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PinX1 suppresses cancer progression by
inhibiting telomerase activity in cervical
squamous cell carcinoma and
endocervical adenocarcinoma
Telomerase plays an essential role in the immortalization
and stemness of cancer cells. PIN2/TRF1-interacting telo-
merase inhibitor 1 (PinX1) functions as a telomerase in-
hibitor and tumor suppressor.1 However, the underlying
mechanism is still not clear. Here, we report the molecular
basis of the tumor suppression function of PinX1. We
determined the crystal structure of the TRFH (TRF homol-
ogy) domain of TRF1 in complex with a short TRF1-binding
motif of PinX1 and revealed that PinX1 bound to TRF1 via
the F-X-L-X-P motif, providing a structural basis of how
PinX1 is recruited to the telomeric region by TRF1. We
demonstrated that PinX1 is directly associated with and
inhibits telomerase activity by TID (telomerase inhibitory
domain) with crucial lysine residues clustered in PinX1292-
301. In cervical squamous cell carcinoma and endocervical
adenocarcinoma (CESC), which is featured by short telo-
meres and high telomerase activity, PinX1-TID efficiently
inhibits cancer stemness traits by primarily targeting telo-
merase activity. These findings provide valuable insights for
developing strategies to treat cancers with short telomeres
and advancing telomerase inhibitor therapeutics.

Systematic analysis of telomere length and telomerase
activity using multidimensional datasets revealed that CESC
markedly displayed a prominent short telomere and high
telomerase activity (Fig. S1A and Table S1) among most
cancer types, suggestive of a dramatic telomerase de-
pendency, thus conferring an optimal model to explore the
telomerase regulatory mechanism (Fig. S1A). Homozygous
and heterozygous deletion of PinX1 occurred in approxi-
mately one-third of CESC patients (94 out of 278) and was
associated with low PinX1 mRNA level and high telomerase
activity (Fig. S1B, C). Furthermore, PinX1 deletion
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significantly correlated with increased cancer stemness
(Fig. S1D, E) and poor prognosis (Fig. S1F, G) in CESC and
even pan-cancer analysis (Fig. S1HeL). In three CESC cell
lines (Figs. S2AeC), PinX1 deletion by shRNA led to a sig-
nificant increase in cell viability (Fig. 1A; Fig. S2D, E),
colony formation (Fig. 1B; Fig. S2F, G), migration (Figs.
S2HeJ), invasion (Fig. S2KeM), and cisplatin resistance
(Fig. S2NeP). These findings highlight that PinX1 dysfunc-
tion might be necessary to allow tumor progression towards
more malignant states, contributed at least partially by the
subsequent activation of telomerase.

We have reported the crystal structure of the telomeric
TIN2-TRF1 complex previously, revealing that the short TBM
(TRFH-binding motif) of TIN2 directly binds to the TRFH of
TRF1.2 Notably, an 11-residue fragment of PinX1 (R287-D-F-
T-L-K-P-K-K-R-R297), referred to as PinX1TBM, closely re-
sembles TIN2TBM, indicating that it may bind to TRF1TRFH in
the same fashion as TIN2TBM does (Fig. 1C). To test this idea,
we conducted co-immunoprecipitation and chromatin
immunoprecipitation-quantitative PCR assays and demon-
strated that PinX1 indeed interacted with TRF1 and telo-
meric DNAs in cells (Fig. 1D, E). To provide direct and
independent evidence of the PinX1-TRF1 interaction, we
purified a high-quality TRF1TRFH-PinX1TBM complex and
determined its crystal structure at a resolution of 2.7 Å
(Fig. S3A and Table S2). The structure showed that TRF1TRFH
formed homodimers, with each TRF1TRFH interacting with
one PinX1TBM peptide (Fig. S3B). The electron density map
demonstrates that the PinX1TBM peptide assumes a well-
defined conformation (Fig. S3C). Similar to the TIN2TBM-
TRF1TRFH interface, hydrophobic contacts are essential for
the interaction between PinX1TBM and TRF1TRFH (Fig. 1F).2

L291 of PinX1 was deeply buried in a pocket formed by L86,
R102, C126, and T130 of TRF1 (Fig. 1F), supporting previous
findings that the L291E mutation in PinX1 disrupts its ability
behalf of KeAi Communications Co., Ltd. This is an open access
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Figure 1 PinX1 directly binds to telomerase and inhibits its activity to suppress cancer progression in cervical squamous cell
carcinoma and endocervical adenocarcinoma. (A) Growth curves of shCtrl and shPinX1 HeLa cells were recorded using RTCA (real-
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to be bound and recruited by TRF1.2,3 The aromatic side-
chain of F289 of PinX1 packed against a hydrophobic surface
of TRF1 and the proline ring of PinX1 P293 stacked with TRF1
F142 (Fig. 1F). Notably, except for R297 of PinX1 that is
engaged in electrostatic interactions with E146 and E192 of
TRF1, all other basic residues in PinX1TBM (K292, K294, K295,
R296, and K299) extended outward from the interface and
did not contribute to the interaction with TRF1 (Fig. 1F).

To examine the motif of PinX1 that inhibits telomerase,
we constructed different GST-PinX1 C-terminal truncations
in the frame of 132e328 aa based on the previous report,4

and performed TRAP (telomeric repeat amplification pro-
tocol) assays to evaluate their RTI (relative telomerase in-
hibition). The RTIs of different truncations (Figs. S4AeC)
suggest that residues 287e328 of PinX1 are essential for the
telomerase inhibitory function, with crucial amino acids
located within PinX1287-299 (Fig. 1G). We also conducted a
series of PinX1287-301 mutants and found that mutations of
basic amino acids destroyed RTI more substantially (Fig.
S4D, E). PinX1MUT (A292-P-L-G-R-R-G-V-Q-S301) almost
completely abolished PinX1 RTI in the TRAP assay (Fig. S4F,
G), although the TRFH binding capability was unaffected
(Fig. 1D), suggesting that lysine residues in PinX1292-301 are
essential for the telomerase inhibitory activity of PinX1.
Pull-down assays of purified telomerase (Fig. S5A) and PinX1
showed direct interaction between them (Fig. 1H; Figs.
S5BeD). Moreover, the binding ability of various truncations
or the mutant is also different in accordance with those RTI
data (Fig. 1I, J; Fig. S5E, F). Based on these observations,
we conclude that PinX1203-328, hereafter referred to as TID,
confers a robust capacity to directly bind to and inhibit
telomerase with key lysine residues in 292e301 (Fig. S5F).

Consistent with the in vitro data, HeLa cells stably
expressing PinX1wild-type (WT) or PinX1TID exhibited dramati-
cally decreased levels of telomerase activity relative to the
control, while PinX1MUT did not show a similar effect
(Fig. 1K). In alignment with diminished telomerase activity,
PinX1WT and PinX1TID expressing cells exhibited drastically
shortened telomere revealed by quantitative fluorescence
time cellular analysis). The student’s t-tests were used to analyze th
Colony formation of shCtrl and shPinX1 HeLa cells in soft agar. Rep
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colored bluish violet. The TID (telomerase inhibitory domain) of PinX
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Co-immunoprecipitation assays of Flag-TRF1 with Strep-PinX1 usin
PinX1203-328; MUT, 2 � Strep-PinX12-328 (MUT292-301). (E) Chromatin im
peats (TTAGGG)nePinX1 binding in HeLa cells. The t-tests adjust
***P < 0.001. (F) Superposition of the TRF1TRFH-PinX1TBM complex o
PinX1 C-terminal truncations showing the crucial motif, colored r
PinX1-C (132e328) captured by MBP-3 � Flag and 3 � Flag-TERT.
constructions of GST-PinX1 C-terminal. 132e328M indicates GST-Pin
panel. (J) The impact of GST-PinX1 C-terminal truncations on pu
control. (K) TRAP assays and statistics of RTA (relative telomeras
quantified HeLa cell lysates. (L) Quantitative fluorescence in situ h
cells expressing different PinX1 constructions. Scale bar, 10 mm. MT
statistics of sphere formation of HeLa cells expressing different P
panel. Scale bar, 100 mm. The t-tests adjusted by false discovery ra
**P < 0.01, ***P < 0.001.
in situ hybridization assay, while the telomere length in
PinX1MUT maintained stable (Fig. 1L; Figs. S6AeC). Then we
investigated the impact of PinX1 on stemness-associated
phenotypes and found that telomerase activity was closely
correlated with cancer stemness in CESC and even in pan-
cancer (Fig. S6D, E). In three CESC cell lines, expression of
PinX1WT or PinX1TID but not PinX1MUT substantially sup-
pressed sphere formation (Fig. 1M; Fig. S6F, G). Further-
more, PinX1WT or PinX1TID expression dramatically
suppressed stemness traits including migration, invasion
(Figs. S7AeC), cisplatin resistance (Figs. S7DeF), and cell
growth (Figs. S7GeI), while PinX1MUT failed to restrain this
aggressiveness. Collectively, PinX1 shortens telomeres and
suppresses cancer stemness in CESC through the inhibition
of telomerase activity, and TID with lysine residues clus-
tered in PinX1292-301 are crucial for this suppressive effect.

Telomere maintenance via telomerase reactivation is a
nearly universal hallmark of cancer cells. Telomerase in-
hibitors have historically been heralded as promising anti-
cancer agents. As a natural suppressor of telomerase, PinX1
represents a potential strategy for curtailing cancer pro-
gression by targeting telomerase.1,5 This study reported the
crystal structure of the TRF1TRFH-PinX1TBM complex and
confirmed that PinX1 was recruited to the telomere by TRF1
predominantly via the binding to the F-X-L-X-P motif, high-
lighting its tumor-suppressive impact on CESC (Fig. S8). This
discovery offers inspiration for the treatment of short telo-
mere cancers and has implications for the development of
anti-telomerase medicine by targeting the telomeric protein
docking site.
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