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CREBS promotes tumorigenicity and
upregulates druggable cell surface
modalities in basal-like breast cancer
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Basal-like breast cancers (BLBC) have limited targeted therapies and poor outcomes. We found that
CREBS is a transcription factor overexpressed in 15% of BLBCs and was upregulated in breast

cancers that metastasize to the brain. In cell lines, CREB5 overexpression regulated cell phenotypes
and transcriptional changes, including IL13RA2, a cell surface receptor that is currently druggable and

represents a novel target in BLBC.

Breast cancers (BC) are the most frequently diagnosed cancers in women'
and treatments are guided by the expression of hormone receptors or HER2.
Triple-negative breast cancers (TNBCs) lack these targets and represent a
large portion of the transcriptional subtype basal-like breast cancers
(BLBCs) as compared to the luminal A/B or HER2 subtypes. BLBCs
represent 15% of all BCs and exhibit poor clinical outcomes due to the lack
of targeted therapeutics”. Therefore, further identifying oncogenic drivers of
BLBCs and evaluating new druggable targets could lead to promising
developments of targeted therapeutics for these patients.

Several oncogenic regulators have been associated with BLBCs in the
search of potential therapeutic targets. As one example, MET over-
expression functions to promote stemness in several cancers and is also
overexpressed in BLBCs’, suggesting similar functions. Transcription fac-
tors, while not druggable, have also been implicated in BLBC progression”.
Recent pan-cancer studies determined that the transcription factor cyclic
adenosine monophosphate (cCAMP) responsive element binding protein 5
(CREB5) promotes cancer development and progression, including
stemness’. CREB5 has developmental functions and is necessary for
general cell survival. Several studies, including ours, have indicated
that CREBS is selectively overexpressed in metastatic tumors, including
cancers of the prostate, colon, ovaries, brain and more”™, In two in vitro BC
studies, CREB5 promoted angiogenesis in BLBC and regulated proliferation
in TNBC cell lines™"’. Regardless, few studies have examined the role of

CREBS5 in BC patients, and particularly BLBCs, which is the focus of
this study.

We first evaluated CREB5 mRNA expression based on data from The
Cancer Genome Atlas (TCGA, n =1069) and METABRIC (n = 1608)"
across four BC molecular subtypes: BLBC, HER2, Luminal A/ and B
subtypes. In both datasets, median CREB5 expression was the highest in
BLBCs (Fig. 1A, B). In the same BC tumors, CREB5 was amplified or
overexpressed in 15-16% of BLBC cases as compared to less than 5% in all
other subtypes (Fig. 1C). High CREBS5 expression in patients with BLBC
was associated with worse overall survival (Fig. 1D, HR 1.88, 95% CI
1.07-3.31, p = 0.025). We next examined a cohort of 45 BC patients with
biopsies collected from their primary tumor and their breast cancer brain
metastasis (BCBM). Here the basal-like BCBMs exhibited the highest
baseline CREB5 expression (Fig. 1E). Further, 9 out of 16 BLBCs exhibited
increases in CREBS5 in the secondary metastatic sample relative to the
matched primary (Fig. 1F)"*. Altogether, CREB5 expression was the most
enriched in BLBCs and was increased in certain BCs that have poor
outcomes due to brain metastasis.

We next evaluated several tumorigenic phenotypes by over-
expressing CREB5. We explored two BLBC cell lines, MDA-MB-231
and HCC1806, which have been characterized as distinct transcrip-
tional subtypes by Lehmann et al. as mesenchymal stem-like and
basal-like 2 subtypes, respectively'"’. CREB5 overexpression increased
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Fig. 1 | Clinical characterization of CREB5 in BC subtypes. Box plots showing
CREB5 median expression across A TCGA and B METABRIC datasets with the
boxes representing the ends of the first and third quartiles in breast cancer molecular
subtypes. Red dotted line denotes the global median while blue dotted lines are global
standard deviations. C Percent of tumors with CREB5 amplifications or over-
expression in BLBC as compared to all other BC subtypes in the same two datasets.
Overexpression is defined by a z-score >2 and amplifications are defined by cBio-
Portal parameters. D Kaplan-Meier plot comparing overall survival of CREB5 high
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(red line) versus low (black line) BLBC patients (n = 309) from KMPlot.com.

E BCBM:s acquired by Cosgrove et al."” are stratified by BC subtypes including basal
(n=16), HER2 (n=9), luminal A (n=11), and luminal B (n = 8). Median CREB5
expression across subtypes are shown in a box plot with whiskers extending to
minimum and maximum values. *p < 0.05, ¥* < 0.01, *** < 0.001, **** < 0.0001, ns
not significant. F Waterfall plot shows the percent change of CREB5 expression in
each patient from the primary BC biopsy to the BCBM biopsy in the same dataset.
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the proliferation rate of both cell lines based on median live cell
counts (Fig. 2A, B, p < 0.05). Therefore, we sought to further evaluate
the role of CREB5 on SCL phenotypes, which have been identified as
a key feature of BCs with increased metastatic capacity'!. We assessed
tumor-like spheroid, or tumorsphere, formation efficiency based on
spheroid counts and size through a 3D culture experiment that
specifically selects for SCL cells””. This indicated significant increases
in the MDA-MB-231 cells while exhibiting notable trends in
HCC1806 cells (Fig. 2C-E). Furthermore, CREB5 overexpression led
to substantial alterations in the transcriptomes in both 2D and 3D
cultures (Fig. 2F). In 2D, CREB5 overexpression significantly (FDR
adjusted p-value < 0.05) up-regulated 4584 and 4899 genes in MDA-
MB-231 and HCCI1806 cells, respectively. In 3D, CREB5 over-
expression up-regulated 6548 and 9376 genes in MDA-MB-231 and
HCC1806 cells, respectively. While the two cell lines expectedly
exhibited differences in their baseline transcriptome, Gene Set
Enrichment Analysis (GSEA)'® based on C6 oncogenic signatures
from the MSigDB database'” indicated that KRAS associated sig-
natures were consistently perturbed in both cell lines in 3D culture
(Fig. 2G). Altogether, CREB5 overexpression promoted several
tumorigenic phenotypes in 2D and 3D cultures, and this was
accompanied by significant changes in their transcriptomes.

To consider accessible cell surface targets for CREB5-high BLBC, we
evaluated changes in the surfaceome induced by CREB5 overexpression. In
each BLBC cell line, we found that CREB5 overexpression led to a 1 to >100-
fold increase in expression of 198 and 159 cell surface proteins in MDA-MB-
231 and HCC1806 cells, respectively (Fig. 3A). Further, the expression of 22
and 19 proteins was increased by 10-fold or greater in CREB5 overexpressed
MDA-MB-231 and HCC1806 cells, respectively. Three proteins that
increased by greater than 10-fold were present in both cell lines: IL13RA2,
NTM, and THSD1 (Fig. 3B). As ILI3RA2 is currently an early phase CAR-T
cell target for glioblastomas' and a gene previously implicated in BCBMs",
we further examined its significance in our BLBC models, and found that the
IL13RA2 protein expression was supported by 14 unique peptides that
increased upon CREBS5 overexpression, (Supplemental Table 1). In
reviewing the RNA-seq data, ILI3RA2 mRNA expression was also sig-
nificantly increased by CREB5 overexpression. In HCC1806 cells, CREB5
overexpression increased median IL13RA2 expression by roughly 30-fold in
2D culture and 3-fold in 3D culture. Similarly, in MDA-MB-231 cells,
IL13RA2 expression was increased by 100-fold in 2D culture and 230-fold in
3D culture (Fig. 3C, D).

Having observed the relationship between CREB5 and IL13RA2
in our cell models, we next sought to examine the characteristics of
IL13RA2 expression in patients with BC. In these BCBM samples”’,
IL13RA2 expression exhibited the greatest relative increase in the
suite of primary BCs characterized as BLBCs (Fig. 3E). When instead
observing the proportion of tumors with increased IL13RA2
expression, BCBMs that developed from BLBC primary tumors, as
compared to other subtypes, exhibited the highest proportion of
metastatic tumors with increased IL13RA2 (Fig. 3F). Here >62% of
patients with both primary and BCBM samples exhibited increased
IL13RA2 expression in the BCBM compared to the paired primary
tumor. 70% of the basal-like BCBMs that had increases in IL13RA2
expression increased by greater than 100%. Furthermore, we found
that IL13RA2 exhibits similar behavior to many epithelial-
mesenchymal transition (EMT) transcription factors (Fig. S1); this
may explain the association between increased IL13RA2 and BCBMs,
which have increased metastatic potential to the brain. To further
investigate the potential of ILI3RA2 as a general drug target, we
evaluated IL13RA2 expression at a pan-cancer level in the TCGA
dataset (n=10,967). Across cancers, ILI13RA2 was notably amplified
or exhibited elevated mRNA expression in several cancer types, such
as brain lower grade gliomas (Fig. 3G). Altogether we have observed
in our cell line models of BLBC that CREB5 regulates the mRNA and
cell surface expression of IL13RA2, a current immunotherapy target

and that in patients with IL13RA2 is
overexpressed.

There are no current efforts to directly inhibit CREBS5 or to perturb its
downstream transcriptional activity. Of importance to the development of
therapies, we previously determined that CREB5 was functionally distinct
from other canonical CREB family members that are regulated by Protein
Kinase A”. Therefore, the development of strategies to block oncogenic
CREBS5 activity requires a distinct effort, either to directly drug CREB5
activity, or to target robust downstream cell surface targets of CREB5 spe-
cifically, such as IL13RA2. As a cell surface receptor that binds with high
affinity to IL13, ILI3RA2 was initially identified as a driver of glioma'*”". It
has also been implicated in BCBMs'**, which represent a population of BC
patients with exceptionally aggressive disease. In previous studies, ILI3RA2
expression was functionally necessary for metastasis of BC cells that are
hormone receptor +, HER2 +, or BLBCs'*”’. Interestingly, among the
TNBC patients that developed brain metastases, high levels of IL13RA2
were associated with significantly worse overall survival”. In our study,
CREB5 was increased in BLBCs and its overexpression in cell models
promoted notable increases in IL13RA2 transcripts and cell surface protein
expression (~100-fold). Further, in patients with BCBMs we observed
increases in CREB5 along with dramatic increases in ILI3RA2 mRNA
expression. In patients with BLBCs, an astonishing 43.8% of the BCBM had
increased IL13RA2 by over 100%. Altogether, our overexpression experi-
ments and analysis of clinical samples support that ILI3RA2 is a promising
new target in BCs that are highly aggressive, such as BLBCs.

IL13RA2 CAR-T cell therapies, while still not broadly used against solid
tumors, have already undergone several generations of development'**. We
found that CREB5 promoted IL13RA2 surface expression in 2 BLBC models,
in which Lehmann et al. had classified as mesenchymal stem-like (MDA-
MB-231) or was basal-like (HCC1806), indicating CREB5 has similar
downstream effects across BLBCs with distinct transcriptional
subtypes. This is appealing as BLBC are known to represent a collection of
patients with highly heterogenous transcriptomes. Given there is a lack of
common targets in these subsets of BLBCs, our study offers a promising
solution in targeting ILI3RA2.

Outside of BCs, studies have indicated that IL13RA2 has tumor
promoting properties in several metastatic or advanced cancers™?>.
Further, IL13RA2 is associated with therapy resistance in renal cell
carcinomas®, and appears to be a key regulator of the mesenchymal-
like glioma subtype®'. As CREBS5 is also a therapy resistant factor that
is increased in metastatic prostate cancer, and a SCL gene in
gliomas®**?, it is possible that regulation of the CREB5-IL13RA2 axis
may be cancer type agnostic, a mechanism that should be inter-
rogated in future studies. Given CREB5 overexpressed cell lines in 3D
culture also are associated with KRAS signatures, future studies of
CREBS in BLBC may investigate EMT associated genes that are also
regulated by KRAS, such as YAP1%.

In summary, our study has demonstrated that CREBS5 is a key driver of
BLBC. On a clinical level, our findings depict that CREB5 high BLBC
patients have worse survival outcomes, showing the continued need for
novel targeted therapeutics. Further studies may inform novel therapies for
advanced cancer types that rely on CREB5.

cancer, frequently

Methods

Expression analysis

The Cancer Genome Atlas (TCGA) raw read counts were down-
loaded using the TCGAbiolinks (version 2.30.4, project = “TCGA-
BRCA”) R package. The raw reads were then filtered to include only
protein-coding genes with expression in at least one sample. The data
were converted to VST normalized counts using DESeq2 (1.42.0),
which performs cross-sample normalization based on library size.
METABRIC" mRNA log?2 intensity level expression was downloaded
directly from cBioPortal, and genes with zero expression across all
samples were filtered out. For determination of statistical sig-
nificance, a t-test was used when data were normally distributed and
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Fig. 2 | Phenotypic and transcriptomic effects of CREB5 in BLBC cell models.
Proliferation assay showing median live cell count over 10 days for A MDA-MB-231
and B HCC1806 cell lines with either CREB5 or luciferase (LUC) overexpressed.
C Tumorsphere formation assay results for MDA-MB-231 (top row) and HCC1806
(bottom row) cell lines with CREB5 (left panels) or luciferase overexpressed. Scale
bar shown is 200 um. Quantitative analysis of median D tumorsphere formation
efficiency and E tumorsphere size (um?). F Volcano plots illustrating changes in gene
expression from RNA sequencing in MDA-MB-231 (left panels) and HCC1806

Log, fold change

0
Log, fold change

FDR < 0.05.

5

(right panels) cell lines, in 2D (top row) and 3D (bottom row) culture. Each dot
represents a gene that either passes the significant thresholds for both the p-value
and log-fold changes (red),
enrichment scores (NES) from GSEA based on C6 oncogenic signatures depicted
across cell lines in 3D culture. Red circles: significantly upregulated both cell lines.
Orange circles: only significantly upregulated in the MDA-MB-231 cells. Purple
circles: only significantly upregulated in the HCC1806 cells. Significance is based on

for only the p-value (blue), or neither (gray). G Net
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Alteration Frequency of IL13RA2 Across Various Cancer Types
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Fig. 3 | Evaluation of CREB5’s promotion of IL13RA2. A Bar chart depicts the
counts of unique cell surface proteins increased by CREB5 overexpression in MDA-
MB-231 and HCC1806 cell lines, as categorized by set ranges of abundance ratios.
B Venn diagram compares cell surface proteins with greater than 10- fold changes in
MDA-MB-231 and HCC1806 cell lines. The overlapping proteins (n = 3) are
detailed in the table beneath. ILI3RA2 mRNA expression in C MDA-MB-231 and
D HCC1806 cell lines with CREB5 or luciferase overexpressed in 2D and 3D cul-
tures. Box plots display median expression levels with whiskers extending to
minimum and maximum values. p ** < 0.01, **** <0.0001. E Log?2 fold changes in

IL13RA2 expression with respect to primary BC biopsies from patients with BCBMs,
as organized by BC subtypes from Cosgrove et al."”. Each circle represents the change
in expression of a paired sample (1 = 44). The dotted line at 0 indicates no change in
expression. F Percentage of BCBM samples with ILI3RA2 expression increased
from the primary BC sample by 0-100%, 2100%, or <0%. Change in IL13RA2
expression is shown across BC subtypes including basal (n = 16), HER2 (n=9),
luminal A (n=11), and luminal B (n = 8). G Bar graph displays the frequency of
IL13RA2 genetic alterations including high mRNA expression, amplification, and
homozygous deletions, across multiple cancer types from TCGA.
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a Wilcoxon’s test was used when data were not normally distributed,
with corrections for multiple comparisons done using the Benjamini-
Hochberg method to control the FDR at a significance level of 0.05.
In the BCBM expression data from Cosgrove et al.”” (n=44), the
values are normalized and log transformed using edgeR, and then
batch correction using a multiple linear regression model. We ran a
Wilcoxon rank-sum test between the groups of percent change for
each of the subtypes with FDR adjusted p-values.

Survival analysis

To compute the association with CREB5 expression and overall survival, we
utilized the KMPlot.com Breast RNA-seq dataset™. We filtered the patient
dataset based on PAM50 classification to Basal breast cancers. We applied
no other filters to the patient cohort. To split patients into high and low
CREBS5 expression groups we utilized KMplot’s auto select feature. The
overall survival Kaplan-Meier plot was made using the web portal with no
modifications.

Gene set enrichment analysis (GSEA)

We conducted GSEA'™ based on C6 oncogenic signatures from the MSigDB
database". From this we obtained normalized enrichment scores (NES) and
compared GSEA oncogenic signatures across both BLBC cell lines in 3D
culture conditions.

Algorithm for linking activity networks (ALAN) analysis

We utilized the Algorithm for Linking Activity Networks (ALAN)” to
examine the transcriptome of basal and luminal BC samples from both
TCGA and METABRIC. Similarity scores from relevant genes were pulled
from this output and visualized in a heatmap where maximum and mini-
mum similarities of ALAN networks were numerically represented based on
measurements between 1 and —1.

Generation of cell lines

The human BLBC cell lines MDA-MB-231 and HCC1806 were cul-
tured in RPMI medium 1640 (Gibco), supplemented with 10% FBS
(R&D Systems), 0.2% GlutaMax (Gibco), and 1% Penicillin Strep-
tomycin (Gibco) grown at 37°C and 5% CO,. All cell lines were
purchased from the American Type Culture Collection. To produce
the CREB5 and luciferase overexpressing cells, a mammalian
expression lentiviral vector (VectorBuilder, vector IDs: VB240613-
1734jvz and VB240917-1425tbq, respectively) was used for infecting
each cell line in the presence of 10 pg/ml polybrene (VectorBuilder)
followed by drug selection with 10 pug/ml puromycin (Gibco).

Proliferation experiments

In six-well plates, 15,000 cells were seeded with 1.5 mL of the RPMI media. 5,
7, and 10 days after being seeded, cells were harvested and counted with a
Corning Cell Counter and CytoSMART software. For the 7- and 10-day
plates, 0.5 mL media was added to each well on day 5. A Student’s t-test was
utilized to determine significance.

Tumorsphere experiments

Adherent cells were washed with PBS and dissociated enzymatically in
0.25% trypsin for 2-5 min or until cells become unadhered to the plate.
The cells were sieved through a 40-pm sieve (BD Falcon) and 18 G
needle to obtain single cell suspensions. 1000 single cells were plated in
24-well ultra-low attachment plates (Corning) in a phenol red-free
mammary epithelial basal medium (DMEM: F12; Thermo Scientific)
containing 1% B27 Supplement (Invitrogen), 1% penicillin-
streptomycin (Invitrogen), 5pg/ml insulin (Invitrogen), 20 ng/ml
EGF (Sigma Aldrich), 1 ng/ml hydrocortisone (Sigma Aldrich), and
100 uM B-mercaptoethanol. Tumorspheres were allowed to grow for
8 days and then were imaged with ZEN microscopy software. Sobel
edge detection was used to find the edges of cells in the images, and
areas were calculated by counting the number of pixels in each

tumorsphere and a scaling by a factor to calculate the real area in
micrometers’ of each tumorsphere. The number of tumorspheres in
each image was calculated by counting the number of cell groups with
a diameter greater than 50 micrometers.

RNA-sequencing experiments

2D and 3D cultures of CREB5 or luciferase overexpressed cell lines were
cultured as stated above. RNA was extracted from the cell lines using a
RNeasy Mini Kit (Qiagen). For RNA-seq experiments, library preparations,
quality control and sequencing were performed by Novogene. All groups
had three replicated expect the CREB5 overexpressed 2D cultured
HCC1806 cell line had two.

Surfaceome experiments

Both cell lines were seeded in a 15 cm plate, then a Cell Surface Protein
Biotinylation and Isolation Kit (Pierce) was utilized to isolate proteins.
Biotinylated proteins were then subjected to mass spectrometry through the
Center for Metabolomics and Proteomics at the University of Minnesota.
Proteom Discoverer (Thermo Scientific) was used for peptide identification
and label-free quantification (LFQ). Peptide sequences, and thus protein
identities, were determined by matching them against the UniProt database.
Significance was assessed using an ANOVA test with Benjamini Hochberg
adjustment.

Data availability

Clinical datasets are derived from public resources and are available within
the article. The data generated from this study are provided as supplemental
data. The RNA-sequencing data discussed in this publication have been
deposited in NCBI’s Gene Expression Omnibus and are accessible through
GEO Series accession number GSE283312 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE283312).

Code availability
The code generated from this study is available at https://github.com/
alixx830/cell_quantification.
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