
Polymerase δ-interacting protein 2: a multifunctional protein

Marina Sorrentino Hernandes, Bernard Lassègue, and Kathy K. Griendling
Division of Cardiology, Department of Medicine, Emory University, Atlanta, GA 30322

Abstract

Polymerase δ-interacting protein 2 (Poldip2) is a multi-functional protein originally described as a 

binding partner of the p50 subunit of DNA polymerase δ and proliferating cell nuclear antigen. In 

addition to its role in DNA replication and damage repair, Poldip2 has been implicated in 

mitochondrial function, extracellular matrix regulation, cell cycle progression, focal adhesion 

turnover and cell migration. However, Poldip2 functions are incompletely understood. In this 

review, we discuss recent literature on Poldip2 tissue distribution, subcellular localization, and 

function. We also address the putative function of Poldip2 in cardiovascular disease, 

neurodegenerative conditions and in renal pathophysiology.
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Introduction

Polymerase δ-interacting protein 2 (Poldip2, also known as PDIP38 and Mitogenin-1) was 

discovered a little over ten years ago as a 368 amino acid binding partner of the p50 subunit 

of DNA polymerase δ and proliferating cell nuclear antigen (PCNA).1 Structurally, Poldip2 

contains an N-terminal mitochondrial targeting sequence and two main functional domains: 

a DUF525 domain and a hemimethylated YccV-like domain (Figure 1A).2 DUF525 is found 

in some F-box proteins and in the bacterial protein ApaG, in which it may be involved in 

protein-protein interaction and cation efflux, respectively. YccV, identified in many taxa, 

may bind to DNA and regulate its expression. Poldip2 is highly conserved in metazoans 

(Figure 1B), but absent in prokaryotes, plants and fungi. Because several bacterial ApaG 

proteins have been crystallized, the tertiary structure of the DUF525 domain can be modeled 

accurately (Figure 1C). Poldip2 is translated as a 42-kDa protein, but can be post-

translationally modified to a 37 kDa form by cleavage of the mitochondrial-targeting 

sequence. Recent work has demonstrated that in addition to polymerase δ and PCNA, 

Poldip2 in fact has a variety of binding partners and a plethora of functions, many of which 

appear to be a consequence of the specific associated protein (Table 1).
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Tissue expression

Poldip2 is fairly ubiquitously expressed, having been reported in aorta,3, 4 lung,3 

kidney,3, 5, 6 heart7 and thyroid,8 as well as many cell types including mouse aortic smooth 

muscle cells,9 astrocytes,10 vascular smooth muscle cells (VSMC),3, 11 brain endothelial 

cells,12 epithelial cells,12 HeLa,1, 12-15 fibroblasts,2, 13, 16, 17 kidney fibroblasts,18 

myoblasts,19 human umbilical vein endothelial cells,20 human embryonic kidney cells 293 

(HEK 293),13 MRC5 cells,21, 22 and cortical neurons.23 There is also evidence of Poldip2 

expression in human breast cancer,24 human breast adenocarcinoma cells13 and human lung 

adenocarcinoma cells.15 Of note, Poldip2 expression in myeloid cells is very low.3

Subcellular localization

In vascular smooth muscle cells (VSMC), Poldip2 has a nuclear and cytoplasmic 

distribution, specifically in focal adhesions and in stress fibers.3 Poldip2 has also been 

identified in the mitochondria of myoblast C2C12 cells,19 and in the nucleus and 

mitochondria of HeLa cells.13, 14 In rat bladder carcinoma NBT-II cells, intestinal epithelial 

IEC18 cells, rat brain endothelial cells and HeLa cells, Poldip2 does not localize to the 

mitochondria.12 Instead, at least in NBT-II cells, its subcellular location seems to be 

regulated by the carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) in 

a cell cycle dependent manner. In non-proliferating, quiescent NBT-II cells, CEACAM1 

antibody clustering induces Poldip2 translocation from the cytosol to the nucleus. In 

contrast, in subconfluent, proliferating NBT-II cells, CEACAM1 antibody clustering 

dramatically increases Poldip2 translocation from the cytoplasm to the plasma membrane.12 

This raises the intriguing possibility that Poldip2 may regulate different cellular functions 

depending upon its subcellular localization as well as its binding partners.

Functions of Poldip2

It may seem peculiar for Poldip2 to be present in different subcellular compartments, where 

it appears to perform disparate functions. However, other pleiotropic proteins with similar 

localizations have been previously reported. For example, some families of LIM domain 

proteins are known to shuttle between the cytoplasm and the nucleus, where they regulate 

the cytoskeleton and gene transcription, respectively.25 These include the focal adhesion 

protein paxillin, which is important in cell migration and also interacts with nuclear 

androgen and glucocorticoid receptors. Similarly, CSRP1-3 bind to cytoskeletal proteins, 

such as α-actinin and nuclear transcription factors, including SRF, GATA and myogenin, 

thereby regulating actin dynamics and promoting expression of differentiation markers in 

smooth and striated muscle.25-29 Likewise, LIM kinases phosphorylate cofilin, an actin 

disassembly factor, and perform nuclear functions.25 Besides LIM domain family members, 

other pleiotropic proteins include the serine/threonine protein phosphatase PPP4C which 

regulates microtubule organization,30 as well as DNA repair.31 As a last example, the LPP 

protein shuttles between focal adhesions and the nucleus, thereby affecting both peripheral 

actin organization and nuclear transcription.32, 33 Thus, in addition to performing specific 

localized functions, Poldip2 may allow communication between subcellular compartments 

and enable coordinated regulation of architecture, signaling and metabolic pathways at the 
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cellular level. However, in contrast to other pleiotropic proteins mentioned above, Poldip2 

does not belong to a family, but appears to be a unique gene, performing functions that 

cannot be compensated by homologues, as suggested by the embryonic lethality of 

homozygous null mice.4 Nevertheless, the functions of Poldip2 are incompletely understood 

and current knowledge thus derives from indirect evidence and from a few published 

functional studies.

DNA repair

As noted, Poldip2 was originally described as a binding partner of p50, one of the 

polymerase δ subunits. Using a yeast two-hybrid screen with the p50 subunit of polymerase 

δ as a bait, Liu et al.1 identified Poldip2 as a binding partner and confirmed the interaction 

using coimmunoprecipitation and GST pull-down assays. They also found an interaction 

between Poldip2 and proliferating cell nuclear antigen (PCNA),1 suggesting that Poldip2 

could potentially function as a nuclear protein involved in DNA replication and damage 

repair.

Subsequent research identified Poldip2 as a binding partner of the translesional DNA 

synthesis (TLS) polymerase η. Following DNA damage, a switch between replicative 

polymerases and TLS polymerases enables lesion bypass to occur. The interaction between 

Poldip2 and polymerase η was shown to occur at the ubiquitin-binding zinc finger domain 

of polymerase η and seems to modulate the focal localization of polymerase η. Depletion of 

Poldip2 increases the percentage of human fibroblast-derived MRC5 cells that form 

polymerase η nuclear foci at baseline and reduces cell survival following UV treatment. The 

authors proposed that Poldip2 is involved in the processing of the DNA damage response, 

contributing to the switch between replicative polymerases and TLS polymerases at 

damaged sites.22 Similarly, Poldip2 regulates the TLS polymerase and primer extension 

activities of PrimPol, a member of the archaeo-eukaryotic primase superfamily known to 

have both DNA primase and DNA polymerase activities. Poldip2 binds to the PrimPol 

catalytic domain and stimulates its activity by increasing PrimPol DNA binding. In addition, 

Poldip2 stimulates the efficiency and error-free 8-oxo-7,8-dihydroguanine (8-oxo-G)DNA 

lesion bypass by PrimPol.21 However, another study suggested that Poldip2 does not directly 

participate in the process of TLS, because it is not recruited to sites of DNA damage upon 

UV stimulation. Instead, Poldip2 translocates to spliceosomes and contributes to UV-

induced MDM2 alternative splicing. Because Poldip2 lacks a canonical RNA binding 

domain, the authors of that study speculated that Poldip2 might influence mRNA processing 

by serving as a protein scaffold to allow protein–protein interactions, thus facilitating 

splicing events.15

In addition, Poldip2 has been shown to interact with the catalytic domain of TLS DNA 

polymerase λ. Poldip2 interaction with polymerase λ, as well as with polymerase η, 

increases the efficiency of error-free 8-oxo-G DNA lesion bypass.17 The same response was 

also observed with two other common DNA lesions, abasic site and cyclobutane thymine 

dimers. siRNA against Poldip2 increases mouse embryonic fibroblast sensitivity to oxidative 

stress induced by H2O2, similar to what was observed in polymerase λ−/− cells.17 As 

described below, Poldip2 can also increase H2O2 production by Nox4 and has been shown to 
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associate with Nox4 in the nucleus.3 It is therefore intriguing to note that by promoting DNA 

repair, nuclear Poldip2 may prevent the accumulation of oxidative DNA lesions its own 

signaling functions might have caused.

Mitochondrial function

In 2005, a few years following the discovery that Poldip2 binds to p50 and PCNA, it was 

discovered that Poldip2 has a mitochondrial targeting sequence located within its first 35 N-

terminal amino acid residues, suggesting that it might have functions other than associating 

with polymerase δ and PCNA.13 Indeed, almost simultaneously, two different research 

groups showed that Poldip2 is involved in mitochondrial function and morphology. In the 

first study, Cheng et al.14 found that Poldip2 localizes in the mitochondrial matrix and 

associates with components of the mitochondrial protein-DNA complex nucleoid. Almost 

immediately thereafter, in 2006, Poldip2 overexpression in central nervous system 

catecholaminergic neurons and in human umbilical endothelial cells was demonstrated to 

increase the number of elongated mitochondria, while silencing Poldip2 induced the 

fragmentation of mitochondria. Although the mechanism of how Poldip2 is involved in 

mitochondrial morphology is not well defined, the authors of this study suggested that 

Poldip2 plays a role in mitochondrial fusion.19

Even though significant evidence supports a role for Poldip2 in mitochondria, 

immunofluorescence studies using MitoTracker Red CMXRos indicate that Poldip2 does not 

colocalize with mitochondria in NBT-II, IEC18, rat brain endothelial cells or HeLa cells. 

Subcellular fractionation revealed a predominant cytoplasmic localization (68%), while 

nuclear fraction corresponded to 20% and mitochondrial fraction represented 11% of the 

total amount of Poldip2 in both NBT-II and HeLa cells.12 This finding is consistent with the 

growing number of proteins associated with Poldip2, and with the possibility that the 

functional roles of Poldip2 are compartment-specific. It seems likely that the subcellular 

localization of Poldip2 may differ depending on the cell type.

Proliferation

In parallel with the progress made toward understanding the involvement of Poldip2 in 

mitochondrial morphology, evidence suggested that the subcellular distribution of Poldip2 is 

altered during cell cycle progression. In myoblasts, Poldip2 was shown to be localized in the 

nucleus during G2/M to late G1 phase, which suggests a role in the cell cycle.19 Subsequent 

studies confirmed Poldip2 localization in the nucleus,3, 12 and, recently, our research group 

discovered that Poldip2 has multiple roles in cell division. Poldip2-/- mouse embryonic 

fibroblasts (MEFs) exhibit markedly reduced growth when compared to Poldip2+/+ cells. 

Using flow cytometry, we found that Poldip2-/-MEFs are arrested or delayed in both G1 and 

G2/M phases of the cell cycle, therefore decreasing the number of cells in S-phase. When 

assessing the protein levels of key cell cycle regulators, cdk1 and Cyclin A2 were found to 

be decreased in later passage Poldip2-/- MEFs compared to wild-type cells. Total p53and Rb, 

as well as phosphorylated p53 and Rb levels, were also investigated because these proteins 

have been shown to cause a delay in G1 and G2/M. Poldip2 depletion induced no change in 

Rb, but increased p53 phosphorylation at serine 20, as well as its transcriptional target, Sirt1, 

at early passages, and increased the expression of the cell cycle inhibitor p21Cip1 in late 
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passages. Thus, Poldip2 increases the transcription of Cyclin A, Cdk1 and PCNA and 

decreases the expression of p21Cip1, promoting cell cycle progression.2

The exact mechanism by which Poldip2 regulates Cyclin A, Cdk1 and PCNA remains to be 

deciphered. However, because each of these genes is regulated by E2F, which remains 

inactive when bound to Rb, one possibility is that Poldip2 somehow disrupts E2F-Rb 

binding, releasing E2F transcriptional activity. In support of this possibility, SV40 

immortalization of Poldip2-/- MEFs restored growth and cell cycle distribution to a wild type 

pattern,2 consistent with studies performed in SV40-transformed human fibroblasts in which 

siRNA against Poldip2 has no impact on cell cycle progression.22

Earlier studies in primary rat brain endothelial cells uncovered an additional mechanism by 

which Poldip2 can affect proliferation. Klaile et al.12 injected Poldip2 antibody or delivered 

siRNA against Poldip2 into these cells and observed disorganized spindles, disrupted 

chromosomal segregation and multinucleated cells. Such observations are consistent with a 

role for Poldip2 in cytoskeletal dynamics, as described in the next section.

Oxidative signaling and cell migration

Our laboratory became interested in Poldip2 and its regulation of cell migration in an 

indirect way. Using a yeast 2-hybrid screen of vascular smooth muscle cell (VSMC) 

proteins, we found that Poldip2 interacts with the C-terminal tail of p22phox, a NADPH 

oxidase (Nox) subunit.3 This interaction was verified in VSMC using GST pull-down and 

coimmunoprecipitation assays. Further characterization revealed that Poldip2 overexpression 

specifically increases the activity of the Nox4 enzyme, which produces reactive oxygen 

species (ROS), whereas Poldip2 depletion reduces basal ROS production. Interestingly, 

Poldip2, p22phox and Nox4 are colocalized at focal adhesions and stress fibers. Furthermore, 

manipulation of Poldip2 levels dramatically affects the cytoskeleton. Poldip2 overexpression 

impairs focal adhesion dissolution and markedly thickens the actin stress fiber network. 

Conversely, depletion of Poldip2 using siRNA, inhibits focal adhesion and stress fiber 

formation. These effects of Poldip2 are part of an oxidative signaling pathway mediated by 

p22phox, Nox4, the focal adhesion kinase FAK and the small GTPase RhoA, a master 

regulator of the actin cytoskeleton. Indeed, Poldip2 overexpression increases RhoA activity 

and cytoskeletal changes induced by Poldip2 overexpression are abrogated by depletion of 

p22phox, Nox4 or inhibition of RhoA. Conversely, alterations induced by Poldip2 depletion 

can be mimicked by depletion of p22phox or Nox4 and rescued by overexpression of FAK or 

constitutively active RhoA. Cell migration requires a dynamic rearrangement of actin stress 

fibers and continuous focal adhesion turnover, with new focal adhesions forming at the front 

of the cell and old ones dissolving at the rear. Both Poldip2 overexpression and depletion 

block PDGF-induced VSMC migration, due either to lack of focal adhesion dissolution or 

formation, respectively.3, 11 These results suggest that Poldip2 dynamically regulates Nox4 

and its downstream effectors in different subcellular compartments to allow coordinated 

cytoskeletal changes required for cell migration.
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Extracellular matrix regulation

Evidence for a role of Poldip2 in regulation of extracellular matrix comes from animal 

studies. Deletion of Poldip2 is perinatal lethal,2 but Poldip2 heterozygous mice exhibit 

altered arterial structure.4 Aortas isolated from Poldip2 heterozygous animals have increased 

extracellular matrix, with fragmented and disordered elastic laminae. Using Poldip2 siRNA 

in VSMC, we found that Poldip2 depletion increases both fibronectin and collagen secretion, 

which is abolished by treatment with glucose oxidase, suggesting that increased collagen 

secretion induced by lack of Poldip2 results from lower H2O2 levels.4

In a recent study, the mechanism responsible for collagen I accumulation was investigated in 

further detail in Poldip2+/− mouse aortic smooth muscle cells (MASMs). Corroborating 

previous work,4 collagen I secretion was found to be significantly increased under basal 

conditions in Poldip2+/− MASMs. Neither accumulation of ubiquitinated proteins nor 

autophagy is responsible for collagen accumulation stimulated by Poldip2 depletion, 

because collagen protein degradation is actually increased in these cells. Interestingly, the 

activity of the PI3K/Akt/mTOR signaling pathway, which is involved in regulation of 

protein synthesis,34 is upregulated following Poldip2 depletion in MASMs, suggesting that 

activation of this signaling pathway ultimately resulted in increased collagen synthesis and 

accumulation.9 This conclusion was confirmed by the ability of an Akt inhibitor and 

rapamycin to significantly inhibit collagen accumulation in Poldip2-depleted cells.

In addition to direct regulation of extracellular matrix protein synthesis, Poldip2 also 

regulates matrix degradation. The activity of both MMP-2 and MMP-9 is reduced in 

Poldip2+/− mice 21 days after hindlimb ischemia induction, which is associated with 

impaired neovascularization.20 Similar results were observed in ischemic tissue after 

stroke.10

Physiology and Pathophysiology of Poldip2

Role in the cardiovascular system

One of the earliest phenotypes described in mice heterozygous for deletion of Poldip2 was 

disorganization of aortic structure. Aortas from Poldip2+/- mice not only have increased 

collagen deposition as described above, but also exhibit disordered and broken elastic 

laminae. As a consequence, contraction to phenylephrine and potassium chloride is 

impaired, aortic compliance is reduced and vascular stiffness increases, with the latter 

considered to be a major cardiovascular risk factor.4

Extensive research has focused on identifying signaling pathways involved in the phenotypic 

diversity of VSMC. In these cells, the switch from a quiescent contractile phenotype to a 

synthetic, migratory phenotype is a physiological process that takes place during vascular 

development or tissue repair in response to vascular lesion.35 However, migration of VSMC 

is also involved in the pathophysiology of vascular diseases, including atherosclerosis and 

restenosis. As noted above, Poldip2 is involved not only in VSMC migration, but it also 

regulates cell proliferation and collagen synthesis, suggesting that it may contribute to 

proliferative vascular conditions such as restenosis and atherosclerosis. In fact, Poldip2+/- 

mice show less neointimal formation following wire injury of the femoral artery.11 However, 
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the potential role of Poldip2 in atherosclerosis is likely more complex. Increased collagen 

deposition following Poldip2 heterozygous deletion might, for example, increase 

atherosclerotic plaque size. On the other hand, stabilizing of a vulnerable plaque by 

increasing the thickness of the collagen I-formed fibrous cap might be a promising strategy 

for preventing plaque rupture and therefore for preventing acute coronary syndrome and 

stroke. Further work is necessary to define the potential role of Poldip2 in atherosclerosis.

It is noteworthy that human aortic valve stenosis has been shown to be accompanied by a 

decrease in both Poldip2 and Nox4 protein expression, indicating that these proteins might 

be involved in the remodeling of the myocardium following human cardiac pressure 

overload secondary to aortic valve stenosis.7 Poldip2 has also been shown to promote 

ischemia-induced collateral vessel formation. Poldip2 heterozygous deletion impairs 

ischemia-induced revascularization following femoral artery ligation in mice.20 H2O2 

production, macrophage infiltration and matrix MMP-2 and -9 activity are reduced in 

Poldip2+/- mice compared to Poldip2+/+ mice, suggesting that Poldip2 has multiple roles in 

the response to ischemia and is essential for the neovascularization process.20

Role in the central nervous system

The role of Poldip2 in the central nervous system has not been well studied, and is in fact 

limited to two investigations. The first involves the microtubule stabilizer protein Tau. Tau 

aggregation and consequent neurodegeneration is evident in a variety of neurodegenerative 

conditions, such as Alzheimer's disease, Parkinson's disease, Huntington's disease and 

amyotrophic lateral sclerosis.23 Interestingly, siRNA against Poldip2 alleviates H2O2-

induced Tau aggregation in SH-SY5Y human neuroblastoma cells. Poldip2 does not 

influence Tau phosphorylation, but rather regulates Tau degradation via inhibition of 

autophagy. These results suggest that inhibiting Poldip2 may be an interesting strategy for 

novel treatments of neurodegenerative diseases, although much work remains to be done to 

determine the exact molecular mechanism by which Poldip2 inhibition exerts its beneficial 

effect.

The second study, published so far only in abstract form, addresses the role of Poldip2 in the 

permeability of the blood-brain-barrier (BBB) following brain ischemia. Our lab has 

demonstrated that cerebral ischemia induces the expression of Poldip2 in perivascular 

astrocytes. Poldip2+/- animals exhibit a significant decrease in Evans blue dye extravasation, 

a marker of increased permeability of the BBB, and have improved survival 24 hr following 

cerebral ischemia induction by transient middle cerebral artery occlusion. TNF-α, IL-6, 

MMP-2 and MMP-9 expression induced by cerebral ischemia is abrogated in Poldip2+/- 

mice compared to Poldip2+/+ animals.10 These results indicate that Poldip2 has a number of 

potential targets in the response to ischemia and represent a promising new area of 

investigation.

Role in the kidney

Investigation into the role of Poldip2 in the kidney has largely been based on the 

experimental evidence that Poldip2 is a Nox4 binding partner. In collaboration with our 

research group, Manickam et al.18 recently explored the role of Rac1 and RhoA/ROCK in 
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Poldip2/Nox4 signaling in kidney myofibroblasts. Poldip2 significantly increases TGFβ-

induced Nox4 activity and the expression of α-smooth muscle actin (α-SMA) and Fn-EIIIA, 

leading to myofibroblast differentiation through a redox-dependent signaling cascade that 

involves TGFβ receptor1 and RhoA/ROCK/Nox4/Poldip2, but not Rac1. Lin et al.5 

investigated the role of the Nox4/p22phox/Poldip2 interaction on the activity of renal 

transient receptor potential vanilloid 1 channels. They found that Poldip2 co-

immunoprecipitates with both Nox4 and p22phox in renal pelvic lysates and that the 

expression of Poldip2 is increased upon elevation of intrapelvic pressure (IPP). IPP increases 

Nox4/p22phox/Poldip2-derived H2O2 generation from sensory nerve terminals, which then 

activates TRPV1 channels and stimulates substance P release into the pelvic space. The role 

of Poldip2/Nox4 has also been investigated in the PKC-dependent ROS production induced 

by increased luminal flow in the renal thick ascending limb, where the function of these two 

proteins appears to be distinct. Poldip2 and Nox4 displayed a high degree of cytoplasmic 

colocalization in baseline conditions; however, Nox4 translocation to the nucleus in response 

to increased luminal flow was not associated with Poldip2 translocation.

Poldip2 and cancer

The role of Poldip2 in carcinogenesis remains largely unknown. Although there is no direct 

evidence that Poldip2 plays a pathophysiological role in cancer development, a study of the 

sense-antisense gene pair of TNFAIP1/POLDIP2 revealed that the expression of those genes 

is strongly correlated with breast cancer tumors.24 In contrast, Poldip2 mRNA expression in 

peripheral blood is inversely correlated with the risk of developing lung cancer.36 Given the 

functional data linking Poldip2 to cell proliferation, migration and matrix production, future 

studies of this protein in cancer are warranted.

Conclusions and future directions

Our understanding of the structure and function of Poldip2 remains at best rudimentary. To 

our knowledge, this review touches upon all of the publications focused on this fascinating 

protein to date, but it is evident that much more remains to be done. The biochemistry of 

Poldip2 is completely untouched, and there are likely many more binding partners yet to be 

uncovered. More work is also necessary to define the molecular mechanisms by which 

Poldip2 exerts its myriad effects. Very little is known about how intra- and extracellular 

environmental factors affect Poldip2 expression, localization and function. In fact, there have 

been no studies on the transcriptional/post-transcriptional regulation of Poldip2. It remains 

unclear if the two forms of Poldip2 (37-kDa and 42-kDa) have distinct functions. Finally, the 

physiology and pathophysiology of Poldip2 is also an area ripe for investigation. Given its 

expression profile and it role in basic cellular functions such as proliferation, migration and 

matrix production, it is likely to be involved in the physiology and diseases of the lung and 

liver as well as the kidney, cardiovascular system and nervous system (Figure 2). With the 

techniques now available in systems biology, and the availability of Poldip2 genetically 

modified mice, there is great opportunity for progress in understanding the many 

fundamental roles of Poldip2.
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Figure 1. Bioinformatic analysis of Poldip2
The entire human Poldip2 protein sequence (368 residues, NCBI accession number 

NP_056399.1) was used to search databases. A. Two domains were returned from the NCBI 

conserved domains database: the C-terminal DUF525domain, better conserved (E = 4.5e-32) 

than the upstream YccV-like domain (E = 1.3e-12). The N-terminus is predicted to be a 

cleavable mitochondrial targeting peptide (mTP) with near certainty, according to online 

software, such as TargetP,37, 38 Mitoprot39 and MitoFates.40 A BLAST search of the NCBI 

non-redundant protein sequences database returned about 600 homologous sequences from 

Eukaryotes (E < 1e-26). Each organism appeared to have a single gene homologous to 

Poldip2, suggesting that these hits are orthologs. Remarkably, BLAST detected no fungus, 

plant or prokaryote protein with homology to both conserved domains in Poldip2. These 

results suggest Poldip2 first appeared in Metazoans by fusion of two ancestral genes still 

found in bacteria, and separately coding for its conserved domains. Poldip2 is now present 

as a single gene in organisms as varied as sponges, sea anemones, molluscs, flat and round 

worms, arthropods and vertebrates. B. Ten Metazoan Poldip2 sequences were selected from 

BLAST results to represent a large variety of taxonomic groups. These proteins have a high 

percentage of identity to human Poldip2 in pairwise alignments, as shown on the right side 

of the panel. The left side shows a portion of a multiple sequence alignment including the 

last 50 residues of the DUF525 domain. Amino-acid conservation is indicated by color, from 

blue (10-19%) to red (100%). The rest of DUF525 and the YccV-like domain is also highly 

conserved across taxa (not shown). NCBI accession numbers for Homo sapiens: 

NP_056399.1; Gallus gallus: NP_001304285.1; Xenopus__tropicalis: NP_001017098.1; 

Danio__rerio: NP_997879.1; Branchiostoma__floridae: XP_002612268.1; Daphnia pulex: 

EFX67304.1; Bombyx_mori: XP_004926888.1; Aplysia_californica: XP_005102673.1; 
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Hydra vulgaris: XP_002163974.2; Ciona_intestinalis: XP_002121208.2. C. Tertiary 

structure of the human Poldip2 DUF525 domain was predicted with similar results using 

two software packages: I-TASSER41-44 and Phyre2,45 based on homology to five solved 

ApaG structures available from the protein data bank. Homology to ApaG was sufficient to 

predict structure with high probability (estimated RMSD = 1.8±1.5Å in I-TASSER and 

100% confidence in Phyre2). DUF525 is predicted to form a compact immunoglobulin-like 

beta-sandwich fold, which is represented using UCSF Chimera software,46 as ribbons 

colored blue to red from N to C-terminus (left) and as a space filling model with 

hydrophobicity increasing from blue to red (right). Hydrophobic residues at the surface of 

this domain could be involved in interactions with binding partners, or with other portions of 

Poldip2. One protein with homology to the human Poldip2YccV-like domain and of known 

structure is present in the protein data bank. However, relatively low homology does not 

allow structure prediction with high confidence (not shown).
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Figure 2. Poldip2 signal transduction pathways
Poldip2 by itself or via interaction with its binding partners is involved in multiple signaling 

pathways, modulating focal adhesion turnover, ECM regulation, cell migration, proliferation 

and differentiation, renal sensory-nerve activation, DNA replication and damage repair, 

mitochondrial function and morphology and autophagy. Those processes contribute to 

vascular stiffness, collateral formation, myocardium remodeling, the diuretic/natriuretic 

response, BBB permeability and retinal degeneration. BBB, blood-brain-barrier; PCNA, 

proliferating cell nuclear antigen; MMPs, matrix metalloproteinases.
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Table 1

Poldip2 binding partners Poldip2 binding partners reported in the literature. “Untested” indicates that the 

putative function has not been tested experimentally.

Poldip2 binding protein Putative function Reference

Polymerase δ p50 subunit DNA replication and damage repair 1

Proliferating cell nuclear antigen DNA replication and damage repair 1

Polymerase η DNA damage response 22

Rev1 polymerase DNA damage response 22

Rev7 DNA damage response 22

Polymerase λ DNA damage response 17

PrimPol DNA damage response 21

HPV 16 E7 Viral DNA replication 13

p22phox Reactive oxygen species production, cytoskeletal 
remodeling and cell migration; Modulation of transient 
receptor potential vanilloid 1 channel activity

3,5

CEACAM1 Translocation from membrane to nucleus 12

Transcription factor A mtDNA metabolism (untested) 14

Mitochondrial single stranded DNA binding protein 1 (mtSSB) mtDNA metabolism (untested) 14

Leucine-rich protein (LPRC) mtDNA metabolism (untested) 14

Lon protease homolog (LONM) mtDNA metabolism (untested) 14

Heat shock protein 90-beta (HSP90β) mtDNA metabolism (untested) 14

Heat shock protein 70 (HSP70) mtDNA metabolism (untested) 14

ATP-dependent Clp protease (CLPX) mtDNA metabolism (untested) 14

Heat shock protein 60 (HSP60) mtDNA metabolism (untested) 14

ATP synthase beta chain (ATPB) mtDNA metabolism (untested) 14

Squamous cell carcinoma antigen 1 (SCC1) mtDNA metabolism (untested) 14

Squamous cell carcinoma antigen 2 (SCC2) mtDNA metabolism (untested) 14

Aspartate aminotransferase (AATM) mtDNA metabolism (untested) 14

Malate dehydrogenase (MDH) mtDNA metabolism (untested) 14

2,4-dienoyl-CoA reductase mtDNA metabolism (untested) 14

Peroxiredoxin 3 (PDX3) mtDNA metabolism (untested) 14

ATP synthase mtDNA metabolism (untested) 14

Selenium binding protein 1 (SELENBP1) Tumor suppressor (untested) 47,48

MAP3K7IP1 TGFβ receptor and TAK1 signaling mediator (untested) 47

Histone deacetylase 6 (HDAC6) Cancer metastasis (untested) 47

3-Phosphoinositide Dependent Protein Kinase 1 (PDPK1) Cancer metastasis (untested) 47

Activating signal cointegrator 1 complex subunit 2 (ASCC2) Activation by multiple transcription factors (untested) 47,48

Carboxypeptidase E (CPE) Biosynthesis of peptide hormones and neuropeptides 
(untested)

48

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2018 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hernandes et al. Page 16

Poldip2 binding protein Putative function Reference

5′-aminolevulinate synthase 1 (ALAS1) Mitochondrial metabolism (untested) 48

ATP synthase, H+ transporting, mitochondrial F1 complex, alpha 
subunit 1 (ATP5A1)

ATP synthesis (untested) 49

chromosome 15 open reading frame 48 (C15orf48) Carcinogenesis (untested) 49
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