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Abstract

The prognosis for people with the high-grade brain tumor glioblastoma is very poor, due
largely to low cell death in response to genotoxic therapy. The transcription factor BCL6, a
protein that normally suppresses the DNA damage response during immune cell maturation,
and a known driver of B-cell ymphoma, was shown to mediate the survival of glioblastoma
cells. Expression was observed in glioblastoma tumor specimens and cell lines. When
BCL6 expression or activity was reduced in these lines, increased apoptosis and a profound
loss of proliferation was observed, consistent with gene expression signatures suggestive of
anti-apoptotic and pro-survival signaling role for BCL6 in glioblastoma. Further, treatment
with the standard therapies for glioblastoma—ionizing radiation and temozolomide—both
induced BCL6 expression in vitro, and an in vivo orthotopic animal model of glioblastoma.
Importantly, inhibition of BCL6 in combination with genotoxic therapies enhanced the thera-
peutic effect. Together these data demonstrate that BCL6 is an active transcription factor in
glioblastoma, that it drives survival of cells, and that it increased with DNA damage, which
increased the survival rate of therapy-treated cells. This makes BCL6 an excellent therapeu-
tic target in glioblastoma—Dby increasing sensitivity to standard DNA damaging therapy,
BCLS6 inhibitors have real potential to improve the outcome for people with this disease.

Introduction

The prognosis for people diagnosed with the WHO grade IV brain tumor glioblastoma is very
poor, due largely to the lack of response to therapy. The gold-standard therapy for glioblas-
toma is surgery to debulk the tumor, followed by fractionated radiation and temozolomide
chemotherapy [1]. This aims to induce significant DNA damage to the remaining, non-
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resected tumor—both single and double-stranded DNA breaks from radiation-induced radical
species, and alkylation of purine residues by temozolomide. The expected cellular response to
this DNA damage should be apoptosis. In glioblastoma, this does not occur—there is little or
no apoptosis in response to therapy [2], so damaged cells continue to proliferate, exacerbating
the mutagenic and genome instability effects of DNA damaging therapy. New approaches in
glioblastoma such as targeted therapy and immunotherapy continue to be developed, but these
have had very limited success [3]. If the block to cell death could be identified, glioblastoma
could be sensitized to DNA damage induced by standard therapies, which would have an
immediate impact on patient outcome.

Cell death blockade in response to DNA damage is observed during B-cell maturation,
driven by the transcription factor BCL6. BCL6 dimers bind DNA using six zinc fingers at the
C-terminus, and recruit co-repressors and chromatin remodeling machinery via the BTB
domain to target gene loci. BCL6 is normally expressed in germinal center B-cells during class
switch recombination and somatic hyper-mutation, where it represses expression of cell cycle
checkpoint and apoptosis genes. This prevents the usual cellular response to double-stranded
breaks, allowing cells to successfully break and rearrange immune genes to generate unique
immune receptors. Due to this anti-apoptotic activity BCL6 is a strong oncogene, with ectopic
expression in B-cells a key driver event in lymphoma [4, 5].

Increasingly BCL6 protein has been found in solid malignancies, including squamous cell
carcinoma [6] colorectal [7] gallbladder [8], and breast cancer [9]. In most cases, BCL6 expres-
sion is associated with poor prognosis and worse outcome, although not always—BCL6 can
suppress tumorigenesis in medulloblastoma [10] and is associated with a better prognosis in a
subset of gastric lymphoma [11]. Occasionally the BCL6 locus is translocated in glioma, with
BCL6 expressed in association with the IDH1 mutation R132H [12]. Finally, BCL6 protein was
also observed in a subset of glioblastoma, where it was correlated with increased expression of
the Axl kinase [13].

Defects in the apoptotic and cell death pathways are critical in the survival of glioblastoma
and resistance to treatment, and we hypothesized that these defects could be driven by BCL6
activity in glioblastoma, based on the following lines of evidence. First, apoptosis induced by
chemotherapeutic agents was prevented by BCL6 over-expression in lymphoma cell lines [14].
Secondly, BCL6 was central to a receptor tyrosine kinase inhibitor (TKI) drug-resistance path-
way, and BCL6 inhibition eradicated drug-resistant leukemia-initiating cells [15]. Importantly,
in GBM BCL6 expression can be found associated with defects in apoptosis—for example,
BCL6 and the BCL6 target gene EP300 [16] are among anti-apoptosis genes in a signature of
survival in primary glioblastoma [17].

Here, we identified a series of pathways driving cell survival that are regulated by BCLS6,
and confirmed that BCL6 was essential for proliferation and survival of glioblastoma. Impor-
tantly, we demonstrated that DNA damaging cancer therapies up-regulated BCL6 expression
in vitro and in an intra-cranial tumor model in vivo, and that blockade of BCL6 enhanced the
efficacy of those therapies.

Materials and methods

Tumor immunohistochemistry

Sixty-two glioblastomas were obtained from the neurosurgical unit in Dunedin, New Zealand,
predominantly primary glioblastoma but with a low frequency of secondary disease. The study
had national ethics approval from the Multi-region Ethics Committee (MEC/08/02/016/
AMO1) and all patients provided written informed consent at the time of surgery. DNA was
extracted from each tumor and the p53 gene sequenced to identify tumors with either wild-
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type or mutant TP53. Exon 4 of both the IDH1 and IDH2 genes were also sequenced to iden-
tify oncogenic mutations [18]. Tissue sections from paraffin-embedded material were sub-
jected to heat-mediated antigen retrieval. BCL6 staining used the PG-B6p primary antibody
(Dako, Glostrup, Denmark). MGMT staining used the MT3.1 primary antibody (Abcam,
Cambridge, UK). Positive cells were identified using EDL (Dako) and DAB. Positive cells were
counted in at least 10-high-powered fields (x400 magnification) using the Aperio Scancope CS
digital pathology system (Aperio, Vista, CA, USA) and the percentage of positive cells per total
cells measured. MGMT positive tumors had >30% positive tumor cells.

Cell lines

Human GBM lines LN18, U87-MG and T98G were obtained from ATCC and used within 20
passages. NZG-1003 and NZG-0906 primary GBM cell lines were previously derived from pri-
mary tumors in our laboratory [18, 19]. Raji cells were a gift from Ian Morison, University of
Otago, New Zealand. All cells were maintained at 37°C/5% CO2 and cultured in RPMI-1640
with 10% FBS without antibiotics. Regular PCR testing (e-Myco, Intron BioTechnology,
Korea) showed all cultures were mycoplasma free. No further authentication was performed.

Intra-cranial tumors

All experiments using mice were conducted in accordance with the New Zealand Animal Wel-
fare Act 1999 (www legislation.govt.nz/act/public/1999/0142/latest/ DLM49664.html) and
were approved by the Victoria University of Wellington Animal Ethics committee, approval
2012R7M. C57BL/6] mice were originally obtained from Jackson Labs (Bar Harbour, ME) and
bred at the Biomedical Research Unit of the Malaghan Institute of Medical Research. Animals
were housed in small groups in specific pathogen free conditions at 22°C with a 12 hr light/
dark cycle and ad libitum access to food and water. Environmental enrichment items such as
nesting wool (PuraWool, Able Scientific, Australia) and cardboard tubes were provided at all
times. Six male mice, 8 weeks old, weighing 25-30 g, were injected intra-cranially with 25,000
viable GL261 cells. Animals were anaesthetized by intra-peritoneal injection of xylazine (100
mg/kg) and ketamine (10 mg/kg), (Phoenix Pharm.), then Lacri-Lube (Allergan) was applied
across the cornea of the eye and animals kept warm on a heat pad. A burr hole was drilled in
the skull 0.1 mm posterior to the bregma and 2.3 mm lateral to the midline. Cells in 2 pl of
PBS were administered stereotactically (Stoelting Apparatus), into the burr hole, using a Ham-
ilton syringe with a 32-gauge needle. The needle was advanced to a depth of 2.3 mm from the
brain surface and the cell suspension delivered slowly over the course of 2 to 3 minutes. Fol-
lowing injection, the needle was left in place for 2 minutes, after which time, it was raised to a
depth of 1.5 mm below the brain surface and left in place for an additional minute. On with-
drawal of the needle, the burr hole was sealed with bone wax and the incision sutured. Animals
were monitored daily, and received sub-cutaneous analgesics (Carprofen (5 mg/kg), Norbrook
Laboratories, and Buprenorphine (0.1 mg/kg), Renckitt Benckiser Pharmaceuticals), to control
post-operative pain. Animals were randomly assigned into control and treatment groups

(n = 3/group). At the onset of symptoms (at least two consecutive days of weight loss), the
treatment group were exposed to 10 Gy of whole-brain ionizing radiation [20]. They were
culled by CO, inhalation either 24 or 48 hours after treatment, then cardiac perfusion with
saline performed before cervical dislocation and collection of brain tissue. The non-irradiated
tumor bearing mice were culled at the ethical endpoint of 10% weight loss or onset of neuro-
logical symptoms, according to the animal ethics protocol. Brains were embedded in OCT
(Tissue-Tek), frozen and kept at -80°C until sectioning.
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Drugs

Doxorubicin (Merck, Billercia, USA) was dissolved at 10mM in PBS. Cells were treated with
1-3 uM and harvested at 1-3 days. TMZ (methazolastone, SelleckChem, Houston TX, USA)
was dissolved in PBS at 0.33 mg/mL, and cells treated with 10 pM TMZ every 2 days for 7 treat-
ments. Cells were harvested 2 days after the last treatment. Cells received ionizing radiation
from a cesium-137 source (Gammacell 3000 Elan, Theratronics, Ottawa, CA). After irradia-
tion, cells were incubated for 24 hours before harvest. The peptide mimetic inhibitor RI-BPI
[21] was dissolved in sterile pre-gassed water pH6.2, at 50°C and used at 2 uM. The small mol-
ecule inhibitor FX1[22] was dissolved in DMSQO at 25 mM.

Antibodies

Mouse monoclonal anti-Bcl-6 D8, anti-mouse IgG-HRP and anti-rabbit IgG-HRP were from
Santa Cruz Biotechnology, (Santa Cruz, CA); mouse monoclonal anti-o-Tubulin Clone B-5-1-
2 was from Sigma-Aldrich (Auckland, NZ), goat anti-mouse Alexa 488 from Invitrogen (Ther-
moFisher Scientific, Auckland, NZ); FITC anti-active Caspase3 and annexinV-APC (BD Phar-
mingen, Auckland, NZ); mouse monoclonal anti-BCOR, mouse monoclonal anti-NCOR2
(SMRT), and mouse monoclonal anti-B-actin were from Sigma-Aldrich (Auckland, NZ); goat
polyclonal anti-BCOR and rabbit polyclonal anti-NCOR were from Abcam (Cambridge, UK);
mouse monoclonal anti-SMRT was from GeneTex (Irvine, CA.)

Western blotting

Soluble protein was extracted into lysis buffer (140 mM NaCl, 50 mM Tris pH 7.5-8, 1% triton,
protease inhibitor (Complete EDTA free, Roche, Auckland NZ)) and quantified using the DC
assay (Bio-Rad, Auckland NZ). Forty micrograms of protein was electrophoresed through

10% SDS PAGE and transferred to PVDF membrane (Bio-Rad, Auckland, NZ). After blocking
in 3% skim milk at room temperature, the upper part of the membrane was incubated with
1:500 (3% skim milk) of anti-BCl6 monoclonal antibody D8 and lower part with 1:2,000 (3%
skim milk) of anti-tubulin. Goat anti-mouse IgG HRP secondary antibody was used at
1:10,000 (3% skim milk). Detection by enhanced chemiluminescence (Ultrasignal ECL kit,
Pierce) was imaged with Gel Logic 4000 PRO Imaging System (Carestream, Rochester, NY
USA). Raji lysate was a positive control for BCL6 expression. Co-repressor blots were done as
above, but whole cell lysate electrophoresed through 6% acrylamide gels, and blocked in 5%
BSA. All co-repressor primary antibodies were used at 1:1000 dilution. ECL detection used
Western Lightning Pro (Perkin Elmer, Waltham MA), imaged on the Amersham Imager 600
(GE Healthcare Life Sciences, Auckland, NZ).

Immunofluorescence

Cells grown on sterile glass coverslips were fixed 15 minutes in 4% paraformaldehyde, then
permeabilized 15 minutes on ice in 0.1% Triton X-100 in PBS. Samples were blocked in 3%
BSA in PBS 1 hour then anti-BCL6 antibody (1:50) was added and incubated 4°C overnight.
Coverslips were washed in PBS then incubated 1:500 anti-mouse Alexa 488 secondary anti-
body, 3% BSA in PBS, room temperature 1 hour. After washing, samples were mounted by
inversion onto mounting medium on glass slides. Images were acquired using a BX51 com-
pound microscope (Olympus, Auckland NZ). For analysis of tumors, slides were thawed at
room temperature for 10 minutes then rehydrated in PBS for 10 minutes. Non-specific bind-
ing was prevented by blocking antigenic sites for 30 minutes in PBS containing 1% FBS. A
mouse monoclonal anti- BCL-6 antibody (Dako PG Bé6p at 1/20 or D8, at 1/50) was diluted in
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incubation buffer (PBS containing 1%FBS and 3% triton X-100) and applied overnight at 4°C.
Slides were then washed 3x 15 minutes in PBS. A goat anti mouse IgG labelled with AF488 (A-
11029, 1/250 dilution) was used as a secondary antibody and incubated for 1 hour at room
temperature. After 3 washes in PBS, slides were mounted using ProLong™ Gold Antifade
Mount (ThermoFisher Scientific, Auckland, NZ).

Transfection

pcDNA3-hBCL6-DZEF-GFP, pcDNA3-GFP, BCL6-4xtkLUC, and pGL3 control plasmids were
purified using PureLink™ HiPure Plasmid Filter Maxiprep Kit (Invitrogen, Auckland NZ). All
cells were transfected using Viafect (Promega, Auckland NZ) at 70% confluence following
manufacturers instructions, and cells were harvested at 24-48 hrs. siRNA against BCL6 and
control (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used according to the manu-
facturers siRNA gene silencing protocol. For hypoxic transfection, cells were pre-incubated in
0.5% oxygen for 24 hours, then transfected and replaced into 0.5% oxygen for an additional 24
hours.

ZFN genome editing

LN18 or U87-MG at approximately 70% confluence were transfected with each of PZFN1 and
PZFN2 CompoZr™ Knockout Zinc Finger Nuclease plasmids targeted to BCL6 (Sigma Aldrich,
USA), using Lipofectamine™ 3000. After both 24 hours and 72 hours, the medium was col-
lected and the debris and detached cell fraction was pelleted by centrifugation, and the super-
natant aspirated. The adherent cells were then harvested and pelleted by centrifugation, or
combined with the non-adherent fraction before pelleting by centrifugation. Cell pellets were
stored at -80° C. gDNA was extracted from ZFN transfected cell pellets using the Quick-
gDNA™ MiniPrep kit (Zymo Research, USA) as per the manufacturers protocol. gDNA was
quantified by fluorometry before PCR amplification of a 381 bp fragment of the BCL6 using
Phusion®™ High-Fidelity DNA Polymerase, and BCL6 locus forward primer (5’ ~GAAGAG
TTCCTCAACAGCCG-3"), and reverse primer (5’ ~-TTCTGGGATTGTTTCCTTGG-3"),
using the following parameters: 1 cycle of 98 °C, 30 s. 30 cycles 0f 98 °C, 10s; 57 °C, 30's; 72°C,
10 s. Nuclease activity was detected by CEL1 endonuclease digestion of heteroduplex DNA
using the Surveyor™ Mutation Detection Kit (IDT, USA) using the manufacturers protocol.

Clonogenic assay

Transfected cells were flow sorted according to GFP status (Influx, BD Biosciences) then 400,
200 and 100 GFP positive or negative cells were seeded into 10 cm dishes and incubated for 2
weeks. Colonies were washed twice with PBS followed by fixation with neutral buffered forma-
lin, 6% v/v for 30 minutes followed by overnight staining with 0.5% methylene blue, on a rock-
ing platform. Plates were washed in cold tap water until the water ran clear, drained and
allowed to dry. Plates were scanned (GE ImageScanner III) and colonies >50 cells were
counted using Fiji (Image]2) software. Plating efficiency and surviving fractions were calcu-
lated as follows: Plating efficiency (PE) = number of colonies counted / number of colonies
plated. Surviving fraction (SF) = PE sample / PE control.

Cell death and apoptosis

Cells were washed in PBS+1% BSA with 50 ng/mL PI, and PI positive cells were identified by
standard flow cytometry techniques using the LSRII flow cytometer with FACSDiva 6.2 acqui-
sition software (BD Biosciences, Auckland, NZ). Data were analyzed using Flow]Jo software
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(FlowJo, Ashland, OR, USA). Annexin V positive cells were detected using either AnxV-FITC
or AnxV-APC (ThermoFisher Scientific, Auckland NZ). For Caspase3 activation, cells were
trypsinized, washed in PBS then fixed and permeabilized using the FoxP3 Fixation/Permeabili-
zation Concentrate and Diluent Reagent (e-Biosciences, San Diego, CA). Fixed-permeabilized
cells were stained overnight with FITC anti-Active Caspase3 apoptosis kit (BD Pharmingen,
Auckland NZ) then washed and analyzed.

Luciferase reporter assay

Luciferase activity was assessed with the Promega Luciferase Assay System (Madison, WI).
Cells were imaged to determine density, then washed in PBS and then lysed and scraped in cell
culture lysis reagent (25 mM Tris-phosphate, 2 mM Dithiothreitol, 2 mM 1,2-diaminocyclo-
hexane-N,N,N’,N,-tetraacetic acid, 10% (v/v) glycerol, 1% (v/v) Triton X-100). Lysate was
added to a 96 well solid white flat bottom plate (Corning, NY). Luciferase assay reagent (LAR)
was prepared according to the manufacturer’s instructions. LAR was injected into the plate
and read by the Tecan Infinite M1000 Pro Plate Reader (Ménnedorf, Switzerland). Light values
were normalized to cell counts (luciferase value/number of cells) taken before lysis of the cells
and then relative change (double transfection or treated value/single transfected untreated
value) value in light compared to untreated single-transfected control was calculated.

Quantitative reverse transcriptase PCR (q-RT-PCR)

RNA was extracted using the Zymo Quick RNA MiniPrep kit (Zymo Research, Irvine, CA)
according to the manufacturer’s instructions. RNA was quantified with the Qubit RNA high
sensitivity assay (Life Technologies, Auckland, NZ) according to the manufacturer’s instruc-
tions. Reverse transcription was performed using the iScript cDNA synthesis kit (BioRad,
Auckland, NZ) according to the manufacturer’s instructions, with 250 ng of RNA in each reac-
tion. qPCR was performed with KAPA SYBR™ FAST Universal One-Step qRT-PCR Kit
(KAPA Biosystems, Wilmington, MA) and Qiagen Quantitect Primer assays (Qiagen, Hilden,
Germany) for BCL6, BCOR, HPRT, NCOR1, and NCOR2 (SMRT) with 4 ul cDNA per reac-
tion. ACt was calculated relative to HPRT.

RNA-sequencing and gene set enrichment analysis

RNA was extracted as above, then polyA+ RNA TruSeq libraries generated and 2x 125 bp
paired end sequenced, using one lane of an Illumina HiSeq. Paired-end RNA-seq fastq files
were processed using Trimmomatic (v0.36) to remove Illumina adaptors and low-quality
sequences, then read quality assessed using FASTQC (v0.11.4). Transcript abundances were
quantified using Kallisto (v0.43.1) by pseudo-alignment to the GRCh38 Human cDNA tran-
scriptome (release 89) and collapsed to the gene level using tximport (v1.4.0). The R package
DESeq2 (v1.16.1) was used to test for differential gene expression between experimental condi-
tions using the Wald test. Log2 fold-changes were moderated to reduce dependence of differ-
ential expression on mean expression for genes. Genes were considered to be differentially
expressed if they had a Benjamini-Hochberg adjusted p-value < 0.05 and a [log2FC |> 1.5.
Code for execution used our own pipeline (https://www.github.com/samleenz/rnaseq_pipe).
GSEA was conducted using GSEA (v3.0) run in Pre-ranked mode against the MSigDB (v6.1)
Hallmarks collection. To create the ranked gene list differential expression results were first fil-
tered for adjusted p-value < 0.05 and a [log2FC |> 0.5. The filtered list was ranked using the
formula (score = sign(log2FC) x -logl0(adjusted p—value)). GSEA was then run using 1000
permutations and a classic scoring scheme, with results filtered for significance using a FDR
adjusted p-value < 0.25.
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Migration scratch assay

Cells were seeded into 24 well plates at 0.75 x 10° cells per well and left to adhere overnight and
form a monolayer before scratching was made using a 200 pl pipette tip using an apparatus to
ensure reproducible scratches in the monolayer. Cells were then rinsed twice with PBS and
drug added in RPMI with reduced 0.1% FCS to ensure migration, rather than division, was
assessed. Scratches were imaged using a phase-contrast inverted microscope (Olympus IXSI,
Olympus, Tokyo, Japan), before being incubated for 17 hours at 37°C, then imaged again.
Images were analyzed using the FIJT MRI wound healing macro tool (http://dev.mri.cnrs.fr/),
and the area gained was calculated by subtracting the area of the scratch at t17 from the area of
the scratch at t0.

Results
BCLG6 regulated expression of pro-survival genes and pathways

BCL6 protein expression was examined by immunohistochemistry in 62 GBM tumor speci-
mens (Fig 1A). BCL6+ cells could be found in every tumor section examined, from 0.96-45%
positive tumor cells, with an average of 10% of cells within a tumor expressing BCL6 protein
(Fig 1A). In many sections the BCL6+ cells appeared to be perivascular, so the variation in the
number of BCL6+ tumour cells between samples may represent a coincidental difference in
the vascularity of sections sampled. Given that BCL6 is expressed in hematopoietic cells, we
examined the morphology of the BCL6 positive cells, but did not observe macrophages or lym-
phocytes expressing BCL6. Expression was only on the tumor cells. Next, the IDH1 and IDH2,
MGMT and p53 status of each tumor was determined and correlated to BCL6 expression (Fig
1B). There were no tumors with IDH2 mutations, and only 5/62 with IDH1 R132H mutations.
These had the same range of BCL6+ cells as the IDH1 wild-type cells. Similarly, the proportion
of each tumor that was BCL6 positive was similar regardless of whether the tumor had wild-
type or mutant p53. Intriguingly, MGMT expressing tumors had a higher proportion of
BCL6-positive cells than the MGMT-negative tumours.

We compared the expression and subcellular localisation of BCL6 in a panel of glioblastoma
cell lines, by immunofluorescence microscopy (Fig 1C). BCL6 protein level varied—the LN18
cell line had substantial nuclear and cytoplasmic expression in most cells, as demonstrated by
the cyan (green+blue) staining of the nuclei. U87-MG had cytoplasmic BCL6 in all cells and
the primary tumor-derived line NZG-0906 had strong nuclear expression in the majority of
cells. NZG-0804, another primary glioblastoma line [19, 20], had high levels of nuclear BCL6
in about half of all cells, with cytoplasmic BCL6 also present, while the primary line NZG-1003
had no basal expression (S1 Fig).

Prior reports suggested that BCL6 expression was correlated to apoptosis resistance [12] or
induction of senescence [13]. To confirm this, and to determine what other cellular pathways
were regulated by BCL6 in glioblastoma, a panel of immortalized glioblastoma cell lines were
treated with the small molecule BCL6 inhibitor FX1, which blocks co-repressor interaction
with the lateral groove of the BTB domain [21]. For the majority of cell lines tested, the IC50
was approximately 40 uM (Fig 2A), similar to that of lymphoma cell lines [21]. RNA from cells
treated with 40 pM FX1 was of poor quality, reflecting the reduced cellular viability, so RNA
was extracted from the LN18 cell line 24 hours after treatment with either 25 uM FXI1, or
DMSO as a vehicle control, then RNA-sequencing of poly-adenylated transcripts performed.
Differentially expressed transcripts were identified, and divided into ‘up-regulated’ and
‘down-regulated’ in response to BCL6 inhibition. These were then analyzed by gene set enrich-
ment analysis, using the ‘hallmarks of cancer’ gene set [22]. All gene sets with significant
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Fig 1. BCL6 is expressed in glioblastoma tumors and cell lines. A. Proportion of BCL6+ cells in 62 human GBM tumors (top), and representative
THC staining of 2 of 62 human GBM tumors, highlighting heterogeneous BCL6 protein (brown staining). B. BCL6+ GBM tumors after stratification by
IDH1 mutation (top) p53 mutation (middle) and MGMT expression (bottom). C. Immunofluorescent staining for BCL6 in glioblastoma cell lines
LN18, U87-MG and NZG-0906. Immunofluorescence data are representative of at least 3 independent experiments. Adjustments to brightness and
contrast were used to improve visibility of fluorescent signal, and were applied to the whole image and to each image equally.

https://doi.org/10.1371/journal.pone.0231470.g001

enrichment are shown (Fig 2B). The size of the enrichment score is reflected in the size of the
dot, and the extent of statistical significance is shown by position along the X axis. Consistent
with prior reports [12, 13], the apoptosis pathway was significantly up-regulated, confirming
that BCL6 does indeed have anti-apoptotic activity in glioblastoma. Importantly, after BCL6
inhibition, the TNFo/NF«B hallmark was significantly up-regulated, consistent with the
known role for BCL6 in down-regulation of the NF-«B pathway [23, 24]. In addition, upregu-
lation of xenobiotic metabolism genes was observed, as per exposure to the xenobiotic FXI.
Alterations in the hypoxia and glycolysis pathways were significantly down-regulated by BCL6
inhibition. Other hallmarks had lower enrichment scores.

BCL6 blocks apoptosis in glioblastoma

There was a marked up-regulation of genes expressed in apoptosis with BCL6 inhibition, in
line with BCL6 anti-apoptotic activity [15, 25-27]. To demonstrate a functional increase in
apoptosis with BCL6 reduction in glioblastoma, multiple approaches were taken to block
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Fig 2. The BCL6 inhibitor FX1 alters expression of multiple hallmarks of cancer in glioblastoma. A. LN18 and T98G cells were treated with a range
of FX1 concentrations for 48 hours, then metabolic activity measured using reduction of the formazan salt MTS. Data are the average of triplicate
experiments. B. In triplicate, LN18 cells were treated with 25 (M FX1 or the corresponding dose of DMSO for 24 hours, then RNA extracted and polyA
+ RNA sequenced. Genes that were differentially expressed in FX1 versus DMSO samples were separated into up-regulated and down-regulated, then a
gene set enrichment analysis was performed for the ‘hallmarks of cancer’ gene sets. The size of the dot represents the enrichment score for each gene set,
and the position along the x-axis indicates the level of statistical significance attained.

https://doi.org/10.1371/journal.pone.0231470.g002

BCL6 activity. Firstly, BCL6 transcript was reduced by siRNA in three different lines—LN18,
NZG-1003, and T98G, and the effect on apoptosis quantified by analysis of active caspase-3
(Fig 3A). Consistent with reported poor apoptosis in glioblastoma, the total number of cells
with active caspase-3 was low, but reproducibly increased from control- to BCL6-siRNA
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Fig 3. Both reduction in BCL6 level and blockade of the lateral groove increased apoptosis. A. NZG-1003, LN18 and T98G cells were transfected
with control (left panel) or BCL6 (center panel) siRNA, and cells with active Caspase 3 determined by flow cytometric analysis (y-axis). Caspase-3
positive apoptotic cell gate was established from cells stained with a control antibody, and the percentage of cells in the apoptotic gate is given. BCL6
level was measured in parallel by intracellular staining (x-axis). In the center panel, BCL6 level was determined in the apoptotic population, and the
control siRNA (light grey) compared to the BCL6 siRNA (dark grey). The median fluorescence intensity for each population is shown, data are
representative of at least 3 independent experiments. B. NZG-1003 and LN18 cells were treated with the BCL6 peptide mimetic inhibitor RI-BPI, or a
vehicle control, for 24 hours and annexin V/PI staining used to identify apoptotic and non-viable cells. Proportion of cells is given for each quadrant.
All data are representative of multiple independent experiments.

https://doi.org/10.1371/journal.pone.0231470.9003
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treated cells, 2-fold for NZG-1003 and T98G, and 7-fold in LN18. This low level of induction
was likely in part related to low efficacy of siRNA knockdown, and heterogeneity in BCL6
expression in the cell lines. However, specific interrogation of just the caspase-positive cell
population showed a second population of apoptotic cells emerged, with less BCL6 (Fig 3A,
right panel), as expected for a protein with anti-apoptotic action.

In parallel, BCL6 was inhibited using the peptide mimetic inhibitor RI-BPI, which specifi-
cally blocks BCL6 co-repressor interaction by binding in the lateral groove of the BTB domain,
a major protein interaction domain [28]. Both NZG-1003 and LN18 cell lines were treated
with 2 uM RI-BPI for 24 hours, then apoptosis quantified by annexin-V positivity. Consistent
with the caspase-3 data, an annexin-V positive apoptotic phenotype emerged with BCL6 inhi-
bition (Fig 3B). Again, only a small population of cells were involved. In LN18 cells, AnxV
+/PI- cells increased 10-fold, from 0.2% to 2.1%, while the AnxV+/PI+ increased from 0.02%
to 0.9%. This led to a 10-fold increase in the total AnxV+ apoptotic cells, from 0.2% to 3%. In
NZG-1003, total AnxV+ cells increased by 50% with BCL6 inhibition, from 12.4 to 17.9%.
There was a 2.5-fold increase in AnxV+/PI- cells, from 1.9% to 4.8%, as well as increased anxV
+/PI+ population. Again, the cell numbers were low but the data were reproducible across 3-5
independent experiments. Interestingly, the effect of total BCL6 reduction (siRNA) was equiv-
alent to specifically blocking protein-protein interaction at the BTB pocket (RI-BPI), suggest-
ing that the BTB pocket may be a key mediator of BCL6 activity in glioblastoma.

BCL6 was required for survival and long-term proliferation in
glioblastoma

Despite the reported association between BCL6 and apoptosis in glioblastoma, and the signifi-
cant increase in apoptosis gene set expression, none of the inhibitory approaches induced
widespread apoptosis. However, the induction of apoptosis per se is not critical for effective
therapy—as long as cells die, the actual mechanism is arguably unimportant. To look at “all
death” acutely after BCL6 blockade, we examined uptake of the viability dye propidium iodide.
Three cell lines were transfected with DZE-BCL6 -GFP, a BCL6 construct with intact BTB
dimerisation domain, but a deletion in the zinc finger domain. This dominant negative protein
dimerizes with and inhibits endogenous BCL6 binding DNA, hence blocking transcription
activity of the endogenous protein [29]. GFP expression was used to identify and purify trans-
fected cells. The GFP+ cells were gated and the effect of DZF-BCL6-GFP on viability deter-
mined as the proportion of PI+ GFP+ cells (Fig 4A), compared to the effect of GFP alone. GFP
expression had a negligible effect in LN18 cells, but was detrimental to NZG-0906 and NZG-
1003, with 9 and 16% of GFP+ cells PI+ after 24hrs. In LN18 and NZG-0906, DZF-BCL6-GFP
expression doubled the proportion of PI+ cells, from 2-4% and from 16-31% respectively. In
NZG-1003, DZF-BCL6-GFP caused a 4-fold increase in non-viable cells, from 9-36%. This
activity was conserved in hypoxic conditions—hypoxia alone increased PI+ cells, but inhibi-
tion of BCL6 by DN-BCL6-GFP still increased the number of non-viable cells 2.5 times, from
4% to 10% (Fig 4A, right panel).

The proportion of cells that were non-viable immediately after BCL6 inhibition was repro-
ducible, but small. To determine the long-term consequence of BCL6 inhibition, transfected
DZE-BCL6-GFP+ cells were sorted from the non-transfected GFP- cells, and the clonogenic
potential of each sub-population compared (Fig 4B), again with GFP+ cells as a control. Rela-
tive plating efficiency, the number of colonies formed from a specific number of sorted GFP
+ cells, was determined by comparison to colonies from the same number of sorted GFP- cells,
and was determined for DZF-BCL6-GFP and GFP alone. GFP alone had a detrimental effect
on LN18 cells, with a 30% reduction in plating efficiency. However, DZF-BCL6-GFP doubled
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Fig 4. Both BCL6 inhibition by dominant negative BCL6 and blockade of lateral groove decreased viability and clonogenic
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DN-BCL6-GFP, and replaced into 0.5% oxygen for 24 hours before analysis of GFP+ PI+ cells. B. GFP+ and GFP- cells were
physically sorted from LN18 and T98G cells transfected with GFP, or DN-BCL6-GFP, then clonogenic plating efficiency
determined for GFP+ and GFP- cells from each transfection. C. LN18 and T98G cells were treated with 25 uM FX1 for 24 hours,
then clonogenic plating efficiency determined. All data shown are representative of at least 3 independent experiments. D.
Migration was measured by scratch wound healing assay, data are normalized to the vehicle-treated cells, and the average +/-
SEM from replicate experiments.

https://doi.org/10.1371/journal.pone.0231470.9004

the effect, with a 60% reduction. In T98G there was no effect of GFP expression on long-term
survival, and greater than 50% reduction in plating efficiency with DZF-BCL6-GFP, demon-
strating clearly that loss of BCL6 activity was sufficient to reduce long term proliferative
potential.

Again, to compare overall loss of activity to specific interruption of the BTB protein interac-
tion domain, clonogenicity was determined using the small molecule BCL6 inhibitor FX1.
Both LN18 and T98G cells were treated with either 25 or 40 uM for 24 hours, then the relative
plating efficiency compared between treated and untreated cells. At 40 uM, BCL6 inhibition
blocked proliferation completely, so that no colonies were formed (data not shown). At 25 uM
there was a 50-70% reduction in colony formation across both cell lines (Fig 4C), consistent
with the effect of the dominant negative protein.

The ability of cells to migrate was assessed using a scratch assay. Cells were allowed to form
a confluent monolayer, the serum level reduced to inhibit proliferation, and then a wound
scratched into the monolayer. In cells treated with FX1, migration of cells into the open scratch
was reduced by 70% compared to vehicle-treated cells, again in both LN18 and T98G cells (Fig
4D).

Inhibitor studies are informative but limited. We attempted to create isogenic pairs of glio-
blastoma cell lines, by knock-out of the BCL6 locus in LN18 and U87-MG cells using nucle-
ase-mediated genome editing (S2 Fig). Nuclease activity could not be detected in the adherent
viable fractions of transfected LN-18 and U87-MG cells, either at 24 or 72 hours. When
detached cells and debris were included in the analysis, low nuclease activity was detected at 24
h, for both LN18 and U87-MG. By 72 hours, evidence of edited loci was lost altogether, and no
cell line with an edited locus could be established. This showed that cells with an edit to the
BCL6 locus were generated but did not remain viable. This reinforced the hypothesis that
BCLS6 is essential for survival of glioblastoma cells.

BCL6 could repress transcription in glioblastoma cell lines

BCLE6 is best characterized as a transcriptional repressor, and it complexes with the co-repres-
sors BCOR, NCOR1 and/or NCOR?2 to repress transcription, via the BTB/POZ domain. The
expression of the co-repressors in glioblastoma cell lines was examined by Q-RT-PCR and
Western blot. All three co-repressors were expressed in all of the glioblastoma cell lines used in
this study (Fig 5A and 5B), suggesting that glioblastoma cells have the necessary machinery
intact for BCL6 to repress transcription. Next, functional co-repression was examined. Over-
expression of BCL6 in both LN18 and U87-MG cells specifically led to the suppression of tran-
scription driven by a BCL6 responsive element (pBCL6,4-tk-LUC) [30] (Fig 5C), confirming
that glioblastoma cells are indeed competent for transcriptional repression by BCL6.

BCL6 was induced by the genotoxic therapies used in glioblastoma

During germinal center development, BCL6 is up-regulated in response to double-strand
DNA breaks. We assessed whether DNA damaging therapy, which also induces double strand
breaks, can similarly induce BCL6. The glioblastoma cell lines were treated with
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negative and positive controls, respectively (left panel). Cells were harvested 48 hours after transfection. Luciferase assay of LN18 cells co-transfected
with both BCL6,-tkLUC and BCL6wt plasmids or PGL3 and BCL6wt plasmids and harvested 48 hours after transfection (right panel). The luciferase
values were first normalized to cell number and then expressed as a proportion of their single transfected control (either BCL64-tkLUC or PGL3 alone).

https://doi.org/10.1371/journal.pone.0231470.9005

temozolomide, ionizing radiation and doxorubicin, then BCL6 protein level and sub-cellular
localization assessed by both western blot and immunofluorescence microscopy. Consistent
with Fig 1D, LN18 cells had a low but generally detectable basal level of BCL6 expression (Fig
6A). Cells were treated every 48 hours with a physiologically achievable concentration of temo-
zolomide (10 uM), a total of 7 times over 12 days. This led to significant and substantial BCL6
induction in all cells tested—LN18 (Fig 6A), T98G, NZG-1003 and NZG-0906 (Fig 6B). Simi-
larly, cells were exposed to 5 daily fractions of 2 Gy ionizing radiation, or one dose of 10 Gy.
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NZG-1003, LN18 and NZG-0906 were treated with doxorubicin for 24 hours (center panel), NZG-0906 was treated with 10 Gy ionizing radiation
at 8, 16, 24 hours (right panel). BCL6 and alpha-tubulin were detected by western, and Raji used as a positive control. U, untreated cells. C. LN18
(left) and NZG-0906 (right) were grown on coverslips, left untreated (center panels) or treated with 3 uM (LN18) or 1 pM (NZG-0906)
doxorubicin (lower panels), and BCL6 detected by immunofluorescence. An isotype antibody was used as a control on treated cells (upper panels).
Nuclei were imaged with DAPI. All data shown are representative of at least 3 independent experiments. Cropped gel images retain all bands,
immunofluorescence images were adjusted only for brightness and contrast, and were adjusted evenly over the entire image. D. Luciferase assay of
LN18 cells transfected with either BCL64-tkLUC (light) or PGL3 (dark) plasmids and harvested 48 hours after transfection. Luciferase values were
normalized to cell number then expressed as a proportion of their transfected untreated control (either BCL64-tkLUC or PGL3 alone). Cells were
treated with 25 uM FX1 (top), 10 Gy ionizing radiation (middle) or doxorubicin as described (bottom). All assays were performed 48 hours after
treatment.

https://doi.org/10.1371/journal.pone.0231470.9006

Both of these induced BCL6 expression in all lines tested—LN18, T98G, NZG-0906, and NZG-
1003 (Fig 6). The effect of doxorubicin was also examined, because although it does not cross
the blood-brain barrier in vivo, doxorubicin has demonstrable efficacy against glioblastoma in
vitro [19]. All cell lines tested up-regulated BCL6 with doxorubicin exposure, similar to temo-
zolomide and ionizing radiation. At very low dose, down to 15 nM, doxorubicin had little
direct impact on viability of glioblastoma cell lines, but led to significant induction of BCL6
over 24 hours. The doxorubicin effect on BCL6 level increased with dose and was sustained at
least up to 72 hours.

Immunofluorescence of doxorubicin -treated LN18 and NZG-0906 cells confirmed that
induced BCL6 was predominantly nuclear, (Fig 6C), suggesting that it should be transcription-
ally active. To determine whether DNA damage-induced BCL6 was also a transcriptional
repressor, we repeated the BCL6-responsive luciferase reporter assay, but without transfection
of wild-type BCL6. First, endogenous BCL6 was inhibited with FX1. Surprisingly, this had no
effect on BCL6 reporter activity, and in fact led to less expression from the BCL6 responsive
reporter than from the control reporter. If BCL6 repressed transcription, inhibition should
have released this and increased luciferase expression. To look at this further, reporter-trans-
fected cells were treated with 10 Gy of ionizing radiation. This caused a robust increase in
BCL6 transcriptional activity not seen on the control reporter, which suggested that induced
GBM BCL6 might increase transcription. This was confirmed in cells treated with doxorubi-
cin, which also had increased BCL6 reporter activity. Together, these data suggest that BCL6
induced by therapy in glioblastoma is transcriptionally active, but may not have the classic
‘transcriptional repressor’ activity observed in B cells.

The effect of therapy on BCL6 expression was assessed in vivo with an orthotopic murine
model using the GL261 cell line. Notably, GL261 cells were much more sensitive to DNA dam-
aging therapy than the human cell lines—10x less doxorubicin (0.25 uM rather than 1-3 uM)
was required to injure these cells, and the standard radiation and TMZ regimens left many
fewer surviving cells. Despite this, BCL6 protein was increased in those GL261 cells that sur-
vived doxorubicin, radiation and temozolomide treatment in vitro (Fig 7A). Unlike the human
cells, the sub-cellular localization of BCL6 in GL261 was largely cytoplasmic, both before and
after DNA damage induced by therapy (Fig 7B and 7C).

GL261 cells were implanted intra-cranially into one hemisphere of C57/BL6 mice. Once
significant tumor burden was demonstrated by the onset of weight loss, 10 Gy of whole brain
irradiation was delivered as described previously [31] and brains collected 24 or 48 hours after
irradiation. Localization of tumor within the brain was determined by DAPI-staining of
nuclei, which showed the densely packed irregular nuclei typical of this model [19]. BCL6 pro-
tein was analyzed by immunofluorescence in the brain tumor, and compared to normal brain
in the opposite hemisphere (Fig 7D). There was a low level of basal BCL6 expression in the
tumors, which was very prominent by 48 hours. BCL6 was not observed in the normal brain
tissue, either before or after irradiation.
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Fig 7. BCL6 was up-regulated by DNA damaging therapy in the transplantable murine glioma model GL261. A. GL261 cells were treated with 10
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electrophoresis and transfer, membranes were cut and blotted with anti-BCL6 (top) or anti-alpha tubulin (bottom). Image representative of at least 3
independent experiments. B. GL261 cells grown on coverslips were treated with 10 Gy of ionizing radiation, then fixed and stained with DAPI (blue)
and anti-BCL6 antibody (green). Immunofluorescence images were adjusted only for brightness and contrast, and were adjusted evenly over the entire
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image. All images were adjusted exactly the same way, and all images representative of at least 3 independent experiments. C. GL261 cells on coverslips
were treated with 7 doses of 10 uM TMZ on alternate days, then fixed and stained with DAPI (blue) and anti-BCL6 antibody (green).
Immunofluorescence images were adjusted only for brightness and contrast, and were adjusted evenly over the entire image. All images were adjusted
exactly the same way, and all images representative of at least 3 independent experiments D. Brains from mice bearing intra-cranial GL261 tumors prior
to (U), and 48 hours post irradiation (10 Gy) were collected and BCL6 expression in the tumor and the normal brain determined by
immunofluorescence microscopy using Alexa-488-labelled anti-BCL6 antibody. Nuclei were imaged with DAPI. All data shown are representative of at
least 3 independent experiments. Cropped gel images retain all bands, immunofluorescence images were adjusted only for brightness and contrast, and
were adjusted evenly over the entire image.

https://doi.org/10.1371/journal.pone.0231470.9007

BCL6 blockade with genotoxic therapies enhanced their efficacy

The induction of BCL6 by genotoxic chemotherapy and radiation implied that BCL6 might
turn off cell death pathways such as apoptosis, that should be activated by high levels of DNA
damage. If this was the case, concomitant BCL6 inhibition should increase the efficacy and
toxicity of DNA damaging therapies. To test this, LN18 and T98G cells were exposed to either
temozolomide or ionizing radiation, with and without the small molecule BCL6 inhibitor FX1.
Clonogenicity assays showed that the combination of FX1 and temozolomide had an additive,
or even greater-than-additive, effect on the temozolomide suppression of colony formation,
both in LN18 and in T98G cells (Fig 8A). Similarly, BCL6 inhibition added to ionizing radia-
tion had a greater effect than radiation alone in LN18 cells (Fig 8B).

The effect of BCL6 inhibition on cellular migration was also determined (Fig 8C). BCL6
inhibition with FX1 significantly reduced the ability of both LN18 and T98G cells to migrate
into a ‘scratch’ wound in a the cell monolayer. Temozolomide by itself had little effect on
migration, but as in the clonogenicity data, combining BCL6 inhibition with temozolomide
reduced migration further, in both cell types. These data are consistent with our hypothesis
that BCL6 up-regulation in response to DNA damaging therapy contributes to the resistance
of glioblastoma cells to that therapy.

Discussion

In this study, we assessed the spectrum of BCL6 protein in glioblastoma survival and therapy
resistance, and demonstrated a key role for BCL6 in survival of glioblastoma cells in vitro after
DNA damage. We found cells with endogenous BCL6 present in every glioblastoma tumor
examined, although in some sections, the percentage of positive cells was very low. The locali-
zation of BCL6 in glioblastoma was particularly interesting—in many cases, it appeared to
localize to perivascular regions of glioblastoma. If this is confirmed upon further analysis it
might suggest BCL6 is enriched in cancer stem cells that inhabit the perivascular niche [32].
Co-staining BCL6 with GBM cancer stem cell markers such as CD133, integrin a6, notch or
IL8 receptors [33, 34] would support this.

A previous observation linking glioma and BCL6 [12] saw a correlation between BCL6
expression and p53, predominantly in BCL6-translocated tumors. We did not see any correla-
tion between p53 status and BCL6 expression. This may be related to our tumor cohort—p53
mutation is much more common in secondary glioblastoma, and our tumors were predomi-
nantly primary disease. Similarly there was also no overt relationship between BCL6 level and
IDH1 mutation, another mutation more common in secondary glioblastoma. Less than 10%
of our tumors had any mutation in IDH1 or IDH2, and all 5 were IDH1 R132H. An interesting
correlation was observed between BCL6 and MGMT expression, with higher BCL6 expression
observed in MGMT positive tumors. Recent data show MGMT is commonly expressed by
macrophages, and some tumors classified as MGMT-positive actually reflect high levels of
MGMT+ macrophage infiltration [35]. The observed association between MGMT and BCL6
could be due to BCL6 expression in the infiltrating macrophages. However, we examined this
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Fig 8. BCL6 inhibition increased the efficacy of chemotherapy and radiation. A. Long-term proliferative potential
was measured by clonogenic assay for LN18 (left) and T98G (right) cells with vehicle control (DMSO, D), 25 uM FX1
(F), 400 uM temozolomide with DMSO (TD), and temozolomide plus 25 uM FX1 (TF). Plating efficiency (PE) was
normalized to the DMSO treated cells, and data are averaged from three independent replicate experiments. Error bar
represents SEM, asterisks indicate level of statistical significance by ANOVA. B. Clonogenic assay for LN18 cells
treated with 2 Gy ionizing radiation, as described above. C. Cell migration was measured by scratch healing assay in
LN18 (left) and T98G (right) cells treated with vehicle control (DMSO), 25 uM FX1 (FX1), 400 uM temozolomide with
vehicle (TMZ DMSO), and 400 uM temozolomide plus FX1 (TMZ FX1). Data are averaged from three independent
replicates and normalized to the effect of the vehicle DMSO. Error bar represents SEM, asterisks indicate level of
statistical significance by ANOVA.

https://doi.org/10.1371/journal.pone.0231470.g008

carefully and are confident that BCL6 expression reported here is in the tumor cells, and not
any immune compartment. Further, retention of expression of BCL6 in cell lines underlies the
importance of BCL6 in tumor cells. The nature of the relationship between BCL6 and MGMT
expression in glioblastoma is unclear, but could provide a double hit of therapy resistance—
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MGMT would repair the TMZ-mediated damage, while BCL6 induced by radiotherapy and
TMZ would enhance survival. This becomes particularly critical if the cells expressing BCL6
are cancer stem cells.

In line with the enrichment of the apoptosis gene set in the differentially expressed genes,
and published data, we saw a highly reproducible increase in apoptosis that did not depend on
the method of BCL6 inhibition—siRNA, inhibitors and dominant negative mutants all
increased apoptosis. However, the number of apoptotic cells was small, indicating that while
BCL6 has some role in preventing apoptosis, supported by previous observations [12], it is not
entirely responsible for poor apoptosis in glioblastoma. However, apoptosis is not essential in
cancer therapy, and perhaps not even desirable—apoptotic cell death tends to be immunologi-
cally silent [36], which may prevent naturally occurring anti-tumor immunity from contribut-
ing to the therapeutic response. We took an agnostic approach to cell death and measured just
acute loss of viability, and long-term proliferative potential. Again using multiple modes of
inhibition, we clearly demonstrated that BCL6 is very important in glioblastoma cell survival
—BCL6 inhibition using the small molecule FX1 at 40 pM stopped all long-term proliferation,
and even at 25 pM there was significant suppression of colony formation. Further, cell viability
was lost completely when the BCL6 locus was knocked out. These findings were consistent
with the published reports [13], although contrary to Xu ef al. we never saw evidence of senes-
cence in any of our BCL6-inhibited cells. Our gene expression data also suggest that there are
other pro-survival pathways, such as MTORCI signaling, that are lost when endogenous BCL6
activity is blocked. These could also contribute to the protective effect of BCL6 in glioblastoma.
Even in the cell lines that had low basal levels of endogenous BCL6, DNA damaging therapy
induced substantial increases in BCL6. This appears to be a conserved response to stress [37]
acquired by glioblastoma that drives extensive resistance to therapy.

Another aspect of therapy resistance, and also intriguingly of the cancer stem cell pheno-
type, is migration and invasion. In glioblastoma, cells that have migrated beyond the main
body of the tumour cannot be surgically resected, and those that have moved beyond the radia-
tion field will escape DNA damage. These data demonstrated that endogenous BCL6 also
drives the highly migratory phenotype of glioblastoma cells, emphasizing the importance of
BCL6 as a target for therapy.

Our data are largely in vitro. Our in vivo model has limitations that made further analysis of
BCL6 unfeasible. BCL6 was robustly up-regulated in response to DNA damage, but that was
where the similarity to the human cell lines ended. First, BCL6 in GL261 was predominantly
cytoplasmic even after DNA damaging therapy, unlike the other cell lines. This made it
unlikely to directly regulate transcription. Secondly, the GL261 cells were much more sensitive
to DNA damaging therapies, with 10 times less doxorubicin required for the same level of
cytotoxicity, and more cell death observed with ionizing radiation. Combined, these data
implied that BCL6 survival activity is not conserved in the GL261 cells. Thus the animal
model, which we and others have used widely [19, 31, 38-40], would not be useful, beyond
demonstrating that DNA damaging therapy did indeed induce BCL6 in vivo as well as in vitro.

In order to understand whether therapy-induced BCL6 is a transcriptional repressor in
glioblastoma, we used the classic BCL6 responsive luciferase reporter system [41]. This clearly
demonstrated that while over-expressed BCL6 can repress transcription, therapy-induced
BCL6 might increase transcription from BCL6 binding sites. This was surprising but is sup-
ported by the literature. Although not directly highlighted by the authors, activation of gene
expression by BCL6 was observed by Xu et al [13]. In addition PLZF, a BTB-POZ domain pro-
tein closely related to BCL6, acts as either repressor or activator, in different cell types. This is
dictated by post-translational modification—acetylation and phosphorylation of key amino
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acids [42]. Whether BCL6 similarly directly activates transcription in glioblastoma has not yet
been determined.

Conclusions

The data presented here strongly support the hypothesis that BCL6 drives survival in glioblas-
toma. Importantly, we demonstrated that BCL6 is induced by the therapies used to treat glio-
blastoma, and that the pro-survival activity of ‘therapy-induced’ BCL6 helps drive the intrinsic
resistance to therapy observed in this disease. People diagnosed with glioblastoma have few
options for treatment, and most of those options are ineffective at best. BCL6 inhibition has
been shown to be highly effective in animal models of lymphoma and leukemia, and several
inhibitors are currently in clinical development. BCL6 inhibition in glioblastoma is highly fea-
sible—several inhibitors, both peptide and small molecule, have been developed for BCL6 [4,
28], including some that should pass through the blood-brain barrier and accumulate in the
brain. We believe that addition of BCL6 inhibition to the standard protocols of chemo-radia-
tion has real potential to improve the outcome for people with glioblastoma.

Supporting information

S1 Fig. Basal BCL6 localization in primary GBM cell lines. Blue = DAPI, Green = BCL6.
Brightness and contrast was adjusted on merged images. The same adjustments were made to

the whole image and to each image the same way.
(TIF)

S2 Fig. ZFN editing of BCL6 locus. Heteroduplex formation of PCR products Spanning the
BCL6 ZFN site. The surveyor kit was used to identify presence of loci with deletions induced
by ZFn against the BCL6 locus. Brightness and contrast of the original gel image (lower left
corner) was altered to visualize the short products (asterisks) resulting in cleavage of hetero-
duplex by the Surveyor enzyme. Non-transfected (No ZFN) or tranfected cells (Adherent
only, or adherent and floating) were analysed at the indicated time-points post-transfection,
as descrided.

(TIF)

S3 Fig.
(PDF)

$4 Fig. Original western blots from Fig 6. The upper part of each membrane was incubated
with 1:500 (3% skim milk) of anti-BCI6 monoclonal antibody D8 and lower part 1:2,0000 (3%
skim milk) of anti-tubulin. Goat anti-moise IgG HRP secondary antibody was used at 1:10,000
(3% skim milk). Detection by enhanced chemiluminescence (Ultrasignal ECL kit, pierce),
imaged using the Gel logic 4000 PRO Imaging System (Carestream, Rochester, NY USA).
(TIF)

S5 Fig. Original western blots from Fig 7. The upper part of each membrane was

incubated with 1:500 (3% skim milk) of anti-BCI6 monoclonal antibody D8 and lower

part 1:2,0000 (3% skim milk) of anti-tubulin. Goat anti-moise IgG HRP secondary antibody
was used at 1:10,000 (3% skim milk). Detection by enhanced chemiluminescence (Ultrasignal
ECL kit, pierce), imaged using the Gel logic 4000 PRO Imaging System (Carestream, Roches-
ter, NY USA).

(TIF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0231470  April 22, 2020 21/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231470.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231470.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231470.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231470.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231470.s005
https://doi.org/10.1371/journal.pone.0231470

PLOS ONE

BCLS6 drives survival after DNA damage in glioblastoma

Acknowledgments

We would like to thank Maria Celina Capistrano and Mathew Storey for their technical
assistance.

Author Contributions
Conceptualization: Samuel Lee, Melanie J. McConnell.

Data curation: Marie-Sophie Fabre, Nicole M. Stanton, Tania L. Slatter, Samuel Lee, Melanie
J. McConnell.

Formal analysis: Marie-Sophie Fabre, Nicole M. Stanton, Tania L. Slatter, Samuel Lee,
Dinindu Senanayake, Rosemary M. A. Gordon, Melanie J. McConnell.

Funding acquisition: Ari M. Melnick, Melanie J. McConnell.

Investigation: Marie-Sophie Fabre, Nicole M. Stanton, Tania L. Slatter, Samuel Lee, Dinindu
Senanayake, Rosemary M. A. Gordon, M. Leticia Castro, Matthew R. Rowe, Melanie J.
McConnell.

Methodology: Marie-Sophie Fabre, Nicole M. Stanton, Tania L. Slatter, Samuel Lee, Dinindu
Senanayake, Rosemary M. A. Gordon, M. Leticia Castro, Melanie J. McConnell.

Project administration: Melanie J. McConnell.

Resources: Tania L. Slatter, Ahmad Taha, Janice A. Royds, Noelyn Hung, Ari M. Melnick,
Melanie J. McConnell.

Software: Samuel Lee, Dinindu Senanayake.

Supervision: Dinindu Senanayake, Melanie J. McConnell.

Validation: M. Leticia Castro, Matthew R. Rowe.

Visualization: Marie-Sophie Fabre, Nicole M. Stanton, Samuel Lee, Rosemary M. A. Gordon.

Writing - original draft: Marie-Sophie Fabre, Nicole M. Stanton, Tania L. Slatter, Melanie J.
McConnell.

Writing - review & editing: Marie-Sophie Fabre, Nicole M. Stanton, Tania L. Slatter, Samuel
Lee, Dinindu Senanayake, Rosemary M. A. Gordon, M. Leticia Castro, Matthew R. Rowe,
Ahmad Taha, Janice A. Royds, Noelyn Hung, Ari M. Melnick, Melanie J. McConnell.

References

1. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, Janzer RC, et al., European Organisa-
tion for R, Treatment of Cancer Brain T, Radiation Oncology G and National Cancer Institute of Canada
Clinical Trials G (2009) Effects of radiotherapy with concomitant and adjuvant temozolomide versus
radiotherapy alone on survival in glioblastoma in a randomised phase Il study: 5-year analysis of the
EORTC-NCIC trial. Lancet Oncol 10:459-66. https://doi.org/10.1016/S1470-2045(09)70025-7 PMID:
19269895

2. Stegh AH, Chin L, Louis DN and DePinho RA (2008) What drives intense apoptosis resistance and pro-
pensity for necrosis in glioblastoma? A role for Bcl2L12 as a multifunctional cell death regulator. Cell
Cycle 7:2833-9. https://doi.org/10.4161/cc.7.18.6759 PMID: 18769159

3. XuYY,GaoP,SunY and Duan YR (2015) Development of targeted therapies in treatment of glioblas-
toma. Cancer Biol Med 12:223-37. https://doi.org/10.7497/j.issn.2095-3941.2015.0020 PMID:
26487967

4. Parekh S, Prive G and Melnick A (2008) Therapeutic targeting of the BCL6 oncogene for diffuse large
B-cell ymphomas. Leuk Lymphoma 49:874-82. https://doi.org/10.1080/10428190801895345 PMID:
18452090

PLOS ONE | https://doi.org/10.1371/journal.pone.0231470  April 22, 2020 22/24


https://doi.org/10.1016/S1470-2045(09)70025-7
http://www.ncbi.nlm.nih.gov/pubmed/19269895
https://doi.org/10.4161/cc.7.18.6759
http://www.ncbi.nlm.nih.gov/pubmed/18769159
https://doi.org/10.7497/j.issn.2095-3941.2015.0020
http://www.ncbi.nlm.nih.gov/pubmed/26487967
https://doi.org/10.1080/10428190801895345
http://www.ncbi.nlm.nih.gov/pubmed/18452090
https://doi.org/10.1371/journal.pone.0231470

PLOS ONE

BCLS6 drives survival after DNA damage in glioblastoma

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

Cerchietti LC, Ghetu AF, Zhu X, Da Silva GF, Zhong S, Matthews M, et al. (2010) A small-molecule
inhibitor of BCLS6 kills DLBCL cells in vitro and in vivo. Cancer Cell 17:400—11. https://doi.org/10.1016/j.
ccr.2009.12.050 PMID: 20385364

Ribeiro IP, Marques F, Caramelo F, Pereira J, Patricio M, Prazeres H, et al. (2014) Genetic gains and
losses in oral squamous cell carcinoma: impact on clinical management. Cell Oncol (Dordr) 37:29-39.
https://doi.org/10.1007/s13402-013-0161-5 PMID: 24353162

Sena P, Mariani F, Benincasa M, De Leon MP, Di Gregorio C, Mancini S, et al. (2014) Morphological
and quantitative analysis of BCL6 expression in human colorectal carcinogenesis. Oncol Rep 31:103—
10. https://doi.org/10.3892/0r.2013.2846 PMID: 24220798

Liang PI, Li CF, Chen LT, Sun DP, Chen TJ, Hsing CH, et al. (2014) BCL6 overexpression is associated
with decreased p19 ARF expression and confers an independent prognosticator in gallbladder carci-
noma. Tumour Biol 35:1417-26. https://doi.org/10.1007/s13277-013-1195-z PMID: 24114011

Walker SR, Liu S, Xiang M, Nicolais M, Hatzi K, Giannopoulou E, et al. (2015) The transcriptional mod-
ulator BCL6 as a molecular target for breast cancer therapy. Oncogene 34:1073-82. https://doi.org/10.
1038/onc.2014.61 PMID: 24662818

Tiberi L, Bonnefont J, van den Ameele J, Le Bon SD, Herpoel A, Bilheu A, et al. (2014) A BCL6/BCOR/
SIRT1 complex triggers neurogenesis and suppresses medulloblastoma by repressing Sonic Hedge-
hog signaling. Cancer Cell 26:797-812. https://doi.org/10.1016/j.ccell.2014.10.021 PMID: 25490446

Chen YW, Hu XT, Liang AC, Au WY, So CC, Wong ML, et al. (2006) High BCL6 expression predicts bet-
ter prognosis, independent of BCL6 translocation status, translocation partner, or BCL6-deregulating
mutations, in gastric lymphoma. Blood 108:2373-83. https://doi.org/10.1182/blood-2006-05-022517
PMID: 16772602

Ruggieri S, Tamma R, Marzullo A, Annese T, Marinaccio C, Errede M, et al. (2014) Translocation of the
proto-oncogene Bcl-6 in human glioblastoma multiforme. Cancer Lett 353:41-51. https://doi.org/10.
1016/j.canlet.2014.06.017 PMID: 25038272

XuL, ChenYY, Dutra-Clarke M, Mayakonda A, Hazawa M, Savinoff SE, et al. (2017) BCL6 promotes gli-
oma and serves as a therapeutic target. Proc Natl Acad Sci U S A 114:3981-3986. https://doi.org/10.
1073/pnas.1609758114 PMID: 28356518

Kurosu T, Fukuda T, Miki T and Miura O (2003) BCL6 overexpression prevents increase in reactive oxy-
gen species and inhibits apoptosis induced by chemotherapeutic reagents in B-cell lymphoma cells.
Oncogene 22:4459-68. https://doi.org/10.1038/sj.onc.1206755 PMID: 12881702

Duy C, Hurtz C, Shojaee S, Cerchietti L, Geng H, Swaminathan S, et al. (2011) BCL6 enables Ph+
acute lymphoblastic leukaemia cells to survive BCR-ABL1 kinase inhibition. Nature 473:384-8. https:/
doi.org/10.1038/nature09883 PMID: 21593872

Cerchietti LC, Hatzi K, Caldas-Lopes E, Yang SN, Figueroa ME, Morin RD, et al. (2010) BCL6 repres-
sion of EP300 in human diffuse large B cell lymphoma cells provides a basis for rational combinatorial
therapy. J Clin Invest 120:4569-82. https://doi.org/10.1172/JCl142869 PMID: 21041953

Patel VN, Gokulrangan G, Chowdhury SA, Chen Y, Sloan AE, Koyuturk M, et al. (2013) Network signa-
tures of survival in glioblastoma multiforme. PLoS Comput Biol 9:e1003237. https://doi.org/10.1371/
journal.pcbi.1003237 PMID: 24068912

Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, Yuan W, et al. (2009) IDH1 and IDH2 mutations
in gliomas. N Engl J Med 360:765-73. https://doi.org/10.1056/NEJMo0a0808710 PMID: 19228619

Broadley KW, Hunn MK, Farrand KJ, Price KM, Grasso C, Miller RJ, et al. (2011) Side population is not
necessary or sufficient for a cancer stem cell phenotype in glioblastoma multiforme. Stem Cells
29:452-61. https://doi.org/10.1002/stem.582 PMID: 21425408

Jones NM, Rowe MR, Shepherd PR and McConnell MJ (2016) Targeted inhibition of dominant PI3-
kinase catalytic isoforms increase expression of stem cell genes in glioblastoma cancer stem cell mod-
els. IntJ Oncol 49:207-16. https://doi.org/10.3892/ij0.2016.3510 PMID: 27176780

Cardenas MG, Yu W, Beguelin W, Teater MR, Geng H, Goldstein RL, et al. (2016) Rationally designed
BCLS6 inhibitors target activated B cell diffuse large B cell ymphoma. J Clin Invest 126:3351-62. https://
doi.org/10.1172/JCI185795 PMID: 27482887

Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP and Tamayo P (2015) The Molecular
Signatures Database (MSigDB) hallmark gene set collection. Cell Syst 1:417—-425. https://doi.org/10.
1016/j.cels.2015.12.004 PMID: 26771021

Perez-Rosado A, Artiga M, Vargiu P, Sanchez-Aguilera A, Alvarez-Barrientos A and Piris M (2008)
BCL6 represses NFkappaB activity in diffuse large B-cell ymphomas. J Pathol 214:498-507. https://
doi.org/10.1002/path.2279 PMID: 18189332

PLOS ONE | https://doi.org/10.1371/journal.pone.0231470  April 22, 2020 23/24


https://doi.org/10.1016/j.ccr.2009.12.050
https://doi.org/10.1016/j.ccr.2009.12.050
http://www.ncbi.nlm.nih.gov/pubmed/20385364
https://doi.org/10.1007/s13402-013-0161-5
http://www.ncbi.nlm.nih.gov/pubmed/24353162
https://doi.org/10.3892/or.2013.2846
http://www.ncbi.nlm.nih.gov/pubmed/24220798
https://doi.org/10.1007/s13277-013-1195-z
http://www.ncbi.nlm.nih.gov/pubmed/24114011
https://doi.org/10.1038/onc.2014.61
https://doi.org/10.1038/onc.2014.61
http://www.ncbi.nlm.nih.gov/pubmed/24662818
https://doi.org/10.1016/j.ccell.2014.10.021
http://www.ncbi.nlm.nih.gov/pubmed/25490446
https://doi.org/10.1182/blood-2006-05-022517
http://www.ncbi.nlm.nih.gov/pubmed/16772602
https://doi.org/10.1016/j.canlet.2014.06.017
https://doi.org/10.1016/j.canlet.2014.06.017
http://www.ncbi.nlm.nih.gov/pubmed/25038272
https://doi.org/10.1073/pnas.1609758114
https://doi.org/10.1073/pnas.1609758114
http://www.ncbi.nlm.nih.gov/pubmed/28356518
https://doi.org/10.1038/sj.onc.1206755
http://www.ncbi.nlm.nih.gov/pubmed/12881702
https://doi.org/10.1038/nature09883
https://doi.org/10.1038/nature09883
http://www.ncbi.nlm.nih.gov/pubmed/21593872
https://doi.org/10.1172/JCI42869
http://www.ncbi.nlm.nih.gov/pubmed/21041953
https://doi.org/10.1371/journal.pcbi.1003237
https://doi.org/10.1371/journal.pcbi.1003237
http://www.ncbi.nlm.nih.gov/pubmed/24068912
https://doi.org/10.1056/NEJMoa0808710
http://www.ncbi.nlm.nih.gov/pubmed/19228619
https://doi.org/10.1002/stem.582
http://www.ncbi.nlm.nih.gov/pubmed/21425408
https://doi.org/10.3892/ijo.2016.3510
http://www.ncbi.nlm.nih.gov/pubmed/27176780
https://doi.org/10.1172/JCI85795
https://doi.org/10.1172/JCI85795
http://www.ncbi.nlm.nih.gov/pubmed/27482887
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.cels.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26771021
https://doi.org/10.1002/path.2279
https://doi.org/10.1002/path.2279
http://www.ncbi.nlm.nih.gov/pubmed/18189332
https://doi.org/10.1371/journal.pone.0231470

PLOS ONE

BCLS6 drives survival after DNA damage in glioblastoma

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Barish GD, Yu RT, Karunasiri MS, Becerra D, Kim J, Tseng TW, et al. (2012) The Bcl6-SMRT/NCoR
cistrome represses inflammation to attenuate atherosclerosis. Cell Metab 15:554—62. https://doi.org/
10.1016/j.cmet.2012.02.012 PMID: 22465074

Chamdin A, Jarzembowski JA, Subramanian C, Kuick R, Lee JS, Kwok RP, et al. (2009) Bcl6 is
expressed in neuroblastoma: tumor cell type-specific expression predicts outcome. Transl Oncol
2:128-37. https://doi.org/10.1593/tl0.08220 PMID: 19701497

Lossos C, Bayraktar S, Weinzierl E, Younes SF, Hosein PJ, Tibshirani RJ, et al. (2014) LMO2 and
BCL6 are associated with improved survival in primary central nervous system lymphoma. Br J Haema-
tol 165:640-8. https://doi.org/10.1111/bjh.12801 PMID: 24571259

Valls E, Lobry C, Geng H, Wang L, Cardenas M, Rivas M, et al. (2017) BCL6 Antagonizes NOTCH2 to
Maintain Survival of Human Follicular Lymphoma Cells. Cancer Discov 7:506—-521. https://doi.org/10.
1158/2159-8290.CD-16-1189 PMID: 28232365

Polo JM, DellOso T, Ranuncolo SM, Cerchietti L, Beck D, Da Silva GF, et al. (2004) Specific peptide
interference reveals BCL6 transcriptional and oncogenic mechanisms in B-cell lymphoma cells. Nat
Med 10:1329-35. https://doi.org/10.1038/nm1134 PMID: 15531890

Takeda N, Arima M, Tsuruoka N, Okada S, Hatano M, Sakamoto A, et al. (2003) Bcl6 is a transcriptional
repressor for the IL-18 gene. J Immunol 171:426-31. https://doi.org/10.4049/jimmunol.171.1.426
PMID: 12817026

Chang CC, Ye BH, Chaganti RS and Dalla-Favera R (1996) BCL-6, a POZ/zinc-finger protein, is a
sequence-specific transcriptional repressor. Proc Natl Acad Sci U S A 93:6947-52. https://doi.org/10.
1073/pnas.93.14.6947 PMID: 8692924

Grasso C, Fabre MS, Collis SV, Castro ML, Field CS, Schleich N, et al. (2014) Pharmacological doses
of daily ascorbate protect tumors from radiation damage after a single dose of radiation in an intracranial
mouse glioma model. Front Oncol 4:356. https://doi.org/10.3389/fonc.2014.00356 PMID: 25566497

Pietras A, Katz AM, Ekstrom EJ, Wee B, Halliday JJ, Pitter KL, et al. (2014) Osteopontin-CD44 signal-
ing in the glioma perivascular niche enhances cancer stem cell phenotypes and promotes aggressive
tumor growth. Cell Stem Cell 14:357-69. https://doi.org/10.1016/j.stem.2014.01.005 PMID: 24607407

Infanger DW, Cho Y, Lopez BS, Mohanan S, Liu SC, Gursel D, et al. (2013) Glioblastoma stem cells are
regulated by interleukin-8 signaling in a tumoral perivascular niche. Cancer Res 73:7079-89. https:/
doi.org/10.1158/0008-5472.CAN-13-1355 PMID: 24121485

Lathia JD, Mack SC, Mulkearns-Hubert EE, Valentim CL and Rich JN (2015) Cancer stem cells in glio-
blastoma. Genes Dev 29:1203-17. https://doi.org/10.1101/gad.261982.115 PMID: 26109046

Hsu CY, Lin SC, Ho HL, Chang-Chien YC, Hsu SP, Yen YS, et al. (2013) Exclusion of histiocytes/endo-
thelial cells and using endothelial cells as internal reference are crucial for interpretation of MGMT
immunohistochemistry in glioblastoma. Am J Surg Pathol 37:264—71. https://doi.org/10.1097/PAS.
0b013e318267b061 PMID: 23282970

Kepp O, Tesniere A, Schlemmer F, Michaud M, Senovilla L, Zitvogel L, et al. (2009) Immunogenic cell
death modalities and their impact on cancer treatment. Apoptosis 14:364—75. https://doi.org/10.1007/
$10495-008-0303-9 PMID: 19145485

Fernando TM, Marullo R, Pera Gresely B, Phillip JM, Yang SN, Lundell-Smith G, et al. (2019) BCL6

Evolved to Enable Stress Tolerance in Vertebrates and Is Broadly Required by Cancer Cells to Adapt to
Stress. Cancer Discov 9:662—679. https://doi.org/10.1158/2159-8290.CD-17-1444 PMID: 30777872

Hunn MK, Farrand KJ, Broadley KW, Weinkove R, Ferguson P, Miller RJ, et al. (2012) Vaccination with
irradiated tumor cells pulsed with an adjuvant that stimulates NKT cells is an effective treatment for gli-
oma. Clin Cancer Res 18:6446-59. https://doi.org/10.1158/1078-0432.CCR-12-0704 PMID: 23147997
Authier A, Farrand KJ, Broadley KW, Ancelet LR, Hunn MK, Stone S, et al. (2015) Enhanced immuno-
suppression by therapy-exposed glioblastoma multiforme tumor cells. Int J Cancer 136:2566—78.
https://doi.org/10.1002/ijc.29309 PMID: 25363661

Feldman LA, Fabre MS, Grasso C, Reid D, Broaddus WC, Lanza GM, et al. (2017) Perfluorocarbon

emulsions radiosensitise brain tumors in carbogen breathing mice with orthotopic GL261 gliomas.
PLoS One 12:e0184250. https://doi.org/10.1371/journal.pone.0184250 PMID: 28873460

Deweindt C, Albagli O, Bernardin F, Dhordain P, Quief S, Lantoine D, et al. (1995) The LAZ3/BCL6
oncogene encodes a sequence-specific transcriptional inhibitor: a novel function for the BTB/POZ
domain as an autonomous repressing domain. Cell Growth Differ 6:1495-503. PMID: 9019154

Xu D, Holko M, Sadler AJ, Scott B, Higashiyama S, Berkofsky-Fessler W, et al. (2009) Promyelocytic

leukemia zinc finger protein regulates interferon-mediated innate immunity. Immunity 30:802—16.
https://doi.org/10.1016/j.immuni.2009.04.013 PMID: 19523849

PLOS ONE | https://doi.org/10.1371/journal.pone.0231470  April 22, 2020 24/24


https://doi.org/10.1016/j.cmet.2012.02.012
https://doi.org/10.1016/j.cmet.2012.02.012
http://www.ncbi.nlm.nih.gov/pubmed/22465074
https://doi.org/10.1593/tlo.08220
http://www.ncbi.nlm.nih.gov/pubmed/19701497
https://doi.org/10.1111/bjh.12801
http://www.ncbi.nlm.nih.gov/pubmed/24571259
https://doi.org/10.1158/2159-8290.CD-16-1189
https://doi.org/10.1158/2159-8290.CD-16-1189
http://www.ncbi.nlm.nih.gov/pubmed/28232365
https://doi.org/10.1038/nm1134
http://www.ncbi.nlm.nih.gov/pubmed/15531890
https://doi.org/10.4049/jimmunol.171.1.426
http://www.ncbi.nlm.nih.gov/pubmed/12817026
https://doi.org/10.1073/pnas.93.14.6947
https://doi.org/10.1073/pnas.93.14.6947
http://www.ncbi.nlm.nih.gov/pubmed/8692924
https://doi.org/10.3389/fonc.2014.00356
http://www.ncbi.nlm.nih.gov/pubmed/25566497
https://doi.org/10.1016/j.stem.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24607407
https://doi.org/10.1158/0008-5472.CAN-13-1355
https://doi.org/10.1158/0008-5472.CAN-13-1355
http://www.ncbi.nlm.nih.gov/pubmed/24121485
https://doi.org/10.1101/gad.261982.115
http://www.ncbi.nlm.nih.gov/pubmed/26109046
https://doi.org/10.1097/PAS.0b013e318267b061
https://doi.org/10.1097/PAS.0b013e318267b061
http://www.ncbi.nlm.nih.gov/pubmed/23282970
https://doi.org/10.1007/s10495-008-0303-9
https://doi.org/10.1007/s10495-008-0303-9
http://www.ncbi.nlm.nih.gov/pubmed/19145485
https://doi.org/10.1158/2159-8290.CD-17-1444
http://www.ncbi.nlm.nih.gov/pubmed/30777872
https://doi.org/10.1158/1078-0432.CCR-12-0704
http://www.ncbi.nlm.nih.gov/pubmed/23147997
https://doi.org/10.1002/ijc.29309
http://www.ncbi.nlm.nih.gov/pubmed/25363661
https://doi.org/10.1371/journal.pone.0184250
http://www.ncbi.nlm.nih.gov/pubmed/28873460
http://www.ncbi.nlm.nih.gov/pubmed/9019154
https://doi.org/10.1016/j.immuni.2009.04.013
http://www.ncbi.nlm.nih.gov/pubmed/19523849
https://doi.org/10.1371/journal.pone.0231470

