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Mink cell focus-forming (MCF) murine leukemia viruses (MLVs) are
the etiologic agent of thymic lymphoma in mice. We have observed
previously that superinfection by MCF13 MLV of certain cell types,
such as preleukemic thymic lymphocytes and cultured mink epi-
thelial cells, results in the accumulation of the viral envelope
precursor polyprotein, leading to the induction of endoplasmic
reticulum (ER) stress. In this study, we demonstrate that the
induction of ER stress by MCF13 MLV infection results in an increase
in the phosphorylation of the �-subunit of eukaryotic initiation
factor 2. In cells in which this occurs, we have detected an
up-regulation of the cellular inhibitor of apoptosis protein 1
(c-IAP1). The results of real-time RT-PCR quantification of message
levels and protein turnover assays indicate that up-regulation of
c-IAP1 occurs at the translational level. Elevation of c-IAP1 levels at
a posttranscriptional step was detectable in MCF13 MLV-induced
thymic lymphomas and chronically infected mink epithelial cells.
The ability of a simple retrovirus to regulate cellular gene expres-
sion at the translational level may be an important mechanism that
contributes to pathogenesis.

cellular inhibitor of apoptosis protein 1 � endoplasmic reticulum stress �
murine leukemia virus

V iruses have evolved a variety of mechanisms to interfere
with the host cell translational machinery to promote their

own replication. Simple retroviruses, which do not encode
regulatory and accessory proteins, are able to regulate cellular
proteins at the transcriptional level by a mechanism referred to
as insertional mutagenesis as an important step in tumor devel-
opment (1). Whether this type of retrovirus can also regulate
cellular protein expression by other mechanisms is not known.
To identify early events that contribute to tumorigenesis, we
have used an animal model that involves the induction of thymic
lymphoma by mink cell focus-forming (MCF) murine leukemia
viruses (MLVs) (2). MCF MLVs are slow transforming gam-
maretroviruses that lack an oncogene and possess a simple
genome (3). We have observed that an early event in tumori-
genesis by MCF13 MLV, a strain of MCF MLVs, is the induction
of cytopathic effects via apoptosis in thymic lymphocytes (4). To
facilitate further studies of the cytopathic effect of this retrovi-
rus, we established an in vitro system in which CCL64 mink lung
epithelial cells also undergo apoptosis by virus infection (5). The
ability to induce cytopathic effects in different cell types has also
been demonstrated for other slow-transforming retroviruses,
and this ability strongly correlates with viral pathogenesis (6–9).
By what means a cell that is infected by a cytopathic retrovirus
can be rescued from apoptosis and whether this has a role in
tumorigenesis are not known.

We have demonstrated that the cytopathic effect of MCF13
MLV requires virus superinfection, a result of which is the
accumulation of high levels of the viral envelope (Env) precursor
polyprotein (10). In addition, inefficient processing of the Env
polyprotein in the endoplasmic reticulum (ER) contributes to its
accumulation in MCF13 MLV-infected cells (46). The accumu-
lation of high levels of secretory and cell-surface proteins in the
ER can induce a cellular response referred to as ER stress (11).

ER stress responses, which include the up-regulation of ER-
localized chaperone proteins, such as the glucose-regulated
protein of 78 kDa/Ig heavy-chain binding protein (GRP78/BiP),
or activation of ER protein kinases, such as the PKR-like ER
kinase (PERK), result in either cell survival or apoptosis. The
mechanisms that determine whether a cell survives or undergoes
apoptosis in response to ER stress are not well understood. We
have demonstrated that ER stress is induced in MCF13 MLV-
infected cells, including preleukemic thymic lymphocytes in mice
and mink epithelial cells in culture, in which accumulation of the
Env precursor polyprotein occurs (10, 12). In our identification
of some of the downstream events related to the induction of ER
stress and apoptosis by MCF13 MLV, we have determined that
this retrovirus uses a mechanism that involves translational
control to up-regulate the cellular inhibitor of apoptosis protein
1 (c-IAP1).

Results
Increase in Phosphorylation of the �-Subunit of the Eukaryotic Initi-
ation Factor 2 (eIF2�) by MCF13 MLV Infection of Mink Epithelial Cells.
It has been shown that PERK activation by ER stress results in an
increase in the phosphorylated form of eIF2� (eIF2�-P) (13, 14).
High levels of eIF2�-P can result in the inhibition of cap-dependent
protein synthesis but an increase in cap-independent translation of
certain mRNAs that contain internal ribosome entry sites (IRES)
in their 5� UTR (15). To examine whether the induction of ER
stress by MCF13 MLV infection also results in the up-regulation of
eIF2� phosphorylation, we performed in vitro studies using mink
epithelial cells. In a time-course study, we infected mink cells with
MCF13 MLV at a multiplicity of infection (MOI) of 1 and analyzed
cellular extracts at different times after virus infection. Immuno-
blotting revealed that eIF2�-P increased in virus-infected cells
starting at 4 days postinfection (p.i.) when it was �3-fold greater
than that in mock-infected cells (Fig. 1A). Comparisons of protein
band intensities for all immunoblots were determined by densito-
metric scanning and analysis with a Kodak EDAS 120 scanner and
software. eIF2�-P levels in MCF13 MLV-infected cells continued
to increase over time so that they were 5- to 6-fold greater than that
in mock-infected cells from days 6 to 11 p.i. We furthermore
observed that the increase in eIF2�-P was not caused by an increase
in the total eIF2� level (Fig. 1B) and therefore represented an
increase in phosphorylation of existing levels of this factor. This
finding is consistent with what has been observed for eIF2� as a
result of cellular stress induced by other means (14). The induction
of ER stress in MCF13 MLV-infected cells was verified by a
detectable increase in two ER stress-associated markers, GRP78
and the C/EBP homologous protein (CHOP) (10) (Fig. 2 A and B).
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Thus, an increase in eIF2� phosphorylation correlates with MCF13
MLV-induced ER stress.

To demonstrate further that an increase in phosphorylation of
eIF2� in mink cells depends on the induction of ER stress by
MCF13 MLV, we compared different conditions of MLV in-
fection of different cell types when ER stress is not induced.
These conditions included mink cells infected with the xeno-
tropic NZB-9 MLV and Mus dunni fibroblasts infected with
MCF13 MLV, as we have shown (10). When infection of each
cell type with the respective MLV was performed at the same
MOI as for MCF13 MLV infection of mink cells, no increase in
the level of eIF2�-P was detectable (Fig. 1 A and C). There was
also no effect on the level of total eIF2� under these conditions
(Fig. 1 B and D). The absence of the induction of ER stress in
these virus-infected cells was verified by a lack of GRP78 and
CHOP up-regulation (Fig. 2). These results further support our
conclusion that the up-regulation of eIF2� phosphorylation
depends on the ability of an MLV to induce ER stress.

Up-Regulation of c-IAP1 in MCF13 MLV-Infected Cells. Other inves-
tigators (15–17) have demonstrated that elevated eIF2�-P levels
promote the translation of cellular mRNAs that contain an IRES
in the 5� UTR. Several of the cellular mRNAs that contain IRES
sequences encode proteins that possess antiapoptotic activity
(15, 18–20). Upon examining these antiapoptotic proteins in
mink cells infected with MCF13 MLV at MOI of 20, we observed
an up-regulation of c-IAP1 beginning at day 2 p.i. (Fig. 3A).
c-IAP1 protein level continued to increase over time and was
�10-fold greater than that in mock-infected cells at day 11 p.i.,
the last time point examined in this study. As a control, mink cells
were treated with tunicamycin and thapsigargin, which also
induce c-IAP1 up-regulation as a result of ER stress (20) (Fig.
3A, lanes 14 and 15). A band migrating more slowly than c-IAP1
was a result of nonspecific antibody binding. No increase in the

level of other antiapoptotic proteins that are potentially trans-
lated via IRES sequences, such as Bcl-2, Bcl-XL, or XIAP, was
detectable (data not shown). c-IAP1 up-regulation by virus
infection was also detectable at a lower MOI of 1, although with
slightly slower kinetics and a lower level of maximum increase of
�3.5-fold at day 8 p.i. compared with a MOI of 20 (Fig. 3B). No
increase in c-IAP1 was detectable in either mink cells that were
infected with NZB-9 MLV (Fig. 3B, lanes 3, 6, 9, 12, and 15) or
M. dunni cells infected with MCF13 MLV (Fig. 3C), conditions
under which ER stress is not induced (Fig. 2) (10), and as a result,
eIF2�-P was not up-regulated (Fig. 1). Thus, there is a strong
correlation between the ability of an MLV to induce elevated
eIF2�-P levels via ER stress and the up-regulation of the c-IAP1
protein. Notably, the up-regulation of c-IAP1 in MCF13 MLV-
infected mink cells coincided with the time of onset of ER stress,
as indicated by the up-regulation of eIF2�-P, GRP78, and CHOP
at a MOI of 1 (Figs. 1 A and 2 A and B).

Posttranscriptional Up-Regulation of c-IAP1. Because MLVs are
known to up-regulate cellular proteins via insertional mutagen-
esis that results in the augmentation of cellular gene transcrip-
tion (1), we examined c-IAP1 transcript levels to determine
whether this mechanism could account for the increase in
protein that was detectable. To quantify c-IAP1 mRNA, we
isolated cellular RNA from mock- and virus-infected mink cells
at two different times p.i. when an increase in c-IAP1 protein was
detectable, i.e., at days 5 and 11 p.i. (Fig. 3), and performed
real-time quantitative RT-PCR (qRT-PCR) analysis (Fig. 4A).
No significant difference in c-IAP1 mRNA levels between mock-
and virus-infected cells at either time point was detectable as
indicated by P values that were determined by Student’s t test and
that were 0.2 for day 5 p.i. and 0.9 for day 11 p.i. These results
indicated that the up-regulation of c-IAP1 protein is occurring
at a posttranscriptional step.

A C

B D

Fig. 1. Up-regulation of eIF2� phosphorylation in cells that undergo ER stress by MLV infection. (A) Immunoblot of eIF2�-P in mink epithelial cells either
mock-infected as control (C) or infected with either MCF13 MLV (M) or NZB-9 MLV (N) that was detectable with an anti-eIF2�-P that specifically recognizes
phosphorylation at Ser-51 (ab4837; Abcam). (B) Total eIF2� in the same cells as described in A that was detectable with anti-total eIF2� (ab5369; Abcam). (C)
eIF2�-P in M. dunni fibroblasts either mock-infected (C) or infected with MCF13 MLV (M). (D) Total eIF2� in the same cells as in C. All virus infections were
performed at a MOI of 1. Cellular protein was analyzed at different days p.i. �-Tubulin or �-actin was detected as a loading control.

A B

C D

Fig. 2. ER stress-induced proteins in virus-infected cells. (A) Immunoblots for GRP78 in mink epithelial cells either mock-infected as control (C) or infected with
either MCF13 (M) or NZB-9 (N) MLV. (B) CHOP for the same protein samples shown in A. (C) GRP78 in M. dunni fibroblasts that were infected with MCF13 MLV
(M) or mock-infected (C). (D) CHOP for the same protein samples shown in C. Minor bands seen in B are a result of nonspecific antibody binding. Virus infections
were performed at a MOI of 1. Cellular protein was analyzed at different days p.i. �-Tubulin or �-actin was detected as a control for loading.
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Up-Regulation of c-IAP1 Occurs at the Translational Level. We next
examined whether the increase in c-IAP1 protein in MCF13
MLV-infected cells was caused by a difference in protein turn-
over. To determine this, we compared the half-life of c-IAP1 in
mock- and virus-infected cells by performing pulse–chase assays.
Mock- and virus-infected mink cells at day 5 p.i., when c-IAP1
was up-regulated between �4- and 7-fold at a MOI of 20, were
exposed to a 30-min pulse of 500 �Ci [35S]methionine-cysteine
(Met-Cys), after which time cellular extracts were prepared at 0,
6, 16, 24, and 40 h. c-IAP1 was subsequently immunoprecipitated
and analyzed by SDS/PAGE. The results for mock- and virus-
infected cells from a representative experiment are shown in Fig.
4 B and C, respectively. From the results obtained from four

independent experiments, we calculated mean values and stan-
dard deviations for c-IAP1 half-life that were 12.2 � 1.3 h for
mock-infected cells and 12.9 � 1.1 h for MCF13 MLV-infected
cells. Our data thus indicate that there is no effect on the
turnover of c-IAP1 because of MCF13 MLV infection. These
results suggest that the up-regulation of c-IAP1 depends on
translational control.

We further questioned whether an overall increase in total
protein synthesis was responsible for the up-regulation of c-IAP1
at the translational level in virus-infected cells. To test this
possibility, mock- and MCF13 MLV-infected mink cells at day
5 p.i. were metabolically labeled with [35S]Met-Cys for 30 min,
after which time cellular protein was extracted. Ten micrograms
of cellular protein was electrophoresed through a 4–20% poly-
acrylamide gradient gel, which was subsequently transferred to
a PVDF membrane and exposed to x-ray film (Fig. 4D). The
same membrane was subjected to immunoblotting to detect
�-tubulin as a loading control. No detectable difference in the
overall amount of labeled cellular protein was detectable be-
tween mock- and virus-infected mink cells. Because general
protein synthesis can be inhibited by high levels of phosphory-
lated eIF2� (14, 15), our results suggest that either the level of
increase in eIF2�-P that is induced by virus infection is not
sufficient for inhibition of overall protein synthesis in this cell
type, similar to what has been observed for some human cells
(21) or the virus uses a mechanism to prevent the inhibition of
cap-dependent translation by eIF2�-P. Nevertheless, our data
indicate that the up-regulation of c-IAP1 protein is not the result
of an increase in global protein synthesis by MCF13 MLV
infection, but rather results from specific targeting of its trans-
lation. A prominent protein band migrating at �80 kDa that was
detectable in virus-infected cells most likely corresponds to the
precursor polyprotein of the MCF13 MLV glycoprotein
(gPr80env) (Fig. 4D, lane 2).

Posttranscriptional Up-Regulation in Virus-Infected Cells That Have
Survived Apoptosis. Continual passage of mink cells that are
acutely infected with MCF13 MLV eventually gives rise to cells
that are chronically infected and no longer undergo apoptosis.
To determine whether elevated c-IAP1 protein levels persist in
these cells, we performed immunoblotting of cellular extracts
from uninfected and chronically infected cells. We observed that
the level of c-IAP1 protein was �4-fold greater in chronically
infected cells than in uninfected cells (Fig. 5A). To determine
whether c-IAP1 up-regulation may be important for tumorigen-
esis, we examined the level of c-IAP1 protein in thymic lym-
phomas that were induced by MCF13 MLV inoculation into
neonatal AKR/J mice. Thymic lymphomas appeared in animals
�10–13 weeks after virus inoculation. By immunoblotting, we
compared c-IAP1 protein levels in an age-matched control
thymus with four different thymic lymphomas (T1–T4) that were
excised from moribund animals (Fig. 5B). Our analysis revealed
10- to 20-fold higher c-IAP1 protein levels in the thymic tumors
compared with control thymus.

To determine whether the up-regulation of c-IAP1 protein in
these cells also occurred at a posttranscriptional step, we com-
pared c-IAP1 mRNA levels by qRT-PCR between uninfected
and chronically infected mink cells and between control thymus
and thymic tumors. Comparison of c-IAP1 transcript levels
between the same cells that were used for protein analysis
revealed no significantly higher levels in the chronically infected
mink cells or virus-induced lymphomas compared with control
cells (Fig. 5 C and D). These results thus indicate that the
up-regulation of c-IAP1 protein that was detectable in chroni-
cally infected mink cells and thymic lymphomas occurs at a
posttranscriptional step, similar to what we have observed for
acutely infected mink cells.

A

B

C

Fig. 3. c-IAP1 protein up-regulation in MCF13 MLV-infected mink cells.
Immunoblots of c-IAP1 in mink epithelial cells either mock-infected as control
(C) or infected with MCF13 MLV (M) or NZB-9 MLV (N). (A) MCF13 MLV
infection at a MOI of 20. Mink cells either untreated (Un, lane 13) or treated
with tunicamycin (Tm, lane 14) or thapsigargin (Tg, lane 15). (B) MCF13 or
NZB-9 MLV infection at a MOI of 1. (C) c-IAP1 in M. dunni fibroblasts either
mock-infected (C) or infected with MCF13 MLV (M) at a MOI of 1. Histograms
below each immunoblot show the ratio of intensity of the c-IAP1 protein band
for virus-infected cells vs. that of the respective control cells as fold-increase.
Bars represent cells infected with either MCF13 MLV (unshaded) or NZB-9 MLV
(shaded). Cellular protein was analyzed at different days p.i. �-Tubulin or
�-actin was detected as a loading control.
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Discussion
Our results provide evidence for the ability of a simple retrovirus
to regulate a cellular gene at the translational level. Whether
additional proteins besides c-IAP1 are up-regulated by this
mechanism as a result of MCF13 MLV infection remains to be
determined. Our detection of a strong correlation between
up-regulated levels of eIF2�-P and c-IAP1 in virus-infected
mink cells suggests that c-IAP1 translation may involve IRES
activity. This hypothesis is supported by studies that have shown
that IRES-dependent translation of various cellular mRNAs
requires increased levels of eIF2�-P (15–17). The demonstra-
tion, moreover, that translation of c-IAP1 mRNA occurs via
IRES sequences in the 5� UTR in cells undergoing ER stress
induced by chemical reagents supports this idea (19, 20). Our
previous studies have demonstrated that ER stress is also
induced as a result of the accumulation of high levels of the

MCF13 MLV Env precursor polyprotein in both mink epithelial
cells in vitro and preleukemic thymic lymphocytes and frank
lymphomas isolated from virus-inoculated mice (10, 12). It is
thus possible that c-IAP1 up-regulation is occurring via IRES-
dependent translation in these cell types. However, other mech-
anisms for translational regulation that have been identified for
mRNAs with long 5� UTR regions, such as leaky scanning,
ribosome reinitiation, and shunting, could also explain our
observations for c-IAP1 (18, 22, 23).

Although c-IAP1 and XIAP belong to the same family of
antiapoptotic proteins and can be translationally regulated by
IRES sequences in their mRNAs, it is interesting to note that
XIAP is not up-regulated in MCF13 MLV-infected cells (data
not shown). A similar result has been reported for human cells
that were treated with tunicamycin and thapsigargin to induce
ER stress (20). The differential usage of IRES sequences in the
5� UTR of cellular mRNAs can be explained by the involvement
of specific cellular factors, which may also be cell type-specific,
in addition to general ones for their activation (24–27).

The polysomal association of IRES-containing mRNAs ap-
pears to depend on specific rRNA interactions that differ from
those that affect cap-dependent mRNAs. In a study by Yoon et
al. (28), it was observed that in cells with a mutation in dyskerin,
a protein that acts as a pseudouridine synthase to mediate
posttranscriptional modification of rRNA, the association of
IRES-containing mRNAs with polysomes was reduced without
affecting mRNAs that are translated in a cap-dependent man-
ner. The apparent difference in how IRES-containing mRNAs
are associated with polysomes may be another possible expla-
nation for why we have detected c-IAP1 up-regulation in virus-
infected cells even though there was no detectable effect on
overall cap-dependent protein synthesis (Fig. 4D).

The selective up-regulation of a cellular protein is unusual for
viruses that manipulate host cell translation because this effect
usually results in the overall inhibition of cellular proteins.
However, the mechanism that we have described for c-IAP1
synthesis may be relevant to the ability of other cytopathic
retroviruses, such as the human and feline immunodeficiency
viruses, and neurotropic FrCasE and ts-1 Moloney MLVs, to
generate different types of disease, which include immunodefi-
ciency and neurodegeneration (29–32). It is notable that the
neurodegenerative MLVs also induce ER stress as a result of
retention of the Env precursor polyprotein in the ER (33, 34).
For these retroviruses, genetic studies have demonstrated that
the Env protein is an important determinant of pathogenicity
(35–38). We hypothesize that besides receptor recognition and

A B

C

D

Fig. 4. c-IAP1 up-regulation occurs at the translational level. (A) Real-time qRT-PCR analysis of c-IAP1 mRNA in mink epithelial cells either mock-infected (open
bar) or MCF13 MLV-infected (shaded bar) at days 5 and 11 p.i. Mean values and standard errors of the mean were calculated from assays of duplicate or triplicate
samples from each of two independent experiments (n � 4–6). Results are expressed relative to the level of c-IAP1 mRNA in control cells. (B and C)
Immunoprecipitated c-IAP1 after a 30-min pulse with [35S]Met-Cys and chase for various times from a representative experiment for mock-infected (B) or MCF13
MLV-infected (C) cells. Serum lane is immunoprecipitation control with normal rabbit serum. (D) 35S-labeled protein extracts prepared from mock-infected (C)
or MCF13 MLV-infected (M) mink cells were subjected to SDS/PAGE. �-Tubulin was detected by ECL as a loading control. Migration of marker proteins with known
molecular masses (kDa) is shown at left.

A B

C D

Fig. 5. Elevation of c-IAP1 in mink cells chronically infected with MCF13 MLV
and in virus-induced thymic lymphomas at the posttranscriptional level. (A
and B) Detection of c-IAP1 protein by immunoblotting for mink cells either
uninfected as control (C) or chronically infected with MCF13 MLV (M) and mink
cells either untreated (Un) or treated with tunicamycin (Tm) or thapsigargin
(Tg) at 1 �g per ml for 18 h (A) and control thymus (C), thymic tumors (T1-T4),
or NIH 3T3 fibroblasts that were either untreated (Un) or treated with tuni-
camycin (Tm) (B). �-Tubulin was detected as a loading control. (C and D)
Real-time qRT-PCR analysis of c-IAP1 mRNA in uninfected (C) and chronically
infected (M) mink cells shown in A (C) and control thymus and thymic tumors
T2-T4 shown in B (D). Mean values calculated from triplicate assays and their
ranges are indicated for each cell type. P values that were determined by
Student’s t test are 0.6 for the comparison between uninfected and chronically
infected cells shown in C and 0.09–0.8 for comparisons between the control
thymus and thymic tumors shown in D.
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viral entry the Env protein may have an additional role in
pathogenesis by affecting host gene regulation at the transla-
tional level. It has been observed, furthermore, that translation
of retroviral messages can occur via IRES sequences (39, 40).
Thus, IRES-dependent translation of retroviral mRNAs in cells
undergoing ER stress could potentially result in the augmenta-
tion of viral proteins as well.

c-IAP1 (also termed HIAP2, MIHB, and BIRC2) is a member
of a family of proteins that inhibit apoptosis, which is achieved
by some members by binding different caspases (41). Addition-
ally, c-IAP1 may repress apoptosis via other mechanisms that
involve its association with the tumor necrosis factor receptor-
associated factor (TRAF) and the ubiquitination of the second
mitochondria-derived activator of caspases (Smac/DIABLO)
(41). Amplification and overexpression of the c-IAP1 gene in a
variety of malignancies, and its cooperativity with the Yap
transcription factor to promote tumorigenesis, have led to the
proposal that it should be classified as an oncogene (41, 42).

We hypothesize that the up-regulation of the c-IAP1 antiapo-
ptotic protein by translational control contributes to the survival
of MCF13 MLV-infected cells from apoptosis, which may be
important for tumor development. This idea is supported by our
detection of elevated c-IAP1 levels in MCF13 MLV-induced
thymic lymphomas and chronically infected mink cells that have
survived the cytopathic effects of acute infection. Thus, para-
doxically the induction of ER stress by a cytopathic retrovirus
can result in either apoptosis or the rescue of a cell from
apoptosis. The identity of the factor or factors that regulate this
decision by a cell is not known but we propose that cell rescue
involves the elevation of a protein or proteins with antiapoptotic
activity, which must be at a level above a certain threshold to
prevent apoptosis from occurring. It is highly likely that the
rescue of cells from apoptosis involves additional proteins with
other types of function, such as the regulation of cell cycle and
proliferation. The mechanism we have described here may also
be important for the development of human neoplasias for which
apoptosis occurs as an early event, such as hepatocellular
carcinoma (43, 44). Our results underscore the importance of
assessing protein levels as well as genetic mutations and tran-
scriptional activity to identify cellular proteins that may contrib-
ute to tumorigenesis.

Materials and Methods
Cell Lines, Virus Strains, and Virus Infection Assays. Mink lung epithelial cells
obtained from the American Type Culture Collection (CCL64) and M. dunni tail
fibroblasts were maintained in DMEM supplemented with 10% heat-
inactivated FBS (Atlanta Biologicals) and 1% penicillin-streptomycin. Medium
for mink cells was also supplemented with 2 mM L-glutamine and 1 mM
sodium pyruvate. Cells were mycoplasma-free as determined by routine as-
says. MCF13 and NZB-9 MLV stocks were prepared from supernatant collected
from productively infected M. dunni or mink epithelial cells, respectively. Virus
titers on each cell type were determined by an indirect immunofluorescence
focus assay as described (5).

A total of 105 mink epithelial or M. dunni cells were plated onto a 10-cm
plastic plate. Cells were infected with MCF13 or NZB-9 MLV at a MOI of 1 or 20
in the presence of 5 �g per ml of polybrene. Mock-infected cells were incu-
bated with DMEM and polybrene. After incubation for 6 h at 37°C, viral
supernatant was removed, cells were rinsed once with PBS, and fresh medium
was added. Cells were passaged every other day after infection.

Immunoblotting and Antibodies. Total cellular protein was prepared as de-
scribed (45). Protein concentrations were determined by the bicinchoninic
acid protein assay (Pierce Biochemicals). Twenty-five to 45 �g of soluble
protein was resolved by electrophoresis through a 8% or 10% SDS-
polyacrylamide gel and transferred to a PVDF membrane (Bio-Rad). Mem-
branes were incubated with the appropriate primary antibody and horserad-
ish peroxidase-conjugated secondary antibody. Protein bands were visualized
with the ECL detection system. c-IAP1 protein was induced by treatment with
either tunicamycin or thapsigargin at 1 �g per ml for 18 h. Source of primary
antibodies was as follows: anti-eIF2�-P that specifically recognizes phosphor-

ylation at Ser-51 (ab4837) and anti-total eIF2� (ab5369) (Abcam), anti-c-IAP1
(sc-7943), anti-CHOP/GADD153 (sc-793) and anti-GRP78/BiP (sc-13968) (Santa
Cruz Biotechnology); anti-GRP78 for the murine protein (SPA-826; Stressgen
Biotechnology); anti-�-tubulin (T9026) and anti-�-actin (A5441) (Sigma-
Aldrich). Protein bands were quantified by densitometric scanning with a
Kodak EDAS 120 scanner and software.

Cellular RNA Extraction and Real-Time qRT-PCR Assays. Total cellular RNA was
extracted from 5–7 � 106 cells with the RNAqueous Kit (Ambion). RNA samples
were further treated with RNase-free DNase I (RQI; Promega Life Science).
RNA preparations were assessed for residual cellular DNA by standard PCRs
using primers targeting the c-IAP1 gene. cDNA was prepared for qRT-PCR
analysis by using the Mo-MLV reverse transcriptase enzyme (Invitrogen) and
random hexamers as primers. SYBR-green-base qRT-PCR was used to assess
relative c-IAP1 mRNA levels. Oligonucleotide primers used were as follows: for
c-IAP1, 5� primer, 5�-GCTTGCAAGTGCTGGATT-3� and 3� primer, 5�-CAAGAA-
GATGAGGATATCTAGCT-3� to yield a 203-bp product; for 18S rRNA, 5� primer,
5�-CGGCTACCACATCCAAGGAA-3� and 3� primer, 5�-GCTGGAATTACCGCG-
GCT-3� to yield a 187-bp product. Each sample was run in duplicate or tripli-
cate. Signals from each sample were normalized to values obtained for the 18S
rRNA gene, which was assayed simultaneously with the experimental samples.
Analyses were performed with a sequence detector (model 7700; Applied
Biosystems), and data were analyzed by using the sequence detection soft-
ware (V.1.9; Applied Biosystems).

Metabolic Cell Labeling, Immunoprecipitation, and PAGE. A total of 105 mink
epithelial cells were either mock-infected or infected with MCF13 MLV at a
MOI of 20 as described above. At day 5 p.i., cells were preincubated in
methionine- and cysteine-free medium (Invitrogen) at 37°C for 15 min before
the addition of 500 �Ci [35S]methionine-cysteine (Perkin-Elmer Life and An-
alytical Science). After labeling for 30 min, cells were rinsed and resuspended
in medium containing 4.8 mM methionine and 7.2 mM cysteine. At 0, 6, 16, 24,
and 40 h after pulse labeling, cells were diluted into 10 ml of ice-cold complete
medium and rinsed twice with ice-cold PBS. Whole-cell extracts were prepared
and protein determinations were made as described above. Immunoprecipi-
tations were performed by preclearing 300 �g of protein with 80 �l of protein
A-Sepharose (GE Healthcare Bio-Science) for 1 h at 4°C with rotation. Anti-c-
IAP1 polyclonal Ab (H-83) (Santa Cruz Biotechnology) was incubated with
precleared protein overnight at 4°C. Normal rabbit serum (Santa Cruz Bio-
technology) was used for an immunoprecipitation control. The antibody and
protein mixture was transferred to 80 �l of fresh protein A-Sepharose and
incubated for 3 h at 4°C. Protein A-Sepharose beads were pelleted and rinsed
with wash buffer [50 mM Tris�HCl (pH 7.4), 300 mM NaCl, 5 mM EDTA, 0.1%
Triton X-100]. Immunocomplexes were removed by the addition of 2� loading
buffer [62.5 mM Tris�HCl (pH 6.8), 25% glycerol, 2% SDS, 5% �-mercaptoetha-
nol, and 0.01% bromophenol blue dye] to the pellet, followed by boiling for
10 min. Eluates from protein A-Sepharose beads were electrophoresed
through 8% SDS-polyacrylamide gels. After electrophoresis, gels were fixed in
isopropanol/water/acetic acid (25:65:10), followed by treatment with Amplify
Fluorographic Reagent (Amersham Biosciences). Fixed gels were dried under
vacuum at 60–80°C for 2 h and exposed to Fuji x-ray film at �80°C for various
lengths of time.

Analysis of total cellular protein synthesis was performed by electrophore-
sis of 10 �g of 35S-labeled protein through a 4–20% polyacrylamide gradient
gel (Bio-Rad) at 120 V for 1 h. Protein was subsequently transferred to a PVDF
membrane, which was exposed to x-ray film. For loading control, �-tubulin
was detected by immunoblotting as described above.

c-IAP1 Half-Life Determination. Half-life calculations were made from den-
sitometric scans of the fluorographs with a Kodak EDAS 120 scanner and
software. The logarithmic percentage of remaining band intensity com-
pared with 0-time was plotted against chase time, and half-life values were
derived from the equation t1/2 � 0.693/k, where k � �2.3m, and m is the
slope of the line obtained by regression analysis. t1/2 values correspond to
the mean and standard deviations of values calculated from four indepen-
dent experiments.

Virus Induction of Thymic Lymphoma in Mice. Neonatal AKR/J mice were
inoculated i.p. with 50 �l of inoculum containing either 1 to 2.5 � 106

infectious units of MCF13 MLV or tissue culture medium for control animals.
Necropsy was performed on moribund mice, which were killed by CO2 inha-
lation and cervical dislocation. Animals with the diagnosis of thymic lym-
phoma showed a massive enlargement of the thymus with fusion of thymic
lobes. In the majority of leukemic animals, there was also enlargement of liver,
spleen, and peripheral lymph nodes.
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