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Abstract

B cell activation is dependent on a large increase in transcriptional output followed by focused
expression on secreted immunoglobulin as the cell transitions to an antibody producing plasma
cell. The rapid transcriptional induction is facilitated by the release of poised RNA pol Il into
productive elongation through assembly of the super elongation complex (SEC). We report that a
SEC component, the Eleven nineteen Lysine-rich leukemia (ELL) family member 3 (ELL3) is
dynamically up-regulated in mature and activated human B cells followed by suppression as B
cells transition to plasma cells in part mediated by the transcription repressor PRDM1. Burkitt’s
lymphoma and a sub-set of Diffuse Large B cell lymphoma cell lines abundantly express ELL3.
Depletion of ELL3 in the germinal center derived lymphomas results in severe disruption of DNA
replication and cell division along with increased DNA damage and cell death. This restricted
utilization and survival dependence reveal a key step in B cell activation and indicate a potential
therapeutic target against B cell lymphoma’s with a germinal center origin.
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1. Introduction

Mature naive B cells continuously circulate through the secondary lymphoid tissues and
survey for antigens through B-cell receptor (BCR) recognition (1). Recognition is facilitated
by antigen presentation, co-stimulation and cytokine stimulus provided by follicular T helper
cells (2-9). Amongst the resulting fates is the germinal center (GC) reaction, which is key
for development of long-term and high-affinity B cells (10-12). It involves rapid B cell
proliferation and execution of somatic hypermutation and class switch recombination, which
results in alteration of the BCR isotype and affinity, and selection to further differentiate into
either long-lived plasma cells or memory B cells (13, 14).

Upon antigen encounter, previously quiescent naive lymphocytes increase their global
transcriptional output (1). This rapid activation of gene expression in enabled by having
poised RNA polymerase Il (Pol I1) but un-melted promoters (15). While crucial for
productive transcriptional elongation, Pol Il pause site release is the least studied rate-
limiting step in lymphocyte activation. Our current understanding stems from its regulatory
role in developmental genes, heat-shock-inducible genes, proto-oncogenes, retrovirus
transcript production and leukaemogenesis (16—26). Productive elongation requires
assembly of the Super Elongation Complex (SEC), which includes the heterodimeric kinase
positive transcription elongation factor b (P-TEFb) composed of cyclin-dependent kinase 9
(CDK9) and Cyclin T, AFF family members (AFF1-4), YEATS domain containing protein
family members (AF9 or ENL), ELL family members, and ELL associated factors (EAF)
(26-29). These factors were identified through their purification with the mixed lineage
leukemia (MLL) gene partner, Eleven nineteen Lysine-rich leukemia (ELL) (26). ELL was
shown to increase the catalytic rate of transcription /in vitro, initiate basal transcription,
stabilize RNA Pol I1, and recruit the remaining SEC members (28). ELL family members,
ELL2 and ELL3, have similar elongation activity in SEC (30, 31). ELL3 was initially
described in testis and was subsequently associated with priming future gene activation in
embryonic stem cells, embryonic stem cell differentiation and promoting breast cancer (31—
35). ELL2 is expressed in terminally differentiated plasma cells where it promotes secretion
of immunoglobulin (36). This finding suggests that ELL family members may have
functionally distinct roles during B cell differentiation. The presence and participation of
ELL and ELL3 are poorly understood within the B cell lineage. In this study, we
demonstrate the expression pattern ELL family members within the B-cell compartment and
in B cell lymphoma, including a switch from ELL3 in fully matured and activated B cells to
ELL2 upon plasma cell differentiation. Furthermore we establish that ELL3 is critical for
proliferation and survival of B cell lymphoma cells.

2. Materials and Methods

2.1 Cell line culture

The CA46, Raji, Namalwa, Ramos, Mino, Jeko-1, Maver-1, 2138, U266, NCI-H929, Jurkat,
and HEK-293T cell lines were purchased (ATCC, Manassas, VA). The 207 and 697 cell
lines were provided by Dr. P.D. Burrows (University of Alabama Birmingham). The HBL2,
Toledo, BJAB, OCI-Ly19, SU-DHL-4, and Pfeiffer cell lines were provided by Dr. J. Tao
(H. Lee Moffitt Cancer Center and Research Institute, Tampa, FL). The U2932 cell line was
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provided by Dr. I.S. Lossos (Sylvester Comprehensive Cancer Center, Miami, FL) (37).
Cells were cultured in Hyclone RPMI 1640 or DMEM media supplemented with 10% FBS
(GE Healthcare Life Sciences, Pittsburgh, PA) and 1% penicillin-streptomycin and for NCI-
H929 only 55 uM 2-mercapotoethanol.

2.2 Primary cell stimulation

EasySep Human Naive B-cell Enrichment Kit was utilized to negatively select B cells from
peripheral blood mononuclear cells according to manufacturer’s protocol (STEMCELL
Technologies Inc., Vancouver, Canada). /n vitro stimulus was done at 1x108 cells/ml for 5
days with 100 U/ml IL-2 and 100 ng/ml IL-4 (PeproTech, Rocky Hill, NJ) for activation or
100 U/ml IL-2, 100 ng/ml IL-21, 5 pg/ml unlabeled goat anti-human IgM antibody
(SouthernBioTech, Birmingham, AL), 10 ng/ml Histidine tagged CD40L, and 10 pg/ml
polyHistidine antibody (R&D Systems Inc., Minneapolis, MN) for differentiation, as
described previously (38).

2.3 ChlIP-sequencing, data processing, and direct ChIP

PRDM1 enriched chromatin was prepared from a total of 2x107 cells using 5 ug of PRDM1
(C14A4) rabbit mAb (Cell Signaling Technology, Beverly, MA) as described previously
(39). ChIP-seq was done on the U266 cell line using chromatin from 2 x108 cells.
Sequencing was performed by the Molecular Genomics Core Facility at the H. Lee Moffitt
Cancer Center & Research Institute. 50 ng of PRDM1- or input DNA was used to generate
sequencing libraries using the Illumina TruSeq Library Preparation Kit and sequenced on an
Illumina HiScan SQ sequencer to generate approximately 15 million 50 base paired-end
reads. The raw sequence data were de-multiplexed using the lllumina CASAVA 1.8.2 and
aligned using BowTie (40). PRDM1 binding sites were identified using the MACS v1.4
peak-finding software and enriched for 50 or more mapped reads in peak located within 10
kb of a promoter, within a gene or within 2 kb of the 3’UTR and a False Discovery Rate of
less than or equal to 5% (41). Data is deposited in GEO database under GSE102360. For
direct-ChIP, PRDM1- or IgG-enriched DNA were analyzed by qPCR using primers
described Supplemental Table I. Primers to HLA-DRA promoter were used as negative
control for specificity. Ct values for each sample were linearized and the percentage over
input calculated.

2.4 Immunoblotting

Immunoblotting procedure was as described previously (42). Primary antibodies include:
ELL3 (1:300 dilution) (#H000080237-B02P lot WuLz 08310, and H00080237-B01P lot
E1172, 08295 WulLz, Abnova, Taipei City, Taiwan), ELL2 (1:10,000 dilution) (A302-505A,
Bethyl Laboratories Inc., Montgomery, TX), ELL (1:800 dilution) (#51044-1-AP,
Proteintech Group, Chicago, IL), B-actin (1:12,000 dilution) (AC-15, Sigma Aldrich, St.
Louis, MO), PARP (46D11), Phospho-Histone H2A.X (Ser139) (#2577), Cleaved Caspase-3
(Aspl175) (#9661), Cyclin B1 (V152), Phospho-Cyclin B1 (Ser133) (9E3), p53 (1C12) and
HA-Tag (C29F4), Cell Signaling Technology, Danvers, MA). Horse radish peroxidase
conjugated secondary antibodies were purchased from GE Healthcare Life Sciences
(Pittsburgh, PA), and IRDye conjugated secondary antibodies (IRDye®800CW, 926-32210
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and IRDye®680RD, 926-68071) were purchased from LI-COR Biotechnologies (Lincoln,
NE).

2.5 Quantitative mRNA analysis

RNA was isolated using the E.Z.N. A. Total RNA Kit | (Omega Bio-Tek, Norcross, GA),
cDNA was prepared with the gScript cDNA synthesis Kit (Quanta Biosciences Inc.,
Gaithersburg, MD) and diluted one to eleven with purified water. 3 pl of the diluted cDNA
sample was analyzed in duplicate at primer set specific annealing temperatures. Expression
was analyzed using the AAC; method, with 18S as a normalization gene (43). Primer
sequences are described in Supplemental Table I.

2.6 DNA constructs

The 587 to +343 ELL3 proximal promoter region was PCR cloned into pCR2.1 (Invitrogen
Life technologies, Grand Island, NY) from human genomic DNA. The Xhol-Kpnl fragment
was subcloned into pGL3-basic (Promega, Madison, Ml), generating pGL3-ELL3-WT.
Mutations in the PRDM1 binding sites were generated by substitution mutagenesis. pGL3-
ELL3-Mut I eliminates the —239 to —229 PRDM1 site, substituting 5'-AACTTTCACTG-3’
with 5"-AgagcTCACTG-3" and generating a Sacl site. pGL3-ELL3-Mut Il eliminates the
+14 to +24 PRDM1 site, substituting 5"-AGCTTTCACTT-3" with 5'-AGCggTacCTT-3’,
and generating a Kpnl site. pGL3-ELL3-Mut | & Il was created through Sacll-Xhol
fragment subcloning from the single mutant constructs. Transfections and analysis were
described previously and utilized 15 pg of promoter constructs, 5 pg of empty pcDNA3.1 or
pcDNA3.1-HA-PRDM1a and 0.5 pg pRL-TK internal control construct (39, 42). The
ELL3-expression plasmid was created from Raji cell cDNA, PCR amplified and cloned into
pCR2.1. The Kpnl/EcoRV fragment was subcloned into Kpnl/Pmel fragment of the
previously described pcDNA3.1-HA-PRDM1a construct (44). Utilized primers are
described in Supplemental Table I. All vectors were verified by sequencing.

2.7 siRNA and lentiviral shRNA constructs

SiRNA knockdown was performed using the ELL3-specific SIRNA SMARTpool
(E-014601-00-0005) and the non-targeting control Accell siRNA (D-001910-01-50) (GE
Dharmacon, Lafayette, CO) according to the manufacturers protocol. ShRNA knockdown
was done using ShRNA vectors MISSSION® TRC2 pLKO.5-puro ELL3shRNA (ELL3sh-1,
TRCNO0000289149; and ELL3sh-2, TRCN0000296220), and MISSSION® TRC2 pLKO.5-
puro Non-Mammalian control shRNA (NTsh; SHC202; Sigma Aldrich, St. Louis, MO).
mCherry tagged shRNA vectors were generated by replacing the puromycin resistance gene
in the above mentioned constructs with the mCherry gene from the pLVmCherry vector
(Addgene, Cambridge, MA). Lentiviral particles were produced with jetPRIME transfection
reagent (Polyplus transfection, Illkirch, France) in HEK-293T using 3rd generation lentiviral
packaging mixture (Applied Biological Materials Inc., Richmond, Canada). Transduction
was performed at 5x107 cells/ml for 2 h at 1500xg, room temperature (RT) in the presence
of 0.6 pug/ml polybrene (Merck Millipore, Billerica, MA).
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2.8 Proliferation and DNA replication

Bromodeoxyuridine (BrdU) incorporation was performed at day 5 post transduction on
exponentially growing shRNA transduced cells at (2x10° cells/ml) for 30 min. Four
biological replicates were generated over an 8 h period at 2 h intervals for two independent
experiments and stained simultaneously with anti-Brdu-FITC (BD Biosciences, San Jose,
CA) and 4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) (Sigma Aldrich, St.
Louis, MO) according to manufacturer’s protocol. Flow cytometric detection was performed
at the Flow Cytometry Core Facility at the H. Lee Moffitt Cancer Center & Research
Institute using the LSRII (BD Biosciences, San Jose, CA). Cell cycle distribution was
assessed in mCherry*DAPI™* cells using ModFit (Verity Software House, Topsham, ME) and
incorporated BrdU levels was assessed in mCherry*DAPI*FITC* cells using FlowJo
(FlowJo, LLC, Ashland, OR).

2.9 Microscopy

Imaging was performed at the Analytic Microscopy Core Facility at the H. Lee Moffitt
Cancer Center & Research Institute. To assess cell area 3 wells were plated per condition on
a glass bottom 12-well plate (MatTek, Ashland, MA) at 5x10° cells/ml and 4 images were
taken per well on a Zeiss inverted microscope (Carl Zeiss Microscopy, LLC, Thornwood,
NY). Image studio software (LICOR, Inc, Lincoln, NE) was used to determine the cell area
and categorization done using Excel analysis toolpak (Microsoft, Redmond, WA).

3. Results

3.1 ELL3 and ELL2 are differentially expressed in the B cell compartment

ELL2 is highly expressed in plasma cells where it contributes to secretion of
immunoglobulin (36). Given the potential significance of ELL proteins in B cell function,
we assessed the MRNA levels of all three family members (Figure 1A). As expected, ELL2
was strongly expressed in the two Multiple Myeloma (MM) plasma cell lines, U266 and
NCI-H929, but not the two Burkitt’s Lymphoma (BL) B cell lines, CA46 and Raji. Low, but
detectable levels of ELL were found in all four cell lines. In direct contrast, ELL3 expression
was observed in both BL cell lines but not the MM cell lines. Our re-analysis of microarray
expression from Longo et al. on purified human tonsillar B cell sub-populations, revealed
ELL2 mRNA selectively in the terminally differentiated plasma cell population (Figure 1B)
(45). Consistent with its known role in plasma cell differentiation, PRDM1 was also
exclusively detected in plasma cells (46, 47). In contrast, ELL3 mRNA was highly expressed
in primary GC B cells and to a lesser extent in the naive and memory B cells, while ELL
mRNA was minimally expressed across the B-cell compartment. In a previous study of
mRNA processing in plasma cells, Benson et al. demonstrated selective ELL2 mRNA
expression in the murine MCP11 plasmacytoma cell line and murine plasma cells while
ELL3 mRNA was most abundantly detected in the murine splenic B cells and the murine
A20 GC B cell line (48). These findings indicate that the expression pattern of ELL family
members are highly conserved between human and mouse.
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3.2 Abundant ELL3 protein expression in B cells

We next investigated if the ELL3 mRNA data was reflected at the protein level. Several

EL L3 reactive antibodies are commercially available, however validation is minimal. To
establish specificity, ELL3 was depleted in BL cell lines with a siRNA cocktail. The ELL3
BO2P antibody recognized a protein band of the expected 60kD molecular weight in the un-
transduced and control cells that was eliminated in the ELL3-depleted cells (Supplemental
Figure 1). In both BL cell lines, two additional protein bands of unknown origin (50kD and
37kD) were also detected but not affected by ELL3-depletion. Over-expressed HA-tagged
ELL3 was also detected at approximately 60kD by the BO2P antibody and a second ELL3
antibody, BO1P (Figure 1C). Both ELL3 antibodies specifically recognized ELL3 in the BL
cell lines, CA46 and Raji but not in the MM cell lines (Figure 1C). These findings indicate
that the ELL3 protein expression is observed in B cells prior to plasma cell differentiation.

3.3 ELL3 expression is primarily restricted to mature and activated B cells

To assess the differential expression of ELL family members across the B lineage, we
profiled their expression in a panel of B cell lines at different stages of activation or
differentiation (Figure 2A and Figure 1A Data in Brief (49)). ELL3 protein expression is
robust in 8 of the 10 cell lines that represent the GC, including all of the BL lines and 3 of 5
Diffuse Large B cell Lymphoma (DLBCL) lines. Similarly, we found that ELL3 mRNA
levels are the highest in these B cell lines. Low expression of ELL3 was observed in the
Mantle Cell Lymphoma (MCL) naive B cell line, Jeko-1, and to a lesser extent in the Mino
MCL cell line. The MM cell lines have undetectable levels of ELL3 protein and mRNA.
ELL protein and mRNA were at similar levels in most cell lines, but displayed
comparatively low protein expression in the B cell Precursor Acute Lymphoblastic
Leukemia (BCP-ALL) premature B cell line, 697, and low mRNA in the DLBCL line
Toledo. The ubiquitous expression of ELL is consistent with prior findings that ELL is
crucial for assembling the SEC and the little elongation complex (LEC) (28, 50). As
expected, ELL2 protein and mRNA levels were most abundant in MM cell lines. However,
we also observed ELL2 protein expression in one MCL and one DLBCL cell line. These
results in immortalized cell lines broadly suggest that ELL expression is ubiquitous, while
the family members ELL3 and ELL2 predominate at distinct stages of B cell differentiation.
These findings further imply a switch from ELL3 expression to ELL2 occurring during B
cell differentiation.

3.4 ELL3 preceded the expression of ELL2 in terminally differentiated plasma cells

We next directly assessed ELL family member protein expression during ex vivo primary B
cell activation and differentiation. Peripheral naive B cells from healthy human donors had
undetectable levels of the ELL family members (Figure 2B). Upon B cell activation,
extensive ELL3 up-regulation as well as modest ELL expression was observed, while ELL2
levels remained minimal. In contrast, primary B cells stimulated to differentiate into plasma
cells had minimal ELL3, while ELL2 was up-regulated. Additionally, ELL expression
further increased upon differentiation. Robust up-regulation of PRDML1 in this population
confirmed differentiation toward the plasma cell phenotype (Figure 2B). In support of this
observation, we re-analyzed the global gene expression data from Barwick et al. on in vivo
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LPS stimulated adoptively transferred mouse B cells Figure 1B Data in Brief (49, 51)). As
expected, ELL3 levels predominated during early CD138™ B cell divisions. ELL3 expression
diminished as B cells progressed towards the plasma cell phenotype and was extinguished in
the CD138" plasma cells.

This inversely coincided with PRDM1 expression. Furthermore, ELL2 expression was
induced in plasma cells. Indicating that as in humans, murine B cells exhibit a switch from
ELL3 to ELL2 during differentiation and suggests that these two ELL family members may
have distinct roles within the B cell compartment.

3.5 PRDM1 directly associates and represses the ELL3 promoter

Terminal plasma cell differentiation is driven by transcriptional reprogramming mediated by
the transcriptional repressor PRDM1 (46). Our lab and others have previously demonstrated
that PRDM1 directly suppresses components of activated B cells, suggesting that PRDM1
might have a key role in regulating ELL family expression (47, 52, 53). In Figures 1A, 2B
and Figure 1C, the expression of PRDM1 is shown to coincide with loss of ELL3
expression. To directly assess the functional role of PRDM1, we analyzed microarray
expression data of human tonsilar GC B cells transfected with a PRDM1 expression plasmid
which we previously used to demonstrate a role for PRDM1 in Epstein Barr Virus (EBV)
pathogenesis (54). ELL3 expression was reduced by 19.1% and 38.5% in two independent
donors upon expression of PRDM1 (Table 1). This effect on ELL3 paralleled the impact on
well characterized targets of PRDM1, including CIITA and BCL6. We utilized ChlP-Seq in
the U266 MM cell line for PRDM1 associations and identified a predominant PRDM1
association centered 180 base pairs upstream of the ELL3 transcription start site (Figure
3A). The association was confirmed by direct ChIP in both PRDM1-positive MM cell lines
(Figure 3B). We identified two consensus PRDM1 binding sites at the ELL3 locus, termed
site | (—239 to —229) and site 1l (+14 to +24). Both sites are located in the proximal
promoter region within the area defined by ChiP-seq. To assess the effect of PRDM1 on
ELL3 promoter activity, a DNA fragment containing both sites was cloned into a luciferase-
reporter construct (Figure 3C). When transfected into Raji BL cells the ELL3 promoter
demonstrated a high level of basal activity that was repressed by approximately 50% when
co-transfected with a PRDM1 expression construct (Figure 3D). This degree of repression is
consistent with known PRDM1 regulated genes including CIITA, LMO2 and HGAL (52,
55). The PRDM1-mediated repression was lost by simultaneous mutation of both sites
without altering the basal promoter activity. However, mutation of either site independently
did not impair PRDM1 mediated repression. These results indicate that the ELL3 promoter
is suppressed by direct PRDM1 binding and either site is sufficient to mediate
transcriptional repression.

3.6 ELL3 is necessary for proliferation and cell cycle progression

To assess ELL3 function, we transiently depleted ELL3 in Namalwa BL cells using two
independent ELL3-shRNAs. Depletion of ELL3 protein and mRNA expression was highly
efficient and was not accompanied by compensatory up-regulation of ELL or ELL2 (Figure
4A and 4B). Unexpectedly, PRDM1 expression was somewhat increased in ELL3-depleted
cells (Figure 2B Data in Brief (49)). To establish if the increase of PRDM1 caused
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reactivation of latent EBV into lytic replication (56), we assessed expression of the
immediate early- (BZLF1), early- (BMRF1) and late- (BLLF1) lytic replication factors
(Figure 2C Data in Brief (49)). All genes remained un-affected indicating no change in EBV
status. We also assessed if induction of PRDM1 caused B cell differentiation by repressing B
cell factors BCL6, PAX5, MYC and secretion of immunoglobulin (Figure 2D and 2E Data
in Brief (49)). All genes remained unaffected indicating that ELL3 depletion does not cause
any detectable changes in differentiation state.

We observed less cell growth upon ELL3 depletion in BL cell lines and were unable to
establish stable cell lines in the absence of ELL3. Similar results were observed in the Raji
BL cell line (data not shown). This finding suggests that ELL3 deficiency may compromise
cell cycle progression or viability. We addressed this by assessing total DNA content by flow
cytometry and observed an altered cell cycle distribution in ELL3-depleted conditions
(Figure 4C and 4D). Based on total DAPI levels, we determined the cell cycle distribution.
Approximately 42% of control cells were in G1/GO0 and this was elevated to approximately
75% after ELL3 depletion (black bars). Similarly, the S-phase population decreased in
ELL3-depleted cells to 24% (ELL3sh-1) and 23% (ELL3sh-2), compared to 52% in control
cells (white bars). Furthermore, the G2/M population peaked at 12.6% in control cells while
remaining below 4% in ELL3-depleted cells (grey bars). We next directly assessed DNA
replication with BrdU pulse labeling and observed compromised levels in ELL3-depleted
conditions (Figure 4E and 4F). Only 20% of ELL3-depleted cells incorporated BrdU
compared to approximately 50% of the control cells, indicating that DNA replication was
compromised in ELL3-depleted cells. In combination, these findings suggest that ELL3-
depleted cells arrest in G1/GO0 and are limited in the ability to replicate DNA.

3.7 ELL3 depletion results in DNA damage and manifests as morphological aberrations

A diminished DNA replication and cell cycle progression suggest a compromised genomic
integrity (57). We assessed the presence of DNA damage in ELL3-depleted conditions and
observed increased levels of the DNA damage marker phosphorylated H2AX (yH2AX)
(Figure 5A). This increase was not accompanied by an increase of the DNA damage
checkpoint gene p53 (Figure 5A) (57). In addition, ELL3-depleted B cells undergo
morphological changes consistent with loss of genomic integrity. Measurement of cell
granularity and size was done by the forward scatter (FSC) and side scatter (SSC) flow
cytometric parameters. ELL 3 depletion increased both parameters and the cells appeared
visually larger (Figure 5B and 5C).

Measurement and categorization of cell sizes indicate that while 90% of control cells were in
the smallest cell size range of <175 uM?2, comparatively only 48% and 52% of ELL3-
depleted populations were within this category (Figure 5D). Overall, ELL3-depleted cells
had a significantly higher representation within the 176-350 uM? size range, at 40%
(ELL3sh-1) and 39% (ELL3sh-2), compared to only 9% of control cells. In addition, while
only 0.3% of the control cells were larger than 350 uM?, 10-12% of the ELL3-depleted cells
were found in size ranges, representing cells more than double the normal cell volume.
These findings were accompanied by the observation that ELL3-depleted cells exhibit
mitotic aberrations over time, which include failure to divide, increased nuclear size,
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multiple nuclei and cells with aberrant cytokinesis (Figure 2A Data in Brief (49)). Together
these findings suggest that ELL3 depletion dramatically perturbs cell growth and division.

The M-phase promoting factor (MPF) Cyclin B1-CDK1 complex is the key initiator of
mitosis (58, 59). To assess if ELL3-depletion affected this complex, we probed for both total
and phosphorylated Cyclin B1 (pCyclinB1) levels. In ELL3-depleted cells, both total and
pCyclin B1 levels were diminished (Figure 5F). The Cyclin B1-CDK1 complex also has a
well established role in regulating cell viability through survivin-mediated regulation of
apoptosis (60, 61). Given the depleted levels of Cyclin B1, we assessed if the apoptosis
pathway was induced. Both ELL3-depleted conditions displayed higher levels of cleaved
caspase-3 and cleavage of its target, poly ADP ribose polymerase (PARP), indicating
activation of apoptosis (Figure 5F). Collectively, these findings indicate that depletion of
ELL3 compromises mitotic regulators resulting in mitotic disarray and loss of survival.

4. Discussion

In this report, we have established ELL3 as a factor that is up-regulated in B cells and
subsequently down-regulated by the expression of PRDM1 during terminal plasma cell
differentiation. This finding is consistent with ELL3 participation in the release of paused
RNA Pol Il required for activation of B cells (1, 15, 62). The expression of ELL3 is required
for proliferation and survival of B cells and ELL3 expression lymphoma cell lines.
Interestingly, over-expression of ELL in a HEK-293 cell model also impaired viability (63).
This suggests that a regulated expression level of the ELL family members is required for
proper cell proliferation and viability.

ELL family members were initially described to function as components of the SEC (29).
Here, our findings illustrate that expression of ELL3 precedes ELL2 during B cell
differentiation, a finding that is consistent with the existence of distinct SEC-like complexes.
Known to contain P-TEFb with various combinations of the transcriptional elongation
factors of the AFF family, YEATS domain containing protein family members, and ELL
family members, SEC-like complexes are thought to have target specificity (64). An
examination of murine embryonic stem cells revealed that ELL3 is preferentially bound at
transcription enhancers. In addition the study indicated that ELL3 functions prior to ELL2
during development to establish gene promoter occupancy and allow the ELL2/SEC
transcription program (32). Whether ELL3 and ELL2 have a similar linked activity in B
cells or independently regulate specific genes remains to be investigated. However our data
indicates that ELL3 and ELL2 are not co-expressed in B cells and thus unlikely to be present
at the same promoter. Although not concurrently expressed in B cells, ELL3 and ELL2 are
each observed in the presence of ELL. This finding is consistent with previous observations
that even when all three proteins are over-expressed concurrently the complexes contain
ELL with either ELL2 or ELL3 but not both (27). The presence of other SEC elongation
factors is yet to be determined, however we postulate that differential usage of ELL3 and
ELL2 may contribute to target specificity of SEC-like complexes in the B cell compartment
(28). In addition to promoting elongation, it remains to be determined if the presence of
ELL3 also alters RNA splicing as proposed for ELL2 at the immunoglobulin locus (36, 48,
65).
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We have also shown that PRDM1, a master regulator of B cell differentiation into plasma
cells, binds the ELL3 promoter in intact cells and directly represses the cloned ELL3
promoter. The cloned promoter was not completely inactivated by PRDM1 suggesting that
additional regulatory factors, such as IRF4, may contribute to silencing. PRDM1 has
previously been reported to have activating functions in mouse plasma blast (66). There
ELL2 was reported as a PRDM1 activated gene, suggesting that the ELL 3-to-ELL2 switch
can be attributed to both the repressive and activating functions of PRDML1. Direct analysis
of ELL3 transcriptional activation has not been reported. However, studies of the Early B-
cell Factor 1 (EBF1) in vivo binding sites in murine B cells reveals association at the ELL3
loci and EBF1 expression correlates with ELL3 transcript levels (67, 68). EBF1, which is
known for its roles in lineage specification and activation of B cells may serve as a pioneer
factor to activate future ELL3 expression during B cell activation.

ELL3 has limited expression in normal human tissues with predominant presence in lymph
nodes and spleen (69). Previous studies in human breast cancer cells revealed ELL3
expression and implicated it in tumor cell proliferation and survival mechanisms (33, 35).
Our studies now show that malignantly transformed GC B cell lines express abundant ELL3
but not ELL2. At the protein level, all BL and three out of five DLBCL cell lines tested
expressed abundant ELL3 levels, indicating a possible dichotomy within DLBCL for ELL3
function. This finding is consistent with the heterogeneity observed within DLBCL. Several
molecular subtypes of DLBCL are defined based on differing origin, host responses, and
genetic heterogeneity, including inactivating mutations of PRDM1 (70-74). Interestingly
ELL3 expression in the DLBCL lines did not correlate with the known classifications.
Further exploration of this dichotomy may be a useful marker in future studies to distinguish
DLBCL subtypes and responses.

5. Conclusions

In summary, this study establishes ELL3 as a B-cell specific factor whose expression
precedes terminal differentiation. ELL3 is abundant in multiple germinal center derived B-
cell lymphoma lines and its expression maintains their capacity to proliferate and survive.
These findings suggest that ELL3 may be a viable therapeutic target in treatment of ELL3-
positive B-cell lymphomas. Finally, this study provides new insights into the mechanisms
underlying the burst of transcriptional activity required for normal B cell activation and
function.
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Highlights

. The transcriptional elongation factor ELL3 is up-regulated in activated B
cells.

. Two ELL family members are non-concurrently expressed at specific B cell
stages.

. The expression of ELL3 precedes expression of ELL2 during B cell
differentiation.

. ELL3 plays a critical role in proliferation and survival of B cell models.

. PRDM1 (Blimp-1) silences expression of ELL3 in plasma cells.
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Figure 1. Differential expression of ELL family members in B cell lines and primary B cells
A. The relative mRNA quantitation of ELL family members in BL and MM cell lines. Data

is the average of 3 independent experiments; errors bars represent standard deviation (SD).
B. Expression levels of all ELL family members were obtained from GSE12366 (45).
Depicted values are an average of 3 microarray hybridizations on cell sorted primary human
B-cell subpopulations; error bars represent SD. Probe ID number is indicated in each graph.
C. ELL3 immunoblot using two independent antibodies detects expression in BL lines but
not MM lines. Cell lines are indicated above each lane. Whole cell lysates from 0.5x108
cells were used for each except HEK-293T lysates were diluted 1:50.
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Figure 2. Profile of ELL family member expression during B cell differentiation and in
lymphoma cell lines

A. Immunoblot of ELL family members in B cell lymphoma cell lines. Cell line labels are
BCP-ALL (B cell Precursor Acute Lymphoblastic Leukemia) MCL (Mantle Cell
Lymphoma), BL (Burkitts’ Lymphoma), DLBCL (Diffuse Large B Cell Lymphoma) and
MM (Multiple Myeloma). B. Immunoblot of ELL family members and PRDM1 in human
primary naive B cells un-stimulated (U), stimulate into activated B cells (A), and stimulated
into plasmablasts (P). Data is from 4 representative healthy human donors.
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Figure 3. PRDM1 mediates repression of ELL3 promoter activity
A. Plot of PRDM1 ChiIP-seq reads at the ELL3 locus in the U266 MM cell line. B. ChIP-

gPCR assessment of PRDM1 binding at ELL3 in MM lines. Data is represented as the
average of at least 4 independent experiments. C. Schematic depiction of the cloned 930 nt
ELL3 promoter constructs. The two PRDML1 sites are indicated with | and I1. D. Promoter
activity of ELL3 promoter constructs co-transfected with either control or PRDM1
expression vector. Data represents the average of 6 independent experiments; error bars
represent SD.*p<0.05, ****p<0.0001 (two-tailed t-tesi).
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Figure 4. ELL3 depletion inhibits B cell proliferation and cell cycle progression
Namalwa cells were transduced with either NTsh, ELL3sh-1, or ELL3sh-2. A. Immunoblot

of ELL3, ELL2 and ELL. The equivalent of 0.5x10% whole cell lysates were assayed. Data

depicts representative images of 3 independent experiments. B. The relative mRNA
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ELL

NS NS

quantitation of all ELL family members after ELL3 depletion. Data is presented as the

average of 5 independent experiments; errors bars represent SD. *p<0.05; NS is not

significant (fwo-tailed t-test). C. Representative total DNA content profile after ELL3
depletion measured by DAPI staining and flow cytometry. D. Cell cycle distribution after
ELL3 depletion. Cells stained with DAPI for DNA content and gated on mCherry* as
marker of ShRNA transduced cells. 150,000 cells were modeled with ModFit. Depicted are
percentages at each stage of the cell cycle. E. Representative dual color fluorescence density
plot of DNA-DAPI and BrdU-FITC from cells pulsed with BrdU after ELL3 depletion. F.
DNA replication detected by BrdU pulse labeling (30 min) and modeled for at least 190,000
cells. Data is depicted as percentage of total mCherry™ cells. Data in panels C-F are from 2
biological independent experiments with 4 replicates each. All assays were performed on
day 5 post-transduction. Errors bars represent SD in percentage. *p<0.05, **p<0.01,
***n<0.001, ****p<0.00001 (two-tailed t-tesi).
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Figure 5. ELL3 depletion results in morphological aberrations
Namalwa cells were transduced with NTsh, ELL3sh-1, or ELL3sh-2 and assayed at day 5

post-transduction. A. Immunoblot of Ser139 phosphorylated H2AX and total p53. Data
depicts representative images of 3 independent experiments. B. Cell size and granularity
were assessed by flow cytometric detection of Forward Scatter (FSC) and Side Scatter (SSC)
signals in mCherry* cells. Data is representative of 2 independent experiments. C. Imaging
of mCherry* shRNA transduced cells at day 6 post transduction indicates alterations in cell
size. Two representative images are shown per condition. D. Quantitation of cell area was
determined from at least 4000 mCherry* imaged cells per condition and categorized into 5
size bins. Data is presented as the percentage of total cells per cell size category across 3
independent experiments. Total number of cells indicated in parentheses. *p<0.05, **p<0.01
(two-tailed t-test). E. Immunoblot of Cyclin B1 and Ser133 phosphorylated Cyclin B1
levels. Fluorescence intensity of Cyclin B1 and pCyclin B1 was quantified and normalized
to B-actin. Bar graph on right represents average fluorescence intensity of 3 independent
experiments. F. Immunoblot of cleaved Caspase-3, and its substrate PARP. Data depicts
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representative images of 3 independent experiments. All assessments were done at day 5
post transduction unless otherwise stated.
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