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To identify cellular processes involved in retroviral infection, we employed a high-volume forward genetic screen
of insertionally mutagenized somatic cells using a murine leukemia virus (MLV) vector. This approach identified
a clonal cell line that exhibited approximately 10-fold reduced gene expression from MLV vectors following infection
despite supporting normal levels of MLV reverse transcription and integration. The defect in this cell line was
specific for the MLV long terminal repeat (LTR) promoter, as normal levels of reporter gene expression were
obtained from both an internal cytomegalovirus (CMV) promoter contained within an LTR-defective MLV vector
and LTR expression from an avian sarcoma and leukosis virus (ASLV) vector. Complementation and shRNA
knockdown experiments demonstrated that the defective gene in these cells is ZASC1 (ZNF639), a transcription
factor with strong links to cancer and inherited ataxias. We demonstrated that ZASC1 is a sequence-specific DNA
binding protein with three closely related binding sites located within the MLV LTR promoter, but it does not bind
to the ASLV promoter. Mutating these putative ZASC1 binding sites significantly reduced levels of MLV gene
expression. While wild-type ZASC1 activated expression from the MLV promoter, a green fluorescent protein-
ZASC1 fusion protein showed dominant-negative inhibition of MLV gene expression. These studies identify the
cellular transcription factor ZASC1 as an activator of MLV gene expression and provide tools that should be useful
in studying the links between ZASC1 and human diseases.

The Retroviridae family includes the human pathogens hu-
man immunodeficiency virus type 1 and 2 (HIV-1 and HIV-2),
the causative agents of AIDS. The study of prototypical simple
retroviruses such as murine leukemia virus (MLV) and avian
sarcoma and leukosis virus (ASLV) has lead to significant
advances in the understanding of retroviral infections and host
cell processes (10, 22, 33). The early stages of the retroviral
replication cycle consist of virus-receptor binding, virus-cell
membrane fusion, reverse transcription, nuclear translocation,
and viral DNA integration into a cellular chromosome, which
generates the provirus. The late stages consist of proviral tran-
scription by host RNA polymerase II, RNA processing and
cytoplasmic export, the translation of viral proteins, viral as-
sembly, egress, and maturation. These events are heavily de-
pendent upon host cellular machinery.

Many cellular factors that regulate different steps of retroviral
replication were identified previously through a combination of
genetic and biochemical approaches (4, 7, 10, 18, 23, 34, 37).
However, it is likely that other important cellular factors remain
to be identified. To illustrate this point, we recently used a for-
ward genetic approach, based upon retroviral insertional mu-
tagenesis in CHO-K1 cells, to uncover an unprecedented role for
the host cell sulfonation pathway in regulating HIV-1 and MLV

gene expression (5). The role of this cellular pathway in provirus
transcription was not detected by multiple genome-wide RNA
interference (RNAi)-based screens (4, 18, 34, 37).

Here, we have used the same screening approach to identify a
new transcriptional activator of the MLV provirus. The transcrip-
tion of integrated proviral DNA is driven from the unique 3� (U3)
element in the viral genome. This is a strong RNA polymerase II
promoter that contains binding sites for multiple host transcrip-
tion factors. In MLV, the enhancer region of the promoter con-
tains multiple overlapping binding sites for various cell-specific
transcription factors, expanding the cell types that MLV can in-
fect. The preferential binding of one transcription factor over
another at specific overlapping sites can alter cell line tropism and
disease outcome in mice (11, 19, 21, 25–29).

The MLV transcriptional regulator identified in this study is
zinc finger associated with squamous cell carcinoma (ZASC1
or ZNF639), a protein with nine Kruppel-like zinc fingers that
has a broad tissue distribution (14). ZASC1 copy number am-
plification has been linked to squamous cell carcinomas and an
increased propensity for metastasis (3, 14). Furthermore, it is a
major interacting protein of the histone acetyltransferase CBP
(17), is involved in the nuclear transport of �-catenin (3), and
has been associated with inherited ataxias (20). Although
ZASC1 has been proposed to bind to DNA and function as a
transcription factor, to date, no ZASC1 DNA binding sites
have been identified, nor has any has any transcriptional mod-
ulation activity been described for the wild-type (WT) ZASC1
protein (3, 14). The data described in this report reveal that the
wild-type ZASC1 protein binds to specific DNA elements in
the MLV long terminal repeat (LTR) and activates proviral
transcription.
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MATERIALS AND METHODS

Plasmids and viral vectors. The viral genome plasmids pMMP-nls-LacZ,
pCMMP-EGFP, pCMMP-SEAP-IRES-GFP, pCMMP-IRES-GFP, pCMMP-
CD4-EGFP, pHIV-TVA800-hcRED, pRET, RCASBP(A)-AP, pLEGFP, pQCLIN,
and pLenti6/V5-GW/lacZ have been described previously (5). The viral genome
plasmid pCMMP-luciferase was generated by replacing the enhanced green
fluorescent protein (EGFP) gene in pCMMP-EGFP with the firefly luciferase
gene (fLuc) from pGL3-Basic (Promega, Madison, WI). The viral genome plas-
mid encoding secreted Gaussia luciferase (gLuc) and puromycin resistance was
generated by replacing the EGFP gene in pCMMP-EGFP with the gLuc gene
from pGluc-Basic (NEB, Ipswich, MA) and inserting the internal ribosome entry
site and the puromycin acetyltransferase gene from pQCXIP downstream of
gLuc to make pCMMP-gLUC-IRES-Puro. The plasmid carrying the ZASC1
open reading frame under the control of the human cytolomegalovirus (HCMV)
promoter was obtained commercially (Open Biosystems, Huntsville, AL). The
ZASC1 open reading frame was cloned in-frame downstream of EGFP in
pEGFP-N1 (Clontech, Palo Alto, CA) to make the GFP-ZASC1 expression
vector. The coding sequence of the GFP-ZASC1 fusion protein then was inserted
into the multiple-cloning site downstream of the TET operator of pLenti4/TO/
V5-DEST (Invitrogen, Carlsbad, CA) to generate the tetracycline-inducible
HIV-1 vector pLenti4/TO-GFP-ZASC1. HIV-1 vectors for the stable expression
of WT ZASC1 or 3�-phosphoadenosine 5�-phosphosulfate synthase 1 (PAPSS1)
were generated by the PCR amplification of the relevant coding sequence
(ZASC1[ZNF639], image 4794621; PAPSS1: image 3869484) from commercially
available cDNAs (Open Biosystems, Huntsville, AL) and cloned into MluI/
EcoRV-digested pLenti6/V5-GW/lacZ, generating plasmids pLenti6-ZASC1
and pLenti6-PAPSS1, respectively.

To generate short hairpin RNA (shRNA) constructs targeting ZASCI, a linker
(top, 5�-TGCTGGAGACCAACCTAGGACTAGTGGTCTCT-3�; bottom, 5�-C
CTGAGAGACCACTAGTCCTAGGTTGGTCTCC-3�) was inserted into the
vector pcDNA6.2-GW/EmGFP-miR (Invitrogen, Carlsbad, CA) in the hairpin
insertion site of the vector. This linker adds two BsaI sites (underlined) that,
when the resulting plasmid is digested with BsaI, result in incompatible sticky
ends, which facilitates the insertion of hairpin-containing oligonucleotides. Dou-
ble-stranded oligonucleotides (Table 1) then were inserted into this site to
generate gene-specific shRNA constructs against ZASC1 or secreted alkaline
phosphatase (SEAP).

To generate retroviral promoters for electrophoretic mobility shift assays
(EMSAs) and reporter gene analysis, MLV U3 was amplified from the MLV
vector pLEGFP-C1 (Clontech, Palo Alto, CA) using the primers 5�-GGACGC
GTGGAATGAAAGACCCCACCTGTAGG-3� and 5�-GGAAGCTTCCCGA
GTGAGGGGTTGTGGGCTC-3�, and the ASLV U3 was amplified from
RCASBP(A)-AP using the primers 5�-GGACGCGTGAAATGTAGTCTTATG
CAATACTCTTG-3� and 5�-GGAAGCTTTCGTCCAATCCATGTCAGACC-
3�. PCR products were digested with MluI and HindIII (underlined) and cloned
into pGluc-Basic (NEB, Ipswich, MA). The mutagenesis of potential binding
sites was performed by overlap PCR or linker mutagenesis. MLV genomic clones
containing mutations in the ZASC1 binding sites were made by overlap PCR or
linker mutagenesis on these subcloned fragments and moved back into the
3�LTR of full-length pCMMP-SEAP-IRES-GFP by standard restriction enzyme
cloning. All mutations were validated by sequencing. The plasmids used for

mammalian two-hybrid analysis all were provided by, or cloned into, vectors in
the Checkmate mammalian two-hybrid kit (Promega, Madison, WI).

Cell culture and virus production. The source and growth conditions for
Chinese hamster ovary cells (CHO-K1), CHO-TVA800, human embryonic kid-
ney 293T cells, THP-1, and human Jurkat cells were described elsewhere (5, 30).
Mouse NIH 3T3 and EL4 cells were obtained from the ATCC (Manassas, VA)
and cultured as suggested by the distributor. Cells expressing either ZASC1 or
PAPSS1 cDNA were generated by infecting CHO-K1 and IM1 cells with the
vesicular stomatitis virus (VSV)-G-pseudotyped HIV-1 vector pLenti6-ZASC1
or pLenti6-PAPSS1 at an approximate multiplicity of infection (MOI) of 0.5
blasticidin-transducing units. Infected cells were selected for 2 weeks in 3 �g/ml
blasticidin. To generate the cell line expressing tetracycline-inducible GFP-
ZASC1 and a gLuc-expressing MLV provirus, CHO-TREX cells (Invitrogen,
Carlsbad, CA) were transduced with pLenti4/TO-GFP-ZASC1 and the MLV
reporter vector pCMMP-gLUC-IRES-Puro. Transduced cells were selected with
5 �g/ml zeomycin and 500 �g/ml puromycin. GFP-ZASC1 expression was in-
duced with 1 �g/ml doxycycline. The procedures used to produce the retroviral
vectors and titer of each viral stock are described in detail elsewhere (5).

Isolation of an MLV-resistant clone. The procedure used to generate inser-
tionally mutagenized CHO-K1 cells and to select for MLV-resistant clones was
described in detail elsewhere (5). Briefly, a pool of 2 � 107 cells insertionally
mutagenized with the poly(A)-trap vector pRET (15) was subjected to five
rounds of challenge with a second, replication-defective, VSV-G-pseudotyped
MLV vector that contains a human CD4 gene that is expressed from the viral
promoter. Infected cells that expressed human CD4 on their surface were re-
moved from the population at each round by magnetic cell sorting (MACS) using
an iron-conjugated CD4-specific antibody. Each round of infection and sorting
resulted in an approximately 3-fold enrichment of CD4-negative cells relative to
the preceding round, with a total measured enrichment of 239-fold. The resultant
cell population, which exhibited an overall 2-fold resistance to MLV infection,
then was challenged a final time with another VSV-G-pseudotyped MLV vector
encoding the far-red fluorescent protein HcRed. A total of 264 single-cell clones
of HcRed-negative cells then were isolated by fluorescence-activated cell sorting
(FACS) and tested for their susceptibility to infection by a VSV-G-pseudotyped
MLV vector encoding �-galactosidase (MMP-nls-LacZ). The most resistant
clone, IM1, was chosen for further validation.

Assays of viral infection. Quantitative chemiluminescent infection assays were
performed as previously described (5, 6). Briefly, 96-well plates were seeded at
1 � 104 cells/well for each cell line tested. The cells were incubated with an
approximate MOI of 1 transducing unit in the presence of 4 �g/ml polybrene. At
48 h postinfection (hpi), four wells were assayed for �-galactosidase activity using
the Galacto-star kit (Applied Biosystems, Foster City, CA), for alkaline phos-
phatase activity using the Phospha-Light kit (Applied Biosystems, Foster City,
CA), or for luciferase activity using a Britelite (PerkinElmer, Boston, MA)
according to the manufacturer’s instructions. The other four wells were assayed
for cell number and cell viability using CellTiter-Glo reagent (Promega, Madi-
son, WI). The results obtained were normalized for relative cell number.

To determine the absolute fold resistance to viral infection, 5-bromo-4-chloro-
3-indolyl-�-D-galactopyranoside (X-Gal) staining was performed on cells that
were infected with serial dilutions of viruses. For these experiments, cells were
seeded at 1 � 104 cells/well in triplicate rows for each cell line tested. The cells

TABLE 1. Oligonucleotides used for cloning shRNA expression construct

Target
genea

Oligonucleotide
name Orientationb Sequence (5� to 3�)c Binding

positiond

SEAP OJWB299 Sense TGCTGCATGTCTGCTCGAAGCGGCCGGTTTTGGCCACTGACTGACCGGCCGCTGAGCAGACATG 1539
OJWB300 Antisense CCTGCATGTCTGCTCAGCGGCCGGTCAGTCAGTGGCCAAAACCGGCCGCTTCGAGCAGACATGC

ZASC1 OJWB309 Sense TGCTGTTTGCTGGTTGACTGATTCAGGTTTTGGCCACTGACTGACCTGAATCACAACCAGCAAA 376
OJWB310 Antisense CCTGTTTGCTGGTTGTGATTCAGGTCAGTCAGTGGCCAAAACCTGAATCAGTCAACCAGCAAAC

ZASC1 OJWB546 Sense TGCTGTTGAGGAGAACTGTACATCACGTTTTGGCCACTGACTGACGTGATGTAGTTCTCCTCAA 881
OJWB547 Antisense CCTGTTGAGGAGAACTACATCACGTCAGTCAGTGGCCAAAACGTGATGTACAGTTCTCCTCAAC

ZASC1 OJWB548 Sense TGCTGATAGCAACATGCCTGTTAACAGTTTTGGCCACTGACTGACTGTTAACACATGTTGCTAT 1164
OJWB549 Antisense CCTGATAGCAACATGTGTTAACAGTCAGTCAGTGGCCAAAACTGTTAACAGGCATGTTGCTATC

ZASC1 OJWB550 Sense TGCTGTTATGAGGCAAGTCAGCTGAAGTTTTGGCCACTGACTGACTTCAGCTGTTGCCTCATAA 1362
OJWB551 Antisense CCTGTTATGAGGCAACAGCTGAAGTCAGTCAGTGGCCAAAACTTCAGCTGACTTGCCTCATAAC

a The gene that the shRNA targets.
b Denotes whether the oligonucleotide binds on the coding strand (relative to the mRNA of the genes) or noncoding strand.
c Sequence of the oligonucleotide written in the 5� to 3� orientation.
d The region of the target gene the shRNA corresponds to, relative to the start codon.
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then were infected for 2 h with 10-fold serial dilutions of MMP-nls-LacZ[VSV-
G] in the presence of 4 �g/ml polybrene as described before, and the cells
subsequently were stained with X-Gal as previously described (1). The blue cells
contained in wells that had between 20 and 200 �-galactosidase-positive
cells were counted to give an accurate measure of the viral titer.

Real-time quantitative PCR. The procedures to measure MLV reverse tran-
scription products have been described in detail elsewhere (5). Briefly, cells were
seeded in triplicate wells at 5 � 105/well in a six-well plate and then infected at
4°C on a rocking platform at an MOI of 1 GFP-transducing unit (GTU) for 2 h
with an MLV vector (pLEGFP; Clontech, Palo Alto, CA) pseudotyped with
VSV-G that was treated with DNase I. DNA was harvested from infected cells
24 hpi using the DNeasy kit (Qiagen, Valencia, CA). To measure integrated
proviral DNA copy numbers, cells were seeded and infected as described above
and then passaged for 18 days. DNA then was harvested from 1 � 106 cells as
described above. The DNA concentration was calculated by measuring the A260

on a SPECTRAmax plus 96-well UV spectrophotometer (Molecular Devices,
Sunnyvale, CA). Quantitative, real-time PCR analysis was performed as previ-
ously described (5) using primers specific for the U3-U5 region of the LEGFP
vector. These primers amplify the plus-strand strong stop (�SSS) reverse tran-
scription product and are shown along with the viral LTR feature and the base
pair position recognized in pLEGFP: OJWB39 (5�-CAGTTCGCTTCTCGCTT
CTGTTC-3�; U3, bp 523 to 535), OJWB47 (5�-GTCGTGGGTAGTCAATCAC
TCAG-3�; R and U5, bp 697 to 719), and OJWB38 (5�-6-carboxyfluorescein-
ATCCGAATCGTGGTCTCGCTGTTC-6-carboxytetramethylrhodamine-3�; R,
bp 657 to 680). The number of molecules in each reaction mixture was deter-
mined by comparison to standard curves generated from the amplification of
plasmid DNA containing the target sequence.

Immunoblot analysis. Cells (1 � 106) were lysed in 300 �l SDS-PAGE loading
buffer and transferred to a QIAshredder column (Qiagen, Valencia, CA), and
the DNA was sheared by centrifugation at 10,000 � g for 2 min. The samples
were boiled, separated by SDS-PAGE, transferred to a polyvinylidene difluoride
(PVDF) membrane, and blotted with a rabbit polyclonal antibody raised against
human ZASC1, a rabbit polyclonal antibody raised against human actin (sc-
1616-R; Santa Cruz Biotechnology, Santa Cruz, CA), or a rabbit polyclonal
antibody against GFP (Invitrogen, Carlsbad, CA). The blots were washed and
treated with a secondary anti-rabbit horseradish peroxidase conjugate (Thermo
Scientific, Rockford, IL), and the blots were imaged by chemiluminescence using
the Supersignal West femto substrate (Thermo Scientific, Rockford, IL). The
signal was detected on a ChemiDoc XRS system (Bio-Rad, Hercules, CA). The
ZASC1 antibody was generated by immunizing New Zealand White rabbits with
Escherichia coli-expressed ZASC1 at Harlan Laboratories (Madison, WI). Virus
release into media was detected using the rat monoclonal antibody from the
R187 hybridoma (ATCC, Manassas, VA) and anti-rat horseradish peroxidase
conjugate (Thermo Scientific, Rockford, IL) following immunoblotting.

Electrophoretic mobility assays (EMSA). The open reading frame of ZASC1
was PCR amplified and cloned between the NheI and XhoI sites in the pET28a
vector (Novagen, La Jolla, CA). This pET-ZASC1 construct encodes an in-
frame, N-terminal His6-T7-tag-ZASC1 fusion protein under the control of the
T7 bacteriophage promoter. Protein for EMSA was generated by in vitro tran-
scription/translation using the TnT T7 coupled reticulocyte lysate system (Pro-
mega, Madison, WI) by following the manufacturer’s protocols. DNA probes
were either restriction fragments of cloned U3 elements or annealed oligonu-
cleotides end labeled with [�-32P]ATP and T4 polynucleotide kinase (New En-
gland Biolabs, Ipswich, MA) by following the manufacturer’s procedure. For
each binding reaction mixture, 8 �l of the coupled in vitro transcription/translation
reaction mixture was mixed on ice with 50 fm 32P end-labeled DNA probe and 5 �l
5� EMSA buffer {250 mM Tris-HCl 7.5, 50 mM MgCl2, 25 ng/�l sheared calf
thymus [CT] DNA, 0.05% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane-
sulfonate [CHAPS] 5% glycerol, 10 �M zinc acetate [Zn2(C2H3O2)]} in a final
volume of 25 �l. Samples were incubated at room temperature for 10 min and on ice
for 10 min. Bound DNA was separated from free probe on a 4% Tris-borate-EDTA
(TBE) polyacrylamide gel run at 125 V at 4°C for 2 h. The gels were dried and
exposed to phosphorimager plates for analysis.

Transient transfection assays. CHO-K1, IM1, and HEK293 cells (2 � 104

cells/well) were reverse transfected in a 96-well format with a total of 100 ng
DNA/well with 0.4 ml/well Transit LT-1 transfection reagent (Mirus, Madison,
WI) by following the manufacturer’s instructions. For transient promoter acti-
vation assays, 10 ng of the retrovirus promoter plasmids consisting of the MLV
U3 promoter cloned in front of the secreted Gaussia luciferase reporter gene as
described above was transfected. To monitor transfection efficiency, a plasmid
(5 ng) encoding mRFP under the control of the HCMV promoter and a plasmid
(5 ng) encoding firefly luciferase under the control of the HCMV promoter were
included in each transfection. WT ZASC1 or GFP-ZASC1 expression plasmids

were included at 25 ng/well. Vector plasmid DNA or calf thymus DNA was used
to maintain a constant 100 ng/well in each transfection. Two days posttransfec-
tion, 10 �l of media was removed, diluted with 40 �l of phosphate-buffered saline
(PBS), and assayed for secreted Gaussia luciferase (gLuc) by injecting 30 �l
coelenterazine solution (Renilla luciferase assay system; Promega, Madison, WI),
waiting 1.6 s, and then reading luminescence for 1 s. Firefly luciferase (fLuc)
activity from the internal control plasmid was determined using a Britelite
(PerkinElmer, Boston, MA) according to the manufacturer’s instructions. The
ratio of gLuc to fLuc was determined, and the activity of either the WT promoter
or the relevant promoter in the absence of exogenous ZASC1 was set to 100%,
and the reporter gene activity of the matched mutant promoter or ZASC1-
expressing transfection sample was compared to this finding.

RESULTS

Isolation and characterization of MLV-resistant cell line
IM1. We previously described a procedure to isolate MLV-
resistant cell clones from a library of Chinese hamster ovary
(CHO-K1) cells that had been insertionally mutagenized with
a retroviral vector (5). CHO-K1 cells were used because these
cells are functionally hypodiploid at numerous loci (13), so the
insertion of the viral vector into a single allele of a given
cellular gene can be sufficient to produce a genetically null
phenotype. The insertional mutagenesis was performed with
the murine leukemia virus (MLV)-based vector pRET, which
encodes green fluorescent protein (GFP), as well as a neomy-
cin phosphotransferase (NPT) mRNA that contains an insta-
bility element downstream of a canonical splice donor site (15).
The integration of pRET upstream of a cellular exon, and in
the opposite transcriptional orientation relative to a cellular
gene, gives rise to an NPT mRNA transcript in which the RNA
instability element is removed by mRNA splicing, thereby con-
ferring G418 resistance on the mutagenized cells (15).

To identify cells that were resistant to retroviral infection, a
pool of insertionally mutagenized cells was subjected to five
rounds of challenge with a second, replication-defective, VSV-G-
pseudotyped MLV vector that contains a human CD4 gene that
is expressed from the viral promoter. Infected cells that expressed
human CD4 on their surface were removed from the population
at each round by magnetic cell sorting (MACS) using an iron-
conjugated CD4-specific antibody. A final challenge with another
VSV-G-pseudotyped MLV vector encoding the far-red fluores-
cent protein HcRed was followed by the single-cell cloning of
HcRed-negative cells by FACS. In this report, we describe the
characterization of a clonal cell line, designated IM1, that exhib-
ited an approximately 10-fold resistance to infection by the VSV-
G-pseudotyped MLV vector MMP-nls-LacZ based upon �-galac-
tosidase reporter gene expression (Fig. 1A).

To determine if the defect associated with the IM1 cell line
was specific for the MLV vector, wild-type CHO-K1 cells and
mutant IM1 cells were engineered to express TVA800, the cel-
lular receptor for an avian retrovirus, subgroup A avian sarcoma
and leukosis viruses (ASLV-A) (2, 35). The TVA800-expressing
cells were challenged with either an ASLV-A envelope protein
(EnvA)-pseudotyped MLV vector encoding �-galactosidase or,
instead, with an ASLV-A vector that encodes heat-stable alkaline
phosphatase (8). Viral reporter gene expression following the
infection of IM1-TVA800 cells by the EnvA-pseudotyped MLV
vector was 7.8-fold reduced compared to that of CHO-K1-
TVA800 cells (Fig. 1B). This effect mirrored that seen with VSV-
G-pseudotyped MLV vectors (Fig. 1A), indicating that the defect
seen with IM1 cells was independent of the viral glycoprotein type
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used to pseudotype the MLV vector. In contrast, the level of viral
reporter gene expression following infection by the ASLV-A vec-
tor was only slightly reduced in IM1-TVA800 versus CHO-K1-
TVA800 cells (Fig. 1B). Since both vectors employ EnvA-TVA
receptor interactions to mediate entry, these observations indi-
cate that the defect in the IM1 cell line is specific for protein or
RNA components of the MLV core.

IM1 cells support viral reverse transcription and integra-
tion of viral DNA. We utilized a previously established (5, 6)
real-time PCR amplification procedure to monitor the levels of
reverse transcription products and integrated viral DNA. Since
IM1 cells potentially contain both the mutagenic pRET vector
and the pCMMP-derived vector utilized in the screen, this
assay used a primer/probe set that amplified the plus-strand
strong stop replication intermediate (12, 32) specifically from
the U3 and unique 5 (U5) LTR region of the pLEGFP, but not
the pRET and pCMMP, MLV vector (5). Cells were chal-
lenged with the pLEGFP MLV vector, and total DNA subse-
quently was harvested at 0 and 24 hpi. The levels of viral DNA
at 24 hpi were found to be similar in IM1 and CHO-K1 cells
(Fig. 2A). For control purposes, a chemically mutagenized
CHO-K1 cell line (MCL1) that exhibits a strong block to MLV
reverse transcription (6) was challenged in parallel (Fig. 2A).

To investigate viral DNA integration in IM1 cells, cells were
infected with the same MLV vector and passaged for 18 days
to eliminate episomal forms of viral DNA (31, 36), and the
levels of total viral DNA then were measured. IM1 and
CHO-K1 cells contained equivalent amounts of integrated vi-
ral DNA (Fig. 2B). By comparison, at 18 days postinfection,
nearly 220-fold lower levels of viral vector DNA were detected
in MCL7 cells, a chemically mutagenized CHO-K1 cell line
that exhibits a strong, post-reverse transcription block to MLV
DNA integration (6). These data demonstrate that the block to
the infection of IM1 cells is subsequent to reverse transcription
and viral DNA integration into the host cell genome.

ZASC1 is responsible for the resistance phenotype of IM1
cells. To identify the cellular gene disrupted by the mutagenic
vector, total RNA was isolated from IM1 cells and subjected to
reverse transcription-PCR amplification, with primers that rec-
ognize the NPT gene carried by the pRET vector and the
captured poly(A) sequence, to identify the cellular gene flank-
ing the mutagenic pRET vector insertion site as described
previously (5, 15). DNA sequences of the PCR amplification
products were compared to the sequenced mouse genome,
since the hamster genome has not yet been sequenced. This
analysis revealed that the pRET provirus was located 3,130 bp
upstream of the transcriptional start site for the putative zinc
finger transcription factor ZASC1 (ZNF639) (modeled on
mouse chromosome 3 in Fig. 3A). It appears that a cryptic
poly(A) site located within the ZASC1 promoter region was
used to polyadenylate the pRET-encoded NPT mRNA tran-
script (data not shown). The next-nearest genes were those
encoding the Kcnmb3 potassium channel and the mitochon-

FIG. 1. Resistance of the IM1 cell line maps to the MLV core.
(A) CHO-K1 and IM1 cells were challenged with serial dilutions of the
VSV-G-pseudotyped MLV vector (MMP-nls-LacZ[VSV-G]), encoding
�-galactosidase. The cells then were stained 48 hpi with X-Gal, the num-
ber of blue cells were counted, and the data were reported as the per-
centage of LacZ-transducing units (LTU) obtained from WT CHO-K1
infections (5 � 105 LTU). The data shown are the averages from three
experiments each performed with triplicate samples. (B) CHO-K1
cells and IM1 cells engineered to express TVA800 or wild-type
CHO-K1 cells were challenged with either pMMp-nls-LacZ[envA],
an EnvA-pseudotyped MLV vector encoding �-galactosidase, or
with RCASBP(A)-AP, an ALSV-A vector encoding heat-stable al-
kaline phosphatase. Infection was monitored using chemiluminescent
assays to detect reporter enzyme activities along with a chemilumines-
cent assay to measure relative viable cell numbers. The ratios of en-
zyme activities to relative viable cell number were calculated for each
sample and compared to values from CHO-K1 TVA 800 cells (defined
as 100% infection). The data shown are the average mean values
obtained in an experiment performed with quadruplicate samples and
are representative of three independent experiments. Error bars indi-
cate the standard deviations from the data. P values were calculated
using a standard Student’s t test.

FIG. 2. IM1 cells support WT levels of MLV reverse transcription
and integration. (A) CHO-K1, IM1, and MCL7 cell lines were challenged
with the VSV-G-pseudotyped MLV vector LEGFP, and total DNA was
isolated at 0 or 24 hpi, DNA concentration was quantitated by A260, and
a real-time PCR amplification analysis was performed to measure the
levels of viral DNA. (B) CHO-K1, IM1, and MCL7 cells were challenged
with the same VSV-G-pseudotyped MLV vector as that used in panel A,
and total DNA was harvested at 1 or 18 days postinfection for real-time
PCR quantitation of viral DNA products. The chemically mutagenized
cell line MCL1 displays a strong block to MLV reverse transcription,
while the MCL7 cell line displays a strong block to MLV DNA integration
(6). The data shown are the average mean values obtained in independent
experiments performed with triplicate samples, and each is representative
of three independent experiments. Error bars indicate the standard devi-
ations of the data. P values were calculated using a standard Student’s t
test.
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drial fusion gene Mfn1, located 15,493 bp upstream and 22,024
bp downstream of the pRET proviral DNA, respectively (Fig.
3A). Based on the location of the pRET integration site, we
reasoned that the expression of the ZASC1 gene most likely
was impaired by the pRET insertion. This notion was sup-

ported by immunoblotting experiments that demonstrated that
IM1 cells contain, on average, 35% � 0.6% of the level of
ZASC1 in wild-type CHO-K1 cells (Fig. 3B). Therefore, we
focused on ZASC1 as a candidate gene that might influence
infection by MLV vectors.

To directly evaluate its role, we attempted to complement
the defect in IM1 cells by expressing a wild-type human
ZASC1 cDNA clone. For control purposes, these experiments
also were conducted with wild-type CHO-K1 cells that also
expressed human ZASC1. These cells were challenged with the
VSV-G-pseudotyped MLV vector encoding �-galactosidase,
and infected cells were enumerated by X-Gal staining. These
experiments revealed that human ZASC1 fully complemented
the MLV infection defect of the IM1 cell line but had little
impact on the level of infection seen with wild-type CHO-K1
cells (Fig. 3C). In contrast, a control cDNA carrying human
PAPSS1, a gene that we previously showed to be important for
MLV infection in another mutant CHO-K1 cell line (5), only
weakly affected virus infectivity in IM1 cells (Fig. 3C). Presum-
ably the endogenous levels of PAPSS enzymes in IM1 cells are
sufficient to support close-to-maximal levels of MLV infection.
These data confirm that deficiency in ZASC1 is responsible for
the virus infection-resistant phenotype of IM1 cells.

Since ZASC1 is a putative transcription factor, we next
asked if its effect mapped to the MLV LTR promoter region.
To address this question, the relative levels of LTR-driven
transcription from the MMP-nls-LacZ MLV vector in WT
CHO-K1 and IM1 cells were compared to those from the
internal HCMV immediate-early promoter contained in
QCLIN, a commercially available, self-inactivating (SIN) MLV
vector with promoter-defective LTRs (16). Consistent with the
previous results, the level of reporter gene expression from the
MMP-nls-LacZ vector was impaired in IM1 cells compared to
that of WT CHO-K1 cells. In contrast, the levels of �-galac-
tosidase produced from the QCLIN vector were the same in
both IM1 and CHO-K1 cells (Fig. 4A). This result mapped the
activity of ZASC1 to the MLV LTR promoter, supporting a
role for ZASC1 in promoting MLV gene expression.

The role for ZASC1 in MLV gene expression was further
validated by the transient RNAi-mediated knockdown of
ZASC1 in human HEK293T cells. These cells were transiently
transfected with plasmids carrying one of four ZASC1 shRNAs
that reduce ZASC1 levels in transfected cells (Fig. 4B). To
mark the transfected cells, the shRNA plasmids were cotrans-
fected with an expression vector encoding the ASLV receptor
TVA800. Three days posttransfection, the cells were chal-
lenged with two different EnvA-pseudotyped MLV vectors,
either CMMP-luciferase, which directs firefly luciferase gene
expression from the MLV LTR, or the self-inactivating
QCLIN vector. Since human cells do not express the receptor
for EnvA, only cells cotransfected with TVA-800 and the
shRNA-encoding plasmids are infected under these condi-
tions. The independent expression of four distinct ZASC1
shRNAs reduced reporter gene expression from the CMMP-
luciferase vector between 9- and 12.5-fold (Fig. 4C). In stark
contrast, these shRNAs only inhibited expression from the
internal HCMV promoter of the QCLIN vector by 2-fold or
less (Fig. 4C). These data, obtained with multiple ZASC1
shRNAs, cannot be explained by nonspecific, off-target effects,
and they provide additional strong support for the model that

FIG. 3. Reduced expression of ZASC1 is responsible for the MLV
resistance phenotype of IM1 cells. (A) Since the hamster genome has
not been sequenced, the integration of pRET was modeled on the
mouse genome (chromosome 3, position 32.37 to 32.48 Mbp).
The pRET provirus integration is expanded, and the orientation of the
neomycin phosphotransferase (NPT) transcript and the splice acceptor
site are shown in relation to the viral LTR (gray boxes). The relative
locations and orientation of the pRET integration site ZASC1, potas-
sium channel Kcnmb3, and the mitochondrial fusion gene Mfn1 are
shown. (B) Immunoblot analysis of cell lysates from CHO-K1 and IM1
cells performed with rabbit polyclonal antibodies against human
ZASC1 or human actin (�-ZASC1 and �-actin, respectively). The blots
were washed, treated with a secondary anti-rabbit horseradish perox-
idase conjugate, and imaged by chemiluminescence. The blots are
representative of three independent experiments. (C) CHO-K1 and
IM1 cells engineered to express either a human ZASC1 cDNA or a
control human PAPSS1 cDNA were challenged with serial dilutions of
the VSV-G-pseudotyped MLV vector (MMP-nls-LacZ[VSV-G]) en-
coding �-galactosidase. The cells then were stained 48 hpi with X-Gal,
the numbers of blue cells were counted, and the data were reported as
the percentage of LacZ-transducing units (LTU) obtained with WT
CHO-K1 cells (5 � 105 LTU). The data shown are the averages from
three experiments, each performed with triplicate samples. P values
were calculated using a standard Student’s t test.
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ZASC1 promotes gene expression from the MLV LTR pro-
moter.

ZASC1 binds to three sites in the U3 region of the MLV
LTR. In retroviral LTR promoters, the majority of transcrip-
tion control elements are contained in the unique 3� (U3)
DNA element. To determine if ZASC1 can bind directly to the
U3 DNA element of the MLV LTR, electrophoretic mobility
assays (EMSA) were performed. The MLV U3 DNA element
was PCR amplified, end labeled with �-32P, and mixed with in
vitro transcription/translation reaction mixtures containing ei-
ther ZASC1 or luciferase proteins. For control purposes, the
ASLV U3 DNA element was studied in parallel, because that
virus was not influenced to the same extent by ZASC1 defi-
ciency (Fig. 1B). The samples then were resolved by 4% PAGE
and exposed to phosphorimager plates. A specific high-molec-
ular-weight mobility shift band was observed when ZASC1 was
incubated with the MLV, but not the ASLV, U3 DNA element
(Fig. 5A and B). To map the ZASC1 binding site in the MLV
U3 DNA region, a series of overlapping restriction fragments
and oligonucleotides were tested by EMSA for the ability to
support ZASC1 binding (Fig. 6A). These studies indicated that
at least two independent DNA sequences, one located between
	228 and approximately 	208 and another located between
approximately 	168 and 	148, are important for ZASC1
binding. Consistent with these binding results, each of these
U3 subregions contains a nearly identical 12-bp sequence (TA
AGCAGTTCCT versus TCAGCAGTTTCT; between nucleo-
tides 	221 and 	210 and between 	160 and 	149, respec-
tively) (Fig. 6B and C). To test if these sequences are impor-
tant for ZASC1 binding, each was mutated, and the impact of
these mutations was tested individually or in combination upon
ZASC1 binding. A DNA fragment corresponding to the 	223
to 	148 region of MLV U3 bound ZASC1 when either of
these two sites was present but not when both were mutated
(Fig. 6D). These data demonstrate that ZASC1 binds to these
12-bp elements in the MLV U3 region. Since this region par-
tially overlaps the direct repeat in the MLV U3 enhancer
region, there actually are three potential ZASC1 binding sites
(site 3 is located between nucleotides 	296 and 	285) in the
MLV U3 region, numbered ZBS1 to ZBS3 (Fig. 6B and C).

FIG. 4. ZASC1 regulates expression from the MLV LTR pro-
moter. (A) CHO-K1 or IM1 cells were challenged with the VSV-G-
pseudotyped MLV vector MMP-nls-LacZ, which drives LacZ expres-
sion from the MLV-LTR promoter, or pQCLIN, a self-inactivating
vector with defective LTRs and an internal HCMV promoter that
drives LacZ expression. (B) Western blot analysis of HEK293T tran-
siently transfected with GFP and ZASC1 expression plasmid and plas-
mids expressing either one of four shRNAs targeting the open reading
frame of ZASC1, a control shRNA targeting secreted alkaline phos-
phatase (AP), or the empty shRNA vector. Cell lysates were analyzed
by Western blotting as described in Materials and Methods with rabbit
antibodies against human ZASC1, human actin, and GFP. The blot is
representative of three independent experiments. (C) HEK293T cells
were transiently transfected with 80 ng of plasmids expressing either
one of four shRNAs targeting the open reading frame of ZASC1, a
control shRNA targeting secreted alkaline phosphatase (AP), or the
empty shRNA vector along with 20 ng of an expression vector encod-
ing the ASLV receptor TVA800 (2, 35). Three days posttransfection,
cells were challenged with EnvA-pseudotyped MLV vectors, either
CMMP-luciferase, which directs MLV LTR-driven firefly luciferase
gene expression, or pQCLIN, which directs �-galactosidase expression
from an internal HCMV promoter. Infection was monitored using
chemiluminescent assays to detect reporter enzyme activities along
with a chemiluminescent assay to measure relative viable cell numbers,
and the data are reported as the ratio of reporter gene activity to the
relative viable cell number observed, with CHO-K1 cells defined as
100% infection. The data shown are the average mean values obtained
in an experiment performed with quadruplicate samples, and each is
representative of three independent experiments. Error bars indicate
the standard deviations of the data. P values were calculated using a
standard Student’s t test.

FIG. 5. ZASC1 binds to the MLV LTR. EMSA of DNA fragments
corresponding to the U3 promoter regions of MLV (	458 to �1)
(A) and ASLV (	233 to 	64) (B) that were end labeled with �-32P
and mixed with in vitro transcription translation reaction mixtures
containing either luciferase (L) or ZASC1 (Z) proteins. Protein/DNA
complexes were resolved on 4% TBE polyacrylamide gels, dried, and
exposed to phosphorimager plates. Lanes containing DNA probe
alone (P) are indicated, as are the positions of the free probe and the
ZASC1-specific band.
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ZBS2 and ZBS3 are located in the direct repeats of the MLV
enhancer region and partially overlap CBF/Runx and ETS
transcription factor binding sites, which have important func-
tions in different myeloid cell lines (19, 28). ZBS1 is positioned
downstream of the enhancer in a region of the promoter in
which no other transcription factor binding sites have been
identified so far. The simultaneous mutation of all three bind-

ing sites abolished ZASC1 binding to the entire MLV U3 DNA
region (mZBS123 in Fig. 6E).

ZASC1 activates the MLV promoter primarily through
binding ZBS1. To test the effects of mutating ZASC1 binding
sites on the activity of the MLV promoter, CHO-K1 and IM1
cells were transfected with a reporter plasmid that expressed
Guassia luciferase under the control of either the WT MLV

FIG. 6. ZASC1 binds to three highly related sites in the MLV promoter. (A) DNA restriction fragments or oligonucleotides corresponding to
the indicated regions of the MLV promoter were tested for the ability to bind to ZASC1 as described for Fig. 4. Those that bound ZASC1 are
indicated in red, and those that did not bind are in blue. (B) Alignment of three putative ZASC1 binding sites (ZBS) in the MLV promoter.
(C) The MLV U3 region from nucleotides 	370 to 	131 is shown with the location of previously characterized transcription factor sites:
glucocorticoid response element (GRE) (green), nuclear factor 1 (NF-1) (purple), ETS sites (dark blue), CBF/Runx sites (light blue), and
MCREF-1 sites (underlined). Red boxes indicate the locations of the three ZASC1 binding sites. Mutations introduced into the ZASC1 binding
sites to test the effect of mutation on ZASC1 binding and MLV infection are indicated underneath the WT sequence. (D) EMSA of oligonu-
cleotides corresponding to the 	228 to 	148 MLV U3 fragment with either ZBS1 or ZBS2 mutated. The locations of free probe, nonspecific shifts,
and the specific ZASC1 bandshift are indicated. The data shown are representative of at least three independent experiments. (E) EMSA of the
complete WT MLV U3 DNA fragment or the corresponding version with all three ZBS sites mutated (mZBS123).
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promoter or a promoter in which all three ZBS had been
mutated (mZBS123) as in Fig. 6C. Notably, in WT CHO-K1
cells, the mZBS123 promoter exhibited only 36% of the activ-
ity of the WT promoter (Fig. 7A). However, in IM1 cells, the
transcriptional activities of the WT and mZBS123 promoters
were equivalent (Fig. 7A), albeit at a level 4-fold lower than
the levels seen with the WT promoter in WT CHO-K1 cells:
the relative gLuc activity of the WT promoter was 315,725 �
21,892 in CHO-K1 cells versus 75,237 � 6,408 in IM1 cells. We
concluded from this experiment that ZASC1 affects the basal
activity of the MLV promoter in a ZBS-dependent fashion.
Consistently, in plasmid cotransfection experiments, exog-
enously expressed ZASC1 stimulated the activity of a WT
MLV promoter by 2.8-fold in CHO-K1 cells and by 5.1-fold in
the ZASC1-deficient IM1 cells (Fig. 7B). As expected, exoge-
nous ZASC1 expression did not stimulate expression from the
mZBS123 reporter construct in either cell line (Fig. 7B). These
data support the EMSA-derived model that ZASC1 binds to
three highly similar DNA binding sites in the MLV U3 DNA
region, thereby stimulating transcription from the MLV pro-
moter.

To determine if ZASC1 binding sites contribute to MLV
provirus gene expression, the mutations that abolished tran-
scription factor binding were introduced into the 3� U3 ele-
ment of the plasmid pCMMP-SEAP-IRES-GFP. Since the
HCMV immediate-early promoter is used to express the MLV
genome RNA from this plasmid in producer cell lines, virus
production was unaffected by the introduced mutations
(Fig. 8A). However, after reverse transcription and integra-
tion, the mutated U3 elements are present in both 5� and 3�
LTRs, regulating provirus reporter gene expression. In wild-

FIG. 8. Mutation of ZASC1 binding sites inhibits MLV vector gene
expression. (A) Capsid Western blot (�-CA) analysis of representative
viral supernatants used in infection assays. (B) Reporter assays of
CHO-K1 or IM1 cells challenged with MLV vectors expressing SEAP
under the control of either the WT MLV U3 promoter, a U3 promoter
with all 3 ZASC1 binding sites mutated (mZBS123), binding site 1
mutated (mZBS1), or both binding sites 2 and 3 mutated (mZBS23).
(C) Reporter assays of mouse fibroblast (3T3), mouse T-cell (EL4),
human T-cell (Jurkat), or human monocyte (THP-1) cell lines chal-
lenged with MLV vectors expressing firefly luciferase and containing
either the mZBS1 or mZBS2 mutation. Infection was monitored using
chemiluminescent assays to detect reporter enzyme activities. Infec-
tions were normalized to input virus as determined by anti-capsid
Western blotting and are reported as the ratio of reporter gene activity
to input capsid observed. The data obtained with the WT constructs is
defined as 100% infection. The data shown are the average mean
values obtained in an experiment performed with quadruplicate sam-
ples, and each is representative of three independent experiments. P
values were calculated using a standard Student’s t test.

FIG. 7. ZASC1 activates the expression of the MLV promoter.
(A) Basal activity of a plasmid encoding Gaussia luciferase under the
control of either the WT MLV LTR promoter or a promoter with all
three ZBS mutated in transiently transfected CHO-K1 or IM1 cells.
Promoter activity of the WT plasmid is set to 100% for each cell line.
(B) CHO-K1 or IM1 cells transiently transfected with WT or mZBS
reporter constructs with or without a ZASC1 expression plasmid. WT
and mZBS promoter activity in the absence of ZASC1 in each cell line
was set to 1, and fold-activation in the presence of ZASC1 was deter-
mined as described in Materials and Methods. The data shown are the
average mean values obtained in an experiment performed with qua-
druplicate samples, and each is representative of three independent
experiments. Error bars indicate the standard deviations of the data. P
values were calculated using a standard Student’s t test.
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type CHO-K1 cells, the triple mutant (mZBS123) virus exhib-
ited a 5.3-fold reduced level of reporter gene activity compared
to that of the WT virus (Fig. 8B). A virus construct with only
ZBS1 mutated exhibited a nearly identical 5.6-fold reduction
in reporter gene expression. However, viral challenge with a
virus that contained mutations in both ZBS2 and ZBS3 exhib-
ited only a 1.9-fold reduction in reporter gene expression.
Thus, ZBS1 is the most critical ZASC1 binding site for MLV
provirus expression (Fig. 8B). In contrast, challenge of IM1
cells resulted in a less-than 2-fold reduction in reporter gene
expression for all three ZBS mutant viruses. Since mutating
ZASC1 binding sites should have little effect in a cell line that
is already deficient in ZASC1, these data strongly indicate that
the effect of the introduced ZBS mutations is mediated pri-
marily through ZASC1 rather than through perturbing other
transcription factor sites for the mZBS123 and mZBS1 viruses.
In keeping with the much weaker effect of the mZBS23 muta-
tions, the difference between the effects of these mutations in
CHO-K1 and IM1 cells was not large enough (1.9-fold in
CHO-K1 versus 1.4-fold in IM1 [Fig. 8B]) to conclude that the
majority of the effect is through ZASC1 rather than the per-
turbation of other overlapping transcription factor sites (Fig.
6C). Individually mutating ZBS1, ZBS2, and ZBS3 confirmed
that ZBS1 is the most critical site for MLV provirus expression
(data not shown).

Since ZASC1 exhibits a broad tissue distribution (14), we
tested if the ZBS mutants exhibited similar phenotypes in more
relevant cell lines for MLV infection, namely, mouse cells and
cells of hematopoietic origin (Fig. 8C). Similar to the results
observed in CHO-K1 cells, challenge of mouse fibroblasts (3T3
cells), mouse and human T-cell lines (EL4 and Jurkat, respec-
tively), and a human monocyte cell line (THP-1) with the
mZBS1 mutant resulted in 4.2- to 5.6-fold lower levels of
reporter gene expression than those with WT MLV vectors. In
contrast, the mZBS23 mutation exhibited at most a 2-fold
reduction in reporter gene expression in the cell lines tested.
These data are consistent with a model in which ZBS1 is the
primary mediator of the ZASC1 regulation of MLV transcrip-
tion in all cell lines tested.

A GFP-ZASC1 fusion protein exhibits dominant-negative
activity on MLV gene expression. During attempts to comple-
ment the IM1 cell line, we observed that the expression of an
N-terminal GFP-ZASC1 fusion protein failed to complement
MLV vector function in IM1 cells despite the ability of the
fusion protein to bind to DNA (data not shown) and properly
localize to the nucleus (data not shown). To assess if the
GFP-ZASC1 fusion protein was defective for the activation of
the MLV promoter, transient transfection assays were per-
formed. Surprisingly, the exogenous expression of the GFP-
ZASC1 fusion protein not only failed to activate the MLV
promoter but also inhibited reporter gene expression 4.1-fold
in CHO-K1 cells (Fig. 9A). The inhibition was even greater in
IM1 cells (7.7-fold). These data suggest that the lower levels of
WT ZASC1 in IM1 cells rendered the promoter more sensitive
to the GFP-ZASC1 fusion protein and implies a dominant-
negative mechanism of action for the recombinant protein.
Indeed, similar results have been reported with a GAL4-
ZASC1 fusion protein inhibiting expression from a promoter
with GAL4 binding sites (3). We tested a similar GAL4-
ZASC1 construct to confirm this earlier work (Fig. 9B) and

FIG. 9. GFP-ZASC1 fusion protein inhibits expression from the
MLV promoter. (A) CHO-K1 or IM1 cells transiently transfected with
WT or mZBS reporter constructs with or without a GFP-ZASC1
expression plasmid. WT and mZBS promoter activity in the absence of
GFP-ZASC1 in each cell line was set to 100%, and activity in the
presence of GFP-ZASC1 was determined as described in Materials
and Methods. (B) GAL4-ZASC1 fusion protein inhibits expression
from an artificial promoter with five GAL4 binding sites upstream of a
TATA box. HEK293 cells transiently transfected with a GAL4 re-
porter construct and either GAL4 or GAL4 expression plasmids. Pro-
moter activity in transfections with empty vector were set to 100%, and
activity levels in the presence of GAL4 and GAL4-ZASC1 expression
plasmids were determined as described in Materials and Methods.
(C) Mammalian two-hybrid analysis of GAL4-ZASC1 fusion protein.
HEK293 cells transiently transfected with a GAL4-ZASC1 expression
plasmid and an additional expression plasmid encoding a VP16 acti-
vation domain fusion protein. (D) CHO-TREX cells (CHO-K1 cells
expressing the Tet repressor) were stably transduced with a lentivirus
construct encoding a Tet-inducible GFP-ZASC1 fusion protein. GFP-
ZASC1 expression was induced with 1 �g/ml doxycycline, and 24 h
postinduction the cells were infected with the VSV-G-pseudotyped
MLV vector (MMP-nls-LacZ[VSV-G]) encoding �-galactosidase. Re-
porter gene expression from the newly acquired virus was monitored
72 h postinduction using chemiluminescent assays, and the data are
reported with no doxycycline treatment defined as 100% infection. The
data shown are the average mean values obtained in an experiment
performed with quadruplicate samples, and each is representative of
three independent experiments. Error bars indicate the standard de-
viations of the data. P values were calculated using a standard Stu-
dent’s t test.
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utilized this fusion protein in a mammalian two-hybrid assay to
show that ZASC1 self associates (Fig. 9C). These data support
the idea that large N-terminal fusions of ZASC1 inhibit WT
ZASC1 through the formation of inactive multimers. This no-
tion is further supported by the observation that the fusion
protein had a minimal effect on the mZBS123 MLV promoter
in CHO-K1 cells (Fig. 9A). Similar to the more severe effect of
GFP-ZASC1 on the WT promoter in IM1 cells compared to
that on CHO-K1 cells, the dominant-negative effect on the
mZBS123 promoter is more pronounced (2-fold) in IM1 cells,
although it is still well below the 7.7-fold effect observed on the
WT promoter. This minor inhibition might be due to GFP-
ZASC1 titrating out cellular proteins common to multiple pro-
moters, such as CBP, a phenomenon previously described as
squelching (9, 24). Indeed, at high expression levels of GFP-
ZASC1, we have observed similar moderate (2-fold) inhibition
of other promoters with no recognizable ZASC1 binding sites
(data not shown).

To determine if expressing the GFP-ZASC1 fusion protein
could inhibit MLV vector expression, we employed a tetracy-
cline-inducible system. CHO-Trex cells, a cell line that ex-
presses the Tet repressor, were transduced with a lentiviral
vector that encodes the GFP fusion protein under the control
of a tetracycline-inducible promoter. The fusion protein was
induced with 1 �g/ml of doxycycline, and 24 h postinduction
the cells were challenged with MMP-nls-LacZ. Reporter gene
expression from the newly acquired virus was reduced 3.6-fold
(Fig. 9D). Thus, expressing the GFP-ZASC1 fusion protein
exhibits dominant-negative effects on expression from incom-
ing MLV vectors.

Taken together, these data demonstrate that ZASC1 is a
novel, sequence-specific transcription factor that binds to the
MLV U3 LTR promoter and activates viral gene expression.

DISCUSSION

Here, we have presented the results of an insertional mu-
tagenesis screen and have provided multiple lines of evidence
that ZASC1 is a DNA sequence-specific transcriptional acti-
vator of the MLV LTR promoter. First, we isolated a clonal
cell line, IM1, that exhibited 10-fold lower levels of viral gene
expression on MLV vector challenge (Fig. 1A) but supported
WT levels of MLV reverse transcription and integration (Fig.
2A and B). The IM1 cell line contained the mutagenic pRET
vector located adjacent to the ZASC1 gene (Fig. 3A) and was
deficient in ZASC1 protein expression (Fig. 3B). Subsequent
cDNA complementation of ZASC1 expression restored sus-
ceptibility to MLV vector challenge (Fig. 3C). The knockdown
of endogenous ZASC1 by expressing ZASC1-specific shRNAs
in human cells specifically reduced the levels of MLV vector
LTR-driven gene expression and validated the role of ZASC1
in MLV infection (Fig. 4C). Consistent with the specific effect
on MLV transcription, ZASC1 did not influence reporter gene
expression from either an internal CMV promoter contained
within an LTR-defective MLV vector (Fig. 4A and C) or LTR
expression from an ASLV vector (Fig. 1B). Also, EMSA anal-
yses demonstrated that ZASC1 binds to three highly related
sites in the U3 region of the MLV LTR (Fig. 5 and 6), but it
does not bind the corresponding region of the ASLV genome
(Fig. 5). Mutagenesis analysis revealed that the ZASC1 bind-

ing site closest to the transcription start site was most critical
for regulating MLV gene expression (Fig. 8). That site, ZBS1,
does not overlap with other known transcription factor binding
sites in the MLV LTR (Fig. 6C). Importantly, ZASC1 binding
site mutations had little impact on MLV vector expression in
IM1 cells (Fig. 8A). Since the defect in the IM1 cell line is due
to ZASC1 deficiency, the lack of a further reduction in gene
expression demonstrates that these ZBS mutations specifically
affect ZASC1 binding and do not perturb the function of other
transcription factor binding sites. Taken together, these data
provide strong evidence supporting the identification of
ZASC1 as a newly defined transcriptional activator of the
MLV promoter.

While WT ZASC1 is a transcriptional activator, our data
show that the expression of a GFP-ZASC1 fusion protein in-
hibits expression from the MLV promoter in transient trans-
fection assays (Fig. 9A). Furthermore, the expression of GFP-
ZASC1 inhibits MLV vector gene expression from a newly
acquired infection (Fig. 9D). Since, as detailed above, WT
ZASC1 acts as a transcriptional activator of the MLV pro-
moter, it seems likely that the inhibitory effects of GFP-ZASC1
are due to the fusion protein acting in a dominant-negative
manner. These results are consistent with a prior report that a
GAL4 DNA binding domain (GAL4 DBD)-ZASC1 fusion
protein repressed luciferase expression from a reporter con-
struct consisting of GAL4 binding sites inserted upstream of
the simian virus 40 (SV40) promoter (3). In this same study,
WT ZASC1 expression had no effect on the GAL4/SV40 pro-
moter, so clearly the ZASC1 fusion protein was targeted to this
construct through the GAL4 DBD. Such dominant-negative
activity may be due to the N-terminal ZASC1 fusion proteins:
forming inactive multimers with WT ZASC1, sterically block-
ing the assembly of higher-order complexes on the DNA, fail-
ing to interact with a vital cellular coactivator when bound to
DNA, or sequestering coactivators away from the target pro-
moter due to a failure to bind DNA. Since the GFP-ZASC1
fusion protein can bind DNA (data not shown) and the dom-
inant- negative activity of the GFP-ZASC1 fusion protein re-
quires ZASC1 binding sites on the promoter (Fig. 9A), the
latter possibility seems unlikely, at least for the GFP-ZASC1
fusion. Additionally, mammalian two-hybrid results (Fig. 9B
and C) suggest that ZASC1 multimerizes. Thus, it seems likely
that the N-terminal fusion proteins form inactive multimers on
DNA. Elucidating the dominant-negative mechanism of action
of the N-terminal ZASC1 fusion proteins could contribute to
understanding the functions of the WT protein.

Our data, along with the coimmunoprecipitation of WT
ZASC1 in a complex with the coactivator and histone acetyl-
transferase CBP (17), show that WT ZASC1 functions as a
classical transcriptional activator on the MLV promoter. In
viral promoters and, by extension, cellular promoters, ZASC1
binds to sequences in the promoter and either recruits coacti-
vators such as p300/CBP or stabilizes the association of other
cellular activators or components of the preinitiation complex
with the promoter.

It will be important for future studies to determine how
ZASC1 interacts with other cellular transcription factors that
bind the MLV LTR promoter. Previous studies have shown
that the enhancer region of the MLV promoter contains mul-
tiple overlapping binding sites for various transcription factors
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(Fig. 6C), and the differential occupancy of these sites affects
cell line tropism and disease outcome (11, 19, 21, 25–29).
Indeed, it is interesting that ZBS2 and ZBS3 partially overlap
the CBF/Runx and ETS sites in the MLV enhancer. However,
our data suggest that these sites contribute minimally to
ZASC1 function in the cell lines we have tested (Fig. 8). In-
stead, ZBS1, which does not overlap with known transcription
factor binding sites, is responsible for the majority of ZASC1
function in these cell lines (Fig. 8). The analysis of the inter-
action of ZASC1 with other transcription factors that bind in
the MLV LTR should not only contribute to the understanding
of how ZASC1 regulates MLV gene expression but also serve
as a well-established, tractable model for the regulation of
cellular genes by ZASC1. Indeed, the identification here of the
MLV ZASC1 binding sites should facilitate identifying cellular
promoters regulated by ZASC1. Additionally, the dominant-
negative form of ZASC1 provides a useful tool for character-
izing ZASC1 activity on viral and cellular promoters. Thus, the
results presented here and future work aimed at identifying the
specific mechanism by which ZASC1 binding regulates MLV
infection should help to uncover precisely how cells regulate
provirus transcriptional competency and provide insights into
how ZASC1 contributes to the development of ataxias and
squamous cell carcinomas.
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