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Abstract 

Background  Post-translational modification pathway of protein ubiquitination is intricately associated with tumo-
rigenesis. We previously reported elevated ubiquitin-conjugating enzyme 2T (UBE2T) as an independent risk factor 
in stage I lung adenocarcinoma and promoting cellular proliferation. However, its underlying mechanisms needed 
further investigation.

Methods  Immunohistochemistry was used to assess the expression of UBE2T and retinoic acid receptor-related 
orphan receptor α (RORA) in stage I LUAD. Cell proliferation, migration, and invasion of LUAD cell lines were measured 
by Cell Counting Kit-8 assay (CCK-8), Colony-forming assay and Transwell assay, respectively. Western blot analysis 
was performed to determine the expression of epithelial-mesenchymal transition (EMT) markers. A xenograft model 
was established to evaluate the proliferative capacity of UBE2T and its interaction with RORA in promoting LUAD. 
Mechanistic insights into the promotion of early-stage LUAD by UBE2T were obtained through luciferase reporter 
assay, chromatin immunoprecipitation and co-immunoprecipitation.

Results  UBE2T and RORA expression was significantly up- and down-regulated in early-stage LUAD patients which’s 
proved to be associated with unfavorable outcomes, strengthened cell proliferation, migration, EMT and invasion 
through its interaction with RORA both in vivo and in vitro. The growth NSCLC xenografts was reduced by down-
expression of UBE2T but was suppressed by RORA knockout. Mechanistically, UBE2T mediated the ubiquitination 
of the intermediate transcription factor PBX1, which played a transcriptional role in downstream regulation of RORA.

Conclusion  The oncogenic role of UBE2T and the UBE2T-PBX1-RORA axis in driving malignant progression in Stage I 
LUAD had been established. UBE2T might be a novel and promising therapeutic target for LUAD treatment.
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Introduction
Lung cancer remains the leading cause of cancer-related 
deaths in both sexes in China or worldwide [1–3], con-
tributing mainly to non-small cell lung cancer (NSCLC) 
histology at a percentage of around 85%. With the prev-
alence of community-based screening and use of low-
dose computed tomography (LDCT), more early-stage 
NSCLC were diagnosed and surgically treated. How-
ever, one notable clinical challenge is the occurrence 
of local recurrence or distant metastasis in some early-
stage NSCLC patients, even shortly after curative treat-
ment. Our previous study identified UBE2T as a potential 
predictor for worse prognosis in stage  I lung adeno-
carcinoma (LUAD) [4], indicative of a potential tumor 
promoting factor, and a target for treatment as well. It’s 
demonstrated that dysregulation of UBE2 family mem-
ber proteins in lung cancer initiates oncogenic signaling 
pathways, resulting in tumor progression and metastasis 
[5–7]. UBE2T is one of the key molecules in the UBE2 
family that facilitates the transfer of ubiquitin to sub-
strates [8]. In addition to activation of the classical Fan-
coni anemia (FAN) pathway affecting genome integrity 
[9], UBE2T also regulated the sensitivity of tumor cells to 
DNA cross-linked drugs under hypoxic conditions [10].

Retinoid-related orphan receptors (RORs), includ-
ing family members of RORA, RORB, and RORC, were 
nuclear receptors and usually regulated by post-transla-
tional modifications to maintain their activity and sta-
bility. RORA is widely expressed throughout a variety 
of human organs and tissues including brain and lung 
[11], exerting its influence on tumor biology through 
intricate molecular pathways and cellular processes. 
Furthermore, RORA’s been implicated as a melatoner-
gic gene and to play a pivotal role in the transcriptional 
regulation of genes involving circadian rhythm [12]. 
The gene regulatory function of RORA’s associated with 
some post-translational modifications like ubiquitina-
tion and phosphorylation, in further modulation of the 
activity and stability of nuclear receptors [13]. Reduced 
or loss of expression had been reported to be associated 
with tumor aggressiveness and poor prognosis in breast, 
colorectal, and lung cancer, indicating its potential role 
as a tumor suppressor gene (TSG) in these malignancies 
[14–18]. Results of our preliminary experiment indicated 
RORA expression was reversely correlated with UBE2T 
both at an mRNA and protein level. Given the fact that 
UBE2T was not a canonical transcription factor which 
could directly bind to the promoter and influence the 
expression of RORA, we hypothesized that there must 
be an intermittent substrate or molecule through which 
UBE2T might probably function to promote the progres-
sion of early-stage LUAD.

In the present study, we first verified the high UBE2T 
expression in early-stage LUAD and its negatively regu-
lation of the downstream gene RORA at both mRNA 
and protein levels. Then we identified the intermediate 
transcription factor as Pre-B-cell leukemia transcription 
factor 1 (PBX1) which underwent ubiquitination modifi-
cation by UBE2T and played a transcriptional regulatory 
role in the upstream regulation of RORA. Eventually we 
demonstrated the involvement of UBE2T-PBX1-RORA 
axis in the development and progression of stage I LUAD, 
providing a novel insight into the underlying mechanisms 
and prompting a promising therapeutic strategy for 
early-stage LUAD.

Material and methods
Stage ‑I LUAD patient samples, tissue microarray 
and histological analysis
Clinical samples from 43 stage  I LUAD patients from 
Fujian Cancer Hospital between January 2010 and July 
2011 were included in this retrospective study. The study 
protocol was approved by the Human Ethics Review 
Committee of Fujian Medical University Cancer Hos-
pital (SQ2021-101–01), and a signed informed consent 
was obtained from each patient. None of the patients 
had received chemotherapy or radiotherapy prior to sur-
gery, and the final follow‐up was updated until death or 
February 2021. The tissue microarray (TMA) contained 
formalin‐fixed paraffin-embedded (FFPE)  samples of 43 
LUAD tumors and matched adjacent normal lung tis-
sues. IHC staining was performed on TMA slides via 
indirect enzyme-labeled antibody method, as described 
previously [19], using primary antibodies of anti‐UBE2T 
(1:400, ab154022; Abcam) and anti-RORA (1:300, bs-
17164R; Bioss), and a secondary antibody (goat anti-
rabbit IgG, ZSGB-BIO, China). The immunostaining was 
evaluated by a semi-quantitative immunoreactive score 
system (IRS) [20]. The samples were categorized into low 
and high expression subgroups based on the cut-off value 
of UBE2T established via X-tile plots [21]. As for result 
of RORA, only “positive” and “negative” was determined.

Cell lines and culture
Human NSCLC cell lines were obtained from the 
National Infrastructure of Cell Line Resource. The 
human bronchial epithelium 16-HBE cells were obtained 
from the Public Experimental Platform of Fujian Provin-
cial Hospital. All cells have been authenticated by short 
tandem repeat profiling and were negative for myco-
plasma. The cells were cultured in RPMI containing 10% 
(v/v) fetal bovine serum (FBS) (HyClone: GE Healthcare 
Life Sciences, Logan, UT, USA) in a 37 ℃ incubator with 
5% CO2.
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Plasmids, lentiviral production, and transduction
The lentiviral vectors for UBE2T and RORA overexpres-
sion, shRNA, and negative control were purchased from 
GenePharma (Shanghai, China). A549 and PC9 were 
seeded into 6-well plates and reached a confluence of 
50% ~ 60%, respectively. A549 cells were transduced with 
the sh-Negative Control and sh-UBE2T lentiviral vec-
tor groups, which were constructed for si-UBE2T-192 
expression as aforementioned [4], and PC9 with Negative 
Control and UBE2T overexpression group, following the 
manufacturer’s instructions. Stable UBE2T knockdown 
and overexpression cell lines were selected using puro-
mycin. The same method was applied for infection with 
overexpression or sh‐RORA lentiviral vectors, G418 was 
used for screening stable transfection strains. PBX1 and 
ubiquitin plasmids were purchased from TranSheepBio 
(Shanghai, China) and transfected into cells using Lipo-
fectamine™ 3000 Transfection Reagent.

Cell proliferation, colony formation and migration assays
Cell proliferation was assessed using Cell Counting Kit-8 
(CCK-8) and Colony‐forming assays. Cells (5 × 103/ well) 
were plated in a 96‐well plate and incubated for 4-, 8-, 
24-, 48- and 72 h. CCK-8 solution (at a concentration of 
10%, Vazyme, China) was added to each well and incu-
bated at 37 °C for 1 h. The absorbance was measured at 
a wave-length of 450  nm using a BioTek ELx800 plate 
reader. For the Colony‐forming assays, transfected A549 
and PC9 cell lines were seeded at a density of 1 × 103 cells 
/ well in 6-well plates. The colony‐forming units (CFU, 
consisting of ≥ 50 cells) were observed after 7–10  days. 
Cell migration capability was determined using the 
wound-healing assay and non-coated transwell cham-
bers (Corning, USA). 2 × 105 cells /well were seeded in 
6-well plates. Once the cells reached approximately 90% 
confluence, scratch wounds were created using sterile 
pipette tips. The wounds were photographed at various 
time points up to 72 h. For the transwell chambers assay, 
3 × 105 cells / chambers were seeded. The upper chamber 
contained serum-free medium, while the lower contained 
10% FBS medium as a chemoattractant. After 24  h, the 
cells that migrated through the chambers were fixed, 
stained and analyzed.

Western blot
Proteins were collected by RIPA with protease inhibi-
tor PMSF and cocktail (Roche). The total amount of 
each protein sample was 20  μg, determined by the 
BCA method (Thermo Fisher Scientific). Samples were 
loaded onto 8%-20% gradient SDS‐polyacrylamide gels 
(Bio‐Rad Laboratories, Inc) and subsequently trans-
ferred to polyvinylidene fluoride membrane (PVDF 

membrane, Millipore). The membranes were incubated 
with primary antibodies against UBE2T (1:1000, abcam), 
RORA (1:1000, Thermofisher), Vimentin, E-cadherin, 
and N-cadherin (1:1000, CST), and Snail-slug (1:1000, 
abcam) overnight at 4  °C after blocking with 5% (w/v) 
nonfat milk, then with HRP-linked secondary antibodies 
(1:3000) at room temperature for 1 h (Zhongshan Com-
pany, China). The signals were visualized using enhanced 
chemiluminescence (ECL) detection (Thermo Fisher 
Scientific).

RNA‑sequencing (RNAseq) and Quantitative real‑time PCR 
(qRT‑PCR) analysis
Total RNA was extracted from triplicate samples of A549 
cells in the Control and UBE2T overexpression groups 
using TRIzol reagent (Invitrogen). The concentration, 
quality, and integrity of the RNA were assessed using 
a NanoDrop spectrophotometer (Thermo Scientific). 
Subsequently, sequencing libraries were generated, and 
RNA sequencing (RNA-seq) analysis was performed on 
the NovaSeq 6000 platform (Illumina) by Personal Bio-
technology Cp. Ltd (Shanghai, China). Differentially 
expressed genes (DEGs) were analyzed using DESeq 
(version 1.39.0) with the following criteria: |log2FC|> 1 
and a significant P-value < 0.05. Heatmaps were created 
based on the data presented in Supplementary Table  1 
(Table  S1) and Excel S1. TopGO (version 2.40.0) was 
utilized for conducting GO enrichment analysis, while 
ClusterProfiler (version 3.16.1) software was employed to 
perform the enrichment analysis of KEGG pathways for 
the DEGs, focusing on the significant enrichment path-
way with P-value < 0.05. qRT-PCR was performed using 
the SYBR® Green Premix Pro TaqHS qPCR Kit (Accu-
rate biology, China) to quantify the changes of UBE2T, 
RORA, and the DEGs. The primers were synthesized by 
Shanghai Platinum Biotechnology Co., Ltd. The mRNA 
expression levels were normalized to the level of GAPDH 
mRNA using the 2–ΔΔCt method. The primer sequences 
were listed in Table S2.

Luciferase reporter assay
The Luciferase reporter assay was performed using over-
expression and small interfering RNA (siRNA) of PBX1. 
293  T cells were seeded in a 24‐well plate and then 
transfected with the luciferase reporter vectors and tar-
get genes. Additionally, cells were co-transfected with 
pRL-TK plasmids containing the Renilla luciferase genes 
which acted as an internal reference gene to establish a 
consistent baseline for the experiment. After 48  h of 
transfection, the cells were lysed and the relative activity 
in each well was measured using the Dual-Lumi™ Lucif-
erase Assay Kit (Beyotime, RG088S).
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Chromatin immunoprecipitation (ChIP)
A549 and 293  T cells were fixed in 1% formaldehyde at 
room temperature for 10  min. Subsequently, after the 
addition of anti-RNA polymerase, immunoprecipitation 
was conducted overnight at 4  °C using Normal Rabbit 
IgG or antibodies specific to the experimental groups. 
ChIP-Grade Protein G Agarose Beads (CST, 9007, USA) 
was added to collect immune complexes. The beads were 
resuspended in elution buffer and incubated at 65 °C for 
30 min to release DNA. DNA purification was performed 
using a spin column and quantified using qRT-PCR (CST, 
9004, USA). The ChIP-qPCR products were further vali-
dated by agarose gel electrophoresis.

Co‑immunoprecipitation (Co‑IP)
For Co-IP assay, Specific antibody UBE2T (1:50, 
abcam179802) and PBX1 (1:50, abcam192606) was 
initially added to the sample to facilitate an immune 
complex, which was incubated overnight at 4 °C. Subse-
quently, the complex was bound to the Pierce™ Protein 
A/G magnetic beads for 1 h at room temperature. Non-
bound material was removed through washing steps. Dis-
sociation of the complex was performed using denaturing 
conditions by boiling for 10  min at 100  °C with Lane 
Marker Sample Buffer. Detection of the immunoprecipi-
tated (IP) and input proteins were detected by Western 
blot analysis (antibody ubiquitin linkage-specific K48, 
1:1000, abcam 140,601; Thermo Fisher Scientific, 88,804, 
USA).

In vivo tumor xenograft models
Approximate 1 × 107 shNC, shUBE2T, or shUBE2T-
shRORA A549 cells were injected into the right flank 
of the 5‐6 weeks old male nude mice purchased from 
the Beijing Vital River Laboratory Animal Technology 
Co., Ltd (Beijing, China) and housed in the Laboratory 
Animal Center of Fujian Medical University (Fuzhou, 
China). All methods related to animals were in accord-
ance with ARRIVE guidelines (https://​arriv​eguid​elines.​
org) for the reporting of animal experiments and a table 
of Animal Experimental Ethical Inspection (No.: IACUC 
FJMU 2022–0475) was obtained from FJMU. The tumor 
size was assessed twice a week lasting for 30 days. Finally, 
the mice were euthanized (cervical dislocation) 30  days 
after injection, and the tumors were dissociated, weighed 
and collected for histological analyses. Tumor volumes 
were calculated using the formula 1/2 (length × width2) 
in mm3. Specimens were fixed in 4% paraformalde-
hyde for 12  h, dehydrated with a serial of graded alco-
hol, cleared with xylene, embedded in paraffin, and 
subsequently sectioned at a thickness of 4  μm. HE and 

immunohistochemical staining were performed. Slides 
were incubated with primary antibodies (UBE2T, 1:400; 
RORA, 1:200) overnight at 4℃.

Analysis based on public datasets
The transcriptome RNA-Seq raw counts of NSCLC 
patients were downloaded from TCGA-LUAD [https://​
portal.​gdc.​cancer.​gov (accessed on 10 August 2024)]. 
Corresponding genes expression information and clini-
cal information was extracted and merged in R 4.3.1. The 
downloaded samples were divided into low group and 
high group with median expression value of UBE2T.

Statistical analysis
The data were presented as the mean ± SEM and ana-
lyzed by Student’s t-test and one-way analysis of variance 
(ANOVA) using SPSS software (Version 26.0, Chicago, 
IL, USA). The correlation between UBE2T expression 
and clinicopathological parameters of LUAD patients 
were compared either by independent-sample t test, Chi-
square or Fisher’s exact test. Non-parametric methods 
such as the Mann–Whitney U test were used instead 
of the unpaired t-test when the data did not meet the 
normality assumption. Survival was compared by the 
Kaplan–Meier method with log-rank test, and hazard 
ratio (HR) and its corresponding 95% credential inter-
vals (CIs) were applied as the effect size and displayed in 
terms of forest plots. Univariate and multivariate analyses 
were conducted using the Cox Regression models. The 
X-tile software program (Version 3.6.1; Yale University 
School of Medicine, New Haven, USA) and Graphpad 
Prism 8 (Graphpad Software Inc., USA) were employed. 
A CIBERSORT method was used for immune infiltration 
analysis. A Two-tailed P < 0.05 was considered statisti-
cally significant. The above analyses were performed on 
R (version 4.3.1).

Results
High expression of UBE2T in stage I LUAD correlated 
with poor clinical prognosis
Analysis of the data from stage I LUAD in The Cancer 
Genome Atlas (TCGA) demonstrated that the expres-
sion of UBE2T was markedly increased in LUAD tis-
sues compared with normal tissues (Fig. 1A, p < 0.001). 
Survival analysis revealed shorter overall survival (OS) 
in stage I LUAD patients with high UBE2T expression 
(Fig. 1B, p < 0.001). Immunohistochemistry (IHC) was 
performed using a tissue microarray (TMA) consist-
ing of 43 pairs of stage  I LUAD and adjacent tissues 
to further assess the clinical significance of UBE2T 
and RORA. IRS were utilized to distinguish between 
low and high UBE2T expression, with an IRS of 6 as 
the cut-off point. Immunostaining of RORA was also 

https://arriveguidelines.org
https://arriveguidelines.org
https://portal.gdc.cancer.gov
https://portal.gdc.cancer.gov
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Fig. 1  Highly expressed UBE2T in stage I lung adenocarcinoma (LUAD) was correlated with poor prognosis. A The expression of UBE2T in stage I 
LUAD compared to normal specimen (TCGA), p < 0.001. B High expression of UBE2T is correlated with shorter overall survival (OS) in stage I LUAD 
by Kaplan–Meier Plotter database, p < 0.001. C Representative immunohistochemical staining of UBE2T in LUAD (upper) and adjacent (lower) 
tissue. Scale bar, 100 µm (4 ×); 40 µm (10 ×). D Cut-off value of UBE2T (X-tile). IRS of 6 was selected as the cut-off point, classifying samples 
into low (blue column, IRS ≤ 6) and high UBE2T expression (grey, IRS > 6). E The violin plot showing UBE2T IRS in 43 pairs of stage I LUAD (right) 
and adjacent samples (left), respectively. (n = 43, ***p < 0.001, paired t-test). F-G The Kaplan–Meier Plotter curve. OS of the 43 LUAD patients. 
By the endpoint of follow-up (February 2021),14 patients out of 43 had deceased. The median survival time has not yet been reached (F). The 
association of UBE2T expression with overall survival was examined by Kaplan–Meier analysis in all 43 LUAD patients. High UBE2T expression 
compared to low group indicated decreased overall survival with statistical significance (p < 0.0001). (G). H Representative immunohistochemical 
staining of RORA in LUAD (right upper) and adjacent (right lower) tissue. Scale bar, 100 µm (4 ×); 40 µm (10 ×)
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determined for positive or negative. (Fig.  1C-D, 1H).
The results showed a significantly higher expression 
of UBE2T in stage I LUAD compared to adjacent non-
cancerous tissues (5.16 ± 0.54 vs 1.72 ± 0.24, p < 0.001, 
Fig. 1C, E). Both survival analysis and clinical charac-
teristics in stage I LUAD TMA indicate the prognos-
tic value of UBE2T. Kaplan–Meier analysis revealed 
an association between high UBE2T expression and 
shorter OS (p < 0.0001) (Fig.  1F-G). Increased UBE2T 
expression was closely correlated with clinicopatho-
logical features like higher ECOG (p = 0.031), larger 
tumor size (T2a, p = 0.025), more invasive predomi-
nant growth pattern (p = 0.028), and relapse status 
(p < 0.0001) (Table S4). The correlation of RORA with 
UBE2T had also been evaluated, demonstrating an 
obvious reverse correlation (p = 0.033, Table  S3). Fur-
thermore, high UBE2T expression and stage  I B were 
identified as independent prognostic indicators for 
stage  I LUAD patients via univariate and multivariate 
Cox Regression (Table S5).

UBE2T promoted LUAD cell proliferation, migration 
and EMT
To investigate the potential biological functions of 
UBE2T in lung cancer, we assessed UBE2T expression in 
LUAD cells. The results showed that UBE2T was signifi-
cantly increased in the A549 and H1299 cell lines com-
pared with the immortalized normal human bronchial 
epithelial cell line 16HBE (p < 0.05), and it was weakest 
in PC9 cells (p < 0.01, Fig.  2A). Based on our previous 
research [4], we transfected A549 cells with a shUBE2T 
lentiviral vector (shUBE2T group) or a negative con-
trol vector (shNC group), and PC9 cells with a UBE2T 
overexpression lentiviral vector (UBE2T group) or a 
negative control vector (NC group). Compared to their 
control groups, the shUBE2T group showed a signifi-
cant decrease in the expression level of UBE2T, while the 
UBE2T group showed enhancement (p < 0.01, p < 0.05, 
Fig.  2B). Functionally, the Cell Counting Kit-8 (CCK-8) 
and colony formation assay demonstrated that the prolif-
eration ability of PC9 cell was enhanced after overexpres-
sion of UBE2T (p < 0.05, Fig. 2C-D). Wound healing and 
Transwell assays revealed that upregulation of UBE2T 

Fig. 2  UBE2T promoted the malignant biological behaviour of LUAD cells. A Expression levels of UBE2T mRNA and protein in 16HBE and LUAD 
cell lines. B Verification of UBE2T knockdown/overexpression effects by qRT-PCR and Western blot analyses. C-D Assessment of the proliferation 
ability using the CCK-8 assay (C) and clone formation assay (D) in LUAD cells infected with lentiviral vectors carrying UBE2T gene knockdown 
or overexpression. Left, A549-shUBE2T/shNC; Right, PC9-OE-UBE2T/OE-NC. Significant reduction colonies of A549 cells transfected with shUBE2T 
was observed, while an increase was observed in PC9 cells transfected with OE-UBE2T. E–F Evaluation of cell migration using Wound-Healing (E, 4 ×) 
and Transwell Assay (F, 10 ×) of LUAD cells infected with lentiviral vectors carrying UBE2T gene knockdown or overexpression. UBE2T overexpression 
significantly promoted cell migration, while knockdown caused suppression. G Detection of the effects of UBE2T knockdown/overexpression 
on EMT downstream target genes by Western blot. *p < 0.05, **p < 0.01, as compared with 16HBE or NC group; #p < 0.05, ##p < 0.01, ###p < 0.001 
as compared with the A549 group, respectively
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resulted in a substantial increase in the migration of PC9 
cells (Fig.  2E-F). Conversely, downregulation of UBE2T 
resulted in inhibition of cell proliferation and migration. 
In addition, we examined EMT‐associated markers by 
WB to confirm whether altering UBE2T mediated the 
migration and invasion of LUAD cells via EMT. It was 
observed that overexpression of UBE2T led to a decrease 
of E-cadherin levels, while an increase in N-cadherin, 
snail-slug, and vimentin. Conversely, knockdown of 
UBE2T resulted in the opposite results (Fig. 2G).

UBE2T decreased the expression level of RORA
GSEA analysis indicated high UBE2T expression was 
significantly enriched in tumor-related pathways like 
cell cycle (FDR < 0.0001), proteasome (FDR = 0.002), 
basal transcription factors (FDR = 0.003), oxidative 
phosphorylation (FDR = 0.015), and ubiquitin-medi-
ated protein degradation (FDR = 0.058) (Fig. S1), dem-
onstrating its close association with ubiquitin-related 

pathway and an important role in carcinogenesis. To 
further elucidate the regulatory role of UBE2T in RORs 
family in LUAD and its possible underlying mecha-
nisms, their correlation was analyzed via GEPIA, 
indicating a significant negative correlation between 
UBE2T and RORA, whereas its correlation with either 
RORB or RORC was much weaker (Fig.  3A). In addi-
tion, Spearman correlation analysis from the TCGA 
dataset including 57 paired stage-I LUAD samples 
showed a significant correlation between RORA and 
UBE2T mRNA levels (r =—0.63, p < 0.05, Fig.  3B). A 
significantly negative correlation between the mRNA 
levels of UBE2T and RORA was also observed among 
the LUAD cell lines (Fig. 3C). It was found that the tran-
scription level of RORA was significantly increased/
decreased upon UBE2T knockdown/overexpression 
correspondently, as was also verified at protein levels. 
Taken together, the evidences elucidated that UBE2T 
might probably regulate RORA expression at both tran-
scriptional and protein level.

Fig. 3  UBE2T decreases the expression level of RORA. A Correlation of UBE2T and RORs family. B Fold change of expression and correlation analysis 
of UBE2T and RORA in 57 paired specimen of stage I lung adenocarcinoma (TCGA). C Relative expression of RORA by RT-qPCR and Western blot 
after UBE2T knockdown or overexpression. ***p < 0.001, as compared with NC group, respectively
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Transcription factor PBX1’s role in the regulation of RORA 
gene
In order to further investigate the oncogenic mechanisms 
of UBE2T underlying in early-stage LUAD and the spe-
cific negative regulatory role on RORA, we performed 
transcriptomic sequencing of A549 cell lines transfected 
with UBE2T and NC vector. Among the genes with tran-
scriptional downregulation that was consistent with 
the changes in RORA upon UBE2T overexpression in 
A549 cells, ANXA10, SYT13, EPHA7, ZPLD1, EVA1A, 
FLRT2, and TNFAIP6 were the top genes with the most 
significant changes (|log2FC|> 1.5, p < 0.001) (Fig.  4A-B, 
Table S1). KEGG enrichment showed pathways related to 
cancer (Fig.  4C). RT-qPCR validation of the DEGs con-
firmed that the mRNA expression levels of ANXA10, 
SYT13, EPHA7, ZPLD1, EVA1A, and FLRT2 were sig-
nificantly decreased in the A549-OE-UBE2T group com-
pared to the NC group (Fig. 4D).

Since PBX1 was a common transcription factor, cover-
ing targeted genes like RORA, EPHA7, FLRT2, EVA1A 
and SYT13 (Fig.  4E). We then hypothesized that PBX1 
might probably be the common transcription factors for 
the DEGs downstream of UBE2T, as was validated by 

RT-qPCR. K-M Plotter analysis indicated a tight correla-
tion between high expression of PBX1 and longer OS in 
stage I LUAD (Fig. 4F). Taken together, we then set out 
to investigate the potential relationship between the tran-
scription factor PBX1 and RORA using a dual-luciferase 
reporter assay and ChIP-qPCR, indicating an enhanced 
luciferase activity on the condition of overexpression 
of PBX1 and RORA (p < 0.01), and a reduction of lucif-
erase intensity upon silencing PBX1 (p < 0.05, p < 0.01) 
(Fig.  4G). In the ChIP-qPCR analysis, we investigated 
the enrichment of PBX1 on the RORA promoter region 
in 293  T and A549 cells. The ChIP-qPCR primers were 
designed for the region predicted by the NCBI website 
as the binding site of PBX1 and RORA (Table  S6). Fold 
enrichment analysis revealed that compared to the IgG 
group, PBX1 was significantly enriched on the RORA 
promoter in the IP group, locating at the range of -976 
to -996 bp of the transcription start site (TSS) of RORA, 
with an enrichment fold of approximately tenfold and an 
enrichment efficiency ranging from 30 to 65% (Fig. 4H). 
The agarose gel electrophoresis analysis of the ChIP-
qPCR products showed that amplified fragments in the 
ChIP-RORA group was consistent with the predicted 

Fig. 4  Common transcription factor PBX1 being predicted by ChEA3 and the binding of PBX1 to the RORA promoter. A Hetmap of DEGs 
after overexpression of UBE2T. B MA plot (|logFoldChange| vs average intensity) of DEGs. C KEGG pathway enrichment analysis. D Relative mRNA 
level of DEGs measured by RT-qPCR. E Clustergram of gene sets and transcription factors PBX1. F Kaplan–Meier Plotter analysis of PBX1 in stage I 
LUAD (Kaplan–Meier Plotter【Lung cancer】). G Validation of the binding of PBX1 to the RORA promoter by Dual Luciferase Reporter Assay. H 
Validation by ChIP-qPCR. I Agarose gel electrophoresis of ChIP-qPCR products from 293T (left) and A549 (right) cell lines. Positive control-RPL30 (the 
PCR product was about 161 bp, Lane 3), Input (the target product was about 187 bp, Lane 4), Negative control (Lane 5), ChIP- RORA (the target PCR 
product was about 187 bp, Lane 6).(100 bp DNA Ladder)
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length (primer 1), which also aligned with Input group 
(F4g.  4I). These findings demonstrated the involvement 
of PBX1 in the regulation of the activity of RORA pro-
moter. PBX1 was then selected for further analyses due to 
its downregulation of the RORA promoter in response to 
UBE2T overexpression.

UBE2T decreased RORA expression by ubiquitinating 
PBX1, which further transcriptionally regulated RORA
The transcriptional regulatory role of PBX1 on RORA 
and other downregulated genes in response to the over-
expression of UBE2T had been clearly established. In 
view of the ubiquitination modification function of 
UBE2T itself, we hypothesized UBE2T would prob-
ably affect PBX1 expression via ubiquitination and sub-
sequently demonstrate a transcriptional regulation on 
RORA.

To clarify the protein degradation pathway of PBX1, 
LUAD cells were treated with the proteasome inhibi-
tor MG132 and cycloheximide (CHX). The experimen-
tal group were treated with CHX (50 μg/ml) at 0, 1, 2, 3, 
and 4 h, while the control group treated with both CHX 

(50 μg/ml) and the proteasome inhibitor MG132 (10 μg/
ml) at the same time intervals. Results showed that PBX1 
protein levels in the control group remained stable, while 
that in the experimental group treated with CHX alone 
gradually degraded, with the IC50 values of 2.47 and 3.7 
for A549 and PC9 cell lines, respectively, demonstrat-
ing PBX1 might have undergone degradation through 
ubiquitin–proteasome pathway (Fig.  5A). Furthermore, 
it’s also observed that knockdown or overexpression of 
UBE2T resulted in an inverse correlation with PBX1 lev-
els (Fig.  5B). PBX1 expression was then examined after 
CHX (50 μg/ml) treatment following UBE2T knockdown 
or overexpression. In the UBE2T knockdown group, the 
PBX1 protein exhibited stability with an extended half-
life, while the degradation of PBX1 protein was acceler-
ated in the UBE2T overexpression group, with an IC50 
value of 2.6 (Fig.  5C). These findings suggested that 
UBE2T downregulated the expression level of PBX1.

Interaction between UBE2T and PBX1 was then 
detected by immunoprecipitation. A549 cell lines were 
lysed, and immunoprecipitation (IP) was performed 
using UBE2T antibody, and the targeted protein PBX1 

Fig. 5  Interaction between the E2 Conjugating Enzyme UBE2T and its substrate PBX1, and UBE2T-mediated enhancement of PBX1 ubiquitination. 
A PBX1 underwent degradation through the ubiquitin–proteasome pathway. B The substrate protein PBX1 was detected following UBE2T 
knockdown/overexpression. C The expression level of PBX1 remained relatively stable in the shUBE2T group after treatment with CHX (50μg/ml) 
for up to 4 h. D Interaction between the E2 Conjugating Enzyme UBE2T and the substrate PBX1 (in vivo). E–F Knockdown of UBE2T attenuated 
the ubiquitination of the substrate protein PBX1 (E) whereas UBE2T overexpression enhanced it (F)
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was detected by immunoblotting (IB). It’s observed 
that PBX1 antibody could pull down UBE2T, indicat-
ing an interaction between these 2 molecules, and here 
WCL served as a positive control while IgG as a nega-
tive control (Fig.  5D). Exogenous ubiquitin molecules 
and ubiquitin antibodies were further used to detect the 
ubiquitination levels of PBX1 in different UBE2T states. 
OE-PBX1 and HA-UB plasmids were co-transfected 
into A549-OE-UBE2T cells for 48  h, with a prior treat-
ment of 10 μg/ml MG132 for 4 h before co-transfection 
termination. Immunoblotting was performed using 
ubiquitin after immunoprecipitation of the target pro-
tein by PBX1. Results showed that UBE2T overexpres-
sion enhanced PBX1 ubiquitination, which subsequently 
led to increased degradation of PBX1 protein through 
the ubiquitin–proteasome pathway. However, knock-
down of UBE2T attenuated the PBX1 ubiquitination pro-
cess, resulting in a sustained level of the PBX1 protein 
(Fig. 5E-F).

UBE2T promoted the malignant biological behavior 
of LUAD cell lines through its downstream effector RORA 
(in vitro)
To validate whether RORA was an essential downstream 
gene of UBE2T that mediated the function of UBE2T 
in LUAD, we conducted a rescue assay. A549-shUBE2T 
cells were transfected with an RORA knockdown vec-
tor (A549-shUBE2T-shRORA), while PC9-UBE2T cells 
were transfected with a RORA overexpression vector 
(PC9-UBE2T-RORA) (Fig.  6S A), demonstrating that, 
compared with A549 shNC and shUBE2T group, RORA 
knockdown reversed the effect on inhibition of cell pro-
liferation caused by UBE2T knockdown (Fig.  6S B-C), 
as well as migration (Fig.  6S D), and EMT (Fig.  6S E). 
However, overexpression of RORA rescued the malig-
nant biological behavior of PC9, even if UBE2T was 
overexpressed (Fig. 6S B-E). Our finds demonstrated that 
RORA was an essential downstream effector of UBE2T in 
LUAD.

UBE2T promoted the malignant biological behavior 
of LUAD through its downstream effector RORA (in vivo)
Tumor xenograft models were established by subcu-
taneous injection of A549-shNC, A549-shUBE2T, or 
A549-shUBE2T-shRORA cell lines into BALB/c-nu 
mice to confirm the results in  vivo. Our findings indi-
cated that tumors derived from A549-shUBE2T group 
resulted in smaller sizes compared with the shNC 
group, whereas tumors from A549-shUBE2T-shRORA 
group larger than those from the A549-shUBE2T group 
(Fig. 6A-B, p < 0.01, p < 0.05, respectively). Immunostain-
ing demonstrated that UBE2T expression was lower in 
shUBE2T and shUBE2T-shRORA groups compared to 

the shNC group (Fig.  6C-D, p < 0.05). RORA expression 
was increased upon deregulation of UBE2T in shUBE2T 
group (p < 0.05), while compared with that in the shU-
BE2T group, RORA IRS was decreased in the shUBE2T‐
shRORA group (Fig. 6C-D, p < 0.05). In summary, UBE2T 
promoted the progression of LUAD in vitro and in vivo, 
and the UBE2T-RORA pathway might play an essential 
role in initiation and progression of LUAD (Fig. 7).

Analyses based on public dataset
Based on the analysis of TCGA dataset, we found that 
expression of UBE2T differed significantly in the LUAD 
patients with different clinical or pathological stages 
(Fig.  2S A, B). The forest plot demonstrated that high 
UBE2T expression was closely correlated with female 
gender, smokers, adenocarcinoma histology, stage  I dis-
ease, T1 disease, absence of LN involvement (all p < 0.01, 
Fig. 2S C). In addition, when looking into the correlation 
of UBE2T with immune cells, we found that enhanced 
expression of UBE2T was positively correlated with mac-
rophage M0/1, resting mast cells, monocytes, activated/
resting CD4 memory T cells, CD8 T cells, and helper fol-
licular T cells (all p < 0.01, Fig. 2S D).

Discussion
UBE2T was identified as an independent risk factor in 
early-stage LUAD in our previous study, while no statis-
tical significance had been determined in mid- or late-
stage LUAD patients [4]. In the present study, we first 
confirmed that enhanced UBE2T expression was associ-
ated with larger tumor size (T stage), more invasive pre-
dominant growth patterns (PGPs), higher probability of 
recurrence and shorter OS in early-stage LUAD. When 
further looking into the underlying mechanisms, we then 
demonstrated that UBE2T promoted LUAD cell prolif-
eration, migration, invasion and EMT through its inter-
action with RORA both in vivo and in vitro, probably by 
mediating the ubiquitination of the intermediate tran-
scription factor PBX1 that’s believed to play a transcrip-
tional role in the upstream regulation of RORA.

The ubiquitin system is a multi-step cascade process 
of protein modification that involves ubiquitin, ubiqui-
tin-related enzymes (UBE), and proteasomes to main-
tain homeostasis in eukaryotes [22]. As a key member 
of UBE2 family, UBE2T was indicated to maintain 
genome integrity through the FAN signaling pathway 
[9], and participate in cell cycle, basal transcription fac-
tors, and ubiquitin-mediated proteolysis related to tum-
origenesis [23–25]. UBE2T over-expression was found 
in a wide spectrum of malignancies, including hepato-
cellular carcinoma [26], head and neck squamous cell 
carcinoma [24], gastrointestinal tumors [8, 27], breast 
and ovarian cancer [28–30], glioblastoma [31], and 
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lung cancer as well [23, 32, 33], via signal transduc-
tion pathways like GSK3β/β-catenin [34], p53/AMPK/
mTOR [35], EMT [36] and so forth. Given all these 
established facts, UBE2T could be a choice therapeu-
tic target in cancer treatment. Theoretically, targeting 
the molecule in the upmost stream in UBE2T-PBX1-
RORA axis could possibly inhibit or reverse the evolve-
ment of the onset of LUAD, as UBE2T overexpression 
was demonstrated as an early event in the process of 
its carcinogenesis. Using a gene-editing technique, 
we could alternatively weaken the related targets like 
PBX1 in the axis and inevitably inhibit the malignancy. 

However, despite its important function, UBE2T was 
considered as an undruggable target due to lack of a 
pocket for binding to small molecules with satisfied 
properties for clinical applications. Anantharajan et al. 
[37] adopted a high-throughput screening assay and 
two compounds-ETC-6152 and ETC-9004 containing 
a sulfone tetrazole scaffold were identified, with con-
firmative activity of UBE2T blocking. Moreover, Wang 
and Yu et al. [25, 38] reported that the novel inhibitor 
of UBE2T, M435-1279, acted inhibit the Wnt/β-catenin 
signaling pathway hyperactivation through blocking 
UBE2T-mediated degradation of RACK1, resulting in 

Fig. 6  UBE2T promoted the malignant biological behaviour of LUAD through the downstream effector RORA (in vivo). A Representative BALB/c-nu 
mice bearing tumors after inoculation (Day 30). B Measurement and calculation of tumor volumes and weight (V = 1/2 × L × W2). C HE and IHC 
in shUBE2T or shUBE2T-shRORA group, compared with shNC group. Scale bar, 100 µm (× 10); 40 µm (× 40). D IRS of UBE2T and RORA in xenograft 
tumor specimens after UBE2T knockdown or combined with RORA knockdown (n = 5). *p < 0.05, **p < 0.01, as compared with shNC group; #p < 0.05, 
##p < 0.01, as compared with shUBE2T group, respectively
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suppression of glioblastoma and gastric cancer progres-
sion with lower cytotoxicity in the meantime.

In the bioinformatic analyses, however, we found 
that overexpressed UBE2T was positively correlated 
with the congregation of some immune cells, espe-
cially monocytes, activated/resting CD4 memory T 
cells, CD8 T cells and helper follicular T cells, which 
were main effect cells in correspondence to immuno-
therapy. We thus hypothesized that although higher 
UBE2T defined a subgroup of LUAD with unfavora-
ble prognosis, it might possibly simultaneously define 
the same subgroup with higher potential response to 
immunotherapy. On the contrary to our demonstra-
tion, Pu et  al. [33] demonstrated that overexpress-
ing UBE2T could increase PD-L1 expression and 
inhibit toxicity of CD8 + T cells to LUAD cells. In vivo 
experiments revealed that UBE2T knockdown hin-
dered tumor growth, inhibited PD-L1 expression, and 
facilitated CD8 + T cell infiltration. In response to this 
seemly paradox findings, we pondered it necessary to 
figure out the exact correlation within tumor  immune 
microenvironment (TIME)  and status of UBE2T 
expression in both patients population and cell lines. 
In addition, they also verified the role of UBE2T in 
mediating SORBS3 ubiquitination to enhance interleu-
kin‐6/signal transducer and activator of transcription 
3 (IL‐6/STAT3) signaling and promote LUAD develop-
ment both in vitro and in vivo [23], demonstrating both 
PD-L1 and IL-6 could possibly be used as potential bio-
markers for selecting patients who were most likely to 
benefit from therapies targeting the UBE2T pathway. 

Taken together, UBE2T would hopefully turn out as a 
potential therapeutic hub triggering tumoricidal activi-
ties in terms of different biological mechanisms.

Under normal conditions, E2 enzymes like UBE2T 
require E3 ligases to confer substrate specificity and facil-
itate the transfer of ubiquitin to the target proteins. It’s 
observed in our study that knockdown or overexpression 
of UBE2T resulted in an inverse correlation with PBX1 
levels, and PBX1 antibody could pull down UBE2T, dem-
onstrating a tight interaction within these 2 molecules. 
UBE2T alone could further inhibit PBX1 transcriptional 
activity and downregulate the PBX1 downstream genes, 
such as RORA, without the evidence of existence of E3 
ligases, as had been demonstrated by us and others [39]. 
We then hypothesized that there might be circumstances 
under which UBE2T could ubiquitinate target proteins 
without E3 ligases, although such scenarios were likely 
to be rare and not fully understood. Some E2 enzymes 
was shown to possess intrinsic ubiquitin ligase activity, 
allowing them to transfer ubiquitin to substrates directly 
without the need for an E3 ligase. Recently, Tao et al. [31] 
reported UBE2T functioned as the Ub-enzyme of ribo-
somal protein L6 (RPL6) and induced the ubiquitination 
and degradation of RPL6 in an E3 ligase-independent 
manner through direct modification by K48-linked 
polyubiquitination, thus contributing to the malignant 
progression of glioblastoma cells and confirming our 
hypothesis on the onset of E3 ligase-independent man-
ner. PBX1 (Pre-B cell leukemia transcription factor 1) is 
a member of the TALE (three amino acid loop extension) 
class of homeodomain transcription factor, targeting 

Fig. 7  A diagram of ubiquitination modification of UBE2T to downregulate PBX1/RORA in the development and progression of LUAD
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ubiquitous developmental and organ-specific genes, driv-
ing cell proliferation, pluripotency and differentiation by 
PBX1 alone or by the chimeric E2A-PBX1 protein [40]. 
PBX1 still plays a role in tumor suppression by inhibiting 
proliferation, mediating apoptosis and ROS related oxida-
tive damage due to its potential to induce genomic insta-
bility and mutations, as well as maintain the functionality 
of the immune system [41]. Mutations or imbalances in 
the ubiquitination/deubiquitination signaling pathway 
in prostate cancer led to abnormalities of the deubiqui-
tinase USP9X, which was also responsible for deubiqui-
tinating PBX1 [41]. This results in abnormality of PBX1 
status, contributing to occurrence and treatment resist-
ance [42]. In LUAD, the ubiquitin ligase TRIM26 bound 
to PBX1, leading to its polyubiquitination and subse-
quent degradation, which ultimately inhibited its tran-
scriptional activity and promoted cellular proliferation 
[39]. In our study, however, as a co-transcription factor 
of downstream-downregulated genes including RORA 
after UBE2T overexpression, PBX1 was first found to 
interact with UBE2T, which ubiquitinated and degraded 
through the ubiquitin–proteasome pathway, bridging the 
interaction of UBE2T with RORA. Then it’s elucidated 
that PBX1 was involved in ubiquitin-mediated degrada-
tion through its interaction with UBE2T in early-stage 
LUAD, which was further enriched in the understanding 
of PBX1 ubiquitination in solid tumors. PBX1 forms het-
erodimer complexes with Hox proteins, or collaborates 
with transcription factors such as PREP1 and MEIS1 
[43] binding to DNA to regulate the target genes. Experi-
mental research revealed that UBE2T negatively regu-
lated RORA, and restoring RORA partially inhibited the 
malignant phenotype promoted by UBE2T, confirming 
the inhibitory effect of RORA on the proliferation and 
migration of LUAD cell lines.

RORA is widely expressed in human body and primar-
ily down-regulated [44]. In the bioinformatics  analysis 
of melatonergic gene and integrative pan-cancer [12], 
RORA was significantly decreased in LUAD and asso-
ciated with prognosis. Pathways associated with the 
anticancer effects of RORα include RORα phosphoryla-
tion and transcriptional repression through the Wnt/β-
catenin pathway [45], as well as Wnt5α/PKC activation 
[46, 47], which contributed to the occurrence of EMT 
[48]. Our study also found that UBE2T promoted EMT 
via RORA, which ultimately led to tumor invasion and 
metastasis.

Some limitations in the paper should be mentioned. 
First, the mechanism of interaction within UBE2T, 
PBX1 and RORA was only demonstrated in limited 
cell lines, while whether this mechanism also works in 
other LUAD cell lines remained unknown. In the future 
study, more cell lines and more precision techniques 

like CRISPR-Cas9 for gene editing or RNA interference 
would be used to confirm the universality and specificity 
of the current findings. Second, higher grade of evidence 
in our future work would be needed to further confirm 
the specificity of the interaction between UBE2T and 
RORA via competitive binding assays, mutation analysis 
of the interaction interface, or the use of blocking pep-
tides. Third, although current evidence in our work and 
others demonstrated the ability of UBE2T to ubiquitinate 
their substrates without the existence of ubiquitin ligase 
E3, further evidence should be provided to illustrate this 
issue in our future work.

In summary, our study identified the aberrantly high 
UBE2T expression in early- stage LUAD was associated 
with poor outcome, suggesting its potential as a prognos-
tic marker. Further, we partially elucidated the underlying 
molecular mechanism of the UBE2T‐PBX1-RORA sign-
aling pathway in LUAD. Although we have observed that 
UBE2T directly binds to PBX1 and participates in ubiqui-
tination, whether it relies on classic UBE3 in ubiquitinat-
ing PBX1 is still worthy of further investigation.
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