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14-3-36 regulates cytokinesis and cell cycle arrest induced by DNA
damage but its role in the immune system is unknown. Using gene-
targeted 14-3-3¢-deficient (i.e., KO) mice, we studied the role of
14-3-3¢ in B-cell functions. Total numbers of B cells were reduced by
spontaneous apoptosis of peripheral B cells. Upon B-cell antigen
receptor engagement in vitro, KO B cells did not proliferate prop-
erly or up-regulate CD86. In response to T cell-independent anti-
gens, KO B cells showed poor secretion of antigen-specific IgM. This
deficit led to increased lethality of KO mice after vesicular sto-
matitis virus infection. KO B cells showed elevated total FOXO
transcriptional activity but also increased FOXO1 degradation.
Coimmunoprecipitation revealed that endogenous 14-3-3¢ protein
formed a complex with FOXO1 protein. Our results suggest that
14-3-3¢ maintains FOXO1 at a consistent level critical for normal
B-cell antigen receptor signaling and B-cell survival.

he seven members of the 14-3-3 family (B, €, v, n, 7, {, and o)
are conserved acidic proteins expressed in all mammalian
cells (1-3). As molecular scaffolds, the 14-3-3 proteins affect
many aspects of cellular physiology, including cell survival, pro-
liferation, differentiation, and intracellular signaling (4). This
article focuses on 14-3-3c (also called stratifin or SFN), a cell
cycle inhibitor induced by p53 in response to DNA damage. 14-3-
3o inhibits cell cycle entry by sequestering Cdc2 in the cytoplasm
(5, 6) and controls mitosis by influencing translation (7).
During B-cell development, immature B cells expressing the B-
cell antigen receptor (BCR) leave the bone marrow (BM), mi-
grate to the spleen or periphery, and differentiate into follicular
(FO) or marginal zone (MZ) mature B cells. FO B cells, which
localize to the lymphoid follicles of the spleen and lymph nodes,
mainly participate in T cell-dependent (TD) immune responses
(8). With help from CD4™ T cells, antigen-specific FO B cells
undergo the selective expansion and further differentiate to
plasma cells with the capacity to secrete Abs. In contrast, MZ B
cells reside primarily around the periphery of splenic lymphoid
nodules, capturing blood-borne antigens and responding to T cell-
independent (TT) antigens (8). Signaling essential for B-cell sur-
vival and differentiation is mediated through the BCR (9, 10).
BCR engagement activates the PI3K signaling cascade, which
culminates in Akt/PKB activation (11). Activated Akt phosphor-
ylates numerous protein substrates, including the Forkhead family
of transcription factor FOXO subfamily, that regulate apoptosis,
oxidative response, DNA repair, cell-cycle arrest, differentiation,
metabolism, and longevity (12-14). Of the four known FOXO
members—FOXO1 (FKHR), FOXO3a (FKHRLI1), FOXO4
(AFX), and FOXO6—only FOXO1 and FOXO3a play a critical
role for B-cell physiology (15, 16). In non-B-cell lines, phos-
phorylation (P) of FOXO by Akt on T24 and S256 provides
docking sites for 14-3-3 proteins, and 14-3-3 docking is required
for the nuclear export (inactivation) of P-FOXO (17, 18). Dis-
ruption of 14-3-3/P-FOXO interaction leads to FOXO-dependent
apoptosis, suggesting that 14-3-3 proteins integrate prosurvival
signals by suppressing FOXO-mediated apoptosis (19, 20).
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Here we show that gene-targeted disruption of 14-3-3¢ in mice
impairs B-cell homeostasis as a result of enhanced apoptosis of
peripheral B cells. Loss of 14-3-3c led to abnormal BCR signaling
that damaged the TT immune response; inhibition of early antigen-
specific I[gM secretion; increased degradation of FOXO1 protein;
and elevated FOXOs transcriptional activity. Thus, 14-3-3c is es-
sential for B-cell homeostasis because it maintains steady-state
FOXOI1 protein and modulates FOXO-mediated apoptosis.

Results

Generation of 14-3-3¢c-Deficient Mice. We first used quantitative
real-time PCR (qRT-PCR) to analyze 14-3-3c in B-cell subsets
from WT mice. 14-3-3c mRNA was relatively high in FO and
recirculating B cells but relatively low in other B-cell subsets
(Fig. S14), implying a requirement for 14-3-3c in mature B cells.
We then generated 14-3-3c—deficient (i.e., KO) mice by con-
ventional gene targeting (Fig. S1 B and C). Northern blotting of
mRNA from WT and KO ES cells that were subjected to 10-Gy
irradiation confirmed that 14-3-3c mRNA could not be induced
in KO cells (Fig. S1D). Loss of 14-3-3¢ protein in cells from
untreated KO mice was verified by Western blotting (Fig. S1E).
KO mice were born at the expected Mendelian ratio, and were
viable and fertile.

B-Cell Homeostasis. Examination of B-cell subsets in the BM by
flow cytometry (FACS) analysis revealed that early B-cell de-
velopment in KO mice was largely normal (Fig. 14 and Fig. S24)
but that recirculating B cells were drastically reduced (3.1% for
KO vs. 14.2% for WT; Fig. 1B and Table 1). There was also
a maturation defect in the mutants, as the total number of
splenic B cells in KO mice was only one third of the WT, and
both FO and MZ B cells were greatly decreased (Fig. 1 C and D
and Table 1). The cellularity of splenic immature B cells was
similar in WT and KO mice (Fig. 1C and Table 1). Surface levels
of IgM and IgD on KO splenic B cells were normal but CD21
was significantly lower (Fig. 1E). Last, [gM*CD5* Bla perito-
neal B cells were reduced in KO mice (Fig. 1F).

We next used immunohistochemistry (IHC) to explore splenic
microarchitecture. Staining of WT spleen sections with anti-
CD3e and anti-B220 revealed T cells in the periarteriolar lym-
phoid sheath, and B cells clustered outside of the periarteriolar
lymphoid sheath around the T-cell zone (Fig. 1G, Left). In
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contrast, the B-cell zone was much smaller in KO mice and the
T-cell zone was not consistently surrounded by B cells (Fig. 1G,
Right). Staining of WT spleen sections with anti-metallophilic
macrophage (MOMA-1) Ab showed the expected ring structure
of the marginal sinus, with FO B cells inside the sinus and MZ B
cells outside it (Fig. 1H, Left). However, anti-MOMA-1 staining
of KO spleens revealed that the FO B-cell area was significantly
smaller than in the WT, and the MZ B-cell area was absent (Fig.
1H, Right). These findings are consistent with our FACS data and
confirm that peripheral B cells are severely reduced in mice
lacking 14-3-3c.

The observed defect in B-cell maturation could be caused
by an inherent B-cell defect or altered stromal signaling. We
therefore adoptively transferred WT or KO BM cells into y-

Table 1. Cellularity of B-cell subsets in WT and 14-3-3¢—deficient
(i.e., KO) mice
Cellularity
Subset
BM Total IgM~ IgM* Recirculating
WT 8.6 + 1.1 43 +0.7 2.1+04 1.92 + 0.01
KO 85+13 43+09 33+03 0.39 + 0.06
Spleen* Total imm? FO MZ
WT 145+ 0.3 1.6 + 0.07 11.1+05 0.8 +0.14
KO 4.8 + 2.1 1.18 + 0.6 3.0+ 1.2 0.01 + 0.005

Total B220"* B cells (total) from BM were immunostained and fractionated
by FACS into subsets: B220*IgM™~ B-cell progenitors (IgM™), B220'°"IgM* im-
mature B cells (IgM*), and BZZOhighlgM+ recirculating B cells. Values shown
are absolute cell numbers (x1076).

*Total splenic B220* B cells (total) were immunostained and fractionated by
FACS into subsets: CD21~CD23~ immature B cells (imm), CD21'°CD23"'9" FO
B cells (FO), and CD21M9"CD23'°" Mz B cells (MZ).

Timm, immature.
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Fig. 1. B-cell maturation. (A and B) Decreased recircu-
lating B cells. (A) BM cellularity histogram shows total
B220* B cells (total B), B220*IgM~ B-cell progenitors
(IgM~ B), BZZO'°""IgM* immature B cells (IgM* B), and
B220M9NgM* recirculating B cells (recir. B). For all fig-
ures, data are the mean + SD of triplicates and/or rep-
resent two to three independent trials (*P < 0.05; **P <
0.005; ns, not significant). All data were collected from
mice of 8 and 16 wk. (B) FACS of IgM versus B220 by
the cells in A. For all FACS profiles, data reflect the
gating of 10,000 lymphocytes. Numbers are percentages
of B220*IgM~ progenitor, B220'°"IgM* immature and
B220"9MgM* recirculating B cells. (C and D) Decreased
splenic B cells. (C) Splenic cellularity histogram showing
total B220" B cells (total B), B220"CD21°CD23~ imma-
ture B cells (im B), B220*CD21"°%cD23"9" FO B cells (FO
B), and B220*CD21"9"CD23"°% MZ B cells (MZ B). (D)
FACS of CD23 versus CD21 of the cells in C. Numbers
are percentages of CD217CD23~ immature B cells,
CD21'°"CD23"9" FO B cells, and CD21"9"CD23'°% Mz B
cells. (E) Decreased CD21 expression. FACS of B-cell IgM,
IgD, and CD21 expression. (F) Reduced peritoneal B
cells. FACS of CD5 versus IgM by peritoneal B cells. (G
and H) Altered splenic microarchitecture. (G) IHC stain-
ing of spleens with anti-B220 (brown) plus anti-CD3e
(blue). (H) IHC staining of spleens with anti-MOMA-1
(brown) plus anti-IgM (blue).
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irradiated RAG1~'~ or pMT mice, and analyzed mature B-cell
subsets in the reconstituted chimeras at 8 wk after transfer. Mice
that received KO BM cells showed a reduction in FO B cells and
the absence of MZ B cells in their spleens (Fig. S2 B and C).
Thus, the defect in B-cell homeostasis that occurs in the absence
of 14-3-3¢ is B-cell-intrinsic.

B-Cell Apoptosis, Homeostatic Expansion, and BCR-Stimulated Pro-
liferation. To dissect the molecular mechanism whereby 14-3-3¢
contributes to B-cell homeostasis, we first asked whether 14-3-3¢
deficiency affected B-cell survival. Staining of splenocytes with
Annexin V plus propidium iodide (PI) revealed that 3.4% of
B220* B cells were apoptotic in WT mice, whereas 15.8% of KO B
cells were dying (Fig. 24). This elevated apoptosis was B-cell-
1ntr1n51c as increased spontaneous apoptosis was also found in
RAG177/KO chimeras (Fig. S34). Because BCR engagement in
the absence of T-cell help can accelerate B-cell apoptosis (21), we
investigated the role of 14-3-3¢ in BCR-mediated apoptosis ex
vivo. Stimulation of isolated WT B cells for 24 h with 5 pg/mL anti-
IgM led to a reduction in viable B cells (7JAAD™) from 100% to
75%, whereas stimulated KO B cells were only 50% viable (Fig.
2B). Thus, 14-3-3c is required for splenic B-cell survival and in-
hibition of BCR-mediated apoptosis.

We next asked whether loss of 14-3-3c influenced B-cell pro-
liferation in vivo. WT and KO mice were fed BrdU-containing
drinking water for 3 d and splenic B cells were analyzed by in-
tracellular staining with anti-BrdU plus 7AAD followed by FACS.
In WT mice, the proportlon of BrdU™ B cells (G1/S phases) was
9.4%; in contrast, BrdU" B cells represented 14.9% of total
splenic B cells in KO mice, indicating increased B-cell pro-
liferation (Fig. 2C). IHC study of spleen sections using anti-B220
plus anti-Ki67 confirmed that proliferating Ki67*B220* spleno-
cytes were dramatically increased in KO mice (Fig. S3B). Thus, in
the absence of 14-3-3c, the proportion of B cells that undergoes
proliferation in vivo is abnormally high.

Su et al.
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Fig. 2. B-cell apoptosis and proliferation. (A) Increased apoptosis of resting
splenic B cells. FACS of Pl versus Annexin V staining of B220*-gated spleno-
cytes. (B) Increased BCR-mediated apoptosis. Purified splenic B cells were left
untreated (medium) or stimulated for 24 h with 5 pg/mL anti-IlgM (IgM). Via-
bility was determined by 7AAD staining and FACS. (C) Increased BrdU in-
corporation in vivo. WT and KO mice drank water containing 1 mg/mL BrdU
for 3d and B220* splenocytes were analyzed by intracellular staining and FACS
(BrdU vs. 7AAD). (D) Inhibition of homeostatic expansion. Splenic B cells (5 x
10°) were labeled with 5 yM CFSE and injected into 6-Gy-irradiated RAG1~/~
mice. At 4 and 7 d after injection, CD19*-gated splenocytes were analyzed by
FACS. Data are the percentage of B cells showing CFSE decay relative to total B
cells. (E) Reduced [3H]thymidine incorporation. Splenic B cells (1 x 10°) were
left untreated (medium) or stimulated with 5 pg/mL anti-lgM (IgM), 5 pg/mL
anti-IlgM plus 5 pg/mL anti-CD40 (IgM/CD40), or 5 pg/mL anti-IgM plus 5 ng/mL
BAFF (IgM/BAFF). [3H]thymidine incorporation was assessed at 24, 48, or 72 h
after seeding after a 9 h pulse (1 pCi). *P < 0.05; **P < 0.005.

To investigate the role of 14-3-3c in lymphopenia-induced
homeostatic proliferation, we performed adoptive transfer
experiments in which carboxyfluorescein succinimidyl ester
(CFSE)-labeled splenic B cells from WT or KO mice were i.v.
injected into RAG1~~ mice. The percentage of B cells showing
decayed CFSE fluorescence represents dividing B cells (22). At
4 d after injection, no significant differences were observed be-
tween RAG1™"/WT and RAG177/KO mice (Fig. 2D, Left).
However, by day 7 after injection, KO B cells had clearly ex-
panded less than WT B cells (Fig. 2D, Right). Thus, 14-3-3c is
required for B-cell homeostatic expansion.

Although loss of 14-3-3c intensified BCR-mediated apoptosis
(Fig. 2B), BCR engagement can also trigger B-cell activation and
proliferation. We therefore determined whether 14-3-3c defi-
ciency impaired anti-IgM-stimulated B-cell proliferation. Splenic
B cells from WT and KO mice were stimulated for 24, 48, or 72 h
with soluble anti-IgM, with or without anti-CD40 or BAFF ligand,
and proliferation was assessed by [H*]thymidine incorporation. No
differences were observed at 24 h but, by 48 h, [*H]thymidine up-
take by BCR-stimulated KO B cells was only approximately one
third that of BCR-stimulated WT cells (Fig. 2F). Strikingly, this
impairment was almost completely rescued by anti-CD40 treat-
ment for 48 h, and no deficit existed by 72 h after stimulation with
anti-IgM plus anti-CD40 (Fig. 2E). Curiously, this rescue effect was
not replicated by anti-IgM plus BAFF stimulation. Thus, in addi-
tion to positively regulating BCR signaling, 14-3-3c may negatively
regulate CDA40 signaling.

Su et al.

TD Immune Responses. Activated B cells up-regulate costimulatory
molecules CD80 (B7.1) and CD86 (B7.2) as well as the activa-
tion marker CD25 (IL-2 receptor o) and CD69 (23). Expression
of CD80 or CD86 enables activated B cells to interact with T
cells and to receive signals inducing the germinal center (GC)
formation necessary for the humoral response (24). We used
FACS to examine whether 14-3-3¢ was involved in BCR-induced
up-regulation of CD80, CD86, CD25, and CD69. When WT and
KO splenic B cells were stimulated with anti-IgM or anti-IgM
plus anti-CD40, up-regulation of CD86 and CD25 on KO B cells
was partially impaired, whereas CD69 and CDS80 up-regulation
was normal (Fig. S4). We then assessed the humoral response
by injecting the TD immunogen 4-hydroxy-3-nitrophenylacetyl—
chicken y-globulin [NP;5)-CG] into WT and KO mice. At 7, 14,
and 21 d after injection, serum levels of anti-NP;5)-CG-specific
IgM and IgG, were determined by ELISA. In parallel, the in-
duction of GC B cells (B220"PNA™) in the spleens of immu-
nized WT and KO mice was examined on day 14 by IHC. Serum
levels of anti-NP;5)-CG—specific IgM and IgG, were comparable
in WT and KO mice (Fig. 3 4 and B). IHC analysis showed that
PNA™* GC was not detectable in WT mice before NP(;5-CG
immunization but were induced by day 14 after injection (Fig.
3C, Top). However, numerous spontaneous GCs were detectable
in KO mice before immunization, with a further increase in GCs
apparent by day 14 after injection (Fig. 3C, Bottom). Thus, loss of
14-3-3c does not impair GC formation, or NP(;5)-CG-specific
IgM production, or class-switch recombination (CSR) to NP;s)-
CG-specific IgGy, indicating that 14-3-3c is not a key player in
BCR-mediated TD responses.

Tl Immune Responses. We next assessed responses to TI immu-
nogens in the absence of 14-3-36. We first injected TNP-Ficoll into
WT and KO mice. ELISA of serum samples revealed a fourfold
induction of TNP-specific IgM in WT mice by day 7 post-
immunization but only a 1.5-fold increase in KO mice (Fig. 44).
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Fig. 3. TD immune responses. (A and B) Functional CSR. WT and KO mice
(n =6 per group) were i.p. injected with 100 pg NP(;5)-CG and serum levels of
NP(15-CG-specific IgM (A) and 1gG (B) were determined by ELISA on days 7,
14, or 21 after immunization. Day 0, preimmunization. Data are Ig titers of
individual mice. Horizontal bars represent mean values (*P < 0.05; **P <
0.005; ns, not significant). (C) Increased spontaneous GC formation. WT and
KO mice (n = 3 per group) were i.p. injected with 100 pg NP(;5-CG. Before
immunization (control), or on day 14 after immunization, spleen sections
were stained with anti-B220 (brown) plus PNA (blue) to detect GCs.
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Nevertheless, loss of 14-3-3¢ did not hamper TNP-specific CSR to
IgG; in KO mice (Fig. S54).

To examine immune responses to a more physiological TI
immunogen, we infected WT and KO mice with vesicular sto-
matitis virus (VSV). Mice infected with VSV mount strong hu-
moral and cellular TT responses in which IFN and neutralizing
Ab play essential protective roles (25). The production of anti-
VSV Ab requires that MZ B cells be activated via direct contact
with a virus particle, a process independent of dendritic cells and
T cells. MZ B cells activated in this way immediately secrete
VSV-neutralizing IgM as an early response, and subsequently
migrate to the T-cell zone of the spleen to participate in the
induction of VSV-specific GC formation (26). We infected WT
and KO mice with VSV and monitored survival and production
of IFN-a and VSV-specific IgM and IgG;. Surprisingly, seven of
eight KO mice died between days 8 and 11 after infection,
whereas only one of eight WT mice had died by this point (Fig.
4B). Examination of serum IFN-a production at 20 h after VSV
immunization revealed equal production in WT and KO mice
(Fig. S5B). Thus, mice lacking 14-3-3c have a B-cell-intrinsic
defect and decreased resistance to VSV challenge. The induction
of total anti-VSV (IgM plus IgG) in WT mice was detectable by
day 2 after infection, peaked on day 4, and remained high until
day 8 (Fig. 4C). In contrast, total anti-VSV was undetectable in
KO mice on day 2 after infection (Fig. 4C). However, by day 8
after infection, the mutants showed normal levels of total anti-
VSV (Fig. 4C). When we specifically examined VSV-neutralizing
IgG, WT mice first exhibited these Ab on day 6 after infection
and their levels increased until day 8 after infection (Fig. 4D).
However, in KO mice, anti-VSV IgG levels were only one third
of controls on day 6 after infection and failed to achieve WT
levels even by day 8 (Fig. 4D). Given the critical protective role
of IgM during early VSV infection, the inability of KO mice
to produce anti-VSV IgM by day 2 after infection likely led to
their deaths.

FOXO Functions. 14-3-3 proteins regulate FOXOs transcription
factors, which promote cellular survival by preventing apoptosis.
To determine whether the elevated apoptosis of KO B cells was
caused by dysregulated FOXO activity, we used qRT-PCR to
compare mRNA levels of the FOXO target genes Bim (27), p21
(28), Mxil (29), and p27 (30). As expected, Bim and p21 mRNAs
were induced approximately sevenfold in WT B cells treated for
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days post VSV infection

(D). **P < 0.005; ns, not significant.

6 h with anti-IgM plus CD40L (Fig. 54 and Fig. S64). Strikingly,
in KO B cells, these mRNAs, as well as Mxi mRNA, were in-
duced by seven to 23 fold after 2 h of anti-IgM plus CD40L
stimulation, and by seven to 15 fold after 6 h stimulation (Fig. 54
and Fig. S6 A and B). Curiously, p27 mRNA was suppressed in
stimulated WT B cells but increased twofold after 6 h stimulation
in KO B cells (Fig. S6C). Thus, FOXOs activity is aberrantly and
selectively increased in the absence of 14-3-3c.

Western blotting of the aforementioned cells revealed that
protein levels of Bim and p27 were also up-regulated in resting
KO B cells compared with WT (Fig. 5B). This observation
implies that loss of 14-3-3¢ in B cells elevates FOXO activity,
which in turn increases Bim protein and thus spontaneous apo-
ptosis. However, FOXO1 protein was strongly reduced in KO B
cells (Fig. 5B), although FOXO1 mRNA levels were normal
(Fig. 5C). Importantly, treatment of KO B cells with the pro-
teasome inhibitor MG132 efficiently restored normal FOXO1
protein (Fig. 5D), indicating that the decreased FOXO1 protein
in KO B cells was a result of enhanced FOXO1 degradation.

Based on the known interaction of 14-3-3¢ with FOXO3a (12,
17), we investigated whether 14-3-3c regulated FOXO1 via di-
rect protein—protein interaction. Overexpression of His-tagged
14-3-3c and Flag-tagged FOXO1 in 293T cells showed that these
two molecules could indeed associate (Fig. SE). We then used
anti-14-3-3¢ and anti-FOXO1 to examine the association be-
tween endogenous FOXO1 and 14-3-36 in the Ramos human B-
cell line and found that anti-14-3-36 could coimmunoprecipitate
endogenous FOXO1 (Fig. 5F). Moreover, upon BCR stimula-
tion via anti-IgM, increased FOXO1 protein associated with 14-
3-30 but only in the cytosolic fraction of Ramos cells (Fig. 5F).
No interaction between 14-3-3c and FOXO1 proteins was
detected in the nuclei of stimulated Ramos cells. These results
suggest that 14-3-3c can interact with and protect FOXOL1 pro-
tein from degradation in the cytoplasm, but that the effects of 14-
3-36 on FOXO activity are indirect.

Constitutively active FOXO4 suppresses Akt activity (31), and
overexpression of the human FOXO1 S256A mutant protein,
which blocks 14-3-3 protein binding, inhibits Akt activation (32).
Thus, a feedback loop may exist between FOXO and Akt in
which increased FOXO activity, or loss of the 14-3-3 protein
binding site on FOXO, leads to impaired Akt activation. When
we stimulated KO B cells with anti-IgM, both P-Akt and P-Erk1/
2 were dramatically decreased (Fig. 5G). This signaling deficit
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* WT KO - Fig. 5. FOXO functions. (A) Increased FOXO target gene
25 T 25 . (Bim) mRNA. Splenic B cells were left untreated (non) or
E 20 P g 2 stimulated for 2 or 6 h with 10 pg/mL anti-IgM or 10 pg/mL
5 15 T EOXOL.  gdlq anti-lgM plus 1 pg/mL CD40L (IgM/CD40). Bim mRNA was
g 10 . p27_ 05 1 determined by gRT-PCR. Data are Bim mRNA relative to 185
5 = i g e Ko RNA. AACt values were normalized to WT values in un-
0 n;n 2h T6h 2h | 6h n:n 2'h ah T 2h T6h Bim FOXO1 treate_d controls (fold change, 1). *P < 0._05. (B) Altere.d
IgM  IgW/CD4d oM laMicDag ——— prote!ns..Weste'rn blot of FOXO1, p27, Bim, and f-actin
i Ko B-actin proteins in resting WT and KO B .cells. (.C) Normal FOXO1
BT T ToglosTs BalaoslosTaTE mMRNA. gRT-PCR of FOXO1 mRNA in resting WT and KO B
=1 Ll bl s cells. (D) Restoration of FOXO1 protein by proteasome in-
hibition. Purified WT and KO B cells were left untreated (-)
D B VG132 IP:His  IP: Flag or treated with MG132 (20 uM) for 1 h at 37 °C. Nuclear (N)
= v e P Flag-FOXO1 . + . and cytosolic (C) fra_ctlons of.cells were |mm.unoblotted to
His-14-3-3sigma + + Lo detect FOXO1 protein, P-S6 ribosomal protein (Ser240/244;
CNCNJZ CNTCN p-rpS6), and total S6 ribosomal protein (rpS6; loading con-
Lo . e - -2 —H;OXO1: trol for cytosol). (E) FOXO1 interacts directly with 14-3-3¢
FOXO1 - protein under overexpression conditions. 293T cells were
& o — 14-3-3sigma — transiently transfected with plasmid encoding His-tagged
p-1pS6 (S240/244) 14-3-36, without (-) or with (+) plasmid encoding Flag-tag-
G i . ged FOXO1. At 2 d after transfection, total lysates were
- - = - immunoprecipitated with beads conjugated to anti-His (IP:
pS6 IgM 0 1 515 30 60 0 1 5153060 min His) or anti-Flag (IP: Flag) and immunoblotted to detect
@e=- - - - ——BRhEIPE  FOXO1 and 14-3-36. (F) FOXO1 interacts directly with en-
p-Erki1/2 dogenous 14-3-3¢ in the cytosol. Ramos B cells were left
F N c ——EEEm == ur?treated (0) or stimulated Wi'Fh anti—human IgM for 5 or 30
s min. Nuclear (N) and cytosolic (C) fractions of cells were
lgM 0 5 30 0 5 30 min = ke PINK2 (p54) immunoprecipitated with anti-14-3-3¢ or anti-FOXO1 and
IP: 14-3-3sigma — — — - e p-JNK1 (p46) immunoblotted to detect 14-3-3c and FOXO1. (G) Altered
P 14-3-35gma  m— '14’3’351?_”:5‘-_‘ p-JNK1/2 signaling downstream of BCR engagement. Purified WT and
’ FOXO1 - ————— KO B cells were left untreated (0) or stimulated with 10 pg/
IP: FOXO1 B s et o e p-Akt (S473) mL anti-IgM for the indicated times. Lysates were immu-
FOXO1 - ———— - - -—— noblotted to detect P-Erk1/2, total Erk1/2, P-JNK1/2, P-Akt

AKUPKB (5473), and total Akt.

resembles the defect in B cells lacking FOXO1 (15), suggesting
that both 14-3-36 and FOXO1 are required for optimal signaling
downstream of BCR engagement. However, unlike FOXO1-
deficient B cells, 14-3-3c—deficient B cells undergo massive ap-
optosis upon BCR stimulation. This difference may stem from
the residual FOXO1 activity that persists in the absence of 14-3-
30 and presumably drives B-cell apoptosis.

Discussion

This study of 14-3-3c—deficient mice has demonstrated the crit-
ical role of 14-3-3¢ in B-cell biology. Loss of 14-3-3c increases
the apoptosis of peripheral B cells, disrupting B-cell homeostasis.
It is attributable to the impaired BCR signaling that also ham-
pers BCR-mediated proliferation and TI B-cell responses. Al-
though KO B cells showed enhanced proliferation in vivo,
adoptive transfer in RAG1™~ mice revealed that KO B cells
failed to undergo homeostatic expansion efficiently in lympho-
penia host. We thus speculate that the enhanced proliferation of
KO B cells in vivo is an attempt to compensate for the increased
apoptotic loss of B cells. We showed that the drastic apoptosis in
KO B cells is correlated with increased FOXO activity and ele-
vated Bim. In addition, 14-3-3c interacts with FOXO1 in the
cytoplasm and protects it from proteasome-dependent degra-
dation. Although FOXO3a plays a role in peripheral B-cell
maintenance (16), whether 14-3-3c regulates B-cell survival via
preservation of FOXO3a requires further investigation. Our
findings indicate that 14-3-3c is essential for the maintenance of
FOXOL1 at a consistent level that supports B-cell survival.

The increased apoptosis in KO B cells is possibly not only
caused by the activation of FOXO/Bim pathway, but also a per-
turbation of prosurvival/proapoptosis regulation. IgM/CD40
stimulation of KO B cells for 2 h results in a twofold increase in
Bcl-6 mRNA, whereas the same treatment of WT B cells reduces
Bcl-6 (Fig. S74). As induction of Bcl-6 mediated by FOXO can
down-regulate prosurvival gene Bcl-xL (33), the aberrant FOXO

Su et al.

activity that results from loss of 14-3-3c may lead to a disorderly
pattern of prosurvival/proapoptosis gene expression that conse-
quently impair B-cell survival. Because no interaction between
endogenous 14-3-3c and FOXOL1 is detected in B-cell nuclei, one
possibility will be that 14-3-3¢ inhibits FOXO activity indirectly
via the abnormal BCR signaling cascade that essentially alters
the posttranslation modification of FOXO (34). We found that
BCR stimulation in KO B cells could not induce the maximal
FOXO1 S256 phosphorylation at 5 min after BCR stimulation as
in WT (Fig. S7B); this is the residue phosphorylated by Akt that
mediates 14-3-3 binding (17, 18). It indicates that FOXO1 of
reduced S256 phosphorylation status caused by loss of 14-3-3c
cannot be efficiently sequestered in the cytoplasma upon BCR
stimulation, which will promote FOXO1 activity.

The PI3K/Akt/FOXO pathway is critical for B-cell de-
velopment and survival (9-11, 35). As 14-3-3c¢ is dispensable for
early B-cell development, an alternative mechanism whose
function is analogous to that of 14-3-36 may modulate FOXO in
B-cell progenitors. Our preliminary work reveals that 14-3-3¢
and 14-3-3n mRNAs are highly expressed in B220*IgM~ B-cell
progenitors (Fig. S7C). It is thus possible that different 14-3-3
proteins perform parallel functions at different stages of B-cell
development. Attenuation of PI3K/Akt pathway is also necessary
for B-cell function, which enhances AID expression and accel-
erates CSR (15, 36). Thereby, the reduced Akt activation in
BCR-stimulated KO B cells may explain why increased TNP-
specific IgG3 is observed in resting KO mice (Fig. S54).

Loss of 14-3-3c leads to a strikingly impaired TI immune re-
sponse in KO mice. The mutant B cells failed to produce VSV-
specific neutralizing IgM by day 2 after challenge, a defect likely
cause by their severely reduced MZ B-cell numbers and the im-
paired BCR signaling in these cells. Surprisingly, despite the re-
duced CD86/CD25 expression upon IgM stimulation in vitro, KO
mice exhibited functional TD immune responses. Thus, loss of
14-3-3c does not block the interaction between activated B cells
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and T cells in vivo. Because IgM/CD40 stimulation caused KO B
cells to proliferate almost as well as WT B cells by 48 h, and just as
well by 72 h, the functional TD responses observed in KO mice
may be driven by CD40L-CD40 signaling that compensates for
the deficit in BCR signaling. As IgM/CD40 stimulation in KO B
cells failed to reduce apoptosis to WT level (WT, 5.32%; KO,
17%), we speculate that IgM/CDA40 signaling provides additional
signals for proliferation, rather than preventing KO B cell from
apoptosis (Fig. S84). Consistent with this idea, IgM/CD40 stim-
ulation did not induce increased amount of Bim protein in KO B
cells, although significant amount of Bim mRNA was induced
(Fig. 54 and Fig. S8B). Furthermore, Akt S473 phosphorylation
mediated by IgM/CD40 stimulation in KO B cells completely
overrode WT level, whereas Erk phosporylation did not (Fig. S8 C
and D). Thus, 14-3-3c may negatively regulate B-cell proliferation
via AKT upon IgM/CD40 stimulation. In preliminary work, we
have noted that LPS-stimulated KO B cells display enhanced
proliferation and differentiate more rapidly into IgG3;* plasma-
blasts (Fig. S7 D and E). Thus, such a role in CD40 or TLR4
signaling could account for the elevated spontaneous GC forma-
tion observed in KO mice. Taken together, our results implicate
14-3-3c as a crucial multifaceted regulator of the immune system.

Materials and Methods

14-3-3c-deficient mice were generated by conventional gene targeting (37).
For adoptive transfer, RAG1™~ or yMT mice were y-irradiated (6 Gy) and 5 x
10° BM cells were i.v. injected. At 8 wk after transfer, B cells were analyzed
by FACS. For B-cell purification, splenocytes were incubated with specific Ab
and streptavidin beads (Becton Dickinson). Non-B cells were depleted using
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the BD IMag Cell Separation Magnet system. Purity was greater than 94%.
Homeostatic expansion in RAG1~/~ mice was assessed by CFSE decay (22). For
Tl and TD responses, mice were i.p. immunized with 25 pg TNP-Ficoll (TI) or
100 pg NP(15-CG (TD). Serum samples for day 0 (preimmunization) and days
7 and 21 after immunization were analyzed by ELISA. For qRT-PCR, splenic B
cells (107) were stimulated with 10 pg/mL anti-IgM (Southern Biotech) for 2
or 6 h, with or without 1 pg/mL CD40L (PeproTech). cDNA was produced
from 500 ng RNA (RNeasy kit; Qiagen) and SuperScript Ill (Invitrogen). Pri-
mers are listed in S/ Materials and Methods. cDNAs were amplified using
SYBR Green (model 7900; Applied Biosystems). The gene-specific fold
change, normalized to 185 RNA, was calculated using the 27 method by
comparison with untreated WT (38). For nuclear/cytosolic fractionation, B
cells (1 x 107) were lysed in Nonidet P-40 buffer and nuclei were pelleted by
centrifugation at 15,000 rom (Eppendorf, centrifuge 5417R, Rotor F-45-30-
11) for 2 min at 4 °C. For nuclear fractions, buffer C (S/ Materials and
Methods) was added to the pellet followed by centrifugation at 15,000 rpm
for 10 min at 4 °C. For proteasome studies, B cells (1 x 107) were treated with
proteasome inhibitor MG132 (20 pM; Calbiochem) for 1 h at 37 °C, followed
by nuclear/cytosolic fractionation. For VSV challenge, mice were i.v. injected
with 2 x 10° pfu VSV-Indiana (39) and serum samples were collected on days
0, 2, 4, 6, and 8. VSV-specific neutralization assay has been carried out as
previously described (40). Serum immunoglobulins were measured by ELISA.
ELISA, FACS, IHC, BrdU, thymidine incorporation, and Western blotting,
performed by using standard protocols. S/ Materials and Methods provides
further details.
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