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Alterations in the NF-kB pathway can lead to skin pathologies with a significant burden to human
health such as psoriasis and cutaneous squamous cell carcinoma (cSCC). Caspase recruitment domain
(CARD)-containing scaffold proteins are key regulators of NF-kB signaling by providing a link between
membrane receptors and NF-kB transcriptional subunits. Mutations in the CARD family member,
CARD14, have been identified in patients with the inflammatory skin diseases psoriasis and pityriasis
rubra pilaris. Here, we describe that the gene coding for another CARD scaffold protein, CARD11, is
mutated in more than 38% of 111 ¢SCCs, and show that novel variants outside of the coiled-coil
domain lead to constitutively activated NF-kB signaling. CARD11 protein expression was detectable
in normal skin and increased in all cSCCs tested. CARD11 mRNA levels were comparable with CARD14 in
normal skin and CARD11 mRNA was increased in ¢SCC. In addition, we identified CARD11 mutations in
peritumoral and sun-exposed skin, suggesting that CARD11-mediated alterations in NF-kB signaling
may be an early event in the development of cSCC. (Am J Pathol 2015, 185: 2354—2363; http://
dx.doi.org/10.1016/j.ajpath.2015.05.018)
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Skin cancers are the most frequent human malignancy and
present an increasing health burden with a steep increase in
cutaneous squamous cell carcinoma (cSCC) occurring in the
aging population." Although metastasis is relatively uncom-
mon, advanced, often inoperable, locoregional disease is
frequent with ¢cSCC and such patients would benefit from
systemic or directly delivered (intralesional) chemotherapy.
Nonsurgical therapies also would be desirable for high-risk
patients with a considerable cSCC burden caused by immu-
nosuppression, for which repeated surgical procedures bring
significant morbidity.” For those cSCCs that do metastasize,
5-year survival rates are documented at less than 30%,” and as
many as one in three skin cancer—related deaths reported to
cancer registries are caused by cSCC (Informational Services
Division, NHS National Services, Scotland; Ahztp://www.
isdscotland.org/Health-Topics/Cancer/Cancer-Statistics/Skin/
#non-melanoma, last accessed April 17, 2015).

Copyright © 2015 American Society for Investigative Pathology.
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http://dx.doi.org/10.1016/j.ajpath.2015.05.018

Recent exome sequencing has shown that cSCC harbors a
mutation burden greater than any other known cancer with
metastatic potential,” ® only exceeded by basal cell carcinoma
of the skin.” These and other studies in human cSCC have
identified key driver mutations in NOTCH receptors, TP53,
CDKN2A, and RAS, whereas numerous murine models and
functional analyses have implicated disruption of major
signaling pathways such as epidermal growth factor receptor,
mitogen-activated protein kinase, and transforming growth
factor B.* In particular, NF-kB signaling has been shown to both
promote”'” and inhibit SCC in a variety of model systems.'''?
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CARD11 Mutations in Human Cutaneous SCC

The NF-«B family consists of five transcription factors,
RelA (P65), RelB, c-Rel, NF-kB1 (P100/P50), and NF-kB2
(P105/P52), which form a variety of homodimers and het-
erodimers that regulate the expression of genes associated
with a variety of processes, such as inflammatory and stress
responses. NF-kB can be activated via at least two different
pathways: the so-called canonical and noncanonical path-
ways.'® Canonical signaling begins with receptor-ligand
stimulation of a kinase cascade that phosphorylates the
inhibitor of NF-kB proteins via the inhibitor of NF-kf3
kinase (IKK) complex. The IKK complex consists of two
catalytic subunits, IKKa and IKKp, and the regulatory
subunit, NF-kB—essential modulator (also known as
IKKY).'*'> Once phosphorylated, the inhibitor of NF-kB
proteins is targeted for degradation, which releases NF-kB
subunits (predominantly P65 and P50) sequestered in the
cytoplasm. The released subunits translocate to the nucleus and
bind to DNA recognition motifs of target genes, as a dimer, to
regulate transcription. In contrast, the noncanonical pathway is
triggered by different stimuli and activation is mediated by an
alternative IKK complex (ie, essentially independent of the
NF-kB—essential modulator), and leads to transcriptional
regulation via the RelB and P52 subunits.'*'°

In normal skin, NF-«kB has been shown to be a critical
regulator of proliferation and differentiation and is key to
overall tissue homeostasis, which is essential for the pro-
tective role of this self-renewing organ.'’ Targeted ablation
of multiple components of this pathway in mice, coupled
with in vitro cellular experimentation, has driven much of
our understanding of how NF-kB regulates epidermal ho-
meostasis.'® Considerable data point to a growth inhibitory/
prodifferentiation role for NF-kB in epidermal keratino-
cytes. 1920 However, more recent murine data have indicated
that the primary role of NF-kB in epidermal keratinocytes is
to maintain immune homeostasis. A disruption of this status
quo results in changes in proliferation and apoptosis as a
result of immunologic cross-talk.”"** A likely explanation
for this controversy may lie in the complexity of the
pathway, the different models used, or cross-talk with other
major signaling axes such as TP53 and mitogen-activated
protein kinase.”> One emerging aspect, which largely was
ignored until recently, is the involvement of scaffold pro-
teins that provide a link between membrane receptors and
the IKK complex. A direct association between human skin
disease and a scaffold protein recently was established with
the identification of CARD 14 mutations in the common skin
disease psoriasis”**” and the much rarer condition pityriasis
rubra pilaris.”® Both skin conditions share significant clini-
cal overlap, and molecular characterization has shown
common mechanisms driven by mutations in CARD14 that
activate NF-kB—centric programs of gene expression.”* *°

Caspase recruitment domain (CARD)-containing proteins
are conserved across many species and are characterized by the
presence of different functional domains shared between family
members.”’ Structurally, CARD10, CARDI11, and CARD14
(also known as CARMA3, CARMAL1, and CARMA?2) contain
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a CARD and a coiled-coil domain located at their amino-
terminus, followed by a PDZ domain, then a SRC homology
3 (SH3) domain and a guanylate kinase-like (GUK) domain,
which together constitute the membrane-associated GUK re-
gion at the carboxy-terminus. After phosphorylation, CARD
proteins undergo conformational change that enables associa-
tion with the downstream signaling components B-cell lym-
phoma protein 10 (BCL10) and mucosa-associated lymphoid
tissue lymphoma translocation protein 1 (MALT1). Formation
of the complex CARD/BCL10/MALT! is believed to be an
essential step for triggering the subsequent events that lead to
activation of NF-kB.”” CARDI1 is essential for antigen
receptor—mediated NF-kB activation in lymphocytes,” and
mutations in the CARD and coiled-coil domains are prevalent
in diffuse large B-cell lymphoma (DLBCL), leading to hy-
peractive NF-kB signaling and increased cell survival.”’

In this study, we present data supporting a tumorigenic
role for CARD11 in human epidermis.

Materials and Methods
Sequencing

Sample collection and sequencing was performed as described
previously.” Primers were designed and validated by Fluidigm
Corporation (San Francisco, CA) per the recommended
guidelines for Roche Titanium sequencing (Roche, Man-
nheim, Germany). Each primer included a sample-specific
Fluidigm 454 barcode primer and adapter sequences. Primer
sequences are detailed in Table 1. Reactions contained 50 ng
genomic DNA, 1 pmol/L forward and reverse tagged ampli-
fication primers, 400 nmol/L. forward and reverse barcode
primers, 1x Access Array Loading Reagent, 1x FastStart
High Fidelity Reaction Buffer, 4.5 mmol/LL MgCl,, 5%
dimethyl sulfoxide, 0.05 U FastStart High Fidelity Enzyme
Blend, and 200 pmol/L. PCR-grade nucleotide mix (Roche).
Thermal cycling was performed on the Fluidigm FC1 Cycler
per the manufacturer’s guidelines. The resultant libraries were
harvested and collected on a microtiter plate and were
normalized and pooled before purification using the Agen-
court AMPure XP system (Beckman Coulter, High Wycombe,
UK) per the manufacturer’s protocol. Library components
were amplified clonally using the GSJunior emPCR Lib-A Kit
(Roche) by inputting one molecule of library DNA per capture
bead. Pyrosequencing was performed using the GS Junior
system (Roche). Mapping and variant calling were performed
as described.” ¢cSCC mutations were compared with those
reported previously for this tumor type and DLBCL using the
online catalog of somatic mutations in cancer (hftp://cancer.
sanger.ac.uk/cosmic, last accessed April 17, 2015).

P65 Activation Assays

NF-kB activity was determined using the TransAM NF-«B
transactivation assay (Active Motif, Rixensart, Belgium).
The initial assessment of CARD11 F130V, R818E, P833L,
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Table 1  CARD11 Primer Sequences

Reverse

Assay_ID Assay_name Forward

AAA0043704 CARD11_1 5'-CAGGGTGCCTGCCTCATAG-3'
AAA0029061 CARD11_2 5/-TTTACAAAAGGGGTGCATGAGGT-3'
AAA0051943 CARD11_3 5'-CGGGGAGGTGAAAACAACTCTTC-3'
AAA0029077 CARD11_4 5'-GGAAGTCGTCCTGGTTCATGG-3'
AAA0029066 CARD11_5 5'-CCCTCACAAGGACCGATGTTC-3'
AAA0029078 CARD11_6 5'-TATGAAAGTGGGATTTGCTTCCC-3'
AAA0029067 CARD11_7 5'-GGATTGCATTTGTTACTGCCTCT-3’
AAA0029069 CARD11_8 5/-CTATAAGCCCCTCTGCTGATGTT-3'
AAA0051944 CARD11_9 5/'-TCCCTGTGTGCTCTCCCA-3'
AAA0051940 CARD11_10 5'-GTCTGACCACCTTCCAGCTC-3’
AAA0029054 CARD11_11 5'-AGGAGAACAAAGCCCACATGAAT-3'
AAA0029062 CARD11_12 5'-AAAGAACAAGCTCACAGGGCATC-3'
AAA0029071 CARD11_13 5'-GTAAGGAGGCTTGGCATGGT-3’
AAA0051942 CARD11_14 5'-GTGGTGGGCATGAACTGGG-3'
AAA0029083 CARD11_15 5'-CAGGATTGTTCGTTACAGTGGGA-3'
AAA0029081 CARD11_16 5'-AGGATTTCCAGCTTACAGGGTTG-3’
AAA0029072 CARD11_17 5'-CTCAGTGGGCACCAGGG-3’
AAA0029075 CARD11_18 5/'-GTTGCACTGGACAAAACACTCTG-3'
AAA0029068 CARD11_19 5/'-ATCTAGTCCCTGGAAAGGAGTGT-3'
AAA0029076 CARD11_20 5'-CAGGTTCATCGTTTCCCCCAA-3'
AAA0029057 CARD11_21 5'-GGTGCATAGTGGACCTAGAACTC-3’
AAA0029065 CARD11_22 5'-CTTGGGCACCCCTCACC-3’
AAA0051941 CARD11_23 5/'-TGAACACCCACTTCTCTTGGTTC-3'
AAA0029063 CARD11_24 5'-CGGACCCCAGTTTAAAAATCCCT-3’
AAA0029058 CARD11_25 5'-GTGGAGGGCTGCAGTATGTTATG-3'

5'-TATAGGGAGAAGCAAGGCAGGG-3’
5'-GAGTGTCCAGACTCATGTGGG-3'
5'-TTTAAACATGGCTGGAAGGGGAT-3'
5'-AGGTGACCTCAGACACTGGAT-3’
5/-CTGCTGGGAGTCTCCTGCTTTTA-3'
5/'-CTCCAGTTCTCACCAGCATCATT-3'
5'-ACACAGATACAAGGAGCCACATC-3’
5/-CCCCATACTGATAGACAGCTGGA-3'
5'-CTCGCTCCCGCAGCTC-3’
5'-GTCCCAGTAGGGCTTTTCTCTTT-3’
5'-GAACCTCAGAGACCCATCTCCT-3’
5/'-CTCTCAGAAGCAAGGCCACTC-3'
5'-GTCCTCCCTGTGAGCAGATG-3’
5'-GAGCCCTCAAGGGAGAGAAGAG-3’
5'-TGGGAGGAGAGCTTGTCTATACC-3'
5'-CTAACGCCAGCTTTTTCTCTGTC-3’
5'-GACGAGAGCCACAGACGATG-3’
5'-CAACAGTCAGATAGTCGGTTCCC-3'
5'-TCCGTATCTGTTGCTGGTTCTTC-3’
5'-AAGAAGGAGAGAGGGGCATAACT-3’
5'-AGGATGAGAAGAAGCAGATGACG-3’
5'-CTTTTTCCACTTCCCAGTCCTCA-3’
5/-TCACAGAGTGATCTGGTCTTTCC-3'
5'-GCTGTTCCAGTGAGACTGCTTTAT-3’
5'-ACTTCCTGGCCTTTTCTTCCAAA-3’

and R1016K using individual assays for P50, P52, P65,
RELB, and c-REL identified only P50 and P65 increased
activation. All subsequent assays were performed using the
P65 TransAM assay. Briefly, human embryonic kidney
(HEK) 293 cells (3 x 10° cells/6-cm dish) were transfected
with DDK-tagged wild-type or mutant CARDI11 plasmid
DNA using Lipofectamine 2000 (Invitrogen, Paisley, UK).
Cells were harvested at 42 hours after transfection and both
cytoplasmic and nuclear fractions were isolated using a
Nuclear Extract Kit (Active Motif). Protein concentration
was determined by the Bradford assay and CARDII1
expression was analyzed by immunoblotting with an anti-
DDK antibody (TA50011; Origene, Rockville, MD). Wild-
type CARDI11 nuclear extract (10 pg) was loaded per well
of an enzyme-linked immunosorbent assay plate. To account
for variation in protein expression between different con-
structs, loading amounts were normalized against wild-type
CARDI11. The assay was performed according to the man-
ufacturer’s instructions and absorbance readings were
taken using a Versamax plate reader (Molecular Devices,
Sunnyvale, CA).

Recombinant CARD11 Immunofluorescence

HEK 293 cells were seeded on coverslips at 2 x 10° cells/well
in 24-well plates and transfected 24 hours later as described
earlier. Forty-two hours after transfection the cells were washed
in phosphate-buffered saline (PBS) and fixed for 20 minutes in
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4% paraformaldehyde in PBS at room temperature. Cells were
washed three times with PBS before incubating with 50 mmol/
L NH4CL/PBS and after a further wash in PBS were per-
meabilized with 0.2% Triton X-100/PBS (Sigma-Aldrich, St.
Louis, MO) for 4 minutes. After a PBS wash cells were blocked
(10% fetal calf serum, 0.5% bovine serum albumin, and 0.2%
Tween in PBS) for 40 minutes and then incubated with anti-
DDK antibody at 1:1000 dilution in blocking buffer for 1
hour at room temperature. After washing in PBS, Alexa
594—conjugated secondary antibody (Dako, Tokyo, Japan)
was added in blocking buffer for 30 minutes, followed by
washes in PBS, then distilled water, and coverslips were
mounted on slides using Prolong Gold Antifade plus DAPI
(Invitrogen) as a counterstain. Slides were viewed on a Zeiss
Axiovision fluorescent microscope (Zeiss, Cambridge, UK).

Immunohistochemistry

Immunohistochemical staining was performed on
formalin-fixed, paraffin-embedded cSCC tissue specimens
and normal skin specimens. Tissue sections were cut at
thicknesses of 3 pm (¢cSCC) and 5 um (normal skin) onto
3-aminopropyltrioxysilane—coated slides and dried over-
night in a 45°C oven, followed by de-waxing and dehy-
dration in xylene and industrial methylated spirits. Antigen
retrieval was performed by incubating sections in TRIS-
EDTA-citrate antigen unmasking solution (5 g EDTA,
2.5 g Tris base, and 3.2 g sodium citrate in 1 L of distilled

ajp.amjpathol.org m The American Journal of Pathology
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c¢SCC
CARD domain Coiled-coil domain PDZ domain SH3 domain GUK domain
DLBCL
CARD domain Coiled-coil domain PDZ domain SH3 domain GUK domain
Figure 1  Cutaneous squamous cell carcinoma (cSCC) caspase recruitment domain (CARD)11 mutations (n = 88) distribute evenly compared with diffuse large B-

cell lymphoma (DLBCL) (n = 85). CARD11 mutations (colored vertical lines) are distributed evenly throughout all protein domains in cSCC compared with clustering
within the coiled-coil and CARD domains in DLBCL. Mutations are indicated by vertical bars and were compiled from this study (66 cSCC) and the catalog of somatic
mutations in cancer (22 ¢SCC and 85 DLBCL) (http://cancer.sanger.ac.uk/cosmic; last accessed April 15, 2015). Green lines represent missense; red lines
represent nonsense; and yellow lines represent an insertion/deletion. Vertical bars above the CARD11 colored boxes indicate two or more mutations present at the
same amino acid position. Orange bars above the cSCC CARD11 cartoon indicate two regions of low sequence coverage in ¢SCC (2 to 10 reads).

water, pH adjusted to 8.1 with sodium hydroxide) for 35
minutes in a microwave set to full power. Endogenous
peroxidase activity was blocked at ambient temperature in
3% hydrogen peroxide in distilled water for 15 minutes
(cSCC) or 45 minutes (normal skin). A polyclonal anti-
body against recombinant human CARDI11 (ab113409;
Abcam, Cambridge, UK) was applied as the primary
antibody for 40 minutes at ambient temperature (cSCC) at
a dilution of 1:100. Incubation with secondary biotinylated
antibody followed by streptavidin-biotin-peroxidase complex
was performed using the Vector Elite ABC kit (Vector Lab-
oratories, Burlingame, CA) according to the manufacturer’s
instructions with diaminobenzidine as the chromogen and
hematoxylin as counterstain. Human cerebellum was used as
the positive control tissue. Negative control reactions were
performed on duplicate tissue sections by omitting the primary
antibody incubation step.

Immunofluorescence

Immunofluorescence staining was performed on formalin-
fixed, paraffin-embedded cSCC tissue and normal skin
specimens that were processed as for immunohistochemistry
(described earlier), with omission of the peroxidase block-
ing step. The CARDI11 antibody (1:200 final dilution) was
mixed with a monoclonal antibody raised against the active
subunit of P65 (MAB3026, clone 12H11; EMD Millipore,
Billerica, MA) (1:50 final dilution) and applied as the pri-
mary antibody for 1 hour at ambient temperature. A mix of
Alexa Fluor secondary antibodies (Alexa Fluor 488 goat
anti-mouse, 1:250 final dilution, and Alexa Fluor 594 goat
anti-rabbit, 1:800 final dilution) and DAPI (1x) (Life
Technologies, Grand Island, NY) were applied for 1 hour at
ambient room temperature. Sections were mounted and
documented using the EVOS FL AutoCell Imaging System
(Life Technologies).
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Results

Missense Mutations in CARD11 Are Frequent Events
in ¢SCC

Our initial studies aimed to identify mutated genes that segre-
gated with poorly differentiated ¢cSCC histologic grade and
more aggressive biological behavior. To do this we interrogated
our previous data set describing whole-exome sequencing of 10
well-differentiated and 10 poorly differentiated human ¢SCC
tumors.® As described in this study, unsupervised hierarchical
clustering of 20 tumors failed to separate cSCCs based on his-
tologic grade and mutation profile. This was consistent with a
recent study of poorly differentiated cSCCs that failed to iden-
tify a clear tumor suppressor or driver in high-grade tumors.”
However, from our exome data set we identified nine genes
that were mutated in >60% of poorly differentiated and <20%
of well-differentiated ¢SCCs (Supplemental Figure S1). Of
these, CARD11 was the only gene to be mutated preferentially
in poorly differentiated tumors (8 of 10) and not in well-
differentiated tumors (Supplemental Figure SI1 and
Supplemental Table S1). To validate this initial finding in our
discovery cohort we used targeted re-sequencing with Fluidigm
PCR amplification and 454 pyrosequencing in a cohort of 91
sporadic human cSCC samples as previously described.’
CARDI1 mutation did not stratify with histologic grade in
this cohort, but the overall mutation frequency was high (37%)
and similar when compared with the discovery cohort (40%),
thus identifying CARDI11 as heavily mutated in human ¢SCC
(38% of 111 c¢SCC; Supplemental Tables S1 and S2).

Missense Mutations in CARD11 Can Be Detected in
Normal Skin

Our previous sequencing analysis identified mutations in the
driver genes HRAS, NOTCHI, and NOTCH?2 present in
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Figure 2  Multidomain cutaneous squamous cell carcinoma (cSCC) mutations in CARD11 result in dysregulated NF-kB activity. A: Individual mutations were
transfected into HEK 293 cells and P65/NF-kB activity was analyzed using a TransAM enzyme-linked immunosorbent assay 42 hours after transfection. The
F130V is a diffuse large B-cell lymphoma—specific CARD11 mutation to increase P65 activation (data not shown). All other mutations are cSCC specific. The
initial assessment of CARD11 F130V, R818E, P833L, and R1016K, using individual assays for P50, P52, P65, RELB, and c-REL, identified only P50 and P65
increased activation. All subsequent assays were performed using the P65 TransAM assay. B: The mean of P65 activity relative to wild-type CARD11 for each
individual mutation from three to four separate experiments. Red bars indicate CARD11 variants with increased activity compared with CARD11 wild-type,
whereas black bars indicate no significant difference. Samples with only background activity comparable with the empty vector control are indicated by
yellow bars. C: DDK immunostaining shows the assembly of CARD11 into cytoplasmic aggregates. HEK 293 cells were seeded on coverslips and transfected 24
hours later as described. Forty-two hours after transfection the cells were incubated with an anti-DDK antibody followed by Alexa 594—conjugated secondary
antibody (Dako). Arrows indicate representative foci that are reduced in wild-type CARD11-transfected cells. D: A minimum of 200 cells from two separate
experiments were scored for the presence of cytoplasmic aggregates and the graph shows the aggregate-positive fraction for each indicated CARD11
transfection. E: Co-localization of DDK-CARD11 and MALT1 in cytoplasmic aggregates (arrows). Immunofluorescence was performed using anti-DDK antibody
and anti-MALT1 antibody. **P < 0.01, ***P < 0.001, two-sample t-test comparison with wild-type CARD11.

normal, peritumoral, and sun-exposed skin from patients
with ¢SCC.° Nine of 10 of these normal skin samples had
sufficient CARDII sequencing coverage to determine
whether CARDI1 mutation also could be detected. In four
of these nine samples, CARDII mutations readily were
detected in four or more sequencing reads, albeit at an allelic
frequency lower than the detection threshold of 10% for
tumors (average, 9.3% allelic frequency in skin compared
with 19.2% in cSCC). No equivalent mutations were iden-
tified in germline DNA isolated from peripheral blood.

CARD11 Mutations External to the Coiled-Coil Domain
Mediate Aberrant NF-kB Signaling

We next compared the spectrum of CARDII mutations in

c¢SCC with those reported for other tumors in the catalog of
somatic mutations in cancer.”> CARDI ] mutations (n = 88)
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were distributed more evenly in cSCC compared with those
reported in DLBCL, in which mutations in the CARD and
coiled-coil domains of CARD11 lead to hyperactive NF-kB
signaling and increased cell survival™ ' (Figure 1). Given
the even distribution of mutations in cSCC we speculated
that CARDI11 variants external to these domains also may
lead to dysregulated NF-«kB activity. To test this hypothesis
we generated a series of DDK-tagged CARDI11 constructs
comprising mutations against all described protein domains
and assessed their effect on NF-kB activity in vitro after
transfection into HEK 293 cells. Exogenous expression of
wild-type CARDI11 and a single DLBCL-specific mutation
(F130V”’) confirmed activation of NF-kB signaling using
enzyme-linked immunosorbent assay—based detection of
active NF-kB subunits. Specifically, P65 and P50 activity were
stimulated compared with the empty vector control with no
increase in c-Rel, RelB, or P52, consistent with activation of the

ajp.amjpathol.org m The American Journal of Pathology
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CARD11 signal intensity
*

:

Mutated Not Mutated

Figure 3

Caspase recruitment domain (CARD)11 is expressed in cutaneous squamous cell carcinoma (cSCC) and is increased in tumors harboring the

CARD11 mutation. A: Quantitation of immunohistochemistry in 38 separate cSCC samples using ab113409 antibody (Abcam) raised against recombinant
human CARD11 using a scale of 0 (absent) to 3 (high expression). The CARD11 mutation status was determined in 18 of the 38 samples: nine were mutated and
nine were not mutated. The mutation status was unknown in the remaining 20 samples. B—I: c¢SCC (n = 38) showed foci of high CARD11 expression often
associated with central regions of larger tumors (E and F). E and F as well as H and I, respectively, show high and low magnification of the same field. Human
cerebellum was used as the positive control tissue for CARD11 (not shown). Negative control reactions were performed on duplicate tissue sections by omitting
the primary antibody incubation step (not shown). *P < 0.05, two-sample t-test comparison; all other pairwise comparisons were not significant.

canonical NF-kB pathway (data not shown). Subsequently, we
identified five cSCC-specific mutants that, when expressed in
HEK 293 cells, induced a significant increase in P65 activity
compared with wild-type CARDI1 and at a comparable level
with F130V. Surprisingly, we also identified two variants
whose expression resulted in complete attenuation of the
CARD11-induced NF-kB response (Figure 2, A and B).
Together, our data indicate that mutations in multiple domains
of CARDI1 result in aberrant functionality with subsequent
consequences for NF-kB signaling.

Mutant CARD11 Assembles in Cytoplasmic Aggregates
Associated with Constitutive NF-xB Activity

Previous studies have shown that expression of activating
CARDI11 coiled-coil domain mutants results in multimeric ag-
gregation into cytoplasmic complexes, or signalosomes, in
contrast to wild-type CARD11, which can be found diffusely
throughout the cytoplasm.’'*” This spontaneous complex
formation was correlated previously with constitutive, receptor-
independent, NF-kB activation. Here, we analyzed the
subcellular distribution of DDK-CARDI1 proteins by immu-
nofluorescence after transfection into HEK 293 cells. Consistent
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with lymphoma-derived coiled-coil domain mutants, the F130V
DLBCL mutant was found extensively in large fluorescent foci
throughout the cytoplasm, which were reduced significantly in
wild-type CARD11 samples (Figure 2, C and D). Similar results
were seen with cSCC-specific mutant CARD1 1, including those
outside of the coiled-coil domain, whereas foci were reduced in
cells expressing mutant constructs not associated with altered
NF-kB activity (Figure 2D). Interestingly, cytoplasmic aggre-
gates also were extensive after expression of the R47C and
L1015F CARD and GUK domain mutants despite the inacti-
vation of downstream NF-kB activity (Figure 2, B and D).
Therefore, to confirm that these aggregates represented bona fide
signalosomes, we co-stained for the CARDI11 signaling partner
MALTTI. This showed a clear co-localization of CARD11 and
MALT1 within cytoplasmic aggregates, showing the enhanced
formation of signaling complexes on expression of those
CARD11 mutants that impacted P65 activity (Figure 2E).

CARD11 Expression Is Detected in all cSCC Where it Is Up-
Regulated and Localized to Specific Regions within Tumors

Little is known about the role of CARDI1 outside the
hematopoietic system and descriptions in epithelial tissue
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Figure 4  Caspase recruitment domain (CARD)11 is expressed in human skin and increased levels in cutaneous squamous cell carcinoma (cSCC) are
associated with nuclear P65. A: Immunofluorescence using a polyclonal antibody raised against recombinant human CARD11 detects low levels of expression in
normal human skin compared with ¢SCC tumors. Control indicates the omission of the primary antibody in normal human skin, DAPI highlights nuclei. B: Raw
signal intensities from bead-array experiments performed previously®* were searched for CARD11 and CARD14 expression in vitro (left graph) and in vivo (right
graph). Each graph (1 x CARD11, 3 x CARD14) represents a separate probe on the array. In each case expression of CARD11, but not CARD14, was increased in
¢SCC (n = 5 in vitro, n = 9 in vivo) compared with NHK or normal skin (n = 5). C: Dual immunofluorescence with polyclonal anti-CARD11 and monoclonal
anti-active P65 antibodies detects nuclear P65 in cSCC with high CARD11 expression. Scale bars: 100 um (A and C). **P < 0.01, two-sample t-test comparison.

NHK, normal human keratinocytes (n = 4).

and cancers are rare. The related protein CARD14 recently
was identified as being expressed in the basal layer of normal
skin, which subsequently is up-regulated and altered in distri-
bution in involved skin from patients with psoriasis and pity-
riasis rubra pilaris.25 26 Therefore, to ascertain whether
CARDI11 was present in human skin and ¢cSCC we analyzed
expression in vivo using immunohistochemistry and immuno-
fluorescence. A CARDI1 1-specific antibody identified expres-
sion in cSCC, with strong positive foci throughout all samples
(n = 38) (Figure 3). Quantitation scoring signal intensity as
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absent (0), low (1), medium (2), or high (3), showed a slight but
significant increase in CARD11 expression in tumors harboring
CARDI11 mutations (n = 9) compared with tumors in which
CARDI11 mutations were not detected (n = 9) (Figure 3A).
CARDI11 expression in ¢SCC was not uniform, rather the
strong positive staining was greatest in areas with increased
keratinocyte differentiation and in some larger tumors the
expression was very focal (Figure 3, E and F), indicating the
possibility of a selective signaling switch in response to pres-
sures such as reduced vascularization. Variation in staining
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intensity and positive foci within individual cells was reminis-
cent of the signalosome aggregation observed in transfected
293 cells (Figures 2C and 3, B—I, and Supplemental Figure S2).
Immunofluorescence using breast and foreskin epidermis (n =
5) showed that CARD11 expression was detected throughout
normal epidermis at substantially lower levels compared with
c¢SCC (Figure 4A).

CARD11 mRNA Expression Is Increased in ¢SCC
Compared with Normal Skin

Consistent with our immunofluorescence data, analysis of
our previous microarray data’® showed that CARDII
mRNA expression was increased in primary cultured cSCC
keratinocytes compared with normal primary keratinocytes
and significantly increased in ¢SCC tissue compared with
normal skin (P = 0.0067). CARD14 expression was com-
parable with CARDI11 in vitro and in vivo but was not
altered in cSCC (Figure 4B).

Nuclear P65 Is Associated with High CARD11
Expression in ¢SCC

To correlate CARDI11 expression with NF-kB activation
in vivo, we co-incubated sections from cSCC (n = 8) with
antibodies raised against CARD11 and nuclear P65. Spe-
cific nuclear P65 expression was evident only in regions of
tumors with high levels of CARDI11 expression (Figure 4C),
indicating that in tumors with high levels of CARDII,
NF-kB activation is evident.

Discussion

The findings described here point to a role for CARDI11 in
human ¢SCC development. Consistent with a role for NF-
kB signaling in promoting ¢SCC,”>*® CARDI11 c¢SCC
variants increased NF-kB activation in the absence of
exogenous cytokine stimulation (Figure 2). The mechanism
for NF-kB activation by CARDI11 variants in the CARD
and coiled-coil domain has been described.””' For those
¢SCC variants within the C-terminal, membrane-associated
GUK region that lead to enhanced NF-«B activity, a
likely mechanism is a negative regulatory function in
keeping with the importance of the SH3 and GUK domains
for CARD11-mediated NF-kB signaling.”” SH3 and GUK
domains likely regulate activity by controlling subcellular
localization and crucial protein—protein interactions.”*’
Furthermore, enhanced activation has been reported upon
loss of MAGUK domains™ raising the possibility that
c¢SCC-specific variants may increase activity by abrogating
this inhibitory action. Exactly how the mutations we identify
here affect CARD11 function and impact NF-kB signaling
in the epidermis currently is unclear, but because down-
stream activation is comparable with oncogenic coiled-coil
domain mutants (also identified in ¢cSCC), it suggests that
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CARDI11-mediated NF-kB signaling is regulated at multiple
levels in human c¢SCC.

The parallel between CARDII mutation in ¢cSCC and
CARD 14 mutation in psoriasis is intriguing given the sim-
ilarities, and the differences, in these two diseases. Each
show increased proliferation, inflammation, and delayed
differentiation, however, cSCC is malignant and psoriasis
benign. We and others have exploited these properties to
identify gene expression changes specific to cSCC,”**" and
it is tempting to speculate that at least some of the differ-
ences between these two diseases may be mediated through
differential CARD signal transduction. It is important to
note that CARD scaffold proteins can signal through path-
ways other than NF-«kB, such as Jun N-terminal kinase.*>*
The identification of cSCC mutations in the CARD and
GUK domains that abolish CARDI11-mediated NF-«B
activation yet maintain signalosome formation may be
indicative of differential signaling. Similar variants in
CARD14, which reduced NF-kB activation in 293 cells
in vitro, also were identified in psoriasis patients,24 therefore
further work will be needed to determine whether CARD11
and CARDI14 do indeed mediate differential signaling in
keratinocytes. Another possibility is that cSCC variants that
abolish NF-kB activation reflect the published context-
dependent role of NF-kB signaling in keratinocytes'”'"**
and, given the correct context, reduction of NF-kB signaling
through CARD11 mutation may be tumor promoting. Those
CARDI11 variants that abolish NF-kB activation may result
from disruption of essential protein—protein interactions such
as association with BCL10*>** and PDK1,* both of which are
crucial for pathway activation.

Although sharing a high degree of homology, CARDI0,
CARDI11, and CARDI14 are reported to have different tissue
expression patterns, suggesting that they mediate different
signaling pathways through differential expression. An anal-
ysis of gene expression data sets indicated significant overlap;
CARDI10 is expressed in a broad range of tissues, and
CARDI11, although expressed most highly in the hematopoi-
etic system, is co-expressed with CARD14 in mucosal tissue
such as tonsil and tongue papilla.”® Skin was not included in
this analysis, and it now is clear from our work and that of
others that both CARDI14 and CARDI11 are expressed in the
epidermis25 (Figure 4A). The functional significance of
CARDI11 expression in the skin is shown by severe dermatitis,
erythematous eruptions, and hyperkeratosis, which develop in
unmodulated mice that carry an inactivating point mutation in
CARDI11.% Thus, in mice, CARD14 expression in the skin is
unable to compensate for CARDI11 inactivation.

Our analysis of nuclear P65 in a small subset of tumor
samples shows that in regions of cSCC with high CARDI11
expression, NF-kB activation is apparent (Figure 4C). This was
observed regardless of CARDI11 mutation status, suggesting
that CARD11 expression, rather than mutation, dictates NF-«xB
activation. However, semiquantitative analysis of CARDI1
expression levels also identified a small, but significant, in-
crease in CARD11 in mutated tumors compared with tumors in
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which no CARDI11 mutations were detected (Figure 3A),
suggesting that CARD11 mutation in cSCC increases NF-kB
activation, pointing toward a protumorigenic role. In support of
a driver role for CARDI11 we note that a recent study using
targeted sequencing of 29 ¢SCC lymph node metastasis also
highlighted mutations in CARDI1 1.%° Such a role, howeyver, is
not supported by the even distribution of mutations observed in
¢SCC when compared with DLBCL (Figure 1), and future
functional experiments are necessary to determine whether the
CARD11 mutation truly is contributing to cSCC development
or is a consequence of a high mutation rate in this tumor type.
The observation of high levels of CARD11 expression in spe-
cific regions of the tumor does raise the possibility that
spatiotemporal regulation of NF-kB occurs through the local-
ized expression of CARDI11, mutant or wild-type. Indeed, in
psoriasis and pityriasis rubra pilaris, mutant CARD14 expres-
sion increases and relocates, presumably in response to disease
pathology. Further work to determine whether gain-of-function
or loss-of-function CARDI11 mutants provide a context-
dependent selective advantage for tumor cells in human
¢SCC pathogenesis is ongoing. Therapies targeting the
signaling complex, such as MALT1 inhibitors,***’ may well
provide an opportunity for targeting progressive disease.

In conclusion, we present data that identify high-frequency
somatic mutations in CARDI1 as a feature of human ¢SCC
and show that novel mutations in regions of CARDI1
external to the coiled-coil domain result in aberrant NF-xB
signaling with potential consequences for disease patho-
genesis. We show that CARDI11 is expressed throughout
normal skin and is up-regulated significantly in cSCC, in
which high levels of CARD11 correlate with nuclear P65 and
therefore NF-kB activation. Together, our data increase our
understanding of human c¢SCC and highlight potentially
novel targets for therapeutic development.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2015.05.018.
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