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Kruppel-like factors (KLFs) are transcription factors regulating various biological processes such as proliferation,
differentiation, migration, invasion, and homeostasis. Importantly, they participate in disease development and
progression. KLFs are expressed in multiple tissues, and their role is tissue- and context-dependent. KLF4 and
KLF5 are two fascinating members of this family that regulate crucial stages of cellular identity from embryogenesis
through differentiation and, finally, during tumorigenesis. They maintain homeostasis of various tissues and
regulate inflammation, response to injury, regeneration, and development and progression of multiple cancers such

as colorectal, breast, ovarian, pancreatic, lung, and prostate, to name a few.

Kruppel-like factors intestine homeostasis colorectal cancer

| 1. Introduction

Kruppel-like factors (KLFs) are transcription factors that contain three zinc finger (ZF) domains. Their amino acid
sequences are similar to that of the Drosophila melanogaster gap gene Krippel, which plays an essential role
during early fruit fly development LIZRBIAIE! K| Fs have a crucial role in homeostasis, disease development, and
progression LIBIZEINI011A2[1S]14]15I[16]  Seventeen KLFs have been identified and studied in multiple disease
models so far 218 The ZF domains are highly conserved within the KLF family. Alignment of ZF domains from
KLF4 and KLF5 of Homo sapiens origin show 82.7% identity 22, Aside from the three ZF domains, the two KLFs
are not structurally similar (Figure 1). Several comprehensive reviews provide analyses of the phylogeny and
descriptions of the structure of KLF4 and KLF5 [29[21][22]23][24] K| F4 and KLF5 undergo multiple post-translational
modifications that regulate their transcriptional activity, localization, stability, and degradation. The description
below summarizes possible modifications of these two factors based on studies performed in various normal and

cancer cell types.

KLF4 protein structure includes an N-terminal activation domain, a repression domain, and a nuclear localization
signal (NLS), followed by three ZF domains that interact with DNA (Figure 1). KLF4 transcriptional activity can be
induced via methylation of arginine 374, 376, 377 by Protein arginine N-methyltransferase 5 (PRMT5) and
sumoylation of lysine 275 through interaction with Small ubiquitin-like modifier 1 (SUMO1) at the SUMO-interacting
motif (SIM) located in the N-terminal domain 221281 |nterestingly, the activation domain of KLF4 interacts with E1A
binding protein p300/CREB-binding protein (p300/CBP), leading to the acetylation of the amino acids at position
225 and 229, preventing KLF4 from activating downstream targets £, Similarly, the phosphorylation of serine 132

by ERK1/2 reduces transcriptional KLF4 activity and leads to its ubiquitination and degradation [28. There are
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several additional mechanisms regulating KLF4 degradation and, thus, reducing its transactivating function. PEST
signal, an amino acid sequence rich in proline, glutamic acid, serine, and threonine, located between the activation
and repression domains, has been indicated in KLF4's degradation 22, Furthermore, lysine residues 32, 52, 232,
and 252, located in the activation and repression domains, can be modified by ubiquitination and/or acetylation and

participate in KLF4 degradation via the ubiquitin-proteasome pathway B2 (Figure 1).
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Figure 1. Functional domains of KLF4 and KLF5 proteins. The activity of both proteins is regulated by
ubiquitination (red), phosphorylation (purple), acetylation (green), sumoylation (cyan), methylation (graphite), and
ubiquitination or acetylation (gold). In addition, three ZF domains are localized at the C-terminus of both proteins
and constitute DNA-binding domains [20[211[22][23][24][29][31][32][33][34][35] ' Created with BioRender.com (accessed on
12 April 2023).

| 2. Kriippel-like Factor 4
2.1. Homeostasis

KLF4 is also called gut-enriched Kriippel-like factor (GKLF). KLF4 regulates transcription by modulating histone H4
acetylation at promoter sites 24, An overview of its biochemical properties, regulation, and physiological functions
was reviewed by us elsewhere 21 KLF4 plays a significant role during gastrointestinal development and
subsequent epithelial homeostasis. During murine fetal development, gastrointestinal KLF4 levels rise on
embryonic day 13 and peak at day 17 38, By birth, KLF4 levels in colonic cells are typically higher than in small

intestine cells. KLF4 levels persist throughout the gastrointestinal tract during life and rise with increasing age
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throughout adulthood 28], Specifically, KLF4 is expressed in terminally differentiated epithelial cells at the mucosal
villus border and reaches peak levels at terminal differentiation BZ[B8I3AM0 |t js involved in goblet cell
differentiation and maintenance and regulation of cell polarity 28!, Conditional ablation of Kif4 from the intestinal
tract resulted in viable mice but with increased rates of epithelial proliferation and migration (41, Partial depletion of
KLF4 in terminally differentiated intestinal cells led to an increase in goblet cells, implying a role for KLF4 in

maintaining goblet cell population and mispositioning of Paneth cells, suggesting KLF4-dependent localization 38,

In contrast, deletion of Ki/f4 from intestinal epithelial cells early in murine development led to a decrease in the
number of colonic goblet cells in adult mice. This is due to differentiation failure, as KLF4 also plays a crucial role in
negative regulation of the WNT pathway. Furthermore, Paneth cells were dislocated into the upper crypt due to
reduced levels of Ephrin-B1, a KLF4 target 4142l Thus, KLF4 plays a vital role in differentiation and maintaining
intestinal cell population and organization. Recent studies have shown that KLF4 regulates the proliferation status
of a subpopulation of quiescent intestinal stem cells marked by the expression of B Lymphoma Mo-MLV Insertion
Region 1 Homolog (Bmi1) 43l Deletion of KIf4 from Bmil-positive cells during homeostasis led to an increase in
Bmil-positive cell proliferation. In contrast, Bmil-specific KIf4 deletion upon radiation injury reduces levels of

Musashi-1 expression and inhibits crypt regeneration, demonstrating the context-dependent function of KLF4 3]
4],

Additionally, KLF4 plays an essential role in maintaining genetic stability, initiating apoptosis, and preventing
epithelial-mesenchymal (EMT) transition in the progression of CRC. Murine cells that are absent in or have
suppressed Kif4 expression demonstrate higher levels of genetic instability #2481 Next, the researchers discuss
the contribution KLF4 has made towards the development, prognosis, and treatment of CRC, which will highlight

KLF4's role as both a tumor suppressor and oncogene.

2.2. Colorectal Cancer

CRC has the third-highest annual incidence and second-highest mortality among men and women in the United
States and worldwide [47. Every year, an estimated 1.4 million new cases are reported worldwide. Of note, obesity,
lack of physical activity, active and passive smoking, and high salt and red meat consumption have been
established as risk factors for colorectal cancer 48], While prevalence and mortality in those aged 50-and-older are
declining due to early screening and improving therapies, the everyday nature of risk factors for colon cancer
makes it a continued threat. Notably, the incidence of early-onset colorectal cancer in those aged 50 and younger
has risen globally between 2.8-36.5% within the last 30 years 42BABLUB2] Therefore, understanding how KLFs

work in the context of colon cancer will be beneficial in preventing and treating colon cancer.

Most CRC development follows a linear framework characterized by the adenoma—carcinoma—metastasis
sequence 231, The most well-studied mutations driving this sequence involve an initial suppression of Adenomatous
polyposis coli (APC) followed by overexpression of Kirsten rat sarcoma viral oncogene homolog (KRAS) and loss
of Tumor protein 53 (TP53) and Mothers against decapentaplegic homolog 4 (SMAD4) B4l A review examining the
role of KLF4, KLF5, and KLF6 in CRC was published by the researchers' group in 2008 2. The current research
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expands on the role of KLF4 and KLF5 in animal models of colorectal cancer, providing recent discoveries in their
involvement in regulating the development, progression, and metastasis of CRC. In addition, the researchers
described novel pathways that regulate KLF4 and KLF5 activity in CRC and summarized their role in the context of

chemotherapy and radiation therapy and their potential as biomarkers of CRC.

KLF4 is decreased in both adenomas from multiple intestinal neoplasia (Apc”™*) mice and humans with familial
adenomatous polyposis (FAP) when compared to either normal-appearing intestinal tissue from the same
individual or healthy controls 281, KLF4 has been shown to protect against the advancement of colitis into CRC via
increased genetic stability in murine models BZ. Immuno-stains of normal colon show a gradient in KLF4
concentration that is the highest near the surface epithelium and lowest towards the crypt 28l This gradient is
disrupted in adenomas and carcinomas 8. Loss of heterozygosity in KLF4 and hypermethylation at its 5'-
untranslated region are common in CRC B9, KLF4 primarily contributes to early CRC development and is
associated with EMT in CRC 8961, The discussion here focuses on KLF4 in solid tumor CRC.

| 3. Kruippel-like Factor 5
3.1. Homeostasis

KLF5 is also known as Intestinal Krippel-like factor (IKLF) due to its high expression in intestinal epithelium.
However, KLF5 can be detected in almost all tissues, including breast, prostate, pancreas, intestine, lung, bladder,
and skeletal muscle [22132][87162][63](64] K| F5 regulates many cellular processes, including cell cycle, proliferation,
migration, invasion, stemness, apoptosis, and autophagy, and plays a crucial role in maintaining gut homeostasis
(32](65][661[67][68] (69707 1I[72][73][74][75][76] Notably, KLF5 regulates villus formation and initiates cytodifferentiation in
embryonic intestinal epithelium. Deletion of KIf5 from intestinal epithelium during embryogenesis leads to
downregulation of multiple genes such as E74-like ETS transcription factor 3 (EIf3), Pparg, Atonal BHLH
transcription factor 1 (Atohl), Achaete-scute family bHLH transcription factor 2 (Ascl2), Hepatocyte nuclear factor 4
alpha (Hnf4a), Neurogenin 3 (Neurog3), and Caudal Type Homeobox 1 (Cdx1) 4.,

Similarly, data obtained from KIf5 deletion in the gut suggest that KLF5 plays a role in maintaining epithelial
proliferation, differentiation, and cell positioning along the crypt radial axis in adult mice 822, Mice with deletion of
KIf5 within active intestinal epithelial stem cells have decreased expression of intestinal stem cell signature genes,
such as Lgr5, Olfactomedin 4 (Olfm4), and Ascl2, and impaired stem cell renewal. KLF5 is crucial for stem cell
activity and regeneration of the intestinal epithelium after injury B9l K| F5 also regulates DNA damage repair in
intestinal epithelial cells upon radiation injury. In mice with heterozygous deletion of KIf5 in intestinal epithelial cells,
genes involved in nucleotide excision repair, mismatch repair, and non-homologous end-joining were significantly
downregulated compared to wild-type mice 2. Mice with intestinal epithelium-specific deletion of KIf5 also
developed a Th-17-mediated immune response and subsequent colitis, suggesting a protective role of KLF5

against intestinal inflammation 2],
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Evidently, KLF5 is indicated in a wide range of processes to ensure intestinal epithelial homeostasis in the
presence of insults. While the lack of KLF5 activity can lead to insufficient self-renewal and intestinal integrity,
overactivation of KLF5 may cause uncontrolled cell proliferation and differentiation, ultimately leading to
tumorigenesis. As such, understanding the role of KLF5 in achieving balance in these cellular processes is
essential to ensure intestinal health. However, whether KLF5 functions to upregulate or downregulate these

processes is context-dependent and highly controversial.

3.2. Colorectal Cancer

3.2.1. KLF5 Is a Pro-Proliferative Factor in CRC

KLF5 is a pro-proliferative transcription factor downstream of the classical Mitogen-activated protein kinase
(MAPK-ERK-RAS) pathway and directly regulated by Early Growth Response 1 (EGR1) 4. Activation of the
KRAS oncogene plays an essential role in CRC pathophysiology, and KLF5 contributes to colorectal tumorigenesis
induced by a constitutively activating KRAS mutation (G12V) (Figure 2). For example, KIf5 haploinsufficiency in
ApcMin*/KrasC®12V mice resulted in significantly reduced tumor number and size compared to ApcM* mice [83, |n
addition, increased levels of KLF5 were observed in spontaneous hyperplastic intestinal polyp development and
colonic tumorigenesis in Villin-Cre/LSL-KRAS®12D mijce, further supporting KLF5's role as a mediator of the KRAS
pathway in CRC formation B8, Interestingly, while the Villin-Cre/LSL-KRAS®12P mice displayed decreased survival
when treated with AOM compared to controls, loss of one KIf5 allele showed reduced levels of KRAS effector
proteins and, as a result, reduced mortality upon AOM treatment B8, Overall, KLF5 expression appears essential in
exerting the oncogenic, pro-proliferative effects of KRAS mutations in CRC.
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Figure 2. KLF5 and WNT signaling in CRC development. In normal intestinal epithelial cells, KLF5 and B-catenin

are regulated by multiple mechanisms such as degradation or well-coordinated WNT and MAPK kinase activation.
During CRC development, Kras mutations increase KLF5 expression, while Apc and Ctnnbl mutations increase
WNT pathway activity by increasing the stability and transcriptional activity of B-catenin. In the context of these
mutations, KLF5 and B-catenin contribute to CRC tumorigenesis by inducing transcription of multiple genes such
as Ccnd1, c-Myc, Ascl2, or Lgr5. Red stars mark mutations. Created with BioRender.com (accessed on 12 April
2023).

The HIPPO pathway regulates cell stemness and proliferation via two key transcriptional coactivators, Yesl
Associated Transcriptional Regulator (YAP1) and WW domain-containing transcription regulator protein 1 (TAZ).
The KLF5-YAP1 complex induces transcription of Ascl2, a WNT signaling target, to ensure the self-renewability of
CRC progenitor cells 1. Synaptopodin-2 (SYNPO2) was shown to inhibit the KLF5-YAP signaling pathway and
suppress hypoxia-induced progression of CRC [,

The TGF-B/SMADA4-signaling pathway and its role in CRC are well-established. Silencing KLF5 was found to
sensitize SMAD4-deficient cells to TGF-B-induced apoptosis. Conversely, overexpression of KLF5 significantly
inhibited TGF-B-induced apoptosis in SMAD4-proficient cells. This suggests that KLF5 acts as an oncogene in
CRC regardless of SMAD4 expression 881, One recent study discovered that primary mesenchymal stromal cells
(MSCs) play a dual role in regulating C-X-C Motif Chemokine Ligand 5 (CXCL5), which is significantly

overexpressed in CRC, allowing for distant metastasis and angiogenesis. MSCs not only secreted C-C Motif
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Chemokine Ligand 7 (CCL7) to promote acetylation of KLF5 and upregulate transcription of CXCL5 but also
secreted TGF-B to regulate SMAD4 and reverse the effect of KLF5 on the transcription of CXCL5 2],

3.2.2. KLF5-WNTIB-Catenin Positive Feedback Loop Regulated CRC Development and
Progression

Germline loss-of-function mutation of APC and mutations in CTNNB1 have been identified as a cause of colorectal
cancer. APC plays an essential role in regulating the activity of (-catenin, which controls the WNT signaling
pathway responsible for maintaining the proliferation of the intestinal crypt epithelium. KLF5 is a crucial mediator of
these interactions contributing to CRC tumorigenesis. KIf5 haploinsufficiency in the context of Apc mutation was
associated with lower levels and reduced nuclear localization of B-catenin, resulting in reduced expression of
Ccnd1 and c-Myc, downregulation of the WNT pathway activity, and decreased polyp formation 29, In addition, the
formation of lethal colorectal adenomas and carcinomas induced by [-catenin mutations in Lgr5* stem cells was
entirely suppressed by Kif5 deletion 21, Overall, lack of KLF5 expression prevented the tumorigenic effects of Apc

mutation and -catenin activation, suggesting the oncogenic function and necessity of KLF5 in CRC (Figure 2).

Lysophosphatidic acid (LPA), a simple phospholipid with potent mitogenic effects, and its receptor LPAR modulate
the tumorigenic effects of APC mutation. Compared to Apc™"* mice, ApcM"*/L par2~'~ mice exhibited decreased
tumor progression and hypoxia in response to reduced expression of KIf5, Ctnnb1, Ccnd1 and c-Myc 22, A recent
study proposed a new mechanism by which KLF5 modulates the WNT/B-catenin pathway in the presence of LPA.
Contrary to previous findings, silencing KLF5 did not alter the nuclear translocation of B-catenin by LPA. Instead,
KLF5 was found to facilitate LPA-induced formation and transcriptional activity of the B-catenin/TCF complex to

promote colon cancer cell proliferation 221,

Ketogenesis is significantly decreased in the tumor microenvironment of CRC. As such, a ketogenic diet of high
lipids and low carbohydrates has been recommended for cancer patients. Increasing ketogenesis markedly
decreased KLF5-dependent synthesis of C-X-C Motif Chemokine Ligand 12 (CXCL12) in cancer-associated
fibroblasts, ultimately increasing the infiltration of immune effector cells in tumors and enhancing sensitivity to
immune checkpoint inhibitors specific for programmed cell death 1 (PD-1) 4. By the same mechanism, increasing

ketogenesis inhibited CRC migration, invasion, and metastasis both in vitro and in vivo 23,

3.2.3. KLF5 and microRNA in CRC

MiRs bind directly to the 3'UTR of KLF5, thereby suppressing colorectal cancer cell proliferation, migration, and
stemness in vitro and inhibiting tumor growth in vivo in mouse models. Recent studies have found several miRs

that target and modulate KLF5 at the post-transcriptional level to regulate the development of CRC.

MiR-143 and miR-145 have been found to decrease the expression of KLF5 in CRC 28, Consistent with this
finding, one study suggests that increased expression of the long intergenic noncoding RNA (IncRNA) LINC00908
may act as a competing endogenous RNA to negatively regulate the miR-143-3p/KLF5 axis, thereby promoting cell

proliferation and survival of colorectal cancer cells 24, miR-4711-5p was also shown to bind directly to the 3'UTR
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of KLF5, thereby suppressing colorectal cancer cell proliferation, migration, and stemness in vitro and inhibiting
tumor growth in vivo in mouse models [28l. Overexpression of miR-143-3p was also associated with downregulation

of KLF5 and was detected in significantly lower amounts in more advanced CRC 22,

In addition, IncRNAs have been identified as targets of KLF5 in CRC. For example, IncRNA plasmacytoma variant
translocation 1 (PVT1) was found to be regulated by its upstream transcription factor KLF5 and was detected in
significant amounts in CRC 199, Small Nucleolar RNA Host Gene 12 (SNHG12) was also proposed as a INcRNA
target for KLF5, positively regulating CRC invasion and distal metastasis. However, whether targeting KLF5-
SNHG12 will produce therapeutic benefits is still being investigated 291 Another study proposes a novel
mechanism by which the KLF5 protein constructs a loop-like three-dimensional genome structure consisting of
KLF5 promoter, enhancer, and the transcription start site region of Colon Cancer Associated Transcript 1 (CCAT1).
This promoter-enhancer loop may modulate the expression of KLF5 and CCAT1, resulting in the maintenance of
colorectal cancer stemness 9. Recently, low-molecular-weight compounds targeting the hydrophobic a-helix
structure of KLF5, known as a potential interface for protein—protein interaction, were synthesized using
pyrazinooxadiazine-4,7-dione. Once bound to this interface, these compounds selectively suppressed levels of the
KLF5 protein and reduced the expression of proteins involved in the WNT signaling pathway, thereby inhibiting the

proliferation and survival of transplanted colorectal cancer cells in vivo 192,

3.2.4. KLF5 as a Therapeutic Target in CRC

Using an ultra-high-throughput screen, the researchers' group identified two KLF5-selective compounds, CID
439501 and 5951923, that significantly decrease endogenous KLF5 protein levels and reduce the viability of
several CRC cell lines 1981, A small-molecule compound called ML264 was found to be a KLF5 inhibitor, preventing
the expression of KLF5 and the growth of CRC xenograft tumors (124, ML264 exerted this effect by inhibiting the
RAS/MAPK/PI3K and the WNT/B-catenin signaling pathway. The same KLF5 inhibitor was recently used to
investigate CRC resistance to oxaliplatin, a first-line chemotherapy drug commonly used in CRC. Using ML264, the
study successfully inhibited the KLF5/BCL-2/Caspase 3 signaling pathway, thereby restoring the apoptotic
response and significantly restoring sensitivity to oxaliplatin in CRC patient-derived organoids 195, Interestingly,
SR18662, a derivative of ML264, demonstrated enhanced abilities to inhibit KLF5, the MAPK and WNT pathways,
and the growth of CRC in vitro and in vivo with the ability to exert cytotoxic effects [2%8l Dual-specificity
phosphatase 10 (DUSP10), known for its role in deactivating MAP kinases, reduced intestinal epithelial cell

proliferation via inhibition of ERK1/2 activation and KLF5 expression 197,

KLF5 also modulates CRC response to radiation therapy. For example, HCT116 cells with significantly higher
levels of KLF5 were shown to increase CyclinD1 and (-catenin and promote better cell viability than control cells
when subjected to radiation therapy 298l |n addition, the depletion of KLF5 in HCT116 cells increased CRC
sensitivity to DNA-damaging ultraviolet irradiation therapy by failing to induce the proto-oncogene, serine/threonine
kinase 1 (PIM1) survival kinase 199 |t appears that overexpression of KLF5 confers resistance to radiotherapy,

while reduction of KLF5 may increase susceptibility to radiotherapeutic effects in CRC.
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3.2.5. KLF5 as a Biomarker of CRC

Overexpression of KLF5 may be used as a predictive biomarker for poor tumor regression after preoperative

chemoradiation therapy, the standard treatment for locally advanced rectal cancer [198, A recent study was the first

to examine the expression of levels of KLF5 in patients with colorectal cancer to determine correlation with clinical

outcomes. The study revealed that high expression of KLF5 in tissues collected from CRC patients was associated

with vascular invasion, increased serum carbohydrate 19-9, larger metastatic liver tumors, and poorer prognosis

after surgery. While further investigation is needed, KLF5 upregulation of c-MYC and CCND1 via promoter binding

may be the mechanism underlining these effects. Thus, high KLF5 expression can independently predict poor

prognosis in patients with primary CRC and liver metastasis 119, However, KLF5 and its use as a prognosis

marker in CRC must be studied further.
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