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ABSTRACT

Breastcanceris a complex disease,and severalprocessesare involved in its development. Therefore, potential
therapeutic targets needto be discoveredfor these patients. Proteasome26Ssubunit, ATPasegene (PSMCjamily
membersare well reported to be involved in protein degradation. However,their roles in breast cancerare still
unknown and needto be comprehensivelyresearchedleveragingoublicly availabledatabasessuchascBioPorta
and Oncomine,for high-throughput transcriptomic profiling to provide evidencebasedtargets for breastcanceris
a rapid and robust approach. By integrating the aforementioned databaseswith the KaplargMeier plotter
database we investigatedpotential roles of six PSMGamily membersin breastcancerat the messengerRNAlevel
and their correlationswith patient survival. The presentfindings showedsignificantly higher expressionprofiles of
PSMC2PSMC3PSMC4PSMC5and PSMC6n breastcancercomparedto normal breasttissues.Besides positive
correlations were also revealed between PSMCfamily genes and ubiquinone metabolism, cell cycle, anc
cytoskeletalremodeling.Meanwhile, we discoveredthat highlevelsof PSMC1PSMC3PSMC4PSMC5and PSMC
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transcripts were positively correlated with poor survival, which likely shows their importance in breast cance
development. Collectively, PSMCfamily members have the potential to be novel and essential prognostic

biomarkersfor breastcancerdevelopment.

INTRODUCTION

In 2020, breast cancer accounted for 30% of all types of
cancer in women in the United States. Expressions of the
estrogen receptor (ER), progesterone receptor, and
human epidermal growth factor receptor (HERRare
used 6 subgroup breast cancer cases. Currently, salvage
therapy for breast cancer patients includes fulvestrant
(selective ER downregulators) [1, 2], cyetlependent
kinase 4/6 inhibitors [3], aromatase inhibitors combined
with everolimus (a mammalian analogf arapamycin
which acts as a mammalian target of rapamycin (nTOR)
inhibitor) [4], and histone deacetylase (HDAC) inhibitors
[5]. High expression of Bell lymphoma 2 was detected

in nearly 70% of metastatic breast cancer patients, and
treatment with a seléee inhibitor improved apoptosis in

a preclinical model of breast cancer [6, 7]. Meanwhile,
proteasome 26S subunit ATPase (PSMC), proteasome
20S subunit beta (PSMB), GATF4inding protein,
serine/threonine kinase, and matrix metallopeptidase
family genes, signal transducer and activator of
transcription (STAT), Notch, and phosphatidylinositel 3
kinase (PI3K were reportedto be causes of those
alterations [811].

The PSMC family is comprised of six members, namely
PSMC1, PSMC2, PSMC3, PSMC4, PSMC5, and
PSMCB6, which partially constitute formation of the 19S
regulatory complex. This complex plays an important
role in regulating the 26S proteasome, which in turn,
catalyzes the unfolding and translocation of substrates
into the 20S proteasomi addition, memeérs of the
PSMC gene family, except for PSMC3, are known to
cause NCoR degradation [12]. Previous studies showed
that PSMC6 promotes osteoblast apoptosis and cancer
cell proliferation, while PSMC2 inhibits apoptosis.
Furthermore, PSMC6 also inhibited aetiion of the
PIBK/AKT signaling pathway in an animal model of
ovariectomyinduced osteoporosis [1B5]. PSMC5
participates in degradation of TInl and angiogenesis
[16]. In hepatocellular carcinoma cells, knockdown of
PSMC3IP resulted in suppression of agraft pro
liferation and tumorigenesis [17].

High-throughput technologies are widely used as systemic
approaches to explore differences in expressions of
thousands of genes for both biological and genomics
systems [18120]. It is well recognized that many
upregulatecanddownregulated gesere associated with
oncogenic or tumesuppressive functions in cancer

developmenf21i 26]. Nevertheless, a holistic approach to
exploring messenger (m)RNA levels of the entire PSMC
family in breast cancer has not been conducted.

Therefore, in the present study, we analyzed all
available mRNA data from public breast cancer
databases, comparing datasets from breast cancer
patients with those from normal tissues. We also
predicted interactive networks andgene regulatory
networks related to th&SMC family to determine
potential biomarkers. A metanalysis approach was
adopted to screen downstream molecules associated
with PSMCgenes. Based on our analy$§MC family
membersand their downstreanregulated genes are
potential candidates for new therapeutic targets in breast
cancer progression.

RESULTS

PSMC family members play crucial roles in breast
cancer progression

Previous studies identified six PSMC family members in
Homospecies, and some of these genes play crucial roles
in cancer progression. Oncomipdatform contained a
total of 392 unigue analyses for PSM@kpression

and PSMC1 had significant in 13 of 392 unique analyses.
PSMC2 had significant in 55 of 433 unique
analyses, PSMC3 had significant in 28 of 421 unique
analyses, PSMC4 had significarin 71 of 432
unique analyses, PSMC5 had significant in 24 of
420 unique analyses, PSMC6 had significant in 28 of 445
unique analyses (Figure Hlowever a metaanalysis is
needed to clarify gene signatsref PSMC family
membes in breast canceAccording to our results from

an Oncomine analysis of MRNA expressions of PSMC2,
PSMC3, PSMC4, PSMC5, and PSMC6, these members
are highly upregulated in breast cancer tissues; therefore,
we chose breast cancer to perform further bioinformatics
analyses (Figurel). Furthermore, in the METABRIC
database, expressions of PSMC members in breast cancer
tissues were significantly higher than those in normal
tissues;p values ranged fron2.16E45 to 0.023 for
PSMC1, 1.37E29 to 0.016 forPSMC2, 3.18E21 to
0.001 forPSMC3, 1.28E53 to 0.018 for PSMC4, 7.02E

36 to 0.041 for PSMC5, and 9.03R to 0.039 for
PSMC6 (Supplementary Table 1Meanwhile, to further
explore gene expressions of the entire PSMC family in
breast cancer, we compared transcript levels of different
breast cancer subtypes, such as the trigigative, HER
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2, and luminal subtypes, relative to normal breast tissues,
in TCGA database (Supplementary Figure 1).
Interestingly, we discovered that PSMC genes were
overexpressed in a subtyppecific manner: spdigally,
PSMC1 PSMC2, PSMC3, PSMC4 were highly
expressed in the tripleegative subtype, PSMC5 in HER

2, andPSMC6 in luminal cancer. These results suggest
oncogenic effects of PSMC family genes on tumor
progression.

Associations between mRNAlevels of the PSMC
family and clinicopathological parameters in breast
cancer patients and cell lines

GEPIA2 datasets were used to analyze mRNA levels
of PSMC members in breast cancer tissues compared
to normal tissues. We found that levels of all six
PSMCs were upregulated in breasancer tissues

PSMC1

PSMC2 PSMC3

relative to normal breast tissues (Figurei2H).
Additionally, analysis of the CCLE dataset
(https://www.broadinstitute.org/cdle also showed
differential expessions of PSMC family members in
breast cell lines (Figure 3).

Genes coexpressed with PSMC family genes in
breast cancer

We analyzed genes coexpressed with PSMCL1 in the
Perou Breast 2 dataset from the Oncomine platform.
We fourd that PSMC1 was positively correlated with
MYL9 PCOLCE ANXA§ DVL1, MAPKAPK2
PROGC FTL, ZNF358 CHRNA1 COL5A1 MPP1,
PDEG6A COL1A1 MIA, SH2B3 COL6A], andBGN.

We used theLandemainedataset to analyze genes
coexpressed with  PSMC2 and found that its
expression was positively correlated wiBMADS

PSMC4 PSMC5 PSMC6
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Figure 1. Overview of mMRNA expression levels of proteasome 26S subunit, ATPase (PSMC) genes in multiple types and
subtypes of cancer from the Oncomine databaSehe analyis compared expressions of target genes in breast cancer tissues relative

to normal matched tissues. Red and blue gradients display theaoked genes in specific datasets. Significant unique analysis means the
number of datasets that satisfied the thiesdd of >2 multiples of changp<0.05, and in the top 10% gene ranking.
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Figure 2. Transcript expressions pfoteasome 26S subunit, ATPaseIMC) genes in breast canc@. P Expressions of PSMC
members in multiple types afancer. G, H) Transcript expressions of PSMC members in clinical breast cancer patients. Red bar and box plots
show tumor expression while green/gray colors represent normal breast tissues.
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KLHL20, ZNF148 KLHL28, PPP4R2 SFRS12IP1
NPHP3 TMCC1, KIAA2018 DHX29 Clorf27,
C1l40rf138 SOCS4 Cllorf46, FKTN, RNF17Q
CHIC1, ZNHIT6, and JMIDIC. We analyzed genes
coexpressed with PSMC3 in thdinn dataset and
found that its expression was positively correlated
with EIF6, CLIC1, MAPRE1 EIF2S2 GRPEL1
TMEM93 PSMB6§ EXOSC9 RPAI COPS3 G3BP]
EIF2S1 NOL7, SNRPC EEFIEI, RDBP, andCSEIL

As for the genes coexpressed with PSMC4, we used
the Ma datast and found that it was positively
correlated with expressions oADRM1, CAPZB
ACOT7 HSPB1 UEVLD, PCBD2 CCDC64
C7orf68 SCD, CYB561 GPRC5A DNAJA4 HAGH,
SNRNP25 PSMD2 ANXA4 GRB2 UBE2F and
UBEZF. We analyzed genes coexpressgth PSMC5

in the Julkadataset and found that its expression was
positively correlated wittCCDC45 CMYAS KCTD3
SPOPL TP53INP1 TPPP3 C200rf54 PTGER3
EXOC1 CAT, WDR11 SDCBR CCDC46 C200rf3

PSMC1 PSMC2 PSMC3

BT474) MCF7 HCC1428) HCC159% MDAMBA53| HCC1500|
SKBR3 HOC1395] HCC38) MCF7 MCF7 HCC38)
HCC1385) MDAMB157 MCF7 CALS1 MDAMEB 361 MDAMB453
AUS5B5 HCCc202 HCC1419 CALB51 KPL1| MDAMB 134V
MCF7| CALB51 MDAMB231 ZR7530 HCC1428) HCC1428
ZR7530 SKBR3| JMT1 EFM192A HCC202| ZR751
MDAMEB157| MDAMB 231 MDAMB436| MDAMB415 EFM192A MCF7|
SUMI159PT HCC38 MDAMB468 | MDAME361 AUSE5 T47D|
MDAMEBA453 MDAMB436| KPL1 HCC202 HCC38 BT474
ZR751 HCC1187| T47D| HCC1418 T470| HCOC1143
MDAMB231 AUS565 UACC293 MDAMEB453 SKBR3| HCC1385
HCC1419 MEAMBA15, HCC1143 BT20 HOC2218| HCC1418)
KPL1 HOC1569| AUSES HCC2218 HMC18| ZR7530|
EFM192A KPL1 HMC18 HCC1937 MDAMB231| CAL51
T47D| MDAMBAGS| HCC1937 HCG38 CAMAT| MDAME231
CAL120| HCC1428 MDAMBA53 MDAME 468 HCC1419) HCC1937
BT20 BT549 MDAMB361 KPL1 MDAMB157| SUM159PT|
HOC202 HCC70 MDAMB415 HMC18 MDAMB415| MDAME157|
MDAMBA415 HOC2218| HCC1187 MDAMEB231 CALES1 BT483
HCC1937 HCC1954, MDAMB157| SKBR3 UACC893| HCC1954
HCC1187 HCC1419 HCC1569 AU565 BT20 HMC18|
HCC1954 HCC1500 ZR7530 CAMAT HCC1954) MDAME415
HMC18, HOC1937| SKER3 HCC1143 ZR751 EFM192A
MDAMB361 EFM192A BT549] HCC1954 HOC1937| BT548|
CAL851 HDQP1 BT20| CAL120 UACCB12| MDAMEAES,
HCC38) BT474] HCC70| JIMT1 ZR7530| KPL1
BT543) CAMA1 HCC1593) BT543 MDAMBA36) HCCT0|
HCC1143] MDAMB361 CAL148 BT483 CAL51| BT20|
HCC1428| ZR751 HCC1500 T47D BT483 MDAME361
HCC1500| ZR7530 HCC1395 HCC70 JiMT1| AU565
UACC8S3 CAL148 Du4475 CAL148 CAL148| UACCB12
CALS1 CAL120| CAL851 BT474 HDQP1 CAL120|
CAMA1 UACCBI3| CAL120 HCC1500 BT549) HCC1599)
HCC2218) HOC1599| HCC1954, UACCB12 MBAMB175VII HCC202
HCC1599 BT20| MDAMB175VII MDAME436 HOC1395| MDAMEB175VII
HCCT0| HMC18| BT474| UACCE93 HCC1143] DU4475
MDAMB468 BT483| EFM132A MDAMB 134VI HCOC1500| HCOC2218|
VIDAMB175VII| MDAMB134VI HCC202 HCC1428 HOC2157| HMEL
HCC1569 JiMT1 HDQP1 ZR751 BT474 HCC1187
MDAMB436 CALS51| HCC2218) HCC1187 MDAMBAES| EFM18,
EFM1% DU4475 HS274T MDAMBI75VII CAL120 CAMA1
MDAMB134VI| T47D)| CAL51 HCC1569 HCC1806) HS274T
CAL148/ HCC2157 ZR751 HCC1395 HCC1569 CALB51
HDOP1 MDAMB175VII HCC1806 HCC2157 DU4475 MDAMEB436|
DU4475 H5274T BT483 EFM19 MDAMB134VI HDQP1
H5274T HS578T| HCC2157 HS578T HCC1599) Mt
HMEL| SUM159PT| EFM18 HDQP1 HCC70 HCC1806
HCC1806) MDAMBA53 SUM153PT MDAME157 H5274T| SKER3
HCC2157, HCC1143] HS578T DL4475 HMEL HCC1569)
HS578T EFM19) UACCR12 H5274T HCC1187| HCOC2157
BT483 UACCB12| CAMA1 HMEL| SUM159PT| UACCBS3
UACC812 HMEL| KMEL| SUMI159PT EFM19 CAL148
JIMT1 HCC1806| MDAMB134VI| HCC1806 HS578T) HS578T

PLK1S1 MYADM, ADAMTSL3 ABCC5H and CAPS
For genes cogressed with PSMC6, we used
the Kreike dataset and found that its expression
was positively correlated withlCLPX, CCDC90B
FAM18B2 C60rf62 ZBTB33 PYROXD1
CDC42SE2 COMMD6, LOC401397 CAPZA|
TPRKB GABPA MATR3 ZDHHC2(Q SCOGC and
COPS2(Figure 4A).

Additionally, associations among PSMC1, PSMC2,
PSMC3, PSMC4, PSMC5, and PSMC6 were also
analyzed using the GEPIA datasgpecifically PSMC1
was positively correlated with PSMC2RH0.41,
p<0.05), PSMC3 R=0.36, p<0.05), PSMC4 R=0.2,
p<0.05), PSMC5 R=0.26, p<0.05), and PSMC6
(R=0.42, p<0.05). PSMC2 was positively correlated
with  PSMC3 R=0.27, p<0.05), PSMC4 R=0.21,
p<0.05), PSMC5R=0.11,p<0.05), and PSMCER=0.3,
p<0.05). PSMC3 was positively correlated with PSMC4
(R=0.24, p<0.05), PSMC5 R=0.22, p<0.05), and

PSMC4 PSMC5 PSMC6

Figure 3. Expressions @ffoteasome 26S subunit, ATPaseSMC) genes in different breast cancer cell lingsatmap plots
were acquired from the CCLE database, which indicated expression levels of six PSMC members in breaslt taaseihe upper blocks
in red indicate oveexpression, whereas the bottom blocks indicate unerpression.
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PSMC6 R=0.15, p<0.05). PSMC4 was positively
correlated with PSMC5RE0.021,p<0.05) and PSMC6
(R=0.068, p<0.05). Finally, PSMC5 was positively
correlated with PSMC6R=0.13, p<0.05) (Figure 4B).
Meanwhile, we obtained similar results from the
cBioPortal and the Cytoscaped and METABRIC
databases, which revealed that the six PSMC members
were correlated with de cycle-related genes
(Supplementary Figure 2). In addition, expressions of
PSMC family members were also correlated with
immune infiltration profiles in breast cancer, as
analyzed with the Tumor Immune Estimation Resource
(TIMER; cistrome.shinyapps.ioftier) tool. Expression

of each PSMC gene was associated with tumor purity
and markersof different types of immune cells
(Supplementary Figure 3).

Protein expressions and prognostic values of the
PSMC family in breast cancer specimens

SincePSMCfamily genes were differentially expressed
in samples from breast cancer patients, we next
explored the potential roles of these genes in human
breast cancer tissues, correlating their expressions with
other potential Wmarkers related to molecular subtypes
of breast cancer. To determine expression®®MC

Figure 4. Genes coexpressed with theoteasome 26S subunit, ATPadeg§MC) family and correlations among the six PSMC
genes in breast cancetd) Genes coexpresd with PSMC genes in breast cancer from the Oncomine platf@nCdrrelations among

PSMC genes in breast cancer from the GEPIA2 platform.
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