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Target Gene Regulation and Oncogenesis
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The Myc oncoprotein is considered a master regulator of gene transcription by virtue of its ability to modulate the expression of
alarge percentage of all genes. However, mechanisms that direct Myc’s recruitment to DNA and target gene selection to elicit
specific cellular functions have not been well elucidated. Here, we report that the Pinl prolyl isomerase enhances recruitment of
serine 62-phosphorylated Myc and its coactivators to select promoters during gene activation, followed by promoting Myc’s re-
lease associated with its degradation. This facilitates Myc’s activation of genes involved in cell growth and metabolism, resulting
in enhanced proproliferative activity, even while controlling Myc levels. In cancer cells with impaired Myc degradation, Pin1 still

enhances Myc DNA binding, although it no longer facilitates Myc degradation. Thus, we find that Pin1 and Myc are cooverex-
pressed in cancer, and this drives a gene expression pattern that we show is enriched in poor-outcome breast cancer subtypes.
This study provides new insight into mechanisms regulating Myc DNA binding and oncogenic activity, it reveals a novel role for
Pinl in the regulation of transcription factors, and it elucidates a mechanism that can contribute to oncogenic cooperation be-

tween Pinl and Myc.

he c-Myc (Myc) transcription factor is a potent regulator of

most cellular processes, including cell cycle, cell growth, me-
tabolism, apoptosis, and differentiation, through its orchestrated
regulation of a vast number of target genes (1, 2). Myc het-
erodimerizes with its partner protein, Max, to bind to E box ele-
ments in promoters, where it can recruit coactivators, including
histone acetyltransferases (HATs), and mediate transcriptional
activation. At certain gene promoters, Myc/Max heterodimers can
interact with and inhibit the Mizl transcription factor at INR
(initiator) elements, resulting in transcriptional repression (3).
Myc represses other target genes through less defined mecha-
nisms. In addition, Max heterodimerizes with Mad and Mnt fam-
ily members, leading to the recruitment of histone deacetylases
(HDAC:s) and transcriptional repression at E boxes. Together, the
Myc/Max/Mad-Mnt network regulates a large percentage of the
genome (4). Myc is highly expressed in most human tumors, tip-
ping the balance toward Myc/Max over Mad-Mnt/Max het-
erodimers. However, whether Myc DNA binding and target gene
regulation are largely controlled by Myc levels or whether other
directed mechanisms exist for its recruitment to DNA requires
further investigation.

The expression level of Myc is normally tightly controlled at
multiple levels, including protein stability (5-8). Following cell
growth stimulation, Myc levels peak, and this is partially due to
sequential and interdependent phosphorylation at two conserved
sites, threonine 58 (T58) and serine 62 (S62), that affect Myc sta-
bility in response to cell growth regulation (9-12). Myc stability
increases upon phosphorylation at S62 (pS62) by extracellular sig-
nal-regulated kinase (ERK) and/or cyclin-dependent kinases
(CDKs) following receptor tyrosine kinase activation (13, 14).
Subsequent T58 phosphorylation (pT58) by glycogen synthase
kinase 33 (GSK3pB) then downregulates Myc (15, 16). This in-
volves the peptidyl prolyl isomerase Pinl, which can isomerize
proline 63 to facilitate removal of the stabilizing phosphate at S62
by the trans-specific phosphatase PP2A-B56a (17, 18). pT58-Myc
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is targeted by the E3 ubiquitin ligase SCF™"” and degraded by the
proteasome (19-21). This process is coordinated by the scaffold
protein Axinl, which can be detected at target gene promoters,
suggesting degradation can occur at the promoter (9). Impor-
tantly, Myc phosphorylation at T58 and S62 can be deregulated in
cancer cells, leading to enhanced pS62 and a constitutive increase
in Myc stability (9, 22, 23).

While Pinl can contribute to Myc turnover in normal cells,
both Pinl and Myc are often overexpressed in human cancer, and
oncogenic activities have been reported for both proteins (24). As
the only known phosphorylation-directed peptidyl prolyl isomer-
ase, Pinl plays a key role in the regulation of protein function
by alterations in substrate conformation after phosphorylation.
The result of Pinl-mediated isomerization varies depending on
the substrate (25). For example, Pinl has been reported to in-
crease the stability of some targets, while it promotes the degrada-
tion of others. It has also been shown to affect the subcellular
localization and activity of some transcription factors (26-28).
Here, we report a novel role for Pinl in facilitating Myc recruit-
ment to target gene promoters, as well as Myc’s subsequent release
and degradation at the promoters. This dynamic DNA binding
enhances Myc’s association with transcriptional coactivators and
trans activation of proproliferative Myc target genes to potentiate
Myc’s oncogenic activity. In cancer cells, where Myc turnover is
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impaired, Pinl is cooverexpressed, and genes activated by Myc
and Pinl expression are enriched in poor-outcome breast cancer
subtypes, as well as higher-stage and -grade breast tumors. To-
gether, these studies reveal an elegant mechanism regulating
Myc’s transcriptional activity, provide critical new insight into the
oncogenic role of Pinl, and suggest that Pinl might be a viable
cancer therapeutic target in tumors overexpressing Myc.

MATERIALS AND METHODS

Plasmids and shRNA/siRNA. pDEST40-Myc*'" and pDEST40-Myc5°%4,
cytomegalovirus (CMV) Myc, and the scrambled short hairpin RNA
(shRNA) plasmids were generated as previously described (17, 18, 29).
The 4x-Ebox-Luc construct and pGL2 were provided by Peter Hurlin
(Shriners Hospital, Portland, OR). Plasmids encoding Xenopus wild-type
Pin 1 (Pin1""), WW mutant Pin1 (Pin1""¥), and C109A mutant Pinl
(Pin1€'9° or Pin1“M) were provided by Anthony Means (Duke Univer-
sity Medical Center, Durham, NC). Xenopus Pinl (WT, WW mutant, and
C109A mutant) cDNAs were moved from these plasmids into pDEST40
using Gateway technology (Invitrogen, Carlsbad, CA) as described previ-
ously (18). pLenti4/TO/V5-Dest-Myc was also generated using the Gate-
way technology. The small interfering RNA (siRNA) for Myc was a gift
from Joe Gray (Oregon Health and Science University, Portland, OR
[OHSU]).

Generation of Pinl shRNAs. For the generation of Pinl shRNA-1,
oligonucleotides encoding the sense (5'-AATTCCGGGAGAGGAGGAC
TTTGATTCAAGAGATCAAAGTCCTCCTCTCCCGC-3') and anti-
sense (5'-TCGAGCGGGAGAGGAGGACTTTGATCTCTTGAATCAAA
GTCCTCCTCTCCCGG-3") sequences were annealed and ligated into the
pENTR-H1/TO (Invitrogen) expression vector as described by the man-
ufacturer. Pinl shRNA-2 in pSUPER was generated with the pSUPER
RNA interference (RNAI) system (Oligoengine, Seattle, WA) using the
following oligonucleotides: 5'-GATCCCCGCCATTTGAAGACGCCTC
GTTCAAGAGACGAGGCGTCTTCAAATGGCTTTTTGGAAA-3’
(sense) and 5'-AGCTTTTCCAAAAAGCCATTTGAAGACGCCTCGTC
TCTTGAACGAGGCGTCTTCAAATGGCGG-3' (antisense).

Cell culture, transfection, and adenoviral infection. MDA-MB-453,
MDA-MB-436, human embryonic kidney HEK293, and 293M cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% standard fetal bovine serum (FBS), 2.5 mM L-glu-
tamine, and 1X penicillin-streptomycin. MCF10A, MCF7, MDA-MB-
436, MDA-MB-453, and HEK293 cells were purchased from the
American Type Culture Collection (ATCC). 293™ cells are a 293 deriva-
tive established in the laboratory for their high expression of pS62-Myc.
The LY2 cell line was a gift from Lawrence Berkeley National Laboratory.
MCF10A cells were grown in 45% DMEM, 45% Ham’s F-12, 5% defined
FBS, 2.5 mM L-glutamine, 20 ng/ml epidermal growth factor (EGF), 10
pg/ml insulin, 500 ng/ml hydrocortisone, 100 ng/ml cholera toxin, and
1X penicillin-streptomycin. MCF7 cells were grown in 45% DMEM, 45%
Ham’s F-12, 10% FBS, 2.5 mM L-glutamine, and 1X penicillin-strepto-
mycin. LY2 cells were grown in modified Iscove’s modified Eagle’s me-
dium (IMEM) with 5% FBS, 2.5 mM L-glutamine, and 1X penicillin-
streptomycin.

Generation of stable MCF10A-Myc cells. Stable MCF10A-TR-
Myc"T (MCF10A-Myc) cells were generated by infecting a 100-mm dish
of MCF10A cells with lentivirus encoding the Tet repressor, pLenti6/TR
(Invitrogen), at a multiplicity of infection (MOI) of ~10 in 5 ml MCF10A
medium supplemented with 5% defined FBS and 6 p.g/ml Polybrene (spe-
cialty medium) for 12 h. The medium was changed to medium supple-
mented with 5% defined FBS for 24 h. The cells were then split at a 1:10
dilution and maintained in medium supplemented with 5% defined FBS
and 5 pg/ml blasticidin (Invitrogen) for 10 days until distinct colonies
formed. The resulting colonies were then infected with lentivirus express-
ing V5-Myc (pLenti4/TO/V5-Dest-Myc) at an MOI of ~10, as described
above for the Tet repressor infection. Cells were selected in medium with
5% defined FBS, 5 g/ml blasticidin, and 200 pg/ml zeocin (Invitrogen)
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for 10 days until distinct colonies formed. Six colonies were picked, ex-
panded, and screened for the ability to express V5-Myc only when treated
with 1 pg/ml doxycycline (Dox). The best clone was then used for further
experiments and continuously maintained in medium with 5% defined
FBS, 5 pg/ml blasticidin, and 200 pg/ml zeocin. Stable MCF10A-TR-
Myc™# and stable MCF10A-TR-Myc**** cells were similarly con-
structed, except pLenti4/TO/V5-Dest-Myc*** or pLenti4/TO/V5-Dest-
MycS924 was used.

Transfection and adenoviral infection. For transfection of HEK293
cells, cells were plated to achieve 70 to 80% confluence 24 h postsplit.
Transfections were performed using HEK-Fectin (Bio-Rad, Hercules,
CA) according to the manufacturer’s specifications. For luciferase assays,
transfection mixtures included 200 ng of CMV 3-galactosidase (3-Gal) to
determine transfection efficiency. For Pinl inhibition studies, cells were
treated with 0.5 uM PiB (diethyl-1,3,6,8-tetrahydro-1,3,6,8-tetraoxoben-
zo[lmn]) dissolved in dimethyl sulfoxide (DMSO) or DMSO carrier alone
for 18 h (pretreatment for colony-forming assays) or 48 h (quantitative
chromatin immunoprecipitation [qChIP] and quantitative reverse tran-
scription-PCR [qRT-PCR] experiments). The Pinl adenovirus (AdPin1)
was generated as previously described (18). For adenoviral infection of
MCF10A and MCF10A-Myc cells, approximately 5 X 10° cells were
trypsinized and resuspended in 500 pl serum-free DMEM. Green flu-
orescent protein adenovirus (AdGFP) or AdPinl (MOI = 10) was
added and mixed. The tubes were incubated at 37°C, 5% CO, for 1 h
with mixing every 10 min. Infected cells were then plated in 10-cm
culture dishes containing 9.5 ml medium with serum and incubated
for an additional 18 h.

Western blotting and antibodies. Cell lysates were run on SDS-PAGE
gels and transferred to Immobilon-FL membranes (Millipore). The mem-
branes were blocked with Odyssey blocking buffer (LI-COR Biosciences,
Lincoln, NE). Primary antibodies were diluted in 1:1 Odyssey blocking
buffer-PBS with 0.05% Tween 20. Primary antibodies were detected with
secondary antibodies labeled with the near-infrared fluorescent dyes
IRDye800 (Rockland, Philadelphia, PA) and Alexa Fluor 680 (Molecular
Probes, Eugene, OR). Secondary antibodies were diluted 1:10,000 in 1:1
Odpyssey blocking buffer-PBS with 0.05% Tween 20. Blots were scanned
with an Odyssey infrared imager (LI-COR Biosciences) to visualize pro-
teins.

Mouse monoclonal V5 antibody was from Invitrogen. Myc antibody
Y69 for Western blotting and qChIP was from Abcam (Cambridge, MA).
Myc antibody N262 for qChIP was from Santa Cruz (Santa Cruz, CA).
Pinl mouse monoclonal antibody for Western blots was purchased from
Genway Biotech, Inc. (San Diego, CA). Antibodies for qChIP were Pinl
from Santa Cruz, GSK3 from Cell Signaling Technology (Danvers, MA),
Axinl (C76H11) from Cell Signaling Technology, PP2Ac from Millipore
(Temecula, CA), Fbw7 from Abcam, 19S (S6a) from Enzo Life Sciences,
anti-acetyl-histone H4 from Upstate (Lake Placid, NY), p300 from Santa
Cruz, hSNF5 from Abcam, GCN5 from Santa Cruz, Cdk9 from Santa
Cruz, and total and pS2-RNA polymerase II from Covance (Princeton,
NJ). B-Actin antibody was from Sigma-Aldrich, Inc. (St. Louis, MO).
pS62-Myc antibody (33A12E10) used in Western blots and qChIP was
from Abcam. For immunofluorescence, the following antibodies were
used: pS62-Myc (generated in our laboratory) (30), rabbit polyclonal to
Pinl (Santa Cruz), Ki-67 (Novacastra, Newcastle upon Tyne, United
Kingdom), and Alexa Fluor 594—donkey anti-rabbit IgG (Molecular
Probes).

Luciferase assays. Cell pellets were resuspended in 10X volumes of
1X cell lysis buffer (Promega, Madison, WI) with protease and phospha-
tase inhibitors. Cellular lysates were sonicated for 10 pulses at an output of
1 and a 10% duty cycle and incubated on ice for 20 min. The lysates were
cleared by centrifugation at 14,000 rpm for 10 min at 4°C. Luciferase
activity was measured using the Promega luciferase assay kit and a
Berthold (Bundoora, Australia) luminometer. Luciferase activity was ad-
justed for B-Gal. Fold changes (FC) in luciferase activities were measured
relative to empty vector or control transfections.
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qRT-PCR. RNA was isolated from cells using TRIzol reagent (Invit-
rogen) according to the manufacturer’s protocol. cDNA was generated
using the High Capacity cDNA reverse transcription kit (ABI, Foster City,
CA). qRT-PCR analysis was performed using the indicated primers (see
Table S1 in the supplemental material) and SYBR green reagent (Invitro-
gen) on a Step-One real-time PCR machine (Applied Biosystems, Invit-
rogen) using the manufacturer’s cycling conditions.

qChIP. Cells were cross-linked with formaldehyde to a final concen-
tration of 1% in medium and incubated at room temperature for 10 min.
Cells were collected in 1X phosphate-buffered saline (PBS)-1 mM EDTA
and pelleted by gentle centrifugation. The cells were resuspended in 700 1
ChIP lysis buffer (0.1% SDS, 0.5% Triton X-100, 20 mM Tris-HCI [pH
8.1],and 150 mM NaCl). The cell lysates were sonicated 6 times (output =
3.5; 30% duty cycle; 10 pulses) and then cleared by centrifugation at
14,000 rpm for 15 min at 4°C. Cell lysates were precleared with 50 pl of a
50% slurry of protein A beads for 1 h with rotation at 4°C. The lysates were
again cleared by centrifugation at 14,000 rpm for 5 min at 4°C. Immuno-
precipitations (IPs) were performed with 2 g of each antibody overnight
at 4°C. Two micrograms of normal rabbit IgG or normal mouse IgG
(Santa Cruz Biotechnology) was used as a negative control. The immuno-
precipitates were washed six times with ChIP lysis buffer and twice with
1X Tris-EDTA (TE). Samples were rotated for 15 min at 4°C for each
wash step. The immunoprecipitates were eluted from the beads with elu-
tion buffer (0.1 M NaHCOj; and 1% SDS) by rotation for 15 min at room
temperature. The elution products were transferred to new tubes, 5 M
NaCl was added to a final concentration of 0.2 M, and samples were
incubated at 65°C overnight. DNA was purified with the QIAquick PCR
purification kit (Qiagen, Hilden, Germany) and used for quantitative
PCR (qPCR) analysis (as described above) with specified primers (see
Table S2 in the supplemental material). For quantitative ChIP experi-
ments, primers to the promoter regions of Myc target genes, as well as
internal glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers,
were used to amplify DNA. The internal GAPDH primers were used as a
negative control. gPCR was used to measure signals in 1% of the input
material, as well as each IP. The percentage of input was then calculated
for each IP (control IgG and specific) as the IP signal above the input
signal using the following formula: 100 X 2(Put €t = 1P €0 where C, is the
threshold cycle. The relative level of bound DNA was then graphed as the
percent input of the specific IP relative to the percent input of the mock
IgG control using GraphPad Prism. For sequential ChIP, the first immu-
noprecipitation was carried out as described above. Protein-DNA com-
plexes were eluted from the beads by incubation in 75 pl TE and 10 mM
dithiothreitol (DTT) for 30 min at 37°C. The supernatant was then diluted
20 times in ChIP lysis buffer and utilized for the second round of IP. After
washing, protein-DNA complexes were eluted again in TE and DTT as
described above. Reactions were then de-cross-linked overnight as de-
scribed above. For quantification of immunoprecipitated material, QPCR
was used to measure signals in 1% of the input material, as well as each
immunoprecipitation. The percentage of input was then calculated for
each IP (control IgG and specific) as the IP signal above the input signal
using the following formula: 100 X 20Put € = 1P €0 Ope percent of the
input was boiled for 30 min in SDS sample buffer prior to electrophoresis
to detect the indicated proteins by Western blotting.

Colony-forming assays. MCF10A-Myc cells were infected with Ad-
Pinl or AAGFP (MOI = 10) and induced with 1 pg/ml doxycycline for 18
h prior to plating. For drug treatments, cells were pretreated with DMSO
or 1 uM PiB and induced with 1 pg/ml doxycycline for 18 h. As a control,
each experiment included cells without doxycycline induction. 293™ cells
were also pretreated with DMSO or 1 uM PiB for 18 h. All soft-agar assays
were carried out in triplicate in 6-well plates, with 24,000 cells per well.
The base agar layer contained 0.8% Noble agar in 1.5X growth medium.
Cells were harvested, and 24,000 cells were mixed with 0.6% Noble agar in
1.5X growth medium and plated on top of the base agar layer. The plates
were fed twice a week with 2X medium containing 2 pug/ml doxycycline
and/or 1.0 uM PiB. After 4 weeks, the plates were stained with 0.5 ml
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0.005% crystal violet for 2 h, and the total number of colonies was deter-
mined.

RNA-seq. For high-throughput RNA sequencing (RNA-seq), total
RNA was isolated using TRIzol (Invitrogen) and purified using an
RNAeasy minikit (Qiagen) according to the manufacturer’s instructions.
Poly(A) RNA was purified using oligotex-dT30 latex beads (Qiagen).
First-strand cDNA synthesis was performed using Superscript IIT (Invit-
rogen) and Oligo(dT)20 (Invitrogen) according to the manufacturer’s
instructions. Second-strand synthesis was carried out according to stan-
dard methods, followed by double-stranded cDNA fragmentation with a
65-W pulse on a Misonix sonicator (fragment size, 100 to 700 bp) and
polishing with the DNA terminator repair kit (Lucigen). A single A base
was added with Klenow fragment (3'—5" exo™ ) prior to ligation of
genomic DNA adaptors (Illumina Solex Genomic 1G) at 22°C. Amplifi-
cation of the library using 10 cycles of limited PCR with Phusion HF DNA
polymerase (NEB) and genomic PCA primer (Illumina; Solexa Genomic
primers 1.1 and 2.2) was conducted. Double-stranded cDNA libraries
were sequenced on a Solexa G1 genome analyzer, and image analysis and
base calling were conducted with the standard Illumina Analysis Pipeline
1.0 (Firecrest-Bustard). The x? statistic was applied to the counts of
uniquely mapped reads within exons of RefSeq genes. Fold change calcu-
lations were based on the same tag counts after mean scaling of samples
based on total tag counts in exons. A false discovery rate (FDR)-adjusted
P value (gq) of <0.01 and a fold change of 2.0 were used as thresholds for
selection of significant genes. Significant genes that are “Myc target genes”
were identified by cross-referencing a Myc target gene set composed of all
genes listed on the Myc target gene database (http://www.myc-cancer
-gene.org/site/mycTargetDB.asp), in addition to two ChIP-seq data sets
(31, 32).

Kolmogorov-Smirnov statistical test. Significantly regulated Ref-Seq
genes were selected based on a g value of <0.01. This was cross-referenced
with a Myc target gene data set that included all of the genes listed in the
Myc target gene database (http://www.myc-cancer-gene.org) plus two
other ChIP-based data sets (31, 32). Fold changes were calculated based
on mean scaled tag counts within exons. The Kolmogorov-Smirnov (KS)
statistical test was applied to evaluate enrichment of the significant gene
list in two breast cancer data sets (see below): Gene Expression Omnibus
(GEO) GSE2109 and The Cancer Genome Atlas (TCGA) Breast Invasive
Carcinoma. A bootstrap version of the univariate Kolmogorov-Smirnov
test (ks.boot from the R package:Matching) was used to measure the en-
richment of the Myc/Pin1 versus Myc up genes in the genes at the top of
the tumor gene list when the list is sorted by P value from most significant
up to most significant down, with the up genes in the poorer-outcome
group at the beginning of the list. This test provides correct coverage even
when the distributions being compared are not entirely continuous. Ties
are allowed with this test, unlike the traditional Kolmogorov-Smirnov test
(33, 34; http://sekhon.berkeley.edu/). Enrichment at the other end of the
list was also tested and reported as a “reverse” P value. A KS graph was
generated to visualize the “D” score used in the KS test.

Public human breast cancer data sets. This work was approved by the
OHSU Institutional Review Board. Two public data sets, ID GSE2109
from GEO (http://www.ncbi.nlm.nih.gov/geo/) and a set of breast cancers
from TCGA (http://cancergenome.nih.gov/), were used. The GEO set
contains 352 breast samples with clinical annotation run on the Af-
fymetrix Human Genome U133 Plus 2.0 Array. We processed the original
Celestia raw data (CEL) files for these with the robust multiarray average
(RMA) algorithm and identified the following groups based on the clini-
cal annotation: 106 luminal A-like (Her2™ with estrogen receptor positive
[ER"] and/or progesterone receptor positive [PR*]), 47 triple negative
(TN), 58 Her2™, 270 ductal, 39 lobular, 7 stage 4, 38 stage 1, 149 grade 3,
and 32 grade 1. We obtained 430 breast samples from the TCGA run on
the Agilent platform. They were molecularly subtyped based on PAMS50
genes (35), resulting in 187 luminal A, 47 Her2™", 109 luminal B, and 79
basal. A total of 14,862 unique gene symbols common to these two data
sets and our RNA-seq data set were identified. Direct comparison of ex-

Molecular and Cellular Biology


http://www.myc-cancer-gene.org/site/mycTargetDB.asp
http://www.myc-cancer-gene.org/site/mycTargetDB.asp
http://www.myc-cancer-gene.org
http://sekhon.berkeley.edu/
http://www.ncbi.nlm.nih.gov/geo/
http://cancergenome.nih.gov/
http://mcb.asm.org

pression values between the three different platforms was not practical, so
a rank-based test (KS test) was applied to compare the enrichment of the
significantly upregulated genes from our RNA-seq data set in the ranked
list of genes from the other two data sets, where the poorer-outcome
groups were compared to the better-outcome groups. For each compari-
son, all 14,862 unique genes were ranked based on g value, with the most
significantly upregulated genes in the poor-outcome group at the start of
the list and the most significantly downregulated genes at the end of the
list.

Coimmunoprecipitation. Cells were resuspended in 10X cell pellet
volumes of co-IP buffer (20 mM Tris, pH 7.5, 12.5% glycerol, 0.5% NP-
40, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, and 1 mM DTT) plus
protease and phosphatase inhibitors. Cellular lysates were sonicated for 10
pulses (output = 1; 10 to 15% duty cycle), incubated on ice for 20 min,
and cleared by centrifugation at 14,000 rpm for 10 min at 4°C. The cleared
lysates were adjusted for transfection efficiency as measured by B-Gal
activity and incubated with a 1:750 dilution of V5 antibody conjugated to
protein A-Sepharose beads (Repligen, Waltham, MA). The immunopre-
cipitates were washed 3 times with 10X volumes of co-IP buffer and
analyzed by Western blotting.

Xenografts. For 293 xenografts, 1 X 10° cells in 25% Matrigel-75%
growth medium were injected into the 4th mammary glands of 6- to
8-week-old nonobese diabetic (NOD)/SCID vy-chain-null mice. PiB treat-
ments (0.6 mg/kg of body weight) were initiated on half the mice the day
after xenografting into the xenograft site and continued until sacrifice
(when tumors in the control group reached 2.0 cm or became ulcerated).
Treatments were given daily for the first 2 weeks, followed by 3 times per
week thereafter. Six mice/12 tumors were monitored for each group. All
animal procedures were in accordance with the research guidelines for the
use of laboratory animals adopted by the OHSU IACUC.

Immunofluorescence and TUNEL assays. Serial paraffin sections
from patients with matched normal and tumor formalin-fixed human
breast cancer tissues (obtained from the archives of the OHSU Depart-
ment of Pathology, IRB 2086) were incubated with the pS62-Myc (1:25)-
or Pinl (1:50)-specific antibodies overnight at 4°C. Sections were then
incubated with Alexa Fluor 594—donkey anti-rabbit IgG (1:1,000) and
mounted using antifade containing DAPI (4',6-diamidino-2-phenylin-
dole). Images were taken with a Hamamatsu digital camera mounted on a
fluorescence microscope at the same magnification and exposure for each
antibody. The immunofluorescence (IF) density was analyzed in photo-
graphs taken with a 40X lens using the Measure Density tool in the Open-
Lab 5.5 software according to the manufacturer’s protocol. Staining in-
tensity was measured in 10 random individual cells in each of 5 to 10
random fields of view, averaged for each sample, and graphed (*standard
error). Formalin-fixed/paraffin-embedded SKBR3 xenograft tumor tis-
sues were stained for Ki-67 (1:3,000) as described above. For quantifica-
tion of Ki-67 staining, the average intensity of Ki-67 staining was normal-
ized to the average DAPI signal from 10 random individual cells in each of
5 to 10 random fields of view. A terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling (TUNEL) assay was performed
using the ApopTag Plus peroxidase in situ apoptosis detection kit (Chemi-
con, Billerica, MA) according to the manufacturer’s instructions.
TUNEL-positive cells in 6 random fields of view for each tumor sample
were counted and expressed relative to the total number of cells in that
field. Three untreated and three treated tumor samples were averaged and
graphed using GraphPad Prism.

Generation of Blg-Cre; NeuNT; Myc mice. RFS-Myc"" mice were
crossed with NeuNT and Blg-Cre mice (gifts from Owen Sansom, Beatson
Institute for Cancer Research, Glasgow, United Kingdom) to produce
mice that expressed both Myc and activated Neu in response to Cre-
mediated recombination in the mammary gland. Once tumors became
palpable, the mice were randomized into control or PiB-treated groups,
and tumor growth was followed by daily caliper measurements. The PiB
treatment was 0.6 mg/kg 3 times per week intraperitoneally (i.p.).
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Data and statistics. Three or more independent replicate experiments
were performed in all cases. Average fold changes and standard errors
were graphed using GraphPad Prism. P values were calculated using a
standard Student’s ¢ test analysis (two-tailed distribution and two-sample
unequal variance) to determine statistical significance as indicated in the
graphs. Correlation coefficients were calculated using Microsoft Excel. P
values for relevant comparisons are given. If no P value is shown, the
comparison is not relevant or not significant.

RESULTS

Pin1 positively regulates Myc transcriptional activity and pro-
moter binding. Given reports of Pin1’s oncogenic activity and the
coupling of transcriptional activation with transcription factor
turnover (36-38), we tested whether Pinl could stimulate Myc-
driven transcription. Using an E-box-driven luciferase (4xEbox-Luc)
or control reporter plasmid (pGL2) transfected into HEK293 cells,
we found that when Myc and Pinl were coexpressed, luciferase
activity significantly increased over that with Myc alone (Fig. 1A).
This was not the result of increased Myc protein levels, as Myc
levels were lower with coexpression of Pinl (Fig. 1A, blots), con-
sistent with Pin1 facilitating Myc turnover (18). In contrast, Pinl
knockdown with two different Pinl shRNAs suppressed E-box-
driven luciferase activity (Fig. 1B), despite an increase in endoge-
nous Myc levels (Fig. 1B, blots). We previously observed an
increase in the solubility of Myc upon nuclear extraction in Pinl-
null (Pin1~/~) mouse embryonic fibroblasts (MEFs) (see Fig. S1A
in the supplemental material), suggesting that Pinl may regulate
Myc chromatin association, which could help explain its effects
on Myc transcriptional activity. We therefore used qChIP to ex-
amine Myc’s association with an endogenous target gene in Pinl
wild-type (Pin1*/") and Pin1~/~ primary MEFs. We observed
increased Myc target gene promoter binding in Pin1 ™" MEFs or
Pin1 ™/~ MEFs upon Pinl reintroduction relative to Pinl ™'~
MEFs, despite a general reduction in Myc expression in the Pinl-
expressing MEFs (Fig. 1C). We also observed that the induction of
Myc target gene promoter binding in response to serum stimula-
tion was reduced in the Pin1~/~ versus Pin1"/* MEFs (see Fig.
S1B in the supplemental material). Thus, Pinl increases Myc-
driven transcription and enhances Myc DNA binding even with
reduced Myc protein levels.

To further investigate the effects of Pinl on Myc DNA binding
at target gene promoters, we examined four trans-activated Myc
targets involving three different polymerases (Pol) (Pol II
[nucleolin and E2F2], Pol IIT [5S rRNA], and Pol I [rDNA]) and
two trans-repressed Pol II transcribed targets (p15 and p21) in
HEK293 cells after Pin1 overexpression or knockdown. Despite a
decrease in Myc protein levels after Pinl overexpression (Fig. 1D,
blots, Pin1 versus vector), more Myc was bound to the four trans-
activated promoters (Fig. 1D). Conversely, knockdown of Pinl
decreased Myc binding to the same promoters (Fig. 1D), although
Myc levels were increased (Fig. 1D, blots, Pinl shRNA versus
scrambled [scr] shRNA). Manipulation of Pinl levels had no ef-
fect on Myc binding to p15 and p21 promoters (Fig. 1D). More-
over, expression of these endogenous target genes correlated with
Pinl-mediated changes in Myc DNA binding, where Pin1 overex-
pression increased expression of all four trans-activated targets
and had no effect on the expression of p21 and p15 (Fig. 1E). The
opposite results were seen after knockdown of Pinl, where Pinl
depletion decreased expression of the trans-activated targets with-
out affecting p21 or p15 (Fig. 1E). To test the Myc dependency of
the Pinl effects on endogenous Myc target gene expression, we

mcb.asm.org 2933


http://mcb.asm.org

55 p=0.006
5.0 oore P00
p=0. —
> 457 B peL2 z
2 401 I 4xEbox-Luc FN1.00
5 4 =
@ Q
o 357 ge
2 o ?:i 0.75
£ 391 $3
s X
5 25 22050
0 201 o
> 53
§ 151 3 0%
3 2
= 1.01
0.51 scr1 shPin1-1 scr2 shPin1-2

B
L Pin1 — ’ »
Control Myc = Pin1  Myc |

+ Pin we T -

Ve — — B-actin |w—— e ——
p-actin WNEN TR T YT | 1 2 3 4
1 2 3 4 Myc levels: 0.12 033 046 080
Myc levels: --- 67.30 - 13.70
ShRNA
C. ¢ qChIP D. vector  Pin1 scr Pint
My *q Myc qChIP: 293 pin1 I “._.
* 5m :
o - Myc i
o
£20 o 4 fracin (i W —
[ 2 12 3 4
IS © Myc levels:0.74 0.40 0.40 1.00
515 o
E =D 31 p=008 [ Jvector [ scr shRNA
o 6% I
k) 10 E3 [ rint M Pin1 shRNA
o S o
5 c
© p=3
o L
o 1
Pin1’- Pin1/- Pin1** T
+AdGFP +AdPin1 +AdGFP
Pin1 I : Nuck ' E2F2 ' 55 ' (DNA ' p21 ' pi5 ' neg
Myc eolin rRNA ctrl
B-actin [ S — trans-activated trans-repressed
1 2 3 F. 9RT-PCR: 293
Myc levels: 0.54 0.35 0.30 p=0.08
1
E. 6" p=0.26
' qRT-PCR: 293 *
* p=0.002
c [ |
c
_% T 0=0.05 [_]vector [BEM scr shRNA s [ Nucleolin
@ .
o "7 [ rint [ Pin1 shRNA 0 ) W 2R
S 47 g
o )
< <
Z =0.01 z
x P — 14 1
1S 3
*
-
Ea 2
K| p=002 || , . g
[ o
= ' " r ctrl shMyc Pin1  Pin1
+ shMyc
Pin1 [ -
Nucl- ' E2F2 55 pre p21 15 Myc RIS e
eolin rRNA rDNA B-aCtN —— —— —
trans-activated trans-repressed Myc levels:0.27 ~ 0.08 015 017

FIG 1 Pinl positively regulates Myc transcriptional activity and target gene binding. (A) HEK293 cells were transfected with the indicated expression plasmids, CMV
3-Gal, and control luciferase reporter (pGL2) or 4xEbox-Luc. The transfected cells were grown in low serum for 48 h. Luciferase activity was normalized to 3-Gal, and
the B-Gal-normalized cell lysates were Western blotted. Myc/B-actin levels are shown. (B) Same as panel A but with the indicated shRNA plasmids. 4xEbox-Luc/pGL2
was graphed relative to the control shRNA. (C) Primary Pin1 ~/~ and Pin1*/* MEFs were infected with the indicated adenoviruses, and qChIP for endogenous Myc at
the nucleolin promoter was performed as described in Materials and Methods. One percent of the input was used for Western blotting. Myc/(-actin levels are indicated.
The fold enrichment of bound DNA was graphed as the percentage of input of the specific Myc IP relative to the percentage of input of the IgG control IP. (D) 293 cells
were transfected with the indicated expression plasmids or shRNAs, and Myc binding to the indicated promoters was measured by qChIP as in panel C. ChIP inputs were
Western blotted as in panel C. (E) RNA from 293 cells treated as in panel D was subjected to qRT-PCR, and expression of the indicated Myc target genes normalized to
GAPDH is shown relative to the vector-only or scrambled shRNA (scr shRNA) transfection. (F) 293 cells were transfected with the indicated shRNAs and/or expression
plasmids. gqRT-PCR of nucleolin and E2F2 normalized to GAPDH and Western blotting for Pin1, Myc, and 3-actin are shown. Pvalues are shown for relevant significant
comparisons. An asterisk indicates a P value of less than 0.001. The error bars indicate standard errors.

2934 mcb.asm.org Molecular and Cellular Biology


http://mcb.asm.org

Regulation of Myc activity by Pin1

A E.
p=0.004

qRT-PCR: E2F2

=02
6 s == ] AdGFP
»n o
£ 5 36 I Myc + AdGFP
Ep g B Vyc + AdPin1
Q )
884 4' =03
=] = p=.04 =2
EX € 24 . p=.005
o2 o ﬂ
B oiml | Nl | Wil |
2 MycWT MycT58A ' MycSe2A
Control Pin1WWPin1CMPin1WT Myc Myc+ Myc+ Myc+
Pin1WW pin1CM pijn1WT
e
WY T YT W W T weww wme -aCtin
My . . 26 22 19 77
levels:
B.
3m Myc qChIP
- p=.001 _
004 L L] vector
[ Pintww
21 Bl PintcM

Bl rintT

fold enrichment relative to control

-Nucleolin E2F2 58 rRNA rDNA p15 neg ctrl
trans-activated trans-repressed
C. D.
p=0.039 pGL2 V5-Myc qChIP:E2F2
g %91 T gm EEEaxEbox-L
Z 3.0 XERoxHe 5 Em AdGFP
(0] »* %
o 2.57 p=0.76 = — Il AdPin1
@ — aE>
5 207 £ 20
B 151 L2
515 c
- o ; [0}
2 101 ‘ 7‘ 5 10
T 0.51 ‘ ‘ L
9 : : : : 1 l [-] ._
Control MycT58A MycT58A MycS62A " MycS624 MycWT 'MycTS8A' MycS62A
+ Pin1 + Pin1

Pin1 — qm e - >
VS-ye TGTeswww W
p-actin [ NENE| WS G W—— o —

1 2 3 4 5 e Bt B B R

1. 2 3 4 5 6

FIG 2 Pinl regulation of Myc activity requires functional phospho-binding and isomerase domains in Pin1 and serine 62 phosphorylation of Myc. (A) Luciferase
assays were performed after expression of the indicated plasmids in 293 cells, as in Fig. 1A. (B) 293 cells were transfected with empty vector or the indicated Pinl
expression plasmids (V5-Pin1"V", V5-Pin1“™, or V5-Pin1""). qChIP for endogenous Myc at the indicated promoters was performed. (C) Luciferase assay and
Western blotting were carried out as described for Fig. 1A. The black line in the Western blot indicates that the samples were run on the same gel, but extra lanes
were removed. (D) MCF10A-Myc"", -Myc"™*4, or -Myc®** cells were infected with AdGFP or AdPin1, and Myc expression was induced with doxycycline for
18 h. qChIP for ectopic Myc"™, Myc"*#4, or Myc*®** was performed at the E2F2 gene. (E) MCF10A-Myc™", -Myc™®4, or -Myc5¢** cells were infected with
AdGFP or AdPinl, and Myc expression was induced with doxycycline for 18 h. E2F2 expression levels were measured by qRT-PCR. Statistical significance is
indicated as in Fig. 1. The error bars indicate standard errors.

August 2013 Volume 33 Number 15 mcb.asm.org 2935


http://mcb.asm.org

Farrell et al.

& 4- . V5Pin1 qChlP
g £
2
= = £ [ vector
5 o o [ -
2 & & =z 8 B v5-PintW
PRt B B . i
, o O V5-Pint
v5-mmﬂr-- Py
= p=.42
B-actin [N £ 2 —
¥
1 2 3 °
c 19
o
kel
e
Nucleolin® E2F2 '5S rRNA rDNA p15 neg ctrl
trans-activated trans.repressed
B. V5-Pin1 qChIP C.
- < *
é‘ [¢] ‘,)__'0-.2 Z § I Nucleolin
= 4. % E
5 2 F,’=_'°,1 [ vector % % =154
- -~ - B 14
5] © i o 0
o DE_ -L% o 31 [ V5-Pin1 g §'_§
i y Bl - © B V5-Pint 240
V5-Pin1 & - BE, - Myc uﬂ 510
021 "
Myc (% ES Myc Pint B0 8T o
s 9 5-
B-actin ~wewws—w— & 14 GAPDH #= ==
kel
e ] d
Nucleolin ' E2F2 neg. ctrl shRNA:SCR Myc SCR Myc
D. Sequential qChIP E. Sequential qChIP
p=.05 p=.003 p=0.01
8 L |
= =03 =,
,i*ﬂ‘ —== st 1gs, 101 p*002 I control 1gG
oy — 2nd: V5-Myc p=0.01 [ pS62-Myc
. B vs-Myc i T pe02
B FLAG-Pint — EH Pint
Il st V5-Myc, 6 Il 1st:pS62-Myc,
4 2nd: FLAG-Pin1 2nd:Pin1

2
c
9
o
o
L
o
2
=
R
)
L
o
[=
@
£
£
0
=
=
3]
2
e]

fold enrichment relative to control

Nucleolin E2F2 neg. ctrl

Nucleolin E2F2 p21 neg. ctrl
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overexpressed Pinl with or without Myc knockdown. While Pinl
overexpression increased the expression of nucleolin and E2F2,
knockdown of Myc suppressed expression of these genes regard-
less of Pin1 overexpression (Fig. 1F). We performed similar exper-
iments in human mammary epithelial MCF10A cells, where, sim-
ilar to the HEK293 results, we observed that Pinl overexpression
increased the association of endogenous Myc with the four trans-
activated promoters but had no effect on binding to the trans-
repressed p21 promoter (see Fig. S1C in the supplemental mate-
rial), while Pin1 inhibition with PiB, a small-molecule inhibitor of
Pinl (39), had the opposite effect, decreasing Myc binding to the
trans-activated promoters without affecting binding to p21 (see
Fig. S1C in the supplemental material). In addition, changes in

2936 mcb.asm.org

Myc promoter binding correlated with changes in the expression
of the endogenous Myc target genes in MCF10A cells (see Fig. S1D
in the supplemental material). We also observed that Pinl en-
hances Myc promoter binding at E-box sites (see Fig. S1E in the
supplemental material), which could explain the lack of an effect
of Pin1 on Myc binding to p15 and p21 promoters, since these are
trans-repressed through other promoter elements (40, 41). Thus,
Pinl positively regulates Myc promoter binding at all trans-acti-
vated target genes tested, and this correlates with changes in their
expression.

Pin1 regulation of Myc activity requires functional phospho-
binding and isomerase domains in Pinl and serine 62 phos-
phorylation of Myc. To determine which domains of Pinl are
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important for its ability to regulate Myc promoter binding and
transcriptional activity, we expressed a Pin1""V domain mutant,
which contains a point mutation in the WW domain (W33A) that
inhibits its interaction with phosphorylated substrates (42), and a
catalytically inactive Pin1 mutant, Pin1“™, which contains a point
mutation in the isomerase domain (C109A) (43), in HEK293 cells
and performed luciferase assays with the 4xEbox-Luc reporter to
measure affects on Myc-driven transcriptional activity. We found
that the Pin1""" and Pin1“™ mutants were unable to stimulate the
transcriptional activity of Myc like Pin1"¥" (Fig. 2A). In addition,
neither mutant was able to regulate Myc DNA binding (Fig. 2B),
demonstrating that Pinl’s phospho-substrate binding domain
and isomerase activity are required for its stimulation of Myc’s
transcriptional activity and DNA binding activity.

Since Pinl is reported to be a phosphorylation-directed prolyl
isomerase and the WW phospho-binding domain is required for
its regulation of Myc, we tested the role of Myc phosphorylation at
T58 and S62 in Myc’s response to Pinl. We performed luciferase
assays with the Myc T58A and S62A phosphorylation mutants and
found that Pin1 had reduced effects on the activity of Myc™** to
drive E-box-mediated transcription and no effect on the activity
of Myc®*** (Fig. 2C). We also examined the ability of Pinl to
regulate Myc®*** or Myc"*** binding to chromatin using stable
Dox-inducible MCF10A-Myc"", MCF10A-Myc™**,  and
MCF10A-Myc**** clones. Pin1 again enhanced Myc" " binding to
the E2F2 gene promoter, with reduced Myc protein expression
(Fig. 2D, graph and blot, lane 2). However, Pinl had a reduced
effect on the binding of Myc™*** and no effect on the binding of
Myc®®?4, while also not affecting the expression of either mutant,
consistent with our previous results showing that Pinl does not
regulate the degradation of these mutants (18). Furthermore,
while Pin1 enhanced E2F2 mRNA expression driven by Myc"" in
these cells, it only moderately enhanced activation of E2F2 mRNA
expression mediated by Myc'*** and it had no effect on Myc****
activation of E2F2 (Fig. 2E). Thus, Pin1 activation of Myc involves
S62 phosphorylation of Myc, Pinl’s phospho-substrate binding
domain, and its catalytic activity, suggesting that Pinl interacts
with and isomerizes pS62-Myc to enhance its DNA binding and
transcriptional activities.

Pinl associates with pS62-Myc at Myc-responsive promot-
ers. To test whether Pin1’s regulation of Myc occurs at Myc target
gene promoters, we assayed for the presence of Pinl at Myc-reg-
ulated promoters. We detected V5-Pin1"" by qChIP at each of the
Myc trans-activated target promoters, but not p15, using the same
primers as for Myc qChIP, which span the Myc binding site(s)
(Fig. 3A). In contrast, V5-Pin1"""¥ was unable to associate with
these promoters (Fig. 3A). We also detected endogenous Pinl at
the same Myc target promoters, and this binding could be reduced
with Pinl knockdown (see Fig. S2A in the supplemental material).
In addition, the association of Pinl with Myc target genes was
enhanced by increased Myc expression (Fig. 3B). To verify that
Pinl is recruited to Myc-responsive promoters via Myc, we mea-
sured endogenous Pinl binding to the E2F2 and nucleolin pro-

Regulation of Myc activity by Pin1

moters after Myc knockdown in 293 cells. As shown in Fig. 3C,
knockdown of Myc reduced Pinl binding to these promoters. To
test whether Myc and Pinl can cooccupy Myc-responsive pro-
moters, we performed sequential qChIP experiments. Ectopic
Myc and Pinl associated with the nucleolin and E2F2 promoters
(Fig. 3D). Following release of the bound material from the Myc
immunoprecipitation, we were able to sequentially qChIP Pin1 at
these promoters (Fig. 3D). Similar results were found with endog-
enous Myc and Pinl, except the p21 promoter was also tested, and
Myc, but not Pin1, was detected here (see Fig. S2B in the supplemen-
tal material). Furthermore, we were able to qChIP endogenous pS62-
Myc at the nucleolin, E2F2, and p21 promoters, and sequentially,
qChIP pS62-Myc and endogenous Pinl at the nucleolin and E2F2
promoters but not at the p21 promoter (Fig. 3E). Thus, Pinl binding
to Myc trans-activated target promoters is Myc dependent, and Pinl
and pS62-Myc can cooccupy these promoters.

Pinl increases the rate of recruitment of pS62-Myc to target
gene promoters. We next investigated whether the Pinl-medi-
ated increase in Myc association with its target genes reflected a
change in the rate of recruitment to the promoter. To examine the
recruitment rate, we used the Dox-inducible MCF lOA—MchT
cells to measure how quickly V5-Myc is recruited to chromatin by
qChIP. Ectopic Myc was just detectable by Western blotting after
30 min of Dox treatment, and these levels continued to rise
through the course of the experiment (Fig. 4A, blots). At each time
point, the level of V5-Myc binding to the E2F2 promoter was
measured by qChIP. In the control AdGFP-infected cells, V5-Myc
slowly accumulated at the promoter over time after Dox induction
(Fig. 4A, gray bars). In contrast, with Pinl overexpression, V5-
Myc was robustly detected at the E2F2 promoter within 15 min,
with binding continuing to rise to high levels by 30 min before
significantly decreasing at 45 min (Fig. 4A, black bars). A second
wave of binding was observed at 60 to 120 min. The periodicity of
this binding pattern was not reflected in the level of protein ex-
pression (Fig. 4A, middle right blot). We did not observe any Myc
binding using our negative-control primers (internal GAPDH
primers) (see Fig. S3A in the supplemental material). We observed
corresponding changes in E2F2 gene expression (Fig. 4B). We also
observed this cyclic binding with finer time intervals on the
nucleolin promoter (see Fig. S3B in the supplemental material).
Consistent with Pin1’s lack of effect on Myc DNA binding at the
p21 promoter, Pinl expression had no effect on the recruitment
rate of V5-Myc to the p21 promoter (Fig. 4C). Furthermore, con-
sistent with the requirement for S62 phosphorylation for Pinl’s
regulation of Myc DNA binding, Pin1 had no effect on the rate of
recruitment of V5-Myc5*** in MCF10A-Myc**** cells to the E2F2
promoter (Fig. 4D), and the recruitment rate of Myc**** was de-
layed compared to Myc*'™".

Since S62 phosphorylation of Myc occurs in response to serum
stimulation, we tested whether Pin1 affects the rate of recruitment
of Myc to promoters after serum stimulation. We found that in-
hibition of Pin1 with PiB prevented the early recruitment of Dox-
induced Myc to the nucleolin promoter 2 h after serum stimula-

antibody and primers to the indicated genes. The black line in the Western blot indicates that extra lanes were removed. Primers to the satellite repeats of
chromosome 4 (Chr4-Sat) were used as a heterochromatin control. (E) MCF10A-Myc"" cells were infected with AdGFP or AdPin1, and Myc expression was
induced with Dox for 4 h. pTEFb (cdk9) binding to the nucleolin promoter was measured with qChIP. (F) MCF10A-Myc"" cells were infected with AdGFP or
AdPin1 and Dox induced for 30 min. RNAP II (total and pS2) binding to the nucleolin gene body was measured with qChIP using downstream primers. Statistical

significance is indicated as in Fig. 1. The error bars indicate standard errors.
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tion. Treatment with U0126 (1,4-diamino-2,3-dicyano-1,4-bis[2-
aminophenylthio] butadiene) to inhibit MEK and ERK signaling,
known regulators of S62 phosphorylation, also prevented this
rapid Myc recruitment in the stimulated cells (Fig. 4E). Further-
more, recruitment of MycS62A, which was slower and reduced in
serum-stimulated cells compared to that of Myc"", was unaf-
fected by either Pin1 inhibition or MEK inhibition (see Fig. S3C in
the supplemental material). Thus, the rapid recruitment of Myc to
target gene promoters following cell stimulation appears to in-
volve both S62 phosphorylation and Pinl.

Pinl enhances coactivator recruitment, Myc-mediated his-
tone H4 acetylation, recruitment of pTEFb, and transcriptional
elongation by RNA polymerase II. Myc regulates the expression
of its target genes through its recruitment of chromatin-remodel-
ing proteins, including SNF5 (44) and the HATs GCN5 (45) and
p300 (46). In addition, Myc recruits pTEFb, which phosphoryo-
lates the carboxyl-terminal domain (CTD) of RNA polymerase II
(RNAP II) to allow transcriptional elongation (47). We examined
whether Pin1 affects Myc’s association with these transcriptional
coactivators and found that, despite decreasing Myc protein levels
with overexpression of Pinl (Fig. 5A, compare input lanes 2 and
4), Myc association with p300, GCNS5, cdk9 (a pTEFb subunit),
and SNF5 increased (Fig. 5A, compare IP lanes 6 and 8). Consis-
tent with this increased association, Pinl expression enhanced the
binding of coactivators to Myc-responsive promoters, as qChIP
for p300, GCN5, and SNF5 in MCF10A cells showed increased
binding of these proteins to Myc sites in target gene promoters
with overexpression of Pinl and reduced binding with Pin1 inhi-
bition (Fig. 5B). We also observed that p300 recruitment to the
E2F2 promoter after Dox induction of Myc followed the same
cyclic kinetics as Myc binding in response to Pinl overexpression
(see Fig. S4 in the supplemental material), suggesting that p300
cycles at the promoter with Myc. As these coactivators can be
recruited to chromatin by other transcription factors, we exam-
ined whether the increased recruitment of p300 and GCN5 to
Myc-responsive promoters by Pinl is Myc dependent. As shown
in Fig. 5C, knockdown of Myc suppressed the enhanced binding
of these factors with Pinl overexpression.

To test the functional consequences of the enhanced HAT re-
cruitment to Myc target gene promoters, we performed qChIP
using an acetylated histone H4 antibody and primers specific for
the Myc binding sites in target gene promoters after overexpres-
sion of Myc alone or Myc plus Pinl. At the tested trans-activated
target promoters, expression of Myc increased H4 acetylation, a
marker of active chromatin (48), and this increase was signifi-
cantly potentiated by coexpression of Pinl (Fig. 5D). In contrast,
overexpression of Myc decreased acetylation at the trans-re-
pressed p15 and p21 promoters, but in this case, Pinl coexpres-
sion had no additional effect (Fig. 5D). In addition, Pinl overex-
pression with Myc increased the binding of pTEFb (cdk9) to the
nucleolin promoter (Fig. 5E), and this was associated with in-
creased serine 2-phosphorylated (pS2) RNAP IT in the body of the
nucleolin gene 30 min after Myc induction (Fig. 5F). This is indic-
ative of increased transcription elongation in response to Myc
expression, together with Pinl overexpression. Thus, in addition
to increasing the rate of Myc recruitment to tested trans-activated
promoters, Pinl increases the level of Myc-dependent coactivator
recruitment. This can affect an open chromatin state at these pro-
moters and enhance RNAP II CTD phosphorylation to promote
transcriptional elongation for increased target gene expression.
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The disassociation of Myc from target gene promoters is fa-
cilitated by Pinl and involves proteasomal degradation. In our
experiments examining the rate of recruitment of Myc to target
gene promoters with Pinl overexpression, we observed a cyclic
pattern of Myc DNA binding (Fig. 4A). To further study this dy-
namic, we analyzed the rate at which Myc promoter binding is lost
in the absence of new protein synthesis. We treated MCF10A-Myc
cells with cycloheximide after Dox induction and measured V5-
Myc binding to the nucleolin promoter by qChIP over time with
or without Pinl overexpression. Western blotting showed that
Myc levels decreased over the course of the experiment, and this
was mildly enhanced by Pin1 overexpression (Fig. 6A, blot). Like-
wise, the decrease in Myc promoter binding measured by qChIP
was faster with Pinl overexpression (Fig. 6A). Similar results were
observed with endogenous Myc at the E2F2 promoter after cyclo-
heximide treatment, where increased Myc turnover with Pinl
overexpression correlated with increased loss of Myc promoter
binding, as well as with loss of target gene expression (see Fig. SSA
to C in the supplemental material). Thus, the increase in Myc
target gene promoter occupancy observed with Pinl overexpres-
sion appears to result from an increased recruitment rate and not
an increase in the retention time, since Pin1 accelerates Myc pro-
moter dissociation.

In our previous work describing the role of Axinl in promot-
ing the assembly of a degradation complex for Myc containing
GSK3B, PP2A, and Pinl, we observed that Axinl could be de-
tected at a Myc target gene promoter in nontransformed cells,
suggesting that Myc may be turned over at its target gene promot-
ers (9). Consistent with this idea, MG132 treatment lowered the
rate of Myc promoter dissociation in MCF10A cells (Fig. 6B),
indicating that proteasome activity helps to clear Myc from pro-
moters. Furthermore, the Myc'** mutant, which has increased
stability, showed slower dissociation from target gene promoters,
and Pinl had no effect on this rate, consistent with its inability to
affect the turnover of the mutant (Fig. 6C) (18). Thus, timely
dissociation of Myc from promoters involves Pinl, T58 phos-
phorylation, and proteasomal degradation.

We tested for the presence of proteins involved in Myc degra-
dation at Myc target genes by qChIP. Analysis in MCF10A cells
demonstrated that Myc, GSK3, Pinl, PP2A, Axinl, Fbw7, and
the 19S proteasome (19S) could all be detected at the Myc binding
site in the nucleolin promoter (Fig. 6D, graph). In contrast, while
Myc and Pinl promoter association increased in two cancer cell
lines, MDA-MB-436 and 293™ (a 293 cell line derivative estab-
lished in the laboratory with high pS62-Myc levels), association of
proteins solely involved in Myc degradation (GSK3(3, PP2A,
Axinl, Fbw7, and 19S) was reduced (Fig. 6D, graph), and this was not
due to changes in the expression levels of these proteins (Fig. 6D,
blots). This result is consistent with our previous finding that Axin1
mRNA splicing is frequently altered in cancer cells and formation of
the Axinl-mediated degradation complex for Myc is compromised
(9,23). Thus, in cancer cells, where Myc has increased stability (9, 23),
recruitment of Pinl and Myc is enhanced, but formation of the
Axinl-mediated degradation complex at the promoter is reduced.
This suggests that Pinl’s activation function on Myc may be uncou-
pled from its degradation function in cancer cells.

Pinl and Myc are cooverexpressed in cancer cells, where
Pinl enhances dynamic Myc DNA binding and target gene ex-
pression without affecting Myc turnover. We have observed high
pS62-Myc levels in many types of cancer cells, and this is often
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FIG 6 The disassociation of Myc from target gene promoters is facilitated by Pin1 and involves proteasomal degradation. (A) MCF10A-Myc™" cells were
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correlated with defects in the pS62/pT58 Myc degradation path-
way downstream of Pinl (9, 22, 23, 49). This could allow simul-
taneous high expression of pS62-Myc and Pinl in cancer cells. As
shown in Fig. 7A, we observed higher levels of both Pinl and
pS62-Myc, with lower pT58-Myc, in several human breast cancer
cell lines and 293™ cells than in the nontransformed MCF10A
cells. Furthermore, we measured pS62-Myc, pT58-Myc, and Pinl
levels by immunofluorescence in 6 patient-matched pairs of nor-
mal and breast tumor tissue. We observed cooverexpression of
pS62-Myc and Pinl in breast tumor cells relative to matched nor-
mal ductal cells, with a high correlation coefficient (Fig. 7B; see
Fig. S6A in the supplemental material). In contrast, pT58-Myc
was reduced in tumors relative to matched normal cells (see Fig.
S6B in the supplemental material). Thus, Pin1 levels correlate with
pS62-Myc levels in tested human breast tumors.

We next examined the dissociation rate of Myc from promot-
ers in cancer cells coexpressing high pS62-Myc and Pinl levels.
Cycloheximide treatment of 293™ cells with and without ectopic
Pinl expression revealed that Myc turnover is slow in these cells
(half-life greater than 90 min) and that expression of additional
Pinl does not affect Myc turnover (Fig. 7C, blots), consistent with
reduced formation of the Axinl-mediated destruction complex
for Myc in these cells (Fig. 6D). Interestingly, Myc protein still
rapidly dissociated from the promoter by 30 min after cyclohexi-
mide treatment, but instead of continuing to diminish, as ob-
served in MCF10A cells (Fig. 6A; see Fig. S5B in the supplemental
material), a new peak of Myc binding was detected (Fig. 7C,
graph). The kinetics of Myc DNA binding was not changed with
additional ectopic Pinl, likely because Pinl levels were already
sufficiently high (Fig. 7C). In contrast, Pin1 inhibition, while also
not affecting Myc turnover in these cells, reduced the starting level
of Myc promoter binding and prevented the new peak of Myc
binding (Fig. 7D). pTEFb showed similar kinetics of binding and
inhibition by PiB treatment (Fig. 7E), and this was associated with
decreased elongating Pol IT (Fig. 7F). Moreover, target gene expres-
sion also followed kinetics similar to those of Myc and pTEFb pro-
moter binding, and PiB again inhibited this (Fig. 7G). We also ob-
served that PiB treatment reduced the overall levels of Myc binding
and the cyclic nature of this binding in the breast cancer cell lines
MDA-MB-453 (see Fig. S6C in the supplemental material) and
MDA-MB-436 (see Fig. S6D in the supplemental material). Thus, in
cancer cells with high pS62-Myc and Pinl coexpression, Pinl en-
hances the dynamics of Myc DNA binding, resulting in increased
transcriptional activity of target genes without affecting Myc turn-
over.

Coexpression of Pinl and Myc increases expression of cell
growth and metabolism genes that are enriched in poor-out-
come breast cancer. To assess global changes in Myc target gene
expression mediated by Pinl, we performed RNA-seq analysis,
comparing MCF10A cells with Myc overexpression (Myc) to Myc
plus Pinl overexpression (Myc plus Pinl). We found that the
majority of reported Myc target genes affected by Pinl coexpres-
sion are upregulated (134 significantly upregulated and only 9
significantly downregulated Myc target genes; FC cutoff, 2.0; g
value, less than 0.01) (Fig. 8A). This is in contrast to overexpres-
sion of Myc alone, which resulted in 11 upregulated and 40 down-
regulated Myc target genes using the same statistical cutoffs. We
also found that the targets upregulated by coexpression of Myc
and Pin1 are largely composed of genes involved in ribosome bio-
genesis/translation and metabolism based on gene ontology (GO)

2942 mcb.asm.org

(Fig. 8A). We examined the expression of several genes identified
in our screen that are involved in metabolic and ribosome biogen-
esis pathways by qRT-PCR upon coexpression of Myc and Pinl
and found them to be upregulated (see Fig. S7A in the supplemen-
tal material). We also used GoMiner analysis software (50) to
score biological processes/gene pathway enrichment with Pinl
and Myc cooverexpression. This analysis also found that the most
significantly enriched processes are translation/ribosome biogen-
esis and metabolism (Fig. 8B).

Since both Myc and Pinl were cooverexpressed in the breast
tumors we examined, we asked whether the Myc-plus-Pinl gene
signature is enriched in any specific subtypes of human breast
cancer. We used a KS statistical test (similar to what is used in gene
set enrichment analysis [GSEA] [51]) to determine the enrich-
ment of our gene set in a publically available microarray data set
from 352 human breast cancer samples subtyped by immunobhis-
tochemical markers (GEO GSE2109). A representative KS plot is
shown in Fig. 8C, in which differentially regulated genes between
TN tumors and ER*/Her2™ (luminal A-like) tumors are ordered
on the x axis, and genes in this list that are upregulated by Pin1 and
Myc cooverexpression from our RNA-seq data are given a positive
D score, shown on the y axis. A positive peak toward the left of the
graph indicates enrichment of our gene set in the TN-upregulated
genes. A P value was calculated for this level of enrichment using
Monte Carlo simulations. A reverse P value for the opposite com-
parison (ER*/Her2™ versus TN) was also calculated. Subtype
comparisons between poor and good outcomes are summarized
in Fig. 8D. We found that the Myc-plus-Pinl gene signature was
significantly enriched in the TN and Her2-positive human breast
cancers versus the luminal A-like breast cancers, as well as in high-
grade and -stage tumors (Fig. 8D; see Fig. S7B in the supplemental
material). Similar results were obtained using a TCGA data set
containing 430 human breast tumors molecularly subtyped by
PAMS50 (35). The Myc-plus-Pin1 signature was again enriched in
the poorer-outcome Her2 and basal subtypes relative to the lumi-
nal A subtype (Fig. 8D; see Fig. S7B in the supplemental material).
Thus, Pinl and Myc cooverexpression activates genes that are en-
riched in poor-outcome breast cancer subtypes.

Pinl enhances Myc’s oncogenic potential. To investigate the
effects of Pinl on Myc-induced cell transformation, we performed
soft-agar colony-forming assays using the MCF10A-Myc cells
with or without Pinl overexpression or inhibition. MCF10A cells
are unable to form colonies in soft agar (52), but overexpression of
Myc"" induced a low level of colony formation (Fig. 9A). Pinl
overexpression increased the number of colonies induced by
Myc"" by about 50%, while treatment with the PiB inhibitor re-
duced colony formation (Fig. 9A). In addition, colony size was
generally larger with Pinl overexpression and smaller with Pinl
inhibition (see Fig. S8A in the supplemental material). In contrast,
MCF10A-Myc**** cells were unable to form colonies in soft agar,
and overexpression or inhibition of Pinl in these cells had no effect
(Fig. 9A). Thus, the Pin1 effect on transformation in MCF10A cells is
Myc dependent and requires S62 phosphorylation.

We also tested the effect of Pinl inhibition on the tumori-
genic growth of 293™ cells in xenografts. We first examined the
dependency of these cells on Myc for soft-agar growth. As
shown in Fig. 9B, partial Myc knockdown reduced the growth
of 293M cells in soft agar. PiB treatment also reduced growth
(Fig. 9B). However, PiB had no additional growth-suppressing
function when combined with Myc knockdown (Fig. 9B), sug-
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gesting that anchorage-independent growth of these cells is
Myc dependent and that PiB exerts its action through Myc in
this system. We also xenografted 293" cells into the 4th mam-
mary gland of NOD/SCID v-chain-null mice. As shown in Fig.
9C and in Fig. S8B and C in the supplemental material, PiB
treatment substantially reduced tumor growth and final tumor
size. In addition, treated tumors showed decreased prolifera-
tion (see Fig. S8D in the supplemental material) and increased
apoptosis (see Fig. S8E in the supplemental material). Impor-
tantly, tumor cells from the treated animals had less Myc asso-
ciated with the nucleolin promoter, as assessed by qChIP (Fig.
9D, graph), although they generally had more Myc protein
(Fig. 9D, blots). Thus, Pinl inhibition reduces tumorigenic
growth of cells associated with suppressed Myc DNA binding.

Finally, we tested the effects of PiB treatment on tumor growth
using a mouse model of Myc-induced spontaneous breast cancer
that we have developed (23) (see the supplemental material). Mice
were generated to express Myc™"" from the ROSA26 locus (RFS-
Myc™T), along with activated Her2 (NeuNT), in the mouse mam-
mary gland in response to Cre recombinase (Blg-Cre) (53-55).
Coexpression of Myc"" along with NeuNT in this model acceler-
ates mammary tumor formation (mean tumor latency, 69 days)
compared to mice expressing NeuNT alone (273 days) or
knocked-in Myc*"'" alone, which do not develop tumors (Fig. 9E).
Once mammary tumors were detected in the Myc"'/NeuNT
mice they were randomized to the control untreated or PiB-
treated study arms. As shown in Fig. 9F, treatment with PiB sig-
nificantly slowed tumor growth in this model. In addition, PiB-
treated tumors showed decreased proliferation (see Fig. S8F in the
supplemental material) and increased apoptosis (see Fig. S8G in
the supplemental material) relative to control tumors. Impor-
tantly, tumor cells from the treated animals had less Myc associ-
ated with the nucleolin and E2F2 promoters, as assessed by qChIP
(Fig. 9G). Thus, these data show a strong role for Pinl in regulat-
ing the oncogenic potential of Myc both in vitro and in vivo and
suggest that Pinl is a potential therapeutic target for human can-
cer with high Pinl and Myc levels.

DISCUSSION

A working model for the role of Pinl in the coordinated activa-
tion and degradation of Myc. Our data indicate that the Pinl
prolyl isomerase enhances the recruitment of S62-phosphorylated
Myc to target gene promoters in response to cell growth stimula-
tion and subsequently facilitates its release, associated with T58
phosphorylation and protein turnover at or near the promoter
(Fig. 9H). This dynamic regulation of Myc DNA binding is asso-
ciated with enhanced recruitment of several coactivators, result-
ing in changes in Myc-mediated chromatin acetylation patterns,
as well as increased levels of elongating RNAP II. Thus, dynamic
Myc DNA binding appears to contribute to optimal Myc tran-

Regulation of Myc activity by Pin1

scriptional activity. Our results indicate that the Pin1 effect is pri-
marily at trans-activated Myc target genes and, in particular, target
genes involved in cell growth and enriched in poor-outcome
breast cancer. This model is not incompatible with the recent re-
port by Lin et al. in which Myc appears to amplify the expression
of active genes in a given cell type (56). The spectrum of Pinl-
responsive Myc target genes is consistent with ribosome biogene-
sis and metabolism genes known to be upregulated during cell
proliferation and tumorigenesis (57-59).

Our data support a model where Pinl regulates Myc at two
points: (i) target gene promoter binding and cofactor recruitment,
leading to transcriptional activation, and (ii) subsequent release
from the promoter associated with degradation (Fig. 9H). In can-
cer cells with defects in the pS62/pT58 Myc degradation pathway
downstream of Pinl, Pinl no longer appears to facilitate Myc
degradation, but it can still mediate Myc activation. Interestingly,
we still observe a rapid dissociation of Myc from target gene pro-
moters in cancer cells. However, unlike nontransformed cells, a
new peak of Myc binding follows the rapid dissociation in the
absence of new protein synthesis. This new Myc recruitment is
Pinl dependent and likely comes from remaining pools of pS62-
Myc present in cancer cells. The dynamic interaction of Myc with
target gene promoters appears to be important for maximal gene
activation. We speculate that this cyclic pattern of Myc DNA bind-
ing plays some important role in continued firing of gene tran-
scription, possibly through the release of paused polymerases (60,
61). At this point, we do not know the mechanism behind the
rapid release of Myc following inhibition of protein synthesis in
cancer cells with more stable Myc. We also do not know whether
our experiments are measuring changes in the DNA binding of a
single Myc molecule or whether Myc is moving very rapidly
throughout the nucleus (62) and we are measuring more steady-
state changes in the association of a pool of Myc with a given
promoter.

Pinl as a transcriptional coactivator for Myc. Studies suggest
that Myc regulates many, if not all, actively transcribed mamma-
lian genes (56, 63). However, our findings and other published
reports suggest that Myc activity is not simply controlled by Myc
protein levels but that it is regulated by posttranslational modifi-
cations and recruitment of cooperating transcriptional coactiva-
tors (44, 45, 63—65). Our work suggests that Pinl functions as a
unique Myc coactivator, controlling the dynamics of Myc DNA
binding, as well as facilitating Myc’s recruitment of p300, GCNS5,
hSNF5, and pTEFb to promoters. In agreement with our data,
Sanchez-Arevalo Lobo et al. have recently shown that Pinl aug-
ments Myc’s interaction with p300 to increase transcriptional ac-
tivity (66). At this point, it is unclear whether Pin1’s facilitation of
Myc’s association with transcriptional coactivators controls its dy-
namic interaction with DNA through their chromatin-remodel-
ing activity or if Pin1-mediated isomerization of Myc facilitates its

FIG 8 Mycand Pinl coexpression induces cell growth genes that are enriched in poor-outcome breast cancer. (A) MCF10A-Myc cells were infected with AAGFP
or AdPin1, and Myc expression was induced with Dox for 2 h. RNA was harvested for RNA-seq, and functional classes of Myc target genes significantly altered
(fold change cutoff, 2.0; FDR-adjusted q value cutoff, 0.01) with Pin1 overexpression are shown. (B) Functional pathway enrichment scores for Myc target genes
upregulated by Pinl overexpression using GoMiner software (NCI, Bethesda, MD). (C) Genes identified in the RNA-seq analysis as significantly upregulated by
Myc plus Pinl versus Myc alone (FC cutoff, 1.5; g value cutoff, 0.01) were used for KS statistical tests using 352 human breast cancer samples subtyped by
immunohistochemical markers (GEO GSE2109). A representative KS plot is shown in which genes distinguishing TN tumors from ER "/Her2~ (luminal A-like)
tumors are ordered on the x axis and enrichment of genes upregulated by Pin1 plus Myc in the ordered genes are given a D score on the y axis. (D) KS tests were
performed as in panel C. The P value for enrichment of the Myc-plus-Pin1 up genes in the first subtype relative to the second subtype and a “reverse” P value for

enrichment in the second subtype relative to the first are shown.
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DNA interaction and this then helps stabilize its interaction with
the other coactivators.

Another interesting question remaining to be addressed is how
N-terminal proline isomerization events could affect Myc DNA
binding mediated by the C-terminal basic helix-loop-helix—leu-
cine zipper (B-HLH-LZ) domain. The amino terminus of Myc is
thought to be mostly unstructured (67, 68); however, posttrans-
lational modifications and proline isomerization can alter confor-
mation states that can influence the activity of adjacent regions.
Indeed, many Myc interactors make contact with multiple do-
mains in both the N terminus and C terminus of Myc, including
many coactivators. Specifically regarding our results, TRRAP
(part of the GCN5 complex) interacts with MBI, as well as N-ter-
minal amino acids adjacent to and partly overlapping MBL; pTEFb
interacts with MBI; and p300 interacts with a large domain in the
N terminus, including MBI and MBII, as well as the B-HLH-LZ
domain in the C terminus (69).

It is also interesting to speculate that these results could apply
to other transcription factors that are regulated by Pinl. Specifi-
cally, Pinl is reported to influence the activity of p53, NF-kB,
B-catenin, and hypoxia-inducible factor la through changes in
their protein stability, nuclear localization, and level of chromatin
binding, respectively (24, 25, 70-74). Pinl was also shown to in-
crease recruitment of the coactivator p300 to STAT3 (75) and p73
(71). In addition, it has been shown that Pinl functions as a co-
activator of the steroid receptor by affecting SRC-3 coactivator
complex formation and turnover (28). However, none of these
studies explored the dynamics of the transcription factor-DNA
interactions. Direct analysis of the on-and-off rates of steroid re-
ceptor transcription factors has been performed (76), indicating a
periodicity similar to what we observe here for Myc cycling at
target gene promoters. Moreover, studies with the estrogen recep-
tor have shown that inhibition of its release suppresses its tran-
scriptional activity, suggesting that degradation facilitates activity
by allowing loading of new transcription factor (76, 77). However,
how steroid receptor cycling at promoters is controlled has not
been reported. Given the similarities between our observations
and some of these reports, our data could provide important con-
tributions to these other systems.

Cooperation between Pinl and Myc during tumorigenesis.
Several studies have indicated that ubiquitination of Myc is
important for transcriptional activity (37, 78, 79), and the idea
that the ubiquitin-proteasome system (UPS) promotes elimi-
nation of Myc transcriptional complexes is not new (63). Our
work supports a model in which the UPS regulates the tran-
scriptional activity of Myc. This is an attractive model for the
regulation of Myc activity in normal cells, ensuring the tight

Regulation of Myc activity by Pin1

control of Myc activity through coupled transcriptional activa-
tion and proteasomal degradation. However, this model does
not address Myc regulation in tumor cells, where it is more
stable. Our results suggest that Pinl could still regulate dy-
namic Myc DNA binding in the presence of stable pools of
pS62-Myc, and this could allow enhanced elongating polymer-
ase and target gene expression.

Similar to Myc, Pinl expression is elevated in many cancers,
including breast, prostate, colorectal, brain, cervical, lung, ovar-
ian, and liver cancers and melanoma (24, 80-83). Given that Pinl
can facilitate PP2A-mediated dephosphorylation of S62 and Myc
degradation in nontransformed cells (18), it must be the case that,
in these cancer cells and patient tumor samples, Myc dephosphor-
ylation and degradation are blocked downstream of Pinl’s first
activation step. Indeed, we find high expression of pS62-Myc in
multiple cancer types (9, 22, 23), and aside from Myc and Pinl,
members of the Axinl-Myc destruction complex are reduced at
target gene promoters in tested cancer cells. We have investigated
defects in the pS62/pT58 Myc degradation pathway in breast can-
cer cell lines and patient samples and found reduced interaction of
Myc with Axinl, GSK3fB, and PP2Ac (9, 23). Moreover, in
matched breast tumor and adjacent normal tissue, we have ob-
served both a reduction in AXINI mRNA expression and a switch
to a naturally occurring splice variant that is compromised in its
ability to nucleate a destruction complex for Myc (23). Thus, in
cancer cells, where S62 dephosphorylation and Myc degradation
are inhibited, both pS62-Myc and Pin1 can be coexpressed at high
levels, potentiating tumorigenesis.

Furthermore, given that the Myc-plus-Pinl gene signature
is enriched in breast cancer subtypes with traditionally poorer
outcomes, these data suggest that Pinl might be a good thera-
peutic target in these subtypes of breast cancer that overexpress
Myc. Targeting Pinl as a cancer therapeutic shows promise, as
inhibition of Pinl using juglone or dominant-negative mu-
tants in cancer cells induces apoptosis and suppresses transfor-
mation (82, 84-86). In addition, cells from Pin1 knockout mice
are impaired for cell cycle reentry, and Pinl knockout com-
bined with transgenic expression of v-Ha-Ras in the mammary
gland reduces tumor formation (87). We show here that a spe-
cific Pinl inhibitor, PiB (39), potently inhibits cell transforma-
tion and tumorigenesis in Myc-dependent models in vitro and
in vivo. Furthermore, even though Pinl has many targets in
cells, the fact that Pinl-null mice are viable strengthens the
therapeutic potential of Pinl inhibitors as anticancer agents
with low toxicity.

FIG 9 Pinl regulates Myc oncogenic potential. (A) MCF10A-Myc"" and MCF10A-Myc%** cells were infected with AdPinl or AAGFP or pretreated with
DMSO or 0.5 pg/ml PiB, as indicated, and induced with Dox for Myc expression for 18 h prior to plating in soft agar. The cells were grown in soft agar with
continuous Dox and/or PiB treatment for 4 weeks, and the total number of colonies was determined. (B) 293™ cells were transfected with a nontargeting (si-NT)
or Myc-specific (si-Myc) siRNA for 48 h, treated with DMSO or PiB as indicated, and grown in soft agar as in panel A. (C) 293M-xenografted mice were treated
by intratumoral injection of 0.6 mg/kg PiB. Tumor size was measured with calipers. Six mice (n = 12 tumors) were analyzed per group. (D) PiB-treated and
untreated tumors from panel C were analyzed by Western blotting and by Myc qChIP at the nucleolin promoter. (E) Mice were generated to express Myc"*
knocked into the ROSA26 locus (RFS-Myc™V") with activated Her2 (NeuNT) at its endogenous locus in the mammary gland in response to Cre recombinase
(Blg-Cre). Tumor latency and penetrance are indicated. (F) Once mammary tumors were detected in the Myc""; NeuNT; Blg-Cre mice (Fig. 7H), they were
randomized to the control untreated or PiB-treated study arm. The mice were treated with intraperitoneal injection of 0.6 mg/kg PiB three times per week (n =
6), and tumor growth was monitored by caliper measurements and compared to that of untreated animals (n = 12). (G) PiB-treated and untreated tumors from
panel F were analyzed by Myc qChIP at the nucleolin and E2F2 promoters. (H) Model for the role of Pin1 in regulating Myc promoter binding and transcriptional
activity. Statistical significance is indicated as in Fig. 1. The error bars indicate standard errors.
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