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Bortezomib (Velcade) is used widely for
the treatment of various human cancers;
however, its mechanisms of action are
not fully understood, particularly in
myeloid malignancies. Bortezomib is a
selective and reversible inhibitor of the
proteasome. Paradoxically, we find that
bortezomib induces proteasome-
independent degradation of the TRAF6
protein, but not mRNA, in myelodysplas-
tic syndrome (MDS) and acute myeloid
leukemia (AML) cell lines and primary
cells. The reduction in TRAF6 protein co-
incides with bortezomib-induced au-

tophagy, and subsequently with apo-
ptosis in MDS/AML cells. RNAi-mediated
knockdown of TRAF6 sensitized
bortezomib-sensitive and -resistant cell
lines, underscoring the importance of
TRAF6 in bortezomib-induced cytotox-
icity. Bortezomib-resistant cells ex-
pressing an shRNA targeting TRAF6 were
resensitized to the cytotoxic effects of
bortezomib due to down-regulation of the
proteasomal subunit -1 (PSMA1). To de-
termine the molecular consequences of
loss of TRAF6 in MDS/AML cells, in the
present study, we applied gene-expression

profiling and identified an apoptosis
gene signature. Knockdown of TRAF6 in
MDS/AML cell lines or patient samples
resulted in rapid apoptosis and impaired
malignant hematopoietic stem/progen-
itor function. In summary, we describe
herein novel mechanisms by which
TRAF6 is regulated through bortezomib/
autophagy—-mediated degradation and by
which it alters MDS/AML sensitivity to
bortezomib by controlling PSMA1 ex-
pression. (Blood. 2012;120(4):858-867)

Introduction

Myelodysplastic syndrome (MDS) is a hematologic malignancy
defined by blood cytopenias due to ineffective hematopoiesis, a
predisposition to acute myeloid leukemia (AML), and genomic
instability.!> Molecular-targeted therapies do not exist for MDS
and the mechanisms of current therapies are largely unknown.
More recently, bortezomib (Velcade), which is widely used for the
treatment of multiple myeloma (MM) and lymphomas, is being
evaluated as a single agent or in combination with chemotherapy in
certain MDS and AML patients.> Bortezomib is a selective and
reversible inhibitor of the 26S proteasome, and mechanistic studies
have revealed that inhibition of the proteasome complex leads to
accumulation of lysine (K)—48 ubiquitin-linked proteins and conse-
quently to cytotoxic effects in malignant cells.® Proapoptotic and
cell-cycle inhibitor proteins are stabilized after proteasome inhibi-
tion and thought to contribute to the anticancer effect by inducing
apoptosis and inhibiting the cell cycle, respectively.® Nevertheless,
the molecular and cellular mechanisms of bortezomib-induced
cytotoxicity remain unknown, particularly in MDS/AML. Whereas
the role of bortezomib in regulating cell-cycle entry and survival
have been characterized partially in MDS/AML,” recent evidence
has pointed to a more general cellular effect: bortezomib treatment

results in the accumulation of nondegraded proteins, leading to
endoplasmic reticulum stress and autophagy in cancer.'%1> Under
normal cellular stresses, autophagy, a catabolic pathway, degrades
long-lived proteins and defective and superfluous organelles.!?
However, under conditions of extreme cellular stress, autophagy is
used by the cell to undergo death.'*

Human miR-146a, a candidate gene in del(5q) MDS/AML, is
reduced significantly in del(5q) and normal karyotype MDS/AML
patients.’>17 TRAF6 is a key target of miR-146a!>!819 and, as
expected, miR-146a—knockout mice have a dramatic increase in
TRAF6 protein within the hematopoietic compartment.?%?! Retro-
viral overexpression of TRAF6 in mouse hematopoietic stem/
progenitor cells results in MDS-like hematopoietic defects and
progression to AML."> Bortezomib has been shown previously to
be effective for an MDS patient with del(5q) and was also reported
to reduce directly TRAF6 mRNA and protein in osteoclast
precursors from MM patients.?>?3 Because TRAF6 is implicated in
MDS/AML and bortezomib has been shown to be effective in
del(5q) MDS and to inhibit TRAF6 in MM, we hypothesized
that one mechanism of bortezomib action is through inhibition
of TRAF®6.

Submitted February 2, 2012; accepted May 21, 2012. Prepublished online as
Blood First Edition paper, June 8, 2012; DOI 10.1182/blood-2012-02-407999.

The online version of this article contains a data supplement.

858

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

© 2012 by The American Society of Hematology

BLOOD, 26 JULY 2012 - VOLUME 120, NUMBER 4

20z aunr g0 uo 3sanb Aq Jpd 8580002 | 0€08UZ/1 26861 1/858/+/0Z L /}Pd-81o11e/poojgeusuoledlgndyse//:diy woly papeojumoq


https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2012-02-407999&domain=pdf&date_stamp=2012-07-26

BLOOD, 26 JULY 2012 - VOLUME 120, NUMBER 4

In the present study, we identified TRAF6 as a relevant target of
bortezomib-induced cytotoxicity in MDS/AML (independent of
chromosome 5q status). Paradoxically, we found that bortezomib
induced the degradation of the TRAF6 protein, but not mRNA, in
MDS/AML cells. The reduction in TRAF6 protein coincided with
bortezomib-induced autophagy, and subsequently with apoptosis in
MDS/AML cells. The addition of an autophagy inhibitor,
3-methyladenine (3-MA), to bortezomib-treated AML cells re-
stored TRAF6 protein expression and enhanced cell viability.
These findings suggest that a mechanism of bortezomib-induced
cell death in myeloid malignancies involves elimination of the
TRAF6 protein by autophagic lysosomes. RNAi-mediated deple-
tion of TRAF6 in MDS and AML samples resulted in reduced
malignant leukemic progenitor function and rapid apoptosis. To
determine the molecular consequences of the loss of TRAF®6, in the
present study, we applied gene-expression profiling and identified
genes relevant to the survival of MDS and AML cells. One
significantly down-regulated gene encodes the a-subunit of the
proteasome (PSMA1). Reduced expression of PSAM1 resensitizes
bortezomib-resistant leukemia cells. In summary, the results of the
present study show that bortezomib initiates apoptosis in MDS/
AML cells by autophagic/lysosome—mediated degradation of the
TRAF6 protein. These findings implicate TRAF6 in bortezomib-
induced cell death and in the survival of MDS/AML progenitors.

Methods

Cell lines and CD34+ cells

The AML cell lines TF-1, THP1, and HL60 were from ATCC. The MDS
cell line MDS-L was provided by Dr Kaoru Tohyama (Kawasaki Medical
School, Okayama, Japan).?* Detailed cytogenetics for the cell lines has been
described previously.!” CD34" cells were positively selected from cryopre-
served BM or cord blood cells by immunomagnetic separation (at the
Cincinnati Children’s Hospital Medical Center core facility). Bortezomib-
resistant (Bort-R) and bortezomib-sensitive (Bort-S) THP1 cells were
described previously.?® Culture conditions for each cell line are provided in
supplemental Methods (available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article).

Patient MDS and AML samples

The primary MDS samples (MDS-01 and MDS-02) are mononuclear cells
from BM aspirates obtained at diagnosis as part of a multicenter phase 2 trial
based in Italy evaluating the safety and efficacy of lenalidomide. The patients
were diagnosed as low-risk MDS based on International Prognostic Scoring
System criteria. Cytogenetic assays confirmed del(5q) in both patients. The
primary AML-03 cells were from a patient with relapsed/refractory M4 AML
with (8;18)(q22:q23) and t(11;13)(q21:q12).2° BM cells were cultured in
StemSpan SFEM (StemCell Technologies) supplemented with human SCE, FIt3
ligand, erythropoietin, IL-3, and IL-6 at final concentrations of 10 ng/mL.
Informed consent was obtained from all patients in accordance with the
Declaration of Helsinki. The study was approved by the Cincinnati Children’s
Hospital Medical Center.

Reagents

Bortezomib was from Millennium Pharmaceuticals and LC Laboratories
(B-1408). MG132 (C2211), 3-MA, bafilomycin-A (BafA; B1793), rapamy-
cin (R8781), and thapsigargin (T9033) were from Sigma-Aldrich. Flag-
tagged TRAF6 cDNA was provided by Dr Aly Karsan (Vancouver, BC) and
cloned into pLEGO-iG2 for stable overexpression. The pLKO.1 (OpenBio-
systems) constructs were obtained from the lentiviral core at Cincinnati
Children’s Hospital Medical Center.
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Survival analysis

Annexin V analysis has been described previously.”> For the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, cell
growth was measured with the MTT reduction assay (ATCC) according to
the manufacturer’s protocol in the presence of bortezomib or DMSO for
24 hours. For the shRNA knockdown experiment, the cell lines were
transduced with virus encoding sh'TRAF6 or shPSMAT1 and control vector
at a multiplicity of infection of approximately 0.5-1. After 48 hours,
transduced cells were treated with bortezomib or DMSO for 24 hours
before analysis.

Abs for immunoblotting

PVDF membranes were blocked in 1 X TBS with 0.1% Tween 20 and 5%
fat-free milk, and blotted with GAPDH (5174; Cell Signaling Technology),
TRAF6 (sc-7221; Santa Cruz Biotechnology), p62 (GP62-C; PROGEN),
LC3 (4108; Cell Signaling Technology), or ubiquitin (sc-8017; Santa Cruz
Biotechnology). Quantification of bands was determined using Adobe
Photoshop Version CS5 software.

Microarray analysis

TF-1 cells were transduced with lentivirus targeting human TRAF6 or a
nontargeting control. At 2.5 days after transduction, green fluorescent
protein—positive populations were isolated by flow cytometry. Total RNA
was extracted and purified with the Quick-RNA MiniPrep Kit. RNA quality
was tested using the Agilent Bioanalyzer 2100 (Hewlett Packard). Total
RNA was reverse transcribed, labeled, and hybridized onto the GeneChip
Human Gene 1.0 ST Array (Affymetrix). Scanning was performed with the
Affymetrix GeneChip Version 3.2 Scanner 3000 7G and evaluated with
GeneChip operating software (Affymetrix). Data mining was performed
with GeneSpring GX 11.5 software (Agilent Technologies). Gene set
enrichment analysis was performed on a JAVA-based dataset supported by
the Broad Institute.?” For evaluation of TRAF6 and PSMA1 coexpression in
MDS and AML, previously published datasets were used.?®? All microar-
ray data are available on the Gene Expression Omnibus public database
under accession no. GSE38519.

Statistical analysis

Results are depicted as the means = SEM. Statistical analyses were
performed using Student # test. Prism Version 4 software (GraphPad) was
used for statistical analysis.

For additional experimental details, please see supplemental Methods.

Results

Bortezomib suppresses MDS/AML cell survival and progenitor
function by inhibiting the proteasome

Bortezomib has been shown to be effective for suppressing the
proliferation and survival of malignant cells by inhibiting protea-
somal degradation of K48-linked ubiquitinated proteins directly.3
In the present study, an accumulation of ubiquitinated proteins,
which is an indication of suppressed proteasome function, was
evident after 10nM bortezomib treatment in THP1 cells or primary
MDS and AML BM cells (Figure 1A). MDS/AML cell lines and
primary cells cultured with bortezomib exhibited increased apopto-
sis (Figure 1B) and impaired cell proliferation (supplemental
Figure 1) within 24 hours of treatment. In contrast, 2 independent
cord blood—derived CD34* cells did not undergo apoptosis in the
presence of bortezomib (Figure 1B). To determine whether bort-
ezomib also suppresses leukemic progenitor activity, MDS/AML
cells were evaluated for colony formation in methylcellulose
(Figure 1C-D). MDS/AML cell lines and primary MDS and AML
BM cells treated with bortezomib exhibited a 30%-90% reduction
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Figure 1. Inhibitory effect of bortezomib on MDS and
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in colony formation. We observed similar effects of bortezomib
when cells were cultured without supplemented cytokines, exclud-
ing the possibility that exogenous growth factors affect bortezomib
sensitivity in vitro (supplemental Figure 2A). These findings
indicate that bortezomib can target effectively leukemic cells and
progenitors, a relevant population of disease-initiating cells.

Bortezomib targets TRAF6 for lysosomal-mediated protein
degradation

A recent study indicated that bortezomib inhibits TRAF6 mRNA
and protein expression in osteoclast precursors from myeloma
patients.?? To further investigate this finding, in the present study, a
panel of 4 MDS/AML cell lines were cultured with increasing
concentrations of bortezomib for 24 hours. In contrast to the effects
seen in osteoclast precursors, bortezomib did not suppress TRAF6
transcription in MDS/AML cells (Figure 2A). However, bor-
tezomib reduced protein levels of TRAF6 dramatically and in a
dose-dependent manner in MDS/AML cells (Figure 2B). The
paradoxical observation that the TRAF6 protein was diminished
despite blocked proteasome activity indicates that other cellular
mechanisms contribute to TRAF6 protein degradation.

Previous studies have suggested that bortezomib can induce
autophagy,’! a process resulting in lysosomal-mediated degrada-
tion of select cellular components under stressed conditions. To
determine whether bortezomib-mediated degradation of TRAF6
occurs as a consequence of autophagy, common measures of
autophagy were assessed in MDS/AML cells. Increasing concentra-
tions of bortezomib (1, 10, and 100nM for 24 hours) resulted in
activation of autophagy in MDS/AML cells, as indicated by the
conversion of LC3-I to LC3-II and the degradation of p62 (Figure
2C), irrespective of cytokine conditions (supplemental Figure 2B).
In most MDS/AML cell lines examined, elimination of the TRAF6
protein coincided with conversion of LC3-I and p62 degradation
(Figure 2B-C and supplemental Figure 3A-C). To determine
whether degradation of TRAF6 and induction of autophagy are
specific to bortezomib, another proteasome inhibitor (MG-132)
was evaluated. As shown in Figure 2D, treatment with MG-132
(10pM for 24 hours) similarly resulted in degradation of the
TRAF6 protein and p62 and accumulation of LC3-II. In addition,
activation of autophagy by rapamycin (100nM for 24 hours)
mediated the degradation of TRAF®6, albeit not as significantly as
with the proteasome inhibitors (Figure 2E). A potential explanation
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Figure 2. Reduced TRAFG6 protein expression in bortezomib-treated cells coincides with autophagy activation. (A) TRAF6 mRNA was measured by quantitative PCR in
the indicated cell lines and CD34* cells treated with increasing concentrations of bortezomib for 24 hours. (B) TRAF6 protein was measured by immunoblotting of the indicated
cell lines treated with increasing concentrations of bortezomib for 24 hours. (C) HL60 and TF-1 cell lines cultured with bortezomib for 24 hours were evaluated by
immunoblotting for LC3-I/ll, p62, and GAPDH. (D) TF-1 cells were treated with the proteasome inhibitor, MG-132 (0, 1, and 10pnM) for 24 hours and evaluated by
immunoblotting for TRAF6, LC3-l/ll, p62, and GAPDH. (E) TF-1 cells were treated with an autophagy inducer (100nM rapamycin) and an ER stress inducer (100nM
thapsigargin). (F) Cell viability of THP-1 cells that have acquired resistance to bortezomib (Bort-R) and that are sensitive (Bort-S) was determined after treatment with
increasing concentrations of bortezomib for 24 hours. (G) TRAF6 protein was measured by immunoblotting Bort-S and Bort-R cells treated with increasing concentrations of
bortezomib for 24 hours. Values below the gel represent the intensity of TRAF6 relative to ACTIN.

for bortezomib-induced autophagy is the accumulation of nonde-
graded proteins contributing to endoplasmic reticulum (ER) stress.
Treatment of MDS/AML cells with thapsigargin (100nM for 24
hours), an inducer of ER stress, coincided with decreased TRAF6
protein (Figure 2E).

To further explore the effects of bortezomib-induced degrada-
tion of TRAF6, we used THP1 cells that have acquired resistance to
bortezomib as a result of a mutation in a highly conserved
bortezomib-binding pocket within the proteasome [(35-subunit
(PSMBS5) protein.>32 As expected, increasing concentrations of
bortezomib reduced the viability of Bort-S cells but did not impair
the viability of Bort-R cells even when treated with 200nM
bortezomib (Figure 2F and supplemental Figure 4). In support of
our observations that inhibition of the proteasome results in
degradation of TRAF6, Bort-S cells exhibited reduced levels of the
TRAF6 protein by > 30%, whereas Bort-R cells maintained
normal TRAF6 levels in the presence of bortezomib (Figure 2G).
These observations suggest that inhibition of the proteasome
induces ER stress, leading to autophagy and selective degradation
of the TRAF6 protein.

TRAFG6 protein expression and cell viability in bortezomib-
treated MDS/AML cells is restored when autophagy is inhibited

3-MA, an inhibitor of autophagy, was used to evaluate whether
TRAF6 protein degradation is reversible in the presence of
bortezomib. This early-stage autophagic lysosome and type I/III
PI3K inhibitor** blocked bortezomib-induced autophagy (LC3-1I
and p62 accumulation) and restored TRAF6 protein expression
significantly in all MDS/AML cell lines examined (Figure 3A and
supplemental Figure 3C). 3-MA treatment restored TRAF6 protein
expression effectively even at the highest doses of bortezomib
(supplemental Figure 3C). Surprisingly, BafA, a late-stage au-
tophagy inhibitor that blocks vacuolar-type H"-ATPase, did not
prevent the degradation of TRAF6 (supplemental Figure 3C). In
the absence of bortezomib, MDS/AML cells treated with 3-MA
also exhibited increased TRAF6 protein, indicating that steady-
state TRAF6 protein is regulated by autophagic lysosomes (Figure
3B). Given the dramatic effect of 3-MA on TRAF®6 protein, we also
investigated whether 3-MA may regulate TRAF6 mRNA concomi-
tantly. TRAF6 mRNA expression in MDS/AML cells did not
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change significantly in the presence of 3-MA or with the combina-
tion of 3-MA and bortezomib (Figure 3C), further supporting our
hypothesis that a posttranscriptional mechanism regulates TRAF6
protein levels.

We assessed cell viability to investigate the cellular conse-
quences of 3-MA on bortezomib-treated MDS/AML cells. Com-
pared with cells treated with bortezomib alone, the addition of
3-MA to bortezomib-treated cells restored cell viability in 2 independent
cell lines (Figure 3D). BafA did not restore cell viability of bortezomib-
treated cells, but rather synergized to induce cell death (supplemental
Figure 3D), consistent with our observation that BafA does not revert
TRAFG6 degradation. We conclude that inhibiting early-stage autophagy
with 3-MA suppresses the cytotoxic effects of bortezomib on MDS/
AML cells by preventing the lysosomal degradation of TRAF6.

Quantitative changes in TRAF6 protein affect bortezomib
sensitivity by regulating proteasome subunit expression

To investigate whether restoring TRAF6 can rescue bortezomib-
induced cell death, TRAF6 was overexpressed using a lentiviral
vector in THP1 cells (Figure 4A). THP1 cells expressing either
empty vector or TRAF6 were then treated with 10nM bortezomib
and evaluated for cell survival. As shown in Figure 4B, overexpres-
sion of TRAF6 ameliorated the cytotoxic effects of bortezomib:
THP1 cells transduced with TRAF6 exhibited a trend to lower
apoptosis compared with vector-transduced cells when treated with
bortezomib (51% = 7.6% vs 64% * 1.1%; P = .1; Figure 4C).
These data indicate that TRAF6 overexpression provides moderate
protection from bortezomib-induced apoptosis, but does not suffice
to reverse the proapoptotic effect of bortezomib in MDS/AML.
Conversely, we knocked down TRAF6 to determine whether
depletion of TRAF6 can sensitize cells to bortezomib (Figure
4D-F). For these experiments, a control shRNA (shCTL) or an
shRNA targeting TRAF6 (shTRAF6 #48) were transduced into
Bort-S cells (Figure 4D). Knockdown of TRAF6 reduced the
viability of bortezomib-treated cells by approximately 90% com-
pared with cells expressing the control shRNA (10nM, P = .0044,
and 100nM, P = .019; Figure 4E). These findings suggest that
TRAF®6 loss of function sensitizes MDS/AML cells to bortezomib
treatment.

We next determined the effects of TRAF6 depletion in Bort-R
cells (Figure 4D,F). After knockdown of TRAF6, Bort-R cells were
resensitized to as low as 100nM bortezomib (P = .023) and
exhibited a > 50% reduction in cell viability when cultured with

E GAPDH
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Figure 3. TRAF6 is degraded by the autophagy lyso-
some pathway. (A) The indicated cell lines were cultured
with 10nM bortezomib and cotreated with 5mM 3-MA for
24 hours. TRAF6 and GAPDH protein was determined by
immunoblot analysis. (B) In the absence of proteasome
inhibition, TF-1 cells were treated with 5mM 3-MA for
24 hours, and TRAF6 protein expression was measured
by immunoblot analysis. (C) cDNA from TF-1 cells treated
with 3-MA (5mM) or 3-MA and bortezomib (10nM) was
evaluated for TRAF6 mRNA expression. Data are rela-
tive to GAPDH and normalized to cells treated with

+  3-MA
TRAF6

P DMSO. (D) Cell viability of THP1 and TF-1 cells was
r2 determined after treatment with DMSO, 10nM bor-
tezomib, or bortezomib and 5mM 3-MA for 24 hours.
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200nM bortezomib (Figure 4F and supplemental Figure 4). In
contrast, at 200nM bortezomib, Bort-R cells expressing the control
shRNA (shCTL) maintained cell viability comparable to untreated
cells (Figure 4F). To determine the consequences of TRAF6
deletion on proteasome function in Bort-R cells, we examined the
accumulation of ubiquitinated proteins (Figure 1A). As expected,
knockdown of TRAF6 in Bort-S cells did not result in signifi-
cant changes in the accumulation of ubiquitinated proteins when
cultured with bortezomib (Figure 4G). Similarly, Bort-R cells
transduced with shCTL did not accumulate ubiquitinated pro-
teins when treated with bortezomib (Figure 4H). In stark
contrast, knockdown of TRAF6 in Bort-R cells treated with
bortezomib resulted in an accumulation of ubiquitinated pro-
teins (Figure 4H). This finding indicates that knockdown of
TRAF6 restores bortezomib-mediated inhibition of proteasome
function in Bort-R cells.

TRAFG6 regulates the expression of PSMA1

We next performed a gene-expression analysis to explore a
potential explanation for the increased sensitivity of Bort-R cells
after knockdown of TRAF6 in TF-1, a human AML cell line.
Multiple RNAi constructs targeting TRAF6 were evaluated for
TRAF6 expression and an effect on cell viability in TF-1 cells
(supplemental Figure 5A-C). TF-1 cells isolated 2.5 days after
transduction were used for the gene-expression analysis, because
this time point precedes measurable effects on cell viability after
loss of TRAF6. We identified 185 genes that were expressed
differentially after TRAF6 knockdown (greater than 1.5-fold;
P < .05). It was reported previously that the stoichiometry of
proteasome subunits affects the effectiveness of proteasome inhibi-
tion by bortezomib.3*35 Therefore, we searched for differential
expression of proteasome subunit genes in TRAF6-depleted cells.
Of 52 proteasome subunit genes expressed, only PSMA1 was
down-regulated significantly in cells with TRAF6 knockdown
(P = .022; Figure 6A and supplemental Table 1). To confirm that
TRAF6 regulates PSMAI expression, Bort-R and Bort-S THP1
cells and MDS patient cells were transduced with shTRAF6 and
evaluated for PSMAI expression (Figure 6B). Consistent with the
microarray analysis, PSMAI expression was down-regulated by
85% and 70% in Bort-R and Bort-S THP1 cells, respectively, and
by 80% in MDS patient BM cells after knockdown of TRAF6
(Figure 6B). Analysis of gene-expression data from primary MDS
and AML CD347 cells revealed overexpression of TRAF6 mRNA
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green fluorescent protein (GFP) or an empty vector expressing only GFP. Transduced cells were sorted for GFP expression, cultured with bortezomib (10nM) for 24 hours, and
protein lysates were evaluated for TRAF6 expression. (B) Cell viability of bortezomib-treated THP1 cells transduced with vector or TRAF6 was measured by annexin
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in a subset of patients and a positive correlation between TRAF6
and PSMA mRNA expression, further supporting our findings that
TRAFG6 regulates PSMA I expression (supplemental Figure 6).
Elevated expression of proteasome subunits has been impli-
cated previously in bortezomib resistance in several hematologic
and solid cancers.?>36-38 Therefore, down-regulation of PSMAI in
shTRAF6-expressing cells may reveal a mechanism resulting in
increased sensitivity to bortezomib (despite a mutation in the
PSMBS subunit). To test this hypothesis, PSMA1 expression was
depleted using 2 shRNAs in Bort-R cells and evaluated for
sensitivity to bortezomib and proteasome function (Figure 6C-D).
Similar to deletion of TRAF6, knockdown of PSMAI1 in Bort-R
cells treated with bortezomib resulted in reduced cell viability
(Figure 6C) and impaired proteasome function (Figure 6D), as
evident by the accumulation of ubiquitinated proteins. These
findings suggest that bortezomib cytotoxicity occurs through

activation of autophagy and an auto-inhibitory loop involving
TRAF6 and PSMAL.

TRAFG6 is essential for the survival of MDS/AML cell lines and
primary patient cells

To uncover the relevant signaling pathways regulated by TRAF6 in
human MDS/AML that may explain its role in bortezomib-induced
cytotoxicity of MDS/AML cells, we searched for previously
defined expression signatures that overlap genes regulated by
TRAFG6 using gene set enrichment analysis.?” The gene-expression
pattern after TRAF6 knockdown showed a significant enrichment
of genes implicated in P53 activation (normalized enrichment
score = (.48; false discover rate q-val = 0.083; Figure SA). Inter-
estingly, gene sets generated from drug studies that induce au-
tophagy (sirolimus/rapamycin) or inhibit the proteasome (Epigallo-
catch, ALLN, Disulfiram, and bortezomib) also overlap significantly
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Figure 5. Depletion of TRF6 sensitizes cells to bort-
ezomib by regulating PSMA1. (A) Microarray analysis
was performed on TF-1 cells after knockdown of TRAF6.
Shown are differential gene-expression data between
shTRAF6 and vector-transduced cells for all proteasome
subunit genes (see supplemental Table 1). Expression of
PSMAT1 (highlighted in red) was most significantly down-
regulated in cells with reduced TRAF6 expression
(P < .05). (B) TF-1, Bort-S THP-1, Bort-R THP-1, and
MDS BM cells (MDS-02) were transduced with shRNA
lentiviral vectors targeting TRAF6 or a nontargeting
control (shCTL). Down-regulation of PSMA1 in cells with
reduced TRAF6 expression was confirmed by quantita-
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the gene signature regulated by TRAF6 (supplemental Table 2). To
corroborate that TRAF6 regulates cell survival and to investigate
the cellular consequences of TRAF6 loss in human MDS/AML,
lentiviral vectors encoding a control vector (shCTL) or shTRAF6
were transduced into 3 independent MDS/AML cell lines (THP-1,
TF-1, and HL60) and in CD34* cells from 1 AML patient (Figure
5B). In all MDS/AML cell lines and patient samples examined, loss
of TRAF6 correlated with reduced cell viability (as measured by
MTT; Figure 5C) and increased apoptosis (as measured by annexin
V/propidium iodide staining; Figure 5D, supplemental Figure 5).
Despite reduced cell viability, the percentage of viable cells within
the Gy, S, and Gy/M phases at day 4 after transduction were
indistinguishable between shCTL- and shTRAF6-transduced cells
(supplemental Figure 5D). These observations indicate that TRAF6
primarily affects cell survival/viability and not cell-cycle progres-
sion in MDS/AML.

To determine whether TRAFG6 is critical for MDS/AML progeni-
tor function, we assayed 3 MDS/AML cell lines, 2 MDS primary
samples, and 1 primary AML sample transduced with control
vector (shCTL) or shTRAF6 in methylcellulose. MDS/AML cell
lines and patient samples with reduced TRAF6 expression exhib-
ited a significant decrease in progenitor function/content (Figure
5E). In contrast, normal CD34" cells were not sensitive to loss of
TRAF6 and formed colonies at the same level as control-
transduced CD34 " cells (Figure S5E). We conclude that TRAFG is
necessary for maintaining the survival of MDS/AML progenitors,
and its degradation by bortezomib-induced autophagy contributes
to cell death (Figure 7).

Discussion

Bortezomib has been successful in the treatment of MM and
lymphoma. However, comparatively few studies have evaluated

the therapeutic efficacy and mechanism of bortezomib in MDS and
AML. A case study reported that a del(5q) MDS patient treated
with bortezomib achieved a major erythroid response and normal-
ized platelet counts.?? In a larger trial of 19 MDS patients of various
subtypes, a cytogenetic and/or hematologic response or stable
disease was achieved in the majority of patients who completed the
trial.** More recently, bortezomib combined with low-dose cytara-
bine in intermediate-2 and high-risk MDS patients (n = 43)
improved hematologic response and overall survival compared
with cytarabine alone.*® Current and future trials will reveal the
efficacy of bortezomib as a single agent and will identify drug
combinations showing therapeutic efficacy in MDS and AML. In
support of the clinical trials, in vitro treatment of high-risk MDS
CD34" cells or AML blasts with bortezomib results in apoptosis
and cell-cycle arrest in part because of inhibition of Spil/NF-kB—
dependent DNA methyltransferase activity.”?#!42 Despite ongoing
evaluation of bortezomib safety and efficacy in MDS/AML, little is
known about its mechanism of action in these related myeloid
malignancies.

In the present study, we report that bortezomib-treatment results
in degradation of TRAF6 by autophagic lysosomes. In addition, we
show that loss of TRAF6 contributes to the inhibitory effects of
bortezomib in MDS/AML. To investigate the molecular and
cellular consequences resulting from degradation of TRAF6, we
performed gene-expression profiling and found that loss of TRAF6
contributes to the cytotoxic effects of bortezomib by 2 parallel
mechanisms: (1) by inducing a P53/apoptosis gene program in
MDS/AML cells and (2) by inducing an auto-inhibitory loop
resulting in further inhibition of PSMA1 expression and protea-
some function. TRAF6 expression was elevated significantly in a
subset of CD34* BM cells from MDS and AML patients compared
with control CD34 " cells (supplemental Figure 6),*> and overexpres-
sion of TRAF®6 in primary mouse BM cells results in an MDS-like
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Figure 6. Depletion of TRAF6 impairs MDS and AML cell viability. (A) Microarray analysis was performed on TF-1 cells after knockdown of TRAF6 (as in Figure 6A). Gene
set enrichment analysis was performed, and the profile of the P53 signaling gene set is shown. (B) Knockdown of TRAF6 mRNA and protein by shTRAF6 was confirmed by
quantitative PCR (supplemental Figure 5) and immunoblot analysis, respectively. (C) The indicated cell lines transduced with shCTL or shTRAF6 were evaluated for cell
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(E) Hematopoietic stem/progenitor cell colony-forming potential of the indicated cell lines and MDS/AML patient BM cells after knockdown of TRAF6 was determined in

methylcellulose. Colonies were evaluated after 10 days. *P < .05.

disease that progresses to AML.!3 Although the overexpression of
the TRAF6 protein has not been reported in AML, expression of its
inhibitor, miR-146a, is frequently reduced in AML patient samples,'”
suggesting that the TRAF6 protein may be elevated in certain
subtypes of AML. Recent studies have implicated TRAF6 as a
critical survival gene in nonhematopoietic human cancers,** so
the proposed mechanism of bortezomib action on TRAF6 may
extend to other human cancers with elevated TRAF6 expression/
signaling. We conclude that inhibiting TRAF6 expression or its
function may be therapeutically beneficial in certain subtypes of
MDS/AML (or other human cancers with elevated TRAF6 expres-
sion) and may enhance the efficacy of bortezomib.

Bortezomib and related proteasome inhibitors have been shown
to activate autophagy in various cancers, but with different
consequences. Cotreatment with bortezomib and autophagy inhibi-
tors can result in a synergistic cytotoxic effect, indicating that
autophagy can be cytoprotective.*® Alternatively, under conditions
of persistent bortezomib stress, autophagy can serve as a cell death
mechanism.3!#7 According to our present findings, bortezomib may
induce the autophagy pathway in MDS/AML to initiate cell death.
Regulation of TRAF proteins by autophagy/lysosomes has been
described previously. TRAF2, a functionally related member and
homolog of TRAF6, is sequestered to lysosomes by TNFAIP3/
A20, resulting in its degradation.*® Consistent with our present
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Figure 7. Model of TRAF6 degradation by bortezomib-induced autophagy and its role in cell leukemia cell survival. (A) Under normal conditions, TRAF6 induces
expression of survival genes. In addition, TRAF6 mediates the expression of PSMA1, an a-subunit of the proteasome. (B) Proteasome inhibition with bortezomib coincides with
induction of autophagy, potentially due to ER stress of accumulated nondegraded proteins. TRAF6 is degraded by autophagic lysosomes, which can be blocked with the
autophagy inhibitor 3-MA. Depletion of TRAF6 results in apoptotic cell death, in part by down-regulation of survival genes. In addition, loss of TRAF6 results in reduced PSMA1
expression and increased bortezomib sensitivity. « indicates the a-subunit; and B, the B-subunit.
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results, a recent study showed that TRAFG6 is degraded by autophagy in
cells treated with poly(I:C) and that this degradation can be blocked by
the addition of 3-MA but not BafA.* Interestingly, in the present study,
we found that 3-MA protected bortezomib-treated cells from cell death
and, in contrast, BafA synergized with bortezomib to induce cell death
(supplemental Figure 3D). This discrepancy between the effect of 3-MA
and BafA on cancer cells has been described previously.® The use of
autophagy modulators in cancer therapy needs to be evaluated carefully.

There are ongoing efforts to uncover the molecular mecha-
nism(s) of bortezomib resistance in hematologic malignancies.
Recently, independent groups have associated bortezomib resis-
tance with mutations and/or alterations in proteasome subunit
expression.?>3237 Up-regulated expression or mutations in PSMB5,
which results in disrupted binding to bortezomib, have been
implicated in drug resistance in lymphoid and myeloid malignan-
cies.?3%37:38 Additional evidence that proteasome subunits play a
role in bortezomib resistance comes from an RNAi screen to
identify modulators of proteasome inhibitor sensitivity in MM.5!
According to this screen, the strongest bortezomib sensitizers were
proteasome subunits (one of which was PSMA1). Lastly, 5-amino-
8-hydroxyquinoline, an « subunit 20S proteasome inhibitor, exhib-
its cytotoxicity in bortezomib-resistant cells.’> These reports are
consistent with our observation in the present study that down-
regulation of PSMA1 after either knockdown of PSMA1 or TRAF6
by shRNAs sensitizes Bort-R cells to bortezomib (Figures 4 and 6).
One potential explanation for the finding that Bort-R cells become
resensitized to bortezomib despite its impaired binding to PSMB5
is that reduced PSMA1 protein expression disrupts the stoichiome-
try of noncatalytic proteasome subunits. Therefore, our present
findings suggest that monitoring proteasome subunit expression in
MDS/AML patients may predict therapeutic response to bortezomib.

In summary, the findings in the present study implicate TRAF6
in bortezomib-induced cell death in human cancer, reveal a novel
mechanism of TRAF6 regulation through bortezomib/autophagy-
mediated degradation, and suggest that the expression of certain
proteasome subunits affects bortezomib function.
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