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Abstract. β1,4-Galactosylransferases are a family of enzymes 
encoded by seven B4GALT genes and are involved in the 
development of anticancer drug resistance and metastasis. 
Among these genes, the B4GALT1 shows significant variations 
in the transcript origination sites in different cell types/tissues 
and encodes an interesting dually partitioning β-1, 4-galacto-
syltransferase protein. We identified at 5'-end of B4GALT1 a 
1.454 kb sequence forming a transcription regulatory region, 
referred to by us as the TR1-PE1, had all characteristics of a 
bidirectional promoter directing the transcription of B4GALT1 
in a divergent manner along with its long non-coding RNA 
(lncRNA) antisense counterpart B4GALT1-AS1. The TR1-PE1 
showed unique dinucleotide base-stacking energy values 
specific to transcription factor binding sites (TFBSs), INR and 
BRE, and harbored CpG Island (CGI) that showed GC skew 
with potential for R-loop formation at the transcription starting 
sites (TSSs). The 5'-regulatory axis of B4GALT1 also included 
five more novel TFBSs for CTCF, GLI1, TCF7L2, GATA3 
and SOX5, in addition to unique (TG)18 repeats in conjunc-
tion with 22 nucleotide TG-associated sequence (TGAS). The 
five lncRNA B4GALT1-AS1 transcripts showed significant 
complementarity with B4GALT1 mRNA. In contrast, the rest 
of B4GALT genes showed fewer lncRNAs, and all lacked the 
(TG)18 and TGAS. Our results are strongly supported by the 
FANTOM5 study which showed tissue-specific variations in 
transcript origination sites for this gene. We suggest that the 
unique expression patterns for the B4GALT1 in normal and 
malignant tissues are controlled by a differential usage of 

5'-B4GALT1 regulatory units along with a post-transcriptional 
regulation by the antisense RNA, which in turn govern the 
cell-matrix interactions, neoplastic progression, anticancer 
drug sensitivity, and could be utilized in personalized therapy.

Introduction

The enzymatic glycosylation of proteins and lipids is a 
fundamental process in biology. β1, 4-Galactosylransferases 
are a family of enzymes that catalyze the formation of 
β4-N-acetyllactosamine linkages in extracellular matrices 
by transferring the UDP-bound galactose to terminal 
N-acetylglucosamines in carbohydrate chains (1,2). At least 
7 members of this family (Gal T1 to Gal T7) have been 
characterized, reflecting the redundancy and a fine regulation 
of the glycoforms synthesized by these enzymes in specific 
cell-cell and cell-matrix adhesions. Of these, B4GALT1 is the 
most studied and its cDNA was first cloned in 1986 (3); since 
then, it has served as a prototype for characterization of 
several galatosyltrasferases across the mammalian species (4). 
The B4GALT1 gene generates two types of protein isoforms 
termed the long (399 amino acids) and short (386 amino 
acids). The two isoforms are type II membrane-bound glyco-
proteins and reside in Golgi apparatus and a portion of the 
longer protein functions on the cell surface as a recognition 
molecule by binding with appropriate glycoside substrates 
(5). Consequently, the B4GALT1 plays important roles in 
numerous physiological and pathological processes such as 
inflammation, sperm-egg interaction, embryogenesis, and 
morphogenesis, development of the central nervous system, 
cell migration, cancer progression and metastasis (6-8).

Although considered mainly as a housekeeping gene, a 
large number of studies have shown a differential expression of 
B4GALT1 in mammary gland, brain and other normal tissues 
such as the cartilage (7,9,10). On the other hand, this gene has 
been highly implicated in oncogenesis and tumor progres-
sion (6,11-13). Leukemia, melanoma and cancers of the breast, 
lung, ovary, liver, prostate and their metastatic counterparts 
have been shown to possess elevated levels of expression and 
cell-surface B4GALT1 (11,12,14). Thus, its expression levels 
may alter the distribution and profile of cancer antigens. Also, 
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in a nude mouse model, the number of peritoneal dissemina-
tion foci of the antisense B4GALT1-transfected ovarian tumor 
cells was smaller than that of the control cells, suggesting the 
involvement of this enzyme in the invasive and metastatic 
ovarian cancer (15). Furthermore, B4GALT1 has been strongly 
linked with multidrug resistance (8,16), tumor sensitivity 
to cisplatin (17,18) and promotion of cell death signaling 
pathways (19). Additionally, the gene undergoes promoter 
methylation in several cancer types and consequent silencing 
of the gene (13,20,21).

Little information is available on the regulation of B4GALT1 
transcription and the involvement of regulatory elements in the 
process. A single promoter is believed to mediate the varied 
and tissue-specific expression of the B4GALT1 (6,13,20,21). 
However, a recent landmark analysis of promoters called 
the FANTOM5 (functional annotation of the mammalian 
genome 5) chose the B4GALT1 as a representative gene and 
showed significant variations in the transcript origination 
sites in different cell types and patient specimens (22). They 
reported a B4GALT1 promoter at 5' end and observed 266 bp 
CGI associated with B4GALT1 transcription. Encouraged by 
these observations, we undertook a systematic study to char-
acterize the alternative promoters of B4GALT1. In the present 
study, we report the characteristics of the B4GALT1 alternative 
promoters and molecular features of the 5' regulatory region 
of the gene, which revealed multiple regulatory sequences, 
composed of 1.454 kb and its association with the long non-
coding RNA gene, B4GALT1-AS1. Given the redundant and 
compensatory roles of β1, 4-galactosylransferases in glycan 
synthesis and extracellular matrix interactions (1), we also 
screened and compared the regulatory elements in other genes 
of the B4GALT family and compared them with the prototype 
B4GALT1.

Materials and methods

Genomic databases. The genomic criteria and alternative 
promoters of the divergent loci, B4GALT1 and B4GALT1-AS1 
and the other B4GALT genes were searched during 
January-December 2014 in seven genomics databases, NCBI-
GenBank, Transcriptional Regulatory Element Database 
(TRED), Mammalian Promoter/Enhancer Database (PEDB), 
Eukaryotic promoter database (EPD), Mammalian Promoter 
Database (MPromDb), Ensembl and UCSC Genome Browser.  
Several tools in the databases were used to retrieve the 
sequences, identify the strand (forward or reverse), flip the 
strand and in search for a specific sequence. NCBI-dbSNP was 
used to search for SNPs in the B4GALT1 regulatory region.

Verification of map locations. The precise genomic map loca-
tions of the identified sequences of the B4GALT1 alternative 
promoters were verified and updated to hg38 by using the 
BLAT tool, Gene Sorter and Table Browser tools of UCSC 
Genome Bioinformatics database.

Search for regulatory elements in the alternative promoters. 
The identified sequences of the B4GALT1 alternative promoters 
were analyzed for TFBSs, namely, TATA-8 (TATAWAWR) 
and TATA-532 (HWHWWWWR, excluding: HTYTTTWR, 
CAYTTTWR, MAMAAAAR and CTYAAAAR), INR 

(YYANWYY), CCAAT and its inverted sequence TAACC, 
BRE (SSRCGCC), and DPE (RGWCGTG) binding sites 
(23-26). The TG tandem repeats were identified by Blat and 
Blast tools.  Identification of CGIs in alternative promoters 
was searched at 100-bp window (N=100) moving across the 
sequence at 1-bp intervals, parameter sets used to search for 
CGIs in the alternative promoters: Observed/Expected CpG 
≥0.6 and %G+C >55% (27,28). The ratio Observed/Expected 
(O/E) CpG was calculated according to the equation reported 
by Gardiner-Garden and Frommer (27).

Structural features of TR1-PE1 regulatory sequence. The 
dinucleotide base-stacking energy values were derived from 
values of dinucleotide base-stacking energy provided by 
Ornstein et al (29). According to the scale, which is in kcal/mol, 
the range of values from -3.82 kcal/mol (unstack easily) to 
-14.59 kcal/mol (difficult to unstack), thus, the obtained values 
show the relative dissociation stability of the double helix 
structure. Whereas, GC skew is calculated as [(G-C)/(G+C)], 
where C and G denote the numbers of cytosine and guanine 
(30,31). GC skew is useful for predicting the R loop formation 
and the origin and terminus of replication. Programs written 
in R were used to analyze the sequences and to plot the data 
of dinucleotide base-stacking energy values (Kcal/mol/dimer) 
and GC skew along the length of the TR1-PE1 sequence.

Blast tree map tool. NCBI standard nucleotide BLAST tool was 
used to search by pairwise alignments for similar sequences to 
the regulatory sequences identified in the study. The distance 
tree of the obtained pairwise comparisons was produced to 
show evolutionary relatedness of regulatory sequences among 
species.

Statistical analysis. The regulatory sequences were analyzed 
and achieved using Excel software and programs written in 
R. The independence of each promoter element was examined 
using Fisher's exact probability test.

Results

Promoters and antisense lncRNA loci of B4GALT family 
members. Search in the databases showed that the expression 
of the seven genes of the B4GALT family is controlled by 
alternative promoters. The numbers of identified alternative 
promoters for each gene varied from nine to sixteen and were 
located on six chromosomes (Table I). In addition, antisense 
lncRNA divergent loci were identified for four B4GALT genes, 
namely; B4GALT1, B4GALT4, B4GALT6 and B4GALT7 
(Table II). Data search showed five species of antisense 
lncRNA transcripts for B4GALT1. In contrast, the three other 
B4GALT genes, B4GALT4, B4GALT6 and B4GALT7 were 
each associated with a single lncRNA transcript. These obser-
vations encouraged us to perform a comprehensive search of 
the regulatory regions of B4GALT1 locus and characterize 
the functional elements and structural features controlling the 
transcription of this gene.

Genomic context of B4GALT1 alternative promoters. The 
human B4GALT1 (uc003zsg.2) is located on the negative 
strand of the short arm of chromosome 9: 33110641-33167358 
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at 9p13 and was found to be divergently paired head to 
head with B4GALT1-AS1 (uc033cop.1). B4GALT1 has been 
assumed to harbor a single promoter of 500 bp (6,13,20). 
In this context, we were, however, surprised to find a large 
number of alternative promoters for B4GALT1. Our rigorous 
analysis revealed a total of thirteen alternative promoters for 
B4GALT1, although many of them were overlapping with 
TR1, HP2 and HP3 sequences (Table III and Fig. 1). The 
map location of HP1 (chr9: 33103518-33104577) indicated 
it is located outside of the B4GALT1 locus, whereas three 
other promoters, HP2 (chr9: 33124856-33126364), HP3 (chr9: 
33156756-33158354), and ES1 (chr9: 33128098-33128697) 
were found located within the space of B4GALT1 locus. 
HP4 (chr9: 33125681-33126181) and HP5 (chr9: 33157101-
33157692) sequences were located within HP2 and HP3 
sequences, respectively. Our analysis also showed that one 
third of TR2 sequence (chr9: 3110342-33111341) was located 
outside the 3' end of the gene locus. Whereas, CP1, EP1, ES2 

and ES3 were located within the vicinity of TR1 sequence 
(Table III) and this was verified by sequence alignment 
analyses (data not shown). Furthermore, approximately half 
(458 bp) of TR1 sequence (chr9: 33166901-33167900) was 
located inside B4GALT1 locus at 5' side and 42 bp overlapped 
the sequence at 3' side of B4GALT1-AS1 reverse complement 
(chr9: 33167859-33179983), the remaining of TR1 sequence, 
500 bp, is the space between the two divergent genes B4GALT1 
and B4GALT1-AS1 (Fig. 2). Furthermore, we observed five 
nucleotides at the 3' side of PE1 (chr9: 33167354-33168354) 
overlapped with the B4GALT1 sequence at the 5' end and 
more than half of PE1 sequence overlapped TR1 sequence 
outside the 5' side of B4GALT1 (Fig. 2). The outcome of map 
location analysis of the six overlapping alternative promoter 
sequences (TR1, CP1, EP1, ES2, ES3 and PE1) at 5'-end of 
B4GALT1 revealed the presence of a complex regulatory 
unit, which we designated TR1-PE1 and is located at chr9: 
33166901-33168354.

Table I. Map locations and number of promoters of seven B4GALT genes.

B4GALT genes GenBank ID Map location Promoters

B4GALT1 2683 chr9: 33,104,08233,167,356 Reverse strand 13
B4GALT2 8704 chr1: 43,978,94343,991,170 Forward strand 16
B4GALT3 8703 chr1: 161,171,310161,177,968 Reverse strand 11
B4GALT4 8702 chr3: 119,211,732119,241,103 Reverse strand 11
B4GALT5 9334 chr20: 49,632,94549,713,878 Reverse strand 11
B4GALT6 9331 chr18: 31,622,24731,685,836 Reverse strand 9
B4GALT7 11285 chr5: 177,600,100177,610,347 Forward strand 9

Table II. Genomic contexts of B4GALT1-AS1, B4GALT4-AS1, B4GALT6-AS1 and B4GALT7-AS1 transcripts.

B4GALT  B4GALT  Locus space  Length
genes Location antisense Location (bp) Transcript ID (bp)

B4GALT1 Chr9: 33110641-33167358 B4GALT1-AS1 Chr9: 33166946-33179981 13036 NR_108110.1 808
 Reverse strand  Forward strand

B4GALT1 Chr9: 33110641-33167358 B4GALT1-AS1 Chr9: 33166946-33179981 13036 NR_108109.1 932
 Reverse strand  Forward strand

B4GALT1 Chr9: 33110641-33167358 B4GALT1-AS1 Chr9: 33167857-33179981 12125 NR_108108.1 1185
 Reverse strand  Forward strand

B4GALT1 Chr9: 33,104,082-33,167,356 B4GALT1-AS1 Chr9: 33166975-33179710 12736 ENST00000426270 508
 Reverse strand  Forward strand

B4GALT1 Chr9: 33104082-33167356 B4GALT1-AS1 Chr9: 33166975-33179983 13009 ENST00000442432 843
 Reverse strand  Forward strand

B4GALT4 Chr3: 119211732-119241103 B4GALT4-AS Chr3: 119226486-119290666 64181 ENST00000470790 544
 Reverse strand  Forward strand

B4GALT6 Chr18: 31622247-31685836 B4GALT6-AS Chr18: 31685655-31686823 1169 ENSG00000259985 1169
 Reverse strand  Forward strand

B4GALT7 Chr5: 177600100-177610347 B4GALT7-AS Chr5: 177611253-177619754 8502 ENST00000499900 1751
 Forward strand  Forward strand

The data were mined from NCBI-Gene, NCBI-Nucleotide, UCSC and Ensembl databases.
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Molecular and structural characteristics of the TR1-PE1. 
Alternative promoters of B4GALT1 could be divided into two 
groups according to %G+C and Observed/Expected CpG 
values, which are indicators of CGIs (Table III). Accordingly, 
alternative promoters with CGIs were: TR1, CP1, EP1, ES2, 
ES3 and PE1, which form the TR1-PE1 regulatory complex; 
whereas the rest of alternative promoters lack CGIs. TR1-PE1 
sequence was found rich with BRE and INR sequences. The 
clustering pattern of INR and BRE was unique, seven out of 
nine INR sequences were clustered in the 5'-side of TR1-PE1 
region and the four identified BRE sequences were located in 
the 3'-TR1-PE1 side (Fig. 3). In contrast, TR1-PE1 sequence 
does not contain any of TATA-8 and GC-box sequences, but 
it does contain two TAACC in the upstream region and one 
TATA-532, TTCTTAAA, along with two INR sequences 

downstream TR1-PE1. In addition, the TR1-PE1 sequence 
harbored other regulatory sequences in the BRE region, such 
as three estrogen response elements (ERE) and a muscle 
actin promoter factor (MAPF) binding element, which were 
found within the CP1 alternative promoter reported by 
Choi et al (6).  

Our next effort was to identify the TSSs within the regula-
tory complex. As expected the regulatory unit TR1-PE1 with 
an overlapping six alternative promoter sequences contained 
six TSSs along a sequence of 156 bp at chr9: 33167351-
33167506 (Fig. 3). This region is rich in the BRE sequences 
and is comparable to the reported 266 bp CGI (chr9: 33167138-
33167403) associated with B4GALT1 transcription (22).

To find out the possible correlation between structural 
characteristics and distribution of TFBSs along TR1-PE1 

Figure 1. Map locations of alternative promoters of divergently-paired head to head genes, B4GALT1 (uc003zsg.2) and B4GALT1-AS1 (uc033cop.1). 
(A) Chromosomal locations of the two paired genes at 9p13 are shown. (B) Intergenic and intragenic locations of alternative promoters along B4GALT1 and 
B4GALT1-AS1 space at chromosome 9-NC_000009.12 is displayed.

Table III. Map locations and CGIs of thirteen B4GALT1 alternative promoters.

Alternative promoter source Symbol Map locations Span (bp) Obs/Exp CpG %G+C CGI

TRED-42895 TR1 chr9: 33166901-33167900 1000 0.88 73.3 +
TRED-113955 TR2 chr9: 33110342-33111341 1000 0.22 45.3 -
MPromDB- HG_ACW: 80083 HP1 chr9: 33103518-33104577 1060  0.13 49.57 -
MPromDB-HG_ACW: 80090 HP2 chr9: 33124856-33126364 1509 0.19 49.86 -
MPromDB-HG_KWN: 62900 HP3 chr9: 33156756-33158354 1599 0.15 39.59 -
MPromDB-HG_ACW:80090 HP4 chr9: 33125681-33126181 501 0.13 50.8 -
MPromDB-HG_KWN:62900 HP5 chr9: 33157101-33157692 592 0.15 37.4 -
Choi et al (6) CP1 chr9: 33167181-33167680 500 0.89 76.6 +
EPD EP1 chr9: 33167235-33167834 600 0.87 74.2 +
PEPED PE1 chr9: 33167354-33168354 1001 0.73  69.2 +
Ensembl ES1 chr9: 33128098-33128697 600 0.11 49.3 -
Ensembl ES2 chr9: 33167085-33167684 600 0.91 76 +
Ensembl ES3 chr9: 33167255-33167854 600 0.91 74.2 +
(This study) TR1-PE1 chr9: 33166901-33168354 1454 0.78 67.9 +

+ and - indicate presence and absence of CGI, respectively, in the alternative promoters.
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sequence, we investigated the dinucleotide base-stacking 
energy values of this sequence. The INR sites were found 
mainly along sequences easily unstack, whereas BRE 
sequences were observed at sequences comparatively diffi-
cult to unstack (Fig. 4). Three regions termed A, B and C 
with calculated stacking energy values of -7.661, -8.448 and 
-8.524 kcal/mol harbored INR, INR and TATA-532, respec-
tively. Whereas, BRE sequences were clustered within region 
D composed of 156 bp at 33167351-33167506, which showed -9 
to -9.75 kcal/mol. Also, we observed GC skew in the TR1-PE1 
CGI region at TSS vicinity (Fig. 5). GC skew is a result of 

strand asymmetry down-stream TSSs and therefore it is an 
indication of possible formation of R-loops that are correlated 
with un-methylated status of CGI (see Discussion).

Experimental evidence supporting the validity of our 
results on the presence of multiple TSSs within the TR1-PE1 
sequence has been obtained as a part of the FANTOM5 
consortium (22). These researchers used Cap analysis of 
gene expression (CAGE) to map the promoters and sets of 
transcripts for B4GALT1 in numerous human tissues and 
cell lines. The CAGE patterns obtained for the 266 bases 
B4GALT1 transcription initiation region located at chr9: 

Figure 2. Map location of TR1-PE1 regulatory complex compared with locations of B4GALT1 and B4GALT1-AS1 reverse complement (B4-AS1 RC), TR1 
and PE1.

Figure 3. Distribution of TFBS and TSS along the TR1-PE1 regulatory complex. (A) The TR1-PE1 sequence, the underlined sequences and highlighted bases 
indicate TFBS and TSS, respectively. (B) Schematic presentation of BRE, INR rich regions and the six TSS (bent arrows) along TR1-PE1 regulatory sequence.
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33167138-33167403, which lies within the TR1-PE1 identified 
here (Fig. 1 in ref. 22) clearly suggested the presence of several 
sites for transcript initiation, very similar to the putative start 
sites mapped by us (Fig. 3). Thus, the present study verifies and 
lends credence to the observed data and likely to be helpful 
in corroborating the promoter databases, some of which are 
being constantly revised.

SNPs in the TR1-PE1 regulatory region.  Search in the NCBI-
dbSNP showed ten SNPs in the TR1-PE1 regulatory region at 

chr9: 33166911-33167159. Map locations and the type of SNPs 
are: chr9: 33166911 (missense), chr9: 33166941 (missense), 
chr9: 33166981 (synonymous), chr9: 33167008 (synonymous), 
chr9: 33167049 (missense), chr9: 33167109 (missense), chr9: 
33167131 (synonymous), chr9: 33167135 (missense), chr9: 
33167143 (missense) and chr9: 33167159 (missense). These 
results highlight another layer of regulation in the TR1-PE1 
axis because the SNPs have the potential for altering the 
binding affinities of transcription factors and changing the 
transcription efficiency and levels.

Figure 4. Plot of the dinucleotide base-stacking energy values (y-axis) along the TR1-PE1 regulatory sequence. A, B, C and D in the inset represent the loca-
tions of INR, INR, TATA-532 and BRE, respectively.

Figure 5. The GC skew (y-axis) along the B4GALT1 TR1-PE1 promoter sequence (x-axis). The two bent arrows represent six transcription start sites in the 
bidirectional promoter.
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Sequence alignment of B4GALT1 and B4GALT1-AS1 tran-
scripts. The possible association of B4GALT1-AS1, which 
encodes an lncRNA in the regulation of B4GALT1 expres-
sion, motivated us to explore the sequence complementarity 
of divergent transcripts. As mentioned in Table II, five 
B4GALT1-AS1 transcripts were identified compared to one 
antisense transcript for each of B4GALT4, B4GALT6 and 
B4GALT7 loci. The sequence alignment analysis between 
primary B4GALT1 transcript of 4124 bp (NM_001497.3) and 
predicted B4GALT1 transcript (XM_005251440.2) with the 
five B4GALT1-AS1 transcripts showed complementarity in 
the range 59.1 and 94.7%, suggesting the potential for duplex 
formation. Consistent with this finding, the TR1-PE1 has all 
features and properties of a bidirectional promoter including 
a divergent or ‘head-to-head’ configuration of B4GALT1 and 
B4GALT1-AS1 with a 500-bp intervening sequence between 
them. In addition, the G+C contents, CGIs and TFBSs of 
TR1-PE1 confirm to the properties found in bidirectional 
promoters (32-35). We propose that such bidirectional multi-
faceted regulatory region might be present in the genomic 
space of the other three B4GALT family members with anti-
sense divergent loci, B4GALT4, B4GALT6 and B4GALT7. It 
is worth mentioning that the promoters of B4GALT family 
members are of different types and sequences, and may 
contain specific regulatory features in B4GALT4, B4GALT6 
and B4GALT7 loci.

Identification of TG repeats in HP3 promoter close to TR1-PE1 
regulatory sequence. We investigated the possible involvement 
of other regulatory sequences near the TR1-PE1 region in the 
expression of B4GALT1, for example TG repeats (36). We found 
two (TG)18 tandem repeats at chr9: 33157065-33157158 located 
in the intronic alternative promoter HP3 placed 10.146 kb from 
3'-TR1-PE1 side (Fig. 6). Our analysis also showed presence 
of a tag sequence next to (TG)18 sequence. The sequence is 
composed of 22 bases (TAGTTCCCTATGCTGGACACCG), 

located at the 3' side of both (TG)18 repeats, we refer to as the 
TG Associated Sequence, TGAS. The two sequences were not 
observed in other promoters of B4GALT family members, but 
they were observed in other loci located in five other chro-
mosomes (Table IV). Notably, these TG repeats and TGAS 
sequences were linked with cancer genes, for example SOX5, 
which is reported to be associated with glioma, prostate, 
testicular seminomas and colorectal cancer. Thus, our data 
suggest possible regulatory roles for the TG tandem repeats 
and TGAS in tumorigenesis. In support of this assumption, we 
identified four novel types of TFBS for SOX5, GLI1, TCF7L2 
and GATA3 in the 14.151 kb (chr9: 33167360-33153209) at 
5'-side of B4GALT1 regulatory region that includes TR1-PE1 
bidirectional promoter, intronic HP3 promoter, TG repeats 
and TGAS. The number of identified TFBSs for SOX5 (five), 
GLI1 (one), TCF7L2 (six) and GATA3 (six); we noted that 
TCF sites are tied to GATA sites. These TFBSs are known to 
be associated with cancer and cell identity (see Discussion).

Enhancers, open chromatin and CTCF binding sites. The 
discovery of B4GALT1 bidirectional promoter, TG repeats 
and TGAS sequence enthused us to search for other regula-
tory sequences that might regulate the expression of B4GALT1 
and other family members. Our search identified following 
sites in the regulatory regions of B4GALT family members: 
enhancers, open chromatin and CTCF binding sites (Fig. 7). 
CTCF (CCCTC-binding transcription factor) is a well-studied 
multifunctional protein involved not only in DNA methylation 
but also associated with transcriptional activation/repression, 
and chromatin looping (37). While B4GALT1, B4GALT3 
and B4GALT4 contain a single CTCF binding site, the other 
members, B4GALT5, B4GALT6 and B4GALT7 showed 3 to 
5 binding sites for CTCF. We found one to three open chro-
matin sites in B4GALT1, B4GALT4, B4GALT5 and B4GALT6, 
which are indicative of active transcription. On the other hand, 
three genes B4GALT1, B4GALT5 and B4GALT6 were found 

Figure 6. The two (TG)18 tandem repeats and TGAS sequence at the 5' regulatory region of B4GALT1. The two (TG)18 sequences are identified in HP3 intronic 
alternative promoter located at chr9: 33156756-33158354 close to TR1-PE1 (chr9: 33166901-33168354). Highlighted region is overlapping HP5 sequence, the 
two TGAS sequences are underlined, the numbers in square brackets show map location of part of the HP3 sequence, which harbor the TG repeats and TGAS 
sequence. 
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rich in enhancer sequences that are associated with TCF7L2 
and GATA3 in unique cell identity regulatory programs for 
specific expression of these genes in normal and cancer cells. 
Our analysis showed that the majority of B4GALT1 enhancers 
are located within and toward 5'-B4GALT1 regulatory region.

Evolutionary conservation of regulatory sequences identi-
fied in this study. To explore the evolutionary relationships of 
our discovered regulatory sequences, we generated blast tree 
maps. The results showed that among the B4GALT family, the 
TR1-PE1 promoter structure was exclusively found in B4GALT1 
and/or B4GALT1-AS1. Nevertheless, the TE1-PE1 sequences 

were highly prevalent and conserved in the B4GALT1 gene 
across the animal kingdom. For example, structures similar 
to TR1-PE1 were observed in B4GALT1 locus in primates 
including gorilla (Sequence ID: XM_004047921.1), common 
chimpanzee (sequence ID: XM_003312037.2) Sumatran 
orangutan, Pongo abelii (Sequence ID: XM_002819701.2), 
and humans (sequence ID: NG_008919).

TG repeats have been implicated in gene expression, but 
not widely investigated for their significance in evolution of 
gene expression. Here, we determined their abundance across 
the genomes of various species. The 36 bp of the (TG)18 
repeats were found widespread starting from protozoan 

Table IV. The map locations of 116-bp sequencea composed of two (TG)18 repeats and two TGAS sequences in six human 
chromosomes.

Chr Strand Map location Identified sequencesb Span Score

9 Reverse chr9: 33157043-33157158 TGTGTGTGTGTGTGTGTGTGTGTGTGTGT 116 116/116
   GTGTGTGTAGTTCCCTATGCTGGACACCG
   TGTGTGTGTGTGTGTGTGTGTGTGTGTGT
   GTGTGTGTAGTTCCCTATGCTGGACACCA

1 Forward chr1: 5387048-5387087 TGTGGTGTCTGTGTGGTGTGTGTGGGTGT 40 33/116
   GTGTGTGTAGT

5 Forward chr5: 26315000-26315046 GTGTGTGTGTGTGTGTGTGTGTGTGTGTGT 47 47/116
   GTGTGTGTAGTTCCCTA

12 Reverse chr12: 96164336-96164418 TGTGGTGTGTGTGTGTGGTGTGTGTGAATG 83 67/116
   CGGTGTGTGTGTGTAGTGTGTGTGAATGTG
   GTGTGTGTGTGTGTGTGTGTAGT

12 Reverse chr12: 23831951-23831984 TGTGTGTGTGTGTGTGTGTGTGTGTGTAGTTCCC 34 34/116

12 Reverse chr12: 96164379-96164418 TGTGGTGTGTGTGTGTGGTGTGTGTGAATGCGGTGTGTGT 40 29/116

13 Reverse chr13: 20498045-20498093 TGTGTGTATGTGTGGTGTGTGTGTAGTGTGTATAG 49 37/116
   GGTGTGTGTGTAGTT

14 Forward chr14:90274778-90274824 TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 61 61/116
   TGTGTGTGTGTGTGTGTAGTTCCCTAT

aThe 116-bp sequence was originally identified and located at 5'-B4GALT1 regulatory region in reverse strand of chromosome 9. bBlat tool was used to 
search for the 116 nucleotides sequence in the human genome hg38. The (TG)18 repeats are shown in bold letters, the TGAS sequences are underlined, 
the italicezed letters show the polymorphisms, insertion and gaps in the sequences.

Figure 7. Enhancers, open chromatin and CTCF binding sites in the regulatory regions of B4GALT family. The data were extracted from the Ensembl-
regulation database of multi-cell regulatory features.
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(trypanosomes), helminth (Onchocerca), higher plants (Oryza, 
Triticum) to humans. Then, we searched for the presence and 
distribution of the 22 bp of TGAS. The sequence was found 
conserved in B4GALT1 gene but not in any other B4GALT 
genes. Also, we noted that the 36 bp of (TG)18 repeats showed 
genetic evolutionary genetic relatedness with B4GALT1 
when investigated with first 10 bp of TGAS sequence 
(TAGTTCCCTA), results in Table IV support this conclusion. 
These data indicated the critical role of this ancient 10 bp 
motif in evolution of B4GALT1 regulatory sequence at 5'-side. 
Furthermore, the (TG)18 sequence showed evolutionary genetic 
relatedness with fewer species, ~30, when analyzed by blast 
tool in combination with TGAS sequence (Fig. 8) and their 
duplicate of 116 bp showed similar results. This remains the 
first report of TGAS in literature. The results imply that when 
the (TG)18 sequence is tied to TGAS, they become highly 
conserved during evolution and suggest a specific mechanistic 
role in gene expression.

Discussion

B4GALT1 has emerged as a model gene for deciphering 
the complex transcriptional regulation underlying its cell 
type- and tissue-specific gene expression. As an enzyme 
and cell recognition molecule mediating cell adhesion and 
signaling, B4GALT1 serves many important roles in both 
physiological and pathological settings. Although, a survey of 
databases indicated the presence of more than one promoter 
for B4GALT1, before the present study, there was no defini-
tive mapping of the transcription start sites for this gene. 

Our extensive and careful analysis revealed a large number 
of alternative promoters, thirteen to be exact, involved in 
human B4GALT1 expression. Of these six overlapped and 
resided within 1.454 kb forming a complex transcriptional 
regulatory unit referred to as the TR1-PE1, which contains six 
TSS and apparently mediates most of B4GALT1 expression. A 
recent publication by the FANTOM Consortium (22) showed 
multiple transcription start sites for the B4GALT1 promoter 
at 33167138-33167403 are located within  the 266 base CGI, 
which is part of TR1-PE1 regulatory complex sequence char-
acterized in the present study. This region was also shown to 
be associated with B4GALT1 cell type-specific transcription. 
These data support our findings that the six TSSs present in 
the TR1-PE1 complex harboring six overlapping alternative 
promoters may all be involved in the expression of B4GALT1 
in different tissues.

A most significant finding of the present study is the revela-
tion that the B4GALT1 gene is paired with the production of 
a long non-coding RNA, which can potentially function as an 
antisense transcript, called B4GALT1-AS1 via the TR1-PE1 
regulatory complex. More specifically, the TR1-PE1 is a 
bidirectional promoter that divergently directs the transcrip-
tion of B4GALT1 and B4GALT1-AS1 genes in a head to 
head orientation. The configuration of any paired genes can 
be co-directional (either � � or � �), convergent (� �) or 
divergent (� �). Many promoters show divergent transcrip-
tion, and it is estimated that more than 10% of the genes in 
the human genome are divergently transcribed wherein the 
genes share a single promoter with their transcription start 
sites separated by <1,000 base pairs. Examples include the 

Figure 8. Blast tree map of 58-bp sequence composed from (TG)18 and the TGAS of 22 bp. The data imply that the two sequences (TG)18 and the TGAS are 
highly conserved during evolution.
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DNA repair genes, such as the BRCA1, BRCA2, CKEK1 and 
FANC family members (32,33). Many bidirectional pairs are 
co-expressed, but some are anti-regulated. Furthermore, the 
promoter segments between two bidirectional genes initiate 
transcription in both directions and contain shared elements 
that regulate both genes, thus, providing a unique mechanism 
of regulation for numerous genes (34). Our characterization of 
TR1-PE1 regulatory complex showed that it bridges the two 
adjacent head to head genes, B4GALT1 and B4GALT1-AS1, 
which are transcribed in opposite directions. Several types of 
TFBSs and CGI identified in TR1-PE1 are indeed found in 
bidirectional promoters (34,35). In this respect, the reported 
promoters by Poeta et al (13) and Kim et al (20), which are 
more likely similar to one of overlapping alternative promoters 
composed TR1-PE1 regulatory sequence, were found to 
contain methylated CGIs, which highlight the role of CGIs in 
B4GALT1 bidirectional promoter and link them to cancer and 
drug resistance.

Another salient finding here pertains to the possible gener-
ation of five lncRNA transcript species under the control of 
TR1-PE1 bidirectional promoter (Table II); these natural and 
putative antisense transcripts arising from the forward strand 
showed significant potential for forming RNA-RNA duplexes. 
The lncRNAs are abundant in the human genome and the  
FANTOM3 project identified ~35,000 non-coding transcripts 
from ~10,000 distinct loci (38) that bear many signatures of 
mRNAs, including 5' capping, splicing, and poly-adenylation, 
but have little or no open reading frame (ORF). Most lncRNAs 
are >200 nucleotides long and recent evidence points to 
a variety of functions for them in cellular processes. These 
include the activation or inhibition of transcription, organiza-
tion of nuclear sub-structures, alteration of chromatin state, 
and regulation of gene expression through the interaction with 
effector proteins and modulation of their activity (39-42). Our 
data highlight the complexity underlying the transcriptional 
and possible post-transcriptional (by the lncRNA) regulation 
of the B4GALT1 gene in its differential expression in human 
tissues.

Also, we considered possible involvement of other elements 
in modulating B4GALT1 expression. In the present study, 
we identified (TG)18 tandem repeats placed 10.146 kb from 
TR1-PE1 regulatory sequence. It has been reported that TG 
tandem repeats, which are highly conserved throughout eukary-
otic genome evolution, enhance transcription especially when 
they are located closer to the promoter (36,43,44). Although, 
the potential roles of these repeats have been demonstrated in 
recombination (45), DNA repair (46), alternative splicing (47) 
and breast cancer (48,49), some observations do not support a 
function for these repeats in gene expression (36). 

Our analysis of dinucleotide base-stacking energy along 
TR1-PE1 showed variable values, which reflect the patterns 
of double helix dissociation in the regulatory sequence.  
Additionally, we were able to correlate and co-localize 
the values of dinucleotide base-stacking energy with the 
transcription factor binding sequences. As described by 
Ornstein et al (29), the relative stability of the double helix 
structure can be demonstrated according to the range of 
dinucleotide base-stacking energy values from -3.82 kcal/mol 
(unstack easily) to -14.59 kcal/mol (difficult to unstack), thus 
the obtained values for INR sites are at regions that dissociate 

easily in comparison with BRE and TSS sites. Also, we 
observed another interesting structural feature in the TR1-PE1 
bidirectional promoter, which is related to the GC skew type 
at TSS sites and possible formation of R-loops. It has been 
reported that GC strand asymmetry downstream of TSSs is 
prone to R-loop formation that is correlated with unmethylated 
status of CGI (31). These data on structural features of 
TR1-PE1 regulatory region, in addition to other criteria of 
alternative promoters reported in present study, intergenic or 
intragenic locations, types of TFBSs, CGI and potential role of 
(TG)18 tandem repeats are critical factors and have important 
consequences in the transcription process and cell type specific 
expression of B4GALT1.

The identification of cell type-specific TFBS (TCF7L2 and 
GATA3) in the vicinity of TR1-PE1 and HP3 intronic promoter 
provided further functions played by B4GALT1 in the devel-
opment of cancer, cancer stem cell-linked expression and 
relapse. The TCF7L2 transcription factor is linked to a variety 
of human diseases, including cancer (50). It plays a critical 
role in enhancer activity, especially super enhancer, which is 
known to be associated with cell identity and diseases (50-54). 
Furthermore, TCF7L2 is tied to the genome by association 
with GATA3 (50), which is the case shown in this study. GATA 
transcription factors are also involved in carcinogenesis. The 
roles of GATA factors in carcinogenesis vis-à-vis the normal 
functions is a result of malfunctions. GATA1 mutations are 
associated with megakaryoblastic leukemias in patients with 
Down syndrome; loss of GATA3 expression is involved in 
breast cancer; whereas silencing of GATA4 and GATA5 
expression are reported in gastric, colorectal and lung cancer 
(53,54).

Another finding was the identification of the binding site 
for glioma-associated oncogene homolog 1 (GLI1) transcrip-
tion factor adjacent to TG-TGAS sequence. GLI1 is the nuclear 
mediator of the Hedgehog pathway that regulates genes 
essential for various stages of tumor development and progres-
sion (55). Accordingly, it is proposed that GLI1 is a potential 
target for cancer therapy. Recently, four natural compounds of 
physalins family showed dose-dependent GLI1-transcriptional 
inhibitory activity (56).

Furthermore, we identified ten SNPs in the B4GALT1 
TR1-PE1 regulatory sequence; these can modify splicing and 
can alter B4GALT1 expression. The SNPs are frequent in the 
human genome, the 1000 Genomes Project reported 38 million 
SNPs. SNPs that are located within the exons or exon-intron 
boundaries can modify the splicing sites and consequently the 
protein function resulting in development of many associated 
diseases including cancer (57). Many SNPs are located within 
the regulatory regions of genes, which may influence their 
expression (58).

Our studies on B4GALT1 also enabled a comparison of 
regulatory elements present within the B4GALT1 gene family. 
This is important, because the β-1, 4-galactosyltransferases 
perform redundant catalysis and functions, often compensating 
within and outside of this class of enzymes (1,4). For example, 
in B4GALT1 knockout mice, there was a shift in the galac-
tose linkages from the largely β-1,4 linkage to β-1,3 linkage, 
suggesting that B4GALT1 deficiency was compensated for by 
β-1,3-galactosyltransferases (59). We observed both similari-
ties and differences in the genomic regulatory features when 
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B4GALT1 was compared with the other members of the family. 
The similarities included the presence of multiple promoters 
and some members with long non-coding RNAs. Differences 
were that the TR1-PE1, (TG)18 and TGAS sequences were 
restricted to B4GALT1 and the epigenetic landscape appeared 
to be different as well.

In conclusion, this study provides further insight into the 
regulatory features that govern B4GALT1 and reveal a novel 
bidirectional promoter and multifaceted regulatory region 
at the 5'-B4GALT1 locus, which includes several genomic-
epigenetic regulatory elements that control at least six 
transcription start sites embedded within regulatory sequence 
of 1.454 kb. The identified (TG)18 and the TGAS sequences 
in the regulatory regions of B4GALT1, which were found 
conserved through evolution in many species, give further 
indication of involvement and evolution of several ancient 
sequences in the transcription process of specific genes. The 
data highlight the complexity and sophistication underlying 
the transcriptional and possible post-transcriptional regulation 
of the B4GALT1 gene and its differential expression in human 
normal and cancer cells. The special genomic-epigenomic 
characteristics of B4GALT1 gene expression is manifested by 
presence of several antisense lncRNA transcripts in compar-
ison to other B4GALT members. There are five B4GALT1-AS1 
transcripts that have the potential to control the expression of 
two B4GALT1 transcripts. The data are likely to advance and 
develop the role of this important enzyme in cancer patho-
physiology, drug resistance and personalized therapy.
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