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Abstract

B cell activating factor from the TNF family (BAFF) stimulates B-cell proliferation and survival,
but excessive BAFF promotes the development of aggressive B cells leading to malignant and
autoimmune diseases. Recently, we have reported that rapamycin, a macrocyclic lactone,
attenuates human soluble BAFF (hsBAFF)-stimulated B-cell proliferation/survival by suppressing
mTOR-mediated PP2A-Erk1/2 signaling pathway. Here, we show that the inhibitory effect of
rapamycin on hsBAFF-promoted B cell proliferation/survival is also related to blocking hsBAFF-
stimulated phosphorylation of Akt, S6K1 and 4E-BP1, as well as expression of survivin in normal
and B-lymphoid (Raji and Daudi) cells. It appeared that both mTORC1 and mTORC2 were
involved in the inhibitory activity of rapamycin, as silencing raptor or rictor enhanced rapamycin’s
suppression of hsBAFF-induced survivin expression and proliferation/viability in B cells. Also,
PP242, an mTORCL1/2 kinase inhibitor, repressed survivin expression and cell proliferation/
viability more potently than rapamycin (mTORC1 inhibitor) in B cells in response to hsBAFF. Of
interest, ectopic expression of constitutively active Akt (myr-Akt) or constitutively active S6K1
(S6K1-ca), or downregulation of 4E-BP1 conferred resistance to rapamycin’s attenuation of
hsBAFF-induced survivin expression and B-cell proliferation/viability, whereas overexpression of
dominant negative Akt (dn-Akt) or constitutively hypophosphorylated 4E-BP1 (4EBP1-5A), or
downregulation of S6K1, or co-treatment with Akt inhibitor potentiated the inhibitory effects of
rapamycin. The findings indicate that rapamycin attenuates excessive hsBAFF-induced cell
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proliferation/survival via blocking mTORC1/2 signaling in normal and neoplastic B-lymphoid
cells. Our data underscore that rapamycin may be a potential agent for preventing excessive
BAFF-evoked aggressive B-cell malignancies and autoimmune diseases.
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Introduction

B cell activating factor from the TNF family (BAFF), a type 1l membrane protein that exists
in both membrane-bound and soluble forms, also known as B lymphocyte stimulator (Blys),
TNF and apoptosis ligand-related leukocyte-expressed ligand-1 (TALL-1), TNF homologue
that activates apoptosis, nuclear factor xB, and c-Jun NH2-terminal kinase (THANK) and
ZTNF4, is a well-known cytokine that spurs development, maturation and homeostasis of B
lymphocytes (Henley et al., 2008; Moore et al., 1999; Mueller et al., 2007; Schneider et al.,
1999). It is mainly secreted by monocytes and dendritic cells and acts as a ligand for three
TNF-receptor family members: BAFF-R (BR3), B cell maturation antigen (BCMA) and
transmembrane activator and cyclophilin ligand interactor (TACI) (Fu et al., 2009; Mackay
et al., 2003; Mackay et al., 2007; Schneider and Tschopp, 2003). Multiple reports have
shown that abnormal level of BAFF is the culprit of immune-related diseases (Batten et al.,
2000; Schweighoffer et al., 2013), and excessive expression of BAFF can cause various
autoimmune diseases, such as systemic lupus erythematosus (SLE), rheumatoid arthritis
(RA), and SjOgren’s syndrome (SS) (Bosello et al., 2008; Mackay and Ambrose, 2003;
Moisini and Davidson, 2009; Zhang et al., 2001). Patients with these diseases are often
detected to have high levels of BAFF in the blood, causing elevated secretion of superfluous
autoantibodies (Moisini and Davidson, 2009; Sanz and Lee, 2010). A series of studies have
focused on B cells as therapeutic targets in autoimmune diseases (Cornec et al., 2012;
Ramanujam and Davidson, 2008; Sasaki et al., 2006). However, how excessive BAFF
induces aggressive B-cell proliferation and survival is not well understood.

The mammalian target of rapamycin (mTOR) plays an important role in regulating nutrient
metabolism and promoting the proliferation and survival of lymphocyte cells (Cornu et al.,
2013; Laplante and Sabatini, 2012; Zeng and Chi, 2013), and has been extensively evaluated
as a therapeutic target in multiple lymphoid malignancies (Yun et al., 2016). As a serine/
threonine (Ser/Thr) protein kinase, mTOR functions at least as two complexes, MTORC1
and mTORC2, with distinct substrate specificities (Laplante and Sabatini, 2012). mTORC1
comprises mTOR, raptor (regulatory-associated protein of mMTOR), mLST8 (also termed G
protein B-subunit-like protein, GBL, a yeast homolog of LST8), PRAS40 (proline-rich Akt
substrate 40 kDa) and DEPTOR (DEP-domain-containing mTOR-interacting protein).
mTORC?2 is composed of mTOR, rictor (rapamycin insensitive companion of mTOR),
mLST8, mSinl (mammalian stress-activated protein kinase-interacting protein 1), protor
(protein observed with rictor) and DEPTOR (Cornu et al., 2013; Laplante and Sabatini,
2012; Peterson et al., 2009; Zhou et al., 2010). mTORC1 mediates the phosphorylation of
two best-characterized downstream effector molecules, p70 S6 kinase 1 (S6K1) and
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eukaryotic initiation factor 4E (elF4E) binding protein 1 (4E-BP1), and controls lipid/
protein synthesis, cell growth/proliferation, survival and motility (Cornu et al., 2013;
Laplante and Sabatini, 2012). mTORC2 regulates the phosphorylation or activity of protein
kinase B (Akt/PKB), serum and glucocorticoid-induced kinase 1 (SGK1), protein kinase C
a (PKCa), focal adhesion proteins and small GTPases, and controls cell survival and actin
cytoskeleton (Cornu et al., 2013; Laplante and Sabatini, 2012). Mounting evidence has
demonstrated that hyperactivation of mMTORC1/2 is responsible for the pathogenesis of many
cancers (Guertin et al., 2009; Hietakangas and Cohen, 2008; Yang and Klionsky, 2010). As
abnormal activity of mTOR has been observed in several autoimmune diseases (Fernandez
and Perl, 2010; Laragione and Gulko, 2010; Malemud, 2013), targeting mTOR has become a
promising strategy for prevention and treatment of autoimmune diseases (Weichhart and
Saemann, 2009). We have recently found that excessive BAFF activates mTOR pathway
contributing to proliferation and survival in cultured B lymphocytes (Ke et al., 2013).
Therefore, drugs that inhibit this specific pathway may be an effective intervention for
BAFF-induced autoimmune disorders.

Rapamycin, a lipophilic macrolide antibiotic, has been used in renal transplantation as an
immunosuppressant (Zhou et al., 2010). Traditional view considers rapamycin as a potent
and specific inhibitor of mMTORCL1 (Ballou and Lin, 2008; Zhou et al., 2010). Extensive
studies have revealed that rapamycin can also inhibit mMTORC2-mediated Akt
phosphorylation, depending on cell lines or treatment time/dose (Laplante and Sabatini,
2012; Sarbassov et al., 2006). Recently, rapamycin analogs (termed rapalogs), such as
Temsirolimus and Everolimus, have been documented to be effective in treatment of certain
autoimmune diseases (Blachly and Baiocchi, 2014; Eyre et al., 2014; Mohindra et al., 2014).
However, the underlying mechanism of rapamycin’s action is not fully elucidated. Our
recent studies have shown that human soluble BAFF (hsBAFF) stimulates the
phosphorylation of S6K1, 4E-BP1 and Akt contributing to B-cell proliferation and survival
(Ke et al., 2013; Zeng et al., 2015), which can be blocked by a short time (2 h) pretreatment
with rapamycin (Zeng et al., 2015). These findings prompted us to determine whether
rapamycin inhibits BAFF-stimulated cell proliferation and survival via targeting mTORC1
and/or mTORC?2 signaling in normal and neoplastic B-lymphoid cells.

Here, for the first time, we show that rapamycin attenuates excessive hsBAFF-induced cell
proliferation and survival, not only by targeting mTORC1-mediated S6K1/4E-BP1
pathways, but also via targeting mTORC2-mediated Akt pathway in normal and neoplastic
B-lymphoid cells. Our findings underscore that rapamycin may be a potential agent for
preventing excessive BAFF-evoked aggressive B-cell malignancies and autoimmune
diseases.

Materials and Methods

Materials

Anti-CD19 magnetic fluorobeads-B was purchased from One Lambda (Canoga Park, CA,
USA). PP242 (mTORC1/2 kinase inhibitor) and Akt inhibitor X were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Rapamycin (mTOR inhibitor) was from
ALEXIS (San Diego, CA, USA). Refolded human soluble BAFF (hsBAFF) was a
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recombinant form of the extracellular domain of the BAFF produced in Escherichia coli
from this group (Cao et al., 2005). RPMI 1640 was from Gibco (Rockville, MD, USA).
Fetal bovine serum (FBS) was supplied by Hyclone (Logan, UT, USA). CellTiter 96®
AQeous One Solution Cell Proliferation Assay kit was from Promega (Madison, WI, USA).
Other chemicals were purchased from local commercial sources and were of analytical
grade.

Neoplastic B-lymphoid Raji and Daudi cell lines (American Type Culture Collection,
Manassas, VA, USA) were maintained in RPMI 1640 medium supplemented with 10% FBS,
100 U/ml penicillin, 100 U/ml streptomycin at 37°C in a humidified incubator containing
5% CO,. Primary B lymphocytes were purified from fresh splenic cells of healthy mice
using anti-CD19 magnetic fluorobeads and cultured as described previously (Ke et al.,
2013). 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.

Recombinant adenoviral constructs and infection of cells

Recombinant adenoviral vectors encoding green fluorescence protein (Ad-GFP),
hemagglutinin (HA)-tagged constitutively hypophosphorylated 4E-BP1 (Ad-4EBP1-5A),
wild-type S6K1 (Ad-S6K1-wt) and constitutively active S6K1 (Ad-S6K1-ca) were described
previously (Liu et al., 2008; Liu et al., 2006; Liu et al., 2010). Recombinant adenoviral
vectors encoding HA-tagged dominant negative Akt (Ad-dn-Akt, T308A/S473A) and
constitutively active Akt (Ad-myr-Akt) were generously provided by Dr. Kenneth Walsh
(Boston University, Boston, MA). For experiments, Raji cells were grown in the growth
medium and infected with the individual adenovirus for 24 h at 1 of multiplicity of infection
(MOI = 1). Subsequently, cells were used for experiments. Ad-GFP alone served as a
control. Expression of HA-tagged 4EBP1-5A, S6K1-wt, S6K1-ca, myr-Akt and dn-Akt was
determined by Western blot analysis with antibodies to HA.

Lentiviral shRNA cloning, production and infection of cells

Lentiviral ShRNAs to raptor, rictor, S6K1, 4E-BP1 and GFP (for control) were constructed
and infected as described previously (Liu et al., 2008; Liu et al., 2006; Liu et al., 2010). For
use, Raji cells, when grown to about 70% confluence, were infected with above lentivirus
containing medium in the presence of 8 ug/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.

Assays for cell proliferation, cell viability, and live cell number

Purified mouse B lymphocytes, Raji and/or Daudi cells, or Raji cells infected with
Ad-4EBP1-5A, Ad-S6K1-wt, Ad-S6K1-ca, Ad-dn-Akt, Ad-myr-Akt and Ad-GFP,
respectively, or Raji cells infected with lentiviral ShRNAs to raptor, rictor, raptor/rictor, 4E-
BP1, S6K1 and GFP, respectively, were seeded in 24-well plates (3x10° cells/well, for cell
proliferation assay and live cell assay) or 96-well plates (3x10* cells/well, for cell viability

J Cell Physiol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zeng et al.

Page 5

assay) and cultured for overnight in a humidified incubator of 5 % CO, at 37 °C. Next day,
cells were treated with/without hsBAFF (2.5 pug/ml) for 48 h following pre-incubation with/
without rapamyecin (100 ng/ml) or PP242 (1 uM) for 2 h, or treated with/without Akt
inhibitor X (20 uM) for 1 h and then hsBAFF (2.5 pg/ml) for 48 h following pre-incubation
with/without rapamycin (100 ng/ml) for 2 h with 5 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 Synergy™ 2 Multi-function
Microplate Reader (Bio-Tek Instruments, Winooski, Vermont, USA), respectively, as
described previously (Zeng et al., 2015). Live cells were estimated by counting viable cells
using trypan blue exclusion.

Western blot analysis

Purified mouse B lymphocytes, Raji and/or Daudi cells, or Raji cells infected with
Ad-4EBP1-5A, Ad-S6K1-wt,Ad-S6K1-ca, Ad-dn-Akt, Ad-myr-Akt and Ad-GFP,
respectively, or Raji cells infected with lentiviral ShRNAs to raptor, rictor, raptor/rictor, 4E-
BP1, S6K1 and GFP, respectively, after treatments, were subjected to Western blotting as
described (Chen et al., 2010). In brief, lysates containing equivalent amounts of protein were
separated on 7-12% SDS—polyacrylamide gel and transferred to polyvinylidene difluoride
membranes (Millipore, Bedford, MA, USA). Membranes were incubated with PBS
containing 0.05% Tween 20 and 5% nonfat dry milk to block nonspecific binding, and then
with primary antibodies against phosphorylated Akt (p-Akt) (Ser473), p-S6K1 (Thr389), p-
S6 (Ser235/236), p-4E-BP1 (Thr70), 4E-BP1 (Cell Signaling Technology, Danvers, MA,
USA), B-actin, S6K1, Akt, S6, survivin, GSK3p (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), raptor, rictor (Bethyl Laboratories, Montgomery, TX, USA), phospho-GSK3p
(Ser9) (Epitomics, Burlingame, CA, USA), phospho-Akt (Thr308), HA (Sigma, St. Louis,
MO, USA) overnight at 4°C, respectively, followed by incubating with appropriate
secondary antibodies including horseradish peroxidase-coupled goat anti-rabbit 1gG, goat
anti-mouse 1gG, or rabbit anti-goat 1gG (Pierce, Rockford, IL, USA) overnight at 4°C.
Immunoreactive bands were visualized by using enhanced chemiluminescence solution
(Millipore, Billerica, MA, USA). The blots for detected proteins were semi-quantified using
NIH Image J software (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis

Results

Results were expressed as mean + standard error of the mean (SEM). Analysis of statistical
significance was performed using Student’s #test for non-paired replicates. Group variability
and interaction were compared using either one-way or two-way ANOVA followed by
Bonferroni’s post-test to compare replicate means. A~Value of < 0.05 was considered
significant.

Rapamyecin inhibition of cell proliferation and survival involves blocking hsBAFF-
stimulated Akt and S6K1/4E-BP1 pathways in B cells

We have recently shown that excessive hsBAFF induces B-cell proliferation and survival in
part through activation of mTOR signaling pathway (Ke et al., 2013; Zeng et al., 2015).
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Rapamycin inhibits hsBAFF-induced B-cell proliferation/viability in an mTOR kinase
activity-dependent manner (Zeng et al., 2015). In agreement with the above findings, here
we also observed that pretreatment of B cells (Raji cells, Daudi cells and normal primary
mouse B lymphocytes) with rapamycin (100 ng/ml) for 2 h inhibited cell proliferation and
viability stimulated by 48-h exposure to hsBAFF (2.5 pug/ml), as determined by cell counting
(Fig. 1A), the MTS assay (Fig. 1B) and trypan blue exclusion assay (Fig. 1C), respectively.
Furthermore, our Western blot analysis also showed that hsBAFF-induced robust phospho-
Akt (Serd73 and Thr308), phospho-S6K1 (Thr389), phospho-S6 (Ser235/236, a substrate of
S6K1), phospho-4E-BP1 (Thr70) and survivin were greatly attenuated by rapamycin (Fig.
1D and E). These results suggest that rapamycin inhibition of cell proliferation and survival
involves blocking activation of Akt and S6K1/4E-BP1 pathways in hsBAFF-stimulated B
cells.

Rapamycin inhibits hsBAFF-induced B-cell proliferation and viability by targeting both
MTORC1 and mTORC2

MTORC1 and mTORC?2 are two well-known distinct mMTOR complexes: the former
regulates the phosphorylation of S6K/4E-BP1 and the latter mediates the phosphorylation of
Akt at Serd73 (Cornu et al., 2013; Laplante and Sabatini, 2012). Our current study has found
that rapamycin not only profoundly inhibited hsBAFF-induced phosphorylation of S6K1 and
4E-BP1, but also remarkably suppressed hsBAFF-induced phosphorylation of Akt in B cells
(Fig. 1C and D), suggesting that rapamycin may prevent B cells from hsBAFF-induced cell
proliferation/viability by targeting both mTORC1 and mTORC2. To determine whether this
is true, mMTORC1 and mTORC?2 were disrupted by silencing raptor and rictor, respectively.
For this, Raji cells, infected with lentiviral ShRNAs to raptor, rictor or GFP (as control),
respectively, were pretreated with/without rapamycin (100 ng/ml) for 2 h, followed by
stimulation with/without hsBAFF (2.5 pg/ml) for 12 h or 48 h. Western blot analysis
revealed that lentiviral ShRNA to raptor or rictor, but not GFP, downregulated raptor or rictor
protein expression by ~90% in the cells (Fig. 2A). Downregulation of raptor substantially
inhibited the basal and hsBAFF-induced phosphorylation of S6K1/4E-BP1, whereas
downregulation of rictor obviously inhibited the basal and hsBAFF-induced phosphorylation
of Akt (Ser 473) (Fig. 2A and B). Importantly, pretreatment with rapamycin for 2 h not only
potently inhibited hsBAFF-induced phosphorylation of S6K1/4E-BP1, but also obviously
inhibited hsBAFF-induced phosphorylation of Akt in Raji cells infected with lentiviral
shRNA to raptor, rictor or GFP (Fig. 2A and B). Of interest, silencing raptor or rictor
reinforced the inhibitory effect of rapamycin on the basal and hsBAFF-induced survivin
compared to the control (GFP shRNA) (Fig. 2A and B). Consistently, silencing raptor or
rictor alone markedly repressed the basal and hsBAFF-induced cell proliferation/viability in
Raji cells (Fig. 2C and D). Furthermore, rapamycin was able to potentiate the inhibitory
effect of raptor ShRNA or rictor sShRNA on hsBAFF-induced cell proliferation/viability (Fig.
2C and D).

To substantiate the role of mMTORC1 and mTORC2 in hsBAFF-induced cell proliferation/
viability, next, we performed double knockdown of raptor and rictor. Western blot results
showed that co-infection with lentiviral ShRNAs to raptor and rictor silenced raptor/rictor
protein expression by ~90% in Raji cells (Fig. 2A). Of interest, the double knockdown of
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raptor/rictor displayed a more potent inhibitory effect on hsBAFF-induced phosphorylation
of Akt, S6K1 and 4E-BP1, expression of survivin, as well as increase of cell proliferation/
viability than the single knockdown of raptor or rictor (Fig. 2A-D). Furthermore, the double
knockdown of raptor/rictor also more effectively strengthened the inhibitory effect of
rapamycin on hsBAFF-induced expression of survivin and increase of cell proliferation/
viability, compared to the single knockdown of raptor or rictor (Fig. 2A-D).

To further corroborate rapamycin’s inhibitory effect on hsBAFF-induced B-cell
proliferation/viability is indeed by suppressing both mTORC1 and mTORC2, PP242, an
mTORC1/2 inhibitor, was used. As predicted, PP242 inhibited both mTORC1-mediated
phosphorylation of S6K1/4E-BP1 and mTORC2-mediated phosphorylation of Akt in Raji
cells and primary B lymphocytes (Fig. 3A and B). Interestingly, PP242 (inhibition of
mTORC1/2) suppressed the basal or hsBAFF-stimulated survivin expression and cell
proliferation/viability in the cells more potently than rapamycin (inhibition of mMTORC1)
(Fig. 3A-D). Taken together, the above results demonstrate that both mTORCL1 and
mTORC2 are involved in rapamycin’s inhibition of hsBAFF-induced proliferation/viability
in B cells.

mMTORC1-mediated S6K1 pathway is essential for rapamycin’s suppression of hsBAFF-
induced B-cell proliferation and viability

S6K1 is one of the best-characterized downstream effector molecules of MTORC1 (Cornu et
al., 2013; Laplante and Sabatini, 2012). To understand the role of S6K1 in rapamycin’s
inhibition of hsBAFF-induced B-cell proliferation/viability, Raji cells were firstly infected
with recombinant adenoviruses expressing HA-tagged wild-type (wt) S6K1 (Ad-S6K1-wt),
constitutively active S6K1 (Ad-S6K1-ca) and control virus encoding GFP alone. Western
blot results showed high levels of recombinant S6K1-wt or S6K1-ca in the cells infected
with Ad-S6K1-wt or Ad-S6K1-ca, but not in the cells infected with Ad-GFP (Fig. 4A). Of
note, cells expressing S6K1-wt or S6K1-ca, but not GFP, had a robust phosphorylation of
S6K1 and S6 (Fig. 4A and B). Addition of hsBAFF failed to further enhance the
phosphorylation of these proteins (Fig. 4A and B). Nevertheless, cells expressing S6K1-ca,
but not S6K1-wt or GFP, were greatly resistant to rapamycin inhibition of the basal and
hsBAFF-induced phospho-S6K1, phospho-S6, survivin, and cell proliferation/viability (Fig.
4A-D), suggesting that inhibition of mMTORCL1 by rapamycin mediates the blockage of
hsBAFF-induced S6K1 pathway contributing to proliferation/viability in B cells.

To substantiate the role of S6K1 in rapamycin’s suppression of hsBAFF-induced B-cell
proliferation/viability, lentiviral ShRNA to S6K1 was used to silence the expression of S6K1
in Raji cells. As shown in Fig. 4E, expression of S6K1 protein was downregulated by ~ 90%
in the cells infected with lentiviral ShRNA to S6K1. Silencing S6K1 obviously attenuated
the basal and hsBAFF-induced phosphorylation of S6K1/S6 and survivin (Fig. 4E and F).
Rapamycin was able to almost completely block the basal and hsBAFF-induced
phosphorylation of S6K1 or S6 in Raji cells, regardless of infection with lentiviral ShRNA to
S6K1 or not (Fig. 4E and F). However, silencing S6K1 reinforced the inhibitory effect of
rapamycin on the basal and hsBAFF-induced surviving expression compared to the control
(GFP shRNA) (Fig. 4E and F). Consistently, by cell counting and the MTS assay, we
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observed that silencing S6K1 alone partially prevented the basal and hsBAFF-induced
proliferation/viability in the cells (Fig. 4G and H). Addition of rapamycin more significantly
reduced cell proliferation/viability induced by haBAFF (Fig. 4G and H). Taken together, the
findings clearly indicate that rapamycin inhibits excessive hsBAFF-induced B-cell
proliferation/viability in part by suppressing mTORC1-mediated S6K1 pathway.

mMTORC1-mediated 4E-BP1 pathway is necessary for rapamycin’s repression of hsBAFF-
induced B-cell proliferation and viability

4E-BP1/elF4E is another best-known downstream signaling pathway of mMTORC1 (Cornu et
al., 2013; Laplante and Sabatini, 2012). To define whether rapamycin inhibits hsBAFF-
induced B-cell proliferation/viability by targeting 4E-BP1/elF4E pathway, we employed
recombinant adenovirus encoding HA-tagged 4E-BP1 mutants where Thr36, Thr45, Ser64,
Thr69 andSer82 are replaced by Ala residues (Ad-4EBP1-5A) mimicking
hypophosphorylated residues, thus tightly binding to and sequester elF4E in cells (Mothe-
Satney et al., 2000). As shown in Fig. 5A, HA-tagged 4E-BP1 and higher levels of 4E-BP1
were detected in Ad-4EBP1-5A-infected Raji cells. Administration of rapamycin failed to
alter the mobility of 4E-BP1-5A (Fig. 5A). Interestingly, expression of 4E-BP1-5A
obviously strengthened the inhibitory effects of rapamycin on the basal and hsBAFF-
induced survivin and proliferation/viability in the cells (Fig. 5B-D), suggesting that
rapamycin suppresses hsBAFF-induced B-cell proliferation/viability also at least in part by
targeting mTORC1-mediated 4E-BP1/elFAE pathway.

To further confirm the above findings, genetic silence for 4E-BP1 was carried out. As
demonstrated in Fig. 5E, infection of Raji cells with lentiviral ShRNA to 4E-BP1 caused an
obvious downregulation of 4E-BP1 protein expression compared to control cells infected
with lentiviral ShRNA to GFP, as determined by Western blotting with antibodies to 4E-BP1.
Consequently, the survivin expression and cell proliferation/viability in 4E-BP1-knockdown
Raji cells treated with/without hsBAFF + rapamycin were dramatically elevated (Fig. 5F-
H). The findings verify that mTORC1-mediated 4E-BP1 pathway is as vital as S6K1
pathway for rapamycin’s repression of hsBAFF-induced B-cell proliferation and viability.

MTORC2-mediated Akt pathway contributes to rapamycin’s attenuation of hsBAFF-
induced B-cell proliferation and viability

We have observed that mTORC2 modulates rapamycin’s inhibition of hsBAFF-induced B-
cell proliferation/viability (Fig. 2-3). Akt is a well characterized substrate of mTORC2, and
mTORC2 directly phosphorylates Akt on Ser473 (Cornu et al., 2013; Sarbassov et al.,
2005). Therefore, we continued to test whether mTORC2-mediated Akt pathway plays an
important role in rapamycin’s inhibition of hsBAFF-induced B-cell proliferation/viability.
To this end, Akt inhibitor X, a selective Akt inhibitor, was used. We found that pretreatment
with Akt inhibitor X or rapamycin obviously suppressed the basal and hsBAFF-induced
phosphorylation of Akt (Ser473 and Thr308) and its substrate GSK3p (Ser9) in Raji cells
and primary B cells (Fig. 6A and B). In addition, similar effects for the basal or hsBAFF-
induced phosphorylation of S6K1 (Thr389) and 4E-BP1 (Thr70), as well as expression of
survivin were also observed in the cells treated with Akt inhibitor X or rapamycin (Fig. 6A
and B). In particular, co-treatment with rapamycin/Akt inhibitor X exhibited a stronger
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inhibitory effect on hsBAFF-induced events in the cells (Fig. 6A and B). Consistently, co-
treatment with rapamycin/Akt inhibitor X also inhibited the basal and hsBAFF-stimulated
B-cell proliferation/viability more potently than rapamycin or Akt inhibitor X alone (Fig. 6C
and D), suggesting that mTORC2-mediated Akt pathway is involved in rapamycin’s
inhibition of hsBAFF-induced B-cell proliferation and viability as well.

To corroborate the functional significance of mMTORC2-mediated Akt pathway in
rapamycin’s intervention in hsBAFF-induced B-cell proliferation/viability, Raji cells,
infected with recombinant adenoviruses encoding HA-tagged constitutively active Akt (Ad-
myr-Akt), dominant negative Akt (Ad-dn-Akt) or GFP (Ad-GFP) (as control), were
pretreated with/without rapamycin (100 ng/ml) for 2 h, followed by stimulation with/without
hsBAFF (2.5 pg/ml) for 12 h or 48 h. Western blotting results showed that the infection with
Ad-myr-Akt and Ad-dn-Akt, but not Ad-GFP, resulted in expression of high levels of HA-
tagged Akt mutants (Fig. 7A). The basal phosphorylation level of Akt was obviously raised
and reduced by the infection with Ad-myr-Akt and Ad-dn-Akt, respectively, compared to the
control infection with Ad-GFP (Fig. 7A and B). Importantly, ectopic expression of myr-Akt
apparently elevated the basal and hsBAFF-induced phospho-Akt, survivin and proliferation/
viability in the cells, and conferred resistance to the inhibitory effect of rapamycin on the
events (Fig. 7A-D), whereas overexpression of dn-Akt attenuated the basal and hsBAFF-
induced phospho-Akt, survivin and proliferation/viability in the cells, and potentiated the
inhibitory activity of rapamycin (Fig. 7A-D). Taken together, these findings indicate that
rapamycin inhibits hsBAFF-induced B-cell proliferation and survival also in part by
inhibiting mTORC2-mediated Akt pathway.

Discussion

BAFF is critical for B cell transformation, maturation and survival, and excessive BAFF is
linked to aggressive/neoplastic B-cell disorders (e.g. SLE, RA, SS) (Mackay et al., 2007;
Pers et al., 2005; Sanz and Lee, 2010). It has been described that excessive endogenous or
transgenic BAFF in mice prolongs the life span and increases the population of peripheral B
lymphocytes (Moisini and Davidson, 2009; Sanz and Lee, 2010). The SLE patients suffer
from a great quantity of superfluous autoantibodies secreted from aggressive B cells, due to
excessive BAFF (Kaneko et al., 2014; Moisini and Davidson, 2009; Sanz and Lee, 2010).
These data point to an important role of excess BAFF-evoked aggressive or neoplastic B-cell
disorders in the pathophysiology of autoimmune diseases (Cornec et al., 2012; Ramanujam
and Davidson, 2008). Unfortunately, so far we have no effective intervention to prevent the
development of the BAFF-induced disorders. Therefore, it is of great importance to find a
novel therapeutic target and strategy to control BAFF-promoted B-cell expansion.
Rapamycin, a macrocyclic lactone, is a well-known specific mTOR inhibitor (Zhou et al.,
2010). A series of studies have recently shown that rapamycin can prevent development of
murine lupus (Lui et al., 2008) and mitigate symptoms of patients with juvenile rheumatoid
arthritis (Foroncewicz et al., 2005). Especially, rapamycin can provide effective therapeutic
benefit in patients with certain autoimmune diseases (Blachly and Baiocchi, 2014; Eyre et
al., 2014; Mohindra et al., 2014). In view of BAFF’s close relationship with aggressive/
neoplastic B-cell disorders associated with autoimmune diseases, in this study, we focused
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on studying how rapamycin acts as a pharmacological agent for fighting excessive BAFF-
evoked aggressive B-cell proliferation and survival.

mTOR is a central modulator of cell growth, proliferation and survival (Cornu et al., 2013;
Laplante and Sabatini, 2012). In mammalian cells, mTOR is a catalytic subunit of two
structurally and functionally distinct complexes, MTORC1 and mTORC2 (Cornu et al.,
2013; Laplante and Sabatini, 2012). mTORC1 and mTORC2 were originally found to be
rapamycin-sensitive and rapamycin-insensitive, respectively, on the basis of their differential
sensitivity to the inhibitory effects of rapamycin (Jacinto et al., 2004; Sarbassov et al., 2004).
However, further research has revealed that prolonged (> 24 h) or high-concentrated
rapamycin treatment can also inhibit mMTORC2 activity in a cell line dependent manner
(Sarbassov et al., 2006). Our recent studies have shown that rapamycin inhibits B-cell
proliferation and survival by suppressing mTOR pathway in hsBAFF-stimulated normal and
neoplastic B-lymphoid cells (Ke et al., 2013; Zeng et al., 2015). However, it is unclear
whether this is through targeting mTORCL1 and/or mTORC?2. In the current study, we found
that pretreatment with 100 ng/ml of rapamycin for 2 h was able to strongly block hsBAFF-
induced phosphorylation of S6K1 (Thr389), 4E-BP1 (Thr70) and Akt (Ser473) in Raji cells,
Daudi cells and primary B lymphocytes (Fig. 1), suggesting that a short exposure to
rapamycin may inhibit both mTORC1 andmTORC?2 in hsBAFF-stimulated B cells.
Furthermore, we also showed that rapamycin dramatically inhibited the basal or hsBAFF-
induced expression of survivin in these B cells (Fig. 1D and E). The results suggest that
rapamycin may suppress hsBAFF-stimulated survivin and cell proliferation/survival in
normal and neoplastic B-lymphoid cells by blocking mMTORC1 and mTORC?2 signaling
pathways.

In this study, we showed that rapamycin dramatically inhibited the basal and hsBAFF-
induced cell proliferation/viability in Raji cells, Daudi cells and primary B lymphocytes
(Fig. 1A-C). It is known that cell proliferation is associated with cell cycle progression
(Malumbres and Barbacid, 2009). Multiple studies have demonstrated that rapamycin
inhibits proliferation/growth of normal and malignant B cells by affecting expression of key
regulatory proteins related to the G1/S cell cycle progression (Decker et al., 2003; Vaysberg
et al., 2007). For instance, rapamycin induces G1 cell cycle arrest by decreasing the
expression of cyclin D2, cyclin D3, and CDK4 in Epstein-Barr virus (EBV)-positive B-cell
lymphomas (Vaysberg et al., 2007), and by reducing the expression of cyclin D3, cyclin E,
and cyclin A in B-cell chronic lymphocytic leukemia (B-CLL) cells (Decker et al., 2003).
Furthermore, it is noteworthy that rapamycin elicits apoptosis or reduces survival by
decreasing the expression of Mcl-1, Bcl-2, Bcl-xL, and cFLIP, and by increasing the
expression of Bax in IN-DSRCT-1 cells (Tirado et al., 2005), anaplastic lymphoma kinase
(ALK)-positive anaplastic large cell lymphoma (ALCL) cells (MVega et al., 2006) and Mantle
cell lymphoma (MCL) cells (Peponi et al., 2006). Recently, our group has demonstrated that
rapamycin represses the expression of CDK2, CDK4, CDKS®, cyclin A, cyclin D1, and
cyclin E in Raji cells, and unveiled that rapamycin inhibits hsBAFF-simulated cell
proliferation and survival through down-regulating the expression of cyclin A, cyclin E,
cyclin D1, CDK2, CDK4 and CDK®, and up-regulating the expression of p21 and p27 in the
cells (Zeng et al., 2015). In this study, although we did not repeatedly determine whether
rapamycin inhibits the expression of anti-apoptotic proteins Bcl-2, Bcl-xL, Mcl-1, and
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cFLIP, we observed that rapamycin substantially inhibited the basal and hsBAFF-induced
expression of survivin, an anti-apoptotic protein, in Raji cells, Daudi cells and primary B
lymphocytes (Fig. 1D and E). Together, based on the data from us and others, rapamycin
inhibits BAFF-stimulated cell proliferation and survival, at least in part by inhibiting the
activities of G1-CDKs and the expression of anti-apoptotic proteins in normal and neoplastic
B-lymphoid cells.

A number of studies have described that the functions of mMTORC1 and mTORC?2 are
substantially impacted by the complex integrity, especially their associations with raptor and
rictor, respectively (Cornu et al., 2013; Jacinto et al., 2004; Kim et al., 2002; Sarbassov et
al., 2004). In the present study, we found that single or double disruption of mMTORC1 and
mTORC?2 by using lentiviral ShRNAs to raptor and/or rictor attenuated hsBAFF-induced
survivin expression and cell proliferation/viability in Raji cells (Fig. 2). Pretreatment of
rapamycin for 2 h effectively strengthened this inhibitory effect of lentiviral ShRNA to raptor
or rictor on the cell proliferation/viability (Fig. 2). Also, there existed a more potent
inhibition for the double raptor/rictor-silenced cells than for the single raptor or rictor-
silenced cells (Fig. 2). Furthermore, PP242 (an mTORCZ1/2 kinase inhibitor) repressed the
basal or hsBAFF-stimulated survivin expression and cell proliferation/viability in Raji cells
and primary B lymphocytes more potently than rapamycin (Fig. 3). Collectively, our data
support the idea that both mTORC1 and mTORC2 signaling pathways play an important
role in hsBAFF-induced proliferation and survival in normal and neoplastic B-lymphoid
cells.

Recently, it has been described that rapamycin inhibits mSinl phosphorylation, which is
independent of MTORC1 and mTORC2, but is possibly dependent on a new mTOR
complex, which at least contains mMTOR and mLST8 (Luo et al., 2015). Of interest, in this
study, we also noticed that rapamycin was able to further enhance the inhibitory effect of
raptor/rictor double knockdown on hsBAFF-induced proliferation and survival in Raji cells
(Fig. 2C and D). The results imply that rapamycin might inhibit some BAFF-stimulated
functions of mMTOR, which are beyond the regulation of mMTORC1 and mTORC2. In
addition, our group has demonstrated that BAFF promotes proliferation and survival in
cultured B lymphocytes via calcium signaling activation of mTOR pathway (Ke et al.,
2013), BAFF activates Erk1/2 promoting cell proliferation and survival by Ca2*-CaMKII-
dependent inhibition of PP2A in normal and neoplastic B-lymphoid cells (Liang et al.,
2014). Especially, we have found that rapamycin inhibits BAFF-stimulated B-cell
proliferation and survival by suppressing mTOR-mediated PP2A-Erk1/2 signaling pathway
(Zeng et al., 2015), suggesting that Ca2* signaling may play a crucial role in rapamycin’s
regulation of crosstalk among mMTORC1, mTORC2, PP2A and Erk1/2. Further research is
needed to address these issues.

S6K1 and 4E-BP1 are two best-characterized downstream targets of mMTORC1 (Cornu et al.,
2013; Laplante and Sabatini, 2012). To discern whether rapamycin inhibits hsBAFF-induced
B-cell proliferation and survival via targeting mTORC1-mediated S6K1 and/or 4E-BP1/
elF4E pathways, the levels or activities of S6K1 and 4E-BP1 were individually manipulated
genetically. We found that ectopic expression of S6K1-ca or downregulation of 4E-BP1
conferred resistance to rapamycin’s attenuation of hsBAFF-induced survivin expression and
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B-cell proliferation/viability, whereas overexpression of 4E-BP1-5A or downregulation of
S6K1 potentiated the inhibitory effects of rapamycin. The findings highlight that both
mTORC1-mediated S6K1 and 4E-BP1pathways are involved in rapamycin’s suppression of
hsBAFF-induced B-cell proliferation and survival.

As Akt is a well characterized substrate of mMTORC2 (Laplante and Sabatini, 2012), we also
speculated that Akt pathway may play a critical role in rapamycin’s inhibition of hsBAFF-
induced B cell proliferation and survival. For this, Akt inhibitor and genetic inhibition/
activation of Akt were utilized. We found that pharmacological inhibition of Akt with Akt
inhibitor X or ectopic expression of dn-Akt enhanced rapamycin’s prevention of hsBAFF-
induced phosphorylation of S6K1/4E-BP1, expression of survivin and cell proliferation/
viability, whereas ectopic expression of myr-Akt rendered resistance to rapamycin’s
inhibition of hsBAFF-induced events in B cells (Fig. 6-7). The results confirm that
rapamycin inhibits hsBAFF-induced B-cell proliferation and survival also in part by
inhibiting mTORC2-mediated Akt pathway. Since mTORC2 not only regulates the
phosphorylation of Akt, but also regulates the phosphorylation or activity of SGK1, PKCa,
small GTPases, and focal adhesion proteins (Cornu et al., 2013; Laplante and Sabatini,
2012), more research is required to address whether any of other mMTORC2-mediated
signaling molecules is involved in the inhibitory effects of rapamycin on hsBAFF-induced
B-cell proliferation and survival.

In conclusion, we have identified that both mMTORC1 and mTORC2 participate in hsBAFF-
stimulated cell proliferation and survival in normal and neoplastic B-lymphoid cells.
Rapamycin inhibits both mMTORC1-mediated S6K1/4E-BP1 pathways and mTORC2-
mediated Akt pathway, thereby attenuating hsBAFF-induced proliferation and survival in the
cells (Fig. 8). Our data underscore that rapamycin may be a potential agent for preventing
excessive BAFF-evoked aggressive B-cell malignancies and autoimmune diseases.
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Fig. 1.
Inhibitory effect of administered rapamycin in Raji cells, Daudi cells and primary B

lymphocytes on hsBAFF-stimulated phosphorylation of S6K1/4E-BP1 and Akt as well as
cell proliferation and survival. Raji cells, Daudi cells and purified mouse splenic B
lymphocytes were pretreated with/without rapamycin (Rap, 100 ng/ml) for 2 h, and then
stimulated with/without 2.5 pg/ml hsBAFF for 12 h (for Western blotting) or 48 h (for cell
proliferation and viability assay). (A) The cell proliferation was estimated by cell counting.
(B) The cell viability was determined by the MTS assay. (C) The relative number of live
cells was estimated by trypan blue exclusion assay. (D) 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 three independent experiments. (E) The blots for p-
Akt (Ser473), p-Akt (Thr308), p-S6K1 (Thr389), p-S6 (Ser235/236), p-4E-BP1 (Thr70), and
survivin were semi-quantified. Results are presented as mean = SEM (n = 3-5). 22<0.05,
difference with control group; 2P<0.05, difference with 2.5 pg/ml hsBAFF group.
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Fig. 2.
Effects of down-regulation of raptor, rictor, raptor/rictor in Raji cells on rapamycin’s

prevention from hsBAFF-induced activation of mMTORC1 and mTORC2 pathways as well as
cell proliferation/viability. Raji cells, infected with lentiviral ShRNAs to raptor, rictor, raptor/
rictor or GFP (as control), were pretreated with/without rapamycin (Rap, 100 ng/ml) for 2 h,
followed by stimulation with/without hsBAFF (2.5 pg/ml) for 12 h (for Western blotting) or
48 h (for cell proliferation and viability assay). (A) 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. (B) The
blots for p-Akt (Serd73), p-S6K1 (Thr389), p-4E-BP1 (Thr70), and survivin were semi-
quantified. (C) The cell proliferation was evaluated by cell counting. (D) The cell viability
was determined by the MTS assay. Results are presented as mean + SEM (n = 3—

5). 8P<0.05, difference with control group; ?/<0.05, difference with 2.5 pg/ml hsBAFF
group; ¢/<0.05, Raptor shRNA group, Rictor shRNA group or Raptor/Rictor shRNA group
vs GFP shRNA group; 9/< 0.05, Raptor/Rictor shRNA group vs RaptorshRNA group or
Rictor shRNA group.
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Fig. 3.

BI%ck effect of inhibition of MTORC1/2 by PP242 in Raji cells and primary B lymphocytes
on hsBAFF-stimulated cell proliferation/viability. Raji cells and purified mouse splenic B
lymphocytes were pretreated with/without rapamycin (Rap, 100 ng/ml) or PP242 (1 uM) for
2 h, followed by stimulation with/without hsBAFF (2.5 pg/ml) for 12 h (for Western
blotting) or 48 h (for cell proliferation and viability assay). (A) Total cell lysates were
subjected to Western blotting using indicated antibodies. The blots were probed for -actin
as a loading control. Similar results were observed in at least three independent experiments.
(B) The blots for p-Akt (Ser473), p-S6K1 (Thr389), p-4E-BP1 (Thr70), and survivin were
semi-quantified. (C) The cell proliferation was evaluated by cell counting. (D) The cell
viability was determined by the MTS assay. Results are presented as mean £ SEM (n = 3—
5). 3P<0.05, difference with control group; ?£<0.05, difference with 2.5 pg/ml hsBAFF

group.
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Fig. 4.
Effects of ectopic expression of wild-type or constitutively active S6K1 or down-regulation

of S6K1 in Raji cells on rapamycin’s inhibition of hsBAFF-stimulated cell proliferation/
viability. Raji cells, infected with Ad-S6K1-wt, Ad-S6K1-ca, or Ad-GFP (for control), were
pretreated with/without rapamycin (Rap, 100 ng/ml) for 2 h, followed by stimulation with/
without hsBAFF (2.5 pg/ml) for 12 h (for Western blotting) or 48 h (for cell proliferation
and viability assay). (A and E) Total cell lysates were subjected to Western blotting using
indicated antibodies. The blots were probed for -actin as a loading control. Similar results
were observed in at least three independent experiments. (B and F) The blots for p-S6K1
(Thr389), p-S6 (Ser235/236), and survivin were semi-quantified. (C and G) The cell
proliferation was evaluated by cell counting. (D and H) The cell viability was determined by
the MTS assay. Results are presented as mean + SEM (n = 3-5). 2/2<0.05, difference with
control group; P/<0.05, difference with 2.5 ug/ml hsBAFF group; ¢/£<0.05, Ad-S6K1-wt
group or Ad-S6K1-ca group vs Ad-GFP group; 9/<0.05, S6K1 shRNA group vs GFP
shRNA group.
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Fig. 5.
Effects of ectopic expression of 4E-BP1-5A or down-regulation of 4E-BP1 in Raji cells on

rapamycin’s hindering from hsBAFF-stimulated cell proliferation/viability. Raji cells,
infected with lentiviral ShRNAs to 4E-BP1 or GFP (for control), or with Ad-4EBP1-5A and
Ad-GFP were pretreated with/without rapamycin (Rap, 100 ng/ml) for 2 h, followed by
stimulation with/without hsBAFF (2.5 pg/ml) for 12 h (for Western blotting) or 48 h (for cell
proliferation and viability assay). (A and E) 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. (B and F) The blots
for survivin were semi-quantified. (C and G) The cell proliferation was evaluated by cell
counting. (D and H) The cell viability was determined by the MTS assay. Results are
presented as mean + SEM (n = 3-5). 8/<0.05, difference with control group; P£<0.05,
difference with 2.5 pg/ml hsBAFF group; ¢/<0.05, Ad-4EBP1-5A group vs Ad-GFP group
or 4E-BP1 shRNA group vs GFP shRNA group.
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Fig. 6.
Prgventive effects of administered rapamycin and/or Akt inhibitor X in Raji cells and
primary B lymphocytes on hsBAFF-induced activation of Akt/mTOR pathway and cell
proliferation/viability. Raji cells and purified mouse splenic B lymphocytes were pretreated
with/without rapamycin (100 ng/ml) for 2 h and then pretreated with/without Akt inhibitor X
(20 uM) for 1 h, followed by stimulation with/without hsBAFF (2.5 pug/ml) for 12 h (for
Western blotting) or 48 h (for cell proliferation and viability assay). (A) Total cell lysates
were subjected to Western blotting using indicated antibodies. The blots were probed for -
actin as a loading control. Similar results were observed in at least three independent
experiments. (B) The blots for p-Akt (Ser473), p-Akt (Thr308), p-GSK3p (Ser9), p-S6K1
(Thr389), p-4E-BP1 (Thr70), and survivin were semi-quantified. (C) The cell proliferation
was evaluated by cell counting. (D) The cell viability was determined by the MTS assay.
Results are presented as mean + SEM (n = 3-5). 8/< 0.05, difference with control

group; PA<0.05, difference with 2.5 ug/ml hsBAFF group; /<0.05, difference with hsBAFF/
rapamycin group or hsBAFF/AKkt inhibitor X group.
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Fig. 7.
Effects of ectopic expression of constitutively active or dominant negative Akt in Raji cells

on rapamycin’s prevention from hsBAFF-stimulated cell proliferation/viability. Raji cells
infected with Ad-myr-Akt, Ad-dn-Akt, or Ad-GFP (for control), respectively, were
pretreated with/without rapamycin (Rap, 100 ng/ml) for 2 h, followed by stimulation with/
without hsBAFF (2.5 pg/ml) for 12 h (for Western blotting) or 48 h (for cell proliferation
and viability assay). (A) 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. (B) The blots for p-Akt (Ser473), p-Akt
(Thr308), and survivin were semi-quantified. (C) The cell proliferation was evaluated by cell
counting. (D) The cell viability was determined by the MTS assay. Results are presented as
mean + SEM (n = 3-5). 2A< 0.05, difference with control group; °/<0.05, difference with
2.5 pg/ml hsBAFF group; ¢A<0.05, Ad-myr-Akt group or Ad-dn-Akt group vs Ad-GFP

group.
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Fig. 8.
Schematic model of the preventive effect of rapamycin on hsBAFF-evoked B-cell

proliferation and survival. Rapamycin prevents B cells from hsBAFF-promoted
proliferation/survival, not only by targeting mTORC1-mediated S6K1/4E-BP1 pathways,
but also via targeting mTORC2-mediated Akt pathway.
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