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Abstract

Background: The use of established prognostic markers has improved the diagnostic stratification and
therapeutic approaches of breast cancer. Ubiquitin-like modifier activating enzyme 1 (UBAI), a key
enzyme in the ubiquitin-proteasome pathway, has been reported to play a role in the pathogenesis of
various malignant tumors. However, its functional impact on breast cancer progression, especially across
intrinsic subtypes, remains poorly understood. This study aimed to evaluate the prognostic relevance of
UBAI protein expression in patients with breast cancer.

Methods: Formalin-fixed, paraffin-embedded (FFPE) tissue samples from 413 chemotherapy-naive
patients with invasive breast cancer were obtained from the Institute of Surgical Pathology (ISP) at the
University Medical Centre Freiburg in Germany. Haematoxylin and eosin (H&E)-stained slides were
digitised and annotated to define regions of interest (ROls) for tissue microarray (TMA) construction.
TMA sections were immunohistochemically stained for UBAI expression and intrinsic subtype markers,
including oestrogen receptor (ER), progesterone receptor (PgR), human epidermal growth factor
receptor 2 (HER2), and Ki-67. All slides were digitised. UBAI and intrinsic markers were evaluated and
analysed using Al-assisted image analysis software (HALO Al). Furthermore, UBAI expression was
analysed separately in both tumor cells and tumor-associated stroma. All results were statistically
correlated with clinicopathological data parameters.

Results: High UBAI1 expression in both the tumor and stromal compartments was significantly
associated with reduced overall survival (OS). Subtype-specific analyses revealed that elevated stromal
UBAI expression, particularly in the cytoplasm, was associated with poorer survival in luminal A and
luminal B subtypes. Conversely, increased nuclear UBA1 expression in tumor cells was associated with
worse outcomes in the luminal B subtype. Multivariable Cox regression analyses revealed that UBAI
expression in tumor cells was an independent prognostic marker. Furthermore, bivariate analyses
revealed that high stromal UBAI expression was associated with a broader range of adverse
clinicopathological parameters, most notably at the cytoplasmic level.

Conclusion: This study highlights the prognostic significance of UBAI protein expression in breast
cancer, thereby demonstrating its potential utility as a diagnostic and therapeutic target.
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Introduction

Breast cancer is the most prevalent malignant integration of prognostic and predictive biomarkers
neoplasm among women worldwide [1]. The has enabled personalized treatment strategies [2,3].
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However, the underlying molecular mechanisms of
breast cancer development remain incompletely
understood, largely owing to its pronounced
biological ~ heterogeneity. = Moreover,  reliably
identifying patients at increased risk of treatment
failure remains challenging. Thus, further research
into biomarkers that contribute to breast cancer
progression and that may serve as potential
therapeutic targets appears warranted.

UBA1 is a key enzyme of the ubiquitin-
proteasome system (UPS), which was originally
described by Hershko and Ciechanover [4,5]. While
the main function of the UPS is proteasomal protein
degradation [6], further essential roles have been
identified over the years, including the regulation of
cellular homeostasis and DNA repair [7-9].
Dysregulation of the UPS has been implicated in
tumor progression and carcinogenesis [10]. In breast
cancer, E3 ubiquitin ligases in particular have been
characterised as oncogenic drivers [11].

UBA1 has been investigated as a potential
therapeutic target in haematological malignancies
[12,13] and has been identified as an essential survival
gene in triple-negative breast cancer (TNBC) in
genome-wide CRISPR/Cas screening [14].
Furthermore, Feng et al. emphasised the prognostic
role of UBA1 in breast cancer, reporting that elevated
UBA1 mRNA expression is associated with tumor
progression and poorer OS [15]. Additionally, a few
preclinical studies have demonstrated the antitumor
effects of proteasome inhibitors in breast cancer,
highlighting the potential of the UPS as a therapeutic

target [16,17].
Nevertheless, the role of UBA1 in breast cancer,
especially across intrinsic molecular subtypes,

remains poorly characterised. In this study, we used a
combination  of  immunohistochemistry = and
Al-assisted digital image analysis to computationally
analyse immunohistochemically stained and digitised
TMAs, evaluating the prognostic significance of
UBA1 protein expression and its distribution across
intrinsic molecular subtypes of breast cancer.

Materials and Methods

This retrospective, single-centre study was
conducted at the ISP at the University Medical Centre
Freiburg, Germany. The study was performed in
accordance with the Declaration of Helsinki and
approved by the Ethics Committee of the University
of Freiburg (protocol number: 22-1472-Sl-retro,
26/01/2023). The study cohort initially comprised 413
tumor samples from chemotherapy-naive patients
with invasive breast cancer, all resected surgically
between 2011 and 2020 at the Department of
Obstetrics and Gynaecology, University Medical

Centre Freiburg, Germany. Written informed consent
was obtained from all patients prior to inclusion.
Clinicopathological data were retrieved from the ISP
and the Department of Obstetrics and Gynaecology.
The FFPE tumor samples and corresponding
H&E-stained slides were obtained from the ISP.

Clinicopathological Data

Patient data included age at the time of
diagnosis, sex and vital status. The following
clinicopathological parameters were recorded for all
cases: WHO- [18] and UICC-classification [19]
comprising histological subtype, pT-, pN-, L-, V-,
Pn-classification, resection status, grading according
to Elston & Ellis [20], intrinsic subtypes [2,3,21] and
patients” OS.

Preparation of the Tissue Microarray
Construction

Prior to inclusion, tumor-containing
H&E-stained slides were reviewed by board-certified
pathologists and then digitised using a high-
throughput  scanner = (PANNORAMIC 1000,
3DHistech Kft.,, Budapest, Hungary). Tumor ROIs
were annotated using CaseViewer software (version
2.3.0.99276, 3DHistech Kft.). Three representative
tissue cores, each with a diameter of 1 mm, were
selected per case. The corresponding FFPE donor
blocks were retrieved from the ISP. To ensure the
correct and accurate linkage between patient data and
tissue samples, all blocks and slides were labelled
with barcodes created using Barcode Generator
software (Bytescouts, version 7.3). These labels were
then printed using a Zebra ZD421 printer (Zebra
Technologies Corporation, Lincolnshire, IL, USA).

Creation of Tissue Microarrays

TMAs were generated using the automated
TMA Grand Master (version 3.2.8.125484, 3DHistech
Kft., Budapest, Hungary). Tissue cores from FFPE
donor blocks were inserted into previously defined
positions within acceptor blocks to generate the
TMAs. FFPE tumor blocks were processed
sequentially and chronologically using the TMA
Grand Master microarrayer. A total of 72 blocks were
processed in parallel, including 60 donor blocks and
12 acceptor blocks. Digital images of all the blocks
were generated using an integrated camera system
and corresponding pseudonyms were linked to
barcode identifiers. The acceptor blocks consisted of a
grid of 11 x 17 tissue cores per TMA block (measuring
25 x 37 mm), which were designed using TMA
Control software (version 3.1 SP1, 3DHistech Kft.,
Budapest, Hungary). For each tumor tissue core, an
overlay of the digital cross-sectional image with
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predefined ROIs and the corresponding FFPE donor
block was generated. Manual adjustments were
required to ensure precise alignment. After the ROIs
were confirmed on the donor blocks, the transfer
process was initiated. Tumor cores were
automatically punched out of the donor blocks and
transferred into the acceptor blocks. Additionally,
eight control tissue cores (consisting of tonsil and
placenta tissue) were integrated into each TMA block.
The TMA layout data and the corresponding
clinicopathological data were then exported.

Immunohistochemistry

Two-micrometre-thick tissue sections were cut
from the TMA blocks using a Leica RM2255 rotary
microtome (Leica Biosystems, Nussloch, Germany)
and deparaffinised. Antigen retrieval was performed
using a citrate buffer solution (pH 6.0, 0.01 mol) for
five minutes, followed by a 10-minute incubation in a
blocking reagent (EnVision® Flex Peroxidase
Blocking Reagent, DAKO, SM801). The TMA slides
were then stained using the ready-to-use primary
antibodies according to the manufacturer's protocols:
Oestrogen receptor protein (ER, monoclonal rabbit
anti-human oestrogen receptor a, clone EP1, code
IR084, Agilent Technologies); progesterone receptor
protein (PgR, monoclonal mouse anti-human
progesterone receptor, clone PgR 636, code IR068,
Agilent Technologies); HER2 (polyclonal rabbit
anti-human c-erbB-2 oncoprotein, code A0485,
Agilent Technologies); and Ki-67 (monoclonal mouse
anti-human Ki-67 antigen, clone MIB-1, code IR626,
Agilent Technologies). For UBA1, antigen retrieval
was performed in a citrate buffer (0.01 mol, pH 6.0 for
5 minutes). The recombinant rabbit monoclonal
antibody (clone SD08-62; MA5-32402; Thermo Fisher
Scientific Inc.) was applied at a dilution of 1:250
pg/ml and incubated for one hour. For the
streptavidin-biotin-based = peroxidase  detection
method, secondary antibodies (EnVision® Flex+
Rabbit (LINKER) (DAKO, K8019) or EnVision® Flex+
Mouse (LINKER) (DAKO, K8021)) were incubated for
15 minutes. An EnVision® Flex/HRP peroxidase
incubation (DAKO, SM802) was performed for 20
minutes. The chromogen used was EnVision FLEX
DAB+ substrate buffer, which was incubated for 10
minutes. The nuclei were then counterstained with
haematoxylin. To ensure quality, tissue samples from
HER2-positive breast cancers (HER2 score 3+
according to Wolff et al. [22]) were used as an external
positive control for HER2 staining. Physiological
breast tissue was used as a control for ER and PgR
staining. Non-neoplastic tonsil and placenta tissue
were used as controls for UBA1 staining.

HALO Al Image Analysis of Digitised TMA-
Slides

Immunohistochemically stained TMA slides
were digitised using a slide scanner (PANNORAMIC
1000, 3DHistech Kft,, Budapest, Hungary) and
analysed using HALO AI software (version 3.6.4134,
Indica Labs Quantitative Pathology, 8700 Education
Place NW, Building B, Albuquerque, NM 87114,
USA). A preset nuclei segmentation brightfield
classifier was adapted for the stained slides. Three
different tissue classifiers were trained using the
integrated HALO AI DenseNet Al V2 algorithm by
manually annotating tissue classes: One was trained
for nuclear markers (ER, PgR and MIB-1); one for the
membranous marker HER2; and one for evaluating
nuclear and cytoplasmic UBA1 expression. The
following tissue classes were annotated: Tumor,
stroma, adipose tissue, lymphocytes, and
background. A total of 12,518 annotations covering a
cumulative area of 126.38 mm? were assigned. The
performance of the classifiers was validated using the
automated HALO Al validation module. Wrongly
misclassified areas were manually adjusted to
enhance the classifiers' performance. Validation was
considered complete once the performance indicators
‘precision’ (the ratio of correctly predicted pixels to all
predicted positive pixels), 'recall' (the ratio of correctly
predicted pixels to all pixels), and 'Fl-score' (the
weighted average of 'precision' and 'recall') each
exceeded an accuracy of > 98%. Antibody expression
within TMA cores was evaluated and quantified
using the HALO AI Multiplex IHC module, including
quantity and staining intensity of
immunohistochemical staining and percentage of
positive cells.

Specific settings were adjusted: 'Nuclear
detection' was set to characterise nuclei precisely,
including 'muclear segmentation' to define nuclear
boundaries. The 'minimum' and 'maximum' of
'nuclear optical density' (a quantitative measure of
nuclear staining intensity) were defined, as were 'size'
and 'roundness', to ensure the accurate inclusion of
sufficient valid nuclei. Similar settings were applied to
detect the membrane and cytoplasm. Threshold
settings were refined to categorise staining intensity
(0, 1+, 2+, 3+). H-scores and the percentage of cells
expressing the cellular marker per core were
automatically calculated by HALO Al The analysed
cores were reviewed by board-certified pathologists.
Cores with artefacts or an insufficient amount of
tumor content were excluded. Finally, the data for
each core were exported as a CSV file for further
statistical analysis.
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Statistical Analysis

Statistical analysis was performed using the R
programming language (v4.0.3; R Core Team, 2020)
and RStudio (v2023.03.0+386; RStudio Team, 2020).
Integrated Development for R, RStudio PBC, Boston,
MA, USA), as previously described [23]. The results
were stratified by subcellular localisation, with
separate analyses performed for the cytoplasmic and
nuclear compartments. Descriptive statistics included
percentages and median values. A p-value of less than
0.05 was considered statistically significant. A p-value
between 0.05 and 0.15 was interpreted as indicating a
statistical trend. The Shapiro-Wilk test was
performed to test for the normal distribution of UBA1
expression intensity in the cohort. Patients were
dichotomised into UBA1 high- and low-expressors
using H-Score cutoffs. Cut-off values were calculated
using the R package cutpointr [24]. Expression was
correlated with OS using the log-rank test and Cox
regression. Univariable and multivariable analyses
within Cox regression models were applied to
evaluate the prognostic relevance of the following
clinicopathological parameters: age; pT-/pN-status;
grading; resection status; lymphatic vessel invasion;
blood vessel invasion; perineural invasion;
histological subtype; and molecular subtype, as well
as UBA1 expression. Parameters showing statistical
significance in the univariable analysis were included
in the multivariable Cox regression model. The
chi-squared test and Fisher's exact test (for small
sample sizes) were used to evaluate the association
between UBA1 expression and clinicopathological
parameters. The Wilcoxon rank-sum test was used to
compare non-normally distributed metric variables.

Results

Descriptive Statistics - Clinicopathological
Parameters

The study cohort initially comprised 413
tumor-cases. After TMA construction and computer-
assisted evaluation, 344 patients were available for
statistical analysis (Figure 1).

The median age of patients at diagnosis was 64
years (range: 31-87). The majority of patients were
female (n = 342; 99.4%), with two patients being male
(0.6%). Of those analysed, 261 patients (76.0%) were
alive, while 83 patients (24.0%) had died. The range of
OS was 3-157 months, with a median OS of 102
months. The majority of cases were classified as pT1
tumors (n = 199; 57.1%), including pT1b tumors (n =
36; 10.5%) and pTlc tumors (n = 163; 47.4%). No pTla
carcinomas were observed in the cohort. Tumors
categorised as pT2 accounted for 36.0% (n = 124) of
cases, whereas pT3 (n = 13; 3.8%) and pT4 (n = §;

2.3%) carcinomas were rare. Tumor-negative local
lymph nodes were identified in 226 patients (65.7%),
while 105 patients (30.5%) developed local lymph
node metastasis (pN1: n = 81 [23.5%]; pN2: n = 14
[41%]; pN3: n = 10 [2.9%]). In 13 cases (3.8%), no
lymph node resection was performed. Complete
surgical resection (R0) was achieved in 315 patients
(91.6%). Incomplete resection (R1) was observed in 29
patients (8.4%). Lymphatic vessel invasion (L1) was
present in 106 patients (31%), perineural invasion
(Pn1) in 19 patients (5.5%), and blood vessel invasion
(V1) in seven patients (2%). Tumor grading according
to Elston-Ellis [20] yielded 49 G1 (14%), 221 G2 (64 %)
and 74 G3 (22%) carcinomas. Histologically, the
predominant subtype was invasive carcinoma of no
special type (NST) (n = 300; 87.2%), followed by
invasive lobular carcinoma (n = 35; 10.2%), mucinous
carcinoma (n = 6; 1.7%), and rare tubular carcinomas
(n = 3; 0.9%). Molecular subtypes were assigned
according to established criteria [2,3,21,25,26],
demonstrating 144 luminal A (41.9%), 161 luminal B
(46.8%), 11 HER2-enriched (3.2%), and 28 (8.1%)
triple-negative carcinomas.

Descriptive Statistics - UBAI

High UBA1 nuclear expression was detected in
102 cases (30%). Low nuclear expression was
observed in 242 cases (70%). In the stromal
compartment, high nuclear UBA1 expression was
present in 121 cases (35%), while low nuclear
expression was detected in 223 cases (65%). With
respect to cytoplasmic expression in tumor cells,
elevated UBA1 expression was observed in 128 cases
(37%), while 216 cases (63%) showed low expression.
In the stromal compartment, 115 tumors (33%)
exhibited high cytoplasmic UBA1 expression,
whereas 229 cases (67%) were categorised as low
expressors. A detailed summary, along with the
results of the bivariate analysis, is provided in Table 1.

For nuclear UBA1 expression, the calculated
H-score cutoffs were 131.42 in tumor cells and 82.50 in
stromal cells. For cytoplasmic expression, the
calculated H-score cutoffs were 108.49 in tumor cells
and 99.98 in stromal cells.

Analysis of the UBA1 Expression Pattern

Across the entire cohort, H-scores ranged from
95 to 181 points. Accordingly, the cohort
predominantly exhibited a moderate expression
pattern in both tumor and stromal cells.
UBA1-negative breast carcinomas were not present in
the cohort. The Shapiro-Wilk test revealed that UBA1
H-score values were not normally distributed in
either the tumor tissue (p < 0.001) or the stromal tissue
(p <0.001), as illustrated in Figure 2.
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carcinoma

Invasive breast
n =413 cases

exclusion
Low quality IHC (n = 10), inadequate
punching of cores from paraffin blocks (n =
21), low quality image resolution in HALO Al
(n=238)
n =69 cases in total

Final study population
n = 344 cases

Figure 1. Study Population (CONSORT Flow Diagram).

— 1 500pm ————500pm

Figure 2. UBAI Expression Patterns. (A, D) Tissue core with low UBAI expression (tumor H-score 101.4; stroma H-score 99.5. (B, E) Tissue core with moderate UBA1
expression (tumor H-score 118.6; stroma H-score 101.6). (C, F) Tissue core with high UBA1 expression (tumor H-score 156.3; stroma H-score 106.09). Staining intensity is
color-coded as follows: blue = negative, yellow = weak, orange = moderate, red = high.

nuclear UBA1 expression was significantly associated
with age (p = 0.002), pT-category (p = 0.001),
Correlation of Nuclear UBAI Expression and pN-category (p = 0.003), grading (p = 0.004) and

Clinicopathological Parameters intrinsic ~ molecular ~ subtyping  (p = 0.028).
Furthermore, stromal and tumor-cell TUBA1l

. ']'3ivariate an.tsllysis revealed statistically expression were mutually correlated (p < 0.001)
significant correlations between nuclear UBA1 (Table 1)

expression in tumor cells and age (p = 0.016) and
pN-category (p = 0.047). In the stromal compartment,

Bivariate Analysis
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Table 1. Clinicopathological Characteristics and Bivariate analysis

Variable Absolute UBA1 Expression in tumor UBALI1 Expression in stromal UBALI1 Expression in tumor cells UBA1 Expression in stromal
cells (nucleus) cells (nucleus) (cytoplasm) cells (cytoplasm)
N=344" high low N=  p-value? highN= lowN= p-value2 highN= lowN= p-value2 highN= IlowN= p-value?
N=1021 242! 1211 2231 1281 216! 115! 2291
UBAL1 Expression - <0.001 <0.001
Tumor
high -4 63 (52%) 39 (17%) 63 (55%) 65 (28%)
low -4 58 (48%) 184 (83%) 52 (45%) 164 (72%)
UBAI1 Expression - <0.001 <0.001
Stroma
high -4 63 (62%) 58 (24%) 63 (49%) 52 (24%)
low -4 39 (38%) 184 (76%) 65 (51%) 164 (76%)
Sex >09 >09 0.14 >09
female 342 102 240 (99%) 120 (99%) 222 126 (98%) 216 114 (99%) 228 (100%)
(99.4%) (100%) (100%) (100%)
male 2(0.6%)  0(0%) 2(0.8%) 1(08%)  1(0.4%) 2(1.6%)  0(0%) 1(0.9%)  1(0.4%)
Age 64 (31-87) 66 (55, 62 (52,72) 0.016 66 (57,76) 62 (51,71) 0.002 64 (54,75) 64 (53,72) 04 67 (56, 75) 62 (52,71) 0.009
76)
pT-status 0.053 0.001 0.11 0.015
pTlb 36 (10.5%) 6(5.9%) 30 (12%) 6(5.0%) 30 (13%) 7(5.5%) 29 (13%) 5(43%) 31 (14%)
pTlc 163 51 (50%) 112 (46%) 47 (39%) 116 (52%) 66 (52%) 97 (45%) 50 (43%) 113 (49%)
(47.4%)
pT2 124 36%) 34 (33%) 90 (37%) 58 (48%) 66 (30%) 45 (35%) 79 (37%) 50 (43%) 74 (32%)
pT3 13 (3.8%) 6(5.9%) 7(2.9%) 6(5.0%) 7(3.1%) 7(5.5%)  6(2.8%) 6(5.2%) 7 (3.1%)
pT4 8(23%) 5(4.9%) 3(1.2%) 4(33%) 4(1.8%) 3(23%)  5(2.3%) 4(35%)  4(1.7%)
pN-status 0.047 0.003 0.028 0.009
pNO 226 59 (58%) 167 (69%) 68 (56%) 158 (71%) 75 (59%) 151 (70%) 67 (58%) 159 (69%)
(65.7%)
pN1 81 (23.5%) 27 (26%) 54 (22%) 32(26%) 49 (22%) 37(29%) 44 (20%) 28 (24%) 53 (23%)
pN2 14 (41%) 6(5.9%) 8(3.3%) 54.1%)  9(4.0%) 53B9%)  9(4.2%) 5(43%)  9(3.9%)
PN3 10 (29%) 2(2.0%) 8(3.3%) 6(5.0%) 4(1.8%) 2(1.6%)  8(3.7%) 5(43%)  5(2.2%)
No lymph node 13 (3.8%) 8(7.8%) 5(2.1%) 10 (8.3%) 3 (1.3%) 9(7.0%)  4(1.9%) 10 (8.7%) 3 (1.3%)
resection
Perineural invasion 0.8 0.9 0.6 0.7
(Pn)
Pn0 325 96 (94%) 229 (95%) 114 (94%) 211 (95%) 122 (95%) 203 (94%) 108 (94%) 217 (95%)
(94.5%)
Pnl 19 (5.5%) 6(5.9%) 13 (5.4%) 7 (5.8%) 12 (5.4%) 6(4.7%) 13 (6.0%) 7(61%) 12 (5.2%)
Lymphatic vessel 0.2 0.2 0.5 0.3
invasion (L)
Lo 238 (69%) 66 (65%) 172 (71%) 78 (64%) 160 (72%) 86 (67%) 152 (70%) 75 (65%) 163 (71%)
L1 106 (31%) 36 (35%) 70 (29%) 43 (36%) 63 (28%) 42 (33%) 64 (30%) 40 (35%) 66 (29%)
Blood vessel invasion 0.2 0.2 0.7 0.7
V)
\ 337 (98%) 98 (96%) 239 (99%) 117 (97%) 220 (99%) 125 (98%) 212 (98%) 112 (97%) 225 (98%)
Vi 7(20%) 4(39%) 3(1.2%) 4(33%) 3(1.3%) 3(23%)  4(1.9%) 3(26%)  4(1.7%)
Grading 0.5 0.004 0.4 0.004
G1 49 (14%) 13 (13%) 36 (15%) 13 (11%) 36 (16%) 15 (12%) 34 (16%) 11 (9.6%) 38 (17%)
G2 221 (64%) 63 (62%) 158 (65%) 70 (58%) 151 (68%) 81 (63%) 140 (65%) 68 (59%) 153 (67%)
G3 74 (22%) 26 (25%) 48 (20%) 38 (31%) 36 (16%) 32(25%) 42 (19%) 36 (31%) 38 (17%)
Residual Disease 0.6 >0.9 0.5 0.3
RO 315 92 (90%) 223 (92%) 111 (92%) 204 (91%) 119 (93%) 196 (91%) 108 (94%) 207 (90%)
(91.6%)
R1 29 (8.4%) 10(9.8%) 19 (7.9%) 10 (8.3%) 19 (8.5%) 9(7.0%)  20(9.3%) 7(6.1%)  22(9.6%)
Histology 0.6 0.8 0.6 0.7
Invasive breast 300 92 (90%) 208 (86%) 105 (87%) 195 (87%) 115 (90%) 185 (86%) 102 (89%) 198 (86%)
carcinoma NST (87.2%)
Invasive lobular 35(10.2%) 8(7.8%) 27 (11%) 14 (12%) 21 (9.4%) 11 (8.6%) 24 (11%) 12 (10%) 23 (10%)
carcinoma
Mucinous carcinoma 6 (1.7%)  2(2.0%) 4 (1.7%) 1(0.8%) 5(22%) 2(1.6%)  4(1.9%) 1(09%)  5(2.2%)
Tubular carcinoma 3 (0.9%) 0 (0%) 3 (1.2%) 1(0.8%) 2(0.9%) 0(0%) 3 (1.4%) 0(0%) 3 (1.3%)
Molecular Subtype 0.4 0.028 0.7 0.011
HER2-enriched 11 (3.2%) 5(4.9%) 6(2.5%) 8(6.6%) 3(1.3%) 53.9%)  6(2.8%) 4(35%)  7(3.1%)
Luminal A 144 41 (40%) 103 (43%) 43 (36%) 101 (45%) 52 (41%) 92 (43%) 36 (31%) 108 (47%)
(41.9%)
Luminal B 161 45 (44%) 116 (48%) 58 (48%) 103 (46%) 63 (49%) 98 (45%) 60 (52%) 101 (44%)
(46.8%)

https://www.jcancer.org



Journal of Cancer 2026, Vol. 17

694

Variable Absolute UBA1 Expression in tumor

cells (nucleus) cells (nucleus)

UBALI1 Expression in stromal

UBALI1 Expression in tumor cells UBA1 Expression in stromal
(cytoplasm) cells (cytoplasm)

N =344 high low N=  p-value? highN= lowN= p-value2 highN= lowN= p-value2 highN= IlowN= p-value?
N=102" 242 1211 2231 128! 216! 115! 2291
Triple negative 28 (8.1%) 11 (11%) 17 (7.0%) 12.(9.9%) 16 (7.2%) 8(6.3%)  20(9.3%) 15(13%) 13 (5.7%)
Survival status
Alive 261 (76 %)
Dead 83 (24%)
Survival in months 102 (3-
157)3

In (%); Median (Q1, Q3)
2Pearson's Chi-squared test; Fisher's exact test; Wilcoxon rank sum test
3Median (Min-Max)

*Absolute counts for UBAT high/low expression were not provided, as UBA1 quantification was performed separately for nuclear and cytoplasmic expression in tumor and

stromal compartments

Correlation of Cytoplasmic UBAI1 Expression and
Clinicopathological Parameters

Bivariate analysis revealed a statistically
significant association between cytoplasmic UBA1
expression in tumor cells and the pN-category (p =
0.028). In the stromal compartment, significant
associations of cytoplasmic UBA1 expression
included age (p = 0.009), pT-category (p = 0.015),
pN-category (p = 0.009), tumor grading (p = 0.004)
and intrinsic molecular subtyping (p = 0.011).

Additionally, cytoplasmic stromal and tumor
cell UBA1 expression were mutually correlated (p <
0.001) (Table 1).

Log-Rank Test of Overall Survival and UBAI
Expression

Using Kaplan-Meier estimation and log-rank
testing, a higher nuclear and cytoplasmic UBA1
expression was associated with poorer OS in both
tumor (nuclear: p = 0.0075, Figure 3A; cytoplasmic: p
= 0.035, Figure 4A) and stromal cells (nuclear: p =
0.025, Figure 3B; cytoplasmic: p = 0.0016, Figure 4B).

Nuclear UBA1 Expression

For nuclear expression of UBA1 in tumor cells,
the survival function did not fall below a probability
of 0.5; therefore, a median OS could not be estimated.
The estimated 10-year OS was 62% in the
high-expression group, compared to 78% in the
low-expression group (Figure 3A). For nuclear UBA1
expression in tumor-associated stroma, the estimated
10-year OS was 65% in the high-expression group
versus 76% in the low-expression group (Figure 3B).
Along with UBA1 expression in tumor cells, median
OS could not be estimated.

In subtype-specific analyses, high nuclear UBA1
expression in tumor cells was significantly associated
with poorer OS in Luminal B tumors (p = 0.04, Figure
3E). A trend towards worse OS in cases with high
UBA1 expression was also observed in Luminal A
tumors (p = 0.062, Figure 3C). In contrast, high

tumoral UBA1 expression tended to be associated
with a favourable OS in HER2-enriched tumors (p =
0.13, Figure 3G). With respect to the stromal
compartment, a trend towards poorer OS associated
with high nuclear UBA1 expression was likewise
noted in Luminal B tumors (p = 0.057, Figure 3F).

Cytoplasmic UBAI Expression

As the survival function for both the stromal and
tumor compartments did not fall below a survival
probability of 0.5, a median OS could not be
estimated. The estimated 10-year OS was 65% in the
high cytoplasmic UBA1 expression group and 77% in
the low cytoplasmic UBA1 expression group (Figure
4A). For stromal UBA1 expression, the estimated
10-year OS was 62% in the high-expression group
versus 76 % in the low-expression group (Figure 4B).

In the subtype-specific analysis, a trend towards
poorer OS was observed in Luminal B tumors with
higher UBA1 expression levels in tumor cells (p =
0.05; Figure 4E). Analysis of the stromal compartment
demonstrated that elevated UBA1 expression in
Luminal A and Luminal B tumors was significantly
associated with poorer OS (Luminal A: p = 0.0023;
Luminal B: p = 0.044). No significant associations or
trends were observed in TNBCs and HER2-enriched
tumors, although the small number of cases in these
subgroups should be taken into consideration.

Cox Regression of Overall Survival and UBAI1
Expression

Nuclear UBA Expression

In univariable Cox regression analysis, UBA1
nuclear expression in both tumor cells (p = 0.01) and
stromal cells (p = 0.029) was found to have a
significant prognostic impact, as were age (p < 0.001),
pT-category (p < 0.001), pN-category (p < 0.001),
lymphatic vessel invasion (p = 0.023), blood vessel
invasion (p = 0.002), perineural invasion (p < 0.001),
grading (p < 0.001) and molecular subtype (p < 0.001).
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Figure 3. Kaplan-Meier Survival Analysis by Nuclear UBAI Expression in Tumor and Stroma. (A, B) Entire cohort. (C, D) Luminal A subtype. (E, F) Luminal B

subtype. (G, H) HER2-enriched subtype. (I + J) Triple-negative subtype.
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Table 2. Cox Regression of Nuclear UBA1 Expression

Characteristic Absolute Univariable Multivariable - Tumor Multivariable - Stroma

N =344 N HR2 95% CI2 p-value N HR2  95% CI2 p-value N HR2  95% CI2 p-value
UBAL1 Expression - Tumor 344 0.010 344 0.042
high 102 — — — —
low 242 0.55 0.36,0.86 0.60 0.37,0.97
UBAL1 Expression - Stroma 344 0.029 344 0.2
high 121 — — — —
low 223 0.61 0.40,0.94 071 044,114
Sex 344 0.053
female 342 — —
male 2 589 1.44,24.0
Age 64 (53, 73) 344 1.07 1.05,1.09 <0.001
pT-status 344 <0.001 344 0.003 344 0.002
pTlb 36 — — — — — —
pTlc 163 0.88 0.38,2.01 0.69 0.29,1.63 0.72  0.30,1.69
pT2 124 1.61 0.71,3.63 1.05 045,245 1.00 042,239
pT3 13 400 140,115 1.90 0.55, 648 2.00 0.59,6.82
pT4 8 373 124,113 9.57 241,380 109 2.76,43.0
pN-status 344 <0.001 344 0.9 344 0.9
pNO 226 — — — — — —
pN1 81 1.35 0.79,2.31 1.31 0.66,2.62 1.35 0.67,2.69
pN2 14 463 225,955 1.74 0.58,5.20 1.73  0.59,5.11
PN3 10 6.10 2.85,13.1 1.83 0.52,6.45 1.38  0.39,4.90
No lymph node resection 13 314 1.24,7.98 113  0.38,3.36 1.20 0.40, 3.61
Perineural invasion (Pn) 344 <0.001 344 0.049 344 0.027
Pn0 325 — — — — — —
Pnl 19 480 2.59,8.90 250 1.05,5.97 280 1.18,6.68
Lymphatic vessel invasion (L) 344 0.023 344 0.5 344 0.6
Lo 238 — — — — — —
L1 106 1.67 1.08,2.59 0.80 0.40,1.61 0.82 041,1.64
Blood vessel invasion (V) 344 0.002 344 0.9 344 >0.9
Vo 337 — — — — — —
A% 7 6.17 248,153 0.89 0.25,3.14 1.00 0.29,3.48
Grading 344 <0.001 344 0.3 344 0.4
Gl 49 — — — — — —
G2 221 2.77  1.00,7.67 1.96 0.68,5.62 193 0.67,5.57
G3 74 532 1.87,15.1 224  0.69,7.26 2.09 0.64,6.82
Residual Disease 344 0.8
RO 315 — —
R1 29 0.88 0.38,2.03
Histology 344 0.5
Invasive breast carcinoma NST 300 — —
Invasive lobular carcinoma 35 1.29 0.66,2.50
Mucinous carcinoma 6 1.34 0.33,5.46
Tubular Carcinoma 3 0.00 0.00, Inf
Molecular Subtype 344 <0.001 344 0.12 344 0.10
HER2-enriched 11 — — — — — —
Luminal A 144 0.53 0.16,1.76 0.71  0.20,2.58 0.69 0.19,254
Luminal B 161 1.05 0.33,3.39 110 0.33,3.71 1.08 0.32,3.64
Triple negative 28 271 0.78,9.35 192 0.52,7.07 195 0.53,7.22

In (%); Median (Q1, Q3)
?HR = Hazard Ratio, CI = Confidence Interval

In Cox regression models analysed separately for
tumor-cell and stromal UBA1 positivity expression in
the tumor compartment retained independent
prognostic relevance. Low UBA1 expression in tumor
cells was independently associated with improved OS
(HR 0.60, 95% CI 0.37-0.97; p 0.042). The
pT-category also had independent prognostic
significance in both models (tumor cell model: p =

0.003 overall; stromal model: p 0.002 overall),
particularly in the comparison of pT4 versus pT1
(tumor cell model: HR = 9.57, 95% CI 2.41-38.0;
stromal model: HR 1090, 95% CI 2.76-43.0).
Perineural invasion was a significant adverse factor in
both models (tumor cell model: p = 0.049, HR = 2.50,
95% CI 1.05-5.97; stromal model: p = 0.027, HR = 2.80,
95% CI 1.18-6.68). Additionally, multivariable
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analysis indicated a trend towards an independent
prognostic effect of intrinsic molecular subtyping
(tumor cell model: p = 0.12; stromal model: p = 0.10).
The results of the Cox regression analysis for nuclear
UBA1 expression are presented in Table 2.

Cytoplasmic UBA Expression

In univariable analysis, cytoplasmic UBA1
expression demonstrated prognostic significance in
both tumor (p = 0.038) and stroma (p = 0.002) as well
as age (p < 0.001), pT-category (p < 0.001),
pN-category (p < 0.001), lymphatic invasion (p =
0.023), blood vessel invasion (p = 0.002), perineural
invasion (p < 0.001), grading (p < 0.001) and
molecular subtype (p < 0.001).

In multivariable analysis, low tumor cell UBA1
expression remained independently associated with
improved OS (HR = 0.52, 95% CI 0.32-0.84; p = 0.007).
The pT-category and Pn-stadium retained
independent prognostic effect in both models
(pT-stadium: tumor model [p = 0.001]; stromal model
[p = 0.002]; Pn-stadium: tumor model [p = 0.028; HR =
2.71,95% CI1.16-6.35]; stromal model [p = 0.047; HR =
2.56, 95% CI 1.05-6.21]). For pT-status, the effect was
particularly driven by the comparison between pT4
and pT1 stadium (tumor model: HR = 10.7, 95% CI
2.75-41.8; stromal model: HR = 11.0, 95% CI 2.84-42.2).
Results of the Cox Regression analysis for the
cytoplasmic compartment are presented in Table 3.

Discussion

UBAL1 is expressed in the nucleus and cytoplasm
of eukaryotic cells and plays a pivotal role in protein
turnover, DNA damage responses and the
maintenance of cellular homeostasis [7-9,27].
Previous studies have associated UBA1 with cancer
progression, including in small-cell lung cancer [28]
and hepatocellular carcinoma [29]. In haematological
malignancies, UBA1 has also been identified as a
potential target [12,13,30]. With regard to breast
cancer, UBA1 has been proposed as a potential target
in TNBC cell lines [14]. However, the role of UBA1
protein expression across the intrinsic molecular
subtypes of breast cancer remains poorly
characterised. Therefore, an Al-assisted approach was
employed to quantify UBA1 protein expression in
tissue microarrays comprising 344 breast cancer
specimens.

Log-rank test survival analyses revealed that
elevated UBA1 expression in both tumor cell and
stromal compartments, at nuclear and cytoplasmic
levels, was associated with poorer OS.
Subtype-specific analyses revealed that high stromal
UBA1 expression, particularly within the cytoplasmic
compartment, significantly correlated with poorer OS

in Luminal A and Luminal B tumors. Moreover,
increased nuclear UBA1 expression in tumor cells was
significantly associated with an adverse outcome in
the Luminal B subtype. These findings extend
previous mRNA-based observations linking higher
UBA1 expression levels to poorer OS in hormone
receptor-positive breast cancer [15], and further
emphasise the contribution of the tumor
microenvironment (TME) to disease progression in
hormone-dependent carcinomas.

Consistent with these observations, univariable
Cox regression analyses revealed similar results,
showing a significant negative impact of high nuclear
and cytoplasmic UBA1 expression on OS in both
tumor cells and the stromal compartment. In
multivariable Cox regression models, both nuclear
and cytoplasmic UBA1 expression in tumor cells
retained independent prognostic significance. In
contrast, the prognostic effect of stromal UBA1
expression was confined to univariable analysis,
suggesting partial attenuation after adjustment for
established clinicopathological confounders.
Nevertheless, elevated stromal UBA1 expression was
associated with a broader spectrum of adverse clinical
and clinicopathological parameters across both
subcellular ~ compartments,  with  particularly
pronounced effects observed within the cytoplasmic
compartment. Overall, these findings suggest that
cytoplasmic UBAl-related signalling mechanisms
may play a prominent role in breast cancer
development and progression. When interpreting the
subtype-specific results presented herein, the small
number of cases within the HER2-enriched subgroup
(n = 11) and the TNBC subgroup (n = 28) must be
taken into account.

From a mechanistic perspective, high stromal
UBA1 expression can be considered a surrogate
marker of a proteostasis-active and pro-inflammatory
TME. As the gatekeeper of ubiquitination, UBA1 has
been implicated in key signalling pathways, including
the nuclear factor kappa B (NF-xB) signalling
pathway [31]. NF-xB plays a pivotal role as a
transcription factor in regulating inflammation,
apoptosis, and tumorigenesis [32]. Dysregulation of
ubiquitination has been shown to impair NF-xB
activity, promoting proinflammatory
cytokine-induced cell death [33]. In this context,
increased UBA1 expression may potentiate
NF-kB-linked inflammatory circuits, stress resilience
and secretory activity in stromal cell types (e.g.
cancer-associated fibroblasts, endothelial cells and
immune cells). This supports the promotion of
extracellular matrix remodelling, angiogenesis,
immune evasion and ultimately tumor progression.

https://www.jcancer.org



Journal of Cancer 2026, Vol. 17

699

Table 3. Cox Regression of Cytoplasmic UBA1 Expression

Characteristic Absolute Univariable Multivariable - Tumor Multivariable - Stroma
N =344" N HR? 95% CI? p-value N  HR? 95% CI2 p-value N  HR? 95% CI2 p-value

UBAT1 Expression - Tumor 344 0.038 344 0.007
high 128 — - — —
low 216 0.63 0.41,0.97 0.52  0.32,0.84
UBAL1 Expression - Stroma 344 0.002 344 0.11
high 115 — - — —
low 229 0.51 0.33,0.78 0.68 0.43,1.09
Sex 344 0.053
female 342 — —
male 2 5.89 1.44,24.0
Age 64 (53, 73) 344 1.07 1.051.09  <0.001
pT-status 344 <0.001 344 0.001 344 0.002
pT1b 36 — - — — — —
pTlc 163 0.88 0.38,2.01 0.65 0.27,1.53 073 0.31,1.73
pT2 124 1.61 0.71,3.63 0.99 042,232 1.04 044,245
pT3 13 400 140,115 1.79 0.52,6.10 2.05 0.60,7.02
pT4 8 37.3 124,113 10.7 275,418 11.0 2.84,422
pN-status 344 <0.001 344 0.8 344 0.8
pNO 226 — - — — — —
pN1 81 1.35 079,231 1.35 0.68,2.70 1.34 0.67,2.67
pN2 14 4.63  2.25,9.55 1.81 0.61,5.37 1.85 0.64,5.35
pN3 10 6.10 2.85,13.1 1.83 0.53,6.37 141 0.39,5.03
No lymph node resection 13 314 124,798 1.01  0.33,3.07 1.25 042,3.68
Perineural invasion (Pn) 344 <0.001 344 0.028 344 0.047
Pn0 325 — - — — — —
Pnl 19 480 2.59,8.90 271 1.16,6.35 256 1.05,6.21
Lymphatic vessel invasion (L) 344 0.023 344 0.5 344 0.6
L0 238 — - — — — —
L1 106 1.67 1.08,259 0.79 0.39,1.58 0.84 042,1.67
Blood vessel invasion (V) 344 0.002 344 >0.9 344 >0.9
Vo 337 — - — — — —
A%t 7 6.17 248,153 0.99 0.29,3.38 0.99 0.29,3.31
Grading 344 <0.001 344 04 344 0.5
Gl 49 — - — — — —
G2 221 2.77  1.00,7.67 193 0.67,5.53 1.83 0.63,5.28
G3 74 532 1.87,15.1 218 0.67,7.02 2.00 0.61,6.56
Residual Disease 344 0.8
RO 315 — -
R1 29 0.88 0.38,2.03
Histology 344 0.5
Invasive breast carcinoma NST 300 — -
Invasive lobular carcinoma 35 1.29 0.66,2.50
Mucinous carcinoma 6 1.34 0.33,5.46
Tubular Carcinoma 3 0.00 0.00, Inf
Molecular Subtype 344 <0.001 344 0.057 344 0.15
HER2-enriched 11 — — — — — —
Luminal A 144 0.53 0.16,1.76 0.62 0.17,2.30 0.67 0.18,2.44
Luminal B 161 1.05 0.33,3.39 0.97 0.28,3.28 0.98 0.29,3.31
Triple negative 28 271 0.78,9.35 198 0.54,7.34 1.74 047,643
n (%); Median (Q1, Q3)
2HR = Hazard Ratio, CI = Confidence Interval

The strong, pronounced impact of stromal UBA1  heterogeneous population of cells within the

expression, together with its correlation to adverse
clinicopathological features (including advanced age,
a higher pT-/pN-category, grade 3 and aggressive
subtypes), is consistent with a TME-driven
contribution to tumor aggressiveness.
Cancer-associated fibroblasts (CAFs) comprise a

tumor-associated stroma. They are known to be key
modulators of the TME, resulting in tumor
progression [34]. CAFs have been shown to influence
hormone receptor activity in breast cancer, thereby
modulating the efficacy of endocrine therapies in
luminal breast cancer [35]. Consequently, luminal
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tumors may be particularly dependent on the stromal
environment. Elevated stromal UBA1 levels may
promote dysregulated, pro-inflammatory CAF
function, thereby reinforcing immunosuppression
and facilitating tumor progression.

In TNBC, where immune activity can vary
between "hot" (immune-active) and "cold" (immune-
inactive) states, the effects of immunomodulation are
likely to be more heterogeneous. Immune-active
tumors, characterised by dense infiltration of immune
cells, may benefit from checkpoint blockade (ICB). In
contrast, immune-cold tumors, which lack substantial
immune cell infiltration, are more challenging to treat
and are associated with a poorer prognosis due to the
absence of pre-existing immune response mechanisms
[36,37]. Nevertheless, UBA1 expression within the
tumor cell compartment demonstrated retained
independent prognostic significance in both the
cytoplasmic and nuclear compartments in
multivariate  analysis, thereby complementing
previous findings reported by Feng et al. [15]. While
our analyses highlight the previously
underappreciated contribution of the stroma, the
biological and prognostic impact of tumor cell UBA1
expression remains a critical determinant of breast
cancer biology. Further delineation of the prognostic
and biological relevance of UBA1 across distinct
molecular subtypes requires future studies in larger,
chemotherapy-naive cohorts.

Following the development of the first
UBA1-specific inhibitor, TAK-243, UBA1 has emerged
as a promising therapeutic target [38].
Pharmacological UBA1 inhibition by TAK-243 has
demonstrated anti-tumor activity in preclinical
models of acute myeloid leukaemia (AML) [30] and
small cell lung cancer [28], potentially exerting
synergistic effects when combined with DNA damage
response agents. More recently, potential synergistic
effects between UBA1 inhibitors and poly(ADP-
ribose) polymerase (PARP) inhibitors have been
reported in ovarian cancer and TNBC cell lines [39].
Unlike proteasome inhibitors, selective UBA1
inhibition may offer a more favourable toxicity profile
[40,41]. Furthermore, the literature suggests that
UBAl-centred signalling pathways (e.g. the
UBA1-STUBI axis) contribute to immune evasion and
resistance to ICB [42]. High UBA1 expression has been
identified as a strong predictor of therapy resistance
and poor survival in cohorts treated with ICB.

Interestingly, antitumor efficacy was enhanced
by the synergistic combination of UBA1 inhibition
and ICB in preclinical models [42]. If this is validated
prospectively, patients with high stromal UBA1
expression may particularly benefit from UPS-
directed therapeutic strategies, either as monotherapy

or in combination with chemotherapy or
immunotherapy. As our results expand knowledge of
the prognostic relevance of UBA1 in breast cancer,
further evaluation of UBAl-targeted therapy
inhibitors in breast cancer is warranted, ideally within
prospective multicentre trials.

However, certain limitations of the present study
should be acknowledged. Firstly, the data were
derived from a single-centre cohort, which may have
introduced selection bias and limited the
generalisability of the findings. Second, potential
sources of technical variability arising from TMA
preparation and Al-assisted image analysis cannot be
fully excluded. Future multicentre, prospective
validation  studies  incorporating  orthogonal
measurements of CAF/NF-kB activity and curated
immune/stromal signatures are warranted to
substantiate the proposed mechanisms and clarify the

potential therapeutic benefit of UBAl-targeted
strategies.
Conclusion

This study identified UBA1 protein expression in
tumor cells as an independent prognostic factor in
breast cancer. Elevated UBA1 expression in both
tumor and stromal compartments was significantly
associated with poor clinical outcomes, particularly in
Luminal subtypes. These findings supplement and
extend the previously reported mRNA-based results
of Feng et al. [15], and emphasise the prognostic
relevance of UBA1 expression at the protein level.
Given its prognostic significance, further investigation
into the potential therapeutic value of UBA1 appears
warranted to enhance personalised treatment
strategies in breast cancer.

Abbreviations

UBA1: Ubiquitin like modifier activating enzyme
1, H&E: Haematoxylin and Eosin; ROI: Region of
interest; TMA: Tissue Microarray; ER: Oestrogen
Receptor; PgR: UPe Receptor; HER2: Human
epidermal growth factor receptor 2; Ki-67: Kiel
Antigen Nr. 67; Al Artificial intelligence; UPS:
Ubiquitin-proteasome system; TNBC: Triple-negative
breast cancer; CRISPR/Cas: Clustered Regularly
Interspaced Short Palindromic Repeats/CRISPR-
associated protein; HR: Hazard ratio; CI: Confidence
Interval; AML: acute myeloid leukaemia; WHO:
World Health  Organization; UICC:  Union
Internationale Contre le Cancer; OS: Overall survival;
ICB: Immune Checkpoint blockade; CAFs:
Cancer-associated fibroblasts; NF-kB: Nuclear factor
kappa B; TME: Tumor microenvironment; FFPE:
Formalin-fixed, paraffin-embedded; NST: No Special
Type; SEER: Surveillance, Epidemiology, and End

https://www.jcancer.org



Journal of Cancer 2026, Vol. 17

701

Results.

Acknowledgements

The study was funded by the Institute of
Surgical Pathology at the University Medical Centre
Freiburg, Germany.

Competing Interests

The authors have declared that no competing
interest exists.

References

[1] Bray F, Laversanne M, Sung H, et al. Global cancer statistics 2022:
GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA A Cancer ] Clinicians 2024;74:229-63.
https:/ /doi.org/10.3322/caac.21834.

[2] Perou CM, Serlie T, Eisen MB, et al. Molecular portraits of human breast
tumours. Nature 2000;406:747-52. https:/ /doi.org/10.1038/35021093.

[3] Serlie T, Perou CM, Tibshirani R, et al. Gene expression patterns of
breast carcinomas distinguish tumor subclasses with clinical
implications. Proc Natl Acad Sci USA  2001;98:10869-74.
https:/ /doi.org/10.1073/ pnas.191367098.

[4] Hershko A, Ciechanover A. THE UBIQUITIN SYSTEM FOR PROTEIN
DEGRADATION. Annu Rev Biochem 1992;61:761-807.
https:/ /doi.org/10.1146/annurev.bi.61.070192.003553.

[5] Hershko A, Ciechanover A. THE UBIQUITIN SYSTEM. Annu Rev
Biochem 1998;67:425-79. https://doi.org/10.1146/annurev.biochem.
67.1.425.

[6] Ciechanover A, Schwartz AL. The ubiquitin-proteasome pathway: The
complexity and myriad functions of proteins death. Proc Natl Acad Sci
USA 1998;95:2727-30. https:/ /doi.org/10.1073/ pnas.95.6.2727.

[7] Mukhopadhyay D, Riezman H. Proteasome-Independent Functions of
Ubiquitin in Endocytosis and Signaling. Science 2007;315:201-5.
https:/ /doi.org/10.1126 / science.1127085.

[8] Schwertman P, Bekker-Jensen S, Mailand N. Regulation of DNA
double-strand break repair by ubiquitin and ubiquitin-like modifiers.
Nat Rev Mol Cell Biol 2016;17:379-94. https://doi.org/10.1038/
nrm.2016.58.

[9] Bennett EJ, Harper JW. DNA damage: ubiquitin marks the spot. Nat
Struct Mol Biol 2008;15:20-2. https:/ /doi.org/10.1038 /nsmb0108-20.

[10] Popovic D, Vucic D, Dikic I. Ubiquitination in disease pathogenesis and
treatment. Nat Med 2014;20:1242-53. https:/ /doi.org/10.1038 /nm.3739.

[11] Liu J, Wang Q, Kang Y, et al. Unconventional protein post-translational
modifications: the helmsmen in breast cancer. Cell Biosci 2022;12:22.
https:/ /doi.org/10.1186/s13578-022-00756-z.

[12] Zhuang ], Shirazi F, Singh RK, et al. Ubiquitin-activating enzyme
inhibition induces an unfolded protein response and overcomes drug
resistance in myeloma. Blood 2019;133:1572-84. https://doi.org/
10.1182/blood-2018-06-859686.

[13] Xu GW, Ali M, Wood TE, et al. The ubiquitin-activating enzyme E1 as a
therapeutic target for the treatment of leukemia and multiple myeloma.
Blood 2010;115:2251-9. https:/ /doi.org/10.1182/blood-2009-07-231191.

[14] Jacob S, Turner TH, Cai J, et al. Genomic screening reveals ubiquitin-like
modifier activating enzyme 1 as a potent and druggable target in
c-MYC-high triple negative breast cancer models. PNAS Nexus
2022;1:pgac232. https:/ /doi.org/10.1093/ pnasnexus/ pgac232.

[15] Feng M, Cui H, Li S, et al. Ubiquitin-Activating Enzyme E1 (UBA1) as a
Prognostic Biomarker and Therapeutic Target in Breast Cancer: Insights
into Immune Infiltration and Functional Implications. IJMS
2024;25:12696. https:/ / doi.org/10.3390/ijms252312696.

[16] Zhang L, Wu M, Su R, et al. The Efficacy and Mechanism of Proteasome
Inhibitors in Solid Tumor Treatment. PRA 2022;17:268-83.
https://doi.org/10.2174/1574892816666211202154536.

[17] Park JE, Park J, Jun Y, et al. Expanding therapeutic utility of carfilzomib
for breast cancer therapy by novel albumin-coated nanocrystal
formulation. Journal of Controlled Release 2019;302:148-59.
https://doi.org/10.1016/j.jconrel.2019.04.006.

[18] Tan PH, Ellis I, Allison K, et al. The 2019 World Health Organization
classification of tumours of the breast. Histopathology 2020;77:181-5.
https:/ /doi.org/10.1111/his.14091.

[19] Brierley J, Gospodarowicz MK, Wittekind C, editors. TNM classification
of malignant tumours. Eighth edition. Chichester, West Sussex, UK;
Hoboken, NJ: Wiley Blackwell; 2017.

[20] Elston CW, Ellis IO. pathological prognostic factors in breast cancer. I.
The value of histological grade in breast cancer: experience from a large
study with long-term follow-up. Histopathology 1991;19:403 — 10.
https:/ /doi.org/10.1111/j.1365-2559.1991.tb00229.x.

[21] Goldhirsch A, Wood WC, Coates AS, et al. Strategies for
subtypes —dealing with the diversity of breast cancer: highlights of the
St Gallen International Expert Consensus on the Primary Therapy of
Early Breast Cancer 2011. Annals of Oncology 2011;22:1736-47.
https://doi.org/10.1093/annonc/ mdr304.

[22] Wolff AC, Somerfield MR, Dowsett M, et al. Human Epidermal Growth
Factor Receptor 2 Testing in Breast Cancer. Archives of Pathology &
Laboratory Medicine 2023;147:993-1000. https://doi.org/10.5858/
arpa.2023-0950-SA.

[23] Kurowski K, Timme S, Foll MC, et al. Al-Assisted High-Throughput
Tissue Microarray Workflow. MPs 2024;7:96. https://doi.org/
10.3390/ mps7060096.

[24] Thiele C, Hirschfeld G. cutpointr : Improved Estimation and Validation
of Optimal Cutpoints in R. ] Stat Soft 2021;98. https://doi.org/
10.18637/jss.v098.i11.

[25] Cheang MCU, Chia SK, Voduc D, et al. Ki67 Index, HER2 Status, and
Prognosis of Patients With Luminal B Breast Cancer. JNCI: Journal of the

National ~— Cancer Institute  2009;101:736-50.  https://doi.org/
10.1093/jnci/ djp082.
[26] Coates AS, Winer EP, Goldhirsch A, et al. Tailoring

therapies —improving the management of early breast cancer: St Gallen
International Expert Consensus on the Primary Therapy of Early Breast
Cancer 2015. Annals of Oncology 2015;26:1533-46.
https:/ /doi.org/10.1093 /annonc/ mdv221.

[27] Katzmann DJ, Odorizzi G, Emr SD. Receptor downregulation and
multivesicular-body sorting. Nat Rev Mol Cell Biol 2002;3:893-905.
https:/ /doi.org/10.1038 /nrm973.

[28] Majeed S, Aparnathi MK, Nixon KCJ, et al. Targeting the Ubiquitin-
Proteasome System Using the UBA1 Inhibitor TAK-243 is a Potential
Therapeutic Strategy for Small-Cell Lung Cancer. Clinical Cancer
Research ~ 2022;28:1966-78.  https://doi.org/10.1158/1078-0432.ccr-
21-0344.

[29] Shan Y, Yang G, Huang H, et al. Ubiquitin-Like Modifier Activating
Enzyme 1 as a Novel Diagnostic and Prognostic Indicator That
Correlates with Ferroptosis and the Malignant Phenotypes of Liver
Cancer Cells. Front Oncol 2020;10. https://doi.org/10.3389/
fonc.2020.592413.

[30] Barghout SH, Schimmer AD. The ubiquitin-activating enzyme, UBAI, as
a novel therapeutic target for AML. Oncotarget 2018;9:34198-9.
https:/ /doi.org/10.18632/ oncotarget.26153.

[31] Chen ZJ. Ubiquitin signalling in the NF-xB pathway. Nat Cell Biol
2005;7:758-65. https:/ / doi.org,/10.1038 /ncb0805-758.

[32] Karin M, Yamamoto Y, Wang QM. The IKK NF-kB system: a treasure
trove for drug development. Nat Rev Drug Discov 2004;3:17-26.
https:/ /doi.org/10.1038 /nrd1279.

[33] Sasaki K, Iwai K. Role of linear ubiquitination in inflammatory responses
and tissue homeostasis. International Immunology 2023;35:19-25.
https:/ /doi.org/10.1093 /intimm/ dxac047.

[34] Ohlund D, Elyada E, Tuveson D. Fibroblast heterogeneity in the cancer
wound. Journal of Experimental Medicine 2014;211:1503-23.
https://doi.org/10.1084 /jem.20140692.

[35] Yu T, Yang G, Hou Y, et al. Cytoplasmic GPER translocation in
cancer-associated fibroblasts mediates cAMP/PKA/CREB/glycolytic
axis to confer tumor cells with multidrug resistance. Oncogene
2017;36:2131-45. https:/ /doi.org/10.1038/0onc.2016.370.

[36] Galon J, Bruni D. Approaches to treat immune hot, altered and cold
tumours with combination immunotherapies. Nat Rev Drug Discov
2019;18:197-218. https:/ / doi.org/10.1038/s41573-018-0007-y.

[37] Galon ], Costes A, Sanchez-Cabo F, et al. Type, Density, and Location of
Immune Cells Within Human Colorectal Tumors Predict Clinical
Outcome. Science 2006;313:1960-4. https:/ /doi.org/10.1126/
science.1129139.

[38] Hyer ML, Milhollen MA, Ciavarri J, et al. A small-molecule inhibitor of
the ubiquitin activating enzyme for cancer treatment. Nat Med
2018;24:186-93. https:/ /doi.org/10.1038/nm.4474.

[39] Awasthi S, Dobrolecki LE, Sallas C, et al. UBA1 inhibition sensitizes
cancer cells to PARP inhibitors. Cell Reports Medicine 2024;5:101834.
https://doi.org/10.1016/j.xcrm.2024.101834.

[40] Boyer JE, Batra RB, Ascensao JL, et al. Severe pulmonary complication
after bortezomib treatment for multiple myeloma. Blood 2006,108:1113-
1113. https:/ /doi.org/10.1182/blood-2006-03-011494.

[41] Kharel P, Uprety D, Chandra AB, et al. Bortezomib-Induced Pulmonary
Toxicity: A Case Report and Review of Literature. Case Reports in
Medicine 2018;2018:1-5. https:/ /doi.org/10.1155/2018 /2913124.

https://www.jcancer.org



Journal of Cancer 2026, Vol. 17 702

[42] Bao Y, Cruz G, Zhang Y, et al. The UBA1-STUBI1 Axis Mediates Cancer
Immune Escape and Resistance to Checkpoint Blockade. Cancer
Discovery  2025;15:363-81.  https://doi.org/10.1158/2159-8290.CD-
24-0435.

https://www.jcancer.org



