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Moesin regulates stable microtubule formation
and limits retroviral infection in cultured cells
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In a functional screen of mammalian complementary
DNA libraries, we identified moesin as a novel gene
whose overexpression blocks infection by murine leuke-
mia viruses and human immunodeficiency virus type 1 in
human and rodent lines, before the initiation of reverse
transcription. Knockdown of moesin by RNA interference
resulted in enhanced infection, suggesting that even the
endogenous basal levels of moesin in rat fibroblasts are
sufficient to limit virus infection. Moesin acts as a cross-
linker between plasma membrane and actin filaments, as
well as a signal transducer in responses involving cyto-
skeletal remodeling. Moesin overexpression was found
to downregulate the formation of stable microtubules,
whereas knockdown of moesin increased stable micro-
tubule formation. A virus-resistant mutant cell line
also displayed decreased stable microtubule levels, and
virus-sensitive revertants recovered from the mutant line
showed restoration of the stable microtubules, suggesting
that these cytoskeletal networks play an important role in
early post-entry events in the retroviral lifecycle. Together,
these results suggest that moesin negatively regulates
stable microtubule networks and is a natural determinant
of cellular sensitivity to retroviral infection.
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Introduction

Understanding the mechanisms by which cellular factors
block retroviral infection can provide invaluable insights
into host-virus interactions and highlight possible strategies
for therapeutic intervention. Recently, functional screening
of complementary DNA (cDNA) expression libraries for
host genes that conferred virus resistance resulted in the
isolation of two resistance factors: zinc-finger antiviral pro-
tein, which specifically inhibits the accumulation of murine
leukemia virus (MLV) (Gao et al, 2002) and many alphavirus
(Bick et al, 2003) mRNAs in the cytoplasm, and the tripartite
interaction motif 5o (TRIMS5a), which blocks incoming
virus at an early post-entry step before reverse transcrip-
tion (Stremlau et al, 2004). In addition, other screens have
identified dominant interfering versions of inherently positive
genes, such as TsglOl (Garrus et al, 2001; von Schwedler
et al, 2003) and the Nedd4-like ubiquitin ligases (Kikonyogo
et al, 2001; Yasuda et al, 2002) required for the budding of
several enveloped viruses. Both sets of genes have provided
important insights into novel aspects of viral replication.

The identification of additional factors that affect virus
replication will add to our understanding of virus-host inter-
actions. Here, we report the identification of a novel anti-
retroviral factor, moesin, from a screen of a cDNA library
from the virus-resistant cell line R4-7 (Gao and Goff, 1999).
Moesin overexpression blocks infection by both MLV and
HIV-1 viruses before the initiation of reverse transcription,
and moesin knockdown enhances infection. A cytoskeletal
regulatory protein that colocalizes with actin filaments at
cell-surface structures, moesin crosslinks actin in the cortical
layer, and can thereby control cell shape and movement. We
show that moesin negatively regulates stable microtubule
formation and propose a novel role for stable microtubules
in the post-entry movement of viral particles. The ability of
endogenous levels of moesin to limit retroviral replication
suggests that moesin may be a natural determinant of cellular
sensitivity to infection.

Results

To identify factors that could block retroviral infection, a
library of expressed cDNAs from the virus-resistant cell line,
R4-7 (Gao and Goff, 1999) was constructed in the pBabe-HAZ
expression vector (Gao et al, 2002). The complexity of the
library was 1.5 x 10°, with inserts ranging from 0.8 to 2.5kb.
An aliquot of the cDNA library was used to generate
MLV-based transducing viruses, which were applied to thy-
midine kinase-negative (TK—) Rat2 cells (Supplementary
Figure S1). A pool of the transduced cells was then chal-
lenged by repeated infection with an HIV-1 vector expressing
the TK gene (Gao et al, 2002). Selection of 1 x 10* transduced
lines in trifluorothymidine resulted in the isolation of 31 TK-
negative clones as candidate virus-resistant cells. The cDNA
inserts in 25 of the clones were recovered from the genomic
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DNA by PCR amplification and sequenced (Supplementary expression of moesin in the virus-resistant R4-7 line showed
Table S1). Notably, 11 out of 25 DNA sequences encoded the no significant change as compared to the wild-type (wt)
N-terminal 342 amino acids of moesin fused to the zeocin Rat2 cells (Figure 1E). Examination of multiple moesin
resistance gene, termed N-Msn-zeo. Tests of the level of cDNAs isolated from R4-7 (Gao and Goff, 1999) revealed no
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Figure 1 Expression of the N-terminus of moesin confers resistance to retroviral infection. (A-C) Overexpression of N-Msn-zeo in Rat2
cells isolated from the library screen blocks retrovirus infection. Wt Rat2 fibroblasts, Rat2; Rat2 cells containing empty pBabe-HAZ vector,
Rat2-HAZ; the control virus-resistant R4-7 cells; or the Rat2 lines containing pBabe-HAZ vector expressing N-Msn-zeo, RL-, 4, 15, 28 and 34,
were incubated with various amounts of HIV-1-puro (A), MLV-B-neo (B) and MLV-N-neo (C) viruses. Cells were selected in medium containing
puromycin (A; HIV-1) or G418 (B and C; neo-viruses) and the number of transduced colonies were counted after 8-12 days. Similar results were
obtained in at least three independent experiments. (D, E) Quantitative RT-PCR showing the level of moesin expression in Rat2 cells.
Cytoplasmic RNA prepared from the same cell lines used in the transduction assay (A-C) was converted to ds cDNA and used as template for
QRT-PCR. Primers unique to each cDNA sequence were used to distinguish transgene (D) and total (E) moesin transcripts. The fold-change
ratios between the Rat2 mutant lines and the control empty vector Rat2-HAZ line are median copy numbers normalized to GAPDH copy
numbers obtained in duplicate from two independent RNA preparations.
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significant nucleotide polymorphisms relative to the parental
Rat2 cells (data not shown). Thus, although it was the source
of the moesin cDNA, overexpression or mutation(s) of the
moesin gene was not responsible for the virus-resistant
phenotype of the R4-7 line.

The retroviral resistance of four of the N-Msn-zeo-expres-
sing clones was confirmed by challenging with a number
of genetically marked retroviruses, followed by growth in
selective medium and counting of drug-resistant colonies
(Naghavi et al, 2005). All clones showed a potent resistance
to infection by HIV-1-puro (HIV-based viral vector carrying
the puromycin resistance marker), with titers reduced by
factors ranging from 20- to 600-fold (Figure 1A), as well as
a lesser but significant resistance to MLV-B-neo and MLV-N-
neo (B-tropic or N-tropic MLV-based viral vectors carrying
the neomycin resistance marker) viruses (Figure 1B and C,
respectively). As seen previously, the virus-resistant R4-7 line
from which the cDNA library was derived showed a similarly
high level of resistance to retroviral challenge (Gao and
Goff, 1999). To determine whether the levels of retroviral

Moesin blocks retroviral replication
MH Naghavi et al

resistance detected in the N-Msn-zeo-expressing cells corre-
lated with the expression levels of N-Msn-zeo transcripts
in these lines, we used a quantitative real-time PCR assay
(QRT-PCR) (Naghavi et al, 2005). The transgene moesin was
distinguished from the total (endogenous and transgene)
moesin transcripts by using a primer unique to the vector
sequence. All N-Msn-zeo-expressing lines showed a pattern
of expression for transgene (Figure 1D) and total (Figure 1E)
moesin that correlated closely with the levels of resistance to
both HIV-1 (Figure 1A) and MLV (Figure 1B and C) infection.
N-Msn-zeo was also found to block HIV-1-puro infection in
both HeLa (data not shown) and 293A cells (Figure 2C and
D). Thus, N-Msn-zeo blocks retroviral infection in both rat
and human lines.

To confirm that N-Msn-zeo cDNA was responsible for the
resistance in these lines, the proviral DNA-expressing moesin
was excised at the flanking Lox-P sites following transfection
of resistant clones with a Cre recombinase-expressing
construct (Gao et al, 2002). Excision of the cDNA in four
clones (Supplementary Figure S2C) significantly restored
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Figure 2 Zeocin-fused moesin can confer resistance to retroviruses in both Rat2 and human lines. (A) Rat2 cells stably transduced with
the empty vector (pcDNA:9) or stably expressing zeocin-tagged full-length (Msn-zeo:3) or C-terminally truncated (N-Msn-zeo:7) moesin
were incubated with various amounts of HIV-1-puro or MoMLV-puro. Wt Rat2 cells, Rat2; the control virus-resistant line, R4-7; one of the
N-Msn-zeo-expressing lines isolated from the library screening, RL34. Cells were plated in medium containing puromycin and the number
of transduced colonies was counted after 10 days. Similar results were obtained in at least three independent experiments. Full-length
or C-terminally truncated zeocin-tagged moesin (indicated as Msn-zeo and N-Msn-zeo, respectively) expression was detected in the same lines
using immunoblotting with anti-zeocin antibodies (B, upper panel). Loading of equal amounts of protein was confirmed using B-actin
antibodies (B, lower panel). (C) wt 293A cells, 293A cells stably transduced with the control empty vector (pcDNA:10) or cells stably expressing
C-terminally truncated moesin fused to zeocin (N-Msn-zeo:2, 6, 7 and 14) were incubated with various amount of HIV-1-amhpo-puro and
selected in puromycin as described for Rat2 cells. (D) Upper panel. C-terminally truncated zeocin-tagged moesin expression was detected in the
same lines using immunoblotting with anti-zeocin antibodies. D, Lower panel: Loading of equal amounts of protein was confirmed using
GAPDH antibodies.
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their susceptibility to infection by both MoMLV-puro
(Moloney) and HIV-1-puro (Supplementary Figure S2A and
B, respectively), whereas clones that retained the cDNA
remained resistant, confirming that the continued expression
of N-Msn-zeo cDNA was required and responsible for the
resistance phenotype of these lines. To analyze whether
the C-terminal truncation or the zeocin fusion at the 3’ end
of N-Msn-zeo cDNA was responsible for the resistance phe-
notype, full-length or C-terminally truncated moesin cDNAs,
with or without the zeocin fusion, were recloned into the
mammalian expression vector pcDNA3.1" and introduced
into Rat2 fibroblasts. Stable drug-resistant cell lines were
isolated and tested for resistance. All four variants of
moesin conferred resistance to both HIV-1-puro (Figure 2A
and Supplementary Figure S3A) and MoMLV-puro (Figure 2B
and Supplementary Figure S3B), relative to control Rat2 cells
or the empty vector pcDNA:9 line. In addition, these clones
also inhibited replication of wt Moloney virus, as measured
by the rate of appearance of reverse transcriptase (RT) in
culture media of infected cells (Figure 3). Expression of
zeocin-tagged moesin protein was confirmed using immuno-
blotting with anti-zeocin antibodies (Figure 2B), whereas
untagged moesin expression levels were determined by
QRT-PCR measurement of mRNAs (Naghavi et al, 2005)
(Supplementary Figure S3C) as suitable antibodies were not
available. As expected, no transgene expression of moesin
was detected in the wt Rat2, the empty pcDNA:9 vector or the
R4-7 line (Figure 2B and Supplementary Figure S3C). In
conclusion, the data indicated that the N-terminal domain
of moesin was sufficient to induce a potent resistance to
infection by both genetically marked and wt retroviruses.

To test whether the endogenous levels of moesin also affect
virus susceptibility, RNA interference (RNAi) was used to
reduce moesin levels in rat cells and the consequences were
assessed by challenging the cultures by infection with geneti-
cally marked retroviruses. wt Rat2 or mutant R4-7 cells were
treated with two independent short-interfering RNA (siRNA)
duplexes (Ambion) or control duplexes. Moesin-specific
RNAIi duplexes induced an approximately three- to five-fold
increase in susceptibility of both Rat2 and R4-7 lines to both
MoMLV-puro and HIV-1-puro infection, whereas a nonspeci-
fic siRNA duplex targeted to GFP had no effect (Figure 4A).
The partial increase in susceptibility correlated with a three-
to four-fold knockdown of moesin transcripts in these cells
(Figure 4B). The results suggest that the endogenous basal
levels of moesin in Rat2 cells are sufficient to limit virus
infection, and that moesin is a natural determinant of cellular
sensitivity to retroviral infection.

To determine the step in the viral life cycle that was
blocked by moesin, viral DNA synthesis was examined after
acute infection of N-Msn-zeo-expressing lines with ecotropic
MLV-GFP (Naghavi et al, 2005). The resistant cells produced
only very low levels of linear viral DNA (GFP; Figure SA),
minus-strand strong stop DNA (MSS; Figure 5B), plus-strand
DNA (PS; Figure 5C) and circular DNA (long terminal repeat
(LTR)-LTR; Figure 5D), suggesting a block before initiation
of reverse transcription. Using HIV-1 cores that contain a Vpr-
B-lactamase fusion protein (Cavrois et al, 2002) to monitor
viral penetration into the cytosol, we demonstrated normal
entry of virus in both R4-7 and the moesin-overexpressing
line RL4 (Supplementary Figure S4A). It must be noted that
this assay required the use of a high multiplicity of infection
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Figure 3 Assembly and release of Moloney virions measured by
reverse transcriptase (RT) assay. (A) Spots indicate the amount of
labeled nucleotide incorporated in an exogenous RT assay on a
homopolymer template by virion-associated RT. Equal amounts
of virus were used to infect naive Rat2, the N-Msn-zeo line isolated
from the library screen (RL34), the stably expressing zeocin-tagged
C-terminally truncated (N-Msn-zeo:7) or the full-length (Msn-zeo:3)
moesin lines. Culture supernatants were collected on successive
days as indicated, and virus production was monitored by RT assay.
Mock, no virus was applied. (B) Quantification of viral replication
assay shown in (A). Dot intensities were normalized against un-
infected cell samples.

by the reporter virus, which saturates the viral block
(Supplementary Figure S4B). However, taken together with
the fact that these lines block the replication of a number
of retroviruses pseudotyped with different envelope glyco-
proteins—uvesicular stomatitis virus (VSV-G) (Figures 1-3
and Supplementary Figures S2 and S3), ecotropic (Figure 5)
or amphotropic envelopes (Supplementary Figure S5)—that
enter the cell by various means, these preliminary findings
suggest that the block to infection occurs after viral fusion
but before reverse transcription, the same step at which
retrovirus replication is blocked in the R4-7 line (Gao and
Goff, 1999).

We then tested whether the retrovirus-resistant R4-7 line
had a general defect in sorting or trafficking by visualizing

©2007 European Molecular Biology Organization
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Figure 4 RNAi to moesin increases the virus susceptibility of both
wt Rat2 cells and the mutant R4-7 line. (A) The wt Rat2 cells or
mutant R4-7 cells were transfected with two independent short-
interfering RNAs (as indicated in A, B) on two consecutive days
with equal amounts of RNA duplexes and subsequently seeded and
infected with various amounts of MoMLV-puro or HIV-1-puro. Cells
were selected in medium containing puromycin and the number of
transduced colonies was counted after 10 days. The nonspecific GFP
duplex was included as a negative control. Similar results were
obtained in at least three independent experiments. (B) Quantitative
RT-PCR showing the level of endogenous moesin expression in
Rat2 cells transfected with nonspecific (GFP) or moesin-specific
(A, B) siRNA duplexes.

endocytosed transferrin in these cells. Target cells were
incubated with fluorescently labeled transferrin at 4°C,
shifted to 37°C and fixed at various time points thereafter.
As expected, within 10 min after shifting to 37°C, the majority
of the labeled transferrin in Rat2 cells was concentrated in
a discrete spot (Figure 6A), most likely corresponding to the
recycling endosome. In contrast, in R4-7 cells, this discrete
staining was not observed and the transferrin appeared as a
diffuse cytoplasmic stain (Figure 6A). This defect in transfer-
rin trafficking to the endosome was specific to R4-7 cells, as

©2007 European Molecular Biology Organization
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another previously described R3-2 mutant cell line, resistant
to infection at a later stage in the viral life cycle (Gao and
Goff, 1999), exhibited transferrin staining that was similar to,
although less intense than, the control Rat2 cells (Figure 6A).
To further confirm that the change in staining is indeed a
sorting/trafficking defect, the uptake of transferrin was quan-
tified in Rat2, R4-7 as well as in the moesin-overexpressing
lines (RL34, N-Msn:5 and Msn:6), as previously described
(Hinrichsen et al, 2003). Serum-starved cells were incubated
with biotin-labeled transferrin (Molecular Probes) on ice for
1h and the bound transferrin was allowed to internalize for
various lengths of time at 37°C (2, 5 and 8 min to avoid any
recycling). Internalized biotinylated transferrin was quanti-
tated by Western blotting using NeutraAvidin conjugated to
horseradish peroxidase (Molecular Probes). There was no
significant change in the levels or rate of transferrin uptake
in all lines (Figure 6B), suggesting that there was a specific
defect in endosomal sorting rather than endocytosis in the
virus-resistant lines.

It has been reported that transferrin trafficking is linked
specifically to a subset of detyrosinated microtubules lacking
the carboxy-terminal tyrosine (Lin et al, 2002). This subset
is more stable than the majority (90%) of microtubules
(Westermann and Weber, 2003). The availability of anti-
bodies specific for detyrosinated tubulin (termed Glu-MTs)
as well as for tyrosinated tubulin (Tyr-MTs) (Gundersen et al,
1984) allowed a comparison of the different microtubule
networks in both mutant and wt cells. Rat2 or virus-resistant
cells were grown on coverslips and stained with the two
different tubulin antibodies. Surprisingly, both the mutant
R4-7 cells and the moesin-overexpressing RL34 line showed
significantly lower levels of stable Glu-MTs (22 and 52% of
cells staining positive, respectively) compared with control
Rat2 cells (79% positive) (Figure 7). This defect in the virus-
resistant lines was specific for stable microtubules, as stain-
ing for tyrosinated microtubules revealed levels and patterns
of expression similar to those seen in Rat2 cells (Figure 7).
Overexpression of these various moesin fragments did
not have any significant effect on cell parameters such as
shape, size or doubling time (19h for wt Rat2 and 20-21h
for the moesin-overexpressing lines; data not shown). In
addition, knockdown of moesin using two specific siRNA
duplexes (Msn-A and Msn-B) but not with a nonspecific
siRNA duplex targeting GFP sequences (Figure 8A) increased
the proportion of Glu-MT-positive cells in both Rat2 (1.2-fold)
and R4-7 (three-fold) cells, correlating with the increased
virus sensitivity of moesin siRNA-treated cells (Figure 4A).
Again, the levels of Tyr-MTs were normal in all of these lines
(Figure 8B).

Previous findings have demonstrated that the virus resis-
tance phenotype of the R4-7 line is reversed by the expression
of two non-coding RNAs (Gao and Goff, 2004). The mechan-
ism by which these RNAs restore the susceptibility to
infection is unknown. However, immunofluorescent staining
demonstrates that stable microtubule formation is restored
in both R4-7 suppressor clones pC1-2 and pB1-11, expressing
these RNAs (Figure 9A), in contrast to the original virus-
resistant R4-7 cells and the empty vector pControl-transfected
R4-7. As expected, the R3-2 line, which showed normal
transferrin trafficking, displayed normal levels of Glu-MTs
(Figure 9A). Again, tyrosinated microtubule formation
was unchanged in each of the lines examined (Figure 9B).
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Figure 5 Analysis of the block to virus infection using quantitative RT-PCR. Wt Rat2 cells, the control empty vector Rat2-HAZ line, the control
virus-resistant R4-7 line and two of the N-Msn-zeo lines isolated from the screen (RL4 and RL34) were infected with either undiluted (un) or
10-fold serially diluted (10 x, 100 x ) ecotropic MLV-GFP. Uninfected cells were included as a negative control (indicated as neg) for each
sample. Total DNA was isolated at 24 h after infection and the amount of viral DNA synthesized in the infected cells was measured by QRT-PCR.
Using primers specific to GFP sequences, minus-strand strong stop (MSS) DNA, plus-strand DNA (PS) or LTR-LTR junction, the amount of total
linear viral DNA (A), MSS DNA (B), PS DNA (C) or circular viral DNA in the nucleus (D) was determined. Each DNA sample was assayed in

duplicate at a minimum of three different time points.

In agreement with this observation, the fraction Glu-MT-
positive cells in an RL4-cre clone, which no longer contained
the moesin ¢cDNA and had restored virus sensitivity,
RL4-cre:1, was comparable to that of the control empty vector
Rat-HAZ (79 and 78%, respectively) (Supplementary
Figure S6). As expected, in the virus-resistant clone RL4-
cre:10, in which cre did not excise the cDNA, the fraction of
Glu-MT-positive cells was similar to that in the moesin-over-

46 The EMBO Journal VOL 26 | NO 1| 2007

expressing line RL34 (52%). These results provide multiple
independent lines of evidence to suggest that the loss of
stable microtubules in the R4-7 line as well as in the
moesin-overexpressing lines is linked to virus resistance. In
summary, these findings strongly suggest a role for stable
microtubules in the early stages of the retroviral life cycle and
a role for moesin in negatively regulating stable microtubule
networks and retroviral susceptibility.

©2007 European Molecular Biology Organization
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Figure 6 Trafficking and uptake of endocytosed transferrin in retrovirus-resistant and-sensitive cell lines. (A) Trafficking of endocytosed
transferrin. Wt Rat2 cells or the virus-resistant lines R4-7 and R3-2 were incubated with fluorescently labeled transferrin at 4°C, shifted to 37°C
and fixed after 10 min. Cells were then permeabilized and microtubule networks visualized using anti-tubulin antibodies, followed by detection
with FITC-labeled secondary antibodies. Images were taken as described in Materials and methods. Red indicates transferrin and green
indicates total microtubules. (B) Quantification of transferrin uptake. Serum-starved wt Rat2 cells, R4-7 or the moesin-overexpressing lines
(RL34, N-Msn:5 and Msn:6) were incubated with biotin-labeled transferrin on ice for 1h. Bound transferrin was allowed to internalize for
various lengths of time at 37°C (2, 5 and 8 min) and further quantified by Western blotting using NeutraAvidin conjugated to horseradish
peroxidase. The average rate of transferrin uptake normalized to the average rate of GAPDH for each line is presented.

Glu-MTs

Rat2 |

R4-7

Figure 7 Virus-resistant lines display decreased stable microtubule formation. Wt Rat2 cells, the virus-resistant R4-7 cells and the moesin-
overexpressing line RL34 were fixed, stained with a rabbit polyclonal antibody for stable Glu-MTs and a rat mAb for dynamic Tyr-MTs followed
by incubation with fluorescently labeled secondary antibodies. Images were taken as described in Materials and methods.
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Figure 8 RNAi-mediated knockdown of moesin increases the levels of stable microtubule formation in both wt Rat2 cells and the mutant R4-7
line. (A) The wt Rat2 cells or mutant R4-7 cells were transfected with two independent short-interfering RNAs (indicated as Msn-A, Msn-B) on
two consecutive days with equal amounts of specific RNA duplexes or a nonspecific GFP duplex. The cells were subsequently fixed and stained
with a rabbit polyclonal antibody for stable Glu-MTs (A) and a rat mAb for dynamic Tyr-MTs (B). The cells were then incubated with
fluorescently labeled secondary antibodies and images were taken as described in Materials and methods.

Discussion

These studies suggest that moesin is an important determi-
nant of retrovirus susceptibility. Moesin is a potent antiviral
protein; overexpression blocks infection by both MLV and
HIV-1 reporters and infectious MLV. Knockdown of moesin
by RNAIi resulted in an increase in virus susceptibility,
suggesting that even the endogenous basal levels of moesin
in rat fibroblasts are sufficient to limit virus infection, and
that moesin is an important natural determinant of cellular
sensitivity to retroviral infection. The block to infection
occurs at a very early stage in the viral life cycle, after viral
fusion but before reverse transcription. At high multiplicity of
viral infection, the block can be overcome, suggesting that it
is saturable.

Moesin is a member of the closely related ezrin-radixin-
moesin (ERM) family of cytoskeletal regulatory proteins that

48 The EMBO Journal VOL 26 | NO 1| 2007

share approximately 70-80% amino-acid sequence identity
(for reviews, see Bretscher, 1999; Ivetic and Ridley, 2004).
Although the three proteins are very similar, the differential
sensitivities of moesin and ezrin to calpain cleavage in
response to Ca®" signaling pathways in intact stimulated
lymphocytes suggest important and specialized functions of
these individual ERM proteins (Shcherbina et al, 1999).
ERM protein expression is cell type- and organ-specific,
with moesin being the most highly expressed ERM protein
in human blood lymphocytes, monocytes, neutrophils and
the only one detected in platelets (Schwartz-Albiez et al,
1995; Shcherbina et al, 1999). ERM proteins contain an
N-terminal FERM (band four-point one, ezrin, radixin, moesin)
domain, a central o-helical region and a short C-terminal
domain. These proteins also share a high level of homology
in their FERM domain with merlin, a tumor suppressor gene
for neurofibromatosis II (Bretscher et al, 2002). ERM proteins
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R4-7 (pB1-11)

Figure 9 Virus-sensitive suppressor clones restore stable microtubule formation in R4-7 lines. Wt Rat2 cells, the virus-resistant lines R4-7 and
R3-2, the empty vector R4-7 pControl line and the two R4-7 suppressor clones pC1-2 and pB1-11 were fixed and stained with a rabbit polyclonal
antibody for stable Glu-MTs (A) and a rat mAb for dynamic Tyr-MTs (B). The cells were then incubated with fluorescently labeled secondary
antibodies and images were taken as described in Materials and methods.

and merlin are normally inactive owing to intramolecular
interactions between the amino- and carboxy-terminal domains.
Phosphorylation of a conserved residue in the C-terminus in
combination with acidic phospholipids can lead to activation
(Bretscher, 1999). Upon activation, the highly conserved
N-terminal half of ERM proteins binds to a number of integral
membrane proteins, whereas the C-terminal portion directly
interacts with actin filaments. Activation and inactivation
of the ERM proteins can be stimulated by the Rho family of
GTPases that, similar to ERM proteins, are also involved in
regulating cytoskeletal dynamics in response to extracellular
stimuli (Ivetic and Ridley, 2004). ERM proteins therefore act
both as general crosslinkers between plasma membranes and
actin filaments, as well as signal transducers in responses
involving cytoskeletal remodeling.

There are indications that the cytoskeleton is involved in
the early steps of infection by many viruses. Before entering
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the cell, a number of viruses have been shown to use the
underlying actin cytoskeleton and myosin II for transport
along filopodia to entry hot spots on the cell body (Lehmann
et al, 2005). In addition, some evidence suggests that retro-
viruses may use the actin cytoskeleton at a post-entry step to
move viral genomes from the peripheral regions of the cell,
for transfer to the microtubule network where reverse tran-
scription of viral RNA is suggested to occur (Bukrinskaya
et al, 1998; Taunton, 2001; McDonald et al, 2002). An
intact actin cytoskeleton or microtubule network is necessary
for efficient infection of some cells by HIV-1 (Kizhatil and
Albritton, 1997; Bukrinskaya et al, 1998; Komano et al, 2004).
Interestingly, Nef-induced phosphorylation of the ERM-
related protein merlin has recently been suggested to function
in HIV-1 pathogenesis (Wei et al, 2005). However, the precise
mechanisms and factors involved in these early post-entry
events, in which the virus uses the cellular cytoskeleton to
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translocate and replicate, are poorly understood. The ability
of moesin to act as a general crosslinker between plasma
membranes and actin filaments, as well as its function in
cytoskeletal remodeling, suggests that it may be an important
regulator of such events. Indeed, a number of other cytoske-
letal regulatory proteins have been shown to play a role in
virus replication. IQGAP1 (Leung et al, 2006), an actin- and
microtubule-interacting protein, and Kif4 (Kim et al, 1998;
Tang et al, 1999), a microtubule-associated motor protein,
both bind to the matrix protein of MLV and play positive roles
in viral replication. In addition, overexpression of FEZ-1, a
microtubule-associated neuronal transport protein interacting
with kinesin (Gindhart et al, 2003), blocks the transport of
retroviral DNA into the nucleus after reverse transcription
(Naghavi et al, 2005).

Overexpression of moesin may have many downstream
effects on cellular physiology that could mediate the viral
block. Indeed, our findings suggest that moesin negatively
regulates the stable microtubule network within the host cell,
and that this network is important in early post-entry events
in infection. The block to virus infection is very similar to that
seen in the R4-7 cell line, a mutant Rat2 line selected for virus
resistance after heavy chemical mutagenesis (Gao and Goff,
1999). Remarkably, the R4-7 line is also devoid of stable
microtubules. The moesin gene does not appear to be
modified or overexpressed in the virus-resistant R4-7 cells,
suggesting that mutations of another unknown gene(s)
are responsible for the resistance (Gao and Goff, 1999).
Therefore, two independent selections for virus resistance
have resulted in the loss of stable microtubules and in the
same virus-resistant phenotype, strongly suggesting that
the potent block to virus infection observed in both these
lines can be attributed to these cytoskeletal defects.
Notably, both stable microtubules (Cook et al, 1998;
Palazzo et al, 2001) and moesin (Ivetic and Ridley, 2004)
are known to be regulated by the Rho-GTPase pathway, and
therefore gene(s) involved in this pathway may have been
affected in the R4-7 line. Finally, if the loss of stable micro-
tubules was truly responsible for the virus resistance of R4-7,
then the isolation of virus-sensitive revertants should be
accompanied by the restoration of stable microtubules.
This expectation was indeed met. Two lines selected for
virus sensitivity (Gao and Goff, 2004) were both found to
have recovered wt levels of stable microtubules. Similarly,
the defect in stable microtubule formation was reversed and
virus sensitivity was restored to a moesin-overexpressing line
upon excision of moesin cDNA from the genome, suggesting
that loss of Glu-MTs was the cause of viral resistance in this
line. The fact that multiple revertant clones restored stable
microtubules strongly suggests that these structures play an
important role in infection.

Both full-length and the N-terminal domain of moesin,
with or without fusion to the zeocin selectable marker,
impose a potent block to infection. The N-terminal domain
of moesin, which is sufficient to confer resistance to retroviral
infection, contains a FERM domain. These domains function
frequently as binding sites that link cytoskeletal proteins to
integral membrane proteins (Chishti et al, 1998). Notably,
this domain is also present in a large group of unconventional
myosins such as myosin-X (Myo 10) and can act as a link to
integrins and microtubules (Zhang et al, 2004). The FERM
domain of moesin may therefore interact with microtubules,
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and it is tempting to speculate that moesin may be capable of
regulating or interfering with the transition of viral genomes
from the actin cytoskeleton to the microtubule network by
controlling stable microtubule formation. Stable micro-
tubules have been suggested to function as specialized tracks
for vesicle and cytoskeletal trafficking (Wen et al, 2004),
further supporting the idea that moesin is involved in mis-
localization of internalized virus particles. Indeed, an invol-
vement of ezrin and moesin in actin assembly has been
proposed to facilitate aggregation of phagosome/endosomes
(Defacque et al, 2000). This hypothesis was recently
supported by the finding that a dominant-negative N-terminal
moesin fragment delayed the maturation rates of phago-
somes, most likely because of impaired actin assembly
(Erwig et al, 2006). It is also tempting to suggest that reverse
transcription of viral RNA, thought to occur on microtubules
(Bukrinskaya et al, 1998; McDonald et al, 2002), may actually
occur on the stable microtubule subset. This would explain
the findings that moesin, which disrupts stable microtubules,
inhibits retroviral replication before reverse transcription.
In the absence of stable microtubules, reverse transcrip-
tion complexes may be unable to form or function. Further
studies on the function of moesin may provide invaluable
insights into the poorly understood post-entry event
known as ‘uncoating’ and the role of the host cytoskeleton
therein, and may also allow novel control over cell suscept-
ibility to infection.

Materials and methods

cDNA library screen for retrovirus-resistant cells

The R4-7 cDNA library was constructed as described (Gao et al,
2002). After introduction of a Sall site in the pBabe-HAZ retroviral
vector (Gao et al, 2002), the cDNAs were inserted between Sall and
Notl sites. A library of transducing viruses was then generated by
cotransfection of 293T cells with a mixture of the pBabe-HAZ cDNA
library, the HIV-1 gag-pol-expressing plasmid (p8.91) (Naldini
et al, 1996) and the VSV-G envelope-expressing plasmid (pMD.G)
(Naldini et al, 1996), as described in Gao et al (2002). The culture
supernatants collected at 48, 72 and 96 h were further used to infect
Rat2 cells and the transduced clones expressing the cDNA were
isolated by selection in zeocin (50 pg/ml).

Viruses and producer cell line

MLV-N-neo MLV-B-neo, MoMLV-puro and HIV-1-puro viruses
pseudotyped with VSV-G envelope (Naldini et al, 1996) were
produced by transfection of 293T cells using a combination of
three expression vectors, as described in Naghavi et al (2005). HIV-
1-puro virus carrying an amphotropic envelope was generated
by replacing pMDG (Naldini et al, 1996) with the pHit456 (Yap
et al, 2000) vector in the previously described protocol (Naghavi
et al, 2005). The same protocol was used for preparation of
VSV-G-pseudotyped (Naldini et al, 1996) HIV-1-TK viral vectors
using the TK-expressing plasmid, TRIP-TK, generated by replacing
GFP in TRIP-GFP (Zennou et al, 2001) with the TK gene (a kind gift
from Dr Guangxia Gao, Chinese Academy of Sciences, Beijing,
China) and the gag-pol-expressing vector p8.91 (Naldini et al,
1996). MLV-GFP virus was recovered from the producer line
ECO-Phoenix-MLV (Gao and Goff, 1999).

Infection of cultured cells and transduction assays

Target cells (1 x10°) were infected as described in Naghavi et al
(2005). Polybrene was added to infections at a final concentration of
8 ug/ml. MLV-GFP titration was assayed by flow cytometry 24h
after infection. HIV-1-puro, MoMLV-puro or MLV-neo, titers were
measured by infection of Rat2 or 293A cells and colony counting
after selection in puromycin (1.5pg/ml) or G418 (500 ug/ml for
Rat2 cells and 850 pg/ml for 293A cells), respectively.
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Quantitative real-time PCR

Cytoplasmic RNA was converted into double stranded (ds) cDNA
and used as template in QRT-PCR using SYBR Green JumpStart Taq
ReadyMix (Sigma) as described in Naghavi et al (2005) and primers
outlined in Supplementary Table S2. Total and transgene moesin
transcript levels were determined using primers specific to moesin
sequences (primers 1 and 9) or a combination of one moesin-
specific primer together with primers specific to vector sequences
flanking the moesin cloning site (primers 7 and 8 or 6 and 9),
respectively. The number of target copies in each sample was
interpolated from its detection threshold (Cr) value using a GAPDH
plasmid standard curve as described (in Naghavi et al, 2005).

Generation of cells stably expressing moesin variants
Zeocin-fused moesin variants were amplified and subcloned into
pcDNA3.1% vectors (Invitrogen) using the following primers
(Supplementary Table S2), full-length moesin (primers 1 and 3) or
C-terminally truncated moesin (primers 1 and 5). A total of 50-70%
confluent Rat2 or 293A cells were then transfected with 4 ug of the
moesin constructs or the control empty pcDNA3.1" vector as
described (in Naghavi et al, 2005). At 48 h after transfection, cells
were selected in G418 (500 pg/ml for Rat2 cells and 850 pug/ml for
293A) and several resistant clones of each stable line were further
tested in transduction assays.

Immunoblotting

Whole-cell lysates from the Rat2 or the 293A stable lines
overexpressing full-length or truncated zeocin-tagged moesin
were fractionated by SDS-polyacrylamide gel electrophoresis
(PAGE), transferred to nitrocellulose membrane and probed
with the indicated antisera, anti-Sh-ble (zeocin) (CAYLA, cat no.
ANT-SH), anti-B-actin (Sigma, cat no. A5316) or anti-GAPDH (Santa
Cruz, cat no. SC25778).

Reverse transcriptase assay

To examine virus viability, 293T cells were transiently transfected with
the Moloney proviral DNA (pNCS). Virus was harvested and 10-fold
serial dilutions (10 x , 100 x , 1000 x ) were used to infect naive Rat2
cells or the stably expressing zeocin-tagged full-length or C-terminally
truncated moesin lines. Culture supernatants were collected on
successive days and monitored for virus production by RT assay.

RNA interference

wt or mutant R4-7 cells were transfected with two independent pre-
designed siRNAs (Ambion) or a nonspecific control siRNA duplex
targeted to GFP using Oligofectamine transfection reagent (Invitro-
gen) as described (in Naghavi et al, 2005). Cells were transfected on
two consecutive days with 300 pmol of each of the RNA duplexes
and subsequently seeded, infected with various amounts of
MoMLV-puro or HIV-1-puro and selected as described above. Levels
of endogenous moesin expression in Rat2 cells transfected
with nonspecific (GFP) or moesin-specific siRNA duplexes were
measured by quantitative RT-PCR, as described above.

Quantitative real-time PCR of viral DNA

Target cells were infected with ecotropic MLV-GFP, as described (in
Naghavi et al, 2005). Hirt DNA was isolated at 24 h after infection
according to the standard protocol (Arad, 1998). One microliter of
Hirt DNA was used as template for QRT-PCR using SYBR Green
JumpStart Taq ReadyMix (Sigma). Primers to amplify GFP sequence
(GFP-FP and GFP-RP), the MLV minus-strand strong stop DNA
(MSS-FP and MSS-RP), the plus-strand (PS-FP and PS-RP) viral DNA
and the MLV LTR-LTR junction, (MR5784 and MR4091) (Smith
et al, 1997) have been previously reported (Gao and Goff, 1999).
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Trafficking of transferrin in Rat2 and R4-7 cells

Cells grown on gelatin-coated coverslips were incubated with
0.1 mg/ml human transferrin conjugated to tetramethylrhodamine
(Molecular Probes) at 4°C for 1h. Cells were washed three times
with cold PBS (to remove unbound transferrin), and warm medium
was added and the cells were shifted to 37°C and fixed with 3%
parafolmadehyde at various time points thereafter. For immuno-
fluorescence staining, the cells were permeabilized with 0.1%
Triton X-100 and incubated with an antibody against tubulin
(DM1A, Sigma), followed by an FITC-conjugated antimouse
secondary from Jackson ImmunoResearch Laboratories (West
Grove, PA). Images were taken as described below.

Quantification of transferrin uptake in Rat2, R4-7 and the
moesin-overexpressing lines

Target cells (10° cells/well) were seeded in 24-well plates, and 24 h
later cells were serum-starved for 30 min in growth media contain-
ing 0.1% BSA. Biotin-labeled transferrin 250ng/ml (Molecular
Probes) was added and cultures were incubated on ice for 1h.
Unbound ligand was removed with several quick washes with pre-
warmed serum-free media. Bound transferrin was allowed to
internalize upon incubation in 0.1% BSA-containing medium for
various lengths of time at 37°C (2, 5 and 8min to avoid any
recycling). Non-internalized, membrane-bound transferrin was
removed by a 2min incubation with 0.5M NaCl, 0.2M sodium
acetate buffer, pH 4.5, followed by several wash cycles with the
same solution. Internalized biotinylated transferrin was quantitated
by Western blotting using 0.5 pg/ml NeutraAvidin conjugated to
horseradish peroxidase (Molecular Probes).

Immunofluorescence microscopy

Cells grown on acid-washed coverslips were fixed either in
parafolmadehyde or —20°C methanol for 5-10 min and rehydrated
in TBS. They were stained for 1 h with a rabbit polyclonal antibody
SG (1:400; Gundersen et al, 1984) for stable Glu-MTs and a rat mAb
YL1/2 (1:10; European Collection of Animal Cell Cultures, Salis-
bury, UK) for dynamic Tyr-MTs. Fluorescence labeled secondary
antibodies that were pre-absorbed to eliminate cross-species
reactivity were from Jackson ImmunoResearch Laboratories (West
Grove, PA). All stainings were performed in TBS with 10% normal
goat serum. For fluorescence microscopy, cells were observed with
a Nikon Optiphot microscope and images were captured with a
MicroMax cooled CCD camera (Princeton Instruments) using the
Metamorph software (Universal Imaging).
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Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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