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Abstract

B cell activating factor from the TNF family (BAFF) is implicated in not only the physiology of
normal B cells, but also the pathophysiology of aggressive B cells related to malignant and
autoimmune diseases. Autophagy plays a crucial role in balancing the beneficial and detrimental
effects of immunity and inflammation. However, little is known about whether and how excessive
BAFF mediates autophagy contributing to B-cell proliferation and survival. Here, we show that
excessive human soluble BAFF (hsBAFF) inhibited autophagy with a concomitant reduction of
LC3-11 in normal and B-lymphoid (Raji) cells. Knockdown of LC3 not only potentiated hsBAFF
inhibition of autophagy, but also attenuated hsBAFF activation of Akt/mTOR pathway, thereby
diminishing hsBAFF-induced B-cell proliferation/viability. Further, we found that hsBAFF
inhibition of autophagy was Akt/mTOR-dependent. This is supported by the findings that hsBAFF
increased mMTORC1-mediated phosphorylation of ULK1 (Ser757); Akt inhibitor X, mMTORC1
inhibitor rapamycin, mTORCZ1/2 inhibitor PP242, expression of dominant negative Akt, or
knockdown of mTOR attenuated hsBAFF-induced phosphorylation of ULK1, decrease of LC3-11
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level, and increase of cell proliferation/viability. Chelating intracellular free Ca?* ([Ca2*];) with
BAPTA/AM or preventing [Ca2*]; elevation using EGTA or 2-APB profoundly blocked hsBAFF-
induced activation of Akt/mTOR, phosphorylation of ULK1 and decrease of LC3-11, as well as
increase of cell proliferation/viability. Similar effects were observed in the cells where CaMKI|
was inhibited by KN93 or knocked down by CaMKII shRNA. Collectively, these results indicate
that hsBAFF inhibits autophagy promoting cell proliferation and survival through activating Ca%*-
CaMKII-dependent Akt/mTOR signaling pathway in normal and neoplastic B-lymphoid cells. Our
findings suggest that manipulation of intracellular Ca2* level or CaMKII, Akt, or mTOR activity
to promote autophagy may be exploited for prevention of excessive BAFF-induced aggressive B
lymphocyte disorders and autoimmune diseases.
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1. Introduction

The B-cell activating factor from the TNF family (BAFF, also known as BLyS, TALL-1,
THANK, and zTNF4) is a type Il cytokine that exists in both membrane bound and soluble
forms, and plays a pivotal role in B-cell development, survival, proliferation, maturation, and
homeostasis [1; 2; 3; 4; 5]. Excessive endogenous and transgenic BAFF in mice prolongs the
life span and increases the population of peripheral B lymphocytes, resulting in elevated
secretion of superfluous autoantibodies [6]. BAFF is likely involved in the pathogenesis of a
number of autoimmune diseases [7]. BAFF overexpression has been reportedly associated
with the breakdown of B cell tolerance and autoantibody production. Serum BAFF
concentrations are increased in systemic lupus erythematosus (SLE), rheumatoid arthritis
(RA), Sjogren’s syndrome (SS), autoimmune hepatitis, primary biliary cirrhosis, and
Wegener’s granulomatosis [8; 9; 10; 11]. Therefore, high levels of BAFF, which contribute
to aggressive or neoplastic B-cell disorders, have been thought to actually play a central role
in the pathophysiology of autoimmune diseases [12; 13].

Macroautophagy, often called autophagy, is a highly conserved process in which cellular
components (e.g. damaged cell organelles and unused macromolecules) are orderly degraded
by lysosomes or vacuoles and recycled [14]. Autophagy has been regarded as an adaptive
response to stress, promoting survival, but it can also promote cell death under certain
conditions [14]. So, autophagy is a double-edged sword.

A series of ATG genes have been reported to be related to autophagosome initiation and
formation, among which the microtubule-associated protein 1 light chain 3 (LC3), a
mammalian homologue of the yeast protein Atg8, has been regarded as a specific
biochemical marker for autophagy [15; 16]. LC3 exists in two molecular forms with LC3-I
and LC3-11. LC3-I is the unconjugated form in the cytosol, whereas LC3-11 is the
phosphatidylethanolamine-conjugated form that is recruited to autophagosomal membranes
[16; 17]. The cellular level of LC3-11 directly correlates with the number of autophagosomes
formed [16; 17]. Thus, the level of LC3-11 or GFP-LC3-I1 in cells is widely used as a marker
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for monitoring the status of autophagy. Recent studies have demonstrated that autophagy
plays a crucial role in balancing the beneficial and detrimental effects of immunity and
inflammation [18]. However, the role of autophagy in BAFF-stimulated B-cell proliferation
and survival has not been addressed.

Mammalian or mechanistic target of rapamycin (nTOR), a serine/threonine protein kinase,
is a central controller for cell proliferation/growth, survival and autophagy [19]. mTOR lies
downstream of phosphoinositide 3-kinase (P13K)/protein kinase B (Akt/PKB), so activated
Akt may positively regulate mTOR, leading to increased phosphorylation of ribosomal
p70S6 kinase (S6K1) and eukaryotic initiation factor 4E binding protein 1 (4E-BP1), two
best characterized downstream effector molecules of mTOR [19]. Under nutrient sufficiency,
high mTOR activity prevents Unc51-like kinase 1 (ULK1) activation contributing to
inhibition of autophagy by phosphorylating ULK1 (Ser757) [20]. Studies have shown that
mTOR is required for the maturation and differentiation of multiple immune cell lineages
[21; 22], highlighting that mTOR is a promising therapeutic target in multiple lymphoid
malignancies [23]. Calcium ion (Ca?*) is a ubiquitous intracellular signal responsible for
cell proliferation/growth, differentiation, and survival of various cell types in the immune
system [24; 25]. The intracellular free Ca2* ([Ca2*];) elevation may activate Akt/mTOR
signaling pathway [26; 27]. Calcium/calmodulin-dependent protein kinase Il (CaMKII) is
activated in the presence of Ca2* and calmodulin (CaM) [28; 29; 30]. In addition, Ca2* is
regarded as an important regulator of autophagy [31]. Our group has recently demonstrated
that excessive human soluble BAFF (hsBAFF) promotes proliferation and survival in
cultured B lymphocytes via Ca2*/CaMKII-mediated activation of Akt/mTOR pathway [32].
This prompted us to study whether BAFF may mediate autophagy contributing to B-cell
proliferation and survival by Ca2*/CaMKII-Akt/mTOR signaling.

Here, we show that excessive hsBAFF inhibited autophagy, promoting cell proliferation and
survival via increasing ULK1 (Ser757) phosphorylation and decreasing LC3-11 protein level,
which was through activating Ca2*-CaMK 1-dependent Akt/mTOR signaling pathway in
normal and neoplastic B-lymphoid cells. Our findings suggest that manipulation of
intracellular CaZ* level or CaMKII, Akt, or mTOR activity to promote autophagy may be
exploited for prevention of excessive BAFF-induced aggressive B lymphocyte disorders and
autoimmune diseases.

Materials and methods

Materials

Anti-CD19 magnetic fluorobeads-B was purchased from One Lambda (Canoga Park, CA,
USA). Refolded human soluble BAFF (hsBAFF) was a recombinant form of the
extracellular domain of the BAFF produced in Escherichia coli from this group [33]. RPMI
1640 medium was from Gibco (Rockville, MD, USA). Fetal bovine serum (FBS) was
supplied by Hyclone (Logan, UT, USA). CellTiter 96®AQueous One Solution Cell
Proliferation Assay kit was from Promega (Madison, WI, USA). Enhanced
chemiluminescence solution was from Sciben Biotech Company (Nanjing, China). Akt
inhibitor X and PP242 were supplied by Santa Cruz Biotechnology (Santa Cruz, CA, USA).
1,2-bis(o-aminophenoxy) ethane-N,N,N’,N -tetraacetic acid tetra(acetoxymethyl)ester
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(BAPTA/AM) and 2-aminoethoxydiphenyl borane (2-APB) were purchased from
Calbiochem (San Diego, CA, USA), whereas ethylene glycol tetra-acetic acid (EGTA) and
monodansylcadaverine (MDC) were from Sigma (St. Louis, MO, USA). KN93 and
rapamycin were from ALEXIS (San Diego, CA, USA). The following antibodies were used:
LC3, phospho-mTOR (Ser2448), mTOR, HA (Sigma), phospho-CaMKII (Thr286),
phospho-Akt (Ser473), phospho-S6K1 (Thr389), phospho-4EBP1 (Thr70), 4E-BP1 (Cell
Signaling Technology, Beverly, MA, USA), phospho-ULK1 (Ser757), ULK1 (Sciben
Biotech Company), Akt, CaMKII, S6K1, p-actin (Santa Cruz Biotechnology), goat anti-
rabbit 1gG-horseradish peroxidase (HRP), goat anti-mouse 1gG-HRP, and rabbit anti-goat
IgG-HRP (Pierce, Rockford, IL, USA). Other chemicals were purchased from local
commercial sources and were of analytical grade.

2.2. Cell Culture

Raji cell line (American Type Culture Collection, Manassas, VA, USA) was maintained in
RPMI 1640 medium supplemented with 10 % FBS, 100 U/ml penicillin, 200 U/ml
streptomycin and incubated at 37°C in a humidified incubator containing 5 % CO». Because
of the replicative nature and cost-effectiveness, the cell line is widely used as B-cell models,
so they were employed in this study. To verify the data obtained from Raji cells, primary B
cells were also used in this study. For this, normal mouse B lymphocytes were purified from
fresh splenic cells of healthy mice using anti-CD19 magnetic fluorobeads-B and cultured as
described previously [32]. All procedures used in this study were approved by the
Institutional Animal Care and Use Committee, and were in compliance with the guidelines
set forth by the Guide for the Care and Use of Laboratory Animals.

2.3. Recombinant adenoviral constructs and infection of cells

2.4,

Recombinant adenovirus encoding HA-tagged dominant negative Akt (Ad-dn-Akt, T308A/
S473A) was generously provided from Dr. Kenneth Walsh (Boston University, Boston, MA),
and the control adenovirus expressing the green fluorescent protein (GFP) (Ad-GFP) was
described previously [34]. Adenovirus expressing GFP-LC3 fusion protein (Ad-GFP-LC3)
was purchased from Sciben Biotech Company (Nanjing, China). For experiments, Raji cells
were grown in the growth medium and infected with the individual adenovirus for 24 h at 5
of multiplicity of infection (MOI = 5). Subsequently, cells were used for experiments. Ad-
GFP served as a control. Expression of HA-tagged dn-Akt was detected by Western blotting
with antibodies to HA.

Lentiviral shRNA cloning, production and infection

Lentiviral ShRNAs to mTOR, CaMKII and GFP (for control) were generated and used as
described [35; 36]. To generate lentiviral ShRNA to LC3, oligonucleotides containing the
target sequences were synthesized, annealed and inserted into FSIPPW lentiviral vector [37]
via the EcoR1/BamH1 restriction enzyme site. Oligonucleiotides used were: LC3 sense:

5’_
AATTCCCGGTCTATGCCTCCCAGGAGACTGCAAGAGAGTCTCCTGGGAGGCATAG
ACCTTTTTG-3’, anti-sense:
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5.
GATCCAAAAAGGTCTATGCCTCCCAGGAGACTCTCTTGCAGTCTCCTGGGAGGCA
TAGACCGGG-3’. To produce lentiviral particles, above constructs were co-transfected
together with pMD2G and psPAX2 (Addgene, Cambridge, MA, USA) to 293TD cells using
MegaTran 1.0 reagent (OriGene Technologies, Rockville, MD, USA). Each virus-containing
medium was collected 48 h and 60 h post-transfection, respectively. For use, Raji cells, when
grown to about 70% confluence, were infected with above lentivirus-containing medium in
the presence of 8 pg/ml polybrene for 12 h twice at an interval of 6 h. Uninfected cells were
eliminated by exposure to 2 pg/ml puromycin for 48 h before use. After 5 days of culture,
cells were used for experiments.

2.5. Cell proliferation and viability assay

Purified mouse B lymphocytes and/or Raji cells, or Raji cells infected with Ad-dn-Akt and
Ad-GFP, respectively, or Raji cells infected with lentiviral ShRNAs to LC3, mTOR, CaMKI|I
and GFP, respectively, were seeded in 24-well plates (3x10° cells/well, for cell proliferation
assay) or 96-well plates (3x10% cells/well, for cell viability assay) under standard culture
conditions and kept overnight at 37°C humidified incubator with 5 % CO5. The next day,
cells were treated with/without 0-5 pg/ml hsBAFF for 48 h, with/without 2.5 pg/ml hsBAFF
for 0-48 h, or with/without 2.5 pg/ml hsBAFF for 48 h following pre-incubation with/
without rapamycin (100 ng/ml) for 2 h and/or with/without Akt inhibitor X (20 uM), PP242
(1 uM), BAPTA/AM (20 uM), EGTA (100 uM), 2-APB (100 pM) or KN93 (10 pM) for 1 h
with 3-6 replicates of each treatment. Subsequently, the proliferation and the viability of the
cells were assessed using a Coulter Counter (Beckman Coulter, Fullerton, CA, USA) and a
Victor X3 Light Plate Reader (PerkinEImer, Waltham, MA, USA), respectively, as described
previously [38].

2.6. MDC-labeled autophagic vacuoles

Intracellular autophagic status was monitored by the incorporation of the autofluorescent
drug MDC, a specific autophagolysosome marker, as described [39; 40]. In brief, Raji cells,
or Raji cells infected with lentiviral ShRNA to LC3 or GFP, respectively, were seeded at a
density of 2 x 10° cells per well in a 6-well plate under standard culture conditions and kept
overnight at 37°C humidified incubator with 5% CO,. The next day, cells were incubated
with hsBAFF (0, 1 and/or 2.5 pg/ml) for 12, 24 and/or 48 h. Subsequently, the cells were
labeled with 0.05 mM MDC in PBS for 10 min at 37°C, and then washed 3 times with PBS,
followed by cell imaging under a fluorescence microscopy (Leica DMi8, Wetzlar, Germany)
equipped with a digital camera. At least five independent fields per well were photographed.
The number of MDC-labeled autophagic vacuoles per cell was counted.

2.7. GFP-LC3 assay

Raji cells and Raji cells infected with lentiviral ShRNA to CaMKI|, or GFP, respectively,
were infected with Ad-GFP-LC3 and seeded at a density of 2 x 106 cells/well in a 6-well
plate under standard culture conditions and kept overnight at 37°C humidified incubator
with 5% CO». The next day, cells were treated with hsBAFF (0, 1 and/or 2.5 pg/ml) for 12,
24 and/or 48 h. Subsequently, the cells were washed 3 times with PBS, followed by imaging
and counting the numbers of LC3 puncta per cell as described above.
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Western blot analysis

After treatments, cells were briefly washed with cold PBS, lysed on ice in the
radioimmunoprecipitation assay buffer, and then subjected to Western blotting as described
previously [35].

Statistical analysis

All data were presented as mean = SEM. Student’s #test for non-paired replicates was used
to identify statistically significant differences between treatment means. Group variability
and interaction were compared using either one-way or two-way ANOVA followed by
Bonferroni’s post-tests to compare replicate means. The criterion for the statistical
significance was P < 0.05.

3. Results

3.1.

hsBAFF reduces autophagosome formation with a concomitant downregulation of

LC3-Ilin B cells

3.2.

To investigate autophagic status in hsBAFF-stimulated B cells, the autofluorescent drug
MDC, a specific autophagolysosome marker [39; 40], was employed. We observed that the
accumulation of MDC in autophagic vacuoles (in green) was significantly suppressed by
hsBAFF dose- and time-dependently in Raji cells, as evidenced by gradually reduced
number of MDC-labeled autophagic vacuoles per cell (Fig. 1A and B). To corroborate the
finding, we extended the studies by analyzing autophagic vacuoles with GFP-LC3
localization. Imaged and quantified results showed that when Raji cells, infected with Ad-
GFP-LC3, were treated with hsBAFF (0, 1 and 2.5 pg/ml) for 12, 24 or 48 h, the number of
LC3 puncta per cell markedly decreased compared to that of the vehicle-treated cells in a
concentration- and time-dependent fashion (Fig. 1C and D).

In addition, our Western blot analysis also showed that hsBAFF treatment reduced the
protein levels of both LC3-1 and LC3-I1 in a concentration- and time-dependent manner in
Raji cells and primary B cells (Fig. 2A and B). However, in contrast to the above findings,
hsBAFF substantially stimulated B-cell proliferation and survival dose- and time-
dependently (Fig. 2C-F), as evaluated by cell counting and MTS assay. Since LC3-I1 is
essential for autophagosome formation [16; 17], the above results indicate that hsBAFF
reduces autophagosome formation with a concomitant downregulation of LC3-I1 in B cells,
which contributes to increased B-cell proliferation and viability.

LC3-Il exerts an essential role for hsBAFF-induced decrease of autophagosome

formation and increase of proliferation/viability in B cells

LC3-11, a phosphatidylethanolamine-conjugated form of LC3, is an essential protein for
autophagosome formation [16; 17; 41; 42]. Based on the fact that hsBAFF-promoted B-cell
proliferation/viability is connected to suppressed autophagy, we therefore proposed that
silencing LC3 to prevent autophagy might enhance hsBAFF-stimulated B-cell proliferation/
viability. To test this, Raji cells, infected with lentiviral ShRNA to LC3 and GFP,
respectively, were treated with hsBAFF (0, 1, or 2.5 pg/ml) for 12 h or 48 h. As shown in
Fig. 3A, lentiviral shRNA to LC3, but not GFP, silenced the protein expression of LC3-1/I1
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by ~ 90% in Raji cells, as detected by Western blotting. Knockdown of LC3 potentiated
hsBAFF-suppressed MDC accumulation (Fig. 3C and D). However, we found that silencing
LC3 significantly attenuated the basal and/or hsBAFF-induced phosphorylation of Akt,
S6K1 and 4E-BP1 (Fig. 3A and B), and also abated hsBAFF-stimulated cell proliferation/
viability (Fig. 3E and F) in the cells. Collectively, our results support the notion that LC3-11
plays a critical role in hsBAFF-induced decrease of autophagosome formation and increase
of proliferation/viability in B cells, and that depletion of LC3-11 attenuated the stimulatory
effect of hsBAFF on the Akt/mTOR pathway.

3.3. hsBAFF inhibits autophagy promoting B-cell proliferation/viability via activating the
Akt/mTOR signaling pathway

It is known that in response to nutrients or growth factors, mTORCL1 is activated, which
phosphorylates ULK1 (Ser757) and inhibits ULK1 kinase activity, thereby blocking
autophagosome formation and eventually autophagy [19, 20]. Our previous study has
demonstrated that hsBAFF promotes proliferation and survival in cultured B lymphocytes
via activation of Akt/mTOR pathway [32]. So, we hypothesized that hsBAFF inhibits
autophagy and increases B-cell proliferation/viability by increasing Akt/mTOR-mediated
phosphorylation of ULK1 (Ser757). To this end, we studied whether inhibition of Akt or
mTOR attenuates hsBAFF-induced increase of p-ULK1 and decrease of LC3-11 in B cells.
Raji cells and primary B cells were pretreated with/without mTORC1 inhibitor rapamycin
(100 ng/ml) for 2 h, or mMTORCZ1/2 inhibitor PP242 (1 pM) or Akt inhibitor X (20 pM) for 1
h, then stimulated with/without hsBAFF (2.5 pg/ml) for 12 h or 48 h, followed by Western
blotting. As expected, rapamycin inhibited p-S6K1 and p-4E-BP1, and Akt inhibitor X
inhibited p-Akt, whereas PP242 inhibited both p-S6K1/p-4E-BP1 and p-Akt, regardless of
the presence or absence of hsBAFF. hsBAFF-induced upregulation of p-ULK1 and
downregulation of LC3-11 were markedly reversed by these inhibitors in the cells (Fig. 4A
and B). Here, in primary B cells, because the basal level of LC3-1 was too low, hsBAFF did
not further reduce LC3-1 expression apparently, but was able to downregulate the LC3-11
level clearly (Fig. 4A and B), further supporting that the level of LC3-11 determines the
autophagosome formation. Consistently, the basal or hsBAFF-stimulated cell proliferation
and viability were also reduced by these kinase inhibitors (Fig. 4C and D).

To gain more insights into the effects of Akt and mTOR activity on hsBAFF’s suppressing
autophagy and subsequently promoting B-cell proliferation/viability, genetic approaches
were taken. Firstly, Raji cells were infected with Ad-dn-Akt or Ad-GFP (as control), and
then pretreated with/without rapamycin (100 ng/ml) for 2 h or PP242 (1 uM) for 1 h,
followed by stimulation with/without hsBAFF (2.5 pg/ml) for 12 or 48 h. As expected, a
high level of HA-tagged dn-Akt was seen in Ad-dn-Akt-infected cells, but not in Ad-GFP-
infected cells (as control) (Fig. 5A). Ectopic expression of dn-Akt profoundly blocked
hsBAFF-triggered phosphorylation of Akt, S6K1, 4E-BP1 and ULK1, decrease of LC3-II,
as well as increase of cell proliferation/viability (Fig. 5A-D). Interestingly, treatment with
rapamycin or PP242 was able to potentiate the inhibitory effects of dn-Akt (Fig. 5A-D).
Similarly, silencing mTOR also dramatically blocked the phosphorylation of Akt, mnTOR,
S6K1, 4E-BP1 and ULKZ1 in the cells stimulated with/without hsBAFF (Fig. 5E and F). Of
importance, depleting mTOR conferred high resistance to hsBAFF-decreased LC3-II
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expression (Fig. 5E and F) and coincidently attenuated hsBAFF-stimulated B-cell
proliferation/viability (Fig. 5G and H). Moreover, treatment with Akt inhibitor X or PP242
also reinforced the inhibitory effects of mMTOR silencing (Fig. 5E-H). Taken together, our
findings underscore that hsBAFF inhibits autophagy via activating Akt/mTOR signaling
pathway, leading to increased B-cell proliferation and survival.

3.4. hsBAFF activates the Akt/mTOR pathway, suppressing autophagy in B cells, in Ca2*-
dependent manner

Our recent studies have demonstrated that hsBAFF promotes B-cell proliferation and
survival by elevating intracellular calcium ([Ca2*];) level [32; 43]. We therefore sought to
validate whether hsBAFF activates the Akt/mTOR pathway leading to autophagy
suppression and B-cell proliferation/viability by Ca2*-dependent mechanism. For this, Raji
cells and primary B cells were pretreated with/without BAPTA/AM (20 uM), an intracellular
Ca?* chelator, EGTA (100 pM), an extracellular Ca2* chelator, 2-APB (100 pM), an
inhibitor for both inositol 1,4,5-trisphosphate (IP3) receptors and the Ca2* release activated
Ca?* (CRAC) channels, and/or PP242 (1 uM) for 1 h, followed by stimulation with/without
hsBAFF (2.5 pg/ml) for 12 h or 48 h. We observed that chelating [Ca2*]; with BAPTA/AM
or preventing [Ca2*]; elevation using EGTA or 2-APB drastically blocked hsBAFF-induced
phosphorylation of Akt, S6K1, 4E-BP1 and ULK1 (Fig. 6A and B), decrease of LC3-1I (Fig.
6A and B), as well as increase of cell proliferation/viability in the cells (Fig. 6C and D); and
the effects were further strengthened by co-treatment with PP242 (Fig. 6A-D). The results
imply that hsBAFF-induced extracellular Ca2* influx and ER Ca?* release should be
involved in hsBAFF-activated Akt/mTOR pathway, thereby mediating autophagy
suppression contributing to B-cell proliferation/survival.

3.5. hsBAFF inhibits autophagy by stimulating CaMKII-dependent activation of Akt/mTOR
pathway in B cells

CaMKIl is a general integrator of Ca2* signaling [28; 29]. Our group has demonstrated that
hsBAFF-induced phosphorylation of CaMKI| is attributed to [Ca2*]; elevation in cultured B
lymphocytes [32]. In line with this, here we further observed that pretreatment with
BAPTA/AM, EGTA or 2-APB remarkably attenuated the basal and hsBAFF-induced p-
CaMKII (Thr286) in Raji cells and primary B cells (Fig. 7A and B). Next, we tested whether
the effects of hsBAFF on the Akt/mTOR pathway contributing to autophagy suppression in
B cells are through activating CaMKII. For this, Raji cells and primary B cells were treated
with/without hsBAFF (2.5ug/ml) for 12 h or 48 h following pretreatment with/without
CaMKII inhibitor KN93 (10 uM). The results showed that the basal and hsBAFF-induced p-
CaMKII was significantly attenuated by KN93; and KN93 also markedly inhibited the basal
and hsBAFF-induced expression of p-Akt, p-S6K1 p-4E-BP1 and p-ULK1 (Fig. 7C and D),
as well as B-cell proliferation/viability (Fig. 7E and F). However, interestingly, KN93
elevated the basal and hsBAFF-inhibited LC3-11 expression (Fig. 7C and D). Moreover, of
note, co-treatment with KN93 and PP242 inhibited hsBAFF-induced p-CaMKII more
robustly than treatment with KN93 or PP242 alone in Raji cells and primary B cells (Fig. 7C
and D). Similarly, hsBAFF-induced phosphorylation of Akt, S6K1, 4E-BP1 and ULK1 as
well as decrease of LC3-I1 were reversed by co-treatment with KN93/PP242 more potently
than by treatment with KN93 or PP242 alone in the cells (Fig. 7C and D). In line with this,
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the combination of KN93 and PP242 more vigorously inhibited cell proliferation/viability
than KN93 or PP242 alone in the cells in response to hsBAFF (Fig. 7E and F).

To further corroborate the role of CaMKII in hsBAFF-activated Akt/mTOR pathway leading
to autophagy inhibition, CaMKII was knocked down. As shown in Fig. 7G, CaMKII protein
level was downregulated by ~90% in sShRNA CaMKIlI-infected Raji cells compared to
shRNA GFP-infected Raji cells. Silencing CaMKII obviously attenuated the basal and
hsBAFF-induced phosphorylation of CaMKII, Akt, S6K1, 4E-BP1 and ULK1 (Fig. 7H and
). Correspondingly, depleting CaMKII upregulated the basal LC3-I11 level and conferred
partial resistance to hsBAFF-induced decrease of LC3-I1, which was further potentiated by
PP242 treatment (Fig. 7H and I). Of importance, down-regulation of CaMKII significantly
elevated the number of LC3 puncta per cell under the basal condition; and attenuated
hsBAFF-induced decrease of LC3 puncta per cell (Fig. 7J and K). Concurrently, silencing
CaMKII strongly inhibited hsBAFF-stimulated B-cell proliferation/viability (Fig. 7L and
M). All of these effects were strengthened by PP242 (Fig. H-M). Collectively, these data
demonstrate that hsBAFF inhibits autophagy promoting cell proliferation/viability by Ca2*-
CaMKII-dependent activation of Akt/mTOR pathway in B cells.

4. Discussion

Numerous lines of evidence have shown that the cytokine BAFF plays a pivotal role in the
development and homeostasis of normal B lymphocytes, as well as the growth and survival
of neoplastic B-lymphoid cells [1; 2; 3; 4; 5]. Excessive or increased BAFF concentrations
in serum are deemed to be involved in the pathogenesis of autoimmune diseases, including
SLE, RA, SS, autoimmune hepatitis, primary biliary cirrhosis, and Wegener’s
granulomatosis, etc. [7; 8; 9; 10; 11]. Therefore, it is of great importance to elucidate the
molecular mechanism of BAFF-dependent B-cell proliferation and survival, in order to find
a novel strategy to combat against excessive BAFF-associated autoimmune diseases and
other aggressive/neoplastic B-cell disorders. Autophagy is an important and evolutionarily
conserved cellular digestion process, which removes damaged macromolecules and
organelles or recycle macromolecules in response to nutrient and environmental stress
within the lysosomes or vacuoles in eukaryotic cells [44; 45]. Studies have demonstrated
that dysregulation of autophagy contributes to autoimmune diseases [44; 46]. In this study,
we discovered that hsBAFF inhibited autophagy, resulting in increased proliferation and
viability in Raji cells and primary B cells. Mechanistically, hsBAFF suppressed autophagy
by activating Ca?*-CaMKII-dependent Akt/mTOR signaling pathway.

It is well-known that LC3-11 is a phosphatidylethanolamine-conjugated form of LC3, which
binds to autophagosomes and directly correlates with the number of autophagosomes formed
[16; 17]. Having found that hsBAFF inhibited autophagy by reducing autophagosome
formation in Raji cells and primary B cells, we further studied whether this is by
downregulating the expression of LC3-11. Our results showed that treatment with hsBAFF
did reduce the levels of LC3-11, along with LC3-1, in the cells (Fig. 2). Silencing LC3
potentiated the effect of hsBAFF on autophagy inhibition, as evidenced by the decreased
number of MDC-labeled autophagic vacuoles (Fig. 3). However, to our surprise, knockdown
of LC3 did not strengthen hsBAFF-stimulated B-cell proliferation and survival, but
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markedly diminished the events. Especially, we found that hsBAFF-elevated p-Akt, p-S6K1
and p-4E-BP1 were substantially attenuated by depletion of LC3 in B cells (Fig. 3). These
results imply that knockdown of LC3 not only intensifies hsBAFF-induced inhibition of
autophagy, but also attenuates hsBAFF-induced activation of Akt/mTOR pathway, thereby
reducing hsBAFF-induced B-cell proliferation/viability. Atg 5 is one of the critical enzymes
responsible for production of the lipid modified form of LC3, i.e. LC3-11 [16; 17]. It has
been reported that deletion of Atg5 completely inhibits autophagy [47] and Atg5 plays an
essential role in B lymphocyte development [48]. During this research, we observed that
knockdown of Atg5 also inhibited autophagy in B cells. Whether hsBAFF downregulates
Atg5 expression remains to be determined. Nevertheless, these data support the idea that
hsBAFF downregulates the expression of LC3-11, thereby inhibiting autophagy and
promoting B-cell proliferation and survival. In another word, certain level of LC3-I1 is
critical for the effects of hsBAFF on autophagy and proliferation/viability in B cells.

mTOR is a downstream effector molecule of Akt, and negatively regulates autophagy partly
by suppressing autophagosome formation [19]. The ULK1 (the orthologous yeast Atgl)
forms a complex with ATG13 and FIP200, and is a key regulator in autophagy initiation [49;
50; 51; 52], and links cellular nutrient and energy status to downstream events in autophagy
[53]. It is known that mTORCL inhibits ULK1 activation by phosphorylating ULK1
(Ser757) and disrupt ULK1 complex formation, thereby suppressing autophagy [20]. Our
recent studies have demonstrated that Akt/mTOR signaling pathway is involved in hsBAFF-
stimulated B-cell proliferation and survival [32]. In the current study, treatment with
hsBAFF elevated p-Akt, p-S6K1, p-4E-BP1 and p-ULKZ1, reduced LC3-11 level, and
increased cell proliferation/viability in the cells, which was remarkably attenuated by Akt
inhibitor X or mTOR inhibitor (rapamycin and PP242) (Fig. 4). Similarly, expression of
dominant negative Akt or down-regulation of mTOR also attenuated hsBAFF-induced
phosphorylation of ULK1, decrease of LC3-I1 expression and increase of cell proliferation/
viability in the cells (Fig. 5). Collectively, our results strongly support that hsBAFF
suppresses autophagy via increasing p-ULK1 (Ser757) mediated by the Akt/mTOR
signaling pathway.

Ca?" is a ubiquitous intracellular signal responsible for numerous cellular events, such as
proliferation/growth, differentiation, and survival in various immune cells [24; 25]. Our
recent studies have described that hsBAFF activates mTOR pathway promoting proliferation
and survival in cultured B lymphocytes via Ca2* signaling [32]. This drove us to test
whether hsBAFF-activated Akt/mTOR pathway mediates autophagy suppression in B cells
in Ca2*-dependent manner. As predicted, pretreatment with BAPTA/AM (20 uM), an
intracellular Ca?* chelator, EGTA (100 pM), an extracellular Ca2* chelator, or 2-APB (100
M), an inhibitor for both inositol 1,4,5-trisphosphate (IP3) receptors and the Ca2* release
activated Ca2* (CRAC) channels, did obviously attenuate hsBAFF-induced activation of
Akt/mTOR, suppression of autophagy, and increase of cell proliferation/survival in normal
and Raji B-lymphoid cells; and these effects were further strengthened by co-treatment with
PP242 (Fig. 6). The results underline that hsBAFF-induced extracellular Ca%* influx and ER
Ca?" release result in elevated [Ca?*]; level, which activates Ak/mTOR pathway, leading to
suppressed autophagy and increased cell proliferation/viability in normal and Raji B-
lymphoid cells.
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CaMKIl, a ubiquitously expressed serine/threonine protein kinase, has been reported to
regulate the development and activity of many different cell types including immune cells
[28; 29; 30; 54; 55; 56; 57]. Since CaMKI| acts as a general integrator of Ca2* signaling, we
asked whether hsBAFF-activated Akt/mTOR pathway inhibits autophagy by stimulating
Ca?*-dependent CaMKII. Our results showed that KN93 dramatically blocked hsBAFF-
induced phosphorylation of Akt, S6K1 p-4E-BP1 and p-ULK1, decrease of LCI-3-11, and
increase of proliferation/viability in Raji cells and primary B cells; and the effects were
further potentiated by co-treatment with PP242 (Fig. 7C-F). Similar results were seen in the
cells treated with lentiviral ShRNA to CaMKII (Fig. 7G-M). These results strongly support
that hsBAFF-elevated [Ca2*];-dependent CaMKII phosphorylation activates Akt/mTOR-
mediated phosphorylation of ULK1 and consequential suppression of autophagy, thereby
promoting B-cell proliferation and survival.

In summary, here we identify that excessive hsBAFF promotes cell proliferation and survival
by inhibiting autophagy in normal and neoplastic B-lymphoid cells. Mechanistically, BAFF
inhibits autophagy by increasing ULK1 phosphorylation (Ser757) and decreasing LC3-I1
protein expression in B cells, which is through activating the Ca2*-CaMKII-Akt-mTOR
signaling pathway (Fig. 8). Our findings suggest that manipulation of intracellular Ca2* level
or CaMKII, Akt, or mTOR activity to promote autophagy may be exploited for prevention of
excessive BAFF-induced aggressive B lymphocyte disorders and autoimmune diseases.
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Akt protein kinase B (PKB)
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BAPTA/AM 1,2-bis(o-aminophenoxy) ethane-N,N,N’,N’-tetraacetic acid
tetra(acetoxymethyl) ester

BLyS B lymphocyte stimulator

Ca?t calcium ion

CaM calmodulin

CaMKII calcium/calmodulin-dependent protein kinase Il

CRAC Ca?*-release activated Ca2*
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EGTA ethylene glycol tetra-acetic acid

FBS fetal bovine serum; GFP, green fluorescent protein

LC3 microtubule-associated protein 1 light chain 3

MAPK mitogen-activated protein kinase

MDC monodansylcadaverine

mTOR mammalian target of rapamycin

PBS phosphate buffered saline

PI3K phosphatidylinositol 3"-kinase

RA rheumatoid arthritis

S6K1 S6 kinase 1

SLE systemic lupus erythematosus

SS Sjogren’s syndrome

TALL-1 TNF and apoptosis ligand-related leukocyte-expressed ligand1

THANK TNF homologue that activates apoptosis, nuclear factor xB, and c-
Jun NH2-terminal kinase

ULK1 Unc51-like kinase 1
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) hsBAFF promotes B-cell proliferation and survival by inhibiting autophagy.

o Downregulation of LC3 protein level is critical for hsBAFF inhibition in B

) hsBAFF-activated Akt/mTOR signaling represses autophagy via

o hsBAFF inhibits autophagy by activating Ca2*-CaMKII-dependent Akt/
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Fig. 1. hsBAFF reduces autophagosome formation in B cells.
Raji cells, or Raji cells infected with Ad-GFP-LC3 were stimulated with hsBAFF (0, 1 and

2.5 ug/ml) for 12, 24 and 48 h, respectively. (A and B) The cells were labeled with MDC (a
specific autophagolysosome marker). Then, the MDC-labeled autophagic vacuoles (in
green) were photographed (A) and quantified (B) as described in “Materials and Methods”.
(C and D) Shown are representative GFP-LC3 fluorescence images (in green) (C) and
quantified number (D) for GFP-LC3 puncta in the cells. Scale bar: 2 pm. All quantified data
were expressed as mean + SEM (n = 5). Using one-way ANOVA, *P< 0.05, **P< 0.01,
difference vs0 pg/ml hsBAFF group.
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Fig. 2. hsBAFF downregulates the protein levels of LC3-11 with a concomitant increase of cell

proliferation and viability in B cells.

Raji cells and purified mouse splenic B lymphocytes were stimulated with hsBAFF (0-5
ug/ml) for 12 h and 48 h, respectively, or with 2.5 ug/ml hsBAFF for indicated time. (A and
B) Total cell lysates were subjected to Western blotting using indicated antibodies. The blots
were probed for B-actin as a loading control. Similar results were observed in at least three
independent experiments. (C and D) The cell proliferation was evaluated by cell counting.
(E and F) The cell viability was determined by the MTS assay. All quantified data were
expressed as mean + SEM (n = 5). Using one-way ANOVA, *P< 0.05, " P< 0.01,

difference vs0 pg/ml hsBAFF group or O h group.
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Fig. 3. LC3-11 exerts an essential role for hsBAFF-induced decrease of autophagosome formation
and increase of proliferation/viability in B cells.

Raji cells, infected with lentiviral ShRNA to LC3 or GFP (as control), respectively, were
stimulated with hsBAFF (0, 1, and 2.5 pg/ml) for 12 h (for Western blotting and MDC
staining) or 48 h (for cell proliferation/viability assay). (A) Total cell lysates were subjected
to Western blotting using indicated antibodies. The blots were probed for f-tubulin as a
loading control. Similar results were observed in at least three independent experiments. (B)
The relative densities for p-Akt (Ser473) to Akt, p-S6K1 (Thr389) to S6K1, and p-4E-BP1
(Thr70) to p-actin were semi-quantified using NIH image J. (C and D) Shown are
representative fluorescence images (in green) (C) and quantified number (D) for MDC-
labeled autophagic vacuoles in the cells. Scale bar: 2 um. (E) The cell proliferation was
evaluated by cell counting. (F) The cell viability was determined by the MTS assay. All
quantified data were expressed as mean + SE (n = 5). Using one-way ANOVA or Student’s
ttest, *P< 0.05, difference vs0 pg/ml hsBAFF group; T2< 0.05, LC3 shRNA group vs GFP
shRNA group.
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Fig. 4. Pharmacological inhibition of the Akt/mTOR pathway attenuates hsBAFF-induced
downregulation of LC3-11 and increase of proliferation/viability in B cells.

Raji cells and purified mouse splenic B lymphocytes were pretreated with/without mMTORC1
inhibitor rapamycin (Rap) (100 ng/ml) for 2 h, or mTORC1/2 inhibitor PP242 (1 uM) or Akt
inhibitor X (20 puM) for 1 h, then stimulated with/without hsBAFF (2.5 pug/ml) for 12 h (for
Western blotting) or 48 h (for cell proliferation/viability assay). (A) Total cell lysates were
subjected to Western blotting using indicated antibodies. The blots were probed for -
tubulin as a loading control. Similar results were observed in at least three independent
experiments. (B) The relative densities for p-ULK1 (Ser757) to ULKL1, p-Akt (Ser473) to
Akt, p-S6K1 (Thr389) to S6K1, and LC3-11, p-4E-BP1 (Thr70) to B-actin were semi-
quantified using NIH image J. (C) The cell proliferation was evaluated by cell counting. (D)
The cell viability was determined by the MTS assay. All quantified data were expressed as
mean + SE (n = 5). Using one-way ANOVA, *P< 0.05, difference vs0 pg/ml hsBAFF
group; #P < 0.05, difference vs2.5 pg/ml hsBAFF group.
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Fig. 5. Ectopic expression of dominant negative Akt or downregulation of mTOR attenuates
hsBAFF-induced decrease of LC3-11 and increase of cell proliferation/viability in B cells.

Raji cells, infected with Ad-dn-Akt or Ad-GFP (as control), or infected with lentiviral
shRNA to mTOR or GFP (as control), respectively, were pretreated with/without rapamycin
(Rap) (100 ng/ml) for 2 h, or Akt inhibitor X (20 uM) or PP242(1 uM) for 1 h, then
stimulated with/without hsBAFF (2.5 ug/ml) for 12 h (for Western blotting) or 48 h (for cell
proliferation/viability assay). (A and E) Total cell lysates were subjected to Western blotting
using indicated antibodies. The blots were probed for p-tubulin as a loading control. Similar
results were observed in at least three independent experiments. (B and F) The relative
densities for p-Akt (Ser473) to Akt, p-S6K1 (Thr389) to S6K1, p-ULK1 (Ser757) to ULK1,
and p-4E-BP1 (Thr70), LC3-11 to B-actin were semi-quantified using NIH image J. (C and
G) The cell proliferation was evaluated by cell counting. (D and H) The cell viability was
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determined by the MTS assay. All quantified data were expressed as mean = SE (n = 5).
Using one-way ANOVA or Student’s #test, *P < 0.05, difference vs0 ug/ml hsBAFF group;
#p<0.05, difference v52.5 pg/ml hsBAFF group; TP < 0.05, Ad-dn-Akt group vs Ad-GFP
group or mTOR shRNA group vs GFP shRNA group.
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Fig. 6. hsBAFF activates Akt/mTOR pathway, inhibiting autophagy and increasing cell
proliferation/viability in B cells in Ca2+—dependent manner.

Raji cells and purified mouse splenic B lymphocytes were pretreated with/without
BAPTA/AM (20 pM), EGTA (100 pM), 2-APB (100 uM) or/and PP242 (1 uM) for 1 h, then
stimulated with/without hsBAFF (2.5 pg/ml) for 12 h (for Western blotting) or 48 h (for cell
proliferation/viability assay). (A) Total cell lysates were subjected to Western blotting using
indicated antibodies. The blots were probed for B-tubulin as a loading control. Similar
results were observed in at least three independent experiments. (B) The relative densities
for p-ULKZ1 (Ser757) to ULK1, p-Akt (Ser473) to Akt, p-S6K1 (Thr389) to S6K1, and LC3-
I1, p-4E-BP1 (Thr70) to p-actin were semi-quantified using NIH image J. (C) The cell
proliferation was evaluated by cell counting. (D) The cell viability was determined by the
MTS assay. All quantified data were expressed as mean + SE (n = 5). Using one-way or two-
way ANOVA, *P< 0.05, difference vs0 pg/ml hsBAFF group; #P< 0.05, difference v52.5
ug/ml hsBAFF group; $P< 0.05, difference vs BAPTA/AM/hsBAFF group, EGTA/hsBAFF
group or 2-APB/hsBAFF group.
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Fig. 7. hsBAFF activates Akt/mTOR pathway, inhibiting autophagy and increasing cell
proliferation/viability by stimulating [Ca *];-dependent CaMKI1 phosphorylation in B cells.

Raji cells and purified mouse splenic B lymphocytes, or Raji cell infected with lentiviral
shRNA to CaMKII or GFP (as control), were pretreated with/without BAPTA/AM (20 pM),
EGTA (100 uM) or 2-APB (100 uM) for 1 h, or with/without KN93 (10 uM) or/and PP242
(1 uM) for 1 h, then stimulated with/withoutt hsBAFF (2.5 pg/ml) for 12 h (for Western
blotting and GFP-LC3 assay) or 48 h (for cell proliferation/viability assay). (A, C, G and H)
Total cell lysates were subjected to Western blotting using indicated antibodies. The blots
were probed for p-tubulin as a loading control. Similar results were observed in at least three
independent experiments. (B, D and 1) The relative densities for p-Akt (Ser473) to Akt, p-
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S6K1 (Thr389) to S6K1, p-ULK1 (Ser757) to ULK1, p-CaMKII (Thr286) to CaMKII, and
p-4E-BP1 (Thr70), LC3-1I to B-actin were semi-quantified using NIH image J. (E and L)
The cell proliferation was evaluated by cell counting. (F and M) The cell viability was
determined by the MTS assay. (J and K) The fluorescence imaging (in green) (J) and
quantified number (K) for LC3 puncta in the cells was shown by GFP-LC3 assay. All
quantified data were expressed as mean + SE (n = 5). Using one-way or two-way ANOVA or
Student’s £test, *P< 0.05, difference vs0 pg/ml hsBAFF group; #P < 0.05, difference v52.5
pg/ml hsBAFF group; $£< 0.05, difference vs KN93/hsBAFF group or PP242/hsBAFF
group; TP<0.05, CaMKII shRNA group vs GFP shRNA group.
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Fig. 8. Graphical model showing how hsBAFF inhibits autophagy, promoting cell proliferation
and survival in B cells.

hsBAFF inhibits autophagy, promoting cell proliferation and survival, by increasing ULK1
phosphorylation (Ser757) and decreasing LC3-I1 protein expression in hormal and
neoplastic B-lymphoid cells. This is through activating the Ca?*-CaMKII-Akt-mTOR
signaling pathway. Manipulation of intracellular Ca2* level or CaMKII, Akt, or mTOR
activity to promote autophagy may be exploited for prevention of excessive BAFF-induced
aggressive B-cell disorders.
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