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Simple Summary: Transforming growth factor-beta (TGFβ) mediates various biological processes
including cell growth, cell death, cellular differentiation and stemness, among others. TGFβ also
regulates tumor formation and metastasis in a context-dependent manner. This research aims to
investigate and define the role of the TGFβ cell signaling pathway in melanoma, which is a deadly
form of skin cancer. Using relevant melanoma cancer cell lines and preclinical models of melanoma,
we show that TGFβ acts as a potent tumor suppressor and negative regulator of cancer stemness and
metastasis in melanoma. These findings will be instrumental for the future development of targeted
therapy in melanoma.

Abstract: The secreted protein transforming growth factor-beta (TGFβ) plays essential roles, ranging
from cell growth regulation and cell differentiation in both normal and cancer cells. In melanoma,
TGFβ acts as a potent tumor suppressor in melanoma by blocking cell cycle progression and inducing
apoptosis. In the present study, we found TGFβ to regulate cancer stemness in melanoma through the
Smad signaling pathway. We discovered that TGFβ/Smad signaling inhibits melanosphere formation
in multiple melanoma cell lines and reduces expression of the CD133+ cancer stem cell subpopulation
in a Smad3-dependent manner. Using preclinical models of melanoma, we further showed that
preventing Smad3/4 signaling, by means of CRISPR knockouts, promoted both tumorigenesis and
lung metastasis in vivo. Collectively, our results define new functions for the TGFβ/Smad signaling
axis in melanoma stem-cell maintenance and open avenues for new therapeutic approaches to
this disease.

Keywords: TGFβ; melanoma stem cells; tumor formation; metastasis

1. Introduction

Melanoma is a malignant tumor of melanocytes which typically arises from the skin.
Despite recent progress in targeted therapies, melanoma has the highest death tolls among
all skin cancer types [1]. Patients diagnosed with early stage melanoma (I–III) can have
their skin tumors removed surgically with high success [2]. However, high plasticity
and metastatic capacity in later stages (IV) of aggressive melanoma is linked with poor
prognosis [3]. A major challenge in the treatment of melanoma originates from the multiple
levels of heterogeneity of this disease [4].

Multiple mutations in the BRAF, NRAS, NF1, PTEN, KIT, TP53 and hTERT genes have
been reported in melanoma [5]. Several other signaling pathways are also often mutated in
cutaneous melanoma, including PI3K/AKT [6], Wnt [7], NF-κB [8], Jnk [9], JAK/STAT [10]
and TGFβ [11]. In particular, previous work from our laboratory and others revealed that
TGFβ acts as a strong tumor suppressor and inhibits cell growth, migration and invasion
in melanoma [12–14]. The TGFβ signaling pathway is activated through ligand binding
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on its membrane receptors, triggering their serine–threonine protein kinase activity. After
the subsequent recruitment and phosphorylation of TGFβ central downstream effectors,
Smads then initiate the signal transduction cascade. Smads act as transcription factors and
regulate the expression of the multiple TGFβ target genes regulating its tumor-suppressive
effects, including inhibition of cell proliferation, induction of apoptosis and suppression of
cell immortalization [15,16].

Tumors possess a hierarchical organization of cells and contain stem-like cells, which
are responsible for sustaining tumor growth [17,18]. These cancer stem cells (CSCs) repre-
sent a rare subpopulation of the bulk of the tumor that possesses self-renewal capacities
and exhibits high resistance to conventional treatments. Such plastic and resilient cells
have propagating functions that are essential for primary tumor growth and metastasis
dissemination [19]. The embryonic origin of melanocytes, from which melanoma arises,
comes from the neural crest stem cell [20]. Comparable to other types of CSCs, melanoma
CSCs can initiate new tumors and regenerate the heterogeneous cancer cell populations
of the bulk of the tumor [21]. Several cell-surface markers have been linked to melanoma
CSCs’ self-renewal capacity, including ABCG2 [22], ABCB5 [23], ALDH [24,25], CD133 [22],
CD20 [21], CD166 [26], CD271 [27] and Nestin [26]. CSCs reside and interact with the
surrounding microenvironment, called the ‘niche’, via secreted factors and molecular sig-
nals maintaining their sustainability and maintenance [28]. One of such factors, TGFβ,
has been linked with the regulation of cancer stem-cell maintenance in different types of
cancers [19–30]. However, a role for TGFβ in regulating stemness in melanoma has yet to
be uncovered and established.

Considering the strong anti-tumorigenic effects of TGFβ in melanoma, we hypothe-
sized that the TGFβ signaling pathway could play a role in regulating melanoma stemness
as part of its tumor-suppressive activities. In this study, we found that TGFβ inhibits
melanoma stem cell maintenance in various cutaneous melanoma cell lines originated from
different patients. We showed that TGFβ can inhibit melanoma tumorsphere formation and
reduce the CD133+ melanocytic stem cell population. We further show that these effects
are mediated through the Smad pathway and that Smad3/4 gene silencing by means of
CRISPR/Cas9 knockout (KO) could prevent the TGFβ anti-stemness effects in melanoma.
Moreover, using preclinical models of melanoma, we showed that the orthotopic trans-
plantation of Smad3/4 CRISPR-KO melanoma cells led to a significant increase in tumor
growth and lung metastatic nodule formation in vivo, further highlighting the strong
tumor-suppressive role of TGFβ in melanoma. Together, these results define a new role for
the TGFβ/Smad signaling axis in stem-cell maintenance in melanoma and open avenues
for the development of new therapeutic approaches to this deadly disease. Indeed, clinical
approaches aiming at stimulating TGFβ signaling could prove useful to improve melanoma
patient outcome, including patients with both primary and secondary metastatic tumors.

2. Materials and Methods
2.1. Reagents and Chemicals

Recombinant human transformation growth factor beta (TGFβ), epidermal growth
factor (EGF), and fibroblast growth factor-basic (b-FGF) were purchased from Peprotech
(Ville-St-Laurent, QC, Canada); puromycin, tissue culture medium RPMI1640, DMEM, fetal
bovine serum, and B-27™ Plus Supplement (50X) Catalog were purchased from GIBCO
(Waltham, MA, USA).

2.2. Cell Lines

Cutaneous melanoma cell line WM793B was isolated from the primary tumors of a
37-year-old male patient and is mutant for BRAF (V600E and W274X), PTEN (homozygous
deletion) and CDK4 (K22Q). WM278 cell lines were isolated from a 62-year-old female
patient and are mutant for BRAF (V600E) and PTEN (hemizygous deletion). A375m, the
metastatic variant of A375, was isolated from a 54-year-old patient having an amelanotic
melanoma cancer and is BRAF (V600E) and CDKN2A (E61X and E69X) mutant. The BLM
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cell line, mutant for NRAS (Q61R), was obtained from the lung metastasis of the BRO
melanoma cell line, which comes from a 34-year-old male. WM793B, WM278, BLM and
A375m were kindly provided by Dr Alan Spatz and Mounib Elchebly (McGill University,
Montreal, QC, Canada). DAUV (also called LB33-MEL.A) was derived from a subcutaneous
metastatic lesion (stage IV) in a 42-year-old female patient (WT for BRAF and NRAS). The
DAUV cell line was generously provided by Dr. Louise Larose (McGill University, Montreal,
QC, Canada). RPMI medium supplemented with 10% FBS is used for the 1205Lu, DAUV,
MALME-3M, WM278 and WM793 cell lines. DMEM medium supplemented with 10% FBS
was used for the A375m and BLM cell lines.

2.3. CRISPR Knock-Out

LentiCRISPRv2 (Addgene, cat. No. 52961) was digested using the Esp3I restriction
enzyme (ThermoFisher, cat. No. ER0451, Toronto, ON, Canada), dephosphorylated using
FastAP (ThermoFisher, cat. No. EF0654), agarose gel purified and extracted using a
QIAquick Gel Extraction Kit (QIAGEN, cat. No. 28704, Germantown, MD, USA). Each
single-guide primer sequences shown in Table 1 (5′-3′) was phosphorylated using T4 PNK
(NEB, cat. No. M0201S, Beverly, MA, USA), annealed by slow cooling from 65 ◦C to room
temperature in T4 ligation buffer (NEB, cat. No. B0202S) and ligated in Esp3I-digested
lentiCRISPRv2 purified plasmid using Quick Ligase (NEB, cat. No. M2200S). Each sgRNA
ligated plasmid was transformed in STBL3 chemically competent E. coli (ThermoFisher, cat.
No. A10469) and collected from an amplified single bacterial colony using a QIAprep Spin
Miniprep Kit (QIAGEN, cat. No. 27104) [31,32].

Table 1. Primer sequences for CRISPR Knock-out cloning.

Primer Name Single-Guide Primer Sequence

scrsg1-F 5′-CACCGACGGAGGCTAAGCGTCGCAA-3′

scrsg1-R 5′-AAACTTGCGACGCTTAGCCTCCGTC-3′

scrsg2-F 5′-CACCGCGCTTCCGCGGCCCGTTCAA-3′

scrsg2-R 5′-AAACTTGAACGGGCCGCGGAAGCGC-3′

scrsg3-F 5′-CACCGATCGTTTCCGCTTAACGGCG-3′

scrsg3-R 5′-AAACCGCCGTTAAGCGGAAACGATC-3′

Smad2sg4-F 5′-CACCGTGGCGGCGTGAATGGCAAGA-3′

Smad2sg4-R 5′-AAACTCTTGCCATTCACGCCGCCAC-3′

Smad3sg2-F 5′-CACCGTTCACGATCGGGGGAGTGAA-3′

Smad3sg2-R 5′-AAACTTCACTCCCCCGATCGTGAAC-3′

Smad4sg1-F 5′-CACCGAACTCTGTACAAAGACCGCG-3′

Smad4sg1-R 5′-AAACCGCGGTCTTTGTACAGAGTTC-3′

Each sgRNA was designed with ChopChop [33]. The chromosomal positioning of the
sgRNA binding site as well as off-target and on-target activity evaluation was performed
with CRISPOR [34] (Supplementary Table S1).

2.4. qPCR

Total RNAs were extracted using Trizol TM (Invitrogen, Carlsbad, CA, USA; Ther-
moFisher Scientific, Waltham, MA, USA) as per the manufacturer’s instructions. Then, 2 µg
of RNA was reverse transcribed using M-MLV reverse transcriptase and random primers
(Invitrogen, Carlsbad, CA, USA) as per the manufacturer’s protocol. The amplification of
cDNA was performed by quantitative real-time PCR (qPCR) SsoFast™ EvaGreen® Super-
mix (Bio-Rad, Hercules, CA, USA) using a Rotor-Gene™ 6000 Real-time Analyzer (Corbett
Life Sciences, Germantown, MD, USA), and data were analyzed with its corresponding
software. The qPCR conditions were: 30 s at 95 ◦C, then 40 cycles of 5 s at 95 ◦C, 5 s at
60 ◦C and finally 5 s at 72 ◦C. Human GAPDH was used as a housekeeping gene. Primer
sequences are listed in the Table 2.
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Table 2. Primer sequences for qPCR.

Primer Name Primer Sequence for qPCR

CD133-F TACCAAGGACAAGGGGTTCAC
CD133-R CAGTCGTGGTTTGGCGTTGTA
ABCG2-F GCTCAGGAGGCCTTGGGATA
ABCG2-R GGCTCTATGATCTCTGTGGCTTT
ALDH1A1-F CTGTGTTCCAGGAGCCGAAT
ALDH1A1-R CTGCCTTGTCAACATCCTCCTTA
ALDH1A3-F GGAAGAAGGAGATAAGCCCGAC
ALDH1A3-R AGCCCTCCAGGTCGATGAAA
GAPDH-F GACAGTCAGCCGCATCTTCT
GAPDH-R GCGCCCAATACGACCAAATC

2.5. Lentivirus Production and Cell Infection

HEK293T cells were cultured to 90% confluence in complete medium and transfected
with respective lentiCRISPRv2 scramble (scr), Smad2, Smad3 or Smad4 constructs or
shRNAS non-targeting control (NTC) and SMAD3 (Sigma-Aldrich, St. Louis, MO, USA)
lentiviral packaging plasmids pMD2.G (Addgene#12259) and ps.PAX2 (Addgene #35002),
Opti-MEM medium (Invitrogen) and bPEI (Sigma-Aldrich). Medium enriched in virus
particles was collected after 48 h. Cells were grown to 50% confluence in antibiotic-free
medium in 6-well plates; each well was infected with 100 µL of lentiviruses in the presence
of polybrene (hexadimethrine bromide) at 8µg/mL. For BLM and WM278, cells were in-
fected by spinfection (2 h, 1500 G and 33 ◦C), and the medium was replenished immediately
after centrifugation. For the a375m cell line, incubation was made overnight and replen-
ished with fresh complete medium for 48 h. Cells were selected with 1 µg/mL puromycin
2 days post-infection. The pool of resistant cells forming the stable CRISPR knockout cells
was expanded in complete medium supplemented with 1 µg/mL puromycin.

2.6. Western Blot Assays

Cells were lysed in ice-cold full lysate buffer (10 mM Tris-HCl, pH 7.5, 5 mM EDTA,
150 mM NaCl, 30 mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM sodium
orthovanadate, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 10 µg/mL leupeptin
hydrochloride, 10 µg/mL aprotinin, 10 µg/mL pepstatin and 10X Phosstop (Sigma-Aldrich).
Total protein lysates were quantified using a Pierce™ BCA Protein Assay Kit (Thermo Sci-
entific). Lysates containing 50 µg of total protein were separated by SDS-PAGE, transferred
to a nitrocellulose membrane using a wet transfer tank system and probed using specific
primary antibodies and HRP-conjugated secondary antibodies. The primary antibodies
used for Western blot analysis were a rabbit polyclonal Smad2/3 antibody (Santa Cruz
Biotechnology, D767, Santa Cruz, CA, USA), Smad4 antibody (EMD millipore, MAB1132,
Billerica, MA, USA), and B-Tubulin (Cell signaling, 2146S, Danvers, MA, USA).

2.7. Flow Cytometry

Monolayer cells were dissociated, washed once in ice-cold PBS, resuspended in FACS
buffer (PBS, 2% FBS) and counted using a TC20™ Automated Cell Counter (Bio-Rad). Cells
were aliquoted at a density of 0.25 × 106–1 × 106 cells per tube. R-phycoerythrin (PE)
Mouse Anti-Human CD133 antibody (Miltenyi Biotec) was added to the cell suspension in a
ratio of 1:20 (v/v), gently mixed with cells by gentle flicking and incubated on ice protected
from light using an aluminum foil tube covering for 30 min. Samples were washed twice
with FACS buffer and analyzed with a BD FACSCanto flow cytometer (BD Biosciences, San
Jose, CA, USA)) using excitation of 488 nm and emission using a 575/26 bandpass filter (BD
Biosciences). Data were analyzed with FlowJo software (Tree Star Inc., Ashland, OR, USA).

The CD133+ population was analyzed using an anti-CD133 antibody (Miltenyi Biotec™,
Bergisch Gladbach, Germany) and the ALDH+ population was analyzed by assessing the
enzymatic activity of ALDH with non-immunological ALDEFLUOR™ kit (STEMCELL
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technologies, Vancouver, BC, Canada). Unstained cells were used to gate the population of
CD133+, while ALDH was gated based with an enzymatic ALDH inhibitor, N,N-diethyl-
amino-benzaldehyde (DEAB), which was used to block all ALDH isoenzymes activity.

2.8. Melanosphere Culture Assay

Melanoma cells were seeded at a density from 5000 to 10,000 cells per well in ultra-low-
attachment 24-well plates (Corning, Corning, NY, USA) in 1 ml of freshly prepared stem
cell medium (serum-free RPMI1640 or DMEM medium supplemented with 10 ng/mL EGF,
10 ng/mL bFGF and 1X B-27™ Plus Supplement). Low-attachment plates were incubated
continually without handling and disruption for 7 days at 37 ◦C with 5% CO2. Spheroids
from both passages of a diameter ≥ 50µm were counted as melanospheres.

2.9. In Vivo Studies

Mice housing and handling was made in accordance with the approved guidelines of
the Canadian Council on Animal Care and the Animal Care Committee of McGill University
(AUP # 7497). The immune-deficient non-obese diabetic scid gamma (NSG) mouse breeders
were purchased from The Jackson Laboratory.

The human melanoma cancer cell line a375m (1 × 106/mouse) was inoculated in
7-week-old male NSG mice by subcutaneous injection to generate melanoma tumors. The
mice were euthanized at the indicated endpoint time, and the tumor size was measured
with a digital electronic caliper three times per week. To generate a growth curve, tumor
volumes were calculated according to the following formula:

4
3
× π ×

(
Length

2

)
×

(
Width

2

)2

Human melanoma cancer cell line a375 m (5 × 105/mouse) was injected by tail vein to
allow for lung metastasis development. The mice were euthanized 15 days post-injection.
The lung tissues were fixed with Bouin’s solution, and metastatic nodules were counted
using a microscope.

3. Results
3.1. TGFβ Inhibits Stem-Cell Maintenance and CSC Self-Renewal Capacity in Melanoma

The role of TGFβ on CSC stemness remains to be fully investigated and appears
context dependent, as TGFβ can either inhibit or sustain CSC maintenance [19]. TGFβ has
been reported to regulate CSCs in breast cancer [30,35–37], glioblastoma [38,39], gastric
carcinoma cells [40], and squamous carcinoma stem cells [40]. Despite its potent tumor-
suppressive role in melanoma, the effect of TGFβ cancer stemness has not been addressed
yet in these tumors. To first address this, we examined the TGFβ effects in vitro using
a melanoma tumorsphere-forming assay (TFA) [21]. TFAs are standard assays used for
tumor-initiating capacity measurement and self-renewal assessment [30,37]. We investi-
gated a panel of 7 different human cutaneous melanoma cell lines with various clinical
backgrounds (WM278, WM793, a375m, BLM, MALME-3M, 1205Lu and DAUV). We found
that TGFβ1 significantly reduced melanoma tumorsphere formation at picomolar concen-
trations in all cell lines tested except WM278 and 1205Lu (Figure 1a). These effects were
particularly striking in WM793 cells where TGFβ stimulation led to a complete inhibition
of tumorsphere formation. While the WM278 cell line showed no statistical difference
in the reduction in the number of tumorspheres, they exhibited a smaller tumorsphere
size (Figure 1a). This consistent suppression of non-adhesive sphere formation across
various cell lines suggests a mechanism where TGFβ inhibits CSC self-renewal capacity
in melanoma.
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Figure 1. TGFβ inhibits tumorsphere formation and self-renewal capacity in melanoma. (a) TGFβ
effects on tumorsphere formation of different melanoma cell lines. Left panel: Histogram showing
the number of tumorspheres. Right panel: Representative images of tumorspheres of each melanoma
cell line. (b) Histogram of flow cytometry analysis of a375m cells untreated or treated with TGFβ
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(200 pM) for 24 h and labeled with a PE-conjugated anti-CD133 antibody. The percentage of CD133-
positive/negative populations of a replicate is represented in the dot plot. Gating was set by unstained
samples. (c) Histogram of flow cytometry analysis of a375m cells untreated or treated with TGFβ
(200 pM) for 48 h and evaluated with enzymatic assay ALDEFLUOR™ kit (STEMCELL technologies,
Vancouver, BC, Canada). Data are expressed as mean ± standard error. * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001, n.s. not significant.

To further investigate the function of TGFβ on melanoma cancer stemness, we mea-
sured its effects on two well-characterized melanoma CSC markers: expression of the cell-
surface marker CD133 [22] and aldehyde dehydrogenase (ALDH) enzymatic activity [24,25].
Indeed, cells with high CD133 (CD133+) expression [22] or high ALDH enzymatic activity
(ALDH+) exhibit increased tumor burden when transplanted in immunodeficient mice,
which is in correlation with high CSC self-renewal properties [22]. In silico TCGA analysis
further revealed that melanoma tumors are enriched in ALDH1A1 and ALDH1A3 isoen-
zymes [41]. We thus investigated whether TGFβ could modulate CD133+ and ALDH+
populations in A375m melanoma cells, using flow cytometry. A375m melanoma cells are
enriched in the CD133+ population and exhibit a high metastatic potential, and as such, this
cell line represents an ideal model to study melanoma stemness. As shown in Figure 1b,c,
TGFβ decreased the percentage of both CD133+ and ALDH+ CSC subpopulations.

To obtain further insights into the mechanism by which TGFβ regulates markers
implicated in melanoma stemness, we examined the TGFβ-mediated regulation of specific
melanoma CSC markers (ALDHA1, ALDHA3, CD133 and ABCG2) at the transcriptional
level. As shown in Figure 2a,b, the exposure of a375m and BLM cells to picomolar con-
centrations of TGFβ significantly reduced mRNA expression of all four CSC markers in
a time-dependent manner. TGFβ-mediated decreases in ALDHA3 expression were also
observed in a third melanoma cell line (WM278), as shown in Figure 2c. We then assessed
the TGFβ effects on the expression of these CSC markers using a more relevant 3D culture
model, which better represents the morphology and heterogenous aspects of the tumor
biology [42]. Interestingly, TGFβ stimulation of the cells also led to a significant and strong
decrease in the CSC markers in tumorsphere conditions (Figure 2d). Altogether, these
results define a new function for TGFβ in regulating stem cell maintenance in melanoma
and highlight its strong inhibitory effects on CSC self-renewal activity and cell surface CSC
marker expression.

3.2. The Smad3/4 Pathway Is Required for TGFβ-Mediated Inhibition of Melanoma Cancer
Self-Renewal

The main signaling pathway activated downstream of TGFβ is the canonical Smad
pathway. In particular, Smad2, 3 and 4 play a central role in mediating the TGFβ tumor-
suppressive activities in multiple types of cancer [16]. To address whether the canonical
Smad pathway is involved in the mediation of the TGFβ effects on melanoma self-renewal,
we generated specific Smad2, Smad3 and Smad4 knockout (KO) in two different melanoma
cell lines, A375m and BLM, using CRISPR genomic editing. Specific guide RNAs (gRNAs)
were designed for each Smad, as described in the methods. Non-targeting scrambled (scr)
gRNAs were used as negative controls. Interestingly, we found that blocking Smad3 and
Smad4 gene expression but not Smad2 significantly increased melanoma tumorsphere
formation in both cell lines (Figure 3a,b). The efficiency of the Smad CRISPR KOs was
verified by Western blot and showed near complete inhibition of their respective targets
(Figure 3e,f). To further broaden the scope of our findings and further strengthen our results,
we also used a parallel shRNA approach to knockdown Smad3 gene expression in BLM cells
as well as in a third melanoma cell line (WM278). A non-targeting (NT) gRNA was used as
the negative control. As shown in Figure 3c,d, blocking Smad3 expression also resulted in a
significant increase in tumorsphere formation in both cell lines, which is consistent with the
data obtained with the CRISPR Kos. The high efficiency of the Smad3 shRNA knockdown
was verified by Western blot (Figure 3g,h). The increased tumorsphere numbers observed
when blocking Smad3 and Smad4 expression likely reflects the inhibition of basal Smad
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signaling resulting from autocrine TGFβ activity in these cells. Indeed, in melanoma cells,
constitutive SMAD signaling occurs in response to autocrine TGFβ secretion [43].
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Figure 2. Transcriptional downregulation of stemness markers by TGFβ in melanoma: (a–c) histogram
of relative mRNA expression measured by qPCR of cells collected from (a) a375m, (b) BLM and
(c) WM278 cultured in monolayer condition and a375m in tumorsphere condition (d). Cells were
exposed to TGFβ (200 pM) for 24 h or 48 h. Data represent ± SEM of triplicate experiments. Data are
expressed as mean ± standard error. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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Figure 3. The Smad3/4 pathway is required for TGFβ-mediated inhibition of melanoma cancer stem-
ness. Histograms showing the number of tumorspheres after 7 days culture under low-attachment
conditions with CRISPR-Smad2, 3, 4 KOs in (a) a375m and (b) BLM cell lines or Smad3 shRNA
knockdown in (c) BLM and (d) WM278 melanoma cell lines. High efficiency of the (e,f) CRISPR KOs
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and (g,h) shRNA knockdown was ensured by Western blot. (i) Histogram of flow cytometry analysis
of different CRISPR KOs produced in a375m cells untreated or treated with TGFβ (200 pM) for
24 h and labeled with a PE-conjugated anti-CD133 antibody. Gating was set by unstained sam-
ples. The percentage of CD133-positive/negative populations is indicated. Data are expressed as
mean ± standard error. * p ≤ 0.05, ** p ≤ 0.01 and n.s. not significant. The uncropped blots are shown
in Supplementary Materials.

We further analyzed the TGFβ effects on CD133 expression in the different Smad-KOs,
using flow cytometry. As shown in Figure 3i, we also found that blocking Smad3 and
Smad4 significantly reversed the TGFβ inhibitory effect on CD133 expression. Smad2
gene silencing showed no significative effect on the TGFβ response, which was consistent
with the result obtained in the tumorsphere assay. These results indicate that TGFβ-
mediated regulation of CSC self-renewal capacity and possible stemness maintenance is
Smad-dependent but also specific to the Smad3/4 pathway.

3.3. Blocking TGFβ/Smad Signaling Promotes Melanoma Tumor Growth In Vivo

Having shown that Smad3/4 gene silencing promote stemness and increases tumor-
sphere formation, and considering the prominent role played by cancer stem cells in
promoting tumor formation, we next assessed the Smad3/4 CRISPR Kos in vivo, using
preclinical models of melanoma tumor formation. Orthotopic subcutaneous human tumor
xenografts were performed in NOD-SCID IL2Rγnull (NSG) mice. A total of 4 groups of
NSG mice (7 mice/group) received a subcutaneous injection of the non-targeting control,
Smad3 and Smad4 CRISPR KOs, generated in the A375m melanoma cell line (Figure 4a).
Interestingly, blocking the Smad signaling pathway, by means of Smad3/4 CRISPR KO, sig-
nificantly increased both tumor volume (Figure 4b) and tumor mass (Figure 4c) compared
to the non-targeting control (scrambled) and parental cell (A375m) groups. The observed
increase in primary melanoma tumor growth upon the depletion of Smad proteins demon-
strates their crucial role in suppressing tumorigenicity in vivo, further highlighting the
strong tumor-suppressive role played by the TGFβ signaling pathway in melanoma.

Moreover, while no mice from the parental and scrambled KO groups harbored any
secondary metastatic tumors, several mice in both the Smad3 and Smad4 groups developed
spontaneous liver metastasis (Figure 4d). These results suggest that the TGFβ/Smad signal-
ing axis not only acts as a potent tumor suppressor but also as a suppressor of metastasis.

3.4. The TGFβ/Smad Pathway Inhibits Melanoma Lung Metastasis In Vivo

Our previous study demonstrated that the TGFβ stimulation of melanoma cells sup-
pressed cell migration in vitro [12]. Furthermore, as shown in Figure 4d, blocking the Smad
pathway in our orthotopic transplantation model led to an increased liver metastatic burden.
Thus, these results suggest that blocking TGFβ/Smad signaling in vivo could also regulate
the metastatic dissemination of melanoma cells to distant organs. To address this, we used a
preclinical model of melanoma lung colonization [44–46]. Briefly, as described in Figure 5a,
Smad3 CRISPR-KO, Smad4 CRISPR-KO and control NT CRISPR-KO a375m melanoma
cells were injected intravenously into NSG mice (tail vein injection; 8 mice/group).

Twenty-one days post injection, animals were sacrificed and lungs were resected
before being stained in Bouin solution, as previously described [45]. Interestingly, as shown
in Figure 5b, both Smad3 and Smad4 CRISPR-KOs showed a strong increase in numbers of
metastatic lung lesions compared to control animals. Figure 5c shows representative images
of the resected tumors. These results indicates that inhibition of the TGFβ/Smad canonical
signaling pathway not only increased primary tumor growth but also significantly increased
the metastasis burden. They are also consistent with our results from the spontaneous
liver metastasis preclinical model (Figure 4d). Altogether, our data define the TGFβ/Smad
signaling axis as a potent suppressor of metastasis.
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Figure 4. Blocking TGFβ/Smad signaling promotes melanoma tumor growth in vivo. (a) Graphical
abstract of the orthotopic subcutaneous transplantation of melanoma cells in NSG mice (n = 6 per
group). (b,c) One million CRISPR KO a375m cells were transplanted in NSG mice. Tumor growth
was assessed by measuring tumor volume 3 times/week (b) and at endpoint (c). Data are represented
as mean ± SEM. p values are comparing each KO group vs. scramble control by a two-sided unpaired
t test at the same day. * p < 0.05, n.s. not significant. SMAD3 sg2 is in green and SMAD4 sg2 is in
purple. (d) Representative pictures of spontaneous metastasis in resected liver by Blouin staining.
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Figure 5. The TGFβ/Smad pathway inhibits melanoma lung metastasis in vivo (a) SCR, SMAD3
and SMAD4 KO a375m melanoma cells were injected intravenously in the tail vein of NSG mice
(n = 8 per group) to assess the number metastatic nodules in the lungs. Data are represented as dot
plots for individual mice. The midlines show median value. Data are expressed as mean ± standard
error. * p ≤ 0.05 and ** p ≤ 0.01. (b) Representative images of metastatic nodules are shown for each
mouse’s lungs. (c) Representative images of the resected tumors.

4. Discussion

In this study, we investigated the role of TGFβ in stem cell maintenance in melanoma
and the relationship with the TGFβ/Smads signaling axis in tumorigenesis and metastasis.
We found that TGFβ inhibits stem cell maintenance in several human cutaneous cell lines.
Furthermore, we found that TGFβ acts as a potent tumor suppressor, blocking primary
tumor formation but also as a strong suppressor of metastasis, preventing the spread and
development of secondary liver and lung metastatic nodules in vivo. Our data are in
agreement with and support our previous in vitro work showing that TGFβ acts as an
anti-migratory factor in melanoma [12,13]. They underscore TGFβ and Smad signaling as
potent regulators implicated in self-renewal as well as suppressors of both tumor formation
and metastasis in cutaneous melanoma.

Melanoma stem cells have many capabilities compared to differentiated cells, such as
self-renewal, differentiation, plasticity, immune evasion, drug resistance and the promotion
of cell migration and metastasis. A study showed that melanoma CSCs secreted factors can
activate neutrophils and support cancer progression, therefore increasing the importance
of the interplay between tumor microenvironment and cancer progression [47]. Indeed,
soluble factors such as TGFβ can modify the tumor microenvironment. Such mechanisms
implicating CSCs are directly associated with melanoma progression, metastasis and tumor
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heterogeneity [48]. Thus, our data defining TGFβ as an inhibitor of CSC self-renewal is con-
sistent with a role of TGFβ as an inhibitor of tumor formation, progression, and metastasis.
Moreover, in future studies, it will be interesting to further characterize the precise role of
TGFβ signaling on stemness, using in vivo and in vitro diluting limiting assay.

In melanoma, several stem cell markers are expressed in subpopulations of CSCs
which exhibit increased tumor potential. One of the first identified CSC marker is CD133,
which is an extracellular protein linked to a subset of melanoma cells displaying stem-cell
like properties and increased tumorigenicity [22]. Isolated subpopulations of melanoma
cells expressing CD133 are more proliferative and more invasive than their CD133-negative
counterparts [49,50]. Furthermore, CD133 was also found to be expressed in metastatic
extract from melanoma patients, which is consistent with a role for CSC in promoting
metastasis [22]. Another CSCs subpopulation is characterized by the ALDH+ melanoma
cells. In particular, the ALDH1A1 and ALDH1A3 isoenzymes were shown to be enriched
in melanoma tumors [41]. In this study, we found that TGFβ inhibits CSCs’ self-renewal
capacity in multiple melanoma cell lines. We also show that TGFβ efficiently reduces the
percentage of several of the main CSC subpopulations, CD133+, ALDHA1 and ALDHA3.
These potent effects inhibiting self-renewal ability likely reflect the strong tumor-suppressor
role played by TGFβ in these tumors. These results are also in line with what was observed
in other types of solid tumors, such as pancreatic cancer, where Smad4 upregulation
was found to be inversely correlated with ALDHA1 expression [51]. They suggest that
TGFβ/Smad signaling may exert anti-CSC self-renewal activity on a broader range of
tumors than melanoma alone.

Interestingly, while the TGFβ effects on melanoma cancer stem cell maintenance re-
quire the Smad pathway, they also appear to be Smad3/4 specific and Smad2-independent.
Such Smad2 or Smad3 specificity downstream of TGFβ signaling has been reported in the
context of other cancer-related mechanisms [52–56]. For instance, the E1A-like inhibitor of
differentiation-2 (EID-2) protein can suppress TGFβ signaling by specifically blocking the
TGFβ-induced formation of Smad3–Smad4 complexes [54]. Another study showed that
Smad3 silencing in keratinocytes interfered with growth inhibition while Smad2 silencing
had no phenotypic effect [56]. Our group also previously showed that menin, a potent
tumor suppressor, specifically interacts with Smad3 to mediate TGFβ anti-proliferative
responses in pituitary adenoma [52]. Furthermore, previous work from our laboratory
and others also showed that TGFβ-mediated inhibition of telomerase activity and cell
immortalization relies on Smad3 signaling independently of Smad2 [53,55]. A previous
study showed that the constitutive phosphorylation of the Smad3 linker region by MAPK
and CDK/GS3 modulates TGFβ-mediated resistance to cell cycle arrest by interfering with
p15 and p21 [57]. Thus, phosphorylation on distinct specific sites of the Smads can lead to
differential regulation of the cell cycle. Altogether, these studies are consistent with our
present findings in melanoma, suggesting that Smad3 may play a more prominent role
in the mediation of the TGFβ tumor-suppressive effects compared to Smad2 in various
models of solid tumors.

Phenotype switching refers to the switch from a proliferative to an invasive phenotype,
conferring plasticity to cancer cells. The switch implicates transcriptional reprogramming
involving a panoply of signaling pathways with their respective downstream regula-
tors including TGFβ/SMADs, Hippo/TAP/TAZ and Wnt/B-catenin [58]. Furthermore,
MITF (microphthalmia-associated transcription factor) is an important melanocytic lineage-
specific transcription factor also associated with phenotype switching. Indeed, MITF low
expression is correlated with invasiveness and high expression is correlated with a more
proliferative phenotype [59]. TGFβ has been shown to inhibit the MITF transcription
through repressed protein kinase A activity, which is therefore correlated with the invasive-
ness phenotype of TGFβ [60]. In parallel, TGFβ has been shown to exert a dual role during
cancer progression in some types of cancer [16,61]. While inducing tumor suppression in
normal epithelial cells and early carcinomas, TGFβ promotes metastasis in more advanced
stages of cancer [16,62–64].
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However, the TGFβ function in melanoma remains controversial. While previous
studies showed that overexpression of the TGFβ signaling inhibitor SMAD7 reduced
the proliferation and metastatic potential of the 1205Lu melanoma cell line [65,66], other
studies suggested that TGFβ itself could inhibit tumor cell migration and metastasis [12,13].
Interestingly, the 1205Lu melanoma cell line used in the former studies [60,65,66] was not
responding to TGFβ in the tumorsphere assays performed in our study, which could explain
the differential TGFβ outcome observed in other melanoma cell lines. A separate study
showed that a recombinant cytotoxin (cytotoxin-II) indirectly inhibited SMAD2/3 mRNA
expression and correlated with increased caspase 8 and 9 in vitro [67]. However, these
results, using an indirect inhibitory approach, were not confirmed in vivo. In contrast, our
results clearly indicate that direct TGFβ silencing using SMAD KOs significantly reduced
proliferation, tumorigenesis and metastasis both in vitro and in vivo.

We previously found TGFβ to inhibit cell migration and invasion in vitro in several
models of melanoma [12]. The present study is in accordance with these results and
clearly indicates that TGFβ/Smad signaling prevents tumor progression in vivo, using
preclinical models of melanoma metastasis. They are also consistent with a role for TGFβ
as an inhibitor of CSC self-renewal, further highlighting TGFβ as an anti-metastatic factor
in melanoma.

5. Conclusions

Finally, having shown that TGFβ inhibits stemness and prevents tumor formation,
progression and metastasis, our study underscores the potential for using TGFβ-mimicking
or stimulating agents as new therapeutics for cutaneous melanoma. For instance, avotermin,
a recombinant TGFβ3 used in clinical trials for the prophylactic treatment of tissue scarring
of the skin, could be tested for the treatment of melanoma patients [68,69]. In addition, the
Vitamin E derivative δ-tocotrienol was shown to exert a specific anti-tumor activity against
melanoma CSCs [70] and as such could be tested in combination treatment with TGFβ to
target specifically melanoma stem cells. Our findings, which highlighted the complex role
of the TGF-β pathway in melanoma tumorigenesis and metastasis, could pave the way for
novel therapeutic approaches targeting this growth factor for cancer inhibition.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers16010224/s1, Figure S1: Original Western-blotting images;
Table S1: The sequence of genes in the manuscript.

Author Contributions: Conceptualization, J.B. and J.-J.L.; Formal analysis, J.B. and J.-J.L.; Funding
acquisition, J.-J.L.; Methodology, J.B., N.W. and M.G.; Project administration, J.-J.L.; Resources, J.-J.L.;
Supervision, J.-J.L.; Writing—original draft, J.B.; Writing—review and editing, N.W., M.G. and J.-J.L.
All authors have read and agreed to the published version of the manuscript.

Funding: The Canadian Institutes for Health Research (CIHR) provided the funding for this study
(CIHR operating grant# 4372 to J.-J.L.). J.B. received a scholarship from the Fonds de Recherche du
Québec—Santé (FRQS to J.B.).

Institutional Review Board Statement: All animals were housed and handled in accordance with
the approved guidelines of the Canadian Council on Animal Care (CCAC) “Guide to the Care and
Use of Experimental Animals”. All experiments were performed in accordance with the approved
McGill University Animal Care protocol (AUP # 7497 to J.-J.L.).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author J.B. upon reasonable request.

Acknowledgments: The authors would like to thank Alan Spatz and Louise Larose for providing the
melanoma cell lines. Figures 3a and 4a were created with BioRender (https://www.biorender.com/
(accessed on 5 September 2023)).

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/cancers16010224/s1
https://www.mdpi.com/article/10.3390/cancers16010224/s1
https://www.biorender.com/


Cancers 2024, 16, 224 15 of 17

References
1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 7–34. [CrossRef] [PubMed]
2. Domingues, B.; Lopes, J.; Soares, P.; Populo, H. Melanoma treatment in review. ImmunoTargets Ther. 2018, 7, 35–49. [CrossRef]

[PubMed]
3. Damsky, W.E.; Theodosakis, N.; Bosenberg, M. Melanoma metastasis: New concepts and evolving paradigms. Oncogene 2014, 33,

2413–2422. [CrossRef] [PubMed]
4. Shannan, B.; Perego, M.; Somasundaram, R.; Herlyn, M. Heterogeneity in melanoma. Cancer Treat. Res. 2016, 167, 1–15. [PubMed]
5. Leonardi, G.C.; Falzone, L.; Salemi, R.; Zanghì, A.; Spandidos, D.A.; McCubrey, J.A.; Candido, S.; Libra, M. Cutaneous melanoma:

From pathogenesis to therapy (Review). Int. J. Oncol. 2018, 52, 1071–1080. [CrossRef] [PubMed]
6. Kwong, L.N.; Davies, M.A. Navigating the Therapeutic Complexity of PI3K Pathway Inhibition in Melanoma. Clin. Cancer Res.

2013, 19, 5310–5319. [CrossRef] [PubMed]
7. Xue, G.; Romano, E.; Massi, D.; Mandalà, M. Wnt/β-catenin signaling in melanoma: Preclinical rationale and novel therapeutic

insights. Cancer Treat. Rev. 2016, 49, 1–12. [CrossRef]
8. Ueda, Y.; Richmond, A. NF-κB activation in melanoma. Pigment Cell Res. 2006, 19, 112–124. [CrossRef]
9. Hammouda, M.B.; Ford, A.E.; Liu, Y.; Zhang, J.Y. The JNK Signaling Pathway in Inflammatory Skin Disorders and Cancer. Cells

2020, 9, 857. [CrossRef]
10. Thomas, S.J.; Snowden, J.A.; Zeidler, M.P.; Danson, S.J. The role of JAK/STAT signalling in the pathogenesis, prognosis and

treatment of solid tumours. Br. J. Cancer 2015, 113, 365–371. [CrossRef]
11. Javelaud, D.; Alexaki, V.I.; Mauviel, A. Transforming growth factor-β in cutaneous melanoma. Pigment Cell Melanoma Res. 2008,

21, 123–132. [CrossRef] [PubMed]
12. Humbert, L.; Lebrun, J.J. TGF-beta inhibits human cutaneous melanoma cell migration and invasion through regulation of the

plasminogen activator system. Cell Signal. 2013, 25, 490–500. [CrossRef] [PubMed]
13. Humbert, L.; Ghozlan, M.; Canaff, L.; Tian, J.; Lebrun, J.J. The leukemia inhibitory factor (LIF) and p21 mediate the TGFβ tumor

suppressive effects in human cutaneous melanoma. BMC Cancer 2015, 15, 200. [CrossRef] [PubMed]
14. Ramont, L.; Pasco, S.; Hornebeck, W.; Maquart, F.X.; Monboisse, J.C. Transforming growth factor-β1 inhibits tumor growth in

a mouse melanoma model by down-regulating the plasminogen activation system. Exp. Cell Res. 2003, 291, 1–10. [CrossRef]
[PubMed]

15. Wu, F.; Weigel, K.J.; Zhou, H.; Wang, X.J. Paradoxical roles of TGF-β signaling in suppressing and promoting squamous cell
carcinoma. Acta Biochim. Biophys. Sin. 2018, 50, 98–105. [CrossRef] [PubMed]

16. Neel, J.-C.; Humbert, L.; Lebrun, J.-J. The Dual Role of TGFβ in Human Cancer: From Tumor Suppression to Cancer Metastasis.
ISRN Mol. Biol. 2012, 2012, 381428. [CrossRef] [PubMed]

17. Stingl, J.; Caldas, C. Molecular heterogeneity of breast carcinomas and the cancer stem cell hypothesis. Nat. Rev. Cancer 2007, 7,
791–799. [CrossRef]

18. Visvader, J.E.; Lindeman, G.J. Cancer stem cells in solid tumours: Accumulating evidence and unresolved questions. Nat. Rev.
Cancer 2008, 8, 755–768. [CrossRef]

19. Bellomo, C.; Caja, L.; Moustakas, A. Transforming growth factor β as regulator of cancer stemness and metastasis. Br. J. Cancer
2016, 115, 761–769. [CrossRef]

20. Dupin, E.; Sommer, L. Neural crest progenitors and stem cells: From early development to adulthood. Dev. Biol. 2012, 366, 83–95.
[CrossRef]

21. Fang, D.; Nguyen, T.K.; Leishear, K.; Finko, R.; Kulp, A.N.; Hotz, S.; Van Belle, P.A.; Xu, X.; Elder, D.E.; Herlyn, M. Asubpopulation
with stem cell properties in melanomas. Cancer Res. 2005, 65, 9328–9337.

22. Monzani, E.; Facchetti, F.; Galmozzi, E.; Corsini, E.; Benetti, A.; Cavazzin, C.; Gritti, A.; Piccinini, A.; Porro, D.; Santinami, M.;
et al. Melanoma contains CD133 and ABCG2 positive cells with enhanced tumourigenic potential. Eur. J. Cancer 2007, 43, 935–946.
[CrossRef] [PubMed]

23. Frank, N.Y.; Margaryan, A.; Huang, Y.; Schatton, T.; Waaga-Gasser, A.M.; Gasser, M.; Sayegh, M.H.; Sadee, W.; Frank, M.
ABCB5-mediated doxorubicin transport and chemoresistance in human malignant melanoma. Cancer Res. 2005, 65, 4320–4333.
[CrossRef] [PubMed]

24. Luo, Y.; Nguyen, N.; Fujita, M. Isolation of human melanoma stem cells UNIT 3.8 using ALDH as a marker. Curr. Protoc. Stem
Cell Biol. 2013, 1, 3–8.

25. Boonyaratanakornkit, J.B.; Yue, L.; Strachan, L.R.; Scalapino, K.J.; Leboit, P.E.; Lu, Y.; Leong, S.P.; Smith, J.E.; Ghadially, R. Selection
of tumorigenic melanoma cells using ALDH. J. Investig. Dermatol. 2010, 130, 2799–2808. [CrossRef] [PubMed]

26. Klein, W.M.; Wu, B.P.; Zhao, S.; Wu, H.; Klein-Szanto, A.J.P.; Tahan, S.R. Increased expression of stem cell markers in malignant
melanoma. Mod. Pathol. 2007, 20, 102–107. [CrossRef] [PubMed]

27. Redmer, T.; Walz, I.; Klinger, B.; Khouja, S.; Welte, Y.; Schäfer, R.; Regenbrecht, C. The role of the cancer stem cell marker CD271 in
DNA damage response and drug resistance of melanoma cells. Oncogenesis 2017, 6, e291. [CrossRef]

28. Iwasaki, H.; Suda, T. Cancer stem cells and their niche. Cancer Sci. 2009, 100, 1166–1172. [CrossRef]
29. Sakaki-Yumoto, M.; Katsuno, Y.; Derynck, R. TGF-β family signaling in stem cells. Biochim. Biophys. Acta—Gen. Subj. 2013, 1830,

2280–2296. [CrossRef]

https://doi.org/10.3322/caac.21551
https://www.ncbi.nlm.nih.gov/pubmed/30620402
https://doi.org/10.2147/ITT.S134842
https://www.ncbi.nlm.nih.gov/pubmed/29922629
https://doi.org/10.1038/onc.2013.194
https://www.ncbi.nlm.nih.gov/pubmed/23728340
https://www.ncbi.nlm.nih.gov/pubmed/26601857
https://doi.org/10.3892/ijo.2018.4287
https://www.ncbi.nlm.nih.gov/pubmed/29532857
https://doi.org/10.1158/1078-0432.CCR-13-0142
https://www.ncbi.nlm.nih.gov/pubmed/24089444
https://doi.org/10.1016/j.ctrv.2016.06.009
https://doi.org/10.1111/j.1600-0749.2006.00304.x
https://doi.org/10.3390/cells9040857
https://doi.org/10.1038/bjc.2015.233
https://doi.org/10.1111/j.1755-148X.2008.00450.x
https://www.ncbi.nlm.nih.gov/pubmed/18426405
https://doi.org/10.1016/j.cellsig.2012.10.011
https://www.ncbi.nlm.nih.gov/pubmed/23085456
https://doi.org/10.1186/s12885-015-1177-1
https://www.ncbi.nlm.nih.gov/pubmed/25885043
https://doi.org/10.1016/S0014-4827(03)00336-7
https://www.ncbi.nlm.nih.gov/pubmed/14597403
https://doi.org/10.1093/abbs/gmx127
https://www.ncbi.nlm.nih.gov/pubmed/29206939
https://doi.org/10.5402/2012/381428
https://www.ncbi.nlm.nih.gov/pubmed/27340590
https://doi.org/10.1038/nrc2212
https://doi.org/10.1038/nrc2499
https://doi.org/10.1038/bjc.2016.255
https://doi.org/10.1016/j.ydbio.2012.02.035
https://doi.org/10.1016/j.ejca.2007.01.017
https://www.ncbi.nlm.nih.gov/pubmed/17320377
https://doi.org/10.1158/0008-5472.CAN-04-3327
https://www.ncbi.nlm.nih.gov/pubmed/15899824
https://doi.org/10.1038/jid.2010.237
https://www.ncbi.nlm.nih.gov/pubmed/20739950
https://doi.org/10.1038/modpathol.3800720
https://www.ncbi.nlm.nih.gov/pubmed/17143262
https://doi.org/10.1038/oncsis.2016.88
https://doi.org/10.1111/j.1349-7006.2009.01177.x
https://doi.org/10.1016/j.bbagen.2012.08.008


Cancers 2024, 16, 224 16 of 17

30. Tian, J.; Hachim, M.Y.; Hachim, I.Y.; Dai, M.; Lo, C.; Al Raffa, F.; Ali, S.; Lebrun, J.J. Cyclooxygenase-2 regulates TGFβ-induced
cancer stemness in triple-negative breast cancer. Sci. Rep. 2017, 7, 40258. [CrossRef]

31. Shalem, O.; Sanjana, N.E.; Hartenian, E.; Shi, X.; Scott, D.A.; Mikkelsen, T.S.; Heckl, D.; Ebert, B.L.; Root, D.E.; Doench, J.G.; et al.
Genome-scale CRISPR-Cas9 knockout screening in human cells. Science 2014, 343, 84–87. [CrossRef] [PubMed]

32. Sanjana, N.E.; Shalem, O.; Zhang, F. Improved vectors and genome-wide libraries for CRISPR screening. Nat. Methods 2014, 11,
783–784. [CrossRef] [PubMed]

33. Montague, T.G.; Cruz, J.M.; Gagnon, J.A.; Church, G.M.; Valen, E. CHOPCHOP: A CRISPR/Cas9 and TALEN web tool for
genome editing. Nucleic Acids Res. 2014, 42, 401–407. [CrossRef] [PubMed]

34. Concordet, J.-P.; Haeussler, M. CRISPOR: Intuitive guide selection for CRISPR/Cas9 genome editing experiments and screens.
Nucleic Acids Res. 2018, 46, W242–W245. [CrossRef] [PubMed]

35. Tang, B.; Yoo, N.; Vu, M.; Mamura, M.; Nam, J.S.; Ooshima, A.; Du, Z.; Desprez, P.Y.; Anver, M.R.; Michalowska, A.M.; et al.
Transforming growth factor-β can suppress tumorigenesis through effects on the putative cancer stem or early progenitor cell
and committed progeny in a breast cancer xenograft model. Cancer Res. 2007, 67, 8643–8652. [CrossRef] [PubMed]

36. Bhola, N.E.; Balko, J.M.; Dugger, T.C.; Kuba, M.G.; Sánchez, V.; Sanders, M.; Stanford, J.; Cook, R.S.; Arteaga, C.L. TGF-β
inhibition enhances chemotherapy action against triple-negative breast cancer. J. Clin. Investig. 2013, 123, 1348–1358. [CrossRef]

37. Dai, M.; Zhang, C.; Ali, A.; Hong, X.; Tian, J.; Lo, C.; Fils-Aimé, N.; Burgos, S.A.; Ali, S.; Lebrun, J.-J. CDK4 regulates cancer
stemness and is a novel therapeutic target for triple-negative breast cancer. Sci. Rep. 2016, 6, 35383. [CrossRef]

38. Peñuelas, S.; Anido, J.; Prieto-Sánchez, R.M.; Folch, G.; Barba, I.; Cuartas, I.; García-Dorado, D.; Poca, M.A.; Sahuquillo, J.; Baselga,
J.; et al. TGF-β Increases Glioma-Initiating Cell Self-Renewal through the Induction of LIF in Human Glioblastoma. Cancer Cell
2009, 15, 315–327. [CrossRef]

39. Ehata, S.; Johansson, E.; Katayama, R.; Koike, S.; Watanabe, A.; Hoshino, Y.; Katsuno, Y.; Komuro, A.; Koinuma, D.; Kano, M.R.;
et al. Transforming growth factor-B decreases the cancer-initiating cell population within diffuse-type gastric carcinoma cells.
Oncogene 2011, 30, 1693–1705. [CrossRef]

40. Oshimori, N.; Oristian, D.; Fuchs, E. TGF-β Promotes Heterogeneity and Drug Resistance in Squamous Cell Carcinoma. Cell 2015,
160, 963–976. [CrossRef]

41. Samson, J.M.; Ravindran Menon, D.; Smith, D.E.; Baird, E.; Kitano, T.; Gao, D.; Tan, A.C.; Fujita, M. Clinical implications of
ALDH1A1 and ALDH1A3 mRNA expression in melanoma subtypes. Chem. Biol. Interact. 2019, 314, 108822. [CrossRef] [PubMed]

42. Lee, C.; Yu, C.; Wang, B.; Chang, W. Tumorsphere as an effective in vitro platform for screening anti-cancer stem cell drugs.
Oncotarget 2016, 7, 1215–1226. [CrossRef] [PubMed]

43. Rodeck, U.; Nishiyama, T.; Mauviel, A. Independent regulation of growth and SMAD-mediated transcription by transforming
growth factor β in human melanoma cells. Cancer Res. 1999, 59, 547–550. [PubMed]

44. Shams, A.; Binothman, N.; Boudreault, J.; Wang, N.; Shams, F.; Hamam, D.; Tian, J.; Moamer, A.; Dai, M.; Lebrun, J.J.;
et al. Prolactin receptor-driven combined luminal and epithelial differentiation in breast cancer restricts plasticity, stemness,
tumorigenesis and metastasis. Oncogenesis 2021, 10, 1–16. [CrossRef] [PubMed]

45. Dai, M.; Boudreault, J.; Wang, N.; Poulet, S.; Daliah, G.; Yan, G.; Moamer, A.; Burgos, S.A.; Sabri, S.; Ali, S.; et al. Differential
regulation of cancer progression by CDK4/6 plays a central role in DNA replication and repair pathways. Cancer Res. 2021, 81,
1332–1346. [CrossRef] [PubMed]

46. Yan, G.; Dai, M.; Zhang, C.; Poulet, S.; Moamer, A.; Wang, N.; Boudreault, J.; Ali, S.; Lebrun, J.J. TGFβ/cyclin D1/Smad-mediated
inhibition of BMP4 promotes breast cancer stem cell self-renewal activity. Oncogenesis 2021, 10, 21. [CrossRef] [PubMed]

47. Anselmi, M.; Fontana, F.; Marzagalli, M.; Gagliano, N.; Sommariva, M.; Limonta, P. Melanoma Stem Cells Educate Neutrophils to
Support Cancer Progression. Cancers 2022, 14, 3391. [CrossRef] [PubMed]

48. Yin, Q.; Shi, X.; Lan, S.; Jin, H.; Wu, D. Effect of melanoma stem cells on melanoma metastasis (Review). Oncol. Lett. 2021, 22, 566.
[CrossRef]

49. Grasso, C.; Anaka, M.; Hofmann, O.; Sompallae, R.; Broadley, K.; Hide, W.; Berridge, M.V.; Cebon, J.; Behren, A.; McConnell, M.J.
Iterative sorting reveals CD133+ and CD133- melanoma cells as phenotypically distinct populations. BMC Cancer 2016, 16, 726.
[CrossRef]

50. Simbulan-Rosenthal, C.M.; Dougherty, R.; Vakili, S.; Ferraro, A.M.; Kuo, L.W.; Alobaidi, R.; Aljehane, L.; Gaur, A.; Sykora, P.;
Glasgow, E.; et al. CRISPR-Cas9 knockdown and induced expression of CD133 reveal essential roles in melanoma invasion and
metastasis. Cancers 2019, 11, 1490. [CrossRef]

51. Hoshino, Y.; Nishida, J.; Katsuno, Y.; Koinuma, D.; Aoki, T.; Kokudo, N.; Miyazono, K.; Ehata, S. Smad4 decreases the population
of pancreatic cancer—Initiating cells through transcriptional repression of ALDH1A1. Am. J. Pathol. 2015, 185, 1457–1470.
[CrossRef] [PubMed]

52. Kaji, H.; Canaff, L.; Lebrun, J.-J.; Goltzman, D.; Hendy, G.N. Inactivation of menin, a Smad3-interacting protein, blocks
transforming growth factor type β signaling. Proc. Natl. Acad. Sci. USA 2001, 98, 3837–3842. [CrossRef] [PubMed]

53. Lacerte, A.; Korah, J.; Roy, M.; Yang, X.J.; Lemay, S.; Lebrun, J.J. Transforming growth factor-β inhibits telomerase through
SMAD3 and E2F transcription factors. Cell Signal. 2008, 20, 50–59. [CrossRef] [PubMed]

54. Lee, H.J.; Lee, J.K.; Miyake, S.; Kim, S.J. A Novel E1A-like Inhibitor of Differentiation (EID) Family Member, EID-2, Suppresses
Transforming Growth Factor (TGF)-β Signaling by Blocking TGF-β-induced Formation of Smad3-Smad4 Complexes. J. Biol.
Chem. 2004, 279, 2666–2672. [CrossRef] [PubMed]

https://doi.org/10.1038/srep40258
https://doi.org/10.1126/science.1247005
https://www.ncbi.nlm.nih.gov/pubmed/24336571
https://doi.org/10.1038/nmeth.3047
https://www.ncbi.nlm.nih.gov/pubmed/25075903
https://doi.org/10.1093/nar/gku410
https://www.ncbi.nlm.nih.gov/pubmed/24861617
https://doi.org/10.1093/nar/gky354
https://www.ncbi.nlm.nih.gov/pubmed/29762716
https://doi.org/10.1158/0008-5472.CAN-07-0982
https://www.ncbi.nlm.nih.gov/pubmed/17875704
https://doi.org/10.1172/JCI65416
https://doi.org/10.1038/srep35383
https://doi.org/10.1016/j.ccr.2009.02.011
https://doi.org/10.1038/onc.2010.546
https://doi.org/10.1016/j.cell.2015.01.043
https://doi.org/10.1016/j.cbi.2019.108822
https://www.ncbi.nlm.nih.gov/pubmed/31580832
https://doi.org/10.18632/oncotarget.6261
https://www.ncbi.nlm.nih.gov/pubmed/26527320
https://www.ncbi.nlm.nih.gov/pubmed/9973198
https://doi.org/10.1038/s41389-020-00297-5
https://www.ncbi.nlm.nih.gov/pubmed/33446633
https://doi.org/10.1158/0008-5472.CAN-20-2121
https://www.ncbi.nlm.nih.gov/pubmed/33372040
https://doi.org/10.1038/s41389-021-00310-5
https://www.ncbi.nlm.nih.gov/pubmed/33649296
https://doi.org/10.3390/cancers14143391
https://www.ncbi.nlm.nih.gov/pubmed/35884452
https://doi.org/10.3892/ol.2021.12827
https://doi.org/10.1186/s12885-016-2759-2
https://doi.org/10.3390/cancers11101490
https://doi.org/10.1016/j.ajpath.2015.01.011
https://www.ncbi.nlm.nih.gov/pubmed/25769430
https://doi.org/10.1073/pnas.061358098
https://www.ncbi.nlm.nih.gov/pubmed/11274402
https://doi.org/10.1016/j.cellsig.2007.08.012
https://www.ncbi.nlm.nih.gov/pubmed/17881189
https://doi.org/10.1074/jbc.M310591200
https://www.ncbi.nlm.nih.gov/pubmed/14612439


Cancers 2024, 16, 224 17 of 17

55. Li, H.; Xu, D.; Li, J.; Berndt, M.C.; Liu, J.P. Transforming growth factor β suppresses human telomerase reverse transcriptase
(hTERT) by Smad3 interactions with c-Myc and the hTERT gene. J. Biol. Chem. 2006, 281, 25588–25600. [CrossRef] [PubMed]

56. Kretschmer, A.; Moepert, K.; Dames, S.; Sternberger, M.; Kaufmann, J.; Klippel, A. Differential regulation of TGF-β signaling
through Smad2, Smad3 and Smad4. Oncogene 2003, 22, 6748–6763. [CrossRef] [PubMed]

57. Cohen-Solal, K.A.; Merrigan, K.T.; Chan, J.L.K.; Goydos, J.S.; Chen, W.; Foran, D.J.; Liu, F.; Lasfar, A.; Reiss, M. Constitutive Smad
linker phosphorylation in melanoma: A mechanism of resistance to transforming growth factor-β-mediated growth inhibition.
Pigment Cell Melanoma Res. 2011, 24, 512–524. [CrossRef]

58. Lüönd, F.; Pirkl, M.; Hisano, M.; Prestigiacomo, V.; Kalathur, R.K.R.; Beerenwinkel, N.; Christofori, G. Hierarchy of TGFβ/SMAD,
Hippo/YAP/TAZ, and Wnt/ β-catenin signaling in melanoma phenotype switching. Life Sci. Alliance 2022, 5, 1–14. [CrossRef]

59. Goding, C.R. A picture of Mitf in melanoma immortality. Oncogene 2011, 30, 2304–2306. [CrossRef]
60. Pierrat, M.J.; Marsaud, V.; Mauviel, A.; Javelaud, D. Expression of microphthalmia-associated transcription factor (MITF), which

is critical for melanoma progression, is inhibited by both transcription factor GLI2 and transforming growth factor-β. J. Biol.
Chem. 2012, 287, 17996–18004. [CrossRef]

61. Yeh, H.W.; Lee, S.S.; Chang, C.Y.; Lang, Y.D.; Jou, Y.S. A new switch for TGFβ in cancer. Cancer Res. 2019, 79, 3797–3805. [CrossRef]
[PubMed]

62. Bierie, B.; Moses, H.L. TGF-β and cancer. Cytokine Growth Factor Rev. 2006, 17, 29–40. [CrossRef] [PubMed]
63. Roberts, A.B.; Wakefield, L.M. The two faces of transforming growth factor β in carcinogenesis. Proc. Natl. Acad. Sci. USA 2003,

100, 8621–8623. [CrossRef] [PubMed]
64. Scheel, C.; Weinberg, R.A. Cancer stem cells and epithelial-mesenchymal transition: Concepts and molecular links. Semin. Cancer

Biol. 2012, 22, 396–403. [CrossRef]
65. Javelaud, D.; Mohammad, K.S.; McKenna, C.R.; Fournier, P.; Luciani, F.; Niewolna, M.; André, J.; Delmas, V.; Larue, L.; Guise,

T.A.; et al. Stable overexpression of Smad7 in human melanoma cells impairs bone metastasis. Cancer Res. 2007, 67, 2317–2324.
[CrossRef] [PubMed]

66. Javelaud, D.; Delmas, V.; Möller, M.; Sextius, P.; André, J.; Menashi, S.; Larue, L.; Mauviel, A. Stable overexpression of Smad7 in
human melanoma cells inhibits their tumorigenicity in vitro and in vivo. Oncogene 2005, 24, 7624–7629. [CrossRef]

67. Derakhshani, A.; Silvestris, N.; Hemmat, N.; Asadzadeh, Z.; Shadbad, M.A.; Nourbakhsh, N.S.; Mobasheri, L.; Vahedi, P.;
Shahmirzaie, M.; Brunetti, O.; et al. Targeting TGF-β-Mediated SMAD Signaling pathway via novel recombinant cytotoxin II: A
potent protein from naja naja oxiana venom in Melanoma. Molecules 2020, 25, 5148. [CrossRef]

68. Laverty, H.G.; Wakefield, L.M.; Occleston, N.L.; O’Kane, S.; Ferguson, M.W.J. TGF-β3 and cancer: A review. Cytokine Growth
Factor Rev. 2009, 20, 305–317. [CrossRef]

69. Durani, P.; Occleston, N.; O’Kane, S.; Ferguson, M.W.J. Avotermin: A novel antiscarring agent. Int. J. Low. Extrem. Wounds 2008, 7,
160–168. [CrossRef]

70. Marzagalli, M.; Moretti, R.M.; Messi, E.; Marelli, M.M.; Fontana, F.; Anastasia, A.; Bani, M.R.; Beretta, G.; Limonta, P. Targeting
melanoma stem cells with the Vitamin E derivative δ-tocotrienol. Sci. Rep. 2018, 8, 587. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1074/jbc.M602381200
https://www.ncbi.nlm.nih.gov/pubmed/16785237
https://doi.org/10.1038/sj.onc.1206791
https://www.ncbi.nlm.nih.gov/pubmed/14555988
https://doi.org/10.1111/j.1755-148X.2011.00858.x
https://doi.org/10.26508/lsa.202101010
https://doi.org/10.1038/onc.2010.641
https://doi.org/10.1074/jbc.M112.358341
https://doi.org/10.1158/0008-5472.CAN-18-2019
https://www.ncbi.nlm.nih.gov/pubmed/31300476
https://doi.org/10.1016/j.cytogfr.2005.09.006
https://www.ncbi.nlm.nih.gov/pubmed/16289860
https://doi.org/10.1073/pnas.1633291100
https://www.ncbi.nlm.nih.gov/pubmed/12861075
https://doi.org/10.1016/j.semcancer.2012.04.001
https://doi.org/10.1158/0008-5472.CAN-06-3950
https://www.ncbi.nlm.nih.gov/pubmed/17332363
https://doi.org/10.1038/sj.onc.1208900
https://doi.org/10.3390/molecules25215148
https://doi.org/10.1016/j.cytogfr.2009.07.002
https://doi.org/10.1177/1534734608322983
https://doi.org/10.1038/s41598-017-19057-4

	Introduction 
	Materials and Methods 
	Reagents and Chemicals 
	Cell Lines 
	CRISPR Knock-Out 
	qPCR 
	Lentivirus Production and Cell Infection 
	Western Blot Assays 
	Flow Cytometry 
	Melanosphere Culture Assay 
	In Vivo Studies 

	Results 
	TGF Inhibits Stem-Cell Maintenance and CSC Self-Renewal Capacity in Melanoma 
	The Smad3/4 Pathway Is Required for TGF-Mediated Inhibition of Melanoma Cancer Self-Renewal 
	Blocking TGF/Smad Signaling Promotes Melanoma Tumor Growth In Vivo 
	The TGF/Smad Pathway Inhibits Melanoma Lung Metastasis In Vivo 

	Discussion 
	Conclusions 
	References

