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ABSTRACT—Despite advancements in understanding the pathophysiology of sepsis, clinical outcomes are variable, and
the mortality rate remains high among patients. We investigated whether expression of murine endogenous retroviruses
(MuERVs), constituting È10% of the mouse genome, is differentially regulated in response to sepsis-elicited stress
signals. ICR mice were subjected to cecal ligation and puncture, and MuERV expression was examined. There was
evident regulation (induced or repressed) of MuERV expression in the liver and lung after cecal ligation and puncture. In
particular, expression of several variant transcripts was increased, primarily in the liver, at 12 and/or 48 h: nine splicing
variants and one 5.06-kb nonspliced transcript. Four novel splicing signals were also identified. Six variant transcripts were
presumed to be splicing products of the 5.06-kb transcript, whereas the other three were envelope variants transcribed
from at least five MuERV loci. These findings demonstrate that expression of certain MuERVs, including their envelope
subgenomic transcripts, are altered during the course of sepsis pathogenesis.
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INTRODUCTION

The term sepsis refers to a complex, systemic immune

response to infection that can produce serious consequences

including multiple organ failure and death. In the United

States alone, sepsis is diagnosed in more than 750,000 patients

each year with a mortality rate of 29% (1). With the exception

of antibiotics introduced in the mid-1900s, there have been

few major advancements in the treatment of sepsis. Activated

protein C and goal-directed fluid therapy have demonstrated

some efficacy; however, these treatments resulted in only

modest improvements (2, 3). Consequently, the incidence of

sepsis increases each year (1). The increasing incidence is

largely due to the complex and heterogeneous nature of host

immune responses to sepsis.

Sepsis is a syndrome primarily characterized by both

proinflammatory and immunosuppressive host responses to

infection. Understanding the complexity of the host response

during sepsis will eventually help identify therapeutic targets. It

seems that host responses to a specific infection may vary

among patients, and appreciation of these differential host

responses will be a crucial factor that determines outcomes of

the sepsis treatment. These host responses are influenced by a

number of parameters such as age, sex, and environment (4Y6).

It is likely that genetic profile has a significant role in directing

the immune responses to an inflammatory insult stemming

from infection (5, 7). In a murine model of sepsis, the mouse

strain significantly influenced the immune responses and

mortality (7). In clinical studies, several genetic polymorphisms

that modulate sepsis severity have been identified in patients

(8Y10). Hence, it has been suggested that the treatment of

sepsis must be individualized to obtain optimal results. This

tailored approach for individual patients would be facilitated by

a comprehensive understanding of the genetic determinants/

elements contributing to the differential host responses to

infection.

The genomes of living organisms are rather dynamic

structures that constantly interact with the surrounding environ-

ments (intracellular as well as extracellular). The genomic

variability within human populations is primarily determined

by a combination of three different components; sequence

polymorphism, epigenetics, and retrotransposition (11Y13).

First, polymorphisms in genome sequences, including single-

nucleotide polymorphism, deletion, and/or insertion, may alter

the transcriptional activity and/or function of affected genes.

Second, differences in epigenetic modifications, such as

genomic DNA methylation and histone acetylation, among

individuals affect genome-wide gene expression. Third, trans-

posable elements, including endogenous retroviruses (ERVs),

constitute È45% of the human genome, and it is likely that

stress signals (e.g., infection, injury, psychological stress)

from the environment may facilitate transposition of these

elements into different parts of the genome (14).

Endogenous retroviruses, which are remnants of ancient

retroviral infections into the germ line, consist of È8% of the

human genome and È10% of the mouse genome and are
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transmitted to the offspring in a Mendelian order (15, 16).

Each individual’s genome has a pool of ERVs inherited from

both maternal and paternal genomes. Endogenous retroviruses

were often described as Bjunk DNAs,[ meaning that they were

biologically inactive DNA elements because they were

presumed to be incapable of encoding retroviral polypeptides

necessary for replication. However, the findings from recent

studies implicate ERVs as participants in an array of disease

processes, such as autoimmune diseases (e.g., multiple

sclerosis, insulin-dependent type 1 diabetes mellitus), cancer,

schizophrenia, and injury response (17Y23). In particular,

ERVs’ involvement in autoimmune inflammatory diseases is

exemplified by the proinflammatory properties of HERV

(human ERV)-W envelope protein, called syncytin, which is

reported to be directly responsible for demyelination of

oligodendrocytes (17, 18).

In this study, we examine whether expressions of ERVs are

altered in response to sepsis-elicited stress signals before a

potential investigation into their roles in the confounding

etiopathology of sepsis.

MATERIALS AND METHODS

Animals
Female ICR mice (Harlan, Indianapolis, Ind), weighing 20 to 23 g, were

used in these experiments. All of the animals were maintained under standard
laboratory conditions in the University of Michigan animal housing facility
for 5 to 7 days before use. The mice were housed in a temperature-controlled
room with a 12-h-light/12-h-dark light cycle. Food and water were provided
ad libitum. The University Committee on Animal Care and Use approved all
of the procedures described in these studies.

Cecal ligation and puncture
The procedure was performed as previously described, and three mice were

used in each experimental group (24). The mice were anesthetized with 5%
isoflurane and maintained via face mask on 2% to 3% isoflurane in oxygen.
The abdomen was prepared for surgery with chlorhexidine solution. A
midventral incision (1-cm length) was made in the caudal abdomen. The

cecum was exteriorized, ligated with silk suture, and then punctured twice
with a 20-gauge needle. In the ICR mouse, the 20-gauge needle will produce a
nonlethal peritonitis. The cecum was then re-placed in the abdomen, and the
peritoneal cavity was closed with suture. The skin was closed with tissue glue.
Each mouse was given 1 mL of warm lactated Ringer’s solution with 5%
dextrose s.c. Beginning 2 h after surgery, the animals were given the antibiotic
imipenem (25 mg/kg s.c. Primaxin; Merck West Point, Pa) twice daily. The
mice were anesthetized with subcutaneous injections of 87 mg/kg ketamine
(Ketaset; Fort Dodge Laboratories, Fort Dodge, Iowa) and 13 mg/kg xylazine
(Rompun; Bayer Corp, Shawnee Mission, Kans). The mice were then killed
by cervical dislocation. Liver and lung samples were removed and snap frozen
in liquid nitrogen.

Reverse transcriptaseYpolymerase chain reaction analysis
of murine endogenous retrovirus expression

Protocols for total RNA isolation and cDNA synthesis were described
previously (19). Briefly, total RNA was extracted using an RNeasy kit
(Qiagen, Valencia, Calif). One hundred nanograms of total RNA was
subjected to reverse transcription using Sensiscript reverse transcriptase
(Qiagen). Primers, ERV-U1 (5¶-CGG GCG ACT CAG TCT ATC GG-3¶)
and ERV-U2 (5¶-CAG TAT CAC CAA CTC AAA TC-3¶), were used to
amplify the 3¶ U3 regions of nonecotropic murine ERVs (MuERVs). The
primers for the amplification of full-length/subgenomic transcripts were
designed based on a MAIDS (murine acquired immunodeficiency syndrome)
virusYrelated provirus (Mrv) (GenBank no. S80082), and the sequences were
as follows: MV1K (5¶-CAT TTG GAG GTC CCA CCG AGA-3¶) and MV2D
(5¶-CTC AGT CTG TCG GAG GAC TG-3¶). The comparability between
samples was determined by the electrophoresis of an equal amount (500 ng)
of total RNA from each sample.

Cloning and sequencing
Polymerase chain reaction (PCR) products were purified using a Qiaquick

PCR Purification kit (Qiagen) and cloned into the pGEM-T Easy vector
(Promega, Madison, Wis). Plasmid DNAs for sequencing analysis were
prepared using a Qiaprep Spin Miniprep kit (Qiagen). Sequencing was
performed at the Molecular Cloning Laboratory (South San Francisco, Calif ).

Multiple alignment and phylogenetic analyses
Initially, a total of 53 (41 from sepsis repressed and 12 from sepsis

induced) MuERV U3 clones were aligned using Vector NTI (Invitrogen,
Carlsbad, Calif ) and 35 (31 from sepsis repressed and 4 from sepsis induced)
unique U3 clones were identified. The neighbor-joining method within
MEGA4 program was used for phylogenetic analysis (25). To evaluate the
statistical confidence of branching patterns, bootstrapping was performed with
100 replications within the program. In addition, multiple alignment and
phylogenetic analyses of six U3 sequences derived from variant transcripts

FIG. 1. Changes in profiles of MuERV expression in the liver and lung after CLP. Tissues (liver and lung) harvested at 12 and 48 h after CLP were
subjected to RT-PCR analysis of MuERV expression using a primer set flanking the 3¶ U3 region. Respective tissues harvested from sham mice (same
treatment as CLP mice except for CLP procedure) served as controls. A schematic diagram depicts the locations of primers (ERV-U2 and ERV-U1) flanking the
3¶ U3 region. i indicates (induced); r, (repressed); LI, liver; LU, lung.
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and five putative envelope polypeptides were performed, respectively, using
the same protocol.

Tropism traits of U3 promoter sequences
The putative tropism traits of 35 unique U3 clones were determined by

comparison to the reference sequences (direct repeat, insertion, and unique
sequence) first reported by Tomonaga and Coffin (26, 27). A total of five
direct repeats (1/1*, 3/3*, 4/4*, 5/5*, and 6/6*), one 190Ybase pair (bp)
insertion, and one unique sequence (2) served as reference sequences for the
tropism analysis.

Transcription regulatory elements of U3 promoter
sequences

Profiles of transcription regulatory elements on 35 unique U3 clones/pro-
moters were determined using the MatInspector program (Genomatix,
Munich, Germany). The core similarity was set to 0.90, and the matrix simi-
larity was optimized within the vertebrate matrix group (28).

Open reading frame analysis
The open reading frames (ORFs) of individual variant transcripts were

analyzed using the ORF search feature within Vector NTI (Invitrogen). The
parameter was set with BATG[ as the start codon, and each candidate ORF

FIG. 2. Multiple alignment of CLP-repressed and CLP-induced MuERV U3 clones. A total of 38 CLP-repressed (33) and CLP-induced (5) MuERV U3
clones isolated from the liver and lung were subjected to multiple alignment analysis. Different gray scales and a dash indicate various levels of sequence
homology among the sequences aligned (dash: absence of sequence). Distinct sequence features (190-bp insertion, direct repeats, unique sequence, and
TATA box) are indicated by a dotted box. Identical U3 clones, which are present in both tissues, are highlighted in gray.
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was translated. The resulting translation products were then compared with
the murine leukemia virus references retrieved from NCBI (M17327,
AY219567.2, and AF033811) using Vector NTI (Invitrogen).

Sequences submitted to GenBank
(See List, Supplemental Digital Content 1, of the GenBank accession

numbers of the MuERV sequences isolated and analyzed in this study, http://
links.lww.com/SHK/A10).

RESULTS

Cecal ligation and punctureYmediated alterations in profiles
of MuERV expression

To investigate whether polymicrobial sepsisYelicited stress

signals affect MuERV expression, liver and lung tissues

collected at 12 and 48 h after cecal ligation and puncture

(CLP) were subjected to reverse transcriptaseYpolymerase

chain reaction (RT-PCR) analysis by amplifying the 3¶ U3

regions of MuERV transcripts. The 3¶ U3 sequences were

amplified because the same sequence on the 5¶-end of provirus

(5¶ U3 sequence) serves as a promoter, and this region is

known to be highly polymorphic among the MuERV

population compared with the rest. The MuERV profiles of

the CLP liver and lung at 12 h were different from the profiles

of the sham mice at both 12 and 48 h (Fig. 1). The differ-

entially regulated 3¶ U3 regions (repressed [LI(r) and LU(r)]

or induced [LI(i) and LU(i)]; Fig. 1) in the liver and lung at

FIG. 2. (Continued).
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12 h after CLP were cloned for downstream analyses, such as

evolutionary relationship, tropism, and transcription potential.

Comparison of MuERV U3 clones isolated from
CLP-repressed and CLP-induced U3 fragments

To identify the putative MuERVs and their promoters whose

expression was altered in response to CLP-elicited stress

signals, we examined the differences in sequences between

CLP-repressed and CLP-induced MuERV U3 regions. A total

of 53 U3 clones were isolated from four fragments, LI(r),

LU(r), LI(i), and LU(i), identified in Figure 1. Alignment

analyses identified 17 unique U3 clones in the liver (16 CLP

repressed and 1 CLP induced) and 21 unique clones in the lung

(17 CLP repressed and 4 CLP induced) (Fig. 2). Among them,

three U3 clones (two CLP repressed and one CLP induced)

were shared by both liver and lung. The CLP-repressed U3

clones (33 total) ranged from 555 to 615 bp in size, whereas the

CLP-induced clones (five total) were of 346 or 347 bp.

Interestingly, the 555- to 557-bp U3 sequences were expressed

the most in the sham livers at both time points. It needs to be

noted that the PCR-amplified U3 regions include the envelope

sequence at the 5¶-end and R (repeat) sequence at the 3¶-end,

and these sequences were removed before the U3 alignment

analyses. Comparison analyses of the CLP-repressed U3 clones

revealed four direct repeats (1/1*, 3/3*, 5/5*, and 6/6*), one

unique sequence (2), and one È190-bp insertion. These se-

quences were previously described as references for determin-

ing tropism traits of MuERVs (27). The direct repeat B4/4*[
was not present in any of the CLP-repressed U3 clones, and the

size of the È190-bp insertion was variable. All of the CLP-

repressed U3 clones except for the LU(r)06 and LU(r)07 had

the direct repeat B1/1*,[ whereas the direct repeats B3/3*[ and

B5/5*[ were identified only in LU(r)01, LU(r)06 and LU(r)07.

In contrast to the CLP-repressed U3 clones, three direct repeats

(1/1*, 4/4*, and 6/6*), one unique sequence (2), and no È190-

bp insertion were identified in all CLP-induced U3 clones ex-

amined. It is of interest to find the 4/4* direct repeat in all

CLP-induced U3 clones, in contrast to its absence in all CLP-

repressed U3 clones, whereas direct repeats of 3/3* and 5/5*

are present in the CLP repressed but not in the CLP induced.

A phylogenetic tree of both CLP-repressed and CLP-induced

U3 clones was established based on the alignment data (Fig. 3).

As expected, primarily based on their size differences with

regard to the repressed group, the CLP-induced U3 clones were

segregated on a unique branch (highlighted in a dotted box).

Interestingly, the branching pattern of the CLP-repressed

LU(r)06 and LU(r)07 U3 clones was closer to the CLP-induced

U3 clones rather than the other CLP-repressed U3 clones. In

addition, one distinct branch of five CLP-repressed U3 clones

was established from the liver (highlighted in gray) but not

the lung.

Tropism traits and transcription potentials of the
CLP-repressed and CLP-induced U3 clones

A total of 38 (35 unique) U3 clones isolated from differ-

entially amplified U3 regions were subjected to tropism trait

analysis (Table 1). The sequence characteristics, primarily the

direct repeat, unique sequence, and È190-bp insertion, of the

individual U3 clones were surveyed to determine their

putative tropism traits. The survey resulted in 29 polytropic

and six xenotropic clones (Table 1). Interestingly, among the

31 unique CLP-repressed U3 clones, only two, [Lu(r)06 and

Lu(r)07] clones, were xenotypic, whereas all four CLP-induced

clones were xenotropic as well, which parallels the phyloge-

netic data described above. However, the significance of this

in silico finding is yet to be determined by further in vitro and

in vivo experiments.

To evaluate the transcription potential of individual U3

promoters/clones identified in this study, the profiles of

transcription regulatory elements were determined by map-

ping the consensus sequences of each element. A total of 83

transcription regulatory elements, including the TATA box

and CCAAT enhancer, were identified from the 38 (35

unique) U3 clones examined [Table 2. The transcription

regulatory element profiles from the CLP-repressed U3

clones were different from those induced by CLP. Five

transcription regulatory elements (column labeled as BA[)

were present only in U3 clones derived from the CLP

repressed, and three (column labeled as BB[) were from the

CLP induced, whereas four elements (column labeled as

BC[) were shared by all U3 clones examined].

CLP-mediated changes in expression of MuERV
variant transcripts

In this study, we examined how the CLP-elicited stress signals

affect the profile of full-length as well as variant MuERV tran-

scripts in the liver and lung. We also identified specific MuERV

FIG. 3. Phylogenetic analysis of CLP-repressed and CLP-induced
MuERV U3 clones. After the multiple alignment analysis, all 38 MuERV U3
clones of CLP repressed and CLP induced were subjected to phylogenetic
analysis. The branching pattern of the CLP-induced MuERV U3 clones was
unique compared with the pattern of the CLP repressed. The CLP-induced
U3 clones segregated on a unique branch are highlighted in a dotted box. In
addition, one distinct branch of five CLP-repressed U3 clones isolated from
the liver is highlighted in gray. Branch lengths are proportional to the distance
between the taxa, which are drawn to scale. The values at the branch nodes
indicate the percentage support for a particular branching pattern.
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variant transcripts responding to the stress signals. Reverse

transcriptaseYpolymerase chain reaction analyses using a set of

primers that are capable of amplifying full-length MuERV as

well as subgenomic transcripts revealed that several variant

transcripts were regulated in the liver and lung in response to

CLP (Fig. 4). However, we were not able to detect any full-

length transcripts, presumably È7.5 to È8 kb in size, in any

experimental groups examined. There were unique and

substantial changes in variant transcripts in the liver at 12 h

(LI-C1(12H), LI-C2(12H), LI-C3(12H), and LI-C4(12H)) compared

with changes in the liver and lung at 48 h (LI-S1(48H), LI-

S2(48H), LI-C1(48H), and LU-C1(48H)). Four different sizes of

variant transcripts (È5 kb [LI-C1(12H)], È2.3 kb [LI-C2(12H)],

È1.2 kb [LI-C3(12H)], and È0.9 kb [LI-C4(12H)]) were induced

in the liver at 12 h after CLP, whereas only the È0.9-kb

transcript was induced in the lung. In contrast, at 48 h after

CLP, a variant transcript of È2.8 kb (LI-C1(48H)/ LI-S1(48H)),

which is about the size of the typical MuERV envelope tran-

script, was induced in two of three CLP mice, and one variant

transcript of È1.5 kb (LU-C1(48H)) was induced in the lung

(two of three mice). Another envelope size variant transcript

(È2.9 kb [LI-S2(48H)]) was present in the livers of two sham

mice at 48 h, but it was not detected in any of the CLP mice.

Characterization of splicing patterns and coding potentials
of CLP-associated MuERV variant transcripts

To determine the splicing patterns of the variant transcripts

identified above, each transcript cloned from the amplified

products (indicated in Fig. 4) was examined for splicing

junctions. In addition, coding potentials of these variant

transcripts were evaluated for three retroviral genes (group

specific antigen [gag], polymerase [pol], and envelope [env])

essential for viral replication. Four near-identical (999%

sequence identity) transcripts (5,063 or 5,064 bp) were cloned

from the LI-C1(12H) fragment. There were four ORFs (I È IV)

in these transcripts, and none were intact for any of the three

main retroviral polypeptides (gag, pol, and env) (Fig. 5). Inter-

estingly, a single-nucleotide deletion in one clone led to a

premature termination of ORF III. Putative splicing junctions

were surveyed in these transcripts using the reference se-

quences for splice donors (S/D) and splice acceptors (S/A)

yielding a negative result, suggesting that the transcripts are

nonsplicing variants (NSVs) transcribed from defective

MuERV provirus(es) (19, 29). In fact, a BLAST search of the

C57BL/6J genome using one of these transcripts revealed two

genomic loci in chromosomes 4 and 8 with more than 99.9%

sequence identity with one nucleotide gap and no gap,

respectively.

It has been documented that the U3 promoters are highly

polymorphic and are the primary determinants of MuERV

transcriptional activity and tropism (27). Comparison analysis

of the U3 promoter sequences of all variant transcripts iden-

tified in this study revealed that all transcripts induced at 12 h

in the liver (LI-C1(12H), LI-C2(12H), LI-C3(12H), and LI-C4(12H))

share more than 99% sequence identity within their U3

sequences of 346-bp size (Fig. 6). In contrast, four dif-

ferent sizes (434, 556, 600, and 611 bp) of U3 promoters were

found in the transcripts isolated from the liver and lung at 48 h

TABLE 1. Summary of tropism traits of CLP-repressed and CLP-induced MuERV U3 clones

Dot indicates absence of homology with reference sequences. Bold font represents the reference type closest to each U3 clone examined. Identical
U3 clones, which are present in both liver and lung, are highlighted in gray.
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(LI-S1(48H), LI-S2(48H), LI-C1(48H), and LU-C1(48H)). Align-

ment analyses of variant transcripts of LI-C1(12H), LI-C2(12H),

LI-C3(12H), and LI-C4(12H) revealed more than 99% identity

within the overlapping sequences among them. We then

examined whether the variant transcripts are splicing products

derived from the transcripts of LI-C1(12H). The variant

transcripts were surveyed for potential splicing junctions

using reference sequences (Fig. 5) (19, 29). Five different

splicing variants (SVs) were identified from the transcripts

isolated from the liver at 12 h, and they are presumed to be the

splicing products of the 5,063- and/or 5,064-bp NSV transcripts

using combinations of previously described as well as novel

TABLE 2. Profiles of transcription regulatory elements in the CLP-repressed and CLP-induced MuERV U3 promoters

Numbers in the boxes indicate frequency of each element. Different letters in combination with gray shades indicate elements mapped only in U3
clones of CLP repressed (A), only in U3 clones of CLP induced (B), or shared by all U3 clones (C). Identical U3 clones, which are present in both liver
and lung, are highlighted in gray.

FIG. 4. Changes in profiles of MuERV variant transcripts in the liver and lung after CLP. Liver and lung tissues harvested at 12 and 48 h after CLP were
examined for expression of MuERV variant transcripts using a primer set capable of amplifying full-length MuERV transcripts. Several MuERV variant
transcripts, including È1- to 5-kb band, were differentially expressed after CLP. Respective tissues harvested from sham mice served as controls. A schematic
drawing depicts the locations of the primers (MV1K and MV2D) used for this experiment. S indicates sham; C, CLP.
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FIG. 5. Genetic organization of CLP-associated MuERV variant transcripts. A, Genetic organization, including putative ORFs, of 10 different types of
CLP-associated MuERV variant transcripts (NSV and SV-I to SV-IX) is schematically presented. Each type of variant transcript is drawn on a scaled line on
which splicing signals (left bracket [donor] and right bracket [acceptor]) and putative ORFs (gray box) are indicated. Different gray scales were used when more
than one putative ORF was identified in the same coding region. Also, 3¶-end of 5¶ LTR and 5¶-end of 3¶ LTR are marked. B, Splicing profiles of nine MuERV
variant transcripts are summarized and compared with each other. Based on the sequence homology with individual groups of variant transcripts, three
defective MuERVs identified from the C57BL/6J genome and one full-length reference, xenotropic MuERV (DQ241301), were used as references on which
splicing signals are indicated. In addition, deletions within three defective reference MuERVs are delineated with gray shades. C, A total of 10 splicing signals
(five donors and five acceptors marked with ‘‘*’’), which were differentially used to generate the SVs identified in this study, are summarized and compared with
previously reported signals. Four of them [two donors, S/D(IV) and S/D(V), and two acceptors, S/A(III) and S/A(IV)] highlighted in a darker shade were novel
splicing signals and were well conserved, including 100% compliance with the ‘‘GT-AG’’ rule.
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splicing signals. There was a single splicing event in four

variants (SV-I [S/D(III)-S/A(env)], SV-II [S/D(env)-S/A(env)],

SV-III [S/D(V)-S/A(IV)], and SV-IV [S/D(IV)-S/A(III)]) and

two events in one variant (SV-V [S/D(env)-S/A(II) and S/

D(III)-S/A(env)]). Interestingly, one of the variant transcripts

identified in the CLP liver at 48 h, called SV-VI, had more

than 99% identity within the overlapping sequences with the

above variants (SV-I È SV-V) and was generated by four

splicing events [S/D(env)-S/A(I), S/D(I)-S/A(II), S/D(III)-S/

A(III), S/D(V)-S/A(env)]. None of these SVs (SV-I È SV-VI)

were able to encode intact polypeptides of gag, pol, or env.

Sequence analysis and splicing survey of the variant tran-

scripts of È2.8 to È2.9 kb from the liver at 48 h (LI-S1(48H), LI-

S2(48H), and LI-C1(48H)) yielded five different full-length env
transcripts (SV-VII [env/env]) (Fig. 6). In addition, the variant

transcripts isolated from the CLP lung at 48 h (LU-C1(48H))

were determined to be two different defective env transcripts

(SV-VIII and SV-IX) derived from at least two different

MuERV loci on the genome that have major deletions in the

env and/or other genes (Fig. 5). Two defective MuERVs pre-

sumed to be proviral templates for SV-VIII and SV-IX were

mapped on chromosomes 11 and 13 of the C57BL/6J genome

with 94% and 100% sequence identity within the relevant U3

sequences, respectively.

The splicing signals used to generate the variant transcripts

identified in this study are summarized in Figure 5C. In addition

to the env S/D and S/A, eight well-conserved MuERV splicing

signals (four donors [S/D(I), S/D(III), S/D(IV), and S/D(V)]

and four acceptors [S/A(I), S/A(II), S/A(III), and S/A(IV)])

were used in combinations to generate the variant transcripts.

Four [S/D(IV), S/D(V), S/A(III), and S/A(IV)] of these splicing

signals have not been reported previously, whereas the other

four signals [S/D(I), S/D(III), S/A(I), and S/A(II)] were

identified in one of our previous burn studies (19, 29).

Comparison of MuERV U3 sequences of the variant
transcripts differentially expressed after CLP

To determine the relationships among the MuERVs from

which the variant transcripts were derived, their U3 sequences

were compared, and a phylogenetic tree was established

(Fig. 6). A 346-bp U3 sequence was shared by a total of the

initial 18 variant transcripts cloned, which include all clones

(SV-I È SV-V) from the CLP liver at 12 h and one (SV-VI)

from the CLP liver at 48 h with greater than 99% sequence

identity. This 346-bp U3 sequence, which was mostly derived

from the CLP-induced variant transcripts at 12 h, was almost

identical (999% sequence identity) to the CLP-induced U3

clones (Fig. 2). Two full-length env transcripts (LI-C1(48H)j2

FIG. 6. Comparison analyses of U3 sequences derived from CLP-associated MuERV variant transcripts. A, A total of six different U3 sequences
representing the CLP-associated MuERV variant transcripts (LI-C1(12H), LI-C2(12H), LI-C3(12H), LI-C4(12H), LI-C1(48H), LI-S1(48H), and LU-C1(48H)) were subjected
to multiple alignment analysis. The LI-C1(12H)-1 U3 sequence is shared by all transcripts from the 12-h time point (LI-C1(12H), LI-C2(12H), LI-C3(12H), and LI-
C4(12H)) with a greater than 99% sequence identity. B, The variant transcripts that share a greater than 99% sequence identity with the individual U3 sequences
(marked with *, a, or b), which were subjected to an alignment analysis above, are listed in a table. C, Based on the alignment data, a phylogenetic tree was
established using the neighbor-joining method. The U3 sequence (LI-C1(12H)-1) representing all transcripts from 12 h and LI-C1(48H)-2 shared a unique
branching pattern. The values at the branch nodes indicate the percentage support for a particular branching pattern.
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and LI-S1(48H)j1 of SV-VII) had a 434-bp U3 sequence with

one nucleotide difference between each other, whereas the

other three members of SV-VII (LI-C1(48H)-1, LI-S2(48H)j1,

and LI-S2(48H)j2) shared a 556-bp U3 sequence (two iden-

tical plus one with 11-nucleotide mismatch). In addition, there

were two SV-VIII transcripts (LU-C1(48H)-1, LU-C1(48H)j2)

sharing a 611-bp U3 sequence with greater than 99%

sequence identity (four nucleotides mismatch), and SV-IX

was represented by one transcript (LU-C1(48H)-3) with a 600-

bp U3 sequence. Interestingly, phylogenetic analysis of

the U3 sequences of all SVs (SV-I È SV-IX) revealed that

two members of SV-VII retaining a 434-bp U3 sequence

were evolutionarily closer to NSV and SV-I È SV-VI with a

346-bp U3 than they were to the other three SV-VII mem-

bers, SV-VIII, and SV-IX (Fig. 6). The direct repeat 4/4* was

present only in two U3 sequences of 346 and 434 bp, sug-

gesting their unique tropism traits.

Putative env polypeptides encoded from CLP-associated,
full-length env transcripts

Five different full-length env transcripts of SV-VII isolated

in the liver of sham and/or CLP mice were translated. Their

polypeptide sequences were subjected to multiple alignment

and phylogenetic analyses (Fig. 7). Two env polypeptides en-

coded from env transcripts of LI-C1(48H)j2 and LI-S1(48H)j1

were placed on one main branch, whereas the other three (LI-

C1(48H)j1, LI-S2(48H)j1, and LI-S2(48H)j2) segregated toge-

ther into another branch. It is likely that the env polypeptides

encoded from LI-C1(48H)j2 and LI-S1(48H)j1 transcripts

(either or both) were induced in the CLP liver at 48 h

(Fig.4). In addition, the tropism traits of these env polypep-

tides were determined by comparison to the variable regions

A and B (VRA and VRB) of reference sequences (Fig. 7) (30).

Comparison analysis using VRA sequences revealed that three

(LI-C1(48H)j1, LI-S2(48H)j1, and LI-S2(48H)j2) were pre-

sumed to be polytropic and two (LI-C1(48H)j2 and LI-

S1(48H)j1) were close to being xenotropic. However, the

results from the VRB were not clear enough to interpret

except for the LI-C1(48H)j2 as xenotropic, probably because

of a limited size of the sequences to be aligned. All the other

variant transcripts (SV-II, SV-VIII, and SV-IX) with an env
splicing junction retained only coding potentials for truncated

env polypeptides.

DISCUSSION

The complex network of signaling events underlying the

pathogenesis of sepsis is often unique for individual patients,

and it has not been fully understood even after extensive

investigations involving a range of molecules and pathways

(5, 31, 32). In this study, we examined whether the expression

of MuERVs is altered in response to sepsis-elicited stress

signals. The key findings are as follows. First, there were

substantial changes in the expression of certain MuERVs in

the liver and lung of CLP-sepsis mice. Second, individual U3

promoter sequences of CLP-sepsisYregulated MuERVs had

FIG. 7. Comparison of putative env polypeptides isolated from the liver of CLP and sham mice at 48 h. A and B, Putative env polypeptide sequences
encoded from five different env transcripts of the SV-VII were compared with reference sequences of different tropism traits by multiple alignment analysis, and
a phylogenetic tree was established based on the alignment data (30). Different regions (leader peptide, surface domain [SU], transmembrane domain [TM],
variable region A [VRA], and variable region B [VRB]) within the env polypeptides are indicated. C, In addition, tropism traits of these putative env polypeptides
were determined using reference env polypeptides with previously known tropism (30).
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unique characteristics in regard to tropism traits and tran-

scription regulatory elements. In addition, the findings from

the phylogenetic analysis suggest that some MuERVs re-

sponding to the CLP-elicited stress signals share similar pro-

moter sequences. Third, several MuERV SVs (SV-I È SV-IX)

were differentially regulated in the liver and lung after

CLP. Fourth, among the five full-length env transcripts, two

of them (LI-C1(48H)j2 and LI-S1(48H)j1 of SV-VII) were

presumed to be induced in the liver at 48 h after CLP.

All of the variant transcripts whose expression was induced

at 12 h after CLP shared a 346-bp U3 promoter (with 999%

sequence identity), and they were presumed to be splicing

products processed from a variant transcribed from a defective

MuERV. In contrast, at 48 h after CLP, four different sizes of

U3 promoters (434, 556, 600, and 611 bp) were involved in

changes in the expression profile of variant transcripts. The

differential usage of MuERV U3 promoters at 12 and 48 h

after CLP might be closely linked to the formulation of a

unique transcriptional environment at each time point. In

particular, it would be important to identify the transcription

factors and components of the splicing machinery responsible

for the changes in MuERV expression after CLP.

Coincidentally, the two genomic MuERV loci presumed

to be proviral templates for CLP-sepsisYinduced transcripts

(5,063- and 5,064-bp NSVs from ICR stock mice) were shared

by a transcript, which was induced in the liver of C57BL/6J

mice after burn injury (20). Interestingly, these two different

types of stressors (sepsis and burn) influenced the transcription,

including splicing, of one specific MuERV (two genomic loci)

out of the numerous MuERV copies on the genome. Further-

more, CLP-sepsis and burn experiments were performed in

mice with two different backgrounds, ICR and C57BL/6J,

respectively (19, 20). The sepsis and burn-associated profiles of

the transcriptional environment and epigenetic modification in

the liver were presumed to be specific enough to control the

MuERV’s U3 promoter. In addition, it might be interesting to

examine whether MuERV regulation after CLP-sepsis and/or

burn at these genomic loci is linked to the expression of

neighboring host genes.

Murine endogenous retroviruses have been regarded as

simple retroviruses primarily because of limited diversity in

their ORFs associated with splicing potentials compared with

the complex retroviruses with several splicing events and

resulting ORFs. Only two splicing signals (env S/D and S/A)

were previously known for MuERVs until five additional

signals (three donors and two acceptors) were reported from

our laboratory, and four novel splicing signals (two donors

and two acceptors) are identified in this study (19, 29). These

findings suggest that the genomic organization of MuERVs, in

regard to splicing and coding potentials, is more complex than

previously thought. It might be interesting to investigate the

underlying mechanisms of how the stress signals from CLP-

sepsis influence the differential splicing events of MuERVs.

There are three potential mechanisms of how certain MuERVs

contribute to the pathogenic processes of CLP-sepsis. First,

MuERVs encode viral proteins such as env and gag polypeptides

that could participate in CLP-sepsisYassociated signaling events.

Second, MuERVs may retain coding potentials required for the

assembly of pathogenic virions, resulting in infection into

susceptible host cells, such as hepatocytes and alveolar epithelial

cells, accompanied by pathological effects. Third, changes in the

transcriptional activities of MuERV loci on the genome may

influence the expression of neighboring genes, leading to

phenotypic alterations in affected cells and tissues.

The results from our preliminary study demonstrated that

overexpression of certain MuERV env proteins in a macrophage

cell line induced differential expression of a few inflammatory

mediators (e.g., COX-2, IL-6) (data not shown). These findings

may suggest that the CLP-sepsisYactivated MuERVs in

Kupffer cells and/or alveolar macrophages may participate in a

cascade of signaling events associated with early inflammatory

response in the liver and lung, respectively. It is likely that the

MuERV expression levels will return to normal within 1 week;

however, it will be interesting to investigate the long-term

pathological effects of infection and genomic random reintegra-

tion of the CLP-activated MuERVs.

The CLP-activated MuERVs may exert deleterious and/or

beneficial effects during the course of sepsis. One potential

positive outcome from the treatment of CLP-sepsis mice with

antiretroviral agents (e.g., reverse transcriptase inhibitor, siRNA

against env gene) will be alleviation of the inflammatory re-

sponse by reducing the production of inflammatory cytokines.

The findings from this study suggest that the stress signals

from CLP-sepsis affect the expression and splicing of specific

MuERVs. It may lead to a justification for further investiga-

tion into the roles of MuERVs and their gene products in the

complex network of pathogenic processes of sepsis.
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