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ABSTRACT

Despite advancements in radiotherapy, chemotherapy, endocrine therapy, targeted therapy, and
immunotherapy, resistance to therapy remains a pervasive challenge in oncology, in part owing to tumor
heterogeneity. Identifying new therapeutic targets is key to addressing this challenge because it can both
diversify and enhance existing treatment options, particularly through combination regimens. The cAMP
response element—binding protein (CREB) is a transcription factor involved in various biological pro-
cesses. It is aberrantly activated in several aggressive cancer types, including breast cancer. Clinically,
high CREB expression is associated with increased breast tumor aggressiveness and poor prognosis.
Functionally, CREB promotes breast cancer cell proliferation, survival, invasion, metastasis, as well as
therapy resistance by deregulating genes related to apoptosis, cell cycle, and metabolism. Targeting CREB
with small molecule inhibitors has demonstrated promise in preclinical studies. This review summarizes
the current understanding of CREB mechanisms and their potential as a therapeutic target.

Significance Statement: cAMP response element—binding protein (CREB) is a master regulator of multiple
biological processes, including neurodevelopment, metabolic regulation, and immune response. CREB is
a putative proto-oncogene in breast cancer that regulates the cell cycle, apoptosis, and cellular migration.
Preclinical development of CREB-targeting small molecules is underway.

© 2025 The Author(s). Published by Elsevier Inc. on behalf of American Society for Pharmacology and
Experimental Therapeutics. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

invasion (Kang et al, 2022), and metastasis (Wu et al, 2007), collec-
tively suggesting that CREB augments tumor growth and expansion.

The cAMP response element—binding protein (CREB) is a tran-
scription factor that plays a pivotal role in various biological processes
(Shaywitz and Greenberg, 1999). CREB is encoded by the CREB1 gene
(Dinevska et al, 2024). Aberrant activation of CREB has been found to
be closely associated with the onset and progression of multiple
cancer types. Specifically, numerous studies have demonstrated the
role of CREB in promoting tumor cell proliferation (Shankar and
Sakamoto, 2004), apoptotic evasion (Mayr and Montminy, 2001),
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Breast cancer is one of the most prevalent malignancies globally.
According to the Global Cancer Statistics 2022, approximately 2.3
million new breast cancer cases were diagnosed worldwide,
resulting in an estimated 665,000 deaths (Bray et al, 2024). Besides
surgery, the primary treatment modalities for this disease are
radiotherapy, chemotherapy, endocrine therapy, targeted therapy,
and immunotherapy (Curigliano et al, 2023). Despite this array of
therapeutic options, therapy resistance is a bottleneck in improving
curative rates (Barzaman et al, 2020). Therefore, identifying alter-
native therapeutic targets represents a key toward improving the
efficacy of current treatment options. For example, advancement in
targeted therapies such as poly (ADP-ribose) polymerase inhibitors
and antibody—drug conjugate sacituzumab govitecan has dramat-
ically improved the survival rates and quality of life in a subset of
patients with breast cancer (Li et al, 2022).
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In the context of breast cancer, CREB has been shown to promote
malignancy by modulating genes associated with growth-
promoting pathways (Xiao et al, 2010; Zhang et al, 2015;
Chelakkot et al, 2023). For instance, CREB upregulates antiapoptotic
genes, bolstering cellular resistance to apoptosis while activating
genes governing cell cycle regulation and metabolism to fuel cancer
cell proliferation (Shankar et al, 2010). Moreover, CREB facilitates
breast tumor invasion and metastasis by orchestrating the
expression of genes that regulate angiogenesis and cell migration
(Mayr and Montminy, 2001; Tsui et al, 2019). Accordingly, high
expression levels of CREB have been observed across multiple
breast cancer subtypes, with its activity strongly correlating with
poor prognosis in patients (Chhabra et al, 2007). Emerging studies
using therapeutic interventions that target CREB have demon-
strated preclinical efficacy in suppressing breast cancer cell growth,
suggesting that CREB is a viable therapeutic target for this disease
(Sapio et al, 2020). Previous reviews have reported on the
biochemistry and general role of CREB in human pathology (Steven
et al, 2020; Zhang et al, 2020; Chowdhury et al, 2023). In this re-
view, we focus on its role in cancer, particularly breast cancer
where the strongest evidence is present, and provide an update on
the development of small molecules that act on this transcription
factor.

2. The structure and activation mechanisms of CREB

First identified in 1987 as a substrate for phosphorylation, CREB
is a member of the basic leucine zipper (bZIP) superfamily, where it
harbors a basic region rich in lysines and arginines, as well as a
leucine zipper (Mayr and Montminy, 2001; Martin and Nguyen,
2022). It is considered part of the CREB transcription factor fam-
ily, which includes 2 other structurally and functionally similar
proteins, namely cAMP response element (CRE) modulator and
activating transcription factor 1 (De Cesare and Sassone-Corsi,
2000; Li et al, 2019) (Fig. 1). These 3 transcription factors share a
highly homologous bZIP domain and are regulated by the cAMP
signaling pathway (Lalli and Sassone-Corsi, 1994). In addition to
homodimerization, members of the CREB transcription factor

Transcriptional activation domain
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family can form heterodimers among themselves and thus cor-
egulate the expression of multiple genes (Hai and Curran, 1991;
Loriaux et al, 1994). Broadly, these genes are associated with cell
proliferation, differentiation, and metabolism (Sapio et al, 2020).

At the protein level, CREB is characterized by 4 key domains: a
kinase-inducible domain (KID), a bZIP domain, and 2 glutamine-
containing domains (Steven and Seliger, 2016; Shnitkind et al,
2018). The KID, an activation domain, contains the crucial serine
133 site (Ser133) phosphorylation site (Gonzalez and Montminy,
1989). Activation of CREB by the cAMP signaling pathway occurs
via phosphorylation at this site, which enhances the physical as-
sociation between CREB and the CREB-binding protein (CBP). The
CREB-CBP complex, which is mediated by the KID interacting
domain in CBP, enables the initiation of transcriptional activation
(Chrivia et al, 1993; Asahara et al, 2001). The bZIP domain, which
includes the basic region and the leucine zipper, functions as the
DNA-binding domain (Hoeffler et al, 1988). The basic region rec-
ognizes and binds to the CRE sequence on the DNA, while the
leucine zipper facilitates the dimerization of CREB, forming either
homodimers or heterodimers with other bZIP family members
(Yun et al, 1990; Karpinski et al, 1992). Additionally, CREB contains 2
glutamine-rich domains, Q1 and Q2. The Q1 domain, located at the
N terminus, serves as a basal transcriptional activation domain. On
the other hand, the Q2 domain, located at the C terminus, acts as a
strong transcriptional activation domain that recruits and binds to
coactivators to initiate gene transcription (Brindle et al, 1993;
Johannessen et al, 2004b; Martinez-Yamout et al, 2023). Several
known coactivators of CREB include TATA-box—binding
protein—associated factor 4 and RNA polymerase Il (Johannessen
et al, 2004b).

CREB is activated by a myriad of cellular signaling axes, all
converging primarily on its phosphorylation at the Ser133 residue
(Shaywitz and Greenberg, 1999). Kinases responsible for this
phosphorylation include protein kinase A (PKA), Ca2+/calmodulin-
dependent protein kinases (CaMKs), mitogen-activated protein
kinases (MAPKs), and phosphoinositide 3-kinases (PI3Ks) (Lonze
and Ginty, 2002) (Fig. 2). First, extracellular signals such as neu-
rotransmitters and hormones can activate adenylate cyclase via G
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Fig. 1. Protein domains of members of the CREB transcription factor family. The CREB family belongs to the bZIP family of transcription factors. The CREB family consists of CREB,
CRE modulator (CREM), and activating transcription factor 1 (ATF1), each of which contains functionally important KID and bZIP domains. The KID binds primarily to the KID
interacting domain on the CBP, whereas the bZIP domain binds to the CRE in the promoter region of a target gene and initiates gene transcription. AP-1, activator protein 1; CEBP,

CCAAT-enhancer-binding protein.
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Fig. 2. Upstream and downstream signaling associated with CREB. A multitude of factors including growth factors, cytokines, stress, and calcium induce phosphorylation of CREB
via the CaMK, MAPK, PI3K, and PKA signaling pathways. Phosphorylated CREB regulates the expression of protumor genes such as BCL2, MMPs, SOX2, and cyclin D1 to drive the
biological functions of breast cancer cells. PTHrP, parathyroid hormone—related peptide; VASP, vasodilator-stimulated phosphoprotein.

protein—coupled receptors, leading to an increase in intracellular
cAMP concentration. Elevated cAMP levels activate PKA, which in
turn phosphorylates the Ser133 residue of CREB, inducing its acti-
vation (Altarejos and Montminy, 2011). Second, increased intra-
cellular calcium levels can activate the CaMKs pathway, similarly
promoting CREB phosphorylation (Esvald et al, 2020). Third, cyto-
kines and growth factors can also activate CREB through the MAPK/
PI3K pathway, whereby effectors ERK1/2 and AKT phosphorylate
CREB at Ser133 (Ahmed et al, 2022). The integration of these
signaling pathways thus enables CREB to orchestrate the regulation
of multiple biological processes, including cell growth, survival, and
neuroplasticity (Saura and Cardinaux, 2017; Esvald et al, 2020; Bal
et al, 2023). Once phosphorylated, CREB binds to coactivator CBP or
histone acetyltransferase p300, forming a transcriptional activation
complex (Johannessen et al, 2004a; Wang et al, 2013). This complex
promotes gene transcription by binding to the CRE sequence on the
DNA, thereby initiating the expression of target genes (Kilanowska
et al, 2022).

3. The pathophysiologic functions of CREB

CREB has critical functions in neurodevelopment, metabolic
regulation, and immune response; thus, its deregulation can
considerably alter normal cell biology (Revilla and Granja, 2009;
Han et al, 2020; Zhang et al, 2022a). In neuroplasticity, CREB is
implicated in promoting neuronal growth, survival, and synaptic
plasticity by regulating the expression of nerve growth factor as
well as brain-derived neurotrophic factor (Barco and Marie, 2011;
Belgacem and Borodinsky, 2017). It is also a key regulator of long-
term potentiation and long-term depression, which are essential
mechanisms underpinning learning and memory (Sakamoto et al,
2011). For example, CREB Ser133A mutant mice were found to
exhibit impaired long-term potentiation and spatial cognition,

demonstrating the importance of CREB in mammalian cognition
and memory regulation (More et al, 2022). Another study
involving Purkinje neurons from mouse cerebellar cultures
transfected with the CREB gene demonstrated that CREB is
involved in establishing long-term depression (Ahn et al, 1999). In
metabolic regulation, CREB is involved in processes such as
glucose and lipid metabolism (Herzig et al, 2003; Dentin et al,
2008). It controls lipid metabolism by regulating gluconeogen-
esis through the nuclear receptor coactivator peroxisome
proliferator-activated receptor gamma coactivator-1 (Herzig et al,
2001). Additionally, CREB promotes insulin resistance by upre-
gulating the expression of transcriptional repressor activating
transcription factor 3, which in turn downregulates the expression
of insulin-sensitive glucose transporter protein 4 (Qi et al, 2009). In
the immune system, CREB is a vital regulator whereby it can inhibit
nuclear factor-kB (NF-xkB) activation in immune cells, as well as
promote the proliferation of T and B lymphocytes (Wen et al, 2010).
In one study, the authors found that the carboxyl-terminal region
(amino acids 286-551) of NF-kB p65 and phosphorylated CREB
competitively interact with the same region of CBP, thus dictating
the level of NF-kB activation (Parry and Mackman, 1997). Notably,
CRE sequences have been found in the promoter region of numerous
T cell-specific genes (eg, TCRa, CD8¢, and IL-2), underlining the
regulatory role of CREB in these genes (Wen et al, 2010). Additionally,
as an antiapoptotic transcription factor in macrophages, CREB is
crucial in regulating innate immunity (Park et al, 2005). For example,
CREB is a p38 MAPK-regulated transcription factor required for
macrophage survival. Specifically, p38 activates CREB to induce the
transcription of antiapoptotic genes, plasminogen activator
inhibitor-2, and Bfl-1/A1 (Park et al, 2005).

When aberrantly expressed, CREB plays a protumor role
through multiple mechanisms (Steven et al, 2020). It is involved in
the transcription of proliferation and survival genes such as cyclin
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D1 and BCL-2, promoting cell cycle progression and inhibiting
apoptosis (Desdouets et al, 1995; Persengiev and Green, 2003; Yan
et al, 2013). In addition, CREB facilitates tumor angiogenesis by
modulating the expression of vascular endothelial growth factor,
enabling the supply of oxygen and nutrients to the tumor niche
(Wu et al, 2007; Hu et al, 2016). Furthermore, CREB promotes tu-
mor cell invasion and metastasis by controlling the expression of
genes such as matrix metalloproteinases (MMPs) and E-cadherin,
which in turn affect intercellular adhesion and matrix degradation
(Nyormoi and Bar-Eli, 2003). CREB also plays a role in the tumor
microenvironment (TME) by directly influencing the activity of
tumor-associated immune cells, thereby aiding tumor cells in
evading immune surveillance (Dinevska et al, 2024). For example,
in colorectal cancer cells, CREB binds to the promoter of pro-
grammed death ligand-1 and directly activates programmed death
ligand-1 expression, promoting immune escape (Li et al, 2023).
Finally, CREB is implicated in the development of drug resistance in
tumor cells through its regulation of drug transporter protein
expression. This modulation influences drug concentration and
metabolism within the cell, thus impacting the sensitivity of tumor
cells to chemotherapeutic agents. For example, CREB activation in
colorectal cancer cells suppresses the expression of P-glycoprotein,
a membrane transporter protein (also called drug efflux pump)
associated with drug resistance encoded by the multidrug resis-
tance 1 gene (Wang et al, 2015). In another study using prostate
cancer as the experimental model, it has been found that upregu-
lation of ATP-binding cassette subfamily G member 4 induced by
the NF-kB-c-MYC-CREB axis drives the development of chemo-
resistance (Mallappa et al, 2019). Similarly, it has been found that
RTK-like orphan receptor 2 expression in prostate cancer signifi-
cantly increased following pharmacologic inhibition of the
androgen receptor pathway. This increase in turn upregulates the
expression of the lineage commitment transcription factor ASCL1
via the ERK/CREB signaling pathway, thereby promoting tumor
progression and androgen receptor pathway inhibitor resistance
(Tabrizian et al, 2023).

4. The role of CREB in breast cancer

Numerous studies have demonstrated a significant elevation of
CREB expression in breast cancer tissues compared with normal
tissues (Chhabra et al, 2007; Fan et al, 2012; Xin et al, 2020).
Accordingly, CREB is commonly perceived to function as a proto-
oncogene in this disease (Fig. 2). Upstream, several factors regu-
late the activity of CREB, including growth factors, cytokines, hor-
mones, stress, microRNAs (miRNAs), and noncoding RNAs (Steven
et al, 2020). Among these regulators, in the context of breast can-
cer, a few recent studies have demonstrated the roles of miRNA-
450a and long noncoding RNA TDRKH-AS1 in regulating CREB
(Zhang et al, 2022b; Ding et al, 2023). However, the possibility of a
feedback loop between CREB and miRNAs, which could in turn
affect the expression and function of miRNAs, remains untested
(Wang et al, 2016b). Investigating this potential feedback loop
could unveil targetable nodes along this regulatory axis of CREB in
breast cancer.

Current studies on CREB have established its role in promoting
breast cancer cell proliferation, inhibiting apoptosis, enhancing
invasion and metastasis, and creating a tumor-permissive micro-
environment. Similar to its mechanism of action in promoting the
growth of other tumor types, CREB enhances the proliferation of
breast cancer cells by regulating the transcriptional activity of
multiple target genes. This activation leads to the expression of cell
cycle proteins (eg, cyclin D1) and proliferation-related factors (eg,
EGR1), thereby accelerating the cell cycle (Boulon et al, 2002;
Shankar and Sakamoto, 2004; Hu et al, 2019). In terms of apoptosis,
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the positive correlation between CREB and the antiapoptotic factor
BCL-2 has been validated in a number of independent breast cancer
studies (Shankar et al, 2010; Zhou et al, 2015; Liang et al, 2023). For
example, we have recently found that the promotion of BCL-2
transcription by CREB, induced via a YAP-RASAL2 axis, underpins
the mechanism of RASAL2-driven chemoresistance in triple-
negative breast cancer (TNBC) (Koh et al, 2021; Man et al, 2025).

Furthermore, CREB plays a role in cellular metabolic processes in
breast cancer. For instance, it enhances breast cancer cell survival
and promotes brain metastasis by regulating glucose transporter
protein 3—mediated glucose metabolism (Kuo et al, 2019). Addi-
tionally, CREB can directly mediate the expression of vasodilator-
stimulated phosphoprotein, a key oncogene in breast cancer that
plays a crucial role as a cytoskeleton-associated protein in cell
migration and tumor metastasis (Hu et al, 2019). Elevated cytokines
(eg, transforming growth factor-3, IL-1, and IGF) in the TME have
been shown to upregulate CREB, subsequently increasing the
expression of the MMP family members (eg, MMP-2, MMP-9, and
MMP-13). These MMPs promote extracellular matrix degradation
and thereby enable cancer cell invasion, ultimately enhancing the
metastatic potential of breast cancer (Kim et al, 2007; Park et al,
2010; Kim et al, 2021b).

Breast cancer gene 1 (BRCAT1) is a key tumor suppressor gene
responsible for DNA damage repair to maintain genomic stability,
and 1 of the mechanisms by which it is downregulated is the
methylation of CpG dinucleotides in the promoter region (Rice et al,
1998). Mutations or defects in BRCA1 have long been implicated in
the initiation of several cancer types such as breast and ovarian
cancers (Romagnolo et al, 2015). Several findings have revealed
molecular connections between CREB and BRCAI. For example,
using supershift gel mobility assay, 1 study shows that the tran-
scription factor that engages with the BRCAT promoter consists of a
homodimer or heterodimer formed by CREB and activating tran-
scription factor 1 in mammary MCF-7 and T-47D cells (Atlas et al,
2001). Another study using a similar experimental approach
shows that aberrant CpG methylation occurs at the binding site of
CREB on the BRCA1 promoter of mammary cells (Mancini et al,
1998). Notably, the interaction of CREB and the promoter region
of BRCA1 is critical for BRCA1 expression, and any perturbation on
the CREB signaling will directly or indirectly affect BRCA1 expres-
sion (Atlas et al, 2001; Ghosh et al, 2008; Shan et al, 2013). Further
investigation on the crosstalk between CREB and BRCAT is needed
to elucidate the functional role of CREB in mediating BRCA1-
dependent DNA damage response.

The contribution of CREB to the TME, especially in relation to
macrophages, has also been noted. One study shows that docetaxel,
a commonly used chemotherapeutic drug for breast cancer, can
trigger the CCL3-CCR5-p38 pathway by downregulating CREB via
reactive oxygen species accumulation in both breast tumor cells
and macrophages, ultimately mediating tumor cell phagocytosis by
macrophages (Sheng et al, 2022). In another study using highly
invasive TNBC cell line MDA-MB-231, activation of the cAMP-PKA-
CREB pathway in tumor cells induces an M2 macrophage pheno-
type in the breast cancer TME to impede the antitumor effects of
macrophages (Jiang et al, 2022). Moreover, macrophage-secreted
transforming growth factor-1 can promote epithelial-
mesenchymal transition and cell migration through activation of
the reactive oxygen species—ATM—CREB pathway in breast cancer
cell line MCF-7 (Singh et al, 2014). Together, these findings under-
score the functional role of CREB in the interaction between tumor
cells and macrophages.

Finally, CREB has been found to promote breast cancer bone
metastasis through its regulation of parathyroid hormone—related
peptide expression (Son et al, 2010). In one study, TNBC cells stably
overexpressing CREB were injected into mice, and the implication
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of CREB in breast cancer-induced osteolytic changes was deter-
mined by computed tomography reconstruction and histopathol-
ogy (Son et al, 2010). The authors found that CREB-induced
upregulation of parathyroid hormone—related peptide resulted in
trabecular bone loss, facilitating bone metastasis. In addition to
metastatic burden, a recent study revealed that inhibiting CREB can
sensitize breast cancer cells to chemotherapy (Stevens et al, 2023).
In this report, the authors found that elevated cAMP signaling un-
derpins chemoresistance in inflammatory breast cancer, a rare,
hard-to-treat, and aggressive subtype of breast cancer. Given that
CREB is activated by cAMP, they nominated CREB as one of the
candidate therapeutic targets, demonstrating synergistic tumor cell
inhibition when CREB inhibitor was combined with chemother-
apies doxorubicin and paclitaxel. In another paper, inhibition of
multidrug resistance 1 expression has been shown to reverse
doxorubicin resistance in the drug-resistant breast cancer cell line
MCF-7/adr through activation of the AMPK-GSK-33-CREB pathway
(Tran et al, 2013).

In line with the protumor activity of CREB, its expression has
been found to correlate with poor prognosis and high histologic
grades in patients with breast cancer. In a clinical study involving
153 patients, axillary lymph node-positive patients exhibited
significantly higher CREB expression levels compared with axillary
lymph node-negative patients (P = .0018). Furthermore, disease-
free survival was notably reduced in patients with high CREB
expression (95.3 [95% CI, 68.4—122.3] months) in contrast to those
with low CREB expression [133.9 (95% CI, 123.5—144.2) months,
P = .0193] (Chhabra et al, 2007). Another prospective study,
involving 96 patients, confirmed the inverse correlation between
CREB overexpression and good prognosis (Xin et al, 2020). How-
ever, further validation with larger patient cohorts is warranted. In
particular, it is currently unknown whether CREB predicts survival

The Journal of Pharmacology and Experimental Therapeutics 392 (2025) 103529

similarly across all subtypes of breast cancer (ie, hormone receptor-
positive, HER2-amplified, and TNBC). Aromatase, encoded by the
CYP19A1 gene, is a key enzyme in estrogen biosynthesis (Artigalas
et al, 2015). The CYP19A1 gene contains multiple specific pro-
moters, and the cAMP/PKA/CREB pathway is considered the pri-
mary signaling pathway in regulating the CYP19 promoter (Stocco,
2008). Specifically, phosphorylated CREB regulates the aromatase
gene by binding to its promoter region, thereby enhancing its
transcription. This mechanism has, in fact, been found to promote
breast cancer cell resistance to tamoxifen (Phuong et al, 2014).
Thus, harking back to our data implicating CREB in TNBC chemo-
resistance (Koh et al, 2021; Man et al, 2025), it is conceivable that
CREB is also involved in mediating therapeutic resistance in hor-
mone receptor-positive breast cancer.

5. CREB as a therapeutic target

Given its oncogenic properties, targeting CREB or key nodes
along the CREB pathway is a promising yet relatively underex-
plored avenue. There is ongoing development of CREB-specific
inhibitors, which primarily aim at intercepting CREB-DNA and
CREB-CBP interactions (Fig. 3). This inhibition can be achieved via 2
strategies: inhibition of the CREB-CRE sequence binding and inhi-
bition of the phosphorylated CREB-CBP binding (Xiao et al, 2010).
Although small molecule inhibitors in the first category, such as
P6981 and Surfen, have not been extensively studied preclinically
in the cancer context (Xiao et al, 2010; Steven et al, 2020), there has
been significant preclinical interest in inhibitors of CREB-CBP
interaction across various tumor types (Table 1). Among these in-
hibitors, 666-15 has shown prominent antitumor effects in various
TNBC cell lines and patient-derived xenograft models (Xie et al,
2015; Qin et al, 2020). A recent study targeting CREB in a TNBC

KG-501
666-15
XX-650-23

[CREB-CBP inhibitors]—

NASTRp
CREB-IN-1TFA

CBP

PF-CBP1
DC-CPin7
EML425

P6981
Surfen

Fig. 3. Mechanisms of action of CREB-specific inhibitors. CREB inhibition can be attained by blocking the CREB-CBP interaction or the CREB-CRE interaction.
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Table 1
CREB inhibitors and associated preclinical studies
Name Molecular Weight Experimental Model Tested References

1 KG-501 (NASEp) 377.72 BC (MCF-7, MDA-MB-231) (Steven et al, 2013; Jiang et al, 2019)
ALL (JURKAT, Molt4, Nalm6, RS4;11) (van der Sligte et al, 2015)
LC (A549, H1734) (Sun et al, 2008)
SS (HS-SY-II, FUJI, 1273/99, CME-1, SYO-I) (Cyra et al, 2022)
ProC (LNCaP) (Wang et al, 2016a)

2 666-15 620.52 BC (MCF-7, MDA-MB-231, MDA-MB-468) (Xie et al, 2015)
BC: Human xenograft (MDA-MB-468) (Xie et al, 2015)
PDX (TNBC, PDAC) (Qin et al, 2020; Kim et al, 2021a)
PDAC (MDA-PATC-148, MiaPaCa2) (Srinivasan et al, 2018; Kim et al, 2021a)
PC (LNCaP, LAPC-4) (Pan et al, 2021)
LC (H69, H82, H209, H524, A549, H526, H211, H2009) (Kim et al, 2022)
LC: Murine allograft (Kim et al, 2022)
0S (143B) (Li et al, 2021)
0OS: Human xenograft (143B) (Li et al, 2021)
SS (HS-SY-II, FUJI, 1273/99, CME-1, SYO-I) (Cyra et al, 2022)
SS: Human xenograft (SYO-I) (Cyra et al, 2022)

3 XX-650-23 288.3 AML (KG-1, HL-60, MOLM-13, MV-4-11) (Mitton et al, 2016)
AML (primary patient cells) (Mitton et al, 2016)

4 NASTRp 435.71 LC (A549, H441, H1975, H520, H1703) (Park et al, 2015)
SS (HS-SY-II, FUJI, 1273/99, CME-1, SYO-I) (Cyra et al, 2022)

5 CREB-IN-1 TFA 778.06 BC (MDA-MB-231, MDA-MB-468) (Peng et al, 2022)
C57BL/6 mice for pharmacokinetics study (Peng et al, 2022)

6 PF-CBP1 488.62 Untested preclinically, as of 2024 (Chekler et al, 2015)

7 DC-CPin7 358.39 AML (MV-4-11) (Chen et al, 2020)

8 EML425 440.49 Lymphoma (U-937) (Milite et al, 2015)

9 P6981 375.95 CCS (SU-CCs-1) (Zhao et al, 2012)

10 Surfen 37242 HER-2/neu NIH3T3 (Steven et al, 2017)

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CCS, clear cell sarcoma; LC, lung cancer; NASE, naphthol-AS-E phosphate; NASTRp, naphthol AS-TR
phosphate; OS, osteosarcoma; PDAC, pancreatic ductal adenocarcinoma; ProC, prostate cancer; SS, synovial sarcoma.

patient-derived xenograft model found that 666-15 was effective in
inhibiting tumor growth when used alone and was even more so
when combined with docetaxel (Qin et al, 2020). Treated mice did
not experience significant changes in body weight and had no
observable toxicities during experimental period, suggesting that
the drug has acceptable therapeutic window. Subsequent chemical
modification of 666-15 (CREB-IN-1 TFA) led to the development of
an oral formulation with a bioavailability of up to 38% (Peng et al,
2022). A summary of preclinical studies on CREB inhibition is
provided in Table 2.

A third CREB-targeting strategy involves the use of inhibitors
known to target CREB-related pathways. This approach does not
directly target CREB; rather, the goal is to suppress CREB activity.
Notably, lapatinib, a common therapeutic drug for breast cancer,
has been nominated as a putative CREB-related pathway inhibitor.
For example, one report shows that blocking the tyrosine kinase
activity of HER-2 using lapatinib downregulates the in vitro and
in vivo expression of phosphorylated CREB, which may underpin
the antiproliferative and proapoptotic mechanisms of the drug
(Steven et al, 2013). For these putative CREB-related pathway in-
hibitors, further investigation is warranted to elucidate the extent
to which the perturbation of the CREB axis contributes to anti-
tumorigenic effects (Gschwantler-Kaulich et al, 2016). To date,
all studies using CREB inhibitors are at the preclinical stage.
However, some of the putative CREB-related pathway inhibitors
have approved indications and are being used in the clinic. In
addition to lapatinib, these inhibitors include CaMKII inhibitors
(eg, ruxolitinib in heart disease) (Reyes Gaido et al, 2023), MAPK
inhibitors (eg, trametinib in melanoma) (Thota et al, 2015), PKA
inhibitors (eg, sebetralstat in hereditary angioedema) (Riedl et al,
2024), and PI3K inhibitors (eg, idelalisib in non-Hodgkin lym-
phoma) (Banerjee et al, 2023).

Most studies targeting CREB, either directly or indirectly, have
shown tumor inhibitory effect. Although in vivo studies of CREB
inhibition have been conducted, predominantly in mouse models

(Table 2), further characterization and validation of the safety
profile of this approach is warranted. Indeed, CREB is widely
distributed in many other cell types including immune cells
(Chowdhury et al, 2023), in which CREB plays key roles as described
earlier. Therefore, an appropriate threshold of CREB inhibition must
be achieved to mitigate untoward off-target effects. To this end, one
strategy will be to identify minimal biologically active doses of
CREB inhibitors in combination with other drugs, to enable rational
drug schedules that maximize tumor-selective killing while mini-
mizing host toxicity (Koh et al, 2018; Koh, 2022). Equally, the
development of targeted drug delivery (eg, antibody—drug conju-
gate) may also reduce systemic toxicity by homing drugs specif-
ically to the tumor site (Perez-Herrero and Fernandez-Medarde,
2015; Jain, 2020). Coupled with in-depth mechanistic under-
standing, further drug design and development of CREB-targeting
agents should yield insights into the feasibility and effectiveness
of this approach.

6. Conclusions

The treatment landscape of breast cancer has been revolution-
ized in the past 2 decades by the advent of more targeted options
such as poly (ADP-ribose) polymerase inhibitors, PD1/PDL1 axis
inhibitors, and antibody—drug conjugates. Given the role of CREB in
the development and progression of breast cancer, it is conceivable
that targeting this protein represents another viable therapeutic
strategy for a subset of hard-to-treat tumors. It is noteworthy that
none of the CREB-specific drugs have progressed into clinical trials
to date, although several putative CREB-related pathway inhibitors
are already in clinical use. One of the outstanding challenges is to
identify subsets of patients with breast cancer who would most
likely benefit from CREB-targeting treatment. Developing predic-
tive biomarkers of response will be key in enabling patient strati-
fication and ensuring the greatest potential for treatment success.
Additionally, to fully rationalize and optimize the application of
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Table 2
In vivo and in vitro studies involving CREB inhibition in breast cancer
Year Model Mechanism References
1 2024 BALB/c mice with PyMT-N tumor Targeting CREB stimulates the immune response by inducing an IFN (Yuan et al, 2024)
response and MHC-I expression in breast cancer cells and
increasing tumor-infiltrated cytotoxic T cells.
2 2024 Breast cancer cells (VARIO68) and human A dual-targeting ligand called CREBLL-tide (which inhibits the KIX- (Liu et al, 2024)
mammary epithelial cell line (MCF10A) CREB protein—protein interaction) decreases the cell viability of
breast cancer cells (VARIO68) but has no effect on the cell viability
of nonmalignant mammary epithelial cell line (MCF10A).
3 2023 Breast cancer cells (SUM149 and FCIBC02) Targeting CREB (CREB inhibitor 666-15) or downregulating CREB (Stevens et al, 2023)
decreases breast cancer cells growth and increases sensitivity to
paclitaxel.
4 2022 Breast cancer cells (4T1 and Py8119) and Targeting and downregulating CREB can upregulate CCL3, which in (Sheng et al, 2022)
BALB/c mice with 4T1 cells turn acts on the Ccr5-p38/Irf5 axis to trigger proinflammatory
orthotopically injected polarization of macrophages to exert antitumor effects.
5 2022 Breast cancer cells (MDA-MB-231 and Targeting CREB (CREB inhibitor 666-15) inhibits breast cancer cell (Peng et al, 2022)
MDA-MB-468) growth.
6 2020 Clinical tissue samples, breast cancer cells CREB expression was significantly higher in patient cancer tissues (Xin et al, 2020)
(MDA-MB-231, MCF-7, AU565, and compared with normal tissues and correlated with disease-free
T47D), and human mammary epithelial survival and overall survival. CREB expression in all cancer cell
cell line (MCF10A), lines is significantly higher than in MCF-7 and nonmalignant
MCF10A.
7 2020 PDX (TNBC) Targeting CREB (CREB inhibitor 666-15) inhibits the growth of (Qin et al, 2020)
breast cancer and works even better in combination with
docetaxel.
8 2019 Breast cancer cells (MDA-MB-231) and Targeting CREB inhibits osteoclast-specific genes expression and c- (Jiang et al, 2019)
BALB/c mice with MDA-MB-231 cells Fos/NFATc1 signaling pathway, reversing breast cancer-induced
via tibiae plateau injected bone loss and breast cancer bone metastasis.
9 2019 Breast cancer brain metastatic cells Knocking down CREB in tumor cells decreases the expression of the (Kuo et al, 2019)
(MDA-MB-231 BR and BT474BR) glucose transporter protein GLUT3, which is a promoter of
breast-to-brain metastasis.
10 2016 BALB/c mice with MDA-MB-231 cells Knocking down CREB reduces hypoxia-induced endoplasmic (Kikuchi et al, 2016)
injected via tail-vein route reticulum stress and thus inhibits lung metastasis.
11 2015 Breast cancer cells (MDA-MB-231, A549, Targeting CREB (CREB inhibitor 666-15) inhibits breast cancer cell (Xie et al, 2015)
MDA-MB-468, and MCF-7) and BALB/c line growth and tumor growth in MDA-MB-468 xenograft model.
nude mice with MDA-MB-468 cells
12 2013 Breast cancer cells (MCF-7) Silencing of CREB downregulates the expression of MMP-2 and (Steven et al, 2013)

MMP-9, thereby affecting the migration and adhesion of breast
cancer cells and increasing their susceptibility to apoptosis.

CREB inhibitors in cancer therapy, future research should focus on:
(1) determining the extent CREB inhibition underlies antitumor
effect and (2) identifying effective drug combinations and sched-
ules involving CREB-targeting drugs.

Abbreviations

BRCA1, breast cancer gene 1; bZIP, basic leucine zipper; CaMK,
Ca2+/calmodulin-dependent protein kinase; CBP, CREB-binding
protein; CRE, cAMP response element; CREB, cAMP response
element—binding protein; KID, kinase-inducible domain; MAPK,
mitogen-activated protein kinase; miRNA, microRNA; MMP, matrix
metalloproteinase; NF-«B, nuclear factor-«B; PI3K, phosphoinosi-
tide 3-kinase; PKA, protein kinase A; Ser133, serine 133 site; TME,
tumor microenvironment; TNBC, triple-negative breast cancer.
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