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and Contributes to Intestinal Tumorigenesis

Anuratha Sakthianandeswaren1,3, Michael Christie1,3, Carla D’Andreti1, Cary Tsui1, Robert N. Jorissen1, Shan Li1,
Nicholas I. Fleming1, Peter Gibbs1,2,3, Lara Lipton1,2,3, Jordane Malaterre5, Robert G. Ramsay5, Toby J. Phesse1,
Matthias Ernst1, Rosemary E. Jeffery7, Richard Poulsom7, Simon J. Leedham8, Stefania Segditsas8,
Ian P. M. Tomlinson8, Oliver K. Bernhard1, Richard J. Simpson1, Francesca Walker1, Maree C. Faux1,
Nicole Church1, Bruno Catimel1, Dustin J. Flanagan4, Elizabeth Vincan4,6, and Oliver M. Sieber1,3

Abstract
Studies employing mouse models have identified crypt base and position þ4 cells as strong candidates for

intestinal epithelial stem cells. Equivalent cell populations are thought to exist in the human intestine; however
robust and specific protein markers are lacking. Here, we show that in the human small and large intestine,
PHLDA1 is expressed in discrete crypt base and some position þ4 cells. In small adenomas, PHLDA1 was
expressed in a subset of undifferentiated and predominantly Ki-67–negative neoplastic cells, suggesting that a
basic hierarchy of differentiation is retained in early tumorigenesis. In large adenomas, carcinomas, and
metastases PHLDA1 expression became widespread, with increased expression and nuclear localization at
invasive margins. siRNA-mediated suppression of PHLDA1 in colon cancer cells inhibited migration and
anchorage-independent growth in vitro and tumor growth in vivo. The integrins ITGA2 and ITGA6 were
downregulated in response to PHLDA1 suppression, and accordingly cell adhesion to laminin and collagen was
significantly reduced. We conclude that PHLDA1 is a putative epithelial stem cell marker in the human small and
large intestine and contributes to migration and proliferation in colon cancer cells. Cancer Res; 71(10); 3709–19.
�2011 AACR.

Introduction

Although it is generally accepted that intestinal epithelial
stem cells (ISC) reside at the crypt base, their identity is
subject to debate (1). In mice, 2 candidates for ISCs have
been identified through Cre-mediated lineage tracing: Lgr5
(leucine-rich repeat containing G-protein coupled receptor 5)
expressing crypt base cells which are interspersed between
Paneth cells in the small intestine and goblet cells in the large
intestine (2), and Bmi1 (Bmi1 polycomb ring finger oncogene)
expressing cells at "positionþ4" relative to the crypt bottom in

the proximal small intestine (3). In the small intestine, the
Lgr5þ cells are also referred to as crypt base columnar cells
(CBCC; ref. 4). Lgr5þ crypt base cells are the likely cells of
origin of intestinal neoplasia (5). Whether CBCCs and position
þ4 cells in the small intestine represent different, overlapping,
or identical populations of ISCs remains unresolved.

Additional candidate markers for the putative crypt base
ISCs in mice have been identified through gene expression
profiling of Lgr5þ cells, with validation for Ascl2 (Achaete
scute complex homolog 2) in the small and large intestine and
Olfm4 (olfactomedin-4) in the small intestine (6). Similarly
Msi1 (Musashi-1) and Prom1 (Prominin-1/CD133) are
expressed in crypt base cells, but these markers lack specificity
with expression extending to transit amplifying cells (7, 8).
Despite these substantive advances in mice, limited progress
has been made regarding the assessment of candidate ISC
markers in humans. Conflicting data exist on BMI1mRNA and
protein expression in human small and large intestine (9–11),
and systematic assessment of LGR5, ASCL2, and OLFM4 is
hindered by a lack of appropriate antibodies and has been
limited to surrogate in situ hybridization studies. OLFM4 is
perhaps the best studied candidate in humans, showing
mRNA expression at the crypt base throughout the intestinal
tract (12). OLFM4 appears to be highly expressed in a subset of
colorectal carcinoma cells, although data is limited to a small
number of tumors (12).

We and others have previously identified overexpression of
PHLDA1 (pleckstrin homology-like domain familyAmember 1)
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in intestinal tumors of both humans andmice (13–15), and the
gene has been shown to be coexpressed with Lgr5 in murine
crypt base cells (6). PHLDA1 encodes a 401–amino acid protein
that comprises a central pleckstrin homology domain common
to proteins involved in intracellular signaling or as constituents
of the cytoskeleton (16–18), a central polyglutamine tract, and 2
C-terminal regions rich in proline–glutamine and proline–
histidine repeats. The gene is expressed in a wide range of
normal and cancer tissues (19, 20). PHLDA1 function varies
with cell type and context, with several studies reporting a
proapoptotic (20–23) or antiproliferative role (24). PHLDA1
expression is induced by external stresses such as heat shock
(22, 23), and may be modulated by IGF-I (insulin-like growth
factor I; ref. 25) and ERK (extracellular-regulated kinase) path-
ways (24).

Here we characterized the expression of PHLDA1 protein in
the human small and large intestine, and compared this with
other proposed markers of ISCs. We further determined the
pattern of PHLDA1 expression in intestinal adenomas and
carcinomas from all sites and stages, and explored PHLDA1
function in human colon cancer cell lines.

Materials and Methods

Patient specimens and cell lines
Archival and fresh-frozen intestinal tumor and adjacent

normal tissues were retrieved from patients treated at the
Royal Melbourne and Western Hospitals in Melbourne, Aus-
tralia. Sample characteristics are summarized in Supplemen-
tary methods. This study was approved by the hospitals’ ethics
committee and all patients gave informed consent.

HCT116 (ATCC CCL-247) and SW480 (ATCC CCL-228)
colon cancer cell lines were authenticated in 2010 by short
tandem repeat (STR) analysis. Cells were cultured with
Dulbecco's modified Eagle's medium (DMEM) and 10% FBS
at 37�C and 5% CO2.

In vitro experiments and functional assays
IHC, in situ hybridization, immunoblotting, and laser cap-

ture microdissection were performed using standard methods
(Supplementary Methods). Colon cancer cell lines were ana-
lyzed for apoptosis (Annexin V/7-AAD), anchorage-dependent
growth (MTT conversion assay), anchorage-independent
growth (soft agar colony formation), cell migration (scratch
and chamber migration assays), cell-matrix adhesion (col-
lagen, laminin), response to Wnt pathway stimulation
(Wnt3a-conditioned medium) and in vivo growth as xeno-
grafts as described in Supplementary Methods.

Transient transfections were conducted using lipofecta-
mine 2000 (Invitrogen) with the following siRNAs:
siPHLDA1_2 (Hs_PHLDA1_2, target sequence 50AGGAGC-
GATGATGTACTGTAA30, Qiagen), siPHLDA1_5 (Hs_PHLD-
A1_5, target sequence 50CTAATCCGTAGTAATTCCTAA30,
Qiagen), control-siRNA (siNEG; AllStars Neg Control, Qiagen),
b-catenin-siRNA pools (L-003482-00-0005, Dharmacon), and
control-siRNA pools (D-001810–20, Dharmacon).

Total RNA was prepared using the RNeasy Mini Kit (Qia-
gen), and reverse transcribed using the SuperScript III First-

Strand Synthesis Kit (Invitrogen). Quantitative real-time PCR
was performed on a 7500 Fast Real-time PCR System (Applied
Biosystems) using TaqMan assays (Applied Biosystems)
against PHLDA1 (Hs00378285_g1), LGR5 (Hs00173664_m1),
and the housekeeping gene HPRT (hypoxanthine phosphor-
ibosyltransferase 1; HuHPRT_0604009) and SYBR green
assays (Qiagen) against MYC (QT00035406) and b-catenin
(QT00077882). Expression of 84 extracellular matrix (ECM)
and cell adhesion genes was assayed using the Human Extra-
cellular Matrix and Adhesion Molecules RT2 Profiler PCR
Array (SABiosciences).

Statistical analysis
Statistical analyses were performed using the Student's t

test for continuous variables. The Compare Groups of
Growth Curves (CGGC; http://bioinf.wehi.edu.au/software/
compareCurves) permutation test was used to compare
groups of curves for the MTT cell proliferation, scratch,
and cell line xenograft assays. All analyses were 2-sided and
regarded as significant for P < 0.05.

Results

PHLDA1 is expressed in undifferentiated crypt base
cells of the human intestine

Cytoplasmic PHLDA1 staining was detected by IHC in
discrete cells at the crypt base along the entire human adult
intestine (Fig. 1A). In the small intestine PHLDA1 staining cells
were slender CBCCs interspersed between Paneth cells in all
crypts, and cells immediately above the Paneth cells (position
þ4) in some crypts. Similar expression was seen for the
proximal colon in regions where Paneth cells were present.
In the distal colon and rectum, PHLDA1 was expressed in
crypt base cells interspersed between goblet cells. These
localizations were confirmed by double staining for PHLDA1
and the Paneth cell-specific marker a-defensin in the small
intestine, and PHLDA1 and goblet cell-specific mucin in the
large intestine (Supplementary Fig. 1). The location and
morphology of PHLDA1 expressing cells in the human intes-
tine closely resembled that of Lgr5 expressing crypt base cells
in mice as previously shown by Barker and colleagues (2).
Accordingly, in situ hybridization for LGR5 mRNA in humans
demonstrated expression limited to the crypt base (Fig. 1B),
and both PHLDA1 and LGR5 were shown to be largely
restricted to the crypt base in laser capture microdissected
samples from the human small and large intestine (Supple-
mentary Fig. 2). In Lgr5-EGFP-IRES-creERT2 knock-in mice (2),
coexpression of Phlda1 and Lgr5-EGFP in CBCCs was further
confirmed by IHC in serial sections (Fig. 1C). However, a
decreasing gradient of Phlda1 protein was noted above CBCCs
in murine tissue.

PHLDA1 expression was compared with putative ISC mar-
kers other than LGR5 in the human small and large intestine
(Fig. 1B). MSI1 protein was expressed more widely in the crypt
epithelium, including crypt base, position þ4, and transit
amplifying cells. BMI1 protein was detected in single cells,
predominantly at the crypt base and mid crypt, occasional
position þ4 cells and in cells higher up the crypt-villus axis.
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PHLDA1 is overexpressed in human intestinal tumors
of all stages
We have previously shown by gene expression microarray

analysis that PHLDA1 is overexpressed in mouse and human
intestinal tumors as compared with normal epithelium (15).
Here, this was further validated by real-time reverse-tran-
scriptase (RT)-PCR analysis in a series of normal colorectal
tissues (n ¼ 20), stage A to D colorectal cancers (n ¼ 20 per
stage) and HCT116 and SW480 colon cancer cell lines (Fig. 2A).
PHLDA1 IHC on small (<1 cm) colorectal adenomas

revealed cytoplasmic staining in 100% (42 of 42) and nuclear
staining in 19% (8 of 42) of cases (Supplementary Fig. 3).
Notably, PHLDA1 expression was confined to discrete neo-
plastic cells of "undifferentiated" morphology interspersed
with nonstaining neoplastic cells showing goblet cell differ-
entiation, reminiscent of the differentiation hierarchy

observed in normal crypts (Fig. 3A). Double staining of small
adenomas with the active-proliferation marker Ki-67 showed
a strong inverse association with PHLDA1 (Fig. 3C): for Ki-67
expressing cells from 5 small adenomas, 82.2% (411/500) were
PHLDA1 negative and 17.8% (89 of 500) were PHLDA1 posi-
tive. This again mirrored the pattern found in normal crypts,
where PHLDA1 staining was confined to the crypt base/stem
cell compartment and Ki-67 staining to the mid crypt/transit
amplifying cell compartment (Fig. 3C). In occasional small
adenomas, a subset of the PHLDA1 expressing neoplastic cells
displayed de novo expression of the Paneth cell marker
a-defensin, irrespective of adenoma location in the intestinal
tract (Fig. 3B).

In large adenomas and carcinomas, PHLDA1 staining
became more widespread and included cells with goblet cell
differentiation (Fig. 2B). Overall, 100% (19 of 19) of benign

Figure 1. PHLDA1 marks
undifferentiated crypt base cells in
human small and large intestine:
comparison with putative
epithelial stem cell markers. A,
PHLDA1 protein expression by
IHC in CBCCs and some position
þ4 cells in small intestine and
parts of proximal colon. Paneth
cells are identified by apical
cytoplasmic granules. In distal
colon and rectum, PHLDA1 was
expressed in crypt base cells
interspersed between goblet cells.
There was weak PHLDA1 staining
of cells in the lamina propria.
B, expression of other putative
epithelial stem cell markers in
human small and large intestine.
LGR5 mRNA expression by in situ
hybridization resembled PHLDA1
protein expression in small and
large intestine. MSI1 protein
expression by IHC was seen in the
crypt base and transit amplifying
compartment in small and large
intestine. BMI1 protein expression
by IHC was seen in single cells
(arrowheads) predominantly at
the crypt base, including
occasional position þ4 cells
(asterisk), in small and large
intestine. Scale bars, 50 mm.
C, Phlda1 and Lgr5-EGFP
expression by IHC in small
intestine from Lgr5-EGFP-IRES-
creERT2 knock-in mice. Strong
staining for Phlda1 and Lgr5-
EGFP was seen in slender
CBCCs. Costaining for Phlda1
and Lgr5-EGFP (arrowheads) was
demonstrated in 4 mm serial
sections (right side). Scale bars,
25 mm.
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lesions, 100% (20 of 20) of stage A, 95% (19 of 20) of stage B,
100% (20 of 20) of stage C, 87% (20 of 23) of stage D tumors,
and 78% (7 of 9) of metastases showed cytoplasmic staining
for PHLDA1 (Fig. 2B, Supplementary Fig. 3A). Cytoplasmic
staining was of variable intensity in most cases, but tended to
be stronger at invasive margins. Additional nuclear staining
was seen in 21% (4 of 19) of large adenomas, 25% (5 of 20) of
stage A, 40% (8 of 20) of stage B, 40% (8 of 20) of stage C, 52%
(12 of 23) of stage D carcinomas, and 66% (6 of 9) of metastases
(Supplementary Fig. 3B). In the majority of cases with nuclear

staining this occurred predominantly in cells at invasive
margins. Strong PHLDA1 staining at the invasive margin
was inversely correlated with Ki-67 staining in serial sections,
consistent with a switch from a proliferative to an invasive
phenotype (Fig. 2C). There was no correlation between
PHLDA1 staining and adenocarcinoma grade (data not
shown).

PHLDA1 IHC on 2 adenomas, 5 carcinomas, and 1 distant
metastasis from the small intestine showed a similar pattern
to that observed for colorectal tumors (Fig. 2B).
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Figure 2. PHLDA1 is
overexpressed in all stages of
colorectal cancer. A, PHLDA1
mRNA overexpression by real-
time RT-PCR in stage A to D
colorectal cancers (n ¼ 20 per
stage) and HCT116 and SW480
cells (n ¼ 6 replicates) compared
with normal mucosa (n¼ 20). Data
are normalized to HPRT levels. B,
representative images of PHLDA1
expression by IHC in adenomas,
carcinomas, and distant
metastases from small intestine,
proximal colon, distal colon, and
rectum. Asterisks mark areas with
strong cytoplasmic and nuclear
expression in tumor cells at the
invasive front. C, PHLDA1 and Ki-
67 IHC at the invasive front of a
colorectal adenocarcinoma.
PHLDA1 is strongly expressed at
the leading edge with Ki-67
showing an opposite distribution
(arrows). Scale bars, 100 mm.
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PHLDA1 is not a direct target of the canonical Wnt
signaling pathway
Overexpression of PHLDA1 in intestinal tumors with

demonstrated mutations activating the Wnt/b-catenin sig-
naling pathway (13–15) suggests this gene as a potential
direct downstream target of Wnt/b-catenin signaling. To
test this hypothesis, we analyzed HCT116 and SW480 cells
transfected with b-catenin-siRNA for changes in PHLDA1

mRNA levels, using measures of MYC, a known direct
target of Wnt/b-catenin signaling, as a positive control.
Compared with control-siRNA (siNEG), both b-catenin and
MYC expression were significantly downregulated in b-cate-
nin-siRNA transfected cells (P < 0.05; Student's t test;
Fig. 4A). In contrast, PHLDA1 was upregulated in HCT116
cells and no significant change was detected in SW480
cells.
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Figure 3. PHLDA1 staining in human normal large intestine and small (<1 cm) adenomas suggests maintenance of a stem cell/progenitor cell hierarchy
of differentiation in early tumorigenesis. A, representative double staining of normal large intestine and a small (<1 cm) adenoma for PHLDA1 (DAB, brown)
and goblet cell mucin (Alcian blue). In normal epithelium, PHLDA1-expressing cells were restricted to the crypt base and were situated between
non-PHLDA1-expressing goblet cells. In the adenoma, PHLDA1 staining was confined to discrete neoplastic cells of "undifferentiated" morphology
interspersed with PHLDA1-negative neoplastic goblet cells (arrowheads). B, double staining for PHLDA1 (DAB, brown) and the Paneth cell marker a-defensin
(Fast Red, red). In normal epithelium, Paneth cells were absent and no a-defensin staining was detected. In occasional adenomas, a subset of PHLDA1
staining neoplastic cells showed de novo expression of a-defensin (arrowheads). C, double staining for PHLDA1 (DAB, brown) and Ki-67 (Fast Red, red)
with color deconvolution and colocalization image analysis. In normal epithelium, PHLDA1 staining was confined to the crypt base/stem cell compartment
and Ki-67 staining to the mid crypt/transit amplifying cell compartment. Staining for neither marker was seen in the upper crypt/differentiated cell
compartment. In the adenoma, PHLDA1 and Ki-67 expression (arrowheads) was generally mutually exclusive, although occasional coexpression was seen
(arrows). Colocalization color scheme: green/cyan, PHLDA1; red/purple, Ki-67; yellow, PHLDA1þKi-67; and blue, haematoxylin. Scale bars, 50 mm.
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Similar results were obtained for stimulation of HCT116
and SW480 cells with Wnt3a-conditioned medium. Compared
to control medium, MYC expression showed significant
upregulation after stimulation with Wnt3a (P < 0.05; Student's
t test), whereas PHLDA1 expression remained constant
(Fig. 4B).

PHLDA1 suppression in colon cancer cells inhibits
anchorage-independent growth in vitro

Several in vitro studies on nonintestinal cell lines have
indicated a proapoptotic or antiproliferative role for PHLDA1
(20–24), whereas others have found no or opposing effects (25,
26). To evaluate these potential roles in colon cancer cell lines
which express high levels of PHLDA1 protein, we analyzed
HCT116 and SW480 cells for changes in apoptosis and
cell proliferation following downregulation of endogenous
PHLDA1 levels.

Cells were transiently transfected with 2 alternative
PHLDA1-siRNAs or siNEG, and downregulation of PHLDA1
mRNA and protein expression was confirmed to be greater

than 70% using real-time RT-PCR and Western blotting
(Fig. 5A). Early apoptosis and late apoptosis/necrosis were
measured using flow cytometry and Annexin V/7-AAD stain-
ing. As HCT116 and SW480 cells show low basal levels of
apoptosis, measurements were made for cells growing under
standard conditions and following incubation with hydrogen
peroxide, a potent inducer of programmed cell death (27). As
anticipated, treatment with hydrogen peroxide resulted in a
significant increase in the proportion of early apoptotic and
late apoptotic/necrotic cells when compared with no treat-
ment, but PHLDA1 suppression had no detectable influence
under either experimental condition (Fig. 5B). Furthermore,
we observed no difference in anchorage-dependent growth
when siPHLDA1 and siNEG transfected cells were monitored
over a 4 day period using MTT conversion assays (Fig. 5D).

However, when analyzed for anchorage-independent
growth using colony formation assays in soft agar, PHLDA1
suppressed cells demonstrated clear inhibition of growth
with significantly fewer colonies as compared with siNEG
cells (P < 0.002 for all comparisons; Student's t test;
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Figure 4. PHLDA1 is not a direct
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Fig. 5C). There was no apparent difference in colony formation
between siNEG and untransfected cells indicating that the
transfection process had little impact on this phenotype.

PHLDA1 suppression in colon cancer cells inhibits cell
migration in vitro
Given the increased expression and nuclear localization of

PHLDA1 at the invasive margin of human colorectal carci-
nomas, we assessed the effect of PHLDA1 suppression on
colon cancer cell migration. In scratch assays, HCT116 and
SW480 cells transiently transfected with siPHLDA1 showed
significantly slower rates of wound closure when compared
to siNEG cells (P < 0.0001 for all comparisons, CGGC;
Fig. 6A). This was likely to reflect actual changes in migra-
tory ability, given that anchorage-dependent growth was
similar for siPHLDA1 and siNEG transfected cells. To con-
firm the role of PHLDA1 in cell migration, we performed
chamber migration assays. Again siPHLDA1 transfected
HCT116 or SW480 cells showed significantly reduced migra-
tion when compared with siNEG transfected cells (P < 0.05

for all comparisons, Student's t test; Fig. 6B). There was no
apparent difference in migration between siNEG and
untransfected cells for either assay.

PHLDA1 suppression results in downregulation of
ITGA2 and ITGA6 and decreased cell-matrix adhesion

Given the apparent role of PHLDA1 in cell migration, we
assessed the gene expression levels of 84 ECM and cell
adhesion genes in siPHLDA1 and siNEG transfected
HCT116 and SW480 cells using Human ECM and Adhesion
Molecules RT2 Profiler PCR Arrays. In both cell lines, 2 genes
showed significant changes in expression, with downregula-
tion of more than 2-fold in response to PHLDA1 suppression:
ITGA2 (Integrin alpha 2) and ITGA6 (Integrin alpha 6; P < 0.05,
Student's t test; Fig. 6C).

ITGA2 and ITGA6 serve as integral membrane receptors
that form focal adhesion contacts with various ECM-ligands
including collagen (ITGA2) and laminin (ITGA2 and ITGA6;
ref. 28). To determine the functional role of decreased
ITGA2 and ITGA6 levels in PHLDA1-suppressed cells,
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Figure 5. Suppression of PHLDA1 in colon cancer cells does not affect anchorage-dependent growth or apoptosis but inhibits anchorage-independent
growth. A, confirmation of PHLDA1 suppression in HCT116 and SW480 cells transfected with PHLDA1-siRNAs by real-time RT-PCR and Western
blotting. Real-time RT-PCR data are normalized to HPRT levels for 6 replicates; means � SEM. B, Annexin V/7AAD staining showed similar proportions
of cells in early or late apoptosis/necrosis for PHLDA1-siRNA and siNEG transfected cells under standard culture conditions or when treated with
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reduction in anchorage-independent growth for PHLDA1-siRNA compared with siNEG transfected cells (P < 0.002). Data from 3 experiments; n ¼ 4;
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experiments; n ¼ 16; means � SEM.
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adhesion to collagen and laminin was assessed for
siPHLDA1 and siNEG transfected cells. As anticipated, sup-
pression of PHLDA1 was associated with a significantly
reduced ability of HCT116 and SW480 cells to adhere to

either ligand (P < 0.01, Student's t test; Fig. 6D). This effect
was phenocopied by functional-blocking of ITGA2 and
ITGA6 with monoclonal antibodies as compared with block-
ing with isotype control antibody (Fig. 6D).
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PHLDA1 suppression in colon cancer cells inhibits
tumor growth in vivo
To evaluate whether PHLDA1 suppression inhibited colon

cancer cell growth in vivo, we analyzed xenografts generated
by injecting HCT116 cells transfected with siPHLDA1_2 or
siNEG into the rear flanks of BALB/c athymic nude mice.
Xenograft growth was monitored for 18 days and tumor size
measured on consecutive days (Fig. 7). Knockdown of
PHLDA1 expression was confirmed by real-time RT-PCR prior
to injection, and by IHC on a subset of tumors harvested on
day 3 and 5 after xenograft. Measurements throughout the
18 day period demonstrated a significant reduction of growth
for the siPHLDA1-HCT116 tumors as compared with siNEG-
HCT116 tumors (P < 0.0003, CGGC): on day 18 postinjection
the mean tumor volume was 145 and 251 mm3 for
siPHLDA1_2 and siNEG tumors, respectively. There were
no apparent histological differences between siPHLDA1
knockdown and control tumors.

Discussion

We have identified PHLDA1 as a putative marker of epithe-
lial stem cells in the human adult small and large intestine. In
the small intestine, PHLDA1 protein was expressed in the
morphologically distinct CBCCs and some position þ4 cells.
In the colon and rectum, PHLDA1 protein was expressed in
undifferentiated columnar cells limited to the crypt base. This
distribution of PHLDA1 expressing cells in the human intes-

tine closely resembles that of Lgr5 in the mouse intestine,
previously shown to mark intestinal stem cells through Cre-
mediated lineage tracing (2). Accordingly, we confirmed by in
situ hybridization on tissue sections and by real-time RT-PCR
on microdissected crypts that LGR5 expression is limited to
the crypt base in the human intestine, in a similar distribution
to PHLDA1. In transgenic mice, we further demonstrated
coexpression of Phlda1 and Lgr5-EGFP in CBCCs, however
a decreasing gradient of Phlda1 protein was evident above
CBCCs in murine tissue. Consistent with this, Van der Flier
and colleagues have previously demonstrated coexpression of
Phlda1 and Lgr5 in flow cytometry isolated Lgr5-EGFP expres-
sing crypt base cells from the mouse intestine (6).

The restricted crypt base expression of PHLDA1 protein in
human intestine was illustrated by comparison with MSI1, a
crypt base marker whose expression extends to transit ampli-
fying cells. Similarly, PHLDA1 showed more restricted expres-
sion as compared with the published in situ hybridization
results for OLFM4, a suggested marker of ISCs in the human
(12). Although both PHLDA1 and BMI1 protein were expressed
in a proportion of þ4 cells, our data did not conclusively
demonstrate an overlap between these 2 populations.

PHLDA1 was consistently expressed in human intestinal
adenomas and the majority of carcinomas. In early adeno-
mas (<1 cm) PHLDA1 staining was predominantly cytoplas-
mic and confined to neoplastic cells of undifferentiated
morphology interspersed with neoplastic PHLDA1-negative
cells showing goblet cell differentiation. Expression of

Figure 7. PHLDA1 suppression in
colon cancer cells inhibits tumor
growth in xenografts. A, HCT116
cells transfected with PHLDA1-
siRNA (siPHLDA1_2) showed
significantly reduced growth in
athymic nude mice compared with
control-siRNA (siNEG) transfected
cells (P < 0.0003). Data from 2
xenograft experiments; n ¼ 18;
means � SEM. B, confirmation of
PHLDA1 knockdown by real-time
RT-PCR before injection and by
IHC on days 3 and 5 after
xenograft. RT-PCR data are
normalized to HPRT levels; means
� SEM. Scale bars, 50 mm.
C, representative images of
tumors harvested on day 18. Scale
bar, 1 cm.
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PHLDA1 in early adenomas was further inversely associated
with the proliferation marker Ki-67. This staining pattern
was reminiscent of that observed for normal intestinal
crypts, where undifferentiated PHLDA1 expressing crypt
base cells give rise to Ki-67 expressing transit amplifying
cells and then to the differentiated cells of the intestine
including goblet cells. PHLDA1 expression in early human
adenomas also resembled that reported for murine adeno-
mas produced by targeted transformation of Lgr5-EGFP
expressing stem cells, in which Lgr5-EGFP staining is
restricted to small populations of neoplastic cells with
undifferentiated stem cell-like morphology (5). However,
in occasional early human adenomas a small proportion
of PHLDA1 expressing neoplastic cells showed de novo
expression of the Paneth cell marker a-defensin, indicating
that the apparent hierarchy of differentiation in early ade-
nomas is somewhat aberrant. Induction of de novo expres-
sion of Paneth cell-specific genes in intestinal tumorigenesis
has previously been described in mouse models following
targeted Apc inactivation or gain-of-function b-catenin
mutation, as well as in human intestinal tumors (29, 30).

In large adenomas and carcinomas, PHLDA1 cytoplasmic
expression became more diffuse and included neoplastic cells
with goblet cell differentiation, consistent with a more sub-
stantial deregulation of the differentiation hierarchy. With
increasing carcinoma stage there was a slight decrease in
cytoplasmic PHLDA1 staining, but an increase in cytoplasmic
and nuclear staining at the invasive front. The switch to an
invasive migratory phenotype at the invasive front was accom-
panied by a clear reduction in cell proliferation as indicated by
decreased Ki-67 staining. To what extent the nuclear and
cytoplasmic pools of PHLDA1 have different functions
remains to be elucidated. Of interest, the polyglutamine tract
in PHLDA1 is a feature common to several transcription
factors, suggesting a possible role as a transcription factor
or coactivator (31).

Previous studies demonstrating overexpression of PHLDA1
in intestinal tumors carrying mutations leading to aberrant
activation of Wnt/b-catenin signaling have suggested this
gene as a potential direct downstream target of the pathway
(13–15). Our results from manipulation of Wnt/b-catenin
signaling levels in colon cancer cell lines do not support this
hypothesis. PHLDA1 showed upregulation in HCT116 cells and
no change in SW480 cells in response to b-catenin suppression
and no change in response to Wnt3a stimulation. However,
while our data provide evidence against direct regulation of
PHLDA1 expression by the canonical Wnt/b-catenin pathway,
they do not exclude the possibility that PHLDA1 might be a
downstream target of noncanonical Wnt signaling.

Some studies on nonintestinal cell types have identified a
proapoptotic or antiproliferative role for PHLDA1 (20–24,
32), whereas others have found no or opposite effects (25,
26), suggesting cell type and/or context-dependence for
PHLDA1 function. Consistent with context-dependence,
downregulation of endogenous PHLDA1 in human colon
cancer cells had no effect on anchorage-dependent growth
or apoptosis, but did result in inhibition of anchorage-
independent growth in vitro and xenograft growth in vivo.

We further found evidence for a novel role for PHLDA1 in
cell migration, initially suggested by the increased staining
and nuclear relocalization of the protein at the invasive front
of intestinal carcinomas. Accordingly, colon cancer cells
showed significantly reduced migratory behavior in
response to PHLDA1 suppression.

Investigation of the molecular mechanisms by which
PHLDA1 may mediate its pro-migratory and context-depen-
dent proproliferative function revealed a direct association
between PHLDA1 suppression and downregulation of ITGA2
and ITGA6 expression. ITGA2 and ITGA6 are members of the
integrin receptor family involved in regulation of cell-matrix
adhesion and cellular signaling, and their expression is
strongly implicated in tumor proliferation, migration, and
invasion (33). For example, expression of the a6b4 receptor
has been associated with increased tumor size and grade and
decreased survival in breast cancer (34, 35). Similarly, upre-
gulation of the a6b4 receptor has been reported for primary
tumors of the human colon (36) and at the invasive front of
colorectal cancers (37). Consistent with the functional role of
ITGA2 and ITGA6, adhesion to collagen and laminin was
markedly decreased for PHLDA1 suppressed colon cancer
cells, an effect phenocopied by functional-blocking of ITGA2
and ITGA6 with monoclonal antibodies.

In summary, our data indicate that PHLDA1 marks candi-
date epithelial stem cells in the human intestine. Small
adenomas (<1 cm) show retention of some hierarchy of
differentiation, and PHLDA1 overexpression through all stages
of intestinal cancer development appears to contribute to
tumorigenesis, with roles in cell migration and anchorage-
independent proliferation. PHLDA1 function in intestinal
tumors may be partly mediated by modulation of ITGA2
and ITGA6 expression levels. The availability of a protein
marker of putative human ISCs will facilitate the study of
stem cell biology and tumorigenesis.

Disclosure of Potential Conflicts of Interest

The authors disclose no potential conflicts of interest.

Acknowledgments

The authors thank Antony Burgess for advice, Cameron Nowell, Andrew
Naughton, and Catherine Li for excellent technical support, and Hans Clevers
for kindly providing Lgr5-EGFP-IRES-creERT2 knockin mice.

Grant Support

This work was supported by the Hilton Ludwig Cancer Metastasis Initiative
(L. Lipton, P. Gibbs, and O. M. Sieber), the Victorian Government through a
Victorian Cancer Agency Clinical Researcher Fellowship (L. Lipton), Cancer
Council Victoria through a Postgraduate Cancer Research Scholarship (M.
Christie.), the National Health and Medical Research Council through Program
Grant 487922 (J. Malaterre, R. G. Ramsay, T. J. Phesse, M. Ernst, R. J. Simpson, and
M. C. Faux) and Project Grant 566679 (E. Vincan). M. Ernst is a senior research
fellow of the NHMRC.

The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received June 29, 2010; revised January 28, 2011; accepted February 21, 2011;
published OnlineFirst May 10, 2011.

Sakthianandeswaren et al.

Cancer Res; 71(10) May 15, 2011 Cancer Research3718



References
1. Potten CS, Gandara R, Mahida YR, Loeffler M, Wright NA. The stem

cells of small intestinal crypts: where are they? Cell Prolif
2009;42:731–50.

2. Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, Cozijnsen
M, et al. Identification of stem cells in small intestine and colon by
marker gene Lgr5. Nature 2007;449:1003–7.

3. Sangiorgi E, Capecchi MR. Bmi1 is expressed in vivo in intestinal stem
cells. Nature Genet 2008;40:915–20.

4. Cheng H, Leblond CP. Origin, differentiation and renewal of the four
main epithelial cell types in the mouse small intestine. V. Unitarian
Theory of the origin of the four epithelial cell types. Am J Anat
1974;141:537–61.

5. Barker N, Ridgway RA, van Es JH, van de Wetering M, Begthel H, van
den Born M, et al. Crypt stem cells as the cells-of-origin of intestinal
cancer. Nature 2009;457:608–11.

6. Van der Flier LG, van Gijn ME, Hatzis P, Kujala P, Haegebarth A,
Stange DE, et al. Transcription factor achaete scute-like 2 controls
intestinal stem cell fate. Cell 2009;136:903–12.

7. Potten CS, Booth C, Tudor GL, Booth D, Brady G, Hurley P, et al.
Identification of a putative intestinal stem cell and early lineage
marker; musashi-1. Differentiation 2003;71:28–41.

8. Snippert HJ, van Es JH, van den Born M, Begthel H, Stange DE,
Barker N, et al. Prominin-1/CD133 marks stem cells and early pro-
genitors in mouse small intestine. Gastroenterology 2009;136:2187–
94.

9. Kim JH, Yoon SY, Kim CN, Joo JH, Moon SK, Choe IS, et al. The Bmi-
1 oncoprotein is overexpressed in human colorectal cancer and
correlates with the reduced p16INK4a/p14ARF proteins. Cancer Lett
2004;203:217–24.

10. Reinisch C, Kandutsch S, Uthman A, Pammer J. BMI-1: a protein
expressed in stem cells, specialized cells and tumors of the gastro-
intestinal tract. Histol Histopathol 2006;21:1143–9.

11. Tateishi K, Ohta M, Kanai F, Guleng B, Tanaka Y, Asaoka Y, et al.
Dysregulated expression of stem cell factor Bmi1 in precancerous
lesions of the gastrointestinal tract. Clin Cancer Res 2006;12:6960–
6.

12. Van Der Flier LG, Haegebarth A, Stange DE, van de Wetering M,
Clevers H. OLFM4 is a robust marker for stem cells in human intestine
and marks a subset of colorectal cancer cells. Gastroenterology
2009;137:15–7.

13. Van der Flier LG, Sabates-Bellver J, Oving I, Haegebarth A, De Palo M,
Anti M, et al. The intestinal Wnt/TCF signature. Gastroenterology
2007;132:628–32.

14. Gaspar C, Cardoso J, Franken P, Molenaar L, Morreau H, M€oslein G,
et al. Cross-species comparison of human and mouse intestinal
polyps reveals conserved mechanisms in adenomatous polyposis
coli (APC)-driven tumorigenesis. Am J Pathol 2008;172:1363–80.

15. Segditsas S, Sieber O, Deheragoda M, East P, Rowan A, Jeffery R,
et al. Putative direct and indirect Wnt targets identified through
consistent gene expression changes in APC-mutant intestinal ade-
nomas from humans and mice. Hum Mol Genet 2008;17:3864–75.

16. Haslam RJ, Koide HB, Hemmings BA. Pleckstrin domain homology.
Nature 1993;363:309–10.

17. Ingley E, Hemmings BA. Pleckstrin homology (PH) domains in signal
transduction. J Cell Biochem 1994;56:436–43.

18. Saraste M, Hyvonen M. Pleckstrin homology domains: a fact file. Curr
Opin Struct Biol 1995;5:403–8.

19. Nagai MA, Fregnani JH, Netto MM, Brentani MM, Soares FA. Down-
regulation of PHLDA1 gene expression is associated with breast
cancer progression. Breast Cancer Res Treat 2007;106:49–56.

20. Neef R, Kuske MA, Prols E, Johnson JP. Identification of the human
PHLDA1/TDAG51 gene: down-regulation in metastatic melanoma
contributes to apoptosis resistance and growth deregulation. Cancer
Res 2002;62:5920–9.

21. Park CG, Lee SY, Kandala G, Lee SY, Choi Y. A novel gene product
that couples TCR signaling to Fas(CD95) expression in activation-
induced cell death. Immunity 1996;4:583–91.

22. Hossain GS, van Thienen JV, Werstuck GH, Zhou J, Sood SK,
Dickhout JG, et al. TDAG51 is induced by homocysteine, promotes
detachment-mediated programmed cell death, and contributes to the
cevelopment of atherosclerosis in hyperhomocysteinemia. J Biol
Chem 2003;278:30317–27.

23. Hayashida N, Inouye S, Fujimoto M, Tanaka Y, Izu H, Takaki E, et al. A
novel HSF1-mediated death pathway that is suppressed by heat
shock proteins. EMBO J 2006;25:4773–83.

24. Oberst MD, Beberman SJ, Zhao L, Yin JJ, Ward Y, Kelly K. TDAG51 is
an ERK signaling target that opposes ERK-mediated HME16C mam-
mary epithelial cell transformation. BMC Cancer 2008;8:189.

25. Toyoshima Y, Karas M, Yakar S, Dupont J, Lee H, LeRoith D. TDAG51
mediates the effects of insulin-like growth factor I (IGF-I) on cell
survival. J Biol Chem 2004;279:25898–904.

26. Oberg HH, Sipos B, Kalthoff H, Janssen O, Kabelitz D. Regulation of
T-cell death-associated gene 51 (TDAG51) expression in human T-
cells. Cell Death Differ 2004;11:674–84.

27. Nie C, Tian C, Zhao L, Petit PX, Mehrpour M, Chen Q. Cysteine 62 of
Bax is critical for its conformational activation and its proapoptotic
activity in response to H2O2-induced apoptosis. J Biol Chem
2008;283:15359–69.

28. Mizejewski GJ. Role of integrins in cancer: survey of expression
patterns. Proc Soc Exp Biol Med 1999;222:124–38.

29. Andreu P, Colnot S, Godard C, Gad S, Chafey P, Niwa-Kawakita M,
et al. Crypt-restricted proliferation and commitment to the Paneth cell
lineage following Apc loss in the mouse intestine. Development
2005;132:1443–51.

30. Andreu P, Peignon G, Slomianny C, Taketo MM, Colnot S, Robine S,
et al. A genetic study of the role of the Wnt/beta-catenin signalling in
Paneth cell differentiation. Dev Biol 2008;324:288–96.

31. Alba MM, Santibanez-Koref MF, Hancock JM. The comparative
genomics of polyglutamine repeats: extreme differences in the codon
organization of repeat-encoding regions between mammals and
Drosophila. J Mol Evol 2001;52:249–59.

32. Gomes I, Xiong W, Miki T, Rosner MR. A proline- and glutamine-rich
protein promotes apoptosis in neuronal cells. J Neurochem
1999;73:612–22.

33. Guo W, Giancotti FG. Integrin signalling during tumour progression.
Nat Rev Mol Cell Biol 2004;5:816–26.

34. Diaz LK, Cristofanilli M, Zhou X, Welch KL, Smith TL, Yang Y, et al.
Beta4 integrin subunit gene expression correlates with tumor size and
nuclear grade in early breast cancer. Mod Pathol 2005;18:1165–75.

35. Friedrichs K, Ruiz P, Franke F, Gille I, Terpe HJ, Imhof BA. High
expression level of alpha 6 integrin in human breast carcinoma is
correlated with reduced survival. Cancer Res 1995;55:901–6.

36. Ni H, Dydensborg AB, Herring FE, Basora N, Gagn�e D, Vachon PH,
et al. Upregulation of a functional form of the beta4 integrin subunit in
colorectal cancers correlates with c-Myc expression. Oncogene
2005;24:6820–9.

37. Lohi J, Oivula J, Kivilaakso E, Kiviluoto T, Fr€ojdman K, Yamada Y, et al.
Basement membrane laminin-5 is deposited in colorectal adenomas
and carcinomas and serves as a ligand for alpha3beta1 integrin.
APMIS 2000;108:161–72.

PHLDA1 in Intestinal Crypt Base Cells and Cancer

www.aacrjournals.org Cancer Res; 71(10) May 15, 2011 3719



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


