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Abstract

Background: Thyroid cancer progression involves cell-state plasticity in the form of epithelial-mesenchymal transition (EMT), and
defects in DNA damage response (DDR), both of which are linked to metastasis and treatment failure. The role of pituitary tumor trans-
forming 1 interacting protein (PTTG1IP/PBF) in these processes remains insufficiently defined. Methods: Transcriptomes from The
Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) (GSE138042) datasets were analyzed to prioritize EMT-associated
genes and to assess correlations with EMT regulators, junction markers, and matrix metalloproteinases. PTTG1IP expression was mea-
sured by quantitative real-time reverse transcriptase PCR (qQRT-PCR) in thyroid cancer cell lines and normal thyroid HTori-3 cells. Cell
viability (Cell Counting Kit-8 (CCK-8)) and apoptosis (terminal deoxynucleotidyl transferase dUTP nick end labeling, TUNEL) assays
were performed following sShRNA knockdown of PTTG1IP. The PTTG1IP-CTTN association was examined by co-immunoprecipitation
and immunofluorescence. Chromatin immunoprecipitation (ChIP)-qPCR was used to investigate PTTG1IP occupancy at DDR gene
promoters. Radiosensitivity was evaluated by loss of cell viability, flow-cytometric cell death, and phosphorylated H2AX (p-H2AX)
immunofluorescence after irradiation. Results: PTTG1IP emerged as a top EMT-linked candidate across cohorts, with elevated mRNA
and protein expression in thyroid cancers and cell lines. Silencing of PTTG1IP reduced viability and increased apoptosis in human thy-
roid cancer cell lines TPC-1 and KTC-1. PTTGI1IP expression aligned with canonical EMT transcription factors and with DDR genes.
Biochemically, PTTG1IP formed an endogenous complex with cortactin (CTTN) and co-localized in cancer cells. Mechanistically,
PTTGIIP occupied the BRCA1, BRCA2, RAD51, RADS51-associated protein 1 (RADS1AP1), and ATM serine/threonine kinase (ATM)
promoters. Functionally, depletion of PTTG1IP led to increased radiation-induced DNA damage and cell death, resulting in a greater
post-irradiation loss of viability. Conclusions: PTTG1IP is a multifunctional node in thyroid cancer, coupling cytoskeletal programs with
DDR control, and supporting cell growth and treatment tolerance. The targeting of PTTG1IP, particularly to enhance radiosensitivity,
may provide a novel therapeutic strategy for thyroid cancer.

Keywords: epithelial-mesenchymal transition (EMT); DNA damage response; thyroid cancer; PTTG1IP; cortactin (CTTN); radiosen-
sitivity

1. Introduction immune evasion, and decreased responsiveness to therapy,
which collectively lead to unfavorable outcomes in thyroid
cancer [4,5]. Identifying the regulators for EMT therefore
presents an opportunity to constrain cancer dissemination

Epithelial-mesenchymal transition (EMT) is a piv-
otal developmental program exploited by tumor cells and

widely implicated in the progression of thyroid cancer [1,2].
During EMT, epithelial junctions and apico-basal polarity
are dismantled, and mesenchymal traits that support cell
motility and invasion emerge [3]. This transition is ac-
companied by a characteristic marker pattern (loss of E-
cadherin, and induction of N-cadherin and vimentin) and is
coordinated by EMT-activating transcription factors such as
snail family transcriptional repressor 1/2 (SNAI1/2), zinc
finger E-box-binding homeobox 1/2 (ZEB1/2), and twist
family bHLH transcription factor 1/2 (TWIST1/2) that sup-
press epithelial programs and induce mesenchymal gene ex-
pression [2]. In addition to facilitating dissemination from
the primary site, EMT promotes resistance to apoptosis,

and improve therapeutic response.

Among the candidates implicated in oncogene-
sis, Pituitary Tumor Transforming 1 Interacting Protein
(PTTGIIP, also known as PBF) has attracted increasing at-
tention [6—10]. Dysregulated PTTG1IP expression is asso-
ciated with the progression of thyroid cancer [11-13], and
elevated levels have been reported in tumor tissue, suggest-
ing involvement in tumor development and prognosis [6,7].
PTTGI1IP has been linked to proliferative signaling, sup-
pression of apoptosis, enhanced motility/invasion, and pro-
angiogenic activity, highlighting its multifaceted impact on
tumor biology [6,8,14]. However, it remains unclear how
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PTTGIIP connects these phenotypes in thyroid cancer, and
whether it coordinates broader stress-response pathways.

To address these knowledge gaps, we integrated pub-
lic cohorts to prioritize EMT-associated genes in thyroid
cancer and identified PTTG1IP as a top, cross-dataset can-
didate. We found that PTTGI1IP is upregulated in thyroid
cancer at the transcript and protein levels, and that its deple-
tion limits growth and increases apoptosis in thyroid can-
cer cells. Mechanistically, PTTG1IP associates with cor-
tactin (CTTN), a cytoskeletal regulator linked to cell migra-
tion, to form a connection with motility-related programs.
In addition to its association with EMT, we observed that
PTTGIIP aligns with DNA damage response (DDR) net-
works. The expression of PTTGI1IP correlates with that
of DDR genes, PTTGIIP knockdown reduces DDR gene
expression, and PTTG1IP binds to the promoters of key
DDR components. Given that TP53 alterations commonly
disrupt DDR in thyroid cancer [15,16], these observations
suggest that PTTG1IP may couple cytoskeletal remodeling
with genomic-stress control. Consistent with this model,
silencing of PTTGIIP increases radiation-induced DNA
damage and cell death, thus identifying it as a potential ther-
apeutic node for radiosensitization. Collectively, our find-
ings suggest that PTTG1IP may be a biomarker and can-
didate target with relevance to both tumor growth/survival
and treatment responsiveness in thyroid cancer.

2. Materials and Methods
2.1 Identification of EMT-Associated Genes

Transcriptomic data for thyroid cancer were obtained
from The Cancer Genome Atlas (TCGA) via the Genomic
Data Commons (GDC) portal, and from the Gene Expres-
sion Omnibus (GEO) database (GSE138042, n = 95). Raw
count data were normalized using the transcripts per mil-
lion (TPM) method. EMT scores for each sample were cal-
culated based on the expression levels of a predefined set
of epithelial and mesenchymal marker genes, as previously
described [16]. Pearson correlation analysis was performed
between the expression levels of all genes and the EMT
scores across samples. Genes with correlation coefficients
greater than 0.8 (R > 0.8, p < 0.05) were considered to be
strongly associated with EMT. Selected genes were visual-
ized using heatmaps generated in R (version 4.3; R Foun-
dation for Statistical Computing, Vienna, Austria) with the
heatmaps package.

2.2 Cell Culture and shRNA Transfection

The thyroid cancer cell lines used in this study (KTC-
1, BCPAP, BHT-101) were purchased from the Cell Bank
of the Chinese Academy of Sciences, Shanghai. TPC-1
cell line was obtained from Haixing Biosciences Co., Ltd.
The human normal thyroid epithelial cell line (HTori-3) was
purchasded from Shanghai Enzyme-linked Biotechnology
Co., Ltd. The cancer cell and HTori-3 cells were main-
tained in RPMI-1640 (11875093, Gibco, Waltham, MA,

USA) or DMEM (11965092, Gibco, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (SH30071.03,
HyClone, Cytiva, Logan, UT, USA). Cultures were incu-
bated at 37 °C in a humidified 5% CO, atmosphere and
passaged at 70-80% confluence using standard trypsiniza-
tion. The cells were routinely confirmed as mycoplasma-
negative and maintained with 1% penicillin—streptomycin
(15140122, Gibco, Waltham, MA, USA). Antibiotics were
omitted during transfection. All cell lines were validated by
STR profiling.

For shRNA-mediated knockdown, cells were seeded
24 h before transfection to reach 40-60% confluence.
Plasmid-encoded PTTGI1IP shRNA (OriGene, Rockville,
MD, USA) was introduced with Lipofectamine 3000
(L3000008, Invitrogen, Waltham, MA, USA) prepared in
Opti-MEM (31985062, Gibco, Waltham, MA, USA) ac-
cording to the manufacturer’s instructions. Medium was re-
placed with complete growth medium after 68 h, and cells
were collected 3—5 days later for downstream assays.

2.3 Cell Counting Kit-8 (CCK-8) Assay

Cells were seeded into 96-well plates at 2000 cells per
well in 100 pL growth medium and cultured for 5 days.
For each condition, 5 technical replicates were set up per
experiment, with the experiments repeated independently
three times. On the day of measurement, CCK-8 reagent
(CK04-01, Dojindo Laboratories, Kumamoto, Japan) was
added directly to the culture medium at 10% v/v (10 pL
per well). After 60 min incubation at 37 °C, absorbance
at 450 nm was recorded using a microplate reader. Blank
wells containing medium plus CCK-8 (no cells) were used
for background subtraction. Values were normalized to ve-
hicle controls and reported as fold changes relative to the
control.

2.4 Western Blot Analysis

Cells were washed with ice-cold PBS (ST476, Be-
yotime Biotechnology, Shanghai, China) and lysed in
RIPA buffer (P0013B, Beyotime Biotechnology, Shanghai,
China) freshly supplemented with a protease inhibitor cock-
tail (P1005, Beyotime Biotechnology, Shanghai, China).
Lysates were cleared (12,000 xg, 10 min, 4 °C), and
protein concentration was determined using a BCA kit
(#23235, Thermo Fisher, Waltham, MA, USA). Equal
protein amounts (30 pg) were mixed with 4x Laemmli
buffer, heated at 95 °C for 5 min, and resolved by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) (8-12% polyacrylamide gels). Proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membranes
(pre-activated in methanol) using wet transfer (100 V, 2 h).
Membranes were blocked with 5% Bovine Serum Albumin
(BSA; A7030, Sigma-Aldrich, St. Louis, MO, USA) in
Tris-buffered saline with Tween-20 (TBST) (TBS + 0.1%
Tween-20) for 1 h at room temperature, then incubated
overnight at 4 °C in TBST + 5% BSA with the following
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primary antibodies and dilutions: PTTG1IP (1:500, 12575-
1-AP, Proteintech, Rosemont, IL, USA), SNAIL (1:1000,
3879, Cell Signaling Technology, Danvers, MA, USA),
TWIST]1 (1:1000, 90445, Cell Signaling Technology, Dan-
vers, MA, USA), Vimentin (CST #5741, 1:1000), RADS1
(1:1000, 8875, Cell Signaling Technology, Danvers, MA,
USA), ATM (1:1000, 2873, Cell Signaling Technology,
Danvers, MA, USA), FANCA (1:1000, 14657, Cell Sig-
naling Technology, Danvers, MA, USA), POLD1 (1:200,
sc-374025, Santa Cruz Biotechnology, Dallas, TX, USA),
and GAPDH (1:10000, #60004-1-Ig, Proteintech, Rose-
mont, IL, USA). After three 10 min TBST washes, HRP-
conjugated secondary antibodies (CST anti-rabbit #14708
or anti-mouse #14709, 1:10,000, Cell Signaling Technol-
ogy, Danvers, MA, USA) were applied for 2 h at room tem-
perature. Chemiluminescent substrates were used to reveal
proteins, and the signals detected with the iBright CL1000
imaging system (Invitrogen, Waltham, MA, USA) or film-
based detection.

2.5 Quantitative Real-Time Reverse Transcriptase PCR
(qRT-PCR)

Total RNA was extracted with the QIAGEN Total
RNA Purification Kit (74104, Qiagen, Hilden, Ger-
many) and treated on-column with DNase 1 (79254,
Qiagen, Hilden, Germany) to remove genomic DNA.
RNA (500 ng per sample) was reverse-transcribed us-
ing the Vazyme Reverse Transcription Kit (R423-01,
Vazyme Biotech, Nanjing, China) according to the man-
ufacturer’s protocol. Quantitative PCR was performed
with Vazyme SYBR Green reagent (Q712-02, Vazyme
Biotech, Nanjing, China) in 10-20 pL reactions on
a real-time cycler, using the following primer pairs:

PTTGIIP: F-5-GTCTGGACTACCCAGTTACAAGC-
3’, R-5'-CGCCTCAAAGTTCACCCAA-3’; BRCAL:
F-5'-GAAACCGTGCCAAAAGACTTC-3’, R-5'-
CCAAGGTTAGAGAGTTGGACAC-3'; BRCA2:
F-5'-CACCCACCCTTAGTTCTACTGT-3’, R-5'-
CCAATGTGGTCTTTGCAGCTAT-3; RADSI:
F-5'-CAACCCATTTCACGGTTAGAGC-3/, R-5'-
TTCTTTGGCGCATAGGCAACA-3'; RADS1D:
F-5'-CCAGCACTCGGATTCTCCTG-3, R-5'-
TTGGCTGTCGGGAAGATTTGG-3'; RADSI1API:
F-5'-TGGTGGTGTTCAAGGGAAAAG-3/, R-5'-
AGGTGCAAAGTCTGGTTCAGT-3; FANCA:
F-5'-GGCACACAGTATGTTCTCCCG-3/, R-5'-
TTGTACGTGAAGATGCCACAC-3; FANCI:  F-
5'-CCACCTTTGGTCTATCAGCTTC-3, R-5'-
CAACATCCAATAGCTCGTCACC-3; POLDI:
F-5-ATCCAGAACTTCGACCTTCCG-3/, R-5'-
ACGGCATTGAGCGTGTAGG-3; GAPDH: F-
5'-GGAGCGAGATCCCTCCAAAAT-3, R-5'-

GGCTGTTGTCATACTTCTCATGG-3'. Ct values
were normalized to GAPDH, and relative expression was
calculated using the 2~ 22 method.
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2.6 Immunofluorescence Staining

Cells were seeded onto glass coverslips and allowed
to adhere overnight. After fixation with 4% paraformalde-
hyde for 20 min at room temperature, the cells were rinsed
with PBS and permeabilized with 0.3% Triton X-100 in
PBS for 10 min. Non-specific binding was blocked using
5% BSA for 1 h at room temperature. Samples were sub-
sequently incubated overnight at 4 °C with primary anti-
bodies: PTTGI1IP (1:200, 12575-1-AP, Proteintech, Rose-
mont, IL, USA), CTTN (1:200, 11381-1-AP, Rosemont, IL,
USA), and p-H2AX (1:200, 9718S, Cell Signaling Tech-
nology, Danvers, MA, USA). They were then washed with
PBS and incubated with species-appropriate, fluorophore-
conjugated secondary antibodies for 2 h at room temper-
ature, followed by 4’,6-diamidino-2-phenylindole (DAPI)
counterstaining for 10 min. Coverslips were mounted in
anti-fade medium before imaging. Negative controls with-
out primary antibody were included to assess background
fluorescence.

2.7 Chromatin Immunoprecipitation (ChiP)-qPCR

To examine PTTGIIP occupancy at selected loci,
ChIP was carried out with the Transcription Factor iDeal
ChIP-seq Kit (Diagenode, Denville, NJ, USA) as rec-
ommended by the supplier. Cells were fixed in 4%
paraformaldehyde for 10 min at room temperature, nuclei
were isolated, and chromatin was sonicated into 200-500
bp fragments. Aliquots of sheared chromatin were incu-
bated overnight at 4 °C with anti-PTTG 1P antibody or con-
trol immunoglobulin G (IgG). After sequential washes, im-
mune complexes were eluted and cross-links reversed with
proteinase K treatment. DNA was purified and analyzed by
SYBR Green qPCR using locus-specific primers. Enrich-
ment was quantified relative to the input and IgG controls.
All ChIP-gPCR reactions were run in technical replicates,
and amplicon specificity was verified by melt-curve analy-
sis.

2.8 Cell Death

After harvesting, cells were rinsed three times in
chilled 1 x PBS and centrifuged to obtain a pellet. This was
incubated with 5 pM PI (Sigma, St. Louis, MO, USA) for
15 min at ambient temperature and then analyzed by flow
cytometry.

2.9 Data Analysis

Analyses were performed with GraphPad Prism v10
(GraphPad Software, San Diego, CA, USA) and R (ver-
sion 4.3, R Foundation for Statistical Computing, Vienna,
Austria)). Data are reported as the mean + standard error
of the mean (SEM). Two-sided tests were used throughout.
Unpaired (or paired, where applicable) Student ¢ test was
used for two groups and analysis of variance (ANOVA) for
>3 groups, with appropriate correction for multiple com-
parisons. Where multiple hypotheses were tested (e.g.,
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Fig. 1. PTTGI1IP emerges as a leading EMT-associated gene in thyroid cancer. (A) Heatmap of genes most strongly correlated
with the EMT score in the TCGA-THCA cohort. (B) Heatmap of EMT-correlated genes in the GEO cohort GSE138042 (n = 95), using
the same pipeline as in (A). (C) Venn diagram showing the overlap of EMT-associated genes between TCGA-THCA and GSE138042.
PTTGI1IP was among the top shared candidates. (D) Correlation map for PTTG1IP versus key EMT regulators in TCGA-THCA, includ-
ing transcription factors (ZEB1/2, TWIST1/2, SNAI1/2/3), epithelial/mesenchymal markers (CDH1, CDH2, VIM), and matrix metallo-
proteinases (MMP2, MMP9). Pearson’s R values (and p-values, where indicated) summarize the association strength. PTTG1IP, Pituitary

Tumor Transforming 1 Interacting Protein; EMT, epithelial-mesenchymal transition; TCGA, The Cancer Genome Atlas; THCA, Thyroid
Carcinoma; ZEB1/2, zinc finger E-box-binding homeobox 1/2; TWIST1/2, twist family bHLH transcription factor 1/2; SNAI1/2/3, snail
family transcriptional repressor 1/2; CDH, cadherin; VIM, vimentin. ns, no significant; *, p < 0.05; **** p < 0.0001.

transcriptome-wide correlations), p values were adjusted by
the Benjamini—Hochberg false discovery rate (FDR) proce-
dure. Significance was set at p < 0.05, or q < 0.05 after
FDR.

3. Results

3.1 PTTG1IP Emerges as a Key Regulator of EMT in
Thyroid Cancer

We prioritized EMT-related genes by deriving an EMT
score for every sample [17] in two independent datasets—
The Cancer Genome Atlas—Thyroid Carcinoma (TCGA-
THCA) and GEO GSE138042 (n=95)—followed by gene-

wise Pearson correlation analysis. Genes showing strong
associations (JR| > 0.8) were retained and displayed as
ranked heatmaps, revealing a coherent EMT signature in
both datasets (Fig. 1A,B). Intersection of the two gene sets
identified a compact overlap of candidates, among which
PTTGI1IP consistently ranked at the top by virtue of its cor-
relation strength and cross-cohort reproducibility (Fig. 1C).

We then examined how PTTGI1IP relates to the canon-
ical EMT circuitry. PTTGI1IP expression aligned pos-
itively with EMT-activating transcription factors (ZEBI,
ZEB2, TWISTI, TWIST2, SNAII, SNAI2, SNAI3) and mes-
enchymal markers (CDH2, VIM), while showing an in-
verse relationship with the epithelial determinant CDH1. It
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Fig. 2. PTTGI1IP is elevated in thyroid cancer at both RNA and protein levels. (A) Normalized PTTG1IP mRNA expression in
normal thyroid versus thyroid carcinoma samples from the TCGA-THCA cohort. (B) Paired tumor—adjacent normal analysis within
TCGA-THCA,; each line connects samples from the same patient, illustrating the within-patient increase. (C) Representative immuno-
histochemistry (IHC) images from the Human Protein Atlas (HPA; https://www.proteinatlas.org/) showing stronger PTTG1IP immunos-
taining in thyroid cancer compared with normal thyroid tissue (scale bar = 500 um). *, p < 0.05; **, p < 0.01.

also correlated with matrix-remodeling enzymes (MMP2, 3.2 PTTGI1IP is Highly Expressed in Thyroid Cancer
MMPY) (Fig. 1D). Together, these patterns support a model
in which PTTG1IP associates with mesenchymal programs
and extracellular-matrix dynamics that are characteristic of
EMT in thyroid cancer.

We next examined whether PTTG1IP is dysregulated
in tumors. Analysis of bulk RNA-seq from TCGA-THCA
showed higher PTTG1IP mRNA levels in thyroid carci-
noma than in normal thyroid tissue (Fig. 2A). A patient-
matched comparison yielded the same pattern: in paired
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Fig. 3. PTTG1IP promotes growth and cell survival in thyroid cancer cells. (A) qRT-PCR comparison of PTTG1IP mRNA in HTori-3
versus thyroid cancer lines (TPC-1, KTC-1, BCPAP) (n = 3). (B) The knockdown efficiency of PTTG1IP was demonstrated by qRT-PCR
assay (n = 3). (C,D) Control or PTTG1IP-knockdown TPC-1 and KTC-1 cells were transfected and their viability assessed by CCK8
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cells (n = 3; scale bar = 50 um). qRT-PCR, quantitative real-time reverse transcriptase PCR; HTori-3, human thyroid follicular epithelial
cell line; TPC-1, KTC-1, BCPAP, human thyroid carcinoma cell lines; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end
labeling. *, p < 0.05; **, p < 0.01; *** p < 0.001; **** p < 0.0001.

samples, tumors generally exhibited increased expression
relative to adjacent normal counterparts (Fig. 2B). Consis-
tent with the transcript data, protein-level evidence from
the Human Protein Atlas indicated stronger PTTG1IP im-
munoreactivity in thyroid cancer tissues than in normal thy-
roid (Fig. 2C). Together, these orthogonal readouts support
the recurrent upregulation of PTTGIIP in thyroid cancer,
consistent with a role in disease pathogenesis.

3.3 PTTG1IP Promotes Growth and Survival in Thyroid
Cancer Cells

We first profiled PTTG1IP across models and found
higher mRNA levels in thyroid cancer cell lines (TPC-
1, KTC-1, BCPAP) than in non-malignant thyroid cells
(HTori-3) (Fig. 3A). To assess function, PTTG1IP was si-
lenced using shRNA and the knockdown efficiency vali-
dated by qRT-PCR (Fig. 3B). Loss of PTTGIIP resulted
in cell growth inhibition, as reflected by the CCK-8 assay

result for TPC-1 and KTC-1 cells (Fig. 3C,D). Moreover,
TUNEL assays revealed a significant increase in the per-
centage of apoptotic cells in PTTG1IP-silenced TPC-1 and
KTC-1 cells compared to control cells (Fig. 3E), indicating
that knockdown of PTTGI1IP effectively promotes apopto-
sis. Taken together, these results indicate that PTTG1IP
supports proliferative capacity and protects against apop-
tosis in thyroid cancer cells.

3.4 PTTGI1IP Interacts With CTTN to Modulate EMT

To clarify how PTTG1IP engages the EMT circuitry,
we focused on its reported binding partners, CTTN (cor-
tactin) and p53 [18,19]. Consistent with the known roles of
CTTN in actin dynamics, migration, and adhesion remodel-
ing [20,21], our cross-cohort screen also identified CTTN as
an EMT-associated candidate (Fig. 1C). In TCGA-THCA,
mRNA expression of PTTG1IP correlated positively with
that of CTTN (Pearson R = 0.572, p < 0.001) and TP53

&% IMR Press


https://www.imrpress.com

c
i)
[%)]
[%)]
()
S
x
()
z
|_
|_
O
Spearman
4 R=0572
P <0.001
[
I I I I I
6 7 8 9 10
PTTG1IP expression
KTC-1 TPC-1
£ ., E
65 96
PTTG1IP

6_
C
i)
% 97
o
o
X
o
B
Q47
l—
» Sp&arman
R=0.619
3{7 e ° P < 0.001
I I I I I
6 7 8 9 10
PTTG1IP expression
D TPC-1 KTC-1
o o
oo
SE 5§ E
O o O
T O C C
n (/5] (/2] w
SNAIL | s w= = o

TWIST | v o = =

VIM

GAPDH | s s s e

Fig. 4. PTTGIIP physically associates with CTTN and aligns with EMT programs. (A) Scatter plot of PTTGI1IP versus CTTN
mRNA in TCGA-THCA (Pearson R = 0.572, p < 0.001). (B) Scatter plot of PTTG1IP versus TP53 mRNA in TCGA-THCA (Pearson
R =0.619, p < 0.001). (C) Co-immunoprecipitation demonstrating endogenous PTTG1IP-CTTN interaction, including IgG and input
controls. (D) Western blot analysis of EMT markers (SNAI1, TWIST1, VIM) after PTTG1IP knockdown, with GAPDH serving as the
loading control. CTTN, cortactin; IgG, immunoglobulin G; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

(R =10.619, p < 0.001) (Fig. 4A,B). At the protein level,
co-immunoprecipitation (Co-IP) confirmed an endogenous
PTTGI1IP-CTTN complex in thyroid cancer cells (Fig. 4C).
A correlation overview further showed that PTTG1IP aligns
with canonical EMT drivers (SNAIL and TWIST1) and
mesenchymal markers (VIM) (Fig. 4D). Together, these
data indicate that PTTG1IP couples cytoskeletal remodel-
ing (via CTTN) with EMT-linked transcriptional programs,
thereby supporting migratory and invasive phenotypes in
thyroid cancer.
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3.5 PTTG1IP Modulates the DNA Damage Response via
its Association With CTTN

TP53 mutations are common in thyroid cancer and
compromise the DNA damage response (DDR) to facil-
itate tumor progression [22,23]. Building on prior re-
ports that PTTGIIP can associate with p53 [14,15,17],
as well as our evidence of a PTTGIIP-CTTN complex
(Fig. 4C), we next investigated whether PTTG1IP can in-
fluence DDR programs. In TCGA-THCA, PTTGIIP ex-
pression showed positive correlations with key DDR genes,
including BRCAI, BRCA2, RAD51, and FANCA (Fig. 5A).
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Fig. 5. PTTG1IP modulates the DNA damage response via association with CTTN. (A) Correlation matrix showing PTTG1IP
versus DDR genes in TCGA-THCA. (B) Correlation matrix showing CTTN versus the same DDR genes in TCGA-THCA. (C,D) gPCR
analysis showing decreased mRNA levels for DDR genes after PTTG1IP knockdown in TPC-1 and KTC-1 cells (n = 3). (E) Western
blot analyses showing reduced DDR protein levels following PTTG1IP knockdown. (F,G) ChIP—qPCR confirming PTTG1IP occupancy
at the BRCA1, BRCA2, ATM, RAD51 and RAD51AP1 promoters in TPC-1 and KTC-1 cells (n = 3). RAD, radiation-sensitive; DDR,
DNA damage response. **** p < 0.0001.
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Fig. 6. PTTG1IP knockdown sensitizes thyroid cancer cells to radiation. (A) Cell viability after irradiation with or without PTTG1IP
knockdown. The knockdown group shows greater loss of viability (n = 5). (B) Flow-cytometric quantification of cell death following

irradiation, showing higher death rates in cells with PTTG1IP knockdown (n = 3). (C) Immunofluorescence assessment of p-H2AX after

irradiation, indicating increased DNA-damage signals in PTTG1IP-silenced cells (scale bar = 10 um). *, p < 0.05; **, p < 0.01; *** p

< 0.001; ****_p < 0.0001.

Notably, its binding partner CTTN exhibited similar corre-
lations with the same DDR genes (Fig. 5B), suggesting the
PTTGIIP-CTTN axis may align with DDR activity. Func-
tionally, shRNA-mediated knockdown of PTTGI1IP in thy-
roid cancer cells reduced DDR gene expression at both the
mRNA level (qPCR; Fig. 5C,D) and protein level (West-
ern blot; Fig. 5E). Mechanistically, ChIP-qPCR demon-
strated occupancy of PTTGIIP at the promoter regions of
BRCA1, BRCA2, RAD51, RAD51AP1 and ATM in TPC-
1 and KTC-1 cells (Fig. 5F,G). Collectively, these results
identify PTTG1IP as a modulator of DDR, potentially act-
ing through its association with CTTN and direct engage-
ment with DDR gene promoters. Such features may con-
tribute to genomic instability and treatment resistance in
thyroid cancer.

3.6 PTTG1IP Knockdown Increases the Radiosensitivity of
Thyroid Cancer Cells

Given the connection between PTTG1IP and DDR
pathways, we next examined whether the loss of PTTG1IP
alters cellular responses to irradiation. Viability assays
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showed that irradiated cells with PTTG1IP knockdown dis-
played a more pronounced decrease in survival than irradi-
ated controls (Fig. 6A). To determine if this effect was con-
served in a more aggressive, TP53-mutant context, we re-
peated this experiment in BHT-101 anaplastic thyroid can-
cer cells and observed a similarly significant reduction in
viability (Fig. 6A). Consistent with this observation, flow
cytometry revealed a higher fraction of dead cells in the
knockdown group after radiation exposure (Fig. 6B), a find-
ing that was recapitulated in the TP53-mutant BHT-101
cell line (Fig. 6B). In addition, immunofluorescence for
the double-strand break marker p-H2AX showed stronger
DNA-damage signals in PTTG1IP-silenced cells following
irradiation (Fig. 6C). Together, these findings indicate that
suppression of PTTG1IP enhances radiation-induced cyto-
toxicity and DNA damage, suggesting this gene may be a
potential target for improving the effectiveness of radiation
therapy in thyroid cancer.
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4. Discussion

In this study, we systematically examined EMT-
associated genes in thyroid cancer by integrating the TCGA
and GEO datasets (GSE138042), leading to the identifica-
tion of PTTG1IP (PBF) as a prominent candidate. Although
this gene has not been characterized as extensively as classi-
cal EMT regulators, prior reports have linked it to invasion,
metastasis, and unfavorable prognosis in a number of tumor
types [6—9,24]. Our data now extend these observations to
thyroid cancer by showing that PTTG1IP expression is el-
evated at the transcript and protein levels in representative
cell lines, and functional perturbation by shRNA reduces
cell viability and increases apoptosis. Together, these find-
ings support the view that PTTG1IP contributes to the dis-
ease biology of thyroid cancer, warranting deeper mecha-
nistic investigation.

The tumor suppressor TP53 is central to DDR, cell-
cycle control, and apoptosis [25,26]. Earlier studies sug-
gested that PTTGIIP can associate with TP53 and in-
fluence diverse pathways 3 [19]. In our thyroid cancer
models, we observed concordant expression patterns be-
tween PTTGI1IP and TP53, consistent with a functional re-
lationship. Moreover, we obtained biochemical evidence
of a PTTGIIP-CTTN (cortactin) complex, as revealed by
co-immunoprecipitation and co-localization. Given that
CTTN orchestrates actin dynamics, adhesion remodeling,
and cell motility [27-29], its interaction with PTTG1IP
provides a structural link between cytoskeletal regulation
and EMT-aligned programs. In line with the transcriptomic
analyses, the expression of EMT-related markers decreased
following PTTG1IP knockdown, suggesting engagement of
EMT circuitry at the molecular level. Nonetheless, migra-
tion/invasion phenotypes were not the primary endpoints in
this study and should be addressed explicitly in future work.

Beyond its connection with EMT-aligned states, our
results highlight a role for PTTGIIP in regulating the
DDR. PTTGIIP expression correlated with the expres-
sion of canonical DDR genes, while its depletion lowered
their mRNA and protein levels. Importantly, ChIP-qPCR
demonstrated PTTG1IP occupancy atthe BRCA1, BRCA2,
RADS1, RAD51API1, and ATM promoters, pointing to a
transcriptional interface with DDR machinery. Our finding
that PTTG1IP co-regulates both EMT and DDR is particu-
larly noteworthy. While our study does not establish a di-
rect causal chain from EMT to DDR, this dual regulatory
function positions PTTGI1IP as a central molecular hub.
This finding is interesting in the context of literature reports
that EMT can perturb DNA repair and stress checkpoints
[30,31], and with the relatively high prevalence of TP53 al-
terations in thyroid cancer [22,32] which could modulate re-
liance on PTTG11P-driven DDR support. Mechanistically,
PTTGIIP may function as a scaffold or co-regulator that
bridges cytoskeletal cues (via CTTN) with nuclear DDR
control. The mapping of interaction domains and partner
complexes should lead to further clarification of this model.
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The therapeutic implications of our findings are no-
table. Loss of PTTGI1IP can increase radiosensitivity, as
evidenced by greater post-irradiation loss of cell viability,
higher cell-death fractions, and enhanced p-H2AX signals.
These data suggest that PTTGIIP sustains DDR compe-
tence, and that its inhibition can expose a vulnerability to
radiation. Conceptually, the targeting of PTTG1IP could
be explored as a radiosensitizing strategy, potentially im-
proving outcomes when combined with standard radiation
regimens in thyroid cancer.

Several limitations should be acknowledged. First and
foremost, our study relies on bioinformatics analyses and in
vitro cell line models. While these approaches provide valu-
able mechanistic insights, a crucial next step is to validate
our findings in human clinical specimens. Future studies
using patient-derived thyroid cancer tissues are essential to
confirm the expression patterns of PTTG1IP and its corre-
lation with EMT and DDR markers, which would substan-
tially strengthen the clinical relevance of our conclusions.
Second, although the EMT component is supported by tran-
scriptomic alignment and marker modulation, the causal
reprogramming of EMT states remain to be proven with
rescue experiments, gain-of-function studies, and in vivo
validation. Fourth, while we demonstrated promoter occu-
pancy at DDR genes, it remains to be determined whether
PTTGIIP binds to DNA directly or acts within a larger
transcriptional complex. Third, while our study establishes
PTTGI1IP’s role in both EMT and DDR, the precise causal
relationship between these two programs was not directly
investigated. Whether PTTG1IP regulates these pathways
in parallel, or if one is downstream of the other, remains
an important question for future studies. Fifth, depen-
dence on PTTG1IP may vary with the genomic context (in-
cluding TP53 status) and tumor subtype, underscoring the
need for broader panels and isogenic systems. Finally, al-
though multiple shRNA sequences and appropriate controls
were used to mitigate off-target effects, CRISPR-based ap-
proaches and orthogonal rescue should further strengthen
specificity.

In summary, our data indicate that PTTG1IP is a mul-
tifunctional coordinator located at the intersection of EMT-
aligned programs and DDR control in thyroid cancer. By
coupling cytoskeletal remodeling through CTTN with the
transcriptional regulation of DNA repair genes, PTTG1IP
supports tumor cell fitness and influences treatment re-
sponse. These insights motivate further studies to eluci-
date the relevant mechanism (complex composition, chro-
matin engagement, and downstream effectors) and to eval-
uate PTTGI1IP as a biomarker and therapeutic entry point
for the clinical management of thyroid cancer, particularly
in combination with radiation.

5. Conclusion

PTTGI1IP (PBF) is upregulated in thyroid cancer and
is required for tumor cell fitness. Its knockdown was
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shown to reduce cell viability and increase apoptosis in
vitro. Mechanistically, PTTG1IP interacts with cortactin
(CTTN) and aligns with EMT-related programs. Moreover,
it demonstrates engagement with DDR pathways through
correlation with key DDR genes and occupation of their
promoters (BRCA1, BRCA2, RAD51, RAD51AP1, ATM).
Functionally, the depletion of PTTG1IP enhances radiosen-
sitivity, leading to increased radiation-induced DNA dam-
age and cell death. These findings indicate that PTTG1IP
may serve as a biomarker and therapeutic entry point—
particularly as a radiosensitization target—in thyroid can-
cer.
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