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(Background: Transcriptional repressor DAXX suppresses several tumor suppressor genes and is up-regulated in many
Results: We demonstrate that DAXX has potent growth-enhancing effects on primary prostatic malignancy through inhibition

Conclusion: In the early stages of tumorigenesis, autophagy suppresses prostate tumor formation.
Significance: This is the first study to link prostate cancer development to autophagy suppression by DAXX.
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The DAXX transcriptional repressor was originally associ-
ated with apoptotic cell death. However, recent evidence that
DAXX represses several tumor suppressor genes, including the
DAPK1 and DAPK3 protein kinases, and is up-regulated in
many cancers argues that a pro-survival role may predominate
in a cancer context. Here, we report that DAXX has potent
growth-enhancing effects on primary prostatic malignancy
through inhibition of autophagy. Through stable gene knock-
down and mouse subcutaneous xenograft studies, we demon-
strate that DAXX promotes tumorigenicity of human ALVA-31
and PC3 prostate cancer (PCa) cells in vivo. Importantly, DAXX
represses expression of essential autophagy modulators DAPK3
and ULKT1 in vivo, revealing autophagy suppression as a mecha-
nism through which DAXX promotes PCa tumorigenicity. Fur-
thermore, DAXX knockdown increases autophagic flux in cul-
tured PCa cells. Finally, interrogation of the Oncomine™
database suggests that DAXX overexpression is associated with
malignant transformation in several human cancers, including
prostate and pancreatic cancers. Thus, DAXX may represent a
new cancer biomarker for the detection of aggressive disease,
whose tissue-specific down-regulation can serve as an improved
therapeutic modality. Our results establish DAXX as a pro-sur-
vival protein in PCa and reveal that, in the early stages of tumor-
igenesis, autophagy suppresses prostate tumor formation.

The DAXX cell death modulator, originally identified as a
pro-apoptotic protein (1), functions as a transcriptional repres-
sor (2) and, together with ATRX, serves as a histone H3.3 chap-
erone (3). In its capacity as a transcriptional repressor, DAXX
associates with RelB, a transcription factor of the NF-«B family
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that directly controls the expression of the DAPK1/3 tumor
suppressor protein kinases (2), which are linked to autophagy
(4, 5). Through its ability to repress tumor suppressors and
autophagy regulators via a mechanism involving association
with RelB and subsequent target promoter DNA methylation
(2), DAXX would be expected to induce tumor growth or sur-
vival. However, its tumorigenic potential, if any, in prostate
cancer (PCa)? remains unknown.

Evidence suggests that in a cancer context, as in development
(6), DAXX may have a pro-survival role. Strong positive DAXX
staining is observed in PCa tissues, compared with benign pros-
tatic hyperplasia tissues, suggesting that DAXX is overex-
pressed in PCa (7). Importantly, strong DAXX expression is
linked to high Gleason score and increased cell proliferation
index, suggesting that DAXX can serve as an independent prog-
nosticator in PCa (8). Similarly to PCa, immunohistochemical
analysis of DAXX in high grade urothelial carcinoma shows
increased expression compared with normal urothelium (9).
Likewise, increased DAXX expression in diffuse large B-cell
lymphoma correlates with poor patient survival (10). Inactivat-
ing mutations in DAXX can have the opposite effect and are
associated with improved pancreatic cancer patient survival
(11). Alternative lengthening of telomeres, which is associated
with loss of function of DAXX in pancreatic neuroendocrine
tumors (11), is absent in adenocarcinomas of the prostate (12),
implying that DAXX is functionally active in PCa.

These observations in multiple cancers suggest that the role
of DAXX in cancer development is broadly relevant to tumor
biology. The goal of this investigation was to determine the
function of DAXX in PCa pathogenesis. We present evidence
that, in the context of a mouse subcutaneous xenograft
model of PCa, DAXX promotes tumorigenicity by suppress-
ing autophagy.

2 The abbreviations used are: PCa, prostate cancer; K/D, knockdown; qPCR,
quantitative PCR; ChIP-seq, ChIP sequencing; RNA-seq, RNA sequencing;
IHC, immunohistochemical; TSS, transcription start site; PTEN, phospha-
tase and tensin homolog; DAPK, death-associated protein kinase.
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Experimental Procedures

Cell Culture and Recombinant Lentivirus Transduction—
Prostate cancer cell lines ALVA-31, DU145, LNCaP, and PC3,
which were obtained from Scott Crist (Purdue University),
were maintained in Roswell Park Memorial Institute-1640
(RPMI 1640) medium, containing 10% fetal bovine serum, FBS
(HyClone), and 1% penicillin/streptomycin plus L-glutamine.
The human prostatic epithelial cells, PWR-1E, derived from a
normal prostate gland, were obtained from ATCC (catalogue
no. CRL-11611) and grown in ATCC complete growth
medium. For the generation of stable DAXX knockdown (K/D)
PCa lines (ALVA-31, PC3, and DU145), recombinant lentivi-
ruses targeting DAXX (constructed in the lentiviral backbone
vector pLKO.1-puro) were purchased from Sigma (Clone ID
NM_001350.x-2410s1c1; accession number NM_001350.3;
region 3'-UTR). A nonspecific control virus was also purchased
(SHC002V: MISSION® non-target shRNA control transduc-
tion particles). For the generation of ALVA-31 double knock-
down cells (DAXX and ULK1 dK/D), a human ULKI shRNA
vector (TRCNO0000000838), obtained from Reuben Shaw (Salk
Institute), was used to transfect ALVA-31 DAXX K/D cells.
When the cells reached 70 — 80% confluence, they were infected
(MOI = 10) with the DAXX shRNA (ALVA-31, PC3, and
DU145 cells), ULKI shRNA (ALVA-31 DAXX K/D cells), or
nonspecific control shRNA (ALVA-31 cells) virus vector.
Hexadimethrine bromide (Polybrene, Sigma, catalog no. AL-
118), at a concentration of 8 ug/ml, was added at the time of
infection to enhance infection efficiency. After 24 h, the
medium was changed and replaced with puromycin-containing
medium (Sigma, catalog no. P9620; 2 ug/ml). Cells were cul-
tured for ~3 weeks in puromycin-containing medium before
analyzing for DAXX or ULKI expression and were subse-
quently used in subcutaneous xenograft studies.

qRT-PCR Analysis—ALVA-31, ALVA-31 DAXX K/D, PC3,
and PC3 DAXX K/D cells were processed using the Power
SYBR Green Cells-to-Ct kit (Ambion, catalog no. 4402953) to
lyse cells, generate cDNA, and perform RT-PCR per the man-
ufacturer’s instructions. The sequences of the ULK1, LC3, p62,
and control (GAPDH and CPH) qPCR primers are indicated
below. For chromatin immunoprecipitation (ChIP)-qPCR
experiments, ChIP assays were first performed using the
ChIP-IT high sensitivity kit from Active Motif (catalog no.
53040). The resulting products were then subjected to qPCR
analysis using ULK1 primers covering the five NF-«B binding
sites shown below.

qPCR primers were as follows: ULK1 forward primer,
5'-GTG CAG TCG GCT GCC CTG GAC-3’; ULK1 reverse
primer, 5'-TCA GGC ACA GAT GCC AGT CAG C-3'; LC3
forward primer, 5'-AAC AAA GAG TAG AAG ATG TCC
GAC-3’; LC3 reverse primer, 5'-CTA ATT ATC TTG ATG
AGC TCA CT-3'; p62 forward primer, 5'-CTA CAG ATG
CCA GAA TCC GAA GGG-3'; p62 reverse primer, 5'-CAT
CTG GGA GAG GGA CTC AAT-3'; GAPDH forward primer,
5'-ACA TCA AGA AGG TGG TGA AGC AGG-3'; GAPDH
reverse primer, 5'-ACA AAG TGG TCG TTG AGG GCA
ATG-3'; CPH forward primer, 5'-GAC CCA ACA CAA ATG
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GTT C-3'; CPH reverse primer, 5'-AGT CAG CAA TGG TGA
TCT TC-3".

For ChIP-qPCR experiments, the ULK1 primer sequences
covering the five NF«B binding sites were as follows: ULK1
forward primer 1, 5'-CCG CAA GGA CCT GAT CGG CC-3';
ULK1 reverse primer 1, 5'-ACA GGC GGG GAA TCT CGG
GG-3'; ULK1 forward primer 2, 5'-CAG GAT CCC CAC CCC
GCG AC-3'; ULK1 reverse primer 2, 5'-GTT GCG GGG TGT
CCC GGG GT-3'; ULK1 forward primer 3, 5'-GCG CGA TCC
TCA ACC TGG CT-3'; ULK1 reverse primer 3, 5'-TGC ACT
TGA CGG CGA CCT CC-3'; ULK1 forward primer 4, 5'-GTG
CTG GGG GAG GGG GCG TG-3'; ULK1 reverse primer 4,
5'-CAG CAG ACC GCA GCC CAG AG-3’; ULK1 forward
primer 5, 5'-TGC GTC ATG GCT CTG GGA GC-3'; ULK1
reverse primer 5, 5'-GGG GAG CCC TGG AGG GGA GC-3'.

Antibodies and Immunoblotting—Protein lysates were pre-
pared as described previously (2). Aliquots of cell lysates, nor-
malized for total protein content, were fractionated by SDS-
PAGE and transferred to nitrocellulose blotting membranes
(BA85 Protran, 0.45 um, Whatman, catalogue no. 10401196).
The following antibodies were used for immunoblotting: rabbit
anti-DAXX (Novus Biologicals), rabbit anti-Atgl/ULK1 (Abcam);
rabbit anti-ULK2 (Abcam), mouse anti-3-actin (Sigma), mouse
anti-p62 (Sequestosome-1) (Millipore), and mouse anti-LC3
(MBL). Quantitative immunoblot detection was performed
using the Odyssey Infrared Imaging System, version 3.0 (LI-
COR Biosciences).

Deep Sequencing (ChIP-seq)—Active Motif's ChIP-IT high
sensitivity kit (catalog no. 53040), was used, utilizing PC3 cells.
Anti-DAXX (sc-7001) goat polyclonal antibody from Santa
Cruz Biotechnology, Inc. was used. A two-step cross-linking
procedure preceded ChIP as described (13). Deep sequencing
(ChIP-seq) was performed using an Illumina HiSeq 2500 sys-
tem. Genomic data analysis and visualization were done as
described, using Bowtie2 and HOMER (13).

Confocal Microscopy—PC3 cells, wild type and DAXX knock-
down, maintained in RPMI 1640 medium as described above,
were plated onto Nunc Lab-Tek 4-well chamber slides (Sigma,
7691992), at a density of 50,000 cells/well. They were then tran-
siently transfected with GFP-LC3 for 24 h. Following transfec-
tion, cells were left untreated, incubated in starvation medium
(Earle’s balanced salt solution, Life Technologies) for 2 h, or
incubated in RPMI medium containing 50 nm bafilomycin A
(BafA, Sigma) for 2 h. The cells were then fixed in 4% parafor-
maldehyde in PBS for 15 min, permeabilized in 0.2% Triton
X-100 in PBS for 15 min, and then incubated with TO-PRO®-3
iodide (Life Technologies) for 15 min at room temperature in
the dark to stain the nucleus, followed by extensive washing
with PBS. Fluoromount-G (Southern Biotech) was used to
mount the slides. Z-Stack confocal images of GFP-LC3-ex-
pressing cells were collected using the X63 oil objective on a
Zeiss LSM 710 microscope (Waitt Advanced Biophotonics
Center, Salk Institute). 10 —15 random fields were obtained and
analyzed for each condition. The number of GFP-LC3 puncta
in a cell was determined using IMARIS spot-counting software
(Waitt Advanced Biophotonics Center, Salk Institute). Statisti-
cal analyses and graphs were constructed using the GraphPad
Prism version 5.0 software package.
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In Vivo Xenograft Studies—For subcutaneous xenograft stud-
ies, athymic nude male mice (8 —10 weeks old) were purchased
from the Jackson Laboratory and housed in the Salk Institute’s
vivarium. The subcutaneous xenograft study was performed
three times, each time involving six mice per group. Ten million
prostate cancer cells were injected subcutaneously into the
right flank of the animals. Tumor size was measured biweekly
using external calipers. Mice were monitored daily for any sign
of illness. Tumors were harvested 4 -7 weeks postinjections,
and their respective weights (g) were determined immediately
postexcision. Statistical analyses were performed using analysis
of variance and Student’s ¢ test. Excised tumors were processed
for 1) immunohistochemical (IHC) analyses and 2) immuno-
blotting. IHC analyses are described below. For immunoblot-
ting, tumors were processed using a total protein extraction kit
from Millipore (catalog no. 2140).

Immunohistochemistry—Tumor tissues were immediately
excised from sacrificed mice (excision performed by Salk
pathologist Mat LeBlanc), fixed in zinc-buffered formalin
(Z-fix; Anatech, Ltd.), and embedded in paraffin (service per-
formed by Pacific Pathology, Inc., San Diego, CA). Deparaf-
finized tissue sections were immunostained using rabbit poly-
clonal antibodies to DAXX (Santa Cruz Biotechnology),
DAPK1 (Sigma-Aldrich), DAPK3 (Sigma-Aldrich), Ki67
(Thermo Scientific), and CD31 (Abcam) as well as mouse
monoclonal antibodies to LC3 (NanoTools), p62 (Sequesto-
some-1) (Millipore), and multiubiquitin (MBL). Application of
the primary antibody was followed by incubation with biotiny-
lated secondary antibody (Vector Laboratories) and InmPACT
diaminobenzidine staining (Vector Laboratories), yielding a
brown color. Mayer’s hematoxylin solution (Sigma-Aldrich)
was used as a nuclear counterstain, yielding a blue color.

Tissue Morphometry—Histological slides were scanned at a
magnification of X10-40 using a Zeiss Axio Observer Viva-
Tome inverted fluorescence microscope (Waitt Advanced Bio-
photonics Center, Salk Institute). The ImageScope analysis
software (version 9.1; Aperio Technologies, Inc.) was applied to
quantify IHC stainings. The graphs were constructed using the
GraphPad Prism version 5.0 statistical analysis software
package.

Oncomine Database Interrogation—To assess expression
levels of DAXX, DAPK1, and DAPK3 mRNA in normal pros-
tate versus prostate cancer, the Oncomine™ database (Com-
pendia Bioscience) was interrogated using the Premium Edi-
tion package. The data were queried between December 3 and
6, 2012. Raw data in Excel format were provided. We collected
the raw data to construct graphs using the GraphPad Prism
version 5 software. The Oncomine interrogation included sur-
vival rates, metastases, drug resistance, and Gleason score
analyses.

Results

DAXX Promotes Tumorigenicity of Human ALVA-31 and
PC3 PCa Cells—To explore the role of DAXX in PCa, we ini-
tially compared the endogenous DAXX levels in four human
PCa cell lines (PC3, ALVA-31, LNCaP, and DU145) (Fig. 1A).
DAXX levels were higher in all four PCa cell lines compared
with non-tumorigenic PWR-1E human prostate epithelial cells
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(Fig. 1A4), with the highest levels found in the hormone-refrac-
tory PCa line, ALVA-31 (Fig. 14). We therefore selected
ALVA-31, derived from a primary PCa (14), to initially analyze
the consequences of knockdown of DAXX. Using high effi-
ciency lentivirus-mediated gene delivery to introduce a DAXX
targeting shRNA vector, we propagated multiple clones of
puromycin-resistant ALVA-31 cells to produce (pooled) stable
cell lines. DAXX knockdown was quantified via protein immu-
noblotting analysis for DAXX protein (Fig. 1B) and by reverse
transcriptase-polymerase chain reaction (RT-PCR) for mRNA
(Fig. 1C). We achieved ~90% DAXX knockdown compared
with untransduced cells (UnTx) (Fig. 1C). Therefore, the stable
DAXX knockdown PCa cell line mimics non-tumorigenic pros-
tate epithelial cells in its DAXX protein level (Fig. 1A4).

To assess the role of DAXX in tumorigenesis in vivo, we
utilized an athymic nude mouse model. Mice were injected sub-
cutaneously in the flank with 10 million ALVA-31 DAXX K/D,
ALVA-31 control shRNA, or untransfected ALVA-31 prostate
cancer cells (WT). The tumors were allowed to grow for 4
weeks, tumor volume was monitored by external calipers twice
a week, and the wet weights and final volumes of tumors were
determined at the termination of the experiment. Mice injected
with untransfected ALVA-31 (WT) or control shRNA-trans-
fected ALVA-31 cells (data not shown) reproducibly developed
tumors. In contrast, significantly fewer tumors formed in mice
injected with DAXX K/D cells. Moreover, the tumors that arose
in the DAXX shRNA group grew more slowly than tumors from
the ALVA-31 WT group (Fig. 1D) and were smaller, as assessed
by final volume and wet weight (data not shown). Immunohis-
tochemistry analysis of tumor tissues confirmed reduced
DAXX levels in DAXX K/D group, compared with the WT
group (Fig. 1E). Thus, DAXX promotes the in vivo tumorige-
nicity of ALVA-31 cells in this subcutaneous tumor xenograft
model.

To exclude a cell type-specific effect, we extended ALVA-31
studies to other human PCa cell types by generating two addi-
tional DAXX K/D PCa lines, namely PC3 DAXX K/D and
DU145 DAXX K/D (Fig. 2A). Although both of these lines share
high tumorigenic potential and are commonly used in subcuta-
neous xenograft experiments (15), a recent study revealed that
DU145 cells differ from other PCa cell lines, including PC3
cells, by being autophagy-defective as a result of ATG5 defi-
ciency (16). Consistent with the ALVA-31 DAXX K/D xeno-
graft data, the size of tumors elicited by injected PC3 DAXX
K/D cells was dramatically reduced compared with PC3 WT
cells, as determined by final tumor volumes and wet weights
(Fig. 2, B and C) and tumor growth rate (Fig. 2D). In contrast,
the autophagy-defective DU145 cells produced similar sized
tumors regardless of DAXX status (Fig. 2, B-D). This effect was
not due to differences in cell type viability or individual mouse
health characteristics, because cells replated postinjection
retained comparable viability (not shown), and mice from dif-
ferent groups were equally healthy (not shown).

DAXX Modulates Autophagy Markers in Vivo—With the
observation that DAXX promotes ALVA-31 and PC3, but not
DU145, tumor growth in mice, we performed histological and
molecular analyses of tumors to examine markers of autophagy,
proliferation, and angiogenesis in search of a potential explana-
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FIGURE 1. DAXX promotes tumorigenicity of ALVA-31 human PCa cells. A, DAXX levels across PCa cell lines were compared with normal PCa epithelia
(PWR-1E), including ALVA-31 transfected with DAXX shRNA. B, DAXX shRNA transfection in ALVA-31 cells is shown. DAXX K/D was analyzed viaimmunoblotting,
comparing DAXX protein levels with a loading control (B-actin). C, mRNA levels were determined via gRT-PCR. Respective quantifications of the degree of
knockdown are shown, comparing DAXX shRNA-transfected samples (DAXX K/D) with the untransfected ones (UnTx). D, subcutaneous injection of 10 million
ALVA-31 cells in nude mice (6 mice/group); ALVA-31 tumor growth kinetics, based on tumor volumes measured externally by calipers, shows that DAXX
promotes tumorigenicity. The formula used to determine the tumor volume is L X W?/2 (where L is length and W is width). E, immunohistochemical analysis
of DAXX was performed using excised tumor tissue corresponding to control WT (left) and DAXX K/D (right) tumors from ALVA-31 injections. Tissue sections

were stained using an antibody specific for DAXX and hematoxylin. Representative X40 images are shown. Error bars, S.E. ANOVA, analysis of variance.

tion of the phenotype observed. Accordingly, fixed tumors were
sectioned and evaluated by IHC analysis using antibodies to a
variety of biomarkers, followed by quantitative image analysis
using Aperio ImageScope. As expected, DAXX immuno-
staining was markedly reduced in tumor cells arising from PC3,
DU145 (Fig. 3A), and ALVA-31 cells (Fig. 1C) transduced with
DAXX shRNA. Immunohistochemical assessment of prolif-
eration (Ki67) and angiogenesis markers (CD31) suggested
that DAXX K/D tumors had slower division rates and were
less vascularized (data not shown). Importantly, we noted
differences in expression of autophagy marker proteins,
including LC3 (not shown) and p62 (Fig. 34), where immu-
nostaining for p62 was decreased in PC3 DAXX K/D tumors
(Fig. 3A). The change was statistically significant (Fig. 3B).
The results were corroborated by immunoblotting of tumor
tissue lysates (not shown).

These initial results suggested a correlation between DAXX
expression and decreased autophagy, because DAXX K/D
tumors displayed elevated autophagy, as evidenced by de-
creased p62 in autophagy-intact PCa cells (PC3). During
autophagy, cytosolic LC3-I is processed into an autophago-
some-bound LC3-II form; a higher LC3-II/LC3-I ratio is taken
as an indicator of increased autophagy (17). The p62 protein
(Sequestosome 1) is a receptor that binds autophagosome-as-
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sociated LC3-II and ubiquitin, allowing for specific elimination
of ubiquitylated proteins via autophagy (18). p62 forms cyto-
plasmic aggregates in autophagic cells, with lower levels corre-
lating with increased autophagic flux (19). It is the preferred
marker for measuring autophagic flux, because it is degraded
when the autophagosome fuses with the lysosome (17). The p62
IHC staining (Fig. 3, A and B) and p62 protein levels (not
shown) of DU145 cells remained high regardless of DAXX pres-
ence, consistent with their defective autophagy status, provid-
ing a further clue that DAXX may affect tumorigenicity via the
autophagic pathway.

DAXX Suppresses the Autophagy Machinery in Vivo—To
determine whether autophagy is a mechanism by which DAXX
affects tumorigenicity, we generated a stable dK/D PCa line,
namely, ALVA-31 DAXX/ULK1 dK/D (Fig. 4A4). The ULK1
protein kinase is an essential autophagy initiator protein (20). If
autophagy were responsible for tumor growth suppression in
DAXXK/D cells, then this effect would be reversed if UULK1 was
depleted in these cells. Indeed, the growth of subcutaneous
ALVA-31 DAXX K/D tumors was significantly enhanced when
ULK1 was co-depleted in these cells, as determined by growth
kinetics and tumor wet weights (Fig. 4B). Furthermore, the
ALVA-31 DAXX/ULKI dK/D tumors displayed significantly
decreased levels of LC3 compared with ALVA-31 DAXX K/D
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FIGURE 2. The tumorigenic potential of DAXX in human PCa cells is autophagy-dependent. A, PC3 and DU145 PCa cells were transfected with DAXX shRNA
(left), followed by quantification of the degree of knockdown (protein; right). B, xenograft study consisted of subcutaneous injection of 10 million PC3 WT, PC3
DAXXK/D, DU145 WT, or DU145 DAXX K/D cells in nude mice (6 mice/group). Three representative images of tumor growth from each group at the end of the
xenograft study are shown. Note the size difference among the tumors from two groups in the PC3 case and the lack of a difference in the size of tumors in the
case of DU145. C, tumor volumes (left) and tumor wet weights (right) show that DAXX is required for tumor growth in PC3 cells, similarly to ALVA-31 cells. In
contrast, in DU145 cells, which are autophagy-defective, DAXX does not significantly affect tumorigenicity. D, tumor growth kinetics in mice injected with PC3
cells (left) is contrasted to kinetics in mice injected with DU145 cells (right). Error bars, S.E.

tumors (Fig. 4C), suggesting that active autophagy is needed to
suppress initial tumor growth of ALVA-31 cells. Of note,
despite several attempts, we were unable to derive an ULKI
K/D ALVA-31 cell line to use as a control, because these cells
were not viable. Through immunoblotting, ULK1 protein levels
were found to be significantly increased in PC3 DAXX K/D cells
(Fig. 5A), suggesting that DAXX normally suppresses expres-
sion of the autophagy initiator kinase ULK1, either directly or
indirectly. Because ULK1 and its closely related family member
ULK2 may have redundant functions, and, in some cells, one
may compensate for the lack of the other (21), we checked the
ULK2 protein levels in PC3 cells. The levels of ULK2 were neg-
ligible in these cells and were unaffected by DAXX knockdown
(Fig. 5A), implying that ULK1, rather than ULK2, is the critical
regulator of autophagy in PCa cells. Moreover, through qRT-
PCR analysis, ULK1 mRNA levels in DAXX-deficient cells
(ALVA-31 and PC3) were found to be increased 4 - 8-fold,
respectively, compared with control counterparts (Fig. 54),
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suggesting that the ULK1 promoter may be targeted by DAXX.
In contrast, DAXX did not appear to affect the transcription of
LC3, GAPDH (glyceraldehyde-3-phosphate dehydrogenase),
or CPH (cyclophilin) (not shown).

We have previously shown that DAXX represses the expres-
sion of DAPK1 and DAPK3 by mediating NF-«B-dependent
recruitment of the DNMT1 DNA methyltransferase to their
promoters, resulting in increased local CpG methylation and
decreased transcription (2). To determine whether DAXX
associates with LK1 in PC3 cells, we performed ChIP-seq
analyses (Fig. 5B). ChIP-seq revealed that four prominent
DAXX peaks were found in the genomic region encompassing
the ULKI gene (Fig. 5B, top). None of them was found in the
negative control (input, non-immunoprecipitated chromatin).
One of them, located at 1,464 bp downstream of the ULKI
transcription start site (TSS) in intron 3, corresponded to a
CpGisland, suggesting that perhaps DAXX utilizes DNA meth-
ylation to repress {/LKI, in a manner similar to its suppression
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FIGURE 3. DAXX modulates autophagy markers in vivo. A, quantitative immunohistochemical analysis of protein markers was performed using excised
tumor tissue corresponding to WT (n = 6) and DAXX K/D (n = 6) tumors from either PC3 or DU145 injections. Tissue sections were stained using antibodies
specific for DAXX or p62. Representative X 10 images are shown. B, immunostaining was quantified and analyzed using Aperio ImageScope software. To
construct graphs, GraphPad Prism version 5 software was used. Statistical significance was assessed by unpaired Student’s t test. Note that DU145 cells, being
autophagy-defective, show high levels of p62, regardless of the DAXX status. Error bars, S.E.

of DAPK1/3 (2). Interestingly, a DAXX ChIP-seq peak, located
upstream of the CpG peak, in the second intron, was also
detected (Fig. 5B, third panel). DBTSS (database of transcrip-
tional start sites) revealed that there were five NF-kB binding
sites in intron 2 of ULK1 (Fig. 5B, bottom). Chromatin immu-
noprecipitation (ChIP) analysis revealed that DAXX bound
strongly to the second predicted NF-«B binding site in ULK1I,
367 bp downstream of its TSS (Fig. 5C). The DAXX ChIP signal
was lower in DAXX-deficient cells, as expected (Fig. 5C). A
weak binding signal was detected for the first NF-«B site, and
signals were negligible for the rest of the sites and negative
controls (Fig. 5C). Therefore, we found that DAXX targets the
essential autophagy gene ULKI, co-localizes with it, and
represses its expression. The exact mechanism of repression
remains to be elucidated.

In addition to ULK1, DAXX may suppress the autophagic
pathway by reducing expression of the DAPK3 and/or DAPK1
protein kinases. Not only are DAPK1 and -3 two of the tran-
scriptional repression targets of DAXX (2), but they are also
direct targets for ULK1 phosphorylation/activation (DAPK3
(5)) or upstream activators of Beclinl (DAPKI (4)), making
them two additional components of the autophagic machinery.
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To determine whether DAXX affects tumor growth via DAPK3
suppression, DAPK3 was knocked down in ALVA-31 cells.
Knocking down DAPK3 resulted in enhanced tumor growth
rate and tumor size (Fig. 6, A and B) compared with the
ALVA-31 control and DAXX K/D groups, suggesting that
DAPKS3 acts as a tumor suppressor, whereas DAXX acts as a
tumor promoter. Furthermore, decreased tumor growth in
ALVA-31 cells due to DAXX knockdown could be rescued by
DAPKI knockdown, suggesting that DAXX may also affect the
DAPK1 pathway (Fig. 6, A and B). Of note, DAPK1 and DAPK3
are closely related serine/threonine kinases, with at least some
functional redundancy between these two kinases (4). It is
likely, therefore, that DAPK3 knockdown in ALVA-31 DAXX
K/D cells, if generation of such a double knockdown line were
successful, would give similar results.

An inverse relationship between DAXX and DAPK3 was
observed by IHC analysis of tumor tissues (Fig. 7, A-C), where
tumors with depleted DAXX, which were significantly less vas-
cularized (Fig. 7C), had significantly elevated levels of DAPK3
(Fig. 7A). This inverse relationship was also observed by immu-
noblotting of tumor tissue lysates (not shown). IHC staining for
the LC3 and p62 autophagy markers confirmed significantly
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performed by injecting 10 million cells/mouse. There were six mice per group.

Tumor kinetics (left) and wet weight (right) analyses demonstrate that when

ULKT1, an essential component of the autophagy machinery, is knocked down, tumor growth is restored in DAXX K/D cells. C, quantitative immunohistochem-

ical analysis was performed using excised tumor tissue corresponding to CNTL

(n = 6), DAXXK/D (n = 6), and DAXX/ULK1 dK/D (n = 6) tumors from ALVA-31

injections. Tissue sections were stained using an antibody specific for the autophagy marker LC3 (top row). A negative control (hematoxylin) was also included
(bottom row). Immunostaining was quantified and analyzed using Aperio ImageScope software. Statistical significance was assessed by unpaired Student’s t

test. Representative X40 images are shown. Error bars, S.E.

increased autophagy in tumor tissues arising from DAXX K/D
group compared with all other groups (Fig. 7B), with increased
LC3 (top) and decreased p62 (bottom). Thus, DAXX enhances
tumor growth by affecting several components of the
autophagy machinery in vivo.

DAXX Knockdown Modulates Autophagy Markers in Cul-
tured PC3 Cells—To complement the in vivo studies, we ana-
lyzed the expression of autophagy markers in cultured PC3 cells
(WT versus DAXX K/D). For this purpose, PC3 cells, transiently
transfected with GFP-LC3, were analyzed for GFP-LC3 expres-
sion under basal (untreated) autophagy conditions (Fig. 84)
and serum starvation (autophagy induction) via Earle’s bal-
anced salt solution (not shown). Basal autophagy was signifi-
cantly higher in DAXX K/D cells compared with WT counter-
parts, based on quantification of the number of LC3 puncta
(Fig. 8A). Upon visual inspection, autophagy induction via
serum starvation was also higher in the DAXX K/D group,
based on the higher number of LC3 puncta (not shown),
although quantification was complicated due to the fact that

15412 JOURNAL OF BIOLOGICAL CHEMISTRY

the size of the LC3 puncta was increased (in both groups), mak-
ing it more difficult to discern and count individual puncta
objectively. Inhibition of autophagy in PC3 cells using bafilo-
mycin A (BafA), a potent and specific inhibitor of vacuolar H*
ATPase, in a time course experiment (Fig. 8B) resulted in
increased p62 levels in both groups (Fig. 8B). The increase was
more pronounced in the WT group, consistent with a lower
autophagic flux when DAXX is overexpressed. Immunoblot-
ting for DAXX confirmed the expected differences in its
expression in WT versus DAXX K/D PC3 cells (Fig. 8B); as a
control, no significant changes were observed in (B-actin pro-
tein levels (Fig. 8B). Results similar to those for PC3 cells were
obtained for p62 using ALVA-31 cells (not shown). In sum-
mary, using a range of assays that included measurement of
endogenous p62, which reflects autophagic flux, we showed
that reduction of DAXX expression had a stimulatory effect on
autophagy (reduced p62 levels and increased LC3 puncta) in
cultured PC3 cells (Fig. 8). We conclude that DAXX is a sup-
pressor of autophagy in PCa.
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Human Malignancies Display Significant DAXX Up-regula-
tion and an Inverse Correlation between DAXX and DAPK1/
DAPK3—Based on our initial observation that DAXX levels are
increased in PCa cell lines relative to a non-tumorigenic coun-
terpart (Fig. 14), we set out to assess whether expression levels
of DAXX mRNA were similarly increased in primary prostate
cancers. To that end, we interrogated the Oncomine database
(Compendia Bioscience), using the Premium Edition package.
DAXX mRNA levels were increased in metastatic PCa, whereas
they were low in normal prostate glands (Fig. 94). The opposite
was true for two DAXX repression targets, the tumor suppres-
sors DAPK1 and DAPKS3 (Fig. 9C). Significantly, higher DAXX
SASBMB
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levels correlated with lower survival rates (Fig. 9B). Prostate
tumors with a higher Gleason score are more aggressive and
have a worse prognosis (22). Our Oncomine-derived analyses
indicated that higher scores were associated with higher DAXX
and lower DAPKS3 levels (Fig. 9D). Several other cancers,
including pancreatic cancer (Fig. 9E), displayed a similar trend,
signaling an important role for DAXX in PCa development and
progression/metastasis.

Discussion

Using a subcutaneous xenograft model in nude mice, we have
shown that the DAXX transcriptional repressor promotes
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determined to be fully viable (not shown). Error bars, S.E.

prostate cancer development at least in part by inhibiting
autophagy. DAXX has previously been associated with cell
death, largely through studies in cell culture (1). In contrast, our
in vivo studies with human PCa cell lines indicate that DAXX
has a pro-survival function. Using several PCa cell lines, we
found that DAXX promoted tumor growth and that there was a
direct correlation between the level of DAXX and the rate of
tumor growth. Specifically, ALVA-31 cells, with high DAXX
levels (Fig. 1A4), developed tumors faster than PC3 or DU145
cells, which have alower level of DAXX. Our in vivo results with
PCa cells are consistent with the recently reported pro-survival
function of DAXX in ovarian cancer (23) and several reports of
elevated DAXX expression in human cancer tissues compared
with normal ones (8 —10). Specifically, in ovarian cancer (23),
DAXX overexpression increased cell proliferation and migra-
tion. Ovarian cancer cells that overexpressed DAXX displayed
increased tumorigenesis in nude mice, whereas tumorigenesis
was inhibited or reduced when DAXX was depleted (23), anal-
ogous to our findings. Yet, our data reveal autophagy suppres-
sion by DAXX as a mechanism for tumorigenesis promotion
and thus provide, for the first time, mechanistic insights into
the tumorigenic actions of DAXX. Our Oncomine "™ data anal-
yses (Fig. 9) suggest that DAXX overexpression is associated
with malignant transformation in several cancers, including
prostate and pancreatic cancers. In contrast, two DAXX repres-
sion targets, the DAPK1/3 tumor suppressors and autophagy
regulators, displayed reduced expression in various cancers,
including PCa, suggesting their negative regulation by DAXX in
cancer contexts. Our studies support the conclusion that
DAXX acts to suppress autophagy in PCa tumorigenesis (in
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vivo) and in vitro settings. Protein and RNA analyses are con-
sistent with DAXX suppression of key initiators of the
autophagy machinery, including ULK]I, resulting in tumorigen-
esis (illustrated in Fig. 104). Both ULK1 (24) and DAPK1 (4)
phosphorylate Beclinl at distinct sites to increase its pro-au-
tophagy function, an effect that is countered by increased
DAXX protein (summarized in Fig. 10B).

The function of autophagy in cancer is multilateral; depend-
ing on the system, autophagy can suppress or enhance tumor-
igenesis. For instance, autophagy reportedly suppresses angio-
genesis, which is required for tumor growth (25) and invasion
(26). Indeed, in our studies, smaller tumors arising from DAXX-
depleted cells manifested increased autophagy and decreased
vasculature, and vice versa. Inmunohistochemical assessment
of proliferation (Ki67; data not shown), angiogenesis markers
(CD31), and autophagy markers (LC3 and p62) suggested that
DAXX K/D tumors had slow division rates, were less vascular-
ized, and displayed increased autophagy. Tumorigenicity of
DAXX knockdown cells is, therefore, impaired, at least in part,
due to increased autophagy, decreased angiogenesis, and
reduced division rates.

Autophagy has been linked to tumor suppression in liver,
breast, lung, and kidney cancers (19, 27-31). Similarly, we
showed that prostate tumor growth is enhanced when
autophagy is negatively regulated. Conversely, in other cases,
autophagy has been shown to be required for tumor progres-
sion. Through the use of a genetically engineered mouse model
of pancreatic ductal adenocarcinoma, autophagy was positively
linked to advancement to malignancy (32). Additionally, a key
role for autophagy in providing metabolites for mitochondrial
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FIGURE 7. DAXX and DAPK3 are inversely correlated in vivo. A, quantitative immunohistochemical analyses were performed using excised tumor tissue
corresponding to CNTL, DAXX K/D, and DAPK3 K/D tumors from ALVA-31 subcutaneous injections, as described above. Tissue sections were stained using an
antibody specific for DAPK3. A negative control (hematoxylin) was also included. Representative X 10 images are shown. Immunostaining was quantified and
analyzed using Aperio ImageScope software, and the graph was constructed using GraphPad Prism version 5 software. An inverse correlation between DAXX
and DAPKS3 is observed. B, immunostaining using LC3 or p62 antibodies shows increased autophagy in DAXX K/D tumors, based on LC3 increase and p62
decrease in these tumors. The pattern is reversed for DAPK3 K/D tumors. Representative X40 images are shown. C,immunohistochemistry using CD31 marker
forangiogenesis shows statistically significantincreased proliferation in larger size tumors (DAPK3 K/D) compared with smaller ones (DAXX K/D). Quantification

was done as in A above. Error bars, S.E.

function in V600-E BRAF mouse lung cancer was recently
reported (33) (i.e. autophagy appears to be particularly impor-
tant for tumors driven by Ras/Raf pathway activation).
Antagonistic functions of autophagy in tumorigenesis need
not be irreconcilable. Specifically, autophagy can act as a tumor
suppressor mechanism during the early stages of tumorigenesis
by preventing genomic instability (34) and eliminating the p62
autophagy receptor (19), whereas it can protect tumor cells
from oxidative damage during advanced stages of cancer (32).
Indeed, ALVA-31 PCa cells used in our study were derived from
an early stage tumor, established from a primary tumor biopsy
specimen obtained during prostatectomy in a patient with well
differentiated, stage B2 adenocarcinoma of the prostate (14).
Consistent with our observation that smaller tumors displayed
increased autophagy, autophagy appears to suppress early stage
tumorigenesis, possibly through degradation of p62. In contrast
to ALVA-31 cells, PC3 cells were isolated from a bone marrow
metastasis (35), but the fact that they behaved similarly to
ALVA-31 cells in their tumor growth kinetics and autophagy
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patterns suggests that the role of autophagy may predominantly
be cancer type-specific rather than cancer stage-specific. In
cancers such as lung (33) and pancreatic (32), autophagy may
promote tumor progression, whereas in the prostate it may
suppress it. In fact, metastatic PC3 PCa cells display relatively
high basal levels of p62 RNA and protein (36), which is in-
versely correlated to autophagy. Metastatic PCa, therefore,
does not appear to rely on autophagy for survival.

The tissue-specific mode of action of autophagy may stem
from distinct molecular driving forces of tumorigenesis. Molec-
ular drivers behind lung, pancreatic, colon, thyroid, and bladder
cancers include the Ras oncoprotein family (37), where gain-of-
function Ras mutations occur at high frequency. Ras-driven
lung tumors in mouse models are dependent on autophagy for
lipid catabolism and mitochondrial function (38). However, it is
important to note that Ras-induced autophagy does not always
promote tumor cell survival. For instance, tetracycline-induci-
ble oncogenic H-Ras expression in human ovarian epithelial
cells leads to autophagic cell death of tumor cells rather than
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survival (39). Similarly, Ras triggers autophagic cell death in
neuroblastoma, causing tumor regression (40). Importantly,
drug-induced autophagy causes K-Ras degradation and cell
death in multiple tumors (41). Finally, p53 status influences the
opposing effects of autophagy in pancreatic cancer, with p53
deficiency linked to a tumor-suppressive function of autophagy
in K-Ras-driven pancreatic tumor development (42). In agree-
ment with this role of p53 in pancreatic cancer, prostate cancers
may also be affected by p53 status. Consistent with the pancre-
atic cancer findings, suppression of autophagy by DAXX
resulted in accelerated tumor growth in ALVA-31 and PC3 PCa
cells, which are both p53-deficient (43, 44), and this effect was
reversed when DAXX levels were reduced. Notably, human
PCa (45), including PC3 cells (46), does not generally harbor
Ras mutations. Frequently mutated oncogenes in PCa include
MYC (40% of primary tumors and 90% of metastases show
increases in MYC copy number (47)), which is now generally
accepted as an oncogenic factor in human PCa (48, 49). Impor-
tantly, MYC cooperates with the AKT kinase, part of the
PI3K pathway (49). Generation of bigenic mice, where both
activated human AKT1 and human MYC were expressed in
the prostate, resulted in progression of PCa to advanced stages
(49). Because AKT inhibits autophagy and enhances prostate
tumorigenesis (50), these results agree with our finding that, in
PCa, autophagy inhibition promotes tumor growth.
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PCa initiation and progression does not depend only on
oncogenes, such as MYC and AKT. Compelling data show that
the PTEN tumor suppressor, which is deleted in 40% of local-
ized PCa and mutated in 60% of metastases (51), has a vital role
in human PCa (52). PTEN loss may account for increased AKT
activation and decreased autophagy in PCa, because introduc-
ing PTEN in cancer cells that lack PTEN function negatively
regulates AKT (50). Two of the three androgen-insensitive PCa
lines that we utilized, namely, ALVA-31 and PC3, are PTEN-
negative (at both the mRNA and protein levels) and phospho-
AKT (activated AKT)-positive (53). Because the loss of PTEN
(54) and increase in AKT (50) cause autophagy inhibition,
ALVA-31- and PC3-originating tumors would not be expected
to depend on autophagy for survival, because autophagy is
inhibited in these tumors. Although we used cultured PCa cell
lines and xenografts as model systems, we note that MYC and
DAXX mRNA levels are similarly increased in human prostate
cancers and are associated with poor prognosis (8, 47) (Fig. 9),
whereas PTEN levels are decreased (51). Furthermore, therapy-
induced autophagy enhances tumor cell death in a context-de-
pendent manner (46), consistent with a tumor suppressor role
for autophagy.

In conclusion, through the use of two stable DAXX knock-
down PCa lines (ALVA-31 and PC3), depletion of essential
autophagy genes (ULK1 and DAPKs), and the use of an
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FIGURE 9. Human prostatic and pancreatic malignancies display significant DAXX mRNA up-regulation and an inverse correlation between DAXX and
DAPK1/3. The Oncomine Premium Edition database was interrogated in studies involving DAXX (A-E) and its repression targets, DAPK1/3 (B-E), in prostate
(A-D) and pancreatic (E) cancers. The raw data were used to construct graphs using GraphPad Prism version 5 software. The data suggest that DAXX
overexpression may be associated with malignant transformation (A), poor prognosis (B), and DAPK1/DAPK3 down-regulation (C). A high Gleason score
correlated with an increase in DAXX and a decrease in DAPK3 levels (D). DAXX overexpression is also associated with malignant transformation in pancreatic
cancer, whereas DAPK3 is down-regulated in this type of cancer (E). The analysis of variance statistical tests showed that the differences among various groups
were statistically significant (p < 0.05). The title of each graph represents the name of the author that deposited the respective raw data in Oncomine (56 - 60).

Error bars, S.E.

autophagy-defective PCa line (DU145), we showed that DAXX
exerts its tumor-promoting functions by reducing autophagy.
The decrease in p62 immunostaining in DAXX K/D tumor tis-
sue sections arising from PC3 cells compared with their wild-
type counterparts (Fig. 3) suggests that DAXX knockdown
indeed increases autophagy. The decrease in p62 was not due to
decreased p62 transcription (not shown). Furthermore, a
decrease in p62 was not observed using DU145 cells (ATG5-
deficient) when DAXX was knocked down (Fig. 3), suggesting
that DAXX cannot affect autophagy/tumorigenesis under
autophagy-defective conditions. Corroboration of in vivo stud-
ies with cell culture analysis (Fig. 8), indicated that autophagic
flux was increased in DAXX K/D cells.

DAXX suppresses expression of DAPK1/3 (2) and ULKI.
ULK1 is the most upstream element in the autophagy pathway
(Fig. 10B), without which activation of DAPK3 (5) and Beclinl
(24) and, thus, autophagy (Fig. 10B) cannot proceed. Although
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ULK1 has multiple targets in cell signaling and regulates other
cellular processes besides autophagy (55), additional support
that autophagy is indeed a mechanism by which DAXX affects
tumorigenesis in PCa comes through our use of the ATG5-
deficient cell line, DU145 (this study) and ChIP-seq/RNA-seq
analyses (13). DAXX ChIP-seq peaks were found close to the
TSSs of autophagy genes, and genes increased by DAXX K/D
included those involved in autophagy. Furthermore, RNA-seq
showed that DAXX was inversely correlated with the expres-
sion of positive regulators of autophagy (13).

Among many functions, DAXX is a regulator of NF-«B (2)
and a histone H3.3 chaperone (3). Because DAXX is bound to
the ULK1 promoter region in the vicinity of an NF-«B binding
site, one could speculate that the repressive effect of DAXX on
ULK1 expression is exerted directly, possibly through RelB/
DAXX-mediated recruitment of DNMT]I, leading to local
repressive CpG methylation, as is the case for DAPK1 and
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FIGURE 10. Model for DAXX-mediated induction of tumorigenesis. A, synopsis of experimental results outlines the effect of DAXX on subcutaneous tumor
growth, emphasizing key autophagy effectors in the process. Green arrow, increased gene expression; red arrow, decreased gene expression. B, a mechanistic
model of DAXX function in cancer. The dashed arrow on the left summarizes the overall effect of DAXX on tumorigenesis, whereas mechanistic details are
depicted with solid lines. DAXX suppresses expression of DAPKs (2) and ULK1 (this investigation). ULK1 is the most upstream element in the autophagy
pathway, without which phosphorylation-dependent activation of DAPK3 and Beclin1 and, ultimately, autophagy cannot proceed. DAXX may affect several
components of the autophagy machinery simultaneously or sequentially, with the end result being increased tumorigenesis.

DAPKS3 (2) (data not shown). However, this could also involve
DAXX/ATRX-mediated replacement of H3.3 at the DAPKI,
DAPK3, or ULKI promoters. Preliminary data have provided
clues, but further work is required to determine the exact
mechanistic details of repression. Indeed, DAXX can employ
different repressive mechanisms for different genes. Overall,
our current study serves as proof of concept unraveling the role
of DAXX in tumorigenesis and its negative regulation of
autophagy.
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