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Ab st ra ct  
 
Caspase  recru itm en t dom ain -con ta in ing  p rote in  (CARD)9, CARD10, CARD11 and  CARD14 a ll 
be long  to  the  CARD-coiled  co il (CC) p ro te in  fam ily and  orig ina ted  from  a  single  com m on ancestra l 
p ro te in  ea rly in  ve rteb ra te  evolu tion . All fou r p ro te ins form  CARD-CC/ BCL10/ MALT1 (CBM) 
com plexes lead ing  to  nuclea r factor-kappa -B (NF-κB) activa tion  a fte r upstream  phosphoryla tion  
by various p ro te in  kinase  C (PKC) isoform s. CBM com plex signa ling  is critica l for inna te  and 
adap tive  im m unity, bu t aberran t activa tion  can  cause  au to im m une  or au to inflam m atory d iseases, 
or be  oncogen ic. CARD9 shows a  supe rior au to-inhib ition  com pared  with  o the r CARD-CC fam ily 
p ro te ins, with  ve ry low spon taneous activity when  ove rexpressed  in  HEK293T ce lls. In  con tra st, 
the  poor au to-inhib ition  of o the r CARD-CC fam ily p ro te ins, especia lly CARD10 (CARMA3) and 
CARD14 (CARMA2), is  ham pering  cha racte riza tion  of upstream  activa tors or activa ting  m uta tions 
in  ove rexpression  stud ie s. We  g ra fted  d iffe rent dom ains from  CARD10, 11 and  14 on  CARD9 to 
gene ra te  ch im eric CARD9 backbones for functiona l cha racte riza tion  of activa ting  m utan ts u sing  
NF-κB reporte r gene  activa tion  in  HEK293T ce lls a s readou t. CARD11 (CARMA1) activity was not 
fu rther reduced  by g rafting  on  CARD9 backbones. The  ch im eric CARD9 approach  was 
subsequen tly va lida ted  by using  seve ra l known  d isease -a ssocia ted  m uta tions in  CARD10 and 
CARD14, and  add itiona l screening  a llowed  us to  iden tify seve ra l p reviously unknown activa ting  
na tu ra l va rian ts in  hum an CARD9 and  CARD10. Using  Genebass a s a  re source  of exom e-based  
d isease  a ssocia tion  sta tistics, we  found  tha t activa ted  a lle le s of CARD9 corre la te  with  irritab le  
bowel syndrom e  (IBS), constipa tion , osteoa rth ritis , fib rom ya lg ia , in som nia , anxie ty and  
depression , wh ich  can  occur a s com orb id itie s. 
 
 
In t rod u ct ion  
 
The  CARD-CC/ BCL10/ MALT1-like  pa racaspase  (CBM) com plexes a re  critica l for signa ling  lead ing  
to  p ro-inflam m atory gene  expression . Dysregula tion  of the  CBM com plexes has been  a ssocia ted  
to  m any im m une-re la ted  d iseases and  cancer [1]. The  CBM com plexes a re  ancien t and  can  be  
found  a s fa r back a s Cnida ria  [2–4]. In  ve rteb ra te s, the re  a re  four d istinct CBM com plexes (CBM-
9, CBM-1, CBM-2 and  CBM-3) defined  by the  d iffe ren t CARD-CC prote in  fam ily m em bers: CARD9, 
CARD11 (CARMA1), CARD14 (CARMA2) and  CARD10 (CARMA3), re spective ly [5–7]. This expansion  
of the  m onophyle tic CARD-CC fam ily co incides with  an  expansion  of m any functiona lly associa ted  
im m une-re la ted  genes ea rly in  ve rteb ra te  evolu tion , m ost like ly a s a  consequence  of genom e  
dup lica tion  [3,8,9]. CARD9 has re ta ined  the  dom ain  structu re  of the  ancestra l CARD-CC prote in  
found in  inve rteb ra te s, a  siste r g roup with  the  la st com m on ancestor found  in  tun ica te s [10]. The  
o the r pa ra logs (CARD10, -11 and -14) have  a ll ob ta ined  a  C te rm ina l fusion  with  a  ZO-1/ Dlg5-like  
MAGUK dom ain  [2,10,11], form ing the  CARMA sub-fam ily (Fig . 1, Fig . 2A). A com m on them e 
be tween  the  fou r jawed  ve rteb ra te  CARD-CC prote ins is tha t they a ll ge t activa ted  by p ro te in  
kinase  C (PKC) [10], and  will subsequen tly form  filam en tous polym eric filam en ts by aggrega tion  
via  the ir CC dom ain  [4,12–15]. These  CARD-CC filam en ts will b ind  the  signa ling  p ro te ins BCL10 
and MALT1 via  the  CARD dom ain , wh ich  subsequen tly will signa l towards NF-κB activa tion  and  
activa tion  of the  pa racaspase  MALT1 protease  activity [16–21]. The  recru itm en t of the  



BCL10/ MALT1 com plex to the  CARD-CC prote in  is a  critica l signa ling  even t and  BCL10 fusion  to 
CARD11 re sults in  a  constitu tive ly active  signa ling  com plex [22]. The  norm a l sequence  of even ts 
is  however m ost like ly phosphoryla tion  lead ing  to  CC dom ain  aggrega tion  and  subsequen t 
BCL10/ MALT1 recru itm en t to  the  exposed  CARD dom ain  [15,23–26]. Desp ite  the ir sim ila ritie s, the  
fou r CARD-CC prote ins a re  d istingu ished  especia lly by the ir expression  p rofile , whe re  CARD9 and 
CARD11 a re  p rim arily expressed  in  inna te  and  adap tive  im m une  ce lls, re spective ly, and  CARD10 
and  CARD14 p rim arily in  d iffe ren t non-hem a topoie tic ce lls. The  ce ll type  specific expression 
d iffe rences a lso  in fluence  the  phenotypes of m utan ts in  the  d iffe rent CARD-CC fam ily m em bers 
[27]. Loss of function  m uta tions in  CARD11 cause  seve re  com bined im m unodeficiency (SCID) due  
to  a  defective  adap tive  im m unity [28]. Weaker hypom orphic m uta tions of CARD11, in  con tra st, 
cause  hype r-IgE syndrom e (HIES) with  a topic de rm a titis , a  phenotype  a lso  seen  when 
downstream  MALT1 is lost [29–32]. Loss of function  m uta tions in  CARD9, on  the  o the r hand , cause  
a  defective  inna te  im m une re sponse  to e specia lly fungal infections [33,34], and  the  com bined  loss 
of CARD9 and  MyD88 cause  a  seve re  d isrup tion  of inna te  im m unity since  two cen tra l adap tor 
p ro te ins for d iffe ren t inna te  im m une  recep tor signa ling  pa thways a re  lost [35]. The re  a re  no 
strong  reports on  phenotypes from  loss of function  m uta tions in  CARD10 or CARD14, bu t it  ha s 
been  suggested  tha t loss of CARD14 cou ld  sensitize  to  the  deve lopm en t of a top ic de rm a titis  [36]. 
Mice  deficien t for Ca rd10 show neurodevelopm en ta l defects, a  phenotype  sha red  with  Bcl10 
de ficien t m ice  [37,38]. Hum an  ge rm  line  and  som a tic m uta tions in  CARD10 have  been  suggested  
to  be  a ssocia ted  to  im m unodeficiency, au toim m unity, cance r, cognitive  defects and  p rim ary open-
angle  g laucom a  (POAG), bu t it  is  not e stab lished  whe the r the  m uta tions a re  activa ting  or 
inactiva ting  [39–41]. High  expression  of CARD10 or CARD14 have  both  been  a ssocia ted  to 
increased  cance r ce ll su rviva l [42,43]. Germ  line  activa ting  m uta tions in  CARD-CC prote ins have  
up  un til now on ly been  found  in  CARD11, which  re su lt in  B ce ll lym phom as and  B cell expansion 
with NF-κB and T cell anergy (BENTA) [44,45], as we ll a s CARD14, wh ich  re su lt in  CAPE (CARD14 – 
Associa ted  Papulosquam ous Erup tion ) – a  d isease  spectrum  tha t includes psoria sis and  Pityria sis 
rubra  pila ris (PRP) [46,47]. For both  CARD14 and  CARD10, the  functiona l cha racte riza tion  of 
activa ting  m uta tions is often  ham pered  by the  ve ry h igh  basa l activity du ring  transien t 
ove rexpression  stud ie s in  HEK293T ce lls, wh ich  leads to  no  or poor enhancem en t of the  re la tive  
NF-κB activa tion  from  the  activa ting  m uta tions com pared  to  wild -type  [10,19]. We gene ra ted 
ch im eric p ro te ins in  orde r to  exp loit the  supe rior au to-inh ib ition  p ropertie s of CARD9 to 
functiona lly cha racte rize  m uta tions from  the  o the r CARD-CC fam ily m em bers. Our ch im eric CARD-
CC prote ins a re  a rtificia lly m ade  by transp lanta tion  and  rep lacem ent of functiona lly conse rved 
pa rts to  gene ra te  a  novel bu t fu lly functiona l p ro te in . The  functiona lly conse rved  pa ra log  
sequences tha t we  use  have  d ive rged  during  a t least 500 m illion  yea rs of independen t evolu tion , 
since  the  sp lit be tween  CARD9 and  the  CARMA prote ins occurred  be fore  the  la st com m on 
ancestor of hag fish  and  jawed  ve rteb ra te s [10,48,49]. 
 
 
Re su lt s  
 
Sequence a lignment can identify activa ting muta tions transferable between CARD-CC members 
 
Desp ite  approxim a te ly ha lf a  b illion  yea rs of independen t evolu tion , the  fou r CARD-CC pa ra logs 



a re  very sim ila r with  conse rved  dom ains (Fig . 1; Fig . 2A). However, a s illu stra ted  by the  Ham m ing 
d issim ila rity m a trix from  the  MUSCLE (MUltip le  Sequence  Com parison  by Log- Expecta tion ) 
sequence  a lignm en t [50,51] (Tab le  1A), the  CARD-CC pa ra logs have  d ive rged  sign ifican tly 
com pared  to  the  re la tive ly m inor d iffe rences tha t can  be  seen  be tween  the  m ouse  and  hum an 
orthologs. As illu stra ted  by both  the  m ultip le  sequence  a lignm en t (Fig . 1) and  the  d issim ila rity 
m a trix (Tab le  1A) a re  the  N-te rm ina l sequences typica lly be tte r conse rved  while  the  sequences 
downstream  of the  CC dom ain  (Fig . 1; Tab le  1B) show poore r conse rva tion .  Previous structu ra l 
com parisons be tween CARD9 and  CARD11 have  focused  on  the  N te rm ina l pa rts of the  two 
p ro te ins [15] and  d id  not include  the  com ple te  CC dom ain . In  tha t structu ra l com parison , they 
cou ld  de te rm ine  tha t the  CARD-LATCH bound  to  a  sm all CC dom ain  fragm en t form ed  a  d im er. To 
investiga te  th is furthe r, we  gene ra ted  AlphaFold  com puted  m ultim eric m ode ls [52] of CARD9, 
CARD10, CARD11 and CARD14 (Fig . 2A), wh ich  do  seem  to  ag ree  with  the  expe rim en ta lly 
de te rm ined  N-te rm ina l structu re  [15]. The  com puted  d im eric structura l m ode l of CARD9 ove rlaps 
with  the  expe rim en ta lly de te rm ined  d im eric N-te rm ina l CARD9 structu re  with  a  root m ean squa re  
devia tion  (RMSD) of 2.27 Å. 
 
CARD11 was the  first CARD-CC fam ily m em ber where  activa ting  m uta tions were  found , wh ich  
cause  spon taneous NF-κB activa tion  and  re su lt in  BENTA d isease  or B ce ll lym phom a  [53].  Som e  
of these  activa ting  m uta tions in  CARD11 — for exam ple  CARD11G123D [45,54], CARD11L232LI  [55,56], 
or CARD11S250P [44]  (Fig . 2B) — a re  m uta ted  in  re sidues tha t a re  conse rved  in  severa l CARD-CC 
pa ra logs (Fig . 1). In  structu ra l com parisons of the  N-te rm ina l reg ion  of the  CARD-CC prote ins, it 
was dem onstra ted  tha t seve ra l activa ting  CARD11 m uta tions in  the  CARD and  LATCH dom ains a re  
transla tab le  to  CARD9 [15], for exam ple  the  CARD9G111S m u ta tion , wh ich  corre sponds to  the  
CARD11G123S m u ta tion  (rs387907352) tha t causes BENTA [57]. An  in te re sting  candida te  germ  line 
activa ting  CARD9 m uta tion  in  the  sam e  re sidue  is a  na tura l CARD9 varian t causing  the  ve ry ra re  
CARD9G111E m uta tion  (rs371695061). CARD9G111E corre sponds to  the  CARD11G123D BENTA m uta tion  
(rs571517554) — which  is m ore  seve re  than  CARD11G123S [45]. By sequence  a lignm en t (Fig . 1), we  
can  a lso  see  tha t CARD10G128D wou ld  re su lt in  a  sim ila r a rtificia l m u ta tion  in  CARD10. We have  
a lready u tilized  the  stra tegy of transfe rring  the  CARD11L232LI oncogenic m uta tion  loca ted  in  the  CC 
dom ain  to  CARD9L213LI for functiona l cha racte riza tion  of an  inactiva ting  m utan t [33]. The  CARD9 
T231 site  is  a lso  h igh ly in te re sting  since  it is  critica l for activa tion  downstream  of severa l d iffe ren t 
PKC isoform s [10,58]. The  CARD9 T231 and  CARD14 S250 residues a lign  n ice ly with  the  oncogen ic 
CARD11S250P m u ta tion , wh ich  m eans tha t CARD9T231P and  CARD14S250P a lso  a re  poten tia l a rtificia lly 
activa ted  m uta tions (Fig . 1).  In te re sting ly, while  the  CARD9L213LI g ives a  strong  activa tion , th is is 
clea rly le ss than  the  excep tiona l activa tion  tha t can  be  seen  from  the  CARD9T231P and  CARD9G111E 
m u ta tions (Fig . 2C), dem onstra ting  tha t these  m uta tions a re  superior for functiona l 
cha racte riza tion  of activa ted  CARD9. Consisten t with  p revious obse rva tions [10,15,33], we  see  tha t 
inactive  CARD9 shows reduced  p ro te in  expression .  
 
The  CARD11L232LI m u ta tion  has a lso  p reviously been  transfe rred  to  CARD10L237LI and  CARD14L229LI  

(Fig . 1), bu t due  to  the  h igh  basa l activa tion  of the  wild -type  va rian ts of these  pro te ins (Fig . 2D), 
the  re la tive ly weak effect of these  m uta tions was on ly appa ren t a t ve ry low expression  leve ls [10]. 
Th is is  however not un ique  for those  m uta tions. For exam ple , the  activa ting  a rtificia l CARD10G128D 
m uta tion  (Fig  1) and  the  strong  pustu la r p soria sis-a ssocia ted  CARD14E138A m uta tion  [59] do  not 
show any visib le  enhancem en t of NF-κB activa tion  a t h igh  expression  leve ls, bu t do show a  clea r 



activa ting  e ffect a t lower expression  leve ls (Fig  2E,F). Especia lly CARD14 appea r sensitive  to  th is 
ove rexpression  e ffect. CARD14 exists in  two d iffe ren t sp lice  form s, and  m any previous ana lyses 
of CARD14 psoria sis-a ssocia ted  m uta tions have  successfu lly used  the  less active , short sp lice  form  
CARD14sh  [60]. Su rp rising ly, in  con trast to  CARD11S250P and  CARD9T231P, the  CARD14S250P m u ta tion  
was not activa ting , but ra the r de trim en ta l for CARD14 activity. This m ay be  due  to the  poor 
CARD14S250P p ro te in  expression  when  low concen tra tions of the  expression  construct were  
transfected  (Fig  2F).  In  con tra st to  CARD9, wh ich  has a  strong  au to inh ib ition  even  a t h igh  
expression  leve ls, the  leve l of CARD14 expression  will have  an  in fluence  on  NF-κB activa tion  since  
WT CARD14 is spon taneously active  when overexpressed  in  HEK293T ce lls (Fig . 2D). One  possib le  
rea son  for why CARD14S250P fa ils to  activa te  CARD14 is tha t the  structu ra l con text of CARD9T231 and 
CARD11S250 is  d iffe ren t from  tha t of CARD14S250 (Fig . 2A). This se rves a s a  n ice  illustra tion  tha t 
p rim ary sequence  conse rva tion  a lone  is not a  pe rfect p redictor for transla tion  of activa ting  
m uta tions be tween  CARD-CC fam ily m em bers. CARD14 is in  gene ra l less conse rved  in  com parison 
to  the  o the r CARD-CC pa ra logs (Tab le  1A), and  m ost p soria sis- and  PRP-associa ted  activa ting  
CARD14 m uta tion  site s a re  not conse rved  in  the  o ther CARD-CC pa ra logs (Fig . 1). One  excep tion  
is the  PRP-associa ted  m uta tion  CARD14L124P [61], wh ich  is h ighly conse rved  in  a ll the  pa ra logs 
(CARD9L115, CARD10L132, CARD11L127). The  h igh ly conse rved  CARD14 L124 re sidue  sits a t the  end  of 
the  LATCH reg ion , and  the  p ro line  substitu tion  probab ly d isrup ts a  he lix a t the  sta rt of the  CC 
dom ain  (Fig . 1, Fig . 2A).Transfe ring  th is m uta tion  to  the  o the r para logs a lso  re su lts in  the  
spon taneous activa tion  of CARD9, -10 and  14, bu t su rp risingly not CARD11 (Fig . 2G). Th is 
dem onstra te s tha t a lso  known psoria sis or PRP-associa ted  CARD14 va rian ts in  conse rved  re sidues 
can  serve  a s a  sou rce  of activa ting  substitu tions in  the  o the r CARD-CC fam ily m em bers. 
 
Identifica tion of activa ting na tura l va riants in CARD9 
 
Since , to  ou r knowledge , no  germ -line  activa ting  m uta tions have  p reviously been  found or 
described  in  CARD9 [27], we  investiga ted  add itiona l na tu ra l poten tia lly activa ting  substitu tions 
from  hum an  sequence  da ta  in  Un ip ro t [62].  At th is m om ent, the re  is no  d isease  phenotype  
a ssocia ted  with  activa ted  va rian ts of CARD9. However, the  top  d isease  a ssocia tions to CARD9G111E 
(9-136371136-C-T) in  Genebass [63] seem  to be  re la ted  to : constipa tion , IBS, fibrom yalg ia , a rth ritis 
and  pa in . Also behaviora l issues seem  to be  a ssocia ted  to  activa ted  CARD9, such  a s in som nia , 
anxie ty and  depressive  behaviors — often  cla ssified  toge the r in  psychology a s som a tic sym ptom  
d isorde rs (SSD). In te restingly, a ll o f these  d isease  conditions a re  we ll-known com orb id itie s [64–
66], and  a  risk locus for IBS with  constipa tion  (IBS-C) in  wom en has been  m apped  close  to  CARD9 
on  ch rom osom e 9 [67]. Pa in  and  m ise ry (dolor) is  one  of the  ca rd ina l signs of inflam m ation  [68], 
and  it is  thus possib le  tha t a ll the se  phenotypes orig ina te  d irectly or ind irectly from  activa ted  
CARD9. Also  seve ra l o the r poten tia lly activa ting  m uta tions in  addition  to  CARD9G111E can  be  found 
in  the  hum an na tu ra l va ria tion  of CARD9, for exam ple : L85F (rs1239721232; L85Y shown to be 
activa ting  [15]), Y86C (rs1049019466; Y86F shown to  be  activa ting  [15]), R101H (rs988002931; 
R101Q shown to be  activa ting  [15]) and  V102I (rs1490862744). Testing  these  poten tia lly activa ting  
na tu ra l va ria tions in  the  LATCH reg ion  revea led  tha t on ly CARD9G111E caused  strong  spon taneous 
activa tion  of CARD9 (Fig . 3A), with  the  o the r m utan ts be ing  le ss active  or a s active  a s wild -type  
CARD9. The  CARD9G111E is  a s active  a s the  very strong  a rtificia l CARD9T231P m u ta tion  (Fig . 2C), 
indica ting  tha t it  p robably is close  to  the  h ighest leve l of spon taneous activity tha t can  be  
gene ra ted . One  p rob lem  with  CARD9G111E is  tha t it is an  extrem ely ra re  m uta tion  – with  a  sing le  



case  in  the  Genebass da tabase  (ou t of 394841 individua ls). The  sam e  m uta tion  can  not be  found 
in  gnom AD 2.1 [69], bu t G111R (9-139265589-C-T (GRCh37), rs769183409) has 3 ind ividua ls ou t of 
a lm ost 250000 with  an  age  range  of 40-50 yea rs o ld . Th is indica te s tha t ca rrie rs of substitu tions a t 
th is site  a re  viab le . The re  is no  hea lth  da ta  pub licly ava ilab le  for these  CARD9G111R ind ividua ls, bu t 
gnom AD v2 typ ica lly only includes hea lthy ind ividua ls [70]. In  the  recen tly re lea sed  gnom AD 4.0, 
wh ich  includes the  UK b iobank exom e da ta , the re  a re  6 ind ividua ls with  the  G111E va rian t and  9 
with  the  G111R va rian t. Structu ra l p redictions a t the  G111 site  indica te  tha t any substitu tion  a t th is 
site  shou ld  be  activa ting  [15]. To  te st th is, we  a lso  gene ra ted  a  CARD9 m utan t  (G111A) with  a  
structu ra l d isrup tion  as sm a ll a s possib le  a t th is site . In te re stingly, th is substitu tion  was a lm ost as 
active  a s the  G111E substitu tion  (Fig . 3B), confirm ing  the  structu ra l p red iction  tha t any 
substitu tion  a t G111 shou ld  be  activa ting . Surprising ly is the  G111R substitu tion  m uch  le ss active  
than  the  G111E and G111A substitu tions. Diffe ren t na tu ra l CARD9-activa ting  m uta tions a ssocia ted  
to  the  sam e  seque lae  would  g ive  m ore  confidence  to the  p red icted  d isease  a ssocia tions in 
Genebass, since  it wou ld  exclude  linkage  to  o the r d isease -causing  m uta tions in  nea rby genes. By 
listing  m issense  m uta tions a ssocia ted  to  one  d isease  cond ition  (fib rom yalg ia ) a ssocia ted  to 
CARD9G111E in  Genebass, seve ra l o the r cand ida te  na tu ra l m u ta tions (K165E (rs781419489), S172N 
(rs201802044), E523Q (rs144943839) and  *537Qext59* (rs1405807688)) can  be  iden tified  which  
a lso  have  a ssocia tions to  psychologica l and  gastro in te stina l prob lem s. By using  a lte rna tive  
substitu tions a t the  sam e  site  a s an  activa ting  m uta tion , we  can  a lso  iden tify add itiona l poten tia lly 
activa ting  substitu tions, such  as K165de l (9-136370972-CCTT-C) and  E523K (rs144943839). Testing  
these  m uta tions revea led  tha t a ll of the  fib rom ya lg ia -a ssocia ted  va rian ts and  a lte rna tive  va rian ts 
in  the  sam e  re sidues a re  activa ted , showing  tha t fib rom ya lg ia  a ssocia tion  is a  very good  p red ictor 
of activa ted  CARD9 va rian ts (Fig . 3B). Notably, the  strong ly activa ting  va rian ts in  CARD9 were  a lso 
p red icted  a s pa thogenic in  AlphaMissense  [71]. The  S172N and E523Q va rian ts a re  however 
showing  weak (~ 3-4 fold) activa tion . We  conside r these  sm a ll d iffe rences less re liab le  than  the  
b ig  (qua lita tive ) d iffe rences we  typ ica lly see  in  activa ted  CARD9 m utants. The  L423V (9-136367639-
G-C) m uta tion  was not iden tified  by associa tion  to fib rom ya lg ia , bu t ra ther due  to  othe r 
com orb id itie s (constipa tion , pa in) ove rlapping  with  the  top  d isease  a ssocia tions for the  K165E and 
*537Qext59* va rian ts. The  lack of activa tion  in  th is va rian t h ighligh ts tha t fib rom yalg ia  rem a ins 
the  best p red ictor of activa ted  CARD9 va rian ts for now. A fu ll au to-activa tion  su rvey of the  CARD9 
na tu ra l varia tions in  hum ans and  ta rge ted  investiga tions of CARD9 in  pa tien ts with  a ssocia ted  
d isease  phenotypes for nove l ra re  va rian ts m ay be  ab le  to  p ick up  even  m ore  d isease -a ssocia ted  
a lle le s in  the  fu tu re . In te re sting ly, a  recen tly pub lished  a ssocia tion  to  the  CARD9 R241Q m uta tion  
to  osteoarth ritis  [72] m ay indica te  tha t th is m uta tion  a lso  is activa ting  since  osteoa rth ritis  and  
fibrom yalg ia  often  a re  com orb id . It m igh t a lso  be  possib le  to  run  ite ra tive  cycle s of reverse  
gene tics by in vitro te sting  of cand ida te  m uta tions a ssocia ted  to  the  sam e  d iseases, and  the  new 
activa ted  m uta tions cou ld  then  form  a  new tra in ing  se t for anothe r cycle  of d isease  a ssocia tions.  
The  screen ing  for activa ted  CARD9 va rian ts a lso  h ighligh ted  the  p rob lem  with  h igh  expression  
d iffe rences be tween  strongly activa ted  va rian ts and  inactive  va rian ts or wild -type  CARD9 (Fig . 3B). 
The  CARD9 expressed  in  these  expe rim en ts a re  on  the  pcDNA3 vector backbone  and  d riven  by 
the  CMV prom ote r, wh ich  is known to  respond to  NF-κB and  AP-1 [73,74]. The  h ighe r expression  
of activa ted  CARD9 va rian ts cou ld  thus be  the  re su lt of a  positive  feedback loop. Th is positive 
feedback loop  cou ld  however a lso  be  seen  a s a  positive  side -effect since  it fu rthe r enhances the  
con trast be tween inactive  and  activa ted  va rian ts.  
 



Characteriza tion of activa ting na tura l variants in CARD9 
 
The  only poten tia l “activa ting” d isease -a ssocia ted  germ  line  CARD9 m utan t known  from  lite ra tu re  
wou ld  be  CARD9S12N [75], bu t th is m u ta tion  is recessive  and  on ly enhances expression  of som e 
Re lB-dependen t cytokines a fte r upstream  recep tor stim ula tion  [75]. The  enhanced  Re lB-
dependen t gene  expression  is supposed ly due  to  reduced  MALT1-m ed ia ted  Re lB cleavage  [76], 
wh ich  m eans tha t the  S12N m uta tion  is not an  activa ted  CARD9 m uta tion . This m uta tion  is thus 
m ore  in  line  with  o the r CARD11 m uta tions tha t show a  com plex phenotype  with  fea tu re s of both  
ga in - and  loss-of-function  [77]. Stud ie s of the  S12N m utan t have  revea led  an  exon  11 de le tion  
(ΔEx11) re scue  m utan t [78], wh ich  abolishes the  b ind ing  of TRIM62 to  CARD9 [79]. The  CARD9 
ΔEx11 m uta tion  leads to a  fram e  shift m u ta tion  a t the  C te rm ina l sequence , wh ich  has been  shown 
to  con tribu te  to  downstream  signa ling  in  activa ted  CARD9 [79,80]. TRIM62, in  tu rn , leads to  K27-
linked  polyub iqu itina tion  a t K125 on  CARD9. Both  of these  even ts a re  critica l for stim u la tion-
induced  CARD9 activa tion , since  TRIM62 deficiency, CARD9 exon  11 de le tion  or the  CARD9K125R 
m utan t lead  to defective  re sponses to  upstream  C type  lectin  recep tor ligands [79]. To  ga in  fu rthe r 
m echan istic in sigh t in to whe the r gene tica lly activa ted  CARD9G111E show sim ila ritie s to  stim ula tion -
induced  activa tion  of CARD9, we  re -cloned  CARD9 in  fram e  with  Renilla  lucife rase  (RLuc) and  a  P2A 
sequence  for b icistron ic expression  of CARD9 and RLuc d riven  by a  CAG prom ote r to  avoid  the  
poten tia l feedback a rtifacts p re sen ted  by the  CMV prom ote r. Using  RLuc, we  can  thus norm a lize  
NF-κB activity from  the  Fire fly lucife ra se  reporte r to  the  num ber of CARD9 transcrip ts — which  
should  lead  to  a  specific m easu rem en t of the  inhe ren t d iffe rence  in  activity of CARD9. As a  first 
ve rifica tion , we  te sted  CARD9G111E and  the  le ss active  CARD9G111R (Fig . 3C). In  line  with  the  CMV-
driven  expression  constructs, we  cou ld  confirm  the  d iffe rence  be tween  the  two d iffe ren t CARD9 
G111 activa ting  a lle le s and  while  the  fold  inductions were  le ss d ram a tic due  to the  lack of a  
positive  feedback loop , we  still see  very strong  inductions from  the  strong  activa ting  CARD9G111E 
m u tan t com pared  to  WT CARD9 (Fig . 3C). Subsequen tly, we  cloned  CARD9S12N, and  we  a lso  cloned 
the  doub le  m utan ts CARD9S12N,G111E , CARD9G111E, ΔEx11and  CARD9G111E, K125R for m echanistic 
investiga tions of gene tica lly activa ted  CARD9. As p reviously suggested  [75], we  cou ld  confirm  tha t 
CARD9S12N shows no  sign ifican t e leva tion  of basa l activity com pared  to  WT CARD9, bu t tha t the  
S12N m uta tion  boosts a lready activa ted  CARD9, a s dem onstra ted  by the  CARD9S12N,G111E doub le  
m utan t (Fig . 3D). We cou ld  fu rthe r e stab lish  tha t in  con tra st to  stim u la tion -induced  CARD9 
activa tion , the  activity of the  gene tica lly activa ted  CARD9G111E is  independen t of exon  11 or 
ub iquitina tion  a t the  K125 site  (Fig . 3D). 
 
The CARD9 C termina l sequence downstream of the CC domain is inhibitory in CARD9, -10, -11 and -14 
 
Transfe ring  activa ting  m uta tions from  CARD11 to  CARD9 is gene ra lly fa r ea sie r than  transfering 
activa ting  m uta tions from  for exam ple  CARD14 to  CARD9, since  CARD11 has d ive rged  fa r le ss from  
CARD9 and  typ ica lly a ligns be tte r [2,10] (Fig . 1, Tab le  1A). In  orde r to  so lve  th is issue , we  
investiga ted  whe the r we  could  crea te  hybrid  pro te ins with  the  advan tages of CARD9, such  a s the  
strong  au to-inh ib ition  and  h igh  fo ld -induction  when  activa ted , with  sequence  segm en ts grafted  
from  the  o the r CARD-CC fam ily m em bers to  enable  d irect transfe r of known m uta tions in to  th is 
ch im eric CARD9 backbone . We  have  p reviously obse rved  tha t de le tion  of the  sequence  
downstream  of the  CC dom ain  in  CARD9, -10, -11 and  -14 d isrup ts the  au to-inhib ition  [2,33], 
ind ica ting  tha t the  C-te rm ina l pa rt of CARD9 acts a s the  so-ca lled  “inhib itory dom ain” (ID) 



analogously to  the  linke r sequence  downstream  of the  CC dom ain  in  CARD11 [25]. Since  th is “ID” 
is an  unstructu red  region  and  not a  structu ra lly de fined  or evolu tiona ry conse rved  dom ain  we will 
henceforth  re fe r to  it a s the  inhib itory reg ion  or linke r. Also , in  ou r screen ing  for activa ted  na tu ra l 
va rian ts in  CARD9, we  iden tified  two va rian ts (E523K, *537Qext59*) tha t d isrup t the  au toinh ib itory 
activity of th is C-te rm ina l sequence  (Fig . 3B). With  tha t in  m ind , we  fused  the  CARD9 C-te rm ina l 
sequence  to the  CARD-LATCH-CC pa rt of CARD10, CARD11 and CARD14 (10N-9C, 11N-9C and 14N-
9C). As com parison , we  a lso  gene ra ted  p ro te ins with  a  CARD9-like  dom ain  structure  by de le ting  
the  C te rm ina l MAGUK dom ain  in  the  th ree  CARMA prote ins. While  the  CARD-CC segm en t of the  
p ro te in  fam ily is well conse rved , the  linke r /  “inhib itory reg ion” sequences a re  m uch  le ss 
conse rved  (Fig . 1, Tab le  1A). In te re stingly, desp ite  the  poor conse rva tion , the  CARD9 C-te rm ina l 
inh ib itory reg ion  sequence  was e ithe r equa lly good  or be tte r than  the  na tive  sequences 
downstream  of the  CC dom ains to  p rovide  som e  m easu re  of au to-inh ib ition  for a ll the  CARD-CC 
va rian ts (Fig . 4A). This is  in  con tra st to  p reviously gene ra ted  hybrid  p ro te ins, whe re  the  CARD14 
inh ib itory reg ion  was unable  to  m a in ta in  CARD11 au to-inhib ition  [25]. 
 
The CARD9 CARD domain offers additiona l auto-inhibition 
 
In  a  recen t study focusing  on  the  structu re  of the  CARD, LATCH and  early pa rt of the  CC dom ains, 
som e  residues were  iden tified  in  the  CARD9 CARD dom ain , com pared  to  the  CARD11 CARD 
dom ain , wh ich  con tributed  to an  enhanced  au to-inhib ition  of CARD9 [15]. We cou ld  see  a  sim ila r 
e ffect from  the  C te rm ina l de le tion  constructs, whe re  the  CARD9 N te rm ina l construct showed le ss 
activity than  the  o the r corre sponding  constructs (Fig . 4A). Because  of th is, we  replaced  the  CARD 
dom ain  with  the  CARD9 CARD dom ain  in  ou r CARD-LATCH-CC clones with  C te rm ina l CARD9 (10N-
9C, 11N-9C and 14N-9C), lead ing  to a  se rie s of CARD9 LATCH-CC chim eras (CARD9-10LCC, CARD9-
11LCC and  CARD9-14LCC) (Fig  4B). The  ve ry strong  spon taneous activa tion  seen  in  the  CARD14 
clones (Fig  4A) was e lim ina ted  in  the  CARD replacem en ts (Fig . 4B), ind ica ting  tha t a  m a jor reason  
for the  poor au to-inhib ition  of the  CARD14 chim eras lie s in  the  CARD dom ain . 
 
CARD9 LATCH replacements influence auto-inhibition 
 
Desp ite  be ing  a  sm a ll sequence  segm en t tha t is  poorly conse rved , e specia lly in  CARD14 [15], the  
LATCH (a .k.a  α-linker) reg ion  be tween  the  CARD and  CC dom ains is h igh ly in te re sting  since  m any 
activa ting  m uta tions in  CARD11 and  CARD14 m ap  to  th is reg ion . Due  to  th is, we  in itia lly a lso  
swapped  the  CARD-LATCH of 10N-9C, 11N-9C and  14N-9C to  CARD9 (CARD9-10CC, CARD9-11CC 
and CARD9-14CC) leading  to ch im eras specific for the  CC dom ains (Fig . 4B). While  the  CARD 
dom ain  clea rly in fluenced  the  spon taneous activity of CARD14-de rived  ch im eras, spon taneous 
activity in  CARD10-de rived  chim eras was specifica lly a ffected  by the  LATCH sequence . To ensu re  
tha t th is was a  dom ain -in trinsic e ffect and  not a  specific in te raction  with  the  CC dom ain , we  a lso 
d id  the  opposite  dom a in  swapp ing  and  swapped  e ithe r the  CARD (CARD9-10C, CARD9-11C and 
CARD9-14C) or CARD-LATCH (CARD9-10CL, CARD9-11CL and  CARD9-14CL) dom ain  of CARD9 with  
the  corre spond ing  sequences from  CARD10, CARD11 or CARD14 (Fig . 4C). This inve rted  e ffect 
ve rified  tha t the  sm all LATCH dom ain  has a  significan t in fluence  on  the  basa l activity of the  
p ro te in , which  is corresponding  to  the  loca tion  of m any known activa ting  m uta tions. It a lso 
ve rified  tha t a  m a jor con tribu tor to  the  poor au to-inhib ition  in  CARD14-de rived  chim eras is the  
CARD dom ain . Tha t the  e ffect was visib le  independen tly of wh ich  CC dom ain  was used  ind ica te s 



tha t the  e ffect is not en tire ly due  to  specific in te r-dom ain  in te ractions a s is  p roposed  by the  
standa rd  m ode l of CARD-CC activa tion  [56]. In te r-dom ain  in te ractions do  however have  som e 
e ffect since  we  see  synerg istic e ffects from  CARD and  LATCH dom ains in  spon taneous background 
activity (Fig . 4B,C). To study the  LATCH dom ains in  iso la tion , we  a lso  rep laced  on ly the  LATCH 
(CARD9-10L, CARD9-11L and  CARD9-14L) dom ains (Fig . 4D), wh ich  strongly h ighligh ted  and 
ve rified  the  ro le  of the  CARD10 LATCH dom ain  in  the  poor au to-inhib ition . Based  on  sequence  
com parisons, it  is  ve ry su rprising  tha t CARD10 and  CARD11 LATCH dom ains cause  le ss au to-
inh ib ition  than  the  CARD14 LATCH, wh ich  is a  poorly conse rved  sequence  (Fig . 4D). The  CARD10 
LATCH only has 7 sign ifican t substitu tions in  3 segm en ts, com pared  to  the  CARD9 LATCH (Fig . 
4D,E). We found tha t two of the  th ree  substitu tion  segm en ts be tween  the  CARD9 and CARD10 
LATCH dom ains con tribu te  add itive ly to  the  au to-inhib ition  by reve rting  the  CARD10 LATCH 
sequence  to  the  corre spond ing  CARD9 sequence  in  each  segm en t (CARD9-10L-RVF (=QRC/ RVF 
substitu tion ), CARD9-10L-AS (=EE/ AS substitu tion ), CARD9-10L-ES (=PE/ ES substitu tion )) (Fig . 4E), 
wh ich  m eans tha t m ost of the  CARD9 LATCH is needed  for lower background  signa l in  CARD10-
de rived  ch im eric CARD9 constructs. In  orde r to  va lida te  tha t the  m apped  dom ains for au to-
inh ib ition  a lso  a re  re levan t in  the  orig ina l backbone , we  gene ra ted  a  CARD10 clone  with  the  CARD-
LATCH transp lan ted  from  CARD9 (CARD10-9CL) and  a  CARD14 clone  with  the  CARD transp lan ted  
from  CARD9 (CARD14-9C). While  the  LATCH clea rly is con tribu ting  to  the  au to-inhib ition  in  CARD14 
(Fig . 4B,C), it  a lso  is a  site  where  m any psoria sis-a ssocia ted  m uta tions a re  loca ted  (Fig . 1). 
Com pared  to  wild -type  CARD10, CARD10-9CL was clea rly le ss au to-activa ted  (Fig . 4F), wh ich  m eans 
tha t th is could  be  a  good backbone  for m utan t te sting  since  m ost d isease -a ssocia ted  m uta tions 
in  CARD10 a re  loca ted  in  the  CC dom ain  or fu rthe r downstream  [40]. CARD14 with  the  CARD 
dom ain  rep laced  with  CARD9 CARD did  however not show any notab le  reduction  of au to-
activa tion  com pared  to  wild -type  CARD14 (Fig . 4F), ind ica ting  tha t m ore  dom ains a re  im portan t in  
CARD14 regu la tion . 
 
 
Using the chimeric CARD9 constructs to ana lyze activa ting muta tions in other CARD-CC proteins 
 
Since  CARD9 shows a  supe rior au to-inhib ition  com pared  to  the  o ther CARD-CC prote ins (Fig  2D) 
is the  u tiliza tion  of ch im eric CARD9 constructs (Fig . 4) to  study activa ting  m uta tions in  non-
conse rved  residues an  a ttractive  idea . A low background  activity shou ld  re su lt in  a  h igh  fo ld -
induction  and  h igh  signa l-to-noise  m e thod  for eva lua tion  of activa ting  m uta tions. As two case  
stud ie s, we  use  the  B ce ll lym phom a  CARD11 CC m uta tion  L232LI [55] and  the  pustu la r p soria sis 
CARD14 CC m uta tion  E138A [59]. For the  CARD11 L232LI m uta tion , we  could  see  an  in te resting  
in te r-dom ain  in te raction  e ffect: wh ile  the  corresponding  CARD9L213LI m u ta tion  was activa ting , the  
CARD9 with  on ly CARD11 CC was not activa ted  by the  L232LI m uta tion  (Fig . 5A). Activa tion  by the  
CARD11L232LI m u ta tion  required  CARD11 LATCH. Taken  toge the r, th is ind ica te s tha t activa tion  by 
the  L/ LI substitu tion  requ ire s a  m a tching  LATCH-CC in te raction . In  con tra st, the  activa tion  by the  
CARD14E138A m uta tion  was dom ain -in trinsic and  the  strongest re la tive  fold -induction  was seen  in  
CARD9 with  on ly the  CARD14 CC dom ain  transp lan ted  (Fig . 5B). While  the  CARD9-14LCC (CARD14 
LATCH-CC) showed  le ss than  2-fo ld  activa tion  from  the  E138A m uta tion , the  sam e m uta tion  in  the  
CARD9-14CC backbone  caused  severa l 100-fold  activa tion , dem onstra ting  the  im portance  of low 
background  activity to  re liab ly de tect the  e ffect of activa ting  m uta tions by transient 
ove rexpression . 



Since  the  CARD14 LATCH dom ain  and  the  CC dom ains from  CARD10 and  CARD14 caused  re la tive ly 
m ild  au to-activa tion  a fte r transplan ta tion  to CARD9 (Fig . 4B,D), we  investiga ted  pub lished  
m uta tions in  these  dom ains a s a  proof-of-concep t of the  ch im eric CARD9 stra tegy. For CARD14 
LATCH we  cou ld  not see  any activa tion  from  LATCH dom ain  psoriasis-a ssocia ted  m uta tions, 
excep t for the  h igh ly conse rved  PRP m uta tion  L124P [61] (Fig . 6A). Th is su rp rising  re su lt ind ica te s 
tha t the  activa tion  from  som e  CARD14 LATCH m uta tions, for exam ple  a t positions G117 and  M119, 
require  specific in te ractions with  o the r CARD14 dom ains. Such  in te ractions a re  p robab ly a t the  
end  of CARD and  beg inn ing  of CC [15], bu t the  com puted  structu ra l m ode ls do  not g ive  any 
indica tions of such  d irect in te ractions (Fig . 2A). Th is does cha llenge  the  m odel tha t activa ting  
m uta tions a re  d isrup ting  in te r-dom ain  in te ractions, however, since  the  CARD9-14L chim era  is 
au to-inhib ited  desp ite  the  poor conse rva tion  of the  CARD14 LATCH (Fig . 1, Fig . 4D). We  had 
a lready seen  tha t CARD9-14CC was a  good  cand ida te  ch im eric CARD9 construct (Fig . 5B), and  th is 
a llowed  us to investiga te  seve ra l p soria sis and  PRP-associa ted  m uta tions in  the  CARD14 CC 
dom ain  to  confirm  tha t th is stra tegy is genera lly app licable . All the  m uta tions were  strong ly 
activa ting  in  the  CARD9-14CC construct (Fig . 6B). The  E138 a lle lic se rie s showed  tha t the  PRP 
m uta tion  E138K was a  stronge r activa tor than  the  two psoria sis-a ssocia ted  m uta tions E138A and 
E138del, in  line  with  the  suggested  corre la tion  be tween  m uta tion  streng th  and  d isease  phenotype  
[46].  
At th is m om ent, no  a ssocia tion  has been  m ade  be tween  a  d isease  cond ition  and  activa ting  
m uta tions in  CARD10 [27]. However, seve ra l ge rm line  m uta tions in  the  CARD10 CC dom ain  have  
been  found  a ssocia ted  to  d iseases, such  a s prim ary open  angle  g laucom a  (POAG), or a s a  sing le  
ca se  of au to im m unity /  im m unodeficiency (R420C) [39,40]. The re  a re  a lso  som a tic CARD10 
m uta tions described  in  cance rs [41], and  since  CARD10 ove rexpression  is a ssocia ted  to  som e 
cance rs [81], those  m uta tions a re  a lso good  cand ida te s for activa ting  CARD10 m uta tions. 
Su rp rising ly, a ll m u ta tions excep t one  (R212H; ClinVar: VCV000224912.1; dbSNP: rs1057519378) 
were  as active  a s the  wild -type  CARD9-10CC construct (Fig . 6C). In te restingly, CARD10 R212 a ligns 
with  R207 in  CARD11 — and the  CARD11 R207H  m uta tion  has been  p icked  up  in  gene tic B ce ll 
lym phom a screen ings [82,83] — which  supports tha t th is m uta tion  is like ly to  be  activa ting . In 
com parison  to  the  extrem e ly ra re  activa ted  CARD9G111E a lle le  is CARD10R212H fa r m ore  com m on, 
with  25 cases ou t of 394841 be ing  reported  in  the  Genebass da tabase . The  lack of activa tion  from  
the  o the r CARD10 m uta tions te sted  cou ld  e ithe r be  a  lim ita tion  of the  ch im eric CARD9 construct 
due  to  in te r-dom ain  dependencie s sim ila r to  the  CARD11 L/ LI m uta tion  (Fig . 5A), or b io logica lly 
true  since  the re  is no  prior evidence  tha t these  d isease -a ssocia ted  m uta tions a re  activa ting . To 
investiga te  the  first possib ility, we  re -cloned  the  m uta tions in to the  CARD10-9CL chim eric CARD10 
construct, wh ich  shows m uch  lower au to-activa tion  com pared  to  wild-type  CARD10 (Fig . 4F). In  
line  with  the  CARD9-10CC constructs, R212H was the  only CARD10 m uta tion  tha t activa te s a lso  in  
the  CARD10-9CL backbone  (Fig . 6D). In  th is in itia l screen ing  we  have  only eva lua ted  CARD10 
va rian ts tha t have  been  associa ted  to d isease  in  lite ra tu re . Since  published  d isease  a ssocia tions 
seem  to be  a  poor p red ictor of activa ting  CARD10 va rian ts, a  b roade r screen ing  was done . The  
R212 position  has m ultip le  na tu ra l va ria tions (R212C (rs760871700), R212L (rs1057519378)), wh ich  
poten tia lly cou ld  rep resen t add itiona l activa ting  va rian t a lle le s. Sorting  for cand ida te  activa ting  
m uta tions by d isease  in  Genebass d id  not p ick up  cand ida te s with  an  a s uniform  pa tte rn  of 
com orb id itie s in  CARD10 as with  activa ted  CARD9, bu t som e  cand ida te s (R142Q (rs199764326 ; 
ca rd iovascu la r), E145K (rs769979914), R153P (rs1187928736; kidney), and  R364Q (rs199557110 ; 
a lle rg ic rh in itis)) were  conside red  good  sta rting  poin ts for seed ing  a  m ore  accura te  p red iction  



m ode l for activa ting  m uta tions based  on  d isease  associa tions. We  included  the  E145K va rian t 
based  on  its sim ila rity to  the  activa ting  psoria sis-a ssocia ted  substitu tions E138K and  E142K in 
CARD14 (Fig . 6B). The  screening  ve rified  two new activa ted  va rian ts (R153P, E145K), and  
su rp rising ly one  inactiva ted  varian t (R142Q) (Fig . 6E). Based  on  d isease  a ssocia tions in  com m on 
be tween  the  ve rified  activa ted  varian ts ava ilab le  in  Genebass (R153P, R212H), “acu te  nephritic 
syndrom e” is the  m ost p rom ising  d isease  a ssocia tion  a s a  p red ictor of new cand ida te  activa ted  
CARD10 va rian ts. Using  th is a ssocia tion , we  te sted  E390A (22-37507851-T-G) and  R364W 
(rs184229951), wh ich  were  not activa ting  (Fig . 6E). Th is m eans tha t d isease  a ssocia tions so fa r 
have  fa iled  to  re liab ly pred ict activa ting  CARD10 va rian ts. In  con tra st to  the  psoria sis-a ssocia ted  
CARD14 m uta tions in  the  CARD9-14L and CARD9-14CC backbone , the  activa ting  CARD10 
m uta tions E145K, R153P and  R212H on ly re su lt in  a  very m odera te  re la tive  activa tion . In  order to  
eva lua te  the ir leve l of activa tion  com pared  to  the  a rtificia lly activa ted  CARD10G128D a s positive  
con trol, we  a lso  re -cloned  these  m uta tions in  a  pu re  CARD10 backbone . We  a lso re -cloned  the  
poten tia lly inactiva ting  m uta tion  R142Q for va lida tion  on  a  pu re  CARD10 backbone . However, in  a  
pu re  CARD10 backbone , none  of the  iden tified  activa ting  na tu ra l va rian ts could  be  ve rified  and 
on ly the  strong  a rtificia lly activa ted  CARD10G128D was sign ifican tly d iffe ren t from  WT (Fig . 6F). The  
iden tified  na tura l activa ting  va rian ts a re  thus m ost like ly weak hyperm orph ic m uta tions, wh ich  
ge t m asked  by the  spon taneous activity of overexpressed  CARD10. They m ay still show enhanced 
basa l activity a t endogenous expression  leve ls or in  a  d iffe ren t ce llu la r background , bu t th is 
rem ains to  be  investiga ted . The  su rp rising  finding  of an  inactiva ting  (R142Q) CARD10 m uta tion  is 
a lso  ve ry in te re sting , since  no  hum an  d isease  has been  a ssocia ted  with  CARD10 loss-of-function . 
All o the r CARD-CC m em bers have  reported  d iseases from  loss-of-function  in  hum ans: CARD11 
loss causes seve re  com bined im m unodeficiency (SCID) or a top ic de rm a titis  in  hypom orph ic 
m uta tions, CARD9 loss causes im pa ired  inna te  im m unity aga inst fung i and  CARD14 loss has been  
suggested  to  cause  a topic de rm a titis . Screen ing  for additiona l inactiva ting  CARD10 na tu ra l 
va rian ts cou ld  thus a lso  be  in form a tive  and  lead  to  the  iden tifica tion  of d iseases a ssocia ted  to 
CARD10 loss-of-function  in  hum ans.  
 
Discu ssion  
 
Regula tion  of CBM com plex signa ling  is critica l since  dysregu la tion  can  cause  inflam m atory 
d iseases [59] and  cance r [55,84,85]. Transien t transfection  in  HEK293T ce lls of signa ling  p ro te ins 
is often  used  a s a  fast and  sim ple  approach  to  e lucida te  functiona l e ffects of d iffe ren t va rian ts. 
Functiona l cha racte riza tion  of m uta tions in  som e  of the  CARD-CC prote ins upon  transfection  in  
HEK293T ce lls can  however be  p rob lem a tic due  to  the ir h igh  base  line  activity, excep t for CARD9 
tha t is strongly au to-inh ib ited   [10,19,59]. A ch im era  is a  h igh ly use fu l concep t and  tool for 
functiona l cha racte riza tion  of h igh ly d ive rgen t bu t functiona lly conse rved  pa rts [86]. Sta rting  from  
the  obse rva tion  tha t ove rexpression  of CARD9 is com ple te ly functiona lly silen t, we  have  
dem onstra ted  tha t hybrid  ch im eric p ro te ins tha t u se  CARD9 as a  backbone  enable s stud ies of 
m utan ts from  the  o the r CARD-CC fam ily m em bers by swapp ing  the  corre spond ing  region  
be tween  both  the  p rote ins to  gene ra te  hybrid  ch im eric CARD-CC prote ins, even  when  the  
sequences a re  not conse rved . A striking  un ique  advan tage  with  the  CARD9 backbone  seem s to be  
the  inh ib itory capacity of the  C te rm ina l sequence , wh ich  is ab le  to  au to-inh ib it a ll the  othe r 
pa ra logs (Fig . 4A). The  ch im eric p ro te ins a ll a ctiva te  down-stream  signa ling , with  som e  p ro te in  
dom ain  transp lan ta tions re su lting  in  reduced  or ine fficien t au to-inh ib ition . This ind ica te s tha t 



critica l in tram olecula r in te ractions tha t keep  the  p ro te in  in  an  inactive  sta te  rep re sen t a  sign ifican t 
d ive rgence  be tween  the  CARD-CC para logs.  
Our ch im eric CARD9 constructs a re  ra the r su itab le  for h igh -th roughpu t ana lyses of seve ra l 
candida te  activa tion  m uta tions upon  sim ple  transien t transfection  in  HEK293T ce lls. As can  be  
seen  with  m any constructs, the  CARD9 backbone  re su lts in  d ram a tic fold  inductions, while  the  
sam e  m uta tions in  the  na tive  p ro te in  g ive  m uch  weake r e ffects due  to  a  h ighe r background  signa l 
in  HEK293T ce lls. The  use  of ch im eric CARD9 backbones a lso  revea led  tha t som e  activa ting  
m uta tions act in te rna lly on  the  dom ain  where  they a re  loca ted , wh ich  is in  con trast to  p reviously 
reported  m ode ls where  m uta tions were  proposed  to  d isrup t in tra -m olecu la r bu t in te r-dom ain  
in te ractions be tween  CARD, LATCH and  CC or be tween  CC and  the  inh ib itory reg ion / linker 
[15,23,56].  Utiliza tion  of such  functiona lly conse rved  bu t sequence -d ive rged  pro te in  dom ains is 
thus a  powerfu l com plem en ta ry approach  to  specific site -d irected  m utagenesis in  orde r to  
unde rstand  the  m echan ism s and  structu ra l constra in ts for p ro te in  function  [2,87,88]. For 
exam ple , the re  is a  h igh  repre sen ta tion  of p soria sis-a ssocia ted  CARD14 m uta tions in  the  poorly 
conse rved  LATCH dom ain  (Fig . 1,4D, 6A). Ch im eric CARD9 constructs to  study these  CARD14 
LATCH m uta tions still need  fu rthe r op tim iza tion  since  on ly one  m uta tion  (L124P) was activa ting  
the  CARD9-14L ch im era . Iden tifica tion  of the  requ ired  su rrounding  sequence  for a  functiona l 
ch im eric CARD9 CARD14 LATCH psoria sis m uta tion  reporte r for m uta tions a t G117 and  M119 will 
a lso  g ive  fu rthe r structu ra l in sigh t in  how CARD14 LATCH gain-of-function  m uta tions requ ire  
specific in te ractions with  those  su rround ing  sequences. The  sequence-swapped  chim eric CARD9 
construct shou ld  a lso  be  idea l for m app ing  of in te racting  p ro te ins tha t specifica lly b ind  one  CARD-
CC isoform . An  advan tage  with  these  constructs is tha t they will look and  act approxim a te ly the  
sam e  excep t for the  sequence  tha t has been  swapped , so  the re  shou ld  be  fewer a rtifacts from  
de le tion -induced  spon taneous activa tion  or o the r structu ra l changes.  
Up  un til now, only na tu ra lly occurring  activa ting  ge rm  line  m uta tions have  been  described  in  
CARD11 (causing  B ce ll lym phom a  and  BENTA) and  CARD14 (causing  CAPE) with in  the  CARD-CC 
fam ily [27]. Activa ting  m uta tions a re  typ ica lly dom inan t, and  will thus usua lly be  le ss frequen t than  
recessive  loss-of-function  m uta tions if de trim en ta l. By sequence  com parisons with  CARD11 and 
screenings of candida te  activa ting  na tu ra l varian ts, we  found tha t the re  a re  activa ting  CARD9 
m uta tions in  the  hum an ge rm line , and  pub lic d isease  a ssocia tion  da ta  were  used  to m ine  for m ore  
candida te  activa ting  varian ts with  sim ila r d isease  a ssocia tions. The  iden tifica tion  of activa ting  
ge rm -line  m uta tions in  CARD9 cou ld  be  done  rapid ly by a  sim ple  ove rexpression  a ssay thanks to 
its  in trin sica lly good  auto-inhib ition  (Fig . 3A,B). Using  our novel ch im eric CARD9 fram ework, we  
cou ld  a lso  do a  sim ila r sim ple  ove rexpression-based  screen ing  to  e stab lish  tha t the  POAG-
associa ted  CARD10 m utan t R212H is activa ting  (Fig . 6C-F), dem onstra ting  tha t the re  a re  ge rm  line -
inhe rited  activa ting  m uta tions a lso in  CARD10. To ou r surp rise , the  m ajority of the  POAG-
associa ted  CARD10 m uta tions eva lua ted  in  our m ode ls d id  not show signs of ga in-of-function  — 
or loss-of-function . Since  the re  a re  m ultip le  independen t m uta tions in  CARD10 tha t a re  a ssocia ted 
to  POAG, it is  ve ry like ly tha t those  m uta tions a re  tru ly causa tive  of the  d isease . It is howeve r 
possib le  tha t the  activa tion  e ffect of the  CARD10R212H m uta tion  is un re la ted  to  the  POAG disease  
phenotype . Due  to  the  low success ra te  in  find ing  activa ting  CARD10 m utan ts by screen ing  
pub lished  d isease -a ssocia ted  m uta tions, fu tu re  screen ing  for activa ting  na tu ra l va rian ts in  
CARD10 shou ld  p robably ra the r be  focusing  on  o the r p red ictions, like  the  AlphaFold  com puted  
structu ra l m ode l [15,71,89] or sim ila rity to  o the r activa ting  m uta tions (Fig . 1). This was a lso  how 
we  iden tified  the  activa ting  CARD10E145K va rian t and  how we  eng inee red  the  stronge r a rtificia lly 



activa ted  CARD10G128D and  CARD10L132P m u tan ts (Fig . 2E,G,6F). Also , d isease  a ssocia tions tha t a re  
ove rlapp ing  with  phenotypes d isp layed  by ca rrie rs of a lready known activa ting  va rian ts in  CARD10 
cou ld  be  ve ry in form a tive , as dem onstra ted  by our iden tifica tion  of the  activa ting  CARD10R153P 
va rian t based  on  the  d isease  a ssocia tions of CARD10R212H. The  re la tive ly m ild  phenotype  (POAG) 
officia lly a ssocia ted  to the  activa ted  CARD10R212H is qu ite  su rp rising  conside ring  the  b road  
expression  p rofile  of CARD10, and  the  qu ite  seve re  d iseases tha t a re  a ssocia ted  to  gene tic 
activa tion  of CARD11 in  lym phocyte s and  CARD14 in  ke ra tinocytes. It is  possib le  tha t the  
phenotyp ic e ffect of CARD10 activa ting  m uta tions is b lun ted  thanks to  the  MALT1 pro tease -
m edia ted  nega tive  feedback regu la tion  th rough  CARD10 cleavage  [90].  
The  activa ting  m uta tions in  CARD9 and  CARD10 were  on ly p icked  up  in  Genebass a s a  
he te rozygote  and  very ra re , wh ich  ind ica te s tha t they a re  (co-)dom inan t activa ting  m uta tions. It 
should  however be  noted  tha t known dom inan t CAPE m uta tions in  CARD14 and  known dom inan t 
BENTA m uta tions in  CARD11 a re  a lso  absen t or a s ra re  a s the  activa ting  CARD9 or CARD10 
m uta tions in  the  Genebass da tabase , and  thus p robab ly a lso equa lly ra re  in  the  gene ra l 
popu la tion . The  dom inan t na ture  of the  ga in-of-function  activa ting  m uta tions a llowed  us to  
iden tify poten tia l novel d isease  a ssocia tions with  the  six activa ted  CARD9 va rian ts and  three  
activa ted  CARD10 va rian ts tha t we  iden tified  in  ou r screen ing . In  contra st, ra re  recessive  loss-of-
function  m uta tions a re  often  only causing  d isease  in  popu la tions with  h igh  leve ls of endogam y 
[91], which  wou ld  have  been  d ifficu lt to  p ick up  in  Genebass due  to  lim ited  e thnic d iversity in  the  
UK Biobank da ta se t [63].  
Taken  toge the r, we  have  thus confirm ed  the  existence  of germ -line  activa ting  m uta tions in  both  
CARD9 and CARD10, which  m eans tha t a ll fou r CARD-CC pa ra logs have  activa ting  m uta tions in  the  
hum an  gene  pool. Many of the  activa ting  va rian ts a re  in  re sidues conse rved  be tween  the  CARD-
CC pa ra logs. It is  qu ite  fa scina ting  how re sidues tha t have  rem a ined  conserved  during 
approxim a te ly ha lf a  b illion  yea rs of ve rtebra te  evolu tion  can  be  m uta ted  and  inhe rited  in  sm a ll 
fractions of the  hum an  popu la tion . Th is h igh  leve l of conse rva tion  does however suggest a  very 
strong  se lective  p re ssu re  to  m ain ta in  con trol of CARD-CC activa tion , and  we expect abe rran t 
activa tion  of any of the  fou r CARD-CC prote ins to  be  very de trim en ta l and  coun te rse lected .  
It wou ld  be  ve ry in te re sting  to  investiga te  the  b io log ica l e ffect of expressing  the  activa ted  
CARD9G111E m uta tion  by knock-in  m uta tion  of the  Ca rd9 gene  in  m ice . Since  it pe rsists in  ge rm line  
in  hum ans, we  wou ld  expect tha t such  m ice  wou ld  be  viab le . However, p revious stud ie s have 
shown  tha t a  CARD14 m uta tion  (E138A) tha t is  non-le tha l and  causing  psoria sis in  hum ans can  be  
le tha l in  m ice  [92–94]. If the  endogenous knock-in  is m ore  de trim en ta l in  m ice  than  in  hum ans, 
an  a lte rna tive  would  be  expressing  them  cond itiona lly in  m ye lo id  ce lls u sing  a  Rosa26lox-stop -lox 
system  in  m ice , sim ila r to  wha t has been  done  p reviously with  cond itiona l transgen ic expression  
of CARD11L232LI, CARD11ΔID o r CARD14E138A to  study the ir e ffects in  B ce lls and  ke ra tinocyte s, 
re spective ly [93,95,96]. The  knock-in  a lle le  cou ld  a lso be  expressed  cond itiona lly from  its na tive  
locus, like  wha t has a lso  been  done  for Ca rd14E138A [97].  
The  functiona l ve rifica tion  of the  activa ting  Card10R212H m uta tion  by using  knock-in  m ice  wou ld  
a lso  be  h igh ly in te resting . Since  so  m any POAG-associa ted  CARD10 m utan ts d id  not show any 
signs of activa tion , we  wou ld  expect o ther phenotypes in  add ition  to  POAG in  th is m ode l. 
Alte rna tive ly, the  stronge r activa ted  a rtificia l m u tan t Ca rd10G128D or Ca rd10L132P knock-in  m ice  
wou ld  be  in te re sting  to gene ra te  in  orde r to  specifica lly look a t the  physio logica l e ffects of CARD10 
activa tion  withou t the  poten tia l add itiona l off-ta rge t a ssocia tion  to  POAG. The  activa ted  Card10 
knock-in  m ouse  m ode l cou ld  thus a lso  p rovide  a  va luable  novel m odel to  investiga te  the  e ffects 



of hype ractive  CARD10 in  o the r d iseases, such  as cancer, a sthm a , live r- and  lung  fib rosis [98–101]. 
Som e  add itiona l Genebass [63] a ssocia tions for th is na tu ra l CARD10R212H va rian t ind ica te  tha t such  
phenotypes m ay be  like ly. Of specia l in te re st in  th is m ode l will be  the  ana lysis of kidney function  
since  th is is  a  com m on d isease  a ssocia tion  of the  activa ted  CARD10R212H and  CARD10R153P va rian ts. 
The  ava ilab ility of pub lic exom e da ta  from  b iobanks with  d isease  a ssocia tions and  o the r m e tada ta  
g ives unpreceden ted  opportun itie s for reverse  gene tics approaches to  find  nove l d isease -
a ssocia ted  m uta tions. We can  now first e stab lish  the  function  of a  na tu ra l va rian t in silico and  in 
vitro and  then  de te rm ine  the  phenotyp ic consequences and  re levance  of tha t activity via  sea rches 
in  public d isease  a ssocia tion  da tabases. It is  possib le  tha t trad itiona l forward  gene tics approaches 
wou ld  have  been  unab le  to  iden tify the  activa ted  CARD9 and  CARD10 m uta tions due  to  the ir ra rity 
and  a ssocia tions to  com plex d isease  phenotypes.  
In  conclusion , the  he re  described  CARD9 chim eria  ove rexpression  approach  in  HEK293T ce lls 
p rovides an  e legan t and  qu ick system  to pe rform  structu re -function  ana lysis of CARD-CC fam ily 
m em bers and  to p redict the  poten tia l im pact of specific m uta tions or va rian ts on  CARD-CC 
function . However, it is im portan t to  a lso keep  in  m ind  som e lim ita tions. A m a jor weakness of the  
system  is tha t seve ra l CARD-CC or ch im eric p rote ins a re  expressed  a t d iffe ren t leve ls, com plica ting  
the ir functiona l com parison . WT CARD9 expression  leve ls a re  ve ry low, even  a t p la sm id  DNA 
transfection  leve ls, wh ich  appea rs to  be  a t lea st pa rtia lly due  to  the  C te rm ina l inhib itory sequence  
(Fig . 4A). The  ve ry low basa l activity of CARD9 leads to extrem e ly h igh  fo ld -inductions of NF-κB 
activity with  d iffe ren t va rian ts, bu t the  in te rp re ta tion  of the  re su lts is  com plica ted  by h igh ly 
va riab le  p ro te in  expression  be tween  active  and  inactive  CARD9 va rian ts (Fig . 3A). In  som e  of ou r 
expe rim en ts, we  even  had  to  ove rexpose  weste rn  b lo ts in  orde r to  visua lize  the  expression  of WT 
CARD9, which  led  to  e ithe r ove rsa tu ra ted  bands (Fig . 3B) or visua liza tion  of deg rada tion  p roducts 
from  othe r p ro te ins (Fig . 2G, 4F) in  the  sam e  weste rn  b lo t. Th is low expression  seem s to  re flect 
post-transcrip tiona l e ffects a s d iffe rences in  CARD9 p rote in  expression  a re  still obse rved  a fte r 
correction  for CARD9 m RNA expression  leve ls (Fig . 3C, D). We  have  the re fore  chosen  to not 
norm a lize  expression  leve ls by adap ting  p la sm id  concen tra tions since  the  observed  d iffe rences 
in  expression  m ay a lso  re flect rea l functiona l e ffects of the  d iffe ren t m u ta tions on  p ro te in  stab ility 
or so lubility. For exam ple , CARD9 and CARD11 activa tion  is known to  be  a ssocia ted  with  the  
form a tion  of in solub le  CBM filam en ts [12,33]. Anothe r lim ita tion  of ou r approach  is tha t CARD-CC 
function  is te sted  in  HEK293T ce lls. In  th is con text, it  is  im portan t to  note  tha t, in  con trast to  the  
h igh  NF-κB activity upon  CARD14 or CARD14sh  expression  in  HEK293T ce lls, a ctivity is ve ry low 
when  expressed  in  the  HaCaT ke ra tinocyte  ce ll line , where  G117S m uta tion  has a  strong  activa ting  
e ffect [24]. Although  th is m ay a lso  re flect d iffe rences in  expression  leve ls in  HEK293T versus 
HaCaT ce lls, it  is  not un like ly tha t a lso  the  specific ce llu la r con text has a  strong  influence  on  CARD-
CC activity. Neve rthe less, even  in  ca ses where  the  CARD-CC isoform  and  the  ce llu la r con text 
m a tch , such  a s CARD10 which  is known to be  endogenously expressed  in  HEK293T ce lls, 
transfection  of non-chim eric m utan t CARD-CC prote ins m ay still no t a llow to  de tect activa ting  
m uta tions. Th is is  illu stra ted  by ou r observa tion  tha t activa ting  na tu ra l va rian ts could  not be  
ve rified  in  the  in tact CARD10 pro te in , which  m ay be  due  to  too  h igh  expression  leve ls, even  a t low 
concen tra tions of transfected  p la sm id  DNA. Taken toge the r, we  be lieve  tha t va rious CARD-
ch im eras can  be  he lp fu l tools for structure / function  ana lyses and  to  investiga te  d iffe rentia l 
activa tion  of CARD-CC va rian ts in  in itia l stud ies. Follow-up  m echan istic studie s of a  specific and  
clin ica lly re levan t m uta tion  will then  be  best pe rform ed  in  an  a s na tive  ce llu la r environm ent a s 
possib le  and  even tua lly ana lyzed  for its  pa tholog ica l re levance  in  a  fu ll o rganism  using  we ll-



de fined  knock-in  approaches. 
 
Ma t e r ia ls  a n d  Me t h od s  
 
Biologica l ma teria l ava ilability 
 
All p la sm id  constructs u sed  and  gene ra ted  in  th is study a re  ava ilab le  via  BCCM/ GeneCorner 
(www.genecorner.ugent.be ) and  can  be  found  back using  the  ca ta log  (LMBP) num bers. 
 
Sequence and structure comparisons 
 
Sequence  ana lysis, a lignm en ts and  p rim er design  was done  in  UGene  [102] in sta lled  via  
BioArchLinux [103]. Pro te in  dom ain  coordina te s were  collected  from  Unip ro t [62], and  the  
coord ina te s were  subsequen tly ve rified  visua lly using  the  Alphafold  [89] da tabase  a t EBI 
(https://alphafold.ebi.ac.uk/). In  orde r to  eva lua te  poten tia l m u ltim eric form s of the  CARD-CC 
prote in  structu re s, we  ran  Alpha fold -Multim er [52] on  Vlaam s Supercom pute r Cen trum  (VCS) 
(https://www.vscentrum.be/) for CARD9, CARD10, CARD11 and CARD14 using  the  defau lt se ttings. 
All CARD-CC prote ins ended  up  with  a  be tte r d im eric structu re  than  the  p revious m onom eric 
p red iction  ava ilab le  a t EBI. The  re su lting  p ro te in  structu re  m ode l (pdb) file s (se lected  based  on 
lowest p rediction  num ber and  re laxed) were  visua lized  and  ana lyzed  in  Mol* 
(https://molstar.org/viewer/) [104]. Mol*  was a lso used  to  export the  ra ste r g raph ics snapshots used  
in  Figu re  2A. For a  h ighe r-qua lity view of the  gene ra ted  d im eric structu ra l m ode ls, the  pdb  file s, 
confidence  va lues and  de ta ils abou t the  m odelling  p rocedure  were  up loaded  to  the  Mode lArch ive  
(https://modelarchive.org) da tabase .  The  ove rlap  be tween  the  ca lcu la ted  structu ra l m odel of 
CARD9 and  the  pub lished  experim en ta lly de te rm ined  d im eric N te rm ina l structu re  of CARD9 (PDB: 
6N2M) [15] was investiga ted  by supe rim posing  the  structure s in  Mol* . The  sta rt of the  CARD10 
PDZ dom ain  was iden tified  by g raph ica l investiga tion  in  Alpha fold  structu ra l m ode ls on ly since  it 
was not annota ted  in  Un ip ro t. 
 
Cloning hybrid chimeric CARD-CC fusion proteins and other mutants 
 
In  order to  ob ta in  com ple te ly scar-free  fusion  p ro te ins, we  em ployed  NEBuilde r (New England 
Biolabs) to  fuse  PCR products. PCR fragm en ts were  am plified  using  Phusion  DNA polym erase  
(New England Bio labs) u sing  the  gene ric p ro tocol and  30 s/ Kb  extension . Our gene ra l stra tegy 
was to am plify ha lf of the  p la sm id  sta rting  from  the  m iddle  of the  am picilin  re sistance  gene  and  
the  pa rt of the  CARD-CC prote in  tha t we  wanted  to  fuse , and  then  fuse  the  two ha lves of the  
p la sm id  using  NEBuilde r. For an  ove rview of p rim ers used , see  (tab le  2), and  for an  overview of 
constructs genera ted , see  (tab le  3). Orig ina l tem pla te s u sed  for the  PCR were  pCDNA3-F-hCARD9 
(LMBP 09609), pCDNA3-F-m Card10 (LMBP 10187), pCD-F-bio-m Card11 (LMBP 10717), pCD-F-b io-
m Card11-L232LI (LMBP 07889), pCDNA3-F-hCARD14 (LMBP 09869), pCDNA3-F-hCARD14-E138A 
(LMBP 09860). The  m ost op tim al CARD14-de rived  chim eric CARD9 va rian ts (C9-14L and  C9-14CC) 
were  u tilized  to quan tita tive ly investiga te  severa l known psoria sis-a ssocia ted  m utan ts (tab le  4), 
wh ich  were  in troduced  by am plifica tion  of the  p la sm id  with  the  ind ica ted  m uta tion  p rim ers 
fo llowed  by DpnI (Prom ega) d igestion . The  CARD10 R404W, R420C, ΔK272-E273 and  ΔK272-V277 
(tab le  4) m uta tions [39–41] were  a lso  te sted  in  the  C9-10CC backbone  using  the  sam e  stra tegy. 

http://www.genecorner.ugent.be/
https://alphafold.ebi.ac.uk/
https://www.vscentrum.be/
https://molstar.org/viewer/
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The  substitu tions in  m uta ted  p ro te ins were  nam ed  afte r the  hum an  coord ina te s to  ea sily cross-
re fe rence  with  hum an  gene tic da ta , even  if the  m uta tion  was gene ra ted  on  a  m ouse  sequence . 
For fu tu re  sim plifica tion  of h igh -th roughpu t m utagenesis, C9-14L (LMBP 13438), C9-14CC (LMBP 
13437) and  C9-10CC (LMBP 13439) were  a lso  re -cloned  in to  the  p ICOz [105] (LMBP 11103) 
backbone . All the  gene ra ted  clones were  ve rified  using  Sange r sequencing  (Mix2Seq ON, Eurofins 
Genom ics). 
 
Other CARD-CC protein pla smid resources  
 
Already cloned  [2,33] constructs u sed  in  th is study a re  pCDNA3-Flag -hCARD9-L213LI (LMBP 
10178), pCDNA3-Flag -hCARD9ΔC (“9N”, LMBP 10457), pCDNA3-F-m Card10ΔC (“10N”, LMBP 
10459), pCD-F-bio-m Card11ΔC (“11N”, LMBP 10458) and  pCDNA3-F-hCARD14ΔC (“14N”, LMBP 
10460).  
 
NF-κB luciferase ana lysis 
 
For each  se t-up , we  m ade  a  m aste r m ix of 200 ng / μg  CARD-CC expression  clone , 100 ng/ μg  NF-
κB-dependen t lucife ra se  expression  vector (LMBP 3249) [106], 100 ng / μg  actin -p rom ote r d riven 
β -ga lactosidase  (LacZ) expression  p la sm id  (LMBP 4341) [107] and  600 ng/ μg  em pty vector (LMBP 
2453). 1 μg  m aste r m ix was used  to  transfect 4 we lls in  a  24-well p la te  of HEK293T ce lls (200 000 
ce lls/ we ll) u sing  the  ca lcium  phospha te  transfection  m e thod . The  HEK293T (RRID: CVCL_H718 ) ce lls 
a re  regula rly confirm ed to  be  m ycop la sm a-free  by Pla sm oTest (Invivogen) and  a re  m a in ta ined  in  
a  m ycop la sm a-free  facility. The  ce lls have  been  ve rified  using  short tandem  repea ts (STR) p rofile  
te sting  a t ATCC as recen tly a s 09-01-2023. Sta tistica l te sts for d iffe rences in  the  lucife ra se  re su lts 
were  done  using  Studen t’s t-te st [108] and  the  p robab ility leve ls of non-re jection  of the  nu ll 
hypothesis tha t two va lues a re  equa l a re  a bbrevia ted  as *  = p  ≤ 0.05 , **  = p  ≤ 0.01, ***  = 
p  ≤ 0.001 and  **** = p  ≤ 0.0001. 
 
 
Western blot ana lysis 
 
To  ensu re  tha t the  ch im eric CARD-CC prote ins a re  expressed , we  lysed  a  se t of transfected  ce lls 
in  Laem m li buffe r [109], ran  the  sam ples on  SDS-PAGE, and  subsequently b lo tted  the  p ro te ins on  
n itroce llu lose  m em branes by we t b lo tting . Since  a ll the  cloned  CARD-CC prote ins a re  N-te rm ina lly 
flag -tagged , we  deve loped  the  b lo ts u sing  an ti-Flag  (clone  M2, F-3165, Sigm a) and  de tected  them  
on  an  Am ersham  Im ager 600. As loading  con tro l, we  deve loped  for an ti-actin  (sc-47778, San ta  
cruz). 
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Ta b le  1 
 
 
A 
 hCARD9 m CARD9 hCARD10 m CARD10 hCARD11 m CARD11 hCARD14 m CARD14 
hCARD9 0 72 340 327 308 307 375 378 
m CARD9 72 0 342 333 315 315 377 379 
hCARD10 340 342 0 85 627 631 666 687 
m CARD10 327 333 85 0 620 623 661 681 
hCARD11 308 315 627 620 0 91 672 703 
m CARD11 307 315 631 623 91 0 675 706 
hCARD14 375 377 666 661 672 675 0 234 
m CARD14 378 379 687 681 703 706 234 0 
Le g e n d : 10% 25% 50% 70% 90% 
 
B 

#  Dom a in  h CARD9 m CARD10 m CARD11 h CARD14 

① N-CARD 1 [M...] [...GKE] 98 1 [M...] [...GQE] 115 1 [M...] [...GKE] 110 1 [M...] [...GLQ] 107 

② LATCH 99 [PAR...] [...GLT] 116 116 [PAQ...] [...GLT] 133 111 [PTR...] [...GLT] 128 108 [PDV...] [...KLT] 125 

③ CC 117 [QLL...] [...QLE] 419 134 [QFL...] [...TQG] 450 129 [HFL...] [...QSL] 449 126 [ECL...] [...QAE] 409 

④ Link/ ID/ Ct 420 [TLV...] [...*] 536 451 [GSC...] 675 [...LLD] 450 [PRH...] [...PLV] 671 410 [PPG...] [...ILS] 567 

⑤ MAGUK-C N/ A N/ A 676 [SKA...] [...*] 1021 672 [QHT...] [...*] 1159 568 [QVT...] [...*] 1004 

 
 
  



 
Ta b le  2 
 
 
Pr im e r  Se q u e n ce  Not e s  
Am p-m F CAACAATTAATAGACTGGATGGAG Used  to  am plify ha lf the  p la sm id (ensure  fusion) 
Am p-m R CTCCATCCAGTCTATTAATTGTTG Used  to  am plify ha lf the  p la sm id (ensure  fusion) 
x-hCARD9C-F ACGCTCGTCCTGAGCTCCGACCTG PCR with  Am p-m F, hCARD9 ④ fragm ent 
m CARD10N-hCARD9C-R CAGGTCGGAGCTCAGGACGAGCGTCCCCTG

TGTCCGCTGCAGCTGTGC 
PCR with  Am p-m R, m Card10 ③ to  fuse  with  hCARD9 ④ 
fragm ent 

m CARD11N-hCARD9C-R CAGGTCGGAGCTCAGGACGAGCGTCAGACT
CTGGTCGAGGCTGCCGTTGTC 

PCR with  Am p-m R, m Card11 ③ to  fuse  with  hCARD9 ④ 
fragm ent 

hCARD14N-hCARD9C-R CAGGTCGGAGCTCAGGACGAGCGTCTCTGC
CTGCAGCTGGCGAAGCTG 

PCR with  Am p-m R, hCARD14 ③ to  fuse  with  hCARD9 ④ 
fragm ent 

C9_CARD-R CTCCTTGCCTGTGACCTTCTTGT PCR with  Am p-m R, hCARD9 ① fragm ent 
C9_CARD-m C10_LCC-F ACAAGAAGGTCACAGGCAAGGAGCCTGCCC

AACGCTGCTCCATG 
PCR with  Am p-m F, m Card10 ② to  fuse  with  hCARD9 ① 
fragm ent 

C9_CARD_m C11_LCC-F ACAAGAAGGTCACAGGCAAGGAGCCCACCC
GGAGATTCTCCACCATTG 

PCR with  Am p-m F, m Card11 ② to  fuse  with  hCARD9 ① 
fragm ent 

C9_CARD_C14_LCC-F ACAAGAAGGTCACAGGCAAGGAGCCTGATG
TTGACTTCAGTAAC 

PCR with  Am p-m F, hCARD14 ② to  fuse  with  hCARD9 ① 
fragm ent 

CARD9_LATCH-F CCGGCCCGCGTCTTCTCCATGATC PCR with  Am p-m F, hCARD9 ② to  fuse  with  ① fragm ents 
C9L_m C10-CARD-R GATCATGGAGAAGACGCGGGCCGGTTCCTG

GCCAGTGAGCAGCGTG 
PCR with  Am p-m R, m Card10 ① fragm ent 

C9L_m C11-CARD-R GATCATGGAGAAGACGCGGGCCGGTTCCTT
TCCAGTCACCAGTTTG 

PCR with  Am p-m R, m Card11 ① fragm ent 

C9L_hC14-CARD-R GATCATGGAGAAGACGCGGGCCGGCTGCAG
CCCGGTGACCAGGGTGTA 

PCR with  Am p-m R, hCARD14 ① fragm ent 

CARD9_LATCH-R AGTCAGGCCTGACTCCCCGGAC PCR with  Am p-m R, hCARD9 ② to  fuse  with  ③ fragm ents 
C9L_m C10-CC-F2 GTCCGGGGAGTCAGGCCTGACT 

CAGTTCTTGATGACTGAGGTC 
PCR with  Am p-m F, m Card10 ③ to  fuse  with  hCARD9 ② 
fragm ent 

C9L-m C11-CC-F2 GTCCGGGGAGTCAGGCCTGACT 
CACTTCCTGATGAACGAGGTC 

PCR with  Am p-m F, m Card11 ③ to  fuse  with  hCARD9 ② 
fragm ent 

C9L-hC14-CC-F3 GTCCGGGGAGTCAGGCCTGACTGAGTGCCT
GGCTGGGGCCATCG 

PCR with  Am p-m F, hCARD14 ③ to  fuse  with  hCARD9 ② 
fragm ent 

CARD9_CC-F CAGCTGCTGATGACTGAGGTCATG PCR with  Am p-m F, hCARD9 ③ to  fuse  with  ② fragm ents 
C9CC_m C10-LATCH-R2 CATGACCTCAGTCATCAGCAGCTGAGTCAGG

CCCTCGGGACCCTCCT 
PCR with  Am p-m R, m Card10 ② to  fuse  with  hCARD9 ③ 
fragm ent 

C9CC_m C11-LATCH-R2 CATGACCTCAGTCATCAGCAGCTGTGTGAGG
CCCTCATGGCCTTCCTCCA 

PCR with  Am p-m R, m Card11 ② to  fuse  with  hCARD9 ③ 
fragm ent 

C9CC_hC14-LATCH-R2 CATGACCTCAGTCATCAGCAGCTGGGTCAGC
TTGGATGTCTCCATGAG 

PCR with  Am p-m R, hCARD14 ② to  fuse  with  hCARD9 ③ 
fragm ent 

m Card10-CC-end-F AGGCACAGCTGCAGCGGACACAG PCR with  Am p-m F, m Card10 tem pla te , genera te  m Card10-
9CL 

m Card10-CC-end-R CTGTGTCCGCTGCAGCTGTGCCT PCR with  Am p-m R, CARD9-10CC tem pla te , genera te  
m Card10-9CL 

m C10-dMAGUK-F CTCCCCTTCCTGCTGGACtgaCGACTGTGCCT MAGUK de le tion  prim er for m Card10 



TCTAGTTGC 
m C10-dMAGUK-R GTCCAGCAGGAAGGGGAG MAGUK de le tion  prim er for m Card10 
m C11-dMAGUK-F CGGGGCACCGGaCCCTTGGTCtgaCGACTGT

GCCTTCTAGTTGC 
MAGUK de le tion  prim er for m Card11 

m C11-dMAGUK-R GACCAAGGGtCCGGTGCCCCG MAGUK de le tion  prim er for m Card11 
hC14-dMAGUK-F CCAGCCCGCAGaATCCTGAGCtgaCGACTGT

GCCTTCTAGTTGC 
MAGUK de le tion  prim er for hCARD14 

hC14-dMAGUK-R GCTCAGGATtCTGCGGGCTGG MAGUK de le tion  prim er for hCARD14 
CARD14-CC-end-F : GCTTCGCCAGCTGCAGGCAGAG PCR with  Am p-m F, CARD14 tem pla te , genera te  hCARD14-9C 
CARD14-CC-end-R CTCTGCCTGCAGCTGGCGAAGC PCR with  Am p-m R, CARD9-14LCC tem pla te , gene ra te  

hCARD14-9C 
 
 
Ta b le  3 
 
 
Ab b re via t ion  LMBP Not e s  (fo rw a rd  m u t a t ion  p r im e r ) 
CARD9-T231P 13279 CARD9 T231P m utan t ( GGTGGAGCGCAAGCACCCACTGAAGCTCAGG ) 
CARD9-G111E 13652 CARD9 G111E m utan t ( GACGCGTCCGAAGAGTCAGGC ) 
CARD9-L115P 13881 CARD9 L115P m utan t (AGTCAGGCCCTACTCAGCTGCT) 
RLuc-CARD9 13771 Reclone d  from  CARD9 
RLuc-CARD9-G111E 13772 Reclone d  from  CARD9-G111E 
RLuc-CARD9-G111R 13816 Reclone d  from  CARD9-G111R 
RLuc-CARD9-S12N 13823 CARD9 S12N m utan t. Muta ted  from  Rluc-CARD9 

(GACGAGTGCTGGAATGTCCTGGAGG) 
RLuc-CARD9-S12N-
G111E 

13825 CARD9 S12N G111E dou ble  m utan t (sam e  a s RLuc-CARD9-S12N) 

RLuc-CARD9-G111E-
dEx11 

13814 RLuc-CARD9-G111E, exon  11 de le ted  
(CACCCAGCTCTCAGACAAAGGACGCAGGCCTGAGCAGCG) 

RLuc-CARD9-G111E-
K125R 

13826 RLuc-CARD9-G111E, K125R m utan t 
(GACTGAGGTCATGCGACTGCAGAAG) 

CARD9-V102I 13651 CARD9 V102I m utan t ( CAAGGAGCCGGCCCGCATATTCTCCATG ) 
CARD9-R101H 13653 CARD9 R101H m utan t ( GGAGCCGGCCCATGTCTTCTC ) 
CARD9-Y86C 13649 CARD9 Y86C m utan t ( CTGGAGCTCTGTTACCCGCAGCTGT ) 
CARD9-L85F 13650 CARD9 L85F m utan t ( AGCCTGGAGTTTTACTACCCGCAGCTGT ) 
CARD9-G111R 13722 CARD9 G111R m utan t ( GACGCGTCCCGAGAGTCAGGCCTGA ) 
CARD9-G111A 13729 CARD9 G111A m utan t ( CGACGCGTCCGCTGAGTCAGGCCT ) 
CARD9-K165E 13723 CARD9 K165E m utan t ( GTGCAGAGGCTCGAAGAGGAGTGCGAG ) 
CARD9-K165de l 13727 CARD9 K165de l m uta n t ( GTGCAGAGGCTCGAGGAGTGCGAG ) 



CARD9-S172N 13724 CARD9 S172N m utan t ( GTGCGAGGCCGGCAATCGCGAGCTC ) 
CARD9-L423V 13732 CARD9 L423V m utan t ( GAGACGCTCGTCGTAAGCTCCGACC ) 
CARD9-E523Q 13725 CARD9 E523Q m utan t ( GGAGGAGGACCGGCAAAACACCACGG ) 
CARD9-E523K 13728 CARD9 E523K m utan t ( GAGGAGGACCGGAAGAACACCACGG ) 
CARD9-*537Qext59* 13719 CARD9 *537Qext59* m utan t (Qext59* am plified  from  genom ic DNA) 

forward : ACCGACACTGAGGGCTCCcAGCCGCAGCAGCGCAGG 
reve rse : CTCGAGCGGCCGCTTAACAAACGGCCCCAATGCC 

CARD10-G128D 13873 CARD10 G128D m utan t (CTTGATGAGGAGGATCCCGAGG) 
CARD10-L132P 13880 CARD10 L132P m utan t (CGAGGGCCCTACTCAGTTCTTG) 
CARD11-G123D 13878 CARD11 G123D m utan t (GTGGTGGAGGAAGATCATGAGGG) 
CARD11-L127P 13882 CARD11 L127P m utan t (CATGAGGGCCCTACACACTTC) 
CARD11-S250P 13339 CARD11 S250P m utan t ( GAGAGAAATCAGCCTCTCAAGCTC ) 
CARD14-L124P 13879 CARD14 L124P m utan t (ACATCCAAGCCTACCGAGTGCCT) 
CARD14-S250P 13331 CARD14 S250P m utan t ( GCAAGAGCAGCCTCTGAGGACAGC ) 
10N9C 13282 CARD-LATCH-CC from  m Card10, ④ from  hCARD9 
11N9C 13280 CARD-LATCH-CC from  m Card11, ④ from  hCARD9 
11N9C-L232LI 13281 CARD-LATCH-CC from  m Card11-L232LI, ④ from  hCARD9 
14N9C 13283 CARD-LATCH-CC from  hCARD14, ④ from  hCARD9 
14N9C-E138A 13284 CARD-LATCH-CC from  hCARD14-E138A, ④ from  hCARD9 
C9-10LCC 13293 CARD9 with  LATCH-CC from  m Card10 
C9-11LCC 13291 CARD9 with  LATCH-CC from  m Card11 
C9-11LCC-L232LI 13294 CARD9 with  LATCH-CC from  m Card11-L232LI 
C9-14LCC 13287 CARD9 with  LATCH-CC from  hCARD14 
C9-14LCC-E138A 13288 CARD9 with  LATCH-CC from  hCARD14-E138A 
C9-10CC 13305 CARD9 with  CC from  m Ca rd10 
C9-11CC 13309 CARD9 with  CC from  m Ca rd11 
C9-11CC-L232LI 13310 CARD9 with  CC from  m Ca rd11-L232LI 
C9-14CC 13346 CARD9 with  CC from  h CARD14 
C9-14CC-E138A 13362 CARD9 with  CC from  h CARD14-E138A 
C9-10C 13304 CARD9 with  CARD from  m Card10 
C9-11C 13296 CARD9 with  CARD from  m Card11 
C9-14C 13297 CARD9 with  CARD from  h CARD14 
C9-10CL 13313 CARD9 with  CARD-LATCH from  m Card10 
C9-11CL 13306 CARD9 with  CARD-LATCH from  m Card11 
C9-14CL 13311 CARD9 with  CARD-LATCH from  hCARD14 
C9-10L 13312 CARD9 with  LATCH from  m Card10 



C9-11L 13307 CARD9 with  LATCH from  m Card11 
C9-14L 13308 CARD9 with  LATCH from  h CARD14 
C10-d M 13303 m Card10 with  MAGUK de le ted  to  gene ra te  CARD9-like  p rote in  
C10-9CL 13449 m Card10 with  CARD-LATCH rep laced  by CARD9 CARD-LATCH 
C11-d M 13300 m Card11 with  MAGUK de le ted  to  gene ra te  CARD9-like  p rote in  
C11-d M-L232LI 13301 m Card11-L232LI with  MAGUK de le ted  to  ge ne ra te  CARD9-like  p rote in  
C14-d M 13299 hCARD14 with  MAGUK de le ted  to  gene ra te  CARD9-like  p rote in  
C14-d M-E138A 13298 hCARD14-E138 with  MAGUK de le ted  to  ge ne ra te  CARD9-like  p ro te in  
C14-9C 13448 hCARD14 with  CARD dom ain  rep laced  by CARD9 CARD 

  



 
Ta b le  4  
 
 
Ab b re via t ion  Mu t a t ion  p r im e r  (F) LMBP 
C9-14L N/ A 13308 
C9-14L-G117S AGTAACTTTAGCTCTCTCATGGAGA 13577 
C9-14L-M119R AGCGGTCTCCGAGAGACATCCAAGC 13578 
C9-14L-M119T AGCGGTCTCACAGAGACATCCAAGC 13579 
C9-14L-M119V AGCGGTCTCGTTGAGACATCCAAGC 13580 
C9-14L-L124P ACATCCAAGCCTACCCAGCTGCTGA 13589 
C9-10L N/ A 13312 
C9-10L-RVF CCTGCCCGCGTCTTCTCCATGATCCTTG 13656 
C9-10L-AS GATCCTTGATGCGTCCGGTCCCGAGG 13672 
C9-10L-ES GATGAGGAGGGTGAGTCAGGCCTGAC 13726 
C9-14CC N/ A 13346 
C9-14CC-Q136L TCGGCAGCCTGCTAGAGGAGCTGAA 13454 
C9-14CC-E138A N/ A 13362 
C9-14CC-E138K AGCCTGCAGGAGAAACTGAACCAG 13453 
C9-14CC-E138de l AGCCTGCAGGAGCTGAACCAGGAA 13452 
C9-14CC-E142K AGCTGAACCAGAAGAAGGGGCAGAA 13451 
C9-14CC-E142G AGCTGAACCAGGGTAAGGGGCAGAA 13450 
C9-10CC N/ A 13305 
C9-10CC-R212H TGATCGCCATGCATCTGGCTCAGCT 13458 
C9-10CC- ΔK272-
E273 

GAGGAGAAGGAGCCAGATGGCGCTG 13456 

C9-10CC-ΔK272-
V277 

GAGGAGAAGGAGGATCTTCTCTCTG 13457 

C9-10CC-A328V ACTGGAGGGAGGTTCAGGACAGCAG 13461 
C9-10CC-V342M AGCTTCATGCTATGCAGGGCGAGCT 13455 
C9-10CC-R404W AGAGCCGAGACTGGATCCAGCTGCA 13460 
C9-10CC-R420C AGGACCAGTACTGTAAGCAGGTGC 13459 
C10-9CL N/ A 13449 
C10-9CL-R212H m Card10-CC-en d-R, Am p-m R, C9-10CC-R212H tem pla te  13584 
C10-9CL-ΔK272-
E273 

m Card10-CC-en d-R, Am p-m R, C9-10CC- ΔK272-E273 tem pla te  13582 



C10-9CL-ΔK272-
V277 

m Card10-CC-en d-R, Am p-m R, C9-10CC-A328V tem pla te  13583 

C10-9CL-A328V m Card10-CC-en d-R, Am p-m R, C9-10CC-A328V tem pla te  13581 
C10-9CL-V342M m Card10-CC-en d-R, Am p-m R, C9-10CC-V342M tem p la te  13587 
C10-9CL-R404W m Card10-CC-en d-R, Am p-m R, C9-10CC-R404W tem p la te  13585 
C10-9CL-R420C m Card10-CC-en d-R, Am p-m R, C9-10CC-R420C tem pla te  13586 
C10-9CL-R212C CATGATCGCCATGTGTCTGGCTCAGC 13670 
C10-9CL-R212L CATGATCGCCATGCTGCTGGCTCAGC 13671 
C10-9CL-R142Q TGAGGTCCGGCAACTTCGGGAA 13721 
C10-9CL-E145K GAGGCTTCGGAAGGCTCGGAAG 13668 
C10-9CL-R153P CAACTGCACCCTGAGCAGCAAC 13669 
C10-9CL-R364Q GGAGGATCTGCAACTCAAACATCG 13720 
C10-9CL-R364W GGAGGATCTGTGGCTCAAACATCG 13733 
C10-9CL-E390A CCAGCTGGAGGCTATTGAGAAAGAG 13734 
C10-R142Q (sam e  a s C10-9CL-R142Q) 13764 
C10-E145K (sam e  a s C10-9CL-E145K) 13872 
C10-R153P (sam e  a s C10-9CL-R153P) 13877 
C10-R212H (sam e  a s C9-10CC-R212H) 13765 
 
 
 
  



Ta b le  1 
The  sequence  d iffe rence  be tween  hum an  and  m ouse  orthologs is ve ry sm a ll com pared  to the  
d iffe rence  be tween the  CARD-CC pa ra logs, which  d iverged  p rior to  the  evolu tion  of sha rks [2,10], 
a s illustra ted  by the  Ham m ing  d issim ila rity score s [50] a fte r MUSCLE [51] a lignm en t of the  fu ll-
leng th  p ro te ins (Fig . 1) in  UGene  (A). We use  hum an  CARD9 and  CARD14 and  m ouse  CARD10 and 
CARD11 because  these  were  ava ilab le  in  the  lab  and  p revious work on  d iffe ren t m u tan ts has been  
done  on  these  backbones. Coordina te s of the  d iffe ren t m odu le s used  for hybrid  CARD-CC prote ins 
from  the  se lected  p ro te ins (B). Dom ain  coord ina te s were  taken  from  Unip rot and  ve rified  or 
com plem en ted  by (p red icted ) structu re  investiga tions using  Alphafold  and  sequence  a lignm en ts. 
MAGUK is defined  a s from  the  sta rt of the  PDZ dom ain . 
 
 
Ta b le  2 
The  prim ers used  for fusion  CARD-CC prote ins and  m utan ts. 
 
Ta b le  3 
Overview of constructs gene ra ted  in  th is study. Fu rthe r de riva tive  constructs m ade  in  th is study 
can  be  found in  tab le  4. 
 
Ta b le  4 
Clones of pub lished  LATCH-CC-dom ain  m uta tions in  CARD10 and  CARD14 using  the  
m in im al ch im eric CARD9 backbones C9-14L, C9-14CC, C9-10L, C9-10CC and  the  good au to-
inh ib ited  m ouse  CARD10 backbone  C10-9CL.  
 
Fig u re  1 
MUSCLE m ultip le  sequence  a lignm en t of hum an  and  m ouse  CARD9 (hum an : NP_434700.2, 
m ouse : NP_001032836.1), CARD10 (hum an : NP_055365.2, m ouse : NP_570929.3), CARD11 (hum an : 
NP_001311210.1, m ouse : NP_780571.2) and  CARD14 (hum an : NP_001353314.1, m ouse : 
XP_006532429.1) pro te in  sequences. The  MUSCLE prote in  a lignm en t was done  in  UGene  [102]. 
Dom ain  sta rt and  end  were  de te rm ined  by Unip ro t dom a in  annota tions and  m anual g raphica l 
structu re  ana lysis of the  Alphafold  com puted  structu ra l m ode ls. Activa ting  na tu ra l va rian ts 
(b lack), oncogenic som a tic activa ting  m uta tions (b lue) and  cand ida te  a rtificia l activa ting  
m uta tions (red) were  designed  based  on  hom ology ind ica ted  in  the  a lignm en t. 
 
  



  



Fig u re  2 
A) Com parison  of the  d im eric Alphafo ld -m ultim er com puted  structu ra l m ode ls of the  
hum an  CARD-CC fam ily m em bers CARD9, CARD10, CARD11 and  CARD14 (sam e  
sequences as in  the  a lignm en t in  Fig . 1). Be low: dom ain -com position  ca rtoons with  the  
co lou r codes used  th roughou t the  m anuscrip t. The  colou r codes a re  the  sam e  as the  
ones used  for the  phylogene tic ana lysis in  [10]. Dom ains: ① = CARD, ② = LATCH, ③ = 
CC, ④ = Linke r /  ID, ⑤ = MAGUK. 
B) NF-κB lucife rase  assay for known  B-ce ll lym phom a or BENTA-associa ted  activa ting  
m uta tions in  CARD11 residues tha t a re  conse rved  in  severa l CARD-CC fam ily m em bers. 
HEK293T ce lls  were  transfected  with  200ng  CARD-CC expression  construct/ μg  
transfection  m ix. Re la tive  induction  com pared  to  WT CARD11. 
C)  NF-κB lucife rase  a ssay for transfe rred  a ctiva ting  CARD11 m uta tions in  CARD9 : 
G123D CARD9G111E (CARD11G123D), CARD9L213LI (CARD11L232LI) and  CARD9T231P 
(CARD11S250P). HEK293T ce lls  were  transfected  with  200ng  CARD-CC expression  
construct/ μg  transfection  m ix. Re la tive  induction  com pared  to  WT CARD9. 
D) NF-κB lucife rase  a ssay for WT CARD9, CARD10, CARD11 and  CARD14. HEK293T ce lls  
were  transfected  with  200ng  CARD-CC expression  construct/ μg  transfection  m ix. 
Rela tive  induction  com pared  to  WT CARD9. 
E)  NF-κB lucife rase  a ssay for WT CARD10 and  an  a rtificia l activa ting  m uta tion  (G128D) 
correspond ing  to  CARD11G123D. HEK293T ce lls  were  transfected  in  a  g rad ien t of 200, 50 
and  10 ng  CARD-CC expression  construct/ μg  transfection  m ix. Re la tive  induction  
com pared  to  WT CARD10 per transfection  concen tra tion . 
F)  NF-κB lucife rase  a ssay for WT CARD14, a  p soriasis-associa ted  activa ting  m uta tion  
(E138A) and  the  poten tia lly activa ting  S250P m uta tion  correspond ing  to  CARD11S250P. 
HEK293T ce lls  were  transfected  in  a  g rad ien t of 200, 50 and  10 ng  CARD-CC expression  
construct/ μg  transfection  m ix. Re la tive  induction  com pared  to  WT CARD14 per 
transfection  concen tra tion . 
G)  NF-κB lucife rase  a ssay for the  h igh ly conse rved  CARD14L124P m u ta tion  transfe rred  to  
a ll fou r CARD-CC para logs. HEK293T ce lls  were  transfected  with  200 ng  CARD-CC 
expression  construct/  μg  transfection  m ix for CARD9 and  CARD11, and  10 ng  CARD-CC 
expression  construct/  μg  transfection  m ix for CARD10 and  CARD14. Re la tive  induction  
com pared  to  the  WT of each  respective  CARD-CC pro te in . The  lower runn ing  band  in  
CARD10 L132P in  the  Flag  deve loped  Weste rn  b lo t m ost like ly corresponds to  the  70kDa  
N-te rm ina l MALT1-m ed ia ted  cleavage  fragm en t of CARD10 [87]. The  lower runn ing  
band  in  CARD14 L124P has not been  reported  be fore .  The  lower bands in  the  case  of 
CARD11 m igh t re flect  deg rada tion  p roducts tha t a re  visib le  due  to  the  longer exposure  
tim es used  to  see  CARD10 and  CARD14 tha t were  transfected  a t 20-fo ld  lower DNA 
concen tra tions than  CARD11. 
 
All lucife rase  experim en ts have  been  repea ted  a t least 3 tim es with  sim ila r re la tive  
trends. The  e rror ba rs rep resen t the  stand ard  devia tion  from  3 techn ica l rep lica tes 



(d iffe ren t transfections). The  bottom  pane ls show the  expression  leve ls of the  d iffe re n t 
constructs. Sta tistica l te sts for d iffe rences in  the  lucife ra se  re su lts were  done  using  Studen t’s 
t-te st [108] and  the  p robability leve ls of non-re jection  of the  nu ll hypothesis tha t two 
va lues a re  equa l a re  abbrevia ted  as *  = p  ≤ 0.05 , **  = p  ≤ 0.01, ***  = p  ≤ 0.001 and  
**** = p  ≤ 0.0001. 
  



Fig u re  3 
A) NF-κB lucife rase  a ssay for po ten tia lly activa ting  na tu ra l va rian t m u ta tions in  CARD9 
a t the  CARD-LATCH-CC in te rface  transfecte d  in  HEK293T ce lls . Re la tive  induction  
com pared  to  WT CARD9. 
B) NF-κB lucife rase  assay of na tu ra l va rian ts of CARD9 associa ted  to  fib rom yalg ia  in  
Genebass, and  a lte rna tive  substitu tions a t the  sam e  residues, transfected  in  HEK293T 
ce lls . Re la tive  induction  com pared  to  WT CARD9. Flag  deve loped  a t h igh  exposure  to  
illu stra te  expression  d iffe rence  be tween  WT CARD9 and  the  weak activa ting  m utan ts. 
C) NF-κB lucife rase  assay of gene tica lly activa ted  CARD9G111E and  CARD9G111R using  
RLuc-2A-CARD9 constructs d riven  by the  CAG prom ote r, transfe cted  in  HEK293T ce lls  a t 
100ng  CARD-CC expression  construct/ μg  transfection  m ix. 
D) Mechan istic stud ies gene tica lly activa ted  CARD9G111E by NF-κB lucife rase  assay, u sing  
RLuc-2A-CARD9 constructs d riven  by the  CAG prom ote r. HEK293T ce lls  were  
transfected  with  100ng  CARD-CC expression  construct/ μg  transfection  m ix. For (C) and  
(D) : NF-κB fire fly lucife rase  norm alized  aga inst CARD9 m RNA expression  via  RLuc and  
NF-κB activa tion  expressed  as fo ld -induction  com pared  to  WT CARD9. 
 
All lucife rase  experim en ts have  been  repea ted  a t least 3 tim es with  sim ila r re la tive  
trends. The  e rror ba rs rep resen t the  stand ard  devia tion  from  3 techn ica l rep lica tes 
(d iffe ren t transfections). The  bottom  pane ls show expression  leve ls of the  d iffe ren t 
constructs. Sta tistica l te sts for d iffe rences in  the  lucife ra se  re su lts were  done  using  Studen t’s 
t-te st [108] and  the  p robability leve ls of non-re jection  of the  nu ll hypothesis tha t two 
va lues a re  equa l a re  abbrevia ted  as *  = p  ≤ 0.05 , **  = p  ≤ 0.01, ***  = p  ≤ 0.001 and  
**** = p  ≤ 0.0001. 
 
  



Fig u re  4 
NF-κB dependen t lucife rase  expression  a fte r overexpression  of d iffe ren t ch im eric 
CARD9 constructs in  HEK293T ce lls . Re la tive  induction  is  com pared  to  WT CARD9 (C9) 
and  p ro te in  expression  leve ls ana lyzed  with  an ti-flag  via  Weste rn  b lo tting . All lucife rase  
experim en ts have  been  repea ted  a t least 3 tim es with  sim ila r re la tive  trends. The  e rror 
ba rs rep resen t the  standard  devia tion  from  3 techn ica l rep lica tes (d iffe ren t 
transfections). Sta tistica l te sts for d iffe rences in  the  lucife ra se  re su lts were  done  using  
Studen t’s t-te st [108] and  the  p robab ility leve ls of non-re jection  of the  nu ll hypothesis 
tha t two va lues a re  equa l a re  abbrevia ted  as *  = p  ≤ 0.05 , **  = p  ≤ 0.01, ***  = p  ≤ 0.001 
and  **** = p  ≤ 0.0001. 
 
A) NF-κB lucife rase  a ssay for inh ib itory activity of the  CARD9 C-te rm ina l sequence  on  
CARD9, and  the  CARD-LATCH-CC fragm en ts  of CARD10, CARD11 and  CARD14. Re la tive  
induction  com pared  to  WT CARD9. 
B) Com parisons of CARD9 and  CARD9 with  the  LATCH-CC or CC dom ain  rep laced  with  
the  sequence  from  CARD10, CARD11 or CARD14. 
C) Com parisons of CARD9 and  CARD9 with  the  CARD or CARD-LATCH dom ain  rep laced  
with  the  sequence  from  CARD10, CARD11 or CARD14.  
D) Com parisons of CARD9 and  CARD9 with  the  LATCH dom ain  rep laced  with  the  
sequence  from  CARD10, CARD11 or CARD14. Multip le  sequence  a lignm en t of CARD9, -
10, -11 and  -14 LATCH dom ains. Mouse  and  hum an  LATCH sequence  is  iden tica l for 
CARD9, -10 and  -11, bu t no t for CARD14. 
E) Effects of specific substitu tions be tween  CARD9 and  CARD10 LATCH dom ain  on  au to-
inh ib ition . 
F) CARD9 CARD transp lan ted  to  CARD14 and  CARD9 CARD-LATCH transp lan ted  to  
CARD10 com pared  to  the  wild -type  CARMA prote ins. 
 
 
  



 

Fig u re  5 
NF-κB dependen t lucife rase  expression  a fte r overexpression  of d iffe ren t ch im eric 
CARD9 WT or activa ted  m utan t constructs. Re la tive  induction  com pared  to  WT CARD9 
(C9). Bottom  pane ls show p ro te in  expression  leve ls ana lyzed  with  an ti-flag  via  Weste rn  
b lo tting . All lucife rase  experim en ts have  been  repea ted  a t least 3 tim es with  sim ila r 
re la tive  trends. The  e rror ba rs rep resen t the  standard  devia tion  from  3 techn ica l 
rep lica tes (d iffe ren t transfections). Sta tistica l te sts for d iffe rences in  the  lucife ra se  re su lts 
were  done  using  Studen t’s t-te st [108] and  the  p robab ility leve ls of non-re jection  of the  
nu ll hypothesis tha t two va lues a re  equa l are  abbrevia ted  as *  = p  ≤ 0.05 , **  = p  ≤ 0.01, 
***  = p  ≤ 0.001 and  **** = p  ≤ 0.0001. 
 
A) Com parison  of the  e ffect o f the  L232LI m uta tion  in  CARD11 in  d iffe ren t ch im eric 
CARD9 backbones, com pared  to  WT and  the  L213LI m uta tion  in  CARD9 
B) Effect of the  CARD14 psoriasis-associa ted  m uta tion  E138A in  d iffe ren t ch im eric 
CARD9 backbones, com pared  to  correspond ing  wild -type  constructs. 
 
 
 
  



 

Fig u re  6 
Proof-of-concep t ana lysis of pub lished  m uta tions in  the  LATCH-CC reg ion  in  CARD10 
and  CARD14, using  the  m in im al ch im eric CARD9 backbones with  e ithe r the  CARD9 
LATCH or CC dom ain  rep laced  with  the  correspond ing  sequence  from  CARD10 or 
CARD14. On ly som e m uta tions have  p reviously been  ve rified  in vitro to  be  activa ting . 
Muta tions a re  eva lua ted  as re la tive  NF-κB dependen t lucife rase  expression  a fte r 
overexpression  of d iffe ren t ch im eric CARD9 constructs, com pared  to  the  wild -type  
ch im eric CARD9. All lucife rase  experim en ts have  been  repea ted  a t least 3 tim es with  
sim ila r re la tive  trends. The  e rror ba rs rep re sen t the  standard  devia tion  from  3 techn ica l 
rep lica tes (d iffe ren t transfections). Sta tistica l te sts for d iffe rences in  the  lucife ra se  re su lts 
were  done  using  Studen t’s t-te st [108] and  the  p robab ility leve ls of non-re jection  of the  
nu ll hypothesis tha t two va lues a re  equa l are  abbrevia ted  as *  = p  ≤ 0.05 , **  = p  ≤ 0.01, 
***  = p  ≤ 0.001 and  **** = p  ≤ 0.0001. 
 
A) Eva lua tion  of CARD14 LATCH m uta tions associa ted  to  psoriasis in  the  CARD9-14L 
backbone . 
B) Eva lua tion  of CARD14 CC m uta tions associa ted  to  psoriasis in  the  CARD9-14CC 
backbone . 
C) Eva lua tion  of CARD10 CC m uta tions associa ted  to  POAG, cancer or au to im m une  
im m unodeficiency in  the  CARD9-10CC backbone . 
D) Eva lua tion  of CARD10 CC m uta tions associa ted  to  POAG, cancer or au to im m une  
im m unodeficiency in  the  CARD10-9CL backbone . 
E) Eva lua tion  of CARD10 na tu ra l va rian ts with  va rious Genebass d isease  associa tions 
overlapp ing  with  the  associa tions found  for R212H in  the  CARD10-9CL backbone . 
Dashed  line  rep resen ts the  norm alized  average  NF-κB induction  leve l of WT CARD10-
9CL. 
F)  Eva lua tion  of activa ting  CARD10 m uta tions in  a  pu re  CARD10 backbone . Dashed  line  
rep resen ts the  norm alized  average  NF-κB induction  leve l of WT CARD10. The  lower 
runn ing  Weste rn  b lo t band  in  the  case  of G128D, E145K and  R153P m ost like ly 
corresponds to  the  70kDa  N-te rm ina l MALT1-m ed ia ted  cleavage  fragm en t of CARD10 
[90]. 
 
 




