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Abstract

Alterations to the epigenetic landscape of Diffuse Large B Cell Lymphoma (DLBCL) play a
fundamental role in deregulating genes involved in normal lymphocyte differentiation. To
determine whether targeted epigenetic therapy could reverse these pathogenic chromatin changes
and suppress the expression of a lymphoma oncogene, we focused on BCLS6, a transcriptional
repressor whose aberrant expression is tightly linked to DLBCL proliferation and survival. We
fused zinc-finger domains (ZF) specific for regulatory regions in the BCL6 locus to a repressive
epigenetic modifier, the Kruppel-associated box repressor (KRAB). Distinct ZF-KRAB fusions
repressed the local chromatin landscape, suppressed BCL6 expression, significantly impaired
DLBCL growth and caused widespread cell death in a BCL6-dependent manner. Importantly,
expression of ectopic BCL6 protein rescued ZF-KRAB-induced cell death, demonstrating the
modifiers’ specificity. We show that sequence-specific epigenetic modifiers can alter oncogene
expression and induce apoptosis in cancer cells, underscoring their potential for future
development as targeted epigenetic protein therapies.
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INTRODUCTION
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A hallmark of most cancers is the derangement of normal epigenetic patterns of chromatin
and DNA modification, which are crucial for appropriate regulation of gene expression 13,
We have recently profiled the chromatin landscape of normal germinal center B lymphocytes
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and Non-Hodgkin B cell lymphomas (NHL) . Our integrative analysis of epigenome data
from primary NHL B cells identified regulatory elements with altered epigenetic states,
demonstrating hyper- or hypo-activity relative to their normal germinal center B cell
counterparts. These altered elements regulate the expression of a cohort of genes that play
critical roles in lymphocyte activation, proliferation, and differentiation, as well as cellular
transformation. The findings from our study and others indicate that the widespread gene
deregulation observed in cancer is mediated, in part, by epigenetic-based mechanisms that
alter the activation state of key cis-acting regulatory elements (i.e., promoters and
enhancers).

Identification of pathogenic regulatory elements has enormous potential for developing new
NHL therapeutics because, unlike genetic mutations, epigenetic modifications are reversible.
For example, it may be possible to target cancer-specific regulatory elements with proteins
that modify their pathogenic chromatin state, thereby reversing the expression pattern of
their linked genes. Oncogenes, especially transcription factors, are attractive, yet challenging
targets for new cancer therapies. Sustained down-regulation of specific genes via approaches
such as RNA. is difficult, particularly for highly expressed oncogenes. Non-specific
perturbation of gene expression may be achieved with broad spectrum epigenetic therapies
such as histone deacetylase inhibitors; however, their efficacy in treating B cell lymphoma
has been limited, perhaps due to non-specific effects and toxicities °. An approach that
specifically targets the expression of a single aberrantly expressed transcription factor would
avoid such off-target effects, while simultaneously disrupting downstream components of
the pathogenic transcriptional program. To evaluate the potential of targeted epigenetic
therapies, we have focused on a subtype of NHL, Diffuse Large B Cell Lymphoma
(DLBCL), which has an incidence of approximately ~20,000 cases in the US each year
(www.cancer.org). Although >50% of DLBCL patients are cured by conventional therapies,
up to one-third of cases are refractory to current regimens or relapse after treatment,
highlighting the need for new therapeutics 67

The transcription factor, BCL6, has been implicated in the pathogenesis of DLBCL by its
aberrant expression, mutation, or translocation in a majority of tumors 8. BCL6is a
member of the BTB/POZ family of transcription factors and a key regulator of B cell
proliferation and activation in germinal centers (GCs). Indeed, BCL6-null mice fail to form
GCs or produce high-affinity antibodies 1011, BCL6 functions as a transcriptional repressor
at target promoters by directly recruiting histone deacetylases (HDACS) or co-repressor
complexes 89. Expression of BCL6 s tightly controlled during mature B cell differentiation.
Importantly, down-regulation of BCL6 activity is necessary for differentiation of GC B cells
into plasma and memory B cells 8.

Although essential for B cell differentiation in GCs, the functions of BCL6 in promoting
survival, proliferation, and tolerance of DNA damage can be oncogenic, leading to the
development and maintenance of lymphoma. A direct role for deregulated BCL6 expression
in lymphomagenesis was initially demonstrated by the development of lymphoma in a
mouse model carrying a rearranged BCL6 locus in B cells 12. More recently, transient
expression of BCL6 in hematopoietic stem/progenitor cells was sufficient to cause
aggressive B-cell tumors comparable to human ABC-like (Activated B Cell) DLBCL13,
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Importantly, persistent BCL6 activity is required for survival of some lymphoma subtypes,
both in cell lines and DLBCL xenotransplant models 14. In human B cell lymphomas,
deregulation in the form of persistent BCL6 expression is common 2 and many potential
mechanisms have been identified, including chromosomal translocation 1> or amplification
of chromosome 3 13:16_ somatic hypermutation that disrupts autoregulatory

repression 17:18.15.19 "and altered epigenetic landscapes 2021, Thus, while different
mechanisms are causative in individual tumors, the common outcome is the persistent
expression of BCL6 in DLBCL, which contributes to proliferation and survival of
lymphoma cells.

As an oncogene whose aberrant expression plays a fundamental role in pathogenesis, BCL6
is an attractive therapeutic target. We observed that the chromatin landscape surrounding
regulatory regions within the BCL6 locus are highly enriched in activating histone marks.
We reasoned that sustained BCL 6 repression could be achieved by selective targeting of
repressive epigenetic modifiers to these loci. Therefore, we designed targeted epigenetic
modifiers composed of zinc-finger (ZF) DNA binding domains specific for BCL6 cis-
regulatory elements fused to a potent transcriptional repressor. Using these sequence-
specific epigenetic tools, we have selectively repressed the chromatin landscape of BCL6,
reversing its pathogenic expression and causing widespread death of lymphoma cells.

METHODS
(See Supplemental Information for complete M ethods)

ZF-KRAB proteins

BCL6-targeted zinc finger nuclease (ZFN) constructs were synthesized by Sigma (St. Louis,
MO). Two ZF domains contain six zinc-fingers that each recognize a unique 18 bp sequence
(ZFp: a region ~50 bp upstream of BCL6°s TATA boxes, ZFel: first exon of BCL6 (Table
S1).

Lentiviral constructs

3XHA-NLS-ZF-KRAB was cloned into a tet-inducible lentiviral vector (a gift from Barry
Sleckman) that co-expresses reverse transcriptional transactivator rtTA2S-M2-1RES-Thy1.1
driven by ubiquitin C promoter.

Chromatin immunoprecipitation (ChIP)-Seq and -gPCR

ChIP was performed essentially as described previously 4.

Statistical analysis

Comparisons between doxycycline treated and untreated cells or rescue clones and parental
clone were performed using T-test (GraphPad Prism software, La Jolla, CA).
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RESULTS

BCL6 repression by targeted ZF-KRAB proteins

BCLS6 is aberrantly expressed in a majority of DLBCL tumors 9, suggesting that the
chromatin landscape surrounding the gene’s regulatory elements may also be altered. Active
chromatin marks, including acetylation of histone H3 (H3ac), at promoters and gene bodies
are required for ongoing transcription 22, Therefore, we performed chromatin
immunoprecipitation for H3K9ac followed by high-throughput sequencing (ChIP-seq) 4 in
primary DLBCL samples, as well as DLBCL and other cell lines. A region extending from
the promoter TATA boxes to the first intron of BCL6 is highly enriched in H3ac in primary
DLBCL samples and BCL6-dependent cell lines (OCI-Ly3, OCI-Ly7, SUDLH®6) (Fig. 1A).
Acetylation levels are considerably lower in BCL6-independent Toledo cells and in 293T
cells, a non-lymphoid kidney epithelial line. Consistent with these epigenetic findings,
BCLS6 protein is highly expressed in primary DLBCL samples and BCL6-dependent
lymphoma cell lines (Fig. 1B-C).

Based on these observations, we predicted that targeting of a repressive epigenetic modifier
to a region near the promoter of BCL6would result in substantial down-regulation of BCL6
transcripts 23:24. We selected a 1kb region in the BCL6 locus with high levels of H3ac,
spanning the promoter TATA boxes and first untranslated exon, for the design of sequence-
specific ZFs. Several ZF nucleases (ZFN) were commercially constructed (Sigma-Aldrich),
each of which contained 4-6 zinc fingers fused to one of two variant Fokl nuclease domains
that require heterodimerization for DNA cleavage 2526, Two of these ZFNs targeted adjacent
sites in exon 1 and therefore were predicted to comprise an active heterodimer pair (Fig.
S1A). Indeed, when transfected together, the ZFN pair demonstrated on-target DNA
cleavage at exon 1, while neither ZFN cleaved DNA when transfected alone (Fig. S1B). We
predicted that transcriptional repressors targeted to these locations would be effective, given
recent reports that promoter-proximal targeting of artificial TFs provides maximum
transcriptional activation 27. Unlike the obligate heterodimer design of the ZFNs, our
approach required only one ZF repressor protein for activity. Therefore, we chose two ZFNs,
each with six fingers, from pairs with robust cutting and with the fewest predicted off-target
binding sites as determined by the Sangamo algorithm 26, One of the selected ZFs targets
sequences ~50bp upstream of the TATA boxes in the BCL6 promoter (ZFp) and the other
targets the 3’ portion of exon 1 (ZFel) (Fig. 2A).

For the creation of ZF chromatin modifier fusion proteins, we replaced the nuclease domain
with a transcriptional repressor, the Kruppel-associated box (KRAB) domain, which recruits
several repressive histone modifiers, including histone deacetylases, which remove acetyl
groups on histone H3 2428, The FLAG-tagged ZF domain fused to KRAB was then cloned
into a Tet-inducible lentiviral vector and transduced into several BCL6-dependent or —
independent DLBCL cell lines, OCI-Ly7, OCI-Ly3, SUDHLG6 (dependent), and Toledo
(independent). BCL6 dependence or independence for several B cell lymphoma cell lines
has been previously determined based on cell survival and proliferation when BCL6 has
been depleted or inhibited 142%-32 After enrichment by flow sorting for co-expressed
Thyl.1, ZF-KRAB expression was induced with doxycycline. Each of the BCL6-dependent
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cell lines demonstrated substantially decreased BCL6 protein expression upon induction of
the ZF-KRAB targeted modifier (Fig. 2B and S1C). To establish a cell line with consistent
and stable levels of ZF-KRAB expression in all cells, the Tet-inducible ZF-KRAB construct
was introduced stably into the OCI-Ly7 lymphoma cell line. Isolated subclones were
screened for ZF-KRAB expression following induction with doxycycline. Significant
suppression by ZF-KRAB proteins targeting either the promoter (ZFp-KRAB) or first exon
(ZFel-KRAB) of BCL6was observed at the level of BCL6 mMRNA, but expression of non-
targeted genes 7UBAIB and GAPDH was unaffected (Fig. 2C). BCL6 protein expression
was also substantially repressed by both ZF-KRABs (Figs. 2D and S1C). In contrast to the
impact of ZF-KRAB fusions, BCL6 levels were unaffected by expression of the ZF domain
alone (ZFel and ZFp, Fig. S1D). Together, our results demonstrate that ZF-KRAB proteins
targeting the BCL6 promoter or first untranslated exon directly inhibit expression of this
oncoprotein.

ZF-KRAB proteins bind target sites in BCL6 and revise its epigenetic landscape

We next sought to verify that BCL6 suppression was due to direct binding of ZF-KRAB
proteins and subsequent repressive histone modification of the target BCL6locus. To
determine whether the ZF-KRAB proteins bind specifically to their target regions in the
BCL6locus, we performed chromatin immunoprecipitation (ChlP) using an anti-FLAG
antibody on cross-linked chromatin from OCI-Ly7 cells after induction with doxycycline.
Both ZFel- and ZFp-KRAB fusions demonstrate substantially enriched binding to their
target regions compared to control regions (GAPDH and TUBA1B, Figs. 3 and S2).

KRAB domains recruit histone modifiers, including deacetylases (HDACs), which cause
chromatin repression by removing activating histone marks (e.g. H3ac) 2328, We therefore
examined H3ac levels at ZF-KRAB-targeted regions of BCL6 using ChIP assays, which
were normalized for total histone H3 to adjust for nucleosome density. To determine the
extent of ZF-KRAB-mediated alteration to the chromatin landscape, we evaluated the ZF
target loci as well as regions 3 kb downstream and 1.5 kb upstream of the BCL6
transcription start site (TSS) (Fig. 4A). Indeed, H3ac is nearly depleted at each BCL6target
site (numbered 2 and 3) after induction of either ZF-KRAB protein, while levels at a non-
targeted locus are relatively preserved in comparison (Figs. 4B and S3B). The repressive
effect of ZF-KRAB binding is also detectable at regions a short distance up- and
downstream of the BCL 6targets (sites 1 and 4) as demonstrated by H3ac levels that are
decreased, though not to the same degree as at the ZF binding sites. The activating histone
mark H3K4me3 is enriched at active promoters and has been shown to be depleted at loci
bound by KRAB fusion proteins 33. Therefore, we performed ChIP for H3K4me3 and
normalized to total H3 as above. We observe a similar diminution of H3K4me3 levels at
BCL6target loci in the presence of ZF-KRAB proteins, whereas levels at the control locus
are relatively maintained in comparison (Figs. 4C and S3C). Similar to H3ac, H3K4me3
levels in regions up- and down-stream of the ZF-KRAB binding sites are somewhat less
attenuated than the ZF targets. Collectively, these results demonstrate that ZF-KRAB
proteins bind specifically to their target sites in BCL6, causing repressive changes to the
epigenetic landscape by reducing the levels of active histone marks. As expected, these
chromatin changes extended a limited distance beyond the target ZF binding sites,
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demonstrating the ability of KRAB-recruited histone modifiers to cause localized epigenetic
repression 34, Importantly, these repressive chromatin effects correlated with diminished
expression of BCL6.

ZF-KRAB proteins induce apoptosis in BCL6-dependent lymphoma cells

Persistently elevated BCL 6 expression is a common feature of DLBCL, and has been linked
to survival and proliferation of malignant cells. Moreover, BCL6 activity in a subset of
DLBCL cell lines, including OCI-Ly7, OCI-Ly3, and SUDHLS6, is essential for survival,
knockdown or inhibition suppresses proliferation and causes cell death. These cells are
therefore termed BCL6-dependent. Other DLBCL cell lines, such as Toledo, do not require
BCLS6 for survival, are resistant to knockdown and inhibitor treatment, and are therefore
referred to as BCL6-independent4. Thus, we assessed the growth and survival of BCL6-
dependent and -independent cells after induction of ZF-KRAB proteins over a five-day time
course. Expression of either ZFp- or ZFel-KRAB proteins in stably expressing clones or
lentivirally transduced BCL6-dependent DLBCL cells resulted in significantly diminished
cell numbers compared to uninduced cells, while cell growth was unaffected in BCL6-
independent cells (Figs. 5A-B, S4A). Stable expression of the ZFel-KRAB fusion protein in
Raji, a Burkitt’s lymphoma cell line that expresses BCL6 and has been shown to be BCL6-
dependent 29, demonstrated a substantial suppression of BCL6 protein and a negative effect
on cell growth (Figs. S4B and C). In contrast, cell growth was unaffected by ZF-KRAB
expression in a non-lymphoma cancer cell line, the osteosarcoma line U20S (Fig. S4D and
E). Collectively, these results suggest that ZF-KRAB-mediated suppression of BCL6
significantly decreases growth in cells that are dependent upon BCL6 for proliferation and
survival. In contrast, cells that are not reliant on BCL6 demonstrated no change in cell
growth with ZF-KRAB expression, suggesting that ZF-KRAB has a targeted anti-
proliferative effect on cells that require BCL6 for growth and survival.

Decreased growth in the ZF-KRAB expressing cells could be due to reduced proliferation or
to enhanced cell death, or a combination of both. To differentiate between these two
mechanisms, we assessed apoptosis by measuring the active form of caspase-3 in BCL6-
dependent OCI-Ly7 cells. The proportion of active caspase-3 positive cells is three to five-
fold higher in cells expressing either ZFel- or ZFp-KRAB, compared to uninduced cells
(Fig. 6A-B). Together, these data indicate that the ZF-KRAB modifiers suppress expression
of the pro-proliferative BCL6 protein, reducing the growth of BCL6-dependent lymphoma
cells via reduced proliferation and apoptosis. These results suggest a specific, targeted
activity for the ZF chromatin modifier fusions in B cell lymphomas.

Ectopic BCL6 expression rescues ZF-KRAB-induced cell death

The potent cytotoxic effects of ZF-KRAB in BCL6-dependent cells likely are direct
consequences of its specific targeting and repression of the BCL6 locus. However, the data
presented thus far do not preclude off-target effects by this chromatin modifier, such as the
attenuation of other genes via direct or indirect mechanisms. To distinguish these
possibilities, we expressed BCL6 ectopically in ZF-KRAB-expressing OCI-Ly7 cells. We
predicted that ectopic BCL6 would rescue cell viability if the dominant impact of ZF-KRAB
were suppression of BCL6 in these dependent cells. Importantly, the BCL6 expression
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construct lacked binding sites for either ZFel or ZFp domains, which was possible because
translation of full length BCL6 protein begins with exon 3. As shown in Figure 7A, two
independent subclones harboring these vectors express ectopic flag-tagged BCL6 in the
presence or absence of ZF-KRAB protein, while endogenous BCLS6 is nearly abolished in
the ZF-KRAB parental clone. Importantly, enforced expression of BCL6 was sufficient to
rescue viability in cells expressing ZF-KRAB, which exhibit a two- to three-fold increase in
cell growth compared to the parental cells (Fig. 7B). These results demonstrate that the
negative impact of ZF-KRAB fusions on cell growth and survival is specific, occurring as a
direct consequence of repression of the pro-proliferative, pro-survival BCL6 protein.

DISCUSSION

In the study presented here, we set out to demonstrate that a targeted epigenetic modifier can
specifically reverse the aberrant chromatin features that drive pathogenic expression of a
lymphoma oncogene. To accomplish this goal, we created sequence-specific chromatin
modifiers that fused zinc-finger domains (ZF) specific for BCL6 regulatory regions with the
repressive KRAB domain. We showed that these ZF-KRAB fusion proteins directly altered
the epigenetic landscape of cis-regulatory elements in the BCL6 locus, causing repressive
chromatin changes and suppressing expression of BCL6. In BCL6-dependent lymphoma
cells, expression of the ZF-KRAB proteins decreased cell growth and caused apoptosis.
Importantly, the specificity of the ZF-KRAB fusions was demonstrated by rescue of the
apoptotic phenotype with ectopic BCL6 protein.

The epigenetic landscape of normal B lymphocytes is disrupted at key regulatory regions in
NHL, leading to alterations in the binding of cognate transcription factors and deregulated
expression of critical genes involved in lymphocyte differentiation and activation 4. The
therapeutic potential of these findings is further underscored by our present study, in which
the pathogenic activity of a regulatory region for a lymphoma oncogene was restored to its
normal state by targeting of a sequence-specific epigenetic modifier. Although frequently
involved in carcinogenesis, the dysregulation of transcription factors is difficult to target
therapeutically, since there is no enzyme activity to inhibit and few options exist to control
the expression of individual genes. Direct targeting of repressive chromatin modifications to
a gene locus, as shown here for BCL6, circumvents these obstacles and provides sustained
suppression of transcription.

In this regard, the first criterion for designing a targeted repressor is to ensure its specificity
for the locus of interest, avoiding off-target effects in other genes. Three different classes of
proteins have been employed as sequence-specific DNA binding domains/molecules for
genome editing or for transcriptional control: zinc-fingers, TALEs, and CRISPR/

Cas9 28:35-37 Each has a range of specificities, and thus off-target effects, which can be
partially controlled by designing the DNA binding domain/molecule for optimal specificity
(for ZF proteins ~ 6 zinc fingers) 3¢. Here we have demonstrated the specificity of two

BCl 6-targeted ZF-KRAB proteins, each of which contain 6-finger DNA binding domains,
in several ways. First, the binding of ZF-KRAB fusions was substantially enriched at their
target sites, the BCL 6 promoter or its first exon, as compared to multiple control loci. In
addition, we detected significant decreases in active histone marks, H3ac and H3K4Me3, at
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the targeted BCL6 loci compared to control loci. Most importantly, ZF-KRAB proteins
significantly suppressed the levels of BCL6transcript and protein, having no impact on the
expression of control genes. Thus, we have demonstrated specific abrogation of target gene
expression with sparing of control genes using this sequence-specific epigenetic modifier
approach. The robust effects of the promoter-targeted ZF-KRAB highlight the potential of
this approach for targeting the regulatory regions of other oncogenes or tumor

suppressors 27,

Overexpression of BCLG6 is critical for the proliferation and survival of malignant germinal
center B cells, and thus presented an ideal target for focused epigenetic repression. In this
regard, transcriptional repression by custom DNA binding domains fused to epigenetic
modifiers has been demonstrated for other genes including ERBBZ2, SOX2and CXCR4
23,28,37.38 Although these studies and others demonstrate transcriptional control with
targeted modifiers, most fail to show a cellular phenotype, such as an effect on signaling,
differentiation, or cell death. In contrast, our studies demonstrate that ZF-KRAB-mediated
repression of BCL6 essentially halted cell growth in BCL6-dependent lymphoma cells.
Importantly, this inhibition of cell growth was accompanied by a significant increase in
apoptosis in BCL6-dependent DLBCL cells. Most importantly, our results are the first, to
our knowledge, to demonstrate the functional specificity of targeted modifiers by
incorporating a rescue experiment. Specifically, ectopic BCL6 protein reversed the growth
defects and cell death caused by BCL 6-targeted ZF-KRAB fusions. Our results solidify the
specificity of these BCL6-targeted ZF-KRAB proteins, underscoring the potential of this
approach as a novel cancer therapeutic.

Although effective immuno- and chemotherapies exist for B cell lymphomas, many are
refractory to initial therapy or relapse within a short period, and these malignancies often
prove fatal despite aggressive treatment. Therefore, novel treatment modalities that are
targeted and tolerable are urgently needed. The ZF-KRAB fusions presented here, which
target BCL6 regulatory regions and caused potent and specific abrogation of BCL6
expression and consequent lymphoma cell death, present a potential new treatment avenue.
Although the particular ZF domain tested here would not target lymphomas with BCL6
translocations, ZF domains that would bind to those altered loci could be easily designed.
Delivery of ZF fusions could not be achieved in the same manner in patients. However,
recent data suggests that zinc finger nuclease fusions, delivered as intact proteins, can
penetrate cell membranes, transit to the nucleus, and effectively and specifically cleave
target genomic loci 3. Advances in /7 vivo targeting, including the tethering of tumor-
specific ligands to nanocarrier systems, provide a path toward the effective deployment of
sequence-specific epigenetic modifiers for lymphoma therapy. Collectively, our results
support the potential of targeted epigenetic therapies as a precision medicine approach to
reverse the pathogenic expression of transcription factors that mediate many cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figur_e 1. High I_evels of H3 acetylation at the BCL6 gene locus ar e associated with high levels of
protein expression

A) UCSC Genome Browser views of H3ac ChiP-seq data from DLBCL primary samples,
DLBCL cell lines, and HEK293T cells illustrating the levels of acetylation located at the
promoter and first exon/intron of the BCL6 locus. Data are presented as the number of reads
per million mapped reads. B) Representative images for DL cases 135 and 252 (shown in A)
with membranous CD20 staining (left, x400) and nuclear BCL6 staining (right, x400). C)
Western blots for BCL6 or GAPDH (loading control) in cell lysates from cell lines (shown
in A).
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Figure 2. BCL6 expression isrepressed by ZF-KRAB
A) Cartoon representing the binding of ZF-KRAB proteins to targets within the promoter of

BCL6 (ZFp-KRAB) or the first exon (ZFel-KRAB). Relative positions of the TATA boxes
within the promoter are shown. B) Western blots for BCL6, HA-tagged ZF-KRAB proteins,
or GAPDH (loading control) in BCL6-dependent or -independent cells after culture for 3
days with (+) or without doxycycline (-) to induce expression of ZF-KRAB fusion proteins
targeted to BCL6 exon 1. Data are representative of three independent experiments. C)
Relative mRNA levels of BCL6, TUBA1B and GAPDH measured by gRT-PCR in lysates
from OCI-Ly7 cells harboring Tet-inducible ZF constructs cultured for three days with or
without doxycycline to induce expression of ZF-KRAB fusion proteins targeted to BCL6
exon 1 (ZFel) or promoter (ZFp). Results represent the mean + SD of three independent
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experiments. * p < 0.05; *** p < 0.001 D) Western blots demonstrate expression of BCL6,
FLAG-tagged ZF-KRAB proteins, and GAPDH (loading control) in OCI-Ly7 cells
harboring Tet-inducible ZF constructs cultured for three days with (+) or without
doxycycline (-). Data are representative of five independent experiments.
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Figure 3. ZF-KRAB proteins bind preferentially to target sitesin the BCL6 gene locus
A) Binding of FLAG-tagged ZFel-fusion protein to exon 1 of BCLé6 or to a control locus,

GAPDH, measured by anti-FLAG ChIP-gqPCR in OCI-Ly7 cells harboring the Tet-inducible
ZFel-KRAB construct. Cells were cultured for three days with (+) or without (=)
doxycycline. 1gG ChlIP represents the negative control. Results are representative of three
independent experiments. B) Binding of FLAG-tagged ZFp-fusion protein to the promoter
region of BCL6 or to a control locus, GAPDH, measured by anti-FLAG ChIP-gPCR in OCI-
Ly7 cells harboring the Tet-inducible ZFp-KRAB construct. Cells were cultured and treated
as in A. 1gG ChIP represents the negative control. Results are representative of three
independent experiments.
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Figure 4. ZF-KRAB proteins cause repressive chromatin changes at the BCL6 locus
A) Schematic of the BCL6 locus, including ChIP-qPCR regions (labeled 1 — 4) and binding

sites for ZFel- (exon 1, #2) and ZFp-KRAB (promoter, #3) proteins. B) H3ac ChIP assays
in OCI-Ly7 cells cultured for three days with or without doxycycline to induce expression of
the ZFel- or ZFp-KRAB fusion protein. Associated DNA was analyzed via gPCR using
primers spanning the following regions: ZFel-KRAB binding site in exon 1 of BCL6 (2),
ZFp-KRAB binding site in the promoter of BCL6 (3), sites 3kb downstream (1) or 1.5kb
upstream (4) of the BCL6TSS, and a control site at the TUBAIB gene. H3ac was
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normalized to total histone H3. Representative of three independent experiments. C)
H3K4me3 ChIP assays in OCI-Ly7 cells cultured and treated as in B. Associated DNA was
analyzed via gPCR and normalized to total histone H3 as in B. Representative of three
independent experiments.
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Figure5. ZF-KRAB proteins reduce the growth of BCL 6-dependent lymphoma cells
A) Cell growth of Tet-inducible ZFel-KRAB or ZFp-KRAB expressing OCI-Ly7 cells

(BCL6-dependent) cultured with or without doxycycline was measured by Trypan blue
exclusion. Results represent the mean + SD of three independent experiments. **** p <
0.0001 B) Cell growth of Tet-inducible ZFel-KRAB expressing BCL6-dependent or -

independent cells measured as in A.
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Figure 6. ZF-KRAB proteinsinduce apoptosisin BCL 6-dependent lymphoma cells
A) Number of OCI-Ly7 cells with active Caspase-3 staining measured by flow cytometry.

OCI-Ly7 cells harboring Tet-inducible ZFel- or ZFp-KRAB were cultured for four days
with or without doxycycline. Representative of three independent experiments. B)
Percentage of cells with active Caspase-3 staining measured by flow cytometry. OCI-Ly7
cells (BCL6-dependent) harboring Tet-inducible ZFel-KRAB or ZFp-KRAB were cultured
and treated as in (A). Results represent the mean + SD of three independent experiments. **
p <0.01 *** p < 0.001**** p < 0.0001
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Figure 7. Ectopic BCL6 expression rescues cell death induced by ZF-KRAB proteins
A) Western blots for FLAG-tagged BCL6 (ectopic), total BCL6, FLAG-tagged ZFel-

KRAB, or GAPDH (loading control) in OCI-Ly7 cells after three days in culture with (+) or
without (-) doxycycline. The parental OCI-Ly7 cells contain Tet-inducible ZFel-KRAB; two
subclones also express ectopic FLAG-tagged BCL6 protein. Representative of three
independent experiments. B) Cell growth of parental OCI-Ly7 cells and two subclones
expressing FLAG-tagged ectopic BCL6 measured by Trypan blue exclusion. Cells were
cultured for five days with doxycycline to induce expression of ZFel-KRAB fusion protein.

Leuk Lymphoma. Author manuscript; available in PMC 2018 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Luo et al.

Page 20

Cell number is presented relative to uninduced cells for each clone or subclone. Results
represent the mean + SD of three independent experiments. **** p < 0.0001
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