
This article is licensed under a Creative Commons Attribution-NonCommercial NoDerivatives 4.0 International License. 

Oncology Research, Vol. 28, pp. 385–398 0965-0407/20 $90.00 + .00
Printed in the USA. All rights reserved. DOI: https://doi.org/10.3727/096504020X15861709922491
Copyright Ó 2020 Cognizant, LLC. E-ISSN 1555-3906
 www.cognizantcommunication.com

Address correspondence to Ting La, LS3-49, Life Science Building, University of Newcastle, University Drive, Callaghan, NSW 2308, Australia.  
Tel: 61 2 49217970; Fax: 61 2 49217311; E-mail: ting.la@newcastle.edu.au or Liu Teng, Room 606, Medical Research and Education Building, 
Translational Research Institute, Henan Provincial People’s Hospital, Academy of Medical Science, Zhengzhou University, No. 7 Weiwu Road, 
Zhengzhou, Henan 450003, P.R. China. Tel: 86 371 87160248; Fax: 86 371 87160249; E-mail: tengliu2007@126.com

385

Cylindromatosis Is Required for Survival of a Subset of Melanoma Cells

Ting La,*† Lei Jin,*‡ Xiao Ying Liu,* Ze Hua Song,* Margaret Farrelly,† Yu Chen Feng,† Xu Guang Yan,† 
Yuan Yuan Zhang,† Rick F. Thorne,*§ Xu Dong Zhang,*† and Liu Teng*

*Translational Research Institute, Henan Provincial People’s Hospital, Academy of Medical Science,  
Zhengzhou University, Zhengzhou, P.R. China

†School of Biomedical Sciences and Pharmacy, The University of Newcastle, Callaghan, NSW, Australia
‡School of Medicine and Public Health, The University of Newcastle, Callaghan, NSW, Australia

§School of Environmental and Life Sciences, The University of Newcastle, Callaghan, NSW, Australia

The deubiquitinase cylindromatosis (CYLD) functions as a tumor suppressor inhibiting cell proliferation in 
many cancer types including melanoma. Here we present evidence that a proportion of melanoma cells are 
nonetheless addicted to CYLD for survival. The expression levels of CYLD varied widely in melanoma cell 
lines and melanomas in vivo, with a subset of melanoma cell lines and melanomas displaying even higher 
levels of CYLD than melanocyte lines and nevi, respectively. Strikingly, although short hairpin RNA (shRNA) 
knockdown of CYLD promoted, as anticipated, cell proliferation in some melanoma cell lines, it reduced 
cell viability in a fraction of melanoma cell lines with relatively high levels of CYLD expression and did 
not impinge on survival and proliferation in a third type of melanoma cell lines. The decrease in cell viabil-
ity caused by CYLD knockdown was due to induction of apoptosis, as it was associated with activation of 
the caspase cascade and was abolished by treatment with a general caspase inhibitor. Mechanistic investiga-
tions demonstrated that induction of apoptosis by CYLD knockdown was caused by upregulation of receptor- 
interacting protein kinase 1 (RIPK1) that was associated with elevated K63-linked polyubiquitination of the 
protein, indicating that CYLD is critical for controlling RIPK1 expression in these cells. Of note, microRNA 
(miR) profiling showed that miR-99b-3p that was predicted to target the 3¢-untranslated region (3¢-UTR) of 
the CYLD mRNA was reduced in melanoma cell lines with high levels of CYLD compared with melanocyte 
lines. Further functional studies confirmed that the reduction in miR-99b-3p expression was responsible for 
the increased expression of CYLD in a highly cell line-specific manner. Taken together, these results reveal an 
unexpected role of CYLD in promoting survival of a subset of melanoma cells and uncover the heterogeneity 
of CYLD expression and its biological significance in melanoma.
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INTRODUCTION

Treatment with small-molecule inhibitors against 
mutant BRAF and MEK, alone or in combination, has 
become the standard of care in patients with late-stage 
mutant BRAF melanomas1. Immunotherapeutic antibodies 
against the immune checkpoints T-lymphocyte-associated 
antigen 4 (CTLA-4) and programmed cell death protein 
1 (PD-1) and the modified oncolytic herpes virus talimo-
gene laharparepvec (T-VEC) have also been clinically 
available for treating the disease2,3. These approaches have 
improved outcomes of patients4. However, intrinsic and 

acquired resistance remains a major obstacle in the cura-
tive treatment of metastatic melanoma5,6. This is closely 
associated with genetic and epigenetic heterogeneity of 
melanoma cells7–11. 

Although mutation of the gene encoding cylindroma-
tosis (CYLD) was initially identified as a genetic pre-
disposition for the development of the skin appendage 
tumors, cylindromas, and trichoepitheliomas12, it is now 
known that CYLD functions as a tumor suppressor in a 
variety of tissues, and its loss and mutation are associated 
with many types of cancer including melanoma13–15. As a 
deubiquitinase, CYLD removes K63-linked polyubiquitin 
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chains from target proteins, leading to their degrada-
tion by the proteasomal system16. These include TNF 
receptor-associated factor 2 (TRAF2) and nuclear factor 
(NF)-kB essential modulator (NEMO) that are required 
for classic activation of NF-kB, and Bcl-3 that is neces-
sary for noncanonical activation of NF-kB and has been 
shown to promote melanoma cell proliferation through 
upregulating cyclin D117,18. Moreover, CYLD has also 
been reported to promote melanoma tumorigenesis and 
metastasis through suppression of JNK/activating protein 
1 (AP-1), leading to decreased expression of cyclin D1 
and N-cadherin19.

CYLD can also negatively regulate the expression 
of receptor-interacting protein kinase 1 (RIPK1) that 
is emerging as an important determinant of cell fate in 
response to cellular stress through its deubiquitinase 
activity20. Past studies have shown that RIPK1 expression 
is upregulated and has an oncogenic role through promot-
ing cell proliferation in melanoma21. However, overex-
pression of RIPK1 induces apoptosis in a proportion of 
melanoma cells and melanocytes21. Indeed, RIP1 over-
expression triggers apoptosis in many other cell types 
through activating the caspase cascade22. It seems that 
the expression of RIP1 must be controlled tightly so that 
its cellular level remains constantly below a threshold to 
ensure avoidance of apoptosis21.

In this study, we have revisited the role of CYLD in 
melanoma cell survival and proliferation. We report here 
that CYLD expression levels are highly heterogenous 
among melanoma cell lines and melanomas in vivo and 
that its effect on the viability of melanoma cells also var-
ied widely. We demonstrate that CYLD is necessary for 
survival of a subset of melanoma cells through controlling 
RIPK1 expression and that the reduction in microRNA-
99b-3p (miR-99b-3p) expression is responsible for the 
increased CYLD expression in a cell line-specific manner.

MATERIALS AND METHODS

 Cell Lines and Human Tissues

The human melanoma cell lines described previously 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) containing 5% fetal calf serum (FCS)23. Human 
melanocytes (HEMn-MP) were purchased from Banksia 
Scientific and cultured as previously described24. Human 
fresh melanoma isolates were prepared from surgical 
specimens according to the published method25. All cell 
lines were verified to be free of mycoplasma contamina-
tion every 3 months and were authenticated using short 
tandem repeat (STR) profiling by the Australia Genome 
Research Facility (AGRF) in April 2018. Formalin-fixed 
paraffin-embedded (FFPE) melanocytic tumor tissues 
were retrieved from the Department of Tissue Pathology of 
Henan Provincial People’s Hospital. Studies using human 

tissues were approved by the Human Research Ethics 
Committee of Henan Provincial People’s Hospital, China. 

Small Interference RNAs (siRNAs) and Plasmids

siRNAs were purchased from GenePharma (Shanghai, 
China) and transfected using Lipofectamine 3000 
reagent (Invitrogen, Carlsbad, CA, USA). The siRNA 
sequences are as follows: CYLD siRNA1, 5¢-GGGAAGU 
AUAGGACAGUAUTT-3¢; CYLD siRNA2, 5¢-GGUU 
CAUCCAGUCAUAAUATT-3¢; has-miR-99b-3p mimic, 
5¢-CAAGCUCGUGUCUGUGGGUCCG-3¢; anti-has-
miR-99b-3p, 5¢-CGGACCCACAGACACGAGCUUG-3¢; 
RIPK1 siRNA1, 5¢-CCUUCUGAGCAGCUUGAUUTT-3¢; 
RIPK1 siRNA2, 5¢-GCCAGCUGCUAAGUACCAATT-3¢.

Flag-HA-CYLD (#22544), Flag-HA-GFP (#22612), and 
pRK5-HA-ubiquitin-K63 (#17606) were purchased from 
Addgene (Watertown, MA, USA). RIPK1 cDNA (pCMV-
Myc-RIP1) and the control vector were purchased from 
Origene (Rockville, MD, USA)21. Reporter plasmids were 
constructed based on the psiCHECK-2 plasmid (Promega, 
San Luis Obispo, CA, USA). The primer sequences are as 
follows: RT-miR-99b-3p, 5¢-GTCGTATCCAGTGCGTGT
CGTGGAGTCGGCAATTGCACTGGATACGACCGGA
CCC-3¢; miR-99b-3p-F, 5¢-GTTCAAGCTCGTGTCT-3¢; 
miR-99b-3p-R, 5¢-CAGTGCGTGTCGTGGAGT-3¢; 
CYLD 3¢-UTR-HAF, 5¢-AGTAATTCTAGGCGATCGA
AGGTTTTATACTGCTAAGTGCTTGGTT-3¢; CYLD 
3¢-UTR-HAR, 5¢-TATTTTATTGCGGCCACACAGAG
AAACAGTATGATAAACATCCA-3¢; CYLD 3¢-UTR 
1659 MUT-F, 5¢-AATGAAGAAATGGGTGAATGTC
GTTGTCAATGT-3¢; CYLD 3¢-UTR 1659 MUT-R, 5¢-
TTTTAAAATCACATTGACAAGCTCATTCACCCA
-3¢; CYLD 3¢-UTR 2549 MUT-F, 5¢-GCTGGGCTGCA
TGGCACAGGTCGTTATGTGCCT-3¢; CYLD 3¢-UTR 
2549 MUT-R, 5¢-AATAACCAGCAGGCACATAAGC
TCCTGTGCCAT-3¢; CYLD 3¢-UTR 3602 MUT-F, 5¢-G
CTCTGTACACTTAGACAACTCGTTGACCTCTT-3¢; 
CYLD 3¢-UTR 3602 MUT-R, 5¢-ACTAAAGCTCAAGA
GGTCAAGCTGTTGTCTAAG-3¢; CYLD-qPCR-F, 5¢- 
TGGGATGGAAGATTTGATGGAG-3¢; CYLD-qPCR- 
R, 5¢-CATAAAGGCAAGTTTGGGAGG-3¢.

RIPK1 Ser320Asp and Ser25Asp mutation plasmids 
were constructed based on the pCMV-Myc-RIP1 plasmid 
(Origene). The primer sequences are as follows: RIPK1 
Ser25Asp-F, 5¢-AGAACTGGACGATGGAGGCTTTG
GGAAGGTGTC-3¢; RIPK1 Ser25Asp-R, 5¢-CAAAGC
CTCCATCGTCCAGTTCTGCACTCTCCA-3¢; RIPK1 
Ser320Asp-F, 5¢-GAGAATGCAGGATCTTCAACTTG
ATTGTGTGGC-3¢; RIPK1 Ser320Asp-R, 5¢-CAAGTT
GAAGATCCTGCATTCTCTTCACAACTG-3¢.

Lentiviral Gene Transduction 

MISSION human short hairpin RNA (shRNA) lentiviral 
transduction particles targeting CYLD (TRCN0000218454) 
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and control (SHC002V) particles were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). CYLD cDNA len-
tiviral particles were transducted as described previously23. 
In brief, melanocyte cells were seeded at approximately 
80% confluency 1 day ahead. Melanocytes were trans-
duced and incubated with lentiviral particles for 48 h. 

Immunohistochemistry (IHC)

IHC staining and quantitation were performed as 
described previously24. Briefly, antigen retrieval was per-
formed in a pressure cooker for 30 s at 125°C. Antibody 
detection was performed using the Dako Envision HRP 
Detection system/DAB as per the manufacturer’s instruc-
tions. Slides were counterstained with Azure B and 
hematoxylin24. The antibody against CYLD (PA5-34630) 
was purchased from Thermo Fisher Scientific (Scoresby, 
VIC, Australia).

Western Blotting

Western blotting was carried out and protein bands 
were quantitated by ImageJ as described previously26. The 
antibody against CYLD (ab137524) was purchased from 
Abcam (Cambridge, UK). The antibody against HA-tag 
(#2367) was purchased from Cell Signaling Technology 
(Beverly, MA, USA). The antibody against caspase 3 
(AAP-113) and caspase 8 (AAM-118) were from Enzo Life 
Sciences (Dural, NSW, Australia). The antibodies against 
PARP (556494), c-IAP-1 (556533), c-IAP-2 (552782), and 
RIPK1 (51-6559GR) were from BD Biosciences (North 
Ryde, NSW, Australia). The antibodies against cyclin D1 
(sc-753) and FADD (sc-2717488) were from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA).

Cell Viability

Cell viability was quantitated using the CellTiter-Glo 
Luminescent Cell Viability Assay Kit (G7570; Promega) 
as described previously27. Luminescence was recorded by 
a Synergy 2 multidetection microplate reader (BioTek, 
Winooski, VT, USA).

Clonogenic Assays

Cells were seeded at 2 × 105 per well onto six-well cul-
ture plates and allowed to grow for 16–24 h followed by 
transfection. Cells were then reseeded at 1,000 per well 
onto six-well culture plates and allowed to grow for a fur-
ther 14 days before fixation with methanol and staining 
with crystal violet (0.5%). Colony area was quantitated 
using ImageJ plugin. 

Cell Cycle Analysis

Cells were seeded at 4 × 104 per well onto 24-well 
plates and allowed to grow for 16–24 h followed by 
transfection. Cells were fixed and followed by propidium 
iodide staining as described previously28.

Apoptosis

Apoptotic cells were detected as described previously23.

Cell Proliferation Assays

5-Bromo-2¢-deoxyuridine (BrdU) cell prolifera-
tion assays were carried out using an assay kit as per 
the manufacturer’s instructions (#6813; Cell Signaling 
Technology). Briefly, cells were seeded at 8 × 103 cells/
well in 96-well plates overnight before treatment as 
described previously21. BrdU (10 mmol/L) was added and 
cells were incubated for 4 h before BrdU assays were car-
ried out. Absorbance was read at 450 nm using a Synergy 
2 multidetection microplate reader.

Immunoprecipitation

Immunoprecipitation was carried out as described 
previously24. In brief, extracts were mixed and precipi-
tated with antibody (RIPK1; 51-6559) and protein A/G 
Agarose beads by incubation at 4°C. The bound proteins 
were removed by boiling in sodium dodecyl sulfate (SDS) 
buffer and resolved in SDS-polyacrylamide gel electro-
phoresis (PAGE) gels for immunoblotting analysis. 

Luciferase Reporter Assay

Reporter activities were measured as per the manufac-
turer’s protocol (Dual-Glo® Luciferase Assay System; 
Promega). Briefly, psiCHECK-2 vector-based reporter 
plasmids were cotransfected with miRNA mimics or anti-
miRNAs into cells. Firefly and Renilla luciferase activi-
ties were recorded using a microplate reader (BioTek), 
respectively. 

Statistical Analysis

Statistical analysis was carried out using GraphPad 
Prism 8. Statistical significance was analyzed by Student’s 
t-test expressed as a p value. A value of p < 0.05 was con-
sidered as statistically significant.

RESULTS

Heterogeneous Expression of CYLD in Human 
Melanoma Cells

We examined the expression of CYLD in relation to 
melanoma development and progression using IHC in 
100 FFPE melanocytic tumors. The results showed that 
although there was tendency for melanomas to express 
lower levels of CYLD than nevi, the difference was not 
statistically significant (Fig. 1A). Similarly, there was no 
significant difference in CYLD expression levels between 
primary and metastatic melanomas. Of note, the levels 
of CYLD in melanomas and nevi varied considerably 
(Fig. 1A and B). In particular, a proportion of melanomas 
expressed even higher levels of CYLD compared with 
the average level in nevi (Fig. 1A and B). In accordance, 
examination of 21 fresh metastatic melanoma isolates by 
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Western blotting showed that there were wide variations 
in CYLD expression levels (Fig. 1C). 

We also tested CYLD expression in a panel of 10 
melanoma cell lines, which were generated from mela-
nomas of different stages and had varying status of the 
most common mutations in BRAF (BRAFV600E) and NRAS 
(NRASQ61R) (Fig. 1D). All the melanoma cell lines carried 

wild-type CYLD gene as tested using exon sequenc-
ing. CYLD was similarly expressed at various levels in 
melanoma cell lines that were not associated with their 
origins and genetic backgrounds (Fig. 1E). While 6 of 
the 10 melanoma cell lines displayed lower levels of 
CYLD compared with the melanocyte line HEMn-MP, 
the other 4 melanoma lines (Mel-CV, ME4405, Mel-FH, 

Figure 1. Cylindromatosis (CYLD) is heterogeneously expressed in human melanocytic cells. (A) Quantification of CYLD expres-
sion in melanocytic tumors. Data shown are mean immunoreactive score (IRS) ± standard error of the mean (SEM). ns, p > 0.05, 
Kruskal–Wallis test. (B) Representative microphotographs of immunohistochemistry (IHC) staining of CYLD on melanocytic tissue 
sections. Scale bar: 100 µm. (C, D) Whole-cell lysates from melanocytes and melanoma cells were subjected to Western blotting. Data 
shown are representative of three individual experiments. W, wild-type; M, BRAFV600E or NRASQ61R mutation; P, primary melanoma; 
M, metastatic melanoma. (E) The relative abundance of CYLD was compared between primary (n = 5) and metastatic (n = 6), BRAFWT 
(n = 6) and BRAFV600E (n = 5), and NRASWT (n = 8) and NRASQ61R (n = 3) melanoma cell lines. Data were adapted from (D). ns, 
p > 0.05, Student’s t-test.
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and ME1007) exhibited higher or comparable levels of 
CYLD relative to HEMn-MP. Collectively, these results 
revealed that the expression levels of CYLD are highly 
heterogenous in melanoma cells29.

CYLD Differentially Regulates Melanoma Cell Survival 
and Proliferation 

We investigated the functional significance of the 
relatively high expression CYLD in Mel-CV, Mel-FH, 
ME4405, and ME1007 cells by siRNA silencing of 
CYLD (Fig. 2A). Strikingly, while CYLD silencing 
decreased cell viability as measured using CellTiter-Glo 
assays in Mel-CV and ME1007 cells, it resulted in a mod-
erate yet statistically significant increase in cell viabil-
ity in ME4405 cells and had no effect on the viability of 
Mel-FH cells (Fig. 2B). These varying effects of CYLD 
on cell viability in different melanoma cell lines were 
more prominently reflected in clonogenic assays, where 
CYLD silencing reduced the clonogenic potential in 
Mel-CV and ME1007 cells but promoted the clonogenic-
ity in ME4405 cells. On the other hand, it did not impinge 
on colony formation in Mel-FH cells (Fig. 2C).

We focused on investigation of the mechanism by 
which CYLD promotes cell survival in Mel-CV and 
ME1007 cells. The inhibitory effect of CYLD silencing 

on the viability of Mel-CV and ME1007 cells was due 
to induction of apoptosis, as the addition of the general 
caspase inhibitor z-VAD-fmk efficiently rescued the cells 
(Fig. 3A and B). Consistently, silencing of CYLD caused 
activation of caspase 3 and cleavage of poly(ADP-ribose) 
polymerase (PARP) (Fig. 3C). Moreover, it triggered 
activation of caspase 8 (Fig. 3C), suggesting that cas-
pase 8 is involved in apoptosis when CYLD is silenced 
in these cells30. The promoting effect of CYLD silencing 
on ME4405 cell viability was due to increased cell pro-
liferation as shown by increased incorporation of BrdU 
(Fig. 3D). This was associated with a decrease in the 
fraction of cells in the G1/G0 phase, an increase in the 
proportion of cells in the S phase and G2/M phase, and 
upregulation of cyclin D1 expression (Fig. 3E and F)14. 
In contrast, silencing of CYLD did not have any effect 
on caspase activation, cell cycle progression, and cyclin 
D1 expression in Mel-FH cells (Fig. 3E–G). Collectively, 
these results suggest that CYLD differentially regulates 
melanoma cell survival and proliferation in a cell line-
dependent manner. In support, overexpression of CYLD 
in IgR3 and Mel-JD cells that expressed relatively low 
levels of endogenous CYLD resulted in inhibition of 
cell proliferation (Fig. 3H–J). However, overexpression 
of CYLD in MM200 cells that similarly displayed low 

Figure 2. CYLD differentially regulates melanoma cell survival and proliferation. (A, B) Mel-CV, ME4405, Mel-FH, and ME1007 
cells transfected with indicated CYLD short hairpin RNAs (siRNAs) were subjected to Western blotting (A) and CellTiter-Glo assays 
(B). Data shown are representative of three individual experiments (A) or means ± SEM (B). *p < 0.05; **p < 0.01; ***p < 0.001, 
Student’s t-test. (C) Mel-CV, ME1007, Mel-FH, and ME4405 cells transfected with indicated CYLD siRNAs were subject to clono-
genic assays (left). Scale bar: 1 cm. Relative colony area were measured by ImageJ (right). Colony area in control cells was arbitrarily 
designated as 1. Data shown are representative of three individual experiments (left) or means ± SEM (right). n = 3. **p < 0.01; ***p 
< 0.001, Student’s t-test.
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endogenous levels of CYLD did not significantly impinge 
on cell viability (Fig. 3H–J). Of note, while silencing of 
CYLD promoted proliferation of melanocytes (Fig. 3K), 
overexpression of CYLD did not have any significant 
effect on melanocyte growth (Fig. 3L).

CYLD Is Critical for Protection Against the Apoptosis-
Inducing Potential of RIPK1 in a Subset of Melanoma 
Cells

We next examined the mechanism responsible for 
induction of apoptosis in Mel-CV and ME1007 cells by 

Figure 3. CYLD differentially regulates melanoma cell survival and proliferation in a cell line-dependent manner. (A, B) Mel-CV and  
ME1007 cell lines transfected with indicated siRNAs and with or without z-VAD-fmk were subject to CellTiter-Glo assays (A) and clono-
genic assay (B). Data shown are representative of three individual experiments or means ± SEM. n = 3. *p < 0.05; **p < 0.01; ***p < 0.001, 
Student’s t-test. (C) Whole-cell lysates from Mel-CV and ME1007 transfected with indicated siRNAs were subjected to Western blotting. Data 
shown are representative of three individual experiments. (D) ME4405 cells transfected with indicated siRNA were subjected to 5-bromo-2¢-
deoxyuridine (BrdU) incorporation assays. Data shown are representative of three individual experiments or means ± SEM. n = 3. *p < 0.05. 
(E, F) ME4405 and Mel-FH cells transfected with indicated siRNAs were subjected to cell cycle distribution (E) and Western blotting (F). Data 
shown are representative of three individual experiments or means ± SEM. n = 3. *p < 0.05; **p < 0.01; ***p < 0.001; ns, p > 0.05, 
Student’s t-test. (G) Mel-FH cells were transfected with indicated siRNA and subjected to Western blotting. Data shown are representative of 
three individual experiments. (H–J) IgR3, Mel-JD, and MM200 cell lines transfected with indicated plasmids were subjected to Western blotting  
(H), CellTiter-Glo assays (I), and clonogenic assay (J). Scale bar: 1 cm. Data shown are representative of three individual experiments or means 
± SEM. n = 3. *p < 0.05; **p < 0.01; ***p < 0.001; ns, p > 0.05, Student’s t-test. (K, L) HEMn-MP melanocytes transduced with indicated shRNAs  
(K) or cDNA (L) were subjected to CellTiter-Glo assays. Data shown are means ± SEM. n = 3. **p < 0.01; ns, p > 0.05, Student’s t-test.
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CYLD silencing. As a K63-specific deubiquitinase, CYLD 
removes K63-linked polyubiquitin chains from RIPK1, 
thus promoting its degradation20,31. Since overexpres-
sion of RIPK1 in melanoma cells triggers apoptosis21, we 
examined the potential involvement of RIPK1 in induc-
tion of apoptosis upon CYLD knockdown in Mel-CV and 
ME1007 cells. Silencing of CYLD caused upregulation 

of RIPK1 in Mel-CV, ME1007, Mel-FH, and ME4405 
cells regardless of their differential apoptotic responses 
(Fig. 4A). This was associated with an increase in K63-
linked polyubiquitination of RIPK1 (Fig. 4B). In con-
trast, overexpression of CYLD caused downregulation of 
RIPK1 in Mel-CV and ME1007 cells, which was nev-
ertheless reversed by the treatment with the proteasome 

Figure 4. CYLD is critical for protection against the receptor-interacting protein kinase 1 (RIPK1)-induced apoptosis in a subset of 
melanoma cells. (A) Mel-CV, ME1007, Mel-FH, and ME4405 cell lines transfected with indicated siRNAs were subjected to Western 
blotting. Data shown are representative of three individual experiments. (B) Immunoprecipitates with RIPK1 antibody from Mel-CV 
and ME1007 cells transfected with indicated siRNAs and plasmids were subjected to Western blotting. Data shown are representative 
of three individual experiments. (C) Whole-cell lysates from Mel-CV and ME1007 cell lines transfected with indicated plasmids with 
or without treatment with MG132 were subjected to Western blotting. Data shown are representative of three individual experiments. 
(D) Mel-CV and ME1007 cells transfected with indicated siRNAs were subjected to propidium iodide (PI)/annexin V staining assays. 
Data shown are representative of three individual experiments (left) or means ± SEM (right). n = 3. ***p < 0.001, Student’s t-test. (E) 
ME4405 and Mel-FH cells transfected with indicated siRNAs were subjected to CellTiter-Glo assays. Data shown are means ± SEM. 
*p < 0.05; **p < 0.01; ns, p > 0.05, Student’s t-test. (F) Whole-cell lysates from Mel-CV and Mel-FH cells were subjected to Western 
blotting. Data shown are representative of three individual experiments. (G) Mel-CV and ME1007 cells with CYLD knocked down by 
siRNA were transfected with the indicated plasmids were subjected to PI/annexin V staining assays (top) and Western blotting (bot-
tom). Data shown are means ±SEM (top) or representative of three individual experiments (bottom). n = 3. **p < 0.01; ***p < 0.001, 
Student’s t-test.
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inhibitor MG132 (Fig. 4C), substantiating that down-
regulation of RIPK1 expression by CYLD is mediated 
by the proteasomal degradation20,30,32,33. Cosilencing of 
RIPK1 diminished apoptosis induced by CYLD silencing 
in Mel-CV and ME1007 cells, substantiating the role of 
RIPK1 in induction of apoptosis by silencing of CYLD. 
However, cosilencing of RIPK1 had no significant effect 
on CYLD silencing-triggered increase in proliferation 
of ME4405 cells and did not impinge on proliferation 
of Mel-FH cells with CYLD silenced (Fig. 4D and E). 
Together, these results indicate that the increased expres-
sion of RIPK1 is responsible for induction of apoptosis 
in Mel-CV and ME1007 cells with CYLD silenced and 
that it does not play a role in the promotion of prolifera-
tion by CYLD silencing in ME4405 cells. Of note, the 
constitutive levels of RIPK1 expression were markedly 
higher in Mel-CV and ME1007 cells than in ME4405 and 
Mel-FH cells (Fig. 1D). Moreover, the overall levels of 
RIPK1 after CYLD silencing were higher in Mel-CV and 
ME1007 cells than in ME4405 and Mel-FH cells (Fig. 
4A). Similar to CYLD expression levels, RIPK1 expres-
sion levels varied widely in fresh melanoma isolates 
(Fig. 1C). However, there is no significant relationship 
between CYLD and RIPK1 expression levels, suggesting 
that other mechanisms besides the expression of CYLD 
also participate in regulation of RIPK1 expression34,35.

As Fas-associated protein with death domain (FADD), 
cellular inhibitor of apoptosis 1 (cIAP1), and cIAP2 are 
all known to regulate RIPK1-mediated apoptosis20,36, we 
compared the expression levels of FADD, cIAP1, and 
cIAP2 between Mel-FH and Mel-CV cells that displayed 
different sensitivity to apoptosis induced by silencing of 
CYLD. The results showed that there were no notice-
able differences in FADD, cIAP1, and cIAP2 levels 
between these two cell lines (Fig. 4F), implicating that 
FADD, cIAP1, and cIAP2 do not play a major role in 

differentially regulating apoptosis in these cells when 
CYLD is silenced.

Since the proapoptotic function of RIPK1 can be 
prevented by phosphorylation of Ser320 or Ser2537,38, 
we introduced the RIPK1 mutant with Ser320 or Ser25 
constitutively phosphorylated into Mel-CV and ME1007 
cells to test whether it impinges on apoptosis induced by 
silencing of CYLD. The results showed that the expres-
sion of either of the mutants attenuated apoptosis in 
Mel-CV and ME1007 cells when CYLD was silenced 
(Fig. 4A and G), further consolidating the role of RIPK1 
in apoptosis induced by silencing of CYLD in melanoma 
cells.

Cell Line-Dependent Regulation of CYLD  
by miR-99b-3p

Although CYLD expression at the protein level varied 
considerably in melanoma cell lines (Fig. 1C and D)29, its 
mRNA expression levels were generally lower in mela-
noma cell lines than the HEMn-MP melanocyte line (Fig. 
5A). In particular, Mel-CV, ME4405, and Mel-FH that 
expressed relatively high levels of the CYLD protein 
exhibited even markedly lower levels of CYLD mRNA 
than HEMn-MP melanocytes (Fig. 5A). These results 
indicate that posttranscriptional upregulation is respon-
sible for the increase in CYLD protein levels in these 
melanoma cell lines39,40. Noticeably, the turnover rates of 
the CYLD protein remained similar in Mel-CV, ME4405, 
Mel-FH, and HEMn-MP cells (Fig. 5B), suggesting that a 
translational increase is the main cause of CYLD upregu-
lation in these melanoma cell lines. 

We examined whether miRNAs that commonly tar-
get transcripts to block their translation and are often 
deregulated in cancer cells are involved in upregula-
tion of CYLD in the subset of melanoma cell lines by 
comparing miRNA expression profiles between Mel-CV 

FACING PAGE
Figure 5. Cell line-dependent regulation of CYLD by microRNA-99b-3p (miR-99b-3p). (A) Total RNAs from melanocytes and mela-
noma cells were subjected to quantitative polymerase chain reaction (qPCR) analysis. Data shown are means ± SEM. (B) Mel-CV, 
ME4405, Mel-FH, and HEMn-MP cells were treated with or without cycloheximide (CHX; 5 µg/ml) for indicated periods. Whole-
cell lysates were subjected to Western blotting (left). Quantification of CYLD relative to glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) is also shown (right). Mean ± SEM, n = 3, Student’s t-test. (C) Top 10 miRNAs that expressed the lowest level in melanoma 
cell lines Mel-CV and ME1007 in comparison with melanocytes. (D) Total RNAs from melanocytes and melanoma cells were subjected 
to qPCR analysis. Data shown are means ± SEM. (E) A schematic illustration of base pairing between miR-99b-3p and the 3¢-untranslated 
region (3¢-UTR) of CYLD. (F) A schematic illustration of psiCHECK2-based luciferase reporter constructs. (G) Luciferase reporter 
activity measured in Mel-CV and ME1007 cells after cotransfection with indicated reporter constructs and miRNA mimics. Data shown 
are means ±SEM, n = 3. *p < 0.05; ***p < 0.001, Student’s t-test. (H) Luciferase reporter activity measured in Mel-CV and ME1007 
cells after cotransfection with indicated reporter constructs and anti-miRNA oligonucleotides. Data shown are means ±SEM. n = 3. 
**p < 0.01; ***p < 0.001, Student’s t-test. (I) Luciferase reporter activity measured in ME4405 and Mel-FH cells transfected with the 
indicated reporter constructs with or without cotransfection of miR-99b-3p mimics or anti-miR-99b-3p oligonucleotides. Data shown 
are means ± SEM. n = 3. p > 0.05, Student’s t-test. (J, K) Whole-cell lysates from Mel-CV and ME1007 cells transfected with indicated 
miRNA mimics (J) or anti-miRNA oligonucleotides (K) were subjected to qPCR analysis (top) and Western blotting (bottom). Data 
shown are representative of means ± SEM or three individual experiments. **p < 0.01; ***p < 0.001; ****p < 0.00001, Student’s t-test. 
(L) Whole-cell lysates from ME4405 and Mel-FH cells transfected with indicated miRNA mimics (top) or anti-miRNA oligonucleotides 
(bottom) were subjected to Western Blotting. Data shown are representative of three individual experiments.
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and ME1007 melanoma cell lines and the HEMn-MP 
melanocyte line (Fig. 5C)41. Among miRNAs that were 
differentially expressed, a decrease in miR-99b-3p in 
Mel-CV and ME1007 cells was the most pronounced 
(Fig. 5C). Subsequent quantitative polymerase chain 
reaction (qPCR) analysis showed that miR-99b-3p was 
commonly reduced in melanoma cell lines compared 
with the melanocyte line as shown in qPCR analysis (Fig. 
5D). Interestingly, the 3¢-untranslated region (3¢-UTR) of 
the CYLD mRNA contained three regions largely com-
plementary with the “seed” region of miR-99b-3p, one 
region matching seven bases (nucleotides 1,674–1,680) 
and another two regions matching six and five bases, 
respectively (nucleotides 3,602–3,623 and 2,549–2,572) 
(Fig. 5E). 

To test whether miR-99b-3p targets the CYLD mRNA 
in melanoma cells, we introduced luciferase reporter 
plasmids of the 3¢-UTR of CYLD into Mel-CV, ME1007, 
ME4405, and Mel-FH cells (Fig. 5F). The report activity 
was markedly suppressed by the presence of the 3¢-UTR 
of CYLD in Mel-CV and ME1007, which was how-
ever reversed partially when the segment encompassing 
nucleotides 1,675–1,677, 2,567–2,569, and 3,618–3,620 
of the 3¢-UTR was mutated (Fig. 5G), suggesting that 
the 3¢-UTR of CYLD was inhibited by endogenous 
miR-99b-3p. In accordance, cointroduction of anti-
miR-99b-3p into Mel-CV and ME1007 cells increased 
(Fig. 5H), whereas the addition of miR-99b-3p mimics 

further reduced the reporter activity (Fig. 5G). Therefore, 
miR-99b-3p targets the 3¢-UTR of the CYLD mRNA in 
Mel-CV and ME1007 cells. In contrast, there was no sig-
nificant difference in the report activity in the presence or 
absence of the wild-type or mutated 3¢-UTR of CYLD in 
ME4405 and Mel-FH cells (Fig. 5I). Moreover, cointro-
duction of anti-miR-99b-3p or miR-99b-3p mimics did 
not cause any change in the reporter activity, indicating 
that miR-99b-3p does not impinge on the 3¢-UTR of the 
CYLD mRNA in these cells. Consistent with the results 
of luciferase assays, introduction of miR-99b-3p mimics 
downregulated, whereas introduction of anti-miR-99b-3p 
upregulated endogenous CYLD protein levels in Mel-CV 
and ME1007 cells (Fig. 5J and K). However, introduc-
tion of neither miR-99b-3p mimics nor anti-miR-99b-3p 
alters the levels in ME4405 and Mel-FH cells (Fig. 5L). 
Taken together, these results indicate that miR-99b-3p 
selectively targets the 3¢-UTR of CYLD mRNA in mela-
noma cells in a cell line-dependent manner. 

We also examined the functional significance of 
miR-99b-3p-mediated regulation of CYLD expression 
in Mel-CV and ME1007 cells. Introduction of miR-99-
b-3p mimics resulted in apoptosis that was associated with 
activation of caspase-3 and upregulation of RIPK1 (Fig. 
6A), recapitulating the effect of CYLD knockdown (Fig. 
3C). Furthermore, introduction of miR-99b-3p mimics 
caused activation of caspase 8, consistent with the notion 
that apoptosis induced by high expression of RIPK1 is 

Figure 6. RIPK1 rescues apoptosis induced by miR-99b-3p in Mel-CV and ME1007 cells. (A) Whole-cell lysates from Mel-CV and 
ME1007 cells transfected with indicated miRNA mimics were subjected to Western blotting. Data shown are representative of three 
individual experiments. (B) Mel-CV cells were transfected with indicated miRNA mimics, and plasmids were subjected to Western 
blotting (bottom) and PI/annexin V staining assays (top). Data shown are representative of three individual experiments (bottom) or 
means ± SEM (top). n = 3. **p < 0.01; ***p < 0.001, Student’s t-test. (C) ME4405 and HEMn-MP cells transfected with indicated 
miRNA mimics were subjected to CellTiter-Glo assays. Data shown are means ± SEM. n = 3. Student’s t-test.
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mediated by caspase 830. Cointroduction of CYLD or 
RIPK1 siRNA abolished apoptosis induced by introduc-
tion of miR-99b-3p mimics (Fig. 6B), confirming that 
downregulation of CYLD and subsequent upregulation of 
RIPK1 are responsible for induction of apoptosis by the 
mimics. In contrast, introduction of miR-99b-3p mimics 
did not affect the viability of ME4405 and HEMn-MP 
cells (Fig. 6C), consistent with the finding of cell line-
dependent regulation of CYLD expression by miR-99b-3p.

DISCUSSION

As a tumor suppressor, CYLD inhibits cell prolif-
eration in many cancer types including melanoma15. 
However, we have found in this study that the role of 
CYLD in regulating melanoma cell survival and prolif-
eration varies considerably. While CYLD was necessary 
for survival of a proportion of melanoma cells, it inhibited 
cell proliferation in some others and did not impinge on 
cell viability in a third type of melanoma cells. Although 
these results are not entirely consistent with the well- 
established tumor-suppressive role of CYLD12,15,17,19, they 
reiterate the similarly well-documented heterogeneous 
features of melanoma9,10,42–44. For example, past studies 
have shown that the tumor suppressor p53 promotes mel-
anoma cell survival upon endoplasmic reticulum (ER) 
stress and that inositol polyphosphate 4-phosphatase type 
II (INPP4B) that is a tumor suppressor in a number of 
cancer types functions as an oncogenic driver in a subset 
of melanomas45–47.

CYLD is known to inhibit canonical NF-kB activa-
tion through removing K63-linked polyubiquitin chains 
from a number of proteins involved in activation of the 
pathway such as TRAF2/6, Tak1, and NEMO and, thus, 
lead to their degradation by the proteasomal system48–51. 
Nevertheless, its inhibitory effect on melanoma cell pro-
liferation is achieved through suppressing the noncanoni-
cal NF-kB pathway, resulting in reduced expression of 
cyclin D114,17. Moreover, regulation of JNK/AP-1 acti-
vation also plays a role in CYLD-mediated suppression 
of cyclin D1 expression19. Indeed, our results showed 
that the increase in ME4405 cell proliferation caused 
by CYLD knockdown was associated with upregulation 
of cyclin D1. On the other hand, we found that killing 
of melanoma cells in sensitive cell lines (Mel-CV and 
ME1007) by CYLD knockdown is due to induction of 
apoptosis, as it was associated with activation of the cas-
pase cascade and was diminished by treatment with the 
general caspase inhibitor z-VAD-fmk.

The mechanism responsible for apoptosis induced by 
CYLD knockdown in sensitive melanoma cells (Mel-CV 
and ME1007) appeared to be upregulation of RIPK1. 
This was demonstrated by the findings that knockdown of 
CYLD resulted in upregulation of RIPK1 that was associ-
ated with enhancement in K63-linked polyubiquitination 

of the protein and that co-knockdown of RIPK1 dimin-
ished CYLD knockdown-induced apoptosis in sensi-
tive cells. However, this seems inconsistent with our 
own recent results showing that RIPK1 is commonly 
increased in expression in melanoma cells and functions 
as an oncogenic driver through activation of NF-kB in 
melanoma21. Nevertheless, RIPK1 overexpression causes 
apoptosis through activation of the caspase cascade in 
many cell types22,52. Similarly, we have shown that over-
expression of RIPK1 induces apoptosis in a proportion 
of melanoma cells21. We have proposed that the expres-
sion of RIP1 must be under tight control so that its cel-
lular level remains constantly below a threshold to ensure 
avoidance of apoptosis21.

Although the molecular mechanism by which RIPK1 
at high levels induces apoptosis in a selective population 
of melanoma cells remains unclear, it is conceivable that 
RIPK1 at high concentrations may trigger proximity-
driven dimerization of caspase 8, thus leading to its acti-
vation and apoptosis, as the death domain (DD) of RIPK1 
allows it to interact with other DD-containing proteins 
including FADD that can in turn recruit caspase 853–55. On 
the other hand, melanoma cells that can survive RIPK1 
overexpression such as ME4405 and Mel-FH cells may 
possess intrinsic or acquired mechanisms that antagonize 
activation of caspase 8, most likely through NF-kB activa-
tion and subsequent upregulation of cFLIP56. Regardless, 
our results reveal a critical role of CYLD in controlling 
RIPK1 expression so that its cellular level remains con-
stantly below a threshold to avoid induction of apoptosis.

Of note, the increased expression of RIPK1 upon 
CYLD knockdown did play a role in promotion of prolif-
eration in ME4405 cells. Thus, along with previous find-
ings that RIPK1 overexpression enhances proliferation of 
melanoma cells that have survived its apoptosis-inducing 
potential21,57, it suggests that other mechanisms such as 
increased NF-kB signaling resulting from enhanced acti-
vation of Bcl-3 are responsible for promotion of cell pro-
liferation upon CYLD knockdown17. It remains unknown 
why CYLD does not impinge on survival and prolifera-
tion of an additional type of melanoma cells (Mel-FH). 
However, this was not due to CYLD mutations as all 
melanoma cell lines included in this study harbored wild-
type CYLD. The different responses of melanoma cells to 
CYLD expression further highlight the biological hetero-
geneity of the disease.

Loss of function/expression of CYLD due to genetic 
mutations has been reported in various cancer types58–60. 
However, its expression in melanoma is primarily sup-
pressed by transcriptional repression mediated by Snail1, 
a member of the Snail transcriptional repressors14,27. 
Moreover, a number of miRs including miR-767, miR-
186, and miR-499-5p have been reported to be increased 
and play a role in suppression of CYLD expression in 
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melanoma61–63. Our results showing that the CYLD pro-
tein is upregulated in a subset of melanoma cells whereas 
its transcript expression is, in general, lower in melanoma 
cells compared with melanocytes suggest that the increase 
in CYLD protein expression is caused by a posttranscrip-
tional mechanism. The similar turnover rates of the CYLD 
protein among melanoma cell lines further pointed to the 
important role of translational regulation. Indeed, we iden-
tified loss of miR-99b-3p as a mechanism that selectively 
upregulated CYLD in Mel-CV and ME1007 but not in 
other melanoma cell lines. What determines the selectiv-
ity of miR-99b-3p in targeting CYLD mRNA remains to 
be clarified, but it is not due to variations in the 3¢-UTR 
regions of CYLD as DNA sequencing of the region did 
not identify any mutations in the cell lines included in 
this study. It is well known that the expression and func-
tion of miRs are highly tissue and cell line dependent64,65. 
Although miR-767, miR-186, and miR-499-5p are known 
to target CYLD mRNA in melanoma, they are unlikely to 
be involved in CYLD upregulation in the subset of mela-
noma cells, as they were expressed at higher levels in mela-
noma cells compared with melanocytes61–63. Nevertheless, 
further investigations are needed to experimentally clarify 
whether these and others may compensate for the effect of 
miR-99b-3p on CYLD expression. 
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