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Abstract

Many cancers contain distinct tumor-initiating cell populations. However, the existence of
distinct stem-like melanoma initiating cells and their contribution to tumorigenesis remains
contested’™. To identify this cell population in melanoma, we used quantitative single cell
approaches linking gene expression, genotype and phenotype in melanoma cells, and observed
that bidirectional interconversion between tumor-initiating and differentiated non-tumorigenic
states establishes distinct phenotypic equilibria dependent on genotype. Genetic loss of the
CDKN2A locus corresponds to a uniform adoption of a neural crest stem cell (NCSC) like tumor-
initiating state. Exposure to a putative chemopreventative o-melanocyte stimulating hormone
(oMSH) analog can substitute for CDKN2A loss and shift phenotype distribution toward the
tumor-initiating state. Alarmingly, in vivo application of the analog is sufficient to induce
tumorigenesis in otherwise non-tumorigenic populations. Our results demonstrate that
dynamic stemness in melanoma is dependent on secondary mutation status, highlighting the
need to incorporate genomic characterization when developing potential chemopreventative

agents.

Main
Melanoma cells exhibit substantial phenotypic plasticity®. A variety of putative mutually
exclusive transcriptional programs orchestrate this plasticity. The poles of one reported axis

comprise a proliferative program driven by MITF and an invasive program driven by POU3F2
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and AXL®™. Separate studies have also identified cancer stem cell (CSC) or tumor initiating cell
(TIC) populations marked by AXL'’, ABCB5', KDM5B (JARID1B)", NGFR (CD271)**?, PROM1
(CD133)", JUN™ and SOX10%, among others. Differential adoption of the stem cell program,
proliferative program, and the invasive program influences critical processes at each step of
melanoma progression. Consequently, controlled pharmacological manipulation of phenotypic

states is a tempting strategy for preventing melanoma initiation, progression and recurrence®.

The development of agents that reproducibly influence phenotypic state for clinical
administration has been hindered by an incomplete understanding of the complex interactions
between genome, microenvironment, transcriptional state and phenotype. For example,
studies in human cells have been unable to consistently reproduce the inhibitory relationship

7,15-22

between MITF and POU3F2 observed in mouse cells and only a subset of lines

22,23

demonstrate anti-correlative expression®~“". Further, markers of TICs and CSCs are not

reproducible across studies, are demonstrably unstable, or are non-exclusive® >4,
Understanding the fundamental variables that underlie these discrepancies is required for
therapeutic strategies that seek to exploit phenotype manipulation. The mutational burden of
melanoma is among the highest of all human cancers™. It is thus reasonable to hypothesize
that the observed heterogeneity in gene expression : phenotype relationships is due to
differences in genetic landscape. Although previous studies have found no correlations
between driver mutation status and the above discrepancies, the influence of secondary

mutations remains uncharacterized. We thereafter sought to investigate coupled gene

expression and phenotype distributions within a panel of cell lines with established genotypes.
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Given its role in the proliferation-invasion axis, we investigated the uniformity and dynamics of
POU3F2 expression within clonal cell populations. As the CDKN2A locus is both the most
frequent site for secondary mutations in melanoma®® and regulates POU3F2 expression®!, we
assessed POU3F2 expression heterogeneity in three CDKN2A retaining and three CDKNZA null

cell lines??~%°

using quantitative immunofluorescent (IF) (Fig. S1a-b) and single molecule
fluorescence in situ hybridization (smFISH) imaging. Expression in CDKN2A retaining lines
exhibited a broad distribution whereas in CDKN2A null lines the distribution was uniformly low
(Fig. 1a-b, Fig. S1c-d). To determine whether POU3F2 expression heterogeneity was genetic or
phenotypic, we expanded clonal populations of CDKN2A retaining cells and monitored POU3F2
expression over time. Regardless of the initial profile, the broad distribution characteristic of

the parental populations was re-established over 2-3 months in culture (Fig. Sle-f), indicating a

phenotypic equilibrium is selected during the culture of clonal populations.

We engineered a mCherry-based reporter of POU3F2 promoter activation. Clonally expanded
reporter cells presented heterogeneous mCherry expression associated with distinct
morphologies (Fig. 1c, Fig. S2a-b). FACS-isolated reporter low cells expressed 2-3 fold less
POU3F2 protein (Fig. S2c-d) and mRNA (Fig. 1d, Fig. S2e-g). smFISH confirmed a significant
correlation between POU3F2 and mCherry mRNA levels (Fig. S2g). The distribution of POU3F2
MRNA count in the parental lines presented as a combination of those of the isolated reporter
low and reporter high populations (Fig. 1d). To determine whether the two distinct POU3F2

transcriptional states are interconvertible, single cells were isolated and clonally expanded. Live
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quantitative imaging did not capture interconversions within single cell cycles (Fig. S3a).
Cultures likewise were predominantly uniform after short-term expansion (15-20 divisions) (Fig.
le-i,iii and Fig. S3b) but subpopulations emerged with extended expansion (>100 divisions) (Fig.
le-ii,iv). In CDKN2A retaining lines interconversion was both bidirectional and serial: uniform
reporter high populations begot low populations and vice versa (Fig. 1e and Fig. S3b). In
contrast, CDKN2A null clones remained uniform throughout extended culture (Fig. S3c). We
conclude the two transcriptional states interconvert bidirectionally in CDKN2A retaining lines
and are inheritable over several cell divisions — dynamics that are consistent with an

. . . 31
intermediate memory timescale™.

To characterize the two states, we FACS-isolated and profiled transcriptomes of each
population. Unsupervised hierarchical clustering classified each state based upon 3014 genes
that were differentially expressed between the two groups (adj. p-value < 0.005) (Fig. 2a, Fig.
S3d and Table S1). The reporter low cells were characterized by expression of AXL, JUNB, ACP1,
PTEN and MYC (Fig. 2a) and enrichment for NCSC***, invasive'®**, and mesenchymal
programs>> and MYC, JUN, and SMAD4 targets*® (Fig. 2b and Table S2). In contrast, other
previously reported TIC or CSC markers were either unchanged or displayed greater expression
in the reporter high population (Fig. 2a-ii). Reporter low cells were depleted of the MITF,
proliferation and melanocyte differentiation programs (Fig. 2a-b), as well as genes frequently
genetically disrupted at the onset of melanoma invasion, such as CDKN2A, ARID1A and
ARID1B*’ (Fig. 2a-iii). MITF protein expression varied dramatically in the baseline expression

across lines, but the reporter low population consistently expressed less MITF and was less
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pigmented (Fig. 2¢c-d). Interestingly, both BRAF'*°® and the CDKN2A product INK4 displayed a
similar pattern of heterogenous baseline expression but consistent downregulation in each

reporter low population (Fig. 2c).

Using quantitative phase cytometry, we conducted single cell phenotype profiling*®*° (Fig. 2e),
and unexpectedly identified the POU3F2 reporter high population to be moderately less motile
than the reporter low counterparts (Fig. 2f) — a result confirmed via scratch assay (Fig. 2g). To
determine whether either population were enriched for TICs, FACS-isolated reporter low and
high cells were implanted subcutaneously into NOD scid gamma mice and tumor growth was
monitored for five weeks (Fig. 2h). Mice implanted with reporter low cells formed tumors in
95.5% of cases, as compared to 14.3% of those implanted with reporter high cells (Fig. 2i).
Supplementing in just 1-4% of reporter low cells into a predominantly reporter high population
significantly increased tumorigenicity by four folds. We conclude the transcriptional program
characterized by low POU3F2, MITF, INK4A, and BRAF, but high AXL, MYC, JUNB, and PTEN
marks a plastic tumor initiating state (TS) that is distinct from both poles of the previously

reported proliferation-invasion axis as well as ABCB5, JARID1B, CD271, or CD133 positive CSCs.

Genetic disruption of CDKN2A induces melanoma initiation in RAS or RAF activated

21,40-43
melanocytes”™

. Since CDKN2A-null melanoma lines presented a uniform distribution of
reporter low cells (Fig. 1a, Fig. S1d) and CDKNZ2A-retaining reporter low cells expressed less

CDKNZ2A product then reporter high counterparts (Fig. 2a,c), we reasoned that loss of this

tumor suppressor shifts the equilibrium toward the TS. We employed our previously


https://doi.org/10.1101/2020.08.26.269126

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.26.269126; this version posted August 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

characterized CRISPR/CAS9 engineering platform for deletion of CDKN2A exon 2 and observed a
significant and rapid shift in phenotypic equilibrium, with a 20% increase in the TS population
(Fig. 3a). Since 40% of melanomas retain and express at least one CDKN2A locus’, we next
investigated whether other factors such as extrinsic stimuli could either mimic this shift,
potentially inducing tumorigenesis, or elicit an opposing shift, potentially preventing
tumorigenesis. Given the development of ®MSH analogs as chemopreventative agents***, we
first asked whether exposure to MSH or analogs would disrupt the phenotypic equilibrium.
Reporter high cells were treated with 1uM otMSH, BMSH, YMSH, or synthetic MSH analogs
Melanotan 1 (MT1) and Melanotan2 (MT2) —and analyzed via flow cytometry after 1h (Fig. 3b).
MT2 induced a surprising induction of more motile reporter low cells (Fig. 3b-c, Fig. S4a,b). TS
induction was specific to MT2, despite a comparable increase in phospho-CREB from ooMSH,
MT1, and MT2 exposure (Fig. 3d). The TS induction was consistent, but the magnitude of the
shift was minor and variable —an approximate 0.05-1% increase in TS. We investigated whether
this nuanced shift in phenotypic equilibrium conveyed a meaningful change in tumorigenicity.
TS-depleted and TS-purified subpopulations constitutively expressing luciferase were implanted
subcutaneously into mice which then received intraperitoneal injections of MT2 (1mg/kg) or
saline twice a week starting the day of implantation (Fig. 4a). The luminescence of each
implantation site was monitored over five weeks, followed by imaging the brain, lungs, and liver
(Fig. 4b). Treatment with MT2 significantly increased both tumorigenicity and metastatic

burden of mice implanted with otherwise non-tumorigenic populations (Fig. 4c-d).


https://doi.org/10.1101/2020.08.26.269126

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.26.269126; this version posted August 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

In summary, we demonstrate a melanoma stem-like TS arises from differentiated cells so that
clonal subpopulations return toward phenotypic equilibria over extended time. We support a
hybrid model of progression in which clonal evolution orchestrates ‘dynamic stemness’®,
offering an explanation for the conflicting reports regarding TIC stability. We observed that the
coincident absence of both POU3F2 and MITF expression mark an NCSC-like TS, mirroring early

melanocyte development (Fig. S5a-b)***’

. We propose that each individual cell within a
melanoma population can occupy a myriad of semi-stable transcriptional states and the
percentage of cells occupying the TS is influenced by both secondary mutations (e.g. CDKN2A
status) and chemical perturbation (e.g. MT2). We therefore speculate that for

chemopreventative candidates to exhibit clinical utility, they must invariably induce an

exclusively non-tumorigenic distribution regardless of mutational status.

The potential of aMSH analogs as chemopreventative melanoma agents has been
established*. Our study demonstrates that exposure to MT2, itself an analog of aMSH, is also
tumorigenic dependent on the initial phenotypic distribution and genotype of the tumor cell
population, consistent with anecdotal clinical case reports that associate injection of MT2, but
rarely other MC1R agonists, with nevus growth and melanoma initiation*®. As synthetic analogs
of aMSH are further developed, it will be important to characterize their effect on the

distribution of tumorigenic subpopulations on different genetic backgrounds.

In conclusion, we demonstrate that cancer cell phenotypic equilibria depend on the mutational

landscape. Subtle shifts in phenotypic equilibria may promote tumor progression through
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induction of minor stem-like subpopulations, highlighting the importance of quantitative
approaches with single-cell resolution. We also suggest a broader role for the tumor
suppressor, CDKN2A, in regulating global cell state plasticity in addition to its established role as
a cell cycle inhibitor. This study improves our understanding of how secondary mutation status
alters cell state plasticity and, consequently, the effect of environmental cues on tumor

progression.
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Figure Legends

Figure 1: Melanoma cells undergo bidirectional interconversion between POU3F2 expression
states

a) Images (top) and quantification (bottom, arbitrary fluorescence units of individual cells) of
POU3F2 IF staining of CDKN2A retaining (n = 898 cells) or CDKN2A null (n = 1474 cells) lines
(more lines shown in Fig. S1c,d). Red arrowheads indicate cells with poor POU3F2 expression in
CDKN2A retaining line. Exposure time increased in CDKN2A null line representative image to
visualize uniformity. Scale bar = 20um. b) Images (top) and mRNA count of individual cells
(bottom) of single molecule FISH probed for POU3F2 mRNA in CDKN2A retaining (n = 3 lines,
1195 cells) or CDKN2A null (n = 3 lines, 1440 cells) lines. Scale bar = 10um c) lllustration of the
reporter construct expressing mCherry with a nuclear localization signal (NLS) under the control
of the POU3F2 promoter (top) and a representative image of clonal 501Mel cells expressing the
reporter (bottom). Scale bar = 50um. d) Quantification of POU3F2 transcripts in parental and
isolated reporter high and reporter low 501MEL cells. ) Schematic (top) and representative
FACS plots (bottom) of experimentally tracking bidirectional interconversion of 501MEL
reporter cells. Roman numerals indicate corresponding experimental time points and plots

(more lines shown in Fig. S3). P values generated from unpaired T tests.
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Figure 2: Low POU3F2 marks neural crest stem-like tumor initiating cells

a) Unsupervised hierarchical clustering of isolated reporter high and reporter low 501MEL cells
based upon all expressed genes. Shown are heat-maps of select genes involved in (i) phenotype
switching; (ii) melanoma stem cell identification; and (iii) melanoma progression. Adjusted P
value for differential expression indicated by italics (>0.05), bold (<0.05), and underline
(<0.005). Full differentially expressed gene list is in Supplementary Table 1. b) Visualization of
gene set enrichment analyses of differential expression analysis. X-axis reports ranked gene
expression and dots represent gene associated with indicated gene set. Normalized enrichment
score and nominal p value are shown at the right. *=p<0.05; **=p<0.005; ****=p<0.00005. c)
Western blot analysis of isolated reporter high (H) and reporter low (L) cells from indicated cell
lines using indicated antibodies. d) Images of pigmentation from pelleted isolated reporter high
and reporter low cells. e) Frames from time-lapse QPI of reporter cells with mCherry
expression. Scale bar = 50um. f) Cell motility over 24h. Violin plots represent distribution of
indicated cell numbers from three independent experiments compared with two-tailed
unpaired t-Test. g) Scratch assay comparing migration of reporter high and reporter low cells.
Graph plots gap width over time as a percent of width at time point O hr. Error bars indicate
standard deviation over three independent experiments. h,i) Schematic (h) and results (i) of in
vivo implantation study. FACS was used to generate populations of 501MEL cells with indicated
percentages of reporter low cells, which were subsequently implanted into immune-
compromised mice. The percentage of mice that were successfully engrafted is presented. Data

are compared by Chi-square and Fisher’s exact t-Test.
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Figure 3: CDKN2A loss or Melanotan 2 exposure induce the tumor initiating state

a) Schematic (top) of CDKN2A knockout (KO) experimental strategy and change in reporter low
population (bottom). b) Schematic (top) of experimental strategy and change (bottom) in
501MEL TS population after 1 hr exposure to indicated compounds (1uM). c) Change in 501MEL
TS population after 1 hr exposure with DMSO (vehicle) or melanotan 2 (more lines shown in Fig.
S4). d) Representative western blots of 501MEL cells using indicated antibodies after
treatments from (b). MT=melanotan. Error bars indicate standard deviation of mean (n =3). P

values generated from unpaired T tests

Figure 4: Melanotan 2 induces melanoma tumorigenesis in vivo

a) Schematic of experimental design. TS (reporter low) and TS-depleted (reporter high)
populations of 501MEL reporter cells were FACS isolated and implanted into immune-
compromised mice. Mice injected with Melanotan 2 (1mg/kg) or saline twice a week for five
weeks starting on day of implantation were subjected to bioluminescent live imaging as
indicated. b) Representative bioluminescent imaging of mice at indicated time points and
harvested organs at the end of week five. c) Take rate after implantation. Data are presented as
percentage compared by Chi-square and Fisher’s exact t-Test. d) Total metastatic burden
presented as arbitrary units from total organ luciferase activity. Data are presented as

minimum to maximum box and whiskers plot compared by unpaired Mann Whitney test.

Figure S1. POU3F2 exhibits heterogenous expression in CDKN2A-retaining melanoma lines.

Related to Figure 1.
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a-b) Images (a) and quantification (b, arbitrary fluorescence units of individual cells) of POU3F2
IF staining with shRNA mediated POU3F2 knockdown (shPOU3F2), no treatment (parental),
POU3F2 overexpression (OE POU3F2) and no primary antibody (secondary), demonstrating
quantitative IF. Scale bar = 20um. c-d) Images (c) and quantification (d, arbitrary fluorescence
units of individual cells) of POU3F2 IF staining of indicated cell lines as in Fig. 1a. Red
arrowheads indicate cells with poor POU3F2 expression in CDKN2A retaining lines. Exposure
time increased in CDKN2A null line representative images for visibility. Scale bar = 20um. P
value calculated with unpaired T test. e-f) Images of POU3F2 IF in 501MEL single cell clonal
expansions at 1 month, 2 months and 3 months in culture (e) and quantification of the intensity
of POU3F2 IF (f, arbitrary fluorescence units of individual cells) from independent clones
measured after 2 weeks (before arrow) then 2 months (after arrow) expansion. Dotted line is

for reference.

Figure S2. POU3F2 low cells are a morphologically distinct population. Related to Figure 1c.

a) Imaging of reporter high and reporter low cells using fluorescent labels (DAPI and CellBrite
green, left) or DHC (right). Scale bar = 50um. b) The distribution of cells (top) and accuracy of
classification (bottom) using a linear discriminant analysis trained with DHC morphologic
features. c-d) Image (c) and quantification (d) of western blotting for POU3F2 using isolated
reporter high (RH, Red) and reporter low (RL, grey) cells from WM793, 501MEL, and SK-MEL-28.
e) Real-time PCR quantification of POU3F2 mRNA from isolated reporter high (red) and reporter
low (grey) cells. f) Images of 501Mel cells probed with single molecule FISH for POU3F2 and

mCherry transcripts. Scale bar = 10um. g) The number of mCherry transcripts plotted against
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the number of POU3F2 transcripts in each cell of smFISH analysis. Two-tailed P value from

Pearson correlation (g) or unpaired T test (b,d,e).

Figure S3. Bidirectional interconversion of POU3F2 states occurs at intermediate time-scale.
Related to Figure 1 and 2.

a) Time-lapse DHC imaging of 501MEL reporter low (top row) and reporter high (bottom row)
cells before, after, and in between consecutive M-phases. States can be identified with 96.05%
accuracy (Fig. S2b). State switching was not observed during a standard cell cycle. Scale bar =
50um. Numbers indicate hours from first image. b-c) Experimental tracking of bidirectional
interconversion between reporter low and reporter high states, as in Fig. 1e, for indicated
CDKN2A retaining (b) and CDKN2A null (c) cell lines. d) Volcano plot showing genes differentially
expressed in reporter high and reporter low cells. Full differentially expressed gene list in

Supplementary Table 1.

Figure S4. Assays for cell behavior when considering total- or sub-populations. Related to Figure
3.

a) Change in 501MEL reporter low population after 1 hr exposure to melanotan 2 (1uM). b)
Schematic (top) of experimental design and results (bottom) of scratch assay to assess the
effect of melanotan 2 (MT2) treatment on predominantly reporter high 501Mel cells when
considering the full population or just the reporter low subpopulation. The total population
(blue) then the isolated MT2-induced reporter low population (grey) were assayed. When

measured as a population average, the effect of MT2 exposure on the predominately reporter
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high population was to decrease motility (blue), consistent with previous reports. Treatment
also induced a small population of reporter low cells which, when assayed as an independent
subpopulation, are more motile (grey).

Figure S5: Proposed model of bidirectional interconversion between multiple transcriptional
states.

a) Schematic of POU3F2 expression levels during melanocyte development. Represents
compilation of previous reports and data presented here (green box). POU3F2 is most highly
expressed in migratory melanoblasts and is poorly expressed in both neural crest stem cells and
differentiated melanocytes. b) The relationship among the expression level of indicated genes
and different melanoma cell states. The NCSC-like tumor initiating state is characterized by low
BRAF'*® POU3F2, MITF, and INK4A and high AXL expressions. The previously reported MITF-
POU3F2 proliferation-invasion axis is established in more differentiated cells. When CDKN2A is
retained, transcriptional states exhibit intermediate stability. The absence of CDKN2A permits a

greater degree of plasticity, resulting in a uniform population in selective conditions.
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