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Arc — An endogenous neuronal retrovirus?
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Abstract

The neuronal gene Arcis essential for long-lasting information storage in the mammalian brain
and has been implicated in various neurological disorders. However, little is known about Arc’s
evolutionary origins. Recent studies suggest that mammalian Arc originated from a vertebrate
lineage of Ty3/gypsy retrotransposons, which are also ancestral to retroviruses. In particular, Arc
contains homology to the Gag polyprotein that forms the viral capsid and is essential for viral
infectivity. This surprising connection raises the intriguing possibility that Arc may share
molecular characteristics of retroviruses.
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1. Introduction

Brains have evolved to process and store information from the outside world and do so
through synaptic connections between interconnected networks of neurons. The age-old
question of Nature vs. Nurture has been replaced with questions of how experience modifies
and shapes the genetic hard wiring of the brain. Despite the fundamental importance of
information storage in the brain, we still lack a detailed molecular and cellular
understanding of the processes involved. Moreover, the evolutionary origins of these
processes remain unclear. Studies over the last decade have shown that “junk” sequences in
animal genomes have viral or retrotransposon origins that can comprise as much 50 percent
of the genome [1]. In some cases, these random sequence insertions or transposable
elements have resulted in the generation of new genes with important functions in higher
vertebrates [2-4]. The role of these retroviral elements is not limited to germline insertions,
as recent studies have shown that somatic mosaicism caused by LINE-1 retroelements in
neurons of the brain is common and could cause alterations in brain development, ultimately
resulting in disease [5]. Interestingly, many of these transposon-derived genes are expressed
in the brain, but their molecular functions remain to be elucidated. Recent studies have made
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a surprising connection between the immediate early gene Arcand the retroviral Group-
specific antigen (Gag) polyproteins [6-8]. In this review, | discuss the potential implications
for the evolutionary history of this important mediator of synaptic plasticity and highlight
how Gag biology may provide insight into the molecular functions of Arc protein.

2. Arc — A Master Regulator of Synaptic Plasticity

Memory encoding and storage involves a number of unique cell biological processes that
ultimately result in long-term changes in synaptic strength, such as long-term potentiation
(LTP) and depression (LTD) [9]. These include: 1. Rapid transcription (within minutes) of
key genes in response to neuronal activity [10]. 2. Signaling pathways that are rapidly
transmitted from synapses to the nucleus [11]. 3. Transport of select MRNAs in RNA
granules to dendrites, where local translation can occur [12]. 4. Synaptic remodeling that
involves membrane trafficking of neurotransmitter receptors, such as the ionotropic AMPA-
type glutamate neurotransmitter receptors (AMPARS) from postsynaptic membranes [13]. 5.
Actin-dependent structural rearrangement and synapse remodeling [14]. Arc has been
implicated in all of these processes in the vertebrate brain [15-17]. Arc’s expression in the
brain is highly dynamic; its transcription is tightly coupled to encoding of information in
neuronal circuits in vivo. Arc mRNA is transported to dendrites and becomes enriched at
sites of local synaptic activity, where Arc mRNA is locally translated into protein [18]. This
exquisite regulation of MRNA and protein localization/expression suggests that Arc plays an
important role in synaptic function and cognition. Indeed, mice that lack Arc exhibit
profound deficits in memory consolidation, despite intact short-term memory and learning
acquisition [19]. Arc plays a critical role in AMPAR trafficking via its interaction with the
endocytic machinery [20, 21], which is required for protein synthesis-dependent forms of
LTD [22, 23]. This endocytic pathway also maintains levels of surface AMPARS in response
to chronic changes in neuronal activity through synaptic scaling, thus contributing to
homeostasis of neuronal strength [24]. This may prevent saturation of synaptic strength,
allowing a single neuron to encode multiple memories. Arc has also been implicated in actin
polymerization at synapses, which may mediate the maintenance of LTP [25]. In addition,
Acrc is critical for experience-dependent plasticity in visual cortex (VC) /n vivo[26], as Arc-
deficient synapses in VC are rendered insensitive to the effects of both experience and
deprivation. This is a striking phenotype, reminiscent of mice that lack important signaling
kinases such as calcium/calmodulin-dependent protein kinase 1l (CaMKII) [27] or
neurotransmitter receptors such as the NMDA-type glutamate receptor [28], which are
thought to have pleiotropic roles in plasticity and memory. This implies that Arc, which is
regulated downstream of these signaling pathways, is one of the main effector proteins at the
synapse required for transducing experience into long-lasting synaptic changes in the brain.
In addition, Arc has been implicated in various neurological disorders that include
Alzheimer’s disease [29, 30], monogenic forms of intellectual disability such as Angelman
[31, 32] and Fragile-X Syndromes [22], and schizophrenia [33-35]. Thus, understanding
Arc’s function provides a platform for determining how brains store information and
mediate cognition. While much progress has been made in understanding the role of Arc in
synaptic plasticity, the underlying molecular mechanisms of Arc’s biochemical function
remain unclear.
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3. Possible Viral and Transposon Influences on the Evolution of Synaptic

Plasticity

Evolution is rife with examples of arms races and it is becoming increasingly clear that
viruses have influenced the evolution of animal genes [36]. Viruses take advantage of
cellular processes in cells for replication purposes, hosts evolve defense mechanisms, and a
positive feedback loop ensues. This is particularly evident in the case of retrotransposons
and retroviruses, which randomly insert genetic material into the host’s genome [37]. Arc
contains structural elements that may have originated from the Ty3/gypsy retrotransposon
family [7] (Figure 1), although the role these Gag elements play in Arc function has not been
explored. The Ty3/gypsy retrotransposons are ancient forms of RNA-based self-replicating
elements that are present in animal, plant, and fungal kingdoms and are considered ancestral
to modern retroviruses. In particular, genes that originate from these transposon insertions
often contain conserved domains similar to the Gag polyprotein, which is required for the
formation of retrovirus capsids [38]. However, the functional relevance of these domains in
animal genes remains unclear. There is evidence that coding sequences derived from Ty3/
gypsy and other retroviral-like elements have been repurposed for cellular functions
repeatedly during evolution [37, 39]. For example, multiple envelope genes of retroviral
origins have been co-opted during mammalian evolution to promote cell-cell fusion and
syncytiotrophoblast formation in the developing placenta [40, 41]. There are more than one
hundred Gag-derived genes in the human genome alone [8, 39], and genetic knockouts of
their murine orthologs have revealed that some, like Arc, are essential for embryonic
development and/or cognition [19, 42-45]. For example, a mouse knock-out of the Sushi-
ichi-related retrotransposon homologue 11/Zinc finger CCHC domain-containing 16
(Sirh11/Zcchc16) exhibits defects in attention, impulsivity and working memory that may be
related to a role in regulating the noradrenergic system [42]. However, the molecular
function of these Gag-derived proteins has been poorly characterized, and whether they have
been co-opted to serve similar cellular processes remains an open question.

4. Is Arc a Neuronal Gag?

Formation of mature retroviral virions is a multistep process that requires the uncleaved Gag
polyprotein [46] (Figure 2). HIV Gag contains four major protein domains that perform
specific functions during virus replication within the host cell: matrix (MA), capsid (CA),
nucleocapsid (NC), and p6 [38]. The Gag polyprotein is ultimately proteolytically cleaved
into its constituent parts to allow for formation of the mature viral particle, after it is released
from the host cell. The mature virus particle also includes a membrane coat that contains the
viral envelope protein (Env). Following cleavage, the CA protein self-assembles into
structures that allow for formation of the mature virion [47]. During assembly in the host
cell, the polyprotein precursor associates with the inner face of the cell membrane via the
MA domain, where it participates in the initial packaging of viral RNA. The NC domain has
two zinc knuckle motifs that interact with the viral RNA and confer some specificity for
which RNA is packaged, although if viral RNA is not present, cellular RNA is also packaged
into capsids [48, 49]. Mutations in NC that interfere with RNA binding lead to formation of
non-infectious viruses. The p6 domain of HIV Gag recruits the endosomal sorting complex
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required for transport (ESCRT) machinery, which catalyzes the membrane fission step to
release the HIV virions from the cell [38]. Immature retroviral capsids are formed by the
uncleaved Gag polyprotein, and the major stabilizing interactions are made by the C-
terminal domain (CTD) of the CA region [50]. Arc has both primary sequence [8] and
structural similarity to CA of HIV and Foamy Virus Gag polyproteins [7, 51] (Figure 1),
suggesting that Arc may share functional similarities to Gag proteins. The assembled
structure of the CA protein has been extensively studied and has been resolved both by X-
ray crystallography and cryo-EM as an arrangement of hexamers that are connected
dimerically through N- to C-terminal interactions [52]. Despite low sequence conservation
across viruses and retrotransposons, Gag structure and function are maintained with four
main functional roles (Figure 2): 1. Membrane/lipid binding. 2. Self-assembly into capsids.
3. RNA binding. 4. Release from cells in viral particles.

While these essential functions of Gag are conserved across the retroviruses, there is
heterogeneity on how these functions are performed. For example, Foamy Virus Gags have
evolved different RNA-binding motifs to HIV Gag and bind RNA through C-terminal
glycine-arginine-rich patches (referred to as GR boxes) [53]. What aspects of Gag function
are conserved in Arc? Worley and colleagues showed that a fragment of Arc that contains
the CA N-terminal Gag homology domain (NTD; aa207-278) bound to CaMKII and the
AMPAR chaperone Tarpy2/stargazin [7]. These interactions may be important for Arc’s role
in regulating AMPAR trafficking at inactive synapses [54], although it remains unclear how
this domain regulates protein-protein interactions in its native conformation in cells. It is
intriguing that Arc retains as much conservation with the retrovirus Gags as other viral
families, such as the Foamy Viruses [51]. Ty3 retrotransposons can form oligomeric
particles that resemble retroviral capsids [55], and Arc also has a propensity to oligomerize
[56]. Can Arc form viral-like capsids in cells and what are the functional implications of
oligomerization or self-assembly? Arc is also predicted to have an MA-like domain (Figure
1), with a high density of basic amino acids in its N-terminus [8]. The MA domain of HIV
Gag determines lipid interactions through charge interactions and a myristoylation moiety,
which targets Gag to the plasma membrane during capsid formation and RNA encapsulation
[49, 57]. Does Arc’s putative MA domain target Arc to membranes important for its
intracellular trafficking role?

Retroviral Gag uses host cellular trafficking machinery during virion formation and release
from the cell, although the precise route of release and entry depends on cell and virus type
[47, 58]. While ESCRT bhinding to the p6 domain is essential for HIV virion release [59], in
some cells, such as macrophages, virions will bud into multivesicular bodies (MVBs) and
released through an exosome route rather than direct budding at the plasma membrane [60].
One study showed that HIV Gag binds the adaptor protein complex AP-3 and that this
interaction was essential for capsid assembly, budding into MVBs and virion release [61].
Another study found that Gag binds to AP-2, a clathrin adaptor protein, preventing virion
release [62]. Interestingly, both adaptor complexes were shown to directly bind purified Gag
in vitro. Arc also binds AP-2 directly [21], another potentially conserved protein-protein
interaction. Similar to virion release, entry of mature retrovirus virions also requires host
cellular machinery. The HIV Env protein allow virus entry into cells by binding cell surface
receptors and allowing membrane fusion. The precise route of particle entry into the
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cytoplasm remains unclear [58], however, with some studies showing direct fusion and entry
through the plasma membrane, while others show that full fusion and entry occurs via
endosomes [63, 64]. Dynamin may play an important role in allowing full fusion to occur
[64], although it is not clear if this occurs through a direct interaction with Gag or through
modulation of membranes/the actin cytoskeleton. It is tempting to speculate that Arc’s role
in intracellular trafficking of receptors evolved from these kinds of retroviral Gag/host cell
interactions.

Intriguingly, aspects of Arc mRNA regulation also resemble some viral RNAs, as Arc
contains an internal ribosomal entry site (IRES) that allows cap-independent translation [65,
66]. In addition, the RNA binding protein Staufen interacts with HIVV Gag and is a critical
host cellular cofactor for viral RNA encapsulation [67]. Staufen is also a critical regulator of
dendritic mRNA trafficking in neurons, including Arc mRNA, that is important for synaptic
plasticity [68]. Arc mRNA regulation, such as dendritic transport and degradation, is
primarily regulated by its 3’UTR [69, 70], although precisely how this occurs is unknown. It
will be of interest to determine whether the UTR similarly evolved from viral or transposon
origins. The parallels between dendritic mRNA regulation and virus-RNA interactions are
striking and further suggest that complex neuronal cell biology may have viral origins.

5. Conclusion

Arc evolved from a random retrotransposon insertion event, most likely from Ty3/gypsy.
This may have occurred in a tetrapod ancestor in between fish and amphibians, as fish
contain gypsy elements that resemble Arc but exhibit more recent transposon activity and do
not seem to be bona fide genes. Interestingly, the Drosophila homologues of Arc, dArcl and
dArc2, also exhibit high homology to the Ty3/gypsy family of retrotransposons [7].
However, other insect lineages seem to lack true Arc genes: as they also contain
retrotransposon elements that indicate recent transposition and are not true orthologues. This
suggests that the fly Arc homologue may have been derived from an independent
retrotransposon event from the same Ty3/gypsy retrotransposon family (Dr. Cédric
Feschotte, personal communication). Once Arcbecame a functional gene, it became highly
conserved in the vertebrate lineage and its role in synaptic plasticity seems conserved from
birds to humans [33, 34, 71]. Future studies should determine the functional implications of
Arc’s resemblance to Gag.

A major paradox that remains to be solved is the dichotomy of a protein that is highly
dynamic and short-lived within neurons, yet is required for long-term synaptic plasticity and
consolidation of memory. Does this occur strictly through acute AMPAR regulation or
through manipulation of the actin cytoskeleton at synapses? Alternatively, does Arc regulate
gene expression or state-dependent changes through RNA processing in the nucleus or
dendrites that lead to long-lasting information storage? New directions include: investigating
whether Arc can self-assemble into viral-like capsids or form structures that can regulate
RNA transport in dendrites, or even whether Arc is secreted from cells and able to transport
genetic material similar in manner to retroviruses. It is fascinating to think that some of the
most complex processes performed by neurons may have originated from ancient forms of
life!

Semin Cell Dev Biol. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shepherd

Page 6

Acknowledgments

This work was funded by the NIH (R01 MH112766). Dr. Elissa Pastuzyn and Dr. Cameron Day helped with the
figure generation. | thank all members of the Shepherd lab, Dr. Wes Sundquist, and Dr. Cédric Feschotte for helpful
discussions.

References

1.

10.

11.

12.

13.

Smit AF. Interspersed repeats and other mementos of transposable elements in mammalian
genomes. Curr Opin Genet Dev. 1999; 9(6):657-63. [PubMed: 10607616]

. Kaneko-Ishino T, Ishino F. The role of genes domesticated from LTR retrotransposons and

retroviruses in mammals. Front Microbiol. 2012; 3:262. [PubMed: 22866050]

. Chuong EB, Elde NC, Feschotte C. Regulatory activities of transposable elements: from conflicts to

benefits. Nat Rev Genet. 2017; 18(2):71-86. [PubMed: 27867194]

. Levin HL, Moran JV. Dynamic interactions between transposable elements and their hosts. Nat Rev

Genet. 2011; 12(9):615-27. [PubMed: 21850042]

. Richardson SR, Morell S, Faulkner GJ. L1 retrotransposons and somatic mosaicism in the brain.

Annu Rev Genet. 2014; 48:1-27. [PubMed: 25036377]

. Day C, Shepherd JD. Arc: building a bridge from viruses to memory. Biochem J. 2015; 469(1):e1-3.

[PubMed: 26173260]

. Zhang W, Wu J, Ward MD, Yang S, Chuang YA, Xiao M, Li R, Leahy DJ, Worley PF. Structural

basis of arc binding to synaptic proteins: implications for cognitive disease. Neuron. 2015; 86(2):
490-500. [PubMed: 25864631]

. Campillos M, Doerks T, Shah PK, Bork P. Computational characterization of multiple Gag-like

human proteins. Trends Genet. 2006; 22(11):585-9. [PubMed: 16979784]

. Shepherd JD, Huganir RL. The cell biology of synaptic plasticity: AMPA receptor trafficking. Annu

Rev Cell Dev Biol. 2007; 23:613-43. [PubMed: 17506699]

Ebert DH, Greenberg ME. Activity-dependent neuronal signalling and autism spectrum disorder.

Nature. 2013; 493(7432):327-37. [PubMed: 23325215]

Herbst WA, Martin KC. Regulated transport of signaling proteins from synapse to nucleus. Curr
Opin Neurobiol. 2017; 45:78-84. [PubMed: 28502891]

Glock C, Heumuller M, Schuman EM. mRNA transport & local translation in neurons. Curr Opin

Neurobiol. 2017; 45:169-177. [PubMed: 28633045]

Anggono V, Huganir RL. Regulation of AMPA receptor trafficking and synaptic plasticity. Curr
Opin Neurobiol. 2012; 22(3):461-9. [PubMed: 22217700]

14. Lei W, Omotade OF, Myers KR, Zheng JQ. Actin cytoskeleton in dendritic spine development and

15.

plasticity. Curr Opin Neurobiol. 2016; 39:86-92. [PubMed: 27138585]

Shepherd JD, Bear MF. New views of Arc, a master regulator of synaptic plasticity. Nat Neurosci.
2011; 14(3):279-84. [PubMed: 21278731]

16. Bramham CR, Alme MN, Bittins M, Kuipers SD, Nair RR, Pai B, Panja D, Schubert M, Soule J,

Tiron A, Wibrand K. The Arc of synaptic memory. Exp Brain Res. 2010; 200(2):125-40.
[PubMed: 19690847]

17. Korb E, Finkbeiner S. Arc in synaptic plasticity: from gene to behavior. Trends Neurosci. 2011;

34(11):591-8. [PubMed: 21963089]

18. Steward O, Wallace CS, Lyford GL, Worley PF. Synaptic activation causes the mRNA for the IEG

Arc to localize selectively near activated postsynaptic sites on dendrites. Neuron. 1998; 21(4):741-
51. [PubMed: 9808461]

19. Plath N, Ohana O, Dammermann B, Errington ML, Schmitz D, Gross C, Mao X, Engelsberg A,

Mahlke C, Welzl H, Kobalz U, Stawrakakis A, Fernandez E, Waltereit R, Bick-Sander A,
Therstappen E, Cooke SF, Blanquet V, Wurst W, Salmen B, Bosl MR, Lipp HP, Grant SG, Bliss
TV, Wolfer DP, Kuhl D. Arc/Arg3.1 is essential for the consolidation of synaptic plasticity and
memories. Neuron. 2006; 52(3):437-44. [PubMed: 17088210]

Semin Cell Dev Biol. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shepherd

Page 7

20. Chowdhury S, Shepherd JD, Okuno H, Lyford G, Petralia RS, Plath N, Kuhl D, Huganir RL,
Worley PF. Arc/Arg3.1 interacts with the endocytic machinery to regulate AMPA receptor
trafficking. Neuron. 2006; 52(3):445-59. [PubMed: 17088211]

21. DaSilva LL, Wall MJ, PdAL, Wauters SC, Januario YC, Muller J, Correa SA. Activity-Regulated
Cytoskeleton-Associated Protein Controls AMPAR Endocytosis through a Direct Interaction with
Clathrin-Adaptor Protein 2. eNeuro. 2016; 3(3)

22. Park S, Park JM, Kim S, Kim JA, Shepherd JD, Smith-Hicks CL, Chowdhury S, Kaufmann W,
Kuhl D, Ryazanov AG, Huganir RL, Linden DJ, Worley PF. Elongation factor 2 and fragile X
mental retardation protein control the dynamic translation of Arc/Arg3.1 essential for mGIuR-
LTD. Neuron. 2008; 59(1):70-83. [PubMed: 18614030]

23. Waung MW, Pfeiffer BE, Nosyreva ED, Ronesi JA, Huber KM. Rapid translation of Arc/Arg3.1
selectively mediates mGluR-dependent LTD through persistent increases in AMPAR endocytosis
rate. Neuron. 2008; 59(1):84-97. [PubMed: 18614031]

24. Shepherd JD, Rumbaugh G, Wu J, Chowdhury S, Plath N, Kuhl D, Huganir RL, Worley PF. Arc/
Arg3.1 mediates homeostatic synaptic scaling of AMPA receptors. Neuron. 2006; 52(3):475-84.
[PubMed: 17088213]

25. Messaoudi E, Kanhema T, Soule J, Tiron A, Dagyte G, da Silva B, Bramham CR. Sustained Arc/
Arg3.1 synthesis controls long-term potentiation consolidation through regulation of local actin
polymerization in the dentate gyrus in vivo. J Neurosci. 2007; 27(39):10445-55. [PubMed:
17898216]

26. McCurry CL, Shepherd JD, Tropea D, Wang KH, Bear MF, Sur M. Loss of Arc renders the visual
cortex impervious to the effects of sensory experience or deprivation. Nat Neurosci. 2010; 13(4):
450-7. [PubMed: 20228806]

27. Silva AJ, Stevens CF, Tonegawa S, Wang Y. Deficient hippocampal long-term potentiation in
alpha-calcium-calmodulin kinase Il mutant mice. Science. 1992; 257(5067):201-6. [PubMed:
1378648]

28. Tsien JZ, Huerta PT, Tonegawa S. The essential role of hippocampal CA1 NMDA receptor-
dependent synaptic plasticity in spatial memory. Cell. 1996; 87(7):1327-38. [PubMed: 8980238]

29. Wu J, Petralia RS, Kurushima H, Patel H, Jung MY, Volk L, Chowdhury S, Shepherd JD, Dehoff
M, Li Y, Kuhl D, Huganir RL, Price DL, Scannevin R, Troncoso JC, Wong PC, Worley PF. Arc/
Arg3.1 regulates an endosomal pathway essential for activity-dependent beta-amyloid generation.
Cell. 2011; 147(3):615-28. [PubMed: 22036569]

30. Bi R, Kong LL, Xu M, Li GD, Zhang DF, Li T, Fang Y, Zhang C, Zhang B, Yao YG. I.
Alzheimer’s Disease Neuroimaging. The Arc Gene Confers Genetic Susceptibility to Alzheimer’s
Disease in Han Chinese. Mol Neurobiol. 2017

31. Greer PL, Hanayama R, Bloodgood BL, Mardinly AR, Lipton DM, Flavell SW, Kim TK, Griffith
EC, Waldon Z, Maehr R, Ploegh HL, Chowdhury S, Worley PF, Steen J, Greenberg ME. The
Angelman Syndrome protein Ube3A regulates synapse development by ubiquitinating arc. Cell.
2010; 140(5):704-16. [PubMed: 20211139]

32. Pastuzyn ED, Shepherd JD. Activity-Dependent Arc Expression and Homeostatic Synaptic
Plasticity Are Altered in Neurons from a Mouse Model of Angelman Syndrome. Frontiers in
Molecular Neuroscience. 2017; 10(234)

33. Fromer M, Pocklington AJ, Kavanagh DH, Williams HJ, Dwyer S, Gormley P, Georgieva L, Rees
E, Palta P, Ruderfer DM, Carrera N, Humphreys I, Johnson JS, Roussos P, Barker DD, Banks E,
Milanova V, Grant SG, Hannon E, Rose SA, Chambert K, Mahajan M, Scolnick EM, Moran JL,
Kirov G, Palotie A, McCarroll SA, Holmans P, Sklar P, Owen MJ, Purcell SM, O’Donovan MC.
De novo mutations in schizophrenia implicate synaptic networks. Nature. 2014; 506(7487):179—
84. [PubMed: 24463507]

34. Purcell SM, Moran JL, Fromer M, Ruderfer D, Solovieff N, Roussos P, O’Dushlaine C, Chambert
K, Bergen SE, Kahler A, Duncan L, Stahl E, Genovese G, Fernandez E, Collins MO, Komiyama
NH, Choudhary JS, Magnusson PK, Banks E, Shakir K, Garimella K, Fennell T, DePristo M,
Grant SG, Haggarty SJ, Gabriel S, Scolnick EM, Lander ES, Hultman CM, Sullivan PF, McCarroll
SA, Sklar P. A polygenic burden of rare disruptive mutations in schizophrenia. Nature. 2014;
506(7487):185-90. [PubMed: 24463508]

Semin Cell Dev Biol. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shepherd

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 8

Manago F, Mereu M, Mastwal S, Mastrogiacomo R, Scheggia D, Emanuele M, De Luca MA,
Weinberger DR, Wang KH, Papaleo F. Genetic Disruption of Arc/Arg3.1 in Mice Causes
Alterations in Dopamine and Neurobehavioral Phenotypes Related to Schizophrenia. Cell Rep.
2016; 16(8):2116-28. [PubMed: 27524619]

Koonin EV, Dolja VV. A virocentric perspective on the evolution of life. Curr Opin Virol. 2013;
3(5):546-57. [PubMed: 23850169]

Feschotte C, Gilbert C. Endogenous viruses: insights into viral evolution and impact on host
biology. Nat Rev Genet. 2012; 13(4):283-96. [PubMed: 22421730]

Freed EO. HIV-1 assembly, release and maturation. Nat Rev Microbiol. 2015; 13(8):484-96.
[PubMed: 26119571]

Naville M, Warren 1A, Haftek-Terreau Z, Chalopin D, Brunet F, Levin P, Galiana D, Volff JN. Not
so bad after all: retroviruses and long terminal repeat retrotransposons as a source of new genes in
vertebrates. Clin Microbiol Infect. 2016; 22(4):312-23. [PubMed: 26899828]

Cornelis G, Vernochet C, Carradec Q, Souquere S, Mulot B, Catzeflis F, Nilsson MA, Menzies BR,
Renfree MB, Pierron G, Zeller U, Heidmann O, Dupressoir A, Heidmann T. Retroviral envelope
gene captures and syncytin exaptation for placentation in marsupials. Proc Natl Acad Sci U S A.
2015; 112(5):E487-96. [PubMed: 25605903]

Lavialle C, Cornelis G, Dupressoir A, Esnault C, Heidmann O, Vernochet C, Heidmann T.
Paleovirology of ‘syncytins’, retroviral env genes exapted for a role in placentation. Philos Trans R
Soc Lond B Biol Sci. 2013; 368(1626):20120507. [PubMed: 23938756]

Irie M, Yoshikawa M, Ono R, lwafune H, Furuse T, Yamada |, Wakana S, Yamashita Y, Abe T,
Ishino F, Kaneko-Ishino T. Cognitive Function Related to the Sirh11/Zcchcl6 Gene Acquired from
an LTR Retrotransposon in Eutherians. PLoS Genet. 2015; 11(9):e1005521. [PubMed: 26402067]
Ono R, Nakamura K, Inoue K, Naruse M, Usami T, Wakisaka-Saito N, Hino T, Suzuki-Migishima
R, Ogonuki N, Miki H, Kohda T, Ogura A, Yokoyama M, Kaneko-Ishino T, Ishino F. Deletion of
Peg10, an imprinted gene acquired from a retrotransposon, causes early embryonic lethality. Nat
Genet. 2006; 38(1):101-6. [PubMed: 16341224]

Naruse M, Ono R, Irie M, Nakamura K, Furuse T, Hino T, Oda K, Kashimura M, Yamada I,
Wakana S, Yokoyama M, Ishino F, Kaneko-Ishino T. Sirh7/Ldocl knockout mice exhibit placental
P4 overproduction and delayed parturition. Development. 2014; 141(24):4763-71. [PubMed:
25468940]

Sekita Y, Wagatsuma H, Nakamura K, Ono R, Kagami M, Wakisaka N, Hino T, Suzuki-Migishima
R, Kohda T, Ogura A, Ogata T, Yokoyama M, Kaneko-Ishino T, Ishino F. Role of retrotransposon-
derived imprinted gene, Rtl1, in the feto-maternal interface of mouse placenta. Nat Genet. 2008;
40(2):243-8. [PubMed: 18176565]

Yost SA, Marcotrigiano J. Viral precursor polyproteins: keys of regulation from replication to
maturation. Curr Opin Virol. 2013; 3(2):137-42. [PubMed: 23602469]

Sundquist W1, Krausslich HG. HIV-1 assembly, budding, and maturation. Cold Spring Harbor
perspectives in medicine. 2012; 2(7):a006924. [PubMed: 22762019]

Comas-Garcia M, Davis SR, Rein A. On the Selective Packaging of Genomic RNA by HIV-1.
Viruses. 2016; 8(9)

Mailler E, Bernacchi S, Marquet R, Paillart JC, Vivet-Boudou V, Smyth RP. The Life-Cycle of the
HIV-1 Gag-RNA Complex. Viruses. 2016; 8(9)

Schur FK, Hagen WJ, Rumlova M, Ruml T, Muller B, Krausslich HG, Briggs JA. Structure of the
immature HIV-1 capsid in intact virus particles at 8.8 A resolution. Nature. 2015; 517(7535):505—
8. [PubMed: 25363765]

Taylor WR, Stoye JP, Taylor IA. A comparative analysis of the foamy and ortho virus capsid
structures reveals an ancient domain duplication. BMC Struct Biol. 2017; 17(1):3. [PubMed:
28372592]

Ganser-Pornillos BK, Cheng A, Yeager M. Structure of full-length HIV-1 CA: a model for the
mature capsid lattice. Cell. 2007; 131(1):70-9. [PubMed: 17923088]

Hamann MV, Lindemann D. Foamy Virus Protein-Nucleic Acid Interactions during Particle
Morphogenesis. Viruses. 2016; 8(9)

Semin Cell Dev Biol. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shepherd

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Page 9

Okuno H, Akashi K, Ishii Y, Yagishita-Kyo N, Suzuki K, Nonaka M, Kawashima T, Fujii H,
Takemoto-Kimura S, Abe M, Natsume R, Chowdhury S, Sakimura K, Worley PF, Bito H. Inverse
synaptic tagging of inactive synapses via dynamic interaction of Arc/Arg3.1 with CaMKIIbeta.
Cell. 2012; 149(4):886-98. [PubMed: 22579289]

Hansen LJ, Chalker DL, Orlinsky KJ, Sandmeyer SB. Ty3 GAG3 and POL3 genes encode the
components of intracellular particles. J Virol. 1992; 66(3):1414-24. [PubMed: 1371165]

Myrum C, Baumann A, Bustad HJ, Flydal MI, Mariaule V, Alvira S, Cuellar J, Haavik J, Soule J,
Valpuesta JM, Marquez JA, Martinez A, Bramham CR. Arc is a flexible modular protein capable
of reversible self-oligomerization. Biochem J. 2015

Saad JS, Miller J, Tai J, Kim A, Ghanam RH, Summers MF. Structural basis for targeting HIV-1
Gag proteins to the plasma membrane for virus assembly. Proc Natl Acad Sci U S A. 2006;
103(30):11364-9. [PubMed: 16840558]

Melikyan GB. HIV entry: a game of hide-and-fuse? Curr Opin Virol. 2014; 4:1-7. [PubMed:
24525288]

Morita E, Sundquist WI. Retrovirus budding. Annu Rev Cell Dev Biol. 2004; 20:395-425.
[PubMed: 15473846]

Nguyen DG, Booth A, Gould SJ, Hildreth JE. Evidence that HIV budding in primary macrophages
occurs through the exosome release pathway. J Biol Chem. 2003; 278(52):52347-54. [PubMed:
14561735]

Dong X, Li H, Derdowski A, Ding L, Burnett A, Chen X, Peters TR, Dermody TS, Woodruff E,
Wang JJ, Spearman P. AP-3 directs the intracellular trafficking of HIV-1 Gag and plays a key role
in particle assembly. Cell. 2005; 120(5):663-74. [PubMed: 15766529]

Batonick M, Favre M, Boge M, Spearman P, Honing S, Thali M. Interaction of HIV-1 Gag with the
clathrin-associated adaptor AP-2. Virology. 2005; 342(2):190-200. [PubMed: 16139856]

Daecke J, Fackler OT, Dittmar MT, Krausslich HG. Involvement of clathrin-mediated endocytosis
in human immunodeficiency virus type 1 entry. J Virol. 2005; 79(3):1581-94. [PubMed:
15650184]

Miyauchi K, Kim Y, Latinovic O, Morozov V, Melikyan GB. HIV enters cells via endocytosis and
dynamin-dependent fusion with endosomes. Cell. 2009; 137(3):433—-44. [PubMed: 19410541]
Pinkstaff JK, Chappell SA, Mauro VP, Edelman GM, Krushel LA. Internal initiation of translation
of five dendritically localized neuronal mMRNAs. Proc Natl Acad Sci U S A. 2001; 98(5):2770-5.
[PubMed: 11226315]

Balvay L, Lopez Lastra M, Sargueil B, Darlix JL, Ohlmann T. Translational control of retroviruses.
Nat Rev Microbiol. 2007; 5(2):128-40. [PubMed: 17224922]

Mouland AJ, Mercier J, Luo M, Bernier L, DesGroseillers L, Cohen EA. The double-stranded
RNA-binding protein Staufen is incorporated in human immunodeficiency virus type 1: evidence
for a role in genomic RNA encapsidation. J Virol. 2000; 74(12):5441-51. [PubMed: 10823848]
Heraud-Farlow JE, Kiebler MA. The multifunctional Staufen proteins: conserved roles from
neurogenesis to synaptic plasticity. Trends Neurosci. 2014; 37(9):470-9. [PubMed: 25012293]
Kobayashi H, Yamamoto S, Maruo T, Murakami F. Identification of a cis-acting element required
for dendritic targeting of activity-regulated cytoskeleton-associated protein mRNA. Eur J
Neurosci. 2005; 22(12):2977-84. [PubMed: 16367764]

Giorgi C, Yeo GW, Stone ME, Katz DB, Burge C, Turrigiano G, Moore MJ. The EJC factor
elF4Alll modulates synaptic strength and neuronal protein expression. Cell. 2007; 130(1):179-91.
[PubMed: 17632064]

Velho TA, Pinaud R, Rodrigues PV, Mello CV. Co-induction of activity-dependent genes in
songbirds. Eur J Neurosci. 2005; 22(7):1667-78. [PubMed: 16197507]

Semin Cell Dev Biol. Author manuscript; available in PMC 2019 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Shepherd Page 10

HIV-1 1 GARASVLSGEE[D KIRLR KK---------- YKEKHI VWASREEERFAVNPGLLETSEGCRQI L PSE- - - - 70
Arc 1 -MELDHMTT! HAYPAPRGG PNV I LQIGKCRAEMLEHVRRTHRHLELT - EVSKQVERELKGLHRSVEKLENNLDGY VP, 82
HIV-1 71 SEELRSLYNTVATLYCVHQRIE---------- IKDTKEALDKIEEEQNKSKKKAQQAAADTGHSSQVSQNY - - - 131
Arc 83 DSQ- - RWKKS | KACLECRCQET | ANLERWKREMHVWREVFYRLERWADR- - - - - - - - - - - - - - LESMGGK¥PVG 140
HIV-1 1 PIVQNIQGQMVHQA | SPRTL- - - - NAWVKVVEEK - - - - AFSPEV | PMFSALS- - - -EG-ATPQDLNTMLN- - - - - - - - - TVGGH 62
Ty3 I SFMDQI PGGGNYPKLPVECLPNFP | QPSLTFRGRNDSHKLKNF | SE | MLNMSM | SWPND 59
Arc 1---PGVDTQI - - - FEDPREFLSHLEEYLRQVGGSEEYWL - = = === === s = s s e oo eeeemeeeeccceceeeeeanan 33
HIV-1 63 QAAMQMLKET INEEBA RVHPVHA- - - - - o e e oo - GP | APGQMREPRGSBI AGTTSTLQEQ I GWMTNNPP | PVGE | YK 131
Ty3 60 ASRIVYCRRHLLNPAAQWAN - - - - = - = == - - o e e e e e e e e e e e e e e e o FVoERBILEITE---------------- 92
Arc 34 - - - - SQIQNHMNGPAK FKQGSVKNWVEFKKEFLQYSEGTLSREAI - -QRELDLPQKQGEPLD@F---------------- 95
HIV-1 132 RWI | LGENK | VRM¥SPTS | LDBIR@- - - - - - - - - - - - - GPKEPFERDYVDRFYKTLRAEQASQEVKNWMTETLLVQNANPDCKT | L 202
Ty3 93 DTFIQGLY - - QHFYKPPD I NKIFNA | TQLSEAKLG | ERLNQRFRK IWDRMPPDFMTEKAA- - - - - IMTYTRLLTK---ETYNIV 166
Arc 96 LWRKRDLY - - QT L¥VDAEEEEN | QYVV- - - - - - - - - GTEEPKIEREE - - - - - - - - - ------cccccccccccccccccceo 131
HIV-1 203 KALGPAATEEEMMTACQGVG- - - - - - GPBHK- - - - - ARVL- - - 231
Ty3 167 RMHKP - ETEKDAMEEAYQTTALTERFFPGFELDADGDT I IG- - 206
Arc 132 RHPLP-KTLEQL IQRGMEV - - - - - - - QDELEQAA- -EPSVTPL 164
HIV Gag
363 441
M
| A 500
132 378 432
Arc
([ EPedcedVATTY  [NCANTONNCACTONT s
140 207 278 370

Figure 1. Conservation of Gag homology domains in Arc
A. Alignment of HIV-1 MA and Arc’s putative MA domain, taken from Campillos et a/,

2006 [8], using BLAST alignment of human HIV-1 (Uniprot #P03367) and rat Arc
(Q63053). Sequence similarity = 18%. B. Alignment of HIV-1, Ty3/Gypsy (Q12173) and
the rat Arc CA domain taken from Campillos et a/, 2006 [8]. Degree of conservation is color
coded, with white indicating no conservation and dark blue indicating high or perfect
conservation. CA sequence similarity (HIV and Arc) = 9%. C. Domain organization of
HIV-1 Gag and Arc. Arc’s putative MA domain is predicted by computational modeling [8],
but not experimentally. The Arc CA domains are based on crystal structures of these
fragments [7].
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Figure 2. Role of the Gag polyprotein in the HIV life-cycle
HIV Gag protein self-assembles (determined by the CA domain) in the cytosol and at the

plasma membrane (determined by the MA domain), while the capsid encapsulates viral
RNA (via the NC domain) that is transcribed by the host cell. The immature HIV capsid is
secreted in an ESCRT-dependent manner (via the p6 domain) with membrane that contains
the viral envelope protein (Env). The mature HIV capsid is formed by cleavage of Gag,
which results in conformational changes in the structure of the capsid. The mature virus
particles bind host cells through surface receptors (such as CD4) and membrane fusion
occurs. Alternatively, virus particles are first endocytosed prior to fusion and particles
released into the cell after full fusion occurs in the endosome. Ultimately, viral RNA is
released from the particles and is reversed transcribed into viral DNA that is integrated into
the host genome via other viral proteins.
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