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SUMMARY

Tumors contain hostile inflammatory signals generated by aberrant proliferation, necrosis, and
hypoxia. These signals are sensed and acted upon acutely by the Toll-like receptors (TLRs) to halt
proliferation and activate an immune response. Despite the presence of TLR ligands within the
microenvironment, tumors progress, and the mechanisms that permit this growth remain largely
unknown. We report that self-renewing cancer stem cells (CSCs) in glioblastoma have low TLR4
expression that allows them to survive by disregarding inflammatory signals. Non-CSCs express
high levels of TLR4 and respond to ligands. TLR4 signaling suppresses CSC properties by
reducing retinoblastoma binding protein 5 (RBBP5), which is elevated in CSCs. RBBP5 activates
core stem cell transcription factors, is necessary and sufficient for self-renewal, and is suppressed
by TLR4 overexpression in CSCs. Our findings provide a mechanism through which CSCs persist
in hostile environments because of an inability to respond to inflammatory signals.

In Brief

Alvarado et al. demonstrate that glioblastoma cancer stem cells express a lower level of the innate
immune receptor TLR4 than surrounding cells, which allows them to avoid inhibitory innate
immune signaling that would otherwise suppress self-renewal.
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INTRODUCTION

In parallel to the stem cells that function during normal development and tissue homeostasis,
a self-renewing, tumorigenic cancer stem cell (CSC) population has been identified in many
advanced cancers (Visvader and Lindeman, 2012), including glioblastoma, the most
common malignant primary brain tumor (Ostrom et al., 2015). CSCs drive tumor growth
(Singh et al., 2004) and therapeutic resistance (Bao et al., 2006; Chen et al., 2012). CSCs are
not governed solely by intrinsic programs but are also influenced by the tumor
microenvironment, which is essential in maintaining the balance between self-renewal and
differentiation (Lathia et al., 2015). Some of these external stimuli are byproducts of rapid
and uncontrolled proliferation and include hypoxia, acidic stress, and necrosis, which are not
favorable to cell survival; however, CSCs have adapted by developing mechanisms to self-
renew despite these inhospitable conditions (Hjelmeland et al., 2011; Li et al., 2009).
Although CSCs can persist under unfavorable conditions, the mechanisms that enable them
to survive and even thrive in harsh environments have not been elucidated.

The innate immune system recognizes both damage- and pathogen-associated molecular
patterns and has evolved as an early response mechanism to respond to potentially harmful
insults (Bianchi, 2007). In the tumor microenvironment, the existence of damage-associated
signaling could affect the phenotype and activation status of tumor cells as well as
infiltrating immune cells. Reponses to these ligands are mediated by distinct classes of
receptors that sense and initiate pro-inflammatory signaling cascades. Among these, the
Toll-like receptor (TLR) family activates inflammatory response pathways and is essential
for the recruitment of effector immune cells (O’Neill et al., 2013). Receptor diversity
accommodates a wide spectrum of ligands and accounts for an equally diverse set of
responses from members of the TLR family. In the context of cancer, TLRs have both pro-
and anti-tumorigenic roles that are tumor and cell-type specific (Pradere et al., 2014). The
anti-tumorigenic roles of TLRs are generally due to induction of anti-tumor immunity via
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activation of dendritic cells (Pradere et al., 2014). The pro-tumorigenic roles are mediated
directly by tumor-associated macrophages, dendritic cells, and endothelial cells along with
TLR-mediated cytokine production (Elinav et al., 2013; Hu et al., 2015; Vinnakota et al.,
2013). In multiple tumor types, including hepatocellular carcinoma and colorectal, prostate,
and bladder cancer, TLRs appear to function more in a pro-tumorigenic role (Cheah et al.,
2015; Grimm et al., 2010; Zhao et al., 2015), and the precise outcome of TLR signaling in
tumor cells, including CSCs, is an ongoing area of investigation.

There is accumulating evidence that TLRs may be important for CSC maintenance. In
hepatocellular carcinoma, TLR4 directly regulates the core self-renewal gene NANOG to
drive CSC maintenance (Chen et al., 2013). In GBM, it has recently been demonstrated that
self-renewal is mediated by TLR9 (Herrmann et al., 2014). Similar pro-proliferative roles
have been described for TLR4 in embryonic stem cells and mammary progenitor cells (Lee
et al., 2009); however, anti-proliferative roles have also been described for TLR2, TLR3, and
TLR4 in embryonic (Lathia et al., 2008; Okun et al., 2010) and adult neural progenitor cells
(Rolls et al., 2007). These findings suggest that distinct TLRs can modulate the proliferation
of non-immune cells in a positive or negative manner. As tumor cells reside within an
inhospitable environment, we were interested in the adaptive mechanisms that CSCs possess
to evade these damage-associated signals. The innate immune machinery, which is regulated
by TLRs, is a critical regulator of damage signaling. We therefore interrogated GBM CSCs
versus their non-stem cell (non-CSC) counterparts for the expression of TLRs and examined
how these receptors affected self-renewal. We found that CSCs exhibit diminished levels of
TLR4, allowing them to thrive in a hostile environment and avoid activation of inflammatory
pathways. Functionally, TLR4 was able to suppress tumor growth by reducing the
expression of retinoblastoma binding protein 5 (RBBP5), a transcription factor that we
found to be elevated in CSCs and necessary and sufficient for their maintenance. Taken
together, our findings demonstrate that CSCs have reduced innate immune signaling that,
when activated, directly suppresses CSC maintenance.

CSCs Have Reduced Response to Innate Immune Stimulation and Lower Expression of

TLR4

Within a rapidly proliferating tumor, there is a concomitant generation of cellular debris.
This process can initiate an immune response via TLRs, as the debris generated can
stimulate TLR signaling. Although TLRs are known to mediate the activation of
glioblastoma-associated immune cells, it remains unclear how tumor cells respond to TLR
ligands. Work from the developing CNS suggests that TLR ligands may elicit signaling
responses directly in non-immune cells, and therefore, these ligands may affect tumor cell
behavior (Pradere et al., 2014). Moreover, recent work in CSCs demonstrates an elevation of
TLR4 in hepatocellular carcinoma and of TLR9 in GBM (Chen et al., 2013; Herrmann et al.,
2014). To systematically assess how CSCs respond to TLR ligands, we investigated the
effect of several TLR ligands on the proliferation of both CSCs and non-CSCs isolated from
patient-derived GBM xenografts. In all the specimens analyzed, ligands that stimulate TLR2
(Pam3C), TLR3 (polyinosinic:polycytidylic acid [Polyl:C]), and TLR9 (oligodeoxy-
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nucleotides [CpG]) showed no statistically significant effect on either cell population
(Figures 1A and S1A). However, the TLR4 agonist lipopolysaccharide (LPS) showed a
differential effect on tumor cells; CSCs proliferated normally, but the growth of non-CSCs
was severely inhibited. To confirm that this effect was TLR4 specific, we used a signaling
inhibitor (CLI-095) and observed that the decrease in proliferation induced by TLR4
stimulation was abrogated by the addition of CLI-095 (Figure S1B). In the brain, normal and
tumor cells are rarely exposed to microbial components such as TLR ligands; however, there
are endogenous proteins that can also serve as activators for this family of receptors. During
necrosis and other injury- and stress-related cellular processes, proteins that are usually
found inside cells can be released and act as damage-associated molecular patterns
(DAMPs). These can be recognized by TLRs to activate inflammatory pathways and/or
recruit immune cells from the periphery. We therefore stimulated cells with the endogenous
TLR4 and TLR2 ligand high mobility group box 1 (HMGB1) (Figure 1A). As expected,
only the non-CSC population was affected, showing a decrease in proliferation compared
with the CSCs. Consistent with our findings, treating cells with CL1-095 blocked the
decrease in proliferation induced by HMGB1 (Figure S1B). Of note, treatment of non-CSCs
with CLI-095 alone increased cellular growth and led to higher expression of the stem cell
markers SOXZ, OCT4, and NANOG (Figures S1C and S1D, respectively), suggesting that
TLR4 may suppress proliferation and stem cell marker expression. These observations are
consistent with observations that TLR4 suppresses proliferation in adult neural stem cells
and retinal progenitor cells (Rolls et al., 2007; Shechter et al., 2008).

We then evaluated the expression of human TLRs in CSCs and non-CSCs. Several
significant differences were noted: 7LR2and TLRIwere highly expressed, while 7LR3,
TLR4, and TLR8were expressed at lower levels in CSCs compared with non-CSCs (Figure
1B). We thus hypothesized that the reason CSCs were not affected by stimulation with TLR4
ligands (LPS and HMGB1) was their lower TLR4 expression. We confirmed these
observations by analyzing additional specimens at both the mRNA (Figure 1C) and protein
(Figure 1D) levels. Consistently, CSCs showed decreased levels of TLR4 expression
compared with the non-CSC population. When we assessed TLR4 expression in GBM
patient-derived tumorspheres, which contain both CSCs and non-CSCs, we observed a
heterogeneous expression pattern (Figure S1E). These data confirm previous reports in
which TLR4 was detected via immunohistochemistry in GBM specimens (Sarrazy et al.,
2011; Tewari et al., 2012). To determine whether TLR4 was associated with differences in
GBM patient prognosis, we assessed expression in the National Cancer Institute’s
Rembrandt database and found that lower levels of TLR4 in patients correlated with a
decrease in median survival (Figure S1F). Similar analyses performed for other TLRs
(TLR3, TLRE, TLR9) and associated downstream signaling pathways did not demonstrate
any differences in patient prognosis (Figure S1F and the MYD88, TRAF6, IRAKI, IRAKY,
TICAMI1, and TBKI1 signaling molecules, data not shown). Moreover, when we compared
GBM with astrocytoma, we found lower levels of 7.R4 (Figure S1G), suggesting that there
is a decrease in TLR4 in more malignant tumors. These data demonstrate that CSCs express
lower levels of TLR4 compared with non-CSCs and may explain, in part, why CSCs are less
responsive to TLR4-mediated damage signals compared with non-CSCs.
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TLR4 Expression Negatively Correlates with CSC Features

To test the effect of TLR4 stimulation in vivo, we treated tumors established in
immunocompromised mice with LPS or PBS and then evaluated tumor size (Figure 2A). We
observed a dramatic decrease in tumor volume after treatment with a single LPS injection
(150 and 300 pg) compared with PBS treatment (Figure 2B). These data are in line with a
previously published report in which LPS decreased tumor growth in a syngeneic mouse
model (Chicoine et al., 2001) and demonstrate that TLR4 stimulation alters tumor growth in
the absence of the immune system. This confirms our in vitro data demonstrating that LPS
treatment decreases the proliferation of TLR4-expressing tumor cells. Moreover, to assess
the functional implications of TLR4 expression, we evaluated the stem cell characteristics of
cells expressing the receptor. In unenriched GBM xenograft cells, 43% were TLR4 positive;
however, after enrichment with the CSC marker CD133, fewer than 1% of cells were
positive for TLR4 (Figure S2A). This confirms the expression results previously observed by
RNA and protein analysis. We then assessed self-renewal in cells expressing different levels
of TLR4 by limiting dilution analysis experiments. In multiple specimens, TLR4-low cells
had higher stem cell frequencies than cells expressing high TLR4 levels (Figures 2C and
S2B). Similarly, when we modulated stem cell conditions in culture by incubating CSCs in
differentiation media (containing 10% serum), we observed a gradual increase in the
expression of TLR4 concomitant with a decrease in the expression of the stem cell markers
SOX2, OCT4, and NANOG and an increase in GFAP, a marker of astrocytic lineage
commitment (Figure 2D and S2C). These data show that LPS reduces growth in vivo and
that TLR4 is downregulated in CSCs and negatively correlates with self-renewal.

TLR4 Overexpression Reduces Proliferation and Inhibits CSC Maintenance

To evaluate the effect of modulating TLR4 expression on CSC function, we overexpressed
TLR4 in CSCs using a transient expression vector and observed increases in TLR4 at both
the mMRNA (Figure 3A) and protein (Figure 3B) levels. We previously showed that TLR4
levels increase when CSCs are differentiated (Figure 2E), and we observed that forced TLR4
expression resulted in a decrease in pluripotency genes at the mRNA and protein levels
(50X2, NANOG, and OCT4, Figures 3B, S3A, and S3B). In addition, TLR4 overexpression
decreased proliferation even in the absence of a TLR4 ligand (Figure 3C). When we added
LPS, we observed a further decrease in the proliferation of cells overexpressing TLR4
(Figure 3D) but not in the control group (data not shown). This reduction was not dramatic
and was likely due to the strong effect induced by TLR4 overexpression alone (data not
shown). Along with the decrease in growth observed with TLR4 overexpression, cells
overexpressing TLR4 displayed lower stem cell frequencies compared with cells expressing
a control vector (Figure 3E). This effect (decreases from 1 in 35 and 1 in 27 in control cells
to1in120and 1 in 71 in TLR4-overexpressing cells) supports the hypothesis that the
activation of innate immune signaling can be detrimental for cancer cells. In vivo, the
median survival of mice injected with CSCs overexpressing TLR4 was higher (44.5 days)
than that of mice receiving control CSCs (37 days; Figure S3C). Although the difference in
survival failed to reach statistical significance, this trend supports the in vitro studies
showing that TLR4 overexpression decreased proliferation and self-renewal. The differences
between the in vitro and in vivo results could be due to a variety of variables, including
differences in the duration of in vitro and in vivo assessments, the selective pressure induced

Cell Stem Cell. Author manuscript; available in PMC 2018 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alvarado et al. Page 6

by the in vivo environment, or the presence of activating ligands in vivo. Together, these data
suggest that signaling through the innate immune receptor TLR4 might feed into molecular
pathways that regulate CSCs.

TLR4 Overexpression Compromises CSC Characteristics by Repressing the Transcription
Factor RBBP5

Given that TLR4 expression levels modulated the expression of key pluripotency
transcription factors (SOX2, NANOG, and OCT4; Figures 3B and S3A), we hypothesized
that TLR4 signaling might regulate the transcription of these key self-renewal genes. To gain
mechanistic insight into this possibility, we first analyzed the promoter region of all three
pluripotency genes using the University of California Santa Cruz (UCSC) Genome Browser
and compiled a list of common transcription factors able to bind to all three regions. This list
of factors was cross-referenced against an RNA sequencing (RNA-seq) data set (Suva et al.,
2014) that includes RNA expression in tumor propagating cells (TPCs) compared with
differentiated glioblastoma cells (DGCs). We considered transcription factors that were
greater than 1.5-fold differentially expressed and evaluated their expression in the context of
TLR4 overexpression (Figure 4A). Notably, some of the differentially expressed genes in the
RNA-seq data set did not appear to be affected by the levels of TLR4 (REST, SOX5,
TEAD4, POU3F2, and MYC). JUN, a known downstream effector of TLR signaling, was
downregulated when TLR4 was overexpressed; however, other subunits of this transcription
factor complex (JUNB, JUND, and FOS, data not shown) did not show the same trend and
were not evaluated in follow-up studies. The lack of a consistent change in the JUN complex
was not surprising given the differential role of different activating protein (AP-1) subunits
during inflammation and cancer (Hess et al., 2004), suggesting a more complex underlying
biology. The most dramatic effect was seen for retinoblastoma binding protein 5 (RBBP5),
in which overexpression of TLR4 resulted in a 60% decrease in RBBP5 expression (Figure
4A). In addition to its role binding retinoblastoma, as the name suggests, RBBP5 is part of a
core complex that interacts with SET1 family members to tri-methylate lysine 4 on histone 3
(Ernst and Vakoc, 2012). This epigenetic mark is considered to be indicative of active
transcription. When we analyzed the expression of RBBP5 in both CSCs and non-CSCs, we
found that RBBP5 was more highly expressed in the CSC population (Figure 4B), as
expected from our analysis of the RNA-seq data set. To directly assess the interaction
between TLR4 and RBBP5, we overexpressed TLR4 in CSCs and found a decrease in the
promoter activity of RBBP5 (Figure 4C). When we overexpressed TLR4 in CSCs, we also
observed a decrease in the RBBP5 protein, with a concomitant increase in the differentiation
marker GFAP (Figure 4D), suggesting that RBBP5 may be linked to the CSC state. To
further assess this association, we differentiated CSCs, a process that we previously showed
increased TLR4 levels (Figures 2D and S2C), and observed a decrease in RBBP5 (Figure
4E). These data identify RBBP5 as a downstream target of TLR4 and provide the first
evidence for an association between TLR signaling and the CSC state via RBBP5.

Targeting RBBP5 Mimics TLR4 Overexpression and Decreases CSC Characteristics

To evaluate whether RBBP5 directly regulates the CSC phenotype, we targeted it in CSCs
using two independent short hairpin RNA (shRNA) lentiviral constructs. We confirmed
downregulation of RBBP5 mRNA (Figure S4A) and protein (Figure 5A) in two specimens.
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Importantly, targeting RBBPS5 also decreased SOX2, NANOG, and OCT4 mRNA (Figure
S4A) and protein (Figure 5A). Both specimens analyzed showed a significant decrease in
proliferation when RBBP5 was targeted with either shRNA, knockdown 1 (KD1) or
knockdown 2 (KD2), compared with a non-targeting (NT) control (Figure 5B). A similar
effect on self-renewal was observed when cells treated with these ShRNA constructs were
evaluated by limiting dilution analysis (Figures 5C and 5D). Stem cell frequencies decreased
from1lin2to1in 13 (KD1)and 1in 12 (KD2) for specimen T387 and from 1 in 15to 1 in
275 (KD1) and 1 in 133 (KD2) for specimen T4121. We further analyzed the effects of
targeting RBBP5 in vivo in the T4121 specimen and observed a decrease in tumor initiation
capacity compared with the NT control (Figure 5E). Mice injected intracranially with CSCs
treated with RBBP5 shRNA failed to show neurological symptoms (KD1 and KD2) after 75
days, while NT control animals reached experimental endpoints within 55 days of injection
(median survival 43 days). We then tested the effects of RBBP5 overexpression on both
CSCs and non-CSCs using a lentiviral vector to stably transduce patient-derived cells
(Figure S4B). As expected, CSCs overexpressing RBBP5 showed increased levels of
proliferation (Figure 5F) as well as higher stem cell frequencies compared with control
CSCs (Figure 5G). Importantly, RBBP5 overexpression in non-CSCs had similar effects on
self-renewal (Figure 5G). These data highlight the importance of RBBP5 for the
maintenance of CSCs and suggest that RBBP5 is not only necessary but also sufficient for
the expression of pluripotency genes. Notably, knockdown of RBBP5 mimicked the effects
of TLR4 overexpression, suggesting that RBBP5 suppression and the loss of the CSC state
are downstream of TLR4 activation.

On the basis of our observations that RBBP5 targeting compromised the expression of
pluripotency genes at both the protein and mRNA levels, we wanted to further explore this
mechanism at the transcriptional level using luciferase reporter vectors under the control of
the promoter regions of the pluripotency genes SOX2, OCT4, and NANOG. In accordance
with our previous results, knockdown of RBBP5 with two independent constructs decreased
luciferase levels from all three gene promoters (Figure S4C). Similarly, we introduced the
same constructs in non-CSCs overexpressing RBBP5, and as expected, the luciferase levels
were higher for all three genes after RBBP5 introduction compared with an empty vector
(Figure S4D). RBBP5 does not directly bind DNA but is a member of the WRAD complex
that interacts with proteins that can modify the epigenetic state, such as mixed-lineage
leukemia 1 (MLL1), which is essential for GBM CSCs (Gallo et al., 2013; Heddleston et al.,
2012). To determine whether TLR4 and RBBPS5 affect MLL1, we overexpressed TLR4 or
knocked down RBBP5 in CSCs and assessed MLL1 levels. We found that either
perturbation decreased MLL1 levels (Figures SAE and S4F). Because alterations in MLL1
should affect the epigenetic state of pluripotency genes, we assessed histone methylation at
the promoters of these genes. We first analyzed the promoter regions of NANOG and OCT4
in both CSCs and non-CSCs. Our chromatin profiling of the MANOG and OCT4 loci
showed higher enrichment of histone 3 lysine 4 tri-methylation (H3K4me3; 2- to 3-fold
increased for MANOG and 4-fold increased for OCT4) (Figure S4G) but not histone 3 lysine
4 dimethylation (H3K4me2) or histone 3 lysine 4 mono-methylation (H3K4mel, data not
shown) in CSCs compared with non-CSCs. Next, we assessed the effect of RBBP5 targeting
on H3K4me3 in the promoter regions of OCT74and NANOG in CSCs. Targeting RBBP5
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with two independent shRNA constructs decreased the amount of H3K4me3 at both gene
loci (Figure S4H) compared with a non-targeting control (by as much as 17-fold for
NANOG and 15-fold for OCT4). To ensure that this effect was specific and not a result of a
global chromatin change, we analyzed the same epigenetic modifications in an unrelated
gene, solute carrier family 3 member 2 (SLC3A2) as a control and did not observe a
significant change with RBBP5 knockdown (data not shown). Taken together, these data
demonstrate that RBBPS5 is necessary and sufficient for CSC phenotypes.

TLR4 Signals via TBK1 to Suppress RBBP5

To determine the signaling link between TLR4 and RBBP5, we used an Ingenuity Pathway
Analysis using TLR4, SOX2, and RBBP5 as nodes to elucidate other members in this
signaling pathway (data not shown). Interestingly, the network suggested a putative
interaction between TLR4 and RBBPS5 via tank-binding kinase 1 (TBK1), which is known to
act downstream of TLR4 in a myeloid differentiation primary response gene 88 (MyD88)-
independent manner. To confirm this interaction, we evaluated the phosphorylation status of
TBK1 upon stimulation with TLR4 ligands. With each ligand, the activation of TLR4
signaling led to an increase in TBK1 phosphorylation compared with an untreated control
(Figure 6A). To assess whether TBK1 is downstream of TLR4, we assessed proliferation in
non-CSCs upon TLR4 stimulation in the context of TBK1 inhibition via a TBK1 signaling
inhibitor, BX795. Treatment of non-CSCs with BX795 abrogated the decrease in
proliferation induced by treatment with both LPS and HMGBL1 (Figure 6B). To assess how
RBBP5 is linked to TBK1, we determined the expression of KBBP5 mRNA in conditions
with LPS stimulation and TBKZ1 inhibition and found that the LPS-induced reduction in
RBPP5 levels in non-CSCs was rescued by TBK1 inhibition (Figure 6C). To examine this
pathway in CSCs, we overexpressed TLR4 and then analyzed the phosphorylation of TBK1.
Forced expression of TLR4 increased the phosphorylation of TBK1 and IRAK1 (Figure
6D), indicating that TLR4 expression activates this signaling pathway downstream of the
receptor. To evaluate the impact of the TLR4-TBK1 signaling axis on RBBP5 and
pluripotency transcription factor expression, we assessed CSCs with or without forced
expression of TLR4 and treated with the TBK1 inhibitor. As expected, TLR4 overexpression
decreased the levels of RBBP5 and the stem cell genes SOX2, OCT4, and NANOG (Figure
S5). However, treatment with BX795 in TLR4-overexpressing cells rescued the mRNA
levels of all the aforementioned genes to levels comparable to those of the control group. It
is important to note that treatment of control cells with BX795 also led to an increase in the
expression of RBBPS5 and stem cell genes, raising the possibility that other signaling
pathways could be involved in regulating CSC maintenance. The relationship between
TBK1 and RBBP5 was also observed when TBK1 protein was reduced by RNAI in non-
CSCs, which increased RBBP5 levels (data not shown). These data further confirm the effect
of TLR4 in regulating pluripotency transcription factors via RBBP5 and provide evidence
that TBK1 mediates the effects of this signaling cascade (Figure 6E).

DISCUSSION

TLR activation limits proliferation in developing neural systems, yet these pathways have
been shown to be essential for proliferation in many tumors including hepatocellular
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carcinoma and glioblastoma. This functional shift is surprising considering the number of
developmental programs activated in CSCs. Our findings demonstrate that TLR4 is anti-
proliferative for CSCs in GBM and provide a mechanism by which CSCs can persist in a
hostile microenvironment by losing the ability to sense damage signals. Our findings also
add to the increasing understanding of non-immune cell functions for TLRs in the brain that
regulate proliferation, survival, and self-renewal in the context of development,
neurodegeneration, and neoplasia. The brain has a distinct set of immune regulatory
mechanisms, and diverse TLR expression in neurons, astrocytes, oligodendrocytes, and
microglia contributes to normal brain function and homeostasis (Jack et al., 2005; Okun et
al., 2009; van Noort and Bsibsi, 2009). It appears that TLRs also regulate GBM growth and
progression. TLR9 functions in a pro-tumorigenic manner to drive self-renewal (Herrmann
et al., 2014), and a versican-TLR2-MT1-MMP signaling axis has been linked to tumor
invasion and expansion (Hu et al., 2015). However, TLR2 activation on dendritic cells leads
to tumor regression, and this is mediated via HMGB1, which is generated by stressors such
as GBM standard-of-care irradiation and chemotherapy (temozolomide) (Curtin et al.,
2009). Along with more comprehensive studies to appreciate the cell-type-specific role of
individual TLRs during tumor growth, a more detailed analysis of endogenous ligands is
required. It is surprising how little information is available as to the precise DAMPs present
within the tumor microenvironment and how therapies may alter DAMP signature. This is
essential information that may help explain the alterations in the immune system within
GBM and reveal TLR-dependent interventions for follow-up studies. Moreover, this
information may be useful in activating the immune system for complementary
immunotherapy approaches, as exposure to TLR ligands is currently one approach being
assessed (Deng et al., 2014).

Traditionally, TLR activation in non-tumorigenic cells has been associated with
inflammation and the progression of tumor growth (Elinav et al., 2013). Recent evidence has
also linked TLR activation in tumor cells to tumorigenesis in different oncogenic contexts
such as hepatocellular carcinoma and colorectal and prostate and bladder tumors. TLR4 in
particular has been associated with driving hepatocellular carcinoma progression (Dapito et
al., 2012) and interacts with the CSC signaling network via NANOG and STAT3 (Chen et
al., 2013; Uthaya Kumar et al., 2016). In this report, we describe the opposite role for TLR4
in GBM, where the receptor suppresses tumor growth by directly attenuating self-renewal
circuitry (Figure 6E). Functionally, self-renewal was suppressed by TLR4 overexpression as
assessed by limiting dilution assays that integrate proliferation, survival, and self-renewal. In
this context, CSCs give rise to non-CSCs in heterogeneous tumorspheres, but the majority of
divisions are symmetric in that a CSC gives rise to daughter cells that remain CSCs (Lathia
et al., 2011). Overexpression of TLR4 altered the dynamics of tumorsphere formation,
which was consistent with decreases in proliferation and pluripotency gene expression. The
tumor-suppressive functions we observed for TLR4 in GBM likely reflect the differences in
the specialized immune co-adaptors and co-stimulatory molecules within the brain
compared with those in the liver. From a signaling perspective, there are also differences in
how TLR4 links to the self-renewal signaling network. We observed a repression of
NANOG expression upon TLR4 activation, while work in hepatocellular carcinoma
observed an alcohol-induced activation of NANOG with coordinate activation of AKT and
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TGFB (Chen et al., 2013), both of which are major drivers of CSC maintenance in GBM
(Anido et al., 2010; Bleau et al., 2009; Eyler et al., 2008). This divergence in signaling
response could be due to ligand specificity or downstream pathway activation, because
TBK1 is a component of the MyD88-independent response and the activation of TLR4 may
occur via a MyD88-dependent mechanism in hepatocellular carcinoma. Further elucidation
of these differences in signaling pathways is an immediate priority, as it may clarify the pro-
and anti-tumorigenic roles of TLR4. For example, it has recently been shown that TLR4 is
necessary for epidermal growth factor receptor (EGFR) signaling in mammary epithelial
cells via MyD88 (De et al., 2015). Given the importance of EGFR in GBM progression
(Brennan et al., 2013) and CSC self-renewal (Mazzoleni et al., 2010), the activation of
MyD88-dependent or -independent pathways may provide diametrically opposite results.
Furthermore, clarifying this difference will be vital information as TLR modulation is being
explored as an adjuvant immunotherapy for brain tumors (Deng et al., 2014).

On the basis of our findings, there may be therapeutic opportunities to target this new TLR4-
TBK1-RBBP5 signaling axis. Although TLR4 suppresses self-renewal, it remains a poor
choice for therapeutic intervention, as overexpressing a receptor is challenging to achieve in
vivo. TBK1 faces the same issue, as modulation of this axis would require an overexpression
strategy. Our data suggest that RBBPS5 is a critical member of this pathway, and our pre-
clinical genetic studies indicate that its reduction attenuates stem cell gene expression, self-
renewal, and tumor initiation. RBBP5 could be targeted by the development of specific small
molecules or specific micro-RNAs that suppress its expression. Recently, another member of
the retinoblastoma binding protein family has been demonstrated to be important for
chemosensitivity in GBM (Kitange et al., 2016), suggesting that targeting this family may
have therapeutic benefit. Although these approaches would require substantial development,
they may provide next-generation anti-CSC targeting strategies. Taken together, our findings
reveal that a reduced ability to sense damage signals and activate innate immune signaling
via TLR4 provides CSCs a survival advantage in hostile environments. Leveraging this
mechanism may sensitize CSCs to damage signals in the tumor microenvironment and
provide a unique therapeutic opportunity to compromise CSC maintenance.

STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
TLR4 Santa Cruz Biotechnology Cat# sc-293072; RRID: AB_10611320
Actin Santa Cruz Biotechnology Cat# sc-7210; RRID: AB_2223518
SOX2 R&D Systems Cat# mAb2018; RRID: AB_358009
RBBP5 Cell Signaling Cat# 13171
GFAP Invitrogen Cat# NB300-141
TBK1 Cell Signaling Cat# 3504; RRID: AB_2255663
phospho-TBK1 Cell Signaling Cat# 5483
IRAK Abcam Cat# ab238; RRID: AB_303024
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

phospho-IRAK

Abcam

Cat# ab139739

MLL Bethyl Laboratories Cat# A300-374A; RRID: AB_345243
OCT4 Cell Signaling Cat# 2750; RRID: AB_823583
NANOG Cell Signaling Cat# 4903

TLR4-PE Santa Cruz Biotechnology Cat# sc-13593 PE; RRID: AB_628366

Chemicals, Peptides, and Recombinant Proteins

CpG InvivoGen Cat# trl-2216
Pam3C InvivoGen Cat# tIrl-pms
Polyl:.C InvivoGen Cat# tlrl-pic
CLI-095 InvivoGen Cat# tlrl-cli95
BX795 InvivoGen Cat# tlrl-bx7
LPS Sigma Cat# L2880
HMGB1 GenScript Cat# 202803
Geltrex Life Technologies Cat# A1413201
Lipofectamine 2000 Life Technologies Cat# 11668019
Critical Commercial Assays

Cell Titer Glo Promega Cat# G7572

RIPA lysis buffer

Santa Cruz Biotechnology

Cat# sc-24948

BCA Protein Assay Pierce Biotechnology Cat# 23225
ECL Plus Western Blotting Substrate Pierce Biotechnology Cat # 32132
Papain Dissociation Kit Worthington Biochemical Cat# LK003150

Secrete-Pair Gaussia Luciferase

Genecopoeia

Cat# SPGA-G100

Mouse Neural Stem Cell Nucleofector Kit

Lonza

Cat# VPG-1004

gqSCRIPT cDNA Supermix

Quanta Biosciences

Cat# 95048-100

SYBR-Green Mastermix SA Biosciences Cat# 330523
Experimental Models: Organisms/Strains
Mouse: NOD.Cg-Prkdcscid I12rgtm1Wijl/SzJ  The Jackson Laboratory JAX: 005557

Recombinant DNA

psPAX2 Addgene Plasmid #12260
pMD2.G Addgene Plasmid #12259
RBBP5 shRNA vectorl Sigma-Aldrich Mission TRCNO0000353567
RBPP5 shRNA vector2 Sigma-Aldrich Mission TRCNO0000369176
pLKO.1 non-targeting vector Sigma-Aldrich Mission SHCO002

1duosnue Joyiny

RBBP5 vector Applied Biological Materials V283511

TLR4 vector Applied Biological Materials LV335816

Control vector Applied Biological Materials  LV590

REAGENT or RESOURCE SOURCE IDENTIFIER
pcDNA3-YFP Addgene Plasmid #13033
pcDNA3-TLR4-YFP Addgene Plasmid #13018
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REAGENT or RESOURCE SOURCE IDENTIFIER

Sequence-Based Reagents

gRT-PCR primers (Table S1) This paper N/A
ChIP primer, NANOG Reverse (=220 to This paper N/A
-242): GGCT

CTATCACCTTAGACCCACC

ChIP primer, NANOG Forward (-288 to This paper N/A
-311): GAGAC

TGGTAGACGGGATTAACTG

ChIP primer, OCT4 Reverse (=162 to -183):  This paper N/A

TCCAG GACCTCAGTGCAGGTC

ChIP primer, OCT4 Forward (-234 to This paper N/A
-254): CTGCAC TCCAGTCTGGGCAAC

Software and Algorithms

Extreme limiting-dilution analysis Hu and Smyth, 2009 http://bioinf.wehi.edu.au/software/elda/

GlioVis Bowman et al., 2016 http://gliovis.bioinfo.cnio.es

CONTACT FOR REAGENT AND RESOURCE SHARING

Requests for reagents should be directed to the Lead Contact, Dr. Justin D. Lathia, at
lathiaj@ccf.org.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

CSC derivation and xenograft maintenance—Established GBM xenografts
representing the classical (T4121), proneural (T3832), and mesenchymal (T387) subtypes
were previously reported (Bao et al., 2006; Schonberg et al., 2015) and were obtained via a
material transfer agreement from Duke University, where they were originally established
under an IRB-approved protocol that faciliated the genetration of xenografts in a de-
identified manner from excess tissue taken from consented patients. For experimental
studies, GBM cells were dissociated from established xenografts under Cleveland Clinic-
approved Institutional Animal Care and Use Committee protocols. Xenografts were
passaged in immune-deficient NOD.Cg-Prkacs@ 1/2rg"™IWJl|Sz) (NSG) mice (obtained
from The Jackson Laboratory, Bar Harbor, ME, USA) for maintenance of tumor
heterogeneity. Six-week-old female mice were unilaterally injected subcutaneously in the
flank with freshly dissociated human GBM cells, and animals were sacrificed by CO»
asphyxiation and secondary cervical dislocation when tumor volume exceeded 5% of the
animal’s body weight.

In vivo patient-derived GBM cell injections—For in vivo tumor formation, live CSCs
containing NT vector or RBBP5 shRNA or empty or TLR4 overexpression vector were
transplanted into the striate nucleus of NSG mice at 1000 cells per mouse (n = 7 for KD, n =
6 for NT, and n = 8 for empty and TLR4 overexpression vectors) in accordance with
Cleveland Clinic-approved Institutional Animal Care and Use Committee protocols. Six-
week-old female mice were randomly assigned to one of the groups. Five mice were housed
per cage, with a 12 hr light/dark cycle, and were provided food and water ad /ibitim. Mice
were monitored daily and sacrificed upon the development of neurological signs, which
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include but were not limited to lethargy, ataxia, and seizures, along with associated weight
loss and reduction in grip strength. Animals were sacrificed by CO, asphyxiation and
secondary cervical dislocation.

For LPS treatment of tumor-bearing mice, a total of 5x10° cells from xenograft T3832 were
injected subcutaneously unilaterally into the flank of 6-week-old female mice (n=7) in
accordance with Cleveland Clinic-approved Institutional Animal Care and Use Committee
protocols. After 14 days, mice received either PBS, 150 pg LPS, or 300 pg LPS via
intratumoral injection. These doses were based on a previous report in a syngeneic mouse
model (Chicoine et al., 2001). Tumors were measured at day 0 and at day 3 using electronic
calipers, and tumor volume was calculated using the formula: tumor volume (mm?3) = width?
x length x 0.52, with the assumption that the tumors were hemi-elliptical.

Tumor dissociation and GBM cell culture—Xenografted tumors were dissected and
mechanically dissociated using papain dissociation kits (Worthington Biochemical
Corporation, Lakewood, NJ, USA), and cells were cultured overnight in neurobasal medium
(Life Technologies, Carlsbad, CA, USA) supplemented with B27 (Life Technologies), 1%
penicillin/streptomycin (Life Technologies), 1 mM sodium pyruvate, 2 mM L-glutamine, 20
ng/mL EGF (R&D Systems, Minneapolis, MN, USA,), and 20 ng/mL FGF-2 (R&D
Systems) in a humidified incubator with 5% CO,. CSCs were enriched using the CD133
Magnetic Bead Kit for Hematopoietic Cells (CD133/2; Miltenyi Biotech, San Diego, CA,
USA) and cultured in supplemented neurobasal medium. This enrichment method reliably
enriches CSCs that have increased self-renewal compared with their non-CSC counterparts
(Bao et al., 2006; Schonberg et al., 2015). Non-stem cells (non-CSCs) were obtained in
parallel and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS; Sigma, St. Louis, MO, USA) and 1% penicillin/
streptomycin to preserve differentiation status. Both populations of tumor cells were
cultured in the appropriate complete medium until the day they were used; only low (< 5)
passage cells were used for experiments to prevent cellular drift. Differentiation of CSCs
was induced by exposure to differentiation medium and confirmed via immunoblotting for a
reduction in CSC markers (SOX2, NANOG, OCT4) and the acquisition of differentiation
markers (GFAP). Differentiation was further validated by GFAP staining, which resulted in
an increase in the number of GFAP-positive cells and overall staining intensity (data not
shown).

METHOD DETAILS

In vitro functional analysis: tumorsphere formation and cell proliferation—Cell
proliferation experiments were conducted by plating cells of interest at a density of 1000
cells/well in a 96-well plate in triplicate. Cell number was measured every other day and
normalized to the initial reading at day 0 using the CellTiter-Glo assay kit (Promega,
Madison, WI, USA). The experiments shown represent growth at day 7 relative to day 0, and
similar effects were observed at days 3 and 5. For self-renewal experiments, cells were
sorted using a flow cytometer (BD FACSAria I1) into 96-well plates at a density of 1, 5, 10,
and 20 live cells per well (24 wells for each density). Cells were maintained for 10 days
before sphere formation was evaluated. Spheres larger than 10 cells in diameter were
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considered for analysis. Reported numbers represent either number of cells per well or stem
cell frequency as calculated using the Walter and Eliza Hall Institute Bioinformatics
Division ELDA analyzer (http://bioinf.wehi.edu.au/software/elda/) (Hu and Smyth, 2009).
All tumorsphere and proliferation experiments were performed at least three times.

Toll-like receptor signaling modulation—The following TLR ligands and inhibitors
were obtained from InvivoGen (San Diego, CA, USA): CpG (2 uM), Pam3C (300 ng/mL),
Polyl:C (10 pg/mL), CLI-095 (1 uM), and BX795 (100 nM). LPS (500 ng/mL) was obtained
from Sigma. HMGBL1 (1 pg/mL) was obtained from GenScript (Piscataway, NJ, USA).
Concentrations used in the experiments presented are specified in parentheses. Cells were
treated for 7 days before growth was assessed or 1 day before harvesting for mRNA or
protein. All signaling modulation experiments were performed at least three times.

Immunofluorescence analysis—Tumorspheres from GBM patient xenografts were
fixed in 4% paraformaldehyde for 30 min at room temperature, followed by overnight
cryoprotection with 20% sucrose in PBS at 4°C prior to sectioning at a thickness of 7
microns. Sections were then post-fixed with ice-cold methanol prior to staining with an anti-
TLR4 antibody (Santa Cruz Biotechnology, Dallas, TX, USA; 1:75). Images were obtained
using a Leica SP5 confocal microscope, and images were processed in Adobe Photoshop
CS6 (Adobe, San Jose, CA). All immunofluorescence experiments were performed at least
three times.

Immunoblotting analysis—Cell populations were lysed using RIPA lysis buffer
(containing PMSF, protease inhibitor cocktail, and sodium orthovanadate; Santa Cruz
Biotechnology, Dallas, TX, USA), and protein concentrations were calculated using a BCA
protein assay (Pierce Biotechnology, Rockford, IL, USA). After denaturation with Laemmli
buffer (BioRad Laboratories, Hercules, CA, USA), 10 ug of total protein was loaded on 10%
polyacrylamide SDS-PAGE gels, transferred to polyvinyl difluoride (PVDF) membranes
(Millipore, Billerica, MA, USA), and probed using the following antibodies: TLR4 (Santa
Cruz Biotechnology, 1:1000), SOX2 (R&D Systems, 1:1000), RBBP5 (Cell Signaling,
Danvers, MA, USA, 1:2000), GFAP (Invitrogen, 1:1000), TBK1 (Cell Signaling, 1:500),
phospho-TBK1 (Cell Signaling, 1:500), IRAK1 (Abcam, 1:1000), phospho-IRAK1 (Abcam,
1:1000), MLL1 (Bethyl Laboratories, 1:1000), OCT4 (Cell Signaling, 1:1000), and NANOG
(Cell Signaling, 1:1000); B-Actin (Santa Cruz Biotechnology, 1:2000) was used as a loading
control. Species-specific horseradish peroxidase (HRP)-conjugated secondary antibodies
were used for detection (Invitrogen, 1:5000). Membranes were developed using ECL-2
reagent (Pierce Biotechnology). All western blots were performed at least three times.

qRT-PCR—RNA from cells of interest was extracted using TRIzol (Life Technologies), and
cDNA was synthesized using gSCRIPT cDNA Super-mix (Quanta Biosciences). gPCR
reactions were performed using an ABI 7900HT system using SYBR-Green Mastermix (SA
Biosciences, Valencia, CA, USA). For gPCR analysis, the threshold cycle (CT) values for
each gene were normalized to expression levels of B-Actin. Dissociation curves were
evaluated for primer fidelity, and only threshold cycles below 35 cycles were reported. The
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primers (Integrated DNA Technologies) used can be found in Table S1. All gRT-PCR
experiments were performed at least three times.

Patient database bioinformatics—Gene expression data were obtained from different
databases of patients with GBM using GlioVis (http://gliovis.bioinfo.cnio.es) (Bowman et
al., 2016). Expression levels were categorized into two groups, taking the median as a
reference. The survival times and status for patients in both groups were analyzed using the
Kaplan-Meier statistical test via log-rank test.

Flow cytometry—Bulk tumor cells dissociated the day before were analyzed for cell
surface expression using fluorophore-conjugated TLR4-PE (Santa Cruz, 1:50). Cells were
incubated with these antibodies for 30 min at room temperature, washed with PBS, and
analyzed using a BD LSRFORTESSA with DAPI (Sigma, 1:10,000) as a control for live
cells and an isotype control for signal specificity. To separate TLR4 high and TLR4 low cells
for limiting dilution analysis, the 20% of cells with the highest expression and the 20% of
cells with the lowest expression, respectively, were sorted. All flow cytometry experiments
were performed at least three times.

Lentiviral shRNA and overexpression construct preparation—Lentiviral
constructs were prepared according to modified protocols from Tronolab (http://
tronolab.epfl.ch). Using calcium phosphate precipitation, 293FT cells were co-transfected
with the packaging vectors psPAX2 and pMD2.G (Addgene, Cambridge, MA, USA) and
lentiviral vectors directing the expression of i) MISSION shRNA (Sigma) specific to
RBBP5: TRCN0000353567 (KD1) and TRCN0000369176 (KD2)) or a hon-targeting
control (NT) shRNA (SHCO002) and ii) overexpression of TLR4: accession number
BC117422 ((Lv335816); Applied Biological Materials, Richmond, Canada), overexpression
of RBBP5: accession number BC053856 (LV283511), or control vector (LV590) to produce
virus. Media on the 293FT cell cultures were changed 18 hr after transfection, and viral
supernatants were collected 12, 24, and 36 hr later and concentrated using polyethylene
glycol precipitation for immediate use or stored at —80°C for future use. CSCs and non-
CSCs were infected with viral supernatants, selected with puromycin for 48 hr, and then
used for experiments within five passages.

For TLR4 overexpression in vitro, 5x10% CSCs were nucleofected with 10 pg of pcDNA3-
TLR4-YFP (Addgene; plasmid #13018) using the Mouse Neural Stem Cell Nucleofector Kit
(Lonza Group, Basel, Switzerland). Cells were pelleted, resuspended in nucleofection buffer
with supplement, DNA was added, and the mixture was nucleofected using program A-033.
Cells were then cultured in supplemented neurobasal medium for 3 days before being
assayed.

Luciferase promoter reporters—A total of 500,000 cells per condition were plated in
6-well plates pretreated with Geltrex (Life Technologies), which was used as an adherence
substrate. The following day, cells were transfected with each of the promoter reporters
(Genecopoeia) using Lipofectamine 2000 (Life Technologies) with 2 pug of DNA per
reaction in Opti-Mem (Lerner Research Institute Media Core) medium. After 6 hr of
incubation at 37°C, Opti-Mem was replaced with complete Neurobasal. Forty-eight hours
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later, medium was collected, and secreted Gaussia luciferase was analyzed using Secrete-
Pair Gaussia Luciferase (Genecopoeia) per the manufacturer’s instructions. Ten microliters
of supernatant was mixed with 100 pl of working reagent solution in 96-well plates in
triplicate. Plates were read within 1 min. All luciferase experiments were performed at least
three times.

Bioinformatics of transcription factors regulated by TLR4—We analyzed the
promoter regions of SOX2, OCT4 and NANOG using the UCSC genome browser and
compiled a list of common transcription factors that bind to these genes. To narrow down the
list to a few candidates, we obtained processed RNA-seq data described in Suvaet al.
(Suvaet al., 2014) (GEO: GSE54791). For each specimen pair, ratios were taken of the
expression of the gene in TPCs relative to that in DGCs. Our list of transcription factors
common to the SOX2, OCT4 and NANOG promotor regions was cross-referenced to these
ratios, and we chose the transcription factors that had the highest relative expression in TPCs
for further analysis. These were then analyzed via gRT-PCR in TLR4-overexpressing cells
compared to cells expressing a control vector.

Epigenetic analysis—Chromatin immunoprecipitations were performed using 1x107
cells per immunoprecipitation. Cells were fixed with 1% formaldehyde, and chromatin was
sheared using a QSonica Q800R1 at 70% amplitude with a setting of 15 s ON and 45 s OFF,
for a total of 160 min. A total of 5 ug of each antibody used was bound to Dynabeads
(ThermoFisher Scientific, Waltham, MA, USA) in an overnight incubation at 4°C.
Dynabeads were then incubated with sheared chromatin overnight at 4°C. Antibody-bound
chromatin was washed, de-crosslinked at 65°C for 8 hr, and then eluted from beads. DNA
was phenol-chloroform extracted and resuspended in 105 pL of water. A 15 uL gRT-PCR
reaction was performed that contained 4 pL of chromatin, 2X FastStart Universal SYBR
Green Master-Rox (Roche, Basel, Switzerland), and 2 uM solutions of primer pairs.
Antibodies used included anti-H3K4me3, anti-H3K4me2, and anti-H3K4mel (Abcam,
Cambridge, MA, USA). Primer sequences are included in the Key Resources Table.

QUANTIFICATION AND STATISTICAL ANALYSIS

Reported values are mean values + standard error of the mean from studies performed at
least in triplicate. Precise experimental details (number of animals or cells and experimental
replication) is provided in the figure legends and in the EXPERIMENTAL MODEL AND
SUBJECT DETAILS and METHOD DETAILS sections above. Unless otherwise stated,
one-way ANOVA was used to calculate statistical significance, with p values detailed in the
text and figure legends. P values < 0.05 were considered significant. Data analysis was done
using SigmasStat (Systate Software) or Prism (GraphPad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Glioblastoma cancer stem cells (CSCs) show reduced expression of TLR4
. TLR4 overexpression inhibits proliferation and maintenance of CSCs
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Figure 1. CSCs and Non-CSCs Respond Differentially to Innate Immune Stimulation and
Express Differential Levels of TLR4

(A) CSCs (blue) and non-CSCs (black) were incubated with TLR ligands for 7 days, and
proliferation relative to day 0 was assessed by CellTiter Glo assay and normalized to an
untreated control. The following concentrations were used: LPS, 500 ng/mL; HMGB1, 1
pg/mL; CpG, 2 pM; Pam3C, 300 ng/mL; and Poly(l:C), 10 pg/mL.

(B) The mRNA expression level of all known human TLRs was evaluated by gRT-PCR in
CSCs and non-CSCs; data were normalized to the non-CSC group.

(C and D) mRNA (C) and protein (D) levels of TLR4 were analyzed in CSCs and non-CSCs
using qRT-PCR and western blot, respectively. Actin was used as an internal control for
gRT-PCR and a loading control for western blotting.
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Each experiment was performed at least three times. Data are represented as mean + SEM.
*p < 0.05, **p < 0.01, and ***p < 0.001 as assayed by one-way ANOVA. See also Figure
S1.
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Figure 2. TLR4 Expression Negatively Correlates with Stemness
(A and B) Experimental paradigm to assess the effect of LPS on tumor growth in vivo (A).

Mice (n = 7 per arm) were injected with cells from xenograft T3832. After 14 days, tumors
were injected with LPS (150 or 300 ug), and tumor volume (B) was measured using
electronic calipers 3 days later. Tumor volume at day 3 was normalized to the volume of the
tumor at day 0 when LPS was injected.

(C) Bulk tumors derived from patient specimens were sorted for TLR4 surface expression
using fluorescence-activated cell sorting (FACS). The 20% of cells with the highest
expression and the 20% of cells with the lowest expression were plated in a limiting dilution
manner, and the number of wells containing spheres was counted after 10 days to generate
stem cell frequencies using the online algorithm detailed in the STAR Methods.

(D) CSCs were differentiated in DMEM containing 10% fetal bovine serum (FBS) for the
indicated lengths of time, and protein levels of TLR4, SOX2, OCT4, NANOG, GFAP, and
Actin were assessed by western blotting.
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Experiments in (C) and (D) were performed at least three times. Data are represented as
mean + SEM. ***p < 0.001 as assayed by one-way ANOVA. See also Figure S2.

Cell Stem Cell. Author manuscript; available in PMC 2018 April 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Alvarado et al. Page 26

A CSCs B T4121 CSCs T387 CSCs
12

Vector Control TLR4 Control TLR4
10 . Empty vector _ i
[l TLR4 vector

NANOG|— I H’ --|

TLR4
Relative expression
(2]

4
ocTa| =—— | | - |
2 .
0
T4121 T387
Cc CSCs D CSCs
*k Kk *k
*k *%
1 v—‘ ’—‘ Il Empty vector 1 [ Evivty vector
s [l TLR4 vector B TLR¢ vect
2 0.8 s 08 vector
= g [l TLR4 vector
2 s 2 06 +LPS
2 [
- >
© -
° 0.4 = 0.4
o ©
0.2 ® 0.2
0
T4121 T387 GBM10 T4121 T387
E T4121 CSCs T387 CSCs
1 q 1[8
N »n *
= TLR4 Q
“;’ % 0.1 7‘ 0.1 TLR4
<
‘S % Control 7‘
S5 0.001 : 0.001 Control
= 0 .
(S =
< e
il p<0.05 p<0.01
0.001 0.001
0 5 10 15 20 0 5 10 15 20
Number of cells per well
Stem cell frequencies
Group Estimate (Range) Group Estimate (Range)
Control 1in 35 (20-50) Control 1in 27 (12-45)
TLR4 1in 120 (60-327) TLR4 1in 71 (53-124)

Figure 3. TLR4 Overexpression Decreases Proliferation and Reduces CSC Maintenance
(A and B) Transient TLR4 overexpression in CSCs was measured at both the mRNA (A)

and protein (B) levels using gRT-PCR and western blotting, respectively. Western blots were
also stained for the pluripotency factors SOX2, NANOG, and OCT4. CSCs were
nucleofected with pcDNA3-TLR4-YFP and used for experiments 3 days later. Actin was
used as an internal control for gRT-PCR and a loading control for western blotting.

(C) Proliferation over 7 days was assessed in CSCs derived from the shown specimens using
CellTiter Glo after overexpression of TLR4. Growth was normalized to cells containing an
empty vector.

(D) CSCs overexpressing TLR4 were treated with LPS at 500 ng/mL, and proliferation was
assessed for 7 days relative to cells containing a control vector.
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(E) Limiting dilution analysis was used to estimate stem cell frequencies in CSCs after
nucleofection with control or TLR4 overexpression vectors. Cells were plated in a limiting
dilution manner, and the number of wells containing spheres was counted after 10 days to
generate stem cell frequencies using the online algorithm detailed in the STAR Methods.
All experiments were performed at least three times. Data are represented as mean £ SEM.
**p < 0.01 and ***p < 0.001 as assessed by one-way ANOVA. See also Figure S3.
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Figure 4. TLR4 Overexpression Compromises Stemness by Repressing the Transcription Factor
RBBP5

(A) The expression of the shown transcription factors was analyzed in CSCs overexpressing
TLR4 using gRT-PCR and normalized to cells containing a control vector. CSCs were
nucleofected with pcDNA3-TLR4-YFP and used for experiments 3 days later. Actin was
used as an internal control.

(B) Protein levels of RBBP5 were analyzed in both CSCs and non-CSCs using western blot.
Actin was used as a loading control.

(C) A reporter expressing luciferase under the control of the RBBP5 promoter region was
used to measure RBBP5 expression after transient TLR4 overexpression in CSCs. CSCs
were nucleofected with pcDNA3-TLR4-YFP and used for experiments 3 days later.
Luciferase levels were normalized to those of control (NT) cells.

(D) Levels of RBBP5 and GFAP were determined by western blot in CSCs expressing both
control and TLR4-overexpression vectors. Actin was used as a loading control.

(E) CSCs from the shown specimens were differentiated by incubating with DMEM with
10% FBS for the indicated times, and protein levels of RBBP5 were determined by western
blot. Actin was used as a loading control.

All experiments were performed at least three times. Data are represented as mean + SEM.
*p < 0.05, **p < 0.01, and ***p < 0.001 as assayed by one-way ANOVA.
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Figure 5. Targeting RBBP5 Mimics TLR4 Overexpression in CSCs
(A) Validation of two shRNA constructs targeting RBBP5 at the protein level compared with

non-targeting vector (NT). Western blots were also stained for the pluripotency factors
SOX2, NANOG, and OCT4. CSCs were infected with lentivirus containing one of two
different RBBP5 shRNA constructs, selected for stable expression, and assayed within five
passages for all experiments. Actin was used as a loading control.

(B) The proliferation of CSCs stably expressing RBBP5 shRNA was measured and
compared with an NT vector. The growth of the cells over 7 days as determined by CellTiter
Glo was normalized to the growth of NT cells.
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(C and D) Limiting dilution analysis of the effect of RBBP5 knockdown on two different
specimens. Cells were plated in a limiting dilution manner, and the number of wells
containing spheres was counted after 10 days to generate stem cell frequencies using the
online algorithm detailed in the STAR Methods.

(E) Mice (n =7 for KD, n = 6 for NT) were intracranially injected with 1000 T4121 NT or
RBBP5-knockdown CSCs, and the time until endpoint was recorded. Kaplan-Meier survival
plots are shown, and the log rank p value for significance between groups is shown next to
the survival curve.

(F) Proliferation was analyzed after RBBP5 overexpression over 7 days in CSCs. Growth
was assessed using CellTiter Glo and normalized to that of cells containing an empty vector.
Cells were infected with lentivirus, selected for stable expression, and used within five
passages for all experiments.

(G) Limiting dilution analyses of both CSCs and non-CSCs overexpressing RBBP5
compared with a control vector. Cells were plated in a limiting dilution manner, and the
number of wells containing spheres was counted after 10 days to generate stem cell
frequencies using the online algorithm detailed in the STAR Methods.

All in vitro experiments were performed at least three times. Data are represented as mean +
SEM. **p < 0.01 and ***p < 0.001 as assayed by one-way ANOVA. See also Figure S4.
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Figure 6. TBK1 Acts as a Signaling Intermediate between TLR4 and RBBP5
(A) Non-CSCs were treated with LPS (500 ng/mL) or HMGBL1 (1 pg/mL) for 1 day, and the

phosphorylation of TBK1 was analyzed by western blot with a p-TBK1-specific antibody.
Total protein was used as a loading control.
(B) Proliferation of non-CSCs treated with LPS (500 ng/mL) or HMGB1 (1 pg/mL) in the
presence or absence of TBK1 inhibitor (BX795; 100 nM) for 1 day and normalized to

untreated controls.
(C) Non-CSCs were treated with LPS (500 ng/mL) with and without the addition of TBK1
inhibitor (BX795; 100 nM) for 1 day, and the mRNA levels of RBBP5 were measured and

normalized to the control group. Actin was used as an internal control.

Cell Stem Cell. Author manuscript; available in PMC 2018 April 06.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alvarado et al.

Page 32

(D) TLR4 was transiently overexpressed in CSCs using nucleofection of pcDNA3-TLR4-
YFP, and phosphorylation and levels of TBK1 and IRAK1 were analyzed by western
blotting and compared with control vector. Total protein was used as a loading control.

(E) Reduced TLR4 expression in cancer stem cells enables them to persist in hostile
environments. Working model showing the signaling axis where TLR4 activation leads to
the phosphorylation of TBK1, which suppresses RBBP5. RBBP5 in turn regulates stem cell
genes and is critical for CSC maintenance. In non-CSCs (left), TLR4 expression allows for
the activation of TBK1 in the presence of appropriate TLR4 ligands, which consequently
inhibits RBBP5, decreasing stem cell gene expression. In contrast (right), the lack of TLR4
expression in CSCs suppresses the inhibition of RBBP5 and promotes the activation of self-
renewal programs with consequences on proliferation, growth, and tumor initiation.

All experiments were performed at least three times. Data are represented as mean + SEM.
*p < 0.05 and **p < 0.01 as assayed by one-way ANOVA. See also Figure S5.
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