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Overexpression of fasciculation
and elongation protein �-1 (FEZ1) induces
a post-entry block to retroviruses
in cultured cells
Mojgan H. Naghavi,1 Theodora Hatziioannou,1,2 Guangxia Gao,1,3 and Stephen P. Goff1,4

1Department of Biochemistry and Molecular Biophysics, Howard Hughes Medical Institute, Columbia University, College of
Physicians and Surgeons, New York, New York 10032, USA; 2Aaron Diamond AIDS Research Center, New York, New York
10016, USA; 3Institute of Microbiology, Chinese Academy of Sciences, Beijing 100080, China

Two mutant Rat2 fibroblast cell lines, R3-2 and R4-7, have been previously isolated by a selection for
retrovirus resistance. We have now further analyzed the basis of the block to retroviral infection in the R3-2
line. Using Affymetrix GeneChip analysis, several genes were identified as differentially expressed in the
mutant R3-2 line compared with the wild-type cells. One of the candidate gene products, FEZ1 (fasciculation
and elongation protein �-1), a protein kinase C (PKC)�-interacting protein homologous to the Caenorhabditis
elegans synaptic transport protein UNC-76, was found to be up-regulated >30-fold in the resistant R3-2 line.
FEZ1 overexpression in Rat2 cells conferred a potent resistance to infection by genetically marked
retroviruses, and the degree of retroviral resistance in both Rat2 fibroblasts and 293T cells tightly correlated
with the expression level of FEZ1 transcripts. FEZ1-overexpressing Rat2 cells showed a similar phenotype to
that of the mutant R3-2 line: Infection resulted in normal viral DNA synthesis but a reduction in the
formation of circular DNA, indicating a block after reverse transcription but before nuclear entry. Partial
knockdown of FEZ1 expression in R3-2 by RNA interference (RNAi) significantly reduced the resistance of
this line to infection. Thus, our data suggest that FEZ1 overexpression is sufficient to explain the resistant
phenotype of R3-2 cells and identify FEZ1 as a new gene capable of causing retrovirus resistance.
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The coexistence of vertebrates and retroviruses over mil-
lions of years has resulted in the evolution of multiple
defense mechanisms to inhibit viral replication in verte-
brate cells (for recent reviews, see Bieniasz 2003; Goff
2004). Several genes have recently been identified that
induce intracellular blocks to retrovirus infection. These
are exemplified by the mouse gene Fv1 (Friend-virus-sus-
ceptibility-1), which prevents retroviral infection after
reverse transcription but before nuclear entry and inte-
gration of the provirus (Pincus et al. 1971); the
APOBEC3G enzyme, which is incorporated into virion
particles and induces destructive deamination of the vi-
ral cDNA as it is synthesized (Harris et al. 2003); the
Zinc finger Antiviral Protein (Zap), which inhibits the
accumulation of many RNAs to prevent viral replication
(Gao et al. 2002); and the tripartite interaction motif 5�

(TRIM5�) protein, which somehow blocks incoming vi-
rus at an early post-entry step before reverse transcrip-
tion (Stremlau et al. 2004). The retrovirus resistance fac-
tors named Ref1 (restriction factor-1) and Lv1 (Lentivirus
susceptibility-1) were recently shown to be the species-
specific variants of TRIM5� (Hatziioannou et al. 2004;
Keckesova et al. 2004).

This growing list of intracellular defenses against viral
attack suggests that more novel antiviral genes are yet to
be identified. In an attempt to identify more such genes,
virus-resistant cell mutants were isolated after chemical
mutagenesis and direct selection for resistance to retro-
virus infection. Two such resistant lines, R4-7 and R3-2,
isolated from a parental fibroblast line, Rat2 cells, have
been characterized in detail (Gao and Goff 1999). Mutant
line R4-7 exhibited ∼100-fold resistance to infection by
genetically marked Moloney murine leukemia viruses
(MLVs), and was resistant to pseudotyped viruses utiliz-
ing the amphotropic or ecotropic envelope or even the
vesicular stomatitis virus (VSV-G) envelope protein. In-
fection of R4-7 was blocked before the initiation of re-
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verse transcription. Recently, two cDNA constructs that
each could restore virus sensitivity to the R4-7 mutant
line were isolated (Gao and Goff 2004). Mutant line R3-2
exhibited a nearly 1000-fold resistance to infection by
MLV, also independent of the envelope mediating entry.
Infection of this line resulted in the normal levels of the
linear viral DNA synthesis by reverse transcription but
excluded the formation of circular viral DNAs and inte-
grated proviruses from the nucleus. The viral DNA was
apparently trapped by an unknown mechanism in the
cytoplasm in a form that could not be readily extracted
under conditions that allowed the DNA recovery from
the wild-type-infected cells. Both mutant lines were also
resistant to infection by human immunodeficiency virus
type 1 (HIV-1) pseudotypes.

In this study we have further analyzed the genetic
block in the mutant R3-2 line. We identified several
highly expressed genes as candidates to explain the re-
sistance phenotype of this line. Among these gene prod-
ucts, FEZ1 (fasciculation and elongation protein �-1), a
mammalian homolog of the Caenorhabditis elegans
UNC-76 protein, was up-regulated >30-fold in the resis-
tant R3-2 line. A direct target of protein kinase C (PKC)�-
dependent signaling (Kuroda et al. 1999) and a kinesin
associated-protein essential for synaptic vesicle trans-
port (Gindhart et al. 2003), FEZ1/UNC-76 became a pri-
mary candidate to explain the exclusion of viral DNA
from the nucleus in the R3-2 line. We here provide sup-
port for the hypothesis that FEZ1 overexpression con-
tributes to the resistant phenotype of R3-2 cells.

Results

Identification of differentially expressed genes
in the R3-2 cell line

To identify genes that could explain the resistant phe-
notype of the R3-2 line, we first attempted to identify
differentially expressed genes. To establish gene expres-
sion profiles of the wild-type and the mutant R3-2 line,
labeled cRNA was generated and hybridized to rat Gene-
Chips that monitor expression of 8800 rat transcripts.
Pairwise comparison analyses of the mutant versus the
wild-type genes were carried out by using the Affymetrix
Microarray Suite 5.0 software. The comparisons were
then sorted by ascending or descending fold change (FC)
ratios to obtain genes that were turned up or down, re-
spectively, in the mutant R3-2 line compared to that of
the wild-type Rat2 cells (see Material and Methods). The
array data demonstrated that most genes (87%) did not
show expression changes according to our criteria for
significance (average change eightfold or more and detec-
tion p-value < 0.05) (data not shown). After elimination
of these genes, 1150 transcripts were identified as poten-
tial differentially expressed genes. Among them, only
118 genes, which accounted for ∼1.3% of the total genes
examined, showed consistent FC ratios obtained from
five or more pairwise comparisons. Thirty-nine of these
affected genes with the greatest average FC, between
695- and 17-fold, are presented in Table 1. The data also

showed that while the majority of these genes were up-
regulated in R3-2, only three genes (indicated in bold text
in Table 1) were down-regulated in this line compared
with that of the wild-type Rat2 cells. However, the latter
genes and several of the up-regulated transcripts in R3-2
line (indicated in Table 1) showed the same altered ex-
pression patterns in the other previously reported mu-
tant line R4-7 (Gao and Goff 1999; data not shown). In
contrast to R3-2, the viral block in R4-7 was shown to be
before reverse transcription of the viral RNA into DNA
(Gao and Goff 1999). Thus, the commonly affected genes
in both of the virus-resistant mutant lines were not con-
sidered likely candidates to explain the two distinctive

Table 1. Differentially expressed genes in the mutant
R3-2 line

Gene Accession no.
Fold

change

RMCP-10 U67913 695.1
RMCP-8 U67911 655.8
aRANTES AI009658 553.4
aPhospholipase A2 X51529 172.1
aUnknown AI639162 162.1
a53-kDa polypeptide X02601 157.9
FEZ1 U63740 140.7
aGST-Yc K01932 131.1
axdh AI172247 97.8
aFXYD AA799645 83.7
GluR-K3 X54656 83.5
aIsoprenylated-67 kDa M80367 57.9
Sharp-1 AF009329 53.6
aDynamin X54531 52.0
T-ALDH J03637 48.8
Myosin S68736 44.8
a�-actin AA900769 43.4
Maspin U58857 38.1
�-COLIII X70369 35.4
JAK2 U13396 35.3
Ceruloplasmin AA817854 32.7
MAP2 X17682 32.6
C-FABP S69874 30.8
VAMP-1 M24104 30.3
CD81/TAPA-1 AI103957 29.8
achemokine CX3C AF030358 28.6
COX2 S67722 27.2
Maguin AA893357 26.7
CASK U47110 26.0
Rev-ErbA-� U20796 24.3
LGR4 AF061443 22.8
PC3 M60921 22.4
PCIP1 AF056208 21.6
AT-BP2 X54250 21.0
Mdm2 AI639488 20.9
Gelatinase A U65656 18.8
MEKK1 U48596 18.7
Kid-1 M96548 18.3
Toll AF057025 17.3

Fold change ratios are mean of the five or more pairwise com-
parisons between the mutant R3-2 line and the wild-type Rat2
cells. Genes indicated in bold text are down-regulated in R3-2.
aGenes that are up-regulated in both the mutant lines, R3-2 and
R4-7.
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blocks in these lines but rather may reflect clonal varia-
tion present in the mutagenized cell population. The
genes that were specifically affected in R3-2 were there-
fore selected for further analysis.

Confirmation of microarray results by quantitative
real-time PCR

To confirm the changes detected by the microarray
chips, quantitative RT–PCR was utilized. Those 25
genes that were most highly up-regulated in R3-2 com-
pared with that of the wild-type Rat2 cells were selected
for confirmation. For the sequences of the primers and
the PCR product sizes used in the quantitative RT–PCR,
see Supplementary Table 1. The average FC ratios de-
tected by GeneChip analysis and by RT–PCR are indi-
cated side by side for each gene in Figure 1. In general,
the direction of differential gene expression obtained by
the GeneChip analysis and the RT–PCR assays was simi-
lar for all the genes tested here. For example, genes that
were found to be up-regulated by the array results
showed also a higher expression level detected by the
RT–PCR. Despite that, the array results accurately re-
flected the magnitude of the changes in gene expression
patterns detected by RT–PCR for only about one-third of
the genes, while the remaining transcripts showed
smaller changes by RT–PCR. As a control, one of the
common genes (dynamin) that displayed a higher expres-
sion level in both of the mutant lines, R3-2 and R4-7,

compared with that of the wild-type Rat2 cells, was also
tested. The increase in dynamin expression by the RT–
PCR assay was consistent with that observed in the mi-
croarray experiment for both of the mutant lines (data
not shown). These data indicate that differential expres-
sion changes between the mutant R3-2 line and the wild-
type Rat2 cells in the microarray data were confirmed,
though the quantitative RT–PCR assays often indicated
quantitatively smaller changes.

Overexpression of FEZ1 blocks retrovirus infection
in Rat2 cells

Data from the microarray chip analysis and confirmed by
quantitative RT–PCR revealed seven genes as candidates
to explain the resistant phenotype of the mutant R3-2
line. Among these gene products, FEZ1, a mammalian
homolog of the C. elegans UNC-76 protein, was up-regu-
lated >30-fold in the resistant R3-2 line. A direct target of
PKC�-dependent signaling (Kuroda et al. 1999) and essen-
tial for synaptic vesicle transport (Gindhart et al. 2003),
FEZ1/UNC-76 became a primary candidate to explain
the exclusion of viral DNA from the nucleus in the R3-2
line (Gao and Goff 1999). To test whether overexpression
of FEZ1 could block retrovirus infection, Rat2 cells were
transfected with DNAs expressing FEZ1 plus the Zeocin
selectable marker, and stable drug-resistant cell lines
were isolated. Seven clones of Rat2 cells stably express-
ing a variant myc-His-tagged FEZ1 (m-FEZ1; see below)

Figure 1. Microarray chip and quantitative RT–PCR data showing genes that are up-regulated in the mutant R3-2 line. FC ratios
obtained from the chip analysis are mean of the five or more pairwise comparisons between the mutant R3-2 line and the wild-type
Rat2 cells. The FC ratio between the mutant line and the control wild-type cells detected in the RT–PCR analysis are median copy
numbers normalized to GAPDH copy numbers for each gene. The RT–PCR results shown for each transcript are typical of those
obtained in duplicate using RNA from at least two independent preparations.
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were recovered. These clones and two control Rat2 cells
containing empty vector, wild-type Rat2 cells, and the
parental R3-2 mutant line were challenged by infection
with retroviral preparations of MLV-based vectors carry-
ing the Neomycin resistance marker (MLV-N-neo, MLV-
B-neo), and with an HIV-based vector carrying puromy-
cin resistance. The MLV or HIV-1-infected cells were
selected in medium containing G418 or puromycin, re-
spectively. The number of transduced colonies was then
counted after 8–12 d. The majority of the clones express-
ing FEZ1 were highly resistant to MLV-N-neo virus com-
pared with the parental cells or cells carrying the empty
vector (Fig. 2A). The clones showed different levels of
resistance to the virus, with the highest >100-fold (m-
FEZ1:11) resistant as compared to cells transduced with
the empty vector (pcDNA4:3). The average block to
MLV-N-neo was 47-fold in the FEZ1-expressing lines,
which was similar to that originally reported for R3-2
(Gao and Goff 1999). Very similar results were obtained
with MLV-B-neo infection, where the FEZ1-expressing
lines were 39-fold resistant compared with controls (Fig.
2B). The majority of the stable clones restricted MLV-B-
neo infection to a greater extent than MLV-N-neo (Fig.
2A). Similar test of NB-tropic viruses pseudotyped with
VSV-G envelope protein of a subset of these cells gave
very similar results to MLV-N-neo infection (data not
shown). To test whether FEZ1 overexpression was only
active against MLV retroviral infection or could also in-
hibit recombinant HIV-1, we tested for FEZ1 activity in
HIV-1-puro-infected cells. As is shown in Figure 2C,
overexpression of FEZ1 also blocked HIV-1-puro in Rat2
cells. The levels of resistance detected against HIV-1-
puro virus were comparable to that obtained against both
MLV preparations (Fig. 2A,B) in the same FEZ1-express-
ing lines. In conclusion, overexpression of FEZ1 was suf-
ficient to establish significant retroviral resistance in
Rat2 cells.

Both the wild-type and a variant FEZ1 are functional
for inhibition

Sequence analysis of the FEZ1 cDNA isolated from R3-2
cells (m-FEZ1) revealed two nucleotide changes relative
to the published sequences at nucleotides 936 and 997;
one (936) was silent while the other (997) caused an
amino acid change of Phe to Ile. In addition, m-FEZ1
lacked an entire codon, encoding Glu at position 98. To
test for the possible origin of these differences, we se-
quenced multiple cDNAs from both wild-type and R3-2
cells. The changes at these nucleotides occurred at a
similar frequency in both wild-type Rat2 cells and mu-
tant R3-2 lines, with the variant allele expressed at a
frequency of ∼20% (data not shown). Thus, both the pa-
rental line and the mutant cells are apparently polymor-
phic (and most likely heterozygous) at the FEZ1 locus.
To verify that these changes did not alter the ability of
FEZ1 to confer resistance to retroviral infection, 10
clones of Rat2 cells expressing either the wild-type or the
variant Flag-tagged FEZ1, the control Rat2 cells contain-
ing empty vector, and the R3-2 line were tested in MLV-

N-neo and HIV-1-puro infection assays as described
above. Both the wild-type and the m-FEZ1 clones were
functional and were able to induce similar levels of re-
sistance to both MLV-N-neo and HIV-1-puro infections
(see Supplementary Fig. 1). These data suggest that mu-
tation(s) elsewhere in the genome of the original R3-2
line resulted in overexpression of both alleles of FEZ1 in
trans, conferring resistance to retroviral infection.

Figure 2. The pattern of expression levels of FEZ1 transcripts
correlates with the levels of retroviral resistance in the various
Rat2 lines. (A–C) Overexpression of FEZ1 blocks retrovirus in-
fection in Rat2 cells. Cells transduced with the empty vector
pcDNA4 or the pcDNA4 vector expressing FEZ1 originated
from the mutant R3-2 line, m-FEZ1, were incubated with vari-
ous amounts of MLV-N-neo (A), MLV-B-neo (B), and HIV-1-puro
(C). Cells were selected in medium containing G418 (A,B; Neo-
viruses) or puromycin (C; HIV-1) and the number of the trans-
duced colonies were then counted after 8–12 d. The wild-type
Rat2 cells and the parental R3-2 line were included as negative
and positive controls, respectively. Similar results were ob-
tained in at least three independent experiments. (D,E) Quanti-
tative RT–PCR showing the level of FEZ1 expression in Rat2
cells. Cytoplasmic RNA was prepared from the same cell lines
used in the transduction assay. The ds cDNA was generated and
used as template in RT–PCR assays. Primers unique to each
cDNA sequences were used to distinguished the transgene
FEZ1 (D) from the total (endogenous and transgene) (E) FEZ1
transcripts. The FC ratio between the Rat2 mutant lines and the
control empty vector line (pcDNA4:3) are given as median copy
numbers normalized to GAPDH copy numbers obtained in du-
plicate from two independent RNA preparations.
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Overexpression of FEZ1 blocks infection
in human cells

To investigate whether overexpression of rat FEZ1
would similarly block HIV-1 infection in human cells,
six clones of 293T cells stably expressing variant myc-
His-tagged FEZ1 (m-FEZ1), two control 293T cells con-
taining empty vector, and wild-type 293T cells were in-
cubated with different amounts of recombinant HIV-1-
puro. As a positive control, the parental mutant line,
R3-2, was also included in the infection assay. Overex-
pression of FEZ1 blocked HIV-1-puro infection in 293T
cells compared with cells transduced with the empty
vectors (Fig. 3A). As observed for the Rat2 stable lines
(Fig. 2C), different levels of resistance were detected in

different 293T FEZ1-expressing lines, with the highest
being 18-fold (m-FEZ1:5) in comparison with cells con-
taining the empty vector (pcDNA4:4). Thus, overexpres-
sion of FEZ1 was sufficient to block HIV-1 in human
293T cells.

The level of FEZ1 expression in cultured cells
correlates with virus resistance

To determine whether the levels of retroviral resistance
detected in the Rat2 and 293T FEZ1-expressing cells cor-
related with the expression pattern of FEZ1 in these
lines, we used a quantitative real-time PCR assay. Prim-
ers unique to each cDNA sequences were used to distin-
guished the transgene FEZ1 from the total (endogenous
and transgene) FEZ1 transcripts. The median FC ratios
for FEZ1 expression between the FEZ1-expressing clones
and the control empty vector lines in Rat2 and 293T
cells are presented in Figures 2 and 3, respectively. In
general, all the variant FEZ1 (m-FEZ1) stable lines tested
showed similar pattern of expression levels for the trans-
gene (Figs. 2D, 3B) and the total (Figs. 2E, 3C) FEZ1.
Consistent with the data obtained from microarray
analysis, >30-fold higher expression of the endogenous
FEZ1 was detected in the mutant R3-2 in comparison
with that in the wild-type Rat2 (Fig. 2E) or 293T cells
(Fig. 3C). As expected, no transgene FEZ1 was expressed
in either the wild-type, Rat2, or 293T cells containing
the empty pcDNA4 vectors) or R3-2 (Figs. 2D, 3B). Criti-
cally, the pattern of expression levels of FEZ1 transcripts
correlated well with the levels of resistance to both MLV
(Fig. 2A,B) and HIV-1 (Figs. 2C, 3A) infections in the
various lines. Thus, the antiretroviral activity detected
in the Rat2 and 293T stable lines is very likely attribut-
able to the overexpression of FEZ1.

Identification of the timing of the viral block
in an FEZ1-expressing line

The viral block in the R3-2 mutant line was previously
shown to occur after reverse transcription but before
nuclear entry (Gao and Goff 1999). To examine whether
a similar block was occurring in the FEZ1-overexpress-
ing lines, the course of viral DNA synthesis was exam-
ined after acute infection of the cells. One of the variant
FEZ1-expressing clones (m-FEZ1:8) that blocked retrovi-
ral infection to almost the same extent as R3-2 and
showed a similar level of transgene FEZ1 expression as
the endogenous level of FEZ1 detected in R3-2 (Fig. 2E)
was chosen for this purpose. The m-FEZ1:8 line, the con-
trol empty vector line pcDNA4:5, the wild-type Rat2
cells, and the parental R3-2 line were infected with eco-
tropic MLV-GFP (Gao and Goff 1999) at various dilu-
tions. At different times after infection, total DNA was
extracted, and different intermediates in the course of
viral DNA synthesis were analyzed by RT–PCR. Total
viral DNA could be detected 24 h after infection using
primers specific for the GFP sequences, as described pre-

Figure 3. The pattern of expression levels of FEZ1 transcripts
correlates with the levels of retroviral resistance in the various
293T lines. (A) Overexpression of FEZ1 blocks retrovirus infec-
tion in 293T cells. Cells transduced with the empty vector
pcDNA4 or the pcDNA4 vector expressing FEZ1 originated
from the mutant R3-2 line, m-FEZ1, were incubated with vari-
ous amounts of HIV-1-puro. Cells were selected in medium con-
taining puromycin and the number of the transduced colonies
were then counted after 8–12 d. The wild-type 293T cells and
the parental R3-2 line were included as negative and positive
controls, respectively. Similar results were obtained in at least
three independent experiments. (B,C) Quantitative RT–PCR
showing the level of FEZ1 expression in 293T cells. Cytoplas-
mic RNA was prepared from the same cell lines used in the
transduction assay. The ds cDNA was generated and used as
template in RT–PCR assays. Primers unique to each cDNA se-
quences were used to distinguished the transgene FEZ1 (B) from
the total (endogenous and transgene) FEZ1 transcripts (C). The
FC ratio between the 293T mutant lines and the control empty
vector line (pcDNA4:4) are given as median copy numbers nor-
malized to GAPDH copy numbers. Two independent RNA
preparations were used in the analysis.
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viously (Gao and Goff 1999). The levels of the amplified
viral DNA product correlated well with the levels of the
input virus, demonstrating that the assay was not satu-
rated but responded to input DNA (Fig. 4A). Comparable
levels of viral DNA were detected in all the clones, ex-
cept in the pcDNA4:5, which showed an increase at all
dilutions of the input virus (Fig. 4A). These data con-
firmed the previous report (Gao and Goff 1999) and fur-
ther indicated that, similar to R3-2, the FEZ1-expressing
line had no defect in overall synthesis of viral DNA. We
also examined the earlier step in reverse transcription by
using primers that detect minus strand strong stop (MSS)
DNA, the first detectable product of DNA synthesis. As
expected, the levels of this DNA was also similar in the
mutant lines (R3-2 and m-FEZ1:8) and the control cells
(pcDNA4:5 and wild-type Rat2) (Fig. 4B) 24 h post-infec-
tion.

To test for the nuclear viral DNA forms, the levels of
circular viral DNAs were analyzed using primers located

in the U5 and U3 portions of the MLV long terminal
repeat (LTR), as previously described (Gao and Goff
1999). High levels of circular DNA were found 36 h after
infection in the control pcDNA4:5 line and Rat2 cells
(Fig. 4C). Consistent with the previous report, very low
levels of this DNA were observed in R3-2 cells (Gao and
Goff 1999). Importantly, low levels were also seen in the
m-FEZ1:8 line, suggesting a similar block after reverse
transcription and before nuclear entry in these lines. The
amount of DNA was reduced ∼20- to 120-fold in both of
these lines compared with that seen in the control
pcDNA4:5 line. Similar results were obtained in an in-
dependent experiment using a low-molecular-weight
DNA extract (Hirt 1967) as template in the RT–PCR as-
says described here (data not shown). These data indicate
that overexpression of FEZ1 recreates the viral block ob-
served in R3-2 cells and therefore suggest that overex-
pression of FEZ1 is likely the source of the viral resis-
tance phenotype in this line.

Knockdown of FEZ1 by RNA interference (RNAi)
relieves the block to infection

To assess the contribution of FEZ1 to the resistant phe-
notype of the mutant R3-2 line, RNAi was used to re-
duce FEZ1 levels in this line and the consequences were
assessed by challenge of the cultures by infection with
genetically marked retroviruses. Wild-type or mutant
cells were treated with three independent predesigned
short-interfering RNA duplexes (Ambion) or control du-
plexes. All the specific RNAi duplexes induced an ap-
proximately fourfold increase in susceptibility to MLV-
N-neo infection, while a nonspecific siRNA duplex tar-
geted to GFP had no effect (Fig. 5). As expected, wild-type
Rat2 cells, which express low levels of FEZ1, were un-
changed in their susceptibility to infection. The partial
increase in susceptibility upon knockdown may reflect
activity of RNAi in a subset of the cells, or general toxic
effect of the transfection protocol. While the increase in
susceptibility was not complete, the results strongly sug-
gest that FEZ1 is required for the resistance phenotype of
the mutant line.

FEZ1 does not increase the expression
of the other candidate resistance genes

The R3-2 line overexpressed a large number of genes, and
though overexpression of FEZ1 was shown to be neces-
sary and sufficient to induce resistance, it was possible
that its mode of action involved the induction of some or
all of the other differentially expressed genes originally
identified in this study. To test whether the resistance
phenotype of FEZ1-overexpressing lines required the
FEZ1-induced expression of one or more of the other
candidate resistance genes, quantitative RT–PCR was
used to determine the levels of each of these genes in the
FEZ1-expressing (m-FEZ1:8) line, the mutant R3-2 line, a
line containing the empty vector (pcDNA4:5), and wild-
type Rat2 cells. The average fold increase in the expres-

Figure 4. Quantitative RT–PCR indicating the localization of
the viral block in FEZ1 stable line. One of the Rat2 line stably
expressing FEZ1 (m-FEZ1:8), the control empty vector
pcDNA4:5 line, the wild-type Rat2 cells, and the parental R3-2
were infected with either undiluted (un) or 10-fold serially di-
luted (10×, 100×) ecotropic MLV-GFP. As a negative control,
uninfected cells (indicated as 0 after the sample name) for each
sample were included in the experiment. Total DNA was iso-
lated at 24 and 36 h after infection and the amount of viral DNA
synthesized in the infected cells was measured by RT–PCR.
Using primers specific to GFP sequences, minus strand strong
stop (MSS) DNA or LTR–LTR junction, the amounts of the total
viral DNA (A), MSS DNA (B), or circular viral DNA in the
nucleus (C) were determined, respectively. The DNA copy
number for each sample was normalized to the copy number of
the internal control GAPDH. Each DNA sample was assayed in
duplicates at the minimum of three different time points.
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sion of each of the candidate genes (except for the T-
ALDH gene) in comparison with the wild-type Rat2 cells
is indicated in Table 2. The levels of expression for the
five tested candidate genes in the FEZ1-expressing line
were comparable to that of the control lines. Thus, FEZ1
did not affect the expression of any of the other candidate
genes, suggesting that FEZ1 alone was sufficient to re-
create the block in R3-2 cells and that overexpression of
none of the other genes was necessary for resistance.
FEZ1 showed >30-fold higher expression in the m-FEZ1:
8 line as detected earlier (Fig. 2E). Consistent with the
data obtained in Figure 1, all of the tested genes were
up-regulated in the mutant R3-2 line compared with the
wild-type cells. These results suggest that the other over-
expressed genes are not involved in the resistance.

Discussion

Identification of host factors that block retroviral infec-
tion is important to our understanding of the overall pro-
cess of viral replication and the evolution of cellular re-
striction factors. In this study we have used microarray
chip analysis followed by quantitative RT–PCR confir-
mation to identify candidate genes that could explain the
virus-resistant phenotype of the mutant R3-2 cell line
previously described (Gao and Goff 1999). The R3-2 cell
line was generated by chemical mutagenesis of Rat2 fi-
broblasts and selection for resistance to retroviral infec-
tion. We identified a number of genes that were up-regu-
lated in the mutant line compared with that of the wild-
type cells, at least five of which were neuronal genes,
suggesting that a neuronal regulator may have been af-
fected by the mutagenesis. The most strongly induced
genes identified were differentiation markers for rat
mast cells, rat mast cell protease (RMCP)-8 and RMCP-
10 (Lutzelschwab et al. 1997); glutamate receptor sub-

unit (GluR-K3) (Nakanishi et al. 1990), involved in me-
diation of excitatory neurotransmission in the brain;
mammalian enhancer-of-split- and hairy-related protein
(Sharp-1) (Rossner et al. 1997), a transcriptional repressor
protein involved in regulating neuronal differentiation;
tumor-associated aldehyde dehydrogenase (T-ALDH)
(Jones et al. 1988), which catalyzes the oxidation of aro-
matic aldehyde during rat hepatocarcinogenesis; skeletal
Myosin Heavy Chain (Ogata et al. 1993), involved in cel-
lular contraction and motility; and FEZ1 (Bloom and
Horvitz 1997), a neuronal transport protein.

The virus-resistant R3-2 cells allowed entry of retro-
viruses pseudotyped with various envelope proteins (Gao
and Goff 1999). Normal levels of linear viral DNA syn-
thesis but a reduction in the formation of two-LTR cir-
cular DNA were detected, indicating a block after re-
verse transcription but before nuclear entry in these
cells. In addition, the viral DNA was trapped in the cy-
toplasm in a form that could not be readily extracted
under conditions that allowed the DNA recovery from
the wild-type-infected cells. These results suggested that
the factor(s) responsible for the block in the mutant cells
was directly or indirectly associated with the cytoskel-
eton and somehow hindered the movement of viral DNA
into the nucleus. In this scenario, while the importance
of the other six genes identified remains to be examined,
the cytoskeletal transport protein FEZ1 became of par-
ticular interest to explain the resistant phenotype of the
mutant R3-2 line.

Rat FEZ1 and FEZ2 homologs, originally called Zygin
I and II, were identified as synaptotagmin-binding pro-
teins (Bloom and Horvitz 1997). In contrast to FEZ1,
which is expressed exclusively in rat brain (Bloom and
Horvitz 1997), FEZ2 is detected weakly but ubiquitously
in all tissues (Fujita et al. 2004). FEZ1 is the mammalian
homolog of C. elegans UNC-76 protein, which is neces-
sary for axonal outgrowth in nematodes (Bloom and Hor-
vitz 1997). Expression of human FEZ1 restores the defect

Table 2. Quantitative RT–PCR showing the levels of
expression of candidate genes in an FEZ1-overexpressing line

Gene R3-2 m-FEZ1:8 pcDNA4:5

RMCP-8 394.9 1.6 4.8
RMCP-10 302.7 1.2 3.8
GluR-K3 61.8 0.4 0.3
FEZ1 45.6 46.3 1.2
Sharp-1 38.0 0.4 0.6
Myosin 36.1 0.8 0.2

Cytoplasmic RNA was prepared from the wild-type Rat2 cells,
the parental R3-2 line, a FEZ1-expressing clone (m-FEZ1:8) gen-
erated from Rat2 cells, and the control line containing empty
vector (pcDNA4:5). The double-stranded cDNA was generated
and used as template in RT–PCR assays. Primers specific to
each gene’s cDNA sequences were used to amplify the total
amount of the transcript. The fold-change ratio between the
mutant lines (R3-2 and m-FEZ:8) and the control wild-type Rat2
cells are given as median copy numbers normalized to GAPDH
copy numbers for each gene. Two independent RNA prepara-
tions were used in the analysis.

Figure 5. RNAi to FEZ1 reduces the resistance of the mutant
R3-2 line. Wild-type or mutant R3-2 cells were transfected with
three independent short-interfering RNAs (indicated as A, B, or
C) on two consecutive days with equal amounts of RNA du-
plexes and subsequently seeded and infected with various
amounts of MLV-N-neo. Cells were selected in medium con-
taining G418, and the number of the transduced colonies was
then counted after 8–12 d. The wild-type Rat2 cells and a non-
specific GFP duplex were included as negative controls. Similar
results were obtained in at least three independent experiments.
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in unc-76 mutated nematodes, indicating that both pro-
teins are evolutionarily conserved on a structural and
functional basis. FEZ1 is also a cellular substrate of
PKC� and the cytoplasmic translocation of FEZ1 upon
PKC� activation appears to be required for neurite exten-
sion in rat pheochromocytoma PC12 cells (Wooten et al.
1997; Kuroda et al. 1999). A possible role for FEZ1,
among other membrane-fusion proteins, has also been
suggested in the regulation of salivary exocytosis
through interaction with SNAREs in the rat parotid
gland (Imai et al. 2001). In addition, the interaction be-
tween kinesin-I, a microtubule motor protein required
for intracellular transport, and UNC-76 has recently
been shown to contribute to the transport of synaptic
vesicle precursors in the Drosophila nervous system
(Gindhart et al. 2003), suggesting a possible role of FEZ1
in the regulation of kinesin-dependent transport. FEZ1
also plays a crucial role in neurite outgrowth by inter-
acting with DISC1 (disrupted-in-schizophrenia 1) in as-
sociation with the actin cytoskeleton (Miyoshi et al.
2003; Honda et al. 2004). FEZ1 therefore appears to in-
teract with cytosketal networks to regulate their trans-
port functions. Its up-regulation in the R3-2 cell line
whose block in viral replication is at the level of viral
DNA transport into the nucleus is intriguing as several
viruses (for review, see Campbell and Hope 2003), in-
cluding HIV-1 (McDonald et al. 2002), utilize microtu-
bule-mediated transport to facilitate nuclear localization
of the viral genome in an infected cell. Using RNAi,
significant knockdown of FEZ1 expression in the mutant
R3-2 line resulted in an increase in susceptibility to ret-
roviral infection. To further test if FEZ1 could be respon-
sible for the block in viral DNA transport in the resistant
R3-2 cell line, FEZ1 was overexpressed in the parental
Rat2 fibroblasts, as well as human 293T cells and tested
for resistance to infection with genetically marked ret-
roviruses. In cultured cells, overexpression of FEZ1 origi-
nating from either wild-type or R3-2 cells confers resis-
tance to MLV and HIV-1 infection without affecting the
expression of the other resistance candidate genes iden-
tified in this study. While in the mutant R3-2 line, these
genes may be upstream of FEZ1 and play a role in its
induction, resulting in the resistance phenotype of this
line, or play additional as yet to be determined roles in
viral resistance, FEZ1 alone was clearly sufficient to re-
create the block to infection observed in R3-2 cells. Fur-
thermore, the degree of retroviral resistance in these
cells tightly correlates with the expression level of FEZ1.
Finally, FEZ1-expressing rat cells show a similar pheno-
type to that of the mutant R3-2 line: Infection results in
normal viral DNA synthesis but a reduction in the for-
mation of circular DNA, indicating a block after reverse
transcription but before nuclear entry. Therefore, over-
expression of FEZ1 reproduces the block observed in
R3-2 cells and may interfere with the process of viral
DNA transport into the nucleus.

Recently, the retroviral resistance factor TRIM5�
(Stremlau et al. 2004) was shown to block infection soon
after entry and prevents the activation of reverse tran-
scription. The discovery that FEZ1 has the ability to

block viral DNA transport into the nucleus suggests that
certain host factors can impede various stages of the viral
life cycle, albeit in a dose-dependent manner. Cell types
expressing high levels of FEZ1 may be less susceptible to
retroviral infection. Clearly FEZ1 differs from the classic
restriction factors Fv1 and TRIM5� in that it imposes a
block to retroviral infection only when expressed at el-
evated levels. Of interest, the block imposed by FEZ1
bears a striking resemblance to that imposed by the
dominant resistant murine gene Fv1 (Pincus et al. 1971),
although the exact mechanism of its action remains un-
known. Viral restriction factors and genes that can in-
duce resistance such as FEZ1 operating at multiple
points in the viral lifecycle would ensure multiple
blocks to infection and suggests the possible existence of
further inhibitory factors yet to be identified. Thus, iden-
tification and subsequent characterization of novel genes
with antiviral activity should provide important infor-
mation about host genes required for retroviral replica-
tion and suggest novel targets for therapeutic interven-
tion.

Materials and methods

Cell culture and RNA preparation

Wild-type Rat2 cells and the mutant cell line R3-2 were main-
tained as described previously (Gao and Goff 1999). Total RNA
was isolated from the trypsinized Rat2 cells and the mutant
cell line by using QIAGEN’s RNeasy total RNA isolation
kit. mRNA was then isolated from the total RNA using the
QIAGEN’s Oligotex mRNA kit according to the manufacturer’s
protocols.

cRNA preparation for generation of gene expression profiles

Double-stranded (ds) cDNA was synthesized from 5 µg of
mRNA using Superscript ds cDNA synthesis kit from Invitro-
gen following the manufacturer’s protocol. The ds cDNA was
then purified using phase lock gels (PLG)-phenol/choloroform
extraction and ethanol precipitation. Biotin-labeled cRNA was
synthesized by an in vitro transcription reaction using the Bio-
Array HighYield RNA transcript labeling kit (Enzo Diag-
nostics). cRNA was then purified using a RNeasy Mini kit
(QIAGEN) according to the manufacturer’s protocol and etha-
nol precipitated. Forty micrograms of the purified cRNA was
fragmented according to the Affymetrix protocol and purified
using G-25 sephadex columns (Roche). Fifteen micrograms of
the cRNA probe was then hybridized to Rat2 Genome arrays
(U34A) (Affymetrix, Inc.).

Analysis of the gene expression profiles

Experiments were performed in four replicates using total RNA
prepared at two different time points from the wild-type or the
R3-2 mutant cell line. To identify differentially expressed tran-
scripts, the signal intensities for the experimental sample (mu-
tant) were compared with the control sample (wild type) by
software using the Global method of Scaling/normalization (Mi-
croarray Suite 5.0; Affymetrix, Inc.). Each of the two mutant
samples was compared with the two wild-type samples for each
time point resulting in eight pairwise comparisons for both
samples. Quantitative changes in gene expression of all the
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8800 genes were calculated as signal log ratio (SLR) for each
comparison. SLRs were signal intensities for each probe pair of
the experimental and the control data set expressed in a loga-
rithmic scale of base 2. SLRs were then calculated in multiples
of two to obtain the FC for each transcript as described by Af-
fymetrix. Only genes displaying a SLR �3 (eightfold change in
the expression level) and a detection p-value < 0.05 were con-
sidered to be statistically significant. FC ratios were sorted by
ascending or descending numbers to obtain the up-regulated and
the down-regulated transcripts in R3-2 line, respectively.

Quantitative real-time PCR

The Affymetrix data for genes displaying a �16-fold average
change and a detection p-value < 0.05 in the expression level
across the whole panel were confirmed using quantitative real-
time PCR with the TaqMan Model 7700 Sequence Detector
(ABI-Perkin Elmer). Cytoplasmic RNA was isolated from the
wild-type or the mutant cells (2 × 106) using QIAGEN’s RNeasy
total RNA isolation kit according to the standard protocol.
Samples were treated twice with RNase-free DNase (Qiagen)
while on the column before elution. Eight micrograms of RNA
was converted into ds cDNA (see above), and 2 µL of 1:10 dilu-
tion was utilized for 40 cycle (for 15 sec at 94°C; for 1 min at
60°C, and for 1 min at 72°C) three-step PCR using 25 µL SYBR
Green JumpStart Taq ReadyMix (Sigma) and 200 nM of each
primer according to the manufacturer’s instructions. All reac-
tions had a negative control in which no RT was added. Ampli-
cons of 387–767 nucleotides were generated for each gene using
primers corresponding to the specific 3�UTR region of each
gene. For the primer sequences for amplification of each specific
gene and the PCR product sizes, see Supplementary Table 1.
Amplicon size and reaction specificity was confirmed by aga-
rose gel electrophoresis. The number of target copies in each
sample was interpolated from its detection threshold (CT) value
using a GAPDH plasmid standard curve included in each plate.
The plasmid containing the GAPDH amplicon was a kind gift
from Dr. Luban (Department of Microbiology, Columbia Uni-
versity, New York). The PCR primers for mouse GAPDH were
as follows: forward, 5�-CCTTCATTGACCTCAACTACATG
G-3�; reverse, 5�-CGTGGTTCACACCCATCACAAAC-3�.

For detection of FEZ1 expression levels, cytoplasmic RNA
was prepared from the parental R3-2 line, FEZ1-expressing
clones generated from Rat2 or 293T cells, and control lines con-
taining the empty vector as described above. The total and the
transgene FEZ1 transcripts were distinguished using primers
specific to FEZ1 sequences or one of the oligos corresponding to
the sequences outside of the FEZ1 cloning site, respectively.
The primer sequences for amplification of the transgene FEZ1
were as follows: pcDNA4-5, 5�-GGACCGATCCAGCCTCCG
GACTCTAGCGTT-3� and mFEZ1-A5, 5�-CCAAACCTCCT
CATCCCGAAG-3�. The primers mFEZ1-S3 (5�-CAGAATAA
GCAGAAGGAGCAG-3�) and m FEZ1-A3 (5�-GGTTGGACAG
AGCACTTTTAA-3�) were used for amplification of the total
FEZ1 mRNA.

Generation of FEZ1 expression vectors and stable lines

Full-length Rat2 FEZ1 sequences, 1179 bp, was amplified using
cDNA (see above) from the wild-type Rat2 fibroblasts or the
mutant R3-2 line as templates. The PCR was performed by in-
cubation for 1 min at 94°C, 1 min at 55°C, and 2 min at 72°C for
35 cycles. The sequences of the primers for generation of C-
terminal myc-His-tagged FEZ1 were as follows: forward primer,
FEZ1-S1-BamHI, 5�-GCTGATGGATCCACCATGGAGGCTC
CACTGGTGAGT3�; reverse primer, FEZ1-A3-XhoI, 5�-GCA

ACGCTCGAGCAGGTTGGACAGAGCACTTTTAAA-3�. The
sequences of the primers to produce C-terminal Flag-tagged
FEZ1 were as follows: forward primer, FEZ1-S7-BamHI, 5�-GC
TGATGGATCCGCCACCATGGAGGCTCACTGGTGAGT-
3�; reverse primer, FEZ1-A8-Flag-XhoI, 5�-GCAACGCTCGAG
TTACTTGTCGTCATCGTCTTTGTAGTCGGTTGGACAGA
GCACTTTTAA-3�. The restriction enzyme sites are under-
lined, and the Flag peptide sequence is in italics. The PCR prod-
ucts, wild-type FEZ1 (wt-FEZ1) or variant FEZ1 (m-FEZ1), were
then cloned into a pcDNA4/TO/myc-HisB vector (Invitrogen),
and the full-length inserts were confirmed by sequencing.

To generate cell lines stably overexpressing myc-His-, or Flag-
tagged FEZ1, 3 × 106 Rat2 fibroblast cells or 293T cells were
transfected with 4 µg of the wild-type FEZ1 (pcDNA4-wt-FEZ1),
the variant FEZ1 (pcDNA4-m-FEZ1), or the empty vector
(pcDNA4) using FuGENE 6 transfection reagent (Roche). Cells
were then subjected to selection in 50 µg/mL Zeocin 48 h after
transfection until colony formation was observed. Six to 10
clones of each stable cell line (Rat2 or 293T) overexpressing
either the wild-type (designated as wt-FEZ1 followed by the
number of the clone) or the variant (designated as m-FEZ1 fol-
lowed by the number of the clone) FEZ1 and two clones of the
empty vector lines (pcDNA4 followed by the number of the
clone) were further tested in infection assays.

Producer cell line and viruses

ECO-Phoenix-MLV, the ecotropic phoenix producer cells (Kin-
sella and Nolan 1996) stably transfected with a green fluores-
cent protein (GFP) expression vector (Gao and Goff 1999) were
used as the source of MLV-GFP virus. MLV (Towers et al. 2000)
and HIV-1 (Naldini et al. 1996) viral vectors were prepared by
transfection of 293T cells using a combination of three expres-
sion vectors as described previously (Besnier et al. 2002). VSV-G
expression vector (Naldini et al. 1996) was used to supply en-
velope for MLV and HIV-1 preparations. Throughout the text,
viruses are named according to the origin of the Gag-Pol (N-
MLV, B-MLV, or HIV-1) and the reporter gene encoded within
the packageable genome (either Neomycin or Puromycin).
Thus, an HIV-1 particle carrying a puromycin resistance gene is
referred to as HIV-1-puro, and a N-tropic or B-tropic MLV par-
ticle carrying a neo gene is referred to as MLV-N-neo or MLV-
B-neo, respectively.

Infection of cultured cells and transduction assays

Target cells (1 × 105) were seeded in either six-well plates or
10-cm dishes 1 d before infection. All infections were performed
in the presence of 8 µg/mL polybrene. Infections were carried
out for 5 h or over the night to increase the infection efficiency.
For virus titration of MLV-GFP, cells were inoculated with
either undiluted or 10-fold serially diluted virus. Infected target
cells were enumerated 48 h after infection by FACS analysis
on a FacsCalibur instrument (Becton Dickinson) using
CELLQUEST software as described (Bock et al. 2000). MLV-neo
titer was measured by infection of Rat2 cells and colony count-
ing after selection in G418 (500 µg/mL). HIV-1-puro titer was
measured by infection of Rat2 cells and colony counting after
selection in 1.5 µg/mL Puromycin.

Quantitative real-time PCR of viral DNA

Cells were seeded in six-well plates (1 × 105/well) 1 d before
infection. The wild-type or the mutant cell lines were infected
with either undiluted or 10-fold serially diluted MLV-GFP virus.
Total DNA was isolated at 24 or 36 h after infection using
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QIAGEN’s DNeasy total DNA isolation kit according to the
standard protocol. One microliter of the genomic DNA was
utilized for 30 cycles (30 sec at 94°C, 30 sec at 55°C, and 90 sec
at 72°C) three-step PCR using 25 µL of SYBR Green JumpStart
Taq ReadyMix (Sigma), including 200 nM of each primer as
described above. Primers to amplify GFP sequence (GFP-FP and
GFP-RP), the MLV minus strand strong stop DNA (MSS-FP and
MSS-RP), and the MLV LTR–LTR junction, (MR5784 and
MR4091) (Smith et al. 1997) have been previously reported (Gao
and Goff 1999). Amplicon size and reaction specificity was con-
firmed by agarose gel electrophoresis. The number of target cop-
ies were calculated using a GAPDH plasmid standard curve as
described above.

RNAi

Cells were seeded in six-well plates 1 d before transfection.
Wild-type or mutant R3-2 cells (30%–50% confluent) were
transfected with three independent predesigned short-interfer-
ing RNAs (Ambion) using Oligofectamine transfection reagent
(Invitrogen) according to the manufacture’s protocol. A range of
RNA duplexes between 150 and 600 pmol were tested. An
siRNA duplex targeted to GFP was used as an nonspecific con-
trol. The sequences of GFP oligonucleotides were as follows:
sense, 5�-rgrCUrArCrCUrgUUrCrCrAUrgrgrCrCrATT-3�; anti-
sense, 5�-UrgrgrCrCrAUrgrgrArArCrArgrgUrArgrCTT-3�. Cells
were transfected on two consecutive days with equal amounts
of RNA duplexes and subsequently seeded, infected with vari-
ous amount of MLV-N-neo, and selected as described above.
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