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The nonpathogenic human adeno-associated virus (AAV) has developed a mechanism to integrate its genome
into human chromosome 19 at 19q13.4 (termed AAVSI), thereby establishing latency. Here, we provide
evidence that the chromosomal signals required for site-specific integration are conserved in the mouse genome
proximal to the recently identified Mbs85 gene. These sequence motifs can be specifically nicked by the viral
Rep protein required for the initiation of site-specific AAV DNA integration. Furthermore, these signals can
serve as a minimal origin for Rep-dependent DNA replication. In addition, we isolated the mouse Mbs85
proximal promoter and show transcriptional activity in three mouse cell lines.

The nonpathogenic human parvovirus, adeno-associated vi-
rus type 2 (AAV), replicates only in cells coinfected with a
helper virus (5, 6). In the absence of such helper conditions,
AAV establishes latency, integrating its genome site-specifi-
cally into a region of human chromosome 19 called AAVSI (12,
17-19, 27).

Both AAV DNA replication and site-specific integration
require the large nonstructural Rep proteins (Rep68/78) and
motifs within the inverted terminal repeats (4, 28, 32).
Rep68/78 specifically bind a sequence motif within the inverted
terminal repeats, the Rep binding site (RBS) (10, 11, 24, 26),
and cleave in a site- and strand-specific manner at the terminal
resolution site (TRS) located 13 nucleotides (nt) upstream
from the RBS (8, 15, 31, 40). The TRS/RBS sequence can act
as a minimal origin for Rep-mediated DNA replication (29,
35). An almost identical sequence in chromosome 19 repre-
sents the minimal sequence necessary and sufficient for AAV
site-specific integration (22, 23). Biochemical assays have dem-
onstrated that Rep can specifically interact with both viral and
cellular RBS-TRS motifs (9, 11, 37); these motifs are thereby
thought to target integration of AAV DNA into AAVSI (4, 28,
32). It has recently become evident that the AAVSI RBS is
located 17 nt upstream from the translation initiation site of
the protein phosphatase 1 regulatory inhibitor subunit 12C
gene (PPPIRI2C), also called MBS85 (myosin binding subunit
85) (33).

By using MBS85 exon sequences, we analyzed the National
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Center for Biotechnology Information mouse database for
similarities to the human AAVSI locus (1). This analysis re-
vealed a homology of 90% between the 5’ end of the human
MBS85 cDNA and the 969-nt mouse cDNA clone AK010836,
which contains a sequence homologous to the human TRS-
RBS motifs as well as the Mbs85 initiation codon (separated by
25 nt) (Fig. 1A). Interestingly, a simian A4VS! locus contain-
ing the corresponding upstream region and a TRS-RBS motif
has recently been isolated from the African green monkey
genome (2). AAVSI is located 14.9 and 36 kb centromeric to
the slow skeletal troponin T (INNTI) and cardiac troponin I
(TNNI3) genes, respectively (12). The mouse Tnni3 and Tnnt!
genes are located on chromosome 7 (13, 14), in a region pre-
viously shown to be syntenic to the human chromosome 19
region that contains AAVS1 (7). We used the Celera discovery
system to search the Celera mouse genome assembly with the
mouse Tnni3 and Tnntl genes, the AK010836 cDNA, and the
human MBS85 genomic sequence. All of these sequences spe-
cifically matched the same scaffold (500 kb) in the Celera
database. The mouse Mbs85 is located on chromosome 7 and
is separated by only 2.5 and 16 kb from the Tnntl and Tnni3
genes, respectively (Fig. 1B). The Celera map revealed a gene
3.1 kb downstream of MBS85, designated DRC3, the mouse
homolog of which is located 2.1 kb downstream of the Mbs85
gene (Fig. 1B).

We sequenced and assembled three mouse expressed se-
quence tag clones (AA021750, AW911639, and BE847281)
containing Mbs85. The resulting 3.1-kb mouse cDNA was 77%
identical to the human MBS85 cDNA. The mouse Mbs85 gene
spans 20 kb of genomic sequences, and the 2.3-kb predicted
open reading frame is composed of 22 coding exons (20). Thus,
the mouse and the human homologs of MBS85 display the
same overall genomic organization (Fig. 1B). The deduced mouse



8918 NOTES

J. VIROL.

A
Homo sapiens ggttggg-gctcggcGCTCGCTCGCTCGCTG-----~--~--~~-~- ggcgggcgggcggtgcgATGIrCC
Mus. musculus tgttegtegeccggt GCTCGCTCGCTCGCTT - - - ~agtaggegggegageggecggegegATGICe
African green monkey ggttggg-gctcggeGCTCGCTCGCTCGCTCGCTCgectgggegggegggecgggeggtgegRTGIrCC
M S
B
— 1.8 > 25 > 21 ¢
- 117 —x 20 o 7 |
Tnni3 Tnnt1 / Mbs85 Drc3
Mus. musculus 1 2.3 4 56 7-22
chr.7;9.0 cM — m 1 M
N H } H—HHHHHHES
1 2-3 4 5-6 7-22
Homo sapiens \ /
19913.4 TNNI3 TNNTT MBS85 DRC3
62 — 185 #* 27 .
—_ 26 @ - 5 149 > 3 <
<@
C 5]
7]
ccB 23
£ c
S gL 25 - £E
258524288
44 —
- = &0 o5
24 — "
24 — —— -
g- . -  Pactin
1.35 —

FIG. 1. (A) Nucleotide sequence alignment of the human, mouse, and monkey AAVSI sequences (MacVector; Oxford Molecular Limited).
The TRS motif is italicized and underlined; the RBS motif is in bold. M and S indicate the translation initiation site and serine residue, respectively.
Dashes indicate gaps between sequences. (B) Schematic representation of the genetic organization of the region surrounding the TRS and RBS
motifs within the mouse (top) and human (bottom) genomes. The lengths and distances between the TNNI3, TNNT1, MBS85, and DRC3 genes
are shown in kilobases. The positions of the TRS-RBS motifs are indicated by stars. The arrows indicate the direction of transcription. The center
section shows the genomic organization of the mouse and human MBSS5 transcripts. Black boxes indicate coding regions, white boxes indicate
noncoding regions. (C) Tissue distribution of Mbs85 mRNAs in the mouse. A multiple tissue Northern blot derived from mouse tissues was
hybridized with a cDNA probe consisting of exons 5 to 22 (ex5-22) of the mouse Mbs85 cDNA. The ex5-22 probe was generated by digestion of
clone BF540586 with EcoRI/HindIIl. The bottom panel shows hybridization with a B-actin cDNA probe. The blot was stripped between

hybridizations. Sizes are indicated in kilobases.

Mbs85 protein sequence is 781 amino acids in length and is
86% identical to its human counterpart (33).

To assess the distribution of Mbs85 mRNAs, a mouse
poly(A) multiple tissue Northern blot (Clontech, Palo Alto,
Calif.) was hybridized to a mouse Mbs85 cDNA probe consist-
ing of exons 5 to 22. As is observed in a human multiple tissue
Northern blot (33), a single mRNA of approximately 3.1 kb is
highly expressed in heart and testis, and to a lesser extent in
kidney, brain, liver, and lung (Fig. 1C).

Current models of AAV integration predict that a Rep-
mediated nick at the chromosomal TRS is a prerequisite (22).
To determine if Rep68 can specifically nick the putative mouse
TRS, double-stranded and partially single-stranded 5’ end-
labeled origin substrates were incubated with purified His-
tagged Rep68 proteins in a cell-free endonuclease assay as
described previously (39). Rep68 nicked the AAV, human, and

mouse TRS substrates releasing an expected 14-nt labeled
fragment (Fig. 2). Nicking is Rep68 dependent since no cleav-
age of the AAV, human, or mouse origin substrates is observed
when an endonuclease-negative mutant is used (Rep68Y156F)
(30, 39). Substitution of the two thymidine residues within the
mouse TRS sequence resulted in an expected loss of specific
Rep-mediated cleavage (Fig. 2).

Origin interactions by Rep are thought to represent the
initiating steps of integration (29, 34, 35). To test whether the
mouse TRS-RBS sequence could also serve a similar function,
cell-free DNA replication assays were performed as described
previously (36). Linearized substrates containing the AAV,
human, or putative mouse origin in a pBluescript backbone
were incubated with HeLa cell extracts in the presence or the
absence of purified His-tagged Rep68 protein (75 ng) and
[«-*>P]dCTP. Rep68 initiates replication on templates contain-
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FIG. 2. Cell-free endonuclease assays. (A) Fully double-stranded and (B) partially single-stranded origin substrates (as a specificity control) (5
fmol) containing the AAV, human (hS1), mouse (mS1), and mouse origin mutant (mSImut) sequences were incubated for 45 min at 37°C in either
the absence (—) or presence of 1 pmol of AAV Rep68 protein (68) or 1 pmol of AAV Rep68 endonuclease mutant (Y156F). M, 5’ end-labeled
marker oligonucleotides corresponding in sequence and length to the expected reaction product (14 nt). (C) Synthetic oligonucleotide substrates
used in the nicking and replication assays. Locations of the TRS () and RBS (boxed) are indicated. The TRS-containing strand was first kinase
labeled (positions of the 5’ radiolabel are indicated by stars) and then annealed to its complementary strand.

ing the AAV, human, or mouse origin but not on the vector
DNA alone (Fig. 3). In all cases, replication is Rep dependent.
We further compared the human and mouse 5’ untranslated
regions. It has been reported that the human A4VS1 fragment
located 74 to 426 nt upstream of the translation initiation codon
is sufficient to drive the expression of a reporter gene following
transient transfections in both 293 and HeLa cells (21).
Alignment of the human and mouse sequences upstream of
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FIG. 3. Cell-free DNA replication assay. Schematic representation
of the pBSori substrates used in this study (bottom). The AAV, human
(hS1), and mouse (mS1) origins (consisting of the TRS and RBS
sequences) were cloned into pBluescript via Xbal and Sall sites. Prior
to the assay, plasmids were linearized with Xmnl. Each linear, origin-
containing substrate was incubated in the presence (+) or absence (—)
of AAV Rep68 protein (top). An arrow indicates the position of the
full-length replication product. Sizes are in base pairs.

the ATG revealed an overall 62% identity in the putative
promoter region (Fig. 4A). Several conserved putative cis-
acting DNA elements (i.e., SpI, CRE/ATF) suggest the pres-
ence of a TATA-less promoter and common regulatory mech-
anisms for the expression of the human and mouse MBS85
genes.

We identified mouse cell lines expressing MbsS85. Total
RNAs were extracted from C2C12, NIH 3T3, and N2A cell
lines (Tel-Test, Friendswood, Tex.). Northern blots hybridized
to the mouse Mbs85 ex5-22 cDNA probe revealed a unique
3.1-kb transcript in all three cell lines (Fig. 4B).

To test the 324-bp Nael fragment containing the RBS and
TRS motifs for transcriptional activity, it was cloned into the
pDsRed2.1 promoterless red fluorescent protein vector (Clon-
tech) in both the sense and antisense orientation. C2C12, N2A,
and NIH 3T3 cells were transfected and fixed 45 h posttrans-
fection with 3.7% paraformaldehyde, and the slides were
mounted in vectashield mounting medium with DAPI (4,6’-
diamidino-2-phenylindole) (Vector Laboratories, Burlingame,
Calif.). The sense, but not the antisense, construct shows tran-
scriptional activity in all three cell lines (Fig. 4C). These results
were confirmed by fluorescence-activated cell sorter analysis
(data not shown).

In this report, we show that the target site for AAV site-
specific integration is not restricted to primates but is also
present in the mouse genome in a region that is syntenic to the
human chromosome 19 region containing A4VS! (Fig. 1).

Currently, Rep interactions with a minimal origin are de-
fined by specific binding to the RBS followed by site- and
strand-specific nicking at the TRS (8, 11, 15, 16). We demon-
strate that the TRS and RBS motifs present in the 5’ untrans-
lated region of the mouse Mbs85 gene can act as a substrate for
Rep-mediated nicking and as a functional Rep-dependent or-
igin (Fig. 2 and 3). Figure 2 also shows a second nick on the
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FIG. 4. (A) Nucleotide sequence alignment of the human and mouse AAVSI sequences upstream of the ATG (MacVector). The recognition
sites for the TRS, RBS, translation initiation codon (M), and transcription factor binding elements for Spl, CRE, and ATF-2 (white boxes) are
indicated. Dashes indicate gaps between the human and mouse sequences. The Smal sites present in the human A4V S1 sequence are denoted by
the line above, and the Nael sites present in the mouse A4VSI sequence are underlined. (B) Expression of Mbs85 by Northern blot analyses. The
Northern blot of C2C12, N2A, and NIH 3T3 cells was hybridized with a cDNA probe consisting of exons 5 to 22 (top panel). The blot was stripped
and rehybridized with a B-actin cDNA probe (bottom panel). Positions of the 28S and 18S rRNAs are indicated. (C) Transcriptional activity of
the mouse Mbs85 proximal promoter. Plasmid pDsRed2-N1 (red fluorescent protein under the cytomegalovirus promoter; Clontech) and the sense
and antisense plasmids were transfected into C2C12, NIH 3T3, and N2A cells. Forty-five hours posttransfection, the cells were visualized for red
fluorescent protein expression and DAPI staining by using an epifluorescent microscope (Leica DMRA?2) and a Hamamatsu digital camera. M.T.,

mock transfection.

mouse substrate which has been seen previously (34, 38), the
significance of which is at present unclear.

We further demonstrate that a region containing the TRS-
RBS motif upstream of the mouse Mbs85 ATG contains reg-
ulatory elements sufficient to drive the expression of a reporter
gene in vitro (Fig. 4). The fact that the TRS-RBS motif and its
position relative to the ATG of the MBS85 gene are conserved
between human and mouse suggests that a cellular protein
might interact with these sequences to potentially regulate
MBSS5 transcription or translation. It is likely that integration
of AAV DNA into MBS85 affects MBSS85 expression and
thereby the function of the gene product.

Site-specific integration by AAV might make possible tar-
geted therapeutic gene transfer, thereby minimizing the risk of

insertional mutagenesis. Knowledge of the effects of AAV-
mediated site-specific integration is a prerequisite for achiev-
ing this goal. Therefore, there have been considerable efforts
to develop rodent models containing the human AA4VS1 region
(3, 25, 41). Rep-dependent site-specific nicking and DNA rep-
lication at the mouse TRS-RBS motifs suggests the possibility
of AAV Rep-targeted integration at the mouse locus. The
advantage of a mouse model with an innate A4V S1 will be that
the overall organization of the integration site, and thus po-
tential effects of AAV-mediated disruption, would be similar
to what occurs at the human locus. However, attempts at iso-
lating viral-cellular junctions from latently infected mouse cell
lines have not yet been successful. Currently, we are engaged in
a comprehensive study aimed at comparing the efficiency of
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AAV integration into the mouse genome at the innate AAVS1
to that described for human cells at the human AAVSI, to
evaluate, in a meaningful manner, the resemblance and/or
differences of these two systems.

Sequences were retrieved from GenBank: Homo sapiens
MBS85 cDNA, AF312028; MBS85 protein, AF312028 1;
AAVSI1, S51329; TNNTI gene, AJ011712/AJ011713; TNNI3
gene, X90780; DRC3 gene, AF282168; Homo sapiens chromo-
some 19 clone CTD-2587H24, AC010327; Mus musculus Tnntl
gene, U92882; Tnni3 gene, Z22784; 969-nt DNA clone,
AKO010836; Mus musculus BAC clone RP23-313M20,
AC079521.
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