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ABSTRACT

Ovine pulmonary adenocarcinoma is a naturally occurring lung cancer in sheep induced by the Jaagsiekte sheep retrovirus
(JSRV). Its envelope glycoprotein (Env) carries oncogenic properties, and its expression is sufficient to induce in vitro cell trans-
formation and in vivo lung adenocarcinoma. The identification of cellular partners of the JSRV envelope remains crucial for de-
ciphering mechanisms leading to cell transformation. We initially identified RALBP1 (RalA binding protein 1; also known as
RLIP76 or RIP), a cellular protein implicated in the ras pathway, as a partner of JSRV Env by yeast two-hybrid screening and
confirmed formation of RALBP1/Env complexes in mammalian cells. Expression of the RALBP1 protein was repressed in tu-
moral lungs and in tumor-derived alveolar type II cells. Through its inhibition using specific small interfering RNA (siRNA), we
showed that RALBP1 was involved in envelope-induced cell transformation and in modulation of the mTOR (mammalian target
of rapamycin)/p70S6K pathway by the retroviral envelope.

IMPORTANCE

JSRV-induced lung adenocarcinoma is of importance for the sheep industry. While the envelope has been reported as the onco-
genic determinant of the virus, the cellular proteins directly interacting with Env are still not known. Our report on the forma-
tion of RALBP/Env complexes and the role of this interaction in cell transformation opens up a new hypothesis for the dysregu-
lation observed upon virus infection in sheep.

Ovine pulmonary adenocarcinoma is a contagious tumor
that originates from the distal lung upon infection by the

Jaagsiekte sheep retrovirus (JSRV). It is now clearly established
that JSRV induces tumors via the oncogenic properties of its en-
velope (1), which is necessary and sufficient to induce transforma-
tion (1–3). The oncogenic property of the JSRV envelope has been
evidenced in various cell lines (reviewed in reference 4) and in vivo
in mice (5, 6) and in sheep (7). Beside the transmembrane (TM)
region, deletions of surface (SU) glycoproteins from the signal
peptide to the junction between the SU and TM subunits can
abolish the envelope glycoprotein (Env)-induced cell transforma-
tion (1). The cytoplasmic tail of TM is essential for cell transfor-
mation (8, 9). This region contains an YXXM motif (3) corre-
sponding to a potential consensus site linked to the SH2 domain of
the p85 subunit of phosphatidylinositol 3-kinase (PI3K), a kinase
that activates the serine/threonine kinase Akt. The PI3K/Akt sig-
naling pathway is essential in cell proliferation, survival, and me-
tabolism (10, 11). Mechanisms potentially involved in tumor for-
mation include extensive cell division as a result of oncogenic
mutations, inactivation of cellular senescence, tumor suppressor
pathways, or apoptosis mechanisms that may otherwise arrest
proliferation or induce death of potential cancer cells (12). Telo-
merase activation is considered mandatory for tumor cells to es-
cape cell senescence and to gain increased proliferative capacities
(13). Complex regulation of telomerase activity may include the
PI3K pathway through phosphorylation of telomerase reverse
transcriptase (TERT) by Akt (14). Telomerase activity is signifi-
cantly higher in ovine pulmonary adenocarcinomas compared to
control lungs; this suggests that inhibition of cell senescence may

be involved in the tumoral process in sheep and in the accumula-
tion of tumoral cells within the lung (15). The regulatory Akt
kinase is constitutively activated in ovine tumors and deregulated
in primary cultures derived from JSRV-induced cancers; there-
fore, Akt may be involved in telomerase activation in a proportion
of tumors (15). Akt is constitutively activated in various human
tumors, including lung cancer (16). In vitro experiments that
mimic cellular transformation by JSRV Env expression have im-
plicated Akt as well as Ras/MEK/MAPK (mitogen-activated pro-
tein kinase) pathways but in a cell-dependent manner (4, 17, 18).

While the role of the envelope in JSRV-mediated transforma-
tion is now well established, the early mechanisms that lead to
initiation of cell transformation are still unknown. The impor-
tance of HYAL-2, the cellular receptor for JSRV (19), remains
unclear and might be cell dependent; it plays no role in transfor-
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mation of murine cells, but human HYAL-2 suppresses envelope-
mediated transformation by increasing its degradation (20, 21).
The identification of cellular partners of the JSRV envelope re-
mains crucial for deciphering mechanisms that lead to cell trans-
formation. We identified RALBP1 (RalA binding protein 1; also
known as RLIP76 or RIP), a cellular protein implicated in the ras
pathway and an effector of RalA (Ras-like protein A) (22), as a
partner of the JSRV envelope by yeast two-hybrid screening and
confirmed formation of RALBP1/Env complexes in mammalian
cells. Through inhibition of RALBP1 expression using specific
small interfering RNA (siRNA), we showed that the cellular pro-
tein is involved in envelope-induced cell transformation.

MATERIALS AND METHODS
Biological material. The tumor tissues used in this study were collected
immediately postmortem from 10 sheep from milk farms with clinical signs
suggestive of lung adenocarcinoma such as dyspnea, altered general status,
and evacuation of mucoid fluid through the nostrils. The control lungs were
collected from 12 lambs (�3 months of age) with no clinical signs of respira-
tory disease at the Corbas slaughterhouse (France). Formal authorization for
access to the facility was obtained, and access was granted under the supervi-
sion of a veterinarian. None of the animals used in this study were engaged in
an experimental protocol. Clinical status was confirmed by pathological ex-
amination (F. Thivolet-Béjui, Service d’Anatomopathologie Clinique, Louis
Pradel Hospital, Lyon, France). The presence of JSRV in the tumors and its
absence in healthy lungs was confirmed by detection of viral genome using
seminested PCR. Briefly, DNA was extracted from lung tissues (Fast DNA kit;
MP Biomedicals, France) as recommended. The PCRs were performed using
100 ng of DNA with 1� KAPA2G Robust HotStart Ready Mix 2� (Clini-
sciences, France), 0.2 �M each primer, and PCR-grade H2O up to 25 �l.
Primers specific to the exogenous form of JSRV were used, namely, JSRV-53
(5=-GGATTCTTACACAATCACC-3=) in U3-LTR (long terminal repeat)
and JSRV-98 (5=-GAGTTGAAATGCTGCATATG-3=) in env for the first
round (290 bp for the expected size of the amplicon) of amplification
and JSRV-52 (5=-CACCGGATTCTTATATAATC-3=) in U3-LTR and
JSRV-98 for the second round (274 bp for the expected size of the amplicon).
The initial denaturation step at 95°C for 2 min was followed by 35 cycles, with
1 cycle consisting of 10 s at 95°C, 10 s at 55°C, and 10 s at 72°C.

Ovine primary alveolar type II cells (AECIIs) were isolated from 10
tumors and 8 healthy lungs, phenotypically characterized and cultured as
previously described (23). Briefly, cells were plated onto cell culture plates
coated with type I and type IV collagens (Sigma) and fibronectin (Milli-
pore) with Quantum 286 synthetic medium (PAA Laboratories, France)
selective for epithelial cells complemented with 10 ng/ml human kerati-
nocyte growth factor (KGF) (Abcys, France), 5 ng/ml human hepatocyte
growth factor (HGF) (Abcys), 10 U/ml penicillin, and 10 �g/ml strepto-
mycin (PAA). The cells were grown at 37°C in a humidified atmosphere
with 5% CO2. MDCK (Madin-Darby canine kidney) and HEK 293T (hu-
man embryonic kidney 293 with simian virus 40 [SV40] large T-antigen)
cells were grown in complete Dulbecco’s modified Eagle’s medium
(DMEM) (PAA) supplemented with 10% inactivated fetal calf serum
(FCS), 100 U/ml penicillin, 100 �g/ml streptomycin, and 1% nonessential
amino acids (PAA) at 37°C in a humidified atmosphere with 5% CO2.

Yeast two-hybrid screening for identification of cellular interac-
tants of the cytoplasmic tail. The cytoplasmic tail (CT) domain se-
quence of JSRV Env, nucleotides (nt) 7063 to 7197 from the full-length
sequence of the South African strain of JSRV (GenBank accession no.
NC_001494.1; kindly provided by Gilles Quérat, Marseille, France)
(24), was PCR amplified with KOD polymerase (Novagen) using
attB1.1 and attB2.1 recombination sites, respectively, fused to forward
and reverse primers. The amplified product was then cloned into
pDONR207 (25) using Gateway BP clonase II enzyme mix (Invitro-
gen) as recommended. After sequencing, the sequence of the CT do-
main was transferred from pDONR207 into the bait vector (pPC97)

using Gateway LR clonase II enzyme mix (Invitrogen) as recom-
mended so that it would be expressed as Gal4-DB fusion in yeast. Bait
vectors were introduced in Saccharomyces cerevisiae AH109 strain, and a
human spleen activation domain (AD) cDNA library (Invitrogen) was
screened by transformation as previously described (26). AD cDNAs were
PCR amplified, and inserts were sequenced.

Generation of RALBP1 and Env expression plasmids. A RALBP1
expression plasmid carrying an N-terminal (N-ter) Myc-tagged RALBP1
(referred to as “N-ter Myc RALBP1” in this study) was generated using
Gateway cloning technology (Invitrogen, USA) as recommended.
Briefly, the complete open reading frame of human RALBP1 was ampli-
fied from the IRATp970B0836D clone (ImaGenes; GenBank accession no.
NM_006788.3) using attB1.1 and attB2.1 recombination sites that were
fused to forward and reverse primers, respectively. The �2-kb amplified
full-length RALBP1 was introduced into the pDON207 donor vector us-
ing Gateway BP clonase II enzyme mix (Invitrogen) and transferred by
homologous recombination into the pCMV-myc destination vector (In-
vitrogen) using Gateway LR clonase II enzyme mix (Invitrogen). The
resulting construct allowed expression of a 90-kDa myc-RALBP1 fu-
sion protein with the complete amino acid sequence of the human
RALBP1 fused in the N terminus with the myc epitope under the
control of the cytomegalovirus (CMV) promoter. Similarly, a human
TRIM23 (tripartite motif-containing protein 23) expression plasmid
that carries an N-ter Myc-tagged TRIM23 (referred to “N-ter Myc
TRIM23”) was constructed from the complete cDNA (ImaGenes;
GenBank accession no. NM_033227.2). The expression plasmid for
the JSRV envelope fused to Flag in the C terminus (named “C-ter Flag
Env” in this study; kindly provided by M. Palmarini, University of
Glasgow Veterinary School, United Kingdom) produced an �72-kDa
fusion protein with a C-ter Flag tag under the control of the CMV
promoter. The N-ter Flag TM expression plasmid, used solely for im-
munoprecipitation, was generated using the Gateway Cloning tech-
nology (Invitrogen) as recommended. Briefly, the complete open
reading frame of JSRV TM (GenBank accession no. NC_001494.1;
from nt 6484 to 7197) was introduced into the donor vector pDON207
using attB1.1 and attB2.1 recombination sites that were fused to for-
ward and reverse primers, respectively, and transferred by homolo-
gous recombination into the pCI-Neo3XFlag destination vector (In-
vitrogen) for the expression of a 32-kDa N-ter Flag TM fusion protein.
A plasmid named “v-mos” in this study (kindly provided by Hung Fan,
Cancer Research Institute, University of California Irvine, USA) al-
lowed expression of the v-mos oncogene. All plasmid DNAs were ex-
tracted with the Nucleobond Xtra Midi EF kit (Macherey-Nagel) as
recommended and checked by digestion with the appropriate restric-
tion enzymes.

Cell transfection. HEK 293T cells were transfected with N-ter myc
RALBP1 or N-ter Flag TM expression plasmid alone or concomitantly.
After 24 h of incubation of six-well plates with 8 � 105 HEK 293T cells per
well, cells were transfected with a mix of DNA and jetPEI (Polyplus Trans-
fection SA). Briefly, jetPEI and DNA (between 1 and 5 �g per condition
according to the plasmid used) were diluted in 150 mM NaCl and then
were mixed and incubated at room temperature for 30 min. The DNA-
jetPEI mix was gently added to the cells, and transfected cells were grown
at 37°C in a humidified atmosphere with 5% CO2 in DMEM supple-
mented with FCS. MDCK cells were transfected with the C-ter Flag Env,
N-ter Myc TRIM23, or v-mos expression vector using the Neon transfec-
tion system kit (Invitrogen) and the MP100 Labtech Microporator (Life
Technologies, USA) as recommended. Briefly, 5 � 105 cells were resus-
pended in R buffer (Invitrogen) at 37°C before the addition of 3 �g of the
C-ter Flag Env, 3 �g of the N-ter Myc TRIM23, or 5 �g of the v-mos
constructs. Transfected cells were grown at 37°C in a humidified atmo-
sphere with 5% CO2 in complete DMEM. RALBP1 knockdown was real-
ized using 25 pmol of a mix of three RALBP1-specific siRNAs targeting
different parts of the human RALBP1 mRNA (Stealth siRNA duplexes;
Invitrogen). Irrelevant siRNA (Stealth siRNA negative-control duplexes;
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Invitrogen), referred to as “scramble siRNA” in this study, were designed
to minimize sequence homology with the known vertebrate transcripts
and were used as negative controls. The siRNAs were transfected into
MDCK cells by electroporation as described above.

Immunoprecipitation of RALBP1/TM complexes in HEK 293T
cells. Total proteins were extracted from HEK 293T cells cotransfected
with N-ter Myc RALBP1 and N-ter Flag TM expression vectors. Fifty
microliters of magnetic microbeads coated with G proteins (Miltenyi Bio-
tech) was added to a mix of 2 �g of mouse anti-Myc antibodies (M4439;
Sigma-Aldrich) or mouse anti-Flag antibodies (F3165; Sigma-Aldrich)
for the reverse immunoprecipitation (IP), and 1 mg of total proteins di-
luted in 500 �l of lysis buffer (20 mM Tris HCl [pH 8], 10% glycerol, 150
mM NaCl, 1% Triton X-100, 5 mM EDTA, 1 mM Na3VO4, 1 mM phe-
nylmethanesulfonyl fluoride [PMSF], and 10 �g/ml of aprotinin and leu-
peptin). After 30 min at 4°C, mixtures were loaded onto �MACS columns
(Miltenyi Biotech) previously rinsed with 200 �l of lysis buffer and placed
in a magnetic field using the �MACS separator (Miltenyi Biotech). The
flowthrough was collected. After four washes with lysis buffer, columns
were loaded with 20 �l of preheated loading buffer (50 mM Tris HCl [pH
6.8], 50 mM dithiothreitol [DTT], 1% SDS, 0.005% bromophenol blue,
10% glycerol). After 5-min incubation at room temperature, protein
complexes were eluted with 50 �l of preheated loading buffer. The flow-
through and eluates were analyzed for detection of TM or RALBP1 using
Western blot analysis.

Measurement of cell transformation by spheroid formation in soft
agar. Twenty-four hours after transfection with C-ter Flag Env or v-mos
expression plasmid and scramble siRNA or RALBP1-specific siRNA, the
MDCK cells were detached and cultured in 10� CytoSelect agar matrix
(Cell Biolabs) diluted in complete DMEM at 25 � 103 cells per well in
24-well plates. The cells were grown at 37°C, and the number and size of
the spheroids formed were monitored daily for 12 days. Twenty-four
hours after the cells were cultured in soft agar, we ensured that there were
no cell clumps that could be mistaken for spheroids. All spheroids were
measured with the Image J software (W. S. Rasband, National Institutes of
Health, Bethesda, MD, USA). Cells transfected with C-ter Flag Env alone,
v-mos alone, or nontransfected cells were used as controls. Each transfor-
mation experiment was performed in triplicate and repeated twice.

Analysis of mRNA expression of RALBP1, Env, and v-mos. RNA
from MDCK cells transfected with C-ter Flag Env or v-mos expression
plasmid and scramble siRNA or RALBP1-specific siRNA were extracted
48 h posttransfection and analyzed by reverse transcriptase PCR (RT-
PCR) to confirm RALPB1, env, and v-mos mRNA expression during the
transformation tests. Briefly, RNAs were extracted with the Pure Link
RNA minikit (Life Technologies) as recommended; 500 ng of total RNAs
was reverse transcribed using Moloney murine leukemia virus reverse
transcriptase (M-MLV RT) RNase H minus and random hexamers (Pro-
mega, France). A control minus RT was subjected to the procedure in the
absence of M-MLV RT. Fifty nanograms of cDNA was amplified using the
Kapa Taq DNA polymerase kit (Clinisciences) as recommended using
JSRV env-specific primers (forward [FOR] primer, 5=-TCTTATCAATCG
CAGCATCC-3=; reverse [REV] primer, 5=-GAGTGTCTATGCCTATGC
CG-3=), canine RALBP1-specific primers (FOR primer, 5=-GGAGGAGA
TCAGAAGACAGGAGT-3=; REV primer, 5=-ACTGGCGATCTCTTGTG
CAA-3=), v-mos-specific primers (FOR primer, 5=-ATCAGTGACTTCGG
CTGCTC-3=; REV primer, 5=-TGCCACAGGGTGATTCCAAA-3=), and
�-actin-specific primers (FOR primer, 5=-CCAACCGTGAGAAGATGA
CC-3=; REV primer, 5=-CCAGAGGCGTACAGGGACAG-3=). The initial
denaturation step at 95°C for 3 min was followed by 25 cycles for RALBP1
or 35 cycles for v-mos, Env, and �-actin, with one cycle consisting of 30 s
at 95°C, 30 s at 60°C, and 30 s at 72°C.

Immunodetection of RALBP1, CDC42, or Env on fixed cells. MDCK
cells were transfected with the C-ter Flag Env construct and cultured in
eight-well chamber slides for 48 h. The cells were then rinsed twice with
1� phosphate-buffered saline (PBS) for 5 min, fixed, and permeabilized
with ice-cold acetone for 10 min at �20°C. After rehydration for 20 min in

1� PBS, the cells were incubated overnight at 4°C with mouse anti-Flag
(F3165; Sigma-Aldrich) and rabbit anti-RALBP1 (Ab133549; Abcam) or
anti-CDC42 (antibody against cell division control protein 42 [CDC42])
(C5747; Sigma-Aldrich) antibodies, respectively, diluted at 1/5,000,
1/1,000, and 1/2,000 in PBS-BSA (1� PBS, 1% bovine serum albumin
[BSA]). After washes with 1� PBS, the cells were incubated for 1 h at room
temperature with anti-mouse IgG antibody labeled with Dylight 488
(anti-mouse IgG Dylight 488) and anti-rabbit IgG Dylight 594 antibodies
(Eurobio) diluted at 1/500 in PBS-BSA. Fixed cells were rinsed with 1�
PBS, and nuclei were stained with 1 �g/ml 4=,6=-diamidino-2-phenylin-
dole (DAPI) for 10 min and mounted with Fluoromount G (Electron
Microscopy Sciences). Healthy MDCK cells and cells incubated solely
with the secondary antibody were used as negative controls. Microscopic
examinations were performed using an Axioimager Z1 epifluorescence
microscope and an LSM710 confocal microscope, and images were ana-
lyzed using the Zen software (Zeiss).

Proximity ligation assay (PLA). Transfected MDCK cells, once fixed
and incubated with primary RALBP1, CDC42, Myc, or Flag antibodies, as
described above, were washed with 1� PBS and incubated for 1 h at 37°C
with Duolink PLA rabbit plus and PLA mouse minus proximity probes
(Olink Bioscience, Sweden). Proximity ligation was performed using the
Duolink detection kit (Olink Bioscience) according to the manufacturer’s
instructions. Controls were subjected to the same conditions on MDCK
cells in the absence of Env expression. Microscopic examinations were
performed as described above.

Western blot analysis. MDCK cell pellets were resuspended in 200 �l
of lysis buffer per 1 � 106 cells and incubated for 15 min on ice. Lysates
were homogenized with four sonication cycles for 20 s at 300 W each
(Bioblock; Fisher Scientific). After centrifugation at 11,000 � g for 15 min
at 4°C, supernatants were harvested. Lung tissue samples were immersed
in 400 �l of lysis buffer per 50 mg of tissue in a lysing matrix D tube (MP
Biomedicals) as recommended. After tissue dissociation with the FastPrep
device (MP Biomedicals) and incubation for 30 min on ice, four sonica-
tion cycles of 20 s at 300 W each were applied to the lysates. Supernatants
were harvested after centrifugation for 30 min at 15,000 � g at 4°C. The
amount of total proteins was measured with the Quick Start Bradford 1�
dye reagent kit (Bio-Rad) and read on a Victor II spectrophotometer
(PerkinElmer). After heat denaturation, total proteins (15 �g) were sep-
arated by migration on an SDS-polyacrylamide gel and transferred onto a
nitrocellulose membrane (Bio-Rad). The membranes were preincubated
with TBST-milk (TBST stands for Tris-buffered saline with Tween 20) (25
mM Tris [pH 7.6], 0.15 M NaCl, 0.05% Tween 20, 5% nonfat dry milk) for
1 h at room temperature. After three washes in TBST, the membranes
were incubated overnight at 4°C with specific antibodies. RALBP1 protein
was detected with a 1/20,000 dilution in TBST-milk of rabbit anti-
RALBP1 antibodies (Ab133549; Abcam) in canine MDCK cells or with a
1/250 dilution in TBST-milk of rabbit polyclonal anti-RALBP1 antibodies
(sc28575; Santa Cruz) in tissues and cells from sheep. When the N-ter Myc
RALBP1 vector was used, expression of the fusion protein was detected
with a 1/1,000 dilution in PBS with 0.05% Tween 20 of mouse anti-Myc
antibodies (M4439; Sigma-Aldrich). Analysis of the Akt/mTOR (mam-
malian target of rapamycin) pathway was performed using antibodies
directed against Akt (9272; Cell Signaling), phospho-Akt (9271; Cell Sig-
naling), mTOR (2976; Cell Signaling), phospho-mTOR (2971; Cell Sig-
naling), and phospho-p70S6K (9205; Cell Signaling) at a 1/500 dilution in
TBST with 5% BSA (TBST—5% BSA) and against CDC42 (Sigma) at a
1/300 dilution in TBST with 5% milk (TBST–5% milk). After overnight
incubation with primary antibodies, the membranes were washed in
TBST and incubated for 1 h at room temperature with a 1/20,000 dilution
of anti-rabbit IgG (whole molecule) antibodies (A0545; Sigma) labeled
with peroxidase. Detection of the C-ter Flag Env and �-actin were per-
formed with appropriate antibodies using the SNAP id system (Milli-
pore). Briefly, the membranes were blocked with Superblock T20 buffer
(Thermo Scientific), incubated for 10 min with a 1/8,000 dilution of
mouse anti-Flag antibodies labeled with peroxidase (anti-Flag peroxidase
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antibodies) (A8592; Sigma) or a 1/75,000 dilution of anti-�-actin perox-
idase antibodies (Ab A3854; Sigma), and washed in TBST. Immunoreac-
tive bands were detected using the Super Signal reagent (Pierce). Western
blots were performed three times for one transfection. The protein ex-
pression was semiquantified by densitometry using the image processing
software UN-SCAN-IT (Silk Scientific Corporation). The ratio of a pro-
tein of interest to �-actin (protein of interest/�-actin ratio) was calcu-
lated.

Statistical analysis. Statistical analyses were performed using the Wil-
coxon, Student, or Welsh test using R software (27). All tests were done
with a significance threshold of � � 0.05.

RESULTS
RALBP1 and Env proteins interact in cellulo. As part of the iden-
tification of cellular partners of the JSRV oncogenic envelope,
RALBP1 was identified as a cellular interactant of the CT domain
by yeast two-hybrid screening. The yeast two-hybrid screen re-
vealed seven cellular proteins interacting with the CT domain. Of
these proteins, RALBP1 was the most frequently detected interac-
tant with 15 hits. Interaction in eukaryotic cells was confirmed by
formation of viral-cellular protein complexes in HEK 293T cells
cotransfected with N-ter Flag TM and N-ter Myc RALBP1 (Fig.
1A). By immunoprecipitation, TM was detected in the fraction
retained by the protein G-coated beads coupled to anti-Myc anti-
bodies when N-ter Myc RALBP1 proteins were present in cell
lysates (Fig. 1A). The same interaction was evidenced in the re-
versed IP with detection of RALBP1 retained by the beads coupled
with anti-Flag antibodies when N-ter Flag TM was present in ly-
sates (Fig. 1A).

The cellular localization of RALBP1 and Env was analyzed by
immunostaining on fixed MDCK cells transfected with the C-ter
Flag Env expression construct. During the preliminary steps of
our study, we observed that MDCK cells constitutively expressed
high levels of RALBP1 (Fig. 1B); this made these cells suitable for
our study without the need of RALBP1 overexpression by trans-
fection. JSRV Env was expressed at the cell membrane, in the
cytoplasm, and at the periphery of the nucleus (Fig. 1B). RALBP1
was expressed both in the cytoplasm and at the cell membrane
(Fig. 1B). RALBP1 and Env colocalized at the cell membrane and
in the cytoplasm (Fig. 1B).

In MDCK cells transfected with the C-ter Flag Env, a proximity
ligation assay (PLA) demonstrated the interaction between
RALBP1 and Env in the cytoplasm, as visualized by green dots
(Fig. 1C). As a negative control, the same assay gave no signal on
MDCK cells transfected with the C-ter Flag Env and N-ter Myc
TRIM23, a cellular protein that we knew does not interact with
Env. Taken together, these data confirmed that RALBP1 and Env
were able to form protein-protein complexes in mammalian cells;
therefore, our initial observation in yeast was validated.

The RALBP1/Env complexes are involved in Env-mediated
transformation. To study the role of RALBP1/Env complexes
during Env-induced cell transformation, we experimentally con-
trolled RALBP1 expression in MDCK cells using siRNA targeting
this cell protein. We monitored the expression of RALBP1
mRNAs and proteins in MDCK cells transfected with RALBP1-
specific siRNAs or scramble siRNAs as negative controls. Two
days after transfection, there was no detectable expression of
RALBP1 mRNA or protein in MDCK cells transfected with the
RALBP1 siRNAs, unlike cells transfected with scramble siRNAs
(Fig. 2). This inhibition was maintained for up to 5 days after
transfection with a low but detectable level of protein and mRNA

expression compared to controls (Fig. 2). By day 9, the level of
expression was restored (Fig. 2). The siRNA targeting RALBP1
proved to efficiently extinguish expression of RALBP1 mRNAs
and proteins in MDCK cells.

To evaluate the contribution of RALBP1/Env complexes dur-
ing Env-mediated transformation, we measured the induction of
MDCK spheroids in soft agar upon Env expression in the absence
(RALBP1-specific siRNAs) or presence (scramble siRNA or none)
of RALBP1 (Fig. 3). The number and size of spheroids indicative
of cell transformation were recorded over 12 days. When cultured
in soft agar, control MDCK cells did not form spheroids after 12
days (data not shown). When the cells were transfected with C-ter
Flag Env, spheroids were readily visible by day 9 (Fig. 3A). Trans-
fection of Env-expressing MDCK cells with control scramble
siRNA had no effect on the size and number of spheroids (Fig. 3A
and B) compared to Env-transfected cells. In clear contrast, silenc-
ing of RALBP1 significantly increased the number of spheroids
(Fig. 3B) and reduced their size (Fig. 3A and C) compared to
nontransfected or scramble siRNA-transfected cells. We con-
cluded that RALBP1 had a dual effect during the early steps of
transformation: on one hand, RALBP1 inhibition resulted in an
increased number of spheroids compared to the controls, suggest-
ing that RALBP1 prevents cell transformation; on the other hand,
RALBP1 inhibition slowed down the spheroid expansion in Env-
transfected MDCK cells, suggesting that RALBP1 participates in
the growth of spheroids.

In order to control that the observed effects were specifically
attributable to the formation of RALBP1/Env complexes, the
same tests were performed using the v-mos oncogene as an induc-
tor of MDCK cell transformation (Fig. 3A). In the presence of
v-mos, RALBP1 inhibition using specific siRNA did not alter the
number or size of spheroids (Fig. 3B and C). We concluded that
RALBP1 inhibition had no effect on the transformation mediated
by v-mos; this suggests that RALBP1 is not a ubiquitous partner of
the viral oncogenes but rather that it interacts specifically with
JSRV Env during cell transformation.

RALBP1 is downregulated in Env-expressing cells, tumoral
AECIIs, and tumoral lung tissues. The level of RALBP1 expres-
sion was analyzed in healthy or Env-transfected MDCK cells. Each
experiment was performed in triplicate. In the presence of JSRV
envelope, there was a twofold decrease in RALBP1 expression
(P � 0.0095) from the level in healthy MDCK cells (Fig. 4A and B);
this suggests that downregulation of RALBP1 occurs upon enve-
lope expression. Similarly, downregulation of RALBP1 expression
was highlighted in HEK 293T cells in the presence of Env (data not
shown). We then investigated the level of RALBP1 expression in
JSRV-induced tumors and in tumor-derived AECIIs. We com-
pared the level of RALBP1 expression measured as the RALBP1/
�-actin ratio in lung cancers (n � 10) and healthy lungs (n � 12)
and AECIIs derived from lung tumors (n � 10) or healthy lungs
(n � 8) (Fig. 6). Interestingly, as shown in Env-expressing MDCK
cells (Fig. 4), there was a twofold reduction of RALBP1 protein
expression (P � 0.003) in lung tumors and in tumor-derived
AECIIs compared to normal conditions (see Fig. 6). In conclu-
sion, lung tumors and AECIIs derived from JSRV-induced lung
tumors expressed less RALBP1 proteins than their healthy coun-
terparts.

The Akt/mTOR/p70S6K pathway is activated by the JSRV en-
velope in MDCK cells. We then studied the activation of the Akt/
mTOR/p70S6K pathway in Env-transfected MDCK cells by mea-
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FIG 1 Env and RALBP1 formed protein-protein complexes. (A) Coimmunoprecipitation of RALBP1 and TM in HEK 293T cells. Lysates of HEK 293T cells
overexpressing N-ter Flag TM (	) in the presence (	) or absence (�) of N-ter Myc RALBP1 were incubated with protein G-coated beads coupled with anti-Myc
antibody (RALBP1 pulldown) or anti-Flag (TM pulldown) antibodies. TM (32 kDa) or RALBP1 (90 kDa) was detected by Western blotting using anti-Flag
antibodies or anti-Myc antibodies, respectively. (B) Colocalization of RALBP1 and Env proteins in MDCK cells. C-ter Flag Env was overexpressed by transfection
in MDCK cells, spontaneously expressing high levels of RALBP1. RALBP1 and Env were detected using anti-RALBP1 or anti-Flag antibodies, respectively. The
overlay shows the colocalization of Env and RALBP1 (indicated by white arrows) in cells. The nuclei were stained with DAPI (blue). (C) Proximity ligation assay
(PLA). An in situ proximity ligation assay was performed on MDCK cells overexpressing C-ter Flag Env. Primary anti-RALBP1, anti-Myc for TRIM23, and
anti-Flag antibodies for Env were combined with secondary PLA probes (Olink Bioscience). The interaction events between Env and RALBP1 are visible as green
dots in the cytoplasm. Negative controls were performed in the same conditions on MDCK cells in the absence of Env expression (w/o Env) or using TRIM23,
which we know does not interact with Env. Nuclei were stained with DAPI. Magnification, �200.
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suring expression of total and phosphorylated Akt (P-Akt),
mTOR (P-mTOR), and p70S6K (P-p70S6K) proteins. Each ex-
periment was performed in triplicate, and the signals were semi-
quantified. The quantity of total proteins was constant in all tested
conditions as determined by expression of �-actin (Fig. 4A). We
observed a twofold decrease in expression of total Akt and mTOR
upon Env expression (Fig. 4A and B). In the presence of JSRV
envelope, we observed a twofold increase in the expression of P-
mTOR and a moderate increase in the expression of P-Akt and
P-p70S6K (Fig. 4A and B). These results highlight activation of the
Akt/mTOR/p70S6K pathway mediated by JSRV envelope.

RALBP1 is involved in Env-driven modulation of the Akt/
mTOR/p70S6K pathway. To determine the role of RALBP1 in ac-
tivation of the Akt/mTOR/p70S6K pathway, expression of key pro-
teins was evaluated after siRNA silencing of RALBP1 in Env-
transfected MDCK cells (Fig. 5A). Each experiment was performed in
triplicate. The quantity of total proteins was constant in all tested
conditions as determined by expression of �-actin. While the levels of
total Akt and mTOR were not markedly changed upon inhibition of
RALPB1 in Env-expressing MDCK cells (Fig. 5B), their phosphory-
lated forms were negatively modulated with a marked twofold reduc-
tion of P-mTOR (P � 0.015) (Fig. 5B). Interestingly, inhibition of
RALBP1 in Env-expressing MDCK cells completely abolished the
phosphorylation of P-p70S6K (Fig. 5B). These results highlighted
that in Env-expressing MDCK cells, RALBP1 regulates the expression
of proteins of the Akt/mTOR/p70S6K pathway and stimulates acti-
vation of the Akt, mTOR, and p70S6K key proteins.

The Akt/mTOR/p70S6K pathway is modulated in JSRV-in-
duced tumors and tumor-derived AECIIs. We investigated the
activation of Akt, mTOR, and p70S6K in JSRV-induced lung tu-
mors and tumor-derived AECIIs. The expression of protein was
semiquantified using the protein of interest/�-actin ratio. In lung
tissues, the dysregulation of the Akt/mTOR/p70S6K pathway was
noticeable with a marked and significant decrease of mTOR ex-
pression (P � 0.0002) down to 20% of the level observed in the
healthy lungs and a complete abolishment of its activation (P �
0.0008) (Fig. 6). The mTOR or P-mTOR protein expression was
not significantly disturbed in tumor-derived AECIIs compared to
healthy cells (Fig. 6). Remarkably, P-p70S6K was significantly
overexpressed in tumors and in tumor-derived AECIIs: there was
almost a 2-fold increase in lungs (P � 0.0015) and a 2.5-fold
increase in AECIIs (P � 0.02) compared to normal conditions
(Fig. 6). To summarize, we demonstrated a dysregulation of the

Akt/mTOR/p70S6K pathway with a marked activation of p70S6K
in lung tumors.

CDC42 is overexpressed in epithelial cells derived from
ovine tumors and formed complexes with Env. We analyzed the
level of total CDC42 protein in ovine tumors and in AECIIs iso-
lated from tumors. If no major difference of expression was no-
ticeable between tumoral and healthy lungs, a significant overex-
pression (P 
 0.05) of CDC42 was evidenced in AECIIs derived
from tumors (Fig. 6). We then analyzed the localization of CDC42
and envelope proteins in MDCK overexpressing the C-ter Flag
Env and demonstrated that the two proteins were colocalized in
the cytoplasm of the cells (Fig. 7A). Finally, CDC42 and the JSRV
envelope formed protein-protein complexes as shown by PLA
(Fig. 7B).

DISCUSSION

To decipher the early steps of JSRV-induced cell transformation,
we identified cellular partners of the cytoplasmic tail of its enve-
lope by yeast two-hybrid screening. Among the identified cell
partners, we focused on the interaction between the envelope of
JSRV and RALBP1, a cellular protein implicated in the ras path-
way and effector of RalA (Ras-like protein A) (22). We demon-
strated the formation of RALBP1/Env complexes in mammalian
cells by visualizing their colocalization as well as protein-protein
interaction using a proximity ligation assay. We studied how the
disruption of the RALBP1/Env complexes might modify the
transformation process and subsequent activation of signaling
pathways.

RALBP1 is ubiquitously expressed and acts as a multifunc-
tional cellular protein. It contains a region of homology with the
GTPase-activating protein (GAP) domain involved in regulation
of GTPases of the Rho family. By recruitment of CDC42 (cell
division control protein 42) through its GAP domain, RALBP1
participates in the remodeling of the actin cytoskeleton (28).
RALBP1 regulates various endocytic pathways, including those
mediated by receptors for epidermal growth factor, transferrin, or
insulin (29, 30). RALBP1 is involved in cell cycle progression; it
promotes mitochondrial fission during mitosis via its interaction
with CDK1 (31). It also acts as a non-ABC transporter, and thus, it
participates in resistance to small chemotherapeutic drugs (32).
Importantly, RALBP1 has been identified as an important neo-
plastic player by its crucial role in some of the key cellular func-
tions. Depletion of RALBP1 in xenografts has efficiently cured

FIG 2 RALBP1 expression was efficiently reduced by specific siRNAs. MDCK cells spontaneously expressing high levels of RALBP1 were cotransfected with a
mixture of three siRNAs targeting RALBP1 (	) or irrelevant scramble siRNA (�) as controls. The expression of mRNA and RALBP1 protein was monitored for
12 days posttransfection. Untreated MDCK cells were used as a negative control (� CTRL). �-Actin was used as a positive control for RNA expression and protein
load.
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FIG 3 RALBP1/Env complexes are involved in Env-mediated cell transformation. (A) Changes over time in the number and size of spheroids were monitored
in MDCK cells transformed by C-ter Flag Env or v-mos plasmid upon inhibition of RALBP1 expression (by RALBP1-specific siRNA) or in control conditions (in
the presence or absence of irrelevant scramble siRNA) over 12 days. Spheroids are indicated by black arrowheads. (B) Number of spheroids after 12 days in
MDCK cells transfected with JSRV Env or v-mos and treated with RALBP1 siRNA or scramble siRNA or not treated (none). Statistical analysis was performed
using the Wilcoxon test, and values that are significantly different are indicated by bars and asterisks as follows: *, P � 0.05; **, P � 0.01. (C) Size of spheroids
(in micrometers) after 12 days in MDCK cells transfected with C-ter Flag Env or v-mos and treated with RALBP1 siRNA (}) or scramble siRNA (�) or not treated
(Œ). Statistical analysis was performed with the Welsh test; *, P � 0.05; **, P � 0.01.
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skin (33), lung (34), colon (35), prostate (36), and kidney (37)
cancers. Inhibition of RAL-A, an activator of RALBP1, leads to
reduction of cell proliferation in cells derived from non-small cell
lung cancers (38). RALBP1 has an important antiapoptotic role
with the transport of glutathione conjugates of electrophilic pro-

apoptotic compounds produced during oxidative stress (32, 39)
and is involved in the oxidative stress response through its inter-
action with HSF1 (heat shock factor 1) (40).

Interestingly, in our study, RALBP1 was underexpressed in
MDCK cells expressing the JSRV envelope and in ovine lung tu-

FIG 4 Modulation of RALBP1 and Akt/mTOR/p70S6K pathway by JSRV Env. (A) In MDCK cells not transfected (control [CTRL]) or transfected by C-ter Flag
Env, total and phosphorylated proteins were analyzed by Western blotting 48 h after transfection using antibodies directed against total Akt, phosphorylated Akt
(P-Akt), mTOR, phosphorylated mTOR (P-mTOR), phosphorylated p70S6K (P-p70S6K), RALBP1, and �-actin. Upon transfection with the C-ter Flag Env
expression vector, both the full-length Env and TM proteins were detected; only the 72-kDa full-length protein is shown. (B) Total protein expression was
semiquantified by the protein of interest/�-actin ratio and showed as the percentage of the control cells in the absence of Env used as the 100% threshold
(indicated by the dashed line). Statistical analysis was performed with the t test; **, P � 0.01.

FIG 5 Involvement of RALBP1 in modulation of the Akt/mTOR/p70S6K pathway by JSRV Env. (A) MDCK cells were transfected with C-ter Flag Env and siRNA
targeting RALBP1 or scramble siRNA. Total proteins were extracted and analyzed by Western blotting 48 h after transfection using antibodies directed against
Akt, P-Akt, mTOR, P-mTOR, P-p70S6K, and RALBP1. (B) Protein expression was semiquantified using the protein of interest/�-actin ratio and expressed as a
percentage of the control cells transfected with the scramble siRNA used as the 100% threshold (indicated by the dashed line). Statistical analysis was performed
with the t test; *, P � 0.05; ***, P � 0.001.
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mors and tumor-derived AECIIs. These results are in contrast
with reports on RALBP1 overexpression in lung, prostate, or
ovary cancers (41), among others, as well as in cell lines derived
from non-small cell lung cancers (38). The RALBP1 down-expres-
sion that we observed in ovine pulmonary adenocarcinomas
might be specifically associated with JSRV and associated with
envelope expression as shown by the negative regulation of endog-
enous RALPB1 in MDCK cells expressing Env.

We analyzed activation of the Akt/mTOR/p70S6K pathway in
cells overexpressing the envelope and in tissues and AECIIs de-
rived from JSRV-induced tumors. We report the activation of
p70S6K in MDCK cells overexpressing Env and in tumor-derived
AECIIs and its downregulation upon siRNA-mediated inhibition
of RALBP1. The Akt/mTOR/p70S6K signaling pathway is crucial
for cell growth and survival in physiological and pathological sit-
uations and is activated by multiple factors, e.g., hormones,
growth factors, or mutations of components of the tyrosine kinase
pathways (11, 42, 43). When phosphorylated, Akt activates the
mTOR kinase (44), which controls cell growth by promoting
translation and ribosome biogenesis by phosphorylation of
p70S6K and 4E-BP1 (45). The p70S6K kinase controls cellular
growth by promoting mRNA translation (45). Activation of the
PI3K/Akt pathway has been reported in various JSRV-trans-
formed cell lines (8, 46, 47) and confers a growth advantage. Over-

FIG 6 Modulation of RALBP1 and Akt/mTOR pathway in lungs and primary
AECIIs. Expression of RALBP1, mTOR, P-mTOR, P-p70S6K, and CDC42 was
analyzed by Western blotting in lungs (10 lungs with tumors and 12 healthy
lungs) and AECIIs (10 derived from JSRV-induced tumors and 8 derived from
healthy lungs). Protein expression was semiquantified by the protein of inter-
est/�-actin ratio and is shown as a percentage from the nontumoral lungs
(black bars) and AECIIs (gray bars) used as the 100% threshold (indicated by
the horizontal dashed line). Statistical analysis was performed with the Wil-
coxon, Welsh, and t tests. Values that are significantly different are indicated by
asterisks as follows: *, P � 0.05; **, P � 0.01; ***, P � 0.001.

FIG 7 Formation of Env/CDC42 complexes. (A) Colocalization of endogenous CDC42 and Env proteins in MDCK cells. C-ter Flag Env was overexpressed by
transfection in MDCK cells. CDC42 and Env were detected using anti-CDC42 or anti-Flag antibodies, respectively. The overlay shows the colocalization of Env
and CDC42 in cells (indicated by white arrows). (B) PLA was performed on MDCK cells transfected with C-ter Flag Env. Primary anti-CDC42 and anti-Flag
antibodies were combined with secondary PLA probes (Olink Bioscience). The interaction events between Env and CDC42 are visible as green dots in the
cytoplasm. Nuclei were stained with DAPI. Magnification, �200. (C) Putative regulation of the Akt/mTOR/p70S6K pathway upon Env expression based on our
results. The pathway in healthy cells (light blue boxes) is shown in the left panel and the observed dysregulation in Env-expressing cells is shown in the right panel.
Upregulated proteins (red boxes) and downregulated proteins (green boxes) are indicated.
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all, the role of the PI3K/Akt pathway appears to be cell line depen-
dent with murine cells depending on Akt activation, while chicken
cell lines can be transformed by mutant cells with mutations in the
YXXM motifs that fail to activate Akt (47).

In this report, we studied mechanisms of Env-mediated trans-
formation in MDCK cells when maintained in a three-dimen-
sional (3D) semisolid matrix (soft agar). When MDCK cells were
transfected with Env, we observed the formation of MDCK spher-
oids due to the ability of these cells to grow in the absence of
anchorage, a hallmark of cellular transformation and uncon-
trolled cellular growth (48). As previously reported (9, 49), we
showed activation of the Akt/mTOR pathway with moderate ac-
tivation of Akt and strong activation of mTOR and p70S6K in
Env-expressing cells. The mTOR and p70S6K proteins were acti-
vated in AECIIs derived from JSRV-induced tumors; this sug-
gested the role of JSRV in activation of these key proteins. The
activation of the Akt/mTOR/p70S6K pathway may participate in
telomerase activation that leads to inhibition of apoptosis in
AECIIs derived from tumors (15). Interestingly, phosphorylated
Akt was not detected (47) or was detected only in one-third (15) of
the tested ovine lung adenocarcinomas. We previously demon-
strated that primary AECIIs were insensitive to stimulation by
epidermal growth factor, an activator of the PI3K/Akt/mTOR
pathway, suggesting impairment of this pathway in cells trans-
formed by JSRV (15). Taken together, these results reinforce the
role of the PI3K/Akt/mTOR pathway in the JSRV Env-induced
transformation and suggest that mTOR and p70S6K might be
more important than Akt during the transformation process.
Note that many viruses, including Epstein-Barr virus, papilloma-
viruses, polyomaviruses, human herpesvirus 8, hepatitis B virus,
hepatitis C virus, human immunodeficiency viruses, cytomegalo-
virus, respiratory syncytial virus, or rubella virus require upregu-
lation of the PI3K/Akt pathway to sustain long-standing infections
and to create a favorable environment for cell transformation or virus
replication (42).

We observed that envelope overexpression induced decreases
in RALBP1 proteins in MDCK cells in parallel with activation of
the Akt/mTOR pathway. Visualization of Env-RALBP1 interac-
tions 2 days posttransfection by the proximity ligation assay,
which enables visualization of individual protein-protein interac-
tions in cells, evidenced a punctiform and cytoplasmic localiza-
tion of the protein-protein complexes in MDCK cells expressing
JSRV Env. We demonstrated that extinction of RALBP1 expres-
sion using RALBP1-specific siRNAs turned down the activation of
mTOR and p70S6K in Env-transfected cells, while activation of
Akt was not significantly altered compared to controls. Moreover,
the reduction of RALBP1 expression was associated with a dual
effect on the appearance and development of spheroids in Env-
transformed MDCK cells. On one hand, the absence of RALBP1
increased the number of transformation events induced by Env,
while on the other hand, it prevented expansion of the foci in
terms of size. The capacity of Env to transform cells and to gener-
ate spheroids was amplified in the absence of RALBP1 expression.
This suggests that Env may downregulate or interfere with the
multifunctional RALBP1 protein in order to be more efficient at
initiating transforming events. It would be interesting to look at
the efficiency of RALBP1 overexpression to prevent the transfor-
mation process. On the other hand, when inhibiting expression of
RALBP1 with siRNA, the size of growing spheroids was reduced at
12 days posttransfection, which implies the involvement of

RALBP1 in the proliferation and/or maintenance of Env-trans-
formed cells. After a few days posttransfection, RALBP1 tends to
recover its normal expression level (siRNA being efficient up to 5
days posttransfection). This suggests that development in the size
of the spheroid may not be under the control of Env expression,
but rather it may be modulated by RALBP1 reexpression. This is in
agreement with the reported capacity of RALBP1 to suppress
apoptosis and to promote cell proliferation (50).

RALBP1 interacts with a number of cellular proteins. By its
GAP domain, it inactivates Rho GTPases such as CDC42 (a small
GTPase of the Rho family) by hydrolyzing its GTP into GDP (51,
52). In its active form (bound to GTP), CDC42 is able to mediate
signaling cascades leading to activation of more than 20 down-
stream effectors involved in proliferation, migration, adhesion,
and cytoskeleton remodeling (51); mTOR and p70S6K are among
the effectors activated by CDC42 (53, 54). From our results, we
propose that RALBP1 plays a role in JSRV Env-mediated transfor-
mation through CDC42, which in turn activates p70S6K (Fig. 7C).
Moreover, CDC42 is upregulated in various tumors, such as co-
lon, breast, and lung cancers, and its overexpression has been as-
sociated with carcinogenesis and progression (55, 56). As in other
cancers, we reported the upregulation of CDC42 in ovine tumor-
derived epithelial cells.

In conclusion, our study shows that the PI3K/Akt/mTOR
pathway plays a critical role in JSRV-induced transformation and
that activation of mTOR and p70S6K is a determinant event for
envelope-mediated transformation. RALBP1 is an important
player in this process, as its inhibition reduces mTOR activation
and abolishes p70S6K activation, limiting the expansion of spher-
oids. We showed that RALBP1/Env complexes have a dual effect
during the early steps of cell transformation. In Env-transfected
cells, RALBP1 reduced the number of transformation events but
promotes expansion of the foci in terms of size. Therefore,
RALBP1 has a positive effect on the progression of cell transfor-
mation triggered by the JSRV envelope. Interactions of RALBP1
with viruses are poorly described, and for the first time, this work
emphasizes its involvement in tumors associated with a retroviral
oncogene. In accordance with the multifunctional properties at-
tributed to the RALBP1 pathway, we hypothesize that CDC42
might be a major key player in this process through activation of
p70S6K during envelope-induced transformation associated with
alteration of cytoskeleton or modification of endocytosis pro-
cesses.
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