PARP14 are Most Pairwise Co-Expressed Genes 

Among the Human PARP Gene Family. The PARP gene expression values from the NCBI 

microarray human data were clustered using Hcluster at the COXPRES database 

(Obayashi et al. 2019). Entrez gene ID numbers for these genes were obtained from 

NCBI. The linkage method for clustering was the average linkage method (Obayashi et 

al. 2019). Data are visualized in a heat map with high pairwise co-expression (0) being 

red to minimal pairwise co-expression (4) being light yellow. The following listed gene 

names are the equivalents for those not listed as their PARP gene names. TIPARP, is 

PARP7, TNKS and TNKS2 are representative of PARP5a and PARP5b, and ZC3HAV1 is 

PARP13. 
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Figure. 23. PARP9, PARP12, PARP14 are Most Pairwise Co-Expressed Genes Among the 

Mouse PARP Family Gene Members. The PARP gene expression values from NCBI 

microarray mouse data were clustered using Hcluster at the COXPRES database 

(Obayashi et al. 2019). The linkage method for clustering was the average linkage 

method (Obayashi et al. 2019). Data are visualized in a heat map with high pairwise co-

expression (0) being red to minimal pairwise co-expression (4) being light yellow. The 

following listed gene names are the equivalents for those not listed as their PARP gene 

names. Tiparp, is PARP7, Tnks and Tnks2 are representative of PARP5a and PARP5b, and 

Zc3hav1 is PARP13. PARP15 is not present in mouse. 
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Figure. 24. PARP9, PARP12, and PARP14 are Most Pairwise Co-Expressed Genes 

Among the Rat PARP Family Gene Members. The PARP gene expression values from 

NCBI microarray rat data were clustered using Hcluster at the database (Obayashi et al. 

2019). The linkage method for clustering was the average linkage method (Obayashi et 

al. 2019). Data are visualized in a heat map with high pairwise co-expression (20) being 

dark pink to minimal pairwise co-expression (-0) light blue. The following listed gene 

names are the equivalents for those not listed as their PARP gene names. TIPARP, is 

Parp7, TNKS and TNKS2 is representative of Parp5a and Parp5b, and ZC3HAV1 is Parp13. 

PARP15 is not present in rat.  
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Figure. 25. PARP9 and PARP14_1 are Most Pairwise Co-Expressed Genes Among the 

Zebrafish PARP Family Gene Members. The PARP gene expression values from NCBI 

microarray zebrafish data were clustered using Hcluster using the average linkage 

method (Obayashi et al. 2019). Data were visualized in a heat map with high pairwise 

co-expression (15) being dark pink to minimal pairwise co-expression (-0) light blue. 

Zebrafish PARP member 6a was not present in the database and Parp11 has no Entrez 

Gene ID. Tiparp is PARP7, Tnksa (PARP5_1) and Tnksb (PARP5_2) are orthologs to 

PARP5a. PARP13 and PARP15 are not present in zebrafish. PARP14rs2.1 member was 

not chosen for analysis.  
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Figure. 26. PARP, TNKS, and PARP16 show Minimal Pairwise Co-Expression Among the 

Fruit Fly PARP Family Gene Members. The PARP gene expression values from NCBI 

microarray fruit fly data were clustered using Hcluster at the COXPRES database 

(Obayashi et al. 2019). The linkage method for clustering was the average linkage 

method (Obayashi et al. 2019). Data are visualized in a heat map with high pairwise co-

expression (0.2) being white to minimal pairwise co-expression (-0.2) light blue. The 

following listed gene names are the equivalents for those not listed as their PARP gene 

names. Parp is the equivalent to PARP1 and Tnks is the equivalent to PARP5a and 

PARP5b. The other PARP gene family members are not present in fruit fly.  
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To gain a more thorough understanding of the conservation of gene expression 

for the human PARP gene family, as a set rather than just pairwise, a second approach 

was undertaken to cluster each gene’s expression relative to all the other genes across 

normal tissues. This analysis utilized data from RNA-sequencing and contained only 

normal tissues (Genotype-Tissue Expression project) (GTEx 2021). Normalized gene 

expression values for each human PARP gene for 54 normal human tissues was used to 

calculate and produce a multi-dimensional scale plot and cluster dendrogram plot using 

R/R Studio (GTEx 2021, Loraine et al. 2015).  

PARP genes in human tissues clustered into three groups: Group A, which 

include only PARP15, group B, which included PARP13, PARP14, PARP9, PARP12, 

PARP10, PARP4, and PARP8, and lastly group C, included PARP11, PARP7, PARP16, 

PARP5b, PARP3, PARP6, PARP5a, PARP2, and PARP1 (Fig. 27 panel A). PARP9 and 

PARP12 and PARP3 and PARP11 are most similar across all tissues as they entirely 

overlap. Genes in this analysis appear to also have clustered somewhat according to 

grouped functions (Fig. 27 panel B). In group A, PARP15 is a Macro-PARP, while group B 

contains CCCH-PARPs, undefined-PARPs, and Macro-PARPs. Group C has the remaining 

undefined-PARPs, DNA-PARPs, Tankyrase-PARPs, and a CCCH-PARP member.  
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Figure. 27. MDS and Cluster Dendrogram Analysis of Human PARP Gene Expression 

Across 54 Normal Tissues Shows Three Similarly Expressed PARP Groups. In panel A, 

the median gene expression levels for each PARP gene was obtained from the 

Genotype-Tissue Expression (GTEx) project for 54 normal tissues collected across 948 

donors (GTEx 2021). Clustering of gene expression was calculated then visualized using a 

Multi-Dimensional Scale (MDS) plot using R/R studio (Loraine et al. 2015). Each of the 

PARP genes are presented in three large, clustered groups (group A: colored yellow, 

group B: colored blue, and group C: colored orange) according to similar expression and 

are grouped as follows: PARP15 forms group A. PARP8, PARP14, PARP10, PARP9, 

PARP12, PARP13, and PARP4 form group B. PARP1, PARP2, PARP5a, PARP6, PARP11, 

PARP3, PARP5b, PARP16, and PARP7 form group C. Similarly in panel B, Clustering of 

gene expression was calculated then visualized using a Cluster Dendrogram plot using 

R/R studio (Loraine et al. 2015). Each of the PARP genes are presented in three large, 

clustered groups (groups A, B, and C) according to similar expression and are grouped as 

follows: PARP15 (Macro-PARP) forms group A. PARP4, PARP8, and PARP10 (Other-

PARPs), PARP9, PARP14 (Macro-PARPs), and PARP12 and PARP13 (CCCH-PARPs) form 

group B. PARP1, PARP2, and PARP3 (DNA-PARPs), PARP5a, PARP5b, (Tankyrase-PARPs), 

PARP6, PARP11, PARP16, (Other-PARPs), and PARP7 (CCCH-PARP) form group C.  
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To gain an idea of how these three groups differed in expression, across the 

normal tissues, expression from one gene from each group was visualized using a heat 

map using GTEx (GTEx 2022). Group A has one member, which is PARP15. The highest 

expression levels of PARP15 were observed in both the spleen and EBV-transformed 

lymphocytes (Fig. 28 panel A). The lowest expression levels of PARP15 were in the brain.  

PARP8, a representative gene from group B, had the highest expression in the thyroid 

and spleen (Fig. 28 panel B). The lowest expression for PARP8 was in the skeletal 

muscle. Overall, PARP3, a representative gene from group C was expressed in each of 

the tissues (Fig. 28 panel C). The highest expression was in the adrenal gland and 

thyroid. High expression levels of PARP3 were also in tissues such as the lung, spleen, 

liver, and uterus. The lower expression levels of PARP3 were brain tissue groups. The 

pancreas and whole blood tissues had the lowest PARP3 expression.  
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Figure 28. Expression of Example Genes. Gene expression was visualized at GTEx (2022) 

as a heat map quantified as transcript per million (TPM).Group A representative: 

PARP15. The TPM score for this gene is on a scale of 0.0 (light yellow) to 71 (dark blue). 

Group B representative: PARP8. The TPM score for this gene is on a scale of 0.0 (light 

yellow) to 30 (dark blue). Group C representative: PARP3. The TPM score for this gene is 

on a scale of 0.0 (light yellow) to 50 (dark blue). 
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Gene Order and Synteny  
 

Another way to evaluate evolutionary changes for a gene family is to examine 

gene order and synteny changes among species to identify chromosomal conservation, 

divergence, deletions, insertions, and rearrangements (Maynard et al. 2014). Each PARP 

gene was identified, surrounding genes were noted, and included the direction of 

transcription (NCBI, Ensembl Main, Metazoan Ensembl, Tables 7-11, JAX Synteny 

Browser Kolishovski et al. 2019). Each region was mapped with the human PARP gene as 

the anchoring gene (NCBI, Ensembl Main, Metazoan Ensembl, Tables 7-11, JAX Synteny 

Browser Kolishovski et al. 2019).  

PARP1 is located on chromosome 1 in both mice and human. Order and direction 

of transcription for surrounding  genes ITPKB, STUM, LIN9, and MIXL1 was maintained 

for mouse, rat, and human (Fig. 29, NCBI, Tables 7-11). Only LIN9 and MIXL1 are present 

in zebrafish near its PARP1 gene. Genes found in this region that were not present in 

other species were located in their individual genomes to ensure these genes were not 

simply deleted. The ITPKB gene in human is noted as the ortholog to the IP3K2 gene in 

Drosophila which is located on chromosome X. The STUM gene is located on 

chromosome 2R, while the LIN9 in human is an ortholog to the ALY gene located on 

chromosome 3L. MIP130 is also an ortholog to the human LIN9 gene and is located on 

chromosome X. MIXL1 gene is not present in Drosophila.  



79 
 

 

 

 
 
Figure. 29. PARP1 Chromosomal Context Shows Similar Conserved Gene Order for Four Out of Five Species in this Study. The 

NCBI Genome Database was used to identify PARP1’s location within each of listed species genomes and the direction of 

transcription. Homologs are the same color and relative direction of transcription is indicated by the arrow direction. The 

numbers listed by the species abbreviations are the chromosome numbers that indicate where genes are located (NCBI 2022). 

The human PARP gene was used as the center reference when generating each of the other PARP species gene order contexts.  
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Rn 13 ITPKB STUM PARP1 LIN9 MIXL1
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          In similar fashion, PARP2 was located on chromosome 14 in both human and 

mouse. The same gene order in mouse and rat has been maintained when compared to 

humans including surrounding genes TTC5, CCNB1IP1, TEP1, and KLHL33 (Fig. 30, NCBI, 

Tables 7-11). In zebrafish the order was no longer maintained, as the other genes 

(SDR39U1, METTL17, SI:CH211-284O19.8 (ortholog to the human GRINA gene), 

ZGC:66427) surround PARP2. METTL17 in human and mouse was located further down 

on chromosome 14 and in rat it was located further down on chromosome 15. In 

zebrafish the TTC5 and CCNB1LIP1 genes were located on chromosome 7. The SI:CH211-

63P21.8 gene is an ortholog to human gene KLHL33 and is also located on chromosome 

7. 
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Figure. 30.  PARP2 Chromosomal Context Shows Conserved Gene Order for Three Out of Five Species in this Study.  

The NCBI Genome Database was used to identify PARP2’s location within each of listed species genomes and the direction of 

transcription. Homologs are the same color and relative direction of transcription is indicated by the arrow direction. The 

numbers listed by the species abbreviations are the chromosome numbers that indicate where genes are located (NCBI 2022). 

The human PARP gene was used as the center reference when generating each of the other PARP species gene order contexts. 

The PARP2 gene is absent in Drosophila. 
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          PARP3 is found on chromosome 3 in human, 9 on mouse, 8 on rat, and 6 on 

zebrafish. The gene order IQCF1, RRP9, GPR62, and PCBP4 was the same across human, 

mouse, and rat but differed in zebrafish (Fig. 31, NCBI, Tables 7-11). TEX264A, GRM2A, 

GPR61L, and CAV3 are the nearest genes in this species. In zebrafish RRP9 is located on 

chromosome 11, IQCF1 was not present, and the SI:CH211-213O11.11 gene is an 

ortholog to the human gene GPR62, which was also located on chromosome 11. The 

PCBP4 gene is located on chromosome 22.  
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Figure. 31. PARP3 Chromosomal Context Shows Conserved Gene Order for Three Out of Five Species in this Study. The NCBI 

Genome Database was used to identify PARP3’s location within each of listed species genomes and the direction of transcription. 

Homologs are the same color and relative direction of transcription is indicated by the arrow direction. The numbers listed by 

the species abbreviations are the chromosome numbers that indicate where genes are located (NCBI 2022). The human PARP 

gene was used as the center reference when generating each of the other PARP species gene order contexts. The PARP3 gene is 

absent in Drosophila. 
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           For PARP4, the surrounding genes RNF17, ATP12A, CENPJ, MPHOSPH8, and PSPC1 

were in identical order in mouse and rat but differed when compared to human. RNF17 

and ATP12A are inverted on chromosome 13, indicating a chromosomal inversion event 

(Fig. 32, NCBI, Tables 7-11). CENPJ was located further down chromosome 13 in human 

and C1QTNF9 and SPATA13 were the other genes that surround PARP4. MPHOSPH8 and 

PSPC1 were located further down chromosome 13 in human. In mouse C1QTNF9 was 

located on chromosome 14, SPATA13 was located on chromosome 14, and SPATA13 

was located in front of C1QTNF9. In rat C1QTNF9 and SPATA13 was located on 

chromosome 15, and similarly SPATA13 was located in front of C1QTNF9. In zebrafish 

there were different surrounding genes compared to the other species (LOC103911649, 

IGSF3, TRIM45, and VTCN1). In this species the ATP12A gene was not present, RNF17 

was located on chromosome 9, and CENPJ was also located on chromosome 9. C1QTNF9 

was located on chromosome 24 and SPATA13 was located on chromosome 24.  
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Figure. 32. PARP4 Chromosomal Context Shows Similar Conserved Gene Order for Three Out of Five Species in this Study. 

The NCBI Genome Database was used to identify PARP4’s location within each of listed species genomes and the direction of 

transcription. Homologs are the same color and relative direction of transcription is indicated by the arrow direction. The 

numbers listed by the species abbreviations are the chromosome numbers that indicate where genes are located (NCBI 2022). 

The human PARP gene was used as the center reference when generating each of the other PARP species gene order contexts. 

The PARP4 gene is absent in Drosophila.  
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            Synteny analysis using the JAX Synteny browser allowed a broader look at this 

region. RNF17 and ATP12A showed a chromosomal inversion, as well as PARP4 itself 

(Fig. 33, JAX Synteny Browser Kolishovski et al. 2019). When mouse and human were 

compared highlighted by blocks of synteny, the genomic block containing PARP4 was 

found inverted relative to its neighboring synteny blocks (Fig. 33 A). The genomic block 

containing human C1QTNF9 and SPATA13 was located on a more distant block of mouse 

chromosome 14 (Fig. 33 A, B). Human MPHOSPH8 and PSPC1 were more distantly 

located from PARP4 on chromosome 13, but located directly next to PARP4 on mouse 

chromosome 14 (Fig. 33 A, B). 
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Figure. 33. Human-Mouse Synteny surrounding PARP4. Gene order and changes visualized in the JAX Synteny Browser 

(Kolishovski et al. 2019) with A) Human compared to Mouse and B) Mouse compared to Human. Genes highlighted in red are 

RNF17, MPHOSPH8, PARP4, ATP12A, C1QTNF9, and SPATA13.  
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         In mouse and rat the chromosome context surrounding PARP5a relative to humans 

is not identical (Fig. 34, NCBI and Ensembl, Tables 7-11). ERI1 and PPP1R3B genes in 

human and mouse have maintained order on chromosome 8. Differences include the 

genes MSRA and PRSS51 in human but DUSP4 and SARAF in mouse and rat. Human 

DUSP4 and SARAF genes were located further upstream. In mouse and rat MSRA and 

PRSS51 are located on chromosomes 14 and 15 respectively. Synteny analysis showed 

that PARP5a/TNKS, MSRA, and PPP1R3B in human and mouse are found in syntenic 

genomic blocks (chromosome 8 for both) but the next genomic block in human, which 

carries MSRA, is syntenic with mouse chromosome 14 (Fig. 35 A, JAX Synteny Browser 

Kolishovski et al. 2019). Human DUSP4 and SARAF are found downstream of PARP5a in a 

block that is also syntenic with mouse chromosome 8 (Fig. 35 B).  
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Figure. 34. PARP5a Chromosomal Context Shows Similar Conserved Gene Order for Four Out of Five Species in this Study. 

The NCBI Genome and Ensembl Databases were used to identify PARP5a’s location within each of listed species genomes and 

the direction of transcription. Homologs are the same color and relative direction of transcription is indicated by the arrow 

direction. The numbers listed by the species abbreviations are the chromosome numbers that indicate where genes are located 

(Cunningham et al. 2022, NCBI 2022). The human PARP gene was used as the center reference when generating each of the 

other PARP species gene order contexts. In zebrafish both TNKSa and TNKSb are listed as orthologs to the human PARP5a gene 

(Cunningham et al. 2022). The TNKS gene in Drosophila (Dme), is listed as an ortholog to both human PARP5a and PARP5b as it is 

unclear which human gene it is more closely related to (Cunningham et al. 2022, Yates et al. 2022).  
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Figure. 35. Human-Mouse Synteny surrounding PARP5a. Gene order and changes visualized in the JAX Synteny Browser 

(Kolishovski et al. 2019) with A) and B) Human compared to Mouse. Genes highlighted in red are  

DUSP4, SARAF, PPP1R3B, PARP5a/TNKS, and MSRA.  
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           In zebrafish there are two human PARP5a ortholog members, TNKSa and TNKSb. 

On chromosome 21 ERI1 is overlapping with PPP1R3B, and DUSP4 is located on the 

other side of TNKSa. In TNKSa in zebrafish MSRA is located on chromosome 20 and 

PRSS51 is not present. TNKSb has diverged from the other PARP5 members overtime, as 

the genes ADAMTS12, AGPAT9L, LOC100002472, and SI:CH211-155M12.1 surrounded 

this gene. This is also true for fruit fly, as the genes LGR3, RASSF8, JIGR1, and SSADH on 

chromosome 3R surround TNKS in this species. In Drosophila ERI1 is not present, 

PPP1R3B in human is the ortholog to the Gbs-70E gene in this species and is located on 

chromosome 3L. MSRA is located on chromosome 3L and PRSS51 is not present. 

HECTD2, PPP1R3C, FGFBP3, BTAF1 are the genes that surround PARP5b and have 

maintained order overtime relative to human, as mouse and rat have the identical 

context (Fig. 36, NCBI and Ensembl, Tables 7-11). Relative to the TNKS gene in fruit fly, it 

is an ortholog to both the human PARP5a and PARP5b genes and is why it is listed on 

both of their gene contexts (Fig. 34, Fig. 36).  
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Figure. 36. PARP5b Chromosomal Context Shows Conserved Gene Order for Three Out of Five Species in this Study. 

The NCBI Genome Database was used to identify PARP5b’s location within each of listed species genomes and the direction of 

transcription. Homologs are the same color and relative direction of transcription is indicated by the arrow direction. The human 

PARP gene was used as the center reference when generating each of the other PARP species gene order context (NCBI 2022). 

The TNKS gene in Drosophila (Dme), is listed as an ortholog to both human PARP5a (TNKS) and PARP5b (TNKS2) genes 

(Cunningham et al. 2022). In zebrafish both TNKSa and TNKSb genes are listed as orthologs to the human PARP5a, which is why 

they are not listed in this gene’s chromosome context. 
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          Relative to the human PARP6 gene both mouse and rats have identical context, 

which include HEXA, CELF6, PKM, and GRAMD2-GRAMD2A (Fig. 37, NCBI and Ensembl, 

Tables 7-11). The genes that surround PARP6a in zebrafish on chromosome 18 include 

DHDH.2, PKMA, SI:DKEY-205H23.1, and FAM219B. The genes surrounding PARP6b, are 

located on chromosome 25, and include HCN4L, PKMB, RPP25A, and COX5AA. The HEXA 

gene in zebrafish is an ortholog to the human HEXA gene and is located on chromosome 

25. CELF6 is located on chromosome 18, and the GRAMD2AA gene, which is an ortholog 

to the human GRAMD2A gene is located on chromosome 7.  
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Figure. 37. PARP6 Chromosomal Context Shows Conserved Gene Order for Three Out of Five Species in this Study. 

The NCBI Genome and Ensembl Databases were used to identify PARP6’s location within each of listed species genomes and the 

direction of transcription. Homologs are the same color and relative direction of transcription is indicated by the arrow direction. 

The numbers listed by the species abbreviations are the chromosome numbers that indicate where genes are located 

(Cunningham et al. 2022, NCBI 2022). Dre 18’s PARP6 genomic context originates from NCBI, while Dre 18’s *PARP6 genomic 

context originates from Ensembl, both are provided at full disclosure as there are surrounding genes that appear similar to other 

listed species. The human PARP gene was used as the center reference when generating each of the other PARP species gene 

order contexts. The PARP6 gene is not present in Drosophila.  
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The surrounding context relative to PARP7 in mouse, rat, and zebrafish that has 

maintained order relative to human includes KCNAB1 (KCNAB1A in zebrafish), SSR3, and 

LEKR1 (Fig. 38, NCBI, Tables 7-11). KCNAB1, SSR3, and LEKR1, and CCNL1 have 

maintained order in human, mouse, and rat. Zebrafish’s context has maintained gene 

order overtime except for the presence of the LOC101885893 gene. In zebrafish CCNL1A 

is an ortholog to the human CCNL1 gene, and is located on chromosome 18, but is 

further down the chromosome from the listed surrounding genes. CCNL1B is also an 

ortholog to human CCNL1 located on chromosome 2.  
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Figure. 38. PARP7 Chromosomal Context Shows Similar Conserved Gene Order for Four Out of Five Species in this Study. 

The NCBI Genome Database was used to identify PARP7’s location within each of listed species genomes and the direction of 

transcription. Homologs are the same color and relative direction of transcription is indicated by the arrow direction. The 

numbers listed by the species abbreviations are the chromosome numbers that indicate where genes are located (NCBI 2022). 

The human PARP genes were used as the center reference when generating each of the other PARP species gene order contexts. 

The PARP7 gene is not present in Drosophila.
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            Overtime, relative to PARP8’s context, HCN1, EMB, PARP8, ISL1, ITAG1, and PELO 

have maintained the same order across mouse and rat relative to human (Fig. 39, NCBI, 

Tables 7-11). Note that ISL1, ITAG1, and PELO genes in human is further down on 

chromosome 5. ISL1, ITAG1, and PELO in mouse is further up on chromosome 13 and 

are also further up chromosome 2 in rat. In zebrafish one of the surrounding genes is 

ISL1A, which is like the ISL1 gene in the other noted species and is located on 

chromosome 5. There is an IS1LB gene that is located on chromosome 10. HCN1 is not 

present in zebrafish, EMB is located on chromosome 5, and ITGA1 is located on 

chromosome 10.  
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Figure. 39. PARP8 Chromosomal Context Shows Conserved Gene Order for Three Out of Five Species in this Study.   

The NCBI Genome Database was used to identify PARP8’s location within each of listed species genomes and the direction of 

transcription. Homologs are the same color and relative direction of transcription is indicated by the arrow direction. The 

numbers listed by the species abbreviations are the chromosome numbers that indicate where genes are located (NCBI 2022). 

The human PARP gene was used as the center reference when generating each of the other PARP species gene order contexts. 

The PARP8 gene is not present in Drosophila. 
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            PARP9 and PARP14 reside near each other on chromosome 14 in human, the 

same genes, and similar context was also identified across mouse, rat, and zebrafish 

species (Fig. 40, NCBI, Tables 7-11). PARP15, which is near human PARP14, is not 

present in mouse, rat, or zebrafish. Relative to human, mouse and rat have maintained 

context order. In zebrafish, the order is somewhat similar, but those surrounding genes 

are either found on other chromosomes or they are not present. In zebrafish HSPBAP1, 

SLC49A4, and PARP14rs3 are located further down chromosome 9. The DTX3L gene in 

human is an ortholog to the DTX3LB.2, DTX3LB.3, and DTEX3LB.1 genes in this species 

and these are located on chromosome 11. KPNA1 is located on chromosome 24 and 

WDR5B is not present in this species. ACTR3, GPR39, and UBXN4 are the genes that 

surround PARP14rs3 (PARP14_2). PARP14rs4 (PARP14_3) is located on chromosome 10 

but appears to be more closely related to PARP14rs1 (PARP14_1) according to 

phylogenetic analysis (Fig. 20, NCBI 2022). In synteny analysis PARP9 and PARP14 are 

present on both human and mouse chromosomes, and that the lack of PARP15 in 

mouse is not due to a chromosomal rearrangement, as they reside in single syntenic 

genomic blocks (Fig. 41, JAX Synteny Browser Kolishovski et al. 2019).
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Figure. 40. PARP9, PARP14, and PARP15 Chromosomal Context Shows Similar Conserved Gene Order for Four Out of Five 

Species in this Study. The NCBI Genome and Ensembl Databases were used to identify PARP9’s, PARP14’s, and PARP15’s location 

within each of listed species genomes and the direction of transcription. PARP9, PARP14_1 (Dre-9*, SI:CH211-219A4.3 was 

previously listed on Ensembl but is no longer present and still appears on the zebrafish information network-ZFIN database) 

appears to be same as PARP14rs1 (NCBI), and PARP14_2 (CABZ01079480.1-Ensembl) appears to be same as PARP14rs3 (NCBI) 

and has been identified in Dre (Bradford et al. 2022, Cunningham et al. 2022, NCBI 2022). Homologs are the same color and 

relative direction of transcription is indicated by the arrow direction. The numbers listed by the species abbreviations are the 

chromosome numbers that indicate where genes are located (Cunningham et al. 2022, NCBI 2022). The human PARP gene was 

used as the center reference when generating each of the other PARP species gene order contexts. The gene context that 

surrounds CABZ01079480.1 is listed in zebrafish as it appears to be closely related to PARP14 and is known as a human PARP15 

ortholog (Cunningham et al. 2022). PARP14rs2.1 was not chosen for analysis. PARP9, PARP14, and PARP15 are absent in 

Drosophila.  
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Figure. 41. Human-Mouse Synteny surrounding PARP9, PARP14, and PARP15. Gene order and changes visualized in the JAX 

Synteny Browser (Kolishovski et al. 2019) with A) Human compared to Mouse. Genes highlighted in red are PARP9, PARP14, 

PARP15, DTX3L, and HSPBAP1.        
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           In PARP10, similar context order has been maintained in human, mouse, and rat 

species (Fig. 42, NCBI, Tables 7-11). The location of GRINA was observed within PARP10 

in humans, but was located upstream of PARP10 in mouse and rat. There appears to be 

an annotation error on NCBI because human genomic context from Ensembl was 

compared to that of the human and mouse context from the JAX Synteny Browser (Fig. 

43 A, B). Therefore, chromosome context is considered identical in human, mouse, and 

rat. In zebrafish the same surrounding genes cannot be observed as SPAG1A, POLR2K, 

CPSF1, and ADCK5 are present. In zebrafish the SPATC1 gene is not present. GRINAA is 

an ortholog to the human GRINA gene and is located on chromosome 19.  PLECA is an 

ortholog to the human PLEC gene and is located on chromosome 19, while PLECB is 

located on chromosome 16. EPPK1 is located on chromosome 19.  
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Figure. 42. PARP10 Chromosomal Context Shows Similar Conserved Gene Order for Three Out of Five Species in this Study. The 

NCBI Genome Database was used to identify PARP10’s location within each of listed species genomes and the direction of 

transcription. Homologs are the same color and relative direction of transcription is indicated by the arrow direction. The 

numbers listed by the species abbreviations are the chromosome numbers that indicate where genes are located (NCBI 2022). 

The human PARP gene was used as the center reference when generating each of the other PARP species gene order contexts. 

The PARP10 gene is not present in Drosophila.  
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Figure. 43. Human-Mouse Synteny surrounding PARP10 alongside PARP10’s Ensembl Genomic Context. Gene order and 

changes visualized in the JAX Synteny Browser (Kolishovski et al. 2019) and Ensembl (Cunningham et al. 2022) with A) Human 

compared to Mouse and B) Human. Genes highlighted in red are PLEC, GRINA, PARP10, and SPATC1 (A). The same genes are 

noted in (B).  
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               For PARP11, surrounding genes are found to be similar in human, mouse, and 

rat (Fig. 44, NCBI and Ensembl, Tables 7-11). The genes that surround PARP11 in 

zebrafish are FTR64, PYROXD1, IAPP, and SLCO1F1. In zebrafish TIGARA is an ortholog to 

the human TIGAR gene and is located on chromosome 25. TIGARB, which is also an 

ortholog, is located on chromosome 4. CCND2A, which is an ortholog to the human gene 

CCND2 is located on chromosome 25. Similarly, CCND2B is located on chromosome 4. 

CRACR2AA is an ortholog to the human CRACR2A and is located on chromosome 18. 

CRACR2AB is also located on chromosome 4. PRMT8B is an ortholog to the human 

PRMT8 gene and is located on chromosome 4.  
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Figure. 44. PARP11 Chromosomal Context Shows Conserved Gene Order for Three Out of Five Species in this Study. The NCBI 

Genome and Ensembl Databases were used to identify PARP11’s location within each of listed species genomes and the direction 

of transcription. Homologs are the same color and relative direction of transcription is indicated by the arrow direction. The 

numbers listed by the species abbreviations are the chromosome numbers that indicate where genes are located (Cunningham 

et al. 2022, NCBI 2022). The human PARP gene was used as the center reference when generating each of the other PARP 

species gene order contexts. The PARP11 gene is not present in Drosophila.  
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            Chromosome context relative to PARP12 and PARP13 has been maintained in 

human, mouse, and rat (Fig. 45, NCBI, Tables 7-11). Upstream of PARP12a in zebrafish, 

TBXAS1, HIPK2, and KIAA1549 can be found, indicating that its context has maintained 

some order when compared to the other species. Note that the KIAA1549 gene in 

human has orthologs in all listed species with the exception of Drosophila and are listed 

as follows: mouse D630045J12RiK, rat RGD1306271, zebrafish (12a) SI:CH211-1E14.1, 

and zebrafish (12b) SI:DKEYP-27E10.3 these genes were listed as KIAA1549 for 

consistency across species genomic context. In zebrafish SLC37A3 is located on 

chromosome NW_003336877.1. KDM7AA which is an ortholog to the human KDM7A 

gene is located on chromosome 4. KDM7AB is located on chromosome 25. UBN2A 

which is an ortholog to human gene UBN2 is located on chromosome 6. UBN2B is 

located on chromosome 3 and TTC26 is located on chromosome 6.  
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Figure. 45. PARP12 and PARP13 Chromosomal Context Shows Similar Conserved Gene Order for Four Out of Five Species in 

this Study. The NCBI Genome Database was used to identify PARP12’s and PARP13’s location within each of listed species 

genomes and the direction of transcription. Homologs are the same color and relative direction of transcription is indicated by 

the arrow direction. The numbers listed by the species abbreviations are the chromosome numbers that indicate where genes 

are located (NCBI 2022). The human PARP gene was used as the center reference when generating each of the other PARP 

species gene order contexts. PARP12 and PARP13 are not present in Drosophila.  
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Interestingly, PARP13 is also known as ZC3HAV1 and a gene named ZC3HAV1L 

resides immediately downstream, so we investigated their similarity. Synteny analysis 

shows that on the human chromosome 7 and mouse chromosome 6 that PARP13 

(ZC3HAV1) and ZC3HAV1L have a preserved genomic context (direct repeats), as well as 

PARP12 and other surrounding genes TBXAS1, HIPK2, KDM7A, UBN2, TTC26, LUC7L2, 

CLEC2L, and KLRG2 (Fig. 46, JAX Synteny Browser Kolishovski et al. 2019). PARP13 and 

ZC3HAV1L have similar percent identity when their amino acid sequences are aligned 

(Fig. 47 A). However, ZC3HAV1L appears to be truncated at its carboxy-terminal end 

compared to PARP13 (Fig. 47 B). To place ZC3HAV1L within the gene family phylogenetic 

analysis with all species was repeated including this gene. As expected, ZC3HAV1L in 

human, mouse, and rat grouped closely to PARP13 and also a CCCH-PARP (Fig. 48).  
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Figure. 46. Human-Mouse Synteny surrounding PARP13 (ZC3HAV1). Gene order and changes visualized in the JAX Synteny 

Browser (Kolishovski et al. 2019) with A) Human compared to Mouse. Genes highlighted in red are PARP12, PARP13, ZC3HAV1L, 

TBXAS1, HIPK2, KDM7A, UBN2, TTC26, LUC7L2, CLEC2L, and KLRG2.  
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Figure. 47. ZC3HAV1L is similar to PARP13 according to Clustal Omega-MView and COBALT Multiple Sequence Alignments. In 

panel A, protein sequence alignment of human proteins PARP12, PARP13, and ZC3HAV1L was done with the use of Clustal 

Omega and MView multiple alignment tools (Kent et al. 2002, Cunningham et al. 2022, Sievers et al. 2011, Brown et al. 1998, 

Brown 1999; Table 3). In panel B, COBALT multiple sequence alignment was done with human PARP13 (Query_10001) and 

ZC3HAV1L (Query_10002) proteins (NCBI 2022, Papadopoulos and Agarwala 2007, Kent et al. 2002, Cunningham et al. 2022; 

Table 3).  

Sequence ID Start Alignment End Organism

1 93290085080075070065060055050045040035030025020015010050

Query_10001 (+) 1 902
Query_10002 (+) 1 300

NCBI Multiple Sequence Alignment Viewer, Version 1.22.0
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Figure. 48. PARP Species Phylogenetic Analysis with ZC3HAV1L. ZC3HAV1L’s protein 

sequence is analyzed alongside all PARP species protein sequences where the Maximum 

Likely hood method-JTT matrix-based model was used and applied to 74 sequences with 

100 tree bootstrapping replicates and 3115 amino acid positions (Jones et al. 1992, 

Felsenstein 1985; Tables 3-6). Each of the PARP groups are labeled and colored 

according to function. Green indicates the CCCH-PARPs, purple indicates the unknown 

(undefined)-PARPs, orange indicates the Macro-PARPs, pink indicates the Tankyrase-

PARPs, red indicates ZC3HAV1L, and blue indicates the DNA-PARPs.  
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           PARP16 has maintained identical surrounding gene context in human, mouse, and 

rat species (Fig. 49, NCBI, Tables 7-11). Zebrafish and fruit fly have dissimilar context. In 

zebrafish IGDCC4 is located on chromosome 7, IGDCC3 is located on chromosome 7, 

CILP is located on chromosome 7, and CLPXA which is an ortholog to the human gene 

CLPX is also located on chromosome 7, while CLPXB is located on chromosome 25. 

IGDCC4, IGDCC3, CILP, and CLPX are not present in fruit flies. There is a clpX gene in fruit 

flies but has a different function then the gene listed in this chromosome context in the 

other species (NCBI 2022). 
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Figure. 49. PARP16 Chromosomal Context Shows Conserved Gene Order for Three Out of Five Species in this Study. The NCBI 

Genome Database was used to identify PARP16’s location within each of listed species genomes and the direction of 

transcription. Homologs are the same color and relative direction of transcription is indicated by the arrow direction. The 

numbers listed by the species abbreviations are the chromosome numbers that indicate where genes are located (NCBI 2022). 

The human PARP gene was used as the center reference when generating each of the other PARP species gene order context. 
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DISCUSSION 

 
The goals of this project were to 1) identify relationships among PARP gene 

family members and 2) identify the undefined-PARP’s nearest relative in the gene family 

using multiple evolutionary lines of evidence. In previous gene family studies conducted 

by Ocampo Daza et al. (2011) and Tostivint et al. (2014), similar analyses done in this 

study for the PARP gene family were also used to analyze the Insulin-Like Growth Factor 

Binding Protein (IGFBP) gene family members and G-protein-coupled receptors (SSTR 

and UTS2R) gene family members (specifically receptors of somatostatin (SS) and 

urotensin II (UII)) across species, including sequence alignments, phylogenetic, and 

genomic context analyses to analyze the evolution of members and evolutionary events, 

such as ancestral gene members, variances in functions, as well as gene duplications. 

Amino Acid Analyses  

First, by looking at amino acid similarity and identity percentages in PARP species 

pairs we found that human, mouse, rat, and zebrafish family members generally 

grouped by function, but percentages were generally low, indicating this is likely an 

older gene family. Multiple alignment per species showed moderate similarity, which 

mirrors the long-ago divergence. Some interesting features within these data are that 

DNA-PARP members and Tankyrase-PARP members across all species had amino acid 

identity and similarity percentage ranges that supported their relations as groups. 

Unknown-PARPs 6 and 8 had higher amino acid identity and similarity to each other 

regardless of species. Finally, a large group with some shared identity and similarity are 
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PARPs 9-15 and PARP7, which are mostly CCCH and Macro-PARPs. The conclusions that 

can be best supported from these analyses is that PARP10 is more closely related to 

Macro-PARPs, PARP11 is more closely related to CCCH-PARPs, PARP4, PARP6, PARP8, 

and PARP16 are most related to DNA-PARPs. COBALT analyses indicate that these family 

members retain some close relations but have also diverged as conservation of amino 

acids are not relatively high.  

Phylogenetic Analyses  

Phylogenetic analyses supported that known functional group PARPs are related 

with one another as well as mostly supported the same relationships of the undefined 

PARPs that were found with the amino acid similarity and identity analyses. PARP11 is 

most related to CCCH-PARPs as indicated by its relationship with PARP12 and PARP13. 

PARP10 is related to both or either Macro or CCCH-PARPs, but more support was found 

for relatedness to Macro-PARPs. PARPs 4, 6, 8, and 16 appear to be more closely related 

with DNA-PARPs. Undefined-PARP11 grouped with the CCCH-PARPs. PARP14_2 in 

zebrafish is likely an ortholog of human PARP10, as it grouped with PARP10 rather than 

PARP14.  

Expression Analyses  

Expression analyses provided insight on how gene expression across all species 

has been conserved overtime. Pairwise co-expression of human PARP9 and PARP14 is 

consistent with Macro-PARP protein grouped functions. The co-expression observed 

between PARP9 and PARP12 and PARP12 and PARP14 is interesting in that PARP12 is a 

CCCH-PARP and PARP14 is a Macro-PARP. PARP10 appeared to co-express with PARP13, 
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another CCCH-PARP, and the other mentioned PARPs to a lesser extent, suggesting that 

PARP10 is a CCCH-PARP or Macro-PARP. DNA-PARPs (1, 2) and Tankyrase-PARPs (5a, 5b) 

showed some co-expression indicating consistency with grouped functions. In mouse, 

PARP9 and PARP14’s co-expression is also consistent with Macro-PARP grouped 

functions, and the moderate co-expression observed between PARP9 and PARP12 and 

PARP12 and PARP14 was interesting as this was similarly observed in humans. PARP10’s 

co-expression with PARP9 indicates it maybe most related to Macro-PARPs. PARP11 and 

PARP13 as well as PARP3 and PARP4 in mouse were similarly co-expressed as well as 

with these groups mentioned above indicating PARP11 could be a CCCH-PARP and 

PARP4, which further supports it is a relative of DNA-PARPs. DNA-PARPs (1, 2) and 

Tankyrase-PARPs (5a, 5b) shared some co-expression, suggesting a relationship.  

The clearest identified co-expressed relationship occurs between the Macro-

PARPs (9 and 14) in rat, indicating that the Macro-PARPs have the strongest relationship 

relative to expression in this analysis, as human, mouse, and zebrafish results were 

similar. The moderate pairwise co-expression relationship of PARPs 9 and 12, as well as 

12 and 14 were observed, as similarly viewed in mouse and humans. PARP10 and 

PARP13 join these groups in co-expression, again suggesting PARP10 may be a CCCH or 

Macro-PARP member. PARP3 and PARP4 also showed some co-expression with the 

listed groups above, again supporting PARP4 as a DNA-PARP relative. Tankyrase-PARPs, 

5a and 5b are consistent with their grouping as they are somewhat co-expressed with 

one another. The clearest identified co-expressed relationship occurs between the 

Macro-PARPs (9 and 14_1) in zebrafish, indicating that the Macro-PARPs have the 
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strongest PARP relationship with respect to gene expression in this analysis, as human, 

mouse and rat results were similar. PARP10, PARP12a, and PARP14_3 also share co-

expression amongst one another and those listed above, suggesting PARP10 may either 

be a CCCH or Macro-PARP.  

Group cluster analysis of gene expression in normal human tissue samples align 

with grouping of protein functions as samples were broadly grouped into three main 

groups according to expression. PARP15 is the single member of group A, which 

indicates high divergence or a specialized function as its expression was confined to just 

a few tissues. Group B has mostly Macro or CCCH-PARPs as well as undefined-PARPs 4, 

8, and 10, suggesting similarity to these groups. Group C had mainly DNA, CCCH, and 

Tankyrase-PARPs as well as undefined-PARPs 11, 6, and 16. However, the inclusion of 

most PARP function groups in group C make any conclusion very speculative. The best 

supported conclusions from gene expression analysis gives further support for the 

results previously obtained in the above analyses, that PARP10 is likely related to 

Macro-PARPs or CCCH-PARPs, PARP11 is most similar to CCCH-PARPs, and that PARP4, 

PARP6, PARP8, and PARP16 are most similar to DNA-PARPs.  

Gene Order Analyses  

             Gene order context identified genome conservation or divergence events that 

occurred relative to each of the studied species. Gene order context relative to PARP1, 

PARP2, and PARP3 has been relatively conserved across species. PARP4’s gene order 

context in human compared to mouse and rat indicates that a chromosomal inversion 
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event occurred as the altered orientation of genes ATP12A and RNF17 is present. The 

CENPJ gene is also located in a different region on the chromosome in human, which 

indicates an event happened as this gene’s location in mouse and rat has been 

conserved overtime. Synteny genomic analysis in human confirmed that both ATP12A 

and RNF17 represent a chromosomal inversion event, as well as PARP4 itself. The TNKSa 

gene in zebrafish is the most closely related zebrafish member to the PARP5a gene in 

human, mouse, and rat according to gene order. Synteny analysis confirms that DUSP4 

is not conserved in the same chromosomal region relative to both human and mouse 

genomic context. Gene context in zebrafish on chromosome 5 (TNKSb) and in fruit fly 

differs from human, mouse, and rat indicating that events occurred to alter the similar 

context that has been preserved overtime in these species. The only context that differs 

from the other species is fruit fly relative to PARP5b. The TNKS gene in fruit fly has been 

identified as an ortholog to both human PARP5a and PARP5b genes. PARP6, PARP7, and 

PARP8 gene context has been relatively conserved across species. PARP9, 14, and 15’s 

genomic context indicates that PARP15 is likely a recent gene duplication event from 

PARP14 in human, as PARP15 is also present in chimpanzees (data not shown), and is 

not present in the other listed species. PARP15 may also have acquired some sort of 

specialized function or expression in human due to its narrow tissue-specific expression 

profile. Indeed, a prior analysis by Perina et al. (2014) suggested that PARP14 was often 

duplicated, and duplicates were found predominantly in vertebrates. They furthermore 

suggested that PARP15 is likely a duplication of PARP14 and that this originally occurred 

before mammals split from the common ancestor (Perina et al. 2014). Evidence 
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supporting this duplication is several-fold. First, the Macro-PARP domains in PARP9 and 

14 are relatively similar in length but PARP15’s macro domain appears to be shorter (Li 

and Chen 2014). PARP15 is the family member that shows the lowest expression and is 

absent in all species except humans; since it is present in chimps (data not shown), we 

suggest it also may be a single duplication of PARP14 in humans according to our 

analyses, that it may have acquired very specific expression or a specialized function 

that the other species do not have, or that it may be undergoing pseudogenization or 

could have been deleted in other species. The human protein atlas contained RNA-seq 

tissue data (not shown) for both PARP14 and PARP15 and revealed that both genes are 

expressed in the bone marrow/lymphoid and gastrointestinal tissues but that PARP15 is 

expressed at a lesser extent (Uhlén et al. 2015). Gene cluster expression data from 

tissues (not shown) showed that PARP14 is present amongst other genes in clusters of 

macrophages that carry out immune response functions, while PARP15 is present 

amongst other genes in clusters that are specific to general immune cell response 

functions, which again suggests that PARP15 may have acquired specific expression and 

function (Uhlén et al. 2015). Synteny genomic analysis indicates that PARP9, PARP14, 

and PARP15 in human are likely all duplications of one another, as they reside near each 

other on the same chromosome. Similarly, PARP11’s, PARP12’s, PARP13’s, and PARP16’s 

genomic context has been relatively conserved across species.  
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ZC3HAV1L 

        In the study of chromosome context, we noticed a possible new PARP gene family 

member. Genomic context-synteny analyses confirms that Z3CHAV1L is a likely gene 

duplication of PARP13 which resulted from a tandem repeat. According to sequence 

analyses, human ZC3HAV1L is more closely related to CCCH-PARPs 12 and 13 as 

confirmed via phylogenetic tree analysis.   

General Conclusion 

              Taken together, human Macro-PARPs (9-14) have retained the strongest group 

relation overtime, as function, phylogenetic, gene expression, and gene order analyses 

agree to these relationships. Human DNA-PARPs and Tankyrase-PARPs may also have 

been recently duplicated as they retain higher pairwise amino acid identity-similarities, 

close relations according to phylogenetic analysis, grouped expression relative to 

pairwise co-expression and RNA-seq human tissue analysis, and gene order context that 

has been relatively conserved. CCCH-PARPs across species are similar relative to 

pairwise amino acid identity-similarities, phylogenetic analysis (humans, mouse, and 

rats), gene expression, and gene order context analyses (humans, mouse, rats, and 

zebrafish). Undefined-PARPs, PARP4, PARP6, PARP8, and PARP16 are likely related to 

DNA-PARP functional group based on pairwise amino acid identity-similarity, 

phylogenetic, and gene expression analyses. PARP10 is likely related to CCCH, or Macro-

PARP functional group based on pairwise amino acid identity-similarity, phylogenetic, 

and gene expression analyses in species. PARP11 is most likely related to the CCCH-PARP 

functional group based on pairwise amino acid identity-similarity, phylogenetic, and 



128 
 

 

 

gene expression analyses. PARP11 was also suggested to have lost Zinc activity due from 

a duplication event, which aligns with our study in that PARP11 could be a part of the 

CCCH-Zinc PARP family (Perina et al. 2014).   

When we further compared the results of our current study to prior studies 

(Citarelli et al. 2010, Perina et al. 2014), many overlaps can be found. In these prior 

studies of eukaryotic PARPs, family members were organized according to protein 

related clade groupings. Clade 1 incorporated human PARP members 1, 2, and 3 which 

is consistent with DNA-PARPs in our analyses and PARP1 was identified as the likely 

ancestral PARP gene member (Citarelli et al. 2010, Perina et al. 2014). Clade 1 was also 

found in mouse, zebrafish, and fruit fly species (PARP1) (Perina et al. 2014). Clade 2 was 

not found in our species models. Clade 3 included human members 9, 14, 15, 7, 12, 13, 

10, and 11 (Citarelli et al. 2010, Perina et al. 2014) which is consistent with our findings 

as PARP9, PARP14, and PARP15, are Macro-PARPs, PARP7, PARP12, and PARP13 are 

CCCH-PARPs, and PARP10 is either a Macro or CCCH-PARP, and PARP11 is likely a CCCH-

PARP. Similarly, clade 3 was found in mouse (except PARP15) and zebrafish (except 

PARP13 and PARP15) species (Perina et al. 2014). Clade 4 involved human, mouse, 

zebrafish, and fruit fly Tankyrase members PARP5a and PARP5b (except PARP5b in 

zebrafish) (Citarelli et al. 2010, Perina et al. 2014) which aligns with our results, as these 

members appear to be closely related across analyses. Clade 5 involved human, mouse, 

and zebrafish PARP4, an undefined-PARP, and suggested DNA-PARP member in our 

analyses, while clade 6 incorporated human, mouse, and zebrafish PARPs 6, 8, and 16 
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undefined members, which are also suggested to be DNA-PARPs in our analyses, and 

appear to share relations in amino acid and phylogenetic analyses across species, which 

suggests these PARPs may even form their own related sub-group (Citarelli et al. 2010, 

Perina et al. 2014). Citarelli et al. (2010) concluded that one ancestral protein likely 

functioned in response to DNA-damage similarly seen in PARP1 (human) and that the 

second ancestral gene may not have had ribosylation activity, but evolved it at a later 

time.  

Taken together, these studies provide a more comprehensive and updated view 

of the evolutionary history of this gene family with our current study providing evidence 

of the nearest PARP relatives to undefined-PARPs, identification of gene evolution 

events in the Macro-PARP family members, and proposal of a new PARP member, 

ZC3HAV1L. Future studies should involve gene structure analysis to evaluate the 

conservation of exon structures that would lend additional molecular evidence to the 

similarity studies conducted above. Additional studies could include PARP genes in other 

species (from the 200 PARP homologs) to provide an overall consensus relative to 

conservation or divergence across family members. It may also be of value to focus 

some of these analyses specifically on the PARP domain, as this domain is key to 

defining these members as a gene family, is important for catalytic activity, and their 

functional groupings have been conserved overtime.  
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