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ARTICLE INFO ABSTRACT

Edited by Nicola Lopizzo The Galectin-Related Protein (GRP), encoded by the LGALSL gene, assigned to the protein family of p-galacto-

side-binding Galectins, has lost carbohydrate-binding abilities. Its chicken homolog (C-GRP) occurs in the bursa

Keywords: of Fabricius’ epithelial and B cells. Our study investigates the unknown regulatory mechanisms controlling its
Galeth“ ) expression by analyzing the promoter region of the chicken (C-)LGALSL gene in chicken cells. We aimed to
Galectlrf—related protein identify the sequence elements of the C-LGALSL gene promoter responsible for maximum activity and tran-
Regulation . . L . . . . .

Promoter scription factors (TFs) that can modulate this activity. Using luciferase reporter assays, we investigated deletion

variants of the 5’ region (—2480 bp to +26 bp). Through in silico analyses and site-directed mutagenesis, we
explored potential transcription factor binding sites, identified crucial transcription factors through transient
overexpression and tested its direct binding by ChIP. Our findings highlight that the region from —274 to —75 bp,
conserved among bird species, is crucial for promoter regulation. Among other tested factors, only the chicken
(ch) Kriippel-like factors, chKLF3 and chKLF7, modulate the promoter’s activity. The TFs chKLF3 acts as a
repressor, and chKLF7 as an activator, although direct binding could not be confirmed. In conclusion, chKLF3
and chKLF7 contribute, in contrast to other factors with binding sites in the region from —274 to —75 bp, to C-

Transcription factor
Kriippel-like factor

LGALSL gene promoter regulation with a balanced impact on activity.

1. Introduction

Galectins (Gal) are a family of proteins characterized by the
following properties: (i) they have a preferential affinity for p-galacto-
sides, (ii) the canonical ones possess a sequence signature in their car-
bohydrate recognition domain (CRD) of seven amino acids, and (iii)
their CRDs are arranged three-dimensionally in a p-sandwich described
as a jelly-roll motif (Kaltner et al., 2019). The cellular processes in which
galectins are functionally involved depend on their binding partners
(ligands or counterreceptors) with which they interact. Besides extra-
cellular glycans (on the surface of cells and microorganisms), galectins
can act intracellularly sugar-independently via protein—protein in-
teractions (Liu and Stowell, 2023). They can modulate innate and
adaptive immune system cells and be involved in infection as part of the
host’s immune response through direct binding to microbes, wound
healing, tumorigenesis, metastasis, and selective autophagy (Rodrigues

et al., 2018; Ravenhill et al., 2019; Coma et al., 2023; Liu and Stowell,
2023). Galectin-related proteins are further members of the galectin
family, characterized by two or more deviations in the sequence signa-
ture, resulting in loss of binding ability to the canonical p-galactosides.
This subgroup includes mammalian galectin-related interfiber protein
(GRIFIN), galectin-10 (Charcot-Leyden crystal protein) (Su, 2018),
galectin-13 (Su et al., 2018), human GRP (hGRP) (Zhou et al., 2006;
Walti et al., 2008) and chicken GRP (C-GRP) (Garcia Caballero et al.,
2016; Manning et al., 2018), to name only a few examples. Deviations in
the key residues can also lead to new sugar-binding specificities, like
galectin-10 binding mannosides (Swaminathan et al., 1999).

Initially, the mRNA sequence of the hGRP (gene names HSPC159,
LGALSL) was identified among 300 cDNA clones derived from human
CD34" hematopoietic stem/progenitor cells (Zhang et al., 2000; Cooper,
2002). Meanwhile, one-to-one orthologues were discovered in 280
vertebrate species (Ensembl, release 112, May 2024) and detected in

Abbreviations: C-GRP, chicken Galectin-Related Protein; chCTCF, chicken CCCTC-binding factor; chEBF1, chicken Early B-Cell Factor 1; chEGR1, chicken Early
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various tissues at the mRNA level, as shown for C-GRP (Garcia Caballero
et al., 2016). The amino acid sequences derived from the mRNAs show
that either only two (humans and mammals) or three amino acids (e.g.,
birds, reptiles) of the original seven key residues in contact with the
canonical ligand lactose of Gals at the CRD are conserved (Manning
et al., 2018). Structurally, recombinant hGRP and C-GRP in crystalli-
zation yield the common f-sandwich fold with the two antiparallel
B-sheets (Zhou et al., 2006; Walti et al., 2008; Zhou et al., 2008; Garcia
Caballero et al., 2016).

Beyond mRNA expression, there are only a few references concern-
ing the protein expression of GRP. The chicken orthologue, C-GRP, is
present in B cells and epithelial cells of the bursa of Fabricius (Kaltner
et al., 2016). In cervical adenocarcinoma cells, miR-9 mediates its tumor
suppressive effect in part by downregulating protein expression of its
direct target gene HSPC159 (Zhang et al., 2016). In different breast
cancer cell lines and tissue samples from breast cancer patients, upre-
gulation of the protein expression of HSPC159 promotes cell prolifera-
tion and worsens the prognosis of breast cancer patients (Zheng et al.,
2018). These findings suggest that the hGRP protein might have an
oncogenic potential. Transcriptional and post-transcriptional regulation
studies may provide further indications for functional roles of GRP.
Mencia et al. (2011) described regulatory effects on HSPC159 mRNA,
showing that a decreased inhibition through underexpressed miR-224,
most likely in the 3-UTR region of HSPC159 mRNA, contributes to
colon carcinoma cells’ lower sensitivity to methotrexate. Only one study
provides relatively sparse evidence on transcriptional regulation in the
5'-promoter region of the HSPC159 gene (Alnafakh et al., 2020). In this
study oPOSSUM analysis identified enriched potential transcription
factor binding sites (TFBS) in the promoter regions of up- and down-
regulated telomere/telomerase-associated genes (TTAGs) in women
with endometriosis. In this context, the HSPC159 gene is one of ten
identified TTAGs, showing a down-regulated expression profile and top
ten enriched TFBS (e.g., for SOX2, POUSF1, HNF1A).

Regulatory KLF proteins, 18 in mammals (13 orthologous genes in
Gallus gallus), belong to the triple Cys2His2 zinc finger proteins and can
activate or repress the expression of molecules, often in crosstalk with
other co(factors). They are involved in physiological events such as
endothelial functions, osteoblast differentiation, adipogenesis, cardiac
regulation, or diseases such as cancer, diabetes, obesity, and osteoar-
thritis (Garcia-Nino and Zazueta, 2021; Yuce and Ozkan, 2024). KLF7
has been studied in axon growth and regeneration (Wang et al., 2017; Li
et al., 2018) and in several types of cancer, e.g., liver cancer (Guo et al.,
2021), gastric cancer (Jiang et al., 2017), and lung cancer (Zhao et al.,
2019). KLF3 is crucial in adipogenesis and obesity (Zhang et al., 2009)
and colorectal cancer progression (Shen et al., 2024). Several studies
have shown the transcriptional regulation of galectins by KLFs. For
example, KLF15 negatively regulated LGALS3 expression in cholesterol-
loaded vascular smooth muscle cells (Li et al., 2022), KLF6 upregulated
LGALS1 (galectin-1) expression (Miranda et al., 2022), which in turn is
involved in trophoblast differentiation.

Our study aims first to determine the sequence element of the C-
LGALSL gene promoter with maximum promoter activity and second,
whether chKLF3 and chKLF7 compared to other factors can change
promoter activity via their specific binding sites in this sequence
element.

Based on this study, our report analyzed the 5-region of the C-
LGALSL gene. We determined the transcription start site and the
sequence region (—274/+26) responsible for luciferase reporter gene
activation. The region between —274/—75 is conserved in several bird
species’ 5-region of the LGALSL gene and contains potential binding
sites for the avian transcription factors KLF3 and KLF7. In our cell
models, chKLF3 repressed the promoter activity by about 50 %, while
chKLF7 enhanced it by up to 300 %.
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2. Material and methods
2.1. Cell culture

DT40 cells (lymphoblasts, ATCC-No. CRL-2111™) were grown in a
humidified atmosphere (5 % COy) at 37 °C using Iscove’s Modified
Dulbecco’s Medium (IMDM) supplemented with 10 % fetal calf serum, 1
% chicken serum, 1 % penicillin/streptomycin/L-glutamine solution
(PSG) and 0.05 mM p-mercaptoethanol, F6CC-PR9692 (F6 cells, kindly
provided by Jiri Plachy, Institute of Molecular Genetics, ASCR, Prague,
Czech Republic (Plachy, 2000)) in IMDM containing 8 % fetal calf
serum, 2 % chicken serum and 1 % penicillin/streptomycin/L-glutamine
solution. The culture conditions of LMH cells (chicken liver hepatocel-
lular carcinoma cell line, ATCC-No. CRL-2117™) were Eagles Minimum
Essential Medium (EMEM) containing 10 % FCS and 1 % PSG solution,
seeding the cells on 0.1 % gelatin-coated plastic surfaces.

2.2. RNA isolation and Rapid amplification of cDNA ends (RACE)

Total RNA was isolated from DT40 cells using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) and further processed following the Invi-
trogenTM GeneRacer™ Kit (Thermo Fisher Scientific, Dreieich, Ger-
many) protocol. SuperScript™ III reverse transcriptase synthesized
cDNA from RACE-ready RNA. A first round of amplification of the cDNA
ends with the GeneRacer™ 5’ primer and the primer GSP1_C-GRP_rev (5’
— CTCCGACTCCCCACAGGTCAGGCTG - 3") was followed by a nested
PCR using the GeneRacer™ 5’ Nested-Primer and the primer GSP2_C-
GRP_rev (5 - GGACGATCAGCCGAGGGAAGTACACATC - 3. The PCR
fragment was isolated from agarose gel according to the instructions of
the GeneRacer™ kit via S.N.A.P.™ columns and cloned into pCR™4-
TOPO™ vector. The vector was commercially sequenced to determine
the TSS. The determined 5-UTR sequence of the C-LGALSL gene, has
been deposited in the Genbank database (accession number:
PQ280748).

2.3. Construction of C-LGALSL promoter-reporter gene vectors

Genomic DNA was extracted from F6 cells, a chicken fibroblast-like
cell line, using the Wizard® Genomic DNA purification kit (Promega,
Walldorf, Germany). Two DNA fragments were necessary to isolate the
promoter sequence of C-LGALSL 2506 bp upstream of the translational
start ATG. The first part (GRP-I) was amplified with the Phusion® po-
lymerase (NEB, Frankfurt am Main, Germany) and the following primer
set: forward, 5 — CTAGGCTAGCGGCAAGAAAGGCAGGGTAATTACACC
— 3" and reverse, 5 — TCGGTGGCGTAAACGACCTTCT - 3. The second
part of the promoter sequence (GRP-II) was isolated by using the GC-
RICH PCR System (Roche, Mannheim, Germany) and the primer set:
forward, 5 — AGAAGGTCGTTTACGCCACCGA - 3’ and reverse, 5 —
GGGAAGTACACATCAGCCTGCAC - 3. Both fragments were subcloned
by TA-cloning into pGEM®-T Easy Vector (Promega). An EcoRI restric-
tion site was introduced in each fragment by PCR amplification with
Phusion® polymerase of both fragments using the primer sets for GRP-I
(forward, 5 — CTAGGCTAGCGGCAAGAAAGGCAGGGTAATTACACC —
3’ and reverse, 5 — TCGGTGGCGTAAACGAATTCCTGGC - 3') and with
the GC-RICH PCR System (Roche) using the primer sets for GRP-II
(forward, 5 — GCCAGGAATTCGTTTACGCCACCGA - 3’ and reverse,
5'- GATCAAGCTTCTTGTGCGAGCGGCGGCGGC - 3') resulting in GRP-I-
EcoRI with an EcoRI site at the 3' end and EcoRI-GRP-II, with an EcoRI
site at the 5 end. The fragments were subcloned in pGEM®-T Easy.
PGEM®-T-Easy-GRP-I-EcoRI was digested with the enzymes Nhel and
EcoRI (all restriction enzymes were purchased from Promega), and
PGEM®-T Easy-EcoRI-GRP-II with EcoRI and HindIll. The obtained
fragments were then cloned into the pGL4 luciferase reporter vector
(Promega) within a three-fragment ligation sample to get the vector
pGL4-C-GRPp(—2480/+26). The deletion fragments were cloned
accordingly. The sequences of the oligonucleotides and their respective
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positions covered are shown in Supplementary Table S1. Commercial
sequencing verified the correct constructs’ nucleotide sequences.

2.4. Mutagenesis of the C-LGALSL promoter

Inserting mutations into the promoter sequence of GRPp(—274/—75)
was done by QuikChange™ site-directed mutagenesis (Wang and Mal-
colm, 1999) with PfuTurbo DNA Polymerase (Agilent, Waldbrunn,
Germany) and the primer sets listed in Supplementary Table S1.

2.5. Construction of transcription factor expression vectors

The coding sequences of the chicken orthologues of transcription
factors (ch)CTCF, (ch)EBF1, (ch)EGR1, (ch)KLF3, (ch)KLF7, and (ch)
SP1 were amplified by PCR from cDNA of DT40 cells using the primer
sets listed in Supplementary Table S1. After digestion of the amplicons
with the appropriate restriction enzymes, they were either subcloned
(chKLF7, chSP1) into the pGEM®-T Easy (Promega) or directly cloned
into the expression vector pcDNATM3.1(+) (Thermo Fisher Scientific).
Constructs were commercially sequenced to verify the inserted
sequences.

2.6. Electroporation of DT40 cells

For electroporation, 3 x 10° cells in 150 pl PBS were transferred to
an ice-cold electroporation cuvette together with 50 ul PBS containing 1
ug of the pGL4-C-GRPp vectors, carrying the different promoter se-
quences (p), 0.5 ug pGL4.74 (Renilla expressing normalization vector),
and 2.5 pg of an empty pGEM®-T Easy plasmid to ensure reaching the 4
ug DNA as carrier DNA. The electroporation conditions were 250 V and
950 pF for about 5 sec using the Gene Pulser® II Electroporation System
(Bio-Rad, Munich, Germany). The probes were cooled on ice for 10 min
and mixed with 700 pl of culture medium. Culture proceeds for 24 h in a
24-well plate mixing 300 pl of electroporated cells with 700 ul of culture
medium.

2.7. Transfection of F6 cells

For luciferase assays, F6 cells were transfected with 500 ng of DNA
using the jetPEI® transfection reagent (VWR, Darmstadt, Germany) in a
ratio of 4 ul of jetPEI® per 1 ug of DNA according to the manufacturer’s
protocol. The cells were grown until they reached 70-80 % confluency.
The transfection mixtures contain 50 ng of pGL4-C-GRPp plasmid, 10 ng
pGL4.74 (Renilla luciferase) for normalization and, for the over-
expression experiments, increasing amounts (range from 0.1 to 100 ng)
of the transcription factor-expressing pcDNA3.1(+) plasmid. Each
mixture was filled up with an empty pGEM®-T Easy vector to reach 500
ng DNA. After transfection, the cells were grown for about 24 h before
further analysis.

2.8. Reportergene assays

Luciferase measurements were carried out using 20 ul of the cell
lysate and following the instructions of the Dual-Luciferase® Reporter
Assay System (Promega). The readout of the signals was obtained by the
plate reader Infinite 200 (Tecan, Crailsheim, Germany) with an inte-
gration time of 5 sec for firefly and Renilla luciferase. The firefly/Renilla
signal ratio was calculated to normalize the signal taking into account
the transfection efficiency.

2.9. Sequence alignment (VISTA/Jalview)

For the sequence alignments, we first searched for sequences highly
similar to the chicken sequence of the 500 bp 5’ upstream of the ATG of
the C-LGALSL gene. We used the Nucleotide BLAST with a focus on
highly similar sequences (megablast) and somewhat similar sequences
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(blastn) from the NCBI website (https://blast.ncbi.nlm.nih.gov/Blast.
cgi). We then applied the 500 bp sequences of the bird species to align
them wusing the mVISTA software (https://genome.lbl.gov/vista/
mvista/submit.shtml) with a probability threshold of 0.5. This soft-
ware enables the visualization of similarities and differences between
DNA sequences of different species. For more detailed alignments aimed
at revealing potential consensus motifs within the examined sequences,
we employed Jalview (https://www.jalview.org/).

2.10. Computational analysis

We used the Matlnspector software (Cartharius et al., 2005) from
Genomatix to find potential transcription factor binding sites. For the
analysis, we set the core similarity value to 1.0, which assures a perfect
match to the core sequence of the binding motif, Matrix similarity was
set to “optimized”. The Matrix Library was version 11.1. Further, we
applied the JASPAR software (https://jaspar.elixir.no) (Castro-Mon-
dragon et al., 2022) with an 80 % threshold.

2.11. HaloCHIP™ procedure

The ¢DNAs for chicken KLF3 and KLF7 were amplified by PCR and
cloned into the pHTN vector (Promega), resulting in pHTN-chKLF3 or
—chKLF7. The vector encodes for the Halo-Tag, and cloning into this
vector leads to a fusion protein with an N-terminal Halo-Tag (33 kDa).
F6 cells were transfected within a 6-well plate using 1.5 pg of these
vectors and 6 pl of jetPEI transfection reagent. After 24 h at 37 °C and 5
% CO», cross-linking was performed using IMDM containing formalde-
hyde at a final concentration of 1 %. After incubation for 10 min at room
temperature, the reaction was quenched by adding 1.25 M glycine (pH
7.0) to a final concentration of 125 mM within medium, which caused a
yellow color. After washing the cells with PBS, scraping off, centrifu-
gation (2.000g, 5 min, 4 °C), and freezing the pellets at —80 °C for
further processing, we followed the steps according to the manufac-
turer’s protocol (HaloCHIP™ System, Promega).

2.12. RNA isolation, cDNA synthesis and quantitative PCR

The RNA was isolated using the RNeasy miniprep kit (Qiagen)
following the instruction manual. For cDNA synthesis, 2 pg of total RNA
was reverse transcribed applying the GoScript™ Reverse Transcriptase
System (Promega) with the Oligo(dT)-Primer.

For quantitative PCR, we used 10 ul of LUNA® Universal qPCR
Master Mix (NEB) in a 20 ul sample and the CFX Duet Real-Time PCR
System (Bio-Rad). The data were analysed using the Bio-Rad CFX
Maestro software and the Pfaffl method (Pfaffl, 2001).

2.13. Statistical procedures

The statistical analyses were carried out with GraphPad Prism soft-
ware version 10.0.2 (GraphPad Software, Boston, MA, USA) using the
non-parametric Kruskal-Wallis and Dunn’s multiple comparisons test.
Results were statistically significant at *p < 0.05, **p < 0.01, and ***p
< 0.001.

3. Results

3.1. Experimental determination of the transcription start site (TSS) for
the C-LGALSL gene

To analyze the promoter region, we started by determining the TSS
of the C-LGALSL gene. RNA from chicken DT40 cells was isolated and
used for a 5-UTR RACE, as described in the material and methods sec-
tion. We analyzed three clones, all revealing the same TSS, located 26 bp
upstream of the translation start codon (Fig. 1). C-LGALSL has a TATA-
less promoter since the upstream sequence does not contain a TATA box
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Fig. 1. Proximal promoter sequence of chicken C-LGALSL gene. The scheme shows the nucleotide sequence —274 bp/+26 bp 5' upstream of the translational start
ATG (not shown) of the C-LGALSL gene relative to the transcription start site (+1; black arrow). The sequence from —274 to —75 is marked in bold letters and
represents the conserved region among bird species. This region is used to analyze the effects of the KLFs in reporter assays, repetitive sequence motifs are shown in
grey boxes, and potential binding motifs for transcription factors KLF3 and KLF7 are underlined.

motif. The region of —500 bp relative to the TSS has a GC content of 82
%, while the sequence extension to —2500 bp still has a GC content of
around 60 %.

3.2. Deletion analysis of the C-LGALSL promoter region

We cloned the genomic sequence upstream of the C-LGALSL gene,
located between —2480 and +26 positions related to the determined
TSS, into the promoter-less luciferase reporter vector pGL4.20 to
generate the pGL4-C-GRPp(—2480/+26) reporter plasmid. The B cell
lymphoma cell line DT40 (Kaltner et al., 2016) was used in initial
transfection experiments to explore the promoter activity of C-LGALSL
gene. The cloned region increased luciferase activity by 56-fold,
compared to the promoter-less pGL4.20 vector (Basic, Fig. 2A). Dele-
tion constructs made by successive shortening of the C-LGALSL 5'-
sequence led to higher activation levels: 82-fold for pGL4-C-GRPp
(—1473/+26), 153-fold for pGL4-C-GRPp(—477/+26), 153-fold for
PGL4-C-GRPp(—374/+26), and 216-fold for pGL4-C-GRPp(—274/+26).
Thus, we delineated a C-LGALSL promoter region (—274/+26) that is
likely to contain the positive regulatory elements responsible for the
constitutive activity. Shortening of the 5 sequence region to pGL4-C-
GRPp(—174/+26) or pGL4-C-GRPp(—74/+26) decreased the activity to
79-fold and 8.8-fold, respectively (Fig. 2A). These reduced activities
indicate the loss of transcription factor binding sites in the deletion
variants possibly involved in promoter activation. We also tested these
promoter activities in other chicken cell lines for comparison. We
transfected the fibroblast-like cell line F6 and the chicken hepatocellular
carcinoma epithelial cell line LMH with the same constructs as in the
DT40 cells. Similar to the DT40 cell line measurements, we observed
promoter activity, with a maximum activity of up to 600-fold in the F6
cells and 50-fold in LMH cells (Supplementary Fig. S1). Also, in these cell
lines, the activity decreased from —274/+26 to —174/+26 and was
lowest at —74/+26.

For further characterization of the —274/+26 sequence, we gener-
ated additional variants. We started by deleting the —74/+26 sequence,
as this sequence alone did show the lowest promoter activity out of all
analyzed promoter sequences in our assays. We wanted to examine, how
the deletion of this area affects the overall promoter activity. The
resulting construct pGL4-C-GRPp(—274/—75) still reached a luciferase
activity of 72-fold compared to the reference, cells transfected with the

promoter-less-vector pGL4.20. For a better comparison, we again
included the constructs for —274/+26 (118-fold), —174/+26 (49-fold),
and —74/4-26 (5-fold). The activities in this second series of measure-
ments showed lower values compared to the promoter-less-vector
(Basic) than in Fig. 2A. The relative activity to the —274/+26
sequence was 36 % (Fig. 2A) and 38 % (Fig. 2B) for —174/+26, and
—74/+26 showed a relative activity of 4 % in both cases (Fig. 2A and
2B). These evaluations indicate that while the absolute values differed,
the relative changes remained consistent.

When we further deleted the sequence in 20 bp increments from
—274/—75 up to —174/—75, we observed a trend towards decreased
luciferase activity with each deletion. Although these changes were not
statistically significant, they suggest the potential importance of this
sequence region (Fig. 2B). When measuring the activity of —274/—-175
and comparing it to —174/—75, both fragments still show promoter
activity, which indicates the importance of both sequence regions.
Lastly, constructs carrying the sequences for —274/—151 and —274/
—116 showed increased activity compared to —274/—175, underlining
that this sequence is critical for regulatory activity. These data demon-
strate that the analyzed sequence —274/—75 is highly significant in
mediating gene expression. Consequently, we proceeded with further
analyses focusing on this selected region.

3.3. LGALSL promoter region contains highly conserved sequence
stretches in bird species

To address the question of whether a conserved sequence among
different bird species exists, we aligned 500 bp upstream of the trans-
lation start of the LGALSL gene from other bird species with the
respective sequence of the C-LGALSL gene. First, we searched for se-
quences related to the 5' region of the C-LGALSL gene using the Basic
Local Alignment Search Tool (BLAST) for nucleotide sequences (https://
blast.ncbi.nlm.nih.gov/Blast.cgi).

As a result, we got 11 closely related sequences from bird species
using the megablast and 103 sequences for the blastn algorithm, rep-
resenting more distant bird species. We chose four sequences from each
algorithm, to compare the conservation level between closely related
and more distant species. This comparison included the sequences for
the helmeted guineafowl (Numida meleagris, Gene ID: 110395439),
japanese quail (Coturnix japonica, Gene ID: 107310673), common


https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi

H. Kaltner et al.

A

base pairs relative to

Gene 933 (2025) 148972

2480 transcription start site (TSS) +26
l ) (-2480/+26)
( ) (-1473/+26) o
— (-477/+26) i
— (-374/+26)— —1—
— (-274/+26) e
— (-1 74/+26)— H—| *%
O (-74/+26)}
T T 1
Q \QQ @Q %QQ
activity (x fold Basic)
B
base pairs relative to
transcription start site (TSS)
-274 -75 +26
l
| | (-274/+26) B - -

( | (-174/+26) - —— *k

C————————— (-741+26) b

| ) (-274/-75) -

| ) (-254/-75) -

| ) (-234/-75) -
| ) (-2141-75) 40 HH

| ) (-194/-75) I —

————— (-1741-75) —

—— (-2741-175) - —
( ) (-274/-151) - T

| ) (-2741-116) -

\) O \)
4 S RS

activity (x fold Basic)

Fig. 2. Promoter activity of serial deletion variants of chicken C-LGALSL gene in DT40 cells. The promoter activity of deletion mutants shows an x-fold increase

compared to cells transfected with the promoter-less vector pGL4.20 (Basic). The left bars symbo

lize the deletion variants drawn to scale relative to the cloned C-

LGALSL genomic region (—2480/+-26). On the right, the luciferase activities of the cloned C-LGALSL genomic region (—2480/+26) and the deletion variants relative
to Basic are shown. A) Luciferase activities for 5' deletions of the cloned C-LGALSL genomic region (—2480/+26). B) Luciferase activities for shorter 5’ and 3’ deletion
variants in the area of (—274/—75) lacking —74 to +26. These variants are compared to (—274/+26), (—174/+426) and (—74/+26) deletion variants. Results show

mean + SD of three independent experiments performed in triplicates. *p < 0.05, **p < 0.01.
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pheasant (Phasanius colchicus, Gene ID: 116232784), ruddy duck (Oxy-
ura jamaicensis, Gene ID: 118163391), small tree-finch (Camarhynchus
parvulus, Gene ID: 115902578), wire-tailed manakin (Pipra filicauda,
Gene ID: 113982984), brown-headed cowbird (Molothrus ater, Gene ID:
118684852) and new caledonian crow (Corvus moneduloides, Gene ID:
116441524). We aligned these eight bird sequences and the human
sequence as a reference for mammals and compared them to the Gallus
gallus domesticus (chicken) sequence (Supplementary Fig. S2). We found
that related birds, e.g. from the order Galliformes, family Phasianidae like
helmeted guineafowl, japanese quail, and common pheasant showed a
very high similarity throughout the whole sequence. The sequences of
taxonomically more distant avian species, small tree-finch, wire-tailed
manakin, brown-headed cowbird, and new caledonian crow, belonging
to the order Passeriformes, and ruddy duck belonging to the order
Anseriformes, exhibited a reduced overall similarity. An exceptional
conserved region between 50 and 300 bp upstream of the start ATG, is
the stretch from —24 to —274 relative to the TSS of C-LGALSL gene
covering the sequence region responsible for the activation potential in
our assays. When analyzing the sequences in more detail, we found that
several sequence areas have a high grade of conservation (>80 %)
throughout the species (Supplementary Fig. S2 and S3). The respective
500 bp region of the human sequence also shows conservation, but to a
lesser extent (<50 %) compared to the highly conserved regions
observed in bird sequences.

3.4. Mutational analysis of sequence motifs within the promoter region

Next, we examined the sequence region —274/—75 in more detail.
We noticed a six bp sequence motif that appeared seven times within this
area (Fig. 1, grey boxes). This 5'-(G/T)CCCC(G/T)-3' motifs are at po-
sitions —254/-249 (QC1), —219/-214 (QC2), —202/-197 (QC3),
—190/-185 (QC4), —177/-172 (QC5), —170/—165 (QC6) and —140/
—135 (QC7) (Fig. 3A). We used site-directed mutagenesis to exchange
the first and last two bp of each motif and to investigate the effect of
these mutations on the promoter activity. Performing in silico analyses,
we found that these regions refer to potential binding sites for tran-
scription factors such as KLF3 and KLF7 (Fig. 3B). Reporter assays from
lysed DT4O0 cells transfected with luciferase reporter vectors carrying the
modified promoter fragments revealed that the activities of the variants
QC2, QC4, and QC7 are lower compared to the wild-type, albeit not
statistically significant (Fig. 3C). When analyzing the Jalview alignment
(Supplementary Fig. S3), the areas for QC2, QC3, QC4, and QC7 are
highly conserved within the analyzed bird species. We tested double and
triple versions of the mutants in further experiments to investigate
combinatorial effects. The double mutants, QC2/4 and QC4/7, showed
further reduced activities, while QC2/7 showed an activity level com-
parable to that of the single mutants QC2, QC4, and QC7. The triple
mutant QC2/4/7 lowered the activity by about 90 %, statistically sig-
nificant, indicating a potentially involved combinatorial effect by these
three sequence motifs. The results of the mutants’ experiments raise the
question of whether KLF3 and KLF7 or also other transcription factors
could be involved in activating the C-LGALSL promoter.

3.5. chKLF3 and chKLF7 affect the activity of the —274/—75 promoter
fragment of C-LGALSL

To answer this question, we analyzed in depth the in silico data and
found that the transcription factors chCTCF, chEBF1, chEGR1, chKLF3,
chKLF7, and chSP1 can all potentially bind within the —274/—75 pro-
moter region at the 5-(G/T)CCCC(G/T)-3' motif. To test if these candi-
dates can alter promoter activity, we cloned the cDNA of each candidate
into the expression vector pcDNA3.1(+) and transfected F6 cells in
parallel with 30 ng of these overexpression plasmids and the reporter
gene vector pGL4.20 carrying the —274/—75 promoter of C-LGALSL.
The expression of chCTCF, chEBF1, chEGR1, and chSP1 did not show
any noticeable effect on the promoter activity, while chKLF3 reduced
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the promoter activity to 60 %. In comparison, chKLF7 expression
increased it to 158 % within the cells (Fig. 4A), although not statistically
significant. Different amounts of the transcription factor-expressing
vectors were titrated to validate further the association between the
factors and the putative regulatory element. These titration experiments
allowed us to determine an apparent correlation between increasing
amounts of chKLF3/chKLF7-expressing vector and luciferase activity by
decreasing or increasing the promoter activity (Fig. 4B), statistically
significant in both cases when using 100 ng of the TF-expressing
plasmid. The areas for potential binding motifs for the KLFs are shown
in the promoter sequence in Fig. 1.

3.6. chKLF3 and chKLF7 do not show binding to C-LGALSL promoter
sequence

To analyze the binding capability to the TFBS within the promoter
sequence —274/—75, we carried out a HaloCHIP™ Assay. The cDNA
sequence for chKLF3 and chKLF7 were fused to the HaloTag® to
generate fusion proteins. We expressed those within chicken F6 cells and
cross-linked them to the genomic DNA. Following the lysis and shearing
of the genomic DNA by sonication, we used the received DNA samples as
a template for real-time PCR. As a positive control, we used primers on
the ChIP samples to detect an area of the chicken GATA3 enhancer
element interacting with chKLF7 (Sun et al., 2020). Within this control
sample, we found an enrichment of the chicken GATA3 enhancer
element with both transcription factors used, proving that the experi-
mental setup is functional. We were not able to show an enrichment of
the C-LGALSL promoter region —243/—126, the area where the TFBS for
the chKLFs were suspected to be located, with either chKLF3 or chKLF7
(Supplementary Fig. S4).

4. Discussion

Besides the phylogenetic analysis, the critical criterion for classifi-
cation as galectin-related is the three-dimensional arrangement: GRP
forms the typical jelly-roll motif of galectins due to the CRD’s p-sand-
wich fold. Compared to other members of the galectin protein family
with a canonical sequence signature, C-GRP has no sugar-binding abil-
ities due to the exchange of four of the seven amino acids forming the
sequence signature to bind the primary glycan motif N-acetyllactos-
amine. Studies show that sequence segments outside the CRD are also
responsible for intracellular protein interactions (Eckardt et al., 2020;
Sanjurjo et al., 2022; Mayo, 2023), from which one could conclude that
intracellular functional CRDs are not necessary for available in-
teractions. On the other hand, due to the pairings of functional canonical
CRDs with glycan or protein ligands (Liu and Stowell, 2023), galectins
are involved in countless biological processes (Troncoso et al., 2023). A
severe dilemma lies in the non-canonical CRD sequence signature of the
GRP receptor: validated ligands, neither glycans nor proteins, are un-
known. Thus, if the post-binding effects triggered by affine receptor-
ligand pairings are unavailable, they cannot indicate functional GRP
roles. How can functionality in this particular case be studied? The
appearance of the LGALSL gene on different screens does not suggest
functionality per se. One possible reasonable experimental approach,
recognizing TFBS in the proximal promoter segment by TFs and
modulating gene expression, could provide information about func-
tional pathways in which the gene of interest is involved (Xu et al.,
2022). Accordingly, we investigated by deletion constructs the 5'- pro-
moter region 2500 bp upstream the start ATG (including the sequence
downstream the TSS) of the C-LGALSL gene to identify relevant TFBS
and validate the corresponding TFs’ binding. The construct carrying the
—274/+26 region of the C-LGALSL gene had the highest luciferase ac-
tivity. When analyzing sequence stretches beyond this region, lower
activities indicate repressing motifs, especially between the positions
—275 to —374 and —478 to —1473. The importance of the —274/+26
proximal promoter region can be seen from the fact that the activity
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Fig. 3. Analysis of sequence mutants within the (—274/—75) promoter region of C-LGALSL gene in DT4O0 cells. A set of repetitive sequence motifs was detected and
mutated to analyze its effect on promoter activity. A) The seven QuikChangeTM (QQ) positions containing the 5-(G/T)CCCC(G/T)-3' motifs are shown with their
explicit position within the promoter region in brackets. Mutated bases are shown in small letters. B) Consensus motifs for transcription factors KLF3 (Matrix ID:
MA1516.1) and KLF7 (Matrix ID: MA1959.1) from the JASPAR website. C) Luciferase activity of single and combined promoter QC mutants. The black-filled circles
indicate the relative position of the respective mutation in the bars symbolizing the (—274/-75) on the left. On the right, the promoter activity is shown as x-fold
activity compared to cells transfected with the pGL4.20 (Basic) vector. Results show mean + SD of three independent experiments performed in triplicates. *p < 0.05.
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Fig. 4. Impact of transcription factors on the activity of the (—274/—75) promoter region of C-LGALSL gene. A) Luciferase activities in F6 cells transfected with 30 ng
pcDNA3.1(+) plasmids containing the respective coding sequences for chicken CTCF, EBF1, EGR1, KLF3, KLF7 or SP1. Relative activity is shown as the percentage
compared to mock transfection (empty pcDNA3.1). B) Luciferase activities after administration of increasing amounts of pcDNA3.1(+)-KLF3 (left) or pcDNA3.1
(+)-KLF7 vector (right). The promoter activity of GRP(—274/—75) is measured by luciferase assay as a percentage, whereas the promoter shows 100 % activity
without any additional transcription factor. Results show mean + SD of three independent experiments performed in triplicates. *p < 0.05, **p < 0.01.

decreases with every shortening of the sequence. Alignments with
orthologous sequences from genomes of different bird species showed
that part of this region is well-conserved (—24 to —274). It is worth
mentioning that analyzing the Gallus gallus reference sequence
(NC_052534.1), there is an additional 9 bp after the TSS resulting from a
shot-gun sequencing. In detail, it is 8 ‘CGC’ triplets, whereas our
sequence or the sequences from Numida, Coturnix, and Phasianus contain
5 triplets (Supplementary Fig. S5). It could be due to individual vari-
ability of sequence stretches. We focused on examining a narrowed area,
and in silico analysis indicates transcription factors that have the po-
tential to bind the region of —274/—75. We decided to focus on that 200
bp area, as the —174/—75 and the —274/—175 regions alone have
activation potential on their own, whereas —74/+26 did not. However,
for maximum activity, —74/+26 also plays an important role, as —274/
+26 still has higher activity than the —274/—75 region, an issue that
needs to be considered in future studies. For this study, we examined the
—274/-75 region and selected a set of transcription factors that can
bind to a repetitive motif in this region, which is 5-(G/T)CCCC(G/T)- 3’
and investigated their potential to activate the reporter gene expression.
As a result, chKLF3 represses, and chKLF7 enhances promoter activity
and potentially takes part in the regulating of C-LGALSL, whereas other
selected and tested factors do not influence the activity.

As outlined in recent reviews, Kriippel-like factors possess three
conserved zinc finger DNA binding domains and play essential roles in
various physiological processes and diseases (Pollak et al., 2018; Yuce
and Ozkan, 2024). KLF3 is a known transcriptional repressor that in-
teracts with C-terminal Binding Protein 1 and 2 (CtBP1, CtBP2) as a co-
repressor (Turner and Crossley, 1998). It is involved in processes of B

cell development (Vu et al., 2011) and plays an essential role in eryth-
ropoiesis (Funnell et al., 2012). Furthermore, KLF3 is known to directly
target the promoter of the LGALS3 gene to repress the expression of
hGal-3 (Knights et al., 2016). In this case, KLF3 is counterplayed by the
EKLF/KLF1 transcription factor, which might balance the positive/
negative regulation of hGal-3 expression (Funnell et al., 2012). This
finding results from the similar DNA-binding preferences by KLF, which
mainly involve CACCC boxes. We proved that chKLF3 and chKLF7 can
also regulate the promoter of C-LGALS3 gene (chicken galectin-3, CG-3).
As with the C-LGALSL gene promoter, chKLF3 represses the promoter
activity, and chKLF7 activates the promoter of the C-LGALS3 gene
(Supplementary Fig. S6). This observation suggests these transcription
factors may be part of a shared regulatory network. KLF7 is widely
expressed in the central nervous system (Laub et al., 2005; Bhattarai
et al., 2016) and can support axon regeneration (Veldman et al., 2007;
Blackmore et al., 2012) and also has an impact on osteoporosis (Chen
et al., 2022). KLF7 interacts with KLF4 for axon growth, with KLF7
promoting growth and KLF4 suppressing it (Moore et al., 2009). These
two examples from the literature show that KLF factors can act together
to fine-tune gene regulation. Interestingly, in our experimental
approach, we observed that repression and activation of the C-LGALSL
promoter approximately balanced each other after simultaneous trans-
fection of pcDNA3.1(+)-chKLF7/-chKLF3 plasmids for overexpression
(data not shown). In this study, we could not verify whether chKLF3 and
chKLF7 can bind to the promoter region of C-LGALSL, so we cannot
determine whether these factors might bind to the same motif within the
sequence. We can exclude a technical issue as the positive control was
working, showing chKLF7 binds to the enhancer element of GATA3 (Sun
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et al., 2020). Possibly, the potential binding motifs for chKLF3/chKLF7
are blocked in vivo by DNA methylation or histone hypo-acetylation/
methylation events in F6 cells and are inaccessible to the chKLFs. One
cannot rule out CtBP acting as a co-repressor in the case of chKLF3.
Knights et al. (2016) reported a 2.5-fold repression of hGal-3 promoter
activity under a KLF3 mutant without CtBP association. In contrast,
KLF3 wild type (with CtBP interaction) showed a 4-fold repression. This
finding means that the repression of promoter activity depends partially
on the co-repressor CtBP in the case of human LGALS3. On the contrary,
KLF12 binds directly to the human LGALSI (galectin-1) promoter,
resulting in downregulated expression of hGal-1 and promoting CD8" T
cell infiltration, contributing to an immune active tumor microenvi-
ronment. The findings of this study showed that promoter regulation of
the galectin-1’s gene (LGALSL1) by KLF12 strongly impacts the galectin-
1 protein’s involvement in specific functional pathways (Zheng et al.,
2023).

In summary, we determined the C-LGALSL gene’s proximal promoter
region and enclosed the critical sequence area to —274/—75 related to
the TSS. Further, we could show that chKLF3 and chKLF7 both influence
the activity of the promoter in a dose-dependent manner. This study is
the first to investigate the gene (LGALSL) regulation of a galectin-related
protein, which occurs in the genome of 280 vertebrate species (Ensembl,
release 112, May 2024). The TFs chKLF3 and chKLF7 are candidates
involved in transcriptional regulation of C-LGALSL, although their mode
influencing C-GRP’s gene expression needs to be clarified.
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