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SUMMARY
Activation Induced cytidine Deaminase (AID) initiates Immunoglobulin (Ig) heavy chain (IgH)
class switch recombination (CSR) and Ig variable region somatic hypermutation (SHM) in B
lymphocytes by deaminating cytidines on template and non-template strands of transcribed DNA
substrates. However, the mechanism of AID access to the template DNA strand, particularly when
hybridized to a nascent RNA transcript, has been an enigma. We now implicate the RNA
exosome, a cellular RNA processing/degradation complex, in targeting AID to both DNA strands.
In B-lineage cells activated for CSR, the RNA exosome associates with AID, accumulates on IgH
switch regions in an AID-dependent fashion, and is required for optimal CSR. Moreover, both the
cellular RNA exosome complex and a recombinant RNA exosome core complex impart robust
AID- and transcription-dependent DNA deamination of both strands of transcribed SHM
substrates in vitro. Our findings reveal a role for non-coding RNA surveillance machinery in
generating antibody diversity.

INTRODUCTION
Antigen activated B lymphocytes undergo two distinct immunoglobulin (Ig) gene
diversification processes, namely somatic hypermutation (SHM) and Ig heavy chain (IgH)
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class switch recombination (CSR). SHM diversifies IgH and Ig light chain (IgL) variable
region exons to allow generation of B cells with the potential to secrete higher affinity
antibodies (reviewed by Odegard and Schatz, 2006; Di Noia and Neuberger, 2007; Maul and
Gearheart, 2010). IgH class switch recombination (CSR) allows B cells to express different
classes of antibodies with different IgH constant regions (CHs) and, as a result, different
antibody effector functions (reviewed by Chaudhuri et al., 2007; Honjo et al., 2002). CSR
involves joining DNA double strand breaks (DSBs) in the large repetitive switch (S) region
(Sµ) that lies upstream of the Cµ constant regions exons to DSBs within a downstream S
region (e.g. Sγ1), which replaces Cµ exons with a set of downstream CH exons to complete
CSR (e.g. switching from IgM to IgG1). Activation Induced cytidine Deaminase (AID)
initiates both SHM and CSR (Muramatsu et al., 2000; Revy et al., 2000) by deaminating
cytidines on, respectively, transcribed IgH or IgL variable region exons or transcribed IgH S
regions (Petersen-Mahrt et al., 2002). The deaminated cytidines become targets of co-opted
DNA repair pathways that lead to mutations associated with variable region exon SHM or to
S region DSBs that initiate CSR (reviewed by Di Noia and Neuberger, 2007; Neuberger et
al., 2003). To initiate both SHM and CSR, AID equally deaminates both template and non-
template strands of transcribed target DNA sequences (Milstein et al., 1998; Shen et al.,
2006; Xue et al., 2006).

AID is a single-stranded (ss) DNA specific cytidine deaminase that lacks activity on double-
stranded (ds) DNA (Chaudhuri et al., 2003; Dickerson et al., 2003; Ramiro et al., 2003;
Sohail et al., 2003). Correspondingly, SHM and CSR require transcription through duplex
substrate V(D)J exons or S regions to target AID activity, consistent with transcription
generating a ssDNA AID substrate (reviewed by Chaudhuri et al., 2007; Yang and Schatz,
2007; Di Noia and Neuberger, 2007; Maul and Gearheart, 2010). Transcription through
mammalian S regions generates R-loops, in which the template strand is hybridized to the
nascent transcript and the non-template strand is looped out as ssDNA (Daniels and Lieber,
1995; Shinkura et al., 2003; Tian and Alt, 2000; Yu et al., 2003a). In biochemical studies,
transcription-generated R-loops within duplex substrates allow AID deamination, but mainly
on the looped-out non-template strand (Chaudhuri et al., 2003). AID that is phosphorylated
on serine 38 by protein kinase A can access in vitro transcribed dsDNA SHM substrates
(e.g. V(D)J exons) that lack R-loop forming ability; again, however, mainly on the non-
template strand (Basu et al., 2005; Basu et al., 2008; Chaudhuri et al., 2004; Zarrin et al.,
2004; Vuong et al., 2009). Ectopically expressed AID mutates transcribed substrates in
bacteria and yeast, but once again predominantly on the non-template strand (Gomez-
Gonzalez and Aguilera, 2007; Ramiro et al., 2003). Thus, the mechanism by which AID
accesses the template DNA strand of substrates has been a major question (e.g. Chaudhuri et
al., 2007; Chelico et al., 2009; Di Noia and Neuberger, 2007; Liu and Schatz, 2009;
Longerich et al., 2006; Maul and Gearhart, 2010; Pavri et al., 2010; Peled et al., 2008).

Biochemical studies suggested that AID may gain access to both DNA strands of certain
types of transcribed plasmids via formation of RNA polymerase-generated super-coils
(Besmer et al., 2006; Shen et al., 2005; Shen and Storb, 2004). However, such a mechanism
does not readily explain how AID accesses the template strand of a transcribed substrate if it
is blocked by a nascent RNA transcript (Maul and Gearheart, 2010). Indeed, AID has no
known activity on RNA/DNA hybrids, which form over wide regions of mammalian S
regions in the form of R-loops (Huang et al., 2007; Huang et al., 2006; Roy, Yu, and LIeber,
2008; Yu et al., 2003a) and which may also form in the context of transcription bubbles
(Gomez-Gonzalez and Aguilera, 2007; Li and Manley, 2005). RNase H has been proposed
as a candidate for exposing regions of R-looped S region template strands to AID based on
biochemical ability to degrade RNA in the context of R-loops (Lieber, 2010; Yu and Lieber,
2003b); however, to date there has been no direct evidence that implicated either RNase H
or other cellular RNA degradation factors in CSR.
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The RNA exosome is an evolutionarily conserved RNA processing/degradation complex
(reviewed by Houseley et al., 2006; Lykke-Andersen et al., 2009; Schmid and Jensen, 2008;
Shen and Kiledjian, 2006). The nine sub-unit core of the eukaryotic RNA exosome, which
includes the CsL4, Rrp4, Rrp40, Rrp41, Rrp46, Mtr3, Rrp42, Rrp43 and Rrp45 subunits, has
RNA-binding activity, but lacks ribonuclease activity (Anderson et al., 2006; Greimann and
Lima, 2008; Oddone et al., 2007; Figure S1). RNA exosome ribonuclease activity is
provided by non-core subunits including Rrp6 and Rrp44 that have RNA 3'-5' exonuclease
or endonuclease activity (Greimann and Lima, 2008; Houseley et al., 2006; Lebreton et al.,
2008; Schaeffer et al., 2009; Figure S1). The mammalian RNA exosome complex interacts
with co-factors, such as the TRAMP complex, that target it to particular substrates based on
sequence or structural features (reviewed by Houseley et al., 2006; Houseley and Tollervey,
2008; LaCava et al., 2005). In Drosophila, the RNA exosome complex interacts with
elongating RNA polymerase II (Pol II) complexes via the Spt5/6 transcription elongation co-
factors (Andrulis et al., 2002); and in yeast it binds to and removes nascent RNP complexes
from template DNA (El Hage et al., 2010; Houseley et al., 2006; Houseley and Tollervey,
2008). We now describe studies that implicate the RNA exosome as a long speculated co-
factor that targets AID deamination activity to both template and non-template strands of
transcribed dsDNA substrates.

RESULTS
AID associates with the RNA exosome complex

To elucidate factors that might promote AID access to the template strand of transcribed
substrates in the context of RNA/DNA hybrid structures, we in vitro transcribed an RGYW-
rich dsDNA SHM substrate with T7 RNA polymerase in presence of Ramos human B cell
lymphoma line extracts. Transcribed DNA- protein complexes were purified via
chromatographic steps that would enrich for DNA binding (CM-sepharose, DEAE cellulose)
and macromolecular complex formation (gel-filtration chromatography), followed by
heparin sepharose chromatography and anti-AID antibody mediated affinity purification to
enrich complexes containing AID (Figure 1A, B; Figure S1B; Supp. Table 1; see Supp.
Methods for details). At each step, fractions enriched for AID deamination stimulatory
activity were identified via a 3H-release assay (e.g. Figure S1B; Supp. Methods). Among
proteins identified by mass spectrometric analysis of purified complexes were multiple
subunits of the RNA exosome complex, including Mtr3, Csl4, Rrp43, Rrp40, Rrp42 (Figure
1B; Supp. Table 1). To further elucidate potential functions, we assayed ability of the AID-
associated, transcribed DNA complex to enhance deamination activity of purified AID in a
transcribed dsDNA SHM substrate assay (Chaudhuri et al., 2003), and found that it
markedly stimulated AID activity (Figure 1C). Notably, AID association with the RNA
exosome complex and purification of an AID-stimulatory activity was not observed if the
purification was performed from a reaction without T7 polymerase, indicating that complex
formation is enhanced by transcription (Figure S1B; data not shown).

To assay for AID/RNA exosome association in vivo, we immunoprecipitated AID from
mouse primary splenic B cells stimulated with anti-CD40 plus IL-4 to induce AID and CSR
to IgG1 and then assayed immunoprecipitates for RNA exosome sub-units by Western
blotting. These analyses revealed that AID associated with Rrp40, Rrp46, and Mtr3 RNA
exosome subunits (Figure 2A). Likewise, AID immunoprecipitated from mouse CH12F3 B
lymphoma cells stimulated with anti-CD40, IL-4 and TGF-β to undergo CSR to IgA, as well
as AID immunoprecipated from the Human Ramos B lymphoma cells, associated with core
Rrp40 and Rrp46 subunits, as well as with the Rrp6 catalytic exosome subunit (Figure 2B).
By individually expressing FLAG-tagged versions of RNA exosome subunits along with
AID in HEK293T cells, we observed that immunoprecipitation of any of the eleven
exosome core and catalytic subunits via anti-FLAG antibodies also pulled down AID
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(Figure 2C). Together, our findings indicate that AID either directly or indirectly associates
with the RNA exosome complex in cells.

Exosome core sub-unit Rrp40 is required for optimal CSR
Previous work indicates that absence of given core exosome subunit leads to a severe defect
in overall RNA exosome function (Jensen and Moore, 2005). Therefore, to evaluate
potential roles of the RNA exosome complex in CSR, we used a knock-down approach to
reduce Rrp40 in the CH12F3 B lymphoma line. For this purpose, we lentivirally-introduced
two different shRNAs that targeted Rrp40, respectively, into CH12F3 cells to generate 3
different knockdown lines that had Rrp40 levels ranging from about 50% to less than 10%
those of controls including a WT line and a line harboring a non-specific ("scrambled")
shRNA (Figure 3B; Figure S2C). Following stimulation with anti-CD40, TGFβ and IL4 for
48hrs to induce CSR to IgA, Rrp40 knock-down lines consistently displayed reduced CSR,
with levels ranging from 30–50% those of controls (Figure 3A,C; Figure S2B). However,
the various Rrp40 knock-down lines proliferated similarly to controls after stimulation
(Figure 3E and Figure S2A,E). In addition, the knock-down and control lines expressed
similar levels of Iµ and Iα transcripts and similar levels of AID; while there were variations
in transcript levels from clone to clone, there was no correlation with CSR and Rrp40 levels
(Figure 3D; Figure S2F). Finally, similar knockdowns of the Mtr3 RNA exosome core sub-
unit also led to decreased CSR without markedly affecting cell proliferation, AID levels, or
Iµ and Iα transcription (Figure S3). Together, these findings demonstrate that physiological
levels of RNA exosome core subunits are required for efficient CSR.

Association of Rrp40 with S regions in B cells activated for CSR
If the RNA exosome functions to target AID activity, it should be found in association with
transcribed S regions in B cells activated for CSR. To evaluate this possibility, we
performed chromatin immunoprecipitation (ChIP) assays to test whether Rrp40 associates
with transcribed Sµ sequences in activated CH12F3 cells before and after stimulation for
CSR to IgA. We first employed western blotting to confirm that Rrp40 is specifically
precipitated with an anti-Rrp40 antibody, but not control IgG, under ChIP conditions (Figure
4A). After processing immunoprecipitates for isolation of bound DNA, we utilized
quantitative PCR (q-PCR) to determine levels of Rrp40 bound to Sµ and Sα. These analyses
demonstrated enrichment of Sµ and, to a lesser extent, Sα in the anti-Rrp40 ChIPs from
stimulated versus un-stimulated CH12F3 cells (Figure 4B; Figure S4). As there is some Sµ
transcription in non-activated B cells (Muramatsu et al., 2000), the question arises as to
whether transcription per se is sufficient to recruit the RNA exosome to S regions. To
explore this question, we assayed for Rrp40 recruitment to Sµ and Sγ1 in WT and AID-
deficient primary B cells activated with anti-CD40 and IL-4, which induces germline Sγ1
transcription in both cell types (Muramatsu et al., 2000). Consistent with targeting
dependent on germline transcription, Rrp40 was recruited to Sµ and Sγ1 in the activated WT
B cells (Figure 4C, D; Figure S4). Notably, however, Rrp40 was not measurably recruited to
Sµ and Sγ1 in AID-deficient B cells. Together, our results indicate that the RNA exosome
complex is recruited to transcribed S regions in B cells activated for CSR in an AID-
dependent fashion.

RNA exosome stimulates AID Activity on Template and Non-Template Strands
To further evaluate the potential ability of the cellular RNA exosome complex to act as an
AID co-factor, we substantially purified this complex from cell-free nuclear extracts
prepared from HEK293T cells that expressed a FLAG-epitope tagged Rrp6 exosome sub-
unit. In this purification, we maintained relatively low salt concentrations to prevent
disaggregation of protein complexes (Figure S5). To test activity, we added varying amounts
of the exosome-enriched extract to a 3H-uracil-release in vitro transcription-dependent AID
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deamination assay, which measures overall SHM substrate deamination (Figure 5A). In this
assay, T7 polymerase transcription of the SHM substrate leads to little or no AID
deamination activity and addition of partially purified RNA exosome extract in the absence
of AID also gives no deamination activity on the T7 transcribed substrate (Figure 5B).
However, addition of both AID and partially purified RNA exosome led to substantial
deamination of the transcribed substrate (Figure 5B), with activity appearing to be, roughly,
within a range similar to that observed with phosphorylated AID and RPA ((Basu et al.,
2005; Basu et al., 2008; Chaudhuri et al., 2004); see below). The AID deamination
stimulatory activity observed in these extracts is likely mediated by the exosome complex;
since we found that deamination activity co-fractionated with the RNA exosome during
purification (Figure S5). Likewise, we found similar results when we purified the exosome
complex from HEK293T cells via an approach in which affinity purification of the complex
was performed with antibodies against endogenous Rrp40 (Figure S5D). Finally, we found
that the RNA exosome also stimulated AID deamination of a transcribed dsDNA core Sµ
substrate and a synthetic R-loop forming substrate (Fig. 5B).

Because the RNA exosome can associate with Pol II transcription complexes and remove
nascent transcripts from transcribed DNA (El Hage et al., 2010), we considered it as a
candidate AID co-factor for template DNA strand deamination. To test this possibility, we
performed in vitro transcription-dependent AID dsDNA SHM substrate deamination assays
in which the Southern blotting read-out reveals deamination of either template or non-
template strands, respectively (Figure 5C) (Chaudhuri et al., 2004). In this assay, no
deamination of either strand was observed when only AID was added in the presence or
absence of T7 polymerase (Figure 5D; Figure S6A). As observed previously, addition of
PKA (to phosphorylate AID on S38) and RPA along with T7 polymerase and AID led to
deamination of the non-template strand but not the template strand (Figure 5D; Figure S6A).
Strikingly, addition of both AID and partially purified RNA exosome (in the absence of
RPA or PKA) to the T7-transcription reaction led to deamination of both strands of the SHM
substrate (Figure 5D; Figure S6A, E). In most assays, activity on both template and non-
template strands, respectively, was robust, as evidenced by greatly diminished levels of full-
length substrate strands (Figure 5D; Figure S6A). The RNA exosome also enhances AID
template strand deamination activity on transcribed core Sµ substrate and synthetic R loop-
forming substrates (Figure 5B; Figure S6B, C). Together, our findings indicate that the
endogenous RNA exosome complex can function as a stimulatory co-factor for AID
deamination activity on both strands of transcribed duplex SHM substrates.

Recombinant Core RNA Exosome Stimulates AID-dependent Deamination on Template
and Non-Template Strands

The partially purified endogenous RNA exosome preparation should contain the core
structural complex as well as catalytic sub-units (e.g. Rrp6 which was used to pull down the
complex) and potentially other co-factors or contaminating proteins. To unequivocally
evaluate the ability of the RNA exosome to stimulate AID activity on transcribed SHM
substrates and to also obtain insight into potential mechanisms, we assayed a 9 sub-unit
recombinant human RNA exosome core complex reconstituted from subunits that were
individually purified subsequent to expression in bacteria (Figure 6A)(Greimann and Lima,
2008; Liu et al., 2006). We found that, when titrated for optimal activity (Figure S6E), the
recombinant RNA exosome core complex robustly stimulated AID-dependent deamination
of transcribed SHM substrates as measured by the H3-uracil release assay (Figure 6B; Figure
S6F). In fact, maximum deamination levels stimulated by the recombinant core complex
were roughly similar to those obtained with partially purified RNA exosome complex
(Figure 6B; Figure S6F). Moreover, the recombinant RNA exosome core complex also
stimulated AID-dependent deamination of both template and non-template strands of the
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SHM substrate (Figure 6C; Figure S6G) and synthetic R-loop forming substrates (Figure
S6C). Thus, the core RNA exosome complex alone, in the absence of the RNAase catalytic
sub-units, promotes AID- and transcription-dependent SHM substrate deamination.

To further characterize potential functions of the core RNA exosome, we assayed individual
core subunits (Figure 6D and Figure S7). Individual subunits were assayed at approximately
the same molarity as when assayed in the context of the core complex. Some, but not all,
recombinant core RNA exosome subunits stimulated AID- and transcription-dependent
SHM substrate deamination activity; however, the level of stimulation was low compared to
that of the full core complex (Figure 6D; Figure S7A). The RNA binding subunits Rrp40,
Rrp46, Rrp41 and Mtr3 showed low levels of activity (Figure 6D and Figure S7A,C). On the
other hand, other core sub-units with demonstrated RNA binding activity and/or RNA
binding domains, along with the Rrp6 ribonuclease sub-unit, lacked detectable activity
indicating that the observed activity is not a property of all such proteins

DISCUSSION
Enigma of AID Targeting of the Template Substrate Strand

Recent studies revealed a mechanism by which AID can be brought to transcribed substrates
in the context of RNA Polymerase II pausing (Pavri et al., 2010). Once recruited to the
substrate, transcription-based mechanisms also provide a potential means of providing AID
with a ssDNA substrate in the context of a duplex substrate via looping out of the non-
template strand (Chaudhuri et al., 2004; Chaudhuri et al., 2003; Gomez-Gonzalez and
Aguilera, 2007; Ramiro et al., 2003; Yu et al., 2003b). However, AID equally deaminates
both substrate DNA strands during CSR and SHM (Milstein et al., 1998; Shen et al., 2006;
Xue et al., 2006). In the latter context, the mechanism by which AID generates DSB
intermediates that are substrates for CSR (Peterson et al., 2001; Schrader et al., 2005;
Wuerffel et al., 1997) and for chromosomal translocations (Ramiro et al., 2004; Robbianni et
al., 2008) requires targeting of both DNA strands (e.g. Xue et al., 2006; reviewed by "Di
Noia and Neuberger, 2007). Thus, the mechanism by which AID accesses the template DNA
strand has been a major question (e.g. Chaudhuri et al., 2007; Chelico et al., 2009; Di Noia
and Neuberger, 2007; Liu and Schatz, 2009; Longerich et al., 2006; Maul and Gearhart,
2010; Pavri et al., 2010; Peled et al., 2008). We now show that the core RNA exosome
complex promotes AID deamination of both template and non-template strands of in vitro
transcribed SHM substrates. Moreover, in B cells activated for CSR, the RNA exosome
complex associates with AID and accumulates on S regions in an AID-dependent manner.
Finally, integrity of the RNA exosome complex is required for optimal CSR. Thus, the RNA
exosome is a long sought co-factor that can target AID activity to both template and non-
template strands of transcribed SHM and CSR targets.

Implications of AID/RNA Exosome Biochemistry
Our In vivo knock-down, ChIP, and physical association studies provide strong biological
evidence that the RNA exosome functions in CSR. However, such studies often provide
limited mechanistic insight. In addition, as elimination of RNA exosome core sub-units is
cell lethal in yeast; it may be difficult to achieve complete knockdowns or knockouts to fully
test extent of exosome function in promoting AID activity in vivo. Classical biochemistry
has been extremely useful for elucidating potential functions of essential replication, repair,
and recombination factors (e.g. Chaudhuri et al., 2004; Dzantiev et al., 2004; Genschel and
Modrich, 2003; Maldonado et al., 1996; Stillman and Gluzman, 1985). In this context, our
biochemical studies reveal that the core RNA exosome robustly targets AID to both strands
of T7 polymerase-transcribed SHM substrates in vitro. Clearly, T7 polymerase is
structurally and mechanistically distinct from mammalian RNA PoI II, and the in vitro
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system we have employed does not operate in the chromatin context in which SHM and
CSR occurs in vivo. Also, the concentration of the RNA exosome, and of other factors in our
assays, may be greater than their cellular levels. But again, it is just these aspects of the
biochemical assay that allow us to define what the RNA exosome has the potential of
achieving. Additional mechanisms and factors (e,g, AID) likely will work to specifically
recruit the RNA exosome to transcribed SHM and CSR targets in vivo (see below),
potentially increasing local concentration to levels sufficient to achieve activities observed
in vitro.

The evolutionarily conserved RNA exosome complex is required for degradation and/or
processing of various RNAs, including non-coding RNAs generated in cells due to error-
prone transcription or from transcription-initiated by cryptic promoters (Houseley et al.,
2006; Jensen and Moore, 2005; Lykke-Andersen et al., 2009; Preker et al., 2008). In
bacteria, the exosome core complex contains ribonuclease activity; however, in yeast and
mammalian cells, the core subunits lack such activity and generally have been considered
structural scaffolds (Greimann and Lima, 2008; Houseley et al., 2006; Jensen and Moore,
2005). In eukaryotes, non-core exosome sub-units or co-factors provide ribonuclease
activity (Callahan and Butler, 2010; Greimann and Lima, 2008; Houseley et al., 2006;
Lebreton et al., 2008; Schaeffer et al., 2009; Staals et al., 2010; Tomecki et al., 2010). Our
biochemical data demonstrate that the recombinant 9 sub-unit exosome core, in the absence
of catalytic subunits, robustly targets AID to both strands of T7 transcribed substrates. The
precise molecular mechanism by which the RNA exosome core achieves this activity
remains to be determined. In theory, it may compete with duplex DNA for binding the
nascent transcript, thereby displacing it from the template strand; while also forming a
scaffold that stabilizes the transcriptionally-opened template to expose both DNA strands.
Our finding that certain core exosome subunits have low, but significant, ability to enhance
AID deamination of in vitro transcribed substrates is intriguing. Currently, however, there is
no clear correlation between any particular known sub-unit activity and which sub-units
promote low level AID access.

We previously have shown that that RPA, a ssDNA binding protein involved in replication
and repair, binds AID phosphorylated on S38 and, thereby, targets AID to transcribed SHM
substrates in vitro, albeit mostly to the non-template strand (Basu et al., 2005; Chaudhuri et
al., 2004). A substantial amount of evidence supports the significance of the AID/RPA
interaction for AID function during CSR and SHM, both in augmenting AID deamination
activity and also potentially in recruiting downstream repair pathways involved in further
processing AID initiated lesions (Basu et al., 2005; Basu et al., 2008; Cheng et al., 2009;
McBride et al., 2006; McBride et al., 2008; Pasqualucci et al., 2006). Notably, RNA
exosome-mediated AID-targeting activity in our in vitro SHM assay does not require AID
phosphorylation on S38 or RPA, demonstrating that the RNA exosome function in AID
targeting is distinct. However, these two AID targeting mechanisms still might be
complementary in vivo (see below).

Potential Mechanism by which the RNA Exosome Promotes AID Activity in vivo
Both CSR and SHM in activated B cells require transcription through target S regions or
variable region exons. Such transcriptional targeting was proposed to result from association
of a mutator factor with stalled Pol II within the target sequence (Peters and Storb, 1996).
Over the years, this model has been supported by numerous findings including: AID, now
known to be the hypothetical mutator, is targeted by transcription (reviewed by Chaudhuri et
al., 2007; Yang and Schatz, 2007; Di Noia and Neuberger, 2007); AID associates with Pol II
(Nambu et al., 2003); and Pol II indeed stalls during transcription through S regions
(Rajagopal et al., 2009; Wang et al., 2009), potentially augmented by transcribed S regions
forming secondary structures such as R loops (reviewed by Maul and Gearheart, 2010).
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Recent studies have implicated the Spt5 transcriptional elongation co-factor in recruiting
AID to stalled Pol II and, thereby, bringing AID to transcribed genomic targets (Pavri et al.,
2010). However, the AID/Spt5/Pol II interaction did not explain how AID actually accesses
its target sequences once there and, in particular, how AID accesses the template DNA
strand (Pavri et al., 2010), a process in which we now have implicated the RNA exosome.
The recruitment of the RNA exosome to S regions in B cells activated for CSR, in theory,
might involve a putative Spt5/RNA exosome interaction (Andrulis et al., 2002) or
generation of the non-coding S region transcripts (Lennon and Perry, 1985 Lutzker and Alt,
1988), the latter of which might attract the RNA exosome complex (reviewed by Houseley
et al., 2006; Jensen and Moore, 2005; Schmid and Jensen, 2008). However, the marked
AID-dependence of exosome recruitment to targeted S regions in activated B cells rules out
Spt5 interaction or germline transcription alone for RNA exosome recruitment. While AID
might directly recruit the RNA exosome complex; we, thus far, have not found interaction
with individual purified subunits, raising the additional possibility of indirect recruitment,
for example via an AID/transcription-related complex.

We propose a working model for how the RNA exosome may enhance targeting of AID to
both DNA strands of its in vivo substrates (Supp. Fig. 8). This model is based on our current
biochemical and cellular findings regarding relationships between AID and the RNA
exosome, known aspects of AID function and recruitment to transcribed target sequences,
and known RNA exosome properties. To enhance AID activity on the template strand, the
RNA exosome must in some way remove the template RNA. As the RNA exosome is not
known to engage RNA substrates that lack a free single stranded 3' end, co-transcriptional
RNA exosome activity where a RNA in the RNA/DNA hybrid is still attached to the RNA
polymerase would seem unlikely. Therefore, we suggest that the RNA exosome would have
its relevant activity on stalled Pol II units that backtrack to reveal a free 3' end (Adelman et
al., 2005) (Supp. Fig. 8a). In this context, stalled RNA polymerase recruits AID via the Spt5
transcription factor (Pavri et al., 2010). Thus, Pol II stalling would indirectly recruit the
RNA exosome via AID (Supp. Fig. 8b). Likewise, Pol II stalling would also provide a
suitable substrate to engage the RNA exosome and allow it to enhance AID substrate
activity (Sup. Fig. 8b), potentially via mechanisms mentioned in the preceding section of the
Discussion or below. We further suggest that RPA might bind to and stabilize ssDNA
targets opened up by the RNA exosome and facilitate S38-phosphorylated AID
accumulation via direct interaction (Basu et al., 2005; Basu et al., 2008; Vuong et al. 2009)
(Supp. Fig. 8c,d). In addition, bound RPA may facilitate engagement of downstream repair
pathways (Chaudhuri, Khuong, and Alt, 2004; Vuong et al., 2009). We must note that it
remains possible, in vivo, that the catalytic subunit of the RNA exosome could provide
ribonuclease activity that would degrade the nascent transcript from the DNA/RNA hybrids
on transcribed AID substrates and, thereby, further contribute to exposing the template
strand to AID activity (Supp. Fig. 8E). Finally, we do not rule out the possibility that RNA
exosome, in the context of an AID complex, acquires unique properties as compared to
those already known the RNA exosome and that these are relevant to enhancing AID
activity.

MATERIALS AND METHODS
Recombinant plasmids, antibodies and proteins

RNA exosome subunits, AID, and RPA were expressed as described (Greimann and Lima,
2008; Chaudhuri et al., 2004; Chaudhuri et al., 2003; Stillman and Gluzman, 1985). AID
antibodies were generated as described (Chaudhuri et al., 2003) and anti-exosome sub-unit
antibodies were purchased from Genway or AbCam. Exosome subunit and complex
purifications were as described (Greimann and Lima, 2008). Details are in Supplementary
Methods.
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AID activity assays
The 3H-release assay was performed essentially as described (Chaudhuri et al., 2003; Basu
et al., 2005). The strand specific AID and transcription dependent dsDNA deamination assay
was performed as described (Chaudhuri et al., 2004; Chaudhuri et al., 2003). Details are in
Supplementary Methods.

AID complex purification from Ramos cells
We used a combination of DNA affinity, size chromatography and affinity purification for
isolating AID complexes. We analyzed components of the complex via mass spectrometry.
For details, see Extended Supplementary Methods.

RNA exosome purification from 293T cells
We generated protein extracts from HEK293 cells expressing FLAG-epitope tagged Rrp6.
We used a combination of size chromatography, glycerol gradient sedimentation and FLAG
affinity purification to isolate a protein complex enriched with RNA exosome complex. We
also isolated RNA exosome from HEK293 cells using the same approach except that the
affinity purification step employed anti-Rrp40 antibodies. For details see Extended
Supplementary Methods.

Immunoprecipitation of AID/RNA exosome complex from B cells and HEK293 cells
We utilized previously published protocols to immunoprecipitate the AID complex from B
cells (Chaudhuri et al. 2004; Basu et al. 2005); or similarly adapted protocols for
immunoprecipitating FLAG-exosome subunits from 293 cells. For details, see Extended
Supplementary Methods.

CSR analysis of Rrp40-deficient CH12F3 cells
We performed shRNA-mediated knockdowns in Ch12F3 according to TRC shRNA library
protocols. Knockdown efficiencies were measured by detecting levels of Rrp40 in these
cells by western blotting. We determined levels of germline S region transcripts in Rrp40-
deficient cell via previously published protocols (Muramatsu et al. 2000). For details, see
Extended Supplementary Methods.

Chromatin Immunoprecipitation assays
We utilized adaptations of previously published protocols (Chaudhuri et al., 2004) for
isolating chromatin immunoprecipitates of Rrp40. See Extended Supplementary Methods
for details.

Other Material and Methods
See Extended Supplementary Methods for further details.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AID forms a transcription-Dependent complex with RNA Exosome
(A) Schematic outlining steps for enrichment of transcription dependent AID/RNA
exosome/SHM substrate complex. Details are in text and supplementary methods. (B)
Proteins enriched by purification scheme in panel A were analyzed by SDS-PAGE followed
by staining with Coomassie Blue. Identity of proteins from selected bands was determined
by mass spectrometry; bands that contain RNA exosome sub-units are indicted on the right
with molecular weight markers on the left. (C) AID purified following ectopic expression in
HEK293 cells was assayed in a 3H-release in vitro transcription dependent SHM substrate
assay (Chaudhuri et al., 2003; see also Figure 5) in presence or absence of complex enriched
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by purification scheme in panel A. Percent of total transcribed DNA substrate deaminated is
presented for 3 separate assays. See also Figure S1.
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Figure 2. AID complexes with RNA exosome subunits in vivo
(A) AID immunoprecipitates from extracts of CSR-activated AID-deficient and wild-type B
cells were assayed for Rrp40, Rrp46, Mtr3 and AID (indicated on the right) via Western
blotting. The left two lanes show Western blotting of total extract and the right two lanes
show Western blotting of immunoprecipitated products. (B) AID immunprecipitates ("Anti-
AIDIP" lanes) or control reactions without anti-AID antibody ("-AbIP" lanes) from Ramos
("Ramos") and CSR-activated CH12F3 cells ("CH12F3 Sti") were assayed for Rrp46,
Rrp40, Mtr3 and AID (indicated on right) by Western blotting. Un-stimulated CH12F3 cells
("CH12F3 unsti") were used as a negative control. (C) AID was co-expressed with
individual FLAG-epitope tagged RNA exosome subunits in HEK293T cells. Lanes from left
to right represent cells transfected with empty vector ("vector") as a control or the individual
FLAG-epitope tagged subunit indicated at the top. The top two panels show Western
blotting of total extract ("input") and the bottom three panels show western blotting with
indicated antibodies (anti-AID, anti-Rrp40 and anti-Rrp6) following immunopreciptitation
with anti-Flag antibodies. Asterisks indicate bands corresponding to Flag-tagged exosome
subunits. A background band corresponding to the anti-Flag Ig light chain also is indicated
(“Background").
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Figure 3. RNA exosome subunit Rrp40 is required for normal CSR
(A) CH12F3 cells lenti-virally infected with a scrambled short hairpin plasmid (NS) or with
shRNA against Rrp40 (shRrp40) were either not stimulated ("Unsti") or stimulated ("Sti")
for 2 days with anti-CD40, IL4, and TGFβ and analyzed for IgA CSR by flow cytometry.
ShRrp40-1 and shRrp40-2 are independent shRrp40-expressing CH12F3 isolates. Results
are representative of 8 experiments; additional experiments shown in Fig. S2A,B. (B) NS,
shRrp40-1 and shRrp40-2 expressing stimulated and un-stimulated CH12F3 isolates (shown
in Panel A) were assayed for Rrp40 and AID by Western blotting. Results representative of
4 experiments; additional experiment in Fig. S2. (C) Average levels and standard deviation
from the mean of CSR to IgA from three independent experiments (one shown in Panel A)
performed simultaneously with un-stimulated ("unsti") NS, and stimulated ("Sti") NS,
shRrp40-1 ("#1") and ShRrp40-2 ("#2") CH12F3 isolates. Five additional experiments gave
similar results (Fig. S2A,B). (D) Total cellular RNA from 3 independently stimulated
samples of indicated CH12F3 isolates (the ones used for Panel C) was assayed for Iµ
transcripts (left panel) and Iα transcripts (right panel) via quantitative RT-PCR. Average and
standard deviation from the mean is shown for the three separate experiments. Additional
experiment based on Northern or RT-PCR is shown in Fig. S2F. (E) Growth curves of
stimulated (NS), shRrp40-1 and shRrp40-2 CH12F3 cells calculated from three independent
sets of three experiments (one used for panel C and others shown Fig. S2A) with a fourth set
of 3 experiments indicated in Fig. S2E. Values represent average and standard deviation
from the mean.
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Figure 4. RNA exosome subunit Rrp40 is recruited to S regions
(A) Ch12F3 cells were either stimulated with TGFβ, IL4 and CD40 or kept un-stimulated
for 48 hours. Subsequently, Rrp40 was immunoprecipitated from cell extracts under
chromatin immunoprecipitation (ChIP) conditions and immunoprecipitates analyzed for
Rrp40 by Western blotting with anti-Rrp40. (B) The "ChIPed" Rrp40-DNA complex from
Ch12F3 cells was processed to isolate bound DNA. ChIPed DNA was tested for Sµ and Sα
sequences via q-PCR. The average and standard deviation from the mean for three separate
ChIP experiments is shown (see also Fig. S4). Numbers indicate average fold changes
comparing stimulated and un-stimulated samples. Un-stimulated samples were arbitrarily
normalized as 1 (Supp. Methods). (C) Rrp40 ChIPs were performed on extracts from
primary splenic B cells stimulated for 2 days with anti-CD40 plus IL4. Sµ and Sγ1 were
tested via semi-quantitative PCR; results are shown for two independent ChIP samples for
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each genotype. A 5-fold serial dilution of inputs is shown with the highest input
concentration corresponding to 1/20 of total input. (D) ChIPed DNA from activated splenic
B cells was tested for Sµ and Sγ1 via q-PCR. Numbers indicate average fold changes
comparing WT and AID−/− samples. AID−/− samples were arbitrarily normalized as 1
(Supp. Methods). Values represent the average and standard deviation from the mean for
three experiments. See Figure S4 for more details.
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Figure 5. Cellular RNA exosome augments transcription-dependent AID deamination activity on
template and non-template DNA strands
(A) Schematic representation of 3H release assay for AID deamination of transcribed
dsDNA SHM substrate. (B) Top Panel: Results of 3H release assay in which a SHM
substrate was transcribed by T7 polymerase (T) in the presence of purified AID (AID),
purified HEK293 RNA exosome (Exo293) or both. Middle Panel: Results of 3H release
assay in which a synthetic R-loop forming substrate was transcribed by T7 polymerase (T)
in the presence of purified AID (AID), recombinant RNA exosome (rExo) or both. Bottom
Panel: Results of 3H release assay in core Sµ substrate was transcribed by T7 polymerase
(T) in the presence of purified AID (AID), purified HEK293 RNA exosome (Exo293) or
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both. In all three panels, values represent average and standard deviation from the mean
from three independent experiments. (C) A schematic representation of assay for measuring
strand-specific AID deamination of a transcribed dsDNA SHM. The location of template (T)
and non-template (NT) strand probes is indicated. (D) The strand-specificity of RPA-
dependent or RNA exosome-dependent DNA deamination was analyzed by the assay in
panel C using either non-template (left panel) or template (right panel) strand-specific
probes. Reactions contained AID, T7 polymerase (T), RPA and PKA, or purified HEK293
exosome ("Exosome") as indicated. See also Fig. S6.
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Figure 6. Recombinant core RNA exosome and individual subunits stimulate AID activity
(A) Coomassie blue stained polyacrylamide gel electrophoreisis analysis of the 9 subunit
recombinant RNA exosome complex generated from individual subunits. (B) Comparative
analysis of the ability of RNA exosome complex from 293T cells (Exo293) and recombinant
RNA core exosome complex (rExo) to stimulate AID deamination activity as measured
by 3H release/SHM substrate assay in Fig. 5A. See Supp. Methods and Fig. S6 for details.
Optimal amounts of RNA exosome293T and recombinant RNA exosome core complex were
used (Fig. S6; Supp. Methods). (C) Assay of recombinant exosome complex to stimulate
strand-specific AID deamination of a transcribed SHM substrate via assay in Fig. 5C. Non-
template and template strand deamination are shown on left and right panels, respectively.
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Reactions contained either AID, recombinant core RNA exomsome (rExo9wt) or both (AID
+ rExo9wt) as indicated. (D) Individual recombinant RNA exosome subunits were assayed
for ability to promote AID deamination of a T7-transcribed SHM substrate as outlined in
Fig. 5A. Added exosome components are indicated. Control reactions with AID alone or
AID plus T7 polymerase are on the left. A positive control with complete recombinant core
RNA exosome (rExo9) plus T7 and AID is on the right. For panels B and D, values represent
the average and standard deviation from the mean for three independent experiments. See
also Figure S 6&7.
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