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Apoptosis-associated Speck-like protein containing a CARD (caspase activation
and recruitment domain) (ASC), also called PYCARD/Target of Methylation-induced
Silencing-1 (TMS1), was originally discovered as a protein that forms aggregates
(“specks”) in human leukemia cells treated with chemotherapeutic agents. Its expression
was found to be silenced by methylation in many human tumors, preventing tumor cells
from undergoing apoptosis and supporting its role as a tumor suppressor. Subsequently,
ASC was also identified as a central adaptor molecule of the inflammasome complex,
which mediates the secretion of infllmmatory cytokines (i.e., IL-1p and IL-18).
Inflammatory cytokines have been shown to mediate tumor-promoting functions. Thus,
in the context of cancer development and progression, ASC may exert opposing
functions, i.e., be either tumor-suppressing by inducing tumor cell apoptosis, or tumor-
promoting by favoring secretion of inflammatory cytokines (by tumor cells and/or tumor
infiltrating myeloid cells) within the tumor microenvironment. Here, we report and discuss
this dual role of ASC by also considering the final contribution of each of its two main
functions in several cancer types, taking into consideration the correlation between ASC
expression, clinical correlates, and patients’ survival. ASC and inflammasome targeting
strategies are being developed. However, before the use of such treatments in clinical
practice, it is fundamental to better dissect the role of ASC in different tumors, in order
to privilege or avoid their use in those tumors in which ASC exerts an anti-tumor or
pro-tumor function, respectively.

Keywords: ASC/TMS1, tumor cells, myeloid cells, tumor suppressor gene, inflammasome, IL1, IL-18

INTRODUCTION

Apoptosis-associated speck-like protein containing a CARD, i.e., caspase activation and
recruitment domain (ASC), also called PYCARD or TMS1 (Target of Methylation-induced
Silencing-1), was originally identified as a cytosolic protein, forming large aggregates called
specks in HL-60 cells after induction of apoptosis by retinoid acid and other anti-tumor drugs
(Masumoto et al., 1999). TMSI was independently identified during a screening for targets
of methylation-associated gene silencing in human breast cancer cells (Conway et al., 2000).

Abbreviations: ASC, Apoptosis-associated Speck-like protein containing a CARD; CAF, cancer associated fibroblast; CARD,
caspase activation and recruitment domain; IL, interleukin; NSCLC, non-small cell lung cancer; TAMs, tumor associated
macrophages; SCLC, small cell lung cancer; TMSI1, Target of Methylation-induced Silencing-1; TSLP, thymic stromal
lymphopoietin.
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Structurally, ASC/TMS1 is a 22 kDa protein containing a
N-terminal pyrin (PYD) domain and a C-terminal CARD
domain (Masumoto et al., 1999; Martinon et al., 2001, 2002).
ASC/TMS1 is expressed in several normal epithelial and immune
cells, where it localizes in the nucleus and, upon activation,
redistributes in the cytoplasm and eventually aggregates in specks
(Masumoto et al., 1999; McConnell and Vertino, 2000).

ASC was shown to be downregulated to various extents in
several human cancers when compared to the normal tissue
counterpart or non-tumor adjacent tissue, suggesting a role
as a tumor-suppressor (Table 1). This function was supported
by experiments, in which ectopic ASC expression induced
tumor cells to apoptosis (Conway et al., 2000; Ohtsuka et al.,
2004, 2006; Parsons and Vertino, 2006; Ramachandran et al,,
2010; Hong et al., 2013), whereas knocking down endogenous
ASC inhibited tumor cell death (Ohtsuka et al., 2004; Parsons
et al., 2009; Hong et al., 2013). ASC was then identified as
an inflammasome adaptor molecule for caspase-1 activation,
pro-interleukin (IL)-1f, and pro-IL-18 cleavage and maturation
(Martinon et al, 2002; Srinivasula et al., 2002), supporting
a pro-inflammatory function. By promoting inflammation
and specifically IL-1 release, ASC may indirectly exert pro-
tumor activities by inducing chronic inflammation, angiogenesis,
activation of the IL-17 pathway, myeloid-derived suppressor
cell differentiation, and macrophage recruitment, invasion, and
metastasis (Mantovani et al., 2018).

In this review, we summarize and discuss data from the
literature describing both ASC functions (pro-apoptotic and pro-
inflammatory), their implication in anti-tumor or pro-tumor
activity, the correlation between ASC expression/upregulation or
down-regulation by aberrant methylation in tumor and clinical
correlates, and survival in neoplastic patients.

ASC/TMS1 AS TUMOR SUPPRESSOR

Apoptosis is a regulated cell death process, which results in the
clearance of dying cells with minimal damage to surrounding
tissues (Galluzzi et al., 2018; Singh et al., 2019). Once cell
damage is detected, a series of cysteine-aspartic proteases called
caspases are activated. These include initiator caspases (caspase-
8 and -9), which in turn activate executioner caspases (e.g.,
caspase-3), initiating a cascade of events resulting in DNA
fragmentation, destruction of nuclear proteins and cytoskeleton
with chromatin and cytoskeleton condensation, expression of
ligands for phagocytic cells, and the formation of apoptotic bodies
(Figure 1A). Apoptotic bodies are removed by macrophages
before their fragmentation, reducing the risk of collateral damage
to adjacent cells.

Apoptosis is initiated by intracellular or extracellular
microenvironmental perturbations that trigger the intrinsic
(mitochondrial outer membrane permeabilization-mediated) or
the extrinsic (death receptor-mediated) pathways, respectively.
Failure of apoptosis and consequent accumulation of damaged
cells is associated with tumor formation (Galluzzi et al., 2018;
Singh et al, 2019). Indeed, tumor cells develop strategies to
limit or circumvent apoptosis, such losing the p53 tumor

suppressor function, increasing expression of anti-apoptotic
regulators (the Bcl-2 protein family) or survival signals (Igf1/2),
downregulating pro-apoptotic factors (Bax), or avoiding
the extrinsic ligand-induced death pathway (Hanahan and
Weinberg, 2011).

As reported above, ASC was found to be silenced by DNA
methylation in cancer cells from different tumors, indicating a
role as an anti-tumor pro-apoptotic factor (Table 1).

A mechanism of the caspase-9-dependent pro-apoptotic
function for ASC/TMS1 was first described in McConnell
and Vertino (2000), where apoptosis was accompanied by the
redistribution of ASC/TMS1 from the cytoplasm to perinuclear
spherical structures similar to the large aggregates (i.e., specks)
described in Masumoto et al. (1999). Pro-apoptotic activity as
well as spherical structure formation were dependent on the
CARD portion of molecule. Whereas the apoptotic activity of
ASC was blocked by caspase inhibition, the formation of the
spherical structures was not, suggesting that ASC redistribution
precedes caspase activation.

Levine et al. (2003) investigated at the molecular level the
regulation of TMSI silencing by methylation in human breast
cancer cells. The authors characterized the ASC/TMS]1 locus with
regard to the methylation status by comparing the fine mapping
of methylation in normal mammary epithelial cells, breast cancer
cell lines (either positive or negative for TMS1 expression), and
primary breast tumors. The region surrounding the transcription
start site was found to be crucial for TMS1 expression. In
primary tumors, the methylation-associated silencing of TMS1
was usually present in a subset of tumor cells, while TMS1
negative cell lines showed a nearly complete methylation at each
CpGislands in all alleles. The authors suggested a model, in which
dense methylation and gene silencing are events tightly combined
and involving local remodeling of CpG island chromatin (Levine
et al,, 2003). A similar association between ASC silencing and
methylation status was reported in several other neoplastic
diseases (Table 1).

The mechanisms of ASC-mediated apoptosis were studied
using in vitro cell line models (Ohtsuka et al., 2004). ASC
was shown to induce apoptosis in a p53-dependent manner. In
response to genotoxic agents, p53 induced ASC expression by
binding to its promoter and activating its transcription. In this
model, Bax, a pro-apoptotic protein that causes p53-mediated
mitochondrial dysfunction, interacted with ASC through its
Pyrin domain in the cytoplasm. The Bax-ASC complex then
translocated to the mitochondria and induced the release of
cytochrome C, which in turn triggered apoptosis through the
activation of caspase-9, -2, and -3. Collectively, this study
demonstrated that ASC acts as an adaptor molecule for Bax, and
regulates a p53-Bax mitochondrial pathway of apoptosis.

The effects of ASC expression on p53-mediated
chemosensitivity were subsequently evaluated in colon
cancer (Ohtsuka et al., 2006). ASC overexpression in p53-
expressing tumor cells promoted cell death and increased
chemosensitivity, suggesting that methylation-induced silencing
of ASC might cause resistance to p53 mediated chemosensitivity,
and that restoration of ASC expression should increase
chemotherapy efficacy.
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TABLE 1 | ASC/TSM1 up- and down-regulation (methylation status) and clinical correlates in human cancers.

Tumor type Expression/methylation status in Expression/methylation status in cancer Clinical correlates Clinical outcome References
normal tissue tissue

Breast cancer Unmethylated in normal breast tissue Methylation in 40% (11 of 27) of tumors and NE NE Conway et al.,
(n=23) 44.4% (8 of 18) of paired adjacent tissues 2000

SCLGC, NSCL, Unmethylated in normal lung tissue Methylation in 41% (13 of 32) of SCLC, 40% None NE Virmani et al.,

breast cancer (n =18) and 7% (2 of 30) of normal (28 of 70) of NCSLC and 32% (20 of 63) of 2003
breast tissues breast cancer

NSCLC Methylation in 12.9% (9 of 70) of normal  Methylation in 47.1% (33 of 70) of lung tumors Methylation as an independent Patients with unmethylated tumors had ~ Zhang et al.,
lung tissues unfavorable prognostic factor better survival 2006

Lung cancer Expressed in normal tissue (n = 6) and Reduced expression in 75% (30 of 40) of Methylation correlates with lymphatic Methylation in sputum DNA predicts Machida et al.,
pre-cancerous lesions (n = 10) tumors invasion, lymph node metastases and prognosis in patients resected for early 2006

Colorectal cancer

Colorectal cancer

Colorectal cancer

Melanoma

Melanoma

Ovarian cancer

Methylation in 1 of 23 pre-cancerous
lesions

Methylation in 12.5% (2 of 16) normal
tissue

Methylation in 20% (2 of 10) of adjacent
normal tissues

Unmethylated in normal tissue (n = 11)
and adenomas (n = 30)

Highly expressed in melanocytic nevi
(n=18)

Highly expressed in normal
melanocytes

Unmethylated in normal ovary tissue
(n=4)

Methylation in 27% (41 of 152) of tumors
Methylation in 25% (4 of 16) of tumors
Partial methylation in 60% (6 of 10) of tumors
Methylation in 17% (20 of 115) of tumors
Absent or reduced in 62.5% (20 of 32) of

melanomas

Downregulated in primary (n = 6) and in
metastatic lesions (n = 6)

Methylation in 19% (15 of 80) of tumors

advanced stage

Methylation associates with lack of
nodal metastases

NE

Methylation more common in
right-sided tumors and in late stages
NE

NE

Methylation correlates with clear
cell-type tumors

stage disease

NE

NE

NE

NE

NE

No correlation with prognosis

Ohtsuka et al.,
2006

Yokoyama
et al., 2003

Riojas et al.,
2007

Guan et al.,
2003

Liu etal., 2013

Terasawa et al.,
2004

Ovarian cancer NE Methylation in 40% (8 of 20) of tumors NE NE Akahira et al.,
2004
Glioblastoma Expressed and unmethylated in normal  Methylation in 43% (10 of 23) of tumors None Increased survival in patients with Stone et al.,
brain (astrocytes) unmethylated tumors 2004
Glioblastoma NE Methylation in 21.05% (12 of 57) of tumors Methylation increased (4 of 7) in Increased survival in patients with Martinez et al.,
long-term survivors methylated tumors 2007
Neuroblastoma NE Methylation in 31% (45 of 145) of tumors Methylation correlates with advanced Methylation associates with reduced Alaminos et al.,
disease survival 2004
Medulloblastoma ~ NE Expression in 60% (9 of 11) of tumor samples NE NE Knight et al.,
2015
Prostate cancer Unmethylated in normal tissues (n = 14)  Methylation in 65% (38 of 58) of tumors and Methylation in adjacent tissue None Collard et al.,
Methylation in 28% (11 of 40) of 64% (7 of 11) of high-grade intraepithelial correlates with biochemical recurrence 2006
adjacent tissue neoplasia
Prostate cancer NE Methylation in 63.6% (42 of 66) of tumors and Methylation more prevalent in the white ~ NE Das et al., 2006
35% (12 of 34) of prostate hyperplasia race
Gastric cancer NE Methylation in 32.1% (20 of 80) of tumors None Reduced survival for patients with Kato et al.,
methylation 2008
Gastric cancer Expression higher than in tumor tissue Methylation in 34% (68 of 200) of tumors Methylation correlates with tumor size Reduced survival for patients with Wu L. etal.,
and unmethylated (n = 40) and lymph node metastases methylation 2016
(Continued)
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Brunetto et al.,

2019

Increased survival in patients with ASC
mMRNA expression inferior to the median

values

NE

ASC expression in all tumor samples; i.e., 90%
(87 of 41) of tumor cells and 100% of TAMs

(n

Weak staining in adjacent non-tumor

tissue (n

Pancreatic ductal

= 41)

adeno-carcinoma

41)

NE, not evaluated.

A mechanism of resistance to anoikis mediated by TMS1/ASC
has been reported in breast cancer early carcinogenesis (Parsons
et al, 2009). Anoikis is a form of programed cell death
provoked in epithelial cells by detachment from the extracellular
matrix. Resistance to anoikis is acquired by epithelial cells
during carcinogenesis. TMS1/ASC expression was reduced in
a subset of in situ lesions where the epithelial cells had
filled the breast duct, and in 16% of the invasive ductal
carcinomas. These data are suggestive of a possible role of
TMS1/ASC in the transition from in situ to invasive lesions.
In vitro forcing suspension of breast epithelial cells resulted in
TMS1/ASC expression, which preceded that of the proapoptotic
protein Bim (known to be upregulated during anoikis).
TMS1/ASC knockdown inhibited Bim induction, procaspase-
8 cleavage, and led to persistence of MAPK/ERK survival
pathways, suggesting that TMS1/ASC silencing contributes to the
resistance to anoikis.

One study (Liu et al, 2015) evaluated epigenetic alteration
and the biological function of ASC/TMSI1 in renal cell
carcinoma. ASC/TMS1 was downregulated in tumor cell lines
and tumor compared to normal tissue samples. Downregulation
of ASC/TMSI correlated with its promoter methylation and
could be restored by treatment with demethylating agents.
ASC/TMS1 re-expression inhibited tumor cells viability and
colony formation, arrested cell cycle, induced apoptosis,
suppressed cell invasion and repressed tumorigenicity in
immunodeficient mice. All these functions were partially
regulated by activation of the p53 signaling.

More recently, the effects of ASC on cell viability were
studied using different cell density conditions (Kitazawa
et al, 2017). The authors found that at high-density, cell
viability was suppressed by ASC-dependent apoptosis induced
by cleavage of caspase-9, and by suppression of the NEF-
kB related X-linked inhibitor-of-apoptosis protein expression.
Caspase-9 cleavage was partially dependent on enhanced gap
junction formation.

An anti-tumor but not pro-apoptotic mechanism for ASC,
which involves caspase-8, was identified in Okada et al. (2016).
The authors found that ASC ablation in murine tumor cell lines
in vitro enhanced cellular motility and invadopodia formation
through cytoskeletal reorganization, as well as Src accessibility
to caspase-8 for ensuing phosphorylation (p-caspase-8 is pro-
metastatic) and cellular migration. Indeed, in vivo this effect was
associated to reduced metastatic potential.

In summary, a role for ASC/TMS1 as a pro-apoptotic tumor
suppressor factor has been assessed in different tumors where
it was found to be downregulated in variable percentages
in primary tumors. Mechanistic studies clarified that lack of
ASC/TMS1 protein expression was associated at the molecular
level with hypermethylation of its promoter region. In vitro
ASC/TMS1 expression could be at least partially restored upon
treatment with demethylating agents, and forced expression
of the ASC/TIMSI1 gene by transfection in negative tumor
cell lines endowed them with apoptotic capability. Future
studies are needed to determine what stimulate ASC to
induce apoptosis in cancer, as upregulation of ASC per se is
possibly not sufficient.
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FIGURE 1 | Dual role of ASC/TMS1 in cancer. (A) Pro-apoptotic function. In normal epithelial cells differentiation and stress/damage cell signals induce the
onco-suppressor p53 to activate transcription of several genes, among these ASC. Activated ASC binds to Bax and the ASC-Bax complex translocates to
mitochondria mediating Citochrome C (Cit C) release. Cit C activates the initiator caspases-8 or -9, which in turn activate caspase-3 and the apoptotic cascade. At
difference with normal epithelial cells, in cancer cell methylation (Meth) of the promoter region of ASC induces gene silencing and inhibits apoptosis, thus contributing
to cell survival and tumor development (Hanahan and Weinberg, 2011). (B) Pro-inflammatory function in cancer cells. In cancer cells and myeloid cells (such as
TAMSs), recognition of pathogen- or damage-associated molecular patterns (PAMPs, DAMPs) induces the assembly/polymerization of the inflammasome molecular
complex, which in cancer cells is otherwise often constitutively activated as a result of genetic lesions (Kolb et al., 2014; Kantono and Guo, 2017; Karan, 2018; Karki
and Kanneganti, 2019). The inflammasome is composed by a multimerized module formed by a sensor Nod Leucine-Rich Repeat-containing receptor, such as
NLRP3, bound to the pyrin domain of the adaptor ASC, which in turn is bound, through its CARD domain, to pro-caspase-1. The multimerized complex forms a
speck that induces caspase-1 activation. Caspase-1 can then catalyze the proteolytic cleavage and activation of IL-1p and IL-18. Sensing of PAMPS or DAMPS also
induces activation of NF-«kB, which translocates to the nucleus and activates transcription of pro-IL-1p and pro-IL-18. ASC specks and inflammatory cytokines (IL-18
and IL-18) are released from cancer cells, through mechanisms not completely elucidated (?), and captured by TAMs contributing to massive IL-1p release with
auto-activation of cancer cells, as well as triggering of other immune or stromal cell components in the tumor microenvironment. IL-18 can contribute to cancer cell

ASC AS INFLAMMASOME ADAPTOR
MOLECULE

Inflammation, which is an enabling hallmark of cancer
(Hanahan and Weinberg, 2011), contributes to tumor
development/progression  through  several = mechanisms.
For example, through providing soluble molecules to the
tumor microenvironment (including growth, survival, and
proangiogenic factors); through enzymes, which modify
the extracellular matrix to favor angiogenesis, invasion
and metastasis; and through signals to activate epithelial to
mesenchymal transition (Mantovani et al., 2008; Hanahan and
Weinberg, 2011).

Inflammatory responses originate in response to microbial
and danger signals, through the activation of large cytoplasmic
protein complexes, termed inflammasomes, which are essential
for the production of active IL-18 and IL-18 cytokines
(Martinon et al, 2002). ASC plays a central role during
inflammasome activation by interacting via its PYD domain with
pattern recognition receptors (e.g., NLRP3), and via its CARD

domain with pro-caspase-1, leading to caspase-1-activation and
prolL-18 and prolL-18 maturation (Martinon et al, 2002;
Srinivasula et al., 2002).

The role of inflammasomes in cancer has been recently
discussed elsewhere (Kolb et al, 2014; Kantono and Guo,
2017; Karan, 2018; Karki and Kanneganti, 2019; Van Gorp and
Lamkanfi, 2019). We refer readers interested in comprehensive
summaries of the field to those reviews.

We focus here on ASC for which a role in tumor
development/progression, as an inflammasome adaptor
molecule, occurring through different indirect mechanisms, has
been reported (Figure 1B).

In a mouse model of epithelial skin carcinogenesis, the
function of ASC in tumor initiation or suppression was studied
using conditional ASC knockout mice (Drexler et al., 2012). IL-
1 receptor- or caspase-1-deficient mice showed reduced cancer
incidence and tumor numbers compared to wild-type controls.
However, ASC-deficient mice were not protected. To differentiate
putative tumor-suppressive from tumor-promoting functions,
mice deficient in ASC in keratinocytes or in myeloid cells
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were generated. While mice deficient in ASC in keratinocytes
developed more tumors than controls, those deficient in myeloid
cells were protected. ASC-deficient keratinocytes enhanced their
proliferation both in vitro and in vivo, possibly through p53
activation. ASC deletion in myeloid cells was associated with
significantly reduced IL-1f in the tumor. According to the dual
role of ASC in skin carcinogenesis, ASC protein expression was
lost in human cutaneous squamous cell carcinoma, but not in
inflammation-induced epidermal hyperplasia, such as psoriatic
skin lesions (Drexler et al., 2012; Meier et al., 2016). Collectively,
these studies suggested that ASC in different tumor components
(i.e., epithelium vs stroma) may influence tumor growth in
opposite directions.

The role of ASC in melanogenesis was studied using
primary and metastatic melanoma cell lines (Liu et al,
2013). The results showed that ASC has tumor stage-
dependent dual roles in tumorigenesis (i.e., suppresses tumor
growth in primary melanoma while it promotes tumor
growth of metastatic melanoma) by different regulations
of NF-kB activity. In primary melanoma ASC inhibited
phosphorylation of IkB Kinase and decreased NF-kB activity
with low pro-IL-1f synthesis and release. In metastatic
melanoma, auto-active IL-1 receptor and other signaling
pathways resulted in reduced NF-«kB inhibition by ASC in
the presence of sustained auto-active inflammasome, leading
to spontaneous IL-1f synthesis and release (Liu et al., 2013).
These data further clarify the mechanisms of previous results,
in which constitutively assembled and activated NLRP3
inflammasome resulted in spontaneous IL-1f secretion in
metastatic melanoma (Okamoto et al, 2010). Interestingly,
ASC was also reported to differentially regulate NF-kB activity
toward either enhancement or inhibition, depending on
the ratio of its levels to other ASC-binding proteins (e.g.,
Cryopyrin/PYPAF-1, Pyrin, PYPAF-7, and caspase-8 for
enhancement, and IKK complex components IKKa, IKKf and
IKKy for inhibition, respectively) (Manji et al., 2002; Stehlik
et al., 2002; Hasegawa et al., 2005).

A pro-tumorigenic function for ASC, through its effector
cytokine IL-18, was recently described in gastric cancer
(Deswaerte et al., 2018), where ASC was significantly upregulated
in the tumor compared to normal gastric tissue. Mechanistic
studies were performed on spontaneous mouse models of gastric
cancer. In these mice, ablation of ASC was associated with
reduced NF-kB, caspase-1 activation, and enhanced numbers
of caspase-3 and -8 positive tumor cells, suggesting a tumor-
promoting function for ASC by limiting apoptosis in the
gastric epithelium, independently of its pro-inflammatory effects.
Similarly, ASC deletion or IL-18 blockade in tumor cells
increased apoptosis (Figure 1), and in tumor samples elevated
levels of IL-18 and ASC mRNA showed positive correlation,
supporting a role for IL-18 in protecting tumor cells from
apoptosis. Collectively, the study suggests the existence of a
novel ASC/IL-18/NF-kB signaling axis that augments tumor cell
survival in gastric cancer.

A novel role for extracellular ASC released by tumor cells in
pancreatic cancer was recently reported (Brunetto et al., 2019).
In this study, IL-la and IL-1f from tumor cells and tumor

associated macrophages (TAMs) were key to inducing cancer-
associated fibroblasts (CAFs) to secrete the thymic stromal
lymphopoietin (TSLP), which in turn drives predominant tumor-
promoting Th2 cells, through the activation of resident dendritic
cells with Th2 polarizing capability (De Monte et al., 2011;
Protti and De Monte, 2012). It has been shown that ASC
assemble and form specks that are released by dying cells,
and phagocytosis of ASC specks by macrophages leads to
IL-1 maturation through caspase-1 activation (Baroja-Mazo
et al., 2014; Franklin et al., 2014), suggesting that extracellular
ASC specks serve as danger signals (Figure 1B). Indeed,
in vitro studies showed that ASC released by tumor cells
induced IL-1P release by macrophages, and CAFs, activated
with the supernatant of ASC positive tumor cell-conditioned
macrophages, secreted TSLP. Collectively, ASC in pancreatic
cancer exert an indirect role in driving predominant Th2-type
inflammation, through a complex cross-talk between tumor cells
and its microenvironment. Importantly, in a murine model,
in which ASC-deficient mice were orthotopically implanted
with KPC-derived tumor cells [i.e., tumor cells derived from
a spontaneous mouse model of pancreatic cancer (Hingorani
et al, 2005)], tumors grew at lower rate in ASC-deleted
compared to wild-type mice (Daley et al., 2017). Collectively,
these studies indicate a tumor-promoting function for ASC in
pancreatic cancer.

ASC EXPRESSION/ABERRANT
METHYLATION AND CLINICAL
OUTCOME

The levels of ASC mRNA and protein expression have
been investigated in several neoplastic diseases using reverse
transcription polymerase chain reaction. This was in order to
specifically address the presence of a hypermethylated status,
and, by immunohistochemistry, to morphologically distinguish
ASC expression in tumor cells and myeloid cells within the
tumor microenvironment. In the majority of studies, the
levels of ASC expression in the normal tissue counterpart
and/or in non-tumor adjacent tissues were evaluated for
comparison (Table 1).

In this section, we report and discuss those studies, in which
the relevance of ASC expression and/or hypermethylation in
relation to clinical features and/or survival have been addressed.

ASC expression and methylation status in lung cancer [i.e.,
small cell lung cancer (SCLC) and non-small cell lung cancer
(NSCLC)], were evaluated in three studies (Virmani et al., 2003;
Machida et al., 2006; Zhang et al., 2006). In non-malignant
tissue, ASC was expressed, whereas reduced ASC expression was
found in 75% of primary lung carcinoma (Machida et al., 2006)
with aberrant methylation among 27-47% of tumor samples,
predominantly in NSCLC (Virmani et al., 2003; Machida et al,,
2006; Zhang et al., 2006). Virmani et al. (2003) did not find any
correlation between the methylation status and a specific NSCLC
histologic subtype, tumor stage, or lymph-node metastases,
whereas in the other two studies (Machida et al., 2006; Zhang
et al, 2006), methylation was identified as an independent
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unfavorable prognostic factor in multivariate analysis (Zhang
et al., 2006), and correlated with lymphatic invasion, lymph-
node metastases, and advanced disease (Machida et al., 2006),
respectively. Patients with unmethylated tumors had increased
survival (Zhang et al., 2006), and ASC methylation in sputum
DNA predicted prognosis in patients resected for early stage
disease (Machida et al., 2006). Collectively, it is agreed that in
lung cancer, ASC aberrant methylation associates with negative
clinical outcome.

Aberrant methylation was found in 31% of neuroblastomas
(Alaminos et al, 2004). A higher frequency of methylated
tumors were found at more advanced-stage disease, and a higher
frequency of unmethylated tumors were found in patients with
spontaneous remission. Patients with methylated tumors also
had a shorter survival compared with those with unmethylated
tumors (Alaminos et al., 2004), suggesting a clinically relevant
pro-apoptotic role for ASC in neuroblastoma.

Two studies (Kato et al., 2008; Wu L. et al., 2016) evaluated
ASC expression and methylation status in gastric cancer, with
very similar findings. The methylation rate in tumors was 32-
34%, and ASC expression was reduced in tumors compared
to normal gastric tissue. The methylation status in the tumor
correlated with the primary tumor size and lymph node
metastases in multivariate analyses (Wu L. et al., 2016); patients
with methylated tumor exhibited shorter survival (Kato et al.,
2008; Wu L. et al., 2016). Collectively, reduced ASC expression
in gastric cancer seems to correlate with worse clinical outcome.

In two studies (Akahira et al., 2004; Terasawa et al., 2004), ASC
aberrant methylation was found in 19-40% of ovarian cancers,
respectively. Terasawa et al. (2004) reported an association
between ASC methylation and clear cell-type tumors, whereas
they did not find any correlation with prognosis. Collectively,
alteration in ASC expression does not seem to have a clear clinical
impact in ovarian cancer.

High frequency of hypermethylation (63-65%) was found in
primary prostate cancer (Collard et al., 2006; Das et al., 2006).
Of note, high frequency of methylation (35%) was also detected
in benign prostate hyperplasia (Das et al., 2006) and in 64%
of high-grade intraepithelial neoplasia (Collard et al., 2006). As
a clinical correlate, a high rate of ASC methylation in non-
tumor adjacent tissue was found in patients with biochemical
recurrence. However, no correlation with survival was observed
(Collard et al., 2006), not supporting clinical relevance for ASC
expression in prostate cancer.

In pancreatic cancer ASC expression in the tumor, evaluated
by immunohistochemistry, was upregulated in over 90% of tumor
samples compared with surrounding tissue (Brunetto et al,
2019). Analysis in ASC expression distribution within the tumor
showed that, in addition to the expression in tumor cells, ASC was
also highly expressed in TAMs in all samples. Patients with ASC
mRNA expression inferior to the median value had a significantly
increased survival (Brunetto et al., 2019), suggesting that ASC
expression in pancreatic cancer correlates with an unfavorable
clinical outcome.

Lastly, conflicting results were obtained in glioblastoma and
oral squamous cell carcinoma. Aberrant methylation was present
in 43% of glioblastomas, whereas ASC was unmethylated and

expressed in normal brains (Stone et al., 2004). No correlation
was found with age, gender or treatment, although a trend in
increased survival for patients with unmethylated tumors was
observed (Stone et al., 2004). In another study (Martinez et al.,
2007), hypermethylation was present in 21% of glioblastomas
and, at variance with the previous report (Stone et al., 2004),
methylation was significantly more frequent in long-term
survivors. In agreement with this finding, a tendency for better
outcome in patients with methylated ASC was also observed
(Martinez et al., 2007). Collectively, the two studies yielded
opposing results in terms of clinical relevance, possibly because
of the limited number of cases studied. Further investigations
are needed to better define the contribution of ASC expression
in glioblastoma.

Concerning oral squamous cell carcinoma, one study
(Shimane et al, 2013) found ASC highly expressed in
normal oral mucosa, whereas expression was reduced in
tumors as a function of the differentiation grade (well,
moderately and poorly differentiated). ASC expression correlated
with tumor site, T-classification, clinical stage, mode of
invasion, histopathological differentiation, and lymphocytic
infiltration. Survival rate was significantly higher in patients
with a higher score (increasing with the percentage of
positive cells) (Shimane et al, 2013). On the contrary, in
another study (Wu C.S. et al, 2016), ASC expression was
higher in the tumor compared to the adjacent normal
mucosa, and its expression correlated with tumor stage, node
involvement, extracellular spread, perineural invasion, and tumor
depth. Patients with higher ASC expression showed reduced
survival and in multivariate analysis ASC upregulation was
an independent predictor of survival (Wu C.S. et al., 2016).
Possible explanations for these contradictory results might be
the different scoring methods for immunohistochemistry. Due
to this important discrepancy in survival, the clinical relevance
of ASC expression in oral squamous cell carcinoma cannot be
definitively ruled out.

CONCLUDING REMARKS

Through diverse activation stimuli and not completely
understood receptor-ligand interactions, ASC can start two
different intracellular signaling pathways (i.e., apoptosis and
inflammasome maturation) (Figure 1).

In tumors, ASC can be either downregulated, mostly by
aberrant methylation, or upregulated in tumor cells and
overexpressed in the myeloid compartment (mostly TAMs)
within the tumor microenvironment.

ASC can be expressed in normal epithelial cells or non-
tumor adjacent tissues, and when it is downregulated in tumor
cells, the prevalent role is usually anti-tumor by activation of
apoptotic pathways. On the contrary, when tumor cells have
upregulated ASC expression compared with that of the normal
tissue counterpart, ASC is more commonly associated with
tumor-promoting functions, either by inducing the release of
pro-inflammatory cytokines, or by acting as danger signals when
released in the extracellular space as specks, thus perpetuating
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inflammation. Indeed, ASC expression in myeloid cells is
associated with tumor-promoting inflammation.

ASC can be targeted by therapeutic strategies, which are
already in the clinical practice or under development, aimed
to either increase its expression (i.e., demethylating agents)
or interfere with inflammasome components (Coll et al,
2015). However, due to the opposite anti-tumor or pro-
tumor ASC functions, future therapeutic applications for ASC
targeting should well monitor tissue- and cell type-specific
tumor contexts.

REFERENCES

Akahira, J., Sugihashi, Y., Ito, K., Niikura, H., Okamura, K., and Yaegashi, N.
(2004). Promoter methylation status and expression of TMS1 gene in human
epithelial ovarian cancer. Cancer Sci. 95, 40-43. doi: 10.1111/j.1349-7006.2004.
tb03168.x

Alaminos, M., Davalos, V., Cheung, N. K., Gerald, W. L., and Esteller, M. (2004).
Clustering of gene hypermethylation associated with clinical risk groups in
neuroblastoma. J. Natl. Cancer Inst. 96, 1208-1219. doi: 10.1093/jnci/djh224

Baroja-Mazo, A., Martin-Sanchez, F., Gomez, A. I, Martinez, C. M., Amores-
Iniesta, J., Compan, V., et al. (2014). The NLRP3 inflammasome is released
as a particulate danger signal that amplifies the inflammatory response. Nat.
Immunol. 15, 738-748. doi: 10.1038/ni.2919

Brunetto, E., De Monte, L., Balzano, G., Camisa, B., Laino, V., Riba, M., et al.
(2019). The IL-1/IL-1 receptor axis and tumor cell released inflammasome
adaptor ASC are key regulators of TSLP secretion by cancer associated
fibroblasts in pancreatic cancer. J. Immunother. Cancer 7:45. doi: 10.1186/
540425-019-0521-4

Coll, R. C., Robertson, A. A., Chae, J. ]., Higgins, S. C., Munoz-Planillo, R., Inserra,
M. C,, etal. (2015). A small-molecule inhibitor of the NLRP3 inflammasome for
the treatment of inflammatory diseases. Nat. Med. 21, 248-255.

Collard, R. L., Harya, N. S., Monzon, F. A., Maier, C. E., and O’Keefe, D. S. (2006).
Methylation of the ASC gene promoter is associated with aggressive prostate
cancer. Prostate 66, 687-695. doi: 10.1002/pros.20371

Conway, K. E., McConnell, B. B., Bowring, C. E., Donald, C. D., Warren, S. T,
and Vertino, P. M. (2000). TMS1, a novel proapoptotic caspase recruitment
domain protein, is a target of methylation-induced gene silencing in human
breast cancers. Cancer Res. 60, 6236-6242.

Daley, D., Mani, V. R,, Mohan, N., Akkad, N., Pandian, G., Savadkar, S.,
et al. (2017). NLRP3 signaling drives macrophage-induced adaptive immune
suppression in pancreatic carcinoma. J. Exp. Med. 214, 1711-1724. doi: 10.1084/
jem.20161707

Das, P. M., Ramachandran, K., Vanwert, J., Ferdinand, L., Gopisetty, G., Reis, I. M.,
et al. (2006). Methylation mediated silencing of TMS1/ASC gene in prostate
cancer. Mol. Cancer 5:28.

De Monte, L., Reni, M., Tassi, E., Clavenna, D., Papa, 1., Recalde, H., et al. (2011).
Intratumor T helper type 2 cell infiltrate correlates with cancer-associated
fibroblast thymic stromal lymphopoietin production and reduced survival in
pancreatic cancer. J. Exp. Med. 208, 469-478. doi: 10.1084/jem.20101876

Deswaerte, V., Nguyen, P., West, A., Browning, A. F., Yu, L., Ruwanpura, S. M.,
etal. (2018). Inflammasome adaptor ASC suppresses apoptosis of gastric cancer
cells by an IL18-mediated inflammation-independent mechanism. Cancer Res.
78,1293-1307. doi: 10.1158/0008-5472.CAN-17-1887

Drexler, S. K., Bonsignore, L., Masin, M., Tardivel, A., Jackstadt, R., Hermeking, H.,
et al. (2012). Tissue-specific opposing functions of the inflammasome adaptor
ASC in the regulation of epithelial skin carcinogenesis. Proc. Natl. Acad. Sci.
U.S.A. 109, 18384-18389. doi: 10.1073/pnas.1209171109

Franklin, B. S., Bossaller, L., De Nardo, D., Ratter, J. M., Stutz, A., Engels, G.,
et al. (2014). The adaptor ASC has extracellular and ’prionoid’ activities that
propagate inflammation. Nat. Immunol. 15, 727-737. doi: 10.1038/ni.2913

Galluzzi, L., Vitale, L., Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P.,
et al. (2018). Molecular mechanisms of cell death: recommendations of the
nomenclature committee on cell death 2018. Cell Death Differ. 25, 486-541.
doi: 10.1038/s41418-017-0012-4

AUTHOR CONTRIBUTIONS

MP and LM wrote the manuscript.

ACKNOWLEDGMENTS

We thank the Italian Association for Cancer Research (AIRC, IG-
19119 and AIRC Special Program in Metastatic disease: the key
unmet need in oncology, 5 per mille no. 22737).

Guan, X., Sagara, J., Yokoyama, T., Koganehira, Y., Oguchi, M., Saida, T.,
et al. (2003). ASC/TMSI, a caspase-1 activating adaptor, is downregulated by
aberrant methylation in human melanoma. Int. J. Cancer 107, 202-208. doi:
10.1002/ijc.11376

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation.
Cell 144, 646-674. doi: 10.1016/j.cell.2011.02.013

Hasegawa, M., Imamura, R., Kinoshita, T., Matsumoto, N., Masumoto, J., Inohara,
N., et al. (2005). ASC-mediated NF-kappaB activation leading to interleukin-8
production requires caspase-8 and is inhibited by CLARP. J. Biol. Chem. 280,
15122-15130. doi: 10.1074/jbc.m412284200

Hingorani, S. R, Wang, L., Multani, A. S., Combs, C., Deramaudt, T. B.,
Hruban, R. H., et al. (2005). Trp53R172H and KrasG12D cooperate to
promote chromosomal instability and widely metastatic pancreatic ductal
adenocarcinoma in mice. Cancer Cell 7, 469-483. doi: 10.1016/j.ccr.2005.04.023

Hong, S., Hwang, L, Lee, Y. S., Park, S., Lee, W. K., Fernandes-Alnemri, T.,
et al. (2013). Restoration of ASC expression sensitizes colorectal cancer cells
to genotoxic stress-induced caspase-independent cell death. Cancer Lett. 331,
183-191. doi: 10.1016/j.canlet.2012.12.020

Kantono, M., and Guo, B. (2017). Inflammasomes and cancer: the dynamic role
of the inflammasome in tumor development. Front. Immunol. 8:1132. doi:
10.3389/fimmu.2017.01132

Karan, D. (2018). Inflammasomes: emerging central players in cancer immunology
and immunotherapy. Front. Immunol. 9:3028. doi: 10.3389/fimmu.2018.03028

Karki, R., and Kanneganti, T. D. (2019). Diverging inflammasome signals in
tumorigenesis and potential targeting. Nat. Rev. Cancer 19, 197-214. doi: 10.
1038/s41568-019-0123-y

Kato, K., Iida, S., Uetake, H., Takagi, Y., Yamashita, T., Inokuchi, M., et al.
(2008). Methylated TMS1 and DAPK genes predict prognosis and response to
chemotherapy in gastric cancer. Int. J. Cancer 122, 603-608. doi: 10.1002/ijc.
23143

Kitazawa, M., Hida, S., Fujii, C., Taniguchi, S., Ito, K., Matsumura, T., et al. (2017).
ASC induces apoptosis via activation of caspase-9 by enhancing gap junction-
mediated intercellular communication. PLoS One 12:¢0169340. doi: 10.1371/
journal.pone.0169340

Knight, E. R., Patel, E. Y., Flowers, C. A., Crowther, A. J., Ting, J. P., Miller,
C. R, et al. (2015). ASC deficiency suppresses proliferation and prevents
medulloblastoma incidence. Oncogene 34, 394-402. doi: 10.1038/0nc.2013.577

Kolb, R, Liu, G. H., Janowski, A. M., Sutterwala, F. S., and Zhang, W. (2014).
Inflammasomes in cancer: a double-edged sword. Protein Cell 5, 12-20. doi:
10.1007/s13238-013-0001-4

Kordi Tamandani, D. M., Sobti, R. C., Shekari, M., and Huria, A. (2009). CpG island
methylation of TMS1/ASC and CASP8 genes in cervical cancer. Eur. J. Med. Res.
14, 71-75.

Levine, J. J., Stimson-Crider, K. M., and Vertino, P. M. (2003). Effects of
methylation on expression of TMS1/ASC in human breast cancer cells.
Oncogene 22, 3475-3488. doi: 10.1038/sj.onc.1206430

Liu, Q., Jin, J., Ying, J., Cui, Y., Sun, M., Zhang, L., et al. (2015). Epigenetic
inactivation of the candidate tumor suppressor gene ASC/TMSI in human
renal cell carcinoma and its role as a potential therapeutic target. Oncotarget
6,22706-22723.

Liu, W., Luo, Y., Dunn, J. H, Norris, D. A., Dinarello, C. A., and Fujita, M.
(2013). Dual role of apoptosis-associated speck-like protein containinga CARD
(ASC) in tumorigenesis of human melanoma. J. Invest. Dermatol. 133, 518-527.
doi: 10.1038/jid.2012.317

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2020 | Volume 8 | Article 40


https://doi.org/10.1111/j.1349-7006.2004.tb03168.x
https://doi.org/10.1111/j.1349-7006.2004.tb03168.x
https://doi.org/10.1093/jnci/djh224
https://doi.org/10.1038/ni.2919
https://doi.org/10.1186/s40425-019-0521-4
https://doi.org/10.1186/s40425-019-0521-4
https://doi.org/10.1002/pros.20371
https://doi.org/10.1084/jem.20161707
https://doi.org/10.1084/jem.20161707
https://doi.org/10.1084/jem.20101876
https://doi.org/10.1158/0008-5472.CAN-17-1887
https://doi.org/10.1073/pnas.1209171109
https://doi.org/10.1038/ni.2913
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1002/ijc.11376
https://doi.org/10.1002/ijc.11376
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1074/jbc.m412284200
https://doi.org/10.1016/j.ccr.2005.04.023
https://doi.org/10.1016/j.canlet.2012.12.020
https://doi.org/10.3389/fimmu.2017.01132
https://doi.org/10.3389/fimmu.2017.01132
https://doi.org/10.3389/fimmu.2018.03028
https://doi.org/10.1038/s41568-019-0123-y
https://doi.org/10.1038/s41568-019-0123-y
https://doi.org/10.1002/ijc.23143
https://doi.org/10.1002/ijc.23143
https://doi.org/10.1371/journal.pone.0169340
https://doi.org/10.1371/journal.pone.0169340
https://doi.org/10.1038/onc.2013.577
https://doi.org/10.1007/s13238-013-0001-4
https://doi.org/10.1007/s13238-013-0001-4
https://doi.org/10.1038/sj.onc.1206430
https://doi.org/10.1038/jid.2012.317
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Protti and De Monte

Role of ASC/TIMS1 in Cancer

Machida, E. O., Brock, M. V., Hooker, C. M., Nakayama, J., Ishida, A., Amano,
J., et al. (2006). Hypermethylation of ASC/TMSI is a sputum marker for late-
stage lung cancer. Cancer Res. 66, 6210-6218. doi: 10.1158/0008-5472.can-05-
4447

Manji, G. A., Wang, L., Geddes, B. J., Brown, M., Merriam, S., Al-Garawi, A., et al.
(2002). PYPAF1, a PYRIN-containing Apafl-like protein that assembles with
ASC and regulates activation of NF-kappa B. J. Biol. Chem. 277, 11570-11575.
doi: 10.1074/jbc.m112208200

Mantovani, A., Allavena, P., Sica, A., and Balkwill, F. (2008). Cancer-related
inflammation. Nature 454, 436-444. doi: 10.1038/nature07205

Mantovani, A., Barajon, I., and Garlanda, C. (2018). IL-1 and IL-1 regulatory
pathways in cancer progression and therapy. Immunol. Rev. 281, 57-61. doi:
10.1111/imr.12614

Martinez, R., Schackert, G., and Esteller, M. (2007). Hypermethylation of
the proapoptotic gene TMS1/ASC: prognostic importance in glioblastoma
multiforme. J. Neurooncol. 82, 133-139. doi: 10.1007/s11060-006-9264-4

Martinon, F., Burns, K., and Tschopp, J. (2002). The inflammasome: a molecular
platform triggering activation of inflammatory caspases and processing of
prolL-beta. Mol. Cell 10, 417-426.

Martinon, F., Hofmann, K., and Tschopp, J. (2001). The pyrin domain: a
possible member of the death domain-fold family implicated in apoptosis and
inflammation. Curr. Biol. 11, R118-R120.

Masumoto, J., Taniguchi, S., Ayukawa, K., Sarvotham, H., Kishino, T., Niikawa,
N, et al. (1999). ASC, a novel 22-kDa protein, aggregates during apoptosis of
human promyelocytic leukemia HL-60 cells. J. Biol. Chem. 274, 33835-33838.
doi: 10.1074/jbc.274.48.33835

McConnell, B. B., and Vertino, P. M. (2000). Activation of a caspase-9-
mediated apoptotic pathway by subcellular redistribution of the novel caspase
recruitment domain protein TMSI1. Cancer Res. 60, 6243-6247.

Meier, K., Drexler, S. K., Eberle, F. C., Lefort, K., and Yazdi, A. S. (2016). Silencing
of ASC in cutaneous squamous cell carcinoma. PLoS One 11:¢0164742. doi:
10.1371/journal.pone.0164742

Ohtsuka, T, Liu, X. F., Koga, Y., Kitajima, Y., Nakafusa, Y., Ha, C. W., et al. (2006).
Methylation-induced silencing of ASC and the effect of expressed ASC on
p53-mediated chemosensitivity in colorectal cancer. Oncogene 25, 1807-1811.
doi: 10.1038/sj.0nc.1209204

Ohtsuka, T., Ryu, H., Minamishima, Y. A., Macip, S., Sagara, J., Nakayama,
K. I, et al. (2004). ASC is a Bax adaptor and regulates the p53-Bax
mitochondrial apoptosis pathway. Nat. Cell Biol. 6, 121-128. doi: 10.1038/
ncb1087

Okada, N., Fujii, C., Matsumura, T., Kitazawa, M., Okuyama, R., Taniguchi, S., et al.
(2016). Novel role of ASC as a regulator of metastatic phenotype. Cancer Med.
5, 2487-2500. doi: 10.1002/cam4.800

Okamoto, M., Liu, W., Luo, Y., Tanaka, A., Cai, X., Norris, D. A., et al. (2010).
Constitutively active inflammasome in human melanoma cells mediating
autoinflammation via caspase-1 processing and secretion of interleukin-1beta.
J. Biol. Chem. 285, 6477-6488. doi: 10.1074/jbc.M109.064907

Parsons, M. ], Patel, P., Brat, D. J., Colbert, L., and Vertino, P. M. (2009). Silencing
of TMS1/ASC promotes resistance to anoikis in breast epithelial cells. Cancer
Res. 69, 1706-1711. doi: 10.1158/0008-5472.CAN-08-2351

Parsons, M. J., and Vertino, P. M. (2006). Dual role of TMS1/ASC in death receptor
signaling. Oncogene 25, 6948-6958. doi: 10.1038/sj.0nc.1209684

Protti, M. P., and De Monte, L. (2012). Cross-talk within the tumor
microenvironment mediates Th2-type inflammation in pancreatic cancer.
Oncoimmunology 1, 89-91. doi: 10.4161/onci.1.1.17939

Ramachandran, K., Miller, H., Gordian, E., Rocha-Lima, C., and Singal, R. (2010).
Methylation-mediated silencing of TMS1 in pancreatic cancer and its potential
contribution to chemosensitivity. Anticancer Res. 30, 3919-3925.

Riojas, M. A., Guo, M., Glockner, S. C., Machida, E. O., Baylin, S. B., and Ahuja,
N. (2007). Methylation-induced silencing of ASC/TMS]I, a pro-apoptotic gene,
is a late-stage event in colorectal cancer. Cancer Biol. Ther. 6, 1710-1716.
doi: 10.4161/cbt.6.11.4829

Shimane, T., Kobayashi, H., Takeoka, M., Kitazawa, M., Matsumura, T., Hida, S.,
et al. (2013). Clinical significance of apoptosis-associated speck-like protein
containing a caspase recruitment domain in oral squamous cell carcinoma. Oral
Surg. Oral Med. Oral Pathol. Oral Radiol. 115, 799-809. doi: 10.1016/j.0000.
2013.03.013

Singh, R., Letai, A., and Sarosiek, K. (2019). Regulation of apoptosis in health and
disease: the balancing act of BCL-2 family proteins. Nat. Rev. Mol. Cell Biol. 20,
175-193. doi: 10.1038/s41580-018-0089-8

Srinivasula, S. M., Poyet, J. L., Razmara, M., Datta, P., Zhang, Z., and Alnemri, E. S.
(2002). The PYRIN-CARD protein ASC is an activating adaptor for caspase-1.
J. Biol. Chem. 277, 21119-21122. doi: 10.1074/jbc.c200179200

Stehlik, C., Fiorentino, L., Dorfleutner, A., Bruey, J. M., Ariza, E. M., Sagara, J.,
et al. (2002). The PAAD/PYRIN-family protein ASC is a dual regulator of a
conserved step in nuclear factor kappaB activation pathways. J. Exp. Med. 196,
1605-1615. doi: 10.1084/jem.20021552

Stone, A. R., Bobo, W., Brat, D. J., Devi, N. S., Van Meir, E. G., and Vertino, P. M.
(2004). Aberrant methylation and down-regulation of TMS1/ASC in human
glioblastoma. Am. J. Pathol. 165, 1151-1161. doi: 10.1016/s0002-9440(10)
63376-7

Terasawa, K., Sagae, S., Toyota, M., Tsukada, K., Ogi, K., Satoh, A., et al. (2004).
Epigenetic inactivation of TMS1/ASC in ovarian cancer. Clin. Cancer Res. 10,
2000-2006. doi: 10.1158/1078-0432.ccr-0932-03

Van Gorp, H., and Lamkanfi, M. (2019). The emerging roles of inflammasome-
dependent cytokines in cancer development. EMBO Rep. 20:e47575. doi: 10.
15252/embr.201847575

Virmani, A., Rathi, A., Sugio, K., Sathyanarayana, U. G., Toyooka, S., Kischel, F. C.,
et al. (2003). Aberrant methylation of TMS1 in small cell, non small cell lung
cancer and breast cancer. Int. J. Cancer 106, 198-204. doi: 10.1002/ijc.11206

Wu, C. S, Chang, K. P., OuYang, C. N,, Kao, H. K., Hsueh, C., Chen, L. C, et al.
(2016). ASC contributes to metastasis of oral cavity squamous cell carcinoma.
Oncotarget 7, 50074-50085. doi: 10.18632/oncotarget.10317

Wu, L., Zhang, C., Wang, X, Ding, X., Deng, J., and Liang, H. (2016). Methylation
of ASC/TMS1 promoter is associated with poor prognosis of patients with
gastric cancer. Clin. Transl. Oncol. 18, 296-303. doi: 10.1007/s12094-015-
1367-y

Yokoyama, T., Sagara, J., Guan, X., Masumoto, J., Takeoka, M., Komiyama, Y.,
et al. (2003). Methylation of ASC/TMSI, a proapoptotic gene responsible for
activating procaspase-1, in human colorectal cancer. Cancer Lett. 202, 101-108.
doi: 10.1016/j.canlet.2003.08.027

Zhang, Z., Tan, S., and Zhang, L. (2006). Prognostic value of apoptosis-associated
speck-like protein containing a CARD gene promoter methylation in resectable
non-small-cell lung cancer. Clin. Lung Cancer 8, 62-65. doi: 10.3816/clc.2006.
n.035

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Protti and De Monte. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2020 | Volume 8 | Article 40


https://doi.org/10.1158/0008-5472.can-05-4447
https://doi.org/10.1158/0008-5472.can-05-4447
https://doi.org/10.1074/jbc.m112208200
https://doi.org/10.1038/nature07205
https://doi.org/10.1111/imr.12614
https://doi.org/10.1111/imr.12614
https://doi.org/10.1007/s11060-006-9264-4
https://doi.org/10.1074/jbc.274.48.33835
https://doi.org/10.1371/journal.pone.0164742
https://doi.org/10.1371/journal.pone.0164742
https://doi.org/10.1038/sj.onc.1209204
https://doi.org/10.1038/ncb1087
https://doi.org/10.1038/ncb1087
https://doi.org/10.1002/cam4.800
https://doi.org/10.1074/jbc.M109.064907
https://doi.org/10.1158/0008-5472.CAN-08-2351
https://doi.org/10.1038/sj.onc.1209684
https://doi.org/10.4161/onci.1.1.17939
https://doi.org/10.4161/cbt.6.11.4829
https://doi.org/10.1016/j.oooo.2013.03.013
https://doi.org/10.1016/j.oooo.2013.03.013
https://doi.org/10.1038/s41580-018-0089-8
https://doi.org/10.1074/jbc.c200179200
https://doi.org/10.1084/jem.20021552
https://doi.org/10.1016/s0002-9440(10)63376-7
https://doi.org/10.1016/s0002-9440(10)63376-7
https://doi.org/10.1158/1078-0432.ccr-0932-03
https://doi.org/10.15252/embr.201847575
https://doi.org/10.15252/embr.201847575
https://doi.org/10.1002/ijc.11206
https://doi.org/10.18632/oncotarget.10317
https://doi.org/10.1007/s12094-015-1367-y
https://doi.org/10.1007/s12094-015-1367-y
https://doi.org/10.1016/j.canlet.2003.08.027
https://doi.org/10.3816/clc.2006.n.035
https://doi.org/10.3816/clc.2006.n.035
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Dual Role of Inflammasome Adaptor ASC in Cancer
	Introduction
	Asc/Tms1 as Tumor Suppressor
	Asc as Inflammasome Adaptor Molecule
	Asc Expression/Aberrant Methylation and Clinical Outcome
	Concluding Remarks
	Author Contributions
	Acknowledgments
	References


