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The oncogenic microRNA miR-155 is upregulated by several oncogenic viruses. The precursor of miR-155,
termed bic, was first observed to cooperate with myc in chicken B-cell lymphomas induced by avian leukosis
proviral integrations. We identified another oncogenic retrovirus, reticuloendotheliosis virus strain T (REV-T),
that upregulates miR-155 in chicken embryo fibroblasts. We also observed very high levels of miR-155 in
REV-T-induced B-cell lymphomas. To study the role of miR-155 in these tumors, we identified JARID2/
Jumonji, a cell cycle regulator and part of a histone methyltransferase complex, as a target of miR-155. The
overexpression of miR-155 decreased levels of endogenous JARID2 mRNA. We confirmed that miR-155 directly
targets both human and chicken JARID2 by assaying the repression of reporters containing the JARID2
3�-untranslated regions. Further, the overexpression of a sponge complementary to miR-155 in a tumor cell line
increased endogenous JARID2 mRNA levels. The overexpression of JARID2 in chicken fibroblasts led to
decreased cell numbers and an increase in apoptotic cells. The overexpression of miR-155 rescued cells
undergoing cytopathic effect caused by infection with subgroup B avian retroviruses. Therefore, we propose
that miR-155 has a prosurvival function that is mediated through the downregulation of targets including
JARID2.

The expression of microRNA-155 (miR-155), the first iden-
tified oncomiR, is mediated by a number of different oncogenic
viruses. Retroviral integration into bic, the precursor of miR-
155, first was observed in 1989 in avian leukosis virus (ALV)-
induced bursal lymphomas, which also had integrations in the
myc locus (6). bic also cooperates with myc in chicken lympho-
mas induced by retroviral vectors expressing both genes (53).
The overexpression of miR-155 in B cells of transgenic mice
also led to B-cell tumors (8). One of the hallmarks of onco-
genes is that they often are incorporated into the genomes of
oncogenic viruses and/or are deregulated by viruses. Recently,
Epstein-Barr virus has been shown to upregulate miR-155
through the NF-�B pathway (38, 63). In addition, the Kaposi’s
sarcoma herpes virus (KSHV) and Marek’s disease virus
(MDV) have been shown to encode homologs of miR-155,
called miR-K12-11 (KSHV) (19, 50) and MDV-miR-M4
(MDV) (37, 65), which share the important seed sequence with
miR-155.

The expression of many oncogenes is deregulated as a result
of insertional mutagenesis (6, 43, 46, 62). However, tumors can
arise because of either the amplified expression of oncogenes
or the decreased expression of tumor suppressors. For a tumor
suppressor to be identified by insertional mutagenesis, both
alleles need to be deregulated, which is unlikely. Therefore, it
is likely that microRNAs upregulated in tumors target and
repress the expression of tumor suppressors.

miR-155 is overexpressed in many human tumors, including
many Hodgkin’s lymphomas (12, 14, 18, 23, 27, 58), which also

are characterized by the amplification of the c-rel locus (17).
We investigated whether reticuloendothelosis virus strain T
(REV-T), which expresses the viral homolog of Rel, v-rel (21),
could induce miR-155 expression. It has been shown that v-
Rel, which is a member of the NF-�B family (16), regulates
downstream genes through the activation of the AP-1 tran-
scription factor family (28). miR-155 expression also is regu-
lated by the AP-1 (64) and NF-�B (56) transcription factor
families. We observed that infecting chicken embryo fibro-
blasts (CEFs) with the REV-T virus led to the overexpression
of both miR-155 and its precursor RNA. We also observed that
miR-155 is overexpressed to high levels in v-Rel-induced B-cell
lymphomas.

miR-155 is expressed in normal lymphoid and hematopoietic
tissues in chickens and humans, especially in activated immune
cells. Most of the validated targets of miR-155, such as c-Maf
(45), AID (10, 54), Pu.1 (57), SOCS1 (34), interleukin-1 (4),
and IKKε (33, 56), have been implicated in mediating func-
tions of miR-155 in the immune system. It also has been shown
that the induction of miR-155 negatively regulates normal my-
elopoiesis and erythropoiesis (15). Other targets of miR-155,
like Ets-1, a protooncogene, and Meis1 mediate megakaryo-
poiesis (42). A few targets of miR-155, like SHIP1 and C/EBP,
have been implicated in myeloproliferative disorders (7, 40),
and tumor protein p53 inducible nuclear protein 1 (Tp53INP1)
is involved in pancreatic cancer (18).

To further investigate the mechanism of miR-155 action in
these virus-induced tumors, we identified and validated
JARID2, a cell cycle regulator (25, 51) and part of a histone
methyltransferase complex (49), as a direct target of miR-155.
The two target sequences in the 3�-untranslated regions
(3�UTR) of JARID2 are highly conserved evolutionarily. We
used a retrovirus-driven miR-155 sponge to sequester miR-155
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in a REV-T-induced B-cell tumor line and observed the up-
regulation of endogenous JARID2 mRNA. Furthermore, the
overexpression of JARID2 led to apoptosis in CEFs. Surpris-
ingly, we observed that miR-155 can rescue cells from cytotox-
icity due to infection with subgroup B avian retroviruses, which
activate the tumor necrosis factor death receptor (3, 9, 59).
Thus, we propose that miR-155 has a prosurvival function
mediated through the inactivation of targets including
JARID2. This may be important in oncogenesis involving on-
cogenes that can induce apoptosis, such as Myc (13).

MATERIALS AND METHODS

Plasmids. Exon 2a of the chicken bic gene (accession number AF182318) was
cloned into the pcDNA3.1(�) (Invitrogen) expression vector (referred to as
pBIC) and into the RCAS(A) retroviral vector (22) [referred to as
RCAS(A)miR-155]. The entire 3�UTR of target genes were amplified by PCR
from genomic DNA and cloned into pMIR-report (Ambion) downstream of the
luciferase open reading frame (ORF). The 3�UTR of human JARID2 was cloned
into psiCHECK2 (Promega) downstream of the Renilla Luciferase ORF. miR-
155 target sites (nucleotides [nt] 3 to 5) were mutated by QuikChange mutagen-
esis in these constructs.

To inhibit miR-155 function in tumor cell lines, we constructed a miR-155
sponge. Eight copies of the sequence 5�CCC CTA TCA CCT AAA GCA TTA
A GTCGAC A 3�, complementary to miR-155 and with a bulge from nt 9 to 12,
was inserted into the 3�UTR of either enhanced green fluorescent protein
(eGFP) or MS2 expression vectors. The eGFP-miR-155 sponge was also cloned
into the RCAS(A) retroviral vector at the ClaI site. The directionality of the
insert was verified by PCR and sequencing.

A full-length clone of JARID2, in the pCMV-Sport 6 vector, was obtained
from the ATCC (catalog number 9121501).

Cells and transfection. Secondary CEFs were cultured in medium 199 (In-
vitrogen) with 2% tryptose phosphate broth (Sigma), 1% chick serum, 1% calf
serum, and 1% antibiotics. KBMC cells (31) and CM758 cells (47), which are
B-cell tumor lines that were derived from v-rel induced tumors, and BK3A cells,
S13 cells, H1 cells, and S234S4 cells (32, 48), which are B-cell tumor lines that
were derived from ALV integrations, were cultured in RPMI 1640 (GIBCO)
with 10% tryptose phosphate, 5% calf serum, 2% chick serum, and 1% antibi-
otics.

CEFs were transfected by electroporation or DEAE-dextran transfection.
Briefly, 1.5 � 106 cells were resuspended in OPTI-MEM (GIBCO) and placed in
a 4-mm cuvette. Cells were electroporated using a BTX electroporator set to 240
V, 1,500 �F, and 129 �. CEFs and KBMC were transfected with dextran as
described elsewhere (30).

Viruses. RCAS(B) and RCAS(B)BIC [referred to as RCAS(B)miR-155] are
described elsewhere (53). Viral stocks were frozen at �80°C and briefly thawed
before infection. Infections were verified by a reverse transcriptase (RT) assay,
which has been described elsewhere (26).

Plasmids containing RCAS(A), RCAS(A)miR-155, RCAS(A)eGFP, and
RCAS(A)eGFP-miR-155-sponge were transfected separately into CEFs by elec-
troporation. Cells were cultured for 1 week before virus production was con-
firmed by RT assay. Two weeks after transfection, medium was collected and
centrifuged to remove cell debris. Half of the medium was frozen at �80°C. The
remaining half was ultracentrifuged at 23,000 rpm in a Beckman SW27 rotor for
2 h to pellet virus. Viral RNA was isolated from virus particles using RNA Bee
(Tel-Test) per the manufacturer’s protocol. The presence of eGFP and miR-
155-sponge in viral particles was verified by RT-PCR.

REV-T virus was harvested from conditioned medium of CM758 cells.
Luciferase assay. Luciferase activity was quantified using the Luciferase assay

system (Promega) according to the manufacturer’s protocols. Briefly, 2.5 � 105

CEFs were seeded in a 12-well plate the day before transfection. Eighty nano-
grams of Luciferase and 40 ng of Renilla plasmids were used in all transfections.
miR-155 was expressed by transfecting pBIC at various amounts from 80 to 4,000
ng. Two days after transfection, cells were lysed in 300 �l passive lysis buffer.

Splinted ligation. miR-155 levels were assayed by splinted ligation, a DNA-
mediated RNA ligation, as described previously (35). The sequence of the bridge
oligonucleotide is 5� GAA TGT CAT AAC CGT ACC CTA TCA CTA TTA
GCA TTA A 3�, and the sequence of the ligation oligonucleotide is 5� ACG GTT
ATG ACA TTC 3�.

RNase protection assay. In vitro transcription of the bic probe was carried out
as described elsewhere (30). RNA isolation and RNase protection assays were

done as described previously (30). In brief, total cellular RNA was harvested
using RNA-Bee (Tel-Test) per the manufacturer’s instructions. RNA was resus-
pended in RNase digestion buffer and hybridized with probe overnight at 37°C.
RNA then was digested with 10 U/ml RNase T1 (Calbiochem) and 5 �g/ml
RNase A (Calbiochem) at 30°C. After 45 min, the digestion was stopped by the
addition of sodium dodecyl sulfate and Proteinase K (Roche) and incubated at
37°C for 15 min. RNA was extracted with phenol-chloroform-isoamyl alcohol,
precipitated with ethanol, resuspended in 95% formamide dye, and denatured
for 5 min at 95°C. Samples were loaded onto a 15% acrylamide, 8 M urea gel and
electrophoresed at 15 W for 2 to 4 h. RNA levels were quantified using a
Typhoon 9410 PhosphorImager (Amersham).

Real-time qRT-PCR. Total RNA was extracted from cells using RNA Bee per
the manufacturer’s protocol. For quantitative reverse transcription-PCR (qRT-
PCR), 1 �g of total RNA was reverse transcribed using Random Hexamers
(Integrated DNA Technologies) and Moloney murine leukemia virus RT (Pro-
mega) in the presence of RNase inhibitor (Promega). Ten percent of each
reverse transcription reaction mixture was used for PCR amplification on a
Bio-Rad iCycler using iTaq SYBR green mix (Bio-Rad). Primer pairs were
designed in exons flanking an intron of at least 5 kb in size to eliminate genomic
DNA amplification. The efficiency of each primer pair was optimized and vali-
dated relative to results for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) control primers.

Cell cycle analysis by fluorescence-activated cell sorting. Transfected cells
were trypsinized, pelleted, and washed with 1� phosphate-buffered saline (PBS).
Cells then were fixed in 70% ethanol and stored at �20°C. On the day of analysis,
fixed cells were pelleted and washed with cold 1� PBS. Cells were resuspended
in 1 �g/ml propidium iodide (PI; Sigma) and 2 �g/ml RNase A (Calbiochem).
Cells were incubated in the dark at room temperature for 15 min and then
analyzed on a FACS Calibur (Becton Dickinson). Cells were sorted on forward
scatter and side scatter. All live cells, as determined by scatter plots, were gated
for GFP expression. GFP-positive cells were gated for PI fluorescence to analyze
the cell cycle profile.

RESULTS

miR-155 was upregulated in v-rel-derived B-cell lymphomas
and by REV-T. Retroviruses induce tumors either by overex-
pressing an oncogene encoded in the retroviral genome or by
integrating into cellular genomic loci and deregulating the
expression of a host protooncogene. It has been shown previ-
ously that long-latency tumors resulting from ALV infection
have clonal integrations into the c-myc and bic loci (6). The
retrovirus REV-T encodes the oncogene v-rel and also induces
B-cell lymphomas (60). Since ALV-induced tumors have up-
regulated miR-155, we investigated whether REV-T-derived
lymphomas also have deregulated miR-155 expression. As
shown in Fig. 1A, miR-155 was upregulated in KBMC and
CM758 cell lines derived from REV-T-induced tumors (31, 47)
compared to levels for the normal bursa control. miR-155
levels were fourfold higher in KBMC cells than in Hodgkin’s
lymphoma cell lines (12) overexpressing miR-155 (data not
shown). miR-155 also was upregulated in three out of four cell
lines from ALV-induced tumors that have been shown previ-
ously to have integrations into the c-myc locus (Fig. 1A) (32,
48). For comparison, we show levels of miR-155 expression in
cells infected with RCAS(A)miR-155 and the control
RCAS(A) (Fig. 1A).

To further investigate if increased levels of miR-155 in v-rel-
derived cell lines were REV-T mediated, REV-T virus pro-
duced from cell line CM758 was used to infect CEFs in culture.
Ten days after infection, positive infection was confirmed by
RT assay, total RNA was isolated, and miR-155 levels were
assayed by RNase protection. miR-155 levels were upregulated
2.4-fold compared to levels for uninfected controls; however,
the levels of pre-miR-155 were upregulated more than 20-fold
in the REV-T infections (Fig. 1B). This indicates that REV-T
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induces the transcription of the bic gene and perhaps the
microRNA-processing system is overwhelmed in CEFs, which
could explain the greatly increased amount of pre-miR-155.

Jumonji/JARID2 3�UTR has miR-155 target sites that are
highly conserved evolutionarily. Since miR-155 is upregulated
in retrovirus-induced B-cell lymphomas along with many other
human cancers, it is important to identify mRNA targets of
miR-155 that might play a role in tumorigenesis. Using miR-

BASE (20) and RNA hybrid (44) target prediction programs,
JARID2 was identified as a putative miR-155 target. There is
remarkable conservation of the JARID2 3�UTR sequence
from humans to chickens within and around the first predicted
miR-155 target site (Fig. 2). This site also is conserved across
multiple species, from humans to Xenopus, as shown by the
multiple sequence alignment (Fig. 2). Interestingly, the
chicken 3�UTR of JARID2 has only one predicted miR-155
target, whereas there are two in human, mouse, rhesus mon-
key, and dog. All of these species share the site that is 104 nt
from the stop codon (Fig. 2), but the chicken 3�UTR is smaller
than the other 3�UTRs by 900 bp, as annotated in PubMed.
However, a BLAT analysis of the second target sequence in
the human JARID2 3�UTR revealed that this sequence also is
present downstream of the chicken JARID2 annotated 3� end.
Thus, both miR-155 predicted target regions are very well
conserved across species, including chicken.

Overexpression of miR-155 downregulated endogenous
JARID2 mRNA in infected CEFs. Since JARID2 has con-
served target sequences for miR-155, we first investigated
whether endogenous levels of JARID2 were affected by the
overexpression of miR-155. CEFs were infected with control
viruses [RCAS(A) and RCAS(B)] and miR-155 overexpres-
sion viruses [RCAS(A)miR-155 and RCAS(B)miR-155]. In-
fection was verified by RT assay, and total cellular RNA was
harvested at least 10 days after infection. miR-155 levels were
assayed by RNase protection (data not shown), and JARID2
mRNA levels were assayed by real-time RT-PCR. Interest-
ingly, the overexpression of miR-155 with RCAS(A)miR-155
downregulated JARID2 mRNA to 40% of the level in unin-
fected and control infected cells (Fig. 3). A lower decrease in
JARID2 mRNA levels was seen with RCAS(B)miR-155.
These results are similar to those of previous reports of
microRNA-dependent mRNA degradation in other systems
(1). However, since vertebrate microRNA-mediated silencing

FIG. 1. miR-155 is upregulated in v-rel- and c-myc-induced B-cell
lymphomas and by REV-T. (A) Total RNA from cells and tissues was
harvested, and miR-155 levels were assayed by RNase protection.
KBMC and CM758 are v-rel-derived tumor cell lines. CEFs were
infected with RCAS(A) and RCAS(A)miR-155. BK3A, S13, S234S4,
and H1 are c-myc-induced cell lines. miR-155 levels were compared to
those for RCAS(A) and normal liver and bursa controls. (B) CEFs
were infected with REV-T virus harvested from CM758 cells. Total
RNA was harvested after confirming positive infection by RT assay,
and miR-155 levels were assayed by RNase protection.

FIG. 2. JARID2 3�UTR has conserved (Cons) miR-155 target sites. The miR-155 target site was predicted using RNAhybrid (44) and miRBase
(20). The miR-155 target site was mapped using the UCSC BLAT genome browser, and the corresponding Vista plot showing conservation across
species is displayed. X_tropicalis, Xenopus tropicalis.
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is not thought to involve endonucleolytic cleavage, miR-155-
mediated JARID2 mRNA degradation probably is carried out
by mRNA degradation machinery (41).

Reporters with JARID2 3�UTR were repressed by miR-155.
To test whether JARID2 is directly targeted by miR-155, the
3�UTR of both chicken and human JARID2 mRNAs were
cloned into firefly luciferase expression vectors. Luciferase lev-
els were assayed in the presence of various concentrations of
miR-155 expressed from plasmid pBIC. Levels of miR-155
were assayed using a technique called splinted ligation, which
involves the ligation of a radioactive DNA oligonucleotide (14
nt) to the microRNA. This caused miR-155 to migrate as 35 nt
on polyacrylamide gel electrophoresis (Fig. 4A). Luciferase-
3�UTR, Renilla luciferase, pBIC, and vector control plasmids

FIG. 4. JARID2 3�UTR is sensitive to miR-155 in a dose-dependent manner. (A) Splinted ligation to assay levels of miR-155 expressed from
pBIC. Based on target prediction programs, the chicken JARID2 3�UTR contains one target sequence (B) and the human JARID2 3�UTR
contains two target sequences (C). The entire 3�UTR of JARID2 mRNA was cloned downstream of firefly luciferase (WT). Cells (5 � 105) were
cotransfected with 80 ng of firefly luciferase plasmid, 40 ng of renilla luciferase plasmids, and increasing amounts of pBIC (80 to 4,000 ng). Ratios
on the x axis indicate the amount of reporter vector to microRNA vector. pcDNA3.1(�) was used as a filler to keep the total amount of DNA per
transfection constant. Relative luciferase units (RLU) is a ratio of firefly luciferase values normalized to renilla luciferase values; data represent
means � standard deviations from six experiments.

FIG. 3. JARID2 mRNA is downregulated by miR-155 in CEFs.
CEFs were infected with RCAS(A), RCAS(B), RCAS(A)miR-155,
and RCAS(B)miR-155 and passaged for 10 days. Total RNA was
harvested, and JARID2 mRNA levels were determined by qRT-PCR
and normalized to results for GAPDH mRNA. Relative changes (n-
fold) were calculated by the 		CT method; data represent means �
standard deviations from five experiments.
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were transfected into CEFs with DEAE-dextran. Transfections
were always controlled for the total amount of DNA. Firefly
luciferase levels were assayed 3 days posttransfection and nor-
malized to cotransfected control Renilla luciferase.

The chicken 3�UTR was sensitive to miR-155; luciferase
activity was downregulated in a miR-155 dose-dependent man-
ner, from 20% at a low concentration to about 80% at higher
concentrations (Fig. 4B). To be certain that this repression was
dependent on miR-155, we mutated three nucleotides (nt 3 to
5) in the 3�UTR target site that are complementary to the
miR-155 seed sequence. As expected, this completely abro-
gated miR-155-mediated repression (Fig. 4B).

Similar experiments also were performed with the 3�UTR of
human JARID2 mRNA. The human JARID2 3�UTR has two
predicted miR-155 binding sites. Similarly to the chicken
3�UTR, the human 3�UTR was sensitive to miR-155 in a dose-
dependent manner (Fig. 4C). To demonstrate that this was a
direct effect, both putative binding sites for miR-155 were
mutated (nt 3 to 5), generating both single and double mu-
tants. The single mutants both still were responsive to miR-155
but at slightly higher concentrations than those of the wild-type
3�UTR (Fig. 4C). The double mutant was completely unre-
sponsive to miR-155, indicating that both sites in the JARID2
3� UTR are direct targets of miR-155 (Fig. 4C).

Endogenous JARID2 was repressed by miR-155 in KBMC
cells. In order for a target to be regulated by miR-155, the
transcription of this target must take place in the same cell in
which miR-155 is expressed. Therefore, it was necessary to
investigate the effects of endogenous miR-155 on endogenous
mRNA levels of targets like JARID2. Hence, we wanted to
look at levels of JARID2 in cell types endogenously overex-
pressing miR-155, like KBMC. It was difficult to transfect these
B-cell lines with antagomirs (chemically modified anti-miRs)
with reasonable efficiency to knock down miR-155 function.
Hence, we decided to construct a miR-155 sponge, with the
idea that sequestering endogenous miR-155 could alleviate the
repression of endogenous targets and prevent their degrada-
tion (11).

Eight miR-155 target sites with a bulge from nt 9 to 12 were
cloned into the 3�UTR of the MS2 viral coat protein. We first
investigated the functionality of the miR-155 sponge by the
luciferase assay. In the presence of miR-155, luciferase levels
of JARID2 3�UTR were reduced. With increasing amounts of
miR-155 sponge, miR-155 function was inhibited and the
repression of luciferase JARID2 3�UTR was abrogated
(Fig. 5A).

Since KBMC cells were difficult to transfect, RCAS(A) ret-
roviral vectors overexpressing eGFP-sponge were generated.
KBMCs were infected with either RCAS(A)eGFP or RCA-
S(A)eGFP-miR-155-sponge on day 0. Total RNA was col-
lected every day starting 5 days postinfection. Both JARID2
and Tp53INP1 (another validated miR-155 target [18]) mRNA
levels were assayed by qRT-PCR, using GAPDH as a control.
All experimental samples were performed in duplicate and
normalized to GAPDH, and changes (n-fold) were calculated
by the 		CT method (61). The ratios of RCAS(A)eGFP-
sponge to RCAS(A)eGFP were calculated. Endogenous levels
of JARID2 and Tp53INP1 mRNA increased in the presence of
the miR-155 sponge, indicating that they are physiologically
relevant targets of miR-155 (Fig. 5B and C). However, a de-

creased effect was seen after day 7 of infection. We think
endogenous miR-155 is targeting the miR-155 sponge and
downregulating retroviral production.

JARID2 decreased cell numbers when overexpressed in
CEFs. JARID2 has been shown to be a transcriptional repres-
sor that potentiates the effect of the tumor suppressor retino-
blastoma-mediated repression of E2F responsive genes (25,
51). We propose that miR-155 mediates its oncogenic effects in
part by the downregulation of JARID2. This would partly
alleviate the repression of E2F genes and increase their cycling
capability. To test this hypothesis, we overexpressed JARID2
in CEFs and counted the total cell numbers. The overexpres-
sion of JARID2 protein was confirmed by Western blotting
with an anti-hJARID2 antibody (data not shown). As ex-
pected, the total cell numbers decreased with increasing
amounts of JARID2 (Fig. 6A), indicating a block in the cell
cycle or an increase in cell death.

To investigate the reason for decreased cell numbers, cell
cycle analysis by PI staining followed by flow-cytometric anal-
ysis was performed. Briefly, CEFs were transfected with in-
creasing amounts of JARID2 together with 1 �g of GFP and
control vector, keeping the total amount of DNA constant
throughout the experiment. Cells were fixed, treated with
RNase A, and stained with PI every day posttransfection for 3
days. Cells were sorted on a BD FACS Calibur, and 20,000
events were collected. All dead cells were identified by gating
out small cells on a side scatter versus forward scatter plot.
Single (nonclumped) cells were identified and gated for on an
FL2-A versus FL2-W plot, with FL2 measuring PI fluores-
cence. To select for transfected cells, all cells expressing GFP
at a level 10-fold higher than that of mock-transfected cells
were gated. The PI fluorescence of these cells was plotted and
analyzed by gating specific peaks (Fig. 6B). Interestingly, there
was no change in the G1 (57% � 1.2%), S (9.1% � 2.2%), or
G2/M (14.2% � 4.2%) phases of the cell cycle upon the over-
expression of JARID2, suggesting that the growth rate was not
changed, contrary to what had been reported previously for
other systems (25, 51). However, we observed an increase in
apoptotic cells upon the overexpression of JARID2, as identi-
fied by the sub-G1 cell population (Fig. 6C). Therefore,
JARID2 overexpression promotes cell apoptosis, and miR-155
likely plays an oncogenic role by downregulating JARID2,
along with other possible targets.

miR-155 abrogated cytopathic effects of infection with sub-
group B retroviruses. RCAS(B) is a subgroup B retroviral
vector derived from the Rous sarcoma virus Schmidt-Ruppin
strain that is used to overexpress genes in avian cells (22). We
used this expression vector to express miR-155 from the bic
exon 2a in CEFs, as described in earlier studies (53). Seven
days after infection, the control plates infected with RCAS(B)
had about half the number of cells as either the uninfected
plates or those infected with a subgroup A vector, RCAS(A)
(Fig. 7A). It has been reported previously that infection with
subgroup B retroviruses results in cytopathic effects correlated
with high levels of unintegrated proviral DNA (59). The bind-
ing of the envelope protein of subgroup B viruses to its recep-
tor (tumor necrosis factor alpha) has been shown to trigger a
cascade that decreases the cell number of infected cells as well
as bystander cells (3, 9) and results in apoptosis with con-
densed nuclei in the absence of NF-�B synthesis (5).
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Interestingly, the overexpression of miR-155 using the
RCAS(B) retroviral vector resulted in the complete abrogation
of this virus-induced cytopathic effect, restoring the total cell
number to the levels of uninfected cells and those infected with
the noncytopathic subgroup A retrovirus (Fig. 7A). To further
assess cell proliferation, 1 � 106 infected cells and controls
were plated and counted each day for 3 days. Cells infected
with RCAS(B) appeared to grow more slowly than uninfected
controls (data not shown). However, overexpressing miR-155
restored the proliferative capacity, and the cells grew at the
same rate as the controls. When miR-155 was expressed from
either RCAS(A) or RCAS(B) vector, its expression was three-
fold higher than the endogenous level in uninfected CEFs
(Fig. 7B).

We also found that endogenous miR-155 levels were de-
creased twofold in cells infected with the RCAS(B) vector
alone compared to that of uninfected cells (Fig. 7B). It is
possible that miR-155 plays a protective role in the survival of
uninfected cells. This may be consistent with previously pub-
lished results that the overexpression of miR-155 is oncogenic
(8, 53). We propose that miR-155 mediates its effects by down-

regulating an apoptotic pathway or otherwise promoting cell
survival.

DISCUSSION

miR-155 is upregulated in retrovirus-induced B-cell lym-
phomas. miR-155 was first identified as a second locus, in
addition to c-myc, of ALV integrations in bursal lymphomas
(6). These integrations were clonal, suggesting that they were
important for the development of the tumor. We identified two
different B-cell lines derived from REV-T induced B-cell lym-
phomas overexpressing miR-155 (Fig. 1A) and also observed
that REV-T induced miR-155 expression in infected CEFs
(Fig. 1B). REV-T encodes the oncogene v-rel (31), which is the
cellular homolog of c-rel that is amplified in 50% of Hodgkin’s
lymphomas (17). miR-155 also is upregulated in Hodgkin’s
lymphoma (12), and therefore it is probable that miR-155 is
regulated by Rel in Hodgkin’s lymphoma. It has been shown
previously that v-rel exerts downstream effects through the
transcription factor AP-1 (28). B-cell receptor activation also
leads to an increase in bic/miR-155 transcript levels through

FIG. 5. Inhibition of JARID2 and Tp53INP1 mRNA was abrogated in the presence of miR-155 sponge. (A) Eight bulged targets sites of
miR-155 were cloned into the 3�UTR of MS2 coat protein. CEFs were transfected with 80 ng of firefly luciferase, 40 ng of renilla luciferase, and
500 ng of pBIC. Two different concentrations of MS2-sponge plasmid were transfected (400 and 800 ng). pcDNA3.1(�) was used as a filler to keep
the total amount of DNA per transfection constant. Relative luciferase units (RLU) is a ratio of firefly luciferase values normalized to renilla
luciferase values; data represent means � standard deviations from three experiments. CMV, cytomegalovirus; SV40, simian virus 40. (B and C)
KBMC cells (1 � 105) were infected with either RCAS(A)eGFP or RCAS(A)eGFP-sponge virus. Cells then were passaged continuously and total
RNA harvested on the indicated days. (B) JARID2 mRNA and (C) Tp53INP1 mRNA were assayed by qRT-PCR and normalized to GAPDH
mRNA results. Differences (n-fold) were calculated as a ratio of mRNA levels in RCAS(A)eGFP-sponge-infected cells to RCAS(A)eGFP-infected
control cells; data represent means � standard deviations from five experiments.
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AP-1 (64). Therefore, in both v-rel-derived chicken B-cell lym-
phomas and human Hodgkin’s lymphoma, miR-155 likely is
upregulated due to the overexpression of the oncogene Rel
through downstream transcription factors such as AP-1.

miR-155 downregulated endogenous JARID2 mRNA in tu-
mors. The overexpression of miR-155 led to decreased endog-
enous JARID2 mRNA levels, as well as a decrease in reporter
protein levels. Both the chicken and human JARID2 3�UTRs
were sensitive to miR-155, indicating that the regulation of
JARID2 by miR-155 was conserved. The 3�UTR region

around the miR-155 target sites also was very well conserved
across species (Fig. 2), indicating that these regions probably
are important in JARID2 regulation. The inhibition of miR-
155 using a retroviral sponge increased JARID2 mRNA levels
in v-rel-derived chicken B-cell lymphomas, indicating a poten-
tial role for JARID2 in suppressing tumorigenesis, along with
other known targets of miR-155, like Tp53INP1 (18), SHIP (7,
40), and C/EBP (7). Since JARID2 has been shown to be part
of a histone methyltransferase complex (49), inhibiting
JARID2 could lead to an epistatic change in the tumor pro-
genitor cells.

miR-155 suppresses apoptosis and cooperates with Myc to
induce cell proliferation. The infection of CEFs with the sub-
group B retrovirus has been shown to cause cytopathic effects
in cells during acute infection (59). We and others have ob-
served that chronically infected RCAS(B) cells grow much
slower than uninfected cells and/or die in culture (59). The
binding of the ALV-B envelope protein to its receptor acti-

FIG. 6. Overexpression of JARID2 decreased cell number through
apoptosis. CEFs were transfected with various amounts of JARID2 as
indicated. The total amount of DNA was kept constant by using
pCMV-SPORT as a control vector. (A) Upon transfection, cells were
split equally into three 12-mm dishes. Cells were counted each day
using a hemacytometer; data represent means � standard deviations
from six experiments. (B) Along with JARID2, cells were cotrans-
fected with an eGFP expression vector. On the day of analysis, cells
were fixed and treated with RNase A and PI. GFP and cells were
analyzed for cell cycle profile by PI staining. The number of cells in
sub-G1, G1, S, and G2/M phase were counted. (C) Representation of
GFP� sub-G1 cells with increasing amounts of JARID2. Data are
represented as the percentage of GFP� cells (transfected cells); data
represent means � standard deviations from four experiments.

FIG. 7. RCAS(B) viral infection leads to decreased cell growth and
a decrease in miR-155. (A) CEFs were infected with RCAS(A) and
RCAS(B) retroviral vectors, plus retroviral vectors expressing miR-
155, and passaged for 7 days. After confirming positive infection by an
RT assay, cells were counted using a hemacytometer. Data represent
means � standard deviations from six experiments. (B) miR-155 levels
in CEFs infected with corresponding viruses were assayed by splinted
ligation and relative intensity determined by PhosphorImager analysis.
Data represent means � standard deviations from six experiments.

VOL. 83, 2009 miR-155 PROMOTES CELL SURVIVAL 12015



vates cell death in the absence of NF-�B synthesis (5). How-
ever, when miR-155 was overexpressed using the same
RCAS(B) virus, this induction of cell death and decrease in
cell number was abrogated. Interestingly, miR-155 is down-
regulated in RCAS(B) cells compared to levels in uninfected
cells. Therefore, the repression of JARID2 along with other
proapoptotic targets, like BACH-1, Bim, LDOC1 (50), and
IKKε (33, 56) by miR-155 may protect against RCAS(B)-in-
duced apoptosis.

It has been shown previously that miR-155 cooperates with
Myc in oncogenesis (6, 53). However, the reason for this co-
operative effect has not been elucidated. It has been shown
that JARID2 potentiates the retinoblastoma repression of
E2F-responsive genes, such as Cyclin D1, D2, and D3 (25), and
that it acts in a histone methyltransferase complex (49). Inter-
estingly, c-Myc exerts control over the cell cycle by regulating
these same genes either transcriptionally or by enhancing the
functional complex Cyclin D-CDK4 (36). However, the dereg-
ulated expression of myc not only promotes cell proliferation
but also apoptosis (13), which is thought to act as a safeguard
protecting the organism from tumors that might otherwise
arise as a consequence of a mutation at a myc gene locus (2).
Since JARID2 and Myc both regulate Cyclin D as well as many
other genes, it is possible that JARID2 is antagonizing Myc
and preventing Myc-induced oncogenesis. In this study, we see
predominantly the proapoptotic effects of JARID2 when over-
expressed in CEFs. Since c-Myc also can induce apoptosis (13),
miR-155 may cooperate with c-myc by suppressing JARID2-
mediated apoptosis. This would increase the capacity of c-myc
to increase cell proliferation, which ultimately could lead to
tumor formation.

miR-155 may inhibit apoptosis in germinal centers resulting
in Hodgkin’s lymphoma. B cells mature into plasma/effector B
cells in the dark zone of germinal centers. Here, upon activa-
tion, B-cell receptors (BCR) are subject to hypermutation and
class switching from immunoglobulin M to other immuno-
globulins. Upon hypermutation, cells undergo selection for the
presence of a functional BCR. Functional BCR expressing
cells class switch and divide and enter the circulation. B cells
with unfavorable mutations resulting in nonfunctional BCR
undergo apoptosis (55). Hodgkin’s lymphoma cells are char-
acterized by Hodgkin and Reed-Sternberg cells (29). These
cells are defective B cells that have escaped the negative se-
lection because they acquired other mutations to suppress apop-
tosis, like amplifications of the c-rel locus (24) and FAS gene
mutations (39). It is possible that some of these mutations lead
to an upregulation of miR-155 and, therefore, the downregu-
lation of JARID2 and other proapoptotic targets. This could
lead to an inhibition of the apoptotic pathway and an increase
in the tumorigeneic potential of these B cells.
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