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Breast cancer ranks first in incidence and fifth in cancer-related  the expression levels of proteins that regulate G;-S transition and
deaths among all types of cancer globally. Among breast cancer, found that p27 was specifically upregulated in AIbZIP-depleted
triple-negative breast cancer (TNBC) has few known therapeutic  cells. Furthermore, we identified that this p27 downregulation was
targets and a poor prognosis. Therefore, new therapeutic targetsand ~ caused by protein degradation modulated by the ubiquitin-
strategies against TNBC are required. We found that androgen-  proteasome system via F-box protein S-phase kinase-associated
induced basic leucine zipper (AIbZIP), also known as cyclic AMP-  protein 2 (SKP2) upregulation. Our findings demonstrate that
responsive element-binding protein 3-like protein 4 (CREB3L4), AIbZIP is a novel p27-SKP2 pathway-regulating factor and a
which is encoded by Creb3l4, is highly upregulated in a particular ~ potential molecule that contributes to LAR subtype TNBC
subtype of TNBC, luminal androgen receptor (LAR) subtype. We  progression.
analyzed the function of AIbZIP through depletion of AIbZIP by
siRNA knockdown in LAR subtype TNBC cell lines, MFM223 and  Implications: This research shows a new mechanism for the
MDAMB453. In AIbZIP-depleted cells, the proliferation ratios of  proliferation of LAR subtype TNBC regulated by AIbZIP, that may
cells were greatly suppressed. Moreover, G;-S transition was  provide novel insight into the LAR subtype TNBC progression and
inhibited in AIbZIP-depleted cells. We comprehensively analyzed  the molecular mechanisms involved in cell proliferation.

Introduction not ideal. The effectiveness of pembrolizumab against TNBC was

Breast cancer ranks first in incidence and fifth highest in cancer-
related deaths among all cancer types globally. Global cancer statistics
from 2020 showed that approximately 2.3 million new cases and
685,000 deaths were associated with this disease (1). Breast cancer is
divided into three types defined mainly by receptor and protein
expression: luminal breast cancer; HER2-positive breast cancer; and
triple-negative breast cancer (TNBC). Luminal breast cancer is char-
acterized by the expression of either estrogen receptor or progesterone
receptor, and inhibitors targeting these are very effective for treatment
of this type of breast cancer. HER2-positive breast cancer is charac-
terized by the expression of HER2, and targeted mAbs have greatly
improved the prognosis of this cancer type. TNBC is defined by the
absence of estrogen receptor, progesterone receptor, and HER2, and
exhibits complicated and diverse characteristics compared with lumi-
nal breast cancer and HER2-positive breast cancer. Thus, the prog-
nosis of TNBC is poor (2, 3). Several treatments for TNBC were
recently developed, including chemotherapy, pembrolizumab, sacitu-
zumab-govitecan, and targeted therapies such as olaparib for BRCA-
mutated TNBC. While these treatments are promising, their efficacy is
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demonstrated by several clinical trials; however, resistance to pem-
brolizumab remains a challenge (4, 5). Sacituzumab-govitecan greatly
improved the prognosis of refractory metastatic TNBC; however, the
response rate was only 33%. Thus, the identification of new therapeutic
targets in TNBC is required for the development of more effective
treatments (4-6).

It has been further subdivided TNBC into several subtypes accord-
ing to gene expression. As one example, Lehmann and colleagues
categorized 587 cases of TNBC into six subtypes on the basis of gene
expression: basal-like 1 (BL1); basal-like 2 (BL2); immunomodulatory
(IM); mesenchymal-like (M); mesenchymal stem-like (MSL); and
luminal androgen receptor (LAR) subtype (7). This classification
system is widely accepted and has contributed to the identification
of several effective therapeutic targets that were overshadowed in the
overall TNBC analysis (6, 8).

LAR subtype TNBC represents 15% to 20% of all TNBC cases and
exhibits the poorest prognosis and lowest response to chemotherapy
compared with other TNBC subtypes. Moreover, this TNBC subtype
has alow complete remission rate and short-term relapse-free survival
(RFS; refs. 8, 9). In molecular aspects, LAR subtype TNBC has high
expression of androgen receptor (AR) and genes associated with
androgenic hormonally-regulated pathways (7). Consequently, there
have been many attempts to develop new strategies to treat LAR
subtype TNBC with drugs that inhibit AR activity. However, their
therapeutic value is limited, and effective treatment for LAR subtype
TNBC has not yet been established (8). Therefore, the identification of
new targets to inhibit proliferation, invasion, and metastasis of LAR
subtype TNBC is required.

Old astrocyte specifically induced substance (OASIS) family pro-
teins are composed of OASIS [also known as cyclic AMP-responsive
element-binding protein 3-like protein 1 (CREB3L1)], BBF2 human
homolog on chromosome 7 (BBF2H7; also known as CREB3L2),
Luman (also known as CREB3), CREB-H (also known as CREB3),
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and androgen-induced basic leucine zipper (AIbZIP; also known as
CREB3L4; ref. 10). These proteins localize to the endoplasmic retic-
ulum (ER) membrane and function as transcription factors when
cleaved by S1P and S2P protease (10, 11). We previously demonstrated
that OASIS family proteins function in many cellular processes such as
stress response, cell differentiation, cell survival, cell proliferation,
tissue formation, and diseases (12-19). In addition, recent studies have
suggested that these proteins are involved in the onset and progression
of malignant tumors (18-21). For example, the OASIS is downregu-
lated in patients with glioma, breast cancer, and bladder cancer. Low
expression of OASIS in these cancers causes high metastatic ability and
unfavorable prognosis (22-24). In contrast, the expression of OASIS is
upregulated in thyroid cancer, resulting in the acquisition of stem cell-
like undifferentiated status and high proliferative potential (25, 26).
BBF2H7, another OASIS family protein, is induced in several types of
glioblastoma and accelerates cancer cell proliferation and malignan-
cy (27, 28). In low-grade fibromyxoid sarcoma (LGFMS), gene trans-
location of the genes encoding these OASIS family proteins leads to
fusion events with the fused in sarcoma (FUS) gene (29, 30). The
chimera protein FUS/BBF2H?7 is a common characteristic of LGEMS,
and rare cases of the chimeric FUS/CREB3L1 have also been reported.
While the precise functions of these chimeric proteins in the devel-
opment of LGEMS are still unclear, these fusion proteins may upre-
gulate several genes including CD24 and forkhead box L1 genes (30).
Together, these studies have indicated a robust link between OASIS
family members and tumorigenesis. However, the overall mechanisms
of the regulation for tumorigenesis by these proteins have been still
unclear.

AIbZIP was originally identified as a gene that is upregulated by
androgen treatment in prostate cancer cell line (31). As well as the
other members of OASIS family, AIbZIP may be associated with the
pathology of cancer. Indeed, several studies suggested that AIbZIP
contributes to cancer progression in several cancer types (32-36). The
demethylation of the Aibzip promoter region and following increased
transcription of Aibzip mRNA promote the onset of prostate can-
cer (32). The high level of Aibzip mRNA expression is involved in
short-term RFS in breast cancer (37). These reports suggest that
AIbZIP may be associated with the pathogenesis of cancers like as
the other OASIS family members. However, the molecular basis for
regulating tumorigenesis by AIbZIP remains to be largely
unelucidated.

To examine the potential role and mechanism of AIbZIP in
malignant tumor, we performed this study. In silico analysis revealed
that AIbZIP was highly expressed in LAR, a subtype of TNBC with very
poor prognosis. We investigated the role of AIbZIP in LAR and
discovered that AIbZIP plays a significant role in cell cycle regulation.
Our data further demonstrated that the p27-F-box protein S-phase
kinase-associated protein 2 (SKP2) pathway is involved in this cell
cycle regulation. These findings are significant in that they reveal an
aspect of the molecular mechanism of LAR subtype TNBC
progression.

Material and Methods

Cell culture, reagents, and siRNA

MDAMB453 (HTB-131, RRID:CVCL_0418) and MDAMB468
(HTB-132, RRID:CVCL_0419) cells were purchased from ATCC.
MFM223 (98050130, RRID:CVCL_1408) cells were purchased from
European Collection of Authenticated Cell Cultures. MDAMB453 and
MDAMB468 cells were maintained in L-15 medium (Gibco) supple-
mented with 10% FBS (Biosera) and 3 g/L NaHCO; at 37°Cin 5% CO,.
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MFM223 cells were maintained in minimum essential medium eagle
(Wako) supplemented with 10% FBS at 37°C in 5% CO,. A total of
0.07 g/L penicillin and 0.1 g/L streptomycin were added into all
mediums. All cell lines were obtained within 3 years and passaged
in our laboratory for fewer than 6 months after receipt. Characteri-
zation was performed by each cell bank. Mycoplasma contamination
testing was performed by examining the absence of cytoplasmic
dotting patterns in DNA staining (last date was November 2023).
Cells were not kept in culture for more than 25 passages. For cell
treatments, 10 tmol/L MG132 (Wako) and 100 ug/mL cycloheximide
(CHX; Wako) were used. Plasmids were transfected using Everyday
Transfection (EZ Biosystems) according to the manufacturer’s pro-
tocol. To introduce AIbZIP, myc-tagged-AIbZIP plasmid, which was
described previously (18), was used. Stable cell lines were established
using transposon. Plasmids for Sleepingbeauty based transposon vec-
tors were obtained from addgene. Donor plasmids (pSBTet-Pur:
#60507; ref. 38) were transfected together with the expression plasmid
for a mutant form of transposase, SB100X [pCMV(CAT)T7-SB100:
#34879; ref. 38]. cDNA of human Skp2 was obtained by reverse
transcription using ReverTra Ace (TOYOBO) and RNA purified from
MDAMB453 cells. Skp2 was cloned by PCR with primers containing
Flag coding sequence.

(Forward) 5'-CTCGAAAGGCCTCTGCCACCATGGACTACAA-
GGACGACGATGACAAGATGCACAGGAAGCACCTCCAG-3'

(Reverse) 5'-ATGGAAGCTTGGCCTCTATCATAGACAACTG-
GGCTTTTGC-3

Integrated cells were selected using puromycin (2 pg/mL).

RNAI

For knockdown of Aibzip and Skp2, siRNA targeting human Aibzip
(we previously described; ref. 18), Aibzip#2 (sense; 5'-GAACCAA-
GAAUUACAGAAA-3/, antisense; 5-UUUCUGUAAUUCUUG-
GUUC-3'), Aibzip#3 (sense; 5'-CAGAAAAUCUGGAGACCCA-3/,
antisense; 5-UGGGUCUCCAGAUUUUCUG-3') and Skp2
(s12892; Ambion) and control siRNA (AM4611; Ambion) were used.
siRNAs were transfected using RNAiMax (Thermo Fisher Scientific)
as described in the manufactures protocol.

Protein preparation and Western blotting

Proteins were extracted from cell lines using cell lysis buffer contain-
ing 50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1% Triton X-
100, and Protease Inhibitor Cocktail Set V (Wako) at 4°C. The lysates
were incubated on ice for 30 minutes and sonicate lysates 10% duty
cycle 20 times. After centrifugation at 15,000 x g for 10 minutes, the
protein concentrations of the supernatants were determined using a
bicinchoninic acid assay kit (Thermo Fisher Scientific). Equal amounts
of protein were applied to SDS-PAGE. For immunoblotting, the
following antibodies were used; anti-B-actin (1:10,000; MAB1501,
RRID:AB_2223041, Merk Millipore), anti-p27 (1:1,000; #2552,
RRID:AB_10693314, Cell Signaling Technology), anti-p21 (1:1,000;
#2947, RRID:AB_823586, Cell Signaling Technology), anti-AKT
(1:1,000, #4691, RRID:AB_915783, Cell Signaling Technology),
anti-phospho-AKT (1:1,000; #4060, RRID:AB_2315049, Cell Signal-
ing Technology), anti-p16 (1:500; sc-1661, RRID:AB_628067, Santa
Cruz Biotechnology), anti-CyclinE (1:1,000; SC-247, RRID:
AB_627357, Santa Cruz Biotechnology), anti-CyclinD1 (1:1,000, sc-
8396, RRID:AB_627344, Santa Cruz Biotechnology), anti-RB (1:1,000,
sc-102, RRID:AB_628209, Santa Cruz Biotechnology), anti-phospho-
RB (1:500; SC-271930, RRID:AB_10655683, Santa Cruz Biotechnol-
ogy), anti-Src (1:1,000; SC-8056, RRID:AB_627306, Santa Cruz
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Biotechnology), anti-phospho-Src ~ (1:500, sc-81521, RRID:
AB_1125729, Santa Cruz Biotechnology), anti-CDK2 (1:500; sc-
6248, RRID:AB_627238, Santa Cruz Biotechnology), anti-SKP2
(1:1,000, sc-74477, RRID:AB_2187653, Santa Cruz Biotechnology),
anti-AIbZIP  (1:2,000; HO00148327-AP51, RRID:AB_10551536,
Abnova). The band intensity was quantified with CSAnalyzer4
(ATTO).

Immunofluorescence staining and DNA staining

The cells transfected with Aibzip targeting siRNA and control
siRNA were cultured on coverslip (Matsunami Glass) for 72 hours
and fixed in 4% paraformaldehyde (PFA) for 30 minutes. After three
times wash with PBS, the cells were permeabilized in 0.1% Triton-X
100 for 5 minutes followed by blocking with 1% BSA. Cells were
incubated with anti-p27 (1:250; SC-528, RRID:AB_632129, Santa Cruz
Biotechnology) antibody at 4°C overnight. For secondary antibodies,
goat anti-rabbit IgG F(ab’)2 fragments conjugated with Alexa 568
were used. For DNA staining, DRAQ5 (1:3,000, BioStatus Limited)
were used. Confocal fluorescent images were acquired using
FV1000D (Evident). Procession and analysis of images was per-
formed with Image] (NIH, Rockville, MD; ref. 39). Nuclear areas
were defined with DRAQ5, and binary images were generated using
“Threshold (Li, auto)” and whole cell areas were defined with p27
signal and the binary images were generated using (Triangle, auto)
in Image]J. Nuclear p27 intensity and whole cell p27 intensity were
analyzed by “analyze particles” in Image]. To quantify the intensity
of p27 in cytosol, subtract the sum of nuclear p27 intensity from
whole cell p27 intensity.

RNA isolation and quantitative PCR

Total RNA was isolated from cells using ISOGEN (Wako) according
to the manufacturer’s protocol. First-strand cDNA was synthesized
from 1 pug RNA in a 20 pL reaction volume, using a random primer
(Takara), ReverTra Ace (TOYOBO). Quantitative PCR was performed
using KAPA SYBR FAST (Kapa Biosystems). The reverse-transcribed
cDNA was measured by real-time PCR assay using a LightCycler 480
Instrument IT (Roche). The following primer are used; 5'-TGCTAAG-
CAGCTGTTCCAGA-3' (Skp2 forward), 5-AAGATTCAGC-
TGGGTGATGG-3' (Skp2 reverse), 5'-AGTCCATTTGATCAGCG-
GAGACTCG-3' (Cdknlb forward), 5-TCGCACGTTTGACATC-
TTTCTCCC-3' (Cdknlb reverse), 5'-TCCTCCCTGGAGAAGAG-
CTAC-3’ (Actb forward), 5-TCCTGCTTGCTGATCCACAT-3'
(Actb reverse).

Cell proliferation assay

Cells were seeded at 1 x 10° cells/well and cultured for 2-8 days.
Suspended cells were mixed with 0.4% trypan blue, and the cell number
was determined using a Countess 3 (Invitrogen). For the bromodeox-
yuridine (BrdU) incorporation assay, cells were seeded at 1 x 10°
cells/well and treated with 100 umol/L BrdU (Sigma-Aldrich) for
24 hours. After fixation by 4% PFA, cells were treated with 1N HCl for
15 minutes. Anti-BrdU antibody (1:250; #5292, RRID:AB_10548898,
Cell Signaling Technology) and DRAQ5 (1:3,000), respectively, were
used to detect BrdU-positive cell and nucleus. Cells were visualized
under a confocal microscope (FV1000D). For flow cytometric analysis,
cells (1 x 10° cells) were fixed in 70% ethanol for 30 minutes at real
temperature. After centrifugation, cell pellets were resuspended with
staining buffer containing 12.5 ug/mL propidium iodide (Sigma-
Aldrich) 0.2 mg/mL RNase A (Nippon Gene), and 0.1% Triton X-
100 for 30 minutes. An LSR Fortessea X-20 (BD Biosciences) was used
for analysis.
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Luciferase assay

MEM223 and MDAMB453 cells were plated at 5 x 10* cells/dish
and cultured for 2 days. Cells were transfected with 0.2 pg of the pGL3
basic reporter plasmid (Promega) carrying the firefly luciferase gene
(SKP2-Luc) driven by the human Skp2 promoter or mutant reporter
constructs harboring a Skp2 promoter mutant lacking the CRE-
binding site (ACRE-Luc) or the Skp2 promoter in which the CRE-
binding site was mutated (mut-CRE-Luc) together with 0.02 pg of the
pRL-SV40 co-reporter plasmid carrying the Renilla luciferase gene
(Promega). Transfections were performed using Avalanche-Everyday
Transfection Reagent (EZ Biosystems). The Skp2 promoter was
identified using the University of California, Santa Cruz genome
browser (http://genome.ucsc.edu/cgi-bin/hgGateway; ref. 40). SKP2-
Luc reporter constructs were generated by PCR; the ACRE-Luc and
mut-CRE-Luc constructs were generated by inverse PCR using SKP2-
Luc as a template.

To enhance cleavage of AIbZIP, cells were treated with 1 pmol/L
brefeldin A (Sigma-Aldrich) for 24 hours. After 36 hours, luciferase
activities were measured using a Dual-Luciferase Reporter Assay
System (Promega) and a GloMax Multi+ Detection System (Promega)
following the manufacturer’s protocol. Relative luciferase activities
were determined as the ratio between firefly and Renilla luciferase
activities.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were performed
using a ChIP Assay kit (Sigma-Aldrich) following the manufacturer’s
protocol as described previously (14). Briefly, MFM223 and
MDAMB453 cells were plated at 5 x 10° cells/dish and cultured for
2 days. To promote the cleavage of AIbZIP, cells were treated with
1 pmol/L brefeldin A (Sigma-Aldrich) for 24 hours. Cells were cross-
linked using 1% formaldehyde for 15 minutes at 37°C, followed by
inactivation with 0.15 mol/L glycine for 5 minutes at room temper-
ature. The cells were then lysed with SDS lysis buffer and sonicated (20
x 10 seconds sonication pulses at 1 minute intervals; Sonifier 250,
Branson). Equal amounts of chromatin from each sample were
incubated overnight at 4°C with anti-AIbZIP (Abnova) or anti-
Histone H3 (sc-517576, RRID:AB_2848194, Santa Cruz Biotechnol-
ogy) antibodies or mouse IgG (#5415, RRID:AB_10829607, Cell
Signaling Technology). Cross-linking was reversed by incubating for
6 hours at 65°C, and DNA was purified by phenol-chloroform
extraction and ethanol precipitation. Purified DNA was used for PCR
analysis. The primers used to detect the human Skp2 promoter were 5'-
CTGGAATATGTCACGCTCCCTACTC-3' (forward) and 5'-
GACAGGTCTCATAAATAGCAACATG-3' (reverse).

Data collection and analysis

To compare the expression level of Aibzip mRNA between normal
and cancer in pan cancer view, UALCAN (http://ualcan.path.uab.
edu/index.html) was used (41). To compare the expression level of
Aibzip mRNA between breast cancer subtypes, The Cancer Genome
Atlas (TCGA) database was interrogated with using cBioPortal (cBio-
Portal, https://www.cbioportal.org/; ref. 42) and UCSC Xena Browser
(UCSC Xena, https://xenabrowser.net; ref. 43). For subtyping breast
cancer, previous study (44) was referred. ER type was classified as
luminal type. Other types were classified as named. The validity of
TCGA-BRCA database was certificated by following reports (45-47).
We added supplementary table showing patient ID and subtype of
breast cancer we applied (Supplementary Table S1). To create volcano
plot, ggVolcanoR was used (48). In analysis of mRNA sequence, genes
with zero in numerator or denominator in fold change calculation and
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genes with duplicate names with lower fold change were removed to
conform the standard of ggVolcanoR. Androgen response genes were
referred gene set enrichment analysis of Human Gene Set: HALL-
MARK_ANDROGEN_RESPONSE (49). GSE167213 dataset was
obtained from Gene Expression Omnibus of NCBI (50). The validity
and details are referred by the previous article (51).

Statistical analysis

Statical comparisons were made using unpaired Student ¢ test.
Differences were considered statically significant at P < 0.05. P value
of less than 0.05, 0.01, and 0.001 are indicated as *, **, and ***,
respectively. n.s. means not significant. To construct the boxplot,
Microsoft Excel was used.

Data availability
The data generated in this study are available upon request from the
corresponding author.

Results

AIbZIP is upregulated in LAR subtype TNBC

We initially performed a bioinformatic analysis to investigate the
relationship between AIbZIP and cancer. We compared Aibzip mRNA
expression levels between tumorous and normal tissues in TCGA
database (Fig. 1A). Aibzip mRNA levels tended to be higher in many
cancer types compared with those in normal tissues. In particular,
Aibzip mRNA levels were second highest in breast cancer next to
prostate cancer among all cancer types and were much higher than
those of normal tissue (Fig. 1A). To assess the significance of AIbZIP
expression in breast cancer, nRNA expression profiles were compared
between normal tissue and tumor. Aibzip mRNA was increased about
three times higher in tumor tissue (P-value 1.02 x 10729, and this fold
change ranks in the top 12% (2,210/19,905 genes) and P-value ranks
top 15% (2,927/19,905 genes; Fig. 1B; Supplementary Table S2).
Subsequently, we investigated which types of breast cancer express
high levels of AIbZIP. Aibzip mRNA expression was approximately
three times higher in luminal, HER2, and LAR subtypes than in normal
tissue. However, other subtypes of TNBC, BL1, BL2, M, IM, MSL, and
unclassified (UNC), exhibited almost the same levels of Aibzip mRNA
expression as normal tissues (Fig. 1C). In addition, we analyzed
another database of TNBC mRNA expression data (GSE167213). The
expression of Aibzip mRNA was also higher in the LAR subtype
compared with other subtypes of TNBC in this database (Supplemen-
tary Fig. S1A), indicating that AIbZIP may have an impact on the
cancerous characteristics of luminal type, HER2 type, and LAR type
breast cancer. Among them, the therapeutic target for the luminal type
and HER?2 type is clarified (2, 3). That of LAR subtype TNBC is
inhibition of AR activity. However, this treatment has only limited
effect (8). Thus, we focused on the role of AIbZIP in LAR subtype
TNBC due to the necessary to develop new therapeutic strategies.

To examine the significance of AIbZIP expression in LAR subtype
TNBC, we compared the mRNA expression profiles of all genes and
androgen response-related genes in LAR with normal tissue and all
TNBC. AIbZIP was upregulated about 3.2 times higher in the LAR
subtype TNBC compared with normal tissue (P-value 9.52 x 10~ 2").
This fold change value ranks in the top 12% of all examined genes
(2,155/19,445 genes) and the P-value ranks in the top 2.7% (519 out
19,445 genes; Supplementary Fig. S2A; Supplementary Table S2).
Among the genes regulated by the androgen response pathway, the
fold change value of AIbZIP ranks in the top 10% genes (10/102 genes)
and the P-value ranks in the top 3% (3/102 genes; Supplementary
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Fig. S2B; Supplementary Table S2). AIbZIP was upregulated about
2.4 times higher in the LAR subtype TNBC compared with all TNBC
(P-valueis 2.11 x 10~%). The fold change value ranks in the top 5.5% of
genes (1,064/19,526 genes) and the P-value ranks in the top 0.32%
(62/19,526 genes; Fig. 1D; Supplementary Table S2). Among the genes
regulated by androgen response pathway, the fold change value of
AIbZIP ranks in the top 13% (13/102 genes) and the P-value ranks in
the top 2% (2/102 genes; Fig. 1E; Supplementary Table S2). These
findings indicate that AIbZIP is significantly upregulated in the LAR
subtype compared with other subtypes of TNBC and normal tissue.
Among the genes associated with the androgen response pathway,
AIbZIP is upregulated in LAR subtype cells, suggesting the importance
of AIbZIP in the development of LAR subtype TNBC.

AIbZIP regulates cell proliferation in LAR subtype TNBC cells
To verify the impact of cell proliferation of AIbZIP on LAR subtype
TNBC cells, we transfected AIbZIP-targeted siRNA (Aibzip siRNA)
into MFM223 and MDAMB453 cell lines, which are typical models of
LAR subtype TNBC (7). Western blotting showed that Aibzip knock-
down effectively suppressed AIbZIP expression (Fig. 2A). Initially, the
cell proliferation rate of these cells was investigated, and we found that
that of Aibzip siRNA-transfected cells was significantly suppressed
compared with control siRNA-transfected cells (Fig. 2B). Transfection
of two siRNAs targeting AIbZIP that recognize distinct sequences also
suppressed cell proliferation (Fig. 2C). Notably, Aibzip siRNA trans-
fection in the non-LAR subtype TNBC model cell line MDAMB468 (7),
which expresses very low levels of AIbZIP (Supplementary Fig. S3A),
did not affect the cell proliferation (Supplementary Fig. S3B). Subse-
quently, the effects of AIbZIP depletion on cell cycle progression in
MFM223 and MDAMB453 cells were investigated by cytometric
analysis with propidium iodide staining. The proportion of cells in
Go-G;-phase was approximately 10% higher, and that of cells in S-
phase reduced approximately to half in Aibzip siRNA-transfected cells
compared with control siRNA-transfected cells (Fig. 2D). These
results are similar to those of MFM223 and MDAMB453 cells that
were transfected with siRNA targeting prolactin-induced protein (PIP;
ref. 52), which is considered essential for cell cycle progression (53),
suggesting that AIbZIP has a significant impact on the transition from
G- to S-phase, as well as PIP. To provide additional evidence that
supports the hypothesis that AIbZIP is involved in S-phase entry, BrdU
assays were performed to determine the frequency of cells undergoing
DNA synthesis. This assay revealed that incorporation of BrdU was
decreased in Aibzip siRNA-transfected cells (Fig. 2E and F; Supple-
mentary Fig. S4A and S4B). Taken together, we concluded that ATbZIP
is involved in G;-S transition in the cell lines of LAR subtype TNBC.

Upregulation of p27 by AlIbZIP

G;-S transition is rigidly monitored. The central regulator of G;-S
transition is RB-E2F complex (Fig. 3A), which downregulates many
genes that encode critical cell cycle regulators to inhibit cell cycle
progression. Phosphorylation of RB and subsequent divergence of RB—
E2F complex is required to advance the cell cycle into S-phase (54). To
investigate whether AIbZIP governs this system, we quantified the
phosphorylation status of RB in MFM223 and MDAMB453 by
Western blotting. As expected, RB phosphorylation levels were sup-
pressed in Aibzip-siRNA transfected cells (Fig. 3B; Supplementary
Fig. S5A). The phosphorylation of RB is regulated by multiple factors.
Cyclin D-cyclin-dependent kinase (CDK) 4/6 complex and cyclin E-
CDK2 complex directly phosphorylate RB. In addition, p21, p16, p27,
and other CDK inhibitors suppress these complexes (Fig. 3A). Reten-
tion of the exquisite balance of these proteins contributes to accurate
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A Expression of CREB3L4 across TCGA cancers (with tumor and normal samples)
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Figure 1.

AlbZIP is upregulated in LAR subtype TNBC. A, Comparison of Aibzip mMRNA expression in cancerous and normal tissues in a pan-cancer view obtained by UALCAN.
The vertical axis indicates mRNA expression levels [transcripts per million (TPM) +1], which was converted to a logarithmic function with base 2. BLCA, bladder
urothelial carcinoma; BRCA, breast carcinoma; CESC, cervical squamous cell carcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; ESCA,
esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear
cell carcinoma; KIRP, kidney renal papillary cell carcinoma LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma;
PAAD, pancreatic adenocarcinoma; PRAD, prostate adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; READ, rectum adenocarcinoma; SARC,
sarcoma; SKCM, skin melanoma; THCA, thyroid carcinoma; THYM, thymoma; STAD, stomach adenocarcinoma; UCEC, uterine corpus endometrial carcinoma. *, **, and
***means P<0.05,P<0.01,and P<0.001versus normal tissue. B, Volcano plot of all gene expression profiling from normal tissue versus tumor. Each point represents
the difference in expression (log fold-change) and statistical significance (P-value) between the two groups. Aibzip (also called Creb3/4) is showed by red colored
point. The X-axis represents log fold change value and Y-axis represents —log;o P-value. C, Aibzip mMRNA expression levels are shown by a box plot. Midline means
median. Number of samples: normal = 114, luminal = 710, HER2 =158, LAR =17, BL1= 34, BL2 =17, M = 40, IM = 36, MSL = 22, UNC = 13. *** means P < 0.001 versus
normal tissue. D, Volcano plot of all gene expression profiling from all TNBC versus LAR subtype TNBC. Aibzip (also called Creb3/4) is showed by red colored point.
E, Volcano plot of androgen response gene expression profiling from all TNBC versus LAR subtype TNBC. Aibzip (also called Creb3/4) is showed by red colored point.
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Figure 2.

AlbZIP depletion reduces cell proliferation and S-phase entry of cell cycle. A, Western blot analysis of AlbZIP in MFM223 and MDAMBA453 cells transfected
with Aibzip siRNA. Asterisk; nonspecific bands. B, Cell numbers of MFM223 and MDAMBA453 cells transfected with Aibzip siRNA or control siRNA (mean + SD,
n = 5). C, Cell numbers of MFM223 and MDAMBA453 cells transfected with Aibzip SiRNA #2, Aibzip siRNA #3, or control siRNA (mean + SD, n = 3). D, Flow
cytometric analysis of MFM223 and MDAMBA453 cells transfected with Aibzip siRNA (mean 4 SD, n = 3). E, BrdU incorporation assay in MFM223
and MDAMBA453 cells transfected with Aibzip siRNA (BrdU: red, DRAQS: green). Bar: 10 um. F, Percentages of BrdU-positive cells among DRAQS5-positive

cells in E (mean + SD, n = 5).
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Figure 3.

Depletion of AIbZIP promotes p27 upregulation and its translocation into the nucleus. A, Schema of important factors associated with G;-S-phase transition of
cell cycle. B, Western blot analysis of RB and its phosphorylated form (Thr821/Thr826) in MFM223 and MDAMBA453 cells transfected with Aibzip siRNA.
C, Western blot analysis of p27, p16, p21, Cyclin D1, Cyclin E, and CDK2 in MFM223 and MDAMBA453 cells transfected with Aibzip siRNA. D, Immunofluorescence
staining of p27 in MFM223 cells transfected with Aibzip siRNA (p27: red, DRAQS5: green). Arrowheads indicate the cells which p27 was localized to the nucleus.
Bar: 10 um. E, Percentages of cells in which p27 was localized to the nucleus. (mean + SD, n = 4). F, Ratio of nuclear p27 intensity divided by cytosolic p27
intensity (mean 4 SD, siControl; n = 33 cells, sidibzip; n = 86 cells). Midline means median. G, Immunofluorescence staining of p27 in MDAMB453 cells
transfected with Aibzip siRNA (p27: red, DRAQS: green). Arrowheads indicate the cells with p27 localized to the nucleus. Bar: 10 um. H, Percentages of cells in
which p27 was localized to the nucleus (mean 4 SD, n = 4). |, Ratio of nuclear p27 intensity divided by cytosolic p27 intensity (mean =+ SD, siControl; n = 60
cells, siAibzip; n = 39 cells). Midline means median.
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cell cycle progression (55). To analyze which factors AIbZIP
mediates for RB phosphorylation, the expression levels of these
factors were compared by Western blotting and p27 was only
identified as the protein that was about doubly altered in both cell
lines (Fig. 3C; Supplementary Figs. S6A, S6B, and S7A). In
MDAMB468 cells, Aibzip siRNA transfection had no impact on
p27 expression level (Supplementary Fig. S3C). Next, the subcellular
localization and expression intensity of p27 in Aibzip siRNA-
transfected cells were investigated by immunofluorescence staining
with anti-p27 antibody (Fig. 3D-I). In MFM223 cells, control
siRNA-transfected cells exhibited only 23% nuclear p27-positive
cells, while Aibzip siRNA-transfected cells exhibited 72% (Fig. 3E).
In MDAMB453 cells, nuclear p27-positive cells were observed in
26% of control siRNA-transfected cells and 61% of Aibzip siRNA-
transfected cells (Fig. 3H). Moreover, the intensity of p27 nuclear
signals was higher in Aibzip siRNA-transfected nuclear p27-positive
cells than in control siRNA-transfected nuclear p27-positive cells
(Fig. 3F and I), indicating that p27 was upregulated and accumu-
lated in the nucleus by Aibzip siRNA transfection. These findings
indicate AIbZIP-mediated p27 regulation and we focused on the
detailed mechanisms of this regulation. Taken together, we con-
cluded that AIbZIP suppresses the expression of p27, which is a
CDK inhibitor, and promotes cell proliferation.

AIbZIP promotes p27 degradation

The next question to address was how AIbZIP inhibits the
expression and nuclear accumulation of p27. Some evidence sug-
gests that p27 expression is regulated at the mRNA level by various
transcription factors (56), while other evidence indicates that p27 is
also regulated by protein degradation via the ubiquitin-proteasome
pathway (57, 58). We first checked the mRNA levels of p27 (Cdkn1b)
in Aibzip siRNA-transfected cells by quantitative RT-PCR. Howev-
er, contrary to protein levels, Cdknlb mRNA levels were not
upregulated as much in Aibzip siRNA-transfected cells (Fig. 4A).
Therefore, AIbZIP-dependent p27 downregulation may not occur at
the transcriptional level, but rather at the posttranslational level. We
next evaluated p27 protein stability in Aibzip siRNA-transfected
cells by blocking new protein synthesis with CHX treatment. As
shown in Fig. 4B-E, p27 protein levels were reduced by 78.4% in
MFM223 cells and 40.4% in MDAMB453 cells in control siRNA-
transfected cells following treatment with 100 pg/mL CHX for
4 hours. However, in Aibzip siRNA-transfected cells, p27 protein
levels were reduced by only 33.7% and 0.055% in MFM223 and
MDAMB453 cells, respectively. It is known that p27 is degraded via
the ubiquitin—proteasome pathway. Therefore, p27 protein levels
were analyzed in MFM223 and MDAMB453 cells treated with
proteasome inhibitor MG132 by Western blotting. In control
siRNA-transfected cells, MG132 treatment upregulated p27 protein
levels to the same level as in the Aibzip siRNA-transfected cells
(Fig. 4F-I). These results indicate that AIbZIP degrades p27 via the
ubiquitin-proteasome system.

AlIbZIP directly upregulates Skp2 transcription

It has been reported that the stability of p27 protein is regulated by
several proteins such as SKP2, AKT, and SRC. We quantified the
expression levels of SKP2, AKT, and SRC and found that SKP2, which
is an E3 ubiquitin ligase that recognizes and ubiquitinates p27 (59), was
downregulated in Aibzip siRNA-transfected cells (Fig. 5A; Supple-
mentary Figs. S7A, S8A, and S8B). In MDAMB468 cells, SKP2 protein
expression level was not affected by Aibzip siRNA transfection (Sup-
plementary Fig. S3C). Conversely, phosphorylated AKT and SRC,
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which are phosphate kinases that phosphorylate p27 and lead to its
degradation (58), were not changed in Aibzip siRNA-transfected cells
(Fig. 5A; Supplementary Fig. S8A and S8B). To make sure the
relationship between AIbZIP and SKP2, we transiently overexpressed
AIbZIP in MFM223 and MDAMB453 cells, and found that SKP2
expression was upregulated in AIbZIP-introduced cells (Fig. 5B). On
the contrary, p27 expression was downregulated in these cells, indi-
cating that AIbZIP does indeed upregulates SKP2. Furthermore, Skp2
mRNA expression levels were evaluated by quantitative RT-PCR and
they were also decreased in Aibzip siRNA-transfected cells (Fig. 5C).
Luciferase assays were performed using a reporter construct car-
rying a 1.0-kb promoter region of Skp2 (SKP2-Luc; Fig. 5D) and
reporter activity was significantly induced by expression of AIbZIP
(Fig. 5E). By contrast, knockdown of Aibzip reduced reporter
activity (Fig. 5E). These results suggest that SKP2 is regulated by
AIbZIP at the transcription level. A putative AIbZIP consensus
binding site (10, 31), the cAMP response element (CRE)-binding
site, was identified in the Skp2 promoter region (—929 to —922 bp
from the Skp2 transcription start site; Fig. 5D; Supplementary
Fig. S9A). Induction of reporter activity was reduced in MFM223
and MDAMB453 cells transfected with the ACRE-Luc reporter
(lacking the CRE-binding site) or mut-CRE-Luc reporter (replacing
a mutated CRE-binding site) under non-treatment and AIbZIP-
introduced conditions (Supplementary Fig. S9B and S9C). Chro-
matin immunoprecipitation assay detected the binding of AIbZIP to
the endogenous Skp2 promoter in these cells (Fig. 5F and G).
Binding to the promoter was increased by the introduction of
AIbZIP. High level of AIbZIP binding was diminished by knock-
down of Aibzip. We also observed an increase of reporter activity
after the treatment with brefeldin A (BFA), which was previously
demonstrated to cleave endogenous AIbZIP (ref. 18; Supplementary
Fig. S10A and S10B). This induction was suppressed in cells with
Aibzip knockdown or when ACRE-Luc or mut-CRE-Luc were used.
The increased amount of AIbZIP binding to the Skp2 promoter by
BFA was also canceled by the knockdown of Aibzip (Supplementary
Fig. S10C). These findings suggest that AIbZIP upregulates SKP2 by
binding directly to CRE-binding site within the Skp2 promoter and
facilitates Skp2 transcription in MFM223 and MDAMB453 cells.

Accelerated cell proliferation and the downregulation of p27 by
AIbZIP mediates the SKP2

To confirm that the increase in p27 and the suppression of cell
proliferation induced by Aibzip siRNA transfection was entirely due
to the SKP2-mediated pathway, we depleted Skp2 by siRNA knock-
down. In control cells, Aibzip knockdown alone increased p27
protein (Figs. 3C and 6A-D); however, in SKP2-depleted cells,
Aibzip knockdown did not affect the protein levels of p27 (Fig. 6A-
D). Moreover, in control cells, Aibzip knockdown alone suppressed
cell proliferation (Figs. 2B and 6E); however, suppression of cell
proliferation by Aibzip knockdown was not affected in SKP2-
depleted cells. To determine whether overexpression of SKP2
compensates for the effect of Aibzip knockdown, we established
a MDAMB453 cell line that expresses Flag-tagged-SKP2 in the
presence of doxycycline (tet-Flag-SKP2-MDAMB453). Knockdown
of Aibzip suppressed cell proliferation with the upregulation of p27
in this cell line in the absence of doxycycline. After the addition of
doxycycline, in spite of Aibzip knockdown, cell growth was not
inhibited and the expression level of p27 was not also changed
(Supplementary Fig. S11A and S11B). These results suggest that
AIbZIP regulates cell proliferation via downregulation of p27
mediated by SKP2 upregulation.
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Discussion P Preg &

In this study, we demonstrated that AIbZIP induces LAR subtype
TNBC cell proliferation via acceleration of the cell cycle with following
evidence; depletion of AIbZIP by siRNA; (i) suppressed cell prolifer-
ation; (ii) increased the population of cells in G,-phase and reduced
those in S-phase; (iii) reduced BrdU incorporation; and (iv) reduced
the phosphorylation levels of RB. Moreover, we demonstrated that
AIbZIP degrades p27 protein via upregulation of SKP2 at the tran-
scriptional level by the following evidence: (i) depletion of AIbZIP
induced p27 upregulation; (ii) depletion of AIbZIP inhibited p27
degradation in CHX chase assays; (iii) AIbZIP directly bound to the
Skp2 promotor region and facilitated Skp2 transcription; and (iv)
AIbZIP depletion-induced p27 upregulation was inhibited by SKP2
depletion and overexpression.

Several studies reported that AIbZIP is highly upregulated and can
promote malignant behavior in several cancer types. For example, it

AACRJournals.org

Furthermore, AIbZIP upregulates the TGFf} pathway via induction of
ADCK5 and contributes to cancer cell proliferation (36). Other
research demonstrated that AIbZIP binds to the Pcna promoter
region, suggesting that it leads to cancer cell proliferation in non-
LAR subtype breast cancer cells (35). We also previously reported that
AIbZIP modulates cell proliferation by downregulating p21 via inhi-
bition of OASIS activation in a prostate cancer cell line (18). These
findings indicate that the role of AIbZIP in cell proliferation is diverse
and may differ between cell types. We identified a novel mechanism by
which AIbZIP regulates cancer cell proliferation via the SKP2-p27
pathway in LAR subtype TNBC, and further studies are required to
verify whether this regulation of cell cycle progression is conserved in
other cell types. Indeed, in many cancers including luminal and HER2-
positive breast cancer, AIbZIP is highly upregulated, as shown
in Fig. 1A and C. Therefore, this novel pathway may contribute to
cancer progression in other cancer types.

Mol Cancer Res; 22(4) April 2024

381



Ito et al.

A MFM223 MDAMB453 B MFM223  MDAMB453
siControl + - + - AlbziP - + - +
siAibzip - + - + SKP2 = —l |

p27 —— - —
p-AKT (5473) [“ ] ]—- — ]
AKT g I..___I ey~ [ R —
——— .
p-SRC (Y419) ¥ - AIbzIP
—a = [ — | [
- ct'
B-Actin ]“- I I ’—I B-Actin |smsm s e —
C D CRE-birlding site
-929 AC ACGT AG -922 TSS
MFM223 MDAMB453 e (0)
1.2 14 i
** * |__Skp2 promott
-1,131 -5
< » SKP2-Luc
g <
% :
g -

2 s 0.25 SKP2-Luc .

< < y _

g 3 S 02 . *

& g ®

S £ a 015 *

o~ ~ 9,

3 g g o01p

S 0.05|
3 - i
0 | -
Abzp - *+ - - + -
siControl siAibzip siControl siAibzip sidibzip = = + = - +
MFM223 MDAMB453
F G MFM223  MDAMB453
- + - - + =
Primer Primer .A'_bzfp
forward reverse siAibzip -~ i + - - +
2 —— p
TC ACGT CA
CRE-binding site

AIbZIP

Figure 5.

Skp2 is a target of AIbZIP. A, Western blot analysis for SKP2, AKT and its phosphorylated form (S473), SRC and its phosphorylated form (Y419) in MFM223 and
MDAMBA453 cells transfected with Aibzip siRNA. B, Western blot analysis of p27 and SKP2 in MFM223 and MDAMBA453 cells under non-treatment and AlbZIP-
introduced conditions. C, Quantitative PCR analysis for Skp2 mRNA in MFM223 and MDAMBA453 cells transfected with Aibzip siRNA. mRNA levels were normalized by
Actb (mean % SD, n = 4). D, Schematic of the Skp2 promoter region and reporter constructs. Numbers indicate the distance from the transcriptional start site. Luc,
luciferase gene, TSS, transcriptional start site. E, Luciferase assays of MFM223 and MDAMBA453 cells introduced AIbZIP or transfected with Aibzip sSiRNA (mean + SD,
n=4).F, Schematic of the Skp2 promoter and the annealing sites of the primer set used in the chromatin immunoprecipitation assay. Numbers indicate the distance
from the transcriptional start site. G, The results of PCR amplification of the Skp2 promoter containing the CRE-binding site after immunoprecipitation by the
indicated antibodies. Mouse IgG and Histone H3 were used as negative and positive control, respectively.
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Previous studies reported that the expression of SKP2 and following
p27 degradation are necessary for cancer progression and survival in
many types of cancer cells (58, 60), and SKP2 expression is correlated
with low prognosis in almost all cancers including breast can-
cer (61, 62). However, cancer treatment strategies targeting SKP2
have not yet been widely used in the clinical stages. Therefore, many
studies explored the mechanisms of SKP2 regulation. Several proto-
oncoproteins such as E2f1, Mycn, Foxm1, Elk1, Nfkb1, Sp1, and Gabp1
have been reported to upregulate Skp2 at the transcriptional level (63).
Furthermore, other studies reported that MYC and FOXM1 are highly
upregulated and contribute to Skp2 transcription and cancer progres-
sion in basal subtype TNBC, which is a major TNBC subtype other
than LAR subtype (64, 65). However, until now, it has not been
determined how SKP2 is regulated in LAR subtype TNBC. Our
findings that AIbZIP directly binds to the Skp2 promotor region and
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facilitates its transcription help elucidate the mechanism of SKP2
regulation in LAR subtype TNBC and suggest that AIbZIP plays an
equivalent role to other SKP2-regulating proto-oncoproteins such as
MYC or FOXM1.

The most significant aspect of LAR subtype TNBC is the expression
of AR. However, whether AR promotes or suppresses cell proliferation
and tumor progression in TNBC remains controversial and no strat-
egies targeting AR have been established (66-68). Therefore, identi-
fying genes regulated by AR and that are involved in tumor growth
may lead to the establishment of novel targets for therapy against AR-
positive TNBC. These studies will also deepen understanding of the
functions and roles of AR in TNBC. In this research, we analyzed the
impact of AIbZIP on cell proliferation in two LAR subtype cell line
models, MFM223 and MDAMB453 cells. These cell lines exhibit
different responses after the androgen stimuli. The proliferation of
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MFM223 cells is inhibited by androgen stimulation (69) and that of
MDAMB453 cells is promoted in response to the stimulation (70). Our
current study showed that the depletion of AIbZIP suppresses the
proliferations of these cells. Thus, at least in these cancer model cell
lines, it is certain that AIbZIP plays a significant role in cell prolif-
eration. However, we have not determined how AIbZIP acts on cancer
cell growth in vivo. Future studies using in vivo models such as
xenograft or patient-derived xenograft models are essential to inves-
tigate whether AR-mediated AIbZIP induction contributes to LAR
subtype TNBC cell proliferation.

Taken together, our study identified AIbZIP as a molecule that
promote cancer cell proliferation via SKP2-p27 axis in LAR subtype
TNBC model cell lines. Our findings will provide new insights into the
LAR subtype TNBC progression and the molecular mechanisms
involved in cell proliferation.
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