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Abstract

In sarcoma, the activity of NF-κB (nuclear factor κB) reduces the abundance of the microRNA

(miRNA) miR-29. The tumor suppressor A20 [also known as TNFAIP3 (tumor necrosis factor–α–

induced protein 3)] inhibits an upstream activator of NF-κB and is often mutated in lymphomas.

In a panel of human sarcoma cell lines, we found that the activation of NF-κB was increased and,

although the abundance of A20 protein and mRNA was decreased, the gene encoding A20 was

rarely mutated. The 3′ untranslated region (UTR) of A20 mRNA has conserved binding sites for

both of the miRNAs miR-29 and miR-125. Whereas the expression of miR-125 was increased in

human sarcoma tissue, that of miR-29 was decreased in most samples. Overexpression of miR-125

decreased the abundance of A20 mRNA, whereas reconstituting miR-29 in sarcoma cell lines

increased the abundance of A20 mRNA and protein. By interacting directly with the RNA binding

protein HuR (human antigen R; also known as ELAVL1), miR-29 prevented HuR from binding to

the A20 3′UTR and recruiting the RNA degradation complex RISC (RNA-induced silencing

complex), suggesting that miR-29 can act as a decoy for HuR, thus protecting A20 transcripts.

Decreased miR-29 and A20 abundance in sarcomas correlated with increased activity of NF-κB
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and decreased expression of genes associated with differentiation. Together, the findings reveal a

unique role of miR-29 and suggest that its absence may contribute to sarcoma tumorigenesis.

Introduction

Classical proinflammatory signaling by the transcription factor NF-κB (nuclear factor κB) is

inhibited by IκB (inhibitor of κB) family members, A20 [also known as TNFAIP3 (tumor

necrosis factor–α–induced protein 3)], and the cylindromatosis protein encoded by CYLD1,

all of which promote the retention of NF-κB in the cytoplasm (1). In response to TNFα, the

kinase RIP1 (receptor-interacting serine/threonine-protein kinase 1) is activated through

K63-linked ubiquitination, which activates the IκB kinase (IKK) complex that

phosphorylates IκBα and IκBβ, causing their proteolysis and the subsequent nuclear

translocation and activation of NF-κB (2). IκBα and A20 are immediate transcriptional

targets of NF-κB that assist in the negative feedback control of the NF-κB signaling

pathway. IκBα binds and promotes the nuclear export of NF-κB subunits (3). A20 removes

K63-linked ubiquitin chains from RIP1 and catalyzes its K48-linked polyubiquitination

through its deubiquitinase and E3 ubiquitin ligase activities, respectively, and thus promotes

the proteasomal degradation of RIP1 (4). Failure to modulate this signaling circuitry leads to

constitutive NF-κB activity, which is a common hallmark of numerous chronic diseases,

including cancer (5). For example, deletion of A20 in mice abrogates homeostatic inhibition

of NF-κB, resulting in systemic inflammation and severe cachexia (5), and mutations in A20
are associated with the constitutive activation of NF-κB in B cell lymphomas (6–8).

Previously, we showed that NF-κB is activated in rhabdomyosarcoma (RMS), a pediatric

cancer with origins in skeletal muscle (9). RMS is representative of a subclass of soft tissue

sarcomas that are rare but, when classified as a high-grade tumor, have a 40 to 60%

incidence of metastasis and mortality (10). Increased NF-κB signaling in these tumors

epigenetically suppresses the expression of the microRNA (miRNA) miR-29 through the

Polycomb repressor complex PRC2, causing RMS cells to become less differentiated (9).

Analogous to other tumor types (11), miR-29 may function as a tumor suppressor in RMS

because exogenous addition of this miRNA reduces proliferation and enhances

differentiation in RMS cells by targeting the myogenic inhibitor Yin Yang 1 (9).

MiRNAs suppress mRNA stability by directing the RNA-induced silencing complex (RISC)

to the 3′ untranslated region (UTR) of its targeting mRNA (12). The stability of mRNAs can

also be affected by RNA binding proteins (RBPs) that control posttranscriptional gene

expression by binding AU-rich elements in the 3′UTR of target mRNAs (13, 14). HuR

(human antigen R), which is ubiquitously expressed in mammalian cells, is an RBP that

regulates the stability of transcripts encoded by genes involved in inflammation, cell growth,

differentiation, and angiogenesis (15, 16). Under normal physiological conditions, HuR

increases their half-life, whereas in tumors, HuR commonly switches functions to mediate

their decay (17–19). Although not well studied, HuR is capable of mediating mRNA

destabilization through the recruitment of the tumor suppressor miRNA let-7 (20), and HuR

crosstalk with RISC and the Argonaute 2 (Ago2) subunit has also been described (21). Here,

we identified a mechanism involving the interaction of miR-29 and HuR that stabilizes

transcripts of A20 and inhibits NF-κB activity. We propose that the loss of this interaction

contributes to sarcoma pathogenesis.
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Results

Loss of A20 in sarcomas is associated with increased RIP1 abundance and NF-κB
activation

To gain insight into the mechanism underlying NF-κB activity in RMS, we examined the

upstream mediators of this signaling pathway. In the human RMS cell line Rh30, the K63-

linked polyubiquitination of RIP1 was greater compared with nontransformed immortalized

murine C2C12 myoblasts and postmitotic differentiated myofibers (Fig. 1A). Similar results

were observed with a second human RMS line, Rh28, as well as that of the murine alveolar

RMS cell line 21459 (22) (fig. S1A). Additionally, the K63-linked ubiquitination of RIP1

was markedly increased in the osteosarcoma cell line U2OS and proliferating osteoblasts

compared with differentiated bone cells (Fig. 1B), indicating that the observations were not

unique to muscle-derived sarcomas. Because K63-linked ubiquitination of RIP1 is removed

by A20 (23), we examined its correlation with the abundance of A20 in sarcoma cells

compared with normal counterparts. Decreased abundance of A20 correlated with increased

abundance and ubiquitination of RIP1 in RMS and U2OS cell lines (Fig. 1, A and B, and fig.

S1A). This correlation was also observed in the majority of human RMS- or osteosarcoma-

derived xenograft tumors derived from primary sarcomas (Fig. 1C). However, the

abundance of RIP1 mRNA (fig. S1B) did not correlate with patterns of A20 abundance (Fig.

1A), which is consistent with previous findings that A20 mediates the proteolysis of RIP1,

and suggests that an inverse relationship exists between RIP1 and A20 abundance in RMS

and osteosarcoma. It is conceivable that this relationship is maintained in other sarcoma

subtypes.

Because RIP1 is an upstream activator of IKK and NF-κB, we predicted that cells with

increased RIP1 abundance would also exhibit greater NF-κB activity. In both RMS and

osteosarcoma xenograft tumors, there were greater amounts of the transcriptionally active

form of the p65 sub-unit of NF-κB (phosphorylated at Ser536) (24) in 17 of 18 tumors

compared with normal human skeletal muscle tissue (Fig. 1C). Consistent with its role in

activating NF-κB, the kinase activity of IKK (measured by kinase assays and

phosphorylation of its substrate, IκBα) appeared to be increased in a subset of RMS tumors

and Rh30 and U2OS cell lines compared with normal differentiated cells (Fig. 1D). In

addition, the DNA binding activity of NF-κB was enhanced in both sarcoma cells and

undifferentiated myoblasts and osteoblasts compared with that of normal or differentiated

cell types (Fig. 1E). As expected, RIP1 knockdown in Rh30 and U2OS cells decreased the

transcriptional activity of an NF-κB reporter (Fig. 1F), and its overexpression increased

reporter activity (fig. S1C). However, the RIP1-induced increased in NF-κB reporter activity

was partially inhibited by overexpression of A20 (fig. S1C). Together, the results suggested

that increased NF-κB activity in RMS and osteosarcoma tumor cells involved increased

K63-linked ubiquitination of RIP1, resulting from the loss of A20.

The abundance of A20 is regulated by opposing functions of miR-29 and miR-125

To determine how a reduction in A20 abundance is promoted in sarcomas, we analyzed the

steady-state abundance of A20 mRNA. In human RMS and osteosarcoma cell lines, the

abundance of both A20 mRNA and protein was low compared to their abundance in the

control (fig. S2). To determine whether this regulation on A20 could be extended to

additional sarcoma subtypes, we measured the abundance of A20 mRNA in a panel of 40

patient biopsies consisting of five histologically confirmed sarcoma subtypes: 4 pleomorphic

RMS, 8 osteosarcoma, 12 myxoid liposarcoma, 8 well-differentiated liposarcoma, and 8

synovial sarcoma. We identified neoplastic (tumor) and morphologically “normal”

nontumor areas by hematoxylin and eosin (H&E) staining and obtained samples for

quantitative real-time polymerase chain reaction (qRT-PCR), thereby enabling each patient
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to be used as their own internal control (Fig. 2A). In 34 of 40 cases (88%), including all

osteosarcoma and myxoid samples tested the abundance of A20 mRNA was reduced in the

tumor tissue compared with that in the adjacent normal tissue (Fig. 2B), suggesting that the

abundance of A20 mRNA and potentially the protein is reduced in multiple sarcoma

subtypes.

Reduced A20 mRNA can result from mutations in the A20 gene, including exons 2 and 5,

such as those found in large B cell lymphomas (6—8); however, we did not find similar

mutations in these exons or in the UTRs of the gene in six confirmed sarcoma cases

compared with the A20 gene sequence in two commercially sourced normal human DNA

samples (fig. S3). This implied that the reduction of A20 in sarcomas is not mediated by

DNA mutations; thus, we examined whether the reduction in A20 mRNA was associated

with promoter silencing. However, Rh30 and U2OS cells transfected with an A20 promoter

luciferase reporter plasmid paradoxically had increased basal A20 promoter activity

compared to that in nontransformed myoblasts (fig. S4A). Furthermore, A20 promoter

activity was stimulated by TNFα (fig. S4B), which indirectly induces the expression of A20
by activating NF-κB (25). Collectively, these data indicated that the reduction in A20
mRNA abundance in sarcomas was not mediated at the transcriptional level.

To search for factors that may be involved in the posttranscriptional control of A20, we

considered the role of miRNAs. TargetScan and miRanda algorithms, which search for RNA

targets that contain sites complementary to the seed sequence of a particular miRNA, found

sites in the 3′UTR of A20 that are highly conserved for the oncogenic miRNA miR-125b1

(26) as well as the tumor suppressor miRNA miR-29b1 (11) (Fig. 2C and fig. S5A). We

assessed the abundance of miR-29b1 and miR-125b1 (herein called miR-29 and miR-125) in

a similar panel of sarcoma cases that showed reduced abundance of A20 mRNA. Consistent

with earlier observations in RMS (9), the amount of miR-29 was reduced in all four RMS

tissue samples that were tested, in addition to other sarcoma subtypes (19 of 22 total cases;

Fig. 2D). Also consistent with observations in other cancers (27, 28), the abundance of

miR-125 was consistently increased in the sarcoma samples tested (22 of 22 cases; Fig. 2D),

supporting the respective tumor-suppressing and tumor-promoting roles for these two

miRNAs. Pearson association analysis of the abundance of miR-29 or miR-125 with A20
mRNA revealed a positive correlation between A20 and miR-29 and a negative correlation

between A20 and miR-125, although the latter was not statistically significant (fig. S5, B

and C).

To assess the functional roles of these miRNAs in relation to the abundance of the A20
transcript, we cotransfected Rh30 and U2OS cells with an A20 3′UTR luciferase reporter

and RNA oligonucleotides that either increased or silenced the expression of miR-29 and

miR-125. Whereas overexpression of miR-125 had no affect on A20 reporter activity, an

antagomir (anti-sense sequence) of miR-125 increased its activity (Fig. 3A). The lack of

effect observed with overexpression of miR-125 may reflect saturating amounts of this

miRNA in sarcoma cells. In human embryonic kidney (HEK) 293 cells, which had a basal

abundance of miR-125 that is lower than that in Rh30 cells (fig. S5D), A20 3′UTR reporter

activity was significantly decreased by addition of miR-125 (fig. S5E), and the abundance of

both A20 protein and mRNA (exogenously expressed) was reduced compared with that in

cells transfected with control miRNA (Fig. 3B). These findings are consistent with a report

showing that the abundance of A20 is suppressed by miR-125 (29).

However, when A20 3′UTR reporter assays were performed with exogenously expressed

mature miR-29 or the precursor miR-29 mimic, we obtained a surprising result. In contrast

to most miRNAs that function by suppressing the activity of the 3′UTR, the addition of

mature or mimic forms of miR-29 significantly increased the 3′UTR activity of A20 in Rh30
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and U2OS cells, and cotreatment with an antagomir to miR-29 inhibited this increase in the

same cells (Fig. 3C and fig. S5F). In addition, mutating either the miR-29 binding sites in

the A20 3′UTR or the seed sequence in miR-29 also increased the activity of the A20 3′UTR

reporter in Rh30 (Fig. 3D) and U2OS cells (fig. S5G), suggesting that miR-29 was not

binding directly to the A20 transcript to affect its stability. However, this regulation of A20
mRNA by miR-29 was specific to the 3′UTR of A20 because experiments in Rh30 cells with

an equivalent reporter containing the A20 promoter, instead of the 3′UTR element, showed

no change in activity when cotransfected with miR-29, miR-125, or a control miRNA

sequence (fig. S5H). Together, these data indicated that miR-29 maintains the stability of

A20 at the posttranscriptional level through a mechanism involving the A20 3′UTR, but that

this mechanism is indirect and independent of the seed sequence of miR-29.

Expression of miR-29 increases A20 abundance and inhibits RIP1-mediated activation of
NF-κB

Because increased expression of a tumor suppressor gene by a tumor suppressor miRNA is

an event not commonly described (30), we pursued the biological implication of this

intriguing observation. Exogenous expression of miR-29 in sarcoma cells increased the

abundance of both A20 mRNA and protein in Rh30 and U2OS cells, and the increases were

independent of the miR-29 seed sequence (Fig. 4A). By 24 hours after transfection with

miR-29 in both human Rh30 cells and mouse C2C12 myoblasts, RIP1 abundance and

ubiquitination was decreased when A20 was abundant (Fig. 4B and fig. S6, A and B). The

miR-29–induced decrease in RIP1 abundance in Rh30 cells was blocked by treatment of the

cells with the proteasome inhibitor MG-132 (N-carbobenzyloxy-L-leucyl-L-leucyl-L-

leucinal) (Fig. 4C). Neither a reduction in RIP1 ubiquitination and abundance nor an

increase in A20 abundance was observed when cells were transfected with a control miRNA

(fig. S6C). The inverse correlation between A20 and RIP1 abundance and ubiquitination

may reflect A20-mediated RIP1 proteolysis, suggesting that miR-29 is capable of rescuing a

form of A20 that is enzymatically active.

We examined whether the rescue of A20 stability by miR-29 inhibited the activation of NF-

κB in sarcoma cells. Ectopic expression of RIP1 in Rh30 and U2OS cells significantly

enhanced the activity of a wild-type, but not a mutated, NF-κB reporter (Fig. 4D). This

activity was inhibited by overexpression of either miR-29 or A20 (Fig. 4D). However, the

activity of the NF-κB reporter was not inhibited when miR-29 was overexpressed in the

presence of an siRNA targeting A20 (Fig. 4E). These findings support the hypothesis that

miR-29 promotes A20-mediated inhibition of RIP1 and NF-κB.

We assessed if the miR-29–mediated enhancement of A20 abundance affected the

differentiation of sarcoma cells. Consistent with our previous findings (9), exogenous

addition of miR-29 in Rh30 cells induced the expression of the gene that encodes the cyclin-

dependent kinase inhibitor p21 and other genes that encode markers of myogenic terminal

differentiation (fig. S6D). However, the miR-29–mediated induction of myogenic

differentiation markers depended on A20 because exogenous expression of miR-29 in the

presence of siRNA-mediated A20 knockdown was less effective at inducing myogenic

genes in Rh30 cells (Fig. 4F).

NF-κB activity is reduced in differentiated skeletal muscle or myotubes (31), and this may

be mediated by an increase in A20. Consistent with this possibility, when we transfected

C2C12 myoblasts with an A20 3′UTR luciferase reporter in the absence or presence of an

antagomir against miR-29 and allowed the cells to differentiate, the basal activity of the A20
reporter in the differentiated myotubes was significantly reduced when miR-29 was

antagonized (fig. S6E). Thus, similar to RMS, the regulation of NF-κB in normal muscle

differentiation may depend on the abundance of A20 under the control of miR-29.
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MiR-29 stabilizes A20 by acting as an RNA decoy for HuR

Having identified a functional connection between A20 transcript stability and miR-29, we

investigated the mechanism by which miR-29 increased A20 transcript and protein

abundance in sarcoma cells. Because the miR-29 binding site in the 3′UTR of A20 was not

strictly required to increase A20 reporter expression (Fig. 3D and fig. S5G), we postulated

that miR-29 might protect A20 by binding a destabilizing factor (Fig. 5A). This model

predicts that in the absence of miR-29, A20 mRNA is susceptible to decay, thereby leading

to reduced A20 synthesis and the subsequent activation of RIP1 and NF-κB. However, in

the presence of miR-29, sequences from this miRNA would mimic the 3′UTR of A20,

thereby serving as an RNA decoy binding the destabilizing factor and protecting A20 mRNA

from degradation.

To test this model, we screened the RNA-Binding Protein Database (RBPDB) for RBPs that

have consensus binding sites matching the precursor sequence in miR-29. This screen

identified ELAVL1 [ELAV (embryonic lethal, abnormal vision, Drosophila)–like 1; also

known as HuR] as the top candidate (fig. S7A). Sequence alignment showed that HuR

recognized the consensus sites 5′-GUUU-3′ and 5′-AUUU-3′ within pre-miR-29, but only

the 5′-AUUU-3′ site that is next to the seed sequence is present in mature miR-29 (Fig. 5B).

Therefore, we investigated the involvement of HuR in sarcomas. The abundance of HuR

was increased in subcutaneous xenograft sarcoma tumors (RMS, osteosarcoma, and Ewing's

sarcoma) compared with normal control samples (Fig. 5C). Additionally

immunohistochemical staining of primary human osteosarcoma tumors confirmed that HuR

abundance was observed in neoplastic cells (Fig. 5D). In contrast, compared with the

abundance of A20 in normal cells that were localized to the vasculature, A20 was

undetectable in a section from the same tumor that was positive for HuR. To determine

whether loss of A20 in tumor cells is mediated by HuR, we silenced HuR in Rh30 cells (fig.

S7B). Compared with cells transfected with a nontargeted control siRNA, HuR knockdown

increased the abundance of both A20 mRNA and protein (Fig. 5E). These findings

suggested that HuR reduces the abundance of A20 in sarcomas.

To determine whether the A20 3′UTR was involved in HuR-mediated regulation of A20

abundance, we cotransfected Rh30 cells with HuR and an A20 3′UTR luciferase reporter

plasmid and showed that A20 reporter activity was significantly decreased in cells

overexpressing HuR (fig. S7C), supporting the model that HuR destabilizes A20 mRNA.

Our model (Fig. 5A) predicted that miR-29 protected A20 mRNA through a direct

interaction between miR-29 and a destabilizing factor, which our findings suggested was

HuR (fig. S7, A and C, and Fig. 5, B to E). We performed RNA immunoprecipitation of

HuR [or immunoglobulin G (IgG) as a control] from lysates of sarcoma cells transfected

with miR-29 or a control miRNA (miR-181, selected because it has no sequences that match

HuR), followed by qRT-PCR. RNAs immunoprecipitated with HuR were significantly

enriched for miR-29 but not miR-181 (Fig. 5F). To validate these findings, we performed

RNA electrophoretic mobility shift assays (RMSAs) with a radiolabeled miR-29 probe and

Rh30 cytoplasmic extracts. We identified that HuR bound to miR-29 (Fig. 5G, lane 2), and

its binding was diminished either in extracts from cells in which endogenous HuR was

knocked down (Fig. 5G, lane 3) or in the presence of nonradioactive miR-29 to compete

with the radioactive miR-29, or with extracts containing transfected miR-29 (Fig. 5G, lanes

1 and 4). Likewise, a miR-29 oligomer that contained a mutated HuR binding site (5′-
AUUU-3′ to 5′-ACCC-3′; Fig. 5G, lane 5) also showed a markedly reduced interaction with

HuR. Together, the data indicated that miR-29 interacted directly with HuR.

To assess whether miR-29 can act as a decoy to prevent HuR from binding to A20 mRNA,

we took two approaches. We performed cross-linking assays in cytoplasmic extracts of
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Rh30 cells transfected with or without miR-29 in the presence of in vitro–transcribed

truncated fragments of the full-length A20 3′UTR (Fig. 5H), which is about 1.9 kb long and

contains multiple putative HuR consensus binding sites (fig. S8A). Binding of endogenous

HuR was detected with each of the A20 3′UTR fragments that contained at least one HuR

binding site (full length and fragments Δ1 to Δ5). However, the amount of bound HuR

appeared to be decreased when cross-linking reactions were repeated with the smallest

3′UTR fragment (Δ6), which lacked any HuR binding sites (Fig. 5H). Overexpression of

miR-29 inhibited the binding of HuR to the full-length A20 3′UTR or many of the fragments

(Fig. 5H). We also inferred the stability of the A20 3′UTR by measuring the effect of

transfected HuR, miR-29, or both on the activity of the A20 3′UTR reporter in Rh30 cells.

Consistent with our proposed model (Fig. 5A), overexpression of miR-29 blocked the

decrease in A20 reporter activity that was induced by HuR (fig. S8B). The increased A20
reporter activity in response to miR-29 was not blocked by HuR (Fig. 5I), suggesting that

there was sufficient overexpressed miR-29 to bind both endogenous and the exogenously

expressed HuR. HuR knockdown in the absence of miR-29 overexpression also stimulated

A20 reporter activity (Fig. 5I). However, neither overexpression of miR-29 that contained a

mutation within the HuR binding site (Fig. 5I) nor overexpression of miR-181 (fig. S8B)

increased A20 reporter activity. Together, these results support the model that miR-29, when

overexpressed in sarcomas, acts as a decoy miRNA to protect A20 transcripts from

destabilization mediated by HuR, and this function may contribute to its tumor suppressor

role.

Because the precursor sequence of miR-29 contains additional putative HuR binding sites

(Fig. 5B and fig. S7A), we investigated whether such sites contributed to the decoy activity

of miR-29. We transfected sarcoma cells with plasmids containing wild-type pre-miR-29 or

one of the three pre-miR-29 mutants in which HuR binding sites within the precursor

sequence of miR-29 were mutated (fig. S9A) and performed RNA immunoprecipitation

reactions for HuR, followed by qRT-PCR that amplified regions corresponding to either the

bottom strand (that becomes the mature form) or the upper complementary strand of

miR-29. Amplification of the bottom strand revealed that HuR interacted with the wild-type

miR-29 precursor, but this interaction was strongly reduced when a mutation was introduced

into the AUUU binding site (mut 2) (Fig. 5J). Unexpectedly, we observed a similar

reduction in HuR binding when amplifying the upper strand of precursor miR-29 containing

a mutation in the GUUU binding site (mut 1). Similar reduction in binding was observed

with mutations in both strands (mut 3). These results suggested that the precursor form of

miR-29 is capable of binding HuR in cells. To validate this notion, we assessed the

abundance of A20 protein from the same extracts in which RNA immunoprecipitation

reactions for HuR were performed. Compared to the vector control, expression of wild-type

precursor miR-29 increased the abundance of A20 in sarcoma cells, but none of the miR-29

HuR binding site mutants increased A20 to the same extent (Fig. 5K). Thus, these data

implied that the decoy activity of miR-29 may be mediated by both its mature and precursor

sequences when overexpressed.

MiR-29 prevents HuR interaction with Argonaute

To promote RNA degradation, miRNAs and HuR interact with the RISC (20), which

includes the protein Ago2 (12). Because both HuR (Fig. 5E) and miR-125 (Fig. 3B) reduced

the abundance of A20 mRNA and protein, and silencing HuR (Fig. 4I) or antagonizing

miR-125 (Fig. 3A) increased the activity of the A20 3′UTR reporter, suggesting that both of

these may destabilize the A20 transcript, we performed RNA immunoprecipitation of Ago2

with Rh30 cells and found that miR-125 was enriched (fig. S9B). Knocking down HuR

reduced the amount of miR-125 that immunoprecipitated with Ago2 (fig. S9B), suggesting

that their association may be dependent on HuR. Thus, miR-125 may have a destabilizing
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effect on A20 transcripts, which would be consistent with this miRNA increasing in

abundance in sarcoma (Fig. 2D); whether this effect requires HuR remains to be determined.

We also investigated whether RISC was part of the pathway through which miR-29 and

HuR regulated the abundance of A20 transcripts. Results showed that in Rh30 cells, A20
mRNA immunoprecipitated with Ago2, but this interaction was decreased by silencing HuR

(Fig. 6A). This suggested that the binding of HuR to the 3′UTR of A20 mRNA may be

required to assemble Ago2-containing RISC onto A20 mRNA and mediate its degradation.

Consistent with this notion and previous reports (21), endogenous HuR immunoprecipitated

with Ago2, and this interaction was disrupted with ribonuclease A (RNase) (Fig. 6B),

suggesting that an RNA product mediates or stabilizes their interaction. Because miR-29

functioned as a decoy for HuR, preventing its binding to A20 mRNA, we investigated

whether miR-29 disrupted the interaction between HuR and Ago2-containing RISC and the

loading of this complex onto A20 mRNA. Overexpression of mature miR-29 disrupted the

interaction between HuR and Ago2 independent of the seed sequence in miR-29 (Fig. 6B),

which was consistent with the ability of the miR-29 mutants to reduce A20 abundance (Fig.

5K). Furthermore, miR-29 also reduced the association of A20 mRNA with Ago2 (Fig. 6C),

suggesting that miR-29 inhibited the interaction between HuR and Ago2 RISC that is

necessary to degrade A20 mRNA.

To determine whether the miR-29 decoy activity was important in a physiological context,

we tested the effect of miR-29 inhibition on differentiation of C2C12 myoblasts because the

abundance of miR-29 is increased during skeletal muscle differentiation in myogenesis (9).

Inhibiting miR-29 with an antagomir in differentiated muscle cells reduced its interaction

with HuR (Fig. 6D), as expected, and decreased the abundance of A20 mRNA and several

differentiation markers (Fig. 6E). However, miR-29 depletion did not affect the abundance

of RIP1 mRNA, which is consistent with A20 mediating a decrease in the abundance of

RIP1 at the post-translational level (fig. S1). The results suggested that in skeletal muscle,

miR-29 acted as a decoy for HuR, thereby increasing the abundance of A20 and promoting a

differentiated phenotype.

Discussion

Studies investigating the regulation of A20 have mainly focused on the transcriptional

activation of A20 by NF-κB in response to cytokine signaling (23, 32). Although mutations

in A20 are present in large B cell lymphoma, we found no mutations in the A20 gene in

sarcoma cells despite its reduced abundance. Our findings reveal, at least in sarcomas, a

novel mechanism explaining A20 mRNA decay involving the ability of HuR to interact with

an Ago2 complex in the absence of miR-29. As illustrated in Fig. 6F, our results support that

in normally differentiated tissue, miR-29 is basally expressed as a result of A20-mediated

inhibition of NF-κB. The expression of miR-29 acts as a decoy to inhibit HuR from binding

to the 3′UTR of A20, thereby maintaining A20 mRNA stability and NF-κB repression,

which in turn is needed to promote differentiation of skeletal muscle and potentially other

mesenchymal cells. Evidence from our mutational analysis indicates that the decoy activity

of miR-29 may include its precursor sequence, which contains several functional HuR

binding sites. However, as we previously described (9), when NF-κB becomes activated

during tumor initiation, miR-29 transcription is decreased through an epigenetic mechanism

mediated by NF-κB. This allows HuR to bind A20 transcripts and, in association with Ago2

and perhaps miR-125 or others, degrade A20 mRNA. As a result, A20-mediated negative

feedback on NF-κB is lost, enabling continued inhibition of miR-29 expression, thus

perpetuating a regulatory circuit that may contribute to sarcomagenesis by maintaining

tumor cells in a less differentiated state.
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In addition, HuR is a protein often increased in human cancers (33), although the

mechanism of this regulation has not been well described (16). Reports indicate that HuR

can be directly regulated by NF-κB through functional binding sites within the HuR

proximal promoter (34, 35). If this is the case, then constitutive NF-κB activation in

sarcomas resulting from the loss of A20 is also likely to participate in the regulatory circuit

described above, leading to increased expression of HuR.

Moreover, miR-29 is often repressed in human cancers and is thought to function as a tumor

suppressor (11, 36). Until now, the tumor suppressor activity of miR-29, as well as that of

most miRNAs described in the literature, has been ascribed to its seed sequence that directly

binds to the 3′UTR sequence of tumor promoter mRNAs to limit their expression. In

sarcomas, and possibly other malignancies not investigated here, we found that miR-29

binds to HuR in a seed sequence–independent manner, through a HuR binding motif present

in mature miR-29. Although A20 mRNA contains miR-29 binding sites in its 3′UTR, A20
mRNA stability does not seem to be regulated directly by miR-29 because mutating these

sites or mutating the seed sequence within mature miR-29 had no effect on the activity of an

A20 reporter construct. Rather, we showed that by binding to HuR, miR-29 (at least by

overexpression) prevents the interaction between HuR, Ago2, and A20 mRNA to shift the

equilibrium away from A20 degradation toward its stabilization. As a result, activation of

NF-κB is decreased through A20-mediated RIP1 proteolysis.

Although not entirely unique to miR-29, the ability of miRNAs to associate with proteins to

mediate gene expression has only been rarely described (20, 37). In one example, miR-369

was found to direct the association of Ago2 and fragile × mental retardation–related protein

1 to the AU-rich elements of the TNFα mRNA to promote TNFα abundance (38). In a

second example, Eiring and colleagues (39) described a similar decoy function of miR-328

against the heterogeneous nuclear ribonucleoprotein E2 to alleviate suppression of C/EBPα
abundance in the blastic phase of chronic myeloid leukemia. However, even in this case, the

decoy activity of miR-328 was selective to a 5′UTR C-rich intercistronic negative regulatory

element within CEBPA mRNA, which is distinct from how we propose miR-29 protects

A20 at its 3′UTR HuR binding elements. It is conceivable that the antagonizing activity of

miR-29 against HuR may positively regulate the stability of AU-rich mRNAs, which encode

other tumor suppressors that, similar to A20, are also less abundant in cancers. Many of the

known AU-rich mRNAs encode proteins that are also associated with NF-κB regulation and

have been shown to play an important role in different cancers and inflammation disorders

(40, 41). Whether HuR and miR-29 engage in a similar interaction to regulate stability of

these mRNAs in other cancer types or during inflammation as they appear to in sarcoma—

and what role, if any, miR-125 or others might have in this mechanism—remains to be

determined.

Materials and Methods

Tumor samples

Studies involving human samples were obtained after approval by the Institutional Review

Board at Ohio State University (OSU), Department of Pathology (protocol number

2002H0089). All cases of the different sarcoma histologic subtypes used in this study were

revalidated by an expert soft tissue and bone pathologist. Briefly, the neoplastic areas

diagnostic of the sarcoma entity and the morphologically normal-appearing nontumoral

areas were identified and marked on standard H&E-stained sections. These designated areas

were subsequently matched to the tumor blocks, and with a tissue arrayer, 1.75-mm cores of

neoplastic and normal-appearing areas were separately extracted from the paraffin blocks

and put in corresponding separate sterile Eppendorf tubes as matched tumor and normal

control specimens per case (as illustrated in Fig. 2A).
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Reporter assays, site-directed mutagenesis, and DNA sequencing

A human A20 promoter (1.039 kb) was generated in the pLightSwitch_Prom reporter

construct, whereas a human A20 3′UTR (2.164 kb) (NM_006290) was generated in a

pLightSwitch_3UTR reporter plasmid, obtained from Switch Gear Genomics. A20 3′UTR

reporter assays were performed in 24-well tissue culture plates. Cells were transfected with

reporter constructs, siRNAs, or miRNAs with Lipofectamine 2000 reagent (Invitrogen).

Luciferase assays were generally performed 24 hours after transfection, with the exception

of C2C12 myoblasts, which were allowed to differentiate for 72 hours to myotubes before

performing the assay. The amounts of transfected plasmids and miRNAs were kept

proportionally equal by introducing a nonspecific miRNA or an empty vector. Luciferase

assay reagents were obtained from Switch Gear Genomics. Plates were assayed for reporter

activity with a Veritas Microplate Luminometer (Turner Biosystems).

Mutations in predicted miR-29 and miR-125 binding sites within the A20 3′UTR were

produced with a second generation QuikChange Site-Directed Mutagenesis Kit (Agilent

Technologies). Primer pairs used to generate these mutations were as follows (mutated

nucleotides are indicated in uppercase letters): miR-125, forward: 5′-
gcaagaagctcaaggaagAtTaAg-Taaaatggacgtattcag-3′, reverse: 5′-
ctgaatacgtccattttAcTtAaTcttccttgag-cttcttgc-3′; and miR-29, forward: 5′-
gctgtcagtcatcaGggCgAtatcctctgagc-3′, reverse: 5′-gctcagaggataTcGccGtgatgactgacagc-3′.
Mutations were confirmed by DNA sequencing.

Somatic mutational analysis of exons 2 and 5, as well as the 5′UTR (accession no.

BR756443) and 3′UTR (NM_006290) of the A20 gene were analyzed in sarcoma cases by

direct Sanger sequencing. Normal human healthy genomic DNA (11691112001, Roche) was

used as a control. Exons and UTRs were amplified with the REDTaq Genomic DNA

Polymerase (Sigma-Aldrich) and the primers listed in table S2. After PCR amplification,

samples were treated with ExoSAP-IT (Affymetrix). DNA sequencing was performed at the

OSU Comprehensive Cancer Center Sequencing Core, and DNASTAR software was used

for subsequent analysis. Deletion fragments of the 3′UTR were generated with the primers

listed in table S1.

Bioinformatics and RNA reagents

MiRNA target prediction for A20 was performed with publicly available algorithms:

TargetScan (http://www.targetscan.org/) and miRanda (http://www.microrna.org/). MiRbase

(http://www.mirbase.org/) was used for miR-29 sequences and annotation. Predictions for

the RBPs were performed with the RBPDB database (http://rbpdb.ccbr.utoronto.ca/) (42).

Synthesized miR-29 HuR binding site mutant (mutation sites are in uppercase): 5′-uag-

caccaCCCgaaaucaguguu-3′ and miR-29 seed sequence mutant: 5′-uCUA-

GAAauuugaaaucaguguu-3′ were acquired from Dharmacon Inc. MiR-29, miR-29 mimic,

anti–miR-29, miR-125, anti–miR-125, miR-181, control-miR, and anti–miR-control were

acquired from Life Technologies. miRIDIAN microRNA Mimic Control, which is based on

cel-miR-67, was obtained from Thermo Scientific. GenScript's Custom Gene Service was

used to determine functional HuR binding sites within precursor miR-29. Precursor miR-29

sequences were generated into a pRNAT-CMV3.1/hygro plasmid (table S3) and transfected

into cells, which were subsequently lysed and subjected to RIP analysis with an antibody

against HuR. Two custom-synthesized primer sets (Exiqon) were used to specifically

amplify the region of interest from precursor miR-29 (upper strand and lower strand

corresponding to the mature miR sequence). Amplification of miR-29 sequences was

performed by qRT-PCR as recommended by the manufacturer. Knockdown of RIP1, A20,

and HuR was performed with siRNA oligonucleotides obtained from Santa Cruz
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Biotechnology. Each siRNA consisted of a pool of three target-specific 19- to 25-nucleotide

siRNAs designed for efficient knockdown of their respective targets.

qRT-PCR analysis

Total RNA was prepared from sarcoma cell lines, xenograft tumors, and normal tissues with

standard TRIzol solution (Invitrogen). Complementary DNA was synthesized with Moloney

murine leukemia virus reverse transcriptase (Invitrogen). PCR products were separated on

an agarose gel and visualized by ethidium bromide staining by a gel documentation system

(UltraLum Inc.).

Specifically for paraffin-embedded tissues, RNA was extracted with the Ambion RecoverAll

Total Nucleic Acid Isolation Kit, as recommended by the manufacturer. The following

primers were used for A20 qPCR: A20-1, forward: 5′-accccattgttctcggctat-3′, reverse: 5′-
cggtctctgttaacaagtg-gaa-3′; A20-2, forward: 5′-tggcacaactcatctcatcaa-3′, reverse: 5′-
gccatttcttg-tactcatgctg-3′. Human miR-125, miR-29, and RNU24 miRNA, used as an

endogenous control, were obtained from Life Technologies. Reverse transcription reactions

for miRNA expression were performed with a TaqMan McroRNA Reverse Transcription

Kit, followed by qRT-PCR with a TaqMan Universal PCR Master Mix (Life Technologies).

qPCR amplification reactions for A20 and RIP1 expression were performed with iTaq

SYBR Green Supermix with ROX (Bio-Rad Laboratories). For both miRNA and gene

amplifications, analysis was performed with the Applied Biosystems StepOnePlus Real-

Time PCR system and preinstalled StepOne software. Unless mentioned, fold changes were

calculated from the comparative ct (ΔΔct) method: ΔΔct = ΔctTargettumor −

ΔctCalibratoradjacent normal. Semiquantitative PCR was performed with human A20 primers:

forward, 5′-aactccaagccgggccctga-3′; reverse, 5′-aggcttggcacttcccggga-3′. Primers for

human genes, p21, actin, myosin, troponin, and GAPDH, were previously described (9).

Primers for mouse A20 and RIP1 are listed in table S4.

RIP and RMSAs

RNA immunoprecipitations were performed with a total of 1 mg of protein. All reagents

were prepared in diethyl pyrocarbonate–treated water. After being washed with NT2 buffer,

protein A–agarose was precoated with 15 μg of antibody (HuR, Ago2, or IgG) for 1 hour.

Cells were lysed in NT2 buffer containing 50 mM tris-HCl (pH 7.4), 150 mM NaCl, 1 mM

MgCl2, 0.05% NP-40, RNase, proteinase, and phosphatase inhibitors. Beads and protein

lysates were then incubated for 1 hour at 4°C. A thorough wash of the beads was performed

in NT2 wash buffer [50 mM tris-HCl (pH 7.4), 50 mM NaCl, 1 mM MgCl2, 1.5 mM

dithiothreitol, and 0.05% NP-40]. This was followed by deoxyribonuclease (DNase)

treatment (TURBO DNase, Ambion) for 15 min at 30°C After DNase treatment, a quick

wash was performed in NT2 wash buffer. Beads were then suspended in 100 μl of NT2

buffer containing 0.1% SDS and proteinase K (0.5 mg/ml) (15 min at 55°C). Phenol–

chloroform–isoamyl alcohol mixture (100 μl) was added to the beads, and the suspension

was mixed by vortexing and centrifuged for 1 min to separate phases. After the recovery of

the upper phase, a mixture containing 10 μl of yeast transfer RNA (1 mg/ml) or glycogen

(20 mg/ml; Roche), 12 μl of 3 M sodium acetate, and 250 μl of ethanol was added per 100

μl of collected aqueous phase, and the solution was mixed. This was followed by an ethanol

precipitation step at −20°C overnight. After centrifugation, 5 to 10 ng of recovered RNA

were used for each miRNA-specific reverse transcription reaction.

For RMSAs, 32P-labeled miR-29 wild-type (5′-uagcaccauuugaaauca-gug-3′) and mutant (5′-
uagcaccaCCCgaaaucagug-3′) probes were generated (mutated sites are shown as capitalized

letters). RNA oligonucleotides were acquired from Integrated DNA Technology, and

labeling was performed with T4 polynucleotide kinase (Thermo Scientific). Radiolabeled
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probes, at 105 cpm, were incubated with 10 μg of cytoplasmic extract prepared from Rh30

cells either untransfected or transfected with miR-29, and incubations proceeded for 30 min

at room temperature. For competition assays, 1000× molar excess of single-stranded

oligonucleotides was added to the reaction. Samples were separated by 5% native

polyacrylamide gel electrophoresis in 0.5% tris-glycine-EDTA buffer and subjected to

autoradiography.

Immunohistochemistry and antibodies

For immunohistochemistry, representative sections of formalin-fixed tissues from human

osteogenic sarcomas were cut at 4 μm and placed on positively charged slides. The slides

were placed in a 60°C oven for 1 hour, cooled, deparaffinized, and rehydrated through

xylene and graded ethanol solutions. Endogenous peroxidase was blocked by incubating the

slides in 3% hydrogen peroxide aqueous solution. Endogenous biotin was also blocked with

an avidin/biotin blocking kit (Dako). Antigen retrieval was performed by heat-induced

epitope retrieval, in which the slides were placed in a 1× Target Retrieval Solution (Dako;

pH 6) for 25 min at 96°C with a vegetable steamer (Black and Decker) and cooled for 15

min. Sections were then incubated with the primary antibodies for 60 min. For HuR, the

Dako LSAB+ Detection System was used following the manufacturer's instructions. For

A20, a biotinylated goat anti-mouse secondary antibody (Vector) was incubated for 30 min,

followed by 30 min of incubation with Vectastain Elite (Vector). The chromogen used was

3,3′-diaminobenzidine (DAB+, Dako). A negative control consisted of omitting the primary

antibody.

Ubiquitin Lys63 antibody was acquired from Millipore; RIP1 was from BD Biosciences;

A20 was from Imgenex; and p65, phospho-p65 (Ser536), phospho-IκBα (Ser32), Ago2, HuR,

GAPDH, A20, IKKγ, and IκBα were from Santa Cruz Biotechnology. Antibody against

HuR (clone 4G8, for immunohistochemistry) was from Lifespan Biosciences, and antibodies

against α-tubulin and IgG were from Sigma.

Statistical analysis

Data are presented as averages ± SEM. Student's t test was applied to perform pairwise

comparisons between tumor and normal samples. Association between miRNA and A20

expression in tumors was analyzed by Pearson's correlation test. All the expression data

were log-transformed before the analysis. Statistical analyses were performed with R

software version 2.15.1 (http://www.r-project.org/). P values <0.05 were considered

statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. RIP1 activates NF-κB in RMS and osteosarcoma in association with loss of A20
(A) Immunoprecipitation (IP) for RIP1, followed by Western blotting (IB) for K63-linked

ubiquitin (Ub-K63), RIP1, and A20 in lysates from human Rh30 cells and nontransformed

mouse C2C12 muscle cells (undifferentiated myoblasts and differentiated myotubes). Blots

were stripped and reprobed for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a

loading control. (B) Same as in (A) except that reactions were performed with U2OS cell

lines and human primary undifferentiated and differentiated osteoblasts. (C) Western

blotting for A20, RIP1, phosphorylated p65 (Ser536), and total p65 (against α-tubulin as a

loading control) in lysates from human RMS and osteosarcoma xenograft tumors compared

with normal human skeletal muscle tissue. (D) Kinase assays followed by Western blotting

to assess IKK activity in lysates from xenograft tumors or sarcoma cell lines, differentiated

myotubes or osteoblasts, and murine skeletal muscle tissue used as control. (E)
Electrophoretic mobility shift assay to measure the DNA binding activity of NF-κB in Rh30

and U2OS cell lines compared with their respective nontransformed control cell lines. (F)
NF-κB reporter assays in Rh30 and U2OS sarcoma cell lines in the presence of either RIP1

small interfering RNA (siRNA) or a control siRNA. Data are means ± SD of relative

luciferase activity, normalized to β-galactosidase to control for transfection efficiency, from

a representative of three independent experiments; *P < 0.05, two-tailed Student′s t test. All

blots (A to E) are representative of three independent experiments.
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Fig. 2. Abundance of A20 and miR-29 is decreased in human sarcomas and is inversely
correlated with that of miR-125
(A) Schematic of the extraction of tumor and adjacent normal tissue from paraffin-

embedded blocks. (B) qRT-PCR for A20 (normalized to GAPDH) in adjacent normal and

tumor tissue sections of sarcoma biopsies. Data are representative of three technical repeats

per sample; P = 6.055 × 10−5, two-tailed parametric t test. (C) TargetScan/MicroRNA

prediction analysis for complementary sequences to the 3′UTR of A20. The seed regions of

miR-29 and miR-125 sequences are underlined. (D) qRT-PCR for miR-29 and miR-125 in

patient tumor material as in (B).
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Fig. 3. A20 abundance and reporter activity is regulated by miR-29 and miR-125
(A) A20 3′UTR luciferase reporter activity in Rh30 cells cotransfected with the indicated

miRNAs, normalized to that in nontransfected cells and those transfected with the reporter

alone. RLU, relative light units. (B) Western blotting and qRT-PCR in HEK 293 cells

cotransfected with an A20 expression plasmid and miR-125 or a control (control-miR).

Blots are representative of three experiments. (C and D)A20 3′UTR luciferase reporter

assays in Rh30 cells cotransfected with (C) a wild-type (WT) UTR reporter construct and

the indicated miRNAs or (D) a reporter containing WT or mutated miR-29 binding site [A20
3′UTR (mut)] and either WT or seed sequence-mutated miR-29. Graphs in (A), (C), and (D)

are means ± SD from a representative of at least three independent experiments. *P < 0.05,

**P < 0.01, and ***P< 0.005, two-tailed Student's t test.
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Fig. 4. MiR-29 rescues A20 abundance and promotes a differentiated phenotype in RMS tumor
cells
(A) Western blotting and qRT-PCR for A20 protein and mRNA, respectively, in Rh30 and

U2OS cells 24 hours after transfection with miR-29, miR-29 (seed mut), or control-miR. (B)
Immunoprecipitation and Western blotting for K36-linked ubiquitinated RIP1 in Rh30 cells

performed at the indicated times after transfection with miR-29. (C) Western blotting for

A20 and RIP1 in Rh30 cells transfected with miR-29 treated with or without MG-132 for 6

hours. (D) NF-κB promoter reporter luciferase assays in Rh30 and U2OS cells cotransfected

with different combinations of RIP1, A20, and miR-29. (E) NF-κB reporter assays in Rh30

cells cotransfected with miR-29 and A20 or control siRNA. (F) RT-PCR for skeletal muscle

differentiation markers in Rh30 cells cotransfected with miR-29 and A20 or control siRNA.

Blots are representative of a minimum of two repeats, and data are means ± SEM from three

independent experiments; *P < 0.05, **P < 0.01, and ***P < 0.005.

Balkhi et al. Page 19

Sci Signal. Author manuscript; available in PMC 2014 January 09.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 5. MiR-29 functions as a decoy for HuR
(A) Model of miR-29 as a decoy against an RNA-destabilizing factor that contributes to A20
mRNA turnover. (B) Sequences of precursor and mature miR-29. Predicted HuR binding

sites are in blue. The seed sequence and HuR binding site are underlined in mature miR-29.

(C) Western blot for HuR in human xenograft sarcoma tumors compared with control

murine muscle tissue, human differentiated osteoblasts, or murine fibroblasts. (D) H&E

staining and immunohistochemistry for A20 and HuR in formalin-fixed paraffin-embedded

osteosarcoma. Images are representative of four samples, stained in duplicate; scale bars, 4

μm. (E) Western blotting and qRT-PCR for A20 in lysates from Rh30 cells transfected with

control or HuR siRNA. (F) Immunoprecipitation for HuR or IgG followed by qRT-PCR for

miR-29 or miR-181 in Rh30 cell lysates. (G) RMSA with a 32P-labeled miR-29 probe and

extracts from Rh30 cells transfected with HuR (lanes 2 to 5), miR-29 (lane 1), HuR siRNA

(lane 3), unlabeled miR-29 (lane 4, cold competitor), or miR-29 containing a mutated HuR

binding site (lane 5, HuR mut). (H) Top: PCR fragments were amplified from the full-length

(FL) A20 3′UTR or deletion constructs (Δ1 to Δ6) (table S1). Bottom: Western blotting for

HuR in ultraviolet–cross-linked lysates from Rh30 cells transfected with or without miR-29

and the indicated fragment. Data are representative of two experiments. (I) A20 3′UTR

luciferase reporter activity in Rh30 cells cotransfected as indicated. (J) Immunoprecipitation

for HuR and qRT-PCR for miR-29 in lysates from U2OS cells transfected with plasmids

expressing WT or mutated (mut 1 to mut 3, fig. S9A) precursor miR-29. (K) Western

blotting for A20 in U2OS lysates transfected with WT or mutated m i R - 2 9. Blots are
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representative of at least two independent repeats, and data are means ± SEM from three

independent experiments; *P < 0.05, **P < 0.01.
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Fig. 6. MiR-29 protects A20 by preventing a HuR-Ago2 complex
(A to C) Immuno-precipitation for Ago2 in lysates from Rh30 cells transfected with (A)

HuR siRNA, (B) WT or seed-mutant miR-29, or (C) miR-29 or control-miR, followed by

RT-PCR for endogenous A20 mRNA (A and C) or Western blotting for HuR and Ago2. (D)
Immunoprecipitation for HuR followed by qRT-PCR for miR-29 in lysates from C2C12

myoblasts transfected with anti–miR-29 or the indicated control and differentiated for 48

hours. (E) RT-PCR for A20, RIP1, p21, and troponin T2 fast against GAPDH in lysates of

C2C12 myoblasts transfected as in (D) and 48 hours in differentiation medium. Data from

gel and bar graphs in (A) to (E) are from a minimum of two and three independent

experiments, respectively. *P < 0.05. (F) A model for how miR-29 protects A20 transcript

stability and inhibits NF-κB activity in differentiated tissue compared with its absence in

sarcoma tumors. Loss of A20 abundance perpetuates a feed-forward loop whereby increased

NF-κB activity further silences miR-29, leading to a less differentiated state.
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