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Simple Summary: Epithelial-mesenchymal transition (EMT) is a process during which epithelial cells, charac-
terized as immobile apico-basal polarized cells, acquire the motility of mesenchymal cells. EMT is a fluid
process and cells can undergo the reverse process - mesenchymal-epithelial transition (MET). These are nor-
mal physiological processes that occur in early embryonic development, wound healing or placentation, but
they can also be exploited by cancer cells during tumorigenesis, migration and invasion. One of the essential
transcription factors that plays roles in EMT induction in various cancer cell types is TWIST1. Yet, there is a
lack of bioassays to detect the bioactivity of this factor. The main aim of this work was to design and validate
a system to assess TWIST1 activity in cells undergoing EMT/MET. The resulting system allows simple, inex-
pensive and real-time determination of TWIST1 activity in living cells as they undergo phenotypical transfor-
mation.

Abstract: TWIST1 is a transcription factor that affects cell behavior during development and cell
differentiation. Yet, it is better known for its roles in neoplasia through regulation of cell plasticity.
The pathological contributions of TWIST1 in tumor initiation, angiogenesis, invasion, metastasis,
and chemo-resistance have been the focus of much research. To-date, the only way to quantitatively
measure the abundance of TWIST is by immunoblots. Yet, no bioassay exists that can detect TWIST1
activity. Thus, we present here a TWIST1 cell-based assay that allows measuring the amount of
active TWIST1 non-invasively in living cells. The bioassay was characterized against previously de-
scribed TWIST1 “inhibitors”, as well as by epigenetic modulators of TWIST1 gene expression. More-
over, we tested multiple cell lines, showing that the level of TWIST1 mRNA resembles that of the
bioassay. We show that prostate cancer cells (PC3) undergoing EMT, migrate out of 3D-spheroids
and have increased TWIST1 activity. This fast and reliable system to detect active TWIST1 in differ-
ent biological conditions allows a detailed analysis of this factor, as well as it can be used for drug
discovery, since TWISTT1 is a potential target for cancer chemotherapeutics.
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Cell-based TWIST1 Bioassay

TWISTI ACTIVITY

1. Introduction

TWIST transcription factors belong to the E-box binding proteins, a sub-group of the basic
helix-loop-helix (bHLH) family, which also include the transcription factors SNAI1 and
SLUG. Twistl was first identified in Drosophila, where it acts as a crucial regulator for
establishing dorsoventral polarity, mesoderm specification, and tissue-specific differenti-
ation during early embryo development. The name was coined from the 'twisted' appear-
ance of Drosophila embryos lacking Twist [1].

In humans, the most recognized role of TWIST1 is its participation in mesoderm-associ-
ated organogenesis - especially of limbs and craniofacial formation [1,2]. TWIST1 gene has
two exons, and is located on the short arm of chromosome 7 at position 21.1. Mutations of
the TWIST1 gene cause the Saethre-Chotzen syndrome (SCS), that is characterized by syn-
dactyly, craniosynostosis, ptosis and hypertelorism [1,3]. Expression of TWIST1 has also
been detected in stem cells within mesoderm-derived mesenchymal tissues (muscle, adi-
pose tissue, and bone marrow) [1], or mesenchymal stem cells and in lymphocyte matu-
ration [4]. In addition to the significant contribution of TWIST1 in normal developmental
processes, this factor is also involved in multiple processes related to cancer development
via activation of cell plasticity, particularly epithelial-to-mesenchymal transition (EMT).

EMT is currently the focus of intense research activities, due to the pronounced cell phe-
notypical changes in both physiological and pathological processes [1]. EMT accounts for
the loss of apical-basal polarity as well as loss of cell-cell adhesion, promoting transition
into an invasive, mesenchymal phenotype [1]. It is well established that TWIST1 contrib-
utes to the activation of EMT by promoting the expression of critical mesenchymal factors,
such as N-cadherin, and by repressing epithelial ones such as E-cadherin [5-7]. This re-
sults in increased tumor cell motility and re-arrangements of the actin cytoskeleton, which
coincides with cancer progression and metastasis [8,9]. Consistently, down-regulation of
TWIST1 expression decreases invasion and migration of cancer cells[10]. Furthermore,
TWIST1 has been under investigation for its tumorigenic properties and is highly consid-
ered to promote tumor development by inhibition of p53-dependent cell death, and
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therefore escaping senescence and apoptosis [11]. TWIST1 involvement in tumor angio-
genesis and chemoresistance has also been reported [3].

TWIST1 expression is associated with the progression of several neoplasms of epithelial
origin, such as breast cancer, particularly the HER2-positive subtype [4], ovarian [12],
prostate [13-16] cervical [17], bladder [18][19], hepatocellular [20], and colorectal cancer
[21][22]. It is specifically linked to head and neck cancers, including nasopharyngeal and
esophageal squamous cell carcinoma [23-25][26][9]. Moreover, TWIST1 over-expression
has also been reported in non-epithelial cancer types such as melanoma, glioblastoma,
and chronic myelogenous leukemia (CML) [3][27][28][29].

The role of TWIST as a prognostic marker for cancer progression and poor outcome has
been explored in multiple studies. While TWIST1 overexpression correlates with poor out-
come and decreased survival of patients suffering of ovarian, cervical, lung, oral and
esophageal carcinomas [2][30], its expression alone is not always in arrangement with
either cancer progression or patients’ poor prognosis, what has prevented using TWIST1
as a prognostic assessment marker for clinical applications such as patient stratification
and therapy planning [2,3].

Although initial studies excluded TWIST1 as a drug target - mouse Twist1 knock-out is
embryonic lethal and a mutation of one allele in humans causes SCS - later studies indi-
cated the potential use of TWIST1 as a therapeutic target [31][32][33]. Currently, TWIST1
is pointed out as a target for the treatment of, among others, pulmonary sarcomatoid car-
cinomas and for alleviating muscle cachexia and related mortality in patients with ad-
vanced cancer. Nevertheless, there are no specific or selective inhibitors for TWIST1 avail-
able to-date. At best, a number of non-specific small molecules have been found to directly
or indirectly inhibit TWIST activity [34][35][36][37]. Here, we present and validate a bio-
assay for TWIST1 activity, developed with the goal to study the roles of TWIST during
diverse biological processes. We show that TWIST1 activity is increased in cells migrating
out of 3D organoids of prostate cancer cells, in line with previous reports [13,38]. This
biosensor may also be a relevant cell-based assay for high throughput screening of small-
molecule inhibitors of TWIST, and their impact on cell plasticity.

2. Materials and Methods

Materials pSpCas9(BB)-2A-Puro (PX459) V2.0 was a gift from Feng Zhang (Addgene plas-
mid # 62988 ; http://n2t.net/addgene:62988 ; RRID:Addgene_62988)[39]. The pmR-
mCherry vector was purchased from Clontech (CatNo 632542). The TGFB1-bio-His vector
(proTGFB) was a gift from Gavin Wright (Addgene plasmid # 52185 ;
http://n2t.net/addgene:52185 ; RRID:Addgene_52185)[40]. E-cadherin-GFP was a gift from
Jennifer Stow (Addgene plasmid # 28009 ; http://n2t.net/addgene:28009 ;
RRID:Addgene_28009)[41]. Flag Snail 6SA was a gift from Mien-Chie Hung (Addgene
plasmid # 16221 ; http://n2t.net/addgene:16221 ; RRID:Addgene_16221)[42]. KOD-Xtreme
Hot-Start DNA polymerase was purchased from Merck Millipore. Restriction endonucle-
ase Dpnl was purchased from Thermo Fisher Scientific. Gibson Assembly Master Mix was
purchased from New England Biolabs (NEB). The transfection reagent TurboFect was
purchased from Thermo Fisher Scientific. All necessary antibiotics were purchased from
Invitrogen. Cell culture media and supplements were purchased from Sigma. All PCR
primers were bought from Genomed (Warsaw, Poland).

Molecular cloning All vectors were created using Gibson Assembly, according to the
manufacture’s protocol. In brief, PCR products were performed with a high-fidelity pol-
ymerase (KOD-Xtreme, Millipore), according to supplied protocol and then digested with
Dpnl FastDigest restriction enzyme (Thermo Scientific) to eliminate PCR templates (re-
duction colonies with original plasmids). Next, the PCR products were column purified
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(CleanUp and GelOut kit, Blirt) were mixed, at a ratio of insert/vector of 3/1, and added
to the tube with 10 pl Gibson Assembly Master Mix. After 15 minutes of incubation in
50°C electroporation of competent bacteria with 2 pl of the reaction was performed. Af-
ter 50 minutes incubation in 500 pl SOC medium (37°C/100 RPM), bacteria were plated
onto agar plates containing the recommended antibiotic (Ampicilin or Kanamycin).
Dream Taq Dream Master Mix (Thermo Scientific) was used for colony screening PCR.

The TWIST1 binding domain (TWIST1BD) was synthesized as a DNA fragment (GeneArt
Gene Synthesis) from Thermo Scientific.

The dCas9-VP64-T2A-Puro plasmid (CRISPRa) has been prepared in our lab. Gene encod-
ing Cas9 has been mutated (D10A & H840A) with the REPLACR method [43]. Next,
downstream of dCas9, the VP64 gene has been cloned, using the Gibson Assembly
method according to the manufacturer’s protocol. The resulting DNA sequences were ver-
ified by sequencing.

The gRNAs sequences for CRISPR-Cas9 mediated gene knock-down were designed with
Benchling, synthetized by Genomed (Warsaw, Poland) and then cloned into plasmids en-
coding the functional CRISPRa components, according to the Zhang’s lab protocol [39],
using T7 ligase and BbsI (both from Thermo Fisher).

CRISPRa The constructs used in the CRISPRa method is described above. For the experi-
ment we designed two gRNAs, named gRNA1 (sequence: 5- CACCGAATTGTTA-
GACCCCGAGGA-3") and gRNA2 (sequence: 5- CACCGGACGAATTGTTAGACCCCG-
3’) to target a genomic region around 100 nucleotides ahead of the start of transcription
site for the TWIST1 gene. In the next step HEK-293T cells have been transfected and se-
lected on puromycin for 14 days — until the stable cell line is settled. Then the cell line has
been transfected with TWIST reporter system and after 48h the media have been exam-
ined on GLuc activity.

Cell culture: Cell lines were cultured under standard conditions (37°C, 5% CO2). The
standard medium for culture of the HEK-293T cell line was DMEM (Sigma), while HEK-
293 and HeLa cell lines were cultured with medium EMEM (Corning), the HK-2 cell line
was cultured with K-SFM medium (Invitrogen), and the RC-124 cell line with McCoy’s 5a
medium (Sigma). PC3 cells were cultured in DMEM-F12. All of the media were supple-
mented with 10% Fetal Bovine Serum (Sigma) and 1% Penicillin/Streptomycin solution
(Sigma). In addition, McCoy’s 5a medium was supplemented with 2 mM L-glutamine.
Transfections were carried out using the TurboFect reagent (Thermo Fisher). The ratio of
DNA /transfection reagent was optimized for every cell line, in order to obtain the best
transfection efficiency in the 24-well plate format.

TGEp was produced in HEK293 cells, as previously reported [44], where the medium of
cells transfected with a plasmid coding TGF(3 was collected and transferred to 96 well
plate containing cells expressing the TWIST1-GLuc reporter construct. As a control, we
used media from mock-transfected HEK-293T cells. This eliminates the background re-
sulting from the presence of other factors naturally secreted by this cell line.

Confocal imaging of living cells The cells were seeded onto 24-well glass-bottom plates
(MoBiTec) one day before transfection. Transfection was conducted as described above.
Transfected cells were then visualized under Nikon Ti Confocal microscope within 24h
after transfection using a 563 nm or 488nm lasers.

RNA extraction, Reverse Transcription and qPCR Total RNAs was isolated using Ex-
tractMe total RNA kit (Blirt) according to the manufacturer instructions. Next, cDNAs
were synthesized using the High-Capacity cDNA Reverse Transcription Kit with addition
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of a RNase Inhibitor (Applied Biosystems) and used in qPCR. Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used as a housekeeping gene that is stably and con-
sistently expressed in most cell lines analyzed. Prior to use, all primer sets were tested for
specificity and sensitivity, resulting in a single amplicon of the expected size. PCR reac-
tions were then performed with the LightCycler® 480 II instrument (Roche) in triplicates
on 96 well plates and PowerUp SYBR Green Master Mix (Applied Biosystems). The num-
ber of cycles needed to reach specific threshold of detection (CT) was used to calculate
relative quantification (RQ). Relative mRNA expression was calculated using the delta CT
subtraction and normalized to the expression of GAPDH.

Table 1. The primer sequences for qRT-PCR.

Gene Primer sequence

GAPDH Forward 5-CTCTGCTCCTCCTGTTCGAC-3’
Reverse 5'- GCCCAATACGACCAAATCC-¥

TWIST1 Forward 5'- GCCGGAGACCTAGATGTCATT-3’
Reverse 5-TTTTAAAAGTGCGCCCCACG-3’

Gaussia Luciferase (GLuc) detection: The substrate for GLuc, coelenterazine, was pur-
chased from Selleck, and dissolved in PBS to the final concentration 20 uM, incubated for
30 minutes/RT in the absence of light and used in a 1:1 ratio with cell culture media/su-
pernatant. Detection of secreted GLuc was performed using a Tecan M200Pro with inte-
gration time 10000 ms and then analyzed. The results were normalized with flow cytom-
etry analysis, MTT viability assay and [3-Galactosidase Enzyme Assay System (Promega)
according to the attached manual.

Chemical compounds: Tamoxifen and lactic acid were purchased from Sigma-Aldrich,
Propofol 2% MCT/LCT Fresenius from Fresenius Kabi.

Drug sensitivity assay (MTT viability assay): Yellow tetrazolium salt MTT (3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is metabolized by viable cells from
yellow to purple formazan crystals. HeLa and HEK-293T cells for this test, were seeded
on 96-well plates at a density of 2-10* (HeLa) and 4-10* (HEK-293T) cells/ml in 100 pl of a
complete growth medium and cultured under standard conditions. After 24 hours, the
culture medium was removed and the cells have been exposed to: tamoxifen (2, 4, 6, 8 and
10 uM), propofol (15, 30 and 60 uM), lactic acid (6 and 5 pH) and control without any
additions, all in 8 replicates. All solutions have been prepared with supplemented growth
media (DMEM F12, 10% FBS, 1% penicillin/ streptomycin). After 48 hours, the cells were
incubated for 3 hours with a 5 mg/ml solution of MTT (Sigma). Formazan crystals were
solubilized by adding 10% SDS in 0.01 N HCl and incubated for 3 hours on vortex. Detec-
tion the absorbance have been measured at a 570 nm wavelength using a Tecan M200Pro
microplate reader.

Flow cytometry: The HEK293/T cells were seeded on 6-well microplates at a density of
5x 105 cells/ml. After 24 h incubation, the cells have been exposed to tested drugs, and
transfected by plasmids as described above. Next, the medium was removed and the cells
were collected directly before the flow cytometric analysis (BD FACSCalibur). The
AmCyan fluorescence intensity of individual cell was determined as SSC-H/FL2-H 2D-
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dot plots and used to transfection normalization. At least 10000 events were measured
within an acquisition rate 100-300 events/second for each samples. The analyses were per-
formed with the use of software CellQuest Pro Version 6.0. for the Macintosh operating
system.

3D Spheroids Culture: PC3 cells 24h after transfection were seeded in a 96 Well Round
(U) Bottom Plate, Sphera Low-Attachment Surface (Thermo Fisher) for a final concentra-
tion of 2,000 cells per well. Transfection was conducted as described above. Spheroids
were grown within the human myoma-derived matrix (HMDM)/fibrin matrix containing
the “Myogel” — a gift by Tuula Salo, Oulu University Hospital, University of Oulu and
University of Helsinki [45]. The entire procedure of preparing the 3D cultures was con-
ducted according to the protocol [46]. The cell migration was monitored for twelve days.
Images were obtained using a Nikon Ti Confocal microscope. Each spheroid was visual-
ized daily at the same microscope setting.

Statistical analyses: The data are expressed as means + standard deviation (SD). Statistical
analyses were executed using GraphPad Prism 5.0 (GraphPad Software Inc.). The one-
way analysis of the variance (ANOVA) and Tukey’s Multiple Comparison Test were ap-
plied to the results of statistical comparison, where *p values < 0.05, **p values < 0.01 and
***p values <0.001.

3. Results

Since TWIST1 is considered an essential factor for EMT, our goal was to generate a method
that allows quantitative measurements of active TWIST1 in living cells without cell lysis.
This is of great importance, since the EMT process is highly dynamic and multi-factorial.
Thus, measuring changes in the expression or activity of EMT-promoting factors should
ideally be monitored continuously throughout the process.

First, we designed an ideal DNA response element, to which the TWIST1 specifically
binds in human promoters, using the PAZAR database [47]. Based on the specificity of
binding, the regulatory region of the YBX1 gene was selected (Fig. 1A). This region
(TWIST1 binding domain -TWIST1BD) contains three TWIST1 binding consensus se-
quences (CANNTG) (Fig. 1A). To test the effectiveness of this region, we placed it up-
stream of the gene coding for the mCherry fluorescent protein (Fig. 1B) as a reporter. Next,
we carried out a series of transfections using several cell lines with a broad range of
TWIST1 expression profiles. Subsequently, we compared the levels of TWISTI mRNA ver-
sus the fluorescence intensity achieved by the mCherry reporter in every cell line.

A clear correlation between TWIST1 gene expression and the fluorescence level of
mCherry in different transfected cell lines was found (Fig. 1E & G). As changes of fluores-
cence intensity are more difficult to measure due to heterogeneity and linear progression,
we decided to exchange mCherry for Gaussia Luciferase (GLuc), as this reporter enzyme is
secreted by the cells into the medium, in which it can be readily detected and measured
by luciferase assays without the need of cell lysis. This allows real-time, live cell and con-
tinuous cell-based assays that can be maintained and monitored for prolonged periods of
time. Under these conditions, long-term assays can be performed that allow addressing
phenotypic changes e.g. in response to inhibitors, changing cell culture conditions, or in-
duced differentiation. Moreover, GLuc activity is higher than that of Firefly luciferase for
about 1,000-fold [48]. The resulting vector - TWIST1BD-minPromoter-GLuc (Fig. 1C) was
used for further analyses aimed at validating the system. As a starting point for further
experiments, we performed identical analyzes as for the mCherry construct (Fig. 1E & F).
Additionally, we created a construct (minPromoter-GLuc) lacking the TWIST1 BD to visu-
alize the effectiveness and specificity of the TWIST1 binding element (Fig. 1D).
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Figure 1. TWIST1 activity assay. A) Schematic representation of a YBX1 region. TWIST1 binding
domain (TWIST1 BD) marked in green and E-boxes marked in dark green. B) Schematic represen-
tation of the action of a TWIST1-dependent mCherry reporter. C) Schematic representation of the
inducible expression of a TWIST1-dependent reporter resulting in expression and subsequent se-
cretion of Gaussia luciferase (GLuc). D) Schematic representation of the minimal promoter minP-
GLuc construct. E) qRT-PCR analysis of the TWISTT mRNA levels in HeLa, HEK293, HK-2 and RC-
124 cells. The results show the mean 2-2CT of one run in triplicate + SD relative to GAPDH. F) Lumi-
nescence intensities, measured after 48 h of growth after transfection with TWIST1BD-minPromoter-
GLuc in various cell lines. At least 3 independent runs were performed for each experiment. The
graph shows the representative result of the measurement. The results were analyzed with one-way
ANOVA test and Tukey’s Multiple Comparison post hoc test (*p < 0.05, **p < 0.01, and ***p < 0.001
were considered statistically significant). G) Expression of mCherry in cells transfected with
TWIST1BD-minPromoter-mCherry (on right) and transfection control (TC) (on left).

As expected, the activity of GLuc in the media, as well as with mCherry fluorescence using
the first assay architecture, followed a very similar pattern as that of TWISTI mRNA ex-
pression - suggesting the sensor is able to quantitatively determine TWIST1 activity. As
an internal control for transfection efficiency, we cloned a constitutively expressed nuclear
localized fluorescent protein (3xNLS-AmCyan) under the CMV promoter (pCMV-3xNLS-
AmCyan) cassette into the TWIST1-reporter plasmid.

TWIST1 activity is affected by multiple transcriptional and post-translational processes
and crosstalk with other signaling molecules. At the transcriptional level there is several
pathways involved in TWIST1 regulation among which TNF-a, Wnt, TGF{3, Notch, EGF
or hypoxia are the best known examples [49][50][51]. The post-translational TWIST1 reg-
ulation is also tightly regulated by protein stabilization — phosphorylation (by MAPK,
PBK, CK2) and degradation (by Ppa, FBLX14, p53-Pirh2 complex, PAQR3, Aurora kinase
A) [8][52]. Phosphorylation of TWIST1 has also its implications in dimer formation.
TWIST1 may form homo- and heterodimers with proteins such as: E47, E12, TWIST2,
Runx2, MyoD [53]. Thus, in order to determine whether our reporter system is responsive
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to TWISTT1 activity and not just expression, we decided to use molecules that have been
reported to modify the expression and/or activity of TWIST1 gene or protein. In the ab-
sence to any specific TWIST1 inhibitors, we chose four substances that have been reported
to affect TWIST1 expression or activity: 1) lactic acid (reducing pH of cell culture medium)
[54]; 2) TGEB increases TWIST1 expression [55][56][57]; 3) Propofol, reduces the expres-
sion of TWIST1 mRNA [58]; and 4) tamoxifen, which accelerates the degradation of
TWIST1 [59]. In addition to the pharmacological approach, we designed a molecular ap-
proach to directly activate the endogenous TWIST1 gene by using CRISPRa (CRISPR ac-
tivation).

EMT is a complex process that can be activated or modulated by various external factors.
One of such factors is lowering of the pH, which is often observed in hypoxic cancer tis-
sues. Inspired by the report by Tongwei Yang’s group, we decided to use lactic acid to
lower the pH. Cells were transfected with TWIST1BD-minPromoter-GLuc. After, 24h had
elapsed, the culture media was exchanged by fresh culture media with reduced pH (6,0)
or standard media (negative control - NC), and incubated for an additional period of 48
hours. Luciferase measurements show that by lowering the pH the TWIST1 activity in-
creases (Fig. 2A). As lowering pH may affect cell viability, results have been normalized
using a viability assay (Fig 2D).

The TGE pathway is one of the most effective inducers of EMT. As TWIST1 is a driving
factor of EMT, we decided to test our reporter construct under TGFg-induced EMT. In-
duction of EMT by TGFf in different lines expressing the TWIST1BD-minPromoter-GLuc
reporter, showed a significant increase in luciferase signal (Fig. 2A).

Propofol does not affect the activity of the TWIST1 protein itself, but has been reported to
downregulate expression of the TWIST1 gene what have been shown on the mRNA as
well as protein level [58]. As expected, exposure to propofol resulted in a decreased ex-
pression of GLuc reporter; which was largely independent of the dose of the drug used in
these experiments (Fig. 2B). Cells viability was unaffected by Propofol treatment (Fig. 2E).

Tamoxifen is the most widely selective estrogen receptor inhibitor used. Tamoxifen has
also been reported to induce TWIST1 protein degradation, without changing its expres-
sion at the mRNA level [59]. In order to show the robustness and sensitivity of our reporter
system not only for qualitative, but also for quantitative determination of TWIST1 activity,
we decided to use six different concentrations of tamoxifen (0, 1, 2, 4, 6, 8 and 10 uM) to
reduce TWIST1 protein degradation. Samples were collected 24 and 48 hours after adding
Tamoxifen to the cell culture. We observed a linear decrease in luminescence that corre-
lates with increasing tamoxifen concentrations in the media (Fig 2C). These results have
been normalized with respect to cell number and viability (Fig 2F).

There was no significant difference in luciferase activity in cells transfected with min-
Promoter-GLuc and treated with tamoxifen and propofol (Fig. 2H), another indicator of the
robustness and specificity of the reporter.
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Figure 2. Pharmacological control of activity or expression of TWIST1 result in signal reduction in
bioassay. A. Gaussia Luciferase activity in HEK293T after 48 hours of cell treatment by either lower
pH (pH 6 by lactic acid) or TGFf3, versus untreated cells (negative control, NC). B. GLuc activity
from HeLa cells after 48 hours of treatment with propofol at multiple concentrations: 0 (control), 15,
30 and 60 uM. C. Tamoxifen at different concentrations: 0 (control), 1, 2, 4, 6, 8 and 10 uM. Viability
is indicated for pH 6.0 (D), Propofol (E) and tamoxifen (F) (MTT assay), in which untreated control
cells were calculated as 100%. G,H) Comparing the construct with full TWIST1BD (TWIST1BD-min-
Promoter-GLuc) with the construct without TWIST1BD (minPromoter-GLuc). GLuc activity in HEK-
293T transfected with TWIST1BD-minPromoter-GLuc (G) or minPromoter-GLuc (H) after 48 hours cell
treatment with tamoxifen at different concentrations: 0 (negative control - NC), 3 (T3), 6 (T6), 9 (T9)
uM and 15 uM propofol. The results were normalized based on AmCyan expression using flow cy-
tometry. The graph shows the representative result of the measurement. The results represent the
mean + SD (n=4) and were analyzed with one-way ANOVA test and Tukey’s Multiple Comparison
post hoc test (*p < 0.05, **p <0.01, and **p < 0.001 were considered statistically significant).

All of the tests descried above might also affect additional mechanisms and pathways,
likely to indirectly affect TWIST1 expression and activity. Thus, we also used CRISPR ac-
tivation (CRISPRa) for the final validation of our TWIST1 reporter system. CRISPRa is
based on nuclease-dead Cas9 (dCas9), which retains its DNA-binding abilities, fused with
transcriptional activator VP64 (Fig. 3A). The targeting genomic sequence is determined
by the guide RNA (gRNA). HEK-293T cells stably expressing CRISPRa system components
were transfected with the reporter plasmid and after 48 hours samples for GLuc activity
were collected.

As presented in Fig. 3B, both gRNAs induced the overexpression of TWIST1 although the
second gRNA (§RNA2) was 40% more efficient than gRNAI.
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Figure 3. The design of the CRISPR/dCas9-VP64 activation (CRISPRa) system A. The CRISPRa sys-
tem consists of a dead Cas9 (dCas9) protein, a specific guide RNA (gRNA), and the activation do-
main of the viral protein (VP64). B. CRISPRa targeting TWIST1 in HEK293T using two different
gRNAs. The results represent the mean + SD (n=4) and were analyzed with one-way ANOVA test
and Tukey’s Multiple Comparison post hoc test (*p <0.05, **p <0.01, and **p <0.001 were considered
statistically significant.

While construct TWISTBD-GLuc can be used to actually quantify TWIST1 activity, con-
struct TWISTBD-mCherry may also be used to visualize the activity of this factor. Taking
advantage of this, we assessed the activity of TWIST1 in organoid (3D) cultures, as it has
been suggested that TWIST1 plays a role in EMT/migration of cells, we hypothesized that
cells migrating out of the organoid will have a higher mCherry signal, due to higher
TWIST activity, than those having a more epithelial phenotype within the spheroid. The
cells were transfected with plasmids in 3 settings: to differentiate mesenchymal and epi-
thelial cells - TWISTBD-mCherry + CDH1-GFP, to induce EMT - TWISTBD-mCherry + Flag-
Snail 6SA and a non-induced control TWISTBD-mCherry alone. To exclude errors in photo
evaluation due to autofluorescence, we also used untransfected PC3 cells in 3D culture as
a control (Figure S1). Cells after 24h were plated in 3D culture plates and observed for 12
days (see Materials and Methods section). As CDH1 is a marker strictly linked with epi-
thelial state, it was expected that cells expressing CDH1, and with low TWISTBD-mCherry
signal will be located inside spheroid (GFPHig"/mCherrytev cells ). In contrast cells under-
going EMT such as those overexpressing SNAIL will display increased motility and
TWIST1 activity. The results shown in Figure 4 confirm our assumptions, the cells over-
expressing CDHI1-GFP are inside a spheroid and are clearly visible on the insets where
green fluorescence do not overlap with red fluorescence of the reporter (even low TWIST1
activity). SNAIL-expressing cells on the next panel cells show high mobility and increased
TWIST1 activity and reduced CDH1-GFP expression. Cells migrating outside the spheroid
show high reporter red fluorescence and very low GFP (mCherryHish/GFPtow). It is also
clearly seen in the magnification (inset) that the leading cell highly expresses mCherry,
showing its invasive state.
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Figure 4. PC3 cells in 3D cultures. Cells were cotransfected with TWISTBD-mCherry/CDH1-GFP (left
column) and TWISTBD-mCherry/CMV-3xNLS-AmCyan + Flag-SNAIL 6SA (right column). Spheroids
were monitored for twelve days. The figure shows representative images of the same spheroid on
day 1, 6 and 12 of culture. Green fluorescence localized in: nucleus indicates 3xNLS-AmCyan (both
columns), whole cell — GFP (left column). Red fluorescence — mCherry (both columns). PC - phase
contrast. Scale bar represents 200um.

4. Discussion

TWIST1 is an important transcriptional factor not only in the context of changes occurring
during the initial developmental stages but also in many other processes such as angio-
genesis, invasion, tumor initiation and progression, metastasis, acquisition of stemness,
and acquired drug resistance [1,8,49,60,61]. To study the truly complex and multicontex-
tual character of this versatile transcription factor, methods for visualization of its activity
during cellular phenotypical changes are needed. Such tools would also be important to
research its functional role in diverse context (e.g. in various tissues) and cell type-de-
pendent manner. Multiple attempts to quantitatively measure the expression and activity
of TWIST1 have been tested, for example by using TWIST1 promoter sequences followed
by diverse reporter genes [62,63][64]. Additionally, reporters containing TWIST1 3'UTR
have been used for investigation of microRNAs affecting TWIST1 expression [65,66]. Yet,
all these systems measure only TWISTI-promoter activity or mRNA stability and not
TWIST1 activity. Moreover, assays based on firefly luciferase require terminal cell lysis,
which is tedious, time-consuming and does not allow continuous monitoring of changes
that take place in living cells. Such discontinuous methods are also not compatible with
high throughput screening for drug discovery.

The cell-based TWIST1 bioassay presented in the current work, is composed by TWIST1
binding domain from YBX1 gene promoter, widely described TWIST1 target with the
highest affinity score based on PAZAR database. As reporter systems we selected either
a secreted Gaussia Luciferase, for continuous quantification, or a fluorescent protein for
visualization purposes. For the latter, we incorporated pCMV-AmCyan as an internal con-
trol of expression level and transfection efficiency.

The bioassays was validated versus gene expression in multiple cell lines and by synthetic
transcriptional activation of TWIST1 by CRISPRa. Together with the use of two chemical
“inhibitors” — Propofol and Tamoxifen, as well as inducers of EMT such as low pH and
TGEP, we show that the biosensor is able to quantify TWIST1 activity in near real-time.
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Propofol is an anesthetic that shows a fairly complex mechanism of action. Currently,
many scientific studies emphasize its action not only in the context of sedation but also in
the impact on cancer treatment. The Yang group has presented evidence that propofol
lowers TWIST1 at the mRNA and protein levels [58]. We thus tested whether propofol
would reduce TWIST1 signaling, which it significantly did in all concentrations used. Tak-
ing into account that this compound does not work specifically on TWIST1, we decided
to verify our system with another compound with an inhibitory effect of TWIST1 at the
protein level, Tamoxifen, which is known to accelerate the degradation of TWIST1
through the ubiquitination-proteasome pathway without affecting transcription or trans-
lation. Our results are consistent with those by Jianming Xu and collaborators [59]. The
activity of luciferase decreased in an inverse dose-dependent manner to the tamoxifen
concentration.

We further tested how the induction of EMT affects TWIST1 activity. Here, once again,
we selected two methods: 1) to lower pH, which mimics pathophysiological conditions
occurring inside solid tumors. Lower pH is a triggered of EMT and cell migration. In this
experiment, the level of the system's luciferase has increased in terms of control. 2) The
best described EMT activator- TGFp — was used to trigger EMT. In both cases there was
an increase of TWIST1 activity readout as compared to controls. Finally, to specifically
increase TWIST1 expression, we decided to induce TWIST1 overexpression using CRIS-
PRa. We designed two gRNAs, which guided dCas9-VP64 to the TWISTI promoter area,
providing the final proof for the selective operation of the system. All in all, our results
are further supported by standardization with flow cytometry measurements, 3-Galacto-
sidase activity and viability assay, and are consistent with each other as well as previous
reports.

Having demonstrated the advantages and possibilities of the Gaussia luciferase-based sys-
tem, we decided to investigate possible applications of the mCherry-based system. To this
end, we performed a series of transfections of prostate cancer cells (PC3) to induce over-
expression of specific factor for the epithelial state (E-cadherin) and for the mesenchymal
state (SNAIL) and culture them in conditions as close as possible to human environment
using Myogel, a human-tumor derived origin matrix [45,67]. While cells overexpressing
E-cadherin showed lower invasiveness and TWIST1 activity, SNAIL-expressing cells mi-
grated out of the spheroid, as thus having a more mesenchymal phenotype, are these cells
also expressed the TWIST reporter more actively, which, in line with previous research
[68], providing more evidence that TWIST1 is an important player in mesenchymal trans-
formation and migration.

Our bioassay shows robust correlation between TWISTI gene expression and down-
stream protein activity. In addition, it shows that the reporter system can be applied for
small molecule inhibitor screening, and that continuous real-time, live cell measurements
at different time points are possible since the assay is not disruptive. Thanks to these fea-
tures and the use of a secreted luciferase, the assay allows to reuse the cells for other anal-
yses.

Since there are no specific TWIST inhibitors and the biology of TWIST1 is not completely
known, visualization and/or quantification of its activity might help in the understanding
of downstream processes in vitro and eventually in vivo.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
PC3 cell line 3D culture, Table S1: Primers sequences. RAW DATA file.
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