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Abstract
Background  Soft tissue sarcoma (STS) is a rare, heterogeneous malignancy with limited treatment options for 
metastatic disease. Despite advances in immunotherapy, including PD-1 inhibitors, clinical outcomes remain 
suboptimal, highlighting the need for novel biomarkers and therapeutic strategies. This study investigated the role of 
TACC2 in STS, focusing on its impact on the immune microenvironment and immunotherapy response.

Methods  Whole-exome sequencing was performed to characterize TACC2-related genomic alterations in STS 
cohorts, complemented by immunohistochemistry for protein-level validation. Mechanistic insights were obtained 
through chromatin immunoprecipitation (ChIP) and co-immunoprecipitation assays, focusing on TACC2’s interaction 
with the NuRD/CoREST complex. The efficacy of anti-PD-1 therapy was evaluated in TACC2-overexpressing mouse 
models, and clinical relevance was analyzed using patient survival and treatment response data.

Results  TACC2 acted as a tumor suppressor in STS, with low expression associated with poor overall survival. 
Mechanistically, TACC2 enhanced CCL3 and CCL4 transcription, promoting CD8 + T cell infiltration by inhibiting NuRD/
CoREST nuclear translocation. In vivo, TACC2 overexpression synergized with PD-1 blockade therapy, leading to a 
significant reduction in tumor volume and prolonged survival. Clinically, high TACC2 expression was associated with 
improved responses to immunotherapy.

Conclusions  In conclusion, TACC2 is an important regulator of the immune response in STS, functioning as a tumor 
suppressor and a modulator of response to PD-1 blockade. Its role in modulating chemokine expression and CD8 + T 
cell infiltration highlights its potential as a therapeutic target and predictive biomarker for STS immunotherapy.
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Background
Soft tissue sarcoma (STS) represents a heterogeneous and 
relatively rare group of malignancies arising from mesen-
chymal tissues, with an incidence of fewer than 6 cases 
per 100,000 individuals annually [1]. Despite accounting 
for no more than 1% of all adult malignancies and 15% of 
pediatric malignancies, the incidence of STS has been ris-
ing in recent years [2, 3]. STS accounts for over 80% of all 
sarcomas, and more than 50 subtypes have been defined, 
with common subtypes including undifferentiated pleo-
morphic sarcoma, liposarcoma, synovial sarcoma, and 
fibrosarcoma [1, 2, 4]. The current standard treatment 
for STS involves a multidisciplinary approach, with sur-
gical resection as the cornerstone for localized, clinically 
resectable cases [5]. However, for unresectable or meta-
static STS, effective systemic therapies are limited, with 
palliative chemotherapy as the primary treatment option 
and a median survival of less than two years [5–8].

In recent years, antibodies targeting programmed 
death-1 (PD-1) and its ligand programmed death 
ligand-1 (PD-L1) have made significant breakthroughs in 
cancer treatment. While anti-PD-1 antibody monother-
apy has shown significant efficacy in Hodgkin lymphoma, 
cutaneous squamous cell carcinoma, and melanoma, 

its effectiveness in most other cancers, including STS, 
remains limited, with response rates below 20% [9, 10]. 
Certain STS histologies, such as alveolar soft part sar-
coma and undifferentiated pleomorphic sarcoma, have 
shown greater clinical activity in response to anti-PD-1 
antibodies [9, 11]. Accordingly, the National Comprehen-
sive Cancer Network (NCCN) guidelines have recom-
mended anti-PD-1 antibodies for the treatment of certain 
STS subtypes. However, most STS cases fail to respond to 
anti-PD-1 therapy, and conventional biomarkers for pre-
dicting ICI response, including tumor mutational burden 
and PD-L1 expression, do not reliably identify the major-
ity of responders in STS [12]. These observations under-
score an urgent need for novel therapeutic approaches 
and reliable prognostic biomarkers to improve clinical 
outcomes for STS patients.

Tumor suppressor genes play a crucial role in the pre-
vention, early diagnosis, treatment, and prognosis of 
malignancies. Discovering new tumor suppressor genes 
could provide promising strategies for precision oncology 
[13]. Several well-known tumor suppressor genes, such 
as p53, ATRX, Rb, p16, and PTEN, have been implicated 
in tumorigenesis due to mutations or deletions [14–17]. 
However, research into tumor suppressor genes specific 
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to STS remains limited. Transforming acidic coiled-
coil proteins (TACCs), including TACC1, TACC2, and 
TACC3, are involved in stabilizing the mitotic spindle 
and promoting microtubule formation during cell mito-
sis, which is critical for maintaining genetic stability [18]. 
Dysregulation of TACC proteins can disrupt chromatin 
remodeling complex interactions, reducing genomic sta-
bility and promoting tumorigenesis [19]. TACC2, also 
known as AZU-1, was initially identified as a tumor sup-
pressor gene in breast cancer but has also been shown 
to have tumor-promoting effects in prostate and liver 
cancers [20–22]. The role of TACC2 in STS, however, 
remains poorly understood.

In this study, we investigated the role of TACC2 in 
STS and demonstrated its role as a tumor suppressor. 
Our findings reveal that TACC2 enhances anti-tumor 
immunity through transcriptional upregulation of the 
chemokines CCL3 and CCL4. Furthermore, TACC2 may 
serve as a predictive biomarker for the efficacy of anti-
PD-1 therapy. Mechanistically, TACC2 interacts with 
MTA1, MBD3, and HMG20B, inhibiting the formation 
of HDAC corepressor complexes. This epigenetic regula-
tion leads to the transcriptional activation of CCL3 and 
CCL4, which promotes the recruitment of CD8 + T cells 
to the tumor microenvironment, thereby improving the 
immune response and enhancing the efficacy of anti-
PD-1 therapy.

Methods
Tissue samples
Fresh frozen tissues and pathological sections were col-
lected from the Sun Yat-Sen University Cancer Center 
(SYSUCC). Written informed consent for collection 
and publication of medical information was obtained 
from each patient during their first visit to the center. 
The study was conducted in accordance with the ethi-
cal guidelines, and all procedures were approved by the 
Institutional Review Board (IRB) of SYSUCC. Tumor tis-
sues and adjacent non-tumor tissues were collected from 
surgical specimens of STS patients. All samples were 
pathologically confirmed, with adjacent non-tumor tis-
sues verified to be free of tumor infiltration.

Cell culture
STS cell lines HT1080, U2197, SK-LMS, SW982, GP2-
293, and 293T were cultured in DMEM supplemented 
with 10% fetal bovine serum (FBS). MCA205 cells were 
cultured in RPMI 1640 supplemented with 10% FBS. All 
cells were maintained in a humidified atmosphere con-
taining 5% CO2 at 37 °C.

Whole-Exome sequencing and copy-number variation 
analysis
Tumor DNA from FFPE samples was extracted using the 
Maxwell 16 FFPE Plus LEV DNA Purification Kit (Pro-
mega-AS1135), while genomic DNA from blood was 
purified using the OMEGA Blood DNA Kit according 
to the manufacturer’s protocol. DNA was fragmented to 
an appropriate size for library construction, followed by 
library preparation using the Agilent SureSelect Human 
All Exon V6 Kit. For FFPE samples with total DNA < 200 
ng, libraries were constructed using the KAPA Hyper 
Prep Kit. Targeted DNA fragments were captured and 
sequenced on the Illumina NovaSeq 6000 platform. Base 
calls and fluorescence intensities were processed into 
fastq files. Copy-number variation (CNV) analysis was 
performed using CNVkit, with matched tumor-normal 
BAM files as input. Copy-number gain was defined as 
an increase in the number of gene copies by one, while 
amplification referred to an increase of multiple copies in 
a specific genomic region. Conversely, copy-number loss 
was defined as a single-copy decrease, whereas deletion 
represented the loss of multiple copies in a given region.

Chemokine array analysis
Chemokine protein array membranes (RayBiotech®, Inc.) 
were blocked with 5% BSA in PBS for 1 h at room tem-
perature, followed by overnight incubation at 4  °C with 
8× concentrated supernatants from tumor cells. After 
extensive washing to remove unbound materials, the 
membranes were incubated with biotin-conjugated anti-
bodies (1:1000 dilution) for 2  h at room temperature. 
Following three additional washes, the membranes were 
incubated with HRP-conjugated streptavidin for 2  h at 
room temperature. Signal intensities were quantified 
using the ImageQuant LAS4000 system (GE Healthcare 
Corporate), and fold changes in protein expression were 
calculated.

RNA-seq and immune cell infiltration analysis
Total RNA was extracted using TRIzol™ reagent (Ther-
moFisher #15596018CN). RNA-Seq libraries were pre-
pared and sequenced on an Illumina platform at the 
Berry Genomics Corporation (Beijing, China). Differen-
tially expressed genes were identified using DESeq2. Sin-
gle-sample Gene Set Enrichment Analysis (ssGSEA) was 
performed to assess the relative infiltration of immune 
cells within the tumor microenvironment.

Immunohistochemistry staining
Immunohistochemistry (IHC) staining was performed on 
paraffin-embedded tissue sections. After deparaffiniza-
tion and rehydration, endogenous peroxidase activity was 
blocked with 3% hydrogen peroxide, antigen retrieval was 
conducted using EDTA buffer, and non-specific binding 
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was blocked with normal serum. Tissue sections were 
incubated with primary antibodies at 4  °C overnight, 
followed by incubation with secondary antibodies and 
visualization using DAB substrate. Counterstaining was 
performed with hematoxylin to visualize nuclei. The anti-
bodies used included anti-TACC2 (11407-1-AP, Protein-
tech), anti-Ki-67 (ab16667, Abcam), anti-CD4 (ab183685, 
Abcam), anti-CD8 (ab209775, Abcam), and anti-CD11b 
(ab133357, Abcam), along with goat anti-rabbit (PV-
6001, ZSGB-BIO) and goat anti-mouse (PV-6002, ZSGB-
BIO) secondary antibodies.

Quantitative real-time PCR
Total RNA was extracted from tissues and cells using the 
TRIzol™ reagent (Sigma-Aldrich), and cDNAs were syn-
thesized with the A0010CG Color Reverse Transcription 
Kit (EZBioscience, China) according to the manufac-
turer’s protocol. Quantitative real-time PCR (qRT-PCR) 
was performed using SYBR Green Master Mix (EZBio-
science) on a Bio-Rad CFX96 PCR instrument. GAPDH 
was used as the internal control for normalizing the tar-
get gene expression levels. The relative mRNA expression 
was calculated with the formula 2[−(delta delta Ct)]. All 
primers used are listed in Supplementary Table 2.

Plasmid construction and stable cell line establishment
The full-length coding sequence (CDS) region of TACC2 
was PCR-amplified and cloned into the pEGFP-C2 vec-
tor (EcoRI/BamHI) to generate the EGFP-TACC2 over-
expression plasmid. For the tetracycline (dox)-inducible 
system, the EGFP-TACC2 was cloned into the pRetroX-
TRE3G vector via EcoRI/BamHI. shRNA plasmids tar-
geting TACC2 (sh-TACC2) and a scrambled control 
(sh-ctrl) were designed, synthesized, and inserted into 
the pLKO.1 vector. All constructs were verified by DNA 
sequencing. For lentiviral production, HEK-293T or 
GP2-293 cells were transfected with plasmids using Lipo-
fectamine 3000. Viral supernatants were collected after 
48 h, filtered (0.45 μm), and stored at − 80 °C. Target cells 
were infected twice with viral particles and selected with 
puromycin or G418 for 72  h. Stable overexpression or 
knockdown was confirmed by Western blot.

SiRNA transfection
The specific siRNAs and a scrambled control siRNA were 
purchased from Guangzhou RiboBio Co., Ltd. Cells were 
transfected with siRNAs using Lipofectamine RNAiMAX 
(Invitrogen) according to the manufacturer’s proto-
col. The efficiency of gene knockdown was confirmed 
by qRT-PCR and Western blot 48  h post-transfection. 
Sequences of the siRNAs are provided in Supplementary 
Table 3.

MTT and colony formation
For the MTT assay, cells were seeded into 96-well plates, 
and 20 µL of 5  mg/mL MTT solution (Sigma-Aldrich) 
was added to each well. After 4 h of incubation at 37 °C, 
the medium was removed, and 200 µL of DMSO was 
added to dissolve the formazan crystals. Absorbance 
was measured at 490 nm using a microplate reader. For 
the colony formation assay, cells were seeded into 6-well 
plates at a density of 500 cells per well. After 10–14 
days, colonies were fixed with 4% paraformaldehyde for 
15 min, stained with 0.5% crystal violet for 15 min, and 
counted.

Cell cycle analysis
Harvested cells were washed twice with PBS and fixed 
overnight in ice-cold 70% ethanol at − 20  °C. After cen-
trifugation, cells were washed with PBS and stained with 
a DNA staining solution containing 50 µg/mL propidium 
iodide (PI; Sigma-Aldrich, #P4864), 100 µg/mL RNase A 
(Thermo Fisher, #EN0531), and 0.1% Triton X-100. Cells 
were incubated in the dark at 37 °C for 30 min. Cell cycle 
distribution was analyzed using an ACEA NovoCyte 
instrument. Data were processed using ACEA NovoCyte 
software to quantify G0/G1, S, and G2/M phases.

Western blot and Immunoprecipitation analysis
Proteins were extracted using RIPA buffer supplemented 
with protease inhibitors and quantified using Pierce® 
BCA Protein Assay Kit (23227, Thermo Scientific) fol-
lowing manufacturer’s instructions. Protein samples 
were separated by SDS-PAGE and transferred to polyvi-
nylidene fluoride (PVDF) membranes. The membranes 
were blocked with 5% non-fat milk and incubated with 
primary antibodies against TACC2, HMG20B, HDAC1, 
MTA1, MBD3, β-actin, or GAPDH overnight at 4  °C. 
Following incubation with secondary antibodies for 1  h 
at room temperature, bands were visualized using ECL 
substrate. For immunoprecipitation, cell lysates were 
incubated with specific antibodies and Protein A/G 
agarose beads, followed by Western blot analysis of the 
immunoprecipitated complexes. Antibodies included: 
anti-TACC2 (11407-1-AP, Proteintech), anti-HMG20B 
(14582-1-AP, Proteintech), anti-HDAC1 (#34589, CST), 
anti-MTA1 (#5646, CST), anti-MTA2 (66195-1-Ig, Pro-
teintech), anti-MBD3 (14258-1-AP, Proteintech), anti-
GAPDH (97166 S, CST), and anti-β-actin (3700 S, CST).

Flow cytometry
Tissues were finely chopped into small fragments and 
digested with 0.2  mg/mL collagenase IV and 0.1  mg/
mL DNase I at 37  °C for 2  h. After digestion, the sus-
pensions were passed through a 70 μm strainer, and red 
blood cell lysis buffer was added to lyse red blood cells. 
Cells were then stained with fluorophore-conjugated 
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antibodies (1:100 dilution in PBS) for 30  min at 4  °C 
under light-protected conditions. The antibody panel 
included: anti-CD3 (APC/Cy7, BioLegend #100330; PE/
Cyanine7, BioLegend #100220) for pan-T cell identifica-
tion; anti-CD8α (PerCP-Cyanine5.5, eBioscience #45-
0081-82) for cytotoxic T cells; anti-CD4 (Brilliant Violet 
510™, BioLegend #100559) for CD4 + T cells; anti-CD19 
(PerCP/Cy5.5, BioLegend #115534) for B lymphocytes; 
anti-NK1.1 (Alexa Fluor 700 eBioscience #56-5941-82) 
for NKT cells; and macrophage markers including anti-
CD206 (BV650, BioLegend #141723), anti-CD11b (PE, 
BioLegend #101208), and anti-F4/80 (BV785, BioLegend 
#123141). Cells were subsequently washed twice with ice-
cold PBS. Flow cytometry analysis was performed using a 
Beckman Coulter Gallios Flow Cytometer, and data were 
analyzed using CytExpert software.

Enzyme-linked immunosorbent assay
The levels of chemokines CCL3 and CCL4 in cell cul-
ture supernatants and serum samples were measured 
using enzyme-linked immunosorbent assay (ELISA) kits 
(88-7035-22 and 88-7034-22, Invitrogen) according to 
the manufacturer’s instructions. Absorbance was read at 
450 nm using an ELX 800 96-well plate reader (BioTek, 
VT, USA).

Chromatin Immunoprecipitation (ChIP) assays
HT1080 cells transfected with either sh-ctrl or sh-
TACC2 were cultured in 15  cm dishes. When cell den-
sity reached 80–90%, the cells were cross-linked with 
1% formaldehyde, washed with PBS, scraped in PBS and 
then lysed with lysis buffer. The genomic DNA was soni-
cated utilizing ultrasonicator (Covaris E220) to generate 
approximately 500-bp fragments within the lysis buffer. 
Following the removal of debris, the supernatants were 
diluted, and the lysates were incubated with a specific 
antibody (rabbit IgG, CST #2729S; anti-H3K27ac, CST 
#8173S; anti-H4K16ac, CST #13534S) overnight at 4℃. 
Protein-DNA complexes were captured by adding pre-
blocked Protein A agarose beads, followed by extensive 
washing to remove nonspecific bindings. Protein-DNA 
complexes were eluted from the beads and subjected 
to reverse cross-linking. DNA was then purified using 
the Qiagen PCR purification kit according to the manu-
facturer’s protocol. Purified DNA was subjected to a 
qPCR analysis using ChamQ SYBR® qPCR Master Mix 
(EZBioscience) on a LightCycler. PCR conditions were 
set according to the instructions provided in SYBR Green 
Kit (Roche). Primer sequences used for ChIP-qPCR are 
listed in Supplementary Table 4.

Chemotaxis assay
Peripheral blood mononuclear cells (PBMCs) were iso-
lated from peripheral blood obtained from healthy 

donors using Ficoll density gradient centrifugation. 
CD8 + T cells and CD4 + T cells were purified from 
PBMCs via positive selection using anti-CD8 and anti-
CD4 MicroBeads kit (Miltenyi Biotec, #130-045-201 and 
#130-045-101) following the manufacturer’s instructions. 
Chemotaxis assays were conducted using 24-well Tran-
swell plates with 5-µm pore polycarbonate membranes 
(Corning, #3421). A total of 5 × 105 PBMCs, CD8 + T or 
CD4 + T cells in serum-free medium were placed in the 
upper chamber. The lower chamber was filled with 0.1% 
FBS RPMI-1640 medium (negative control) or superna-
tant from tumor cells (48 h) supplemented with or with-
out human CCL3 (100 ng/mL; PeproTech, #300-06) and 
CCL4 (100 ng/mL; PeproTech, #300-07). After 6–8 h of 
incubation at 37 °C in 5% CO₂, cells migrating to the bot-
tom chamber were collected and counted. Each condi-
tion was tested in triplicate.

Animal experiments
All experimental procedures were approved by the Insti-
tutional Animal Care and Use Committee of Sun Yat-Sen 
University, Guangzhou, China. C57BL/6 mice, purchased 
from the Guangdong Medical Laboratory Animal Cen-
ter, were subcutaneously injected with 5 × 105 MCA205 
cells. Tumor growth was monitored every three days, and 
tumor volumes were calculated using the formula: 0.52 × 
length × width2. Mice were orally administered doxycy-
cline to induce TACC2 expression. Anti-PD-1 antibody 
(BioXcell, #BP0146) was administered intraperitoneally 
at a dose of 10 mg/kg every three days. At the end of the 
experiments, tumors were excised, weighed, and pro-
cessed for further analysis.

Statistical analysis
All data were presented as mean ± standard deviation 
(SD) or standard error of the mean (SEM). Statistical sig-
nificance was determined using Student’s t-test or one-
way ANOVA. Survival curves were analyzed using the 
Kaplan-Meier method and compared by the log-rank 
test. A p-value < 0.05 was considered statistically signifi-
cant. R (v4.0.3), GraphPad Prism (v8.0) and SPSS (v19.0) 
were used to analyze and visualize the data.

Results
TACC2 expression and copy number variation in soft tissue 
sarcoma
We analyzed WES data from 41 STS cases, comprising 
various histological subtypes: leiomyosarcoma (n = 5), 
rhabdomyosarcoma (n = 6), alveolar soft part sarcoma 
(n = 7), synovial sarcoma (n = 7), undifferentiated pleo-
morphic sarcoma (n = 4), fibrosarcoma (n = 2), malignant 
peripheral nerve sheath tumor (n = 2), and others (n = 8). 
As shown in Figs.  1A and 25 cases (60.98%) exhibited 
TACC2 copy number loss, 10 (24.39%) had no detectable 
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variation, 1 (2.44%) had a deletion, 4 (9.76%) showed a 
slight gain, and 1 (2.44%) had amplification.

Additionally, our analysis of the TCGA pan-cancer 
database revealed that in various malignancies, including 
STS, the frequency of TACC2 gene deletions was signifi-
cantly higher than that of copy number gains (Fig.  1B). 
Specifically, in 206 STS cases (histological subtypes: leio-
myosarcoma = 80, synovial sarcoma = 10, myxofibrosar-
coma = 17, malignant peripheral nerve sheath tumor = 5, 
liposarcoma = 50, undifferentiated pleomorphic sarcoma/
malignant fibrous histiocytoma/high-grade spindle cell 
sarcoma = 44), 109 cases (52.9%) had TACC2 copy num-
ber loss, whereas only 18 cases (8.7%) had copy number 
gain (Fig.  1C). Notably, TACC2 copy number loss was 
observed across nearly all subtypes, though it was less 
frequent in synovial sarcoma (Supplementary Fig. 1).

We also integrated transcriptomic data from 1191 nor-
mal tissue samples (adipose, muscle, and nerve) obtained 
from the GTEx and TCGA databases, as well as 263 STS 

samples from the TCGA database.The results indicated 
that TACC2 expression levels were significantly higher 
in normal tissues compared to STS tissues (p < 2.22e-
16, Fig.  2A). Subtype-specific analyses further revealed 
reduced TACC2 expression in liposarcoma (vs. adipose 
tissue, p < 2.22e-16), leiomyosarcoma (vs. muscle tissue, 
p < 2.22e-16), and malignant peripheral nerve sheath 
tumor (vs. nerve tissue, p = 7.9e-8), with consistent sig-
nificance across all comparisons (Supplementary Fig. 2). 
Moreover, high TACC2 expression was associated with 
longer overall survival (OS) and progression-free sur-
vival (PFS), with p-values of 0.017 and 0.042, respectively 
(Fig. 2B).

To validate these findings, we collected 9 pairs of STS 
and their adjacent non-tumor tissues, including 2 cases 
of fibrosarcoma, 2 cases of undifferentiated pleomor-
phic sarcoma, 1 case of malignant solitary fibrous tumor, 
2 cases of liposarcoma, 1 case of clear cell sarcoma, 
and 1 case of leiomyosarcoma. All tumor and adjacent 

Fig. 1  Frequent loss of TACC2 gene copy number in soft tissue sarcomas. a. Whole-exome sequencing was performed on 41 specimens and gene copy 
number alterations were assessed. Loss or deletion of TACC2 was observed in 63.4% of cases, which was significantly more frequent than copy number 
gain or amplification (12.2%). b. TACC2 copy number alterations were further analyzed using patient datasets from The Cancer Genome Atlas (TCGA) (​h​t​t​
p​​:​/​/​​t​i​m​e​​r​.​​c​o​m​​p​-​g​​e​n​o​m​​i​c​​s​.​o​r​g​/). Deletions in the TACC2 gene were significantly more prevalent than copy number gains. Color codes: red, deep deletion; 
orange, arm-level deletion; green, diploid/normal; light blue, arm-level gain; dark blue, high amplification. c. TACC2 copy number alterations in 206 soft 
tissue sarcoma patients from the TCGA dataset were analyzed (​h​t​t​p​:​​​/​​/​t​i​m​e​​r​​.​c​o​​m​​p​-​​g​e​n​o​​m​i​​​c​s​.​o​r​g​/). Color codes: blue, shallow deletion; gray, diploid; red, 
gain
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non-tumor tissues were obtained from surgical speci-
mens and pathologically confirmed. RNA was extracted, 
and TACC2 expression was analyzed using qPCR. The 
results showed that TACC2 expression levels were sig-
nificantly downregulated in STS tissues compared to 
adjacent non-tumor tissues (Fig. 2C). Furthermore, IHC 
staining of STS tissues revealed varying levels of TACC2 
expression, with examples of high and low expression 
shown in Fig. 2D.

We collected frozen tissue samples from 63 STS 
patients, and clinical characteristics of the patients were 
shown in Supplementary Table 1. We used qRT-PCR 
to detect TACC2 expression at the transcript level in 
these tissues and categorized patients into high and low 
TACC2 expression groups. Further survival analysis 
revealed a positive correlation between TACC2 expres-
sion levels and OS (p = 0.018, Fig. 2E). Although the cor-
relation between TACC2 expression and PFS was not 
statistically significant (p = 0.468), Kaplan-Meier analysis 
still indicated a trend towards better PFS in patients with 
higher TACC2 expression.

TACC2 overexpression inhibits STS cell growth in vitro and in 
vivo
To investigate the effects of TACC2 overexpression and 
knockdown on cell division, we performed MTT and col-
ony formation assays. In vitro experiments demonstrated 
that knockdown of TACC2 using siRNA or shRNA led 
to an increase in proliferation and colony formation 
(Supplementary Fig. 3). Conversely, TACC2 overexpres-
sion significantly inhibited the proliferation and colony 
formation of STS cell lines (Supplementary Fig.  4). Cell 
cycle analysis following TACC2 knockdown revealed a 
significant reduction in the proportion of cells in the G0/
G1 phase, indicating accelerated cell cycle progression. 
In contrast, TACC2 overexpression led to an increased 
proportion of cells in the G0/G1 phase (Supplementary 
Fig. 5).

In vivo, C57BL/6 mice were injected with MCA205 
cells stably expressing TET-ON TACC2. Mice in the 
experimental group were orally administered doxycycline 
to induce TACC2 expression, while the control group 
received no doxycycline. Tumor volume and weight were 
significantly reduced in the doxycycline-treated mice, 

Fig. 2  Prognostic significance of TACC2 expression in soft tissue sarcoma patients. a. TACC2 expression levels (log₂[FPKM + 1]) were compared between 
1191 normal tissue samples (adipose, muscle, nerve, and uterus) obtained from the GTEx and TCGA databases, as well as 263 soft tissue sarcoma samples 
from The Cancer Genome Atlas (TCGA). Statistical comparison using the Wilcoxon rank-sum test revealed significantly lower TACC2 expression in sarco-
mas compared to normal tissues (p < 2.22 × 10− 16). b. Kaplan–Meier survival analysis based on TCGA data (n = 206) demonstrated that lower TACC2 mRNA 
expression was significantly associated with poorer overall survival (OS) and progression-free survival (PFS). c. TACC2 expression levels were measured 
in nine paired soft tissue sarcoma and adjacent normal tissues. Analysis revealed significantly lower TACC2 expression in sarcomas compared to normal 
tissues (Wilcoxon signed-rank test, p = 0.0117). Data are presented as the mean ± SEM. d. Immunohistochemical staining for TACC2 was performed on 
soft tissue sarcoma samples, with representative images showcasing tissues with low and high TACC2 expression. e. TACC2 mRNA expression levels 
were quantified by quantitative real-time PCR (qRT-PCR) in tumor tissues from 63 sarcoma patients. Based on the median TACC2 mRNA expression level, 
patients were stratified into low-expression (n = 32) and high-expression (n = 31) groups. Kaplan–Meier survival analysis demonstrated that high TACC2 
expression was significantly associated with improved OS (log-rank test, p = 0.018)
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indicating that TACC2 overexpression markedly sup-
pressed tumor growth (Supplementary Fig. 6).

TACC2 enhances anti-tumor immunity
We conducted RNA-Seq on two groups of mouse sub-
cutaneous tumors and performed ssGSEA analysis to 
assess immune cell infiltration. The results indicated 
that tumors in the TACC2 high expression group exhib-
ited significantly higher infiltration levels of multiple 
immune cells compared to the TACC2 low expression 
group (Fig.  3A). Flow cytometry analysis further con-
firmed increased infiltration of NKT, CD8 + T, and 
CD4 + T cells in tumors with high TACC2 expression. 

No significant changes were observed in B cell or mac-
rophage infiltration levels (Fig. 3B). Gating strategies for 
immune cell subset identification were detailed in Sup-
plementary Fig.  7. Additionally, IHC staining validated 
that high TACC2 expression was associated with more 
abundant CD8 + T cell infiltration (Fig.  3C). Based on 
these findings, we hypothesized that TACC2 participates 
in immune regulation, and that higher TACC2 expres-
sion correlates with enhanced anti-tumor immunity. To 
test this hypothesis, we performed immune infiltration 
analysis using TIMER2.0 on RNA-seq data from a subset 
of patients in the TCGA database. These results revealed 

Fig. 3 (See legend on next page.)
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a positive correlation between TACC2 expression and 
CD8 + T cell infiltration levels (Fig. 3D).

TACC2 enhances anti-tumor immunity by upregulating 
chemokines CCL3/CCL4
To investigate the role of TACC2 in enhancing anti-
tumor immunity, we first utilized a chemokine array to 
detect the expression levels of 38 common secreted che-
mokines. Supernatants were collected and concentrated 
from TACC2 knockdown (sh-TACC2) and control (sh-
ctrl) HT1080 and U2197 cell lines. Knockdown of TACC2 
resulted in the downregulation of nine chemokines and 
upregulation of three, with CCL3 and CCL4 showing the 
most marked decreases (Fig. 3E, Additional file 2). These 
findings were confirmed by qPCR, which showed signifi-
cant transcriptional downregulation of CCL3 and CCL4 
upon TACC2 silencing (Fig. 3F, Supplementary Fig. 8A).

To further clarify the chemotactic effect of TACC2, 
we conducted chemotaxis assays using peripheral blood 
mononuclear cells (PBMCs), CD4 + T cells, or CD8 + T 
cells collected from healthy donors. The upper cham-
ber contained PBMCs, CD4 + T cells, or CD8 + T cells, 
while the lower chamber was filled with either normal 
culture medium or tumor cell supernatants, with or 
without recombinant CCL3 and/or CCL4 supplementa-
tion (Supplementary Fig. 8B). In the initial assay, PBMCs 
were placed in the upper chamber, while supernatants 
from HT1080 and U2197 cells transduced with either sh-
TACC2 or sh-ctrl were added to the lower chamber. After 
6–8  h, migrated NKT cells in the lower chamber were 
quantified by flow cytometry (Supplementary Fig.  8C). 
A decreasing trend in NKT cell migration was observed 
in the sh-TACC2 group; however, the difference did not 
reach statistical significance (Supplementary Fig. 8D).

Next, CD4⁺ and CD8⁺ T cells were magnetically sorted 
and evaluated in the same system. While CD4⁺ T cells 

exhibited a decreasing trend in migration, the change 
was not statistically significant (Supplementary Fig. 8E). 
CD8 + T cell migration was significantly reduced fol-
lowing TACC2 knockdown, indicating a critical role of 
TACC2 in promoting CD8 + T cell chemotaxis (Fig. 3G). 
To determine whether CCL3 and CCL4 mediate this 
effect, rescue experiments were conducted. CD8 + T cells 
were placed in the upper chamber, and the lower cham-
ber contained either normal medium, sh-ctrl superna-
tant, sh-TACC2 supernatant, or sh-TACC2 supernatant 
supplemented with recombinant CCL3, CCL4, or both. 
The addition of either chemokine alone partially restored 
CD8 + T cell migration, while combined supplementation 
of CCL3 and CCL4 resulted in a more robust recovery 
(Fig. 3H).

CCL3/CCL4 are target genes of TACC2 and depend on the 
NuRD/CoREST complex
In a previous study of our group, we transfected 293T 
cells with either EGFP or EGFP-TACC2 and performed 
immunoprecipitation using an EGFP antibody [23]. Mass 
spectrometry analysis of the immunoprecipitated pro-
teins revealed key components of several HDAC-core-
pressor complexes, including SIN3A from the SIN3A 
complex, MTA1/2-MBD3 from the NuRD complex, and 
HMG20B-RCOR1-LSD1 from the CoREST complex. 
Class I HDACs, known for their potent deacetylase activ-
ity, play a crucial role in the deacetylation process. These 
complexes, together with Class I HDACs, are integral to 
the regulation of chromatin acetylation and transcrip-
tional repression [24–27].

Endogenous immunoprecipitation further confirmed 
strong interactions between TACC2 and essential com-
ponents of the HDAC complexes, such as MTA1/2, 
MBD3, and HMG20B (Fig. 4A). The HDAC-corepressor 
complexes predominantly localize in the nucleus, where 

(See figure on previous page.)
Fig. 3  TACC2 enhances the chemotaxis of CD8 + T cells by upregulating chemokines CCL3/CCL4. a. RNA sequencing was performed on mouse subcuta-
neous tumors, and single-sample Gene Set Enrichment Analysis (ssGSEA) was used to calculate an enrichment score for relative abundance of each im-
mune cell type. b. Tumor-infiltrating immune cells were quantified by flow cytometry using fluorescently labeled antibodies targeting murine CD3, CD4, 
CD8α, NK1.1, F4/80, CD11b, CD206, and CD19. Tumors with high TACC2 expression exhibited significantly increased infiltration of NKT cells (p = 0.0208), 
CD8 + T cells (p = 0.0025), and CD4 + T cells (p = 0.0035) compared to low-expressing tumors (Student’s t-test). Data are presented as the mean ± SEM (n = 3 
mice). c. Immunohistochemical (IHC) staining of TACC2 and CD8 in mouse tumors. Representative images of tumors with low and high TACC2 expres-
sion (scale bar: 100 μm). d. Immune infiltration analysis was performed on RNA-seq data from a subset of patients in the TCGA database using TIMER2.0. 
Representative results from the KIRP and SARC cohorts are shown. e. The expression levels of 38 chemokines in the supernatant of HT1080 and U2197 
cells (sh-ctrl vs. sh-TACC2) were detected using a human chemokine array. Blue dots represent chemokines downregulated after TACC2 knockdown, while 
red dots indicate upregulated chemokines. f. qRT-PCR validation of CCL3 and CCL4 mRNA levels after TACC2 knockdown in HT1080 cell line. Data are 
presented as the mean ± SEM (n = 3, Student’s t-test). Experiments were performed in biological triplicates. g. A total of 5 × 105 CD8 + T cells isolated from 
healthy donors via magnetic bead sorting were added to the upper chamber of a Transwell, with supernatant from HT1080 cells or U2197 cells (sh-ctrl 
vs. sh-TACC2) added to the lower chamber. After 6–8 h, the cells in the lower chamber were counted. TACC2 knockdown significantly reduced CD8 + T 
cells migration compared to controls (n = 3, Student’s t-test, p = 0.004). Data are presented as the mean ± SEM. Experiments were performed in biological 
triplicates. h. A total of 5 × 105 CD8 + T cells isolated form healthy donors via magnetic bead sorting were added to the upper chamber of a Transwell. The 
lower chamber contained RPMI 1640 medium, sh-ctrl HT1080 supernatant, sh-TACC2 supernatant, or sh-TACC2 supernatant supplemented with CCL3, 
CCL4, or a combination of CCL3/CCL4 (100 ng/mL). After 6–8 h, migrated CD8 + T cells in the lower chamber were counted. TACC2 knockdown signifi-
cantly impaired the chemotactic effect of tumor cell supernatants on CD8 + T cells. This effect was partially rescued by the addition of either CCL3 or CCL4 
alone, while the combined supplementation of CCL3 and CCL4 resulted in a more pronounced recovery. Data are presented as the mean ± SEM from 
three independent technical replicates. Experiments were performed in biological triplicates. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05
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they are involved in chromatin remodeling and transcrip-
tional regulation [28]. Upon siRNA-mediated knockdown 
of TACC2 in HT1080 cells, we isolated nuclear and cyto-
plasmic proteins and assessed the distribution of MTA1, 
MBD3, and HMG20B via Western Blot. The results indi-
cated that TACC2 knockdown led to a decrease in the 
cytoplasmic distribution and an increase in the nuclear 
distribution of MTA1, MBD3, and HMG20B (Fig. 4B).

We then explored whether the interaction between 
TACC2 and these proteins interfered with the forma-
tion of the HDAC-corepressor complexes. The results 
showed that exogenous overexpression of TACC2 dis-
rupted interactions between MTA1 and MBD3, as well 
as between HMG20B and LSD1 (Fig.  4C). Conversely, 
siRNA-mediated knockdown of TACC2 enhanced the 
interactions between MTA1 and MBD3 or HDAC1, as 

well as between HMG20B and LSD1 or HDAC1 (Fig. 4D 
and E). These findings suggested that TACC2 may inhibit 
the nuclear translocation and functional assembly of the 
NuRD/CoREST complexes, thereby preventing the for-
mation of active HDAC-corepressor complexes, which 
could lead to the transcriptional upregulation of CCL3 
and CCL4.

Therefore, to further investigate the regulatory role 
of TACC2 on CCL3 and CCL4 expression, we treated 
TACC2 knockdown HT1080 cells and their control cells 
with siRNAs targeting MTA1 or HMG20B. After treat-
ment, RNA was extracted, and qPCR was performed 
to measure the expression levels of CCL3 and CCL4. 
The results showed that the knockdown of MTA1 or 
HMG20B partially rescued the reduction in CCL3 and 
CCL4 expression caused by TACC2 deficiency (Fig.  5A 

Fig. 4  TACC2 interacts with NuRD and CoREST corepressor complexes and inhibits their nuclear translocation. (a) Immunoprecipitation was performed 
to assess the interaction of TACC2 with components of the NuRD (MTA1, MTA2) and CoREST (HMG20B, LSD1) complexes in HT1080 cells. Lysates were 
immunoprecipitated with anti-TACC2 antibody, followed by Western blot analysis using antibodies against HMG20B, MBD3, MTA1, and MTA2. IgG was 
used as a negative control. Strong interactions between TACC2 and both the NuRD and CoREST complexes were observed. b. After HT1080 cells were 
transfected with either si-ctrl or TACC2 siRNA for 48 h, cytoplasmic and nuclear proteins were separated, and their expression was detected by Western 
blot. Lamin B (nuclear marker) and β-actin (cytoplasmic marker) confirmed the purity of the fractionation. TACC2 knockdown led to a decrease in the 
cytoplasmic distribution and an increase in the nuclear distribution of MTA1, MBD3, and HMG20B. c. 293T cells were transfected with EGFP or EGFP-TACC2 
along with Flag-MTA1/ Myc-MBD3 or Flag-HMG20B / Myc-LSD1. Lysates were immunoprecipitated with anti-Flag magnetic beads, followed by Western 
blot analysis. Overexpression of TACC2 disrupted the interactions between MTA1 and MBD3, as well as between HMG20B and LSD1. d and e. HT1080 
cells were transfected with si-ctrl or si-TACC2 for 48 h, followed by immunoprecipitation and Western blot analysis using the appropriate antibodies. 
siRNA-mediated knockdown of TACC2 enhanced the interactions between MTA1 and MBD3/HDAC1, as well as between HMG20B and LSD1/HDAC1. Each 
experiment was conducted with at least two independent biological replicates
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and B). Finally, to confirm the role of TACC2 in the 
transcriptional activation of CCL3/CCL4 through chro-
matin acetylation, we performed ChIP-qPCR analysis. 
The results demonstrated a significant reduction in H3 
and H4 acetylation levels at the CCL3/CCL4 promoter 
regions following TACC2 silencing (Figs. 5C-D). Collec-
tively, these findings demonstrated that TACC2 depletion 
promoted the epigenetic repression of CCL3 and CCL4 
by facilitating the engagement of the HDAC-corepressor 
complexes.

TACC2 enhances the efficacy of PD-1 antibody by 
upregulating immune cell infiltration
Based on the above findings, we further explored the 
correlation between TACC2 expression levels and the 

efficacy of anti-PD-1 therapy. We established a subcuta-
neous tumor model in mice and treated them with PD-1 
antibody or isotype control antibody. The results showed 
that in the TET-ON system for TACC2 gene expression, 
the tumor weight in the anti-PD-1 therapy group was 
approximately 50% of that in the control group in the 
absence of doxycycline (DOX). Upon DOX induction 
to upregulate TACC2 expression, the anti-tumor effect 
of the PD-1 antibody was significantly enhanced, with 
complete regression observed in some mice (2/6, 33.3%) 
(Figs. 6A-C). Moreover, the survival of mice in the high 
TACC2 expression group treated with PD-1 antibody 
was significantly prolonged compared to other groups 
(Fig. 6D).

Fig. 5  TACC2 regulates CCL3/CCL4 expression via NuRD/CoREST complex-mediated epigenetic modulation. a,b. HT1080 cells were transduced with 
control shRNA (sh-ctrl) or TACC2-targeting shRNA (sh-TACC2), followed by siRNA-mediated knockdown of HMG20B (a) or MTA1 (b). After 48 h, CCL3 and 
CCL4 mRNA levels were measured by qRT-PCR. Silencing of TACC2 reduced the expression of CCL3 and CCL4, which was partially rescued by HMG20B 
or MTA1 knockdown (mean ± SD, n = 3; Student’s t-test; **p < 0.01, ***p < 0.001, ****p < 0.0001). Experiments were performed in biological triplicates. c, d. 
Chromatin immunoprecipitation (ChIP)-qPCR analysis was performed to assess histone H3K27ac (c) and H4K16ac (d) enrichment at the CCL3 and CCL4 
promoter regions in sh-ctrl and sh-TACC2 HT1080 cells. Immunoprecipitated DNA was normalized to input and quantified relative to IgG controls. TACC2 
knockdown led to a marked decrease in H3K27ac and H4K16ac acetylation at both promoters, indicating enhanced chromatin condensation and tran-
scriptional repression. Data are presented as the mean ± SD (n = 3, Student’s t-test; ***p < 0.001, ****p < 0.0001). Experiments were performed in biological 
triplicates
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Fig. 6  The efficacy of anti-PD-1 antibody is significantly enhanced when TACC2 is highly expressed. a. Doxycycline-inducible TACC2 overexpressing 
MCA205 cells were established using Tet-on 3G system. Tumor xenograft models were established by subcutaneously injecting 5 × 105 tumor cells into 
the right flank of female C57BL/6 mice. Anti-PD-1 antibody (10 mg/kg, i.p. every 3 days) was administered when tumors reached approximately 100 mm³ 
(6 mice/group). Body weight was monitored, and tumor dimensions were measured every three days with calipers. Upon DOX induction to upregulate 
TACC2 expression, the anti-tumor effect of anti-PD-1 antibody was significantly enhanced, with complete regression observed in 2/6 mice (representa-
tive tumor images shown). b. Weight comparison of subcutaneous tumors across different groups. Data are presented as mean ± SD. The TACC2-high 
expression treated with PD-1 antibody group exhibited the smallest tumor mass (Student’s t test, **p < 0.01). c. Tumor volume growth curves, with volume 
calculated as 0.52 × tumor length × tumor width2. Data are presented as mean ± SD (Student’s t test, **p < 0.01). d. Survival curve of mice in each group. 
The TACC2-high expression treated with PD-1 antibody group exhibited prolonged survival (Log-rank test, p < 0.001). e. Serum IFN-γ levels of mice in each 
group were detected by ELISA. Mice in the TACC2-high expression treated with PD-1 antibody group exhibited the highest levels of IFN-γ (mean ± SD; Stu-
dent’s t test, *p < 0.05, **p < 0.01). f. Immunohistochemical (IHC) staining for TACC2, CD4, CD8, CD11b, and Ki-67 was performed on mouse subcutaneous 
tumors. Representative images were presented. Scale bar: 100 μm. g. IHC staining of TACC2 was performed on the tumor tissues from sarcoma patients 
treated with PD-1 antibody. The proportion of positively stained cells was quantified (1–25% = 1, 26–50% = 2, 51–75% = 3, 76–100% = 4), and staining 
intensity was scored (negative = 0, weak = 1, moderate = 2, strong = 3). The total score was calculated as the product of the positive rate and intensity 
scores, with 0–5 indicating low expression and 6–12 indicating high expression. Representative images of high and low TACC2 expression are shown. 
Scale bars: 100 μm. h. The efficacy of anti-PD-1 antibody in sarcoma patients with high and low expression of TACC2 were evaluated. Efficacy endpoints 
include progressive disease/stable disease (PD/SD) and partial/complete response (PR/CR). High TACC2 expression correlated with higher PR/CR rates 
(Fisher’s exact test, *p = 0.0408). Red, PD/SD; blue, PR/CR
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We measured the levels of interferon-gamma (IFN-
γ) in the peripheral blood serum of the mice and found 
that the group with high TACC2 expression treated 
with PD-1 antibody exhibited the highest levels of IFN-γ 
(Fig. 6E). Immunohistochemical staining of the subcuta-
neous tumor tissues revealed that CD8 + T and CD4 + T 
cell infiltration was more abundant in the high TACC2 
expression group compared to the low TACC2 expres-
sion group. Furthermore, immune cell infiltration in 
subcutaneous tumor was significantly enhanced in PD-1 
antibody-treated mice of high TACC2 expression group 
compared to the other groups (Fig. 6F).

To validate these findings in a clinical setting, we col-
lected tissue samples from 34 sarcoma patients who 
received PD-1 antibody treatment at our center and per-
formed TACC2 immunohistochemical staining on the 
tissue sections. TACC2 expression in tumor tissues was 
scored based on staining intensity and positivity rate. The 
staining intensity was scored as follows: 0 (negative), 1 
(1+), 2 (2+), and 3 (3+). while the staining positivity rate 
was scored as: 0 (negative), 1 (1–25%), 2 (26–50%), 3 (51–
75%), and 4 (76–100%). The total score for each patient 
was calculated by multiplying the intensity and positivity 
scores, with a score of 0–5 classified as the low expres-
sion group and a score of 6–12 classified as the high 
expression group (Fig. 6G). Among 34 sarcoma patients 
receiving anti-PD-1 therapy, high TACC2 expression 
was associated with enhanced therapeutic efficacy. In the 
TACC2-low group (n = 16), 93.8% (15/16) exhibited a best 
therapeutic response of PD/SD, with only 6.3% (1/16) 
achieving PR/CR. In contrast, the TACC2-high cohort 
(n = 18) showed significantly improved outcomes, with 
38.9% (7/18) PR/CR and an overall response rate (ORR) 
of 38.9% versus 6.3%. Subtype-specific analysis revealed 
varied response patterns: liposarcoma demonstrated 
66.7% ORR (2/3 PR/CR) exclusively in TACC2-high 
patients; osteosarcoma showed 50% ORR (1/2 PR/CR) in 
TACC2-high versus 0% (0/5) in TACC2-low; and other 
subtypes (n = 11) exhibited 50% ORR (4/8) in TACC2-
high versus 0% (0/3) in TACC2-low (Supplementary 
Fig. 9). These findings suggested that TACC2 expression 
may serve as a predictive biomarker for response to PD-1 
blockade in sarcomas. However, given the limited sample 
size within each histological subtype in our cohort, fur-
ther validation in larger, subtype-stratified studies is war-
ranted to confirm these observations. 

Discussion
STS, though rare, is a highly aggressive and clinically 
challenging malignancy, characterized by its propensity 
for recurrence, metastasis, and typically poor progno-
sis. Tumor suppressor genes are central to the preven-
tion, diagnosis, treatment, and prognosis of STS, and 
the discovery of novel tumor suppressors could provide 

vital insights into more effective therapeutic strategies 
[29]. While PD-1 inhibitors have emerged as a promis-
ing treatment option for various cancers, their efficacy 
in STS has been largely suboptimal, with the majority 
of patients either showing limited benefit or even expe-
riencing hyperprogression [10, 30, 31]. This highlights 
an urgent need for reliable biomarkers to predict treat-
ment response and guide therapeutic decisions in STS. 
In this study, we provided evidence supporting the role 
of TACC2 as a novel tumor suppressor in STS, offering 
fresh insights into its potential as a predictive biomarker 
and therapeutic target.

TACC2, a member of the TACC protein family, is pri-
marily known for its role in microtubule formation and 
mitotic spindle stabilization, crucial for maintaining 
chromosomal stability. Abnormal TACC2 expression 
can disrupt chromatin remodeling complexes, leading 
to genomic instability and tumorigenesis. Previous stud-
ies have suggested that TACC2 acts as a tumor suppres-
sor in breast cancer, where its expression is significantly 
reduced in tumor cells compared to non-cancerous cells 
[32]. However, its role in other cancers, such as pros-
tate and liver cancers, has been more controversial, with 
some reports suggesting tumor-promoting activities 
[22, 33, 34]. In the context of STS, our study is the first 
to report that TACC2 expression was significantly lower 
in STS tumor tissues compared to normal tissues, and 
reduced TACC2 expression correlated with poor prog-
nosis, particularly in terms of OS. However, the correla-
tion between TACC2 expression and PFS did not reach 
statistical significance.The lack of a significant correla-
tion may be due to several factors. PFS is influenced by 
tumor response to therapy and progression dynamics, 
which can be heterogeneous. Additionally, the diverse 
treatment regimens among patients may impact PFS 
outcomes, further complicating this relationship. These 
factors could overshadow the effect of TACC2 on short-
term tumor progression, with its influence on survival 
becoming more evident over time.

The tumor microenvironment plays a critical role in 
tumor progression and response to therapy, with immune 
cells being key players in this process. Tumor cells secrete 
a variety of cytokines, chemokines, and other factors, 
which can recruit immune cells to the tumor site and 
shape the immune landscape [35, 36]. Among these, che-
mokines such as CCL2, CCL3, CCL4, CCL5, CXCL9, and 
CXCL10 have been reported to be significantly correlated 
with the levels of tumor-infiltrating lymphocytes (TILs). 
For example, the upregulation of CCL3 and CCL20 by 
RUNX3 has been shown to promote CD8 + T cell recruit-
ment in lung cancer [37]. Macrophage inflammatory 
protein (MIP)-1 mainly includes CCL3 (MIP-1α), CCL4 
(MIP-1β), and CCL5 (RANTES). MIP-1 has been shown 
to be a major determinant of immune cell infiltration in 
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certain tumors by directly recruiting antigen-presenting 
cells, including dendritic cells, to the tumor site, thereby 
recruiting T cells into the tumor microenvironment [38]. 
Similarly, CCL4 has been reported to be positively cor-
related with TILs infiltration in melanoma [39]. By com-
bining bioinformatics analysis with in vitro and in vivo 
experiments, we uncovered the pivotal role of TACC2 
in regulating the tumor immune microenvironment. 
We found that TACC2 enhances immune cell infiltra-
tion through its upregulation of CCL3 and CCL4, which 
play a pivotal role in recruiting immune cells into the 
tumor microenvironment. Specifically, we observed that 
TACC2 knockdown in HT1080 and U2197 cells reduced 
the chemotaxis of CD8 + T cells, while supplementa-
tion with CCL3 and CCL4 partially restored this effect, 
emphasizing the critical role of TACC2 in immune cell 
recruitment.

Histone acetylation, regulated by histone acetyltrans-
ferases (HATs) and HDACs, is crucial for gene expres-
sion regulation [40, 41]. HDACs, through their catalytic 
subunits in multi-protein complexes, promote chroma-
tin condensation and are closely associated with gene 
transcriptional repression [42]. In mammals, Class I 
HDACs are typically found in four types of multipro-
tein complexes: the CoREST complex, the MTA1/NuRD 
complex, the NcoR/SMRT complex, and the SIN3A 
complex. These complexes localize HDACs to specific 
genomic regions, where they mediate transcriptional 
repression. At the molecular level, our study, consis-
tent with previous research, observed the interaction 
between TACC2 and the NuRD/CoREST complex, a key 
chromatin-remodeling complex involved in gene silenc-
ing [23]. TACC2 inhibited the nuclear translocation of 
this complex, thereby preventing the formation of tran-
scriptionally repressive HDAC-corepressor complexes. 
This, in turn, facilitated the transcription of CCL3 and 
CCL4, promoting immune cell infiltration and enhanc-
ing the anti-tumor immune response. Interestingly, pre-
vious studies have also highlighted TACC2’s interaction 
with various histone acetyltransferases, including PCAF, 
hGCN5L2, and p300/cbp, suggesting that TACC2 may 
play a broader role in chromatin remodeling and gene 
activation [43]. These findings open new avenues for 
exploring the regulatory functions of TACC2 in chroma-
tin dynamics and its potential as a therapeutic target for 
enhancing immune responses.

While our findings suggest that TACC2 may serve 
as a prognostic marker and modulator of the immune 
microenvironment in STS, several limitations should 
be acknowledged. First, the small sample size of the 
anti-PD-1-treated cohort (n = 34), especially the limited 
representation within individual histological subtypes, 
restricts the statistical power of subtype-specific analy-
ses and underscores the need for validation in larger, 

histology-stratified cohorts. Second, while flow cytom-
etry revealed increased infiltration of NKT, CD4 + T, and 
CD8 + T cells in TACC2-high tumors, our functional 
studies focused primarily on CD8 + T cells due to their 
established role in anti-tumor immunity. Future studies 
should explore the contributions of other immune sub-
sets to TACC2-mediated immune modulation. Third, the 
retrospective design and treatment heterogeneity may 
introduce bias, highlighting the necessity for prospective 
trials with histology-specific enrollment.

Conclusions
In conclusion, our study identifies TACC2 as a critical 
tumor suppressor in STS, with significant implications 
for prognosis and immune regulation. We demonstrate 
that TACC2 plays a critical role in modulating the tumor 
immune microenvironment, in part by promoting che-
mokine-mediated recruitment of immune effector cells. 
Notably, higher TACC2 expression was associated with 
improved response rates to PD-1 antibody therapy in a 
retrospective sarcoma cohort, suggesting its potential as 
a predictive biomarker for immune checkpoint blockade. 
These findings provide new insights into the immuno-
modulatory functions of TACC2 and raise the possibil-
ity that it may serve as a clinically relevant marker for 
patient stratification in immunotherapy. However, fur-
ther validation in larger, histology-stratified prospective 
cohorts is essential to fully establish its predictive utility 
and therapeutic relevance.
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