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ABSTRACT

Maintenance of genome stability suppresses cancer
and other human diseases and is critical for organ-
ism survival. Inevitably, during a life span, multiple
DNA lesions can arise due to the inherent instabil-
ity of DNA molecules or due to endogenous or ex-
ogenous DNA damaging factors. To avoid malignant
transformation of cells with damaged DNA, multiple
mechanisms have evolved to repair DNA or to detect
and eradicate cells accumulating unrepaired DNA
damage. In this review, we discuss recent findings
on the role of Sp1 (specificity factor 1) in the detec-
tion and elimination of cells accumulating persistent
DNA strand breaks. We also discuss how this mech-
anism may contribute to the maintenance of physio-
logical populations of healthy cells in an organism,
thus preventing cancer formation, and the possible
application of these findings in cancer therapy.

INTRODUCTION AND HISTORICAL PERSPECTIVE

Transcription factor Sp1 (specificity factor 1) was tradition-
ally viewed as a basal transcription factor responsible for
the regulation of housekeeping genes. However, recent data
have indicated that Sp1 is an important player in the DNA
damage response (DDR), controlling cellular life/death de-
cisions in the event of DNA repair deficiency. These re-
cent findings transform our understanding of the intracellu-
lar response to the accumulation of persistent DNA strand
breaks and the role of Sp1 in this process.

Sp1, ubiquitously expressed in mammalian cells, was first
isolated in 1983 by Dynan and Tjian as a eukaryotic tran-
scription specificity factor that binds to the SV40 early pro-
moter (1). It was later shown that Sp1 activity is modu-
lated by three Cys-2–His-2 zinc finger motifs, which bind

to a consensus 5′-GGGGCGGGG-3′ (GC box) element
(2). Subsequently, Sp1 has been recognized to function as
a transcription factor, required for transcription at many
TATA promoters as well as regulating TATA-less promot-
ers via protein–protein interactions or interplay with other
transcription factors and components of the basal tran-
scriptional machinery (3). Unsurprisingly, Sp1 is an essen-
tial gene and Sp1 knockout mice die at the very early stages
of development, showing a broad range of abnormalities
(4).

The importance of Sp1 in cellular function is not to be un-
derestimated. Numerous studies have linked Sp1 to a multi-
tude of cellular pathways and processes associated with the
pathogenesis of a number of diseases, with cancer perhaps
the best studied (5). Sp1 overexpression is seen in a number
of cancer cell types, where high levels of Sp1 correlate with
poorer patient prognosis [reviewed in (6)]. Downregulation
of Sp1 in cancer cell lines (including breast, kidney, pancre-
atic, lung and colon cancers), triggered by Sp1 inhibitors or
DNA damaging anticancer drugs, leads to decreased sur-
vival and the inhibition of cell growth [reviewed in (7)].

As with many other transcription factors, to accomplish
its various functions, Sp1 undergoes different posttransla-
tional modifications, including phosphorylation, O-linked
glycosylation and sumoylation. Among these, phosphory-
lation that can lead to varying effects on Sp1 function is
the best-studied modification [reviewed in (8)]. Phosphory-
lation by various kinases at different sites within the pro-
tein can result in inhibition or stimulation of DNA bind-
ing and transcriptional activity of Sp1, although in many
cases the biological role of these modifications remains un-
known (9). The first observation of the link between Sp1
phosphorylation and the DDR was published in 2007 by Oh
et al. (10). They demonstrated that in normal human fibrob-
lasts treated with hydrogen peroxide, Sp1 protein levels de-
creased progressively and that inhibition of ATM/ATR ki-
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nases partially prevented this downregulation. Interestingly,
they also showed that the decrease in Sp1 protein level was
due to its accelerated proteasomal degradation, suggesting
that Sp1 level might be modulated by the DDR (10). Since
this initial observation, several studies investigating phos-
phorylation of Sp1 in response to DNA damage have been
published. For example, it was demonstrated that serine 101
(Ser-101) of Sp1 is a critical ATM phosphorylation site and
that ATM-dependent phosphorylation of Sp1 modulates
cellular survival in response to DNA damage (11). More-
over, it was also shown that silencing Sp1 with siRNA sen-
sitizes cells to DNA damage, and that exogenous expression
of wild-type Sp1, but not a mutant containing a Ser-101 to
alanine substitution, can rescue cell survival after ionizing
irradiation, confirming that phosphorylation of Ser-101 is
required for the DDR (11,12). However, there were still sev-
eral questions as to the exact function of Sp1 in the DDR
that remained unanswered. In addition, understanding its
putative role in the DDR has also been made more diffi-
cult by discrepancies between several studies, particularly
with respect to Sp1 protein stability and activity. First, in
studies that used cancer cells, the authors did not observe
a decrease in Sp1 level after hydrogen peroxide treatment
(11,12), as was shown for normal cells (10). Second, Ser-101
phosphorylation after DNA damage in cancer cells did not
affect transcriptional activity from an Sp1-responsive pro-
moter, thereby questioning whether the role of Sp1 in the
DDR is related to its transcriptional activity (12). Third,
cell cycle arrest is one of the major consequences of DDR
activation in normal cells and DNA single-strand breaks
(SSBs) produced directly by hydrogen peroxide treatment
or during repair of oxidized DNA bases by base excision re-
pair (BER) would not be converted to DNA double-strand
breaks (DSBs) during DNA replication. Therefore, as ATM
was considered a DSB-responsive protein (13) at the time
these studies were carried out, it was not clear how hydro-
gen peroxide, which does not directly generate DSBs, led
to ATM activation. Additionally, there are several lines of
evidence to indicate that Sp1 may be involved in the tran-
scription regulation of a large number of DNA repair genes.
For example, early studies indicated that downregulation
of Sp1 affects the transcription of genes involved in non-
homologous end joining (NHEJ), and several studies have
linked Sp1 with the expression of BER genes (14–20). This
suggests that Sp1 may well regulate a large number of DNA
repair genes. Regulation of BER genes through Sp1 is of
particular interest as BER is the frontline pathway responsi-
ble for repairing physiologically relevant endogenous DNA
lesions (21), including SSBs that occur due to chemical in-
stability of the DNA molecule (22–24). In fact, the high
number of the key BER genes (APE1, XRCC1 and DNA
polymerase �) putatively regulated through Sp1 suggests
that the protein may play a role in modulating gene expres-
sion across the whole BER pathway, thereby affecting BER
homeostasis. It has also been proposed that Sp1 in combina-
tion with p53 might be involved in BER regulation (15,25),
which would align with the hypothesis that Sp1 is involved
in regulation of BER in response to DNA strand breaks.
However, the observations that Sp1 participates in the reg-
ulation of DNA repair genes involved in BER has further
complicated attempts to understand the role of Sp1 during

the DDR. Although Sp1 is clearly required during the DDR
and controls expression of DNA repair enzymes, it was not
clear why the amount of Sp1 declines in response to per-
sistent DNA damage, therefore likely reducing DNA repair
capacity.

THE EMERGING ROLE OF Sp1 IN THE ELIMINATION
OF CELLS CONTAINING PERSISTENT DNA DAMAGE

In light of these findings, a number of studies have begun to
address the unanswered questions. In 2015, Khoronenkova
and Dianov found that in normal human fibroblasts, un-
repaired SSBs activate the ATM signalling pathway to en-
sure early detection of these lesions and coordinate the tim-
ing of their repair with DNA replication. Since it was al-
ready known that ATM phosphorylates Sp1 in response to
DNA damage, these findings established an important link
between BER, unrepaired SSBs, ATM and Sp1 phospho-
rylation (26), an axis investigated in detail in a later study.
In a more recent publication, the same group demonstrated
that persistent DNA strand breaks led to phosphorylation
of Sp1 at Ser-101 solely by ATM and that this phosphory-
lation results in Sp1 proteasomal degradation (27). Using
independent methods, the authors demonstrated that other
major DDR kinases, including ATR, DNA-PKcs, CHK1
and CHK2, were not involved in Ser-101 phosphorylation
in response to persistent DNA strand breaks. Moreover, the
authors used an in vitro kinase assay to confirm that ATM
phosphorylates Sp1 directly at Ser-101 and that this was
the only canonical ATM site modified after DNA damage.
Potentially, Sp1 may regulate expression (upregulation and
downregulation) of many genes by binding to the GC box
or through interaction with other transcription factors and
chromatin proteins (5). In particular, it was also noted that
loss of Sp1 led to upregulation of proapoptotic genes and
was associated with increased sensitivity to cell elimination,
either through apoptosis or by the innate immune system
through natural killer cells (27). This was an important ob-
servation as although Sp1 has previously been linked to the
expression of genes involved in apoptosis (28,29), the molec-
ular mechanism was not clear. In support of these findings, a
genome-wide shRNA screen integrated with transcriptomic
and chromatin immunoprecipitation followed by deep se-
quencing (ChIP-seq) analysis identified that Sp1 is an essen-
tial determinant of p53-induced apoptosis in human cancer
cells (30).

The question, therefore, arose: ‘What is the role of Sp1
degradation in response to DNA damage?’ It was hypoth-
esized that Sp1 is a part of the intracellular DNA dam-
age signalling system that detects terminally damaged and
potentially genetically compromised cells, to initiate their
elimination in order to promote survival of the whole or-
ganism (27). The authors proposed a model whereby ATM-
dependent regulation of Sp1, upon persistent DNA strand
breaks, promotes the removal of DNA repair deficient and
potentially precancerous cells (Figure 1). As both ATM and
Sp1 phosphorylation are barely detectable under unstressed
physiological conditions, the model suggests that the basal
expression of BER genes and therefore BER capacity is
sufficient to maintain genome stability (Figure 1, left-hand
panel). In response to an accumulation of unrepaired DNA
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Figure 1. Detection and elimination of DNA repair deficient cells.
Adapted from Fletcher et al. (27). Left: In a DNA repair proficient cell
(normal cells), DNA damage is kept in check by sufficient DNA repair
mechanisms. Low ATM activity ensures stable Sp1 protein levels, promot-
ing the efficient expression of DNA repair genes. Right: Persistent unre-
paired DNA damage can arise under conditions of excessive exogenous
DNA damage, or a DNA repair deficiency (found in many cancer cells)
as well as from oncogene-induced replication stress (49,50). This leads
to ATM activation, which triggers Sp1 phosphorylation and subsequent
degradation that in turn leads to reduced expression of DNA repair genes.
Under these circumstances, the cellular load of DNA damage is worsened
by the decreased expression of DNA repair genes, leading to sustained
ATM phosphorylation and, ultimately, activation of a proapoptotic cas-
cade and cell death.

strand breaks, however, ATM phosphorylates Sp1, thereby
destabilizing it. Loss of Sp1 results in downregulation of
BER genes, which reduces the repair capacity of the path-
way. Ultimately, this leads to a self-accelerating cycle re-
sulting in the accumulation of more DNA strand breaks
(Figure 1, right-hand panel). The authors proposed that
this scenario might typify the response to excessive acute
DNA damage, or to failures in DNA repair. In either case,
this mechanism ensures the elimination of such DNA dam-
age loaded, potentially precancerous cells. The possibility
of switching from the repair process to apoptosis in case of
excessive DNA damage was proposed earlier, although the
exact mechanism was not clear (31). Interestingly, a simi-
lar system promoting selective cell elimination by downreg-
ulating DNA repair was recently proposed by Ponath and
Kaina. They suggested that monocytes, which express lower
levels of BER proteins, could be purposefully eliminated by
macrophages, their differentiated counterpart, when these
cells generate an reactive oxygen species (ROS) burst during
the inflammatory response (32). Downregulation of BER

Figure 2. Proposed mechanism for life/death decision making in geneti-
cally compromised cells. In healthy cells, arising DNA strand breaks are
quickly repaired and do not accumulate. Correspondingly, the amount of
Sp1 and DNA repair proteins only moderately fluctuates around basal lev-
els. However, when the amount of DNA strand breaks exceeds the DNA
repair capacity of the cell (point of no return), hyperactivation of ATM
leads to Sp1 degradation and consequently to DNA repair downregula-
tion, resulting in activation of cell death mechanisms (point of cell death).

via ATM phosphorylation of Sp1 is also reminiscent of the
downregulation of RAD51 during apoptosis (33). It has
previously been suggested that ATM may be under selec-
tive pressure for inactivation during tumorigenesis (34), and
indeed, loss of ATM function has been correlated with can-
cer development (35,36). These observations might explain
how potentially genetically unstable DNA repair deficient
cells could escape DNA damage control mechanisms, pro-
moting cancer formation. Based on this model, we propose
that ATM-dependent modulation of Sp1 level plays a key
role in the cellular life/death decision-making process in
normal cells. Ordinarily, the level of DNA repair enzymes
is able to provide an efficient repair of endogenous DNA
damage and can be induced only moderately at the protein
level (1.3–1.5-fold) in response to increased loads of DNA
damage (37,38). We suggest that under unstressed condi-
tions, or even after acute DNA damage, if arising DNA
strand breaks are quickly repaired and do not accumulate,
the amount of Sp1 and DNA repair proteins moderately
fluctuates around basal levels (Figure 2). However, when the
amount of DNA strand breaks exceeds DNA repair capac-
ity (point of no return), then hyperactivation of ATM leads
to Sp1 degradation and consequently to DNA repair down-
regulation and, ultimately, activation of cell death mecha-
nisms (point of cell death, Figure 2).

In cases where the Sp1-dependent mechanism fails to de-
tect and eliminate cells containing DNA strand breaks dur-
ing the G1 phase of the cell cycle, ‘damaged’ cells still can
be eliminated in the G2 phase. It was recently demonstrated
that unrepaired DSBs activate a DNA damage checkpoint
in G2 phase to trigger an ATR-dependent cell cycle arrest
to repair DSBs. However, if DNA repair cannot be accom-
plished, then cells containing persistent DSB permanently
exit the cell cycle, entering either senescence or apoptosis
(39). It is quite possible that this process is Sp1 independent
as it was recently demonstrated that cells that are able to
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proliferate in spite of the persistent DNA SSBs (like many
cancer cells do) are still able to activate Sp1-independent
downregulation of NHEJ (40).

A TRANSLATIONAL PERSPECTIVE ON CANCER
TREATMENT

As mentioned earlier, many cancer cells overexpress Sp1,
which correlates with poor patient survival. Moreover,
downregulation of Sp1 leads to decreased survival of cancer
cells (7). These observations have provided a strong ratio-
nale for the development of anticancer drugs targeting Sp1.
For example, mithramycin A (MTA) is a potent inhibitor of
Sp1, which preferentially binds to GC-rich regions of DNA
(41), thus preventing binding of Sp1 to promoter regions.
Although MTA has a high killing potential for cancers cells
(42–44), the major problem with this inhibitor is its high
toxicity towards normal cells (45). More recently, however,
promising Sp1 inhibitors that are less toxic to normal cells
have been tested in both cell culture and xenograft mod-
els. These compounds demonstrated a high potential for
killing cancer cells and also triggered cancer growth delay
in xenograft and transgenic mouse tumour models (46–48),
supporting the hypothesis that targeting Sp1 through chem-
ical inhibition is a valid clinical approach that deserves fur-
ther attention.

CONCLUSIONS AND FUTURE WORK

A better understanding of the molecular mechanisms in-
volved in genomic integrity checkpoint may explain how
physiological populations of healthy cells are maintained in
an organism, by detecting and eliminating genetically com-
promised cells. However, the paramount task is to under-
stand how some cancer cells may avoid this ‘genome stabil-
ity checkpoint’. Understanding this process will open a new
avenue for developing novel cancer therapy.
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