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Co-expression analysis of transcriptomic ot

data from cancer and healthy specimens
reveals rewiring of proteasome genes
and an interaction with the XPO1 gene
across several tumour types

Vito Spataro’?'® and Antoine Buetti-Dinh**

Abstract

Background The 26S proteasome is a large intracellular multiprotein complex, that plays a homeostatic role

by degrading proteins that have been tagged by ubiquitin. It is composed of 64 subunits assembled according

to a well-defined structure and stoichiometry. Several proteasome subunits have been found to be overexpressed
in tumours. However, comprehensive data are lacking on the relative abundance of each subunit and the impact
on proteasome composition or stoichiometry. In cancer treatment, proteasome inhibitors and inhibitors of XPO1
(Exportin-1) have unexpectedly a similar range of activity, but the interaction between the two pathways

has not been studied.

Methods We performed gene co-expression analysis of 38 genes encoding proteasome subunits and 38 genes
encoding proteins involved in nucleocytoplasmic transport in specimens from the Cancer Genome Atlas (33 tumour
types) and from the Gene Tissue Expression database (32 healthy tissue types). We obtained 65 matrices, each
containing Pearson correlation factors for 2964 gene pairs. We applied cluster analysis to the correlation matrices
and compared the distribution of Pearson correlation coefficients of thirteen tumour types with their healthy tissue
counterpart.

Results Strong positive correlation (R Pearson correlation > 0.8) was observed for pairs of proteasome genes

in the majority of healthy tissues, whereas the correlation for co-expression was significantly lower (R < 0.50) for most
gene pairs in the majority of cancer types. Cluster analysis based on gene co-expression allowed to distinguish can-
cers from healthy tissues in a clear-cut manner, and to identify the genes that contributed most to the separation. The
crossed analysis between proteasome and nucleocytoplasmic transport genes showed that the expression of XPOT
and a subset of proteasome genes, including in particular PSMD14, is correlated in several cancer types and not in
their healthy counterpart.

Conclusions This analysis reveals that in cancer the co-expression of proteasome genes is significantly altered,
highlighting the genes that are more often deregulated. In addition, it finds that XPO1 expression is often correlated
with the expression of proteasome genes. From a therapeutic perspective, these findings support the investigation
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of novel targets within the proteasome and strategies of co-targeting of the proteasome and nucleocytoplasmic

transport.

Keywords 26S proteasome, Nucleocytoplasmic transport, Gene co-expression, The cancer genome atlas, Gene tissue

expression database, XPO1, PSMD14

Introduction

The proteasome is one of the largest multiprotein com-
plexes in the eukaryotic cell; it is made of 64 subunits and
has a well-defined structure and composition [1]. It has a
crucial role in cellular homeostasis by degrading protein
that have been tagged by ubiquitin in the ubiquitin-pro-
teasome system (UPS) [2]. The assembly of large multi-
protein complexes requires the coordinated transcription
of several genes. The transcription factor NRF1 has been
shown to induce de novo proteasome synthesis by pro-
moting the concerted expression of genes encoding pro-
teasome subunits (reviewed in [3]). Other transcription
factors can regulate the expression of a set of subunits or
individual subunits in specific contexts [4, 5].

In cancer cells the UPS is often deregulated and some
select proteasome subunits have been found to be over-
expressed in various tumour types [6—9]. However, com-
prehensive studies on all subunits and on their expression
at the transcriptional level in a large set of tumour types
are lacking.

The UPS is an attractive target for the development of
new anticancer treatments [10] and a class of proteasome
inhibitors (PI) is already registered and used in the clinic
(bortezomib, carfilzomib, ixazomib). However, registered
PI all target only one subunit (beta-5) of the complex and
are active solely against myeloma and some B-cell malig-
nancies and inactive in other tumour types. As a result,
there is a need to explore whether other subunits might
be candidate drug targets in solid tumours.

Gene co-expression analysis is an approach that helps
to identify genes and proteins whose expression are sig-
nificantly correlated to each other and has been used to
discover new protein modules and networks in various
biological contexts [11]. Differential gene co-expression
analysis can be used to compare patterns of gene expres-
sion in different physiological or pathological condi-
tions [12]. We used this methodology to investigate the
abundance of every proteasome subunit relative to every
other at the transcriptional level. This allowed us to com-
pare alterations of the stoichiometry of the multiprotein
complex in cancer versus healthy tissues, highlighting
the subunits that are more often deregulated and thus of
potential interest as therapeutic targets.

Selective inhibitors of nuclear export (SINE) are novel
anticancer drugs that target Exportin-1 encoded by the
XPOI gene. Like proteasome inhibitors, SINE drugs are

more active in multiple myeloma than in other tumour
types. Selinexor, the first-in-class SINE, is active in
refractory multiple myeloma, similarly to what had been
observed earlier with proteasome inhibitors [13]. It is
registered by the FDA in combination with Dexametha-
sone for multi-refractory multiple myeloma and in com-
bination with the proteasome inhibitor Bortezomib and
Dexamethasone for the treatment of myeloma at first
relapse [14]. Clinical trials combining the XPO1 inhibi-
tor Selinexor and the proteasome inhibitors Bortezomib
and Carfilzomib have resulted in high response rates in
patients with multiple myeloma that were heavily pre-
treated [14, 15]. The biological basis for the similar-
ity of the anticancer activity and the synergy of the two
drug classes is unknown. Therefore, as a second aim of
this study, we set out to measure by gene co-expression
analysis the correlation between the expression of genes
encoding proteins involved in nucleocytoplasmic trans-
port and genes encoding proteasome subunits.

Methods

The genes encoding proteasome subunits were selected
according to the HUGO classification and genes encod-
ing XPOl-interacting proteins were selected accord-
ing to the OpenCell database which provides a protein
interactome describing molecular interactions of human
intracellular proteins [16]. Among the 38 genes encod-
ing proteasome subunits, 34 are known to encode subu-
nits belonging to the 26S proteasome complex, made of
the 20S proteasome core subcomplex (subunits encoded
by PSMA1, PSMA2, PSMA3, PSMA4, PSMA5, PSMASG,
PSMA7, PSMBI, PSMB2, PSMB3, PSMB4, PSMBS,
PSMB6, PSMB?7), and the 19S proteasome regulatory
complex (subunits encoded by PSMCI, PSMC2, PSMCS3,
PSMC4, PSMCS5, PSMCe6, PSMDI1, PSMD2, PSMDS3,
PSMD4, PSMDS, PSMD6, PSMD7, PSMDS, PSMDO9,
PSMDI10, PSMD11, PSMD12, PSMD13, PSMD14). Three
genes encode subunits found in immunoproteasomes
(PSMB8, PSMB9 and PSMBI10) and one in spermato-
proteasomes (PSMAS8). Genes encoding XPOl-inter-
acting proteins were RANBP3, RGPD5, RGPD6, RGPDS,
RANGAP RANBP2, NUP107, SUBI, NUP9S, SUMO2,
RGPD3, NUP214, RCC1, RAN, SUMO1, LAMBI, UBE2],
NUP93, NUP155, NXF1, WBP11, NUP88, RSRC1, TTF2,
SUPTI16H, KPNBI, RAE1, SSRP1, NUP210, NUP133,
SPATAS, NUP54, MAPREI, NOP10, NUP62, SUMOS3,
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SUMO4. Two genes were selected as controls (ACTB and
GAPDH).

The quantitative level of mRNA expression of the
above 78 genes was obtained by extracting publicly avail-
able data from the database of the biobank The Cancer
Genome Atlas (TCGA) [17]. The TCGA database pro-
vides genomic data from the following 33 tumour types:
adrenocortical carcinoma (ACC), bladder carcinoma
(BLCA), breast cancer (BRCA), cervical squamous car-
cinoma (CESC), cholangiocarcinoma (CHOL), colon
adenocarcinoma (COAD), diffuse large-B cell lymphoma
(DLBL), oesophageal squamous cancer (ESCA), glio-
blastoma multiforme (GBM), head and neck squamous
carcinoma (HNSC), chromophobe renal cell carcinoma
(KICH), clear cell renal carcinoma (KIRC), kidney papil-
lary carcinoma (KIRP), acute myeloid leukaemia (LAM)
L, low grade glioma (LGL), liver hepatocarcinoma
(LIHC), lung adenocarcinoma (LUAD), lung squamous
carcinoma (LUSC), mesothelioma (MESO), ovarian
cancer (OVCA), pancreas adenocarcinoma (PAAD),
paraganglioma and pheochromocytoma (PPCPG), pros-
tate adenocarcinoma (PRAD), rectum adenocarcinoma
(READ), sarcoma (SARC), skin cutaneous melanoma
(SKCM), stomach adenocarcinoma (STAD), testicular
germ cell cancer (TCGT), thyroid carcinoma (THCA),
thymoma (THYM), uterus corpus endometrial carci-
noma (UCEC), uterine carcinosarcoma (UCS), uveal mel-
anoma (UVM). With regard to non-neoplastic tissue, we
extracted transcriptomic data from the large database of
the biobank of all body tissues that has been created by
the Genotype-Tissue Expression Consortium GTEx [18,
19]. Specimens in the GTEx derive from the following
tissues and organs: adipose tissue, adrenal gland, bladder,
blood, blood vessel, bone marrow, brain, breast, cervix
uteri, colon, oesophagus, fallopian tube, heart, kidney,
liver, lung, muscle, nerve, ovary, pancreas, pituitary, pros-
tate, salivary gland, skin, small intestine, spleen, stomach,
testis, thyroid, uterus, vagina. Data extraction and gene
co-expression analysis was carried out with a combina-
tion of the BASH/AWK/SED Unix utilities and the R
programming language. The analysis was based on the
mRNA expression levels of the set of 78 genes described
above from all available 11’348 cancer specimens of the
TCGA and 19’214 specimens from the GTEx (Table 1).

The correlation between the expression of each gene
pair has been calculated and expressed with a Pearson
correlation coefficient between gene’s TPM (Transcripts
per Million) value for N study samples (where N is
reported in Table 1) and a matrix containing Pearson cor-
relation coefficients of all gene pairs has been produced
for each tumour type of the TCGA and each healthy tis-
sue of the GTEX, obtaining 65 matrices, each contain-
ing Pearson correlation factors for 2964 gene pairs. The
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Table 1 TCGA (left) and GTEx (right) study names and corresponding
number of samples

TCGA Studies Number of GTEx Studies Number

samples of

samples

ACC 79 ADIPOSE_TISSUE 1293
BLCA 433 ADRENAL_GLAND 274
BRCA 1256 BLADDER 21
CESC 309 BLOOD 1048
CHOL 45 BLOOD_VESSEL 1398
COAD 546 BONE_MARROW 204
DLBC 48 BRAIN 2931
ESCA 198 BREAST 482
GBM 175 CERVIX_UTERI 19
HNSC 548 COLON 822
KICH 91 ESOPHAGUS 1577
KIRC 618 FALLOPIAN_TUBE 9
KIRP 323 HEART 942
LAML 178 KIDNEY 98
LGG 532 LIVER 251
LIHC 424 LUNG 655
LUAD 601 MUSCLE 881
LUSC 555 NERVE 659
MESO 87 OVARY 195
ov 430 PANCREAS 360
PAAD 183 PITUITARY 301
PCPG 187 PROSTATE 263
PRAD 558 SALIVARY_GLAND 178
READ 177 SKIN 1940
SARC 265 SMALL_INTESTINE 193
SKCM 473 SPLEEN 255
STAD 453 STOMACH 384
TGCT 156 STUDY_NA 133
THCA 572 TESTIS 410
THYM 122 THYROID 706
UCEC 589 UTERUS 159
ucs 57 VAGINA 173
UvMm 80

differences between the correlation matrices of gene co-
expression analysis have been compared across tumors
(33 matrices) and normal tissues (32 matrices). A work-
flow and the code used for making the correlation matri-
ces are available at https://figshare.com/projects/Prote
asomeGeneExpression/171357.

This has been optimized to enable an efficient clas-
sification of tumours as compared to healthy tissues.
We have used supervised learning with the the xgboost
library of Python3 on the TCGA and GTEx datasets to
determine the factors with highest classification weights
and to identify the genes which contribute most to the
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separation. The corresponding genes have been used to
compute heatmaps (with R heatmap.2 Pearson distance,
using complete linkage).

For the purpose of a cancer vs healthy tissue com-
parison at the scale of the single tumour type, thirteen
tumour types out of 33 in the TCGA were selected based
on the availability of a corresponding unambiguous
normal tissue counterpart in the GTEx database. These
thirteen couples of matrices were the following: breast
cancer (BRCA) vs. normal breast, prostate adenocarci-
noma (PRAD) vs. normal prostate, lung adenocarcinoma
(LUAD) and lung squamous carcinoma (LUSC) vs. nor-
mal lung, pancreas cancer (PAAD) vs. normal pancreas,
liver hepatocarcinoma (LIHC) vs normal liver, stomach
adenocarcinoma (STAD) vs. normal stomach, oesopha-
geal carcinoma (ESCA) vs normal oesophagus, colon
adenocarcinoma (COAD) and rectal adenocarcinoma
(READ) vs normal colon, bladder carcinoma (BLCA) vs
normal bladder, uterus endometrial cancer (UCEC) vs
normal uterus, ovarian cancer (OVCA) vs normal ovary.
For each of these 13 tumour types, the distribution of R
Pearson correlation coefficients for gene co-expression
was compared between the matrices of a given tumour
type and its normal tissue counterpart. This was done
separately for the set of 14 genes of the 20S proteasome,
the set of 18 genes of the 19S proteasome and for the set
of 38 genes encoding XPO1-interacting proteins. The sta-
tistical significance of the differences in the distribution
of R values was evaluated with the T Student’s test.

Results

Strong positive correlation (R Pearson correlation > 0.8)
was observed for proteasome genes pairs in the majority
of healthy tissues such as liver, pancreas, stomach, colon,
kidney. In contrast, the correlation for co-expression is
positive but significantly lower (R < 0.50) for most gene
pairs in the majority of cancer specimens. Examples of
matrices of gene co-expression analysis are shown in
Fig. 1A and B and represent results for specimens origi-
nating from normal lung and normal pancreas (GTEx
project) and from lung adenocarcinoma (LUAD) and
pancreatic adenocarcinoma (PAAD) specimens within
the TCGA. Such matrices have been obtained for all 33
tumour types represented in the TCGA and 32 normal
tissues represented in the GTEx project (Supplementary
Information available at https://figshare.com/projects/
ProteasomeGeneExpression/171357). The position of
the genes in the matrix from the top to the bottom is in
the following order: proteasome genes of the core com-
plex (PSMA1-10 and PSMBI-8), proteasome genes of the
19 S complex (PSMCI-6 and PSMDI-14), XPOI, genes
encoding XPO-1 interacting proteins, control genes. In
the right-hand side of the matrix each square represents
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the degree of correlation for the corresponding gene pair
with the R factor indicated in the square and a colour
scale that illustrates the level of correlation with darker
brown for higher correlation and lighter brown for lower
correlation. In the left part of the matrix each square
indicates graphically the correlation between the number
of transcripts of the gene on the x axis and the gene on
the y axis.

In the two examples of matrices shown in Fig. 1A and
B the degree of correlation is on average lower in the
tumour than in the normal tissue, as suggested by the col-
oured squares. This is more evident for proteasome genes
(upper part, left side) than for genes encoding XPO1-
interacting proteins nuclear (lower part, right side).

It is of note that the expression of genes encoding
subunits of the immunoproteasome (PSMBS8, PSMB9Y,
PSMBIO0) is not correlated with the expression of genes
encoding the other 26S proteasome subunits, whereas
the expression of the three genes of this subgroup is
highly correlated to each other. Interestingly, in the
spleen the three genes are co-expressed with all other
proteasome genes, reflecting the abundance of immu-
noproteasomes in immune cells (data not shown, see
Supplementary Information). Likewise, the expression
of PSMAS, is not correlated with the other proteasome
genes, except in testis, which is consistent with the func-
tion of the encoded subunit in spermatoproteasomes
(data not shown, see Supplementary Information). As
expected, the expression of control genes ACTB and
GAPDH is also poorly correlated with the expression of
proteasome genes.

In order to address whether the decrease in the degree
of proteasome genes co-expression is a common theme
distinguishing tumors and normal tissues, the matrices
of gene co-expression analysis were compared across
tumors (33 matrices) and normal tissues (32 matrices)
and the Euclidean distance was used to cluster the cor-
relation matrices into a dendrogram. When building
the dendrogram either considering the set of 38 protea-
some genes alone or the set of 38 genes encoding XPO1-
interacting proteins alone, we obtained a clear separation
with proteasome genes, and a much weaker separation
between tumors and healthy tissues when considering
the set of genes encoding XPO1-interacting proteins. Fig-
ure 2 shows how the 65 matrices clearly separate in two
parts. The only tumor matrices that remain close to nor-
mal tissues with respect to gene co-expression analysis of
this set of 78 genes are Kidney cancer with chromophobe
cells (KICH), Uveal melanoma (UVM) and Cholangio-
carcinoma (CHOL).

Interestingly, common cancers originating from epi-
thelia and mucosae are close to each other in the dendro-
gram (for example breast cancer/BRCA, bladder cancer/


https://figshare.com/projects/ProteasomeGeneExpression/171357
https://figshare.com/projects/ProteasomeGeneExpression/171357

Spataro and Buetti-Dinh Translational Medicine Communications

(2024) 9:4

Page 5 of 13

Fig. 1 A Matrices representing R Pearson correlation coefficients for gene co-expression within a set of 78 genes (38 proteasome genes, 38 genes
encoding Exportin-1 interacting proteins and 2 control genes) for 605 specimens of healthy lung from the GTEx and 601 specimens of Lung
adenocarcinoma from the TCGA. The cell's colour intensity is proportional to the R Pearson correlation between the gene pairs. Range of R values
for Healthy Lung: 0.000083-0.967020; range for Lung Adenocarcinoma: 0.000152-0.962849. The gradient scale colour is available at https://figshare.
com/projects/ProteasomeGeneExpression/171357. B Matrices representing R Pearson correlation coefficients for gene co-expression within a set
of 78 genes (38 proteasome genes, 38 genes encoding Exportin-1 interacting proteins and 2 control genes) for 360 specimens of healthy
pancreas from the GTEx and 183 specimens of Pancreas adenocarcinoma from the TCGA. The cell's colour intensity is proportional to the R
Pearson correlation between the gene pairs. Range of R values for Healthy Pancreas: 0.003631-0.968954; range for Pancreas Adenocarcinoma:
0.000224-0.978171. The gradient scale colour is available at https://figshare.com/projects/ProteasomeGeneExpression/171357

BLCA, skin cutaneous melanoma/SKCM) and at large
distance from matrices obtained with normal tissue; it
is also of note that cancers with similar biology and cell
of origins are close in the dendrogram (for example lung
squamous cancer/LUSC and head and neck squamous
carcinoma/HNSC or colon adenocarcinoma/COAD and
rectal adenocarcinoma/READ).

In order to identify the genes that contributed most to
the distinction between tumours and healthy tissues, we
used a machine learning algorithm (XGBoost) trained on
all pairs of tumour-healthy tissues. The model was sub-
sequently applied to the same dataset for predicting the
dataset category (tumour or healthy). Unsurprisingly,
the model was able to classify the training set with 100%

accuracy, thereby revealing the dataset features (i.e., the
gene pair correlations) that contributed most to the suc-
cessful classification. The genes with highest classifica-
tion weights are presented in Table 2.

Further, these genes (PSMA1l, PSMA5, PSMA7,
PSMB1, PSMB3, PSMB4, PSMB5, PSMB6, PSMB?7,
PSMC2, PSMC3, PSMC4, PSMD1, PSMD7, PSMDS,
PSMD11, GAPDH, XPO1, TTF2, UBE2I) involved in
the correlation pairs for which XGBoost feature contri-
bution was higher than a cutoff value of 0.01 were used
as a gene subset for hierarchical clustering. Sixteen out
of the top 20 genes in this list encode proteasome subu-
nits, either of the 20S (core) complex (9 genes) or of the
regulatory 19S complex (7 genes) and this set includes
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Fig. 2 Dendrogram representing results of cluster analysis of 65 matrices (33 matrices from tumour types from TCGA in red colour and 32 matrices
of gene co-expression from healthy tissues from the GTEx project in blue colour)

the 3 genes encoding the subunits with catalytical activ-
ity for substrate degradation (PSMB5 encoding beta-5
with chymotrypsin-like activity, PSMB6 encoding beta-1
with caspase-like activity and PSMB7 encoding beta-2
with trypsin-like activity). Other genes in this set have
important functions such as PSMD8 encoding the subu-
nit which allows the incorporation of the lid subcomplex
into the base of the 19S, PSMD1 which encodes RPN2
protein which acts as a docking site for the ubiquitin
receptor RPN13, and PSMD?7, which encodes a protein
which dimerizes with PSMD14 and assists in deubiqui-
tylation of proteasome substrates. Among the set of the

top 20 genes that separate cancers and healthy tissues we
found 3 genes of the group of XPO1l-interacting proteins:
XPOl itself, UBE2I which encodes UBC9Y, a protein with
E2-conjugating activity and TTF2, a gene encoding the
Transcription Termination Factor 2, a protein involved
in DNA-protein interactions which is found to physically
interact with XPO1 in the OpenCell database [16].

When plotting the distribution of the R Pearson cor-
relation coefficients obtained for the co-expression of
genes encoding the 20S subunit (14 genes), the 19S
subunit (18 genes), and the genes of XPO-1 interacting
proteins (38 genes) and comparing the distribution of R
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Table 2 Genes contributing most to the clustering of cancer versus healthy tissue matrices

GENE Protein product with subcomplex location (20S/19S) and function
PSMA1 20S, encodes alpha-6 subunit (alpha ring), involved in 19S docking
PSMA5  20S, encodes alpha-5 subunit (alpha-ring), involved in 19S docking
PSMA7 20S, encodes alpha-4 subunit (alpha-ring), involved in 19S docking and 20S gating
PSMB1 20S, encodes beta-6 subunit, part of beta-ring, likely structural role
PSMB3 20S, encodes beta-3 subunit, part of beta-ring, likely structural role
PSMB4  20S, encodes beta-4 subunit, part of beta-ring, likely structural role
PSMB5 20S, chymotrypsin activity, the target of bortezomib, carfilzomib, ixazomib
PSMB6 20S, encodes beta-1 subunit, caspase-like activity (degradation)

PSMB7 20S, encodes beta-2 subunit, trypsin-like activity (degradation)

PSMC2 195, resides in the base, «unfoldase» activity

PSMC3 195, resides in the base, «unfoldase» activity

PSMC4 195, resides in the base, «unfoldase» activity

PSMD1 19S, encodes RPN2, docking of the ubiquitin receptor RPN13

PSMD7 19S, dimerises with PSMD14, assists in deubiquitylation

PSMD8 195, allows incorporation of the lid to the base of proteasome cap
PSMD11 19S, encodes PCl protein regulating ATPase activity (translocation)

TTF2 Encodes transcription terminator factor 2, various roles in protein-DNA interactions
UBE2I Encodes UBC9, which has E2 conjugating activity

XPO1 Encodes Exportin-1, the target of Selinexor and other SINE-drugs

GAPDH  Encodes Gliceraldehyde-3P —dehydrogenase (included as a control)

The top 20 genes contributing most to the clustering of cancer vs healthy tissue matrices. Dark green colour highlights proteins that are established targets in the
treatment of cancer, light green colour highlights proteins with functional and/or enzymatic activity that is potentially targetable. Non-highlighted proteins are

structural proteins, one control protein and one transcription factor

values obtained for 13 tumor types and their healthy tis-
sue counterparts, we found different results for the co-
expression of genes encoding subunits of the proteasome
and for genes encoding XPO1-interacting proteins. There
was a statistically significant decrease of R values for the
co-expression of 20S genes and 19S genes in all tumors
as compared to their corresponding healthy tissue, with
the only exception of the genes encoding 19S subunits in
endometrial carcinoma of the uterine corpus. For pairs of

genes encoding 20S subunits the median correlation fac-
tor is quite high in healthy tissues (at least 0.70) whereas
it decreases to medium-low values in corresponding
tumour specimens (around 0.50 or less). The decrease of
the correlation in gene co-expression is observed both
for the set of gene pairs encoding 20S subunits and for
gene pairs encoding 19S subunits (as shown by violin
plots in Fig. 3A, B, D, E referring to normal lung and lung
adenocarcinoma and to normal pancreas and pancreas
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A Genes 20S - Genes 20S D Genes 20S - Genes 208

T-test, p<2.2e-16 T-test, p<2.2e-16

Correlation
Correlation

B Genes 19S - Genes 19S E Genes 19S - Genes 19S

T-test, p = 3.5e-10 T-test, p <2.2e-16

Correlation
Correlation

' : Genes Nuclear Export - Genes Nuclear Export F Genes Nuclear Export - Genes Nuclear Export

T-test, p<2.2e-16 T-test, p <2.2e-16

Correlation
Correlation

Fig. 3 A Distribution of R Pearson correlation factors for co-expression of genes encoding 20S proteasome subunits in 655 specimens of normal
lung and 601 specimens of lung adenocarcinoma. B Distribution of R Pearson correlation factors for co-expression of genes encoding 195
proteasome subunits in 655 specimens of normal lung and 601 specimens of lung adenocarcinoma. C Distribution of R Pearson correlation factors
for co-expression of genes encoding XPO1-interacting proteins in 655 specimens of normal lung and 601 specimens of Lung adenocarcinoma. D
Distribution of R Pearson correlation factors for co-expression of genes encoding 20S proteasome subunits in 360 specimens of normal pancreas
and 183 specimens of pancreas adenocarcinoma (PAAD). E Distribution of R Pearson correlation factors for co-expression of genes encoding 195
proteasome subunits in 360 specimens of normal pancreas and 183 specimens of pancreas adenocarcinoma (PAAD). F Distribution of R Pearson
correlation factors for co-expression of genes encoding XPO1-related proteins in 360 specimens of normal pancreas and 183 specimens of pancreas
adenocarcinoma (PAAD)
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adenocarcinoma). In contrast, the degree of co-expres-
sion of genes encoding XPOl-interacting proteins was
for many tumor types either not significantly different
(for example for prostate cancer or pancreas adenocarci-
noma, Fig. 3F) or even in some cases higher in tumors
than in corresponding healthy tissue (for example for
lung adenocarcinomas, lung squamous carcinomas, blad-
der carcinomas, ovarian carcinomas, uterine endometrial
carcinomas) (Fig. 3C and Supplementary Information).
In order to explore the hypothesis of an interplay
between the proteasome and nucleocytoplasmic trans-
port, we screened for gene pairs made of two genes
belonging each to one of the two families of genes (pro-
teasome genes and genes encoding proteins interact-
ing with XPO1) that had a high degree of co-expression.
We found several cases of such gene pairs that were dis-
tributed among various tumour types. Interestingly, the
majority of these pairs of genes involved, as the protea-
some partner of the pair, a gene encoding a subunit of the
19S regulatory complex, such as PSMD7 (correlated with
NUP93 with a R of 0.70 in breast cancer), and PSMD14
(correlated with XPO1 with R > 0.70 in rectum adeno-
carcinoma, stomach adenocarcinoma, uveal melanoma
and with SUMO1 with R = 0.78 in skin melanoma).
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The expression of the XPOI gene is not correlated with
the expression of proteasome genes in healthy tissues,
whereas it is so in tumour tissues, as shown in Table 3
for select gene pairs in breast cancer, prostate cancer
and endometrial cancer of the uterus. The proteasome
gene with which the expression of XPOI has the high-
est degree of correlation in cancer samples is PSMDI4.
When focusing on the gene pair PSMD14/XPO1, we find
that the correlation is always higher in cancer specimens
than in the tissue of origin (Table 4). In some instances
(breast cancer, prostate cancer, endometrial cancer),
there is no correlation at all between PSMD14 and XPOI
expression in the tissue of origin and a highly corre-
lated expression in the cancer specimens. In contrast, in
most normal tissues considered for the comparison, the
PSMDI14 gene is highly correlated (R> 0.8) with RAN,
encoding the small GTPase RAN, a key XPO1 partner in
mediating nucleocytoplasmic transport (Table 4).

Discussion

These findings show that proteasome genes are co-
expressed in a highly correlated manner in healthy tis-
sues and confirm that gene co-expression analysis can
be used to investigate the composition of multiprotein

Table 3 Correlation between select gene pairs in three cancer types and healthy counterparts

Gene pair Breast Breast Prostate Prostate Uterus Uterus
N CA N CA N CA
PSMA2/PSMB5 | 0.74 0.30 0.68 0.65 0.76 0.60
PSMA2/PSMD7 | 0.58 0.47 0.80 0.61 0.62 0.57
PSMA2/PSMD14 | 0.66 0.65 0.82 0.54 0.78 0.72
PSMB5/PSMD7 | 0.52 0.40 0.81 0.59 0.67 0.50
PSMB5/PSMD14 | 0.67 0.42 0.82 0.69 0.68 0.59
PSMD7/PSMD14 | 0.71 0.57 0.81 0.52 0.55 0.58
PSMA2/XP0O1 <0.1 0.44 <0.1 0.30 0.15 0.58
PSMB5/XPO1 <0.1 0.17 <0.1 <0.1 0.23 0.31
PSMD7/XPO1 <0.1 0.41 <0.1 0.29 0.34 0.37
PSMD14/XP0O1 <0.1 0.60 <0.1 0.56 0.11 0.62

R Pearson correlation coefficients for select gene pairs within the set of proteasome genes (PSMA2, PSMB5, PSMD7, PSMD14) and between this subset of proteasome
genes and the XPOT gene in breast, prostate and endometrial cancer relative to normal breast, normal prostate and normal uterus. The higher R correlation factor in
the comparison Normal vs Cancer is coloured in darker blue and the lower correlation factor in lighter blue. Differences of R values > 0.50 are highlighted in yellow

and differences > 0.3 are highlighted in orange
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Table 4 Correlation between gene pairs PSMD14/RAN and PSMD14/XPOT1 in thirteen cancer types and healthy counterparts

PSMD14/RAN | PSMD14/XPO1

NORMAL TISSUE(N)/TUMOUR TYPE (CA) | N CA N CA

BLADDER/BLCA 099 |0.54 |0.12 0.53
BREAST/BRCA 0.81 |0.60 |<0.1 0.60
COLON/COAD 0.86 |0.71 |0.28 0.58
ESOPHAGUS/ESCA 0.90 |0.61 |O0.25 0.60
LIVER/LIHC 0.88 |0.64 |0.35 0.62
LUNG/LUAD 089 |0.72 |0.21 0.48
LUNG/LUSC 0.89 |0.63 |0.21 041
OVARY/OVCA 0.77 |0.46 |0.01 0.39
PANCREAS/PAAD 085 |0.62 |0.34 0.58
PROSTATE/PRAD 0.88 | 0.65 |<0.1 0.56
COLON/READ 086 |0.71 |0.28 0.70
STOMACH/STAD 091 |0.75 |0.49 0.71
UTERUS/UCEC 081 |0.65 |0.11 0.62

R Pearson correlation coefficients for co-expression of gene pairs PSMD14/RAN and PSMD14/XPO1 in 13 tumour types (CA) and in their respective normal tissue
counterparts (N). Higher values in the comparison are in darker blue and lower values in lighter blue. Differences of R values > 0.5 between CA and N are highlighted

in yellow and differences of R values > 0.3 are highlighted in orange

complexes. Specialized tissues such as spleen show a high
correlation between regular proteasome genes and genes
encoding special subunits of immunoproteasomes found
in immune cells with the function of producing peptides
to be presented by the MHC complex. Conversely the
expression of these genes is unrelated to the expression of
other proteasome genes in all other tissues.

In contrast with normal tissues, the pattern of co-
expression of proteasome genes is extensively altered in
almost all tumour types included in the TCGA and the
degree of correlation between genes’ expression is lower
both for genes encoding subunits of the 20S core of the
complex and for genes encoding subunits of the 19S reg-
ulatory subcomplex. This observation holds true not only
at a “pancancer” level but also when comparing single
tumour types with their normal tissue counterpart, rep-
resenting their tissue of origin. As a result, this data sup-
ports the hypothesis that not only the ubiquitination and
deubiquitylation processes can be altered in cancer [20]
but also the proteasome complex itself.

One possible interpretation of these findings could
be that the stoichiometry of the proteasome complex,
i.e. the composition and the assembly of the subunits,
is altered in cancer cells. It is known that several spe-
cies of proteasomes exist in different tissues (e.g., the
immunoproteasome in immune cells) and that some
parts of the complex (the 19S) are very dynamic.
Assembly of non-canonical proteasome complexes
has been described in yeast [21]. Therefore, it is plau-
sible that cancer cells harbour non-canonical protea-
some species in order to comply with the increased
demand for protein turn-over in the transformed cell
or to obtain a selective advantage of growth and sur-
vival. This model could be investigated by biochemi-
cal studies on purified proteasomes, although such
studies are labour-intensive, technologically demand-
ing and require large amounts of tissue [22]. To our
knowledge, our study is the first attempt to evaluate the
entire proteasome complex at a large scale in cancer,
albeit by an approach based on computational analysis
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of transcriptomic data, whereas no comparable studies
have been reported so far at the proteomic level.

It is also possible that some proteasome subcomplexes
or single subunits exist in cancer cells in addition to the
regular full complex. It has been already hypothesized
that such subcomplexes might have a role in cell signal-
ling, given the similarity between the COP9/signalosome
and parts of the proteasome [23]. With regard to single
subunits, it has been shown that some proteasome subu-
nits have non-canonical roles (i.e. roles independent from
the full proteasome complex), for example in DNA-repair
[24]. It is possible that these non-canonical functions are
amplified in cancer cells and explain an uncoupling of the
transcription pattern of the respective genes in compari-
son with other proteasome genes. These models could
operate differently depending on tumour type, grade and
stage and some subunits might have a more important
oncogenic role in some contexts and not in others. The
data presented here do not enable us to investigate these
issues, as this would require further studies focused on
single tumour types and considering their clinical fea-
tures and prognosis.

When interpreting this data, we should also consider
the possibility of methodological biases. We have used
tools such as recount3 [25] that have significantly eased
the effort to compare diverse datasets such as TCGA and
GTEx in a uniform way, but biases due to experimen-
tal factors such as "batch effects" should be taken into
account. However, the intrinsic feature of our analysis
should limit such biases, since we addressed the correla-
tion analysis of co-expression rather than the analysis of
absolute expression levels linked to measurements. Sec-
ond, a systematic bias seems unlikely, since the second
set of genes included in this work (those encoding XPO1-
interacting proteins) behaves differently from protea-
some genes and does not show a general decrease of the
degree of correlated co-expression, unlike proteasome
genes (Fig. 3A-F). Moreover, the findings of this work are
biologically plausible and consistent with several reports
on the overexpression of single subunits in cancer rela-
tive to normal tissue [7-9].

From a therapeutical perspective, this work highlights
20 genes out of the 78 genes considered that are more
often deregulated in comparison with normal tissues
and among these genes we find 16 encoding subunits of
the proteasome. These include PSMB5 which is already
a therapeutic target for the treatment of myeloma and
other subunits that are known to have important func-
tional roles. This work therefore supports further investi-
gation of these targets for anticancer treatment [10].

Our study shows that there is a high degree of correla-
tion in terms of gene co-expression between some pro-
teasome genes and genes encoding proteins that interact
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with XPO1 and are involved in nuclear export. This
part of the study is exploratory and the findings are only
hypothesis generating. Nevertheless, very interestingly
one of the genes in this group that is more often cor-
related with proteasome genes is the XPOI gene itself,
raising the possibility that in cancer cells proteasome bio-
synthesis is co-regulated with the XPO1 protein, which
acts as the main nuclear export protein. This might be
explained by the necessity to support the shuttling of
proteasome complex between cellular compartments and
by a cooperation between some proteasome subunits and
the nuclear export proteins (RAN, XPO1). Several lines
of evidence suggest that there is an interplay between
nuclear transport and the ubiquitin-proteasome system
in several biological contexts (reviewed in [26]). In cancer
cells that have increased needs in terms of protein quality
control and protein turn-over, this interaction might gain
importance. Another interesting observation is the high
correlation for co-expression between PSMDI14 and RAN
in normal tissues and between PSMDI14, RAN and XPOI
in cancer tissues. PSMD14 is a key subunit involved in
deubiquitylation of proteasome substrates and the high
correlation of co-expression with RAN and XPO1 sug-
gests a possible interplay between the processes of deu-
biquitylation and nuclear export of substrates.

The findings of this study are consistent with the
observation of a similar range of anticancer activity and
the synergy between the XPO1 inhibitor Selinexor and
the PSMB?5 inhibitors Bortezomib and Carfilzomib [14,
15]. Based on our findings the concomitant inhibition
of PSMD14, which has a deubiquitinase activity that
is druggable, and XPOL1 could also be a combination of
therapeutic interest.

Conclusions

This study shows that the expression of proteasome
genes is extensively altered in solid tumours, regardless
of tumour type. Cancer specimens have a significantly
lower degree of co-expression of proteasome genes as
compared with the tissue of origin, which suggests a sub-
stantial rewiring of proteasome genes and a change in
the stoichiometry of proteasome subunits. Genes that
are more often involved encode subunits of the complex
that are known to have critical roles within the complex,
such as subunits beta-1 (PSMB6), beta-2(PSMB7), beta-5
(PSMB5), PSMDS, PSMD1 and PSMD?7.

These data could be a basis to envision further stud-
ies on proteasome complexes in cancer by proteomic
approaches. They also support the development of
compounds or treatment strategies for targeting the
proteasome not only in multiple myeloma (where reg-
istered proteasome inhibitors target the beta-5 subunit)
but also in other cancer types, in which other subunits,
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with deregulated expression as shown in this work,
could be attractive targets. Indeed, several pieces of
evidence show that the inhibition or downregulation of
critical subunits might have an antiproliferative effect
both in solid tumours [27, 28] and in multiple myeloma
resistant to inhibitors of the beta-5 subunit [29].

In addition, our results show that there are genes
involved in nucleocytoplasmic transport such as XPOI
that have a highly correlated co-expression with pro-
teasome genes, and in particular with a subset of them
such as PSMDI4, in cancer specimens as compared to
normal tissues. The expression of the PSMDI4 gene is
also highly correlated to that of the RAN gene in nor-
mal tissues, suggesting that a coordination of the two
pathways exists in normal cells and gains importance
in cancer cells. These findings are consistent with the
observation that drugs inhibiting XPO1 synergize
with proteasome inhibitors against multiple myeloma
and lend support to the development of combination
treatments that co-target proteins involved in nucleo-
cytoplasmic transport and the proteasome also for the
treatment of other tumour types.
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