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ABSTRACT
The basic helix–loop–helix (bHLH) transcription factors (TFs) are essential in development and disease. Their function is regu-
lated at multiple levels, including the structuring of homo- or heterodimeric forms among members of the family. Because most 
bHLH TFs have numerous dimerization partners, the commonly used overexpression or deletion experimental approaches in 
humans often generate results influenced by the altered regulatory balance of the TF network. To study the direct transcriptional 
role of two human bHLH TFs, we expressed them in an isolated system (yeast) with no additional tissue-specific bHLH TFs. 
The transcriptional effect was measured utilizing a GFP reporter controlled by human regulatory sequences containing different 
amounts of the bHLH TF consensus binding sites, the E-boxes. The individual transcriptional contributions of heterodimeric 
SCX-E47 or homodimeric E47 were compared over two human regulatory regions implicated in fibrosis: COL1A2 and TGFB1. 
Briefly, the heterodimeric SCX-E47 was the best activating form. The COL1A2 regulatory region showed the most significant 
transcriptional changes despite having fewer E-boxes (five) than the TGFB1 region (13). Finally, the context of the nearby TF 
binding sites and the core promoter was also relevant for the final individual transcriptional effect of the bHLH TFs tested.

1   |   Introduction

The bHLH TFs constitute the second-largest TF family [1]. 
They have essential roles in developmental processes and cell 
differentiation [2, 3]. These TFs are highly expressed early 
in development, with a later reduction in expression and re-
striction to specific tissues or growth conditions. Part of the 
complexity of bHLH TFs regulation is set through covalent 

post-translational modification and the establishment of many 
possible homodimeric and heterodimeric interactions among 
members (and non-members) of the bHLH TF family [3, 4]. 
These TFs have been studied in detail in mammalian systems 
through artificial overexpression or deletion of the bHLH of 
interest [5–8]. Nevertheless, the results obtained are not nec-
essarily a direct transcriptional effect of the bHLH TF on the 
DNA, as the TF manipulation can affect the transcription of 
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more bHLH TFs [9, 10] and generate, block, or alter protein-
protein interactions with other TFs that end up changing the 
delicate regulatory balance of the cellular bHLH TF network 
[11–13].

As an example, the highly studied bHLH TF MYOD can form 
homodimers, homotetramers, and heterodimers with the bHLH 
TFs E12, E47, TWIST1, BHLHE41, ASCL3, ID1, ID2, ID3, 
HEY1, and HES1 [3]. Although not all possible interactors are 
always expressed simultaneously, MYOD overexpression or 
deletion affects transcription directly and indirectly due to dis-
torted protein–protein interactions. It is also worth mentioning 
that most bHLH TF studies do not assess the dimeric form in-
volved but study the TFs as isolated entities [3]. Thus, the results 
are usually interpreted without considering the interactions es-
tablished with endogenous TFs.

The dysregulation of bHLH TFs has relevant roles in mul-
tiple pathologies, including cancer, schizophrenia, and fi-
brosing diseases [5, 14–16]. The E47 protein, encoded by the 
TCF3 gene, is ubiquitously expressed and involved in the B-
lymphocyte and thymocyte development [17–19]. It can func-
tion as a homodimer or as a heterodimer. Furthermore, E47 
interacts with most type II tissue-specific bHLH TFs, includ-
ing Scleraxis (SCX), MYOD, TCF21, NEUROD1, HAND1, and 
ATOH1 [3]. SCX dysregulation is associated with fibrosing 
diseases due to its involvement in chondrogenesis and meso-
derm development [20, 21]. Except for one in vitro work [22], 
most studies suggest that SCX functionality depends on its in-
teraction with E47 [5, 20, 23].

Contrastingly, a considerable amount of the basic knowledge 
about transcription is derived from studies in yeast, which is 
an excellent genetic model [24, 25]. This unicellular eukaryote 
seems far from humans in the evolutionary tree. However, mu-
tant complementation with human genes [24] demonstrates that 
yeast conserves most eukaryotic basal transcriptional and epi-
genetic machinery.

Therefore, to assess the direct transcriptional role of human 
bHLH TFs in an isolated environment, free from other possi-
ble interfering tissue-specific human bHLH TFs, we induced 
the expression of two naturally interacting human bHLH TFs 
in Saccharomyces cerevisiae: SCX and E47. Then, we utilized a 
GFP reporter gene to analyze the transcriptional effect of E47 
homodimers or SCX-E47 heterodimers over a human regulatory 
region containing E-boxes, the bHLH TF binding sites [26]. The 
regulatory sequences were further manipulated to have con-
trasting basal transcription levels and E-box content, resulting 
in differential effects mediated by the TFs tested.

2   |   Materials and Methods

2.1   |   Construction of Reporter Genes

The COL1A2 regulatory sequence is a natural target of SCX-
E47 [27] and was a synthetic gene (Twist Bioscience) corre-
sponding to the endogenous regulatory sequence of the human 
COL1A2 gene (positions −990 to +10). The sequence was 
slightly modified to include restriction sites for subcloning on 

either side of the sequence: KpnI on the 5′ side and PpuMI and 
SphI on the 3′ side. The COL1A2 promoter (positions −114 to 
+10) was surrounded by the NheI and PpuMI/SphI restriction 
sites to allow the swapping of core promoter sequences. The 
original ApaI, BglII, and PpuMI restriction sites within the se-
quence were removed with single nucleotide changes for clon-
ing. The TGFB1 regulatory sequence containing 13 E-boxes 
was also a synthetic gene corresponding to the endogenous 
regulatory region from positions −1077 to −137 relative to the 
transcription start point of the TGFB1_1 promoter. The KpnI 
and NheI restriction sites surrounded the sequence for sub-
cloning purposes.

The core promoter sequences were also synthetic. The ENO1 
core promoter was identical to the yeast endogenous regulatory 
sequence from position −118 to +10, surrounded by the NheI 
and PpuMI restriction sites. The original negative regulatory 
sequence of ENO1 [28], located at the endogenous positions 
−126 to −166, was not part of the core promoter subcloned 
next to the E-box containing upstream regulatory sequences. 
The ADO1 core promoter was the S. cerevisiae endogenous 
regulatory sequence from position −130 to +16, surrounded 
by the NheI and PpuMI restriction sites. The complete ENO1 
regulatory sequence, positions −1460 to +10, was also used as 
a control, including the 5′ KpnI and 3′ PpuMI and SphI restric-
tion sites (pAT197). The original SphI site at position 791 was 
mutated to remove the site (G to C). The short ENO1 reporter 
was constructed by cutting pAT197 with EcoRI to extract the 
ENO1 regulatory sequence from position −685 to +10. The 
EcoRI fragment also contained the complete GFP coding se-
quence and downstream ADH1 regulatory sequences. This 
insert was subsequently subcloned into pRS412 to obtain the 
final pAT224 plasmid. Detailed maps of the COL1A2, TGFB1, 
and ENO1 regulatory sequences indicating the exact localiza-
tion of E-boxes, additional transcription factor finding sites, 
and other features are in Figure S1.

The GFP-S65T reporter gene was subcloned from the original 
pRH3003 plasmid (donated by Randy Hampton, UCSD) by PCR. 
This GFP variant is brighter and has improved stability and 
faster maturation times than the wild-type [29, 30]. The primes 
were KpnISphIGFP-F (​CCA​AAA​GGT​ACC​AAA​AGC​ATG​
CCT​ATG​GGT​AAA​GGAGAAGAACT) and EcoRI-ADH1-R 
(CCAACTGAAT TCCCGGTAGAGGTGTGGTCA) and con-
tained the KpnI and EcoRI restriction sites for subcloning into 
pRS412 (Cen plasmid, ADE2; kindly donated by Lorraine Pillus, 
UCSD) to generate plasmid pAT195 that was used as a no-signal 
control due to the absence of a promoter sequence. The COL1A2 
regulatory sequence was subcloned into pAT195 and localized 
upstream of the GFP coding sequence using KpnI and SphI re-
striction sites (pAT196). The COL1A2 promoter was swapped for 
the ENO1 (pAT199) or ADO1 (pAT198) core promoters using the 
NheI and PpuMI restriction sites. The COL1A2 regulatory se-
quence was replaced with the TGFB1 E-box regulatory sequence 
in the pAT199 and pAT196 plasmids using the KpnI and NheI 
restriction sites to construct pAT201 and pAT202, respectively. 
All constructions were confirmed by restriction digestion or 
sequencing.

For the GFP protein to be used as a model of promoter activity, 
three assumptions were met in this system: the growth rate was 
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constant (Figure S2), the culture was in the exponential growth 
phase, and the protein levels were at a steady state [31].

2.2   |   Human SCX and E47 (TCF3) Gene Sequence 
Optimization for S. cerevisiae

The sequences of the human E47 and SCX transcription factors 
were optimized for their expression in yeast using the GenScript 
OptimumGene codon optimization tool. The sequences were 
further modified to include restriction sites for subcloning in 
the pESC-URA3 2μ vector (Agilent). The optimized human SCX 
gene included the XhoI (and KpnI) restriction sites upstream 
of the start codon, whereas the XbaI, PmeI, and NheI restric-
tion sites were included downstream of the stop codon. The 
optimized E47 human gene included the BglII restriction sites 
upstream of the start codon. The PacI site was added to the 3′ 
extreme of the sequence. Restriction sequences identical to those 
added on the extremes were removed from the coding region to 
avoid unwanted cuts during cloning. Optimization changed the 
codon adaptation index (CAI) of the SCX gene from 0.4 to 0.95. 
In contrast, the average GC content decreased from 75% to 42% 
after optimization. For the E47 gene, the optimization resulted 
in a change from a CAI of 0.48 to 0.94, while the average GC 
content decreased from 67% to 41%. Twist Bioscience then syn-
thesized the optimized genes.

2.3   |   Subcloning of Optimized Human Genes Into 
Yeast Inducible Plasmid

The synthetic genes were subcloned into the yeast-inducible 
plasmid pESC-URA3 (Agilent). SCX and E47 were also sub-
cloned for co-expression on either side of the bidirectional pro-
moter pGAL1, GAL10 of pESC-URA3. The restriction enzymes 
used for subcloning SCX were XhoI and NheI (pAT75). E47 
was subcloned into pESC-URA3 with BglII and PacI (pAT100). 
Finally, E47 was also subcloned into pAT75 using the same re-
striction enzymes: pAT119.

2.4   |   Yeast Strain

An S. cerevisiae strain null for the lysosomal peptidase PEP4 
was constructed in the W303 genetic background. A haploid 
pep4Δ::kanMX strain was derived from the BY diploid hetero-
zygous KO collection (kindly donated by L. Pillus) by tetrad dis-
section. Its gDNA was used as a template for PCR amplification 
with the primers PEP4-KO-F (CTTGAGCTCCTCAATTGTAT) 
and PEP4-KO-R (GAATTAGAGGTGCTCCGTA). Using the 
homologous recombination standard method, the PCR product 
obtained was used for the genomic replacement of the endoge-
nous gene in the wild-type W303-1a strain (LPY5, donated by L. 
Pillus). The resulting G418-resistant strain was verified by mo-
lecular genotyping with the PEP4-KO-F and KANMX-R prim-
ers (CAGCCATTACGCTCGTCATC) and backcrossed to the 
wild-type strain. Tetrad dissection generated the strain ATY38 
(MAT@ ade2-1 can1-100 GAL his3-11 leu2,3112 trp1-1 ura3-1 
pep4Δ::KanMX). The PEP4 haploid null strains exhibit a chrono-
logical lifespan defect [32] and cannot grow after 1 or 2 years in 
the freezer. Therefore, during this work, the PEP4 null strain 

had to be dissected fresh from the diploid (ATY32), generating 
identical strains to ATY38: ATY187, ATY188, and ATY231.

To avoid high autofluorescence in red W303 cells, they were 
used at low densities (< 1 OD600) and transformed with an 
ADE2 plasmid (reporter plasmids) that produced white cells 
(pAT195, 196, 197, 199, 201, 202, or 224) [33].

2.5   |   Transformation and Expression of Human 
bHLH TFs in Yeast

The reporter and inducible plasmids were co-transformed into 
yeast pep4Δ strains using the quick transformation method 
previously reported [34]. The inducible plasmids coding for 
the bHLH TFs were selected in dropout media lacking uracil, 
whereas the reporter genes were selected in dropout media lack-
ing adenine. The double selection was achieved with dropout 
media lacking both uracil and adenine.

Co-transformed single colonies were used for starter 3 mL cul-
tures in YM -ura- ade- raffinose media and grown for 3 days 
at 30°C to achieve saturation and synchronization. Then, 
45–60 mL cultures were seeded at 0.05 A600 to have them grow 
to log phase overnight. Cultures between 0.5 and 0.9 A600 were 
used for induction. A time zero (T0), sample was removed as a 
no-induction control before adding galactose at the final 2% con-
centration to induce the expression of the TFs of interest.

The viability of the strains transformed with each plasmid pair, 
before and after bHLH TF induction by galactose, was con-
firmed by dilution growth assays [35] (Figure S3).

2.6   |   Immunoblots and Co-Immunoprecipitation

To verify the induction of expression of the human TFs, pro-
teins were extracted from 10 mL fractions of the culture, as re-
ported previously [35]. Briefly, washed cell pellets were lysed 
using glass beads beating in PBS supplemented with the prote-
ase inhibitors Calbiochem V cocktail and 1 mM PMSF. Samples 
containing 1× loading buffer were boiled for 10 min and loaded 
into 12% SDS-PAGEs. Proteins separated in gels were trans-
ferred to 0.2 μm PDVF membranes. After blocking with 5% 
milk, the anti-SCX (PA523943, Thermo Scientific) and anti-
TCF3 (PA520900, Thermo Scientific) antibodies were used to 
verify the induction of the gene of interest at 1:1500 dilutions. 
The anti-beta-actin C4 antibody (SC-47778, Santa Cruz) was 
used as a loading control with a 1:1000 dilution for all immu-
noblots. The anti-GFP antibody (IGFP63, Biolegend) was used 
at a 1:1000 dilution. For the co-immunoprecipitations, 50 mL 
cultures were grown to A600 = 0.8 and were induced for SCX-
E47 expression for 2 h. After centrifugation and washing, pel-
lets were lysed by bead beating in 100 μL of cold IP lysis buffer 
(50 mM HEPES-KOH pH 7.5, 100 mM NaCl, 0.25% nonidet-P40, 
10% glycerol, 1 mM ethylenediaminetetraacetic acid (EDTA), 
0.05% β-mercaptoethanol, 1× Calbiochem V protease inhibitors 
cocktail, and 1 mM PMSF). The cleared lysate was incubated 
overnight with a 1:60 dilution of anti-Myc (9E10.2, Biolegend). 
The IP mixture was incubated at 4°C with protein A-sepharose 
beads for 1 h. Afterward, beads were washed with IP lysis buffer 
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and wash buffer (50 mM HEPES-KOH pH 7.5, 250 mM NaCl, 
and 1 mM EDTA) to finish eluting with 25 μL of 2.5× sample 
loading buffer.

2.7   |   Cell Preparation for Flow Cytometry

About 107 cells were pelleted, washed with PBS, and fixed with 
8% paraformaldehyde (PFA) for 10 min, followed by an over-
night incubation at 4°C in 4% PFA. Fixed cells were washed 
with FACS solution (0.2 M Tris–HCL pH 7.5, 20 mM EDTA) and 
stored in PBS until use. The cells were diluted to 2 × 106 cells/ml 
and sonicated for 10 s in water using a VWR ultrasonic cleaner 
just before reading.

2.8   |   Cytometer Data Acquisition, Analyses, 
and Statistics

Thirty thousand events were recorded for each sample using the 
BD flow cytometer FACS ARIA II (P07800079) at Laboratorio 
Nacional Conahcyt de Investigación y Diagnóstico por 
Inmunocitofluorometría (LANCIDI). The voltage parameters 
were set to 460 for SSC and 150 for FSC. The GFP fluorescence 
parameter was automatically set during equipment calibration. 
GFP was read on the logarithmic scale. All reads were captured 
using the DIVA software version 8.0.2. All data were stored as  .
fcs files and analyzed with the FlowJo 10.8.1 software. Data 
were graphed as dot plots with FSC-H and SSC-H axes to select 
for singles. Then, singles were graphed for GFP on the X-axis 
relative to SSC-A on the Y-axis. The GFP data were also graphed 
relative to FSC-A, obtaining similar results (not shown). The 
data derived from the non-signal control (Q1 quadrant) was 
removed from the quantification by setting the Q3 quadrant, 
which contained all GFP-positive cells. Finally, the GFP-
positive varying population (vp) was measured in a quadrant 
at 50k SSC-A (Figure  S4). The median fluorescence intensity 
(MED) and percentage of GFP-positive cells were measured for 
each quadrant for at least three independent experiments and 
compared relative to time zero. The normality of the data was 
confirmed with the Shapiro–Wilk test, followed by an ANOVA 
group comparison test. The differences between specific sam-
ples were assessed using the Student's t-test. Data were normal-
ized to time zero for comparisons among different experiments, 
and statistics were evaluated using unpaired t-tests.

2.9   |   Nucleosome Scanning Assay (NuSA)

Performed as previously described [36, 37]. Twenty-five milli-
liters of yeast cultures co-transformed with pAT119 (inducible 
SCX-E47) and either pAT196 (COL1A2) or pAT202 (TGFB1-
COL1A2) reporter genes were grown in drop-out media with 
2% raffinose until logarithmic phase (T0). The nucleosome posi-
tioning was analyzed at time zero and after 90 min of SCX-E47 
induction (galactose) over both regulatory regions. Quantitative 
PCR analysis was made using a LightCycler 480 Instrument 
II (Roche Molecular Systems) with 10 μL reactions containing 
five μL of the 2× master mix Maxima SYBR Green/fluores-
cein (Thermo Scientific), 0.5 μL of each primer [10 μM], and 
1 ng of undigested or MNase digested DNA (25 min). Triplicate 

reactions were run for 40 cycles at 95°C for 15 s, 58°C for 15 s, 
and 60°C for 45 s. Relative protection was calculated as a ratio 
to the control positioned nucleosome of VCX1 [37]. The graph-
ics were made with GraphPad Prism 6 (San Diego, CA, USA). 
Primer sequences are in Table S1.

3   |   Results

E47 has over 40 possible dimerization partners, whereas SCX 
has at least five [3]. E47 and SCX function as heterodimers 
[20, 38]; E47 can also function as a homodimer [39], whereas 
the role of SCX as a homodimer remains unknown. Due to the 
multiple possible dimerization partners for both factors, we an-
alyzed their direct and precise role over a known human target 
(COL1A2) [27]. For this, we used Saccharomyces cerevisiae as an 
artificial eukaryotic in vivo system, where the interactions with 
other tissue-specific bHLH TFs were prevented because these 
bHLH TFs are not expressed in yeast [40]. The transcriptional 
effects were observed utilizing a plasmid GFP reporter, where 
the chromatin structure was assumed to be constant [41, 42].

3.1   |   System Construction

To build a system to analyze the regulatory role of human 
bHLH TFs over target genes, we used two types of plasmids 
for expression in yeast: one coding for the human TFs and the 
second containing the reporter gene. The first plasmid type was 
multicopy, coding for the optimized human bHLH TFs SCX 
and E47 under the inducible, bidirectional promoter pGAL1, 
GAL10 (pESC, Agilent). The second plasmid type was a CEN 
plasmid containing a GFP reporter gene under the control of the 
human regulatory region for the COL1A2 gene. This gene was 
selected because it is a known SCX target [27] and contains 5 E-
boxes, the bHLH TF binding sites. Furthermore, the sequences 
of two E-boxes had reported binding sites for SCX [20, 27]. The 
COL1A2 core promoter contained motifs like the TATA box and 
the Inr. Thinking that the reporter gene's basal expression could 
influence the bHLH TFs' regulatory effect, it was modulated by 
changing the core promoter sequence.

The original human COL1A2 core promoter was replaced with 
one of two yeast TATA-box-containing core promoters: the strong 
promoter ENO1 [28, 43] or the core promoter of a poorly expressed 
gene, ADO1 [43] (Figure 1). Thus, some resulting reporters con-
tained human-yeast hybrid sequences combining the upstream 
human COL1A2 regulatory region with the yeast core promoters 
(Figure  1). The GFP reporter basal expression levels were com-
pared by immunoblot and flow cytometry using a plasmid cod-
ing for GFP with no regulatory region as a no-signal control. The 
immunoblot showed that the most efficient regulatory region 
was COL1A2, followed by COL1A2-ENO1, whereas COL1A2-
ADO1 showed no GFP expression in the western blot (Figure 1B). 
The flow cytometry data were comparable to the immunoblots 
(Figure 1C–F) and indicated that the median fluorescence inten-
sity for COL1A2 was the highest, while the COL2A2-ENO1 and 
COL1A2-ADO1 intensities were similar (Figure 1G). Nevertheless, 
differences were more evident when analyzing the percentage of 
GFP-expressing cells, where almost 90% of the COL1A2 reporter 
cells were positive for GFP, followed by 48% for the COL1A2-ENO1 
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reporter. In contrast, the COL1A2-ADO1 reporter exhibited only 
2% GFP-positive cells (Figure 1H).

The experimental strategy is summarized in Figure  2A. The 
human SCX and E47 sequences were optimized for expression in 
S. cerevisiae and expressed from a pESC-URA3 plasmid, where a 
bidirectional galactose-inducible promoter controlled the expres-
sion of either or both genes. Therefore, we tested the regulatory 
role of individual SCX, homodimeric E47, and heterodimeric 
SCX-E47. Co-immunoprecipitation experiments confirmed the 
heterodimeric interactions between SCX and E47 (Figure S5). The 
basal GFP expression level of the reporter genes was compared 
to the GFP expression after 30 and 90 min of the induction of the 
TF expression (Figure 2A). The 30-min induction time point was 
considered an early response in the presence of low amounts of 
the TF of interest. The 90-min time point was considered a later 
response in the presence of higher amounts of the TF of interest 
(Figure 2). The yeast cells containing reporter and inducible plas-
mids were grown to logarithmic phase with the sugar raffinose as 
a carbon source due to its neutral sugar properties on the GAL1 
and GAL10 promoters. Therefore, adding galactose to the growth 

media ensured a rapid and coordinated induction of the TF ex-
pression (Figure 2B–D). We verified the induction of the expres-
sion for SCX, E47, and SCX-E47 for all independent experiments 
(Figure 2B–D) before the GFP expression analyses by flow cytom-
etry were made. Representative dot plots before and after 30 and 
90 min of SCX-E47 inductions are shown in Figure 2E.

3.2   |   The SCX-E47 Heterodimer Had Positive 
Transcriptional Effects Over COL1A2 Regulatory 
Regions

Flow cytometry evaluated the GFP reporter expression after 
the induction of heterodimeric SCX-E47 TFs. The no-induction 
crude parameters of median GFP intensity and percentage of 
GFP-expressing cells (T0) were compared with the two induc-
tion time points for all three reporter genes described above. 
As shown in Figure 3A, the median GFP intensity of the three 
reporter genes tested did not change upon SCX-E47 induction. 
Nevertheless, statistically significant differences were observed 
when the percentage of positive GFP-expressing cells was 

FIGURE 1    |    System construction and basal reporter expression levels. (A) Schematic representation of the 1 kb human COL1A2 regulatory region 
upstream of the reporter gene GFP. The sequence contained 5 E-box sequences (orange), with two SCX binding sites (yellow). The construction also 
included the original human core promoter sequence with consensus TATA and Inr sequences. To modulate the COL1A2 transcription levels, two 
constructions replaced the COL1A2 core promoter sequence with the S. cerevisiae ENO1 or ADO1 core promoter sequences. (B) Basal reporter GFP 
expression levels for the different constructs by immunoblot. The control construction (Ctrl) included the GFP coding sequence with no upstream 
regulatory regions. The original ENO1 regulatory sequence (1.5 kb upstream of the transcription start point) was used as a control for an original 
yeast regulatory sequence (ENO1). (C–F) Examples of flow cytometry dot plots produced by different GFP-reporter constructions include the control 
(C), COL1A2 (D), COL1A2-ENO1 (E), and COL1A2-ADO1 (F). The control dot plot was used to define the gate that excluded the cells that did not 
express GFP. The same gate was applied to plots D–F. The pseudo colors indicate cell densities. (G) Comparison of reporter's median fluorescence 
intensities measured by flow cytometry. (H) Comparison of the percentage of GFP-positive cells measured by flow cytometry for tested reported 
constructs. Statistical differences in the normal data were assessed initially with one-way ANOVA, followed by unpaired t-tests. *p < 0.05, **p < 0.01, 
***p < 0.001.



6 of 14 The FASEB Journal, 2025

evaluated. The COL1A2-ADO1 regulatory region was unre-
sponsive to SCX-E47 induction, perhaps due to low to null basal 
expression levels (Figure  3B). However, despite the high per-
centage of GFP-positive cells from the COL1A2 original human 
regulatory region, a significant 5.5% increase in GFP-positive 
cells was observed at T90 relative to T30 (Figure 3B). In the case 
of the hybrid regulatory region COL1A2-ENO1, the increase was 
broader and observed earlier (T30), with an almost 9% increase, 
representing an 18% total difference relative to the T0 value 
(Figure 3B). This increase was also observed at T90, remaining 
a statistically significant effect.

3.3   |   The Solo Expression of E47 or SCX Had Little 
Effect on the COL1A2 Reporter Genes

The effect of expressing E47 or SCX in isolation was only as-
sessed for the COL1A2 and COL1A2-ENO1 reporters. The induc-
tion of unaccompanied E47 to analyze its role as a homodimer 
showed no change in the median fluorescence intensity and 
the percentage of GFP-positive cells driven by the COL1A2 

regulatory region (Figure 4A). Similarly, no changes were seen 
for either fluorescence parameter for the COL1A2-ENO1 regula-
tion by the E47 homodimer (Figure 4A).

In agreement with previous reports, finding no regulatory role 
for SCX as a homodimer [5], the induction of the TF SCX alone 
did not affect the median GFP intensity or percentage of GFP-
positive cells for both COL1A2 and COL1A2-ENO1 reporters 
(Figure 4B).

3.4   |   A Changing Population Analysis Uncovers 
Key SCX-E47 Regulatory Effects

Although we assumed that the yeast strain expressed a “con-
stant” population of TFs that could affect the reporter genes 
tested, we still expected small transcriptional changes when a 
single pair of TFs was induced. This assumption was based on 
the fact that the most potent TF regulatory effects typically re-
sult from synergistic interactions with other proteins, some of 
which may not be expressed in the yeast context.

FIGURE 2    |    Induction of human bHLH TF expression in yeast and flow cytometry dot plots after SCX-E47 inductions. (A) Diagram of experi-
mental strategy. (B–D) Representative Immunoblots verifying induction of bHLH TFs expression after 30 and 90 min of growth in galactose. (B) SCX 
induction. (C) E47 induction. (D) SCX-E47 synchronic induction. (E) Representative flow-cytometry GFP-SSC-A dot plots after SCX-E47 inductions 
for the COL1A2, COL1A2-ENO1, and COL1A2-ADO1 reporter genes. The gates and statistics are as in Figure 1.
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Reasoning that the bHLH transcriptional effects could be di-
luted within the constantly expressing GFP population, only the 
data of the changing population were analyzed (see Methods 
and Figure  S4) and normalized to make comparisons among 
groups. Thus, we compared the T30 and T90 induction time 
points among reporter genes and TF combinations tested.

When the SCX-E47 effect was compared for COL1A2 and 
COL1A2-ENO1, it was found that the median GFP fluorescence 
was affected only in COL1A2 by 40%. Contrastingly, the per-
centage of positive GFP-expressing cells augmented similarly at 
T30 and T90 for both reporters (Figure 5A), almost doubling the 
number of positive cells by T90. This suggests that neither the 

FIGURE 3    |    The SCX-E47 heterodimer exerts a positive transcriptional effect on transcriptionally active COL1A2 regulatory sequences. (A) The 
Median Fluorescence Intensity levels from the COL1A2, COL1A2-ENO1, and COL1A2-ADO1 regulatory regions did not change after 30 (T30) and 
90 min (T90) of induction of SCX-E47. (B) The percentage of GFP-positive cells changed significantly after 90 min of SCX-E47 induction for the 
COL1A2 regulatory region and after 30 and 90 min for the COL1A2-ENO1 regulatory region. No changes were observed for the COL1A2-ADO1 regu-
latory region. At least three independent experiments were performed for each construction. Statistical differences were measured with the Repeated 
Measures ANOVA, the Tukey post-test, and the paired t-tests. *p < 0.05, **p < 0.01.

FIGURE 4    |    The isolated induction of E47 or SCX did not affect the GFP expression from COL1A2 regulatory sequences. (A) The Median 
Fluorescence Intensity levels and percentage of GFP-positive cells from the COL1A2 and COL1A2-ENO1 regulatory regions did not change after 30 
(T30) and 90 min (T90) of E47 induction. (B) The Median Fluorescence Intensity levels and percentage of GFP-positive cells from the COL1A2 and 
COL1A2-ENO1 regulatory regions did not change after 30 (T30) and 90 min (T90) of SCX induction. No statistical differences were observed for any 
graph in the figure. At least three independent experiments were performed for each construction.



8 of 14 The FASEB Journal, 2025

basal transcription nor the core promoter composition signifi-
cantly altered the SCX-E47 positive transcriptional effect.

When analyzing only the COL1A2 reporter gene for the three 
TFs combinations tested, we confirmed the relevant role of the 
SCX-E47 heterodimer over the homodimers through statistically 
significant changes in median GFP intensity and the percentage 
of GFP-positive cells (Figure 5B). Using the same analysis for the 
COL1A2-ENO1 reporter, the E47 effect at the percentage of GFP-
positive cells did not differ from the SCX-E47 effect at 30 min, 
suggesting that the E47 homodimer may also promote an early 
transcriptional effect (Figure 5C).

3.5   |   Role of SCX-E47 Heterodimers Over a Dense 
E-Box Regulatory Region (TGFB1)

Other potential SCX-E47 target genes involved in mesenchymal 
gene expression also contained multiple E-boxes within 2 kb up-
stream of the transcription start point (Figure S6). Among them, 
the TGFB1 regulatory region [44] encompassed five SCX binding 

sites within a sequence containing 13 E-boxes (Figure  6A,B). 
Therefore, we constructed two reporter genes, including the 
TGFB1 E-box regulatory region and the initially tested COL1A2 
and ENO1 core promoters (Figure  6A–C). Unexpectedly, the 
expression of GFP originating from the TGFB1 regulatory do-
main was markedly diminished compared to that from COL1A2 
(Figure 6C). Nonetheless, we postulated that the transcriptional 
modulation mediated by SCX-E47 over this sequence would 
likely yield a more pronounced impact than that of COL1A2.

Surprisingly, no significant gene expression changes were ob-
served for SCX, E47, or SCX-E47 over either TGFB1 reporters 
when comparing T0 to T30 and 90 (Figure  S7). Thus, we an-
alyzed the changing population data and compared it to the 
COL1A2 data. Figure 6D shows that SCX-E47 did not induce the 
GFP expression from the TGFB-COL regulatory region, whereas 
expression from the COL1A2 doubled at T90 when measured 
as a percentage. Furthermore, SCX-E47 also induced a statis-
tically significant change in the fluorescence median intensity 
from the COL1A2 regulatory region relative to the TGFB-COL 
sequence (Figure 6E).

FIGURE 5    |    Data comparison for specific bHLH TFs over the COL1A2 and COL1A2-ENO1 regulatory regions detailed the SCX-E47 transcription-
al effects. The compared data were derived after gating the flow cytometry data to visualize the cells that altered the cloud's shape. (A) After data 
normalization, the median fluorescence intensity and percentage of GFP-positive cells for the COL1A2 and COL1A2-ENO1 regulatory regions were 
graphed when the expression of SCX-E47 was induced. (B) Comparison graph as in A. but for the COL1A2 regulatory region after SCX-E47 induction 
relative to individual SCX or E47 inductions. (C) Comparison graph as in B. for the COL1A2-ENO1 regulatory region. The statistical differences were 
assessed with a two-way ANOVA test and Bonferroni post-tests for detailed individual differences. *p < 0.05, ***p < 0.001.
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FIGURE 6    |    The TGFB1 E-box regulatory region was unresponsive to SCX/E47 bHLH TFs. (A) Schematic representation of the E-box regulato-
ry region of the TGFB1 regulatory region. The tsp. shown is within the TGFB1_1 promoter sequence, located about 500 bps upstream of the main 
TGFB1_2 promoter in the human genome. (B) Schematic representation of the TGFB1-COL1A2 construct containing the TGFB1 E-box region and 
the COL1A2 core promoter, structuring a human-human hybrid regulatory sequence (TG-COL). The COL1A2 promoter sequence was swapped with 
the yeast ENO1 promoter to structure the TGFB1-ENO1 human-yeast hybrid regulatory sequence (TG-ENO). The TGFB1 sequence contained 13 E-
boxes (orange) with five SCX binding sites (yellow). (C) Basal reporter GFP expression levels for the different constructs by immunoblot. The blot 
was stripped and probed for Actin as a loading control. (D) Data comparison for SCX-E47 over the COL1A2 and TGFB-COL1A2 regulatory regions. 
(E) Median Fluorescent Intensity and percentage of GFP-positive cells graphs comparing levels between TGFB-COL1A2 and COL1A2 regulatory 
sequences upon SCX-E47 induction. (F) The transcription factor binding sites for the regulatory regions tested were assessed at Swissregulon and 
schematically localized as blue ovals in the E-box maps of the sequences studied. Orange and yellow rectangles indicate E-boxes, whereas the purple 
promoters correspond to yeast sequences. Shorter arrows depict additional promoters reported present within the genomic sequence. The statistical 
differences were assessed with a two-way ANOVA test and Bonferroni post-tests for detailed individual differences. *p < 0.05. (G, H) NuSA for TGFB1 
(G) and COL1A2 (H) regulatory regions under basal expression conditions (T0) and after SCX-E47 induction (T90). Three independent experiments 
were analyzed by qPCR and graphed. Below each graph, a schematic representation of nucleosome positioning is included. Nucleosomes were rep-
resented as purple ovals.
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To understand the differential effect of SCX-E47 over the 
COL1A2 and TGFB1 reporters, we further analyzed the se-
quence content and nucleosome positioning of the regulatory 
regions tested. Figure  6F shows that the COL1A2 E-boxes 
were contained within a region very dense in TF binding sites, 
whereas the TGFB1 E-boxes were localized further upstream of 
the closest region dense in TF binding sites. Utilizing nucleo-
some scanning assays, we found that the TGFB1 regulatory re-
gion was wrapped entirely in a random continuous nucleosome 
distribution (Figure 6G). Contrastingly, the COL1A2 regulatory 
region was organized as other transcription regulatory regions, 
characterized by well-positioned nucleosomes surrounding a 
nucleosome-free region (Figure  6H). Additionally, upon the 
SCX-E47 induction, the nucleosome positioning was further im-
proved (Figure 6H).

3.6   |   SCX-E47 Also Modulated an Independent 
TF-Dense Regulatory Region

To confirm the relevance of contiguous TF binding sites for reg-
ulation by bHLH TFs, we tested, as above, the regulatory role of 
SCX-E47 over the yeast ENO1 regulatory sequence, which con-
tained 12 E-boxes embedded within a region densely packed with 
other TF binding sites (Figure 7A). A shorter ENO1 regulatory 
sequence was also examined, lacking other transcription fac-
tor binding sites upstream of the SCX-binding site (Figure 7B). 
These two reporter genes tested also differed in basal transcrip-
tion levels (Figure 7C). The induction of SCX-E47 did not affect 
the median fluorescence intensity from the varying population 

of either regulatory sequence (Figure  7D). Contrastingly, the 
percentage of GFP-positive cells increased 90 min after the SCX-
E47 induction only for the ENO1 regulatory sequence and not 
for the short ENO1 reporter (Figure 7E). Additionally, the tran-
scriptional induction was similar to that driven by the COL1A2 
regulatory region (Figure 7E).

4   |   Discussion

4.1   |   Yeast as a System to Study Tissue-Specific TFs

In contrast to the diversity and extent of bHLH TFs in humans, 
yeast has few reported examples, including at least 8 TFs [40] 
and one protein involved in DNA replication [45]. In humans, 
most type II bHLH TFs have a role in development and cell dif-
ferentiation, whereas in yeast, these TFs mostly have metabolic 
roles [40]. Yeast offered an in vivo system containing the basal 
RNA polymerase II transcriptional machinery and numerous 
sequence-specific TFs that establish a “basic” transcriptional 
environment where the effect of “external” TFs can be analyzed. 
The absence of tissue-specific bHLH TFs was warranted; addi-
tionally, many yeast bHLH TFs were assumed to be absent or 
expressed at low levels because they are functional or expressed 
only under specific metabolic conditions not met in our exper-
iments. This would apply, for example, to PHO4, INO2, and 
INO4, as the media used contained adequate amounts of phos-
phate and inositol. Additionally, we assumed that RTG1 would 
sequester RTG3 in the cytoplasm due to the presence of func-
tional mitochondria [46, 47].

FIGURE 7    |    The SCX/E47 bHLH TFs also modulated the ENO1 regulatory region. (A) Schematic representation of the E-box regulatory region of 
the Saccharomyces cerevisiae's ENO1 regulatory region. The ENO1 sequence contained 12 E-boxes (orange) with one SCX binding site (yellow). The 
transcription factor binding sites for the regulatory regions tested were schematically localized as blue ovals. The sequence also contained two 5′ rep-
lication origins (represented by white circles). (B) Schematic representation of the shortENO1 construct lacking the transcription factor binding sites 
localized upstream of the SCX E-box (yellow). (C) Basal reporter GFP expression levels for the different constructs by immunoblot. The shortENO1 
regulatory region exhibited higher basal expression levels, possibly due to removing replication origins. The blot was stripped and probed for Actin 
as a loading control. (D, E) Data comparison for SCX-E47 over the ENO1 and shortENO1 regulatory regions. Varying population Median Fluorescent 
Intensity (D) and percentage of GFP-positive cells graphs (E) comparing levels between ENO1 and shortENO1 regulatory sequences upon SCX-E47 
induction. The COL1A2 data were included for comparison in both graphs as gray lines. The statistical differences were assessed using a two-way 
ANOVA test and Bonferroni post hoc tests for detailed individual comparisons. *p < 0.05.
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A similar system in yeast was previously used to extend our 
understanding of mammalian bHLH TFs [48]. The system only 
tested the viability of yeast dependent on the function of a human 
bHLH TF. Opposingly, we optimized the expression of human 
genes in yeast, utilized an inducible bHLH TF expression sys-
tem, and measured the reporter expression in single cells. This 
allowed a detailed analysis of the transcriptional dynamics.

Despite the advantages mentioned above, including the possibil-
ity of using the system to analyze other bHLH TF heterodimers, 
the system has two main drawbacks to consider when interpret-
ing the data: the inherent differences between yeast and mam-
mals and the use of a plasmid reporter. The chromatin structure 
and transcriptional cofactors do differ between mammalian cells 
and yeast. Furthermore, yeast does not express many TFs that 
potentially bind to the regulatory regions tested. Additionally, 
the chromatin context differs between chromosomal and plas-
mid DNA. Thus, this study would certainly complement a par-
allel study performed within the human chromosomal context.

4.2   |   Reporter Gene and Data Interpretation

The GFP reporter was measured by flow cytometry to analyze 
and differentiate cell-to-cell data, allowing discrimination of the 
non-GFP-expressing population from the positive population. 
The quantitative parameters measured by the flow cytometer 
and analyzed in this study were the percentage of GFP-positive 
cells and the median fluorescence intensity. We reasoned that 
the values obtained provided different information. A change in 
the median intensity after the induction of the TFs could mean 
that the basal GFP expression was affected when the bHLH 
TFs induced boosted or repressed the ongoing transcriptional 
activity [49]. On the other hand, a change in the percentage of 
GFP-positive cells could mean that more cells started express-
ing GFP upon TF induction or that the expression level reached 
the threshold required for detection by the cytometer. Thus, the 
percentage changes could be related to having very low or non-
GFP-expressing cells start expressing it when the bHLH tran-
scription factors SCX and E47 were present. The flow cytometry 
analysis also allowed better visualization of the transcriptional 
effect by removing the unchanging population. This process was 
also related to a cell morphology change for unknown reasons.

The induction of SCX-E47 expression primarily altered the num-
ber of cells expressing GFP for two reporter genes. The increase 
was higher for the COL1A2-ENO1 relative to the COL1A2 gene, 
perhaps because the basal expression level of the COL1A2 re-
porter gene was very high (90%). The observed changes in the 
percentage of GFP-positive cells were in total agreement with 
the known regulatory sequences (enhancers) role in increas-
ing the probability of transcription [50, 51]. The only observed 
change in the median fluorescence intensity was for SCX-E47 
over the COL1A2 regulatory region compared to the COL1A2-
ENO1 sequence, suggesting that SCX-E47 could potentiate tran-
scriptional active units over this particular sequence.

The results with the ADO1 core promoter showed null expres-
sion of GFP in western blots and very few GFP-positive cells by 
cytometry. This would suggest that the addition of the ADO1 
promoter resulted in non-transcribed constructs despite a 

“potent” upstream regulatory region (human COL1A2). This re-
sult reinforces the conclusion of previous reports, which found 
that upstream regulatory regions could not function without a 
functional promoter [52].

4.3   |   The Heterodimeric SCX-E47 as a 
Regulator of the COL1A2 Gene

It is well established from experiments in mammalian cells that 
E47 functions as both a homodimer and heterodimer with multi-
ple dimerization partners [3]. Except for one in vitro report [22], 
the SCX function appears dependent on heterodimeric interac-
tions with E proteins [5]. Turning to the evidence presented in 
this work, the function of SCX in the absence of heterodimeriza-
tion partners may be scarce or nonexistent for the COL1A2 and 
TGFB1 proximal regulatory regions. E47 had a mild homodi-
meric role at early times for the COL1A2-ENO1 reporter. Thus, 
comparing the results of homodimeric E47 with SCX-E47, the 
early time point may also depend on E47.

Due to the observed change in the percentage of GFP-positive 
cells, the most successful dimeric complex regulating the 
COL1A2 gene was SCX-E47, which did not affect the TGFB1 gene.

4.4   |   Significance of the Enhancer-Promoter 
Specificity

The data with core promoter differences could also be related to 
the known enhancer's preference for specific promoters [53, 54], 
which have been primarily studied by comparing canonical 
promoter motifs such as TATA or DPE. However, because all 
the tested core promoters contained a TATA box, the different 
transcriptional efficiencies could relate to the known enhancer-
specific promoter preferences or the distinct localization of 
the TATA box in yeast and human promoters (−25 and −100, 
respectively).

4.5   |   Relevance of the Sequence and Genetic 
Context for bHLH TF Function

As an isolated system, we expected that the transcriptional 
changes resulting from overexpression of the TFs of interest 
would result in small changes because the context of other 
human tissue-specific transcription factors would be absent. 
Nevertheless, yeast expresses several transcription factors 
conserved in humans, which also structure a genomic context 
of DNA-bound regulators that could interact with the E-box-
binding transcription factors studied. These additional DNA-
bound proteins had a role in our results.

To maintain a constant histone composition and chromatin 
structure, we used plasmid reporters with high expression lev-
els and restricted long-distance interactions with other motifs 
[41, 42]. A possible disadvantage of “floating reporter plasmids” 
is that they could lead to random unwanted interactions with 
other chromosomal domains. Nevertheless, the interactions 
would be different in independent experiments and, therefore, 
diluted in the results. Additionally, because the most proximal 
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regulatory regions are closest to the model of the enhancer ef-
fects over a linked gene [55] and because a short distance be-
tween the core promoter and the regulatory domains tested 
may not require looping as part of the activation process [56], 
we considered episomes as an informative system where we as-
sumed a relatively constant genomic context for each reporter. 
Nevertheless, when the nucleosome positioning of the regula-
tory regions tested was evaluated, the COL1A2 and TGFB1 se-
quences had contrasting architectures that were undoubtedly 
relevant for the SCX-E47 individual function.

As the yeast promoters were expected to produce the highest 
basal GFP levels, we were surprised to find that the original 
COL1A2 upstream and core promoter regulatory sequences 
produced the highest basal GFP levels relative to the other reg-
ulatory regions. Therefore, we hypothesize that the high tran-
scriptional capacity of the COL1A2 upstream and core promoter 
regulatory sequences in yeast may be attributable to a specific 
sequence composition, nucleosome positioning, diverse tran-
scription factor binding motifs, and the spatial arrangements of 
these motifs, which have been progressively honed throughout 
evolution.

The fact that the strongest yeast promoter tested (ENO1) nega-
tively affected the transcriptional effectiveness of the COL1A2 
regulatory region could be related to a partially incompatible 
sequence environment between out-of-context human and yeast 
sequences. Nevertheless, the construction exhibited a signifi-
cantly elevated basal transcriptional output, with approximately 
50% of the GFP-positive cells and a corresponding median fluo-
rescence intensity. These attenuated basal GFP levels facilitated 
enhanced visualization of the transcriptional impact of the as-
sessed bHLH transcription factors.

The results observed with the TGFB1 reporter were unex-
pected because the original hypothesis only focused on the E-
box content. Thus, having less transcription with more E-boxes 
seemed contradictory. Therefore, we analyzed the reported 
chromosomal composition of the studied regions to understand 
the obtained results. The sequence analysis found a relevant 
difference: the E-boxes of the COL1A2 regulatory region were 
embedded in an area containing numerous (more than 20) bind-
ing sites for other TFs. At the same time, the numerous TGFB1 
E-boxes were far from clustered TF binding sites. Additional 
contrasting sequence characteristics between the COL1A2 and 
TGFB1 regulatory regions could also affect the SCX-E47 bind-
ing. These characteristics include different sequence combina-
tions of some of the 16 possible E-boxes and the range between 
the promoter and the E-boxes. Furthermore, the binding of basic 
bHLH TFs is contingent upon the sequence context surrounding 
the E-box [57, 58].

The NuSA also demonstrated contrasting chromatin landscapes 
when comparing the TGFB1 and COL1A2 regulatory regions. 
Randomly positioned nucleosomes wrapped the first, whereas 
the COL1A2 regulatory region had well-positioned nucleosomes 
and a nucleosome-free region that characterize transcriptional 
regulatory regions [59]. Even though the nucleosome position-
ing did not change much upon the SCX-E47 induction, one of the 
nucleosomes' positioning was further improved. Other bHLH 
TFs have been demonstrated to bind nucleosomes [60]. In this 

particular case, one SCX-E47 binding site is localized at the nu-
cleosome that becomes better positioned after the induction of 
its expression.

Furthermore, when analyzing the original chromosomal con-
text of the regulatory regions tested using the UCSC genomic 
browser, we found that the COL1A2 regulatory region had 
some of the molecular signatures of enhancers [53], including 
DNase I hypersensitive sites and characteristic histone modi-
fications, such as H3K4me1 and H3K27ac. The core promoter 
region was reported to be a binding site for the TBP and the 
RNA polymerase II, including the H3K4me3 mark [61]. The 
RNA polymerase II binding region extended up to 80% of the 
regulatory region studied. The above chromosomal details 
and our data show that the sequence upstream of COL1A2 is 
adequate to promote transcription, even within the yeast plas-
mid context. Therefore, the reduced transcription rates when 
the human core promoter was replaced with a yeast sequence 
could be explained by an alteration in the structure of the orig-
inally permissive COL1A2 core promoter sequence. In agree-
ment with our NuSA data, the 1 kb human TGFB1 genomic 
context reported at UCSC was localized outside DNase I hy-
persensitivity areas or RNA polymerase II binding regions. 
Additionally, an antisense promoter was also found within 
this region.

To confirm that the contrasting results between COL1A2 and 
TGFB1-COL1A2 reporters were related to the concentration of 
TF binding sites surrounding E-boxes, we studied the effect of 
inducing SCX-E47 over the ENO1 regulatory region, which also 
contained multiple additional TF binding sites. The resulting 
transcriptional activation was similar to that observed for the 
COL1A2 regulatory region. Furthermore, removing TF binding 
sites localized upstream of the E-box resulted in the loss of the 
SCX-E47 activating capacity. Thus, we propose that the local-
ization of E-boxes within a sequence rich in other TF binding 
sites would enable the binding of other TFs, the formation of 
transcriptionally permissive and cooperative functional units, 
and the exchange of coregulators [50, 62]. Finally, this aligns 
with the two-step target search process by TFs, where an initial 
global search using protein–protein interactions, particularly 
those involving intrinsically disordered regions [63], identifies 
the correct “protein cloud”. This is followed by a subsequent 
local search for specific DNA motifs, utilizing the DNA-binding 
domain [64]. Thus, the high abundance of TF binding sites in 
the COL1A2 and ENO1 regulatory regions may serve as a re-
cruiting protein cloud for the SCX-E47 bHLH heterodimer.

Even though this is a basic research work identifying punctual 
roles of bHLH TFs over specific (out-of-context) human regula-
tory regions, we believe that this type of analysis has a potential 
long-term impact on health, as the altered expression of bHLH 
TFs in humans leads to multiple diseases, including fibrosis, 
where the regulators and regulatory regions tested here are 
relevant.
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