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Abstract

Acute exposure of cancer cells to high concentrations of interferon-1 (IFN-1) drives growth
arrest and apoptosis, whereas chronic exposure to low concentrations provides important pro-
survival advantages. Tyrosine-phosphorylated IFN-stimulated gene factor 3 (ISGF3) drives acute
deleterious responses to IFN-I, whereas U-ISGF3, lacking tyrosine phosphorylation, drives
essential constitutive pro-survival mechanisms. Surprisingly, programmed cell death ligand 1
(PD-L1Y), often expressed on the surfaces of tumor cells and well recognized for its importance
in inactivating cytotoxic T cells, also has important cell-intrinsic pro-tumor activities, including
dampening acute responses to cytotoxic high levels of IFN-I and sustaining the expression of the
low levels that benefit tumors. More thorough understanding of the newly recognized complex
roles of IFN-I in cancer may lead to the identification of novel therapeutic strategies.
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Interferon and cancer

Type | interferon (IFN-I, see Glossary) was discovered as our major defense against virus
infections in 1957 [1]. Since those early days, we have continued to learn more and more
about this fascinating cytokine, including how it is induced, how it signals to activate new
transcription and protein synthesis in target cells, how its complex functions are fine-tuned
and, especially relevant for this review, how IFN-I plays important roles in cancer. The
pathways of IFN-I synthesis and response are briefly summarized in Figure 1. It has now
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been 30 years since the discovery of the JAK-STAT pathway, which powers responses to
IFN-I and many other cytokines. Much of the huge amount of current information regarding
the mechanisms, scope, and therapeutic impact of this pathway is summarized in a recent
review (Phillips et al, Cell, in press).

The IFN-I response has two distinct phases. In the first, ISGF3, formed from IRF9 and
tyrosine-phosphorylated STATs 1 and 2, drives expression of the full set of interferon-
stimulated genes (ISGs). Since the maximal antiviral effects of the initially induced proteins
cannot be sustained by cells for very long without causing damage, powerful negative
regulatory mechanisms, especially those due to the IFN-I-induced protein SOCS1, suppress
the continued phosphorylation of STATs 1 and 2 within about a day. However, STATZ,
STATZ, and /RF9are themselves I1SGs, leading to a prolonged steady-state in which these
three proteins, now highly expressed but lacking tyrosine phosphorylation, form U-ISGF3,
which continues to drive the expression of about a quarter of the initially induced 1SGs

for many days [2]. The encoded proteins, well tolerated by the cells, continue to provide a
substantial level of antiviral protection, albeit much less than in the initial, transient antiviral
state.

The ability of cancer cells to induce, tolerate, and sustain the expression of the proteins

that are driven by U-ISGF3 is a major manifestation of the effects of IFN-I in cancer. A
breakthrough in understanding the complex roles of IFN-1 in cancer came from the results of
Ralph Weichselbaum and his colleagues [3], who described the expression of relatively high
levels of a subset of ISGs in many different types of cancer, and correlated this phenotype
with the ability of these cells to resist being killed by ionizing radiation [4]. The subset

of 1SGs in this “Interferon-Related DNA Damage Resistance Signature” (IRDS) coincides
almost exactly with the subset that is induced in response to U-ISGF3 during the antiviral
response [3-5]. As explained in more detail later, tumors are exposed to low levels of IFN-I
in steady state, produced not only in the tumor microenvironment (TME) but importantly
also by the tumor cells themselves, leading to constitutive expression of the IRDS subset

of 1ISGs and substantial protection from DNA damage [2, 6]. In contrast to the benefit that
chronic exposure to low levels of IFN-I provides to tumors, it has long been appreciated
that acute exposure to high levels of IFN-I1, delivered as therapy or induced in response to
extensive DNA damage, such as that caused by ionizing radiation, is cytotoxic [7].

Herein we discuss recent evidence that is key to understanding the complex roles of IFN-I

in cancer, including the vital role of programmed cell death ligand 1 (PD-L1) in regulating
the synthesis of and responses to IFN-I through mechanisms that are intrinsic to cancer cells.
Furthermore, U-STAT?2 has novel functions in cancer, including its ability to potently inhibit
the activity of STING, whose activation by cytoplasmic DNA leads to the synthesis of IFN-I.
However, illustrating the complexity, in some tumors IFN-1 is an important inhibitor of the
epithelial-mesenchymal transition, whereas oncostatin M has the opposite activity, and these
two cytokines negatively regulate each other. We focus on the production of IFN-I by cancer
cells themselves, on how their responses to different levels of IFN-I are regulated, and on
the consequences of these responses for their survival. We do not review the importance of
IFN-1 as a regulator of the immune system in cancer. This fascinating topic has been well
reviewed by others [8, 9].
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Cytotoxic versus protective effects of IFN-1in cancer

IFN-I has an important role in regulating responses to DNA damage in cancer cells.

The synthesis of IFN-I is induced in response to extensive damage and the resulting

acute response contributes to cell killing [7, 10, 11]. Anthracyclines (e.g. doxorubicin)
stimulate IFN-1 production by activating Toll-like receptor 3 (TLR3), promoting cancer

cell death through the expression of the chemokine C-X-C motif ligand 10 (CXCL10)

[11]. Cytotoxicity induced by ionizing radiation is correlated with IFN-I expression, and
inhibiting the response to IFN-I by using neutralizing antibodies or knocking out the IFN-I
receptor decreases the ability of ionizing radiation to induce cell death [7]. ISGs that encode
cytotoxic proteins are induced in the acute phase of signaling [12].

On the other hand, cAronic stimulation with low doses of IFN-I contributes to resistance to
DNA damage. The chronic response to interferon-g (IFNB) increases the levels of U-ISGF3,
which induces the expression of about a quarter of the ISGs, the IRDS subset (Figure 2) [2].
Chronic IFN-1 responses and elevated IRDS expression are often observed in cancer cells
exposed to repeated or prolonged radiation or chemotherapy, which correlates with acquired
resistance to the therapy [7, 10, 13]. Some intrinsic factors also induce chronic IFN-I
responses in cancer cells, thus aiding their intrinsic resistance to DNA damage. For example,
dysfunction of the Ataxia-telangiectasia mutated (ATM) gene, which encodes a central
component of the DNA repair machinery, results in constitutive /FN expression through
the cytosolic DNA-sensing STING pathway [14], and loss of tumor suppressor p53 function
leads to IFNP expression through a double stranded RNA (dsRNA)-dependent pathway,
reducing the cytotoxicity of the DNA damaging agent doxorubicin [15]. In summary, the
effects of IFN-I on tumors are determined by the strength and duration of stimulation; strong
and acute IFN-I responses are cytotoxic, whereas weak and chronic responses promote cell
survival [16].

Contrasting roles of STAT2 in cancer

The canonical function of STAT2, executed by the tyrosine-phosphorylated protein,
predominantly mediates the antiproliferative and apoptotic actions of IFN-I, implying that

it may be a tumor suppressor [17, 18], and STAT2 does have IFN-I dependent tumor-
suppressive activity in a mouse model of brain tumors [19]. The progesterone receptor,

a well-known prognostic biomarker in breast cancer, promotes the degradation of STAT2

to inhibit the IFN response [20]. However, emerging evidence has identified a contrasting
role of STAT2 in different cancers. For example, STAT2-deficient mice are protected from
chemically induced skin and colon cancers [21, 22], and breast cancer cells with a high level
of STAT2 have a more aggressive, mesenchymal/stem-like phenotype [23-25]. In pancreatic
cancer, STAT? is found to be highly expressed and associated with poor prognosis [26].

Research from the past decade has revealed additional functions of STAT2 that are
independent of tyrosine phosphorylation (U-STAT2) [5, 27-29]. Unlike other members of
the STAT family, STAT2 does not form a homodimer to recognize a DNA target [30].
Formation of the heterotrimeric ISGF3 complex is a unique characteristic among STAT-
dependent pathways. Nan et a/. define as non-canonical the role of the U-STAT2:IRF9
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complex in driving gene expression by binding to a subset of ISREs that are present in the
promoters of about a quarter of all ISGs [31], and also present in regions upstream of the
promoters of a subset of NF-xB-driven genes, for example, /L-6. High expression of STAT2
benefits cancer cells in several ways. The U-STAT2:IRF9 complex enhances the expression
of tumor-promoting cytokines and chemokines, especially IL-6, a multifunctional cytokine
that activates the pro-tumorigenic tyrosine phosphorylation of STAT3 and, in lung cancer,
high levels of STAT2 are associated with a worse prognosis [27]. Two threonine residues in
STAT?2, T387 and T404, are crucial for its IFN-dependent and IFN-independent functions.
T387 phosphorylation is catalyzed by cyclin-dependent kinases, which are highly active in
most types of cancer. Phosphorylation of T387 inhibits ISGF3 transcriptional activity, in
concordance with IFN resistance in some cancer cells [32]. By contrast, the phosphorylation
of T404 promotes ISG expression in response to IFN-I [33].

U-STAT2 binds to STING, inhibiting its ability to drive the synthesis of IFN-I in response
to DNA damage, thus helping cancer cells avoid the enhancement of cell death that is

due to the production of high levels of endogenous IFN-I. T404 phosphorylation promotes
this inhibitory interaction, not only enhancing resistance to DNA damage in tumors, but
also compromising the induction of antitumoral cytokines and chemokines in the tumor
microenvironment (Wang et a/. unpublished). Much more work needs to be done to
understand how the phosphorylation of T387 and T404 modulates the functions of immune
cells. The phosphorylation of these two threonine residues provides a new perspective in
understanding how STAT2 and IFN-I participate in tumor progression and resistance to
therapy.

IFEN-I produced by cancer cells and IRDS expression

It is important to stress that high levels of U-STAT1, U-STAT2 and IRF9 are needed

to drive substantial expression of the IRDS genes [2]. Normal cells do not express high
levels of these three proteins or the IRDS proteins, but they are often highly expressed in
cancer [3, 24]. Their expression is induced by chronic exposure of cells to low levels of
IFN-I [2]. A recent study shows that a subset of cancers constitutively produces IFNP in
the absence of exogenous stimulation, maintaining high levels of the IRDS proteins [6].
Analyses using data from DNA microarray samples from individual patients revealed that
substantial percentages of these samples express high levels of IRDS (37% for head and
neck cancer, 48% for lung cancer, 29% for prostate cancer, 46% for breast cancer, and 50%
for high-grade gliomas [3]).

Through diverse mechanisms, IFNp is constitutively activated in a subset of cancer cells.
Defective p53 function induces IFNB by increasing dsRNA expression from repetitive
elements in the genome [15, 34]. p53 deficiency alone induces low levels of IFNB,
decreasing the cytotoxicity of doxorubicin, a DNA damaging agent [15]. Co-inactivation

of the ARF tumor suppressor in addition to p53 mutation helps cancer cells to produce IFNB
and IRDS proteins, promoting long-term proliferation /n vitro and tumorigenesis /n vivo
[34]. By contrast, a combination of p53 deficiency and 5-aza-2’deoxycytidine-induced DNA
demethylation leads to extremely high levels of IFNB that induce massive cell death [15],
showing that strong IFN-1 responses contribute to cell killing. The cGAS-STING pathway,
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stimulated by cytoplasmic DNA, is constitutively activated in a subset of cancer cells,
inducing chronic IFNp expression and IRDS expression [6, 10, 14]. Cancer cells constantly
experience endogenous DNA damage, due to the collapse of damaged replication forks and
also through damage caused by reactive oxygen species (ROS), leading to the presence

of DNA in the cytoplasm [10, 35]. Dysfunction of Ataxia-telangiectasia mutated (ATM),

a DNA repair kinase, increases the levels of both cytoplasmic DNA and IFN-I expression
[14]. Aging is another factor that increases cytoplasmic DNA, through the activation of long
interspersed nuclear elements (LINES), creating DNA damage in the nucleus and causing
LINE cDNA to accumulate in the cytoplasm [36, 37].

IRDS expression, increased by self-produced IFNB, is a protective mechanism that cancer
cells use to enable them to survive endogenous DNA damage, as well as the exogenous
damage caused by therapy. Remarkably, some cancer cells are addicted to self-produced
IFNB, initiating spontaneous apoptosis when the expression of IFNB or IFNAR1 is knocked
down [6]. Probably, these cells need constitutive expression of IRDS proteins to resist the
deleterious effects of the constitutive presence of DNA in the cytoplasm.

How IRDS proteins modulate responses to DNA damage

Relatively little is known about how specific IRDS proteins promote resistance to DNA
damage. The three 2’, 5™-oligoadenylate synthetases (OASSs) are among the most highly
expressed IRDS genes [3, 4], and recent work has shown that OAS1 has an important role
in helping cancer cells to survive damage to their DNA [38]. OAS1, which is localized in
the nucleus, promotes tumor cell survival in response to chemotherapy and oxidative stress
by adding AMP residues in 2’, 5’ linkage to the ends of poly ADP-ribose (PAR) chains
[38]. The addition of PAR to proteins (PARylation) by nuclear PAR polymerase 1 (PARP1)
is a major post-translational modification that occurs in response to DNA damage [39, 40].
Moderate PARylation helps complexes of DNA repair proteins to assemble [40, 41], but
excessive PARylation induces caspase-independent form of programmed cell death that is
called PAR-mediated necroptosis, or parthanatos [42, 43]. The addition of AMP residues
in 2°, 5° linkage to PAR by OASL1 limits PARylation in response to DNA damage, thus
inhibiting parthanatos [38].

Some ISG proteins suppress DNA damage-induced cell death by inhibiting cytotoxic
acute IFN-I synthesis or IFN-I signaling. A resident RIG-I (retinoid acid-inducible genel)-
like receptor protein, LGP2 (Laboratory of Genetics and Physiology 2), increases radio-
resistance by suppressing DNA damage-induced IFN synthesis, inhibiting cell death [7].
High levels of programmed death ligand 1 (PD-L1) inhibit cancer cell death in response

to ionizing radiation or cisplatin by suppressing acute IFN-I signaling [6]. Both LGP2 and
PD-L1 are induced by IFN-I and make cells resistant to DNA damage, defining them as
IRDS proteins.

IFN-I responses regulated by PD-L1

As discussed in the previous section, IFN-I responses play contradictory roles in cancer
cells, depending on the strength and longevity of the responses; strong and acute responses
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are cytotoxic, whereas weak and chronic responses are pro-survival [16]. A recent study
revealed that PD-L1 is a master regulator of IFN-1 responses in cancer cells, making cells
more resistant to DNA damage [6]. PD-L1 is well known as an immune checkpoint protein
that inhibits anti-cancer immune responses [44], but PD-L1-mediated regulation of IFN-I
responses is a cancer cell-intrinsic event that operates independently of the immune system.
High levels of PD-L1 in cancer cells inhibit cytotoxic acute IFN-I responses but sustain
chronic responses that enhance IRDS levels, preventing cancer cell death in response to
ionizing radiation and cisplatin [6]. In response to high doses of IFN-I, PD-L1 inhibits

the phosphorylation of STAT1 and STAT2, diminishing cytotoxic ISG expression. On the
other hand, PD-L1 sustains the constitutive activation of the cGAS-STING pathway and
the chronic expression of IFN in cancer cells, resulting in the upregulation of pro-survival
IRDS expression. The cGAS-STING pathway, and following IFN-I/IRDS expression, is
activated by cytoplasmic DNA, which is present constitutively in cancer cells due to
endogenous DNA damage [10, 14]. Importantly, levels of endogenous DNA damage are
correlated with IFNp and IRDS expression only when cancer cells express high levels of
PD-L1 [6], suggesting a critical role of PD-L1 in constitutive IFN-1 expression through the
cGAS-STING pathway in these cells. Among a large number of cancer cell lines (1376

all types of cancer cell lines; 206 lung cancer cell lines), 9.2% of each group express

high levels of IFNB/ IRDS/ PD-L1, suggesting that PD-L1 plays an important role in
maintaining constitutive IFNB and IRDS expression in about 10% of all cancer cells [6].
How PD-L1 facilitates STING activation is not yet known, but considering that STING is on
the endoplasmic reticulum, further investigation of intracellular PD-L1, not located on the
plasma membrane, will help to reveal this mechanism. There is a correlation between the
presence of cytoplasmic PD-L1 and poor prognosis in cancer [45, 46]. Downregulation of
PD-L1 by several different mechanisms, including inhibition of cyclin-dependent kinase 5
(CDKH5) [47], can sensitize cancer cells to radiation or cisplatin. It remains to be investigated
whether CDKS5 inhibition affects IFN-I synthesis, signaling, or both to sensitize cells to
DNA damage.

IFN-dependent regulation of EMT/cancer stem cells

In the long history of attempts to use IFN-I as a potential cancer therapy, there have

been numerous setbacks and conflicting results. In the previous sections, we discussed the
IRDS expression that is induced by constitutive activation of the cGAS-STING pathway
and IFNP production, which enhance the resistance of cancer cells to DNA damage.
However, the ubiquitous roles of IFN-1 in activating anti-tumor immunity and inhibiting
cancer cells continues to suggest a future in cancer therapy, by delivering IFNa, IFNB, or
therapies that can activate strong and acute endogenous IFN-I production (such as STING
and TLR agonists) [48]. As new molecular mechanisms of IFN-I action are uncovered,
novel modes of treatments that use IFN-Is in rational combination with other therapies
can be devised. In contrast to the IFN signature induced by cancer cell-intrinsic immune-
independent factors, the elevated IFN signature observed in immune-activated tumors is a
maker of improved prognosis. For example, an immune active subtype of triple negative
breast cancer (TNBC) that is characterized by an elevated IFN/STAT1 signature and an
increased presence of Tumor Infiltrating Lymphocytes (TILs) responds better than immune-

Trends Cancer. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cheon et al.

Page 7

repressed tumors lacking IFN/STAT1 activity and TILs to DNA damaging chemotherapies,
resulting in an improved prognosis [49, 50]. Similarly, IFN-I signaling correlates with a
repressed cancer stem cell (CSC) gene signature and ultimately improved patient survival

in several breast cancer datasets and experimental models, and treatment of CSCs with
recombinant IFN-I induces a more differentiated, epithelial phenotype [11, 25, 51-53].
Comparable results have been observed with IFN-I in glioma stem cells and lung cancer
stem cells [54-56], and even in response to the proteins encoded by specific ISGs, which
can suppress CSC behavior in cisplatin-resistant ovarian cancer cells and hepatic cancer
[57]. Thus, in the context of the tumor microenvironment, robust IFN-I signaling not only
improves anti-tumor immunity, but also suppresses the stem-cell program to enhance the
action of conventional chemotherapies. Conversely, in more de-differentiated cancer cells,
IFN-I activity is markedly repressed [25]. The cytokine oncostatin M, an IL-6 family
member present in the tumor microenvironment that promotes epithelial-mesenchymal
transition (EMT) and CSC reprogramming, concomitantly represses acute IFN-1 production,
autocrine P-ISGF3 (phosphorylated ISGF3) activation, and ISG transcription [23]. Together,
the data suggest that de-differentiating cancer cells repress IFN-I production to silence

the IFN “warning system”, thereby preventing both autocrine and paracrine activities. By
re-engaging a robust IFN-I response, EMT and CSC reprogramming may be able to be
prevented or reversed to enhance the action of current chemotherapies. Yet, contrasting data
in pancreatic cancer suggest that IFNs can also potentiate CSC behavior in certain instances,
with increasing IFN-I signatures portending poorer patient outcomes [58]. At the moment, it
is not clear why there are discrepancies in IFN-I action in difference cancer types. A weak
IFN-I response, as already discussed, may result in dampened P-ISGF3 and robust U-ISGF3
signaling, which can induce therapeutic resistance due to the IRDS [13,14,15]. A greater
understanding of additional molecular mechanisms that control P-ISGF3/U-ISGF3 activity
in specific cancer types and the immune cells within them is needed.

IFN and the efficacy of oncolytic viruses in cancer therapy

In order to avoid the toxic and cytostatic effects of high levels of IFN-I1, many cancers
acquire mutations that affect their ability to produce or respond to this family of cytokines
[59, 60]. Furthermore, mutations in the JAK-STAT pathway also affect the ability of cancer
cells to respond to IFN-y [61, 62]. In both cases, the resulting defects expose the Achilles
heels of these cancers, by sensitizing them to oncolytic viruses. In addition to defects in IFN
pathways caused by mutations, as pointed out above, PD-L1 inhibits the anti-viral effects of
IFN signaling, sensitizing cancer cells to oncolytic viruses.

Excellent recent reviews have summarized the uses of many different oncolytic viruses in a
variety of cancers [63] and the mechanisms they use to kill cancer cells, including the many
ways in which defects in the IFN-1 system sensitize the cancer cells preferentially [59]. In
spite of the attractiveness of this therapeutic approach, careful consideration must be given
to the toxicity of many naturally occurring and engineered oncolytic viruses towards normal
cells and tissues. A promising approach under current development is to avoid toxicity by
using non-pathogenic human enteroviruses [60, 64].
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Concluding remarks and future perspectives

Cancer cell-intrinsic IFN-I synthesis and responses can have opposite effects in cancer
therapy, depending on the strength and longevity of the responses. Strong and acute IFN-I
responses are cytotoxic, whereas weak and chronic responses are pro-survival and inhibit the
efficacy of cancer therapy. Many cancer cells consistently produce IFN-I, sustaining chronic
IFN-I responses and resistance to cancer therapy, a point that is strikingly illustrated by

our observation that some cancer cell lines are addicted to self-produced IFN-1 and do not
survive if the IFNB gene is knocked out.

Treatment of various cancers with IFN-I as a single agent has had only very limited success.
Recent research suggests that IFN-I can facilitate cell killing in combination with DNA
damaging agents, including radiation and chemotherapy. Furthermore, blocking chronic
IFN-1 synthesis and responses can sensitize cancer cells to DNA damage, since chronic
IFN-I promotes resistance to DNA damage.

How to block pro-survival chronic IFN-I responses efficiently without hindering cytotoxic
IFN-I responses remains to be investigated (see Outstanding Questions). Reducing the
expression of PD-L1, which inhibits cytotoxic IFN-I responses but promotes pro-survival
IFN-I responses, is a promising approach that can sensitize cancer cells to DNA damaging
therapy as well as immunotherapy.
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CGAS-STING pathway a mechanism by which interferon g (IFNB) expression is
induced in response to cytosolic DNA. Cyclic GMP-AMP
Synthase (cGAS) detects cytosolic DNA, followed by the
synthesis of cyclic GAMP, which activates Stimulator of
Interferon Genes (STING) protein, triggering the induction
of IFNP gene expression

IFN-1 type I Interferon (Interferon-1). A group of cytokines that
bind to the IFN-a receptor (IFNAR), which consists of
IFNARL and IFNAR2. IFN-Is include the IFNa subtypes
and IFNB

IRDS IFN-Related DNA damage resistance Signature. A subset
of IFN-stimulated genes (ISGs), the levels of which are
correlated with the resistance of cancer cells to DNA-
damaging cancer therapy, including ionizing radiation and
certain types of chemotherapy
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IFN-Stimulated Gene Factor 3. A complex of STATs 1 and
2, which are phosphorylated on specific tyrosine residues
(Y701 of human STAT1, Y690 of human STAT2) and
Interferon Response Factor 9 (IRF9). ISGF3 is formed in
response to IFN-I or IFN-111 (type Il interferon, IFNA)

IFN-Stimulated Genes. A group of genes that are induced
in response to various types of interferons

Programmed cell Death-Ligand 1. A protein expressed on
the surfaces of cancer cells and immune cells (eg. dendritic
cells, macrophages), where it binds to PD-1 expressed on
activated T cells, suppressing their function. PD-L1 is also
observed in the cytoplasm and nuclei of cancer cells

Signal Transducers and Activators of Transcription. STATS
1-6 mediate signals in response to many different
cytokines, including interferons. In response to IFN-I, a
STAT1-STAT2 heterodimer combines with IRF9 to form
ISGF3

Tumor Micro-Environment. The TME includes the
surrounding blood vessels, immune cells, fibroblasts,
cytokines, and extracellular matrix

Triple-Negative Breast Cancer. TNBC is a highly
aggressive subtype of breast cancer in which estrogen
receptor (ER) and progesterone receptor (PR) are not
expressed and in which human epidermal growth factor
receptor 2 (HER2) is not over expressed

Unphosphorylated ISGF3. U-ISGF3 consists of IRF9 and
STATs 1 and 2 lacking phosphorylation of specific tyrosine
residues (Y701 of human STAT1 and Y690 of human
STAT2). U-ISGF3 play a critical role in inducing a subset
of 1SGs, including the IRDS genes

Unphosphorylated STAT2. U-STAT2 lacks phosphorylation
on tyrosine residue Y690
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Outstanding Questions

How can we block pro-survival chronic IFN-I responses without inhibiting
DNA damage-induced cytotoxic IFN-I responses? Can the IRDS be inhibited
selectively?

What are the mechanisms by which specific IRDS proteins (in addition to
OAS1) increase the resistance of cancer cells to DNA damage?

Can a robust tumor-specific response to IFN-I be activated without systemic
IFN-1 treatment?

Which cancers will benefit from reactivation of IFN-1 synthesis in tumors in
which it has been repressed? Which will be negatively impacted?

What are the relative efficacies of cytoplasmic DNA and double-stranded
RNA in stimulating IFN-I synthesis in cancer cells?

How widespread is addiction to IFN-I in cancer cells?

How are the phosphorylations of T387 and T404 in STAT2 catalyzed and
regulated in cancer cells?

What is the role of PD-L1 in inducing constitutive IFN-I production in
response to endogenous DNA damage in cancer cells? What is the impact
of this IFN-I on the tumor stroma?

Can anti-PD-L1 antibodies that are now used clinically sensitize cancer cells
to DNA damage?

How do high levels of PD-L1 suppress responses to IFN-1?
How do high levels of PD-L1 suppress cytotoxic responses to DNA damage?

How is IFN-I function repressed in stem-like mesenchymal cells?
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Highlights

IFN-I constitutively produced by cancer cells sustains pro-survival responses
and resistance to DNA-damaging therapies. Cancer cells addicted to self-
produced IFN-I die if the IFN-p gene is knocked out but survive if IFN-B is
provided exogenously.

PD-L1 stimulates IFN-I synthesis by cancer cells but inhibits their ability
to respond to IFN-I, thus establishing a “Goldilocks-like” state in which the
pro-tumor IRDS response is sustained and the response to cytotoxic IFN-I
response is inhibited.

U-STAT?2 functions, regulated by threonine-phosphorylations on T387 and
T404, play important roles in cancer, aiding some NF-xB-dependent gene
expression and regulating IFN-1 synthesis through the cGAS-STING pathway.

IFN-I and oncostatin-M have opposing effects and negatively regulate each
other in TNBC. Oncostatin-M favors a pro-tumor, stem-like, mesenchymal
phenotype, whereas IFN does the opposite.
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DNA-damage

Figure 1. How cancer cells make and respond to IFN-I.
Activation of the cGAS-STING pathway by DNA-damaging chemotherapeutic agents

(shown) or in response to endogenous cytoplasmic DNA (not shown) leads to robust
production of IFN-I. Newly synthesized autocrine IFN-I drives the expression of interferon-
stimulated genes (ISGs) by using the receptor-bound kinases, Janus Kinase 1 (JAK1) and
Tyrosine Kinase 2 (TYK2), to phosphorylate and thus activate STAT1 and STAT2 on
specific tyrosine residues (Y701 for STAT1, Y690 for STAT2), followed by the formation
of tyrosine phosphorylated STAT1:STAT2 heterodimers that associate with IRF9 to form
ISGF3, the major transcription factor driving the response to IFN-I. STAT1, STAT2, and
IRF9 are themselves ISGs, so that these three proteins are present at high levels in cells
that are exposed to IFN-1 constitutively, forming an ISGF3 complex that lacks tyrosine
phosphorylation (U-1ISGF3) which, in turn, drives the expression of a subset of ISGs, the
Interferon-Related DNA Damage Resistance Signature (IRDS). Since the conformation of
U-ISGF3 is not yet known, the representation in the figure should be regarded as schematic
only.
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Figure 2. IFN-I-dependent pathways that affect the growth and survival of cancer cells.
Light blue boxes; aberrant DNA synthesis and inherent DNA damage in cancer cells

leads to self-synthesis of IFNB. In addition to the cGAS-STING pathway shown, double
stranded RNA (dsRNAs) produced from endogenous retroviral elements also have a role,
by activating the MAVS (mitochondrial antiviral-signaling protein), RIG-I (retinoic acid-
inducible gene I), MDA5 (melanoma differentiation-associated protein 5) pathway (not
shown). Black boxes; DNA damage activates poly (ADP) ribose polymerase (PARP).
Whereas a moderate level of poly (ADP) ribosylation facilitates repair of DNA damage
(DDR), excessive poly (ADP) ribosylation activates apoptosis inducing factor (AIF), leading
to a form of cell death called parthanotos (an anti-tumor effect). Dark blue boxes; ISGF3
activates the expression of all ISGs, leading to increased expression of many genes whose
products inhibit cancer cells. However, strong induction of the STAT1, STATZ, and /IRF9
genes by ISGF3 leads to persistent high levels of U-ISGF3, which drives pro-tumorigenic
activities. Yellow boxes; PD-L1 and each of the two threonine-phosphorylated forms of U-
STAT2 affect the synthesis and actions of IFN-I in opposite directions, helping to suppress
but not eliminate the effects of IFN-I in ways that are beneficial to cancer cells.
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