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Abstract

The endomembrane system in mammalian cells has evolved over the past two billion years from a 

simple endocytic pathway in a single-celled primordial ancestor to complex networks supporting 

multicellular structures that form metazoan tissue and organ systems. The increased organellar 

complexity of metazoan cells requires additional trafficking machinery absent in yeast or other 

unicellular organisms to maintain organ homoeostasis and to process the signals that control 

proliferation, differentiation or the execution of cell death programmes. The PACS (phosphofurin 

acidic cluster sorting) proteins are one such family of multifunctional membrane traffic regulators 

that mediate organ homoeostasis and have important roles in diverse pathologies and disease 

states. This review summarizes our current knowledge of the PACS proteins, including their 

structure and regulation in cargo binding, their genetics, their roles in secretory and endocytic 

pathway traffic, interorganellar communication and how cell-death signals reprogramme the 

PACS proteins to regulate apoptosis. We also summarize our current understanding of how PACS 

genes are dysregulated in cancer and how viral pathogens ranging from HIV-1 to herpesviruses 

have evolved to usurp the PACS sorting machinery to promote virus assembly, viral spread and 

immunoevasion.
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INTRODUCTION

Metazoan cells represent dynamic and adaptable information processing centres. They 

receive and integrate signals from neighbouring or distant cells to affect responses ranging 

from maintaining organ homoeostasis to the control of cellular proliferation and 

differentiation or the execution of cell death. These varied responses require the membrane 

trafficking machinery to sort and localize a diverse set of proteins, lipids and various small 

molecules.

The organelles of the mammalian secretory and endocytic pathways are central to the 

machinery underlying information processing and communicate largely by vesicular or 

tubulovesicular carriers [1,2]. The mammalian secretory pathway includes the ER 

(endoplasmic reticulum), the Golgi cisternae and the TGN (trans-Golgi network) [3]. The 

ER houses the chaperone-assisted folding of newly synthesized soluble and membrane 

proteins, which are either localized to the ER or exported to the Golgi and distal 

compartments [4]. The TGN is the principal organelle responsible for sorting secretory 

pathway proteins to their final destinations, including the sorting of cargo to lysosomes, 

secretory granules and the surfaces of polarized cells [5]. The endocytic pathway, which also 

includes the TGN, is composed of a collection of membranous organelles, including sorting 

and recycling early endosomes, late endosomes and lysosomes [6]. These organelles 

collaborate to mediate the uptake of proteins, lipids and nutrients from the extracellular 

environment and sort internalized cargo to lysosomes, the TGN or back to the cell surface 

[7,8].

Metazoan cells must co-ordinate the complex endomembrane trafficking pathways to 

control the many cellular activities that regulate cell and organ homoeostasis. To 

accommodate these unique demands, metazoan cells have evolved protein machinery 

beyond the core machines present in unicellular organisms [9,10]. In this review we 

summarize studies on one such family of trafficking molecules, the PACS (phosphofurin 

acidic cluster sorting) proteins. We describe our current knowledge about their structure and 

function in endomembrane traffic, interorganellar communication and apoptosis, as well as 

their regulation by phosphorylation and how their function is hijacked by pathogens to cause 

disease.

EVOLUTION OF THE PACS FAMILY

Evolution of the endomembrane system

The appearance of the PACS proteins coincided with the evolution of complex 

endomembrane systems and multicellularity. Three milestones mark this evolution, which 

began over two billion years ago. The first milestone was the autogenous generation of the 

endomembrane system that enabled the primordial phagocyte to pursue and engulf prey, and 

target biomaterial to lysosomes for degradation or metabolism [10]. Next, acquisition of 

mitochondria, possibly by engulfment of an α-proteobacterium, gave the phagocyte a 

metabolic advantage within the developing oxygenated atmosphere. These endomembrane 

systems enabled the primitive cells to increase their volume and to spatially and temporally 

control their membrane surface composition and complexity [9]. The subsequent 
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coalescence of phagocytes into multicellular structures permitted formation of organ 

systems containing polarized epithelium and underlying mesenchyme [11].

The formation of organ systems posed new challenges as cells became integrated into 

multicellular structures. Membrane trafficking in yeast largely emphasizes biosynthetic 

transport [12], but metazoans have evolved a complex set of recycling compartments to 

accommodate the flux of ligand- and signal-based communication between cells. In 

addition, metazoans required sophisticated programmes to regulate cell death. Whereas 

death in single-celled organisms occurs by a necrosis-like process, metazoan cells have 

evolved apoptotic, or programmed-cell-death mechanisms, permitting the resorptive 

elimination of unwanted cells while preventing the tissue damage caused by necrosis.

Phylogenetic studies suggest that the majority of membrane trafficking machinery arose 

autogenously [11]. Common to all eukaryotic lineages are clathrin, COPI (coatamer protein 

I), COPII, heterotetrameric adaptors, a subset of the Rab and Arf families of GTPases, 

SNAREs (soluble N-ethylmaleimide-sensitive fusion protein-attachment protein receptors) 

and ESCRT (endosomal sorting complex required for transport) proteins [9]. In fungi and 

metazoans, which evolved along a common pathway [9], the endomembrane system 

increased in complexity due to gene duplications and paralogous expansion leading to 

additional members of each family [9]. In addition, fungi and metazoans further share 

additional trafficking proteins, including vps27/hrs (vacuolar protein sorting 27) and the 

GGA [Golgi-associated γ-adaptin ear homology domain ARF (ADP-ribosylation factor)-

interacting protein] monomeric adaptors. The increased number of membrane cargo that 

must be trafficked in metazoans requires yet additional trafficking machinery absent in 

yeast. The PACS proteins, which bind cargo containing acidic cluster sorting motifs, are 

representative of this class of protein.

Sorting motifs in membrane cargo proteins

Eukaryotic sorting adaptors evolved to recognize diverse sorting motifs on the cytosolic 

domains of membrane cargo. The canonical tyrosine- (Tyr-X-X-Φ) and leucine-based 

([DE]XXX[LI]) sorting signals direct clathrin-mediated trafficking in the late secretory 

pathway by linking cargo to heterotetrameric adaptors, whereas -KKXX and FF-motifs 

direct sorting in the early secretory pathway by linking cargo to COPI and COPII 

respectively [2]. Numerous membrane cargo in metazoan cells contain additional sorting 

signals, including a complex signal composed of clusters of acidic residues that often 

contain serine or threonine residues, which are phosphorylated by protein kinase CK2 

(casein kinase 2) and dephosphorylated by isoforms of PP2A (protein phosphatase 2A) (for 

reviews see [5,13]). Importantly, the phosphorylation state of these acidic cluster sites 

controls the subcellular distribution of their membrane cargoes. For example, CK2 

phosphorylation of a pair of serine residues within the acidic cluster of the furin cytosolic 

domain (EECPpS773DpSEED) localizes the endoprotease to the TGN [14], mediates 

retrieval of furin from immature secretory granules in neuroendocrine cells [15,16], and 

mediates the recycling of endocytosed furin molecules from early endosomes to the cell 

surface [17]. Studies on furin led to the identification of acidic cluster motifs that mediate 

numerous endomembrane trafficking events, including those used by other proprotein 
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convertases, receptors, ion channels, SNARE proteins and proteins targeted to the primary 

cilium. In addition, viral pathogens have rapidly evolved to include key proteins containing 

acidic cluster motifs that usurp the PACS proteins to mediate processes ranging from virus 

envelopment to immunoevasion.

BIOCHEMISTRY OF THE PACS PROTEINS

PACS genes and proteins

The identification of the PACS family of sorting proteins was grounded by investigation of 

the mechanism controlling the subcellular localization of the proprotein convertase furin, 

which is regulated by phosphorylation of the acidic cluster sorting motif in its cytosolic 

domain ([13,14,18–20] and described below). The human PACS-1 gene is located on 

chromosome 11q13.1 and encodes a 963 residue cytosolic protein, PACS-1a [15,19].

The human PACS-1 gene exhibits complex architecture, spanning nearly 175 000 bp and 

containing 25 exons. In addition to the canonical transcript, there is evidence for at least 

seven additional transcripts generated by alternative splicing events [21]. The mouse 

PACS-1 gene shows similar complexity, containing 25 exons that are spliced to produce six 

putative transcripts [21]. In rodents, one transcript produces a smaller PACS-1 isoform, 

PACS-1b, which encodes a 559 residue protein, is expressed in tissues enriched in epithelial 

cells, such as small intestine and kidney [22]. PACS-1b is identical with PACS-1a through 

the first 540 amino acids, but contains a unique 19 amino acid C-terminus, which is encoded 

by a read-through into intron 12. Based upon the overall sequence similarity between 

PACS-1a and PACS-1b, four regions were identified (Figure 1A). An N-terminal region 

enriched in proline/glutamine and serine/alanine stretches that share low sequence identity 

with a region of the atrophin-1 transcriptional repressor called the ARR (atrophin-1-related 

region) but the function of this region is not yet known. The ARR is followed by a 140 

residue FBR [furin (cargo)-binding region] identified in the original yeast two-hybrid screen 

[15,19], a MR (middle region) containing an autoregulatory domain ([23] and see below), 

and a CTR (C-terminal region), which is absent in PACS-1b. Like the ARR, the function of 

the CTR is not yet known. A database search for PACS-1 homologues identified the human 

PACS-2 gene, which is located near the telomere on chromosome 14 at 14q32.33 and the 

canonical protein encodes an 889 amino acid protein that shares 54 % overall identity with 

PACS-1. PACS-2 lacks an ARR but the PACS-2 FBR shares 75 % identity within the 

PACS-1 FBR [24]. The human PACS-2 gene locus, similar to PACS-1, is highly complex, 

spanning 83 000 bp and 25 exons. Alternative splicing events are predicted to give rise to 

ten additional putative transcripts of various sizes [21]. The mouse PACS-2 gene is 

predicted to transcribe 12 putative transcripts. Several predicted isoforms in human and 

mouse have alternative or deleted N-terminal regions.

The PACS-1 and PACS-2 genes are broadly expressed in all tissues examined, including 

heart, brain, kidney, liver and pancreas, but PACS-1 is selectively enriched in peripheral 

blood lymphocytes, whereas PACS-2 is selectively enriched in skeletal muscle [22]. 

Moreover, underlying tissues of organs with high levels of PACS-1 and PACS-2 have 

differential expression patterns, as revealed by in situ hybridization studies (Figure 1B). In 

brain tissue, PACS-1 is most highly expressed in neuronal centres, whereas PACS-2 is most 
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highly expressed in white matter enriched in glial cells. In agreement with these findings, 

gene array analysis revealed PACS-1 is broadly expressed in the brain and that PACS-2 

expression is increased approx. 30-fold following oligodendrocyte differentiation [25]. In 

testes tissue, the patterns of PACS-1 and PACS-2 expression in serial sections of 

seminiferous tubules of young rats are inverse and largely non-overlapping, which correlates 

with the waves of differentiation and apoptosis that occur during spermatogenesis [26].

PACS-1 possesses approx. 40 % well-defined secondary structure as determined by CD 

spectroscopy (R. T. Youker, U. Shinde and G. Thomas, unpublished work). Consistent with 

this finding, protein disorder algorithms suggest that several regions in the PACS proteins 

lack defined secondary structure [27,28], characteristic of IUPs (intrinsically unfolded 

proteins). The IUPs contain regions lacking a definitive protein fold but can attain tertiary 

structure upon binding to a client protein or ligand [29,30]. Examples include protein 

kinases, transcriptional regulators and protein translation initiation factors [30]. Consistent 

with this possibility, ab initio modelling predicts that the PACS-1 FBR is a loosely packed 

structure composed of long flexible loops interspersed with several defined α-helical and β-

sheet elements (see Figure 4 and discussion below).

Characteristic of an IUP, the PACS-1 and PACS-2 FBRs bind cargo proteins, adaptors and 

signalling molecules with low affinity but with high selectivity. For example, binding of the 

PACS-1 and PACS-2 FBRs to the acidic cluster sites in furin (EECPpS773DpSEEDE), in the 

CI-MPR (cation-independent mannose-6-phosphate receptor; HDDpS2492DEDLLHI) or 

polycystin-2 (also called TRPP2, DDpS812EEDDDEDS) is strongly dependent on the 

phosphorylation of Ser773, Ser2492 or Ser812 respectively [31]. Despite the high selectivity in 

cargo recognition, PACS-1 and PACS-2 FBRs bind acidic clusters relatively weakly. For 

example, the phosphorylated polycystin-2 acidic cluster bound the PACS-1 and PACS-2 

FBRs with micromolar affinity (PACS-1, Kd = 14.8 μM; PACS-2, Kd = 15.4 μM, see [24]).

Not all residues in acidic cluster sites are necessarily required for binding PACS proteins. 

For example, binding to the furin acidic cluster requires only pSer773 and two adjacent 

residues ([19] and L. Wan and G. Thomas, unpublished work). Other segments of the furin 

acidic cluster have different roles in sorting. For example, the EEDE779 segment is required 

for basolateral sorting of furin in polarized cells [32]. The lack of binding of PACS proteins 

to EEDE779 may explain why others failed to observe a role for PACS proteins in the 

trafficking of furin reporter proteins mutated in the EEDE779 site in an attempt to 

specifically block PACS binding [33]. Similarly, the CI-MPR acidic cluster binds PACS 

proteins and GGAs [34,35], and the regulated interaction between PACS-1 and GGA3 

contributes to the localization of the CI-MPR to the TGN (see below). Importantly, some 

acidic clusters must be de-phosphorylated to bind PACS proteins, including the acidic 

clusters in the ER chaperone calnexin (KS554DAEE) as well as in the PACS-1 

autoregulatory domain (S278EEEEE) [23,36], as described below.

The PACS FBRs also bind components of vesicular coats. PACS-1 interacts in vivo with 

AP-1 (adaptor protein complex 1) and AP-3, but not AP-2, and this interaction requires the 

FBR [15]. The PACS-1 FBR binds purified AP-1 and can link the adaptor to cargo proteins 

to form a ternary complex in vitro [15]. An eight-amino-acid segment of the PACS-1 FBR, 
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E168TELQLTF, was identified to be important for AP-1 binding and mutation of this 

sequence generated a PACS-1 interfering mutant, PACS-1Admut, which binds cargo but not 

AP-1 or AP-3 [15]. The PACS-2 FBR selectively interacts with COPI in vivo and, similar to 

PACS-1, can link purified cargo to COPI to form a ternary complex in vitro [24]. Mutation 

of the PACS-2 FBR at residues corresponding to those in PACS-1 required for adaptor 

binding, generated a PACS-2 interfering mutant which binds cargo but not COPI [24]. 

Precisely how PACS-2 binds COPI and where on the heteromeric adaptors and COPI the 

FBRs bind is not yet known.

Despite the ability to form ternary complexes with cargo and coat proteins in vitro, PACS 

proteins have so far not been detected in coated vesicles (L. Wan and G. Thomas, 

unpublished work). These findings suggest that PACS proteins may mediate the recruitment 

and organization of trafficking machinery to regulate trafficking steps in the endomembrane 

system. Such a possibility would suggest that acidic clusters form part of a sensing 

mechanism that regulates recruitment of adaptors and vesicular coat proteins to canonical 

tyrosine- or di-leucine-adaptor-binding sites to organize specific sorting steps. This 

possibility is consistent with the determination that the VAMP-4 (vesicle-associated 

membrane protein 4) acidic cluster, which binds PACS-1, and its proximal LL motif, which 

binds AP-1, are both required for the PACS-1- and AP-1-dependent trafficking of this 

SNARE protein [37].

Regulation of cargo binding

Similar to furin, PACS-1 itself contains an acidic cluster, S278EEEEE, which is located in 

the MR and is phosphorylated at Ser278 by CK2 and dephosphorylated by PP2A [17,23]. 

This PACS-1 acidic cluster is part of an autoregulatory domain that controls cargo binding 

to the FBR as dictated by the phosphorylation state of Ser278 [23]. However, opposite of the 

binding of furin to the PACS-1 FBR, non-phosphorylated Ser278 binds the FBR, thereby 

inhibiting cargo binding, whereas pSer278 relaxes binding to the FBR, thereby promoting 

cargo binding [23]. Consistent with this model, a PACS-1 S278A mutant blocks trafficking 

of PACS-1 cargo, whereas a PACS-1 S278D phosphomimic mutant is permissive to 

PACS-1 sorting [23,34].

PACS-1 recruits CK2 to phosphorylate Ser278, thereby regulating cargo binding [34]. This 

mechanism is manifested by the binding of the CK2β (CK2 regulatory β-subunit) to a 

polybasic sequence in the PACS-1 FBR, R196RKRY, which stimulates the bound CK2 

activity [34]. The ability of the PACS-1 polybasic site to bind and stimulate CK2 is similar 

to the ability of polyamines to stimulate CK2 activity by binding an acidic groove on CK2β 

[38–42]. The stimulated CK2 bound to the FBR then phosphorylates Ser278 to promote 

cargo binding [34]. Mutation of the PACS-1 polybasic site to alanine residues blocks 

binding to CK2β, which prevents Ser278 phosphorylation and cargo binding [34]. The 

mechanism regulating cargo binding to PACS-2 is currently under investigation.

Evolutionary and ab initio modelling of PACS proteins

A phylogenetic dendrogram of the human PACS-1 gene suggests that the PACS family 

emerged late in evolution, arising in metazoans by gene duplication from a common 
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ancestor protein that evolved along a separate path to also form the AP-3 adaptor (Figure 2). 

Lower metazoans, including Caenorhabditis elegans and Drosophila melanogaster express 

a single PACS gene. The PACS gene in lower metazoans probably underwent duplication, 

generating the PACS-1 and PACS-2 genes in higher metazoans. The appearance of two 

PACS genes in metazoans correlates with the increased complexity of membrane traffic in 

mammalian cells compared with lower eukaryotes [9]. This would suggest that the PACS 

proteins are evolutionally adaptive proteins, undergoing positive selection of amino acids in 

positions that assume new functions. A phylogeny-based statistical analysis on the PACS 

family shows that 2.7 % of the residues in PACS-1 are under strong positive selection, 

supporting this model and suggesting a significant adaptive evolution. Hence, although 

PACS family members share several well-conserved domains, a significant adaptive 

evolution followed the duplication of the PACS gene.

Residues in PACS-1 and PACS-2 required for binding partner proteins can be used to test 

the hypothesis that the PACS proteins have undergone adaptive evolution. For example, 

PACS-1, but not PACS-2, binds to GGA3 and this interaction requires PACS-1 residues 

KIY251 ([34] and discussed below). Consistent with the selective binding of GGA3 to 

PACS-1 is the positive selection of Tyr251 in PACS-1 orthologues by non-synonymous 

substitutions (Figure 3). Conversely, PACS-2 Ser437, which is phosphorylated in vivo by the 

survival kinase Akt to regulate PACS-2 apoptotic activity ([43] and discussed below), also 

arose by positive selection and is absent in PACS-1 orthologues. Several additional regions 

in PACS-1 and PACS-2 arose by positive selection. For example, a 44-residue intrinsically 

unstructured region (PACS-1 residues 448–491) contains 11 positively selected residues and 

has probably evolved to discriminate between interacting partners. Interestingly, several 

positions throughout PACS-1 appear to be positively selected to either incorporate or 

replace serine residues (Figures 3 and 4). Phosphorylation plays a vital role in PACS protein 

functions [23,34,43], and these positions may represent putative phosphorylation sites that 

modulate PACS–cargo interactions.

Interestingly, the amino acids in PACS-1 important for binding to AP-1 or AP-3, GGA3 

adaptor or to CK2, each reside in ordered regions located on different surfaces of the 

predicted structure (Figure 4). This is in agreement with in vitro experiments that 

demonstrated that the PACS-1 FBR forms a ternary complex with adaptor and cargo 

proteins [15], suggesting the existence of distinct binding surfaces. The glutamate residues 

in the acidic cluster S278EEEEE are predicted to reside in an α-helix on a ridge parallel to a 

prominent groove spanning the middle of the FBR. The acidic cluster in its 

dephosphorylated state inhibits cargo binding to the FBR. The ab initio model suggests that 

the PACS-1 acidic cluster may fold to interact directly with a potential surface for binding 

acidic clusters in cargo proteins. The basic amino acid cluster R196RKRY required for CK2 

binding is predicted to reside in an α-helix, but at the base of the groove in close proximity 

to the acidic cluster and positioning the kinase adjacent to Ser278, whose phosphorylation is 

required for cargo binding. This ab initio model of the PACS-1 FBR provides new insight 

into the possible mechanism of cargo binding and a platform for future genetic and 

biochemical experiments to further dissect the structural basis for cargo binding and 

selectivity.
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PACS PROTEINS AS MEMBRANE TRAFFIC REGULATORS

Genetic analyses of PACS sorting function

Genetic disruption of PACS expression in diverse metazoans demonstrates the importance 

of the PACS proteins in secretory pathway sorting, interorganellar communication and 

apoptosis. RNAi (RNA interference) knockdown of C. elegans PACS, which is expressed 

from a single gene and localizes to presynaptic endosomes, blocks synaptic transmission 

leading to paralysis [44], demonstrating genetically an essential role for this trafficking 

protein. Studies in human cells using antisense RNA or siRNA (small interfering RNA) 

knockdown reveal that PACS-1 is required for the TGN localization of furin and a subset of 

other cellular proteins that contain acidic cluster sites, as well as envelope glycoproteins 

from a number of pathogenic viruses [15,19,45,46]. PACS-1 has additional roles in late 

secretory trafficking steps, among them the recycling of internalized cargo from early 

endosomes to the cell surface [17], and the trafficking of acidic-cluster-containing cargo to 

the primary cilium in epithelial cells [47]. Similarly, siRNA studies or analysis of cells from 

cells from gene trap mice mice reveal PACS-2 is required for localizing membrane-cargo-

containing acidic cluster sites to the ER [24,48,49], and combines with PACS-1 to mediate 

the step-wise movement of some cargo from the ER to the TGN and to the cell surface in 

model systems ranging from Xenopus oocytes to zebrafish [24,50]. PACS-1 and PACS-2 

also combine to mediate the sorting of internalized cargo from early endosomes [49]. 

Studies using siRNA knockdown and cells from gene trap mice reveal that the secretory 

pathway sorting activities of PACS-1 and PACS-2 are pirated by pathogenic viruses, 

including HIV-1 and herpesviruses, to mediate steps ranging from immunoevasion to virus 

assembly [17,46,49,51]. In addition, PACS-2 mediates the interaction between ER and 

mitochondria, which promotes communication between these organelles and, in response to 

death cues, becomes pro-apoptotic, promoting the translocation of apoptotic activators to 

mitochondria [22]. Indeed, studies with gene trap mice show that PACS-2 is a homoeostatic 

regulator that integrates membrane traffic with TRAIL [TNF (tumour necrosis factor)-

related apoptosis-inducing ligand]-induced apoptosis [43,49]. These multifunctional roles of 

the PACS proteins are summarized below. The sections are organized to reflect the flow of 

membrane traffic from the ER, which is mediated by PACS-2, to the TGN/endosomal 

system, which is mediated by PACS-1 and PACS-2.

PACS-2 mediates the ER localization of polycystin-2 and a mobile pool of calnexin

Membrane proteins synthesized in the ER possess trafficking motifs that regulate their 

localization to the ER and their trafficking to late secretory pathway compartments where 

they assume a highly compartmentalized distribution [52]. These cytosolic trafficking motifs 

range from simple -RXR- motifs that regulate the ER localization and assembly of the KATP 

channel [53,54], to more complex motifs including CK2-phosphorylatable acidic clusters 

such as DDpS812EEDDDEDS, which regulates the ER localization and subcellular 

distribution of the calcium-selective transient receptor potential channel polycystin-2 

[31,50,55–57].

The function of polycystin-2 is dependent on its subcellular localization, which is regulated 

by the phosphorylation state of its acidic cluster. At the ER, polycystin-2 collaborates with 
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IP3 (inositol 1,4,5-trisphosphate) or ryanodine receptors to regulate intracellular calcium 

concentrations, which appear to mediate L/R-axis symmetry and limit the amount of ER 

calcium available to promote apoptosis ([31,50,55,56,58] and see below). When localized to 

the primary cilium, polycystin-2 combines with polycystin-1 to form a mechanosensor that 

detects fluid flow in tubules and modulates multiple signalling pathways to arrest cell 

proliferation and promote tubulogenesis [59–63]. Mutations or deletion of the polycystin-2 

acidic cluster cause ADPKD (autosomal dominant polycystic kidney disease), which is 

characterized by the development of fluid-filled cysts in the kidney epithelium that lead to 

end-stage renal failure [31,64,65].

The PACS proteins bind the CK2-phosphorylated acidic cluster in polycystin-2 (see above 

and [24]) and combine to mediate ER localization and the stepwise trafficking of the ion 

channel between the ER and the cell surface [24]. PACS-2 is required for localizing 

polycystin-2 to the ER. Expression of PACS-2Admut, which binds cargo but not COPI, 

caused a polycystin-2 reporter to redistribute from the ER to the Golgi/TGN. PACS-1 

localized the polycystin-2 reporter to the TGN since combined expression of PACS-2Admut 

with PACS-1Admut, which binds cargo but not AP-1, caused the polycystin-2 reporter to 

redistribute to the cell surface [24]. The combined roles of PACS-2 and PACS-1 in 

mediating the stepwise trafficking of the active polycystin-2 channel to the cell surface 

could be recapitulated by siRNA knockdown of the PACS proteins in Xenopus oocytes, 

demonstrating the efficacy of the PACS-interfering mutants to dissect the complex 

trafficking itinerary of the ion channel [24]. Studies in zebrafish confirm and extend these 

findings [50]. Overexpression of PACS-2 or the phosphomimic polycystin-2-S812D in 

zebrafish, both of which restrict polycystin-2 to the ER and prevent it from reaching the cell 

surface, increases pronephric cysts as well as other defects, including hydrocephalous, 

increased body axis curvature and pericardial oedema. Pronephric cysts also resulted from 

morpholino-mediated knockdown of PACS-1, which similarly causes an imbalance of 

PACS protein expression resulting in increased levels of PACS-2.

The role of PACS proteins in the kidney epithelium is not restricted to polycystin-2. PACS-1 

targets nephrocystin to the base of the primary cilium where it triggers ERK (extracellular-

signal-regulated kinase) 1 and ERK2 signalling pathways [47,66,67]. Localization of this 

protein to the primary cilium is lost in patients suffering from nephronophthisis [68]. 

Additional ion channels, including TRPV4 (vanilloid transient receptor potential 4) and 

CLC7, and the G-protein-coupled receptor mGLUR5 (metabotropic glutamate subtype 5 

receptor) interact with the PACS proteins, suggesting that the two-step model described for 

polycystin-2 trafficking may be broadly applicable [24,69]. PACS-2/COPI are also required 

for the ER localization of other cellular proteins, including a mobile pool of the ER 

chaperone calnexin, which in the absence of PACS-2 is redistributed to the cell surface, as 

well as an ER-restricted profurin mutant [36,48].

PACS-2 mediates ER–mitochondria communication

High-resolution three-dimensional electron tomography reveals that the expansive, 

reticulated ER forms close contacts with mitochondria [70]; as much as 20 % of the 

mitochondrial surface is in direct contact with the ER, underscoring the dynamic and highly 
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regulated communication between these organelles [71–74]. The ER forms close contacts 

with mitochondria, called MAMs (mitochondria-associated membranes), that mediate lipid 

transfer and calcium exchange between these organelles and, in response to death inducers, 

co-ordinates steps in the apoptotic elimination of cells [73,75–79]. Several molecules 

partition to the MAM, including a subpopulation of the ER pool of calnexin [36], the IP3 

receptor and SERCA2a (sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 2a), which 

mediate calcium exchange, and FACL4 (fatty acyl-CoA ligase-4), which mediates formation 

of lipid esters required for β-oxidation in mitochondria, and PSS-1 (phosphatidylserine 

synthase-1) which promotes the partitioning of phosphatidylserine between the ER and 

mitochondria [80]. PACS-2 partitions between the ER, mitochondria and MAMs, suggesting 

that this sorting protein may mediate MAM integrity [22,36]. In support of this possibility, 

siRNA knockdown of PACS-2 or expression of PACS-2 mutants uncouple mitochondria 

from the ER, mislocalize FACL4 from MAMs and disrupt histamine-inducible calcium 

release from the ER [22]. Furthermore, loss of PACS-2 by siRNA knockdown causes 

mitochondrial uncoupling from the ER due to cleavage of the ER stress sensor BAP31 (B-

cell receptor-associated protein 31) which in turn stimulates Drp1 (dynamin-related 

protein-1) to fissure mitochondria [22]. Expression of a cleavage-resistant BAP31 represses 

mitochondria uncoupling [22], suggesting PACS-2 and BAP31 co-operate to maintain 

MAM integrity.

PACS-1 regulates the TGN localization of furin and other membrane proteins

The proprotein convertase furin localizes to the TGN and follows a highly regulated 

trafficking itinerary through multiple processing compartments in the TGN/endosomal 

system, including early endosomes and the cell surface [13,17,20]. This complex itinerary, 

which is controlled in large part by the phosphorylation state of the furin acidic cluster 

[14,81], enables furin to proteolytically activate diverse proprotein substrates. In the TGN/

biosynthetic pathway, furin activates bioactive proteins ranging from neurotrophins and 

TGF-β (transforming growth factor β) family members to viral envelope glycoproteins, 

including HIV-1 gp160 and HCMV (human cytomegalovirus) gB (glycoprotein B) and 

H5N1 HA [20]. At the cell surface, furin activates several bacterial toxins, including anthrax 

protective antigen, and in the mildly acidic early endosomes furin activates other bacterial 

toxins, including pseudomonas exotoxin A [20].

Similar to polycystin-2, localization of furin to the TGN requires a CK2 phosphorylatable 

acidic cluster (EECPpS773-DpSEEDE) that must be phosphorylated to act as a TGN-

localization signal [14,18,19,81–83]. Antisense knockdown of PACS-1 or expression of 

PACS-1 interfering mutants cause furin to mislocalize from the TGN in vivo and block the 

endosome-to-TGN trafficking of PACS-1 cargo in vitro [19]. PACS-1 is not exclusively 

dedicated to furin; it mediates the TGN localization of a number of membrane proteins that 

contain acidic cluster motifs. These include cellular proteins, such as the CI-MPR, the furin 

homologue PC6B, CPD (carboxypeptidase D) and SorLA/LR11 (sorting protein-related 

receptor), which mediates the trafficking and proteolysis of the β-amyloid precursor protein 

([15,84,85] and L. Thomas and G. Thomas, unpublished work). PACS cargo also includes 

many viral envelope glycoproteins as discussed below.
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In neuroendocrine cells, furin buds from the TGN into nascent ISGs (immature secretory 

granules) together with hormones and other molecules destined for dense core MSGs 

(mature secretory granules) [16,38]. ISGs are short-lived AP-1/clathrin-coated 

compartments that undergo homotypic fusions and extensive membrane remodelling during 

microtubule-based transport to the cell periphery [86,87]. At the periphery, furin is removed 

from the ISG, apparently during the BFA (brefeldin A)-sensitive, ARF1-dependent 

remodelling of the ISG membrane [88], and is returned to the TGN [16,87]. BFA blockage 

of ISG remodelling is due to inhibition of the ARF1-mediated recruitment of AP-1/clathrin. 

Removal of furin from ISGs requires its phosphorylated acidic cluster and is blocked by 

PACS-1 mutants [15,16]. Similar results have been reported for the retrieval of VAMP-4, 

CPD and VMAT2 (vesicular monoamine transporter-2), suggesting roles for CK2 and 

PACS-1 in MSG maturation [89–91].

Distinct roles for PACS-1 and PACS-2 in sorting cargo from early endosomes

After endocytosis of furin from the cell surface to early endosomes, the endoprotease is 

either recycled to the surface or trafficked to the TGN [6,13,17]. Recycling of furin to the 

cell surface requires PACS-1 binding to the phosphorylated acidic cluster of furin [19], 

whereas transport from early endosomes to the TGN requires dephosphorylation of the furin 

acidic cluster by PP2A isoforms [17], and transit through a late endosome intermediate [92]. 

Maintenance of furin at the TGN then requires PACS-1 binding to the phosphorylated acidic 

cluster [19]. Thus PACS-1 and CK2 appear to localize furin in one of two local cycling 

loops, one between the TGN and an associated late endosomal compartment [17], and one 

between the plasma membrane and early endosomes. Sorting between the two loops requires 

dephosphorylation of furin by PP2A [17]. The PACS-1-dependent sorting of CPD and 

HCMV gB between the TGN and cell surface are similarly controlled by the 

phosphorylation state of their acidic clusters [46,90].

Whereas endocytosed furin traffics from early endosomes to the TGN via a late endosomal 

intermediate [92], endocytosed CI-MPR, which binds both PACS-1 and PACS-2, follows a 

different itinerary, sorting from early endosomes to the TGN [49]. Knockdown of PACS-2, 

but not PACS-1, inhibits the early endosome-to-TGN sorting of an endocytosed CI-MPR 

reporter [49]. These results suggest that the PACS proteins mediate distinct trafficking steps 

of endocytosed cargo from the early endosome; PACS-1 directs retrieval of cargo to the cell 

surface [17], whereas PACS-2 directs sorting deeper into the endocytic pathway [49]. These 

opposing roles of early endosomal PACS-1 (recycling) and PACS-2 (TGN sorting) suggest 

why specific PACS-1 mutants block the sorting of endocytosed CI-MPR to the TGN [34]. 

They also suggest why PACS-1 siRNA fails to disrupt the endocytic itinerary of internalized 

SorLa [93]. Whether PACS-1 and PACS-2 act independently or sequentially as part of a 

stepwise sensing process to regulate sorting of cargo from early endosomes to either the cell 

surface or deeper into endocytic compartments and whether PACS-2 acts in the same 

pathway as retromer, which is an evolutionally conserved sorting complex that directs early 

endosome-to-TGN trafficking of several cargo, including CI-MPR warrants further 

investigation [94].
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PACS-1 and CK2 regulate GGA3 binding to cargo

The mammalian GGAs are monomeric clathrin adaptors that direct anterograde trafficking 

of CI-MPR from the TGN to the endosomes [95,96], whereas PACS-1 mediates the local 

retrieval of CI-MPR to the TGN [15,34]. The CI-MPR cytosolic domain contains 

overlapping binding sites for GGA3 and PACS-1 (..H2489DDpSDEDLLHI, residues 

required for maximal binding to PACS-1 are in bold and residues required for binding 

GGA3 are underlined) and their binding to CI-MPR are mutually exclusive, suggesting 

separable roles for GGA3 and PACS-1 in mediating CI-MPR traffic [34,97]. Despite the 

roles of GGA3 and PACS-1 in mediating opposing legs of a CI-MPR local trafficking loop 

between the TGN and endosomes, GGA3 binds PACS-1 at K249IY and this site is required 

for localization of CI-MPR to the TGN [34]. Recent studies suggest a model whereby 

following delivery of CI-MPR to endosomes, retrieval to the TGN requires that PACS-1 

bind and displace the bound GGA3. This sorting protein ‘switch’ appears to be controlled by 

the autoregulatory domains in GGA3 and PACS-1 [34]. Similar to PACS-1, mammalian 

GGAs contain a CK2-phosphorylatable autoregulatory domain (Ser388 in GGA3) that 

controls cargo binding [98]. However, whereas phosphorylation of the PACS-1 

autoregulatory site at Ser278 promotes binding to CI-MPR, phosphorylation of Ser388 in 

GGA3 inhibits its binding to CI-MPR [34,98]. In addition, the CK2 bound to the PACS-1 

polybasic site not only stimulates Ser278 phosphorylation but also stimulates GGA3 

phosphorylation at Ser388, suggesting the presence of a CK2–PACS-1–GGA3 

phosphorylation relay that regulates the local cycling of CI-MPR at the TGN (Figure 5). In 

this model, GGA3 mediates the anterograde traffic of CI-MPR to endosomes, and then 

PACS-1 is recruited to the endosome where its K249IY motif binds GGA3. CK2 bound to 

the PACS-1 RRKRY200 motif then phosphorylates GGA3 Ser388 and PACS-1 Ser278 to 

close and open respectively, their autoregulatory domains, allowing PACS-1 to displace 

GGA3 and mediate the endosome-to-TGN retrieval of CI-MPR (Figure 5).

PATHOGENIC VIRUSES TARGET THE PACS PROTEINS

Pathogenic viruses have evolved to express genes that exploit components of the host 

endomembrane system to replicate, increase tropism and to counterattack the antiviral 

response. Summarized here are examples of how pathogenic viruses, ranging from HIV-1 to 

HCMV and KSHV (Kaposi’s sarcoma-associated herpesvirus), exploit the PACS proteins to 

regulate processes ranging from immunoevasion to virus assembly.

HIV-1 immunoevasion requires the PACS-2 endocytic sorting pathway

The early HIV-1 gene product Nef is required for the efficient onset of AIDS following 

HIV-1-infection [99–102]. Nef affects cells in many ways, including alteration of T-cell 

activation and maturation [103–106], subversion of the apoptotic machinery, and the down-

regulation of cell-surface molecules, notably CD4 and MHC-I proteins [107–109]. Down-

regulation of CD4 to lysosomes through the clathrin/AP-2 pathway eliminates interference 

of the viral receptor with HIV-1 envelopment or release, whereas down-regulation of cell-

surface MHC-I molecules (HLA-A and -B) to paranuclear compartments allows HIV-1 to 

evade the CD8+ immune surveillance system [110–112].
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Nef uses separate mechanisms to down-regulate cell-surface CD4 and MHC-I [108,113]. In 

the case of CD4, Nef acts as a ‘connector’, binding cell-surface CD4 and linking it to the 

clathrin adaptor AP-2 for delivery to lysosomes for degradation [112,114–116]. In contrast, 

Nef does not bind cell-surface MHC-I, but rather directs internalization of HLA-A and -B 

molecules through a clathrin/AP-2/dynamin-independent, ARF6-controlled endocytic 

pathway [110,117]. This MHC-I down-regulation pathway requires three sites in Nef 

distinct from those that down-regulate CD4: an N-proximal α-helical region (residues 7–26, 

see [118]) containing a critical methionine residue (Met20) [119], which mediates interaction 

with the AP-1 adaptor [120]; an acidic cluster (EEEE65; see [112]), required for maximal 

binding to PACS-1 and PACS-2 [49,51]; and an SH3-binding domain formed by a 

polyproline helix (PXXP75, [112,118]) that promotes association of Nef with several 

kinases, including SFKs (Src family tyrosine kinases) [121–123]. These three sites are 

conserved in the pandemic M group HIV-1, that account for over 90 % of AIDS cases 

worldwide, suggesting they control an essential pathway for HIV-1 pathogenesis [124,125].

The EEEE65 and PXXP75 sites act sequentially to assemble a multi-kinase cascade to trigger 

the MHC-I down-regulation pathway [51]. This signalling cascade begins with the Nef 

EEEE65-dependent binding to PACS-2 for trafficking Nef to the TGN region, apparently by 

usurping the PACS-2-dependent early endosome-to-TGN trafficking pathway ([49]; and see 

Figure 6). This enables Nef PXXP75 to bind and activate a TGN-localized SFK. The 

activated SFK then recruits and phosphorylates the tyrosine kinase ZAP-70 [ζ-chain (T-cell 

receptor)-associated protein kinase of 70 kDa] in CD4+ T-cells, or the ZAP-70 homologue 

Syk in monocytic cells [49,51]. Tyrosine phosphorylated ZAP-70/Syk then ligates the 

second SH2 domain in the class I PI3K (phosphoinositide 3-kinase) p85α regulatory 

subunit, thereby recruiting and stimulating the bound class I PI3K p110 catalytic subunit. 

This pSyk–p85 ligation is not unique to HIV-1 as it is used by phagocytic cells to trigger 

ARF6-mediated Fc receptor internalization, suggesting that Nef subverts a common cellular 

pathway triggering ARF6 action [126]. The recruited class I PI3K triggers the ARF6-

mediated endocytosis of cell-surface MHC-I. Delivery of internalized MHC-I to the 

paranuclear region then requires the Nef Met20 site as well as AP-1 [117,120]. Expression of 

a Nef M20A mutant, which is blocked in AP-1 binding [118], promotes efficient MHC-I 

endocytosis, but fails to sequester the internalized molecules, which are rapidly recycled to 

the cell surface leaving the steady-state level of cell-surface MHC-I unaltered [117]. In the 

absence of PACS-2, either by siRNA knockdown in primary CD4+ T-cells or splenocytes 

from PACS-2−/− MEFs, Nef is unable to assemble the multi-kinase cascade, thereby 

repressing MHC-I down-regulation [49]. The required role of PACS-2 for Nef-mediated 

MHC-I down-regulation is phenocopied in cells from PACS-2−/− mice, confirming 

genetically an essential role for PACS-2 in this pathway [49]. The ability of isoform-

selective class I PI3K inhibitors or small molecules that disrupt the interaction of Nef with 

SFKs to repress MHC-I down-regulation in primary CD4+ T-cells suggests that Nef may be 

a candidate target for the development of HIV-1 therapeutics [49,51,127].

An alternative model suggests that Nef acts as a stoichiometric inhibitor to divert newly 

synthesized MHC-I molecules directly to degradative compartments by a PI3K-independent 

pathway [113,128,129]. Although these studies explain the importance of Nef Met20 in 
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mediating MHC-I down-regulation, a finding consistent with both models, they do not 

address the importance of the EEEE65 and PXXP75 sites. The discrepancy between the 

models was suggested to result from differences in the efficiency by which Nef can impede 

ER-to-cell-surface transport of overexpressed MHC-I in T-cells compared with HeLa cells 

[129]. Nef, however, negligibly affects the rate of cell-surface delivery of endogenous 

MHC-I molecules in CD4+ T-cells under conditions that induce MHC-I down-regulation, 

suggesting that other factors contribute to the differing results [51]. Possibilities include the 

use of PTEN (phosphatase and tensin homologue deleted on chromosome 10)-deficient cell 

lines, which possess inordinate levels of PIP3 (phosphatidylinositol 1,4,5-trisphosphate) and 

are thus poorly responsive to PI3K inhibitors [51,130,131], and the use of overexpressed 

MHC-I molecules in studies that described the stoichiometric model of Nef action. 

Consistent with this possibility, overexpression of MHC-I is coupled with alterations in the 

Nef sites and partner proteins seen to be required for down-regulation of endogenous MHC-I 

[33,132]. Thus, despite the assertion that the models are mutually exclusive and 

controversial [133–135], we suggest that when analysing endogenous MHC-I in normal 

CD4+ T-cells with a replete PI3K signalling pathway, the two models simply represent the 

priming (PACS-2-dependent SFK–ZAP-70/Syk–PI3K cascade) and execution (AP-1 

interaction) phases of a single pathway Nef uses to enable HIV-1 to escape immune 

surveillance.

The Nef-mediated, PACS-2-dependent assembly of the SFK–ZAP-70/Syk–PI3K cascade 

may extend beyond the down-regulation of cell-surface MHC-I. For example, binding of the 

SFK Hck to Nef at the Golgi region of macrophages is required for down-regulation of the 

M-CSF (macrophage colony stimulating factor) receptor [136]. In addition, Nef interaction 

with SFKs and PI3K induces superoxide release from macrophages to enhance HIV-1 

pathogenesis [137], and Nef stimulates class I PI3K to drive the TLR4 (Toll-like receptor 4)-

mediated suppression of the innate immune system, possibly contributing to secondary 

mycobacterial infections suffered by AIDS victims [138]. In addition, Nef-mediated ZAP-70 

activation is required for PAK2 (p21-activated kinase 2) activation, Fas-ligand up-regulation 

and formation of virological synapses [139–142]. It will be important to determine whether 

PACS-2 contributes to these various Nef-controlled pathways.

KSHV pirates the PACS-2 ER trafficking machinery

KSHV is the main cause of Kaposi’s sarcoma, which is the most common AIDS-associated 

malignancy and is characterized by lesions that contain networks of endothelial-derived 

spindle-shaped cells [143,144]. KSHV encodes two ubiquitin ligases, K3 and K5, which 

target cell-surface MHC-I molecules for lysosomal degradation, thereby impairing antigen 

presentation to CD8+ T-cells [145,146]. Whereas K3 appears to selectively target MHC-I 

[147], K5 targets additional molecules for destruction, including PECAM-1 (platelet-

endothelial cell adhesion molecule-1; also called CD31), which disrupts endothelial cell 

contacts thereby increasing virus spread [148,149]. The K5-mediated down-regulation of 

CD31 requires a pair of acidic clusters in its cytosolic domain, EDNIE182 and DEEPTD199, 

which interact with PACS-2. Dominant-negative PACS-2Admut, but not PACS-1Admut, 

prevents K5-mediated down-regulation of CD31, suggesting that PACS-2 enables K5 to 
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ubiquitinylate newly synthesized CD31 molecules at the ER, tagging them for proteosomal 

degradation [149].

The PACS-1 TGN sorting pathway is usurped to regulate virus assembly

HCMV, the prototypical β-herpesvirus, is a major cause of morbidity and mortality in organ 

transplant recipients and patients with AIDS [150,151], and has evolved to usurp the 

PACS-1-mediated TGN localization pathway. Like other herpesviruses, HCMV DNA 

replication, encapsidation and capsid assembly occur in the nucleus [152]. The nucleocapsid 

traverses the double-membrane of the nuclear envelope to release the core capsid into the 

cytosol. The cytosolic nucleocapsid obtains the tegument and viral envelope by budding into 

an assembly compartment formed from TGN and associated endosomal membranes that 

contain tegument proteins and envelope glycoproteins, including gB [152,153]. Like other 

herpesvirus envelope glycoproteins, HCMV gB contains a CK2-phosphorylatable acidic 

cluster in its cytosolic domain, and phosphorylation of this gB acidic cluster at Ser900 directs 

binding to PACS-1 [46,154]. Disruption of PACS-1 by siRNA knockdown or expression of 

PACS-1Admut mislocalizes gB from the TGN to endosomal compartments and reduces the 

titre of infectious progeny [46]. In contrast, overexpression of PACS-1 increases the titre of 

progeny virus [46]. Consistent with these findings, an HCMV mutant containing a S900A 

substitution, reduced binding to PACS-1 [46] and, correspondingly, reduced virus titre 

[154]. These results suggest that PACS-1 mediates localization of gB to TGN-associated 

compartments to promote virus envelopment.

Whereas herpesvirus assembles by budding into TGN-derived compartments, retroviruses 

undergo envelopment by budding into MVBs (multivesicular bodies) by an ESCRT/Tg101-

dependent process [155]. The interaction of the retroviral capsid with the MVB-localized 

envelope glycoprotein is regulated by the virus-specific interaction of the envelope protein 

with different cytosolic sorting proteins [156]. For example, TIP47 (47 kDa tail-interacting 

protein) binds to an YW motif in the cytosolic domain of the HIV-1 envelope glycoprotein, 

gp120/41, and links the glycoprotein to Gag in a ternary complex [157,158]. In contrast, 

PACS-1 regulates envelopment of the feline oncovirus RD114 by its envelope glycoprotein, 

which possesses a cytosolic acidic cluster [45]. Knockdown of PACS-1 by shRNA (small 

hairpin RNA) redistributed RD114 from the TGN to late endosomes and increased virus 

envelopment [45]. By contrast, PACS-1 overexpression concentrated RD114 in the TGN 

and inhibited virus envelopment [45]. Thus the endosome-to-TGN sorting activity of 

PACS-1 is used by HCMV to promote virus assembly in TGN-derived compartments, but is 

used by RD114 to regulate the efficiency of retrovirus assembly in endosomes.

PACS PROTEINS IN CANCER AND APOPTOSIS

The PACS-2 gene on chromosome 14q32.33 is frequently deleted in sporadic cases of 

colorectal cancer and immunohistochemical studies of PACS-2 protein expression support 

these findings, suggesting a link between the loss of PACS-2 and the development of 

colorectal cancer [43,159]. In agreement with this observation, transformed cells depleted of 

PACS-2 are resistant to apoptosis induced by treatment with staurosporine or by treatment 

of cells with death ligands such as TNFα or TRAIL [22,43]. Genetic studies show that 

PACS-2 is a TRAIL effector, required for killing virally infected hepatocytes in vivo in a 
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mouse model of viral hepatitis and colorectal cancer cells in vitro [43] Together with the 

determination that PACS-2 expression is frequently lost in colorectal cancer [43,159], these 

findings raise the possibility that loss of PACS-2 expression may contribute to the colorectal 

cancer sequence and may serve as a biomarker for TRAIL-resistant cancer.

Biochemical studies show that PACS-2 is required by TRAIL for the release of cytochrome 

c from mitochondria, which allows for the activation of executioner caspases, including 

caspase 3 [22,43]. In response to apoptotic stimuli, PACS-2 binds the pro-apoptotic Bcl-2 

family protein Bid, and mediates its translocation to mitochondria [22]. Like many PACS 

cargo proteins, Bid contains an acidic cluster and is phosphorylated by CK1 and CK2 in 

healthy cells and becomes dephosphorylated in response to apoptotic stimuli [160,161]. 

Similar to the binding of PACS-2 to calnexin [36], PACS-2 binds preferentially to non-

phosphorylated Bid and it is this form of Bid that appears to translocate to mitochondria 

[22,162].

Key to understanding the roles of PACS-2 in integrating membrane traffic and 

interorganellar communication with apoptosis is a determination of the factors that regulate 

these varied roles. Recent studies show that PACS-2 is bound to 14-3-3 proteins, which are 

known to sequester pro-apoptotic molecules [163,164]. 14-3-3 binding to PACS-2 is 

regulated by the Akt/PKB (protein kinase B) phosphorylation of PACS-2 at Ser437 [43]. In 

healthy cells, pSer437-PACS-2 is bound to 14-3-3. Upon apoptotic induction by TRAIL or 

TNFα or other death ligands, pSer437 becomes dephosphorylated, releasing PACS-2 from 

14-3-3 and allowing PACS-2 to execute apoptotic programmes [43]. The binding of 14-3-3 

to pSer437 may not simply repress PACS-2 activity. Rather, in healthy cells it appears to be 

required for the ability of PACS-2 to mediate the ER localization of polycystin-2 [43]. 

Consistent with this finding, TRAIL disrupts the PACS-2-dependent localization of 

polycystin-2 to the ER, which may augment apoptosis by repressing the anti-apoptotic 

properties of the ion channel [43,165]. The suppression of PACS-2 apoptotic activity by 

Akt/14-3-3 binding parallels the regulation of the pro-apoptotic protein Bad ([166]; see 

Figure 7). Like PACS-2, previous studies suggest that Bad is multifunctional, integrating 

cellular metabolism in healthy cells with the execution of death programmes in response to 

apoptotic inducers [167,168].

Much less is known about the role of PACS-1 in apoptosis and cancer. Interestingly, 

however, mutation of chromosome 11q13.1, where the PACS-1 gene is located, is 

associated with the development of several cancers, including cervical carcinoma 

[164,169,170]. In addition, cervical cancers express elevated levels of an altered PACS-1 

transcript, suggesting that dysregulation of PACS-1 might be coupled with the development 

of cervical cancer [171].

SUMMARY

The initial identification of a role for PACS-1 in mediating the TGN localization of furin 

suggested the PACS family of membrane traffic regulators would fit neatly into a category 

of secretory pathway trafficking proteins. However, over the past 10 years, the PACS 

proteins have become recognized for their roles in integrating membrane traffic with 
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interorganellar communication and, in response to death signals, regulation of apoptotic 

programmes. These integrative roles of the PACS proteins suggest why they evolved late in 

evolution, with the formation of metazoan organisms that rely on complex membrane 

trafficking events to regulate processes ranging from organ homoeostasis to the control of 

cell death programmes. Their role in key membrane trafficking steps also suggests why 

pathogenic viruses ranging from herpesviruses to HIV-1 have evolved membrane proteins 

that usurp PACS functions in the ER, the TGN and in endosomal compartments. Future 

studies will require a precise determination of the molecular basis of cargo and coat 

selection and in vivo models to delineate the physiological roles of the PACS proteins.
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AP-1 etc adaptor protein complex 1 etc

ARF ADP-ribosylation factor

ARR atrophin-1-related region

BAP31 B-cell receptor-associated protein 31

BFA brefeldin A

CI-MPR cation-independent mannose-6-phosphate receptor

CK2 casein kinase 2

CK2β CK2 regulatory β-subunit

COPI etc coatamer protein I etc

CPD carboxypeptidase D

CTR C-terminal region

ER endoplasmic reticulum

ESCRT endosomal sorting complex required for transport

FACL4 fatty acyl-CoA ligase-4

FBR furin (cargo)-binding region

gB glycoprotein B

GGA Golgi-associated γ-adaptin ear homology domain ARF-interacting protein

HCMV human cytomegalovirus
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IP3 inositol 1,4,5-trisphosphate

ISG immature secretory granule

IUP intrinsically unfolded protein

KSHV Kaposi’s sarcoma-associated herpesvirus

MAM mitochondria-associated membrane

MR middle region

MSG mature secretory granule

MVB multivesicular body

PACS phosphofurin acidic cluster sorting protein

PI3K phosphoinositide 3-kinase

PIP3 phosphatidylinositol 1,4,5-trisphosphate

PP2A protein phosphatase 2A

SFK Src family tyrosine kinase

siRNA small interfering RNA

SNARE soluble N-ethylmaleimide-sensitive fusion protein-attachment protein receptor

TGN trans-Golgi network

TNF tumour necrosis factor

TRAIL TNF-related apoptosis-inducing ligand

VAMP-4 vesicle-associated membrane protein 4

ZAP-70 ζ-chain (T-cell receptor)-associated protein kinase of 70 kDa
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Figure 1. Domain organization of the PACS proteins
(A) Schematic of PACS-1 and PACS-2 illustrating the proposed domains and residues 

important for partner protein binding. (B) In situ hybridization of PACS-1 and PACS-2. 

Left-hand panels, coronal sections of rat brain stained with PACS-1 or PACS-2 cRNA 

probes. DG, dentate gyrus; Hc, hippocampus; Ctx, cortex; Th, thalamus; MM, medial 

mammillary nucleus. Middle panels, darkfield staining of hippocampus showing neuronal 

and glial labelling. (*), alignment marker; white arrows, neurons; black arrows, glia. Right-

hand panels, PACS-1 and PACS-2 in consecutive serial sections of the testis. Arrows mark 

seminiferous tubules with inverse staining of PACS-1 and PACS-2. Sense probes showed no 

staining.
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Figure 2. Phylogenetic analysis of PACS genes
Non-redundant protein sequences of the PACS family members were obtained from the 

SwissProt and NCBI databases (Accession numbers used: A0NG63, Q5ZJW8, Q95QA3, 

Q7YRF1, P36225, Q8MRS5, Q4PGG5, Q13367, Q6VY07, Q86VP3, Q7Z6E9, A4HVI7, 

Q17EX1, Q5PSV9, Q8K212, Q3V3Q7, Q6J6J0, Q4SQP4, Q9PVV4, Q9HGI6, A5PKS9). 

The protein sequences were aligned using ClustalW and were manually examined/modified 

for their accuracy within the non-conserved domains that flank conserved domains. The 

protein alignments were used to obtain nucleotide alignments, using a PERL script, as 

described previously [172]. The tree topology was estimated from the DNA alignment using 

the DNAML module from the PHYLIP package and our data set was analysed in PAML 

using appropriate models (M8, M8a) [172]. A LRT (likelihood ratio test) was used to search 

for positive selection. Positive selection (Ω > 1) was tested by applying an empirical 

Bayesian approach which allows for all types of selection (purifying, neutral and positive), 

including nesting of models which do not allow positive selection [173–175]. The statistical 

significance of our tree was estimated through a LRT test on a null tree (M8a), which does 

not allow for positive selection [176]. Consistent with studies on other protein families, trees 

generated using different programs (DNAPARS and DNADIST) do not affect the analysis. 

A. aegypti, Aedes aegypti; A. gambiae, Anopheles gambiae; AP3β1, AP-3 complex subunit 

β-1; AP3β2, AP-3 complex subunit β-2; BRCA1, breast cancer type 1 susceptibility protein 

homologue; B. taurus, Bos taurus; C. familiaris, Canis familiaris; D. hansenii, 

Debaryomyces hansenii; D. rerio, Danio rerio; DTL, denticleless protein homologue; 

ERF2, eukaryotic peptide chain release factor GTP-binding subunit; G. gallus, Gallus 

gallus; L. infantum, Leishmania infantum; H. sapiens, Homo sapiens; MAP4, microtubule-

associated protein 4; MDC1, mediator of DNA damage checkpoint protein 1; M. musculus, 

Mus musculus; P. pygmaeus, Pipistrellus pygmaeus; RBBP6, retinoblastoma-binding 

protein 6R. norvegicus, Rattus norvegicus; T. nigroviridis, Tetraodon nigroviridis; U. 

maydis, Ustilago maydis.
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Figure 3. Positively selected residues of PACS-1 and PACS-2
Multiple-sequence alignment of conserved regions in PACS-1 and PACS-2 based on the 

phylogenetic analysis of the PACS proteins (Figure 2). For simplicity, eight PACS-1 and 

two PACS-2 sequences were used to generate the alignment. Residues shaded in black are > 

80 % conserved. Residues shaded dark grey ~ 60–65 % conserved and residues shaded in 

light grey are ~ 50 % conserved. Residues highlighted in yellow are positively selected, 

which was determined by measuring the rate of non-synonymous to synonymous 

substitutions (Ω), which is an unequivocal indicator of evolution [172]. Residues with a 

value Ω = 1 are under neutral selection whereas residues with Ω values < 1 or > 1 suggest 

that the residues are under a purifying or positive selection respectively [174]. Of the 

residues, 2.7 % in PACS-1 exhibit strong positive selection (Ω > 1). Residues were shaded 

using genedoc. Secondary structure prediction (PsiPredict) for PACS-1 (above alignment) 

and PACS-2 (below alignment) was colour-coded the same as the constructs in Figure 1(A). 

Predicted regions of disorder (PONDR) for PACS-1 and PACS-2 are stippled on the 

schematic of the secondary structure. A. gambiae, Anopheles gambiae; D. rerio, Danio 

rerio; G. gallus; Gallus gallus; H. sapiens, Homo sapiens; M. musculus, Mus musculus; T. 

nigroviridis, Tetraodon nigroviridis.
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Figure 4. Ab initio model of PACS-1 FBR
Ab initio modelling of the PACS-1 FBR (residues 117–300) was performed using Rosetta++ 

[177] and the predicted structure was energy minimized using Insight II (Accelrys Insight II 

modelling software). The tertiary structure is represented as a ribbon diagram surrounded by 

a semi-transparent surface projection. Acidic residues are coloured red, basic residues are 

coloured blue, residues required for adaptor binding are coloured orange, residues required 

for GGA binding are coloured yellow and residues positively selected through evolution are 

coloured pink. Left-hand panel, top view looking down on the major groove. Right-hand 

panel, the image is rotated 90° towards the viewer. Images were created using PyMOL 

(DeLano Scientific; http://pymol.sourceforge.net/). An interactive three-dimensional version 

of this Figure is available at http://www.BiochemJ.org/bj/421/0001/bj4210001add.htm.
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Figure 5. Working model of PACS-1/GGA3-regulated trafficking of CI-MPR
GGA3 transports phosphorylated CI-MPR from the TGN to endosomes [180]. At the 

endosome, PACS-1 binds to the VHS domain of GGA3 through its FBR and recruits CK2 to 

phosphorylate Ser388 on GGA3 and phosphorylate Ser278 on PACS-1, thus releasing the 

autoregulatory domain and activating PACS-1 for cargo binding. CK2 may also 

phosphorylate additional sites on GGA3 [181] to promote release from endosomal 

membranes. Phosphorylated GGA3 dissociates, and activated PACS-1 binds to CI-MPR. 

Bound PACS-1 then recruits AP-1 to transport CI-MPR back to the TGN. It is not known 

whether CK2 bound to PACS-1 can phosphorylate the CI-MPR tail or other cargo 

molecules. An animated version of this Figure is available at http://www.BiochemJ.org/bj/

421/0001/bj4210001add.htm.
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Figure 6. ‘Signalling’ model of Nef-mediated down-regulation of cell-surface MHC-I
Step 1: Nef binds PACS-2 through its acidic cluster (EEEE65) and is targeted to the late 

Golgi/TGN. Step 2: at the TGN, Nef PXXP75 binds and activates a TGN-localized SFK. 

Step 3: the activated Nef–SFK complex recruits and activates ZAP-70/Syk. Tyrosine-

phosphorylated ZAP-70/Syk then binds a class I PI3K. Step 4: Nef-stimulated class I PI3K 

generates PIP3 on the inner leaflet of the plasma membrane. Step 5: an ARF6 guanine-

nucleotide-exchange factor (ARF6-GEF) is recruited to PIP3 at the plasma membrane. Step 

6: the recruited ARF6-GEF in turn activates ARF6. Step 7: MHC-I is rapidly endocytosed 

from the plasma membrane to internal endosomal compartments. Steps 8 and 9: 

sequestration of newly internalized MHC-I molecules to a paranuclear region requires the 

Nef Met20 and its interaction with AP-1. The precise step of Nef-mediated MHC-I down-

regulation requiring PACS-1 is unclear but the ability of PACS-1 to bind Nef and AP-1 

raises the possibility that PACS-1 may contribute to the Met20-dependent internalization of 

MHC-I molecules.
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Figure 7. Working model of Akt/14-3-3/PP2A regulation of PACS-2 apoptotic activity
Under non-stressed conditions, apoptotic PACS-2 is phosphorylated on Ser437 and held 

inactive in the cytosol through binding to 14-3-3 isoforms. Loss of Akt signalling or 

apoptotic activation of PP2A leads to dephosphorylation of PACS-2 and release from 

14-3-3. ‘Activated’ PACS-2 binds and facilitates translocation of full-length Bid to 

mitochondria, inducing cytochrome c release. This pathway parallels the previously 

described 14-3-3-regulated translocation of the pro-apoptotic protein Bad [182,183].
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