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Abstract: To support the study of Krüppel-like factor 2 (KLF2) regulatory mechanisms on cytotoxic 

T lymphocytes (CTLs), we studied a possibility with a web-based bioinformatics module that enables 

researchers to identify putative KLF2-binding promoter regions in genomic DNA sequences. After a 

KLF2 protein structure with C2H2 zinc finger domain and binding-site analysis, we successfully set 

up a tool to integrate Python-based sequence parsing and motif identification routines to locate 

CACCC motifs near potential start codons (e.g., ATG) across reading frames associated with key CTL 

genes such as TNF-α and IFN-γ. The tool supports visualization and sequence upload functionality 

through a static website interface, making it accessible for researchers and clinicians investigating 

KLF2-mediated transcriptional control in tumor-infiltrating lymphocytes (TILs). This work 

supplements our primary study on spatial-temporal regulatory networks involved in TIL reactivation 

by KLF2 down-regulation. 

Keywords: KLF2; C2H2 zinc finger domain; Omics analysis; T-cells; Tumor-infiltrating 

lymphocytes (TILs); cytotoxic T lymphocytes (CTLs); quantitative pathway and network; spatial-

timely quantitative network (spatial-temporal quantitative network); personalized therapy 

 

1. Introduction 

Tumor-infiltrating lymphocytes can be applied to kill tumor cells by culturing and infusing them 
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into patients [1]. Thirty years ago, we established TIL isolated and culture methods from solid tumor 

tissues so that the earliest adoptive cell therapy (ACT) could be used to eliminate solid cancer [2–7]. 

Because TIL treatment efficacy is variable for solid tumors or patients, we began to study TIL immune 

characteristics by isolating the heterogeneous immune cells from solid tumors to study more effective 

treatment [8]. After thirty years’ effort, we have established single-cell isolation from the 

heterogeneous TILs and analyzed genomics features from the isolated cells, including TIL-CD3, TIL-

CD8, TIL-CD4, TIL-NK, and TIL-NKT [9,10]. We now understand that TILs have a distinct killing 

of tumor cells based on individual immune information from patients [11,12]. To increase the efficacy 

of immune cell treatment and to discover immune factors for killing tumor cells from individual 

patients, we establish a TIL CD8 network, such as the TGF-beta pathway, IL-2 activity pathway, and 

MHC pathway; an NK network from TILs and NKT cells from the TILs. Here, we study the spatial-

temporal quantification network for future artificial intelligence (AI) analysis for the next new 

generation of immunotherapy [13–15]. 

Spatial-timely quantification network (or spatial-temporal quantification network) is Omics 

regulation regarding protein-protein, protein-DNA, and protein-RNA (including mRNA, miRNA, 

lncRNA, and piRNA) in a network. To address the spatial competition of complex proteins, we have 

reported a spatial-timely quantification network by protein-protein analysis, such as 

SMAD2/SMAD3/SMAD4 in the TGF-beta pathway and STAT3 complex functions [16,17]. As is 

known, protein-DNA regulation or protein-RNA regulation also play an important role in spatial-

temporal quantification networks. After bioinformatic analysis for KLF2, we set up a web search and 

then used the web search to study KLF2-DNA downregulation in network regulation.  

Our purpose of this research is to set automatically mining downstream motifs, a bioinformatics-

based design for known consensus elements for KLF2 binding. This platform enables researchers to 

explore candidate regulatory regions that mediate KLF2-dependent transcriptional control, thereby 

supporting hypothesis generation and in silico validation ahead of experimental work or to facilitate 

broader exploration of this regulatory mechanism for future Omics-level regulation in genomic contexts. 

2. Methods 

2.1. KLF protein family comparison 

Homologous study of the KLF family was performed by the Clustal Omega at the EMBL’s European 

Bioinformatics Institute using the Multiple Sequence Alignment (MSA) program (https://www.ebi.ac.uk) 

as reported in [18]. Sequence comparisons of the protein expression were carried out against all entries 

at the GenBank database in Homo sapiens (http://www.ncbi.nlm.nih.gov/index.html).  

2.2. Study on the KLF-2 C2H2 zinc finger 

An analysis of the KLF2 C2H2 zinc finger domain was performed using KLF family methods 

with Clustal Omega at the EMBL’s European Bioinformatics Institute and using the Multiple Sequence 

Alignment (MSA) program (https://www.ebi.ac.uk) as shown above. KLF-2 C2H2 zinc finger domain 

sequence comparisons from the GenBank database in Homo sapiens 

(http://www.ncbi.nlm.nih.gov/index.html). 

https://www.ebi.ac.uk/jdispatcher/msa
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2.3. Analyzing the KLF-2 C2H2 Zinc finger DNA-binding site 

The KLF2 C2H2 zinc finger DNA-binding site was analyzed for protein structure using the 

protein structure program. Thereafter, the KLF2 C2H2 zinc finger domain was defined and the C2H2 

domain was discovered under the protein structure program (https://esmatlas.com/). KLF-2 subtype 

C2H2 domain primary sequence, secondary structure, and 3D structure were observed from the 

GenBank database in Homo sapiens in protein (http://www.ncbi.nlm.nih.gov/index.html). 

2.4. Establishing the motif identification algorithm 

The KLF2 C2H2 domain primary sequence, secondary structure, and 3D structure were studied, 

and we confirmed that the KLF2 C2H2 domain can bind the DNA sequence “CACCC”. We began to 

establish a web-search algorithm, including three steps: (A) Targeting motif; (B) filter criteria; and (C) 

data integration. 

2.4.1. Targeting motif 

The Python script (KLF2.py) implemented two major functions: Finding motif positions (sequence, 

motif) and identifying all occurrences of a target motif (default: “CACCC”) in the input DNA sequence. 

Finding ATG in frames (sequence, starting codon) entailed scanning the DNA sequence in all three 

reading frames for specified start codons (default: “ATG”, can include alternatives such as “CTG”). 

The tool processed user-supplied genomic sequences in a FASTA-like format by removing line breaks 

and converting characters to uppercase. It then recorded the absolute positions of CACCC motifs and 

potential start codons.  

2.4.2. Filtering criteria 

To find promoter candidates, the algorithm filtered CACCC motif locations based on a 500 base-

pair distance threshold upstream from each start codon. For each codon, the script checked if any CACCC 

motif fell within this range, indicating potential promoter functionality. The output included: (A) Last 

occurrence of each codon; (B) associated CACCC motifs within the threshold; and (C) distance metrics 

for potential promoter-coding region pairs. 

2.4.3. Deployment and Integration 

The website was structured as a static HTML interface with CSS styling for layout and 

presentation. The user uploads or pastes a DNA sequence, selects codon preferences, and initiates the 

motif scan through the integrated Python backend (or locally emulated in client-side JS for broader 

access). Results are displayed in real time, with promoter sites and start codons highlighted. All scripts 

and the sequence processing logic are embedded in the building folder of the web directory, and the 

tool is integrated into the overall clinical research portal for TIL-based immunotherapy modeling. 
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3. Analysis results  

3.1. Results of KLF protein family comparison 

To confirm the KLF2 similarity degree in the homologous KLF family from KLF1 to KLF17, a 

phylogenetic tree generation is used after the ClustalW2 program. The phylogenetic tree of the KLF2 

protein is shown in Figure 1. As shown in Figure 1, KLF2 is almost similar to KLF4, so we can decide 

that KLF4 is selected as the Web-based search control.  

 

Figure 1. Phylogenetic analysis of the human KLF protein family. Multiple sequence 

alignment of KLF1–KLF18 is performed with ClustalW2; a distance-based tree is shown with 

branch lengths indicating sequence divergence. KLF2 clusters closely with KLF4. 

3.2. Results of the KLF-2 C2H2 zinc finger 

To confirm that the KLF2 C2H2 zinc finger domain can bind a downstream DNA promoter 

sequence, we studied the KLF2 C2H2 zinc finger domain from homologous KLF family selected from 

KLF2, KLF4, KLF1, and KLF5. Three C2H2 zinc finger domains were used from the ClustalW2 

program and three C2H2 zinc finger domains are produced, as shown in Figure 2. As shown in Figure 2, 
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three C2H2 zinc finger domains are demonstrated as C-XXXX-C or H-XXXX-H in domain-1, C-

XXXX-C or H-XXXX-H in domain-2, and C-XXX-C or H-XXXX-H in domain-3, so that we can 

further analyze the C2H2 zinc finger domains’ binding sequence.     

 

Figure 2. Characterization of KLF2 C2H2 zinc-finger domains. Multiple sequence alignment 

of homologous KLF proteins (KLF2, KLF4, KLF1, and KLF5) is performed using ClustalW2 

to identify conserved zinc-finger motifs. Three conserved C2H2 zinc-finger domains are 

detected, each displaying the canonical patterns C-X4-C and H-X4-H (boxed). The alignment 

highlights residue conservation across the family, supporting that KLF2 contains three typical 

C2H2 motifs responsible for downstream DNA-binding activity. 

3.3. Analysis of the KLF-2 C2H2 Zinc finger for the DNA-binding site 

After the KLF2 C2H2 zinc finger domain is defined and the C2H2 domain is discovered under 

the protein structure program (https://esmatlas.com/), a secondary structure is shown as in Figure 3A, 

where the predicted structure is in red, indicating a higher conserved structure (pLDDT < 0.5) for the 

second structure. We further studied the 3-D structure of the C2H2 with zinc finger domains, which a 3-D 

structure demonstrates in Figure 3B.  

Finally, C2H2 with zinc finger domains in KLF2 were studied to bind the DNA sequence. 

Moreover, Figure 4A shows the primary sequences from the C2H2 zinc finger zinc as C-XXXX-C and 

H-XXXX-H in the conserved domain. Figure 4B shows, in 3-D, that C2H2 have exposure bonds, and 

Figure 4C shows that the exposure bonds can bind downstream DNA CACCC.  
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Figure 3. Structural prediction of the KLF2 C2H2 zinc-finger domain. A) Secondary-

structure prediction of the KLF2 C2H2 zinc-finger domain generated using the ESM Atlas 

web server. The red regions indicate residues with higher structural confidence (pLDDT > 

0.5). B) Predicted 3-D structure of the KLF2 zinc-finger domain showing α-helices and β-

loops typical of C2H2 motifs. The structure illustrates the potential DNA-binding interface 

within the zinc-finger region. 

 

Figure 4. Predicted DNA-binding interaction of the KLF2 C2H2 zinc-finger domain. A) 

Primary sequence of the KLF2 C2H2 zinc-finger domain showing the conserved C-X4-C and 

H-X4-H motifs that define the zinc-finger structure. B) Three-dimensional model of the C2H2 

domain generated by molecular-structure prediction, illustrating the exposed binding interface 

(highlighted residues) that forms potential hydrogen-bond interactions. C) Schematic 

representation of the predicted KLF2–DNA interaction, in which the zinc-finger domain 

recognizes the downstream CACCC consensus sequence within promoter regions. 
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3.4. Establishment of the motif identification algorithm 

After we confirmed that the KLF2 C2H2 domain can bind the DNA sequence “CACCC”, we 

began to establish an algorithm, as demonstrated above, through three steps: (A) Targeting motif; (B) 

filter criteria; and (C) data integration. Our results show that “CACCC” is defined as a DNA binding-

site, which is shown in Figure 5. Some results are reported by experiments, such as the KLF2 binding-

promoter sequence [19].   

 

Figure 5. Algorithmic workflow for the identification of KLF2 DNA-binding motifs. A) 

Targeting motif selection step illustrating the identification of CACCC consensus 

sequences as potential KLF2 binding sites. B) Filtering stage for evaluating motif 

occurrence and positional relevance within promoter regions. C) Data integration stage 

combining multiple candidate motifs to define high-confidence KLF2-binding sequences. 

Python-based sequence parsing and motif identification, which locates CACCC motifs, is written 

as notes that will be separately published. We identified upstream CACCC motifs in the promoters of 

key CTL-related genes (e.g., TNF-α, IFN-γ, PRF1, and GrB), as shown in Figure 5, supporting our 

experimental ChIP and siRNA studies (which will also be reported in a separate manual). Notably, for 

PRF1, two separate CACCC motifs were located within the defined promoter regions. The tool 

facilitated rapid silico confirmation of binding regions, significantly reducing the manual effort needed 

to curate promoter candidates for downstream validation.  

4. Discussion 

KLF2 has been extensively studied as a transcriptional regulator that is critical to maintaining T-

cell quiescence and modulating immune effector functions [20–25]. Unsettlingly, KLF2 complex 

down-regulation has not been discovered in the public KLF2-binding search database. To facilitate 
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broader exploration of this regulatory mechanism for the future Omics-level, our research plan is to 

develop an accessible, browser-based interface to identify genomic contexts in which KLF2 may bind 

downstream CACCC motifs; regulatory elements of CTL effector genes.  

We have studied TGF-β and STAT3 spatial-temporal quantitative pathways in TILs [16,17,26–30], 

because the TGF-β pathway has two signaling systems: Either the SMAD signaling pathway or the 

non-SMAD signaling pathway. In SMAD regulation, such as SMAD2 and SMAD3, SMAD4 binds 

with the phosphorylated SMAD2 and SMAD3 to produce a heterotrimeric transcription complex, 

which transfers the signal to the nucleus to perform a transcription function called TGF-β/SMAD 

signaling [31], while the SMAD-independent pathway of the TGF-β pathway proceeds through RHO 

GTPases, the RAS pathway, P38 pathway, and mTOR pathway according to research [32]. The 

dynamic TGF-β-inducing phosphorylation of Smad2 and Smad3 needs IP experiments with mass 

spectrometry [33]. Some scientists showed 84 possible combination regulations, including timely and 

spatial ones [34]. We set up a spatial-timely quantitation pathway for protein-protein regulation to 

achieve maximal spatial-timely combination regulation with activity of the SMAD protein-protein 

complex, with 15,625 combination regulations, so that bioinformatics analysis is more powerful than 

IP with mass spectrometry analysis [35]. Because the SMAD protein complex in the TGF-β spatial-

timely quantitative pathway is used only for protein-protein regulation, they cannot differ in 

protein/DNA binding to support the spatial-timely quantitative network at protein-DNA regulation. 

Here, we use KLF2 in silico to study the protein-DNA modules.  

This research contains the first analysis to characterize the KLF2 binding mechanism, such as the 

KLF2 primary sequence with a phylogenetic tree [36]. Furthermore, to study the KLF2 C2H2 zinc 

finger domain, we also identified three C2H2 zinc finger domains [37] after the KLF2 C2H2 zinc 

finger domain was discovered under the protein structure with bonding analysis. Finally, C2H2 with zinc 

finger domains in KLF2 demonstrated KLF2 C2H2 domain binding to the downstream DNA sequence as 

CACCC, which has been researched by experiments from our laboratory and other reports [38]. 

After we confirmed that the KLF2 C2H2 domain can bind the DNA sequence “CACCC”, we 

established a web-search system (which will be separately published as computer notes). Finally, we 

successfully used the web-search to identify downstream CACCC motifs in the promoters of key CTL-

related genes (e.g., TNF-α, IFN-γ, PRF1, and GrB), supporting our experimental ChIP and siRNA 

studies. The tool facilitated the discovery of binding regions, significantly reducing many 

miscellaneous experiments. 

5. Conclusion 

TIL has clinical applications by TIL infusion in vivo for immune therapy and by TIL analysis ex vivo 

to determine the immune characteristics of tumor patients [39–45]. We have been studying personalized 

TIL therapy and analyzing other immune therapies from genomics profiles based on TILs and primary 

tumor cells [46,47]. Although the spatial-timely quantitative network is a more powerful evaluation than 

current mass spectrometry for protein-protein regulation [16–17], the KLF2 web tool provides an 

identification of protein-DNA promoter regions that may mediate KLF2 transcriptional repression or 

activation in CTL genes. In the future, a spatial-timely quantitative network, including protein-protein, 

protein-DNA, and protein-RNA, can support direct evaluation to apply for Omics’ AI analysis. 
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