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TPX2 promotes papillary renal cell gl

carcinoma progression by forming a ceRNA
with LINC00894
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Abstract

Purpose Papillary renal cell carcinoma (pRCQ), particularly type 2, is associated with a poor prognosis. This study
aimed to identify molecular mechanisms underlying pRCC progression and explore potential therapeutic targets
to improve patient outcomes.

Methods TPX2 expression was analyzed in tumor samples from patients with type 2 pRCC. In vitro experiments
were conducted to assess the effects of TPX2 and LINC00894 knockdown and overexpression on the proliferation
and migration of Caki-2 and ACHN cells. Immunohistochemical analysis of tissue microarrays was performed to evalu-
ate the associations between TPX2 expression and clinicopathological characteristics in type 2 pRCC patients.

Results Elevated TPX2 expression was significantly associated with a worse prognosis in type 2 pRCC patients

and served as an independent risk factor for overall survival. Knockdown of TPX2 in Caki-2 and ACHN cells significantly
reduced cell proliferation and migration. Additionally, LINC00894 was highly expressed in type 2 pRCC and cor-
related with poor prognosis. Mechanistically, miR-660-5p targeted the TPX2 3'UTR, promoting TPX2 degradation,
while LINCO0894 competitively bound to miR-660-5p, protecting TPX2 from miRNA-mediated degradation and exert-
ing a pro-oncogenic effect. Immunohistochemical analysis revealed significant correlations between TPX2 expres-
sion and clinicopathological features, including tumor thrombus volume, tumor diameter, pathological TNM stage,
and Fuhrman grade.

Conclusion This study underscores the critical role of TPX2 in type 2 pRCC progression and highlights its potential
as a prognostic biomarker and therapeutic target. The TPX2/LINC00894/miR-660-5p regulatory axis provides novel
insights into the molecular mechanisms driving pRCC and offers a promising avenue for improving patient prognaosis.
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Introduction

Papillary renal cell carcinoma (pRCC) stands as the sec-
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its distinct pathophysiological features hold the potential
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to enhance our understanding of the disease, foster the
development of novel treatment modalities, and ulti-
mately improve patient outcomes.

Dysregulation of cell—cycle control is a well—estab-
lished hallmark of tumorigenesis [3]. Xenopus kinesin—
like protein 2 (XKLP2, TPX2), a key mitotic regulator,
plays an indispensable role in microtubule formation dur-
ing chromosome division within the cell cycle [4]. Recent
research has broadened our understanding of TPX2,
revealing its involvement not only in cell—cycle regula-
tion but also in critical tumor—related processes such as
metastasis and apoptosis, underscoring the multifaceted
nature of this gene [5]. Nevertheless, the intricate molec-
ular mechanisms through which TPX2 participates in
these processes remain largely unexplored.

In this study, we made a notable discovery: TPX2
expression was significantly upregulated in patients with
type 2 pRCC when compared to normal kidney tissue.
Moreover, a strong correlation was established between
higher TPX2 expression levels and poor prognosis in
pRCC patients. Through our in—depth investigations,
we identified that TPX2 modulates tumor progression by
forming a competing endogenous RNA (ceRNA) com-
plex with LINCO00894/miR—660—5p. By integrating
immunohistochemical findings with clinical prognostic
data, our results indicate that TPX2 holds great promise
as a potential prognostic marker for type 2 pRCC.

Materials and methods

Patient tissue samples

This study was approved by the Medical Scientific
Research Ethics Committee of Peking University Third
Hospital (ethics number M2017147). Written informed
consent was obtained from all participants, and meas-
ures were implemented to ensure the confidentiality of
patient information. Tumor and adjacent non-tumor tis-
sues were collected from 80 patients diagnosed with type
2 papillary renal cell carcinoma (pRCC). Tissues were
preserved in liquid nitrogen, formalin solution, or RNAI-
ater solution (Qiagen). Ten samples were selected for
next-generation sequencing. Additionally, 80 formalin-
fixed paraffin-embedded (FFPE) type 2 pRCC tissues and
their matched adjacent tissues were used to construct
tissue microarrays. Pathological assessments were inde-
pendently conducted by two experienced pathologists,
and clinical data were collected, managed, and analyzed
following standardized protocols to ensure accuracy and
reliability. Further details are provided in Table 1.

Cell cultures

The human embryonic kidney cell line (HEK-293 T) and
renal cancer cell lines (Caki-2, ACHN) were obtained
from the American Type Culture Collection (ATCC,
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Manassas, Virginia, USA). Based on literature and cell
line characteristics, Caki-2 cells were cultured in McCoy’s
5A medium supplemented with 10% fetal bovine serum
(FBS), while ACHN cells were maintained in MEM sup-
plemented with 10% FBS. Other cell lines were cultured
as previously described.

Plasmids and transfection

Short hairpin RNA (shRNA) sequences targeting TPX2
and LINC00894 were designed, cloned, and inserted
into the pLKO.1-Puro vector (Addgene). Correct inser-
tion was confirmed by bidirectional sequencing. The
shRNA sequences are listed in Table S3. The target gene
was synthesized and cloned into the PLVX-BSD vector
(Addgene), following a similar protocol as for shRNA
vector construction.

For lentivirus production, HEK-293T cells were trans-
fected with psPAX2 (Addgene) and pMD2.G (Addgene)
using Lipo3000. After 48 h of incubation, lentiviral par-
ticles were harvested, filtered, and concentrated. Tar-
get cells were infected with lentivirus in the presence of
polybrene (Beyotime) and selected using puromycin or
blasticidin.

Data mining and analysis

Clinical profiles of patients in The Cancer Genome Atlas
(TCGA) Kidney Renal Papillary Cell Carcinoma (KIRP)
cohort were accessed via https://cancergenome.nih.
gov/. Kaplan—Meier (K-M) survival analysis and correla-
tion studies were performed using GEPIA and GEPIA2
(http://gepia.cancer-pku.cn/index.html) [19, 20]. Data
analysis was conducted using R Studio, incorporating
packages such as limma, Cox, and NetworkD3.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism version 9.0 (La Jolla, CA, USA). A two-tailed
t-test was used to determine statistical significance, with
thresholds set at *: p <0.05; **: p<0.01; ***: p<0.001.

Results

Identification and characteristics of TPX2 in pRCC

To identify potential genes implicated in type 2 papil-
lary renal cell carcinoma (pRCC), we analyzed tumor
and adjacent normal tissues from 10 consented patients
with type 2 pRCC. Transcriptome sequencing of
paired fresh samples revealed differentially expressed
mRNAs between tumor and normal tissues. Genes with
|log2FC|>1 and p<0.05 were selected as significant,
identifying 676 differentially expressed genes (DEGs)
(Fig. 1A). To validate these findings, we analyzed data
from 321 Kidney Renal Papillary Cell Carcinoma (KIRP)
patients in the TCGA database, including 289 tumor and
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Table 1 Correlations between TPX2 expression in tissues and clinicopathologic characteristics of type 2 pRCC patients
Characteristics TPX2 expression P value
Low High
n 40 39
Gender, n (%) 0486
Male 28 (35.4%) 30 (38%)
Female 12 (15.2%) 9(11.4%)
Age, mean +sd 58.7+12.035 59436+11.534 0.782
BMI, median (IQR) 25.15(22.999, 27.298) 24.251 (22.626, 26.598) 0.468
Concomitant symptoms, n (%) <0.001
Yes 12 (15.2%) 27 (34.2%)
No 28 (35.4%) 12 (15.2%)
Tumor thrombus, n (%) <0.001
Yes 6 (7.6%) 29 (36.7%)
No 34 (43%) 10 (12.7%)
Maximum diameter of tumor, median (IQR) 4.35(2.925,5.725) 8.5(5.5,10.7) <0.001
T.stage, n (%) <0.001
>T3a 11 (13.9%) 29 (36.7%)
<T3a 29 (36.7%) 10 (12.7%)
N.stage, n (%) <0.001
N1 6 (7.6%) 22 (27.8%)
NO 34 (43%) 17 (21.5%)
M.stage, n (%) 0.030
M1 3(3.8%) 10 (12.7%)
MO 37 (46.8%) 29 (36.7%)
Fuhrman grading, n (%) 0.001
1 3(3.8%) 0 (0%)
2 19 (24.1%) 7 (8.9%)
3 18 (22.8%) 26 (32.9%)
4 0 (0%) 6 (7.6%)

32 normal samples. Additionally, 85 type 2 pRCC tumor
samples and 9 adjacent normal samples were exam-
ined, revealing 921 overlapping DEGs across datasets
(Fig. 1B-C).

Survival analysis was performed using the day of sur-
gery as the starting point and death or loss to follow-up
as the endpoint. Patients were stratified into high- and
low-expression groups based on median gene expres-
sion levels. Genes significantly associated with overall
survival (OS) (p-adj<0.05) were ranked, and the top
10 were visualized in a forest plot (Fig. 1D). We also

(See figure on next page.)

evaluated progression-free survival (PFS), disease-
specific survival (DSS), and disease-free interval (DFI)
(Fig. 1E-G).

The DEGs identified in both public databases and
clinical samples, including E2F1, UBE2C, MYBL2,
ASF1B, TPX2, RRM2, and TOP2A, were significantly
correlated with clinical prognostic indicators. Among
these, TPX2 exhibited the most distinct expres-
sion pattern and was associated with poor prognosis
(Fig. 1H-N).

Fig. 1 Identification and Characterization of TPX2 in pRCC. A-B Volcano plot depicting significantly upregulated and downregulated genes.
CVenn diagrams illustrating overlapping differentially expressed genes identified from the TCGA database and next-generation sequencing data.
D-G Forest plots highlighting 10 genes significantly associated with overall survival (OS), progression-free interval (PFl), disease-specific survival
(DSS), and disease-free interval (DFI). H-N Kaplan-Meier survival curves demonstrating the prognostic significance of E2F1, UBE2C, MYBL2, ASF18,

TPX2, PRRM2, and TOP2A in pRCC patients



Ding et al. BMC Medical Genomics

Survival probability

(2025) 18:80

Page 4 of 15

(A) ® Up ® Notsig ® Down (B) ® Up ® Down (C)
|
4 |
» | RNA-seq TCGA
| PN
~ e N
2% | g
S I g
Q
~ 154 | &
=3 oo ~
= | °
S [ o
S 104 loe ® . 1)
: . 3
54 .
0
T T T T T
-20 -10 0 10 20
Log, (Fold Change) Log, (Fold Change)
( D ) Gene HR (95% CI) P value ( E ) Gene HR (95% Cl) P value
UBE2C 2.524(1.745-3.651) U — 8.687352e-07 BIRC5 2.468(1.779-3.425) | —— 6.325029¢-08
RRM2 3.377(2.031-5.614) b o——— 2.70316e-06 TPX2 2.898(1.986-4.228) | —=—— 3.351283¢-08
CBLC 0.263(0.137-0.506) - 6.228659¢-05 TOP2A 2.506(1.788-3.512) y—— 9.500915e-08
BIRC5 3.021(1.936-4.712) D —— 1.09443e-06 RRM2 2.386(1.664-3.422) | —— 2.230402e-06
RDH10 1.823(1.293-2.569) e 0.0006051667 UBE2C 2.163(1.648-2.838) lo— 2.591395e-08
ABCA12 2.453(1.375-4.375) ——— 0.002365617 MYBL2 2.585(1.846-3.621) Vo —— 3.220571e-08
TPX2 4.120(2.382-7.127) ! —=————  4.100318-07 ALOX15B 0.390(0.217-0.701) ! 0.001663645
PTTG1 2.786(1.753-4.427) ! —— 1.441116e-05 C2orf72 2.136(1.247-3.659) | —— 0.005654474
C190rf33 0.694(0.563-0.856) = 0.0006448497 ASF1B 2.637(1.763-3.945) b —— 2.369116-06
MYBL2 3.553(2.146-5.882) U o———— 8.201808e-07 HS3ST2 0.560(0.393-0.797) - ! 0.001311738
I S S LI S S
( F ) Gene HR (95% CI) P value (G ) Gene HR (95% CI) P value
UBE2C 2.684(1.817-3.963) : —— 6.88715e-07 RRM2 6.913(2.363-20.226) :»—-—4 0.0004153036
RRM2 3.379(2.005-5.694) | —— 4.799834e-06 STAP1 5.490(1.943-15.509) — 0.001307476
BIRC5 3.118(1.960-4.959) | —— 1.564445e-06 OLFML3 1.989(1.158-3.417) I 0.01267721
CBLC 0.259(0.130-0.513) - 0.0001104714 TRAV30 1.790(1.237-2.591) [ 0.002008736
RDH10 1.884(1.321-2.686) :H—' 0.0004614022 PCDH18 15.571(2.610-92.865) |——s————%  0.002584259
TPX2 4.268(2.413-7.549) | e 6.067783e-07 TOP2A 3.753(1.922-7.328) fat 0.0001067117
ABCA12 2.537(1.396-4.609) | —— 0.00223928 SELENBP1 5.164(1.363-19.565) — 0.01569844
HS3ST2 0.437(0.240-0.796) - 0.006795993 HRK 0.189(0.039-0.905) d 0.0370971
|
PTTG1 2.889(1.790-4.662) | —— 1.378454e-05 CDKN1A 0.475(0.243-0.929) ‘ 0.02968132
MYBL2 3.864(2.263-6.597) ! 7.260992e-0 TPX2 5.892(2.569-13.511) la—s 2.798564e-05
g 3 1 g l‘ T T T T
0 2 4 6 0 10 20 30 40
(H) 1.0 4 TOP2A (I) 1.0 TPX2 (J) 1.0 4
- Low - Low
— High — High
0.9 4 0.9 4
2 2 2 084
F 084 3 084 3
3 3 3
E 8 8
2 2 2
S 074 S 074 s
£ £ £ 064
e = 2
3 064 @ 064 @
0.5 0.5 0.4 4
Overall Survival Overall Survival Overall Survival
Log-rank P =0.001 Log-rank P =0.002 Log-rank P <0.001
T T T T T T T T T T T T
0 50 100 150 0 50 100 150 0 50 100 150
Time (months) Time (months) Time (months)
1.0 4 1.0 4 E2F1 1.0 4
— Low
— High
0.8
Z 08 Z o8+ £
5 3 3
8 g g
3 8 8
2 [} [}
5 5 5
06 K] K] ]
2 2 2
2 0.6 2 06 2
5 5 5
(2] 12} 12}
0.4 4
Overall Survival 4 | Overall Survival 0.4 - Overall Survival Overall Survival
Log-rank P =0.009 0 Log-rank P =0.021 Log-rank P <0.001 Log-rank P =0.001
T T T T T T T T T T T T 04 T T T
0 50 100 150 0 50 100 150 0 50 100 150 0 50 100

Time (months)

Time (months)

Fig. 1 (Seelegend on previous page.)

Time (months)

T
150

Time (months)



Ding et al. BMC Medical Genomics (2025) 18:80 Page 5 of 15

(A)

Consensus dataset RNA tissue specificity: Tissue enhanced (bone marrow,

nTPM lymphoid tissue, testis)

80

60

40+

20

OIIIIIIIIIIbIIllblblebth;lI--.-.-IllllllIIIIIIIIIIII TIIIII\III

X LS L O L LS > 0 @ (o) L @ X 2 L P S L ADL 200 2 2 A R R R RSN AN

SEIFIT I LI TIEI IS VILS ST 0 F Ve IIF RIS LI T F LS L F "8RS o 8
FEIEIIEY FELEE LR SF ST T F L F5ET LS 58 T

Lo 5L 3 S IEF T CLeE L@ N 0 . ¥ PO 4
FIL g N RS SEY §¢ N & & & § RORY PSS S S
%) O o? K Lo O S D > & & N NN 2N N 9

S ST & S TEYE 4 S S @« TSP @
¥ <
(B)
Scale 20 kb { hg3s
chr20: | 31,745,000 31,750,000 31,755,000| 31,760,000 31,765,000| 31,770,000 31,775,000| 31,780,000] 31,785,000| 31,790,000| 31,795,000 31,800,000
Reference Assembly Fix Patch Sequence Alignment
Reference Assembly Alternate Haplotype Sequence Alignments
GENCODE V39
TPX2 KK} t { } | -t (iad nad aass o nag 1t -1 {13
Zas t { } i -t bt - -t -1
RefSeq genes from NCBI
RefSeq Curated & + 1 1 1 Ht H—+— +— +—H H
OMIM Allelic Variant Phenotypes
OMIM Alleles
Gene Expression in 54 tissues from GTEx RNA-seq of 17382 samples, 948 donors (V8, Aug 2019)
TPX2
{111 1 I st “ |

ENCODE Candidate Cis-Regulatory Elements (cCREs) combined from all cell types
ENCODE cCREs |

Layered H3K27Ac n
e

4 100 vertebrates Basewise Conservation by PhyloP

SO EAR AR AN AR AR AR AR VAN AT WA R AAARARDS ARV TAN

Multiz Alignments of 100 Vertebrates
Rhesus I (N

I
Mouse [ILIEI—— @M1 0L 0HF I o b e
oy 11 L B | [T T ¥ R | R N1 TR NI RYR B WIN [T SIS R
Ecliph:m LR ) N T | R I R T HTTY R Wil T
X?troplif:afi's i )
Zebrafish

H3K27Ac Mark (Often Found Near Regulatory Elements) on 7 cell lines from ENCODE

Cons 100 Verts

netic Variant:

Short Gel
Common dbSNP(153) | N MICENLOAE O OO0 000 RUIE W00 (e aereme Cemrrrm

release 153
O 1 O Y
Repeating Elements by RepeatMasker
RepeatMasker | | I 1INEEED M| HNEI HLID WO — i R W R O N U Wi

s from dbSNP
1

Rk kkk o kkx ok *dk ok ok sk okl delk ek okk sokk o skl skkk ksl kg **i w4k *dok * dkk Rk Kk okk o lokx o kokx ok Hkk *dok
. H . . . °
8 1 ] ! .
S : 1 .
& A T
£ 6 . ) :
S + . . '
| B3 Normal
§§ I .I + . : . . . ! + . - Tumor
5547 o : A if ¢ ' L 1
g ° i H ] . N . E
5 i . e HERN ! i : ol e I : oo
4 . . 2 . . H H
é 2 ¢ ] i ’ .t H “1: 3 . .
. * * + . *. ; - * . . * ]
] ° . ° °
0 o H B, ekl *
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
C P P O @ 9O 0 e 0 0RO L 90 L0 & C QS DO o D
CIEFTEFFTE T E LS ETFEE OQv§Q§ &vs’ Q&@%\& CFEETSFES

Fig. 2 Expression and Conservation of TPX2 in Human Tissues and Tumors. A Tissue-specific expression of TPX2 based on the Human Protein Atlas
(HPA) and Genotype-Tissue Expression (GTEx) datasets.B Evolutionary conservation of the TPX2 gene in Homo sapiens visualized using the UCSC
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Analysis of TPX2 gene expression and its prognostic
relevance across cancers

Analysis of TPX2 expression using the HPA, GTEx,
UCSC, and Oncomine databases revealed high expres-
sion in the thymus, bone marrow, tonsils, and lymph
nodes, but low expression in the kidney, indicating lim-
ited tissue specificity (Fig. 2A). TPX2 also demonstrated
evolutionary conservation in H. sapiens (Fig. 2B).

TPX2 mRNA was upregulated in various tumor tis-
sues compared to normal tissues, suggesting a potential
oncogenic role across multiple cancer types (Fig. 2C).
Prognostic analysis using TCGA data revealed that high
TPX2 expression was associated with poor OS in cancers
such as adrenocortical carcinoma (ACC) (Fig. S1A-B).
Additionally, TPX2 expression correlated with pathologi-
cal stages of kidney papillary cell carcinoma (KIPC) (Fig.
S1C).

Genetic alterations in TPX2 were analyzed using cBio-
Portal, revealing the highest alteration frequency in cer-
vical cancer (>25%), primarily involving copy number
amplifications (Fig. S2A). A total of 150 TPX2 mutations
were identified, including 104 missense, 5 deletion, 20
fusion, and 1 in-frame mutation (Fig. S2B).

Biological role of TPX2 in renal cell carcinoma

To investigate TPX2’s role in pRCC, we selected Caki-2
and ACHN cell lines for functional studies. TPX2 knock-
down using shRNA reduced its protein levels, while over-
expression increased them (Fig. 3A).

TPX2 knockdown significantly impaired cell pro-
liferation, as demonstrated by CCK-8 and colony for-
mation assays, whereas overexpression enhanced
proliferative capacity (Fig. 3B-C). Migration and inva-
sion assays revealed that TPX2 knockdown reduced cell
motility and invasiveness, while overexpression increased
these properties (Fig. 3D-E).

In vivo experiments using BALB/c nude mice showed
that TPX2 knockdown resulted in smaller tumors,
whereas overexpression led to larger tumor volumes
(Fig. 3F). These findings highlight TPX2’s critical role in
promoting tumorigenesis and metastasis in pRCC.

TPX2 and the immune microenvironment in type 2 pRCC
Previous studies have demonstrated the involvement of

cancer-associated fibroblasts (CAFs) in the regulation of

(See figure on next page.)
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various tumor-infiltrating immune cells [6]. To explore
TPX2’s role in the tumor immune microenvironment,
we analyzed its correlation with CAFs and immune cell
markers using the TIMER tool. TPX2 expression posi-
tively correlated with B-cell markers (CD19, CD79A)
and exhibited associations with markers of CD8+T
cells (CD8A, CD8B), CD4+T cells (CD4), macrophages
(NOS2, IRF5, PTGS2), and neutrophils (CEACAMS,
ITGAM, CCR?) (Fig. S3B-F). These findings suggest that
TPX2 may influence immune cell infiltration and activity
in type 2 pRCC.

The LINC00894/hsa-miR-660-5p axis regulates TPX2
expression

The elevated expression of TPX2 in type 2 papillary
renal cell carcinoma (pRCC) and its oncogenic potential
prompted an investigation into the mechanisms underly-
ing its overexpression. Noncoding RNAs (ncRNAs) are
known to play pivotal roles in regulating gene expression
at the transcriptome level, influencing both physiologi-
cal and pathological processes [7]. To explore whether
TPX2 is modulated by the competing endogenous RNA
(ceRNA) network in type 2 pRCC, we employed a sys-
tematic approach.

Using the starBase platform (https://starbase.sysu.edu.
cn/), we predicted potential RNA interactions by select-
ing candidate genes based on differential expression and
survival prognosis. Coexpression analysis was performed,
and only interactions with an absolute correlation coef-
ficient>0.2 and p<0.001 were included in the ceRNA
network. Visualization using the networkD3 package
confirmed that the TPX2: LINC00894/hsa-miR-660-5p
axis met all screening criteria (Fig. S4A-H), suggesting its
potential regulatory role in TPX2 expression.

LINC00894 modulates the biological behavior of renal cell
carcinoma

To assess the clinical relevance of LINC00894 in type 2
pRCC, we analyzed its expression in 10 pairs of tumor
tissues and adjacent normal renal tissues using quan-
titative real-time polymerase chain reaction (qRT-
PCR). LINC00894 was significantly upregulated in 7
out of 10 type 2 pRCC tissues compared to normal tis-
sues (Fig. 4A), indicating its potential involvement in
tumorigenesis.

Fig. 3 Oncogenic Role of TPX2 in Proliferation, Migration, and Invasion In Vitro and In Vivo. A Western blot analysis of TPX2 protein levels in Caki-2
and ACHN cells transfected with scrambled shRNA (shSCR), TPX2 shRNA (shTPX2), empty vector, or TPX2 overexpression plasmid (OE-TPX2). B Cell
proliferation assay showing relative proliferation rates after 96 h. C Colony formation assay and quantification of colonies formed by shSCR, shTPX2,
vector, and OE-TPX2 cells. D Wound healing assay demonstrating reduced migration in TPX2-knockdown cells (scale bars= 100 um). E Transwell
invasion assay showing decreased invasion in TPX2-knockdown cells (scale bars=20 um). F Representative images and quantification of tumor
xenografts in nude mice (n=5) from shSCR, shTPX2#1, vector, and OE-TPX2 groups. Statistical significance is denoted as *p < 0.05, **p < 0.01,

and ***p <0.001
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To elucidate the functional role of LINC00894, we per-
formed gain- and loss-of-function experiments in Caki-2
and ACHN cells. Knockdown of LINC00894 significantly
suppressed cell proliferation, whereas its overexpres-
sion enhanced colony formation (Fig. 4C). In vivo stud-
ies further demonstrated that subcutaneous injection
of Caki-2 cells with shLINC00894#1 resulted in smaller
tumor volumes in BALB/c nude mice, while overexpres-
sion of LINC00894 led to larger tumor volumes com-
pared to controls (Fig. 4D). These findings suggest that
LINC00894 promotes tumorigenesis in vivo.

Additionally, LINC00894 knockdown impaired the
migratory and invasive abilities of Caki-2 and ACHN
cells, while its overexpression enhanced these properties
(Fig. 5A). Transwell assays corroborated these results,
showing that LINC00894 knockdown reduced cell inva-
siveness, whereas overexpression increased it (Fig. 5B).
Collectively, these data highlight the oncogenic role of
LINC00894 in regulating the malignant behavior of type
2 pRCC.

LINC00894 and miR-660-5p synergistically regulate TPX2
expression

To validate the regulatory relationship between miR-
660-5p and TPX2, we performed dual luciferase reporter
assays in HEK293 cells. Cotransfection with miR-660-5p
mimics and Luc-wt plasmids containing the predicted
binding sites for TPX2 or LINC00894 significantly inhib-
ited luciferase activity, while no effect was observed with
Luc-mut plasmids (Fig. 6A). Furthermore, miR-660-5p
transfection reduced TPX2 protein levels (Fig. 6B), con-
firming that miR-660-5p targets the 3’ UTR of TPX2 and
suppresses its expression.

Given the critical role of TPX2 in spindle assembly
and mitosis, we investigated whether miR-660-5p affects
these processes. Transfection of miR-660-5p mimics in
Caki-2 cells disrupted spindle formation and arrested
mitosis (Fig. 6C), suggesting that miR-660-5p influences
chromosomal stability by targeting TPX2.

In vivo, subcutaneous injection of Caki-2 cells followed
by miR-660-5p agomir treatment significantly inhibited
tumor growth compared to controls (Fig. 5C), under-
scoring the therapeutic potential of miR-660-5p in type
2 pRCC.

(See figure on next page.)
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TPX2 as a prognostic marker in type 2 pRCC

Our study revealed a strong association between high
TPX2 expression and the aggressive behavior of type
2 pRCC, suggesting its utility as a prognostic marker.
Immunohistochemical (IHC) staining of tissue microar-
rays from 80 type 2 pRCC patients showed that TPX2
was predominantly localized in the cytosol, with posi-
tive cells exhibiting light to dark brown staining (Fig. 7A).
Using a semiquantitative scoring system, patients were
stratified into high and low TPX2 expression groups
based on a cutoft value of 150.

Baseline characteristics analysis (Table 1) indicated
that TPX2 expression was independent of sex, age, and
BMI but correlated with concomitant symptoms, tumor
thrombus, tumor diameter, TNM stage, and Fuhrman
grade. Kaplan—Meier survival analysis demonstrated that
high TPX2 expression was associated with worse overall
survival (p<0.001) (Fig. 7B). Cox univariate analysis fur-
ther identified high TPX2 expression as an independent
risk factor for overall survival (Table 2).

Moreover, we uncovered a novel ceRNA regulatory
network involving TPX2, LINC00894, and miR-660-5p
(Fig. 7C), highlighting the intricate interplay between
these molecules in type 2 pRCC progression.

Discussion

Papillary renal cell carcinoma (pRCC) represents the sec-
ond most prevalent histologic subtype of renal tumors,
constituting approximately 7-14% of all renal cell car-
cinoma cases [8]. Historically, pRCC has been catego-
rized into two distinct subtypes: type 1 and type 2. Type
1 pRCC is typically characterized as a low-grade tumor
with a relatively indolent clinical course, whereas type
2 pRCC is associated with high-grade histopathologi-
cal features, including abundant eosinophilic cytoplasm
and pseudostratified tumor nuclei, often indicative of
a more aggressive phenotype [8]. However, emerging
molecular studies have challenged this binary classifica-
tion, revealing that type 2 pRCC is a heterogeneous entity
encompassing multiple molecular subtypes with distinct
biological behaviors and clinical outcomes [9]. This com-
plexity has led to inconsistencies in the classification
and prognostic stratification of pRCC, underscoring the

Fig. 4 LINC00894 Promotes pRCC Progression In Vitro and In Vivo. A gRT-PCR analysis of LINCO0894 expression in 10 pairs of type 2 pRCC tissues
and adjacent normal renal tissues. B Validation of LINCO0894 overexpression and knockdown in Caki-2 and ACHN cell lines. C Colony formation
assay and quantification of colonies formed by shSCR, shLINC00894, vector, and OE-LINC00894 cells. D Representative images and quantification
of tumor xenografts in nude mice (n=5) from shSCR, shLINC00894#1, vector, and OE-LINC00894 groups. Statistical significance is denoted

as *p<0.05, **p<0.01, and ***p <0.001
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Fig.5 Role of LINC00894 in Renal Carcinoma Cell Migration and Invasion. A Wound healing assay showing migration of Caki-2 and ACHN cells
(scale bars=100 um). B Transwell invasion assay showing invasion of Caki-2 and ACHN cells (scale bars=20 um)

need for a more nuanced understanding of its molecular
underpinnings.

While pRCC generally exhibits a more favorable
prognosis compared to clear cell renal cell carcinoma
(ccRCC), recent evidence suggests that this advantage
is primarily confined to type 1 pRCC, with type 2 pRCC
often associated with poorer outcomes [2]. These find-
ings emphasize the critical need for further research to
elucidate the molecular heterogeneity of type 2 pRCC
and its implications for prognosis and therapeutic strate-
gies. A deeper understanding of the molecular drivers of
type 2 pRCC is essential to develop personalized treat-
ment approaches and improve patient outcomes.

(See figure on next page.)

In this study, we conducted a comprehensive analysis
integrating whole-transcriptome sequencing and data-
base mining in patients with type 2 pRCC. Our results
revealed a significant upregulation of TPX2, a key regula-
tor of mitotic spindle formation, in tumor tissues. TPX2,
also known as Xenopus kinesin-like protein 2, plays a
pivotal role in mitosis by localizing and activating Aurora
A kinase, thereby ensuring proper chromosome segrega-
tion and genomic stability [10]. Beyond its mitotic func-
tions, TPX2 has been implicated in oncogenesis through
its interaction with the tumor suppressor protein 53BP1,
which it counteracts to promote DNA replication and
prevent cell cycle arrest at sites of DNA damage [11].
The oncogenic potential of TPX2 has been further

Fig. 6 LINC00894 and miR-660-5p Regulate TPX2 Expression. A Predicted binding sites of TPX2 and LINC00894 with miR-660-5p. Dual luciferase
reporter assays in HEK-293 cells cotransfected with reporter vectors and miR-660-5p mimics. B Western blot analysis of TPX2 protein levels in Caki-2
and ACHN cells transfected with miR-660-5p mimics or inhibitor. C Laser scanning confocal microscopy (LSCM) images showing miR-660-5p's effect
on mitotic spindle formation. D Representative images of subcutaneous xenograft tumors in nude mice injected with Caki-2 cells and treated

with miR-660-5p agomir (2.5 nmol) every 3 days for 20 days. Statistical significance is denoted as *p <0.05, **p <0.01, and ***p <0.001
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diagram of the LINC00894/miR-660-5p/TPX2 regulatory axis, created using BioRender. Statistical significance is denoted as *p <0.05, **p <0.01,

and ***p < 0.001

corroborated in various malignancies, including non-
small cell lung cancer (NSCLC), where its overexpression
has been linked to enhanced cell migration, invasion, and
chemoresistance to docetaxel [12]. Similarly, in ovarian
cancer, TPX2 has been shown to interact with Lamin

A/C, contributing to tumorigenesis and genomic insta-
bility [13]. Moreover, TPX2-mediated activation of the
transcription factor PXR has been associated with drug
resistance in hepatocellular carcinoma [14], highlighting
its multifaceted role in cancer progression.
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Characteristics Total (N) Univariate analysis Multivariate analysis
Hazard ratio (95% Cl) P value Hazard ratio (95% Cl) P value

Age 75 0.987 (0.945—1.032) 0576
BMI 75 1.009 (0.830—1.227) 0.928
Sex 75 0.348

Male 55 Reference

Female 20 0.512(0.113—2.312) 0.384
Fuhrman grading 75 0.518

1 3 0.000 (0.000 - Inf) 0.999

2 25 0.518 (0.137—1.955) 0332

3 42 Reference

4 5 1.560 (0.331—7.360) 0.574
T.stage 75 0.001

>T3a 37 Reference Reference

<T3a 38 0.130 (0.029—0.590) 0.008 1.162 (0.000—2783.886) 0.970
N.stage 75 0.005

NO 48 Reference Reference

N1 27 5.106 (1.558—16.735) 0.007 0.504 (0.069—3.663) 0.498
M.stage 75 0.003

MO 63 Reference Reference

M1 12 7.135 (2.168—23.480) 0.001 2.515(0.297—21.273) 0.397
Concomitant symptoms 75 0.157

Yes 37 Reference

No 38 0.440 (0.135—1.435) 0.174
Tumor thrombus 75 0.001

Yes 32 Reference Reference

No 43 0.129 (0.028—0.582) 0.008 0.144 (0.000—426.529) 0.634
Maximum diameter of tumor 75 1.179 (1.072—1.297) <0.001 0.892 (0.720—1.105) 0.295
Score 75 1.061 (1.027—1.097) <0.001 1.072 (1.023—1.123) 0.003

To explore the functional significance of TPX2 in
pRCC, we employed two well-characterized renal carci-
noma cell lines, Caki-2 and ACHN [15, 16]. Our exper-
imental data demonstrated that TPX2 significantly
promotes cell proliferation, migration, and metastasis
in both cell lines, aligning with previous findings that
link high TPX2 expression to poor prognosis in pRCC
patients. These results suggest that TPX2 may serve as
a critical driver of the aggressive phenotype observed in
type 2 pRCC.

In addition to protein-coding genes, noncoding RNAs
(ncRNAs) have emerged as key regulators of gene expres-
sion and cellular homeostasis, with their dysregulation
implicated in various human diseases, including cancer
[17]. The competitive endogenous RNA (ceRNA) hypoth-
esis, proposed by Salmena et al. in 2011, posits that ncR-
NAs, including long noncoding RNAs (IncRNAs) and
microRNAs (miRNAs), can modulate gene expression
by competing for shared miRNA binding sites, thereby
forming intricate regulatory networks [18]. In our study,

we constructed a ceRNA network based on IncRNA-
miRNA-mRNA interactions and identified LINC00894
as a promising prognostic marker in type 2 pRCC. Func-
tional assays revealed that LINC00894 plays a significant
role in promoting the migration and invasion of Caki-2
and ACHN cells. Furthermore, we elucidated a regula-
tory mechanism involving LINC00894, miR-660-5p, and
TPX2, demonstrating that miR-660-5p directly targets
both TPX2 and LINCO00894. This interaction was vali-
dated using luciferase reporter assays, confirming the
ceRNA-mediated regulation of TPX2 by LINC00894.
Our findings suggest a novel regulatory axis in type 2
pRCC progression, wherein elevated LINC00894 expres-
sion competitively binds miR-660-5p, thereby alleviating
miR-660-5p-mediated suppression of TPX2. This mech-
anism facilitates the unhindered translation of TPX2,
leading to its overexpression and subsequent promotion
of cancer progression. This study not only highlights the
oncogenic role of TPX2 in type 2 pRCC but also provides
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insights into the complex regulatory networks involving
ncRNAs that govern tumor biology.

In conclusion, our work underscores the importance of
TPX2 and its regulatory network in the pathogenesis of
type 2 pRCC. The identification of LINC00894 as a key
ceRNA modulating TPX2 expression offers new avenues
for therapeutic intervention and prognostic stratification
in this challenging subtype of renal cancer. Future studies
should focus on validating these findings in larger patient
cohorts and exploring the therapeutic potential of tar-
geting the LINC00894/miR-660-5p/TPX2 axis in type 2
pRCC.

Conclusions

Our findings underscore the oncogenic role of TPX2 in
type 2 pRCC and its potential as a prognostic marker.
We identified a novel ceRNA axis involving LINC00894/
miR-660-5p that regulates TPX2 expression and dem-
onstrated the functional significance of LINC00894 in
renal cell carcinoma progression. These insights provide
a foundation for further exploration of therapeutic strate-
gies targeting this regulatory network in type 2 pRCC.
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