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TRIMSa proteins recruit and restrict incoming cytoplasmic retroviruses. Primate TRIM5« sequence diver-
sity underlies species-specific restriction and is likely caused by selective pressure from ancient pathogenic
infections. Here we show that TRIMSa from the European brown hare restricts diverse retroviruses. Further-
more, it differs significantly in sequence from TRIMS5« from the closely related rabbit, suggesting evolutionary
changes in the last 12 million years since these species diverged. We propose that, like primates, lagomorphs
have been subject to selective pressure from TRIMS-sensitive viruses, possibly related to the endogenous

lentivirus RELIK found in both rabbits and hares.

TRIMS5a proteins are cytoplasmic restriction factors (38)
that are upregulated in response to viral infection (30, 32),
bind to retroviral capsid protein (CA) (16, 25, 49), and inhibit
retroviral infectivity in a species-specific way (31, 42, 48).
TRIMSa belongs to the tripartite motif family of proteins, so
named because of their RING-B-box-coiled-coil structure
(RBCC), consisting of an N-terminal RING domain, often
with E3 ubiquitin ligase activity (23), one or two B-box do-
mains, and a coiled-coil (CC) domain.

The TRIMS« isoform contains a C-terminal PRYSPRY do-
main, a B-sheet fold (46) whose nonstructured interconnecting
loops, the “variable loops” v1, v2, v3, and v4, form the surfaces
that make contact with retroviral CA (11, 25, 37). Residues in
these loops contribute directly to primate TRIMSa species
specificity (12, 16, 22) and have undergone strong positive
selection during primate evolution (21, 33, 36). The sequence
identity in the RBCC of primate TRIM5a orthologues be-
tween Old World monkeys (OWM), New World monkeys
(NWM) and hominoids is high, but the sequence identity in the
PRYSPRY is low, particularly in the variable loops (33, 37,
39). It is thought that this is due to differential exposures to
TRIMS5a-sensitive pathogens since speciation (13, 21, 33, 34).
The identity of the pathogens applying selection pressure on
TRIMSa is unclear, but the primate phylogeny suggests selec-
tion over long periods of time that predate lentiviruses (33).
However, the difficulty in ageing retroviruses, and particularly
lentiviruses, which do not appear to endogenize readily, makes
it difficult to gauge whether they are old enough to have pro-
vided selection pressure on TRIMSa. Recently, endogenous
lentiviruses have been identified in rabbits, hares, and lemurs
(5, 6, 14, 15). RELIK, the lentivirus found in rabbits and hares,
is at least 12 million years old (15). We previously identified a
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TRIMS5a orthologue in rabbits (35), and in order to consider
whether there has been adaptive change in Lagomorpha
TRIMS5a over the last 12 million years, we here identify and
characterize an active TRIMS5a from hares. We show that
there are striking differences in the PRYSPRY sequences of
rabbit and hare TRIMSas, suggesting adaptive change since
these species split 12 million years ago.

We first sought evidence for TRIMSa activity in the Euro-
pean brown hare, Lepus europaeus. We prepared vesicular
stomatitis virus G protein (VSV-G)-pseudotyped, green fluo-
rescent protein (GFP)-encoding retroviral vectors derived
from human immunodeficiency virus type 1 (HIV-1) (2, 51),
HIV-2 (7), simian immunodeficiency virus SIVmac (20), feline
immunodeficiency virus (FIV) (28), equine infectious anemia
virus (EIAV) (10), and N- and B-tropic murine leukemia virus
(N-MLV and B-MLV) (4) as described previously (9) and
titrated them on kidney fibroblasts from hares (Fig. 1A). In
parallel, viruses were titrated on permissive feline kidney CrFK
cells and the dose of virus plotted as the multiplicity of infec-
tion on CrFK cells. As such, B-MLV was equally infectious on
CrFK and hare cells and, thus, infected 10% of the hare cells
at a CrFK multiplicity of infection of 0.1. Most viruses were of
significantly lower titer on hare cells, suggesting the existence
of virus-specific blocks, as seen in rabbit cells (35). Of the seven
retroviruses tested, HIV-1, HIV-2, SIVmac, N-MLV, EIAV,
and FIV had reduced titers in hare cells. As is typical for
restriction by TRIMS«, there was a difference of 3 orders of
magnitude in titer between the most restricted (N-MLV) and
unrestricted (B-MLV) (9, 27, 41). To examine whether a hare
TRIMSa was responsible, we tested short hairpin RNAs (shR-
NAs) active against rabbit TRIM5a for their ability to restore
the infectivity of a restricted virus (35). One shRNA, when
expressed stably in drug-selected populations of hare cells,
specifically restored the infectious titers of poorly infectious
viruses (Fig. 1B to D). For example, N-MLV became as infec-
tious as B-MLV. The expression of control shRNA had no
impact on the infectivity of any virus.

TRIMS5a in primates most often causes a block to reverse
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FIG. 1. Hare cells demonstrate TRIMS5-like restriction. (A) GFP-
encoding retroviral vectors were titrated on hare kidney cells. Viral
doses were plotted as the multiplicity of infection (MOI) on CrFK
cells. Data are representative of two independent experiments. (B to
D) Transduction with TRIMS-specific siRNA rescues restricted infec-
tivity of viruses as labeled. Titers are plotted as infectious units (IU)/
ml. Data are representative of three independent experiments; error
bars show standard errors of the means. (E) Hare cells were infected
with retroviral vectors as shown, in triplicate. Two samples were ex-
tracted for DNA, and qPCR was performed for the GFP product of
RT. (F) Infection in the third sample was determined by flow cytom-
etry. Error bars show standard errors of the means for duplicate
samples. Data are representative of two independent experiments.

transcription (RT) (38). We infected unmodified hare cells or
cells expressing TRIMS5a shRNA with DNase-treated VSV-G-
pseudotyped retroviruses and measured the early RT product
by TagMan quantitative PCR (qPCR) at 6 h postinfection as
described previously (24) (Fig. 1E), as well as measuring in-
fection 48 h later, as described above (Fig. 1F). Vector boiled
at 95°C for 5 min served as a negative control for plasmid DNA
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FIG. 2. Alignment of TRIM5« protein sequences from hare, rabbit,
and pika. RING, B-box type 2 (BB2), coiled-coil (CC), and PRYSPRY
domains are shown. Hare allele one (GenBank sequence accession
number HM768824) is shown; arrows indicate six polymorphisms from
two hare TRIMS alleles recovered from hare kidney fibroblasts.
Overall identity between hare and rabbit proteins, 89%; identity in
PRYSPRY vl, 47%. Inclusion of the pika sequence illustrates the
variation in Lagomorpha TRIMS PRYSPRYs that parallels the
variation between primate TRIMS sequences. Asterisk, identical
residue; colon, conserved substitution; period, semiconserved sub-
stitution; gap, no conservation.

contamination, and these samples gave values below the limit
of reliable detection. This experiment showed that reduction of
TRIMS5a expression by shRNA rescued RT and the infectivity
of restricted viruses. Together, these data suggest that hares
express a TRIMSa orthologue that limits the infectivity of
specific retroviruses before completion of RT.

Next, we cloned a 1.5-kb putative TRIMS5 cDNA from hare
mRNA using forward primer TS40 (5" ATC GGA ATT CCA
CCA TGT ACC CAT ACG ACG TCC CAG ACT ACG CTG
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FIG. 3. Expression of hare TRIMS«a in permissive murine cells
confers restriction properties of hare cells. (A to C) The retroviruses
shown were titrated on MDTF cells expressing empty vector (black
bars) or hare TRIMS allele 1 (GenBank sequence accession number
HM768824) (white bars), and infectious titers (IU/ml) were deter-
mined by flow cytometry. (D) Introduction of TRIMS-specific SiRNA
to MDTF-hare TRIMS (shaded bars) rescued restricted infection by
HIV-1 and N-MLYV but not unrestricted infection by B-MLV. Error
bars show standard errors of the means from two independent exper-
iments. (E) Western blot detecting the hemagglutinin (HA) tag in
MDTF cells expressing empty vector (EV) or HA-TRIMS5a« and hare
control shRNA (shC) or TRIMS5-specific sShRNA (shT5). B-Actin was
detected as a loading control.

CTT CAG CAA TCT TAG CGA ATA TGA AGG AG 3;
containing an N-terminal HA tag, EcoRI site underlined), and
reverse primer AF20 (5" TAG CIT CGA ATC AAC AGC
TCA TCT GGC AGA TTG TCA TGG 3’; BstBI site under-
lined) as described previously (50). Sequencing 20 hare
TRIMS PCR products revealed two alleles that differed at six
positions (Fig. 2) (GenBank sequence accession numbers
HM?768824 and HM768825). The ratio of these alleles was 1:1,
suggesting a single-copy heterozygous TRIMS gene. Four poly-
morphisms were found in the coiled-coil domain, while two
were found in PRYSPRY variable regions vl and v2. No other
TRIM sequences were amplified from either hare genomic
DNA or cDNA using these primers. Sequence alignment with
the rabbit TRIMSa protein showed the two to be highly con-
served throughout, with 89% overall protein sequence identity
(allele 1, 88.7%, and allele 2, 88.2%), and yet surprisingly
divergent from rabbit in the PRYSPRY variable regions, with
only 47% identity in vl (both alleles, 14 out of 30 residues)
(Fig. 2), a value comparable to that seen between human and
rhesus macaque TRIMSa alleles (38). To extend the study
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FIG. 4. A maximum-likelihood phylogenetic tree of full-length
mammalian TRIM nucleotide sequences. (A) Hare and pika se-
quences fall within the TRIMS cluster of the mammalian TRIM fam-
ily, indicating that they are genuine TRIMS orthologues. Branch
lengths represent nucleotide substitutions per site. Percent bootstrap
values (from 1,000 replicates) are shown on the branches. (B) Poly-
morphisms within the PRYSPRY sequences of four hares and six
rabbits. Residues are numbered as in Fig. 2.

from the Leporidae family to the Lagomorpha order as a
whole, a pika TRIMS5a sequence was reconstructed by search-
ing the ongoing Ochotona princeps (American pika) whole-
genome shotgun (WGS) project with the hare TRIMSa se-
quence using tBLASTn (1). Genome fragment cont2_132533,
approximately 13 kb in length, was the most similar to the
search sequence, allowing us to infer a pika TRIMS5«a sequence
which was also aligned to the rabbit and hare TRIMSa se-
quences (Fig. 2). While the three lagomorph sequences show
high similarity in the RBCC domains, there is almost no iden-
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TABLE 1. Positively selected codons in the Lagomorpha TRIMS genes
: Amino acid in:
Codon” ggrmillée% Pr(dy > ds)° Bayes factor? Region® - -
N S. Hare Rabbit Pika
196 2.12 0.98 150 CcC G E M
288 2.12 0.99 166 A% M N
329 2.12 0.98 156 vl K Q G
332 2.13 0.99 212 vl S N S
336 2.16 1.00 4,743 vl F/V L K
342 2.14 0.99 387 vl C F T
391 2.13 0.99 204 v2 I T Q
403 2.10 0.98 100 v2 R/Q R K
415 2.12 0.98 143 v3 N I G
457 2.13 0.99 240 T K \%
480 2.14 0.99 383 Q H T

“ Consensus codon positions are as in Fig. 2.
® Normalized posterior mean of the dy — d difference. Codon-specific rates of synonymous (dg) and nonsynonymous (dy) nucleotide substitutions were estimated

by random effect likelihood methods under the MG94 X HKY85 model of evolution. E, posterior mean.
¢ Bayesian posterior probability (Pr) for positive selection (dy > ds) at each codon position.
@ A Bayes factor of more than 50 at a given site was considered to be strong support for positive selection.

¢ CC, coiled-coil domain; v1, v2, and v3, variable loops in the PRYSPRY domain.

tity in the variable regions of the PRYSPRY, especially v1,
where pika and hare TRIMSa share just 6 out of 30 residues
(Fig. 2).

We cloned the hare TRIMSa ¢cDNA (GenBank sequence
accession number HM768824) into the MLV vector pPCNCR
as described previously (3) and transduced murine Mus
dunni tail fibroblast (MDTF) cells. A clonal transduced cell
line exhibited a restriction profile comparable in potency
and specificity to that of hare cells (compare Fig. 3 to Fig. 1).
This suggests that the allele cloned and expressed is respon-
sible for the restriction profile of the hare cells. Importantly,
transduction of the TRIMS-expressing MDTF cells with vec-
tor encoding TRIMSa-specific shRNA (35) rescued low-
titer infection of HIV-1 and N-MLV, confirming that hare
TRIMSa was responsible for restricted infection in these
cells (Fig. 3D).

In order to confirm that the TRIMSa sequences we had
identified were indeed TRIMS5a orthologues, we aligned the
nucleotide sequences with TRIM5a sequences from a variety
of primates and nonprimates to construct a maximum-like-
lihood phylogenetic tree using PAUP* (40) (Fig. 4A). Per-
cent bootstrap values (from 1,000 replicates) are shown on
the branches. The two hare alleles and the reconstructed
pika sequence clustered with the rabbit TRIMSa sequence,
with pika TRIMS5a basal to the leporid sequences, correlat-
ing with the order’s taxonomy (18). Importantly the Lago-
morpha TRIMSa genes do not cluster with the closely re-
lated TRIMSa paralogues TRIM6, TRIM22, and TRIM34
from humans, dogs, and cattle (34), confirming them as true
TRIMS5a orthologues (Fig. 4A).

Balancing selection and maintenance of multiple TRIMS
alleles in the OWM rhesus macaques and sooty mangabeys
has been described (21), and evidence suggests that individ-
ual alleles confer distinct restriction phenotypes both in vitro
(21, 45) and in vivo (17, 44). We therefore performed selec-
tion analyses on the three full-length lagomorph TRIMS5a
sequences using hyphy (29) as implemented on the data-
monkey website (http://www.datamonkey.org/) as described
previously (8). We identified 11 codon positions with a sta-

tistically significant excess of nonsynonymous versus synon-
ymous nucleotide substitutions, suggestive of adaptation. A
striking 64% (7/11) of these lie in the v1 (positions 329, 332,
336, and 342), v2 (positions 391 and 403), and v3 (position
415) regions of the PRYSPRY domain (Table 1). Further
analyses are warranted to determine the potential antiret-
roviral role of these positively selected residues; analysis of
restriction of reconstructed RELIK viruses is likely to be
informative. We also sought TRIMS sequence variation
within the Lagomorpha order. We sequenced the TRIMS5«a
PRYSPRY domain of four hares (Lepus europaeus) and six
rabbits (Oryctolagus cuniculus). Similar to the situation in
primates, we found amino acid polymorphisms, six in hares
and two in rabbits, in the variable loops within each
TRIMS5a (Fig. 4B). None of the polymorphisms were shared
between hares and rabbits, implying that they have arisen
and been fixed since divergence 12 million years ago (19,
43). The maintenance of polymorphisms in leporids in the
variable loops known to control antiviral specificity in pri-
mates suggests that selection pressures may have been act-
ing on TRIMS genes in leporids as they have in primates.
In conclusion, we show that TRIMS5a sequences display
striking diversity in the PRYSPRY variable loops between
closely related species in the Lagomorpha order, suggesting
adaptation to restrict different pathogens since these species
diverged. We suggest that ancient retroviruses like RELIK,
which infected the Lagomorpha germ line after the divergence
of the Ochotonidae and Leporidae (14, 15, 43), may have
driven the speciation of the hare and rabbit TRIMSa ortho-
logues. It appears that despite the significant sequence differ-
ences between rabbit and hare TRIMS5«, the panel of retrovi-
ruses we tested are unable to distinguish between them, at least
for the alleles tested. The only possible exception is SIVmac,
which appears to be more strongly restricted by hare than by
rabbit TRIMS« (35). Of course other viruses, particularly the
apparently older gamma retroviruses, may have contributed to
the selection pressure, but it strikes us that ML'Vs are generally
insensitive to TRIMSa, with only a single clone of MLV (N-
MLV) having any sensitivity to any of the wild-type TRIMS«
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proteins thus far identified (26, 47). We further speculate that
a similar situation may exist in primates, in which lentiviral
infections may have provided selective pressure on primate
TRIMS/TRIMCyp genes, and that a lack of endogenous len-
tiviruses in primates may reflect poor endogenization efficien-
cies rather than recent introduction of lentiviruses into pri-
mates.
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