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Che-1-induced inhibition of mTOR pathway
enables stress-induced autophagy
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Abstract

Mammalian target of rapamycin (mTOR) is a key protein kinase that
regulates cell growth, metabolism, and autophagy to maintain cellu-
lar homeostasis. Its activity is inhibited by adverse conditions, includ-
ing nutrient limitation, hypoxia, and DNA damage. In this study, we
demonstrate that Che-1, a RNA polymerase lI-binding protein acti-
vated by the DNA damage response, inhibits mTOR activity in
response to stress conditions. We found that, under stress, Che-1
induces the expression of two important mTOR inhibitors, Redd1 and
Deptor, and that this activity is required for sustaining stress-
induced autophagy. Strikingly, Che-1 expression correlates with the
progression of multiple myeloma and is required for cell growth and
survival, a malignancy characterized by high autophagy response.
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Introduction

Mammalian target of rapamycin (mTOR) is an evolutionarily
conserved serine/threonine kinase that regulates cellular homeostasis

by coordinating anabolic and catabolic processes in the presence of
nutrients, energy, and oxygen as well as growth factor signaling
(Sarbassov et al, 2005). mTOR forms two distinct signaling complexes
called mTORC1 and mTORC2. The mTORC1 complex is responsible
for controlling cell growth and protein synthesis, whereas mTORC2
regulates cell survival, metabolism, and cytoskeletal organization
(Zoncu et al, 2011). The positive and negative control of mTORC1
activity is exerted through the tuberous sclerosis complex (TSC1/
TSC2 complex), a GTPase-activating protein that negatively regulates
the Rheb G-protein, which in turn positively regulates mTOR (Inoki
et al, 2003; Tee et al, 2003). The 4EBP1 protein and the S6 kinase
are two major substrates of mTOR (Ma & Blenis, 2009). The 4EBP1
protein binds and inactivates the translation initiation factor 4E,
which is required for the translation of CAP-mRNAs; phosphorylation
of 4EBP1 by mTOR inactivates 4EBP1 and allows efficient translation
(Ma & Blenis, 2009). Phosphorylation and activation of S6 kinase
modulate the functions of translational initiation factors during
protein synthesis (Ma & Blenis, 2009). mTORC2 modulates cell
survival and anabolism in response to growth factors by phosphory-
lating many AGC kinase, including Aktl, SGK1, and PKCa (Zoncu
et al, 2011).

In all eukaryotes, mTOR is a master regulator that integrates the
signals from nutrients and energy sensors with cell growth and
proliferation. Nevertheless, mTOR not only controls the rate of
protein synthesis, but also regulates transcriptional changes in
response to a variety of conditions (Fingar & Blenis, 2004). In recent
years, several stimuli have been shown to modify the activity of the
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mTOR cascade. In addition, decreased mTOR signaling activity has
been associated with many types of stress, therefore suggesting that
this pathway could play an important role in cells adapting to vari-
ous stressful conditions (Reiling & Sabatini, 2006). Along with this
line, when several types of cellular stress occur, the p53 and ATM
pathways negatively regulate mTOR activity (Feng et al, 2007;
Budanov & Karin, 2008; Cam et al, 2010). Reddl and Deptor are
two important inhibitors of mTOR activity (Brugarolas et al, 2004;
Corradetti et al, 2005; Peterson et al, 2009). Redd1 acts in a TSC2-
dependent manner to regulate mTORC1 activity (Brugarolas et al,
2004), whereas Deptor directly binds mTOR kinase and inhibits
mTORC1 and mTORC2 activities (Peterson et al, 2009). The stability
of Reddl and Deptor is controlled by the SCFF™™P E3 ubiquitin
ligase (Katiyar et al, 2009; Duan et al, 2011; Gao et al, 2011; Zhao
et al, 2011). Interestingly, although Deptor and Reddl depletions
strongly activate both mTORC1 and mTORC2 signalings, elevated
expression of these genes unexpectedly relieves mTORC1-mediated
inhibition of PI3K and activates Aktl (Peterson et al, 2009; Jin et al,
2013). Furthermore, it has been described that mTOR generates a
regulatory loop by controlling Deptor protein and mRNA expression
(Peterson et al, 2009; Duan et al, 2011), thus highlighting the criti-
cal function of these proteins in mTOR pathway.

Che-1 (also named AATF and Traube) is a protein involved in
the regulation of gene transcription by its interaction with RNA
polymerase II (Passananti et al, 2007), and its expression is
requested for proliferation in early embryogenesis (Thomas et al,
2000). Che-1 also exhibits a strong anti-apoptotic activity (Page
et al, 1999; Guo & Xie, 2004; Hopker et al, 2012), and it was found
down-regulated during apoptosis through its interaction with MDM2
(De Nicola et al, 2007) and NRAGE (Di Certo et al, 2007). Several
findings support the hypothesis that Che-1 plays also an important
role in protecting cells from different kinds of stress. In fact, in
response to DNA damage, Che-1 is phosphorylated by ATM/Chk2
kinases and recruited on the p53 promoter, consequently activating
transcription of this gene and contributing to increase p53 protein
levels in response to genotoxic stress (Bruno et al, 2006). It has
recently been shown that Che-1 sustains mutant p53 expression in
human cancer cells, and its depletion activates DNA damage check-
point and induces p73 transcription and apoptosis in these cells
(Bruno et al, 2010). Moreover, Che-1 results as an antiapoptotic
component of endoplasmic reticulum (ER) stress (Ishigaki et al,
2010). Thus, we asked whether Che-1 is also activated by other
types of stress and whether Che-1 could be involved in regulating
the mTOR pathway.

In this study, we demonstrate that Che-1 is phosphorylated in
response to DNA damage, hypoxia, and glucose deprivation and
then, once phosphorylated, regulates both mTORC1 and mTORC2
activities. Indeed, Che-1-depleted cells failed to inhibit mTOR activity
and cell growth upon several stress conditions. In addition, we deter-
mined that Che-1 controls mTOR through the induction of Redd1 and
Deptor, two important repressors of mTOR activity (Shoshani et al
2002; Brugarolas et al, 2004; Corradetti et al, 2005; Peterson et al,
2009). Furthermore, we found that Che-1, upon activation, regulates
cell survival and autophagy. Finally, we provide evidence that Che-1
expression correlates with multiple myeloma progression, sustaining
cell growth and survival. Hence, our study revealed a new link
between cellular stress and mTOR signaling and suggests Che-1 to be
a promising and attractive drug target for cancer therapy.

© 2015 Regina Elena Cancer Institute
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Results
Che-1 inhibits mTOR activity

Che-1 was found to play an important role in DNA damage response
and cell cycle checkpoint control (Bruno et al, 2006). To determine
whether this protein also affects mTOR activity, we evaluated the
effect of transient Che-1 overexpression on the phosphorylation of
the key mTORCI targets S6K, 4EBP1, and S6 ribosomal protein, the
downstream target of S6K, in HCT116 cells. Ectopic expression of
myc-tagged Che-1 dramatically inhibited endogenous T389 S6K and
T37/T46 4EBP1 phosphorylation (Supplementary Fig S1A). Simi-
larly, Che-1 also inhibited the phosphorylation of S235/S236 S6
(Supplementary Fig S1A).

To further support the physiological relevance of Che-1 in the
regulation of mTOR, we measured the activity of mTORC1 pathway
in cells with depleted Che-1 expression. HCT116 cells expressing
either of two siRNAs targeting Che-1 showed an increase in S6K, S6,
and 4EBP1 phosphorylation, and CCI-779 treatment, a specific
mTORC1 inhibitor (Vignot et al, 2005), completely reversed the
effect of Che-1 RNAi (Fig 1A). The Che-1-mediated inhibition of
mTOR activity was also observed in HeLa cells and mouse embry-
onic fibroblasts (MEF) (Supplementary Fig S1B), indicating that the
effect is not specific to HCT116 cells. Notably, Che-1 depletion
strongly activated mTORC2 activity as demonstrated by S473 Aktl,
S422 GSK, S657 PKCo, and S21/9 GSK-3a/f phosphorylation
(Fig 1B). Consistent with these results, cells with reduced Che-1
expression exhibited a larger size than control cells, and CCI-779
treatment reversed this phenotype (Fig 1C and Supplementary
Fig S1C).

Among the upstream regulators of mTORCI activity, TSC1/TSC2
complex is considered to be the most important regulator, as it
converges multiple upstream inputs to regulate mTORCI1 activity
(Sengupta et al, 2010). To examine the contribution of the TSC1/
TSC2 complex to the regulation of mTOR function by Che-1, the
effects of Che-1 transient overexpression on TSC2~/~ MEFs were
analyzed. As shown in Fig 1D, Che-1 inhibited S6 phosphorylation
in TSC2*/* cells, whereas it failed to do so in TSC2-deficient cells.
To further confirm these results in human cells, we overexpressed
Che-1 in an angiomyolipoma cell line (ASM cells) carrying the
methylation of the TSC2 gene promoter (TSC2~/M°™) (Lesma et al,
2009). In these cells, Che-1 overexpression did not affect S6 phos-
phorylation (Fig 1E). Conversely, when the DNA methylase inhibi-
tor 5-azacytidine reactivated TSC2 expression, Che-1 overexpression
strongly inhibited mTOR activity (Fig 1E). Altogether, these results
indicate that Che-1 is an inhibitor of mTORCI and mTORC2
activities.

Che-1 regulates mTOR activity in response to cellular stress

Based on these findings, we hypothesized an involvement of Che-1
in the regulation of mTOR signaling during the response to stress
conditions. To test this, we evaluated the activation of Che-1 in
response to different inducers of cellular stress (ionizing radiations,
hypoxia, or glucose deprivation, the latter induced by using a
synthetic glucose analog, i.e., 2-deoxy-glucose 2DOG) by employing
a specific antibody directed against the phosphorylated S474 of
Che-1 (Bruno et al, 2006). As shown in Fig 2A, to a different extent,
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Figure 1. Che-1 inhibits mTOR activity.
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A, B Western blot (WB) analysis of total cell extracts (TCEs) from HCT116 cells transiently transfected with siRNA GFP (siControl) or two different siRNA Che-1 (siChe-1-1
and siChe-1-2) and treated where indicated with the mTOR inhibitor CCI-779 (100 nM).

C

Cell size analysis of HCT116 cells transiently transfected as in (A) and treated where indicated with CCI-779. Seventy-two hours after transfection, cell size was

measured with a Coulter counter. The data represent the mean + SD from three independent experiments performed in duplicate. *P < 0.03, **P < 0.001.

D

WB analysis with the indicated Abs of TCEs from TSC2*/* and TSC2/~ MEF cells transiently transfected with Myc-Che-1 or pCS2-MT control vector.

E WB with the indicated Abs of TCEs from ASM cells transiently transfected as in (D) and treated where indicated with 1 puM 5-Azacytidine (5-Aza).

Source data are available online for this figure.

all these treatments activated Che-1. This effect was essentially the
result of Che-1 phosphorylation, because Che-1 transcript was not
significantly affected by these treatments, whereas treatments with
KU55933, a specific ATM inhibitor, strongly reduced Che-1 protein
levels (Supplementary Fig S2A and B). In agreement with these
results, histone H2AX phosphorylation was also observed, confirm-
ing the induction of checkpoint kinases (Fig 2A). Next, we tested
whether Che-1 was required for stress-induced down-regulation of
mTORC1 activity. For this purpose, HCT116 cells transfected with
siRNA Che-1 or siRNA GFP as negative control were subjected to
different stress conditions. In contrast to control cells, Che-1-
depleted cells showed a reduced down-regulation of S6K and 4EBP1
phosphorylation in response to hypoxia (Fig 2B), and similar results
were obtained when cells were treated with ionizing radiations
(LR.) or 2-deoxy-glucose (2DOG) (Fig 2C). These findings were

The EMBO Journal Vol 34| No 9| 2015

further confirmed when HeLa and MEF cells were treated under the
same conditions (Supplementary Fig S2C and D). Consistently, over-
expression of a non-phosphorylable Che-15** mutant (Bruno et al,
2006) showed an impaired ability to inhibit S6K and S6 phosphory-
lation when compared to Che-1 wild-type (Supplementary Fig S2E)
and to rescue the effects of endogenous Che-1 depletion on the
mTORCI1 pathway (Supplementary Fig S2F).

Several studies have demonstrated that the oncosuppressor p53
inhibits mTORC1 under stressful conditions via multiple mecha-
nisms (Sengupta et al, 2010). Since Che-1 is required to sustain p53
expression in response to DNA damage (Bruno et al, 2006, 2010),
we tested whether endogenous p53 was required for mTORC1 regu-
lation by Che-1 using HCT116 p53~/~ cells. As shown in Fig 2D,
HCT116 p53~/~ control cells showed a down-regulation of S6K and
S6 phosphorylations in response to hypoxia, which was much

© 2015 Regina Elena Cancer Institute
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Figure 2. Che-1 regulates mTOR activity in response to cellular stress.
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HCT116 p53-/- Cells

A WB analysis with the indicated Abs of TCEs from HCT116 treated with I.R. (20 Gy) (left), hypoxia (1% O,) (center), or 2DOG (25 mM) (right).
B,C WB analysis with the indicated Abs of TCEs from HCT116 cells with siRNA GFP (siControl) or siRNA Che-1 (siChe-1) and treated with hypoxia (B), I.R. (C, left), or

2DOG (G, right).

D WB analysis of TCEs from HCT116 p53’/’ cells treated or not with hypoxia (1% O,) for 16 h.

Source data are available online for this figure.

weaker when Che-1 was depleted, indicating that Che-1 controls
mTOR functions by a p53-independent mechanism.

Che-1 induces Redd1 and Deptor expression

Since Che-1 is a RNA Pol II-binding protein, we hypothesized that it
could modulate mTOR signaling in response to various stress condi-
tions by regulating specific gene transcription. Thus, we performed a
high-density Affymetrix microarray analysis using HCT116 transiently
transfected with control siRNA or Che-1 siRNA (Supplementary Fig
S3A). Interestingly, among the down-regulated genes in Che-1-
depleted cells, we identified Redd1, Redd2, and Deptor, important
genes involved in mTOR regulation (Supplementary Fig S3B)
(Brugarolas et al, 2004; Corradetti et al, 2005; Peterson et al, 2009).
These data were confirmed by our previous differential expression
analysis performed in SKBR3 and MDA-MB468 human mammary
carcinoma cells (Bruno et al, 2010; accession number GSE20622)

© 2015 Regina Elena Cancer Institute

and by quantitative real-time PCR (qRT-PCR) (Fig 3A). Further-
more, Western blot analysis showed a significant reduction of Redd1
and Deptor protein levels in Che-1-depleted cells (Fig 3B). Consis-
tent with these results, the overexpression of Che-1 strongly induced
mRNA and protein levels of both Reddl and Deptor, whereas the
mutant Myc-Che-15** did not exhibit any activity on these genes
(Supplementary Fig S3C and D). ChIP-seq analysis performed with
anti-Che-1 and anti-phospho-S5 RNA polymerase II demonstrated
the co-localization of Che-1 and RNA Pol II onto Redd! and Deptor
promoters (Fig 3C). Interestingly, quantitative ChIP assays
confirmed that Che-1 is physically associated with Redd1 and Deptor
promoters in normal proliferating conditions but also showed that
its levels increase in response to energy and genotoxic stresses
(Fig 3D).

To assess whether Che-1 activated the transcription of these
genes, and whether this was dependent on its phosphorylation state,
we compared the effects of wild-type Che-1 and Che-15** mutant on

The EMBO Journal Vol 34 | No 9] 2015
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Figure 3. Che-1 induces Redd1 and Deptor expressions.

A Quantitative RT-PCR (qRT-PCR) for the indicated genes was performed after transient transfection of HCT116 cells with siRNA GFP (siControl) or siRNA Che-1
(siChe-1). Values were normalized to RPL19 expression. Error bars represent the standard error of three different experiments. P < 0.03

B WB analysis with the indicated Abs of TCEs from HCT116 cells transiently transfected as in (A).
Genome browser snapshot of Che-1 and phospho-S5 RNA polymerase Il ChIP-seq depicting the Redd1 (upper panel) and Deptor (lower panel) promoter regions.

D HCT116 cells treated with hypoxia (1% O, for 4 h) or L.R. (20 Gy) were subjected to quantitative ChIP analysis (ChIP-qPCR) using anti-Che-1 antibody or control
rabbit IgGs. Data are expressed as percent of input. Error bars represent the standard error of three different experiments. *P < 0.001, **P = 0.01.

E HCT116 cells were transiently transfected with pCS2-MT control vector, Myc-Che-1 wild-type, or Myc-Che-15** expression vectors and treated with hypoxia (1% O,
for 16 h). Then, cells were subjected to ChIP-gPCR using anti-Myc Ab or control IgGs. Error bars represent the standard error of three different experiments.

Reddl and Deptor expression. As shown in Fig 3E, under hypoxic
conditions, wild-type Che-1 protein but not the mutant Che-154*
was detectable on Redd! and Deptor promoters, thus indicating that
the phosphorylation of Che-1 is required for its presence on the
promoters of these two genes.

Che-1 inhibits mTOR activity through Redd1 and
Deptor inductions

The data presented above indicate that Che-1 regulates the expres-
sion of Redd1l and Deptor; we therefore hypothesized that Che-1
might promote mTOR repression through the activation of these two
genes. Western blot analysis from HCT116 cells treated with differ-
ent kinds of stress confirmed Redd1 literature data and revealed that
Deptor is also regulated in a similar manner (Fig 4A). In accordance
with our hypothesis, both Redd1 and Deptor mRNA levels increased
in response to hypoxia, but this induction was not observed in
Che-1-depleted cells (Fig 4B). Consistent with these findings, Che-1,
Reddl, or Deptor depletion showed similar effects on cell size and
mTORC1 activity in response to hypoxia (Supplementary Fig S4A
and B). Cytofluorimetric analysis demonstrated that these effects

The EMBO Journal Vol 34| No 9| 2015

were not due to changes in cell cycle (Supplementary Fig S4C).
Strikingly, restoration of Reddl and Deptor protein levels counter-
acted mTOR activation induced by Che-1 ablation (Fig 4C and 4D).

Since Deptor associates with the mTOR complex (Peterson et al,
2009), it is difficult to reconcile the involvement of TSC2 in Che-1
effects on mTOR pathway. However, it has been demonstrated that
mTOR generates an auto-amplification loop by regulating Deptor
degradation (Duan et al, 2011; Gao et al, 2011). Consistent with
these results, Peterson et al showed that TSC2™/~ MEF cells exhibit
very low levels of Deptor (Peterson et al, 2009). On the basis of these
observations, we overexpressed Che-1 in TSC2*/* and TSC2~/~ MEF
cells. As shown in Fig 4E, Che-1 induced Deptor expression in
TSC2*/* cells, but not in TSC2™/~ cells, thus confirming that TSC2
expression is required for mTORCI inhibition by Che-1. Altogether,
these results indicate that in response to cellular stress, Che-1 inhib-
its mTOR signaling by increasing Redd1 and Deptor expression.

Che-1 regulates autophagy through Deptor and Redd1

mTOR signaling pathway is a critical negative regulator of
autophagy, and several kinds of stress such as glucose deprivation

© 2015 Regina Elena Cancer Institute
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Figure 4. Che-1 inhibits mTOR activity through Redd1 and Deptor inductions.

A WB analysis with the indicated Abs of TCEs from HCT116 treated with L.R. (20 Gy) (left), hypoxia (1% O,) (center), or 25 mM 2DOG (right).

B gRT-PCR analysis of the indicated genes from HCT116 cells transiently transfected with siRNA GFP (siControl) or siRNA Che-1 (siChe-1) and exposed to hypoxia

(1% 0,) for the indicated times. Error bars represent the standard error of three different experiments. *P < 0.01, **P < 0.001, ***P < 0.006.

WB analysis with the indicated Abs of TCEs from HCT116 transiently transfected with siRNA GFP (siControl), sSiRNA Che-1 (siChe-1) and where indicated Flag-Deptor
and Myc-Redd1 expression vectors. Cells were exposed to hypoxia (1%0,) for 16 h where indicated.

Cell size analysis of HCT116 cells transiently transfected as in (C). Seventy-two hours after transfection, cell size was measured with a Coulter counter. The data
represent the mean + SD from three independent experiments performed in duplicate. P < 0.02.

E WB with the indicated Abs of TCEs from TSC2*/* and TSC2~/~ MEF cells transiently transfected with Myc-Che-1 or pCS2-MT control vector.

Source data are available online for this figure.

induce autophagy via inhibition of mTOR (Jung et al, 2010; Neufeld,
2010). Given that recent studies have reported that Deptor and
Redd1 induced autophagy through suppression of mTOR activity in
response to certain kinds of stress (Gao et al, 2011; Molitoris et al,
2011; Zhao et al, 2012), we evaluated whether Che-1 was involved
in autophagy induction. For this purpose, Che-1-depleted HCT116
cells were treated with the autophagy inducer brefeldin A and the
autophagy induction was evaluated by accumulation of LC3-II, a
well-established hallmark of autophagy. As shown in Fig 5A, Che-1
depletion reduced LC3-II accumulation and these effects were
observed to be even greater in response to brefeldin A. To assess
whether these results were due to a reduced activation of autophagy
and not rather from an increased degradation of LC3-II, we treated
HCT116 cells with chloroquine (CQ), an inhibitor of autophagic

© 2015 Regina Elena Cancer Institute

lysosomal protein degradation. Even in this case, Che-1-depleted
cells exhibited a significant decrease of LC3-II accumulation
(Fig 5B), thus indicating that Che-1 is involved in autophagy induc-
tion. Next, we evaluated whether stress conditions required Che-1
expression to induce autophagy. As shown in Fig 5C, glucose depri-
vation, hypoxia, and L.R. caused LC3-II accumulation in HCT116
cells concomitant with a decrease in p62/SQSTM1 (p62) abundance,
as expected for cells experiencing an increase of autophagic flux
(Klionsky et al, 2012). Notably, in response to each treatment, Che-1
depletion strongly reduced autophagy induction supported by the
increased p62 levels concomitant with reduced LC3-1I levels
(Fig 5C). These results were confirmed when HCT116 cells were
transiently transfected with a GFP-LC3 expression vector, control
siRNA, or Che-1 siRNA and treated with hypoxia or 2DOG. Cellular
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Figure 5. Che-1 regulates autophagy through Deptor and Redd1.
A-C WB analysis with the indicated Abs of TCEs from HCT116 transiently transfected with siRNA GFP (siControl) or siRNA Che-1 (siChe-1) and treated where indicated

D

with brefeldin A (5 pg/ml) (A), chloroquine (100 pM) (CQ) (B) or 2DOG (25 mM for 8 h) (left), hypoxia (1% O, for 16 h) (center), or I.R. (20 Gy) (right) (C).

HCT116 cells transiently transfected with Stealth siRNA negative controls (siControl) or siRNA Che-1 (siChe-1) and GFP-LC3 expression vector were treated where
indicated with 2DOG (25 mM for 8 h) or hypoxia (1% O, for 16 h). Cells were fixed with 4% formaldehyde and analyzed by fluorescence microscopy. Scale bar,
10 pm.

HCT116 cells were transiently transfected and treated as in (D). Twenty-four hours later, cells were fixed and GFP-LC3 distribution was assessed by fluorescence
microscopy and percentages represent punctate-LC3 expressing cells. The data represent the mean + SD from three independent experiments performed in
triplicate (n = 150 for each condition). n.s., not significant, *P < 0.001.

Quantitative RT-PCR (qRT-PCR) for MAP1LC3 mRNA expression was performed after transient transfection of HCT116 cells with siRNA GFP or siRNA Che-1
(siChe-1). Values were normalized to RPL19 expression. Error bars represent the standard error of three different experiments. P = 0.02.

WB analysis with the indicated Abs of TCEs from HCT116 cells transiently transfected with Stealth siRNA negative controls (siControl), siRNA Che-1 (siChe-1), and,
where indicated, with Flag-Deptor and Myc-Redd1 expression vectors, exposed to normoxia or hypoxia (1% O, for 16 h).

Fluorescence microscopy analysis of HCT116 cells transiently transfected with siRNA Che-1 (siChe-1), GFP-LC3, and, where indicated, with Flag-Deptor and
Myc-Redd1 expression vectors, treated with hypoxia. Scale bar, 10 pm.

WB analysis with the indicated Abs of TCEs from HCT116 transiently transfected with siRNA GFP (siControl) or siRNA Che-1 (siChe-1), treated with 2DOG (25 mM
for 8 h), and, where indicated, with 2100 nM CCI-779.

HCT116 cells were transiently transfected with GFP-LC3, and Stealth siRNA negative controls (siControl) or siRNA Che-1 (siChe-1), and treated as in (I). Cells were
fixed with 4% formaldehyde and analyzed by fluorescence microscopy. Scale bar, 10 pm.

HCT116 cells were transiently transfected and treated as in (J). Twenty-four hours later cells were fixed, and GFP-LC3 distribution was assessed by fluorescence
microscopy and percentages represent punctate-LC3 expressing cells. The data represent the mean + SD from three independent experiments performed in
triplicate (n = 140 for each condition). P < 0.0002.

Source data are available online for this figure.
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stresses strongly increased the percentage of cells with a punctate
GFP-LC3 pattern in control siRNA cells, whereas Che-1 depletion
significantly reduced this pattern (Fig 5D and E). In these experi-
ments, Che-1 depletion also produced a reduction of LC3-I, although
lower than that observed for LC3II, suggesting that Che-1 could also
control LC3 (MAPILC3) gene expression. Data from Affymetrix
analysis revealed a slight reduction of MAP1LC3 mRNA expression,
and this was confirmed by qRT-PCR (Fig 5F). To evaluate whether
the reduction of autophagy after Che-1 inhibition involved Deptor
and Reddl down-regulations, we depleted Che-1 in HCT116 cells in
the presence or in the absence of Deptor or Reddl overexpression
and treated cells with hypoxia. As shown in Fig 5G, Che-1 depletion
increased the phosphorylation of both S6 and ULKI1, a target of
mTOR involved in autophagic activation (Kim et al, 2011), and
reduced autophagy induction. On the contrary, overexpression of
Deptor or Redd1 restored mTOR inhibition and the induction of auto-
phagy in response to hypoxia (Fig 5G and H). Consistent with these
results, CCI-779 treatment completely overcame the effects of Che-1
depletion in cells treated with 2DOG (Fig 5I-K).

Altogether, these results indicate that Che-1 regulates autophagy
in response to cellular stress, through the induction of Deptor and
Redd1 expressions and mTOR inhibition.

Che-1 expression correlates with multiple myeloma progression

The data described above indicate that Che-1 is required to inhibit
mTOR activity and cell growth in response to several stresses by
regulating Redd1l and Deptor expressions. Surprisingly, Sabatini’s
group described that Deptor is overexpressed in a subset of human
multiple myelomas (MM). Indeed, in this type of hematological
malignancy, overexpression of Deptor is necessary for maintaining
Aktl activation and cell survival, most likely by inhibiting a negative
feedback loop induced by mTORC1, which is also inhibited by
Deptor (Peterson et al, 2009). These findings prompted us to investi-
gate whether Che-1 overexpression might have the same effect on
Aktl activity. To this aim, HCT116 cells were transfected with
Myc-Che-1 expression vector. As shown in Supplementary Fig S5A,
overexpression of Che-1 led to an increase of mTORC2 signaling
as monitored by the phosphorylation of its targets. Interestingly, in
agreement with the previous results, the activation of Aktl was not
observed in cells transfected with Che-1%** mutant (Supplementary
Fig S5B). Next, we evaluated Che-1 expression in human MM cells.
The analysis of Oncomine database (Agnelli et al, 2009) and other
public datasets (GSE2658 and GSE5900 combined, Zhan et al, 2006)
indicated that Che-1, Redd1, and Deptor mRNA expressions correlate
with MM progression (Fig 6A and Supplementary Fig S5C). In agree-
ment with these findings, immunohistochemical analysis revealed
high levels of Che-1 expression in MM cells (Fig 6B). To further
confirm these data, we analyzed Che-1 and Deptor expressions in
120 human primary MM samples. Western blot analysis of CD138-
sorted plasma cell fractions derived from monoclonal gammopathies
of undetermined clinical significance (MGUS) and MM patients
revealed almost undetectable Che-1 and Deptor protein expression
levels in the plasma cells from 23 MGUS samples, but their increas-
ing and widespread expression in 9/27 (33%) of smoldering
myeloma and 27/43 (62%) of symptomatic myeloma samples
(Fig 6C and D). Consistent with these results, the analysis of
559 MM from the above dataset (Zhan et al, 2006) revealed a linear

© 2015 Regina Elena Cancer Institute
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correlation between Che-1 and Deptor mRNA expressions (Supple-
mentary Fig S5D). A similar correlation was not found between Che-1
and Reddl mRNA expressions (Supplementary Fig S5D); however,
Western blot analysis of primary MM showed an increase of Redd1
expression during disease progression and its correlation with Che-1
levels (Supplementary Fig SSE). Notably, autophagy levels in these
samples strongly correlated with Che-1 and Deptor expressions
(Fig 6E and Supplementary Fig S5F). Immunofluorescence analysis
of 18 samples of CD138" MM cells confirmed Western blot data,
showing a progressive shift toward increased Che-1 expression in
the majority of symptomatic myelomas in comparison with MGUS
and smoldering myeloma samples (Fig 6F). To further confirm the
correlation between Che-1 and MM, we analyzed Che-1 expression
in bone marrow samples from Vk*MYC mice. Indeed, these animals
develop MM with age with the biological and clinical features highly
characteristic of the human disease (Chesi et al, 2008). Immuno-
histochemical assay of these samples revealed high levels of Che-1
expression in MM cells, compared to the residual bone marrow
(Fig 6G). Altogether, these observations strongly suggest that
increased levels of Che-1 may contribute to the development of MM.

Che-1 sustains survival in multiple myeloma cells

On the basis of the correlation between Che-1 levels and MM
progression as well as its involvement in the control of mTOR path-
way and autophagy induction, we evaluated its relevance in MM
growth and survival. To this aim, we analyzed Che-1 levels in differ-
ent MM cell lines and we found that lines with high levels of Che-1
(i.e., Kms18, Kms27, Utmc2, and Skmm2) showed higher levels
of Deptor expression and autophagy (Fig 7A and Supplementary
Fig S6A).

Deptor was found up-regulated in a subset of newly diagnosed
myelomas with cMaf/MafB translocations (Peterson et al, 2009). To
evaluate a possible correlation between Che-1 and c-MAF transloca-
tions in this disease, we analyzed the same public datasets described
above (Zhan et al, 2006). From this analysis, we did not observe a
significant Che-1 up-regulation in this particular subset (Supplemen-
tary Fig S6B). However, when we expanded the analysis of multiple
myeloma cell lines, we found that several cell lines lacking c-MAF
overexpression (Hurt et al, 2004) exhibited high levels of Che-1 and
Deptor (Fig 7A). These results were confirmed when we evaluated
c-MAF expression in symptomatic myeloma patients expressing
Che-1 and Deptor (Supplementary Fig S6C), indicating that Deptor
expression is activated in multiple myeloma by different mecha-
nisms. These findings were consistent with a cytogenetic analysis,
which showed that only 20% of MM patients with high levels of
Che-1 and Deptor displayed c-MAF translocations (M. Fanciulli,
unpublished observation). Next, we investigated whether Che-1
controls autophagy and survival in MM cells. Inactivation of Che-1
or Deptor in Kmsl18 and Kms27 cells produced similar effects,
increasing mTORC1 activity and inactivating mTORC2 complex
(Fig 7B), but Aktl activity was not repressed when Kms27 Che-1-
depleted cells were treated with CCI-779 (Supplementary Fig S6D).
Accordingly, Che-1 depletion in these cells increased cell size
(Supplementary Fig S6E) and induced apoptosis (Fig 7B and D, and
Supplementary Fig 6F). Notably, overexpression of Deptor in Che-1-
depleted Kms27 cells reversed mTORCI activation, mTORC2 inhibi-
tion, cell growth, and apoptosis (Fig 7C-E, Supplementary Fig S6E
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Figure 6. Che-1 expression correlates with multiple myeloma progression.

A Data from Agnelli et al (2009) provided by the Oncomine database and reanalyzed to show expression levels of Che-1 in normal bone marrow, MGUS, MM, and
plasma cell leukemia (n = 158). The associated P-value is shown above. Box and whisker plot shows the upper and lower quartiles (25-75%) with a line at the
median, whiskers extend from the 10" to the 90*" percentile, and dots correspond to the minimal and maximal values.
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in brown. Scale bar, 50 pm.

Source data are available online for this figure.

and F). In agreement with these results, both Che-1 overexpression
and its depletion did not affect mTOR activity and apoptosis in U266
cells, which exhibited low levels of Deptor (Fig 7B, Supplementary
Fig S6G and H). In these cells, ChIP experiments demonstrated the
absence of Che-1 on the Deptor promoter (Supplementary Fig
S6I). Next, we evaluated whether Che-1 could be involved in the
autophagy observed in MM cells. To this aim, MM cells were trans-
fected with control siRNA or Che-1 siRNA. As shown in Fig 7E and
Supplementary Fig S6J, Che-1 depletion strongly reduced autophagy
levels in these cells. Consistently, the rescue of Deptor expression
in Che-1-depleted cells restored high levels of LC3-II (Fig 7E and

The EMBO Journal Vol 34| No 9 | 2015

Immunohistochemical analysis for Che-1 expression was performed on bone marrow section from a symptomatic myeloma. Scale bar, 20 um.

Percentage of positive Che-1 and Deptor protein expression in plasma cells isolated from the bone marrow of 120 MM patient samples using CD138 magnetic beads.
Representative WB analysis with the indicated Abs of TCEs from CD138-purified MM primary tumors.

LC3I1/B-actin expression ratio of 120 MM patient samples. The data represent the mean =+ SD from the ratio of every single sample.

Immunofluorescence analysis of Che-1 expression in plasma cells purified from primary myelomas. Nuclei were visualized by staining with Hoechst dye. Scale bar, 20 pm.
Immunohistochemical analysis for Che-1 expression was performed on bone marrow section from a 113-week-old Vk*MYC mouse. Che-1 is stained in red and MUM1

Supplementary Fig S6K). Finally, to confirm that Che-1 regulates
autophagy by inhibiting mTORC1 activity, we depleted Che-1
expression in Kms27 cells and treated them with different concen-
trations of CCI-779. As shown in Supplementary Fig S6L and D,
treatments with low doses of this mTORC1 inhibitor were able to
protect MM cells from death induced by Che-1 knockdown, whereas
high doses of CCI-779 exhibited a strong toxicity.

Among the most effective class of compounds used in the treat-
ment of multiple myeloma, there are proteasome inhibitors that are
capable of inducing cell death through different mechanisms
(Hideshima et al, 2011), including prominently the induction of ER

© 2015 Regina Elena Cancer Institute
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Source data are available online for this figure.

stress, leading to the activation of apoptosis (Obeng et al, 2006).
Thus, we investigated whether Che-1 silencing might enhance the
effect of these compounds on MM cells. Che-1 depletion in Kms27
cells strongly sensitized these cells to bortezomib, a proteasome
inhibitor largely utilized in the treatment of MM (Supplementary Fig
S6M), and similar results were obtained from Kms18 cells (T. Bruno &
M. Fanciulli, unpublished observation). Altogether, these data
strongly indicate a critical role of Che-1 in MM survival.

Che-1 depletion suppresses multiple myeloma growth in vivo

The results described above indicate that Che-1 is required to
sustain autophagy and to maintain survival in MM cells. To confirm

© 2015 Regina Elena Cancer Institute

in vivo these results, we generated a conditional RNAi model by
infecting Kms27 and U266 with either a doxycycline (Dox)-inducible
lentiviral vector carrying a specific hairpin (sh) RNA against Che-1
(Kms27 ind-shChe-1) or with a vector carrying a control hairpin
(Kms27 ind-shControl) (Bruno et al, 2010). When these cells were
treated with Dox, Kms27 ind-shChe-1, but not Kms27 ind-shControl
cells, exhibited a strong decline in Che-1 and Deptor levels and
confirmed Che-1 involvement in mTOR activity (Fig 8A). On the
contrary, Che-1 depletion in U266 cells did not produce any effect
(Supplementary Fig S7A). Next, either ind-shChe-1- or ind-shControl-
engineered cells were implanted subcutaneously in nude immuno-
deficient mice. Once injected cells had generated tumor nodules
(0.8 cm?), animals were treated with Dox (2.0 g/1) for 5 weeks. As

The EMBO Journal Vol 34 | No 9] 2015
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Figure 8. Che-1 depletion suppresses multiple myeloma growth in vivo.

A Kms27 cells were infected with LV-THsh/Che-1 (shChe-1) or LV-THsh/Control (shControl) and LV-tTR-KRAB lentiviruses and TCEs from cells induced (+Dox) or not
(—Dox) were analyzed by WB with the indicated Abs.

(B) Engineered Kms27 ind-shChe-1 and Kms27 ind-shControl cell lines were implanted subcutaneously into nu/nu mice, and animals were treated as reported (see
text). Animals were weekly monitored as reported in Materials and Methods. Relative tumor growth was estimated by the formula V/VO, where V represents tumor
volume at different times post-treatment, whereas VO represents tumor volume before treatment. The graphic is representative of two independent experiments
with similar results. (C) Representative mice (top) or excised tumors (bottom) from induced (+Dox) Kms27 ind-shChe-1 and Kms27 ind-shControl implanted cells
treated or not with CCI-779. (D) Western blot analysis of excised tumors performed by using the indicated Abs.

CD138" neoplastic cells from patients with symptomatic myeloma were cocultured with stromal cells from the same patient for 24 h before infecting them with
shChe-1 or shControl lentiviral vectors. After 96 h, TCEs from MM primary cells transfected with siControl or siChe-1 were analyzed by WB with the indicated Abs
(E), and the relative number of viable myeloma cells was quantified by FACS (F).

Model to explain Che-1 involvement in the control of mTOR activity. In response to cellular stress, Che-1 is activated and recruited onto Redd1 and Deptor
promoters inducing their expression. This results in a simultaneous decrease of mMTORC1 activity and increase of mTORC2 activity, allowing induction of autophagy
and survival.

B-D
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Source data are available online for this figure.

shown in Fig 8B and C, ablation of Che-1 in Kms27 cells had an
impact on tumor growth in comparison to control mice, producing a
considerable reduction in tumor size. Notably, this effect was
strongly counteracted by treating mice with CCI-779 (Fig 8B and C),
thus confirming in vivo that Che-1 sustains MM cell growth by
inhibiting mTORC1 activity. Consistent with these findings, a

The EMBO Journal Vol 34| No 9| 2015

Western blot analysis of these tumors revealed an increase of p-S6
levels with a concomitant decrease of p-Aktl levels in Che-1-
depleted cells, but these effects were partially reversed in CCI-779-
treated mice (Fig 8D). On the contrary, Che-1 depletion in U266
cells did not exhibit similar results (Supplementary Fig S7B and C).
To substantiate these results, we isolated CD138" neoplastic cells

© 2015 Regina Elena Cancer Institute



Agata Desantis et al ~ Che-1 sustains multiple myeloma cell growth

from patients with symptomatic myeloma and co-cultured the
neoplastic plasma cells with autologous stromal cells for 24 h before
infecting them with shChe-1 or shControl lentiviral vectors (Supple-
mentary Fig S7D). In addition to Che-1 depletion, shChe-1 transduc-
tion in Che-1-expressing cells produced a reduction in autophagy
induction (Fig 8E) with a concomitant increased rate in cell death
(Fig 8E). These effects were not observed in a MM sample in which
Che-1 was not expressed (Fig 8E and F). Taken together, these find-
ings strongly indicate that Che-1 maintains the viability of myeloma
cells and suggest it as a candidate therapeutic target of this disease.

Discussion

The mTOR signaling pathway plays a central role in cell growth and
survival control (Laplante & Sabatini, 2012). Therefore, it is not
surprising that several stress conditions regulate mTOR activity,
thereby allowing cells to survive under non-optimal conditions
(Sengupta et al, 2010). In particular, it has been demonstrated that
the tumor suppressor p53 upon several kinds of stress can repress
mTOR through multiple mechanisms (Ellisen et al, 2002; Feng et al,
2007; Budanov & Karin, 2008).

In the present study, we provide evidence that Che-1 negatively
controls mTOR activity in a p53-independent way, consequently
requiring TSC2. We show that Che-1 is activated by several stress
conditions and inhibits mTOR pathway by inducing Reddl and
Deptor expression, two important inhibitors of mTOR. Furthermore,
inhibition of Che-1 strongly decreases autophagy leading to apopto-
sis. We also document overexpression of Che-1 during MM progres-
sion and a positive correlation between Che-1 and Deptor
expressions in several human symptomatic myelomas, thus provid-
ing evidence that Che-1 sustains cell growth and survival in MM
cells.

Our results demonstrate that not only DNA damage but also
other stress conditions lead to Che-1 phosphorylation and activation
(Fig 2A and Supplementary Fig S2B). Interestingly, we found
histone H2AX phosphorylation in response to hypoxia and 2DOG
treatments (Fig 2A), thus suggesting that this kind of stresses can
activate DNA damage response. Several studies have demonstrated
that hypoxia can activate ATM and Chk2 kinase activities (Gibson
et al, 2005; Cam et al, 2010), whereas the effects of glucose depriva-
tion on DNA integrity have not yet been clarified. Nevertheless, we
can speculate that metabolic alterations generated by 2DOG treat-
ment might produce oxidative DNA damage and activate checkpoint
kinases.

We show that Che-1 regulates ReddI and Deptor gene expression
(Fig 3A and B, Supplementary Fig S3A, C and D). We found that Che-1
is recruited onto their promoters together with RNA polymerase II
(Fig 3C) and that this recruitment is mediated by phosphorylation,
which increases in response to stress (Fig 3D and E). Strikingly,
overexpression of Redd1 and Deptor in Che-1-depleted cells comple-
tely restored mTOR inhibition (Fig 4C and D). Interestingly, a recent
analysis of the mTOR-dependent phosphoproteome has identified
the murine ortholog of Che-1 as a potential mTOR effector (Yu et al,
2011). These findings were consistent with a direct interaction
between Che-1 and mTOR (T. Bruno & M. Fanciulli, unpublished
observation), allowing to speculate that Che-1 like Deptor might be
a mTOR target and participate in the mTOR auto-amplification loop

© 2015 Regina Elena Cancer Institute
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recently described (Duan et al, 2011). Che-1 inhibits mTORCI in a
TSC2-dependent manner (Fig 1C and D). While this finding is in
agreement with Redd1 induction by Che-1, it is not easily reconcil-
able with Deptor activity. Nevertheless, Peterson et al showed that
TSC2~/~ MEF cells exhibit very low levels of Deptor (Peterson et al,
2009). Further supporting these findings, we showed that Che-1
induces Deptor expression in TSC2*/* cells, but not in TSC2™~ cells,
which presented almost undetectable levels of Deptor even before
Che-1 overexpression (Fig 4E).

Our findings demonstrate that Che-1 inhibition decreases auto-
phagy activation in response to cellular stress (Fig 5A and B), and
this phenomenon is lost when Reddl and Deptor expression are
restored (Fig 5G and H) or when cells are treated with a mTORC1
inhibitor (Fig S5I-K). This indicates that Che-1 plays a role in the
autophagy induction, partially through regulating the activity of
mTOR signaling, a central regulator of this pathway (Jung et al,
2010; Neufeld, 2010). Autophagy is a tightly regulated pathway
involving the massive degradation of cellular organelles or cytosolic
components (Kroemer et al, 2010). This pathway constitutes a
major mechanism that allows cells to survive in response to several
stressors, and many molecular events support a mutual exclusion
between autophagy and apoptosis (Kroemer et al, 2010). In
agreement with this concept, our results enable us to propose a
model in which Che-1 is an important regulator of the balance
between autophagy and apoptosis in response to cellular stress,
promoting growth arrest and survival and inhibiting cell death
(Fig 8F). At the same time, Che-1 may contribute to prevent energy
crisis under stress conditions, through maintaining low mTORC1
activity and high Aktl activity, thus, reducing energy consumption
while promoting energy production.

We further report overexpression of Che-1 during MM progres-
sion (Agnelli et al, 2009). This finding is rather intriguing, as Che-1
has been described to play a relevant role in protecting cells in ER
stress/unfolded protein response (UPR) (Ishigaki et al, 2010), which
are able to render MM cells resistant to proapoptotic stresses
(Shapiro-Shelef & Calame, 2004). Therefore, the identification of a
new important mechanism that favors MM-specific survival may be
critical in gaining further insights into the disease. Our results show
that Che-1 and Deptor are poorly expressed in most monoclonal
gammopathies and smoldering myelomas, whereas in about 62% of
symptomatic diseases, we found high levels of these proteins.
Therefore, it is tempting to speculate that high levels of Che-1 and
Deptor are required for the survival of MM cells, and additionally,
they may be considered useful markers to monitor disease
evolution.

Deptor is up-regulated in a subset of newly diagnosed myelomas
with ¢cMAF/MAFB overexpression (Peterson et al, 2009). Che-1
expression was not found increased in this particular subset
(Supplementary Fig S6A). Nevertheless, our results indicate that
both Che-1 and Deptor are up-regulated in several MM cell lines and
patients samples without cMAF overexpression (Fig 7A and Supple-
mentary Fig S6B), thus suggesting that several mechanisms may
contribute to the high levels of Deptor observed in MM.

We found a high level of autophagy in symptomatic myelomas
(Fig 6D). This agrees with the evidence showing that ER stress
triggers autophagy to sustain cell viability, especially in cancer cells
(Yorimitsu et al, 2006; Suh et al, 2012). In addition, recent studies
have demonstrated that autophagy is specifically required for plasma
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cell homeostasis by limiting ER expansion (Pengo et al, 2013) and
that inhibition of autophagy cell death through caspase 10 is essential
for myeloma cell viability (Lamy et al, 2013). Consistent with these
observations, high levels of Che-1 in MM may be required for modu-
lating autophagy response, preventing it from inducing cell death
(Ishigaki et al, 2010). Therefore, it is possible to hypothesize a
scenario in which increasing levels of ER stress/UPR during MM
progression induce Che-1 and Deptor expression to inhibit mTORC1
activity, thereby activating autophagy and promoting cell survival by
Aktl activation (Fig 8G). Moreover, it has been recently demon-
strated that inactivation of Xbpl, an important gene involved in UPR,
contributes to therapeutic resistance in MM (Leung-Hagesteijn et al,
2013). Since Che-1 was found less expressed in relapsed samples than
in untreated samples (Fig 6C), it is also possible to speculate that MM
cells, in which Che-1 is poorly expressed or inactivated, can acquire
an advantage in response to chemotherapeutic treatments.

In conclusion, these findings highlight the important role that
Che-1 plays in response to many stress conditions, regulating
processes such as cell growth, autophagy, and apoptosis, further
strengthening the notion that Che-1 could be considered a valid
target for novel therapeutic approaches.

Materials and Methods

Cell lines, constructs, and transfections

HCT116 wild-type and p53’/’, 293T packaging cells, HeLa, MEF,
MEF TSC2"/* p537/~, and MEF TSC2™/~ p53~/~ cells (kindly
provided by Dr. D. Kwitakowski, Harvard Medical School) were
cultured in DMEM supplemented with 10% FBS. Angiomiolipoma
cells TSC27/meM  ASM (9C) were cultered in DMEM/F12
supplemented with 15% FBS, EGF 10 ng/ml, and hydrocortisone
0.1 nM. U266, Kms18, Kms27, Rpmi-8226, Arh77, Xg-2, Jjn3, Ina6,
Skmm1, Utcm2, and Skmm2 multiple myeloma cell lines were
cultered in Optimem supplemented with 15% FBS. All cell lines
were periodically tested for mycoplasma contamination by RT-PCR
analysis. For hypoxia exposure, culture dishes were placed in a
hypoxia chamber (Fisher Scientific) allowing the formation of a
hypoxic environment of 5% CO,, 95% N,. Unless stated otherwise,
these hypoxic levels (1% of oxygen concentration, 16 h) were used
in all experiments. Transfections were carried out by Lipofectamine
2000 (Life Technologies) following the manufacturer’s instructions.
The following plasmids were used in transfection experiments:
pRKS human Flag-Deptor (Addgene, ID 21334), Myc-tagged Che-1,
and its mutant Myc-Che-1%** were described elsewhere (Bruno et al,
2006). Myc-tagged Reddl was generated by cloning Reddl
cDNA into the pCS2-MT vector. GFP-LC3 expression vector was
kindly provided from Dr. Hovard (Martens et al, 2005). The mTOR
inhibitor CCI-779 was purchased from Chemocare, whereas
2DOG, 5-azacytidine, doxycycline, chloroquine (diphosphate salt),
brefeldin A, and KU55933 were purchased from Sigma.

Cell extracts and Western blot analysis
Cell extracts purifications and Western blotting analyses were

performed as described (Bruno et al, 2006) by using the following
antibodies:
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Rabbit polyclonal antibodies: anti-Che-1 (Fanciulli et al, 2000)
WB 1:1,000, IF 1:500; PARP-1 p85 fragment (Parp p85) (Promega,
G7341) WB 1:1,000; Deptor (Upstate/Millipore, 09-463) WB 1:500,
IF 1:100; Redd1 (Proteintech group, 10638-1-AP) WB 1:1,200; Ulk1l
(Santa Cruz, sc-33182, clone H-240) WB 1:500; SGK phospho-S422
(Santa Cruz, sc-16745) WB 1:250; PKCa phospho-S657 (Santa Cruz,
sc-12356) WB 1:250; c-MAF (Santa Cruz, sc-7866, clone M-153) WB
1:500; S6K phospho-T389 (Cell Signaling, Sampler Kit #9862, clone
108D2) WB 1:1,000; 4E-BP1 phospho-T37/T46 (Cell Signaling,
Sampler Kit #9862) WB 1:1,000; S6 p-S235/236 (Cell Signaling,
#4858, clone D57.2.2E) WB 1:1,000; Aktl phospho-S473 (Cell
Signaling, #4063, clone D9E) WB 1:1,000; Aktl phospho-T308 (Cell
Signaling, #13038, clone D25E6) WB 1:1,000; GSK o/f phospho-
S21/9 (Cell Signaling, #4858, clone D57.2.2E) WB 1:1,000; Ulk1l
phospho-S757 (Cell Signaling, #6888) WB 1:1,000; TSC2 (Cell
Signaling, #3612) WB 1:1,000; 4E-BP1 (Cell Signaling, #9644, clone
53H11) WB 1:1,000; Akt1 (Cell Signaling, #2938, clone C73H10) WB
1:1,000; S6K (Cell Signaling, #2708, clone 49D7) WB 1:1,000; ATM
(Cell Signaling, #2873, clone D2E2) WB 1:1,000; and LC3B (Cell
Signaling, #3868S, clone D11) WB 1:1,000, IF 1:200. Mouse mono-
clonal antibodies: anti-Myc (Life Technologies, #13-2500, clone
9e10) WB 1:1,000; pB-actin (Sigma, AS5441, clone AC-15) WB
1:10,000; Flag M2 (Sigma, F1804) WB 1:1,000; SGK (Santa Cruz,
sc-377360, clone G-4) WB 1:250; PKCa (Santa Cruz, sc-8393, clone
H-7) WB 1:250; p62/SQSTM1 (Santa Cruz, sc-28359, clone D-3) WB
1:200; ATM phospho-S1981 (Cell Signaling, #4526, clone
10H11.E12) WB 1:1,000; histone H2A.X phospho-S139 (Merck-
Millipore, 05-636, clone JBW301) WB 1:1,000; S6 (Cell Signaling,
#2317, clone 54D2) WB 1:1,000; and CD138, (Dako, M7228, clone
MI15) IF 1:25. Goat polyclonal MUM1 (Santa Cruz, sc-139011, clone
N-18) THC 1:200. Affinity-purified polyclonal anti-P474-Che-1 was
produced by Phosphosolutions. Secondary antibodies used were
goat anti-mouse and goat anti-rabbit, conjugated to horseradish
peroxidase (Bio-Rad). Immunostained bands were detected by the
chemiluminescent method (Pierce).

Immunofluorescence

Immunofluorescence analyses of anti-Chel, anti-Deptor, or anti-LC3
on CD138" positive cells were performed using cytospin prepara-
tions of cells mounted on glass slides using a Thermo Shandon cyto-
spin 2 (Thermo Fisher Scientific), whereas transfected HCT116 cells
were subjected to immunofluorescence assays 48 h following trans-
fection. Briefly, cells were fixed in 4% formaldehyde for 15 min and
then permeabilized with 0.1% Triton X-100 in phosphate-buffered
saline (PBS) for 5 min. Primary antibodies were used for immuno-
staining, followed by Alexa-Fluor-594-conjugated and Alexa-Fluor-
488-conjugated anti-rabbit IgG (Life Technologies). Nuclei were
visualized by staining with 1 pg/ml Hoechst dye 33258 (Sigma). As
a control, the primary antibodies were omitted (data not shown).
Immunofluorescence analysis was performed using the microscope
Axioskop 2 plus, and fluorescence signals were analyzed by record-
ing images using a CCD camera (Zeiss, Oberkochen, Germany).

Immunohistochemistry

For double immunohistochemical staining, the following procedure
was adopted. Briefly, formalin-fixed, paraffin-embedded 4-pm-thick
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sections underwent staining with IRF4/MUM1 monoclonal antibody
(Santa Cruz, clone sc-56713, dil 1:1500, Ag retrieval with
Tris-EDTA, pH 9, at 98°C for 10 min); slides were washed in TBS
and developed in diaminobenzidine. Subsequently, polyclonal
anti-Chel was applied (dil 1:400, Ag retrieval with citrate, pH 6, at
maximum MW for 5 min). Sections were counterstained with hema-
toxylin. Proper negative controls were used.

siRNA

The 22-nt siRNA duplexes corresponding to nucleotides 1062—-1083
(siChe-1-1), 1473-1492 (siChe-1-2) and 2093-2111 (siChe-1-3) of
human Che-1 sequence, and to nucleotides 122-143 of the negative
control green fluorescent protein (GFP), were synthesized in vitro by
using the Silencer siRNA construction kit (Ambion), following the
manufacturer’s instruction. Stealth Deptor, Reddl, and siRNA
Negative Controls double-stranded RNA oligonucleotides were
purchased from Life Technologies. RNA interference experiments
were performed by transfecting RNA oligos using Lipofectamine
2000 (Life Technologies).

Chromatin immunoprecipitation assays (ChIP)

Chromatin immunoprecipitation assays in HCT116, Kms27, and
U266 cells were performed as previously described (Bruno et al,
2002) by using anti-Che-1 and anti-Myc antibodies. Immunoprecipi-
tations with no specific immunoglobulins (Santa Cruz) were
performed as negative controls. For quantitative ChIP analysis
(ChIP-qPCR), 1 pl of purified DNA was used for amplification on an
Applied Biosystems 7500 Fast Real Time PCR system (with Applied
Biosystem SYBR GREEN). The following human promoter-specific
primers were employed in PCR amplifications:

5'-ATGGCTGAGGTCTTGGTCAC-3’
5’- GTACACGGGAAGACGGACAG-3'
5'-CAGGAGAGAACGTTGCTTACG-3'
5'-AGCCGCTGTAAGACAAGAGG-3'

Deptor forward
Deptor reverse
Redd1 forward
Redd1 reverse

ChiP-sequencing

Chromatin immunoprecipitations were performed as previously
described (Bruno et al, 2002) by using rabbit polyclonal antibodies
anti-Che-1 and anti-RNA polymerase II S-5P (Abcam, ab5131) and
Dynabeads Protein G (Life Technologies). The quantity of the immu-
noprecipitated material was determined by Qubit 2.0 fluorometer
(Life Technologies). 10 ng of the immunoprecipitated chromatin
was used to prepare the libraries for sequencing following the
manufacturer’s instructions including DNA end repairing, adaptor
ligation, and amplification (Illumina). Fragments of about 100-
180 bp (without linkers) were isolated from agarose gel and used
for sequencing using the Illumina GA IIx. (36 bp, 21-26 million
quality-filtered and uniquely aligned reads per sample).

Data analysis
The Fastq files generated by the Illumina pipeline were mapped to

the human genome using Bowtie allowing up to 2 mismatches. Only
uniquely mapped reads were kept. The peaks of the ChIP-seq were
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identified using MACS version 1.4 (Zhang et al, 2008). An input
control library served as a negative control. The false discovery rate
allowed was < 1%. The setting for peak calling was tsize = 36,
bw = 250, mfold = 10,30, and P-value at least 1e-5. The reference
genome used throughout was the human genome assembly hgl8.
All gene and transcript data, such as transcription start site posi-
tions, came from UCSC (http://genome.ucsc.edu).

Microarray analysis

Total RNA was extracted from HCT116 cells by TRIzol (Invitrogen),
purified from genomic DNA contamination through a DNase I
(Qiagen) digestion step and further enriched by Qiagen RNeasy
columns for gene expression profiling (Qiagen). Quantity and integ-
rity of the extracted RNA were assessed by NanoDrop Spectropho-
tometer (NanoDrop Technologies) and by Agilent 2100 Bioanalyzer
(Agilent Technologies), respectively. Expression profiles were deter-
mined by using the Human Gene 1.0 ST arrays (Affymetrix) accord-
ing to the manufacturer’s instructions. Briefly, the Affymetrix
GeneChip® Whole Transcript Sense Target Labelling Assay was
used to amplify and reverse-transcribe total RNA, and to biotinylate
sense-strand DNA targets. Arrays were hybridized with the labeled
target hybridization cocktail by rotation in the Affymetrix Gene Chip
hybridization oven at 45°C for 16 h, washed in the Affymetrix
GeneChip Fluidics station FS 450, and scanned by Affymetrix Gene
Chip scanner 3000 7G system. Scanned image files (CEL) were
processed, normalized (RMA-Sketch Quantile), and log,-trans-
formed by Expression Console Software (Affymetrix website).
Normalized intensity files were statistically analyzed to calculate
t-statistics and P-values, and adjusted by the false discovery rate
(FDR< 5%) approach.

RNA isolation and quantitative RT-PCR analysis

Cells were harvested 36 h after transfection and total RNA isolated
using TRIzol reagent (Life Technologies) in accordance with the
manufacturer’s instructions, and the first-strand cDNA was synthe-
sized with random primers and SuperScript II reverse transcriptase
(Life Technologies). The cDNA was used for quantitative real-time
PCR (qRT-PCR) experiments carried out in an 7500 Fast Real Time
PCR System (Applied Biosystem) using SYBR GREEN PCR Master
Mix (Applied Biosystem). AACt values were normalized with those
obtained from the amplification of the endogenous RPL19 gene. The
following human-specific primers were employed in PCR amplifica-
tions:

5’-CCGGAATTCGGATAAGACCAAACTGGCT -3’
5'-CCGCTCGAGGAGTTCTCGAAGGAGCTG-3’
5’-AGCTTTGCCACCGGCTTAT-3’
5'-GGCAGAAGGGACTGTCATGAG-3’
5’-CACCCCAAAAGTTCAGTCGT-3'
5-TGTTTAGCTCCGCCAACTCT-3'

RPL19 forward 5’- CGGAAGGGCAGGCACAT-3’

RPL19 reverse 5'-GGCGCAAAATCCTCATTCTC-3'
MAPI1LC3B forward 5-AGCAGCATCCAACCAAAATC-3’
MAPI1LC3B reverse 5'-CTGTGTCCGTTCACCAACAG-3'
Myc-Che-1 forward 5-ATGGAGAGCTTGGGCGACCTCACC-3'
Myc-Che-1 reverse 5-TCATTCCATGCTTTTCTA3’

Chel forward
Chel reverse
Deptor forward
Deptor reverse
Redd1 forward
Redd1 reverse
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Design and cloning of shRNA

shChe-1 sequence (nucleotides 824-842):
5’-gatccccAAAGTTTCTGAGGAAGTGGttcaagagaCCACTTCCTCAGAA
ACTTTtttttggaaa-3’ and 5'-agcttttccaaaaaAAAGTTTCTGAGGAAGT
GGtctcttgaaCCACTTCCTCAGAAACTTTggg-3';

shControl sequence:
5'-cgcgtCTATAACGGCGCTCGATATttcaagagaATATCGAGCGCCGTT
ATAGtttttggaaat-3’, and 5'-cgatttccaaaaaCTATAACGGCGCTCGATA
TtctettgaaATATCGAGCGCCGTTATAGa-3'. Oligos were annealed
and cloned in pLV-THM vector (Wiznerowicz & Trono, 2003), Mlul/
Clal (Boehringer Mannheim) digested, generating the new lentiviral
vector pLV-TH shChe-1.

Viral vectors

Lentiviral vectors pLV-THM and pLV-tTR-KRAB (Wiznerowicz &
Trono, 2003) were produced as previously described (Bruno et al,
2010). Lentiviral stocks were titered following standard protocols
(Wiznerowicz & Trono, 2003), and routinely, a viral titer of 10°
transducing units per ml (TU/ml) was achieved.

In vivo experiments

Kms27 and U266 cells were transduced as previously described
(Bruno et al, 2010).

Groups of female CD-1 nude (nu/nu) mice (6-8 weeks old and
22-24 g in body weight) (Charles River Laboratories, Lecco, Italy)
were maintained in sterile environment. Engineered cells (1.0 x 107
cells/mouse) were injected with matrigel (BD Biosciences) in intra-
scapular area. Doxycycline was delivered to the mice through drink-
ing water [tap water+3,0% sucrose (Sigma)] in dark stained bottles
and renewed every 4 days. To rescue Chel-depletion effects in vivo,
a randomly allocated subgroup of ind-sh/Chel (8 mice/group)
tumor-bearing mice were treated with CCI-779, whereas control
ind-sh/Chel and ind-sh/Control tumor-bearing mice were delivered
with vehicle solution. CCI-779 was diluted in 5% Tween-80 and 5%
polyethylene glycol-400 (Sigma) to the final concentration of 5 g/I.
The CCI-779 drug solution (20 pl) was administrated intraperitone-
ally two times a week (total of 10 injections). Xenograft tumor
growth delay was monitored twice a week by calliper measure-
ments, and tumors volumes [TV (cm®)] were estimated by the
formula: TV = a x (b%)/2, where a and b are tumor length and
width, respectively, and results reported as relative tumor growth
(V/V0). At the end of treatments, animals were sacrificed following
standard protocols, tumors excised, and sections frozen in nitrogen
liquid. The group number was determined by assuming an
alpha = 0.05 and power (1-beta) of 80%, with a standard deviation
of 3%, that allowed to reveal growth difference by using the formula
of Shah (2011). Pre-established criteria were as follows: Inclusion,
animals with established tumor, with volume range from 0.15 to
0.30 cm?; exclusion, tumor-free animals and tumor-bearing animals,
with volume out of reported range. The animal facility staff
performed random group allocation, treatments, and tumor
measurements in blinding condition.

All procedures involving animals and their care were conducted
in accordance with Institutional guidelines and Italian Health Minis-
try approvals.
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Patients’ material

Monoclonal gammopathies of undetermined clinical significance and
MM patient samples were collected as part of routine clinical exami-
nation. Written informed consent to participate in this study was
provided by all subjects in accordance with the Declaration of
Helsinki and the Mayo Clinic Institutional Review Board. The study
was approved by the Regina Elena Cancer Institute Ethical committee.
MGUS and MM patients were determined according to the interna-
tional working group classification based on the level/concentration
of serum M-protein and percentage of bone marrow plasma cells. The
distinction between symptomatic and asymptomatic myeloma relies
on the presence or absence of myeloma-related organ or tissue
impairment (The International Myeloma Working Group, 2003).
MGUS patients had < 10% BM clonal PCs and < 3 g/dl of serum
M-protein, while patients diagnosed with MM had 10% or greater
clonal BM-PCs and/or > 3 g/dl of serum M-protein. Bone marrow
aspirates were enriched for plasma cells by magnetic cell separation
using a human CDI138 positive selection kit (Miltenyi Biotec,
Germany) and Macs Separator (Macs Miltenyi Biotec, Germany).

Statistical analysis

Statistical analysis was performed by using the Student’s two-tailed
t-test to compare in vitro experiments. All statistical tests were
carried out using GraphPad Prism version 5.0 for Windows, Graph-
Pad Software, San Diego California, USA (www.graphpad.com).
Probability value of < 0.05 was considered statistically significant.

Accession number

The microarray data from this publication have been submitted to
the National Center for Biotechnology Information (NCBI) Gene
Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo)
and assigned the identifier accession number GSE45009 (submitter
M. Fanciulli).

Supplementary information for this article is available online:
http://emboj.embopress.org
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