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Latency-Associated Nuclear Antigen E3 Ubiquitin Ligase Activity
Impacts Gammaherpesvirus-Driven Germinal Center B Cell
Proliferation

So�a A. Cerqueira,a Min Tan,b Shijun Li,b Franceline Juillard,b Colin E. McVey,c Kenneth M. Kaye,b J. Pedro Simasa

Instituto de Medicina Molecular, Faculdade de Medicina, Universidade de Lisboa, Lisbon, Portugala; Departments of Medicine, Brigham and Women’s Hospital and
Harvard Medical School, Boston, Massachusetts, USAb; Instituto de Tecnologia Química e Biológica, Universidade Nova de Lisboa, Oeiras, Portugalc

ABSTRACT
Viruses have evolved mechanisms to hijack components of cellular E3 ubiquitin ligases, thus modulating the ubiquitination
pathway. However, the biological relevance of such mechanisms for viral pathogenesis in vivo remains largely unknown. Here,
we utilized murid herpesvirus 4 (MuHV-4) infection of mice as a model system to address the role of MuHV-4 latency-associated
nuclear antigen (mLANA) E3 ligase activity in gammaherpesvirus latent infection. We show that specific mutations in the
mLANA SOCS box (V199A, V199A/L202A, or P203A/P206A) disrupted mLANA’s ability to recruit Elongin C and Cullin 5,
thereby impairing the formation of the Elongin BC/Cullin 5/SOCS (EC5SmLANA) complex and mLANA’s E3 ligase activity on host
NF-�B and Myc. Although these mutations resulted in considerably reduced mLANA binding to viral terminal repeat DNA as
assessed by electrophoretic mobility shift assay (EMSA), the mutations did not disrupt mLANA’s ability to mediate episome per-
sistence. In vivo, MuHV-4 recombinant viruses bearing these mLANA SOCS box mutations exhibited a deficit in latency amplifi-
cation in germinal center (GC) B cells. These findings demonstrate that the E3 ligase activity of mLANA contributes to gamma-
herpesvirus-driven GC B cell proliferation. Hence, pharmacological inhibition of viral E3 ligase activity through targeting SOCS
box motifs is a putative strategy to control gammaherpesvirus-driven lymphoproliferation and associated disease.

IMPORTANCE
The gammaherpesviruses Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV) cause lifelong persis-
tent infection and play causative roles in several human malignancies. Colonization of B cells is crucial for virus persistence, and
access to the B cell compartment is gained by virus-driven proliferation in germinal center (GC) B cells. Infection of B cells is
predominantly latent, with the viral genome persisting as a multicopy episome and expressing only a small subset of viral genes.
Here, we focused on latency-associated nuclear antigen (mLANA) encoded by murid herpesvirus-4 (MuHV-4), which exhibits
homology in sequence, structure, and function to KSHV LANA (kLANA), thereby allowing the study of LANA-mediated patho-
genesis in mice. Our experiments show that mLANA’s E3 ubiquitin ligase activity is necessary for efficient expansion of latency
in GC B cells, suggesting that the development of pharmacological inhibitors of LANA E3 ubiquitin ligase activity may allow
strategies to interfere with gammaherpesvirus-driven lymphoproliferation and associated disease.

As obligatory intracellular parasites, viruses have evolved
mechanisms to modulate ubiquitination, which is an essen-

tial regulatory mechanism in eukaryotes, controlling a wide range
of cellular pathways. Ubiquitination occurs through a three-
enzyme cascade involving an E1 ubiquitin-activating enzyme,
an E2 ubiquitin-conjugating enzyme, and an E3 ubiquitin li-
gase enzyme (1). E3 ligases bind to the E2-ubiquitin interme-
diate and the substrate, catalyzing the transfer of ubiquitin to
the substrate target lysine. Many E3 ligases have been de-
scribed, such as Cullin 5-RING E3 ligases (CRL5), also known
as Elongin BC/Cullin 5/SOCS (EC5S) E3 ligases. They are multi-
subunit complexes containing a scaffold protein (Cullin 5) at-
tached to a RING finger protein (Rbx) (Cullin 5-Rbx module), an
adaptor heterodimer (Elongin B/C), and a substrate recognition
protein (suppressor of cytokine signaling [SOCS] box protein).
The last component bridges the substrate of ubiquitination and
the E3 ligase complex by interacting with Elongin B/C and Cullin
5 through a SOCS box motif (2–4).

Certain viruses encode proteins with SOCS box motifs to hi-
jack the components of cellular E3 ligases, thus modulating the
ubiquitination pathway. Examples are latency-associated nuclear

antigen (LANA) of Kaposi’s sarcoma-associated herpesvirus
(KSHV) (5, 6) and murid herpesvirus 4 (MuHV-4) (7, 8)
(mLANA and kLANA, respectively), BZLF1 of Epstein-Barr virus
(EBV) (9), Vif of human immunodeficiency virus type 1 (HIV-1)
(10–12), and E4orf6/E1B55K of adenovirus (13). Several studies
have shown that these viral proteins target multiple cellular sub-
strates for polyubiquitination. However, determining the rele-
vance of a viral protein acting as a SOCS protein and exhibiting E3
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ligase activity within the physiological context of viral pathogen-
esis in vivo remains a challenge.

In addition to exerting E3 ligase activity, gammaherpesvirus
LANA proteins assume a critical role for virus persistence and,
hence, associated pathologies. Gammaherpesviruses infect a vari-
ety of mammalian species, and persistent infection is associated
with lymphoproliferative disease and several types of tumors (14).
These viruses induce proliferation of latently infected B cells in
germinal center (GC) reactions to expand latency and to gain
access to memory B cells, the major reservoir of gammaherpesvi-
rus latency (15–17). Maintenance of genomic viral DNA as a mul-
ticopy, circularized, extrachromosomal episome in proliferating
GC B cells is mediated by LANA proteins (18). LANA achieves this
by promoting viral DNA replication through binding to terminal
repeat (TR) DNA sequences and recruiting the cellular DNA poly-
merase clamp loader (19). Simultaneous binding of viral genomes
and chromosomes ensures segregation of newly replicated epi-
somes to daughter nuclei (20–22). Therefore, blocking LANA
functions is likely to interfere with the ability of gammaherpesvi-
ruses to drive lymphoproliferation, establish persistent infection,
and incite disease.

In this study, we utilized MuHV-4 infection of mice as a model
(14) to study the impact of LANA E3 ligase activity on virus-
driven GC B cell proliferation. mLANA exhibits homology in se-
quence, structure, and function to kLANA, thus providing an ex-
cellent model for the study of LANA pathogenesis in the mouse
(22–25). mLANA assembles an E3 ligase complex (EC5SmLANA) by
recruiting Elongin B/C and Cullin 5 through an unconventional
SOCS box motif (amino acid residues 199 to 206) present in the
mLANA C-terminal domain (7). mLANA also acts as the substrate
recognition component of the EC5SmLANA complex, interacting
with cellular substrates through motifs independent of the SOCS
box, as yet unidentified (7, 8). Two cellular targets of mLANA E3
ligase activity are known: NF-�B and Myc. mLANA mediates
polyubiquitination-dependent proteasomal degradation of the
NF-�B family member p65, thus inhibiting NF-�B transcriptional
activity (7). In contrast, mLANA stabilizes Myc through hetero-
typic polyubiquitination, increasing Myc transcriptional activity
and promoting virus-driven lymphoproliferation (8). A parallel
exists with kLANA, as that protein has also been shown to mediate
degradative ubiquitination of NF-�B (6). Interestingly, evolution-
ary differences exist, since kLANA also targets Myc, leading to its
increased stability, but in contrast to mLANA, not through E3
ligase activity on Myc but indirectly via interaction with glycogen
synthase kinase 3 (GSK-3) (26, 27).

To directly address the contribution of mLANA E3 ligase
activity to virus-driven GC B cell proliferation, we generated
MuHV-4 recombinant viruses bearing mutations in the mLANA
SOCS box that impaired E3 ligase activity without compromising
the episome maintenance function, using structure-based (24)
design. Our results provide evidence that the E3 ligase activity of
the mLANA protein impacts gammaherpesvirus latency expan-
sion in GC B cells. This study is novel in assessing the role of an E3
ubiquitin ligase complex assembly by a gammaherpesvirus pro-
tein in the context of latency in vivo.

MATERIALS AND METHODS
Ethics statement. This study was carried out in strict accordance with the
recommendations of the Portuguese official veterinary directorate (Por-
taria 1005/92). The Portuguese Experiments on Animal Act strictly com-

plies with European Directive 2010/63/EU and follows the Federation of
European Laboratory Animal Science Associations (FELASA) guidelines
on laboratory animal welfare. Animal experiments were approved by the
Portuguese official veterinary department for welfare licensing (protocol
AEC_2010_017_PS_Rdt_General) and by the Instituto de Medicina
Molecular (IMM) Animal Ethics Committee (protocol AEC_2010_
17_PSimas_Rdt_General).

Plasmids. pRepCK-mLANAF-m4TR (mLANA-4TR) was previously
described (22). To introduce SOCS box mutations into mLANA-4TR, the
region within mLANA between the PciI and HindIII restriction enzyme
sites was PCR amplified using forward primers, each of which contained
the relevant mutation (capitalized and underlined in the following
sequences; the PciI [capital letters] restriction sites are indicated). The
forward primers for each mutation were as follows: V199A, gcaaACAT
GTactctcaacaccaGCTagctg; L202A, gcaaACATGTactctcaacaccagttagctgt
GCAcccttg; P203A, gcaaACATGTactctcaacaccagttagctgtttaGCCttggtac;
P206A, gcaaACATGTactctcaacaccagttagctgtttacccttggtaGCAggc; V199A/
L202A, gcaaACATGTactctcaacaccaGCTagctgtGCAcccttg; P203A/P206A,
gcaaACATGTactctcaacaccagttagctgtttaGCCttggtaGCAggc; and SOCS,
gcaaACATGTactctcaacaccaGCTagctgtGCAGCCttggtaGCAggc. The se-
quence of the reverse primer used for all amplifications was ccagAAGCT
Tgtgtacttgtggatggctgctcggggtctgtag. The HindIII (capitalized and in ital-
ics) restriction site is indicated. The purified PCR products were digested
with PciI and HindIII and inserted into PciI- and HindIII-digested
mLANA-4TR to generate the final mutated constructs. Mutations were
cloned into pBS-myc-LANA-C3F (24) using the QuikChange II XL
site-directed mutagenesis kit (Agilent Technologies) according to the
manufacturer’s instructions. All the constructs were confirmed by se-
quencing. pCMV-Myc plasmids encoding wild-type (WT) mLANA and
an mLANA-SOCS mutant were described previously (7). pCMV-Myc
constructs encoding mLANAV199A, mLANAL202A, mLANAV199A/L202A,
mLANAP203A, mLANAP206A and mLANAP203A/P206A were generated by
site-directed mutagenesis, using a QuikChange II XL site-directed mu-
tagenesis kit (Agilent Technologies) according to the manufacturer’s in-
structions. All the constructs were verified by DNA sequencing. The
pCMV-Myc plasmid, encoding p65, and the pC45 (�B-Luc) plasmid,
which contains three copies of �B consensus sequence regulating the ex-
pression of firefly luciferase, were described previously (28, 29). The
pMyc-TA-Luc vector, containing six tandem copies of the E box consen-
sus sequence driving the expression of firefly luciferase, was purchased
from Clontech. The Renilla expression plasmid was kindly provided by
Xosé R. Bustelo. The pCMV-HA plasmid encoding Myc was described
previously (8). Histidine-tagged ubiquitin, Flag-tagged Elongin C, and
Myc-tagged Cullin 5 plasmids were provided by D. Bohmann, E. Burstein,
and X. F. Yu, respectively.

Immunological reagents. mLANA monoclonal antibody and mLANA
polyclonal antiserum were described previously (7, 8). Anti-p65 (F-6)
monoclonal antibody and anti-c-Myc (N-262), anti-EloC (R-20), and
anti-Cul5 (H-300) polyclonal antibodies were purchased from Santa Cruz
Biotechnology. Monoclonal antibodies directed to c-Myc (9E10) and
FLAG (M2) epitope tags were from Clontech and Sigma, respectively.
Horseradish peroxidase (HRP)-conjugated secondary antibodies were
from Jackson ImmunoResearch, GE Healthcare, and Southern Biotech.

Tissue culture and DNA transfection. HEK 293T, NIH 3T3-CRE
(30), 3T3-ORF50 (31), and MEF-1 cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal bovine se-
rum, 2 mM glutamine, and 100 U/ml penicillin-streptomycin. BHK-21
cells were grown in Glasgow’s modified Eagle’s medium (GMEM) supple-
mented as described above plus 10% tryptose phosphate broth. HEK 293T
cells were transiently transfected with X-tremeGene HP DNA transfection
reagent (Roche) according to the manufacturer’s instructions. In all trans-
fections, an empty vector was used to normalize the total amount of plas-
mid DNA.

EMSAs. mLANA-WT (wild type) or mLANA SOCS box mutants were
in vitro translated, using TNT-coupled reticulocyte systems (Promega
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L4610), from pBS-Myc-mLANAc3F or pBS-Myc-mLANAc3F containing
each SOCS box mutation. In vitro mLANA protein expression was con-
firmed by Western blotting using monoclonal anti-FLAG (M2), followed
by HRP-conjugated goat anti-mouse secondary antibody. mLBS1 or
mLBS1-2 32P-radiolabeled probe was prepared as previously described
(24). The probe was incubated with 10 �l of in vitro-translated mLANA or
mLANA mutant or reticulocyte lysate control in electrophoretic mobility
shift assay (EMSA) buffer [20 mM Tris-HCl, pH 7.5, 50 mM KCl, 10 mM
MgCl2, 1 mM EDTA, 20 �g/ml poly(dI-dC) (Amersham Bioscience; 27-
7880-02), 0.1 mM dithiothreitol (DTT), and 10% glycerol] for 30 min at
4°C. Fiftyfold excess unlabeled mLBS1 or 50� excess unlabeled mLBS1-2
was included in incubation mixtures for competition experiments. For
supershift assays, 1 �g of anti-FLAG monoclonal antibody was included
in the incubation mixture. Loading buffer (95% formamide, 10 mM
EDTA, 0.1% xylene cyanol, and 0.1% bromophenol blue) was added to
incubation mixtures, followed by loading into a 3.5%/8% nondenaturing
Tris-borate-EDTA (TBE)-polyacrylamide gel. Electrophoresis was per-
formed in TBE buffer for 1 h at 300 V; the gel was dried on Whatman
paper and exposed to Kodak Biomax MS film (Kodak; 829 4985).

Episome maintenance assays. Two micrograms of mLANA-4TR or
mLANA-4TR containing SOCS box mutations was transfected into
mouse embryonic fibroblasts (MEFs) (at �75% confluence) in 6-cm
dishes, using Effectene transfection reagent (Qiagen) according to the
manufacturer’s instructions. Two days posttransfection, the cells were
trypsinized, counted, and seeded at 1 � 105 cells in a 15-cm dish. The next
day, the cells were rinsed with phosphate-buffered saline (PBS), and fresh
medium containing G418 (1 mg/ml; Gemini) was added. G418-resistant
clones were picked and transferred to 12-well plates for expansion.

Gardella gel analysis (32) was performed on the G418-resistant clones.
Cells (1 � 106 to 2 � 106) were loaded into gel wells composed of agarose
containing DNase-free protease (Sigma) and sodium dodecyl sulfate
(SDS). In situ lysis of cells occurs as electrophoresis begins in TBE buffer.
After the gel run, DNA was transferred to a nylon membrane and detected
with a 32P-labeled MuHV-4 TR (mTR) probe. mTR DNA was generated
from pRepCK-m4TR (22) after NotI digestion.

Immunofluorescence microscopy. MEFs were grown in 6-well dishes
to �75% confluence and then incubated overnight in 1 �g/ml of Colce-
mid (Calbiochem) to induce arrest in metaphase. The cells were then
swollen in hypotonic buffer (1% sodium citrate, 10 mM CaCl2, 10 mM
MgCl2) for 20 min, spread onto slides by cytospinning (Thermoshandon),
fixed for 10 min in 4% paraformaldehyde (Polysciences) in PBS, and
permeabilized for 5 min using 0.5% Triton X-100 in PBS. The slides were
incubated with M2 anti-FLAG monoclonal antibody (Sigma) at 1:1,000
dilution, followed by incubation with secondary anti-mouse–Alexa Fluor
488 (Molecular Probes). Counterstaining was performed with propidium
iodide (Molecular Probes; 1 �g/ml) to detect DNA. Coverslips were ap-
plied using Aqua-Poly mounting reagent (Polysciences). Microscopy was
performed using a Zeiss Axioskop microscope, PCM2000 hardware, and
C imaging software (Compix, Inc.).

Reporter gene assays. For NF-�B reporter gene assays, HEK 293T cells
were transiently transfected with 150 ng of reporter plasmid (pC45) and 1
�g of plasmid encoding mLANA (WT or mutants). A Renilla luciferase
expression plasmid (20 ng) was used to normalize luciferase activity. After
48 h in culture, the cells were left unstimulated or stimulated with tumor
necrosis factor alpha (TNF-�) (50 ng/ml) for 7 h. The cells were washed in
PBS and lysed in 200 �l of passive lysis buffer (Promega). Firefly luciferase
and Renilla luciferase activities were assayed using the Dual-Luciferase
Reporter Assay System (Promega). Light emission in each sample was
quantified in a luminometer. The results are shown as fold induction
relative to luciferase activity measured in unstimulated cells. Myc reporter
gene assays were performed essentially as described previously (8). Briefly,
HEK 293T cells were transiently transfected with 500 ng of reporter plas-
mid (pMyc-TA-Luc) and 1 �g of plasmid encoding mLANA (WT or
mutants). A Renilla luciferase expression plasmid (20 ng) was used to
normalize luciferase activity. After 48 h in culture, the cells were washed in

PBS and lysed in 200 �l of passive lysis buffer (Promega). The results are
shown as fold induction relative to the luciferase activity measured in cells
not expressing mLANA.

Polyubiquitination assays. The levels of ubiquitinated p65 or Myc
were determined by pulldown using Ni-nitrilotriacetic acid (NTA) aga-
rose beads (Qiagen) essentially as described previously (7, 8). Briefly, HEK
293T cells were transiently transfected with expression plasmids encoding
p65 (2 �g) or Myc (2 �g), mLANA (WT or mutants; 2 �g), and His6-
ubiquitin (4 �g). After 48 h in culture, the cells were lysed in urea buffer
containing 8 M urea, 50 mM Tris-HCl (pH 7.5), 300 mM NaCl, 1% Triton
X-100, 10 mM imidazole, 1 mM Na3VO4, and a cocktail of protease in-
hibitors (Complete; Roche). The cleared lysates were incubated with
Ni-NTA beads for 2 h at 4°C. After incubation, the beads were washed
three times with urea buffer. Proteins were eluted and denatured by boil-
ing in Laemmli’s buffer and analyzed by Western blotting.

Immunoprecipitations. HEK 293T cells were transiently transfected
with expression plasmids encoding Elongin C (2 �g) or Cullin 5 (4 �g)
and mLANA (WT or mutants; 2 �g). After 48 h in culture, the cells were
disrupted in ice-cold lysis buffer containing 10 mM Tris-HCl (pH 7.5),
150 mM NaCl, 1% Triton X-100, 1 mM NaF, 100 �M Na3VO4, and a
cocktail of protease inhibitors (Complete; Roche) and processed for im-
munoprecipitation essentially as described previously (33).

Generation of recombinant MuHV-4. Recombinant MuHV-4
was independently generated by mutagenesis of the viral genome
cloned as a bacterial artificial chromosome (BAC) (34). pCMV-Myc
constructs encoding mLANAP203A, mLANAV199A, mLANAP203A/P206A,
and mLANAV199A/L202A were digested with HindIII and PciI to isolate
the fragment harboring the desired mutations, which was inserted into
the BamHI-G genomic clone. Recombinant BamHI-G mutant fragments
were subcloned into the BamHI site of a pST76K-SR shuttle plasmid and
transformed into Escherichia coli DH10B containing wild-type MuHV-4
BAC (pHA3). Following a multistep selection procedure, recombinant
BAC clones were identified by DNA sequencing, and the integrity of
each BAC was confirmed by restriction digestion with BamHI and EcoRI.
All viruses were reconstituted by transfection of BAC DNA into BHK-21
cells using X-tremeGene HP DNA transfection reagent (Roche). The
loxP-flanked BAC cassette was removed by viral passage through NIH
3T3-CRE cells and limiting dilution to obtain green fluorescent protein
(GFP)-negative viruses. The stability of the introduced mutations was
confirmed by viral-DNA sequencing across the ORF73 gene using viruses
recovered from infected mice.

Analysis of recombinant MuHV-4. BALB/c mice (Charles River Lab-
oratories) 6 to 8 weeks of age were intranasally inoculated with 104 PFU of
recombinant MuHV-4 in 20 �l of PBS under isoflurane anesthesia. At 14
days postinfection (dpi), the spleens were removed and processed for
subsequent analysis. The titers of infectious viruses were determined by
suspension assays of freeze-thawed spleen homogenates using BHK-21
cells. Latent viruses were titrated by ex vivo coculture of splenocytes with
BHK-21 cells. The plates were incubated for 5 days and then fixed with 4%
formaldehyde and stained with toluidine blue. Viral plaques were counted
with a plate microscope combined with real-time PCR, as reported pre-
viously (35, 36). Total splenocyte suspensions were prepared from pools
of three or four spleens per group. GC B cell (CD19� CD95hi GL7hi)
populations were purified from pools of three or four spleens using a BD
FACSAria Flow Cytometer (BD Biosciences). The purity of the sorted
populations was always �99%, as analyzed by flow cytometry. In situ
hybridization with a digoxigenin-labeled riboprobe encompassing
MuHV-4 viral tRNAs (vtRNAs) 1 to 4 and microRNAs (miRNAs) 1 to 6
was performed on formalin-fixed, paraffin-embedded spleen sections
(37), using probes generated by T7 transcription of pEH1.4.

Generation of MuHV-4 open reading frame 50 (ORF50)-deficient
viruses. ORF50-deficient (MuHV-4 M3 Luc/ORF50	 enhanced GFP
[eGFP]) recombinant MuHV-4 was independently generated by mu-
tagenesis of the viral genome cloned as a BAC (34). pST76K-SR shuttle
plasmids encoding mLANA-SOCS (7) or mLANAV199A/L202A (described
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above) were transformed into E. coli DH10B containing the MuHV-4 M3
Luc/ORF50	 eGFP BAC (31). Following a multistep selection procedure,
recombinant BAC clones encoding mLANA-SOCS or mLANAV199A/L202A
were identified by DNA sequencing, and the integrity of each BAC was
confirmed by restriction digestion with BamHI and EcoRI. The BAC of
MuHV-4 ORF50-deficient virus encoding mLANA-WT was extracted
from E. coli DH10B containing the MuHV-4 M3 Luc/ORF50	 eGFP BAC
(31). All the viruses were reconstituted by transfection of BAC DNA into
3T3-ORF50 cells (31) using X-tremeGene HP DNA transfection reagent
(Roche) and treating the cells with doxycycline (1 �g/ml).

Episome maintenance assays of ORF50-deficient MuHV-4. MEF-1
cells were infected with ORF50-deficient viruses at a multiplicity of infec-
tion (MOI) of 3 PFU per cell in 10-cm dishes at about 80% confluence.
Two days after infection, the cells were trypsinized, counted, and seeded at
2 � 104 or 2 � 105 cells in a 10-cm dish. On the next day, fresh medium
containing mycophenolic acid (MPA) (25 �M) and xanthine (25 �M)
was added. Resistant clones were picked, and after expansion under con-
tinued drug selection, their content in viral genomes was analyzed in
Gardella gels as described above.

RESULTS
Extensive mutation of the mLANA SOCS box abolishes DNA
binding and episome persistence. We have previously shown that
the mLANA-SOCS mutant, with mutations at the base of the

2-
3 loop (199VSCLPLVP206; the underlined residues were mu-
tated to alanine), fails to bind Elongin C, resulting in disruption of
mLANA E3 ligase activity (7). A recombinant MuHV-4 contain-
ing these mutations (vSOCS) exhibits a severe latency deficit and
is unable to expand in GC B cells or persist in mice. Subsequent to
the publication of that work, mLANA was demonstrated to bind
mTR DNA to mediate MuHV-4 episome maintenance (22), and
the structure of the mLANA DNA binding domain (DBD) was
solved (24, 25). Notably, the structure revealed that the mLANA
SOCS box lies within a loop (the 
2-
3 loop; residues 199 to 215)
that protrudes perpendicular to the DNA binding interface (24)
(Fig. 1A), raising the possibility that the four mLANA-SOCS mu-
tations (V199A, L202A, P203A, and P206A) (7) might interfere
with mLANA DNA binding. Therefore, we assessed the mLANA-
SOCS mutant for the ability to bind mTR DNA.

We used EMSAs to assess mLANA DNA binding. Each mTR
contains two adjacent DNA binding sites—mLBS1, a high-affinity
site, and mLBS2, a low-affinity site—to which mLANA coopera-
tively binds. As expected, after incubation with the mLBS1 or
mLBS1-2 probe, in vitro-translated mLANA generated shifted
complexes that were absent in the control reticulocyte lysate. LBS1
formed a single complex with mLANA (Fig. 1B), while LBS1-2
formed two complexes (Fig. 1C). The faster-migrating mLBS1-2
“lower” band (Fig. 1C, L) is due to occupation of only the LBS1
site, while the slower-migrating “upper” band (Fig. 1C, U), de-
tected in mLANA mLBS1-2 (but not mLBS1) incubations, is due
to mLANA occupation of both LBS1 and LBS2 binding sites. The
LBS1 and LBS1-2 complexes were effectively competed with ex-
cess, unlabeled competitor mLBS1 and were supershifted with an-
ti-FLAG antibody, which binds to the C-terminal mLANA epitope
tag (Fig. 1B and C). In contrast, mLANA-SOCS did not form a
shifted complex with mLBS1 or mLBS1-2 probe, consistent with
loss of the ability to bind mTR DNA (Fig. 1B and C). The absence
of DNA binding was not due to insufficient mLANA-SOCS
protein, as mLANA-SOCS was expressed at a level similar to that
of mLANA (Fig. 1D). Since mLANA DNA binding is required for
the episome maintenance function, this result suggested that
mLANA-SOCS may be deficient for episome maintenance.

Therefore, we assessed mLANA-SOCS for the ability to me-
diate episome persistence. mLANA-SOCS-m4TR contains
mLANA-SOCS and four mTR elements. mLANA acts on the
mTR elements to mediate episome persistence. MEFs were
seeded in tissue culture dishes and transfected with mLANA-
m4TR, mLANA-SOCS-m4TR, or m4TR. The transfected cells
were placed under G418 selection, resistance to which is encoded
by the plasmid vector. More than 100 G418-resistant colonies
grew out in the mLANA-m4TR dish, and 11 of these were inde-
pendently expanded (Table 1). In contrast, only �20 to 30 G418-
resistant colonies grew out and could be expanded from the
m4TR-transfected MEFs. The lower rate of G418-resistant out-
growth of the m4TR-transfected cells than of the mLANA-m4TR-
transfected cells is consistent with the need for mTR integration to
persist, which is generally an uncommon event compared to epi-
some persistence. Notably, only five mLANA-SOCS-4TR G418-
resistant colonies grew out. The low mLANA-SOCS-4TR G418
outgrowth was consistent with a deficiency in the ability of
mLANA-SOCS to mediate episome persistence.

G418-resistant cell lines were expanded and assessed for the
presence of episomes by Gardella gel analysis. In a Gardella gel,
episomes as large as several hundred kilobases migrate into the gel,
whereas cellular DNA remains at the gel origin (32). As expected,
m4TR cell lines, which lack mLANA, did not contain episomes
(Fig. 2A and Table 1). In contrast, 10 of 11 (91%) mLANA-4TR
cell lines contained episomal DNA. None of the five mLANA-
SOCS-4TR cell lines contained episomes (Fig. 2A). The absence of
episomal DNA was not due to a lack of protein expression, since
all mLANA-SOCS-m4TR cell lines expressed mLANA-SOCS (Fig.
2B). Therefore, the ability of mLANA-SOCS to mediate episome
persistence was abolished.

We also assessed mLANA distribution within cells. In mLANA-
m4TR episome-containing cells (Fig. 3), mLANA (green) was
concentrated into dots along mitotic chromosomes (red) and in
the nuclei of interphase cells (overlay of green and red, generating
yellow). The LANA dots were the result of mLANA concentration
at sites of episomes (22). In contrast, mLANA-SOCS-4TR (green)
was distributed broadly over mitotic chromosomes and within
interphase nuclei (Fig. 3), consistent with an absence of episomes.

Altogether, these results demonstrate that the mutations intro-
duced in the mLANA-SOCS mutant compromised not only
mLANA E3 ligase activity, but also its ability to bind mTR DNA
and to mediate episome maintenance. Given the central role of
mLANA episome persistence in viral latency expansion in GC B
cells and virus persistence in mice (24), the severe latency deficit of
recombinant vSOCS cannot be exclusively attributed to the loss of
mLANA E3 ligase activity.

mLANAV199A, mLANAV199A/L202A, and mLANAP203A/P206A
mutants exhibit impaired E3 ubiquitin ligase activity. Taking
into account the finding that the mLANA-SOCS mutant did not
mediate episome persistence, the contribution of mLANA E3 li-
gase activity to latent infection remained to be clarified. To this
end, we proposed to identify mutations in the mLANA SOCS box
that abolished E3 ligase activity without compromising the epi-
some maintenance function, using a structure-based (24) ap-
proach. The mLANA-SOCS mutant contained four mutations:
V199A, L202A, P203A, and P206A (7). To minimize interference
with the DNA binding interface, we generated six mLANA con-
structs containing different combinations of these mutations:
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mLANAV199A, mLANAL202A, mLANAV199A/L202A, mLANAP203A,
mLANAP206A, and mLANAP203A/P206A.

To evaluate the E3 ligase activities of mLANA mutants toward
NF-�B and Myc, reporter gene assays were performed. HEK 293T
cells were transiently transfected with an NF-�B or Myc reporter
plasmid containing tandem copies of �B or E box consensus

sequences, respectively, regulating the expression of luciferase
and a plasmid encoding mLANA (WT or mutants). TNF was
used as a stimulus, leading to NF-�B activation. These experi-
ments revealed that the mLANAV199A, mLANAV199A/L202A, and
mLANAP203A/P206A mutants had impaired ability both to inhibit
TNF-driven NF-�B activation (Fig. 4A) and to increase MYC

FIG 1 Effect of SOCS motif mutations on mLANA TR DNA binding. (A) Structural model of the mLANA DNA binding domain dimer (blue, monomer A;
green, monomer B) (Protein Data Bank [PDB] code 4BLG) (24) complexed with DNA (using the mLANA DBD superposed on the kLANA-LBS1 crystal
structure [PDB code 4UZB]) (51). kLBS1 DNA is shown as an orange ribbon. V199, L202, P203, and P206 are highlighted in stick representation and colored
yellow. The left view is rotated 180° about the x axis and �45° about the y axis relative to the view on the right to highlight the SOCS loop of monomer A. The
SOCS motif is located adjacent to the DNA binding surface and also the dimerization interface. (B and C) 32P-labeled mLBS1 (B) or mLBS1-2 (C) oligonucle-
otides were incubated with in vitro-translated mLANA or mLANA mutants, and complexes were detected after resolution by gel electrophoresis. A longer
exposure is shown on the right. The vertical bars indicate upper (U) and lower (L) LBS1-2 complexes. (D) Anti-FLAG Western blot of in vitro-translated mLANA
used in EMSAs. IB, immunoblot.
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transcriptional activity (Fig. 4B). In contrast, the mLANAL202A,
mLANAP203A, and mLANAP206A mutants behaved similarly to
mLANA-WT, inhibiting NF-�B (Fig. 4A) and promoting MYC
(Fig. 4B) transcriptional activities. Taken together, these data
show that mutations at residues V199, V199/L202, and P203/P206
compromise the E3 ligase activity of mLANA, making them good
candidates to study mLANA E3 ligase function in vivo.

mLANA targets nuclear p65 for polyubiquitination and subse-
quent proteasomal degradation, leading to down-modulation of
NF-�B transcriptional activity (7). In contrast, mLANA stabilizes
Myc through heterotypic polyubiquitination, thus promoting
Myc transcriptional activity (8). Therefore, we investigated if the
impaired ability of mLANA mutants to modulate NF-�B and Myc
was dependent on polyubiquitination. With this objective, we
performed polyubiquitination assays in which ubiquitinated
proteins were pulled down using Ni-NTA agarose beads in
the presence of histidine-tagged ubiquitin. The levels of ubiq-

uitinated p65 and Myc present under each condition were then
analyzed by Western blotting. We observed that the mLANAV199A,
mLANAV199A/L202A, and mLANAP203A/P206A mutants had dimin-
ished capability to promote both p65 and Myc polyubiquitina-
tion, whereas the mLANAL202A, mLANAP203A, and mLANAP206A
mutants enhanced p65 and Myc polyubiquitination as efficiently
as mLANA-WT (Fig. 5A and B). These data demonstrate that
the defective modulation of NF-�B and Myc transcriptional
activities observed for the mLANAV199A, mLANAV199A/L202A, and
mLANAP203A/P206A mutants can be attributed to inefficient sub-
strate polyubiquitination mediated by the mutants.

Next, we investigated the polyubiquitination activities of
mLANA mutants on the basis of reconstitution of an E3 ubiquitin
ligase complex. To this end, we tested the abilities of mLANA
mutants to associate with Elongin C and Cullin 5, which are part
of the EC5SmLANA E3 ligase complex (7). Immunoprecipitation
experiments revealed that the mLANAV199A, mLANAV199A/L202A,
and mLANAP203A/P206A mutants were unable to recruit Elongin C
and weakly associated with Cullin 5, whereas the mLANAL202A,
mLANAP203A, and mLANAP206A mutants efficiently recruited
both Elongin C and Cullin 5 (Fig. 6A and B). These results
demonstrate that the mLANAV199A, mLANAV199A/L202A, and
mLANAP203A/P206A mutants have impaired ability to assemble an
E3 ligase complex, compromising their polyubiquitination activ-
ity toward p65 and Myc.

Taken together, the data obtained demonstrate that mutations
at residues V199, V199/L202, or P203/P206 disrupt recruitment of
Elongin C and, to a lesser extent, Cullin 5, thus impairing the
formation of the EC5SmLANA E3 ligase complex and, consequently,
the mLANA function as a mediator of p65 and Myc polyubiquiti-
nation. Hence, these mutations impair mLANA E3 ligase activity,
which impacts its ability to modulate NF-�B and Myc transcrip-
tional activities (Table 2).

TABLE 1 Numbers of G418-resistant colonies obtained after
transfection of MEFs with mLANA-m4TR or mLANA-m4TR mutants

Plasmid
No. of
colonies

No. of episome-positive cell lines/
no. of cell lines analyzed (%)

mLANA-m4TRa �100 14/15 (93)
m4TRa �20–30 0/7 (0)
mLANA-SOCS-m4TR 5 0/5 (0)
mLANAV199A-m4TR �100 7/11 (64)
mLANAL202A-m4TR �100 7/11 (64)
mLANAV199A/L202A-m4TR 6 0/6 (0)
mLANAP203A-m4TR �100 9/10 (90)
mLANAP206A-m4TR �100 8/11 (73)
mLANAP203A/P206A-m4TR �100 10/11 (91)
a From two experiments.

FIG 2 mLANA-SOCScannot establish episomepersistence. (AandB)MEFswere transfectedwithmLANA-m4TR,SOCS-m4TR,orm4TR.Forty-eighthours later, the
cells were trypsinized, reseeded into 15-cm dishes, and placed under G418 selection. G418-resistant colonies were picked and expanded. (A) Gardella gel containing
G418-resistant MEFs transfected with mLANA-m4TR (lanes 1 to 11), mLANA SOCS-m4TR (lanes 12 to 17), or m4TR (lanes 18 to 20); �2 � 106 cells were loaded per
lane. Input plasmids mLANA-4mTR, mLANA-SOCS-m4TR, and m4TR DNA are in the lanes on the left. O, gel origin. The vertical lines indicate episomal DNA. (B)
Western blot of mLANA and tubulin for the cells in panel A. The letters above the lanes correspond to the lowercase letters in panel A.
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mLANAV199AandmLANAP203A/P206A,butnotmLANAV199A/L202A,
act in cis to mediate episome persistence of m4TR plasmids. Since
the mLANAV199A, mLANAV199A/L202A, and mLANAP203A/P206A
mutants were deficient for E3 ligase activity, we assessed their ability
to bind mTR DNA by EMSA. The mLANAL202A, mLANAP203A,
and mLANAP206A mutants, which retained E3 ligase activity, were
also assessed. The mLANAP202A and mLANAP206A mutants bound
mLBS1 or mLBS1-2 probes similarly to mLANA (Fig. 1B and C),
while the mLANAP203A mutant was modestly reduced in its ability
to bind mLBS1 or mLBS1-2. The mLANAV199A mutant, which has
an alanine substitution for the SOCS loop residue that is closest to
the predicted mLANA DNA binding surface (Fig. 1A), and the
mLANAP203A/P206A mutant were both substantially reduced in

binding to mLBS1 or mLBS1-2 (Fig. 1B and C). The finding that
the P203A/P206A mutations significantly impacted mLBS-1
binding despite the individual mutations having only minor
(P203A) or no (P206A) effect, suggests that the rigidity provided
by these two prolines is important for mTR DNA binding. The
mLANAV199A/L202A mutant was most severely affected and did not
complex with the mLBS1 probe. However, after incubation with
mLBS1-2, a faint signal was evident, especially on longer exposure
(Fig. 1C, vertical lines; longer exposure on the right). Notably,
compared to mLANA and the other mLANA mutants, binding to
both the LBS1 and LBS2 binding sites of LBS1-2 was favored for
mLANAV199A/L202A. Whereas the intensity of the faster-migrating,
LBS1-bound lower complex was much greater than that of the

FIG 3 Distribution of mLANA or mLANA mutants in interphase and mitosis. mLANA-m4TR or mLANA-m4TR containing SOCS box mutations stably
expressed in MEFs was detected in interphase or metaphase. mLANA or mLANA mutants (green) were detected with antibody directed against the mLANA
C-terminal FLAG epitope. DNA was counterstained with propidium iodide (red). The overlay of green and red results in yellow. Brightness and contrast were
uniformly adjusted for some panels from the same field with Adobe Photoshop. Magnification, �630.
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slower-migrating LBS1- and LBS2-bound upper complex for
mLANA and the other mutants, the two complexes had similar
intensities for mLANAV199A/L202A (Fig. 1C), indicating preferen-
tial binding to both LBS1 and LBS2. The lower level of DNA bind-
ing for mLANAP203A, mLANAV199A, mLANAP203A/P206A, and
mLANAV199A/L202A was not due to insufficient protein, since sim-
ilar amounts of mLANA protein were used in all the incubations
(Fig. 1D). Therefore, the E3 ligase-deficient mLANA mutants
were also deficient for mTR DNA binding (Table 2).

Next, we assessed the abilities of the mLANAV199A, mLANAL202A,
mLANAV199A/L202A, mLANAP203A, mLANAP206A, and
mLANAP203A/P206A mutants to mediate episome persistence.
Each of the mLANA-m4TR, mTR, mLANAV199A-m4TR,
mLANAL202A-m4TR, mLANAV199A/L202A-m4TR, mLANAP203A-
m4TR, mLANAP206A-m4TR, and mLANAP203A/P206A-m4TR mu-
tants was transfected into MEFs, and the cells were placed under
G418 selection, resistance to which is encoded in the plasmid vec-
tor. As previously observed, more than 100 G418-resistant colo-
nies grew out in the mLANA-4TR plate (Table 1). Only �20 col-
onies grew from the m4TR plate, consistent with the absence of

mLANA episome persistence. Similar to mLANA, more than 100
G418-resistant colonies grew from the mLANAV199A-m4TR,
mLANAL202A-m4TR, mLANAP203A-m4TR, mLANAP206A-m4TR,
and mLANAP203A/P206A-m4TR plates. In contrast, only six G418-
resistant clones grew from the mLANAV199A/L202A-m4TR plate,
which was notable, since the mLANAV199A/L202A mutant was also
highly deficient for mTR DNA binding. The robust G418-resistant
outgrowth of the mLANAV199A-m4TR, mLANAL202A-m4TR,
mLANAP203A-m4TR,mLANAP206A-m4TR, andmLANAP203A/P206A-
m4TR plates suggests these mutants have the ability to mediate epi-
some persistence, while the low mLANAV199A/L202A-m4TR G418
outgrowth is consistent with episome maintenance deficiency.

We assessed G418-resistant cell lines for the presence of epi-
somes by Gardella gel. As expected, none of the m4TR lanes con-
tained episomes, while all four mLANA-4TR lanes had episomal
DNA. Episomal DNA was also present in all mLANAP206A-m4TR
lanes and in all but one lane for the mLANAV199A-m4TR,
mLANAL202A-m4TR, mLANAP203A-m4TR, and mLANAP203A/P206A-
m4TR mutants (Fig. 7A and B and Table 1). In contrast,
mLANAV199A/L202A did not contain episomes in any lanes (Fig.
7B). When additional Gardella gel results (not shown) were
included, the mLANAV199A-m4TR mutant had episomes in
7/11 (64%) cell lines, mLANAL202A-m4TR had episomes in 7/11
(64%) cell lines, mLANAP203A-m4TR had episomes in 9/10 (90%)
cell lines, mLANAP206A-m4TR had episomes in 8/11 (73%) cell
lines, mLANAP203A/P206A-m4TR had episomes in 10/11 (91%)
cell lines, and mLANA-4TR had episomes in 14/15 (93%) cell
lines. In contrast, only six G418-resistant mLANAV199A/L202A
clones could be expanded, and all lacked episomes. The lack of
episomal DNA was not due to absence of mLANAV199A/L202A
expression, since protein levels were similar to those of
mLANA (Fig. 7C). Therefore, the mLANAV199A, mLANAL202A,
mLANAP203A, mLANAP206A, and mLANAP203A/P206A mutants
each maintained episomes, while the mLANAV199A/L202A mutant
did not (Table 2).

We also assessed mLANA distribution within cells. In episome-
containing cells, mLANAV199A, mLANAL202A, mLANAP203A
mLANAP206A, and mLANAP203A/P206A (green) concentrated into
dots along mitotic chromosomes (red) and in the nuclei of inter-
phase cells (the overlay of green and red generates yellow), similar
to mLANA (Fig. 3). In contrast, mLANAV199A/L202A (green) was
distributed broadly over mitotic chromosomes and within inter-
phase nuclei (Fig. 3), consistent with its lack of ability to maintain
episomes.

mLANA E3 ubiquitin ligase activity deficiency reduces
MuHV-4 latency amplification in GC B cells. We next assessed
the impact of mLANA E3 ligase impairment on the physiological
context of latency in vivo. To accomplish this, we generated
recombinant MuHV-4 containing E3 ligase-deficient mLANA
with mutation V199A (vmLANAV199A) or mutations P203A
and P206A (vmLANAP203A/P206A). Recombinant viruses bearing
mLANA mutations P203A (vmLANAP203A), which exerts WT E3
ligase activity, or V199A/L202A (vmLANAV199A/L202A), which is
E3 ligase deficient but did not maintain episome persistence, were
generated as controls. We first compared the kinetics of viral lytic
replication in vitro and during the acute phase of infection in lungs
of infected mice. All the recombinant viruses displayed normal
lytic replication kinetics both in vitro and in vivo (Fig. 8), consis-
tent with mLANA having a predominant role in latency. Other
studies suggested a role of mLANA in virus replication in permis-

FIG 4 mLANAV199A, mLANAV199A/L202A, and mLANAP203A/P206A exhibit im-
paired ability to inhibit NF-�B and activate Myc transcriptional activities.
HEK 293T cells were transiently transfected with an NF-�B (A) or Myc (B)
luciferase reporter vector and a plasmid encoding mLANA (WT or mutants),
as indicated at the bottom. In panel A, transfected cells were either stimulated
with 50 ng/ml of TNF (�TNF) or left unstimulated (	TNF). NF-�B (A) and
Myc (B) transcriptional activities associated with each sample were assayed
using a luminometer. The results are shown as the fold induction relative to
luciferase activity measured in unstimulated cells (A) or in cells that did not
express mLANA (B). The error bars represent standard errors of the mean
(SEM) for triplicate results from two independent transfection experiments.
The statistical significance of the difference between groups was evaluated by
two-way analysis of variance (ANOVA) (A) or one-way ANOVA (B) (ns, not
significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001).
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sive fibroblasts and in regulation of viral gene expression during
entry into the lytic cycle in vitro, dependent on mLANA DNA
binding activity (38, 39). Possible explanations for the observed
discrepancies between our lytic data in vitro and the previous ob-
servations include differences in the MOI (0.01 PFU/cell used here
versus 0.001 PFU/cell) and in the cell line used (BHK-21 used here
versus NIH 3T3). How mLANA regulation of lytic cycle-associ-
ated gene expression impacts virus infection in vivo remains un-
known.

Next, the effects of the introduced mutations on latent infec-
tion were assessed by three complementary experiments: ex vivo

FIG 6 mLANAV199A, mLANAV199A/L202A, and mLANAP203A/P206A are unable
to recruit Elongin C and weakly associate with Cullin 5. HEK 293T cells were
transiently transfected with plasmids encoding mLANA (WT or mutants) and
Elongin C (A) or Cullin 5 (B), as indicated at the top. After 48 h, the cells were
lysed, and the total cellular lysates were subjected to immunoprecipitation
using an anti-Elongin C (A) or anti-Cullin 5 (B) antibody. (Top) The immu-
noprecipitates were analyzed by Western blotting. (Bottom) Representative
aliquots of the total cellular lysates were used to detect the appropriate expres-
sion of mLANA. EloC, Elongin C; Cul5, Cullin 5.

FIG 5 mLANAV199A, mLANAV199A/L202A, and mLANAP203A/P206A exhibit di-
minished capability to promote p65 and Myc polyubiquitination. HEK 293T
cells were transiently transfected with plasmids encoding mLANA (WT or
mutants), p65 (A), or Myc (B) and histidine-tagged ubiquitin, as indicated at
the top. After 48 h, total cellular lysates were subjected to Ni-NTA pulldown,
allowing the purification of ubiquitinated proteins. The levels of ubiquitinated
p65 (A) or Myc (B) under each condition were assayed using an anti-p65 or
anti-Myc antibody (first panel), respectively. Representative aliquots of the
total cellular lysates were used to detect the appropriate expression of p65 (A)

or Myc (B) (second panel) and mLANA (third panel). The graphs at the bot-
tom show densitometry analysis of ubiquitinated p65 (A) and ubiquitinated
Myc (B) levels present under each experimental condition, expressed as fold
induction relative to cells not expressing mLANA. 	, without; �, with. PD,
pulldown; TCL, total cellular lysates; Ub, ubiquitinated.
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coculture assays of total splenocytes with permissive BHK-21 cells
to determine the latent load in the spleen, limiting dilution anal-
ysis coupled with real-time PCR to quantify the frequency of viral-
DNA-positive cells in total splenocytes and in GC B cells, and in
situ hybridization of splenic sections with viral tRNAs/miRNAs to
identify infected cells within the spleen. MuHV-4 latent infection
in the spleen is characterized by an initial proliferation of infected
B cells in GCs and consequent amplification of the latent virus,
reaching maximum levels around 14 dpi and decreasing there-
after to low levels, which remain stable throughout the life of

the host (14, 35, 40, 41). Therefore, mice were assessed at 14
dpi. As expected, the splenic latency levels established by the
virus vmLANAP203A were identical to those of vWT (Fig. 9A to
D). This is in good agreement with our previous observations
that E3 ligase and episome maintenance functions of the
mLANAP203A mutant were intact (Fig. 1 and 3 to 7). In contrast,
viruses vmLANAV199A and vmLANAP203A/P206A exhibited at-
tenuation of latency at 14 dpi, the peak of viral latency expan-
sion, which was statistically significant (P � 0.05; two-tailed
unpaired t test) for vmLANAP203A/P206A (Fig. 9A, solid circles).

TABLE 2 Summary of in vitro assays with mLANA mutants

Assay

Result for mLANA mutant:

V199A L202A V199A/L202A P203A P206A P203A/P206A

NF-�B inhibition No Yes No Yes Yes No
Myc activation No Yes No Yes Yes No
p65 polyubiquitination Partially impaired Yes Partially impaired Yes Yes Partially impaired
Myc polyubiquitination Partially impaired Yes Partially impaired Yes Yes Partially impaired
EloC interaction No Yes No Yes Yes No
Cul5 interaction Weak Yes Weak Yes Yes Weak
DNA binding (mLBS1) Substantially impaired Yes No Partially impaired Yes Substantially impaired
DNA binding (mLBS1-2) Substantially impaired Yes Severely impaired Partially impaired Yes Substantially impaired
Episome maintenance Yes Yes No Yes Yes Yes

FIG 7 Effect of SOCS motif mutations on mLANA episome persistence. (A and B) MEFs were transfected with mLANA-4TR, m4TR, or mLANA mutants.
Forty-eight hours later, the cells were trypsinized, reseeded into 15-cm dishes, and placed under G418 selection. G418-resistant clones were picked and expanded;
�2 � 106 cells were loaded per lane for Gardella gels. (A) Gardella gel containing G418-resistant MEFs transfected with mLANA-4TR (lanes 1 to 4),
mLANAV199A-4TR (lanes 5 to 10), mLANAL202A-m4TR (lanes 11 to 16), or mLANAP203A-m4TR (lanes 17 to 22). Input plasmids mLANA-4mTR and m4TR
DNA are in the lanes on the left. O, gel origin. The vertical lines indicate episomal DNA. The asterisk indicates faint episomal DNA signal in lane 16. (B) Gardella
gel containing G418-resistant MEFs transfected with m4TR (lanes 1 to 4), mLANAP206A-4TR (lanes 5 to 10), mLANAV199A/L202A-4TR (lanes 11 to 16), or
mLANAP203A/P206A-4TR (lanes 17 to 22). The vertical lines indicate episomal DNA. The asterisks indicate faint episomal DNA signal in lanes 7 and 8. Signal
migrating faster than episomal DNA in panels A and B was likely due to partially replicated episomes or degraded episomal DNA. (C) Immunoblot of mLANA
or tubulin for mLANA-m4TR or mLANAV199A/L202A-m4TR cells in panels A and B.
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This defect was not of a kinetic nature, as at 21 dpi, the latency
levels of these mutants decreased (Fig. 9E). Furthermore, the ob-
served phenotypes are unlikely to reflect background mutations
introduced during the mutagenesis process, since similar pheno-
types were observed in both independently derived mutant viruses
(vmLANAV199A and vmLANAP203A/P206A). No preformed infec-
tious viruses were detected by suspension assay of freeze-thawed
spleen homogenates, showing that splenic infection was only
latent (Fig. 9A, open circles). Consistent with the result of the
ex vivo coculture assay, the frequency of vmLANAV199A and
vmLANAP203A/P206A infection in total splenocytes at 14 dpi was
about 1 log unit lower than that of vWT infection (Fig. 9B and
Table 3). This latency deficit reflected a phenotype in GC B cells, as
the frequency of vmLANAV199A and vmLANAP203A/P206A infection
in fluorescence-activated cell sorting (FACS)-purified GC B cells
(CD19� CD95hi GL7hi) was 1 order of magnitude lower than that
of vWT infection (Fig. 9C and Table 3). This result was confirmed
by visualization of latently infected cells within GCs in splenic
sections by in situ hybridization (Fig. 9D, c and d). Altogether,
these data demonstrate that the impairment of mLANA E3 ligase
activity impacts MuHV-4 latent infection at the peak of latency
amplification in GC B cells.

Unexpectedly, vmLANAV199A/L202A, which lacked episome
maintenance activity (Fig. 7B), was capable of establishing infec-
tion and exhibited attenuation of latency at 14 dpi (Fig. 9A to D),
similar to vmLANAV199A and vmLANAP203A/P206A. This result was
not anticipated, since the absence of vmLANAV199A/L202A episome
maintenance activity was expected to lead to loss of the ability to
establish latent infection.

mLANAV199A/L202A efficiently mediates persistence of the
viral episome. mLANA episome maintenance is critical for
MuHV-4 establishment and expansion of latent infection in vivo
(23, 24, 38, 42). Specifically, it has been established that LANA
binding to TR DNA is essential for episome persistence (43) and
that mLANA lacking the ability to bind mTR DNA cannot estab-
lish viable latent infection (24, 38). Moreover, an mLANA-null
virus can persist in the host, but not as an episome, corroborating
that mLANA is critical to efficiently maintain viral episomes in
latently infected cells (44).

Since mLANA episome persistence is necessary for latent
MuHV-4 infection, we reasoned that mLANAV199A/L202A likely
mediates MuHV-4 episome maintenance despite the absence of
mLANAV199A/L202A-m4TR episome persistence (Fig. 7B). One
possibility is that, since mLANAV199A/L202A-m4TR contains only
four mTR elements, mLANAV199A/L202A might serve an episome
maintenance function in the setting of a higher number of mTR
elements. We previously observed that mLANA episome mainte-
nance efficiency was increased with eight compared to two or four
mTR elements (22). If MuHV-4 contains �40 TR elements (sim-
ilar to KSHV), it is possible that this number may be necessary for
the mLANAV199A/L202A episome maintenance function.

To investigate whether mLANAV199A/L202A could mediate
MuHV-4 episome persistence in a whole-virus context, we used
MuHV-4 ORF50-deficient virus (31), which is highly deficient for
lytic infection and therefore latently infects otherwise permissive
cells. MuHV-4 ORF50-deficient virus contains a deletion of
ORF50 exon 2 (31), preventing the expression of ORF50, the
major lytic transactivator protein of MuHV-4 (45, 46) (Fig. 10A).

FIG 8 Recombinant MuHV-4s display normal lytic replication kinetics in vitro and in vivo. (A) Multistep growth curves were constructed by infection of BHK-21
cells with the indicated viruses at a low multiplicity of infection (0.01 PFU/cell). At the indicated times postinfection, samples were harvested, and virus titers were
determined by plaque assay of freeze-thawed samples. (B) BALB/c mice were intranasally infected with 104 PFU of the indicated viruses. At 3, 7, and 14 days
postinfection, the lungs were removed and infectious viruses were titrated by plaque assay of freeze-thawed lung homogenates. Each point shows the titer for an
individual mouse. The horizontal lines indicate arithmetic means. The dashed line represents the limit of detection of the assay.
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We generated an ORF50-deficient virus recombinant for
mLANAV199A/L202A (vORF50	 mLANAV199A/L202A). As a negative
control, we constructed an ORF50-deficient recombinant virus
bearing mutations V199A/L202A/P203A/P206A in mLANA
(vORF50	 mLANA-SOCS). ORF50-deficient virus containing
mLANA-WT (vORF50	 mLANA-WT) was used as a positive
control for episome maintenance. Next, we infected MEFs with

vORF50	 mLANA-WT, vORF50	 mLANA-SOCS, or vORF50	

mLANAV199A/L202A at a multiplicity of infection of 3 PFU per cell
to ensure that nearly all cells were infected. The cells were seeded at
low density and placed under drug selection with MPA and xan-
thine. BAC-derived MuHV-4s retain the BAC cassette (34), which
contains the gpt (guanosine phosphoribosyltransferase) gene
from E. coli (Fig. 10B). MPA inhibits de novo synthesis of cellular

FIG 9 Impairment of mLANA E3 ubiquitin ligase activity impacts MuHV-4 latency amplification in GC B cells. (A) Quantification of latent infection in the
spleen by ex vivo coculture assay. BALB/c mice were intranasally infected with 104 PFU of the indicated viruses. At day 14 postinfection, latent viruses in spleens
were titrated by ex vivo coculture assay (solid circles). Titers of infectious viruses were determined in freeze-thawed splenocyte suspensions (open circles). Each
circle represents the titer for an individual mouse. The dashed line represents the limit of detection of the assay. The latency levels of vmLANAP203A/P206A and
vmLANAV199A/L202A were significantly lower than those of vWT (P � 0.05 by two-tailed unpaired t test). (B and C) Quantification of viral-DNA-positive cells in
total splenocytes (B) and in GC B cells (C). BALB/c mice were intranasally infected with 104 PFU of the indicated viruses. At 14 dpi, reciprocal frequencies of viral
infection in total splenocytes (B) or FACS-purified GC B cells (CD19� CD95hi GL7hi) (C) were determined by limiting dilution and real-time PCR. The data were
obtained from pools of three or four spleens per group. The bars represent the frequency of viral-DNA-positive cells with 95% confidence intervals. (D)
Identification of latently infected cells within the spleen by in situ hybridization. BALB/c mice were intranasally infected with 104 PFU of the indicated viruses.
At 14 dpi, spleens were dissected and processed for in situ hybridization with a viral tRNA/miRNA-specific riboprobe. The images show representative spleen
sections from each group of animals. Dark staining indicates cells positive for virus-encoded tRNAs/miRNAs. All the sections are magnified �200 and
counterstained with hematoxylin. (E) Quantification of latent infection in the spleen by ex vivo coculture assay. BALB/c mice were intranasally infected with 104

PFU of the indicated viruses. At day 21 postinfection, latent viruses in spleens were titrated by ex vivo coculture assay (solid circles). Titers of infectious viruses
were determined in freeze-thawed splenocyte suspensions (open circles). Each circle represents the titer for an individual mouse. The dashed line represents the
limit of detection of the assay.
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purines; however, the E. coli enzyme GPT is able to synthesize
purine precursors from xanthine (47), allowing selection of cells
latently infected with ORF50-deficient viruses in the presence of
these compounds. Since mLANA is essential for viral episome
maintenance (22, 24, 38), only MEFs latently infected with an
ORF50-deficient virus containing mLANA able to mediate epi-
some persistence are expected to efficiently persist under drug
selection.

The same number of MEFs were infected with each virus (Fig.
10C). Infection with vORF50	 mLANA-SOCS resulted in only
five MPA-resistant clones, whereas the MPA-resistant clones for
vORF50	 mLANA-WT or vORF50	 mLANAV199A/L202A were too
numerous to count (Table 4). The high rate of MPA outgrowth for
vORF50	 mLANAV199A/L202A (similar to ORF50	 mLANA-WT)
suggested that mLANAV199A/L202A mediates episome mainte-
nance, whereas the low outgrowth of vORF50	 mLANA-SOCS
was consistent with absence of episome maintenance. LANA-me-
diated episome persistence generally has much higher efficiency
than integration, which is required for virus persistence in the
absence of episome maintenance (20, 21, 48). Ten vORF50	

mLANA-WT or vORF50	 mLANAV199A/L202A clones and all five
vORF50	 mLANA-SOCS clones were picked for expansion. Six of
10 (60%) vORF50	 mLANA-WT and 8/10 (80%) vORF50	

mLANAV199A/L202A clones could be expanded after 98 days (Table
4). In contrast, all five vORF50	 mLANA-SOCS clones failed
to expand, and the cells died. We directly assessed the MPA-
resistant cells for the presence of episomal DNA by Gardella gel
analysis. All six vORF50	 mLANA-WT and all eight vORF50	

mLANAV199A/L202A cell lines contained episomes (Fig. 10D and
Table 4). Therefore, mLANAV199A/L202A mediates MuHV-4 epi-
some persistence.

The finding that mLANAV199A/L202A mediates episome persis-
tence is consistent with our observations that recombinant
vmLANAV199A/L202A was able to establish viable latency in mice
(Fig. 9). Notably, mLANAV199A/L202A mediated episome persis-
tence as efficiently as did vORF50	 mLANA-WT. Therefore, the at-
tenuation of latency expansion exhibited by vmLANAV199A/L202A can
be attributed to the impairment of mLANA E3 ligase activity (Fig.
4 to 6).

DISCUSSION
In this study, we were able to establish a link between the E3
ubiquitin ligase activity of mLANA and murid gammaherpesvirus
pathogenesis in vivo. Recombinant MuHV-4 with mutations in
the mLANA SOCS box compromising E3 ligase activity, without
abrogating the episome maintenance function, exhibited attenu-
ation of latency levels in GC B cells. Therefore, mLANA E3 ligase
activity contributes to gammaherpesvirus latency expansion. This
work also demonstrates that mLANA is capable of episome main-
tenance despite mutations that result in considerably reduced
mTR DNA binding.

It is likely that cooperative binding in the setting of multiple
mTR elements compensates for mLANA DNA binding deficien-
cies. Four mTR elements proved to be sufficient to overcome the
mLANAP203A/P206A and mLANAV199A DNA binding reductions, as
this number permitted a WT level of episome maintenance. How-
ever, even four mTR elements do not provide optimal episome
maintenance efficiency. We previously observed increased epi-
some persistence efficiency with eight mTR elements compared to
two or four mTR elements (22). Notably, Gardella gels demon-
strated that episomes with mLANA-m4TR migrated more slowly
than input plasmid. This slower migration was also observed for
each of the mutants that maintained episomes. We previously
observed similar increases in episome size for mLANA or kLANA
episomes, even when using plasmids containing eight TR ele-
ments (21, 22, 49). The large, slowly migrating KSHV episomes
are due to TR duplication and recombination of input plasmids
into multimers (21, 49). KSHV contains �40 TR elements, and
MuHV-4 may contain a similar number. It is likely that there is
strong selection for recombination events that lead to a TR num-
ber similar to that in the virus. At least 16 TR elements are likely
necessary for optimal KSHV episome maintenance (50).

It is particularly noteworthy that despite a severe DNA binding
deficiency and the failure to mediate episome maintenance with
four mTR elements, mLANAV199A/L202A efficiently mediated epi-
some persistence in the setting of a full complement of mTRs in
MuHV-4. Only a very low level of mLANAV199A/L202A DNA bind-
ing was detected for mLBS1-2, and compared with mLANA or the
other mutants, the migration of the EMSA complexes indicated
preferential occupation of both the mLBS1 and mLBS2 sites.
The fact that no binding to mLBS1 alone was observed, com-
bined with the preferential occupation of both the LBS1 and
LBS2 sites, suggests that cooperative binding is necessary to
overcome mLANAV199A/L202A binding deficiency. Although
mLANAV199A/L202A mediated episome persistence in the setting of
a full complement of MuHV-4 mTR elements, such compensa-
tion by an increased mTR number is not without limit, as
MuHV-4 with mLANA-SOCS or other mLANA mutants that are
incapable of DNA binding cannot establish viable latent infection
(7, 24, 38). It is possible that higher-order mLANA structures may
play compensatory roles to overcome DNA binding deficiency
through avidity, or even matricity-driven interactions. Notably, it
was recently shown that the positively charged patch opposite the
DNA binding surface on the kLANA DBD can interact with DNA
independently of the DNA sequence (51), and mLANA has a sim-
ilar positively charged patch (24, 25, 51, 52).

Mouse infection experiments in this study showed that a re-
duction of mLANA E3 ligase activity sufficed to impair MuHV-4
latency amplification in GC B cells. To demonstrate an even more

TABLE 3 Reciprocal frequencies of MuHV-4 infection in total
splenocytes and in GC B cellsa

Cell
subpopulation Dpi Virus

Reciprocal frequencyb of
viral-DNA-positive cells
(95% confidence interval)

Total splenocytes 14 vWT 151 (95–367)
vmLANAP203A 98 (63–219)
vmLANAV199A 1,877 (998–15,734)
vmLANAP203A/P206A 1,544 (855–7,916)
vmLANAV199A/L202A 663 (411–1,710)

GC B cellsc 14 vWT 18 (11–45)
vmLANAP203A 24 (14–65)
vmLANAV199A 144 (90–352)
vmLANAP203A/P206A 157 (102–338)
vmLANAV199A/L202A 192 (123–431)

a The data were obtained from pools of 3 or 4 spleens.
b The frequencies of viral-genome-positive cells were determined by limiting dilution
combined with real-time PCR.
c The purity of sorted cells was determined by FACS analysis and was always greater
than 99%.
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FIG 10 mLANAV199A/L202A efficiently mediates MuHV-4 episome persistence. (A) Schematic diagram showing the insertion of eGFP in place of the deleted
ORF50 gene and the insertion of an M3 promoter-luciferase-poly(A) cassette between ORF57 and ORF58, as described by Milho et al. (31). Relevant restriction
sites are shown. (B) Schematic diagram showing the left end of the BAC-cloned MuHV-4 genome, with viral terminal repeats and the gpt gene, and BAC
sequences and the gfp gene, flanked by loxP sites, as described by Adler et al. (34). (C) Schematic diagram showing the experimental setting of establishment of
MEF lines latently infected with ORF50-deficient viruses. MEF-1 cells were infected with ORF50-deficient viruses at a multiplicity of infection of 3 PFU per cell.
Two days after infection, the cells were trypsinized, counted, and seeded at low density. Fresh medium containing MPA and xanthine was added. Resistant clones
were picked, expanded under continued drug selection, and analyzed in Gardella gels for the presence of viral genomes. (D) After 98 days of MPA selection, �5 �
106 cells were loaded per lane for Gardella gel analysis. The Gardella gel contained uninfected (lanes 1 and 2), vORF50	 mLANA-WT-infected (lanes 3 to 8), or
vORF50	 mLANAV199A/L202A-infected (lanes 9 to 16) MEFs. O, gel origin; E, episomal DNA; L, linear MuHV-4 DNA resulting from low-level lytic replication;
Luc, luciferase.
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robust effect, complete ablation of E3 ligase activity would be re-
quired. In a previous study, we generated an mLANA-SOCS mu-
tant virus containing four SOCS box mutations (V199A/L202A/
P203A/P206A) (7). Although, this mutant exhibited a knockout
of E3 ligase activity, in the current study, we demonstrated that the
mutant could not bind mTR DNA or maintain viral episomes.
Despite several efforts to identify residues in the mLANA SOCS
box that are essential to E3 ligase activity, we did not succeed in
finding a set of mutations that completely disrupted E3 ligase ac-
tivity without compromising the episome maintenance function.
Recently, we and others resolved the crystal structure of the
mLANA C-terminal domain, which revealed that the SOCS box
lies within a loop (the 
2-
3 loop; residues 199 to 215), which
protrudes perpendicular to the DNA binding interface (24, 25).
Given the spatial proximity of these two functional regions, it is
possible that the introduction of certain mutations in the SOCS
box impact DNA recognition helix �2, disrupting the DNA bind-
ing interface and, consequently, mLANA-mediated episome per-
sistence. Of note, the C-terminal kLANA structure corresponds
very closely to that of mLANA, and C-terminal kLANA residues
1085 to 1100 also contain a SOCS box component (5, 25, 52, 53).
The mLANA residues mutated in this work correspond to identi-
cal residues in kLANA within this motif and are similarly located
near the DNA binding surface and dimerization interface. In any
case, the finding that deficient mLANA E3 ligase activity reduced
viral latency suggests that complete inhibition of this activity
could result in an even more severe effect on the ability of virus to
establish latent infection, perhaps abolishing it.

The property of a viral protein assembling an EC5S E3 ligase
complex through a SOCS box motif is not unique to LANA pro-
teins. However, the biological significance of such a mechanism
for viral pathogenesis in vivo is only beginning to be characterized.
A recent study showed that HIV-1 Vif-mediated degradation of
APOBEC3 proteins, the targets of Vif E3 ligase activity, is impor-
tant for viral propagation in vivo (54). The authors infected a
humanized mouse model with HIV-1 mutants that contained
mutations in Vif motifs involved in interaction with APOBEC3
proteins. Although those mutations did not specifically inhibit Vif
E3 ligase activity, since they were introduced in Vif substrate bind-
ing motifs rather than in its SOCS box, this study highlights the
importance of Vif E3 ligase activity in vivo, at least for APOBEC3
proteins.

Here, we provide evidence for the in vivo importance of the E3
ligase complex, through which mLANA modulates at least two
cellular proteins whose regulation is critical for GC reaction,
NF-�B and Myc, thus promoting virus expansion during latency.
Although mLANA E3 ligase activity was not completely ablated,
the partial impairment of this function was sufficient to reduce

virus-induced GC B cell proliferation and viral latency levels.
Thus, pharmacological inhibition of LANA E3 ligase activity
through targeting of SOCS box motifs is a putative strategy to
control gammaherpesvirus infection.
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