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Abstract

Biological signal transduction typically display a so-called bow-tie or hour glass topology: Multiple
receptors lead to multiple cellular responses but the signals all pass through a narrow waist of central
signaling nodes. One such critical signaling node for several inflammatory and oncogenic signaling
pathways in humans are the CARD-CC / Bcl10 / MALT1 (CBM) complexes, which get activated by upstream
protein kinase C (PKC). In humans, there are four phylogenetically distinct CARD-CC family (CARD9, -10, -11
and -14) proteins and 9 true PKC isozymes (a to (). At this moment, less than a handful of PKC/CARD-CC
relationships are known from experimental evidence. In order to explore the biologically relevant
combinatorial space out of all 36 potential permutations in this two-component signaling event, we made
use of CRISPR/Cas9 genome-edited HEK293T cells to mutate CARD10 for subsequent pairwise co-
transfections of all CARD-CC family members and activated mutants of all true PKCs. By quantitative
reporter gene expression readout, we could define specific strong and weak PKC/CARD-CC relationships.
Surprisingly as many as 21 PKC/CARD-CC combinations were found to have synergistic effects. We also
discovered heterodimerization between different CARD-CC proteins, and that this can influence their PKC
response profile. This information will be valuable for future studies of novel signaling pathways
dependent on the CBM complex signaling nodes.

Introduction

Signal transduction aims to transmit a signal from an external or internal stimulus resulting in a cellular
response. One such example are the multiple innate and adaptive immune pathways leading to NF-kB
activation [1]. Since inappropriate activation can be detrimental, a general problem in cellular signal
transduction is that signals and responses to stimuli need to be tightly regulated in order to be sensitive
enough while still filtering out environmental noise that could lead to inappropriate activation [2-5].

A common network topology for intracellular molecular signaling pathways is the so-called bow-tie (or
hourglass) architecture: multiple receptors and environmental signals pass their information through a
few common signaling nodes but end up with a wide diversity of cellular (i.e. transcriptional) responses
[6,7]. This narrow waist line network topology is thought to contribute to the filtering of informative
signals from noise and to ensure appropriate cellular responses [8-10].

One class of such narrow-waist signaling nodes is represented by the CARD-CC/Bcl10/MALT1 (CBM)
signaling complexes. Several different CBM signaling complexes exist, which are composed of Bcl10,
MALT1 and specific CARD-CC family [11] proteins (CARD9 [12], CARD11 (also known as CARMA1) [13],
CARD14 (also known as CARMA2) [14-16] and CARD10 (also known as CARMA3) [17] ; Fig. 1) and which are
formed upon stimulation of distinct receptors in several immune and non-immune cells. Part of the CBM
complex specificity comes from cell type specific expression of the different CARD-CC proteins: in general,
CARDS9 is expressed in myeloid cells, CARD11 in lymphocytes, CARD14 in skin and CARD10 in most of the
other cells [18,19]. Due to their cell-type specific expression, the different CARD-CC proteins play different
roles. For example: Loss of CARD9 function causes susceptibility to fungal infections due to defective
innate immune responses [12]. Loss of CARD11, on the other hand, cause severe deficiencies in adaptive
immunity [20], whereas hyper-active mutants cause B cell lymphomas or B cell Expansion with NF-kB and
T cell Anergy (BENTA) [21-23]. The role of CARD14 is currently unknown, but activating mutations in this
CARD-CC have been shown to cause psoriasis or pityriasis rubra pilaris (PRP) [24], and elevated CARD14
expression has been found in an androgen-insensitive and highly tumorogenic prostate cancer sub-clone
[25]. Inactivating mutations in CARD14 are associated to the development of atopic dermatitis [26,27],
indicating that CARD14 plays an important role of the skin innate immunity and barrier functions. There
are no known human loss- or gain-of-function mutants in CARD10, but there are genetic associations to
primary open angle glaucoma (POAG) and mild cognitive impairment [28,29]. The Card70 mouse knock-
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out mutant is often embryo lethal since half of the embryos die from neural tube defects [30]. On the
other hand, some cancers show elevated CARD10 expression [31,32].

Receptor signaling via the ITAM (immunoreceptor tyrosine-based activation motif) binding one of the two
related SH2 domain tyrosine kinases Zap70 or Syk activates PKC, leading to CARD-CC phosphorylation and
the recruitment of a pre-existing Bcl10/MALT1 complex and TRAF6 (Fig. 2A) [11,13,33,34]. An alternative
CBM-dependent pathway upstream of PKC activation is represented by the Gai,/Ga;z and RhoA-
dependent G protein coupled receptors (GPCRs) [35]. MALT1 in the activated CBM complexes recruits
critical downstream proteins, such as TRAF6, for activation of NF-kB -dependent gene expression (Fig. 2A)
[36]. Apart from this NF-kB-activating “scaffold” function, MALT1 (PCASP1 [37]) also is a protease
(paracaspase), which is a drugable catalytic activity. The anti-inflammatory role of many of the known
MALT1 protease substrates coupled with the critical role for MALT1 in pro-inflammatory signaling has
sparked an interest in targeting MALT1 protease activity as a therapeutic strategy for autoimmune
diseases [38]. The proteolytic activity of MALT1 was also found to be critical for certain cancers [39], which
has stimulated an interest in MALT1 protease activity as a cancer therapy target as well. The CBM complex
signaling is a nice illustration of the double edged role of immune signaling components and the
importance for their tight regulation [5]. For example, MALT1 in T cells is critical for immunity to an
avirulent strain of Rabies virus [40], but at the same time is T cell-expressed MALT1 also contributing to
mortality after infection by a virulent strain of Rabies virus due to excessive inflammation [41]. Disrupted
MALT1 protease activity specifically in T cells is also leading to the development of spontaneous
autoimmune disease [42].

Recently, a novel CARD-CC-independent oncogenic Bcl10/MALT1 activation mechanism has also been
described, where the Karposi's sarcoma-associated herpes virus (KSHV) virulence factors K15 and K13
engage directly with Bcl10/MALT1 in a “KBM"” complex [43,44]. MALT1 can also be activated independently
of Bcl10 and CARD-CC proteins, which is illustrated by that MALT1 homologs are present in species lacking
Bcl10 and CARD-CC [11,45] and that MALT1 can be activated by TRAF6 overexpression in mammalian
knock-out cells lacking Bcl10 or CARD-CC proteins [46]. However, in the context of the dominant CBM
complex-mediated MALT1 activation pathway, studies on CARD11 have shown that phosphorylation leads
to release of intramolecular auto-inhibition and aggregation of the CARD-CC protein together with the
other CBM complex components in huge macromolecular filamentous structures that acts as a platform

for downstream signaling [47-49]. Many phosphorylation sites in CARD11 are highly conserved [5].
CARD9 has been shown to be activated by PKCS [50], CARD10 is activated by PKCa and PKC8 [51,52] and

CARD11 is activated by PKCB and PKCO in B and T cells, respectively [52-55]. It is very likely that there are
more CBM-activating PKC isozymes, and that there are more PKC::CARD-CC kinase/substrate relationships
in different cells and pathways. While the CARD-CC protein family is old and originated before the last
common ancestor of planulozoa (cnidaria and bilateria) [11], the PKC family is however significantly older
with origins in the last ancestor of opisthokonts (metazoa and fungi) [56], highlighting that PKCs also have
many CBM-independent functions. In humans and mice, the PKC family consists of nine true members in
the “conventional” (a, B, y), “novel” (§, €, n, 8) and “atypical” (¢, /A) sub-classes [57,58]. The different PKCs
show different substrate specificity [59,60], and have non-redundant biological functions [61]. The
extended definition of the PKC superfamily also includes the related three PKN and three PRKD kinase
family members [57]. PRKD1 was sometimes called PKCp, and PRKD3 was called PKCv. Aberrant activation
of PKC has been associated to several types of cancer [51,62,63], indicating that at least some of those
might represent an oncogenic process dependent on over-active CBM signaling complexes. Some PKCs
can however also act as tumor suppressors [61], which indicates that the involvement of this pathway is
complex. The aim of this study is to discover the full scope of CBM complex dependent signaling pathways
downstream of PKC activation. Defining the full scope of the functions of the CARD-CC/Bcl10/MALT1
complex-dependent pathways could ultimately be important in the context of future MALT1 inhibitor-
based therapies [64,65].
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Results

Verification of the screening tools for pathway analyses

A general activator of conventional and novel PKCs is the diacylglycerol (DAG) analog phorbol 12-myristate
13-acetate (PMA) [63]. PMA is often used together with Ionomycin due to its synergistic effects [66].
Ionomycin also provides the Ca* signal that is important for the activation of the conventional PKCs. To
functionally verify that we have generated a cell line suitable for screening of PKC/CARD-CC interactions,
we treated wild-type and mutant HEK293T cells with PMA/Ionomycin for 6 hours to activate a broad range
of PKCs present endogenously in HEK293T cells and measured NF-kB - driven luciferase expression via the
luciferase enzymatic activity. HEK293T express several conventional (a, B), novel (§, €, n, 8) and atypical (,
¢) PKC isoforms [18,67], which means that up to six PKCs are potentially activated by PMA/Ionomycin in
HEK293T cells. Importantly, HEK293T genomes are highly variable and selection bottle necks might cause
major changes to the cells [68], which means that the PKC expression profile might not be true for all sub-
clones of this cell line. Despite this, HEK293T cells are chosen as model cell because they easily can be
transiently transfected at a very high efficiency. Bcl10 and MALT1 are common for all CBM complexes and
the knock-out cell lines are thus completely un-responsive to PMA stimulation (Fig. 2B). CARD10 is the
dominant CARD-CC isoform (transcript per million (TPM): 11 vs 0.4 for CARD9, 1.0 for CARD11 and 0.8 for
CARD14; significance cut off >1.0 TPM) in HEK293T cells [18]. In agreement with this, our CARD70%'*" KO
HEK293T clone was as un-responsive to PMA stimulation as the MALTT and Bcl/10 KO clones (Fig. 2B). To
evaluate the screening system and to confirm that the Gai./Ga;;-RhoA pathway [35] at least partially
depend on CBM complex signaling, we transfected activated Gai,, Ga;; and RhoA mutants in the CARD10,
Bcl10 and MALT1 KO HEK293T cells with or without MALT1 reconstitution (Fig. 2C). We used MALT1 KO
cells for this pathway evaluation since reconstitution of MALT1 does not induce any NF-kB activity on its
own, whereas overexpression of Bcl10 or CARD10 leads to spontaneous NF-kB activation. In contrast,
another suggested upstream activator of a CBM complex-dependent signaling pathways is the IL-17
receptor adaptor Act1 [69]. In our screening system, Act1 activated NF-kB independently of the CBM
complex components (Fig. 2D). Taken together, this demonstrates that KO HEK293T cells can be a useful
tool for rapid evaluation of novel candidate upstream activation pathways.

CARD-CC complementation and verification of activated PKC mutants

The dramatically reduced PMA responsiveness of the selected CARD10"*" mutant HEK293T clone (Fig. 2B)
enables systematic analysis of specific PKC/CARD-CC interactions through reconstituton by transient
transfection. CARD9 and CARD11 could easily be investigated using a default transfection set-up in the
CARD10'* mutant HEK293T cells since basal activation by overexpression was very low (Fig. 3A). CARD10
and CARD14, on the other hand, seem to have a much poorer auto-inhibition (or they get activated by
cellular events triggered by calcium phosphate transfection), and in order to observe synergistic effects
with activated PKCs, we had to titrate down the amount of expression plasmid DNA to the level where the
basal activation was closer to that of CARD9 and CARD11 (Fig. 3A). Consistent with the poor auto-inhibition
seen in the CARD10 and CARD14 transfections, further activation of CARD10 and -14 by the highly
conserved L/LI insertion mutation was weak or not significant at high transfection levels (Fig. 3B), in
contrast to the already reported dramatic activations of the L225LI (L232LI) CARD11 and L213LI CARD9
mutations [70,71]. However, both CARD10 and CARD14 show clear activation by the L/LI mutation at lower
transfection levels (Fig. 3B), indicating that we can evaluate CARD10 and CARD14 activation by transfecting
low ammounts of expression vector. Using the levels of transfection of the CARD-CC protein expression
constructs that resulted in the lowest spontaneous activation while still showing highest potential for
detection of upstream activation (Fig 3A,B), we transiently reconstituted the CARD10 KO HEK293T cells.
The transiently reconstituted CARD10 KO HEK293T cells were stimulated with PMA/Ionomycin for 6 hours
and analyzed for NF-kB -dependent luciferase induction. Unreconstituted cells did not respond to
stimulation (Fig. 2B, 3C), and all four CARD-CC proteins were able to restore some of the responsiveness to
PMA/Ionomycin stimulation, demonstrating that all four CARD-CC proteins are activated by PKCs (Fig. 3C).
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Since PMA/Ionomycin most likely activates multiple PKCs in HEK293T cells, we made use of overexpression
of activated PKC mutants in order to more specifically delineate the PKC/CARD-CC functional interactions.
In order to verify that NF-kB activation from overexpression of the activated PKC mutants was due to their
kinase activities, we first evaluated their NF-kB activating potential either non-treated or in presence of
the PKC inhibitors Sotrastaurin or aurothiomalate (ATM) in wild-type HEK293T cells (Fig. 3D). The broad-
range inhibitor Sotrastaurin could completely inhibit NF-kB-dependent luciferase induction downstream
of most of the activated PKC isozymes. To see if the poor autoinhibition of CARD10 and CARD14 was due
to a PKC signal induced by the calcium phosphate transfection, we also evaluated the basal activity of
CARD10 and CARD14 overexpression in presence of two broad-range PKC inhibitors. Neither G66983 nor
Sotrastaurin reduced the spontaneous activity of overexpressed CARD10 or CARD14, indicating that
overexpression-induced activation is independent of upstream PKC signals (not shown).

In conclusion, since we could verify that the PKC-induced NF-kB activation was kinase activity and CBM
complex dependent, and that we had managed to make a model cell line where the dominant CARD-CC
was deleted in HEK293T cells, we are confident to use these tools for screenings of synergistic PKC/CARD-
CCinteractions.

Identification PKC/CARD-CC functional interactions

Analysis of CARD9 activation by overexpression of activated PKCs revealed a surprisingly strong novel
activation by PKC-n , -8 and -g, along with the published PKC& [50] (Fig. 4A). CARD10, on the other hand,
gets activated by a wide range of PKCs (Fig. 4B), including the atypical sub-class, which was inactive
against CARD9 (Fig. 4A). This demonstrates that different CARD-CC proteins get differentially activated by
different PKCs. As expected, CARD11 gets activated by PKCP and PKCB but CARD11 is also activated by
PKCe and PKCn (Fig. 4C), making the CARD11 activation profile more CARD9-like than CARD10-like. In
contrast to the other CARD-CC proteins, no upstream receptor pathway is known for CARD14, where
activated mutations are implicated in psoriasis [14]. The autoinhibition is less pronounced than for CARD9
and CARD11 (Fig. 3A). By careful adjustment of the CARD14 expression level, we could however verify that
also CARD14 gets activated by PKC6 and to a much lesser extent by several other PKCs (Fig. 4D). Despite
having approximately the same basal activation level as CARD10 (Fig. 3A), CARD14 responded much less
to activated PKCs. There are however still some limitations in the screening system. For example, the
activated PKCa was very poorly expressed (Fig. 4E) and in order to see any clear effects, it had to be
transfected at very high levels. Because of this, the effects seen by this PKC could be under-estimated due
to a limitation of the screening system using activated PKC mutants. It is known that some PKCs get
destabilized and degraded upon activation [72]. Due to the massively different protein expression levels
between the different activated PKC isoforms, protein expression from luciferase experiments from Fig.
4A-D were evaluated per PKC (Fig 4E). In conclusion, systematic evaluation of all pairwise PKC and CARD-
CC functional interactions revealed a surprising number of highly potent synergistic activating
interactions. It is however important to note that the very high fold inductions seen for CARD9 more has
to do with a very low basal activation of CARD9 compared to the other CARD-CC proteins (Fig. 4A-D), which
could be due to an additional layer of autoinhibition [73]. Similarly, some of the PKC contributions could
very well be underestimated. The very poor protein expression of activated PKCa could mean that the
CARD-CC activating potential of this particular isozyme is underestimated. Howevwer, as a
counterexample is PKCe one of the strongest inducers of CARD-CC activity despite showing very poor
protein expression (Fig. 4).

CARD-CC heterocomplex formation is a confounding factor in PKC response profiles

For reliable PKC::CARD-CC screenings, the isolation of a true CARD10 KO CARD10™"" clone was critical.
Initial screenings were done in an incomplete CARD10 KO CARD10%'%"  HEK293T mutant (#C8) which
showed approximately 10% NF-kB activation after PMA stimulation compared to WT cells. This kind of
incomplete KO from frame shift mutation indels can occur by multiple mechanisms [74]. Two PKCs ( PKC[
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and PKC6 ) show relatively high basal activity in WT cells. This high background was also present in the
incomplete CARD70™"" #C8 mutant HEK293T clone without CARD-CC complementation, which caused an
underestimation of their activating potential. Using the completely functional CARD10 KO CARD70%"*"
#C62 clone, NF-kB activation by those two PKCs were as negative as the other PKCs without CARD-CC
complementation (Fig. 4A-D). For CARD9, -10 and -11 the general PKC response pattern was highly
reproducible in experiments from the #C8 and #C62 clone, albeit with a relative under-estimation of the
contribution from PKCP and PKC& in #C8. In contrast, CARD14 showed a dramatically different pattern
between the incomplete #C8 and the complete #C62 clone: In presence of ~10% remaining CARD10
actvity, the PKC response pattern of CARD14 resembled that of CARD10, whereas a clean CARD10-deficient
background revealed a highly specific CARD14 activation via PKC& (Fig. 4D). This discrepancy might
indicate that there is some kind of CARD10/CARD14 cross-talk in cells expressing both isoforms, such as
developing keratinocytes [75]. We could also verify that presence of CARD10 led to a different CARD14 PKC
response pattern by transient reconstitution in the complete CARD70 KO clone #62, where the CARD10
effect appears dominant with only a minor contribution from CARD14 in presence of PKC6 or PKCn (Fig.
5A). To investigate this further, we evaluated the capacity of CARD14 to form heterocomplexes with the
other CARD-CC family members by co-immunoprecipitation, which revealed that CARD14 can form
heterocomplexes with CARD10 and CARD11 but not CARD9 (Fig. 5B).

Evaluation of a common candidate site for PKC-mediated activation of CARD9 and CARD14

An interesting question is whether all activating PKCs are targeting the same phosphorylation sites on a
given CARD-CC protein, or if CARD-CC activation by PKC occurs via several different phosphorylation
events. CARD9 has been shown to be activated through phosphorylation at T231 by PKC6 [50], and PKC6
has been shown to activate CARD10 by phosphorylation on S520 and CARD11 by phosphorylation at S552/
S555 [52]. CARD11 is phosphorylated at similar sites by PKC[ [55], indicating that different PKCs activate
CARD-CC proteins by phosphorylating common sites. One possible explanation for why CARD14 was
unable to complement CARD11 deficiency in T cells [52] could be that CARD14 is not activated by PKC6
(Fig. 4D).

To investigate whether all PKCs could activate CARD9 via the same phosphorylation event, we compared
the PKC response of WT and T231A mutant CARD9 (Fig. 6A-B). This clearly shows that for CARD9, all
activating PKCs depend on the same residue for activation. And importantly, the T231A mutation does not
affect the phosphorylation-independent overexpression-induced basal activity from CARD9 (Fig. 6A). The
T231 site on CARD9 is also highly interesting in the context of CARD14 activation. Zymosan treatment on
keratinocytes has been proposed to trigger an upstream signal of CARD14 [16], and zymosan responses
signal via PKC& to CARD9 in innate immune cells [50]. Interestingly, PKCS is also the most potent activator
of CARD14 (Fig. 4D). CARD14 S250 nicely aligns with CARD9 T231 and the oncogenic CARD11 S250P
mutation [11], indicating that this is a common and evolutionarily conserved activation site. To evaluate
whether CARD14 S250 also would be responsible for PKC&-mediated activation of CARD14, we evaluated
the CARD14 S250A mutant both for spontaneous activity (Fig. 6C) and for PKC responses (Fig. 6D). In
contrast to the CARD9 T231A mutation, the CARD14 S250A mutation only partially reduced PKC6-mediated
activation of CARD14 and did not negatively influence activation by PKCe or PKCn, indicating that
alternative sites contribute to CARD14 activation (Fig. 6D). This is the first time that it has been clearly
demonstrated that also CARD14 gets activated by upstream PKCs, and it will be very interesting to identify
the additional phosphorylation site(s) for PKC-mediated CARD14 activation.

Discussion
Our novel screening system for functional interactions uncovered several previously unknown potential
pathways which can be further explored in the future (Fig. 7). An interesting general conclusion is that the
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PKC response profiles do seem to correlate with the evolutionary relationships in the CARD-CC family (Fig.
1), where CARD9 and CARD11 have a very similar PKC response profile (Fig. 4) and CARD10 and CARD14
appear to be able to functionally interact (Fig. 5). This phylogenetic functional division might also expand
to their expression profiles, where CARD9 and CARD11 are expressed in immune cells and CARD10 and
CARD14 in non-hemapoetic cells. Given the potential correlation between phylogenetic relations and
functional similarity, it would be highly interesting to also investigate the PKC response profile in
ancestral CARD-CC by comparing related isoforms from organisms like jawless vertebrates and tunicates.
Based on the phylogeny of the CARD-CC family (Fig. 1), we would expect those forms to have a CARD9/11-
like activation profile. If the ancestral CARD-CC isoforms also show a CARD9/11-like restricted expression

to immune-related cells (see for example: [76-78]), it would mean that the adoption of CBM complex
activation downstream of other PKCs and in other cell types probably only evolved in the jawed vertebrate
lineage after the expansion of the CARD-CC family. Supporting this hypothesis, the CARD-CC transcript
(g47136) is most expressed in one “large lymphocyte”-like hemapoetic stem cell population (CP25) in the
golden star tunicate [78]. The overlapping PKC response profiles of CARD9 and CARD11 are also
interesting in the context of PKC functional evolution, since their typical upstream activators PKCS& and
PKCBO share a relatively recent pre-vertebrate common ancestry [79].

The different PKC response profiles of the different CARD-CC proteins also provides the support to test the
involvement of CBM-complex dependent signaling in novel pathways. For example, some of the novel
functional interactions uncovered by this study (like for example PKCn and CARD9) indicate interesting
theoretical connections. It has been shown that PKCn is activated by PMA and other stimuli in myeloid
cells leading to foam cell formation [80], which thus could be a CARD9 CBM complex-dependent process.
Other generally CBM -activating PKC isoforms like PKCe are known to be involved in a wide range of
inflammation- and cancer-related processes [81]. The specific PKC::CARD-CC interactions also opens up for
a more complex and cell type-specific role for CBM-complex mediated signaling. For example is TNF
generally considered to be a CBM-independent stimulus, mostly based on in vitro TNF stimulation of
knock-out mouse embryonic fibroblasts (MEFs) [34]. TNF is however known to signal via PKCS in
neutrophils [82], and it is thus possible that TNF also activates CBM-dependent signaling pathways in
some cell types but not others depending on their expression of specific PKC and CARD-CC isoforms. Since
most cells express a complex mix of PKC isoforms, it is however challenging to study the specific in vivo
functional interactions between one PKC and one CARD-CC isoform. However, given the specific
requirement for T231 for CARD9 activation by multiple PKCs (Fig. 6B) and the different substrate
recognition sequences for different PKCs [59,60], it might be possible to engineer CARD9 mutants that
remain responsive to some PKCs but are insensitive to others. That way, one could establish the relative
importance of different upstream PKC pathways for CARD9 function. Whether a similar strategy would
work for the other CARD-CC family members requires further investigations. In contrast to the PKCs,
which show a complex expression pattern across cell types, the CARD-CC family members are mostly
restricted to specific and non-overlapping cell types [18,19]. Interesting in this context is our observation
that transient complementation of CARD70 KO HEK293T cells worked much better with CARD10 compared
to all the other CARD-CC members (Fig. 3C), which could indicate that different cells express other yet
unknown factors that influence CARD-CC activity. What our artificial overexpression system also did not
address are the inducible subcellular translocations of PKC isoforms. These translocations can be critical.
For example, disrupted PKC translocation in microgravity is severely inhibiting the activation of several
different immune cells [83-85]. Theoretically, a disrupted CBM-complex dependent signaling
downstream of PKC could also be partially responsible for other physiological effects of microgravity, like
osteoporosis [86,87].

The surprising dependency of CBM complexes downstream of the atypical PKCs further expands the
potential use of CBM-interfering interventions as a therapeutic strategy. For example, the PKC{ — NF-kB

pathway has been found to be important in cardiac hypertrophy, prostate- and colorectal cancer [88-90].
PKCUA has also been shown to act as an oncogene in many different types of cancer [90,91]. This
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demonstrates that our findings can lead to new hypotheses to be tested in different biological systems
which ultimately might lead to novel pharmacological treatment opportunities, for example by using
MALT1 protease inhibitors [64]. Since we surprisingly could find synergistic activations between all PKCs
(including the atypical) and CARD-CC proteins, it is logical to consider the broader context of the entire
PKC superfamily (including the PRKD and PKN proteins) as potential CBM activators. However, our
screenings with PKN and PRKD clones did not indicate any CBM-complex dependent signaling to NF-kB
(not shown). However, there may also be other CARD-CC activating mechanisms from other classes of
kinases or other protein-modifying enzymes that are currently unknown [5], as suggested for DNA
damage-induced CARD10 CBM activation [92]. Recently, it was also reported that Dok3 negatively
regulates CARD9 activation by recruitment of protein phosphatase 1 (PP1) [93]. A similar negative
regulation of CARD11 has been described via PP2A [94]. Considering the overlapping PKC-dependent
activation mechanisms of the four CARD-CC family members, it will be interesting to also investigate
whether there is an overlap also in the mechanisms of negative regulation of CARD-CC activation.

Methods

CARD-CC and activated PKC expression plasmids

Plasmids of the cloned genes were deposited in the BCCM/GeneCorner plasmid collection along with
detailed descriptions of cloning strategy and plasmid sequence (http://www.genecorner.ugent.be/). The in
silico cloning, graphical vector map generation, phylogenetic- and sequence analysis was done in UGENE
(http://ugene.net/) [95] or via the Linux command line (muscle [96], phyml [97]). Sequences used for the
CARD-CC phylogenetic analysis (Fig. 1) were previously published as supplemental data [11] together with
2 new hagfish sequences (ENSEBUT00000026558.1 and ENSEBUT00000027027.1 from ENSEMBL [98]).
Sequences and the raw tree file with distance values can be found in supplemental data. Expression
plasmids with wild-type Flag-tagged CARD9 (LMBP 9609), CARD10 (LMBP 10187), CARD11 and CARD14
(LMBP 9863) were used together with expression plasmids with E-tagged or Flag-tagged activated mutant
PKCa-A25E (LMBP 8931; LMBP 8926), PKCBII-A25E (LMBP 8918; LMBP 9040), PKCy-A24E (LMBP 8919; LMBP
9041), PKC&-RR144/145AA (LMBP 8924; LMBP 8521), PKCe-A159E (LMBP 8920; LMBP 9042). PKC6-A148E
(LMBP 8925; LMBP 9045), PKCn-A160E (LMBP 8922; LMBP 9044), PKCZ-A119E (LMBP 8921; LMBP 9043) and
PKCL-A129E (LMBP 8923; LMBP 9046). For set-ups without PKC transfection, an equal amount of pCAGGS
(LMBP 2453) empty vector (EV) was used. To test the extended PKC family, PKN1-AN (LMBP 10603), PKN2-
AN (LMBP 10606), PKN3-AN (LMBP 10602), PRKD2 (LMBP 10605), PRKD3 (LMBP 10604) and
PRKD1-S738E/S742E (Addgene: 10810) [99] were used. Investigations of spontaneous CARD10 and
CARD14 activations compared to the highly conserved L/LI insertion site were performed with CARD10-
L237LI (LMBP 10268) and CARD14-L229LI (LMBP 10267). The CARD-CC phosphorylation site mutants
CARD9-T231A (LMBP 11266) and CARD14-S250A (LMBP 11488) were generated by PCR-based mutagenesis
in the pICOz (LMBP 11103; 11224; 11223) minimal vector backbone [100] prior to re-cloning into the
original expression vectors. For evaluation of GPCR components proposed to act upstream of CBM-
complex dependent signaling, we used Ga»-Q231L, Gay3-Q226L [101], and RhoA-Q63L (LMBP 04658) [102]
expression plasmids. Also the IL-17 receptor adaptor Act1 (pEF-hCIKS) was evaluated as a potential
upstream activator of CBM dependent signaling [69] by transient transfection in the KO model cells. For
studies of CARD-CC heterocomplex formation with CARD14, a non-tagged CARD14 (LMBP 9863) clone was
used [14].

Genome-editing of human model cell lines

As positive controls, we generated large-deletion MALT7**"® (clone #M24) and Bc/10**"? (clone #B51)
knock-out HEK293T cell lines. MALT1 was knocked-out by co-transfecting two Cas9::guide constructs
targeting exon 1 (LMBP: 10533) and exon 9 (LMBP: 10401). Bc/10 was knocked-out by co-transfecting two
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Cas9::guide constructs targeting exon 1 (LMBP: 10402) and exon 3 (LMBP: 10403). CARD10%"*" (clone #C62)
was mutated by using a single Cas9::guide construct targeting exon 12 (LMBP: 10406). Early screenings
were done with an incomplete CARD70%"*" clone (clone #C8) which showed ~10% NF-kB activity compared
to WT after PMA stimulation. Two days after transfection, single-cell sorting for GFP-positive (=successfully
transfected) cells was performed on an ARIA II (BD Biosciences) fluorescence activated cell sorter (FACS)
machine. Individual clones were evaluated for knock-out by PCR and functional assays. The CARD70%'*"
mutation was checked by PCR of the genomic region with the primers GT-hCARD10-Ex12-F
TCCCTGCCCAATCAGACTT and GT-hCARD10-Ex12-R : GCTTGTGACTTGAGATTTGAAGG. Sequencing of the
amplified region was done with the nested primers Seq-hCARD10-Ex12-F : AATTAAGCCTGGCTGAGCA and
Seq-hCARD10-Ex12-R : ATGATCAGCATTTCCCAGGT. Alignment of the complex indel chromatogram with a
wild-type reference chromatogram was done using the TIDE calculator (https://tide-calculator.nki.nl/)
[103].

Cell culture, transfection and inhibitors

HEK293T cells were grown under standard conditions (DMEM, 10% FCS, 5% CO,, 37 °C) and transfected
with the calcium phosphate method [104]. PKC inhibition was done with three PKC inhibitors : 2uM
Sotrastaurin (Selleckchem), 10pM G06983 (Tocris Bioscience) or 50uM aurothiomalate (Sigma-Aldrich).
Inhibitors were added before transfection and when media was refreshed 6h after calcium phosphate
transfection. For PMA/Ionomycin stimulation, 200ng/ml PMA (Sigma-Aldrich) and 1pM Ionomycin
(Calbiochem) was added to the cells 6 hours before lysing the cells.

Luciferase reporter gene assay and analysis

For evalutation of NF-kB induction, candidate inducing constructs were co-transfected with a NF-kB-
dependent luciferase reporter expression plasmid (LMBP: 3249) [105] and an actin promoter-driven (-
galactosidase (LacZ) expression plasmid (LMBP: 4341) [106] as transfection control. The CARD-CC/PKC
screening transfecion set-ups were based on a 1 pg DNA master mix containing 100 ng luciferase reporter
plasmid and 100 ng B-galactosidase expression plasmid. The amount of the different CARD-CC expression
plasmids was determined individually based on basal spontaneous activation from overexpression :
CARD9 (200 ng), CARD10 (5 ng), CARD11 (100 ng) and CARD14 (5 ng). The remaining DNA (600-795 ng)
consisted of expression plasmid DNA for the activated PKC constructs or empty vector (EV). The 1 pg
master mix was transfected over 4 24-well plate wells (4 - 10* cells per well). The cells used for luciferase
analysis were washed with PBS and lysed in luciferase lysis buffer (25mM Tris pH7.8, 2mM DTT, 2mM
CDTA, 10% glycerol, 1% Triton X-100). For the colorimetric determination (at 595nm) of B-galactosidase
activity, chlorophenol red-B-D-galactopyranoside (CPRG) (Roche diagnostics) was used as a substrate.
Luciferase activity was measured by using beetle luciferin (Promega) as a substrate and luminescence was
measured with the GloMax® 96 Microplate Luminometer (Promega). Luciferase data was repeated at
least 3 times with similar patterns. Data processing and calculation of 95% confidence intervals was done
in Libreoffice (www.libreoffice.org) Calc (Student’s t-distribution [107,108] ).

Immunoprecipitation

HEK293T cells were seeded at 1 x 10° cells on 90-mm Petri dishes and transfected with a total of 5 ug DNA.
Twenty-four hours later, cells were lysed in MALT1 IP buffer (20 mM Tris-HCl pH 7.5, 137 mM NacCl, 1.5 mM
MgClI2, and 1% Triton X-100) supplemented with protease and phosphatase inhibitors. Cell extracts were
pre-cleared with 1 Ig of total rabbit IgG (sc-2027, Santa Cruz) and 15 pl protein G-Sepharose beads (GE
Healthcare, Buckinghamshire, UK). Proteins were precipitated with 1 pg of anti-Flag antibody (F-3165,
Sigma) for 2 h at 4°C followed by the addition of 15 pl protein G-Sepharose beads for 1 h. The beads were
washed four times with 1 ml lysis buffer and resuspended in 40 pl Laemmli buffer (0.1% 2-
mercaptoethanol, 5ppm bromophenol blue, 10% Glycerol, 2% SDS, 63 mM Tris-HCl (pH 6.8) ) [109].
Proteins were separated by SDS-PAGE and analyzed by Western blotting.
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Protein expression analysis

Transfected cells for expression control in luciferase experiments were lysed directly in Laemmli buffer.
Protein concentration in total lysate control samples for immunoprecipitation were first determined by
the Bradford method [110] prior to addition of Laemmli buffer. Protein lysates were run on a 10% PAGE
gel and blotted on nitrocellulose. Expression of the CARD-CC proteins was determined with anti-Flag
antibody (F-3165, Sigma). Expression of the E-tagged PKC clones with anti-E-tag antibody (ab66152,
Abcam) and un-tagged CARD14 was detected with anti-CARD14 (HPA023388, Sigma).
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Fig. 1 : Relationship between the different CARD-CC family members. A phylogenetic (PhyML) tree
from an alignment (MUSCLE) of vertebrate CARD-CC family members. As outgroup (root) and
representative of the ancestral CARD-CC, sequences from two sequenced lamprey species (arctic:
Lethenteron camtschaticum and sea: Petromyzon marinus), hagfish (Eptatretus burgeri) and the invertebrate
tunicate (Ciona intestinalis) were used. A likely evolutionary scenario is that (1) the ancestral CARD-CC gene
got duplicated into CARD9 and the original ancestral CARMA (which got fused to a MAGUK domain from a
DIg-5/Z0 like gene) before the last common vertebrate ancestor. (2) The ancestral CARMA then duplicated
into CARD11 and the CARD-[10/14] ancestor. Finally (3), the CARD-[10/14] ancestor got duplicated into
CARD10 and CARD14. The events (2-3) occurred during vertebrate evolution after agnathans (e.g.
lampreys and hagfishes) and before chondrichthyes (e.g. sharks and rays; “Shark”; Callorhinchus milii)
branched off from the rest of the vertebrates (euteleostomi; e.g. bony fishes (“Fish”; Danio rerio) ,
amphibians (“Frog”; Xenopus tropicalis), reptiles (“Chicken”; Gallus gallus) and mammals (“Human”; Homo
sapiens)).

Fig. 2. A) CBM complex signaling model. Upstream ITAM-containing receptors activate different types of
PKC via the activity of the SH2 domain tyrosine kinases Syk or Zap70. Upon phosphorylation, the CBM
complex is assembled, which recruits TRAF6 and activates downstream NF-kB transcriptional activity. B)
PMA/Ionomycin (P/I) -induced NF-kB driven luciferase expression in wild-type (WT) and MALT1, Bcl/10 and
CARD10 mutant HEK293T cells after 6 hours stimulation. Fold-induction in PMA-stimulated (+) cells is
compared to the average background level of the non-stimulated (-) cells. C) Ga;,-Q231L, Ga;3-Q226L and
RhoA-Q63L -induced NF-kB driven luciferase expression in wild-type (WT) and MALT1, Bcl10 and CARD10
mutant HEK293T cells. MALT1T KO cells also reconstituted by transient expression of WT MALT7. D) To
investigate the proposed Act1-CARD14 signaling axis, a gradient (0, 3, 10, 30 ng/ug transfected DNA) of
Act1, CARD14 or Act1 and CARD14 together was evaluated in CARD70 KO cells. As controls for the CARD10
KO cells, PMA/ionomycin (P/I) and TNF stimulation were used. Luciferase values in B-D represent LaczZ-
normalized luciferase enzymatic activity expressed as fold induction (unitless). Error bars represent 95%
confidence intervals (Student's t distribution). Results are representative for three independent
experiments.

Fig. 3. A) Basal NF-kB activation from CARD-CC overexpression vs empty vector transfected control, based
on luciferase activity in wild-type HEK293T cells at different levels of transfection. CARD-CC expression
determined by Western blot and anti-Flag tag antibody. B) Basal NF-kB activation in wild-type vs L/LI
insertion mutants of CARD10 and CARD14 at different levels of transfection. For A&B, numbers indicate ng
CARD-CC expression plasmid DNA/ug DNA master mix. C) PMA-induced NF-kB activation (red bars) after
6h stimulation in CARD10 KO HEK293T cells transiently reconstituted with the four different CARD-CC
proteins. Grey bars represent NF-kB activation by expression of the CARD-CC proteins without stimulation.
D) Relative NF-kB activation by activated PKC mutants in presence of PKC inhibitors. Uninhibited PKC
(black bar, dashed line) is set to 100, red bars NF-kB activation in presence of Sotrastaurin and blue bars in
presence of aurothiomalate (ATM). For Luciferase results in A-D, results are representative for four
equivalent independent experiments and error bars represent 95% confidence intervals (Student's t
distribution).

Fig. 4. PKC-dependent NF-kB activation via A) CARD9, B) CARD10, C) CARD11, and D) CARD14. For A-D,
activation by activated PKC mutants expressed as fold-induction of NF-kB-induced luciferase expression,
compared to CARD-CC expressed without activated PKC (EV, set to 1, dashed line in B-D). Luciferase results
are representative for four equivalent independent experiments and error bars represent 95% confidence
intervals (Student's t distribution). Red bars represent PKC/CARD-CC synergistic activation that is
significantly (p<0.05) greater than the CARD-CC expressed alone. E) Expression of PKCs and CARD-CC
proteins in experiments A-D.


https://doi.org/10.1101/228767
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/228767; this version posted September 24, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-ND 4.0 International license.

Fig. 5. A) Investigation of the CARD14 PKC activation profile in presence of CARD10. Grey bars indicate
CARD10+PKC activation profile and red bars CARD10+CARD14+PKC activation profile. B) Co-
immunoprecipitation of un-tagged CARD14 with flag-tagged CARD9, -10 or -11.

Fig. 6. Different PKCs utilize the same critical phosphorylation site for CARD9 activation, but not for
CARD14. A) Basal NF-kB activation by CARD9 and CARD9-T231A B) Activation of CARD9 and CARD9-
T231A in presence of the CARD9-activating PKCs C) Levels of spontaneous NF-KB activation in a
transfection gradient of CARD14 and CARD14-S250A. D) NF-kKB by CARD14 and CARD14-S250A in
presence of CARD14-activating PKCs.

Fig. 7. In conclusion, the different CARD-CC family members show different specificities towards upstream
PKCs. All CARD-CC members are activated by the novel class of PKCs and only CARD10 can be activated by
the atypical class of PKCs.
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