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SUMMARY
Melanomas are known to exhibit phenotypic plasticity. However, the role cellular plasticity plays in melanoma tumor progression and

drug resistance is not fully understood. Here, we used reprogramming of melanocytes and melanoma cells to induced pluripotent stem

cell (iPSCs) to investigate the relationship between cellular plasticity and melanoma progression and mitogen-activated protein kinase

(MAPK) inhibitor resistance. We found that melanocyte reprogramming is prevented by the expression of oncogenic BRAF, and in

melanoma cells harboring oncogenic BRAF and sensitive to MAPK inhibitors, reprogramming can be restored by inhibition of the acti-

vated oncogenic pathway. Our data also suggest that melanoma tumor progression acts as a barrier to reprogramming. Under conditions

that promotemelanocytic differentiation of fibroblast- andmelanocyte-derived iPSCs,melanoma-derived iPSCs exhibitedneural cell-like

dysplasia and increasedMAPK inhibitor resistance. These data suggest that iPSC-like reprogramming and drug resistance of differentiated

cells can serve as a model to understand melanoma cell plasticity-dependent mechanisms in recurrence of aggressive drug-resistant

melanoma.
INTRODUCTION

Melanoma is the most lethal form of skin disease. Current

treatment modalities of metastatic melanoma with

mitogen-activated protein kinase inhibitors (MAPKi) and

immunotherapy are highly effective in the short term. Un-

fortunately, development of therapy resistance and recur-

rence of aggressive therapy-resistant tumors remains amajor

challenge. Resistance to MAPKi and aggressive recurrence

have been associated with melanoma stem cells and stem

cell pathways (Roesch et al., 2010). However, the relation-

ship between melanoma plasticity and intrinsic and/or

acquired MAPKi drug resistance are not well understood.

Tumor cell-derived induced pluripotent stem cells (iPSCs)

have been employed as model to study cancer cell plasticity

in relation to the tissue/cell of tumor origin and differential

response to therapy (Chao et al., 2017; Suknuntha et al.,

2015). Attempts have been made to reprogram a limited

number of melanoma cell lines into iPSCs (Bernhardt

et al., 2017). However, systematic efforts to understand the

plasticity of melanoma cells and their ability to generate

iPSC-like cells have not been described. It is known, for

instance, that cellular and molecular barriers, such as senes-

cence and oncogenic mutations can either repress or

enhance reprogramming of cells to iPSCs (Banito et al.,

2009; Liu et al., 2015; Mosteiro et al., 2016). Much progress

has been made in identifying mutations in melanoma that
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activate oncogenes, such as BRAF, NRAS, and KIT, and inac-

tivate tumor suppressor genes, such as PTEN, CDKN2A, and

TP53 (Hodis et al., 2012). The effect of these mutations on

the plasticity of themalignantmelanocytes and their ability

to be reprogrammed is not well understood. Plasticity of

cancers includingmelanoma todifferentiate and transdiffer-

entiate has been shown to influence tumor progression and

drug sensitivity (Kemper et al., 2014; Roesch et al., 2016; Tsoi

et al., 2018). Therefore, understanding the plasticity of

malignant melanocytes, including their ability to generate

pluripotent cells and differentiate might shed light on

mechanisms of melanoma tumor progression and drug

resistance. Such an approach was previously employed to

understand drug resistance of chronic and acute myeloid

leukemia (Chao et al., 2017; Suknuntha et al., 2015).

Here, we describe studies on reprogramming of melano-

cytes and primary and metastatic melanoma cells into

iPSC-like cells and their ability to retainmelanocytic differ-

entiation. We show that (1) compared with skin fibroblasts

and melanocytes, reprogramming of melanoma cells to

iPSCs is less efficient, and metastatic melanoma cells are

more resistant to reprogramming than primary melanoma

cells derived from the same patient, (2) expression of

BRAFV600E inhibits reprogramming ofmelanocytes, and in-

hibition of BRAFV600E facilitates reprogramming of

BRAFV600E mutant, BRAF inhibitor-sensitive metastatic

melanoma cells, (3) although melanoma-derived iPSCs
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(miPSCs) are able to differentiate into cells of the three

germ layers, they failed to (re)differentiate into melano-

cytes, but displayed a neuronal-like dysplastic phenotype

in vitro and in vivo, and (4) miPSC-differentiated cells

exhibit increased resistance to MAPKi. We propose that

iPSC reprogramming ofmelanoma cells and differentiation

of miPSCs can serve as a model to understand the mecha-

nisms of recurrence of aggressive MAPKi-resistant tumors.
RESULTS

Melanoma Cells Exhibit Resistance to

Reprogramming to iPSCs

First, we asked whether melanoma cells retain the plasticity

to be reprogrammed to iPSC-like cells. To test this, we trans-

duced four primarymelanoma cell linesWM75,WM1552C,

WM1361A, and WM1862, and five patient-derived early

passage (less than 30 passages) metastatic melanoma cell

lines MRA2, MRA4, MRA5, MRA6, and MRA9 (Table S1)

with lentiviruses for reprogramming factors, OCT4-SOX2,

NANOG-LIN28, and KLF4-cMYC, and cultured them in re-

programming medium on mouse embryonic fibroblast

(MEF) feeders (Figure 1A). As controls, we identically

performed reprogramming of human neonatal foreskin-

derived fibroblasts and melanocytes. After 1 week, trans-

duced fibroblasts andmelanocytes, but notmelanoma cells,

produced granular colonies, which are early indicators of

iPSC induction.

We asked whether addition of chemical agents that are

known to enhance reprogramming could improve the

reprograming of melanoma cells (Hou et al., 2013). These

chemical agents include valproic acid (VPA), an HDAC in-

hibitor; CHIR-99021, a GSK-3a/b inhibitor, forskolin

(FSK), an activator of adenylyl cyclase/cAMP pathway, tra-

nylcypromine (TCP), a histone lysine-specific demethylase

1 inhibitor; and RepSox, an inhibitor of the TGF-bR-1/

ALK5 pathway. After an additional 2 weeks of culture con-

taining these compounds, fibroblasts and melanocytes

generated colonies (Figure S1A). At this time (3 weeks

from induction), all primary melanoma cell lines also
Figure 1. Reprogramming of Primary and Metastatic Melanoma C
(A) Schematic of the protocol for reprogramming melanoma cells to
(B and C) Reprograming progress of primary (B) and metastatic (C) cel
All data shown are for colonies generated using pluripotency enhanc
(D) Quantification of miPSC colony formation shown as number of col
each cell line) from a representative experiment (n R 3) are shown.
(E) Aggregate number of miPSC colonies generated from primary and m
four primary and five metastatic melanoma cell lines (n = 6 replicate w
(F) Reprogramming of primary and metastatic cell lines established fro
cell line) from one experiment are shown.
(G) Western blot analysis of reprogramming factors OCT4, NANOG, and c
control (C), 1 and 5 days after transduction; and miPSCs at passage 3
generated iPSC-like colonies without the addition of chem-

icals (data not shown), but the presence of chemical

boosters enhanced their ability to form such colonies. In

contrast, among the metastatic melanoma cell lines, only

MRA2 andMRA5 generated colonies. However, neither pri-

mary nor metastatic miPSCs exhibited alkaline phospha-

tase (AP) expression (Figures 1B and 1C, left panels), in

contrast to the strong AP activity in fibroblast- andmelano-

cyte-derived iPSC colonies (Figure S1A). Metastatic cells did

not exhibit reprogramming in the absence of chemical

enhancers (data not shown). These data suggest thatmalig-

nant melanocytes, specifically metastatic melanoma cells,

are resistant (less plastic) to reprogramming into iPSC-like

state compared with normal melanocytes.

After first passage,miPSC colonies expressed AP andwere

comparable with fibroblast-iPSCs (Figures 1B and 1C, right

panels). We quantitated the reprogramming efficiency by

counting the colonies generated after first passage (no. of

colonies/1,000 cells plated). As shown in Figures 1D and

1E, primary melanoma cell lines generated significantly

higher number of iPSC-like colonies than metastatic mela-

noma cell lines. We verified the time course expression of

the reprogramming factors bywestern blotting. Data in Fig-

ure 1G show thatmelanoma cell lines, including those that

did not generate iPSC colonies, showed expression of the

reprogramming factors before culture on MEF, demon-

strating that failure to generate iPSCs is not due to the

lack of expression of the reprogramming factors.
Loss of Plasticity Is Associated with Melanoma Tumor

Progression

To test whether the loss of plasticity of metastatic cells for

reprogramming to stem cell state is related to melanoma

tumor progression, we performed reprogramming of a set

of primary and metastatic melanoma cell lines derived

from the same patient. WM115 is a vertical growth phase

primary melanoma cell line and WM266-4, WM165-1,

and WM239A are cell lines derived from lymph node met-

astatic lesions in the same patient (Herlyn et al., 1985). This

matched set of primary and metastatic cell lines were
ells into miPSCs
miPSCs.
ls at 3 weeks and passage 1 and expression of AP at each time point.
ing agents.
onies/1,000 plated cells. Data (mean ± SD; n = 6 replicate wells for

etastatic melanoma cell lines. Pooled data for one experiment with
ells for each cell line) are shown. Student’s t test, ****p < 0.0001.
m the same patient. Data (mean ± SD; n = 6 replicate wells for each

-Myc during reprogramming: parental cells baseline, nontransduced
. GAPDH shows equal loading.
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Figure 2. Effect of Transduction with Reprogramming Factors on Senescence and Cell Proliferation
(A and B) Primary (A) and metastatic (B) melanoma cells senescence (red lines) and survival/proliferation (green lines). Data (mean ± SD;
n = 3 replicate wells/cell line for each time point) are shown. Approximately 5,000 cells/well of 24-well plates were seeded and transduced
with reprogramming factor lentiviruses (day 0) and all wells were scanned using an EVOS FL Auto microscope, and cell number and percent
SA-b-gal-stained cells were estimated using ImageJ analysis of the scanned images.
(C and D) Western blot analysis of p21 expression at 1 and 5 days after transduction in primary (C) and metastatic cells (D) and at miPSC
stage. GAPDH shows equal loading.
subjected to iPSC reprogramming (Figures 1F and S1B).

After 2 weeks in passage 1, primary cell line WM115, but

none of the three metastatic lines, generated iPSC-like col-

onies. Even addition of chemical enhancers did not

improve the reprogramming of the matched metastatic

cells suggesting that loss of plasticity for reprogramming

to iPSC-like state is associated with melanoma tumor

progression.

Senescence and Cell Death Are Inversely Related with

Reprogramming

We asked which factors might be responsible for the

limited plasticity of metastatic melanoma cells. Senescence

and cell death has been reported to influence the efficiency

of reprogramming of cells to iPSCs in vitro and in vivo

(Banito et al., 2009; Mosteiro et al., 2016). We asked if

senescence induction on reprogramming could be a barrier
180 Stem Cell Reports j Vol. 13 j 177–192 j July 9, 2019
for iPSC generation bymetastatic melanoma cells. We eval-

uated the effect of transduction with the reprogramming

factors on senescence and proliferation of melanoma cells.

We scanned the wells (using an EVOS FL Auto microscope)

on days 1 and 5 posttransduction with the reprogramming

factors, and estimated cell number and percent senescent

cells (senescence-associated b-galactosidase [SA-b-gal]

stained) in each well (ImageJ analysis of acquired micro-

scope images) (Figures 2A, 2B, and S2). Data showed that

metastatic melanoma cells lines MRA4 and MRA6 trans-

duced with the reprogramming factors failed to survive,

suggesting that decreased cell survival affected their reprog-

ramming. Quantitation of SA-b-gal staining showed that

there was little or no induction of senescence in most

primary melanoma cells, whereas transduction with the

reprogramming factors induced senescence in metastatic

melanoma cells. Activation of senescence was confirmed



by expression of p21 (Figures 2C and 2D), a commonly

usedmarker to evaluate senescence during iPSC reprogram-

ming in vitro and in vivo (Banito et al., 2009; Mosteiro et al.,

2016). There was higher expression of the senescence

marker p21 in metastatic than in primary cells (Figures

2C and 2D) and it remained relatively high up to 5 days.

When miPSCs were generated, p21 expression was not de-

tected in primary- or metastatic-derived miPSCs. In pri-

mary melanoma cells, p21 expression was not significantly

altered on transduction. Importantly, double staining for

SA-b-gal and reprogramming factor OCT4 showed that

the SA-b-gal-positive senescent cells had no expression of

the reprogramming factor OCT4 (Figures S2C and S2D,

arrows), whereas cells with low/no SA-b-gal staining ex-

hibited high OCT expression. These data show mutually

exclusive expression of the reprogramming factors and

the senescence marker, thus correlating with reprogram-

ming efficiency.

Expression of Oncogenic BRAFV600E Inhibits

Reprogramming

Inmelanocytes,mutations in BRAF lead to the activation of

oncogene-induced senescence (Dhomen et al., 2009;

Michaloglou et al., 2005). In addition, oncogene activation

such as TP53 has been reported to act as a barrier to reprog-

ramming to pluripotent cells (Liu et al., 2015). We noted

that BRAFV600E mutant melanoma cell lines MRA5 and

MRA6 showed low efficiency or no reprogramming to

iPSCs (Figure 1). Therefore, we sought to evaluate the effect

of expression of oncogenic BRAFV600E on melanocyte plas-

ticity. We transduced normal human melanocytes with

BRAFV600E-GFP, empty vector-GFP, or NOTCH intracellular

active domain (NICD-GFP) lentiviruses followed (after

1–2 weeks) by lentiviruses for reprogramming. As shown

in Figure 3, while empty vector-transduced melanocytes

efficiently generated iPSC colonies, BRAFV600E-transduced

melanocytes did not produce iPSC colonies even in the

presence of chemical inducers. NICD-expressing melano-

cytes formed iPSC colonies, suggesting that the effect of

BRAFV600E on inhibition of reprogramming is highly spe-

cific and not due to a nonspecific overexpression of a

signaling protein.

Expression of Stem Cell Markers in miPSCs

To characterize the iPSC-like cells generated from mela-

noma cells (miPSCs), we verified the co-expression of re-

programming factors OCT4 and SOX2 with stem cell sur-

face markers SSEA4 (stage-specific embryonic antigen-4)

andCDH1 (E-cadherin) (Figures S3A–S3C). Double staining

of OCT4 and SOX2 showed that expression of these factors

was consistent with live-cell AP staining (Figures 1B and

1C) and expression of reprogramming factors determined

by western blots (Figure 1G). An exception to this observa-
tion wasWM115, which showed weak expression of OCT4

and SOX2, and also weak AP activity (Figure S1B). E-Cad-

herin expression was higher in WM1862- and MRA2-

derived miPSCs than most cells. Primary melanoma

WM115, WM1862, and metastatic MRA2-derived miPSCs

had higher expression of surface marker SSE4 than miPSCs

derived from other cells.

Embryoid Body Formation by miPSCs

To further characterize the stem cell features of miPSCs, we

performed embryoid body (EB) formation assays by the

hanging drop method for up to 3 weeks (Figure S3D).

WM115-, WM1862-, and MRA2-derived miPSCs, but

not WM1552C-, WM1361A-, and MRA5-derived miPSCs

formed EBs. The ability to form EBs appeared to correlate

with strong expression of stem cell surface markers SSEA4

and E-cadherin, which are stem cell surface markers

involved in cell-cell contacts necessary for efficient EB for-

mation (Choi et al., 2014). Accordingly, EB-forming

WM1862 and MRA2 miPSCs showed strong expression of

both SSEA4 and E-cadherin, similar to fibroblast-derived

iPSCs, whereasWM1552CmiPSCs showed weak expression

of E-cadherin and SSEA4;MRA5miPSCs, on the other hand,

expressed E-cadherin but not SSEA4. An exception to this

pattern was WM115 miPSCs, which, despite showing low

expression of AP, expressed SSEA4 but not E-cadherin and

produced small EBs. Importantly, however, the ability of

melanoma-iPSCs to form EBs does not seem to be the

limiting factor for their differentiation into three germ layers

(Figure 4), melanocytes (Figure 5C) and neural cells

(Figure S6).

miPSCs Differentiate into Three Germ Layers

Pluripotency of miPSCs was assessed using in vitro differen-

tiation assays and immunofluorescence staining for early

markers specific for the three germ layers ectoderm, meso-

derm, and endoderm (Deshpande et al., 2017; Shinozawa

et al., 2017). Differentiation of miPSCs to ectoderm

was verified by OTX2 expression, to mesoderm by the

expression of BRACHYURY, and to endoderm by the

expression of SOX17. Data in Figure 4 show that all miPSCs

were able to differentiate into precursors of the three germ

layers.

miPSCs Do Not Differentiate into Melanocytes but

Show Neural-like Dysplasia

We next asked whether miPSCs can differentiate back to

melanocyte/melanocyte-like cells. First, we validated the

protocol and conditions for melanocyte differentiation us-

ing fibroblast- and melanocyte-derived iPSCs. As expected,

when cultured in melanocyte differentiation medium,

both fibroblast- and melanocyte-derived iPSCs generated

pigmented cells (Figures 5A and 5B). Immunofluorescence
Stem Cell Reports j Vol. 13 j 177–192 j July 9, 2019 181



Figure 3. Effect of BRAFV600E Expression
on Reprogramming
(A) Top panels (day 0), from left to right, show
melanocytes transduced with empty vector-
GFP (control), BRAFV600-GFP, or NICD-GFP
lentiviruses. Middle panels (3 weeks), show
colony formation in empty vector-GFP and
NICD-GFP cells. Bottom panels (passage 1),
show miPSC colony maturation of empty vec-
tor-GFP transduced and NCID-GFP-expressing
cells. BRAFV600-GFP-expressing cells did not
exhibit reprogramming.
(B) Representative images of colonies (pas-
sage 1) growing for 2 weeks in six-well plates
(n = 3 replicate wells) from one experiment are
shown.
staining showed that these cells differentiated from fibro-

blast-derived iPSCs expressed MITF and SOX10, but did

not express TUJ1, the neuronal marker neuronal tubulin

b-III (TUBB) (Figure 5D).
182 Stem Cell Reports j Vol. 13 j 177–192 j July 9, 2019
In contrast, miPSCs cultured in melanocyte differenti-

ation medium, did not generate cells with melanocytic

features, but dysplastic cells with neural-like features

(Figure 5A), and co-expressed melanocyte marker MITF



Figure 4. Differentiation of Fibroblast-iPSCs and miPSCs to Precursors of Three Germ Layers
(A) Ectoderm differentiation and expression of ectoderm marker OTX2.
(B) Mesoderm differentiation and expression of mesoderm marker BRACHYURY.
(C) Endoderm differentiation and expression of endoderm marker SOX17.
with neural markers TUBB3, MAP2, and GFAP (Figures 5E

and 5F). Unlike fibroblast- and melanocyte-iPSC-differ-

entiated cells in melanocyte differentiation medium,

none of melanoma-iPSCs showed either melanocyte

morphology or pigmentation. Although the parental

metastatic melanoma MRA2 cells were pigmented, they

lost pigment after iPSC reprogramming and did not

recover pigmentation. Importantly, cells differentiated

in melanocyte differentiation medium no longer dis-

played iPSC morphology or expression of reprogram-

ming factors (Figure S4A).

To further evaluate melanocyte/neural differentiation,

we determined the expression of melanocyte markers

SOX10 and MITF; and neuronal markers TUBB3 and

MAP2 in parental and melanoma-iPSC-differentiated

(miPSC differentiated) in melanocyte differentiation me-

dium. Interestingly, most parental melanoma cell lines

and miPSC-differentiated cells expressed relatively low

levels of melanocyte markers MITF and SOX10 (Figures

S4B and S5A). The pigmented MRA2 parental cells

showed the strongest expression of melanocyte markers,
but differentiated cells exhibited weak expression of

these melanocyte markers. In contrast, neural markers

in parental and miPSC-differentiated cells exhibited

stronger expression than melanocyte markers (Figures

S4C and S5B). Cells differentiated from MRA2-miPSCs

showed relatively weak expression of TUBB3 and MAP2,

but expression of these markers was strong in cells with

neural-like dysplastic morphology (Figures S4C and S5B,

arrows).

In view of the neural-like dysplasia exhibited by cells

differentiated from miPSCs, we sought to also evaluate

the ability of these cells to differentiate along neuronal

lineage. We performed neuronal differentiation of fibro-

blast- and melanocyte-derived iPSCs and found that

they generated neuronal-like cells that express neuronal

markers (Figures 5D and S6). When cultured in neuronal

differentiation medium, melanoma-iPSCs were able to

differentiate into cells with neuronal-like morphology

and expressed terminal neuronal differentiation markers

TUBB3, SYN1 (Synapsin 1), and MAP2 (Figure S6),

whereas MRA2-derived miPSCs even expressed the glial
Stem Cell Reports j Vol. 13 j 177–192 j July 9, 2019 183
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marker GFAP (Figure S6B). These data show that neuronal-

directed differentiation of fibroblast-, melanocyte-,

and melanoma-iPSCs generates cells with neural-like

features.

We asked if neural-like dysplastic features of melanoma

cells are related to their origin from cells of the

neural crest/neuro-ectodermal lineage. To address this,

we transduced human melanocytes with NICD-GFP and

subjected these NICD-expressing cells to iPSC reprogram-

ming. NOTCH is a neural crest marker that plays a crucial

role in the development of brain and neuronal cells, and it

has been implicated in melanoma and other cancers (Pin-

nix et al., 2009; Raafat et al., 2004; Zagouras et al., 1995).

In addition, expression of NICD has been reported to

induce neural crest-like reprogramming in melanocytes

(Zabierowski et al., 2011a). Results showed that NICD-

expressingmelanocytes formed iPSC colonies that express

NICD-GFP (Figure 3). NICD-expressing iPSC colonies were

then subjected to EB formation and subsequently to

melanocyte differentiation. Interestingly, iPSC-express-

ing NICD-GFP formed melanocyte-like cells (Figure 5C,

top panels). These data show that NICD expression and

neural crest-like state (induced by NICD) did not block

reprogramming of melanocytes or (re)differentiation

along melanocytic lineage in melanocyte differentiation

medium.

Melanoma cells accumulate multiplemutations that may

cause dysplasia and transdifferentiation (Bhat et al., 2006;

Maddodi et al., 2010). We asked if neural-like dysplasia of

miPSCs might also be related with oncogenic mutations.

To address this question we focused on primary melanoma

cells harboring BRAFV600E/Pten�/– genotypes. We used cells

isolated and cultured from BRAFV600E/Pten�/– mouse mela-

noma tumors (Dankort et al., 2009) to perform iPSC reprog-

ramming and melanocyte differentiation. As a control, we

also reprogrammed mouse fibroblasts into iPSCs. Results

showed that both BRAFV600E/Pten�/– primary tumor cells

and mouse fibroblasts were able to readily generate iPSC

colonies and both cells formed EBs (Figure 5C, middle

and bottom panels; Figure S7). EBs were subjected to

melanocyte differentiation. Results showed that mouse

fibroblast-iPSC produced pigmented cells with mouse
Figure 5. Melanocyte Differentiation of Fibroblast-iPSCs, Melano
(A) Morphology of parental and iPSCs induced to differentiate in me
iPSCs, melanocyte-iPSCs, and primary melanoma-iPSCs: WM115, WM155
(B) Cell pellets from parental melanoma and miPSC-differentiated cel
(C) Reprogramming of human melanocytes expressing NICD-GFP, mo
mation, and melanocyte differentiation.
(D) Immunofluorescence staining of cells differentiated from fibrob
neuronal differentiation medium (bottom panels) with melanocytic m
(E and F) Immunofluorescence of cells differentiated from primary WM
differentiation medium with melanocytic marker MITF and neural ma
melanocyte-like morphology. However, BRAFV600E/Pten�/–

mouse tumor cell-derived iPSC-generated amelanotic cells

with neural-like dysplastic morphology (Figure 5C, bottom

panels). These data suggest that neural-like dysplasia of

melanoma-iPSCs is related to malignant transformation

and activation of BRAF and loss of Pten is sufficient to block

melanocyte differentiation.

miPSC-DifferentiatedCells Retain Tumorigenicity and

Exhibit Neural-like Dysplasia In Vivo

Melanocytes derived fromhuman iPSCs, when transplanted

on to nudemouse skin, produce pigmentedmelanocytic ag-

gregates and express melanocyte markers (Kawakami et al.,

2018).We askedwhethermiPSC-differentiated cells inmela-

nocyte medium (miPSC differentiated) retain tumorige-

nicity and whether mouse skin environment in vivo induces

melanocytic differentiation. For this, we selected primary

WM1862 and metastatic MRA2 cell line-derived miPSCs

differentiated in melanocyte medium. Both primary

WM1862 and metastatic MRA2 miPSC-differentiated cells

formed amelanotic tumors (Figure S5C). Western blot anal-

ysis of tumor lysates for melanocyte differentiation markers

(MITF, SOX10, TYR, TYRP1, and TYRP2), neural/neural

crest markers (NOTCH/NICD, PAX3, TUBB3, MAP2, and

GFAP), and melanoma stem cell markers (SOX9, ALDH1,

and CD271) showed a pattern of expression consistent

with that observed by immunofluorescence analyses. We

compared the expression of these markers in parental mela-

noma cells, miPSC-differentiated cells in vitro and tumors

derived in vivo from miPSC-differentiated cells. Parental

primary melanoma cell line WM1862 and WM1862-

miPSC-differentiated cells showed weak or no expression

ofmelanocytemarkers in vitro, but aweak induction of these

markers was noted in tumors in vivo (Figure S5D). Parental

metastatic melanomaMRA2 cells showed strong expression

ofmelanocytemarkers TYR, TYRP1, TYRP2, andMART1 but

weak expression of MITF and SOX10. However, the expres-

sion of a subset of these markers was extinguished in

MRA2-miPSC-differentiated cells both in vitro and in vivo.

These data suggest that miPSC-differentiated cells fail to

express melanocyte markers, even when present in the

cutaneous environment.
cyte-iPSCs, and Melanoma-iPSCs
lanocyte medium. Top–bottom: cells differentiated from fibroblast-
2C, WM1361A, and WM1862; and metastatic iPSCs: MRA2 and MRA5.
ls.
use fibroblasts, and BRAFV600/Pten�/– mouse tumor cells, EB for-

last-iPSCs in melanocyte differentiation medium (top panels) and
arkers SOX10 and MITF, and neuronal markers, TUJ1 and SYN1.
1862 (E) and metastatic MRA5 (F) melanoma miPSCs in melanocyte
rkers GFAP and MAP2.
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Figure 6. Acquired MAPKi Resistance in Melanoma-iPSC Differentiated Cells
Melanoma cells (parental) were reprogrammed into melanoma-iPSCs (miPSCs) and embryoid bodies generated and allowed to differentiate
in melanocyte medium (miPSC differentiated). The sensitivity of parental melanoma cells and miPSC-differentiated cells to MAPKi
(at previously determined half maximal inhibitory concentrations) was evaluated. Survival of each parental melanoma cell line and miPSC-
differentiated cells treated with DMSO (D), PLX4032 (P) (0.5 mM), or AZD6244 (A) (0.5 mM) 72 h was estimated by MTT assay. Data (mean ±
SD; n = 6–8 replicate wells/cell line) from one experiment are shown. Employing two-factor linear regression (factors cell line and parental
versus induced), we tested contrasts between parental and induced cells for each drug and cell line. **p < 10�4 for all contrasts, except for
MRA5 (ns, not significant).
Both primary WM1862 and metastatic MRA2 cells

showed a highly similar pattern of expression of neural

markers. NICD was present in WM1862 parental and

WM1862-miPSC-differentiated cells and MRA2-miPSC-

differentiated cells. PAX3 was present in tumors produced

by both cell lines. Both cell lines retained the neuronal

markers TUBB3 and MAP2 under all conditions. In MRA2

cells, TUBB3 was detected in parental pigmented cells and

the miPSC-differentiated cells in vivo (tumor) but not

in vitro (Figure S5B). GFAP expression was induced in

tumors derived from both WM1862 and MRA2 miPSC-

differentiated cells.

Skin stem cell marker SOX9 and melanoma stem cell

markers ALDH1 and CD271 were present only in vivo

(tumors). These data suggest that miPSC-derived cells

display mixed dysplastic features of neural crest-, neural-,

melanocyte-, and melanoma stem cell-like differentiation.

However, while weak expression of melanocyte markers is

retained, strong expression of neural crest, neural, and
186 Stem Cell Reports j Vol. 13 j 177–192 j July 9, 2019
melanoma/stem cell markers are retained throughout the

reprogramming and differentiation.

miPSC-Differentiated Cells Exhibit Acquired

Resistance to MAPK Inhibition

Next, we askedwhether BRAFV600EmutantmiPSC-differen-

tiated cells retain sensitivity to BRAFi PLX4032/vemurafe-

nib and MEKi AZD6244/selumetinib. Based on the half

maximal inhibitory concentration of the parental metasta-

tic MRA5 and MRA6 melanoma cell lines (Rodrı́guez et al.,

2017), we evaluated whether miPSC-differentiated cells are

also sensitive to concentration ofMAPKi inhibitors that kill

parental cells. As shown in Figure 6, both primary andmet-

astatic melanoma parental cells were sensitive to MEKi

AZD6244 and parental cells with BRAFV600E mutation

were sensitive to killing by PLX4032. However, miPSC

differentiated in melanocyte medium (miPSC differenti-

ated) showed resistance to killing. MRA5 is intrinsically

resistant to both drugs and MRA5-miPSC-differentiated



(legend on next page)
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cells remain resistant to both inhibitors similar to the

parental MRA5 cells.

Resistance to MAPK Inhibitors Correlates with Loss of

Plasticity for Reprogramming

We investigated whether MAPKi resistance is related to re-

programming to the iPSC-like state. We selected two

BRAFV600E melanoma cell lines––MRA5 shows intrinsic

resistance to both BRAFi and MEKi, and MRA6 is sensitive

to both drugs. We also generated two MAPKi-resistant cell

lines from MRA6: MRA6BR and MRA6MR, which are resis-

tant, respectively, to BRAFi and MEKi (Rodrı́guez et al.,

2017). Data showed that addition of BRAFi during reprog-

ramming significantly increased the efficiency of reprog-

ramming of BRAFi-sensitive MRA6 cells to iPSC-like cells

(Figures 7A–7C). In contrast, intrinsically MAPKi-resistant

MRA5 and MRA6BR cells that acquired resistance to BRAFi

did not yield iPSC colonies even in the presence of BRAFi.

Although MEKi also enhanced the plasticity of MAR6MR

cells into stem cell state, the colonies did not exhibit

iPSC-like morphology or express the stem cell marker AP

and did not survive beyond passage 2. These results suggest

that treatment of BRAFV600E mutantmelanomawith BRAFi

can enhance their plasticity to activate pluripotent stem

cell-like state, whereas BRAFV600E mutant melanomas that

are intrinsically resistant or have acquired resistance to

BRAFi are refractory to the effects of BRAFi on their plas-

ticity. MRA6-derived miPSC-differentiated cells in melano-

cyte differentiation medium did not generate melanocytes

and showed acquired resistance to both BRAFi and MEKi,

similar to MRA6BR and MRA6MR cells, respectively

(Figure 7D).

Acquired resistance to MAPKi and recurrence of highly

aggressive melanoma are known to be associated with

stem cell pathways (Roesch et al., 2010). We asked whether

the difference in plasticity (to reprogramming to the iPSC-

like state) between MAPKi-sensitive and -resistant cells

could be related to differences in the elaboration of
Figure 7. Resistance to MAPKi Inhibits Reprogramming of BRAFV

(A) Morphology of BRAF mutant cells during reprogramming. Intrins
quired resistance to BRAFi (MRA6BR), and MEKi (MRA6MR) at 3 week
(B) Reprogramming in the absence or presence of BRAFi (for MRA5, M
(C) Quantitation of iPSC reprogramming shows number of colonies ge
experiment are shown.
(D) miPSC-differentiated cells from MAPKi-sensitive MRA6 cells show a
(MAPKi sensitive) parental melanoma cells, MRA6-miPSC-differentiate
DMSO (D), PLX4032 (P, 0.5 mM), or AZD6244 (A, 0.5 mM) for 72 h. Dat
experiment. Student’s t test for parental versus differentiated (D versus
0.0010). No significant difference was noted in MRA6-miPSC-differen
(E and F) RNA sequencing differential expression data for genes in BRA
MAPKi-sensitive (MRA6) cells. (E) MAPK Cascade (GO: 0000165) 177
(GO: 0072089) top 24 genes with highest marginal variance.
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oncogenic MAPK and stem cell pathway gene expression

programs. Whole transcriptome RNA sequencing analysis

showed that gene expression profiles for MAPKi-resistant

and MAPKi-sensitive cells were distinct. Figures 7E and 7F

show that stem cell proliferation and MAPK cascade genes

are the most significantly differentially expressed genes.

MAPKi-sensitive MRA6 cells show higher expression levels

of stem cell proliferation genes including SOX10, HHIP,

ID4, and LEF1, genes related to growth and development

including TGFA, GFRA1, and FGF13 compared with

MAPKi-resistant cells (Figures 7E and 7F). These data sug-

gest that oncogenic MAPK signaling restricts the plasticity

of melanoma cells (for iPSC-like reprogramming) and that

this inhibitory effect can be overcome by inhibition of

the MAPK pathway.
DISCUSSION

In this study we investigated the plasticity of melanocytes

andmelanoma cells for reprogramming to iPSCs and differ-

entiation into melanocytes. We show that expression of

oncogenic BRAFV600E inhibits the plasticity of melanocytes

and that pharmacological inhibition of BRAFV600E pro-

motes the reprogramming of melanoma cells. These obser-

vations are consistent with previous reports that showed

that oncogene c-Jun inhibited reprogramming of somatic

cells (Liu et al., 2015).

Limited plasticity of melanoma cells to iPSC reprogram-

ming appears to correlate with tumor progression. Reprog-

ramming of genetically matched primary and metastatic

melanoma cells from the same patient showed that meta-

static cells aremore resistant to reprogramming, suggesting

that accumulated mutations in melanoma cells during

tumor progression inhibit plasticity (Bozic et al., 2010).

We noted thatmetastatic cells refractory to reprogramming

also exhibited high senescence and limited survival and

proliferation on iPSC reprogramming, consistent with
600E Mutant Cells
ically MAPKi-resistant MRA5, MAPKi-sensitive MRA6, cells with ac-
s post-iPSC induction and at passage 1 in the absence of MAPKi.
RA6, and MRA6BR) and MEKi (for MRA6MR).
nerated. Data (mean ± SD; n = 6 replicate well/cell line) from one

cquired resistance to BRAFi and MEKi. Survival (MTT assays) of MRA6
d cells in melanocyte medium, MRA6BR and MRA6MR treated with
a (mean ± SD; n = 6–8 replicate wells/cell line) shown are from one
D, ns, not significant; P versus P, ***p = 0.0006; A versus A, ***p =
tiated cells compared with MRA6BR and MRA6MR cell lines.
FV600E mutant MAPKi-resistant (MRA5, MRA6BR, and MRA6MR) and
genes with highest marginal variance. (F) Stem Cell Proliferation



previous reports that showed that senescence and prolifer-

ation affected reprogramming in vitro an in vivo (Banito

et al., 2009; Mosteiro et al., 2016). A limitation of these

studies is that these cell lines used were propagated in

culture. However, freshly isolated cells from primary mela-

noma tumors are often difficult to acquire due to the size of

the excised lesions and medico-legal requirements of diag-

nostic pathology.

miPSCs exhibited stem cell-like features including

expression of stem cell markers and ability to differentiate

into three germ layers. More interestingly, miPSCs were

more amenable to differentiate along neural dysplastic lin-

eages than melanocytic lineage both in vitro and in vivo.

Dedifferentiation is thought to be a hallmark of melano-

cytic neoplasms, which often resemble various stages of

their embryonic development. Dedifferentiation also ap-

pears to influence the sensitivity ofmelanocytic neoplasms

to drugs (Tsoi et al., 2018). Cutaneous melanocytic neo-

plasms are also known to acquire variable characteristics

of neural and other neural crest derivatives (Fang et al.,

2001; Iyengar and Singh, 2010). Skin stem cells also express

neural crest markers and exhibit similarities with mela-

noma cells including self-renewal and differentiation into

multiple neural crest lineages (Zabierowski et al., 2011b).

Expression of active NOTCH (NICD) was shown to be

sufficient to reprogram melanocytes into neural crest-like

state (Zabierowski et al., 2011a). Our data show that expres-

sion of NICD did not block iPSC reprogramming of mela-

nocytes and their ability to redifferentiate to melanocytes.

These data suggest that lack of melanocyte differentiation

and patterns of neural crest- and neural-like dysplasia of

melanoma-iPSCs could not be explained by their origin

from neural crest lineage but may be related to de-differen-

tiation/transdifferentiation of melanocytes during malig-

nant transformation. Resetting of melanoma cells by iPSC

reprogramming, however, does not restore themelanocytic

program disrupted by oncogenic mutations but generates

neural-like dysplasia. Consistent with this notion, we pre-

viously reported that expression of oncogenic BRAFV600E

induces the expression of neuronal marker MAP2 in mela-

noma cells (Bhat et al., 2006; Maddodi et al., 2010).

Another possibility, however, is that different oncogenic

mutations might induce different patterns of plasticity

such as neuronal, glial, or neural crest lineages. For

example, neuronal differentiation from MRA2-miPSCs,

whichharbor wild-type BRAF but loss of PTEN showedneu-

ral-like dysplasia with strong expression of glial cell marker

GFAP in neural-directed differentiation. Intriguingly, glial

cell precursors from cutaneous innervation were reported

to serve as a source of melanocytes in the skin (Adameyko

et al., 2009).

Furthermore, the different patterns of lineage marker

expression of miPSC-differentiated cells could also be
related to clinical and histological subtypes of cutaneous

melanoma. Detailed clinical and histopathological studies

have grouped melanocytic neoplasms into distinct cate-

gories based on association with chronic sun damage and

their anatomical location; however, it is not known

whether these histologically distinct lesions all arise from

melanocytes at the same stage in the melanocytic lineage

differentiation, i.e., skin-resident precursors with neural

crest-like features, melanocyte stem cells, melanoblasts,

or terminally differentiated melanocyte (Grichnik et al.,

2014; Kulesa et al., 2006; Yu et al., 2010). Recent studies em-

ploying BRAFV600E models of mouse melanoma showed

that UVB-induced melanocytic neoplasms can originate

in the hair-bearing skin from melanocyte stem cells

(Moon et al., 2017), whereas non-UV-induced lesions arise

in the interfollicular tail from mature differentiated

pigment producing melanocytes, but not from dormant

amelanotic melanocytes or melanocyte stem cells from

the hair follicle bulge (Köhler et al., 2017). These in vivo

mouse models, although elegant and powerful, have limi-

tations when extrapolated to human melanocytic neo-

plasms. For example, they are limited to BRAFV600E-driven

melanomas and do not fully recapitulate the characteristic

subtypes and spectrum of histological presentations in

human melanomas. In this context, our observations on

the differences in plasticity of primary and metastatic

human melanoma cells suggest iPSC reprogramming of

melanoma cells is a useful model to understand the origin

and progression of melanocytic neoplasms. It is of interest

to investigate whether the plasticity of miPSCs to differen-

tiate to neural-like dysplastic cells reflects the cell of origin,

i.e., differentiated melanocytes and melanocytic stem cells

versus precursors of neural crest-derived melanocytic pre-

cursors (Yu et al., 2010).

Resistance to BRAFi and MEKi appears to limit the plas-

ticity of melanoma cells into stem cell state. Although cells

sensitive to BRAFi expressed higher levels of stem cell prolif-

eration and growth/development-related genes than

MAPKi-resistant cells, constitutive activation of the MAPK

pathway appears to block reprogramming of MAPKi-sensi-

tive cells, whereas plasticity for reprogramming is unlocked

on inhibition of oncogenic BRAF. However, once cells ac-

quire MAPKi resistance, expression of stem cell marker

expression is diminished and the cells are less susceptible

to reprogramming. BRAFi did not restore plasticity in the

MAPKi-resistant cells. In addition, cells differentiated from

melanoma-iPSCs inmelanocyte differentiationmedium ex-

hibited decreased sensitivity to BRAFi andMEKi. Our results

are consistent with published data (Bernhardt et al., 2017)

and suggest that miPSC-differentiated cells are less depen-

dent on MAPK signaling for survival and proliferation.

Reprogramming of melanoma cells into a stem cell state

facilitated by BRAFi (PLX4032) in cells sensitive to BRAFi
Stem Cell Reports j Vol. 13 j 177–192 j July 9, 2019 189



could serve as a novel strategy to uncover mechanisms of

acquired resistance related to cellular plasticity. After re-

programming and differentiation inmelanocyte differenti-

ation medium, sensitive cells become resistance to BRAFi.

BRAFi-sensitive cells exhibit a stem cell expression signa-

ture with oncogenic MAPK cascade, but are not able to

reprogram unless BRAFi is added during reprogramming.

We suggest that, in patients with melanoma, BRAFi might

modulate the expression of stem cell genes involved in

melanoma plasticity, transdifferentiation, and acquired

resistance through stem cell pathways, and such genes

might be targets for overcoming therapy resistance.
EXPERIMENTAL PROCEDURES

Cell Culture
Primary fibroblasts and melanocytes were isolated from human

neonatal foreskins in theUW-SkinDisease ResearchCenter. All pri-

mary and metastatic cells of the WM series were obtained from

Rockland Immunochemicals (Limerick, PA). MRA series of meta-

static melanoma cell lines were established and genotyped for

BRAF and RAs mutations at UW-Madison by Dr. Mark Albertini.

Human primary fibroblasts, all melanoma cells, and mouse tumor

cells were cultured in DMEM, 10% fetal bovine serum (FBS), and

1% penicillin and streptomycin (PenStrep). Human melanocytes

were cultured in 254 basal media containing HMGS2. MEFs were

obtained fromWiCell Research Institute and plated following their

protocol recommendations. All cells were cultured in a humid

incubator at 37�C with 5% CO2 and regularly tested for myco-

plasma. Isolation and use of human cells was approved by appro-

priate institutional review committees.
Reprogramming of iPSCs and AP Live Staining
Five days after. transduction with three reprogramming lentivi-

ruses, cells were plated on six-well plates withMEF feeders (WiCell

Research Institute) with stem cell reprogramming medium (KO

DMEM, 20% KOSR, 1% GlutaMAX, 1% NEAA, 1% PenStrep,

10 ng/mL basic fibroblast growth factor [bFGF], 2 3 10�4 M of

2-mercaptoethanol) at a density of 2 3 104 cells per well of six-

well plates. A cocktail of up to five chemicals was used for reprog-

ramming melanoma cells including FSK (10 mM), VPA (500 mM),

CHIR99021 (10 mM), RepSox (5 mM), and TCP (5 mM). Medium

was replaced every 3–4 days for 3 weeks. After 3 weeks, colonies

were passaged using Versene on fresh MEFs every 2 weeks with

maintenance stem cell medium, which is the same as reprogram-

ming but supplemented with 4 ng/mL bFGF, CHIR99021 (3 mM),

and PD0325901 (1 mM). AP live staining (Thermo Fisher Scientific,

no. A14353) was performed after 3 weeks of reprogramming and

after 2 weeks in passage 1 according to the manufacturer’s

protocol.
EB Formation, and Melanocyte and Neuronal

Differentiation
EBs and melanocyte differentiation were performed as reported

(Ohta et al., 2011; Yang et al., 2011) with modifications. Neuronal
190 Stem Cell Reports j Vol. 13 j 177–192 j July 9, 2019
differentiation was performed essentially as reported (Bernhardt

et al., 2017) (Supplemental Experimental Procedures).
MTTAssays
miPSC-differentiated cells were first expanded in DMEM, 10% FBS,

and 1% PenStrep for 2 weeks and passed at least 5 times. For MTT

assays, 4,000 cells/well were plated on 96-well plates with DMEM,

10% FBS, and 1% PenStrep and incubated at 37�C overnight, and,

the next day, medium was replaced with medium containing

0.5 mM of PLX4032 or AZD6244 inhibitors for 72 h. The absor-

bance was read at 540 nm after adding 20 mL of a 5-mg/mL MTT

dye solution at 37�C for 45 min.
RNA Sequencing and Transcriptome Analysis
Cells were plated on six-well plates and, after 24 h, RNA samples

were collected and purified using the miRNeasy Mini Kit (no.

217004, QIAGEN). Samples were then sent for sequencing at San-

ford Burnham Prebys Medical Discovery Institute, Orlando, FL.

Transcriptome data were deposited at NCBI (accession no. GEO:

GSE110179). Data were analyzed as described in Supplemental

Experimental Procedures using RSEM (Li et al., 2010) for abun-

dance estimation and EBSeq (Leng et al., 2013) for differential

expression analysis.
Statistical Analysis
Statistical analyses were performed using GraphPad Prism 7 and R.

Student’s unpaired t test was performed for significance studies

with a 95% confidence interval (p < 0.05). For the data on drug

resistance of miPSCs, we employed two-factor linear regression

(factors cell line and parental versus induced) and we tested con-

trasts between parental and induced cells for each drug and

cell line.
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