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Constitutive activation of the NF-κB pathway is associated with dif-
fuse largeB-cell lymphoma (DLBCL) pathogenesis, butwhethermicro-
RNA dysfunction can contribute to these events remains unclear.
Starting from an integrative screening strategy, we uncovered that
the negative NF-κB regulator TNFAIP3 is a direct target of miR-125a
and miR-125b, which are commonly gained and/or overexpressed in
DLBCL. Ectopic expression of thesemicroRNAs inmultiple cell models
enhanced K63-linked ubiquitination of proximal signaling complexes
and elevated NF-κB activity, leading to aberrant expression of its
transcriptional targets and the development of a proproliferative
and antiapoptotic phenotype in malignant B cells. Concordantly, ge-
netic inhibition of miR-125a/miR-125b blunted NF-κB signals, where-
as rescue assays and genetic modulation of a TNFAIP3-null model
defined the essential role of the TNFAIP3 targeting on miR-125a/
miR-125b-mediated lymphomagenesis. Importantly, miR-125a/mir-
125b effects on TNFAIP3 expression and NF-κB activity were con-
firmed in a well-characterized cohort of primary DLBCLs. Our data
delineate a unique epigenetic model for aberrant activation of the
NF-κB pathway in cancer and provide a coherent mechanism for the
role of these miRNAs in immune cell activation and hematopoiesis.
Further, as miR-125b is a direct NF-κB transcriptional target, our re-
sults suggest the presence of a positive self-regulatory loopwhereby
termination of TNFAIP3 function by miR-125 could strengthen and
prolong NF-κB activity.

The initiation, duration, and termination of NF-κB signals
reflects the concerted action of positive and negative regu-

lators (1). Part of this intricacy resides upstream to IκB kinase
(IKK) activation, and involves the assembly and termination of
signaling complexes. One of the best characterized molecules that
impinge on this process is the ubiquitin editing enzyme TNFAIP3,
which blocks the interactions between E3 ligases and E2 ubiquitin
conjugating enzymes, thus inhibiting the “positive” K63-linked
ubiquitination, while promoting K48-linked ubiquitination and
proteasome-dependent degradation (2). Although much progress
has been made recently in understanding the catalytic and non-
catalytic activities of TNFAIP3 (3, 4), how TNFAIP3 activity is
terminated, including the potential role of microRNAs (miRNAs)
in this process, has been less studied.
Dysfunctional NF-κB activity contributes to various human

conditions, including autoimmune and inflammatory disorders and
cancer (5), suggesting that aberrant regulation of TNFAIP3 may
contribute to these events. Indeed, genome-wide association studies
have linked functional variants of this gene to autoimmune con-
ditions (6) and in a subset of B-cell lymphomas loss-of-function
mutations in TNFAIP3 have been reported (7–9). However, in
a substantial fraction of lymphomas the molecular basis for the
pathogenic constitutive activation ofNF-κB remains uncertain (10).
Bidirectional interplays between the NF-κB pathway and

miRNAs have been recently illustrated, albeit primarily in a
nonmalignant setting (11, 12), thus indicating that dysfunction of
these interactions could contribute to the development of NF-κB
“addicted” tumors. We recently created an integrative map of the
miRNAgenome in diffuse large B-cell lymphoma (DLBCL) (13); in
that study, copy number analysis revealed widespread gain and loss

of chromosomal material targeting multiple miRNA loci, whereas
expression measurements defined unique miRNA-driven DLBCL
substructures. These data offered an entry point to the investigations
reported here, in which we defined a role for miR-125a and miR-
125b in suppressing TNFAIP3 and aberrantly activating the NF-κB
pathway in DLBCL.

Results
MiR-125a and miR-125b Directly Inhibit TNFAIP3 Expression. To un-
cover the putative interactions between DLBCL-relevant miRNAs
and the NF-κB pathway, we performed an annotated screening
strategy that built on a copy number/expression map of the miRNA
genome that we reported earlier (13). In brief, we integrated this
original dataset with target prediction algorithms (TargetScan) fo-
cusing on miRNAs expected to bind to NF-κB regulators known to
play a role in DLBCL pathogenesis (7–9, 14–16). Next, we filtered
the initial output to primarily retain miRNAs that (i) map to loci
that we showed to be frequently disrupted in DLBCL (13), (ii) are
expressed in normal or malignant mature B lymphocytes (13, 17),
and (iii) displayed the highest target prediction scores. Among the
potential interactions identified by this strategy (Fig. S1), the puta-
tive targeting of TNFAIP3 by miR-125a/b was particularly relevant
because (i) TNFAIP3 is a tumor suppressor gene in lymphomas (7,
8); (ii) we earlier foundmiR-125a andmiR-125b to be gained and/or
overexpressed in 15–20% of DLBCLs (13) (Fig. S1), and the miR-
125b1 locus is targeted by chromosomal translocations in both
lymphoid andmyeloidmalignancies (18, 19); and (iii) miR-125a and
miR-125b overexpression has been linked to dysfunctional hema-
topoiesis and aberrant immune cell responses, although a coherent
mechanism to explain these effects remains unavailable (20–24).
Putative miR-125a/b binding sites were found in the 3′-UTR and

coding region of TNFAIP3 (Fig. S2A). Using reporter constructs
containing these sites in wild-type (WT) or seed-sequence mutant
(Mut) configuration (SI Materials and Methods), we confirmed that
miR-125a and miR-125b directly bind to both TNFAIP3 sites (Fig.
1A and Fig. S2B). In addition, we immunoprecipitatedArgonaute 2
(AGO2), a core component of RNA-induced silencing complex
(RISC), as previously described (25), and demonstrated the binding
of miR-125a/b to endogenous TNFAIP3 (Fig. 1B and Fig. S2C).
Retrovirus-mediated stable expression ofmiR-125a ormiR-125b in
three independent DLBCL cell lines (Fig. S3A) confirmed that
these interactions resulted in inhibition of TNFAIP3 protein ex-
pression (Fig. 1B), whereas antagomiRs specific to miR-125a
and miR-125b elevated TNFAIP3 levels in additional cell models
(Fig. 1C and Fig. S3B).

Author contributions: S.-W.K. and R.C.T.A. designed research; S.-W.K., K.R., H.B., A.-P.L.,
D.J., and R.C.T.A. performed research; S.-W.K. and R.C.T.A. analyzed data; and R.C.T.A.
wrote the paper.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.
1To whom correspondence should be addressed. E-mail: aguiarr@uthscsa.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1200081109/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1200081109 PNAS | May 15, 2012 | vol. 109 | no. 20 | 7865–7870

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200081109/-/DCSupplemental/pnas.201200081SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200081109/-/DCSupplemental/pnas.201200081SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200081109/-/DCSupplemental/pnas.201200081SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200081109/-/DCSupplemental/pnas.201200081SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200081109/-/DCSupplemental/pnas.201200081SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200081109/-/DCSupplemental/pnas.201200081SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200081109/-/DCSupplemental/pnas.201200081SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200081109/-/DCSupplemental/pnas.201200081SI.pdf?targetid=nameddest=SF3
mailto:aguiarr@uthscsa.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200081109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200081109/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1200081109


MiR-125a and miR-125b Expression Elevates NF-κB Activity in DLBCL.
TNFAIP3 functions to terminate the NF-κB activation that follows
cellular exposure to various pathogens and proinflammatory cyto-
kines; these activities are well characterized upon several ligand/
receptor pairings, including the TNFα/tumor necrosis factor re-
ceptor 1 (TNFR1) engagement (2–4). Thus, to test whether
miR-125a and/or miR-125b expression enhanced NF-κB activity,
we first used multiple independent cell models to measure the
degree of IκBα phosphorylation/degradation following TNFα ex-
posure; ectopic expression of these miRNAs led to a higher phos-
phorylation and sustained downmodulation of IκBα, which was
accompanied by nuclear accumulation of p65 and higher expres-
sion of multiple NF-κB transcriptional targets (Fig. 2 A–C and Fig.
S4A) (P < 0.05, Student’s t test). Concordantly, antagomiRs to
miR-125a and miR-125b significantly decreased NF-κB activity

(Fig. 2D) (P < 0.05, Student t test), in two additional DLBCL
models with high basal levels of NF-κB signals (15, 26).

Inhibition of TNFAIP3 Is Essential for the miR-125a/miR-125b Activation
of NF-κB.TNFAIP3 controls NF-κB signals in part by antagonizing
the K63-linked ubiquitination of members of the activation com-
plexes that assemble downstream of TNFR1 engagement (4).
We investigated whether miR-125 expression can interfere in this
process by immunoprecipitating TRAF2 and RIP1 following
TNFα exposure. Immunoblotting with a K63-specific antibody
showed that compared to isogenic controls containing an empty
murine stem cell virus (MSCV) vector, in miR-125a– and miR-
125b–expressing cells TRAF2 and RIP1 had much higher level of
this ubiquitin modification (Fig. 3). Demonstration of the expec-
ted TNFα-mediated IκBα phosphorylation and degradation, and
TRAF2 and RIP1 expression in input lysates is shown in Fig. S5.
These data indicated that the miR-125a/b–mediated fine-tuning of
TNFAIP3 expression can prominently down-modulate its activity.
However, as each miRNA is predicted to target several genes

(27), it became important to confirm that the elevation of NF-κB
activity that followed miR-125a and miR-125b expression resulted
primarily, if not exclusively, from the inhibition of TNFAIP3. To
address this issue, we used aMSCV–puromycin retrovirus to stably
reconstitute TNFAIP3 in our models of ectopic miR-125a and
miR-125b expression. To evade miR-125a/b targeting, we created
a FLAG-tagged TNFAIP3 construct that lacked 3′-UTR and
contained synonymous mutations that disrupted the miR-125
binding site located in its coding region (SI Materials and Methods
and Fig. S4B). Upon measuring IκBα phosphorylation/degrada-
tion, nuclear accumulation of p65, and the expression of NF-κB
transcriptional target in these cells (Fig. 4A and Fig. S4B), we
found that reconstitution of TNFAIP3 fully rescued themiR-125a/
b–mediated activation of NF-κB. Next, to categorically establish
that the targeting and inhibition of TNFAIP3 is essential for the
activation of NF-κB in this model, we performed complementary
assays in TNFAIP3-null cells. The DLBCL cell line DHL2 (a gift
from Laura Pasqualucci, Columbia University, New York, NY)
has biallelic truncating mutations in TNFAIP3 that result in
a nonfunctional protein (7). We reasoned that if the primary
mechanism for themiR-125a/b–mediated activation of NF-κB was
indeed down-modulation of TNFAIP3, stable expression of these
miRNAs would not influence NF-κB in these cells. Indeed, only
a negligible elevation inNF-κB activity was detected inDHL2 cells
ectopically expressing miR-125a/b, in marked contrast to the ac-
tivation detected in TNFAIP3-competent B cells (P < 0.01, Stu-
dent’s t test) (Fig. 4B and Fig. S4C). Together, these data show that
TNFAIP3 targeting is indispensable for the miR-125a and miR-
125b–mediated activation of NF-κB signals.

MiR-125Mediated Targetingof TNFAIP3 EnhancesDLBCLAggressiveness.
In a group of mature B-cell malignancies, deregulation of NF-κB
signals is central to tumor pathogenesis (10). Our discovery that
miR-125a and miR-125b targets TNFAIP3 suggested that over-
expression of these miRNAs could elicit higher proliferative ca-
pacity and an antiapoptotic profile, features often associated with
constitutive NF-κB activation in malignant cells (5, 10). In agree-
ment with this prediction, stable expression of miR-125a or miR-
125b significantly increased the growth rate of DLBCLs (Fig. 5A
and Fig. S6A) (P < 0.05, Student’s t test). Ascertaining the rele-
vance of TNFAIP3 down-regulation in this phenomenon, its re-
constitution rescued this progrowth phenotype, whereas miR-125a
and miR-125b overexpression did not increase the proliferation
of the TNFAIP3-null DHL2 cell line (Fig. S6B). Further doc-
umenting the oncogenic properties of these miRNAs in DLBCL,
we found a significantly elevated capacity for colony formation in
soft agar in the miR-125a and miR-125b gain-of-function models
(Fig. 5B), which was rescued by stable expression of the miR-125a/
b–resistant TNFAIP3 construct (Fig. S6C).
One fundamental property ascribed to aberrant NF-κB

activation is restriction of apoptotic responses. Therefore, we
tested whether overexpression of miR-125a and miR-125b could

Fig. 1. MiR-125a and miR-125b directly target TNFAIP3. (A) Luciferase con-
structs containing miR-125a/b binding sites in wild-type (WT) or mutant (Mut)
configuration were cotransfected with miR-125a, miR-125b, or control oli-
gonucleotides. MiR-125a and miR-125b inhibited luciferase activity in the
TNFAIP3 WT but had no effect in the mutant construct (P < 0.05, Student’s t
test). Data shown aremean± SD of the ratio of luciferase activity (miR-125a or
miR-125b vs. control oligo); experiments were performed in triplicate and
repeated three times. (B) Lysates from Ly8 cells expressing MSCV, MSCV–miR-
125a, or MSCV–miR-125b were immunoprecipitated with anti-Ago2 antibody
or nonspecific IgG; RNA was isolated from the IP fractions and real-time RT-
PCR used to demonstrate the significant enrichment for TNFAIP3 in the
immunoprecipitates of miR-125a and miR-125b loaded RISC. Data shown are
mean ± SD of TNFAIP3 relative abundance in the various Ago2-IPs. RISC-as-
sociatedGAPDHwas used for normalization. (C)Western blots depict TNFAIP3
inhibition in DLBCL cell lines stably expressing miR-125a and miR-125b. (D)
TNFAIP3 expression is elevated in DLBCL cell lines transiently transfected with
miR-125a– or miR-125b–specific antagomiRs. Densitometric quantification of
TNFAIP3 expression, normalized by actin, is shown in C and D.
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establish an antiapoptotic profile in DLBCL. To address this
issue in the broadest possible manner, we used two general
triggers of programed cell death, serum starvation and induction
of reactive oxygen species. In all examined instances, miR-125a
and miR-125b expression rendered DLBCL cells significantly
more resistant to apoptosis than their isogenic counterparts
(P < 0.05, Student’s t test) (Fig. 5C and Fig. S6D). Again, re-
constitution of TNFAIP3 expression rescued the antiapoptotic
properties derived from miR-125a/b expression, whereas stable
expression of miR-125a/b in TNFAIP3-null cells did not change
their apoptotic rate in response to H202 or serum starvation
(Fig. 5D and Fig. S6E).

Expression of miR-125a/b Associates with TNFAIP3 Levels and Is
Significantly Correlated with NF-κB Activity in Primary DLBCL. We
sought to validate the relevance of our findings in primary human
tissues, studying a small collection of well-characterized DLBCL
biopsies (13). First, we used real-time stem-loop RT-PCR to define
miR-125a and miR-125b levels and dichotomized this tumor cohort
into samples with high (n = 10) or low (n = 8) miRNA expression
(P < 0.05, Student’s t test; Fig. S7A). With Western blotting, we
found a significantly lower expression of TNFAIP3 in primary
DLBCLs expressing high levels ofmiR-125a and/ormiR-125b than
in tumors in the low miRNA expression category (Fig. 6A and Fig.
S7B) (P < 0.01, Mann–Whitney test, normalized densitometric
quantification). It should be noted that despite the coregulation of
these miRNAs expression in primary DLBCL (r = 0.68, Pearson
correlation coefficient), for the purpose of this analysis, higher
levels of either miR-125a or miR-125b placed the tumor in the
“high expression” category. Subsequently, using ELISA-based
measurements, we detected a significantly elevated NF-κB activity
in tumors with high miR-125a and/or miR-125b expression than in

those expressing these miRNAs at lower levels (P< 0.01, Student’s
t test) (Fig. 6B). Nonetheless, primary tumors are complex samples
where a single genetic event (e.g., high expression of miR-125a/b)
cannot be studied in isolation. Thus, to refine the relevance of our
information, we used our previously generated (13) immunohis-
tochemistry (IHC) data to classify these tumors as germinal center
B cells (GCB) and non-GC (NGC) types, array-comparative ge-
nomic hybridization (CGH) analysis to define the copy number at
the TNFAIP3, miR-125b1, miR-125b2, and miR-125a loci, and
sequencedCARD11,MYD88,C79B, and TNFAIP3, genes that can
be somatically mutated in DLBCL with high NF-κB activity.
There was no statistically significant enrichment for GCB or

NGC samples in either tumor category (i.e., high or low miR-
125a/b expression) (P = 0.34, Fisher’s exact probability test)
(Table S1). In addition, only 1 of 13 tumors analyzed showed
a hemizygous deletion of the TNFAIP3 locus (tumor L8, which
displayed low miR-125a/b expression and correspondingly high
expression of TNFAIP3 (Fig. 6A and Table S1), suggesting that
genomic loss at this locus is not a confounding variable in our
analysis. Conversely, in 2 tumors with high and in 1 with low miR-
125b expression, we identified copy number gain and loss of the
miR-125b1 locus, respectively (Table S1) thus indicating a con-
tribution of genomic abnormalities in the expression of miR-125b
in DLBCL. Finally, we found five mutations in 4 of the 18
DLBCLs analyzed: two DLBCLs that belonged to the low miR-
125a/b group, harbored heterozygous mutations in TNFAIP3
(splice-site truncating and nonsense), whereas two samples in the
high miR-125 expression category had mutations in MYD88 and
CD79B (1 tumor with both genes mutated, and the second with
MYD88 mutation only) (Table S1). These findings suggest that
highmiR-125a/miR-125b expression and genetic loss of TNFAIP3
may be mutually exclusive events in this setting, but cosegregate

Fig. 2. MiR-125a and miR-125b expres-
sion modulates NF-κB activity in DLBCL.
(A) Immunoblot analyses of phospho-IκBα
and IκBα after TNFα stimulation. Phos-
phorylation and degradation of IκBα are
elevated in DLBCL cell lines expressing
miR-125a or miR-125b. Ratios of p-IκBα/
IκBα are listed in blue (control) and red
fonts (miR-125a or miR-125b) and were
normalized to time 0 of MSCV-only cells.
(B) Ectopic expression of miR-125a and
miR-125b increase accumulation of p65 in
the nuclear fraction of DLBCL cell lines.
Data shown in A and B were indepen-
dently confirmed in two to three bio-
logical replicates. Densitometric quan-
tification of p65 nuclear expression, nor-
malized by H3, is shown. (C) Heat-map
display of quantitative real-time RT-PCR
measurements of six independent NF-κB
transcriptional targets show significantly
higher expression in miR-125a and miR-
125b expressing cells (P < 0.05, Student’s t
test). Data displayed aremean± SD of the
mRNA fold induction following exposure
to TNFα (200 ng/mL for 120 min), normal-
ized by MSCV-only cells. All assays were
performed in triplicate and confirmed in
three biological replicates. (D) Antago-
miR-mediated inhibition of miR-125a or
miR-125b expression in DLBCL cell lines
with high basal NF-κB activity significantly
inhibits this pathway, as determinedby an
ELISA-based measurement of p65 levels
(*P < 0.05, Student’s t test). Data shown
are mean ± SD of a representative assay
performed in triplicate and independently
confirmed in three biological replicates.
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with gain-of-function mutations in positive regulators of this
pathway. However, given the relatively small numbers of primary
DLBCLs analyzed in the present investigation, further studies will
be needed to confirm the strength of these associations.

Discussion
Wefound that targeting ofTNFAIP3 linksmiR-125a andmiR-125b
to NF-κB and lymphomagenesis. These data suggest a unique
model for constitutive activation of the NF-κB pathway in DLBCL
and provide amechanism for the association ofmiR-125 expression
with heightened activation of immune cells and dysfunctional he-
matopoiesis (20–24).
In earlier work, we had identified miR-125a and miR-125b

among a small number of miRNAs that could efficiently sub-
classify DLBCLs on the basis of their differential expression (13).
Further, in that DLBCL cohort miR-125b expression was corre-
lated with the copy number status at the miR-125b1 locus
(chromosome 11q24), with overexpression significantly associated

with copy number gain (13), suggesting that miR-125 could play
a role in DLBCL biology; the identification and validation of
TNFAIP3 as direct target of miR-125a and miR-125b confirms
this concept.
Stable expression of miR-125a/b in three well-characterized

GCB DLBCL cell lines consistently amplified NF-κB function,
whereas antagomiRs directed at miR-125a or miR-125b, via up-
regulation of TNFAIP3 expression, significantly decreasedNF-κB
activity in twoDLBCL cell lines with highmiR-125 expression and
oncogenic mutations in NF-κB regulators (Ly10,MYD88; DHL7,
CARD11) (15, 26). These data are relevant at several levels: (i)
they suggest that in tumors with proximal gain-of-function
mutations (i.e.,CARD11,MYD88, andCD79), the plasticity of the
NF-κB pathway is preserved and elevating the expression/func-
tion of a physiologic negative regulator (e.g., TNFAIP3) can reset
signal intensity; (ii) they indicate that overexpression of these
miRNAs may be more frequent in mutant tumors, thus removing
a physiologic break on NF-κB activation, as we preliminarily
showed in our primary tumor cohort; and (iii) the results from the
cell line Ly10, which also is hemizygous at the TNFAIP3 locus (7),
suggest that a single copy of this gene is functionally relevant and
that when the suppressive effects of mir-125a/b on the remaining
allele are lifted it can curtail NF-κB signals. These considerations
may all be instructive in the eventual design of therapeutic strat-
egies to attack NF-κB in DLBCL.
The assembly of the signaling complexes that converge to acti-

vate IKK is regulated by distinct models of polyubiquitylation.
TNFAIP3 plays a key role at this juncture by antagonizing the
formation of the “pro-signal” K63-linked ubiquitin chains, and by
promoting K48 ubiquitination, a mark for proteasome degradation
(2). We showed that K63 ubiquitination of TRAF2 and RIP1,
important components of the IKK activation complex downstream
to TNFR1 engagement, were elevated in DLBCL expressing miR-
125a/b, indicating that this miRNA-mediated fine-tuning of
TNFAIP3 expression can prominently down-modulate its activity.
Still, as each miRNA is predicted to target hundreds of transcripts,
we resorted to two complementary strategies, TNFAIP3 re-
constitution in a high miR-125a/b background and miR-125a/
b stable expression in TNFAIP3-null cells, to conclusively demon-
strate that the down-regulation of TNFAIP3 is essential for these
miRNAs to enhance NF-κB activity. MiR-125a and miR-125b
regulate other genes that are relevant for lymphoma biology. Par-
ticularly important is the recently reported targeting of BLIMP1
and IRF4 by miR-125b (which we now demonstrate to be also
mediated by miR-125a; Fig. S8), transcription factors important in
the differentiation of germinal center B cells into plasma cells (24,
28). Thus, together with our discovery of the TNFAIP3 targeting,
miR-125b and miR125a is now shown to impact on two well-de-
fined cooperative lymphomagenic processes: constitutive activation
of NF-κB and blockade in B-cell differentiation. Indeed, to create a
faithful murine model of humanB-cell lymphoma, dual conditional

Fig. 3. miR-125a and miR-125b expression modulate K63-linkage ubiquiti-
nation. Immunoprecipitation of TRAF2 (Upper) or RIP1 (Lower) followed
by immunoblotting for K63-linkage ubiquitin, in isogenic Ly8 cells stably
expressing miR-125a, miR-125b, or empty vector show that these miRNAs
enhance the K63 ubuiquitination that follows engagement of the TNFR1 by
TNFα (100 ng/mL). Data were confirmed in four biological replicates. Immu-
noblotting with TRAF2 and RIP1 antibodies confirm equal amount of these
proteins in the pulldowns, and IgG controls confirm the specificity of the IPs.

Fig. 4. TargetingofTNFAIP3 is essential
for the miR125a/b–mediated NF-κB acti-
vation in DLBCL. (A) Immunoblot analy-
ses of p-IκBα and IκBα show that stable
reconstitution of TNFAIP3 expression
(Upper) rescued the effects of miR-125a
and miR-125b in DLBCL cells; note the
markedly lower ratio IκBα phosphoryla-
tion/degradation in TNFAIP3–FLAG-ex-
pressing cells in comparison with iso-
genic MSCV–puromycin-expressing cells.
MiR-125a/miR-125b–expressing DLBCL
cell lines reconstituted with TNFAIP3–
FLAG also displayed a limited nuclear
accumulation of p65 following TNFα
stimulation (Lower). (B) ELISA-based measurement of p65 activity shows that stable expression of miR-125a and miR-125b in the TNFAIP3-null DHL2 cell line has
minimal effect onNF-κB function, in statistically significant contrast to the effects of thesemiRNAs in a TNFAIP3-competent DLBCL cell line (Ly7) (*P< 0.05, Student’s t
test). Data shown are mean ± SD (four independent data points) of NF-κB induction following exposure to TNFα (100 ng/mL), normalized by MSCV-only cells.
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mutant mice with enforced expression of constitutively active IKK2
and deletion of BLIMP1 were recently generated (29); conceivably
this model can be recapitulated with conditional expression of
a miR-125b or miR-125a in GC B cells.
Ectopic expression of miR-125a/b enhanced the proliferative

capacity and defined an antiapoptotic profile in TNFAIP3-
competent DLBCL cell lines, features associated with activation
of NF-κB signals. These findings agree with the antiapoptotic
behavior recently detected in a B-cell conditional TNFAIP3
knockout model (30). In these mice, homozygous or hemizygous
deletion of TNFAIP3 led to the accumulation of GC B cells in
association with resistance to programmed cell death. Impor-
tantly, detection of a clear phenotype in mice hypomorphic for
TNFAIP3 further highlights the biological relevance of miR-
125a/b–mediated fine-tuning of this protein levels, as miRNAs
classically down-regulate but do not abolish target gene expres-
sion (31).
Recurrent chromosomal translocations targeting the miR-

125b1 locus have been reported in myelodysplastic syndrome and
acute myeloid and lymphoid leukemia, in most of these instances
in association with strong miRNA up-regulation (18, 19). Our
data in DLBCL reinforce the concept that elevated miR-125a/
b expression plays a role in the pathogenesis of human hema-
tological malignancies. The mechanism for overexpression of
miR-125a and miR-125b in DLBCL is probably multiple and
could include copy number gain at the miR-125b1 locus, as we
reported earlier (13), and transcriptional up-regulation of the
miRNA primary transcripts. In the latter, a previously reported
functional NF-κB binding site within the promoter region of

primary miR-125b1 is particularly relevant (12). This finding
suggests that NF-κB could induce miR-125b1 transcription,
which in turn may extend/strengthen these signals by suppressing
TNFAIP3. We found that miR-125a and miR-125b expression
is often coregulated in DLBCL. Thus, although the promoter
region at the pri–miR-125a locus has not yet been identified,
it is possible this putative self-regulatory loop be shared by
both miRNAs.
Our investigation of a well-characterized primary tumor cohort

confirmed that DLBCLs overexpressing miR-125a and/or miR-
125b have a significantly lower TNFAIP3 expression and higher
NF-κB activity. We did not find an association between these
features and the GCB and non-GCB phenotypes, as defined by
IHC analysis. This was somewhat surprising given the elevated
NF-κB activity in the subset of tumors with high 125a/b expres-
sion. However, considering the relatively small number of cases
included in the present study it is not possible at the moment to
the precisely establish the correlation between miR-125a/b ex-
pression and subsets of DLBCL; a follow-up analysis of a large
tumor set molecularly classified into GCB and activated B-cell–
like (ABC) DLBCL should define this issue. Of interest, analysis
of subpopulations of normal human mature B cells indicated that
miR-125a/b levels are highest in centroblasts (17, 28, 32), a find-
ing that may also impinge on the expression pattern of these
miRNAs in distinct molecular subsets of DLBCL.
In our sequencing studies, we found that only cases with low

miR-125a/b expression had heterozygous loss-of-function muta-
tion in TNFAIP3, suggesting that high miRNA expression and
genetic loss of TNFAIP3 may be mutually exclusive in DLBCL.

Fig. 5. MiR-125 targeting of TNFAIP3 enhances
DLBCL aggressiveness. (A) DLBCL cell lines stably
expressing miR-125a or miR-125b grow at significantly
faster pace than their empty-vector isogenic counter-
parts. (B) Ectopic expression of miR-125a or miR-125b
enhanced colony-formation capability in soft agar in
all DLBCL models examined. (C) DLBCL cells expressing
miR-125a or miR-125b became resistant to apoptosis
induced by H202 and serum deprivation. Ctrl (control)
and “10%” data indicate the basal apoptosis rate in
cells exposed to vehicle or grown in media supple-
mented with 10% FBS, respectively. (D) Reconstitution
of TNFAIP3 expression rescued DLBCLs from the miR-
125a and miR-125b–induced antiapoptotic effects. All
assays were performed in triplicate and repeated from
two to four times; *P < 0.05, Student’s t test.

Fig. 6. MiR-125a/b expression in primary DLBCL modulates
TNFAIP3 expression and NF-κB activity. (A) Western blot
analysis showed a significant suppression in TNFAIP3 expres-
sion in tumors with high (H1–H10) vs. low miR-125a and/or
miR-125b levels (L1–L8) (P < 0.01 Mann–Whitney, normalized
densitometric values (also Fig. S7). *, samples with copy
number gain at the miR-125b1 locus; #, samples with hemi-
zygous loss of miR-125; ^, samples monoallelic mutation or loss
of TNFAIP3. (B) ELISA-based quantification of p65 in protein
lysates from primary DLBCLs showed significantly higher NF-κB
activity (P < 0.01, Student’s t test) in tumors expressing high
miR-125a and/or miR-125b levels and consequently low
TNFAIP3; p65 measurements were performed in duplicate and all 36 values are included in the display. Data points labeled in red correspond to the samples
with copy number gain at the miR-125b1 locus; those with loss of miR-125b are shown in gold; and the samples with monoallelic loss or mutation in TNFAIP3
are shown in black.

Kim et al. PNAS | May 15, 2012 | vol. 109 | no. 20 | 7869

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200081109/-/DCSupplemental/pnas.201200081SI.pdf?targetid=nameddest=SF7


Gain-of-function mutations in positive regulators of the NF-κB
pathway may have a particularly ominous consequence to DLBCL
pathogenesis when associated with loss of TNFAIP3, as was the
case in the lymphomas in our series that contained mutations in
MYD88 and CD79b. Nonetheless, in most instances miR-125a/
b overexpression and elevated NF-κB occurred independently of
these genetic alterations. Future investigations should define
whether rarer mutations in NF-κB regulators are present in these
cases, or whether the activation of NF-κB derives from microen-
vironmental factors that are epigenetically sustained by miR-
125a/b–mediated suppression of TNFAIP3.
In this work, we identified and characterized miR-125a and

miR-125b as regulators of TNFAIP3 expression and function, and
consequently NF-κB activity. The fine-tuning of TNFAIP3 levels
mediated by miR-125 expression had a striking impact on K-63
ubiquitination of TRAF2 and RIP1, IκBα degradation, p65 nu-
clear accumulation, and transcription of NF-κB target genes.
These events defined an antiapoptotic profile compatible with
constitutive NF-κB activation and enhanced the fitness of B-lym-
phoma cells. Together, our data provide a coherent mechanism
for a miR-125 role in immune cell activation and oncogenesis, and
point to a unique model for constitutive activation of the NF-κB
pathway in DLBCL.

Materials and Methods
Cell Lines and Primary Tumors. Human DLBCL cell lines were cultured as we
previously described (33) and are detailed in SI Materials and Methods. The
relevant features of the primary DLBCLs analyzed have been described (13)
and are summarized in the Table S1.

Reporter Assays. The two TNFAIP3 miR-125a/b binding sites (WT or mutant)
were cloned in the 3′-UTR of the luciferase gene and these constructs, used
to determine reporter activity, are detailed in SI Materials and Methods.

Modulation of miR-125a, miR-125a, and TNFAIP3 Expression in DLBCL Cell Lines.
Knockdown of miR-125a/b expression and generation of multiple DLBCL cell

lines stably expressing these miRNAs, or TNFAIP3, is described in SI Materials
and Methods.

Subcellular Fractionation and Immunoblotting. Cytoplasmic and nuclear pro-
tein fractions were isolated from genetically modified DLBCL cell lines as we
described (33) and are detailed in SI Materials and Methods.

Expression of NF-κB Target Genes and NF-κB Activity Assay. Expression of
CD83, BIRC3, NFKB2, TNF, IRF1, and TNIP1 was determined by quantitative
real-time RT-PCR, in DLBCL cell lines stably expressing miR-125a, miR-125b,
or empty MSCV vector, as described in SI Materials and Methods. DNA-
binding activity of p65 was examined in protein extracts of DLBCL cell lines,
as well as primary DLBCL biopsies, according to the manufacturer’s instruc-
tions (TransAM p65 kit; Active Motif).

Immunoprecipitations. TRAF2 and RIP1 were immunoprecipitated fromDLBCL
cell lines genetically modified to express miR-125a/b and pulldowns immu-
noblotted to detect K63 ubiquitination. Immunoprecipitation of AGO2-
containing RISC in a relevant DLBCL model was performed as described (25).
Both assays are detailed in SI Materials and Methods.

Cell Growth, Soft Agar Colony-Forming Assays, and Apoptosis Rate. Cell
growth, soft agar colony-forming assays, and apoptosis rate, defined in
multiple DLBCL cell lines genetically modified to express miR-125a and miR-
125b, are described in detail in SI Materials and Methods. All assays were
performed in triplicate and repeated three times.

Statistics. The Mann–Whitney test was used to determine the significance of
the difference in TNFAIP3 expression in primary DLBCL. For all other assays,
the statistical analyses were performed with two-tailed Student’s t test. P <
0.05 was considered significant. Data analyses were performed in the Prism
software (version 5.0; GraphPad) and Excel software (Microsoft).
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