
 ORCA – Online Research @ Cardiff

This is a n  Op e n  Acces s  doc u m e n t  dow nloa d e d  fro m  ORCA, Ca r diff U nive r si ty 's
ins ti t u tion al r e posi to ry:h t t p s://o rc a.c a r diff.ac.uk/id/ep rin t/12 3 3 2 7/

This  is t h e  a u t ho r’s ve r sion  of a  wo rk  t h a t  w as  s u b mi t t e d  to  / a c c e p t e d  for
p u blica tion.

Cit a tion  for  final p u blish e d  ve r sion:

Gor m a n,  Kathle e n  M., M eyer, Es t h er, Grozeva,  Det elin a  , S pin elli, E gidio, M cTag u e,
Amy, S a nc his-Jua n,  Alba,  Ca r s s,  Ker e n  J., Brya n t ,  E mily, Reich,  Adi, Sc h n eid er, Amy

L., P r e ssl er, Roni t  M., Si m p so n,  Mich a el  A., De b elle, Geoff D., Wass m er, Eva n g eline,
Mo r ton,  Jenny, Si eciec howicz, Dian a,  Jan-Ka ms t e e g,  E ric, Pacio rkow ski, Alex R.,

King,  M a ry D., C ross,  J. H ele n,  Podu ri, Ann a p u r n a,  M effo rd,  H e a t h e r  C., Sc h effer,
Ing rid  E., H a a ck,  Tobias  B., McCullag h,  Ga ry, Millich a p,  John  J., Ca rvill, Ge m m a  L.,
Clayton-S mit h,  Jill, M a h er, E a mo n n  R., R ay mo n d,  F. Lucy, Kuria n,  M a nju  A., M cR a e,

Jer e my F., Clayton,  S t e p h e n,  Fi tzg e r ald,  Tom as  W., Kapla nis,  Joan n a,  P rig mo r e,
Ele n a ,  R aja n,  Dian a,  Sif rim,  Alejan d ro,  Aitke n,  S t u a r t ,  Akawi, N a dia,  Alvi, Mo hs a n,

Ambridg e,  Kirs ty, Ba r r e t t ,  Da niel M., Bayze tinova,  Tanya, Jones,  P hilip, Jone s,  Wendy
D., King, Da niel, Krish n a p p a,  N e t r av a t hi, M a so n,  Lau r a  E., Sin g h,  Tarjind er, Tivey,
Adria n  R., Ahm e d,  M u n az a,  Anju m,  U r uj, Arch er, H ayley, Arms t ro n g,  Ru t h,  Awad a,

Jan a,  Bala s u b r a m a nia n,  M e e n a,  Ba nk a,  Sid d h a r t h,  Ba r alle,  Dian a,  Ba r nicoa t,  Angela,
Ba t s ton e,  Pa ul, Ba ty, David, Be n n e t t ,  Ch ris, Be r g,  Jona t h a n,  Be r n h a r d,  Birgi t t a ,

Beva n,  A. Pa ul, Bitne r-Glindzicz, M a ria,  Blair, E d w a r d,  Blyth,  Moi r a,  Boh a n n a,  David,
Bou r do n,  Louise,  Bour n,  David,  Br a dley, Lisa,  Bra dy, Angela,  Bre n t ,  Simo n,  Bre w er,

Ca role,  Bru ns t ro m,  Kat e,  Bunya n,  David  J., Bu r n,  John,  Ca n h a m,  N a t alie,  Cas tl e,
Bruc e,  Ch a n dler, Kate,  Ch a tzimich ali, Ele n a ,  Cillie r s ,  Dei rd r e ,  Cla rk e,  Angus  ,

Cla s p er, S us a n,  Clayton-S mit h,  Jill, Clow e s,  Virginia,  Coa t e s ,  Andr e a ,  Cole,  Trevor,
Colgiu,  I rin a,  Collins,  Ama n d a  , Collinson,  Mo r a g  N., Con n ell, Fion a,  Coop er, Nicola,

Cox, H ele n,  C r es s w ell, La r a ,  Cross,  Ga r e t h ,  C row, Yanick, D?Aless a n d ro,  M a ri ella,
Da bir, Tabib,  Davidson,  Ros e m a ri e,  Davies,  S ally, d e  Vries,  Dylan,  De a n,  John,

Des h p a n d e ,  Ch a r u,  Devlin,  Ge m m a,  Dixit, Abhijit,  Dobbie,  Angus,  Don aldso n,  Alan,
Donn ai, Dia n,  Donn elly, Deird r e ,  Donn elly, Ca rin a ,  Dougla s,  Angela,  Douzgou,  Sofia,
Du nc a n,  Alexis, E a so n,  Jacq u elin e,  Ella r d,  Si a n,  Ellis, Ian,  Elmslie, F r a n c e s ,  Eva ns,
Kar e nz a,  Eve r e s t ,  S a r a h ,  Fen dick, Tina,  Fi sh er, Rich a r d,  Flin t er, F r a nc es ,  Foulds,
Nicola,  F ry, Andr e w  , F ryer, Alan,  Ga r din er, Ca rol, Ga u n t ,  Lor r ain e,  Gh ali, N e e ti,
Gibbo ns,  Rich a r d ,  Gill, H a rind er, Goods hip,  Judith,  Goudie,  David, Gray, E m m a,

Gr e e n,  Andr ew, Gr e e n e,  P hilip, Gre e n h algh,  Lynn,  Gribble,  S us a n,  H a r ri son,  Ra c h el,
H a r r ison,  Lucy, H a r r ison,  Victo ri a,  H a w kins,  Ros e,  H e ,  Liu, H ellens,  S t e p h e n,

H e n d e r son,  Alex, H e wi t t ,  S a r a h ,  Hildya r d,  Lucy, H o bson,  E m m a,  Hold e n,  Si mon,
Hold er, M u riel, H old er, S us a n,  Hollings wor t h,  Geo r gin a,  Ho mf r ay, Tess a,  H u m p h r eys,
M e rvyn,  H u r s t ,  Jan e,  H u t to n,  Ben,  Ing r a m,  S t u a r t ,  I rving,  M eli t a,  Isla m,  Lily, Jackson,

Andr ew, Ja rvis, Joan n a,  Jenkins,  Lucy, Johnso n,  Dian a,  Jones,  Elizab e t h ,  Josifova,
Dr a g a n a,  Joss,  S h ela g h,  Kae m b a,  Beckie,  Kaze m b e,  S a n d r a ,  Kelsell, Ros e m a ry, Kerr,

Bron wyn, Kings ton,  H ele n,  Kini, Us h a,  Kinning,  Es t h er, Kirby, Gail, Kirk, Clai r e ,
Kivuva, E m m a,  Kra us ,  Alison,  Kum ar, Dh ave n d r a ,  Kum ar, V. K. Ajith,  Lac hla n,

Kath e rin e ,  La m, Wayne,  La m p e,  Anne,  Lan g m a n,  Ca roline,  Le es,  M eliss a,  Lim, De r ek,
Long m a n,  Ch e ryl, Lowth er, Gor don,  Lynch,  S ally A., M a g e e,  Alex, M a h er, E d dy, M ale,

Alison, M a n so ur, S a h ar, M a rks,  Kar e n,  M a r tin,  Kat h e rin e,  M aye,  U n a,  M cC a n n,



E m m a,  M cCon n ell, Vivien n e,  M cE n t a g a r t ,  M e ri el, M cGow a n,  Rut h,  McKay, Kirs t e n ,
M cKee,  S h a n e,  M cM ullan,  Do minic J., Mc N e rla n,  S u s a n,  M cWillia m, Ca t h e rin e,

M e h t a ,  S a rju,  M e tc alfe, Kay, Middle ton,  Ann a,  Mie dzyb rodzka,  Zosia,  Mile s,  E m m a,
Mo h a m m e d,  S h e hla,  Mo n t go m e ry, Tar a,  Moor e,  David,  Mo r g a n,  Si a n,  Mo r to n,  Jenny,

M u g ala asi, H ood,  M u r d ay, Victo ria,  M u r p hy, H ele n,  N aik, S w a ti,  N e m e t h,  Andr e a ,
N evi t t ,  Louis e,  N e w b u ry-Ecob,  Ru t h,  No r m a n,  Andr ew, O'S h e a,  Rosie,  Ogilvie,

Ca roline,  On g,  Kai-Re n,  Pa rk,  Soo-Mi, Pa rk er, Mic h a el  J., Pa t el,  Chi r a g ,  Pa t e r son,
Joan,  Payne,  S t e w a r t ,  Pe r r e t t ,  Da niel, P hipp s,  Julie, Pilz, Da niel a  T., Polla r d,  M a r tin,
Pot ting er, Ca roline,  Poulton,  Joan n a,  P r a t t ,  No r m a n,  P r e s co t t ,  Kat rin a,  P ric e,  S u e,
P ridh a m,  Abigail, P roc t er, Annie,  P u r n ell, H ellen,  Qu a r r ell, Oliver, Ra g g e,  Nicola,

R a h b a ri,  Ra h ele h,  Ra n d all, Josh,  Ra nkin,  Julia, R ay mo n d,  Lucy, Rice,  Deb bie,  Rob e r t ,
Lee m a,  Rob e r t s ,  Eile e n,  Rob e r t s ,  Jona t h a n,  Rob e r t s ,  Paul, Rob e r t s ,  Gillian,  Ross,

Alison,  Ross er, Elisa b e t h ,  S a g g ar, Ana n d,  S a m a n t ,  S h alak a ,  S a m p so n,  Julian  ,
S a n dfo rd,  Rich a r d ,  S a rk ar, Ajoy, Sc h w eig er, S us a n n,  Sco t t ,  Rich a r d,  Sc u rr, Ing rid,
S elby, Ann, S eller, Annek e,  S e q u ei r a ,  Ch e ryl, S h a n no n,  N o r a ,  S h a rif, S a b a,  S h a w-

S mit h,  Ch a rle s,  S h e a ring,  E m m a,  S h e a r s ,  Deb bie,  S h e rid a n,  E a mo n n,  Simo nic,
Ing rid,  Singzon, Rolda n,  Skit t ,  Za r a ,  S mit h,  Audr ey, S mit h,  Kath,  S mit h so n,  S a r a h ,

S n e d do n,  Lind a,  S plit t ,  Mir a n d a,  S q ui r e s,  Mi r a n d a,  S t e w a r t ,  Fion a,  S t e w a r t ,  H ele n,
S t r a u b,  Volker, S u ri,  Moh nis h,  S u t to n,  Vivien n e,  S w a min a t h a n,  Gan e s h  Jaw a h ar,
S w e e n ey, Elizab e t h,  Tat ton-Brow n,  Kat e,  Taylor, Ca t ,  Taylor, Roh a n,  Tein, M a rk,
Temple,  I. Kar e n,  Tho m son,  Jenny, Tischkowitz, M a rc ,  Tomkins,  S us a n,  Torokw a,

Audr ey, Tre a cy, Becky, Tu r n er, Clai r e ,  Tur n p e n ny, Pe t er, Tysoe,  Ca rolyn, Vand e r s t e e n ,
Antho ny, Vargh e s e ,  Vinod,  Vasud ev a n,  P r a d e e p,  Vijaya r a n g ak a n n a n,  Pa r t hib a n,  Vogt,
Julie,  Wakeling,  E m m a,  Wallwa rk,  S a r a h,  Wate r s,  Jona t ho n,  Weber, Ast rid,  Wellesley,

Dian a,  Whit efo r d,  M a r go,  Wida a,  S a r a ,  Wilcox, S a r a h ,  Wilkinson,  E mily, Willia m s,
Denis e,  Willia m s,  Nicola,  Wilson,  Louis e,  Woods,  Geoff, Wra g g,  Ch ris top h er, Wrigh t,

Mich a el, Yates,  Lau r a ,  Yau, Mich a el, N ellåker, Ch ris,  Pa rk er, Mich a el, Fi r t h ,  H ele n  V.,
Wrigh t,  C a roline  F., Fi tzPa t rick,  David  R., Ba r r e t t ,  Jeffr ey C., H u rl e s,  M a t t h e w  E., Al

Turki, S a e e d,  Ande r son,  Ca rl,  Ann ey, Rich a r d  , Antony, Dinu, Artig as,  M a ri a  Soler,
Ayub, M u h a m m a d,  Bala s u b r a m a nia m,  S e n d u r a n,  Ba r r e t t ,  Jeffrey C., Ba r roso,  Inês,

Be ale s,  P hil, Be n t h a m,  Ja mie,  Bha t t a c h a rya,  S hou m o,  Birn ey, E w a n,  Blackwood,
Dou glas,  Bob row, M a r tin,  Boch ukova,  Elen a ,  Bolton,  Pa t rick,  Boun d s,  Reb e cc a,
Bous t r e d,  Ch ris,  Bre e n,  Ge ro m e,  Caliss a no, M a t ti a,  Ca r s s ,  Kere n ,  Ch a t t e rje e,

Krish n a,  Ch e n,  Lu, Cia m pi, Antonio, Cir ak,  S e b h a t ti n,  Clap h a m,  Pe t er, Cle m e n t,  Gail,
Coa t e s ,  Guy, Collier, David, Cos g rove,  Ca t h e rin e,  Cox, Tony, Cr a d dock, Nick,  C rooks,
Lucy, Cu r r a n,  S a r a h ,  Cu r tis,  David,  Daly, Allan,  Day-Willia ms,  Aaron,  Day, Ia n  N.M.,

Dow n,  Tho m a s,  Du, Yuanping,  Dun h a m,  Ian,  E dkins,  S a r a h  , Ellis, Pe t er, Eva n s,
David,  Fa roogi, S a d af, Fa t e mifar, Gh az ale h,  Fi tzp a t rick,  David  R., Flicek,  Pa ul, Flyod,
Jam e s,  Foley, A. Reg h a n,  F r a nklin,  Ch ris top h e r  S., F u t e m a,  M a r t a ,  Gallag h er, Louis e,

Geihs,  M a t t hi a s,  Gesch wind,  Da niel, Griffin, H e a t h er, Guo, Xueqin,  Guo, Xiaos e n,
Gu rling,  H u g h,  H a r t ,  De bo r a h,  H e n d ricks,  Audr ey, H ol m a n s,  Pe t e r  , H owie,  Brya n,

H u a n g,  Lir e n,  H u b b a r d ,  Tim, H u m p h ri es ,  S t eve  E., H u rl e s,  M a t t h e w  E., Hysi, Pi r ro,
Jackson,  David K., Jam s hidi, Yalda,  Jing,  Tian,  Joyce,  Ch ri s, Kaye, Jan e,  Kea n e,

Tho m a s,  Keogh,  Julia, Kem p,  John,  Kenn e dy, Kar e n,  Kolb-Kokocinski, Anja,  Lach a n c e,
Ge n evieve,  Lan gfo rd,  Co r d elia,  Lawso n,  Da niel, Lee,  I r e n e ,  Lek, Monkol, Lian g,

Jieqin,  Lin, H o n g,  Li, Rui, Li, Ying r ui, Liu, Rya n,  Lön n qvis t ,  Jouko, Lope s,  M a r g a rid a ,
Iotchkova, Valen tin a,  M a cArt h ur, Da niel, M a r c hini, Jona t h a n,  M a slen,  John,  M a s si mo,

M a n gino, M a t hie son,  Iain,  M a r e n n e,  Ga ëlle, M cG uffin, Pe t er, M cIn tos h,  Andr ew,
M cKec h a nie,  Andr e w  G., McQ uillin, Andr ew, M e t r u s t ry, S a r a h ,  Mitchison,  H a n n a h,

Mo ayye ri,  Alireza ,  Mo r ri s,  Jam e s,  M u n toni, F r a n c e sco, N o r t h s to n e,  Kat e,  O'Donova n,
Mich a el , Ono ufri adis,  Alexa n d ros,  O'Ra hilly, S t e p h e n,  Ou alkac h a,  Ka rim,  Ow e n,

Mich a el  J. , Palo tie,  Aarno, Pa nou t so po ulou,  Kalliop e,  Pa rker, Victo ri a,  Pa rr, Je r e my
R., Pa t e r nos t er, Lavinia,  Pa u nio, Tiina,  Payn e,  Felici ty, Pie til aine n,  Olli, Pla g nol,

Vince n t ,  Qu aye, Lydia,  Qu ail, Mich a el A., R ay mo n d,  Lucy, Re h n s t rö m,  Karola,  Ring,



S u s a n,  Ritc hie,  Gra h a m  R.S., Rob e r t s ,  Nicola,  S ava g e,  David B., Sc a m bler, Pe t er,
Sc hiffels, S t e p h e n,  Sc h mid t s,  Miria m,  Sc ho e n m a k e r s,  N a dia,  S e m ple,  Rob e r t  K.,
S e r r a ,  Eva,  S h a r p,  S ally I., S hin,  So-Youn, Sku s e,  David, S m all, Ker rin,  Sou t h a m,

Lor r ain e,  S p a sic-Boskovic, Olive r a ,  S t  Clair, David, S t alker, Jim, S t eve ns,  Elizab e t h,
S t  Pou rcia n,  Be a t e ,  S u n,  Jianping,  S uvis a a ri,  Jaa n a,  Tach m azidou,  Ion n a,  Tobin,

M a r tin  D., Valdes,  Ana, Van Kogele n b e r g,  M a r g rie t ,  Vijaya r a n g ak a n n a n,  Pa r t hib a n,
Vissch er, Pe t e r  M., Wain,  Louise  V., Walt e r s ,  Ja m e s  T.R. , Wang,  Gua n g biao,  Wang,
Jun, Wang, Yu, Ward,  Kirs t e n,  Wh e eler, Ela nor, Whyt e,  Tamiek a,  Willia m s,  Hyw el ,

Willia mson,  Kat hle e n  A., Wilson,  Cris pia n,  Wong,  Kim, Xu, Ch a n gJian g,  Yang, Jian  ,
Zh a n g,  Fe n d,  Zh a n g,  Ping bo, Aitm a n,  Timot hy, Alachk ar, H a n a ,  Ali, So nia,  Allen,

Louis e,  Allsup,  David, Amb e g ao nk ar, Ga u t u m,  Ande r so n,  Julie,  Ant rob u s,  Rich a r d ,
Arms t ro n g,  Ru t h,  Arno, Gavin, Aru m u g ak a ni, Gur u r aj, Ashford,  Sofie,  Astle,  Willia m,
Attwood,  Antony, Austin,  S t eve,  Bacc h elli, Chia r a ,  Bakc ho ul, Tam a m,  Ba ri an a ,  Tadbi r

K., Baxe n d ale,  H ele n,  Be n n e t t ,  David, Be t h u n e,  Clai r e ,  Bibi, S h a h n az,  Bitn e r-
Glindzicz, M a ri a,  Bled a ,  M a r t a ,  Bogg a r d,  H a r m,  Bolton-M a g g s,  Pa ula,  Booth,  Clai r e ,

Br a dley, John  R., Bra dy, Angie,  Brow n,  M a t t h ew, Brow nin g,  Mich a el, Bryson,
Ch ris tin e,  Bu r n s ,  Siob h a n,  Calleja,  Pa ul, Ca n h a m,  N a t alie,  Ca r mich a el, Jenny, Ca r s s,

Kere n,  Ca ulfield,  M a rk,  Ch al m e r s ,  Eliza b e t h,  Ch a n d r a ,  Anit a ,  Chin n e ry, Pa t rick,
Chi t r e ,  M a n ali, Ch u rc h,  Colin, Cle m e n t ,  E m m a,  Cle m e n t s-Brod,  N ao mi, Clow es,

Virgini a,  Cog hla n,  Ge r ry, Collins,  Pe t e r  , Coop er, Nichola,  C r e a s e r-Mye r s,  Ama n d a,
DaCos t a,  Ros a,  Da u g h e r ty, Louis e,  Davies,  So p hie,  Davis, John, De  Vries,  Mink a,

Dee g a n,  Pa t rick,  De evi, S ri  V.V., Des h p a n d e,  Ch a r u,  Devlin, Lisa,  Dew h u r s t ,  Ele a nor,
Doffing er, Rainer, Dor m a n d,  N a t alie,  Dre w e,  Elizab e t h ,  E d g ar, David,  E g n er, Willia m,

E r b er, Wendy N., E r wood,  M a ri e,  Eve rin g ton,  Tam a r a ,  Favier, Re mi, Fi r t h ,  H ele n,
Fle tc h er, De b r a,  Flin t er, F r a n c e s ,  Fox, Jam es  C., F r a ry, Amy, F r e son,  Kathle e n ,  F u ri e,
Bruc e ,  F u r n ell, Abigail, Gale,  Da niel, Ga r d h a m,  Alice,  Ga t t e n s ,  Mich a el, Gh ali, N e e ti,
Gh a t ao r h e ,  Pava n d e e p  K., Ghu rye,  Rohi t ,  Gibbs,  Simon,  Gilmour, Kimb e rl ey, Giss e n ,

Paul, Godd a r d,  S a r a h ,  Go m ez, Keith,  Gordins,  Pavel, Gr äf, S t efa n,  Gr e e n e,  Da niel,
Gr e e n h alg h,  Alan,  Grein ac h er, Andr e a s,  Grigo ria do u,  Sofia,  H a ck e t t ,  Sco t t ,
H a din n a pola,  Ch a r a k a,  H a g u e ,  Rosie,  H ai m el, M a t t hi a s,  H al m a gyi, Cs a b a,

H a m m e r to n,  Trac ey, H a r t ,  Da niel, H ay m a n,  Gr a n t ,  H e e m s k e rk,  Joha n  W.M.,
H e n d e r so n,  Rob e r t ,  H e n siek,  Anke, H e n sk e n s,  Yvonn e,  H e r w a dk ar, Arch a n a,  H old e n,
Si mo n,  H old er, M u ri el, H older, S us a n,  H u,  Fen gyu a n,  H uis soon,  Aarnou d,  H u m b e r t ,
M a r c,  H u r s t ,  Jane ,  Ja m e s,  Rog er, Jolles,  S t e p h e n,  Josifova,  Dr a g a n a,  Kaz mi, R as hid,

Keeling,  David, Kelleh er, Pe t er, Kelly, Anne  M., Kenn e dy, Fion a,  Kiely, David,
Kings to n,  N a t h alie, Koziell, Ania, Krish n ak u m ar, De e p a,  Kuijpe r s ,  Taco W.,

Kum a r a r a t n e,  Dinak a n t h a ,  Kuri an,  M a nju,  Laffan,  Mich a el  A., La m b e r t ,  Mich ele  P.,
Allen,  H a n a  Lango,  Law rie,  Allan,  Le ar, S a r a ,  Lees,  M eliss a,  Len t aign e,  Clai r e ,

Lies n er, Ri, Ling er, Ra c h el, Long h u r s t ,  Hila ry, Lor e nzo, Lore n a,  M a c h a do,  R ajiv,
M a ck e nzie,  Rob, M acLa r e n,  Rob e r t ,  M a h er, E a m o n n,  M ai m a ris,  Jes m e e n,  M a n gles ,
S a r a h ,  M a n so n,  Ania, M a p e t a ,  Ru t e n do, M a rk us,  H u g h  S., M a r tin,  Jen nifer, M a s a ti,

La r a h mi e,  M a t hia s,  M a ry, M a t s er, Vera,  M aw, Ann a,  M cD e r m ot t ,  Elizab e t h ,
McJan n e t ,  Cole e n,  M e a c h a m,  S t u a r t ,  M e e h a n,  S h a ro n,  M e gy, Karyn, M e h t a ,  S a rju,

Mich a elides ,  Mich el, Millar, Ca rolyn  M., Mole din a,  S h a hin,  Moo r e ,  Anthony, Mo r r ell,
Nicholas,  M u mford,  Andr ew, M u r n g,  S ai, M u r p hy, Elaine,  N eje n t s ev, S e r g ey, N oor a ni,

S a dia,  N u r d e n,  Paq ui t a ,  Oks e n h e n dler, E ric, O uw e h a n d,  Wille m  H.,  Pap a dia,  Sofia,
Pa rk,  Soo-Mi, Pa rk er, Alasd air, Pasi, John,  Pa t c h,  Ch ris, Pa t e r son,  Joa n,  Payn e,

Jea n e t t e ,  Pe acock, Andr ew, Pee rlinck,  Kath elijne,  Penk e t t ,  Ch ris top h e r  J., Pepk e-
Za b a,  Joan n a,  Pe r ry, David  J., Pollock, Val, Polw a r t h,  Ga ry, Ponsfor d,  M a rk,  Q asim,

Wase e m,  Quin ti, Is a b ella,  R a nkin,  S t u a r t ,  R a nkin,  Julia,  R ay mo n d,  F. Lucy,
Reh ns t ro m,  Karola,  Reid,  Eva n,  Rhod e s,  Ch ris top h e r  J., Rich a r d s ,  Mic h a el,

Rich a r d son,  Sylvia, Rich t er, Alex, Rob e r t s ,  I r e n e ,  Rondin a,  M a t t h ew, Ross er,
Elisa b e t h ,  Roug hley, Ca t h e rin e,  Rue-Albr ec h t ,  Kevin, S a m a r g hi t e a n,  C rin a,  S a nc his-

Juan,  Alba,  S a n dfor d,  Rich a r d ,  S a n t r a ,  S aika t ,  S a r g ur, Ravish a nk ar, S avic, Sinis a,



Sc h ulm a n,  Sol, Sc h ulze,  H a r ald,  Sco t t ,  Rich a r d ,  Sc ully, M a ri e,  S e n evir a t n e ,
S u r a nji t h,  S e w ell, Ca r rock, S h a m a r din a,  Olg a,  S hipley, Deb bie,  Si m eo ni, Ilenia,

Siva p ala r a t n a m,  S u t h e s h,  S mi th,  Kenn e t h,  So h al, Ama n,  Sou t h g a t e ,  Lau r a ,  S t ain es ,
Si mo n,  S t a ples,  E mily, S t a us s,  H a n s,  S t ein,  Pen elop e,  S t e p h e n s,  Jona t h a n,  S ti r r u p s,
Kathl ee n ,  S tock, Sop hie,  S u n t h a r aling a m,  Jay, Tait,  R. Ca m p b ell, Talks,  Kat e,  Tan,

Yvonn e,  Thac hil, Jecko, Thave n t hi r a n,  Ja m e s,  Tho m a s,  Ellen,  Tho m a s,  Moi r a ,
Tho m p so n,  Doro t hy, Th r a s h er, Adria n,  Tischkowitz, M a rc ,  Tit t e r to n,  Ca t h e rin e ,  Toh,

Ch e n g-Hock, Toshn er, M a rk,  Tre a cy, C a r m e n,  Tre m b a t h ,  Rich a r d,  Tun a,  S alih, Tu rek,
Wojciech,  Tu r ro,  E r n e s t ,  Van Ge e t ,  Ch ris,  Veltm a n,  M a rijke,  Vogt,  Julie, von

Zieg e n w eld t,  Julie, Vonk N oor d e g r a af, Anton,  Wakeling,  E m m a,  Wanjiku,  Ivy, Warn er,
Timothy Q., Wass m er, Eva n g elin e,  Watkins,  H u g h,  Webs t er, Andr ew, Welch,  S t eve,
West b u ry, S a r a h ,  Wh a r ton,  John,  Whit e ho r n ,  Debo r a h,  Wilkins,  M a r tin,  Willcocks,
Lisa,  Willia m son,  Ca t h e rin e,  Woods,  Geoffr ey, Wor t,  John, Yeat m a n,  Nig el, Yong,

Pa t rick, Young, Tim a n d  Yu, Ping  2 0 1 9.  Bi-all elic loss-of-func tion  CACNA1B m u t a tions
in p rog r e s sive  e pilepsy-dyskine si a .  Ame ric a n  Jou r n al  of H u m a n  Ge n e tics  1 0 4  (5) , p p.

9 4 8-9 5 6.  1 0 .10 1 6/j.ajhg.20 1 9.0 3.0 05  

P u blish e r s  p a g e:  h t t p://dx.doi.or g/10.10 1 6/j.ajhg.20 1 9.03.00 5  

Ple a s e  no t e:  
Ch a n g e s  m a d e  a s  a  r e s ul t  of p u blishing  p roc e s s e s  s uc h  a s  copy-e di ting,  for m a t ting
a n d  p a g e  n u m b e r s  m ay  no t  b e  r eflec t e d  in t his  ve r sion.  For  t h e  d efini tive  ve r sion  of
t his  p u blica tion,  ple a s e  r efe r  to  t h e  p u blish e d  sou rc e .  You a r e  a dvis e d  to  cons ul t  t h e

p u blish e r’s ve r sion  if you  wis h  to  ci t e  t his  p a p er.

This  ve r sion  is b eing  m a d e  av ailabl e  in a cco r d a nc e  wi th  p u blish e r  policies.  S e e  
h t t p://o rc a .cf.ac.uk/policies.h t ml for  u s a g e  policies.  Copyrigh t  a n d  m o r al  r i gh t s  for

p u blica tions  m a d e  av ailabl e  in  ORCA a r e  r e t ain e d  by t h e  copyrigh t  hold e r s .



CACNA1B and epilepsy-dyskinesia 

Gorman et al., 2019 

1 

Biallelic Loss-of-Function CACNA1B Mutations in Progressive Epilepsy-Dyskinesia  

 

Kathleen M Gorman,1,2,35 Esther Meyer,1,35  Detelina Grozeva,3,4 Egidio Spinelli,5,Amy McTague,1,2 

Alba Sanchis-Juan,6,7 Keren J Carss, 6,7  Emily Bryant,5,8 Adi Reich,9 Amy L Schneider,10 Ronit M 

Pressler,11,12 Michael A Simpson,13  Geoff D Debelle,14 Evangeline Wassmer,15 Jenny Morton,16  Diana 

Sieciechowicz,4,17  Eric Jan-Kamsteeg,18 Alex R Paciorkowski,19 Mary D King,20,21 J Helen Cross, 2 

Annapurna Poduri,22,23Heather C Mefford,24 Ingrid E Scheffer,10,25,26 Tobias B Haack,27 Gary 

McCullagh,28 Deciphering Developmental Disorders Study,29 UK10K Consortium,30 NIHR 

BioResource,7 John J Millichap4,17,31, Gemma L Carvill,31 Jill Clayton-Smith,32,33 Eamonn R Maher,34 F 

Lucy Raymond,3,7  Manju A Kurian,1,2* 

 

1. Developmental Neurosciences, UCL Great Ormond Street Institute of Child Health, London, WC1N 1EH, UK  

2. Department of Neurology, Great Ormond Street Hospital, London, WC1N 3JH, UK  

3. Department of Medical Genetics, Cambridge Institute for Medical Research, University of Cambridge, CB2 OXY, UK 

4. Division of Psychological Medicine and Clinical Neuroscience, MRC Centre for Neuropsychiatric Genetics and 

Genomics, School of Medicine, Cardiff University, Cardiff, UK 

5. Epilepsy Center, Ann & Robert H. Lurie Children's Hospital of Chicago, Chicago, IL 60611, USA 

6. Department of Haematology, University of Cambridge, NHS Blood and Transplant Centre, Cambridge, CB2 0PT, UK 

7. NIHR BioResource, Cambridge University Hospitals, Cambridge Biomedical Campus, Cambridge, CB2 0QQ UK 

8. Division of Genetics, Birth Defects and Metabolism, Ann & Robert H. Lurie Children's Hospital of Chicago, Chicago, 

IL 60611, USA 

9. GeneDx, Gaithersburg, MD 20877, USA 

10. Epilepsy Research Centre, Department of Medicine, University of Melbourne, Austin Health, Heidelberg 3084, VIC, 

Australia 

11. Department of Clinical Neurophysiology, Great Ormond Street Hospital, London WC1N 3JH, UK  

12. Clinical Neurosciences, Developmental Neurosciences, UCL Great Ormond Street Institute of Child Health, London 

WC1N 1EH, UK 

13. Division of Genetics and Molecular Medicine, King's College, London WC2R 2LS, UK 

14. Department of General Paediatrics, Birmingham Children's Hospital, Birmingham B4 6NH, UK 

15. Department of Neurology, Birmingham Children's Hospital, Birmingham B4 6NH, UK 

16. West Midlands Regional Clinical Genetics Service and Birmingham Health Partners, Birmingham Women's and 

Children's NHS Foundation Trust, B15 2TG, UK 

17. Departments of Pediatrics, Northwestern University Feinberg School of Medicine, Chicago, IL 60611, USA  

18. Department of Human Genetics, Radboud University Medical Center, 6525 GA Nijmegen, Netherlands 



CACNA1B and epilepsy-dyskinesia 

Gorman et al., 2019 

2 

19. Department of Neurology, Pediatrics and Biomedical Genetics, University of Rochester Medical Center, Rochester, 

NY 14642, USA 

20. Department of Neurology and Clinical Neurophysiology, Children’s University Hospital, Temple Street, Dublin DO1 

YC67, Ireland 

21. Academic Centre on Rare Diseases, School of Medicine and Medical Science, University College Dublin, Dublin 4 

Ireland 

22. Epilepsy Genetics Program, Department of Neurology, Boston Children’s Hospital, Boston, MA 02115, USA 

23. Department of Neurology, Harvard Medical School, Boston, MA 02115, USA 

24. Division of Genetic Medicine, Department of Pediatrics, University of Washington, Seattle, WA 98195, USA 

25. Florey Institute and Murdoch Institute of Neuroscience and Mental Health, Parkville, VIC 3052, Australia 

26. Department of Paediatrics, Royal Children's Hospital, University of Melbourne, Parkville, VIC 3052, Australia 

27. Institute of Medical Genetics and Applied Genomics, University of Tübingen, 72074 Tübingen, Germany 

28. Department of Neurology, Royal Manchester Children's Hospital, Manchester University Hospitals NHS Foundation 

Trust, Manchester M13 9WL, UK 

29. DDD Study, Wellcome Trust Sanger Institute, Hinxton, Cambridge, CB10 1SA, UK 

30. UK10K, Wellcome Trust Sanger Institute, Hinxton, Cambridge, CB10 1SA,  UK 

31. Ken and Ruth Davee Department of Neurology, Northwestern University Feinberg School of Medicine, Chicago, IL 

60611, USA 

32. Manchester Centre for Genomic Medicine, St Mary's Hospital, Manchester University Hospitals, NHS Foundation 

Trust Manchester Academic Health Sciences Centre,  Manchester M13 9WL, UK  

33. Division of Evolution and Genomic Sciences, School of Biological Sciences, University of Manchester, Manchester 

M13 9NT, UK 

34. Department of Medical Genetics, University of Cambridge and NIHR Cambridge Biomedical Research Centre, 

Cambridge, CB2 0QQ, UK 

35. These authors contributed equally to this work 

*Correspondence:  Professor Manju Kurian, UCL Professor of Neurogenetics and NIHR Research Professor, Room 111, 

Level 1, UCL Great Ormond Street Institute of Child Health, 30 Guilford Street, London, WC1N 1EH Email: 

manju.kurian@ucl.ac.uk  Twitter: @DNP_ICH 

 

Email Address of all authors 

Kathleen M Gorman: k.gorman@ucl.ac.uk   

Esther Meyer: esther.meyer@nbt.nhs.uk 

Detelina Grozeva: grozead@cardiff.ac.uk 
Egidio Spinelli: ESpinelli@luriechildrens.org 

Amy McTague: a.mctague@ucl.ac.uk 

Alba-Sanchis-Juan: as2635@medschl.cam.ac.uk 

Keren Carss: keren.j.carss@gmail.com 



CACNA1B and epilepsy-dyskinesia 

Gorman et al., 2019 

3 

Emily Bryant: embryant@luriechildrens.org 

Adi Reich: areich@genedx.com 

Amy Schneider: amy.schneider@unimelb.edu.au 

Ronit Pressler: ronit.pressler@gosh.nhs.uk  

Michael A Simpson: michael.simpson@kcl.ac.uk 

Geoff D Debelle: g.debelle@nhs.net 

Evangeline Wassmer: evangeline.wassmer@bch.nhs.uk 

 Jenny Morton: jenny.morton@bwhct.nhs.uk 

Diana Sieciechowicz: DSieciechowicz@luriechildrens.org 

Eric Jan-Kamsteeg: Erik-Jan.Kamsteeg@radboudumc.nl 

Alex Paciorkowski: Alex_Paciorkowski@URMC.Rochester.edu 

Mary D King: mary.king@cuh.ie 

J Helen Cross: h.cross@ucl.ac.uk 

Annapurna Poduri: Annapurna.Poduri@childrens.harvard.edu  

Heather C Mefford: hmefford@uw.edu 

Ingrid E Scheffer: i.scheffer@unimelb.edu.au 

Tobias B Haack: Tobias.Haack@med.uni-tuebingen.de 

Gary McCullagh: Gary.Mccullagh@mft.nhs.uk 
DDD: contact@sanger.ac.uk 

UK10K Consortium: info@uk10k.org 

NIHR BioResource: nbr@bioresource.nihr.ac.uk 

John J Millichap: JMillichap@luriechildrens.org 

Gemma C Carvill: gemma.carvill@northwestern.edu 

Jill Clayton-Smith: jill.clayton-smith@mft.nhs.uk   

Eamonn R Maher: erm1000@medschl.cam.ac.uk 

F Lucy Raymond: flr24@cam.ac.uk 

Manju A Kurian: manju.kurian@ucl.ac.uk 



CACNA1B and epilepsy-dyskinesia 

Gorman et al., 2018 

4 

Abstract 

The occurrence of non-epileptic hyperkinetic movements in the context of developmental epileptic 

encephalopathies is an increasing recognised phenomenon. Identification of causative mutations provides 

an important insight into common pathogenic mechanisms that cause both seizures and abnormal motor 

control. We report biallelic loss-of-function CACNA1B variants in six children from three unrelated families 

presenting with a complex and progressive neurological syndrome. All affected individuals presented with 

epileptic encephalopathy, severe neurodevelopmental delay (often with regression), and a hyperkinetic 

movement disorder. Additional neurological features included postnatal microcephaly and hypotonia. Five 

children died in childhood or adolescence (mean age of death, 9 years), mainly due to secondary respiratory 

complications. CACNA1B encodes the pore-forming subunit of the pre-synaptic neuronal voltage-gated 

calcium channel Cav2.2/N-type, crucial for SNARE-mediated neurotransmission, particularly in the early 

postnatal period. Biallelic loss-of-function variants in CACNA1B are predicted to cause disruption of Ca2+ 

influx, leading to impaired synaptic neurotransmission. The resultant effect on neuronal function is likely to 

be important in the development of involuntary movements and epilepsy. Overall, our findings provide 

further evidence for the key role of Cav2.2 in normal human neurodevelopment.      
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Main Text 

The developmental and epileptic encephalopathies (DEE) are a heterogeneous group of complex disorders 

characterised by severe early-onset seizures that are typically refractory to medication and associated with 

neurodevelopmental delay, regression and often multiple co-morbidities.1,2,3 To date, advances in next-

generation sequencing have facilitated the identification of over 150 monogenic causes of DEE. A broad 

range of pathophysiological processes have been identified, including disturbance of synaptic function, 

impaired neurotransmitter release, ion channelopathies, dysregulation of gene transcription, abnormal DNA 

repair, peroxisomal defects, mitochondrial dysfunction, impaired transporter activity and defective cell 

signalling and adhesion.1 The majority of mutations implicated in DEE occur in genes widely expressed 

throughout the central nervous system, with key roles in neuronal function. It is therefore not surprising that 

DEE is commonly associated with additional disease features, including neurodevelopmental delay, 

intellectual disability, motor difficulties, microcephaly, autistic features and behavioural issues. More 

recently, non-epileptic movement disorders have been increasingly recognised in individuals with DEE.4,5 

Indeed, hyperkinetic movement phenotypes, such as  dystonia and choreoathetosis, are now commonly 

reported in individuals with FOXG1- (MIM:164874), GNAO1- (MIM:139311), SCN8A- (MIM:600702) and 

STXBP1- (MIM: 602926) related epilepsy-dyskinesia syndromes.6–9 

We report the identification of biallelic CACNA1B variants in six children from three families presenting with 

DEE associated with a severe hyperkinetic movement disorder (Figure 1a-c). Over the last decade, we have 

recruited 494 children with DEE of unknown aetiology for detailed endophenotyping and molecular genetic 

investigation. Of these, 61 had a prominent non-epileptic hyperkinetic movement disorder (Table S1) with 

dystonia, choreoathetosis, or generalised dyskinesia.  Molecular genetic studies were approved by the local 

ethics committee (REC 13/LO/0168) and written informed consent was obtained from all participating 

families. Through multigene panel testing and whole exome or whole genome sequencing, an underlying 

genetic cause was identified in 20 of these individuals with DEE-dyskinesia phenotypes (Table S1). 
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Within the cohort of 41 unsolved cases, we identified a consanguineous family of Pakistani origin (first 

cousin parents) with 3 similarly affected children presenting with DEE and a hyperkinetic movement disorder 

(Family A, Table 1, Figure 1a). There was no history of neurological or metabolic disorders within the 

extended family.  All children were born following an uncomplicated pregnancy and had a normal birth 

history. Affected individual A-II:2 had a period of normal development and by 8 months of age, he was able 

to sit unsupported and babbled. There were some concerns immediately prior to the onset of seizures with 

regards to hypotonia, poor visual fixation, nystagmus, and slowing of developmental milestones. At age 10 

months, he had onset of epileptic spasms with >100 episodes per day, and electroencephalogram (EEG) 

confirmed the presence of hypsarrhythmia. Seizures were refractory to medical treatment, (tonic seizures, 

flexor spasms and myoclonus) and EEG consistent with Lennox-Gastaut syndrome. With the onset of 

seizures, there was concurrent regression of previously acquired skills, with development of severe 

intellectual disability (ID), postnatal microcephaly, a hyperkinetic movement disorder and bulbar 

dysfunction. The hyperkinetic movement disorder was characterized by a combination of dystonia and 

severe non-epileptic myoclonus, with frequent exacerbations.  His siblings (A-II:3 and A-II:4) followed an 

almost identical course, with onset of epilepsy and developmental regression at the age of 9 and 10 months 

respectively (Table 1, Figure 1a). Extensive diagnostic neurometabolic work-up failed to identify an 

underlying cause (Table S2). Electroencephalogram showed changes consistent with epileptic 

encephalopathy (Figure 1d,e). Brain magnetic resonance imaging (MRI) showed non-specific findings of 

cerebral atrophy in affected individual A-II:2 (age 12 months) and asymmetry of temporal horns and white 

matter signal changes in individual A-II:3 (age 24 months). Neuroimaging was normal in individual A-II:4 at 

age 14 months. 

Genome-wide linkage studies were undertaken in Family A (II:2, II:3, II:4) using Affymetrix 250K Sty1 SNP 

mapping array (Affymetrix, Inc., Santa Clara, CA). Genotype data was processed with Genomestudio 

(Illumina Inc.) and subsequently analyzed using both homozygosity mapper and manually in Microsoft 

Excel.10 Eight common regions of homozygosity (>2Mb) were initially identified (Table S3). These regions 

were further evaluated in all family members using microsatellite markers.  Linkage to two regions on 
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chromosome 14 and 21 were excluded by detection of similarly homozygous alleles in unaffected 

individuals, leaving six potential disease loci (Table S4, Figure S1,2). Whole exome sequencing was 

performed on affected individual A-II:4 using SureSelect All Exon 50Mb Target Enrichment 

System/SureSelect human All Exon kit (v2; Agilent Technologies), according to manufacturer’s 

recommendations. Data were analysed following Genome Analysis Toolkit’s (GATK) Best Practices. A total of  

23,158 variants were identified, that were further prioritized as follows: (i) those within the six regions of 

homozygosity; (ii) non-synonymous, frameshift, splice site, and nonsense changes; (iii) absent or only 

observed at a very low frequency in control populations (exclusion of variants with minor allele frequency of 

>0.01% in publically available databases, including dbSNP, 1000 Genomes, Exome Variant Server (EVS) and 

gnomAD; (iv) affecting highly conserved amino acids; and (v) missense changes predicted to be damaging by 

at least one prediction program (PolyPhen-2, SIFT, PROVEAN or MutationTaster). Using these criteria, 3 

homozygous variants were identified as follows; CACNA1B (GenBank:NM_000718.4; c.3665del, 

p.Leu1222Argfs*29, Chr9:140943722), TSHB (GenBank:NM_000549.3; c.223A>G, p.Arg75Gly) and DPP7 

(GenBank: NM_00013379; c.1343+5G>A) (GRCh37/hg19) (Table S5).  The TSHB variant was predicted to be 

benign by multiple in-silico programs. The DDP7 variant was predicted to be a polymorphism in 

MutationTaster with minimal effect on splicing (MaxEnt Scan, NN Splice, human splicing finder [HSF]). The 

CACNA1B variant, a homozygous 1bp deletion predicted to cause a frameshift and premature truncation, 

was predicted to be deleterious. The variant was absent in gnomAD, 1000 genomes, Exome Variant Server 

(EVS), and in-house exomes (N=250). In the ExAC database, CACNA1B is predicted to be extremely intolerant 

of loss-of-function, with a pLi score of 0.98.11  Direct Sanger sequencing was performed, confirming whole 

exome sequencing findings, with appropriate segregation of the mutation in the family (Figure 1a).  

Unaffected sibling (A-II:1) was not sequenced. Whole exome sequencing data from individual A-II:4 was also 

probed for 154 DEE-related genes, but no potentially pathogenic variants were identified (Tables S6,7). 

The remaining affected individuals in the epilepsy cohort were screened for CACNA1B variants by either 

analysis of available whole exome/genome data or through targeted CACNA1B sequencing with a custom 

amplicon array (TruSeq). No further cases were identified.  We submitted the variant to GeneMatcher and 
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requested collaborating research groups to probe their whole exome and genome datasets (Table S8). 

Through these routes, we identified two further families with biallelic CACNA1B variants.  

A second British family with two affected children (Family B, Figure 1b) harbouring compound heterozygous 

variants in CACNA1B was identified from the UK10K Genome project.12 Both children had a 2bp deletion 

creating a frameshift (c.3573_3574del, p.Gly1192Cysfs*5, chr9:140941880) and a splice-site variant in the 

donor splice site of intron 34 (c.4857+1G>C, chr9:140968519). MaxEnt Scan, NN Splice, HSF and BDGP fruit 

fly, all predict 100% loss of donor site, resulting in skipping of exon 34. Both variants are absent from control 

databases (gnomAD, 1000 Genome, and EVS). No other variants in known genes causing neurological 

disorders were identified. Sanger sequencing confirmed the two variants in both children (Figure 1b). The 

c.4857+1G>C variant was detected as a heterozygous change in the mother. Paternal DNA was unavailable 

for genetic testing.  The children from Family B were found to have a clinically similar phenotype to those in 

Family A (Table 1). Both boys were born to non-consanguineous parents of European descent with no 

pertinent family history, both born after an uneventful antenatal and birth history. Affected individual B-II:1 

had pre-existing developmental delay prior to onset of epilepsy at age 2.5 years, with regression of 

previously acquired skills before the onset of epilepsy. He had a number of different seizure types including 

myoclonic, focal and generalised tonic-clonic (GTC) seizures, which were refractory to multiple anti-seizure 

medications.  A complex hyperkinetic movement disorder, characterised by dystonic posturing, 

choreoathetosis and dyskinesia emerged at 2.5 years. The movement disorder was drug-resistant, and 

associated with frequent exacerbations, leading to significant impairment of daily living activities and quality 

of life.   His younger brother (Individual B-II:2) had a similar presentation, with severe developmental delay, 

before the onset of epilepsy at age 21 months.  Epilepsy was refractory to conventional anti-seizure 

medications. EEG abnormalities were seen as a burst-suppression pattern in sleep and high amplitude multi-

focal spike and wave activity when awake. (Figure 1f,g). At age 21 months, he developed a prominent 

complex hyperkinetic movement disorder with features of dystonia, choreoathetoid movements, non-

epileptic myoclonus and hand-wringing stereotypies. Both children had additional neurological features 



CACNA1B and epilepsy-dyskinesia 

Gorman et al., 2018 

9 

including microcephaly, hypotonia, visual impairment and severe cognitive difficulties. Both died, at age 17 

years and 5 years respectively, from secondary respiratory complications.  

A third family with a single affected proband (Family C, Figure 1c) was identified through GeneMatcher.13 A 

homozygous variant (c. 1147 C>T, p. Arg383*, Chr9:140850226) in CACNA1B was identified through a 

commercial clinical exome and confirmed on Sanger sequencing (Figure 1c). The proband (C-II:1) of 

Bulgarian origin was adopted, and familial segregation studies were not possible. This variant was located 

within an area of extended SNP homozygosity (Table S9).  A variant in MMACHC (GenBank: NM_015506.2, c. 

506T>C, p. Ile169Thr, Chr1:45974544) was also identified but was excluded as the proband’s serum 

homocysteine and urine organic acids were normal and multiple in-silico programs predicted the variant to 

be benign (Table S10).  No other candidates were identified from the clinical exome, despite targeted 

analysis of 117 DEE genes (Table S11). Details of the birth, early medical history and developmental 

milestones are unavailable.  She was first reviewed by Paediatric Neurology services at aged 4 years, 

presenting with refractory epilepsy (epileptic spasms and tonic seizures), a hyperkinetic movement disorder 

(non-epileptic myoclonus and chorea) and global neurodevelopmental delay. EEG at first review, aged 4 

years, was consistent with an epileptic encephalopathy with features of high amplitude, disorganised 

background (with no normal awake architecture), frontally dominant sharp slow waves of 1-2Hz, tonic 

seizures and epileptic spasms captured. Magnetic resonance imaging of the brain showed subtle asymmetry 

of the frontal lobes with a unilateral deep and linear appearing sulcus of the anterior left frontal lobe (Figure 

S3). Now aged 6 years, she has developed microcephaly, hypotonia, severe intellectual disability, and is fed 

via gastrostomy (Table 1).   

We have identified biallelic loss-of-function variants of CACNA1B in six children from three families with DEE 

associated with a severe hyperkinetic movement disorder. Voltage-gated calcium channels (VGCC) have a 

key role in neurons, mediating Ca2+ ion influx into excitable cells in response to membrane depolarisation, 

and thereby regulating a number of calcium-dependent processes, including neurotransmitter release, gene 

transcription, calcium-dependent enzymes and muscle contraction.14–20 To date, ten subtypes of VGCC have 
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been identified, differentiated by varying voltage and pharmacological properties. VGCC are classified into 

three subfamilies by sequence similarity (CaV1, CaV2, and CaV3). In neurons, the pre-synaptic Ca
V
2 channel 

family, comprising Ca
V
2.1, Ca

V
2.2, and Ca

V
2.3 isoforms (termed P/Q-type, N-type, and R-type calcium 

channels) are encoded by CACNA1A, B and E respectively.14–16 

CACNA1B (Chr9:137,877,788-138,124,623 (GRCh38), MIM: 601012) encodes the calcium channel voltage-

dependent, N-type, α-1B subunit, the pore-forming subunit of presynaptic neuronal voltage-gated calcium 

channels (Cav2.2). Cav2.2 is expressed throughout the central nervous system including the cerebral white 

matter, cortex, hippocampus, basal ganglia and cerebellum (Figure S4).21–23 The expression pattern, 

especially in the basal ganglia and cerebellum, may bear relevance to the observed clinical manifestations 

associated with genes encoding calcium channel subunits,24 given that all reported affected individuals had 

epilepsy and hyperkinesia as a major part of their clinical phenotype.  

Cav2.1 and Cav2.2 synergistically modulate presynaptic Ca
2+ 

levels, thereby regulating SNARE-mediated 

release of neurotransmitters (monoamines, glutamate, GABA, serotonin).21 Cav2.2  is also postulated to have 

a role in synaptic plasticity, synaptogenesis, gene transcription, neuronal survival and migration of immature 

neurons.19,25 Expression of CACNA1B is thought to be crucial for neurotransmission in the early postnatal 

period, as Cav2.2 channels are replaced by Cav2.1 in mature synapses within the thalamus, cerebellum, and 

auditory brainstem.18,20  

Given the key neuronal functions of Cav2.1 and Cav2.2, over time there has been great interest regarding the 

potential role of these channels in neurological diseases. Our work now implicates a role for biallelic 

mutations of CACNA1B in DEE and movement disorders. Previously, a heterozygous CACNA1B missense 

variant (c.4166G>A, p.Arg1389His, rs184841813) was reported in a single Dutch family with five affected 

individuals presenting with adult-onset myoclonus-dystonia and cardiac arrhythmia (DYT-23, MIM: 

614860).26  This finding has not been replicated in subsequent studies.27  Single nucleotide polymorphisms 

and heterozygous copy number variants involving CACNA1B have been described in individuals with 
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neurovascular disorders and schizophrenia.28–30 Notably, heterozygous variants in the related gene, 

CACNA1A (MIM: 601011) are now an established cause of early infantile epileptic encephalopathy (EIEE) 

(MIM: 617106), episodic ataxia type 2 (MIM: 108500), familial hemiplegic migraine type 1 (MIM: 141500) 

and spinocerebellar ataxia type 6 (MIM: 183086). Biallelic mutations in CACNA1A have also been reported in 

a single family with severe DEE, associated with progressive cerebral, cerebellar and optic atrophy.31–34 More 

recently, heterozygous missense mutations in CACNA1G (MIM: 604065) have been reported in childhood-

onset cerebellar atrophy with EIEE, providing further evidence that disruption of calcium channels is a key 

pathogenic mechanism in DEE-related syndromes.35 

CACNA1B is organised in 4 homologous domains (DI-IV), each containing a motif of 6 transmembrane helices 

(S1-S6) and a P-loop between S5 and S6 (Figure 2).  The S5 and S6 segments and the P-loop represent the 

pore domain of the channel. The fourth segment (S4) of each domain is the voltage-sensor for activation. 

SNARE-complex proteins interact directly through a specific synaptic protein site in the large intracellular 

loop connecting domains II and III (syniprint site). The intracellular linkers between domains I-II, II-III, N and C 

termini are important for channel regulation and interaction with other proteins, including Gβγ, protein 

kinase C (PKC) and PIP2.16,18,36 Variants reported in Family A and B are both located within DIII. The p. 

Arg380* (Family C) is in the intracellular linker between domain I-II, key for binding of Gβγ (Figure 2).18 All 

variants are predicted to cause loss-of-function through nonsense-mediated decay and/or protein 

truncation. Identification of further CACNA1B-mutation positive cases will determine mutation hot spots and 

any genotype-phenotype correlation. 

Cav2.2 channels have a key role in normal synaptic function. Soluble N-ethylmaleimide-sensitive factor 

activating protein receptor (SNARE) complexes (syntaxin, SNAP-25, VAMP and synaptobrevin) are key 

elements of vesicle trafficking, docking and presynaptic vesicle recycling in neuronal membranes.16,37–39 

Depolarisation of the pre-synaptic terminal initiates opening of Cav2.2 and subsequent influx of Ca2+ ions.  A 

rise in intracellular Ca2+ concentration is detected by Synaptotagmin-1 (SYT1), triggering fusion and 

subsequent exocytosis of the neurotransmitter vesicles through primed SNARE-protein complexes (Figure 
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S5). We postulate that loss-of-function mutations in CACNA1B impair Ca2+ flux and normal synaptic 

transmission. Effects on monoamine and GABA/glutamatergic networks may influence the development of 

epilepsy and abnormal motor control in affected children. Dysfunctional presynaptic vesicle recycling is 

emerging as a key cellular mechanism underlying epilepsy-dyskinesia phenotypes. Indeed, disease-causing 

variants in other SNARE or SNARE-regulatory proteins are increasingly recognised, including STXBP1 (EIEE 

MIM:612164, hyperkinetic movement disorder), STX1B (generalised epilepsy with febrile seizures MIM: 

616172), GOSR2 (progressive myoclonic epilepsy MIM: 614018), SYT-1 (early-onset dyskinesia and 

intellectual disability) and SNAP25 (epilepsy and intellectual disability).8,40–43  

CACNA1B is postulated to play a role in early brain development, as supported by the expression profile of 

Cav2.2.20 Cav2.2 knockout murine models manifest a number of neurodevelopmental abnormalities including 

abnormal locomotor activity and memory impairment.44 Future models of Cav2.2 dysfunction will be integral 

in further understanding the neurodevelopmental role of this protein.  

In summary, we report six affected individuals with biallelic loss-of-function variants in CACNA1B, and a 

neurodevelopmental disorder characterised by developmental and epileptic encephalopathy, postnatal 

microcephaly and a complex hyperkinetic movement disorder. Identification of further cases will provide 

more insight into the spectrum of neurological diseases associated with CACNA1B variants, as well as 

potential genotype-phenotype correlations.  The identification of CACNA1B further expands genetic 

heterogeneity in severe childhood epilepsy-dyskinesia syndromes.   
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Figure Legends 

Figure 1: Molecular genetic investigation and electroencephalogram features of affected 

individuals with biallelic CACNA1B Variants 

(a) Segregation of CACNA1B c.3665del variant in Family A shows all three affected children to be 

homozygous for the variant and parents to be heterozygous carriers of this variant (b) In Family B, 

the two affected individuals carried the two rare variants, c.3573_3574del, c.4857+1G>C. The 

mother is heterozygous for one of the variants. (c) For Family C, the affected child is homozygous for 

the c.1147 C>T variant. Parental samples were not available. (d)-(g) EEG traces from affected 

individuals. EEG A-II:3 showing epileptic encephalopathy; aged 3.75 years (d) with bilateral high-

amplitude spike and wave discharges with spasm (arrow) and (e) aged 4.75 years with bilateral 

continuous high-amplitude spike and wave discharges maximal over central regions. EEG B-II:2 aged 

9 years (HF filter,  70Hz; sensitivity, 15uV/mm; timebase, 30mm/sec) showing burst-suppression 

pattern in sleep (f) and fairly continuous, high amplitude, multi-focal spike and wave activity 

maximal over central regions during wakefulness (g). 

Figure 2: Schematic representation of Cav2.2 with location of CACNA1B variants  

The structure of Cav2.2 consists of four homologous repeats (domain I-IV) each containing 6 

transmembrane alpha-helices (S1-S6) and a P-loop between S5 and S6. The S5 and S6 helices and the 

P-loop represent the pore domain of the channel (green). The fourth segment (S4) of each domain is 

the voltage-sensor for activation. Gene variants identified in families A, B  and C are indicated in red 

(loss-of-function variants). The previously reported heterozygous missense variant associated with 

myoclonus-dystonia is highlighted in yellow. Gβγ, G Protein βγ subunit: P, Binding site of PKC; PKC, 

Protein Kinase C. 
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Tables 

 

Table 1 (overleaf): Key clinical characteristics of individuals with biallelic CACNA1B mutations 

 
a SNP array revealed ~30% areas of homozygosity, possibly suggestive of consanguinity 

Abbreviations: ACTH, adrenocorticotropic hormone; AED, anti-epileptic drug;  BIO, biotin; CBM, 

clobazam; CPM, clonazepam; CVI, cortical visual impairment; FOL, folinic acid; GER, gastro-

esophageal reflux; GTC, generalised tonic clonic; L, left; LAC, lacosamide;  LEV, levetiracetam;  m, 

months; NPM, nitrazepam;  NR nil reported; OFC, occipitofrontal circumference; PHY, phenytoin; 

PIR, piracetam; R, right; RUF, rufinamide; TOP, topiramate; VBN, vigabatrin; VB6, vitamin B6 

(pyridoxine); VPA, sodium valproate; y, years  
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 A-II:2 A-II:3 A-II:4 B-II:1 B-II:2 C-II:I 

Biallelic variants p.Leu1222Argfs*29/  
p.Leu1222Argfs*29 

p.Leu1222Argfs*29/  
p.Leu1222Argfs*29 

p.Leu1222Argfs*29/  
p.Leu1222Argfs*29 

p.Gly1192Cysfs*5/ 
c.4857+1G>C 

p.Gly1192Cysfs*5/ 
c.4857+1G>C 

p.Arg383*/ 
p.Arg383* 

Consanguinity Yes, 

Parents 1st cousins 
Yes, 

Parents1st cousins 
Yes, 

Parents 1st cousins 
No No Unknowna 

Ethnicity Pakistani Pakistani Pakistani European descent European descent European descent 

Age of Death (years) 

Cause of Death 
3y  
Respiratory infection 

7y  
Meningitis 

End organ failure 

14y 
Respiratory infection 

17y   
Respiratory 

infection 

5y 
Respiratory 

infection 

Alive – 6y 

Sex Male Male Female Male Male Female 

Pregnancy 

Birth 
Normal 

Term, normal 
Normal 

Term, normal  
Normal 

36 weeks, normal 
Normal 

Term, normal  
Normal 

Term, normal  
Unknown 

Unknown 

Best 

Neurodevelopmenta

l stage (age) 

Sat with support, 

babbled and smiled 

(8m) 

Sat unsupported, 

reached for objects 

and babbled (9m) 

Sat with support and 

smiled (8m) 
Sat unsupported, 

1 word  (2y) 
Always delayed 

Never sat/babbled 
Always delayed 

Never sat 

Age of regression 10m 10m 8m  2y Always delayed Unknown 

Age of seizure onset 10m 9m 12m 30m 21m Unknown 

Seizure type 

At presentation à 

evolution over time 

Epileptic spams  

(100 cluster 
spasms/day) à 

Tonic, myoclonic, 

flexor spasms 

Epileptic spasmsà 

GTC, myoclonic, 
tonic 

Epileptic spasmsà 

Myoclonic, GTC, 
flexor spasms, focal 

Daily clustering  

Myoclonic à  

Focal, GTC, 
myoclonic 

Daily episodes 

Myoclonic, focal, 

GTC 
Daily 

Epileptic spasms 

Tonic 

 

Medications tried 

(medications with 

some beneficial 

effect underlined) 

NPM, PHY, Steroids,  

VB6,VBN, VPA 
 

 

Refractory to AED 

CBM,  VBN, VPA  

 
 

 

Periods of seizure 
freedom on CBM and 

VBN 

ACTH, CBM, LAC, 

LEV, NPM, PHB, 
Steroids,  RUF,  TOP, 

VBN, VPA 

Non-sustained 
response to some 

drugs, generally 

refractory 

CBM, FOL, LAC, 

LEV, LTG, PIR, TOP, 
VB6, VPA 

 

Refractory to AED 

BIO, CPM, FOL, 

LEV, LTG, PIR, VB6, 
VPA 

 

 
Refractory to AED 

CBM, LEV, PHB, RUF, 

Steroids 
 

 

6m seizure free on PHB 
and RUF 

Movement disorder Myoclonus 

Dystonia  
Episodic 

exacerbations 

Myoclonus 

Dystonia  
Myoclonus  

Dystonia 
Oromotor dyskinesia 

Myoclonus 

Dystonia  
Choreoathetosis 

Dyskinesia 

Frequent 
exacerbations 

Myoclonus 

Dystonia 
Choreoathetosis 

Hand-wringing 

stereotypies  

Myoclonus  

Choreoathetosis 
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Other features 

Head size 

 

 
 

Vision 

 
 

 

 
 

Central and 

peripheral tone 
 

 

 
Gastrointestinal 

 

 
Respiratory 

 

 
 

 

Other 

 
Postnatal 

microcephaly  (OFC 

0.4th centile) 
 

Strabismus 

Nystagmus 
 

 

 
 

Central hypotonia 

and brisk limb 
reflexes 

 

 
Enteral feeding 

 

 
Recurrent 

respiratory infections 

 
 

 

NR 

 
Postnatal 

microcephaly  

(OFC 0.4th centile) 
 

 

 
 

 

 
 

Central hypotonia 

with increased 
peripheral tone L>R 

 

 
Enteral feeding 

 

 
Recurrent 

respiratory infections 

 
 

 

NR 

 
Postnatal 

microcephaly  

 (OFC 3rd centile) 
 

Left strabismus 

CVI 
 

 

 
 

Generalised 

hypotonia 
 

 

 
Enteral feeding 

GER 

 
Recurrent 

respiratory infections 

 
 

 

Conductive deafness 

 
Postnatal 

microcephaly  

(OFC  <0.4th 
centile) 

CVI 

 
 

 

 
 

Generalised 

hypotonia 
 

 

 
Enteral feeding  

 

 
Recurrent 

respiratory 

infections 
 

 

Periods of 
agitation 

 
Postnatal 

microcephaly  

(OFC 2nd centile) 
 

Divergent 

strabismus 
Congenital 

nystagmus 

CVI 
 

Generalised 

hypotonia 
 

 

 
Enteral feeding 

GER 

 
Recurrent 

respiratory 

infections 
Stridor 

 

Bruxism 

 
Microcephaly (not known 

whether congenital or 

postnatal) 
(OFC 2nd centile)  

 

 
 

 

 
 

Generalised hypotonia 

 
 

 

 
Enteral feeding 

GER 

 
NR 

 

 
 

 

NR 

Dysmorphic features Right talipes at birth NR Dislocated L hip at 

birth 
Small testis  

Anteverted nares 

Thickened gums 
Slim hands/feet  

2/3 syndactyly 

Small testis NR 

 


