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Reduction of MBS85 gene expression after the targetedintegration of a transgene into the AAVS1 site usingadenoassociated virus integration machinery
Ajalli Rahim, Masashi Urabe, Hiroaki Mizukami, Akihiro KumeKeiichi Ichimura, Keiya Ozawa

ABSTRACT
Introduction: The adenoassociated virus (AAV)integrates into a particular location on humanchromosome 19 (19q13.4), which is known asAAVS1, through the binding of a replicationprotein, Rep, to the viral inverted terminalrepeat (ITR). Aims: Using the AAV integrationmachinery, we performed the AAVS1targetedinsertion of a reporter gene into KM102 cells, astromal cell line established from human bonemarrow cells, and examined the impact of theAAVS1targeted insertion of the transgene onthe host cells. Methods: We cotransfected KM102 cells with a Rep plasmid and a plasmidcontaining GFP and a blasticidin resistance geneflanked by ITR sequences. After culturing thecells with blasticidin S, thirty clones wereobtained and analyzed for AAVS1  specificintegration and then had their myosin bindingsubunit 85 (MBS85) mRNA levels measured.Results: Out of 30 selected clones, three clonescontaining the GFP gene at AAVS1 wereobtained. These three clones grew well, similarto the wildtype KM102 cells, but showed adecreased level of MBS85 mRNA expression.

These results indicated that although theinsertion of the transgene at AAVS1 affectedMBS85 expression, it did not appear to causephenotypic changes in the KM102 cells.Conclusions: The AAVS1 site is a safe harbor fortransgene insertion although it results inimpaired MBS85 expression in KM102 cells.
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INTRODUCTION
Retroviral vectors are capable of integratingtransgenes into host chromosomes. However, the safetyof retroviral vectors is a major issue since they integrateinto the human genome at random locations and thuscan potentially activate protooncogenes, triggering thedevelopment of cancer [1]. Thus, to aid the emergenceof gene therapy it is necessary to develop safe strategiesthat allow therapeutic genes to be inserted intopredetermined sites in the cellular genome.The adenoassociated virus (AAV) genome is a 4.8 kb(kilobase) linear, singlestranded DNA, which contains
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a 145 nucleotide (nt) inverted terminal repeat (ITR)sequence at both ends (figure 1A). The AAVpreferentially integrates into the AAVS1 site onchromosome 19 (19q13.4). The AAVRep78 or Rep68required for AAVS1specific integration [2]. Rep78/68specifically binds to a sequence motif within the ITR,the Rep binding site (RBS), and cleaves it in a site andstrandspecific manner at the terminal resolution site(trs) located 16 nt upstream of the RBS. A sequencehomologous to the RBS/trs is present in the AAVS1locus (figure 1). The AAVS1 RBS motif is located 14 ntupstream of the translation initiation codon for theprotein phosphatase 1 regulatory inhibitor subunit 12Cgene (PPP1R12C), which is also called MBS85(myosinbinding subunit 85). MBS85 is essential for actindepolymerization and cell motility. Sitespecificintegration using the AAV machinery enables thetargeting of a therapeutic gene to a predetermined site,thereby minimizing the risk caused by insertionalmutagenesis. Preferential integration, using an AAVplasmidbased system, has been demonstrated in celllines derived from human embryonic kidney cells,HEK293 cells, [2] a human erythroid leukemia cell line,

K562 [3], a human cervical carcinoma cell line [4] andhuman embryonic stem cells [5] (see Urabe et al., 2007[6] for review).Repmediated integration system canefficiently insert ~200 kb foreign DNA into AAVS [7].Marrow stromal cells are the cellular constituent ofthe marrow microenvironment and are essential forsupporting hematopoiesis. In addition they are easy toobtain and rapidly expand in vitro. They are one of idealtargets for sitespecific insertion of transgene since theycan be vehicles to deliver therapeutic proteins [8].AIMS: We performed the AAVS1targetedintegration of a gene of interest into a bone marrowderived stromal cell line, KM102, as a model andexamined the impact of the AAVS1targeted insertion ofthe transgene on the host cells.

MATERIALS AND METHODS
Plasmid construction: pRVK contains a 3.4kb AAVS1sequence. pSVR68 expressing Rep68 under the controlof the SV40 promoter (figure 2), was derived frompCMVR68 [2]. The SV40 promoter was PCR amplified

Figure 1: A) Sequence alignment of the ITR sequence and the AAVS1 site. The Rep binding site (RBS) is shown in gray, and theterminal resolution site (trs) is indicated by an arrowhead. The initiation codon for MBS85 is indicated by an arrow. Thebreakpoints in the K4 and K24 KM102 clones are indicated by white arrowheads. B) Genetic organization of the AAVS1 site. TheAAVS1 site crosses the first exon and the first intron of the MBS85 genome, which is flanked by slow skeletal troponin T1 (TNNT1)and epidermal growth factor receptor pathway substrate 8like protein 1 (EPS8L1) genes. The RBS/trs site is indicated by a whitecircle. The breakpoints in K4 and K24 cells are indicated by white arrowheads. The EcoRV sites (E5), the AAVS1specific probe forSouthern blot and the PCR primer for amplification of plasmidAAVS1 junction and the sequence cloned into pRVK are also shown.
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from pCMVTag2B (Stratagene, Pallo Alto, CA, USA)and inserted into pCMVR68 upstream of the Rep68gene. pEB2, which harbors the CMV promoter, IRES(internal ribosome entry site), and a blasticidin Sresistance gene (bsr) was described previously [9]. Ahumanized green fluorescent protein (hrGFP) gene wasexcised from phrGFPII1 (Stratagene) and inserted intopEB2 upstream of the IRES. The hrGFP/bsr cassettewas then inserted between the ITR sequences(pWGFPEB).Cell culture and transfection: The KM102 stromalcells [10] were maintained in McCoy’s 5A medium(Invitrogen, Carlsbad, CA, USA) supplemented with10% heatinactivated fetal bovine serum (Sigma, St.Louis, MO, USA). The transfection of the KM102 cellswas performed with Lipofectamine 2000 (Invitrogen)according to the manufacturer’s instructions. Briefly amixture of 2 µg of pSVR68 and an equal quantity ofpWGFPEB was transfected into 3.5x105 KM102 cellsper well in a sixwell plate. One day after transfectionthe cells were reseeded at an appropriate ratio. KM102cell clones were collected after being cultured for 14days in the presence of 5 µg/ml of blasticidin S.Southern blot analysis: Southern blot analysis wasperformed as described previously [11]. A 3.0kb AccIfragment derived from pRVK was used as an AAVS1specificprobe (figure 1B), and a 3.0kb NotI fragment frompWGFPEB was employed as a transgene probe (figure 2).Quantitative realtime PCR for MBS85 mRNA:Total RNA was extracted using the RNeasy kit (Qiagen,Hilden, Germany). One microgram of total RNA wassubjected to reverse transcription (SuperScript OneStep RTPCR, Invitrogen) and qPCR (QuantiTect SYBRGreen PCR Kit, Qiagen) in triplicate with primers forMBS85 and glyceraldehyde3phosphate dehydrogenase(GAPDH) (table 1).

RESULTS
Sitespecific integration in KM102 cells: Weanalyzed 30 KM102 clones by Southern blotting afterdigestion with EcoRV. Figure 3A shows a representativeblot. The left panel is a blot that was hybridized with theAAVS1 probe and shows a 6.5kb basal band in each lane(arrow). In some lanes, additional bands with slowermobility were detected, indicating the rearrangement ofAAVS1. The right panel shows the same blot reprobedwith a transgenespecific probe. Bands that hybridizedwith both the AAVS1 and transgene probes are indicatedby arrowheads. Clones K4, K24, and K25 wereconsidered to harbor the transgene at the AAVS1 locusand also confirmed to express GFP (figure 4A).To verify that the GFP transgene had been insertedinto the AAVS1 locus in these clones, we tried to PCRamplify the junction sequence with primers specific tothe CMV promoter or the bsr gene and an AAVS1specific primer (figures 1B, 2, table 1). In the K4 cells,the GFP/bsr transgene cassette was inserted upstreamof the initiation codon for MBS85 in reverse orientation(figures 1 and 3B). In the K24 cells, the transgenecassette was inserted in the same direction as theMBS85 gene and it appeared that the first exon hadbeen deleted. The breakpoints detected in the K4 andK24 cells are consistent with those described in previousreports [4, 12, 13]. No sequence was amplified from theK25 cells.Impact of AAVS1 integration on the expression ofMBS85: Since the AAVS1 site overlaps with the MBS85gene, the insertion of foreign DNA into AAVS1 disruptsthe MBS85 gene. Integration at AAVS1 also results inthe deletion of the AAVS1 locus [4, 12, 13]. Wequantified the expression of MBS85 mRNA relative toGAPDH mRNA using realtime RTqPCR. The clones

Figure 2: Plasmid DNA used to transfect the KM102 cells. pSVR68 expresses Rep68 under the control of the SV40 promoter.pWGFPEB harbors a humanized GFP gene (hrGFP) driven by the CMV promoter and a bsr gene under the translational control ofthe IRES. The expression cassette is flanked by the ITR. Positions of CMV and bsr primers for the amplification of plasmidAAVS1junction are indicated by arrowheads.
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that harbored the transgene at the AAVS1 site (K4, K24,K25 cells) showed decreased MBS85 mRNA levelscompared to the parental KM102 cells and the K23cells, which contained the transgene at a nonAAVS1 site(figure 4B).GCSF levels in the culture supernatants: KM102cells produce GCSF upon stimulation with IL1 [14]. Toexamine the phenotypic changes induced in KM102cells after their transfection with a GFP plasmid andclonal expansion, we investigated the responsiveness of

Table 1: Primers used in the study.
CMV 5’GGGTCGTTGGGCGGTCAGC3’
bsr 5’TCGAGTGGTAAGTCCTTGTGGTATGT3’
AAVS1 5’CGGGGAGGATCCGCTCAGAGGACA3’
MBS85 5’CTAGCAGCAAACACAGAAGGA3’

5’CGGGGAGGAGACGCCATTGA3’
GAPDH 5’TGGCAAAGTGGAGATTGTTGCC3’

5’CTAAAGATGGTGATGGGCTTCCCG3’

Figure 3: A) Representative Southern blot analysis of cell clones obtained after cotransfection of the KM102 cells with pWGFPEBand pSVR68. The EcoRVdigest was probed with an AAVS1specific probe or a transgene probe. The arrowhead indicates arearranged band that also hybridized with the transgene probe. The arrow in the left panel indicates the 6.5kb AAVS1 basal band.Linearized pRVK or pWGFPEB was used as positive control for Southern analysis. B) Junction sequence between the GFP plasmidand the AAVS1 locus in the AAVS1integrants. The junction sequence was successfully PCRamplified from the K4 and K24 cells.The positions of the residues in the AAVS1 sequence were numbered from the initiation codon for MBS85, which was defined as +1(see also Figure 1). Unidentified nucleotides in the ITRAAVS1 junction are indicated by small letters.
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Figure 4: (A) –Photographs of KM102 clones. Isolated clones express GFP. (B) – Quantitative realtime RTPCR for MBS85 mRNAexpression. The expression of MBS85 was normalized to that of GAPDH (M±S.D.). In the K4, K24, and K25 clones, the GFP/bsrgene is inserted into the AAVS1 locus. In the K23 cells, the GFP/bsr gene was inserted into a site other than AAVS1. (C) –Secretionof GCSFby KM102 clones upon stimulation with IL1β.

the clones to IL1. Parental KM102 cells and thetransgenic clones were cultured in the presence of IL1(10 ng/ml), and then the GCSF levels in the culturesupernatants were measured. The clones secreted GCSF after exposure to IL1( like the KM102 cells (figure4C). This result suggested that the incorporation offoreign DNA into the AAVS1 site did not affect theability of the cells to respond to IL1.

DISCUSSION
In the present study, we tested AAVS1targetedinsertion of transgene in KM102 cells, a cell linederived from marrow stromal cells, and were able tospecifically insert a GFP gene into the AAVS1 locus.Southern blot analysis demonstrated the AAVS1specific integration of the transgene into KM102 cellsin three out of thirty clones (10%), which was confirmedby PCR analysis of the junction sequences between the

transgene plasmid and the AAVS1 sequences in twoclones. We failed to amplify the junction in K25 cells,which may be due to more extensive deletion of theMBS85 genome in K25 cells beyond the AAVS1 primerannealing site (figure 3A). Recently integration of AAVinto AAVS1 has been reported to accompany partialduplication of the MBS85 gene and can preserve thenormal expression of its mRNA [15]. They employedwildtype AAV and an AAV vector expressing GFP fortargeted insertion in HeLa cells and mouse ES cells,whereas we used plasmid DNA in KM102 cells. Thedifferent AAVS1 targeting strategy may affect therestoration of the MBS85 genome. In addition the samegroup had reported previously that the integration ofAAV caused extensive deletion over the adjacent geneTNNT1 [16]. Thorough understanding of Repmediatedintegration will be required for safe gene insertiontechnology based on AAV.The insertion of foreign DNA into the AAVS1 siteinevitably edits one allele of the MBS85 gene. However,
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KM102 cells containing the transgene at AAVS1 did notappear to show phenotypic changes although theirMBS85 mRNA level decreased (Figure 4B). Therefore,the disruption of one of the MBS85 gene’s alleles mightnot have serious effects in KM102 cells although theimpact of such MBS85 gene disruption should bethoroughly investigated. The integration of a transgeneinto a predetermined site in the human genome, whichminimizes the risk caused by insertion mutagenesis, isparticularly important for the application of genetransfer to proliferating cells such as stem cells. Ourstrategy for delivering a therapeutic gene into theAAVS1 locus using the AAV components ITR and Rep isan attractive approach for gene therapy andregenerative medicine.

CONCLUSION
The AAVS1 site is a safe harbor for transgeneinsertion although it results in impaired MBS85expression under some condition.
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