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The deubiquitinase-encoding gene Cyld displays a dominant genetic linkage to a wide spectrum

of skin-appendage tumors, which could be collectively designated as CYLD mutant-syndrome
(CYLD™-syndrome). Despite recent advances, little is understood about the molecular mechanisms
responsible for this painful and difficult-to-treat skin disease. Here, we generated a conditional
mouse model with epidermis-targeted expression of a catalytically deficient CYLD™ through
K14-Cre-mediated deletion of exon 9 (hereafter refer to Cyld®4*/4°). Cyld**/*° mice were born

alive but developed hair and sebaceous gland abnormalities and dental defects at 100% and

60% penetrance, respectively. Upon topical challenge with DMBA/TPA, these animals primarily
developed sebaceous and basaloid tumors resembling human CYLD™-syndrome as opposed to
papilloma, which is most commonly induced in WT mice by this treatment. Molecular analysis
revealed that TRAF6-K63-Ubiquitination (K63-Ub), c-Myc-K63-Ub, and phospho-c-Myc (S62)
were markedly elevated in Cyld®%4° skin. Topical treatment with a pharmacological c-Myc inhibitor
induced sebaceous and basal cell apoptosis in Cyld®**/4° skin. Consistently, c-Myc activation was
readily detected in human cylindroma and sebaceous adenoma. Taken together, our findings
demonstrate that Cy/d®*?4° mice represent a disease-relevant animal model and identify TRAF6 and
c-Myc as potential therapeutic targets for CYLD™-syndrome.

Introduction

CYLD is a deubiquitinase that can remove the K63-linked (K63-Ub) and M1-linked (M1-Ub) polyubig-
uitin polymers from an array of target proteins involved in signal transduction and gene regulation (1-9).
Most notably, CYLD controls NF-kB signaling by hydrolyzing K63-Ub and/or M1-Ub chains from various
substrates. Dysregulation of CYLD, as a result of transcriptional and posttranslational downregulation or
genetic mutations, is linked to a number of human diseases, including inflammation and cancer. Somatic
mutations of CYLD have been detected in spiradenocylindroma of kidney, gastric, and colon cancers (10,
11), while germline Cyld mutations predispose patients to multiple types of adnexal skin tumors, includ-
ing cylindroma (OMIM 132700), Brooke-Spiegler syndrome (OMIM 605041), and triochoepithelioma
(OMIM 601606), as well as sebaceous adenoma and eccrine spiradenoma (hereafter collectively referred
to as CLYD mutant-syndrome [CYLD™-syndrome]) (12-20). Over 50 missense and truncation mutations
have been characterized in CYLD™-syndrome, and all of them result in expression of a catalytically defi-
cient CYLD™. Tumors of CYLD™-syndrome generally develop after puberty and constitute the primary
morbidity in these patients. Approximately 70% of these tumors exhibit loss-of-heterozygosity (LOH) of
the WT allele (13, 14, 16, 18). Although mostly benign, CYLD™syndrome is painful, disfiguring, and
difficult to treat due to the diffuse and recurrent nature of the lesions. Additionally, they carry the risk of
malignant transformation and metastasis over time (21-24).

Despite the increasing knowledge about the mutation status and disease linkage, little is understood
about the molecular mechanisms mediating the multitude of CYLD™-driven human diseases. To date,
several animal models have been created to examine the role of CYLD in the immune system and can-
cer, but none of them mirrors the genetic alterations and the clinical phenotypes observed in patients with
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to hair follicle defects and tumorigenesis. To test this

idea, we resorted to the conditional Cyld”” mice,
which — upon Cre-mediated deletion of exon 9 — expressed a catalytically deficient mutant (CYLD™)
replacing the WT protein. Interestingly, mice with homozygous germline deletion of Cyld exon 9 displayed
postnatal lethality due to lung defects (27), prohibiting further skin phenotypic analyses. In this study, we
therefore generated K14Cre-Cyld™" mice (hereafter referred to as Cyld®*#°) to introduce Cyld mutation
exclusively in K14-positive hair follicle and basal epidermal cells. Cy/d***#° mice were born alive but devel-
oped skin, hair, and dental defects and were prone to the development of sebaceous adenoma or basaloid
tumors that histologically resembled human adnexal skin tumors of CYLD™-syndrome following DMBA/
TPA treatment. These results indicate that Cy/d®*’#° mice represent a human disease-relevant animal model
and identify c-Myc as a mediator for CYLD™-syndrome.

Results

Cyld®#*'4° mice develop hair defects. Mice with Cre-recombinase mediated deletion of Cyld exon 9 in germ
cells carry a patient-relevant carboxyl-terminal-truncating Cyld mutation (Cyld”), but these animals die
postnatally due to lung defects (27), thus prohibiting phenotypic analysis of skin and its appendages where
Cyld is ubiquitously expressed (Supplemental Figure 1; supplemental material available online with this
article; doi:10.1172/jci.insight.86548DS1). To circumvent the lethality issue, we generated a conditional
knock-in mouse model (Cyld®*?+%) that introduced the Cyld” in the epidermal cells. This was achieved by
crossbreeding the Cyld” mice with transgenic mice expressing Cre-recombinase under the control of K14,
a promoter active specifically in the hair follicle, sebaceous gland, and basal epidermal progenitor cells
(28, 29). Epidermis-targeted deletion of exon 9 in the resulting Cy/df#*’4° mice was confirmed by PCR and
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Figure 2. Cyld®*“° mice develop sebaceous gland hyperplasia. (A) H&E staining of the back skin sections of 1-month-
old WT, Cyld®#%/+, and Cyld®“**° mice. (B) Oil Red O staining of the back skin sections of 1-month-old Cy/d®4%/4° mice. (C)
Clinical presentation of 5-month-old mice. (D) H&E staining of the neck skin of 5-month-old mice. (E-F) Immunostain-
ing for Ki-67 and PPARY (orange) of the neck skin of 5-month-old mice. Nuclei (blue, Hoechst 32558). Scale bars: 50 um.
Arrowheads mark sebaceous glands with negative staining by H&E and positive nuclei staining for Ki-67 and PPARYy.

reverse transcription PCR (RT-PCR) with genomic DNA and total RNA isolated from 1-month-old mouse
epidermal cells, respectively (Supplemental Figure 2, A—C). Immunoblotting of mouse skin extracts with
an antibody (Ab-D1A10) that preferentially recognizes the full-length CYLD indicated a marked decrease
of the full-length protein in Cyld®*/4° skin samples and an increase of a shorter fragment previously char-
acterized as a proteolytic product of Cyld (27) (Figure 1A). On the other hand, immunoblotting of the
same skin extracts with an antibody (Ab-H419) that apparently recognizes the carboxyl-terminally trun-
cated Cyld™ mutant detected a band at the predicted molecular weight of approximately 60KD in Cyld®**
and Cyld®°#° mouse skin extracts (Supplemental Figure 2D). To further verify that the expressed CYLD™
is catalytically inactive, we analyzed the K63-Ub status of TRAF6, a previously well-characterized CYLD
substrate (30). For this, protein extracts isolated from 1-month-old mice were subject to immunoprecip-
itation with an antibody against TRAF6, followed by immunoblotting for K63-Ub. As shown in Figure
1B, TRAF6-K63-Ub was significantly higher in Cyld***’#° mouse skin than the heterozygous Cyld®**'* and
WT control mice, consistent with the catalytic inactivation of CYLD™. As expected, the downstream
NF-«kB pathway exhibited increased activation in Cyld****’ mouse skin, as indicated by the elevated levels
of pIkBa (Supplemental Figure 2E). In contrast, the basal level of phospho-c—Jun was not significantly
changed in these tissues.

The Cyld®**’#* mice were born at the Mendelian ratio and had no apparent developmental problems
during the first week after birth. By 2 weeks of age, when hair shafts emerge (31), Cyld****’ mice developed
fuzzy hair coats as compared with those of the WT, Cyld®*°’*, and Cyld"’ mice (Figure 1C, data not shown).
Quantitative microscopic analysis of the hair shafts showed that Cy/d*°4’ mice hair had a normal ratio of
guard, zig-zag, and owl/auchene hairs but were generally shorter and thinner than those of control siblings
(Figure 1D and Supplemental Figure 3, A and B).

In addition to the hair defects, 60% of the Cyld®/#° adult animals exhibited an overgrowth of the
lower incisor teeth that appeared longer but thinner than those of the control mice (Figure 1E), which is
consistent with the expression of K14 in dental epithelial cells and a role of TRAF6 in dental development
(32, 33). Examination of the upper jaw revealed an absence of the upper incisor teeth, suggesting that the
uncontrolled growth of the lower incisor teeth is due to the lack of normal wear caused by grinding actions
between the lower and upper incisor teeth. These findings indicate that epidermal cell-targeted Cyld loss-of-
function mutation induces hair and dental growth defects.
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Figure 3. Cyld***/*° mice are prone to the development of basaloid tumor and sebaceous adenoma. (A) H&E staining.
Animals (n = 5/group) were treated with topical applications of TPA (10 ng/100 pl acetone) biweekly for 20 weeks.
Histology of an untreated skin section of the same-age animal is included for comparison. Arrows mark sebaceous
glands. Scale bar: 100 um. (B-C) Epidermal and sebaceous gland cellularity. Data represent 25th-75th percentiles (box),
median (line), and 5th and 95th percentiles (whiskers). Ten images of each group were counted. P <0.05 were obtained
via 2-tiered student t test by (¥) comparing mutant to WT skins and (**) TPA-treated to untreated skins. (D-E) Tumor
multiplicity and percent of animals with clinically visible tumor following DMBA/TPA challenge. Animals (n = 10-29)
were treated with 1 dose of DMBA followed by biweekly applications of TPA. P < 0.02 were obtained between Cyld®/4°
and Cyld®* mice via Student t test. (F-G) Representative images of H&E staining of (F) a WT tumor and 2 mutant
tumors and (G) 2 dermal nodules from Cyld®**#® mice showing papilloma, basaloid, and sebaceous adenoma morpholo-
gies, respectively. Scale bar of the top panel: 200 um; bottom panel: 100 pm.

Cyld™*'*° mice develop sebaceous gland hyperplasia. In order to examine the histological features of the epi-
dermal structures, skin biopsies were collected from newborn and adult animals of various ages. At birth,
Cyld™*'#° mouse skin looked indistinguishable from that of the WT siblings as shown by H&E staining
(Supplemental Figure 4A). Within 1 month after birth, the back skins of Cyld®***/# mice showed an increased
abundance of negatively stained cell islands typical of K14-positive stem cell-derived and lipid-producing
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these cells (Figure 2B). The increase of sebaceous gland
was also observed in the tail skin and in the Meibomian
glands of the lower eyelid as revealed by Oil Red O and
H&E staining (Supplemental Figure 4, C-E). In addi-
tion, 50% of Cyld®*'*° mice suffered complete hair loss
in the ventral neck area starting around 5 months of age
(Figure 2C). Similar to the back skin, the neck skin of
Cyld®*?'** mice also contained an increased number of
shiny cell islands that were highly proliferative, as indi-
cated by the increased numbers of Ki-67—positive cells
(Figure 2, D and E). As expected, those cell clusters expressed PPARY, a peroxisome proliferator—activated
receptor known to be expressed in the nuclei of sebaceous gland cells (35) (Figure 2F). Also in line with
sebaceous glands being the sebum producer, the skin of Cyld®*4° mice appeared oily compared with the
control mice, perhaps in part contributing to the fuzzy hair appearances. Of note, the skin, hair, and dental
phenotypes described above were observed in every generation of offspring examined to date, suggesting
that endogenous Cyld™-driven skin defects are penetrable. These results demonstrate that CYLD inactiva-
tion induces a hair growth defect and a sebaceous gland overgrowth.

Cyld™*'* mice develop sebaceous adenoma or basaloid tumors in response to chemical treatment. To determine
whether Cyld™*/4° mice were sensitive to environmental challenges, we subjected animals to biweekly top-
ical treatments with TPA, a chemical promoter of murine keratinocyte cell proliferation. As expected, at
2 weeks after TPA treatment, all animals displayed interfollicular epidermal hyperplasia, and Cyld=4*/4?
mice also showed sebaceous gland hyperplasia (Supplemental Figure 5). Interestingly, after 20 weeks of
TPA treatment, WT and Cyld®*’* mice resumed normal epidermal thickness, while Cy/d®**/4’ mice main-
tained the interfollicular epidermal and sebaceous gland hyperplasia (Figure 3A). Quantitative analy-
sis revealed that epidermal cellularity was increased by 2-fold and 5-fold in untreated and TPA-treated
Cyld®**’#° mice skin compared with WT counterparts, respectively (Figure 3B). Likewise, sebaceous gland
cellularity was increased by about 2.5-fold and 4-fold in untreated and TPA-treated Cyld®*4° mice skin,
respectively (Figure 3C). These results indicate that Cyld®*4° mice epidermis and sebaceous glands are
sensitive to TPA challenge.

Next, we challenged animals with DMBA/TPA as described in previous studies (26). We observed
that Cyld®*#* animals displayed distinct features of tumor growth. Unlike WT and heterozygous con-
trol siblings, which developed typical surface skin tumors (namely papilloma-benign skin tumors arising
from keratinocytes), Cyld***#° mice showed a reduced rate and multiplicity of papilloma development
(Figure 3, D and E). Instead, these animals developed numerous nodules that were visible on the der-
mal side during skin biopsy at the 20th week after DMBA/TPA challenge. In addition, the surface skin
tumors developed in Cyld®*/4° mice were histologically distinct from papilloma of control siblings. They

doi:10.1172/jci.insight.86548 5


http://dx.doi.org/10.1172/jci.insight.86548
https://insight.jci.org/articles/view/86548#sd
https://insight.jci.org/articles/view/86548#sd
https://insight.jci.org/articles/view/86548#sd
https://insight.jci.org/articles/view/86548#sd

RESEARCH ARTICLE

5 35, Figure 5. c-Myc is important for hair follicle-derived
3 2 30; T P<0.05 cell survival of Cyld®*%/4* mouse skin and is activated
= % 254 in human cylindroma and sebaceous adenoma. (A)
_ § 2 201 H&E staining of Cy/d®4? mice skin tissues treated with
g § 154 l DMSO solvent or 10058-F4. Arrows mark sebaceous
-E 8 10 + glands. Graph shows averages of sebaceous gland cells
¢ 32 & counted from 10 images of each condition. Data repre-
= o) — sent 25th-75th percentiles (box), median (line), and 5th
- Solvent 10058F4 and 95th percentiles (whiskers). (B-C) Immunostaining
B [V Solvent|Cyld®*’**  10058F4 Qc :}gg P<0.05 for cleaved caspase 3 and Ki-67 (orange); nuclei (blue,
Q X140 Hoechst 32558). Graphs show the average number of
& £120 cells positively stained for cleaved caspase 3 and Ki-67
¢ E—_’ g100 counted from 6 images of 2 different mice treated with
° E gg the same condition. Data represent 25th-75th percen-
é ﬁ 40 : tiles (box), median (line), and 5th and 95th percentiles
—_— 5% 20 (whiskers). P values were obtained via 2-tiered Student
Cleaved Caspase 3] Cleaved Caspase 3 H %%entmp* t test. (D) Immunoperoxidase staining of human cylin-
e — 800 droma and sebaceous adenoma for phospho-c-Myc
c Cyde'L 2 SOWF‘-_J]t Cyde'l' 10058F4 > 700 (S62) (brown) counterstained with hematoxylin. Two
; B é 600 é representative patient samples were shown for each
Z & 500 ﬁ group (n = 10). Scale bar: 100 pm.
G g 400
% @ 300{ P<01
€ 8200
= 100 h .
o ad basaloid appearance that resembled human
_ Solvent 10058F4 cylindroma and trichoepithelioma (Figure 3F).
D Human cylindroma Human sebaceous adgnoma The dermal nodules showed features of (50%)
e \Patlem 1 < Patlent .- - ’ Patlent_ L 51 P_tlen_t - » basaloid tumor and (50%) sebaceous adenoma

0% >

insight.jci.org

5 ¥pc-Myc(S62) h‘pc Myc(862

(Figure 3G). Further immunostaining showed
that tumors developed on Cyl/d®**’4° mice and con-
trol siblings were highly proliferative with mini-
mal apoptosis, as indicated by the abundance of
Ki-67—positive cells and the scarcity of cleaved
caspase 3—positive cells, respectively (Supplemen-
tal Figure 6). Interestingly, proliferative cells were
located in the basal and superbasal layers in the
WT tumors; such a polarized distribution was not apparent in Cyld®¥*#° tumors. In addition, all tumors
also expressed molecules commonly detected in benign skin tumors, including K5, K17, and E-cadherin,
as well as B-catenin and CDK4 (Supplemental Figure 7 and Supplemental Figure 8, A and B). Glil was
detected in all tumors but appeared a little more intense in some sebaceous adenoma cells of Cyld*/4?
mice (Supplemental Figure 8C). Taken together, these results indicate that endogenous expression of
Cyld™ selectively sensitizes mice to hair follicle—derived epidermal tumorigenesis.

c-Myc displays increased activation and K63-Ub in Cyld™*'*° mouse skin. To investigate the molecular
mechanisms responsible for the Cyld™-driven skin abnormalities, we examined the status of c-Myc and
f-catenin, both of which have been previously characterized as important regulators of hair follicle cell
lineage specification (34, 36, 37). By immunostaining, we found that c-Myc but not p-catenin was mark-
edly increased in the epidermal and hair follicle cells of Cyld®*°/#’ mice (Figure 4A and Supplemental
Figure 9A). In addition, phospho-c—-Myc (S62), which was previously characterized as an essential signal
for c-Myc—-mediated growth promotion (38), was highly expressed in the nuclei of sebaceous glands of
Cyld®*’#° mice compared with its basal cell-restricted expression in the WT skin (Figure 4B). As expect-
ed, phospho-c—-Myc (S62) exhibited significantly increased expression in the basal and suprabasal cells
but not in the outer layers of the WT papillomas; such a tissue polarity was absent in Cyld**#° mouse
sebaceous adenoma where phospho-c—-Myc was significantly increased (Figure 4, C and D). Consistent
with the increased c-Myc activation, CDK4, a known c-Myc target gene (39), was expressed at a high
level in Cyld®"*'*? sebaceous gland cells, as demonstrated by immunostaining (Supplemental Figure 9B).

Further immunoblotting with epidermal protein extracts confirmed the increase of phospho-c—-Myc
and c-Myc in Cyld®*#° mouse skin (Figure 4E). Since c-Myc expression was shown to be suppressed at
a transcriptional level by CYLD through a JNK-dependent manner in liver cells (40), we asked whether
c-Myc mRNA was increased in Cyld®*/# skin. By RT-PCR, we detected similar levels of c-Myc mRNA
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Figure 6. Working model for Cyld regulation of ectodermal appendages. Growth factors such as EGF and cytokines such
as TNFa increase K63-Ub of TRAF6 and c-Myc, as well as TRAF6 downstream NF-«B signaling. NF-xB transcriptionally
induces Cyld, which in turn inhibits TRAF6/NF-kB and c-Myc. In cells with homozygous Cy/d mutation, the catalytically
deficient CYLD™ protein exerts dominant negative effects on K63-Ub deubiquitination of its substrates and consequent-
ly uncontrolled activation of NF-«B, c-Myc, and other gene regulators. NF-kB in turn increases Cyld™ gene transcription,
thereby forming a positive feedback loop to promote dysregulation of sebaceous gland, hair follicle, and dental growth. In
Cyld~'- cells, such dominant negative effects of Cyld™ on substrates and the transcriptional feedback from NF-kB to Cyld™
gene expression are absent.

in the skin of Cyld®** and Cyld**°/#’ mice (Figure 4F), which suggests that c-Myc is regulated at a post-
transcriptional level in skin. To determine whether c-Myc undergoes K63-Ub, we performed immunopre-
cipitation for c-Myc followed by immunoblotting for K63-Ub and found that Myc-K63-Ub was markedly
elevated in Cyld®*'** epidermis as compared with WT and Cyld®*'* (Figure 4G). These data indicate that
c-Myc polyubiquitination by K63-Ub chains is increased in Cyld®*4° mouse epidermal cells and may medi-
ate its activation.

¢-Myc is essential for hair follicle and sebaceous gland cell survival, and it is activated in human cylindroma and
sebaceous adenoma. To determine whether c-Myc is important for the observed skin defects, we treated
Cyld®*°/4? mice for 10 days with daily topical applications of 10058-F4, a pharmacological inhibitor for
c-Myc/Max dimerization and transcriptional activity (41). By H&E staining, we found that up to 80%
of sebaceous glands in tissues treated with 10058-F4 appeared smaller and darker than those of the
solvent control group, with an average of 45% reduction of sebaceous gland cellularity (Figure 5A).
To determine whether these phenotypic changes were caused by increased cell death or decreased cell
proliferation, we performed immunostaining for the apoptotic cell marker cleaved caspase 3 and the cell
proliferation marker Ki-67. We found that the number of cells immunostained for the cleaved caspase
3, an apoptotic cell marker, was increased in the treated tissues by about 4-fold (Figure 5B). In contrast,
cell proliferation was not significantly affected by 10058-F4, as indicated by quantitative analysis of
Ki-67-positive cells (Figure 5C). In agreement with these animal data, phospho-c—-Myc (562) was read-
ily detectable in 90% of human cylindroma and sebaceous adenoma tissue samples examined (z = 10
for each group) (Figure 5D). These results indicate that c-Myc is essential for hair follicle and sebaceous
gland cell survival and tumorigenesis.

Discussion
We have demonstrated that epidermal cell-targeted homozygous Cyld-mutation induces hair, seba-
ceous gland, and dental growth defects and sensitizes animals to the development of trichoepithelio-
ma, sebaceous adenoma, and basaloid tumors. These tumor growth phenotypes are characteristic of
human CYLD™-syndrome. Additionally, although rare, Brooke-Spiegler syndrome, which overlaps with
CYLD™-syndrome both phenotypically and genotypically (42, 43), has been associated with peg-shaped
teeth (44). Thus, Cyld®**4° mice represent a multidisease-relevant animal model. Current studies with
this model have led to the identification of c-Myc, a new effector of CYLD™-syndrome.

Previous studies have characterized the NF-kB signaling pathway as a predominant CYLD down-
stream effector (2-4), which has led to the clinical trial of treating cylindroma patients with aspirin
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(45). The clinical outcome is encouraging but not satisfactory, suggesting that there are other molecular
targets involved in the etiology. c-Myc, an oncogene that we found to be activated in human cylindroma
and sebaceous adenoma, represents another effector molecule in the pathogenesis. In agreement with
this notion, c-Myc has been previously characterized as a dominant regulator that promotes sebaceous
gland growth and commitment of epidermal stem cells into hair follicle appendage cells and tumors
(34, 36, 46, 47).

c-Myc activation via K63-Ub has been previously characterized in breast cancer and colorectal cancer
cells and has been shown to play an essential role in regulation of cancer cell proliferation (48, 49). In
breast cancer cells, c-Myc-K63-Ub is catalyzed by the E3 ubiquitin ligase HectH9 and enhances interac-
tion with the coactivator p300 and consequently increased c-Myc transcriptional activity (48). It will be
interesting to determine whether HectH9 or another E3 ubiquitin ligase is required for c-Myc activation
in keratinocytes.

It is intriguing to note that, unlike Cyld*°#* animals, both K14-driven Cyld" transgenic and Cyld~’~
animals are sensitive to the development of papilloma but have no apparent abnormalities in the hair
follicle (25, 26). Thus, the expression of Cyld™ by the endogenous Cyld promoter, as opposed to the K14
promoter, appears to be essential for the hair follicle cell-specific defects. Another important difference
between our Cyld” knockin model and the K14-driven Cyld™ transgenic mouse model is the fact that, in
the latter model, the WT Cyld gene is coexpressed with the Cyld™ transgene, raising the possibility of a
functional interference between the 2 gene products. Current findings pinpoint a working model in which
NF-kB and c-Myc are positively regulated by growth factors such as EGF, cytokines such as TNFo via
TRAF6, and likely other E3 ubiquitin ligases in epidermal cells (Figure 6). In the presence of WT Cyld,
NF-«B transcriptionally induces CYLD, which in turn inhibits NF-«B activation (3, 4, 50), thereby form-
ing a self-regulated signaling loop. In homozygous Cyld mutant cells, CYLD™ exacerbates signal trans-
duction to gene regulators such as NF-kB, c-Myc, and AP-1 through binding to various substrates and
forms a self-augmenting feedback loop. Consequently, the elevated actions of c-Myc, NF-kB, AP-1, and
possibly other gene regulators collectively promote hair follicle-derived cell growth and survival. Such
dominant positive effects on signal transduction and transcriptional feedback loops are absent in Cyld~’~
cells. Further, in agreement with a dominant role of CYLD™ versus complete CYLD loss in pathogen-
esis, mice with homozygous germline deletion of Cyld exon 9 (Cyld®**/#%) display postnatal lethality due
to developmental lung defects (27), while Cyld®**’* and Cyld’~ mice exhibit near normal development
(7, 25). Similarly, mice with homozygous deletion in hepatocytes (Cyl/d~?’#°), but not the heterozygous
Cyld**’* mice, develop liver fibrosis, inflammation, and hepatocarcinoma (51). In agreement with the
animal data, heterozygous Cyld mutant carriers have no overt developmental abnormalities, whereas
homozygous human carriers have not been reported thus far, presumably due to lethality or low fre-
quency of marriage between carriers (52). Nevertheless, the majority of the CYLD™-syndrome—related
tumors show LOH of the WT allele (15, 16, 18, 20), further supporting the importance of establishing a
CYLD™dominated signaling loop in order to observe the relevant skin phenotypic features. An addition-
al possibility for the differences between Cyld®*/4° and Cyld '~ animals is the fact that, in the former, the
inactivation of CYLD is limited in epidermal cells, whereas in Cyld”- animals, all cell types are CYLD
deficient. Therefore, the phenotype of Cyld~”- animals may be affected by interactions between epidermal
and nonepidermal CYLD-deficient cells such as immune cells. Taken together, we demonstrate that epi-
dermal cell-targeted Cyld mutation disrupts a complex genetic and signaling network involving TRAF6,
NF-«kB, and c-Myc, which together confer cell lineage—specific growth and survival abnormalities.

Our studies also demonstrate that homozygous CYLD™ expression in epidermal cells disrupts the mor-
phogenesis of upper incisor teeth, establishing Cyld®*4°mice as an unexpected working model for dental
research. Future studies may be directed to understanding the mechanisms mediating CYLD" effects on den-
tal growth and development.

Methods

Animal studies. Generation of Cyld®’+ was reported previously (27). These mice were crossbred with K14-
Cre mice (28) (provided by Terry Lechler, Duke University) to generate K14-Cre-Cyld™® mice, namely
Cyld®¥*’#° mice. For the treatment of TPA (Sigma-Aldrich), the back skin of 4-week-old animals were
shaved and treated daily with 100 pl of 100 ng TPA/ml in acetone for 2 or 20 weeks. For 2-stage carcino-
genesis, the back skins of newborn animals were treated with 1 dose of 2.5 ng DMBA (Sigma-Aldrich)
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in 50 pl acetone followed by twice-weekly applications of 100 ng TPA in 200 pl acetone for 20 weeks.
Tumor growth and tissue analyses were performed as previously described (26). For topical treatments,
2 sets (n = 4) of 3-month-old animals were shaved on both left and right sides of the back skin and then
treated daily for 10 days with 200 pl solvent (20% dimethyl sulfoxide in acetone) or 10 mM 10058-
F4 (Sigma-Aldrich). Animals were then euthanized for histological analyses. No clinical distress was
observed throughout the course of treatment.

Quantitative PCR. Total RNA was isolated from 3-month-old Cyld®** and 3 Cyld®**/*° mouse skins (n =
3/genotype) using RNAeasy column purification (Qiagen), and 5ug of each sample was used for cDNA syn-
thesis via oligo-dT—directed reverse transcription (Ambion). SYBR green—based quantitative PCR (qPCR)
was performed in Bio-Rad iCycler with the following primers for mouse c-Myc (forward 5-TAACTC-
GAGGAGGAGCTGGA-3' and reverse 5-GCCAAG GTTGTGAGGTTAGG-3') and GAPDH (forward
5-AGGTCGGTGTGAACGGATTTG-3' and reverse 5-TGTAGACCATGTAGTTGAGGTCA-3').

Protein analysis. For IP, protein lysates (250 pg/sample) of adult epidermal scrapes were incubated with
polyclonal antibodies against c-Myc or TRAF6 for 2 hours at 4°C followed by 2 hours of incubation with
protein A-agarose beads (ThermoFisher Scientific). The precipitated proteins were immunoblotted with an
antibody against K63-Ubiquitin (Au3, clone 05-1308, EMD Millipore). Immunoblots were detected with
an IRDye-688—conjugated secondary antibody (Li-Cor Biotechnology) or a HRP-conjugated anti-rabbit
IgG conformation specific secondary antibody (L27A9, Cell Signaling Technology). IHC and immunofluo-
rescent staining were performed with paraffin and frozen tissue sections, respectively, as described (53). The
primary antibodies for PPARy (H-100), TRAF6 (H-274), CYLD (H-419), and Actin (I-19) were obtained
from Santa Cruz Biotechnology Inc. Antibodies against Ki-67 (SP6) and the Alexa 555 dye—conjugated
secondary antibody were from ThermoFisher Scientific. Antibodies against phospho-c-Myc(62) (E1J4K),
CYLD (D1A10), and cleaved caspase 3 were from Cell Signaling Technology. The antibody against c-Myc
(Ab32072) was from Abcam. Oil Red O staining was performed with 0.18% Oil Red O and then counter-
stained with hematoxylin as described (34).

Statistics. P values were calculated using 2-tailed Student’s ¢ test. A P value of less than 0.05 was con-
sidered significant.

Study approval. Animal studies were conducted in accordance with protocols approved by Duke Animal
Care and Use Committee. Paraffin sections of human tissue specimens were obtained from Duke Derma-
topathology lab through a protocol approved by Duke IRB.
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