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Abstract

Purpose—More than half of the familial cutaneous melanomas have unknown genetic 

predisposition. This study aims at characterizing novel melanoma susceptibility gene.

Methods—We performed exome and targeted sequencing on melanoma-prone families without 

any known melanoma susceptibility genes. We analyzed the expression of candidate gene DENN 

domain-containing 5A (DENND5A) in melanoma samples in relation to pigmentation and UV 

signature. Functional studies were carried out using microscopic approaches and zebrafish model.

Results—We identified a novel DENND5A truncating variant that segregates with melanoma 

within a Swedish family, and two additional rare DENND5A variants, one of which segregates 

with the disease in an American family. We find that DENND5A is significantly enriched 

in pigmented melanoma tissue. Our functional studies show that loss of DENND5A function 

leads to decreases in melanin content in vitro and pigmentation defects in vivo. Mechanistically, 

harboring the truncating variant or being suppressed, DENND5A loses its interaction with sorting 

nexin 1 (SNX1) and is unable to transport the SNX1-associated vesicles from melanosomes. 

Consequently, untethered SNX1-premelanosome protein and redundant tyrosinase are re-directed 

to lysosomal degradation by default, causing decreases in melanin content.

Conclusion—Our findings provide evidence of a physiological role of DENND5A in the skin 

context and link its variants to melanoma susceptibility.
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INTRODUCTION

Approximately 5–10% of melanomas occur in family settings, many of which are attributed 

to genetic predisposition1. Certain phenotypic traits have been linked to melanoma 

susceptibility, from fair pigmentation in skin, hair and eyes, poor tanning abilities, to high 

melanocytic nevus counts or dysplastic nevi2,3. Individuals with such genetic or phenotypic 

traits are particularly susceptible towards environmental factors such as ultraviolet (UV) 

exposure4. Known melanoma susceptibility genes are classified into high, medium and 

low penetrance genes, yet 50% of the familial cases remain unexplained1. Interestingly, 

many of the medium or low penetrance genes are involved in pigmentation pathways, 

including the melanocortin 1 receptor (MC1R)5, microphthalmia-associated transcription 

factor (MITF)6,7, and tyrosinase (TYR)8. Consequently, it has long been established that 

cutaneous malignant melanoma (CMMs) tumors, tend to have higher burden of pathogenic 

variants, and are often associated with the characteristic UV signatures - cytidine to 

thymidine (C>T) substitution at dypyrimidine sites or CC>TT transition9. These pathogenic 

variant often arise from two major forms of DNA photoproducts, namely cyclobutane 

pyrimidine dimers (CPDs) and 6–4 pyrimidine-pyrimidone10.

Melanocytes synthesize and store melanin inside a specialized organelle called 

melanosome11, belonging to a group of lysosome-related organelles (LROs), which 

are interconnected with the typical endo-lysosomal network. PMEL is the fundamental 
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structural protein that provides the characteristic fibrillar matrix upon which melanin is 

deposited. More specifically, the PMEL precursor, as a melanosomal cargo, is cleaved into 

the membrane integrated Mβ fragment and intraluminal Mα fragments and transported to 

stage I melanosomes (defined by clathrin structure and presence of MLANA)12. Various 

antibodies targeting different epitopes of PMEL protein have been designed to facilitate the 

recognition of these isoforms, such as PMEL-C and HMB4513. Previous studies highlighted 

the significance of mutated PMEL in causing pigmentation defects in zebrafish, mice, dogs 

and horses11.

In this work, we report a novel germline loss-of-function variant in DENN domain-

containing protein 5A (DENND5A) gene and two other candidate gene variants in this 

gene. We show that DENND5A associates with melanosomes and its dysfunction impedes 

melanosomal cargo transport and pigmentation pathway. We provide novel mechanistic 

insights into DENND5A variant-triggered melanoma susceptibility.

MATERIALS AND METHODS

Clinical samples

A four-case melanoma family was identified through a national preventive program 

for kindreds with familial melanoma and screened for germline variants in known 

melanoma susceptibility genes (CDKN2A and CDK4) with negative results (Family A in 

Supplementary Table S1). Within this family, three affected and one unaffected relative 

were eligible for exome sequencing. We have previously executed a targeted sequencing 

approach of 59 additional Swedish melanoma families for inherited genetic variants in 120 

candidate genes, including DENND5A as described in our previous work14. We have also 

included an American melanoma family that was involved in exome sequencing15 (Family C 

in Supplementary Table S1).

Genomic DNA preparation and exome sequencing

Genomic DNA was extracted from peripheral blood for each of the selected samples 

and paired-end libraries were created according to standard protocols (Illumina Inc., San 

Diego, CA). Exome enrichment was performed using the TrueSeq Exome Enrichment 

Kit (Illumina). Enriched libraries were sequenced using HiSeq 2000 (Illumina) generating 

2 × 100bp reads. After trimming and quality control the reads were mapped to the 

hg19 reference genome using Mosaik (v.1.0.1388) (http://bioinformatics.bc.edu/marthlab/

Mosaik). More details of the pre-processing part including quality control of reads was 

described in Höiom et al 16. Variant filtering is described in Supplementary Methods.

Statistical analyses

All statistical analyses were carried out using GraphPad Prism v.7.0 (GraphPad Software, 

La Jolla, CA, USA). The specific statistical methods used were described in figure legends. 

Data were presented as mean ± S.E.M. or box plot with line at median.
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RESULTS

Rare DENND5A germline variants identified in melanoma-prone families

A multi-case cutaneous malignant melanoma (CMM) family (Family A) without carrying 

any known melanoma-associated pathogenic variants was examined by exome sequencing 

(Fig. 1a). Three out of four affected family members (II:1, II:4, III:1) and one healthy 

relative (III:2) were subject to sequencing (Supplementary Table S1). We called more 

than 288,000 unique single nucleotide variants (SNVs) and small insertion and/or deletion 

variants (indels). We filtered these variants via the described pipeline (Fig. 1b), keeping 

only rare heterozygous exonic variants that were predicted to be deleterious by at least four 

algorithms. Without detecting any shared variants in known melanoma predisposing genes, 

such as CDKN2A, CDK4, BAP1, POT1 or MITF, we retained 7 candidates, including 4 

missense, 1 splice-site and 2 frameshift variants. Upon closer inspection, all four missense 

variants (C9orf72, PALM2, CLCN1 and LARGE1) were found in the gnomAD database, 

while the frameshift variant in HYDIN was also detected in the healthy relative in the 

family. We next performed functional validation on the splice-site variant, yet we could 

not detect any ambiguous splicing event in the RNA sample of the heterozygote (II:1). 

These analyses would not necessarily rule out the variants as disease-related in the cases 

of incomplete penetrance. However, they led us to prioritize the remaining variant, a 

frameshift variant (1 base pair insertion), that segregated with the disease within this family. 

The variant was first validated by Sanger sequencing (Fig. 1c), including all individuals 

analyzed by exome sequencing and one additional healthy family member (III:3). Of note, 

we subsequently confirmed that the two healthy offsprings (III:2, current age 55; III:3, 

current age 58), as marked in the pedigree, did not share this variant. This variant, mapped 

to exon 17 of the DENN domain-containing 5A (DENND5A) gene (Fig. 1d, upper), was 

predicted to lead to a truncated DENND5A protein (C-del DENND5A), namely p.Ser969fs 
(Fig. 1d, lower). It is completely novel and absent in population control databases (Table 

1) and would cause amino acids changes in a highly conserved region of the functional 

PLAT domain (Fig. 1e), which could lead to disruption of the PLAT domain and loss of the 

entire RUN2 domain. In order to examine the presence and stability of the truncated protein, 

we established lymphoblastoid cell lines from heterozygote III:1 and two unrelated controls 

(Supplementary Methods), and then probed with a DENND5A antibody recognizing the 

N-terminus of the protein (156 a.a. - 190 a.a., Fig. 1f). The wild-type DENND5A protein 

expression around 140 kd is significantly lower in patients harboring the heterozygous 

variant compared to the unrelated controls (Fig. 1g). There was no detectable protein 

signal between 100 – 110 kd, where the truncated protein is assumed to be, likely due 

to the low abundancy of truncated protein and the affinity of the antibody to the truncated 

form. However, RNA sequencing of the lymph node metastatic melanoma derived from 

II:1 confirmed the existence of variant transcripts as marked, and also displayed certain 

degree of nonsense-mediated decay as the variant transcript was less than the wild-type ones 

(Supplementary Fig. S1a).

To examine the prevalence of the variant, we enrolled DENND5A in a targeted sequencing 

project where additional 59 melanoma families were examined 14. Among these families, 

we were able to identify a 3-case melanoma family (Family B, Fig. 1a; For extended 
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pedigree, Supplementary Fig. S1b). In Family B, the only individual (a melanoma 

patient) that was available for genetic screening, was heterozygous for a 1-bp substitution 

(c.*680C>T) in the 3’-UTR region of the DENND5A gene, which is predicted to possess 

mRNA regulatory function (Fig. 1c, Table 1). Through collaboration, we examined rare 

variants in DENND5A that co-segregate with disease in 98 cutaneous melanoma patients 

from 27 American melanoma-prone families with at least three melanoma cases/obligate 

heterozygotes analyzed by exome sequencing. We found a rare DENND5A germline variant 

that was shared by three melanoma cases in one American family (Family C, Fig. 1a, 

Supplementary Table S1). The variant was confirmed by Sanger sequencing in the three 

melanoma patients, while it was absent in four unaffected individuals who were sequenced 

in this family. Evaluation of exome sequencing data for the co-segregating variants revealed 

no known cancer susceptibility genes or obvious candidates in this family. The observed 

p.Thr1134Met variant is a rare missense variant predicted to be deleterious by at least three 

algorithms (CADD score, MutationTaster and PolyPhen, Table 1). This variant would lead to 

a change of the first amino acid of the RUN2 domain, slightly downstream of the truncating 

variant found in Swedish Family A. Of note, several members of family A and C had 

dysplastic nevi (DN, Fig. 1a). Even though DN did not segregate with the melanomas in 

these two families, it added to the risk. The age at diagnosis and tumor locations for the 

melanomas were described in detail in the supplementary data (Supplementary Table S1).

We next analyzed the significance of harboring DENND5A germline variants in various 

populations. We pooled the DENND5A germline variants that were predicted by CADD 

scoring to be deleterious and correlated with melanoma incidence rates from different 

ethnicity groups, including Southern Asian, Eastern Asian, Latino, and Europeans 

(Supplementary Methods). As a reference, five other known melanoma susceptibility 

genes, MC1R, MITF, CDKN2A, CDK4 and POT1 were also analyzed by the same 

algorithms. Deleterious DENND5A variants were most often seen in the Swedish population 

(47/100,000 individuals, Fig. 1h). The Aggregated Deleterious variants Frequency (ADF) 

in DENND5A correlated significantly with melanoma incidence rates worldwide (r=0.8862, 

P=0.0079). The ADFs in other pigmentation genes also correlated with melanoma incidence 

rates (MC1R: r=0.8798, P=0.0090. MITF: r=0.8363, P=0.0190). On the other hand, 

deleterious variants in the non-pigmentation, yet high-risk genes, such as CDKN2A, CDK4 
and POT1, did not show significant correlation (CDKN2A: r=0.6106, P=0.1453; CDK4: 

r=0.1883, P=0.6859; POT1: r=0.0176. P=0.9701).

DENND5A is variably expressed in familial cutaneous melanomas and significantly 
enriched in pigmented samples

We collected fresh frozen tumors from melanoma-prone families through the Karolinska 

University Hospital biobank. In total, 10 melanomas from patients belonging to 

different melanoma-prone families were analyzed for DENND5A protein expression by 

immunoblotting (Fig. 2a). We noticed considerable variations of DENND5A protein 

expression among the familial melanoma samples. Among these, the second sample on 

the right (#355), marked in red (Fig. 2b), derived from the frameshift heterozygote (II:1), 

potentially harboring only 1 healthy allele. Of note, 3 out of the 10 (30%) melanomas 
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from different patients exhibited substantially suppressed DENND5A protein expression 

compared to the tumor from the heterozygote (#355, II:1).

We analyzed DENND5A mRNA expression in The Cancer Genome Atlas (TCGA) program 

with respect to previously described, well-defined melanoma gene signatures17. We showed 

that DENND5A mRNA expression was significantly higher in ‘Pigmentation’ subtype 

(n=210) compared to ‘Normal-like’ subtype (n=59) (P < 0.001, Fig. 2c, Supplementary 

Methods). We also performed correlation analysis on genes that are associated DENND5A 
mRNA expression in TCGA (Supplementary Fig. S2a), and highlighted genes that were 

linked to pigmentation defects, such as MYO5A18. Further looking into expression 

in areas in a single tumor with heterogeneous pigmentation (Fig. 2d), we analyzed 

spatial transcriptomic data performed on a CMM lymph node metastasis (Fig. 2e, 

Supplementary Fig. S2b-e, Supplementary Methods). UMAP analysis clearly showed two 

clusters of expression profiles (Supplementary Fig. S2c), delineating identical pattern of the 

pigmentation shown in Fig. 2d. DENND5A mRNA expression on each spot was spatially 

displayed in Supplementary Fig. S2d. Moreover, by utilizing a robust computational method 

trendsceek (http://github.com/edsgard/trendsceek)19, we found that DENND5A mRNA had 

a statistically significant spatial pattern and overlapped with the pigmented area of the 

melanoma tissue (Fig. 2f).

Due to the rarity of germline variants in DENND5A, we sought to explore the relationship 

between DENND5A mRNA expression and substitution types (such as A>T, A>G, etc.), 

including the well-established ultraviolet (UV)-related signature (CC>TT substitutions), of 

sporadic melanomas from The Cancer Genome Atlas (TCGA) skin cutaneous melanoma 

cohort (SKCM, n=322, Supplementary Fig. S2f)20. Given that genetic load may vary by 

age of onset and tumor site, we adjusted samples for their age of onset (<=65) and 

included melanomas arising from both chronic sun-exposed body sites (head and neck) 

and the non-chronic/intermittently-exposed sites (trunk and proximal extremities, Fig. 2g). 

After excluding samples without specific body site annotation or arising from sun-shielded 

body site, we retained 38 melanomas and sorted them after DENND5A mRNA expression. 

Intriguingly, sporadic melanomas with the lowest DENND5A mRNA expression showed a 

significantly higher proportion of UV signature (CC>TT transitions, Fig. 2h).

DENND5A and SNX1 are associated with melanosomes

Pigmentation is a unique trait in skin context and implicated in melanoma susceptibility1. 

To gain a deeper understanding of the role of DENND5A in pigmented CMM samples, 

we studied the subcellular localization of DENND5A and melanosomal structural proteins 

((MLANA and PMEL) by performing immunostaining, immuno-electron microscopy, 

subcellular fractionation, and immunoprecipitation. The interaction between DENND5A 

and another critical retrograde transport player sorting nexin 1 (SNX1), was analyzed by 

immunostaining in the pigmented human melanoma cell line MNT-1. DENND5A as a 

vesicle trafficking protein originating from the trans-Golgi network (TGN) showed overt 

perinuclear localization and its positive signals were scattered in cytoplasm (Supplementary 

Fig. S3a)21. The scattered pattern of SNX1 largely overlapped with a fraction of 

DENND5A-positive signals. DENND5A staining also co-localized with melanosomal 
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structural proteins MLANA and PMEL (Supplementary Fig. S3b, c). Antibody PMEL-

C recognized the PMEL isoforms at TGN (perinuclear pattern), and the membrane 

of early stage melanosomes (stage I and II, scattered dots, Supplementary Fig. S3c). 

In addition, SNX1 positive signals significantly overlapped with MLANA and PMEL 

signals (Supplementary Fig. S3d, e). Differential interference contrast (DIC) microscopy 

analysis showed that DENND5A and SNX1 trafficked in close vicinity of melanosomes 

(Supplementary Fig. S3f). Immuno-Electron Microscopy examination on MNT-1 cells 

captured clusters of DENND5A- and SNX1-colloidal gold particles decorating intermediate 

to highly pigmented melanosomes (Supplementary Fig. S3g, h, Supplementary Methods). 

Immunoblotting assays following sucrose gradient ultracentrifugation detected DENND5A 

and SNX1 in the GM130-negative melanosome-enriched fractions (Supplementary Fig. 

S3i), concordant with their proximity to melanosomes. GM130 is a specific Golgi 

marker and here served as a quality control for melanosome purification procedures. 

Immunoprecipitation showed that SNX1 binds to both DENND5A and melanosome 

membrane proteins PMEL and MLANA in MNT-1 cells (Supplementary Fig. S3j), 

suggesting that SNX1 serves as a bridge between DENND5A and early-stage melanosomal 

cargoes.

Suppressing DENND5A causes a decrease in melanin and dendrite retention

On the basis of these findings, we speculated that DENND5A is involved in melanosomal 

cargo trafficking. Indeed, down-regulation of DENND5A with small-interfering RNA 

(siRNA) in MNT-1 markedly decreased the overall melanin content (Fig. 3a, b, 

Supplementary Methods) and altered cell morphology from an elongated dendritic shape to 

a rounded, triangular-cuboidal one (Fig. 3c), resembling a well-documented morphological 

change of retromer malfunction 22,23, as demonstrated by silencing SNX1 in parallel 

(Fig. 3c, d). By using the CRISPR-Cas9 genome editing technique, we knocked out the 

DENND5A gene in MNT-1 cells, leading to a dramatic reduction in melanin content 

and contracted dendrites in DENND5AKO MNT-1 (Fig. 3e, f, Supplementary Fig. S4a-c), 

consistent with our findings by siRNA silencing. We did not find any significantly altered 

proliferation, through colony formation assay, in DENND5AKO MNT-1 cells, comparing 

to the parental MNT-1 cells (Supplementary Fig. S4d, e). By using the IncuCyte live cell 

imaging system, we also compared the cellular migration of parental and DENND5AKO 

MNT-1 cells and found similar wound healing capacity (Supplementary Fig. S4f, g).

Next, we exploited a zebrafish in vivo model to validate our in vitro findings. A specific 

morpholino, targeting the initiation codon of the DENND5A gene (DENND5AATG-MO) to 

inactivate its transcription, was delivered to zebrafish embryos. Interestingly, the diminished 

melanophore formation was noticeable as early as 3 days post-fertilization (dpf). The 

melanin reduction in ventral medial stripes above cloaca on 5 dpf was shown at higher 

magnification and quantified (Fig. 3g, h, j). To recapitulate the clinical scenario of the 

novel frameshift variant in Family A, a splice morpholino targeting the frameshift region 

of DENND5A was designed and injected (Dennd5a splice-site MO, Fig. 3i). These zebrafish 

displayed considerably less pigmentation in comparison to the parental zebrafish (Fig. 3j), 

similar to that observed in DENND5A ATG-MO zebrafish. Interestingly, the DENND5A 
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heterozygote (III:1) had more pale skin, compared to her healthy younger sister (III:2) who 

did not share the variant (Supplementary Table S1).

Furthermore, we subjected parental and DENND5AKO MNT-1 cells to UV exposure and 

then compared the induction of potential DNA photodamages through immunostaining 

of cyclobutane pyrimidine dimers (CPDs). We found significantly elevated levels of 

intracellular CPD intensities in DENND5AKO MNT-1 cells in comparison to the parental 

MNT-1 cells (Fig. 3k, l).

Inhibition of DENND5A attenuates processing and secretion of melanosomal cargoes

DENND5A was silenced with small-interfering RNA (siRNA) in MNT-1 cells and probed 

with antibodies recognizing different stages of melanosomes (Fig. 3m, n). The membrane-

integrated P1 and Mβ isoforms of PMEL, recognized by PMEL-C antibody, remained 

unaltered. Consistently, early stage melanosome structural protein MLANA showed little 

change after the knockdown. In contrast, MαC and its further processed RPT fragments 

– isoforms detected by HMB45 antibody - showed significant reduction in siDENND5A-

treated MNT-1 cells, indicating lack of fibrillar matrix and insufficient melanin deposition 
24. Interestingly, TYR as a stage III/IV melanosomal cargo and rate-limiting enzyme for 

melanin synthesis 8,11, decreased significantly after knocking down DENND5A (Fig. 3n, 

o), explaining the reduction of intracellular melanin content. To quantitatively analyze 

the secreted forms of melanosomes, we collected the conditioned medium of control 

(siCON-) and siDENND5A-MNT-1 cells (Supplementary Fig. S4h). RAB27A, a well-

documented vesicle trafficking protein that regulates melanosome transport to melanocytic 

dendrites, served as endogenous control for the amounts of secreted vesicles including 

both melanosomes and possibly exosomes18,25. PMEL (MαC) decreased significantly in 

the siDENND5A-MNT-1 cells, indicating a reduction in melanosome secretion, whereas 

the ER-bound P1 isoform of PMEL- as a quality control for isolation - remained 

undetectable (Supplementary Fig. S4i, j). Moreover, our correlation analysis of DENND5A 
in TCGA showed that its expression associated with genes that were previously linked 

to pigmentation defects, such as the core component of retromer (VPS26A, r=0.438) and 

the metalloproteinase (ADAM17, r=0.341, Supplementary Fig. S2a)12. Further analysis 

of DENND5A-related genes from spatial transcriptomics also showed that the secretory 

pathway is significantly associated with DENND5A expression (Supplementary Fig. S2e).

Incomplete function of DENND5A leads to mis-sorting and lysosomal degradation of PMEL 
and TYR.

We further investigated the role of DENND5A in the transport and sorting of PMEL. MNT-1 

cells (siCON- and siDENND5A) were double immunostained with PMEL-C antibody and 

lysosomal marker LAMP1. Interestingly, PMEL vesicles were accumulated in LAMP1-

positive lysosomes (Fig. 4a, b), suggesting an alternative sorting of melanosomal cargo 

protein PMEL to lysosome.

As the continuous anterograde transport of PMEL from trans-Golgi may mask our 

observation, we treated siDENND5A-MNT-1 cells with a Golgi-stop reagent. As expected, 

RPT fragments were further reduced (Fig. 4c, d). Importantly, treatment of siDENND5A-
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MNT-1 cells with the lysosome protease inhibitor Leupeptin largely restored the expression 

of melanosomal cargoes PMEL and TYR. These findings collectively demonstrated that 

DENND5A plays an essential role in maintaining the processing and maturation of 

melanosomal cargoes, and absence of DENND5A leads to re-direction of melanosomal 

cargoes to lysosomal degradation.

To recapitulate the novel truncating variant, we investigated the function of C-del 

DENND5A in a DENND5A KO cell line. DENND5A wild-type (DENND5AWT) and C-del 

constructs (DENND5Amt) were introduced in DENND5A KO#1 cell line. Notably, C-del 

DENND5A completely lost its co-localization with SNX1 (Fig. 4e, f). Immunoprecipitation 

experiments further corroborated this finding and showed that C-del DENND5A lost its 

interaction with SNX1 (Fig. 4g), indicating that the C-terminus of DENND5A was essential 

for physical interaction with SNX1. Taken together, our data allowed us to propose a 

working model (Fig. 4h). Once DENND5A function is compromised, either suppressed or 

truncated in C-terminus, DENND5A loses its interaction with SNX1 and consequently its 

interaction with PMEL. Dissociation of DENND5A and SNX1 disrupts PMEL processing, 

leaving the cargoes accessible for degradation subdomain and default lysosome leakage 

favored by SNX1-retromer system26.

DISCUSSION

Even though numerous melanoma risk genes have previously been discovered by linkage 

analyses, massive parallel sequencing and Genome-Wide Association Studies (GWAS), 

there remain a substantial proportion of melanoma-prone families with unknown genetic 

background 1. Here, we report rare DENND5A germline variants found in melanoma-prone 

families. We show that DENND5A is enriched in pigmented melanomas and physically 

associated with melanosomes. DENND5A protein expression is also frequently suppressed 

in familial melanoma samples.

DENND5A, also known as the Rab6-interacting protein 1, has previously been shown to 

be involved in retrograde transport by interacting with Rab6 via its RUN1 domain 21. 

Interestingly, Patwardhan et al. revealed that Rab6 is exploited in the secretory route to 

transport Golgi-derived cargoes to lysosome related organelle27.

Overall, loss-of function variants are extremely rare in the general population and 

DENND5A is considered to be a haploinsufficient gene, defined as being highly intolerant 

to deleterious variants 28. Previously, germline homozygous variants in DENND5A have 

been linked to Epileptic Encephalopathy through regulation of the MAPK pathway 29. 

Recently, two pathogenic homozygous variants in DENND5A were linked to Intellectual 

Disability (ID)30. We could not find any documentation of neurodevelopmental disorders 

in our families. This is however understandable, considering those previously reported 

germline variants were all homozygous, and three out of four (p.Asp173Profs*8, 

p.Lys850Serfs*11, p.Asp541Gly) occurred much more upstream than the variants we 

detected in the melanoma families. Our study on DENND5A may expand our knowledge 

on how disruption of this evolutionarily conserved gene may contribute to other human 

disorders, such as CMM.
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Interestingly, we found that, when DENND5A was suppressed, cells displayed a more 

oval shape with less properly stretched-out dendrites. The ability to branch out and 

form dendrites is crucial to melanocytes in vivo, as these increase the contact surface 

with nearby keratinocytes and therefore facilitate the secretion of mature melanosomes18. 

The morphological changes might be attributed to the previous finding from C. elegans 
that DENND5A and SNX1 interacted with component (p150glued) of minus-end directed 

microtubule motor dynein 31. Suppressing either one of these three led to less longitudinal 

force and reduced long-range vesicle transport. Notably, our immunoprecipitation 

experiments suggested that, even though DENND5A and SNX1 interact with each other 

and also with MLANA (the characteristic, structural protein of early stage melanosome)11, 

the interaction of DENND5A and membrane-integrated form of PMEL is more likely to be 

indirect and dependent on SNX1.

By western blotting, we showed that processed forms of PMEL were significantly 

affected. However, since melanosomal cargo proteins (particularly MLANA) also label 

the compartments from trans-Golgi network to early endosomes/Stage I melanosomes, our 

microscopic data could not exclude that impaired DENND5A function may have affected 

the more upstream sorting of transport intermediates, from early endosomes en route to 

melanosomes32,33. Although the impact of PMEL dysfunction alone on pigmentation is 

debated34, reduced MαC and RPT fragments, together with reduction of rate-limiting 

enzyme TYR are certainly accountable for the visible melanin reduction. At the same time, 

whether DENND5A plays a more direct role in the secretory pathway of TYR trafficking 

from endosomes to melanosomes needs further investigation.

We found RPT expression to be restored when using the lysosome protease inhibitor 

Leupeptin, suggesting that the reduction of PMEL fragments was largely due to lysosomal 

degradation. Similar mechanisms were also reported when other components of the retromer 

system were modulated, such as SNX4, SNX27 and SNX1735.

Evidently, while DENND5A germline loss-of-function variants might be rare, suppressed 

DENND5A protein expression was not uncommon among familial melanoma tumors, which 

is likely due to additional genomic alterations or epigenetic events. Taken together, we 

propose a working model highlighting the significance of DENND5A, and more importantly 

the interaction of DENND5A with SNX1 through its C-terminus. Our model also illustrates 

how suppressed DENND5A expression could presumably be as defective as having a C-

terminal truncated protein.

These individuals presumably tend to have pigmentation deficiency and therefore might be 

susceptible to UV exposure. The increased intensities of cyclobutane pyrimidine dimers 

in DENND5AKO-MNT-1 cells after UV exposure, compared to the parental MNT-1 

cells, provides further proof of potential photodamages in less pigmented cells. Our 

discovery of the elevated UV signature in DENND5ALow-sporadic melanomas attributes 

their melanogenesis to such gene-environment interaction.
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Conclusion

We identified a novel loss-of-function germline DENND5A variant and two additional rare 

variants of this gene in melanoma-prone families. Our study describes the physiological role 

of DENND5A in the context of the skin. Importantly, we provide mechanistic evidence of 

DENND5A deregulation contributing to melanoma susceptibility through the pigmentation 

pathway.
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Fig. 1. Rare DENND5A variants identified in multi-case melanoma families.
a. Pedigrees of multi-case melanoma families with heterozygous DENND5A variants. +/+ 

and +/− indicate the tested family members as DENND5A wildtypes and heterozygotes, 

respectively. b. A flowchart showing the variant filtering of exome sequencing applied 

to Family A. c. Chromatograms of the validated DENND5A variants found in indicated 

families. The 1 bp insertion (c.2903_2904insG) found in Family A is shown on the left, the 

1 bp substitution (c.*680C>T) found in Family B is shown on the right in blue. d. Schematic 

diagram shows the positions of identified variants in DENND5A mRNA (upper panel), and 
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the predicted size of truncated protein (p.Ser969fs) derived from the frameshift variant. 

a.a. = amino acid. e. DENND5A amino acid alignments of a variety of species (Human, 

Mouse, Rat, Zebrafish, Chimpanzee, Goat, Chicken, Sheep) highlighting the conserved 

region flanking the frameshift area (shown in red). f. Representative western blotting and 

quantification (g) of DENND5A protein in EBV-Lymphoblastoid cells established from 

2 unrelated controls and DENND5A heterozygote (III:1) from Family A. h. Correlation 

of cutaneous melanoma incidence rates, and the aggregated deleterious variants frequency 

in DENND5A, MC1R, MITF, CDKN2A, CDK4 and POT1 across the globe, including 

Southern Asian, Eastern Asian, African, Latino, Non-Finnish Europeans, Finnish and 

Swedish people. Two-tailed, paired t test (g), Pearson correlation (h),
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Fig. 2. DENND5A is variably expressed in familial melanomas and enriched in pigmented 
melanoma tissue.
a. Western blotting of DENND5A protein expression in tumors from familial melanomas 

from a Karolinska University Hospital-based registry since 2000. b. Quantification of 

relative DENND5A protein expression. Red dot represents DENND5A protein expression 

in melanoma (#355) derived from heterozygote (II:1). A dotted line is drawn across the 

DENND5A heterozygote as reference of potential DENND5A suppression. c. DENND5A 

mRNA expression in the Skin Cutaneous Melanoma (SKCM) cohort of The Cancer 

Genome Atlas is classified into ‘Normal-like’ and ‘Pigmentation’ subtype by applying 
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‘Pigmentation gene signature’ and then compared. (d-f). Spatial transcriptomic (ST) analysis 

on a cutaneous malignant melanoma (CMM). d. (left) Hematoxylin & Eosin stained CMM 

section and (right) higher magnification showing the pigmentation from the section. Scale 

bar: 1 cm (left), 0.25 cm (right). e. ST microarray on CMM section with barcoded spots 

of 100 μm diameter and 200 μm center-to-center distance. f. A density plot of DENND5A 
expression ran by trendsceek in the same section, with the regions of significantly elevated 

DENND5A expression marked red. g. A matrix of ultraviolet (UV)-related alterations 

(CC>TT in red; dpC>T, C>T transition at dipyrimidines, in pink) from all the Cancer 

Genome Atlas (TCGA) skin cutaneous melanomas (SKCM), arising from both chronic 

(CSD) and non-chronic (non-CSD) sun-exposed body sites (n=38). Sample types (primary 

or metastatic), body sites (CSD, or non-CSD) and detected DENND5A somatic variants 

are color-coded and then sorted after DENND5A mRNA expression. h. Proportion of UV 

signature (CC>TT transitions) from DENND5AHigh (top 15) and DENND5ALow (lowest 15) 

mRNA are compared and shown as mean ± S.E.M.; Two-tailed, Unpaired t test (c, h).
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Fig. 3. DENND5A inhibition leads to melanin reduction, morphological changes and diminished 
PMEL.
a. Representative western blotting image of DENND5A knockdown efficiency in MNT-1 

cells. b. Melanin content of MNT-1 cells before and after knockdown of DENND5A, 

measured and normalized to corresponding protein yields is shown. c. Phalloidin staining 

of control (siCON) MNT-1 cells and after silencing DENND5A or SNX1, as indicated. d. 
Morphological changes are quantified by dividing the length of each cell with its width. 

e. Melanin samples loaded in a 96-well plate showing the visible difference between 
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MNT-1 parental cells, and DENND5A gene knockout clones (#1, #2) established by 

CRISPR-Cas9 system. f. Relative melanin content of the parental and DENND5A KO 

#1 and #2 is quantified and shown. g-i. Brightfield images of (g) wild-type zebrafish 

(Danio Rerio), (h) Dennd5a-knockdown (Dennd5aATG MO) and (i) Dennd5a-variant mimic 

(Dennd5asplice-site MO). Higher magnification images of the ventral medial stripes from 

each group are shown. j. The ventral medial stripes of zebrafish from each group are 

quantified (10 zebrafish embryos per group) and compared. k. Representative images of the 

cyclobutane pyrimidine dimer (CPD) staining in parental MNT-1 cells and its DENND5A 
KO #1 and #2 after UV exposures (30J/m2). l. The intensities of CPD in each area is 

first quantified and normalized to the intensities of DAPI in the same area and then 

compared. Scale bar: 20 μm (c), 2 mm (g, h, i). 50 μm (k). m. Schematic chart of the 

processing of early stage melanosomal cargo PMEL from the ER, trans-Golgi network, 

to stage I and stage II melanosomes. Antibody PMEL-C recognizes the C-terminus of 

full-length PMEL precursor and the processed Mβ fragments, both of which are membrane-

bound. Antibody HMB45 recognizes the repeated domain (RPT domain) of the full-length 

PMEL and detects the luminal fragments Mα and MαC, which are crucial for fibrillar 

matrix formation that is characteristic of Stage II melanosomes. Western blotting (n) 

and quantification (o) of melanosome markers from different stages of control (siCON) 

MNT1 and silencing DENND5A (siDENND5A). Quantification is performed from three 

independent experiments, normalized to controls (b, f, o), and presented as mean ± S.E.M. 

Two-tailed, Unpaired t test (b, d, f, j, l, o).
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Fig. 4. Defective DENND5A triggers lysosomal degradation of melanosomal cargoes and fails to 
associate with SNX1-decorated vesicles.
a. Representative confocal microscopy images of control MNT-1 (siCON, upper) and 

after silencing DENND5A (siDENND5A, lower). LAMP1 (green) and PMEL (PMEL-C 

antibody, red) labeled MNT-1 cells are labeled and shown in merged channels and with 

higher magnification on the right-hand side. Co-localization is measured using images from 

two independent experiments and shown in b. Western blotting (c) and quantification (d) of 

melanosome markers for control (siCON)-MNT1 and siDENND5A-MNT1 after treatment 
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of Golgi-Stop or lysosome protease inhibitor Leupeptin, respectively. e. DENND5A 
KO #1-MNT-1 cells were transiently introduced with V5-DENND5AWT (upper) and V5-

DENND5Amt (lower) respectively. Transfected cells are stained for DENND5A (green) and 

SNX1 (red). Co-localization co-efficiency is measured using images from two independent 

experiments and shown in (f). Scale bars: 10 μm (a, e), 1 μm for the magnified panels. 

Data quantification is presented as mean ± S.E.M. Two-tailed, Unpaired t test (d), Mann-

Whitney test (b, f). g. Immunoprecipitation of V5-tag on DENND5A KO #1 cells over-

expressing the wild-type (V5-DENND5AWT) and mutated (V5-DENND5Amt) constructs. 

h. Proposed working model showing (left) the homeostasis of melanosome maturation 

and lysosomal degradation coordinated by DENND5A-SNX1 interaction. (right) C-del 

DENND5A loses its interaction with SNX1 and triggers mis-sorting of PMEL from en route 

to melanosomes to degradation subdomain (stage I melanosome)26, resulting in lysosomal 

entry and degradation of PMEL.
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Table 1

DENND5A variants identified in familial melanoma pedigrees

Family/Pedigree Family A Family B Family C

No. of cases in pedigree 4 3 3

No. of heterozygotes/tested cases 3/3 1/1 3/3

Genomic changea g.9167316 _9167317insC g.9161004C>T g.9164379G>A

Coding variantb c.2903_2904insG - c.3401C>T

Amino acid change Ser969Leufs*17 - p.Thr1134Met

Affected domain PLAT, RUN2 - RUN2

Variant type Frameshift, Stop-gain 3' UTR Missense

Bioinformatic prediction tools

CADD 35.00 20.90 32.00

Mutation Taster Disease causing Disease causing Disease causing

FATHMMc NA Functional significance NA

SIFT/PolyPhen NA NA Deleterious/Probably damaging

MAF in control datasets

ExAC Novel - -

gnomAD NFE Novel 0.000032 0.000009

a:
Reference genome GRCh37/19

b:
The reference transcript, taken from the Ensembl database (release 70), is DENND5A-001 (ENST00000530044)

c:
Non-coding scoring using SNP Nexus, https://www.snp-nexus.org/v4/
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