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2	  
	  

ABSTRACT	  31	  

	  32	  

PA28γ,	  a	  nuclear	  regulator	  of	   the	  20S	  proteasome,	   is	   involved	   in	  the	  control	  of	  several	  33	  

essential	   cellular	   processes,	   such	   as	   cell	   proliferation	   and	   nuclear	   organization,	  34	  

including	  Cajal	  body	  dynamics.	  However,	  the	  mechanisms	  controlling	  PA28γ	  function	  in	  35	  

the	  regulation	  of	  nuclear	  architecture	  are	  not	  known.	  Here	  we	  identify	  through	  a	  SILAC-‐36	  

based	   proteomics	   approach	   a	   specific	   and	   prominent	   interaction	   partner	   of	   PA28γ,	  37	  

called	  FAM192A/PIP30.	  We	  show	  that	  the	  PA28γ/PIP30	  complex	  is	  stabilized	  by	  Casein	  38	  

Kinase	   2-‐dependent	   phosphorylation	   of	   the	   PIP30	   C-‐terminal	   region.	   PIP30	   depletion	  39	  

reduces	   the	   number	   of	   Cajal	   bodies	   in	   human	   cells	   similar	   to	   PA28γ	   overexpression.	  40	  

Importantly,	  PIP30	  depletion	  also	  results	  in	  the	  accumulation	  of	  PA28γ	  in	  residual	  Cajal	  41	  

body	   structures,	   which	   correlates	   with	   an	   increased	   interaction	   between	   PA28γ	   and	  42	  

coilin.	  Altogether	  our	  data	  identify	  the	  first	  regulator	  of	  PA28γ,	  which	  plays	  a	  critical	  role	  43	  

in	  Cajal	  body	  dynamics	  by	  antagonizing	  the	  formation	  of	  PA28γ/coilin	  complexes.	  44	  

45	  
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INTRODUCTION	  46	  
	  47	  

Proteasome	   Activator	   28	   subunit	   γ	   (PA28γ),	   also	   known	   as	   11S	   regulator	   complex	  48	  

subunit	   γ	   or	   REGγ,	   is	   a	   nuclear	   regulator	   of	   the	   proteasome	   (Mao	   et	   al.,	   2008).	   It	  49	  

functions	   as	   a	  homoheptamer,	  which,	   like	   the	  other	  proteasome	   regulators,	   opens	   the	  50	  

gate	   of	   the	   20S	   core	   proteasome	   complex	   upon	   binding	   and	   thereby	   allows	   the	  51	  

substrates	   to	   enter	   the	   catalytic	   chamber	   (Kish-‐Trier	   and	  Hill,	   2013).	   In	   contrast	  with	  52	  

the	  well-‐characterized	  19S	  proteasome	  regulatory	  particle,	  which	  specifically	  recognizes	  53	  

polyubiquitylated	  proteins,	  unfolds	   them	  and	   targets	   them	   for	  degradation	  by	   the	  20S	  54	  

core	  proteasome	  (Tomko	  and	  Hochstrasser,	  2013),	  PA28γ,	  which	  does	  not	  possess	  any	  55	  

ATPase	  activity,	  is	  believed	  to	  activate	  the	  degradation	  of	  protein	  substrates	  in	  an	  ATP-‐	  56	  

and	  ubiquitin-‐independent	  manner	  (Chen	  et	  al.,	  2007;	  Li	  et	  al.,	  2007,	  2006).	  In	  the	  past	  57	  

decade,	   various	   PA28γ	   protein	   substrates	   have	   been	   identified,	   including	   several	   cell	  58	  

cycle	  inhibitors,	  such	  as	  p21Cip1,	  p16INK4	  and	  p19ARF	  (Chen	  et	  al.,	  2007;	  Kobayashi	  et	  al.,	  59	  

2013;	   Li	   et	   al.,	   2007),	   suggesting	   an	   important	   role	   of	   PA28γ	   in	   the	   control	   of	   cell	  60	  

proliferation.	   In	   agreement,	   PA28γ	   -‐/-‐	  mice	   display	   growth	   retardation	   and	   PA28γ	   -‐/-‐	  61	  

MEF	   cells	   slightly	   accumulate	   in	   the	   G1	   phase	   of	   the	   cell	   cycle	   (Moriishi	   et	   al.,	   2007;	  62	  

Murata	  et	  al.,	  1999).	  Furthermore,	  PA28γ	  was	  shown	  to	  be	  critical	  for	  tumorigenesis	  (L.	  63	  

Li	  et	  al.,	  2015)	  and	  to	  have	  anti-‐apoptotic	  roles,	  especially	  via	  inhibiting	  caspase	  activity	  64	  

when	   overexpressed	   (Moncsek	   et	   al.,	   2015).	   Consistently,	   overexpression	   of	   PA28γ	   is	  65	  

observed	  in	  many	  cancers	  (Chen	  et	  al.,	  2013;	  He	  et	  al.,	  2012;	  Li	  et	  al.,	  2012;	  Okamura	  et	  66	  

al.,	  2003;	  Roessler	  et	  al.,	  2006;	  Xiong	  et	  al.,	  2014)	  and	  correlates	  with	  adverse	  clinical	  67	  

prognosis	   (Chai	  et	  al.,	  2014;	   J.	  Li	  et	  al.,	  2015).	  Other	  specific	  PA28γ	  substrates	   include	  68	  

SRC-‐3/AIB	   (Li	   et	   al.,	   2006),	   HCV-‐core	   protein	   (Moriishi	   et	   al.,	   2007,	   2003),	  69	  

PTTG1/securin-‐TRβ	  (Ying	  et	  al.,	  2006),	  Smurf1	  (Nie	  et	  al.,	  2010),	  SirT1	  and	  SirT7	  (Dong	  70	  
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et	  al.,	  2013;	  Sun	  et	  al.,	  2016),	  CK1δ	  (Li	  et	  al.,	  2013)	  and	  c-‐myc	  (S.	  Li	  et	  al.,	  2015),	  which	  71	  

link	  PA28γ	  to	  a	  broad	  range	  of	  essential	  cellular	  pathways.	  However,	  so	  far	  no	  common	  72	  

structural	  features,	  or	  post-‐translational	  modifications,	  have	  been	  uncovered	  that	  would	  73	  

explain	  how	  these	  substrates	  can	  be	  specifically	  recognized	  by	  PA28γ	  and	  transferred	  to	  74	  

the	  catalytic	  chamber	  of	  the	  20S	  core	  proteasome.	  	  75	  

PA28γ	   also	   participates	   in	   the	   regulation	   of	   nuclear	   organization.	   In	   particular,	   PA28γ	  76	  

localizes	  on	  chromosomes	  in	  telophase	  and	  plays	  an	  important	  role	  in	  the	  maintenance	  77	  

of	  chromosomal	  stability	  (Zannini	  et	  al.,	  2008).	  In	  addition,	  we,	  and	  others,	  have	  shown	  78	  

that	  PA28γ	  affects	  the	  dynamics	  of	  various	  nuclear	  bodies,	  including	  PML	  bodies,	  nuclear	  79	  

speckles,	   nucleoli	   and	   Cajal	   bodies	   (CBs).	   For	   example,	   PA28γ	   depletion	   alters	   the	  80	  

organization	  of	  nuclear	  speckles	  and	  the	  recruitment	  of	  splicing	  factors	  to	  transcription	  81	  

sites	  (Baldin	  et	  al.,	  2008),	  increases	  the	  number	  of	  PML	  bodies	  (Zannini	  et	  al.,	  2009)	  and	  82	  

stimulates	   ribosomal	   DNA	   transcription	   in	   the	   nucleolus	   (Sun	   et	   al.,	   2016),	   whereas	  83	  

PA28γ	  overexpression	  leads	  to	  the	  disruption	  of	  CBs	  (Cioce	  et	  al.,	  2006).	  	  84	  

Importantly,	   PA28γ	   plays	   a	   crucial	   role	   in	   the	   cellular	   stress	   response.	   Its	   expression	  85	  

level	   is	   increased	   upon	   hydrogen	   peroxide	   treatment,	   possibly	   to	   enhance	   the	  86	  

degradation	   of	   oxidatively	   damaged	   proteins	   (Pickering	   and	   Davies,	   2012)	   and	   its	  87	  

association	   with	   the	   20S	   core	   proteasome	   is	   increased	   upon	   proteotoxic	   stress,	  88	  

including	   oxidative	   stress	   (Zhang	   et	   al.,	   2015)	   and	  proteasome	   inhibition	   (Welk	   et	   al.,	  89	  

2016).	  In	  addition,	  PA28γ	  is	  recruited	  to	  DNA	  damage	  sites,	  where	  it	  plays	  a	  role	  in	  DNA	  90	  

repair	   (Levy-‐Barda	  et	  al.,	  2011),	  and	   it	   is	   required	   for	  UV-‐C-‐induced	  dispersion	  of	  CBs	  91	  

(Cioce	   et	   al.,	   2006).	   In	   agreement,	   PA28γ	   depletion	   leads	   to	   an	   increased	   cellular	  92	  

sensitivity	   to	   genotoxic	   stress	   (Levy-‐Barda	   et	   al.,	   2011;	   Moncsek	   et	   al.,	   2015).	  93	  

Furthermore,	  PA28γ	  depletion	  sensitizes	  cells	  to	  glucose	  deprivation/energy	  starvation,	  94	  
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via	  SirT7	  stabilization,	  which	  prevents	  reduction	  of	  ribosomal	  RNA	  expression	  and	  ATP	  95	  

consumption	   (Sun	   et	   al.,	   2016).	   Altogether,	   these	   observations	   strongly	   support	   an	  96	  

important	  role	  of	  PA28γ	   in	  the	  regulation	  of	  nuclear	  dynamics	   in	  response	  to	  different	  97	  

types	  of	  stresses.	  However	  the	  mechanisms	  underlying	  the	  specific	  function	  of	  PA28γ	  in	  98	  

these	  processes	  and	  how	  it	  is	  regulated	  are	  currently	  unknown.	  	  99	  

CBs	   are	   evolutionary	   conserved	   subnuclear	   compartments	   that	   bring	   together	   factors	  100	  

involved	  in	  the	  processing	  and	  assembly	  of	  spliceosomal	  small	  nuclear	  RNPs	  (snRNPs)	  101	  

and	  small	  nucleolar	  RNPs	  (snoRNPs),	  including	  telomerase,	  in	  the	  processing	  of	  histone	  102	  

pre-‐mRNAs	   and	   in	   the	   recycling	   of	   snRNPs	   (Cioce	   and	   Lamond,	   2005;	  Machyna	   et	   al.,	  103	  

2015;	  Matera	  and	  Wang,	  2014;	  Nizami	  et	  al.,	  2010;	  Trinkle-‐Mulcahy	  and	  Sleeman,	  2016).	  104	  

CBs	   are	   characterized	   by	   the	   presence	   of	   coilin.	   Of	   note,	   the	   depletion	   of	   this	   protein	  105	  

marker	   induces	   the	   dispersion	   of	   CBs	   and	   alters	   snRNP	   biogenesis	   and	   RNA	   splicing	  106	  

fidelity	  (Wang	  et	  al.,	  2016).	  Interestingly,	  in	  zebrafish,	  coilin	  depletion	  is	  lethal	  and	  the	  107	  

defect	   in	  snRNP	  biogenesis	   is	  mostly	  accountable	   for	   this	  phenotype	   (Strzelecka	  et	  al.,	  108	  

2010).	   In	   addition,	   it	   has	   been	   shown	   that	   incomplete	   and	   defective	   snRNPs	   bind	   to	  109	  

coilin	   and	   accumulate	   in	   CBs	   (Novotný	   et	   al.,	   2015).	   Altogether,	   these	   observations	  110	  

support	   the	   idea	   that	   coilin	   and	   CBs	   are	   crucial	   players	   in	   the	   quality	   control	  111	  

mechanisms	   that	   proofread	   the	   processing	   and	   assembly	   of	   nuclear	   small	   non-‐coding	  112	  

RNPs	  (Machyna	  et	  al.,	  2015).	  	  113	  

Apart	  from	  coilin,	  many	  factors,	  including	  SMN	  and	  WRAP53,	  accumulate	  in	  CBs	  and	  are	  114	  

essential	   for	   their	   integrity	   (Girard	   et	   al.,	   2006;	   Lemm	   et	   al.,	   2006;	   Mahmoudi	   et	   al.,	  115	  

2010).	  The	  molecular	  crowding	  of	  these	  various	  components	  in	  CBs	  increases	  the	  rate	  of	  116	  

snRNP	   assembly	   by	   10	   fold	   (Novotný	   et	   al.,	   2011)	   and	   orchestrates	   genome-‐wide	  117	  

clustering	   of	   snRNA,	   snoRNA	   and	   histone	   genes,	  which	   are	   physically	   associated	  with	  118	  

CBs	  (Dundr	  et	  al.,	  2007;	  Nizami	  et	  al.,	  2010;	  Wang	  et	  al.,	  2016).	  CB	  formation	  follows	  a	  119	  
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dynamic	   self-‐organization	   process	   (Kaiser	   et	   al.,	   2008)	   and	   depends	   on	   the	   active	  120	  

transcription	  of	  snRNA	  and	  snoRNA	  genes.	  Consistently,	  CB	  integrity	  is	  very	  sensitive	  to	  121	  

the	  cellular	  environment.	  For	  example,	  CBs	  are	  disrupted	  upon	   local	  dynamic	   force	  on	  122	  

the	   cellular	   surface,	   transcription	   inhibition	   and	   DNA-‐damage	   treatment	   (Cioce	   et	   al.,	  123	  

2006;	  Hebert,	  2013;	  Poh	  et	  al.,	  2012).	  Interestingly,	  we	  identified	  PA28γ	  as	  an	  essential	  124	  

player	   required	   for	   UV-‐C	   disruption	   of	   CBs,	   correlating	  with	   an	   increased	   interaction	  125	  

between	  PA28γ	  and	  coilin	  (Cioce	  et	  al.,	  2006).	  	  126	  

Altogether,	   these	   observations	   strongly	   support	   an	   important	   role	   of	   PA28γ	   in	   the	  127	  

regulation	  of	  nuclear	  dynamics,	  notably	  in	  response	  to	  different	  types	  of	  stresses,	  even	  128	  

though	   its	   specific	   function	   and	   regulation	   in	   these	   processes	   are	   still	   poorly	  129	  

understood.	  To	   identify	  new	   interaction	  partners	  of	  PA28γ	   that	  may	  participate	   in	   the	  130	  

regulation	  of	  nuclear	  organization,	  and	  particularly	  CB	  dynamics,	  we	  used	  an	  approach	  131	  

combining	  endogenous	  PA28γ	  immunoprecipitation	  and	  SILAC	  (Stable	  Isotope	  Labeling	  132	  

by	   Amino-‐Acids	   in	   Cell	   Culture)-‐based	   quantitative	   proteomics	   (Boulon	   et	   al.,	   2010).	  133	  

Here	   we	   report	   the	   identification	   and	   characterization	   of	   FAM192A/PIP30	   (PA28γ	  134	  

Interacting	   Protein	   30kDa),	   a	   specific	   interactor	   of	   PA28γ.	   We	   show	   that	   the	   Casein	  135	  

Kinase	   2	   (CK2)-‐dependent	   phosphorylation	   of	   the	   evolutionary	   conserved	   C-‐terminal	  136	  

domain	   of	   PIP30	   is	   important	   for	   the	   formation	   and/or	   the	   stabilization	   of	   the	  137	  

PIP30/PA28γ	  complex.	  Importantly,	  PIP30	  depletion	  leads	  to	  a	  decrease	  in	  CB	  number,	  138	  

the	   unusual	   accumulation	   of	   PA28γ	   in	   residual	   CBs	   and	   an	   increased	   interaction	  139	  

between	   PA28γ	   and	   coilin.	   Altogether,	   our	   results	   suggest	   that	   PIP30	   regulates	   the	  140	  

function	  of	  PA28γ	  in	  CB	  dynamics	  by	  modulating	  its	  association	  with	  coilin.	  	  141	  

	  142	  

RESULTS	  143	  
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	  144	  

Identification	  of	  a	  novel	  interactor	  of	  PA28γ	  145	  

To	  discover	  new	  interactors	  of	  PA28γ,	  we	  used	  a	  high	  throughput	  approach	  combining	  146	  

endogenous	  PA28γ	   immunoprecipitation	  (IP)	  and	  SILAC-‐based	  quantitative	  proteomics	  147	  

that	   allows	   for	   the	   reliable	   identification	   of	   specific	   partners	   above	   the	   non-‐specific	  148	  

background	  of	  contaminants	  (Boulon	  et	  al.,	  2010).	  This	  strategy	  enabled	  us	  to	  compare	  149	  

proteins	   eluted	   either	   in	   the	   control	   or	   in	   PA28γ	   IP	   (Fig.	   1A,	   left	   panel).	   Proteins	  150	  

specifically	   interacting	   with	   the	   bait,	   i.e.,	   PA28γ,	   were	   expected	   to	   show	   Heavy/Light	  151	  

(H/L)	   ratios	   higher	   than	   1.	   In	   contrast,	   proteins	   non-‐specifically	   binding	   to	   the	   beads	  152	  

(experimental	  contaminants)	  were	  expected	  to	  show	  H/L	  ratios	  close	  to	  1.	  Proteins	  with	  153	  

ratios	  lower	  than	  1	  were	  mostly	  environmental	  contaminants,	  such	  as	  keratins.	  	  154	  

In	   this	   experiment,	   68	  human	  protein	   groups	   containing	   at	   least	   two	  unique	  peptides	  155	  

were	  quantified	  and	  visualized	  by	  plotting	  log2(H/L	  ratio)	  versus	  log2(H	  intensity)	  (Fig.	  156	  

1B).	  PA28γ	  itself	  was	  found	  with	  a	  H/L	  SILAC	  ratio	  close	  to	  15.	  Other	  proteins	  with	  high	  157	  

H/L	  SILAC	  ratios	  include	  splicing,	  transcription	  and	  chromatin-‐associated	  factors	  (Table	  158	  

S1),	  which	   is	   in	  agreement	  with	   the	  role	  of	  PA28γ	   in	   chromatin	  dynamics	  and	  nuclear	  159	  

speckle	   organization	   (Baldin	   et	   al.,	   2008;	   Zannini	   et	   al.,	   2008).	   Surprisingly	   however,	  160	  

only	   one	   of	   the	   20S	   core	   proteasomal	   subunits	   was	   found,	   suggesting	   either	   that	   the	  161	  

interaction	   between	   PA28γ	   and	   the	   20S	   core	   proteasome	   was	   not	   stable	   in	   our	  162	  

experimental	   conditions	   and/or	   that	   most	   PA28γ	   is	   not	   associated	   with	   the	   20S	  163	  

proteasome	   in	   the	  nucleoplasm,	   in	  accordance	  with	  previous	  studies	  (Gao	  et	  al.,	  2004;	  164	  

Welk	   et	   al.,	   2016).	   Amongst	   the	  most	   enriched	   interactors	   of	   PA28γ was	   FAM192A,	   a	  165	  

poorly	  annotated	  protein	  of	  unknown	  cellular	  function	  that	  has	  not	  been	  previously	   	  166	  
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	  167	  
	  168	  
Fig.	  1:	  Identification	  of	  a	  novel	  interaction	  partner	  of	  PA28γ  by	  a	  SILAC	  IP	  approach	  169	  

A. Design	  of	  the	  SILAC	  IP	  experiments.	  For	  both	  endogenous	  PA28γ	  IPs,	  control	  IPs	  were	  170	  
performed	   with	   nuclear	   extracts	   prepared	   from	   U2OS	   cells	   grown	   in	   “light”,	   i.e.,	  171	  
unlabeled	   (R0K0)	  medium,	  while	   endogenous	   PA28γ	   IPs	  were	   performed	  with	   nuclear	  172	  
extracts	  prepared	  from	  U2OS	  cells	  grown	  in	  “heavy”	  (R6K4)	  medium.	  In	  addition,	   in	  the	  173	  
second	   experiment,	   all	   cells	   were	   treated	   with	   MG132	   (25	   µM)	   for	   7	   h.	   For	   the	   GFP-‐174	  

PA28γ	   IP,	   the	  control	   IP	  was	  performed	  with	  a	  whole	  cell	   extract	  prepared	   from	  U2OS	  175	  
cells	   grown	   in	   “light”,	   i.e.,	   unlabeled	   (R0K0)	   medium,	   while	   the	   GFP-‐TRAP	   IP	   of	   GFP-‐176	  
PA28γ	   was	   performed	   with	   a	   whole	   cell	   extract	   prepared	   from	   U2OS	   cells	   grown	   in	  177	  
“heavy”	  (R6K6)	  medium.	  After	  the	  immunoprecipitation	  steps,	  eluted	  proteins	  were	  in-‐gel	  178	  
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digested	  with	   trypsin	   and	  peptides	   analyzed	  by	  Liquid	  Chromatography	  Tandem	  Mass	  179	  
Spectrometry	  (LC-‐MS/MS)	  and	  quantified	  using	  MaxQuant.	  	  180	  

B. Data	   of	   the	   SILAC	   IP	   of	   endogenous	   PA28γ 	   (untreated	   cells)	   visualized	   by	   plotting	  181	  
log2(H/L)	  versus	  log2(H	  intensity)	  values	  for	  all	  68	  human	  protein	  groups	  quantified	  by	  182	  
MaxQuant	  that	  contained	  at	  least	  two	  unique	  peptides	  identified.	  	  183	  

C. Data	   of	   the	   SILAC	   PA28γ 	   IP	   data	   (cells	   treated	   with	  MG132)	   visualized	   by	   plotting	  184	  
log2(H/L)	  versus	  log2(H	  intensity)	  values	  for	  all	  267	  human	  protein	  groups	  quantified	  by	  185	  
MaxQuant	  with	  a	  minimum	  of	  2	  unique	  peptides.	  186	  

D. Data	  of	   the	  SILAC	  GFP-‐TRAP	   IP	  of	  GFP-‐PA28γ 	  visualized	  by	  plotting	   log2(H/L)	  versus	  187	  
log2(H	   intensity)	   values	   for	   all	   86	   protein	   groups	   quantified	   by	   MaxQuant	   with	   a	  188	  
minimum	  of	  2	  unique	  peptides.	  189	  

In	  all	  graphs,	  the	  bait	  (PA28γ)	  is	  indicated	  by	  a	  red	  dot.	  A	  novel	  stable	  interaction	  partner	  of	  190	  

PA28γ,	   called	   FAM192A,	  which	   is	   identified	   in	   all	   three	   IPs	  with	   high	  H/L	   SILAC	   ratios,	   is	  191	  
indicated	   by	   an	   orange	   square.	   The	   different	   subunits	   of	   the	   20S	   core	   proteasome	   are	  192	  
indicated	   by	   violet	   diamonds,	   and	   the	   subunits	   of	   the	   19S	   regulatory	   particle	   by	   blue	  193	  
diamonds.	   Ribosomal	   proteins,	   which	   can	   be	   considered	   here	   as	   non-‐specific	   interaction	  194	  
partners,	  are	  indicated	  by	  green	  diamonds.	  195	  

	   	  196	  
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characterized,	  except	   for	   the	   fact	   that	   its	  expression	   is	   induced	  during	  skeletal	  muscle	  197	  

atrophy	  (Waddell	  et	  al.,	  2016).	  	  198	  

To	   identify	  proteins	   that	  may	   interact	  with	   the	  PA28γ/20S	  proteasome	  complexes,	  we	  199	  

repeated	  the	  same	  experiment	  in	  the	  presence	  of	  MG132	  (Fig.	  1A,	  left	  panel	  and	  Fig.	  1C).	  200	  

In	  this	  experiment,	  267	  human	  protein	  groups	  were	  quantified	  (Fig.	  1C	  and	  Table	  S2).	  As	  201	  

anticipated,	  all	  14	  α	  and	  β	   subunits	  of	   the	  20S	  core	  proteasome	  were	   found	  with	  high	  202	  

H/L	   SILAC	   ratios	   this	   time	   (violet	   squares,	   Fig.	   1C),	   confirming	   that	   proteasome	  203	  

inhibition	   enhances	   the	   interaction	   between	   the	   20S	   core	   proteasome	   and	   PA28	  204	  

complexes (Shibatani	  et	  al.,	  2006;	  Welk	  et	  al.,	  2016).	  It	  is	  noteworthy	  that	  many	  subunits	  205	  

of	  the	  19S	  activator	  of	  the	  proteasome	  were	  also	  identified	  with	  high	  SILAC	  H/L	  ratios,	  206	  

suggesting	   the	   presence	   of	   PA28γ	   in	   hybrid	   proteasomes,	   with	   the	   20S	   core	   binding	  207	  

PA28γ	   at	   one	   end	   and	   the	   19S	   regulatory	   particle	   at	   the	   other	   end.	   Interestingly,	  208	  

FAM192A	  was	  again	  identified	  among	  the	  proteins	  with	  the	  highest	  SILAC	  ratios	  in	  this	  209	  

co-‐IP	   experiment,	   as	  well	   as	   in	   the	  GFP-‐PA28γ	   SILAC	  pull-‐down	   that	  we	  performed	   in	  210	  

parallel	   (Fig.	   1A,	   right	   panel,	   Fig.	   1D	   and	  Table	   S3).	  Of	   note,	   coilin	  was	   also	   identified	  211	  

with	  a	  high	  SILAC	  ratio	  in	  the	  GFP-‐PA28γ	  SILAC	  pull-‐down.	  In	  conclusion,	  FAM192A	  was	  212	  

identified	   in	   three	   distinct	   experimental	   settings	   as	   a	   major	   and	   specific	   interaction	  213	  

partner	  of	  PA28γ.	  	  214	  

Although	   FAM192A	   is	   characterized	   by	   the	   presence	   of	   an	   evolutionary	   conserved	  N-‐215	  

terminal	   100	   amino	   acids	   domain	   called	   NIP30	   (NEFA-‐interacting	   nuclear	   protein	   30	  216	  

kDa)	  domain	  (Fig.	  3A),	  its	  molecular	  and	  cellular	  functions	  are	  unknown.	  To	  investigate	  217	  

FAM192A	  biological	  roles,	  we	  first	  produced	  a	  stable	  U2OS	  cell	  line	  overexpressing	  GFP-‐218	  

FAM192A	   and	   analyzed	   GFP-‐FAM192A	   interaction	   partners	   by	   a	   SILAC-‐based	   GFP-‐219	  

pulldown	   approach	   (Fig.	   2A,	   top	   panel).	   The	   364	   human	   protein	   groups	   quantified	   in	  220	  

this	  experiment	  were	  visualized	  by	  plotting	  log2(H/L	  ratio)	  versus	  log2(intensity	  H)	  (Fig.	  221	  
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2A,	  bottom	  panel).	  Interestingly,	  PA28γ	  was	  identified	  as	  the	  most	  abundant	  partner	  of	  222	  

FAM192A.	  All	   these	  observations	   showing	  a	   stable	   interaction	  between	  FAM192A	  and	  223	  

PA28γ	   are	   consistent	   with	   a	   functional	   link	   between	   these	   two	   proteins,	   which	   was	  224	  

further	   confirmed	   in	   this	   study.	   Therefore,	   since	   the	   biological	   relevance	   of	   the	   name	  225	  

NIP30,	  which	  is	  associated	  to	  the	  FAM192A	  protein	  in	  databases,	  is	  unclear,	  we	  propose	  226	  

to	  rename	  this	  protein	  ‘PIP30’,	  i.e.,	  PA28γ	  Interacting	  Protein	  of	  ≈	  30	  kDa.	  	  227	  

	  228	  

PA28γ and	  PIP30	  interact	  in	  the	  nucleus	  229	  

To	  help	  characterize	  the	  function	  of	  PIP30,	  we	  produced	  and	  purified	  a	  rabbit	  polyclonal	  230	  

antibody	   raised	   against	   recombinant	   full-‐length	   PIP30.	  Western	   blot	   analysis	   of	   U2OS	  231	  

total	  cell	  extracts	  with	  this	  antibody	  revealed	  a	  band	  migrating	  at	  an	  apparent	  molecular	  232	  

weight	   of	   35	   kDa	   (Fig.	   2B	   left	   panel),	   higher	   than	   that	   predicted	   by	   PIP30	   cDNA	  233	  

sequence,	   i.e.,	   28.9	   kDa.	   However,	   both	   this	   band	   and	   the	   nuclear	   signal	   observed	   by	  234	  

indirect	   immunofluorescence	   (Fig.2B,	   right	   panel)	  were	   lost	   upon	   PIP30	   depletion	   by	  235	  

siRNAs	  (Fig.	  2B,	  left	  and	  right	  panels),	  demonstrating	  the	  specificity	  of	  this	  antibody.	  In	  236	  

conclusion,	   endogenous	   PIP30	   is	   a	   nucleoplasmic	   protein,	   similarly	   to	   PA28γ,	   that	  237	  

migrates	  at	  an	  apparent	  molecular	  weight	  of	  35	  kDa	  in	  western	  blot	  analyses.	  238	  

To	  investigate	  the	  subcellular	  location	  of	  the	  PA28γ/PIP30	  complex,	  we	  next	  performed	  239	  

Proximity	   Ligation	   Assays	   (PLA),	   using	   either	   the	   combination	   of	   PIP30	   and	   PA28γ	  240	  

antibodies	   or	   PIP30	   antibody	   alone,	   as	   a	   negative	   control	   (Fig.	   2C).	   This	   approach	  241	  

showed	  that	  PIP30	  and	  PA28γ	  interact	  in	  the	  nucleus,	  without	  any	  evident	  accumulation	  242	  

of	  the	  PIP30/PA28γ	  complex	  in	  specific	  subnuclear	  domains	  (Fig.	  2C).	  	  243	  

To	   further	   characterize	   the	   association	   between	   PA28γ	   and	   PIP30	   in	   cellulo,	   we	  244	  

performed	  endogenous	  PIP30	  and	  PA28γ	  immunoprecipitation	  assays	  using	  whole	  cell	  	  245	  
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	  246	  
Fig.	  2:	  FAM192A/PIP30	  interacts	  with	  PA28γ 	  in	  the	  cell	  nucleus	  247	  

A. SILAC	  GFP-‐TRAP	  IP	  of	  GFP-‐FAM192A/PIP30.	  Top	  panel:	  Design	  of	  the	  experiment.	  A	  248	  
double	   labeling	   strategy	   was	   applied,	   using	   U2OS	   cells	   stably	   overexpressing	   GFP-‐249	  
FAM192A/PIP30.	   The	   control	   IP	  was	   performed	  with	   a	   nuclear	   extract	   prepared	   from	  250	  
WT	   U2OS	   cells	   grown	   in	   “light”,	   i.e.,	   unlabeled	   (R0K0)	   medium,	   while	   the	   GFP-‐251	  
FAM192A/PIP30	   IP	   was	   performed	   with	   a	   nuclear	   extract	   prepared	   from	   GFP-‐252	  
FAM192A/PIP30	  U2OS	  cells	  grown	  in	  “heavy”	  (R6K4)	  medium.	  Bottom	  panel:	  Data	  of	  the	  253	  
SILAC	   GFP-‐TRAP	   IP	   of	   GFP-‐FAM192A/PIP30	   were	   visualized	   by	   plotting	   log2(H/L)	  254	  
versus	  log2(intensity	  H)	  values	  for	  all	  364	  protein	  groups	  quantified	  by	  MaxQuant	  with	  a	  255	  
minimum	   of	   2	   unique	   peptides.	   The	   bait	   (GFP-‐FAM192A/PIP30)	   is	   indicated	   by	   an	  256	  
orange	   square	   (peptides	   for	   FAM192A/PIP30)	   and	   a	   green	   dot	   (peptides	   for	   GFP).	  257	  
PA28γ	  is	  identified	  with	  a	  high	  H/L	  SILAC	  ratio	  and	  indicated	  by	  a	  red	  dot.	  As	  in	  Fig.	  1,	  258	  
ribosomal	  proteins,	  which	  can	  be	  considered	  here	  as	  non-‐specific	   interaction	  partners,	  259	  
are	  indicated	  by	  green	  diamonds.	  260	  
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B. Validation	  of	   the	  polyclonal	  anti-‐FAM192A/PIP30	  antibody.	   Cell	   extracts	   from	  U2OS	  261	  
cells	   treated	  with	  either	  control	  or	  FAM192A/PIP30	  siRNAs	  for	  48	  h	  were	  analyzed	  by	  262	  
western	  blotting	  and	  indirect	  immunofluorescence,	  using	  indicated	  antibodies.	  263	  

C. FAM192A/PIP30	   interacts	  with	  PA28γ	   in	   the	  nucleus.	  Proximity	   ligation	  assay	   (PLA)	  264	  
was	  performed	  on	  U2OS	   cells	  with	  mouse	  anti-‐PA28γ	  and	   rabbit	   affinity	  purified	  anti-‐265	  
FAM192A/PIP30	   primary	   antibodies.	   Green	   dots	   reveal	   places	   where	   PA28γ	   and	  266	  
FAM192A/PIP30	   are	   in	   close	   proximity,	   potentially	   in	   a	   complex	   (top	   panel).	   As	   a	  267	  
negative	  control,	  coverslips	  with	  only	  anti-‐FAM192A/PIP30	  antibody	  were	  used	  (bottom	  268	  
panel).	  269	  

D. A	  modified	   form	  of	   endogenous	  FAM192A/PIP30	   interacts	  with	  endogenous	  PA28γ	  270	  
in	   cells.	   U2OS	   cell	   extracts	   were	   subjected	   to	   immunoprecipitations	   with	   anti-‐271	  
FAM192A/PIP30,	   anti-‐PA28γ	   and	   control	   antibodies	   as	   described	   in	   Materials	   and	  272	  
Methods,	   and	   analyzed	   by	   western	   blotting	   to	   detect	   the	   presence	   of	   endogenous	  273	  
FAM192A/PIP30	  (red)	  and	  PA28γ	  (green).	  274	  

	   	  275	  
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extracts	  prepared	  from	  U2OS	  cells.	  PIP30	  was	  specifically	  co-‐immunoprecipitated	  with	  276	  

PA28γ.	  Reciprocally,	  PA28γ	  was	  co-‐purified	  with	  PIP30	  (Fig.	  2D).	  Of	  note,	  at	  least	  50%	  of	  277	  

each	  protein	  were	  associated	  with	  the	  other,	  confirming	  that	  PIP30	  can	  be	  considered	  as	  278	  

a	  major	  interaction	  partner	  of	  PA28γ.	  In	  addition,	  two	  protein	  bands	  were	  often	  detected	  279	  

for	  endogenous	  PIP30	  (Fig.	  2D),	  which	  may	  reveal	  the	  existence	  of	  a	  post-‐translationally	  280	  

modified	  form	  of	  the	  protein.	  Interestingly,	  only	  the	  slower	  migrating	  form	  of	  PIP30	  was	  281	  

co-‐purified	   with	   PA28γ,	   suggesting	   that	   this	   modification	   might	   be	   involved	   in	   the	  282	  

formation/stabilization	   of	   the	   PIP30/PA28γ	   complex	   (Fig.	   2D).	   Altogether,	   our	   results	  283	  

reveal	  that	  the	  PIP30/PA28γ	  complex	  is	  located	  in	  the	  nuclear	  compartment	  and	  that	  the	  284	  

formation	  of	  the	  PIP30/PA28γ	  complex	  in	  cellulo	  may	  be	  regulated	  by	  post-‐translational	  285	  

modifications	  of	  PIP30.	  	  286	  

	  287	  

Characterization	  of	  PA28γ binding	  motif	  in	  PIP30	  sequence	  288	  

We	   analyzed	   the	   region	   of	   PIP30	   that	   is	   responsible	   for	   PA28γ	   binding	   by	   building	  289	  

several	  PIP30	  truncation	  mutants,	  which	  allowed	  us	  to	  demonstrate	  that	  the	  C-‐terminal	  290	  

domain	  of	  PIP30	  is	  critical	  for	  PA28γ	  binding	  (Fig.	  3A).	  Therefore,	  we	  generated	  a	  GFP-‐291	  

PIP30	  201-‐254	  truncation	  mutant,	  thereafter	  named	  GFP-‐PIP30-‐H201.	  As	  shown	  in	  Fig.	  292	  

3B,	   we	   observed	   that	   GFP-‐PIP30-‐H201	   is	   able	   to	   interact	   with	   PA28γ,	   demonstrating	  293	  

that	  the	  last	  54	  amino	  acids	  of	  PIP30	  are	  necessary	  and	  sufficient	  for	  PA28γ	  binding.	  	  294	  

	  295	  

The	  C-‐terminal	  part	  of	  PIP30	  is	  phosphorylated	  by	  Casein	  Kinase	  2	  296	  

Given	   that	   a	   putative	   post-‐translational	  modification	   of	   PIP30	  might	   be	   important	   for	  297	  

the	  interaction	  between	  PA28γ	  and	  PIP30,	  as	  mentioned	  above,	  we	  closely	  examined	  the	  298	  

C-‐terminal	  region	  of	  PIP30	  and	  identified	  a	  short,	  serine-‐rich	  and	  acidic	  sequence	  	  299	  
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	  300	  
Fig.	  3:	  PA28γ	  interacts	  with	  the	  C-‐terminal	  region	  of	  PIP30.	  	  301	  

A. Analysis	   of	   the	   interaction	   between	   several	   GFP-‐PIP30	   truncation	   mutants	   and	  302	  
PA28γ.	  GFP	  pull-‐down	  experiments	  were	  performed	  in	  U2OS	  cells	  to	  immunoprecipitate	  303	  
the	   overexpressed	   GFP-‐PIP30	   truncation	   mutants	   illustrated	   in	   the	   figure,	   and	   the	  304	  
presence	  of	  co-‐eluted	  endogenous	  PA28γ	  was	  analyzed	  by	  western	  blot.	  Co-‐IP	  results	  are	  305	  
summarized	  on	  the	  right	  of	  the	  figure.	  306	  

B. The	   last	   54	   amino	   acids	   of	   PIP30	   are	   necessary	   and	   sufficient	   for	   the	   interaction	  307	  
with	  PA28γ .	  GFP-‐PIP30-‐H201	  truncation	  mutant	  was	  transiently	  overexpressed	  in	  U2OS	  308	  
cells	   and	   pulled-‐down	   using	   GFP-‐TRAP®.	   The	   presence	   of	   co-‐immunoprecipitated	  309	  
PA28γ	   was	   assessed	   by	   western	   blot.	   Non-‐transfected	   cells	   were	   used	   as	   a	   negative	  310	  
control	   and	   cells	   transfected	   with	   wild	   type	   GFP-‐PIP30	   as	   a	   positive	   control.	   Input	  311	  
represents	  10%	  of	  the	  total	  extract	  that	  has	  been	  incubated	  with	  the	  beads.	  312	  

	   	  313	  
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located	   between	   amino	   acids	   219	   and	   232	   (SGSSDSESSSDSEG)	   that	   is	  well	   conserved	  314	  

across	   evolution,	   from	  worm	   to	   human	   (Fig.	   4A,	   black	   box).	   This	   sequence	   contains	   a	  315	  

tandem	  repeat	  of	   two	  SDSE	  motifs,	  which	  correspond	   to	   canonical	   consensus	   sites	   for	  316	  

CK2	   (consensus	   site:	   S/T-‐X-‐X-‐E/D/pS),	   with	   putative	   phosphorylated	   serine	   residues	  317	  

being	   located	  at	  positions	  222	  and	  228	  (Fig.	  4A)	  (Cesaro	  and	  Pinna,	  2015;	  Meggio	  and	  318	  

Pinna,	   2003).	   Indeed,	   we	   could	   show	   that	   GST-‐PIP30-‐H201,	   but	   not	   GST,	   can	   be	  319	  

phosphorylated	  by	  commercial,	  recombinant	  CK2	   in	  vitro	  (Fig.	  4B),	  demonstrating	  that	  320	  

the	  C-‐terminal	  region	  of	  PIP30	  is	  a	  substrate	  of	  CK2.	  	  321	  

To	   map	   the	   PIP30	   residues	   that	   are	   modified	   by	   CK2,	   we	   inserted	   several	   point	  322	  

mutations	   in	   GST-‐PIP30-‐H201,	   either	   by	   replacing	   both	   putative	   phosphorylated	  323	  

serines,	   S222	   and	  S228,	   by	   alanine	   residues	   (mutant	   SS-‐AA),	   or	   by	   converting	   the	   acidic	  324	  

residues	   within	   the	   two	   CK2	   consensus	   motifs	   into	   basic	   lysine	   residues	   (mutants	  325	  

D223E225-‐KK	  and	  D229E231-‐KK,	  respectively)	  (Fig.	  4A).	  The	  latter	  mutations	  are	  known	  to	  326	  

disrupt	   CK2	   substrate	   recognition	   (Cesaro	   and	   Pinna,	   2015).	   These	  mutants,	   together	  327	  

with	   GST	   and	   wild	   type	   GST-‐PIP30-‐H201,	   were	   similarly	   tested	   using	   in	   vitro	  328	  

phosphorylation	  assays.	  As	  anticipated,	  the	  mutations	  of	  negatively	  charged	  residues	  in	  329	  

D223E225-‐KK	  and	  D229E231-‐KK	  mutants	  strongly	  reduced	  their	  phosphorylation	  by	  CK2,	  as	  330	  

compared	   with	   wild	   type	   GST-‐PIP30-‐H201,	   while	   the	   GST-‐PIP30-‐H201	   SS-‐AA	  mutant	  331	  

was	  only	  partially	  phosphorylated	  by	  CK2	  (Fig.	  4C).	  These	  results	  confirmed	  that	  serine	  332	  

residues	  222	  and/or	  228	  can	  be	  phosphorylated	  by	  CK2	  in	  vitro	  and	  show	  that	  the	  acidic	  333	  

residues	  present	  in	  this	  region	  are	  critical	  for	  CK2	  phosphorylation.	  However,	  given	  that	  334	  

the	   mutation	   of	   both	   S222	   and	   S228	   did	   not	   completely	   abolish	   PIP30-‐H201	  335	  

phosphorylation,	  we	  hypothesize	  that	  other	  residues	  within	  the	  C-‐terminal	  domain	  may	  336	  

also	  be	  phosphorylated	  by	  CK2.	  This	   is	   consistent	  both	  with	   the	  observation	   that	  CK2	  337	  

can	  phosphorylate	  residues	  that	  are	  located	  at	  positions	  n-‐1	  and/or	  n-‐3	  upstream	  the	  	  338	  
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	  339	  
Fig.	  4:	  The	  C-‐terminal	  region	  of	  PIP30	  is	  phosphorylated	  by	  Casein	  Kinase	  2	  in	  vitro	  and	  in	  340	  
cellulo	  341	  

A. The	  221-‐SSDSESSSDSE-‐231	  serine-‐rich	  region	  of	  PIP30	  (black	  box)	  is	  conserved	  from	  342	  
C.	  elegans	  to	  human	  and	  contains	  two	  typical	  consensus	  sites	  for	  CK2.	  Sequences	  of	  343	  
SS-‐AA,	   D223E225-‐KK	   and	   D229E231-‐KK	   PIP30	   mutants	   are	   indicated,	   with	   the	   mutated	  344	  
residues	   appearing	   in	   violet	   (SS-‐AA)	   and	   in	   green	   (D223E225-‐KK	   and	   D229E231-‐KK).	  345	  
UniProtKB	  accession	  numbers	  are	  as	  follows	  :	  Hs	  Q9GZU8;	  Mm	  :	  Q91WE2;	  Xl:	  Q7ZYN4;	  346	  
Dm:	  Q7JWU9;	  Ce:	  O17594.	  347	  

B. The	  GST-‐PIP30-‐H201	  truncation	  mutant	  is	  phosphorylated	  by	  CK2	  in	  vitro	  348	  
C. Point	   mutations	   of	   the	   acidic	   residues	   in	   the	   CK2	   motifs	   strongly	   reduce	   the	  349	  

phosphorylation	  of	  GST-‐PIP30-‐H201	  in	  vitro.	  Purified	  GST,	  GST-‐PIP30-‐H201	  and	  GST-‐350	  
PIP30-‐H201	   mutants	   were	   incubated	   with	   CK2,	   in	   the	   presence	   of	   [33P]-‐ATP	   for	   the	  351	  
indicated	  times.	  The	  presence	  of	  GST-‐tagged	  proteins	  was	  revealed	  by	  Ponceau	  and	  their	  352	  
phosphorylation	  was	  detected	  by	  autoradiography.	  	  353	  

D. The	   inhibition	   of	   CK2	   prevents	   the	   phosphorylation	   of	   GFP-‐PIP30-‐H201	   in	   cellulo.	  354	  
U2OS	  cells	  were	   transiently	   transfected	  with	  GFP-‐PIP30-‐H201	  and	   then	  either	   treated,	  355	  
or	  not,	  with	  CX-‐4945	  CK2	  inhibitor	  (10	  µM)	  for	  24	  h.	  After	  SDS-‐PAGE,	  GFP-‐PIP30-‐H201	  356	  
was	  visualized	  by	  western	  blot	  using	  an	  anti-‐GFP	  antibody.	   	  357	  
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acidic	  residues	  (Meggio	  and	  Pinna,	  2003),	  which	  is	  the	  case	  for	  S222,	  S228	  and	  several	  358	  

other	  serine	  residues	  in	  the	  serine-‐rich	  region	  of	  PIP30,	  and	  with	  the	  well-‐documented	  359	  

property	   of	   CK2	   to	   catalyze	   the	   generation	   of	   phosphoserine	   stretches	   (Cesaro	   and	  360	  

Pinna,	  2015).	  361	  

To	  verify	  whether	   the	  PIP30	  C-‐terminus	   is	  also	  phosphorylated	  by	  CK2	   in	  cellulo,	   cells	  362	  

transiently	   expressing	  GFP-‐PIP30-‐H201	  were	   either	   treated,	   or	   not,	  with	   the	   selective	  363	  

CK2	   inhibitor	   CX-‐4945	   (Pierre	   et	   al.,	   2011)	   and	   GFP-‐PIP30-‐H201	   was	   analyzed	   by	  364	  

western	  blotting.	  Interestingly,	  in	  the	  absence	  of	  CK2	  inhibitor,	  we	  observed	  two	  bands	  365	  

for	  GFP-‐PIP30-‐H201	  (Fig.	  4D),	  as	  previously	  shown	  for	  endogenous	  PIP30	  (Fig.	  2D).	  In	  366	  

the	   presence	   of	   CK2	   inhibitor,	   the	   slow-‐migrating	   band	   disappeared	   while	   the	   fast-‐367	  

migrating	   band	   became	   stronger	   (Fig.	   4D),	   consistent	   with	   the	   upper	   band	  368	  

corresponding	   to	   the	   phosphorylated	   form	   and	   the	   lower	   band	   corresponding	   to	   the	  369	  

non-‐phosphorylated	  form	  of	  the	  PIP30-‐H201	  fragment.	  As	  shown	  and	  discussed	  below,	  370	  

a	  similar	   result	   is	  obtained	   for	   the	  endogenous	  PIP30	  protein.	  Therefore,	  we	  conclude	  371	  

that	  CK2	  inhibition	  reduces	  the	  phosphorylation	  of	  PIP30-‐H201,	  confirming	  that	  the	  C-‐372	  

terminal	  region	  of	  PIP30	  is	  phosphorylated	  in	  a	  CK2-‐dependent	  manner	  in	  cells.	  	  373	  

	  374	  

CK2-‐dependent	  phosphorylation	  of	  PIP30	  is	  important	  for	  its	  interaction	  with	  PA28γ	  375	  

Given	  that	  PIP30	  is	  phosphorylated	  in	  a	  region	  that	  is	  critical	  for	  PA28γ	  binding,	  we	  next	  376	  

considered	  whether	  PIP30	  phosphorylation	  might	  influence	  the	  formation/stabilization	  377	  

of	  the	  PIP30/PA28γ	  complex.	  To	  test	  this	  hypothesis,	  recombinant	  GST	  and	  GST-‐PIP30-‐378	  

H201	  were	  either	  phosphorylated,	  or	  not,	  by	  CK2	  and	  then	  incubated	  with	  purified	  and	  379	  

active	  recombinant	  PA28γ.	  The	  amount	  of	  PA28γ	   co-‐isolated	  with	  GST-‐tagged	  proteins	  380	  

after	  pull-‐down	  was	  analyzed	  by	  western	  blotting	  (Fig.	  5A,	  left	  panel).	  We	  observed	  that	  381	  
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PA28γ	  preferentially	   interacts	  with	  CK2-‐phosphorylated	  GST-‐PIP30-‐H201	   (Fig.	  5A,	   left	  382	  

panel).	  383	  

We	  then	  performed	  the	  same	  assay	  with	  previously	  described	  GST-‐PIP30-‐H201	  mutants	  384	  

SS-‐AA,	   D223E225-‐KK	   and	   D229E231-‐KK,	   which	   were	   pre-‐incubated	   with	   CK2,	   and	   then	  385	  

PA28γ,	   before	   pull-‐down.	   Interestingly,	   the	   interaction	   between	   PA28γ	   and	   all	   three	  386	  

GST-‐PIP30-‐H201	  mutants	  was	   impaired,	  as	  compared	  with	  wild-‐type	  GST-‐PIP30-‐H201	  387	  

(Fig.	  5A,	  right	  panel),	  showing	  that	  CK2	  phosphorylation	  of	  the	  PIP30	  C-‐terminus	  plays	  388	  

an	  important	  role	  in	  stabilizing	  the	  PIP30/PA28γ	  complex.	  	  389	  

Next,	  we	   analyzed	   the	   interaction	   of	   PA28γ	   with	   the	   same	  mutants	   (in	   the	   context	   of	  390	  

GFP-‐fused	   PIP30	   full-‐length	   protein)	   in	   cells.	   U2OS	   cells	  were	   transfected	  with	   either	  391	  

wild	   type	   GFP-‐PIP30,	   -‐SS-‐AA,	   -‐D223E225-‐KK	   and	   -‐D229E231-‐KK	   PIP30	   mutants	   or	   a	  392	  

truncated	   mutant,	   GFP-‐PIP30	   1-‐199,	   unable	   to	   interact	   with	   PA28γ.	   The	   co-‐393	  

immunoprecipitation	   of	   GFP-‐tagged	   proteins	   and	   endogenous	   PA28γ	  was	   analyzed	   by	  394	  

western	  blotting.	  As	  expected,	  PA28γ	  was	  co-‐immunoprecipitated	  with	  wild	   type	  GFP-‐395	  

PIP30,	  but	  not	  with	  the	  GFP-‐PIP30	  1-‐199	  truncation	  mutant	  (Fig.	  5B).	  Interestingly,	  the	  396	  

amount	   of	   PA28γ	   co-‐immunoprecipitated	  with	   GFP-‐PIP30	   SS-‐AA	  was	   lower	   than	  with	  397	  

wild	   type	  GFP-‐PIP30,	   and	  almost	  null	  with	  D229E231-‐KK	   (Fig.	  5B)	  and	  D223E225-‐KK	   (Fig.	  398	  

S1)	   acidic	   mutants.	   Thus,	   mutations	   altering	   the	   CK2	   consensus	   site	   and	   therefore	  399	  

inhibiting	   PIP30	   phosphorylation,	   consistently	   decrease	   its	   ability	   to	   form	   a	   stable	  400	  

complex	  with	  PA28γ	  in	  cells.	  It	  is	  noteworthy	  that	  the	  mutation	  of	  acidic	  residues	  had	  a	  401	  

stronger	   impact	  on	  PA28γ	  binding	  than	  the	  mutation	  of	  serines	  222	  and	  228	  (Fig.	  5B),	  402	  

which	   reflects	   the	   absolute	   requirement	   of	   these	   residues	   for	   PIP30	   interaction	   with	  403	  

CK2	  and/or	  PA28γ.	  404	  

	   	  405	  
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	  406	  
	  407	  
	  408	  
Fig.	  5:	  The	  CK2-‐dependent	  phosphorylation	  of	  PIP30	  C-‐terminal	   region	   is	   important	   for	  409	  
the	  interaction	  between	  PIP30	  and	  PA28γ 	  	  410	  

A. The	  phosphorylation	  of	  GST-‐PIP30-‐H201	  by	  CK2	  is	  important	  for	  its	  interaction	  with	  411	  
PA28γ 	   in	   vitro.	  Left	   panel:	   GST	   and	  GST-‐PIP30-‐H201	  were	   either	   phosphorylated,	   or	  412	  

not,	  by	  CK2,	  incubated	  with	  recombinant	  PA28γ	  and	  then	  pulled-‐down	  using	  glutathione	  413	  
sepharose	  beads.	  The	  presence	  of	  co-‐eluted	  PA28γ	  was	  analyzed	  by	  western	  blot	  using	  414	  
an	   anti-‐PA28γ	   antibody.	  Right	   panel:	  Point	  mutations	   in	   the	   CK2	  motif	   of	   GST-‐PIP30-‐415	  

H201	  strongly	  reduce	  the	  interaction	  between	  GST-‐PIP30-‐H201	  and	  PA28γ.	  416	  
B. Point	   mutations	   in	   the	   CK2	   motif	   of	   GFP-‐PIP30	   strongly	   reduce	   the	   interaction	  417	  

between	  GFP-‐PIP30	  and	  PA28γ 	  in	  cellulo.	  U2OS	  cells	  were	  transiently	  transfected	  with	  418	  
wild	  type	  and	  various	  mutants	  of	  PIP30	  fused	  to	  GFP.	  GFP-‐tagged	  proteins	  were	  pulled-‐419	  
down	  using	  GFP-‐TRAP®	  beads	  and	  the	  presence	  of	  co-‐immunoprecipitated	  PA28γ	  was	  420	  
assessed	   by	   western	   blot.	   Wild	   type	   GFP-‐PIP30	   was	   used	   as	   a	   positive	   control,	   GFP-‐421	  
PIP30	  1-‐199	  mutant	  as	  a	  negative	  control.	  422	  
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C. PA28γ 	   interacts	   with	   the	   phosphorylated	   form	   of	   endogenous	   PIP30	   in	   cellulo.	  423	  

Endogenous	  PA28γ	  was	  immunoprecipitated	  from	  U2OS	  cells	  either	  treated,	  or	  not,	  with	  424	  
CX-‐4945	  (10	  µM)	  for	  24	  h.	  The	  presence	  of	  co-‐immunoprecipitated	  PA28γ	  was	  assessed	  425	  
by	  western	   blot.	   The	   input	   and	   unbound	   (SN)	   fractions	  were	   also	   analyzed.	   After	   CX-‐426	  
4945	   treatment,	   two	   bands	   appear	   for	   endogenous	   PIP30,	   the	   phosphorylated	   form	  427	  
(PIP30P)	  and	  the	  unphosphorylated	  form	  (PIP30),	  as	  indicated.	  	  428	  

D. The	  association	  between	  PA28γ 	  and	  PIP30	  protects	  PIP30	  from	  dephosphorylation.	  429	  

Wild	  type	  and	  PA28γ	  -‐/-‐	  U2OS	  cells	  were	  either	  treated,	  or	  not,	  with	  CX-‐4945	  (10	  µM)	  for	  430	  
24	  h	  and	  the	  PIP30	  PAGE	  migration	  profile	  was	  analyzed	  by	  western	  blot.	  As	  in	  Fig.	  5C,	  431	  
the	   phosphorylated	   form	   (PIP30P)	   and	   the	   unphosphorylated	   form	   of	   PIP30	   are	  432	  
indicated.	  433	  

	  434	  
	  435	  
	  436	  
	   	  437	  
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Finally,	  we	  immunoprecipitated	  PA28γ	  from	  U2OS	  cells,	  either	  treated,	  or	  not,	  with	  CX-‐438	  

4945.	   In	   the	   control	   cell	   extract,	   endogenous	   PIP30	   appeared	   as	   only	   one	   band,	  most	  439	  

likely	   corresponding	   to	   the	   phosphorylated	   form	   of	   PIP30	   (Fig.	   5C).	   After	   CX-‐4945	  440	  

treatment,	   a	   lower	   band,	   corresponding	   to	   the	   dephosphorylated	   form	   of	   PIP30,	  441	  

appeared.	   Interestingly,	   only	   the	   upper	   band	   of	   PIP30	   was	   retrieved	   upon	   PA28γ	  442	  

immunoprecipitation	   (Fig.	   5C),	   consistent	  with	   PA28γ	   predominantly	   interacting	  with	  443	  

the	  CK2-‐phosphorylated	  form	  of	  PIP30	  and	  far	  less	  with	  the	  non-‐phosphorylated	  one.	  	  444	  

Intriguingly,	   only	   a	  minor	   fraction	   of	   endogenous	   PIP30	  was	   dephosphorylated	   upon	  445	  

CK2	  inhibition	  (Fig.	  5C).	  We	  hypothesize	  that	  the	  phosphorylation	  of	  endogenous	  PIP30	  446	  

might	  be	  stabilized	  by	  its	  interaction	  with	  PA28γ.	  To	  check	  this,	  we	  compared	  the	  effect	  447	  

of	  CK2	  inhibition	  on	  PIP30	  phosphorylation	  in	  both	  wild-‐type	  and	  PA28γ	  -‐/-‐	  U2OS	  cells	  448	  

(Fig.	  S2A,	  left	  panel).	  These	  cells	  were	  either	  treated,	  or	  not,	  with	  CX-‐4945	  and	  the	  PIP30	  449	  

migration	  profile	  in	  SDS-‐PAGE	  was	  analyzed	  by	  western	  blotting	  (Fig.	  5D).	  In	  PA28γ	  -‐/-‐	  450	  

cells,	   contrary	   to	   U2OS	   cells,	   the	   lower	   PIP30	   band	  was	   predominantly	   present	   upon	  451	  

CK2	   inhibition	   (Fig.	   5D),	   suggesting	   that	   first,	   PIP30	   phosphorylation	   is	   PA28γ-‐452	  

independent	  and	  second,	  that	  the	  association	  between	  PA28γ	  and	  PIP30	  protects	  PIP30	  453	  

from	  dephosphorylation.	  This	  was	  confirmed	  by	  the	  fact	  that,	  in	  contrast	  to	  free	  PIP30,	  454	  

i.e.,	  not	  associated	  to	  PA28γ,	  PA28γ-‐bound	  PIP30	  could	  not	  be	  dephosphorylated	  by	  λ-‐455	  

phosphatase	   (Fig.	   S2B).	   Altogether,	   our	   results	   show	   that	   PA28γ predominantly	   binds	  456	  

the	  phosphorylated	  form	  of	  PIP30,	  and	  that	  once	  the	  complex	  is	  formed	  and	  stabilized,	  it	  457	  

may	   sterically	   hinder	   phosphatases	   from	   accessing	   PIP30	   phosphorylation	   sites	   and	  458	  

thus	  protect	  PIP30	  from	  dephosphorylation.	  	  459	  

	  460	  

PIP30	  affects	  Cajal	  body	  dynamics	  	  461	  
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To	   investigate	   the	   biological	   significance	   of	   this	   newly	   characterized	   interaction	  462	  

between	  PA28γ	  and	  PIP30,	  we	  checked	  whether	  PIP30	  depletion	  could	  alter	  the	  known	  463	  

function	   of	   PA28γ	   in	   CB	   dynamics,	   since	   we	   have	   previously	   shown	   that	   PA28γ	  464	  

overexpression	  leads	  to	  the	  disruption	  of	  CBs	  in	  different	  cell	  types	  (Cioce	  et	  al.,	  2006).	  465	  

To	  compare	  the	  effect	  of	  PIP30	  and	  PA28γ	  depletion	  on	  CB	  integrity,	  we	  produced	  U2OS	  466	  

PA28γ	  -‐/-‐	  and	  PIP30	  -‐/-‐	  cells	  using	  the	  CAS9/CRISPR	  gene	  editing	  technology	  (Fig.	  S2A,	  467	  

left	  and	  right	  panels).	  U2OS	  PIP30	  -‐/-‐	  cells	  did	  not	  show	  obvious	  proliferation	  defects,	  as	  468	  

assessed	  by	  videomicroscopy	  and	   flow	  cytometry	  analyses,	   suggesting	   that	  PIP30,	   like	  469	  

PA28γ,	  is	  not	  essential	  for	  cell	  viability	  in	  normal	  growth	  conditions.	  The	  cellular	  content	  470	  

of	   CBs	   was	   investigated	   by	   immunofluorescence	   combined	   to	   an	   automated	   image	  471	  

analysis,	  which	  measured	  the	  number,	  the	  mean	  size	  and	  the	  mean	  intensity	  of	  CBs	  per	  472	  

cell	   nucleus,	   CBs	   being	   defined	   here	   as	   endogenous	   coilin	   dots	   whose	   intensity	   is	  473	  

superior	  to	  a	  certain	  threshold	  (see	  Material	  and	  Methods).	  The	  results	  are	  presented	  in	  474	  

Fig.	  6.	  	  475	  

First,	  we	   found	   that	   the	  majority	   of	  wild-‐type	   U2OS	   cells	   display	   CBs	   (80%),	  with	   an	  476	  

average	  of	  2-‐3	  CBs	  per	  nucleus,	  as	  reviewed	  in	  (Morris,	  2008).	  Second,	  we	  observed	  that,	  477	  

unlike	   PA28γ	   overexpression,	   PA28γ	   depletion	   had	   no	   effect	   on	   the	   percentage	   of	   CB	  478	  

positive	   cells	   (approximately	   80%).	   However,	   CBs	   were	  more	   numerous	   (often	  more	  479	  

than	  3	  CBs	  per	  nucleus)	  and	  slightly	  smaller	  in	  U2OS	  PA28γ	  -‐/-‐	  cells	  as	  compared	  with	  480	  

wild-‐type	  U2OS	  (Fig.	  6).	  In	  contrast,	  PIP30	  depletion	  induced	  a	  significant	  reduction	  in	  481	  

the	  percentage	  of	  CB	  positive	  cells	  (down	  to	  40%).	   In	  addition,	   the	  average	  number	  of	  482	  

residual	  CBs	  per	  nucleus	  in	  PIP30	  -‐/-‐	  cells	  was	  strongly	  decreased	  (1-‐2	  CBs	  per	  nucleus).	  483	  

This	  shows	  that	  CB	  formation	  and/or	  stability	  is	  impaired	  upon	  PIP30	  depletion,	  	  484	  

	   	  485	  
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	  486	  

Fig.	   6:	   PA28γ 	   and	   PIP30	   depletions	   have	   differential	   effects	   on	   CB	   dynamics.	  Wild	   type,	  487	  
PA28γ	   -‐/-‐	  and	  PIP30	   -‐/-‐	  U2OS	  cells	  were	  analyzed	  by	   immunofluorescence.	  The	  DAPI	  signal	  was	  488	  
used	   to	   delineate	   the	   nuclei,	   each	   nucleus	   being	   considered	   as	   a	   Region	   of	   Interest	   (ROI)	  489	  
(delineated	  by	  a	  yellow	  line	  in	  the	  right	  panels).	  The	  coilin	  signal	  (red	  dots	  in	  the	  right	  panels)	  490	  
was	  used	  to	  quantify	  the	  number,	   the	  mean	  size	  and	  the	  mean	  intensity	  of	  CBs	  per	  nucleus,	  as	  491	  
summarized	  in	  the	  graphs	  (see	  Materials	  and	  Methods	  for	  details).	  Data	  represent	  the	  mean	  of	  492	  
two	   independent	  experiments	  (n=	  526	  WT,	  532	  PA28γ	   -‐/-‐	  and	  503	  PIP30	   -‐/-‐	  cells).	  Bars,	  10	  μm.	  493	  
Asterisks	  ***	  indicate	  p-‐values	  <	  0,001.	  	   	  494	  
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whereas	  PA28γ	  depletion	  has	  an	  opposite	  effect,	  suggesting	  that	  PIP30	  could	  modulate	  495	  

the	  function	  of	  PA28γ	  in	  the	  regulation	  of	  CB	  dynamics.	  	  496	  

	  497	  

PIP30	  depletion	  induces	  the	  accumulation	  of	  PA28γ	  in	  Cajal	  bodies	  498	  

Interestingly,	  we	  observed	   that	  PIP30	  depletion,	  whether	  accomplished	  either	  by	  RNA	  499	  

interference	  or	  by	  knock-‐out	  of	  the	  gene,	  induced,	  in	  a	  fraction	  of	  cells,	  the	  accumulation	  500	  

of	   PA28γ	   in	   nuclear	   dots,	   which	   were	   not	   detectable	   in	   control	   cells	   (Fig.	   7A,	   green	  501	  

panels).	   These	   PA28γ	   dots	   could	   clearly	   be	   considered	   as	   residual	   CBs,	   as	   they	   all	  502	  

colocalized	  with	   coilin	   and	   disappeared	   upon	   coilin	   knockdown	   (Fig.	   7A,	   red	   panels).	  503	  

Reciprocally,	  all	  residual	  CBs	  contained	  PA28γ.	  Of	  note,	  PA28γ	  not	  only	  colocalized	  with	  504	  

coilin	   in	  those	  nuclear	  dots,	  but	  also	  with	  other	  proteins	  known	  to	  concentrate	   in	  CBs,	  505	  

such	   as	   WRAP53	   (also	   named	   TCAB1	   or	   WDR79)	   (Fig.	   S3A).	   Interestingly,	   the	  506	  

overexpression	   of	   GFP-‐PIP30	   in	   PIP30-‐depleted	   cells	   abrogated	   the	   accumulation	   of	  507	  

PA28γ	  in	  CBs	  (Fig.	  S3B),	  therefore	  demonstrating	  that	  the	  accumulation	  of	  PA28γ	  in	  CBs	  508	  

is	  indeed	  due	  to	  the	  absence	  of	  PIP30	  in	  these	  cells.	  509	  

To	  check	  whether	  the	  20S	  core	  proteasome	  accumulated	  in	  CBs	  together	  with	  PA28γ,	  we	  510	  

analyzed	   the	   localization	   of	   endogenous	   α4	   subunit	   of	   the	   20S	   core	   proteasome	   in	  511	  

PIP30-‐depleted	  cells.	  Although	  PA28γ	  accumulated	  in	  the	  residual	  CBs	  in	  these	  cells,	  as	  512	  

expected,	  we	  could	  not	  detect	  any	  accumulation	  of	  α4	  subunit	   in	  these	  structures	  (Fig.	  513	  

7B).	  Interestingly,	  bortezomib	  treatment,	  which	  is	  known	  to	  inhibit	  proteasome	  activity	  514	  

and	  to	   increase	  the	  association	  between	  PA28γ	  and	  the	  20S	  core	  proteasome	  (Welk	  et	  515	  

al.,	   2016),	   interfered	   with	   the	   accumulation	   of	   PA28γ	   in	   residual	   CBs	   upon	   PIP30	  516	  

depletion	  (Fig.	  7C).	  Altogether,	  these	  results	  indicate	  that	  PA28γ	  is	  mostly	  not	  associated	  517	  

with	  the	  20S	  core	  proteasome	  in	  the	  residual	  CB	  structures	  observed	  in	  PIP30-‐depleted	  	  518	  
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	  519	  
	  520	  
Fig.	   7:	   PIP30	   depletion	   induces	   the	   accumulation	   of	   PA28γ ,	   but	   not	   the	   20S	   core	  521	  
proteasome,	  in	  Cajal	  bodies	  	  522	  

A. PIP30	   depletion	   induces	   the	   accumulation	   of	   PA28γ 	   in	   Cajal	   bodies.	   The	   co-‐523	  
localization	   of	   endogenous	   PA28γ	   and	   coilin	   was	   analyzed	   by	   indirect	  524	  
immunofluorescence	   in	   U2OS	   cells	   treated	   either	   with	   a	   control	   siRNA	   (siLuc),	   a	  525	  
siRNA	   targeting	   PIP30	   or	   siRNAs	   targeting	   both	   PIP30	   and	   coilin,	   and	   in	   PIP30	   -‐/-‐	  526	  
cells.	   The	   coilin	   signal	   is	   indicated	   in	   red,	   the	   PA28γ	   signal	   in	   green	   and	   the	  DAPI	  527	  
signal	   in	   blue.	  Right	   panels:	   Profile	   plots,	   generated	   using	   ImageJ,	   display	   in	   two-‐528	  
dimensional	   graphs	   the	  pixel	   intensities	   of	   the	   green,	   the	   red	   and	   the	  blue	   signals,	  529	  
along	  the	  yellow	  lines	  drawn	  on	  the	  merge	  images.	  Bars,	  10	  μm.	  530	  
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B. The	   20S	   proteasome	   does	   not	   accumulate	   in	   CBs	   together	   with	   PA28γ ,	   after	  531	  

PIP30	  depletion.	  The	  co-‐localization	  between	  PA28γ	  and	  the	  α4-‐subunit	  of	  the	  20S	  532	  
core	  proteasome	   (the	   latter	   used	   as	   a	   signature	   for	   the	  presence	  of	   the	  whole	  20S	  533	  
core	  complex)	  was	  analyzed	  by	   immunofluorescence	   in	  cells	  depleted	   for	  PIP30	  by	  534	  
siRNAs.	  The	  α4	  signal	  is	  in	  red,	  the	  PA28γ	  signal	  in	  green	  and	  the	  DAPI	  signal	  in	  blue.	  535	  
A	  profile	  plot,	  similar	  to	  those	  of	  Fig.	  7A,	  is	  shown	  (right	  panel).	  Bars,	  10	  μm.	  536	  

C. Proteasome	   inhibition	   prevents	   the	   accumulation	   of	   PA28γ 	   in	   CBs.	   The	   co-‐537	  

localization	  between	  PA28γ	  and	  coilin	  was	  analyzed	  by	  indirect	  immunofluorescence	  538	  
in	  PIP30-‐depleted	  cells,	   treated	  with	  10	  nM	  bortezomib	  (BZ).	  The	  coilin	  signal	   is	   in	  539	  
red,	   the	  PA28γ	  signal	   in	  green	  and	  the	  DAPI	  signal	   in	  blue.	  A	  profile	  plot,	  similar	  to	  540	  
those	  of	  Fig.	  7A,	  is	  shown	  (right	  panel).	  Bars,	  10	  μm.	  541	  

	   	  542	  
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cells,	  suggesting	  that	  PA28γ	   function	  in	  CBs	  could	  be	  proteasome	  independent	  in	  these	  543	  

conditions.	  	  544	  

Given	   that	   the	   PA28γ/coilin	   interaction	   is	   enhanced	   upon	  UV-‐C	   (Cioce	   et	   al.,	   2006),	   it	  545	  

was	   tempting	   to	   speculate	   that	   the	   accumulation	  of	   PA28γ	   in	  CBs	   in	  PIP30	   -‐/-‐	   cells	   is	  546	  

linked	   to	   an	   increased	   association	   between	   PA28γ	   and	   coilin.	   We	   checked	   this	  547	  

hypothesis,	   both	   by	   co-‐immunoprecipitation	   and	   PLA.	   Figure	   8A	   shows	   a	   weak	  548	  

interaction	  between	  coilin	  and	  PA28γ	   in	  control	  cells,	  which	   is	  strongly	  enhanced	  (>	  5	  549	  

fold)	   in	  PIP30	  -‐/-‐	  cells.	   In	  agreement	  with	  this	  result,	  we	  observed	  that	   the	  number	  of	  550	  

PLA	  dots	  per	  cell,	  which	  reports	  the	  interaction	  between	  PA28γ	  and	  coilin,	  was	  higher	  in	  551	  

PIP30	  -‐/-‐	  cells,	  as	  compared	  with	  control	  cells	   (101	  versus	  44)	  (Fig.	  8B).	  We	  conclude	  552	  

that	  the	  absence	  of	  PIP30	  favors	  the	  association	  between	  PA28γ	  and	  coilin.	  Interestingly,	  553	  

we	  could	  not	  detect	  any	  interaction	  between	  coilin	  and	  PIP30	  by	  co-‐IP	  and	  by	  PLA	  (Fig.	  554	  

2A,	  S4A	  and	  S4B).	  This	  suggests	  that	  the	  association	  between	  PA28γ	  and	  either	  PIP30	  or	  555	  

coilin	   is	   mutually	   exclusive	   and	   therefore	   strongly	   supports	   the	   idea	   that	   PIP30	  556	  

modulates	   PA28γ	   function	   in	   CB	   dynamics	   by	   competing	   with	   coilin	   for	   PA28γ	  557	  

interaction.	  	  558	  

	  559	  

DISCUSSION	  560	  

	  561	  

In	   this	  study	  we	  report	   the	   identification	  of	  a	  novel	  and	  specific	   interaction	  partner	  of	  562	  

PA28γ,	   called	   FAM192A	   or	   NIP30	   (NEFA	   Interacting	   Nuclear	   Protein	   30	   kDa)	   in	  563	  

databanks	   (UniProtKB	   -‐	   Q9GZU8),	   by	   a	   high	   throughput	   approach	   combining	   SILAC-‐564	  

based	   mass	   spectrometry	   and	   co-‐immunoprecipitation	   of	   endogenous	   PA28γ.	   The	  565	  

function	  of	  this	  protein	  is	  currently	  unknown	  and	  the	  origin	  of	  the	  NIP30	  name	  itself	  is	  	  566	  
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	  567	  
	  568	  
Fig.	  8:	  PIP30	  depletion	  increases	  the	  interaction	  of	  PA28γ 	  with	  coilin	  569	  

A. PIP30	   depletion	   increases	   the	   co-‐immunoprecipitation	   of	   PA28γ 	   with	   endogenous	  570	  
coilin.	  Cell	  extracts	  from	  asynchronously	  growing	  parental	  (WT)	  or	  PIP30	  -‐/-‐	  U2OS	  cells	  571	  
were	   incubated	   with	   control	   IgG	   or	   anti-‐coilin	   antibodies.	   Immunocomplexes	   were	  572	  
analyzed	  by	  SDS-‐PAGE,	  probed	  for	  the	  indicated	  proteins	  (left	  panel),	  and	  the	  amount	  of	  573	  
PA28γ	   associated	   with	   coilin	   was	   quantified	   and	   normalized	   to	   the	   amount	   of	  574	  
immunoprecipitated	  coilin	  (right	  panel).	  575	  

B. PIP30	  depletion	  leads	  to	  an	  increased	  interaction	  between	  PA28γ 	  and	  coilin	  by	  PLA.	  576	  
To	  examine	  endogenous	  interactions	  between	  PA28γ	  and	  coilin,	  asynchronously	  growing	  577	  
parental	  (WT)	  or	  PIP30	  -‐/-‐	  U2OS	  cells	  were	  subjected	  to	  an	  in	  situ	  proximity	  ligation	  assay	  578	  
(PLA)	  using	  anti-‐PA28γ	  (mouse)	  and	  anti-‐coilin	  (rabbit)	  antibodies	  (left	  panel),	  and	  the	  579	  
number	   of	   PLA	   dots	   was	   quantified	   using	   the	   ImageJ	   software	   (right	   panel).	   Data	  580	  
represent	  the	  mean	  of	  two	  independent	  experiments	  (n=	  123	  WT	  cells	  and	  112	  PIP30	  -‐/-‐	  581	  
cells).	  Bars,	  10	  μm.	  582	  

	   	  583	  
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not	   clear,	   although	   it	   has	   been	   postulated	   that	   the	   term	   “NEFA”	   could	   refer	   to	   “Non	  584	  

Esterified	   Fatty	  Acids”.	   Interestingly,	   our	   SILAC	   IPs	   reciprocally	   identified	   both	  PA28γ	  585	  

and	  FAM192A	  as	  the	  most	  abundant	  interaction	  partner	  of	  the	  other.	  Several	  large-‐scale	  586	  

proteomic	   studies	   have	   also	   identified	   FAM192A	   together	   with	   PA28γ	   in	   the	   same	  587	  

complexes	  (Barth	  et	  al.,	  2014;	  Huttlin	  et	  al.,	  2015;	  Tsuruta	  et	  al.,	  2016;	  Wan	  et	  al.,	  2015).	  588	  

Therefore,	   we	   propose	   to	   rename	   FAM192A	   to	   “PA28γ	   Interacting	   Protein	   30kDa”	  589	  

(PIP30),	  to	  highlight	  the	  physical	  and	  functional	  links	  between	  these	  two	  proteins.	  	  590	  

We	  show	  here	  that	  PA28γ	  interacts	  with	  the	  C-‐terminal	  domain	  of	  PIP30	  and	  that	  CK2-‐591	  

dependent	   phosphorylation	   of	   a	   conserved	   acidic	   and	   serine-‐rich	   sequence	   located	   in	  592	  

this	  PIP30	  C-‐terminal	  region	  plays	  a	  crucial	  role	  in	  the	  stabilization	  of	  the	  PIP30/PA28γ	  593	  

complex.	   Of	   note,	  mutation	   of	   the	   putative	   phosphorylated	   serine	   residues	   (S222	   and	  594	  

S228)	   reduced	   interaction	   with	   PA28γ,	   albeit	   not	   preventing	   binding	   completely.	   We	  595	  

hypothesize	   that	  multiple	  serine	  residues	  can	  be	  phosphorylated	   in	   this	  region,	  due	  to	  596	  

the	  multisite	  phosphorylation	  activity	  of	  CK2	  (St-‐Denis	  et	  al.,	  2015).	  Consistent	  with	  this,	  597	  

the	  Global	  Proteome	  Machine	  (GPM)	  data	  repository	  indicates	  that	  serines	  S219,	  S221,	  598	  

S222	   and	   S224	   on	   PIP30	   (Accession:	   ENSP00000335808)	   are	   phosphorylated	   in	   vivo	  599	  

(Craig	   et	   al.,	   2004).	  We	  propose	   therefore	   that	   the	   cluster	   of	   negative	   charges	   carried	  600	  

both	  by	   the	   acidic	   and	   the	  phosphorylated	   serine	   residues	   in	   the	  PIP30	  C-‐terminus	   is	  601	  

critical	   for	   increasing	   the	   overall	   stability	   of	   the	   PIP30-‐PA28γ	   complex	   and	   could	  602	  

possibly	  constitute	  an	  anchorage	  site	  for	  positively	  charged	  residues	  in	  PA28γ.	  	  603	  

Given	  that	  CK2-‐dependent	  phosphorylation	  of	  PIP30	  is	  important	  for	  its	  interaction	  with	  604	  

PA28γ,	   it	   is	   tempting	   to	   postulate	   that	   the	   regulation	   of	   CK2	   activity	   may	   affect	   the	  605	  

formation	  of	   the	  PIP30/PA28γ	   complex.	  However,	  CK2	   is	   a	  ubiquitous	  and	  pleiotropic	  606	  

kinase,	  involved	  in	  the	  phosphorylation	  of	  more	  than	  20%	  of	  the	  whole	  proteome	  (Salvi	  607	  
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et	  al.,	  2009).	  Furthermore,	  CK2	  inhibition	  during	  24	  h	  reduces	  but	  does	  not	  completely	  608	  

abolish	  PIP30	  phosphorylation	   levels	   in	  cellulo.	  This	   result,	   together	  with	   the	   fact	   that	  609	  

PA28γ-‐bound	   PIP30	   cannot	   be	   dephosphorylated	   by	   λ-‐phosphatase,	   suggests	   a	   slow	  610	  

turnover	  of	  the	  phosphate	  groups	  for	  the	  fraction	  of	  endogenous	  PIP30	  complexed	  with	  611	  

PA28γ	   (more	   than	  50%).	  For	  example,	  phosphorylated	  serines	   located	  at	   the	   interface	  612	  

between	  PIP30	  and	  PA28γ	  may	  be	  inaccessible	  to	  phosphatases	  as	  long	  as	  the	  complex	  is	  613	  

stable.	   Altogether,	   these	   observations	   suggest	   that	   physiological	   destabilization	   of	   the	  614	  

PIP30/PA28γ	  interaction	  might	  involve	  structural	  changes	  in	  the	  PIP30/PA28γ	  complex	  615	  

that	  weaken	  the	  interface	  between	  the	  two	  proteins,	  thereby	  controlling	  the	  accessibility	  616	  

of	  PIP30	  phosphorylation	  sites	  to	  phosphatases.	  	  617	  

By	  investigating	  whether	  PIP30	  could	  affect	  the	  function	  of	  PA28γ	  in	  the	  regulation	  of	  CB	  618	  

dynamics	  (Cioce	  et	  al.,	  2006),	  we	  observed	  that	  non-‐synchronized	  PIP30	  -‐/-‐	  and	  PA28γ	  -‐619	  

/-‐	   cells	   have	   opposite	   phenotypes	   regarding	   CB	   integrity,	   suggesting	   that	   PIP30	   and	  620	  

PA28γ	   have	   antagonistic	   roles	   in	   this	   process.	   Interestingly,	   PIP30	   depletion	   led	   to	   a	  621	  

strong	  decrease	  in	  the	  number	  of	  CBs	  and	  to	  an	  increased	  interaction	  between	  coilin	  and	  622	  

PA28γ,	   similarly	   to	   PA28γ	   overexpression	   and	   UV-‐C	   treatment	   (Cioce	   et	   al.,	   2006).	  623	  

However,	  a	  key	   feature	  of	  PIP30	  depletion	  was	   the	  presence	  of	   residual	  CBs,	   in	  which	  624	  

PA28γ	   accumulated,	   whereas	   PA28γ	   overexpression	   and	   UV-‐C	   treatment	   induced	   an	  625	  

almost	  complete	   loss	  of	  CBs	  (Cioce	  et	  al.,	  2006).	  Of	  note,	   to	  our	  knowledge,	  PA28γ	  has	  626	  

only	   been	   observed	   to	   accumulate	   in	   CBs	   once	   before,	   in	   a	   study	   by	   Lafarga	   and	  627	  

colleagues	  in	  SMA	  motor	  neurons	  (Tapia	  et	  al.,	  2012).	  In	  these	  pathologic	  neurons,	  the	  628	  

assembly	   of	   CBs	   is	   impaired,	   due	   to	   the	   lack	   of	   SMN,	   an	   essential	   CB	   component	  629	  

(Lefebvre	   et	   al.,	   1995;	   Lemm	   et	   al.,	   2006;	   Liu	   and	   Dreyfuss,	   1996).	   These	   neurons	  630	  

nevertheless	   possess	   residual	   CB	   structures	   that	   contain	   PA28γ	   (Tapia	   et	   al.,	   2012),	  631	  
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similarly	   to	  what	  we	  observed	  here	   in	  PIP30	   -‐/-‐	   cells.	   It	  has	  been	  shown	   that	  CBs	  are	  632	  

kinetic	  structures	  (Carmo-‐Fonseca	  et	  al.,	  1993)	  and	  therefore	  the	  phenotype	  observed	  in	  633	  

both	  PIP30	  -‐/-‐	  cells	  and	  SMA	  motor	  neurons,	   i.e.,	  the	  accumulation	  of	  PA28γ	   in	  residual	  634	  

CBs,	   could	   reflect	   the	   fact	   that	   these	   residual	  CBs	  are	   stalled	  at	   intermediate	   stages	  of	  635	  

assembly/disassembly,	  in	  line	  with	  our	  hypothesis	  that	  PA28γ	  stimulates	  CB	  disruption	  636	  

and/or	   inhibits	   CB	   formation.	   Alternatively,	   the	   absence	   of	   PIP30	   may	   result	   in	   the	  637	  

formation	  of	  defective	  CB	  structures	  that	  are	  not	  normally	  present	  in	  wild	  type	  cells.	  	  638	  

This	   raises	   an	   intriguing	   question:	   what	   are	   the	   mechanisms	   underlying	   PA28γ-‐639	  

mediated	   CB	   disruption	   in	   either	   PIP30	   -‐/-‐,	   or	   in	   PA28γ-‐overexpressing	   cells?	   One	  640	  

obvious	   possibility	   is	   that	   PA28γ	   could	   target	   CB	   components	   for	   degradation	   by	   the	  641	  

proteasome,	   since	   it	   is	   known	   that	   CBs	   are	   disrupted	   in	   cells	   lacking	   CB	   components,	  642	  

such	  as	  SMN,	  PHAX	  and	  WRAP53	  (Lemm	  et	  al.,	  2006;	  Mahmoudi	  et	  al.,	  2010),	  and	  that	  643	  

the	   proteasome-‐dependent	   degradation	   of	   FLASH	   upon	   UV-‐C	   results	   in	   the	  644	  

disappearance	  of	  CB-‐associated	  Histone	  Locus	  bodies	  (Barcaroli	  et	  al.,	  2006;	  Bongiorno-‐645	  

Borbone	   et	   al.,	   2010).	   However,	   we	   could	   not	   detect	   20S	   proteasome	   α4	   subunit	  646	  

accumulation	  in	  CBs,	  together	  with	  PA28γ,	  upon	  PIP30	  depletion.	  In	  addition,	  we	  could	  647	  

not	  detect	  any	  interaction	  between	  20S	  proteasome	  α6	  subunit	  and	  GFP-‐coilin,	  either	  in	  648	  

wild-‐type,	   or	   in	   PIP30	   -‐/-‐	   cells.	   Finally,	   proteasome	   inhibition,	   which	   stimulates	   the	  649	  

recruitment	  of	  PA28γ	   to	   the	  20S	  proteasome,	  prevented	   the	  accumulation	  of	  PA28γ	   in	  650	  

CBs	  in	  PIP30	  -‐/-‐	  cells.	  Taken	  together,	  these	  findings	  suggest	  that	  the	  function	  of	  PA28γ	  651	  

in	   CB	   dynamics	   could	   be	   proteasome-‐independent.	   Interestingly,	   the	   increase	   in	   CB	  652	  

number	  observed	  in	  bortezomib-‐treated	  cells	  by	  Lafarga	  and	  colleagues	  (Palanca	  et	  al.,	  653	  

2014)	  is	  in	  agreement	  with	  our	  data	  and	  could	  be	  explained	  by	  the	  fact	  that	  proteasome	  654	  
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inhibition	  favors	  the	  formation	  of	  PA28γ/20S	  proteasome	  complexes	  to	  the	  detriment	  of	  655	  

PA28γ/coilin	  complexes.	  	  656	  

Importantly,	  CB	  disruption	  strongly	  correlates	  with	  an	  increase	  in	  the	  formation	  of	  the	  657	  

PA28γ/coilin	   complex	   in	   1)	   UV-‐C-‐treated	   cells,	   2)	   PIP30-‐depleted	   cells	   and	   3)	   PA28γ-‐658	  

overexpressing	   cells.	   Therefore,	   another	   possibility	   to	   explain	   PA28γ-‐mediated	   CB	  659	  

disruption	  could	  be	  that	  the	  PA28γ/coilin	  complex	  interferes	  with	  coilin	  functioning	  as	  a	  660	  

CB	  scaffold	  protein,	  for	  example	  by	  inhibiting	  the	  association	  of	  coilin	  either	  with	  itself,	  661	  

or	  with	  other	  CB	  components,	  such	  as	  Sm	  proteins,	  SMN,	  etc.,	  or	  both.	  In	  this	  context,	  our	  662	  

results	   suggest	   a	   model	   in	   which	   PIP30	   competes	   with	   coilin	   for	   its	   interaction	   with	  663	  

PA28γ.	   When	   PIP30	   is	   absent,	   the	   association	   between	   PA28γ	   and	   coilin	   is	   favored,	  664	  

leading	   to	   a	   decrease	   in	   the	   number	   of	   CBs.	   Similarly,	   GFP-‐PA28γ	   overexpression	  665	  

presumably	   increases	   the	   pool	   of	   free	   PA28γ,	   i.e.,	   not	   bound	   to	   PIP30,	   and	   therefore	  666	  

leads	   to	  both	  an	   increased	   interaction	  of	  PA28γ	  with	   coilin,	   as	   seen	   in	  our	  GFP-‐PA28γ	  667	  

SILAC	  pull-‐down,	  and	  consequent	  CB	  disruption	  (Cioce	  et	  al.,	  2006).	  In	  agreement	  with	  668	  

this	   hypothesis,	  we	   could	   not	   detect	   PIP30	   and	   coilin	   in	   the	   same	   complex,	   either	   by	  669	  

GFP-‐PIP30	   SILAC	   IP,	   or	   by	   GFP-‐coilin	   IP.	  We	   thus	   propose	   that	   the	   abundance	   of	   the	  670	  

PA28γ/coilin	   complex	   is	   a	   critical	   parameter	   for	   CB	   stability	   and	   that	   PIP30	   could	  671	  

buffer/sequester	   PA28γ	   away	   from	   coilin,	   in	   a	   phosphorylation-‐dependent	   manner,	  672	  

thereby	   providing	   a	   reversible	   mechanism	   for	   regulating	   CB	   formation	   through	   the	  673	  

opposing	  action	  of	  kinases/phosphatases	  that	  modulate	  the	  interaction	  between	  PIP30	  674	  

and	   PA28γ.	   However,	   given	   that	   we	   observed	   an	   important	   overall	   stability	   of	   the	  675	  

PIP30/PA28γ	   complex,	   it	   is	   possible	   that	   the	   interaction	   between	   PIP30	   and	   PA28γ	  676	  

might	  be	  only	  locally	  regulated,	  possibly	  in	  the	  vicinity	  of	  CBs.	  677	  
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The	  role	  of	  PIP30	  and	  PA28γ	   in	  CB	  dynamics	  might	  be	  especially	  important	  during	  the	  678	  

cellular	   stress	   response.	   In	   particular,	   PA28γ	   has	   been	   shown	   to	   participate	   in	   CB	  679	  

disruption	  upon	  UV-‐C	  treatment	  (Cioce	  et	  al.,	  2006).	  Therefore,	  an	  attractive	  hypothesis	  680	  

is	   that	   PIP30/PA28γ	   interaction	   could	   be	   down-‐regulated	   upon	   UV-‐C	   treatment.	  681	  

However,	   we	   could	   not	   detect	   a	   significant	   and	   reproducible	   change	   in	   the	   levels	   of	  682	  

PIP30/PA28γ	   association	   that	   could	   alone	   explain	   both	   the	   increased	   interaction	   of	  683	  

PA28γ	   with	   coilin	   and	   CB	   fragmentation	   in	   UV-‐C-‐treated	   cells.	   As	   discussed	   above,	   a	  684	  

possible	   explanation	   is	   that	   PIP30/PA28γ	   interaction	   is	   regulated	   locally	   and	   that	   the	  685	  

change	  in	  the	  overall	  population	  of	  PIP30/PA28γ	  complexes	  is	  too	  subtle	  to	  be	  detected.	  686	  

However,	   additional	   mechanisms,	   more	   complex	   than	   the	   simple	   dissociation	   of	   the	  687	  

PIP30/PA28γ	  complex,	  may	  also	  be	  at	  play	  during	  UV-‐C-‐induced	  CB	  disruption.	  	  688	  

Interestingly,	  like	  PA28γ,	  coilin	  is	  recruited	  to	  DNA	  damage	  sites	  upon	  genotoxic	  stress	  689	  

(Bártová	  et	  al.,	  2014;	  Suchánková	  et	  al.,	  2015).	  Given	  that	  the	  association	  between	  PA28γ	  690	  

and	   coilin	  mostly	   occurs	   outside	   CBs	   and	   that	   this	   interaction	   is	   increased	   upon	  DNA	  691	  

damage,	  such	  as	  UV-‐C	  treatment,	  one	  can	  imagine	  that	  these	  two	  proteins	  might	  act	   in	  692	  

concert	  in	  the	  DNA	  damage	  response	  and	  exert	  a	  common	  function	  that	  is	  not	  limited	  to	  693	  

CB	   disruption.	   Therefore,	   it	   will	   be	   interesting	   to	   analyze	   the	   relationship	   between	  694	  

PA28γ	  and	  coilin	  under	  different	  types	  of	  stresses	  and	  investigate	  the	  function	  of	  PIP30	  695	  

in	  these	  processes.	  	  696	  

Altogether,	  our	  results	  in	  this	  study	  provide	  important	  insights	  into	  the	  function	  of	  the	  697	  

previously	   uncharacterized	   FAM192A/PIP30	  protein	   and	   indicate	   that	   PIP30	  plays	   an	  698	  

important	  role	  in	  regulating	  the	  proteasome	  activator	  PA28γ,	  linking	  it	  to	  the	  control	  of	  699	  

Cajal	  body	  dynamics,	  nuclear	  organization	  and	  participation	  in	  cellular	  stress	  responses.	  	  700	  

	  701	  
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MATERIALS	  AND	  METHODS	  702	  

Antibodies	  and	  other	  reagents	  703	  

The	   sources	   of	   the	   antibodies	   used	   in	   this	   study	   were	   as	   follows:	   anti-‐PA28γ	   (rabbit	  704	  

polyclonal,	   BML-‐PW8190,	   ENZO	   Life	   Sciences;	   rabbit	   polyclonal,	   383900,	   Zymed/Life	  705	  

Technologies;	   rabbit	   polyclonal,	   PD003,	   MBL;	   mouse	   monoclonal,	   611180,	   BD	  706	  

Transduction),	   anti-‐GFP	   (rabbit	   polyclonal,	   TP401,	   Torrey	   Pines	   Biolabs),	   anti-‐coilin	  707	  

(mouse	  monoclonal	  5P10	  (Rebelo	  et	  al.,	  1996)	  for	  indirect	  immunofluorescence,	  rabbit	  708	  

polyclonal	  PLA	  0290,	  Sigma-‐Aldrich,	   for	  PLA	  and	  IPs,	  rabbit	  polyclonal	  R288	  (Andrade	  709	  

et	   al.,	   1993)	   for	   WB),	   anti-‐β−actin	   (rabbit	   monoclonal,	   13E5,	   Cell	   Signalling),	   anti-‐α-‐710	  

tubulin	   (mouse	   monoclonal,	   T9026,	   Sigma-‐Aldrich).	   The	   anti-‐FAM192A/PIP30	   rabbit	  711	  

polyclonal	   antibody	  was	   raised	   against	   full-‐length	   protein	   (UniProtKB	   -‐	   Q9GZU8)	   and	  712	  

affinity-‐purified	   (home-‐made).	   Fluorescent	   secondary	   antibodies	   conjugated	   either	   to	  713	  

AlexaFluor	   488,	   594	   and	   633,	   or	   to	   DyLight	   680	   and	   800,	   were	   purchased	   from	  714	  

Molecular	   Probes	   and	   ThermoFisher	   Scientific,	   respectively.	   Secondary	   antibodies	  715	  

conjugated	  to	  HRP	  were	  purchased	  from	  BioRad.	  716	  

Recombinant	  Casein	  Kinase	  2	  was	  purchased	  from	  New	  England	  Biolabs	  (P6010S)	  and	  717	  

CK2	  inhibitor	  CX-‐4945	  from	  Selleckchem	  (S2248).	  718	  

	  719	  

Plasmids,	  subcloning	  and	  mutagenesis	  720	  

pEGFP-‐C1	   FAM192A/PIP30	   was	   generated	   by	   inserting	   FAM192A	   cDNA	   (GenBank	  721	  

NP_079222.1,	   IMAGE	   6305656)	   into	   pEGFP-‐C1	   plasmid	   (Clontech),	   using	   HindIII	   and	  722	  

BamH1	  restriction	  sites.	  FAM192A/PIP30	  truncation	  and	  point	  mutation	  variants	  were	  723	  

then	  obtained	  either	  by	  PCR	  amplification	  or	  by	  site-‐directed	  mutagenesis.	  	  724	  

For	   Cas9-‐mediated	   gene	   disruption,	   guide	   RNAs	   targeting	   PIP30	  725	  

(GCCTCTTACCATGTTTTCTGAGG)	  and	  PSME3/PA28γ	  (GGAAGTGAAGCTCAAGGTAGCGG)	  726	  
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were	   selected	   using	   ChopChop	   (https://chopchop.rc.fas.harvard.edu/index.php)	   and	  727	  

corresponding	   oligonucleotides	  were	   subcloned	   in	   pMLM3636	   (gift	   from	  Keith	   Joung,	  728	  

Addgene,	  plasmid	  #	  43860)	  and	  pUC57-‐U6	   (gift	   from	  Edouard	  Bertrand’s	   laboratory).	  729	  

For	  PIP30	  depletion,	  800	  bp	  PIP30	  right	  and	  left	  DNA	  homology	  arms	  were	  obtained	  by	  730	  

gene	  synthesis	  (IDT,	  USA)	  and	  subcloned	  in	  HR110PA-‐1	  vector	  (SBI,	  Palo	  Alto,	  USA).	  	  731	  

	  732	  

RNA	  interference	  733	  

Silencing	  RNAs	   targeting	  PA28γ	   and	  FAM192A/PIP30	  were	  obtained	   from	  Dharmacon	  734	  

(On	   target	   plus	  Human	  PSME3	   siRNA	  5	  nmol	   (J-‐012133-‐05-‐0005)	  and	   SMARTpool	  On	  735	  

target	   plus	   Human	   FAM192A	   (L-‐014528-‐01),	   respectively).	   Silencing	   RNA	   targeting	  736	  

coilin	  was	  obtained	  from	  IDT	  (AGAGTCGAGAGAACAATA).	  	  737	  

	  738	  

Cell	  culture	  and	  transfection	  739	  

U2OS	  (HTB-‐96)	  and	  HeLa	  (CCL-‐2)	  cell	  lines	  were	  obtained	  from	  ATCC.	  Cells	  were	  grown	  740	  

in	   DMEM	   (4.5	   g/L	   glucose)	   (Lonza)	   supplemented	   with	   10%	   heat	   inactivated	   FBS	  741	  

(Sigma-‐Aldrich),	   2	   mM	   L-‐glutamine	   (Lonza),	   10	   U/ml	   penicillin	   and	   10	   µg/ml	  742	  

streptomycine	   (Lonza)	   in	  humid	  atmosphere	  containing	  5%	  CO2	  at	  37oC.	  Media	  of	   cell	  743	  

lines	   with	   stable	   expression	   of	   GFP	   constructs	   were	   additionally	   supplied	   with	   G418	  744	  

(300	  µg/ml).	  	  745	  

Cells	   were	   typically	   transfected	   with	   20	   nM	   siRNA	   and	   0.5	   µg/ml	   DNA,	   using	  746	  

Lipofectamine	   RNAiMAX	   (Thermo	   Fisher	   Scientific)	   and	   Jet-‐PEI	   (Ozyme)	   transfection	  747	  

reagents	  respectively,	  according	  to	  manufacturer’s	   instructions.	  Cells	  were	  treated	  and	  748	  

analyzed	  two	  days	  after	  siRNA	  transfection	  and	  one	  day	  after	  DNA	  transfection.	  	  749	  

U2OS	  PIP30	  -‐/-‐	  cells	  were	  generated	  by	  co-‐transfection	  of	  PIP30	  sgGuide,	  pJDS246-‐WT	  750	  

CAS9	  (gift	  from	  Keith	  Joung,	  Addgene,	  plasmid	  #	  43861)	  and	  PIP30	  HR110PA-‐1	  vector	  751	  
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using	   Turbofect	   (Thermofischer)	   (Fu	   et	   al.,	   2014).	   PSME3/PA28γ	   -‐/-‐	   cells	   were	  752	  

generated	  by	   cotransfection	  of	  PSME3/PA28γ	   sgGuide	   and	  pX459	  vectors.	  Both	  PIP30	  753	  

and	   PSME3/PA28γ	   -‐/-‐	   cells	   were	   selected	   with	   puromycine	   (1	   µg/ml).	   Single	   clones	  754	  

were	   then	   expanded	   and	   analyzed	   by	   western	   blotting	   using	   PIP30	   and	   PA28γ	  755	  

antibodies.	  	  756	  

To	  generate	  stable	  GFP-‐PA28γ	  and	  GFP-‐FAM192A/PIP30	  U2OS	  cell	  lines,	  parental	  U2OS	  757	  

cells	  were	   transfected	  with	  peGFP-‐C1	  PA28γ	   and	  peGFP-‐C1	  FAM192A/PIP30	  plasmids	  758	  

and	  positive	  clones	  were	  selected	  in	  G418-‐containing	  medium.	  	  759	  

	  760	  

Production	  and	  purification	  of	  recombinant	  PIP30	  and	  GST-‐PIP30	  	  761	  

Recombinant	  PIP30	  was	  produced	   in	  E.	  coli	   BL21	  DE3	  Codon	  Plus	  bacteria	   as	   a	  6His-‐762	  

tagged	   protein	   and	   efficiently	   purified	   by	   affinity	   purification	   followed	   by	   proteolytic	  763	  

cleavage	  of	  the	  tag,	  ion	  exchange	  chromatography	  and	  gel	  filtration.	  Full-‐length	  protein	  764	  

was	  then	  used	  for	  rabbit	  immunization.	  GST-‐fusion	  proteins	  were	  produced	  in	  bacteria	  765	  

and	  efficiently	  purified	  using	  glutathione	  sepharose	  beads.	  In	  the	  kinase	  assay,	  purified	  766	  

GST-‐fusion	  proteins	  were	  buffer	  exchanged	  in	  PBS	  kinase	  buffer.	  	  767	  

	  768	  

Pulldown	  and	  immunoprecipitation	  769	  

For	   immunoprecipitation	  of	  GFP-‐fusion	  proteins,	  U2OS	  cells	  were	   transfected	  with	   the	  770	  

indicated	   constructs.	   Twenty-‐four	   hours	   post-‐transfection,	   cells	  were	   homogenized	   in	  771	  

lysis	  buffer	  (25	  mM	  HEPES	  pH	  7.8,	  100	  mM	  KCl,	  10	  mM	  MgCl2,	  1	  mM	  EDTA,	  1%	  IGEPAL	  772	  

CA-‐630,	  0.1%	  Triton	  X-‐100,	  1	  mM	  DTT,	  1	  mM	  ATP,	  10%	  glycerol	  (v/v)),	  in	  the	  presence	  773	  

of	   complete	   EDTA	   free	   protease	   inhibitor	   cocktail	   (Roche),	   for	   15	   min	   on	   ice.	   After	  774	  

centrifugation	   at	   15000	   g	   for	   15	  min	   (4oC),	   supernatants	  were	   recovered	   and	  protein	  775	  

concentration	   was	   determined	   by	   Bradford	   assays.	   20	   µl	   of	   GFP-‐TRAP-‐A®	   beads	  776	  
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(Chromotek)	  were	  used	  per	  IP,	  mixed	  with	  200	  µg	  of	  protein	  extract	  and	  incubated	  with	  777	  

constant	  gentle	  stirring	  for	  1	  h	  at	  4oC.	  Beads	  were	  washed	  three	  times	  with	  lysis	  buffer	  778	  

and	  boiled	  in	  2X	  Laemmli	  sample	  buffer.	  Samples	  were	  then	  analyzed	  by	  SDS-‐PAGE	  and	  779	  

immunoblotting.	  	  780	  

Endogenous	  PIP30	  and	  PA28γ	  were	   immunoprecipitated	   from	  150	  µg	  (Fig.	  5C)	  or	  500	  781	  

µg	   (Fig.	   2D	   and	   S2B)	   of	   total	   cell	   extracts	   using	   anti-‐PIP30	   (rabbit)	   and	   anti-‐PA28γ	  782	  

(rabbit)	  antibodies,	  bound	  to	  protein	  A	  magnetic	  beads	  (Dynal,	  Lake	  Success,	  NY)	  for	  2	  h	  783	  

at	  4°C.	  	  784	  

For	   co-‐immunoprecipitation	   of	   coilin	   and	   PA28γ	   proteins	   (Fig.	   8A),	   nuclear	   extracts	  785	  

were	   prepared	   as	   described	   in	   (Cioce	   et	   al.,	   2006).	   Briefly,	   U2OS	   and	   PIP30	   -‐/-‐	   cell	  786	  

pellets	  were	  resuspended	  in	  hypotonic	  buffer	  (10	  mM	  Tris-‐HCl	  pH	  7.5,	  10%	  glycerol,	  4	  787	  

mM	  DTT,	  50	  mM	  NaF,	  1	  mM	  Na3VO4,	  1	  mM	  MgCl2)	   in	  the	  presence	  of	  complete	  EDTA-‐788	  

free	   protease	   inhibitor	   cocktail	   (Roche).	   IGEPAL	   CA-‐630	   was	   then	   added	   at	   the	   final	  789	  

concentration	  of	  0.5%	  and	  cells	  were	  incubated	  on	  ice	  for	  3	  min.	  After	  centrifugation	  at	  790	  

800	  g	  for	  5	  min,	  the	  nuclei,	  present	  in	  the	  pellet,	  were	  resuspended	  in	  digestion	  buffer	  (2	  791	  

mM	  Tris-‐HCl	  pH	  8.5,	  20%	  glycerol,	  10	  mM	  DTT,	  50	  mM	  NaF,	  1	  mM	  Na3VO4,	  1	  mM	  MgCl2,	  792	  

5	   mM	   CaCl2,	   1X	   complete	   protease	   inhibitor	   cocktail)	   supplemented	   with	   75	   U/ml	  793	  

micrococcal	  nuclease,	  and	  then	  digested	  for	  15	  min	  at	  25°C	  with	  constant	  stirring.	  At	  the	  794	  

end,	  an	  equivalent	  volume	  of	  extraction	  buffer	  (2	  mM	  Tris-‐HCl	  pH	  8.5,	  50	  mM	  NaF,	  1	  mM	  795	  

Na3VO4,	  1	  mM	  MgCl2,	  20	  mM	  EDTA,	  0.84	  M	  KCl,	  1X	  complete	  protease	  inhibitor	  cocktail)	  796	  

was	  added	  and	  the	  mix	  was	  incubated	  on	  ice	  for	  20	  min.	  Nuclear	  extracts	  were	  clarified	  797	  

by	  centrifugation	  for	  30	  min	  at	  15000	  g.	  Before	  immunoprecipitation,	  KCl	  concentration	  798	  

was	   reduced	   to	   280	  mM,	   3	   µg	   of	   anti-‐coilin	   or	   control	   IgG	   were	   added	   to	   400	  µg	   of	  799	  

nuclear	   extracts	   and	   incubated	   for	   2	   h	   at	   4°C.	   Immunoprecipitated	   proteins	   were	  800	  

collected	   by	   addition	   of	   15	   µl	   of	   protein	   A-‐sepharose	   beads.	   After	   extensive	   washes,	  801	  
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beads	  were	   boiled	   in	   2X	   Laemmli	   sample	   buffer	   and	   samples	  were	   analyzed	   by	   SDS-‐802	  

PAGE	  and	  immunoblotting.	  	  803	  

For	   GST	   pull-‐down,	   phosphorylated	   GST-‐PIP30	   proteins	   were	   incubated	   with	  804	  

recombinant	  PA28γ	  in	  50	  mM	  Tris-‐HCl	  pH	  7.5,	  50	  mM	  NaCl,	  5	  mM	  EDTA	  for	  15	  min	  then	  805	  

diluted	  in	  PBS	  and	  purified	  on	  glutathione	  sepharose	  beads.	  Beads	  were	  washed	  3	  times	  806	  

in	  PBS	  and	  proteins	  eluted	  by	  boiling	  in	  sample	  buffer.	  807	  

	  808	  

Cell	  fixation,	  immunofluorescence	  microscopy	  and	  PLA	  assays	  	  809	  

Cells	  were	  fixed	  in	  3.7%	  paraformaldehyde/PBS	  for	  10	  min	  at	  room	  temperature	  (RT),	  810	  

washed	  with	  PBS	  and	  permeabilized	   in	  PBS	  containing	  1%	  Triton	  X-‐100	   for	  15	  min	  at	  811	  

RT.	  Coverslips	  were	  then	  blocked	  in	  blocking	  solution	  (1%	  FBS,	  0.01%	  Tween-‐20/PBS)	  812	  

for	  10-‐20	  min	  and	  incubated	  with	  primary	  antibodies,	  diluted	  in	  blocking	  buffer,	  for	  1	  h	  813	  

at	  RT	  or	  37°C	   in	  a	  humidified	  atmosphere.	  After	   three	  washes	   in	  PBS,	  coverslips	  were	  814	  

incubated	   with	   Alexa-‐Fluor	   conjugated	   secondary	   antibodies,	   diluted	   in	   blocking	  815	  

solution	  for	  40	  min	  at	  RT.	  Coverslips	  were	  washed	  with	  PBS,	  incubated	  with	  0.1	  µg/ml	  816	  

DAPI	   solution	   in	   PBS	   for	   5	   min	   at	   RT,	   washed	   twice	   in	   PBS	   and	   finally	   once	   in	   H2O.	  817	  

Coverslips	  were	  mounted	  on	  glass	  slides	  using	  ProLong	  Gold	  antifade	  reagent	  (Thermo	  818	  

Fisher	  Scientific).	  	  819	  

For	   proximity	   ligation	   assays	   (PLA),	   cells	   on	   coverslips	   were	   fixed	   in	   3.7%	  820	  

paraformaldehyde/PBS	  for	  20	  min	  at	  RT, washed	  three	  times	  in	  PBS	  and	  permeabilized	  821	  

twice,	  first	  in	  PBS	  containing	  0.25%	  Triton	  X-‐100	  for	  5	  min	  at	  RT,	  washed	  three	  times	  in	  822	  

PBS	  and	  second	  in	  100%	  cold	  methanol	  for	  10	  min	  at	  -‐20°C.	  After	  a	  step	  of	  rehydration	  823	  

by	   three	  washes	   in	   PBS	   (3	   x	   3	  min	   at	   RT),	   coverslips	  were	   incubated	   in	   the	   blocking	  824	  

solution	   provided	   by	   the	   Duolink®	   kit.	   Cells	   were	   then	   incubated	   with	   anti-‐PA28γ	  825	  

(mouse)	   and	   anti-‐PIP30	   (rabbit)	   antibodies	   as	  described	   above.	  Duolink®	   In	  Situ	   PLA	  826	  
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Probe	   Anti-‐Rabbit	   MINUS	   and	   Anti-‐Mouse	   PLUS	   and	   Duolink®	   In	   Situ	   Detection	  827	  

Reagents	  (Sigma-‐Aldrich)	  were	  used,	  according	  to	  the	  manufacturer’s	  instructions.	  	  828	  

	  829	  

Image	  acquisition	  and	  analysis	  830	  

Z-‐stacks	  and	   images	  were	  acquired	  with	  a	  63	  X/1.4	  NA	  or	  40	  X/1.3	  NA	  oil	   immersion	  831	  

objective	   lenses	   using	   widefield	   microscopes,	   DM6000	   (Leica	   Microsystems)	   or	  832	  

Axioimager	  Z1	  or	  Z2	  (Carl	  Zeiss),	  equipped	  with	  coolSNAP	  HQ2	  cameras	  (Photometrics).	  833	  

Images	   were	   acquired	   as	   TIF	   files	   using	   MetaMorph	   imaging	   software	   (Molecular	  834	  

Devices).	  Profile	  plots	  were	  generated	  in	  ImageJ	  software.	  For	  CB	  quantitative	  analysis,	  835	  

CBs	  were	  stained	  with	  mouse	  monoclonal	  anti-‐coilin	  primary	  antibody	  (5P10)	  and	  Goat	  836	  

anti-‐Rabbit	   IgG	   (H+L)	   secondary	   antibody,	   Alexa	   Fluor®	   488.	   Z-‐stacks	  were	   acquired	  837	  

every	  0.4	  µm	  (Z	  step)	  with	  a	   range	  of	  10	  µm	   to	   image	   the	  whole	  nuclei.	   Specific	  band	  838	  

pass	  filters	  were	  used,	  BPem	  340-‐380	  and	  BPex	  450-‐490	  to	  detect	  DAPI	  and	  BPem	  450-‐839	  

490	  BPex	  500-‐550	  to	  detect	  AlexaFluor	  488.	  The	  size,	   the	   intensity	  and	  the	  number	  of	  840	  

Cajal	  bodies	  were	  detected	  with	  ImageJ	  (1.49v).	  A	  specific	  “macro”	  has	  been	  created	  to	  841	  

automatically	  quantify	  these	  different	  parameters.	  The	  script	  allows	  to	  create	  a	  mask	  of	  842	  

DAPI	  image	  to	  isolate	  the	  nucleus	  of	  each	  cell	  and	  create	  a	  maximum	  intensity	  projection	  843	  

(MIP)	   of	   the	   25	   Z-‐stacks.	   The	  mask	   is	   used	   in	   the	   MIP	   to	   count	   the	   number	   of	   Cajal	  844	  

bodies	  of	  each	  nucleus	  via	  an	  appropriate	  thresholding.	  The	  “Analyze	  Particles”	  tool	  of	  845	  

ImageJ	  was	  used	  to	  calculate	  the	  size	  and	  the	  mean	  gray	  value	  of	  each	  Cajal	  body.	  846	  

The	  statistical	  analysis	  was	  done	  using	  the	  R	  software.	  For	  both	  graphs	  “%	  of	  CB	  positive	  847	  

cells”	  and	  “%	  of	  cells	  with	  3	  CBs	  and	  more”,	  a	  chi-‐squared	  statistic	  test	  and	  a	  pairwise	  848	  

comparison	  of	   proportions	  were	  used.	   For	   both	   graphs	   “Mean	   area	   of	   CBs”	   and	  Mean	  849	  

intensity	  of	  CBs”,	  a	  one-‐way	  ANOVA	  test	  and	  t-‐tests	  with	  non-‐pooled	  SD	  were	  used.	  P-‐850	  

values	  <	  0,001	  were	  indicated	  by	  3	  asterisks	  ***.	  851	  
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	  852	  

	  853	  

In	  vitro	  CK2	  phosphorylation	  assay	  854	  

GST	  and	  GST-‐PIP30-‐H201	  proteins	  were	  incubated	  with	  recombinant	  CK2	  according	  to	  855	  

the	   manufacturer’s	   instructions.	   For	   radioactive	   kinase	   assays,	   33P	   labeled	   ATP	   (1	  856	  

µCi/100	  µM)	  was	   included.	   Reactions	  were	   stopped	   either	   by	   adding	   5	  mM	   EDTA	   or	  857	  

Laemmli	  sample	  buffer.	  	  858	  

	  859	  
SILAC	  IPs	  and	  mass	  spectrometry	  analysis	  860	  
	  861	  
SILAC	  IPs	  (endogenous	  PA28γ,	  GFP-‐PA28γ	   and	  GFP-‐FAM192A/PIP30)	  were	  essentially	  862	  

performed	  as	  previously	  described	   in	  (Boulon	  et	  al.,	  2010).	  Briefly,	  parental	  U2OS	  and	  863	  

stable	  GFP-‐PA28γ	   and	  GFP-‐PIP30	  U2OS	  cells	  were	  grown	   in	  DMEM	  medium	   for	  SILAC	  864	  

(ThermoFisher,	   89985)	   supplemented	   with	   10%	   dialyzed	   FCS	   and	  865	  

penicillin/streptomycin	  for	  10	  days.	  L-‐arginine	  (R0)	  (84	  mg/ml,	  Sigma-‐Aldrich)	  and	  L-‐866	  

lysine	   (K0)	   (146	  mg/ml,	   Sigma-‐Aldrich)	   were	   added	   to	   the	   light	   (L)	   medium,	   L-‐13C6-‐867	  

arginine	   (R6)	   and	   L-‐4,4,5,5-‐D4-‐lysine	   (K4)	   (Cambridge	   Isotope	   Laboratories)	   were	  868	  

added	  to	  the	  medium	  (M)	  medium	  and	  L-‐13C6,15N4-‐arginine	  (R10)	  and	  L-‐13C6,15N4-‐lysine	  869	  

(K8)	  (or	  L-‐13C6-‐	  arginine	  (R6)	  and	  L-‐13C6-‐lysine	  (K6))	  (Cambridge	  Isotope	  Laboratories)	  870	  

were	  added	  to	  the	  heavy	  (H)	  medium.	  Ten	  140-‐mm	  diameter	  culture	  dishes	  were	  used	  871	  

per	   SILAC	   condition.	   When	   indicated,	   cells	   were	   treated	   with	   MG132	   proteasome	  872	  

inhibitor	  (25	  µM)	  for	  7	  h.	  Whole	  cell	  extracts	  were	  prepared	  by	  lysing	  cells	  in	  1X	  RIPA	  873	  

buffer	  (50	  mM	  Tris-‐HCl	  pH	  7.5,	  150	  mM	  NaCl,	  1%	  IGEPAL	  CA-‐630,	  0.5%	  DOC,	  protease	  874	  

inhibitor	  cocktail),	  sonicating	  3	  x	  10	  s	  on	  ice	  and	  centrifugating	  at	  2800	  g	  for	  10	  min	  at	  875	  

4°C	  to	  remove	  cell	  debris.	  For	  nuclear	  extracts,	  cells	  were	  incubated	  in	  buffer	  A	  (20	  mM	  876	  

Tris-‐HCl	  pH	  7.4,	  10	  mM	  KCl,	  3	  mM	  MgCl2,	  0.1%	  IGEPAL	  CA-‐630,	  10%	  glycerol,	  protease	  877	  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted July 10, 2017. ; https://doi.org/10.1101/160739doi: bioRxiv preprint 

https://doi.org/10.1101/160739


42	  
	  

inhibitor	   cocktail)	   for	   10	   min	   at	   4°C,	   with	   occasional	   mixing.	   Nuclei	   were	   then	  878	  

centrifugated	  at	  1430	  g	  for	  10	  min	  at	  4°C,	  resuspended	  in	  S1	  solution	  (0.25	  M	  sucrose,	  879	  

10	  mM	  MgCl2,	   protease	   inhibitor	   cocktail)	   and	   layered	   over	   a	   cushion	   of	   S3	   solution	  880	  

(0.88	  M	  sucrose,	  0.5	  mM	  MgCl2,	  protease	  inhibitor	  cocktail).	  After	  centrifugation	  at	  2800	  881	  

g	  for	  10	  min	  at	  4°C,	  a	  cleaner	  nuclear	  pellet	  was	  obtained,	  which	  was	  resuspended	  in	  1X	  882	  

RIPA	   buffer	   (50	   mM	   Tris-‐HCl	   pH	   7.5,	   150	   mM	   NaCl,	   1%	   IGEPAL	   CA-‐630,	   0.5%	   DOC,	  883	  

protease	   inhibitor	   cocktail),	   sonicated	   5	   x	   10	   s	   on	   ice,	   to	   ensure	   release	   of	   as	   many	  884	  

nuclear	  proteins	  as	  possible,	  and	  centrifuged	  at	  2800	  g	  for	  10	  min	  at	  4°C	  to	  pellet	  debris.	  	  885	  

Prior	   to	   endogenous	   PA28γ	   IP,	   control	   rabbit	   IgG	   and	   anti-‐PA28γ	   antibodies	   (rabbit	  886	  

polyclonal	  ZYMED	  and	  MBL)	  were	  covalently	  coupled	  to	  protein	  G-‐dynabeads	  (Thermo	  887	  

Fisher	   Scientific).	   Nuclear	   extracts	   were	   precleared	   by	   incubation	   with	   protein	   G-‐888	  

dynabeads	   alone	   and	   separate	   IPs	  were	   then	   performed	   in	   parallel	   by	   incubating	   the	  889	  

same	   amount	   of	   proteins	   from	   L	   and	   M	   extracts	   on	   control	   and	   anti-‐PA28γ-‐beads,	  890	  

respectively.	  For	  GFP-‐PA28γ	  and	  GFP-‐PIP30	  IPs,	  extracts	  were	  precleared	  with	  protein	  891	  

G-‐sepharose	  beads	  alone	  and	  separate	  IPs	  were	  then	  performed	  by	  incubating	  the	  same	  892	  

amount	   of	   proteins	   from	   L,	   M	   and	   H	   extracts	   with	   GFP-‐TRAP_A	   affinity	   matrix	  893	  

(Chromotek)	  for	  1	  h	  at	  4°C.	  After	  several	  washes,	  bound	  proteins	  were	  eluted	  in	  1%	  SDS,	  894	  

boiled	  for	  10	  min,	  reduced	  and	  alkylated	  and	  then	  separated	  by	  SDS-‐PAGE.	  After	  tryptic	  895	  

in	  gel	  digestion,	  peptides	  were	  analyzed	  by	  LC-‐MS/MS	  (LTQ-‐Orbitrap	  XL,	  Thermo	  Fisher	  896	  

Scientific	  Inc.).	  Data	  were	  then	  analyzed	  and	  quantified	  by	  MaxQuant	  (version	  1.0.12.31)	  897	  

(Cox	  et	  al.,	  2009)	  and	  the	  Mascot	  search	  engine	  (Matrix	  Science,	  version	  2.2.2)	  software,	  898	  

as	  in	  (Boulon	  et	  al.,	  2010).	  899	  
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CB	  :	   Cajal	   body	  ;	   CK2	  :	   Casein	   Kinase	   2	  ;	   H/L	  ratio	   :	   Heavy/Light	   ratio	  ;	   IP	  :	  926	  

Immunoprecipitation	  ;	   PIP30	  :	   PA28γ	   Interacting	   Protein	   30kDa	  ;	   PLA	  :	   Proximity	  927	  

Ligation	  Assay	  ;	  SILAC	  :	  Stable	  Isotope	  Labeling	  by	  Amino-‐Acids	  in	  Cell	  Culture	  ;	  U2OS	  :	  928	  

human	  OsteoSarcoma	  cell	  line.	  929	  
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Table	   S1:	   List	  of	   the	  PA28γ 	   interaction	  partners	   identified	   in	   endogenous	  PA28γ 	   SILAC	   IP	  1274	  
(untreated	  cells).	  Only	  proteins	   identified	  with	  a	  significant	  H/L	  SILAC	  ratio	  (H/L	  ratio	  >	  1.4)	  1275	  
and	   containing	   at	   least	   two	   unique	   peptides	   identified	   are	   listed	   in	   this	   table.	   Proteins	   are	  1276	  
classified	  by	  descending	  order	  for	  the	  H/L	  ratio.	  1277	  
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Table	   S2:	   List	  of	   the	  PA28γ 	   interaction	  partners	   identified	   in	   endogenous	  PA28γ 	   SILAC	   IP	  1284	  
(MG132-‐treated	  cells).	  Only	  proteins	  identified	  with	  a	  significant	  H/L	  SILAC	  ratio	  (H/L	  ratio	  >	  1285	  
1.5)	  and	  containing	  at	   least	  two	  unique	  peptides	   identified	  are	   listed	  in	  this	  table.	  Proteins	  are	  1286	  
classified	  by	  descending	  order	  for	  the	  H/L	  ratio.	  1287	  
	  1288	  
	   	  1289	  

!"#"$%&'"( )*+,"-#$./( )*+,"-#$%&'"( 0#-12"$
)"3,-4"(

5"12"#6"$
7+8"*&9"$:;<

=&,-+$>?@$ .#,"#(-,A$>

!"#$% !&'()& !*+,-./+0-1/23245,13-,.1,67-8% 9 :;<) %:<'&9 ;)%);((
!"#$9 !&'()= !*+,-./+0-1/23245,13-,.1,67-89 ; >%<; 9&<(&& &&:':(((
??@:AB?@:A !&%%=: ?C+4D.,5+41E.F,+*1:8D.00. & =<9 &;<):> '9:9=(
!"#G9 !&'(%% !*+,-./+0-1/23245,1.C7H.1,67-89 :: %(<% &%<)%: >&(%:(((
!"#$> !=;)&( !*+,-./+0-1/23245,13-,.1,67-8> ' =9<; &%<9=; &'9):(((
!"#G> !&9)'' !*+,-./+0-1/23245,1.C7H.1,67-8> :> =(<' &=<)>; >)>>=(((
!I?J: K:9:=; !C-F,548: > %'<= :;<)>' &(&>:(((((
!"#$& !=;)&: !*+,-./+0-1/23245,13-,.1,67-8& :: %=<) :9<>&% &(%='(((
LMN@"' O((&:) LGMP1Q-H6Q*+D-4./-1R235S254+4-T15*+48/2CE2*17*+,-541'<105,+FH+4Q*5.C % >%<& :9<(9' %';%%((
UUL K'VW=& U5,54 & (<: :=<(:% :;:'>(
!"#M:& O((&>& &%"17*+,-./+0-14+48GU!./-1*-D2C.,+*61/23245,1:& % :><& :&<%=% :>>=>((
G!&":BG!:) !9>%'( G!8&1F+07C-X1/23245,1/5D0.8:F+.,1.//-03C617*+,-541G!:) & :><= :(<%'& ==&%%(
!"#?> !%:&'; !*+,-./+0-1.F,5Y.,+*1F+07C-X1/23245,1> &: )%<' :(<99& %)():((((
!"#G& !&9)') !*+,-./+0-1/23245,1.C7H.1,67-8& ' 9:<) ;<'>(> &&)>;(((
Z[# !('%)( Z50-4,54 >9 '><) ;<%;9> >:9)=((((
!"#G= !&9)'; !*+,-./+0-1/23245,1.C7H.1,67-8= :( =)<9 ;<%%(= >:=(:(((
!"#G: !&9)'% !*+,-./+0-1/23245,1.C7H.1,67-8:,67- := 9&<= ;<9%=) &&%9=(((
!"#M) !9:%%9 &%"17*+,-./+0-14+48GU!./-1*-D2C.,+*61/23245,1) ) >(<& ;<>;=; >()(>((
"#G\JG= !9:9>& "#G\JG=15/+E+*01&1]"V[^"L@1*-C.,-Q<10.,*5X1.//+F5.,-Q<1.F,541Q-7-4Q-4,1*-D2C.,+*1+E1FH*+0.,54<1/23E.05C61.<10-03-*1=<15/+E+*01J\G_F`:% &(<: '<%'): >:>&>(((
$\? K;La\) !*+,-541$\? & 9<' '<9%=% >&%=((
!"#$: !&(%:' !*+,-./+0-1/23245,13-,.1,67-8: :& 9)<> '<9>=: =:;':(((
b\U:' !(9)'> b-*.,54<1,67-1[1F6,+/c-C-,.C1:' :% %%<) '<=9:& =9:;:(((
!"#M& K:>&(( &%"17*+,-./+0-14+48GU!./-1*-D2C.,+*61/23245,1&& := &&<9 '<:&%% ;=%''((
!"#$) K;;=>% !*+,-./+0-1/23245,13-,.1,67-8) ; =><> '<((&% :('9)(((
@G#:;&GB1L[!>( K;AWN' L?@G854,-*.F,54D142FC-.*17*+,-541L[!>( := =' )<;:'& :)&(=(((
\!"&)G !%&;); =("1*53+/+0.C17*+,-541"&).BN35S25,54 & 9;<% )<):)= :9>>;((((
P"!$: !(=);& P-.,1/H+Fc17*+,-5413-,.8: ; 9;<9 )<):% ;%==:((
JGZ: K(>:>9 J.Y-+C548: % =: )<&)%% 9):':((
!"#M:= O((=') &%"17*+,-./+0-14+48GU!./-1*-D2C.,+*61/23245,1:= > ;<) %<9&;) :=>=(((
!"#G% !%(;(( !*+,-./+0-1/23245,1.C7H.1,67-8% :> 9%<: %<::)9 =)''>(((
!"#J9 !%&:;9 &%"17*+,-./-1*-D2C.,+*61/23245,1' :> =:<: %<::&: =)%9(((
!"#M:: O((&>: &%"17*+,-./+0-14+48GU!./-1*-D2C.,+*61/23245,1:: :% =:<% %<(=%% =9(&9((
!"#$= !&'()( !*+,-./+0-1/23245,13-,.1,67-8= ' =) 9<;')9 :>(;((((
#dI% !%(%%( #6+/541C5DH,17+C67-7,5Q-1% :( %%<& 9<'%'% %:;)=((
#dP; !>99); #6+/548; )= %;<9 9<)>=) %;&9=(((
b\U' !(9)') b-*.,54<1,67-1[[1F6,+/c-C-,.C1' && 9)<% 9<&'') &'%9&(((
\NZ$I& K;d&>( \2Y$8C5c-1& & ><; 9<&&== :&9;)(
$GA& O;9':% $GA1E.05C610+C-F2C.*1FH.7-*+4-1*-D2C.,+*1& = :' 9<&()' )9='%(
P"!G:G !(M#Z' P-.,1/H+Fc1)(1cM.17*+,-541: & 9(<; 9<&(%9 >':>9(((
!"#M' !='99% &%"17*+,-./+0-14+48GU!./-1*-D2C.,+*61/23245,1' > ;<: 9<(')) =:&;9(
b\U)9 O;9%)' b-*.,54<1,67-1[[1F6,+/c-C-,.C1)9 > && =<'>(> ')(::(
!"#G) O:=':' !*+,-./+0-1/23245,1.C7H.1,67-8) :> %><> =<%;99 %%=;&(((
!"#J% !%&>>> &%"17*+,-./-1*-D2C.,+*61/23245,1:(3 :( &9<: =<%(': =;&)%((
!"#J& !>9;;' &%"17*+,-./-1*-D2C.,+*61/23245,1) ; &&<& =<>;; :&)9>((
b\U'( K%b$%% b-*.,54<1,67-1[[1F6,+/c-C-,.C1'( 9 :9<; =<>=%& :)&(>(
!"#M: K;;=%( &%"17*+,-./+0-14+48GU!./-1*-D2C.,+*61/23245,1: :% &><9 =<&;; =():(((
b\U': K:=9>> b-*.,541,67-1[[1F2,5F2C.*1P3: 9 :) ><;'': :=;%%((
#dO:J1 O((:9; #dO:J1Y.*5.4,17*+,-54 :' &&<= ><;>9: =&=;=((
MP\"& K:>&%' M-H6Q*+D-4./-^*-Q2F,./-1"M\1E.05C610-03-*1& := 9&<9 ><''=' 9;;)&(((
!I?J: K:9:=; !C-F,548: > %%<% ><'%99 )&(:)(
?[@&":B?[@&G !(9:;' ?2c.*6+,5F1,*.4/C.,5+41545,5.,5+41E.F,+*1&1/23245,1: & %<) ><%'(% :9;9((
@ILJ K:=>:9 @5C.0548J )( >%<) ><%%&> &))&:(((
M$L: K:%%=> M*-3*54 > >:<) ><%9') 9;=)'(
!"#J> !:);'( &%"17*+,-./-1*-D2C.,+*61/23245,1%G % :)<' ><9%)' &>(9(((
UN$G:$ !%'>%> U232C541.C7H.8:$1FH.54 ; >=<' ><9%&) %'=9;((
UN$A: !&>&9' U232C541D.00.8:1FH.54 & 9<> ><=&:9 9&(';
#dIJ&$B#\IJ& O:=;9( #6+/541*-D2C.,+*61C5DH,1FH.541#\JI>1Y.*5.4, ) %(<9 ><>;): &:)%%((
!"#$' !&'(%& !*+,-./+0-1/23245,13-,.1,67-8' ) &9 ><>%;; :)&)'((
P"!G' !:::=& P-.,1/H+Fc1F+D4.,-1):1cM.17*+,-54 :' =(<) ><>9=9 :%'&=(((
!GUW: K;P$?: !OW8<1GU1H++c8<1.4Q1e54F1E54D-*8F+4,.5454D17*+,-541: > 9<& ><>&;9 >)(>)(
P"!G% !:)(%% P-.,1/H+Fc1)(1cM.17*+,-541% & :) ><>('& &)'):(
!"#J: !%&:;: &%"17*+,-./-1*-D2C.,+*61/23245,1= :( >(<) ><&'>: %'=%>((
U\[#> O)9>'& U*57.*,5,-10+,5E8F+4,.5454D17*+,-541> ' :=<= ><:='> :>9))((
!"#J= !=>%'% &%"17*+,-./-1*-D2C.,+*61/23245,1%3 := =&<> ><:>'% =:>>:((
!"#M% K:9((' &%"17*+,-./+0-14+48GU!./-1*-D2C.,+*61/23245,1% ; &)<' &<;=&= &:;;(((
"IJ&9G9 !(9:=: GM!^GU!1,*.4/C+F./-1& = =%<> &<;>;% )9));((
JMJ& !(%=;> J-CC1Q5Y5/5+41F+4,*+C17*+,-541&1H+0+C+D > :&<; &<''>' >':&9(
!"#M> O=>&=& &%"17*+,-./+0-14+48GU!./-1*-D2C.,+*61/23245,1> % :&<; &<'=9 :()&=((
J:=+*E:=9 K%WN'( N4FH.*.F,-*5e-Q17*+,-541J:=+*E:=9 &% &% &<))9 %9():((
$JIG@: K;Ld@' $FC8&8.//+F5.,-Q1,*.4/F*57,5+41E.F,+*1: & %<: &<)%>: =%:%&(
GJUL: !:&':= GJUL:17*+,-54BGC7H.8.F,54548: &= >><> &<)>%& &)>=;((
ZJ! !99()& U*.4/5,5+4.C1-4Q+7C./05F1*-,5F2C201GU!./- & ><) &<):' ;=='(
UN$$ !()=>) U232C5413-,.1FH.54 :( >:<> &<):& =:'9=((
\!":% !%&&=; \!":%17*+,-54 > :'<= &<%'>' &%9='(
PL\L!JBPL\!J !();:( P-,-*+D-4-+2/142FC-.*1*53+42FC-+7*+,-54/1J:^J& ; &%<9 &<%&> =(&;9((
!\bMJ !)'9&) MLG8Q-7-4Q-4,17*+,-541c54./-1F.,.C6,5F1/23245, :) 9 &<99') :)&';((
#GA?M: K;d9Z> #-C.4+0.8.//+F5.,-Q1.4,5D-41M:B#GA?8M:1.4,5D-4 > =<: &<999 9==&&(
\!I:( !&)%>9 \53+/+0.C17*+,-541I:( % &=<> &<99:9 &:%')((
\!":: !%&&'( =("1*53+/+0.C17*+,-541":: :: %& &<9()' )&)(:((
PL\L!IBPL\!I !:='%% P-,-*+D-4-+2/142FC-.*1*53+42FC-+7*+,-541I & )<: &<===' :'()=(
GPLGb K(;%%% L-2*+3C./,1Q5EE-*-4,5.,5+48.//+F5.,-Q17*+,-541GPLGb > ><> &<=&9> =)=(9(
!AG#9 K;%P": !H+/7H+DC6F-*.,-102,./-1E.05C610-03-*19B$FC8aI8354Q54D17*+,-541Y%' > '<) &<=&:& &);)&(
"#G\JG& !9:9>: !*+3.3C-1DC+3.C1,*.4/F*57,5+41.F,5Y.,+*1"L@&I& = :><& &<=:'> >&:>;(
?\P !'=(;( ?4H.4F-*1+E1*2Q50-4,.*61H+0+C+D 9 9: &<=(): %:)=9((
G\#" K;NIP( G4c6*541*-7-.,8*5FH10-03*.4-1/7.4454D17*+,-54 :9 '<' &<>'&) &=)'(((
OM@& K9$f@% O2,-*1Q-4/-1E53-*17*+,-541& :& :)<: &<>='; ;=;%:(
UP\G!>BU\G!:9( K;d&V: UH6*+5Q1H+*0+4-1*-F-7,+*8.//+F5.,-Q17*+,-541> ) :=<; &<&=&> ;&99)(
!"#M:> K;NL#% &%"17*+,-./+0-14+48GU!./-1*-D2C.,+*61/23245,1:> ; &%<) &<&::9 :9;&)((
"L\!$ !:=%)' "0.CC142FC-.*1*53+42FC-+7*+,-548.//+F5.,-Q17*+,-54/1$1.4Q1$g 9 :><9 &<&(=& :=>&(((
J?!:;& K'U?!' J-4,*+/+0.C17*+,-541+E1:;&1cM. ) ><; &<:'=) &(%)=(
J!"@>BJ!"@)> K;Nb@% JC-.Y.D-1.4Q17+C6.Q-46C.,5+41/7-F5E5F5,61E.F,+*1/23245,1> > ><; &<:)& :99):(
LOLO K:9&>> L+48!ON1Q+0.548F+4,.5454D1+F,.0-*8354Q54D17*+,-54 & ><= &<:>'> :%=;)(
"L\!? !%&>(= "0.CC142FC-.*1*53+42FC-+7*+,-541? > >' &<:&) ::9''((
\!"' !%&&=: =("1*53+/+0.C17*+,-541"' & ;<& &<:&&) &'=;9(
J\dG$ !(&9:: GC7H.8F*6/,.CC541$1FH.54 9 &' &<::)% %(&'>(
J!"@& K;!&[( JC-.Y.D-1.4Q17+C6.Q-46C.,5+41/7-F5E5F5,61E.F,+*1/23245,1&/7-F5E5F5,61E.F,+*1:((1cM.1/23245,) :(<: &<::=; :''9=((
"L\!M: !%&>:= "0.CC142FC-.*1*53+42FC-+7*+,-541"01M: = &;<9 &<::&9 >(&)&((
L?" !='%': L-/,54 ) 9<= &<:(%: 9&:(>(
\!"% !%&)9> =("1*53+/+0.C17*+,-541"% & ' &<:((9 :>&%9((
!P$ !>9&>& !*+H535,54 & :: &<('%) &&&%9(
\!I&> !%&'&; %("1*53+/+0.C17*+,-541I&> % =;<> &<('(: %99')((
"L\!G !(;(:& N:1/0.CC142FC-.*1*53+42FC-+7*+,-541G > :><: &<(99> ::&(9((
"L\!M> !%&>:' "0.CC142FC-.*1*53+42FC-+7*+,-541"01M> > &&<; &<(>(> >)&')((
MdLII: !%>:%) M64-541C5DH,1FH.541:<1F6,+7C./05F & &(<& &<(&=) :%9(:(
\!"&) !=&%)) =("1*53+/+0.C17*+,-541"&) & >;<> &<(&(% &=));((
\!":9G !%&&== =("1*53+/+0.C17*+,-541":9. 9 >9<= &<((;' :9'&)((
J!"@:BJ!"@:%( K:(9)( JC-.Y.D-1.4Q17+C6.Q-46C.,5+41/7-F5E5F5,61E.F,+*1/23245,1: &' &&<> :<;99= :&)&((((
#dP:( !>99'( #6+/548:( :: :)<& :<;>% :))()((
"IJ&9G> K((>&9 !H+/7H.,-1F.**5-*17*+,-54<105,+FH+4Q*5.C & 9<& :<;&== :9(()(
\!I>9GBA[A>> !:'()) %("1*53+/+0.C17*+,-541I>9. & :;<: :<;:'' =>>;9(
\!I:'G K(&9=> %("1*53+/+0.C17*+,-541I:'. > :) :<;:&9 &9;%((
"L\!M& !%&>:% "0.CC142FC-.*1*53+42FC-+7*+,-541"01M&B/4\L!1F+*-17*+,-541M& ) 99<: :<;(; >';9'((
UJO@: K:>=&' U*-.FC-17*+,-54BU*-.FH-*1J+CC54/1/64Q*+0-17*+,-54 9 =<& :<;('> %%%%)(
!P$& K;;%&> !*+H535,548& & )<) :<;(&= &&;)=
\!I:; !'=(;' %("1*53+/+0.C17*+,-541I:; = &(<; :<'':= :((;)((
!\Ma: K(%'>( !-*+X5*-Q+X548: > :9<% :<')>: )9%;((
JG!WG: !9&;() @8.F,548F.7754D17*+,-541/23245,1.C7H.8: & ::<9 :<'):9 :>%(:(
??@:G: !%':(= ?C+4D.,5+41E.F,+*1:8.C7H.1: = ::<; :<);%' :'9)'((
"OL !:'9'> "OL17*+,-54 9 &<% :<);9= ::>==((
\!I!( !(9>'' %("1.F5Q5F1*53+/+0.C17*+,-541!( = :;<; :<));; >;);=(
P&G@WBP&GW !(J("9 P5/,+4-1P&GhW & >:<& :<))9' &=%':(((
@ILG !&:>>> @5C.0548G :) ::<% :<))9: >(:'9((
\!"; !=%)': =("1*53+/+0.C17*+,-541"; ; =(<& :<)%(9 :))(=((
"@\":(BU\G&$ !%&;;9 "7C5F54D1E.F,+*<1.*D5454-^/-*54-8*5FH1:(1]U*.4/E+*0-*1&1H+0+C+D<1M*+/+7H5C.`1Y.*5.4, & ' :<)9'; >='(:(
\!I:& !>((9( %("1*53+/+0.C17*+,-541I:& = =( :<)=' &9;'9(
\!":= !%&&%> =("1*53+/+0.C17*+,-541":= > &&<9 :<):9) &%):>((
MPa:9 O=>:=> !2,.,5Y-17*-80\LG8/7C5F54D1E.F,+*1GU!8Q-7-4Q-4,1\LG1H-C5F./-1MPa:9 = 9<' :<%''> '(=>&(
PL\L!N K(('>; P-,-*+D-4-+2/142FC-.*1*53+42FC-+7*+,-541N1]"F.EE+CQ1.,,.FH0-4,1E.F,+*1G` ; :9<& :<%)'& =>':&((
PL\L!@BPL\!@ !9&9;) P-,-*+D-4-+2/142FC-.*1*53+42FC-+7*+,-541@ & :><9 :<%)9; >&=&>((
P["U:P:JBP:@& !:%=(> P5/,+4-1P:h& > :'<> :<%%9= )(%:=(
!\!@'B!\!J' K%!&K; !*-80\LG87*+F-//54D8/7C5F54D1E.F,+*1' ) &<) :<%9'9 ::)&;((
P["U:P=GBP=^GBP=@GBP["U:P=$BP=^[BP=@[BP["U:P=JBP=^ABP=@ABP["U:P=MBP=^$BP=@$BP["U:P=?BP=^fBP=@fBP["U:P=@BP=^JBP=@JBP["U:P=PBP=^PBP=@PBP["U:P=[BP=^#BP=@#BP["U:P=fBP=^?BP=@?BP["U:P=bBP=^MBP=@MBP["U:P=IBP=^bBP=@bBP["U&P=GBP=^LBP=@&BP=@LBP["U&P=BP["U&P=$BP=^OBP=@OBP["U=P=!%&'(9 P5/,+4-1P= ' 9;<& :<%9%9 &(;'%(((
?@UNM& K:9(&; ::%1cM.1N91/0.CC142FC-.*1*53+42FC-+7*+,-541F+07+4-4, % )<% :<%=:' :&;:(((
@$I !&&(') *\LG1&g8O80-,H6C,*.4/E-*./-1E53*5CC.*54 9 :)<: :<9;)> )99'&(
UG@' K)W)J' U*.4/F*57,5+41545,5.,5+41E.F,+*1U@[[M1/23245,1' = :) :<9'> =(((((
PL\L!#BPL\!# !9&&)& P-,-*+D-4-+2/142FC-.*1*53+42FC-+7*+,-541# > ;<) :<9%9& %;:;9(
MMa9 !:)'== !*+3.3C-1GU!8Q-7-4Q-4,1\LG1H-C5F./-1MMa9 ' >( :<9&) %::=&((
G"JJ>I:BP?I[J& O)9%=> N91/0.CC142FC-.*1*53+42FC-+7*+,-541&((1cM.1H-C5F./- &9 :=<) :<9& 9()(;((

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted July 10, 2017. ; https://doi.org/10.1101/160739doi: bioRxiv preprint 

https://doi.org/10.1101/160739


63	  
	  

	  1290	  
	  1291	  
Table	   S3:	   List	   of	   the	   PA28γ 	   interaction	   partners	   identified	   in	   GFP-‐PA28γ 	   SILAC	   IP.	   Only	  1292	  
proteins	   identified	  with	  a	   significant	  H/L	  SILAC	  ratio	   (H/L	  ratio	  >	  1.4)	  and	  containing	  at	   least	  1293	  
two	   unique	   peptides	   identified	   are	   listed	   in	   this	   table.	   Proteins	   are	   classified	   by	   descending	  1294	  
order	  for	  the	  H/L	  ratio.	  1295	  
	  	  1296	  
	  1297	  
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