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SUMMARY

The phosphatidylinositol 3-kinase (PI3K) signaling cascade downstream of the B cell receptor 

(BCR) signalosome is essential for B cell maturation. Proper signaling strength is maintained 

through the PI3K negative regulator phosphatase and tensin homolog (PTEN). Although a role for 

microRNA (miRNA)-dependent control of the PTEN-PI3K axis has been described, the 

contribution of individual miRNAs to the regulation of this crucial signaling modality in mature B 

lymphocytes remains to be elucidated. Our analyses reveal that ablation of miR-29 specifically in 

B lymphocytes results in an increase in PTEN expression and dampening of the PI3K pathway in 

mature B cells. This dysregulation has a profound impact on the survival of B lymphocytes and 

results in increased class switch recombination and decreased plasma cell differentiation. 

Furthermore, we demonstrate that ablation of one copy of Pten is sufficient to ameliorate the 

phenotypes associated with miR-29 loss. Our data suggest a critical role for the miR-29-PTEN-

PI3K regulatory axis in mature B lymphocytes.
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In Brief

Hines et al. report that miR-29 in murine B lymphocytes regulates the BCR-PI3K signaling 

cascade by dampening PTEN expression and that loss of this miRNA cluster results in increased 

apoptosis as well as defects in B cell terminal differentiation.

INTRODUCTION

The phosphoinositide 3-kinase (PI3K) cascade is a ubiquitously expressed signal 

transduction pathway that promotes the survival, proliferation, and metabolism of cells 

(Engelman et al., 2006; Liu et al., 2009; Vanhaesebroeck et al., 2010). Essential for signal 

transduction downstream of the B cell receptor (BCR) in mature lymphocytes and pre-BCR 

in developing cells, PI3K orchestrates B cell development and is important for maintaining 

B cell identity (Abdelrasoul et al., 2018; Clayton et al., 2002; Fruman et al., 1999; 

Okkenhaug et al., 2002; Ramadani et al., 2010). The maintenance of an appropriate signal 

from the PI3K pathway for B cells is vital. Low-amplitude PI3K “tonic” signal is essential 

for the survival of B lymphocytes, as inhibition of key proteins in the PI3K pathway leads to 

apoptosis (Okkenhaug, 2013; Srinivasan et al., 2009), whereas overactivation of this 

pathway in B cells can lead to developmental defects and is associated with malignant 

transformations (Avery et al., 2018; Thorpe et al., 2015). Because of its negative effects on 

the PI3K pathway, phosphatase and tensin homolog (PTEN) is recognized as a critical tumor 
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suppressor and has been shown to prevent cells from proliferating or growing (Kwabi-Addo 

et al., 2001; Stambolic et al., 1998; Sun et al., 1999; Wang et al., 2003).

The post-transcriptional regulation of PTEN expression by microRNAs (miRNAs) is crucial 

for maintaining essential homeostasis of PI3K signaling. miRNAs are evolutionarily 

conserved, small non-coding RNAs of ~22 nucleotides that guide the RNA-induced 

silencing complex (RISC) to target the 3′ UTR of mRNA transcripts for translational 

repression or degradation (Krol et al., 2010; Wilson and Doudna, 2013; Winter et al., 2009). 

We have previously shown that deleting the enzymes responsible for miRNA biogenesis in B 

cells leads to an increase in PTEN expression, increased apoptosis, and developmental 

defects (Coffre et al., 2016; Koralov et al., 2008). Furthermore, a number of individual 

miRNAs have been implicated in the regulation of the PTEN-PI3K axis in developing B 

cells in the bone marrow (Benhamou et al., 2016; Chen et al., 2004; Koralov et al., 2008; Lai 

et al., 2016; Ventura et al., 2008; Xiao et al., 2008). However, which miRNAs are 

responsible for modulation of the PTEN-PI3K axis in mature B cells remains to be 

elucidated.

The miR-29 family of miRNAs is highly expressed in the adaptive immune system 

(Landgraf et al., 2007; Liston et al., 2012) and has previously been shown to regulate PTEN 

expression in different cell types (Kong et al., 2011; Shen et al., 2016; Tumaneng et al., 

2012; Wang et al., 2013), but our understanding of its role in lymphocytes remains 

fragmentary. In the present study, we investigate the role of miR-29 in regulating the PTEN-

PI3K axis within mature B cells and reveal the implications of this regulatory axis for B cell 

survival and terminal differentiation. By analyzing mice in which both miR-29 loci are 

ablated selectively in B cells, we demonstrate an increase in intracellular PTEN levels 

accompanied by a dampening of the PI3K signaling cascade. These mice exhibited a 

significant decrease in splenic mature B cells with a corresponding increase in apoptosis. 

Additionally, isolated B cells preferentially underwent class switch recombination over 

plasma cell differentiation in vitro and in vivo. Deletion of one allele of Pten in miR-29 null 

B cells led to a partial rescue of B cell survival and reverted the differentiation pheno-type. 

Our data suggest a critical role for miR-29 in maintaining the homeostasis of PI3K signaling 

by post-transcriptional regulation of PTEN in mature B cells.

RESULTS

Loss of Mature Follicular B Cells in miR-29-Deficient Mice Due to Apoptosis

The mmu-miR-29 family of miRNAs originate from genes at two different loci: miR-29ab1 
on chromosome 6 and miR-29b2c on chromosome 1. These genes encode three mature 

products, namely, miR-29a, miR-29b, and miR-29c, that share identical seed regions, which 

allow them to target the same mRNA transcripts. Simultaneous germline disruption of both 

alleles has been reported to lead to early postnatal lethality in miR-29 null mice (Cushing et 

al., 2015), and although no obvious developmental defects were described in these animals, 

we found that in our hands, virtually no miR-29 null mice survived to weaning age (data not 

shown). To examine the role miR-29 plays in B cell survival and function, we used B-cell-

specific miR-29ab1 knockout (KO) (mb1Cre/+ miR-29ab1fl/fl), along with global 

miR-29b2cKO (miR-29b2c−/−; Smith et al., 2012) and double-KO (DKO; mb1Cre/+ 
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miR-29ab1fl/fl miR-29b2c−/−) mouse models. RT-PCR analyses of mature B cells revealed 

dramatic diminution of each miR-29 family member in DKO mice with no significant effect 

on other miRNAs (Figure 1A). Analyses of ab1KO and b2cKO mice revealed significant 

downregulation of miR-29a and miR-29c, respectively (Figure S1A).

To examine the impact of miR-29 loss on B cells, we analyzed spleens from DKO mice. 

Analyses revealed a decrease in the percentage of splenic B cells and a stark decrease in the 

total count of B cells in the DKO mice (Figures 1B and S1B). We observed milder decreases 

in the percentage of splenic B cells and total B cell numbers in the single miR-29 cluster KO 

mouse models (Figure S1B). Additionally, Annexin V staining revealed an increase in 

apoptosis of B cells from DKO mice compared to controls (Figures 1C and 1D). These 

findings were corroborated with intracellular caspase staining (Figure S1C). The loss of B 

cells in the DKO mice was largely attributed to a reduction in mature B cell numbers and a 

modest decrease in immature B cells (Figures S1D and S1E). The mature B cell 

compartment is comprised of marginal zone (MZ) B cells that undergo T-independent 

differentiation and follicular (FO) B cells that undergo T-dependent differentiation in 

germinal centers (Hoffman et al., 2016). Within the mature compartment of the DKO mouse 

model, the decrease in B cells appeared to be largely due to the apoptosis of FO B cells, with 

only a modest loss in total MZ B cell numbers (Figures 1E, 1F, S1F, and S1G).

To ensure that the diminution of B cells in DKO mice was not a consequence of altered B 

cell development, we analyzed bone marrow from DKO and control mice. Our analyses 

revealed no differences in pro-, pre-, or immature B cells compared with littermate controls 

(Figures S2A–S2F). Recirculating mature B cells that cycle back through the bone marrow 

(Fairfax et al., 2008) were significantly reduced, corresponding with the decrease in mature 

B cells in the periphery (Figure S2G). These findings suggest that the DKO mice are able to 

produce B cells efficiently and that the loss of peripheral B cells is a consequence of 

dysregulation in mature B cell subsets.

miR-29 Targets the 3′ UTR of PTEN Later in B Cell Development

A sequence-based miRNA binding site assessment (TargetScan, PicTar, and miRanda) 

within the murine PTEN 3′ UTR revealed two highly conserved binding sites for miR-29 

(Figure 2A). Furthermore, analysis of miR-29 expression along the developmental stages of 

B lymphocytes from C57BL/6 mice established an inverse pattern of expression of this 

cluster to miR-17~92, a known PTEN regulator (Benhamou et al., 2016). miR-17~92 

expression peaked at the pro-B cell stage and steadily declined as the B cell matured (Figure 

2B). Conversely, miR-29 increased as the B cell matured—peaking at the FO B cell stage 

(Figure 2B). Summed normalized counts of the miR-17~92 cluster and miR-29 family from 

RNA sequencing (RNA-seq) data performed by Spierings et al. (2011) corroborated our RT-

PCR-based quantification (Figure S3A). This finding suggested that although miR-17~92 is 

critical for early B cell development, miR-29 may be a crucial regulator of the PTEN-PI3K 

signaling cascade in mature B cells.

We took advantage of the Renilla luciferase dual reporter system to investigate whether 

miR-29 directly targets PTEN transcripts. To validate a sequence-specific miRNA-target 

relationship, we introduced either an intact 2-kb fragment of the 3′ UTR of PTEN or a 
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sequence with miR-29 sites mutated downstream of Renilla luciferase cDNA (Rhluc) 

(Figure 2C). The mutant versions of the construct contained miR-29 sites with the binding 

sequence altered such that neither miR-29 nor other known miRNAs could bind and allowed 

us to dissect the contribution of the two putative miRNA binding sites to the regulation of 

PTEN expression. Co-transfecting the wild-type (WT) reporter plasmid with a miR-29a, 

miR-29b, or miR-29c mimic resulted in a significant reduction in Renilla/luciferase activity 

and revealed that both sites could contribute to the regulation of the PTEN transcript (Figure 

2D). An analysis of a recently published Argonaute high-throughput sequencing of RNA 

isolated by crosslinking immunoprecipitation (Ago HITS-CLIP) dataset from activated 

mature B cells of C57BL/6 mice demonstrated RISC binding to both miR-29 sites of the 

PTEN 3′ UTR (Figure S3B) (Hsin et al., 2018). Additionally, we used a miRNA mimic to 

overexpress miR-29 in mature B cells from C57BL/6 mice and observed a significant 

decrease in PTEN transcripts in vitro compared to controls (Figure S3C). Taken together, 

these results verified that miR-29 binds and targets both sites of the 3′ UTR of PTEN in B 

cells.

Increased PTEN Expression in miR-29 Null B Cells Leads to a Decrease in PI3K Signaling

In an effort to further characterize the role miR-29 plays in regulating BCR signaling in 
vivo, we examined the intracellular protein levels of the PI3K signaling cascade in B cells 

from DKO mice. An analysis of PTEN protein levels in B cells isolated from 4-week-old 

mice revealed a significant increase in PTEN levels (Figure S3D). In conjunction with B cell 

maturation, PTEN expression increased starting at the immature B cell stage and rose 

significantly above controls at the mature B cell stage (Figures S3E and S3F). Further 

analyses revealed that the increase in PTEN protein levels was most significant in FO B cells 

(Figure 2E), corresponding with miR-29 expression and the observed apoptosis pattern 

(Figures S1F and 2B). PI3K-dependent phosphorylation of phosphatidylinositol (4,5)-

bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-triphosphate (PIP3) recruits AKT to the 

plasma membrane where it is phosphorylated by PDK1 specifically at the Thr308 residue 

(Aiba et al., 2008; Okkenhaug and Vanhaesebroeck, 2003). Additional phosphorylation of 

AKT by the mammalian target of rapamycin (mTOR) at the Ser473 residue is necessary for 

signal transduction (Alessi et al., 1997; Sarbassov et al., 2005; Vanhaesebroeck et al., 2010). 

To examine the impact of the augmented PTEN expression on PI3K signaling in miR-29 

null B cells, we examined the ratio of mean fluorescence intensity (MFI) of phosphorylated 

AKT (pAKT) to the MFI of total AKT (panAKT). The pAKT/panAKT ratio for Thr308 was 

significantly downregulated in FO B cells from DKO mice compared to controls (Figure 

2F). Although not significantly downregulated, the pAKT/panAKT ratio for S473 was 

notably reduced in the miR-29 null FO B cells compared to controls (Figure 2F).

miR-29 Affects the B Cell End-Stage Fate Decision

When a FO B cell engages its cognate antigen, it can either form germinal centers and 

undergo class switch recombination or differentiate into a plasma cell. The decision to enter 

either fate is dependent on a host of factors, including the strength of the PI3K signal 

downstream of the engaged BCR (Limon and Fruman, 2012). As a regulator of PI3K 

signaling, various PTEN protein levels have been shown to affect end-stage fate decisions in 

B cells (Omori et al., 2006; Suzuki et al., 2003). To investigate if there are differences in 
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plasma cell differentiation for miR-29 null B cells, we first analyzed the percentage of 

plasma cells in vivo. Plasma cells reside in niches within the bone marrow as well as 

secondary lymphoid organs, such as the spleen. We observed a significant decrease in 

plasma cells in both the spleen and bone marrow of the DKO mice (Figures 3A and S4A). 

To examine differences in class switch recombination, we analyzed antibody titers in the 

sera of DKO and control mice. We observed a trending decrease in immunoglobulin M 

(IgM) and a significant increase in IgG1 antibodies in the DKO mice sera compared to 

controls (Figure 3B). In vitro stimulation of isolated FO B cells corroborated in vivo 
findings. DKO B cells demonstrated a decrease in plasma cell differentiation and an increase 

in class switch recombination to IgG1, IgG2A/2B, and IgA compared to controls, with a 

similar trend observed with single KO B cells (Figures 3C–3F, S4B, and S4C).

PTEN Haploinsufficiency Partially Rescues Phenotype

To rescue B cells in the periphery, we crossed our DKO mouse model onto a PTENfl/+ 

background (Lesche et al., 2002), limiting PTEN expression to one allele specifically in the 

miR-29-deficient B cells of our DKO mice (mb1Cre/+ miR-29ab1fl/fl miR-29b2c−/− PTEN 
fl/+, from here on our referred to as DKO/bPTEN+/−). Analyses of DKO/bPTEN+/− spleens 

revealed a dramatic increase in the frequency of B cells compared to the frequency of total B 

cells and FO B cells observed in the spleens of DKO mice (Figures 4A and 4B). 

Additionally, Annexin V and caspase staining demonstrated that the increased apoptosis in 

DKO B cells was reduced upon ablation of one Pten allele in DKO/bPTEN+/− mice (Figure 

4C). However, although we observed a striking increase in the frequency of B cells in DKO/

bPTEN+/− mice relative to DKO animals, the total numbers of B cells and FO B cells in the 

spleens DKO/bPTEN+/− mice were not significantly increased (Figures S5A and S5B). As 

mb1Cre/+ PTENfl/+ mice (bPTEN+/−) exhibited a similar decrease in total B cells compared 

to controls, we reasoned that the loss of PTEN during B cell development affected B cell 

hematopoiesis. Indeed, the total number of pro-B cells was increased, whereas the total 

numbers of pre-B and immature B cells were decreased (albeit not significantly) in the bone 

marrow of both the bPTEN+/− and DKO/bPTEN+/− mice compared to controls (Figure S5C).

An analysis of the differentiation capacity of rescued B cells demonstrated that ablation of 

one copy of Pten in B cells devoid of miR-29 led to the normalization of plasma cell 

differentiation and class switch recombination (Figures 4D and 4E). Interestingly, in vitro 
analyses of B cells from bPTEN+/− mice revealed a decrease in plasma cell differentiation 

compared to controls. This finding contradicts studies done with CD19Cre/+ PTENfl/+ mice, 

suggesting that the diminution of PTEN during early B cell development may have an 

impact on the ability of the B cell to differentiate into a plasma cell in the periphery (Omori 

et al., 2006; Suzuki et al., 2003).

DISCUSSION

The regulation of the PTEN-PI3K axis by miRNAs at various stages of B cell hematopoiesis 

is crucial for establishing the appropriate BCR signaling strength as cells progress through 

development. Previous research has focused on miRNA-dependent PTEN regulation in early 

B cell development in the bone marrow. However, our understanding of the regulation of 
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PI3K signaling and PTEN by individual miRNAs in the periphery remains fragmentary. The 

identification of miR-29 as a key regulator of the PTEN-PI3K axis later in B cell 

development reveals a mechanism for RNAi-dependent control of survival and the end-stage 

fate decision of mature FO B cells.

In this study, we examined mouse models deficient for miR-29 miRNAs specifically in B 

cells to determine the impact that miR-29 ablation has on BCR signaling. An analysis of 

bone marrow B cells revealed no change in progenitor or immature B cell populations, 

suggesting that early B cell development was not affected in DKO mice. In the spleen, 

however, DKO mice exhibited a 3-fold reduction in total B cells that were verified to exhibit 

a diminution in miR-29 miRNAs compared with controls owing to a significant loss in FO B 

cells due to apoptosis. A similar loss was observed in a PTEN transgenic mouse model that 

exhibited a decrease in splenic mature B cells (Andrew Getahun, personal communication). 

PI3K signaling is vital for B cell survival. Disturbing the PI3K signaling cascade in B cells 

results in the loss of B cells by apoptosis (Kraus et al., 2004; Lam et al., 1997). Furthermore, 

dampened PI3K signaling has been previously demonstrated to lead to a loss in FO B cells 

while sparing MZ B cells (Pillai et al., 2005).

We found that miR-29 regulated PTEN at the mature B cell stage. miR-29 expression 

increased as the B cell matured, ultimately peaking at the mature FO B cell stage. Renilla/

luciferase assays confirm that miR-29 targets the 3′ UTR of PTEN at the two highly 

conserved sites identified by the Targetscan algorithm. Additionally, Ago HITS-CLIP 

analyses of in-vitro-activated B cells from C57BL/6 mice confirm the binding of RISC to 

the 3′ UTR of PTEN. Cre-lox-dependent ablation of miR-29 resulted in an increase in the 

PTEN protein with a concomitant decrease in the activation of AKT in mature FO B cells. 

Although the decreases in pAKT/panAKT ratios were modest in miR-29 null B cells, given 

the importance of the PI3K signaling cascade on the survival of B cells (Okkenhaug, 2013; 

Srinivasan et al., 2009), we believe an inappropriately dampened PI3K signal in B cells 

could cause the apoptosis observed in DKO mice. Furthermore, the B cells that have 

undergone apoptosis may have exhibited a more dramatic decrease in PI3K signaling. 

Indeed, crossing our DKO mouse model onto a PTENfl/+ background rescued the percentage 

of B cells from apoptosis in the periphery with an increase in the percentage of FO B cells 

compared with controls. These findings establish a role for miR-29-dependent control of 

mature FO B cell survival by RNAi of the PTEN-PI3K axis downstream of the BCR.

Interestingly, the ablation of miR-29 in B cells had a profound effect on the end-stage fate 

decision of mature FO B cells. In the DKO mice model, we observed a significant decrease 

in plasma cells within the bone marrow and spleen of miR-29 null mice. Despite the 

reduction in plasma cell numbers, there was an increase in serum IgG1 with a concurrent 

decrease in IgM antibodies in the sera of DKO mice compared to controls. In vitro 
differentiation assays revealed that once activated, miR-29 null B cells preferentially 

underwent class switch recombination over differentiation into plasma cells. It has been well 

documented that altered PI3K signaling is associated with changes in plasma cell 

differentiation and class switch recombination efficiencies (Limon and Fruman, 2012; 

Omori et al., 2006; Suzuki et al., 2003). When one allele of Pten was ablated in our DKO B 
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cells, we observed a full rescue of the in vitro phenotypes, suggesting that PTEN 

dysregulation was responsible for the observed differences seen with miR-29 null B cells.

The present findings focus specifically on PTEN regulation, but as with most miRNAs, the 

pleiotropic effects of the miR-29 family are likely to influence a wide range of transcripts in 

B lymphocytes. Further research may provide insights into other networks and transcripts 

that contribute to the phenotypes observed upon the loss of miR-29 in B cells. Unfortunately, 

we could not confidently examine other differentially expressed transcripts in our miR-29 

null B cells by conventional methods. Examining the B cells of our DKO mouse model 

would result in skewed results, as these B cells have selective pressures that have allowed 

them to escape apoptosis.

Additionally, our analyses of PTEN haploinsufficiency in B cells revealed results counter to 

published data. Prior studies focused on PTENfl/+ mice crossed onto a CD19Cre/+ 

background, which is expressed starting at the pre-B cell stage, and reported increases in 

total B cells numbers as well as augmented plasma cell differentiation (Anzelon et al., 2003; 

Omori et al., 2006; Suzuki et al., 2003). Our bPTEN+/−mouse model took advantage of the 

mb1Cre gene, which is expressed starting at the pro-B cell stage (Hobeika et al., 2006), to 

ablate one allele of Pten. We observed an increase in pro-B cells with a concomitant 

decrease in pre- and immature B cells, indicating a partial block in early B cell 

hematopoiesis upon the loss of a single Pten allele. Furthermore, we observed a decrease in 

total splenic B cell numbers and diminished plasma cell differentiation in our bPTEN+/− 

mice compared to controls. These results suggest that the ablation of one allele of Pten 
earlier in B cell development impacts the survival of B cells in the periphery as well as the 

differentiation capacity of FO B cells. Although these findings raise questions related to 

PTEN-PI3K signaling in early B cell development, it is beyond the scope of this paper.

The inverse expression pattern of the miR-29 family of miRNAs to that of the essential 

miR-17~ 92 cluster as the B cell matures suggests a critical role for miR-29 in later stages of 

B cell development. In addition to its role in regulating PTEN expression and the survival of 

developing B cells in the bone marrow, the miR-17~92 cluster has also been shown to be an 

important oncomir in B cells. Generally, miRNAs are downregulated, and the 3′ UTR of 

mRNA targets are truncated in tumors (Lu et al., 2005; Mihailovich et al., 2015); however, 

the miR-17~92 cluster is upregulated in many malignancies (He et al., 2005). Perhaps the 

increased miR-29 expression as the B cell matures plays a protective role while still allowing 

for miRNA-dependent regulation of PTEN at the mature B cell stage. Indeed, it has been 

documented that miR-17~92 aids in the onset and the progression of myc-induced B cell 

lymphomas (He et al., 2005; Mihailovich et al., 2015; Mu et al., 2009); conversely, miR-29 

has been reported to function in a tumor suppressive role and is downregulated by myc in 

various cancers (Gong et al., 2014; Mott et al., 2010; Zhang et al., 2012). Further studies are 

necessary to determine if this inverse correlation is instrumental in limiting the malignant 

transformation of mature B cells and if miR-29 could be a viable target for cancer 

therapeutics.

Our analysis of miR-29-deficient B cells suggests that miR-29-dependent regulation of 

PTEN is necessary for the survival and end-stage fate decision of mature B cells. This study 

Hines et al. Page 8

Cell Rep. Author manuscript; available in PMC 2020 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



outlines a novel role for miR-29 in controlling the vital PTEN-PI3K axis downstream of the 

BCR and gives a deeper understanding of RNAi regulation in mature FO B cells.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Dr. Sergei Koralov 

(Sergei.Koralov@nyumc.org).

Materials availability—psiCHECK2 plasmids generated in this study will be made 

available on request. Transfer may require completion of material transfer agreement.

miR-29ab1fl and miR-29b2c KO mice were generated by research groups of Drs. Ansel/

McManus and Dr. Croce respectively and can be obtained following completion of 

appropriate material transfer agreements.

Data and code availability—This study did not generate any new datasets or codes.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

For mouse models, miR-29ab1fl/fl mice (obtained from Dr. Mark Ansel’s lab) and 

miR-29b2c−/− mice (obtained from Dr. Jining Lu’s lab) were bred with Mb1-cre (Hobeika et 

al., 2006) and PTENfl (Lesche et al., 2002). Both male and female mice were used for 

experiments. Littermates that carried either the appropriate floxed alleles with non-targeted 

miR-29b2c loci or the Mb1-cre allele in the absence of the floxed alleles with intact 

miR-29b2c loci were used as controls. Mice were housed and maintained in specific 

pathogen-free conditions at NYU School of Medicine in accordance with protocols 

approved by the NYU Animal Care and Usage Committee. Unless explicitly stated, mice 

were used between 6–10 weeks of age.

METHOD DETAILS

Plasmid construction—psiCHECK-2 plasmid backbones were kindly shared by Dr. Eva 

Hernando’s laboratory. gblocks (IDT) with 5′ and 3′ NotI restriction sites were designed 

using the first 2kb of the murine PTEN 3′UTR with mutated gblocks incorporating the 

sequence CCCCAAA at Targetscan predicted miR-29 sites and purchased from Integrated 

DNA Technologies (Coralville, Iowa, USA). Following digestion of gblocks and 

psiCHECK-2 plasmids with NotI, the linear psiCHECK-2 plasmid was ligated with the 

PTEN 3′UTR gblocks using a T4 DNA ligase (Takara). Post transfection, positive clones 

were detected via ampicillin selection plates and sequence was validated using Macrogen 

(Rockville, MD, USA) sequencing services with submitted primers: LucPlasmid Rvs 1 (5′-
CGAGGTCCGAAGACTCATTT-3′) and LucPlasmid Rvs 2 (5′-
CAAACCCTAACCACCGCTTA-3′).

Luciferase reporter activity assay—Plasmid (100ng) and 50nmol/L miR-29a, 

miR-29b, miR-29c, or miR-100 (Dharmacon) were co-transfected using Lipofectamine 2000 
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(Invitrogen) in Plat-ES cells. Three replicates of each condition were used each time. 

Following 48 hr transfection, Renilla and luciferase activity were measured using a the Dual 

Glo Stop & Glo kit (Promega) and a FlexStation 3 (Molecular Devices) plate reader 

according to the dual luciferase reporting system instructions. Relative Renilla enzymatic 

activity was compared using the ratio of Renilla reniformis and firefly luciferase activity.

Flow cytometry and cell sorting—For surface staining and cell sorting, single cell 

suspensions from spleen or bone marrow were stained 15 min on ice with antibodies specific 

to murine B220, CD19, c-kit, CD25, CD93 (AA4.1), CD38, CD21, CD23, IgA, Streptavidin 

APC Conjugate (eBioscience), CD95 (Fas), CD138 (BD Biosciences), IgG1, IgG2A-2B 

(BD PharMingen), and IgM (m chain specific) (Jackson ImmunoResearch). Dead cells were 

excluded by DAPI staining (Sigma). Annexin V staining was done according to 

manufacturer’s protocol (eBioscience). For intracellular staining, cells were surface stained 

and fixation/permeabilization buffers (eBioscience) protocol was followed. Intracellular 

antibody used was PTEN (Cell Signaling) followed by FITC conjugated anti-rabbit antibody 

(Jackson ImmunoResearch). For intracellular phosphoflow staining, cells were surface 

strained then fixed in 2% PFA for 30 min at RT and permeabilized with 90% methanol for 

30–60 min on ice. Cells were washed in PBS then stained for AKT, Phospho-AKT Thr308 

and Phospho-AKT Ser473 (Cell Signaling) followed by FITC conjugated anti-rabbit 

antibody (Jackson ImmunoResearch). Samples were analyzed on an LSR Fortessa cytometer 

or sorted using a FACS Aria II (BD Biosciences). Data were analyzed with FlowJo software 

(Tree Star).

miRNA and gene expression analysis by real-time PCR—Total RNA was extracted 

using mirVana miRNA Isolation Kit (Ambion). TaqMan microRNA assays (Applied 

Biosystems) were used for reverse transcription and detection of miRNA levels. The small 

RNA U6 was used for normalization. Further isolation of longer RNAs was done by RNA 

cleanup using the RNeasy Micro kit (QIAGEN). cDNA was synthesized from mRNA using 

SuperScript VILO (Invitrogen). Real-time PCR was performed using a StepOne Plus PCR 

system using SybrGreen master mix (Applied Biosystems).

ELISA assay—To detect the level of IgG1 and IgM antibodies in mice sera, 96 well 

ELISA F-bottom, clear, Microlon 600 (high binding) microplates (Greiner Bio-one) were 

coated with goat anti-mouse kappa-UNLB (Southern Biotech) and goat anti-mouse lambda-

UNLB (Southern Biotech) antibodies at 2.5 μg/mL O/N at 4C. After washing with PBS 

(3X), coated plates were blocked with PBSA (PBS+0.5% BSA+0.01% azide) for 1 h at RT. 

Sera was added to plates at a serial dilution of 1:500, 1:1000, and 1:2000 and incubated at 

RT for 2 h. Plates were washed with PBS (4X) and anti-IgM-biotin or anti-IgG1-biotin 

(Southern Biotech) were added to wells at a final concentration of 1 μg/mL. Plates were 

washed with PBS (4X) and streptavidin-AP (Roche) was added to wells at 1:3000 for 1 h at 

RT. Plates were washed with PBS (3X) and 4-nitrophenyl phosphate (Sigma) substrate in 

Developing Buffer (Thermo Scientific) was added to wells. Reaction was detected by a 

FlexStation 3 (Molecular Devices) plate reader. Concentration of antibody in sera was 

determined by comparing OD to standard curve. Standard curves obtained by serial dilutions 
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(0.025 μg/mL, 0.00625 μg/mL...9.76×10−5 μg/mL, 2.44×10−5 μg/mL) of IgM and IgG1 

antibodies (Southern Biotech).

B cell culture assays—Plasma cell differentiation and class switch recombination assays 

were completed with mature B cells from LNs isolated using CD43+ Dynabeads depletion 

(ThermoFisher) and were stained with CellTrace Violet dye (BD Bioscience) to track 

proliferation. 1×106 B cells were plated in 500 mL of plasma cell media with 20 μg/mL LPS 

(Sigma-Aldrich) for plasma cell differentiation or IgG2A/2B class switch recombination 

assays, 25 μg/mL IL-4 (R&D Systems) and 2 μg/mL anti-CD40 (eBioscience) for IgG1 class 

switch recombination assay, and 20 μg/mL LPS and 1 ng/mL TGF-β for IgA class switch 

recombination assay. Cultured cells were harvested on day 4 and differentiation/class switch 

efficiencies were assessed via FACS.

Lipofectamine miRNA transfection assay was completed with mature B cells from LNs 

isolated as above. Lipofectamine reagents were prepared to the specifications of the 

Lipofectamine RNAiMAX Transfection Reagent (Invitrogen) protocol with either 10 pmol 

of siGlo (Dharmacon) or 10pmol of mmu-miR-29c-Fl (Dharmacon). 1×106 B cells were 

plated in 500 mL of plasma cell media with either prepared siGlo or mmu-miR-29c 

lipofectamine reagents. Cultured cells were harvested on day 3 and transfection efficiencies 

as well as PTEN expression were assessed via FACS

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism 7.0 (GraphPad Software). Statistical test 

noted in figure legends. Data reported with n > 3 mice. A p value of < 0.05 was considered 

significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• miR-29 is a critical modulator of PI3K signaling and survival in mature B 

cells

• miR-29 controls the apoptosis of mature B cells by regulating the PTEN-PI3K 

axis

• miR-29 in B cells contributes to the regulation of terminal differentiation

• PTEN haploinsufficiency ameliorates phenotypes associated with miR-29-

deficiency
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Figure 1. Decrease in Splenic miR-29 Null B Cell Populations Due to Apoptosis
(A) RT-PCR analyses of miR-29 and miR-92 miRNAs in splenic B cells isolated from 

control and DKO mice. Data are normalized to U6 and are represented relative to control 

cells (mean + SD indicated; three independent experiments). The p value is indicated when 

<0.05.

(B) Representative fluorescence-activated cell sorting (FACS) analysis of B220 and CD19 of 

spleens from control and DKO mice. Events are gated on live, total lymphocytes. Data are 

representative of >15 independent experiments.

(C) Representative Annexin V staining of splenic B cells (CD19+B220+) from control and 

DKO mice. Data are representative of >3 independent experiments.
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(D) Frequency of Annexin-V-positive splenic B cells in control and DKO mice. Each dot is 

representative of one mouse; n ≥ 9 in each group (central horizontal bar indicates mean ± SD 

of >3 independent experiments). p value indicated.

(E) Representative FACS analysis of CD21 and CD23 of spleens from control and DKO 

mice. Events are gated on B220+CD19+CD93− splenocytes. Data are representative of >15 

independent experiments.

(F) Total counts of labeled B cell populations from bone marrow and spleens of control 

(black dot) and DKO (red square) mice. Each dot is representative of one mouse; n ≥ 7 in 

each group (central horizontal bar indicates the mean ± SD of >3 independent experiments). 

The p value is indicated when <0.05.
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Figure 2. miR-29 Targets the 3′ UTR of PTEN, and miR-29 Ablation in B Cells Leads to 
Increased PI3K Signaling
(A) Predicted binding sites of miR-29a within the murine PTEN 3′ UTR at site 1 (position 

678–685) and site 2 (position 1738–1744) by TargetScan. Seed region on miRNAs and 

targeted region on UTR are labeled in red.

(B) Averaged RT-PCR values of miR-29 (black line) and miR-17~92 (gray line) miRNAs of 

indicated sorted B cells from C57BL/6 mice. n = 3 mice. Data are normalized to U6 and 

represented relative to pro-B cells from each mouse. Data are presented as mean ± SD of 

triplicate replicates in 3 independent experiments.

(C) Schematic of miR-29 binding sites within the PTEN 3′ UTR and the corresponding sites 

within the psiCHECK2 plasmids containing the first 2 Kb of WT PTEN 3′ UTR or mutated 
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PTEN 3′ UTR inserted downstream of hRluc. Blue boxes indicate hRluc, and yellow boxes 

indicate hluc+. WT (gray boxes) and mutated (red boxes) miR-29 binding sites indicated.

(D) Ratio of Renilla (hRluc)/luciferase (hluc+) activity with the indicated transfected 

plasmid and miRNA mimic. Results are presented as mean + SD (****p < 0.0001 as 

determined by Welch ANOVA test).

(E and F) Boxplot summarizing the fold change of PTEN (E) and the ratio of pAKT (T308 

or S473)/panAKT (F) protein levels in splenic FO B cells of ~4-week-old DKO and control 

mice. Gated on B220+CD19+CD93−CD21midCD23+ splenocytes. Values of each population 

were calculated relative to the mean MFI from each experiment’s control mice (fold change 

= [(sample − Controlmean)/Controlmean]). The p value is indicated when <0.05, as 

determined by Mann Whitney test. n ≥ 6 for each group from >3 independent experiments.
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Figure 3. Decreased Plasma Cell Differentiation and Increased Class Switch Recombination in 
DKO Mice
(A) Representative FACS analysis (left) and percentage (right) of splenic plasma cells 

(B220midloCD138+) from control and DKO mice. Each dot is representative of one mouse. n 

≥ 4 for each group. Central horizontal bar indicates the mean ± SD. p value indicated.

(B) ELISA analysis of IgM and IgG1 levels in the sera of control, DKO, and recombination-

activating gene knockout (RAGKO) mice. Each dot is representative of one mouse. n ≥ 4 for 

each group. Central horizontal bar indicates the mean ± SD of >3 independent experiments. 

The p value is indicated when <0.05.

(C) Representative FACS analysis (left) and percentage (right) of in vitro, 

lipopolysaccharide (LPS)-stimulated FO B cells with plasma cells labeled as CD138+ from 
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control and DKO mice. Each dot is representative of one mouse. n ≥ 7 for each group. 

Central horizontal bar indicates the mean ± SD of >3 independent experiments. p value 

indicated.

(D) Representative FACS analysis (left) and percentage (right) of in vitro interleukin-4 

(IL-4)- and CD40L-stimulated FO B cells with class-switched B cells labeled as IgG1+ cells 

from control and DKO mice. Each dot is representative of one mouse. n ≥ 4 for each group. 

Central horizontal bar indicates the mean ± SD of >3 independent experiments. p value 

indicated.

(E) Percentage of in vitro LPS and transforming growth factor β (TGF-β)-stimulated FO B 

cells with class switched labeled as IgA+ cells from control and DKO mice. Each dot is 

representative of one mouse. n ≥ 4 for each group. Central horizontal bar indicates the mean 

± SD of >3 independent experiments. p value indicated.

(F) Percentage of in vitro LPS-stimulated FO B cells with class switched labeled as 

IgG2A/2B+ cells from control and DKO mice. Each dot is representative of one mouse. n ≥ 

4 for each group. Central horizontal bar indicates the mean ± SD. p value indicated.
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Figure 4. PTEN Haploinsufficiency Rescues DKO Phenotype
(A) Representative FACS analysis (left) and percentage (right) of B220 and CD19 of spleens 

from control, DKO, DKO/bPTEN+/−, and bPTEN+/− mice. Events gated on live, total 

lymphocytes. Each dot is representative of one mouse. n ≥ 6 for each group. Central 

horizontal bar indicates the mean ± SD of >3 independent experiments. The p value is 

indicated when <0.05.

(B) Percentage of splenic FO B cells from control, DKO, DKO/bPTEN+/−, and bPTEN+/− 

mice. Events gated on B220+CD19+CD93−CD21midCD23+ splenocytes. Each dot is 

representative of one mouse. n ≥ 6 for each group. Central horizontal bar indicates the mean 

± SD of >3 independent experiments. The p value is indicated when <0.05.

(C) Frequency of splenic B cells positive for Annexin V (left) and panCaspase (right) 

positive from control, DKO, DKO/bPTEN+/−, and bPTEN+/− mice. Each dot is 

representative of one mouse. n ≥ 4 for each group. Central horizontal bar indicates the mean 

± SD of >3independent experiments. The p value is indicated when <0.05.

(D) Percentage of in vitro, LPS-stimulated FO B cells with plasma cells labeled as CD138+ 

from control, DKO, DKO/bPTEN+/−, and bPTEN+/− mice. Each dot is representative ofone 

mouse. n ≥ 4 for each group. Central horizontal bar indicates the mean± SD of >3 

independent experiments. The p value is indicated when <0.05.

(E) Percentage of in vitro IL-4- and CD40L-stimulated FO B cells with class switched 

labeled as IgG+ cells from control, DKO, DKO/bPTEN+/−, and bPTEN+/− mice. Each dot is 
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representative of one mouse. n ≥ 4 for each group. Central horizontal bar indicates the mean 

± SD of >3 independent experiments. The p value is indicated when <0.05.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD45R (B220) Monoclonal Antibody (RA3–6B2), PerCP-
Cyanine5.5

eBioscience Cat#45-0452-82; RRID: AB_1107006

CD19 Monoclonal Antibody (eBio1D3 (1D3)), PE-Cyanine7 eBioscience Cat#25-0193-81; RRID: AB_657664

CD117 (c-Kit) Monoclonal Antibody (2B8), APC eBioscience Cat#17-1171; RRID: AB_469429

CD25 Monoclonal Antibody (PC61.5), PE eBioscience Cat#12-0251-83; RRID: AB_465608

CD93 (AA4.1) Monoclonal Antibody (AA4.1), APC eBioscience Cat#17-5892-82; RRID: AB_469466

CD38 Monoclonal Antibody (90), Alexa Fluor 700 eBioscience Cat#56-0381-82; RRID: AB_657740

CD21/CD35 Monoclonal Antibody (eBio4E3 (4E3)), eFluor 450 eBioscience Cat#48-0212-80; RRID: AB_2016634

Streptavidin APC Conjugate eBioscience Cat#17-4317-82

IgA Monoclonal Antibody (11-44-2), Biotin eBioscience Cat# 13-5994-82; RRID: AB_466863

Anti-Mouse CD23 PE-Cyanine7 eBioscience Cat#25-0232-82; RRID: AB_469604

Biotin Rat Anti-Mouse IgG2a/2b BD Biosciences Cat#553398; RRID: AB_394836

PE-Cy7 Hamster Anti-Mouse CD95 BD Biosciences Cat#557653; RRID: AB_396768

APC Rat anti-Mouse CD138 BD Biosciences Cat#561705; RRID: AB_10896819

PE Rat Anti-Mouse IgG1 BD PharMingen Cat#562027; RRID: AB_10894761

DAPI Sigma Cat#10236276001

Annexin V-FITC Apoptosis Detection Kit eBioscience Cat#BMS500FI; RRID: AB_2575598

PTEN (138G6) Rabbit mAb Cell Signaling Cat#9559; RRID: AB_390810

AKT Rabbit Anti-Mouse Cell Signaling Cat#9272; RRID: AB_329827

Phospho-AKT Thr308 Rabbit Anti-Mouse Cell Signaling Cat#13038; RRID: AB_2629447

Phospho-AKT Ser473 Rabbit Anti-Mouse Cell Signaling Cat#4060; RRID: AB_2315049

Goat anti-mouse lambda-UNLB Southern Biotech Cat#1060-01; RRID: AB_2794389

Goat anti-mouse kappa-UNLB Southern Biotech Cat#1050-01; RRID: AB_2737431

Anti-IgM-biotin Southern Biotech Cat#1020-08; RRID: AB_2737411

Anti-IgG1-biotin Southern Biotech Cat#1070-08; RRID: AB_2794413

Streptavidin-AP Roche Cat#1089161

IgM antibody Southern Biotech Cat#0101-01; RRID: AB_2629437

IgG1 antibody Southern Biotech Cat#0102-01; RRID: AB_2793845

Critical Commercial Assays

T4 DNA ligase Takara Cat#6022

Lipofectamine 2000 Invitrogen Cat#11668027

Dual Glo Stop & Glo kit Promega Cat# E2920

mirVana miRNA Isolation Kit Ambion Cat#AM1560

TaqMan microRNA assays Applied Biosystems Cat#4427975

RNeasy Micro kit QIAGEN Cat#74004

SuperScript VILO Invitrogen Cat#11754050

SybrGreen master mix Applied Biosystems Cat#4309155

CD43+ Dynabeads ThermoFisher Cat#11422D

Lipofectamine RNAiMAX Transfection Reagent – Delivery of 
siRNA

Invitrogen Cat#13778075
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REAGENT or RESOURCE SOURCE IDENTIFIER

CellTrace Violet Dye BD Bioscience Cat#C34557

Experimental Models: Organisms/Strains

B6.C(Cg)-Cd79atm1(cre)Reth/EhobJ The Jackson Laboratory Stock No. 020505; RRID: IMSR_JAX:020505

miR-29ab1fl/fl This Paper N/A

miR-29b2c−/− Smith et al., 2012 N/A

Oligonucleotides

miR-29a mimic Dharmacon Cat#C-310521-07-0002

miR-29b mimic Dharmacon Cat#C-310382-05-0002

miR-29c mimic Dharmacon Cat#C-310522-07-0002

miR-100 mimic Dharmacon Cat#C-311316-00-0002

siGLO RISC-Free Control siRNA Dharmacon Cat#D-001630-01-05

mmu-miR-29c-Fl Dharmacon Cat#CTM-514288

Software and Algorithms

FlowJo Tree Star N/A

Prism 7.0 Graphpad N/A

Other

Microlon 600 (high binding) microplates Greiner Bio-one Cat#675061

4-nitrophenyl phosphate substrate Sigma Cat#N2765

Developing Buffer Thermo Scientific Cat#34064
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