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Abstract

PICT1 (also known as GLTSCR?2) is considered a tumor suppressor because it stabilizes
phosphatase and tensin homolog (PTEN), but individuals with oligodendrogliomas lacking
chromosome 19913, where PICT1 is located, have better prognoses than other oligodendroglioma
patients. To clarify the function of PICT1, we generated Pictl-deficient mice and embryonic stem
(ES) cells. Pictl is a nucleolar protein essential for embryogenesis and ES cell survival. Even
without DNA damage, Pictl loss led to p53-dependent arrest of cell cycle phase G1 and apoptosis.
Pictl-deficient cells accumulated p53, owing to impaired Mdm2 function. Pictl binds Rpl11, and
Rpl11 is released from nucleoli in the absence of Pictl. In Pict1-deficient cells, increased binding
of Rpl11 to Mdm2 blocks Mdm2-mediated ubiquitination of p53. In human cancer, individuals
whose tumors express less PICT1 have better prognoses. When PICTL1 is depleted in tumor cells
with intact P53 signaling, the cells grow more slowly and accumulate P53. Thus, PICT1 is a
potent regulator of the MDM2-P53 pathway and promotes tumor progression by retaining RPL11
in the nucleolus

Alterations in cell cycle control genes such as the tumor suppressor TP53 (also known as
P53) contribute to tumorigenesis. In response to cellular stress, P53 induces cell cycle arrest
or apoptosis. More than 50% of human cancers harbor mutations in TP53. In the remainder,
the P53 pathway is often inactivated owing to overproduction of MDM2 (mouse double
minute 2; ref. 1), an E3 ubiquitin ligase that targets the P53 protein for proteasomal
degradation?3. Inhibition of MDM2 therefore leads to P53 protein stabilization and
accumulation.

Stresses that activate the MDM2-P53 pathway also induce cascades responsible for its
regulation, including the kinases ATM-CHK2 (ataxia telangiectasia mutated—checkpoint
kinase 2) and ATR-CHK1 (ataxia telangiectasia and Rad3 related—checkpoint kinase 1).
These kinases phosphorylate MDM2 and P53 such that their interaction is abrogated?.
MDM2 can also be inhibited by P19ARF binding triggered by infection or oncogene
activation®8; P19ARF js one of the transcript products from CDKN2A (cyclin-dependent
kinase inhibitor 2A) gene. Lastly, stresses that stimulate post-translational modifications
such as acetylation or sumoylation of P53 or MDM2 can influence P53 activation?.

The MDM2-P53 pathway is also regulated by ribosomal proteins’. Upon nucleolar stress,
ribosomal proteins RPL5, RPL11, RPL23 and RPS7 translocate from the nucleolus to the
nucleoplasm and bind to MDMZ2 (refs. 8-16). Nucleolar stress is often caused by disruption
of ribosomal biogenesis, which in turn can be caused by serum depletion and contact
inhibition17, agents like low-dose actinomycin D or mycophenolic acid1819 or malfunction
of nucleolar proteins!3-1520, RPL26 increases the translation of TP53 mRNA in response to
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DNA damage?!, whereas RPS3 protects P53 from MDM2-mediated ubiquitination in
response to oxidative stress22. Thus, ribosomal proteins can drive P53-mediated responses to
stress, but how ribosomal proteins translocate from the nucleolus to the nucleoplasm to exert
these functions is unknown. It is also unclear whether genes encoding ribosomal proteins
that regulate P53 affect the prognosis of human cancers.

The gene encoding PICT1 (protein interacting with carboxyl terminus-1; also called
GLTSCR2, glioma tumor suppressor candidate region gene 2) is located at human
chromosome 19q13.32, which is frequently altered in human tumors23. Low PICT1
expression in diffuse gliomas and ovarian cancers is correlated with high malignant
progression?4-26 whereas PICT1 overexpression enhances apoptosis of cultured glioma
cells?’. At the molecular level, PICT1 stabilizes PTEN via direct physical interaction28:29,
On the basis of these findings, PICT1 has been deemed a tumor suppressor. Other evidence,
however, suggests that PICT1 may not always dampen cancer progression. In
oligodendroglial tumors, deletion of the entire chromosome 19q arm, as well as loss of
heterozygosity (LOH) at chromosome 19913 is associated with longer disease-free survival
after chemotherapy30-32, Nevertheless, in astrocytic gliomas, chromosome 19q deletions are
linked to malignant progression33:34. These contradictory observations indicate that one or
more genes mapped to chromosome 19q may contribute to brain cancer development. We
speculated that PICT1 might be an important chromosome 19g-mapped gene that regulates
tumor progression.

To clarify PICT1 functions, we carried out extensive analyses of Pict1-deficient mice and
ES cells. We show here that PICT1 is a key regulator of ribosomal protein—driven P53-
mediated responses to nucleolar stress and that loss of PICT1 inhibits tumor growth owing
to stabilization of P53.

Pictl-deficient cells show cell cycle arrest and apoptosis

We generated mice bearing a null mutation of Pictl (Supplementary Fig. 1a) but obtained no
viable Pict1™~ pups (Fig. 1a and Supplementary Fig. 1b). Although we observed no
morphological differences between Pict1*/* and Pictl™~ embryos up to embryonic day 2.75
(E2.75; morula), none of the 15 Pict1 ™~ embryos we examined formed proper blastocysts at
E3.5 and all contained apoptotic cells (Fig. 1a). This developmental failure was not due to
an inadequate uterine environment, because Pict1*/~ embryos of the same litter developed
normally. When Pict1™~ morulae were cultured in vitro, they did not mature and died within
2-3 d (Supplementary Fig. 1c). Thus, PICT1 is essential for preimplantation embryogenesis.

To examine PICT1 functions in vitro, we generated mutant murine ES cells (PictltetTg*;
Pict1?/~; Pictl ES cells) that lacked endogenous Pictl owing to gene targeting
(Supplementary Fig. 1d,e) but expressed exogenous Pictl in a doxycycline-regulatable
manner such that Pictl expression was ‘on’ without doxycyline (Dox™) but “off” after
doxycyline treatment (Dox™) (Supplementary Methods and Supplementary Fig. 1e,f).
Because Dox™ Pictl ES cells behaved like wild-type (WT) ES cells in cell growth, cell cycle
and apoptosis assays (Supplementary Fig. 1g,h), we used Dox™ cells as controls throughout
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our study. Doxycyline treatment of Pictl ES cells inhibited both Pictl expression and cell
growth in a dose-dependent manner (Fig. 1b). This growth inhibition was due to both cell
cycle arrest (Fig. 1c) and enhanced apoptosis (Fig. 1d). Thus, PICT1 is required for the
survival and proliferation of ES cells.

Effects of Pictl loss depend on p53 but not p19AT or Pten

Compared with Dox™ cells, Dox* cells showed greater expression of p53, p21Wafl and
p19AT (Fig. 2a) that, at least for p53, was correlated with the degree of doxycycline-
mediated Pictl suppression (Fig. 2b). The greater p53 expression in Dox* cells was probably
not due to DNA damage, because phospho-y-histone family member X (pyH2ax), which is a
marker of DNA damage, was much lower in Dox* cells than in ultraviolet (UV)-treated cells
with comparable p53 activation (Fig. 2c). Moreover, the elevation in pyH2ax owing to UV
exposure was not further enhanced by doxycycline (Fig. 2¢). Notably, siRNA-mediated p53
knockdown prevented the cell cycle arrest (Fig. 2d and Supplementary Fig. 2a) and
increased apoptosis (Fig. 2e) observed in Dox* cells. Although p19AT expression was
greater in Dox* than in Dox™ cells (Fig. 2a), siRNA-mediated p19A" knockdown did not
affect p53 protein expression, cell cycle arrest or apoptosis in Dox* cells (Supplementary
Fig. 2b—d).

The thymus is highly sensitive to p19AT-p53 signaling3®, and our Pict1 ™~ mice succumbed
to early embryonic lethality. We therefore generated mice deficient in Pictl specifically in T
cells by crossing LckCre transgenic mice with Pict1f9% mice (Supplementary Methods).
Total number of thymocytes in these mutants were <5% of those in control Pict1flox/flox
mice (Fig. 2f), a defect that was markedly rescued in LckCrePict1floX/flox-Trp53-/~ double
knockout (DKO) mice (Fig. 2f), but not in LckCrePict1flox/flox:p19Ar~/~ double-knockout
mice (Supplementary Fig. 2e). Consistent with an earlier report36, p53 expression was lower
in p19AT_deficient T cells than in wild-type cells (Supplementary Fig. 2f). However,
because p53 expression is still high in LckCrePict1flox/flox:n19Art=/= qouble-knockout T cells
(Supplementary Fig. 2f) compared with LckCrePict1flox/flox:n19Arf+/+ T cells we do not
think p19A™ mediates the higher expression of p53 associated with loss of Pict1.

Despite our observations in T cells deficient in Pictl, double-knockout mice that totally
lacked Trp53 and Pictl were still embryonic lethal (Supplementary Fig. 3a), suggesting that
the phenotype of Pictl-deficient embryos involves factors in addition to p53 accumulation.
To determine whether PTEN was one of these factors, we examined the stability of Pten
protein without Pictl. After Pictl ES cells with or without doxyxycline induction were
treated with 100 pg mi~1 cycloheximide, immunoblotting showed that Pten degradation was
faster without Pictl (Supplementary Fig. 3b). However, expression of steady-state Pten
(without cycloheximide), phospho-Pten, and phospho-Akt was comparable in Dox* and
Dox™ cells (Fig. 2a and Supplementary Fig. 3c). Thus, at least in unstimulated cells, PICT1
has only a subtle stabilization effect on PTEN that occurs without obvious phosphorylation
of PTEN or effector activation.
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Pictl deficiency inhibits Mdm2 function

To investigate how Pictl deficiency increases p53 expression, we first measured Trp53
MRNA levels by northern blotting. Steady-state levels of Trp53 mRNA remained constant in
Dox™* cells treated with increasing doxycycline for 2 d (Fig. 3a). Through cycloheximide
studies, we found that p53 protein half-life was longer in Dox* cells compared to Dox™ cells
(Fig. 3b), but Pictl deficiency had no effect on p21 protein half-life (data not shown).
Studies using the proteasomal inhibitor MG132 showed that the increase in p53 protein half-
life was due to protection from proteasomal degradation (Fig. 3c), suggesting that the
elevated p53 abundance in Pict1-deficient cells is not due to transcriptional effects.

We hypothesized that PICT1 deficiency prevents P53 degradation by decreasing its MDM2-
mediated ubiquitination. We transfected H1299 cells with plasmids expressing
hemagglutinin-tagged ubiquitin (HA-Ub), Myc-tagged P53 and T7-tagged MDM2, and we
carried out immunoprecipitation and immunoblotting to detect ubiquitinated P53 (Ub-P53).
Before immunoprecipitation, we inhibited the 26S proteasome with MG132 to allow
accumulation of ubiquitinated proteins. As we expected, coexpression of MDM2 and P53
produced a ladder of Ub-P53 products (Fig. 3d). However, when we also infected these
MDM2- and P53-expressing H1299 cells with a lentivirus expressing PICT1 shRNA, the
laddering was less intense (Fig. 3d). Notably, Pictl deficiency also decreased the Mdm2-
dependent ubiquitination of endogenous p53 (Fig. 3e and Supplementary Fig. 2a). These
results show that PICT1 inhibition prevents MDM2-mediated P53 ubiquitination.

The accumulation of p53 in doxycycline-treated Pictl deficient ES cells was dependent on
Mdm2 but minimally influenced by depletion of Huwel, Rfwd2 or Rchyl (Fig. 3f), other E3
ligases that target p53 in cancer cell lines. Thus, Mdm2 is the major E3 ligase for p53, and
other E3 ligases do not contribute to p53 degradation in mouse ES cells, consistent with
earlier reports37:38, Notably, Mdm2 protein amounts were essentially equal in Dox™ and
Dox™* cells (Fig. 3g), in contrast to the earlier finding that Mdm2 is a direct transcriptional
target of p53 (ref. 39). The reason for this discrepancy is unclear, but, considering that
Mdm2 mRNA levels are elevated in the absence of Pictl (Fig. 3a), a previously
uncharacterized post-transcriptional mechanism may suppress Mdm2 protein without Pict1.
The low p53 ubiquitination in Dox* cells is not simply due to low p53-Mdm2 binding
(Supplementary Fig. 4), and is probably caused by inactivation of the E3 ligase function of
Mdm2 induced by loss of Pict1.

PICT1 regulates MDM2 by retaining RPL11 in the nucleolus

MDM2 function is influenced by nucleolar ribosomal proteins’13 and other nucleolar
proteins such as nucleophosmin?C. When we expressed Pict1-EGFP and nucleophosmin-
DsRed fusion proteins in 293T cells, these exogenous proteins colocalized in nucleoli
(Supplementary Fig. 5a). Pictl was also highly expressed in the nucleolus of Dox™ cells
(Fig. 4a). Nucleostemin and nucleolin are also key nucleolar proteins that regulate P53.
Although deficiency in nucleophosmin, nucleostemin or nucleolin causes P53
accumulation?®-42 the endogenous expression and localization of none of these proteins
was impaired in Dox* cells (Fig. 4a and Supplementary Fig. 5b,c).
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To identify intracellular binding partners of PICT1, we expressed Flag-PICT1 cDNA in
293T cells, immunoprecipitated the protein with antibody to Flag, and carried out nanoscale
liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS; Supplementary
Methods). Pictl bound a huge complex containing many ribosomal proteins (Supplementary
Fig. 5d). Among these ribosomal proteins, RPL5 and RPL11 inhibit MDM2-mediated P53
ubiquitination®-10, When we examined the binding of purified ribosomal protein fusion
proteins to Pictl in vitro, RPL5 and RPL11, which we identified in our LC-MS/MS
experiments, and RPS7 and RPL23, which inhibit MDM2-mediated P53 ubiquitination11:12,
physically interacted with Pictl (Supplementary Fig. 5e). We confirmed this binding in vivo
by expressing exogenous Myc-ribosomal proteins and Flag-Pictl in 293T cells and
subjecting them to immunoprecipitation (Supplementary Fig. 5f).

To determine whether any of these ribosomal proteins was responsible for the impaired
Mdmz2 function observed in Dox* cells, we carried out siRNA-mediated knockdown
experiments and found that only siRNA against Rpl11 blocked p53 accumulation in Dox*
cells (Fig. 4b). Furthermore, the degree of Rpl11 suppression achieved with various Rpl11
siRNAs was correlated with the degree of suppression of p53 accumulation in Dox™ cells
(Supplementary Fig. 5g). We also confirmed the binding of endogenous Rpl11 to Pictl in
untreated Dox™ cells by immunoprecipitation (Fig. 4c).

We next compared RPL11 localization in Dox™ and Dox* cells. Exogenous RPL11 appeared
in both the nucleolus and cytoplasm in Dox™ cells but was almost completely translocated
out of the nucleolus in Dox* cells (Fig. 4d,e). However, exogenous RPL5, RPL23 and RPS7
did not translocate out of the nucleolus in Dox* cells (Supplementary Fig. 6a—c). We
observed the same patterns for endogenous Rpl11, Rpl5, Rpl23 and Rps7 proteins (Fig. 4a).
Immunostaining for nucleophosmin, nucleolin and nucleostemin confirmed that nucleoli
were intact in our Dox* cells (Fig. 4d and Supplementary Figs. 5¢c and 6a—d). Thus, PICT1 is
essential for the nucleolar localization of RPL11.

Because RPL11 inhibits MDM2-mediated P53 ubiquitination by binding MDM2 (refs. 7—
9,13), we analyzed RPL11-Mdm2 colocalization and binding using our Dox™* cells.
Immunostaining confirmed that endogenous Mdmz2 was present in the nucleoplasm in both
Dox~ and Dox* cells (Supplementary Fig. 6d) and that RPL11 and Mdm?2 proteins
colocalized in the nucleoplasm of Dox* cells (Fig. 4f). In addition, binding of endogenous
Mdm2 to Rpl11 was much greater in the nucleus of Dox* cells than in that of Dox™ cells
(Fig. 4g and Supplementary Fig. 6e). We hypothesize that, when PICT1 is not present to
retain RPL11 in the nucleolus, RPL11 escapes into the nucleoplasm and binds MDM2,
blocking its ubiquitination of P53. As a result, p53 accumulates in Dox* cells. PICT1 is
therefore a crucial nucleolar binding partner of RPL11 that regulates the MDM2-P53
pathway.

Suppression of PICT1 inhibits tumor cell growth

Although earlier data suggest that PICT1 is a tumor suppressor, we found that Pictl loss led
to p53 accumulation and presumed protection from oncogenesis. We therefore analyzed the
onset of chemically induced skin cancers in Pict1*/~ mice. Compared with Pict1*/* controls,
Pict1*/~ mice were more resistant to papillomagenesis (Fig. 5a). Similarly, shRNA-mediated
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suppression of PICT1 in various TP53-intact cell lines derived from human gliomas or
colorectal or ovarian tumors led to growth inhibition and P53 accumulation without
alterations in PTEN or phospho-AKT expression (Fig. 5b). We observed neither growth
inhibition nor P53 accumulation in TP53-mutated or P53-inactivated tumor cell lines that
were treated with PICT1 shRNA (Supplementary Fig. 7a). Thus, PICT1 does not seem to
function as a tumor suppressor when P53 signaling is intact.

We next determined whether PICT1 expression is correlated with human colorectal or
esophageal cancer progression. We detected TP53 mutations in ~40% of our colorectal and
esophageal cancer specimens, consistent with earlier reports?344, Of 181 colorectal cancers
examined, individuals whose tumors had a ratio of PICT1 mRNA to GAPDH mRNA of
<0.58 were classified in the PICT1!°W group (n = 90), whereas those with ratios =0.58 were
classified in the PICT1M9" group (n = 91) (Supplementary Fig. 7b). The 5-year overall
survival rates for the PICT1M9M and PICT1!°W groups were 62.0% and 81.0%, respectively,
but only when TP53-intact cases were considered (Fig. 5¢). We found the same pattern in 81
individuals with esophageal cancer: individuals whose tumors had a ratio of PICT1 mRNA
to GAPDH mRNA of <0.64 were classified as PICT1°% (n = 40), and those with ratios
>0.64 were classified as PICT1M9" (n = 41) (Fig. 5¢c and Supplementary Fig. 7b). The 5-year
overall survival rates for these PICT1M9" and PICT1!°W groups (TP53-intact cases only)
were 24.5% and 42.1%, respectively. We observed no difference in 5-year survival in TP53-
mutated cases of either colorectal or esophageal cancer (Fig. 5¢). The Cox proportional
hazards model showed that PICT1 mRNA level was an independent prognostic predictor for
individuals with either colorectal or esophageal cancer (Supplementary Fig. 7c). Thus, low
PICT1 expression is associated with low tumor cell growth in vitro and in vivo and with a
better prognosis in individuals with cancer.

DISCUSSION

Although PICT1 has been designated a tumor suppressor gene24-2845 our work implicates
PICT1 as a potentially oncogenic regulator of the MDM2-P53 pathway. Inhibition of Pictl
in ES cells and in various TP53-intact cancer cell lines led to P53 accumulation that
inhibited cell growth in vitro. In vivo, Pict1*/~ mice were resistant to chemically induced
skin tumors; T cell-specific Pict1-deficient mice showed p53-dependent T cell
developmental arrest; and individuals with colorectal or esophageal tumors with low PICT1
expression and without TP53 mutation had a better prognosis. Thus, PICT1 is a key cancer-
related gene that primarily regulates P53 but is not a typical tumor suppressor. Consistent
with our finding that PICT1 knockdown inhibited the growth of TP53-intact glioma cells
(Fig. 5b), oligodendroglial tumors with loss of chromosome 19g13 have a better disease
outcome3%-32, Indeed, oligodendrogliomas show frequent loss of chromosome 19¢ (70%)
but infrequent TP53 mutations (<15%)4®. In our study, loss of PICT1 only slightly affected
PTEN stability and led to a P53 accumulation in TP53-intact cells that inhibited
proliferation. However, PICT1 inhibition has been linked to AKT activation in some insulin-
treated cell lines?®. Thus, PICT1 may act as a tumor suppressor under limited conditions that
include loss of P53 function.
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Although P53 is activated by ribosomal proteins released from the nucleolus after nucleolar
stress®-12, it was unclear how these ribosomal proteins are anchored in the nucleolus. We
have shown that Pictl binds to and retains RPL11 in the nucleolus, preventing RPL11 from
inhibiting Mdm2 in the nucleoplasm. Consistent with this model (Fig. 6), treatment of WT
ES cells with a low dose of actinomycin D or mycophenolic acid decreased Pictl expression
and p53 accumulation (Supplementary Fig. 8). Small ribosomal subunit proteins in the
nucleolus are unstable and degraded in response to stress signals#’. However, we found that
amounts of ribosomal proteins other than Rpl11, including Rps7, were not decreased in the
nucleolus by Pictl deficiency. In addition, the decrease in endogenous p53 ubiquitination
without Pictl was notable after the addition of MG132, and Rpl11 suppression blocked p53
accumulation in Pictl ES cells. Thus, we think that protein degradation did not cause the
observed decrease in nucleolar Rpl11, and that without retention by PICT1, RPL11 diffuses
into the nucleoplasm, where it is captured by MDM2. We showed that Pict1 loss enhanced
Rpl11-Mdmz2 binding in the nucleoplasm and inhibited the E3 ligase activity of Mdm2,
leading to p53-dependent cell cycle arrest and apoptosis in a manner consistent with earlier
results8. PICT1 is therefore a major upstream regulator of P53, and the binding of PICT1 to
RPL11 controls the MDM2-P53 pathway.

In conclusion, our work shows that PICT1 is a key regulator that acts primarily through
RPL11 and MDM2 to inhibit P53 responses to nucleolar stress. We have also identified
PICT1 as a useful prognostic marker for human colorectal and esophageal cancers. Studies
of factors influencing PICT1 expression or stability, or interfering with PICT1-RPL11
binding, may yield new cancer treatments, especially for individuals with TP53-intact
tumors.

ONLINE METHODS

Pictl-deficient ES cells

We electroporated Pict11% targeting vector (Supplementary Fig. 1d and Supplementary
Methods) into Pict1*/~ ES cells (Supplementary Fig. 1a), and used correctly targeted clones
(Pict131oxPI=: Sypplementary Fig. 1e) to generate Tet-regulated ES cells. We established an
ES cell clone that constitutively expressed the modified Tet-regulated transactivator driven
by the CAG promoter#® and co-transfected these cells with Tet-regulatable
pUHD10-3Pictl.IRES.EGFP plasmid8 plus pcDNA3.1Zeo. We selected transfected cells
for 10 d in medium containing 20 pg ml~1 zeocin (Invitrogen) and studied clones whose
EGFP expression was tightly regulated by tetracycline (Supplementary Fig. 1f). We
examined expression of the modified Pictl genes by immunoblotting to confirm that
exogenous Pictl was driven by the Tet response promoter (tetO-CMV) and suppressed by
Tet addition (Tet-off system)*°. We transiently transfected Tet-regulatable Pict1-deficient
ES cells (PictltetTg*; Pict13!°XP/~; Supplementary Fig. 1e) with CAGGS-Cre DNA to
eliminate the endogenous Pictl allele. The desired mutant Pictl ES cell clone (PictltetTg*;
Pict12") was maintained without Dox after Cre DNA transfection (Dox™ cells). We added
Dox (5 ng mI~1) to Pict1 ES cells to delete Pictl and generate Dox* cells (Supplementary
Fig. le).
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Immunoblotting

We carried out immunoblotting using a standard protocol and primary antibodies to PTEN
(Cascade), phospho-PTEN, phospho-Akt, Akt, phospho-y-H2ax (all from Cell Signaling),
mouse p53 (Novocastra), human P53 (Santa Cruz), p21Wafl (Calbiochem), p19A" (Abcam),
pl16'nk4a (Santa Cruz), p27KiPl (BD Biosciences), human ubiquitin (Santa Cruz), RPL5
(Abcam), nucleostemin (Millipore), nucleophosmin, nucleolin and actin (all from Sigma).
Antibodies to PICT1, RPL11, RPL23 and RPS7 were affinity-purified from antisera as
previously described®11:12:50 \We detected primary antibodies using horseradish
peroxidase—conjugated secondary antibodies (Cell Signaling).

Transfection of sSiRNA and shRNA

We transfected siRNA oligonucleotides (10 nM) in OPTI-MEM (Invitrogen) into cells using
Lipofectamine RNAIMAX (Invitrogen) according to the manufacturer’s protocol. At 24 h
after transfection, Pictl was deleted by Dox treatment at concentrations and for the times
indicated in Figures 2d,e, 3e,f and 4b and Supplementary Figures 2a—d and 5g. We assayed
protein levels as described below. Target sequences for sSiRNAs are in Supplementary
Methods.

For shRNA studies, we produced lentiviruses containing PICT1 shRNA or scrambled
shRNA (lenti-shRNA) and used them to infect tumor cells as previously described®. We
estimated lentivirus titers by measuring HIVp24 gag antigen concentration using ELISA
(PerkinElmer Life Science). For Figure 5b and Supplementary Figure 7a, we incubated
tumor cells in six-well plates (5 x 104 per well) with lenti-shRNA (1.5 x 104 transduction
units) for 6 d. Gene transfection efficiency was 80-97%. Proliferation of infected cells was
determined by MTS assay (Promega). Target sequences for ShRNAs are in Supplementary
Methods.

Ubiquitin ligase activity
We assayed ubiquitin ligase activity as described®2:53 with minor modifications outlined in
Supplementary Methods.

Immunoprecipitation

To detect the binding of exogenous ribosomal proteins to Pictl, we transfected the
appropriate pcDNA3.1-Myc-RP cDNA plus CAG-Flag-Pictl cDNA into 293T cells
(RIKEN BioResource Center) by lipofection. At 48 h after transfection, cells were lysed and
analyzed by immunoprecipitation (Supplementary Fig. 5f). To detect the binding of
endogenous Pictl to Rpl11 (Fig. 4c), Mdm2 to Rpl11 (Fig. 4g and Supplementary Fig. 6€)
and Mdmz2 to p53 (Supplementary Fig. 4), we lysed Pictl ES cells at various times after
addition of 5 ng mI~1 doxycycline and incubated them with antibodies to Pict1, Mdm?2
(Santa Cruz), Rpl11 or p53 (Novocastra) or control 1gG (Santa Cruz). We adsorbed immune
complexes to protein G-Sepharose beads (GE). When used, we added MG132 (20 pM) 3 h
before cell collection. After washing extensively, we analyzed samples by immunoblotting
with antibodies to Rpl11, Pictl, Mdm2 or p53.

Nat Med. Author manuscript; available in PMC 2015 September 22.
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Chemical tumor induction

To induce tumors, we topically treated shaved dorsal skin of Pict1*/* (n = 17) and Pict1*/~
(n = 19) mice (6-7 weeks old) with 0.5 mg 7,12-dimethylbenz[a]anthracene (Sigma) in
acetone. Two weeks later, the same area was topically treated with 5 pg phorbol-12-
myristate-13-acetate (Sigma) in acetone twice weekly for 22 weeks as described®. Control
mice were treated with acetone only. We measured tumor numbers and sizes weekly. The
Institutional Review Board of Kyushu University approved the design of all animal studies.

Clinical samples

We acquired surgically obtained colorectal (181) and esophageal (81) cancer samples from
the Department of Surgical Oncology, Kyushu University. The Institutional Research Ethics
Committee of Kyushu University approved the study design, and all study participants gave
written informed consent. We immediately froze resected cancer tissues in liquid nitrogen.
We determined mutation of TP53 by sequencing a DNA region spanning exons 5-8, the area
where most TP53 mutations occur®3. We analyzed PICT1 and control GAPDH mRNA
levels using quantitative real-time RT-PCR and JMP 5 for Windows software (SAS
Institute). We established survival curves using Kaplan-Meier methodology and examined
differences using the log-rank test. We calculated relative risk using the Cox proportional
hazard model. P < 0.05 indicates statistical significance.

Additional methods
Detailed methodology is described in the Supplementary Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Pictl loss impairs survival of mouse embryos and ES cells. (a) Top, morphologies of

representative Pict1**, Pictl*/~ and Pictl ™/~ embryos at the E3.5 blastocyst stage and the
E2.75 morula stage (after compaction). Bottom, TUNEL staining of Pict1*/*, Pict1*/~ and
Pict1~/~ embryos at E3.5. +/+DNase, DNase-treated E3.5 Pict1*/* embryos (positive
control). DAPI, nuclear staining. Scale bar, 50 um. (b) Top, semiquantitative RT-PCR of
Pictl mRNA in Pictl ES cells treated for 24 h with doxycycline (Dox) as indicated. Actb,
loading control. Bottom, MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) assay of proliferation
of Pictl ES cells treated with Dox as indicated. Results are mean cell growth (Asgg) of three
cultures per dose per time point. (c) Left, representative FACS profiles of Pictl ES cells
treated with or without Dox (5 ng mI~1) for 1, 2 or 3 d, stained with propidium iodide (PI),
and analyzed by flow cytometry. Numbers indicate percentage of cells in Gg/G4, S or Go/M
phase. Right, mean * s.e.m. percentage of ES cells in Gg/G1 phase (n = 5). *P < 0.01. (d)
Left, representative FACS profile of Pictl ES cells treated with or without Dox (5 ng miI™1)
for 2, 3 or 4 d, stained with TUNEL and analyzed by FACS. Right, mean + s.e.m.
percentage of TUNEL™ ES cells (n = 5). *P < 0.01. Results represent four trials.
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Figure 2.
Effects of Pictl deficiency are p53 dependent. (a) Immunoblot detecting the indicated

proteins in Pictl ES cells treated with or without 5 ng mI~1 doxycycline (Dox). (b)
Immunoblot detecting p53 and Pictl proteins in Pictl ES cells treated with Dox. Actin,
loading control. (c) Left, immunoblot detecting p53 protein and DNA damage (pyH2ax) in
Pict1 ES cells treated with or without Dox (5 ng mI~1) or UV irradiation (80 J m~2). Right,
immunoblot of Pict1 ES cells treated with Dox (5 ng ml~1, 48 h), UV irradiation (80 J m=2,
6 h) or both (final 6 h for UV). (d,e) Pictl ES cells were transfected with scramble siRNA,
Trp53 siRNA A or Trp53 siRNA B for 24 h and cultured with or without 5 ng mI~1 Dox for
2d (d) or4d (e). Left, FACS profiles of percentage of cells in each cell cycle phase (d) and
TUNEL™ cells (€). Right, mean + s.e.m. (n = 5) percentage of Gg—G; phase (d) and
TUNEL™ (€) ES cells. *P < 0.01. (f) Top, gross appearance of thymi from mice of the
indicated genotypes (5 weeks old). Bottom, mean total thymocytes + s.e.m. from these
thymi (n = 5). *P < 0.01. Scale bar, 5 mm. Results represent three trials.
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Figure 3.
Pictl deficiency inhibits Mdm2 function. (a) Northern blot detecting indicated mRNAS in

Pictl ES cells treated for 48 h with Dox. (b) Immunoblot detecting p53 and Pictl in Pictl
ES cells treated for 48 h with or without 5 ng mI~1 Dox and with or without cycloheximide
(CHX; 100 pg mI~1). (c) Immunoblot detecting p53 in Pict1 ES cells treated for 36 h with or
without 5 ng mI~1 Dox, with or without MG132 (20 pM). (d) Immunoblot of H1299 cells
transfected with the indicated plasmids and treated with MG132 (20 uM). Lysates were
immunoprecipitated and immunoblotted with antibodies to HA (ubiquitin, Ub) and Myc
(ubiquitinated p53). (€) Immunoblot of Pictl ES cells transfected with scramble siRNA or
Mdm2 siRNA (siMdm?2) and treated with or without 5 ng mI~1 Dox for 48 h. MG132 (20
uM) was added for 3 h before lysis. The p53 protein level in each sample was adjusted to
equality before immunoprecipitation with antibody to p53 or to ubiquitin. (f) Pictl ES cells
were transfected with scramble siRNA or the indicated siRNAs and treated with or without
5 ng mI~1 Dox for 24 h. Top, immunoblot detecting indicated proteins. Bottom,
quantification of ratio of p53 to actin using LAS Image Analyzer with Multi Gauge
Software. (g) Immunoblot detecting indicated proteins in Pictl ES cells treated with or
without 5 ng mI~1 Dox for 48 h. Results represent three trials.
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Figure4.
Pictl regulates Mdm2 by binding to nucleolar Rpl11. (a) Immunoblot detecting indicated

proteins in cytoplasmic, nuclear and nucleolar fractions (30 pg) of Pictl ES cells treated for
1 or 2 d with or without 5 ng mI~2 Dox. Nucleostemin (Nsm), lamin and tubulin,
localization controls. (b) Immunoblot detecting the indicated proteins in Pictl ES cells
transfected with vehicle (No), scramble siRNA, Trp53 siRNA (positive control) or sSiRNAs
against the indicated ribosomal proteins and treated with or without 5 ng mI~1 Dox for 24 h.
(c) Immunoblot of untreated Dox ™1 ES cells immunoprecipitated and immunoblotted with
antibodies to Pictl and Rpl11, respectively. (d,e) Confocal microscopy of Pictl ES cells
transfected with plasmid encoding RPL11-DsRed and treated with or without 5 ng ml~1 Dox
for 24 h or 48 h. Endogenous nucleophosmin (Npm) was detected using antibody to Npm
(green). Cell fluorescence at 24 h is in d, and percentages of cells retaining RPL11 in the
nucleolus at 24 h and 48 h is graphed in (e). Scale bars, 5 um. (f) Confocal microscopy of
Pictl ES cells transfected with plasmid encoding RPL11-DsRed and treated with or without
5 ng mI~1 Dox for 48 h. Endogenous Mdm?2 was detected with antibody to Mdm2 (green).
Scale bars, 5 um. (g) Immunoblot of cytoplasmic and nuclear fractions of Pictl ES cells
treated with or without 5 ng mI~1 Dox for 2 d. Rpl11 was quantified by immunoblotting and
the Rpl11 protein level in each sample was adjusted to equality before immunoprecipitation
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with antibody to Rpl11. Lysates were immnoprecipitated with control 1gG or antibody to
Rpl11 followed by immunoblotting to detect Mdm2. Results represent three trials.
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Figure5.

Reduced cancer growth and better survival with low PICT1. (a) Pictl*/* and Pict1*/~ mice
treated with DMBA plus TPA were monitored for papillomagenesis for 22 weeks. Left,
gross tumor appearance. Scale bars, 2 mm. Middle, number of papillomas per mouse at 22
weeks (mean £ s.e.m., *P < 0.05). Right, incidence and diameter of papillomas at the
indicated number of weeks after TPA. (b) Human glioma cell lines DBTRG-05MG and
D247, colorectal cancer cell lines Lovo and RKO, and ovarian cancer cell line RMG-1 (all
WT TP53) were treated with scramble shRNA or shRNA against PICT1 (PICT1-1 and
PICT1-2). Top, MTS assay of growth inhibition. Bottom, immunoblot detecting indicated
proteins. Results represent three trials. (c) Left, Kaplan-Meier survival curves for 181
individuals with colorectal cancer and 81 individuals with esophageal cancer whose tumors
showed low PICT1 mRNA (blue) or high PICT1 mRNA (orange). Middle, Kaplan-Meier
curves for 67 individuals with colorectal cancer and 45 individuals with esophageal cancer
whose tumors showed WT TP53 and high or low PICT1 mRNA. Right, Kaplan-Meier
curves for 45 individuals with colorectal cancer and 34 individuals with esophageal cancer
whose tumors showed mutated TP53 and high or low PICT1 mRNA.
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Figure6.
PICT1 binding to nucleolar RPL11 regulates MDM2-P53 activity. Model of PICT1

function. Left, when PICT1 is present in the nucleolus, RPL11 is retained in the nucleolus
and MDM2 is free to ubquitinate P53, promoting its degradation. Right, when PICT1 is
absent, nucleolar RPL11 escapes into the nucleoplasm and binds to MDMZ2, blocking its
ubiquitination of P53. As a result, P53 accumulates in PICT1-deficient cells.
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