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SUMMARY

Caspase recruitment domain family member 14 (CARD14) and its variants are associated

with both atopic dermatitis (AD) and psoriasis, but their mechanistic impact on skin barrier
homeostasis is largely unknown. CARD14 is known to signal via NF-xB; however, CARD14-
NF-xB signaling does not fully explain the heterogeneity of CARD14-driven disease. Here, we
describe a direct interaction between CARD14 and MYC and show that CARD14 signals through
MY C in keratinocytes to coordinate skin barrier homeostasis. CARD14 directly binds MYC and
influences barrier formation in an MY C-dependent fashion, and this mechanism is undermined by
disease-associated CARD14 variants. These studies establish a paradigm that CARD14 activation
regulates skin barrier function by two distinct mechanisms, including activating NF-xB to bolster
the antimicrobial (chemical) barrier and stimulating MY C to bolster the physical barrier. Finally,
we show that CARD14-dependent MY C signaling occurs in other epithelia, expanding the impact
of our findings beyond the skin.
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In brief

The epithelial protein CARD14 canonically regulates NF-xB and is associated with atopic
dermatitis and psoriasis. DeVore et al. report that CARD14 also regulates MY C signaling to
influence barrier homeostasis—a mechanism altered by disease-associated genetic variants. This
pathway may represent a potential therapeutic target in diseases of dysregulated barrier function.
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INTRODUCTION

RESULTS

Atopic dermatitis (AD) impacts nearly 20% of children worldwide and portends the
development of other allergic diseases via the atopic march.! Skin barrier dysfunction

is a key pathogenic contributor to AD; the transcutaneous passage of allergens through

a leaky epidermal barrier promotes the sensitization and local inflammation that primes
local and distal allergic disease.! Barrier dysfunction also underlies other epithelial diseases
(e.g., psoriasis, food allergy) and even systemic autoimmune diseases,? and the extent of
dysfunction correlates with disease severity.2:3 Understanding the mechanisms underlying
epithelial barrier homeostasis and dysfunction is thus crucial for developing novel strategies
for the prevention and treatment of not only a spectrum of human skin diseases but also a
wide range of pathologies in other epithelia.

Barrier homeostasis relies on a coordinated balance between the proliferation and
differentiation of epithelial cells. Within the skin, proliferating basal keratinocytes
repopulate the epidermis, while suprabasal differentiation gives rise to the structural
components required for an optimally protective barrier. On such protein is filaggrin (FLG)*;
reduced FLG is associated with barrier dysfunction and is a significant risk factor for

AD and atopy.>8 Our group recently identified the signaling protein caspase recruitment
domain family member 14 (CARD14) and its common missense variant rs11652075 (C>T,
p.R820W, minor allele frequency [MAF] = 0.477) as FLG regulators in a genome-wide
association study (GWAS) of the Mechanisms of Progression of Atopic Dermatitis to
Asthma in Children (MPAACH) cohort, the first US-based cohort of children with AD.”
CARD14 is expressed in epithelial and mucosal tissues.® Canonically, activated CARD14
recruits B cell lymphoma/leukemia 10 and mucosa-associated lymphoid tissue lymphoma
translocation protein 1 (MALT1) to form a “CBM complex” that induces nuclear factor xB
(NF-xB) and MAPK signaling.® Importantly, CARDI4 and its genetic variants, although
rare, are implicated in the pathogenesis of AD, psoriasis, and other inflammatory skin
diseases.10:11 Despite these strong associations, the breadth of the impact of CARDI4 and
its variants on epithelial homeostasis, as well as the underlying mechanisms, are not fully
understood.

Here, we demonstrate an MY C regulatory pathway whereby CARD14 is a direct

regulator of MYC, and that disease-associated CARD14 variants perturb this mechanism

in keratinocytes to promote skin barrier dysfunction. Consistent with the known roles of
MYC in the skin,12 we further demonstrate that the CBM and CARD14 variants influence
keratinocyte proliferation, epidermal differentiation, and skin barrier function. Finally, we
provide evidence that the CARD14-MY C pathway may contribute to barrier homeostasis
and disease pathogenesis in other CARD14-expressing epithelia (i.e., esophageal, nasal and
airway epithelia), thus extending the impact of our findings beyond the epidermis.

The AD-associated R820W variant, like other disease-associated CARD14 variants, affects
NF-xB signaling Using the expanded MPAACH cohort with known CARD14rs11652075
genotypes, we confirmed our previous finding” that the T allele (TT), which encodes
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the CARD14 R820W substitution, is associated with reduced ~LG in non-lesional (NL)
skin (Figure 1A; Table S1). However, the mechanisms underlying this association are
largely unknown. Despite its frequency, strong evolutionary conservation of basic amino
acid residues at the 820 position and multiple algorithms suggest intolerance to the

R820W substitution (Figure S1A; Table $2).13-16 Two other CARD14 mutations (1593T
and N737H) have been associated with AD and have hypomorphic effects on NF-xB
signaling®?; thus, we hypothesized that R820W behaves similarly. To test this, we examined
the mMRNA expression level of the antimicrobial peptide (AMP) gene SZ00A817 a known
CARD14-NF-xB target gene, in the NL skin of individuals homozygous for the TT
genotype vs. the CC or CT genotypes, and found reduced mRNA expression levels

in TT individuals (Figure 1B). Further supporting the hypothesis that R820W has a
hypomorphic effect on NF-xB signaling, NF-xB luciferase reporter assays showed reduced
NF-xB activation by CARD14 constructs expressing the R820W protein compared to WT
protein (Figure 1C). As expected, CARD14 constructs expressing R820W elicited less
NF-xB activity than those expressing the psoriasis-associated? gain-of-function (GoF)
mutation E138A. Notably, R820W protein elicited more NF-xB activity than CARD14
harboring either of the AD-associated hypomorphic N737H and 1593T mutations. These
data show that within a spectrum of functional CARD14 variants, the R820W variant has a
hypomorphic effect on NF-xB signaling with respect to WT.

The CARD14 R820W variant and MALT1 inhibition reduce MYC transcriptional signatures

Although altered CARD14-NF-xB signaling is known to contribute to several epidermal
diseases, it is notable that there are several described psoriasis-associated CARD14 variants
(e.g., R38C, H171N) that do not hyperactivate NF-xB as would be expected.1® This
observation suggests that CARD14 variants, including R820W, may affect keratinocyte
function and influence barrier homeostasis and disease by signaling through cellular
pathways in addition to NF-«xB.

To investigate additional pathways affected by R820W, we compared the transcriptomes

of CARD14 “C (“WT”) versus isogenic CRISPR-edited CARD14 /T (“R820W”) HaCaT
keratinocytes’ either with the vehicle DMSO (“V”) or with treatment with the MALT1
inhibitor mepazine (“M”) (Figures 1D and S1B). The most significantly downregulated gene
sets in vehicle-treated R820W cells vs. WT cells by gene set enrichment analysis (GSEA)
were Hallmark MYC Targets V1 and Hallmark MYC Targets V2 (Figures 1E, S1C, and
S1D). Ingenuity Pathway Analysis (IPA) also predicted that MY C is a crucial upstream
regulatory protein inhibited in R820W + V cells, that MYC’s antagonist Max dimerization
protein 1 (MAD, encoded by MXD1)1? is activated in R820W cells (Figures 1F and 1G),
and that R820W cells have perturbations in several MY C-associated cellular functions
(Figure 1H). Further supporting the negative effect of R820W on MYC, Integrated Library
of Integrated Network-Based Cellular Signatures transcriptomic analysis2? positively
correlated the R820W signature with those of cells deficient in MYCand cells treated

with inhibitors of the MY C activator ERK?! (Table S3). Mepazine-treated R820W and WT
cells also had attenuated MY C signatures compared to their respective vehicle-treated cells
and to each other (Figure S2), indicating that MALT1 signaling also contributes to MYC
activity. The altered MY C signatures were also validated in RNA sequencing (RNA-seq)
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results generated using a separate sequencing analysis package, EdgeR.22 Several studies
have demonstrated a crucial role for MY C signaling on keratinocyte proliferation and
differentiation12; thus, we decided to investigate the influence of CARD14 signaling on
MY C and further explore the effects of their interplay on keratinocyte and barrier function.

MYC levels are reduced but MYC autophagy is elevated in R820W and mepazine-treated
keratinocytes

Supporting the sequencing, cellular MY C protein levels were reduced in R820W cells and
mepazine-treated cells (Figures 2A and 2B). Levels of the MY C antagonist MAD were
unchanged, but the ratio of MYC:MAD was reduced in R820W and mepazine-treated
cells. The lack of statistical significance of the ANOVA interaction term indicates that the
effects of the R820W genotype and mepazine treatment on MY C occur independently of
each other. Notably, mepazine did not reduce MYC protein in CARD14-deficient (“KO”
[knockout]) HaCaT keratinocytes’ (Figures S3A and S3B), indicating that the suppressive
effect of MALT1 on MYC levels is CARD14 dependent. Similarly, nuclear localization
of MYC was additively reduced in R820W and mepazine-treated cells, and the effect of
MALT1 was eliminated in KO cells (Figures 2C, 2D, and S3C-S3F). These data show
that CARD14 signaling affects the amount of cellular MY C protein as well as its nuclear
localization, thereby supporting the existence of a CARD14-MYC pathway in keratinocytes.

We next sought to determine how CARD14 signaling impacts MY C mechanistically.
MALT1 upregulates MYC expression in regulatory T cells downstream of CARD11,23

so we first looked for an effect of CARD14 on MYCtranscription. Despite observing
altered MYC counts in our sequencing data, the levels and stability of both MYCand
MXD1 (encoding MAD) were unchanged by qPCR (Figures S3G and S3L). However, the
half-life of MYC (but not MAD) protein was shorter in both R820W and mepazine-treated
cells (Figures S4A-S4C), suggesting differential degradation of MYC protein. Proteasome
inhibition did not rescue MY C levels, and ERK signaling (which attenuates the proteasomal
degradation of MY C?21) was not reduced in R820W or mepazine-treated cells, indicating
MY C degradation is proteasome independent (Figures S4D-S4G).

In contrast, the autophagy inhibitor bafilomycin caused an increase in MYC protein
accumulation in R820W and mepazine-treated cells, indicating increased MY C autophagic
flux in these conditions (Figures 2E and 2G). Although the effect of mepazine was
independent of CARD14 genotype, mepazine did not increase MY C autophagic flux in
CARD14-deficient KO cells, indicating that MALT1-mediated MY C autophagy is CARD14
dependent (Figures S4H and S41). However, nonselective (bulk) autophagy, as measured by
autophagic flux of the autophagic mediator LC3B, was decreased in R820W and mepazine
cells (in agreement with prior studies?4) and was CARD14 independent (Figures 2F, 2G,
S4J, and S4K). These data together indicate that the primary mediator of MY C degradation
in R820W- and MALT1-inhibited cells is selective (rather than nonselective) autophagy and
that this mechanism is dependent on CARD14.
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CARD14 and MYC directly bind in keratinocytes and are dependent on CARD14 activation
status and the presence of disease-associated CARD14 variants

Given the dependence of MY C degradation on CARD14, we next investigated whether
the CARD14 protein directly associates with MYC. Indeed, MY C immunoprecipitated
with CARD14 (Figure 3A). MYC did not immunoprecipitate with CARD10, which is also
expressed in keratinocytes2> (Figure S5A). Proximity ligation assays (PLAS) subsequently
demonstrated that CARD14 and MYC co-localize within ~40 nm26 in both co-transfected
HaCaT cells and engineered skin substitutes?” that we generated from patient-matched
primary keratinocytes and fibroblasts of each homozygous genotype (Figures 3B, 3C,
S5B, and S5C; primary cell characteristics in Table S4). These data strongly suggest a
direct interaction between the CARD14 and MY C proteins. /n1 silico modeling identified

a strong candidate binding interaction between MYC and CARD14 (Figure 3D). We next
co-expressed CARD14 and MYC in the presence of the small molecule 10058-F4, an MY C-
MAX dimerization inhibitor that binds MY C within its predicted CARD14 binding site.
Notably, prolonged (i.e., 24 h) treatment with 10058-F4 reduced CARD14-MYC binding
(Figure 3E), thereby supporting the interaction predicted by our modeling data.

To examine the effects of CARD14 variants and signaling on CARD14-MY C binding,

we transfected KO HaCaT cells with different CARD14 variant constructs and

stimulated CARD14 signaling with phorbol myristate acetate (PMA) and ionomycin.
Notably, CARD14 stimulation noticeably reduced MYC binding to CARD14WT but not
CARD14R820W (Figure S5D), thereby suggesting that CARD14-MY C binding is altered
by both CARD14 activation and mutation status. Consistent with this, keratinocytes
expressing GoF CARD14E138A had significantly fewer FLAG-MYC PLA puncta per cell
(indicating fewer instances of CARD14-MYC interaction) than CARD14WT, Alternatively,
cells expressing CARD14R820W and the AD-associated CARD14!593T hypomorphic variant
had significantly more PLA puncta than WT, indicating maintained points of CARD14-
MY C interaction with these variants. Although puncta numbers per cell trended higher

in cells expressing the AD-associated CARD14N737H hypomorph, this was not significant
(Figures 3F and 3G). Together, these data support that CARD14 not only directly binds
MY C but also that this interaction is modulated by both CARD14 activation and genetic
variants associated with both AD and psoriatic diseases.

CARD14-MYC signaling regulates keratinocyte proliferation and epidermal barrier function

Given this CARD14-MYC interaction and the altered MY C signatures we observed in
R820W versus WT cells, we hypothesized that CARD14 influences MY C-associated
keratinocyte functions. To assess this, we first utilized WT and R820W HaCaT keratinocytes
whose isogenic properties allowed more accurate functional comparisons than primary
keratinocytes that exhibit considerable heterogeneity. We noted reduced cellular proliferation
in R820W HaCaT keratinocytes compared to WT, and although mepazine also attenuated
proliferation, this was not completely CARD14 dependent (Figures 4A, 4B, and S6A-S6C).
MYC, as well as the CARD14 paralogs CARD9 and CARD11, are known to influence
mitochondrial function2328; however, we did not detect differences in mitochondrial mass,
membrane potential, nor ATP production in R820W versus WT keratinocytes (Figures S6D—
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S6G). We also did not detect an effect of R820W or mepazine on keratinocyte migration as
measured by wound healing “scratch” assays (Figure S6H).

MY C is known to promote suprabasal epidermal differentiation.12 HaCaT keratinocytes

do not reliably form a functional barrier, limiting our ability to test this particular MY C-
associated phenotype with isogenic cell lines. Thus, despite their genetic variability, we
instead differentiated CARDI4 ¢/C and CARDI14 /T primary keratinocyte strains (Table S4)
at the air-liquid interface (ALI) and monitored longitudinal barrier function by measuring
transepithelial electrical resistance (TEER; Figure 4C). CARD147/T primary keratinocytes
had a lower maximum TEER than CARD14 </C primary keratinocyte strains (Figure

4D), showing that the R820W variant negatively impacts barrier function. Furthermore,
incubation with mepazine and/or the MY C inhibitor 10058-F4 reduced maximum barrier
function and fold change in TEER from days 6-8 (when TEER curves were steepest;
Figures 4E-4G), indicating that optimal barrier function is also dependent on MALT1

and MY C signaling. Although the full thickness of the ALIs were similar, MYC

inhibition decreased stratum corneum (SC) thickness, and in mepazine-treated ALIs, the
SC represented a reduced proportion of the full thickness (Figures 4H, 41, and S7A),
suggesting interrupted epidermal differentiation. As observed in HaCaT keratinocytes, MYC
expression in primary keratinocytes was lower in the context of CARD14 77 strains or
with mepazine (Figures 4J and 4K). Although levels of the MY C antagonist MAD were
unchanged, the ratio of MYC:MAD protein also trended lower (Figures STB-S7D). As in
HaCaTs, MYCand MXDImRNA levels were predominantly unchanged (Figures S7E and
S7F). In alignment with the MPAACH GWAS, total FLG protein was lower in CARD14
/T ALIs (Figures 4L, 4M, and S7G). MALT1 and MYC inhibition additively suppressed
FLG protein in CARD14 <€ ALIs but not CARD14 /T ALls, likely due to lower baseline
expression and high variability. MYC inhibition suppressed LG mRNA, but we were
underpowered to detect baseline changes by genotype or treatment (Figure S7H). Together,
these data highlight that the hypomorphic R820W variant, MY C antagonism, and MALT1
inhibition attenuate keratinocyte proliferation, differentiation, and barrier function, thereby
supporting a crucial role for CARD14-MYC signaling in processes necessary for epidermal
homeostasis and protection from AD.

CARD14-MYC signaling promotes keratinocyte differentiation in vivo

To build on our observations that CARD14-MYC signaling contributes to epidermal
differentiation and homeostasis, we next used pre-existing single-cell RNA-seq (SCRNA-
seq) data from healthy neonatal foreskin.2® Using established marker genes, we combined
keratinocyte Louvain clusters into three cell populations, each reflecting a major

epidermal layer: basal, spinous, and granular (Figures SBA-S8D). The granular population
encompasses cells from both the granular and corneal layers due to the small number

of corneocytes sequenced. Within all three populations, MYC*/CARD14" cells had
significantly upregulated MYC signatures compared to MYC*/CARD14™ cells despite
similar MY C expression levels (Figures 5A-5C and S8E). Given the differentiation-
promoting effects of MYC in the skin,12 we hypothesized that the transcriptomes of cells
with detectable CARD14 expression would reflect a more advanced differentiation state than
those with undetectable CARD14 expression. Indeed, compared to MYC*/CARD14~ cells,
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the differentially expressed genes in MYC*/CARD14* cells were significantly enriched for
Gene Ontology (GO) terms related to epidermal or skin differentiation and keratinization,
particularly within the more superficial spinous and granular populations (Figure 5D).

In contrast, the same GO terms were largely unchanged between MYC~/CARD14" and
MYC~/CARD14" cells, indicating that the pro-differentiation effect of CARD14 is MYC
dependent (Figure S8F). These data strongly support a role for CARD14-MY C interactions
in keratinocyte differentiation and epidermal homeostasis /7 vivo.

MYC signaling is altered downstream of pathogenic CARD14 variants

The impact of CARD14 missense variants on inflammatory skin diseases is often attributed
solely to altered NF-xB signaling, with GoF variants causing psoriatic disease and loss-of-
function (LoF) variants causing AD.19 However, our data have shown that concomitant
perturbation of MY C signaling likely contributes to these CARD14-driven diseases as well
(Figure 5E). Indeed, compared to healthy skin, psoriasis vulgaris (PsV) and generalized
pustular psoriasis (GPP) skin harboring the CARD14 GoF mutations G117S and E138A
GOF exhibited elevated MYC signatures (Figures 5F and 5G).30 Paralleling their relative
NF-xB-activating capacities, MY C signatures in E138A skin were higher than those in
G117S skin (Figure S9A).18 Likewise, skin MYC signatures were strongly and persistently
upregulated after inducing expression of the GoF Card1451%8A gene in mice (Figures

5H, S9B, and S9C).31 Notably, other studies have shown that both humans and mice
harboring E138A or similar GoF mutations have greater epidermal thickness and expression
of terminal differentiation markers, including the crucial barrier gene FLG.17:31-34

To further examine the effect of hypomorphic CARD14 variants on MY C, we performed
RNA-seq analysis on KO HaCaTs transfected with plasmids expressing CARD14WT or
CARD14 harboring each of the AD-associated hypomorphic variants (R820W, 1593T, and
N737H; Figure 51). Confirming our sequencing in isogenic WT and R820W HaCaTs, cells
expressing CARD14R820W had reduced MY C signatures compared to those expressing
CARD14WT (Figure 5J). Similarly, MYC signatures were decreased in cells expressing
CARD14'593T (Figure 5K).

Interestingly, MYC signatures were unchanged in cells expressing CARD14N737H despite
its known suppressive effect on NF-xB (Figure 5L).11 These data indicate that N737H
primarily exerts its pro-AD effect by suppressing NF-xB, in contrast to the 1593T and
R820W variants, which suppress both MYC and NF-xB. This finding uncouples CARD14-
MYC from CARD14-NF-xB signaling, indicating that these two CARD14-dependent
signaling pathways may independently contribute to the pathogenesis of inflammatory
skin diseases. Importantly, in agreement with this, we found that the psoriasis-associated
CARD14 mutations (e.g., R38C, H171N) that do not hyperactivate NF-xB18 (which
prompted our initial RNA-seq experiment) instead upregulate MY C signatures compared
to WT CARD14 and even NF-xB-inducing GoF mutations (Figures S9D and S9E). These
data build on the existing model of CARD14-driven inflammatory disease by offering
perturbed CARD14-MYC signaling as an independent or complementary mechanism to
altered CARD14-NF-xB signaling.
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MYC signaling is preserved in the absence of CARD14

In contrast to the suppressed MY C signatures with hypomorphic CARD14 mutations, we
observed that KO HaCaT cells had an MY C signature similar to isogenic WT cells but
upregulated compared to R820W cells (Figures 6A and 6B). This observation prompted us
to hypothesize that, in contrast to active MYC degradation in the context of hypomorphic
CARD14 variants, MYC remains intact and capable of maintaining barrier homeostasis in
CARD14-deficient conditions. Supporting this, nuclear MYC in KO cells was comparable
to WT but greater than R820W cells (Figures 6C and 6D), while MY C autophagic

flux in KO cells was comparable to WT but less than R820W cells (Figures 6E and

6F). Furthermore, transcriptional data from previous murine studies revealed that Card14-
deficient (Card14 ") mice have MYC signatures comparable to those of Card14-sufficient
(Card14%*) mice (Figure 6G) and have similar expression levels of Ki67 and terminal
differentiation markers.32:35 Importantly, there were no appreciable phenotypic differences
between Card14-deficient and Card14-sufficient mice that would suggest spontaneous AD
development (Figure 6H). There were also no significant alterations in baseline epidermal
thickness or transepidermal water loss (TEWL), a measure of barrier function (Figures
61-6K). Nuclear MYC staining was also similar (Figure 6L). These studies highlight that
CARD14 deficiency does not result in altered epidermal structure or function, in part due to
retained homeostatic MYC signaling.

AD is absent in a rare case of human CARD14 deficiency

Consistent with our /n vitro and mouse data, we recently identified a patient with
CARD14 deficiency without any overt skin barrier defect. The 3.5-month-old infant,

born at term to consanguineous parents, presented with fever, cough, and moniliasis at

15 days old and was hospitalized for pneumonia. No skin involvement was noted. His
family history was significant for a cousin with severe combined immunodeficiency (SCID)
due to a homozygous Artemis deficiency (c.110A>G). The patient was found to have
lymphopenia (623/mm3), mild neutropenia (1,110/mm?3), and low serum immunoglobulin
levels (immunoglobulin G [1gG] 487 mg/dL [receiving intravenous Ig therapy], IgM

<4.17 mg/dL, IgA <6.67 mg/dL, IgE 18.5 IU/mL). Lymphocyte subset analyses revealed
T cell-negative, B cell-negative, NK cell-positive SCID with oligoclonal proliferation.
Exome sequencing confirmed Artemis SCID, but incidentally identified homozygous
truncating CARD14 mutations (rs772958714; ¢.892C>T; p.R298X) (Figure 6M). The
patient subsequently received a human leukocyte antigen-matched hematopoietic stem cell
transplant (HSCT) without a conditioning regimen, which fully engrafted. His HSCT had
no significant sequelae other than nail dystrophy and autoimmune alopecia, which presented
approximately 2.5 and 6 years later, respectively. Other than his alopecia, the patient has
never exhibited any skin findings nor AD lesions to date despite his CARD14 deficiency
and the propensity of patients with SCID to develop dermatitis.36 Although several genetic
databases lack additional patients with CARD14 deficiency,37-39 the Genome Aggregation
Database predicts that CARD14 s tolerant to LoF variants (observed/expected score =
0.75 [95% confidence interval {CI} = 0.58-0.99]).3° These data collectively support our
hypothesis and our observations in cells and mice that epidermal barrier function is
preserved in the context of CARD14 deficiency, perhaps due to preserved MY C signaling.
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Altered CARD14-MYC signaling may contribute to barrier homeostasis and allergic disease
in other epithelial tissues

We next used published transcriptomic data to further explore the role of CARD14-MYC
signaling and CARD14 variants in both healthy and diseased skin, as well as in other
epithelial tissues. Since rs11652075 is exonic, we used RNA-seq FASTQ files (where
available) to infer the genotypes of each subject, thereby allowing us to make comparisons
between them (Figure 7A). Corroborating our /in vitro data, we detected reduced MYC
signatures within the healthy skin of CARD14 ™/ versus CARD14 </Cindividuals (Figure
7B).40 We next looked for elevated MY C signaling in psoriatic skin, where increased
interleukin-17A (IL-17A) signaling through keratinocyte IL-17R is known to hyperactivate
CARD14.10.3241 |ndeed, MYC signatures were upregulated in psoriatic versus healthy
skin in two separate studies.*042 Furthermore, and consistent with the literature,18:41.43
patients with psoriasis were significantly enriched for the CARD14WT-encoding C allele
that elicits greater MYC activity than the CARD14R820W_encoding TT (Figures 7C, S9F,
and S9G). Furthermore, we found that treatment with anti-1L-17A biologic secukinumab
attenuated MY C signatures in psoriatic skin (Figures S9H and S9I), which is consistent with
a theoretical decrease in IL-17R-driven CARD14-MYC signaling.

CARD14 is also expressed in the esophageal mucosa and airway epithelia,® and individuals
with severely hypomorphic CARD14 mutations (N737H and 1593T) exhibit both food
allergy and allergic asthma.1! Because of this, we next looked for signs of altered CARD14-
MY C signaling in other epithelia. MYC signatures were similar in healthy CARD14

/T viersus CARD14 ©/T esophagi (note that no healthy CARD14 ¢ individuals were
identified)**; however, signatures trended downward in esophagi affected by eosinophilic
esophagitis*® (EoE) compared to healthy esophagi (Figures 7D and 7E). Additionally,
patients with EoE were enriched for the rs11652075 TT (Figure S9J), strongly suggesting a
pathogenic role for CARD14 and the R820W variant in EoE. We also detected reduced
MY C signatures within the bronchi of individuals with T helper 2 cell (Th2)-high

asthma (Figure 7F)*6 and in the nasal epithelia of individuals with eosinophilic chronic
rhinosinusitis with nasal polyps (CRWNP) compared to healthy controls (Figure 7G).47
Together, these data suggest that CARD14- and rs11652075-dependent MY C signaling
could contribute to homeostasis, pathogenesis, and treatment responses in not only the skin
but also other CARD14-expressing epithelial tissues.

DISCUSSION

With its predominantly epithelial expression, its role in epidermal immunity, and its strong
links to inflammatory skin diseases ranging from AD to psoriasis,”-1%11 it is increasingly
evident that CARD14 is a major determinant of epidermal homeostasis and health. Previous
studies have largely focused on the effects of CARD14-NF-xB signaling and its downstream
immunological consequences in the context of skin pathology, with the current paradigm
positing that elevated CARD14-NF-«xB signaling promotes psoriatic diseases, while reduced
signaling promotes AD.10.11 However, the CARD14-NF-xB model alone does not fully
explain the heterogeneity of CARD14-driven disease, and the broader role of CARD14

in the homeostasis of healthy skin remains unclear. In the present study, we identified
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a CARD14-MYC signaling pathway that mechanistically links CARD14 to skin barrier
homeostasis and helps explain the pleiotropic effects of CARD14 disease pathogenesis
(Figure 7H).

Canonically, epidermal CARD14 signaling through the NF-xB and MAPK pathways form
a protective antimicrobial barrier by inducing the expression of protective AMPs (e.g.,
S100A8, S100A9) and pro-inflammatory factors. Given this, the CARD14-NF-xB/MAPK
signaling has been the primary focus of most CARD14 studies to date. However, the present
study elucidates a non-canonical CARD14 signaling pathway through MYC. MYC plays a
crucial role in epidermal homeostasis; its activation drives basal keratinocyte proliferation,
stem cell renewal, and suprabasal keratinocyte differentiation.12 Our data reveal a direct
interaction between CARD14 and MYC and demonstrate that CARD14 activation promotes
MY C dissociation, nuclear localization, and transcriptional activity. Functionally, this drives
keratinocyte proliferation, suprabasal differentiation, and more robust barrier function. These
findings fill a gap in the existing MYC literature, as well as prior CARD14 studies

where the pro-differentiation effects of CARD14 have been noted in murine models of

GoF mutations. Notably, FL G levels were elevated in the skin of mice expressing the
Car-d145136A gllele from birth1” and after 1 month in a Card145238A-inducible model.31
Our findings demonstrate that the regulatory effect of CARD14 on FL G expression that we
initially described’ is mechanistically mediated in part by CARD14-MYC signaling.

The present study establishes a paradigm that CARD14WT activation regulates skin barrier
function by two distinct mechanisms: (1) stimulating NF-xB to bolster the antimicrobial
(chemical) barrier, and (2) stimulating MYC to bolster the physical barrier. Notably,
aberrant skin function secondary to anti-microbial and/or physical epidermal dysfunction is
a prominent feature of major inflammatory skin diseases, including both AD and psoriasis.*8
It is becoming clear that the association of CARD14 with both disease states arises from
alterations in CARD14 signaling strength influenced by a combination of extrinsic (e.qg.,
IL-17A) and intrinsic (e.g., missense variants) factors. The existing model posits that the
risks of psoriasis and AD are increased at the high and low (including absent) extremes

of CARD14-NF-xB signaling, respectively.1911 The CARD14-MYC pathway modifies this
model by providing another direct mechanism through which CARD14 missense variants
promote or potentiate inflammatory skin diseases, thereby representing a paradigm shift in
how we think about CARD14-associated diseases. For example, in addition to the elevated
CARD14-NF-xB signaling induced by CARD14E138A our data show increased MY C-
CARD14F138A dissociation compared to MYC-CARD14WT and that MYC signatures are
increased in the skin of both mice and humans expressing CARD14E138A compared to
CARD14WT More broadly, in psoriatic skin, which typically has increased CARD14-NF-
xB signaling,30:31.42 we detected concomitantly elevated MY C signatures. We also found
that, like NF-xB, MYC signals were reversed with secukinumab,*? a biologic that reduces
engagement of the CARD14-activating IL-17R7-32 and has shown promise in treating
CARD14-associated pathologies.3#4249 Future CARD14 studies should therefore consider
not only the impact of CARD14-NF-xB signaling but also the contributions of concomitant
CARD14-MYC signaling.
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The CARD14-MYC pathway further complements the CARD14-NF-xB model by
addressing aspects of CARD14-inflammatory skin disease not explained by either pathway
alone. We found that several psoriasis-associated CARD14 mutations (e.g., R38C, H171N)
that do not increase NF-xB signaling®8 still induce MYC; it is likely that CARD14-MYC
signaling is one of the primary mechanisms underlying the pathogenic effects of such
mutations. Conversely, we found the N737H mutation, which strongly attenuates NF-xB,
does not significantly suppress MY C dissociation and function. Thus, it is possible that

the effects of the N737H mutation on NF-xB drive its association with AD more so than
its effects on MYC. Although the present study focused on CARD14-MY C signaling, it

is probable that CARD14 and its variants modulate additional pathways than previously
recognized that contribute to epithelial function and/or pathogenesis in addition to or
independently from the known pathways. Future studies aimed at elucidating and describing
other CARD14-driven pathways are necessary given their potential impact on human
epithelial homeostasis and disease.

The CARD14-MY C pathway explains the paradoxical finding that CARD14 deficiency
does not trigger severe dermatitis in mice or even humans.10:32:35 Qur data suggest that in
the absence of CARD14, MYC protein remains intact and therefore capable of sustaining
homeostasis of the physical barrier (even in the absence of CARD14-NF-xB signaling).
This finding further supports modifications to the existing model of CARD14-driven
disease by demonstrating that CARD14-MYC signaling contributes to skin homeostasis

and inflammatory disease in conjunction with, but independent from, CARD14-NF-xB. The
individual and combined contributions of each modality in both healthy and diseased skin
warrant further scrutiny. As such, murine experiments further characterizing the mechanistic
interplay between the CARD14-NF-xB and CARD14-MYC pathways under homeostatic
and pathologic conditions (e.g., Aspergillus-induced AD) are under way in our laboratory.

We also examined the role of the CARD14-MYC pathway in other allergic diseases

and epithelial tissues. Our studies uncovered downregulated MY C signatures in Th2-high
asthma, eosinophilic CRWNP, and EoE, and revealed overrepresentation of the rs11652075
TT genotype in patients with EOE. These data suggest that altered CARD14-MYC signaling
could affect barrier function and predispose to clinical disease in epithelia other than the
epidermis, although the role of CARD14 has not been directly examined. The description of
the regulation of MY C by CARD14 also raises the intriguing possibility that dysregulated
CARD14-MYC signaling contributes to epithelial carcinogenesis in certain contexts. Indeed,
CARD14 overexpression and upregulated nuclear MY C localization are associated with
prostate cancer.29°1 Consequently, additional studies are needed to more comprehensively
examine how the CARD14-MY C pathway coordinates barrier homeostasis and disease
(including cancer) within other epithelia, and how these processes are impacted by CARDI14
variants.

Our data reveal that hypomorphic CARD14 binds MY C and attenuates its activity

by mediating its autophagic degradation (a notable observation given that MYC is
typically degraded by the proteasome®2). Importantly, we show that the MY C-binding
small molecule 10058-F4 disrupts the interaction of MYC with CARD14. Given our
finding that skin barrier function is intact when in the absence of CARD14, these data
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serve as preliminary evidence that this mechanism could be leveraged therapeutically.

A hypothetical agent that specifically binds CARD14 to prevent MY C binding and/or
degradation could mimic CARD14-deficient conditions and thereby re-establish homeostatic
MY C signaling and protective barrier function. Such an agent would be particularly
beneficial in patients harboring hypomorphic CARD14 variants, which is a considerable
portion of the population given the high frequency of R820W (MAF = 0.477; versus MAFs
<0.0001 for the rare 1593T and N737H hypomorphic mutations1). In summary, our findings
reveal the CARD14-MYC pathway as an intracellular mechanism that could be targeted
therapeutically to mitigate one’s risk of inflammatory skin diseases and, more broadly,
diseases characterized by epithelial barrier dysfunction.

Limitations of the study

Our study demonstrates the CARD14-MY C mechanism within keratinocytes. Although the
RNA-seq analyses support that this is also the case in other epithelial cells, further studies
are warranted. The primary keratinocytes used in our studies are derived from female
individuals; although the cells were grown /in vitro, results should be interpreted with this
in mind. Similarly, our interpretation of CARD14 deficiency in humans is limited by only
having one identified patient who is male and has a concurrent SCID; the discovery and
evaluation of a heterogeneous population of patients with CARD14 deficiency is required.
Our study is also limited by the number of dominant-negative and GoF variants analyzed.
Future studies testing the effects of additional disease-associated variants on the CARD14-
MY C mechanism are needed. Finally, the nature of the CARD14-MYC interaction and
autophagy mechanism need to be studied in more detail to enable future drug-discovery
experiments.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Gurjit Khurana Hershey
(qurjit.hershey@cchmc.org).

Materials availability—All unique reagents generated in this study are available from the
lead contact with a completed materials transfer agreement.

Data and code availability

. Values underlying the statistical calculations for graphs presented within this
manuscript are available in the Supplemental Information. Sequencing data
are accessible in the Gene Expression Omnibus (GEO) repository®® under the
accession numbers GEO: GSE263420 and GEO: GSE263428.

. This paper does not report original code. Code utilized in this study were adapted
from existing code for DESeq2,°6 EdgeR,22 GSEA,>’ and Seurat.%8

. Any additional information required to reanalyze the data reported in this work
paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

MPAACH study—The recruitment details, exclusion and inclusion criteria of the
MPAACH cohort have been detailed previously.>? Briefly, enrolled participants were <2
years old on enrollment with a gestation of =36 weeks and have an AD diagnosis based

on the Hanifin and Rajka criteria or the Children’s Eczema Questionnaire. Exclusions
include a comorbid lung condition, dependence on immunosuppression or oral steroids for
a medical condition other than asthma, conditions precluding biological sample collection
or spirometry, and a bleeding diathesis. Target enroliment for MPAACH (7= 700) was
based on power calculations for longitudinal outcomes. Characteristics of the cohort overall
and subset by analysis type are detailed in Table S1. The MPAACH study was approved
by the Cincinnati Children’s Hospital Medical Center (CCHMC) IRB under protocol
number 2016-5842, and informed consent was provided by all subjects. Isolation of
primary Keratinocytes was approved by the UC IRB under protocol number 2013-4582
and determined to be non-human subjects research.

Murine model—Wild-type C57BL/6J mice were purchased from Jackson Laboratories and
bred in-house. The Card14 mice were the kind gift of Dr. Ken Ishii (National Institutes of
Biomedical Innovation, Health and Nutrition, Osaka, Japan) and were backcrossed at least
eight times into the C57BL/6J background upon generation.3> Near-equal numbers of male
and female mice of each genotype ranging 2—4 months of age were utilized. Mice were
maintained and handled under procedures approved by the IACUC-approved procedures at
CCHMC and the Guide for the Care and Use of Laboratory Animals.5°

Cell culture models—/n vitro biologic studies to evaluate the variant’s functionality used
HaCaT keratinocytes, primary keratinocytes and fibroblasts, and HEK293T cells. Human
primary keratinocytes and fibroblasts were isolated from de-identified human skin discarded
from plastic surgeries in healthy females®! at CCHMC, the University of Cincinnati (UC)
and Shriners Hospital for Children-Cincinnati. Characteristics of the cell strains derived
from de-identified donors are detailed in Table S4. HaCaT keratinocytes were obtained from
Cell Lines Service.

METHOD DETAILS

MPAACH methods—MPAACH genotyping has been described previously.” Briefly, DNA
from each subject was isolated from either saliva (collected using the OGR-675 kit and
purified using the preplT-L2P kit) or blood (collected in EDTA or Sodium Heparin tubes)
and purified using the DNeasy Blood & Tissue Kit. DNA was subjected to genotyping using
the Infinium Multi-Ethnic Global-8 Kit in the Genotyping and Sequencing Core at CCHMC.

Lesional (L) skin is defined by the Hanifin and Rajka diagnostic criteria for AD.2 Non-
lesional (NL) skin is defined as a site with no lesional history (per parental report) =10 cm
from lesional sites. Skin tape strips were taken from L and NL skin at each MPAACH visit
as described and validated previously.5%:62 12 tape strips for each sampled skin site were
collected at each visit. RNA was extracted from tapes 8 to 9 using Promega ReliaPrep RNA
Miniprep System. RNA was reverse-transcribed using SuperScript IV VILO Master Mix.
gPCR was performed on a LightCycler 96 instrument using TagMan gene expression assays
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and TagMan Fast Advanced Master Mix (probes listed in the Key Resources Table) with
appropriate controls as validated previously.59-62 Expression levels were normalized to 285
and the maximum expression from tape strip 8 and 9 from each subject is used to denote
expression of each gene. Transepidermal water loss (TEWL) was assessed in non-lesional
skin using the DermalLab TEWL Probe. Scoring for Atopic Dermatitis (SCORAD) was
performed to assess AD severity of each subject.53

Murine study methods—Transepidermal water loss (TEWL) was assessed on shaved
back skin using the DermalLab TEWL Probe. For histology, skin stripes were collected from
the shaved area and formalin-fixed before being processed by the CCHMC Pathology Core.
H&E staining and MY C immunohistochemistry were performed using standard techniques
as described below. Epidermal thicknesses were measured from the H&Es using NIS
Elements software.

Cell culture methods—All cells were maintained at 37°C at 5% CO»,. HaCaT
keratinocytes and HEK293T cells were maintained in DMEM with low glucose, GlutaMAX
supplement, and pyruvate supplemented with 10% fetal bovine serum and 1% antibiotic-
antimycotic. Primary keratinocytes for ESS and ALI models were maintained in MCDB153
base mediab? supplemented with 1X antibiotic-antimycotic solution, bovine pituitary extract
(2 mL/L), 0.5 ug/mL hydrocortisone, 5 pg/mL insulin, and 1 ng/mL epidermal growth factor
(EGF). For experiments, primary cells were seeded into Medium 154 supplemented with
human keratinocyte growth supplement (HKGS) and 1% antibiotic-antimycotic solution
unless stated otherwise. Primary fibroblasts were maintained in DMEM supplemented with
1x antibiotic-antimycotic solution, 4% FBS, 0.5 pg/mL hydrocortisone, 5 pg/mL insulin, 10
ng/mL EGF, and 0.1 mM L-ascorbic acid 2-phosphate (L-AA2P).

For experiments requiring MALT1 inhibition, cells were treated with the indicated duration
of mepazine prior to harvest. For experiments requiring CARD14 stimulation, cells were
treated with the indicated duration of PMA and ionomycin prior to harvest. For autophagy,
proteasome, mRNA stability and protein stability studies, cells were treated with 3 h
bafilomycin A1 Ready Made solution, 3 h MG132, or indicated durations of actinomycin
D or cycloheximide, respectively, prior to harvest. Treatment dosages are indicated in the
Key Resources Table. Plasmids were transfected as required using Lipofectamine 3000.
For the RNA-sequencing experiment of CARD14-GFP transfected HaCaT cells, cells were
trypsinized and sorted for GFP-expressing cells by the CCHMC Research Flow Cytometry
Core prior to lysis.

Plasmid cloning—The human full-length CARD14 ORF and a synthesized FLAG-
T2A sequence were restriction cloned into a pcDNA3-eGFP plasmid to generate a
CARD14R820W_F| AG-T2A-eGFP plasmid. The Q5 Site-Directed Mutagenesis (SDM) Kit
was used per manufacturer’s protocol to introduce modifications of interest and to remove
the T2A sequence for certain applications (primers listed in the Key Resources Table).

The HA-HA-MY C-mCherry plasmid was generated by restriction cloning the mCherry
sequence onto the C terminus of the HA-HA-MYC construct. The CARD10-6xHis
plasmid was generated by SDM-cloning a 6x-His sequence into a human CARD10ORF.
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Plasmid sequences were confirmed by Sanger sequencing at the CCHMC Sequencing and
Genotyping Core.

Air-liquid interface (ALI) and engineered skin substitute (ESS) models—For
AL experiments, 5e° primary keratinocytes in Medium 154 + HKGS were seeded into
12mm Transwells (0.4 uM pore). Transwells were switched to high-calcium (1.8 mM)
Medium 154 + HKGS at day 2, and lifted to ALI at day 4 (i.e., no media in top

chamber). Longitudinal mepazine and 10058-F4 treatments were also initiated at day 4.
Transepithelial electrical resistance (TEER) measurements were taken using an EVOM2
meter and EndOhm-12G chamber. Wells were lysed in BL buffer +1% thioglycerol for
MRNA collection, radioimmunoprecipitation assay (RIPA) buffer (150 mM tris base, 150
mM NacCl, 0.1% SDS, 0.5% deoxycholate, 1% Triton X-100) with 1x Halt Protease Inhibitor
Cocktail and 1x Halt Phosphatase Inhibitor Cocktail for protein collection, or formalin-fixed
overnight and sectioned and stained for H&E by the CCHMC Pathology Core.

The ESS experiments were performed as previously detailed.2” Briefly, primary fibroblasts
(5e° cell/cm?2) were inoculated onto collagen-glycosaminoglycan scaffolds held at air-liquid
interface with polyvinyl acetal sponges. Keratinocytes (1e8 cell/cm?) were added 24 h later
and incubated for 2 weeks (37°C, 5% CO,) on cotton pads at the air-liquid interface.

For longitudinal mepazine and 10058-F4 experiments, ESS were split into separate wells
and treatments applied at day 7. Culture media was comprised of DMEM/F12 which was
supplemented by 0.3% FBS, 1x antibiotic-antimycotic solution, 1 mM strontium chloride,
1x insulin-transferrin-selenium solution, 10 pg/mL linoleic acid, 0.1 mM L-AAZ2P, 20 p.m.
triiodothyronine, 0.5 pg/mL hydrocortisone, 5 ng/mL keratinocyte growth factor, and 1
ng/mL basic fibroblast growth factor. ESS biopsies were formalin-fixed overnight and
sectioned by the CCHMC Pathology Core. PLAs were performed as noted below.

Quantitative PCR—HaCaT cells were seeded into 12-well plates in complete media and
treatment initiated the following day. Cells were lysed in BL buffer +1% thioglycerol,
RNA isolated using the ReliaPrep RNA Miniprep System, and reverse-transcribed using
SuperScript IV VILO Master Mix. For gPCR analysis, the resulting cDNA was run on

the QuantStudio 3 Real-Time PCR System using TagMan Fast Advanced Master Mix and
TagMan probes per manufacturer’s instructions. Ct values for analysis were obtained from
Applied Biosystems Analysis Software and further analyzed in Microsoft Excel.

RNA-sequencing—The untransfected biological replicates submitted to the UC
Genomics, Epigenomics and Sequencing Core®4 were checked for quality control and
subjected to bulk RNA-sequencing (1x85bp) using the Illumina NextSeq 550 System.
Quality trimmed reads were mapped to the human hg19 genome, quantified using RSEM®>
and mapped with Bowtie 2%6 using default thresholds within the computational suite for
bioinformaticians and biologists tool (CSBB v. 3). Resulting counts matrices were analyzed
in R using the DESeq2°6 and EdgeR?? packages to generate differential expression data, and
GSEA was performed using the fgsea package®’ in R. Differentially expressed genes were
also examined by Ingenuity Pathway Analysis software and by iLINCS.20 The workflow

for the CARD14-GFP-transfected HaCaT experiment was similar but utilized the NEBNext

Cell Rep. Author manuscript; available in PMC 2024 October 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

DeVore et al.

Page 17

Single Cell/Low Input RNA Library Prep Kit and was sequenced with a PE 2x61bp setting
on an Illumina NextSeq 2000 System.

Immunoprecipitations (IPs), immunoblotting—HaCaT keratinocytes were plated and
either treated or transfected (using Lipofectamine 3000) the next day as required. Except
for cell fractionation experiments, cells were lysed in RIPA buffer with protease and
phosphatase inhibitors for immunaoblots.

For cell fractionation, cells were scraped, pelleted, and resuspended in 400 pL CE buffer (10
mM HEPES; 10 mM KCI, 0.1 mM EDTA, 1mM DTT, protease and phosphatase inhibitors).
25 pL of 10% NP-40 was added. After centrifugation, the supernatant (cytoplasmic fraction)
was removed. The nuclear fraction was washed with PBS and lysed in 30 uL of NE

buffer (20 MM HEPES, 0.4 M NaCl, 1 mM EDTA, 1 mM DTT, protease and phosphatase
inhibitors). Samples were subjected to immunoblotting as described below.

For IPs, 50 pL lysate was incubated overnight with 1 pg antibody with rotation at 4°C.
Antibody-protein complexes were incubated 1 h with Protein G Dynabeads, IP’d with a
magnetic rack and washed with wash buffer (20 mM Tris base pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 1 mM NagVOy, 0.1% SDS). Proteins were eluted by
boiling 10 min at 95°C in 12 pL 6x sample buffer (60 mM Tris base pH 6.8, 12% SDS, 47%
glycerol, 10% B-mercaptoethanol, bromophenol blue). As loading control, 5 pL of original
lysate was also prepared in 6x sample buffer. Samples were run as described below.

For all immunoblots, samples concentrations were determined using the Pierce BCA Protein
Assay Kit. Equal amounts of protein were prepared in 6x sample buffer and run on either
10- or 15-well 4-15% Mini-PROTEAN TGX Precast Protein Gels with in Tris/Glycine/SDS
running buffer for 40 min at 200 V, then transferred to an Immun-Blot PVDF membrane in
Tris/Glycine Buffer for 60 min at 100 V. Blots were blocked for 1 h in EveryBlot Blocking
Buffer, incubated with primary antibody overnight, and with secondary antibodies for 1

h prior to imaging with Immobilon Forte Western HRP Substrate on the ChemiDoc MP
Imaging System. Where appropriate, blots were stripped 10 min with Restore PLUS Western
Blot Stripping Buffer. Densitometry was performed using Image Lab 6.1 software. Target
gene band intensities were normalized to the respective housekeeping band intensities.
Autophagic flux was calculated by dividing the normalized intensities of bafilomycin-
treated samples by the normalized intensities of the corresponding vehicle-treated samples.
Antibodies and concentrations used are listed in the Key Resources Table.

Imaging—*For nuclear MY C immunofluorescent (IF) experiments, HaCaT keratinocytes
were seeded into wells containing gelatin-coated coverslips and treated with mepazine

or vehicle for 24 h prior to formalin fixation. Cells were permeabilized in PBS +0.25%
Triton X-, blocked 1 h in 5% normal donkey serum (NDS), incubated with MY C antibody
overnight, and with secondary antibody 1 h. Nuclei were counterstained with DAPI (1:000)
before mounting onto slides with ProLong Diamond Antifade Mountant. Images were
obtained with identical settings on a Nikon A1 LUNYV inverted microscope in the CCHMC
Bio-Imaging and Analysis Facility, and nuclear MY C intensity quantified using ImageJ
using the StarDist plugin.
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For proximity ligation assays (PLAs), KO HaCaT cells were seeded into gelatin-coated
8-well Ibidi slides with removable wells. The following day, cells were transfected

with plasmids and/or treated as indicated prior to formalin fixation and permeabilization
(as above). For ESS PLAs, paraffin-embedded ESS sections were deparaffinized and
subjected to heat-induced epitope retrieval with sodium citrate. All slides were treated in
accordance with the NaveniFlex MR PLA kit per the manufacturer’s protocol. Nuclei were
counterstained with DAPI (1:1000) before coverslipping with ProLong Diamond Antifade
Mountant. Images were obtained with identical settings on a Nikon A1 LUNV inverted
microscope in the CCHMC Bio-Imaging and Analysis Facility. Puncta were counted in R5
HaCaT keratinocytes that were found to be co-transfected with the desired construct(s).

For mitochondrial imaging, HaCaT cells were seeded into 8-well Ibidi slides for 48 h,

then stained with tetramethylrhodamine, ethyl ester (TMRE), Acridine Orange 10-Nonyl
Bromide (NAO), and NucRed Live 647 for 30 min prior to live-cell imaging on a Nikon
AI1R inverted LUNV confocal microscope. z stack images were processed and analyzed for
staining intensity in NIS Elements and IMARIS software.

Proliferation & migration assays

Cell Trace Violet proliferation and Ki67 flow Cytometry: HaCaT keratinocytes were
seeded into 6-well plates and the next day stained with Cell Trace Violet per manufacturer’s
protocol before treatment with DMSO (vehicle) or mepazine. Media and treatments were
changed daily. After 72 h, cells were trypsinized, stained with the LIVE/DEAD Fixable
Near-IR Dead Cell Stain Kit, and fixed and permeabilized with IC Fixation Buffer

and Permeabilization Buffers, respectively. Cells were stained with Ki67-BUV737 for

30 min before analysis on a BD LSRFortessa Cell Analyzer in the CCHMC Research

Flow Cytometry Core. Data were analyzed on FlowJo, using single-stained controls for
compensation.

WST-1 Colorimetric proliferation assay: HaCaT keratinocytes were seeded into 96-well
plates. At each time point, 100 pL of media with 10 pL WST-1 Assay Reagent for and
incubated 2 h before reading on an Agilent BioTek Microplate Reader. Final values were
calculated by subtracting background (650 nM) from signal (440 nM) readings.

Wound Healing “Scratch” Assay: HaCaTs were seeded into 24-well plates and grown to
confluence. After 48 h, wells were treated for 3hr with Mitomycin C, after which a scratch
was created with a p200 pipette tip and mepazine or vehicle treatment. At 0 and 24 h,
images of the same location in each well were obtained using a Zeiss AxioCam ERc5s
camera mounted on an Axio Vert A1 microscope using Zen 3.3 Blue software. Scratch
wound areas were quantified in ImageJ, and % closure calculated for each well as (Areayan,/
Areagp)*100%.

Seahorse: HaCaT keratinocytes were seeded in complete media into a Seahorse XF96

cell culture microplates and media changed after 3 h. Media was switched to XF DMEM
after 24 h and cells were subjected to the Seahorse XF Real-Time ATP Rate Assay per
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manufacturer’s protocol on a Seahorse XFe96 Analyzer instrument. Data was exported and
analyzed using the Agilent Seahorse Analytics software.

In silico analyses: Clustal O (1.2.4) was used to align the UniProt CARD14 amino acid
sequence (UniProt: Q9BXLS6) to its homologous proteins in several mammalian species.
Predicted structural and/or functional consequences of the R820W variant were tested by
the /n silico algorithms PolyPhen2,13 SIFT,14 SNAP21® and SuSPect.16 Structural modeling
of the complex between the C-terminal helical region of MYC (residues 349-439) and

the MAGUK region of CARD14 (residues 569-1000) was performed using AlphaFold
Multimer87:68 with Amber force field relaxation via the Google Research Colaboratory.
Previously-published RNA-sequencing and microarray data were obtained from the GEO
repository (Table S5). For human studies, rs11652075 genotypes were determined in
RNAseq datasets by counting the number of FASTQ reads aligning to the rs11652075 C-
or T-allele in Python, then assigning a call based on the following criteria: if (28 C &0 T)
or (C>8 & C/T >5) = CARDI14 “; if (0C& =8 T) or (T > 8 & T/C > 5) = CARD14
TIT-if (C>8 & T > 8) or (not CARD14 ¢ & not CARD14 7T & (C+ T >8) & (CIT
<5o0r T/C <5)) = CARD14 “T_If untransformed count matrices were available, data

was analyzed in R using DESeq2 and GSEA as above. If such matrices were unavailable,
differential expression analysis was determined using the GEO2R tool18 if available before
GSEA analysis in R. If neither were available, raw counts matrices were rederived from
deposited FASTQ files as above. The single cell RNA-seq dataset from GEO: GSE147482
was analyzed using Seurat®8 in R.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all data statistics were performed on non-normalized data with a = 0.05 unless
otherwise noted. This non-normalized data is provided in the supplemental information. For
MPAACH data, distributional characteristics of all continuous variables were evaluated for
normality following log-transformation and associations between the indicated rs11652075
genotype groups and the designated outcomes were performed using generalized linear
modeling in R, specifically using linear regression with the identity link function within

the Gaussian family. Unless otherwise noted, all other experiments were performed at least
three independent times (with exact replicate numbers noted in the figure legends) and their
statistics performed in GraphPad Prism 9. Distributional characteristics of all continuous
variables were evaluated for normality following log-transformation when required and
statistical analyses were performed with two-tailed parametric or non-parametric tests
accordingly. When shown, Tukey’s post-hoc tests were utilized in ANOVA analyses. For
gPCR analyses, fold change expression in each condition was calculated by the 27AACT
method.89 WST-1 proliferation doubling times were determined by exponential regression
modeling, and both MY C and MAD protein and mRNA half-lives were determined using
one-phase decay regression modeling. Maximum ALI TEER values were determined using
Gaussian nonlinear regression modeling.

Supplementary Material

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

CARD14 signaling directly regulates MY C in keratinocytes to promote
barrier homeostasis

Pathogenic genetic variants dysregulate CARD14-MYC signaling, promoting
barrier dysfunction

Skin barrier function remains intact in the context of complete CARD14
deficiency

The CARD14-MYC mechanism may contribute to diseases beyond the
epidermis
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Figure 1. The AD-associated R820W variant affects NF-xB signaling and suppresses MYC
transcriptional signatures

(A and B) Maximum relative expression values of NL FLG (A) and SI00A8 mRNA in

the skin of children with AD in the MPAACH cohort by rs11652075 genotype. CC: n=
208; CT: n=227; TT: n=69. Median and interquartile range are shown. The simple

linear regression b coefficients and p values of the indicated groupings on log-transformed
expression values are shown.

(C) Relative luciferase activity in HEK293T cells transfected with the indicated plasmid and
stimulated with PMA and ionomycin for 24 h. Values normalized to cells transfected with
WT plasmid. Means and SDs are shown. Each symbol represents matched values from an
independent replicate (7= 5). Each replicate was normalized to WT; one-sample t tests were
used to test whether the mean of each experimental group was different from 1 (represented
by the dotted line).
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(D) Schematic of the RNA-seq experiment between WT and isogenic R820W HaCaT
keratinocytes treated with 24 h mepazine or DMSO vehicle (7= 3).

(E) GSEA plots of the Hallmark MYC Target V1 and V2 pathways in R820W + V vs. WT +
V cells.

(F) IPA Upstream Regulators analysis.

(G) IPA Molecular and Cellular Functions analysis.

(H) Graphical summary of the IPA Network Analysis highlighting the central location of the
MYC node.

See also Figure S2.
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Figure 2. MYC levels are reduced, but MYC autophagy is elevated in R820W and mepazine-

treated keratinocytes

(A and B) Quantification (A) and representative blot (B) of relative expression of total
cellular MYC, MAD, and their ratio under each treatment condition. Each symbol represents

matched values from an indep

endent replicate (1= 8).

(C and D) Quantification (C) and representative blot (D) of relative expression of nuclear
MYC, MAD, and their ratio under each treatment condition. Each symbol represents

matched values from an indep

endent replicate (7= 4).

(E and F) Quantification of relative autophagic flux of cellular MYC, MAD, and their ratio
(E, n=4) and LC3B (F, n=5) under each treatment condition +3 h bafilomycin. Each
symbol represents matched values from an independent replicate.
(G) Representative blot quantified in (E) and (F). Means and SDs are shown in all graphs.
Means separated by paired two-way ANOVAS and Tukey post hoc tests.

See also Figures S3 and S4.
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Figure 3. Direct CARD14 and MYC binding in keratinocytes is dependent on CARD14
activation status and the presence of disease-associated CARD14 variants

(A) Representative blot of IPs between tagged CARD14 and MYC expressed in KO HaCaT
keratinocytes (1= 3).

(B and C) Representative images (B) and quantification (C) of PLAs between tagged MYC
and CARD14 expressed in KO keratinocytes. Each point represents puncta counts from

one cell. Matching symbols represent data points from cells within the same replicate (=5
co-transfected cells per condition per replicate, 7= 3 replicates). Means separated by a
paired two-tailed t test of average puncta counts per replicate. Means and SDs are shown.
Scale bars, 50 pM.

(D) /n silico model of the predicted interaction between the membrane-associated guanylate
kinase domain of CARD14 and the basic-helix-loop-helix domain of MYC. The 10058-F4
binding site on MYC is indicated.

(E) Representative blot of IPs of KO HaCaT keratinocytes transfected with CARD14 and
MYC +10058-F4 treatment 24 before harvest (n= 3). Relative intensities of MYC bands are
shown.
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(F and G) Representative images (F) and quantification (G) of PLAs between endogenous
MY C and tagged CARD14 constructs transfected into KO keratinocytes with 3 h
bafilomycin (to prevent MY C degradation) and 1 h PMA and ionomycin (to activate
CARD14) treatment prior to fixation. Each symbol represents matched values from an
independent replicate (=6 cells per condition per replicate; 7= 3 replicates). Each replicate
was normalized to WT; one-sample t tests were used to test whether the mean of each
experimental group was different from 1 (represented by the dotted line). Means and SDs are
shown. Scale bars, 20 uM.

See also Figure S5.
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Figure 4. CARD14-MYC signaling regulates keratinocyte proliferation and epidermal barrier

function

(A and B) Quantification and representative flow plots of the proliferation of WT vs.
R820W HaCaT cells (xmepazine) as determined by dye dilution (A, 7= 3) and % Ki67
expression (B, n = 4). Each symbol represents matching values from independent replicates.

Means and SDs are shown.
(C) The ALI model.

(D-F) Longitudinal TEERs of homozygous WT or R820W ALIs at baseline (D), and with
mepazine and/or 10058-F4 treatment (E and F). Maximum TEERs and Cls are shown.

(G) Ratio of day 8:day 6 TEERSs.
(H) Representative ALI H&Es.

(1) Quantification of the combined thicknesses of basal, spinous, and granular layers as
a percentage of full thickness; inset normalizes to untreated to highlight the effect of

mepazine.
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(J and K) Quantification (J) and representative blot (K) of MYC protein expression in ALIs
under the indicated condition.

(L and M) Quantification (L) and representative blot (M) of FLG protein expression in
ALls under the indicated condition. For all ALI experiments, 7= 3 Keratinocyte strains per
genotype. Each strain and genotype is represented by a different symbol and color (purple =
WT, red = R820W). Means and SDs are shown.

For inset in (I) and WT vs. R820W FLG in (L), means were separated by a two-tailed paired
t test. In (L), the ALIs of each genotype that were grown concurrently were used to pair

the samples for statistical purposes. For all other quantifications, means were separated by
paired two-way ANOVAs and Tukey post hoc tests. F4, 10058-F4; SB, stratum basale; SG,
stratum granulosum; SS, stratum spinosum. See also Figures S6 and S7.
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Figure 5. CARD14-MYC signaling promotes epidermal differentiation in vivo, and MYC
signaling is altered downstream of pathogenic CARD14 variants

(A and B) Uniform manifold approximation and projections of ScRNA-seq data showing
CARD14-positive vs. CARD14-negative cells (A) and epidermal layer cell populations (B)
in foreskin epidermal keratinocytes from five donors (GEO: GSE147482; 16,981 total cells).

DC, dendritic cell.

(C) GSEA results of the Hallmark MYC Target V1 and V2 pathways in CARD14*/MYC*
vs. CARD147/MYC* cells within each epidermal layer cell population.
(D) GSEA normalized enrichment score (NES) and p,gj values of GO terms related

to epidermal differentiation in CARD14*/MYC* vs. CARD147/MYC* cells within each

epidermal layer cell population.

(E) Schematic of NF-xB and MYC activity in pathogenic CARD14 variants.
(F-H) GSEA results of the Hallmark MY C pathways in the skin of individuals with
PsV* CARDI14CG1175 ys, healthy (F), the skin of an individual with GPP* CARD145156A

Cell Rep. Author manuscript; available in PMC 2024 October 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

DeVore et al.

Page 34

vs. healthy (G), and the skin of mice 5 days after tamoxifen induction of Card145136A s,
WT (H).

(I) Schematic of the RNA-seq experiment between fluorescence-activated cell sorting-sorted
KO HaCaT Kkeratinocytes transfected with the variants indicated in (E).

(J-L) GSEA results of the Hallmark MY C pathways in the KO HaCaT cells transfected with
CARD14RE20W (3) CARD14'%93T (K), or CARD14N737H (L) vs. CARD14"T (n = 2).

See also Figure S8.
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Figure 6. MYC signaling is preserved in the absence of CARD14 protein, and AD is absent in a
rare case of human CARD14 deficiency
(A and B) GSEA results of the Hallmark MY C Target V1 and V2 pathways in KO vs. WT

(A) or R820W (B) HaCaT keratinocytes.

(C and D) Quantification (C) and representative blot (D) of baseline nuclear MYC in each
cell type.

(E and F) Quantification (E) and representative blot (F) of baseline MYC autophagy in each
cell type.

Each symbol in (C) and (E) represents matched values from an independent replicate (7= 4).
Means separated by paired one-way ANOVAs and Tukey post hoc tests. Means and SDs are
shown.

(G) GSEA results of the Hallmark MY C pathways in Card14-deficient vs. WT mouse skin.
(H and 1) Representative images of the gross (H) and histologic (1) phenotypes of the skin of
Card14-deficient vs. WT mice.

(J) Quantification of epidermal thickness in Cardi4-deficient (n=15) vs. WT mice (n=7).
(K) Quantification of TEWL in Card14-deficient (n=7) vs. WT mice (n=7).

For (J) and (K), means separated with two-tailed t tests; means and SDs are shown.

(L) Representative images of MY C expression in the skin of CardZ4-deficient vs. WT mice.
(M) Schematic of the human CARD147298X truncation mutation.

Baf., bafilomycin. Scale bars, 50 pM.
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A i
Healthy Skin: CARD14"7 vs CARD14¢/¢ PsV vs Healthy Skin
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Figure 7. Altered CARD14-MYC signaling may contribute to barrier homeostasis and allergic
disease in other epithelial tissues

(A) Schematic of calling rs11652075 genotypes using RNA-seq reads.

(B-G) GSEA results of the Hallmark MY C pathways in between rs11652075 genotypes
within healthy tissues (B and D) or between diseased vs. healthy tissues (C and E-G).
(H) Working model representing how representative CARD14 variants impact MYC
signaling to alter barrier function and predispose to inflammatory skin disease.

See also Figure S9.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

FLAG tag M2 (mouse) (IP (1:50), WB (1:1000), IF (1ug/mL),

PLA (Lug/mL))
Beta-actin (mouse) (WB (1:2000))

MYC (rabbit) (WB (1:1000), IF (HaCaT: 0.25ug/mL; ESS:
1:50), PLA (0.25ug/mL))

MYC (rabbit)- for mouse IHC only (IHC (1:200))

MAD (rabbit) (WB (1:1000))

P-ERK (rabbit) (WB (1:1000))

ERK (rabbit) (WB (1:1000))

HA-tag (rabbit) (IP (1:50), WB (1:1000), PLA (0.0132pg/
mL))

TBP (rabbit) (WB (1:2000))

LC3A/B (rabbit) (WB (1:1000))

6x-His-tag (mouse) (IP (1:50), WB (1:1000))

Ki67-BUV737 (mouse) (Flow (1:25))

Sigma Aldrich, St. Louis, MO

Abcam, Cambridge, United Kingdom

Cell Signaling Technologies, Danvers, MA

Abcam, Cambridge, United Kingdom

ThermoFisher Scientific, Waltham, MA

Cell Signaling Technologies, Danvers, MA

Cell Signaling Technologies, Danvers, MA
Cell Signaling Technologies, Danvers, MA

Cell Signaling Technologies, Danvers, MA

Cell Signaling Technologies, Danvers, MA

ThermoFisher Scientific, Waltham, MA

ThermoFisher Scientific, Waltham, MA

Cat# F1804; RRID:
AB_262044

Cat# ab8226; RRID:
AB_306371

Cat# 9402; RRID:
AB_2141827

Cat# Ab32072; RRID:
AB_731658

Cat# PA5-100285; RRID:
AB_2849799

Cat# 4370; RRID:
AB_2315112

Cat# 4695; RRID: AB_390779

Cat# 3724, RRID:
AB_1549585

Cat# 44059; RRID:
AB_2799258

Cat# 4108; RRID:
AB_2137703

Cat# MA1-21315; RRID:
AB_557403

Cat# 367-5699-42; RRID:

AB_2896018

Filaggrin (mouse) (WB (1:200)) Santa Cruz Biotechnology, Dallas, TX Cat# sc-66192; RRID:
AB_1122916

CARD14 (mouse) (PLA (20ug/mL)) Abcam, Cambridge, United Kingdom Cat# ab168096

anti-Rabbit-HRP (goat) (WB (1:10,000)) Abcam, Cambridge, United Kingdom Cat# ab6721; RRID:
AB_955447

anti-Mouse-HRP (goat) (WB (1:10,000)) Abcam, Cambridge, United Kingdom Cat# ab205719; RRID:
AB_2755049

anti-Rabbit-AlexaFluor594 (IF (1ug/mL)) Jackson ImmunoResearch, West Grove, PA  Cat# 111-585-003; RRID:
AB_2338059

anti-Rabbit-biotinylated (IHC (1:200)) Vector Laboratories, Newark, CA Cat# BA-1000; RRID:
AB_2313606

VeriBlot (WB (1:1000)) Abcam, Cambridge, United Kingdom Cat# ab131366; RRID:
AB_2892718

Chemicals, peptides, and recombinant proteins

DMEM, low glucose, GlutaMAX Supplement, pyruvate ThermoFisher Scientific, Waltham, MA 10-567-022

Dulbecco’s Modified Eagles Medium (DMEM)/Nutrient Sigma Aldrich, St. Louis, MO D2906

Mixture F-12 Ham

Medium 154 ThermoFisher Scientific, Waltham, MA M154500

DME powder ThermoFisher Scientific, Waltham, MA 31600

Human Keratinocyte Growth Supplement (HKGS) ThermoFisher Scientific, Waltham, MA S0015

Fetal Bovine Serum ThermoFisher Scientific, Waltham, MA MT35015CV

Antibiotic-Antimycotic Solution (100X) Caisson Labs, Smithfield, UT ABLO02
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bovine Pituitary Extract Cell Applications, San Diego, CA 1078-NZ
Insulin-Transferrin-Selenium (1TS) Supplement Sigma Aldrich, St. Louis, MO 13146
Keratinocyte Growth Factor (KGF) Peprotech, Rocky Hill, NJ 100-19
Basic Fibroblast Growth Factor Peprotech, Rocky Hill, NJ 100-18B
Epidermal Growth Factor (EGF) Peprotech, Rocky Hill, NJ AF100-15
L-Ascorbic Acid 2-Phosphate Sigma Aldrich, St. Louis, MO A8960-5G
Hydrocortisone Sigma Aldrich, St. Louis, MO H4001
Insulin Sigma Aldrich, St. Louis, MO 12643
Strontium Chloride Sigma Aldrich, St. Louis, MO 255521
Triiodothyronine Sigma Aldrich, St. Louis, MO T5516
Linoleic Acid Sigma Aldrich, St. Louis, MO L9530
Lipofectamine 3000 Transfection Reagent ThermoFisher Scientific, Waltham, MA L.3000015
Mepazine Hydrochloride (MALT1 Inhibitor I1) (10puM) Sigma Aldrich, St. Louis, MO 5.01E+09
Phorbol Myristate Acetate (PMA) (80 ng/mL) Sigma Aldrich, St. Louis, MO P8139
lonomycin (1 mM) Sigma Aldrich, St. Louis, MO 407952
10058-F4 (cMYC-MAX dimerization inhibitor) (12.5uM) Abcam, Cambridge, United Kingdom ab145065
Actinomycin D (10ug/mL) Cell Signaling Technologies, Danvers, MA 15021
Bafilomycin Al Ready Made Solution (200nM) Sigma Aldrich, St. Louis, MO SML-1661
Cycloheximide (50ug/mL) Sigma Aldrich, St. Louis, MO C4859
MG132 (10puM) Sigma Aldrich, St. Louis, MO M8699
Mitomycin C (20uM) Sigma Aldrich, St. Louis, MO M4287
Acridine Orange 10-Nonyl Bromide (NAO) (100nM) ThermoFisher Scientific, Waltham, MA A1372
Tetramethylrhodamine ethyl ester (TMRE) (50nM) Abcam, Cambridge, United Kingdom ab113852
DAPI ThermoFisher Scientific, Waltham, MA D1306
Cell Trace Violet ThermoFisher Scientific, Waltham, MA C34571
LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit ThermoFisher Scientific, Waltham, MA L10119
SuperScript IV VILO Master Mix ThermoFisher Scientific, Waltham, MA 11756500
Tagman Fast Advanced Master Mix ThermoFisher Scientific, Waltham, MA 4444965
Halt Protease Inhibitor Cocktail ThermoFisher Scientific, Waltham, MA 78428
Halt Phosphatase Inhibitor Cocktail ThermoFisher Scientific, Waltham, MA 78430
Protein G Dynabeads ThermoFisher Scientific, Waltham, MA 10-004-D
EveryBlot Blocking Buffer Bio-Rad, Hercules, CA 12010020
10x Tris/Glycine/SDS Buffer Bio-Rad, Hercules, CA 1610772
Precision Plus Protein Dual Color Standards Bio-Rad, Hercules, CA 1610374
Immobilon Forte Western HRP substrate Millipore Sigma, Burlington, MA WBLUF0100
Restore PLUS Western Blot Stripping Buffer ThermoFisher Scientific, Waltham, MA 46430
Normal Donkey Seurm Sigma Aldrich, St. Louis, MO D9663
TrueVIEW Autofluorescence Quenching Kit Vector Laboratories, Newark, CA SP-8400-15
VECTASTAIN ABC-HRP Kit, Peroxidase Vector Laboratories, Newark, CA PK-4000
DAB Substrate Kit, Peroxidase (HRP), with Nickel Vector Laboratories, Newark, CA SK-4100
ProLong Diamond Antifade Mountant ThermoFisher Scientific, Waltham, MA P36965
eBioscience IC Fixation and Permeabilization Buffer Set ThermoFisher Scientific, Waltham, MA 88-8824-00
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Critical commercial assays

MYC Tagman probe

MXD1 Tagman probe

FLG Tagman probe

S100A8 Tagman probe

GAPDH Tagman probe

18S Tagman probe

Seahorse XF DMEM assay medium pack, pH 7.4
Seahorse XFe96 FluxPak

Seahorse XF Real-Time ATP Rate Assay Kit
Dual-Luciferase Reporter Assay System (for NF-xB activity)
Pierce BCA Protein Assay

NaveniFlex MR

Infinium Multi-Ethnic Global-8 v1.0 Kit

ThermoFisher Scientific, Waltham, MA
ThermoFisher Scientific, Waltham, MA
ThermoFisher Scientific, Waltham, MA
ThermoFisher Scientific, Waltham, MA
ThermoFisher Scientific, Waltham, MA
ThermoFisher Scientific, Waltham, MA
Agilent, Santa Clara, CA

Agilent, Santa Clara, CA

Agilent, Santa Clara, CA

Promega, Madison, WI

ThermoFisher Scientific, Waltham, MA
Navinci Diagnostics, Uppsala, Sweden

Illumina, San Diego, CA

Hs00153408_m1
Hs00965581_m1
Hs00856927_g1
Hs00374264_g1
Hs02758991_g1
Hs03003631_g1
103680-100
102601-100
103592-100
E1910

23227
NF.MR.100
WG-316-1003

Deposited data

RNA-sequencing; Human HaCaT keratinocytes (WT, R820W,
KO) +/- DMSO and/or Mepazine

RNA-sequencing; Human KO HaCaT keratinocytes
transfected with CARD14 variants

Single-cell sequencing; Human Neonatal Foreskin Epidermis

RNA-sequencing; Human full-thickness skin PsV vs. GPP vs.
Healthy

RNA-sequencing; Mouse whole ear skin, Inducible
Card14E138A Card14*+

RNA-sequencing; Mouse whole ear skin, Card14~"-, Card14*™*

RNA-sequencing; Human full-thickness skin; psoriatic vs.
healthy

RNA-sequencing; Human esophagus; eosinophilic esophagitis
vs. healthy

RNA-sequencing; Human bronchus; Th2-high asthma vs.
healthy

RNA-sequencing; Human nasal epithelium; eosinophilic
CRWNP vs. healthy

RNA-sequencing; Human keratinocyte transfected with
CARD14 variants

RNA-sequencing; Human skin; psoriatic and healthy skin with
secukinumab

This study
This study

(Wang et al.)2°

(Jordan et al.)30
(Manils et al.)3!

(Tanaka et al.)3®

(Lietal.)*

(Greuter et al.)*
(Christenson et al.)*6
(Wang et al.)*
(Jordan et al.)!8

(Liu et al.)*2

GEO: GSE263420

GEO: GSE263428

GEO: GSE147482
GEO: GSE36387

GEO: GSE149880

GEO: GSE104603
GEO: GSE54456

GEO: GSE148381

GEO: GSE67472

GEO: GSE72713

GEO: GSE36381

GEO: GSE171012

Experimental models: Cell lines

HaCaT Human Keratinocytes Cell Line Services N/A
Experimental models: Organisms/strains

Human Primary Keratinocytes This study (see Table S4) N/A
Mice: Wild-type C57BL/6J Jackson Labs 000664
Mice: CARD147- (Tanaka et al.)3 N/A
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addition to CARD10 (Rev.)
(ATGGTGACCACCACCACGCGTGGCCTCACTGCTGC)

pcDNA3-eGFP plasmid

CARD14 (NM_024110) Human Tagged ORF Clone plasmid
pcDNA3-HA-HA-human-cMYC plasmid

pCas9-mCherry plasmid

CARD10 (NM_014550) Human Tagged ORF Clone plasmid
pNL3.2.NF-kB-RE[NIucP/NF-kB-RE/Hygro] Vector plasmid
pGL4.50[luc2/CMV/Hygro] Vector plasmid
CARD14WT-FLAG-T2A-eGFP plasmid
CARD14WT-FLAG-eGFP plasmid
CARD14R820W-FLAG-T2A-eGFP plasmid
CARD14R820W-FLAG-eGFP plasmid
CARD14E138A-FLAG-T2A-eGFP plasmid

Integrated DNA Technologies, Coralville,
1A

Doug Golenbock Lab (unpublished
plasmid)

Origene Technologies, Rockville, MD
(Vo etal.)

(Schmid-Burgk et al.)>*

Origene Technologies, Rockville, MD
Promega, Madison, WI

Promega, Madison, WI

This study

This study

This study

This study

This study
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides
Oligo (Cloning): FLAG-T2A sequence (Fwd.) Integrated DNA Technologies, Coralville, N/A
(CGCGTGATTACAAGGATGACGACGATAAGGGCAGTG 1A
GAGAGGGCAGAGGAAGTCTGCTAACATGCGGTGACGT
CGAGGAGAATCCTGGCCCACCGC)

Oligo (Cloning): FLAG-T2A sequence (Rev.) Integrated DNA Technologies, Coralville, N/A
(GGCCGCGGTGGGCCAGGATTCTCCTCGACGTCACCG 1A
CATGTTAGCAGACTTCCTCTGCCCTCTCCACTGCCCTT

ATCGTCGTCATCCTTGTAATCA)

Oligo (Site-Directed Mutagenesis): CARD14 R820W- > WT Integrated DNA Technologies, Coralville, N/A
conversion (Fwd.) (TACCCTGGTGCGGCCCCATCG) 1A

Oligo (Site-Directed Mutagenesis): CARD14 R820W- > WT Integrated DNA Technologies, Coralville, N/A
conversion (Rev.) (TAGGGCACCAGGGTGAGG) 1A

Oligo (Site-Directed Mutagenesis): CARD14 Integrated DNA Technologies, Coralville, N/A
WT- > E138A conversion (Fwd.) 1A
(CTGCAGGAGGCGCTGAACCAGGAAAAGG)

Oligo (Site-Directed Mutagenesis): CARD14 WT- > E138A Integrated DNA Technologies, Coralville, N/A
conversion (Rev.) (GCTGCCGATGGCCCCAGC) 1A

Oligo (Site-Directed Mutagenesis): CARD14 WT- > 1593T Integrated DNA Technologies, Coralville, N/A
conversion (Fwd.) (CTCACGGGCACCTTCATCCACC) 1A

Oligo (Site-Directed Mutagenesis): CARD14 WT- > 1593T Integrated DNA Technologies, Coralville, N/A
conversion (Rev.) (GTTCCCGCCGATGACGCT) 1A

Oligo (Site-Directed Mutagenesis): CARD14 WT- > N737H Integrated DNA Technologies, Coralville, N/A
conversion (Fwd.) (CACCATCCCCCACTACTCCAGGG) 1A

Oligo (Site-Directed Mutagenesis): CARD14 WT- > N737H Integrated DNA Technologies, Coralville, N/A
conversion (Rev.) (CCGTGCGCGGCAGTATCC) 1A

Oligo (Site-Directed Mutagenesis): T2A removal from Integrated DNA Technologies, Coralville, N/A
CARD14 plasmids (Fwd.) (CCGCGGCCGCTCGAGATG) 1A

Oligo (Site-Directed Mutagenesis): T2A Integrated DNA Technologies, Coralville, N/A
removal from CARD14 plasmids (Rev.) 1A

(TCCACTGCCCTTATCGTCGTCATC)

Oligo (Site-Directed Mutagenesis): 6xHis Integrated DNA Technologies, Coralville, N/A
addition to CARD10 (Fwd.) 1A
(CACCACCATCACTAAACGGCCGGCCGCGGTCAT)

Oligo (Site-Directed Mutagenesis): 6xHis N/A

Doug Golenbock Lab Addgene
13031

RC217455

Martine Roussel Lab Addgene
74164

Vit Hornung Lab Addgene
80975

RC217652
N1111
E1310
N/A

N/A

N/A

N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
CARD14E138A-FLAG-eGFP plasmid This study N/A
CARD141593T-FLAG-T2A-eGFP plasmid This study N/A
CARD141593T-FLAG-eGFP plasmid This study N/A
CARD14N737H-FLAG-T2A-eGFP plasmid This study N/A
CARD14N737H-FLAG-eGFP plasmid This study N/A
HA-HA-MYC-mCherry plasmid This study N/A
Software and algorithms

LightCycler 96 Software Roche, Indianapolis, IN N/A
Applied Biosystems Analysis Software ThermoFisher Scientific, Waltham, MA N/A
ThermoFisher Connect Software ThermoFisher Scientific, Waltham, MA N/A

Image Lab 6.1 Bio-Rad, Hercules, CA N/A
Imaris Oxford Instruments, Abingdon, UK N/A

NIS Elements AR Nikon, Melville, NY N/A
Agilent Seahorse Analytics Agilent, Santa Clara, CA N/A

Zen 3.3 Blue Zeiss, Oberkochen, Germany N/A
FlowJo (v10.8.1) BD Biosciences, Franklin Lakes, NJ N/A
GraphPad Prism 9 GraphPad Software, Boston, MA N/A
Ingenuity Pathway Analysis Qiagen, Hilden, Germany N/A
Clustal O (1.2.4) N/A N/A
iLINCS N/A N/A

R and R Studio N/A N/A
Python N/A N/A

Other

BD Vacutainer Plastic Blood Collection Tubes with K2 EDTA:  ThermoFisher Scientific, Waltham, MA 23-021-015
Hemogard Closure

BD Vacutainer Glass Mononuclear Cell Preparation Tubes ThermoFisher Scientific, Waltham, MA 14-949-51D
12mm Transwell (0.4uM pore) Corning, Corning, NY 3460
Polyvinyl Acetal Sponges Carwild, New London, CT N/A
Dneasy Blood & Tissue Kit Qiagen, Hilden, Germany 69506
OGR-675 Kit DNA Genotek, Ottawa, Ontario, Canada OGR-675
prepIT-2LP Kit DNA Genotek, Ottawa, Ontario, Canada PT-L2P-45
SmartSolve Dissolving Tape Smartsolve, Bowling Green, OH 1T112021S
ReliaPrep RNA Miniprep System Promega, Madison, WI 76012

Q5 Site Directed Mutagenesis Kit New England Biolabs, Ipswich, MA E0554S
8-well Chamber Slide with Removable Silicone Wells Ibidi, Fitchburg, WI 80841
4-15% Mini-PROTEAN TGX Precast Protein Gels (10 wells) Bio-Rad, Hercules, CA 4561084
4-15% Mini-PROTEAN TGX Precast Protein Gels (15 wells) ~ Bio-Rad, Hercules, CA 4561086
Immun-Blot PVDF Membrane Bio-Rad, Hercules, CA 1620174
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