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Telomerase is activated in most human cancers and is critical for cancer cell growth. However, little is known
about the significance of telomerase activation in chromosome instability and cancer initiation. The gene
encoding the potent endogenous telomerase inhibitor PinX1 (PIN2/TRF1-interacting, telomerase inhibitor 1)
islocated at human chromosome 8p23, a region frequently exhibiting heterozygos1ty in many common human
cancers, but the function or functions of PinX1 in development and tumorigenesis are unknown. Here we
have shown that PinX1 is a haploinsufficient tumor suppressor essential for chromosome stability in mice.

We found that PinX1 expression was reduced in most human breast cancer tissues and cell lines. Furthermore,
PinX1 heterozygosity and PinX1 knockdown in mouse embryonic fibroblasts activated telomerase and led to
concomitant telomerase-dependent chromosomal instability. Moreover, while PinX1-null mice were embry-
onic lethal, most PinX1*~ mice spontaneously developed malignant tumors with evidence of chromosome
instability. Notably, most PinX1 mutant tumors were carcinomas and shared tissues of origin with human
cancer types linked to 8p23. PinX1 knockout also shifted the tumor spectrum of p53 mutant mice from lym-
phoma toward epithelial carcinomas. Thus, PinX1 is a major haploinsufficient tumor suppressor essential
for maintaining telomerase activity and chromosome stability. These findings uncover what we believe to be a
novel role for PinX1 and telomerase in chromosome instability and cancer initiation and suggest that telom-

erase inhibition may be potentially used to treat cancers that overexpress telomerase.

Introduction

It has become evident that inactivation of tumor suppressor
genes due to gene alterations, notably loss of heterozygosity
(LOH), plays a major role in the development of common human
adult cancers, with breast cancer as a notable example (1-3).
Chromosome 8p23 is one of the most frequent LOH regions
in common human adult epithelial malignancies, including
breast, liver, lung, and gastrointestinal cancers. For example, up
to 70% of hepatocellular carcinomas (4-8) and 60% of human
gastric cancer (9) exhibit LOH at 8p23 near the marker D8S277.
8p23 is also a common integration site for HBV, a well-known
major risk factor in liver cancer (5, 10). Similarly, LOH on 8p is
found in up to 50% of breast carcinomas and is often associated
with advanced tumor stage and aggressive histology (11-14).
Although several tumor suppressors have been mapped to this
region, including transcriptional factors Nkx3.1 at 8p21 and
FEZ1/LZTS1 at 8p22 (15-17), even the combined rates of loss of
these genes could not account for the extensive alterations seen
in human tumors (16), indicating that major tumor suppressor
gene or genes remain to be identified.

Telomerase is activated in most human cancers (18, 19).
Telomerase elongates telomeres, which cap the ends of linear
chromosomes and are essential for maintaining chromosome
stability (20-25). Its activity is absent or very low in most normal
human somatic cells so that telomeres shorten during each cell
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division. However, telomerase activation is critical for transform-
ing primary human cells (26) and for enabling transformed cells
to escape from crisis (27, 28). Moreover, transgenic telomerase
reverse transcriptase catalytic subunit (TERT) overexpression in
mice induces tumors in a telomerase RNA component-depen-
dent (TERC-dependent) manner (29-32) and also cooperates
with p53 knockout in inducing spontaneous cancer develop-
ment (31), analogically to telomerase knockout (33) or telomere
deprotection (34). In addition, telomerase regulates DNA dam-
age response (35, 36) and can also promote epithelial prolifera-
tion through transcriptional activation by serving as a cofac-
tor (37). Telomerase activation is thus important for cancer cell
growth. However, there is no genetic evidence linking telomer-
ase activation to chromosome instability, making it difficult to
link telomerase activation to cancer initiation. Moreover, while
transcription of the telomerase catalytic subunit TERT is well
known to be activated by deregulation of many oncogenes and
tumor suppressors (38-41), lictle is known about the inhibition
of telomerase activity and its significance in oncogenesis.

In mammalian cells, the ability of telomerase to elongate telo-
meres is regulated by telomere-associated proteins (24), including
telomeric repeat binding factor 1 (TRF1) (42) and its associated
proteins (43, 44), including PIN2/TRF1-interacting, telomerase
inhibitor 1 (PinX1) (45). However, unlike other TRF1-binding
proteins, PinX1 is unique in that it can also directly bind to TERT
and inhibit telomerase activity (45). Furthermore, inhibition of
PinX1 in human cancer cells increases telomerase activity, where-
as PinX1 overexpression has the opposite effect (45). Moreover,
PinX1 is recruited to telomeres by TRF1 and provides a critical
link between TRF1 and telomerase inhibition to help maintain
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telomeres at the optimal length (46). The ability of PinX1 to regu-
late telomerase and telomere length is conserved in yeast, rats,
and fish (47-49). However, it is not known why such a telomerase
inhibitor is needed in vivo.

Notably, the PinX1 gene localizes to human chromosome 8p23
near the marker D8S277 (8, 45). Furthermore, PinX1 expression
is reduced in approximately 40% of HBV-related liver cancer (8,
50). Moreover, PinX1 inhibition increases, whereas PinX1 over-
expression suppresses, tumorigenicity of cancer cells (45). These
results suggest that PinX1 might be a putative tumor suppres-
sor. Subsequent PinX1 studies on human cancer samples provide
some supportive evidence (9, 50) and contradictory results (51,
52). Furthermore, the interpretation of these expression results
is complicated because they all used RT-PCR analyses that could
detect other alternatively spliced PinX1 variants and a potential
PinX1 pseudogene in the genome. Therefore, expression of PinX1
in human cancer tissues remains unclear. Moreover, there is no
genetic evidence for any involvement of PinX1 in tumorigenesis.

To determine the role of PinX1 in cancer, we first examined
PinX1 expression in human breast cancer tissues and cells and
then generated PinX1 knockout or knockdown and telomerase
knockout or knockdown to examine the impact of PinX1 on
tumorigenesis in vitro and in vivo. Our results provide what we
believe is the first evidence for PinX1 as a major haploinsufficient
tumor suppressor essential for maintaining chromosome stability
and link for the first time, to our knowledge, aberrant telomerase
activation to chromosome instability and cancer initiation. These
findings also suggest that telomerase inhibitors may be effective
in treating cancers that overexpress telomerase.

Results

PinX1 expression is reduced in most human breast cancer tissues and
cells. To examine the role of PinX1 in oncogenesis, we first used
multiple methods to examine PinX1 expression in commonly
used human breast cancer cell lines. PinX1 expression was read-
ily detected in normal breast epithelial cell line MCF-10A, but its
expression was reduced to variable degrees in 6 out of 7 breast
cancer cell lines examined, as determined by quantitative RT-PCR
(qRT-PCR) analysis of a PinXI mRNA fragment covering all the
7 coding exons (Figure 1A) and confirmed by immunoblotting
(Figure 1B) and immunostaining (Figure 1C) analyses using affin-
ity-purified anti-C-terminal PinX1 antibodies that we generated.
Immunostaining also confirmed that PinX1 was localized to
nucleoli in addition to telomeres (Figure 1C), as shown (45, 47).
These results indicate that PinX1 expression is reduced in most
human breast cancer cell lines.

Next, to examine PinX1 expression in human breast cancer
tissues, we subjected serial sections of tissue microarrays of 10
normal and 49 tumor specimens to immunohistochemistry
to determine PinX1 expression in a semiquantitative manner
(Figure 1D). Out of 10 normal breast tissues, 9 contained high
levels and 1 expressed medium levels of PinX1 (Figure 1D and
Table 1). However, in breast cancer tissues, only 10% of speci-
mens expressed high levels of PinX1, whereas 41% and 49% of
samples contained medium and low levels of PinX1, respective-
ly (Figure 1D and Table 1). The differences in PinX1 expression
between normal and breast cancer tissues were highly signifi-
cant, as determined by the Spearman’s rank correlation test
(P <0.01). Thus, PinX1 expression was reduced in most breast
cancer tissues and cells examined.
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While PinX1-null mice are embryonic lethal, PinX1 heterozygous
knockout reduces PinX1 levels and increases telomerase activity and telo-
mere length in mouse embryonic fibroblasts and mice. To determine
the significance of PinX1 downregulation in oncogenesis, we
generated PinX1-knockout mice. To create the PinX1 targeting
construct, we subcloned 3 genomic fragments of PINX1 into the
pKOII vector (Figure 2A), which was linearized and electropor-
ated into ES cells, resulting in 2 independent ES clones that had
the correct recombination (rec) of the PinX1 targeting vector
at the PinX1 locus (Figure 2A), as confirmed both by PCR and
Southern analyses (data not shown). Both PinX1%7 ES clones
were injected into mouse blastocysts, giving rise to 9 and 2 chi-
meric mice, which were designated as A and B lines, respectively,
and contained the germline transmitted PinX1rc allele in both
lines upon backcrossing. To generate PinX1-knockout mice, we
crossed heterozygous PinX1"7 mice with CMV-Cre transgenic
mice to generate a conventional PinX1-knockout allele (PinX1)
(Figure 2A), as determined by Southern blot (Figure 2B) and PCR
analyses (Figure 2C), as described (53). Of note, all the pheno-
types as described here are found both in A and B lines of mice,
indicating that it is unlikely that the phenotypes are due to a
random integration of the construct.

We failed to obtain any PinX17~ mice from intercrosses with
PinX1*~ mice (Supplemental Figure 1E; supplemental mate-
rial available online with this article; doi:10.1172/JCI43452DS1).
Although no obvious differences were observed among E8.5
embryos with different PinX1 genotypes (Supplemental Figure
1A), PinX17~ embryos were much smaller and very pale at E9.5
and E10.5, appearing devoid of a blood supply and often with-
out a detectable heartbeat (Supplemental Figure 1, B and C).
There were no live PinX17/~ embryos at E11.5 or E12.5, whereas
PinX1*/~ embryos appeared normal (Supplemental Figure 1,
D and E). PinX1*/~ mice were viable and appeared to thrive, but
their ratio to PinX1"* mice was close to 1:1 (Supplemental Figure
1E). Because no neonatal lethality was detected, a fraction of the
PinX1*~ embryos had likely died in utero. Thus, PinX1 is essential
for embryonic development, as are other telomere-related proteins,
including TRF1 (54) and Tin2 (55).

PinX1*~ mice were viable and appeared to thrive, but their ratio
compared with PinX1*/* mice was only 48%:52% (Supplemental
Figure 1E). Because no neonatal lethality was detected, a frac-
tion of the PinX1*/~ embryos must have died in utero, suggest-
ing a haploinsufficiency. To further examine this possibility, we
used QRT-PCR and immunoblotting to determine levels of PinX1
mRNA and protein in mouse adult tissues, embryos at E9.5, and
mouse embryonic fibroblasts (MEFs) derived from PinXI1"*,
PinX17-, and PinX1"fl embryos at E12.5. Compared with WT
controls, PinXI mRNA was reduced by approximately 60% in
PinX1"~ embryos, but was not detected in PinX17/~ embryos (Fig-
ure 2D). PinX1 protein in PinX1*/~ livers and MEFs was reduced
by 60%-70% (Figure 2, E and F). These results indicate gene-dos-
age-dependent PinX1 expression in vitro and in vivo.

To examine whether reducing PinX1 affects telomerase activity,
we compared telomerase activity in PinX1** and PinX1"~ MEFs
and testis tissues using the standard telomere repeat amplifi-
cation protocol (TRAP) assay. Telomerase activity in multiple
independent PinX1"~ MEF lines (Figure 2, G and H, and Supple-
mental Figure 2, A and B) and testis tissues from 3 mice (Figure
2, T and J) was reproducibly increased by roughly 2-fold, com-
pared with PinX1*%* controls. Furthermore, similar increases in
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PinX1 expression is reduced in most human breast cancer tissues and cell lines. (A—C) PinX1 reduction in human breast cancer cell lines.
Human normal and cancerous breast cell lines were subjected to gRT-PCR amplification of a 1.0-kb PinX7 mRNA fragment covering all the 7
coding exons, with GAPDH as a control (A), to immunoblotting with anti-PinX1 antibodies with actin as a control (B), and immunofluorescence
staining with anti-PinX1 antibodies (C). Original magnification, x63. (D) PinX1 reduction in human breast cancer tissues. Serial sections of tis-
sue microarrays of 10 normal and 49 tumor breast specimens were subjected to immunohistochemistry using anti-PinX1 antibodies. In each
sample, PinX1 expression was semiquantified in a double-blind manner as high, medium, or low according to the standards presented in D and

summarized in Table 1. Original magnification, x20; x40 (insets).

telomerase activity were observed when various amounts of pro-
teins were added to the assays (Figure 2, G and H). This small
telomerase increase might be expected given that these normal
cells and tissues do not express much telomerase, since PinX1
depletion by 70% leads to an approximately 5-fold increase in
telomerase activity in HT1080 cancer cells (45). Thus, PinX1
heterozygous knockout results in a reproducible increase in
telomerase activity in vitro and in vivo.

To further determine whether this small telomerase activation
is functionally relevant, we examined whether it affects telomere
length in PinX1 heterozygous knockout MEFs and mice over
time. Primary PinX1"" and PinX1"~ MEFs were continuously cul-
tured for approximately 30 passages (~90 population doublings
[PD]) using the classic 3T3 protocol (56), and then their telo-
mere lengths were assayed at early and late passages (3-5 and
30 passages, respectively) using quantitative FISH (qQFISH) and
telomere Southern blot. qFISH results showed that PinX1*/* and
1268
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PinX1*/~ MEFs had similar telomeric signal intensity at early pas-
sage (Figure 3, A-C), but PinX1"~ cells had stronger telomeric
signal intensity at late passage, with the average telomere fluo-
rescence unit (TFU) being increased by approximately 40% (Fig-
ure 3, D-F). Although it is notoriously difficult to use telomere
Southern blot to precisely measure such long mouse telomeres,

Table 1
PinX1 expression is reduced in most human breast cancer tissues

PinX1 levels
Low Medium High Total
Normal 0(0%) 1(10%) 9 (90%) 10 (100%)
Cancer 24 (49%) 20 (41%) 5(10%) 49 (100%)
P<0.01.
Volume 121~ Number4  April 2011
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PinX1 expression is gene-dosage—dependent, and PinX1 heterozygous knockout reduces PinX1 expression and increases telomerase activ-
ity in vitro and in vivo. (A) Construction of the PinX1 targeting vector and deletion of the PinX7 gene by Cre- and loxP-mediated homologous
recombination. Cre-mediated deletion of the PinX1rec allele generates the PinX1- allele. (B) Identification of PinX1-KO mice, as confirmed by
genomic Southern analysis using a 5’ probe. Black and red arrows point to the expected products of WT and KO alleles. (C) Identification of
PinX1 KO mice by 2 different sets of PCR amplification using 3 primers each. (D) Gene-dosage—dependent expression of PinX7 mRNA in mouse
embryos, as determined by gRT-PCR amplification of 1-kb full-length PinX7 mRNA in PinX1++, PinX1+-, and PinX1-- embryos at E9.5. (E and
F) Gene-dosage—dependent expression of PinX1 protein in liver tissues of adult PinX7++ and PinX1+- mice (E) and MEFs derived from PinX1++
and PinX1+- embryos at E12.5 (F), as determined by immunoblotting using anti-PinX1 antibodies. Unrelated proteins (E, marked by asterisks)
and/or actin (E and F) were used as loading controls. (G and H) Elevated telomerase activity in primary PinX1+- MEFs. Telomerase-containing
fractions were subject to the standard TRAO assay, stained with SYBR green (G), and semiquantified as ratios between telomerase products
and the internal control (IC, arrow) (H). B. lys, boiled lysates. (I and J) Elevated telomerase activity in young PinX1+- testes tissues. Telomerase-
containing fractions isolated from 3 PinX17+- or PinX1+* litermates were subject to the standard TRAP assay (l) and semiquantified, with PinX7++
telomerase activity being set at 100% (J). Data are represented as mean + SD.

especially telomere lengthening, basically similar trends in telo- To determine whether PinX1 knockout affects telomere-medi-

mere elongation were also observed in telomere Southern blot.
PinX1- and PinX1*/* MEFs had again similar telomere lengths at
early passage, but PinX1"/" cells contained elongated telomeres at
late passage in multiple independent clones, as evidenced by an
increase in the telomeric hybridization signal and in the average
TRF length by approximately 45% (Figure 3, G and H; P < 0.01).
Thus, PinX1 knockout in MEFs leads to telomere elongation,
further supporting telomerase activation.
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ated DNA damage, PinX1"/* and PinX1"/~ cells at early and late
passages before and after y-radiation were subjected to double
staining with anti-pS3BP1 and qFISH with a telomeric PNA
probe, as described (57). Before irradiation, there were not any
obvious p53BP1 foci in PinX1"* and PinX1"~ cells at either early
or late passage (Supplemental Figure 4A). In contrast, radiation
induced prominent p53BP1 foci in these cells (Supplemental
Figure 4B). However, the number or intensity of pS3BP1 foci was
Number 4 1269
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Figure 3

PinX1 heterozygous knockout leads to telomere elongation in MEFs
and mice. (A—F) Telomere elongation in PinX7+- MEFs at late passage,
as determined by gFISH. PinX7++ and PinX1+- MEFs at early (from 3 to
5) (A—C) and late (~30) (D—F) passage were fixed and hybridized with a
FITC-labeled PNA (CCCTAA); probe, followed by quantifying TFUs in
approximately 2,000 telomeres, with a telomere distribution curve being
shown in C and F. (G and H) Telomere elongation in PinX71+- MEFs
at late passage, as determined by telomere Southern blot. Multiple
independent clones of PinX7++ and PinX1+- MEFs were cast into plug
molds, lysed, and digested, followed by Southern blot analysis using
a TTAGGG repeat as a probe. Prior to hybridization, the gels were
stained with ethidium bromide to insure equal loading of total DNA,
with a segment of the gels being shown in lower panels (G), with aver-
age TRF lengths from 3 independent MEF lines being quantified using
ImageQuant (H). (I and J) Telomere elongation at old (10—13 months)
(J), but not young age (6—10 weeks) (I) of PinX71+-mice, as determined
by gFISH. (K and L) Telomere elongation at old, but not young age of
PinX1+- mice, as determined by Southern blot analysis of splenocytes
(K), with average TRF lengths from 5-6 littermates being quantified
using ImageQuant (L). The lanes were run on the same gel, but were
noncontiguous. **P < 0.01. Data are represented as mean + SD.

not significantly different between PinX1"/* and PinX1"~ cells
either at early or late passage, and very few pS3BP1 foci were
colocalized with telomeres (Supplemental Figure 4B). These
results suggest that PinX1 heterozygous knockout may not
significantly increase telomere-mediated DNA damage. These
results might be expected because these cells contained elevated
telomerase activity (Figure 2, G and H) and telomerase does not
induce DNA damage, but rather improves DNA repair (35, 36).

Since elevated telomerase activity was also found in PinX1
heterozygous knockout mouse tissues (Figure 2, I and J), we deter-
mined whether the time-dependent effects of PinX1 on telomere
lengths also occur in mice by comparing telomere lengths in
spleen cells isolated from both young (6-10 weeks) and old (10-13
months) PinX1** and PinX1"/- littermates. As recently reported (58),
both qFISH (Figure 3,1and J) and Southern blot (Figure 3, Kand L)
analyses consistently showed that older PinX1** mice had shorter
telomeres than younger mice and, more importantly, telomeres in
PinX1*~ mice did not show age-dependent shortening, but rather
lengthening. Young PinX1*/* and PinX1"/~ mice had similar TFUs
(Figure 3I) and TRF lengths (Figure 3, K and L). However, older
PinX1*/~ mice had increased TFUs and longer TRF lengths, with
their average increases by 51% (Figure 3]) and 56% (Figure 3, Kand
L), respectively. In addition, PinX1 knockdown in SV40-immor-
talized MEFs (Figure 4D) also significantly increased telomerase
activity (Figure 4E and Supplemental Figure 2C) and telomere
length (Figure 4F), as described below. Of note, unlike PinX1*~ or
PinX1 shRNA MEFs at late passages (Figure 3F and Figure 4F), the
entire telomere distribution curve in old PinX1"~ splenocytes was
not shifted to the right (Figure 3J), which might be expected given
that total splenocytes contain many different cell populations and
many of them are differentiated and do not have active telomerase.
Thus, reducing PinX1 by either knockout or knockdown increases
telomerase activity leading to telomere elongation in cells and mice,
as shown in cancer cells or yeasts, respectively (45, 47).

PinX1 heterozygous knockout or knockdown leads to anaphase bridges
and chromosome instability in MEFs. Given that PinX1 heterozygous
knockout in MEFs activates telomerase activity, leading to telo-
mere elongation, we wondered whether these phenotypes are
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associated with any cell-cycle defects. To examine this possibil-
ity, we compared PinX1** and PinXI1*/~ primary MEFs at early
and late passages and observed a strikingly notable phenotype in
PinX17~ MEFs only at late passage; approximately 16% of these
cells displayed prominent anaphase bridges and/or lagging
chromosomes (Figure 4, A and B). In contrast, these phenotypes
were very rarely found in PinX1"* MEFs at the same late passage
or PinX1*/- MEFs and PinX1”* MEFs at early passage (Figure 4,
A and B). Consistent with such obvious abnormal chromosome
separation, approximately 80% of PinX1"~ MEFs at late passage
also displayed prominent aneuploidy, having more or less than the
normal 40 chromosomes (Figure 4C). The frequency of aneuploidy
was approximately 10-fold higher than that in PinXI1*~ MEFs at
early passage or in PinX1%* MEFs at early and late passages (Figure
4C). Thus PinX1 heterozygous knockout leads to abnormal chro-
mosome separation at late passage.

To independently confirm that reducing PinX1 function
affects chromosome separation during mitosis, we examined the
effects of PinX1 knockdown in MEFs that have been immortal-
ized by SV40. After being infected with lentiviruses expressing
PinX1 shRNA or control viruses, stable cell pools were selected.
PinX1 shRNA effectively knocked down PinX1 mRNA in stable
pools (Figure 4D). Significantly, PinX1 knockdown increased
telomerase activity by approximately 3-fold at various concen-
trations examined (Figure 4E and Supplemental Figure 2C).
Consistent with telomerase activation, telomeres were elongat-
ed after 20 passages, with the average TFUs being increased by
approximately 98%, as compared with vector control (Figure 4F).
The findings that PinX1 shRNA was more potent in activating
telomerase and elongating telomeres (Figure 4, E and F) than
PinX1 heterozygous knockout (Figure 2, G and H, and Figure 3F)
are consistent with the fact that PinX1 shRNA was more effective
in reducing PinX1 expression (Figure 4D and Figure 2D). More
importantly, although these SV40 immortalized MEFs had a
slightly higher rate of anaphase bridges than primary MEFs (Fig-
ure 4, B and G), as expected, PinX1 knockdown also significantly
increased anaphase bridges at 20 passages, with about 33% of
cells displaying anaphase bridges, 4- to 5-fold higher than vector
controls (Figure 4G). These results together indicate that reduc-
ing PinX1 levels by heterozygous knockout or knockdown leads
to abnormal chromosome separation.

To further confirm abnormal separation of mitotic chromo-
some in PinX1*~ MEFs, we performed multicolor FISH (M-FISH)
analysis because this procedure allows us to identify all individual
chromosomes and their overall structures using a distinctly iden-
tifiable color spectrum. The number of a given chromosome varied
from 0 to 4 depending on the individual cells and specific chro-
mosomes (Figure 4H), further confirming aneuploidy (Figure 4C).
Importantly, chromosome translocations were readily detected
in PinX1*/~ MEFs at late passage (Figure 4, I and J). For example,
chromosomes were translocated between the short arms of 2 dif-
ferent chromosomes, with each containing a centromere (Figure
4I), or between the long arms of 2 different chromosomes, with 1
containing a centromere (Figure 4]). Importantly, such chromo-
some abnormalities were rarely found in PinX1*/* MEF at the same
passage or PinX1*~ MEFs at early passage (data not shown), as
expected from a very low frequency of anaphase bridges and aneu-
ploidy in these cells (Figure 4, B and C). Thus, PinX1 heterozygous
knockout not only increases telomerase activation, but also leads
to anaphase bridges and chromosome instability in MEFs.
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Figure 4

PinX1 heterozygous knockout or knockdown leads to anaphase bridg-
es, lagging chromosomes, and chromosome instability in MEFs. (A—C)
PinX1 knockout leads to anaphase bridges and chromosome instability
at late passage. MEFs derived from PinX71++ and PinX1+- littermates
were continuously cultured using the 3T3 protocol and fixed at early
(from 3 to 5) or late (~30) passage, followed by staining with DAPI to
score for the frequency of anaphase bridges and/or lagging chromo-
somes (A and B) and by counting the number of chromosomes at
metaphase chromosome spreads to score for aneuploidy (C). (D—G)
PinX1 knockdown leads to telomerase activation, telomere elonga-
tion, anaphase bridges, and chromosome instability at late passage.
SV40 immortalized MEFs were stably infected with PinX1 shRNA or
control viruses, followed by RT-PCR analysis (D) and TRAP assay
using various amounts of telomerase-containing fractions (ng) (E) and
semiquantified (Supplemental Figure 2C). Cells were continuously
cultured, followed by analyzing telomere length using qFISH (F), ana-
phase bridges and/or lagging chromosomes at late (~20) passage (G).
(H-J) Aneuploidy (H) and chromosome instability in PinX7+- MEFs (I
and J) at late passages. Insets show examples of chromosome trans-
locations (left to right), the display color, the inverted DAPI counter-
stain, and the classification pseudocolor. Arrows in | and J point to
chromosome fusions, while red arrows in insets point to centrosomes.
Numbers indicate the chromosomal origin of each fragment. Insets in
| show 3 examples of translocations between short arms of 2 differ-
ent chromosomes, with each containing a centromere, while inset in J
shows an example of a translocation between long arms of 2 different
chromosomes, with 1 containing a centromere.

TERT knockdown or knockout rescues telomerase activation and telo-
mere elongation and also abrogates anaphase bridges and chromosome
instability in PinX1*/~ MEFs. The above findings indicate that inhib-
iting endogenous PinX1 through gene knockout or knockdown in
cells increases telomerase activity, leading to telomere elongation,
anaphase bridges, and chromosome instability. Given that PinX1
is a telomerase inhibitor (45, 47-49), a key question is whether
telomerase is essential for PinX1 ablation to affect telomere length
and chromosome stability.

To address this question, we first knocked down TERT in
PinX1*~ MEFs to examine its effects on telomere length and
chromosome instability. PinX1** and PinX1%~ MEFs were stably
infected with lentiviruses expressing 2 different TERT-shRNA
constructs at passage 3, before any chromosome instability phe-
notypes were observed. Both TERT-shRNA constructs effective-
ly knocked down TERT mRNA (Figure SA) and telomerase activ-
ity (Figure 5B and Supplemental Figure 2, D and E) in PinX1*/*
and PinX1*/- MEFs. To examine the effects of telomerase knock-
down on telomere length and chromosome instability, we con-
tinuously cultured stable cell pools in vitro for approximately
20 passages. Telomerase knockdown in PinX1*/* MEFs did not
have any detectable effects on telomere length, anaphase bridg-
es, aneuploidy, or overall DNA content profile within the 20
passages examined (Figure 5C, Supplemental Figure 3, and data
not shown). Importantly, although viral infection itself did not
have any obvious effects on PinX1** or PinX1"~ MEFs (Figure
5, Cand D, and Supplemental Figure 3), both TERT shRNAs
almost fully suppressed telomere elongation (Figure 5, E and
F), anaphase bridges (Figure SG), and aneuploidy (Figure SH)
in PinX1%/~ cells. Moreover, TERT-silenced PinX1*/- cells had
DNA content similar to that of control diploid PinX1** MEFs
(Figure 5, K and L vs. I), whereas the DNA content in control
PinX1"~ cells lay between those of diploid and tetraploid cells
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(Figure 5,J vs. I), which is consistent with M-FISH analysis (Fig-
ure 4, H-]). These results show that TERT knockdown almost
completely abrogates the ability of PinX1 knockout to induce
telomerase activation, telomere elongation, and chromosome
instability in MEFs.

Since shRNA constructs could sometimes have off-target
effects, we needed to use an independent method to examine
the role of telomerase in mediating the PinX1 phenotypes. For
this purpose, we crossed PinX1*%~ mice and Tert7~ mice to isolate
Tert”~ MEFs in the presence or absence of PinX1 heterozygous
knockout (Figure SM), followed by measuring telomere length
and anaphase bridges at early (from 3 to 5) and late (from 25 to
30) passages. PinX1 heterozygous knockout failed to induce any
increase in telomere length (Figure 5, N and O) and anaphase
bridges and/or lagging chromosomes (Figure SP) in Tert”/~ MEFs
even at late passage. Similarly, PinX1 knockdown failed to induce
any obvious increase in anaphase bridges and/or lagging chromo-
somes in G1 Terc/~ MEFs (Supplemental Figure 5). These results
indicate that telomerase is essential for PinX1 to affect telomere
length and chromosome instability and demonstrate that reduc-
ing PinX1 activates telomerase and leads to telomerase-depen-
dent telomere elongation and chromosome instability.

Most PinX1 heterozygous knockout mice develop malignant tumors
of varied histopathology, which are unusual in mice, but are known to
have LOH at 8p23 in humans. The above results show that PinX1 is
reduced in most human breast cancer tissues and cells and that
reducing PinX1 increases telomerase activity, leading to telomere
elongation and chromosome instability in cells. Although fur-
ther experiments are needed to elucidate whether chromosome
instability is related to telomere-dependent, and/or -independent
functions of telomerase or PinX1, we have focused our effort on
determining whether reducing PinX1 levels leads to cancer devel-
opment. This question is important because PinX1 is located at
8p23 in humans, a frequent LOH region in many epithelial can-
cers, and depleting PinX1 increases tumorigenicity of cancer cells
(8,9,45,50). Moreover, it might offer new insights into the devel-
opment and treatment of human cancers.

To address this question, we first monitored a group totaling 52
PinX1*~and 15 PinX1** mice generated from intercrosses of young
PinX1"~ mice for tumor phenotypes (Supplemental Figure 6 and
Supplemental Table 1). Whereas only 1 of 15 PinX1"”* mice devel-
oped a liver tumor, strikingly, 49 out of 52 PinXI1*~ mice developed
tumors at relatively young ages, mostly between 9 and 18 months
(Table 2, Supplemental Figure 6, and Supplemental Table 1). Most
tumors were epithelial carcinomas arising in organs that are known
to develop common cancers in humans and also known to have
frequent heterozygous loss at 8p23 in humans (Table 2). The most
common tumors were lung cancer (37% of all tumors), followed by
liver cancer (18%), mammary cancer (13%), and then tumors of the
gastrointestinal tract (10%), including stomach, small intestine,
colon, and rectum (Table 2 and Supplemental Table 1). Tumors
were found in both sexes of PinX1*~ mice that were generated from
2 independent clones of targeted ES cells (Supplemental Table 1).
Most tumors showed features commonly seen in advanced human
carcinomas such as nuclear atypia, desmoplasia, stromal invasion,
and/or distant metastasis (Figure 6).

Notably, about one-fifth of PinX1"~ mice developed more than
1 type of tumor, with 3 and 7 mice having 3 and 2 tumor types in
the same animals, respectively (Supplemental Table 1 and Figure
6,A-]). Furthermore, there were diverse histopathologies observed
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Figure 5

TERT knockdown or knockout rescues telomerase activation and telo-
mere elongation and abrogates anaphase bridges and chromosome
instability in PinX1+- MEFs. (A and B) TERT knockdown. PinX1++
and PinX1+- MEFs were stably infected with 2 different TERT shRNA
or control lentiviruses, followed by quantitative TERT RT-PCR analy-
sis with actin as a control (A) and TRAP assay (B, Supplemental
Figure 2D, and E). Data are represented as mean + SD. (C-F) TERT
knockdown rescues telomere lengthening in PinX71+- MEFs at late
passage. Stable cells were continuously cultured for 20 passages
and then subjected to telomere qFISH. TERT knockdown had no
effects on telomere length in PinX7++ MEFs under the same condi-
tions (Supplemental Figure 3). (G and H) TERT knockdown rescues
anaphase bridges, lagging chromosomes, and aneuploidy in PinX1+-
MEFs. PinX1++ and PinX1+- MEFs expressing TERT shRNAs or
control vector were fixed at 20 passages, followed by scoring for
the frequency of anaphase bridges and/or lagging chromosomes (G)
or aneuploidy (H). (I-L) TERT knockdown rescues abnormal DNA
content in PinX1+- MEFs. PinX1++ and PinX1+- MEFs expressing
TERT shRNAs or control were fixed at 20 passages, followed by flow
cytometry to determine the DNA content. Green and red arrows point
to the DNA contents expected for diploid and tetraploid cells, respec-
tively. (M) Generation of TERT and PinX1 double-knockout MEFs. 2
MEF lines of each group derived from Tert”- and PinX1++ or PinX1+-
embryos at E12.5 were subjected to PCR genotyping and confirmed
by RT-PCR. (N and O) TERT knockout prevents telomere elongation
in PinX1+~- MEFs at late passage, as determined by qFISH. (P) TERT
knockout prevents anaphase bridges and/or lagging chromosomes in
PinX1+- MEFs at late passage.

in the same types of tumors among different mice or even in the
same tumors (Figure 6). For example, in mammary adenocarcino-
mas, there were many different growth patterns (Figure 6, K-P).
Furthermore, even in the same mice, mammary cancer cells dis-
played different differentiation states and tumor grades, includ-
ing high (Figure 6N), intermediate (Figure 60), and low (Figure
6P) grades of cancer cells. Similarly, even in the same lung cancer
section, cancer cells with high (Figure 6R), intermediate (Figure
6S), and low (Figure 6T) tumor grades were located right next
to each other. Finally, PinX1*~ tumors developed lung metasta-
sis from lung cancer (Figure 6I) or mammary cancer (Figure 6J).
These results together indicate that almost all PinX1*/~ mice spon-
taneously develop aggressive epithelial tumors that are unusual in
mice, but are common in humans, demonstrating strong tumor-
suppressing function for PinX1.

Since telomerase knockout (33) or telomere deprotection (34)
shifts the tumor spectrum of p53 mutant mice from mainly
lymphoma to include epithelial carcinomas, similarly to TERT
overexpression (31), we crossed PinX17~ mice with p53 knockout
mice and examined the effects of PinX1 heterozygous knock-
out on the tumor spectrum of p53 knockout mice. As expect-
ed, p53 knockout mice mainly developed lymphoma (Table 3).
However, in the presence of PinX1 heterozygous knockout, the
frequency of epithelial carcinomas such as lung, liver, breast,
and gastrointestinal cancers was dramatically increased both in
pS3 heterozygous and homozygous knockout mice, with most
p537/- and PinX1*~ mice dying of cancer between 6-9 months
and most p53*/- and PinX1*/~ mice between 9-12 months (Table
3), when the majority of PinXI1*~ mice just started to develop
tumors (Supplemental Figure 6). These results indicate that
PinX1 heterozygous knockout shifts the tumor spectrum of p53
mutant mice toward epithelial carcinomas.
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PinX1 heterozygous knockout cancer cells express reduced PinX1 and
display obvious telomere elongation, anaphase bridges, and chromosome
instability. Given that PinX1 heterozygous knockout reduces PinX1
expression and activates telomerase, leading to aggressive epithe-
lial malignancies in mice, we asked whether PinX1"~ cancer cells
have any PinX1 protein and any evidence of telomere elongation
and chromosome instability.

To determine whether PinXI*/~ cancer cells express any PinX1
protein, we first analyzed PinX1 protein and mRNA levels in a
large number of tumor samples and surrounding noncancerous
samples of liver, lung, and mammary tissues in PinX1"~ mice.
Compared with levels in normal tissues of PinX1* mice, levels of
PinX1 mRNA and protein were reduced to a similar extent (>50%)
in cancer tissues and the surrounding noncancerous tissues in the
PinX1%- mice (Figure 7, A-D, and data not shown), further sup-
porting PinX1 haploinsufficiency.

To detect chromosome instability phenotypes in PinX1"/~
tumors, we first looked for anaphase bridges in lung and mam-
mary tumors after staining their series sections with H&E.
Anaphase bridges and/or lagging chromosomes were readily
found in both tumors (Figure 7, E and F), with up to 10% of
mitotic cells, depending on the angle of sectioning, suggesting
that PinX1 mutant tumors might have chromosome instability.
To further examine this possibility, we established primary cell
cultures from PinX1"~ lung and mammary tumors and their
respective normal controls using the procedure we described
earlier (59). Both types of cancer cells displayed telomere elon-
gation, with the average TFU increased by approximately 2-fold
(Figure 7, G and H), but also anaphase bridges and/or lagging
chromosomes in approximately 30% of cells (data not shown).
These results indicate that PinX1"~ tumors displayed promi-
nent anaphase bridges and/or lagging chromosomes, suggest-
ing chromosome instability.

Table 2
PinX1 knockout mice develop a range of epithelial cancers

Genotype Tumors
PinX1+* mice (n=15)

Tumor-negative mice 14 (93.2%)
Tumor-positive mice (liver cancer) 1(6.8%)
PinX1+- mice (n=52)

Tumor-negative mice 3(5.8%)
Tumor-positive mice 43 (94.2%)
Total primary tumors* 62 (100%)

Lung cancer®
Liver cancer

23 (37.1%)
1 (17.7%)

Mammary cancer8 8 (12.9%)
Gastrointestinal cancer 6(9.7%)
Lymphoma 4 (6.5%)
Histiocytic sarcoma 2 (3.2%)
Eye Harderian gland adenoma 2 (3.2%)
Skin hyperplasia 2 (3.2%)
Hibernoma 1(1.6%)
Undifferentiated sarcoma 1(1.6%)
Angiosarcoma 1(1.6%)
Leiomyocarcinoma 1(1.6%)

A7 mice had 2 tumor types and 3 mice had 3 tumor types. B2 mice with
mammary cancer and 1 with lung cancer had lung metastasis.
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Figure 6

Varied histopathology of PinX7+- tumors. (A-J) 2 differ-
ent tumors (A—H) or metastatic tumors (I and J) in the
same PinX1+- animals. (K-M) Different growth patterns
of mammary adenocarcinoma in different PinX7+- mice.
(N-P) Different growth patterns and tumor grades of
mammary adenocarcinoma in the same PinX7+- mam-
mary glands. (N) Acinar and tubular, high grade; (O)
acinar and cyst papillary, intermediate grade; (P) tubular
and scirrhous, low grade. (Q-T) Different tumor grades
next to each other in the same section of lung cancer (Q).
(R) Highly undifferentiated and aggressive (high grade)
adenocarcinoma cells with huge nuclei; (S) intermediately
differentiated and aggressive (intermediate grade) adeno-
carcinoma cells with intermediate nuclei; (T) well-differen-
tiated and less aggressive (low grade) adenocarcinoma
cells with small nuclei. Red arrows point to different sizes
of nuclei; blue arrows point to mitotic cancer cells. Original
magnification, x40 (A—Q); x60 (R-T).

Lung
S Intermedlate grade Q adenocarcmoma T Low grade

1276 The Journal of Clinical Investigation  http://www.jci.org  Volume 121 ~ Number4  April 2011



Table 3
PinX1 knockout shifts the tumor spectrum of p53 mutant mice
toward epithelial carcinomas

Genotype Tumors
PinX1++p53+- mice (n=14)
Tumor-negative mice 3(21.4%)
Tumor-positive mice 1(78.6%)
Total primary tumors* 12 (100%)
Lymphoma 8 (66.6%)
Mammary cancer 2 (16.7%)
Skin cancer 2 (16.7%)
PinX1+-p53+- mice (n=10)
Tumor-negative mice 1(10.0%)
Tumor-positive mice (90 0%)
Total primary tumors® 1(100%)
Liver cancer (27 3%)
Lymphoma 3(27.3%)
Lung cancer 2(18.2%)
Mammary cancer 2 (18.2%)
Ovary cancer 1(9.0%)
PinX1++p53-- mice (n=9)
Tumor-negative mice 1(11.1%)
Tumor-positive mice 8 (88.9%)
Total primary tumors 8 (100%)
Lymphoma 8 (100%)
PinX1+p53- mice (n=6)
Tumor-negative mice 0(0%)
Tumor-positive mice 6 (100%)
Total primary tumors® 9 (100%)
Lymphoma 4 (44.4%)
Liver cancer 3(33.4%)
Mammary cancer 1(11.1%)
Gastrointestinal cancer 1(11.1%)

A1 mouse had 2 tumor types. B2 mice had 2 tumor types. ©3 mice had 2
tumor types.

To obtain further evidence of chromosome instability in PinX1"/~
tumors, we performed genome-wide oligonucleotide-based array
comparative genome hybridization (aCGH) analysis of 6 PinX1*
tumor samples and WT controls. Each sample was repeated twice
by performing dye-swap experiments to ensure that red and blue
signals showed reproducible mirror images, as expected for true
chromosome imbalance, as shown previously (60). We observed
widespread chromosomal imbalances with regions of gain or loss
(Supplemental Figure 7), which were different among the samples
analyzed. These results are consistent with the diverse chromo-
some instability in PinX1”~ MEFs (Figure 4, H-J) and also with the
diverse histopathologies of PinX1*~ tumors (Figure 6). Important-
ly, mapping breakpoints with concomitant gain or loss among dif-
ferent chromosomes revealed many possible chromosome fusions.
For example, the concomitant gains of 6qA1-A3.1 and 8qE2-8qD1
and remaining chromosome 8 (Figure 7I) or of 4qE1-18qA1 with
breakpoints outside of these regions (Figure 7J) are consistent
with chromosome fusions between 6q and 8q or between 4q and
18q, similar to chromosome fusions obtained from M-FISH anal-
ysis of PinX1*~ MEFs (Figure 4, H-]). Thus, PinXI1*/~ cancer cells
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display prominent anaphase bridges and chromosome instabil-
ity, as seen in PinX1*~ MEFs, indicating that telomerase activity
and chromosome instability likely contribute to tumorigenesis in
PinX1 mutant mice. These findings together indicate that PinX1
heterozygous knockout increases telomerase activity and induces
chromosome instability, eventually leading to the development of
aggressive epithelial cancers in most mice.

Discussion

PinX1 is a conserved potent telomerase inhibitor, but its physi-
ological or pathological function is largely unknown. We here
show that PinX1 expression is reduced in most human breast can-
cer tissues and cell lines examined. Importantly, reducing PinX1
expression via heterozygous knockout or knockdown increases
telomerase activity and leads to concomitant telomerase-depen-
dent telomere elongation and chromosomal instability. Moreover,
PinX1 heterozygous knockout causes most mice to spontaneously
develop a range of malignant tumors displaying evidence of telo-
mere elongation and chromosomal instability. Notably, the major-
ity of cancers in these mutant mice are carcinomas and share tis-
sues of origin with human cancer types linked to 8p23 alterations.
In addition, PinX1 knockout also shifts the tumor spectrum of p53
mutant mice toward epithelial carcinomas. These results are, to
our knowledge, the first demonstration that PinX1 is a major hap-
loinsufficient tumor suppressor and also provide what we believe
is the first genetic evidence linking aberrant telomerase activation
to chromosome instability, at least under the conditions where its
endogenous inhibitor PinX1 is reduced. These findings not only
uncover what we believe is a novel role of PinX1 and telomerase
in chromosome instability and cancer initiation, but also suggest
that telomerase inhibitors may be potentially effective in treating
PinX1-related cancers.

PinX1 is a major haploinsufficient tumor suppressor at human chromo-
some 8p23. Human PinX1 gene is located at 8p23 near the marker
D8S277 (8, 45). This region has been widely investigated because
it is a frequent LOH region in common human adult epithelial
cancers (4-14), but major tumor suppressor or suppressors at
this region remain to be identified. Our new results indicate that
PinX1 is a strong candidate for such a major tumor suppressor. We
show that PinX1 is reduced in most human breast cancer tissues
and cell lines examined (Figure 1) and that PinX1 expression is
gene-dosage dependent; ablation of 1 allele reduces protein level
by 60%-70% in vitro and in vivo (Figure 2). Furthermore, PinX1
heterozygous knockout or knockdown not only increases telomer-
ase activity (Figures 2 and 4E and Supplemental Figure 2, A-C) and
telomere length (Figures 3 and 4F), but also leads to chromosome
instability in cells (Figure 4). Furthermore, the resulting chromo-
some instability is dependent on aberrant telomerase activation
(Figure 5). The significance of these findings is further substan-
tiated by the demonstration that nearly all PinX1 heterozygous
knockout mice develop a range of epithelial malignancies (Figure
6 and Table 2) and that PinX1 mutant cancer cells express reduced
PinX1 and display evidence of chromosome instability (Figure 7).

Although most human cancers are epithelial carcinomas, com-
mon tumor suppressor mutant mice mainly develop lymphomas
and soft tissue sarcomas, with a few exceptions (61, 62). Notably,
PinX1*~ tumors are among the most common tumors and are
also known to have frequent LOH at 8p23 in humans, including
lung, breast, liver, and gastrointestinal cancers (Table 2). Moreover,
many mutant mice developed 2 or even 3 different cancer types and
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Figure 7

PinX1+~ cancer cells express reduced PinX1 and display telomere
elongation, anaphase bridges, lagging chromosomes, and chromo-
some instability. (A—D) Reduced PinX1 expression in PinX7+- tumors
(T) at levels similar to those in the surrounding noncancerous tissues
(N) of liver (A and B), lung (C), or mammary gland (D), or in PinX1++
normal control (C), as assayed by immunoblotting (A) or by gRT-PCR
(B-D), with actin as a control. (E and F) Anaphase bridges and/or lag-
ging chromosomes in PinX71+-lung and mammary tumors. H&E-stained
series sections of lung (E) or mammary tumors (F) were examined for
anaphase bridges (yellow arrows) and/or lagging chromosomes (red
arrows). Original magnification, x100. (G and H) Telomere elongation
in PinX1+- lung cancer cells and mammary cancer cells. PinX1+- pri-
mary lung (G) or mammary (H) cancer cells as well as their respective
PinX1++ normal cells were subjected to qFISH. (I and J) Chromosome
(Chr.) translocation in PinX7+- tumors. Genomic DNAs from PinX1+-
tumors and PinX1++ normal tissues were subjected to aCGH analysis.
Each sample was repeated twice by performing dye-swap experiments
to make sure that red and blue signals showed reproducible mirror
images. Aberration calls identified by the ADM-1 algorithm are shown.
There were widespread chromosomal imbalances with regions of gain
or loss, and altering gene copy number, with a 1 representative shown
(Supplemental Figure 7). The concomitant gains of 6gA1-A3.1 and
89E2-89gD1 and remaining chromosome 8 (I) or of 4gE1-18gA1 with
breakpoints outside of these regions (J) are consistent with chromo-
some fusions between 6q and 8q or 4q and 18q.

metastases, and even within a given cancer type, histopathology
varied among individuals and between and within tumors (Figure
6). This suggests that PinX1"~ cancers likely originate from multi-
ple cells and behave aggressively. These results are consistent with
the findings that PinX1 heterozygous knockout MEFs (Figure 4)
and cancer cells (Figure 7) display widespread chromosome insta-
bility. Finally, PinX1 heterozygous knockout also shifts the tumor
spectrum of p53 mutant mice from lymphoma toward epithelial
carcinomas (Table 3), similar to telomerase overexpression (31),
telomerase knockout (33), or telomere deprotection (34). Notably,
anaphase bridges, chromosome instability, and aneuploidy are very
common in human cancers, especially epithelial tumors (63, 64).
In addition, although telomere loss in cancers has been well stud-
ied, telomere elongation is quite common in human cancers, e.g.,
in more than 40% of liver cancer (65), esophageal cancer (66), and
brain tumors (67), and also correlates with advanced stages and/or
poor survival in some cancers (65, 66, 68, 69). Together with previ-
ous findings that reducing PinX1 potently increases tumorigenic-
ity of human cancer cells (45) and that PinX1 is reduced in the
majority of liver and gastric cancers (8, 9, 50), these results indicate
that PinX1 is a major haploinsufficient tumor suppressor whose
reduction may contribute to tumorigenesis by activating telom-
erase and promoting chromosome instability. Given telomerase
activation in most human cancers, loss of PinX1 function likely
contributes to the pathogenesis of many cancers and might have
important therapeutic implications.

PinX1 is essential for inhibiting chromosome instability during tumori-
genesis. The ability of PinX1 to regulate telomerase is highly con-
served from humans to yeasts (45-49). However, it is not known
whether PinX1 is a rate-limiting physiological regulator of telom-
erase and why such a negative regulatory mechanism is needed.
We have now addressed these questions using PinX1 knockout
or knockdown in vitro and in vivo. Reduced PinX1 expression by
gene deletion or knockdown in MEFs increases telomerase activity,
leading to telomere elongation, anaphase bridges, lagging chro-
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mosomes, and chromosome instability (Figures 2-4). Moreover,
TERT knockdown or knockout fully prevents PinX1 deletion from
not only activating telomerase activation and elongating telo-
meres, but also from inducing anaphase bridges and chromosome
instability (Figure 5). Importantly, nearly all PinX1*/~ mice develop
aggressive epithelial cancers that display elongated telomeres, ana-
phase bridges, lagging chromosomes, and chromosomal instabil-
ity (Figures 6 and 7; Table 2). These results provide evidence for
an essential role of PinX1 in inhibiting telomerase activation and
chromosome instability during tumorigenesis in vitro and in vivo.
This is consistent with the critical role of PinX1 in linking between
TRF1 and telomerase inhibition to prevent telomere elongation
and help maintain telomere homeostasis (46).

Telomerase is essential for PinX1 reduction to induce chromosome insta-
bility. At the present time, we do not yet know how reducing PinX1
function leads to chromosome instability. Since PinX1 localizes
to nucleoli in addition to telomeres (45, 47) and affects some ribo-
somal RNA maturation in yeast (70), it could be possible, but less
unlikely, that PinX1 regulates chromosome stability via affecting
some nucleolar function. Recently, Yuan et al. reported that exog-
enous PinX1 binds to microtubules and localizes to kinetochores
at mitosis and its almost complete knockdown in transient experi-
ments causes chromosome mis-separation and micronuclei forma-
tion (71). At the first glance, these PinX1 functions could explain
chromosome instability in our PinX1-reduced cells. However, we
observed abnormal cell division only when PinX1 was almost com-
pletely knocked down or both PinX1 alleles were deleted by infect-
ing PinX1"/f MEFs with CMV-Cre, and these cells died in a few
days (data not shown). In contrast, PinX1 heterozygous knockout
or stable knockdown cells grew normally for an extended period
before displaying anaphase bridges and chromosome instability.
Therefore, PinX1 action on the basic cellular structures might
explain the essential function of PinX1 for cell survival in MEFs
and mice, and could contribute to chromosome instability, but
cannot fully explain the phenotypes that we observed here due to
partial PinX1 reduction.

Notably, the PinX1 knockout phenotypes including telomerase
activation, telomere elongation, anaphase bridges, aneuploidy,
and chromosome instability are fully suppressed by knockdown
or knockout of TERT (Figure 5) or TERC (Supplemental Figure
5), indicating that telomerase is essential for PinX1 reduction to
induce chromosome instability. Moreover, it takes time for PinX1-
induced telomerase activation to induce telomere elongation
(Figure 3) and chromosome instability (Figure 4) when PinX1 is
knocked out or down. Notably, our PinX1 and p53 double-mutant
mice have a tumor spectrum similar to that found in TERC and
pS53 double-mutant mice due to telomere loss (33) or in TPP1/
ACD and pS53 double-mutant mice due to telomere deprotection
(34). Furthermore, abnormal telomere elongation is common and
also correlates with advanced stages and/or poor survival in some
cancers (65, 66, 68, 69). Moreover, TERC is required for the tumor-
promoting effects of TERT overexpression in transgenic mice (32).
These results together suggest that abnormal telomerase activa-
tion and telomere elongation due to loss of PinX1 might have
effects on the development of epithelial cancers similar to those of
telomere shortening or telomere deprotection. Given that PinX1
directly binds to and inhibits TERT (45) and is targeted by TRF1 to
telomeres to prevent abnormal telomere elongation by telomerase
(46), it is conceivable that when PinX1 is inhibited, telomerase is
aberrantly activated without a proper brake and eventually leads to
Volume 121~ Number 4
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chromosome instability, possibly via inducing aberrant telomere
elongation to compromise telomere function. However, telomer-
ase has other telomere-independent functions, such as is found in
DNA damage response (35, 36) and activation of B-catenin (37).
In addition, PinX1 might have nontelomeric functions such as
in RNA maturation (70) and cell division (71). Therefore, further
experiments are needed to define how PinX1 controls chromosome
stability via telomere-dependent and/or -independent telomerase
and/or other mechanisms unrelated to telomerase. Nevertheless,
we have further demonstrated a major role of PinX1-induced chro-
mosome instability in tumorigenesis.

We show that PinX1 is reduced in most human breast cancer
tissues and cells (Figure 1) and that reducing PinX1 levels leads
to telomerase activation, telomere elongation, and chromosome
instability (Figures 2-4). Moreover, almost all PinX1 heterozygous
knockout mice develop a range of epithelial malignancies, with
multiple tumor types in the same mice, diverse cell morphologies/
grades in 1 tumor type among mice, or even within individual
tumors (Figures 6, and 7; Table 2). PinX1 heterozygous knockout
also shifts the p53 mutant tumor spectrum to epithelial carcino-
mas (Table 3). Importantly, PinX1"~ cancer cells also display chro-
mosome instability (Figure 7) similar to that in PinX1-inhibited
cells (Figure 4). Thus, PinX1 mutant tumors are likely derived
from multiple epithelial cells, presumably due to chromosome
instability. These results are consistent with previous findings
that PinX1 potently controls tumorigenicity of cancer cells (45)
and that telomerase overexpression is not as oncogenic as that in
PinX1 knockout shown here. Analogous situations have been doc-
umented previously. For example, CDK subunit cyclin D1 overex-
pression in mice (72) is much less potent than CDK inhibitor p16
knockout in inducing tumorigenesis (73). Finally, our results also
suggest that telomerase inhibition might be used to treat PinX1-
related tumors.

In summary, we find that PinX1 is often reduced in human
breast cancer, that reducing PinX1 leads to chromosome insta-
bility in a telomerase-dependent manner, and that PinX1
heterozygous knockout causes all mice to develop a range of
malignancies with evidence of chromosome instability. Given
that PinX1 is located at frequent LOH regions in many common
human cancers and its expression is actually reduced in many
breast, liver, and gastrointestinal tumors, these results indicate
that low PinX1 can contribute to tumorigenesis by activating
telomerase and inducing chromosome instability and suggest
novel options for cancer treatments.

Methods
Analysis of PinX1 expression. Levels of PinX1 mRNA and protein were deter-
mined by qRT-PCR, immunoblotting, and immunocytochemistry (45),
with the exception of using affinity-purified anti-PinX1 polyclonal anti-
bodies that were raised against a GST-C-terminal 75-aa fragment of PinX1
in our laboratory, as described (45, 74). For detecting PinX1 expression in
breast cancer tissues, serial sections of formalin-fixed and -embedded tis-
sue microarrays (Imgenex) were immunostained, as described (74). PinX1
expression in each fixed breast cancer sample was semiquantified in a
double-blind fashion as high, medium, or low according to the standards
shown in Figure 1D.

Generation of PinX1*/~ mice and MEFs. The mouse PinX1 gene was isolated
from BAC clones and then subcloned into the pKOII vector provided by E.
Li (Massachusetts General Hospital, Boston, Massachusetts, USA). Briefly,
a 6-kb BamH1-Ndel fragment before the possible PinX1 promoter was
1280
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inserted into the Xhol site in front of the first loxP site as the 5’ long arm, a
4-kb Ndel-BamHI fragment containing the possible PinX1 promoter and
first exon between the first and second loxP sites, and a 2.3-kb BamHI-
BamHI fragment containing a second exon behind the third loxP site as
the 3" short arm. The vector was linearized with NotI and electroporated
into AB2.1 ES cells, followed by selection with G418. Positive PinX1-tar-
geted ES clones were screened by PCR genotyping using 4 different sets
of primers and confirmed by genomic Southern blot analysis using DNA
probes outside the 3" and 5’ targeting sequences. Two clones, no. 201 and
no. 345, had the correct rec of PinX1 targeting vector at the PinX1 locus.
After injection into C57BL/6 blastocysts, ES clones 345 and 201 generated
9 and 2 chimeric mice, designated as A and B lines, respectively. Chime-
ric males were crossed with C57BL/6] females to generate PinX17/* mice.
PinX17* mice were intercrossed with CMV-Cre mice (53) (Jackson Labora-
tory) to generate PinX1"/~ mice. Primary MEFs were prepared from PinX1"/*
and PinX1"~ embryos with or without TERT knockout at E12.5 produced
from intercrosses of young PinX1*- mice and from crosses of PinX1"~ mice
and pS37/- mice (Taconic) or Tert/~ mice (75) (Mutant Mouse Regional
Resource Centers, UCD) and maintained according to the 3T3 protocol,
as described (56). All mice were in a C57BL/6/129Sv background, and the
phenotypes were observed both in A and B lines of PinX1 mutant mice. All
studies in animals were reviewed and approved by the institutional review
board of Beth Israel Deaconess Medical Center.

Detection of telomerase activity. MEFs or mouse tissues were lysed, and
telomerase-containing fraction was prepared, followed by measuring the
telomerase activity using the standard TRAP assay, as described (45).

TRF length determination. TRF length analysis was performed as described
(44). Briefly, splenocytes and MEFs were combined with an equal volume
of 2% low melting point (LMP) agarose and cast into 100 ul plug molds.
Cells were lysed in a lithium dodecyl sulfate (LDS) solution, followed by
digestion with Hinfl and HaellI restriction enzymes. Plugs were run on a
1% pulsed field-grade agarose gel and stained with EtBr, followed by dry-
ing down on filter paper and denaturing and neutralizing before being
subjected to hybridization with a 3?P-(CCCTAA); oligonucleotide probe.
The average TRF length was calculated by quantifying the hybridization
signals using ImageQuant.

qFISH. qFISH on cultured cells was performed as described (44), with
the following modifications. Briefly, interphase cells grown on coverslips
were fixed with 4% PFA. Cells were then hybridized with a FITC- or Cy3-
(CCCTAA)3 PNA probe (PerSeptive BioSystems) and stained with DAPI.
After PNA hybridization, fluorescence signals were visualized under an
epifluorescence microscope (Axiovert 200M; Zeiss) equipped with a com-
puter piloted filter wheel. After localization of metaphases, blue (DAPI),
red (Cy3), or green (FITC) fluorescence signals were captured. A flat-field
template was used to correct for unevenness in field illumination. Original
images were saved and used for quantitative analysis. TFUs were calculated
with AxioVision 4.5 software (Zeiss). Approximately 2,000 telomere spots
from each sample were used to collect telomere fluorescent-signal data.

Establishment of stable cells. To knock down PinX1 expression, SV40-
immortalized MEFs or G1 Terc/~ MEFs (provided by S. Chang at Yale
University, New Haven, Connecticut, USA) were infected with lentivi-
ruses encoding shRNA sequences against PinX1 (GTAGAAATAGACGC-
CATACTA). To knock down TERT expression, PinX1** and PinX1”7~ MEFs
at passage 3 were infected with lentiviruses encoding shRNA sequences
against 2 different mouse TERT sequences (shRNA-1, GCTCATTCTGT-
CATCTACAAA; shRNA-2, GCTCAACTATGAGCGGACAAA) or control
viruses provided by W. Hahn at Dana-Farber Cancer Institute (Boston,
Massachusetts, USA). Stable cell pools were selected and analyzed for
expression of the transgenes by immunoblotting analysis, qRT-PCR,
and/or telomerase assay, as described (45).
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Chromosome analysis in metaphase and anaphase cells. Metaphase cells were col-
lected from a colcemid treatment and incubated in hypotonic buffer. After
fixation in methanol/acidic acid, cells were dropped onto slides and stained
with DAPI, followed by confocal microscopy. Anaphase cells were visualized by
DAPI staining of cells grown on coverslips after fixation with 4% PFA.

Cytogenetics analysis. M-FISH analysis and genome-wide aCGH analysis
were performed by Cytogenetics Core Facility at Dana-Farber/Harvard
Cancer using the XCyte mFISH Kit (MetaSystems GmbH) and the Agilent
Mouse Genome aCGH Microarray 44K Kit according to the manufacturers’
protocol, respectively (60). Briefly, for M-FISH analysis, metaphase chro-
mosome spreads were prepared and then hybridized with fluorescently
labeled chromosome-specific DNA probes, followed by collecting chromo-
some images using a set of 5 fluorochrome-specific optic filters. ForaCGH
analysis, genomic DNA was isolated from PinX1*- tumors or age-matched
PinX1** normal controls, digested with restriction enzymes Alul and Rsal,
and fluorescently labeled with CyS5 (test) and Cy3 (reference), followed by
hybridization to 60-mer oligonucleotide microarrays. Dye-swap experi-
ments (test in Cy3 and reference in CyS5) were performed for each sample.
The arrays were scanned and analyzed using Agilent Software.

Histopathological analyses of tumors in PinX1*/~ mice. PinX1”~ animals were
intercrossed or crossed with p53*~ mice (purchased from Taconic) to gen-
erate the experimental cohorts that were followed for the development of
tumors. For histological sections, tissues were fixed and stained with H&E
and then reviewed by the rodent histopathologist.

Statistics. Values are presented in percentages or as mean + SD, and differ-
ences between groups were analyzed by the Spearman’s correlation test or

2-sided Student’s ¢ test, respectively. The Kaplan-Meier method was used
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to estimate disease-free survival for Pinl** and PinX1*~ mice. The signifi-
cance of the differences in disease-free survival among the cohorts was
determined using the log-rank (Mantel-Cox) test. A P value of less than
0.05 was considered statistically significant.
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