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Notch suppression by gamma-secretase inhibitors is a valid approach against
melanoma. However, most of studies have evaluated the short-term effect of DAPT on
tumor cells or even cancer stem cells. In the present study, we surveyed the short-
term and long-term effects of DAPT on the stem cell properties of A375 and NA8 as
melanoma cell lines. The effects of DAPT were tested both in vitro and in vivo using
xenograft models. In A375 with B-raf mutation, DAPT decreased the level of NOTCH1,
NOTHZ2, and HES1 as downstream genes of the Notch pathway. This was accompanied
by enhanced apoptosis after 24 h treatment, arrest in the Go_M phase, and impaired
ability of colony and melanosphere formation at the short term. Moreover, tumor growth
also reduced during 13 days of treatment. However, long-term treatment of DAPT
promoted tumor growth in the xenograft model and enhanced the number and size of
colonies and spheroids in vitro. The gene expression studies confirmed the up-regulation
of Wnt and Notch downstream genes as well as AXINT, CSNK2A3, and CEBPA2
following the removal of Notch inhibitor in vitro and in the xenograft model. Moreover,
the Gompertz-based mathematical model determined a new drug resistance term in the
present study. Our data supported that the long-term and not short-term inhibition of
Notch by DAPT may enhance tumor growth and motility through up-regulation of AXINT,
CSNK2A3, and CEBFAZ2 genes in B-raf mutated A375 cells.
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INTRODUCTION

Different signaling pathways can act as tumor amplifiers in
melanoma such as Notch, Wnt, and Shh signaling pathways (1-
5). Melanoma has been determined by its medical treatment
failure, tumor recurrence, and rapid metastasis to distant organs
(6). It has been reported that melanoma cells have the ability to
revolve into a more embryonic or even stem cell type and express
some stem cell-related markers including CD133, Nestin, CD166,
and ABCB5 (7-9). Because of this, they are more invasive and
resistant to certain anticancer treatments, and no single therapy
is reliable in the treatment of melanoma. Therefore, a number
of antitumor agents are developed against certain signaling
pathways such as EGFR, AKT, and BRAF (10). Nevertheless,
targeted tumor therapies can be restricted by the emergence
of resistant tumor cells to BRAF inhibitors (11) and EGFR
inhibitors (12).

Notch is an important developmental pathway in melanoma,
and its alteration has been documented to induce the transition
of melanocyte to melanoma cells, the promotion of angiogenesis,
tumor progression, and invasion (13-17). Several different
methods for Notch blockade have been attempted, including
gamma-secretase inhibitors (GSIs) (16, 18-23), monoclonal
antibodies (18), and small inhibitory molecules, which directly
affect the transcriptional complex (18, 24, 25).

It has also been determined that treatment of melanoma cells
with Notch inhibitors with GSIs can result in tumor regression
(18, 26, 27). DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester) (28) is a well-known small molecule
that has been reported to block Notch signaling in cancers
(28) and has reduced cancer cell growth and invasive capacity
of melanoma cells (16, 17, 29). Although most of the studies
have evaluated the short-term effect of GSIs and the phase II
clinical trials that explore the efficacy of GSIs in melanoma are
actively recruiting or awaiting activation (30), but it is uncertain
whether Notch signaling blockade alone and in the long term
will be sufficient to prevent tumor growth as cancer adaptation is
well-documented. Here, we report the short-term and long-term
effects of Notch inhibition on stem cell ability as well as the tumor
growth of malignant melanoma cells both in vitro and in vivo
and evaluated the possible emergence of therapeutic resistance.
Furthermore, by using mathematical models, on the basis of
the tumor growth rate, we could estimate an optimal dosage of
DAPT for supporting tumor regression in the xenograft mice and
predict drug resistance at the proposed dose. Finally, the effect of
DAPT in both short- and long-term administrations was assessed
to evaluate the expression pattern of Notch and Wnt downstream
genes, and their intermediate genes including AXINI, CSNK2A3,
and CEBPA?2 after removing the effect of DAPT.

MATERIALS AND METHODS

All procedures in the present study were performed in
accordance with the relevant guidelines and regulations of
the Royan Institute for Stem Cell Biology and Technology
and approved by the Institutional Review Board and

Ethics Committee of the Royan Institute, Tehran,

Iran (IR ACECR.ROYAN.REC.1396.28).

Cell Culture

A375 human melanoma cell line originated from a culture
of a lymph node metastasis of a melanoma patient (31), and
NAS8 (originated from the culture of malignant melanoma)
was a gift from Dr. Giulio Spagnoli (University Hospital of
Basel, Switzerland). Cells were cultured in complete Dulbecco’s
modified Eagle’s medium (DMEM) high glucose from GIBCO
[DEMEM, 10% fetal bovine serum (FBS), 1% nonessential amino
acid, 1% L-glutamine, and 1% penicillin/streptomycin]. Cells
were incubated at 37°C, 5% CO,.

Short-Term and Long-Term Inhibition by

DAPT

A375 cells were incubated with 15 wM of DAPT for 48 and 96 h
as short -and long-term inhibition, respectively. The time was
considered based on the changes in the percentage of apoptotic
cells in treated cells (see Results section).

Genomic Profiling of Cell Lines

To check the hotspot mutation of the BRAF gene at exon
15 and NRAS at exons 1 and 2, DNA was extracted from
melanoma cell lines A375 and NAS, using a QIlAamp DNA
Mini Kit (Qiagen® 51306, Hilden, Germany) according to
the manufacturer’s instructions. Primer pairs that targeted the
human BRAF and NRAS genes were designed, and PCR was used
to amplify the DNA region (Supplementary Table 1). The PCR
products were submitted to conventional Sanger sequencing.
Finally, samples were submitted to GenBank (BanklIt) with
accession numbers KY769663 and KY769668. Analysis and
alignment of the data were performed by ChromasPro 2, CLC
Sequence Viewer 6, and Gene Runner 5 software.

MTS Assay

One thousand cells were seeded in 96-well plates and were
incubated overnight at 37°C. Afterward, the media were changed
with fresh media including different concentrations of DAPT
(Tocris) (0, 1, and 15uM for A375 cells and 0, 5, 10, 15, 30,
and 60 WM for NAS cells). Plates were incubated at 37°C for
24, 48, and 72 h. The media were removed, and 100 l of MTS
(Promega Co.) was added and incubated for an extra 3-4h. The
absorbance of the developed dye was measured at 560 nm with
Thermo Scientific Elisa reader.

Apoptosis Detection

A total of 5 x 10° cells were washed with calcium buffer 1x.
Annexin (Sigma) was added and incubated for 15 min at 4°C.
Afterward, propidium iodide (PI) was added. Samples were
acquisitioned by BD FACSCalibur in each step and analyzed by
flowing software.

Cell Cycle Analysis

A total of 5 x 10° cells were washed with phosphate-buffered
saline (PBS), and DNA staining method with PI was performed
according to the Azimian-Zavareh et al. method (31).
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Colony and Sphere Formation Assay

Two hundred cells were seeded in six-well plates with complete
DMEM, on the basis of our published protocol (32), to evaluate
colony formation ability. To do sphere formation, 1 x 10* cells
were seeded in six-well plates coated with poly-Hema (1%) on
the basis of the previously published protocol (32).

Flow Cytometry Analysis

Nestin and Notchl expression were evaluated by flow cytometry
using specific antibodies against Nestin [1:100, fluorescein
isothiocyanate (FITC) mouse anti-human, Santa Cruz] and
Notchl (1:100, FITC mouse anti-human, Santa Cruz). A total
of 1 x 10° cells were washed with PBS and fixed with
paraformaldehyde 4%, permed with Triton X-100 (2%), and
blocked with bovine serum albumin (BSA) 10% according to the
Azimian-Zavareh et al. method (31).

To estimate c-Myc-positive (1:100, FITC mouse anti-human,
Santa Cruz) and Ki-67-positive (1:100, FITC mouse anti-human
BD) cells, tumors were treated with Dispase (Thermo Scientific),
Collagenase type 1 (Abcam), and Collagenase type IV (Sigma)
with a dose of 1 mg/ml of DMEM.

Quantitative Gene Expression Using

Real-Time Polymerase Chain Reaction

Total RNA was extracted using TRIzol reagent (Invitrogen). Then
according to the previously described procedure (31), total RNA
was extracted, and the expression of the genes mentioned in
Table 1 was measured using SYBR Green Master Mix. GAPDH
was used as an internal control.

Xenograft Mouse Model

All studies in vivo were done according to the guidelines for
animal care established by the Royan Institute Animal Care
Committee. A total of 2 x 10° A375 cells were injected into
the flanks of 6 to 8 week-old male nude mice (B6NU-M)
purchased from Royan Research Institute (n = 31). After tumor
development (about 1 week), mice were classified randomly in
four groups. At day O after measuring the length and width of
developed tumors, the treatment with DAPT was started. The
control group received 10% dimethyl sulfoxide (DMSO) (the
same concentration in DAPT solvent) (n = 6), the second group
received intratumor (IT) injections of 12.97 mg/kg of DAPT (n =
6), the third group received intravenous (IV) injections of 259.6
mg/kg of DAPT (n = 6), and the fourth group (IT + IV) received
12.97 mg/kg of DAPT as IT and 259.6 mg/kg of DAPT as IV
injections of (n = 13). DAPT treatment was performed when
tumors reached to 4- to 6-mm diameter (100-150 mm?); the
injection was done every 72 h up to 15 days. Tumor volume was
assessed every day on the basis of the following formula:

Tumor volume = 7 /6xLengthx Width?

Pathological Evaluation and H & E Staining
Mice tumors and lungs were harvested. Then the obtained
samples were fixed in paraffin 10% and subjected to pathological
evaluation and H&E staining.

TABLE 1 | Primer sequences for real time PCR.

Temperature Primer sequence Gene name

Tm (°C)

60°C F: 5CTC ATTTCCTGGTATGACAACGA 3’ GAPDH
R: 5 CTT CCT CTT GTG CTC TTG ¢t 3’

60°C F: 5 AAAGAATCTTCACCTATGCC & Nanog
R: 5 GAAGGAAGAGGAGAGACAGT 3’

60°C F: 5 GTTCTTCATTCACTAAGGAAGGG 3 Oct-4
R: 5" CAA GAGCATCATTGAACTTCAC &

60°C F: 5 TCCAGGAACGGAAAATCAAG 3’ Nestin
R: 5" GCCTCCTCATCCCCTACTTC &

60°C F: 5 GGCTAAGGTGTTTGGAGG 3’ Hes1
R: 5 TGTTGCTGGTGTAGACGG 3’

60°C F: 5GAGGCGTGGCAGACTATGC 3 Notch1
R: 5 CTTGTACTCCGTCAGCGTGA 3’

60°C R: 5 GATCACCCGAATGGCTATGAAT 3 Notch2
R: 5" GGGGTCACAGTTGTCAATGTT 3

60°C F: 5 CATCTACACCGACAACTCCA 3 CyclinD1
R: 5" ATGATCTGTTTGTTCTCCTCC 3

60°C F: 5GAGGCAACTA AGACTGATTACTTT3  cateninp
R: 5’AGGTTAATGAGTGTCACAGACTTC3

60°C F:5" CCAAGCGTGATCCTG AACC 3 cMyc
R: 5" GCTGCTGCC GAGGAG TAG 3’

60°C F: 5 GACCTGGGGTATGAGCCTGA 3 Axin1
R: 5" GGCTTATCCCATCTTGGTCATC 3

60°C F: 5 GGTTCGTGACACAGGGTCTT 3’ Csnk2A1
R: 5 CACATGTGGTGGAATGGGGA 3’

60°C F: 5 GTG GAA ACA TAG GGA CTT GG & CEBPA2

R: 5" ATG ACA AAC AAG GCT GAG G 3’

Mathematical Modeling

The proposed mathematical model describes the dynamics of
tumor growth in the presence of DAPT. The model can be written
based on the Gompertz equation (32) as follows:

0
n(t) = an (t) log (m> — CK (u(t)) + R(u (1)) (1)

where 7 is tumor volume, 7 is a derivative of n, a > 0 is the rate of
tumor growth, and 6 is the maximum tumor volume. u(t) is the
schedule, the amount of DAPT injection is defined as t CK (u (t)),
the cell-kill rate of DAPT, and R (u (t)) explain the drug resistance
of tumor cells. CK (u (t)) and R (u (t)) are functions of u(t). Based
on Equation (1), injection of DAPT increases the tumor size if
R(u(t)) is bigger than CK (u(t)), and it decreases the tumor
size if CK (u (¢)) is bigger than R (u (t)). CK (u (t)) and R (u (1))
are calculated for both IV and IT injections. The parameters a
and 6 function as CK (u (¢))R (u (t)) and should be estimated for
every mice. R (u (t)) — CK (u (t))is defined as the killing factor
parameter, which determines if DAPT injection is useful or not
for the specific animal.

Statistical Analysis

The following data were presented as mean =+ SD and analyzed by
one-way ANOVA and T-test and post-hoc Bonferroni to assess
differences among means using Prism version 6 software and
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SPSS. P < 0.05 was considered as significant. Experiments were
repeated three times.

RESULTS

DAPT Inhibits Cell Activity Transiently
Through Short-Term Cell Cycle Arrest in

A375 Melanoma Cells

The inhibitory effect of DAPT has been previously reported in
many cancers including melanoma (33). Our results determined
that 15 M of DAPT partially inhibited A375 cells (metastatic
cells), after 48 h of treatment (Figure 1A, P < 0.05), associated
with the down-regulation of NOTCHI, NOTCH2, and HESI
mRNA levels (Figure 1B, P < 0.01). Moreover, the percentage
of NOTCHI1-positive cells decreased in treated cells after 96 h of
treatment (Figures 1C,D, P < 0.001). Early and late apoptosis
increased 48 h after DAPT treatment but decreased significantly
96h after the exposure of A375 with DAPT (Figures 1E-G,
P < 0.05). Cell cycle analysis indicated a reduction in the S
phase that was associated with an enhancement in the G;-
M phase both 48 and 96h after treatment, which was not
significant (Figures 1H-J, P < 0.05). Unlike A375 cells, NA8
cells (malignant cells) showed an increase in cell division, in all
doses and times after DAPT treatment (Figure 1K, P < 0.05).
The sequencing results revealed that BRAF gene had a T to A
transversion at nucleotide position (BRAF ¢.1799T>A) or amino
acid position 600 just in A375, which resulted in an amino acid
substitution from valine to glutamic acid at codon 600 (V600E)
(Supplementary Figure 1A). Both cell lines did not have any
mutation in NRAS gene (Supplementary Figure 1B).

DAPT Reduces Stemness-Like Property in
A375 Cells Transiently

Our previous experiments indicated that DAPT was less effective
on cell proliferation and apoptosis, but its effect on stemness
properties such as colony and sphere formation and even
stemness-related genes was unclear. Results showed that Notch
inhibition in a short time dramatically reduced the colony and
sphere formation abilities in both adherent and spheroid cells
(Figure 2A). But long-term inhibition of Notch by DAPT in
A375 cells increased the formation of larger colonies with a
higher number (Figure 2B). Moreover, pre-treated cells with
DAPT decreased the sphere number in sphere formation assay
in passage 1, but the number and size of spheres significantly
increased in the second sphere passages (Figure 2B). On the
other hand, the mRNA level of NANOG, OCT4, and NESTIN
increased in A375 cells treated with DAPT for 48 h. However,
they were not significant (Figure 2C). It is unlikely that when
spheroid cells were treated by DAPT, the expression of stemness-
related genes such as NESTIN was significantly down-regulated
(Figure 2C), but the protein level did not change after treatment
(Figure 2D, P > 0.05). We conclude that DAPT can reduce the
stemness-like properties of A375 cells in the short term, but in
the long term, it has no effects on this function and may induce
the drug resistance in treated cells, which should be confirmed by
complementary tests.

DAPT Reduces Sizes of Tumors Transiently

in the Xenograft Mouse Model

DAPT was injected by three different methods (IT, IV, and
IT + 1IV) in vivo. As shown in Figures 3A,B, the growth
of the tumors significantly decreased in the IV group until
day 6 but eventually enhanced, which caused larger tumors
than those in the control group at day 15. The pattern of
tumor growth in IT and IT + IV groups revealed a significant
decline until 13th day after treatment. However, 15 days
after treatment, an intense increase was observed in tumor
growth in both treated groups (Figures 3A,B). These results
were also confirmed by histopathological evaluation (Table 2).
Additionally, the percentage of positive cells and intensity of
the c-Myc and Ki-67 in all groups were the same, and only the
mean fluorescent intensity for Ki-67 decreased (Figures 3C-H,
P > 0.01). This similar pattern of expression may be related
to day of sampling, because we removed all tumors at day 15
with increasing tumor growth. If we had opportunity to sample
tumors earlier (day 10), we might have observed differences
in Ki-67 and c-Myc expression. These results of tumor growth
were also confirmed by histopathological evaluation (Figure 31,
Table 2).

Mathematical Model Evaluation and
Optimal Therapy

In the next step, we designed a mathematical model and
identified model parameters for every animal by the generic
algorithm. The mathematical model provides the opportunity to
improve the therapy by considering killing factors, depicted on
top of each plot. The output of the mathematical model (1) and
the measured tumor size are shown for nine different animals
in Figure 4 by red and blue lines, respectively. The second and
third graphs of each plot indicate the functions of CK (u (t)) and
R (u (1)), respectively. The results demonstrated that the model
could explain the dynamics of the tumor size properly, because
of the closeness of the estimated and measured tumor size. To
determine DAPT effectiveness, the killing factor for all nine mice,
shown in Table 3, was calculated. The positive value of the killing
factors means that the specific injection was harmful. Based on
the measured killing factor for the 2nd, 4th, 8th, 9th, and 10th
animals, it was clear that DAPT was not a good choice for therapy.
But the others show the negative killing factor, which indicated
that DAPT controlled the tumor growth. Therefore, animal
differences and the proportional dose are important factors in
Notch inhibition. Thus, in order to find a systematic method for
determining the optimal amount of DAPT for every injection, the
optimal control theory was applied. The cost function f (¢) was
defined as follows:

1
fi = /0 [7* @+ uivf @) +uf Oz @)

where ury and uyr are related to the IV and IT injections,
respectively. The optimal control tries to find a feasible dose
of DAPT (u (t)) so that the cost function f (f) is minimized.
Equation (2) shows that optimizing f (¢) leads to minimizing the
tumor size and the injection dose of DAPT, simultaneously. It is
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FIGURE 1 | DAPT inhibits A375 cell activity temporarily. (A) MTS assay was done to show the inhibition of A375 activity with the dose of 15 LM of DAPT 48h after
treatment. (B) The treatment with DAPT resulted in the down-regulation of Notch downstream genes including NOTCH1, NOTCH2, and HES1 after 48 h of treatment.
The mRNA level was quantified by RT-PCR, and GAPDH was used as an internal control. (C,D) Flow cytometry analysis showed the reduction of Notch1 expression
after 96 h of treatment. (E-G) Apoptosis assay was done to evaluate early and late apoptosis. Notch inhibition enhanced apoptosis in treated cells 48 h after
treatment, but its rate was reduced 96 h after treatment. (H-J) Cell cycle analysis was evaluated by propidium iodide (Pl) staining and analyzed by FACSCalibur. The
results indicated a minor reduction in the S phase and an increase in the G2-M phase after treatment with DAPT. (K) NA8 cell line was resistant to the cytotoxic effect
of DAPT, and its activity did not change after treatment. (All bars indicate mean + SD in at least four independent tests. *P < 0.05, **P < 0.01, ***P < 0.001,
and ***P < 0.0001).
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FIGURE 2 | The effect of DAPT on A375 stemness properties. (A) Left to right: adherent and spheroid cells colony formation efficiency, as well as sphere formation
ability decreased significantly after DAPT treatment. (B) Left to right: pre-treated cells (drug resistant cells) had an increased ability in their colony and sphere formation
abilities. (C) g-RT-PCR analysis of stemness-related genes showed that 48 h treatment with DAPT enhanced the expression of NANOG, OCT4, and NESTIN in
adherent culture. However, the changes were not significant (P > 0.05). It is unlikely that the expression of NESTIN significantly reduced at mRNA level in spheroid
cells post treatment. (D) However, the changes were not significant at protein level (n = 3, mean + SD, *P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001).

obvious that minimizing the injection amount of DAPT reduces
the drug side effects (Supplementary Figure 2).

To solve the optimal control, we assumed that the animal is
injected with DAPT once every 3 days. The optimal schedule
of every animal model is presented in Table 4 for the 15 days
of therapy. Notably, the exclusive dose of DAPT was calculated
for every animal. The advantage of this method is that drug
resistance will be minimized. For the 8th, 9th, and 10th animals,
the optimal therapy do not exist because IT killing factor is
positive for them (see Table 4), which means IT injection of
DAPT causes increase of the tumor growth rate.

Is DAPT Suitable for Treatment of

Melanoma Patients?

The results obtained from in vitro and in vivo experiments
and the mathematical model revealed the differential responses
of cells and animals to Notch inhibitors. Moreover, the effect
of DAPT reversed after 13 days after Notch inhibition in the
xenograft model. Therefore, several experiments were done to

investigate the resistance mechanism of Notch inhibitors in
melanoma cells, as both Notch and Wnt signaling pathways are
interrelated and associated with tumorigenicity and metastasis
in most cancer cells. Therefore, we selected several genes from
the downstream of each of these pathways (NOTCHI1, NOTCH2,
and HESI for Notch pathway and cyclin D1, c-myc, and CTNNBI
for Wnt signaling pathway). On the other hand, on the basis
of the spectral partitioning model (data not shown), we found
that AXINI, CSNK2A3, and CEBPA2 are intermediate genes
between two pathways. Therefore, to seek the mechanism of
resistance to Notch inhibitors, a set of experiments was done to
clarify the gene roles. The results showed that the short-term
treatment with DAPT (for 48 h) caused a reduction in Notch
downstream genes (NOTCHI, NOTCH2, and HESI), but some
Wnt pathway genes (CTNNBI and c-myc) and an intermediate
gene (CSNK2A3) increased significantly (Figure 5A, P < 0.0001).
The expression pattern of all genes returned almost to normal or
even higher than normal when the short-term effect of DAPT was
removed (after 48 h of treatment, cells were washed and cultured
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FIGURE 3 | The effect of DAPT in melanoma mouse model. (A) A total of 2 x 10° cells were injected into the flanks of 31 nude mice. The DAPT treatment was

started when tumor size reached 4 to 6 mm diameters (100-150 mm?). Tumor-bearing mice were divided randomly into four groups: control, intratumor (IT) injections,
intravenous (IV) injections, and IT + IV injections. The concentration for IT and IV injections was 12.97 and 259.6 mg/kg of DAPT, respectively, every 72h (n = 6 for IT
injection and IV injection, and n = 13 for IT + IV injection). For the control group, the mice received 10% dimethyl sulfoxide (DMSO) in phosphate-buffered saline (PBS)
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FIGURE 3 | every 72h (n = 6) for up to 15 days. The daily measurement of tumor volume indicated the decreasing rate of the tumor growth in the IV group for the first
6 days, but an increasing rate of the tumor growth in this group was observed up to the 15th day. The temporary reduction of tumor growth was observed in both IT
and IT + IV groups during 13 days of treatment. However, size of tumors in all groups was not significant at day 15 after treatment. (B) The largest tumors in each
group were pictured to show the morphology of tumors. (C-H) The level of Ki-67- and c-Myc-positive cells in each group (IT, IV, and IT+ IV injections) was assessed
by flow cytometry 15 days after DAPT treatment. The results indicated no significant difference between groups. Red points show no staining, and the blue points
show protein expression. (I) H&E staining for tumors in different groups. The lung tissue did not show any signs of metastasis (1 = 6, mean + SD, *P < 0.05, **P <
0.01, *P < 0.001, ***P < 0.0001).

TABLE 2 | Pathological Evaluations for tumors in each group.

Name Histology Mitosis/hpf Pleomorphism Inflammation Karyorrhexis Ulcer Desmoplasia
Control Nodular-type malignant melanoma 4-6 3 Moderate (lymphocytic) 30% Necrosis (10%) Negative Negative
[\ Nodular-type malignant melanoma 6 2-3 Mild (lymphocytic) 10% Negative Negative
T+ 1V Nodular-type malignant melanoma 4-6 3 Mild (lymphocytic) 20% Negative Negative
Significant Values marked in bold P < 0.05.
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FIGURE 4 | Output of the mathematical model (n(t)) and the measured tumor size, CK(u(t)), and R(u(t)) for four different animal models. Each graph has three parts:
tumor volume, cell killing, and drug resistance. In the first part, the blue line shows real rate of tumor growth with DAPT treatment of control group in each mice, and
the red line is the growth rate of DAPT treatment in each mice that were calculated with mathematical model. If the red and blue lines are more consistent, it means
that the model is more similar to reality and more accurate. The total of these three parts provides killing factor: if the killing factor is negative, the drug was effective,
and if the killing factor is positive, the treatment is harmful. (A-D) Animals with a positive killing factor were drug resistant. (E,F) Animals with a negative killing factor.
These animals are remediable, and all of the injections were effective. (G-1) Animals with a negative killing factor. All of injections were not effective in these animals.
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TABLE 3 | Total killing factors for all mice calculated by mathematical method.

Animal ID Killing factor Effectiveness
1 —274 Remediable

2 2,047 Irremediable
3 —58 Remediable

4 132 Irremediable
5 —790 Remediable

6 —73 Remediable

7 —-32 Remediable

8 86 Irremediable
9 74 Irremediable
10 125 Irremediable
11 —98 Remediable
12 —122 Remediable
13 —83 Remediable
Significant Values marked in bold P < 0.05.

TABLE 4 | The optimal schedule of drug for every animal model.

Animal ID uy (t) urr (t)

0 X1-X1-X1-X1-X1-X1 X0-X0-X0-X0-X0-X3
1 X0-X0-X0-X0-X0-X0 X4-X4-X2-X2-X3-X4
2 X0-X1-X1-X1-X1-X1 X1-X3-X3-X3-X2-X1
6 X0-X0-X0-X0-X0-X0 X1-X1-X1-X1-X1-X1
7 X0-X0-X0-X0-X0-X0 X1-X1-X1-X1-X1-X1
8 X1-X1-X1-X1-X1-X0 X0-X0-X1-X0-X1-X0
9 X0-X0-X0-X0-X1-X1 X0-X1-X0-X1-X1-X0
10 X0-X1-X1-X1-X1-X1 X0-X0-X1-X1-X3-X4
11 X0-X1-X0-X1-X0-X1 X1-X0-X1-X0-X0-X0
12 X1-X1-X1-X1-X1-X1 X0-X0-X0-X0-X0-X0

for a week). In contrast, the expression of CTNNBI, c-myc, and
CSNK2A3 declined (Figure 5A, P < 0.001). In the long-term
treatment with DAPT (6 days of treatment that was equal to
three cycles of therapy), the expression of NOTCH]I, HESI, cyclin
DI, c-myc, and CEBPA2 was lower than that of the control
group, but the expression of the other genes did not change.
Interestingly, the expression of Wnt downstream genes, as well
as the intermediate genes, in this case, was lower than normal
(Figure 5B, P < 0.05). Finally, we found that the expression of
Notch and Wnt downstream genes returned to normal when the
effect of DAPT was removed in the long-term treatment (after 6
days’ treatment with DAPT, cells were washed and cultured for
a week) (Figure 5B); these data indicated that Notch inhibition
alone is not sufficient for cell growth inhibition.

Based on the aforementioned results and the mathematical
modeling, five tumors were selected to evaluate the pattern of
Notch, Wnt, and intermediate genes (Table 5). It is noteworthy
that on the 15th day of treatment, most tumors seemed to be
developing resistance to the drug as they up-regulated HESI,
CTNNBI, and all intermediate genes (AXINI, CSNK2A3, and

CEBPA2). Regarding this, it seems that DAPT failed to exert an
effective therapeutic effect on the tumors.

DISCUSSION

Melanoma is identified as a heterogeneous cancer with a
high degree of chemoresistance. Therefore, targeting resistant
melanoma cells within tumors is necessary (26). Several reports
have determined the role for aberrant Notch signaling in
melanoma progression and have suggested that its inhibition may
provide a valid therapeutic approach (16, 18).

DAPT is an effective and selective GSI with promising
antitumor activities in several types of cancer, including
melanoma (26, 34-36). However, its long-term effect is not clear.
Our study indicated that DAPT affects melanoma cells in a
cell-dependent manner and that it increases the cell activity of
NAS cells (as wild-type cell in BRAF gene) but suppresses A375
cells that contain BRAF mutation. We found that DAPT could
increase apoptosis rate 48 h after treatment, which was reversed
96h after treatment, which may be related to adaptation of
treated cells with DAPT effect. Although DAPT-treated cells had
changes in S phase and G2M of cell cycle, the differences were
not significant. More importantly, it could suppress the tumor-
initiating ability of melanoma cells in the short term, could
partially decrease proliferation and colony formation, and could
impair the formation of melanospheres. Similarly, several studies
indicated the role of DAPT in the enhancement of apoptosis
and cell cycle arrest in tongue carcinoma (34), colorectal cancer
(35), and kidney carcinoma (37). Additionally, DAPT can reduce
self-renewal and stemness in ovarian cancer stem-like cells (38)
and breast cancer (39) and melanoma (40). However, our results
determined that in the long-term treatment and after eliminating
the effect of DAPT, melanoma cells became more aggressive with
increase in both sphere and colony formation abilities. Similar
to the in vitro experiment, the tumor size decreased in the treated
group during the 13 days of treatment but suddenly increased and
reached the size of the control group in vivo. It has been reported
that the daily use of DAPT or the treatment of melanoma cells
with high doses of DAPT significantly reduced the tumor growth
rate (26) or tumorigenicity (36). On the contrary, a study in 2015
showed that DAPT could not reduce tumor growth (41) and that
its monotherapy was reported to be incompetent (42). In this
study, it seems that the reduction in tumor growth in the early
stages of treatment in the first and second weeks is due to the
reduction of tumor stem cell specificities. The obtained results
lead to this notion that melanoma cells showed a differential
response to DAPT on the basis of its dose and time exposure,
both in vitro and in vivo. Furthermore, cells may bypass the
Notch inhibition effect, using other mechanisms. We found that
Notch blockade in short-term leads to the up-regulation of Wnt
downstream genes (CTNNBI and c-myc) and AXIN1, CSNK2A3,
and CEBPA2. Removing the blockade in treated cells results in the
up-regulation of Notch-related genes and the down-regulation of
Wnt genes. According to our results, we suggest that CSNK2A3
may play an important role in providing balances between Notch
and Wnt pathways. Moreover, the expression pattern of AXIN,
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FIGURE 5 | The expression of the downstream genes of both Notch and Wnt pathways and their intermediate genes after DAPT treatment. A375 cells were treated
with DAPT in four groups. In the first group, the cells were treated with DAPT for 48 h, representing a short-term treatment. In the second group, initially, the cells,
which were treated for 48 h, were washed and cultivated up to 1 week, without any treatment. In the third group, cells were treated for 6 days, representing a
long-term treatment. Finally, in the fourth group, the cells that were treated for 6 days were washed and cultivated for an extra 1 week, without any treatment. The
expression pattern of important genes in Notch and Wnt pathways and intermediate genes between these two pathways in groups 1 and 2 (A) and groups 3 and 4
(B) were assessed by gRT-PCR. In summary, it seems that the intermediate genes or Wnt pathway could retrieve the inhibitory effect of Notch pathway (n = 3, mean
+ SD, *P < 0.05, **P < 0.01, **P < 0.001, and ***P < 0.0001).

TABLE 5 | The expression of Notch and Wnt downstream genes and intermediate genes in five selected tumor 15th days post DAPT treatment.

Gene/Tumor Notch1 Notch2 Hes1 CyclinD1 B-catenin c-Myc Axin1 Csnk2A3 CEBPA2

Ctrl 1 1 1 1 1 1 1 1 1

0.48 £ 0.07 0.54 £+ 0.09 2.77 £ 0.38 0.67 £ 0.11 1.22 £ 0.24 2.50 £ 0.52 0.99 £0.19 2.37 +0.66 1.01£ 0.09
0.26 £ 0.05 1.52 £ 0.31 2.92 + 0.45 0.29 &+ 0.04 1.62 £ 0.31 0.48 £ 0.11 2.17 £ 0.51 0.57 +£0.10 1.63 £ 0.32
1.64 £ 0.21 2.81 £ 0.55 2.80 £+ 0.64 1.28 £0.32 1.88 + 0.21 0.54 £0.05 5.31 £ 0.46 5.25 £ 0.89 2.11 £ 0.42
0.90 £ 0.11 7.95 £ 0.56 2.96 £+ 0.33 0.57 £0.08 2.48 £+ 0.32 2.82 £ 0.41 11.60 £ 1.09 1.27 £ 0.22 3.84 £ 0.44
0.66+ 0.13 2.07+ 0.33 2.86 + 0.38 0.62 £0.10 1.74 £ 0.22 1.16 £ 0.36 3.39 + 0.45 1.74 £ 0.25 3.85 + 0.42

© N N O

Significant Values marked in bold P < 0.05.

CSNK2A3, CEBPA2, HESI, and NOTCH2 was similar to that =~ Wnt, transforming growth factor-beta, MAP kinase pathways,
of most resistant tumors to DAPT, which had a similar growth ~ and p53 activation cascades (43, 44). In addition, AXINI is a
rate with the control group. Axin (axis inhibition protein 1) isa  mediator rather than an apoptosis marker (45) and is necessary
scaffold protein involved in many signaling pathways, including  for mediating the crosstalk between Wnt/B-catenin signaling
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cascades (46). Casein kinase 2 alpha 3 (CSNK2A3) encodes a
protein that is highly similar to the casein kinase II alpha protein.
Casein kinase I is a serine/threonine protein kinase (CK2) and is
involved in cell growth, proliferation, apoptosis, and cell survival
(47). CK2 functions as an oncogene in several types of cancer,
and its up-regulation is correlated with low survival rates in
most cases except for glioblastoma and renal cell carcinoma
(48). CCAAT enhancer-binding protein alpha (CEBPA) is a
transcription factor that is highly expressed in differentiated
tissues. The overexpression of CEBPA is significantly correlated
with the poor prognosis of ovarian cancer and hepatocellular
carcinomas (HCCs), indicating its oncogenic role in these
neoplasms. The down-regulation of this gene decreases colony
formation and cell growth and increases the number of apoptotic
cells (49). Moreover, the relationship between the Notch, Wnt,
and PI3K downstream genes is previously identified (50).
Recently, Norihiko Saito and colleagues have reported that GSI
resistance results from a change in oncogene addiction, from
NOTCH to constitutive AKT in glioblastoma, and that the
combination of GSIs and PI3K inhibitors may reduce tumor
growth in glioblastoma (51).

In addition, we introduced a mathematical model to
determine the effectiveness of DAPT injection by calculating
the killing factor. The mathematical model clearly showed that
in most mice, DAPT was not a suitable choice for therapy.
However, in several mice with negative killing factors, DAPT
effectively controlled the tumor growth. Therefore, animal
differences and dose proportions are important factors in
notch inhibition.

In summary, notch inhibition may provide a novel approach
for cancer therapy in melanoma, but some issues are of
importance. (i) Notably, Notch inhibitors™ effectiveness are cell
and tumor dependent (52, 53); (ii) the dose and duration of
Notch inhibitors (54, 55) and the gap between each therapy
cycle are important factors. Although the high dose of DAPT is
effective, the cytotoxicity may affect normal cells; (iii) resistance
against Notch inhibitors may occur in the long term, leading to a
more aggressive form of cancer with higher stem cell properties
and metastasis; (iv) PI3K signaling, Wnt signaling pathways, and
the other regulating networks may compensate the inhibition of
Notch (41, 42, 50). Finally, the inhibition of Notch pathway leads
to the overexpression of AXIN1, CSNK2A3, CEBPA2, CTNNBI,
and c-myc genes and other unknown pathways that increase cell
survival, metastasis, and drug resistance.

CONCLUSION

Our data showed that DAPT blockade in melanoma leads to
the up-regulation of AXINI, CSNK2A3, CEBPA2, CTNNBI,
and c-myc genes in tumors. All these events enhanced tumor
growth, colonogenicity, and spheroid formation ability, which
are associated with enhancement of cell motility in DAPT-
resistant A375 cells. Our experimental and mathematical models
indicated that the intratumor injection of DAPT is more effective
than intravenous injection. However, the results should be
confirmed by higher replications in long-term inhibition of
NOTCH pathway.
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Supplementary Figure 1 | The sequencing of BRAF and NRAS mutation in A375
and NAS8 cells. (A) The sequencing analysis showed that a T to A transversion at
nucleotide position (BRAF ¢.1799T>A) or amino acid position 600 in A375 cells
which resulted in an amino acid substitution from Valine to Glutamic Acid at codon
600 (VB0OE). (B) DNA sequence of the NRAS gene in exons 1 and 2 did not show
any mutations neither in A375 nor the in D10 melanoma cell lines.

Supplementary Figure 2 | Output of the mathematical model (n(t)) and the
measured tumor size, CK(u(t)) and R(u(t)) for different animal models. Each graph
has three parts: tumor volume, cell killing, and drug resistance. The blue line
shows real rate of tumor growth with DAPT treatment to control group in each
mice, and the red line is the growth rate of DAPT treatment in each mice that were
calcuted with mathematical model. Whatever the lines of the red and blue are
more consistent, it means that the model is more similar to reality and more
accurate. The total of these 3 parts provide killing factor, which, if the killing factor
was negative, the drug would be effective and if the killing factor was positive,
treatment would be harmful. (A-L) Animals number 1 to 13.

Supplementary Table 1 | The sequences of the primers used for sequencing.
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