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PI3 Kinase and PTEN lipid phosphatase control the level of cellular
phosphatidylinositol (3,4,5)-trisphosphate, an activator of AKT kinase that promotes cell
growth and survival. Mutations activating AKT are commonly observed in human
cancers. Activation of AKT and downstream PI3 Kinase signaling promotes protein
translation, resulting in increased protein flux into ER; this will lead to decreased
efficiency of protein folding and accumulation of unfolded proteins in the ER and finally

lead to ER stress. How does cancer cell solve this problem of increased folding during

Vi



rapid growth to avoid ER stress? We discovered that ENTPD5, an endoplasmic reticulum
(ER) enzyme, is up-regulated in cell lines and primary human tumor samples with active
AKT. AKT upregulates ENTPD5 by relieving transcriptional inhibition by FoxO
transcription factors. ENTPD5 hydrolyzes UDP to UMP to promote protein N-
glycosylation and folding in ER. Knockdown of ENTPD5 in PTEN-null cells causes ER
stress and loss of receptor tyrosine kinases through ER-associated degradation pathway
under stress conditions. Consequently, the growth of PTEN-null cells is inhibited both in
vitro and in mouse xenograft tumor models. ENTPD5 is therefore an essential component

for PIBK/AKT active cancer cells and a potential drug target for anti-cancer therapy.
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Chapter 1: Introduction

Receptor Tyrosine Kinase (RTK) signaling pathway

Receptor Tyrosine Kinases (RTKs) are a group of high affinity receptors for
cytokines and growth factors. Activation of RTKs has been shown to have critical role
in the progression of many types of cancer. Activation of RTKs by their ligand such as
growth factors usually leads to autophosphorylation of key tyrosine residues in the
activation loops, resulting in stimulation of receptor’s tyrosine kinase activity
(Gschwind et al., 2004).

PISK/AKT and MAPK/ERK signaling pathways have been shown to be activated
by RTKSs, relaying the kinase cascades and mediating cellular responses such as cell
proliferation and anti-apoptosis. PI3K phosphorylates phosphatidylinositol
4,5-bisphosphate (PIP2) at the 3-OH position of the inositol ring to generate
phosphatidylinositol 3,4,5-trisphosphate (PIP3), which recruits
phosphatidylinositol-dependent kinase 1 (PDK1), and serine/threonine kinase AKT to
plasma membrane by binding to their pleckstrin homology domains(Whitman et al.,
1988). PDK1 further phosphorylates and activates AKT(Stephens et al., 1998; Stokoe
et al., 1997). Subsequently, AKT phosphorylates many downstream cellular targets
including TSC2 (tuberous sclerosis 2) protein, resulting in activation of the
rapamycin-sensitive mTORC1 complex(Gao et al., 2002; Inoki et al., 2002).
MTORC1 complex phosphorylates p70S6K1(p70 S6 Kinase 1) and

4E-BP1(eukaryotic initiation factor 4E Binding Protein 1) to accelerate translational


http://en.wikipedia.org/wiki/EIF4E�

rate to accommodate rapid growth (Brown et al., 1995; Burnett et al., 1998).
PTEN(Phosphatase and tensin homolog deleted from chromosome ten) is a lipid
phosphatase and it antagonizes the PI3K signaling by dephosphorylating PIP3 back to

PIP2 (Maehama and Dixon, 1998).

The importance of RTK signaling has been manifested by numerous reports that
many RTKs are highly activated in many types of human cancers. The most studied
RTK, EGFR (epidermal growth factor receptor) has been reported to be
over-expressed and highly activated. In addition, EGFR family members
HER2(Human EGFR-Related 2) has also been shown to play a critical role in the
pathogenesis of breast cancer and ovarian cancer(Gschwind et al., 2004).

PI3K also play a crucial role in tumor progression. In addition to be directly
activated by RTKs and Ras oncogene, the gene encoding the catalytic subunit p110a,
PIBKCA, frequently harbors activating mutations in high percentage of gastric, colon,
breast and lung cancers(Samuels et al., 2004). The catalytic subunit of PI13Ka is also
amplified in ovarian cancer and breast cancer(Campbell et al., 2004).

The PI3K antagonist PTEN is the second most commonly mutated tumor
suppressor gene after p53. Mutations and deletions that inactivate its phosphatase
activity frequently occur in glioblastoma, endometrial cancer, prostate cancer, and
reduced expression of PTEN is found in many other tumor types such as lung and
breast cancer, leading to increased cell proliferation and reduced cell death(Keniry

and Parsons, 2008)



The importance of PTEN in cancer is further emphasized by mouse models of
PTEN deletion. The homozygous of PTEN is embryonic lethal, however,
heterozygous loss of PTEN leads to neoplasmic change in prostate, thyroid, colon,
lymphatic system, mammary gland and endometrium , demonstrating that
haploinsufficiency of PTEN promotes cancer formation (Di Cristofano et al., 1998;
Podsypanina et al., 1999).The embryonic fibroblasts from PTEN null mice(MEFs)
exhibits resistance to many apoptotic stimuli such as UV irradiation, growth factor
withdraw, TNFa and heat shock compared to PTEN heterozygous MEF

cells(Stambolic et al., 1998).

Quiality control of glycosylated proteins in Endoplasmic Reticulum

After synthesis, proteins must fold correctly to perform biological functions.
Many secreted proteins and membrane proteins are synthesized on ER-bound
ribosomes and are co-translationally inserted into ER lumen where they are
glycosylated at the asparagines (Asn) sites of Asn-X-Ser/Thr consensus sequence and
obtain their native structure before being exported to Golgi apparatus or other
compartments for further modification.

There is a well-characterized quality control system called calnexin/calreticulin
reglucosylation cycle in the ER. CRT/CRX binds only to monoglucosylated glycan.
Two enzymes control cycle of this quality control system by cleaving and adding
glucose from misfolded glycoproteins. Glucosidase Il cleaves glucose from high

mannose and UGGTL1 adds glucose to high mannose. The removal and addition of



glucose allows the binding and release of calnexin/calreticulin (CNX/CRT) until the
target proteins are correctly folded and transported to next compartments such as
Golgi apparatus or the proteins are targeted for degradation by ER associated
degradation if the unfolded proteins are misfolded beyond repair (Hebert et al., 2009;

Matsumoto et al., 2008; Molinari, 2007; Ruddock and Molinari, 2006).

RTK, PI3K and Glycosylation

RTKs such EGFR, HER2 and IGFR are highly glycosylated in cancer cells.
N-glycosylation is well tuned and regulated in ER. N-glycosylation is very critical for
RTK maturation and ligand-induced activation(Hakomori, 2002). Inhibition of
N-glycosylation by tunicamycin has been shown to reduce IGFR and EGFR in
malignant cancer cells (Dricu et al., 1997). Since activation of RTK signaling and
downstream PI3K signaling promotes protein translation, resulting in increased
protein flux into ER, this will lead to decreased efficiency of protein folding and
accumulation of unfolded proteins in the ER and finally lead to ER stress. How does
cancer cell solve this problem of increased folding during rapid growth to avoid ER

stress?

In my dissertation | want to discuss the questions above. Serendipitously, we
discovered that an ER-localized UDPase ENTPD5 is responsive to PI3K/AKT
activation during our study of the reason for resistance to apoptosis of PTEN null

MEF cells (led by Dr. Min Fang). This enzyme may promote protein reglucosylation,



thereby facilitating protein folding and maintaining RTK glycosylation. In Chapter 2,
we purified ENTPD5 and other components from PTEN null MEF cells using
extensive biochemical fractionation. I was involved in characterization of response of
ENTPD5 to PTEN signaling. In Chapter 3, | will present how Entpd5 is regulated by
PI3K/AKT signaling pathway. Finally, 1 want to discuss detailed mechanism of how
ENTPD5 inhibits protein-overloading induced ER stress and apoptosis, and the

importance of this enzyme for tumor growth and survival in vivo.
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Figure 1-1 Receptor tyrosine kinase and PTEN signaling pathway.

Activation of Receptor tyrosine kinase and inactivation of PTEN in cancers will lead
to upregulation of protein synthesis. Most of the proteins required protein
glycosylation in Endoplasmic Reticulum. How does cancer cell deal with increased

stress generated during protein folding remains an interesting question.
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Chapter 2: Purification and characterization of ENTPD5

(This part of work was led by Dr. Min Fang. It has been accepted for publication.)

Abstract

PI3 Kinase and PTEN lipid phosphatase control the level of cellular PIP3
(Phosphatidylinositol (3, 4, 5)-trisphosphate), an activator of AKT kinase that promotes
cell growth and survival. Activating mutation of PI3K and loss of PTEN are common in
human cancers. We report here that an endoplasmic reticulum (ER) UDP hydrolysis
enzyme, ENTPDD5, is up-regulated in PTEN-null cells. In vitro, together with another
two proteins Adenylate Kinase 1(AK1), CMPK (Cytidine/Uridine Monophosphate
Kinase) and one small molecule UMP, ENTPD5 forms a futile cycle, resulting in ATP
hydrolysis. In vivo, ENTPD5 may function as UDP hydrolysis enzyme in ER and

promote protein reglucosylation.

I ntroduction

Activation of PISBK/AKT increases protein transation and subsequent protein
glycosylation and folding in ER lumen. ER lumen has a unique canexin/calreticulin
chaperon system to facilitate folding of glycoprotein with N-linked oligosaccharides.
Calnexin/careticulin chaperon can bind only to monoglucosylated proteins. During
co-trandational trandation, pre-synthesized dolicol-P-P-Glc3Man9GIcNAc2 was
transferred to Asn residue of the protein. Three glucose moieties of the core glycan are
sequentially removed by Glucosidase | and 1l immediately after being transferred to

proteins. These deglucosylated proteins can be transiently reglucosylated on mannose

10



ressdue by UGGT (UDP-Glucose: Glycoprotein glucotransferase), resulting its
binding to calnexin/calreticulin to promote their folding.

UDP is generated as a product of UDP-Glucose-dependent glycoprotein
reglucosylation in the calnexin/careticulin cycle. As an end-product, UDP inhibits
activity of UGGT, a key enzyme in reglucosylation cycle (Trombetta and Helenius,
1999). For reglucosylation cycle to work, UDP-Glucose has to be transported from
cytosol where it is synthesized into ER lumen where it is used by UGGT as glucose
donor. The trandlocation of UDP-Glucose into ER lumen is via a coupled exchange
with ER luminal UMP (Perez and Hirschberg, 1986; Vanstapel and Blanckaert, 1988).

Here we purified a AKT responsive ER enzyme ENTPD5 which can hydrolyze
UDP to UMP. It may relieve end-product inhibition to UGGT by UDP and aso
promote UDP-Glucose transocation to ER lumen by providing more UMP in ER

lumen.

Results and Discussion

PETN knockout MEFs have an elevated activity that hydrolyze ATPto AMP

In an attempt to study why PTEN knockout MEFs were resistant to severa
apoptotic stimuli in comparison to MEFs prepared from their heterozygote littermate,
we prepared cytosolic extracts from these cells and studied their caspase-3 activation in
vitro. As reported previously, the PTEN-null MEFs showed elevated levels of
phophorylated AKT and p70S6 kinase while the total protein level of these two kinases

remained the same as in PTEN heterozygous MEFs ((Stambolic et al., 1998), Figure

11



2-1A). We quickly noticed that S-100 cell extracts (prepared after collecting the
supernatants of 100,000 g span of broken cells) from PTEN-null MEFs had a reduced
activity to activate caspase-3 in vitro compared to that from the heterozygous MEFs.
Surprisingly, there was no detected difference in the level of protein components of
core intrinsic apoptotic pathway including cytochrome c, Apaf-1, procaspase-9, and
procaspase-3(Li et a., 1997). The lower activity was caused by the decreased ATP
level in S-100 from PTEN-null MEFs (data not shown). Adding exogenous ATP or
dATP, two energy sources for caspase-9/3 activation by Apaf-1/cytochrome c, leveled
the difference in caspase-3 activation between these extracts. Given that cellular ATP
level is usually maintained at arather constant level, we reasoned that the difference in
ATPin S-100 was caused during the process of S-100 preparation, which took about 1
hour. Indeed, as shown in Figure 1-1B, the ATP levels in PTEN-null MEFs was only
dlightly lower than in the heterozygous MEFs if the measurement was carried out right
after cells were harvested (columns 1-2). When the broken cell suspension, or
supernatants after 10,000 g span (S-10), or S-100 were incubated on ice for 1 hour
before the ATP levels were measured, ATP concentrations in the extracts from PTEN
knockout MEFs dropped sharply while that from heterozygous MEFs declined only
dightly (columns 3-8). The higher amount of ATP in S-10 extracts, we reasoned,
might be released from the organelle during their preparation (column 5). These
experimental data indicated that there is a higher ATP hydrolysis activity (or activities)
in the PTEN knockout cell extracts. To measure such an activity directly, we incubated

1 -P-ATP with the S-100 extracts and analyzed the radioactivity using thin layer

12



chromatography. As shown in Figure 1C, more radio-labeled ATP was hydrolyzed in
the S-100 from PTEN knockout MEFs (lanes 4-5). Interestingly, the nucleotide was
mostly hydrolyzed into AMP.

To sort out whether the observed accelerated ATP hydrolysis was due to a
specific activity or a combination of non-specific ATPases, we fractioned same amount
of S-100 extracts from PTEN-null and PTEN heterozygous MEFs side by side on a
Q-sepharose ion-exchange column. The fractions from each column run were
dialyzed and ATPase activity was measured by adding each column fraction to the
S100 from PTEN heterozygous MEF, which served as the base line activity.
Surprisingly, asingle peak of elevated activity centered at fractions 11-13 was observed
in the fractionated S-100 from PTEN-null MEFs while much less activity was seen in

these fractions from PTEN heterozygous MEFs (Figure2-1D, lanes 13-15).

ENTPD5 isresponsiblefor the elevated ATPase activity in PTEN knockout cells
We decided to purify such an activity from large-scale cultured PTEN knockout
MEFs. We took 800 milligrams of S-100 from PTEN-null MEFs and subjected it to 5
column chromatographic steps (Fig.2-2A). The ATP hydrolysis activity was measured
asin Figure 2-1D and the active fractions from each column step were pooled, dialyzed,
and loaded onto the next column.  Finally, after a Superdex 200 gel-filtration column,
the active fractions were loaded onto a Mini Q column and the protein bound to the
column was eluted with a linear salt gradient and fractions were collected and assayed.

Shown in Figure 2-2B, a single ATP hydrolysis peak centered at fraction 6 was

13



observed. When these fractions were analyzed by SDS-PAGE followed by silver
staining, a protein band just below the 50-kDa molecular weight marker correlated
perfectly with the activity.

This protein was then excised from the gel and subjected to mass spectrometry
anaysis. The identity of the enzyme turned out to be ectonucleoside triphosphate
diphosphohydrolase 5, ENTPD5, a member of the enzyme family that hydrolyze tri-
and/or diphopsho-nucleotide to mono-phosphonucleotide(Trombetta and Helenius,
1999).

To verify that ENTPD5 is indeed the enzyme that caused higher ATP hydrolysis to
AMP in PTEN-null MEFs, we first did a western blotting analysis using an antibody
against mouse ENTPD5. As shown in Figure 2-2C, lower panel, ENTPD5 was only
prominently detected in PTEN-null extracts (lanes 1-2). When mouse ENTPD5 was
exogenously expressed in the PTEN heterozygous MEFs, the extracts from these cells
showed the ability to hydrolysis to ATP to AMP just like that from PTEN-null cells
(lanes 3-5). Moreover, when ENTPD5 was knocked down in PTEN-null MEFs with
two different SsIRNA oligos, the ATPto AMP hydrolysis activity was diminished in each
case while a control siRNA oligo had no effect (lanes 6-10).

To confirm that the elevated level of ENTPDS is due to deletion of PTEN, we
transfected a wild type PTEN cDNA, or the one with its phosphatase active site
mutated with a C>S mutation, into PTEN-null MEFs. Indeed, restoring PTEN
expression in these cells decreased phosphoAKT and diminished ENTPD5 expression

while the phosphatase dead PTEN had no effect (Fig.2-2D, lanes 2-3). Consistently,
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treatment of PTEN-null MEFs with a PI3 kinase inhibitor also decreased the level of
ENTPDS5 (Fig.2-2E, lanes 2-3).

The regulation of ENTPD5 by PI3BK/AKT pathway seems to be transcriptional.
Higher level of ENTPD5 mRNA was detected in PTEN-null MEFs by quantitative
PCR, which was decreased to the same level as in PTEN heterozygous MEFs after

treatment with a P13 kinase inhibitor (Fig.2-2F).

UMPor GMPisarequired co-factor for the ATP hydrolysis activity

During our ENTPD5 purification efforts, we noticed that a small molecule
co-factor is required for the observed ATP to AMP hydrolysis activity. S-100 extracts
lost such a co-factor after a dialysis procedure (Fig.2-3A, lanes 2, 4) and the activity
was restored with addition of a small molecule fraction prepared by a 10-kDa cut-off
filter. There was no difference in such a small molecule in PTEN heterozygous and
PTEN-null MEFs (lanes 6, 8) and the molecule was even present in S-100 from Hel.a
cells (lane 10).

Based on its biochemical properties, we deduced that the co-factor is a nucleotide.
Testing a variety of nucleotides revealed that uracil and guanine, either in tri, di, and
mono-phosphate form, substituted the small molecule fraction from cells (Fig.2-3B,
lanes 2-15). In contrast, thymidine nucleotides have no activity while CMP showed a
dlight activity.

To determine whether the conversion of UTP/UDP to UMP and GTP/GDP to GMP

is necessary for the observed activity, we tested various non-hydrolysable Uracil and
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guanine nucleotide including UTB, UTPLIS, UMP -PNP, GTRIS, GTP[IS,
GMP-PNP, and GMP-C-PP (Fig.2-3C and 2-3D). All these nucleotides worked
except the ones that could not be hydrolyzed to UMP or GMP, indicating that the
conversion to UMP and GMPis critica for this co-factor to function.

To demonstrate directly the nucleotide hydrolysis activity of ENTPD5, we
generated recombinant human ENTPD5 protein in insect cells using a baculovirus
vector and purified the enzyme to homogeneity. The purified enzyme was then
incubated with ATP, ADP, CTP, CDP, GTP, GDP, UTP, and UDP and the released
phosphate was measured. The purified recombinant ENTPD5 can only hydrolyze

UDP and GDP directly with UDP being the best substrate (Fig.2-3E).

ENTPD5, UMP kinase, and Adenylate kinase constitute an ATPto AMP hydrolysis
cycle

We were initially puzzled by the fact that purified ENTPD5 is unable to hydrolyze
ATP directly. We quickly reasoned that since the assay also included S-100 from
PTEN heterozygous MEFs, and therefore, there must be more factors present in both
MEFs that are also required to hydrolyze ATP to AMP. These factors seem to be
universally presented in other cell types as well. For example, when we added
purified, recombinant ENTPD5 and UMP to the dialyzed S-100 from large-scale
cultured Hel a cells, the ATP to AMP hydrolysis was reconstituted (Fig. 2-4A, lanes
1-6). This observation made purification of these factors much easier since Hel.a cell

can be grown in large quantity in suspension. To identify these factors, we
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fractionated HeLa cell S-100, using a Q-Sepharose column and collected both the flow
through (Q-FL) and column-bound fraction eluted with 300 mM NaCl (Q-30). Either
fraction alone was unable to hydrolyze ATP to AMP athough Q-30 faction, when
ENTPD5 and UMP were present, hydrolyzed ATP to ADP (lanes 13-14). When the
Q-FL fraction was a so included, the ATPto AMP activity was fully reconstituted (lanes
18).

We then purified the activity present in the Q-30 fraction. The activity present in
the Q-30 fraction was purified by subjecting HeLa S-100 onto four sequential column
chromatographic steps and finally onto a Mini Q column (Fig.2-4B, left panel). The
activity was eluted from this column with alinear sat gradient from 40 mM to 120 mM
NaCl and fractions eluted from the column were assayed in the presence of
recombinant ENTPD5, UMP, and the Q-FT fraction (Fig.2-4B, right lower panel). A
peak of activity was observed at the fractions 8-10. Same fractions were subjected to
SDS-PAGE followed by silver staining and two protein bands close to 37 and 20-kDa
markers were correlated perfectly with the activity (Fig.2-4B, right upper pand).
Both bands were identified by mass spectrometry as human UMP kinase.

The identification of UMP kinase in the Q-30 fraction shed light on why UMPisa
required co-factor for the ATPase activity and how ENTPD5 plus this enzyme
generates ADP from ATP.  In this reaction, co-factor UMP is phosphorylated into UDP
by UMP kinase and ATP, generating ADP. UDP is subsequently hydrolyzed by
ENTPD5 to UMP, completing the cycle with net conversion of ATPto ADP.

With this knowledge, we then made hypothesized that the third protein factor
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present in the Q flow through fraction must be Adenylate kinase that took two
generated ADP and converted them to ATP and AMP therefore gave the observed ATP
to AMP final outcome. To test this hypothesis, we took the Q flow through faction
and subjected it to a gel-filtration column and collected the fractions eluted from the
column to assay for ATP to AMP hydrolysis in the presence of UMP, purified
recombinant ENTPD5, and UMP kinase. A activity peak centered at fractions 17-18
was observed (Fig.2-4C, upper panel). When these factions were subjected to western
blotting analysis using an antibody against Adenylate kinase, the detected western
blotting band correlated perfectly with the activity peak (Fig.2-4C, lower panel). The
correlation held with additional chromatographic steps.

We subsequently generated recombinant UMP kinase and Adenylate kinase in
bacteria and purify them to homogeneity (Fig.2-4D, lanes 9, 12). Purified
recombinant ENTPD5 expressed in insect cells was running as a doublet on
SDS-PAGE ge that could be shifted down after treating treatment by PNGaseF,
indicating that ENTPD-5 is glycosylated.

These purified recombinant proteins allowed us to reconstitute this ATP to AMP
hydrolysis cycle. Only when all three enzymes and UMP co-factor were present,

efficient ATPto AMP conversion was observed (Fig.2-4D, lanes 1-8).

Discussion

Entpd5, AK1and CMPK1/UMPK form afutile cyclein vitro

ENTPD5, AK1 (Adenylate Kinase) and CMPKL/UMPK form a cycle to
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hydrolyze ATP in vitro (Figure2-5A). In one cycle, Entpd5 hydrolyzes two molecules
of UDP and generates two molecules of Pi and UMP. CMPK1 converts two molecules
of UMP back to UDP, and at the same time generates 2 molecules of ADP. Then
Adenylate Kinase coverts 2 molecules of ADPto AMPand ATP. The net reaction is
hydrolyzing ATP to AMP and 2 molecules of Pi. However, in cells these enzymes are
located in different compartments (AK1 and CMPKlare in cytosol, while Entpd5 isin

ER). It may need additional step for this cycle to work in vivo.

Analog of in vitro cycleand in vivo cycle

The ER location of ENTPDS5 and its preferred specificity for UDP suggested that
ENTPD5 functions in the process of reglucosylation and
calnexin/calreticulin-mediated protein folding(Trombetta and Parodi, 2003). Since
all ER sugar precursor are in the UDP conjugated form, UDP is generated after the
conjugated sugar get transferred to proteins. The UDP-sugar are made in cytosol
and transported into ER through the UDP-sugar transport, which is an antiporter that
needs to exchange out one molecule of UMP for each UDP sugar
conjugate(Hirschberg et al., 1998). UDP therefore needs to be hydrolyzed to UMP
to prevent end-product feedback inhibition of UGGT, as well as to provide substrate
for the antiporter(Trombetta and Helenius, 1999). UMP will then be phosphorylated
back to UDP by UMP kinase in cytosol and the generated ADP will be converted to

ATPand AMP (diagramed in Fig.2-5B).
Materials

Cdll Culture
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PTEN+/- and PTEN-/- MEF cells were established previously (Stambolic at al.,
1998) and maintained in DMEM medium supplemented with 10% fetal bovine serum

(FBS) (Invitrogen) plus 200 unit/ml penicillin/streptomycin (Hyclone).

Total Cell Extracts Preparation

Cells cultures after various treatments were scraped and collected with
centrifugation at 800g at 4 °C for 6 minutes, washed once with cold PBS (Invitrogen).
The cell pellets were resuspended in approximately 5 times volume of buffer A (20
mM Hepes, 10 mM KCl, 1.5 mM MgCl,, ImM EDTA, 1 mM EGTA, 1mM DTT, 0.1
mM PMSF and complete protease inhibitor (Roche) containing 1% Triton X-100 plus
Phosphotase Inhibitor | and 11, vortexed for 30 seconds, set on ice for 20 minutes and
followed by centrifugation at 14000 rpm at 4 °C for 15 minutes. The supernatants

were collected for Western-blot analysis.

Preparation of S-100 Fractionsfrom PTEN+/- or PTEN-/- MEF Céllsor HeL a S3
Cdls

PTEN+/- and PTEN-/- MEF cells were cultured in monolayer at 37 °C in an
atmosphere of 5% CO, in DMEM medium as described above. Two days after plated,
cells were scraped, harvested by centrifugation at 800g at 4 °C. After one wash with
cold PBS, cell pellets were re-suspended in 5 vol of ice-cold buffer A. After sitting on
ice for 20 minutes, the cells were broken by passing 22 times through a G22 needle
applied onto 1 ml syringe. The resulting broken cell mixtures were centrifuged at

14000 rpm for 10 minutes. The supernatants were further centrifuged at 10°xg for 1
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hour in atable top ultracentrifuge (Beckman). The resulting supernatant was consider
S-100 fraction, stored at -80 °C and used for ATP hydrolysis assay as well as
purification of Entpd>.

Suspension cultured Hela S3 cells were obtained from Cell Culture Center in
Minneapolis, MN. S-100 fraction prepared (as explained above) from Hela S3 cells
was used as source for the purification of UMP kinase and Adenylate kinase and

identification of small molecule.

In VitroATPHydrolysisAssay and Thin-layer Chromatography (TLC) Analysis
Aliquots of 21 pl S-100 (1.5mg/ml) either from PTEN+/- or PTEN-/- MEF
cells were incubated with 3 ul 1 mM ATP, 3 pl 0.4 pCi/ul o-P* labeled ATP and 3l
100mM MgCl; in total volume of 30 ul adjusted with buffer A at 30 °C for 1 hr. Then
reaction was stop by adding 3.5 yl 100% (W/V) trichloroacetic acid (TCA) and
vortexed well followed by 10 minutes centrifugation at 14000 rpm at 4°C. Aliquots of
1 pul resulting supernatant were spot on TCL plate (Analtech, CaNe 105016) and dried
in the air. After being overnight developing in solvent (132ml isobutyric acid plus 36
ml ddH,0 and 6 ml of 30% ammonia hydroxide), the plate was air-dried and exposed
to X-ray film at room temperature for 2 hrs, or detected by phosphor-imaging in some

circumstance as indicated.

Purification of Entpd5

All purification steps were carried out at 4 °C. All chromatography steps were
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carried out using an automatic fast protein liquid chromatography station (Pharmacia).
Eighty milliliters (0.32 g of protein) of S-100 from PTEN-/- cells were prepared as
described above, applied to a 10 ml SP-Sepharose HP column (Pharmacia) which was
freshly equilibrated with buffer A. Flow through fraction was collected and |oaded
onto a 5 ml Q-Sepharose HP column (Pharmacia). The column was eluted with a
linear gradient of 100 ml buffer A to bufffer A containing 300 mM NaCl, followed by
another 50 ml buffer A containing 1 M NaCl. Fractions of 5 ml were collected,
dialyzed overnight and assayed for ATP hydrolysis activity. The active fractions (10
ml) were pooled, and ammonium sulfate was added directly to these fractions to a
final concentration of 1 M. The mixture was equilibrated by rotating 3 hr at 4 °C
followed by centrifugation of 35000xg for 1 hr. The resulting supernatant was |oaded
onto a 1 ml Phenyl-Superose column (Pharmacia) equilibrated with buffer A
containing 1 M ammonium sulfate and eluted with 10 ml buffer A containing 0.5 M
ammonium sulfate, then 10 ml linear gradient of buffer A containing 0.5 M
ammonium sulfate to buffer A and followed by another 10 ml of buffer A. Fractions of
1 ml were collected, dialyzed overnight and assayed for ATP hydrolysis activity. 3 ml
of active fractions were pooled, concentrated by using spin column (Amicon® Ultra)
to 1 ml and loaded in two separate runs on a Superdex 200 (10/30) gel filtration
column equilibrated with buffer A containing 50 mM NaCl. The column was eluted
with same buffer. Fractions of 1 ml were collected and assayed for ATP hydrolysis
activity. A total of 4 ml active fractions were pooled and loaded on a Mini Q

(Pharmacia) column. The column was washed with 1 ml buffer A and eluted with 1ml
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buffer A containing 100 mM NaCl followed by another 2 ml linear gradient of 100
mM NaCl to 150 mM NaCl, both in buffer A. Fractions of 100 ul were collected and
assayed for ATP hydrolysis activity. Active fractions were aliquoted with addition of

10% glycerol and stored at -80°C.

Purification of UMP Kinase

160 ml S-100 (0.8 g of protein) from Hela S3 cells were prepared as described
above and applied to a 10 ml Q-Sepharose HP column (Pharmacia) equilibrated with
buffer A. The column was eluted with a 200 ml linear gradient of buffer A to buffer A
containing 200 mM NaCl followed by another 100 ml buffer A containing 1 M NaCl.
Fractions of 10 ml were collected and dialyzed against buffer A overnight at 4 °C,
assayed for ATP hydrolysis activity. Active fractions (20 ml) were pooled, diayzed,
and passed through 1 ml SP-Sepharose HP column (Pharmacia). Flow through
fraction was collected and directly loaded on a 1ml Heparin HP column (Pharmacia).
After washing with five column volume of buffer A, the column was eluted with 20
ml linear gradient of buffer A to buffer A containing 600 mM NaCl. Fractions of 1 ml
were collected, dialyzed against buffer A overnight at 4 °C and assayed for ATP
hydrolysis activity. Active fractions were pooled and loaded in 8 separate runs on
Superdex 200 (10/30) (Pharmacia) equilibrated with buffer A containing 50 mM NaCl.
The column was eluted with same buffer. Fractions of 1 ml were collected and
assayed for ATP hydrolysis activity. A total of 16 ml of active fractions were pooled

and loaded on Mini Q column. The column was eluted with 2 ml linear gradient of
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buffer A to buffer A containing 200 mM NaCl. Fractions of 100 pl were collected for

ATP hydrolysis activity assay and silver staining immediately.

Small Molecular Recovery from S-100 Fraction

S-100 fractions from PTEN+/-, PTEN-/- MEF cells or Hela S3 cells were
obtained as described above. 2 ml of S-100 were applied to 2 ml spin column (10K
cut Centrifugal filter devices) (Centricon, CatNe 4205). The columns were centrifuged
at 10000 rpm in JA-21 Centrifuge (Beckman) according to manufacturer’s protocol.
1.8 ml of solution was centrifuged down to bottom vial of the column and used as

source for identification of small molecule.

Plasmids and siRNA Oligoes

Human and mouse siRNA against Entpd5 were from Dharmacon ON-TARGET plus
SiIRNA pools of four oligoes. ihEntpd5D3 (5-CAU AUU AGC UUG GGU UAC
UUU-3"), ihEntpd5D4 (5’ -CGA GAU GGU UGG AAG CAG AUU-3), imEntpd5D1
(5-GGA CAU ACG UUU CGA AGU GUU-3), imEntpdsD2 (5-GGA AAA GCC
UGG CCC GAA AUU-3") and control SIRNA iGFP (5’ - CUG GAG UUG UCC CAA

UUC CUU-3") were synthesized by Dharmacon.

Preparation of Recombinant Entpd5, UMPK and Adenylate Kinase
Human Entpd5 recombinant protein was generated using Bac-to-Bac Baculovirus

Expression Systems (Invitrogen Cat# 10359-016). Full-length human Entpd5 cDNA
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was cloned into pFastBacl with C-terminal-fused 6xHis and FLAG double tags.
Baculovirus was produced and amplified to 2x10° pfu/ml following manufacturer’s
instructions. SF9 cells were grown to 2x10° cells/ml in SFM 900 11 media (Invitrogen
Cat# 10902096), and then infected with Entpd5 expressing baculovirus at Multiplicity
of Infection (MOI) of 4. After 72hr of infection, cells were harvested and
homogenized in buffer A by douncing as described previously (Zou et a., 1999). The
recombinant protein was purified using Ni-NTA agrose beads (Qiagen Cat#30230)
following manufacturer’s protocol.

Human UMPK and human adenylate kinase cDNA were cloned into pET2la
(Novagen Cat#69740-3), with C-termina 6His tag. BL21DE3 bacteria was
transformed and grown at 37°C to an OD600 of about 0.6. Then the bacteria culture
was switched to 20°C, and recombinant protein expression was induced by 0.2mM
IPTG for overnight. Bacteria were harvested and lysed by sonication, and the

recombinant proteins were purified following standard Ni-NTA purification protocols.

Generation of Stable Cell Lines

To Generate Entpd5 overexpression cells, 4 pug of expression plasmids containing
mouse Entpd5 were transfected into PTEN+/- MEF cells using Lipefectamin 2000
(Invitrgen) according protocol provided by manufacturer. Twenty-four hours post
transfection, cell were split at 1 to 30 dilution and selected by addition of 0.6 mg/ml
Hygromycin in complete DMEM medium for 3 weeks. Clones were lifted and tested

for expression of transgene by western blot analysis.
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For establishment of tetracycline repressor expression cells, an expression
plasmid containing tetracycline repressor (TetR) was transfected into either PTEN-/-
MEF cells or LNCaP cells as described above and selected by 15 or 10 pg/mi
blasticidine respectively. Inducible mouse or human Entpd5 shRNA construct was
then stably introduced into PTEN-/- TetR or LNCaP TetR cells, selected with 2 or
0.25 pg/ml puromycin respectively. Finally, wild-type or catalytic dead version of
Entpd5 rescue cells were generated by transfecting either PTEN-/- Entpd5 shRNA
cells or LNCaP Entpd5 shRNA cells with mouse or human shRNA resistant Entpd5
expression constructs and selected with 0.8 mg/ml Hygromycin or 0.5 mg/ml G418
respectively. To maintain transgene expression, all the stable cell lines were cultured

in complete medium supplemented with various antibiotics as indi cated.

Quantitative PCR Analysis

Total RNA from PTEN+/- and PTEN-/- MEF cells was extracted by the Trizol
reagent (Invitrogen). One microgram of total RNA was used for first strand cDNA
synthesis with superscript reverse transcriptase (RT) (Invitrogen). Real-time
guantitative PCR was performed by the fluorescent dye SYBR Green methodology
using Power SYBR Green PCR kit (Applied Biosystems) and the 7900 HT Fast
Rea-Time PCR System (Applied Biosystems). Primer pairs for target gene were
chosen with the Primers Express software (Applied Biosystem): ENTPD5, sens
5-ATGACCCTGCCTCCACAGGAGTGTGAGCAG-3, antisens
5-GCCTGGGCTTTCTGCTCAGGCAGCAAACG-3 188, sens 5'-GCC

TGAGAAACGGCTACCA-3, antisens 5-GTCGGGAGTGGGTAATTTGC-3.
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Briefly, cDNA was mixed with 25 ul Master Mix containing »0 reaction buffer,

25 mM MgCl,, 25 mM dNTR, 300 nM of each primer, 0.025 U/ul AmpliTaq Gold®
DNA Polymerase and 0.75 pl of 1/2000 diluted SYBR green stock in a final volume
of 50 ul. A first step of 10 min at 95 °C was followed by 40 cycles of amplification
(95 °C for 15sand 60 °C for 60 s). Using the comparative Ct method, the amount of

entpd5 MRNA was normalized to the 18S amount.
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Figure 2-1. Identification of ATP Hydrolysis Activity in PTEN Knocking-out MEF
Cdlls
(A) Increased activity of cell survival kinase PKB/AKT in PTEN-/- MEF cells. Tota
cell extracts from PTEN+/- and PTEN-/- cells were prepared as described in
Experimental Procedures. Aliquots of 10 pg protein were subjected to 10%

SDS-PAGE followed by western analysis of PTEN, phosphorylated AKT(pAKT),
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AKT, phosphorylated P70S6 kinase (pP70S6K), P70S6 kinase, and [3-actin expression
levels respectively.

(B) Higher level of ATP hydrolysis in PTEN-/- MEF cells during preparation of cell
lysates compared with PTEN+/- MEF cells. PTEN+/- and PTEN-/- cells (1x10") were
harvested by 800g centrifugation at 4°C and cell lysates (S-100 fractions) were
prepared as described in Experimental Procedures. On each step of preparation,
aliquots of 20 pl samples were incubated on ice for 1 hour and then diluted 25 times
followed by immediate measurement of ATP by Cell Titer-Glo kit (see Experimental
Procedures for details).

(C) PTEN-/- cell lysate hydrolyzes ATP to AMP. Lane 4 and 5, Cell lysates (S-100
fraction) from PTEN+/- and PTEN-/- cells were normalized to 1.5 mg/ml, ATP
hydrolysis assay was performed as described in Experimental Procedures. Lane 1-3,
ATP, ADP and AMP positive controls: mixture of 4uCi a-P* labeled ATP with
buffer A (ATP) (lane 1) or with 20 mM sucrose (final concentration) plus 0.1 unit
hexakinase (ADP) (lane 2), or with 20 pl Cell Titer-Glo reagent (AMP) (lane 3) in
total volume of 100 pl were incubated at 30°C for 1 hour. After incubation, the
reaction was stop by boiling at 95°C for 15 minutes, small molecule was recovered by
10K cut spin column (Amicon® Ultra, Ca Ne: UFC501096). 1 ul of samples were
loaded onto TLC plate. After overnight developing, the plate was air-dried and
exposed to X-ray film for 2 hours at room temperature. Positions for ATP, ADP or
AMP were indicated.

(D) One protein peak difference between PTEN+/- and PTEN-/- cell lysates cause
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high level of ATP hydrolysis in PTEN-/- MEF cell lysates. 6 ml of S-100 from
PTEN+/- and PTEN-/- cells (3.5 mg/ml) were loaded onto 1 ml Q-sepharose HP
column, after equilibrated with buffer A, the column was eluted with linear gradient
of 16 ml buffer A to buffer A containing 250 mM NaCl followed by another 5 ml of
buffer A containing 1M NaCl. Fractions of 1 ml were collected and dialyzed overnight
at 4°C. 10.5 pul of each fraction was mixed with another 10.5 pl of un-dialyzed S-100
from PTEN+/- cells, assayed for ATP hydrolysis activity as described in Experimental
Procedures (lower panels, positions of ATP, ADP and AMP were indicated in the

right). FPLC histograms were presented at upper panels respectively.
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Pathway

(A) Diagram of the purification scheme for ATP hydrolysis activity in PTEN-/- MEF
cell. See Experimenta Procedures for details.

(B) Fina step of purification. Upper: aiquots of 30ul of indicated fractions were
subjected to 4-10% gradient SDS-PAGE gels (Invitrogen) followed by staining using
a Silver Staining kit from Invitrogen. Lower: Aliquots of 3 pl of indicated fractions
were incubated with 10.5 pl of un-dialyzed S-100 from PTEN+/- MEF cells, 3 ul of
a-P* labeled ATP (0.4 pCi/pl), 3 ul ATP(L mM), 3 pul MgCl, (100mM) in a total
volume of 30 ul adjusted with buffer A at 30°C for 1 hour. After incubation,
radioactive ATP, ADP and AMP were visualized by Thin-layer Chromatography (TLC)
as described in Experimental Procedures.

(C) Confirm of Entpd5 purification in vivo. Lane 1 to 5, gain of ATP hydrolysis
activity in PTEN+/- MEF cell by stable expression of Entpd5. PTEN+/- Vec or
PTEN+/- Entpd5 1# and 2# (two individua clone with different expression level of
Entpd5) were established as described in Experimental Procedures. Cell lysates
(S-100) from indicated cell lines were prepared and normalized to 1.5 mg/ml, 21 ul of
samples were mixed with 3 pl of a-P** labeled ATP (0.4 uCi/pl), 3 pl ATP (ImM), 3
pl MgCl, (100mM) and assayed for ATP hydrolysis activity. Lane 6 to 10, loss of ATP
hydrolysis activity in PTEN-/- MEF cells by transiently knocking down Entpd5. On
day 0, PTEN+/- and PTEN-/- cells were seeded at density of 10x10* cells/200 mm
dish in DMEM medium without antibiotics, on day 1, PTEN-/- cells were either |eft

un-transfected (lane 6 and 7) or transfected with 20 ul ssRNA oligo (20 uM) against
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GFP (lane 8), Entpd5 (lane 9 and 10, two different oligoes respectively), on day 3,
medium in the dishes were replaced with fresh regular DMEM medium, on day 5
cells were harvested and cell lysates (S-100 fraction) were prepared, normalized to
1.5 mg/ml and assayed for ATP hydrolysis activity as described in Experimental
Procedures. Upper panel: ATP hydrolysis activity resolved by ascending thin-layer
chromatography. Position of ATP, ADP and AMP are indicated. Lower panel: Aliquots
of 10 pg protein of indicated samples were subjected to 10% SDS-PAGE, followed by
western analysis of Enptd5 to verify the Entpd5 expression level (lane 1 to 5) and
knocking down efficiency (lane 6 to 10). Asterisk denotes none specific cross reactive
proteins with Enptd5 antibody.

(D) Wild type PTEN but not PTENCcs, catalytic dead mutated PTEN, decreases
Enptd5 expression in PTEN-/- cells. On day O, PTEN-/- MEF cells were seeded at
density of 50x10* cells’100 mm dish in DMEM without antibiotics, on day 1, each
100mm dish cells was transfected with 4 pg plasmid DNA containing vector control
(lane 1) or PTEN (lane 2) or PTENCs (lane 3). 24 hours after transfection, cells were
harvested and total cell lysates were prepared. Aliquots of 10 pg of protein were
loaded onto 10% SDS-PAGE followed by western analysis of levels of PTEN, AKT,
phosphorylated AKT(pAKT), Entpd5 and B-actin as indicated.

(E) Inhibition of PI3 kinase activity decreased Entpd5 protein expression. PTEN+/-
and PTEN-/- MEF cells were treated with DM SO or LY 294002 (50 uM) for 24 hours.
Total cell extracts were prepared as described in Experimental Procedures. Aliquots of

20 pg protein were subjected to 10% SDS-PAGE followd by western analysis using
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indicated antibody.

(F) Inhibition of PI3 kinase decreases Entpd5 mMRNA level. PTEN+/- and PTEN-/-
MEF cells were treated with DMSO or LY 294002 (50 uM) for 48 hours and total
RNA was prepared. Entpd5 mRNA level was quantified by Real-Time PCR

normalized to 18s mRNA as described in Experimental Procedures.
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(A) Small molecule is required for ATP hydrolysis activity in PTEN-/- MEF cells.
Small molecule was extracted either from PTEN+/- or PTEN-/- MEF cells or Hela S3
cell lysates (S-100 fractions) as described in Experimental Procedures. Aliquots of
10.5 pl un-dialyzed cell lysates (lane 1 and 2) or dialyzed cell lysates (lane 3 to 10)
from PTEN+/- (lane 1, 3, 5, 7, 9) or PTEN-/- (lane 2, 4, 6, 8, 10) MEF cdlls (3.5
mg/ml) were mixed with another 10.5 pl buffer A (lane 1 to 4) or small molecule
recovered from PTEM+/- (lane 5 and 8), PTEN-/- cells (lane 6 and 7) or from Hela S3
cells (lane 9 and 10) and assayed for ATP hydrolyzing activity. Thin-layer
chromatography (TLC) was performed to visualize radioactive ATP, ADP and AMP.
(B) Uracil and guanine nucleotides have ATP hydrolysis activity. Aliquots of 10.5 pl
dialyzed S-100 from PTEN-/- MEF cédlls (3.5 mg/ml) were incubate in the presence of
indicated final concentration of UTP, UDP and UMP (first panel) or GTP, GDP and
GMP (second panel) or CTP, CDP and CMP (third panel) or TTP, TDP and TMP
(fourth panel) at 30°C with 3 ul of a-P* labeled ATP (0.4 uCi/pl), 3 pul ATP (1 mM),
3ul MgCl; (100 mM) in total volume of 30 pl at 30°C for 1 hour followed by TLC to
resolve hydrolyzed radioactive AMP. Position of AMP on TLC plateis indicated.

(C) Conversion of UTP, UDP to UMP is required for ATP hydrolysis activity in
PTEN-/- cell lysates. Aliquots of 10.5 pl of dialyzed S-100 prepared from PTEN-/-
MEF cells were mixed with buffer A (lane 1) or indicated final concentration of UMP
(lane 2 to 6), UTPyS (lane 7 to 11), UTPaS (lane 12 to 16), PNP-UMP (lane 17 to 21)
and assayed for ATP hydrolysis activity. The radioactive samples were resolved by

TLC. Positions of radioactive ATP, ADP and AMP are indicated.
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(D) Conversion of GTP, GDP to GMP is required for ATP hydrolysis activity in
PTEN-/- cell lysates. Same as in panel C, aiquots of 10.5 ul of dialyzed S-100
prepared from PTEN-/- MEF cells were mixed with buffer A (lanel) or indicated
final concentration of GMP (lane 2 to 6), GTPyS (lane 7 to 11), GTPaS (lane 12 to
16), PNP-GMP (lane 17 to 21), PP-C-GMP (lane 22 to 26) and assayed for ATP
hydrolysis activity. The radioactive samples were resolved by TLC. Positions of
radioactive ATP, ADP and AMP are indicated.

(E) Substrate specificity of recombinant Entpd5. The reaction was carried out in
triplicate by mixing 0.1 mg/ml Entpd5 recombinant protein with 50mM of indicated
nucleotides in buffer A with additional 10 mM MgCl,. After 2hr incubation at 30°C,
released free phosphate was measured by Maachite Green Assay (See Experimental
Procedures for details). Data shown is representative of three independent

experiments. Error bars indicate SEM.
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Figure 2-4. Total Reconstitution of Entpd5 Mediated ATP hydrolysis Activity in
Vitro by Recombinant Entpd5, UMP and Two Additional Factors UMP Kinase
and Adenylate Kinase

(A) Two additional factors are required for mediated ATP hydrolysis activity. Lanel,
an aliquot of 120 ng (20 ul) recombinant Entpd5 were subjected to 10% SDS-PAGE,
the gel was subsequently stained by Coomassie brilliant blue. Arrows indicate
recombinant Entpd5. Hela S3 cell S-100 (3.5 mg/ml) was prepared and fractionated
by Q-sepharose column to 2 fractions (Q FL [flow through] and Q30). Q30 represents
fraction euted with buffer A containing 300 mM NaCl. These two fractions and
starting material (Hela S-100) were dialyzed against buffer A overnight at 4°C.
Aliquots of 15 pl buffer A (lane 2 and 3) or dialyzed Hela cell S-100 (lane4to 7), Q

FL (lane 8 to 11), Q30 (lane 12 to 15) or Q FL combined with Q 30 (7.5 pl each) (lane
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16 to 19) were mixed with (lane 2, 3, 5, 7, 9, 11, 13, 15, 17, 19) or without (lane 4, 6,
8, 10, 12, 14, 16, 18) indicated amount of recombinant Entpd5 in the presence (lane 3,
6, 7, 10, 11, 14, 15, 18, 19) or absence (lane 2, 4, 5, 8, 9, 12, 13, 16, 17) of 100 pM
UMP (final concentration) in total volume of 30 ul adjusted with buffer A and assayed
for ATP hydrolysis activity. Radioactive sample were resolved by TLC as described in
Experimental Procedures. Positions of radioactive ATP, ADP and AMP are indicated.
(B) Purification of UMP kinase in Q30 fraction. Left panel: diagram of the
purification scheme for the required factor in Q30. See Experimental Procedures for
details. Right panel: final step of purification of UMP kinase. Upper, Aliquots of 60
pl indicated Mini Q fractions were subjected to 4-10% gradient SDS-PAGE followed
by silver staining using Silver Stain kit from Invitrogen. Arrow indicates the protein
band correlated with ATP hydrolysis activity. Lower, Aliquots of 5 ul indicated
fractions were mixed with 15 pl of diayzed Q FL fraction in the presence of 100 uM
UMP (final concentration) and 18 ng recombinant Entpd5 in total volume of 30 pl,
assayed for ATP hydrolysis activity. After 1 hour incubation at 30°C, TLC was
performed to visualize radioactive ATP, ADP and AMP. Positions of radioactive ATP,
ADPand AMP are indicated.

(C) Another required factor in Q FL faction is correlated with Adenylate kinase on
Gel-filtration column. An aiquot of 3 ml Q FL fraction from Hela cell S-100 was
concentrated to 600 pl with spin column (Amicon® Ultra, Ca Ne: UFC501096)
following instruction provided by the manufacturer. An aliquot of 500 pl concentrated

QFL was load onto 25 ml Supdex-200 column (10/30) and eluted with buffer A
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containing 50 mM NaCl. Fractions of 1 ml were collected and aliquots of 7.5 ul of
indicated fractions were combined with 7.5 ul diayzed Q30 fraction from Hela cell
S-100, 100 uM UMP and 18 ng of recombinant Entpd5 in total volume of 30 pl
adjusted with buffer A, assayed for ATP hydrolysis activity. Uper panel, TLC plate
resolves hydrolyzed radioactive ADP and AMP. Positions of radioactive ATP, ADP
and AMP are indicated. Lower panel, aliquots of 10 pl of indicated fractions were
subjected to 10% SDS-PAGE and transferred to nitrocellul ose filter. Western analysis
was performed to visualize Adenylate Kinase 1 level in indicated fractions.

(D) Total reconstitution of Entpd5 mediated ATP hydrolysis by recombinant Entpd5,
UMP Kinase, Adenylate Kinase and UMP. Left, aliquots of recombinant Adenylate
kinase (lane 1), Entpd5 (lane 2) and UMP kinase (lane 3) (final concentration, 1 pug/ml)
were incubated alone or sequentially combined each two at atime as indicated (lane 4
to 6) or three together (lane 7 and 8) in the presence (lane 1 to 7) or absence (lane 8)
of UMP (100 pM) with 3 pl o-P* labeled ATP (0.4 uCi/pl) and 3 ul ATP (1 mM) and
3 ul MgCl;, (100 mM) in total volume of 30 ul at 30°C for | hour. After incubation,
TLC was performed to visualize hydrolyzed radioactive nucleotides. Position of ATR,
ADP or AMP was indicated. Right, aliquots of 10 ug recombinant Adenylate kinase
(lane 9), Entpd5 (lane 10) or Entpd5 pre-treat with PNGase F (NEB) (50 units/pg
Entpd5) (lane 11) and UMP kinase (lane 12) were subjected to 10% SDS-PAGE

followed by Coomassie brilliant blue staining.
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Figure 2-5Working model for Entpd5 in vitro and in vivo

(A.) Entpd5 forms ain vitro futile cycle with UMP Kinase(CMPK /UMPK) and

Adenylate Kinase(AK 1) to hydrolyze ATP.

(B.) Entpd5 islocated in ER and may relieve inhibition of UDPto protein folding

cycle by hydrolyzing UDP, end-product of protein reglucosylation reaction. In this

process, the system uses ATP as energy to drive protein folding cycle and facilitate

protein folding.
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Chapter 3: Regulation of Entpd5 by PI3K/AKT signaling pathway

Abstract

In previous chapter, we found that Entpd5 is regulated by PI3 Kinase pathway.
Here we further characterized how Entpd5 is regulated and its correlation with AKT
activation in prostate tumor samples. We showed that Entpd5 is regulated by PI3

kinase pathway through FoxO family membersin cancer cell lines.

I ntroduction:

In many cancer cells, PTEN is often deleted or mutated. Loss of PTEN allows
accumulation of PIP3 and therefore activation of downstream AKT. The downstream
targets of AKT include Forkhead transcription factors (FoxO), which are FoxOl,
FoxO3 and FoxO4. Phosphorylation of FoxO transcription factors by AKT induces
binding to scaffold protein 14-3-3, resulting translocation of FoxOs to cytosol and
inhibition of their function as transcription factors (Biggs et al., 1999; Brunet et al.,
1999). Decreased expression of FoxO family members is associated with cancer
progression (Fei et al., 2009; Lynch et a., 2005). Expression of Foxo3a suppresses
proliferation and tumorigenesis of PTEN null cancers (Shiota et al., 2010; Zou €t al.,
2008).

FoxOs can induce apoptosis and cell cycle arrest by up-regulating target genes
such as p27kip, FasL and Bim(Lam et al., 2006), or down-regulating cyclin D1 and

cyclin D2 in different conditions(Fernandez de Mattos et al., 2004). FoxO family
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members can act as an transcription activator or transcription repressor by binding to
their consensus sequence TTGTTT(T/A/C).

In the present study, we demonstrated that FoxO transcription factor could repress
Entpd5 expression via binding to the Entpd5 promoter region. This suggests that
activation of PIBK/AKT pathway, may relieve inhibition of Entpd5 by FoxO family

members.

Results:
Regulation of Entpd5 by PI3K/Akt signaling pathway through FoxO family
transcription factor

In the previous study, we found the entpd5 is regulated by PI3K/AKT signaling
pathway at transcriptional level. Using entpd5 promoter controlled Luciferase reporter,
we further confirmed that this promoter activity is positively regulated by PI3K
signaling pathway as chemical inhibition of activation of PI3K by 10uM PI3K

inhibitor LY 29400 attenuated promoter activity (Figured-1A).

To identify which transcription factor mediates the effect of AKT/PI3K, we
analyzed upstream regulatory sequence using bioinformatics analysis. We indentified
a panel of potential TFBS (transcription factor binding sites) by searching entpd5
upstream 1kb promoter region in TRANSFAC database using MATCH program(Kel
et a., 2003). Comparative genomics anaysis showed that several FoxO binding sites

are conserved between human and mouse (Figure4-1B). Some of the sites are
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identical to the FoxO consensus site (Figure4-1B). The binding abilities of these
sequences are assessed by gel shift assay using biotin-labeled DNA probes. The
predicted FoxO binding sequences can bind to FoxO while mutation in the key site of
binding sequence abolished binding between probe and FoxO protein (Figured-2A,

Lane 10 versus Lane 3).

To further examine effects of FoxO on entpd5 in vivo, we co-transfected FoxO
family expression vectors with luciferase reporter gene construct containing the
upstream 1kb promoter (hentpd5-pro-Luc) into 293T cells. As shown in Fig4-2B, all
FoxO family members (FoxO1-4) suppressed Entpd5 promoter activity. In addition,
the binding of FoxOs to entpd5 promoter were further analyzed using Chromatin-IP
assay. Binding to entpd5 promoter was increased after LNCaP cells were treated with

PI3K inhibitor LY 294002 (Figure4-2C).

Microarray data analysis revealed correlation of expression of Entpd5 with
activation of RTK/PI3K signaling pathway

It would be very important to determine whether Entpd5 is also over-expressed in
tumors and whether expression of Entpd5 is correlated with activation of PI3K
signaling pathway, since our previous study on function and regulation of Entpd5 is
mostly done in cell culture and mouse model. Since microarray data of many cancer
cell lines and tumors are publicly available, it would be very interesting to examine

expression of Entpd5 in tumor samples from cancer patients. By analyzing a group of
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recently publicized microarray data (Bermudo et a., 2008), we found that Entpd5 is
highly expressed in al 20 tumor samples from cancer patients compared to normal

prostate epithelium cells(Figure4-3 A).

Co-regulated genes usualy have similar function or act in the same cellular
pathway, and therefore examination of co-regulated genes will shed more insight on
the function or regulation of uncharacterized genes. After clustering al gene
expression profile from prostate tumor microarray data using SOM (Self-Organization
Method), we identified dozens of genes that are significantly co-regulated with
Entpd5. Expression of these genes indicates that these tumor samples have high AKT
activation. As shown in Fig 5-3, many of these genes are involved in activating RTK
signaling (HER-3, PI3BKCB, EGF), downstream PI3K (S6Kinase and Ras) and
transcription target genes (CD36(van Oort et al., 2008), IL8(Tong et al., 2008) and
Osteopontin(Packer et al., 2006))(Figure4-3 A). Although it is hard to directly
measure activity of PI3K, these highly expressed components of RTK signaling
suggest that these tumor samples have high activation of RTK signaling. By
comparing normalized Entpd5 signal with signal of PISK signaling, we noticed

significant correlation between expression of Entpd5 and these genes (Figure4-3 B-J).

In addition to these co-regulated genes, we also noticed that expression of
Forkhead proteins FoxO1l is inversely correlated with expression of EntpdS. This

result is consistent with our previous in vitro evidence that FoxO family members
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suppress Entpd5 transcription while high levels of AKT activation relieve this

suppression thus elevating Entpd5 expression.

ENTPDS5 expression correlates with AKT activation in human cancer cell lines and
primary tumor samples

PTEN mutation and AKT activation are common features for human cancer. As
shown in Chapter 2, Entpd5 expression is elevated in prostate cancer cell line LNCaP
and C42 which have high AKT activation. We also examined ENTPD5 expression and
AKT activation in primary human tumor samples by staining two adjacent sections from
a formalin-fixed, paraffin-embedded human primary prostate cancer sample with rabbit
monoclonal antibodies against human ENTPD5 and phosphoAKT, respectively. The
specificity of this anti-ENTPD5 antibody was verified by western blotting analysis using
LNCaP cell lines with or without their ENTPD5 knocked down (Fig.4-4A). The staining
intensity for ENTPDS5 in tumor was significantly greater compared with adjacent normal
tissue and correlated with pAKT staining (Fig.4-4B). Out of 5 samples from patients
between ages 57 to 71, only one tumor sample from one 57 years-old patient did not
show strong ENTPD5 staining and the same tumor was also negative for pAKT
(Fig.4-4B). The remaining four samples showed greater tumor staining of pAKT and

ENTPDS5 (Fig.4-4B).

Discussion:
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Microarray data analysis also indicated that Entpd5 is related to glycosylation
and MAPK signaling.

MAPK kinase may regulate Entpd5 through FoxO in a similar way as AKT.
Among those genes co-regulated with Entpd5 (Figure 4-5), EGF is a direct activator
for RTK signaling and downstream PI3K and ERK signaling cascades. Ras oncogene
encodes a small GTPase which directly activate ERK signaling pathway(Nyati et al.,
2006). In addition, Cadherin-1 encodes E-Cadherin, which binds to PI3K complex
and activates PIBK/AKT signaling(De Santis et a., 2009). MAPKSP1 encodes
MAPK scaffold protein 1 which binds to binds to MAP kinase kinase
MAP2K1/MEK1, MAP kinase MAPK3/ERK1, and MAP kinase MAPK1/ERK?2 and
promote cell proliferation (Schaeffer et al., 1998). Zip7 encodes a Zinc transporter
located in ER membrane. ZIP7 releases Zinc from endoplasmic reticulum resulting in
activation of MAPKSs, tyrosine kinase and EGFR(Hogstrand et al., 2009). Expression

of these genesis correlated with activation of RTK signaling and PI3K pathway.

Besides RTK signaling components, there are severa other genes co-regulated
with Entpd5. Many of these regulated genes are involved in glycosylation
(GaNAc-transferase 7 and Dolichyl-phophate mannosyltransferase 3, etc) and ER
stress response (Glutathione reductase and Sec 22, etc). This may indicate that these
tumors require ENTPD5 and these glycosylation enzyme as well ER stress related

protein to deal with high protein influx to ER during rapid protein synthesis.
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Materials and Methods:
Luciferase Reporter Assay

The human entpd5 promoter construct (-1000/+1 kb) was cloned from
genomic DNA isolated from Hela cells by PCR using the primers, forward: 5'-
GGGTACC CATTAAT TTTGTATGTGTAAG-3' and reverse:
5-CCTCGAGTGGACAGAAAAAGAATTA-3. The cloned promoter was then
ligated into the pGL3-pro Firefly Luciferase reporter vector (Promega). Transient
transfections were carried out after the 293T cells were seeded in Opti-MEM medium
using Lipofectamine 2000 (Invitrogen), following the manufacturer’s instructions.
The pRL-CMV Renilla luciferase reporter vector (Promega) was co-transfected in
each experiment and used as an internal control in order to normalize for transfection
efficiency. 24 hours later, cells were treated as indicated in the figures. Luminescence
was measured using Duo-Glo Luciferase Assay System (Promega) following

manufactory instruction.

Gel Shift Assay

Gel shift assay was performed using LightShift Chemiluminescent EMSA
Kit (Piercenet, Cat# 20148) according to the manufacturer's recommendations.
Following biotin-labeled DNA probes were wused: wild type probe,
S-CCTTGTTTCATTGTTTAG AA-3; mutant probe
5-CCTTCCTTCATTGCTGAGAA-3'. Corresponding DNA without biotin label was

used as cold competitor.
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Chromatin Immunoprecipitation (ChlP) Assay

ChIP assay was performed using SimpleChIP™ Enzymatic Chromatin IP
Kit (Cdl Signaing, Cat# 9002) according to the manufacturer's recommendations.
Briefly, prior to harvesting, cells were incubated in 1% formaldehyde solution for 10
min and genomic DNA was extracted, subsequently digested by Micrococca
Nuclease. DNA fragments were immunoprecipitated by different antibodies
(anti-Histone H3, Cell Signaling, Cat# 2650; anti-FoxO3, Santa Cruz, Cat# sc-11350).
The immuno-precipitated DNA was then analyzed using following primers for
ENTPD5 promoter: forward, 5-CATGTTGCCTAGGCTGGTCTT-3'; reverse,

5 -TTATCTACAAAATCAAACTT-3.

Microarray Data analysis

Microarray Dataset is transcription profile of normal, tumor and pure stromal
tissue samples from patients with prostate adenocarcinoma (Bermudo et a., 2008).
Normalized data (E-MEXP-1331) are downloaded from ArrayExpress. Normalized
data were subjected to cluster analysis using Self-Organization Method (SOM) by

Cluster Software(Eisen et a., 1998).
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Figure 3-1 Regulation of Entpd5 promoter by PI3K signaling pathway
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(A)PI3K inhibitor LY294002 represses ENTPD5 promoter activity. Luciferase
reporter assay was performed as described in Supplementary Experimental
Procedures. Data shown is representative of three independent experiments. Error bars
indicate standard deviations.

(B)Identification of conserved FoxO binding sites in the human and mouse Entpd5
promoters. Genomic sequences of human and mouse are aligned according to their
similarity. The pink regions have more than 50% similarity. The blue bar indicating
the most conserved FoxO hinding sites are located in conserved regions. Potential
binding sites are similar to known FoxO binding sites as shown in FoxO binding site

logo.
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Figure 3-2. Regulation of Entpd5 by FoxO family transcription factors.
(A). FoxO3 binds to potential FoxO binding sites in ENTPD5 promoter region.

Lysates containing Flag-FoxO3 protein causes upshift of DNA probe (Lane2 versus
Lane 1); mutation of key binding sites abolishes FoxO3 binding (Lane8 versus Lane2,
Lanel0 versus Laned); while Flag antibody causes further supershift of DNA probe
(Lane5/6 versus Lane 2). See Supplementary Experimental Procedures for detail.
(B).Entpd5 promoter activity is repressed by FoxO family members. co-transfection
of FoxO family members (FoxO1-4) with ENTPD5 promoter controlled luciferase
reporter represses ENTPD5 promoter activity. Data shown is representative of three
independent experiments. Error bars indicate standard deviations.

(C).Chromatin Immunoprecipitation of FoxO3-promoter complexes. Suppression of
PI3K signaling pathway induces binding of FoxO3 to ENTPD5 promoter in vivo.
Chromatin Immunoprecipitation Assay was performed to visualize binding of FoxO3
to ENTPD5 as described in Supplementary Experimental Procedures. In LNCaP cells,

FoxO3 majorly localized in cytosol and did not bind to ENTPD5 promoter. When
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LNCaP cells were treated with PI3K inhibitor LY 294002, FoxO3 transocated to

nucleus and bound to ENTPD5 promoter (Lane7 versus Lane3).
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Figure 3-3. Microarray Analysis of Prostate Cancer Tissue Samples



(A) Gene expression profile from prostate tumor microarray data was visualized after
cluster analysis with SOM (Self-Organization Method). ENTPD5 is highly expressed
in tumor samples (p value=9.15E-10).

(B)-(J) Correlation of ENTPD5 expression with PI3K signaling markers. Normalized
ENTPD5 expression level is drawn against HER-3(B); PISKCB(C); Ras(D); S6
Kinase(E); EGF(F); CD36(G); IL8(H); Osteopontin(l) and FoxO1(J) respectively. R2

(correlation coefficient) is shown in each panel.
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3: strong staining  3: >50% cell positive

Figure 3-4. Correlation of ENTPD5 Expression with AKT Activation in Human
Prostate Cancer Tissue
(A) Tota cell lysates as indicated (10 pg) were subjected to SDS PAGE followed by

western blot analysis of ENTPDS5 (Epitomics, Cat# 2997, 1:15000) and B-Actin.
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(B) Immunoperoxidase staining for ENTPDS5 (left panel) and pAKT (right panel) in
human prostatic carcinoma tissues (patient 2-10). Scale bar for patients 2, 3, 4, 6, 7,
8, 9, 10 (10x), 200uM; scale bar for patient 5 (20x), 100uM.

(C)Summary of status of ENTPD5 expression and AKT activation. See

Supplementary Experimental Procedures for detail.
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Figure 3-5 Co-Expression of Entpd5 with RTK signaling components and
glycosylation related genes.

Microarray data from prostate cancer tissue samples are clustered according to their
expression pattern by SOM method. Entpd5 is highly expressed in tumor samples.
Some co-expressed genes are involved in activating RTK signaling and downstream
PI3K and ERK cascades (Left panel, l filled rows). Some co-expressed genes are
involved in regulation of glycosylation (Left panel, yellow filled rows). Expression of

FoxOL1 transcription factor is reverse correlated with Entpd5S expression.
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Chapter 4: In vivo function of Entpd5

Abstract

Entpd5 is highly expressed in several PTEN null cancer cell lines. Knockdown of
ENTPD5 in PTEN null Prostate cancer cell LNCaP induces ER stress and degradation
of several receptor tyrosine kinases such EGFR and Her-2. Consequently,
Knocking-down ENTPDS5 induces apoptosis under protein-overloading conditions and
tumor shrinkage in mouse xenograft tumor models.

The degradation of those tyrosine kinase receptors are proteasome dependent and
probably through ER-associated degradation pathway. Evidently, knocking-down
Entpd5 increased binding of EGFR to ER chaperons such as BiP, Canexin and
Careticulin.

All these results suggest that Entpd5 is an important component of ER protein

quality control system and could be a potential target for anti-cancer therapy.

I ntroduction

ER is the site for producing proteins destined for ER, Golgi, plasma membrane
and secretion. Most of these proteins are glycosylated, either N-linked or O-linked.
Nascent peptide chain enters ER lumen in a co-translational manner through Sec61
translocon complex, and at the same time,

Luminal oliogosaccharyltransferase(OST) start to transfer a pre-assembled core

glycan(as shown in Figured4-1B) to asparagines in consensus Asn-x-Ser/Thr motif in
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the peptide from a lipid pyrophosphate donor, dolicol-PP. Then these glycosylated
peptides enter a re-glucosylation/de-glucosylation cycle (Figure4-1A) which helps
them folding by glycoprotein specific chaperon systems. This chaperon system
contains calnexin and calreticulin which binds only to mono-glucosylated proteins
(As shown in Figure 4-1C). Therefore, two glucoses on branch A in N-glycan of
co-trandated peptide need to be removed sequentially by two glycanases glucosidase
| (GI) and glucosidase | (Gll) so they can bind to calnexin/calreticulin. Subsequently,
the third glucose is removed by GIl so the protein can be further processed according
to its folding status; they can either (1) exit to Golgi for further processing if they fold
correctly, or (2) retrotranslocate to cytosol and be degraded by ER-Associated
Degradation (ERAD) system if they are terminally misfolded, or (3) be reglucosylated
by UDP-Glucose:Glycoprotein  glycotransferase(UGGT)  (Molinari,  2007).
Reglucosylation alows incomplete folded glycoprotein re-enters association with
calnexin/calreticulin. The remova and addition of glucose allows the binding and
release of calnexin/careticulin until the proteins are correctly folded and transferred
to Golgi. However, UDP will be generated as a by-product in reglucosylation step and
inhibits UGGT activity and, therefore slows down the reglucosylation/deglucosylation

cycle.

Presumably inhibition of UGGT by UDP will lead to defective protein folding,
especially under stress conditions. As shown in previous chapter, ENTPD5 is an

UDPase located in ER. It may function by converting UDP to UMP relieving
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inhibition of UGGT and thus providing antiporter metabolite UMP for UDP-Glucose

entrance into ER lumen.

Results and Discussions
Knockdown of Entpd5 causes cell death under protein-overload condition

To verify the functional significance of ENTPD5 expression in human cancer
cells, we generated LNCaP derived stable cell line in which an shRNA against human
ENTPD5 could be induced by Dox. In normal culture condition, knockdown
ENTPD5 does not have any significant effect on cell growth or cell survival. Thisis
consistent with previous reports that UGGT null MEF (mouse embryonic fibroblasts)
grow and propagate well and does not exhibit any significant morphological change
(Molinari et a., 2005) since we hypothesized that ENTPD5 regulates UGGT function
by hydrolyzing UDPto UMPin the ER lumen.

We hypothesized that knockdown of ENTPD5 may sensitize cells to ER stress
under stress conditions. To test our hypothesis, we used puromycin to induce protein
over-loading to increase stress to ER lumen. Puromycin dissociates nascent polypeptide
from the ribosome and the translocon, and increases ER loading of unfolded proteins
(Blobel and Sabatini, 1971; Oyadomari et al., 2006). Inducing ENTPD5 knockdown by
adding Dox caused significant cell death when these ENTPD5 knocking-down LNCaP
cells were treated with puromycin for 24 hours (Figure4-2A, column 6, 7 and 8). This
type of cell death is apoptosis as caspase 3 activity significantly increased after treating

Entpd5 knocking-down cells with puromycin (Figure4-2B). To confirm the
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above-mentioned apoptosis phenotype after ENTPD5-targeting shRNA expression was
specific, we introduced into these cells a cDNA encoding ENTPDS5 with silent mutations
in the shRNA target sequence. In these cells, although the endogenous ENTPD5 was still
knocked down after addition of Dox (Figure4-3C, lanes 2 and 6), the expression of an
shRNA resistant wild type transgene (three flag tags were fused to ENTPD5 coding
sequence so it migrated higher) led to reversal of upregulation of Caspase 3
activity(Figure4-2C).  In contrast, introducing an E171A mutant (Entpd5 CD) that
abolishes UDP hydrolysis activity of ENTPD5 was not able to decrease Caspase 3

activity.

Knockdown of Entpd5 causes ER stress under protein-overload conditions

To further elucidate the mechanism about how knocking down Entpd5 induced
cell death, we examined the expression of components from ER stress signaling and
cell death pathway. Interesting, we found that knockdown of Entpd5 induces ER
stress as shown by unregulated expression of ER chaperon BiP and CHOP under
protein-overloading condition by treating cells with puromycin (Figure4-3A, Lane 8
and Lane 12). In addition, under protein-overloading conditions, knocking down
Entpd5 also leads to decreased expression of receptor tyrosine kinase such as EGFR
and Her-2, and at mean time leads to cleavage of Caspase 3, the primary executioner
Caspase which correlated with upregulation of Caspase 3 activity. Another marker of
ER stress, spliced Xbpl is also induced by knocking down Entpd5. On activation of

ER stress, activated IRE1 endonuclease removed 26nt from unspliced form of Xbpl
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MRNA (473bp by RT-PCR) and generated a spliced short form of mRNA (447bp by
RT-PCR).

Expression of receptor tyrosine kinase was restored to the normal level by
expression of shRNA-resistant wild type ENTPD5 transgene (Figure4-3C, lanes 5-6)
but not the active site mutant (Figure4-3C, lanes 7-8). The induction of BiP and
cleavage of Caspase 3 are also suppressed by wild type ENTPD5 transgene but not

catal ytic dead mutant (Entpd5 CD) (Figure4-3C).

EGFR isdegraded in ER-associated degradation pathway
We hypothesized that tyrosine kinase receptors are degraded by ER-associated

degradation pathway since inducing protein overloading by adding puromycin rapidly
led to decrease of EGFR protein and induction of ER stress. This rapid decrease can
be blocked by treating cells with proteasome inhibitor MG-132. At the same time, the
MRNA level of EGFR did not decrease as shown by RT-PCR. mRNA of Her-2 was
slightly decreased. It is possible that ER stress-induced inhibition of transcription and

tranglation also contributed to the decrease of these tyrosine kinase receptors.

It is known that monoglucosylated proteins are retained in the ER by interacting
with CNX or CRT. To examine whether EGFR interacts with these chaperons, we
performed a co-Immunoprecipitation experiment with extracts from different cells
(with or without knocking down Entpd5) using EGFR antibody. Increased presence of
CRT and CNX was shown when Entpd5 was knocked down (Figure4-5, lane 6 and 5)

or cells were treated with puromycin (Figure4-5, lane 7 and 5). The presence of these

68



chaperons was aso increased when knocked cells are treated with puromycin
(Figure4-5, 8 and 5).

We also tested if BiP, another ER chaperon involved in retention of unfolded
EGFR. As shown in Figure4-5, co-immunoprecipitated BiP was aso increased when
Entpd5 was knocked down or cells were treated with puromycin.

Taken together, these results demonstrate that aberrantly glycosylated EGFR is
unfolded, retained in ER by CNX/CRT and then degraded by ERAD. We thus
concluded that Entpd5 is crucia for ER quality control system of glycosylated

proteins.

Knockdown of Entpd5 causestumor shrinkage in xenogr aft model

Since AKT activated tumors usually grow very fast in vivo, these tumors may
encounter ER stress conditions such as hypoxia and cytokine attack. To test whether
knocking down ENTPD5 in LNCaP cells also have an effect on their growth in vivo,
we planted matrix gel-filled LNCaP cells bearing a Dox-inducible shRNA targeting
ENTPD5 in nude mice. As a control, LNCaP cells with a Dox-inducible shRNA
targeting GFP were also planted. After the xenograft tumors reached the size of 300
mm, 7 mice were fed with Dox-containing water. The level of ENTPD5 in these
tumors was measured after 3 weeks. Compared with mice fed with normal water,
ENTPDS5 levels in tumors from mice fed with Dox-containing water were significantly
down except in one mouse (Figure4-6A). While ENTPD5-targeting shRNA
containing tumors in mice fed with normal water continued to grow, these tumors in

mice feed with Dox-containing water shrank (Figure4-6 B and C). Amazingly, when
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these tumor samples were analyzed under a microscope after fixing and staining with
hematoxylin and eosin, there was little tumor cell left in the matrix gel in tumors grown
in Dox-fed mice while in mice fed with normal water, matrix gels were filled with
tumor cells (Figure4-6D). The GFP shRNA-containing tumors did not respond to

Dox treatment and continued to grow during the period of experiment.

Discussion:

ENTPD5 is potentially a novel drug target for prostate cancer

The current study highlighted ENTPD5 as a critical link in PI3K/PTEN pathway that
promotes cell growth and survival, a pathway that is often activated in cancer cells. Here
we showed a nice correlation between ENTPDS5 expression and AKT activation in both
cultured prostate cancer cell lines and primary human prostate carcinoma samples.
Therefore, inhibition of this enzyme, similar to knockdown, can potentialy generate
benefits for anti-cancer activity. It would induce more severe ER stress in cancer cells
with active AKT due to higher protein traffic through the secretory pathway. It may
also cause synthetic lethality in these cells, which otherwise maintain survival advantage
and resistance to common anti-cancer drugs. Chronic Inhibition of ENTPD5 may cause
liver and male fertility defects since mice with ENTPDS5 deficiency show hepatopathy
and aspermia(Read et al., 2009). These defects in mice, however, only become obvious
after 1 year of age. Given the widespread occurrence of PI3K/PTEN mutations in human
cancers and potential synthetic lethal effect of AKT activation and ENTPDS5 inhibition,

to develop ENTPD5 inhibitors for cancer therapy may be a worthwhile pursuit.
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Phylogenetic study of UDP hydrolyzing enzyme indicated functional redundancy

ENTPDS5 belongs to a family of ER/Golgi localized UDP hydrolyzing enzyme.
From literature there are 9 characterized UDP hydrolyzing enzymes from S.cerevisiae,
C.elegan and H.Sapien. According to their sequence similarity, these proteins can be
divided into 3 classes. Class | (S.Gdal, C.Udal and H.Entpd5) and Class Il (S.Ynd1,
C.Mig-23, C.Ntpl and H.Entpd4) are conserved from S.cerevisiae to H.Sapien, while

Class Il (C.Apyl and H.Cant1) do not have homolog genesin yeast (Figured-7A).

Among these genes, severa have been shown to regulate ER stress response or
glycosylation, S.Gdal (Class |) (Abeijon et a., 1993), S.Yndl and C.Mig-23 (Class I1)
(Gao et al., 1999; Nishiwaki et al., 2004), and C.Apyl (Class Ill) (Uccelletti et 4.,
2008). In H.Sapien, There are 8 Entpd family members. Entpd6 shares better
similarity with Entpd5 and can be categorized into Class |; Entpd7 shares similarity
with Entpd4 and can be categorized into Class 1. It is possible that al these paralog
genes such as Cantl, Entp4, EntpdS, Entpd6 and Entpd7 may have redundant function

in ER or Golgi in human (Figure4-7B).

Other Entpd members (Entpdl, Entpd2, Entpd3, Entpd8) are clustered into
another class and have been shown to be out-membrane proteins or secreted proteins
(Figure4-7C). They may have distinct functions in regulating nucleotide level out of

cells.
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Materials and Methods:
Antibodies Used

ENTPD5 (Sigma, Cat# HPA002927), PTEN, AK T, phosphorylated AKT, EGF
receptor, Her-2/ErbB-2, IGF receptor § subunit, Bip and B-Actin (Cell Signaling, Cat#
9559, 9272, 9271, 2646, 2165, 3027, 3177 and 4970 respectively). Antibody for Tet

repressor is from Gene Tex Inc (Cat# GTX70489).

I mmunoprecipitation
Cells were lyzed with FLAG lysis buffer (50 mM Tris pH 7.4, 150 mM. NaCl, 1%

Triton supplemented with 1Xprotease inhibitor cocktail (Roche)). Lysates were
cleared by centrifugation at 50009 for 5 minutes. The supernatant was incubated with
anti-EGFR-antibody coupled agarose (sc-03 AC from Santa Cruz) overnight at 4
degree. The resulting immunoprecipitates were washed 3 times with the extraction
buffer, separated on a 8% SDS-PAGE gel, and analyzed by western blotting using
anti-EGFR(#2232 from Cell signaling or #sc-03 from Santa Cruz), anti-CRT (#2891
from Cell signaling or # from ), anti-CNX (#2433 from Cell signaling), anti-BiP(from

Cdll signaling) or anti-ubiquitin( from ) antibody.

Cdll Culture

Human prostate cancer cell line LNCaP, human colon cancer cell line HT-29,
human breast cancer cell line MCF-7, MBA231, SKBR-3 and T47D and attached
Hela cell are from ATCC. Other human prostate cancer line PC-3, DU145, LAPCA4,

and C42 were kindly provided by Dr. Jer-Tsong Hsieh at UT Southwestern. All the
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cell lines except LNCaP, T47D and LAPC4 are grown in DMEM medium
supplemented with 10% fetal bovine serum (FBS) (Invitrogen) plus 200 unit/ml
penicillin/streptomycin (Hyclone). LANCaP and T47D are cultured in RPMI 1640
medium containing 10% FBS plus 200 unit/ml penicillin/streptomycin and 20 mM
Glutamine (Hyclone) while LAPC4 is cultured in Iscove’'s medium supplemented

with 10% FBS and 200 unit/ml penicillin/streptomycin.

Céll Survival Assay

Cdl survival analysis was performed using the Cell Titer-Glo Luminescent Cell
Viability Assay kit (Promega) following manufactory instruction with minor
modification. In brief, 25 ul of Cell Titer-glo reagent was added to the cell culture
medium. Cells were place on a shaker for 10 min and were then incubated at room
temperature for an additional 10 min. Luminescent reading was carried on Tecan

SPECTRAF uor Plus reader (Tecan).

Plasmids and siRNA Oligoes

Entpd5 Expression Constructs

Human Entpd5 (hEntpd5) was cloned into modified pCl-Neo vector with C-terminal
3xFlag tag.

Entpd5 shRNA constructs:

Six tandem hEntpd5 shRNA (5 -CAT ATT AGC TTG GGT TAC T-3') expression

cassettes driven by H1 promoter were cloned into pSuperior.puro vector following the
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protocol as previously described.
Rescue experiment constructs:
The shRNA resistant hEntpd5 (sr-hEntpd5) expression construct was generated by
introducing four silent point mutations within the shRNA targeted region (5'-CAT
CTTAGC CTG GGT CAC C-3') of pCl-Neo-hEntpd5-3xFlag.
For the catalytic-dead form of human Entpd5 (sr-hEntpd5CD), hEntpd5 E172A
mutation was introduced by site directed mutagenesis in the above shRNA resistant
expression construct.
RT-PCR

LNCaP-shRNA-GFP and LNCaP-shRNA-ENTPD5 cell lines were cultured as
described in Methods. After adding Dox for 6 days, total RNA from each cell lines
was extracted by the Trizol reagent (Invitrogen). One microgram of total RNA was
used for first strand cDNA synthesis with superscript reverse transcriptase (RT)

(Invitrogen). RT-PCR was performed using following primers for each gene.

Gene RT PCR primers Amplicon Size

5-TCTCAGCAACATGTCGATGG-3
SOPR | 5-TCGCACTTCTTACACTTGCG 3 47500

o | 5-CTGAACTGGTGTATGCAGATTGC-3 oo
5-TTCCGAGCG GCCAAGTC-3 P

R 5-TGGGGAATGGAGTGCTGTAT-3 4500
5-CGGCCATCTGAATCATCTTG-3 P
5-CTTTCCGGAGTGCCTGTTTA-3'
ENT DS o AGCCCGTCTCTATGTTGTTCACTT.S 434bp
5-GTGGGGCGCCCCAGGCACCA-3

S-CTCCTTAATGTCACGCACGATTTC-3

B-Actin 539%p

Xenogr aft Studies
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LNCaP stable cell lines (2X10°) in 100 pl of Matrigel were inoculated into the
flank of 8-week-old male nude mice. After 2 weeks, tumors reached 0.5-1 cm®. Mice
were distributed randomly into two groups (around 7 animals each) for the subsequent
anaysis of tumor development with and without Dox-treatment. Dox (Sigma) was
applied as 2 mg/ml solution via the drinking water with additional 1% sucrose
dissolved in natural mineral water starting 2 weeks after inoculation. Drinking water
for control mice contained 1% sucrose without Dox. Xenografted tumors were
measured by a dliding caliper once a week. Absolute tumor volumes were evaluated
according to Volume = (width)® X length/2. Relative tumor volumes represent the
ratio of current tumor volume and corresponding volume at the beginning of the study.
After inoculation measurements started at week 3 and finished at week 8 followed
immediately by sacrificing the animals. Eight individual tumors from the Dox-treated
as well as from the untreated groups were analyzed. Tumor protein was extracted and
subjected to western blotting. Tumor samples were harvest, fixed and stained with

hematoxylin and eosin, and examined with adigital camera.
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calnexin/calreticulin (CRT/CNX). Most glycopolypeptides are probably released as
native proteins and exit the ER. Misfolded proteins are then reglucosylated and enter
cycles of dissociation/re-association with CRT/CNX. The correctly folded proteins
then exit ER, while terminally misfolded proteins are degraded through
ER-Associated degradation pathway (Modified from (Ruddock and Molinari,
2006) )

(B).polypeptide with pre-assembled oligosaccharide

(C). monoglucosylated polypeptide
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conditions

(A).Knocking-down Entpd5 sensitized LNCaP cells to puromycin-induced protein
overloading at dosage dependent manner. After knocking Entpd5 by adding dox for 3

days, puromycin at indicated concentrations were added to induce protein overloading.

Cdll viahility were measured by Cell-titer glo asin Materials and Methods.

(B).Caspase 3 activity increased after inducing protein overloading in Entpd5

knocking-down LNCaP cells but not in GFP knocking-down control cells. Caspase 3

activity was measured using fluorogenic substrate as in Materials and Methods.

(C).Ectopic-expression of Entpd5 but not the catalytic dead form of Entpd5 (Entpd5

CD) reversed upregulation of Caspase 3 activity.
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Figure4-3 Knocking-down Entpd5 induced ER during protein-overloading
condition.

(A).Knocking-down Entpd5 induced BiP and CHOP up-regulation under
protein-overloading conditions induced by puromycin. Entpd5 was knockdown by
adding doxycycline. Protein overloading was induced by puromycin. Cell lysates
were separated by SDS-PAGE and blotted with antibodies as indicated. Tyrosine
kinase receptors (EGFR and HER2) decreased and Caspase 3 was cleaved after
knocking down Entpd5.

(B).Knocking-down Entpd5 induced xbpl splicing under protein-overloading
conditions induced by puromycin. (U) is 473bp RT-PCR product from unspliced
Xbpl mRNA; (S) is447bp RT-PCR product from spliced Xbpl mRNA.
(C).Overexpression an shRNA-resistant Entpd5 but not the catalytic dead form of

Entpd5 (Entpd5 CD) attenuated BiP upregulation and reversed Caspase 3 activation.
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Figure 4-4 Tyrosine Kinase Receptor are degraded in ER-associated degradation
pathway

(A) Level of Tyrosine Kinase Receptor (EGFR and HER-2 etc.) decreased rapidly
after inducing protein-overloading by puromycin in Entpd5 knocking-down cells.

(B) mRNA expression level of receptor kinase receptors after knocking down Entpd5.
MRNA from each cell line was extracted and cDNA was synthesized. EGFR2, Her-2,
IGFR, ENTPD5 and (] -Actin were amplified from cDNA. mRNA level of EGFR and
IGFR(] did not decrease after knocking down Entpd5. mRNA of Her-2 was dlightly
decreased.

(C) Reduction of tyrosine kinase receptors were blocked by proteasome inhibitor

MG132.
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Figured-5 Co-lmmunoprecipitation of EGFR with BiP, CRT and CNX.
Tota protein extracts from LNCaP shRNA-Entpd5 cells (without  or with dox) were
immunoprecipitated with anti-EGFR antibody and analyzed by western blotting with

antibody against ENTPD5, BiP, CNX, and CRT.
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Figure 4-6.Effects of Knocking Down Entpd5 in Xenografts

1 2 3 4 5 6
Weeks after Dox

Tumor growth in nude mice after doxycycline-induced expression of shRNA GFP or
shRNA Entpd5. 2 x 10° LNCaP shRNA GFP cells or LNCaP shRNA Entpd5 cells
were injected subcutaneously into flank of nude mice. When the tumors reached a
volume of approximately around 500 mm?, mice were fed with either water with or
without doxycycline.

(A) Knockdown efficiency of ENTPD5 in xenograft. Tumors lysates are extracted and
aliquots of 20 pg of protein were subjected to 10% SDS-PAGE and transfer to
nitrocellulose filter. The filter was stained with Ponceau S staining (lower) as loading
control followed by western blotting against ENTPD5 (upper).

(B) In vivo knockdown of ENTPDS5 shrinks tumor. Representative xenografts from
indicated groups are shown.

(C) Time course of tumor shrinkage caused by ENTPD5 knocking down. Tumor size

was measured and relative tumor volumes were calculated as described in
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Experimental Procedures after mice were fed with or without Doxycycline for
indicated time period. Each group consisted of around seven mice. The values are
represented as mean + SD. *p<0.05.

(D) H&E staining of resected tumors. Left, 2.5X; right, 25X. Upper panel: tumor

without Dox. Lower panel: tumor with Dox.
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A.
Type Gene Species Localization Literature description Reference
(Trombetta
and Helenius,
Entpd5 H.Sapien ER N/A 1999)
I Upregulated in ER stress; no (Uccelletti et
Udal C.elegan N/A phenotype in loss-of -function a., 2004)
Decreased glycosylation of (Abeijon et
Gdal Scerevisae Golgi several secreted proteins al., 1993)
(Wang and
Guidotti,
Entpd4 H.Sapien Golgi N/A 1998)
Mutant affects glycosylation of
- ADAM (adisintegrin and (Nishiwaki et
Mig-23 C.elegan Golgi metalloprotease) family, MI1G-17. al., 2004)
(Uccelletti et
Ntpl C.elegan N/A N/A al., 2004)
Decreased glycosylation of (Gaoetd.,
Y ndl Scerevisiae Golgi several secreted proteins 1999)
(Failer etal.,
" Cantl H.Sapien ER N/A 2002)
Upregulated in ER stress; (Uccelletti et
Apyl C.elegan N/A knockdown induce ER stress a., 2008)
B.
| Gdal Udal EntpdS
Entpd6
I vrdl Mig-23 Entpd4
Ntpl Entpd7
Il N/A Apyl Cantl
Species | Scerevisiae C.elegan H.Sapien
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Figure 4-7. Phylogenic analysis of Entpd family membersin different species.
(A).Function and localization of known Entpd5 homologs.

(B).Gene expansion of ER stress-related apyrases from yeast. Scerevisiae has two
genes (Gdal and Y ndl), C.elegan has 4 genes (3 of them are homol ogs of yeast genes
and another one Apyl which does not have homolog in yeast) and H.Sapien has 5
genes (4 of them are homologs of yeast genes and another Cant1 which is homolog of
Apylin C.elegan).

(C).Entpd family members can be clustered into 3 different categories according to

their sequence similarities. They are conserved from yeast to human.
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Summary

PI3 Kinase and PTEN lipid phosphatase control the level of cellular
phosphatidylinositol (3,4,5)-trisphosphate, an activator of AKT kinase that promotes cell
growth and survival. Mutations activating AKT are commonly observed in human cancers.
Activation of AKT and downstream PI3 Kinase signaling activates many downstream
targets for cell growth and cell survival, including rapamycin-sensitive mTOR complex
1(mTORC1), which then phosphorylates p70S6K and trandation initiation factor 4E-BP1

to accelerate the trandational rate, thus promoting rapid cell growth.

Elevated protein trandation promotes protein trangation, resulting in increased
protein flux into ER; this will lead to decreased efficiency of protein folding and
accumulation of unfolded proteins in the ER and finally lead to ER stress. How does

cancer cell solve this problem of increased folding during rapid growth to avoid ER stress?

We discovered that ENTPD5, an endoplasmic reticulum (ER) enzyme, is up-
regulated in cell lines and primary human tumor samples with active AKT. In vitro,
ENTPD5 hydrolyzes UDP and generates UMP. ENTPD5 forms a futile cycle with other

two enzymes UMPK/CMPK and AK 1 to hydrolyze ATPto AMP.

In vivo, ER protein quality control system uses reglucosylation cycle to facilitate
protein folding. The reglucosylation cycle generates UDP as a byproduct, which inhibits
the key enzyme in reglucosylation step, UDP-glucose:glycoprotein transferase(UGGT).

ENTPD5, expressed in ER, hydrolyzes UDP to UMP to relieve inhibition to UGGT,
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therefore promoting protein N-glycosylation and folding in ER.

AKT up-regulates ENTPD5 by relieving transcriptional inhibition induced by
FoxO transcription factors, accommodating corresponding rapid growth and increased
protein influx to ER. Therefore, knockdown of ENTPDS5 in PTEN-null cells causes ER
stress and thus loss of receptor tyrosine kinases through ER-associated degradation
pathway under stress conditions. Consequently, the growth of PTEN-null cellsisinhibited
both in vitro and in mouse xenograft tumor models for PTEN null prostate cancer cell line

LNCaP after knocking ENTPD5.

In conclusion, ENTPDS5 is therefore an essential component for PI3K/AKT active

cancer cells and a potential drug target for anti-cancer therapy.
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