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Abstract

Primary effusion lymphoma (PEL) is a rare and aggressive B-cell lymphoma with a dismal
prognosis caused by infection of Kaposi’s sarcoma-associated herpesvirus. Despite the findings
that numerous viral genes and cellular pathways are essential for the proliferation and survival of
PEL cells, there is currently no effective therapeutic treatment for PEL. Here, we report that the
metabolic sensor SIRT1 is functionally required for sustaining the proliferation and survival of
PEL cells. Knockdown of SIRT1 with specific ShRNAs or inhibition of SIRT1 with an inhibitor
(Tenovin-6) induced cell cycle arrest and apoptosis in PEL cells. We detected high levels of
AMPK activation in PEL cells; reflected in AMPKa1 phosphorylation at T174. Knockdown or
inhibition of SIRT1 reduced AMPK activation, indicating that SIRT1 was required for AMPK
activation. Interestingly, knockdown of AMPK with specific ShRNAs or inhibition of AMPK with
the inhibitor Compound C recapitulated the phenotype of SIRT1, and induced cell cycle arrest and
apoptosis, whereas overexpression of a constitutively-active AMPK construct rescued the
cytotoxic effect of SIRT1 knockdown. Remarkably, treatment with Tenovin-6 effectively inhibited
the initiation and progression of PEL, and significantly extended the survival of mice in a murine
PEL model. Taken together, these results illustrate that the SIRT1-AMPK axis is essential for
maintaining the proliferation and survival of PEL, identify SIRT1 and AMPK as potential
therapeutic targets, and Tenovin-6 as a candidate therapeutic agent for PEL patients.
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Introduction

Primary effusion lymphoma (PEL) is an aggressive non-Hodgkin B-cell lymphoma first
described in 1989 as a body cavity-based lymphoma [1]. PEL accounts for 4% of AIDS-
related lymphomas and occurs mainly in HIV-positive patients [2]. Kaposi’s sarcoma-
associated herpesvirus (KSHV) is consistently detected in PEL and is required for the
development of PEL [2].

While KSHV has both latent and lytic replication phases, most PEL cells are maintained in
latent phase expressing viral latent genes including vFLIP (ORF71), vCyclin (ORF72) and
LANA (ORF73), and viral microRNAs (miRNAS), which are involved in cell proliferation
and survival [3, 4]. In PEL cells, vFLIP activates the NF-xB pathway [5], vCyclin
inactivates cyclin-dependent kinase inhibitor 1B (p27KiP1) [6, 7], LANA interacts with and
inhibits tumour suppressor genes p53 and p73 [8, 9], and miR-K10 and its variants inhibit
the TGF-B pathway [10]. Furthermore, STAT3 [11], PIBK/AKT [12], Myc and HGF/c-MET
[13, 14] are also critical for sustaining the proliferation and survival of PEL cells. Epigenetic
remodelling is also essential for the survival of PEL cells [15]. Class | and |1 histone
deacetylases (HDACs) are required for KSHV latency, and their inhibitors, such as SAHA,
can induce KSHV reactivation and apoptosis in PEL cells [15]. Despite the findings of these
critical survival factors of PEL cells, there is no effective therapeutic approach for PEL
patients, stressing the need to better understand the biology of PEL and discover novel
therapeutic targets.

SIRT1 is a NAD+ dependent class 111 HDAC, which is functionally linked to cellular
metabolism and is regarded as a metabolic sensor [16]. SIRT1 regulates stemness, cell
proliferation, apoptosis, DNA repair, autophagy and tumorigenesis [16, 17]. The functions of
SIRT1 rely on its diverse substrates. SIRT1 can act either as a tumour suppressor or
oncogene depending on its targets and the cellular context [17]. SIRT1 is upregulated in
many cancers including prostate, leukaemia and cutaneous T-cell lymphoma tumour cells
[17]. SIRT1 upregulation promotes cell proliferation and survival, and contributes to drug
resistance and poor prognosis of these cancers. Knockdown and chemical inhibition of
SIRT1 induced cell proliferation arrest and apoptosis in various cancer cells, and inhibits
tumorigenesis in murine tumour models [16, 17]. However, the role of SIRT1 in the
proliferation and survival of PEL cells has not been examined before. Our recent study
showed that SIRT1 epigenetically silenced the expression of RTA (ORF50), a viral factor
critical for KSHV lytic replication [18]. Although, only about 10% of cells underwent lytic
replication following inhibition of SIRT1, most cells experienced crisis and eventually died,
indicating that SIRT1 might contribute to cell proliferation and survival in PEL cells.

In this study, we found that both knockdown and inhibition of SIRT1 suppressed
proliferation and survival of PEL cells. Furthermore, we demonstrated that 5" adenosine
monophosphate-activated protein kinase (AMPK) activation was required for SIRT1
promotion of cell proliferation and survival. Our study identified a key addicted pathway of
PEL cells and provided a rationale for developing novel SIRT1-targeted treatment methods
for PEL patients.
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Materials and Methods

Cell culture and reagents

PEL lines BCBL-1, BC3, BCP1, JSC1 and BC1, myeloma cell line U266, and Burkitt’s
lymphoma line BJAB were cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS). Peripheral blood mononuclear cells (PBMC) from four different
patients were purchased from HemaCare (Cat: PB009C-1, Van Nuys, CA). BCBL-1 cells
expressing hPGK-promoter-driven firefly luciferase (BCBL-Luc) were established by
infection with Lenti-hPGK-LUC as described previously [19]. 293T cells were cultured in
DMEM medium with 10% FBS. Tenovin-6 (Cat BSCC-37) was purchased from Agave
Pharm (Seattle, WA). Cyclodextrin (#C0926) was from Sigma (St. Louis, MO). Compound
C (CAS: 866405-64-3) was from Cayman Chemical (Ann Arbor, MI). D-luciferin firefly
potassium salt was from Xenogen (Alameda, CA).

Western-blotting

Western-blotting was carried out as described previously [20] using antibodies to SIRT1
(#8469), phospho-AMPKa (#2535), total AMPKal (#2793), total AMPKa?2 (#2757),
cleaved PARP (c-PARP, #5625) and cleaved caspase 3 (c-caspase 3, #9664), all from Cell
Signaling Technology (Danvers, MA). The antibody to p-actin was from Santa Cruz
Biotechnology (sc-130301, Santa Cruz, CA).

Cell cycle, BrdU and apoptosis assays

Cell cycle analyses were carried out as described previously [21]. BrdU incorporation was
performed by pulsing cells with 10 uM BrdU (B5002, Sigma) for 4 h followed by staining
with a Pacific Blue monoclonal antibody to BrdU (B35129, Invitrogen, Carlsbad, CA,
USA). PE-Cyanine7-conjugated anti-Annexin V antibody (25-8103-74) was used to detect
apoptotic cells (eBioscience, San Diego, CA, USA). Flow cytometry was carried out with a
FACS Canto Il System (BD Biosciences, San Jose, CA). Analysis was performed with
FlowJo software (Treestar, Ashland, OR, USA).

Lentiviral transduction

The pLKO.1 lentiviral vector was used to express SIRT1 or AMPKa1 shRNAs, or a
scrambled control. The shRNA sequences for SIRT1 were SIRT1-sh1:
GCGGGAATCCAAAGGATAATT and SIRT1-sh2: GCTTGATGGTAATCAGTATCT; and
for AMPKal were AMPKal-shl: GGAAGTTCTCAGCTGTCTTTA and AMPKal-sh2:
TGATTGATGATGAAGCCTTAA. The AMPKal (1-314) sequence was amplified from
pWZL Neo Myr Flag PRKAAL (#20595, Addgene, Cambridge, MA) [22], and cloned into
pCMR2 lentiviral vector to generate a constitutively active AMPKal construct. Lentiviral
infection was carried out as previously described [23].

Animal study

Animal use was approved by the University of Southern California Institutional Animal Care
and Use Committee. NOD/SCID mice (5 weeks old) were purchased from Harlan
(Indianapolis, IN). Each mouse was injected intraperitoneally with 10’ BCBL-1-Luc cells.
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To prevent the initiation of PEL, Tenovin-6 was administered by intraperitoneal injection at
day 2 post-inoculation of the PEL cells. To prevent the development of PEL, Tenovin-6 was
administered by intraperitoneal injection after the PEL had fully developed. Tenovin-6 was
prepared in 20% cyclodextrin (w/v) and 10% DMSO (vol/vol) as described previously [24].
Vehicle control animals were treated with a solution containing 20% cyclodextrin and 10%
DMSO. The mice were subjected to live imaging at week 3, 4 and 6 post-inoculation for the
inhibition of PEL initiation experiment, and at day 8 and 16 post-treatment of Tenovin-6 for
the inhibition of PEL development experiment. For live imaging, mice were injected
intraperitoneally with D-luciferin at 50 mg/kg body weight. The mice were imaged for 10
sec, beginning 12 min after the injection of D-luciferin, to generate a bioluminescent image
using an IVIS Imaging System (Xenogen, Alameda, CA). Data were analysed with the Igor
Pro image analysis software (WaveMetrics, Portland, OR). A region of interest (ROI) was
manually selected over the signal intensity with the area of ROl kept constant. Data were
presented as average radiance (photons/sec/cm?/sr [steradian]) within the ROI. The weight
of mice recorded twice a week was as a surrogate measure of tumor progression. The mice
were terminated by CO, inhalation followed by cervical dislocation when they reached a
body weight of 30 g or developed abnormal gait and lack of grooming.

Statistical analysis

Results

Kaplan-Meier survival analysis was performed and statistical significance was calculated
using the log-rank test. Two-tailed #tests were performed where appropriate. Statistical
symbols “*”, “**” and “***” represent p-values < 0.05, < 0.01 and < 0.001, respectively,
while “NS” indicates “not significant”.

SIRT1 knockdown inhibits cell proliferation, and induces cell cycle arrest and apoptosis in

PEL cells

We previously showed that SIRT1 silenced RTA expression in PEL cells [18]. Knockdown
or chemical inhibition of SIRT1 induced KSHV reactivation. Although KSHV lytic
replication was observed in only about 10% of cells, most cells underwent crisis two days
after inhibition of SIRT1, indicating that SIRT1 might be essential for the survival of PEL
cells [18]. To determine the role of SIRT1 in the survival of PEL cells, first we investigated
the expression of SIRT1 in different PEL cell lines including BC1, BCP1, JSC1, BC3 and
BCBL-1 in comparison with other non-PEL cell lines including a Burkitt’s lymphoma cell
line BJAB and a myeloma cell line U266 as well as four PBMC samples from healthy
subjects; all four PBMC samples as well as U266 cells had low expression levels of SIRT1
that could barely be detected by Western-blotting (supplementary material, Figure S1). In
contrast, we detected robust expression levels of SIRT1 in all 5 PEL cell lines, which were
11- to 21-fold higher than the PBMC samples. BJAB cells also had a strong level of SIRT1.

Next, we performed knockdown of SIRT1 by lentivirus-mediated expression of specific
shRNAs. Knockdown of SIRT1 inhibited cell proliferation rates by 50-70% in PEL cell
lines BC3, BCBL-1, BCP1 and JSC1 cells at 72 h post-transduction with lentiviruses (Figure
1A). Consistently, SIRT1 knockdown induced cell cycle arrest by significantly increasing
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G1 phase cells from 45% to 62-67% and reducing S phase cells from 37% to 10-12% in
BC3 cells, and increasing G1 phase cells from 45% to 59-60% and reducing S phase cells
from 37% to 22-23% in BCBL-1 cells (Figure 1B). Moreover, SIRT1 knockdown increased
apoptotic cells from 12% to 19-20% and from 13% to 27% in BC3 and BCBL-1 cells,
respectively (Figure 1C), and increased apoptosis markers cleaved PARP (c-PARP) and
cleaved caspase 3 (c-caspase 3) levels (FigurelD). In contrast, SIRT1 knockdown inhibited
cell proliferation by only 30% in BJAB cells, and had a marginal effect on cell cycle and
apoptosis, increasing apoptotic cells from 2% to 3-5% (Figure 1A-C). SIRT1 knockdown
also had marginal effects on the proliferation of U266 cells (Figure 1A). Unlike PEL cells,
we did not detect any c-PARP and c-caspase 3 in BJAB and U266 cells following SIRT1
knockdown (Figure 1D). Western-blotting confirmed the efficient knockdown of SIRT1 in
all cells examined reducing the expression levels by 80-97% (Figure 1D). Together, these
results indicated that SIRT1 knockdown inhibited the proliferation of PEL cells by arresting
cell cycle progression and inducing apoptosis. However, SIRT1 knockdown had less effect
on BJAB cells and marginal effects on U266 cells.

SIRT1 inhibitor Tenovin-6 inhibits cell proliferation, and induces cell cycle arrest and
apoptosis in PEL cells

To confirm the SIRT1 knockdown results, we examined the effect of a SIRT1 inhibitor
Tenovin-6 on PEL cells. Tenovin-6 has anti-tumour effects on various tumour cells [17].
Treatment with Tenovin-6 inhibited the proliferation of PEL cells in a dose- and time-
dependent manner (Figure 2A). Both BJAB and U266 cells also had slower cell proliferation
following Tenovin-6 treatment though they were less sensitive than PEL cells. For example,
Tenovin-6 at 4 pM inhibited the proliferation of PEL cells by about 50% at 24 h post-
treatment while it had only marginal effects on BJAB and U266 cells (Figure 2A).
Furthermore, Tenovin-6 induced cell cycle arrest in a dose-dependent manner in both BC3
and BCBL-1 cells at 24 h post-treatment (Figure 2B). Tenovin-6 at 4 UM dramatically
induced cell cycle arrest in BC3 and BCBL-1 cells by increasing G1 phase cells from 58%
to 82% and from 38% to 60%, respectively, and decreased S phase cells from 20% to 15%
and from 47% to 30%, respectively (Figure 2B). In contrast, Tenovin-6 had minimal effect
on cell cycle in BJAB cells. Furthermore, Tenovin-6 increased apoptotic cells in PEL cells in
a dose-dependent manner (Figure 2C). Tenovin-6 at 4 pM increased the number of apoptotic
cells from 4% to 13% and from 6% to 15% in BC3 and BCBL-1 cells, respectively, but only
from 4% to 6% in BJAB cells (Figure 2C). The induction of apoptosis in PEL cells was
further confirmed by the detection of increased c-PARP and c-caspase 3 levels (Figure 2D).
In contrast, there was a minimal increase of c-PARP and no detectable c-caspase 3 in BJAB
cells (Figure 2D).

Taken together, these results indicated that Tenovin-6 efficiently inhibited cell proliferation
of PEL cells by inducing cell cycle arrest and apoptosis. In contrast, Tenovin-6 only had
marginal effects on the proliferation of BJAB and U266 cells at 24 h post-treatment.
However, Tenovin-6 treatment for over 24 h had dramatic effects, which were stronger than
those of SIRT1 knockdown (Figure 1A), indicating it might target other factors besides
SIRT1 in BJAB and U266 cells. Indeed, besides SIRT1, Tenovin-6 targets SIRT2 and SIRT3
[24]. More recently, Tenovin-6 has also been shown to inhibit the autophagic flux [25, 26]. It
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is unclear how Tenovin-6 might affect cell proliferation in BJAB and U266 cells at this
point. Nevertheless, our results have shown that SIRT1 is essential for sustaining the
proliferation and survival of PEL cells.

Knockdown and chemical inhibition of SIRT1 suppresses AMPK activation in PEL cells

KSHV lytic replication is a terminal event leading to cell death. To identify the mechanism
mediating SIRT1 regulation of the proliferation and survival of PEL cells, we first examined
KSHYV lytic reactivation following SIRT1 knockdown. We performed dual
immunofluorescence staining of KSHV Iytic protein ORF65 as a marker for lytic cells and
cleaved (c)-caspase 3 as a marker for apoptotic cells. Similar to Western-blotting results
(Figure 1D), immunofluorescence staining effectively detected the knockdown of SIRT1 by
the shRNAs (supplementary material, Figure S2A and B). The numbers of c-caspase 3-
positive cells were increased from 2% to 31% and 26% with the two shRNAS, respectively,
at day 2 following transduction (supplementary material, Figure S2-A and C). However, less
than 5% of the caspase 3-positive cells were ORF65 positive (supplementary material,
Figure S2A and D). As observed previously, while the numbers of KSHYV lytic cells
remained unchanged, most of the cells underwent apoptosis or crisis at the late stage
following SIRT1 knockdown [18]. These results indicated that induction of KSHV lytic
replication was not the main mechanism that caused the inhibition of cell proliferation and
survival following SIRT1 knockdown.

In a recent study, we showed that SIRT1 promotes KSHV-induced cellular transformation
and tumorigenesis by suppressing p27KiP1 to overcome contact inhibition in a Kaposi’s
sarcoma model [27]. However, we did not detect any changes of p27KiP! in BC3 and
BCBL-1 cells following SIRT1 knockdown (data not shown). It has been shown that SIRT1
mediates cell proliferation by regulating p53 acetylation and activation of the p53 pathway
[28, 29]. However, SIRT1 knockdown altered neither the levels of acetylated p53 (ac-p53,
K382) and phosphorylated p53 (p-p53, Serl15) nor those of p53 downstream genes Bax and
Puma in BC3 and BCBL-1 cells (supplementary material, Figure S3). Thus, a p53-
independent mechanism was likely involved in mediating cell cycle arrest and apoptosis in
PEL cells following SIRT1 knockdown.

Both SIRT1 and AMPK have similar functions in numerous cellular processes including
metabolic homeostasis, cell survival and proliferation, autophagy and senescence [16, 30,
31]. SIRT1 deacetylated the upstream AMPK kinase LKB1 to activate AMPK in 293T cells
[32]. SIRT1 activated AMPK to regulate hepatocyte lipid metabolism in HepG2 and mouse
liver cells [33], and improve mitochondrial function in skeletal muscle cells [34]. However,
it remains unknown if SIRT1 could target AMPK in tumour cells to regulate cell
proliferation and survival. We determined whether AMPK could act as a downstream target
of SIRT1 in PEL cells. The functional complex of AMPK consists of one catalytic subunit
(AMPKa) and two non-catalytic regulatory subunits (AMPK and AMPK-y). The AMPKa
subunit includes 2 isoforms AMPKal and AMPKa2. AMPK is functionally activated upon
AMPKa phosphorylation at threonine 174 (T174) for AMPKal or threonine 172 (T172) for
AMPKa2. Because AMPKal and AMPKa?2 have different cell type specificity, we
determined their expression in PEL cells. BC3 and BCBL-1 cells had robust expression of
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AMPKal with strong T174 phosphorylation (supplementary material, Figure S4). However,
AMPKal expression was weak in BJAB cells without detectable T174 phosphorylation.
Interestingly, AMPKa2 was not detected in BC3, BCBL-1 and BJAB cells (supplementary
material, Figure S4).

SIRT1 knockdown reduced AMPKal T174 phosphorylation in BC3 and BCBL-1 cells
(Figure 3A). Consistently, Tenovin-6 reduced AMPKal T174 phosphorylation in a time-
dependent manner in PEL cells (Figure 3B). However, Tenovin-6 reduction of AMPKal
T174 phosphorylation was less effective in BCBL-1 cells than BC3 cells, which might due
to the higher endogenous level in BCBL-1 cells (Figure 3B; supplementary material, Figure
S4). Again, we detected a lower level of AMPKal and no T174 phosphorylation in BJAB
cells. These results showed that knockdown and chemical inhibition of SIRT1 suppressed
AMPK activation in PEL cells. As AMPK is implicated in cell homeostasis, the induction of
cell cycle arrest and apoptosis in PEL cells following knockdown or inhibition of SIRT1
might be the result of AMPK inactivation.

Knockdown and chemical inhibition of AMPK suppresses cell proliferation, and induces
cell cycle arrest and apoptosis in PEL cells

If AMPK inactivation indeed mediated the cytotoxic effects of SIRT1 knockdown or
inhibition, knockdown of a key component of the AMPK complex or chemical inhibition of
AMPK should recapitulate these effects. Indeed, shRNA knockdown of AMPKal inhibited
the proliferation of BC3 and BCBL-1 cells, reducing cell numbers by 45-46% and 46-50%,
respectively, at 72 h post-transduction (Figure 4A). Consistently, knockdown of AMPKa 1
induced cell cycle arrest in PEL cells by increasing G1 phase cells from 49% to 56-57% and
reducing S phase cells from 38% to 23% in BC3 cells, and increasing G1 phase cells from
43% to 53-54% and reducing S phase cells from 43% to 32-33% in BCBL-1 cells (Figure
4B). Furthermore, knockdown of AMPKa1 increased c-caspase 3 levels in PEL cells
(Figure 4C). In contrast, knockdown of AMPKa.l only reduced the proliferation of BJAB
cells by 4-15% (Figure 4A). There was no detectable effect on cell cycle following
knockdown of AMPKal in BJAB cells (Figure 4B). There was no detectable c-caspase 3 in
BJAB cells before and after knockdown of AMPKal (Figure 4C). Western-blotting
confirmed the efficient knockdown of AMPKal in BC3, BCBL-1 and BJAB cells with
efficiencies ranging from 90-98% (Figure 4C).

To confirm the results of AMPKa1 knockdown, we examined the effect of AMPK inhibitor
Compound C on PEL cells. Treatment with Compound C inhibited cell proliferation in a
dose and time-dependent manner in PEL cells (Figure 4D). Compound C at 4 uM induced
cell cycle arrest in BC3 and BCBL-1 cells by increasing G1 phase cells from 38% and 46%
to 58% and 56%, respectively, and decreased S phase cells from 48% and 47% to 31% and
29%, respectively (Figure 4E). Furthermore, Compound C increased c-caspase 3 levels in
PEL cells. Interestingly, Compound C also inhibited the proliferation of BJAB cells (Figure
4D). However, the effect of Compound C was stronger in PEL cells, particularly in BC3
cells, than in BJAB cells. Compound C induced minor cell cycle arrest in BJAB cells by
increasing G1 phase cells from 46% to 53% and decreased S phase cells from 48% to 38%.
Compound C did not increase c-caspase 3 level in BJAB cells (Figure 4F). It is known that
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Compound C has some off-target effects including inhibition of the BMP pathway, vascular
endothelial growth factor type Il receptor, hypoxia-inducible factor-1 and unfolded protein
response [35-37], which might cause the discrepancies of the results between AMPKal
knockdown and Compound C treatment in BJAB cells. Taken together, these results
indicated that, similar to SIRT1 knockdown and inhibition, both knockdown of AMPKa1
and chemical inhibition of AMPK inhibited cell proliferation by inducing cell cycle arrest
and apoptosis in PEL cells.

Constitutive activation of AMPK rescues the inhibitory effects of SIRT1 knockdown in PEL

cells

To further confirm that AMPK inactivation mediated the inhibitory effects of SIRT1
knockdown in PEL cells, we examined whether constitutive activation of AMPK could
rescue the effects of SIRT1 knockdown. We established BC-3, BCBL-1 and BJAB stable
cell lines expressing a constitutively active truncated form of AMPKal (1-314) without the
negative regulatory domain [38]. We detected the truncated protein and its T174
phosphorylation in BC-3 and BCBL-1 cells (supplementary material, Figure S5).
Surprisingly, T174 phosphorylation of the truncated protein was not detected in BJAB cells
though a high expression level was detected. AMPK phosphorylation is dynamically
regulated by upstream kinases (LKB1, CaMKK and TAK1) or phosphatases (PP2A and
PP2C) [39]. The absence of T174 phosphorylation in the truncated protein indicated that
BJAB cells might not have the functional AMPK activating system, and AMPK activation
was not required for the proliferation and survival of these cells. Thus, we focused on BC-3
and BCBL-1 cells in subsequent rescue experiments.

We performed SIRT1 knockdown in BC-3 and BCBL-1 cells expressing the constitutively
active AMPKal construct. As expected, SIRT1 knockdown reduced cell proliferation;
however, constitutive activation of AMPK rescued the cell proliferation, which was restored
to levels of cells without any transduction (Ctl) or cells transduced with shRNA control (Ctl-
sh) in BC-3 and BCBL-1 cells (Figure 5A and B). In the untransduced cells or cells
transduced with shRNA control, SIRT1 knockdown induced cell cycle arrest by increasing
G1 phase cells from 59% to 71% and reducing S phase cells from 29% to 17-18% in BC3
cells (Figure 5C), and increasing G1 phase cells from 57% to 74-77% and reducing S phase
cells from 36% to 13-17% in BCBL-1 cells (Figure 5D). However, constitutive activation of
AMPK abolished the inhibitory effects of SIRT1 knockdown on cell cycle in BC-3 cells
(Figure 5C). SIRT1 knockdown only increased G1 phase cells from 55% to 61-62% and
reducing S phase cells from 38% to 29-30% in BCBL-1 cells following constitutive
activation of AMPK in BCBL1 cells (Figure 5D). Moreover, while SIRT1 knockdown
increased c-caspase 3 levels, constitutive activation of AMPK reduced this effect (Figure
5E). Western-blotting confirmed SIRT1 knockdown, and T174 phosphorylation of AMPKal
(1-314) in BC-3 and BCBL-1 cells (Figure 5E). Interestingly, constitutive activation of
AMPK marginally increased SIRT1 level (Figure 5E). AMPK has been shown to enhance
SIRT1 function by increasing the expression of the NAD+ biosynthetic enzyme Nampt or
inhibiting SIRT1 interaction with its inhibitor DBC1 [40, 41]. It is unclear how constitutive
AMPK activation could increase SIRT1 expression. Nevertheless, these results indicated that
constitutive activation of AMPK significantly reduced the cytotoxic effects of SIRT1
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knockdown. Therefore, we concluded that AMPK inactivation mediated the cytotoxic effects
of SIRT1 knockdown in PEL cells.

Tenovin-6 inhibits the initiation and progression of PEL, and extends the survival of mice
in a murine PEL model

The results so far indicated that SIRT1 was essential for the proliferation and survival of
PEL cells, and Tenovin-6 could effectively induce cell cycle arrest and apoptosis. Therefore,
we examined the effect of Tenovin-6 on PEL formation in an /n vivo PEL model. We
intraperitoneally injected BCBL-Luc cells into NOD/SCID mice to induce PEL. The mice
were treated with Tenovin-6 or vehicle control starting at day 2 post-inoculation. No side
effect was observed with Tenovin-6 or the vehicle. Of the 7 mice in control group, 2
(28.6%), 4 (57.1%) and 6 (85.7%) developed PEL at week 3, 4 and 6 post-inoculation,
respectively, while of the 8 mice treated with Tenovin-6, 0 (0%), 2 (25%) and 2 (25%)
developed PEL, respectively, at the same time points (Figure 6A). Tenovin-6 significantly
extended the survival of mice compared to those treated with vehicle control (undefined vs
42 days, P <0.01) (Figure 6B). All mice in control group developed ascites while only 3 of 8
mice (37.5%) in the Tenovin-6 group developed ascites. The Tenovin-6 group also had
significantly less ascites than the control group (P< 0.01) (Figure 6C).

In a second set of experiments, we examined the effect of Tenovin-6 on PEL progression.
Mice were intraperitoneally injected with BCBL-Luc cells to induce PEL and treated the
mice after PEL had developed. Tenovin-6 significantly inhibited PEL progression as shown
by the reduced luciferase signals in the treated mice compared to the control group at day 8
and 16 post-treatment (Figure 6D and E). Tenovin-6 treated mice also had slower rates of
weight gain compared to the control group at day 6, 9, 12 and 15 post-treatment (Figure 6F).

Discussion

Although PEL has been identified for almost 30 years, there is currently no effective therapy.
As metabolic sensors and transcriptional regulators, sirtuins have attracted significant
attention in recent years [16]. Among them, SIRT1 is evolutionarily conserved and is the
most widely studied sirtuin. Depending on the cellular background, SIRT1 can function
either as a tumour suppressor or as an oncogene [16, 17]. Here, we showed that SIRT1 was
required for sustaining cell proliferation and survival in PEL cells, therefore might function
as an oncogene. Furthermore, the SIRT1 inhibitor Tenovin-6 effectively inhibited the
initiation and progression of PEL, and significantly extended the survival of animals in a
murine PEL model. Our previous study showed that SIRT1 mediated KSHV latency by
inhibiting viral Iytic replication [18]. Thus, SIRT1 has dual roles in PEL cells by enhancing
cell proliferation and survival, and by promoting KSHV latency.

The SIRT1 target AMPK is another metabolic sensor, which also functions to maintain
cellular homeostasis [16, 30, 31]. SIRT1 and AMPK are present in all eukaryotic cells and
have probably coexisted throughout evolution. It has recently become apparent that they
have similar regulatory mechanisms in diverse cellular functions [16, 30, 31]. Both SIRT1
and AMPK function as energy sensors in response to stress. Thus, it is not surprising that
SIRT1 and AMPK share many common activators such as resveratrol, calorie restriction and
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excess exercise, and molecular targets such as PGCla, FOXO3 and p53 [16, 30, 31].
Moreover, SIRT1 and AMPK can activate each other to maintain metabolic homeostasis and
cell survival. Knockdown of either SIRT1 or AMPK led to apoptosis and cell cycle arrest in
tumour cells [28, 33, 34, 41-44]. In this study, knockdown or chemical inhibition of SIRT1
significantly inhibited AMPK activation in PEL cells. Importantly, constitutive AMPK
activation rescued the cytotoxic effects of SIRT1 knockdown. These results indicated that
the cytotoxic effects of SIRT1 knockdown might be the result of AMPK inactivation. We
have recently reported that AMPK suppresses KSHV lytic replication to promote viral
latency during primary infection [45]. Thus, similar to SIRT1, AMPK also has dual roles in
KSHV-induced malignancies by enhancing cell proliferation and survival, and by regulating
viral life cycle. Our recent study has shown that KSHV reprogramming of metabolic
pathways is required for the proliferation and survival of KSHV-induced cellular
transformation [46]. The identification of two metabolic sensors SIRT1 and AMPK that are
essential for the proliferation and survival of PEL cells further support the essential role of
metabolic reprogramming in KSHV-induced malignancies.

Several other SIRT1 targets also mediate cell homeostasis under stress. SIRT1 deacetylates
p53 to inhibit apoptosis upon DNA damage [47]. Under hypoxic conditions, SIRT1 directly
interacts with and deacetylases HIF1a to stabilize its expression and protect cells [48].
SIRT1 deacetylases LC3 to induce autophagy, enabling the cells to cope with the lack of
external nutrients [49]. Under oxidative stress, SIRT1 deacetylates histone H4K16Ac and
H3K9Ac, and promotes H3K9 trimethylation, resulting in the formation of heterochromatin
and gene silencing [50, 51]. Our recent study has shown that SIRT1 promotes cellular
transformation by suppressing p27KiP1 to overcome contact inhibition in a Kaposi’s sarcoma
model [27]. However, we did not detect any changes of p27KiP1 in PEL cells following
SIRT1 knockdown. Hence p27KiP1 js unlikely the mechanism mediating SIRT1’s function in
PEL cells. Similarly, we did not observe p53 activation following SIRT1 knockdown, and
therefore have ruled out p53 as a SIRT1 downstream target in PEL cells. It would be
interesting to determine whether other targets mediate SIRT1 promotion of cell proliferation
and survival in PEL cells.

During stress and when ATP is acutely needed for cell proliferation, activation of AMPK
promotes cell survival by restoring energy balance through stimulating catabolic processes
that generate ATP and suppressing anabolic processes that consume ATP. Interestingly,
AMPK activation could function either as an oncogene or a tumour suppressor [52]. Hyper-
activation of AMPK restrained cell proliferation by inhibiting the synthesis of proteins and
fatty acids while activation of AMPK at the physiological level promoted cell survival by
increasing mitochondrial function and maintaining NADPH homeostasis [30, 39, 53].
AMPK activation is also required for tumour cell survival and tumorigenesis. AMPK
activation promoted cell survival in multiple myeloma, prostate cancer, glioma and MLL-
rearranged BCP-ALL cells [42, 52]. Furthermore, AMPK activation protected leukaemia-
initiating cells in myeloid leukaemia from metabolic stress [54]. We showed that AMPK
activation mediated the pro-survival and pro-proliferation effect of SIRT1, and was required
for the proliferation and survival of PEL cells. Thus, it would be interesting to determine
whether the AMPK pathway could be explored as therapeutic target for PEL.
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Activation of AMPK is regulated by both phosphorylation by upstream kinases including
LKB1, CaMKK and TAK1, and dephosphorylation by phosphatases including PP2A and
PP2C [39]. SIRT1 deacetylated LKB1, leading to increased phosphorylation and activation
of AMPK in 293T cells [32]. AMPK activation by resveratrol required both SIRT1 and
LKB1, and resveratrol increased LKB1 phosphorylation at serine 428 (Ser428) [33, 34].
Since LKB1 Ser428 phosphorylation was required for AMPK activation [55], we examined
this phosphorylation following SIRT1 inhibition or knockdown in PEL cells. Surprisingly,
we did not observe any changes in LKB1 Ser428 phosphorylation (data not shown). It
remains unclear how SIRT1 regulates AMPK activation in PEL cells. On the other hand,
AMPK activation enhanced SIRT1 function by either increasing the expression of NAD+
biosynthetic enzyme Nampt or inhibiting SIRT1 interaction with its inhibitor DBC1 [40,
41]. Under glucose deprivation, AMPK activation led to the phosphorylation and nuclear
translocation of GAPDH, which then interacted and activated SIRT1 to promote cell survival
by initiating autophagy [43]. _ENREF_29It would be worthwhile to investigate if SIRT1
mediates the energy status and AMPK upstream regulators such as PP2Ac and CAMKK,
and if AMPK activation regulates SIRT1’s functions in PEL cells.

Although we have identified SIRT1 as a potential therapeutic target and Tenovin-6 as a
potential therapeutic agent for PEL, we have only examined 4 PEL cell lines so far. It would
be important to extend these findings to additional PEL cell lines and primary lymphoma
cells. While AMPK was identified as the SIRT1 downstream target, there might be other
potential targets that could mediate or contribute to the pro-proliferative and pro-survival
functions of SIRT1. In addition, the results of SIRT1 knockdown and inhibition with
Tenovin-6 were not entirely consistent, indicating that Tenovin-6 likely has some off-target
effects. Indeed, Tenovin-6 inhibits SIRT2 and SIRT3 in addition to SIRT1 [24]. Our recent
works have shown that Tenovin-6 also inhibits the autophagic flux [25, 26]. Thus, it would
be of interest to develop a new generation of SIRT1-specific inhibitors, which could be
examined for their therapeutic application for PEL.

In conclusion, we have identified the SIRT1-AMPK axis as a critical pathway for
maintaining the proliferation and survival of PEL cells, and both SIRT1 and AMPK either
alone or in combination could be potential therapeutic targets for PEL.
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Figurel.
SIRT1 knockdown inhibits cell proliferation, and induces cell cycle arrest and apoptosis in

PEL cells. (A) Examination of cell proliferation following SIRT1 knockdown. Cells at
2x10%/ml were transduced with lentiviruses harbouring a control non-targeting sShRNA
(Control-sh) or two different SIRT1 shRNAs (SIRT1-shl and SIRT1-sh2), and live cells
were counted at 24, 48 and 72 h post-infection. (B) Cell cycle analysis following SIRT1
knockdown. At 48 h post-infection with ShRNA lentiviruses, 10° cells were plated on a 24-
well plate, incubated with 10 uM BrdU for 4 h, stained with a pacific blue-conjugated anti-
BrdU antibody and propidium iodide, and analysed by flow cytometry. The live cells were
separated into G1, S and G2 populations. (C) Examination of apoptosis following SIRT1
knockdown. At 72 h post-infection with ShRNA lentiviruses, cells were collected, stained
with an Annexin V antibody, and analysed by flow cytometry to determine apoptotic cells.
(D) Examination of apoptotic markers following SIRT1 knockdown. At 72 h post-infection
with shRNA lentiviruses, cells were lysed, and Western-blotting was carried out to detect
SIRT1, c-PARP and c-caspase 3 levels using B-actin as a loading control. All the values
shown are mean + s.d. from three independent experiments, each performed in triplicate.
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Figure 2.
SIRT1 inhibitor Tenovin-6 inhibits cell proliferation, and induces cell cycle arrest and

apoptosis in PEL cells. (A) Examination of cell proliferation following treatment with
Tenovin-6. Cells at 2x105/ml were treated with Tenovin-6 at different concentrations as
indicated. The live cells were counted at 24, 48 and 72 h post-treatment. (B) Cell cycle
analysis following treatment with Tenovin-6. At 24 h post-treatment, 10° cells were plated
on a 24-well plate, incubated with 10 pM BrdU for 4 h, stained with a pacific blue-
conjugated anti-BrdU antibody and propidium iodide, and analysed by flow cytometry. The
live cells were separated into G1, S and G2 populations. (C) Examination of apoptosis
following treatment with Tenovin-6. At 24 h post-treatment with 4 uM Tenovin-6, cells were
collected and stained with an Annexin V antibody, and analysed by flow cytometry to
determine the Annexin V-positive cells. (D) Examination of apoptotic markers following
treatment with Tenovin-6. Cells were treated with 2 and 4 pM Tenovin-6 for 24 h, lysed and
subjected to Western-blotting to detect c-PARP and c-caspase 3 levels using p-actin as a
loading control. All the values shown are mean + s.d. from three independent experiments,
each performed in triplicate.
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Knockdown or inhibition of SIRT1 suppresses AMPK activation in PEL cells. (A)
Suppression of AMPK activation following SIRT1 knockdown. Cells at 2x10%/ml were
transduced with lentiviruses harbouring a control non-targeting shRNA (Ctl) or two different
SIRT1 shRNAs (shl and sh2) for 48 h and collected for Western-blotting to detect SIRT1, p-
AMPKal Thrl74 and total AMPKal using p-actin as a loading control. (B) Suppression of
AMPK activation following treatment with Tenovin-6. Cells at 2x10° were treated with 4
UM Tenovin-6 for 16 h and 24 h, and collected for Western-blotting to detect SIRT1, p-
AMPKal Thr174 and total AMPKal using p-actin as a loading control.
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Figure4.

Inhibition of AMPK pathway blocks cell proliferation, and induces cell cycle arrest and
apoptosis in PEL cells. (A) Inhibition of cell proliferation following knockdown of
AMPKal. Cells at 2x10%/ml were transduced with lentiviruses harbouring a control non-
targeting shRNA (Control-sh or Ctl) or two different AMPKa1l shRNAs (AMPKal-shl and
AMPKal-sh2, or shl and sh2) for 72 h, and live cells were counted. (B) Cell cycle analysis
following AMPKa1 knockdown. At 48 h post-infection, 10° cells were plated on a 24-well
plate, incubated with 10 uM anti-BrdU for 4 h, stained with pacific blue-conjugated BrdU
antibody and propidium iodide, and analysed by flow cytometry. The live cells were
separated into G1, S and G2 populations. (C) Examination of apoptotic markers following
knockdown of AMPKal. At 72 h post-infection, cells were lysed and Western-blotting was
carried out to detect AMPKa1 and c-caspase 3 levels using B-actin as a loading control. (D)
Examination of cell proliferation following treatment with AMPK inhibitor Compound C.
Cells at 2x105/ml were treated with different concentrations of Compound C as indicated,
then the live cells were counted at 24 and 48 h post-treatment. (E) Cell cycle analysis
following treatment with AMPK inhibitor Compound C. At 24 h post-treatment with 4 uM
Compound C, cells were plated at 10° cells/well on a 24-well plate, incubated with 10 pM
BrdU for 4 h, stained with a pacific blue-conjugated BrdU antibody and propidium iodide,
and analysed by flow cytometry. The live cells were separated into G1, S and G2
populations. (F) Examination of apoptotic markers following treatment with AMPK
inhibitor Compound C. Cells were treated with 4 pM Compound C for 3, 8 and 24 h, lysed
and subjected to Western-blotting to detect c-caspase 3 level using B-actin as a loading
control. All the values shown are mean + s.d from three independent experiments, each
performed in triplicate.

J Pathol. Author manuscript; available in PMC 2018 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 19

A 9 9
2 NS Ns O =
B % ° °
X 6 %6 X6 3:4 6
H 5 ] ]
8 § E g
23 23 23 23
8 — CMR2/CH 3 —omrzctish 8 [ “omrzsiarisnt 8 | ZcmmaisiaTisn
ol - AMPKa1/Ctl 0. -= AMPKa1/Cti-sh 0. -# AMPKa1/SIRT1-sh1 ~* AMPKa1/SIRT1-sh2
0 8 72 0 48 72 0 48 72 0 48 72
Post-infection (n) Post-infection (h) P ) Postinfection ()
B 10 NS 10 N 10 10
‘© 8 ‘8 o8 8
= = = =
2° 2° ¥° £°
Ea §a £ 4 Ea
= E = S
32| ~cmrzict 8217 ~cmrzctsh 32| ComRsIRTIsh 3 2| “CMR2ISIRT-sh2
-= AMPKa1/Cti -= AMPKa1/Ctl-sh 0 - AMPKa1/SIRT1-sh1 0. -=AMPKa1/SIRT1-sh2
o 48 72 o 48 72 o 48 72 o 48 72
(W] P f () P f (h) P f )
C 87 = wmct D g, &5 wmcH
A, @Ctl-sh NS ¥  OCt-sh
701 g OSIRT1-sh1 g 80 OSIRT1-sh1 =
6ol =l || =siRTIsh2 70{ngl ] BSRTISh2 &
g £ 60 01 Rt
5o s : =
£40 ™ NS £
2 o) £ 2 40
30
3 30
© 20 © .
10 l ['I 10.
] 5 G2 1 3 3 o

G s
CWR2 AWPKaT TR2 AWPKaT

E BC3 BCBL-1
AMPKaT CMR2 AMPKat
SIRT1-shANA Ol Ctish_shi sh2 CU Cti-sh shi _sh2 CU_Ctsh_shi_sh2 Ol Ctsh _shi sh2

SIRT\I - ||— — — — |

Full length p-AMPKa1
(T172) [P - —

P-AMPKa (1-314) -
(T174) - - — —— -

g APt [ e o - |

AMPKa1 (1-314) - ——— — v ——

c-caspase 3 - - - -

Bactin [ W [ ——— — —— -

Figureb.
Constitutive activation of AMPK rescues the cytotoxic effects of SIRT1 knockdown. (A-B)

Rescue of cell proliferation arrest caused by SIRT1 knockdown following constitutive
activation of AMPK in BC-3 (A) and BCBL1 cells (B). Stable BC3 and BCBL-1 cells at
2x10° cells/ml expressing a truncated AMPKal (1-314) construct (AMPKa.1) or a vector
control (CMR2) were either untransduced (Ctl) or transduced with lentiviruses harbouring a
control non-targeting ShRNA (Ctl-sh) and 2 different SIRT1 shRNAs (SIRT1-shl and
SIRT2-sh2), and live cells were counted at 48 and 72 h post-infection, (C-D) Rescue of cell
cycle arrest caused by SIRT1 knockdown following constitutive activation of AMPK in BC3
(C) and BCBL-1 cells (D). Stable BC3 and BCBL-1 cells expressing a truncated AMPKal
(1-314) construct (AMPKa1) or a vector control (CMR2) were either untransduced (Ctl) or
transduced with lentiviruses harboring a control non-targeting shRNA (Ctl-sh) and 2
different SIRT1 shRNAs (SIRT1-sh1 and SIRT2-sh2) for 48 h. The cells were plated at 10°
cells/well on a 24-well plate, incubated with 10 uM BrdU for 4 h, stained with a pacific
blue-conjugated anti-BrdU antibody and propidium iodide, and analysed by flow cytometry.
The live cells were separated into G1, S and G2 populations. (E) Reduction of c-caspase 3
induction caused by SIRT1 knockdown following constitutive activation of AMPK. Stable
BC3 and BCBL-1 cells expressing a truncated AMPKal (1-314) construct (AMPKal) or a
vector control (CMR2) were either not transduced (Ctl) or transduced with lentiviruses
harbouring a control non-targeting shRNA (Ctl-sh) and 2 different SIRT1 shRNAs (SIRT1-
shl and SIRT2-sh2) for 72 h were examined by Western-blotting to detect SIRT1, total
AMPK al, AMPKal (1-314), and c-caspase 3 levels as well as Thr174 phosphorylation
levels of p-AMPKal and p-AMPKal (1-314) using B-actin as a loading control.
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Figure6.
Tenovin-6 inhibits the initiation and progression of PEL, and extends the survival of animals

in a murine PEL model. (A) Live imaging of PEL in mice treated with Tenovin-6 or vehicle
control. Five weeks old NOD/SCID mice were injected with 107 BCBL-1 cells expressing
the firefly luciferase protein. Beginning at day 2 post-inoculation, the mice were treated with
Tenovin-6 (50 mg/kg) or vehicle control cyclodextrin (Cyclo) by daily intraperitoneal
injection. At week 3, 4 and 6 post-inoculations, mice were examined for PEL development
by live imaging using an IVIS Imaging System following intraperitoneal injection of D-
luciferin (50 mg/kg). Data were analysed and presented as average radiance
(photons/sec/cm?/sr). (B) Kaplan-Meier survival analysis of mice treated with Tenovin-6 (50
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mg/kg) and vehicle control cyclodextrin as described in (A). (C) Inhibition of ascites
formation by Tenovin-6 treatment in PEL. Ascites volumes from mice described in (A) were
analysed. (D) Live imaging of PEL progression in mice treated with Tenovin-6 or vehicle
control. The mice were treated with Tenovin-6 (100 mg/kg) or vehicle control cyclodextrin
(Cyclo) by daily intraperitoneal injection after PEL had developed. At day 0, 8 and 16 post-
treatments, mice were examined for PEL progression by live imaging as described in (A).
(E) Inhibition of luciferase signal in mice by Tenovin-6 treatment as measured in (D). (F)
Inhibition of weight gain of mice by Tenovin-6 during PEL progression. Two-tailed t-test
was performed, statistical symbols “*”, “**” and “***” represent p-values < 0.05, < 0.01
and < 0.001, respectively.
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