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    Abstract     Biogenesis of nuclear RNA polymerases (RNAP) is a poorly understood, 
yet central molecular process in eukaryotes. Recent analysis of interaction partners 
of RNAP II, the enzyme that synthesizes protein-coding mRNAs, in the soluble 
fraction of cell extracts identifi ed a series of factors that play central roles in RNAP 
II biogenesis. The GPN loop GTPase RPAP4/GPN1 was shown to be required for 
nuclear import of RNAP II, and the HSP90 co-factor RPAP3 is essential for cyto-
plasmic assembly of this multisubunit enzyme. Examination of the list of interactors 
for RNAP II as well as RPAP4/GPN1 and RPAP3 reveals the presence of many 
specifi c subunits of RNAP I and III, which synthesize most of the cell’s non-coding 
transcripts. This fi nding suggests that biogenesis of all three nuclear RNAPs may be 
coupled. Silencing of RPAP4/GPN1 and RPAP3 further indicates that both factors 
are essential for normal nuclear localization of the three polymerases. We present a 
model in which biogenesis of RNAP I, II and III is integrated through the action of 
assembly and nuclear import factors.  

  Keywords     RNA polymerase   •   RNA polymerase II-associated proteins (RPAP)   • 
  Biogenesis   •   Nuclear import   •   Assembly  

        Introduction 

 The nucleus of eukaryotic cells contains three types of RNA polymerases (RNAP). 
RNAP I is located in the nucleolus where it synthesises the 45S ribosomal RNA 
(rRNA) precursor that makes up the core of the ribosome. RNAP II and RNAP III 
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can both be found in the non-nucleolar nuclear space. RNAP II synthesizes mRNAs 
as well as a number of small nuclear RNAs (snRNA) and microRNAs (miRNA). 
RNAP III directs the synthesis of rRNA 5S, tRNAs and other small, non-coding 
RNAs. Each RNAP is assisted by a general transcription machinery which serves 
for promoter recognition, RNA chain elongation and response to transcriptional 
regulators. Work performed over the last three decades has revealed numerous 
mechanisms by which transcription is regulated in eukaryotes, many of the regula-
tory factors being involved in helping RNAPs to cope with the nucleosomal struc-
ture of chromatin [ 1 – 4 ; and references therein]. 

 Much less is known about regulation of RNAP molecules prior to and following 
transcription. Biogenesis and recycling of these key enzymes have only been 
addressed recently. Two discoveries dealing with RNAP II, which has been the most 
intensively studied nuclear RNAP, have had a particularly important impact on our 
understanding of RNAP biogenesis. First, RNAP II molecules involved in transcrip-
tion on chromatin are recycled at each cell cycle [ 5 ,  6 ]. Indeed, the bulk of RNAP II 
is released from chromatin during mitosis, more precisely at metaphase, and is re- 
imported to the nucleus after mitosis. Because the nuclear envelope reforms at late 
anaphase [ 7 ], this result implies that recycled RNAP II molecules have to re-enter 
the nucleus through nuclear import mechanisms. Recent results from our laboratory 
indicate that the same scenario is true for RNAP I and RNAP III (Forget et al., in 
preparation). Second, a group of factors that interact with RNAP II in the soluble 
cell fraction has been identifi ed and at least some of them were shown to act as regu-
lators of RNAP II biogenesis [ 8 ,  9 ]. The RNAP II-associated protein 4 (RPAP4; also 
termed GPN1) is member of a novel GTPase family characterized by the presence 
of a Glu-Pro-Asn (GPN) loop motif [ 10 ]. RPAP4/GPN1 shuttles between the cyto-
plasm and the nucleus in a CRM1-dependent manner [ 11 ,  12 ]. Silencing of RPAP4/
GPN1 results in abnormal accumulation of RNAP II in the cell’s cytoplasm, sug-
gesting a role in nuclear import of this polymerase [ 11 – 13 ]. Substitutions in the 
RPAP4/GPN1 GPN loop or GTP binding motif provoke cytoplasmic retention of 
RNAP II, an indication that the GTPase activity is required for RNAP II nuclear 
import [ 12 ]. Treatment of the cells with benomyl, a compound that interferes with 
microtubule assembly/integrity, also interferes with RNAP II nuclear localization 
[ 12 ]. Notably, treatment of yeast strains having substitutions in RPAP4/GPN1 that 
produce slow growth phenotypes with sub-lethal concentrations of benomyl 
completely abolished growth. These results indicate that microtubule assembly is 
somehow involved in RNAP II nuclear import. The RNAP II-Associated Protein 3 
(RPAP3) is a HSP90 co-factor that is part of a multisubunit complex consisting of 
RPAP3 itself, a TPR domain-containing factor that mediates direct interaction with 
HSP90, as well as other components that may have a chaperone function of their 
own, including prefoldin-like proteins and the RUVBL1 and RUVBL2 
AAA + ATPases [ 14 – 16 ]. The canonical prefoldin complex is well known for its 
role in the chaperoning and polymerization of actin and tubulin [ 17 ,  18 ], while 
RUVBL1 and RUVBL2 are required for the assembly of other multimeric protein 
complexes, like snoRNPs [ 19 ]. Boulon et al. [ 20 ] have shown that HSP90 and 
RPAP3 are involved in assembly of RNAP II in the cell’s cytoplasm prior to import 
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to the nucleus. Indeed, silencing of RPAP3, a mainly cytoplasmic protein, also 
causes abnormal accumulation of RNAP II in the cytoplasm. Because silencing of 
RPAP4/GPN1 and RPAP3 has similar effects on RNAP II localization, we propose 
that RNAP II assembly and nuclear import are tightly coupled. RNAP II molecules 
that are either recycled at mitosis or newly assembled in the cytoplasm through the 
action of HSP90 and RPAP3 are imported to the nucleus through the action of 
RPAP4/GPN1 in a process that requires microtubule assembly/integrity. 

 Biogenesis of RNAP I and III has not been characterized in much detail [ 21 ,  22 ]. 
For example, we do not know whether the same set of RNAP II-specifi c factors are 
involved or else, whether distinct machineries are at play [ 23 ]. What is established, 
however, is that all three nuclear RNAPs share some subunits [ 24 ,  25 ], suggesting 
that their biogenesis could somehow be interconnected. In this chapter, we report on 
results of affi nity purifi cation coupled with mass spectrometry (AP-MS) showing 
that RPAP4/GPN1 and RPAP3 are part of complexes containing subunits of all three 
nuclear RNAPs, including both shared and specifi c RNAP subunits. Moreover, 
silencing experiments reveal that both RPAP4/GPN1 and RPAP3 are necessary for 
normal nuclear import of all three nuclear RNAPs. These results strengthen the 
conclusion that biogenesis of RNAP I, II and III is tightly coupled, requiring some 
common factors including RPAP3 and RPAP4/GPN1.  

    Materials and Methods 

    Protein Affi nity Purifi cation Coupled with Mass Spectrometry 

 Generation of cell lines expressing tandem affi nity peptide (TAP) or FLAG tagged 
RNAP or RPAP subunits and tandem affi nity purifi cation were performed as previ-
ously described [ 9 ,  12 ,  14 ,  26 ,  27 ]. After TCA precipitation, the eluates were 
digested with trypsin, and the resulting tryptic peptides were purifi ed and identifi ed 
by tandem mass spectrometry (LC-MS/MS) using a microcapillary reversed-phase 
high pressure liquid chromatography coupled LTQ-Orbitrap (ThermoElectron) 
quadrupole ion trap mass spectrometer with a nanospray interface, as we recently 
described [ 28 ]. Protein database searching was performed with Mascot 2.2 (Matrix 
Science) against the human NCBInr protein database. Mascot scores and spectral 
counts were used to select specifi c interactors for Fig.  1 .

       Antibodies 

 The antibodies used in this study were obtained from various sources: POLR1A 
monoclonal antibody (Santa Cruz); anti-FLAG monoclonal antibody (Sigma); anti- 
RPAP4 antibody (CIM Antibody Core, Arizona State University, Tempe, Arizona); 
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  Fig. 1    Summary of affi nity purifi cation coupled with mass spectrometry data using POLR1A, 
POLR2A, POLR3A, RPAP4/GPN1 and RPAP3. Total mascot score/spectral counts are provided 
for each interaction. Interactors are grouped in various classes as shown on the  right        
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anti-RPAP3 antibody (Abnova); horseradish peroxidase-conjugated secondary 
antibody (GE Healthcare); anti-B-tubulin monoclonal antibody (Sigma) and Alexa 
Fluor 488 (Invitrogen).  

    Transfection and siRNA Silencing 

 Transfection experiments for generating stable HeLa cell lines expressing FLAG- 
tagged versions of POLR2A and POLR3A used lipofectamine, as described by the 
supplier (Invitrogen) [ 12 ]. RPAP4/GPN1 (ON-TARGETplus SMART pool), RPAP3 
(ON-TARGETplus SMART pool), and control (siCONTROL Non-targeting pool) 
siRNAs (Dharmacon) were doubly transfected into HeLa cells using oligofectamine 
(Invitrogen) at a siRNA fi nal concentration of 100 nM [ 12 ]. The effi ciency of silenc-
ing was monitored for each experiment using western blotting.  

    Immunofl uorescence and Imaging 

 Immunofl uorescence and imaging using HeLa cells were performed as previously 
described [ 12 ]. Immunofl uorescence studies used an anti-FLAG antibody to local-
ize exogenously expressed FLAG-POLR2A and FLAG-POR3A, whereas a mono-
clonal antibody raised against POLR1A was used to monitor localization of 
endogenous POLR1A. Indeed, we have been unable to generate a cell line express-
ing a FLAG tagged version of POLR1A that localizes normally to the nucleolus.   

    Results 

    RPAP4/GPN1 and RPAP3 Interact with Subunits of RNA 
Polymerase I, II and III 

 Affi nity purifi cation of RPAP4/GPN1 and RPAP3, followed by identifi cation of 
binding partners by mass spectrometry, revealed that both factors interact with all 
three nuclear RNAPs, namely RNAP I, II and III subunits (Fig.  1 ). In addition to 
RNAP shared subunits (POLR1C, POLR1D, POLR2E, POLR2F, POLR2H, 
POLR2K and POLR2L) that copurifi ed with RPAP4/GPN1 and/or RPAP3, specifi c 
RNAP I (POLR1A and POLR1B), RNAP II (POLR2A, POLR2B, POLR2C, 
POLR2D, POLR2G, POLR2I and POLR2J) and RNAP III (POLR3A, POLR3B, 
POLR3D, POLR3E, POLR3H and POLR3K) subunits were identifi ed as well in 
these purifi cations. Interaction of the RPAPs with subunits of all three RNAPs 
suggests that they either interact independently with all three enzymes or with a 
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megacomplex containing the three polymerases. Interestingly, affi nity purifi cation 
of the largest RNAP subunits, POLR1A, POLR2A and POLR3A, resulted in purifi -
cation of other large RNAP subunits (e.g. presence of POLR2A, POLR2B and 
POLR3A in the POLR1A purifi cation, and of POLR1A and POLR3A in the 
POLR2A purifi cation). These copurifi cations argue in favour of the existence of a 
megacomplex containing many subunits of all three RNAPs during nuclear RNAP 
biogenesis. However, the data in Fig.  1  also show that not all RNAP subunits copu-
rify with all tagged RNAP subunits (for example, POLR3A was the only RNAP III 
subunit found to copurify with POLR2A in our experiments). Whether this fi nding 
refl ects the formation of a megacomplex containing only a selection of RNAP sub-
units during the assembly process or refl ects a lack of sensitivity of our AP-MS 
technology is not known at this time. Of note, POLR1A, POLR2A and POLR3A 
interact with the assembly chaperone HSP90 (HSP90AA1 and HSP90AB1). 
RPAP4/GPN1 also interacts reciprocally with the RPAP3-R2TP-PFDL complex. 
Together, these results indicate that RNAP I and III interact with the RPAPs involved 
in biogenesis of RNAP II.  

    Silencing of RPAP4/GPN1 and RPAP3 Results in Abnormal 
Accumulation of RNA Polymerase I, II and III Subunits in the 
Cytoplasm 

 To address a putative function of RPAP4/GPN1 and RPAP3 in biogenesis of RNAP 
I and III, we used siRNA-directed silencing of both factors and monitored the intra-
cellular localization of POLR1A and POLR3A, the largest subunit of RNAP I and 
III, respectively. As mentioned in the Introduction section, silencing of either 
RPAP4/GPN1 or RPAP3 results in cytoplasmic accumulation of RNAP II subunits. 
Figure  2  shows that independent silencing of RPAP4/GPN1 and RPAP3 has a simi-
lar effect on POLR2A, POLR3A and POLR1A, all three largest polymerase sub-
units showing an accumulation in the cytoplasm, as determined by 
immunofl uorescence. Control siRNA did not alter RNAP localization. A western 
blot showing the effi ciency of siRNA silencing is also included. These results indi-
cate that similar mechanisms are at play to regulate biogenesis of nuclear RNAPs, 
and that they involve at least some of the same regulatory factors, including RPAP4/
GPN1 and RPAP3.

        Discussion 

 Our results indicate that biogenesis of all three eukaryotic nuclear RNAPs, RNAP I, 
RNAP II and RNAP III, uses a common set of factors. Indeed, silencing of the 
GTPase RPAP4/GPN1 and the HSP90 cochaperone RPAP3 are essential to 
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  Fig. 2    Immunofl uorescence experiments showing the intracellular localization of POLR2A ( a ), 
POLR3A ( b ) and POLR1A ( c ) following RPAP4/GPN1 and RPAP3 silencing. In each case, a 
control experiment is shown for comparison. DNA staining with TO-PRO-3 iodide served to visu-
alize nuclei. Silencing effi ciencies have been monitored by western blotting ( d )         
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Fig. 2 (continued)

maintain normal nuclear localization of all three enzymes. Silencing of either factor 
resulted in the cytoplasmic accumulation of all three RNAPs. These results further 
suggest that nuclear RNAPs are assembled and imported to the nucleus in a tightly 
coordinated manner. 

 Contrary to RNAP II and III, RNAP I molecules have to be targeted to the nucle-
olus after accessing the nuclear space. It is interesting to note that RPAP4/GPN1 
and RPAP3 silencing both lead to accumulation of POLR1A in the cytoplasm, 
although the effect not being as striking as in the case of POLR2A and POLR3A. 
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Figure  3  presents a model in which RNAP I, RNAP II and RNAP III biogenesis 
proceeds through a common pathway involving the same set of regulatory factors. 
In this model, RPAP3 is involved in assembly of all three nuclear enzymes, most 
likely through the action of HSP90, and RPAP4/GPN1 participates in nuclear import 
of the three polymerases. Whether these factors interact independently with each 
RNAP or else with a megacomplex composed of RNAP I, II and III subunits is not 
known, although our proteomic data argues in favour of the existence of such a 
megacomplex as an intermediate in nuclear RNAP assembly. We expect that one 
or more not yet identifi ed additional factors might be required to target RNAP I to 
the nucleolus.

   Identifi cation of factors required for biogenesis of nuclear RNAPs has been 
mainly the result of targeted proteomics studies. Our own group published a number 
of AP-MS datasets which differ by the use of an always increasing number of 
affi nity purifi ed tagged components [ 9 ,  12 ,  14 ,  27 ]. Figure  4  shows an interaction 
network defi ned by our laboratory using classical AP-MS from soluble whole 
cell extracts [ 12 ]. In these experiments, chromatin is discarded prior to protein 

  Fig. 3    Model depicting that RNAP I, RNAP II and RNAP III biogenesis is coordinated through 
the action of common factors. RPAP3 and RPAP4/GPN1 are essential for biogenesis of all three 
nuclear RNAPs as their silencing results in abnormal cytoplasmic accumulation of the largest 
subunit of all three polymerases. The model takes into account previous results showing that 
RPAP3 is a HSP90 cochaperone involved in RNAP II assembly, and RPAP4/GPN1 is a GTPase 
involved in RNAP II nuclear import. The existence of a putative multi-RNAP megacomplex as an 
intermediate in RNAP assembly is shown, but remains mainly speculative at this point       
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extraction. As a consequence the resulting network is largely enriched in soluble 
factors (i.e. factors that interact with RNAP during transcription on chromatin are 
mostly absent). Other methods designed specifi cally to characterize protein com-
plexes on chromatin are more suited to characterize transcription relevant com-
plexes [ 28 ]. This procedural aspect explains why the network presented in Fig.  4  
mainly contains factors involved in RNAP biogenesis. The network in Fig.  4  inte-
grates high confi dence AP-MS data obtained with 28 tagged proteins (coloured 
nodes, as opposed to grey nodes). Only interactions that obtained high interaction 
reliability (IR) scores are included, as we described previously [ 12 ].

   Examination of this network not only reveals interactions made by subunits of all 
three nuclear RNAP, with shared subunits identifi ed through a Venn diagram-like 
presentation, but also interactions connecting RNAP to other proteins, including the 
RPAP3/R2TP/PFDL, the chaperonin/CCT and the Integrator complexes. Not 
surprisingly, the RPAP3/R2TP/PFDL complex is itself connected to HSP90 as these 
proteins were shown to act in concert in RNAP II assembly [ 20 ]. Presence of the 

  Fig. 4    Network of interactions formed by nuclear RNAP and RPAP subunits in the soluble cell 
fraction. Components of previously characterized multisubunit complexes are grouped. In this 
diagram affi nity tagged proteins used in AP-MS experiments are coloured and their copurifi ed 
interactors are represented by an edge       
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chaperonin/CCT complex, which has previously been shown to play a central role 
in microtubule assembly, may be explained by our fi nding that microtubule assembly/
integrity is required for RNAP II nuclear import [ 12 ]. The Integrator complex has 
been shown to interact with RNAP II and regulate snRNA processing [ 29 ]. Other 
RPAPs occupy a central position in this network. 

 In conclusion, a large network of factors associates with RNAP in the soluble 
cell fraction. Some of these factors, namely RPAP4/GPN1 and RPAP3, play a role in 
biogenesis of all three nuclear RNAPs. Additional work is required to defi ne putative 
roles of other network components in assembly or nuclear import of these important 
molecular machines.     
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