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Loss of hPot1 Function Leads
to Telomere Instability and a cut-like Phenotype

tope-tagged hPot1 in HeLa cells to screen for shRNA
constructs that could knockdown the levels of this ec-
topic hPot1 protein. Flag-tagged hPot1 was immunopre-
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Department of Radiation Oncology cipitated with an anti-Flag antibody, followed by immu-

noblotting with an anti-hPot1 antibody. From thisDuke University Medical Center
Durham, North Carolina 27710 analysis, we identified two constructs, shRNA-P1 and

-P2, which reduced hPot1 expression by 50% or more.
Neither of these shRNAs had any effect on the expres-
sion of the off-target protein YFP (Figure 1A). Lastly,Summary
these shRNAs are expected to target all known splice
forms of hPot1 because the shRNAs target either exonThe human telomere binding protein hPot1 binds to
18 or 9, which are common to the recently describedthe most distal single-stranded extension of telomeric
alternative splice transcripts of hPot1 [13].DNA in vitro, and probably in vivo [1, 2], as well as

In both fission and budding yeast, loss of the putativeassociating with the double-stranded telomeric DNA
hPot1 structural orthologs, POT1 and Cdc13p, leads tobinding proteins TRF1 and TRF2 through the bridging
a decrease in telomere stability and cell viability [1, 9,proteins PTOP (also known as PIP1 or TINT1) and TIN2
14–16]. We therefore measured the viability upon knock-[2–7]. Disrupting either the DNA binding activity of
down of hPot1 in HeLa cells, a human cell line oftenhPot1 or its association with PTOP results in elongated
used to characterize the cellular function of telomeretelomeres, suggesting a role for hPot1 in telomere
binding proteins [17, 18]. HeLa cells were transientlylength regulation [2, 5, 6, 8]. However, mutations to
cotransfected with a vector encoding shRNA-P1, -P2,POT1 and Cdc13p, the fission and budding yeast genes
or their corresponding scrambled controls in additionencoding the structural orthologs of this protein, leads
to a YFP-expressing construct, after which YFP-to telomere instability and cell death [1, 9]. Thus, it is
expressing cells, which are expected to express thepossible that the hPot1 protein may also serve to cap
shRNAs, were sorted by flow analysis cell sorting (FACS)and protect telomeres in humans. Indeed, we now find
and plated in equal numbers. Daily counting of thesethat knocking down the expression of hPot1 in human
cells revealed that, as expected, scramble control cellscells causes apoptosis or senescence, as well as
proliferated in a logarithmic fashion. In contrast, thean increase in telomere associations and anaphase
number of hPot1 knockdown cells did not increase overbridges, telltale signs of telomere instability [10]. In
time (Figure 1B). This was most dramatic at day four,addition, knockdown cells also displayed chromatin
when few hPot1 knockdown cells were detected onbridges between interphase cells, reminiscent of the
plates stained with crystal violet, in contrast to the nearlycut phenotype that was first described in fission yeast
confluent plate of scramble control cells (Figure 1C).and in which cytokinesis progresses despite a failure
Because independent targeting of either the 5� or 3� endof chromatid separation [11]. However, unlike the
of the transcript gave rise to the same phenotype, weyeast cut phenotypes, we suggest that the cut-like
argue that a decrease in hPot1 expression accounts forphenotype observed in hPot1 knockdown cells is a
the decrease in plating efficiency.consequence of the fusion of chromosome ends and

To determine if apoptotic death accounts for thethat this fusion impedes proper chromosomal segre-
reduced number of cells observed upon treatmentgation. We conclude that hPot1 protects chromosome
with hPot1 shRNAs, we performed FACS analysis onends from illegitimate recombination, catastrophic
hPot1 knockdown or control HeLa cells by usingchromosome instability, and abnormal chromosome
Annexin V-PE and 7AAD as markers for early and latesegregation.
apoptosis, respectively. Specifically, HeLa cells co-
transfected with shRNA-P1 or the scramble control and

Results and Discussion a YFP-expressing plasmid were sorted for YFP-positive
cells and plated as described above. Three days later,

Knockdown of hPot1 Leads to a Decrease in Cell these cells were double stained with Annexin V-PE and
Viability in HeLa Cells 7AAD, then subjected to a second round of FACS sorting
To investigate the cellular role of hPot1, we disrupted to determine the number of cells staining positive for
the function of this protein in human cells by using RNA these markers. This analysis revealed a 3-fold increase
interference to lower hPot1 expression [12]. Sequences in the number of apoptotic (Annexin V-PE- and Annexin
encoding small hairpin RNAs (shRNA) that produce V-PE/7AAD-positive) cells compared to scramble con-
small interfering RNAs directed against hPot1 were trol cells (Figure 1D). We conclude that reduced expres-
cloned into the vector pSUPER, and the resultant con- sion of hPot1 causes apoptosis of HeLa cells.
structs were transiently transfected into HeLa cells. Be-
cause of extremely low levels of endogenous hPot1 in Knockdown of hPot1 Leads to a Senescent-like
HeLa cells (not shown), we stably expressed flag epi- Growth Arrest in HT1080 and IMR-90 Cells
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Figure 1. Knockdown of hPot1 Expression is
Lethal in HeLa Cells

(A) Knockdown of hPot1 in HeLa cells. HeLa
cells stably infected with a retroviral vector
encoding N-terminal Flag-tagged hPot1 [8]
were transiently cotransfected with 200 ng of
the pEYFP-C1 (Clontech) expression plasmid
and 2 �g of the pSUPER (OligoEngine) plas-
mid as a control (vector) or the same plasmid
encoding the hPot1 shRNA-P1 target sequence
(GTACTAGAAGCCTATCTCA), -P2 target se-
quence (TACCTCGCACTTCAAGCAA) or one of
the following control scrambled sequences:
scramble-P1 (ATGATCAAGCCGTATCTCA) or
scramble-P2 (CATCTCACGTTCAACACGA).
Cells were lysed 48 hr later, and ectopic
hPot1 was detected by immunoprecipitation
with the anti-Flag antibody M2 (Sigma) fol-
lowed by immunoblotting with an anti-hPot1
982 rabbit polyclonal antibody generated
against the peptide sequence CYGRGIRVLP-
ESNSDVDQLKKDLES described by others to
be antigenic [2]. This antibody specifically
recognizes the appropriately sized band cor-
responding to endogenous and ectopic hPot1,
of which the intensity is reduced upon intro-
duction of the hPot1 shRNA-P1 knockdown
vector. YFP proteins were coimmunoprecipi-
tated and immunoblotted with anti-GFP anti-
body (Roche) as a control for gauging non-

specific knockdown as well as for transfection efficiency and gel loading.
(B) Knockdown of hPot1 inhibits cell growth. HeLa cells were transiently cotransfected as above with the pEYFP-C1 plasmid and either the
shRNA-P1 or scramble-P1 control construct. Twenty-four hours later, YFP-positive cells were isolated by FACS, and 105 cells were plated in
multiple dishes. Everyday afterward for 4 days, a plate was trypsinized and viable cells (trypan blue excluded) were counted, demonstrating
a decrease in culture growth upon knockdown of hPot1. The growth curve shown is representative of three independent experiments.
(C) Knockdown of hPot1 leads to a decrease in plating efficiency. The aforementioned YFP-positive sorted HeLa cells cotransfected with the
shRNA-P1, -P2, scramble-P1, or scramble-P2 at 105 cells/plate were plated and 4 days later were stained with crystal violet to demonstrate
the decrease in cell density upon knockdown of hPot1 expression. The plates shown are representative of three independent experiments.
(D) Knockdown of hPot1 induces apoptosis in HeLa cells. The aforementioned YFP-positive sorted HeLa cells cotransfected with either the
shRNA-P1 or scramble-P1 were plated, and 3 days later they were double stained with the apoptotic markers Annexin V-PE and 7AAD and
subjected to a second round of FACS analysis so that apoptotic cell numbers could be determined and the increase in apoptosis upon
knockdown of hPot1 expression could be demonstrated. The percent of double stained cells is shown in the upper left. Each analysis is
representative of three independent experiments.

expression of a dominant-negative form of the protein, diploid fibroblast strain IMR-90, which is more sensitive
to the effects of TRF2�B�M [19], with the retroviral vectorTRF2�B�M, is known to cause either apoptosis or senes-

cence, depending on whether the cell assayed has an encoding shRNA-P1 or the scrambled counterpart. The
Pot1 shRNA elicited a more severe senescent pheno-intact p53-mediated DNA damage response or cannot

execute apoptosis upon DNA damage [19]. We therefore type in these cells (Figure 2D); many cells exhibited an
enlarged and flattened morphology and stained stronglytested the effect of knocking down hPot1 expression in

HT1080 cells, which are known to enter a senescence- positive for �-galactosidase (�-gal), a marker of senes-
cence [20]. Thus, knockdown of hPot1 leads to eitherlike state upon disruption of their telomeres [19]. Specifi-

cally, HT1080 cells were cotransfected with a YFP- apoptosis or senescence, which based on these limited
studies appears to depend upon whether the cells canencoding plasmid and one encoding hPot1 shRNA-P1

or the scramble control, after which YFP-positive cells mount a DNA damage response that leads to apoptosis.
Future experiments are being undertaken to directly ad-were enriched and plated to monitor their growth. The

ability of shRNA-P1 to knockdown expression of hPot1 dress this possibility.
in HT1080 cells (e.g., see Figure 4A) resulted in a de-
crease in culture growth and plating efficiency when Knockdown of hPot1 Induces Formation

of Chromatin Bridges between Interphase Cellsthese cells were compared to scramble controls (Figures
2A and 2B). This decrease was not due to an increase Microscopic analysis of hPot1 shRNA transiently trans-

fected cells revealed the presence of intracellular brid-in apoptosis; reproducibly 5%–7% of HT1080 cells
transfected with either the scramble control or shRNA- ges between some interphase cells. To explore this phe-

notype further in a system in which senescent orP1 vectors showed double staining with Annexin V-PE
and 7AAD (Figure 2C). Instead, microscopic examination apoptotic phenotypes did not dominate, we took advan-

tage of the fact that cell lines could be extensively cul-revealed a fraction of the hPot1 knockdown HT1080
cells with senescent phenotypes (not shown). Prompted tured upon stable knockdown of hPot1 by retroviral in-

fection of hPot1 shRNA-expressing vectors (Figure 4Bby this finding, we stably infected the normal human
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Figure 2. Knockdown of hPot1 Expression
Causes a Senescence-like Phenotype in
HT1080 and IMR-90 Cells

(A) Knockdown of hPot1 inhibits cell growth.
HT1080 cells were transiently cotransfected
at a ratio of 1 to 10 with the pEYFP-C1 plas-
mid and either the shRNA-P1 or scramble-
P1 control construct. Twenty-four hours later,
YFP-positive cells were isolated by FACS,
and 5 � 104 cells were plated in multiple
dishes. Everyday afterward for 6 days, a plate
was trypsinized and viable cells (trypan blue
excluded) were counted, demonstrating a de-
crease in culture growth upon knockdown of
hPot1. The growth curve shown is represen-
tative of three independent experiments.
(B) Knockdown of hPot1 leads to a decrease
in plating efficiency. A total of 5 � 104 of the
aforementioned YFP-positive sorted HT1080
cells cotransfected with either the shRNA-P1
or scramble-P1 were plated and, 6 days later,
stained with crystal violet to demonstrate the
decrease in cell density upon knockdown of
hPot1 expression. The plates shown are rep-
resentative of three independent experi-
ments.
(C) Knockdown of hPot1 does not induce
apoptosis in HT1080 cells. The aforemen-

tioned YFP-positive sorted HT1080 cells cotransfected with either the shRNA-P1 or scramble-P1 were plated, and 5 days later they were
double stained with the apoptotic markers Annexin V-PE and 7AAD and subjected to a second round of FACS analysis so that the number
of apoptotic cells could be determined. The results demonstrate that knockdown of hPot1 did not lead to apoptosis in HT1080 cells. The
percent of double stained cells is shown in the upper right. Each analysis is representative of three independent experiments.
(D) Knockdown of hPot1 induces senescence in normal human cells. IMR-90 normal human diploid fibroblasts were infected with retroviruses
derived from plasmid pSUPER-RETRO (OligoEngine) encoding hPot1 shRNA-P1 or the scramble-P1 control sequences and selected in
puromycin (0.6 �g/ml) for 7 days via methods previously described [26]. Selected cells were plated within four population doublings and 2
days later were fixed in 5% formaldehyde in PBS and incubated at 37�C for 72 hr with senescence-associated �-gal (SA-�gal) staining solution
containing 1 mg/ml X-gal substrate (Invitrogen) in accordance with published protocols [20]. The plates shown are representative of three
independent experiments.

and reference [6]), as opposed to the generally more tants, in which cytokinesis occurs despite the failure of
sister chromatids to separate [11]. Typically, the tworobust introduction of similar vectors by the transient

transfection approach. We fixed HeLa cells stably in- types of defects causing a cut phenotype are due to a
failure of chromosomes to condense prior to metaphasefected with a retrovirus encoding the hPot1 shRNA-P1

target sequence or, as a control, the scramble-P1 se- or to resolve the protein cohesion between sister chro-
matids [11]. However, neither of these defects is consis-quence and stained them with DAPI to visualize chroma-

tin under fluorescent microscopy and thus detect the tent with the known function of the yeast structural or-
thologs of hPot1. Loss of POT1 in fission yeast has notpresence of chromatin bridges. We observed a 4-fold

increase in the number of cells displaying interphase been shown to cause a cut phenotype; it instead leads
to catastrophic chromosome end instability [1]. Wechromatin bridges in hPot1 knockdown cells compared

to the control scramble-treated cells or cells infected therefore hypothesized that the cut-like phenotype ob-
served in hPot1 knockdown human cells could be duewith the vector alone (Figures 3A and 3B; also data not

shown). These bridges were also observed at a high to a fusion of chromosome ends, physically tethering
chromosomes together, even after cytokinesis.frequency in HT-1080 cells similarly infected with the

shRNA-P1-expressing construct and in HeLa cells sta- To test this prediction, we monitored the frequency
of telomere associations by conventional cytogeneticbly infected with retroviruses encoding other hPot1

shRNA target sequences (not shown). Because knock- analysis. Because HT1080 cells have a near-diploid
karyotype, which is ideal for cytogenetic analysis, anddown of hPot1 in two different human cancer cell lines

induced chromatin bridges between interphase cells, because these cells display chromatin bridges upon
we hypothesize that these bridges may contribute to treatment with hPot1 shRNA (not shown), we chose
the defects in cell growth observed upon knockdown HT1080 cells for cytogenetic analysis. To isolate enough
of hPot1. metaphase cells needed for this analysis, we stably in-

troduced hPot1 shRNA-P1 or the appropriate scramble
control into HT1080 cells. As a result of the higher levelsTelomere Instability Due to hPot1 Knockdown
of endogenous hPot1 levels in HT1080 cells, it was pos-Leads to a cut-like Phenotype
sible to demonstrate a decrease in the level of the en-The intracellular chromatin bridges observed in the
dogenous protein upon infection of the retroviral vectorhPot1 knockdown cells are reminiscent of those ob-

served in the fission yeast cell untimely torn (cut) mu- encoding shRNA-P1 but not in scramble control cells,
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Figure 3. Knockdown of hPot1 Leads to Interphase Chromatin Bridges

(A) Visualization of intracellular chromatin bridges in hPot1 knockdown HeLa cells. HeLa cells were infected with retroviruses derived from
plasmid pSUPER-RETRO (OligoEngine) encoding hPot1 shRNA-P1 target sequence or the scramble-P1 control sequence and selected in
puromycin (1 �g/ml) for 5 days via methods previously described [26]. Cells were fixed in formaldehyde and stained with DAPI according to
standard procedures. Microscopic visualization under 40� magnification revealed the presence of interphase bridges (arrow) in hPot1 knock-
down cells.
(B) Quantitation of interphase chromatin bridges in hPot1 knockdown HeLa cells. The number of hPot1 knockdown or scramble control HeLa
cells involved in an interphase bridge divided by the total number of 100 randomly chosen cells counted is shown as a percent value of the
total number of cells observed. Error bars reflect SEM of three independent experiments.
(C) Visualization of intracellular chromatin bridges in HeLa cells expressing TRF2�B�M. HeLa cells were transiently cotransfected at a ratio of
1 to 5 with the pEYFP-C1 plasmid and pcDNA3 encoding TRF2�B�M, a dominant-negative form of the protein [10]. Twenty-four hours later,
YFP-positive cells were isolated by FACS and seeded on coverslips, and one day later they were monitored for the presence of interphase
bridges (arrows), as described above.

which was also confirmed at the RNA level by RT-PCR mented to cause telomere instability [19], similarly
caused interphase bridges (Figure 3C).(Figure 4A). Additionally, we confirmed that as previously

reported [6], knockdown of hPot1 leads to telomere We also noted that chromosomes failed to properly
resolve at anaphase when hPot1 expression was de-elongation, as detected by Southern hybridization with

a telomeric probe (Figure 4B). Cytogenetic analysis of creased, as detected by an increase in the number of
anaphase bridges: chromosomes that lag behind or ap-metaphase spreads of scramble control cells revealed

that the strain of HT1080 cells used for these studies pear to be fused during the separation of chromosomes
at anaphase. Specifically, the basal level of these eventshad a basal level of telomere association about twice

as high as that previously reported [10]. Nevertheless, in the HT1080 cells that were stably infected with the
control vector alone (not shown) or with the vector en-the number of these associations doubled when hPot1

expression was knocked down (Figures 4C and 4D). This coding the scrambled sequence (Figures 5A and 5B)
was 22%, a value somewhat higher than reported foranalysis argues against the possibility that the cut-like

phenotype was instigated by improper chromosome other strains of HT1080 cells [10]. However, upon knock-
down of hPot1, there was a 2.5-fold increase in thesecondensation because knockdown of hPot1 did not

cause any obvious defect in chromatin condensation aberrant segregation events (Figures 5A and 5B), as
observed in the gastric cancer cell line MKN-28 whenupon gross inspection of metaphases (Figure 4C). Be-

cause loss of pot1 in Aspergillus leads to mitotic spindle it was treated with an hPot1 antisense oligonucleotide
[21]. Real-time imaging has previously shown anaphaseand chromosome segregation defects [27] and because

disrupting at least one telomere-associated protein im- bridges in mammalian cells to produce micronuclei
when the chromosome bridges resolve and reform aspedes the separation of sister chromatid telomeres [28],

it remains possible that other factors may yet contribute small membrane bound DNA bodies [22]. We therefore
assayed whether loss of hPot1 function may similarlyto the observed cut-like phenotype, although our data

indicate that a major contributor to this phenotype is lead to an increased number of cells displaying mi-
cronuclei. hPot1 knockdown or scramble control cellstelomere instability. Indeed, some hPot1 knockdown

cells actually displayed long strings of individual chro- were examined microscopically for the presence of
small DAPI-positive bodies distinct from the nucleus.mosomes linked at their ends, presumably due to cata-

strophic telomere instability (Figure 4E). This phenotype Approximately 12% of scramble control cells had mi-
cronuclei, consistent with the number of these struc-was not observed in control cells and is consistent with

hPot1 performing a protective capping function that un- tures observed in other cancer cell lines [22]. Con-
versely, this number increased to 65% in the hPot1derlies the cut-like phenotype. In agreement with these

results, we show that transient transfection of a vector knockdown cells (Figures 5C and 5D). Based on these
results, we speculate that loss of hPot1 leads to fusion ofencoding the TRF2�B�M dominant-negative form of the

telomere binding protein TRF2, which is well docu- chromosome ends and subsequently anaphase bridges,



Current Biology
2268

Figure 4. Knockdown of hPot1 Leads to Increased Telomere Associations

(A) RNA and protein analysis of endogenous hPot1 expression in knockdown cells. HT1080 cells were stably infected with retroviruses derived
from the plasmid pSUPER-RETRO (vector) or with those encoding shRNA-P1 or scramble-P1 as before. Top panel: Immunoblotting with the
rabbit polyclonal anti-hPot1 982 antibody at late passage (population doubling 40) detected endogenous hPot1 protein and confirmed stable
knockdown. Actin serves as a loading control. Bottom panel: Total RNA was extracted with RNAzol B reagent (Tel-Test Inc.) from the same
cells and subjected to RT-PCR amplification with primer pairs 5�-GAGACTCAGGGTATCACC and 5�-GCTGTCGTCAGGTTCTGA; 5�-GGAAGCTGCTG
TCATTATTTG and 5�-AGAACCAGATCCTTCTG to amplify hPot1 and TRF2, respectively. GAPDH was amplified as previously described [26]
to serve as a control for cDNA integrity and loading.
(B) Knockdown of hPot1 leads to telomere elongation. Genomic DNA isolated from HT1080 cells stably infected with the described retroviruses
at regular intervals was digested with restriction enzymes to liberate telomere-containing fragments, which were detected by Southern
hybridization with a telomeric probe, as previously described [26].
(C) Visualization of telomere associations. The described HT1080 cells stably expressing pSUPER-RETRO shRNA-P1 or scramble-P1 control
were arrested at metaphase with 10 ng/ml colcemid (Invitrogen), incubated in hypotonic solution (0.075 M KCl), and fixed in methanol:acetic
acid (3:1), after which slides were prepared and stained with Giemsa-banding solution (Invitrogen). Arrows denote telomere associations
formed from at least two chromosomes viewed at 100� magnification. Insets are enlarged views of telomere associations.
(D) Quantitation of telomere associations. Telomere associations were scored as previously described [10], irrespective of ploidy, in 50
randomly chosen metaphase spreads of the described hPot1 knockdown (hPot1 shRNA-P1) versus scramble-P1 control HT1080 cells.
(E) Chromosome strings. Example of a metaphase spread derived from hPot1 knockdown HT1080 cells with multiple telomere associations,
forming a string of chromosomes joined at their ends. Arrow, ring chromosome.

which can break to form micronuclei or persist during because knockdown of hPot1 led to telomere associa-
tions. A failure to properly resolve such telomere associ-cytokinesis to form the cut-like chromatin bridges.
ations may underlie the increase in anaphase bridges,
which in turn may lead to the formation of micronucleihPot1 and Chromosome Stability

We show that transient expression of hPot1 shRNA and cut-like chromatin bridges. Telomere dysfunction,
rather than shortening, probably accounted for thesecaused either senescence or apoptosis, in accord with

the previously described ability of the tested cells to phenotypes because they were detected in hPot1
knockdown HT1080 cells, which undergo telomere elon-mount and enact upon a p53-dependant DNA damage

response [19]. However, HeLa and HT1080 cells stably gation (Figures 4B and 4D). With regard to the novel
cut-like phenotype, we note that interphase chromatinexpressing hPot1 shRNAs could still continue to prolifer-

ate, perhaps as a result of a less efficient knockdown bridges were induced by destabilizing telomere ends by
very different means (Figures 3A–3D) and have beenby stable infection methods. We suggest that the apo-

ptosis or growth arrest was due to telomere instability detected at senescence [23], a state characterized by
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Figure 5. Knockdown of hPot1 Leads to For-
mation of Anaphase Bridges and Micronuclei

(A) Visualization of anaphase bridges. HT1080
cells stably infected with retroviruses derived
from the plasmid pSUPER-RETRO shRNA-P1
or scramble-P1 were fixed and then stained
with DAPI. Example of chromatin bridges in
a single anaphase cell (arrow) observed in
hPot1 knockdown cells. Magnification: 63�.
(B) Quantitation of anaphase bridges. Aver-
age and SEM percent of anaphase bridges
per 50 randomly chosen anaphase cells of
the described hPot1 knockdown (shRNA-P1)
and scramble-P1 control HT1080 cells from
three independent experiments.
(C) Visualization of micronuclei. An example
of micronuclei (arrows) in the hPot1 knock-
down HT1080 cells. Magnification: 63�.
(D) Quantitation of micronuclei. Average and
SEM percent of micronuclei per 100 randomly
chosen interphase cells of the described
hPot1 knockdown (shRNA-P1) and scramble-
P1 control HT1080 cells from three indepen-
dent experiments.
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