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Abstract

Endoplasmic reticulum (ER) stress is associated with the progression of thyroid cancer (TC). We
identified an ER stress-related gene, PMAIP1, and studied its expression and function in TC. We
integrated bulk RNA sequencing data and single-cell RNA sequencing data from the thyroid carcinoma
(THCA) cohort of The Cancer Genome Atlas (TCGA). Through differential expression analysis, univariate
and multivariate Cox regression analysis, and Kaplan—Meier analysis, we found that the ER stress-related
gene PMAIP1 is associated with TC prognosis. Higher expression of PMAIP1 is associated with
advanced clinical stage and lymph node metastasis. Single-cell analysis showed that PMAIP1 is mainly
expressed in malignant thyroid epithelial cells and enriched in metastatic lesions. In TC cells,
overexpression of PMAIP1 enhanced the proliferation, colony formation, migration, and invasion of TPC-
1 cells as assessed by CCK-8, colony formation, Transwell migration/invasion, and Western blot assays,
whereas shRNA-mediated knockdown of PMAIP1 produced the opposite effect in CAL-62 cells. The
expression of PMAIP1 is associated with the activation of the PERK-CHOP pathway and changes related
to epithelial mesenchymal transition (EMT). Overall, the upregulation of PMAIP1 is associated with
thyroid cancer progression, metastatic potential, and invasive cell phenotype, and warrants further
mechanistic research and clinical validation.

Introduction

Thyroid cancer is the most common endocrine malignancy, and its global incidence has risen markedly
over the past several decades|[1]. Papillary thyroid carcinoma (PTC) accounts for the majority of thyroid
cancers and generally follows an indolent course with favorable long-term survival[2, 3]. However, a
considerable proportion of patients still develop extrathyroidal extension, lymph node or distant
metastasis, radioactive iodine-refractory disease, or recurrence, all of which are associated with poorer
prognosis[2]. Endoplasmic reticulum (ER) stress-related signaling is important in cancer initiation,
progression, and treatment resistance. The unfolded protein response is regulated by three endoplasmic
reticulum-resident sensors, which are PERK, IRE1qa, and ATF6[4-7]. They restore proteostasis under
acute stress, but can trigger apoptosis if stress is severe or sustained. In cancer, the output of the
unfolded protein response is context-dependent: transient or low-level unfolded protein response
activation is associated with adaptation, survival, angiogenesis, metabolic reprogramming, and
metastatic capacity; strong or sustained signaling can promote cell death through CHOP[4-7]. In
particular, the PERK-elF2a-ATF4-CHOP axis has been closely associated with epithelial-mesenchymal
transition, invasion, and metastasis in multiple solid tumors, such as thyroid cancer[8-10]. In thyroid
cancer, ER stress markers such as GRP78 have been found to correlate with aggressive features[11].
Recent functional studies further link EMT-associated signaling to PTC proliferation and metastatic
behavior[12]. Nevertheless, many specific endoplasmic reticulum stress-related genes associated with
PTC have not been fully elucidated.

PMAIP1 encodes NOXA. NOXA is a pro-apoptotic member of the BCL-2 family[13, 14]. Under genotoxic
stress, it is a direct transcriptional target of ATF4/CHOP downstream of PERK signaling as well as of
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p53[13, 15]. It is a canonical apoptosis effector, and it is expected to inhibit tumor growth. Although it
exhibits tumor-suppressive roles in certain malignancies such as gastric and triple-negative breast
cancers[16, 17], emerging evidence indicates that PMAIP1 is associated with poor prognosis and tumor
progression in other solid tumors, including lung adenocarcinoma and colorectal cancer [18, 19]. These
contradictory observations suggest that PMAIP1's function may be related to tumor type and
microenvironment, which raises questions about whether or how it participates in the pathogenesis of
PTC[16-20]. To the best of our knowledge, there is no systematic study on PMAIP1 expression patterns,
clinical relevance and biological function in PTC.

Single-cell RNA sequencing (scRNA-seq) can resolve intratumoral heterogeneity, and can also explore
the malignant cell state between matched primary lesions and metastatic lesions[21, 22]. In PTC
research, such methods can help clarify the expression of candidate genes in malignant thyroid cell or
stromal/immune compartments, and also explain the changes in metastatic axis expression[23]. In this
study, we hypothesized that specific ER stress-related genes are associated with PTC progression and
aggressive phenotypes. To test this hypothesis, we integrated bulk RNA-seq data from TCGA-THCA[3]
with single-cell RNA-seq data from GSE184362[21], which included matched primary, lymph node, and
subcutaneous metastatic lesions, and performed in vitro gain-of-function and loss-of-function
experiments in TPC-1 and CAL-62 cell lines. Our findings indicate that PMAIP1 is an ER stress-related
gene closely associated with poor overall survival; its expression changes in parallel with advanced
clinicopathological features and metastatic enrichment in malignant thyroid cells at single-cell
resolution; and PMAIP1 modulation is closely associated with coordinated changes in proliferation,
migration, invasion, and EMT markers, together with activation of the PERK-CHOP pathway.

Materials and Methods
Data sources and preprocessing

Gene-expression count data, FPKM data, and the corresponding clinical annotation files for thyroid
carcinoma (THCA) were downloaded from the UCSC Xena platform (https://xenabrowser.net/). Samples
were classified according to positions 14—-15 of the sample barcode: “01” denoted tumor tissue,
whereas “11” denoted adjacent normal tissue. Endoplasmic reticulum stress-related genes were
collected from the GeneCards database and relevant publications. After duplicate entries were removed,
the resulting gene set was saved as ER_stress_genes.csv (Supplementary Data 1).

Differential expression analysis of endoplasmic reticulum stress—
related genes

Genes shared by the expression matrix and the endoplasmic reticulum stress gene set were extracted
for further analysis. For each gene, differential expression between tumor and adjacent normal tissues
was evaluated. The log, fold change (log,FC) was calculated, and P values were adjusted using the
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Benjamini-Hochberg procedure to obtain false discovery rates (FDRs). Genes with an absolute log,FC
greater than 1 and an FDR below 0.05 were considered differentially expressed. A volcano plot was
generated with the ggplot2 and ggrepel packages, with the five most strongly upregulated and five most
strongly downregulated genes labeled.

Identification of prognostic genes and survival analysis

The FPKM expression matrix was integrated with overall survival (OS) data and survival-status
information. Univariate Cox proportional hazards regression was performed separately for every
endoplasmic reticulum stress—related gene included in the differential expression analysis. Hazard
ratios (HRs) and corresponding 95% confidence intervals (Cls) were calculated. PMAIP1, which showed
the largest HR, was selected for subsequent analyses.

The surv_cutpoint function was used to determine the optimal PMAIP1 expression threshold. Patients
were then divided into high- and low-expression groups according to this cutoff. Kaplan—Meier survival
curves were generated, and differences between groups were assessed using the log-rank test. In
addition, bidirectional stepwise variable selection was applied to construct a multivariable Cox
proportional hazards model, thereby evaluating whether PMAIP1 was an independent prognostic factor.

Gene set enrichment analysis

TCGA-THCA samples were stratified into high- and low-PMAIP1-expression groups according to the
median PMAIP1 expression level. For every gene, the log, fold change between the two groups was
calculated, and the genes were ranked in descending order. This pre-ranked gene list was analyzed with
the clusterProfiler and GSEABase packages. Gene set enrichment analysis was performed using the
Hallmark collection from MSigDB (h.all.v2024.1), the KEGG collection (c2.cp.kegg.v7.4), and Gene
Ontology biological-process gene sets.

Pathways with an adjusted P value (false discovery rate, FDR < 0.05) were regarded as significantly
enriched. Individual enrichment curves were produced with the GseaVis package, while a multi-pathway
enrichment bubble plot was generated using ggplot2.

Association between PMAIP1 expression and clinicopathological
characteristics

Clinical records were reviewed to obtain T, N, and M classifications, together with the overall clinical
stage. Substages were consolidated where appropriate; for example, T1a and T1b were combined into
T1, and stages IVA-IVC were grouped as stage IV. Samples with missing staging information were
excluded.
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PMAIP1 FPKM values were compared across the different clinical stages. The Wilcoxon rank-sum test
was used for comparisons involving two groups, whereas the Kruskal-Wallis test was used for
comparisons involving more than two groups. Box plots or violin plots overlaid with individual data
points were prepared with ggpubr and ggplot2, and the corresponding significance P values were
displayed.

Single-cell RNA sequencing analysis

The thyroid cancer single-cell RNA-sequencing dataset GSE184362 was downloaded from the Gene
Expression Omnibus (GEO). This dataset included primary tumor (PT), lymph-node metastasis (LN), and
subcutaneous metastasis (SubQ) samples.

Downstream processing was conducted with Seurat version 5. Cells expressing 200-5,000 genes were
retained, together with cells containing more than 1,000 total UMIs, a mitochondrial gene fraction of no
more than 10%, and an erythrocyte-associated gene fraction of no more than 10%. The data were
normalized using LogNormalize. Highly variable genes were identified with FindVariableFeatures,
followed by scaling with ScaleData and principal-component analysis using RunPCA. Harmony was
utilized to correct for batch effects. The integrated data were visualized via t-SNE, and graph-based
clustering was performed at a resolution of 0.3.

Cell clusters were annotated according to canonical marker genes: thyroid epithelial cells (TG, EPCAM),
T/NK cells (CD3D, CD3E), B/plasma cells (MS4A1, CD79A), myeloid cells (CD14, LYZ), fibroblasts
(COL1A1, DCN), endothelial cells (VWF, CD34), and pericytes (RGS5, ACTA2). The expression distribution
of PMAIP1 across the annotated cell populations was then examined. Thyroid epithelial cells were
stratified by sample origin (PT, LN, and SubQ), and PMAIP1 expression was compared among these
groups. To distinguish malignant from benign epithelial cells, copy humber variations were inferred using
inferCNV with T/NK cells and fibroblasts as normal reference populations, and CopyKAT was applied to
predict aneuploid cells; epithelial cells supported by concordant copy-number evidence from both
approaches were defined as malignant thyroid epithelial cells.

Cell culture and transfection

Two human thyroid cancer cell lines were employed for the in vitro functional studies: TPC-1 (ATCC
#CRL-1451), originating from papillary thyroid carcinoma (PTC), and CAL-62 (CCTCC, Wuhan, China),
originating from anaplastic thyroid carcinoma (ATC). Because endogenous PMAIP1 levels are relatively
low in TPC-1, this line was chosen for gain-of-function experiments; conversely, the high basal PMAIP1
expression and the highly aggressive, dedifferentiated nature of CAL-62 made this line appropriate for
loss-of-function experiments targeting PMAIP1. For overexpression, TPC-1 cells were transfected with a
PMAIP1-expression plasmid (OE) or with the corresponding empty vector (Vector); for knockdown, CAL-
62 cells were transfected with two PMAIP1-targeting shRNAs (sh1, sh2) or a non-targeting scrambled
control (SC). Successful overexpression and knockdown were verified at both the mRNA and protein
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levels by gRT-PCR and Western blotting before any downstream assay. STR profiling was used to
authenticate both cell lines, and routine mycoplasma testing (most recently in January 2026) remained
negative. Only cells within passages 5-15 were used for experiments.

Quantitative real-time PCR (qRT-PCR)

For quantitative real-time PCR (qRT-PCR), total cellular RNA was first isolated with TRIzol reagent and
further purified using the RNeasy Mini kit (Vazyme, China). One microgram of total RNA was then
subjected to reverse transcription using the PrimeScript RT reagent Kit with gDNA Eraser (Vazyme,
China). Amplification reactions were subsequently carried out with Power SYBR Green PCR master mix.
Relative expression levels were normalized against GAPDH and calculated by the 2*-AACt method. The
primer sequences used in this study are listed below:

PMAIP1-F: 5-GCTGGAAGTCGAGTGTGCTA-3'
PMAIP1-R: 5-GAAACGTGCACCTCCTGAGA-3'
GAPDH-F: 5'-AGCAAGAGCACAAGAGGAAG-3'

GAPDH-R: 5-GGTTGAGCACAGGGTACTTT-3'
Western blotting analysis

Cells were lysed in RIPA buffer supplemented with protease and phosphatase inhibitors to obtain total
protein. The extracted proteins were resolved by SDS-PAGE and electrophoretically transferred onto
PVDF membranes, which were then probed overnight at 4°C with the following primary antibodies: anti-
PMAIP1 (CST, #14766, WB: 1:1000), anti-CHOP (CST, #2895, WB: 1:1000), anti-PERK (CST, #3192, WB:
1:1000), anti-p-PERK (CST, #3179, WB: 1:1000), anti-E-cadherin (Abcam, ab1416, WB: 1:1000), anti-N-
cadherin (Abcam, ab18203, WB: 1:1000), and anti-GAPDH (Santa Cruz Biotechnology, sc-47724, WB:
1:5000), followed by the corresponding secondary antibodies. Immunoreactive bands were detected
with a chemiluminescence imaging system. Band intensities from three independent experiments were
quantified using ImagedJ software. For each sample, the intensity of phosphorylated PERK (p-PERK) was
first normalized to that of total PERK, and the resulting value was further normalized to GAPDH as the
loading control.

Cell proliferation assay

The CCK-8 assay was applied to evaluate cell proliferation. Cells were seeded into 96-well plates, and the
absorbance at 450 nm was recorded on days 0, 1, 2, 3, and 4 after seeding.

Colony formation assay
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For the colony formation assay, cells were plated at low density into 6-well plates and maintained in
culture for 14 days. The resulting colonies were fixed in 4% paraformaldehyde, stained with 0.1% crystal
violet, and counted manually.

Transwell assay

Cell migratory and invasive capacities were examined using Transwell chambers. Invasion assays were
performed in chambers pre-coated with Matrigel. Cells suspended in serum-free medium were placed in
the upper chamber, whereas the lower chamber received medium supplemented with 20% FBS as a
chemoattractant. At 24 h after plating, cells that had traversed the membrane were fixed, stained, and
quantified.

Statistical analysis

All bioinformatics analyses were performed in R version 4.4.1. Comparisons between two groups were
performed using the Wilcoxon rank-sum test, and comparisons among multiple groups using the
Kruskal—-Wallis test. Survival differences were evaluated by the log-rank test, and prognostic
associations were examined using Cox proportional hazards regression. Gene set enrichment analysis
was performed using the pre-ranked GSEA algorithm. For in vitro experiments, data are presented as the
mean + SD of at least three independent experiments, and intergroup comparisons were analyzed using
Student's t-test. A two-sided P value < 0.05 or a false discovery rate (FDR) < 0.05 was considered
statistically significant.

Results

PMAIP1 is the ER stress-related gene most strongly
associated with poor prognosis

To characterize the expression profile of endoplasmic reticulum (ER) stress-related genes in papillary
thyroid carcinoma (PTC), we compiled a gene set containing 2,084 ER stress-related genes and
examined their expression in the TCGA-THCA cohort. Using |log,FC| > 1 and FDR < 0.05 as the criteria,
differential expression analysis between tumor tissues and adjacent normal tissues identified 199
significantly upregulated genes (downregulated genes are also indicated in Fig. 1A). The volcano plot
showed an overall upregulation pattern of ER stress genes in tumor tissues, with FN1, DCSTAMP, and
other genes showing the most pronounced increases, whereas GRIAT, GPC3, UGT2B11, and other genes
showed relatively lower expression in tumor tissues (Fig. 1A). To screen for prognostically valuable ER
stress genes among the upregulated candidates, we performed univariate Cox regression analysis using
overall survival (0S) as the endpoint. This analysis identified a group of genes significantly associated
with patient prognosis, including SPP1, PMAIP1, COL26A1, CERS1, and SEZ6L2 (Fig. 1B). Multivariate
Cox analysis showed that PMAIP1 had the highest hazard ratio (HR) among all included genes (HR =
1.303,95% CI: 1.120-1.517, P < 0.001), followed by CERS1 (HR =1.051, 95% Cl: 1.024-1.078, P < 0.001)
and SPP1 (HR =1.005, 95% CI: 1.000-1.010, P = 0.047) (Fig. 1C). Kaplan-Meier survival analysis
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confirmed that patients in the PMAIP1-high expression group had significantly shorter overall survival
than those in the low-expression group (log-rank P = 0.043; Fig. 1D). GSEA-GO analysis showed that the
PMAIP1-high expression group was significantly enriched in the ER stress-induced apoptotic signaling
pathway (Fig. 1E). These results suggest that the ER stress pathway may be activated in thyroid cancer.
We further examined the expression of key ER stress effector molecules. Western blotting showed that
in TPC-1 cells overexpressing PMAIP1, the ER stress marker CHOP was increased and PERK
phosphorylation (p-PERK) was markedly enhanced, whereas total PERK protein levels showed no
obvious change; in CAL-62 cells with PMAIP1 knockdown, CHOP and p-PERK levels were
correspondingly reduced (Fig. 1F). Taken together, these results suggest an association between
PMAIP1 expression and activation of the PERK-CHOP-mediated ER stress pathway.

PMAIP1 expression increases with papillary thyroid
carcinoma progression

Next, we analyzed the clinicopathological association between PMAIP1 expression and PTC prognosis.
PMAIP1 expression was significantly higher in tumor tissues than in adjacent normal tissues (Wilcoxon
test, P =4.7x107 1% Fig. 2A). According to clinical stage, PMAIP1 expression showed an upward trend
from stage | to stage IV, with the highest level in stage IV (Kruskal-Wallis test, P = 3x10™%; Fig. 2B).
Regarding T stage, PMAIP1 expression was significantly higher in advanced T-stage tumors than in early-
stage tumors (Wilcoxon test, P = 5.5 x 10~ ®; Fig. 2C). The expression level was higher in the lymph node
metastasis-positive group than in the lymph node metastasis-negative group (Wilcoxon test, P = 3.7 x
10™1"; Fig. 2D). Collectively, these data indicate that PMAIP1 upregulation is associated with clinical
features of PTC, including stage, tumor size, and lymph node metastasis status.

Single-cell analyses reveal elevated PMAIP1 in metastatic
lesions and its association with malignancy

To determine the cellular origin and tissue distribution of PMAIP1 expression, we analyzed the single-cell
RNA sequencing dataset GSE184362, which included paired primary tumor (PT), lymph node metastasis
(LN), and subcutaneous metastasis (SubQ) samples. After quality control and data integration, a total of
124,030 cells were retained and annotated into seven major cell populations based on canonical
markers: thyroid epithelial cells (TG, EPCAM), T/NK cells (CD3D, CD3E), B/plasma cells (MS4A1, CD79A),
myeloid cells (CD14, LYZ), fibroblasts (COL1A1, DCN), endothelial cells (VWF, CD34), and pericytes
(RGS5, ACTA2) (Fig. 3A). A dot plot of marker genes showed that the cell populations were well
separated (Fig. 3B). Feature plots showed that PMAIP1 was expressed in multiple cell types but was
most prominent in the thyroid epithelial cell population (Fig. 3C). Using T/NK cells and fibroblasts as
normal references, we applied inferCNV to infer copy number variations and combined this with
CopyKAT to predict aneuploid cells. The results showed varying degrees of copy number variation in all
three sample types. In the distant metastasis sample, deletions were present on chromosomes 1, 9, 13,
and 22, whereas chromosome 7 showed marked amplification; in the lymph node metastasis sample,
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chromosomes 1 and 7 were amplified and chromosome 22 was deleted; in the primary tumor sample,
marked amplifications were present on chromosomes 1 and 21 (Fig. 3D). After stratifying thyroid
epithelial cells by anatomical site, PMAIP1 expression displayed a clear gradient: lowest in the primary
tumor, intermediate in the lymph node metastasis, and highest in the subcutaneous (distant) metastasis.
Among these malignant thyroid cells, PMAIP1 expression was significantly higher in both lymph node
and distant metastases than in the primary tumor (both P < 2.22 x 10~ '%; Fig. 3E). These single-cell
results indicate that PMAIP1 upregulation is prominent in malignant thyroid epithelial cells and becomes
further enriched during metastatic progression.

PMAIP1 promotes malignant phenotypes and EMT in
thyroid cancer cells

To clarify the functional role of PMAIP1 in thyroid cancer progression, we established gain-of-function
and loss-of-function models using TPC-1 cells (derived from PTC) and CAL-62 cells (derived from ATC),
respectively. First, stable transfection was used to successfully overexpress PMAIP1 (OE) in TPC-1 cells
and knock down PMAIP1 (KD) in CAL-62 cells, with efficiency verified at both the protein and mRNA
levels (Fig. 4A). CCK-8 proliferation assays showed that PMAIP1-overexpressing TPC-1 cells exhibited
enhanced proliferative capacity in vitro; conversely, proliferation was suppressed in CAL-62 cells with
stable PMAIP1 knockdown, and both sh1 and sh2 showed stable inhibitory effects (both P < 0.001;

Fig. 4B). Colony formation assays further confirmed these findings: TPC-1 cells in the PMAIP1
overexpression group formed significantly more colonies than control cells, whereas CAL-62 cells in the
PMAIP1 knockdown group formed markedly fewer colonies with smaller colony sizes (all P <0.001;

Fig. 4C). Transwell migration assays showed that PMAIP1 overexpression significantly enhanced the
migration and invasion of TPC-1 cells, with a marked increase in the number of cells traversing the
membrane; in contrast, PMAIP1 knockdown significantly reduced the numbers of migrating and invading
CAL-62 cells (all P <0.001; Fig. 4D). To investigate the molecular mechanisms underlying the association
between PMAIP1 and the malignant biological behavior of PTC, we compared tumors with high versus
low PMAIP1 expression in the TCGA-THCA cohort and performed GSEA based on Hallmark, KEGG, and
Gene Ontology gene sets. Among the Hallmark pathways, the PMAIP1-high expression group showed
significant enrichment of epithelial-mesenchymal transition (EMT), apoptosis, IL-6/JAK/STAT3 signaling,
the G2M checkpoint, mTORC1 signaling, angiogenesis, PI3K/AKT/mTOR signaling, glycolysis, and
hypoxia (all FDR < 0.05; Fig. 4E). We further assessed the expression of EMT-related markers by Western
blotting. In PMAIP1-overexpressing TPC-1 cells, expression of the mesenchymal marker N-cadherin was
markedly upregulated, whereas expression of the epithelial marker E-cadherin was downregulated; CAL-
62 cells with PMAIP1 knockdown showed the opposite pattern, with decreased N-cadherin and
increased E-cadherin (Fig. 4F). This result is consistent with the bulk RNA-seq GSEA finding that the EMT
pathway was significantly enriched in the PMAIP1-high expression group.

Discussion
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In this study, we analyzed ER stress-related genes in PTC and identified PMAIP1, among 2,084 candidate
genes in the TCGA-THCA cohort, as the gene most strongly associated with poor overall survival. The
PMAIP1 gene encodes the BH3-only protein NOXA and, under ER stress conditions, has traditionally
been regarded as a pro-apoptotic effector and a direct transcriptional target of the PERK-elF2a-ATF4-
CHOP signaling axis[13—15]. According to this classical view, PMAIP1 upregulation would be expected
to promote apoptosis and thereby exert tumor-suppressive effects; indeed, tumor-suppressive functions
have been reported in certain cancer types, such as gastric cancer and triple-negative breast cancer[16,
17]. It is therefore noteworthy that a growing body of evidence indicates that PMAIP1/NOXA is
associated with adverse features in multiple solid tumors, including lung adenocarcinoma, colorectal
cancer, the quasi-mesenchymal subtype of pancreatic cancer, and, importantly, follicular thyroid
carcinoma, in which PMAIP1 is associated with cell proliferation and metastasis through the
Wnt3/FOSL1 signaling pathway[18-20]. One plausible explanation for our observations in PTC is that
under chronic or low-level ER stress, the unfolded protein response (UPR) can shift from a pro-apoptotic
output to adaptive, pro-survival programs[4-7]; in this context, PMAIP1 may be induced as part of a
broader PERK-CHOP-coordinated stress response without necessarily causing cell death, particularly
when anti-apoptotic buffers such as MCL-1 and BCL-2 remain sufficient[24].

Higher PMAIP1 expression was associated with advanced clinical stage, higher T stage, and lymph node
metastasis; single-cell analysis indicated that PMAIP1 was mainly enriched in malignant thyroid
epithelial cells, with its expression appearing to increase along the "primary tumor-lymph node-distant
metastasis" axis[25].

PMAIP1 expression was mainly confined to malignant thyroid epithelial cells rather than stromal or
immune cells; its gradient distribution across primary tumors, lymph node metastases, and
subcutaneous metastatic lesions is consistent with clonal selection or adaptive reprogramming during
tumor dissemination[21, 26]. From a translational medicine perspective, PMAIP1 may warrant evaluation
as a candidate risk-stratification biomarker in papillary thyroid carcinoma (PTC). Although most PTCs
follow an indolent course, a subset of patients progress to locoregional or distant metastasis, and
biomarkers that can help identify such patients are therefore still needed[27]. The association between
PMAIP1 and the PERK-CHOP pathway also raises a hypothetical possibility: tumors with high PMAIP1
expression may exhibit differential sensitivity to UPR-targeted agents or rational combination therapies,
for example, PERK pathway inhibitors combined with BH3 mimetics that neutralize MCL-1, an approach
that has been explored in hematologic malignancies and other solid tumors[28, 29].

Functional experiments in TPC-1 and CAL-62 cells further showed that PMAIP1 modulation was closely
associated with coordinated changes in cell proliferation, colony-forming ability, migration, and invasion,
while also involving changes in the PERK-CHOP branch of the UPR pathway and EMT-related molecular
features. Overall, these findings suggest that PMAIP1 upregulation may be associated with an
aggressive thyroid cancer phenotype, and this association may be mediated through crosstalk between
ER stress and EMT-related signaling pathways|8].
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Notably, our loss-of-function experiments were performed in CAL-62 cells, which are derived from
anaplastic thyroid carcinoma, the most aggressive and dedifferentiated form of thyroid cancer. The
observation that PMAIP1 depletion suppressed proliferation, colony formation, migration, and invasion in
this highly malignant context suggests that the role of PMAIP1 may extend beyond PTC to
dedifferentiated thyroid cancer—a transition that is clinically relevant because a subset of PTCs
progressively dedifferentiate toward the anaplastic phenotype[30, 31].

In our data, the co-occurrence of PERK-CHOP activation and EMT-related changes is particularly
noteworthy for its mechanistic implications. In TPC-1 cells overexpressing PMAIP1, we observed
increased CHOP and p-PERK levels (with no change in total PERK), accompanied by upregulation of N-
cadherin and downregulation of E-cadherin; PMAIP1 knockdown in CAL-62 cells produced the opposite
pattern. These findings were also supported at the pathway level in TCGA-THCA: GSEA showed that
tumors with high PMAIP1 expression were enriched not only for ER stress-induced apoptotic signaling
but also for features such as EMT and IL-6/JAK/STAT3 signaling. This combined pattern is consistent
with multiple reports indicating that the PERK-elF2a pathway tends to participate in the regulation of
mesenchymal-like tumor cells and can support their invasion and metastasis[8—10]; it is also consistent
with previous studies in thyroid cancer showing that ER stress effectors such as GRP78 are associated
with metastatic behavior, whereas XBP1s can suppress EMT in PTC[11, 32]. The co-enrichment of EMT
with hypoxia, metabolic, and secretory programs in the present study supports a PERK-driven adaptive
mesenchymal/secretory state. Therefore, it is reasonable to speculate that as progressive PTC cells
encounter microenvironmental stresses such as hypoxia, nutrient limitation, or secretory burden, the
PERK-ATF4-CHOP pathway becomes activated and induces PMAIP1, a known CHOP/ATF4 target,
together with broader transcriptomic changes related to EMT and tissue remodeling[33, 34]. The
increase in p-PERK and CHOP upon PMAIP1 overexpression may reflect a compensatory or feed-forward
stress response within the UPR network, although this possibility requires direct mechanistic testing.

This study has several limitations. First, loss-of-function experiments were performed in CAL-62, an
anaplastic thyroid carcinoma cell line rather than a PTC-derived line; although this models highly
aggressive, dedifferentiated disease, confirmation of these findings in additional PTC-derived cell lines is
warranted. Second, PMAIP1 was suppressed by shRNA-mediated knockdown rather than complete
knockout, and whether partial suppression phenocopies complete loss remains to be determined. Third,
the prognostic analysis was based on the TCGA-THCA cohort, in which the number of death events is
limited; accordingly, the optimal expression cutoff defined by the surv_cutpoint function should be
regarded as exploratory and requires validation in independent cohorts. Finally, the associations among
PMAIP1, PERK-CHOP signaling, and EMT-related changes are correlative; whether PMAIP1 directly drives
these pathways or is itself induced as part of a broader stress response remains to be established.
Overall, our integrated bulk, single-cell, and functional analyses link PMAIP1 upregulation to thyroid
cancer progression and aggressive cellular phenotypes, potentially through crosstalk between PERK-
CHOP ER stress signaling and EMT-related pathways.

Conclusions
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In summary, this study found that PMAIP1, a gene within an endoplasmic reticulum stress-related gene
set, is strongly associated with poor prognosis in PTC. PMAIP1 expression increases with advanced
clinical stage, higher T stage, and lymph node metastasis, and single-cell analysis localizes its
expression predominantly to malignant thyroid epithelial cells, with further enrichment along the primary
tumor-lymph node—distant metastasis axis. Functional experiments demonstrate that PMAIP1
promotes proliferation, colony formation, migration, and invasion in thyroid cancer cells, accompanied by
activation of the PERK-CHOP pathway and epithelial-mesenchymal transition-related changes. These
findings suggest that PMAIP1 may serve as a candidate prognostic biomarker and potential therapeutic
target in PTC. Nevertheless, further mechanistic studies and clinical validation are warranted.
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Figure 1

Identification of PMAIP1 as an endoplasmic reticulum stress-related gene associated with poor
prognosis in papillary thyroid carcinoma.

(A) Volcano plot showing differential expression of 2,084 endoplasmic reticulum (ER) stress-related
genes between papillary thyroid carcinoma (PTC) tissues and adjacent normal tissues in the TCGA-
THCA cohort. Differentially expressed genes were identified using |log,FC|>1 and FDR<0.05. Red and
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blue dots indicate significantly upregulated and downregulated genes, respectively, and gray dots
indicate genes without significant differential expression

(B) Forest plot of univariate Cox proportional hazards regression analysis for overall survival (0S),
showing ER stress-related genes significantly associated with prognosis

(C) Forest plot of multivariate Cox regression analysis of candidate prognostic genes. PMAIP1 showed
the highest hazard ratio among the genes included in the model

(D) Kaplan—Meier analysis of OS in patients stratified according to high or low PMAIP1 expression. The
difference between groups was evaluated using the log-rank test

(E) Gene set enrichment analysis (GSEA) showing enrichment of the ER stress-induced apoptotic
signaling pathway in tumors with high PMAIP1 expression

(F) Western blot analysis of CHOP, phosphorylated PERK (p-PERK), and total PERK in TPC-1 cells with
PMAIP1 overexpression and CAL-62 cells with PMAIP1 knockdown. GAPDH was used as the loading
control. OE, PMAIP1 overexpression; sh1 and sh2, PMAIP1-targeting shRNAs; SC, shRNA control
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Figure 2

Association between PMAIP1 expression and clinicopathological progression of papillary thyroid
carcinoma.
(A) Comparison of PMAIP1 expression between adjacent normal tissues and PTC tissues in the TCGA-

THCA cohort (Wilcoxon test, P=4.7x1071°)

(B) PMAIP1 expression across clinical stages I-1V (Kruskal-Wallis test, P=3.0x10)
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(C) Comparison of PMAIP1 expression between early T-stage (T1-T2) and advanced T-stage (T3-T4)

tumors (Wilcoxon test, P=5.5x107°)

(D) Comparison of PMAIP1 expression between patients without lymph node metastasis (NO) and
those with lymph node metastasis (N1) (Wilcoxon test, P=3.7x10"1"). PMAIP1 expression is shown as
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Single-cell transcriptomic analysis reveals enrichment of PMAIP1 in malignant thyrocytes during
metastatic progression.

(A) t-distributed stochastic neighbor embedding (t-SNE) visualization of 124,030 cells from the
GSE184362 single-cell RNA-sequencing dataset, identifying seven major cell populations: thyrocytes,
T/NK cells, B/plasma cells, myeloid cells, fibroblasts, endothelial cells, and pericytes

(B) Dot plot showing the expression of canonical marker genes used for cell-type annotation. Dot size
represents the percentage of cells expressing each gene, and color intensity represents average
expression

(C) t-SNE feature plots showing the distribution of PMAIP1 expression in primary tumors, lymph node
metastases, and distant metastatic lesions

(D) inferCNV analysis of thyroid epithelial cells using T/NK cells and fibroblasts as reference
populations, showing large-scale copy-number alterations across thyrocytes derived from primary
tumors, lymph node metastases, and distant metastases. Malignant thyrocytes were identified based
on copy-number alteration patterns in combination with CopyKAT analysis

(E) Violin plots showing PMAIP1 expression in malignant thyrocytes from primary tumors, lymph node

metastases, and distant metastases. Statistical comparisons are indicated in the figure (P < 2.22x10"
16)
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Figure 4

PMAIP1 promotes proliferative, migratory, and invasive phenotypes and is associated with epithelial—-
mesenchymal transition in thyroid carcinoma cells.

(A) Validation of PMAIP1 overexpression in TPC-1 cells and PMAIP1 knockdown in CAL-62 cells by
Western blotting and quantitative real-time PCR (qRT-PCR). GAPDH was used as the loading control for
Western blotting
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(B) CCK-8 assays evaluating the effects of PMAIP1 overexpression or knockdown on the proliferation of
TPC-1 and CAL-62 cells, respectively

(C) Representative images and quantitative analysis of colony formation assays in TPC-1 and CAL-62
cells following PMAIP1 overexpression or knockdown

(D) Representative images and quantitative analysis of Transwell migration and invasion assays showing
the effects of PMAIP1 modulation on the migratory and invasive capacities of TPC-1 and CAL-62 cells
(E) GSEA of Hallmark gene sets in the TCGA-THCA cohort showing pathways significantly enriched in
the PMAIP1-high group, including epithelial-mesenchymal transition (EMT), apoptosis, IL-6/JAK/STAT3
signaling, G2M checkpoint, mTORC1 signaling, angiogenesis, PI3K/AKT/mTOR signaling, glycolysis, and
hypoxia. Dot size represents gene-set size, and color represents the adjusted false discovery rate (FDR);
all pathways shown were enriched at FDR < 0.05.

(F) Western blot analysis of the EMT markers N-cadherin and E-cadherin following PMAIP1
overexpression in TPC-1 cells or PMAIP1 knockdown in CAL-62 cells. GAPDH was used as the loading
control. OE, PMAIP1 overexpression; sh1 and sh2, PMAIP1-targeting shRNAs; SC, shRNA control
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