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Abstract

A progressive increase in copy number variation (CNV) characterizes the natural history of
cutaneous melanoma progression toward later disease stages, but our understanding of genetic
drivers underlying chromosomal arm-level CNVs remains limited. To identify candidate
progression drivers, we mined the TCGA SKCM dataset and identified HDGF as a recurrently
amplified gene whose high mRNA expression correlates with poor patient survival. Using
melanocyte-specific overexpression in the zebrafish BRAFY69E_driven MiniCoopR melanoma
model, we show that #DGF accelerates melanoma development in vivo. Transcriptional analysis
of HDGF compared to control EGFP tumors showed the activation of endothelial/angiogenic
pathways. We validated this observation using an endothelial kdr/z-mCherry reporter line which
showed HDGF to increases tumor vasculature. HDGF is frequently co-altered with the established
melanoma driver SETDBI1. Both genes are located on chromosome 1q, and their co-amplification
is observed in up to 13% of metastatic melanoma. TCGA patients with both genes amplified
and/or overexpressed have a worse melanoma specific survival. We tested co-expression of HDGF
and SETDBL in the MiniCoopR model, which resulted in faster and more aggressive melanoma
development than either gene individually. Our work identifies the co-amplification of HDGFand
SETDABI as a functional driver of melanoma progression and poor patient prognosis.
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INTRODUCTION

Cutaneous melanoma is the tumor type with the highest genomic mutational burden
(Alexandrov et al., 2020; Consortium, 2020; Gerstung et al., 2020). While genomic analysis
has identified several recurrently mutated drivers that define malignant initiation of the
disease (e.g., oncogenic BRAF mutations) (Ackermann et al., 2005; Brose et al., 2002;
Cancer Genome Atlas, 2015; Dhomen et al., 2009; Dovey et al., 2009; Michaloglou et al.,
2005; Patton et al., 2005; Shain et al., 2015), mutational burden does not correlate with
disease stage (Consortium, 2020; Gerstung et al., 2020; Priestley et al., 2019; Shain et al.,
2015). Paired analyses of primary tumors and metastases have shown a surprisingly low
degree of mutational heterogeneity and have not identified genes with recurrent point
mutations that define metastasis (Priestley et al., 2019; Reiter et al., 2018). The same studies
documented a progressive increase in copy number variation during cutaneous melanoma
progression (Priestley et al., 2019; Reiter et al., 2018; Shain et al., 2015), similar to what has
been observed in other solid tumors at large (Priestley et al., 2019). While some recurrent
amplifications are focal, often with a clear underlying driver gene (e.g., CCNDI), the genes
driving selection advantages for chromosomal arm-level events, which instead often involve
many genes, are not as well understood (Priestley et al., 2019). Such is the case of
chromosome 1q amplification, which is observed in >20% of all metastatic pancancer
samples (Priestley et al., 2019), and is the second most significant arm-level amplification
observed in cutaneous melanoma (Amp ¢ = 4.29¢™, Amp zscore = 6.24) (Center, 2016). We
have previously utilized mosaic transgenesis in the BRAFVEE_driven MiniCoopR (MCR)
melanoma model in zebrafish to screen 17 genes located on a focally amplified region of
1g21 (chrl: 147.2-149.2 Mb), and identified SETDBI as a driver accelerating melanoma
development in vivo (Ceol et al., 2011). Whether other genes contribute to the recurrent
selection of chromosome 1q amplification in cutaneous melanoma remains unknown.

To identify additional candidate progression drivers underlying 1g arm-level amplification
outside of the SETDBI focal region, we mined the TCGA SKCM copy number, expression,
and survival datasets (See online supplementary methods). We identified hepatoma-derived
growth factor (HDGF) located on 1g23.1 as a recurrently amplified and/or overexpressed
gene in TCGA SKCM (Figure 1a) and recurrently amplified in 3 additional independent
datasets of metastatic melanoma (Figure S1a). High HDGFmRNA expression correlated
with poor overall survival in melanoma patients in multiple analyses of the TCGA SKCM
dataset (Figure 1b and Figure S1b). In contrast, a closely related HDGF family member
HDGF Like 3(HDGFL3, 150925.2) is also recurrently amplified (Figure 1a), but its
expression does not correlate with patient survival (Figure 1b and Figure S1c). HDGF high
expression levels in TCGA bulk mRNA-seq correlate with copy number gain or
amplification (Figure S1 D), and interrogation of a SCRNA-seq dataset of metastatic
melanoma (Tirosh et al., 2016) shows HDGF to be expressed by both M/TF+ cancer cells
and the tumor stroma (Figure Sle).

Given that HDGF alteration in melanoma patients co-occurs with BRAFand NRAS driver
mutations (Figure S2a-b), we leveraged the zebrafish MCR model (Figure 1c) to test the
functional effect of #DGF on melanoma progression in vivo. Melanoma is initiated by
melanocyte-specific overexpression of human oncogenic BRAFY600E and (p53 loss, which
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makes it possible to test the tissue-specific effect of candidate co-operating oncogenes on the
development of macroscopically visible raised melanoma tumors, thus capturing both effects
on tumor initiation, and growth/early stage progression (Ceol et al., 2011) (Figure 1c
schematic and online supplementary methods). Tg(mitfa:BRAFVE0E); (p53-/-; mitfa-/-
zebrafish lack melanocytes and do not develop melanoma. Mosaic integration of the
transposon-based expression vector MiniCoopR (MCR) rescues melanocyte development by
restoring mitfa, while simultaneously driving via an mitfa promoter tissue-specific
expression of a gene of choice in all rescued melanocytes (Ceol et al., 2011). In this model,
we tested the effect of human HDGF overexpression using £EGFPand SETDBI as
established negative and positive controls, respectively (Figure 1d—e). As an additional
control, we tested HDGFL 3. HDGF, but not HDGFL 3, accelerated the development of
raised malignant melanoma tumors similarly to SETDB1, compared to the £GFP negative
control (p<.0001) (Figure 1d—e).

HDGF has been shown to act as a transcriptional regulator (Bao et al., 2014). To gain
mechanistic insight into HDGF's effect as a driver in the MCR model, we conducted
transcriptional analysis by RNA-seq of dissected MCR-HDGFand MCR:EGFPtumors
(Figure 2a, Table S1). Ingenuity Pathway Analysis (IPA) of significant differentially
expressed genes between MCR.HDGF versus MCR.EGFP control tumors (Table S1)
revealed the top significantly activated pathways (Zscore > 2). These included VEGF
signaling and other pathways related to interleukin and cytoskeletal signaling, which share
several genes with VEGF-induced angiogenic responses (Figure 2b). Consistently, IPA
predicted top diseases and functions contained several terms suggestive of angiogenesis and
endothelial cells (Figure 2c¢). The top predicted upstream regulators of the transcriptional
change included H/FIaand transcription factors involved in endothelial/cardiac specification
(Figure S3a). Collectively, these data suggested HDGFto induce tumor vascularization,
which is consistent with its known role as a regulator of angiogenesis (Bao et al., 2014; Tsai
et al., 2013). GREAT pathway analysis of known HDGF targets from the ENCODE project
suggests HDGF to directly bind and regulate genes involved in the VEGF, HIFlaand
PDGFR signaling pathways (Figure S3b). Interestingly, TCGA SKCM patients with HDGF
amplification or overexpression have a higher Buffa Hypoxia score (Buffa et al., 2010) than
patients without HDGF alterations (Figure S3 C, p= 3.925e-4, ¢ = 0.0151). HDGF
transcription/copy number gain may be selected for and/or induced by an hypoxic
environment during tumor progression.

To validate whether HDGFtumors have increased tumor vasculature, we made use of an
established fluorescent endothelial reporter line kdrl:-mCherry (Proulx et al., 2010), crossed
into the optically clear casper (mitfa-/-;mpv17-/-) background (White et al., 2008). We
generated melanomas using microinjection of an MCR:NRASQ61R vector, which we have
previously shown to induce very rapid melanoma formation in casper zebrafish in 8-12
weeks (Ablain et al., 2018; McConnell et al., 2019). We injected MCR:NRASPEIR together
with equal amounts of either MCR:EGFP or MCR:HDGF (Figure S3 D) into kdrl:-mCherry
casper zebrafish. Immunohistochemistry analysis on fixed tumors showed a ~ 6-fold
increase in mCherry + vessels in MCR:NRASY6IR + MCR:HDGF tumors compared to
MCR:NRASPIR + MCR:EGFP controls (p = .0187, Figure 2d—e) at 8-10 weeks post-
injection, thus confirming HDGF to induce an increase in tumor vascularization.
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Having established HDGF as a functional driver of melanoma, we explored its genomic
relationship with SETDBI focal amplification. As expected, given their proximity (5.7 Mb
distance) on chromosome 1q, SE7DBI1 and HDGF are significantly co-altered by
amplification and/or overexpression in 8% of patients (p <.001, g < 0.001) (Figure 3a-b). In
the TCGA dataset, which includes a mixture of stages and primary versus metastatic tumors
as a tissues source, HDGFand SETDBI co-amplification is observed in ~ 3% of patients
(Figure S4a-b). In other genomic datasets composed exclusively of metastatic melanoma
(Hugo et al., 2016; Snyder et al., 2014; Van Allen et al., 2015), their co-amplification is
more pronounced and observed in up to 13% of patients (Figure 3c, Figure S4a), which is
comparable to the frequencies of the most recurrently amplified melanoma oncogenes
CCND1, TERT and MITF (Figure 3c and Figure S1a). Consistent with their co-variation in
copy number and bulk RNA-seq, ScCRNA-seq of metastatic melanoma (Tirosh et al., 2016)
also shows frequent high co-expression of HDGF and SETDB1 on a per cell basis (Figure
3d). Interestingly, patients in the TCGA SKCM dataset with both genes overexpressed
and/or amplified have worse disease-specific survival (Figure 3a,e) (SETDBI and HDGF co-
altered versus. neither p=.0099; HDGF but not SETDBI altered, or SETDBI but not
HDGF altered versus neither not significant). Given the two driver genes’ independent
mechanistic effects (HDGF on angiogenesis and SETDBI on senescence (Ceol et al.,
2011)), we hypothesized that co-alteration of both by amplification and/or overexpression
might result in a more aggressive disease, causing poor patient survival. We tested the effect
of co-injection of MCR:HDGF + MCR-SETDBI (pooled 12.5 pg of each vector for a total
of 25 pg) versus MCR-HDGF, MCR:SETDBI or MCR:EGFP control single vector injection
(each at 25 pg) on tumor development in the BRAFY6YE MCR melanoma model (Ceol et
al., 2011) (Figure 1c). MCR:-HDGF + MCR:SETDBI co-injection resulted in a stronger
acceleration in malignant melanoma formation (median onset 8 weeks) than either
MCR.HDGF (median onset 11 weeks) or MCR:SETDB1 (median onset 11 weeks) vector
alone (HDGF + SETDBI1 versus SETDB1 p=.0013, HDGF + SETDBI versus HDGF p
<.0001, HDGFversus SETDBI1 p= .25, HDGF + SETDB1, HDGF, SETDBI versus EGFP
all p<.0001) (Figure 3f). Furthermore, a higher tumor burden was observed in tumor
bearing fish at 10 weeks, with 24% of individuals developing multiple (>1) distinct tumors,
which is an uncommon observation in MCR:EGFP controls (4%) (Figures 3g and 1d
quantified in Figure S4f). Taken together, our data suggest an additive driver effect from
HDGF and SETDBI co-amplification.

A previous study reported HDGF protein expression to correlate with melanoma progression
in tissue biopsies, raising the question about HDGF's role in melanoma initiation or
progression (Bernard et al., 2003). A prior perturbation study using tissue-specific
expression of HDGF in an ink4a + mouse model exposed to UV did not result in nevi or
melanoma formation (SedImaier et al., 2011), while a study using HDGF perturbation in
melanoma cell lines in vitro and in the B16-F10 mouse transplant model suggested a cancer
cell autonomous role in melanoma migration (Tsai et al., 2013). Our work, in line with prior
literature, solidifies HDGF's role as a melanoma progression gene, and as a regulator of
angiogenesis in melanoma. We show for the first time that recurrent co-alteration of HDGF
and SETDABI drives cutaneous melanoma progression and poor patient outcome. We
speculate that recurrent amplification of chromosome 1q frequently observed in malignant
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melanoma may confer an evolutionary advantage in part though HDGF/SETDBI
amplification that results in its selection during disease progression. Given that this CNV
event is observed in >20% of all patients in TCGA PanCancer analysis, and prior literature
has established HDGF and SETDB1’s individual roles in other solid tumors (e.g., colorectal
and liver cancer), it is plausible that our findings are relevant to additional tumor types
beyond melanoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Cutaneous melanoma has the highest genomic mutational burden of all tumor types, but
neither overall mutational burden nor recurrent point mutations have been correlated with
later stages of disease and progression toward metastasis. A progressive accumulation of
copy number changes has been described in late disease stages, but our understanding of
which specific events drive melanoma progression remains incomplete. Here, we
identified HDGF and SETDB1 on chromosome 1q as additive functional drivers of
melanoma progression, whose co-alteration correlates with poor patient survival. Our
study pinpoints an evolutionary advantage that might underlie the recurrent amplification
of chromosome 1q in malignant melanoma.
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FIGURE 1.

Frequent amplification or overexpression of HDGF correlates with poor prognosis in
melanoma patients and accelerates melanoma in a zebrafish transgenic model. (a) Oncoprint
of HDGF, HDGFL 3and commonly amplified gene CCND1 in TCGA skin cutaneous
melanoma dataset showing copy number changes and mRNA expression (Zscore > 2)
compared to diploid samples. Mutations are not shown and no patient had evidence of
“mRNA low.” Each individual rectangle represents a patient. The top part of the figure is a
close-up of altered patients. (b) Correlation of MRNA expression of HDGF and HDGFL3,
with Overall survival in TCGA skin cutaneous melanoma dataset from TIDE portal. This
analysis identifies the Z expression threshold resulting in maximal curve separation
(logRank Mantel-Cox p) across the two groups. For bottom versus top quartile, see Figure
S1b-c. (c) Schematic of in vivo MCR experimental design (top) and (d) Kaplan—Meier
survival curve (bottom) showing the tumor onset of MCR vectors microinjected in
To(mitfa:BRAFVEUOE) tp53-/--mitfa-/-to drive melanocyte-specific expression of HDGF
(red) or HDGFL 3 (orange), EGFP (green) and SETDBI (blue) (****=p < .0001) (logRank
Mantel-Cox p). Median onset is indicated by the dotted line. (e) Representative image of the
gross anatomy of a tumor-bearing fish. Bright field image, all scale bars are 5mm.
Pigmented raised melanoma tumors are visible on the head region of each fish

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fazio et al.

@) 1o (mitfa:BRAF V600E); p53 (~/-) ; mitfa (-/-)

(b)

Page 10

W positive z-score z-score = 0 M negative z-score no activity pattern available  -#- Ratio
M ‘ M ‘ . 0.175
MCR:EGFP (n =3) MCR:HDGF (n=2) . 0:130
o 0.125
Tumor Isolation g3 0.100
e
¥ s,
! 0.050
RNA-seq ! 0.025
0 0.000
\ 4 g g 2 g g g
. , s z s z z z&
Ingenuity pathway analysis & B 3 3 3 go
X 8§ & £ 3 ®
: <3 g 3 £ g &
ﬁ o
f=} £
& o
(c)
Top Diseases or Functions Annotation p-Value Predicted Activation State | Activation z-score
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Migration of vascular endothelial cells 0.00115 1.832 1.979
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Movement of vascular endothelial cells 0.000047 1.592 1.753
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FIGURE 2.

HDGF increases angiogenesis. (a) Outline of RNA isolation and transcriptional analysis in

MCR:EGFPand MCR:HDGF mitfa:BRAFY60E -1p53-/-driven tumors. (b) Ingenuity

pathway analysis (IPA) showing the most significant activated pathways (Zscore > 2) in

HDGFtumors compared to £GFPtumor controls. Color intensity corresponds to Zscore
value (i.e., darker orange, larger Z score). (c) IPA analysis showing the most significantly
activated diseases or function annotations in MCR:HDGFtumors compared to MCR:EGFP
controls. Terms relating to endothelial cell migration/angiogenesis are highlighted in red. (d)
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Analysis of the effect of HDGF on tumor vasculature in the MCR:NRASYCIR model.
MCR:EGFP or MCR:HDGF was co-injected with MCR:NRASPYIR into one cell stage
casper embryos carrying the kradl:-mCherry transgenic vasculature reporter line. 8- to 10-
week-old tumor-bearing zebrafish were fixed and subjected to anti-mCherry
immunohistochemistry using DAB (brown). Slides were bleached to remove melanin
pigment interference. A representative image per genotype is shown. The brown signal in
the tumor (mCherry) represents vasculature and is highlighted with arrows. (E)
Quantification of DAB mCherry + vessels in 4 MCR:EGFPand 5 MCR:HDGFtumors
(multiple fields of view/tumor, at 20x). A total of 22 fields were analyzed. The number of
vessels per field was averaged per animal, and fold change (FC) was calculated by
normalizing over the average of EGFP controls and analyzed via unpaired #test
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FIGURE 3.

HDGFand SETBI1 frequent co-amplification or overexpression correlates with poor
prognosis in melanoma patients and strongly accelerates melanoma in a zebrafish transgenic
model. (a) Oncoprint of HDGFand SETDBI in TCGA skin cutaneous melanoma dataset
(Liu et al., 2018) showing significant co-occurrence of copy humber changes and mRNA
expression (Zscore > 2). Mutations are not shown. The top part of the figure is a close-up of
altered patients. Overall % prevalence in the cohort is reported for each group (SETDBI +
HDGF, HDGFonly, SETDB1 only or neither). Each individual rectangle is a patient.
Patients labeled with * were included in the neither group for survival analysis in 3E. (b)
Ilustration of the genomic localization and distance of HDGFand SETDBI1 on chromosome
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1. (c) Oncoprint of HDGF, SETDB1 and commonly amplified gene CCND1 in metastatic
melanoma (Van Allen et al., 2015). (d) scRNA plot of metastatic melanoma (Tirosh et al.,
2016) cancer cells showing co-expression of HDGFand SETDBI at the single cell level in
melanoma. Each cluster represents a patient, and only cancer cells are shown. (e) Kaplan—
Meier disease-specific survival analysis of patients in Figure 1a (**p=.0099, n.5.= not
significant) (logRank Mantel-Cox p). (f) Effect on tumor onset of MCR vectors
microinjected into Tg(mitfa.BRAFVCYE) n53-/-:mitfa-/- For HDGF + SETDBI, a pool of
the two vectors (12.5pg + 12.5 pg of DNA) with the same total amount of plasmid DNA as
the other conditions (25 pg) was injected. HDGF + SETDB1 versus SETDBI p = .0013**,
HDGF + SETDBI1 versus HDGF p < .0001**** HDGF versus SETDB1 p = .25 (not
significant), HDGF + SETDBI1, HDGF, SETDBI versus EGFPall p< .0001**** (logRank
Mantel-Cox p). (g) Representative image of a MCR:HDGF + MCR:SETDBL fish bearing
multiple tumors. Bright field image, scale bar is 5 mm. Multiple pigmented raised melanoma
tumors are visible on the dorsum and caudal peduncle regions and are marked by black
arrows. See Figure S4f for quantification
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