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Abstract

In B cells, activation-induced cytidine deaminase (AID) induces somatic hypermutation (SHM) at
rearranged immunoglobulin (Ig) variable (V) regions. Previous studies have shown that both
monoubiquitination of proliferating cell nuclear antigen (PCNA) and translesional DNA
polymerase activity are important for inducing mutagenesis during SHM. Regulation of PCNA
ubiquitination by p21, also known as Cdknla and p21CiPY/Wafl is an important mechanism that
controls mutation loads in mammalian cells. In this study, we have assessed whether p21 has an in
vivo function in regulating mutagenesis in B cells by analyzing SHM frequency in p21 deficient
mice. Our results show that p21 is dispensable for SHM. This suggests that, during SHM of Ig
genes, p21 does not act to regulate mutagenesis load. We also show that p21 transcript levels are
the same in both wildtype and AlD-deficient B cells during B cell activation, and that AID-
mediated class switch recombination (CSR) is not affected by p21-deficiency; thereby indicating
that p21 regulation in B cells is not altered by AlD-induced DNA damage and that p21 has no
affect on AID-dependent Ig gene diversification. Our results suggest that regulation of p21 in
activated B cells is probably more important for maintaining proper cell cycle progression as
opposed to promoting SHM of Ig genes.
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1. Introduction

SHM is a process that introduces point mutations into recombined Ig V regions during B cell
activation and, thereby, leads to selected increases in the affinity of antibodies (Ab) during
responses to pathogens. The rate of SHM is about 1 mutation per 1000 base pairs (bp) per
cell cycle, which is close to a million fold higher than the spontaneous mutation rate that
occurs in the remainder of the genome (Kunkel, 2004; Rajewsky, 1996). Although
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mechanisms and regulation of SHM are not fully understood, key aspects of the pathway
have been characterized (Peled et al., 2008).

SHM is initiated by the enzyme AID (Muramatsu et al., 2000) which deaminates cytosine
residues to uracils on single stranded DNA (ssDNA) leading to the formation of U:G bp
mismatches (Bransteitter et al., 2003; Dickerson et al., 2003; Petersen-Mahrt et al., 2002).
Mutations are generated upon processing/removing the uracils from the DNA by several
DNA repair pathways. The base excision repair (BER) and mismatch repair (MMR)
pathways play important roles in processing of the U:G bp mismatches (Rada et al., 2004;
Shen et al., 2006). Removal of urcacils by uracil-DNA glycosylase (UNG), which is part of
the BER pathway, results in abasic sites that can be repaired by replication via error-prone
polymerases to produce both transition mutations (purine to purine or pyrimidine to
pyrimidine) and transversion mutations (purine to pyrimidine) at the original C:G bp (Rada
etal., 2002). As part of the MMR pathway, the Msh2 and Msh6 heterodimers can also
recognize the U:G bp mismatches and initiate the removal of the uracils by DNA excision
followed by resynthesis via error-prone polymerases which can produce mutations at base
pairs surrounding the original C:G site that was deaminated by AID (Rada et al., 1998;
Wiesendanger et al., 2000; Wilson et al., 2005). Low fidelity, error-prone, translesional
DNA polymerases such as Pol 1, 6, 1, {, and REV1 have been shown to be important for
SHM (Delbos et al., 2007; Delbos et al., 2005; Diaz et al., 2001; Faili et al., 2002; Jansen et
al., 2006; Masuda et al., 2005; Mayorov et al., 2005; McDonald et al., 2003; Ross and Sale,
2006; Schenten et al., 2009; Zan et al., 2001; Zeng et al., 2001).

The DNA repair pathways that are functional during SHM are also essential in protecting
the genome from deleterious mutagenesis. For example, Ung and Msh2/Msh6 play
important roles in repairing spontaneous DNA damage that occurs during DNA replication
(Barnes and Lindahl, 2004; Kavli et al., 2007). Furthermore, Ung and Msh2 are essential for
the error-free repair of AID-induced DNA damage that occurs in non-Ig genes during B cell
activation (Liu et al., 2008). There is little known about the mechanisms that regulate error-
free versus error-prone mechanisms of DNA repair pathways during SHM.

Recently, it has been shown that monoubiquitination of the DNA clamp PCNA is important
for SHM (Langerak et al., 2007; Roa et al., 2008). PCNA is a ring shaped homotrimer that is
essential in DNA replication and DNA repair (Moldovan et al., 2007). Monoubiquitination
of PCNA regulates the loading and unloading of error-prone versus error-free DNA
polymerases (Kannouche et al., 2004; Stelter and Ulrich, 2003; Watanabe et al., 2004).
Studies from mice that express a mutated form of PCNA which cannot be
monoubiquitinated show a drastic reduction of mutations at A:T bp during SHM (Langerak
et al., 2007; Roa et al., 2008). Furthermore, defects of PCNA monoubiquitination result in
decrease SHM in the DT40 chicken B cell lines (Arakawa et al., 2006). These results
indicate that ubiquitination status of PCNA during SHM may regulate the choice between
error-free versus error-prone DNA repair pathways.

The regulatory mechanisms that promote error-prone repair by monoubiquitination of
PCNA post AID-induced DNA damage are not yet known. Several studies in human cell
lines have shown that the tumor suppressor protein p53 and the cell cycle inhibitor protein
p21 control mutation loads by affecting PCNA ubiquitination (Avkin et al., 2006; Soria et
al., 2006). Furthermore, loss of p53 and/or p21 results in uncontrolled error-prone
translesional polyermase activity (Avkin et al., 2006). Because p21 binds PCNA near the
vicinity of the ubiquitination site, it has been suggested that p21 binding to PCNA may
impair the function of PCNA to switch to a lower fidelity DNA polymerase such as pol n
(Gulbis et al., 1996; Kannouche et al., 2004; Soria et al., 2006; Soria et al., 2008; Watanabe
etal., 2004).
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The role of p21 in B cells is not clear. Studies have suggested that inactivating p21 during B
cell activation may be essential to allow proper cell cycle progression (Phan et al., 2005;
Woo et al., 2003). However, because p21 can also function as a negative regulator of
mutagenesis by modulating PCNA ubiquitination, it is unclear whether p21 inactivation in B
cells is essential for promoting SHM or preventing cell cycle arrest. We have now
investigated the role of p21 during SHM. We tested whether p21 deficient (Cdknla™/-) B
cells displayed alterations in SHM, specifically increases in mutations at A:T bp which
would be predicted if p21 functioned as a negative regulator of error-prone translesional
polymerases. Furthermore, we have tested whether p21 regulation during B cell activation
was dependent on AID-induced DNA damage.

2. Materials and Methods

2.1. Mice

All experiments with mice were approved by and performed in accordance with the
regulations of the Tufts University School of Medicine IACUC. Mice deficient in p21
(Cdknla—/-) have been described elsewhere (Brugarolas et al., 1995), are phenotypically
normal up to 7 months of age (Balomenos et al., 2000), and were obtained from Richard
Van Etten (Tufts University School of Medicine, Boston, Massachusetts). The AlD-deficient
(Aicda—/—) mice were obtained from Thereza Imanishi-Kari (Tufts University School of
Medicine, Boston, Massachusetts) with permission from T. Honjo (Kyoto University,

Kyoto, Japan) and have also been described elsewhere (Muramatsu et al., 2000). All mice
were maintained in a pathogen-free mouse facility at Tufts University School of Medicine.

2.2. Quantitative Real-time PCR

B cells were isolated from splenoctyes of 3 Aicda—/— mice and 2 Aicda+/+ mice (2 months
old) by negative selection using B cell isolation kits (Stem Cell Tech). Two million B cells
were stimulated for 8hr, 24hr, 48hr, 72hr, and 96hr with 25ug/ml of LPS (Sigma) and 10ng/
ml of IL-4 (Pepro Tech) in 4 ml cultures consisting of RPMI-1640 (BioWhittaker)
supplemented with 10% FBS (Atlanta Biologicals). Unstimulated cells (time Ohr) were lysed
in TRIzol (Invitrogen) after B cell isolation. Total RNA was isolated with TRIzol following
the manufacture’s protocol (Invitrogen). The RNA was DNasel (Invitrogen) treated prior to
cDNA synthesis. One microgram of RNA was used for cDNA synthesis using oligo(dT)20
and SuperScript 11 as recommended by the manufacturer (Invitrogen). Real-time PCR was
performed with SYBR® Green PCR master mix (Applied Biosystems) with mouse p21
primers (forward- 5' CACAGGCACCATGTCCAATC, and reverse- 5
GACAACGGCACACTTTGCTC) and mouse B-actin primers (for endogenous control)
(forward- 5" AGGTATCCTGACCCTGAAC, and reverse- 5
CACACGCAGCTCATTGTAG) in a IQ™5 Multicolor Real-Time PCR Detection System
(Bio-Rad). WEHI-231 murine B-cell lines were used to make standard curves for p21 and f3-
actin expression. Relative quantification was determined from the standard curves and by
normalizing to B-actin. Real-Time PCR data represent the means that were obtained from
triplicates from three independent experiments. Student’s t-tests were performed to
determine statistical differences.

2.3. Cell sorting

Cells were stained with the B cell marker, B220 (CD45R/B220-PE, Southern Biotech), and
the activation marker, peanut agglutinin (PNA) (FITC-PNA, Vector Laboratories Inc.) by
standard methods. Activated B cells were isolated by sorting for B220*PNANY" on a MoFlo
instrument (Dako Cytomation), and FACS analysis was done with FACSCalibur (BD
Biosciences).

Mol Immunol. Author manuscript; available in PMC 2012 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shansab and Selsing

2.4. SHM

2.5.CSR

3. Results

Page 4

Activated B cells were sorted from Peyer’s patches of 2—4 month old Cdknla—/— mice (4
mice per experiment, a total of three independent experiments), Cdknla+/+ littermate
controls (4 mice per experiment, a total of 2 independent experiments) and Cdknla+/—
littermate controls (4 mice in one experiment). Activated B cells (B220*PNANSN) were
sorted and lysed for DNA isolation using Aqua Pure Genomic DNA isolation kits (Bio-
Rad). The Jh2 to Jh4 intronic region (~1.4 kilobases) of the Ig locus was amplified using the
Jh2-forward primer; 5 GGCACCACTCTCACAGTCTCCTCAGG and Jh4-reverse primer;
5 TGAGACCGAGGCTAGATGCC. High fidelity Pfx Platinum Taq DNA Polymerase was
used for the amplification process as described by the manufacturer (Invitrogen). The PCR
error rate was 2.2x10~4 which was determined from sorted naive B cells (B220"PNAIOW/-).
The PCR products were separated on an agarose gel and the 1.4 kb products were isolated
from the gel using QIAquick Gel Extraction Kits (Qiagen). Gel purified PCR products were
cloned into pGEM vectors (Promega) and transformed into 5-alpha F’ I9competent
Escherichia coli (New England BioLabs). Plasmids containing individual PCR clones were
isolated as described before (Han et al., 2007). Each clone was sequenced bidirectionally
with two different primers (T7 and Sp6) that hybridize to the pGEM vector (Promega).
Sequencing was performed at the Tufts University Core Facility (Tufts University School of
Medicine, Boston, MA). The sequences were analyzed with Clone Manager software (Sci-
ED) and SHM was determined by dividing the total number of mutations that were observed
by the total number of bp that were analyzed. Clones that contained identical mutations, and
clones that shared some mutations, were counted once. In our analysis, only 2 clones shared
mutations, one clone had 15 mutations that were identical to the sister clone which had 5
additional mutations; of these, only the clone with the most mutations was included in the
analysis. Among the identical clones, 5 set of clones (10 total clones) contained identical
mutations and each set was counted as one clone. The sequence specificity data only
includes clones that were counted in the pie charts. Both the mutation frequency and the
mutation patterns were confirmed by the SHMTool webserver
(http://sch.aecom.yu.edu/cgi-bin/pl) (Maccarthy et al., 2009) and corrected for base
composition. P values were calculated using two-tailed unpaired Student’s t-tests.

B cells were isolated from splenocytes of 3 Cdknla—/— mice and 3 Cdknla+/+ controls by
negative selection using B cell isolation kits (Stem Cell Tech). Two million B cells were
activated for four days to induce CSR to 1gG1 (25ug/ml LPS + 20ng/ml IL-4), 1gG3 (25ug/
ml LPS), 1gG2a (25ug/ml LPS + 100ng/ml IFN-y), 1gG2b (25ug/ml LPS + 0.5ng/ml TGF-f)
as described elsewhere (Eccleston et al., 2009). Four days post stimulation, B cells were
stained with Alexa Fluor®467-conjugated anti-B220 (Invitrogen), and either with Alexa
Fluor®488-conjugated anit-IgG1, anti-1gG3, anti-1gG2a, or anti-1lgG2b (Invitrogen).
Propidium iodide (PI) was added just prior to FACS analysis with FACSCalibur (BD
Biosciences). Three independent experiments (one mouse per genotype per experiment)
were conducted and the p values were calculated using two-tailed unpaired Student’s t-tests.

3.1. p21 expression is not regulated by AID

We first examined the expression pattern of p21 during B cell activation, and also assessed
whether AID expression affected the p21 expression pattern, by performing a time-course
experiment to monitor p21 mRNA levels at different time points. B cells from wildtype
(Aicda+/+) or AID-deficient (Aicda—/—) mice were either unstimulated or stimulated with
LPS and IL-4 for 8, 24, 48, 72, or 96 hours (hr), and then p21 mRNA levels were
determined by quantitative Real-time PCR. As shown in Fig. 1, p21 mRNA levels sharply
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increase 50-65 fold at 8 hours after B cell stimulation and then, drop to near unstimulated
levels at 24 hours post stimulation. Subsequently, p21 expression increases to 13-18 fold at
48 and 72 hours post stimulation, reaching a maximum of 25 fold at 96 hours post
stimulation. We did not detected any significant difference in p21 expression levels between
Aicda+/+ and Aicda—/— B cells. These data indicate that the pattern of p21 expression levels
in stimulated B cells are regulated independent of AID.

3.2. p21is dispensable for SHM

To investigate whether p21 deficiency had a significant effect on SHM frequency, we
isolated activated B cells from Peyer’s patches of Cdknla—/— mice and Cdknla+/+ or
Cdknla+/— littermate controls. Because the results from Cdknla+/+ and Cdknla+/— mice
were similar (Supp. Table 1) we pooled them and refer to these as wildtype in these SHM
experiments. Activated B cells from Peyer’s patches are activated naturally by gut-
associated antigens (Gonzalez-Fernandez and Milstein, 1993) and activated B cells were
isolated as B220*PNAN9N. To assess Ig locus SHM, DNAs containing the Jh2-Jh4 intronic
region of the Ig locus were amplified to monitor mutations that are not located in coding
regions and, therefore, are not affected by antigenic selection. A total of 115 clones from
wildtype mice and a total of 99 clones from Cdknla—/— mice were analyzed for SHM by
sequence analyses. We found no differences in SHM frequency or in mutation patterns when
comparing Cdknla—/— and wildtype mice (Fig. 2). The mutation frequency in Cdknla—/—
mice (2.77 x 1073) was somewhat lower than in wildtype mice (3.21 x 1073), but this
difference was not statistically significant (Fig. 2A, top). In addition, the percentage of
mutated clones was similar between wildtype (56%) and Cdknla—/— (54%) mice, indicating
that p21 deficiency did not lead an increase in the number of B cells undergoing SHM (Fig.
2A, bottom). Furthermore, the numbers of mutations per clone in Cdknla—/— and wildtype
B cells were similar; about 19% of the clones in the wildtype mice, and 17% of the clones in
the Cdknla—/— mice exhibited 7-40 mutations (Fig. 2A, bottom).

Our results also indicated that the SHM mutation pattern was the same in both wildtype and
Cdknla—/— mice (Fig. 2B). The frequency of mutations at each base (A, T, G, C) was not
significantly altered in Cdknla—/— mice (Fig 2C). About half of the mutations were
transition mutations (wildtype 51.3%, Cdknla—/— 49.9%) and the other half were
transversion mutations (wildtype 48.7%, Cdknla—/— 50.1%) (Table 1). Most importantly,
mutations at A:T bp, which can be generated by translesional DNA pol 1, were not affected
by the absence of p21 (wildtype 62.8%, Cdknla—/— 61.9%), and the percent of mutations at
DNA pol n hotspots were not statistically different between the two mouse strains (Table 1).

In order to investigate whether p21 had a role in CSR, we tested the ability of Cdknla—/— B
cells to class switch to 19gG1, 1gG3, 1gG2a, and 1gG2b when stimulated ex vivo. The
percentage of CSR in both wildype and Cdknla—/— B cells were similar (Fig. 3), indicating
that, as with SHM, p21 does not function in CSR. Based on these data, we conclude that p21
does not play a role in regulating Ab gene diversification in B cells.

4. Discussion

Our results show that, in activated B cells, p21 deficiency does not alter the amount of AID-
induced mutagenesis that occurs within the Igh locus during SHM and CSR. This contrasts
with the known role of p21 (together with the tumor-suppressor protein, p53) in controlling
DNA-damage-mediated mutagenesis in other types of mammalian cells (Avkin et al., 2006).
Based on previous studies, it could be suggested that the lack of a p21 effect on SHM could
result from a specific down-regulation of p21 in these cells (Phan et al., 2005; Woo et al.,
2003). These studies, however, did not address the in vivo role of p21 in B cells, particularly
whether downregulation of p21 might be a mechanism to promote SHM. We find that,
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although p21 transcript levels do decrease in the period between 8 to 24 hours after B cell
stimulation, these levels recover during the period 48 to 96 hours after stimulation, at the
times when AID-induced DNA damage repair leads to CSR events (Rush et al., 2005).
Furthermore, we show that the p21 expression pattern does not differ between wildtype and
AID-deficient mice, indicating that regulation of p21 is independent of AID activity. We
suspect that reduction of functional p21 expression may be relevant for cell cycle control as
suggested previously (Phan et al., 2005; Woo et al., 2003), but not for SHM.

We also find that, at least for the Igh loci, which are poised to accrue mutations, p21
deficiency does not result in an increase in SHM as would be predicted if p21 had a negative
regulatory role. Our results are consistent with the findings from a recent study that
investigated the role of p53 and p21 in SHM (Ratnam et al., 2010). This study shows that
the mutation spectrum is altered in p53 deficient B cells. This change, however, was not
detected in B cells lacking p21 or in p53/Ung double deficient B cells (Ratnam et al., 2010).
Based on these findings, it was concluded that p21 does not function in SHM. Perhaps it is
more likely that p21 activity is excluded from the Igh locus during SHM and, therefore, p21
deletion has no effect on the frequency of Igh locus SHM. However, we do not know
whether p21 expression might, at later time points, function to prevent mutagenesis at non-
Ig genes that have also been shown to accumulate AlD-induced DNA damage but that are
repaired in an error-free manner (Liu et al., 2008). Indeed, it has been shown that p21 can
interfere with PCNA ubiqutination and the ability of PCNA to load translesional DNA
polymerases, such as Pol 1, in human cell lines (Soria et al., 2006; Soria et al., 2008).
Furthermore, PCNA mutants that are unable to become monoubiquitinated show discernable
effects on SHM, particularly at bases that are targeted by Pol n (Langerak et al., 2007; Roa
et al., 2008). Therefore, it is possible that p21 interaction with PCNA may promote error-
free repair of non-Ig genes, but it is clear from our results that p21 does not affect the SHM
process at the Igh loci.

Since p21 can function in promoting error-free DNA repair by regulating DNA polymerase
loading onto PCNA (Soria et al., 2006; Soria et al., 2008), we also considered that the
absence of p21 might result in the inhibition of faithful DNA repair of Ig switch regions and
could create more double stranded DNA (dsDNA) breaks as reported for B cells lacking the
error-free DNA polymerase Polp (Schrader et al., 2009). Therefore, an increase in CSR
might be anticipated in p21-deficient B cells. We tested this hypothesis and found that CSR
is not affected in p21-deficient B cells, indicating that p21 does not play a role in AID-
mediated Ig gene diversification.
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Fig. 1.

p21 expression is not regulated by AID. B cells were isolated from splenocytes and
stimulated with LPS and IL-4 for the time periods indicated. Relative p21 mRNA expression
was determined after normalizing to p-actin. Fold-differences are shown by setting the p21
expression level at time O hr to one. There are no significant differences in p21 expression
between AID-sufficient (Aicda+/+) and AlD-deficient (Aicda—/—) B cells at all time periods
as indicated by two-tailed unpaired Student’s t-tests, p = 0.1. Comparison of p21 expression
between each time point was only statistically different between time points 0, 8, and 24
hours (p = 3.6x10~° comparing time Ohr with 8hr, p = 0.006 comparing time Ohr with 24hr,
p = 0.0015 comparing time 24hr with 48hr). The p values between 48hr and 72hr was 0.6,
and the p value between time 48hr and 96hr was 0.09. P values were determined by two-
tailed unpaired Student’s t-tests. Three independent experiments were performed from 3
Aicda—/— and 2 Aicda+/+ mice. Error bars represent standard deviations (SD).
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Wildtype

Fig. 2.

p21 is dispensable for SHM. (A) Top: SHM frequency was determined from activated B
cells that were isolated from Peyer’s patches and the Jh2-Jh4 intronic region was amplified.
Three independent experiments (4 mice per genotype per experiment) were performed.
Mutation frequency was determined by dividing the total number of mutations to the number
of total bp analyzed. Error bars represent standard deviations (SD). P values calculated using
two-tailed unpaired Student’s t-tests. Bottom: Pie charts representing data for SHM. The
center of the pie indicates the number of clones sequenced. The numbers around the pie
chart represent the number of mutations. The numbers inside the parenthesis are the
percentages of clones containing the indicated number of mutations. (B) SHM spectrum.
Total number of mutations from three independent experiments are represented in the tables
on the right whereas the tables on the left indicate the percentages of mutations at each bp.
(C) To simplify the comparison of mutation patterns, the SHM frequency at each bp,
corrected for base composition, is shown. The results were confirmed by the SHMTool
webserver program (http://scb.aecom.yu.edu/cgi-bin/pl). There were no statistical
differences found by two-tailed unpaired Student’s t-tests. Error bars represent SD.
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Fig. 3.

p21 deficiency does not affect CSR to 1gG1, 1gG3, 1gG2a, and 1gG2b. B cells from Cdknla
—/— and Cdknla+/+ mice were stimulated with the appropriate cytokines (see materials and
methods) for 4 days to induce CSR. The percentage of cells that switched to the indicated
isotypes were determined by flow cytometry. Three independent experiments (1 mouse per
genotype per experiment) were performed. Error bars represent SD.
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Table 1
SHM summary (Jh2-Jh4 Peyer’s Patches)

Wildtype  Cdknla—/— pvalue

Total number of base pairs analyzed?® 171,580 147,708
Total number of mutations? 524 383
Overall mutation frequency® 321x107% 277x103 044
Mutated sequences (%) 56.0 54.0
Total transition mutations (%) 51.3 49.9 0.27
Total transversion mutations (%) 48.7 50.1 0.54
AJT mutations (%) 62.8 61.9 0.58
% Transitions 30.2 27.2 0.24
% Transversions 32.6 34.7 0.59
G/C mutations (%) 37.2 38.1 0.58
% Transitions 212 22.7 0.70
% Transversions 16.0 15.4 0.84
AID hotspots (%)d
WRC/ 8.8 10.2 0.55
IGYW 8.4 11.0 0.06
Pol 1 hotspots (%)d
WA/ 315 26.4 0.29
ITW 12.4 12.8 0.99

a1.4 kb Jh2-Jh4 intronic region was amplified from activated B cells and sequenced bidirectionally. Three independent experiments (4 mice per
genotype per experiment) were performed.

b . .
Clones containing the same mutations were counted once.

CMutation frequency was calculated by dividing the total number of mutations by the total number of base pairs analyzed. The results were
confirmed by using the SHMTool webserver (http://scb.aecom.yu.edu/cgi-bin/p1).

dUnderlined site of the motif is scored. W = A/T, R = A/G, Y = C/T. Motifs were identified using SHMTool webserver.
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