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USO1 expression is dysregulated in non-small cell lung cancer
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Background: USO1 vesicle transport factor (USO1) is a vesicular transport factor crucial for endoplasmic
reticulum (ER) to Golgi transport and is required for transcytotic fusion and subsequent binding of the
vesicles to the target membrane. USO1 has been studied in multiple cancers revealing high levels of expression
and exerting its oncogenic role by increasing cell proliferation and evasion of apoptosis. Furthermore, multiple
studies have implicated dysregulation of the Erk signalling pathway in the involvement of USOL1 in multiple
cancers. Overall survival (OS) in non-small cell lung cancer (NSCLC) remains low despite recent advances in
treatments which are mainly due to the late stage of diagnosis and a significant cohort of patients lacking an
available targeted therapy. The aim of this study was to investigate USO1 expression in NSCLC.

Methods: An in-house NSCLC tissue microarray (TMA) comprising (n=204 patients) was stained for
USOL. Scoring intensity (H score) was used to interrogate for correlations between USOL1 expression and
established prognostic factors, and OS. Further evaluation of the expression of USO1 in NSCLC was done
using multiple online datasets including Lung Cancer Explorer (LCE), UALCAN, GEPIA, KM plotter,
TIMER2 and MuTarget.

Results: USO1, when highly expressed in lung adenocarcinomas (LUADs) leads to a significantly increased
OS (P=0.028). There was no significant correlation between age, smoking status, lymph node status, tumour
subgroup and stage. USO1 was significantly higher in patients with tumour size <5 cm compared to those
>5 cm (P=0.016). Overexpression in LUAD occurred at an early stage being significantly upregulated
in Stage 1 and NO tumours. USO1’ first neighbours, also involved in ER-Golgi transport have altered
expression in LUAD and significantly impact overall survival. Overexpression occurred independently of
commonly mutated genes in NSCLC and had no correlation with changes in the TME.

Conclusions: This study highlights the importance of USO1 and ER-Golgi vesicular transport system in
LUAD. USOL overexpression occurs as an early event in LUAD and independently of commonly mutated
genes in NSCLC and therefore may represent an attractive diagnostic biomarker as well as a potential target

for treatment.
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Introduction

Lung cancer is the leading cause of death worldwide with
more than 2.09 million new diagnoses each year, and
only 18% of lung cancer patients surviving more than
5 years (1). Non-small cell lung cancer (NSCLC) accounts
for approximately 85% of all lung cancers (2). NSCLCs
share a common cellular origin; however, they represent
a heterogeneous group of cancers with different clinical
behaviours and prognoses. Although the diagnostic and
therapeutic techniques including surgery, chemotherapy,
radiotherapy as well as targeted therapies for NSCLC
have made significant progress, the 5-year overall survival
(OS) for NSCLC patients remain low (3). Furthermore,
the majority of tumours are detected at an advanced stage,
leading to unsuccessful targeted treatment. Therefore,
identifying a reliable diagnostic biomarker that can detect
early stage NSCLC as well as development of new targeted
therapies remains crucial.

The Golgi apparatus is central to post translational
modification and trafficking of proteins and lipids within the
cell. It traffics a large part of the proteome and as a result
impacts on mitosis, apoptosis and migration (4). endoplasmic
reticulum (ER) to Golgi vesicular transport packs cargo into
secretory vesicles and directs it to the plasma membrane
as well as extracellularly. These proteins include receptors
involved in downstream signalling pathways, channels,
extracellular matrix components and signalling molecules.
Therefore, transport form the ER-Golgi is an essential
step for completion of cellular functions such as signal
transduction pathways and cell-cell interactions. It is not
surprising then, that dysregulation of this tightly controlled
intracellular function can lead to cancer development.
Multiple studies have implicated ER-Golgi trafficking
in promoting tumour progression through alterations in
the secretome (5) and that increased ER-Golgi trafficking
could result in enhanced protein transport and tumour
progression (6), and may also facilitate cancer cell invasion
and metastasis (7). How the Golgi apparatus integrates
signals to alter morphology and trafficking kinetics under
physiological and pathological conditions is still poorly
defined but could represent a new target for cancer
treatment.

USO1 (also called pl115/TAP) is a protein that tethers
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vesicles in the ER-Golgi complex playing a critical role in
vesicular trafficking and transport during interphase (8).
It plays a critical role in both mitosis and apoptosis and is
essential for mitotic spindle function through interacting
with y-tubulin (9). USOI has been shown to be involved
in the tumourigenesis of multiple cancers including gastric
cancer (10), colorectal cancer (11), breast cancer (12),
hepatocellular carcinoma (13) and multiple myeloma (14).
USOL1 has been shown to have higher levels of expression
in these cancers and its role in tumourigenesis contributes
to cell proliferation and evasion of apoptosis. Furthermore,
multiple studies have identified USO1 exerts its oncogenic
role by interfering with the Erk signalling pathway (13-15).

Currently, to our knowledge there have been no
studies regarding the expression of USO1 and its clinical
implications in NSCLC. The aim of this study was to
therefore identify if USO1 is altered in NSCLC and
involved in tumourigenesis. We used tissue microarrays
(TMAs) containing resected lung resections of 204 patients
with NSCLC for investigation of the prognostic value of
USOL1 expression in NSCLC. We also used online gene
expression databases to further investigate and validate
our findings regarding the potential role of altered
USO1lexpression in NSCLC.

Our results show USOL1 is significantly increased in the
early stages of lung adenocarcinoma (LUAD) and high
levels are associated with a better overall survival, therefore,
making it a potential diagnostic biomarker and as a
potential target for new therapeutics in LUAD. We present
the following article in accordance with the REMARK
reporting checklist (available at https://tler.amegroups.com/
article/view/10.21037/tlcr-22-230/rc).

Methods
Patients and clinical samples

We used primary tumour tissue samples from patients
diagnosed with NSCLC pathological stage I-IV at St James
Hospital, Dublin, Ireland from the period 1999-2007. The
study was conducted in accordance with the Declaration of
Helsinki (as revised in 2013), and approved by the St James’s
Hospital & Tallaght University Hospital Joint Research
Ethics Committee (No. 041018/8804), and individual

Transl Lung Cancer Res 2022;11(9):1877-1895 | https://dx.doi.org/10.21037/tlcr-22-230


https://tlcr.amegroups.com/article/view/10.21037/tlcr-22-230/rc
https://tlcr.amegroups.com/article/view/10.21037/tlcr-22-230/rc

Translational Lung Cancer Research, Vol 11, No 9 September 2022

1879

Table 1 Relationship between USOL1 expression and clinicopathological parameters in the St. James’s Hospital NSCLC patient samples

Clinicopathological parameters High expression (H score >188) Low expression (H score <188) P value

Histology 0.801
LUSC 44 64
LUAD 46 36

Sex 0.019
Female 45 34
Male 55 70

Age, years 0.82
<65 41 51
>65 59 53

Node 0.39
Positive 41 48
Negative 59 56

Tumour size, cm 0.016
>5 33 49
<5 67 55

Grade 0.795
1 7 9
2 58 52
3 35 43

Stage 0.077
| 55 45
I 19 30
1l 26 28
\% 0 1

Smoker 50 50 0.704
Ex-smoker 38 40
Never smoker 12 14

NSCLC, non-small cell lung cancer; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

consent for this retrospective analysis was waived.

A total of 204 patients with NSCLC were included in
this study. Clinicopathological and histopathological data
(including age, sex, smoking status, histology, TNM stage,
surgical procedure, tumour grade, and primary site) were
collected and the clinicopathological characteristics of our
cohort of patients are presented in Table 1.

The median age of patients was 66 (range, 29-86 years) at
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time of diagnosis. The majority of patients were male (61%).
Most patients were current smokers at time of diagnosis
(n=100), 78 were ex-smokers and 26 were never smokers.

Histopathological examination of resected tumours
revealed that LUSC was the dominant histological subtype
(n=108), 82 cases were LUAD, 7 cases of pleomorphic
carcinoma, 3 cases were large cell and 4 cases were classified
as adenosquamous.
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Postoperative staging demonstrated that 100 cases were
stage I, 49 cases were stage 2, 54 cases were stage 3 and 1
case was stage 4. Forty-one cases had T, disease, 123 cases
had T,, 27 cases had T}, and 9 cases had T, disease. A total
of 115 had NO disease, 51 had N1, and 38 had N2 disease.

All surgically resected tumour specimens and control
specimens were fixed with 10% formalin fixed paraffin
embedded (FFPE). The tumours were staged according
to the Union for International Cancer Control Tumour-
Node-Metastasis (TNM) Classification of Malignant
Tumours 8" edition (16,17) and histologically subtyped
and graded according to the World Health Organization
guidelines (18,19).

Microarray construction

Following ethical approval, a tissue microarray (TMA)
containing quadruplicate cores (0.6 mm) of the 204
NSCLC patients was generated using a Beecher Manual
Tissue Arrayer (Model MTA-1) and 4 pm sections used for
immunohistochemical analysis of USOL1.

Immunobistochemistry detection methods

Immunohistochemistry was performed on 4 pm TMA
sections. Slides were deparaffinised, rehydrated, washed
and quenched according to standard protocol. ULTRA cell
conditioning (ULTRA CC1 Roche Cat# 05279801001),
pHOY.1, was used for heat induced epitope retrieval (HIER).
For USOL1 antibody staining, slides were incubated with
rabbit monoclonal primary antibody [p115 (H-11): Santa
Cruz Biotechnology Cat# sc-48363, RRID: AB_628059)]
diluted in PBS (1:50) for 64 min at ambient temperature
and stained using the OptiView'" DAB IHC detection
kit (Roche Cat# 760-700, RRID: AB_2833075) and
OptiView ™ amplification kit (Roche Cat# 06396518001) on
a Ventana BenchMark XT processor.

Assessment of immunobistochemistry

The immunostaining of TMA slides was assessed by
two pathologists without being aware of the clinical,
pathological and follow-up data. Staining intensity was
designated as either 0, 1+, 2+ or 3+ and each tumour section
was given a H-score between 0-300 = 3(% at 3+) + 2(% at
2+) +1(% at 1+).

Tumours with high USO1 expression were designated
as those with an average H score above the median value
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and low expression below the median. The median score
obtained was 188.

In silico analysis of public gene expression datasets

Expression analysis and survival analysis

The Lung Cancer Explorer (LCE) database (20) was
queried (https://lce.biohpc.swmed.edu/lungcancer/) using
the gene symbol ‘USOI’ to conduct a meta-analysis of
standardized mean difference (tumour vs. normal) in gene
expression in NSCLC.

LCE was also used to provide the summary statistics
for tumour-normal Gene expression differences for meta-
analysis of standardized mean difference (tumour-normal)
using Hedges’ G as an effect size metric. Summary statistics
for survival and gene expression associations were based
on univariate Cox Proportional-Hazards modelling. For
all studies included for meta-analysis must have at least
10 samples in each group and meta-analysis was only
performed for genes with data available from at least three
qualifying studies. The analysis was performed separately
for lung adenocarcinoma and squamous cell carcinoma.

Then, subgroup analysis of the mRNA expression of
USO1 was conducted using the UALCAN database (http://
ualcan.path.uab.edu) (21). The LUAD and lung squamous
cell carcinoma (LUSC) datasets from The Cancer Genome
Atlas (TCGA) were selected for analysis. USOI mRNA
expression was analysed in the following subgroups: sex,
age, race, smoking status, cancer stage, tumour grade, and
nodal status, metastasis, and TP53 mutation status. We
then evaluated prognostic significance of USO! in LUAD
and LUSC using the Kaplan-Meier (KM) Plotter database
(http://kmplot.com) (22).

Altered protein expression in the TCGA-LUAD was
validated using UALCAN (21) to interrogate the CPTAC
discovery dataset which investigated 111 tumours, (with
102 tumours paired with normal adjacent tissue samples)
and subjected these samples to global proteome and
phosphorproteome analysis (23).

Associations with immune infiltration analysis

For evaluation of any correlations between USO1
expression and immune cell infiltrates we utilized the
TIMER (https://cistrome.shinyapps.io/timer/) (24) to plot
purity-corrected partial Spearman’s rho value and statistical
significance for the following immune cell infiltrates:
B cells, CD8" T cells, CD4" T cells, macrophages,
neutrophils and dendritic cells.
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Associations with mutated genes

To identify mutated genes from the associated TCGA
datasets that result in changes of expression of USOI in
NSCLC an analysis was conducted using the MuTarget
platform (https://www.mutarget.com/) with a mutation
prevalence set at 2% (25), and validated using correlation
analysis on TIMER? portal (http://timer.cistrome.org/) (26).

Effects of copy number variations (CNV) on USO1

To examine whether the altered expression of USOI was
correlated with CNVs, the datasets for TCGA-LUAD and
TCGA-LUSC PanCancer Atlas datasets (27) were analysed
through cBioPortal (28) with the following parameters
selected: mRNA expression z-scores relative to normal
samples (log RNA Seq V2 RSEM), and Putative copy-
number alterations from GISTIC. mRNA vs. CNA was
plotted with Log2 copy number against mRNA expression
z-scores relative to normal samples (log RNA Seq V2
RSEM).

Protein-protein interaction network analysis
Protein-protein interactions with USO1 were queried using
the String database (http://string-db.org) (29) (interaction
score >0.4). Correlation analysis of the associated proteins
in normal tissue, LUAD and LUSC were subsequently
analysed using LCE. The TCGA LUAD and LUSC
databases were selected. All subsequent candidates were
subsequently interrogated for differential gene expression
in LUAD and LUSC using LCE and survival associations
using KM plot.

Many more in silico analyses were run than can be
included in the article, and their results are mentioned
throughout the text. The interested reader can find them in
a supplementary appendix online (Figures S1-S9).

All analyses were carried out using the default settings
of the corresponding algorithms if not otherwise indicated,
with the detailed dataset information and guidelines
available at each algorithm portal.

Statistical analysis

Statistical analysis was performed using either the SPSS
25.0. statistical software package (SPSS Inc., Chicago, IL,
USA), or Graphpad Prism 5.01 (Graphpad Software, San
Diego, CA, USA). Correlations between USO1 expression
and given categorised parameters were evaluated using the
nonparametric Mann-Whitney U-test (for two categories)
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or Kruskal-Wallis test (for multiple categories). Kaplan-
Meier curves were performed for survival curves, and
statistical analysis was assessed using the log-rank test.
Overall survival was defined as the time from the date of
surgery to death. Patients who were still alive or lost to
follow-up, were treated as censored data in the survival
analysis. Univariate analysis of overall survival was
performed using Kaplan-Meier method. Multivariate Cox
proportional hazard regression analysis was carried using
the methodology described in (30) to assess the prognostic
significance of USO1 and other clinicopathological
characteristics on survival.

The correlation of gene expression was evaluated by
Spearman’s correlation. Overall, 95% confidence intervals
(CIs) were used throughout the analysis. Statistical
significance was defined as P<0.05.

Results

Pattern of USO1 expression in NSCLC and correlation to
clinicopathological parameters

Positive immunohistochemical staining for USO1 showed
nuclear, membranous and cytoplasmic staining pattern in
NSCLC as shown in Figure 1.

Background normal lung had weak granular cytoplasmic
staining for USO1 Figure 2.

There was strong positive staining in background
inflammatory cells including plasma cells and lymphocytes.
Each of the four sections of tumour per case was given a H
score and an average score of the four was calculated. After
all cases were scored the median H score was calculated as
188. Tumours with scores >188 were designated as having
high expression and those with scores <188 as having low
expression of USOL.

The relationship between USOlexpression and
clinicopathological features was assessed and the results
are presented in Table 1. Of the 204 cases 46/82 (56%) of
LUAD and 44/108 (41%) of LUSC had expression above
the median value (H score >188).

There was no significant correlation between USOI
expression and age, lymph node status, grade, stage,
smoking status, or tumour cell type. Females and tumour
size <5 cm were associated with higher USO1 expression
compared to males and tumour size >5 cm.

The results of USO1 expression were analysed with
regard to overall survival (OS) time of the patients and are
presented in Figure 3.
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Figure 1 Representative examples of USOL1 protein expression in NSCLC. (A) High level of expression (H score 300), (B) low level of
expression (H score 100) and (C) negative staining (H score 0) in LUAD. (D) High level of expression (H score 300) & (E) low level
of expression (H score 100), and (F) negative staining in LUSC. Strong positive staining in background inflammatory cells including
lymphocytes and plasma cells can be seen in (C) & (F); magnification x10; detection of USOI1 protein by immunohistochemistry using
monoclonal anti-p115 antibody; counterstain with haematoxylin II and Bluing Reagent. LUAD, lung adenocarcinoma; LUSC, lung

squamous cell carcinoma.
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Figure 2 Representative example of USO1 protein expression in normal lung parenchyma from (A), our TMA (IHC using monoclonal
anti-pl15 antibody) showing weak expression of USO1 and (B), from The Human Protein Atlas database (antibody CAB010108) showing
no detected expression of USO1. Magnification x10. TMA, tissue microarray; IHC, immunohistochemistry.

Relationship between USO1 expression and clinical OS and age >65, smoking status, tumour size >5 cm, stage,

outcome in NSCLC: univariate and multivariate survival and nodal status (Table 2).

analysis Overall USOL1 expression did not reach significance
(P=0.2025) (Figure 34). Univariate analysis in the LUAD

At the time of analysis, the number of deaths that occurred group (n=82) demonstrated significant association between

was 164. Univariate survival analysis (log-rank test) for all OS and the status of USO1 (P=0.0283) (Tuble 3).

histologies demonstrated significant association between Patients with high level expression of USO1 had a better
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Figure 3 Kaplan-Meier survival analysis according to USOL1 protein expression in (A) all histologies (n=204), (B) LUSC (n=108), (C) LUAD
(n=82) (log-rank test). Probability of survival of (A) NSCLC, (B) LUSC, (C) LUAD: H-scores >188 (red line) and <188 (blue line). (A,B)
there is no significant difference in survival when comparing all subgroups and the LUSC group. (C) In the LUAD group those with high
levels of USO1 protein expression had significantly longer overall survival compared to those with low expression (P=0.0283). LUAD, lung

adenocarcinoma; LUSC, lung squamous cell carcinoma; NSCLC, non-small cell lung cancer.

Table 2 Univariate analysis results of overall survival in 204 patients with NSCLC

Parameter Patients (cases) Mean survival (months) Median survival (months) P value
USO1 expression (low vs. high) 104 (low) 53.6 29.9 0.202
100 (high) 65.1 37.3
Sex (male vs. female) 125 (male) 53.4 25.9 0.239
79 (female) 65.9 45.0
Age (<65 vs. =65) 93 (<65) 74.0 45.6 0.006
111 (=65) 48.9 25.4
Histology (LUAD vs. 82 (LUAD) 67.57 50.6 0.067
LUSC vs. other) 108 (LUSC) 53.4 24.13
14 (other) 39.3 60.1
Smoking status 179 (smoker) 61.6 35.7 0.011
(smoker vs. non-smoker) 25 (non-smoker) 077 13.5
Size (<5 vs. =5 cm) 121 (<5 cm) 71.9 84.9 <0.001
83 (=5 cm) 42.3 16.0
Stage (I, II, I, V) 100 () 70.7 54.3 <0.001
49 (I 57.2 271
54 (Il 39.7 13.5
1(IV) 3.7 3.7
Nodal status 89 (pos) 48.4 18.6 0.025
(positive vs. negative) 115 (neg) 66.3 48.9

NSCLC, non-small cell lung cancer; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.
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Table 3 Univariate analysis results of overall survival in 82 patients with LUAD and 108 patients with LUSC, respectively

Parameter LUAD (n=82) LUSC (n=108)
USO1 expression 0.027 0.827

Sex (male vs. female) 0.122 0.826

Age (=65 vs. <65) 0.087 0.102

Smoking status (smoker vs. non-smoker) 0.158 0.004

Size (=5 vs. <5 cm) 0.122 <0.001

Stage (I, II, Ill, IV) 0.021 <0.001

Nodal status (positive vs. negative) 0.003 0.25

LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

Table 4 Multivariate analysis results of overall survival in 82 patients with LUAD

Parameter P value Hazard ratio 95% ClI
USO1 expression (low vs. high) 0.048 0.591 0.351-0.995
Stage (1, II, 11, 1V) 0.880 1.056 0.175-2.189
Nodal status (positive vs. negative) 0.456 0.619 0.520-2.146

Analyses were carried out using the methodology described in (30). Cl, confidence interval; LUAD, lung adenocarcinoma.

prognosis than those with low-level expression. Figure 3C
shows a Kaplan-Meier survival curve in relation to USO1
expression in patients with LUAD. Nodal status and stage
reached statistical significance also in the LUAD group
(P=0.021 and P=0.003, respectively) (1zble 3).

There was no significant difference in OS and USO1
expression when looking at the LUSC group (n=108) on
univariate analysis (Figure 3B, Table 3) (P=0.8275).

"To evaluate if USO1 protein expression is an independent
prognostic factor in LUAD, a multivariate analysis using
the Cox proportional hazard model was performed and
included variables with P<0.05 in the univariate analysis,
which included nodal status and stage. Multivariate analysis
proved USOI expression as an independent prognostic
factor of overall survival in the LUAD group, with high
expression associated with better OS (P=0.048, 95% CI:
0.351-0.995; Table 4).

Confirmation that USO1 bas high mRNA and protein
expression in LUAD and LUSC

A meta-analysis was performed using LCE to obtain an
overview of tumour vs. non-malignant tissue (normal)
differential gene expression of USO! from multiple NSCLC
datasets (20), and the results show that USO1 is significantly
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altered in LUAD (P.adj =3.3x10™"%), while no significant
altered expression of USOI is observed for LUSC (P.adj
=0.075) (Table S1).

Further assessment of USOI mRNA expression in
LUAD and LUSC was done using UALCAN (using
the TCGA dataset) confirming that USOI mRNA is
significantly elevated in both LUAD (Figure 4A4) and
LUSC (Figure 4B). We then looked at USO1 protein
expression in LUAD on UALCAN using data from the
Clinical Proteomic Tumour Analysis Consortium (CPTAC)
dataset (31). We found that both total USO1 protein
(Figure 4C) and phospho protein at position S953 (Figure 4D)
are significantly upregulated in LUAD compared to normal.
We further confirmed these observations using cProSite, and
also demonstrated that total USO1 and phosphor s953 were
also significantly elevated in LUSC (Figure S1). The elevated
phosphorylation observed in the USO1 protein in LUAD
and LUSC tumours is at position S953, found in the COOH-
terminal acidic domain of USO1 and necessary for correct
Golgi localization (32). As such this therefore suggests that
the elevated levels of S953 phosphorylation may be associated
with a functional role for USO1 in LUAD. Overall, the
results from these different portals and from our TMA
analysis all show that USO1 mRNA and protein expression is
significantly increased in both LUAD and LUSC.
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High levels of USOI are associated with better overall
survival in LUAD
Results from our TMA analysis showed that overall USO1
overexpression was not associated with better overall survival
(Figure 34). However, when stratified according to histology
no OS benefit was observed for LUSC (Figure 3B), whereas
a significant OS benefit was observed for patients with
LUAD (Figure 3C). To further investigate this result we
then used the online resource KM plotter (22) to evaluate
the relationship between USO1 mRNA expression and OS
and PFS in LUAD and LUSC.

In this larger dataset high expression of USOI mRNA is
associated with a better OS overall (Figure 54). However,
when stratified according to histology again this is restricted

solely to the LUAD subgroup (n=719; HR, 0.47; 95%
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CI: 0.57-0.6, P<0.001; Figure 5B), whilst in the LUSC
subgroup mRNA expression in USOI had no impact on
survival (n=524; HR, 1.08; 95% CI: 0.85-1.37, P=0.52,
Figure 5C). These results mirror and validate the results on
protein expression of USO1 in our TMA dataset as shown
in Figure 3.

Similar results are seen when investigating progression
free survival [defined as FP (first progression)] as shown in
Figure 5. In this regard no FP benefit is observed overall
(Figure SD; HR, 0.93; 95% CI: 0.76-1.12, P=0.42), but in
the LUAD subgroup (n=461) high USOI mRNA expression
is associated with longer FP (HR, 0.59; 95% CI: 0.43-0.8,
P<0.001, Figure SE) while USOI expression in LUSC
(n=141) has no significant impact on FP (Figure SF, HR,
1.41; 95% CI: 0.84-2.36, P=0.19).
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Figure 5 High USOI expression is associated with better OS and FP in LUAD. Kaplan-Meier curves. Survival analysis of USOI expression
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Relationship between USO1 mRINA levels and clinical
pathological characteristics in the TCGA NSCLC
datasets

Our TMA analysis found there was no significant
correlation between USOI protein expression and age,
lymph node status, grade, stage, smoking status, or tumour
cell type (Table 1). Females and tumour size <5 cm were
associated with higher USO1 expression compared to males
and tumour size >5 cm. To further assess these possibilities,
a subgroup analysis on the TCGA-datasets was conducted
using the UALCAN database. Results showed that USOI
mRNA was overexpressed in all stages (I-1V) in LUAD

© Translational Lung Cancer Research. All rights reserved.

compared to normal, but there was no significant difference
between each stage (Figure S2). In the TCGA-LUSC
dataset, significant elevated expression was only observed
for stage I and stage II compared to normal (Figure S2).
USO1 was overexpressed in both males (n=238) (P<0.001)
and females (n=276) (P<0.001) (Figure S3). USOI was
overexpressed in age groups 41-60 years (n=90) (P<0.001),
61-80 years (n=149) (P<0.001), 80-100 years (n=32)
(P<0.001). USO1 overexpression was not significant in the
age group 21-40 years (n=12) (P=0.12). USOI upregulation
was significant in patients who were Caucasian (n=387)

(P<0.001) and African-American (n=51) (P=0.04) but not in
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Asians (n=8) (P=0.054) (Figure S3). USOI is overexpressed
in patients regardless of smoking status between non-
smokers (n=75), smokers (n=118), and reformed smokers
(n=303) all having significantly high levels of USOI
mRNA expression (Figure S3). There was no difference
in USOI mRNA levels between these subgroups. USOI
was overexpressed in patients with NO (n=331), N1 (n=96)
(metastasis in 1 to 3 axillary lymph nodes), N2 (n=74)
(metastasis in 4 to 9 axillary lymph nodes), but not N3
(n=2) (metastasis in more than 10 axillary lymph nodes)
lymph node metastasis (Figure S3). USO! was significantly
upregulated in both LUADs with (n=233) and without
(n=279) TP53 mutations (P<0.001 in both groups). There
was no significant difference in USOI expression between
these two groups (P=0.5) (Figure S3).

These results suggest that USOI overexpression occurs
as an early event in LUAD with significant upregulation
occurring in stage 1 and NO status. There is no significant
difference in any two stages. USOI upregulation occurs
regardless of smoking status, sex and TP53 mutations status
and in age groups >40 and in Caucasians and African-
Americans. Similar results were seen in our TMA protein
expression analysis of USOL.

Correlations between USO1 expression, copy number
variation and mutations in NSCLC

As USOlis significantly dysregulated in NSCLC, to further
study the potential effects of this dysregulation we used
cBioPortal (28) to assess for any correlations between copy
number variations (CNVs) and gene expression changes
in the TCGA-LUAD and -LUSC datasets. As shown in
Figure 6, positive correlations between CNV and USO1
gene expression were observed both LUAD (Figure 64) and
LUSC (Figure 6B).

Next we assessed whether USO1 overexpression
correlated with commonly mutated genes, or driver
mutations in NSCLC. Using TIMER2 (26), the genes
for p53, KRAS, ERBB2, EGFR, ALK, and PIK3CA were
assessed to determine whether mutations within these key
genes correlated with altered USOI expression levels. The
results showed that none of these genes when mutated
correlate to altered USO! overexpression in LUAD or
LUSC (P>0.05). However, positive correlations between
USOI and wild-type KRAS, EGFR, ERBB2 and PIK3CA
were observed for both LUAD and LUSC (Tuble 5).

Although there was no correlation seen for expression
levels for mutated KRAS, EGFR, ERBB2 and PIK3CA in
LUAD, overall expression for these genes is significantly
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correlated with USOI mRNA levels. As USO1 is involved
in vesicular transport, this may reflect a role in transporting
tyrosine kinases or their interacting proteins important for
tumourigenesis in LUAD to their final destination.

In addition to these frequently mutated genes, we further
analysed whether mutations in any other genes may affect
USO1 expression in LUAD and LUSC using muTarget (25).
The results from muTARGET indicated that mutations in
PLXNDI and KRT74 were associated with elevated USO1
expression in LUAD, while in LUSC mutations in INSR
and SLIT1 correlate with elevated USOI and mutated
OR10X1 was found to be associated with decreased USOI
mRNA expression (Figure S4). However, when validating
these observations using TIMER? it was found that only
KRT47 (Figure 6C), INSR (Figure 6D) and OR10X1
(Figure 6E) remained significant.

Correlations between USO1 expression and tumour
mutational burden (TMB)

Given that TMB is widely associated as a potential
biomarker for predicting the efficacy of immune checkpoint
inhibitor therapy (33), we analysed the correlation between
USOI expression and various candidate markers of TMB as
per (34). The results are presented in Tible 6.

Correlations between USO1 expression levels and the
tumour microenvironment (TME) in LUAD and LUSC
The TME plays an important role in tumour growth,
survival and ability to metastasize (35). The TME is
composed of tumour cells, mixed immune cells and stromal
cells communicating with each other to facilitate cancer
progression. Components of the TME such as CD8" and
CD4" tumour infiltrating lymphocytes (TILS) are associated
with cancer prognosis. Moreover, the cell composition
in the tumour immune microenvironment (TIME) of
NSCLC significantly contributes to sensitivity of tumours
to immune therapies (36,37).

We therefore sought to assess the correlation of USOI
expression in LUAD with different types of TILS, stromal
cells, and markers of response to immune checkpoint
inhibitors using TIMER (24). From this analysis we found
that USOI gene expression positively correlates with various
immune infiltrates including CD8" T cells, macrophages,
neutrophils and dendritic cells (Table 7).

However, when the effects of USOI mRNA on immune
infiltrates and associated survival were assessed, B cells and
dendritic cells were the only TILs that were found to correlate
with USOI gene expression and patient survival (Zable §).
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CNV, copy number variations; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

Table 5 Correlations between USOI mRINA levels and expression of key genes in NSCLC

LUAD LUSC
Gene
Partial cor. P value Partial cor. P value
uUso1 TP53 0.0347 2.9x10™" 0.0370 0.673439
KRAS 0.428 4.25x107% 0.213 4.42x107°
EGFR 0.368 8.46x107" 0.260 1.44x107®
ERBB2 0.199 4.48x107° 0.101 0.05
PIK3CA 0.520 4.46x107% 0.353 2.56x107"°
ALK 0.073 0.205 0.087 0.14623117

Analysis was conducted using TIMER 2.0. Results are presented as purity-corrected partial Spearman’s rho value and statistical
significance. Correlation cut-off values of the Spearman coefficient was set to R>0.33 (positive correlation) and R<-0.33 (negative
correlation). Neg: negative correlation (P<0.05, P<0); Pos: Positive correlation (P<0.05, P>0); ns, not significant (P>0.05). NSCLC, non-
small cell lung cancer; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.
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Table 6 Correlation between USO! expression and markers of tumour mutational burden
LUAD LUSC
Variable
R P value R P value
DNA damage BRCA1 0.3 Ox107"3** 0.14 0.0017*
;e;flsv'fye (bDR) ATM 0.52 2.8x107% 0.36 1.6x1077™**
ATR 0.23 3.9x1078 0.12 0.0067**
CDK1 0.14 0.0012** 0.017 0.69
CHEK1 0.24 2.2x1078 0.13 0.0018**
CHEK2 0.076 0.075 0.01 0.82
TP53 0.19 9.9x10 0.084 0.053
Combined signature 0.33 5.5x107 1% 0.15 0.00045**
Mismatch excision PMS2 0.5 1.6x107%%* 0.28 1.8x107""**
;ee‘?z;(MMR) related MLH1 0.44 2.44x10727 0.33 41x10715
MSH2 0.44 6.2x10727** 0.21 9.3x107"***
MSH3 0.57 3.5x10 748 0.41 5.41x1072%
MSH6 0.5 2.3x107%% 0.25 4.3x107%*
PCNA 017 5.4)(10—5*** 0016 0.7
Combined signature 0.57 1.3x1074%* 0.29 5.7x107 "%

Analysis was conducted using GEPIA2. Results are presented as Spearman’s rho value (R) alongside statistical significance. **, P<0.01;
*** P<0.001. LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

USOL1 associated protein-protein interactions have

altered expression and prognostic value in NSCLC

Using STRING (29), we also identified a series of first
neighbour protein-protein network for USOL1 as presented
in Figure S5. All of these proteins are associated with
endoplasmic reticulum (ER) to Golgi transport, assembly
and membrane stacking of the Golgi cisternae, forming
inter-cisternal cross-bridges of the Golgi complex, and
Golgi disassembly during mitosis (Figure S5). Using
systematic meta-analysis in LCE we examined these genes
for significant alterations in expression between tumour and
normal lung, and the results are presented in Table SI.

Potential prognostic value of USO1 and associated
genes in NSCLC

As upregulation of USOI in LUAD is associated with better
overall survival we next assessed if its first neighbours also
had prognostic value. To assess this, we generated survival
curves using KM plotter for patients with LUAD and
LUSC (Figure S6 and Figure S7). In the LUAD subgroup
better OS was associated with high mRNA expression

© Translational Lung Cancer Research. All rights reserved.

levels for RABIA; BETI; STXBPIL2 (SCFD1); GORASPI;
GOS28 (GOSR1); and GOLGBI, whereas high mRNA
expression was significantly associated with worse OS for
STXS; YKT6; GOSR2 and GOLGA2. In contrast, altered
mRNA expression in USOIs identified first neighbours had
no impact on survival in the LUSC subgroup (P>0.05) as
shown in Figure S6 and Figure S7.

These results suggest that dysregulation of genes involved

in ER-Golgi transport plays a role in tumourigenesis in
LUAD but not in LUSC.

Discussion

In this study we have shown that USOLI is overexpressed
in both LUAD and LUSC, and that its upregulation is
associated with better overall survival in LUAD but not
LUSC. We have further linked that USO1 overexpression
occurs in the early stages of LUAD and is independent of
smoking status, sex, age >40, nodal status and stage. From
in silico analyses we link USOI and its first neighbours to
have significant prognostic impact in LUAD. Finally, we find
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Table 7 Correlations between USOI mRNA expression and immune cell infiltrations in NSCLC

LUAD LUSC
Variable
Partial cor. P value Partial cor. P value

uso1 Purity -0.00459 0.918922 -0.07863 0.085915

B Cell -0.01067 0.814866 0.102961 0.025293*
CD8" T cell 0.209888 2.98x107%* 0.189294 3.29x107°*

CD4" T cell 0.056547 0.214305 0.095013 0.038453*
Macrophage 0.16184 0.000345** 0.222949 8.72x107***
Neutrophil 0.218134 1.30x107%** 0.253723 1.99% 1075
Dendritic cell 0.171682 0.000138** 0.211603 3.36x107°%**

Analysis was conducted using TIMER. Results are presented as purity-corrected partial Spearman’s rho value and statistical significance.
*, P<0.05; ***, P<0.001. Partial Cor. partial correlation (partial Spearman’s rho value). NSCLC, non-small cell lung cancer; LUAD, lung

adenocarcinoma; LUSC, lung squamous cell carcinoma.

Table 8 Correlations between USOI mRINA expression, immune cell infiltrations and survival in NSCLC

Variable LUAD, P value LUSC, P value
uso1 B cell 0.000268*** 0.778204
CD8' T cell 0.345905 0.370702
CD4* T cell 0.507773 0.142871
Macrophage 0.110109 0.651048
Neutrophil 0.081069 0.126999
Dendritic cell 0.047524* 0.324067
uso1 0.765312 0.296457

Analysis was conducted using TIMER. Results are presented as purity-corrected partial Spearman’s rho value and statistical significance.
*P<0.05; **P<0.001. LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

that USO1 upregulation in LUAD occurs independently of
commonly mutated driver genes but is associated with various
tumour immune infiltrates (particularly for CD8" T Cells)
and therefore could represent a new diagnostic biomarker for
both prognosis and potentially stratify patients for checkpoint
inhibitor therapy.

USOL1 has been implicated in various tumour types
including multiple myeloma (14), colorectal (11) and gastric
cancer (10), but to our knowledge this is the first time that
USOL1 has been investigated in NSCLC. The mechanisms
of how USOL is important in tumourigenesis of LUAD
are yet to be elucidated, and from our results further
investigation is warranted.

Vesicular transport is vital for normal cellular function.
Proteins are received from the ER and are transported
to the Golgi where they undergo post translational

© Translational Lung Cancer Research. All rights reserved.

modification, are processed and regulated before being
directed to the appropriate target within a cell to control
actions such as mitosis, apoptosis and migration. This
is tightly regulated process, and it is not surprising that
disruption of this system contributes to cancer progression,
survival and metastasis.

Knockdown of USO1, which is critical for ER-Golgi
transport in colorectal cancer and multiple myeloma cells
inhibits cell proliferation and migration as well as inducing
early apoptosis. Knockdown of USO1 also results in a
decrease of cells in the G2-M phase of the cell cycle (11).
Similarly, in gastric cancer overexpression of USOI1 results
in cell cycle arrest in the GO-G1 phase (10).

USOL has been implicated in tumourigenesis in multiple
cancers including gastric (10), colon (11), breast (12),
liver cancer (13) as well as multiple myeloma (14) and
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leukaemia (38). Overexpression of USOI has been shown
to play a role in cell proliferation and cell cycle transition
in these studies, and as such in general, one would expect
high expression of USO1 to be associated with worse
OS. However, survival analysis in tumours with USO1
overexpression has not generally been investigated.
For example, in gastric cancer overexpression of USO1
promotes cell proliferation and GO-G1 to S phase transition
however, overall survival was not assessed. Using KM-
plotter, we have identified that high USOI mRNA
expression in gastric cancer is associated with a significantly
better overall survival (P=5.6x107; Figure S8) similar to
our observed results in LUAD. Our study used a H-scoring
system which assessed both staining intensity and the
proportion of tumour cells staining for USO1 assigning
a score of 0-300 in each case. This gives a dynamic range
to quantify USO1 abundance. Using this method, we
were able to categorize LUAD patients into high and low
protein expressers based on the median value. Our study
found that USOL1 is overexpressed in LUAD as well as
LUSC, however, upregulation is associated with superior
overall survival in LUAD and not LUSC. We also found
many of USOI’s first neighbours were also prognostic in
LUAD (Figure S6) but not in LUSC using KM plotter
(Figure S7). As these proteins are all involved in Golgi
transport system, it suggests that Golgi transport has a lesser
role in LUSC tumourigenesis. Our findings and previously
reported studies suggest that USO1, although involved in
tumourigenesis, is most likely due to involve regulation
of Erk (10,14,15), and is associated with a superior overall
survival in LUAD and gastric cancer. The exact reason
for this remains to be elucidated and warrants further
investigation. It may be that a tumour specific transcript of
USOL1 is a key element as recently described for hepatocellular
carcinoma, where a specific mRNA variant USOI-T (RefSeq
NM_003715.4, transcript variant 2) is associated with worse
prognostic outcomes and an aggressive phenotype in
HCC (13).

In our analysis of the CPTAC dataset we found that
levels of phosphorylation at position Serine 935 (S935) were
significantly elevated in LUAD tumours. Originally a site for
phosphorylation at position Serine 942 (§942) was identified
as being critical for regulating USOls association with the
Golgi membrane (39), and when phosphorylated USO1 is
found exclusively in the cytosol (39). Two isoforms of USO1
exist, and when mapped S942 on isoform 2 (NP_003706.2),
equates to S935 on isoform 1 (NP_001276978.1) as
shown in Figure 6. USO1 phosphorylation occurs
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primarily in interphase but not in mitotic cells (39), and
is essential for post-mitotic reassembly of the Golgi
apparatus (40). Reanalysis of existing proteomic datasets
demonstrated that USO1 and phosphorylated S953 on
USOL1 are significantly elevated in both LUAD and LUSC
(Figure S1), indicating that USO1 is functionally
active in both histological subsets. However, previous
ultrastructural studies on the ER and Golgi complex in
adenocarcinomas and squamous cell carcinomas have
identified clear differences between the LUAD and LUSC
subtypes. Electron microscopy (EM) of LUADs is very
heterogeneous and reflects the histological heterogeneity of
LUADs. They can be composed of cells resembling those
of embryological derivation of the lower respiratory tract,
type II pneumocytes, or Clara cells (41). Many, however,
are composed of cells rich in cytoplasmic organelles and
include a very well-developed Golgi complex, rough
endoplasm reticulum and several mitochondria (41-43), In
contrast, on EM squamous cell carcinomas show abundant
tonofibrils converging on desmosomes and extending
into the intercellular bridges. Keratinization is marked
with increased number of tonofibrils in a perinuclear
arrangement (where the Golgi is usually located). They
present a reduced rough endoplasmic reticulum (RER) with
only a few ER tubules and abundant intermediate filaments,
and the cytoplasm contains relatively few organelles
(41-43). As such, the differences in the ER-Golgi may
explain to some degree the differences in OS benefit
observed between these two subtypes, but will require
further evaluation.

As previously mentioned, previous studies of USO1 have
shown it also regulates Erk activity. Upon activation, Erk
phosphorylates GRASP65 which forms a complex with
USO1 and results in unstacking of the Golgi cisternae,
facilitating protein transport to the plasma membrane
(13,44). A recent study in multiple myeloma has shown that
cells deficient for USO1 have reduced proliferation and
increased apoptosis via regulation of the Erk pathway (14).
Support for this comes from an additional study in MDS
which has shown similar results, in that USO1 plays an
oncogenic role by inactivating Raf/ERK signalling (15).

The Raf/Mek/Erk pathway plays important roles
in regulating fundamental biological processes such as
proliferation, survival, and differentiation, and mutations
and/or dysregulation leading to activation of this pathway
commonly occur in a large fraction of human cancers,
including NSCLC (45). As USO1 has been implicated
in the regulation of this pathway in multiple cancers it is
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therefore possible that this is the mechanism of how USO1
exerts its oncogenic role in LUAD.

In our study multiple genes involved in ER-Golgi
transport (USOI and its first neighbours) also have altered
expression and weakened correlation with each other in
both LUAD and LUSC, however, these alterations only
impacted on prognosis in LUAD. This was seen in both
our TMA analysis (for USO1 expression) and the i silico
analysis using KM plotter. This may suggest that ER-
Golgi transport has a greater impact on tumourigenesis
in LUAD compared to LUSC. Several of USOls first
neighbours such as BET1, GOSR1, and YKT6 have been
shown to have differential expression in various cancers
including NSCLC (46-48). Such studies reflect our #n silico
findings showing that expression of YKT6 in NSCLC
tumour samples are associated with shorter DFS and
OS (48). Conflicting data for RABIA has emerged whereby
immunohistochemistry found that high protein expression
was associated with poorer OS (49), whereas high mRNA
appears to be associated with better OS (Table S1).

Despite the advancements in lung cancer treatment, the
survival rate among patients remains poor (3). This is, in
part due to advanced lung cancer at the time of diagnosis
and the lack of an effective biomarker for the identification
of lung cancer. Therefore, identifying a reliable diagnostic
biomarker that can detect early stage LUAD as well as
development of new targeted therapies is crucial. Our
study showed that USO1 overexpression in LUAD occurs
independently of commonly mutated genes and therefore
may represent a novel diagnostic biomarker. Another
finding in this study is that mutations in certain genes such
as KRT74 lead to both upregulation and downregulation of
USO1, although the exact interactions that lead to altered
USO1 expression in LUAD cells mutated for KRT74 is
unknown.

Interestingly GOSR1 has been shown to influence the
sensitivity of lung cancer cells to cisplatin (50), and as high
mRNA expression of this gene is associated with better OS
in LUAD (Table S1), this may therefore reflect a cohort
of patients which may respond better to cisplatin based
chemotherapy regimens. In this regard, high expression of
USOL results in reduced sensitivity to an all-trans retinoic
acid (ATRA) derivative in myelodysplastic syndrome cells,
while loss of USO1 enhances sensitivity (15). Given the
potential for ATRA to target the cancer stem cell niche in
lung cancer, whilst resensitizing cells to cisplatin (51), drugs
that could potentially target USO1 may have potential
utility in such regimens. In this regard using the DepMAp
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PRISM repurposing Primary Screen (52) Pipenzolate
(P=3.56x10" linear regression) was identified as a candidate
drug which could be repurposed to target USO1 (data not
shown).

The Golgi complex may represent a novel target for
LUADs. Moreover, a recent study disrupting the Golgi
apparatus via inhibition of ADP ribosylation factor 1 (ARF-
1), a critical component within the Golgi apparatus, in
NSCLC cells with both secondary (T790M/del19) and
tertiary (C797S/T790M/dell9) acquired resistance to
EGFR tyrosine kinase inhibitors (53). Disruption of the
Golgi apparatus downregulated MET expression potentially
involved in the acquired resistance to EGFR-TKIs via
bypassing the EGFR pathway (53). As Erk is an element of
EGFR signalling and has been identified as an important
resistance mechanism for EGFR TKIs (54), targeting either
USOL1 specifically or disrupting the ER/Golgi network
with drugs such as m-COPA (53) may warrant further
investigation in EGFR mutated NSCLC.

Finally, our analysis also links high expression of
USO1 with CD8" T cell infiltrates in the tumour
microenvironment (Zable 7). As CD8" T cells show potential
as a marker for immune checkpoint inhibitor response in
NSCLC (55), it may be possible to use USO1 expression
combined with CD8" T cell infiltration to stratify patients
for immune checkpoint therapy.

Conclusions

Our findings provide the first evidence of USO1
overexpression in LUAD. Overexpression occurs in the
early stages of tumour progression, and high levels predict
better prognosis. Taken together, these findings suggest
USO1 may be a potential diagnostic biomarker for patients
with LUAD. These results suggest that the role of aberrant
expression of members of the Golgi/ER require further
evaluation in NSCLC.
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Figure S1 Proteomic analysis of total and phospho-5953 in LUAD and LUSC: Analysis of (A) total USOL1 and (B) phosphoS953 USOL1
protein levels in TCGA LUAD and LUSC samples. Analysis was carried out using cProSite: A web based interactive platform for on-line
proteomics and phosphoproteomics data analysis. (https://cprosite.ccr.cancer.gov).
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Figure S2 Effects of Staging on USOI Expression. Using UALCAN portal USOI upregulation occurs at the early stage of cancer
development in both (A) LUAD and (B) LUSC, and there are no significant differences between every two stages in LUAD. Graphs are
generated using UALCAN. *P<0.05, **P<0.01, ***P<0.001.
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Figure S3 Subgroup expression analysis of USOI in LUAD. USOI mRNA expression levels were examined in the TCGA LUAD patients
grouped according to (A) race, (B) gender, and (C) age. Effects of USOI mRNA expression were subsequently examined for (D) smoking

status, (E) lymph node metastasis and (F) p53 mutation status. All graphs were generated using UALCAN. *P<0.05, ***P<0.001, ns, not-
significant.
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Figure S4 Effects of mutation on USOI expression. MuTarget (25) was used to identify and connect mutation status to gene expression
changes of USOI. Using USOI as the Target gene with “all somatic mutations” selected and a cut-off for mutation prevalence set at a
minimum of 2%, genes were identified which if mutated significantly altered USO1I expression compared to their corresponding wild-type.
(A) Mutated Keratin74, Type II (KRT74) and (B) Plexin D1 (PLXND1) were identified in LUAD; while mutated Olfactory receptor 10X1
(OR10X1) (C), Slit Guidance Ligand 1 (SLIT1) (D) and Insulin Receptor (INSR) (E) were associated with elevated USOI mRNA in LUSC.
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Entrez ID Symbol Function

5861 RABIA GTPase - key regulators of mtracellular membrane trafficking, from the
formation of transport vesicles to their fusion with membranes
102 BETI1 Required for vesicular transport from the ER to the Golgi complex.

Functions as a SNARE involved in the docking process of ER-derived
vesicles with the cis-Golgi membrane

STX5 Mediates endoplasmic reticulum to Golgi transport. Together with
pl15/USO1 and GM130/GOLGA?2, involved in vesicle tethering and fusion
at the cis-Golgi membrane to maintain the stacked and inter-connected

structure of the Golgi apparatus.
GOS-28 Involved in transport from the ER to the Golgi apparatus as well as in intra-
(GOSR1) Golgi transport. Belongs to the SNARE family
64689 GORASP1 Key structural protein required for maintenance of the Golgi apparatus
integrity. Plays an important role in assembly and membrane stacking of the
Golgi cisternae, and in the reassembly of Golgi stacks after breakdown
i
YKT6 As part of a SNARE complex comprising GOSR1, GOSR2 and STXS5, it
functions in endoplasmic reticulum to Golgi transport.
23256 STXBPIL2 Plays a role in SNARE-pin assembly and Golgi-to-ER retrograde transport.
(SCFD1)
GOLGB1 Postulated to form intercisternal cross-bridges of the Golgi complex.
GOSR2 Transport of proteins from the cis/medial-Golgi to the trans-Golgi network.
2801 GOLGA2 Together with USO1 and STX5, involved in vesicle tethering and fusion at

the cis-Golgi membrane to maintain the stacked and inter-connected
structure of the Golgi apparatus. Plays a central role in mitotic Golgi
disassembly.

Figure S5 Identification of USOL1 first-neighbour protein-protein interactions. STRING (29) was used to identify protein-protein
interactions with USOL. First Neighbours and their associated functions are indicated underneath as shown. Ras-Associated Protein RABI
(RAB1); BET1 Golgi Vesicular Membrane-Trafficking Protein (BET1); Syntaxin 5 (STXS5); Golgi Snare, 28-KD (GOS-28)/Golgi Snap
Receptor Complex Member 1 (GOSR1); Golgi Reassembly Stacking Protein 1 (GORASP1); YKT6 v-SNARE Homolog (YKT6); SEC1
Family Domain-Containing Protein 1 (SCFD1/STXBP1L2); Golgi Autoantigen, Golgin Subfamily B, 1 (GOLGBI); Golgi Snap Receptor
Complex Member 2 (GOSR2); Golgin A2 (GOLGA2).
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Figure S6 Overall survival (OS) for identified first neighbours in LUAD. KM plotter (22) was used for Kaplan-Meier analysis of the
prognostic value (OS) of mRNA expression (stratified at the median) of USO1’s identified first neighbours in LUAD. High mRNA
expression of (A) RAB1A; (B) BET1; (C) STXBPIL2 (SCFDI); (D) GORASPI; (E) GOS-28 (GOSR1); and (F) GOLGBI are associated with a
with better overall survival (P<0.05); while high expression of (G) STX5; (H) YKT6; (I) GOSR2 and (J) GOLGA?2 are associated with a worse
OS (P<0.05).
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Figure S7 Overall survival (OS) for identified first neighbours in LUSC. KM plotter (22) was used for Kaplan-Meier analysis of the
prognostic value (OS) of mRNA expression (stratified at the median) of USO1’ identified first neighbours in LUSC. No significant OS
benefit was observed for (A) RAB1A4; (B) BETI; (C) STXBP1L2 (SCFDI); (D) GORASPI; (E) GOS-28 (GOSR1); (F) GOLGBI (G) STXS; (H)
YKT6; (I) GOSR2 and (J) GOLGA?2.
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Figure S8 OS survival analysis for USOI mRNA in gastric cancer: KM plotter (22) was used for Kaplan-Meier analysis of the prognostic
value for overall survival (OS) of USO1 mRNA expression (stratified at the median) in Gastric Cancer.

>NP 001276978.1 general vesicular transport factor pll5 isoform 1 [Homo
sapIens]

MNFLRGVMGGQSAGPQHTEAET IQKLCDRVASSTLLDDRRNAVRALKSLSKKYRLEVGIQAMEHLITHVLQ
TDRSDSEIIGYALDTLYNIISNEEEEEVDDVEEENSTRQSEDLGSQFTEIFIKQQENVTLLLSLLEEFDF
HVRWPGVKLLTSLLEQLGPQVQQITILVSPMGVSRLMDLLADSREVIRNDGVLLLOALTRSNGAIQKIVAF
ENAFERLLDIISEEGNSDGGIVVEDCLILLONLLEKNNNSNONFFKEGSYIQRMKPWFEVGDENSGWSAQK
VINLHLMLQLVRVLVSPTNPPGATS SCQKAMFQUGLLOQLCTILMATGVPADILTETINTVSEVIRGCQV
NODYFASVNAPSNPPRPAIVVLLMSMVNERQPFVLRCAVLYCFQCFLYRNQKGQGEIVSTLLFSTIDATG
NSVSAGQLLCGGLFSTDSLSNWCAAVALAHALQENATQKEQLLRVQLATSIGNPPVSLLOQCTNILSQGD
KIDRRGSKIQTRVGLLMLLCTWLSNCPIAVTHFLHNSANVPFLTGQIAENLGEEEQLVQGLCALLLGIST
YFNDNSLESYMKEKLKQLIEKRIGKENFIEKLGFISKHELY SRASQKPQPNFPSPEYMIFDHEFTKLVEKE
LEGVITKAIYKSSEEDKKEEEVEKT LEQHDNIVTHYKNMIREQDLOQLEELRQQVSTLECQNEQLQTAVTD
QVSQIQQHKDQYNLLKIQLGKDNQHQGSY SEGAQMNGIQPEEIGRLREEIEELKRNQE LLQSQLTEKDSM
IENMKSSQTSGTNEQSSAIVSARDSEQVAELKQELATLKSQLNSQSVEITKLOQTEKQELLOQKTEAFAKSV
EVQGETETIIATKTTDVEGRLSALLQETKELKNE IKALSEERTAIKEQLDSSNSTIAILQTEKDELELETL
TDSKKEQDDLLVLLADQDQKILSLEKNKLKDLGHPVEEEDELESGDQEDEDDESEDPGKDLDHT

5953

>NP 003706.2 general vesicular transport factor pll5 isoform 2 [Homo
SapIens]

MNFLRGVMGGQSAGFQHTEAET IQKLCDRVASSTLLDDRRNAVRALKSLSKKYRLEVGIQAMEHLITHVLQ
TDRSDSEIIGYALDTLYNIISNEEEEEVEENSTRQSEDLGSQFTEIFIKQQENVTLLLSLLEEFDFHVRW
PGVKLLTSLLEQLGFQVQOIILVSPMGVSRILMDLLADSREVIRNDGVLLLOQALTRSNGAIQKIVAFENAFE
ERLLDITSEEGNSDGGIVVEDCLILLONLLENNNSNONFFKEGSYIQRMKPWEEVGDENSGWSAQKVTNL
HIMLQLVRVLVSPTNPPGAT SSCQEKAMFQCGLLYQLCTITMATGVPADILTET INTVSEVIRGCQVNQDY
FASVNAPSNPPRPAIVVLIMSMVNERQPFVLRCAVLYCFQCFLYKNQEKGQGEIVSTLLPSTIDATGNSVS
AGQLLCGGLFSTDSLSNWCAAVALAHALQENATQKEQLLRVQLATSIGNPPVSLLOQQCTNILSQGSKIQT
RVGLLMLLCTWLSNCPIAVTHFLHNSANVPFLTGQIAENLGEEEQLVQGLCALLLGISIYFNDNSLESYM
KEKLKQLIEKRIGKENFIEKLGFISKHELYSRASQKPQPNFPSPEYMIFDHEFTKLVKELEGVITKAIYK
SSEEDKKEEEVKKTLEQHDN IVTHYKNMIREQDLQLEELRQQVS TLKC QONE QLQTAVT QQVSQIQQHKDQ
YNLLEKIQLGKDNQHQGSYSEGAQMNGIQPEEIGRLREEIEELKRNQELLYSQLTEKDSMIENMKS SQTSG
TNEQSSAIVSARDSEQVAELKQELATLEKSQLNSQSVEITKLQTERQELLOQKTEAFAKSVEVQGETETITA
TKTTDVEGRLSALLQETKELKNEIKALSEERTATIKEQLDSSNSTIAILQTEKDKLELE ITDSKKEQDDLL
VLLADQDQEILSLENKLEDLGHPVEEEDELESGDQEDEDDESEDPGEKDLDHT

5942

Figure S9 Mapping of phospho-Serine residues critical for USO1 association with the Golgi. Originally a site for phosphorylation
at position Serine 942 (5942) was identified as being critical for regulating USO1s association with the Golgi membrane (39). The
phosphorylation site identified in the CPTAC analysis was identified at position $953. When the two existing isoforms of USO1 are aligned,
the mapped position Phospho $942 on isoform 2 (INP_003706.2), equates to position S935 on isoform 1 (NP_001276978.1).
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Table S1 Systematic Analysis results for USOI and associated first neighbours in NSCLC as determined using Lung Cancer Explorer

(Meta-analysis of Standardized Mean Difference of Tumour-Normal gene expression)

Tumour-normal

Entrez ID Symbol SMD SMD lower SMD upper P value P.adj standardized expression
difference
8615 uso1 0.63 0.44 0.81 5.3E-11 3.3E-10 Lung adenocarcinoma
(LUAD)
0.23 0.00 0.46 0.047 0.075 Lung squamous cell
carcinoma (LUSC)
5861 RAB1A 0.6 0.27 0.93 0.00033 0.00081 LUAD
0.75 0.46 1.04 5.1E-7 2.2E-6 LUSC
10282 BETH1 1.08 0.51 1.66 0.00022 0.00056 LUAD
0.8 0.62 0.97 1.2E-18 2.4E-17 LUSC
6811 STX5 0.04 -0.13 0.2 0.66 0.72 LUAD
-0.31 -0.49 -0.12 9E-4 0.0021 LUSC
9527 GOsS-28 0.57 0.4 0.74 3.7E-11 2.4E-10 LUAD
(GOSR1)
0.13 -0.04 030 0.14 0.19 LUSC
64689 GORASP1 -1.31 -1.49 -1.13 1.5E-47 1.5e-45 LUAD
-2.24 -3.09 -1.38 2.8E-7 1.2E-6 LUSC
10652 YKT6 1.59 1.09 2.09 4.9E-10 2.8E-9 LUAD
1.91 1.35 247 2.6E-11 2.2E-10 LUSC
23256 STXBP1L2 0.54 0.2 0.89 0.0022 0.0046 LUAD
(SCFD1)
0.34 0.08 0.6 0.01 0.019 LUSC
2804 GOLGB1 0.12 -0.18 0.41 0.44 0.52 LUAD
0.08 -0.29 0.46 0.67 0.73 LUSC
9570 GOSR2 0.85 0.61 1.10 1E-11 7E-11 LUAD
0.52 0.18 0.86 0.0028 0.0059 LUSC
2801 GOLGA2 0.72 0.49 0.95 1.5E-9 8.2E-9 LUAD
0.16 -0.26 0.59 0.46 0.53 LUSC

Entrez Identification Number (ID), National Center for Biotechnology Information (NCBI) designated Gene ID; Symbol, Gene Symbol;
SMD, tumour-normal standardized mean difference; SMD.lower, lower bound of 95% confidence interval for SMD; SMD.upper, upper
bound of 95% confidence interval for SMD; P.adj, multiple comparison adjusted P value by Benjamini Hochberg procedures; LUAD, lung
adenocarcinoma; LUSC, lung squamous cell carcinoma.
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