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Abstract

CTCE-9908, a CXC chemokine receptor 4 (CXCR4) antagonist, prevents CXCR4

phosphorylation and inhibits the interaction with chemokine ligand 12 (CXCL12) and

downstream signalling pathways associated with metastasis. This study evaluated the

in vitro effects of CTCE-9908 on B16 F10 melanoma cells with the use of mathemat-

ical modelling. Crystal violet staining was used to construct a mathematical model of

CTCE-9908 B16 F10 (melanoma) and RAW 264.7 (non-cancerous macrophage) cell

lines on cell viability to predict the half-maximal inhibitory concentration (IC50). Mor-

phological changes were assessed using transmission electron microscopy. Flow

cytometry was used to assess changes in cell cycle distribution, apoptosis via

caspase-3, cell survival via extracellular signal-regulated kinase1/2 activation, CXCR4

activation and CXCL12 expression. Mathematical modelling predicted IC50 values

from 0 to 100 h. At IC50, similar cytotoxicity between the two cell lines and ultra-

structural morphological changes indicative of cell death were observed. At a concen-

tration 10 times lower than IC50, CTCE-9908 induced inhibition of cell survival

(p = 0.0133) in B16 F10 cells but did not affect caspase-3 or cell cycle distribution in

either cell line. This study predicts CTCE-9908 IC50 values at various time points

using mathematical modelling, revealing cytotoxicity in melanoma and non-cancerous

cells. CTCE-9908 significantly inhibited melanoma cell survival at a concentration

10 times lower than the IC50 in B16 F10 cells but not RAW 264.7 cells. However,

CTCE-9908 did not affect CXCR4 phosphorylation, apoptosis,\ or cell cycle distribu-

tion in either cell line.
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1 | INTRODUCTION

Melanoma is a relentless form of cancer and remains a governing con-

cern due to its ability to metastasise.1 The estimated 1-year survival

rate of melanoma patients with stage IV melanoma with metastasis to

(1) distantthe n skin is approximately 59%, (2) the lungs is approxi-

mately 57%, and (3) to other visceral sites is 41%.2 To date, melanoma

is responsible for more than 80% of skin cancer-related deaths.3
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Despite major advances in the treatment of melanoma patients, no

cure exists for the treatment of metastatic melanoma.4 Therefore, the

incidence and mortality rate remains alarmingly high, emphasising

the need for novel treatment strategies to inhibit melanoma

metastasis.5

It is well known that chemokines are major contributors to

melanoma progression and metastasis.1,6 Chemokines promote

metastasis of chemokine-expressing cancer cells to organs that

overexpress the corresponding chemokine ligand.7 Among these

chemokines, CXC chemokine receptor 4 (CXCR4) is overexpressed

in melanoma and, therefore, represents an attractive target to

inhibit melanoma metastasis.8 CXCR4 is a G-protein coupled

receptor,9 which binds to its cognate chemokine ligand, namely

CXC chemokine ligand 12 (CXCL12),7 and activates the CXCR4/

CXCL12 axis, leading to the activation of several downstream sig-

nalling cascades, including the mitogen-activated protein kinase

(MAPK), phosphoinositide 3-kinase/ protein kinase B (PI3K/AKT),

phospholipase C (PLC) and Ras homologue gene member A (RhoA)

pathway.1 The activation of these pathways contributes to mela-

noma metastasis by promoting tumour cell migration, survival,

adhesion and proliferation.1

A known CXCR4 inhibitor, CTCE-9908, was granted approval by

the Food and Drug Administration (FDA) for the treatment of osteo-

genic sarcoma.1 CTCE-9908 is a peptide analogue of CXCL12 and

contains an altered NH2-terminal sequence.10 CTCE-9908 inhibits

CXCR4 by competitively binding to it and, therefore, disrupting recep-

tor phosphorylation.6,10 The latter might lead to the inactivation of

CXCR4/CXCL12-associated downstream signalling pathways to

inhibit cell migration, adhesion and proliferation.1

This study, therefore, aimed to elucidate the effects of altered

chemokine activation by CTCE-9908 on cell proliferation, morphol-

ogy, survival, apoptosis and cell cycle in B16 F10 melanoma and RAW

264.7 cells in vitro and proposed a mathematical model for the predic-

tion of CXCR4-inhibition on cell proliferation at increased time (t)

points ranging from 0 to 100 h.

2 | RESULTS

2.1 | Cytotoxicity with crystal violet staining

B16 F10, as well as RAW 264.7 cells, were exposed to a CXCR4 inhib-

itor (CTCE-9908) in a range (0–0.051 mM) for 24, 48 and 72 h. In

both cell lines, CTCE-9908 did not display statistically significant cyto-

toxic effects (Figure 1A,B).

The increased CTCE-9908 concentrations (0–0.31 mM) at

48 hours showed that CTCE-9908 induced significant cytotoxic

effects at 0.31 mM (Figure 2).

In the B16 F10 cell line, at higher CTCE-9908 concentrations at

48 h, an IC50 of 0.53 mM was calculated using GraphPad Prism. In

RAW 264.7 cells, an IC50 of 0.48 mM was calculated. The IC50 values

of the B16 F10 and RAW 264.7 cell lines were tested for normality

with the Shapiro–Wilk test and then compared using an ANOVA test

on GraphPad Prism. The test confirmed that the IC50 values were sta-

tistically similar, with a p-value of 0.79.

2.2 | Mathematical modelling of CTCE-9908
inhibition using nonuniformly distributed data

Using the data derived from lower (0.013–0.051 mM) CTCE-9908

concentrations, the cell viability function was obtained using a two-

parameter cell viability model, previously determined by our research

group for another compound that shows anti-cancer activity, namely

L-kynurenine.11 However, no significant inhibition of cell proliferation

was observed at these CTCE-9908 concentrations. After observing

the lack of cytotoxicity in B16 F10 cells at these concentrations,

higher concentrations of CTCE-9908 were added at 48 h (0.1,

0.31 mM), as a previous study by Kim et al. demonstrated that CTCE-

9908 at 100 μg/mL only started to show growth inhibition in osteo-

sarcoma cells after 25 h of treatment.12 The dynamics of CTCE-9908

concentration versus time for both lower (at 24, 48 and 72 h) and

F IGURE 1 The effect of CTCE-9908 on cell viability of (A) B16 F10 and (B) RAW 264.7 cells at 24, 48 and 72 h in vitro. Cell viability values
are expressed as the percentage of viable cells relative to CCM: ddH2O treated control samples of at least three experimental repeats done in
triplicate, with the standard error of mean (SEM) indicated by the error bars. **p ≤ 0.01; ****p ≤ 0.0001 indicates a significant difference when
compared to the control.

2 of 15 BASSON ET AL.



higher concentrations (at 48 h) are shown in Figure 3. The figure

shows that the data is not evenly distributed in that larger concentra-

tion values occur at 48 h (indicated by the red dots). Therefore, a

mathematical model was constructed to make a reasonable prediction

of the cell viability having data at only a single time point, namely 48 h

(Figure 3).

2.3 | Derivation of the cell viability function using
higher CTCE-9908 concentrations

A graph of the data points and the regression function a cð Þ for

c� 0,0:06½ � computed via the MATLAB software (2022b) is shown in

Figure 4. The graph of a cð Þ provides the best linear fit of the data.

Therefore, it is reasonable to consider the cell viability function,

Ψ tð Þ as

Ψ tð Þ¼Ae�act2 , ð1Þ

where the parameter A compensates for potential variations in the ini-

tial states of melanoma populations, and t represents time at 48h. It is

shown via the numerical computations that with the expression for a

in Equation (1), the cell viability function not only provides the best fit

but is also consistent with the trend observed in the experiments.

2.4 | Estimating the parameters A and a for
the model

The confidence bounds for parameters A and a were calculated with

the least squares method and are displayed in Table 1, demonstrating

F IGURE 2 The effect of CTCE-9908 at increased concentrations on cell viability of (A) B16 F10 and (B) RAW 264.7 cells at 48 h in vitro. Cell
viability values are expressed as the percentage of viable cells relative to CCM: ddH2O-treated control samples of at least three experimental
repeats done in triplicate, with the standard error of the mean (SEM) indicated by the error bars. **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001
indicates a significant difference when compared to the control.

F IGURE 3 The CTCE-9908 concentrations tested at 24, 48 and
72 h, where the blue dots represent the time points where CTCE-
9908 was tested at lower concentrations and the red dots represent

the time points where CTCE-9908 was tested at higher
concentrations.

F IGURE 4 Graphs of the values of D for
c¼0,0:013,0:026,0:039,and0:051 (blue dots) and the interpolating
function for c� 0,4½ � (solid red line).
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that all the parameters are within the bounds of the confidence inter-

val. This means the model fits the data well and the parameters are

stable. The higher value of R2 can further confirm this.

Figure 5 shows the graphical presentation of the numerical out-

put of the fitting process generated by Model 2 via the nonlinear least

squares and the bootstrap method. The dashed-dotted line in black

represents the bootstrap fit; the dashed line in red depicts the fit via

the nonlinear least squares; the red dotted lines represent the 95%

confidence bounds; and the blue dots show the raw data. The graphs

generated by the nonlinear least squares and bootstrap methods are

visually indistinguishable. Both graphs fall within the 95% confidence

interval.

The behaviour of the residuals corresponding to various concen-

trations is given in Figure 6, where the residuals are randomly scat-

tered around the zero line. This further supports the theoretical

results about how the model provides a good data description. Fur-

thermore, the bootstrap distributions of parameters A and a are within

their associated confidence bounds.

A graphical representation of the distribution of the parame-

ters and their confidence bounds is provided in Figure 7, where

the vertical dotted lines in red represent the 95% confidence inter-

val, and the histograms represent the distribution of the

coefficients.

2.5 | Determining the IC50 of CTCE-9908

The cell viability model is presented in Anguelov et al.11 1 as a func-

tion of both concentration and time. The significance of presenting

the function in this manner is that one determines the cell viability

TABLE 1 The parameters A and a and their corresponding 95% confidence interval.

Cell line A CI a CI R2

B16 F10 1.0190 (0.9476, 1.0890) 7.2690 � 10�4 (4.7200 � 10�4, 9.8180 � 10�4) 0.8249

RAW 264.7 0.9108 (0.839, 0.9826) 4.906 � 10�4 (2.288 � 10�4, 7.523 � 10�4) 0.6459

F IGURE 5 A two-dimensional representation of the cell viability versus concentration of CTCE-9908 in (A) B16 F10 and (B) RAW 264.7 cells.
The dashed line in red represents the best fit generated by (1) using the nonlinear least squares, the dashed-dotted line in black demonstrates the
best fit generated by (2) using the bootstrap method, the dotted lines in red represent the 95% confidence interval computed by the nonlinear
least squares and the blue dots portray the raw data.

F IGURE 6 Distribution of
residuals corresponding to
various concentrations in (A) B16
F10 and (B) RAW 264.7 cells. The
blue diamonds represent the
residuals, and the dotted lines
depict a zero line. Because the
residuals are randomly distributed
around the zero line, it indicates
that the model fits the data
properly.
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and concentration at any given time. Thus, Anguelov et al.11

1 becomes

Ψ c,tð Þ¼Ae�ac cð Þt2 , for c� 0,0:8½ �,t�0,100 ð2Þ

The corresponding graph of the three-dimensional representation

of Equation (2) and the IC50 tð Þ function is provided in Figure 8 with

c� 0,0:8½ � and t� 0,72½ �. This function represents the concentration

and time values required to reduce the population by half. Thus, it

enables one to read the values of both time and concentration, which

reduces the population by half. To demonstrate this, one can observe

from the figure that the IC50 at 24h in B16 F10 cells is 2.2103mM;

the IC50 at 24 h in RAW 264.7 cells is 2.63862mM; the IC50 at 48 h in

B16 F10 cells is 0.550257mM; the IC50 at 48h in RAW 264.7 cells is

0.659656mM; the IC50 at 72 h in B16 F10 cells is 0.244559mM; the

IC50 at 72h in RAW 264.7 cells is 0.293180mM. A two-dimensional

and three-dimensional display of the IC50 tð Þ is given in Figure 8, which

shows the IC50 tð Þ plotted on the surface. As noted earlier, this curve

represents the intersection with the horizontal plane, which corre-

sponds to 50% of cell viability.

The model provided in Equation (2) and the numerical simulations

presented here clearly show that the cell viability data obtained at

t = 48 h can accurately be forecasted to other timelines; that is,

t = [0,100] h.

2.6 | Area under the curve

The area under the curve (AUC) is a well-known robust metric to com-

pare the potency of a drug across cell lines and to indicate cell line

F IGURE 7 The bootstrapped distribution of the parameters A and a and their respective confidence intervals in (A) B16 F10 and (B) RAW
264.7 cells. The vertical red dotted lines represent the 95% confidence bounds.

F IGURE 8 The IC50 curve as a function of time of CTCE-9908 in (A) B16 F10 cells and (B) RAW 264.7 cells. A three-dimensional graph of the
cell viability as a function of time and concentration as defined in Equation (2) in (C) B16 F10 cells and (D) RAW 264.7 cells. A green dot
represents the IC50 at 24 h, a blue dot shows the IC50 at 48 h, and a yellow dot represents the IC50 at 72 h.

BASSON ET AL. 5 of 15



F IGURE 9 The area under the curve as a function of time of CTCE-9908 in (A) B16 F10 cells and (B) RAW 264.7 cells.

F IGURE 10 Transmission electron micrographs of ddH2O-treated B16 F10 (A, B) and RAW 264.7 (C, D) cells at 48 h. The scale bar at the
bottom right corner represents 2 μm (A, C) at 3000� magnification and 500 μm (B, D) at 10 000� magnification. Red arrows indicate lysosomes
and vacuoles; white arrows indicate mitochondria; orange arrows indicate the nucleus; light blue arrows indicate the nucleolus, and purple arrows
indicate rough endoplasmic reticulum.
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selectivity.13 As such, CTCE-9908 demonstrated a slightly lower AUC

for B16 F10 cells (45.819 square units) compared to RAW 264.7 cells

(47.262 square units) (Figure 9).

2.7 | Transmission electron microscopy

The ddH2O-treated B16 F10 control cells (Figure 10A,B) displayed

clearly defined nuclei and nucleoli. Even though some lysosomes and

vacuoles were present (red arrows), the mitochondria and the rough

endoplasmic reticulum (RER) remained unaffected. The ddH2O-

treated RAW 264.7 control cells (Figure 10C,D) displayed clearly

defined nuclei and nucleoli. Although some lysosomes and vacuoles

were present, the mitochondria remained unaffected.

CTCE-9908-treated B16 F10 cells (Figure 11A,B) displayed mor-

phological changes such as the crenated profile of the nuclear mem-

brane, initial stages of nuclear margination, membrane blebbing,

apoptotic bodies and the swelling of the Golgi apparatus. An

increased amount of lysosomes and vacuoles was present, with slight

swelling of the rough endoplasmic reticulum (RER), indicating endo-

plasmic reticulum stress. Furthermore, CTCE-9908 induced slight

swelling of the perinuclear space while mitochondria remained unaf-

fected. The CTCE-9908-treated RAW 264.7 cells (Figure 11C,D) dis-

played clearly defined nuclei and nucleoli, with initial stages of nuclear

margination. Although some lysosomes and vacuoles were present,

the mitochondria and the RER remained unaffected.

Nocodazole-treated B16 F10 cells (Figure 12A,B) displayed mor-

phological changes, including the formation of myelin figures and an

F IGURE 11 Transmission electron micrographs of CTCE-9908-treated B16 F10 (A, B) and RAW 264.7 (C, D) cells at 0.53 mM after 48 h.
The scale bar represents 2 μm (A, C) at 3000� magnification and 500 μm (B, D) at 10 000� magnification. Red arrows indicate lysosomes and
vacuoles; white arrows indicate mitochondria; orange arrows indicate nucleus; light blue arrows indicate nucleolus; purple arrows indicate rough
endoplasmic reticulum; yellow arrows indicate apoptotic bodies; brown arrows indicate Golgi complex; dark blue arrows indicate slight swelling of
the perinuclear space and black arrows indicate membrane blebbing.
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increased amount of RER as well as lysosomes and vacuoles, while

mitochondria remained unaffected. Nocodazole-treated RAW 264.7

cells (Figure 12C,D) displayed apoptotic body formation and increased

lysosomes and vacuoles, while mitochondria remained unaffected.

2.8 | Cell cycle progression

CTCE-9908 exposure at 0.05 mM did not induce statistically signifi-

cant results in either cell line compared to the ddH2O-treated control

cells. In addition, both NOC-treated B16 F10 and RAW 264.7 cells

induced a reduction in the G1 cell populations (23.13 ± 2.94 for B16

F10 cells and 17.21 ± 6.22 for RAW 264.7 cells) compared to ddH2O-

treated cells (73.74 ± 1.81 for B16 F10 cells and 72.74 ± 8.14 for

RAW 264.7 cells). In addition, NOC-treated B16 F10 and RAW 264.7

cells induced an increase in the G2/M cell populations (43.01 ± 3.16

for B16 F10 cells and 50.04 ± 11.93 for RAW 264.7 cells) (Figure 13)

compared to ddH2O-treated cells (15.31 ± 1.81 for B16 F10 cells and

7.17 ± 1.33 for RAW 264.7 cells).

2.9 | Caspase-3 activation

Neither CTCE-9908 nor NOC induced significant caspase-3 in either

the B16 F10 or RAW 264.7 cell line when compared to the control cells

treated with ddH2O (Figure 14A). Actinomycin D, an apoptotic inducer,

was used as a positive control and induced statistically significant effects

in B16 F10 (p < 0.0001) and RAW 264.7 (p < 0.0001) cells.

2.10 | ERK1/2 activation

Both CTCE-9908 (63.59 ± 3.00) (p = 0.0133) and nocodazole (78.91

± 1.71) (p = 0.0038) exposure significantly inhibited ERK1/2

F IGURE 12 Transmission electron micrographs of nocodazole-treated B16 F10 (A, B) and RAW 264.7 (C, D) cells at 1.30 mM after 48 h. The
scale bar represents 2 μm (A, C) at 3000� magnification and 500 μm (B, D) at 10 000� magnification. Red arrows indicate lysosomes and
vacuoles; white arrows indicate mitochondria; purple arrows indicate rough endoplasmic reticulum; yellow arrows indicate apoptotic bodies; pink
arrows indicate myelin figures; orange arrows indicate the nucleus and light blue arrows indicate the nucleolus.
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activation in the B16 F10 cell line, compared to the control cells trea-

ted with ddH2O (93.75 ± 0.74) (Figure 14B). However, neither

ERK1/2 overactivation nor a significant difference between the con-

trol and compound-treated cells was observed in the RAW 264.7

cell line.

2.11 | CXCR4 activation

Neither CTCE-9908 nor NOC induced significant changes in CXCR4

activation in either the B16 F10 or RAW 264.7 cell line when com-

pared to the control cells treated with ddH2O (Figure 14C).

2.12 | CXCL12 expression

Neither CTCE-9908 nor NOC induced significant changes in CXCL12

expression in either the B16 F10 or RAW 264.7 cell line when com-

pared to the control cells treated with ddH2O (Figure 14D).

3 | DISCUSSION

The activation of the CXCR4/CXCL12 axis is known to activate down-

stream signalling pathways in cancer cells to regulate cell processes

such as proliferation and cell survival.14 A recent review article con-

cluded that CTCE-9908 (a CXCR4 inhibitor) might inhibit these down-

stream signalling pathways of the CXCR4/CXCL12 axis in melanoma

cells by competitively binding to CXCR4.1 In vitro evidence suggests

that pre-treatment with CTCE-9908 previously inhibited proliferation,

adhesion, migration and invasion in osteosarcoma cells.12 Other

in vitro studies found that CXCR4 antagonists, such as AMD3100 and

TC140012, inhibited the proliferation of cancer cells, such as undiffer-

entiated thyroid cancer and acute lymphoblastic leukaemia cells.15,16

Therefore, the cytotoxicity and cell death mechanisms of CTCE-9908

towards CXCR4-expressing cell lines, namely B16 F10 (a metastatic

melanoma cell line) and RAW 264.7 (a non-cancerous macrophage cell

line), were investigated in this study.

In this study, cytotoxicity through crystal violet staining revealed

that CTCE-9908 did not induce statistically significant cytotoxic

effects at lower concentrations ranging from 0 to 0.051 mM. The

CTCE-9908 concentrations were therefore increased (0–0.31 mM),

and statistically significant cytotoxic effects were obtained for both

cell lines at 0.31 mM after 48 h. These findings are supported by

Wong,17 who indicated that CTCE-9908 at lower concentrations

(10 ng/mL–100 μg/mL) did not induce cytotoxic effects in a prostate

cancer cell line.17 In the current study, mathematical modelling allows

for the approximation of parameters outside the current dataset and

the prediction of data for the increased CTCE-9908 concentrations.

Furthermore, the mathematical model enabled the prediction of IC50

F IGURE 13 Quantitative representation of the percentage (A) B16 F10 cells and (B) RAW 264.7 cells in the different phases of the cell cycle
(sub-G1, G1, S and G2/M) after 48 h of exposure to ddH2O, CTCE-9908 at 0.05 mM and NOC at 1.30 mM and flow cytometry histograms for
cell cycle analysis in (C) B16 F10 cells and (D) RAW 264.7 cells. The bar graphs represent the average of four experimental repeats, with the
standard error of mean (SEM) indicated by the error bars. **p ≤ 0.01; ***p ≤ 0.001 indicates significant difference when compared to the control
treated with ddH2O.
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at any time point in a range from 0 to 100 h. As a result, mathematical

modelling found no significant difference between the IC50 or AUC

between the B16 F10 and RAW 264.7 cell line, suggesting

non-selective cytotoxicity of CTCE-9908 towards melanoma cells.

This might be explained by the fact that CXCR4 is expressed in vari-

ous cell lines, including melanoma18 and RAW 264.7 cells.19 The

authors, therefore, suggest that these results should be confirmed in

other melanoma and non-cancerous cell lines.

This current study used TEM to observe intracellular morphologi-

cal changes induced by CTCE-9908 at IC50 on B16 F10 and RAW

264.7 cells. As seen in CTCE-9908-treated B16 F10 cells, an

increased amount of lysosomes and vacuoles is indicative of cell

death.20 Kwong et al. previously demonstrated that CTCE-9908

induced cell death in ovarian cancer cells and that cell death corre-

lated with CXCR4 expression, as CTCE-9908 induced significant mor-

phologic changes in CXCR4-expressing ovarian cancer cells but not in

CXCR4 negative cell lines.21 In support of these findings, a previous

study found that another CXCR4 antagonist (AMD3100) induced

morphological changes, such as an increase in the amount of cytoplas-

mic vacuoles after 9 days of exposure to U937 cells.22 Moreover,

morphological changes seen in B16 F10 melanoma cells, such as the

crenated profile of the nuclear membrane, initial stages of nuclear

margination, membrane blebbing, apoptotic bodies and the swelling of

the Golgi apparatus, are all ultrastructural morphological

characteristics of apoptotic cells.23 In addition, initial stages of nuclear

margination were also observed in the RAW 264.7 cells treated with

CTCE-9908. The current study demonstrates that CTCE-9908

induced slight swelling of the perinuclear space in B16 F10 cells. Shai-

ken et al. previously suggested that the perinuclear space might be

the site for signal transduction, where oncogenic proteins such as Ras,

Src or p53 are retained. For this reason, they proposed that the peri-

nucleus might play a genomic-protective role in cancer.24 In addition,

another study found that a swollen perinucleus was prevalent in hyp-

oxic A549 cells and was described as a sign of autosis, a sub-type of

autophagy.25 Additionally, endoplasmic reticulum stress, as observed

in CTCE-9908-treated cells, might indicate the activation of autopha-

gic pathways, which might lead to cell death. However, cell fate

depends on the intensity and duration thereof.26

Furthermore, it is well known that the activation of the CXCR4/

CXCL12 axis activates the ERK1/2 MAP-K cascade,27 which

F IGURE 14 Quantitative representation of the percentage (A) caspase-3 activation, (B) ERK1/2 activation, (C) CXCR4 activation and
(D) CXCL12 expression in B16 F10 cells and RAW 264.7 cells after 48 h after exposure to ddH2O, CTCE-9908 at 0.05 mM, NOC at 1.30 mM and
actinomycin D at 0.01 Um. The bar graphs represent the average of four experimental repeats, with the standard error of the mean (SEM)
indicated by the error bars. *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001 indicates significant difference when compared to the control treated with
ddH2O.
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promotes cell proliferation, differentiation and survival.28 Marampon

et al. previously described a correlation between ERK1/2 and tumour

growth, which led the authors to explore the effects on ERK1/2 in

response to CTCE-9908-treatment in B16 F10 melanoma and RAW

264.7 cells. However, the authors were interested in investigating cell

survival at a non-cytotoxic concentration (10 times lower than the

IC50), where the RAW 264.7 cells remain unaffected. The results indi-

cate that CTCE-9908 at a non-cytotoxic concentration of 0.05 mM

significantly inhibited ERK1/2 in B16 F10 cells but not in RAW 264.7

cells, as ERK1/2 expression was low in this non-cancerous cell line. A

previous study also found that ERK1/2 inhibition was observed in

response to blocking the CXCR4/CXCL12 axis with inhibitors, such as

LY2624587 and AMD3100.29

Interestingly, the current study did not observe changes in

CXCR4 activation and CXCL12 expression at the concentration

10 times lower than the IC50, suggesting that ERK1/2 inhibition does

not exclusively occur downstream of CXCR4 inhibition, as previously

suggested.1 Furthermore, the inhibition of ERK1/2 by CTCE-9908

might indicate its potential anti-metastatic properties, as ERK1/2 is

also associated with tumour metastasis.30 These findings reveal that

CTCE-9908 might demonstrate anti-metastatic effects, such as the

inhibition of cell survival independent of cytotoxicity.

Based on the fact that CTCE-9908 inhibits cell survival pathways at

a lower concentration (10 times lower than the IC50), cleaved caspase-3

levels were also investigated at 0.05 mM to explore the possibility of

apoptotic cell death in CTCE-9908-treated B16 F10 and RAW 264.7

cells, as cleaved caspase-3 is a known apoptotic marker.31 However,

CTCE-9908 did not increase caspase-3 as a measure of apoptosis in this

study. In support of these findings, a previous study by Kwong et al.

concluded that CTCE-9908 (at 300 μg/mL) did not induce apoptosis or

cellular senescence but induced cell death by mitotic catastrophe, as

characterised by large, multi-nucleated ovarian cancer cells.21 To sub-

stantiate the notion that CTCE-9908 might induce non-apoptotic types

of cell death in B16 F10 melanoma cells, the cell cycle distribution after

treatment of CTCE-9908 at 0.05 mM was investigated. A previous

study found that treatment with another CXCR4 inhibitor (AMD3100)

at 0–30 mM for 7 days in acute myeloblastic leukaemia cells induced

features of apoptosis, indicated by an increased number of cells in the

sub-G1 phase of the cell cycle.22 However, the current study found that

CTCE-9908 at 0.05 mM (10 times lower than the IC50) did not induce

changes in cell cycle distribution. Similar to these results, a previous

study demonstrated that a CXCR4 antagonist (AMD3100) at 10 μM for

72 hours did not induce significant cell cycle alterations in Ewing sar-

coma cell lines in vitro.32 In contrast, CTCE-9908-treated ovarian cancer

cells at 100 and 300 μg/mL previously led to G2/M arrest in a concen-

tration and time-dependent manner. Importantly, CXCR4-negative cells

did not undergo G/M arrest in response to CTCE-9908 treatment.21

These considerations led the authors to suggest that each CXCR4 inhibi-

tor might exert a different mechanism of action that is cell-line depen-

dent and that future studies should be aimed at investigating these

effects on other melanoma and non-cancerous cell lines.

Overall, this study developed a mathematical model for CTCE-

9908-treatment in B16 F10 and RAW 264.7 cells, which contributes

to the knowledge of CTCE-9908 cytotoxicity and demonstrates that

the compound inhibits cell proliferation at the calculated IC50. Fur-

thermore, this study demonstrated that CTCE-9908 induced ultra-

structural morphological changes in B16 F10 and RAW 264.7 cells at

IC50 concentration. However, apoptotic cell death was not induced by

CTCE-9908 at a concentration 10 times lower than the IC50, as deter-

mined by non-significant differences in caspase-3 and cell cycle distri-

bution. Interestingly, a non-cytotoxic concentration of CTCE-9908 led

to cell survival inhibition (measured by ERK1/2) in B16 F10 melanoma

cells and not in non-cancer cells (RAW 264.7 cells) but not through

downstream signalling of CXCR4. These results also suggest that

CTCE-9908 might demonstrate other anti-metastatic effects, such as

the inhibition of cell survival independent of cytotoxicity or CXCR4

inhibition. However, the authors recommend that future research on

other melanoma and non-cancerous cell lines is necessary to substan-

tiate the findings of this study and provide in-depth mechanistic

insights on CTCE-9908-induced cell death against melanoma cells.

4 | METHODS

4.1 | Cell lines

This section discusses the melanoma (B16 F10) and the macrophage

(RAW 264.7) cell lines that were used in this study.

4.1.1 | Melanoma

The melanoma (B16 F10) cell line is a melanin-producing metastatic

cell line isolated from the skin tissue of a mouse with melanoma and is

often used for melanoma research.33 The B16 F10 cell line was pur-

chased from the American Type Culture Collection B16 F10 (ATCC

CRL-6475) and used between passages 4 and 12.

4.1.2 | Non-metastatic monocyte/macrophage cells

The RAW 264.7 cell line was used as the control cell line. RAW 264.7

is a non-cancerous, monocyte/macrophage-like cell line34 and was

chosen as it also expresses CXCR4.19 This cell line was purchased

from CELLONEX, South Africa and used between passages 6 and 20.

4.2 | Sample preparation

The controls for both cell lines (used to determine the effects of

CTCE-9908) were cells exposed to the complete culture medium

(CCM): double distilled (ddH2O) in a 1:1 ratio. The current study

examined the effects of CTCE-9908 on melanoma, with an emphasis

on selective cytotoxicity on melanoma. Therefore, all the outcomes

were compared to a non-selective cytotoxic drug, such as nocodazole

(NOC), to effectively illustrate the ability of CTCE-9908 to serve as
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targeted therapy towards melanoma.35 The positive controls were

cells exposed to 1.30 mM NOC, which is a microtubule disruptor.

NOC was dissolved in dimethyl sulfoxide (DMSO) and diluted with

ddH2O, ensuring final DMSO concentrations of <0.01% v/v. CTCE-

9908 and NOC were purchased in powder form. CTCE-9908 was re-

constituted in double distilled water (ddH2O). Actinomycin D

(an apoptotic inducer)36 was used as a positive control for caspase-3

assays at 0.01 uM in ddH2O. Stock solutions of each of the com-

pounds were aliquoted and stored at �20�C to maintain integrity.

Prior to each experiment, the compounds were thawed and thor-

oughly mixed, thereby ensuring consistency throughout experiments.

4.3 | General cell culture maintenance

The cells were cultured and maintained following the procedures out-

lined in the study by Basson et al. Briefly, the cells were cultured in

sterile culture flasks in a culture medium called CCM, which consisted

of Dulbecco's modified essential medium (DMEM), 10% fetal calf

serum (FCS) and 1% antibiotics (amphotericin/penicillin/streptomy-

cin). This culture was maintained in a humidified atmosphere at 37�C

with 5% CO2 using a Forma Scientific water-jacketed incubator. B16

F10 cells were detached using TrypLE Express phenol red, while RAW

264.7 cells were detached using a method previously described.35

4.4 | Crystal violet staining

Crystal violet staining was performed. In summary, B16 F10 melanoma

cells were seeded at a cell density of 5000 cells per well and RAW

264.7 cells at 10 000 cells per well in 96-well plates. Cells were incu-

bated for 24 h in a humidified incubator at 37�C with 5% CO2 to allow

cell attachment. Cells were exposed to CTCE-9908 (0–0.051 mM) for

24, 48 and 72 h. Increased CTCE-9908 concentrations (0.1 and

0.31 mM) were tested on cells at 48 hours. NOC was used as a positive

control at 1.30 mM. After exposure, the cells were fixed with 1% glutar-

aldehyde and incubated for 30 min to terminate each experiment.

Crystal violet at 0.1% was used to stain the cells at room temper-

ature for 30 min. Tap water was used to rinse the plates, leaving them

to dry. Crystal violet was solubilised with 100 μL of 10% acetic acid,

and the absorbance was measured at a wavelength of 570 nm. Results

show the percentage cell viability in relation to the control (CCM:

ddH2O), and the IC50 values were calculated using GraphPad Prism

v6.01 (California, USA). The B16 F10 CTCE-9908 IC50 at 48 h was

tested with the crystal violet assay in vitro to compare the calculated

IC50 to its actual effect on both cell lines.

4.5 | Mathematical modelling of CTCE-9908
inhibition using nonuniformly distributed data

Due to CTCE-9908 being a costly compound, a full range of serial

dilutions at three timelines (24, 48 and 72 h) was not possible. There-

fore, a mathematical model was constructed to predict the cell

viability at higher CTCE-9908 concentrations from 0 to 100 h, using

the data obtained for increased CTCE-9908 concentrations at 48 h.

The accuracy of predictions produced via interpolation, linear or non-

linear regression at any given value of an independent variable

depends on the density of data points around this value. Extrapolation

(predictions outside the domain) significantly depends on the type of

functions used in the fitting process and, to a lesser extent, on the

accuracy of the approximations of the data. Therefore, the mathemat-

ical modelling process is focused on appropriately deriving a type of

function to be used in the approximation/fitting process, which con-

sists of the following steps:

i. A mathematical model of the processes tested in the experiment

is constructed based on known quantitative relationships.

ii. The measured or observed variable is derived from the model in

terms of its parameters.

iii. The form of the theoretically derived observable determines the

type of function to be fitted to the data. This is a function of

the independent variable, which depends on a certain number of

parameters.

iv. The function in (iii) is fitted to the data to identify the values of

the parameters.

The advantage of this approach is that the domain of validity of

the approximation is determined by the domain of validity of the

model and not the location of the data. Furthermore, the IC50 is pre-

sented as a function of time. The practical value of the latter is that

one can obtain cell viability at a specific concentration and at a

given time.

The parameter a captures the response to a change in the con-

centration of the inhibitor. Hence, the parameter a is a function of

concentration, c, which is denoted as a cð Þ. A cell viability function is

an extension of the cell viability function derived from.11 It was deter-

mined how parameter a relates to the concentration c, and the func-

tion a cð Þ was derived that provides the best linear fit for the data. To

do so, the function a cð Þ was approximated via linear regression initi-

ated at the origin. The parameters were computed with the function

ψ(t) using the MATLAB (2022b) fminsearch function. The mathemati-

cal model was validated using (i) nonlinear least squares and (ii) the

bootstrapping method to examine the stability of the estimated

coefficients.

4.6 | Transmission electron microscopy

B16 F10 and RAW 264.7 cells were seeded in T25 cm2 tissue cul-

ture flasks at a concentration of 20 � 104 cells per mL in 4.5 mL

(9 � 105 cells in the flask). Cells were treated with the B16 F10

CTCE-9908 IC50 at 48 h and a CCM:ddH2O as well as a NOC-

treated positive control were included. Cells were harvested and

collected after 48 h, and cells were washed with 0.1 M PBS. Every

wash included a 504 x g centrifugation step. Following an hour-long

fixation with a 2.5% glutaraldehyde/formaldehyde solution, the cells

were washed three times with 0.1 M PBS for a total of 10 min. The
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cells were suspended in 1 mL of osmium tetroxide solution (1% for

1 h), washed three times with 0.1 M PBS for 10 min, and dehy-

drated with 30%, 50%, 70% and 90%, and three times with 100%

ethanol (10 min each). Propylene oxide was added to the cell pellet

(10 min). The cell pellet was then suspended in a 2:1 combination of

propylene oxide and epoxy resin (1 h) and placed on an inclined

rotator. After an hour, the cell pellet was suspended in a 1:2 combi-

nation of propylene oxide and epoxy resin and kept on an inclined

rotator overnight. The pellet was then transferred to a microcentri-

fuge tube and set in 100% epoxy resin in an oven (65�C for 36 h).

Using a microtome, the moulds were then cut into ultra-thin sec-

tions with glass and then a diamond knife. After being stained with

urinyl acetate for 5 min, the samples were then rinsed three times in

ddH2O. After being stained with lead citrate for 2 min, the samples

were then rinsed three times in ddH2O. Samples were blotted and

dried before viewing them with a transmission electron microscope,

JOEL JEM-2100F, 200 kV FE (Field Emission) microscope (Peabody,

Massachusetts, USA).

4.7 | Flow cytometric analyses

B16 F10 and RAW 264.7 cells were seeded in T75 cm2 tissue cul-

ture flasks at a concentration of 70 � 104 cells per mL in 9 mL

(6.3 � 106 cells in the flask). After 24 hours, the cells were treated

with a reduced CTCE-9908 concentration due to non-significant

differences observed between B16 F10 and RAW 264.7 cells in via-

bility assays. Therefore, to investigate the effects of CTCE-9908 at

a concentration that is not cytotoxic to RAW 264.7 cells, a CTCE-

9908 concentration at 10 times lower than the IC50 (0.05 mM) was

used for flow cytometric assays. After 48 hours, cells were har-

vested, centrifuged at 504 x g for 5 min, washed twice with ice-cold

PBS, fixed in ice-cold 70% methanol and stored at �20�C until fur-

ther analysis. After staining and prior to analyses, the cells were vor-

texed and subsequently analysed on the Flow Check Pro (Beckman

Coulter, Miami, USA) attached to an air-cooled argon laser. Ana-

lysed data was derived from a minimum of 15 000 cells using Kaluza

C data analysis software (Version 1.1.00003.20057 Beckman Coul-

ter). Debris and doublets were gated out and excluded from further

analyses. All flow cytometry data is representative of four experi-

mental repeats (n = 4), with results given as mean ± standard error

of the mean (SEM).

4.7.1 | Cell cycle progression

Cell pellets containing 1 � 106 cells were washed with 0.5% bovine

serum albumin (BSA)/PBS buffer and centrifuged at 504 x g for 3 min.

Cell pellets were resuspended in 500 μL of 0.1 M PBS containing pro-

pidium iodide (PI) (40 μg/mL), RNase (100 μg/mL) and 0.1% Triton

X-100 and incubated for 40 min at 37�C and 5% CO2 in a humidified

incubator in the dark.

4.7.2 | Protein activation of ERK1/2

After washing the samples once with 0.5% (w/v) BSA in PBS buffer,

1 � 106 cells per sample were suspended in 5 μL Phos-ERK1 (T202/

Y204)/ERK2 (T185/Y187) Alexa Fluor 488-conjugated antibody from

R&D systems (supplied in a saline solution containing BSA and sodium

azide) at 0.95 μg/mL in sterile PBS and incubated for 40 min at

2–8�C.

4.7.3 | Apoptosis detection with caspase-3

After washing the samples once with 0.5% (w/v) BSA in PBS buffer,

1 � 106 cells per sample were suspended in 0.25 μg mouse cleaved

anti-caspase-3 (asp 175) 405 nm from R&D Systems at 0.5 mg/mL in

sterile PBS and incubated for 40 min at 2–8�C.

4.7.4 | CXCR4 phosphorylation and CXCL12
expression

To detect CXCR4 phosphorylation, cell pellets were resuspended in

the primary antibody, namely CXCR4 (Ser339) Polyclonal Antibody

from R&D systems at 0.02 μg/mL for 30 min in the dark at room tem-

perature (as recommended by the manufacturer). To detect CXCL12

expression, cell pellets were resuspended in the primary antibody,

namely SDF1 Polyclonal Antibody, from R&D Systems at 0.0135 mg/

mL for 30 min (as recommended by the manufacturer). After

30 minutes, all samples were centrifuged at 504 x g for 3 min, washed

once in 0.5% BSA in PBS buffer and centrifuged again at 504 x g for

3 min. The secondary antibody, namely Alexa Fluor 488 goat, was

added to all samples at a concentration of 5 μg/mL for 30 min in the

dark at room temperature, as per the manufacturer's instructions.

After 30 minutes, cells were centrifuged at 504 x g for 3 min and

resuspended in 0.5% BSA in PBS buffer.

4.8 | Compliance with ethical standards

Ethical approval for this study was obtained from the University of

Pretoria, Faculty of Health Science, Research Ethics Committee (refer-

ence number: 405/2020).

4.9 | Statistics

All cytotoxicity experiments were done three times in triplicate. A

minimum of four repeats were conducted for flow cytometry experi-

ments. All quantitative data was represented as mean ± SEM. Data

was checked for normality using the Shapiro–Wilks test and further

tested for significant differences using one-way ANOVA with the

Tukey test (if data was parametric) or the Kruskal–Wallis ANOVA with
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the Dunn test (if data was non-parametric). p ≤ 0.05 was considered

significant.
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