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Prolyl hydroxylase 3 stabilizes the p53 tumor suppressor
by inhibiting the p53-MDM2 interactionin a
hydroxylase-independent manner
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Prolyl hydroxylase 3 (PHD3) has initially been reported to
hydroxylase hypoxia-inducible factor « (HIFa) and mediate
HIFa degradation. More recent studies have shown that, in
addition to HIF«, PHD3 has also other substrates. Moreover,
pHD3 is believed to act as a tumor suppressor, but the underly-
ing mechanism remains to be elucidated. Here, we demonstrate
that PHD3 stabilizes p53 in a hydroxylase-independent manner.
We found that PHD3 overexpression increases and PHD3
knockdown decreases p53 levels. Mechanistically, PHD3 bound
MDM2 proto-oncogene (MDM2) and prevented MDM2 from
interacting with p53, thereby inhibiting MDM2-mediated p53
degradation. Interestingly, we found that PHD3 overexpression
could enhance p53 in the presence of the prolyl hydroxylase
inhibitor dimethyloxalylglycine, and the prolyl hydroxylase
activity-deficient variant PHD3-H196A also inhibited the p53-
MDM?2 interaction and stabilized p53. Genetic ablation of
PHD3 decreased p53 protein levels in mice intestinal epithelial
cells, but a genetic knockin of PHD3-H196A did not affect p53
protein levels in vivo. These results suggest that the prolyl
hydroxylase activity of PHD3 is dispensable for its ability to sta-
bilize p53. We found that both PHD3 and PHD3-H196A sup-
press the expression of the stem cell-associated gene NANOG
and inhibited the properties of colon cancer stem cells through
p53. Our results reveal an additional critical mechanism under-
lying the regulation of p53 expression and highlight that PHD3
plays a role in the suppression of colon cancer cell stemness in a
hydroxylase-independent manner.

Prolyl hydroxylases (PHD1, 2, and 3)” are dioxygenases that
use oxygen and 2-oxoglutarate (2-OG) as co-substrates. PHDs
are involved in the cellular response to oxygen by hydroxylating
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conserved prolyl residues of hypoxia-inducible factor o (HIF )
(1-3). The hydroxylated HIF« is recognized by von Hippel—
Lindau protein and then subjected to ubiquitination and pro-
teasomal degradation. In hypoxia, the prolyl hydroxylase activ-
ity is suppressed, resulting in accumulation of HIFa. HIF« is a
master transcription factor. It dimerizes with HIF-18 and
translocates into the nucleus, where it initiates the transcrip-
tion of many genes. The hydroxylase activity of PHD is strictly
controlled by oxygen availability over the entire physiologic
range (2). These properties make PHDs well-suited to act as
oXygen sensors.

Recent studies have shown that, in addition to HIFa, PHDs
have other substrates. For example, PHD3 was found to medi-
ate oxygen-dependent stability of the activating transcriptional
factor 4 (ATF4) (4) and the B,-adrenergic receptor (5) and to
prevent degradation of myogenin (6). PHD3 regulates DNA
damage response through hydroxylating the human homolog
of the Caenorhabditis elegans biological clock protein CLK-2
(7). A recent study demonstrates that PHD3 hydroxylates and
stabilizes MAPK6 (8). We found that PHD3 repressed IKK/
NEF-«B signaling (9).

A few studies have demonstrated that PHD3 acts as a tumor
suppressor. Down-regulation of PHD3 was found in a few can-
cers (9—11). PHD3 up-regulation was linked to cell apoptosis
(12), and its activation suppressed xenograft growth of mela-
noma cells (13). PHD3 caused apoptosis of cervical cancer HeLa
cells (14) and inhibited proliferation of gastric cancer cells (15)
and renal carcinoma cells (16). Epidemiology studies showed
that expression of PHD3 was correlated with good prognostic
factors in breast cancers (17), and it was a favorable prognosti-
cator for gastric cancer (18). PHD3 was shown to inhibit tumor
growth via EGF receptor signaling (19).

Although studies have indicated that PHD3 functions as a
tumor suppressor, the underlying mechanism remains unclear.
In this manuscript we demonstrate that PHD3 blocks the inter-
action of p53 and MDM2, thereby inhibiting the MDM2-medi-
ated p53 destruction, in a hydroxylase-independent mecha-
nism. The PHD3-induced p53 stabilization inhibits NANOG
expression, leading to inhibition of colon cancer stem cells. Our
findings reveal a new mechanism underlying the regulation of
p53 stability through PHD3 and highlight the role of PHD3 in
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Figure 1. PHD3 stabilizes p53. A, overexpression of PHD3 increased p53. CCD841 and RKO cells were transfected with control or myc-PHD3 plasmid. After
24 h, the cells were harvested for Western blotting. B, overexpression of PHD3 had little effect on mRNA levels of TP53. The cells were treated as in A. C,
knockdown of PHD3 decreased p53. The cells were transfected with control or PHD3 siRNA oligonucleotides. After 48 h, the cells were harvested. D, RKO and
CCD841 cells were transfected with control or siPHD3 oligonucleotides as indicated. After 48 h, the cells were harvested for determination of TP53 mRNA level
by gPCR. E, CCD841 and RKO cells were transfected as indicated. After 24 h, cycloheximide (10 ng/ml) was added to inhibit new protein synthesis, and the cells
were harvested at different time intervals. The right panel shows the relative p53 level at different time point. F, CCD841 cells were transfected with control or
siPHD3 oligonucleotides. After 48 h, the cells were treated with cycloheximide (10 wg/ml) for different time intervals. The right panel shows the relative p53
level. G, proteins extracted from small intestinal and colonic epithelial cells of Phd3™F and Phd3'"®<**° mice were subjected to Western blotting. The p53(DO-7)
antibody was used to detect mouse p53. H, the cells were transfected with control or myc-PHD3 plasmid as indicated. After 24 h, the cells were harvested. The
Western blots were quantified using ImagelJ, and the results are from one experiment. /B, immunoblotting; ns, no significance.

suppression of cancer cell stemness independent of its hydrox-
ylase activity.

Results
PHD3 stabilizes p53

This study was kindled by an accidental discovery that PHD3
influenced the expression of p53. We found that overexpres-
sion of PHD3 enhanced the protein levels of p53 in colon cancer
RKO and normal colon epithelial CCD841 cells (Fig. 14). Over-
expression of PHD3 did not affect the transcript level of TP53
(Fig. 1B). In agreement with the above results, knockdown of
PHD3 reduced p53 protein (Fig. 1C) with little effect on TP53
transcript levels (Fig. 1D). The data imply that PHD3 regulates
the expression of p53 in a post-transcriptional manner. We
found that overexpression of PHD3 retarded degradation of
p53 and increased the half-life of p53 (Fig. 1E). We determined
the effect of PHD3 knockdown on the half-life of p53, and the
results show that knockdown of PHD3 increased the rate of
p53 degradation (Fig. 1F). These results suggest that PHD3 sta-
bilizes p53. We next did experiments to verify that PHD3 could

9950 J. Biol. Chem. (2019) 294(25) 9949-9958

modulate the expression of p53 in vivo. We employed
Phd3"“™° mice in which Phd3 was deleted in intestinal epi-
thelial cells. Generation of Phd3""“™© mice is as described
under “Experimental procedures.” The results show that
genetic ablation of Phd3 led to a dramatic decrease of p53 in
both small intestine and colon epithelial cells in mice (Fig. 1G).
We examined other cells and found that overexpression of
PHD3 increased p53 in cervical cancer HeLa, breast cancer
MCF-7, and renal cancer ACHN and Caki-1 cells but not in
colon cancer HCT116 cells (Fig. 1H). We also examined human
embryonic kidney 293T cells, and overexpression of PHD3 had
no effect on expression of p53 in the cells (Fig. 1H). This is
probably because 293T cells express adenoviral oncoproteins
ela/elb55k, which prevents p53 degradation (20, 21). All these
cells we examined have WT p53.

PHD3 stabilizes p53 through MDM2

Because MDM2 is the primary E3 ubiquitin ligase of p53 (22),
we presumed that PHD3 might stabilize p53 through MDM2.
To this end, we first determined whether PHD3 associated with
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Figure 2. PHD3 stabilizes p53 via MDM2. A, RKO cells were transfected with myc-PHD3 vector. After 24 h the cells were harvested, and cellular proteins (350
1g) were used forimmunoprecipitation (/P) assay. 50 ng of proteins were used in input (14%). B, the endogenous PHD3 and MDM2 bound each other. Cellular
proteins (500 ng) of RKO and CCD841 cells were used to do the immunoprecipitation assay with 50 ug of the proteins as Input (10%). C, PHD3 bound MDM2
directly. Equal amounts of bacterial lysates (containing His-PHD3) were incubated with the GSH-Sepharose beads that had already captured GST-MDM2 or GST
proteins. The beads were washed, and His-PHD3 retained on beads was determined by immunoblotting (/B). D, PHD3 inhibited p53-MDM2 interaction. RKO
cells were transfected as indicated. After 24 h, the cells were treated with MG132 (10 um) for 3 h, followed by immunoprecipitation experiments. E, RKO cells
were transfected as indicated. After 48 h, the cells were treated with MG132 (10 um) for 2 h. The cells were then harvested forimmunoprecipitation experiment.
F, the E. coli supernatant containing GST-MDM2 protein was incubated with beads at 4 °C for 2 h. The beads were washed and incubated at 4 °C with RKO cell
lysates containing p53 and different amounts of His-PHD3 protein. After 3 h, the beads were washed and subjected to immunoblotting. G, overexpression of
PHD3 reduced ubiquitination of p53. RKO cells were transfected with myc-PHD3, HA-Ub, and p53 vectors as indicated. After 24 h, MG132 (10 um) was added,
and the cells were incubated for another 3 h, followed by immunoprecipitation. H, knockdown of PHD3 enhanced p53 ubiquitination. RKO cells were
transfected as indicated. After 48 h, MG132 (10 um) was added, and the cells were incubated for another 3 h. The cells were harvested forimmunoprecipitation.
I, in vitro p53 ubiquitination was performed as described under “Experimental procedures.” J, equal amounts of bacterial lysates containing His-PHD3 were
incubated with the beads that had already captured GST, GST-MDM2, or mutated GST-MDM2. The beads were washed, and His-PHD3 retained on the beads
was determined by immunoblotting. The asterisk indicates the band that the arrow pointed.

MDM2. We found that both exogenous (Fig. 24) and endoge-
nous (Fig. 2B) PHD3 interacted with MDM2. The bacterial pro-
duced His-PHD3 and GST-MDM2 bound each other, suggest-
ing that PHD3 binds MDM2 directly (Fig. 2C). Thus, PHD3
might bind MDM2 to interfere with p53-MDM2 interaction.
As expected, overexpression of PHD3 blocked the interaction
of p53 and MDM2 (Fig. 2D). Consistent with the results, knock-
down of PHD3 enhanced the interaction of p53 and MDM2
(Fig. 2E). Furthermore, we found that PHD3 inhibited p53—
MDM2 interaction in a dose-dependent manner (Fig. 2F).

We determined the effect of PHD3 on ubiquitination of p53.
The results show that overexpression of PHD3 decreased (Fig.
2G), and knockdown of PHD3 increased p53 ubiquitination
(Fig. 2H). We did in vitro p53 ubiquitination assay, and the
results show that PHD3 decreased the MDM2-mediated ubiq-
uitination of p53 (Fig. 21).

Itis known that the central acid domain of MDM2 binds p53,
which is essential for MDM2 to mediate p53 ubiquitination
(23-25). We asked whether PHD3 bound this central domain of

SASBMB

MDM2 to impede p53—-MDM2 interaction. To determine
this, we constructed a vector encoding GST-MDM2(A217-
367) that did not have the central domain. Our results show
that PHD3 did not bind GST-MDM2(A217-367) (Fig. 2J).
We also constructed a vector encoding GST-MDM2(217-
367) and found that PHD3 bound GST-MDM2(217-367)
(Fig. 2]). These results suggest that PHD3 binds the central
domain of MDM2, which prevents MDM2 from mediating
p53 destruction.

PHD?3 stabilizes p53 independent of its hydroxylase activity

PHD3 has prolyl hydroxylase-independent functions (9, 26).
We wanted to know whether the prolyl hydroxylase activity
is required for PHD3 to stabilize p53. To this end, we employed
the prolyl hydroxylase inhibitor DMOG in our work. Treat-
ment of the cells with DMOG increased HIF1a dramatically
(Fig. 3A), indicating that the prolyl hydroxylase activity is
suppressed. Interestingly, overexpression of PHD3 still en-
hanced p53 protein in the presence of DMOG (Fig. 34). We
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Figure 3. PHD3(H196A) induced p53. A, RKO cells were transfected with control or Myc-PHD3 vector as indicated. After 24 h, DMOG (2 mm) was added, and
the cells were incubated for another 4 h, followed by immunoblotting (/B). B, RKO and CCD841 cells were transfected with control, Myc-PHD3, or Myc-
PHD3(H196A) vector. After 24 h, the cells were harvested for immunoblotting (/IB). C and D, RKO cells were transfected with control, Myc-PHD3, or Myc-
PHD3(H196A) vector. After 24 h, cycloheximide (CHX) (10 ng/ml) was added to inhibit new protein synthesis, and the cells were harvested at different time
intervals. The right panel shows the relative p53 level at different time point. Relative p53 was shown in D. E, RKO cells were transfected with myc-PHD3(H196A)
vector. After 24 h, the cells were harvested, and immunoprecipitation (/P) was performed to determine the interaction between PHD3(H196A) and MDM2. F,
RKO cells were transfected with control or PHD3(H196A) vector. After 24 h, MG132 (10 um) was added, and the cells were incubated for another 3 h before
harvesting the cells.Immunoprecipitation was performed to determine the effect of Myc-PHD3(H196A) on the interaction between p53 and MDM2. G, RKO and
CCD841 cells were transfected with control or PHD3 siRNA oligonucleotides as indicated. After 48 h, the cells were incubated in normal or 0.1% O, for 10 h,

followed by Western blotting. The Western blots were quantified using ImagelJ, and the results of quantification are from one experiment.

next employed a vector coding prolyl hydroxylase-deficient
PHD3(H196A) in our work (27). We found that overexpression
of PHD3(H196A) also enhanced p53 protein (Fig. 3B). More-
over, we found that PHD3(H196A) increased the half-life of p53
as PHD3 did (Fig. 3, Cand D). These results suggest that PHD3
stabilizes p53 in a hydroxylase-independent manner. We found
that PHD3(H196A) associated with MDM2 (Fig. 3E), and
overexpression of PHD3(H196A) suppressed the interaction
between p53 and MDM2 (Fig. 3F). Thus, PHD3(H196A) may
enhance p53 in a same way as PHD3 does.

In hypoxia, the expression of PHD3 is transcriptionally acti-
vated by HIF« (28). A few studies have shown that hypoxia also
induces expression of p53 (29 —32), so we asked whether PHD3
was involved in hypoxic induction of p53. To know this, we
determined the effect of knockdown of PHD3 on expression of
p53 in hypoxia. We found that hypoxia enhanced p53, and
knockdown of PHD3 attenuated the hypoxia-induced p53 in
CCD841 and RKO cells (Fig. 3G). These results suggest that
PHD3 is required for hypoxic induction of p53. Further, we
found that knockdown of PHD3 had little effect on HIF-1 and
-2a protein levels, suggesting that PHD3 does not regulate
hypoxic induction of p53 via HIF .

To confirm that PHD3 regulates p53 expression in a hy-
droxylase-independent manner, we employed intestinal epi-
thelial PHD3(H196A) knockin (Phd3(H196A)" € ) mice in
our work. PHD3 of mouse is quite similar to that of human (97%
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Table 1

Primers for determining wildtype (P3 and P4) and mutated (P1 and P2)
allele of Phd3 and Villin-Cre

Primer Sequence (5’ —3')
P1 GTTCGCCTATCAGCTTTGGG
P2 GCATAAAGCCCCAGCATCAGAAA
P3 AGGATTCACTAGCATACAAA
P4 GCATAAAGCCCCAGCATCAGAAA
Villin-Cre ATTTGCCTGCATTACCGGTCGCAGCATTGCTGTCACTTGGTC

identities). Both human PHD3 and mouse PHD3 consist of
239 amino acids, and they both have residue His'*°. We con-
structed mouse PHD3 and PHD3(H196A) vectors and found
that overexpression of mouse PHD3, but not PHD3(H196A),
decreased HIF-1a and HIF-2« proteins (Table 1 and Fig. 4A),
implying that the mouse PHD3(H196A) is deficient of prolyl
hydroxylase activity. We found that overexpression of
mouse PHD3(H196A) enhanced p53 protein as WT PHD3
did (Fig. 4A).

Generation of Phd3(H196A)'E< ! mice is as described under
“Experimental procedures.” The structures of WT and mutant
allele of Phd3 of mice were shown (Fig. 4B). PCR results show
that the homozygous Phd3(H196A) had a band of 1184 bp,
and the WT Phd3 had a band of 656 bp (Fig. 4C). Genotyping
of Phd3(H196A)"'F and Phd3(H196A)"*“ X' are shown in Fig.
4D. The right lane that had a mutated Phd3 band indicates
Phd3(H196A)"'F mice. The left lane having mutated Phd3
and Villin-Cre bands indicates the Phd3(H196A)E< X! mice.
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antibodies. The p53(DO-7) antibody was used to detect mouse p53.

It is known that PHD3 hydroxylates ATF4, leading to ATF4
destruction (4). Therefore, we determined the effect of
PHD3(H196A) knockin on expression of ATF4 in small
intestine and colon epithelial cells. The results show that
ATF4 protein level is enhanced in intestinal epithelial cells
from Phd3(H196A)"“ mice (Fig. 4E), implying that the
mutated PHD3 is deficient of hydroxylase activity. Finally,
we determined the protein level of p53 in these cells and
found that PHD3(H196A) knockin had no effect p53 protein
levels (Fig. 4F).

PHD3 inhibits the expression of NANOG through p53

Several studies have implicated a critical role of p53 in stem
cells through regulating expression of genes related to these
cells (33). Among these genes, NANOG is a major one (34). The
expression of NANOG was demonstrated to be regulated neg-
atively by p53 (35). Therefore, we asked whether PHD3 influ-
enced the expression of NANOG through p53. In agreement
with previous results, overexpression of p53 decreased (Fig.
5A), and knockdown of p53 enhanced the expression of
NANOG (Fig. 5B). As expected, overexpression of PHD3 inhib-
ited (Fig. 5C) and knockdown of PHD3 stimulated (Fig. 5D) the
expression of NANOG. To verify that PHD3 regulates the
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expression of NANOG through p53, we introduced p53 siRNA
oligonucleotides into the cells. We found that knockdown of
p53 reversed the expression of NANOG suppressed by overex-
pression of PHD3 (Fig. 5E). These results imply that PHD3
inhibits NANOG expression through p53. In addition, we
found that overexpression of PHD3(H196A) also restrained the
expression of NANOG as PHD3 did (Fig. 5F). The results sug-
gest that PHD3 attenuates the expression of NANOG in a
hydroxylase-independent manner.

We also determined the effect of PHD3 on other p53 down-
stream genes including p21, BAX, PUMA, and NOXA in RKO
cells. The results show that overexpression of PHD3 induced
the expression of p21 and PUMA (Fig. 5G), and knockdown
of PHD3 decreased the expression of p21, PUMA, and NOXA
(Fig. 5H).

PHD3 inhibits properties of colon cancer stem cells (CSCs)

Because PHD3 induced the expression of p53 and inhibited
the expression of NANOG (Fig. 5), we presumed that PHD3
was capable of suppressing the properties of colon CSCs. To
know this, we determined the effects of PHD3 on sphere for-
mation of RKO cells. A sphere-forming assay has been widely
used to identify stem cells (36). Our results show that overex-

J. Biol. Chem. (2019) 294(25) 9949-9958 9953
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transfected as indicated. After 48 h, the expression of NANOG was determined. F, RKO cells were transfected as indicated. After 24 h, the cells were harvested
for determination of mRNA and protein levels of NANOG. G, RKO cells were transfected as indicated. After 24 h, the cells were harvested for qPCR. H, RKO cells
were transfected as indicated. After 48 h, the cells were harvested for qPCR. The Western blots were quantified using ImageJ. The quantification of Western

blotting is from one experiment. Con, control; 1B, immunoblotting; ns, no significance. *, p < 0.05; ***, p < 0.001.

pression of PHD3 suppressed sphere formation of the cells
(Fig. 6A). As expected, overexpression of PHD3 inhibited the
expression of colon CSC genes NANOG and LGRS of the cells
(Fig. 6B). Overexpression of PHD3(H196A) also repressed
sphere formation (Fig. 6A) and attenuated the expression of
NANOG and LGRS (Fig. 6B). On the contrary, knockdown of
PHD3 promoted sphere formation (Fig. 6C) and enhanced the
expression of NANOG and LGRS (Fig. 6D). Next, we deter-
mined whether PHD3 affects sphere formation through p53.
We found that knockdown of p53 reversed the sphere forma-
tion inhibited by overexpression of PHD3 (Fig. 6E). Similarly,
knockdown of p53 also prevented PHD3(H196A) from sup-
pressing sphere formation of the cells (Fig. 6F). Together, these
results suggest that PHD3 functions to inhibit the properties of
colon CSCs through p53.

Discussion

We have demonstrated in this manuscript that PHD3 stabi-
lizes p53 by inhibiting the interaction between p53 and MDM2,
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independent of its hydroxylase activity. The PHD3-induced
stabilization of p53 leads to attenuation of the expression of
NANOG and suppresses the properties of colon CSCs. Our
results reveal a new mechanism of regulation of p53 expression
through PHD3 and highlight a role of PHD3 in suppressing
colon CSCs.

Stability of p53 is regulated by the ubiquitin-proteasome sys-
tem, and MDM2 acts as the E3 ubiquitin ligase that mediates
p53 degradation (37). Binding to the central domain of MDM?2
is essential for p53 ubiquitination and destruction (23-25, 38).
We found that PHD3 also bound the central domain of MDM?2
(Fig. 2) as p53 did. Thus, PHD3 may block the accessing of p53
to the central domain of MDM2, which prevents MDM2 from
mediating p53 destruction. Interestingly, our results showed
that the hydroxylase-deficient PHD3(H196A) also stabilized
p53 (Fig. 3). It bound MDM2 and blocked the interaction of p53
and MDM2 as the WT PHD3 did (Fig. 3, E and F). We generated
PHD3(H196A) knockin mice and found that loss of prolyl
hydroxylase activity of PHD3 had little influence on protein
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Figure 6. PHD3 inhibits CSC properties of colon cancer cells. A, RKO cells were transfected with control, Myc-PHD3 or Myc-PHD3(H196A) vector. The sphere
formation was determined as described under “Experimental procedures.” The right panel shows that number of spheres/well. B, RKO cells were transfected
with control, myc-PHD3, or myc-PHD3(H196A) vector. The mRNA levels of NANOG and LGR5 were determined as described under “Experimental procedures.”
C, RKO cells were transfected with control or PHD3 siRNA oligonucleotides. Sphere formation was determined. The right panel shows that number of spheres/
well. D, RKO cells were transfected with control or PHD3 siRNA oligonucleotides as indicated. The mRNA levels of NANOG and LGR5 were determined. £, RKO
cells were transfected with Myc-PHD3 in the absence or presence of p53 siRNA oligonucleotides. The right panel shows that number of spheres/well. F, RKO cells
were transfected with Myc-PHD3(H196A) vector with or without p53 siRNA oligonucleotides. The right panel shows that number of spheres/well. Con, control;

ns, no significance. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001.

level of p53 in vivo (Fig. 4). Considering the fact that PHD3
knockout decreased p53 in mice intestinal epithelial cells (Fig.
1G), our data suggest that PHD3 induces p53 independent of its
hydroxylase activity. In hypoxia, HIF« is accumulated and ini-
tiates the expression of PHD3 (28). Hypoxia also induces
expression of p53 (29-32). The hypoxia-induced PHD3 may
reduce MDM2-p53 interaction and stabilize p53. Indeed, we
found that knockdown of PHD3 attenuated the hypoxic induc-
tion of p53 (Fig. 3G). Thus, the hypoxia-induced PHD3 may
contribute the hypoxic induction of p53.

Rodriguez et al. (39) reported recently that PHD3 hydroxy-
lates p53, leading to stabilization of p53. They found that PHD3
hydroxylated p53 to promote the interaction between p53 and
deubiquitinases, leading to p53 stabilization. They showed that
hypoxia resulted in a reduction of p53 in HeLa and HepG2 cells,
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implying that the hydroxylase activity is required for p53
expression. We found that the prolyl hydroxylase-deficient
PHD3(H196A) also enhanced p53 protein in colon epithelial
RKO and CCD841 cells as the WT PHD3 did. The cause for the
discrepancy is not clear. One possible reason is that different
cells were examined in these two works. Hypoxic induction of
p53 is cell type—specific. For instance, Rodriguez et al. (39)
demonstrated that hypoxia did not enhance p53 in HeLa and
Hep@G2 cells. Some other reports showed that hypoxia induced
accumulation of p53 in lymphoblastoid GM02184B cells (29)
and RKO cells (30). Hypoxic induction of p53 is complex. Pan et
al. (31) found that hypoxia alone could not induce p53. An et al.
(32) reported that HIF-1 is required for stabilization of p53 in
hypoxia. It is known that the regulation of expression of p53 is
complicated and may be at multiple levels, including transcrip-
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tion, translation, and post-translation. Therefore, it is not sur-
prising in the discrepancies of these works. PHD3 may stabilize
p53 in different mechanisms. It is noted that PHD3 had little
effect on the expression of p53 in HCT116 cells (Fig. 1G), sug-
gesting that PHD3 stabilizes p53 in a cell type—specific manner.

p53 suppresses self-renewal during the oncogenic process,
and it is a barrier to the formation of CSCs (40 —42). p53 medi-
ates the stem cell function and suppresses self-renewal via reg-
ulating the expression of NANOG (33). NANOG is a crucial
factor that confers certain CSCs properties (34), including
colon CSCs (43, 44). PHD3 stabilizes p53 and suppresses the
expression of NANOG (Fig. 5). Thus, PHD3 may function to
inhibit colon CSCs. In fact, our data show that PHD3 functions
to suppress the properties of colon CSCs.

PHDs initially are recognized as hydroxylases that catalyze
the proline hydroxylation of proteins. Recent studies have indi-
cated that PHDs may also have hydroxylase-independent func-
tions. For instance, Chan et al. (45) demonstrated that PHD2
regulated angiogenesis independent of its hydroxylase activity.
Fu and Taubman (26) reported that PHD3 competed with
cIAP1 for IKKvy binding, leading to inhibition of cIAP1-IKKy
interaction, IKK+y ubiquitination, and IKK/NF-kB signaling.
We found that PHD3 stabilized the tight junction protein
occludin (46) in a hydroxylase-independent mechanism. These
results suggest that PHD3 works through hydroxylase-depen-
dent and -independent mechanisms.

In this study, we have shown that PHD3 stabilizes p53 and
inhibits colon CSC properties independent of its hydroxylase
activity. These results broaden the functional scope of PHD3
and expand our understanding of PHD3 as a suppressor of can-
cer cells.

Experimental procedures
Animals

The C57BL/6] mice were purchased from the Shanghai
Experimental Animal Center. The intestinal epithelia-specific
Phd3 knockout mice (Phd3"™“ °) were generated by inter-
crossing the Phd3"/"°* (Phd3*'F) mice with Villin-Cre ones
as described (46). The Phd3(H196A)%/f°x (Ppd3(H196A)'F)
mice were created at Shanghai Research Center for Model
Organisms. Intestinal epithelial Phd3(H196A) knockin
(Phd3(H196A)" <) mice were generated by intercrossing
the Phd3(H196A)"'F mice with Villin-Cre mice. The animals
were housed in specified pathogen-free conditions. All
experimental procedures were approved by the Institutional
Animal Care and Use Committee at the Institute for Nutri-
tional Sciences, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences.

Cell culture

Human colon cancer RKO, human embryonic kidney 293T,
human breast cancer MCF7, human renal cancer ACHN, and
human cervical cancer HeLa cells were grown in Dulbecco’s
modified Eagle’s medium. Human normal colon epithelial
CCD841 cells were grown in RPMI 1640 medium. Human
colon cancer HCT116 cells and human renal cancer Caki cells
were grown in M5A medium. All medium were supplemented
with 10% fetal bovine serum, 100 units/ml penicillin, and 100
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g/ml streptomycin. The cells were cultured at 37 °C in an incu-
bator with 5% CO.,,.

Antibodies and reagents

The antibodies against PHD3(NB100-303) and HIF-
20(NB100-122) were from Novus Biologicals. The p53(DO-1),
p53(DO-7), MDM2(SMP14), ATF4, GST, His, HA, and Myc
antibodies were from Santa Cruz Biotechnology. The HIE-
1a(610959) and NANOG(Ab80892) antibodies were from BD
and Abcam, respectively. 3-Actin antibody was from Sigma.
EGF was purchased from Life Technologies. B27 and basic
fibroblast growth factor was purchased from Invitrogen and
Peprotech, respectively.

Construction of vectors

The vectors encoding myc-tagged human PHD3 and
PHD3(H196A) were as described (9). The lentivirus encoding
FLAG-tagged human PHD3 was purchased from Genechem
(Shanghai, China). The HA-p53 vector was from Dr. Zhixue Liu
(Institute for Nutritional Sciences, Chinese Academy of Sci-
ences), and p53 vector was from Dr. Hai Jiang (Shanghai Insti-
tute for Biochemistry and Cell Biology, Chinese Academy of
Sciences). The vector encoding glutathione S-transferase
(GST)-MDM2 fusion protein was constructed by inserting
PCR-generated DNA fragments encoding regions of MDM?2
into pGEX-4T-1. The His-PHD3 vector was generated as
described (9). The BL21-Gold(DE3)pLysS Escherichia coli cells
were transformed with pGEX-4T-1 or pET28a vectors and
treated with isopropyl-p-thiogalactoside (0.1 mm) for 4 h.

siRNA and short hairpin RNA

siRNA duplexes were synthesized by GenePharma (Shang-
hai, China). The cells were transfected with siRNA oligonucle-
otides using Lipofectamine-2000: siP53-1, 5'-GUACCACCA-
UCCACUACAATT-3'; siP53-2, 5'-GUAAUCUACUGGGA-
CGGAATT-3'; siPHD3-1, 5'-GUGAUGGUCGCUGCAUC-
ATT-3'; siPHD3-2, 5'-GGAGAGGUCUAAGGCAAUGTT-
3’; and control, 5'-UUCUCCGAACGUGUCACGUTT-3".

Quantitative real-time PCR (qPCR)

qPCR was performed as described (9). B-Actin was used as
the internal control. The primers are as follows: TP53 forward,
5'-GAGAGCTGAATGAGGCCTTG-3'; TP53 reverse, 5'-
TTATGGCGGGAGGTAGACTG-3'; NANOG forward, 5'-
GGTGGCAGAAAAACAACTGG-3'; NANOG reverse, 5'-CAT-
CCCTGGTGGTAGGAAGA-3'; LGR5 forward, 5'-GGTCGCT-
CTCATCTTGCTCA-3'; LGR5 reverse, 5'-GCCACAGGGCAG-
TTTAGGAT-3'; p21 forward, 5'-TGGGGATGTCCGTCAG-
AACC-3’; p21 reverse, 5'-TCACCCTCCAGTGGTGTCTC-3;
PUMA forward, 5'-CGGAGCAGCACCTGGAGTCG-3';
PUMA reverse, 5'-TTGAGGTCGTCCGCCATCCG-3'; NOXA
forward, 5'-CGCAAGAACGCTCAACCGAG-3’; NOXA re-
verse, 5'-CTGCCGGAAGTTCAGTTTGTCTC-3'; BAX for-
ward, 5'-ACCAAGAAGCTGAGCGAGTGT-3’; BAX reverse,
5'- CCAGTTGAAGTTGCCGTCAG-3'; B-actin forward, 5'-
GATCATTGCTCCTCCTGAGC-3'; and B-actin reverse, 5'-
ACTCCTGCTTGCTGATCCAC-3'.

SASBMB



In vitro p53 ubiquitination assay

The MDM2/p53 ubiquitination kit (catalog no. K-200B)
from BostonBiochem was used in the experiment. The in vitro
ubiquitination assay of p53 was performed as described (47). In
brief, 293T cells were transfected to express myc-PHD3. 100 or
400 pug of cellular proteins were immunoprecipitated with 0.25
or 1 pg of Myc antibody at 4 °C for 3 h. 40 ul of protein A/G
Plus-agarose beads were added, and the incubation continued
at 4 °C overnight. The beads were washed, spun, and resus-
pended in a reaction volume of 30 ul. The mixture was incu-
bated at 37 °C for 1 h. After the reaction completed, the super-
natant was used for p53 ubiquitination analysis in a Western
blot. The beads were boiled in loading buffer, resolved in SDS-
PAGE, and immunoblotted with Myc antibody.

Isolation of intestinal epithelial cells

The intestine was removed and washed free of fecal material
with solution A (96 mMm NaCl, 27 mMm sodium citrate, 1.5 mm
KCl, 0.8 mm KH,PO,, 5.6 mm Na,HPO,, 5,000 units/liter pen-
icillin, 5 mg/liter streptomycin, 0.5 mm DTT, and 2 mm phen-
ylmethylsulfonyl fluoride, pH 7.4). Square pieces of tissue were
placed in solution A (10 ml) at 37 °C for 10 min with gentle
shaking. This removed the mucus, bacteria, and other lumen
contents. The tissue fragments were then incubated in solution
B (0.1 mm EDTA, 115 mm NaCl, 25 mm NaHCO,, 2.4 mMm
K,HPO,, 0.4 mm KH,PO,, 0.5 mm DTT, 5 mg/liter streptomy-
cin, 2.5 mM glutamine, 5,000 U/liter penicillin, and 2 mm phen-
ylmethylsulfonyl fluoride, pH 7.4) at 37 °C for 30 min. The dis-
ruption of the mucosa and elution of cells was stopped by
adjusting to 1 mm CaCl,. The cells recovered in the suspension
were collected by centrifugation and lysed in radioimmune pre-
cipitation assay buffer for immunoblotting.

Tumor sphere formation assay

The transfected cells were seeded in 96-well ultra-low
attachment plates at a density of 2 X 10 cells/well in 200 ul
of serum-free Dulbecco’s modified Eagle’s medium/F-12
medium containing 2% B27, 20 ng/ml EGF, 10 ng/ml basic
fibroblast growth factor, and 5 ug/ml insulin. The cells were
incubated in a humidified atmosphere at 37 °C with 5% CO.,,.
After 120 h, spheres (>50 um in diameter) were counted
under a microscope.

Statistical analysis

Statistical analysis was made using the unpaired two-tailed
Student’s ¢ test or two-way analysis of variance with GraphPad
Prism 5.0. The data represent means * S.E. from three inde-
pendent experiments except where indicated. p < 0.05 is con-
sidered statistically significant.

Author contributions—Y. Xu, Q. G., Y. Xue, X. L., L. X,, and Y. Q.
investigation; C. L. visualization; J. F. conceptualization; J. F. super-
vision; J. F. funding acquisition; J. F. writing-review and editing.
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