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PTEN [phosphatidylinositol (3,4,5)-trisphosphate phosphatase and tensin homolog deleted from chromosome 10],
a phosphatase and critical tumor suppressor, is regulated by numerous post-translational modifications, including
phosphorylation, ubiquitination, acetylation, and SUMOylation, which affect PTEN localization and protein

stability. Here we report ADP-ribosylation as a new post-translational modification of PTEN. We identified PTEN
as a novel substrate of tankyrases, which are members of the poly(ADP-ribose) polymerases (PARPs). We showed
that tankyrases interact with and ribosylate PTEN, which promotes the recognition of PTEN by a PAR-binding E3
ubiquitin ligase, RNF146, leading to PTEN ubiquitination and degradation. Double knockdown of tankyrasel/2
stabilized PTEN, resulting in the subsequent down-regulation of AKT phosphorylation and thus suppressed cell

proliferation and glycolysis in vitro and tumor growth in vivo. Furthermore, tankyrases were up-regulated and
negatively correlated with PTEN expression in human colon carcinomas. Together, our study revealed a new
regulation of PTEN and highlighted a role for tankyrases in the PTEN-AKT pathway that can be explored further

for cancer treatment.
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PTEN [phosphatidylinositol (3,4,5)-trisphosphate phos-
phatase and tensin homolog deleted from chromosome
10] is an important tumor suppressor gene that is fre-
quently lost due to deletions involving chromosome
10923 (Li and Sun 1997; Li et al. 1997; Steck et al.
1997). Germline mutations of PTEN have been linked
to Cowden syndrome (Liaw et al. 1997) and other disor-
ders (Hobert and Eng 2009), indicating a role for PTEN in
tumor suppression and other physiological functions.
Studies of Pten-deficient mice substantiated the func-
tions of Pten in embryonic development and tumor
suppression (Di Cristofano et al. 1998; Suzuki et al. 1998).

PTEN is involved in sundry cellular processes. PTEN
inhibits cell growth and apoptosis by suppressing the
PI3K-AKT pathway; therefore, inhibition of PTEN leads to
the activation of AKT and AKT-dependent downstream
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events (Manning and Cantley 2007). As an important
regulator of many cellular processes, it is not surprising
that PTEN is subjected to a variety of post-translational
modifications that regulate its phosphatase activity as well
as its subcellular localization. These modifications include
phosphorylation (Torres and Pulido 2001), ubiquitination
(Wang et al. 2007; Maddika et al. 2011), acetylation
(Okumura et al. 2006), oxidation (Kwon et al. 2004), and
SUMOylation (Huang et al. 2012; Bassi et al. 2013).
Tankyrasel (TNKS1)/PARP5a and TNKS2/PARP5D are
members of the poly(ADP-ribose) polymerase (PARP)
family and are known to have diverse functions (Smith
et al. 1998; Ye and de Lange 2004; Kim et al. 2011; Ozaki
et al. 2012). Tankyrase-induced ribosylation of TRF1
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targets it for proteasomal degradation, which leads to
telomere elongation (Chang et al. 2003). TNKSI can also
PARsylate 3BP2, leading to the degradation of 3BP2 and
thus facilitating normal bone formation (Levaot et al.
2011). More interestingly, tankyrases have been reported
to regulate the Wnt signaling pathway by ribosylating
Axin and promoting Axin degradation (Huang et al. 2009),
which directly links tankyrase function to potential anti-
cancer therapy with the discovery of tankyrase inhibitor
XAV939 (Huang et al. 2009).

In this study, we identified PTEN as a novel tankyrase-
binding protein. We demonstrated that tankyrases ri-
bosylate PTEN and promote PTEN degradation, which is
mediated by the E3 ubiquitin ligase RNF146. In addition,
inhibition of tankyrase suppresses cell proliferation,
glycolysis, colony formation, and tumor growth. Up-
regulation of tankyrases correlate with down-regulation
of PTEN in human colon cancer tissues. This new finding
supports the further development of tankyrase inhibitors
as anti-cancer agents.

Results

PTEN is a tankyrase-binding protein

To investigate the role of tankyrase inhibitor XAV939 in
cell proliferation, we used four colorectal cancer cell
lines: SW480, DLD1, RKO, and HCT116. As previously
reported (Huang et al. 2009), XAV939 suppressed cell
proliferation in SW480 and DLD1 cells, both of which
express wild-type Axin and B-catenin. Interestingly, in
HCT116 cells, which express a degradation-resistant
B-catenin mutant (Morin et al. 1997), and RKO cells,
which have undetectable B-catenin levels because of the
wild-type APC, XAV939 also inhibited cell proliferation,
albeit less effectively (Supplemental Fig. S1A). When we
knocked down B-catenin in the Axin/B-catenin wild-type
SW480 and 293T cells, XAV939 still suppressed growth in
these cells (Supplemental Fig. S1B). These results sug-
gested that the tankyrase inhibitor XAV939 can also
regulate tumor cell proliferation in an Axin/B-catenin-
independent manner, which prompted us to search for
new tankyrase substrates that are involved in tumor cell
proliferation. Excitingly, we found that the very N ter-
minus of PTEN contains a motif similar to the RXXXDG
tankyrase-binding motif (RYQEDG) (Fig. 1A). This motif
is highly conserved (Fig. 1B), indicating that it may be
important for PTEN function and/or regulation. Indeed,
coimmunoprecipitation results showed that TNKS1 and
TNKS2 were associated with PTEN (Fig. 1C). NEDD4 and
WWP2, which are known PTEN-interacting proteins
(Wang et al. 2007; Maddika et al. 2011), were included
as positive controls. Moreover, the interaction between
endogenous TNKS1 and PTEN was observed (Fig. 1D,E),
further confirming that PTEN is a tankyrase-binding
protein. To determine whether the RYQEDG motif at
the N terminus of PTEN is critical for PTEN/TNKSI1
interaction, we generated a mutant PTEN (PTENATBM)
deleted of the putative tankyrase-binding motif (Supple-
mental Fig. S2A). Unlike wild-type PTEN, this mutant
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failed to bind either TNKS1 or TNKS2 (Supplemental Fig.
S2B). To confirm this observation, we generated a site-
directed point mutagenesis of the tankyrase-binding motif
of PTEN (PTEN-AA) (Fig. 1A); this mutant also was unable
to interact with overexpressed or endogenous TNKS1/2
(Fig. 1F; Supplemental Fig. S2C). Together, these data
suggest that PTEN is a novel tankyrase-binding protein.

PTEN is ADP-ribosylated by tankyrases in vitro
and in vivo

To determine whether PTEN can be ribosylated, we used
anti-PAR antibody to immunoprecipitate the PARylated
proteins in cells. As a positive control, we detected
ribosylated TNKS1 (Fig. 2A). Similarly, PTEN was also
ribosylated (Fig. 2A). To eliminate the possibility of
indirect binding of PTEN to PARylated proteins, we
performed a denaturing immunoprecipitation of PTEN
followed by immunoblotting for PAR and confirmed that
PTEN is ribosylated in vivo (Fig. 2B), indicating that there
is a new post-translational modification of PTEN that has
never been reported. Next, we tested whether PTEN
could be ribosylated by tankyrases. We performed an in
vitro ribosylation reaction using recombinant TNKS1/2/
PTEN and biotin-labeled NAD". The reaction products
were resolved by SDS-PAGE, and anti-biotin antibody
was used to detect the ribosylated proteins. As shown in
Figure 2C, TNKS1 and TNKS2 ribosylated not only
themselves but also PTEN directly. The tankyrase in-
hibitor XAV939 sufficiently suppressed the ribosylation
of TNKSI1 and PTEN even at very low doses (Fig. 2D). To
eliminate the possibility that other PARPs (PARP1/2/3)
may PARylate PTEN, we performed an in vitro ribo-
sylaltion assay and showed that PTEN was not the sub-
strate of PARP1 (Supplemental Fig. S3A), and XAV939
had no effect on PARPI1 ribosylation compared with the
PARP1/2 inhibitor olaparib (Supplemental Fig. S3B).
In addition, olaparib had a very mild effect on the
ribosylaltion of TNKS1 and PTEN, but three different
inhibitors of tankyrases (XAV939, JW55, and Wiki4)
blocked TNKS1 and PTEN ribosylation significantly
(Supplemental Fig. S3C). As PARP1/2/3 are DNA dam-
age-activated PARPs, we also checked whether DNA
damage would affect PTEN PARylation, and the result
indicated that the PTEN/tankyrase interaction and
ribosylation status of PTEN were not influenced by
DNA damage (Supplemental Fig. S3E,F). All of these
data suggest that ribosylation of PTEN is carried out
directly by tankyrases but not other PARPs. Next, we
generated a catalytically inactive mutant of TNKSI1
(TNKS1-H1184A/E1291A, also known as TNKS1-PD
[PARP-dead]). Wild-type TNKS1, but not TNKSI1-PD,
ribosylated itself and PTEN (Fig. 2E), again validating
that PTEN ribosylation depends on the catalytic activ-
ity of TNKS1. Moreover, as shown in Figure 2F, the
PTEN-AA mutant could not be ribosylated. Together,
these data suggest that PTEN is a substrate of
tankyrases.

We further confirmed PTEN ribosylation by tankyrases
in vivo. We first stably knocked down TNKS1, TNKS2,
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PTEN is a tankyrase-binding protein. (A) Schematic representation of wild-type and the double point mutation of PTEN. The

putative tankyrase-binding motif RYQEDG is indicated. (B) Alignment of the N terminus of PTEN in different species. The identical
RYQEDG motif is indicated in red. (C) TNKS1 and TNKS2 interact with PTEN. 293T cells were transfected with plasmids encoding
GFP-tagged PTEN together with vector or plasmids encoding myc-tagged NEDD4, WWP2, TNKS1, or TNKS2. Immunoprecipitation
(IP) was carried out using anti-myc antibody and then subjected to Western blotting using the indicated antibodies. (D,E) Interaction
between endogenous PTEN and TNKSI. Lysates from HCT116 cells were subjected to immunoprecipitation/Western analysis using
the indicated antibodies. (F) The tankyrase-binding motif of PTEN is required for TNKS1/PTEN interaction. 293T cells were
cotransfected with constructs encoding myc-tagged TNKS1/TNKS2 together with vector alone or construct encoding SFB-tagged wild-
type or the tankyrase-binding motif point mutant of PTEN (PTEN-AA). Immunoprecipitation/Western analysis was conducted using

the indicated antibodies.

PTEN, or TNKS1/2 using shRNAs in HCT116 cells and then
immunoprecipitated endogenous PTEN using anti-PTEN
antibody. Ribosylation of PTEN was detected using the
anti-PAR antibody. Knockdown of TNKS1 or TNKS2
alone did not cause significant changes in PTEN ribosyla-
tion (Fig. 2G). However, double knockdown of TNKSI1
and TNKS2 abolished PTEN ribosylation (Fig. 2G).
Knockdown of PTEN was included as a negative control
(Fig. 2G) to demonstrate that the signal detected by the
anti-PAR antibody was indeed due to PTEN ribosylation.
Thus, both TNKS1 and TNKS2 are involved in PTEN
ribosylation in vivo.

To investigate which residues on PTEN are PARylated
by tankyrases, we performed an in vitro ribosylation
assay of PTEN by TNKS1 and TNKS2 and identified
several tankyrase-dependent ribosylation sites on PTEN
by mass spectrometry analysis. Three candidate sites
with the higher scores (E40, E150, and D326) were
ribosylated by both TNKS1 and TNKS2 (Supplemental
Table S1), indicating that these are likely the major
ribosylation sites on PTEN. Indeed, we generated a 3A
point mutant construct (Supplemental Fig. S4A) and
showed that although this mutant was still able to bind
to tankyrases (Supplemental Fig. S4B), its ribosylation by
tankyrases was notably reduced both in vitro (Supplemental

Fig. S4C) and in vivo (Supplemental Fig. S4D), reveal-
ing that these are major ribosylation sites on PTEN by
tankyrases.

Tankyrases regulate PTEN degradation
and ubiquitination

Knockdown of both TNKS1 and TNKS2 not only abol-
ished PTEN ribosylation but also led to a significant
increase in PTEN protein levels (Fig. 2G). Since ribosyla-
tion of some tankyrase substrates is known to lead to
their degradation via a proteasome-dependent pathway
(Huang et al. 2009; Kim et al. 2011; Levaot et al. 2011), we
decided to test whether tankyrases could affect PTEN
ubiquitination and degradation.

Overexpression of TNKS1 or TNKS2 led to PTEN
down-regulation that was reversed by treatment with
the protease inhibitor MG132 (Fig. 3A), indicating that
tankyrases indeed promote PTEN degradation via a pro-
teasome-dependent pathway. This regulation of PTEN
degradation by tankyrases requires the catalytic activity
of tankyrases, since XAV939 treatment also prevented
PTEN degradation promoted by TNKS1 overexpression
(Fig. 3B). Likewise, the TNKSI catalytically inactive mu-
tant (TNKS1-PD) also failed to promote PTEN degradation

GENES & DEVELOPMENT 159



Li et al.

A. P C. D.
= ” Biotin-NAD- Biotin-NAD+ MBP-PTEN = + + + + +
g L_g, g MBP-PTEN = = =+ + + = = " + + + TNKs1 = = + + + +
WB: TNKS1 = + ==+ = = + = = + = XAV939@uM) = = 0 1 10 50
s ~|-150kD TNKS2 = = 4+ = = + = = ¢+ = = + WB:
TNKS1 50 WE- 100kD - b - —MBP-PTEN
100kD - @S e —MBP-PTEN Biotin 7s5¢p-| ' mi | * —
PTEN (&= = " |-50kD L L ,- . TNKS1
Biotin 75kD- .d o ™| TNKS2 75kD -
B P 50kD - ~TNKS1 TNKS1 5,0 - s e e
- z 75kD -
5 i TNKS1 - - = =
) - - -
e N 50kD vpp 100kD ==
. [ R "y B
TNKS2 75kD - - B - -|
PTEN |== = |-50kD
MBP 100D - - o “.|
-75kD &
G Lo~ N
PAR e S & Qo=
shRNA £ & £ £ Q
WB: —
PAR  sokp-[" " = IP:
E. . TR :
MBP-PTEN = + + + ' MBPPTEN - + - + - PTEN
PTEN  goyp | "= e————
SFB-TNKS1-PD = = + = MBP-PTEN-AA = = + = +
SFB-TNKS1 - - - + TNKS1T = = = + + TNKS1 150kD—
We: SFBTNKST O 100k MBP-PTEN 150kD 3
150kD - @ —SFB- - == |—MBP- - 3
Biotin . . Biotin z TNKS2 i
100kD - == —MBP-PTEN 75kD - ] —TNKS1 100kD - input
_ PTEN -
50kD - 2

Figure 2. PTEN is ADP-ribosylated by tankyrases in vitro and in vivo. (4,B) PTEN is PARylated in vivo. (A) HCT116 cells were lysed
with NETN buffer containing PARG inhibitor ADP-HPD (5 wM) and protease inhibitor. Lysates were then immunoprecipitated using
control or anti-PAR antibodies and immunoblotted using the indicated antibodies. (B) HCT116 cells were lysed with NETN denaturing
buffer containing PARG inhibitor ADP-HPD (5 pM) and protease inhibitor. Lysates were then immunoprecipitated using control or
anti-PTEN antibodies followed by Western blotting as indicated. (C) Ribosylation of PTEN by TNKS1 and TNKS2 in vitro.
Recombinant TNKS1, TNKS2, and PTEN were subjected to in vitro ribosylation assays in the absence or presence of biotin-labeled
NAD*. The recombinant proteins were detected by the indicated antibodies, and the ribosylated proteins were determined with anti-
biotin antibody. (D) The ribosylation of PTEN by TNKSI is diminished by tankyrase inhibitor XAV939. The recombinant MBP-PTEN
and TNKS1 were subjected to an in vitro ribosylation reaction as described above in the absence or presence of the indicated
concentrations of XAV939. (E) The catalytic activity of TNKS] is required for PTEN ribosylation. The MBP-PTEN and immunopre-
cipitated SFB-tagged wild-type or the catalytically inactive mutant of TNKS1 (TNKS1-PD) were subjected to an in vitro ribosylation
reaction followed by Western blotting as indicated. (F) The tankyrase-binding motif of PTEN is required for its ribosylation by TNKSI.
The recombinant MBP-PTEN, MBP-PTEN-AA, and TNKS1 were subjected to an in vitro ribosylation assay and analyzed by Western
blotting as indicated. (G) Only double knockdown of TNKS1/2 diminishes the ribosylation of PTEN in vivo. HCT116-derived cells with
stable knockdown of TNKS1, TNKS2, TNKS1/2, or PTEN were collected and immunoprecipitated using anti-PTEN antibody. The
input and immunoprecipitated proteins were analyzed by Western blotting using the indicated antibodies, and the ribosylation of
endogenous PTEN was detected by anti-PAR antibody.

(Fig. 3C). We also used colorectal cancer cell lines SW480,
DLD1, RKO, and HCT116 to test the effect of tankyrase
inhibition on endogenous PTEN. As expected, inhibition of
tankyrases by XAV939 led to the up-regulation of Axinl
and the corresponding down-regulation of its downstream
effector, B-catenin, in SW480 and RKO cells, but this
treatment did not change the B-catenin protein level in
HCT116 cells (Supplemental Fig. S6A) due to the expression
of the degradation-resistant 3-catenin mutant in these cells.
XAV939 also stabilized Axinl in RKO cells, but B-catenin
was hard to detect in these cells. Regardless of the status of
the Wnt/B-catenin pathway, we consistently observed that
XAV939 increased the PTEN level and decreased Akt
phosphorylation in all four cell lines (Supplemental Fig.
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S6A). We further observed that all different tankyrase
inhibitors (XAV939, JW55, and Wiki4), but not the
PARP1/2 inhibitor olaparib, increased PTEN and de-
creased p-Akt levels in HCT116 cells (Supplemental Fig.
S3D). These data again support a role for tankyrases in
promoting PTEN degradation. In addition, tankyrase in-
hibition led to increased levels of TNKSI and wild-type
PTEN but not that of PTEN-AA (the tankyrase-binding
motif point mutant of PTEN) (Fig. 3D) or PTEN-3A
(Supplemental Fig. S4E), indicating that the tankyrase-
binding motif and the ribosylation sites of PTEN are
required for its regulation by tankyrases. Moreover, we
used shRNA to knock down TNKS1, TNKS2, or both.
Only double depletion of endogenous TNKS1/2, but not
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Figure 3. Tankyrases regulate PTEN protein stability through a ubiquitination-dependent pathway. (A) TNKS1 and TNKS2 promote
the degradation of PTEN. 293T cells were transfected with constructs encoding GFP vector, GFP-tagged PTEN, and myc-tagged TNKS1
or TNKS2. Twenty-four hours after transfection, cells were treated with DMSO or 10 uM protease inhibitor MG132 for 6 h. Cell lysates
were immunoblotted with the indicated antibodies. (B) TNKS1-mediated PTEN degradation is abolished by tankyrase inhibitor
XAV939. 293T cells were transfected with constructs encoding GFP-tagged PTEN and myc-tagged TNKS1. Twenty-four hours after
transfection, cells were treated with DMSO, 10 pM MG132 for 6 h, or 5 pM XAV939 for 6 h, and cell extracts were examined by
immunoblotting using antibodies as indicated. (C) TNKSI catalytic activity is required for PTEN degradation. 293T cells were
transfected with constructs encoding Myc-tagged PTEN and SFB-tagged TNKS1 or TNKS1-PD. Cell lysates were subjected to Western
blotting with the indicated antibodies. (D) Tankyrase inhibition stabilizes wild-type PTEN but not the tankyrase-binding motif double
point mutant of PTEN. 293T cells transfected with constructs encoding myc-tagged TNKS1, PTEN, or PTEN-AA were treated with 5
WM tankyrase inhibitor XAV939 for 6 h. Cell extracts were examined by Western blotting as indicated. (E) Double knockdown of
TNKS1/2 increases the protein level of PTEN. TNKS1, TNKS2, TNKS1/2 stable knockdown cells and control HCT116 cells were
harvested, and cell lysates were analyzed by immunoblotting using the indicated antibodies. (F) TNKS1 and TNKS2 promote the
polyubiquitination of wild-type but not tankyrase-binding motif point mutant PTEN in vivo. 293T cells were transfected with
constructs encoding HA-ubiquitin, Myc-PTEN, and Myc-PTEN-AA together with constructs encoding SFB-TNKS1 or TNKS2. Cells
were treated with 10 puM MG132 for 6 h. Whole-cell lysates were subjected to immunoprecipitation with anti-HA antibody followed by
Western blotting using the indicated antibodies. (G) The catalytic activity of TNKSI1 is critical for TNKS1-mediated PTEN
ubiquitination. 293T cells were transfected with constructs encoding HA-ubiquitin and Myc-PTEN together with constructs encoding
SFB-TNKSI1 or TNKS1-PD. Cells were treated with MG132, and cell lysates were subjected to immunoprecipitation/Western analysis
using the indicated antibodies. (H) Double knockdown of TNKS1/2 suppresses PTEN ubiquitination in vivo. TNKS1, TNKS2, TNKS1/
2 stable knockdown cells and control HCT116 cells were transfected with HA-ubiquitin and treated with 10 uM MG132 for 6 h. Cell
lysates were immunoprecipitated with anti-HA antibody, and Western blotting was carried out using the indicated antibodies.
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single depletion, increased the PTEN level and decreased
the downstream Akt phosphorylation (Fig. 3E), suggest-
ing that both TNKS1 and TNKS2 are involved in PTEN
regulation.

To determine whether this newly discovered post-trans-
lational modification affects PTEN cellular localization, we
performed experiments to show that overexpression of
TNKS1/2 or XAV939 treatment does not affect PTEN
localization (Supplemental Fig. S5A,B). In addition, the
PTEN-AA mutant, which is unable to bind to TNKS1/2
and thus cannot be ribosylated, showed localization sim-
ilar to that of wild-type PTEN (Supplemental Fig. S5C),
indicating that ribosylation of PTEN does not affect its
subcellular localization.

Experiments using the proteasome inhibitor MG132, as
shown in Figure 3A,B, implied that tankyrases may pro-
mote PTEN degradation via a ubiquitylation-dependent
pathway. Indeed, an in vivo ubiquitination assay showed
that both TNKSI and TNKS2 can efficiently promote the
ubiquitination of wild-type PTEN but not the PTEN-AA
mutant (Fig. 3F). This requires tankyrase activity, since the
TNKSI catalytically inactive mutant (TNKS1-PD) failed
to promote PTEN ubiquitination (Fig. 3G). Additionally,
inhibition of tankyrase by XAV939 significantly dimin-
ished PTEN polyubiquitination (Supplemental Fig. S6B).

To determine the ubiquitination of endogenous PTEN,
we used the TNKS1, TNKS2, and TNKS1/2 knockdown
HCT116 cells and found that only double knockdown of
TNKS1 and TNKS2 reduced the polyubiquitination of
endogenous PTEN (Fig. 3H). Together, these data indicate
that both tankyrases are involved in the regulation of
PTEN ubiquitination and degradation.

The E3 ligase RNF146 is required for tankyrase-
mediated PTEN ubiquitination and degradation

Recent studies reported that the E3 ligase RNF146 is
responsible for the ubiquitination and degradation of the
tankyrase substrates Axin and 3BP2 (Huang et al. 2009;
Levaot et al. 2011). We thus wanted to test whether
RNF146 would also act as an E3 ubiquitin ligase for PTEN.

Endogenous PTEN and RNF146 interacted with each
other; this interaction was diminished by treatment with
tankyrase inhibitor XAV939 (Fig. 4A), and XAV939 treat-
ment did not diminish the association between PTEN
and the other two E3 ligases, NEDD4 and WWP2. (Sup-
plemental Fig. S7A). Only double knockdown of TNKS1
and TNKS2 inhibited the PTEN/RNF146 interaction
(Supplemental Fig. S7B), implying that the association
between PTEN and RNF146 may be enhanced by the
ribosylation of PTEN. Given that the WWE domain of
RNF146 is required for its interaction with ribosylated
proteins (Zhang et al. 2011), we generated the RNF146-
AWWE and control RNF146-ARING deletion mutants.
We observed that wild-type RNF146 and the RNF146-
ARING mutant associated with PTEN, but the RNF146-
AWWE mutant failed to do so (Fig. 4B). While the
expression of wild-type RNF146 led to reduced PTEN
protein level, which was completely reversed by XAV939
(Fig. 4C), the expression of the RNF146-AWWE or
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RNF146-ARING deletion mutants had no effect on PTEN
protein level (Fig. 4C), suggesting that PTEN needs to be
ribosylated before it can be recognized by RNF146 for
ubiquitination and degradation. We also performed cy-
cloheximide treatment experiments and showed that
only wild-type RNF146, but not the RNF146-AWWE or
RNF146-ARING deletion mutants, diminished the half-
life of PTEN (Fig. 4D). Moreover, only wild-type RNF146
greatly promoted the ubiquitination of PTEN (Fig. 4E),
indicating that both the PAR recognition domain (WWE)
and the E3 ligase activity domain (RING) of RNF146 are
required for RNF146-mediated PTEN ubiquitination
and degradation.

To determine the effect of the tankyrase-binding motif
of PTEN on RNF146-mediated PTEN ubiquitination and
degradation, we cotransfected wild-type PTEN or the
PTEN-AA mutant with WWP2 or RNF146. WWP2 pro-
moted the degradation of both wild-type PTEN and the
PTEN-AA mutant, but RNF146 facilitated only the
degradation of wild-type PTEN (Supplemental Fig. S7C).
Similarly, in vivo ubiquitination assays revealed that
RNF146 triggered the ubiquitination of only wild-type
PTEN but not that of the PTEN-AA mutant (Supplemen-
tal Fig. S7D), again supporting the idea that RNF146-
mediated PTEN ubiquitination and degradation depend
on the ribosylation of PTEN.

To further investigate the effect of RNF146 on PTEN,
we generated three HCT116-derived cell lines with stable
RNF146 knockdown using three RNF146 shRNAs. As
expected, deletion of endogenous RNF146 led to PTEN
stabilization (Fig. 4F). Additionally, knockdown of RNF146
diminished the ubiquitination of PTEN (Fig. 4G), suggest-
ing that RNF146 is an E3 ligase that promotes PTEN
ubiquitination and degradation.

To identify the lysine residues that are required for
PTEN ubiquitination by RNF146, we generated 10 point
mutants of PTEN, changing different lysine residues. In
vivo ubiquitination assays showed that Lys342, Lys344,
and Lys349 are likely the major sites for RNF146-medi-
ated PTEN ubiquitination (Supplemental Fig. S8).

Tankyrases regulate tumor cell proliferation
in a PTEN-dependent manner

PTEN is a well-known tumor suppressor that is critical
for cell survival and growth. As demonstrated above, we
found that TNKS1/2 negatively regulated the protein
level of PTEN. Based on these findings, we proposed that
TNKS1/2 may have a proproliferation function. To ex-
clude the known function of TNKS1/2 in the regulation
of the Axin/B-catenin pathway, we used HCT116 cells
(which express a degradation-resistant mutant form of
B-catenin) and RKO cells (which have no detectable level
of B-catenin). We stably knocked down TNKS1, TNKS2,
and TNKS1/2 in these cells and found that only the
double-knockdown cells significantly decreased cell pro-
liferation (Fig. 5A). This inhibition was confirmed by Ki67
and BrdU staining (Fig. 5B; Supplemental Fig. S9A,B).
Importantly, although PTEN depletion led to increased
cell proliferation in both HCT116 and RKO cells (Fig. 5C),
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Figure 4. The E3 ligase RNF146 is involved in tankyrase-mediated PTEN ubiquitination and degradation. (A) Interaction between
PTEN and RNF146. HCT116 cells were treated without or with 5 .M XAV939 for 6 h. Cell lysates were immunoprecipitated with anti-
PTEN or control antibody followed by Western blotting using the indicated antibodies. (B) The WWE domain of RNF146 is required for
its binding to PTEN. 293T cell were transfected with constructs encoding GFP-tagged PTEN together with vector alone or constructs
encoding myc-tagged wild-type RNF146, the RNF146-AWWE mutant, or the RNF146-ARING mutant. Immunoprecipitation reactions
were conducted using anti-myc antibody and followed by Western blotting analysis. (C) Both the WWE and RING domains of RNF146
are required for PTEN degradation. 293T cells were transfected with constructs as described in B. Twenty-four hours after transfection,
cells were treated with DMSO, 10 pM MG132, or 5 pM XAV939 for 6 h. Cell lysates were examined by Western blotting using the
indicated antibodies. (D) Overexpression of RNF146, but not of the RNF146-AWWE mutant or the RNF146-ARING mutant,
destabilizes PTEN. 293T transfection was conducted as described in B. Cells were treated with 100 p.g/mL cycloheximide (CHX) for the
indicated times. Protein levels were analyzed by immunoblotting using antibodies as indicated (left panel) and quantified (right panel).
(E) RNF146 ubiquitinates PTEN in vivo. 293T cells were transfected with constructs encoding HA-tagged ubiquitin, GFP-tagged PTEN,
and myc-tagged wild-type RNF146, the AWWE mutant of RNF146, or the ARING mutant of RNF146. Cells were treated with MG132
before being collected and analyzed by immunoprecipitation/Western blotting using the indicated antibodies. (F) Depletion of RNF146
stabilizes PTEN in vivo. RNF146 stable knockdown cells and control HCT116 cells were harvested, and cell lysates were examined by
Western blotting and RT-PCR. (G) Knockdown of RNF146 suppresses PTEN ubiquitination in vivo. RNF146 stable knockdown cells
and control cells were transfected with HA-ubiquitin and treated with 10 pM MG132 for 6 h. Cell lysates were immunoprecipitated
with anti-HA antibody, and Western blotting was carried out using the indicated antibodies.
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Figure 5. Tankyrases regulate tumor cell proliferation in a PTEN-dependent manner. (A,B) Double knockdown of TNKS1/2 suppresses
cell proliferation. TNKS1, TNKS2, and TNKS1/2 stable knockdown cells and control cells were examined to determine their rate of
cell proliferation in HCT116 and RKO cells. (A) Data are means = SD (n = 3 independent experiments), and knockdown efficiency was
validated by Western blot. (B) Ki67 and BrdU staining of these control and HCT116/RKO knockdown cells was performed (top panel),
and the percentages of positive cells were summarized (bottom panel). Data are means = SD (n = 3 independent experiments). (C)
Tankyrases regulate cell proliferation in a PTEN-dependent manner. PTEN, TNKS1/2, and PTEN/TNKS1/2 triple stable knockdown
cells and control cells were examined to determine their rate of cell proliferation in HCT116 and RKO cells. Data are means = SD (n =3
independent experiments), and knockdown efficiency was validated by Western blot. (D,E) Lactate production (D) and glucose uptake
(E) in HCT116 and RKO cells by knockdown of TNKS1/2/PTEN. Data are means = SD (n = 3 independent experiments). (F) Inhibition
of cell proliferation by depletion of TNKS1/2 was restored by the expression of wild-type TNKSI but not the catalytically inactive
mutant of TNKS1. shRNA-resistant inducible TNKS1 and TNKS1-PD were transduced into TNKS1/2-depleted HCT116 cells, and cell
proliferation rate was measured. Data are means * SD (n = 3 independent experiments). (G) PTEN protein level in TNKS1/2
knockdown cells was rescued by expression of TNKSI but not TNKS1-PD. Protein levels in the cells shown in F were determined by
Western blotting as indicated. (H) Resistance of PTEN-depleted cells to XAV939 was reversed by the expression of wild-type PTEN but
not the PTEN-AA mutant. shRNA-resistant inducible PTEN and PTEN-AA were transduced into PTEN-depleted HCT116 cells, and
cell number was determined at day 6 (n = 3). (I) Protein levels in the cells shown in H were determined by Western blotting.



double knockdown of TNKS1/2 in PTEN-depleted cells
did not significantly reduce proliferation (Fig. 5C), sug-
gesting that tankyrases control cell proliferation at least
in part in a PTEN-dependent manner.

Because tankyrases regulate Akt activation through
PTEN ribosylation/degradation, Akt is reported to play
key roles in regulating glycolysis (Elstrom et al. 2004). We
investigated whether tankyrase can regulate glycolysis
through PTEN. Indeed, double knockdown of TNKS1 and
TNKS2 reduced lactate production and glucose uptake,
and this regulation was PTEN-dependent (Fig. 5D,E).

While double knockdown of TNKS1/2 suppressed cell
proliferation, reintroduction of shRNA-resistant TNKS],
but not that of TNKS1-PD, into TNKS1/2 knockdown
cells reversed cell growth inhibition (Fig. 5F). Western
blot analysis also confirmed that shRNA-resistant
TNKSI1, but not TNKSI-PD, could reverse the PTEN
stabilization caused by TNKS1/2 down-regulation (Fig.
5G). XAV939 treatment greatly reduced cell proliferation
in HCT116 cells (Fig. 5H). Depletion of PTEN increased
cell proliferation; however, these PTEN knockdown cells
became resistant to XAV939 treatment (Fig. 5H). Reintro-
duction of shRNA-resistant PTEN and PTEN-AA into
PTEN-depleted cells reversed cell proliferation to a nor-
mal level; however, XAV939 treatment suppressed pro-
liferation only in cells expressing wild-type PTEN but not
those expressing the PTEN-AA mutant (Fig. 5H). Similar
results were obtained by measuring the protein levels of
PTEN and Akt phosphorylation (Fig. 5I), indicating that
PTEN is a target of tankyrase inhibitor XAV939.

Tankyrases are required for tumor growth
in a PTEN-dependent manner

As shown in Figure 6A, only double knockdown of
TNKS1/2 significantly reduced the colony formation of
HCT116 and RKO cells. However, double knockdown
of TNKS1/2 did not suppress colony formation
in PTEN-depleted cells (Fig. 6B). Reintroduction of
shRNA-resistant TNKS1, but not TNKS1-PD, reversed
the reduction in colony formation caused by TNKS1/2
knockdown (Fig. 6C). Similarly, reintroduction of
shRNA-resistant PTEN and PTEN-AA in PTEN-depleted
cells reversed colony formation to a normal level; how-
ever, XAV939 treatment could inhibit colony formation
only in cells expressing wild-type PTEN but not those
expressing the PTEN-AA mutant (Fig. 6D). Moreover, we
tested the potential of tankyrase depletion in prevent-
ing tumor growth in vivo using xenograft models. Mice
injected with TNKS1/2 double-knockdown cells showed
significantly reduced tumor growth; however, this effect
was abolished in PTEN-depleted cells (Figure 6E,F), in-
dicating that tankyrase inhibition may be effective only
in treating tumor cells expressing wild-type PTEN.

Tankyrase expression negatively correlates with PTEN
expression in human colon tumors

We checked the association between PTEN and tank-
yrases in normal and tumor cell lines. The PTEN/tank-
yrase interaction was observed in 10 different colon

Tankyrases target PTEN for degradation

cancer cell lines (Supplemental Fig. SIOA), two breast
epithelial cells, and three breast cancer cell lines (Supple-
mental Fig. S10B).

To determine the pathological relevance of PTEN
regulation by tankyrases in human cancers, we first
validated that the anti-TNKSI, anti-TNKS2, anti-PTEN,
anti-Axinl, and anti-p-Akt antibodies were all suitable
for immunohistochemistry (IHC) staining (Supplemental
Fig. S11). Next, we performed IHC staining of colon
cancer tissue arrays and determined the expression levels
of TNKS1, TNKS2, Axinl, PTEN, and p-Akt in these
samples (Fig. 7A; Supplemental Fig. S12A). Significantly,
we observed that TNKS1, TNKS2, and p-Akt are up-
regulated (39.0% vs. 56.9%, 45.8% vs. 64.4%, and 15.2%
vs. 52.5%), while PTEN and Axinl are down-regulated
(69.5% vs. 31.3% and 62.7% vs. 38.1%) in colon cancers
(Fig. 7B; Supplemental Fig. SI2A). Moreover, a significant
negative correlation between PTEN and TNKS1 (P =
0.0001) or PTEN and TNKS2 (P = 0.0013) was noticed
(Fig. 7C,D). Similarly, another reported tankyrase sub-
strate, Axinl, also showed a negative correlation with
TNKS1 (P = 0.0150) and TNKS? (P = 0.0057) (Fig. 7C,D).
As a downstream target of PTEN, p-Akt showed a signif-
icant negative correlation (P = 0.0002) with PTEN (Sup-
plemental Fig. S12C,D). In addition, p-Akt positively
correlated with TNKS1 (P = 0.0284) and TNKS2 (P =
0.0262) (Supplemental Fig. S12C,D). We also noted a pos-
itive correlation between TNKS1 and TNKS2 (P < 0.0001)
in these colon tumor samples (Supplemental Fig. S12D).
These findings suggest that tankyrases may be up-
regulated, which correlates with PTEN down-regulation
in human colon carcinomas. Additionally, we performed
the RNAscope assay (Xing et al. 2014) to check the
mRNA levels of PTEN in these tissue arrays (Supple-
mental Fig. SI2A). Compared with PTEN gene mutation,
which is <20% in colon cancer cell lines (Dicuonzo et al.
2001) and colon cancer samples (Berg et al. 2010), PTEN
mRNA levels are greatly reduced in colon carcinomas
(50.6%) (Supplemental Fig. S12B). Interestingly, positive
staining for PTEN mRNA levels is still much higher than
that of PTEN protein levels (50.6% vs 31.3%), indicating
that post-translational modification plays important roles
in PTEN regulation. Together, these findings suggest that
tankyrases may be up-regulated and thus contribute to
PTEN down-regulation in human colon carcinomas.

Discussion

In this study, we demonstrated that PTEN is a novel
tankyrase substrate. We showed that PTEN contains
a conserved tankyrase-binding motif, through which
tankyrases bind to and ribosylate PTEN in vitro and in
vivo. The ribosylated PTEN is then recognized by the
PAR-binding E3 ligase RNF146 and targeted for polyubig-
uitination and degradation. Importantly, this ability of
regulating PTEN protein level is a key aspect of propro-
liferation functions of tankyrases in the cell.

As a well-studied tumor suppressor, PTEN is known to
be the target of many post-translational modifications
that contribute to the regulation of PTEN protein
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Figure 6. Tankyrases are required for tumor growth in a PTEN-dependent manner. (A) Double knockdown of TNKS1/2 suppresses
colony formation of HCT116 and RKO cells. TNKS1, TNKS2, and TNKS1/2 stable knockdown cells and control cells were tested in
colony formation assays. Colonies viable after 2 wk were counted and analyzed (n = 3). (B) Tankyrases regulate tumor cell colony
formation in a PTEN-dependent manner. PTEN, TNKS1/2, and PTEN/TNKS1/2 stable knockdown cells and control cells were tested
in colony formation assays. Colonies viable after 2 wk were counted and analyzed (n = 3). (C) Inhibition of colony formation by
depletion of TNKS1/2 was restored by the expression of TNKS1 but not TNKS1-PD. shRNA-resistant inducible TNKS1 and TNKS1-PD
were transduced into TNKS1/2-depleted HCT116 cells, and cells were tested in colony formation assays (n = 3). (D) Resistance of
PTEN-depleted cells to XAV939 was reversed by the expression of wild-type PTEN but not the PTEN-AA mutant as measured by
colony formation assays. shRNA-resistant inducible PTEN and PTEN-AA were transduced into PTEN-depleted HCT116 cells, and
colonies viable after 2 wk were measured (n = 3). (E) Tankyrases regulate tumor formation in a PTEN-dependent manner. Nude mice 4
to 6 wk old were injected with PTEN, TNKS1/2, and PTEN/TNKS1/2 stable knockdown cells or control cells. The tumor weights of
each group are shown, presented as average weights = SD (21 d after injection; n = 6 mice per group). (F) Immunoblotting of TNKSI,
TNKS2, PTEN, p-Akt, and Tubulin in tumor lysates from E.

stability (Wang and Jiang 2008). Previous studies revealed This ribosylation-linked regulation of PTEN provides yet
two ubiquitin E3 ligases—NEDD4 and WWP2—that are another layer of PTEN regulation that was not previously
involved in promoting PTEN ubiquitination and degrada- recognized. How this pathway acts in coordination with
tion (Wang et al. 2007; Maddika et al. 2011). Phosphoryla- other pathways involved in PTEN degradation remains to
tion of PTEN has also been demonstrated to regulate its be resolved.

stability through affecting ubiquitin-mediated degradation The multifunctional nature of tankyrases is likely due
(Vazquez et al. 2000; Torres and Pulido 2001; Maccario et al. to the variety of substrates regulated by these proteins.

2007; Yim et al. 2009). In this study, we reported a new TNKS]1 knockout mice develop normally and exhibit only
modification of PTEN and identified RNF146 as a new E3 a metabolic disorder (Yeh et al. 2009), while TNKS2 de-
ligase of PTEN that specifically regulates PTEN ubiquiti- ficiency results in reduced body weight (Chiang et al. 2006;
nation and degradation in a ribosylation-dependent manner. Hsiao et al. 2006). However, TNKS1/2 double-knockout
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mice show embryonic lethality by day 10 (Chiang et al.
2008), suggesting that TNKS1 and TNKS2 have redun-
dant functions during embryonic development. These
findings are in agreement with our observations. Both
TNKS1 and TNKS2 bind to and ribosylate PTEN. Only
double knockdown of TNKS1/2 significantly suppressed
PTEN ribosylation, ubiquitination, and degradation,
which contribute to the roles of tankyrases in promoting
cell proliferation and tumor growth.

Besides Axin, PTEN is likely another target of tank-
yrases involved in cell proliferation. Previous studies

demonstrated that tankyrases regulate cell proliferation
by targeting axin for ribosylation, ubiquitination, and
degradation, thus suppressing the WNT signaling path-
way (Huang et al. 2009; Kim et al. 2011; Levaot et al.
2011). Here, we showed that tankyrases could also in-
fluence cell proliferation in an Axin-independent but
PTEN-dependent manner. Our findings provide a strong
rationale for the development of tankyrase inhibitors for
cancer treatment because these inhibitors will be useful
for treating not only tumors with an intact WNT pathway
but also tumors expressing wild-type PTEN. This is
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especially relevant for designing clinical trials using these
tankyrase inhibitors, since we can use both the WNT
pathway and PTEN status as biomarkers for selecting
patients who could benefit from such treatment and
therefore greatly enhance the potential of tankyrase-
based therapies.

Materials and methods

Antibodies and reagents

Rabbit anti-TNKS2 antibody was raised by immunizing rabbits
with GST-TNKS2 fusion protein containing the 527-776 amino
acids of human TNKS2, and rabbit anti-MBP antibody was raised
immunizing rabbits with bacterially expressed and purified MBP
proteins. Monoclonal anti-TNKS1 (ab13587) was obtained from
Abcam. Anti-a-tubulin (T6199), anti-HA (H9658), and anti-Flag
(F1804) were purchased from Sigma-Aldrich. Anti-PTEN (9552S),
anti-Axinl (2074S), anti-AKT1 (9272S), anti-phosphor-AKT1
(S473) (9271S), and anti-biotin-HRP (5571S) were obtained from
Cell Signaling Technology. Anti-GFP (sc-9996), anti-myc (sc-40),
anti-PTEN (sc-7974), anti-TNKS (sc-8337), anti-RNF146 (sc-
132440), and anti-GST (sc-138) were purchased from Santa Cruz
Biotechnology. Anti-ubiquitin (04-263) and anti-PARP (MAB3290)
were obtained from Millipore; anti-PAR (51-8114KC), anti-
B-catenin (610154), and anti-Ki67 (550609) monoclonal anti-
bodies was purchased from BD Bioscience; and anti-PAR (4335-
MC-100) was purchased from Trevigen.

Cycloheximide, MG132, Wiki4, puromycin, G418, and doxy-
cycline were purchased from Sigma-Aldrich; PAPR1/2 inhibitor
Olaparib was from LC Laboratories; PARG inhibitor ADP-HPD
and JW55 were from Millipore; and XAV939 was from Sigma-
Aldrich and Selleckchem.

Constructs and shRNAs

The TNKSI, TNKS2, and TNKSI-PD plasmids were kindly
provided by Dr. Susan Smith (New York University), and the
NEDD4 plasmid was provided by Dr. Li Ma (M.D. Anderson
Cancer Center). The PTEN, WWP2, and RNF146 constructs
were obtained from the Human ORFeome version 5.1 collection.
All constructs were subcloned into pDONOR201 vector and
then into S-protein/Flag/SBP triple-tagged, GFP-tagged, HA-
tagged, and Myc-tagged destination vectors using Gateway
Technology (Invitrogen). The PTENATBM mutant was gener-
ated by deleting the first 30 amino acids of PTEN. The
RNF146-AWWE and RNF146-ARING mutants were generated,
respectively, by deleting amino acids 104-159 or amino acids
36-78 of the RNF146 coding region. The PTEN-AA mutant was
generated by site-directed mutagenesis and verified by se-
quencing. The PTEN-3A mutant was synthesized by Integrated
DNA Technologies.

The pLKO.1 TNKS1 shRNA was purchased from Sigma
(TRCNO0000040184). The following pGIPZ lentiviral shRNA sets
were from the shRNA and ORFeome Core Facility at The
University of Texas M.D. Anderson Cancer Center: TNKS2-
shRNA (clone no. V3LHS_354387), PTEN-shRNA (clone no.
V3LHS_312160), B-catenin-shRNA (clone no. V2LHS_151022),
RNF146-shRNA-3* (clone no. V2LHS_12922), RNF146-shRNA-4*
(clone no. V3LHS_395650), and RNF146-shRNA-5 (clone no.
V3LHS_395653). Lentiviral packaging plasmids (pMD2.G and
psPAX2) were kindly provided by Dr. Zhou Songyang (Baylor
College of Medicine).

The shRNA-resistant expression constructs of TNKSI,
TNKS1-PD, PTEN, and PTEN-AA were generated by mutating
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the nucleotide sequence but not changing the amino acid
sequence. The original shRNA targeting sequence for TNKS],
5'-CGACTCTTAGAGGCATCTAAA-3’, was changed to 5'-
AGGTTACTGGAAGCGTCTAAA-3’, and the original shRNA
targeting sequence for PTEN, 5-CGGGAAGACAAGTT
CATGT-3’, was changed to 5'-AGAGAGAATAAATTTATGT-
3’ and verified by sequencing.

Cell culture and cell transfection

The HEK293T, HCT116, RKO, DLDI1, SW480, SW620, HCT15,
HT29, LOVO, MCEF-10A, MCE-12A, MDA-MB-231, MDA-MB-
435, and MDA-MB-453 cells were purchased from American
Type Culture Collection (ATCC) and cultured under conditions
specified by the manufacturer. The SW1463, SKCO1, LS513, and
VACOS5 cells were kindly provided by Dr. E. Scott Kopetz (M.D.
Anderson Cancer Center) and maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum and 1% penicillin and streptomycin. Plasmid
transfection was performed using Lipofectamine 2000 or poly-
ethyleneimine reagent according to the manufacturer’s protocol.

Immunoprecipitation, Western blotting,
and immunofluorescence staining

Cells were lysed with NETN buffer (20 mM Tris-HCI at pH 8.0,
100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40) containing
protease inhibitors, and the whole-cell lysates obtained by centri-
fugation were incubated with protein A agarose beads coupled
with 2 pg of the indicated antibodies for 2 h at 4°C. The
immunocomplexes were washed three times with NETN buffer,
applied to SDS-PAGE, and transferred to PVDF membrane, and
immunoblotting was carried out with the indicated antibodies.

For immunofluorescence staining assays, cells were cultured
on coverslips overnight and fixed with 4% paraformaldehyde for
10 min at room temperature followed by permeabilization with
0.5% Triton X-100 in PBS for 5 min. Cells were then blocked
with 5% goat serum in PBS for 30 min and incubated with
primary antibodies in 5% goat serum for 60 min. Cells were
washed with PBS and incubated with rhodamine or FITC-
conjugated secondary antibodies for 60 min, and then coverslips
were mounted on slides using anti-fade mounting medium with
DAPI. Immunofluorescence images were acquired on a Nikon
Eclipse E800 fluorescence microscope with a Nikon Plan Fluor
10X objective lens. Each experiment was repeated three times or
more unless otherwise noted.

Cell proliferation and colony formation assays

For proliferation assays, equal numbers of cells were plated in
6-cm dishes. The next day, cells were collected and subsequently
counted every 2 d.

For colony formation assays, cells were seeded at 500 cells per
well into six-well plates in triplicates. Twelve hours after
seeding, cells were treated with XAV939 with the indicated
concentration. Medium was replenished every 2 d, and cells were
incubated for 14 d. Resulting colonies were fixed and stained
with Coomassie blue. The numbers of colonies were counted
with a GelDoc with Quantity One software (Bio-Rad).

In vitro PARsylation assay

Samples containing 0.2 pg of recombinant baculovirus-derived
TNKS1 or TNKS2 (purchased from Sigma-Aldrich) and 2 pg of
recombinant Escherichia coli-derived MBP-PTEN, MBP-PTEN-
AA, or MBP-PTEN-3A were incubated in 50 pL of PARP reaction



buffer (50 mM Tris-HCl at pH 8.0, 4 mM MgCl,, 0.2 mM
dithiothreitol) with or without 25 pwM biotinylated NAD*
(Trevigen) for 30 min at 25°C. Reactions were terminated by
addition of 2X sample buffer and analyzed by immunoblotting
using an anti-biotin HRP antibody.

For the in vitro ribosylation assay of PARP1, samples containing
0.2 pg of recombinant PARP1 (purchased from Trevigen) and 2 ug of
recombinant E. coli-derived GST-PTEN were incubated in 50 wL of
PARP reaction buffer (20 mM Tris-HCl at pH 7.5, 50 mM NaCl, 7.5
mM MgCl,, 0.2 mM TCEP) with 1 uM dsDNA (5'-GAGTGTTG
CATTCCTCTCTGGGCGCCGGGCAGGTACCTGCTG-3') and
5 mM NAD" for 30 min at room temperature. The reactions were
stopped by the addition of SDS loading buffer containing 0.1 M
EDTA, and samples were analyzed by immunoblotting using an
anti-PAR antibody.

In vivo ubiquitination assay

293T cells were transfected with various combinations of con-
structs, as indicated, along with HA-tagged ubiquitin. Twenty-four
hours after transfection, cells were treated with 10 pM MG132 for
6 h. Cells were then harvested, and lysates were subjected to
immunoprecipitation using the indicated antibodies. The ubiqui-
tination of PTEN was detected by Western blotting.

Lactate production assay

Cells were seeded in culture dishes, and the medium was
changed after 6 h with serum-free DMEM. Cells were incubated
for 12-16 h, and the culture medium was then determined using
lactate test strips on a Lactate Plus meter (Nova Biomedical).
The remaining cells were harvested and counted. The lactate
production was calculated and determined as lactate concentra-
tion per 10* cells.

Glucose uptake assay

Cells were seeded in culture dishes, and the medium was
changed after 6 h with glucose-free DMEM. Cells were incubated
for 16 h and then incubated with high-glucose DMEM for an
additional 24 h. The culture medium was collected for mea-
surement of glucose concentrations using a glucose assay kit
(BioVision) according to manufacturer’s instructions.

In vivo xenograft study

All animal experiments were performed in accordance with
a protocol approved by the Institutional Animal Care and Use
Committee (IACUC) of the M.D. Anderson Cancer Center.
Using a power calculation, our experiments indicated that six
mice per group can identify the expected effect of TNKS1/2 on
tumor weight with 100% power. PTEN, TNKS1/2, PTEN/
TNKS1/2 stable knockdown or control cells (5 X 10° in 100 pL
of medium) were injected into 6- to 8-wk-old female BALB/c
nude mice. Mice were euthanized when they met the institu-
tional euthanasia criteria for tumor size and overall health. The
tumors were removed, photographed, and weighed. Animals
were randomly assigned to each cell line injected. A laboratory
technician (Kathryn Aziz) who provided animal care and tumor
collection was blinded to the group allocation during all animal
experiments and outcome assessments.

Human tissue IHC analysis

All of the 219 cases of human colon cancer tissue microarrays
were purchased from US Biomax. While BC051110a tissue
microarray contained 110 cases of colon carcinoma and 10 cases
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of normal colonic tissue, the BC05118b tissue microarray con-
tained 50 cases of colon carcinoma and 50 cases of cancer adjacent
normal colonic tissue. Samples were deparaffinized and rehy-
drated. Antigen retrieval was done using 0.01 M sodium citrate
buffer (pH 6.0) in a microwave oven. To block endogenous
peroxidase activity, the sections were treated with 1% hydrogen
peroxide in methanol for 30 min. After 1 h of preincubation in 10%
normal goat serum to prevent nonspecific staining, the samples
were incubated with anti-PTEN (1:50; Cell Signaling Technology,
9559S), anti-p-Akt (Ser473) (1:50; Cell Signaling Technology,
4060S), anti-Axinl (1:50; Santa Cruz Biotechnology, sc14029),
anti-TNKS1 (1:100; Abcam, ab13587), or anti-TNKS2 (1:100; raised
by ourselves) overnight at 4°C. The sections were then incubated
with a biotinylated secondary antibody (1:200; Vector Laborato-
ries, PK-6101) and incubated with avidin-biotin peroxidase com-
plex solution (1:100) for 30 min at room temperature. Color was
developed with the 3-amino-9-ethylcarbazole (AEC) solution.
Counterstaining was carried out using Mayer’s hematoxylin. All
immunostained slides were scanned on the Automated Cellular
Image System III (ACIS III, Dako) for quantification by digital
image analysis. A total score of protein expression was calculated
from both the percentage of immunopositive cells and the
immunostaining intensity. High and low protein expressions were
defined using the mean score of all samples as a cutoff point.

RNAscope assay

The RNAscope probe targeting PTEN mRNA was ordered from
Advanced Cell Diagnostics, and detection of PTEN mRNA
expression was performed using the RNAscope 2.0 High-
Definition (HD)-BROWN assay in accordance with manufac-
turer’s instructions (Advanced Cell Diagnostics). The images
were acquired by Zeiss Axioskop2 Plus microscope.

Statistical analysis

All experiments were repeated at least three times. We did not
exclude any samples or animals from the analysis and used
random assignment of samples or animals to different groups.
Data were analyzed by the one-way ANOVA test and Pearson x>
analysis. We used an F-test to compare variances, and the
variances were not significantly different. A P-value of <0.05
was considered statistically significant.
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