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Inhibition of Retroviral RNA
Production by ZAP, a
CCCH-Type Zinc Finger Protein

Guangxia Gao,"? Xuemin Guo,? Stephen P. Goff'*

Cells have evolved multiple mechanisms to inhibit viral replication. To identify
previously unknown antiviral activities, we screened mammalian complemen-
tary DNA (cDNA) libraries for genes that prevent infection by a genetically
marked retrovirus. Virus-resistant cells were selected from pools of transduced
clones, and an active antiviral cDNA was recovered. The gene encodes a CCCH-
type zinc finger protein designated ZAP. Expression of the gene caused a
profound and specific loss of viral messenger RNAs (mRNAs) from the cyto-
plasm without affecting the levels of nuclear mRNAs. The finding suggests the
existence of a previously unknown machinery for the inhibition of virus rep-
lication, targeting a step in viral gene expression.

Vertebrate cells have evolved many defense
mechanisms to prevent or inhibit viral repli-
cation after an infection (/). A remarkable
array of such antiviral proteins is induced by
interferon (2), including a double-stranded
RNA-dependent protein kinase (PKR) that
phosphorylates eIF-2a and inhibits transla-
tion (3); the Mx proteins, which are
guanosine triphosphatases that block viral
gene expression (4); and oligoA synthetases
(5, 6) that activate ribonuclease (RNase) L to
degrade mRNAs and ribosomal RNAs
(rfRNAs). In some cases, the antiviral state
involves a drastic shutoff of host functions; in
other cases, there is a more selective block of
viral replication or gene expression. Al-
though many parallel pathways have been
uncovered, it is likely that more antiviral
proteins remain to be found (7).

To identify previously unknown antiviral
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proteins, we conducted a directed search for
genes that would block infection by a genet-
ically marked retroviral genome. A library of
expressed cDNAs was constructed in a retro-
viral vector, termed pBabe-HAZ, with sever-
al key features (Fig. 1A). Randomly primed
c¢DNAs from wild-type Rat2 fibroblasts were
inserted into the vector under the control of
the constitutive SV40 early gene promoter,
with a hemagglutinin (HA) epitope tag fused
at their 5’ ends and a Zeocin resistance gene
at the 3’ ends (8). A LoxP sequence, recog-
nized by the Cre recombinase, was inserted
into the U3 region of the 3’ long terminal
repeat (LTR). During reverse transcription of
the vector, this region becomes duplicated,
generating LoxP sites in both LTRs of the

Fig. 1. Schematic rep-
resentation of the
pBabe-HAZ construct.
V¥, MuLV viral RNA
packaging signal; Eco
RiI-Not 1, linker se-
quence containing Eco
Rl and Not | sites;
LoxP, LoxP sequence
for recognition by Cre
recombinase.
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integrated provirus and so allowing efficient
excision of the provirus from the genome by
the Cre recombinase. The complexity of the
library was 2 X 107, with inserts ranging
from 0.2 to 3.5 kb.

A strategy was developed to select and
recover antiviral genes in the library (8) (fig.
S1). Aliquots of the library DNAs were used
to transform 293T cells, along with DNAs
encoding the Moloney MuLV Gag-Pol and
VSV G envelope proteins, producing 20
pools of transducing viruses. These pools
collectively carry most of the expressed
genes of Rat2 cells. The transducing viruses
were used to infect thymidine kinase-nega-
tive (TK-) Rat2 cells, and recipient clones
were selected by culture in zeocin. Thus, each
clone in the pooled cells overexpressed a
single member of the cDNA library.

To identify genes in the pooled cells that
conferred retrovirus resistance, we used a
powerful selection for virus-resistant cells (9)
(fig. S2). The pools of transduced TK- Rat2
cells were challenged by repeated infection
with both ecotropic and amphotropic retrovi-
ruses expressing the TK gene driven by the
viral promoter, so as to transduce as many of
the susceptible cells as possible. Most of the
virus-sensitive cells, having now become
TK-positive, were then killed by growth in
the toxic thymidine analogue trifluorothymi-
dine (TFT), and the rare TK-negative clones
were recovered as candidate virus-resistant
cells. Out of 5 X 10° transduced lines put
through the selection, 200 TFT-resistant
clones were isolated. Retesting showed that
one line, L1D3, was dramatically resistant to

SV40 early
promoter

EcoRI -NotI
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virus transduction. L1D3 cells were 30 times
less sensitive than the parent cells to viruses
carrying a luciferase reporter (an Eco-Luc
VIrus).

To confirm that the cDNA insert in the
L1D3 line was responsible for the resistance,
the cells were transfected with a construct
expressing the Cre recombinase (/0) to in-
duce the excision of the provirus at the LoxP
sites and thereby the loss of the cDNA. Five
stable transfectants were analyzed for resis-
tance to infection by Eco-Luc virus (8) and
for the presence or loss of the cDNA by
polymerase chain reaction (PCR) amplifica-
tion of genomic DNA (Fig. 2A). Those
clones from which the cDNA was excised
were all susceptible to infection, whereas the
clones that retained the cDNA were resistant.
These experiments confirmed that the cDNA
was necessary for the virus resistance of the
L1D3 line.

The cDNA insert in L1D3 was recovered
from the genomic DNA by PCR amplifica-
tion and cloned (8). To confirm that the
c¢DNA was sufficient to induce virus resis-
tance, the ¢cDNA was recloned into the
pBabe-HAZ vector and reintroduced into na-
ive Rat2 cells. Cells expressing the cDNA
were again 30 times more resistant to the
Eco-Luc virus than were the parental cells or
cells carrying the empty vector (Fig. 2B).
Thus, the expression of the cDNA was suffi-
cient to establish viral resistance. To test
whether the gene was only active against
retroviral vectors or was also active against
Moloney MuLV, we compared the kinetics of
replication of wild-type MuLV in cells ex-
pressing the ¢cDNA or the vector. Cells ex-
pressing the cDNA were resistant to virus
replication, with a dramatic reduction in the
level of production of progeny virus (Fig.
2C), although some virus eventually ap-
peared at later times. At a very high multi-
plicity of infection, the resistance could be
overcome, suggesting that the block to virus
replication was not absolute.

The DNA sequence of the insert revealed
a single open reading frame (ORF) of 254
codons fused to the zeocin resistance gene at
its 3" end (Fig. 3A). The insert contained a
long 5’ untranslated region (UTR), and the
ORF was not fused to HA at the 5’ end;
translation of the protein began at an AUG
codon at the start of the ORF. Searches of the
nucleic acid databases revealed two mouse
expressed sequence tag (EST) clones with
highly similar sequences [MEST995 and
mEST896 (Fig. 3B)] differing only at their
extreme 3’ ends, a difference that probably
arose through alternative splicing. Analysis
of the available mouse genomic sequences
identified a single gene encoding these
mRNAs on chromosome 6. The sequence of
mEST995 was used to design PCR primers,
and the full-length sequence of the rat cDNA
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was amplified and cloned (&). The complete
c¢DNA contained 776 codons (deposited in
GenBank, accession number AF521008); the
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Fig. 2. Resistance of NZAP-zeo-expressing
cells to virus infection. (A) Cre recombinase
was stably introduced into L1D3 cells by co-
transformation with pGK-puro. Five puromy-
cin-resistant clones (C1 to C5) were expanded
and tested for resistance to Eco-Luc virus (low-
er panel). Deletion of NZAP-zeo DNA was
monitored by PCR (upper panel). M, marker
DNAs; arrow indicates the position of the PCR-
amplified DNA diagnostic of NZAP-zeo. (B)
The NZAP-zeo fragment was recovered and
reintroduced into naive Rat2 cells and tested
for resistance to Eco-Luc virus. Rat2, wild-type
Rat2 cells; L1D3, L1D3 cells isolated from the
screening; Rat2-HAZ, RatZ cells expressing
pBabe-HAZ vector; Rat2-NZAP-zeo, Rat2 cells
expressing recovered pBabe-NZAP-zeo. (C)

Cells were infected with wild-type MuLV at low multiplicity. The culture supernatants were
harvested 2, 4, 6, 8, and 10 days after infection and were analyzed for reverse transcriptase (RT)
activity to measure the spread of the virus. RT signals were quantitated by Phosphoimager and

plotted.

Fig. 3. (A} Schematic rep-
resentation of the cDNA
fragment recovered from
L1D3 cells. ATG, start
codon; TAG, stop codon
in 5" UTR; NZAP-zeo, ORF B
of NZAP-Zeo fusion. (B) A
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quence of mEST995 was —
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PCR amplify full-length
rZAP from a RatZ2 cDNA
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acid sequences are com-
pared. The four CCCH fin-
ger motifs are indicated
by black boxes, and the sequences of the motifs
in rZAP are shown. (C) Northern blot of tissue
mRNAs of rat, probed with rZAP cDNA.
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protein and of the similar mouse proteins
contained a cluster of four potential, unusual,
CCCH-type zinc fingers, previously found in
only a few RNA binding proteins (Fig. 3B).
Other than the conserved residues of the fin-
gers, there was little sequence similarity to
known proteins. The gene was named rZ4P,
for rat Zinc-finger Antiviral Protein, and the
initial antiviral NH,-terminal fusion construct
was named NZAP-zeo.

To survey the expression of rZAP, we
performed Northern blot analyses (Fig.
3C). The ZAP mRNA was present at high
levels in the kidney and liver but was un-
detectable in the brain and testes. Two
mRNAs (3.5 and 4.5 kb) were observed in
most tissues, possibly corresponding to the
two alternatively spliced mouse mRNAs in
the database. Analysis of RNA from Rat2
cells revealed that rZAP mRNA was
present at undetectably low levels (/1),
consistent with the high susceptibility of
these cells to infection.

The resistance to virus transduction
could potentially target many stages of in-
fection. To determine the step in the retro-
virus life cycle that was blocked, Rat2 cells
expressing NZAP-zeo or the vector control
were acutely infected with Eco-Luc virus,

Rat2-HA-Zeo

Rat2-NZAP-Zeo

C ['otal Nuclear Cyto
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and the synthesis of viral DNA was exam-
ined by PCR. Comparable levels of minus-
strand strong-stop DNA were synthesized
in both lines, suggesting that entry and
initiation of reverse transcription were not
inhibited (Fig. 4A). Similar experiments
showed no defects in plus-strand DNA syn-
thesis (/1). To test for nuclear entry of the
viral DNA, cells were infected with the
vector Eco—green fluorescent protein (Eco-
GFP), and circular viral DNAs were ana-
lyzed by PCR amplification of the LTR-
LTR junction. Comparable levels of the
circular forms were detected (Fig. 4A),
suggesting no block to nuclear entry. To
test for defects in viral gene expression, the
retroviral Luc reporter DNA genome was
introduced into cells by lipid-mediated
transformation, bypassing the early stages
of infection. The cells expressing NZAP-
zeo expressed 30 times less luceriferase
than the controls, which was the same de-
crease seen after gene transfer by retroviral
infection (Fig. 4B), suggesting that NZAP-
zeo does not affect early events but rather
inhibits retroviral gene expression. Expres-
sion of several control reporter genes lack-
ing viral sequences was only reduced two-
to threefold in the NZAP-zeo line (Fig.

B
40

4B), suggesting that MuLV genomes are
specifically targeted by rZAP.

To examine the mechanism of the block
of virus gene expression further, we mea-
sured viral mRNA levels in cells expressing
NZAP-zeo or the empty vector. After in-
fection with Eco-Luc virus, total cellular
RNAs and fractionated nuclear and cyto-
plasmic RNAs (8) were examined for lucif-
erase sequences by Northern blot (Fig. 4C).
The whole-cell RNA preparations showed a
modest reduction in the level of viral RNA
in the NZAP-zeo cells as compared to the
controls. The levels of the viral RNA in the
nuclear fraction were virtually identical in
the NZAP-zeo and control lines, suggesting
that transcription initiation and elongation
were not affected. The cytoplasmic viral
RNA, however, was almost completely
abolished in the NZAP-zeo cells, whereas
high levels were found in the controls.
Quantitation of longer exposures indicated
that there was 30 times less cytoplasmic
viral RNA in the NZAP-zeo cells than in
the controls (Fig. 4C). The levels of rRNA,
the housekeeping mRNA glyceraldehyde
phosphate dehydrogenase (GAPDH) (Fig.
4C), and actin mRNA (72) were all unaf-
fected. These results suggest that the

Fig. 4. Analysis of the block of
virus infection. (A) Cells were
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infected with Eco-Luc (upper
panel) or Eco-GFP virus (lower
panel) at various dilutions. Vi-
ral DNA was extracted 24
hours after infection and de-
tected by PCR using primers
that amplify minus-strand
strong-stop DNA or LTR-LTR
circular junctions. (B) Cells
were transiently transfected
with DNA of the MulV viral
vector expressing luciferase
{MLV-Luc) or with control vec-
tors  expressing luciferase
(CMV-Luc and pGL3-Luc). After 48 hours, cells
were lysed and luciferase activity was mea-
sured. (C) Cells were infected with undiluted
Eco-Luc virus, and 48 hours later, total RNAs,
nuclear RNAs, and cytoplasmic RNAs were
isolated. The Eco-Luc RNAs were detected by
Northern blot (top panel). The same mem-
brane was stripped and reprobed with 32p-
labeled GAPDH DNA (middle panel). RNA lev-
els were quantitated by Phosphoimager and
plotted. RNAs in the gel were stained with
ethidium bromide before transfer (bottom
panel). E, Rat2-empty vector control cells; Z,
Rat2-NZAP-zeo cells. (D) Rat2 cells stably ex-
pressing the vector (black bars) or NZAP-zeo
(gray bars) were transiently transfected with

pGL3-Luc

vector DNA or with a plasmid expressing the full-length ZAP (pZAP-myc) or a plasmid expressing
a fragment (NZAP-myc), along with MuLV-Luc DNA. After 48 hours, lysates were assayed for

luciferase.
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NZAP-zeo protein specifically eliminated
the cytoplasmic fraction of the viral RNA,
with no effect on other cellular mRNAs.

The antiviral construct as originally iso-
lated contained only the 5’ one-third of the
rZAP coding region, fused to the zeocin re-
sistance gene. To test the function of the
full-length protein, the complete ZAP ORF
was cloned into an expression plasmid and
tagged with a myc epitope at the carboxy
terminus, forming pZAP-myc. pZAP-myc
was used to transform Rat2 cells, and the
effects on Eco-Luc transduction were mea-
sured as before. The full-length protein in-
duced a dramatic inhibition of viral vector
expression (Fig. 4D). The inhibition was even
greater when rZAP and NZAP-zeo were ex-
pressed together. These results suggest that
the full-length rZAP also acts to negatively
regulate viral transcripts.

We tested other constructs to look for
forms of ZAP that interfere with the antiviral
activity of the wild-type protein. The 5’ por-
tion of the gene present in NZAP-zeo was
excised from the pBabe-HAZ vector and
expressed with a small myc epitope tag sub-
stituted for the zeo fusion partner (8). Sur-
prisingly, the NZAP-myc fusion protein re-
producibly caused a small increase, rather
than a decrease, in the level of luciferase
detected after cotransfection with Eco-Luc
viral DNA (Fig. 4D). Moreover, this con-
struct almost completely suppressed the inhi-
bition in cells containing NZAP-zeo, restor-
ing normal luciferase expression. Thus, this
fragment antagonized the normal rZAP activ-
ity. This distinct and opposite behavior of
NZAP-myc from NZAP-zeo presumably re-
flects differences in the size or structure of
the fusion partners in these two constructs.

These results show that direct selections for
virus-resistant cells (9) can be used to identify
new genes with potent antiviral activity. The
gene recovered here, rZAP, is sufficient to in-
duce an antiviral state with no apparent effect
on cell viability or physiology. ZAP profoundly
inhibits the expression of genes carried by ret-
roviral vectors, at the level of the cytoplasmic
viral RNA. The presence of four unusual
CCCH-type zinc fingers suggests that ZAP in-
teracts directly with the viral RNA. These fin-
gers are found in a small family of RNA bind-
ing proteins that includes tristetraprolin (TTP),
which negatively regulates the levels of tumor
necrosis factor-o (TNF-a) (/3), and granulo-
cyte-macrophage colony-stimulating factor
mRNAs (/4). TTP binds AU-rich sequences in
the 3’ UTR of the TNF-a mRNA (13, 15) and
recruits the exosome to degrade the mRNA
(16). r”ZAP may act in a similar way at sequenc-
es found in viral RNAs.

The normal function of rZAP may be to
regulate one or more specific cellular
mRNAs. However, like PKR, RNase L, and
the Mx proteins, rZAP may primarily func-
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tion to inhibit viral gene expression and
induce an innate immunity to viral infec-
tion. The full range of viruses restricted by
rZAP is not yet known; however, IZAP
potently blocks replication of Sindbis virus
in Rat2 cells (/7). Activation of expression
of the endogenous gene could help induce
immunity and protect individuals from dis-
ease caused by viral infections.
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The principles that the auditory cortex uses to decipher a stream of acoustic
information have remained elusive. Neural responses in the animal auditory
cortex can be broadly classified into transient and sustained activity. We
examined the existence of similar principles in the human brain. Sound-evoked,
blood oxygen level-dependent signal response was decomposed temporally
into independent transient and sustained constituents, which predominated in
different portions—core and belt—of the auditory cortex. Converging with unit
recordings, our data suggest that this spatiotemporal pattern in the auditory
cortex may represent a fundamental principle of analyzing sound information.

One of the basic operations that the auditory
system performs to decode acoustic information
is the temporal analysis of sound features and
their decomposition into specific neural dis-
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charge patterns. The importance of temporal
analysis in audition is evident considering that
the sensory stream emerges mainly in series
over time. Decomposition and integration in the
time domain are used for the qualitative and
quantitative perceptual analysis of sound infor-
mation (/, 2), and neural mechanisms specifi-
cally dealing with temporal pattern analysis are
essential for the processing of complex auditory
signals. In animals, neurons of the auditory cor-
tex can be broadly classified into transient and
sustained responders. Transient responses typi-
cally occur at the onset of a stimulus, whereas
sustained responses follow the stimulus (3-9).
In the human auditory cortex, the spatiotempo-
ral principles of encoding sound information are
not yet fully understood. Magnetoencephalogra-
phy demonstrated transient and steady-state re-
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