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Mutations in the p53 tumor suppressor gene are the most frequent
genetic alteration in cancer and are often associated with progression
from benign to invasive stages with metastatic potential. Mutations
inactivate tumor suppression by p53, and some endow the protein with
novel gain of function (GOF) properties that actively promote tumor
progression and metastasis. By comparative gene expression profiling
of p53-mutated and p53-depleted cancer cells, we identified ectonucleo-
side triphosphate diphosphohydrolase 5 (ENTPD5) as a mutant p53 tar-
get gene, which functions as a uridine 5’-diphosphatase (UDPase) in the
endoplasmic reticulum (ER) to promote the folding of N-glycosylated
membrane proteins. A comprehensive pan-cancer analysis revealed a
highly significant correlation between p53 GOF mutations and ENTPD5
expression. Mechanistically, mutp53 is recruited by Sp1 to the
ENTPD5 core promoter to induce its expression. We show ENTPD5
to be a mediator of mutant p53 GOF activity in clonogenic growth,
architectural tissue remodeling, migration, invasion, and lung coloni-
zation in an experimental metastasis mouse model. Our study reveals
folding of N-glycosylated membrane proteins in the ER as a mecha-
nism underlying the metastatic progression of tumors with mutp53
that could provide new possibilities for cancer treatment.
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utations in the 7P53 tumor suppressor gene are the most
frequent genetic alterations in human cancer and com-
monly compromise the gene’s tumor suppressor activity. p53-
knockout mice succumb to tumors very early in life, arguing that
the loss of function associated with p53 mutations is sufficient on
its own to explain the high mutation frequency observed in pa-
tients with cancer (1). However, in striking contrast to mutations
in other tumor suppressor genes, the vast majority of TP53 gene
alterations in patients with cancer neither ablate p53 expression
nor produce unstable or truncated proteins. Instead, p53 muta-
tions are mostly missense mutations resulting in expression of
mutant pS3 (mutp53) proteins with only single-amino acid sub-
stitutions that accumulate to steady-state levels greatly exceeding
those of wild-type pS3 (wtp53) in normal tissues. Immunohisto-
chemical positivity for p53 is therefore considered a diagnostic
marker for the presence of a TP53 mutation (2). The high
prevalence of missense mutations suggests a selective advantage
during cancer progression, so it was hypothesized early on in p53
research that p53 mutations are neomorphic and endow the
mutp53 protein with novel oncogenic functions that actively
promote cancer progression and therapy resistance (2). These
oncogenic properties are generally referred to as the mutp53
gain of function (GOF).
Over the years, substantial experimental evidence for mutp53
GOF has accumulated (3-5). For example, mice expressing
cancer-associated p53 hot spot mutations from the endogenous
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Trp53 gene locus are remarkably different from p53-deficient
mice: tumorigenesis is accelerated, and the spectrum of tumors is
shifted toward carcinomas and more metastatic tumors (6-8). Of
note, the mutp53 GOF appears to be mutation-specific, as not all
mutations engineered into the p53 gene show the same pheno-
type (8-10). Importantly, tumors arising in mice with mutp53
GOF are addicted to sustained mutp53 expression and undergo
tumor regression or stagnation on mutp53 gene ablation, thereby
providing proof-of-principle evidence for mutp53 GOF as an
actionable cancer-specific drug target (11). Although previous
research on drugging mutp53 was primarily focused on restoring
wtp53-like functions to mutp53 (12), addiction to mutp53 implies
that small compound inhibitors of the mutp53 GOF might suf-
fice to induce therapeutic responses. Promising strategies in-
clude the promotion of mutp53 degradation (11), interference
with mutp53 aggregation (13), and inhibition of mutp53-specific
protein—protein interactions or downstream pathways (14, 15). A
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more detailed knowledge of the mutp53 GOF effector mecha-
nisms is therefore instrumental for developing therapeutic
targeting approaches.

Mechanistically, the mut53 GOF appears to involve a variety
of different facets, including chemotherapy resistance, metabolic
deregulation, and increased metastasis (2-5, 16). Although ef-
fects of wtp53 are primarily mediated by sequence-specific DNA
binding to cognate p53 response elements located in regulatory
regions of p53 target genes, this DNA binding is commonly
prevented by cancer-associated missense mutations clustered in
the DNA binding domain. Nevertheless, mutp53 has a broad
effect on gene expression profiles by binding genes indirectly
through interactions with other transcription factors; for example
p63/p73, Sp1/Sp3, NF-Y, ETS2, vitamin D receptor, or SREBP2
(4), and by regulating chromatin-modifying enzymes such as the
ATP-dependent nucleosome remodeling complex SWI/SNF and
the histone H3 lysine 4 methyltransferases MLL1 and MLL2
(14, 16, 17). By increasing the expression of various receptor
tyrosine kinases (RTKs), such as transforming growth factor p
(TGFp) receptor, epidermal growth factor receptor (EGFR), he-
patocyte growth factor receptor (HGFR/c-MET), and platelet-
derived growth factor (PDGF) receptor p, mutp53 enhances
proinvasive signaling, which is further reinforced by stimulatory ef-
fects of mutp53 on integrin/RCP-driven receptor recycling (18-21).

Here, we identified ENTPD5 as a mutp53-specific target
gene that promotes the calnexin/calreticulin-mediated folding of
N-glycoproteins in the endoplasmic reticulum (ER) (22, 23) (S
Appendix, Fig. S1). The synthesis of N-linked glycans begins in
the lumen of the ER with an en bloc transfer of an invariant
presynthesized core oligosaccharide (24). Improperly folded glyco-
proteins are sensed by the UDP-glucose:glycoprotein glucosyl-
transferase (UGGT) and tagged by transfer of a glucose moiety
from UDP-glucose to the core oligosaccharide. Such mono-
glucosylated glycoproteins are sequestered by the lectins calnexin
and calreticulin, which serve as molecular chaperones, preventing
aggregation and export of incompletely folded proteins from the
ER. The single glucose residue can be removed by glucosidase II,
which releases the bound protein from calnexin/calreticulin for ex-
port to the Golgi, unless recognized again as unfolded by UGGT
and tagged with glucose for another round of chaperone-mediated
folding. Completion of the calnexin/calreticulin cycle requires
cleavage of UDP to UMP by the UDPase ENTPDS, so UMP can
leave the ER through an antiporter in exchange for new UDP-
glucose. Interestingly, RTKs that promote cell growth and pro-
liferation, such as EGFR, are much more highly N-glycosylated
than receptors that do not promote cell growth and proliferation
(25), suggesting that high-level expression of ENTPDS might be
required to support the oncogenic functions of RTKs, and thereby
prove critical for RTK-addicted tumor cells. In fact, ENTPDS5 was
shown to be essential for sustained tumor cell proliferation and in
vivo tumor growth in xenograft mouse models of prostate cancer
(22). Here, we show that mutp53 enhances ENTPD5 expression,
thereby promoting N-glycoprotein maturation, tumor cell pro-
liferation, invasion, and metastasis.

Results

Identification of ENTPD5 as a mutp53 Target Gene. 7P53 mutations
are frequent mutational events in 75% of pancreatic adenocar-
cinoma that occur at the transition from benign pancreatic intra-
epithelial neoplasias to highly aggressive, invasive, and metastatic
pancreatic ductal adenocarcinomas (PDAC) (20). Consistent with
mutp53 driving invasion and metastatic progression, pS3 accumu-
lation in human PDAC significantly correlates with lymph node
metastasis, and mice harboring pancreatic cancers driven by onco-
genic Kras and the GOF mutant Tip53%/7?" allele show more me-
tastases compared with mice harboring a 7rp53 null allele (26). To
better understand the underlgfing mechanism of the mutp53 GOF,
we depleted the mutp53%?”>" protein in the human PDAC cell
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line PANC-1, using three independent siRNAs, and character-
ized the resulting gene expression changes by genome-wide ex-
pression profiling (Fig. 1 4 and B). In total, 65 genes were found
to be up- or down-regulated consistently by all three siRNAs,
with an absolute 10g2FC of greater than 1 (Dataset S1). Among
the top 15 down-regulated genes were TP53 itself and CYP24A1,
a gene regulated by mutp53 in a vitamin D receptor-dependent
manner (27), validating that the profiling strategy properly iden-
tifies mutp53 targets. Among the novel mutp53-regulated genes, we
noted ENTPDS5, a UDPase that promotes the calnexin/calreticulin-
mediated folding of glycoproteins in the ER (22). As RTKs in-
volved in cell proliferation, growth, and oncogenesis, including
EGFR, MET, and PDGFRB, are the most heavily N-glycosylated
receptors (25), and also decisive mediators of the prometastatic
activity of mutp53 (18, 20, 21), we hypothesized that the ER-resi-
dent UDPase ENTPDS, which drives the calnexin/calreticulin cycle,
might be a crucial downstream target of the mutp53 GOF.

We therefore first validated regulation of ENTPDS5 expression
by mutp53 in other pancreatic cancer cell lines harboring distinct
p53 missense mutations. Depletion of mutp53 by three inde-
pendent siRNAs resulted in comparable down-regulation of
ENTPD5 at the mRNA and protein level in PANC-1, MIA
PaCa-2, and PaCa-44 cells containing the TP53 R273H, R248W,
and C176S mutations, respectively (Fig. 1 C and D and SI Ap-
pendix, Fig. S24). Similarly, stable knockdown of mutp53 with
lentiviral shRNA vectors resulted in sustained down-regulation
of ENTPD5 (SI Appendix, Fig. S2B). Furthermore, ENTPD5
down-regulation on mutp53 silencing was also observed in breast
adenocarcinoma cell lines MDA-MB-231, MDA-MB-468, and
T-47D with the TP53 R280K, R273H, and L194F mutations,
respectively, indicating that the correlation between mutp53 and
high-level ENTPD5 expression is not restricted to pancreatic
cancer (Fig. 1 C and D and SI Appendix, Fig. S24). In addition,
targeting mutp53 with pharmacological inhibitors of the HSP90/
HDACS6 chaperone machinery, which is a major determinant of
mutp53 stability (11), selectively down-regulated ENTPDS ex-
pression in mutp53-containing MIA PaCa-2, but not wtp53 or
p53-null, cells (SI Appendix, Fig. S2C). Importantly, mutp53-
dependent expression of ENTPDS5 in a wide range of cell lines
with different p53 missense mutations indicates that this regu-
lation is not restricted to single missense mutations. In support,
ENTPDS expression in mutp53-depleted MIA PaCa-2 was not
only restored by ectopic expression of p53%2**W_ the endogenous
mutation in these cells, but similarly by pS3*'7°" (Fig. 1E).

Mutp53 regulates some of the same target genes as described
for wtp53; however, the outcome is often exactly reciprocal:
Whereas mutp53 augments expression of, for example, vitamin
D receptor target genes, wtp53 represses some of these target
genes (4, 27). We therefore asked whether ENTPDS5 is also
regulated by wtp53. However, ectopic expression of wtp53 in
p53-null Saos-2 cells, just like activation of endogenous wtp53 in
MCF-7 or U20S cells by DNA damage (etoposide) or non-
genotoxic MDM?2 inhibition (nutlin-3a), failed to alter ENTPD5
expression, desgite strong activation of the bona fide wtp53
target gene p21-PXNA (ST Appendix, Fig. $3). We conclude that
ENTPD:S is a specific target gene of mutp53.

ENTPD5 Expression Levels Correlate with GOF p53 in Human Tumor
Samples. We examined the significance of our findings in the
context of human tumor samples by an integrated analysis of
exome and RNA sequencing data of The Cancer Genome Atlas
(TCGA). To explore a correlation between T7P53 GOF missense
mutations and ENTPDS expression, tumor samples were grou-
ped according to their p53 mutation status as wild-type, GOF
(missense mutation of R175H, R248Q, R248W, R249S, or
R273H), or p53 null (p53 nonsense mutations or frameshift
truncations), as previously described (14). Other p53 mutations
(other missense mutations, in-frame insertions/deletions, or
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Fig. 1. Identification of ENTPD5 as a mutp53 target gene. (A) Heat map depicting differentially expressed genes on knockdown of mutp53 with three
different siRNAs in PANC-1 cells. Shown are all protein coding genes with a fold change of >2 or <0.5 for all three p53 siRNAs vs. nontargeting siRNA control.
*TP53 carries the R273H mutation. (B) Knockdown efficiency of mutp53 by the indicated p53 siRNAs in PANC-1 cells analyzed by Western blot. (C) ENTPD5 and
p53 mRNA expression analyzed by quantitative reverse transcription PCR (RTqPCR) in indicated cell lines after transfection with siRNAs targeting p53 and an
nsi. Shown are median + SEM (n = 6) normalized to GAPDH. (D) Protein expression of p53 and ENTPD5 analyzed by Western blot after siRNA transfection.
(E) MIA PaCa-2 cells were stably transduced with vectors for doxycycline-inducible expression of p53 R248W or R175H mutant. Doxycycline was added 24 h
before transfection with an siRNA targeting the endogenous mutp53 3'UTR or a nontargeting siRNA control (nsi). p53 and ENTPD5 protein levels were
determined by Western blot. In all Western blots, p-actin served as a loading control.

splicing mutations) were not included in further analysis because
of an unpredictable effect on p53 function (14). We focused our
further analysis on cancer types that include more than 5% of
samples in the p53 GOF group. As expected, MDM?2 as a ca-
nonical target gene of wtp53 was expressed at significantly higher
levels in the group of tumors with wtp53, whereas expression of
EPB411L4B, a previously reported prometastatic target gene of
p53 GOF mutants (28), was elevated in the GOF group (Fig.
2A4). Consistent with a mutp53-dependent expression, ENTPD5
RNA levels were also significantly higher in the group of tumors
with GOF mutations compared with the group of wtp53- or
p53-null tumors. Expression of GAPDH as a housekeeping gene
showed no significant differences. Therefore, p53 GOF muta-
tions correlate with high-level expression of ENTPDS5 across a
broad panel of patients with different tumor entities.

As immunohistochemical detection of p53 in tumors usually
indicates TP53 missense mutation (2), we analyzed p53 and
ENTPDS protein expression in human tissue samples (Fig. 2B
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and SI Appendix, Fig. S4). As expected, healthy pancreas tissue
showed no expression of p53. ENTPDS5 was only barely detect-
able in normal pancreas, whereas in human kidneys, used as
positive controls (www.proteinatlas.org), proximal tubules were
strongly positive (Fig. 2B). The majority of p5S3-immunopositive
PDAC and breast cancer samples showed strong staining for
ENTPDS, which in cases of heterogeneous p53 staining, corre-
lated strikingly with the p53 expression pattern (Fig. 2C and SI
Appendix, Fig. S4).

mutp53 Induces ENTPD5 Expression via Sp1. ENTPDS5 was initially
identified biochemically because of its highly elevated expression
in phosphatase and tensin homolog (PTEN)-deficient mouse
embryonic fibroblasts, in which elevated levels of phosphatidyli-
nositol 3,4,5-trisphosphate relieve the ENTPD5 promoter from
repression by FoxO transcription factors via the serine/threonine
kinase AKT (22). We therefore asked whether ENTPDS5 expres-
sion in mutp53 cancer cells is under control of AKT. First,
knockdown of mutp53 in MIA PaCa-2 clearly reduced ENTPDS

PNAS | Published online December 12, 2016 | E8435
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expression, but did not affect the activating PI3K- and mammalian
target of rapamycin complex 2 (mMTORC2)-mediated phosphory-
lation of AKT at S473 and T308, and similarly did not reduce
phosphorylation of AKT substrates, meaning that AKT signaling
is not altered by mutp53 knockdown conditions sufficient to down-
regulate ENTPDS (Fig. 34). Second, inhibition of AKT signaling
in MIA PaCa-2 cells with pharmacological inhibitors of AKT
(AZD5363) or PI3K (LY294002) did not result in ENTPDS
down-regulation (Fig. 34). Together, this indicates that mutp53
does not induce ENTPDS expression through AKT signaling.
Mutp53 has been shown to regulate gene expression via a
multitude of different mechanisms, both transcriptional and
nontranscriptional (4). Low ENTPD5 mRNA levels in mutp53-
depleted cells could, in principle, be explained by reduced
mRNA production or increased degradation. To test for changes
in mRNA production, we measured ENTPD5 promoter activity,
using a luciferase reporter assay. Depletion of mutp53 reduced
luciferase reporter activity to ~50% (Fig. 3B), nicely recapitu-
lating the effect on ENTPD5 mRNA steady-state levels (Fig.
1C). In addition, we detected specific binding of mutp53 to the
ENTPDS5 core promoter by chromatin immunoprecipitation in
both MIA PaCa-2 and MDA-MB-231 cells (Fig. 3C). The signal
was weaker than binding of wtp53 to its canonical target genes
(29) suggesting that recruitment of mutp53 to the ENTPDS5
promoter is indirect. Although there is no unifying hypothesis to
explain the ability of mutp53 to regulate target gene promoter
activity, one of the most commonly proposed mechanisms posits
that mutp53 interacts with other sequence-specific transcription
factors to modulate their transcriptional activity on respective
target genes (4). In fact, the ENTPDS5 core promoter contains a
CpG island with multiple GC boxes, the characteristic binding
motif for Sp-family members (SI Appendix, Fig. S5). Reduced
ENTPDS expression at the mRNA and protein level on de-
pletion of Sp1 (not Sp3) in both MIA PaCa-2 and MDA-MB-231
cells indicates a specific requirement of Spl for sustained high-
level ENTPDS expression (Fig. 3D and SI Appendix, Fig. S6).
Furthermore, endogenous coimmunoprecipitation experiments
demonstrated interactions between mutp53 and Sp1 in both cell
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ENTPD5 expression levels correlate with GOF
p53 in human tumor samples. (A) Box plots of TCGA
RNA expression profiles in tumors with wtp53, p53
GOF, or p53 null. Statistical analysis was calculated
using nonparametric Mann-Whitney U tests fol-
lowed by Benjamini-Hochberg correction. (B and C)
Immunohistochemistry of p53 and ENTPD5 in
(B) normal human pancreas and kidney tissues (pos-
itive control) and (C) serial sections of human pan-
creatic adenocarcinoma samples.

lines (Fig. 3E) which were stable in the presence of ethidium
bromide, and therefore DNA-independent (SI Appendix, Fig. S7)
(30). In chromatin immunoprecipitation experiments, mutp53
recruitment to ENTPD5 was dependent on Spl, but not vice
versa (Fig. 3F). Together, these data indicate that mutp53 docks
onto Spl to increase ENTPDS5 promoter activity.

mutp53 and ENTPD5 Promote N-Glycoprotein Folding and Maturation.
To explore whether mutp53 and ENTPDS enhance folding and
maturation of N-glycoproteins, we investigated endoglin/CD105,
a coreceptor for TGFp that is implicated in migration, invasion,
and metastasis of breast and pancreatic cancer cells (19, 31, 32).
Endoglin function relies exquisitely on protein folding in the
calnexin/calreticulin cycle because endoglin mutants that colocalize
with calnexin in the ER cause hereditary hemorrhagic telangiectasia
(33, 34). Similar to the immature N-glycosylation pattern of heredi-
tary hemorrhagic telangiectasia—associated endoglin mutants (33), we
observed an increase in immature N-glycosylated wild-type endoglin
in mutp53- and ENTPDS-depleted MDA-MB-231 cells (Fig. 4A). In
detail, transfected wild-type endoglin appeared as two separate
bands, both of which contained N-glycans that were susceptible to
deglycosylation by peptide:N-glycosidase F (Fig. 44). However,
endoglycosidase H (EndoH) only cleaved the fast-migrating band
that was enriched in mutp53- and ENTPD5-depleted cells (Fig. 44).
As EndoH specifically cleaves immature N-glycan side chains, but
not the complex N-linked oligosaccharides acquired during process-
ing in the Golgi, this indicates a defect in N-glycoprotein maturation
induced by mutp53- or ENTPDS-depletion. UGGT-knockdown
cells, which, as a positive control, cannot tag unfolded proteins
with the single glucose moiety required for binding to calnexin and
calreticulin, showed the same phenotype as mutp53- or ENTPD5-
knockdown cells (Fig. 44). Together, these results support that the
mutp53-ENTPDS axis promotes N-glycoprotein folding in the
ER to enhance export to the Golgi, where N-glycan maturation
generates the mature functional membrane proteins.

ENTPD5 Phenocopies Oncogenic Effects of mutp53. Given that
ENTPDS is a downstream target gene of the oncogenic mutp53,
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Fig. 3. mutp53 induces ENTPD5 expression via Sp1. (A) Western blot anal-
ysis of AKT signaling in MIA PaCa-2 cells after transfection with p53-tar-
geting and nontargeting siRNAs or treatment with pharmacological
inhibitors of AKT (AZD5363) and PI3K (LY294002). (B) ENTPD5 promoter
activity (Renilla) in MIA PaCa-2 cells after depletion of mutp53 compared
with controls (mock, nsi) normalized to cotransfected CMV promoter activity
(Cypridina). Shown are mean + SEM (n = 6). Statistical analysis was calculated
using one-way analysis of variance and Bonferoni posttest (***P < 0.0001;
n.s. not significant). (C) Chromatin immunoprecipitation in MDA-MB-231 and
MIA PaCa-2 cells transfected with the indicated siRNAs. Binding of p53 to the
ENTPD5 promoter was quantified by qPCR. Binding is shown as mean per-
centage input normalized to the IgG nsi-negative control sample + SEM (n =
3). (D) Protein expression of p53, Sp1, Sp3, ENTPD5, and p-actin (control) in MIA
PaCa-2 cells analyzed by Western blot after transfection with indicated siRNAs.
(E) Protein extracts of MDA-MB-231 and MIA PaCa-2 cells were subjected to
immunoprecipitation (IP) with IgG or p53 antibodies, followed by immuno-
blotting for p53 and Sp1. (F) Chromatin immunoprecipitation in MDA-MB-231
transfected with the indicated siRNAs. Binding of p53 and Sp1 to the ENTPD5
promoter was quantified by gPCR. Binding is shown as mean percentage input
normalized to the IgG nsi negative control sample + SEM (n = 3).

we asked whether mutp53 GOF activities are mediated by
ENTPDS5. Pro-oncogenic functions of mutp53 in proliferation,
invasion, metastasis, and drug resistance are supported by nu-
merous studies, but not all these activities are mutp53-dependent
in every single tumor or cell line (5). For example, in vitro
proliferation of MIA PaCa-2 cells under conventional 2D cell
culture conditions is mutp53-dependent (35), whereas prolifer-
ation of MDA-MB-231 is not (19). Consistently, knockdown of
mutp53 with 2 distinct siRNAs reduced clonogenic growth of
MIA PaCa-2, but not MDA-MB-231, cells (Fig. 4B). As ENTPDS is
mechanistically implicated in folding of oncogenic RTKSs involved in
controlling cell proliferation, we examined the effect of ENTPDS5
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depletion in this system. As shown earlier, ENTPD5 is expressed in
a mutp53-dependent manner in both cell lines (Fig. 1). Intriguingly,
ENTPDS, similar to mutp53, is selectively essential for clonogenic
growth of MIA PaCa-2 (Fig. 4 B-D), thereby phenocopying the
clonogenic activity of mutp53 in a cell context-dependent manner.

Apart from affecting tumor cell growth in 2D, mutp53 GOF
has also been implicated in disruption of normal 3D tissue ar-
chitectures, which is one of the hallmarks of cancer. For exam-
ple, nontransformed MCF-10A mammary epithelial cells grown
in a laminin-rich extracellular matrix undergo 3D morphogenesis
and form spherical acinus-like structures of polarized cells sur-
rounding a central hollow lumen. Transfection with p53 GOF
mutants interferes with cell polarity and luminal clearance,
reminiscent of the filled lumen phenotype observed in mammary
ductal carcinoma in situ (15). Consistently, ~70% of acini formed
by mock or empty vector transduced MCF-10A cells showed a
hollow lumen, whereas less than 20% of p53%2**W transduced cells
did (Fig. 4F). In support of ENTPDS5 being a downstream target
and mediator of the mutp53 GOF, ENTPD5 reduced lumen for-
mation to a comparable extent (Fig. 4E). Enforced expression of
either mutp53 or ENTPDS therefore similarly disrupts normal 3D
architectures. In summary, ENTPD5 phenocopies several onco-
genic GOFs of mutp53 in tumor cell proliferation and architec-
tural tissue remodeling.

ENTPD5 Mediates the Proinvasive mutp53 GOF. Numerous in vitro
and mouse models have confirmed the ability of mutp53 to drive
enhanced invasion and motility, likely by enhancing signaling
through receptors such as TGFp, EGFR, and MET (5). Given
the link between ENTPDS5 and folding of RTKs in the ER, we
aimed to explore the contribution of ENTPD5 to mutp53-
mediated extracellular matrix invasion. In light of previous reports
on reduced invasive potential of MDA-MB-231 cells after mutp53
depletion (19), we depleted mutp53 or ENTPDS in these cells with
two independent siRNAs each and compared the effects on in-
vasion of a matrigel matrix by confocal microscopy. Knockdown of
either mutp53 or ENTPD5 reduced the number of invaded cells
significantly, by more than 50% (Fig. 5 A-C). Of note, ENTPD5
protein levels were reduced more effectively by direct knock-down
than by down-regulation with mutp53-targeted siRNAs (Fig. 5B).
As invasion was also decreased more strongly in ENTPD5- than
mutp53-depleted cells, this suggests a direct correlation between
invasion and ENTPDS5 expression.

To test whether the invasion-promoting effects of mutp53 and
ENTPDS5 are epistatic, we repeated the mutp53 depletion in
MDA-MB-231 cells stably transfected with ENTPDS5 (Fig. 5 D-F).
In these cells, mutp53-knockdown did not appreciably decrease
ENTPDS protein levels and, in turn, did not decrease matrigel
invasion. We conclude that ENTPD5 is not only required for
mutp53-driven invasion but was also sufficient to maintain in-
vasion after depletion of mutp53.

Mutp53 Promotes Lung Colonization in Mice Through ENTPD5. We
next aimed to study the in vivo relevance of ENTPDS for the
mutp53 prometastatic GOF. Metastasis involves a cascade of
events including invasion of host tissues adjacent to the primary
tumor, entrance into the systemic vasculature, dissemination via
the circulation, arrest in microvasculature, extravasation into the
parenchyma of distant organs, and proliferation at these ectopic
sites to form secondary colonies, also termed “colonization” (36,
37). As patients with cancer, and in particular patients with
breast cancer, are often found to have hundreds, likely thou-
sands, of disseminated tumor cells in their body, only some of
which will ever develop metastatic relapse (38), the last steps in
the cascade are likely rate-limiting. To specifically interrogate
these late steps, tumor cells are commonly injected i.v. and ex-
amined for lun, ng. colonization as a readout. Importantly, endog-
enous p538%8% in MDA-MB-231 cells is known to be required
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Fig. 4. ENTPD5 promotes maturation of N-glycoproteins and phenocopies
oncogenic effects of mutp53. (A) Protein extracts of MDA-MB-231 cells
transfected with the indicated siRNAs and a plasmid encoding HA-tagged
endoglin were immunoprecipitated with anti-HA antibody. Immunoprecip-
itates were treated with EndoH and PNGase F, as indicated, and subjected to
immunoblotting with anti-HA antibody. *Mature endoglin; right-facing tri-
angle, immature endoglin; double right-facing triangle, EndoH-cleaved
endoglin. EndoH reaction products from at least four samples per siRNA-
knockdown were quantified. Percentage EndoH cleavage was calculated as
the band intensity ratio cleaved/(cleaved+uncleaved). Statistical analysis was
performed using one-way analysis of variance corrected for multiple hy-
potheses testing via Benjamini-Hochberg correction (*P < 0.05; **P < 0.01).
(B and C) Colony formation of MIA PaCa-2 and MDA-MB-231 cells trans-
fected with indicated siRNAs. Colonies were visualized (B) and quantified
(C), using crystal violet. Shown are mean + SD (n = 3). (D) Knockdown ef-
ficiency of p53 and ENTPD5 determined by RTgPCR in MIA PaCa-2 and MDA-
MB-231. Shown are mean + SEM (n = 3) normalized to GAPDH. (E) Acini
formation of MCF-10A cells transduced with vectors for doxycycline-in-
ducible expression of either p53 R248W, ENTPD5, or controls (empty vector,
mock) in 3D culture. (Scale bars, 20 pm.) The percentage of acini with a
hollow lumen was quantified by fluorescence microscopy after staining
F-actin (green) and nuclei (blue), mean + SD (n = 3 experiments, >60 acini
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for this process (19), which links the mutp53 GOF directly to
these prognostically crucial steps in metastasis.

To compare the role of mutp53 and ENTPDS in lung coloni-
zation, we stably transduced MDA-MB-231 cells with lentivi-
ruses expressing either of two independent shRNAs against each
target. To quantitatively track the proliferation of knock-down
cells in vivo, we coupled shRNA expression to secreted lucifer-
ases that accumulate in the blood of tumor-bearing mice and can
be used as an artificial tumor marker for longitudinal monitoring
of tumor burden (39). To directly compare knockdown and
control cells within the same animal, we used a dual luciferase
labeling approach (39). First, MDA-MB-231 cells were labeled
with Gaussia luciferase (GLuc) in conjunction with shRNAs
targeting mutp53, ENTPDS or a nontargeting (nsh) control (Fig.
6A4). In addition, the nsh control was also coupled to Cypridina
luciferase (CLuc), to be used as a reference in all experiments.
Correct labeling and efficient knockdown were confirmed by
Western blot (Fig. 6B) before groups of animals were injected
iv. with 1:1 mixtures of a single GLuc" cell line (GLuc"nsh,
GLuc*p53sh1/2, GLuc*ENTPD5sh1/2) and the CLuc*nsh ref-
erence (Fig. 6 A-D). In vivo proliferation of the different cell
types was quantified for 3 wk by measuring the increase of GLuc
and CLuc luciferase activities in blood samples. Although the
CLuc activity (orange curves), which reflects the proliferation of
the reference cells, increased similarly in all animal groups, the
GLuc activities (blue curves) remained significantly lower when
GLuc was coupled with mutp53- or ENTPD5-targeting shRNAs
(Fig. 6 C and D). When GLuc was coupled to the control shRNA,
no difference to CLuc is evident, indicating that the reduced GLuc
increase observed on mutp53- or ENTPD5-knockdown is target-
specific and not a result of different luciferase labels. ENTPDS is
therefore similarly essential for lung colonization by MDA-MB-
231 cells as mutp53 itself.

To further explore whether mutp53 and ENTPDS are epistatic,
we investigated the effect of mutp53 depletion on lung coloniza-
tion of parental MDA-MB-231 (control) versus ENTPDS5-over-
expressing MDA-MB-231 cells (Fig. 7 A and B). Mutp53 was
knocked-down in combination with GLuc labeling, yielding
GLuc*p53sh and ENTPD5"GLuc"p53sh cells. A nontargeting
shRNA coupled to CLuc served as a common reference (CLuc nsh).
The control group of mice received a 1:1 mixture of GLuc*p33sh
and CLuc+nsh cells, and the ENTPD5 group a 1:1 mixture of
ENTPD5*GLuc"p53sh and CLuc*nsh cells. As seen before (Fig.
6C), knockdown of mutp53 strongly dampened the increase of
GLuc activity in the blood of control group mice (Fig. 7C), but
not in the ENTPDS5 group, despite equally efficient depletion of
mutp53 (Fig. 7 B and E). This observation was confirmed by
postmortem analysis of lungs from both groups. First, GLuc
activity normalized to CLuc as a reference (GLuc/CLuc ratio)
was significantly reduced in lungs of the control versus the
ENTPDS5 group (Fig. 7D). Second, consistent with their coloni-
zation defect, mutp53-depleted cells (red cytoplasmic GLuc
staining) were strongly underrepresented in histological lung
sections from the control group, and tumor nodules were mainly
composed of mutp53-expressing (brown nuclear p53 staining)
reference cells (Fig. 7E). In contrast, in the ENTPDS group, we
observed substantial colonization by mutp53-depleted tumor
cells (red cytoplasmic GLuc staining, no brown nuclear p53
staining), with clear expression of exogenous ENTPDS5, indicating
that ENTPDS can rescue the lung colonization defect on depletion
of mutp53. ENTPDS is therefore both required for lung coloni-
zation of mutp53 cells and sufficient to replace mutp53 in this

each). Statistical analysis was performed using one-way analysis of variance
and Bonferoni posttest (***P < 0.0001; n.s. not significant).
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were visualized by confocal imaging (nuclei, red; F-actin, green). Images of noninvading (Left) and invading cells (Right) from one representative experiment
are shown. (B) Knockdown efficiency of ENTPD5 and p53 in MDA-MB-231 cells analyzed by Western blot. (C) Invasive cells were quantified by counting six
randomly chosen sections of a transwell insert. Graph shows the percentage of invading cells compared with the total amount of plated cells. Error bars
illustrate SEM (n = 3). Statistical analysis was performed using one-way analysis of variance and Bonferoni posttest (*P < 0.05; **P < 0.01; ***P < 0.001; n.s.,
not significant). (D and E) Matrigel invasion of MDA-MB-231 cells after depletion of p53 and simultaneous overexpression of ENTPD5. (E) Knockdown ef-
ficiency and (F) quantification of invading cells as described in A-C. In all Western blots, p-actin served as a loading control.

function. In summary, these experiments demonstrate that ENTPDS
is a crucial mediator of the prometastatic mutp53 GOF in vivo.

Discussion

As TP53 is the most commonly mutated gene in cancer, mutp53
has always been considered a dream target for cancer therapy.
However, wtp53 is a tumor suppressor that would need to be
reactivated for cancer therapy, and as it is pharmacologically
easier to inhibit a protein than to activate it, targeting mutp53
has proven challenging in practice. The realization that mutp53
cancer cells are not only addicted to the absence of wtp53 but
also dependent on neomorphic GOF activities of the mutp53
protein (2, 4, 5, 11) has stimulated a new line of research aimed
at inhibiting mutp53 directly or crucial downstream effectors,
preferentially those that are considered druggable because of
enzymatic activities.

The broad spectrum of reported mutp53 neomorphic activities
(5) shows a remarkable focus on proinvasive and prometastatic
functions. This correlates strikingly with the preferential occur-
rence of p53 mutations at the transition from benign to invasive
stages of cancer, probably studied best in the context of co-
lorectal and pancreatic cancer progression. The investigation of
molecular mechanisms underlying mutp53-dependent stimula-
tion of invasion and metastasis therefore promises to identify the
targets of mutp53 that account for its high mutation frequency in
aggressive cancers. Previous research has delineated a key role of
mutp53 in enhancing proinvasive signaling via membrane re-
ceptors such as RTKs and integrins. In part, this is achieved by
mutp53 transcriptionally up-regulating the expression of recep-
tors (20), by suppressing receptor targeting miRNAs (40), or by
enhancing receptor recycling (18, 21). Our study adds to this a
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GOF activity of mutp53, which is mediated by the mutp53 target
gene ENTPDS, operates in the ER, and promotes glycoprotein
folding via the calnexin/calreticulin cycle (22). If the calnexin/
calreticulin cycle is inhibited, the folding efficiency of glycopro-
teins is often decreased, resulting in quality control breakdown,
with the consequence of nonfunctional misfolded proteins exit-
ing the ER (24). Cell surface receptors have varying numbers of
N-glycan sites, with growth-promoting receptors and integrins
being more heavily N-glycosylated than others (25), which as a
consequence renders signaling through highly N-glycosylated
receptors more susceptible to changes in quality control and
folding efficiency. Stimulation of the calnexin/calreticulin cycle
through increased ENTPDS5 expression might therefore provide
support for previously described mutp53-mediated effects on
receptor expression and recycling by ensuring an optimal re-
ceptor quality with respect to their folding and N-glycosylation.
In fact, it seems this support is critically essential, as knockdown
of ENTPDS impairs clonogenic growth of cells that depend on
mutp53 (Fig. 4 B-D), reduces matrigel invasion (Fig. 5 A-C),
and inhibits lung colonization by circulating tumor cells (Fig. 6).
Amazingly, enforced expression of ENTPDS rescues matrigel
invasion (Fig. 5 D-F) and lung colonization (Fig. 7) in mutp53-
depleted cells, indicating it can even compensate for the loss of
some other GOF activities that contribute to these prometastatic
activities. Stimulating calnexin/calreticulin-driven quality control
would lay the grounds for other mechanisms, such as increased
expression or recycling, to become effective. Obviously, a simple
quantitative increase in receptor expression is only of limited
effect if the receptors are misfolded. Similarly, increased recy-
cling can only augment signaling if the recycled receptors are
functional. It therefore seems intuitive that mutp53 not only
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Fig. 6. Mutp53 and ENTPD5 are required for lung colonization in mice. (A) Overview of experimental procedure: MDA-MB-231 cells were transduced with
vectors coexpressing GLuc or CLuc, together with shRNAs targeting p53, ENTPD5, or control (nsh). Mice were i.v. injected with 1:1 mixtures of CLuc*nsh/GLuc*nsh
(control group), CLuc*nsh/GLuc*p53sh1/2, or CLuc*nsh/GLuc*ENTPD5sh1/2. (B) Knockdown efficiencies analyzed by Western blot. f-actin served as a loading
control. (C and D) Tumor growth measured in terms of GLuc (blue line) and CLuc (orange line) luciferase activity in plasma. Error bars illustrate SEM for each
mouse group. Statistics were performed by two-way analysis of variance (*P < 0.001); n, number of mice per group.

increases receptor quantity but, in parallel, also activates mech-
anisms that ensure optimal receptor quality.

Mutp53 affects target gene expression by a multitude of dif-
ferent mechanisms (4). The interaction of mutp53 with various
transcription factors has been studied in the most detail. In
particular, the p53 family transcription factors p63 and p73 have
been extensively explored in the context of mutp53-driven in-
vasion and metastasis, as, in contrast to wtp53, mutp53 interacts
directly with both p63 and p73, and thereby inhibits their
transactivating functions (41). The inhibitory interaction with
p63/p73 likely contributes to the prometastatic activity of mutp53
in vivo, as pS3/p63 and p53/p73 double-heterozygous mice show
a higher incidence of metastatic tumors than p53 single-hetero-
zygotes (42). Mechanistically, the interaction of mutp53 with p63
enhances tumor cell invasion by stimulating TGFp signaling (19);
RCP-driven recycling of EGFR, MET, and integrins (18, 21);
and down-regulation of Dicer-dependent processing of anti-
metastatic miRNAs (43, 44). In contrast, our study shows that
ENTPDS is regulated by mutp53 in an Spl-dependent manner
(Fig. 3 C-F). A role for Spl in transcriptional regulation by both
wtp53 and mutp53 has been previously reported for other genes
(45). For example, transfected mutp53 interacts with Spl and
stimulates Sp1 binding and histone acetyltransferase recruitment
to the EGFR promoter (46). Although we cannot formally ex-
clude additional recruitment of mutp53 via other transcription
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factors, Spl is likely the dominant recruiting factor, as depletion
of Sp1 prevented mutp53 from binding the ENTPD5 promoter.

p53 mutations on one allele are commonly followed by in-
activation of the remaining wtp53 allele via loss of heterozygosity
(LOH). In the absence of LOH, mutp53 can suppress wtp53
function in a dominant-negative manner (2, 4). In contrast,
wtp53 suppression by mutp53 is not always efficient. Patients
with Li-Fraumeni syndrome carry germ-line heterozygous p53
mutations, and yet exhibit normal development and develop
tumors only later in adult life (47). Likewise, mice heterozygous
for the Trp53%17?" mutation have the same lifespan as mice
heterozygous for the null-allele (6). Even in tumor cells wtp53
can be triggered by DNA damage to induce senescence in the
presence of mutp53 (48). GOF experiments performed in the
presence of wtpS3 must therefore be interpreted with extreme
caution (4). The mutp53 cell lines in our experiments did not
express wtp53, excluding a dominant-negative effect as an un-
derlying cause of ENTPDS5 regulation. In the case of clinical
tumor samples, tissue heterogeneity limits the ability to accu-
rately infer LOH status, as a true heterozygous (non-LOH) state
is difficult to distinguish from a contamination by wtp53 stromal
cells or the coexistence of wild-type and p53-mutated tumor
subclones. It therefore remains to be seen whether LOH affects
the regulation of ENTPDS5 by mutp53.

Mutp53 depletion caused a two- to fourfold decrease in tumor
cell invasion and lung colonization, in many cases correlating
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Fig. 7. Mutp53 promotes lung colonization in mice through ENTPDS5. (A) Experimental procedure: MDA-MB-231 were transduced with ENTPD5 or empty
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SEM for each mouse group. Statistics were performed by two-way analysis of variance (*P < 0.001); n, number of mice per group. (D) GLuc and CLuc activity
ratios measured in lung lysates of individual mice. Shown are mean =+ SD. Statistical analysis was done using nonparametric Mann-Whitney U test.
(E) Immunohistological double staining for p53 (brown)/GLuc (red) or p53 (red)/ENTPD5 (brown) of representative lungs from both experimental groups

(control and ENTPDS5).

with the degree of mutpS3/ENTPDS inhibition (Figs. 5-7). Trans-
lation into clinically meaningful antitumor activity will therefore rely
on the development of effective ENTPDS targeting approaches.
Compared with the experimental RNAi approach used in our study,
small molecules are often more effective inhibitors, raising hope
that the antitumor effects can be further enhanced by pharmaco-
logical inhibitors of the ENTPDS UDPase activity. Entpd5-knock-
out mice are viable and show hepatopathy and aspermia only
after 1y of age, promising a sufficiently broad therapeutic win-
dow for ENTPDS inhibitors, despite interference with a central
step in protein biosynthesis (49).

In summary, our study has identified ENTPDS5 as a specific
target of mutp53 that operates in the calnexin/calreticulin cycle
of the ER. High-level ENTPDS5 expression correlates with p53
GOF mutations across a broad panel of tumor entities and re-
quires mutp53 docking to Spl bound to the ENTPDS5 promoter.
ENTPDS5 promotes N-glycoprotein folding via the calnexin/cal-
reticulin cycle and is essential for mutp53-mediated tumor cell
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proliferation, architectural tissue remodelling, extracellular ma-
trix invasion, and lung colonization. As ENTPD5 mediates key
protumorigenic effector functions of mutp53, it might represent
a promising target for the treatment of tumors with p53 GOF
mutations.

Materials and Methods

Additional experimental details are provided in S/ Appendlix.

N-Glycosylation Analysis. For analysis of N-glycosylated proteins, MDA-MB-
231 cells were transfected with siRNAs targeting p53, ENTPD5, UGGT, or a
nontargeting control (nsi). Forty-eight hours after siRNA transfection, cells
were transfected with a pCMV-HA-endoglin plasmid (33), using Lipofect-
amine 2000 (Thermo Fisher Scientific). Twenty-four hours after plasmid
transfection, cells were harvested in NET buffer [150 mM NacCl, 50 mM
Tris-HCl at pH 7.4, 0.5% Nonidet P-40, 10% (vol/vol) glycerol, 5 mM EDTA],
and HA-endoglin was immunoprecipitated using anti-HA antibody (HA.11,
Covance). Immunoprecipitated endoglin was eluted and denatured in 1x
Glycoprotein Denaturation Buffer (0.5% SDS, 40 mM DTT; New England
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Biolabs, #P0702L) for 10 min at 100 °C. Samples were then digested in the
manufacturer’s buffer with EndoH (New England Biolabs, P0702L) or PNGase
F (New England Biolabs, P0708S) for 2.5 h at 37 °C. Immunoblotting was
performed using anti-HA antibody (Cell signaling, 3724). Detected bands
were quantified using ImageLab 5.0 software (Bio-Rad Laboratories).

Matrigel Invasion Assay. Matrigel invasion assays were performed as de-
scribed (50). Transwell inserts (Greiner Bio-One) were coated with 50 pL
growth-factor-reduced Matrigel at 5 mg/mL (Corning). Fifteen thousand
cells were seeded to the inverted transwell inserts and allowed to become
adherent. ThinCerts were inverted, and medium was added to the top [10%
(vol/vol) FBS] and the bottom (0.5% FBS). After 24 h, cells were fixed with
8% (wt/vol) formaldehyde and stained with rhodamine-phalloidin and sytox
green (Invitrogen). Invasion assays were analyzed by laser-scanning micros-
copy, using a LSM 700 confocal laser scanning microscope (Zeiss). Numbers of
noninvaded versus invaded cells in each optical section from six randomly
chosen fields were counted using Photoshop CS6 (Adobe).

Experimental in Vivo Metastasis Model. Animal experiments were approved by
the regional board (RP Giessen), in accordance with the German animal
welfare law and the European legislation for the protection of animals used
for scientific purposes (2010/63/EU). Lung colonization after i.v. tail vein in-
jection of tumor cells was performed as previously described (39). In brief,
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MDA-MB-231 cells were labeled ex vivo with Gaussia or Cypridina luciferases
by transduction with lentiviral vectors coexpressing shRNAs targeting p53 or
ENTPD5. Nontargeting shRNAs were used as a control. After successful
transduction and puromycin selection, different GLuc- and CLuc-labeled
tumor cells were mixed in a 1:1 ratio. A total of 1 x 10° cells of these mix-
tures were injected i.v. into the tail vein of immunocompromised 6-12-wk-
old Rag2t™"""V:1/2rg*™1"FV male and female mice kept under SPF conditions.
Required sample sizes were calculated by an a priori power analysis. For
induction of ENTPD5 expression, doxycycline was freshly prepared and ad-
ministered via the drinking water in darkened bottles [1 mg/mL doxycycline;
2% (wt/vol) sucrose]. Drinking water was changed every second to third day.
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