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Characterization of the AGR2-
NPM3 axis uncovers the AGR2
involvement in PD-L1 regulation in
colorectal cancer

Andrea Martisoval%°, Jakub Faktor?>, Tereza Sosolikoval*, lveta Klemesoval,
Tamara Kolarova?, Jitka Holcakova® & Roman Hrstka™*

Despite extensive research, the molecular role of AGR2 in the progression and metastasis of colorectal
cancer (CRC) has not been fully characterized. We used quantitative mass spectrometry (SWATH MS)
to identify differentially expressed proteins in paired CRC cell models of the SW480 and SW620 cell
lines in response to AGR2 protein level manipulation. Relying on the results from SWATH MS and
subsequent immunochemical validation, we selected NMP3 as the top candidate protein associated
with AGR2 in CRC tumour cells in our screen. RT-qPCR and immunochemical analysis confirmed the
involvement of AGR2-mediated regulation of NPM3 at the transcriptional and posttranscriptional
levels. Since PD-L1 is a constituent of the NPM3 regulatory axis, we aimed to correlate the changes

in PD-L1 to the differential expression of AGR2 in our cell models. We found that AGR2 positively
regulates PD-L1 levels in both SW480 and SW620 cell lines; additionally, several different CRC patient
transcriptome cohorts confirmed the association of AGR2 with PD-L1. Our work reveals a new AGR2-
NPM3 regulatory axis and the involvement of AGR2 in the regulation of PD-L1, which paves the way
for the association of AGR2 with immune evasion in CRC cells.
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Abbreviations

AcN Acetonitrile

CK2 Casein kinase

COG3 Component of oligomeric golgi complex 3
CMS Consensus molecular subtype

CRC Colorectal carcinoma

dMMR Mismatch repair deficiency

EMT Epithelial-mesenchymal transition

ER Endoplasmic reticulum

ERCYS Endoplasmic reticulum-to-cytosol signalling
FLNA Filamin A

FA Formic acid

FASP Filter-aided sample preparation

HDAC Histone deacetylase

IAA Iodoacetamide

IDA Information dependent acquisition

IFN-y Interferon gamma

IL-10 Interleukin 10

MACD1 macroD1

MDSCs Myeloid-derived suppressor cells
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MS Mass spectrometry

MSI-H microsatellite instability-high

NA Not available/detected

NK cells Natural killer cells

NPM3 Nucleoplasmin-3

ODP2 E2 component of pyruvate dehydrogenase complex
PD-1 Programmed cell death protein 1

PDI Protein disulphide isomerase

PD-L1 Programmed death-ligand 1

PRIDE PRoteomics IDEntifications Database
QC Quality control

RT Room temperature

SWATHMS  Sequential windowed acquisition of all theoretical mass spectra
TFA Trifluoroacetic acid

TNF-a Tumour necrosis factor alpha

TG-Fp Transforming growth factor beta

TMB Tumour mutational burden

TME Tumour microenvironment

UTR Untranslated region

VEGF Vascular endothelial growth factor
ZEB1 Zinc finger E-box-binding homeobox 1

Colorectal cancer (CRC) is still among the top three cancer types in terms of both incidence and mortality rates
worldwide. As with most cancers, the main cause of this disease is the metastatic dissemination of cancer cells
to secondary sites. Metastasis is a complex multistep process involving multiple signalling pathways; however,
their crosstalk and molecular mechanisms are still not fully understood. During metastasis, cancer cells acquire
migratory and invasive properties, often alongside stemness, chemoresistance, and immunotherapy resistance,
which promote cancer progression and evasion of treatment. Identifying the key proteins involved in this process
could significantly improve therapeutic options and enable the targeted disruption of these regulatory nodes.
The application of mass spectrometry (MS) in cancer biomarker research has proven to be a valuable tool in the
discovery of new biomarkers. Modern MS-based proteomic methodologies provide high sensitivity, enabling
the identification of low-abundance proteins across wide dynamic ranges, which is crucial for disease-specific
biomarker discovery studies.

AGR?2 is a member of the Protein Disulfide Isomerase (PDI) family. These proteins function as molecular
chaperones in protein folding and quality control within the endoplasmic reticulum (ER)!. AGR2 has been
implicated in tumorigenesis, with overexpression observed in multiple cancers, including prostate, lung,
stomach, ovarian, pancreatic, oesophageal, and head and neck cancers?. Its precise role in colorectal cancer
still lacks a more profound understanding, and the research thus far seems to be contradictory®. Our research
group previously described AGR2 as a keeper of epithelial phenotype and identified a double negative
feedback loop between AGR2 and ZEB1, a well-known epithelial-mesenchymal transition (EMT)-promoting
transcription factor*. Apart from localising in the ER, AGR2 is also secreted extracellularly where it exhibits
proinflammatory, pro-EMT, promigratory, and proangiogenic properties®. Recently, a new phenomenon of ER-
to-cytosol signalling (ERCYS) was discovered, in which members of the ER are refluxed into the cytosol upon
the induction of ER stress. During this process, AGR2 has a gain of function as a non-genetic p53 inhibitor”.
Intracellular AGR2 contributes to proliferation, apoptosis resistance, genomic integrity, and adhesion, but the
molecular mechanisms underlying these processes are still unclear®’.

Nucleoplasmin-3 (NPM3), which we identified as a protein with a similar expression pattern to AGR2 in
CRG, is an emerging oncoprotein primarily localised in the nucleus and nucleolus, where it exerts its function
in ribosome biogenesis by regulating pre-rRNA synthesis and chromatin remodelling function when bound
in a pentameric conformation with NPM1!®!!, In lung adenocarcinoma, NPM3 is positively correlated with
proliferation, while in gastric cancer, it promotes PD-L1-mediated immune escape!'>1>.

The plausible involvement of AGR2 and NPM3 in the regulation of PD-L1 expression might be of interest,
as cancer cells are characterized by their ability to evade immune surveillance, during which they may either
lose their antigenicity, orchestrate an immunosuppressive microenvironment or reduce their immunogenicity
by expressing immunosuppressive molecules such as PD-L12. The interaction between PD-L1 expressed on the
cancer cell surface and PD-1 expressed on T-cells results in T-cell suppression and programmed cell death!*.
Antibodies targeting this interaction are routinely used in antitumour immunotherapy with varying degrees of
success due to tumour heterogeneity'”. Describing new targets that could help predict the extent of successful
immunotherapy or aid in its effect is still highly desirable.

This study was based on whole-proteome analysis of colorectal cancer cell lines with manipulated AGR2
expression. We chose a paired CRC cell line model consisting of a primary SW480 adenocarcinoma cell line and
a SW620 cell line derived from lymph node metastasis of the same tumour!'®. Using this model, we sought to
elucidate additional molecular processes that might be affected by the presence or absence of AGR2. The NPM3
protein emerged as a prominent hit in our analysis; therefore, we further focused on the AGR2-NPM3 regulatory
axis and its possible involvement in PD-L1 regulation.
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Results

Quantitative mass spectrometry investigation of AGR2-associated effects on the proteome
landscape in CRC cell line models

We performed SWATH MS analyses comparing SW620 scr (a negative control endogenously expressing AGR2)
with two AGR2 CRISPR-Cas9-mediated knockout clones, SW620 KOAGR2 B3 and SW620 KOAGR2 C6, in
two independent mass spectrometry datasets (labelled Exp 1 and Exp 2) using two distinct SWATH MS data
analysis pipelines. Initially, we generated the diagnostic plots (PCA and sample correlation, Supplementary
Fig. S1 A-D) revealing correlations between replicates across both datasets but also between experimental
conditions, suggesting that the clonality of SW620 cells does not impose a substantial difference on protein
landscapes upon AGR2 manipulation (see Supplementary Fig. S1 A and C). Diagnostic plots suggested, as
expected, that SW620 scr cells are relatively more distinct from SW620 KOAGR2 clones, thus revealing an
impact of AGR2 protein level on their proteomes (Supplementary Fig. S1 A). Moreover, hierarchical clustering
in the heatmap from the proteomic screen of Exp 1 (Supplementary Fig. S1 C) effectively segregated SW620 scr
cells from AGR2-manipulated cells. On the other hand, these effects were not observed to such an extent in the
second dataset (Exp 2), suggesting no extensive effect of changing the AGR2 level on the proteome landscape
(see Supplementary Fig. S1 B and D). We attribute the increased variability among replicates in the second
dataset (Exp 2) to variability during sample preparation, data acquisition, data analysis and differences in cell
growth conditions. Indeed, quality control (QC) on the LC-MS/MS data level revealed the differences among
the datasets which is the main cause for inconsistent number of significantly changed proteins among Exp 1 and
Exp 2. Supplementary Fig. S2 shows the protein intensities in both datasets. First glance on the Supplementary
Fig. S2 A and S2 B suggests that Exp 2 (Supplementary Fig. S2 B) contains significantly more NA (not available/
detected) or 0 values (as first quantile is for some LC-MS/MS runs close to 0) for proteins, suggesting that
there will be relatively higher variability and less consistency among the conditions of Exp 2 in contrast to
Exp 1 (Supplementary Fig. S2 A) which harbours significantly less NA or 0 values. Despite this, we proceeded
with our analysis, relying on the assumption that genuine biological signals would prevail over the variance
introduced by technical factors. Separate analyses of both datasets revealed concerted protein changes across the
compared conditions, resulting in a panel of five proteins whose expression significantly changed in response to
AGR2 manipulation in SW620 cells. Our selection criteria were based on the consistency of protein regulation
across two datasets, two data analysis pipelines and two cell line clones, the significance of the fold change, and
probable biological relevance to the AGR2 protein network. Detailed insight into a panel of significantly and
consistently changed proteins demonstrated in both SW620 AGR2 knockout clones, B3 and C6, compared to the
corresponding negative control (SW620 scr, endogenously expressing AGR2) in two independent experiments
analysed by two data analysis pipelines is shown in Table 1; Fig. 1A, B, C, D. Three of the proteins, namely,
NPM3, ODP2, and MACD]1, were downregulated, while FLNA was upregulated in response to AGR2 knockout
in our preliminary SWATH MS screen (Exp 1) (Table 1; Fig. 1A, B). The second mass spectrometry dataset (Exp
2) of the SW620 cell line clones confirmed the regulation of selected NPM3, ODP2, MACD1 and FLNA proteins
in the same cellular models. At the same time, it suggested COG3 as an additional downregulated protein in
response to AGR2 knockout (Table 1; Fig. 1C, D). The selected proteins obeyed similar trends in both analyses.
Nevertheless, slight differences in both datasets, e.g., the absence of quantitation for COG3 (see Table 1) in one of
the datasets, could be attributed to several commonly occurring reasons, as mentioned above, or to the diversity
of algorithms included in the data processing pipeline. These findings could explain slight inconsistencies in
the fold changes of the same set of proteins across independent experiments. The evidence for these statements
could be supported by the observation of fewer significantly quantitated proteins in the second dataset (Exp 2)
(Fig. 1C, D, Supplementary data 1), which also led to the identification of fewer proteins than in the first dataset
(Exp 1) (Fig. 1A, B, Supplementary data 1). Additionally, we would like to emphasize the importance of using
different data analysis pipelines, as is apparent from Table 1 and Supplementary data 1. In our case, using two
distinct SWATH MS pipelines enabled the identification of consistent trends in protein regulation in response to
AGR2 manipulation. Table 1 clearly suggests that relying solely on a single SWATH data analysis pipeline would
substantially reduce the list of potential AGR2-responsive candidates. The differences in proteome coverage
and the significance of the results among the pipelines could also be partially attributed to differences in the
mass spectrometry search engines, SWATH data extraction algorithms and statistical evaluation algorithms.
Therefore, we recommend that readers use “multipipeline” approaches to analyse SWATH/DIA MS data in
depth!’.

To further elucidate and confirm the general role of AGR2 on the most promising candidates in CRC, we
included the biologically related SW480 cell line (derived from primary adenocarcinoma of the same patient as
SW620 cells)'®. We generated a stable AGR2-overexpressing SW480 clone, since the canonical SW480 cell line
is endogenously negative for AGR2, and compared it to control cells (SW480 pcDNA3) (Table 1-Exp 3, Fig. 1E).
NPM3 and FLNA were identified as significantly changed proteins in relation to AGR2. As logically expected,
NPM3 was significantly upregulated, while FLNA showed a downregulated pattern. The corresponding fold
changes and adjusted p-values for the selected proteins are listed in Table 1. Taken together, our proteomic screen
suggests a common mechanism of AGR2 acting over FLNA and NPM3 proteins in SW480 and SW620 colorectal
cancer cell models, as demonstrated by both the overexpression and silencing of AGR2. Supplementary Data 1
provides a full list of quantified proteins.

The panel of five protein candidates, with a central focus on NPM3 and FLNA, was further validated using
the western blot technique, which compared the same conditions as our mass spectrometry screen. Consistent
with the MS data, we confirmed significant changes in NPM3, FLNA, MACD1, ODP2, and COGS3 levels in
SW620 cells (Fig. 2A) and NPM3 level in SW480 cells (Fig. 2B).

Since NPM3 changed significantly and uniformly in all analysed clones in accordance with AGR2 expression,
we selected this protein for further analysis.
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Fig. 1. Visualisation of quantitative mass spectrometry analyses (SWATH MS) from two independent
experiments performed on SW620 cells and from one experiment on SW480 cells revealing the regulation
of five selected proteins in response to manipulation of the AGR2 level. Volcano plots show the significant
changes in protein levels in the (A) AGR2 CRISPR-Cas9-mediated knockout clone SW620 KOAGR2 B3 and
(B) SW620 KOAGR?2 C6 in relation to SW620 scr. (C, D) Independent validation using the same model. (E)
Volcano plot of differentially expressed proteins in SW480 AGR2 cells with respect to SW480 pcDNA3 cells
(endogenously negative for AGR2), showing inverse regulation of FLNA and NPM3 as a response to AGR2
overexpression.
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Fig. 2. Immunochemical validation of SWATH MS data. Western blot analysis of selected proteins in (A)
SW620 and (B) SW480 cells. GAPDH served as a loading control. The graphs on the right show the mean+SD
densitometry values of at least three independent biological replicates normalised to GAPDH. The asterisks
indicate the significance levels determined by Ordinary One-way ANOVA or unpaired t test for SW620 and
SW480 cells, respectively. The figure shows cropped blots, the originals are presented in Supplementary Fig. S3.
*p 0.05, ** p 0.01, *** p 0.001, **** p 0.0001.

The modulation of AGR2 expression evokes changes in NPM3 expression

First, we attempted to elucidate the molecular process(es) involved in the changes in NPM3 expression induced
by AGR2 modulation. We analysed the mRNA levels of the NPM3 transcript in SW620 and SW480 models
using RT-qPCR (Fig. 3A). In the case of SW620 cells, NPM3 mRNA was significantly downregulated in both
KOAGR?2 clones compared to scr cells. In contrast, NPM3 mRNA levels were not affected by AGR2 in SW480
cells (Fig. 3A), suggesting that AGR2 modulates the regulation of NPM3 at the protein level.

Since AGR2 is neither a transcription factor nor contains any RNA binding motif, we considered several
models of NPM3 mRNA level modulation by endogenous AGR2 in SW620 cells. We recently described a double
negative feedback regulatory loop between AGR2 and ZEBI, a well-known EMT-driving transcription factor®.
Since the ZEBI binding site was identified in the NPM3 promoter, according to the Harmonizome 3.0 database,
ZEB1 could serve as a repressor of NPM3 expression'®. Nevertheless, using siRNA-mediated silencing of ZEB1
and subsequent WB detection, we did not observe any significant changes in the NPM3 protein levels (see
Supplementary Fig. S4 B).
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Fig. 3. AGR2-dependent regulation of NPM3. (A) Analysis of NPM3 mRNA levels in SW620 and SW480
cell lines and their respective AGR2 clones. RT-qPCR was performed in three biological replicates, and the
data are presented as 279C* mean values + SD. GAPDH served as an endogenous control. The results for the
endogenous HPRT'1 control are presented in Supplementary Fig. S4 (A) (B) Changes in the c-myc level in
SW620 and SW480 cell lines and AGR2 clones. (C) Analysis of eIF2a phosphorylation in AGR2 clones of
SW620 and SW480 cells. The numbers represent densitometry values normalised to GAPDH loading control.
The graphs on the right show the mean + SD densitometry values of four independent biological replicates
normalised to GAPDH. The level of p-eIF2a is shown as relative to the total eIF2a level. The asterisks indicate
the significance levels determined by Ordinary One-way ANOVA or unpaired t test for SW620 and SW480
cells, respectively. The statistical significance is indicated by asterisks. The figure shows cropped blots, the
originals are presented in Supplementary Fig.S5 A and (B) * p 0.05, ** p 0.01, *** p 0.001, **** p 0.0001.
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Another mechanism involved in regulating the NPM3 mRNA level would be the binding of PUM1 to NPM3
mRNA on its 3 'UTR, leading to its stabilisation where AGR2 presence could presumably positively enhance this
process!2. Therefore, we analysed the rate of NPM3 mRNA decay in SW620 scr and AGR2 knockout clones and
observed a slight decrease in NPM3 mRNA stability after actinomycin D treatment (Supplementary Fig. S4 D).
However, these changes did not prove to be significant; therefore, we did not deem this mechanism to be a key
regulator of NPM3 expression after AGR2 knockout.

A study by Ciribilli and colleagues identified NPM3 as a c-myc-regulated gene in lung papillary
adenocarcinoma!®. Indeed, a significant decrease in NPM3 mRNA levels in both SW620 AGR2 knockout
clones was reflected by decreased c-myc expression, as determined by WB (Fig. 3B). In contrast, no changes in
c-myc levels were observed in SW480 cells (Fig. 3B). Taken together, we propose a c-myc-dependent regulatory
mechanism by which AGR2 regulates NPM3 expression at the transcriptional level in SW620 cells. This, in turn,
translates into the induction of NPM3 expression at the protein level. On the other hand, this mechanism does
not appear to occur in the CRC cell line SW480, which responds similarly to AGR2 modulation by changes in
NPM3 protein levels.

Protein synthesis in eukaryotes is controlled by signals and stresses via a common pathway called the
integrated stress response, in which the major intrinsic factor is ER stress due to the accumulation of unfolded
proteins?®?!. As AGR2 belongs to the family of protein disulphide isomerases, it has been implicated in the
regulation of ER homeostasis?2. Building on the work of Higa et al., we analysed the levels of phosphorylated
elF2a in SW480 and SW620 cells with manipulated AGR2 expression?*. Phosphorylated elF2a is a well-known
repressor of global cap-dependent protein synthesis, which could explain the lower NPM3 levels in cells without
AGR2. Indeed, we observed that if the cells lacked AGR2, they had increased p-eIF2a levels (Fig. 3C).

These findings imply that the regulation of NPM3 by AGR2 does not rely on a single mechanism but rather
involves several different ones. When combined together, these findings suggest that changes in AGR2 expression
trigger molecular changes that influence NPM3 expression at both the transcriptional and posttranscriptional
levels.

The AGR2-NPM3 axis induces PD-L1 expression

Since NPM3 was recently described to be involved in regulating PD-L1 expression in gastric cancer through
binding to NPM1 and promoting its binding to the PD-L1 promoter, we analysed PD-L1 expression at the
mRNA level. However, our SW620 cellular model endogenously expresses low levels of PD-L1 mRNA, and
without induction, we observed only a nonsignificant trend indicating the downregulation of PD-L1 in KOAGR2
cells. After the treatment with INF-y or a combination of INF-y and TNF-a, we observed significant induction
in PD-L1 mRNA when compared to the untreated cells. Meanwhile, KOAGR2 clones expressing lower levels of
NPM3 exhibited significantly decreased induction of PD-L1 compared to scr control cells (Fig. 4A).

The primary role of PD-L1 as a ligand of PD-1 is on the cell surface; therefore, we analysed the PD-L1 surface
level using flow cytometry. Without INF-y/TNF-a induction, there were only minor changes in the PD-L1 levels,
with the signal being close to that of the negative control. This is of no surprise since, as mentioned above,
SW620 cells have low PD-L1 expression levels without induction. After induction, we observed a significantly
lower PD-L1 signal in the KOAGR?2 clones when compared to the induced scr control (Fig. 4B).

The same effect was also observed in the SW480 cells, where the AGR2-positive clone had a higher level of
PD-L1 mRNA after induction compared to the AGR2-negative SW480 pcDNA3 cells (Fig. 4C). This is again in
accordance with the observed changes in NPM3. Additionally, the surface level of PD-L1 was consistent with our
hypothesis, as we detected a significantly higher signal for SW480 AGR?2 cells when compared to their AGR2-
negative counterpart pcDNA3 after induction with INF-y/TNF-a (Fig. 4D).

However, INF-y acts on PD-L1 primarily through JAK/STAT1/IRF1 signalling®* while TNF-a acts mainly
through NF-kB pathway, with IFN-y also influencing this pathway?. Therefore, the regulation of PD-LI
expression by AGR2 during INF-y/TNF-a presence might be independent of the NPM3 regulation. Hence,
PD-L1 and NPM3 mRNA and protein levels were analysed by RT-qPCR (Fig. 4E) and WB (Fig. 4F) in cells
transiently transfected by siRNA against NPM3 with or without INF-y/TNF-a induction. Without induction,
PD-L1 mRNA levels were very low, and PD-L1 protein was not detectable by WB analysis. After induction with
INF-y/TNF-a, we observed increased PD-L1 on both mRNA and protein levels. Samples with silenced NPM3
showed decreased levels of PD-L1 on both mRNA and protein levels when compared to their respective control
siRNAs (Fig. 4E, F), supporting AGR2-dependent modulation of PD-L1 levels through regulation of NPM3.
However, these small changes, point towards additional regulatory mechanisms responsible for the observed
differences between AGR2-positive and AGR2-negative cells.

To further support our findings of the involvement of AGR2 in PD-L1 regulation, we screened the publicly
available cBioPortal database?°-28, Qur first choice was a publicly available dataset, “The Cancer Genome Atlas
(TCGA) Colorectal Cancer project’, and we found that AGR2 and PD-L1 are significantly coexpressed in CRC
tissue, as indicated by Spearman and Pearson correlation coefficients (Fig. 4G)?’. In addition, we analysed other
available CRC datasets in cBioPortal. We confirmed a significant correlation in mRNA levels between AGR2
and CD274 in the GDAC Firehose dataset (previously known as TCGA provisional, see Supplementary Fig.
S6 A) as well as in Colorectal Adenocarcinoma TCGA PanCancer Atlas consisting of 526 samples/patients
(Supplementary Fig. S6 B). Importantly, in a very recent dataset generated by whole exome and transcriptome
sequencing of 348 Colon Cancers, we also found a significant correlation between AGR2 and CD274 mRNA
expression (Supplementary Fig. S6 C)*°.

Discussion
AGR?2 has gained substantial attention in cancer-associated processes and is one of the most studied proteins
from the PDI family in relation to cancer. It is largely overexpressed in tumour cells when compared to their
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Fig. 4. AGR2-dependent changes in PD-L1 expression. (A) RT-qPCR analysis of PD-L1 mRNA levels in
SW620 scr cells and its two AGR2-knockout clones B3 and C6 before and after induction with INF-y alone or
in combination with TNF-a after 4 h of treatment. The values were normalised to those of scr IFN-y and are
presented as 2799t mean values + SD of four biological replicates. GAPDH served as an endogenous control.
The results for HPRT1 endogenous control are presented in Supplementary Fig. S7 (A) (B) The surface level
of PD-L1 in SW620 cells measured by flow cytometry before and after 16 h of IFN-y/TNF-a induction. MFI
values represent the median fluorescence intensity and are presented as the mean + SD of three biological
replicates. On the right is a representative histogram showing the difference in fluorescence intensities of the
analysed samples. The histogram including the respective negative controls is available in Supplementary

Fig. S7 (B) (C) PD-L1 mRNA levels in SW480 pcDNA3 and AGR2 cells treated with INF- y or INF- y/
TNF-a after 4 h. The values were normalized to those of pcDNA3 INF- y and are presented as 2744 mean
values + SD of three independent replicates. GAPDH served as an endogenous control. The results for the
HPRT1 endogenous control are presented in Supplementary Fig.S7 (C) (D) Surface PD-L1 levels in SW480
cells are shown as the mean MFI + SD of three independent replicates, with a representative histogram on the
right. The histogram including the respective negative controls is shown in Supplementary Fig. S7 (D) (E) RT-
qPCR analysis of PD-L1 mRNA levels in SW620 scr cells and its two AGR2-knockout clones B3 and C6 after
NPM3 siRNA silencing and 4 h INF-y/ TNF-a treatment. The values were normalised to those of scr siCTRL
INF-y/ TNE-a and are presented as 2799 mean values + SD of three biological replicates. GAPDH served as
an endogenous control. The results for HPRT1 endogenous control are presented in Supplementary Fig. S7 (E)
(F) Representative WB showing the changes in PD-L1 protein levels in SW620 clones and control cells after
siRNA-mediated NPM3 and 16 h of INF- y/TNEF-a induction. GAPDH served as a loading control. The graph
showing mean + SD densitometry is presented in Supplementary Fig. S7 (F) The figure shows cropped blots,
the originals are presented in Supplementary Fig. S7 (G) * p 0.05, ** p 0.01, *** p 0.001, **** p 0.0001. (G)
Correlation analysis of AGR2 and PD-L1 expression in colorectal patient samples represented by Pearson and
Spearman correlation coefficients extracted from the cBioPortal database.

healthy counterparts. Despite the available research, its precise molecular mechanisms, especially the role of
AGR?2 in colorectal cancer, remain to be elucidated. Therefore, focusing on the AGR2-associated proteome
changes in CRC could unveil novel regulatory mechanisms, therapeutic targets, and provide new diagnostic or
therapeutic strategies.

In this work, we analysed the impact of AGR2 protein level manipulation on the proteomic landscape in
a paired CRC cellular model using label-free quantitative mass spectrometry (SWATH MS). The preliminary
screen of the CRISPR/Cas9-mediated AGR2 knockout clones derived from SW620 cells identified a panel of

Scientific Reports |

(2024) 14:21926

| https://doi.org/10.1038/s41598-024-72990-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

4 significantly changed proteins (FLNA, macroD1, NPM3, and ODP2), which was confirmed in the follow-up
MS analysis of independent biological replicates, which added another significantly changed protein, COG3,
into the panel. Additional analysis of parental SW480 cells stably transfected to express AGR2 confirmed NPM3
and FLNA proteins as significantly changed in relation to the presence or absence of AGR2 expression. Even
though we observed consistent changes in the case of NPM3 and FLNA, other proteins identified in SW620 cells
were not confirmed in SW480 cells. This might be explained by the fact that the knockin of AGR2 in SW480
has a weaker effect on cells than the knockout. Additionally, the molecular background of SW620 cells may be
influenced by the temporal evolution of the tumour cells and their adaptation to the environment since SW620 is
a metastatic cell line that was derived a year later from a metastasis arising from the primary tumour represented
by SW480 cells!>.

Nevertheless, for the first time, we identified the regulatory dependence of NPM3 and FLNA on AGR?2 protein
expression level in two analysed CRC cell lines. Taken together, our results are supported by consistent findings
across multiple levels, AGR2 dependence of NPM3 and FLNA was demonstrated in two knockout clones and
two independent analyses, while inverse regulation was observed with AGR2 overexpression. Moreover, we
showed that AGR2 can regulate NPM3 expression at both transcriptional and translational levels in CRC cells,
depending on the cellular and genetic background of these malignancies. Looking deeper into the potential
regulatory mechanism, NPM3 was identified as a c-myc target gene'®. Additionally, AGR? silencing inhibited
c-myc levels in breast cancer cells, as shown by Vanderlaag et al.>. Therefore, we proposed a potential mechanism
by which reduced AGR2 expression might affect NPM3 levels by decreasing c-myc protein level. However,
this regulatory mechanism was not observed in SW480 clones, indicating the presence of additional AGR2-
dependent mechanism(s) involved in the regulation of NPM3 expression. AGR2, one of the PDI members, has
arole in ER stress regulation, and its downregulation affects ER homeostasis. Even siRNA-mediated silencing of
AGR? resulted in increased phosphorylation of e[F2a in HeLa cells?. Therefore, we analysed the p-eIF2a levels
in our cellular models with manipulated AGR2 expression. Both showed increased phosphorylation levels if
AGR2 was not present. Since the phosphorylation of eIF2a is a repressor of cap-dependent protein synthesis, it
is possible that the absence of AGR?2 is directly linked to this phenomenon and thus represents a key prerequisite
for the decrease in the NPM3 level.

NPM3 is emerging as a significant player in tumorigenesis and cancer progression. The limited number
of publications available at this moment hints at its main roles in regulating ribosome biogenesis, enhancing
activator-dependent transcription, and improving immunoregulatory processes through its interaction with
NPM1!%1232 Pancancer analysis revealed increased levels of NPM3 in various cancer types, including CRC,
compared to healthy tissues.

A recently published article showed that NPM3 mRNA is stabilised by PUM1 binding and that the NPM3
protein subsequently binds to and enhances the translocation of NPM1 into the nucleus, where NPM1 serves
as an inducer of PD-L1 expression'>**. While NPM1 was shown to directly bind to the PD-L1 promoter NPM3
was not. Rather, it seems that the binding of NPM3 to NPM1 could influence chromatin organisation, favouring
transcriptional activation'2. We did not observe any direct significant association between AGR2 expression
and the PUM1 regulatory mechanism of NPM3 expression. However, we indeed observed a positive correlation
between AGR2 and PD-L1 expression compared to that in AGR2-negative cells. The main limitation of our
system is that the analysed cell lines do not endogenously express high levels of the PD-L1 protein, in contrast
to the ones from the study of Wang and colleagues'?. PD-L1 might be either expressed constitutively or induced
by IFN-y and other cytokines produced by immune cells***. Therefore, in order to study PD-L1 expression,
we treated cells with IFN-y alone or in combination with TNF-a, as IFN-y and TNF-a are known to synergise
and cooperatively enhance the expression of a number of genes involved in inflammation®®¥”. We are aware
that the induction of PD-L1 by IFN-y and TNF-a signalling is mainly mediated by the JAK-STAT1/3 and NF-
kB pathways; however, the study by Qin et al. showed that the regulation of PD-L1 expression by NPM1 may
be relevant even in the presence of IFN-y?*%. More precisely, the authors showed that silencing of NAT10,
an acetyltransferase needed for the role of NPMI as a PD-L1 inducer, leads to decreased PD-L1 signals
during IFN-y induction. Therefore, the whole machinery composed of AGR2-NPM3-NPM1 could induce
PD-L1 alongside or with the IFN-y signalling cascade. Interestingly, NAT10 was also identified in our MS
screen as downregulated in both B3 and C6 SW620 clones (Exp1), while being upregulated in SW480 AGR2.
Therefore, to support our claim, we analysed PD-L1 expression in our SW620 system after siRNA-mediated
silencing of NPM3. Indeed, we observed a slight decrease in the PD-L1 signal compared to that in control
cells. However, the downregulation of PD-L1 was more profound in KOAGR2 cells, most likely due to already
significantly decreased NPM3 and the complete absence of AGR2, which could affect PD-L1 through additional
regulatory mechanism(s). For instance, our SWATH screen identified other regulators of NF-«kB pathway as
significantly changed upon AGR2 knockout. TNF-a binds to TNFR while IFN-y to IFNR but both cytokines
may activate the NF-xB signalling pathway which results in induced PD-L1 transcription®>. We identified
CSNK2A1 and CSNK2B, subunits of casein kinase (CK2), as significantly downregulated in AGR2 knockout
clones. CK2 enhances NF-«B signalling by phosphorylation of IkBa (inhibitor of NF-«kB) which leads to IkBa
degradation while simultaneously phosphorylating p65 subunit of NF-kB which results in an increase of NF-kB
transcriptional activity®®. In parallel, we also identified COMMD®6 as upregulated in AGR2 knockout clones.
COMMDES inhibits TNF-induced NF-kB activation®. Therefore, we presume that AGR2 knockout may affect
PD-L1 expression also by additional mechanisms than just through the NPM3 axis. Additionally, the positive
correlation between AGR2 and PD-L1 in CRC is also supported by cohorts available in the cBioPortal database,
indicating the overlap of our findings with data from CRC patient samples.

The importance of PD-L1 has been extensively studied as a ligand of PD-1, resulting in dampening of
immune responses40. PD-1 is mainly expressed in T-cells, B-cells, NK cells, and MDSCs, while PD-L1 is found
on antigen-presenting cells and tumour cells. The interaction between PD-1 and PD-L1 leads to the inhibition of
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their cytotoxic activity and the transformation of effector T-cells into Tregs, resulting in immunosuppression®*!.

Therefore, blocking this interaction is a vital immunotherapy target. However, only a limited number of CRC
patients respond well to PD-1/PD-L1 monotherapy**~*4,

The molecular classification of CRC that considers the tumour microenvironment (TME) includes four
categories, where CMS1 (consensus molecular subtype) comprises tumours with mismatch repair deficiency
(dMMR) responsible for microsatellite instability (MSI-H), which results in increased tumour mutational
burden (TMB). This results in the production of aberrant proteins that are presented as neoantigens, driving
the infiltration of immune cells and resulting in so-called “immune hot” phenotypes®®. These tumours also
express elevated PD-L1, which is mostly induced by INF-y and other cytokines produced by tumour-infiltrating
lymphocytes, to dampen the immune response. It is these tumours that respond well to PD-1/PD-L1 therapy.
Interestingly, AGR2 was shown to be expressed in CRC samples with different aetiologies, including MSI-H
tumours***’. However, they represent only approximately 15% of all CRC cases***8. CMS2 and CMS3 are poorly
immunogenic and labelled as “immune cold” tumours. Lastly, CMS4 is a category characterised as poorly
differentiated with mesenchymal traits and immunosuppressive TGF-f signalling with high heterogeneity for
immune cell infiltration, meaning they may be immune cold or immune hot, but the majority of patients exhibit
an immune cold phenotype®. In practice, patients may belong to more than one category described above. Our
analysed cell lines belong to CMS4 and are labelled as MSS>. Therefore, they are a great representative of the
worst prognosis for CRC with most probably immune cold TME and unresponsive to PD-1/PD-L1 blockage as
there are no immune cells available to elicit an immune response.

Possible ways to transform immune-cold to immune-hot tumours that could benefit from PD-1/PD-L1
blockage include combining multiple treatments. Chemotherapy is known to induce immunogenic cell death,
promote CD8 + cytotoxic lymphocyte infiltration, and restrict immunosuppressive cells, hence modulating the
TME in favour of an immune-hot phenotype®!. Additionally, VEGE TGF-B, or IL-10 inhibition positively affects
immune cell infiltration®?->. Infiltrating lymphocytes and other immune cells may then secrete INF-y, TNF-a,
or interleukins that stimulate PD-L1 expression?.

Therefore, the inhibition of TGF-$ and standard chemotherapy treatment in immune cold tumours could
reduce immune evasion and favour immune cell infiltration. As AGR2 is known as a TGF-f susceptible gene, the
inhibition of TGF-p would result in its upregulation, which in turn could positively enhance PD-L1 expression,
hence providing another line of evidence for profitable treatment with PD-1/PD-L1 inhibitors. Interestingly,
a randomised phase 2 trial was performed on a combination of PD-1 antibody, HDAC inhibitor, and VEGF
antibody in MSS chemotherapy refractory MMR-proficient tumours, showing promising results and providing
a basis for the importance of combinatorial treatment involving PD-1/PD-L1 blockers in MSS CRC tumours®>.

In conclusion, cancer cells accumulate abnormalities at various stages of their development that may affect
the outcome of antitumour therapies. Therefore, elucidation of the regulatory processes responsible for cancer
characteristics and TME status is highly desirable. In this work, we described the positive regulation of NPM3
by AGR2, which led us to the identification of the involvement of AGR2 signalling in the regulation of PD-L1
expression. Our data hints on the regulation of PD-L1 by AGR2 through the NPM3-NPM1 regulatory pathway;
however, the full extent of the AGR2 mechanism of PD-L1 regulation remains to be elucidated.

Methods

Cell culture

SW480 and SW620 cell lines were obtained from the ATCC. All cell lines were maintained in high glucose
Dulbeccos Modified Eagle’s Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%
foetal bovine serum (FBS) (Sigma-Aldrich, USA), 1 mM pyruvate (Invitrogen, USA), and 1% Penicillin-
Streptomycin Solution 100X (biosera, France). Unless otherwise stated, cells were grown to 70-80% confluence
prior to treatment.

AGR2-knockout (KOAGR2) SW620 cell line was prepared using CRISPR/Cas9 technology. The guide
RNA oligonucleotide (5'-AGAGATACCACAGTCAAACC-3’) that targets exon 2 of the human AGR2 gene
(ENSE00003623642) was designed using Tools for Guide Design (zlab.bio/guide-design-resources). The guide
RNA specifically targeted mRNA coding 21-27 aa of the AGR2 N-terminal region, which is important for
AGR?2 protein-mediated cell adhesion. The GFP-scrambled sequence (5'-AACAGTCGCGTTTGCGACTGG-
3') served as a control®®. Both sequences were cloned into a LentiCRISPR-v2 vector (cat. no. 52961; Addgene)
using Esp3I restriction cloning. SW620 cells (1,000,000 cells) were transfected with LentiCRISPR-v2_AGR2 or
LentiCRISPR-v2_scrambled (scr). After 2 days, the cells were exposed to puromycin (2 pg/ml) and the pool of
resistant cells was sorted and seeded as single colonies in 96-well plates. KOAGR2 cells were tested for AGR2
expression using western blotting. Two clones with an undetectable expression of AGR2, SW620 KOAGR2 B3
and C6, were selected for further experiments.

The SW480 cell line with stable AGR2 expression was prepared using pcDNA3 plasmid containing AGR2
coding sequence as previously described in®’.

The siRNA-mediated silencing was performed using ON-TARGETplus™ siRNA obtained from Dharmacon
(Horizon Discovery, UK). ZEBI silencing was performed by SMARTPool of ON-TARGETplus Human ZEB1
siRNA and NPM3 silencing by SMARTPool of ON-TARGETplus Human NPM3 siRNA. The respective siRNAs
were delivered into SW620 cells using Lipofectamine RNAiMax (Thermo Fisher, USA).

Cells were treated to a final concentration of 10 ng/ml TNF-a (PeproTech), 100 ng/ml IFN-y (PeproTech),
and 10 pg/ml actinomycin D (Sigma-Aldrich, USA).

Sample preparation for mass spectrometry
Samples were lysed in 8 M urea, 0.1 M Tris (pH 8.5) (Urea buffer) with protease inhibitors (Roche, CH) and
needle sonicated (VibraCell, Sonics & Materials, Inc., USA) 4X3 s. Protein concentration was measured
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using the RC-DC kit (Bio-Rad, USA) according to the manufacturer’s instructions. Approximately 100 pg of
protein samples were processed via Filter-aided sample preparation (FASP) to generate tryptic peptides®. The
protein sample was loaded onto Microcon 10 kDa cut-off filter column (Merck, Germany). Afterwards, samples
were centrifuged at 14,000 g for 20 min at RT. Filter membranes were incubated with 100 pl of 5 mM tris(2-
carboxyethyl)phosphine TCEP in Urea buffer for 30 min at 37 °C with agitation of 600 RPM on a thermomixer
followed by subsequent centrifugation at 14,000 g for 15 min at RT. Afterwards, 20 ul of 300 mM iodoacetamide
(TAA) in 100 pl Urea buffer was added and incubated for 1 min, 25 °C with the agitation of 600 RPM on the
thermomixer, followed by 20 min incubation at RT in the dark. Samples were centrifuged at 14,000 X g for
20 min at RT. The cut-off filters were washed twice with 100 ul of 100 mM NH,HCO,,. Filter membranes were
transferred into clean microtubes. Following, 100 ul of 100 mM NH,HCO, containing 1 pg of trypsin (AB-
SCIEX, USA) was added onto the cut-off filters and left overnight at 37 °C. The next day, samples were centrifuged
at 17,000 g for 20 min at RT, followed by a second peptide elution of 50 pl by 0.5 M NaCl. Desalting of peptide
digests was performed using C18 desalting microcolumns MicroSpin (Harvard Apparatus, USA) inspired by
Bouchal et al.*. Microcolumns were washed twice with 200 pl acetonitrile (AcN) with 0.1% FA (Formic acid).
Column equilibration was performed by 0.1% FA in water for 15 min. Following, sample digests were loaded
onto the MicroSpin columns and centrifuged at 500 g, 3 min. Columns were washed three times with 200 pl
of 0.1% FA in water (v/v). Afterwards, columns were transferred into clean microtubes, and peptides were first
eluted with 200 pl 0.1% FA in 50% AcN in water (v/v/v) and 200 pl of 0.1% FA in 80% AcN in water (v/v/v). The
last peptide elution was performed using 200 ul of 0.1% FA in 100% AcN. Cleaned tryptic peptide samples were
dried using SpeedVac. The samples were resuspended in 50 ul of 0.05% TFA (trifluoroacetic acid) and 5% AcN
in water (v/v/v) vortexed and then sonicated for 5 min prior to LC-MS/MS. Concentration was measured using
NanoDrop 2000c (Thermo Scientific, USA) at 220 nm and 280 nm. All samples were then diluted to a uniform
concentration of 1 pg/pl. Approximately one microgram of peptides from each sample was used per injection,
and 3 pl of each sample were pooled to prepare a representative pooled sample for spectral library generation.

Quality control (QC) of the samples

QC of samples for mass spectrometry was initially performed using RC-DC assay (Biorad, CA, USA) which
determines the presence of protein in the sample. Later the detected protein concentrations were used to
normalize the amount of protein loaded to the FASP filter unit for digestion. We used 100 ug of protein for
digestion. After digestion peptide samples were evaporated and dissolved in loading buffer (2.5% AcN, 0.08%
TFA in water) followed by another round of QC performed on Nanodrop (Thermo, USA) to determine whether
peptides were yielded. Nanodrop absorbances at 220 and 280 nm are later used to load uniform peptide amount
to LC-MS system. The main QC was performed from the LC-MS data. We used several different techniques to
perform QC from LC-MS/MS data such as plotting the protein intensities where we compared median intensity,
quantile intensities, diagnostic protein heatmap, sample correlation heatmap and PCA (principal component
analysis.

Spectral library measurement and SWATH MS data acquisition

Four and three replicates were prepared from each cell line and were measured on LC-MS/MS system. The
separation of peptides was performed using the reverse phase liquid chromatography Eksigent Ekspert nanoLC
400 (SCIEX, USA), which was connected online to the TripleTOF 5600+ mass spectrometer (SCIEX, USA).
Loaded peptides were concentrated on a cartridge column with 300 mm inner diameter and 5 mm length
packed with C18 PepMap 100 sorbent with 5 pm particle size (Thermo Scientific, USA) using an isocratic flow
0f 0.05% TFA and 5% AcN in water (v/v/v). Peptides were separated on a 25 cm fused-silica emitter column with
75 pum inner diameter (New Objective, USA) packed in-house with ProntoSIL C18 AQ 3 pum beads (Bischoff
Analysentechnik GmbH, Germany). Separation was performed by a linear increase of 0.1% FA in AcN (solvent
B) over 0.1% FA in water (solvent A) throughout 120 min effective gradient. Peptide elution started at 5% B
followed by a linear increase up to 40% B during 120 min at a flow rate 300 nl/min in both DDA and SWATH
experiments. The separated peptides were ionised in the nanoelectrospray. The sample for a spectral library was
measured in IDA (Information dependent acquisition) mode as described in Faktor and Bouchal, 2016. Briefly,
the full scan was set to cover a m/z range from 400 Th to 1200 Th and following, in the MS/MS mode, the top 20
most intensive precursors were selected and fragmented during each cycle. The time for precursor exclusion was
set at 12 s. Precursor ions with intensity under 50 cps were excluded from the measurement.

SWATH data acquisition method was inspired by Bouchal et al.'. SWATH data were measured in positive
mode at m/z 400-1200 Th. This spectral set was divided into 67 precursor windows of 12 Th with 1 Th overlap.
The accumulation time was set at 50 ms. The cycle time was 3.5 s. Produced ions were measured at m/z 360-1360
Th.

SWATH data analysis using ProteinPilot-SWATH Acquisition MicroApp-MarkerView pipeline

The spectral library was developed following the manufacturers recommendations in ProteinPilot (SCIEX, USA)
by searching the measured MS and MS/MS data against Homo sapiens database downloaded from the UniProt.
The spectral library was developed from 2000 proteins identified (FDR 1%) in IDA run of pooled samples.
Carbamidomethyl was set as fixed modification of cysteine and Trypsin was set as protease. Other settings in
ProteinPilot were left default. Afterwards, data analysis was performed in Peakview 1.2 software (SCIEX, USA)
with SWATH Acquisition MicroApp 1.0 extracting quantitative SWATH data based on the constructed spectral
library. The retention window was set to 8 min. Extracted data were analysed in MarkerView (SCIEX, USA)
according to the manufacturer’s recommendations. Briefly, the protein intensities were calculated by summing
areas of extracted peaks of proteotypic peptides. Zero values were substituted by 1, data normalisation on total
ion current was selected and finally a t-test was performed on normalised data. The final results showcase a
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relative difference in protein levels in selected comparisons accompanied with p-values and Benjamini-Hochberg
adjusted p-values calculated using Python statsmodels.stats.multitest module.

SWATH data analysis using MSFragger-Skyline -MSstats pipeline
IDA files were converted in AB SCIEX MS Data Converter 1.2 from .wiff into .mzML format. All searches were
done against Homo Sapiens SwissProt+ UniProt search database and reverse decoy database in MSFragger 3.4
search in FragPipe (v.15)%2. Reverse decoy database contained equal amount of sequences as the target search
database. Precursor mass tolerance was set +-25 ppm and 25 ppm was set for fragment mass tolerance. Protease
was set to trypsin and carbamidomethyl was set as a fixed modification. Methionine oxidation, protein N-term
acetylation were set as variable modifications. Data recalibration function was selected and selected parameters
for mass tolerances were automatically optimized. Resulting .pepXML files were imported into Skyline-daily
(64-bit, 20.1.9.234) and transformed to a spectral library with a 0.99 cutoff set on PeptideProphet probability®.
Protein intensities of transitions were extracted against created spectral library from SWATH MS datafiles. No
modifications were considered for the quantitative experiment. Exclusively y and b product ions with +1 and
+2 charges were considered in peakgroup transitions. Only peakgroups that had at least 3 product ions were
kept in analysis, while if more product ions were available in the spectral library, up to the 6 most intense were
considered. Auto detection function of SWATH window isolation scheme from raw SWATH files was selected.
Equal number of reverse decoy transitions were included in the Skyline target panel. Embedded mProphet peak
scoring model was activated to determine g-values of extracted target peakgroups relying on decoy peakgroups®?.

Statistical analysis was executed in MSstats package running under R (version 4.0.0)®. mProphet peakgroup
q-cut-off was set to g-value < 0.01. Proteins with one feature were kept in analysis. Extracted intensities were log2
transformed and quantile normalized. Protein quantitation across conditions was performed pairwise exploiting
groupComparison function. Benjamini-Hochberg method was used to adjust p-values.

ggplot2 3.3.6%, EnhancedVolcano 1.10.0, heatmaply 1.4.2% and PCA tools 2.4.0%.

R packages were used to plot volcano plots, heatmaps, and PCA. Inkscape 1.2 and Gimp 2.10.32 were used to
process the graphics to final panel plots and to generate svg images.

RT-qPCR

Total RNA was extracted from cells using TRI-Reagent (Sigma-Aldrich, St. Louis, MO) and concentration was
determined using nanodrop. M-MLV Reverse Transcriptase (Sigma-Aldrich, St. Louis, MO, USA) was used
to reverse transcribe total RNA, and Luna MasterMix (New England Biolabs, UK) was used for quantitative
PCR. HPRT1 and GAPDH served as parallel endogenous controls. The data represent means of three technical
triplicates within each independent biological replicate (n=3). The primers are listed in Supplementary Table
S1 in the supplementary information. The relative mRNA expression levels of each gene were calculated using
the 2724€T method.

Western blot

Cells were lysed in NET lysis buffer (120 mM NaCl, 50 mM Tris-HCI [pH 7.2], 1% NP-40 [v/v], 1 mM EDTA,
6 mM EGTA, 6 mg/ml sodium pyrophosphate, 1X protease inhibitor cocktail, and 1X phosphatase inhibitor
cocktail [both Sigma-Aldrich]) for 30 min on ice. Lysates were cleared by centrifugation at 13,000 rpm, 30 min,
4 °C and the concentration of proteins was measured by Bradford reagent (Bio-Rad). Proteins were separated by
MOPS SDS-PAGE and transferred to nitrocellulose membrane using the Tetra Cell-Blot (Bio-Rad) in Blotting
buffer (20 mM Tris, 150 mM glycine, 20% methanol, and pH 8.3). Membranes were blocked in 5% skimmed
milk or 3% BSA in PBS with 0. 1% Tween and incubated with primary antibodies Filamin A (FLNA) (Invitrogen
MA5-11705), macroD1 (MACD1) (Novus, NBP2-852), Anti-Pyruvate Dehydrogenase E2 (ODP2) (Abcam
ab172617), COG3 (Proteintech 11130-I-AP), NPM3 (Proteintech 11960-1-AP), AGR2 K31 (in-house), GAPDH
(Abcam ab110305), PD-L1 (Cell Signaling CS13684S), c-myc (Cell Signaling CS5605S), Phospho-eIF2a
(Ser51) (Cell Signaling CS3597S), elF2a (Cell Signaling CS5324S), ZEB1 (Abcam ab203829) at 4 °C overnight.
The following day, membranes were washed 4 times with PBS 0.1% Tween, incubated with species-specific
secondary horseradish peroxidase-coupled antibodies Peroxidase AffiniPure™ Goat Anti-Rabbit IgG (H+L)
(Jackson ImmunoResearch 111-035-003) or Peroxidase AffiniPure™ Goat Anti-Mouse IgG (H+L) (Jackson
ImmunoResearch 115-035-003) and then washed again. Signals were revealed using ECL system (solution A:
200 mM TRIS pH 9.4; 10 mM luminol, 405 mM p-coumaric acid; 0.5 mM EDTA pH 8.0; solution B: 0.5 mM
EDTA, 8 mM sodium perborate tetrahydrate, 50 mM sodium acetate pH 5.0) in Syngene Gbox (Syngene, USA).
The densitometry values were quantified using ImageJ software.

Flow cytometry PD-L1 surface detection

Cells were seeded in a 6-well plate (SW620, 2x 10° cells per well) or 5 cm dishes (SW480, 2.5x 10° cells per
dish) and, after 8 h, were exposed to the combination of IFN-y and TNF-a for 16 h at a concentration stated
in the cell culture section. Control samples were treated with a corresponding volume of solvent (water).
Afterwards, cells were detached with accutase, and 1 x 10° of cells were washed twice with 3% BSA in PBS (BSA-
PBS), resuspended in 100 pl of primary antibody anti-PD-L1 (1:50, eBioscience™, #14-5983-82, clone MIH1),
diluted in BSA-PBS and incubated at room temperature for 1 h. After incubation, cells were washed twice in
BSA-PBS and resuspended in 100 pl secondary antibody (1:250, goat anti-mouse, Abcam, ab150113, conjugated
with Alexa Fluor’ 488, polyclonal) diluted in BSA-PBS and incubated at room temperature for 1 h in the dark.
Afterwards, cells were washed twice with BSA-PBS, resuspended in 100 ul of BSA-PBS, and signals of 10,000
cells were measured (FacsVerse flow cytometer (BD Biosciences) and analysed (BD FACSuiteTM Software).
The level of the fluorescent signal represented by median fluorescence intensity was normalised to the level of

Scientific Reports |

(2024) 14:21926 | https://doi.org/10.1038/s41598-024-72990-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

negative control (relevant samples incubated with secondary antibody only). All experiments were performed
in three biological replicates.

Statistical analysis

The statistical analysis for RT-qPCR, immunoblot densitometry, and flow cytometry was calculated using
GraphPad Prism 10. The data passed the Shapiro-Wilk normalcy test. Either unpaired t test or ordinary one-way
ANOVA with Sidak multiple comparison test were used. * P<0.05; ** P<0.01; *** P<0.001; *** P<0.0001.

Data availability

The datasets generated and/or analysed during the current study are available in the PRoteomics IDEntifica-
tions Database (PRIDE) with the dataset identifier PXD053085, https://www.ebi.ac.uk/pride/login. Reviewer
can access the dataset using the following account details: Username: reviewer_pxd053085@ebi.ac.uk, Password:
yspxnnOEnaEIL
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