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Figure 4 IRF7 regulates microglial migration and tumour heterogeneity. (A) Brain tumour sections. No tumour was derived from
U87MG-IRF7-shIL6 cells. Microglia infiltration was substantially increased in U87MG-IRF7-driven tumours (F4/80* microglial cells; 200 x
magnification). Tumour volume (mean + SE) was determined by external measurement (n = 3). Control tumours versus
IRF7-overexpressing tumours: *P < 0.05; IRF7-overexpressing tumours versus IRF7-overexpressing/IL6-knockdown tumours: *P < 0.05.
(B) Ectopic expression of IRF7, CXCL1 and CCL2 in U87MG cells stimulated microglia migration, whereas CXCL1-depleted U87MG-IRF7
cells markedly reduced microglia cell migration. Conditioned medium from control cells versus conditioned medium from IRF7 and three
cytokines-overexpressing cells: **P < 0.01; conditioned medium from IRF7-overexpressing cells versus conditioned medium from
IRF7-overexpressing cells with depletion of each three cytokines -knockdown cells: *P < 0.01. (C) Ectopic expression of IRF7 or IL6 in
U87MG cells enhanced tumoursphere formation when grown in neural stem cell culture conditions. Control cells versus
IRF7-overexpressing cells: **P < 0.01; IRF7-overexpressing cells versus IRF7-overexpressing/IL6-knockdown cells: #P < 0.01. (D)
U87MG-IRF7 and U87MG-IL6 cells exhibited self-renewal potential to maintain their stemness during three consecutive passages.
Passage 1 cells versus Passage 2/3 cells (in individual cell lines): **P < 0.01.

2003) in U87MG-IRF7 and U87MG-IL6 cells were diminished by
pyridone 6 treatment (Fig. 5D), indicating that IRF7 confers cancer
stemness to glioma cells by stimulating Jagged-Notch signalling
through IL6-JAK/STAT signalling.

Interferon regulatory factor 7 expression
in human patient-derived glioma stem
cells and brain tumours

We further demonstrated the role of IRF7-IL6-Notch signalling in
maintaining cancer stemness using several GSCs (X01, X02, X03,
GSC3, GSC4 and GSC5) (Joo et al., 2008; Soeda et al., 2008)
derived from patients with gliomas. IRF7 messenger RNA levels
were strongly increased in all six GSCs compared with normal
human astrocytes (Fig. 6A), and the protein levels of IRF7, phos-
phorylated STAT3 and Jagged1 were also increased in X02, X03
and GSC4 cells (Fig. 6B). Furthermore, inhibiting JAK/STAT-Notch
signalling with pharmacological inhibitors (pyridone 6, STAT3 in-
hibitor and DAPT, respectively) sharply reduced the tumoursphere

formation of X03, GSC4 and GSC8 cells (Fig. 6C). We found that
although IRF7 was not directly associated with cell proliferation,
as judged by no consistent growth alterations in the IRF7-depleted
X03 and GSC8 cells (Supplementary Fig. 6A and B), IRF7 depletion
significantly reduced IL6 and CCL2 expression (Fig. 6D),
inactivated STAT-Notch signalling (Fig 6E and Supplementary
Fig. 6C), and suppressed tumoursphere formation (Fig. 6F).
Furthermore, IRF7 depletion in the GSCs led to a reduction in
GSC proportion and GSC marker expression, but an increase in
differentiated glioma cell proportion and differentiation lineage
marker expression (Fig. 6G and Supplementary Fig. 6D), indicating
that sustained IRF7 expression is necessary to prevent GSC
differentiation.

To further assess the role of IL6 in IRF7-driven tumorigenesis in
primary GSCs derived from patients with glioblastoma multiforme,
we established GSC8-shIRF7-1L6 cells by transduction of IL6 in
IRF7-depleted GSC8 cells (Supplementary Fig. 6E). Orthotopic in-
jection of GSC8-shScramble, GSC8-shIRF7 and GSC8-shIRF7-IL6
cells into nude mice showed that IRF7 depletion significantly pro-
longed survival in tumour-bearing mice, whereas the
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Figure 5 IRF7-IL6 signalling promotes GSC self-renewal through Notch signalling. (A) JAK, STAT3 and Notch inhibitors suppressed
tumoursphere formation (> 10 um) in U87MG-IL6 and U87MG-IRF7 cells. Representative tumourspheres (right). Control cells versus
inhibitor-treated cells (in individual cell lines): **P < 0.01. Luciferase reporter assays showed that the Jagged1 promoter (B) and CSL/
Notch promoter (C) are induced by IRF7 over-expression, but are suppressed by JAK inhibitor (pyridone 6) treatment. Control cells versus
IRF7-overexpressing cells: **P < 0.01; IRF7-overexpressing cells versus pyridone 6-treated/IRF7-overexpressing cells: *P < 0.05,

#p < 0.01. (D) The quantitative real-time polymerase chain reaction analysis revealed that Jagged1, Hey1 and Hes1 messenger RNA
levels were reduced in U87MG-IL6 and U87MG-IRF7 cells by JAK inhibitor treatment (pyridone 6). Control cells versus pyridone 6-treated

cells (in individual cell lines): **P < 0.01.

reconstitution of IL6 in the IRF7-depleted GSCs dramatically accel-
erated death (Fig. 6H), indicating that IL6 signalling in the GSCs
plays a crucial role in IRF7-driven tumorigenicity.

To identify upstream signals, we evaluated IRF7 expression in
GSCs (GSC3, GSC4, X01 and X02) exposed to classic and putative
glioma-related cytokines including epidermal growth factor, basic
fibroblast growth factor, platelet-derived growth factor (Kesari and
Stiles, 2006), transforming growth factor (TGF)B (Penuelas et al.,
2009), leukaemia inhibitory factor (Penuelas et al., 2009), IL6,
tumour necrosis factor « (TNFa), IL1B and lipopolysaccharide.
We found that IRF7 expression was considerably increased in all
these cell lines by TNFa (Fig. 7A). TNFa is one of the best char-
acterized inducers of inflammatory signal transduction (Locksley
et al., 2001) and is secreted by astrocytes and microglial cells in
pathological conditions affecting the brain (Chung and Benveniste,
1990; Bruce et al., 1996). To investigate whether surgical wounds
accelerate glioma progression through TNFa-IRF7 signalling, we
transplanted rat Cé6 glioma cells into a mouse wound healing
model that exhibits a well-documented inflammatory microenvir-
onment (Martin and Leibovich, 2005; Gurtner et al., 2008) and
found that tumour growth was accelerated (Supplementary Fig.

7A). Additionally, the increased TNFa and macrophage infiltration
observed in these tumours were associated with IRF7 induction
(Supplementary Fig. 7B). To further validate the biological effect
of IRF7 on tumour progression in the inflammatory microenviron-
ment, we subcutaneously transplanted LN229-shScramble and
LN229-shIRF7 cells in wounded and non-wounded mice, and
found that LN229-shScramble control cells, but not
LN229-shIRF7 cells, markedly increased tumour formation in the
wounded mice (Fig. 7B). Immunofluorescence analysis revealed
that TNFe, IRF7, Jagged1, IL6, phosphorylated STAT3, Nestin
and CD31 levels  were substantially higher  in
LN229-shScramble-driven tumours than in LN229-shIRF7-driven
tumours in the wounded mice (Fig. 7C and D). Furthermore, we
found that IRF7 knockdown in the wounded mice decreased
microglia infiltration (representative photos showing F4/80* cells
in Fig. 7C and quantitative data in Fig. 7E) and GSC enrichment
(representative photos showing CD133* cells in Fig. 7C and quan-
titative data in Fig. 7F). These findings suggest that IRF7 is regu-
lated by the pathological inflammatory environment, and that
TNFa-IRF7 signalling may play a crucial role in glioma recurrence
after surgery.
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Figure 6 Validation of IRF7-IL6-Notch signalling in human patient-derived GSCs. (A) The quantitative real-time polymerase chain
reaction results showed that IRF7 messenger RNA was over-expressed in six GSCs established from patients with glioma. Normal human
astrocytes (NHA) versus GSCs: *P < 0.05 or **P < 0.01. (B) Western blot analysis revealed that X02, X03 and GSC4 cells over-expressed
IRF7, phosphorylated STAT3, and Jagged1 proteins. (C) JAK, STAT3 and Notch inhibitors suppress tumoursphere formation (>10pum) in
X03, GSC4 and GSC8 cells. Control cells versus inhibitor-treated cells (in individual cell lines): **P < 0.01. (D) The messenger RNA levels
of IRF7-induced cytokines (IL6, CXCL1 and CCL2) in X03-shIRF7 cells, GSC8-shIRF7 cells, and their corresponding controls. *P < 0.05.
(E) IRF7 knockdown in X03 and GSC8 cells reduced phosphorylated STAT3, Jagged1, active Notch intracellular domain (NICD), Hey1, and
Hes1 protein levels. (F) Tumoursphere formation in X03-shIRF7, GSC8-shIRF7 and their corresponding controls. **P < 0.01. (G)
Fluorescence-activated cell sorting analysis was performed to determine CD133*, Nestin™, Sox2™, GFAP*, S1008™", Tuj1* and NG2*
cell proportions in X03-shScramble, X03-shIRF7, GSC8-shScramble and GSC8-shIRF7 cells. **P < 0.01. (H) Kaplan—Meier survival rates of
nude mice orthotopically injected with GSC8-shIRF7, GSC8-shIRF7-1L6 cells and GSC8 control cells (n = 6).

To determine the clinical importance of IRF7 expression in
human brain tumours, we analysed IRF7 expression and found
that IRF7 messenger RNA and protein levels were strongly
increased in high-grade gliomas (WHO grade IV; P < 0.05)
(Fig. 8A). Furthermore, data obtained from the REMBRANDT
database showed that a 2-fold increase in IRF7 expression (120
of 204 patients) correlated with poor survival in patients with gli-
omas (Fig. 8B; P < 0.01). Interestingly, higher IRF7 expression was
also significantly associated with patient clinical characteristics such
as age (>40 years), glioma grade (WHO grade 1V), and clinical
score (<80% Karnofsky performance score), but not surgical re-
section (Table 1). To further assess the relationship between IRF7
expression and patient clinical characteristics, we performed multi-
variate analysis using the Cox proportional hazards regression
model. As shown in Table 2, high IRF7 expression (hazard ratio
2.54; P=0.014) and grade IV glioma (hazard ratio 3.28;
P =0.003) remained significant factors for poor survival after con-
trolling for age, Karnofsky score and surgical resection, suggesting
that IRF7 may serve as a prognostic factor for glioma patients.

In summary, we found that pathological inflammatory environ-
ments (e.g. surgical wounds) trigger IRF7 expression in gliomas
through inflammatory cytokines (e.g. TNFa), thereby promoting
IL6, CXCL1 and CCL2 expression and secretion (Fig. 8C).
Secreted IL6 enables glioma cells to acquire GSC properties
through JAK/STAT3-mediated activation of Jagged-Notch signal-
ling, and stimulates tumour angiogenesis by inducing endothelial
cell differentiation and vessel formation. Thus, the inflammatory
microenvironment generated by TNFa—IRF7-IL6 signalling in
glioma cells plays a crucial role in disease progression and glio-
blastoma formation through induction of GSC genesis and
angiogenesis.

Discussion

Interferon regulatory transcription factors appear to be important
mediators of signals that sustain the inflammatory microenviron-
ment necessary for tumour genesis and/or progression in many
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Figure 7 IRF7 plays a central role in tumour progression and heterogeneity in a mouse model of wound healing. (A) IRF7 expression was
strongly induced by TNF« in the various GSCs. E + F indicates treatment of epidermal growth factor and basic fibroblast growth factor.
(B) Tumour growth of LN229 cells markedly increased when transplanted in wounded mice, but short hairpin RNA-mediated knockdown

of IRF7 in LN229 cells markedly suppressed tumorigenesis. LN229-shScramble wound model versus LN229-shIRF7 wound model:

**P < 0.01. (C) Immunofluorescence images showing differential expression of TNFe, IRF7, Jagged1, IL6, Nestin, phosphorylated STAT3,

CD31 and CD133. (D) Quantitative analysis of signal intensities shown in (C). LN229-shScramble versus LN229-shIRF7: *P < 0.05,

**P < 0.01; LN229-shScramble non-wound model versus LN229-shScramble wound model: *P < 0.05 or **P < 0.01. (E) Quantitative

analysis of F4/807 cells infiltration in tumours shown in (C). LN229-shScramble wound model versus LN229-shIRF7 wound model:

**P < 0.01. (F) Quantification of CD133* GSCs in tumours shown in (C).
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Figure 8 IRF7 expression correlates with poor survival in patients with brain tumours. (A) Immunohistochemistry (IHC) results showing
IRF7 expression in glioblastoma multiformes with matched normal brains. The quantitative real-time polymerase chain reaction results
showed increased IRF7 expression in high-grade gliomas (WHO grade V). Normal brain/grade Il gliomas versus grade IV gliomas:

*P < 0.05. (B) IRF7 messenger RNA level correlates with poor patient survival. The high and intermediate IRF7 expression groups are
described in the ‘Materials and methods’ section. (C) Schematic representation showing the role of TNFa-IRF7-I1L6 signalling in GSC

genesis and angiogenesis in advanced and high-grade gliomas.

Table 1 IRF7 expression levels and clinical characteristics
in patients with brain tumours

Characteristics Percentage of patients, n (%)  P-value

IRF7 IRF7
high intermediate
(n=30) (n=26)
Age (years)
<40 36 (8) 64 (14) <0.0001
>40 65 (22) 35 (12)
WHO grade
1=l 38 (11) 62 (18) <0.0001
v 70 (19) 30 (8)
Karnofsky score
<80 76 (18) 24 (6) <0.0001
>80 44 (12) 56 (20)
Extent of resection
Partial resection 56 (18) 44 (14) 0.4
Complete resection 40 (12) 60 (12)

P-value was obtained using Pearson’s chi-squared test. These data sets were
obtained from the REMBRANDT database.

types of malignancies. However, there is little evidence supporting
the role of IRF-driven inflammation in brain tumour pathogenesis.
Although studies have demonstrated IRF7 over-expression in
reactive hyperplastic lymph nodes, paediatric lymphoma and
Epstein—Barr virus-transformed CNS lymphoma (Zhang et al.,
2004; Park et al., 2007), neither study demonstrates a functional
link between IRF7 expression and tumorigenesis. On the other
hand, several lines of evidence support the role of IL6 as a primary
mediator of the inflammatory response important in the patho-
genesis of many types of malignancies (Hodge et al., 2005;
Rose-Jone et al., 2006). Furthermore, recent studies have demon-
strated the importance of IL6 in RAS- and epidermal growth factor
receptor-mediated tumorigenesis, as well as the direct role of
IL6-STAT signalling in an inflammatory model of de novo tumour-
igenesis (i.e. colitis-associated colon cancer) (Ancrile et al., 2006;
Gao et al., 2007; Bollrath et al., 2009; Grivennikov et al., 2009).
Moreover, increased IL6 levels in gliomas are associated with
the grade of malignancy and contribute to the maintenance
of tumour heterogeneity through paracrine cytokine signalling
circuits in  U87MG-EGFRvIIl cells (Rolhion et al., 2001;
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Table 2 Multivariate analysis of IRF7 expression and clinical characteristics of 56 glioma patients

R? Hazard P-value
ratio
(95% Cl)
Age (years)
<40 versus >40 0.48 1.62 (0.73-3.56) 0.233
WHO grade
I-IIl versus IV 1.188 3.28 (1.51-7.12) 0.003
Karnofsky score
<80 versus >80 —0.089 0.92 (0.46-1.82) 0.8
Extent of resection
Partial resection versus complete resection 0.120 1.18 (0.57-2.24) 0.732
IRF7 expression
Intermediate versus high 0.932 2.54 (1.20-5.34) 0.014

Multivariate analysis was carried out using the Cox proportional hazard model. These data sets were obtained from the REMBRANDT
database. R? = co-efficient of determination; 95% Cl = 95% confidence interval.

Tchirkov et al., 2007; Wang et al., 2009; Inda et al., 2010). Our
findings suggest that the overexpression of both IRF7 and IL6 in
UB7MG cells accelerates glioma formation by stimulating angio-
genesis and Jagged/Notch-dependent acquisition of GSC
properties.

Angiogenesis is a hallmark of cancer and the inflammatory re-
sponse (Carmeliet and Jain, 2000; Hanahan and Weinberg, 2011).
Recent studies have described a perivascular niche microenviron-
ment in which endothelial-derived nitric oxide regulates the main-
tenance of GSC features through Notch signalling (Calabrese
et al., 2007; Charles et al., 2010). Therefore, our results strongly
suggest that increased angiogenesis and activation of Notch sig-
nalling by IRF7-driven cytokines (IL6, CCL2 and CXCL1) play cru-
cial roles in tumorigenicity and GSC genesis and maintenance. The
upregulation of CCL2 and CXCL1 is also involved in GSC main-
tenance through recruitment of microglia, which further promotes
the protumorigenic inflammatory microenvironment and angio-
genesis by secreting additional angiogenic cytokines, such as
TGFB, IL8 and RANTES (Ghosh and Chaudhuri, 2010).

The difference between IRF7- and IL6-driven tumours is the
infiltration of glioma cells into the brain parenchyma. Unlike tu-
mours generated from U87MG-IRF7 cells, US7ZMG-IL6 cells give
rise to gliomas with clear tumour margins in the brain. Given that
recruitment of microglial cells in gliomas promotes tumour invasion
and progression through membrane type |-matrix metalloprotei-
nase expression, and CCL2 is involved in microglia cell migration
(Markovic et al., 2009), we speculate that the increased CCL2 and
CXCL1 secretion demonstrated by U87MG-IRF7 cells, but not
UB7MG-IL6 cells, may play a role in the recruitment of microglial
cells into the invasive edge of tumours, further stimulating the
diffusive infiltration of tumour cells into the surrounding parenchy-
mal tissue.

Developmental regulators such as I1d4 and Olig2 appear to play
direct roles in GSC genesis (Ligon et al., 2007; Jeon et al., 2008).
However, no studies have shown that inflammatory regulators are
involved in GSC genesis and maintenance. The results reported
here demonstrate that IRF7 is directly involved in promoting
stem-like properties in glioma cells. Conversely, IRF7 depletion in

GSCs diminishes self-renewal and increases differentiation. Similar
to our previous study showing that Id4-induced activation of
Jagged/Notch signalling is sufficient to convert Ink4a/Arf=/~
astrocytes to glioma stem-like cells (Jeon et al., 2008), the
IRF7-driven acquisition and maintenance of GSC properties is
also mediated by Jagged/Notch through IL6-JAK/STAT signalling.
These findings suggest that deregulation of IRF7-IL6-Jagged/
Notch signalling may be an important event in tumour progression
in many types of malignancies, including inflammation-associated
cancers. Therefore, further investigation of this important signal-
ling pathway in a variety of tumours will be particularly valuable
for the development of new therapeutic agents and modalities.
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