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ABSTRACT

Enhancers are indispensable DNA elements responsible for elevation of gene transcriptional 
efficiency that regulates biological processes tightly at various developmental stages, 
linking them to numerous genetic diseases. Discovering the enhancer landscape of the 
genome will not only benefit mankind, but also aid in conservation researches involving 
endangered non-human primates such as the proboscis monkey. As one of the most 
ancient colobine endemic to Borneo Island, the proboscis monkey offers a wide spectrum 
of unique and exclusive characteristics that distinguish it from other primates. This study 
has successfully isolated 13 liver-specific enhancers from this primate and tested for their 
activities in HepG2 and A549 cell line. The TFBS-enriched regions such as pairs of AP-1, 
clusters of C/EBP-β and triplets of HNF-1 in enhancers contributed to enhancer activities 
whereas huge clusters of HNF-3β possess suppressing effects, but generally these regions 
contributed to the cell specificities of enhancers. It is hoped that this study serves as a 
stepping stone in knowledge enrichment on this primate and future conservation researches. 
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INTRODUCTION

Enhancers are DNA elements capable of 
elevating transcriptional efficiency of the 
genes they regulate regardless of their 
orientation and locality in the genome 
(Khoury & Gruss, 1983; Lim et al., 2018a). 
There are many roles that require the 
involvements of the enhancers for the 
determination of phenotypes especially 
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in various biological processes and 
developmental stages (Kleftogiannis et al., 
2015; Pennacchio et al., 2015). Enhancers 
(size varying from 50 bp to 1.5 kbp), when 
activated, can work in tandem with multiple 
counterparts of their own to activate gene 
transcriptions up to 1 Mbp away from their 
positions (Blackwood & Kadonaga, 1998; 
Pennacchio et al., 2015).  

The first enhancer, SV40 enhancer, 
was discovered almost 37 years ago and 
it was found that deletion of this element 
led to at least 100-fold decrement of early 
gene expression of T antigen (Banerji et al., 
1981; Benoist & Chambon, 1981; Gruss 
et al., 1981). Since then, the discovery 
of enhancers had progressed throughout 
the decades utilizing both experimental 
(reporter assays and high-throughput assays) 
as well as computational approaches (Cao & 
Yip, 2016). Experimental approaches such 
as enhancer trap and transient transgenesis 
involve reporter plasmids being expressed 
in the host cells for detection (Kvon, 2015). 
These approaches (although some that 
involve high-throughput technologies) can 
only be conducted on limited number of 
cellular conditions and cellular properties 
at one go (Shlyueva et al., 2014). Contrary 
to the experimental approaches, the 
computational approaches offer rapid, low-
cost, no context restrictions and less labour-
intensive alternatives to conduct genome-
wide enhancer identification via various 
machine learning methods (Cao & Yip, 
2016). A myriad of computational enhancer 
prediction tools which employed one or 
integration of the many enhancer features 
such as histone modifications, sequence 

feature, motif signal feature as well as 
open chromatin feature, had successfully 
achieved high predictive accuracies (>90%) 
(He & Jia, 2016, 2017; Kim et al., 2016; 
Lim et al., 2018a; Liu et al., 2015; Liu et 
al., 2016). Interestingly, Omar et al. (2017) 
had attempted to consolidate results from 
five enhancer predictor tools (namely LS-
GKM, GMFR-CNN, CSI-ANN, DeepBind 
and iEnhancer-2L) employing different 
enhancer features (Alipanahi et al., 2015; 
Firpi et al., 2010; Ghandi et al., 2014; Liu 
et al., 2015; Wong et al., 2016) and had 
achieved improved accuracies.  

The l ink between enhancer and 
diseases has been reported in many human-
related diseases such as X-linked deafness 
type 3 (CFN3), coronary heart disease, 
prostate cancer, Hirschsprung disease 
and preaxial polydactyly (de Kok et al., 
1996; Emison et al., 2005; Grice et al., 
2005; Lettice et al., 2002; McPherson et 
al., 2007; Yegnasubramanian et al., 2011). 
Kim et al. (2011) took one step further 
by comparing how enhancer variations 
between different ethnic groups were 
correlated to drug responses, focusing on 
liver-specific enhancers found surrounding 
nine major liver membrane transporter 
genes. These enhancer researches are not 
only beneficial towards the wholesomeness 
of humankind, but it also channels towards 
a better understanding of the enhancer 
landscape of other non-human primates 
for conservation purposes. One of the 
non-human primates that is interesting to 
look upon is none other than one of the 
most ancient primate colobine of all, the 
proboscis monkey (Nasalis larvatus). 
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The proboscis monkey, a species 
endemic to the coastal regions of Borneo, 
is a reddish-brown skin-coated colobine 
with a very distinctive large nose (in males) 
and huge pot-shaped belly (Groves, 2001). 
There are various characteristics of this 
primate that are clearly distinguishable 
from its primate counterparts that spikes 
interest into the effort of bringing it into the 
limelight of primate enhancer research (Lim 
et al., 2019). For instance, its morphological 
characteristics and behaviours such as 
terrestrial movement, highly-distinctive 
sexual dimorphism, proportions of the 
extremities and skull structure suggest 
its ancient status that is associated to that 
of Rhinopithecus (Peng et al., 1993). 
Besides, the digestive physiology (in its 
four-chambered stomach) such as the 
regurgitation/remastication (R/R) of this 
foregut fermenter allows it to possess 
lysozymes that are believed to have 
adaptive convergence with that of the 
ruminants (Bigoni et al., 2003; Matsuda 
et al., 2011; Stewart et al., 1987). Despite 
that this primitive primate is being listed as 
endangered by the International Union for 
Conservation of Nature (IUCN) (Meijaard 
et al., 2008), the conservation research on 
this primate is still at its infancy and requires 
immediate attention. Furthermore, with 
the completion of the genome sequencing 
of the proboscis monkey (Abdullah et al., 
2014; Tamrin, 2016), this study aimed 
to isolate genome-wide liver-specific 
enhancers from the proboscis monkey 
and further characterize them. As most 
enhancer studies to date involving non-
human primates like the chimpanzee are 

focused on evolutionary studies (Boyd et al., 
2015; Prescott et al., 2015), it is hoped that 
this study acts as a stepping stone towards 
the establishment of conservation research 
on the proboscis monkey (an ancient “long-
neglected” endemic primate), similar to that 
of the toxicology gene expression studies on 
endemic Rasbora fish (Lim et al., 2018b), 
antibody production against elephant 
endotheliotropic herpesvirus (EEHV) 
(Kochagul et al., 2018) and pathogen 
battling in white-nose syndrome in bats 
(Palmer et al., 2018). 

MATERIALS AND METHODS

Computational Enhancer Prediction 
Data Collection

The computational enhancer prediction 
data collection was conducted with three 
different approaches (Supplementary Figure 
1). First, the chromosome 18 sequences of 
the proboscis monkey were retrieved from 
GenBank database (Accession number: 
CM003007.1). The strong enhancer regions 
(>300 bp, flanked by weak and non-enhancer 
regions) identified by iEnhancer-2L using 
default parameters (Liu et al., 2015) were 
selected. Second, the genome-wide human 
liver membrane transporter gene enhancer 
data was obtained from Kim et al. (2011). 
The enhancers are aligned with genome 
of rhesus macaque and chimpanzee using 
ECR browser (Ovcharenko et al., 2004) 
and only enhancers achieving above 70% 
conservation were selected. Third, the 
enhancers (>300 bp) identified by Omar et 
al. (2017) were obtained for the next step. All 
enhancers identified from the three different 
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approaches were pooled and ranked based 
on the liver-specific TFBS per nucleotide 
frequency enumerated by MATCH (Kel 
et al., 2003) using liver-specific profile 
and other default parameters. Thirteen top 
ranked proboscis monkey enhancers (pme) 
were selected for further procedures. A 
total of four, five and four enhancers were 
selected from the first, second and third 
approach respectively, and they were termed 
pme001 to pme004, pme101 to pme105 and 
pme201 to pme204 accordingly. 

Isolation and Cloning of Enhancers

A total of 13 pairs of primers (each added 
with BamH I and Sal I restriction sites at 
the 5’ end of forward and reverse primers, 
respectively) were designed using Primer3 
(Untergasser et al., 2012) to isolate all 13 
candidate enhancers from the proboscis 
monkey genome (Table 1). The conditions 
of the primers were examined using 
OligoCalc (Kibbe, 2007) to ensure they are 
optimal in terms of GC content (35-60%), 
melting temperatures as well as absence of 

Table 1
Gene-specific primers designed to isolate enhancers and their characteristics

Enhancer Sequences (5’-3’) Length (bp) GC Content (%)
pme001 F: AAGGATCCTGGGCCTCGTAGTTAAA

R: ATGTCGACACACACACTTCTACGGT
25
25

48.0
48.0

pme002 F: ATGGATCCGACTGTGCTTTTCCCCTG
R: AAGTCGACTTTTGTTGTTGATGCTGTTG

26
28

53.8
39.3

pme003 F: AAGGATCCTTTGACTCCATGTCTCAC
R: AAGTCGACCAAGACAATGGGGAAAAT

26
26

46.2
42.3

pme004 F: ATGGATCCAGCACTGGGACTGATA
R: ATGTCGACAGTGGGGACTTTTGTTGTT

24
27

50.0
44.4

pme101 F: ATGGATCCGGCAGGAGAATTGCTTGAA
R: ATGTCGACAAAATTAGCTGGGCCTGGT

27
27

48.1
48.1

pme102 F: ATGGATCCTACCCAAATAGTGCTTGCTG
R: AAGTCGACGCCACATTTCAAGTGCTCA

28
27

46.4
48.1

pme103 F: AAGGATCCTTTCCAATCTGACCAGGTG
R: ATGTCGACTACCCTGAAACTTTGCTGA

27
27

48.1
44.4

pme104 F: ATGGATCCGTGGCTCTCAGTTTCCTG
R: AAGTCGACAGGCATGAGCCACTACAT

26
26

53.8
50.0

pme105 F: ATGGATCCCTTCACAACCAACGTTCAT
R: ATGTCGACTATGGAAGGAGCCTTTGG

27
26

44.4
50.0

pme201 F: AAGGATCCATGTGTCATGCGTGTGTA
R: AAGTCGACTGACACGTCACATACGAAAA

26
28

46.2
42.9

pme202 F: AAGGATCCGGGTAGACAGCAAGGACA
R: AAGTCGACGGCAAACTGCTTCAGGAT

26
26

53.8
50.0

pme203 F: AAGGATCCACATTTGGCAGACATAGT
R: AAGTCGACGAGGTATGTGTCCAAAGCAA

26
28

42.3
46.4

pme204 F: AAGGATCCCAATCACCTCTCACCA
R: AAGTCGACTCCCAAATCTTTCCTTGG

24
26

50.0
46.2

Restriction enzyme sites (underlined) where BamH I site was added to 5’ end of each forward primer whereas 
Sal I site was added to 5’ end of each reverse primer. Letters in bold represent additional base pair for optimal 
restriction digestion
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secondary structures, self-complementary 
and hairpin. The chosen primer pairs were 
sent to Apical Scientific Sdn. Bhd. for 
synthesis. The stool of proboscis monkey 
was collected from Bako National Park, 
Sarawak, Malaysia (Permit number: 
NCCD.907.4.4 (JLD.11), park permit 
number: 537/2014 and 538/2014) and was 
frozen at -80°C before DNA extraction. 

Stool DNA extraction was conducted 
using QIAamp DNA Stool Mini Kit 
(Qiagen, Germany) to isolate the genomic 
DNA of the proboscis monkey according 
to the manufacturer’s protocol. Species 
verification was done via the polymerase 
chain reaction (PCR) isolation of cytochrome 
b gene using universal primers by Irwin 
et al. (1991) [forward primer L14724 
(5′-GACTTGAAAAACCACCGTTG-3′) 
a n d  r e v e r s e  p r i m e r  H 1 5 9 1 5 R 
(5′-GGAATTCATCTCTCCGGTTTACA
AGAC-3′)], sequenced and blasted to a 
99% similarity to the entry KM889667.1 in 
the GenBank database. Gradient PCR was 
conducted using LA Taq (Takara Bio, USA) 
to achieve temperature optimization of each 
primer pair for enhancer isolation. The PCR 
products (enhancers) were purified using 
QIAquick PCR Purification Kit (Qiagen, 
Germany) before subjected to cloning. The 
enhancers were then inserted into pGL4.23 
[luc2/minP] vector (Promega, USA) via 
restriction digestions of both BamH I and 
Sal I, and this was followed by the cloning 
process. Colony selection was done via 
colony PCR and plasmid re-digestion using 
the same restriction enzymes before these 
plasmids each containing the enhancer insert 

were isolated using QIA Spin Miniprep Kit 
(Qiagen, Germany). 

Luciferase Activity Detection

The cell lines used in this study were 
HepG2 (human liver carcinoma) and A549 
(human lung carcinoma) (Riken, Japan). 
Both the cell lines were grown in MEM 
medium (Gibco, USA) supplemented with 
10% fetal bovine serum (FBS) and 1% 
Pen-Strep (100 U/mL Penicilium and 100 
μg/mL Streptomycin) under the 5% CO2, 
pH 7.0 to 7.6 and 37°C conditions. Cell 
passaging was conducted when the cell 
reached 80-90% confluency before cell 
counting was conducted to allocate around 
7500 to 10000 cells per well in the each of 
the 24-well plate. Transient transfection 
was performed using Lipofectamine 2000 
(Thermo Fisher Scientific, USA). For 
each experimental plasmid, a total of nine 
replicates (three technical replicates for 
each of the three biological replicates), 
positive (pGL3-control plasmid) (Promega, 
USA) and negative control  (empty 
pGL4.23 [luc2/minP] plasmid) (Promega, 
USA) sets were co-transfected alongside 
with pRL-TK plasmid (Promega, USA) 
according to manufacturer’s protocol. The 
luciferase activity was detected using Dual-
Luciferase® Reporter Assay (Promega, 
USA) and measured using Infinite M200 
Pro luminometer (Tecan, Switzerland). 
The ratios for firefly luciferase: Renilla 
luciferase were determined and normalized 
to that of the non-insert control. Statistical 
analysis was carried out using one-way 
ANOVA (p<0.05) and post-hoc Tukey’s test.  
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Deletion Analysis

The 13 enhancer candidates were subjected 
to transcription factor binding site (TFBS) 
analysis using MATCH liver-specific 
profile (Kel et al., 2003) to determine the 
relationship between TFBS and the resultant 
enhancer activities. A total of three aspects 
were investigated across all enhancers, 
namely overall TFBS abundance, TFBS 
composition and TFBS distribution pattern. 
A total of three enhancers were selected for 
their unique TFBS distribution pattern and 
luciferase activity levels: enhancer pme001, 
pme101 and pme103 (enhancer pme001 

being the highest in activity, pme103 being 
the second highest and pme101 being one 
of the lowest in activity). Several internal 
primers (Table 2) were designed to exclude 
some key TFBS-enriched regions from the 
wildtype enhancer fragments to test for 
the effects of the deletions implied. The 
PCR reactions were conducted using the 
original forward or reverse primer pairing 
with the newly designed internal forward 
or reverse primer with flanking RE site 
(for new primers with suffix of “a”, “b” 
and “c”). For new primers with suffix “D”, 
the newly designed forward primer was 

Table 2
The list of internal primers used for modified enhancer fragments amplification via PCR

Modified Enhancer 
Fragment Sequences (5’-3’) Length (bp) GC Content 

(%)
pme001a F: AAGGATCCTGGGCCTCGTAGTTAAA

R: AAGTCGACAGCGCAGTGCTTCTTCG
25
25

48
56

pme001b F: AAGGATCCTGGGCCTCGTAGTTAAA
R: AAGTCGACCAGCACAATGTCGCGAA

25
25

48
52

pme001c F: AAGGATCCTGGGCCTCGTAGTTAAA
R: AAGTCGACCATCCTGGCTGATTTTT

25
25

48
44

pme001D F: CGCGACATTGTGCTGTGCTGTATCTATGCT 
R: AGCATAGATACAGCACAGCACAATGTCGCG

30
30

50
50

pme101D1 F: AGCGAGACTTTGACTATCTAGAGCGTTGTG
R: CACAACGCTCTAGATAGTCAAAGTCTCGCT

30
30

47
47

pme101D2 F: ATGCTCTAACTGTAGGAACTGGCACACTGC
R: GCAGTGTGCCAGTTCCTACAGTTAGAGCAT

30
30

50
50

pme101D3 F1: AGCGAGACTTTGACTATCTAGAGCGTTGTG
R1: CACAACGCTCTAGATAGTCAAAGTCTCGCT
F2: ATGCTCTAACTGTAGGAACTGGCACACTGC
R2: GCAGTGTGCCAGTTCCTACAGTTAGAGCAT

30
30
30
30

47
47
50
50

pme103a F: AAGGATCCTCACACCTACCCTTTCG
R: ATGTCGACTACCCTGAAACTTTGCTGA

25
27

52
44

pme103D1 F: GGCTTCCCTTCCTACGTTACCAGCTATGCT
R: AGCATAGCTGGTAACGTAGGAAGGGAAGCC

30
30

53
53

pme103D2 F: AATCGTAAATCCTAAAAAGTGTCTTTTAGT
R: ACTAAAAGACACTTTTTAGGATTTACGATT

30
30

27
27

Restriction enzyme sites (underlined) where BamH I site was added to 5’ end of each forward primer 
whereas Sal I site was added to 5’ end of each reverse primer. Letters in bold represent additional base 
pair for optimal restriction digestion
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matched with the original reverse primer 
and in a separate tube, while the newly 
designed reverse primer was matched with 
the original forward primer in another tube, 
and both tubes went through the first round 
of PCR reaction. Both the PCR products 
from the first round of PCR were pooled into 
one tube and diluted with dilution factor of 
100 using double distilled water. This PCR 
product mixture was then used as template 
for the second round of PCR with the use 
of the original forward and reverse primer 
designed for the enhancer. Next, these 
modified enhancer fragments were inserted 
into pGL4.23 [luc2/minP] plasmid before 
subjected to cloning. Cloning and luciferase 
reporter assays were carried out according 
to the abovementioned protocols.  

RESULTS AND DISCUSSION

Computational Enhancer Prediction 
Data Collection

The computational enhancer prediction 
data collection was carried out via three 
major approaches: functional conservation, 
sequence conservation and combinatorial 
approach. The functional conservation 
approach was performed on chromosome 
18 of proboscis monkey using iEnhancer-
2L (Liu et al., 2015) because this software 
not only has the capability to distinguish 
strong enhancers from non- and weak 
enhancers, also its benchmark datasets are 
constructed based on chromatin states of 
nine different cell lines (NHEK, HSMM, 
NHLF, HepG2, K562, HMEC, H1ES, 
GM12878 and HUVEC) (Liu et al., 2015). 
In this study, a total of 9,960,241 strong 

enhancers, 11,855,707 weak enhancers and 
50,983,878 non-enhancers were identified 
from the chromosome 18 of the proboscis 
monkey genome. 

The sequence conservation approach 
utilized the human liver membrane 
transporter gene enhancers identified 
by Kim et al. (2011) to search for the 
proboscis monkey orthologue based on 
sequence conservation across other non-
human primate genomes available such as 
chimpanzee and rhesus macaque. Applying 
the methodology by Kim et al., (2011), a 
total of 105 sequence conserved enhancers 
surrounding the nine major liver membrane 
transporter genes (SLC47A1, SLC22A7, 
SLCO1B3, SLC22A1, SLCO2B1, ABCB11, 
SLCO1B1, ABCC2 and SLC10A1) were 
identified. 

The third approach, which is the 
combinatorial approach of five different 
enhancer predictor tools (namely LS-GKM, 
GMFR-CNN, CSI-ANN, DeepBind and 
iEnhancer-2L) (Alipanahi et al., 2015; 
Firpi et al., 2010; Ghandi et al., 2014; Liu 
et al., 2015; Wong et al., 2016) utilized by 
Omar et al. (2017) had yielded a sum of 
3861 enhancers. The enhancers obtained 
from all three approaches were subjected to 
MATCH liver-specific profile screening to 
enumerate TFBS per nucleotide frequency 
based on the six major liver-specific TFBS: 
AP-1, HNF-3β, C/EBP-β, GATA-3, NF-1 
and HNF-1. The top 13 ranked proboscis 
monkey enhancers (pme) were chosen for 
enhancer assays: four from the first approach 
(pme001-pme004), five from the second 
approach (pme101-pme105), and four from 
the third approach (pme201-pme204). 
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Association of TFBS with Enhancer 
Activity 

The activities of all 13 candidate enhancers 
were measured via the luciferase reporter 
assay and were displayed in normalized 
relative luciferase unit (RLU) bar graph as 
shown in Figure 1. The enhancer pme001 
scored the highest activity level among all 
in HepG2 cell line, rocketing even above 
that of the positive control set. While all the 
others have moderate enhancer activities, 
the bottom three with the lowest luciferase 
score level are the enhancer pme003, 
pme101 and pme104 (all three of them are 
not significantly different from one another) 
in HepG2 cell line. No observable trends can 
be detected in the enhancer activities across 
three different approaches (no significant 
differences across groups).  

The association of TFBS with enhancer 
activity was investigated based on three 
aspects: overall TFBS frequency per 

nucleotide, TFBS composition and TFBS 
distribution pattern. Based on Figure 2, 
the enhancer pme105 has the highest liver-
specific TFBS per nucleotide frequency. 
The enhancer pme101 and pme203 are 
second and third in place whereas the 
enhancer pme001 is ranked among the 
bottom five in terms of TFBS frequency 
per nucleotide. Clearly, the correlation 
between the overall TFBS frequency per 
nucleotide and enhancer activity is weak, 
and in some cases, a negative correlation in 
enhancer pme001 and pme101 particularly. 
It is believed that other factors such as 
the TFBS composition and distribution 
pattern dictating the enhancer activities 
where compact TFBS within the enhancers 
is related to active enhancers (Bery et al., 
2014). Therefore, TFBS abundance itself 
is inadequate to influence enhancer activity 
(Gotea et al., 2010; Hu et al., 2007; Lusk & 
Eisen, 2010). 

Figure 1. The measured normalized relative enhancer luciferase activity (relative to NIC=1) across 13 
enhancer candidates. Statistical analysis was conducted using one-way ANOVA and post-hoc Tukey’s Test 
with p<0.05. Significantly different data are represented by different alphabets
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The TFBS composition of all 13 
candidate enhancers were also examined 
for its association with the resultant 
enhancer activity (Figure 3). The enhancer 
pme001 has the greatest number of activator 
protein-1 (AP-1) TFBS within its sequences 
and this may be the reason for its high 

enhancer activity among all. In other study, 
the mutation of AP-1 and ATF (activating 
transcription protein) has resulted in at 
least two-fold reduction in expression of 
87% of the enhancers tested (Grossman et 
al., 2017). The CCAAT enhancer binding 
protein beta (C/EBP-β) TFBS was most 

Figure 2. The predicted TFBS frequency per nucleotide across 13 enhancers
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abundantly found in enhancer pme103 and it 
was shown in this study to be the main driver 
in placing this enhancer in the second place 
in terms of luciferase activity level among 
the 13 enhancers. As one the of vital players 
in the liver, the C/EBP-β is indispensable 
in various liver-specific processes such as 
adipose tissue differentiation, inflammation 
and metabolism (van der Krieken et al., 
2015). The enhancer pme101 is one of the 
lowest activity enhancers but it was found 
to have high amount of hepatocyte nuclear 
factor 3 beta (HNF-3β) TFBS within its 
sequence. This phenomenon may suggest 
the supressing role of HNF-3β TFBS. 
However, in other literatures, the HNF-
3β was found to contribute substantially 
towards liver-specific enhancers and human 
prothrombin gene enhancers (Ceelie et 
al., 2003; Kim et al., 2011). According 
to Chen et al. (2015), the contribution of 
TFBS-clustered regions towards cellular 
functions and enhancer activities exceeds 

that of individually scattered TFBS within 
the enhancer. Hence, this leads us to further 
investigate the TFBS distribution pattern of 
these proboscis monkey enhancers.  

The TFBS distribution pattern of the 
13 selected enhancers was inspected at 
every 100 bp interval to discover more on 
their associations with enhancer activity 
(Figure 4). Apart from having the most 
abundant AP-1 TFBS within its sequence, 
the enhancer pme001 had also four AP-1 
adjacent pairs located at four different 100 
bp intervals. This may explain for the two-
fold difference in enhancer activity between 
enhancer pm001 and pme105 (containing 
two adjacent AP-1 pairs). According to 
Kerppola and Curran (1993), pairs of AP-1 
TFBS which are capable of bending DNA 
can improve enhancer functioning more than 
that of individual one. The enhancer pme103 
was found to encompass five adjacent C/
EBP-β TFBS as well as two triplets of HNF-
1TFBS which had unleashed the expression 

Figure 4. The TFBS distribution pattern per 100 bp interval of 13 enhancers. Stacking TFBS represents 
overlapping TFBS sites
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capability of this enhancer in HepG2 
cell line. The C/EBP-β has the ability 
to recruit other key transcription factors 
(including its counterparts) to orchestrate the 
proliferation, antiapoptotic responses as well 
as survivability of multiple myeloma (Pal et 
al., 2009) whereas the HNF-1 is essential 
regulator of various liver specific genes such 
as albumin, CYP2E1, HBV, Apolipoprotein 
B and Apolipoprotein AII gene (Maire et al., 
1989). Both of these liver-specific TFBSs 
composite the strong enhancer activity in 
pme103. There are two huge clusters of 
HNF-3β TFBS found exclusively in the 
enhancer pme101 and we have proven in this 
study that this accounts for the low enhancer 
activity outcome in HepG2 cell line. Despite 
many lines of evidence pointing out on the 
enhancing effects of HNF-3β onto regulative 
activities in the liver (Ceelie et al., 2003; 
Rausa et al., 1997; Schrem et al., 2002), the 
consequence of deletion of large clusters 
of HNF-3β TFBS in proboscis monkey 
enhancers remains unproven until this 
study, to the best of our knowledge. Thus, 
deletion analysis was designed to elucidate 
the deletional effects of these TFBS regions 
in the selected proboscis monkey enhancers. 

Deletion Analysis

The deletion analysis was performed onto 
selected enhancers (pme001, pme101 and 
pme103) to determine the contributions 
of the TFBS-enriched regions towards 
enhancer activities (Figures 5, 6 and 7). 
The internal primer pairs used for deletion 
analysis was listed in Table 2 and the 
deletion descriptions are shown in Table 3. 

In general, the deletion of each pair of AP-1 
or the triple AP-1 region had resulted in 
reduction of enhancer activity as compared 
to the wildtype enhancer. However, the 
enhancer activity level of modified enhancer 
fragment pme001a and pme001D were 
the same even though the pme001a only 
contains the first two adjacent AP-1 pairs 
whereas the pme001D has all three adjacent 
AP-1 pairs with the tailing AP-1 TFBS. On 
the other hand, modified enhancer fragment 
pme001b has all three adjacent AP-1 TFBS 
pair sets (similar to pme001D but without 
the tailing AP-1 TFBS) and had scored a 
much higher expression level in HepG2 
cell line compared to pme001D. On the side 
note, no new TFBS had been introduced 
following the deletion done onto the modified 
enhancer fragment pme001D. Fonseca et al. 
(2018) found that collaborative interactions 
between TFs could affect the binding 
affinity of all AP-1 monomers greatly in 
macrophage. Therefore, it is postulated that 
in the absence of the triple AP-1 region, the 
tailing AP-1 TFBS located nearest to the 3’ 
end has disrupted DNA bending patterns and 
subsequently the collaborative interactions 
of all TFs within enhancer pme001.

The deletion analysis conducted onto 
enhancer pme101 had yielded modified 
enhancer fragments with activity level 
higher than that of the wildtype enhancer. 
The deletion of the first HNF-3β-enriched 
regions containing 12 HNF-3β TFBS from 
enhancer pme101 had elevated the enhancer 
activity to 1.7-fold (pme101D1) whereas 
the deletion of the second HNF-3β-enriched 
region containing 8 HNF-3β TFBS from the 
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Figure 6. Overview of selected TFBS distribution and deletion analysis of enhancer pme101 in pGL4.23 
[luc/minP], activities as measured in HepG2 cell line. Deletion constructs are shown on the left. The first 
HNF-3β TFBS-enriched region (12 HNF-3β TFBSs) is represented by black rectangle; The second HNF-3β 
TFBS-enriched region (8 HNF-3β TFBSs) is represented by grey rectangle. Enhancer activities are shown on 
the right with values indicating normalized firefly luciferase: Renilla luciferase activities relative to no-insert 
control (NIC). Results are mean ± S.E. (n=3). Mean values were subjected to One-Way ANOVA and Tukey’s 
test, p<0.05. Mean values represented by different alphabets are significantly different

Figure 7. Overview of selected TFBS distribution and deletion analysis of enhancer pme103 in pGL4.23 
[luc/minP], activities as measured in HepG2 cell line. Deletion constructs are shown on the left. The 1-100 
bp region is represented by white arrow; The 500-599 bp are represented by grey arrow; The 800-899 bp are 
represented by black arrow; Deleted regions are represented by dotted lines. Enhancer activities are shown on 
the right with values indicating normalized firefly luciferase: Renilla luciferase activities relative to no-insert 
control (NIC). Results are mean ± S.E. (n=3). Mean values were subjected to One-Way ANOVA and Tukey’s 
test, p<0.05. Mean values represented by different alphabets are significantly different
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represented by black triangle. Enhancer activities are shown on the right with values indicating normalized 
firefly luciferase: Renilla luciferase activities relative to no-insert control (NIC). Results are mean ± S.E. 
(n=3). Mean values were subjected to One-Way ANOVA and Tukey’s test, p<0.05. Mean values represented 
by different alphabets are significantly different
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enhancer pme101 had yielded a 1.4-fold 
increase in activity (pme101D2). In the case 
of modified enhancer fragment pme101D3, 
the deletion of the both abovementioned 
HNF-3β-enriched regions had produced 
enhancer activity 2.2-fold higher than that 
of the wildtype enhancer pme101. Despite 
the repressing activity of the large HNF-3β 
clusters has never been reported previously. 
Li et al. (2002) however discovered that 
NKX2.1 could cooperate with HNF-
3β to induce repression effects onto the 
transcription of surfactant protein B (Sp-B) 
gene. While the underlying mechanism of 
this phenomenon remains unknown, this 
study revealed the suppressing effects of 
huge clusters of the HNF-3β TFBS onto 
proboscis monkey enhancer. 

The major players in regulating the 
enhancer activity of pme103 have been 
revealed following the deletion analysis: 
C/EBP-β and HNF-1 transcription factors. 
The deletion of the first C/EBP-β-HNF-1-
enriched region (three C/EBP-β and three 
HNF-1 TFBSs overlapping in 1-100 bp 
region) had resulted in 2.7-fold activity 
reduction. A much higher decline (3.8-
fold) in enhancer activity was observed in 
modified enhancer fragment pme103D1 
with the second C/EBP-β-HNF-1-enriched 
region (five C/EBP-β and three HNF-1 
TFBSs overlapping in 500-599 bp region) 
being deleted. The most significant decrease 
(6.4-fold) in enhancer activity was observed 
in modified enhancer fragment pme103D2 
with the adjacently located five C/EBP-β-
enriched region (800-899 bp region) being 
eliminated. The result from this study is 

consistent with that conducted by Plachetka 
et al. (2008) where they deduced that the 
opening of chromatin at mim-1 enhancer 
could be activated by C/EBP-β when 
several binding sites were present within a 
close distance. Thus, it can be deduced that 
adjacently located five C/EBP-β-enriched 
region has the most significant influence 
towards pme103 enhancer activity in HepG2 
cell line. 

Comparison of Enhancer Activity 
across Two Cell Lines

In this study, the selected 13 candidate 
enhancers were tested for their activity 
in two cell lines, namely A549 (human 
lung carcinoma) and HepG2 (human liver 
carcinoma) and the comparison graphs 
are depicted in Figure 8. Interestingly, all 
studied enhancers have shown a significantly 
(unpaired student’s t-test, p<0.05) lower 
luciferase activity level in A549 cell line 
compared to HepG2 cell line. This is a 
strong indication of high cell-type functional 
specificities of the liver-specific enhancers 
identified in this study. Similarly, Duan and 
Simpson-Haidaris (2006) had elucidated the 
liver tissue-specific role of IL-6-receptor-
gp100-Stat3 signalling in Interleukin-6 (IL-
6) initiation of γFBG promoter following 
the discovery that the promoter activity 
in HepG2 was 15-fold higher than that in 
A549.  

As for the modified enhancer fragments 
generated from the deletion analysis, 
most of the modified enhancer fragments 
exhibited higher activity level than their 
wildtype enhancer in A549 cell line, with the 
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exception for modified enhancer fragments 
pme001a, pme001b and pme001c. The 
deletion of the TFBS-enriched regions in 
enhancer pme101 and pme103 had resulted 
in a significant (unpaired student’s t-test, 
p<0.05) increment in enhancer activity in 
A549 cell line. This suggests that these 
TFBS-enriched regions are responsible for 
the maintenance of the cell-type functional 
specificities in the liver. In the case of the 

enhancer pme001, the modified enhancer 
fragments pme001a, pme001b and pme001c 
did not show higher enhancer activity in 
A549 cell line compared to their wildtype 
enhancer. This condition suggests that these 
three AP-1 TFBS pairs are not involved 
in the regulation of liver enhancer cell-
specificity, probably due to their miniature 
length.   

Figure 8. The normalized relative luciferase unit (relative to NIC=1) of wildtype enhancer and modified 
enhancer fragments in both HepG2 and A549 cell lines. Statistical analysis was conducted using one-way 
ANOVA and post-hoc Tukey’s Test with p<0.05. Significantly different data are represented by different 
alphabets
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CONCLUSION

In this study, a total of 13 liver-specific 
enhancers were isolated from the genome of 
the proboscis monkey, forming a population 

of enhancers identified via three different 
criterions: functional conservation, sequence 
conservation as well as combinatorial 
features. The luciferase reporter assay had 
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provided the information on the enhancer 
activities and the associations of these 
activities with TFBS are briefly investigated. 
The TFBS distribution pattern at every 100 
bp interval had revealed a clearer picture on 
the possible contributors towards enhancer 
activities compared to the overall TFBS 
abundance and TFBS composition. 

The deletion analysis was performed 
to further verify the influence of the TFBS-
enriched regions exclusively identified 
in selected enhancers that accounted for 
their activities. Pairs of AP-1 TFBS and 
clusters of C/EBP-β TFBS were found to 
possess enhancing effects onto liver-specific 
enhancers of proboscis monkey whereas 
huge clusters of HNF-3β TFBS were found 
to have suppressing influences on enhancer 
activities in HepG2 cell line. Besides, 
these TFBS-enriched regions (except for 
AP-1 TFBS pairs) had substantial function 
in maintaining cell-type specificities in 
liver-specific enhancers of the proboscis 
monkey. This study serves as a preliminary 
exploration into the enhancer landscape 
of the proboscis monkey and as stepping 
stone for future conservation research for 
this endangered non-human primate. In 
future, in vivo studies using mice as model 
organism are essential for the verification 
of enhancer activities in the living organism 
context. 
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APPENDIX

Chromosome 18 of Proboscis monkey Whole Genome of Proboscis monkey

Short (~200 bp) regions 
(from iEnhancer-2L) of 
closely-located strong 

enhancers were combined 
(>300 bp) to form longer 

length enhancers 
(pme001-004)

Integration of five 
different enhancer 

predictor tools, outcomes 
obtained from Omar et al. 

(2017)
(pme201-2014)

Human orthologs of strogn liver 
membrane transporter enhancers from 

Kim et al. (2011) and primate orthologs 
(chimpanzee and rhesus macaque) from 

ECR database were used for multiple 
alignment

(pme101-105)

Rank by using MATCH
(liver specific profile)

and 
TOP 13

subjected to experimental approaches

Supplementary Figure 1. Flow chart of computational enhancer predictions


