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ARTICLE

MicroRNA-directed pathway discovery elucidates an
miR-221/222–mediated regulatory circuit in class
switch recombination
Eric J. Wigton1,2, Yohei Mikami3,4, Ryan J. McMonigle5, Carlos A. Castellanos1,2, Adam K. Wade-Vallance1,10,11, Simon K. Zhou1,2,
Robin Kageyama1,2,6, Adam Litterman1,2, Suparna Roy1,7, Daisuke Kitamura8, Emily C. Dykhuizen9, Christopher D.C. Allen1,10,11, Hui Hu5,
John J. O’Shea3, and K. Mark Ansel1,2

MicroRNAs (miRNAs, miRs) regulate cell fate decisions by post-transcriptionally tuning networks of mRNA targets. We used
miRNA-directed pathway discovery to reveal a regulatory circuit that influences Ig class switch recombination (CSR). We
developed a system to deplete mature, activated B cells of miRNAs, and performed a rescue screen that identified the
miR-221/222 family as a positive regulator of CSR. Endogenous miR-221/222 regulated B cell CSR to IgE and IgG1 in vitro, and
miR-221/222–deficient mice exhibited defective IgE production in allergic airway challenge and polyclonal B cell activation
models in vivo. We combined comparative Ago2-HITS-CLIP and gene expression analyses to identify mRNAs bound and
regulated by miR-221/222 in primary B cells. Interrogation of these putative direct targets uncovered functionally relevant
downstream genes. Genetic depletion or pharmacological inhibition of Foxp1 and Arid1a confirmed their roles as key modulators
of CSR to IgE and IgG1.

Introduction
MicroRNAs (miRNAs, miRs) are 18–22-nt small noncoding RNAs
that post-transcriptionally inhibit the expression of their target
genes (Bartel, 2004). miRNAs target mRNAs via complementary
base pairing to the 39 untranslated region (UTR). Families of
miRNAs with shared target repertoires are defined by their
“seed sequence” (nt 2–8 from the 59 end of the mature miRNA),
which is the major determinant of target recognition (Jonas and
Izaurralde, 2015). They guide the Argonaute (Ago) protein-
containing miRNA-induced silencing complex (miRISC) to
mRNA targets based on this seed sequence identity (Bartel,
2004). The miRISC mediates translational inhibition and de-
stabilization of bound mRNAs (Jonas and Izaurralde, 2015).
Individual miRNAs and their family members can target
hundreds of unique transcripts and thereby regulate large
gene networks in a manner specific to cellular context and gene
expression program. This form of post-transcriptional gene
network regulation has proved to be indispensable for cellular

development and function in a wide diversity of multicellular
animals.

In the context of the immune system, miRNAs are necessary
for B cell development from the pro–B cell to pre–B cell stage
because B cell lineage–specific ablation of the miRNA processing
enzyme Dicer leads to a complete block at this developmental
stage (Koralov et al., 2008). Further studies identified individual
miRNAs and miRNA families that are necessary for key devel-
opmental checkpoints in B cell lineage commitment (Coffre and
Koralov, 2017). Dicer ablation later in B cell maturation leads to a
lupus-like disease and a skewing of the Ig repertoire toward
reactivity against a multitude of self-antigens (Belver et al.,
2010). Several individual miRNA families have been shown to
regulate B cell activation and function in immune responses,
including their participation in germinal centers and the gen-
eration of antibody-producing plasma cells (de Yébenes et al.,
2008; Rodriguez et al., 2007; Thai et al., 2007; Vigorito et al.,
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2007; Xu et al., 2015). In addition, miRNA dysregulation has
been implicated in B cell malignancies, with some miRNAs
acting as tumor suppressors (e.g., miR-15/16 in chronic lym-
phocytic leukemia) and others as oncogenes (e.g., miR-19 in
lymphomagenesis). Together, these findings distinguish
miRNAs as key regulators of B cell development and immune
function, and their dysregulation as causation for B cell ma-
lignancy, autoimmunity, and hypersensitivity. Illuminating the
gene networks that miRNAs control in B cells may provide
insights into the molecular mechanisms that underlie these
diseases.

miRNAs have been leveraged as discovery tools to elucidate
genes and pathways that regulate lymphocyte fate and function
in immunity. Rescue screens in miRNA-deficient T cells un-
covered specific miRNAs that influence cytokine production
(Pua et al., 2016; Steiner et al., 2011). Algorithms that use seed
sequence matching and other 39 UTR sequence features are used
to predict target gene networks (Agarwal et al., 2015), and these
networks can be further filtered for miRNA effects on gene
expression in the appropriate cellular context (Pua et al., 2016).
Ago2 high-throughput sequencing of RNA isolated by cross-
linking immunoprecipitation (Ago2-HITS-CLIP) provides context-
specific biochemical evidence for miRISC occupancy of potential
target sites, and comparing Ago2-HITS-CLIP in miRNA-deficient
and -sufficient cells facilitates mapping of specific miRNA–target
interactions (Chi et al., 2009; Gagnon et al., 2019; Loeb et al., 2012).
Functional interrogation of these targets can unearth regulatory
genes and pathways previously unknown to be important to bio-
logical processes of interest and direct researchers to novel thera-
peutic targets.

Elevated production of antibodies of the IgE isotype is a
hallmark of allergy (Hu et al., 2018). IgE is directly involved in
the pathogenesis of asthma and other allergic diseases because it
arms mast cells and basophils for rapid allergen-specific in-
flammatory responses (Galli and Tsai, 2012). Omalizumab, an
approved therapeutic antibody that targets IgE, reduces asthma
exacerbations in a subset of patients (Busse et al., 2001). It has
been suggested that therapies that target or reduce the genera-
tion of IgE-producing B cells may provide better protection
against symptoms of allergic diseases (Hu et al., 2018). The
generation of IgE-producing B cells from naive B cells requires
the induction of Ig class switch recombination (CSR), a process
of somatic DNA mutation and recombination that preserves the
B cell’s antibody specificity while switching the isotype of its
heavy chain (Yewdell and Chaudhuri, 2017; Yu and Lieber,
2019).

CSR requires multiple coordinated processes starting with
active transcription driven by cytokine signaling (Stavnezer and
Schrader, 2014), expression and regulation of the activation-
induced cytidine deaminase (AID) enzyme, DNA repair (Yu
and Lieber, 2019), and distinct regulation of the cell cycle and
proliferation (Hodgkin et al., 1996). AID is directly regulated by
miRNAs, specifically miR-155 (Dorsett et al., 2008; Teng et al.,
2008; Vigorito et al., 2007). CSR to the IgE isotype requires IL-4
signaling, whereas CSR to IgG1 is positively influenced by, but
does not necessarily require, IL-4 signaling (Finkelman et al.,
1990; Kopf et al., 1993; Kühn et al., 1991). Signaling from T

follicular helper cells through CD40, and other cytokines also
regulate this process (Kawabe et al., 1994; Nonoyama et al., 1993;
Yang et al., 2020).

In this study, we developed a mouse model system to ablate
miRNA processing in mature B cells and then performed a res-
cue screen for miRNAs that regulate CSR. This screen identified
miR-221/222, an miRNA family previously unstudied in mature,
nonmalignant B cells, as a positive regulator of this process
(Knoll et al., 2013; Lupini et al., 2013; Petkau et al., 2018). We
characterized miR-221/222–deficient B cells from gene-targeted
mice in vitro and in vivo and empirically defined direct targets
of these miRNAs in B cells through a combination of bio-
informatic, biochemical, and gene expression analyses. miR-221/
222 promoted CSR and B cell proliferation in vitro, IgE pro-
duction in an allergic airway hypersensitivity model, and IgE+

plasma cell generation in a model of global B cell activation.
Among the targets of miR-221/222, we uncovered Foxp1 and
Arid1a as regulators of CSR. Together, these findings establish
miR-221/222 as a regulator of B cell production of antibodies
associated with allergy and asthma and provide insight into new
regulators of CSR.

Results
Development of a system to interrogate miRNA regulation
of CSR
In prior work, we devised an arrayed screening approach to
identify miRNAs that regulate helper T cell differentiation and
effector function (Pua et al., 2016; Steiner et al., 2011). This ap-
proach allowed us to isolate the function of individual miRNAs
by transfecting each one into T cells that lack endogenous
miRNAs due to induced genetic deficiency for the miRNA bio-
genesis factor Dgcr8. For this study, we extended this approach
to interrogate miRNA function in B cells. Dgcr8 can be deleted
with high penetrance during late stages of T cell development,
but B cells exhibit a developmental defect at the pro–B cell to
pre–B cell transition in the absence of miRNA biogenesis ma-
chinery (Koralov et al., 2008). To study the role of miRNAs in
regulating CSR, we bred Cγ1-Cre Dgcr8fl/fl Rosa26-LSL-YFPmice
to allow inducible Dgcr8 inactivation in B cells upon activation of
the Ighg1 germline transcript promoter. Splenic B cells from
these mice were stimulated with mitogenic anti-CD180 cross-
linking antibody and low-dose IL-4 (1 ng/ml) for 48 h (days
−2–0) to force expression of Cre recombinase and inactivate
Dgcr8 without inducing CSR, then they were transferred to
classical CSR conditions of LPS and high-dose IL-4 (25 ng/ml) for
an additional 48–96 h (days 0–4; Fig. 1 A). Thereafter, we ana-
lyzed viability, YFP as a reporter of Cre activity, and surface IgD
and IgG1 expression by flow cytometry. In these cultures, 95% of
viable cells expressed YFP at day 2, indicating Cre recombinase
activity in a majority of activated cells (Fig. 1 B, left panel).
Importantly, these cells remained capable of undergoing CSR
(Fig. 1 B, right panel).

To validate Dgcr8 ablation, we isolated RNA from Cγ1-Cre
Rosa26-LSL-YFP B cells that were also Dgcr8fl/fl (D8-KO), Dgcr8fl/+

(D8-HET), or Dgcr8+/+ (D8-WT) to measure Dgcr8 transcripts and
mature miRNAs throughout the stimulation timeline. Dgcr8mRNA
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Figure 1. Development of miRNA rescue screen in mature B cells stimulated to CSR to IgG1 implicates miR-222 as a regulator. (A) Timing and
stimulation conditions to induce Cγ1-Cre deletion of Dgcr8 and transfect miRNA and analyze CSR by flow cytometry. (B) Representative flow plot of gating
strategy for YFP reporter and IgG1 surface expression at day 2 during activation. (C) RT-qPCR of D8-WT, D8-HET, D8-KO B cell Dgcr8 mRNA and miRNA
expression throughout culturing (Dgcr8 normalized to Gapdh, miRNAs normalized to small nuclear RNA U6). Data are the average of two mice from each
genotype. (D) Screen results from the individual miRNA rescue transfections performed at day 0 and read out by flow cytometry at the day 2 time point.
Z-score was calculated by z = (x1 − xn)/σ, where x1 is the specific IgG1 percentage, xn is the mean of all surface IgG1 percentages, and σ is the SD. Control bar is
the average of six transfections ranging from +1 to −1 Z-score averaged.
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abundance was decreased by eightfold in the D8-KO cells com-
pared with D8-HET and D8-WT cells after the initial 2-d stim-
ulation and continued to decrease through day 4, whereas DGCR8
appeared to be regulated by activation conditions as well (Fig. 1 C).
Furthermore, the activation-induced miRNAs mmu-miR-155-5p
and mmu-miR-21-5p had a 2- to 16-fold decreased expression in
D8-KO compared with D8-HET and D8-WT cells, consistent with
loss of Dgcr8-dependent miRNA processing activity (Fig. 1 C).
In contrast, mmu-miR-484-5p was unaffected throughout the
stimulation and increased at day 4 (Fig. 1 C), consistent with
previous reports that Dgcr8-independent miRNAs increase in
abundance in the absence of Dgcr8-dependent miRNA biogenesis
(Babiarz et al., 2008).

Using these stimulation conditions, we tested the role of 85
miRNAs that are expressed in naive, activated, and/or germinal
center B cells to determine miRNAs that modulate CSR in vitro
(Fig. 1 D; Fowler et al., 2015; Kuchen et al., 2010; Zhang et al.,
2009). We transfected B cells using the Neon next-generation
transfection system (Pua et al., 2016; Steiner et al., 2011) to in-
troduce individual miRNA mimics into D8-KO activated B cells
at day 0 and measured CSR to IgG1 at day 2. These optimized
conditions achieved close to 100% transfection efficiency with
small RNAs, as indicated by uniform down-regulation of CD45 in
cells transfected with an siRNA against its transcript, Ptprc (Fig.
S1 A). Surface IgG1 expression implicated miR-155-5p as a neg-
ative regulator of CSR to IgG1 (Fig. 1 D), consistent with previous
studies demonstrating that mutation of the miR-155 binding site
in the Aicda 39 UTR led to an increase in transcript, protein, and
double-stranded break induction in activated B cells (Dorsett
et al., 2008; Teng et al., 2008). Similarly, congruent with a
previous study, miR-18a positively regulated CSR (Xu et al.,
2015). Interestingly, miR-222-3p was the most potent positive
modulator of IgG1 surface expression (Fig. 1 D). This miRNA and
its family member miR-221-3p have been implicated in early
B cell development and homing to the bone marrow (Knoll et al.,
2013; Petkau et al., 2018), but not in CSR or B cell activation. In a
rescreen of the top 10 and bottom 10 regulating miRNAs and
their family members, both miR-222-3p and miR-221-3p in-
creased CSR compared with control mimic (CM; Fig. S1 C). Given
this consistent and robust effect, we decided to further inves-
tigate the role of the miR-221/222 family in CSR and processes
that influence CSR.

Germline deletion of the miR-221/222 cluster on the X
chromosome does not alter B cell development
In both mice and humans, miR-221 and miR-222 are processed
from a single primary miRNA transcribed from the Mirc53 locus
on chromosome X. We generated mmu-miR-221/222–deficient
mice. We inserted loxP sites flanking miR-221 and miR-222 by
gene targeting to create a conditional mutant allele (flox) that
can be irreversibly converted to a deleted allele (Δ) upon in-
troduction of Cre recombinase. B cells from WT and flox mice
expressed equivalent amounts of miR-221-3p and miR-222-3p,
and these miRNAs were undetectable in B cells from Δ mice
generated by Cre expression in the germline, as determined by
differential Ago2-HITS-CLIP (see Fig. 5 C). In all further ex-
periments, we compared mice with these two targeted alleles to

determine the effect of miR-221 and miR-222 in B cells. Mice
bearing either flox or Δ allele(s) exhibited normal B cell devel-
opment in the bone marrow, with similar numbers and fre-
quencies of pro-B, pre-B, immature, and mature B cells (Fig. 2, A
and B). There was a subtle decrease in the frequency of transi-
tional B cell subsets T2 and T3 in the spleens of Δmice, but there
was no difference in the numbers of transitional and mature
B cells in the spleen (Fig. 2, C and D). The abundance of serum
IgM, IgG1, IgG2b, and IgG3 was unchanged in flox and Δ mice
(Fig. 2 E), whereas IgE was below the limit of detection in
these unimmunized animals (data not shown). We conclude
that the absence of miR-221 and miR-222 does not grossly per-
turb B cell development in the bonemarrow ormaturation in the
periphery.

miR-221/222 regulate CSR to IgG1 and IgE
To test whether endogenous miR-221/222 regulate CSR, we
compared flox and Δ B cells cultured under the same conditions
used to screen for functional miRNAs in Dgcr8-deficient B cells.
Compared with flox B cells, Δ B cells transfected with an miRNA
CM showed a twofold reduction in CSR to IgG1 (Fig. 3 A, compare
gray and black bars labeled CM). Transfecting Δ B cells with
either miR-221-3p ormiR-222-3pmimic restored IgG1 CSR to the
frequency seen in CM-transfected flox B cells (Fig. 3 A, compare
black bars). These data indicate that the CSR defect in Δ B cells
can be reversed by restoring miR-222-3p or miR-221-3p in ma-
ture B cells. Furthermore, miR-221-3p or miR-222-3p mimic
transfection further increased IgG1 CSR in flox B cells (Fig. 3 A,
compare gray bars), indicating that endogenousmiR-221/222 is a
dose-limited factor that enhances CSR to IgG1.

To determine the expression profile of these miRNAs, we
performed quantitative PCR (qPCR) for miR-221-3p and miR-
222-3p on RNA from B cells stimulated under various conditions
known to induce CSR to IgG1 and IgE where B cells were exposed
to LPS + IL-4, anti-CD40 + IL-4, or anti-CD40 + IL-4 + IL-21 for 4
consecutive days. Compared with naive B cells, stimulation with
LPS + IL-4 for 4 d increased expression of miR-221-3p and miR-
222-3p by 3.7- and 2.5-fold, respectively (Fig. 3 B). Stimulation
with anti-CD40 + IL-4 increased miR-221-3p and miR-222-3p
expression 8.1- and 3.1-fold, respectively, and the further addi-
tion of IL-21 in these conditions increased miR-221-3p induction
to 12.5-fold and miR-222-3p to 4.7-fold that of naive cells
(Fig. 3 B).

Stimulating flox and Δ B cells with anti-CD40 + IL-4 + IL-21
revealed a requirement for miR-221/222 for optimal CSR to IgG1
and IgE after a 4-d period (Fig. 3, C and D). The frequency of IgE+

cells was significantly reduced in Δ B cells compared with flox
B cells in three independent experiments. The frequency of
IgG1+ cells was consistently reduced in two of these experiments,
with the third showing the highest frequency of IgE+ cells. This
could be due to depletion of IgG1+ cells by consecutive CSR to IgE
(Cameron et al., 2003; Mandler et al., 1993; Yoshida et al., 1990)
or to a higher rate of direct CSR to IgE in this experiment. In any
case, comparing the combined frequency of IgE+ and IgG1+ cells
revealed a modest and statistically significant CSR defect in Δ
B cells compared with flox B cells (Fig. 3 D). Given that CSR
correlates with proliferation capacity (Hodgkin et al., 1996),
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Figure 2. Loss of miR-221/222 does not alter B cell development in the bone marrow or spleen, and steady-state serum antibody levels are unaffected. (A)
Representative flow cytometry gating strategy for bone marrow analysis. Upper left gate is a subgate of live, singlet, CD19+, B220+ cells. Further subsetting by B220int,
CD43+, CD24+, IgM− pro-B cells; B220int, CD43int, CD24+, IgM− pre-B cells; B220int, CD24+, IgMhi, IgD− immature B cells; and B220hi, IgMint, IgD+, CD24lo mature cells.
(B) Enumeration of percentage and number of each developmental bone marrow subset determined in A. (C) Representative flow cytometry gating strategy for splenic
analysis. Leftmost plot is pregated on live, singlet, B220+, CD4− cells that are subdivided into transitional CD93+ subsets CD23−, IgMhi T1; CD23+, IgMhi T2; and CD23+, IgMlo

T3 or into mature CD93− subsets CD23+, CD21int follicular and CD23lo, CD21hi marginal zone B cells. (D) Enumeration of percentage and number of each developmental
splenic subset determined in C. (E) Steady-state serum concentrations for the labeled isotypes in flox and Δ mice. All P values were derived from a two-tailed Student’s
t test; P > 0.05 for all unlabeled comparisons; *, P < 0.05. Representative experimental data of two independent experiments with at least four mice per genotype.
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Figure 3. Loss of miR-221/222 leads to defects in B cell CSR to IgG1/IgE in vitro and IgE production in vivo. (A) Δ or flox B cells were stimulated
identically to Fig. 1 A and transfected with miR-221-3p (miR-221) or miR-222-3p (miR-222) or CM at day 0, and surface IgG1 was analyzed at day 2. Four mice
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CellTrace Violet staining was performed on congenically labeled
cocultured Δ and flox cells in anti-CD40 + IL-4 + IL-21 conditions
to determine if there was a proliferation defect in the absence of
these miRNAs. Interestingly, we found that Δ B cells showed a
defect in the frequency of cells dividing six or more times
compared with flox (Fig. 3 E), indicating a subtle proliferation
defect that could influence the frequency of CSR to IgE cells.

To test for defects in CSR to other isotypes in vitro, we
stimulated splenic B cells in conditions that induce switching to
IgG3, IgG2b, or IgA (Fig. 3 F; Deenick et al., 1999; Seo et al., 2013).
Treatment with anti-CD40 + TGFβ1 + IL-5 + retinoic acid in-
duced IgA expression in 12.5% of flox and 12% of Δ B cells. LPS
alone induced IgG3 expression in 5% of both flox and Δ B cells,
and addition of TGFβ1 induced CSR to IgG2b in 15% of B cells of
both genotypes. These data indicate that miR-221/222 regulation
of CSR bears some specificity for IgG1 and particularly IgE.

To test whether miR-221/222 expression in B cells influences
antibody isotype production in a T cell–dependent response
in vivo, we immunized mice with nitrophenyl-conjugated OVA
(NP-OVA) adsorbed to alum and measured NP-specific serum
antibodies 14 d later. No major differences were observed in
the production of antigen-specific IgG1, IgG2b, IgG2c, or IgG3
(Fig. 4 A).

miR-221/222 regulate IgE production in vivo
Having defined a CSR defect in Δ B cells in vitro, we tested
whether this defect would translate to a physiological in vivo
model of allergy and asthma, specifically house dust mite (HDM)
challenge. Examining total IgE titers in mice challenged with
HDM revealed a subtle and specific defect in IgE production in Δ
mice (Fig. 4 B). IgG1 production was unchanged in this model.
We further tested the generation of IgE-expressing plasma
cells using a goat anti-IgD polyclonal B cell activation model
(Finkelman et al., 1987). At 7 d after immunization, goat anti-IgD
serum induced a massive B cell response, with about half of total
LN cells composed of CD138+CD19int plasma cells (Fig. 4 C). Al-
though the frequency of total plasma cells was not statistically
different between flox and Δ animals (Fig. 4 D), therewas a slight
defect in this cell population. The frequency of IgE+ plasma cells
was decreased in Δ animals compared with flox (Fig. 4 E), as
were the total number of plasma cells (Fig. 4 F) and the number
of IgE+ plasma cells (Fig. 4 G). This decrease in frequency and
number of IgE producers in Δ animals is consistent with the
decreased IgE serum levels in HDM-challenged Δ animals and
provides a second independent in vivo system in which IgE
production is diminished in the absence of miR-221/222-3p.

Combination of Ago2-HITS-CLIP and mRNA sequencing
(mRNA-seq) reveals 70 plausible miR-221/222 targets
Having determined the in vitro and in vivo phenotype of miR-
221/222-3p in CSR to IgE, we wanted to determine the direct
targets of this miRNA family in activated B cells. To determine
direct targets of miR-221-3p and miR-222-3p, we performed
Ago2-HITS-CLIP on Δ and flox B cells stimulated for 4 d with
anti-CD40 + IL-4 + IL-21. This technique captures both miRNAs
and their target RNA species bound to the RISC complex protein
Ago2, and direct miRNA targets can be determined by compar-
ing miRNA KO and WT cell populations. Libraries were gener-
ated and sequenced as previously described (Chi et al., 2009;
Gagnon et al., 2019; Loeb et al., 2012). Four independent libraries
were generated for Δ and flox genotypes. Analysis of the target
transcript space identified the 39 UTR as the most abundant RNA
species target as would be expected, although binding was seen
in exon, intron, and 59 UTR space as well (Fig. 5 A). miRNA
sequences were the most abundant RNA species captured (2:1 to
3:1 miRNA/non-miRNA ratio; Fig. 5 B). This indicates either
preferential cross-linking of miRNA in Ago2–miRNA–target RNA
complexes or an abundance of Ago2–miRNA complexes not yet
bound to target RNA sequences in our activated B cells. As ex-
pected, both miR-221-3p and miR-222-3p (as well as their star
sequence -5p counterparts) were readily captured in flox li-
braries and essentially absent in Δ libraries, indicating complete
deletion of the miRNA genes (Fig. 5 C). This analysis also con-
firmed that global miRNA expression and loading into Ago2 was
not altered in the absence of this miR-221 and miR-222 (Fig. 5 C).

The four Ago2-HITS-CLIP libraries for each genotype were
combined for a single comparison of differential peak binding
using dCLIP (Wang et al., 2014). Using sequence homology
identity of all miR-221/222-3p target sites within the mouse
genome identified 10,638 possible binding sites in the annotated
39 UTRs of the mouse genome. To validate the efficacy in which
dCLIP positively identified miR-221/222-3p peaks, differential
peaks containing at least a 6-mer target site were binned, and
those more bound in the flox than Δ and vice versa were ana-
lyzed at increasing differentials determined by the program.
Using the internal dCLIP differential ranking metric of at least
1 yielded a total of 652 peaks in 534 gene transcript 39 UTRs that
were more bound in the flox than in the Δ library. However,
using the same parameters of a differential of at least 1 yielded a
total of 636 peaks in 547 gene transcript 39 UTRs that were more
bound in the Δ than in the flox library, of which 80 of those
transcripts overlapped with those in the flox (Fig. S2 A). To
improve confidence of the truly differential targets and limit the

per genotype were used, where each mouse was transfected with each mimic. Statistical analysis was performed by repeated measures one-way ANOVA with
Dunnett’s post-test within each genotype. A representative experiment of three independent experiments is shown. (B) Expression of each miRNA relative to
U6 small nucleolar RNA (snRNA) in WT C57BL/6 mouse B cells stimulated for 96 h. Data are the average of four biological replicates. Statistical analysis was
performed by one-way ANOVA with Dunnett’s post-test. (C) Representative flow cytometry plots. CSR phenotype of Δ or flox B cells stimulated in anti-CD40 +
IL-4 + IL-21 media for 96 h gated on live singlets to determine IgDlo, IgG1+ cells. IgE+ cells are IgM− and gated from an IgDlo, IgG1− population. (D) Quantification
of the percentage of surface IgE+, IgG1+, or either IgG1+/IgE+ from C. A combined three independent experiments with at least three mice per genotype are
shown. (E) Quantification of division number from cocultured Δ and flox B cells stimulated in anti-CD40 + IL-4 + IL-21 media for 96 h. A paired Student’s t test
was used for each cocultured well. Combined from three independent experiments with at least two independent cocultures per experiment. CTV, CellTrace
Violet. (F) CSR phenotype of Δ or flox B cells stimulated for 96 h in CSR conditions to induce IgG3, LPS alone; IgG2b, LPS + TGFβ1; or IgA, anti-CD40 + IL-5 +
TGFβ1 + retinoic acid (with or without a proliferation-inducing ligand). *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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amount of seed sites that were more occupied in Δ and flox due
to spurious read differences from adjacent miRNA binding, a
differential of 10 was used, and, in this case, at least 6-mer
containing peaks more bound in the flox led to a total of 412
peaks in 343 gene transcript 39 UTRs. When the analysis was
performed with the differential of 10 on sites more bound in Δ

libraries than in flox libraries, only 61 peaks were found in 57
gene transcript 39 UTRs, and of these, only 8 gene transcripts
overlapped with those of flox (Fig. S2 B).

RNA-seq was performed on flox and Δ B cells stimulated
similarly to the Ago2-HITS-CLIP libraries to determine differ-
entially expressed genes between Δ and flox activated B cells. A

Figure 4. Loss of miR-221/222 decreases the number of plasma cells (PCs) and IgE+ PCs in a pan–B cell activation model of goat anti-IgD immu-
nization. (A) OD plots for NP-specific isotype antibodies measured in serum 14 d after immunization with NP-OVA in alum. Data are from three independent
immunizations with at least four mice per genotype. (B) ELISA data for total IgE in mice challenged with HDM for a 2-wk protocol from three independent
experiments with at least four mice per group. (C) Representative flow plot of the LN cell environment showing PC (CD19int, CD138+) gated on intracellular IgE+

fraction. (D) Frequency of PCs (CD19int, CD138+ cells of living singlet). (E) Frequency of IgE+ PCs. (F) Numbers of PCs. (G) Numbers of IgE+ PCs. A combination
of two independent experiments with at least four mice per genotype per experiment is shown. All statistics are from a two-tailed Student’s t test. *, P < 0.05;
**, P < 0.01.
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total of 12,074 Ensembl transcripts were found to be expressed
under these conditions, of which 429 were differentially ex-
pressed by a false discovery rate < 0.1. Of these differentially
expressed transcripts, 286 were up-regulated in the KO compared
with the flox libraries. The 12,074 transcripts were binned into
subsets containing no miR-221/222-3p seed match, only 6-mer
match, at least 7-mer match (+ 6-mer), or at least 8-mer match
(+ 7-mer + 6-mer) binding sites in annotated 39 UTRs. Cumulative
distribution function (CDF) plots were generated, and each seed-
containing bin was compared with the no seed bin generating a
differential D = 0.132 for 6-mer, D = 0.126 for 7-mer, and D = 0.171
for 8-mer, indicating increased differential expression of 8-mer
seed match–containing transcripts in the Δ compared with flox
B cells (Fig. 6 A). The absence of miR-221/222 leads to a subtle
increase in expression of all genes containing a putative seed se-
quence by sequence match alone. Using these 343 dCLIP putative
target genes to create a CDF plot compared with all other ex-
pressed genes led to a differential of D = 0.19 (Fig. 6 B), indicating
an increased confidence of these genes being direct targets and
providing more confidence of direct targeted regulation by miR-
221/222-3p than that of putative seed sequence match alone.

To compare our dCLIP analysis with predicted targets from
the sequence homology, we analyzed the predicted target genes
from the Bartel laboratory’s TargetScan 7.1 program (Agarwal
et al., 2015). TargetScan 7.1 predicts 404 gene targets for the

miR-221/222-3p family, of which 290 were expressed in our
B cell cultures by RNA-seq. Generating CDF plots of the 290
TargetScan predicted genes compared with all others produced a
differential D = 0.193 (Fig. 6 C), further increasing the confi-
dence of these genes being directly targeted by miR-221/222-3p.
Of these 290 TargetScan predicted gene targets, 70 of them
overlapped with those 343 gene targets predicted from our dif-
ferential HITS-CLIP analysis (Fig. S2 C). Creating a further CDF
plot comparing these 70 putative targets with all other genes
further increased the differential D = 0.293, providing strong
confidence for these genes being directly regulated by this
miRNA family (Fig. 6 D). The union of both cell-specific dCLIP
and the predictive capabilities of TargetScan 7.1 provided a
subset of genes we could directly test through small inhibitory
RNA screening. Running Metascape (Zhou et al., 2019) on the 70
genes provided a gene ontology profile enriched in a cell cycle
profile, among others (Fig. 6 E), congruent with our finding
of this miRNA regulating proliferation in mature B cells and
findings in other cell types (Galardi et al., 2007; Mayoral et al.,
2009).

siRNA screen of the 70 direct gene targets implicates Foxp1,
cd164, and Arid1a as regulators of CSR to IgG1/IgE
To interrogate the putative targets as potential regulators of
CSR, we performed an siRNA screen similar to the miRNA

Figure 5. Characterization of Ago2 binding in Δ or flox B cells stimulatedwith anti-CD40, IL-4, IL-21. (A) Annotations and relative coverage of reads from
each of the Δ and flox B cell libraries aligning to annotated mRNA sequences (left) and noncoding RNA sequences (right) averaged from four libraries for each
genotype. snoRNA, small nucleolar RNA. (B) Distribution of miRNA and non-miRNA reads in each library. (C) Mean analysis plot for miRNA reads only. Mean
miRNA read count versus log10 miRNA read count per million of flox versus Δ reads. Red dots are differentially captured miRNAs by DESeq2 with false discovery
rate <0.05.
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screen depicted in Fig. 1. B cells from WT mice were first acti-
vated in anti-CD180 + low-dose IL-4 and then transferred to
canonical CSR conditions of LPS + high-dose IL-4. Four siRNAs
were used per gene target, and surface IgG1+ and viability
were analyzed by flow cytometry. Of the 70 targets, siRNA

knockdown (KD) of the pro-apoptotic factor Bcl2l11 (Bim pro-
tein) increased viability of transfected cells to 65%, a 15% in-
crease from control siRNA (Fig. 7 A). Furthermore, siRNA KD
of Rnps1, an enzyme necessary for pre-mRNA splice junction
formation (Mayeda et al., 1999), negatively regulated both CSR

Figure 6. Intersection of dCLIP, RNA-seq, and TargetScan indicates 70 possible gene targets of miR-221/222 in B cells. (A–D) CDF plots comparing
RNA-seq gene expression on x axis versus cumulative distribution on y axis. (A) Genes with at least one 6-mer (green), at least one 7-mer (orange), or at least
one 8-mer (red) compared with those lacking an miR-221/222-3p seed site (black). (B) dCLIP predicted genes (red) compared with all others (black).
(C) TargetScan predicted genes (red) compared with all others (black). (D) dCLIP and TargetScan predicted genes (red) compared with all others (black).
(E) Ranked gene ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes pathways enriched in the dCLIP and TargetScan gene subset.
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to IgG1 and viability. siRNA KD of three candidate miR-221/
222 targets, Foxp1, Cd164, and Arid1a, resulted in the highest
increases of surface IgG1 frequency compared with control
siRNA (Fig. 7 A). This increase of IgG1 frequency was con-
firmed in an siRNA rescreen where KD of these three targets
resulted in the highest frequency of IgG1+ B cells (Fig. 7 B).
Foxp1 and Arid1a expression was significantly higher in Δmice
than in flox mice (1.45- and 1.40-fold increased, respectively),
whereas Cd164 expression was only moderately different be-
tween the two genotypes at 1.06-fold higher in Δ versus flox
mice (Fig. 7 C). We constructed dual luciferase reporter con-
structs to test whether these transcripts’ 39 UTRs were di-
rectly responsive to miR-221/222. Both Cd164 and Foxp1 39 UTR
fragments containing the TargetScan 7.1 predicted binding
sites (as well as an additional 6-mer miR-221/222 binding
sequence in the 39 UTR of Foxp1) showed decreased activity in
the presence of miR-221/222. Although we did not detect
significant effects with our Arid1a 39 UTR construct, previous
studies have demonstrated direct targeting by miR-221/222
using similar assays in other cells (Shi et al., 2019; Yang et al.,
2016). These findings, in conjunction with differential binding
detected by Ago2-HITS-CLIP, support the conclusion that
Cd164, Arid1a, and Foxp1 are direct targets of miR-221/222.

Genetic ablation of Foxp1 increases B cell propensity to switch
to IgG1 and IgE
To confirm that Foxp1 modulates CSR to IgG1 and IgE, we used a
tamoxifen-inducible Cre deletion model of Foxp1 and then cul-
tured the cells under IgG1/IgE class-switching conditions (Fig. 8
A). Foxp1-deleted (Foxp1-KO) follicular B cells cultured on B cell
activating factor (BAFF)/CD40L-expressing cells in the presence
of IL-4 showed a threefold increase in the frequency of IgG1 and
IgE surface expression compared with Foxp1fl/fl or CreERT2

(Foxp1-WT) cells (Fig. 8 B). Induction of CSR to IgG1 ranged from
10% to 60% from experiment to experiment, whereas that of IgE
ranged from 3% to 20%. However, there was a consistent 2.5–3-
fold higher induction of IgG1 and IgE isotype switch in Foxp1-KO
B cells than in Foxp1-WT B cells (Fig. 8 C). As expected, CSR to
both IgE and IgG1 required IL-4, indicating that the activated
B cells were not switching during tamoxifen treatment in the
in vivo setting. This confirmation of the siRNA KD implicates
miR-221/222–mediated Foxp1 regulation as a modulator that in-
fluences CSR to IgG1 and IgE in B cells.

Genetic ablation and chemical inhibition of Arid1a affects IgG1
and IgE CSR
We used a genetic approach to limit Arid1a expression in B cells,
crossing CD21Cre (Cre+WT) and Arid1afl/+ (Arid1a-WT) mice to
generate CD21CreArid1afl/+ (Arid1a-HET) mice with B cells car-
rying only one functional Arid1a allele. Cre-mediated heterozy-
gosity decreases Arid1a transcript and protein levels (Gao et al.,
2008). Complete deletion of Arid1a in the hematopoietic system
causes profound defects in development (Han et al., 2019), but
Arid1a-HET B cells developed normally. Stimulation in IgE CSR
conditions (anti-CD40+IL-4+IL-21) in vitro induced lower fre-
quencies of IgE-expressing cells among Arid1a-HET B cells than
Cre+WT and Arid1a-WT controls (Fig. 9 A, right panel), although

there was an increase in the frequency of IgG1+ B cells (Fig. 9 A,
left panel). These results indicate that partial genetic loss of this
BAF complex member alters CSR fate in these conditions.

We also used a specific Arid1a–BAF complex chemical in-
hibitor, the macrolactam BRD-K80443127, to test the effect of
BAF complex dysregulation on CSR to IgG1/IgE. Cells cultured in
IgE CSR conditions (anti-CD40+IL-4+IL-21) showed no decrease
in viability in the presence of BRD-K80443127 (Fig. 9 B, top left
panel) and even a slight increase at the 20–40 μM range, indi-
cating that dysregulation of these complexes is not vital for
mature B cell survival under this stimulus. Similarly, plasma cell
differentiation showed a defect only at the highest concentration
of 40 μM (Fig. 9 B, top right panel). In contrast, both IgG1 and IgE
CSR exhibited a dose-dependent decrease (Fig. 9 B, bottom left
and bottom right, respectively). Consistent with the results in
Arid1a-HET B cells, IgE CSR was particularly sensitive to Arid1a-
BAF inhibition, with dose-sensitive significant effects beginning
at 5 µM. IgG1 frequency was reduced to 80% of vehicle control at
10 µM of BRD-K80443127 and fell off sharply at 40 μM, a con-
centration that also affected plasma cell differentiation. Tar-
geting Arid1a through both genetic and chemical means revealed
that this miR-221/222-3p–regulated gene modulates CSR to IgG1
and especially IgE.

Discussion
miRNA rescue screens have been used to study embryonic stem
cell pluripotency and self-renewal (Froidure et al., 2016; Wang
et al., 2008) and in miRNA-depleted lymphocytes to study T
cell proliferation, differentiation, and cytokine production (Pua
et al., 2016; Steiner et al., 2011). In this study, we developed and
executed a rescue screen in primary mouse B cells to reveal that
miR-221/222 can positively regulate CSR to IgG1, and we lever-
aged this finding to elucidate a previously unknown miRNA-
regulated gene network that modulates CSR to IgG1 and IgE.
These rescue screens measure the effects of individual miRNAs
introduced at potentially supraphysiological quantities in
the absence of other miRNAs. However, analysis of miR-221/
222–deficient B cells demonstrated that endogenous miR-221/
222 regulate CSR in vitro and in vivo. Extending this screen
for miRNA influence with biochemical elucidation of direct
targets of miR-221/222, we uncovered evidence for a network
of downstream regulators of CSR, including Foxp1, Arid1a, and
Cd164.

Our investigation of miR-221/222 and its targets uncovered
the role of Foxp1 as a negative regulator of CSR to IgE. Foxp1 is
essential for B cell development (Hu et al., 2006), and its down-
regulation in activated mature B cells is necessary for germinal
center entry and plasma cell differentiation (Sagardoy et al.,
2013; van Keimpema et al., 2015). Foxp1 overexpression de-
creases CSR to IgG1 in both mouse and human B cells (Sagardoy
et al., 2013), congruent with our findings of increased CSR to
IgG1 in Foxp1-deficient B cells and opposing decreases in CSR and
increased Foxp1 expression in miR-221/222–deficient B cells.
Similarly, the reduced plasma cell generation we observed in
cultured miR-221/222–deficient B cells may be related to in-
creased expression of Foxp1, whose overexpression interferes
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Figure 7. siRNA KD screen on dCLIP and TargetScan predictedmiR-221/222-3p gene targets identifies Foxp1, Arid1a, and CD164 as regulators of CSR.
(A) Frequency of viable versus frequency of surface IgG1+ for the siRNA KD of 70 gene targets predicted by dCLIP and TargetScan from a single screen on B cells
pooled from four Δmice stimulated and analyzed exactly as in the Fig. 1 miRNA screen. (B) Z-score plot for surface IgG1 for a rescreen of the top 10 and bottom
10 genes from A. (C) Gene expression data for Foxp1, Arid1a, and Cd164 from RNA-seq data. (D) Dual luciferase reporter assay results for Δ B cells transfected
with either CM or miR-221/222-3p mimic and labeled psiCHECK-2 constructs containing >1 kb of each annotated 39 UTR containing the miR-221/222 target
sequence. Combined data from three to five independent experiments where each connected data point represents the average of four technical replicates
normalized to CM luciferase mean within each experiment. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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with plasma cell generation (van Keimpema et al., 2015). Foxp1
deletion in mature B cells also hinders T cell–independent B cell
responses, production of IgG3, and B1 cell development (Patzelt
et al., 2018). A previous study of T cell–dependent antibody re-
sponses showed no clear difference in IgG1 serum titers in B cell
lineage–specific Foxp1-deficient mice (Dekker et al., 2019; Patzelt
et al., 2018), but this finding is complicated by developmental
defects that result in fewer mature B cells in these mice (Hu
et al., 2006). Foxp1-deficient B cells did not show proliferative
defects in our system, decoupling the CSR defect in these mice
from proliferation. Whether FOXP1 acts to dampen activation
signals, cell cycle regulators, or other factors remains to be de-
termined. Further studies are needed to fully elucidate the
transcriptional targets and downstream mechanisms through
which FOXP1 controls CSR in conjunction with its effects on
B cell fate decisions.

The role of chromatin architecture and remodeling in the
context of CSR has recently come into full appreciation as DNA
orientation and chromatin regulation were shown to be critical
for switch site orientation and stabilization for AID-mediated
mutation (Yu and Lieber, 2019; Zhang et al., 2019). Interest-
ingly, our analysis of regulated miR-221/222 interactors identi-
fied three predicted targets that play a role in chromatin
remodeling: Ctcf, Smarca5, and Arid1a. CTCF is a central regulator
of chromatin domain architecture and CSR (Pérez-Garćıa
et al., 2017; Thomas-Claudepierre et al., 2013; Zhang et al.,

2019). Human Ctcf is an established target of miR-221/222
(Lupini et al., 2013). Arid1a encodes a key component of the BAF
nucleosome remodeling complexes, which are critical for chro-
matin remodeling during hematopoiesis (Han et al., 2019). We
found that the action of these complexes is necessary for B cell
activation because cells cultured with an inhibitor of Arid1a-
containing BAF complexes (Marian et al., 2018) remained in a
quiescent state, undergoing neither cell death nor proliferation.
However, genetically or pharmacologically limiting (rather than
eliminating) Arid1a-containing BAF complexes selectively affected
CSR, consistently reducing the generation of IgE-expressing cells.
B cells with only one functional Arid1a allele exhibited a surpris-
ingly specific defect in IgE CSR with increased production of IgG1+

cells, whereas pharmacological inhibition decreased the frequency
of both IgE- and IgG1-expressing cells. This discrepancy may
be attributable to differences in BAF complex formation because
genetically altered B cells with reduced Arid1a expression may
form more non–Arid1a–BAF complexes that would not be pre-
sent in acute inhibition experiments. Whether Arid1a–BAF com-
plex nucleosome remodeling mediates access to critical regions
of the Igh locus deserves further study. In any case, the selec-
tive sensitivity of IgE CSR to BAF inhibition indicates the ex-
istence of isotype-specific effects of regulating (or dysregulating)
this machinery.

Previous studies of miR-221/222 in other immune cell types
and cancer demonstrated direct regulation of Cdkn1b, which

Figure 8. Genetic ablation of Foxp1 increases the propensity for activated B cells to switch to IgG1 and IgE. (A) Schematic for tamoxifen (TAM)-induced
deletion and culturing of Foxp1-WT and Foxp1-KO B cells. D0–D3, days 0–3; D5, day 5; D9, day 9. (B) Representative flow cytometry plots of B cells from
Foxp1-WT and Foxp1-KO mice after stimulation with supplemental IL-4 pregated on live CD19+ singlets. (C) Normalized frequency of IgG1 and IgE surface
expression. Each data point represents an individual biological replicate pooled from three independent experiments that were normalized to mean WT Ig
frequency (of 1) within each experiment. Statistics were generated by two-tailed Student’s t test. ***, P < 0.001.
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encodes p27-kip protein, a positive regulator of cell cycle pro-
gression from G1 to S (Fornari et al., 2008; Galardi et al., 2007;
Mayoral et al., 2009). Our biochemical data also implicated
Cdkn1b as a direct target. However, siRNAs targeting this gene
and its effect on cell proliferation had no discernible effect on
CSR. Although our data do not definitively prove that miR-221/
222 directly target Cdkn1b in B cells, the fact that miR-221/222–
deficient B cells exhibited a subtle proliferative defect implicates
these miRNAs in the regulation of B cell cycle progression,
possibly through multiple targets, including Cdkn1b. This subtle
decrease in proliferation likely contributes to, but is not sufficient

to mechanistically explain, the more robust CSR defect, which
appears to be further coordinated by miR-221/222 regulation of
epigenetic and transcription factor targets elucidated in this study.

miR-221/222 regulates allergic responses through coordinate
control of multiple cell types. Mast cells, basophils, and other
granulocytes very strongly express miR-221/222 (Kuchen et al.,
2010; Monticelli et al., 2005), and these miRNAs regulate mast
cell proliferation and degranulation in response to IgE receptor
cross-linking (Mayoral et al., 2011; Mayoral et al., 2009). In this
study, we found that miR-221/222 deficiency also impaired B cell
production of IgE in allergic airway sensitization and pan–B cell
activation models. Further studies will be necessary to deter-
mine whether miR-221/222 absence in granulocyte populations
further affects allergic responses in vivo. The control of complex
immunological processes through regulation of distinct cell
types by a common factor is an interesting regulatory phe-
nomenon exemplified by the orchestration of humoral re-
sponses by the transcription factor BCL6 (Crotty, 2019; Okada
et al., 2012) and the miRNA cluster miR-17∼92 (Baumjohann
et al., 2013; Jin et al., 2013; Kang et al., 2013) acting in both
germinal center B cells and T follicular helper cells.

Other highly expressed miRNAs also regulate humoral im-
mune responses, includingmiR-155 andmiR-181b, both of which
directly target the critical CSR factor Aicda in B cells (Dorsett
et al., 2008; Rodriguez et al., 2007; Teng et al., 2008; Thai et al.,
2007; Vigorito et al., 2007; de Yébenes et al., 2008). miRNA
expression is dramatically modulated in activated B cells (Fowler
et al., 2015; Kuchen et al., 2010). In our experiments, miR-221/
222 were up-regulated upon B cell activation; yet, their abun-
dance was still <1% that of the most highly expressed miRNAs.
Nevertheless, in comparing Ago2 binding, we observed that
gene expression in the presence and absence of miR-221/222
singled out direct targets even for these modestly expressed
miRNAs. We provide these data as a resource for mining the
Ago2-bound transcript space in mouse B cells activated to mimic
T cell–dependent stimulation, complementing previous experi-
ments performed under different conditions (Hsin et al., 2018;
Jin et al., 2013).

Unbiased investigation of miR-221/222 target genes identified
by Ago2-HITS-CLIP and gene expression analysis revealed a func-
tionally relevant downstream gene network actively regulated in
B cells undergoing CSR. Our overall experimental approach, which
we term “miRNA-directed target pathway discovery,” co-opts the
coevolution of miRNAs and their targets to reveal novel players in
biological processes without requiring genome-wide functional
screens. miRNA-directed pathway discovery can be adapted to in-
terrogate cell type–specific miRNA and target networks operative
in nearly any biological process.

Materials and methods
Mice
Mice used in this work included Cγ1-cre, B6.129P2(Cg)-
Ighg1tm1(cre)Cgn/J (Casola et al., 2006); CD21-Cre, B6.Cg-Tg(Cr2-
cre)3Cgn/J (Kraus et al., 2004); Dgcr8fl/fl, B6.Cg-Dgcr8tm1.1Blel/J
(Rao et al., 2009); R26-LSL-YFP, B6.Gt(ROSA)26Sortm1(EYFP)Cos/J
(Srinivas et al., 2001); CreERT2, B6.Cg-Ndor1Tg(UBC-cre/ERT2)1Ejb/1J

Figure 9. Genetic ablation of Arid1a and chemical inhibition of Arid1a–
BAF complexes alters B cell IgG1 and IgE CSR frequency. (A) Quantifica-
tion of Arid1a-WT, Arid1a-HET, and Cre+WT B cells stimulated with anti-
CD40+IL-4+IL-21 frequency to switch to IgG1 and IgE. Combined data from
two independent experiments with at least three mice per genotype are
shown. (B) Quantification of viability, frequency of plasma cells (CD138+,
CD19int), and frequency of IgG1 or IgE surface expression throughout dilution
series of chemical lactam. Statistics were generated by one-way ANOVA with
Dunnett’s multiple comparison test in A for all comparisons with vehicle
alone. Leftmost column is a representative experiment of three independent
experiments. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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(Ruzankina et al., 2007); Foxp1fl/fl, Foxp1tm1.1Pwt/J (Feng et al.,
2010); Arid1afl/fl, 129.Arid1atm1.1Zhwa/J (Gao et al., 2008); and
flox: Mirc53fl/y or Δ: Micr53-/y. Only male mice were used for
miR-221/222 deletion experiments, although some female mice
were used for creating the Ago2-HITS-CLIP libraries. For NP-
OVA immunizations and IgG2/IgA in vitro CSR assays, some
mice included were Mb1-cre+ fl/y with fl/y controls. For Foxp1
deletion, CreERT2Foxp1fl/fl R26-LSL-YFP mice have been previ-
ously described (Feng et al., 2011). For CD21-Cre–mediated
Arid1afl/fl genetic deletion experiments, B6.129 N1 Arid1a-HET
and Arid1a-WT mice were used, and B6.129N2-HET and Cre+WT
mice were also used, all of which were littermate matched.
All mice were age and sex matched between 6 and 16 wk for
all experiments where littermates were not explicitly used. All
mice were cared for and experimented on under the guidance of
the University of California, San Francisco, and University of
Alabama at Birmingham laboratory animal research centers
in compliance with approved institutional animal care and
use committee protocols.

B cell isolation, transfection, and stimulation
Splenic naive B cells were isolated using Dynabead untouched
B cells (CD43 negative selection kit; Thermo Fisher Scientific)
and stimulated in RPMI 1640 medium supplemented with 10%
FCS, Hepes, 50 μM 2-ME, and L-glutamine. Pretransfection
stimulation consisted of 250 ng/ml anti-CD180 (RP105; Bio-
Legend) and 1 ng/mlmIL-4 (PeproTech) at 106 cells/ml in 12-well
plates at 4 ml per well (Costar) for transfection conditions. After
48 h, cells were washed in 2× PBS and resuspended at 105 cells/
10 µl in Neon transfection buffer R (Invitrogen) and mixed with
siRNA (Dharmacon/GE Healthcare), miRNA mimic (Dharma-
con/GE Healthcare), and/or luciferase plasmid before being
immediately electroporated for 3 × 10 ms at 1,550 V on a Neon
transfection instrument. The 10-µl transfection was then
transferred directly into 200 µl of CSR media in a round-
bottomed 96-well plate (Costar). For IgG1/IgE CSR conditions,
cells were stimulated with 3 µg/ml LPS (from Salmonella; Sigma-
Aldrich) and 25 ng/ml IL-4 for miRNA and siRNA screens or in
500 ng/ml to 1 µg/ml anti-CD40 (FGK45.1.1; Miltenyi Biotec),
25 ng/ml IL-4, and 10–12.5 ng/ml IL-21 (eBioscience) at 105 cells/
200 µl/well in a 96-well round-bottomed plate. Other CSR
conditions consisted of 10 ug/ml LPS alone for IgG3; 10 µg/ml
LPS + 1 ng/ml human TGFβ1 (PeproTech) for IgG2b; and
200–250 ng/ml anti-CD40, 5–10 ng/ml IL-5 (PeproTech), 10 nM
retinoic acid, and 1 ng/ml human TGFβ1 with or without 180 ng/
ml APRIL (PeproTech) for IgA. For the ARID1A–BAF complex
chemical inhibitor assay, cells were stimulated with BRD-
K80443127 dissolved in DMSO at the reported concentration or
with vehicle alone.

Foxp1 deletion and CD40LB feeder cell stimulation
For Foxp1 deletion, CreERT2Foxp1fl/fl R26-LSL-YFP (Foxp1-KO),
CreERT2Foxp1wt/wt R26-LSL-YFP, and/or CreERT2Foxp1wt/wt R26-
LSL-YFP (Foxp1-WT) mice were treated i.p. daily for 4 d (days
0–3) with tamoxifen (Sigma-Aldrich) at a dose of 3 mg per
mouse and were allowed to “rest” for 1 d (day 4). CD40L-Baff 3T3
feeder cells (Nojima et al., 2011) that were plated at 2 × 105 per

well in 24-well culture-treated plates on day 4. Spleens were
harvested on day 5, and Foxp1-defiecient follicular B cells (CD3−,
CD19+, CD21/35low, CD23+, YFP+) were FACS sorted and cocul-
tured at 2 × 105 B cells/well with precoated CD40L-Baff 3T3
feeder cells with and without IL-4 (R&D Systems) for 4 d (day 9).

RNA isolation, qPCR, and RNA-seq
Stimulated B cells were pelleted, and RNA was extracted using
TRIzol reagent (Thermo Fisher Scientific). RNA was extracted
using the RNeasy Micro Kit (Qiagen). cDNA was generated with
one-step Mir-X (Takara Bio) for miRNA quantification or with
Super Script III reverse transcription poly(dT) first-strand
synthesis (Thermo Fisher Scientific) for Dgcr8 quantification.
miRNA primers for the Mir-X qPCR consisted of the full, mature
miRNA sequence. Primers for Dgcr8 were previously reported
(Bronevetsky et al., 2013). The qPCR cycle was a two-step cycle
at 95°C for 10 s and 60°C for 15 s for 40 cycles, and amplification
was read out by SYBR Green Advantage (Takara Bio).

RNA-seq library preparation and sequencing were per-
formed through the University of California, San Francisco,
Functional Genomics Core and aligned to the Ensembl mouse
GRCh38.78 (mm10) genome using STAR software and analyzed
using DESeq2 as previously reported. Transcripts with at least a
mean normalized count of 12.3 were used in the analysis, re-
sulting in 12,074 annotated Ensembl transcripts.

Ago2-HITS-CLIP library preparation
Libraries were prepared as previously described (Chi et al.,
2009; Gagnon et al., 2019; Loeb et al., 2012). Briefly, 108 acti-
vated B cells/ml (five mice per library) were UV cross-linked at
1 × 400 mJ and 2 × 200 mJ and pelleted. Ago2 immunoprecipi-
tation with 2D4 (Dako) was performed, and protein–RNA com-
plexes were digested with RNase1, 39 and 59 adapters were
ligated, and cDNA was created from Super Script III reverse
transcription. The library was amplified with Phusion Taq poly-
merase (New England Biolabs) to the peak exponential by qPCR
with SYBR Gold (Thermo Fisher Scientific) before being purified
of adapter dimer on a 10% Tris-borate-EDTA gel (Bio-Rad Lab-
oratories) and analyzed by a Bioanalyzer micro DNA kit (Agi-
lent). Libraries were combined and sequenced on an Illumina
HiSeq 2500 system. Reads were binned based on individual
barcodes and aligned to the genome using Bowtie (John Hopkins
University). Annotations were made using an in-house aligning
algorithm for each library. Libraries were combined by geno-
type, and combined libraries were used to run dCLIP (Wang
et al., 2014) with default settings. All regions more bound in
flox libraries or Δ libraries found by dCLIPwere intersectedwith
the miR-221/222-3p seed sequence reference BED file (bedtools),
and those regions were further binned based on dCLIP internal
score >1 or >10 to increase confidence of true binding regions.

In vivo NP-OVA immunization, HDM challenge, and goat
anti-IgD serum immunization
Mice were immunized i.p. with 50 μg of NP-OVA(10–16; LGC
Biosearch Technologies) mixed in 1:1 PBS:Alum Imject (Thermo
Fisher Scientific) in 200 μl, and blood was collected for serum
14 d later. For the HDM model, mice were primed with 25 μg
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HDM (Stallergenes Greer) in 50 µl PBS by oropharyngeal aspi-
ration, and, 7 d later, the mice were challenged similarly for 5
consecutive days before being bled at day 14 for serum analysis.
Mice were immunized i.p. with 300 µl goat anti-IgD serum (gift
from Jason Cyster, University of California, San Francisco, San
Francisco, CA), and spleens and inguinal LNs were analyzed 7 d
later by flow cytometry. Flow cytometry plots and analysis are of
LN samples.

ELISA
Serum was collected by submandibular bleed and micro-
centrifugation at >18,000 g for 30 min at 4°C. Half area high-
binding 96-well plates (Costar) were used for all assays. For total
Ig at steady state, plates were coated with goat anti-Ig (2 µg/ml;
SouthernBiotech) overnight in coating buffer bicarbonate/car-
bonate coating buffer (100 mM, pH 9.6). For NP-specific anti-
body ELISAs, plates were coated with NP-BSA (5 μg/ml; LGC
Biosearch Technologies). Diluted serum was added overnight
at 4°C or at room temperature for 2 h and detected with bio-
tinylated goat anti-IgG1, anti-IgG3, anti-IgG2b, anti-IgG2c,
anti-IgA, or anti-IgM (2 µg/ml; SouthernBiotech) followed by
HRP-avidin (1:5,000; SouthernBiotech) and developed with
Super AquaBlue ELISA substrate or 3,39,5,59-tetramethylbenzidine
substrate (Thermo Fisher Scientific) with the manufacturer’s
recommended absorbance. For total IgE, the process was the
same, except that plates were coated with anti-IgE (2 µg/ml,
clone R35-72) and detected with biotinylated anti-IgE (2 µg/
ml, clone R35-118).

Flow cytometry
For in vivo experiments, single-cell suspensions were prepared
from spleens or LNs by gently passing them through 70-µm
nylon mesh filters in complete RPMI medium. For bone mar-
row, long bones were cut at the base, and a 26-gauge needle was
used to expel bone marrow into complete RPMI medium. The
single-cell suspension was created by resuspending the bone
marrow with an 18-gauge needle, and the suspension was fil-
tered through a 70-µm filter. Before staining with antibodies for
surface markers, Fc receptors were blocked with anti-CD16/
CD32 (2.4G2) and 2% normal rat serum in FACS buffer (PBS + 2%
FBS + 2 µm EDTA + 0.01% NaN3). EDTA can reduce background
staining of B cells that do not express IgE but can bind it through
CD23 in a calcium-sensitive manner (Richards and Katz, 1990;
Hibbert et al., 2005). Conjugated antibodies used for FACS and
flow cytometry included peridinin chlorophyll protein–cyanine
5.5 (PerCP-Cy5.5) anti-CD3 (17A2), BV605 anti-CD4 (RM4-5);
BV605, PE, and PE-Cy7 anti-CD19 (6D5); allophycocyanin (APC)
anti-CD19 (eBio1D3); PerCP-Cy5.5 anti-CD43 (1B11); Alexa Fluor
647 and BV510 anti-B220 (RA3-6B2); Alexa Fluor 488 and APC-
Cy7 anti-IgM (RMM-1); eFluor 450 and PE anti-IgD (11-26c); PE
and APC anti-IgG1 (A85); PerCP-Cy5.5 anti-IgG1 (RMG1-1); biotin
anti-IgE (R35-118); unconjugated biotin and PE anti-IgE (RME-1);
APC anti-CD138 (281-2); PE-Cy7 anti-CD45.2 (104); PerCP-
Cy5.5 anti-CD45.1 (A20); PacBlue anti-CD21/35 (7E9); PE-Cy7
and PE anti-CD23 (B3B4); PE anti-CD93 (AA4.1); and BV711 anti-
CD24 (M1/69). Biotin conjugates were detected using BV711 or
BV421 streptavidin (BioLegend). Intracellular IgE staining was

performed as previously described (Yang et al., 2012), where
live cells were stained with surface antibody stain + 1:20 pu-
rified anti-IgE (RME-1) before fixing with BD Cytofix/Cyto-
perm and staining intracellularly with PE anti-IgE (RME-1).
Dead cells were detected using eFluor 780 fixable viability dye
(Thermo Fisher Scientific). Flow cytometric analysis was per-
formed on an LSR II or Symphony cytometer or a FACSAria II cell
sorter for sorting (all from BD Biosciences). Counts were made
by spiking 5–103 AccuCount Blank Particles beads (Spherotech)
for total cell count per sample/organ.

Dual luciferase assay
Dual luciferase constructs were generated, and an assay was
performed as previously reported (Gagnon et al., 2019; Pua et al.,
2016). Cells were stimulated and transfected as outlined, and
luciferase activity was measured 24 h after transfection with
the Dual Luciferase Reporter Assay System (Promega) and a
FLUOstar Optima plate reader (BMG Labtech). At least 1 kb of
the 39 UTR of Cd164, Foxp1, and Arid1a, including the putative
miR-221/222-3p seed match sequence(s), were cloned into
the psiCHECK-2 luciferase reporter construct (Promega). Pri-
mers used were as follows: Foxp1 forward: 59-TAAGCAGCTCGA
GAGCATGGTGACAGGGCTAAG-39; Foxp1 reverse: 59-TGCTTA
GGCGGCCGCCTCCCCCGCAAAAGACAAAG-39; Cd164 forward:
59-TAAGCAGCTCGAGAGATGCCACACAGGGCAATC-39; Cd164
reverse: 59-TGCTTAGGCGGCCGCTGCTTGTGCAGCAAGTATGG-39;
Arid1a forward: 59-TAAGCAGCTCGAGCCTCAGGACCCCACCCT
AT-39; Arid1a reverse: 59-TGCTTAGGCGGCCGCCACGTGGAA
CATATAGTATAAAG-39.

Software and statistics
Data visualization and statistical calculations were performed
using GraphPad Prism. Statistical tests and P values for each
experiment are specified in the figure legends. For a single
comparison between two groups, a two-tailed Student’s t test
was used (paired or unpaired where mentioned); for multiple
comparisons between a preselected control group and all other
groups, a one-way ANOVA with Dunnett’s square test was used;
and for multiple comparisons where all groups were compared,
a one-way ANOVA with a Tukey correction for multiple com-
parisons test was used. Flow cytometric data were analyzed with
FlowJo version 10.2. Gene ontology was run using the Metascape
analysis software (Zhou et al., 2019). CDF plots were generated
using ggplot2, and an MA plot was generated from DESeq2 re-
sults on miRNA captured reads in R version 3.3.4. Figures were
made in Adobe Illustrator.

Online supplemental material
Fig. S1 provides a further validation of the methods for primary
B cell transfection with small RNAs and retesting of top screen
candidate miRNAs affecting CSR. Fig. S2 provides data sup-
porting the choice of threshold for dCLIP analysis and the se-
lection of putative direct target genes for functional analysis.

Data availability
RNA-seq and Ago-HITS-CLIP data are available from the Gene
Expression Omnibus database (accession no. GSE153811).
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Supplemental material

Figure S1. Extended validation of model, transfection method, and miRNA candidates. (A) Flow cytometry histograms and quantification of CD45
expression on B cells stimulated in conditions outlined in Fig. 1 A and transfected with CD45 siRNA or control siRNA. Representative of three independent
experiments. MFI, mean fluorescence intensity. (B) Follow-up rescreen of top 10 and bottom 10 Z-score miRNAs from original screen, transfected in duplicate
over two replicates.
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Figure S2. Validation scheme for dCLIP analysis cutoff and selection of targets based on intersection of dCLIP and TargetScan. (A and B) Total
number of genes containing an miR-221/222 seed sequence (6-mer or better) in a region with more binding for flox library (aqua) or Δ library (red) or genes
having a region for both genotypes (white) when filtering on a dCLIP internal parameter of 1 (A) or 10 (B). (C)Of the 343 genes from B (aqua + white), those that
intersect with the 290 genes predicted to be miR-221/222-3p targets by TargetScan (yellow) were selected as siRNA screen candidates (white).
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