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MOLECULAR BIOLOGY

Bursty gene expression and mRNA decay pathways

orchestrate B cell activation

Yi Zhou and Cornelis Murre*

Itis well established that the helix-loop-helix proteins, E2A and E2-2, promote B cell activation. Here, we examined
how during the course of B cell activation E2A and E2-2 gene expression is regulated. We found that E2A and E2-2
mRNA abundance concomitantly increased in activated B cells. The increase in E2A and E2-2 mRNA abundance
correlated with increased cell growth. Elevated E2A and E2-2 mRNA abundance was instructed by increased tran-
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scriptional bursting frequencies and elevated E2A and E2-2 mRNA half-lives. The increase in E2A and E2-2 bursting
frequencies often occurred at shared interchromosomal transcriptional hubs. We suggest that in naive B cells low
E2A and E2-2 bursting frequencies and high E2A and E2-2 mRNA decay rates instruct noisy gene expression that
allows a clonal and swift response to invading pathogens whereas in activated B cells increased transcriptional
bursting and low mRNA decay rates dictate an activated B lineage gene program.

INTRODUCTION

Upon foreign antigen encounter, mature B cells undergo rapid cellular
expansion and differentiation. The proliferation and differentiation of
B cells occur in distinct anatomical structures, named germinal centers.
In germinal centers, activated B cells undergo clonal expansion, immu-
noglobulin class switching recombination (CSR), and somatic hypermu-
tation to differentiate into either plasma or memory B cells (1). Upon
exposure to pathogens, innate and adaptive immune receptors activate
the phosphatidylinositol 3-kinase (PI3K), nuclear factor kB (NF-kB),
and Janus kinase-signal transducer and activator of transcription (JAK-
STAT) pathways to instruct plasma cell as well as memory B cell gene
programs (2-5). Prominent among the induced target genes is the
activation-induced cytidine deaminase (AID) gene (6). AID is a de-
aminase that converts deoxycytidine into deoxyuridine at single-stranded
DNA (5, 7). Deamination of both single strands across the switch re-
gionsleadsto double-stranded DNA breaks that join to promote CSR (7).

The activation of CSR is orchestrated by distinct stimuli that can
be segregated into T cell-dependent and T cell-independent path-
ways (8, 9). Primary signals involve either engagement of CD40 ex-
pressed on B cells with CD40 ligand that is expressed on T follicular
helper (Tgy) cells or coordinate activation by Toll-like receptors
(TLRs) and the B cell receptor (BCR) (10, 11). Lipopolysaccharide
(LPS) is the sole microbial agent that has the ability to directly
orchestrate CSR by cross-linking TLR4 and the BCR (9). Naive B cells
that have engaged with antigenic stimuli swiftly respond to secondary
stimuli, including interleukin-4 (IL-4), interferon y (IFNY), or trans-
forming growth factor B (TGFp), to promote CSR (9).

Numerous transcription factors have been identified that regulate
AID expression and promote plasma cell differentiation (12). Promi-
nent among transcription factors that regulate AID expression are E2A
and E2-2 (13-17). The E2A and E2-2 proteins, often referred to as
E-proteins, bind DNA as homodimers or heterodimers (18, 19). The
DNA binding activities of E-proteins are regulated by Id proteins
(20, 21). Four Id proteins, named Id1 to Id4, have been identified (19).
The Id proteins contain an HLH (helix-loop-helix) domain but lack
a basic region and interfere with E-protein DNA binding activity
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upon dimerization (18). In B cell progenitors, E-proteins induce a B
lineage—-specific gene program, activate Igh, Igk, and Ig\ rearrange-
ment, and orchestrate receptor editing (22-26). Upon assembly of
an inert BCR, E-protein abundance declines, whereas Id3 levels in-
crease to promote developmental progression (27). In activated ger-
minal center B cells, E2A proteins are again elevated to induce CSR
and plasma cell differentiation (13-16).

Transcription either is continuous or occurs in bursts. In contin-
uous transcription, polymerase recruitment is initiated at a constant
rate. Continuous transcription is associated with low heterogeneity
in mRNA abundance (28-30). Bursting signatures can be defined in
terms of burst size, the time intervals that separate transcriptional
bursts, and the extent of bursting (31). Transcription in bursts leads
to substantial variability in mRNA abundance (32). Insights into
mechanisms that instruct transcriptional bursting signatures remain
rudimentary at best. They are plausibly instructed by chromatin
folding, nuclear positioning, enhancer activity, or the repositioning
of chromatin to and from transcription factories (33).

To determine whether and how during the course of B cell activa-
tion E2A and E2-2 transcriptional bursting signatures are regulated, we
measured E2A and E2-2 mRNA abundance in single cells. We found
that B cell activation was closely associated with an increase in E2A and
E2-2 mRNA abundance across the population. Close inspection of
transcriptional parameters revealed that naive B cell progenitors dis-
played low E2A and E2-2 bursting frequencies and high mRNA deg-
radation rates, while at later stages of activation E2A and E2-2 bursting
frequencies and mRNA half-lives coordinately increased. On the basis
of these observations, we propose that in naive B cells low E2A and
E2-2 bursting frequencies and high mRNA decay rates allow a swift
clonal response to antigen exposure in a subset of cells primed to be-
come activated, while in activated B cells high bursting frequencies
and low mRNA decay rates narrow heterogeneity in mRNA abun-
dance to activate CSR and/or instruct a plasma-specific gene program.

RESULTS

B cell activation is closely associated with an increase in E2A
and E2-2 mRNA abundance

In previous studies, we showed that during the course of B cell activa-
tion E2A protein levels increase (13). To determine whether likewise
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E2A transcript levels are elevated, B cells were derived from the
spleen of C57Bl/6 mice, activated with LPS, and analyzed using
single-molecule RNA-FISH (fluorescence in situ hybridization) using
conjugated fluorescently labeled E2A probes. To quantify expression
levels, the number of mRNA species was counted and plotted as
probability distribution functions (Fig. 1). We found that E2A mRNA
abundance was low in naive B cells (Fig. 1A). When cultured in the
presence of LPS for 2 to 4 hours, a small fraction of B cells exhibited

E2A
Mature mRNA/pre-mRNA

LPS 48h LPS 24h LPS 4h LPS 2h Naive B cell

LPS72h

increased E2A mRNA abundance (Fig. 1, B and C). E2A mRNA
abundance substantially increased when B cells were cultured in LPS
for 24 hours (Fig. 1D). E2A mRNA levels increased further at 48 hours
but dropped 72 hours after activation (Fig. 1, E and F).

Because previous studies showed that E2A and E2-2 act in concert
to promote B cell activation and AID expression, we examined E2-2
mRNA abundance in naive and activated B cells (13-17). Again,
we used RNA-FISH coupled with conjugated fluorescently labeled
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Fig. 1. E2A mRNA abundance is elevated during the course of B cell activation. (A to F) £2A transcript abundance during the course of B cell activation detected by
RNA-FISH that allows single-molecule detection. Representative images are shown. Time points following stimulation with LPS are indicated. Magnified images repre-
senting single cells are shown in the middle panel. E2A mRNA transcripts were labeled using a library of probes corresponding to E2A exonic regions (green dots). Nascent
transcripts were labeled using a library of probes corresponding to E2A intronic regions (red dots). Nuclei were stained using DAPI (blue). Scale bar, 1 um. Arrowheads
indicate E2A bursting sites. The right panel indicates probability distribution functions (PDF) for the number of E2A transcripts per cell. Numbers of cells (n) that are

analyzed for each treatment are indicated in the histograms.
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E2-2 probes. We found that in naive B cells, E2-2 mRNA abundance
was virtually absent (Fig. 2A). B cells that were activated for a
duration of 2 to 4 hours showed a modest increase in E2-2 mRNA
abundance (Fig. 2, B and C). E2-2 mRNA levels continued to in-
crease, reaching maximum levels 48 hours after activation before
declining (Fig. 2, E and F). Collectively, these data indicate that
B cell activation is closely associated with increased E2A and E2-2
mRNA abundance.

E2-2
Mature mRNA/pre-mRNA

LPS 48 h LPS 24 h LPS4h LPS 2h Naive B cell

LPS72h

During the course of B cell activation, the E2A and E2-2 loci
reposition from the nuclear lamina to the nuclear interior

In previous studies, we demonstrated that the EbfI, PrdmI, and Atf4
loci repositioned during B cell activation (34, 35). To determine
whether likewise changes in E2A and E2-2 expression levels in acti-
vated B cells were regulated by nuclear repositioning, we performed
three-dimensional FISH. To this end, naive and LPS-activated
B cells were isolated from the spleen, fixed with formaldehyde, and
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Fig. 2. E2-2 mRNA abundance is elevated during the course of B cell activation. (A to F) E2-2 transcript abundance during the course of B cell activation detected by
RNA-FISH. Representative images are shown. Time points following stimulation with LPS are indicated. Magnified images representing single cells are shown in the
middle panel. E2-2 mRNA transcripts were labeled using a library of probes corresponding to £2-2 exonic regions (green). Nascent transcripts were labeled using a library
of probes corresponding to E2-2 intronic regions (red). Nuclei were stained using DAPI (blue). Scale bar, 1T um. Arrowheads indicate E2-2 bursting sites. The right panel
indicates probability distribution functions (PDF) for the number of E2-2 transcripts per cell. Numbers of cells (n) that are analyzed for each treatment are indicated in

the histograms.
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hybridized with fluorescently labeled E2A and E2-2 bacterial artifi-
cial chromosome (BAC) probes. We found that most of the naive
B cells showed at least single E2A and E2-2 alleles being positioned
at the nuclear lamina (fig. S1, A and B). E2-2 alleles were more
frequently associated with the nuclear lamina as compared to E2A
alleles (fig. S1B). Upon LPS-driven activation, a significant propor-
tion of E2A and E2-2 alleles repositioned away from the lamina into
the nuclear interior (fig. S1B). Thus, the increase in E2A and E2-2
mRNA abundance during B cell activation is associated with nuclear
repositioning of the corresponding loci away from the lamina to the
nuclear interior.

E2A transcriptional bursting frequencies and mRNA decay
rates fluctuate during the course of B cell activation

To identify the mechanism that underpins the changes in E2A mRNA
abundance, we computed E2A bursting fractions, transcription rates,
and mRNA decay rates. We used intronic probes to derive E2A and
E2-2bursting frequencies (36). The number of E2A mRNAs at tran-
scription start sites was computed from the ratio of fluorescence
intensities at E2A and E2-2 intronic pre-mRNAs versus exonic E2A
and E2-2 cytoplasmic mature mRNAs (36). A correction for the
physical spread of the fluorescent probes that span the E2A locus
was included in the analysis (36). An estimate of transcription rates
at active promoters was calculated by determining polymerase II
occupancy (M) at E2A transcription start sites from the number of
nascent transcripts (36). The average E2A transcription rate was
computed using i = M v/L (v = 34 base pairs/s and L is the genomic
distance spanning the E2A locus). mRNA decay rates (8) were com-
puted as the ratio of summed transcription rates measured at tran-
scription start sites versus the number of E2A mRNA species.

We found that the fraction of E2A bursting alleles was low in
naive B cells but increased significantly 24 hours after stimulation
and remained high during the course of activation (Fig. 3A). To
determine whether bursting frequencies changed during the course
of B cell proliferation, we labeled activated B cells with CellTrace
Violet. We then sorted B cells based on CellTrace Violet staining to
monitor distinct generations of dividing B cells. Sorted cells were
analyzed using intronic probes spanning the E2A locus by RNA-
FISH (fig. S2A). We found that E2A bursting frequencies remained
equivalent for two cell divisions but increased substantially after
four cell divisions, followed by a decline after five and six divisions
(fig. S2B).

In contrast to the substantial changes in bursting frequencies,
E2A transcription rates only modestly changed during the course of
B cell activation (Fig. 3B). Akin to the changes in bursting frequencies
associated with B cell activation, E2A mRNA half-lives also differed
greatly between naive and activated B cells (Fig. 3C). We found that
in naive B cells, E2A mRNA half-lives were in the order of 2 hours,
while in activated B cells (24 to 48 hours) E2A mRNA half-lives
substantially increased to 6 hours (Fig. 3C). To validate these find-
ings, we cultured naive and activated B cells in the presence of actino-
mycin D for different durations and measured mRNA abundance
for the indicated time points (Fig. 3D). This analysis confirmed the
computational approach described above, revealing E2A mRNA
half-lives in the order of 2 hours for naive versus B cells versus
6 hours for activated B cells (Fig. 3D). In summary, these data indi-
cate that E2A transcriptional bursting frequencies and E2A mRNA
half-lives are dynamic and coordinately elevated during the course
of B cell activation.

Zhou and Murre, Sci. Adv. 7, eabm0819 (2021) 3 December 2021

During the course of B cell activation, E2A mRNA abundance

and cell size are tightly correlated

The data described above revealed that elevated E2A and E2-2
mRNA abundance was particularly prominent in large activated
B cells (Figs. 1 and 2). To examine whether during the course of
B cell activation the increase in E2A mRNA abundance and the in-
crease in cell size were correlated, we plotted cell size as a function
of E2A mRNA abundance. We found that during the course of B cell
activation E2A mRNA abundance and size were closely correlated
(fig. S3A). Next, we examined whether changes in E2A mRNA tran-
scription rates and cell size were correlated during the course of B cell
activation. We found that E2A transcription rates and cell size were
not significantly correlated (fig. S3B). Thus, during the course of
B cell activation, the increase in E2A mRNA abundance, but not
transcription rates, is correlated with increased cell size.

E2-2 transcriptional bursting frequencies and mRNA decay
rates are dynamic during the course of B cell activation

To determine whether during B cell activation the increase in E2-2
mRNA abundance was also associated with alterations in bursting
signatures and mRNA decay rates, we computed E2-2 burst fractions,
transcription rates, and mRNA decay rates at different time points.
We found that E2-2 bursting fractions increased in activated B cells
akin to that observed for E2A, albeit with different magnitudes and
dynamics (Fig. 4A). The frequency of E2-2 bursting initially in-
creased at 2 hours after activation followed by a decline at 4 hours to
reach maximum levels at 24 to 48 hours (Fig. 4A). E2-2 transcription
rates were only modestly affected during the course of activation and
again differed in magnitude from that of E2A transcription rates
(Fig. 4B). E2-2 mRNA decay rates initially remained flat but declined
substantially 24 to 72 hours after activation following the same trend
as observed for E2A mRNA decay rates (Fig. 4C). In summary,
during the course of B cell activation, E2-2 bursting frequencies and
mRNA decay rates are dynamic, with naive B cells exhibiting low
E2-2 bursting frequencies and short E2-2 mRNA half-lives versus
activated B cells showing high E2-2 bursting frequencies and long
E2-2 mRNA half-lives.

E2A and E2-2 alleles burst in tandem at interchromosomal
transcription hubs

The data described above indicate that during the course of B cell
activation E2A and E2-2 mRNA abundance is elevated. To explore
the possibility that E2A and E2-2 mRNA levels increase coordinately,
we measured E2A and E2-2 mRNA abundance simultaneously in
single cells (Fig. 5). We found that during the course of B cell activa-
tion E2A and E2-2 mRNA abundance increased coordinately (Fig. 5).
Naive B cells showed relatively low E2A and E2-2 mRNA abundance,
while activated B cells showed concomitant elevated E2A and E2-2
mRNA levels (Fig. 5). To reveal the mechanism that underpins the
coordinate increase in E2A and E2-2 mRNA abundance, we used
dual-labeled intronic probes (Fig. 6A). We found that a substantial
fraction of activated B cells showed coordinate E2A and E2-2 bursting
(Fig. 6, A and B). Notably, coordinate E2A and E2-2 bursting was
frequently, albeit not exclusively, associated with double-labeled
(yellow) fluorescent foci (Fig. 6A). To quantitatively determine
whether E2A and E2-2 bursting is enriched at shared transcription
hubs, we measured the spatial distances separating the E2A and E2-2
fluorescent foci. We found that, using fixation conditions applied in
RNA-FISH, a substantial fraction of bursting E2A and E2-2 alleles
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Fig. 3. E2A bursting frequencies and mRNA decay rates are altered during the course of B cell activation. (A) £2A bursting fractions (f) are indicated during the
course of B cell activation. Box plots show mean and SD for E2A bursting fractions. E2A bursting fractions are shown for naive cells and activated B cells. Time points of
activation are indicated. ***P < 0.001. (B) Probability distribution functions (PDF) for E2A mRNA transcription rates are indicated during the course of B cell activation. Time
points of activation are shown for histograms (top). (C) E2A mRNA degradation rates are shown during the course of B cell activation. Box plots show means and SDs for
E2A bursting fractions. Time points for activation are shown. **P < 0.01, ***P < 0.001. (D) E2A mRNA decay rates as revealed by culturing naive and activated B cells in the
presence of actinomycin D. E2A mRNA abundance was determined using RNA-FISH. E2A mRNA half-lives were computed for 101 naive B cell data for each of the indicated
times (R* = 0.9835). Likewise, E2A mRNA half-lives were computed for activated B cells (24 hours) for the indicated time periods (R*=0.8779). Average numbers are
indicated for the indicated time points.

were located within relatively close spatial proximity from each other =~ DISCUSSION

(Fig. 6C). Together, these data suggest that a significant fraction of =~ During the past two decades, transcriptional circuitries have been
E2A and E2-2 alleles burst in synchrony at shared interchromosomal  identified that, in response to antigen, promote B cell activation (2).
transcription hubs. Particularly prominent is a regulatory network, composed of Irf4,
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Blimp, and Bcl6, that orchestrates the germinal center reaction (12).
Parallel studies implicated the basic helix-loop-helix proteins, E2A
and E2-2, as regulators that dictate B cell activation (13-16). While
arole for these transcription factors in orchestrating B cell activation
has been well documented, insights as to how they are regulated have
remained rudimentary. As a first approach to address this question,
we examined E2A and E2-2 mRNA abundance, bursting frequencies,
transcription rates, and mRNA half-lives during the course of B cell
activation. We found that E2A and E2-2 transcription was not con-
tinuous but rather occurred in bursts. In naive follicular B cells, E2A

Zhou and Murre, Sci. Adv. 7, eabm0819 (2021) 3 December 2021

bursting frequencies were low. At later stages, E2A bursting frequen-
cies were swiftly elevated and frequently occurred in synergy with
E2-2 at shared interchromosomal transcription hubs. Interchromo-
somal hubs have been observed previously during the course of B cell
activation. Specifically, the Atf4, Xbp1, and Prdm1 loci associate at
interchromosomal sites to orchestrate a plasma cell-specific gene
program (35). It is well established that actively transcribing ribo-
somal RNA genes also assemble at interchromosomal transcription
hubs to orchestrate ribosome genesis (37). In olfactory neurons,
multiple enhancers assemble at interchromosomal transcription hubs
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Fig. 5. Coordinate increase in E2A and E2-2 mRNA abundance during the
course of B cell activation. (A to C) E2A and E2-2 transcript abundance in naive
B cells and activated B cells. Left panels show representative images. E2A (magenta)
and E2-2 transcripts (green) were labeled simultaneously in single cells using a
library of probes corresponding to E2A and E2-2 exonic regions. Right panels show
E2A and E2-2 mRNA abundance in single cells. Pearson correlation (Rho) and the
likelihood (P) measured by chi-square test are indicated. Nuclei were visualized
using DAPI staining.

to instruct olfactory receptor gene expression (38, 39). Why are E2A
and E2-2loci transcribed at shared interchromosomal transcription
hubs rather than independently from each other? Coordinate regula-
tion at shared interchromosomal hubs might ensure that proper ratios
of E2A and E2-2 homodimers and/or heterodimers are assembled to
dictate with great temporal precision lineage-specific gene programs.

In addition to orchestrating lineage-specific gene programs, the
data suggest that the E-protein module also controls B cell growth.
Previous studies revealed that the E-Id protein module regulates the
expression of c-myc and components involved in PI3K and mam-
malian target of rapamycin (mTOR)-mediated signaling (40-42).
These findings are consistent with a model in which E2A, c-myc,
and the PI3K-mTOR module are linked to control B cell size. Thus,
the E-protein module may act in parallel pathways that orchestrate
B lineage-specific gene programs and metabolic pathways that in-
struct cell size.

Zhou and Murre, Sci. Adv. 7, eabm0819 (2021) 3 December 2021

E2A and E2-2 mRNA abundance during the course of B cell acti-
vation is not only dictated by alterations in bursting frequencies.
We found that the rise and fall of mRNA abundance was accompa-
nied by large-scale changes in mRNA lifetimes. Naive follicular B cells
were associated with high E2A and E2-2 mRNA decay rates, while at
later stages E2A and E2-2 mRNA half-lives increased. How are these
alterations in mRNA decay rates during B cell activation established?
We suggest that they involve microRNA (miRNA)-mediated decay
pathways. It will be important to identify putative miRNAs that
target E2A and E2-2 mRNA abundance and determine whether and
how they modulate B cell activation.

The data bring into question as to whether and how differences
in E2A and E2-2 bursting frequencies and mRNA life-times relate
to B cell activation. In naive B cells, relatively low bursting frequen-
cies are coordinated with high mRNA decay rates to lower overall
E2A and E2-2 mRNA abundance. Upon antigen exposure, however,
E2A and E2-2 increased bursting frequencies and reduced mRNA
decay rates readily result in high E2A and E2-2 mRNA abundance.
Do these alterations in mRNA abundance relate to changes in pro-
tein levels? Early studies revealed that E47 protein abundance is low
in naive B cells but readily accumulates to relatively high levels in
activated B cells (13). In addition, akin to E2A mRNA abundance,
E47 protein levels are quite heterogeneous in naive B cells (13).
While most of the naive B cells showed barely detectable E47 pro-
tein levels, a few cells displayed relatively high E47 protein abun-
dance, again revealing heterogeneity of E47 expression across the
population (13). We suggest that the noise in E47 gene expression is
caused, at least in part, by low bursting frequencies and high mRNA
decay rates. E2A and E2-2 heterogeneity may allow a fast and clonal
response in cells that are undergoing transcriptional bursting at the
time that naive B cells are exposed to antigen. In contrast, in activated
B cells, increased E2A and E2-2 bursting frequencies and lower mRNA
decay rates may dampen E2A and E2-2 gene expression noise to
promote the coordinate rise in E2A and E2-2 protein abundance.

The data raise the question whether similar mechanisms dictate the
immune response in other cell types. Memory versus effector cell fate
might very well be instructed by changes in bursting frequencies of
HLH genes, RNA decay pathways, and heterogeneity in HLH mRNA
abundance during the course of antigen exposure (43). Likewise, do the
E2A, HEB, and E2-2 loci also burst in concert in common lymphoid
progenitors (CLPs)? Is there a necessity for E2A, E2-2, and HEB coor-
dinate transcriptional bursting programs and modulation of mRNA
decay rates to establish B and T cell identity? Does intrinsic hetero-
geneity in mRNAs and bursting frequencies of genes encoding for
transcriptional regulators in the lymphoid-myeloid primed progenitor
(LMPP) or CLP compartments underpin the mechanism that instructs
innate and immune cell fate? Early pioneering studies indicated hetero-
geneity in mRNAs associated with transcriptional regulators across
hematopoietic compartments that specify adaptive immune cell fate
(44). On the basis of the observations described here, we suggest that
HLH mRNA heterogeneity in early lymphoid progenitors is instructed
by a combination of “bursty” gene expression programs and mRNA
decay pathways. During the past three decades, much has been learned
about factors and pathways that control immune cell development.
However, insights into temporal mechanisms that orchestrate im-
mune cell development remain rudimentary. Live cell imaging studies
that monitor HLH gene expression in space and time should help to
illuminate temporal mechanisms that underpin immune cell devel-
opment and immune cell activation.
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Fig. 6. E2A and E2-2 alleles burst in tandem at interchromosomal transcription hubs. (A) Representative images indicating E2A and E2-2 bursty gene expression
during the course of B cell activation. The top and bottom images are sections that were derived from the same z-stack. Intronic regions were fluorescently labeled to
reveal nascent transcription. Red fluorescent foci are indicative of E2A bursting alleles. Green fluorescent foci are indicative of E2-2 transcriptional bursting. (B) Heatmap
displaying the percentages of cells that show allelic E2A and/or E2-2 expression in single cells during the course of B cell activation. Naive and different time points for the
duration of B cell activation are shown. Chi-square test and Pearson correlation (Rho) are indicated. (C) Table showing the percentage of co-bursting £2A and E2-2 alleles.

MATERIALS AND METHODS

Mice and cell culture

Adult C57/B6 mice were purchased from The Jackson Laboratory
and maintained in a specific pathogen-free facility at the University
of California, San Diego. Mice were analyzed at 8 weeks of age. Both
male and female mice were used for analysis. Animal studies (S00031)
were approved by the Institutional Animal Care and Use Committee.
Splenocytes were incubated with CD23-biotin (eBioscience, clone
B3B4) and purified using anti-biotin microbeads (Miltenyi Biotec).
Sorted B cells were cultured for up to 3 days in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS), antibiotics, 2 mM

Zhou and Murre, Sci. Adv. 7, eabm0819 (2021) 3 December 2021

L-glutamine, and 50 uM B-mercaptoethanol at 37°C and 5% CO,.
LPS (Escherichia coli, Sigma-Aldrich, L2654) was used at 10 ug/ml
for B cell activation.

Imaging

Library of probe sets was designed and purchased from LGC Bio-
search Technology. Probe library sequences are attached (table S1).
B cells were placed on poly-L-lysine-coated coverslips at 37°C for
20 min, formaldehyde-fixed, permeabilized in 70% ethanol, and
stored at 4°C overnight. The coverslips were washed and incubated in
buffer (10% formamide in 2x SSC) for 10 min at room temperature.

80of 10



SCIENCE ADVANCES | RESEARCH RESOURCE

Next, coverslips were incubated with probes in hybridization buffer
(10% formamide and 10% dextran in 2x SSC) at 37°C overnight in
a humidified hybridization oven. The following morning, coverslips
were rinsed in washing solution and washed twice for 30 min each
at 37°C. DAPI (4',6-diamidino-2-phenylindole) was added at the
second wash to mark the nuclei. Coverslips were rinsed once in
2x SSC at room temperature and mounted with Prolong Gold
Anti-Fade reagents. Slides were dried in the dark overnight before
imaging. Three-dimensional images were acquired using Applied
Precision Inverted Deconvolution Deltavision Microscope with a
100x objective (Nikon 100x). Optical sections (z-stacks) separated
by 0.2 um were obtained across the cell volume in DAPI, fluorescein
isothiocyanate (FITC), Texas Red, and Cy5 channels. For naive B cells
and B cells stimulated with LPS for 2 or 4 hours, cell volumes were
taken for stacks of 20 optical sections. For B cells stimulated in the
presence of LPS for 24, 48, and 72 hours, cell volumes were analyzed
using 25 z-stacks. Bursting fractions (f) were determined by com-
puting the fraction of E2A and E2-2 exonic and intronic fluorescent
foci across the population (38). Images were analyzed by Trans-Quant
software in MATLAB. mRNA numbers were counted, and transcrip-
tion and mRNA decay rates were calculated using Trans-Quant.

Three-dimensional DNA-FISH

Probe library constructions, lamina staining, hybridization procedures,
and imaging conditions were previously described (35). BAC probes
corresponding to the E2A (RP24-339 K23) and for E2-2 (RP24-
125G3) loci were obtained from the BACPAC Resource Center
(BPRC) at the Children’s Hospital Oakland Research Institute.

Actinomycin D treatment

For testing naive B cell degradation, sorted naive B cells were sus-
pended in B cell medium [RPMI 1640 medium supplemented with
10% FBS, antibiotics, 2 mM L-glutamine, 50 mM B-mercaptoethanol,
and LPS (10 mg/ml)] at 37°C and 5% CO,. Actinomycin D (Sigma-
Aldrich, A9415-2MG) was suspended in the medium at the final
concentration of 10 pug/ml. Cells were seeded in 24-well plates and
were later harvested at 0.5, 1, 1.5, and 2 hours and analyzed using
RNA-FISH. For testing degradation of activated B cells, sorted naive
B cells were seeded in B cell medium; after 24 hours, actinomycin D
(10 mg/ml) was added into the B cell medium and cells were
harvested at 2, 4, and 6 hours for either RNA-FISH or quantitative
polymerase chain reaction (qQPCR). qPCR primers were as follows:
E2A, 5'-AGTCTCAGAGAATGGCACCCGTG (forward) and
5'-ACCTTCGCTGTATGTCCGGCTAG (reverse); E2-2,5'-CCAA-
CAGCGAATGGCTGCCTTAG (forward) and 5-TGACCCAAGATC-
CCTGCTAGTCATG (reverse).

CellTrace Violet cell labeling and sorting

Naive B cells were labeled with 7 uM CellTrace Violet dye (Thermo
Fisher Scientific, C34571). Cells were cultured for 3 days in RPMI
1640 medium supplemented with 10% FBS, antibiotics, 2 mM
L-glutamine, and 50 uM B-mercaptoethanol and activated with LPS
(10 pg/ml) at 37°C and 5% CO,. Identification of each cell division
was based using the CellTrace Violet Cell Proliferation Kit. Cell
division cycles were sorted using a three-laser FACSAria Fusion.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm0819
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