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Pancreatic cancer: 215t century big challenge

Definition and molecular genetics

Pancreatic cancer, and its most frequent subtype Pancreatic Ductal Adenocarcinoma (PDAC), is one
of the 215t century biggest challenges in the fight against cancer. With a 5-year survival rate of only
3% and a median survival of less than 6 months, a diagnosis of pancreatic cancer carries one of the
most dismal prognoses in all of medicine. Due to a lack of specific symptoms and limitations in
diagnostic methods, the disease often eludes detection during its formative stages. Surgery has
offered the only possibility of cure, although surgical intervention alone rarely achieves a curative
end point. For the 15-20% of patients who undergo potentially curative resection, the 5-year
survival is only 20%. Some improvements in surgical outcome occur in patients who also receive
chemotherapy and/or radiotherapy, although the impact on long-term survival has been minimal
owing to the intense resistance of pancreatic adenocarcinoma to all extant treatments. So,
management of most patients focuses on palliation 3. Pancreatic cancer is generally thought to
arise from pancreatic ductal cells; however, this remains an area of ongoing study (see paragraph

1b).

The etiology of pancreatic cancer remains poorly defined, although important clues of disease
pathogenesis have emerged from epidemiological and genetic studies. This cancer is associated with
advancing age with a characteristic pattern of genetic lesions. The field is now faced with the
challenge of understanding how these signature genetic lesions — mutations of KRAS, CDKN2A,
TP53, BRCA2 and SMAD4/DPC4— contribute to the biological characteristics and evolution of this
disease. KRAS mutations are identified in more than 8 out of 10 patients and tend to be associated
with reduced overall survival, regardless of the stage of PDAC #°. An activating point mutation of
the KRAS oncogene on codon 12 (exon 2) is the initiating event in the majority of PDAC cases (70—
95%). This single- nucleotide mutation triggers replacement of the GGT sequence (which encodes
glycine) by the GAT sequence (aspartic acid; G12D), GTT (valine; G12V), CGT (arginine; G12R) or GCT
(alanine; G12A). The point mutation of KRAS impairs the intrinsic GTPase activity of RAS and
prevents GAPs from promoting the con- version of GTP (active) to GDP (inactive). The KRAS protein
is thus permanently bound to GTP and constitutively activates downstream signalling pathways,

consequently maintaining the cellular processes of proliferation and survival.



Pancreatic cancer cell of origin and experimental models

PDAC was initially characterized by its ductal, glandular morphology, and so it was conventionally
conjectured that PDAC originated from ductal cells . Earlier genetically engineered mouse models
(GEMM) of PDAC did not pay attention to cell lineage. The KC (Kras/Cre) model, which utilized
Pdx1%® or p48/Ptfla‘™® to activate a conditional knocked-in KrasG12D allele (LSL-KrasG12D) in
pancreatic progenitor cells, was the first genetically engineered mouse model (GEMM) to faithfully
recapitulate the human PDAC tumorigenesis process in mice ’. These mice develop pre-cancerous
lesions, PanINs (pancreatic intraepithelial neoplasia), that eventually evolve into PDAC tumors. Pdx1
and p48/Ptfla are expressed in early progenitor cells during pancreatic development. Lineage
tracing experiments have shown that both Pdx1 and p48/pftla expressing cells contribute to all the
cell lineages in the pancreas, including both acinar and ductal cells. Unexpectedly, several GEMMs
have suggested that, without additional mutations, ductal cells are relatively resistance to
oncogenic Kras-induced formation of PDAC precursor lesions. Kopp et al. used transgenic Sox9¢eER
to activate the expression of a knocked-in KrasG12D allele (LSL- KrasG12D) in ductal cells at
postnatal day 10 . Although the mutant allele was efficiently recombined in a subset of ductal cells,
these mice rarely develop PanINs. Similar results were obtained by Ray et al. using CK19¢tR to

activate mutant Kras in ductal cells °.

Several different studies demonstrated that oncogenic Kras could initiate tumorigenesis in ductal
cells in the presence of additional mutations, such as Pten deletion, Fow7 deletion or Trp53
inactivation 0712, These data imply that either the acquisition of additional mutations in the
presence of oncogenic Kras results in ductal cells bypassing the PanIN stage or, more likely, that

ductal cells might be responsible for PDAC initiated from a low-grade PanIN- independent route.

In the past decade, the potential role of the pancreatic acinar cell lineage as the cell of origin of
PDAC has been extensively studied. Of the adult cell lineages of the pancreas, acinar cells show the
highest plasticity. Pancreatic acinar cells can dedifferentiate or transdifferentiate to an embryonic
progenitor phenotype that expresses ductal markers, in a process termed acinar-to-ductal
metaplasia (ADM). Multiple factors have been implicated in mediating ADM, including KRAS

hyperactivity and increased inflammatory signalling 134,

Guerra et al. crossed double transgenic Elase-tTA/Tet-O-Cre mice, which express Cre recombinase
under the control of the Elastase promoter in a tet-off system, with a line carrying a knockin

conditional KrasG12V allele (LSL-KrasG12V) *°. In this model, oncogenic KrasG12V expression was



turned on in 20% to 30% of acinar cells as well as a low number of centroacinar cells during late
embryonic development. These mice readily developed full spectrum PanIN lesions, and some
progressed to PDACs with about 1-year latency. The similarity of the phenotype of this model and

that of KC mice suggests that acinar cells might be the origin of PDACs developed in those models.

Taking advantage of the fact that Ptfla expression is limited to the acinar cell lineage in the pancreas
after birth, Kopp et al. activate expression of oncogenic KrasG12D and YFP reporter in acinar cells.
This lineage tracing model displayed abundant YFP+ PanIN lesions in mice between the ages of 8
and 17 montbhs, clearly demonstrating that these PDAC precursor lesions were derived from acinar

cells.

These and other data support the notion that at least embryonic or young acinar cells are

susceptible to oncogenic Kras-induced PDAC initiation via a PanIN-dependent route.

p130Cas adaptor protein: not only a figurant in cancer history

Protein structure and function

Proteins of the CAS (CRK-associated substrate) family (BCAR1/p130Cas, NEDD9/HEF1/CAS-L,
EFS/SIN and CASS4/HEPL) are integral players in normal and pathological cell biology. CAS proteins
by acting as scaffolds can regulate the formation of protein complexes that in turn control cell
migration and chemotaxis, apoptosis, cell cycle and differentiation. Reflecting these complex
functions, overexpression of CAS proteins is now emerging to correlate with poor prognosis,
increased metastatization, as well as resistance to first-line chemotherapeutics in multiple tumor
types. These proteins share structure similarity characterized by the presence of multiple protein

interaction domains and several tyrosine and serine phosphorylation motifs .

p130Cas/BCAR1 protein is characterized by an N-terminal Src-homology 3 (SH3) domain, an
adjacent large substrate domain containing 15 repetition of the YxxP motif, a main site of tyrosine
phosphorylation upon mechanical stimuli or growth factor receptors/integrins signaling, a proline
and serine rich region, a highly conserved four-helix bundle and a well conserved carboxy-terminal

domain, containing a YDYVHL motif that acts as docking site for Src family kinases (Src, Fyn, Lyn, Lck)
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Although p130Cas/BCAR1 is devoid of any enzymatic or transcriptional activity, the presence of
multiple tyrosine residues in the substrate domain, as well as its modular structure with various
binding motifs, allows the formation of multi-protein signaling complexes. This results in the
induction and/or maintenance of signaling pathways with pleiotropic effects on cell motility, cell

adhesion, cytoskeleton remodelling, invasion, survival and proliferation.

Role of p130Cas in cancer

The relevance of p130Cas/BCAR1 adaptor protein in cancer has been extensively supported by
demonstrating the contribution of deregulated expression levels of p130Cas/BCAR1 to cellular
transformation and malignancy. Indeed, overexpression of p130Cas/BCAR1 has been detected in
human breast, prostate, ovarian, lung, colorectal, pancreatic and hepatocellular carcinoma, as well
as in glioma, melanoma, anaplastic large cell lymphoma and chronic myelogenous leukemia,

although the exact mechanisms have not been identified yet 7/%8,

Specifically, in ErbB2-positive breast cancer, p130Cas/BCAR1 is necessary to induce invasion in
three-dimensional culture cells by supporting and amplifying ErbB2 downstream signaling =23, In
these cells, p130Cas is a crucial component of a functional molecular complex consisting in ErbB2,
c-Src, and FAK. Several experiments demonstrated that ErbB2 oncogene requires p130Cas/BCAR1
as an essential transducer to drive foci formation and anchorage-independent growth. The
relevance of p130Cas in tumor growth is also strengthened by in vivo studies, showing that p130Cas
silencing is sufficient to inhibit in vivo ErbB2-dependent tumor formation. Using MCF10A.B2 cells
expressing the ErbB2 chimera, which is activated by treatment with the synthetic ligand AP1510,
Cabodi et al. 24, demonstrated that p130Cas overexpression induces ErbB2 tyrosine phosphorylation
in absence of AP1510 and strengthened activation of downstream signaling pathways. This suggests
that high levels of p130Cas function as a priming event for partial activation of the receptor.
Moreover, they demonstrated that, upon ErbB2 activation by AP1510, p130Cas phosphorylation
occurs prior to ErbB2-mediated c-Src activation and is not reduced by pharmacological inhibition of

c-Src catalytic activity, suggesting that c-Src is not involved in early p130Cas phosphorylation.

Recent data from the same group indicate that p130Cas by binding to ErbB2, stabilizes the receptor
preventing its ubiquitination and subsequent degradation by autophagy ?2. Indeed, p130Cas by

binding to ErbB2 does not allow the association with CHIP and Cbl E3 Ubiquitin ligases, possibly



through steric hindrance. Their data also indicate that high levels of p130Cas expression inversely
correlate with ErbB2 sensitivity to Transtuzumab. The mechanism through which p130Cas mediates
resistance to Transtuzumab might rely on the increased ErbB2 stability to the cell membrane. This
increased stabilization of ErbB2 by p130Cas might be the crucial event driving breast cancer
progression and resistance, strengthening the relevance of p130Cas as putative therapeutic target

to overcome resistance to Transtuzumab.

These findings could have important therapeutic and translational implications but until now
p130Cas can be targeted only by RNA-interference, limiting its applicability. Due to the absence of
enzymatic activity, and by acting only as scaffold protein, no p130Cas catalytic inhibitors or

modulators could be developed.



References

1.

10.

11.

Bardeesy N, DePinho RA. Pancreatic cancer biology and genetics. Nat Rev Cancer

2002;2:897-909. Available at: http://www.nature.com/doifinder/10.1038/nrc949.

Gungor C, Hofmann BT, Wolters-Eisfeld G, et al. Pancreatic cancer. Br J Pharmacol
2014;171:849-58. Available at: http://www.ncbi.nIm.nih.gov/pubmed/24024905 [Accessed
February 26, 2019].

Bailey P, Chang DK, Nones K, et al. Genomic analyses identify molecular subtypes of

pancreatic cancer. Nature 2016;531:47-52.

Waters AM, Der CJ. KRAS: The Critical Driver and Therapeutic Target for Pancreatic Cancer.
Cold Spring Harb Perspect Med 2018;8. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/29229669 [Accessed June 23, 2019].

Buscail L, Bournet B, Cordelier P. Role of oncogenic KRAS in the diagnosis, prognosis and
treatment of pancreatic cancer. Nat Rev Gastroenterol Hepatol 2020;17:153-168. Available

at: http://dx.doi.org/10.1038/s41575-019-0245-4.

Xu'Y, Liu J, Nipper M, et al. Ductal vs. acinar? Recent insights into identifying cell lineage of
pancreatic ductal adenocarcinoma. Ann Pancreat Cancer 2019;2:11-11. Available at:

http://apc.amegroups.com/article/view/4880/html [Accessed January 8, 2020].

Hingorani SR, Petricoin EF, Maitra A, et al. Preinvasive and invasive ductal pancreatic cancer

and its early detection in the mouse. Cancer Cell 2003.

Kopp JL, Figura G von, Mayes E, et al. Identification of Sox9-Dependent Acinar-to-Ductal
Reprogramming as the Principal Mechanism for Initiation of Pancreatic Ductal

Adenocarcinoma. Cancer Cell 2012.

Ray KC, Bell KM, Yan J, et al. Epithelial Tissues Have Varying Degrees of Susceptibility to
KrasG12D-Initiated Tumorigenesis in a Mouse Model Oshima R, ed. PLoS One
2011;6:e16786. Available at: https://dx.plos.org/10.1371/journal.pone.0016786.

Ferreira RMM, Sancho R, Messal HA, et al. Duct- and Acinar-Derived Pancreatic Ductal

Adenocarcinomas Show Distinct Tumor Progression and Marker Expression. Cell Rep 2017.

Lee AYL, Dubois CL, Sarai K, et al. Cell of origin affects tumour development and phenotype



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

in pancreatic ductal adenocarcinoma. Gut 2019;68:487-498.

Kopp JL, Dubois CL, Schaeffer DF, et al. Loss of Pten and Activation of Kras Synergistically
Induce Formation of Intraductal Papillary Mucinous Neoplasia From Pancreatic Ductal Cells

in Mice. Gastroenterology 2018.

Storz P. Acinar cell plasticity and development of pancreatic ductal adenocarcinoma. Nat
Rev Gastroenterol Hepatol 2017;14:296-304. Available at:
http://www.nature.com/articles/nrgastro.2017.12 [Accessed April 28, 2019].

Storz P, Crawford HC. Carcinogenesis of Pancreatic Ductal Adenocarcinoma.

Gastroenterology 2020;158:2072-2081.

Guerra C, Schuhmacher AJ, Canamero M, et al. Chronic Pancreatitis Is Essential for Induction

of Pancreatic Ductal Adenocarcinoma by K-Ras Oncogenes in Adult Mice. Cancer Cell 2007.

Cabodi S, Camacho-Leal MDP, Stefano P Di, et al. Integrin signalling adaptors: not only
figurants in the cancer story. Nat Rev Cancer 2010;10:858—-870. Available at:
http://dx.doi.org/10.1038/nrc2967.

Tikhmyanova N, Little JL, Golemis EA. CAS proteins in normal and pathological cell growth

control. Cell Mol Life Sci 2010;67:1025-1048.

Tornillo G, Defilippi P, Cabodi S. Cas proteins: dodgy scaffolding in breast cancer. Breast
Cancer Res 2014;16:443. Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4384296&tool=pmcentrez&re

ndertype=abstract.

Pincini A, Tornillo G, Orso F, et al. Identification of p130Cas/ErbB2-dependent invasive

signatures in transformed mammary epithelial cells. Cell Cycle 2013;12:2409-2422.

Tornillo G, Bisaro B, Camacho-Leal MDP, et al. P130Cas promotes invasiveness of three-
dimensional ErbB2-transformed mammary acinar structures by enhanced activation of
mTOR/p70S6K and Racl. EurJ Cell Biol 2011;90:237-248. Available at:
http://dx.doi.org/10.1016/j.ejcb.2010.09.002.

Sciortino M, Camacho-Leal M del P, Orso F, et al. Dysregulation of Blimp1 transcriptional
repressor unleashes p130Cas/ErbB2 breast cancer invasion. Sci Rep 2017;7:1145. Available
at: http://www.nature.com/articles/s41598-017-01332-z [Accessed May 2, 2017].



22.

23.

24.

10

Bisaro B, Sciortino M, Colombo SM, et al. p130Cas scaffold protein regulates ErbB2 stability
by altering breast cancer cell sensitivity to autophagy. Oncotarget 2015;132:3—4. Available

at: http://www.oncotarget.com/abstract/6710 [Accessed January 30, 2017].

Costamagna A, Rossi Sebastiano M, Natalini D, et al. Modeling ErbB2-p130Cas interaction to
design new potential anticancer agents. Sci Rep 2019;9:3089. Available at:
http://www.nature.com/articles/s41598-019-39510-w [Accessed March 11, 2019].

Cabodi S, Tinnirello A, Bisaro B, et al. p130Cas is an essential transducer element in ErbB2

transformation. FASEB J 2010;24:3796—3808.



11

Introduction and aim of the work

The adaptor protein p130Cas controls pancreatic acinar cell plasticity and cancer

initiation through regulation of PI3K-AKT pathway

1. Abstract

p130Cas adaptor protein is frequently overexpressed in human cancers, including pancreatic ductal
adenocarcinoma (PDAC). Its genetic locus repeatedly emerged as interesting candidate to predict
PDAC susceptibility, but its contribution remains largely unknown. Public databases, PDAC tissue
array and preclinical cancer mouse models were used to investigate the clinical relevance of
p130Cas in PDAC. Conditional p130Cas knockout mice (Pdx‘r; p130Cas?/f) were generated to
examine the role of p130Cas during PDAC carcinogenesis. p130Cas was upregulated in human PDAC
samples and its expression was correlated with worst OS and PFS. Mechanistically p130Cas deletion
in mouse models repressed metaplastic transformation of the pancreatic acinar compartment but
did not prevent ductal cells from acquiring tumorigenic ability, resulting in a delayed insurgence of

G12D

duct-derived tumors. In acinar cells carrying Kras®!?®, phosphorylated p130Cas was associated with

p85a PI3K-regulatory subunit, promoting PI3K activity, AKT activation and acinar metaplasia.

Conversely, p130Cas loss prevented acinar cell from Kras®'?P

-induced metaplasia through
downregulation of PI3K-AKT pathway activation. Of note, pancreatic cancer patients with high
p130Cas levels also displayed increased levels of AKT phosphorylation. Together, our findings
highlight the function of p130Cas during pancreatic carcinogenesis, and specifically uncover its key
role during acinar metaplasia, which would advance our understanding of acinar to ductal

metaplasia contribution to PDAC.
1. Introduction

Pancreatic adenocarcinoma (PDAC) is the most common type of pancreatic cancer and one of the
biggest challenges in the fight against cancer in the 21st century. This tumor remains one of the
most lethal cancers worldwide, regardless of more effective combination treatments and new
diagnostic possibilities >2. Since PDAC is often diaghosed at a metastatic stage, understanding the
processes that lead to its initiation is crucial both for the identification of markers for early

detection, and to set up new early intervention modalities.
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In this context, extensive genome studies have been applied to uncover new potential regulators of
malignant transformation in the pancreas. More specifically, genome-wide association studies
(GWAS) provide novel insights to identify genomic regions containing potential common risk alleles
for human diseases. The actual single-nucleotide polymorphisms identified by GWAS rarely have
obvious effects on protein-coding regions, nor are they linked to clear causal variants in adjacent
genes 3. As a result, GWAS often identify candidate genes of uncertain functional importance, whose
actual implication in the disease of interest is unclear. However, in 2014 two studies provided the
first functional validation of a GWAS-identified risk factor for PDAC, uncovering the role of Nr5a2
orphan hormone receptor as inhibitor of Kras-driven ADM and subsequent tumorigenesis #°. An
increasing number of similar candidates wait for a functional validation. Among the PDAC risk-
associated SNPs and genomic regions from GWAS, BCAR1 gene has repeatedly emerged as an
interesting candidate, even when stringent Bonferroni correction was applied 8. BCAR1 gene codes
for an adaptor protein called p130Cas that represents a nodal platform on which integrin and
growth factor receptor signaling conveys and its aberrant expression is linked with the
transformation and progression of multiple cancer types °*'. It has been demonstrated that
p130Cas plays a key role in the control of migration and invasion of ErbB2 positive breast cancer 2,
where it can also prevent the autophagic degradation of the receptor !3. Indeed p130cas
overexpression, in combination with ErbB2 amplification, correlates with higher proliferation rate,
increased number of distant metastasis and poor prognosis of human breast cancer 4%, Moreover,

its overexpression has been indicated as an independent significant prognostic factor for NSCLC?®.

Despite the ductal characteristics of PDAC, recent studies demonstrated that also acinar cells are
quite sensitive to oncogenic mutation and can transdifferentiate to an embryonic progenitor
phenotype that express ductal markers and represent a precursor stage for the formation of
premalignant PanINs 1723, This trans-differentiation process is known as Acinar to Ductal Metaplasia
(ADM). Remarkably, lineage tracing experiments in animal models show that ADM also occurs in

vivo and can progress to PanINs 2422 which can further evolve to PDAC %°.

Here, we reported for the first time the involvement of p130Cas adaptor protein in pancreatic
tumorigenesis. In particular, we demonstrated that p130Cas expression is upregulated in human
PDAC and significantly associates with poor patient survival in multivariate analysis. In mice,
p130Cas deletion impaired Kras®!?°-dependent acinar cells trans-differentiation through regulation

of PI3K-AKT activity.
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2. Results
P130Cas is upregulated in human pancreatic cancer and is associated with worst OS and PFS.

The expression levels of p130Cas during pancreatic carcinogenesis is unknown. Analysis of publicly
available datasets (GSE16515, GSE62452, GSE28735) 3932 revealed that the p130Cas mRNA is
significantly elevated in pancreatic tumors relative to normal tissue (Suppl. Fig. 1A), strengthening

the value of the association highlighted by GWAS.

The association between elevated p130Cas expression and pancreatic cancer observed at mRNA
level was further validated with a tissue microarray containing specimens of 96 cases of pancreatic
cancer and 4 normal pancreatic tissue samples that was immunohistochemically stained with a
specific p130Cas antibody. High p130Cas expression was detected in 58 out of 96 of the analyzed
samples (60%) (Fig. 1B). Analysis of clinical parameters revealed highlighted the relevance of
p130Cas expression as significant predictor of progression-free survival and overall survival in this
cohort of PDAC patients. Moreover, p130Cas expression remained a significant predictor of survival
and PFS, even after stratifying for tumor grading and vascular infiltration in a multivariate analysis

(Fig. 1C and Suppl. Table 1).

P130Cas deletion increases survival of Kras®'2?; p53R172H mice by delaying PDAC onset.

The first genetic event on the road to invasive pancreatic cancer is mutational activation of Kras,
which occurs in the earliest precancerous PanIN-1 lesions 3334, Additionally, human PDAC tumors
harbor mutations in classical tumor suppressor genes such as TP53, SMAD4 or BRCA1. Point
mutation of the TP53 tumor suppressor have been described in approximately 27% of pancreatic
cancers 3°. Likewise, mice expressing KrasG12D in absence of functional p53 protein develop
aggressive PanINs and PDAC tumors that result in the death of 50% the animals within their first 4

to 5 months of life 36.
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To establish whether p130Cas expression was functionally relevant for PDAC evolution and not only
a bystander player, we crossed the aggressive Pdx®®; Kras®'?P; Trp53Rf172H model of PDAC
tumorigenesis (referred to hereinafter as Kras®'2%; p53R172H) 36 with mice with conditional p130Cas
alleles (p130Cas™f) 37 to generate Kras®!2®; p53R172H mice that specifically lack p130Cas expression

in pancreatic epithelium (referred to hereinafter as Kras®'2%; p53Rf172H: n130Cas ).

The germ-line knockout p130Cas mouse model generated by and Honda and co-workers 3%,
highlighted the embryonic lethality of p130Cas deficiency, but our previous work suggested that this
phenotype could be circumvented by conditional knock-out approach 3’. To exclude gross
pancreatic abnormalities in mice lacking p130Cas, pancreata from Pdx‘"®; p130Cas*® mice were
histologically examined. Both at birth and adulthood (6 weeks), these pancreata appeared normal
suggesting that p130Cas was dispensable for pancreas development (Suppl. Fig. 1A). Suppression of
p130Cas protein expression in pancreatic epithelium was confirmed by Western blot (Suppl. Fig.
1B). Pdx“; p130Cas*® mice were born at expected Mendelian ratio and were viable and fertile

(Suppl. Fig. 1C).

As shown in Fig. 2A, Kras®'2%; p53R172H gnimals carrying wild type p130Cas alleles displayed abundant
PanINs and PDAC lesions at 4 months of age. Interestingly, mice carrying conditional p130Cas alleles

also displayed neoplastic lesions, but with reduced incidence (Fig. 2B).

To investigate if this phenotype was determined by a delayed onset or by a slower progression of
p130Cas® tumors, a cohort of Kras®?P; p53R172H gnd Kras®'2P; p53Ri72H p130Cas® animals were
sacrificed at 2 months of age, an age at which PanIN lesions start to develop in this tumor model.
Counting of lesions revealed substantial delayed tumor onset for Kras®'2%; p53Rf172H: n130Cas"® mice
(Fig. 2A). When allowed to age, all Kras®?P; p53R72H gnimals succumbed to pancreatic tumors
around 200 days of age (6.5 months), with a median survival of 144 days. By contrast, Kras®?P;
p53R172H: n130Cask® mice died around 330 days of age (11 months) with a median survival of 235
days (Fig. 2B). Thus, ablation of p130Cas resulted in a 63% increase in survival time. Tumor
development in Kras®'?®; p53R172H: n130Cask® mice was not due to incomplete recombination
because the large majority of the PanIN lesions and PDAC tumors did not express p130Cas when

analyzed by IHC (Suppl. Fig. 1D).

Moreover, IHC staining of end-point tumors from Kras®'2P; p53R172H: h130Cask® mice did not reveal
significant differences in proliferation compared to those present in control Kras®'?P; p53Ri72H

animals (Suppl. Fig. 1D), as observed by PCNA staining. These observations indicate that loss of p53
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activates oncogenic pathways that bypass the requirement of p130Cas for tumor development.
However, although all animals developed terminal PDAC regardless of p130Cas expression, these
cumulative evidences strongly support p130Cas as main regulator of tumor onset in murine

pancreas, thus reducing tumor burden and improving overall survival.

P130Cas deletion affects PDAC onset by altering the balance between acinar and duct-derived

tumors.

To understand the delayed tumor onset observed in Kras®?P; p53R172H; 5130Cas® mice, we focused
our attention on the initial phases of PDAC tumorigenesis. Studies with GEM PDAC models have
revealed that the different pancreas compartment have different responses to given oncogenic
lesions, especially in the earlier steps. Although ductal cells are relatively more resistant to Kras®?°
transformation than acinar cells, this scenario changes when additional genetic alterations are
incorporated in the same cells 1723243941 Recent studies highlighted the contribution of both acinar
and duct-derived tumor cells in pan-pancreatic mouse models, such as the Pdx®®; Kras®'%b;
Trp53R172H adopted in this work, where low or high expression of AGR2 protein was proposed as
valuable marker to distinguish acinar and ductal tumors, respectively 2. In the attempt to clarify
how the absence of p130Cas could impact on PDAC onset, Kras®'2P; p53Rf172H and Kras®2P; p53Ri72H;
p130Cask® pancreata were examined at terminal stages for AGR2 expression to highlight their
lineage of origin. As previously reported, tumors from Kras®'2°; p53Rf172H mice exhibit mixed positive
and negative AGR2 staining accordingly to the dual contribution of acinar and ductal cells to PDAC
onset. Conversely, the absence of p130Cas dramatically shifted the proportion of duct-originated
tumors that uniformly stain positive for AGR2 (Fig. 2C). Likewise, strong AGR2 expression could also

be detected in human PDAC tissue sections with low p130Cas staining (Fig. 2D).

These data highlighted the different requirements of acinar and ductal cells to promote their
conversion into PDAC progenitors and that p130Cas expression is crucial to allow the transformation

of the acinar compartment in preclinical PDAC model.

P130Cas overexpression in transforming acinar cells.

To specifically investigate the role of p130Cas during acinar transformation, we took advantage of

the Pdx®"¢; Kras®'?® mouse model (referred to hereinafter as Kras®'2P) 43,
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G120 mutant results in the

In these transgenic mice, pancreas-specific expression of Kras
development of acinar metaplasia at around 8 weeks of age (while ductal cells can tolerate this
single hit 24#41) that further progress to preneoplastic lesions (mostly PanIN), with PDAC resulting

after a long latency in 20% to 30% of mice.

Of note, p130Cas expression was found to be very low/undetectable in untransformed pancreatic
acini and normal ducts (Suppl. Fig. 1E). However, we observed that specifically in the areas where
acinar cells undergo ADM, p130Cas expression pattern was altered and, by 4- to 6-months of age,
p130Cas overexpression can be detected in ADM and PanlIN lesions, as well as in PDAC areas, but

remains low/undetectable in the adjacent untransformed compartments (Fig. 3A).

Pancreatitis is an inflammatory condition strongly linked to PDAC in humans #4, but also a critical
player in Kras-dependent tumorigenesis 2°. In animal models, induction of pancreatic injury and
inflammation similar to what observed in patients could be achieved by administration of the
cholecystokinin analogue caerulein. In Kras wild-type pancreas, this results in the formation of ADM
lesions that, in the absence of further injuries, spontaneously resolve within 2 weeks. Conversely,
caerulein treatment dramatically exacerbates and accelerates the formation of ADM lesions by
mutated Kras and increases their outcome as PanINs 244> To assess whether p130Cas expression
levels were regulated during the formation of these precursor lesions, control (Pdx"¢; Kras*¥"t) and
Kras®'2® mice were treated with caerulein to induce ADM. As shown in Fig. 3B, in untreated 6-week-
old Kras®*?P mice, p130Cas expression was low and indistinguishable from control mice of the same
age. After 1 day of caerulein treatment, the upregulation of p130Cas expression was highly
detectable in acinar cells undergoing ADM in both genotypes. In absence of oncogenic Kras
redifferentiation into functional acinar cells occurs rapidly within 1 week of caerulein treatment,
together with the reduction of p130Cas expression levels, suggesting that p130Cas upregulation
occurs during pancreatic regeneration but is quiescent in undamaged pancreas. However, mutated
Kras blocks acinar regeneration in favor of ductal reprogramming and PanIN formation #’. In contrast
to control mice, Kras®?P mice displayed persistent p130Cas upregulation in metaplastic duct and
PanIN lesions at 5- and 14-days post caerulein injection, suggesting a specific role for p130Cas
upregulation in the Kras-induced reprogramming of acinar cells into PanIN precursors. These
observations paralleled with the significantly upregulated p130Cas mRNA levels detected in publicly
available dataset (GSE41418, GSE109227, GSE77983) “8°0 of caerulein-induced pancreatitis in wild

G12D

type and Kras mice (Suppl. Fig. 1 F).
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Cell autonomous p130Cas overexpression in response to EGF and oncogenic Kras in pancreatic

acinar explant

To verify whether the potential role of p130Cas in ADM was strictly dependent by Kras activation
and to exclude potential microenvironmental influences, we next adopted an established explant
model in which mouse primary pancreatic acinar cells were isolated, reseeded ex vivo in collagen |
3D culture and transdifferentiation was then induced either by EGF or by the presence of Kras®'2P,
as described previously ¥°%52, These primary acinar cells undergo ADM within 5 days (Fig. 3C-D).
p130Cas upregulation was observed during acinar transdifferentiation either in primary acinar cells
treated with EGF or expressing Kras®'2P (Fig. 3E). Interestingly, p130Cas expression was increased in
Kras mutant acini in unstimulated conditions at day 1, compared to wild type counterparts; and
correlates with the acquisition of the ductal phenotype. This result showed that p130Cas
upregulation is a conserved cell-autonomous characteristic of acini that undergo ADM in response

to transdifferentiation stimuli or oncogenic Kras.

Pancreatic epithelial p130cas deletion inhibits both spontaneous and pancreatitis-induced paniNs

formation

To assess whether the absence of p130Cas interfered with Kras-induced ADM and tumorigenesis,
we generated Pdx®; Kras®?P; p130Cas® mice (referred to hereinafter as Kras®??; p130Cas*®). Kras-
dependent ADM and PanIN formation was evaluated in 6 months-old Kras®*?? and Kras®'%%;
p130Cas® mice. Results indicate that, although we detected some rare and occasional PanINs in
Kras®?P; p130Cas® mice, the pancreatic area occupied by oncogenic lesions was significantly
smaller compared to Kras®'?® mice, as evaluated by both mucin accumulation and loss of amylase
staining (Fig. 4A-B). The sporadic PanINs detected in Kras®'?®; p130Cask® mice were not due to
incomplete recombination because the large majority of the PanIN lesions did not express p130Cas
when analyzed by IHC (Suppl. Fig. 2A). These data suggest that p130Cas loss interferes with Kras-
induced formation of ADM and precursor lesions during cancer progression. Interestingly, Kras®2®;
p130Cas® mice did not develop PDAC even after 12 months, further strengthening the idea that
p130Cas loss completely blocked Kras oncogenic potential and prevented acinar trans-

differentiation, thus impairing tumor onset in this model.
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As reported above, the cholecystokinin analogue caerulein induces acute pancreatitis in mice,
accompanied by widespread ADM. Whereas normal acini regenerate upon resolution of the
inflammatory stimulus, in the context of Kras mutation, ADM is not resolved but instead progresses
to PanIN. Therefore, we examined if p130Cas loss was able to block Kras-driven PanIN formation
even in the setting of acute pancreatitis (Fig. 4C-D). By 5 days after caerulein injection, the exocrine

6120 mice was nearly completely replaced by fibrosis and ductal structures, as

compartment of Kras
evident by rare expression of the acinar marker amylase. These ductal structures often acquire
strong expression of CK19 ductal marker 14 days after caerulein injection indicating their
progression towards PanlIN lesions. In stark contrast, pancreata of Kras®2?; p130Cas® mice did not
display gross fibrosis and ADM after caerulein treatment and retained dramatically more amylase-
positive parenchyma. Interestingly, this protection could not be detected in p130Cas*® mice carrying
wild type Kras allele when treated with caerulein (Suppl. Fig. 2B), supporting the hypothesis that

p130Cas loss-mediated protection is strictly connected to Kras®?P expression in the pancreatic

epithelium.

P130Cas deletion prevents Kras®'?°-induced PI3K-AKT activation

To further test the cell-autonomous mechanism underlying this p130Cas*®-mediated protection, we
explanted acini from Kras®'?® and Kras®?®; p130Cas*® mice and cultured them as 3D culture (Fig.
5A-B). After 5 days in culture, we observed significantly less ductal structures in Kras®'?®; p130Cask©

G12D

acini compared to Kras acinar explants, suggesting that p130Cas contributes to Kras-induced

acinar to ductal transdifferentiation through cell-autonomous mechanisms.

Mutant Kras signaling in PDAC is highly complex and dynamic engaging various downstream
effectors such as RAF/MEK/ERK and PI3K/Pdk/AKT pathways >34 Experiments in mice

demonstrated that PI3K-AKT signaling plays a pivotal role in pancreatic cancer initiation >>>°,

To test if p130Cas deletion could impact on Kras downstream pathways, isolated acini derived from
Kras®?® and Kras®'?P; p130Cas® mice were analyzed for the phosphorylation of downstream
effectors AKT and ERK1/2. Interestingly, following EGF stimuli, isolated Kras®'?® acini lacking
p130Cas revealed a reduction in AKT phosphorylation compared to wild type counterpart with less
evident effects on ERK1/2 phosphorylation (Fig. 5C). GTP-Kras has been shown to essentially engage
and activate PI3K by direct binding to p110 catalytic subunit >’. However, even in the presence of

G12D

constitutively active Kras oncoprotein, the release of p110 from p85-inhibition is still required
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to achieve full activation of PI3K-AKT pathway °8. Inactivation of p85 depends on its binding to
tyrosine phosphorylated proteins >°®°, Of note, the formation of a transient molecular complex
including p130Cas, the PI3K p85 subunit and Src was observed in breast cancer cells upon estrogen
treatment or adenovirus cell entry 2, Moreover, phosphorylated-p130Cas has been shown to co-
immunoprecipitate with p85 in v-Crk transformed cells, where it correlates with PI3K activity. In
absence of p130Cas, v-Crk expression failed to mediate growth in low serum condition and this
phenotype was rescued by wild type p130Cas but not by expression of a p130Cas mutant unable to
bind p85 3. On these bases, we hypothesized that p130Cas could release PI3K from p85 inhibitory
function also in transforming acinar cells and its deletion could reduce Kras-mediated PI3K
activation by maintaining intact p85-mediated inhibition. To this end, we first tested p130Cas-p85a
association in isolated Kras®2?P acini. In low-serum condition, p85a. was barely detectable in p130Cas
immunoprecipitates but p85-p130Cas interaction increased upon 10 minutes of EGF stimulation
(Fig. 5D). Moreover, we observed that p85aq efficiently co-immunoprecipitated with tyrosine-
phosphorylated p130Cas upon EGF stimuli and this was correlated with increased PI3K activity,
measured by PI(3,4,5)P3 ELISA (Fig. 5D-E). Accordingly, the absence of p130Cas decreased PI3K
activity in Kras®'?P, consistent with the maintenance of p85a-mediated PI3K inhibition in Kras®!2P;

p130Cas® acini (Fig. 5E).

P130Cas expression in human PDAC correlates with AKT activation.

Elevated activation of PI3K-AKT pathway is a classical and uniform feature of human PDAC with
strong pAKT staining in ADM, PanIN and PDAC specimens *°. To highlight the connection between
p130Cas and PI3K activation in human PDAC, frozen tissues from 8 PDAC patients with high and 8
PDAC patients with low p130Cas expression were selected and tested for the phosphorylation of
AKT and ERK1/2 by ELISA. Tumors with higher p130Cas levels also displayed increased
phosphorylation of AKT but not phosphorylated ERK1/2 (Fig. 5F), in line with data obtained from
animal models. MAPK dysregulation and ERK1 activation are also a well characterized events in
pancreatic cancer that frequently match PI3K-AKT pathway upregulation downstream oncogenic
Kras 34. ERK phosphorylation uniformly distributed between p130Cash&" and p130Cas'* tumors

reinforcing the influence of p130Cas expression on PI3K-AKT pathway.
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These data support the relevance of p130Cas expression in the modulation of PI3K-AKT signaling in
response to oncogenic Kras through the regulation of PI3K/AKT pathway in human pancreatic

cancer.



21

3. Discussion

In this study, we found that p130Cas deletion affected pancreatic acinar plasticity and malignant
transformation induced by oncogenic Kras mutation. To our knowledge, this is the first animal model
that interprets the function of p130Cas in PDAC, shedding light on the connection between p130Cas

and pancreatic cancer suggested by GWAS.

Despite the clear role of Kras mutations as oncogenic drivers of PDAC, several evidences highlight
the fact that Kras signaling must reach a certain threshold in order to transform the pancreatic cells
and that this process mainly depends on the regulation of downstream activation of PI3K-AKT
pathway 26°464 |n this context, both EGFR and Kras signaling are necessary to elevate PI3K activity
to induce acinar metaplasia locking them in a persistently dedifferentiated, ductal state that is
susceptible to mutant Kras oncogenic transformation >, Accordingly, targeting of EGFR-mediated
Kras activation or the direct inhibition of PI3K downstream pathway are able to prevent Kras-
induced transformation >%6°-%7, but other important regulators of acinar plasticity are still unknown.
It has been recently demonstrated by Li and colleagues that oncogenic Kras is able to stabilize a key
transcriptional program in acinar cells, locking them into a progenitor-like state to initiate
tumorigenesis. More efforts are still necessary to identify determinants that allow acinar cells to

respond to oncogenic Kras injury and to adopt this progenitor state.

In this context, our studies provide insights into how p130Cas coopts with oncogenic Kras to activate
PI3K-AKT effector pathway to initiate ADM program allowing the transition of acinar cells into ductal

intermediates susceptible to malignant transformation.

Initial analysis of human samples revealed that a large proportion of PDAC cases display high
p130Cas levels, similarly to what observed in other tumor types 8, that correlate with OS and PFS
in multivariate analysis. However, these data did not elucidate the precise role of p130Cas in the

complex scenario of PDAC origin and evolution.

As recently demonstrated in mouse models 233942 both acinar and ductal cells have the potential
to behave as PDAC cell of origin, that, through various steps, acquires tumorigenic characteristics.
The final composition of PDAC, in terms of acinar and ductal-derived cancer cells, mainly depends

on the different genetic lesions introduced into the cells. Acinar and ductal cells have different

G12D

degree of susceptibility to Kras®'?®-induced transformation, where acinar cells are the most

sensitive and quickly undergo ADM while ductal cells are more refractory to this injury 2%, It has been

demonstrated that the introduction of inactivating TP53 mutations, like in the Pdx®®; Kras®'2b;
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Trp53Rf72H model adopted in this study, generates both acinar and duct-derived tumors that could

be distinguished by AGR2 protein expression.

This knowledge helped us to understand why p130Cas deletion in Kras®'2P; p53R72H ganimals did not
prevent tumor development, although tumors appear with considerable delay, extending mice
survival. In p53-null mice, neoplastic lesions lacking p130Cas take longer to develop than the
p130Cas-positive ones resulting in a shifted survival curve with the same progression profile. This
kinetic could be potentially by the different contribution of p130Cas to tumor onset in acinar or
ductal cells. Indeed, p130Cas-null PDAC displayed uniform AGR2 staining and exclusive ductal origin.
These data suggest that in Kras®'2®; p53R72H gnimals p130Cas absence delayed tumor onset by
limiting early acinar transformation, whereas ductal cells bypass p130Cas requirement and form

tumors at later time points.
Accordingly, we predicted that p130Cas should mostly influence acinar-dependent tumorigenesis.

In Kras wild-type mice subjected to caerulein administration, p130Cas expression increased in acini
undergoing ADM but readily dropped during acinar recovery. In Kras®?® mice treated with
caerulein, p130Cas levels increased similarly but were maintained over time, along with the

stabilization of ADM lesions.

Strikingly, loss of p130Cas prevented acinar transdifferentiation and malignant transformation
induced by Kras®'?P, even in the setting of experimental pancreatitis. In animal models, it has been
demonstrated that both PI3K-AKT and EGFR signaling pathways are crucial regulators of cancer
onset induced by Kras oncogene >>°%5>89 |n p130Cas-deficient acinar cells we found an impaired

G12D pncogenic signaling without

activation of PI3K-AKT pathway following EGF stimulation or Kras
evident effect on ERK1/2 activation. In addition, we validated the already reported p130Cas-p85a
interaction also in pancreatic acinar cells. We demonstrated that p85 regulatory subunit interacts
with tyrosine-phosphorylated p130Cas and this association correlates with increased PI3K activity.
This led us to hypothesize a specific role for p130Cas in the release of p85c. -mediated inhibition of
PI3K catalytic subunit, allowing the production of PI(3,4,5)P3 lipid moiety required for AKT

activation. This work provided another proof that Kras mutation, of itself, could not be sufficient to

drive tumorigenesis in particular cellular contexts and that converging signaling pathways or
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environmental factors are necessary to elevate Kras signaling above a certain threshold and unleash
its oncogenic potential. To this end, high p130Cas expression is required to overcome this limitation,

similar to what has been already demonstrated for EGFR signaling and inflammation.

High p130Cas protein levels, that occurred in about 60% of human PDAC samples, were correlated
with increased phosphorylation of AKT compared to samples with low p130Cas expression. In this
context we could not detect statistical differences in ERK1/2 phosphorylation in regard to p130Cas

expression, supporting the specific influence of p130Cas on PI3K-AKT pathway activation in PDAC.

This scenario opens the possibility to explore the potential vulnerability of p130Cas-overexpressing
tumors to PI3K-AKT inhibitors. The use of these drugs, despite the large numbers of clinical trials,
still remains very limited in part due to the amendable patients selection 7%’* and we speculate that

p130Cas expression might be used to select the most responsive ones.

Ongoing efforts to establish how the different mutational spectra impact on PDAC cell-of-origin
might help us to identify those additional pathways affected by p130Cas, shedding light on this
complex scenario together with the increasing availability of acinar and duct-specific conditional
mouse models. In summary, our findings highlight supportive role of p130Cas in acinar- to- ductal
reprograming during pancreatic carcinogenesis, in the context of oncogenic Kras activation, via
regulation of PI3K-AKT pathway. Thus, our studies on the molecular mechanism of p130Cas will
advance our understanding of Kras-dependent carcinogenesis in the pancreas and might highlight

new vulnerabilities to be exploited for therapeutic intervention.
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5. Methods
Mice

The LSL-Kras®?P and LSL-p53R72H knock-in (from D. Tuveson, Mouse Models of Human Cancers
Consortium repository, National Cancer Institute-Frederick), Pdx1¢®¢ (from D.A. Melton, Harvard
University, Cambridge, MA) and p130Cas™ (from S. Cabodi, University of Torino) strains were
interbred on a mixed background (SV129/C57BI6) to obtain compound mutant Pdx®®; Kras®?P
(named Kras®'?P), Pdxre; Kras®'2%; Trp53R72H (named Kras®12P; p53R172H), pdxcre; Kras®!?P; p130Cask®
(named Kras®'?P; p130Cask®), Pdx“e Kras®?P; p53R172H p130Cask® (Kras®!?P; p53Ri72H: n130Cask).
Pdx1%¢ mice of the same age were used as controls. All procedures and animal housing conformed
to the regulatory standards and were approved by the ethical committee according the Guide for
the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health and
approved by the Italian Health Minister (authorization n° 64-2016PR). Pancreatic injury was induced
in young mice (8—12 weeks) by a series of six hourly intraperitoneal injections of caerulein (75 mg
per kilogram of body weight) that was repeated after 48 hours. Animals were euthanized 1, 5, or 14

days later.

Histology and immunohistochemistry

Normal tissues, pancreata, and cancer tissues of mice at specific age timepoints were fixed with 10%
buffered formalin solution overnight and embedded into paraffin by the institutional pathology core
laboratory. Sections cut from each paraffin block were stained with hematoxylin/eosin and Alcian
Blue following standard protocols. For immunolabeling, unstained 5-mm sections were cut from
paraffin blocks and the slides deparaffinized by routine techniques followed by incubation in 1X
sodium citrate antigen retrieval buffer (ThermoFisher) before steaming for 20 minutes in pressure
cooker. Slides were cooled 2 hours, blocked and incubated overnight with primary antibodies.
Immunolabeling was detected using Novolink Polymer Detection System (Leica Biosystems), and

sections were counterstained with hematoxylin.
Protein analysis

Cells were homogenized in lysis buffer (120 mM NaCl, 50 mM Tris-HC| pH=8, 1% Triton X-100)
supplemented with 25x protease inhibitor cocktail (Roche), 50 mM sodium fluoride and 1 mM
sodium orthovanadate. Lysates were cleared by centrifugation at 13,000 rpm for 15 min at 4°C.

Protein concentration was determined by Bradford method and supernatants were analyzed for
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immunoblotting or for immunoprecipitation (IP) with the indicated antibodies. Membranes probed
with the indicated antibodies were then incubated with HRP conjugated secondary antibodies (anti-
mouse used 1:10000, anti-rabbit 1:5000, Sigma) and developed with enhanced chemiluminescence
(ECL, Biorad). For IP assays, cells were lysed in IP lysis buffer (150 mM NaCl, 50 mM Tris (pH 7.5), 1%
Igepal CA-630, 0.5% deoxycholate) and 1 mg of pre-cleared extracts were incubated with 1 pg of the
indicated antibody at 4°C on a rotating rack overnight. Then 15 pl of protein G-Dynabeads
(ThermoFisher) were added for 2 hours. Samples were collected by centrifugation (13000 rpm 1
min) and washed six-times with IP lysis buffer. Bound protein complexes were then eluted by adding

30 pl Laemmli sample buffer.
Antibodies

Mouse monoclonal antibodies to human/murine p130Cas were produced in our department.
Additional p130Cas antibodies were purchased from BD Transduction Laboratory (Material number
610272) and Cell Signaling Technology (cloneE1L9H, #13846). Antibodies against ERK1/2 (4696), P-
ERK1/2 (4370), AKT (2920), P-AKT (9271 and 9277), GAPDH (2118), were from Cell Signaling
Technology. Antibodies against Amylase (A8273), AGR2 (HPA007912), CK19 (MABT913) were from
Sigma Aldrich.

PI(3,4,5)P3 quantification

Levels of PI(3,4,5P3 were measured by ELISA kit (Echelon Bioscience, K2500) following

manufacturer protocol.
Preparation of Pancreatic Epithelial Explants Culture

The procedure to isolate primary pancreatic acinar cells was described in detail previously (Means
et al, 2005). In brief, the pancreas was removed, washed twice with ice-cold Hank’s balanced salt
solution (HBSS) media, minced into 1-5mm pieces and digested with collagenase | (37 °C, shaker).
Collagen digestion was stopped by adding an equal volume of ice- cold HBSS media containing 5%
fetal bovine serum (FBS). The digested pancreatic pieces were washed twice with HBSS media
containing 5% FBS and then pipetted through 500 mm and then 105 mm meshes. The supernatant
of the cell suspension containing acinar cells was added dropwise to 20ml HBSS containing 30% FBS.
Acinar cells were then pelleted (1,000 r.p.m., 2min at 4 °C), re-suspended in 10 ml RPMI complete

media (1% FBS, 0.1 mg/ml trypsin inhibitor, 1 mg/ml dexamethasone) and plated into low-adhesion
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dishes for standard culture. For the 3D explant culture, cell culture plates were coated with collagen
. Isolated primary pancreatic acinar cells were added as a mixture with collagen I/medium media
on the top of this layer. Further, complete media was added on top of the cell/gel mixture, replaced

the following day and then every other day.
Tissue microarrays (TMAs), Inmunohistochemistry (IHC) and correlation with clinical outcome

To evaluate novel proteins as potential prognostic biomarker we selected a cohort of early stage
patients (stage I-llb, n = 95) treated with gemcitabine in the adjuvant setting. Representative cores
of individual primary PDAC FFPE tissues prior to treatment were selected and combined in TMAs, as
described previously (Giovannetti et al., 2014). IHC staining of p130Cas was performed according to
manufacturer’s protocol. As negative control, slides stained with no primary antibody were used.
Visualization was obtained with BenchMark Special Stain Automation system (Ventana Medical
Systems, Export, USA). Staining was evaluated by a molecular pathologist, assessing the amount of
tumor and tissue loss, background, and overall interpretability. Immunostaining intensity was
classified into two grades: low and high 130Cas expression using a scoring system based on staining
intensity and on the number of stained cells, as follows: immunostaining intensity was classified into
four grades: 0 (absent), 1 (weak), 2 (moderate), 3 (strong). We attributed one, two, or three
additional points if the percentage of positive cells was less than 25%, 25% to 50%, or greater than
50%, respectively. Neoplastic cells were always uniformly stained and positivity assessment was
made by counting all the tumor cells present in three tumor cores. All patients provided written
informed consent for the storage, analysis of their tumor material and survival data. This study was
approved by the Local Ethics Committee of the University of Pisa (Ethics approval #3909, 3 July
2013). Correlation with clinicopathological characteristics, including progression-free survival (PFS)
and overall survival (0S), was tested with Kaplan—Meier curves and the log-rank test. Univariate
analysis was performed and factors with a p value below 0.1 were evaluated in the multivariate
analysis according to the Wald model, using SPSS software version 26 (IBM Corp, Armonk, NY).

Statistical significance was set at p values below 0.05.
Tissue extracts and phospho-AKT and phospho-ERK enzyme-linked immunosorbent assays (ELISA)

Pancreatic levels of phospho-AKT and phospho-ERK were determined in stored supernatants from
homogenized pancreatic cancer tissues by use of ELISA kits. In particular, the dual phosphorylation
of ERK2 at threonine-185 and tyrosine-187 (ERK2 [pTpY185/187]) and ERK1 at threonine-202 and
tyrosine-204 (ERK1 [pTpY202/204]) and the AKT phosphorylation at serine-473 (AKT [pS473]) were
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evaluated with specific ELISA assays (Invitrogen), as described previously (Giovannetti et al, 2011).
Selected frozen tissues from 8 PDAC patients with high and 8 PDAC patients with low p130Cas
expression were collected and weighed in the same manner during preparation. Extract preparation
was performed as recommended by the manufacturer. Briefly, each tissue sample was prepared
with PBS and homogenized in cell lysis buffer (Cell Signaling Technology) containing Protease
Inhibitor Cocktail. After incubation on ice for 30 minutes, the homogenate was centrifuged at 14,000
x g for 10 min at 4°C, and the supernatant was transferred to microtiter plates coated with
monoclonal antibodies specific for phospho-AKT and phospho-ERK. Standard curves were run with
each assay using 100, 50, 25, 12.5, 6.25, 3.12, and 1.6 U/ml phosphorylated full-length human
recombinant phospho-AKT and phospho-ERK. After overnight incubation at 4°C, the solution was
aspirated from wells, and 100 ml of rabbit anti-phospho-AKT or anti-phospho-ERK was added into
each well. Plates were incubated at room temperature for 1 hour, washed four times, and 100 ul of
a working solution of horseradish peroxidase-labeled anti-rabbit IgG was added into each well. After
30 minutes, a chromogen solution was added; 20 minutes later, the reactions were stopped with
100 pl of a stop solution, and the absorbance was read at 450 nm at 20 minutes intervals for 120
minutes to construct a plot of absorbance increase as a function of time. To calculate phospho-AKT

and phospho-ERK concentrations, a standard curve method was used.
Statistical analysis

Prism software (GraphPad) was used for statistical analysis. Significance was calculated with Student
t test and one- or two-way analysis of variance tests (ANOVA) followed by Bonferroni’s post hoc
analysis, or Mantel Cox log-rank test where appropriate. Values are reported as the mean * standard

deviation (SD).



Table 1

Table X. Patients' clinicopathological characteristics and outcome

Overall Survival (OS)

Progression-Free Survival (OS)

Univariate analysis N (%) months mean (95% CI) p-value N (%) months mean (95% Cl) p-value

No. patients 98 (100) 20.5 (18.2-22.8) 98 (100) 17.3(15.5-19.1)

Age (years at time of diagnosis)

<=65 60 (61.2) 21.28 (16.4-22.1) 60 (61.2) 18.9 (15.6-20.5) 0.224

>65 38(38.8) 19.26 (17.9-24.6) 0.352 38(38.8) 16.2 (13.7-18.6)

Gender

Female 41(41.8) 23.0(19.0-27.1) 0.081 41(41.8) 17.9(15.2-20.7) 0.686

Male 57 (58.2) 18.7 (15.9-21.4) 57 (58.2) 16.9 (14.5-19.2)

Performance Status

01 77 (78.6) 21.2 (18.5-24.0) 0.200 77 (78.6) 17.9 (15.8-20.0) 0.154

2 21(21.4) 17.8 (13,8-21.9) 21(21.4) 15.4 (12.2-18.5)

Vascular Infiltration

no 36 (36.7) 24.6 (20.2-29.0) 0.011 36 (36.7) 20.1(16.9-23.5) 0.019

yes 62 (63.3) 18.1 (15.6-20.6) 62 (63.3) 15.7 (13.7-17.6)

Tumor grade

Grade 1-2 49 (50.0) 229 (19.2-26.7) 0.035 49 (50.0) 19.7 (16.9-22.4) 0.027

Grade 3 49 (50.5) 18.1(154-20.7) 49 (50.5) 15.0 (12.8-17.1)

Resection Margin

no 52(53.1) 18.8 (15.3-224) 0.220 52(53.1) 18.5(15.9-20.9) 0.198

yes 46 (46.9) 21.9 (18.6-24.7) 46 (46.9) 16.1 (13.5-18.6)

p130Cas/BCAR1

low 41(418) 23.9(19.8-28.2) 0.017 41(41.8) 20.3(17.1-23.3) 0.005

high 57 (58.2) 18.0 (15.5-20.6) 57 (58.2) 15.2 (13.2-17.2)

Multivariate analysis Risk of death, HR (95% Cl)  p-value Risk of ression, HR (95% CI' value

Vascular Infiltration (no vs. yes) 0.47 (0.22-0.81) 0.033 0.58 (0.28-0.79) 0.038

Grading (3 vs. 1-2) 0.62 (0.29-0.95) 0.047 0.61(0.30-0.87) 0.042
130Cas/BCAR1 (low vs. high) 0.51(0.25-0.87) 0.044 0.34 (0.21-0.72) 0.031

36



Figures

A
2 2 2
G GSE16515 i GSE28735 G GSE62452
% g =0.004 % 26 p<0.0001 % w8 p<0.0001
F— - — |—|
o g - 26 - 26
g g o L o g2
Q g tes Ne Q g 24 ®e0® oo’ Q "g 24
o bré & = o eee 0e® I}
8 8 . 0000l,000 & 3 2] 8
- 5 R %oy ~.- - Y 22 ®00,, e e f 22
- B [ d o g e o0 o<
. 1 oy £ 20 5 2.0
{4} [0} (9]
£ 5 E 18 E 18
o Normal Tumour =) Normal Tumour g Normal Tumour
B Magnification
10X 20X 40X
2
a
o
o 2
2 g
a (e
a &
1]
[
14
o
<
©
o
©
E
o
z
C
= high p130Cas 3 high p130Cas
100 3 low p130Cas 100 =3 low p130Cas

g g

2 0S p=0.02 = PFS p=0.01

2 s0 2 50

[ =

8 8

L [ -

e ‘ o e

T T T 1 T T T T T 1

40 60 80 0 10 20 30 40 50
Months Months

Fig. 1



Alcian Blue

p130Cas

AGR2

2 months

4 months

Kras®'22; Trp53mima

Kras®'*; Trp53~'7#!, p130Cas ®

Kras®'”™; Trp53e1
{4 months)

Kras®1e; Trp53™m2H Kras®1=; Trp53~72; p130Cast®

B e

Kras®'”"; Trp53% +; p130Cas*”
(8 months)

Percent survival

Alcian Blue' PanlINs / field

g

8

=]

40
30
20
10

0

. penoont

38

3 Kras®122: Trp5381an
[ Kras®'; Trp53#2*; p130Cas*”

200 400

2 months 4 months

Human PDAC

Trp53a™H
Trp537'7H; p130Cas*®




39

6 months

4 months

p130Cas

az1oSBINY

Days After Caerulein

p130Cas

|jo5u0D

(sypuow g)
cz19SBIN

Day 5

Day 1

= Control

.

1
t

o
o

3 Control +EGF

3 Kras®'?®

(o]
@

o o
© <

Day 1

o o
N

l18m / saunjonuis ayij-jong

[ TTs%e)

Control
+EGF

KraSG12D

p130Cas

5

d1
—.——|

d

d5

d1

493+
1013u09

=1 Control +EGF

[ Kras®2e

Day 5

Day 1

e e

v < O N - O

('N"y) uoissaidxa
uisjoid seDQg Ld paziewloN

az1oSeIN

Fig. 3



Amylase

Amylase

)
=2
m

c
o
£
<

6 months

12 months [ Kras®'0

Kras(31 20

Kras®'?®; p130Cas*®

Kras®'??; p130Cas*®

_‘
o
o

Percent survival
[}
o

0 .
100 150 200
Days
§ 30
P
Z 20{ =
f = ns
©
n- L]
8 10 .
o 0 P
& ol— : .
[}
< & &
<k\C) @O é\C)
o © )
5100 =
) o cfa®
v g
[
5
% 50
(72}
g 2
> o
g L%
—3 4 :
o°~° o“%\ o‘\‘&
& & oS

Days After Caerulein i

KfaSG1ZD

Kras®'??; p130Cask®

)

=
o
o

Amylase* area (%

Kras®'2e Kras®'??; p130Cask®

3 Kras®?P
_i. [ Kras®'?%; p130Cask®

Day 5 Day 14

Fig. 4

40

[ Kras®'?®; p130Cask®



Day 1

EGF:

Control

Kras®0

Kras®'??; p130Cas«®

S +

= + % +

s

L

‘”_

‘_'0..-1

—

- v |
— T W w— —

2.5 -
[sed
.20
0
Ems —
o1.0 3 B
AT -
# L
a
< S
Control +EGF
3 Kras®™

3 Kras®'?%; p130Cas®

Kras®'2

pEGFR (Y1068)

EGFR

pAKT (S473)

AKT

pErk1/2

GAPDH

F

E
=
o
~
=
@
a
=
1%
<
Q.

IP: p130Cas

IP: p85a

Input

Kras®'?"; p130Cask®

Kras®'0

high low

p130Cas

Fig. 5

B
T 100 .
6 80 T
B 60
=
» 40
£
= 20 ns 1_
3 ol 5o G S
a
Day 1 Day 5
1 Control
e | KrasGIZD
3 Kras®'?®; p130Cast®
p85au
p130Cas
pp130 (Y410)
p130Cas
p85u
p85a.
p130Cas
GAPDH
40

pERK (U/ml)
)
S

ns

E 1

high low

p130Cas

41



Krase1o

Percent survival

4 months

50

n=20
p=0.84

200
Days

400

600

B
Kras®'?®  Kras®'?°; p130Cas*®
1 2 1 2
‘ - - ‘ p130Cas
‘ S —— ‘ GAPDH
D Kras®'20; Trp53~1721 Kras®™20; Trp53R172H; p130Cas!®
(5 months) (8 months)

3 Pdx%e
[ Pdx®®; p130Cask®

14 Days After Caerulein F
> 2 3.57
2 GSE41418 | GSE109227 GSE77983
o p=0.0043
=0.0238
5 a0 - :
° o © p=0.0022 s g
@ S e - — = 5
S & 1 °me
Y 28 & S
o = G
o % .¥l .%'
5201 = .
[0}
£ i
P15 :
(o]
= & & & & & N
W ¥ W
o ) $/\ &F &
< &N Ve
'g O
GG
NS

Suppl. Fig. 1

VNOd

sepogLd

42



Kras(312D

Kras®'20; p130Cas"®

sepogLd

Days After Caerulein

Pdxc®; p130Cask®

Suppl. Fig. 2

43



44

6. Figure legends

Figure 1. (A) Log2 median-centered p130Cas RNA expression in normal vs. PDAC samples from
indicated studies. Exact P-values determined by Mann—Whitney test. (B) Representative results
from IHC staining for p130Cas in human PDAC (n = 96) and normal pancreas (n = 4) samples. (C)
Kaplan-Meier curves showing significantly lower OS and PFS in patients with elevated p130Cas
staining (green) than with low p130Cas staining (red). Statistical analysis was performed with

Mantel-Cox log rank test.

Figure 2. (A) Pancreatic tissue (normal acinar area and regions with ADM and PanINs) from Kras®2%;
Trp53R172H and Kras®'2P; Trp53R172H: n130Cask® mice was stained with haematoxylin and eosin (H&E)
and Alcian Blue, as indicated. (B upper panel) Statistical analysis of Alcian Blue-positive lesions of
pancreata from Kras®'2%; Trp53R172H (n = 6) and Kras®%?P; Trp53R172H; p130Cask® (n = 6) mice. (B lower
panel) Kaplan- Meier survival curve between Kras®'?®; Trp53R172H (n = 70) and Kras®!?P; Trp53R172H;
p130Cas*® (n = 51) mice. Statistical analysis was performed with Mantel-Cox log rank test. (C) IHC
for p130Cas and AGR2 in Kras®*?P; Trp53R172H and Kras®'?P; Trp53R172H; p130Cask® mice. (D) IHC for
p130Cas and AGR2 in a p130Cas-low PDAC human sample. Statistical analysis was performed with
2way ANOVA and presented as meanzSD. *p<0.05; ***p<0.001.

Figure 3. (A) IHC for p130Cas in 4- and 6- months old KrasG12D pancreata. (B) IHC for p130Cas in

control (upper panel) or 2-months old Kras®'2P

pancreata (lower panel) after PBS and caerulein
treatments. (C) Primary acinar cells were isolated from mouse pancreas, seeded in 3D culture in
collagen and transdifferentiation was induced with EGF as indicated. (D) Ducts formed were
photographed, counted, and isolated from the collagen and (E) analysed by western blotting for
expression of p130Cas, as indicated (scale bar, 100 um). Statistical analysis of p130Cas expression

and ADM formation were performed with 2way ANOVA from at least three independent

experiments. ** p<0.01; ***p<0.001; ****p<0.0001. Data are presented as mean+SD.

Figure 4. (A) Pancreatic tissue (normal acinar area and regions with ADM and PanINs) from Kras®2P
and Kras®?P; p130Cask® mice was stained with haematoxylin and eosin (H&E), Alcian Blue, or

analysed by IF for expression of Amylase (red), CK19 (green) and DAPI (blue), as indicated. (B upper
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panels) Statistical analysis of Alcian Blue-positive lesions and amylase area of pancreata from Kras612D
(n = 6) and Kras®?P; p130Cas*® (n = 6) mice. (B lower panel) Kaplan- Meier survival curve between
Kras®?P (n = 39) and Kras®'?P; p130Cas®® (n = 24) mice. Statistical analysis was performed with
Mantel-Cox log rank test. (C) Pancreatic tissue (normal acinar area and regions with ADM and
PanINs) from Kras®'?® and Kras®'?®; p130Cask® mice after caerulein treatment was stained with
haematoxylin and eosin (H&E) or analysed by IF for expression of Amylase (red), CK19 (green) and
DAPI (blue), as indicated. (D) Statistical analysis of Alcian Blue-positive lesions and amylase area of
pancreata from Kras®?® (n = 6) and Kras®'?®; p130Cas*® (n = 6) mice. Statistical analysis was

performed with 2way ANOVA and presented as mean+SD. ***p<0.001.

Figure 5. (A) Primary acinar cells were isolated from mouse pancreas, seeded in 3D culture in
collagen and followed for spontaneous transdifferentiation (scale bar, 100 um). Ducts formed were
photographed and counted. (B) Statistical analysis of ADM formation was performed with 2way
ANOVA from at least three independent experiments. (C) WB of primary acinar cells isolated from
mouse pancreas and treated with PBS or EGF for 10 minutes, as indicated. (D) Primary acinar cells
isolated from mouse pancreas were treated with PBS or EGF for 10 minutes and subjected to
immunoprecipitation with anti-p130Cas antibodies. p130Cas/p85 interaction was revealed by WB
with anti-p85 antibodies. (E) Primary acinar cells isolated from mouse pancreas were treated with
PBS or EGF for 10 minutes and subjected to lipid extraction and PI(3,4,5)P3 ELISA. Statistical analysis
was performed with 2way ANOVA and presented as mean+SD. *p<0.05; **p<0.01; ****p<0.0001.
(F) Quantification of pAKT (Ser473) and pERK1/2 from high-p130cas (n = 8) and low-p130Cas (n = 8)
human PDAC samples. Statistical analysis was performed with 2way ANOVA and presented as

meanSD. *p<0.05

Supplementary Figure 1. (A) Pancreatic tissue from Pdx®® and Pdx®; p130Cask® mice was stained
with haematoxylin and eosin (H&E). (B) Western blot analysis of pancreatic lysates from Pdx“®¢ and
Pdx‘®; p130Cas® mice. (C) Kaplan- Meier survival curve between Pdx“® (n=21) and Pdx‘;
p130Cas*® (n=24) mice. Statistical analysis was performed with Mantel-Cox log rank test. (D) IHC for
PCNA and p130CasCas in Kras®'2®; Trp53R172H gnd Kras®'??; Trp53R172": n130Cas"® mice. (E) IHC for
p130Cas in 2-months old Kras®?P pancreata treated with saline or caerulein (14 days). Asterisks
indicate healthy acini, arrowheads indicate normal pancreatic ducts. (F) Log2 median-centered

p130Cas RNA expression in saline-treated (n = 6) vs. caerulein-treated mice (n = 6) (GSE41418),
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saline-treated (n = 5) vs. caerulein-treated mice (n = 6) (GSE109227), or saline-treated (n = 6) vs.
caerulein-treated KrasG12D mice after 1 week (n = 3) or 2 weeks (n = 3) (GSE77983) samples from

indicated studies. Exact P-values determined by Mann—Whitney test or one-way ANOVA.

Supplementary Figure 2. (A) IHC for p130Cas in 4-old from Kras®'?® and Kras®'?®; p130Cask®
pancreata showing absence of p130Cas expression in rare lesions present in KO animals. (B)
Pancreatic tissue from Pdx‘" and Pdx“"¢; p130CasX® mice after caerulein treatment was stained with

haematoxylin and eosin (H&E)
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The ErbB2 receptor tyrosine kinase is overexpressed in approximately 15-20% of breast tumors and
associated with aggressive disease and poor clinical outcome. p130Cas represents a nodal scaffold
protein regulating cell survival, migration and proliferation in normal and pathological contexts.
p130Cas overexpression in ErbB2 human breast cancer correlates with poor prognosis and metastasis
formation. Recent data indicate that p130Cas association to ErbB2 protects ErbB2 from degradation,
thus enhancing tumorigenesis. Therefore, inhibiting p130Cas/ErbB2 interaction might represent a new
therapeutic strategy to target breast cancer. Here we demonstrate by performing Molecular Modeling,
Molecular Dynamics, dot blot, ELISA and fluorescence quenching experiments, that p130Cas binds
directly to ErbB2. Then, by structure-based virtual screening, we identified two potential inhibitors of
p130Cas/ErbB2 interaction. Their experimental validation was performed in vitro and in ErbB2-positive
breast cancer cellular models. The results highlight that both compounds interfere with p130Cas/
ErbB2 binding and significantly affect cell proliferation and sensitivity to Trastuzumab. Overall, this
study identifies p130Cas/ErbB2 complex as a potential breast cancer target revealing new therapeutic
perspectives for protein-protein interaction (PPI).

Breast cancer is the second most common cancer worldwide after lung cancer, the fifth most common cause of
cancer death, and the leading cause of cancer death in women'.

In the last decades breast cancer treatment has greatly improved due to the development of targeted thera-
pies against Receptor Tyrosine Kinases (RTKs) whose hyperactivation or overexpression leads to increased cell
proliferation, survival and transformation®. In particular, there is a huge interest among medicinal chemists for
inhibitors of the epidermal growth factor receptor (EGFR) family which includes four structurally related recep-
tor tyrosine kinases (ErbB1-4). The ErbB proteins function as homo- and hetero- dimerizer upon ligand binding,
but ErbB2 is an orphan receptor and its activation upon homo- and hetero- dimerization is ligand-independent.
Notably, over-expression or amplification of ErbB2 tyrosine kinase occurs in up to 20% of human breast cancers,
where it is predictive of aggressive disease and poor clinical outcome’. Several anti-ErbB2 therapies have been
recently proposed including receptor tyrosine kinase inhibitors and humanized monoclonal antibodies. Among
them, Trastuzumab was approved for the treatment of breast cancers overexpressing ErbB2, alone or in combina-
tion with standard chemotherapy. The mechanism of action of Trastuzumab is complex and not well understood,
resulting in modest downregulation of the ErbB2 receptor®>.

p130Cas is an adaptor protein devoid of any enzymatic or transcriptional activity and its modular structure
with various binding motifs allows the formation of multi-protein signaling complexes. This results in the induc-
tion and/or maintenance of signaling pathways with pleiotropic effects on cell motility, cell adhesion, cytoskel-
eton remodeling, invasion, survival and proliferation. The relevance of p130Cas adaptor protein in cancer has
been extensively supported. p130Cas overexpression has been detected in human breast, prostate, ovarian,
lung, colorectal, pancreatic and hepatocellular carcinoma, as well as in glioma, melanoma, anaplastic large cell
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lymphoma and chronic myelogenous leukemia, although the exact mechanisms that drive p130Cas overexpres-
sion in cancer have not yet been identified®-®.

Specifically, in ErbB2-positive breast cancer, p130Cas overexpression correlates with poor prognosis and
increase metastatization®. From a molecular point of view, it has been demonstrated that p130Cas is a crucial
component of a functional molecular complex consisting in ErbB2, c-Src, and FAK supporting cell proliferation
and invasion'®. Recently, it was reported that p130Cas is able to stabilize ErbB2, by binding and protecting it from
autophagic degradation. Indeed, p130Cas binding to ErbB2 does not allow the association of CHIP and Cbl, the
major E3 ubiquitin ligases binding ErbB2, possibly through steric hindrance®.

These data also indicate that high levels of p130Cas expression inversely correlate with ErbB2 sensitivity to
Trastuzumab. The mechanism through which p130Cas mediates resistance to Trastuzumab might rely on the
increased ErbB2 stability to the cell membrane. This increased stabilization of ErbB2 by p130Cas might be the
crucial event driving breast cancer progression and resistance, strengthening the relevance of p130Cas as putative
therapeutic target to overcome resistance to Trastuzumab®.

In addition, alternative ErbB2 targeted therapies, such as Pertuzumab or Trastuzumab-Emtansine (T-DM1)
were developed. Combination of Trastuzumab and Pertuzumab treatment have shown a statistically significant
increase in overall survival of ErbB2 positive metastatic breast cancer patients'"!?, while T-DM1 improved overall
survival of ErbB2-positive metastatic patients that failed other ErbB2-targeted drugs'®.

Even though these therapies extend overall survival in responders, a high percentage of patients develop
resistance. Indeed, Trastuzumab/Pertuzumab/Docetaxel versus Trastuzumab/Docetaxel combination treatment
increased the patients’ responsiveness from 29% to 45.8%'4, while T-DM1 failed to induce response in 57% of
patients’>.

Therefore, alternative strategies are needed. Tyrosine kinase inhibitors (TKI) have been proposed as alterna-
tive treatments to counteract Trastuzumab resistance, but they have some limitations. The most critical drawback
is the development of drug resistance due to secondary mutations of the targeted receptors or to compensatory
activation of other RTKs that renders the therapies ineffective.

Consequently, key protein-protein interactions involved in RTKSs signaling could represent a major source of
novel pharmacological targets. In contrast to enzyme inhibitors (es. TKI), protein-protein interaction inhibitors
target larger contact surface often involving more than two contact pockets composed of multiple amino acids
located in different region of the protein'®"”. This in turn, should limit or delay development of drug resistance
due to secondary mutation of the targeted receptor.

Taken together this evidence suggests important therapeutic and translational applications of p130Cas in
ErbB2 breast cancer and supports the hypothesis that p130Cas/ErbB2 interaction can serve as a potential target
for the discovery and development of new anticancer agents, that can be used in combination with standard ther-
apy to manage and control Trastuzumab resistance.

To verify this hypothesis, we have initially used computer strategies, in vitro proteomic approach and cellular
models and showed that the SH3 domain of p130Cas binds a specific sequence of ErbB2 intracellular domain.
Then, a structure-based virtual screening (SBVS) procedure identified molecules with potential inhibitory activity
vs p130Cas/ErbB2 interaction. Two ad hoc selected hits resulting from the computational screening were experi-
mentally tested both in vitro and in breast cancer cell lines. Finally, the physico-chemical and ADME-Tox profiles
of the two molecules were predicted to exploit their full potential as drugs.

Overall this study supports p130Cas/ErbB2 complex as a potential breast cancer target and shows the drug-
gability of this protein-protein interaction (PPI) that might benefit of a more advanced optimization effort for
therapeutic applications.

Results

Modeling the interaction of p130Cas and ErbB2. Literature analysis suggests that p130Cas scaffold
might independently associate with ErbB2 in a direct way. Due to the structural complexity of the partners, the
study focused only on the interaction region between the two proteins. Therefore, we searched for protein-protein
binding sequences on ErbB2 cytosolic portion by the online algorithm Eukaryotic Linear Motif (ELM) (www.elm.
eu). ELM is a bioinformatic resource combining experimental evidences with a predictive algorithm that returns
the biological function (experimentally determined if possible or predicted) of recognized short sequences in
eukaryotic proteins®.

The ELM sequence analysis of C-terminal cytosolic domain of ErbB2 predicts the presence in position 1145-
1153 of a -V[RPQPPSP]R- nine amino acid sequence (PPII_ErbB2). The motif is a polyproline type II domain,
i.e. aleft hand, trans proline coil whose 1-4-7 residue-side chains have the same spatial orientation (RxxPxxP)
and could act as a binding site for the SH3 domain of p130Cas (Fig. 1A)'*-?1. On the basis of these evidences, an
in-silico interaction model of the PPII_ErbB2 peptide and p130Cas SH3 domain (SH3_p130Cas) was thus built
using a template-based modeling strategy®*. The structure of the SH3 domain of p130Cas was downloaded from
the PDB (PDB code IWYX, resolution = 1.1 A)?*, PPII_ErbB2 was modeled using the crystallographic structure
of the complex between PDI1R, a synthetic peptide with polyproline type II conformation, and the SH3 domain
of p85 subunit of PI3K (highly homologous to SH3_p130Cas) (PDB code 3I5R, resolution 1.7 A). The interaction
model (see Experimental Section) shows three contact regions (named 1, 2 and 3 in Fig. 1B): the first concerns
PPII_ErbB2 Arg2 that interacts with SH3_p130Cas Glul5 and Glul9 and forms a network of reinforced hydro-
gen bonds, the second and the third are hydrophobic interactions involving Pro5 and Pro8 (PPII_ErbB2) and
apolar pockets of SH3_p130Cas.

Molecular Dynamics (MD) simulations. MD simulations were performed to check the stability over the
time of the interaction described above. Results are resumed in Fig. 1C which shows the energy variation with
the time (t). No dissociation of the SH3_p130Cas/PPII_ErbB2 complex is observed. As a negative control we
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Figure 1. Modeling of SH3_p130Cas/PPII_ErbB2 interaction. (A) Schematic representation of the ErbB2
receptor. The class I SH3 ligand in position 1146-1152 shown in the inset is located in the unstructured
carboxy-terminal portion of ErbB2 receptor. (B) PPII_ErbB2 peptide is shown in green, hydrophobic

and positive charge interaction surfaces are in grey, negative charge interaction surfaces in cyan. The three
interaction sites (1, 2 and 3) are circled in white. The PPII_ErbB2 Arg2, Pro5 and Pro8 side-chains are
highlighted in green. Interacting residues for SH3_p130Cas are described in the text. (C) Not standard
conditions stages (black dots), standard condition stages (light blue dots), U, trend line (green), SH3_p130Cas
(blue chain), PPII_ErbB2 (red chain). This is shown by the four snapshots in Fig. 2 that represent four dynamics
stages distributed along the simulation (standard conditions P [90;110] kPa and T [230;310] K). Stage 2
represents a “peak” in the trend of U, values; it has been chosen to demonstrate that this U, variation does not
lead to the dissociation of the complex. Apart from stage 2 (and stage 0, the starting point from SH3_p130Cas/
PPII_ErbB2 interaction model) no substantial variation in the U,, general trend values were observed,
suggesting that there is no difference in complex stability between each couple of stages.

mutated the three PPII residues mainly involved in the interaction into amino acids less prone to stabilize the
binding (positive charged Arg2 into negative charged Glu, small Pro5 and Pro8 into the larger Asn) and applied
the same MD protocol. Results show a weaker interaction between the mutated peptide and SH3_p130Cas (see
Fig. S1 in Supporting Information).

Furthermore, MD simulations were also successfully used to support the binding orientation, - VRPQPPSPR -
of the SH3 domain to the polyproline domain (see Fig. S2 in Supporting Information).

In vitro validation of the direct interaction between SH3 domain of p130Cas and ErbB2. We
expressed and purified recombinant proteins for p130Cas and ErbB2 as described in the Experimental Section
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Figure 2. SH3_p130Cas directly interacts with shortPPII_ErbB2 and longPPII_ErbB2 in vitro. (A) Dot blot
experiment revealed a direct interaction between GST_SH3_p130Cas and MBP_shortPPII_ErbB2 (lane 1-2),
using anti-MBP antibody. No interactions were detected with control GST_ctrl, GST_YXXP_p130Cas and
GST_CT_p130Cas recombinant proteins (lane 3-5). Normalization was performed with anti-GST antibody. (B)
GST_SH3_p130Cas was able to interact with MBP_shortPPII_ErbB2 and MBP_longPPII_ErbB2 in solution
(lane 2 and 6). After standard immunoprecipitation with anti-MBP antibody, the interaction was revealed with
anti-GST antibody. No interaction or little aspecific interaction were detected with control GST_ctrl (lane 1

and 5), GST_YXXP_p130Cas (lane 3 and 7) and GST_CT_p130Cas (lane 4 and 8) recombinant proteins. (C)
Enhancement fluorescence of FI-GST_SH3_p130Cas (3.0 uM) in presence of increasing concentrations of
MBP_shortPPII_ErbB2 (0,05, 0.1, 0.3,0.75, 1, 2, 3uM).

and Table 1 (see Fig. S3 in Supporting Information). Three domains of p130Cas, i.e. the SH3 domain (SH3),
the substrate domain (YXXP) and the carboxy-terminal domain (CT), were tested for their ability to bind two
recombinant proteins for the C-terminal tail of ErbB2 (MBP_shortPPII_ErbB2 and MBP_longPPII_ErbB2, see
Table 1), containing the putative polyproline type II sequence, in two different in vitro assays.

As shown in Fig. 24, dot blot assays were performed by spotting the GST-tagged p130Cas domains on nitro-
cellulose membrane and probing them with MBP_shortPPII_ErbB2. Western blot analysis clearly revealed that
the interaction between SH3_p130Cas and shortPPII_ErbB2 was specific as no binding was observed with other
p130Cas domains (Fig. 2A).

As a further validation of the SH3_p130Cas/PPII_ErbB2 interaction, in vitro binding assays were performed.
GST- and MBP- tagged recombinant proteins were kept in solution overnight at 4°C and then immunoprecipi-
tated with anti-MBP antibody. Western blot analysis indicates that the interaction between p130Cas and ErbB2
indeed occurred through the SH3 domain of p130Cas (Fig. 2B).

To quantify the entity of the interaction, we performed a fluorescence assay. As shown in Fig. 2C an increas-
ing concentration of MBP_shortPPII_ErbB2 causes an enhancement in fluorescence intensity emission of
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ErbB2

Polyproline domain type II identified in ErbB2 protein sequence by ELM algorithm.
PPII_ErbB2 Sequence: V[RPQPPSP]R
Position: 1145-1153 in the ErbB2 protein sequence (Isoform 1, identifier: P04626-1).

Recombinant protein containing an N-terminal MBP tag followed by a fragment of ErbB2 cytosolic
MBP_longPPII_ErbB2 portion (aminoacids 1103-1255). This fragment starts 30 aminoacids before the putative polyproline
domain (PPII_ErbB2) and ends 30aa after.

Recombinant protein containing an N-terminal MBP tag followed by a fragment of ErbB2 cytosolic
MBP_shortPPII_ErbB2 portion (aminoacids 1103-1194). This fragment starts 30 aminoacids before the putative polyproline
domain (PPII_ErbB2) and ends with the endogenous C-terminal of the protein.

MBP tag (Maltose Binding Protein from E. Coli) used as affinity purification tag for ErbB2 recombinant

MBP_ctrl constructs. MPB protein alone was used as control.

This recombinant protein was generated from MBP_shortPPII_ErbB2 by site-directed mutagenesis.

It carries an Arginine to Aspartate (R to D) substitution at position 44 (position 1146 in the original ErbB2
sequence). This substitution alters the putative polyproline domain identified in ErbB2 protein sequence
from V[RPQPPSP]R to V[DPQPPSP]R.

This recombinant protein was generated from MBP_shortPPII_ErbB2 by site-directed mutagenesis.
MBP_PP — AA_ It carries two Proline to Alanine (P to A) substitutions at position 47 and 50 (position 1149 and 1152
shortPPII_ErbB2 in the original ErbB2 sequence). These substitutions alter the putative polyproline domain identified in
ErbB2 protein sequence from V[RPQPPSP]R to V[RPQAPSA]R.

MBP_R — D_shortPPII_ErbB2

This recombinant protein was generated from MBP_shortPPII_ErbB2 by site-directed mutagenesis.

It carries an Arginine to Aspartate (R to D) substitution at position 44 (position 1146 in the original ErbB2
sequence) and two Proline to Alanine (P to A) substitutions at position 47 and 50 (position 1149 and 1152
in the original ErbB2 sequence). These substitutions alter the putative polyproline domain identified in
ErbB2 protein sequence from V[RPQPPSP]R to V[DPQAPSA]R.

MBP_RPP — DAA_
shortPPII_ErbB2

This recombinant protein was generated from MBP_shortPPII_ErbB2 by site-directed mutagenesis.
This protein carries a 7-aminoacid deletion from position 44 to 50 (position 1146-1152 in the original
ErbB2 sequence). This deletion abrogates the putative polyproline domain identified in ErbB2 protein
sequence.

MBP_deleter_shortPPII_ErbB2

p130Cas

Recombinant protein containing an N-terminal GST tag followed by a fragment of p130Cas protein

GST_SH3_p130Cas (aminoacids 3-71). This fragment represents the SH3 domain of p130Cas as described in**.

Recombinant protein containing an N-terminal GST tag followed by a fragment of p130Cas protein
GST_YXXP_p130Cas (aminoacids 80-400). This fragment represents a large central substrate domain composed of 15 repeats of
a four amino acid sequence (YXXP)*.

Recombinant protein containing an N-terminal GST tag followed by a fragment of p130Cas protein
GST_CT_p130Cas (aminoacids 654-874). This fragment represents the carboxy-terminal (CT) domain of p130Cas which
possess consensus binding sites for the SH2 and SH3 domains of Src?.

GST tag (Glutathione S-Transferase from Schistosoma japonicum) used as affinity purification tag for

GST_ctrl p130Cas recombinant constructs. GST protein alone was used as control.

Table 1. List of constructs used.

FI-GST_SH3_p130Cas. Fluorescence data were analyzed with a nonlinear least-squares fit (Fig. S4a) and pro-
duced a Kd =4.07 x 10~® M, a value that could be ascribed to a moderate-strength interaction.

Overall in vitro assays demonstrated that p130Cas can effectively bind ErbB2 receptor in a direct way, and that
this association is mediated by the SH3 domain of p130Cas.

Validation of key aminoacids involved in p130Cas/ErbB2 interaction. To avoid false positive
results due to the incorrect folding of proteins expressed in bacteria, we validated the p130Cas/ErbB2 interaction
in 293T mammalian cell line that express normal levels of p130Cas but no detectable expression levels of ErbB2.
We cloned and transfected plasmids containing GFP-tagged version of ErbB2 recombinant proteins (GFP_short-
PPII_ErbB2 and GFP_longPPII_ErbB2) as described in the Experimental Section. Five days after transfection,
standard co-immunoprecipitation was performed using anti-p130Cas mouse antibody. GFP-tagged ErbB2 con-
structs co-immunoprecipitated with endogenous p130Cas in 293T cell line and thus false positive results due to
the misfolding of recombinant proteins were excluded (Fig. 3A).

To verify in a cellular model that the interaction between p130Cas and ErbB2 occurs between p130Cas SH3
domain and the PPII domain of ErbB2, mutagenesis experiments were performed by modifying key residues
of the polyproline type II motif of ErbB2. Specifically, cationic Arg2 was mutated to the anionic residue Asp;
Pro5 and Pro8 were mutated to Ala. Proline is unique among the 20 common amino acids in having its side
chain cyclized onto the backbone nitrogen atom, conferring it special chemical and physical characteristics that
cannot be mimic by other amino acids*. Pro-Ala substitution was chosen to at least partially maintain the little
size and the hydrophobic interactions of proline residue. We also generated a mutant in which the PPII domain
of ErbB2 was completely deleted (named “deleter”) to assess if this motif was essential to drive p130Cas/ErbB2
interaction. Four different mutants for GFP_shortPPII_ErbB2 were generated as described in the Experimental
Section to perform co-immunoprecipitation in 293T cell line (Fig. 3B). The same mutants were also produced as
MBP-tagged recombinant proteins to perform an in vitro ELISA direct binding assay (Fig. 3C).

Both experiments show that mutagenesis of key residues in PPII_ErbB2 sequence alters its binding to SH3
domain of p130Cas. Interestingly, the substitution of Pro5 and Pro8 to Ala strongly affects the amount of binding,
while the substitution of Arg to Asp does not impair the binding suggesting that the reinforced hydrogen bond
plays a minor role in the interaction. On the contrary, mutation and/or deletion of the core PxxP motif (either by
Proline substitution or by complete deletion of the PPII motif) strongly reduced SH3_p130Cas/shortPPII_ErbB2
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Figure 3. Validation of p130Cas/ErbB2 direct interaction in 293T cell line. (A) 293T cells were transfected with
GFP-tagged constructs for shortPPII_ErbB2 and longPPII_ErbB2. Five days after transfection, endogenous
p130Cas was immunoprecipitated with anti-p130Cas antibody. Interacting proteins were detected with anti-
GFP antibody. Endogenous p130Cas interacts with both GFP_shortPPII_ErbB2 and GFP_longPPII_ErbB2,
although little aspecific interaction was detected with control GFP_ctrl (left). Total cell extracts were blotted
with anti-p130Cas and anti-GFP antibodies to assess transfection efficiency (right). (B) 293T cells were
transfected with mutant forms of GFP_shortPPII_ErbB2. Five days after transfection, endogenous p130Cas
was immunoprecipitated with anti-p130Cas antibody. Interactions were revealed using anti-GFP antibody
(left). Mutation of the cationic residue Arg?2 slightly reduced GFP_shortPPII_ErbB2 binding to endogenous
p130Cas; conversely, mutations affecting Pro5 and Pro8 markedly decreased their association, as well as
deletion of the PPII motif. Total cell extracts were blotted with anti-p130Cas and anti-GFP antibodies to
assess mutants expression (right). (C) ELISA direct binding assay recapitulated results obtained using Co-
Immunoprecipitation experiments in 293T cell line. Mutation of the cationic residue Arg2 does not affect the
binding of MBP_shortPPII_ErbB2 to GST_SH3_p130Cas; conversely, mutations affecting Pro5 and Pro8
markedly decreased their association, as well as deletion of the PPII motif. Data are represented as mean & SD.
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**¥p < 0.01. (D) ELISA direct binding assay was performed with GST_SH3_p130Cas mutants to assess

their binding to MBP_shortPPII_ErbB2. Recombinant SH3 domains carrying mutations in the three main
interaction sites show impaired binding with PPII-containing recombinant protein, validating the importance
of these residues for the interaction between SH3 domain and polyproline peptides. Data are represented as
mean =+ SD. #**p < 0.001.

association, in vitro and in cellular model, demonstrating the importance of PPII located residues as suggested by
the in-silico molecular model.

The same strategy was used to validate the PPII-binding pockets in the SH3 domain of p130Cas. Three
SH3-mutants carrying mutations in the three main sites of the interaction were generated and subjected to an in
vitro ELISA direct binding assay to evaluate their ability to bind ErbB2 recombinant proteins (Fig. 3D). Aromatic
residues were changed to alanine to replace bulky hydrophobic residues with small apolar residues (Y10A and
W41A). In addition, a conserved hydrophilic residue was substituted with a large hydrophobic residue (E15W).
These mutations involved aminoacids exposed to the solvent on the surface of the SH3 domain and are not impli-
cated in any contacts to main-chain atoms that maintain the structural stability of the SH3 domain?. Notably, all
SH3 mutants failed to associate with the PPII domain of ErbB2 (Fig. 3D).

Structure-based virtual screening (SBVS).  Once validated, the molecular model for p130Cas/ErbB2
interaction was used to run a SBVS of the ZINC database using FLAP software (see Experimental Section). The
rational was to find candidates that bind the SH3 domain of p130Cas (SH3_p130Cas) using the same interaction
pockets used by polyproline ErbB2 sequence (PPII_ErbB2) (see above) thereby inhibiting the binding of ErbB2
to p130Cas.

Screening results are in Table S2 (Pocket Point Radius =2 A), which shows the ten molecules expected to have
the best capacity to inhibit the SH3_p130Cas/PPII_ErbB2 interaction ranked by their Glob-Prod index (see
Experimental Section). Potential hits from this SBVS were screening for PAINS using the tool implemented in
ZINCI15 (http://zinc15.docking.org/patterns/home/) to exclude the presence of known classes of assay interfer-
ence groups in 1 and 2.

ZINC84136897 (1) and ZINC39121740 (2) (chemical structures in Fig. 4A) were selected to submit to
experimental validation. Compound 1 is larger than 2 (MW =375) and could be described as a urea derivative.
Compound 2 is a relatively small compound (MW =226) bearing a sulfonamide group. The choice of these two
compounds also allows to explore the impact on the inhibitory activity of different binding modes since 1 exploits
its action by interacting with p130Cas in three regions, whereas the interaction of 2 with p130Cas is driven by
hydrogen bonding (HB) interactions (Fig. 4B).

In vitro validation of the compounds identified by virtual screening. To experimentally validate the
binding of compound 1 and 2 on GST_SH3_p130Cas recombinant protein, fluorescence quenching experiments
were performed.

The fluorescence spectra of FI-GST_SH3_p130Cas in the absence and in the presence of 1 and 2 at different
concentrations are shown in Fig. 4C. FI-GST_SH3_p130Cas shows a strong fluorescence emission at 518 nm and
its fluorescence intensity decreases gradually with the increase of compound’s concentration. The analysis of equi-
librium dissociation constants showed values with different order of magnitude, K, =2.0 x 10”7 M for compound
1 and K, =5.0 x 107°M for compound 2 (Fig. 4C left and right panel, respectively) (see also Fig. S4b,c).

The two compounds were then tested in vitro using a competitive ELISA binding assay, which demonstrated
their inhibitory activity against the interaction between GST_SH3_p130Cas and MBP_shortPPII_ErbB2 recom-
binant proteins (Fig. 5A). The assay nicely showed reduced interaction between p130Cas and ErbB2 recombinant
proteins with increasing concentration of tested compounds, while no modulation was revealed with increasing
concentration of DPN (non-specific control). This experimental evidence validates the SH3 domain of p130Cas as
possible pharmacological target since its binding to the polyproline domain of ErbB2 is amenable for modulation
by inhibitory compounds 1 and 2.

As a further confirmation of the 1 and 2 efficacies of inhibiting GST_SH3_p130Cas/MBP_shortPPII_ErbB2
interaction, fluorescence quenching experiments were performed. As shown in Fig. 5B, compound 1 is more
efficient in preventing the binding between FI-GST_SH3_p130Cas and MBP_shortPPII_ErbB2, compared to
compound 2 (Fig. 5B left and right panel, respectively).

To assess whether these compounds could interfere with p130Cas/ErbB2 association in a cellular con-
text, ErbB2-positive BT474 breast cancer cells were pre-treated for 24 hours with 1 or 2 and subjected to co-
immunoprecipitation experiments. As shown in Fig. 5C, treatment with selected inhibitory compounds reduced
the association of p130Cas to ErbB2 also in BT474 breast cancer cells.

Validation in cellular models of the identified inhibitors. In vitro data indicate that compounds 1 and
2 can interfere with p130Cas/ErbB2 interaction, although with different binding modalities and different affini-
ties. To test which are the consequences of such interference in a cellular context we performed cell proliferation
and cytotoxicity assays. To this end, BT474 and SKBR3 breast cancer cells were chosen as a suitable experimental
model as they express high endogenous levels of both ErbB2 and p130Cas®. As shown in Fig. 6A, treatment of
BT474 cells with serial dilutions of the compounds indicates that compound 1 exhibits toxic effects starting from
75 uM, while for compound 2 we did not detect cytotoxic effects even at 250 pM. In addition, since we already
demonstrated that p130Cas/ErbB2 association triggers proliferation of breast cancer cells (as demonstrated by
soft agar assay in'?), a cell proliferation assay was employed to determine ECs, values of 1 and 2 compounds
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in BT474 (1 ECy=52.3 & 6.38 pM, 2 ECyo = 239.5 £ 25.98 uM) and in SKBR3 (1 ECy, = 69,8 £ 4.44 1M, 2
EC5,=273.94+27.18uM) cells as shown in Fig. 6B,C. It should be noted that both compounds achieved 50%
inhibition of proliferation at concentrations below their cytotoxic threshold.

Notably, compound 1 seems to be more effective on the inhibition of cell proliferation in these specific
cellular models (Fig. 6B,C). Interestingly, these compounds have no significant effect on the proliferation of
ErbB2-negative HEK 293T cells (Fig. S5), suggesting that the anti-proliferative effect of 1 and 2 in BT474 and
SKBR3 cells is mainly linked to the inhibition of p130Cas/ErbB2 association, rather than a broad, non-specific
inhibition of p130Cas-related pathways.

Moreover, results shown in Fig. 6E indicate that compound 1 significantly enhances the efficacy of
Trastuzumab treatment in SKBR3 cell line, thus suggesting that inhibition of p130Cas-ErbB2 interaction
could improve Trastuzumab efficacy by decreasing the stability of ErbB2. Consistently, the treatment of SKBR3
Trastuzumab-resistant cells with compound 1 partially restores the sensitivity of resistant cells to Trastuzumab
(Fig. 6F). Our data suggest that the inhibition of ErbB2-p130Cas interaction might impact on both breast cancer
cell proliferation and resistance to Trastuzumab, opening up new therapeutic perspectives.

ADME-Tox prediction. To explore the future as a drug of 1 and 2 we used free online tools to predict both
physico-chemical (pK, and log D7) and ADME-Tox properties. Data are shown in Table 2. According to pK,
prediction, both compounds are expected to be in their neutral state at physiological pH and have a similar
lipophilicity. Although the ADME-Tox profile is globally acceptable, both molecules have defaults. In particular,
2 is predicted to be poorly permeable (using pkCSM predictor the threshold to distinguish highly from poorly
permeable compounds is 0.90), whereas 1 is expected to be a substrate of P-glycoprotein which could adversely
affect the drug candidate effectiveness.

Discussion

Despite the enormous interest in targeting Protein-Protein Interactions (PPIs), the discovery of drugs capable to
interfere with these interactions has been proven to be very challenging. The transient nature of these interac-
tions, moderate affinity, and promiscuity of recognition are among the many factors that have contributed to dif-
ficulty in discovering effective modulators?-2%, Target validation is an essential step in the drug discovery process
and one of the major causes of attrition. Therefore, the first aim of this study consisted in providing strong support
for using p130Cas/ErbB2 as a target for the discovery of anticancer drugs.

We reported here, for the first time, that p130Cas association to ErbB2 receptor is indeed direct. I silico sim-
ulations, in vitro data and experiments in 293T cell line support that the direct binding is mediated by the SH3
domain of p130Cas that recognizes a polyproline type I motif located within the unstructured carboxy-terminal
tail of the receptor. MD simulations suggest that this polyproline sequence is energetically favored in the inter-
action acting as a ligand for class I SH3 domain. This evidence partially contrasts with data reported in 1995 by
Polte and Hanks? showing that the direct binding of SH3 domain of p130Cas with Focal Adhesion Kinase occurs
through the Pro-rich sequence ~APPKPSR- that represents a class II SH3 domain ligand. However, several data
reported that some SH3 domains (i. e. Src SH3 domain) can bind both class I and class II polyproline peptides®.

In accordance with our results, mutagenesis experiments of key amino acids in the PPII motifs allowed us to
establish that among the three important residues, the cationic Arg2 residue plays a minor role in the specificity
of the interaction with the SH3 domain of p130Cas. This led us to hypothesize that the essential “core” for the
association of polyproline type II peptides with the SH3 domain of p130Cas is the PxxP motif, regardless of the
position of the charged residue. This in turn might explain why p130Cas can associate through its SH3 domain
with class I and class II peptides.

The experimental evidence of the direct interaction between p130Cas and ErbB2 is however not sufficient
to establish whether this protein-protein interaction (PPI) is druggable (i.e. if it could be disrupted by a third
molecule) or not.

To investigate the druggability of p130Cas/ErbB2 interaction, we firstly performed structure based virtual
screening using a dataset of small molecules (SMs). This choice is in line with a recent PDB-wide analysis which
shows that nearly half of all PPIs may be susceptible to SM inhibition®".

Among chemicals predicted to be valuable inhibitors of the investigated interaction we submitted to exper-
imental validation two compounds exhibiting a different binding mode: 1 exploits its action by interacting
with p130Cas in three regions, whereas the interaction of 2 with p130Cas is driven by hydrogen bonding (HB)
interactions.

In vitro experiments showed that the two compounds similarly inhibit PPI and suggest that molecules with
different binding modes could share similar inhibition properties. Conversely, cell line experiments showed that 1
may stronger slow down cell proliferation in BT474 and SKBR3 cell line (models of ErbB2-overexpressing breast
tumor) than 2. Permeability prediction could explain this behavior since 1 is expected to be significantly more
permeable than 2.

We previously demonstrated that high levels of p130Cas expression inversely correlate with ErbB2 sensitivity
to Trastuzumab probably by binding to ErbB2 and increasing its stability to the cell membrane®.

Interestingly, a small molecule inhibitor (compound 1) able to interfere with p130Cas/ErbB2 association
synergized with Trastuzumab treatment in Trastuzumab-sensitive SKBR3 cells, thus suggesting that inhibition
of p130Cas-ErbB2 interaction might be used to improve Trastuzumab efficacy. Notably, this beneficial effect
was also observed in Trastuzumab-resistant cells, in which compound 1 partially restores their sensitivity to
Trastuzumab. These effects might rely on the ability of compound 1 to interfere with p130Cas/ErbB2 association,
thus reducing p130Cas-mediated ErbB2 stabilization at the cell membrane®. These results strongly enforce the
hypothesis that the increased stabilization of ErbB2 by p130Cas might be a crucial event driving breast cancer
progression and resistance to antibody-based anti-ErbB2 therapies, opening new therapeutic alternatives.
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Figure 4. Structure-based virtual screening identifies compounds with potential inhibitory properties. (A)
Chemical structures of two high ranked compounds from the SBVS: ZINC84136897 (1) and ZINC39121740
(2). (B) Binding mode of 1 (left panel) and 2 (right panel) with SH3_p130Cas. The selected compounds
showed different binding modalities since 1 exploits its action by interacting with SH3_p130Cas in three
regions, whereas the interaction of 2 with SH3_p130Cas is driven by hydrogen bonding (HB) interactions. (C)
Fluorescence quenching spectra of the complex FI-GST_SH3_p130Cas (0.07 pM) in the absence and presence
of1(0,0.07,0.21,0.7, 3.5, 7.0, 14, 21 uM) (left panel) and in the absence and presence of 2 (0, 2.1, 3.5, 5.5, 7.0,
10, 15, 21 pM) (right panel) demonstrating the binding between the selected compounds and the target protein.

In this regard, a medicinal chemistry effort is required to optimize compounds’ potency. To this end, virtual
libraries of analogues of 1 and 2 will be obtained, screened for their activity using structure-based virtual screen-
ing (SBVS) as above, and then filtered based on synthetic accessibility and physicochemical properties. These
procedures allow to test the most promising candidates in order to find an optimized lead compound.

Opverall, this study provides a potential hit compound that through a number of optimization steps could gain
relevance as an anticancer drug candidate and proposes a strategy to discover small molecules which may target
protein-protein interactions. It is worth noting that the results reported in this study represent the first attempt to
translate the current large knowledge on p130Cas, and its contribution to breast cancer progression, into some-
thing that may be employed as therapeutic agent in the future.

Experimental Section

Cloning of p130Cas. Coding sequence for p130Cas SH3 domain (3-71) (named SH3_p130Cas) was
amplified from cDNA with PCR using 5-GGATCCCACCTGAACGTGCTGGC-3' forward primer and
5/-GCGGCCGCCTATTATGGCTTCTTATCATACA-3 reverse primer and cloned in-frame into pGEX-4T3
vector using BamHI and NotI restriction sites.
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Figure 5. Screened compounds inhibit GST_SH3_p130Cas/MBP_shortPPII_ErbB2 association in vitro. (A)
Competitive ELISA binding assay was performed to validate two high ranked selected compounds (1 and 2)

as inhibitor of p130Cas/ErbB2 interaction. Both compounds demonstrated dose-dependent inhibition of the
association between GST_SH3_p130Cas/MBP_shortPPII_ErbB2 purified recombinant proteins in vitro. DPN
(Diarylpropionitrile) was low-ranked by virtual screening and therefore used as control for non-specific inhibition
(see Experimental Section). (B) Fluorescence spectra of the complex FI-GST_SH3_p130Cas/1 (0.01 pM and 3 pM
respectively) in presence of increasing concentrations of MBP_shortPPII_ErbB2 (0.1, 0.3, 0.5, 0.75 pM (left panel);
the complex FI-GST_SH3_p130Cas/2 (0.01 pM and 1 pM respectively) in presence of increasing concentrations
of MBP_shortPPII_ErbB2 (0.1, 0.3, 0.5, 0.75uM (right panel). (C) Co-immunoprecipitation experiment

in BT474 cell line. Cells were pre-treated with selected inhibitory compounds for 24 hours and subjected to
immunoprecipitation with anti-ErbB2 antibodies. Western blot with anti-p130Cas antibodies revealed that both
compounds were able to reduce the amount of endogenous p130Cas/ErbB2 complex in BT474 cells (upper left
panel) and quantified by densitometric analysis (right panel). Total cell extracts blotted with anti-ErbB2 and anti-
p130Cas revealed no changes in ErbB2 or p130Cas expression during the treatment (lower left panel). GAPDH
expression was used as loading control. Data are represented as mean & SD. **p < 0.01, **¥p < 0.001.
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Figure 6. Impact of 1 and 2 compounds on BT474 breast cancer cells. (A) To assess whether 1 and 2 could
trigger cytotoxic effects on living cells, BT474 cells were treated with serial dilutions of 1 and 2 (or sterile
DMSO). After three days, live cells were detected by standard MTT assay, highlighting the appearance of
cytotoxic effects above 75 pM for compound 1. Compound 2 did not show cytotoxic effects even at 250 pM.
*¥p < 0.001; #*¥¥p < 0.0001. (B) 1 and 2 compounds inhibit cell proliferation of BT474 and (C) SKBR3 breast
cancer cell lines. Cells were treated with different concentration of the 1 and 2 and proliferation was assayed
three days later by performing MTT assay. Results were fitted with four-parameter dose-response curve using
GraphPad Prism7 software. (D) EC50 values for 1 and 2 in BT474 and SKBR3 breast cancer cell lines are
represented as histogram with 95% confidence intervals. (E) SKBR3 cells were treated with Trastuzumab (25 pg/
ml) either alone or in combination with compound 1 or 2 at the indicated doses. After three days, live cells
were detected by standard MTT assay. Data are represented as mean = SD. *p < 0.05, **p < 0.01. (D) SKH100
Trastuzumab-resistant cells were treated with Trastuzumab (100 pug/ml) either alone or in combination with
compound 1 or 2 at the indicated doses. After three days, live cells were detected by standard MTT assay. Data
are represented as mean = SD. *p < 0.05, **p < 0.01.
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Source 1 2

pK, MoKa 3.44 (b); 9.97 (a) 9.45 (a)

log D74 MoKa 1.5 2.0

TPSA ZINC 96 72

permeability pkCSM 1.07 x 10 ¢cm/s 0.69 X 10¢cm/s
P-glycoprotein substrate pkCSM Yes (inhibitor) No

Cyp3A4 substrate pkCSM Yes No

hERG toxicity pkCSM No No

AMES toxicity pkCSM No No

Table 2. Predicted physico-chemical and ADME-Tox properties of the two investigated compounds.

PGEX vectors containing p130Cas substrate domain (named YXXP_p130Cas) and p130Cas carboxy-terminal
domain (named CT_p130Cas) were engineered by Prof. Emilia Turco, MBC, University of Torino. All PCR
amplifications and cloning procedures were verified by Sanger sequencing.

Cloning of ErbB2. Two different ErbB2 constructs containing the putative polyproline domain (named
shortPPII_ErbB2 and longPPII_ErbB2) were amplified from ErbB2 ¢cDNA and cloned in-frame in pMAL-C2
vector for recombinant protein production and in pEGFP-C2 vector for 293T transfection, using Sacl and Sall
restriction sites.

Expression and purification of recombinant proteins. pGEX-4T3 and pMAL-C2 engineered vectors
were purified using commercial silica column and transformed into competent BL21 bacteria for expression of
recombinant fusion proteins. MBP and GST fusion proteins were produced in Escherichia coli BL21 bacteria strain
together with GST and MBP proteins alone (GST_ctrl and MBP_ctrl, respectively) as controls and then purified
on a Sepharose amylose (New England Biolabs) or Sepharose glutathione column (GE Healthcare) according to
the manufacturer’ instructions. After elution step all recombinant proteins were dialyzed two times against PBS
at 4°C, aliquoted and stored at —80°C. See Table 1 for recombinant proteins details.

Site directed mutagenesis. Site directed mutagenesis of shortPPII_ErbB2 sequence (in pMAL-C2 and
pEGFP-C2 vectors) was performed with QuickChange Site-Directed Mutagenesis Kit (Agilent) following manu-
facturer instructions. Mutagenic primers were the same for both plasmids (Table S1).

Mutants of shortPPII_ErbB2 protein in pMAL-C2 vector were expressed, purified and quantified as reported
above. See Table 1 for recombinant protein details.

Site directed mutagenesis of SH3_p130Cas sequence (in pGEX-4T3 vector) was performed with QuickChange
Site-Directed Mutagenesis Kit (Agilent) following manufacturer instructions. Mutagenic primers were reported
(Table S1). Mutants of SH3_p130Cas protein in pGEX-4T3 vector were expressed, purified and quantified as
reported above.

Antibodies. Mouse monoclonal antibodies to human p130Cas were produced in our department (see®)
Additional mouse monoclonal p130Cas antibodies were purchased from BD Transduction Laboratory (Franklin
Lakes, NJ, USA) (Material number 610272). Antibodies to GST (mouse monoclonal), MBP (rabbit polyclonal)
and GFP (mouse monoclonal and rabbit polyclonal) tags were produced at the MBC, University of Torino.
Additional rabbit polyclonal antibodies to GST, MBP and GFP tags were obtained from Thermo Scientific (cata-
log # A-5800) and Sigma Aldrich (catalog #M1321 and # G1544).

Dot blot binding assay. For dot blot experiments, 1l of GST-tagged p130Cas purified recombinant pro-
teins was manually spotted onto nitrocellulose and let air-dry for 30 minutes at room temperature. Saturation
was performed using 5% BSA in TBS-0.3% Tween20 at room temperature for 3 hours. After 3 washing steps with
TBS-0.3% Tween20, nitrocellulose filters were incubated with MBP-tagged ErbB2 purified recombinant proteins
(1 pg/ml) in Interaction Buffer (50 mM Tris-HCl pH7.4, 150 mM NaCl, 1%Triton-X100) at 4 °C overnight. The
day after, nitrocellulose filters were washed twice with Interaction Buffer and twice with TBS-0.3% Tween20.
The interacting proteins were detected using rabbit polyclonal anti-MBP antibody and peroxidase conjugated
anti-rabbit secondary antibody with chemoluminescent ECL reagent.

Nitrocellulose filters were then extensively washed with TBS-0.3% Tween20 and incubated overnight at 4°C
with mouse monoclonal anti-GST antibody and detected by peroxidase conjugated anti-mouse secondary anti-
body. This process revealed the amount of GST-tagged p130Cas purified recombinant proteins that were directly
spotted onto nitrocellulose.

In vitro binding assay. For the in vitro binding assay, GST-tagged p130Cas and MBP-tagged ErbB2 purified
recombinant proteins were mixed together in solution (Interaction Buffer with 1% BSA) overnight at 4°C. The
day after, standard immunoprecipitation with anti-MBP rabbit polyclonal antibody and proteinA Sepharose (GE
Healthcare) was performed. After 3 washing steps, proteins were eluted with 2X Laemmli loading buffer. Proteins
were run on SDS-PAGE under reducing condition, transferred to nitrocellulose and probed with specific antibod-
ies. Interacting partners were revealed using anti-GST mouse monoclonal antibody.
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ELISA. For ELISA binding assay, 100 nM/well of GST_SH3_p130Cas and GST_ctrl purified recombinant pro-
teins were coated to a 96-well microtiter plate in 100 pl of PBS buffer overnight at 4°C. The day after, washing
steps and saturation were performed using PBS and 3%BSA in PBS at room temperature. MBP-tagged ErbB2
purified recombinant proteins and MBP_ctrl (100 nM/well) were added in 100 pl/well of PBS for 2h. After wash-
ing, anti-MBP mouse monoclonal antibody (0.25 ug/ml) was added for 2 h followed by peroxidase conjugated
anti-mouse secondary antibody for 1 h. Detection of the protein-protein interaction was revealed by standard
colorimetric reaction adding 90 pl of chromogenic TMB substrate (3,3',5,5'-tetramethylbenzidine). The reaction
was stopped with 90 ul of 0.5 M HCl and absorbance at 450 nM was measured using ELISA plate reader. GST_ctrl
and MBP_ctrl proteins served as control for non-specific binding between recombinant proteins.

For validation of inhibitory activity of selected compounds, ELISA binding assay was setup as reported
above. Briefly, 1 and 2 compounds were mixed at various concentration with MBP_shortPPII_ErbB2 purified
recombinant protein and allowed to interact with pre-absorbed GST_SH3_p130Cas 2h at room temperature.
Detection of the protein-protein interaction was revealed as reported above. DPN (Diarylpropionitrile, from
Sigma Aldrich, catalog number H5915, CAS Number 1428-67-7) was used as control for non-specific inhibition
of protein-protein interaction®2.

Inhibitory compounds. ZINC84136897 (1) and ZINC39121740 (2) were purchased from Enamine Ltd.
(Kiev, UA) as lyophilized powder and dissolved at 25 mM concentration in 75% DMSO/water. Solubilized chem-
icals were aliquoted and stored at —20 °C protected from light.

Standard MS and H'NMR were performed to validate structure and quality.

Cell cultures. HEK 293T cells (from ATCC, CRL3216) were maintained in DMEM (Thermo Fisher
Scientific), 10% FBS at 37 °C, 5% CO2 in humidified incubator.

BT474 cells (from ATCC, HTB20) were cultured in DMEM-F12 (Thermo Fisher Scientific), 10% FBS at 37°C,
5% CO2 in humidified incubator.

SKBR3 cells were cultured in McCoy’s 5 A (Thermo Fisher Scientific), 15% FBS at 37°C, 5% CO2 in humidi-
fied incubator.

SKBR3 resistant cells (SKH100) made resistant to Trastuzumab were generated by Dr. Valabrega and main-
tained as described in.

All used cell lines were authenticated in the last 6 months by BMR Genomics (Padova, Italy), using the CELL
ID System (Promega, Madison, WI).

All cells were regularly checked for mycoplasma contamination by specific PCR.

293T transfection. For transfection of pEGFP-C2 vectors containing GFP-tagged ErbB2 constructs, 293T
cells were seeded in 10-cm dishes at 5 x 10° cells/dish. After cells reached 90-95% confluence, plasmid vectors
(8 pg/dish) with Lipofectamine 2000 (Invitrogen Inc.) were transfected into 293T cells following manufacturer
instructions.

Cytotoxicity assay. For cytotoxicity assay BT474 cells were seeded at 5000 cells/well concentration (100%
confluency) in a 96-well cell culture plate and incubated with serial dilutions of 1 and 2 compounds (from 250 uM
to 0.12 uM). Cytotoxicity was evaluated after 3 days by MTT assay (11465007001 Roche, Cell Proliferation Kit I
following manufacturer instruction.

Cell proliferation assay. For proliferation assay BT474, SKBR3 and SKH100 cells were seeded in 8 repli-
cates at 1000 cells/well concentration (25% confluency) in four different 96-well cell culture plates and then incu-
bated with increasing concentration of 1 and 2 for 3 days. Changes in proliferation rate were detected by MTT
assay (11465007001 Roche, Cell Proliferation Kit I) following manufacturer instruction. Sterile DMSO was used
as control for non-specific solvent effect on proliferation.

Statistical analysis. All the results are representative of at least three independent experiments performed
in triplicate.

All data obtained on protein-protein interaction were normalized using GST_ctrl and MBP_ctrl as
non-specific control. Data obtained from ELISA and MTT assays using 1 and 2 were normalized using either
DPN or DMSO as non-specific control.

Statistical analysis of data obtained from ELISA and MTT assays was performed using 2-way ANOVA
corrected for multiple comparison by Tukey test. p-value < 0.05 (95% confidence interval) were considered
significant.

Fluorescence quenching experiments.  All fluorescence spectra were recorded with a Horiba Jobin Yvon
Fluorolog3 TCSPC spectrofluorophotometer with 1.0 cm quartz cells

For fluorescence experiments, GST_SH3_p130Cas was firstly tagged with fluorescein (FI-GST_
SH3_p130Cas) using a methodology described in the literature® see Supporting Information). The fluorescence
spectra of FI-GST_SH3_p130Cas were obtained using a fixed concentration of 3.0 uM in the absence and in
the presence of MBP_shortPPII_ErbB2 (concentration range: 0.05-3.0 pM). Fluorescence emission spectra of
FI-GST_SH3_p130Cas in the presence of 1 and 2 were obtained using the following concentrations: FI-GST_
SH3_p130Cas =0.7 pM; 1 and 2 = 0-21 pM. Finally, MBP_shortPPII_ErbB2 (concentration range: 0-75puM)
was added to the complexes between FI-GST_SH3_p130Cas and the two compounds.

The variation in fluorescence emission at 518 nm of FI-GST_SH3_p130Cas was monitored in all experiments.
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Computational section. In this study, we used two crystallographic structures: the SH3 domain of p130Cas
(PDB code 1WYX) and the SH3 domain of p85 in complex with the peptide PD1R (PDB code 3I5R). Both
structures were downloaded from the Protein Data Bank (www.rcsb.org).The ErbB2 sequence was submitted to
Eukaryotic Linear Motif (ELM) (www.elm.org)'® by using the FASTA format as an input.

The interaction complex SH3_p130Cas/PPII_ErbB2 was built with MOE version 2010.10 (www.chemcomp.
com).

The virtual screening for inhibitors of the SH3_p130Cas/PPII_ErbB2 interaction has been performed by
FLAP version 2.0.2 (www.moldiscovery.com). The screening has been made over the 15 million compound subset
“drug-like clean” of the ZINC database v.13 (www.zinc.docking.com).

Preparation of the complex SH3_p130Cas/PPII_ErbB2. Two starting structures were downloaded
from the Protein Data Bank (www.rcsb.org): the SH3 domain of p130Cas (PDB code IWYX) and the SH3
domain of p85 in complex with the peptide PD1R (PDB code 3I5R). 1WYX and 3I5R were imported in MOE
(ver. 2016.08, www.chemcomp.com).

Firstly, PDIR 3D structure was extracted from 3I5R. Four amino acids, i.e. K, L, L and S, present in the
PDI1R sequence (KRPLPPLPS) were mutated into V, Q, S and R, respectively, to obtain PPII_ErbB2 model
(VRPQPPSPR).

The structure of the SH3 domain of p130Cas was prepared starting from 1WYX: one monomer was retained,
and water molecules and ions were removed. The structure was then protonated using MOE Protonate3D
(T=310,15K, pH=6,8, LE =0,2mM). The same procedure was applied to the SH3 domain of p85 present in
the pdb file 3I5R.

Finally, the structure of the complex SH3_p130Cas/PPII_ErbB2 was obtained through alignment and super-
position of SH3_p130Cas and PPII_ErbB2 with the SH3 domain of p85 and PD1R, respectively.

The complex was minimized using the CHARM?22 force field (RMS gradient less than 0.001 kcal mol ! A~2).

Molecular Dynamics simulations.  All steps of MD simulations were set up using the BiKi Life Science
software (default settings for plain MD simulations, ver. 1.3.5, http://www.bikitech.com/) which provides an
intuitive GUI interface to GROMACS and Amber tools. In particular, the setup of the simulations is based on
Antechamber software (ver. 14, http://ambermd.org/antechamber/ac.html) whereas MD simulations were per-
formed with GROMACS (ver.4.6.1, http://www.gromacs.org/) package using the Amber ff14 force field**. Water
molecules were described using the TIP3P model®* and periodic boundary conditions were applied. The system
was neutralized by adding a sodium ion.

The solvated system was minimized using a steepest descent minimization (the maximum number of min-
imization cycles was set to 5000). Equilibration was carried out in four steps: firstly, three 100 ps NVT simula-
tions were performed to gradually increase the temperature up to the final 300K, then one 1ns NPT step was
carried out to allow the system to stably reach the pressure condition of 1 atm. Finally, one 50 ns MD production
run was performed with a time step for integration equal to 0.002 ps and a number of steps equal to 25000000.
Coordinates were saved every 10 ps; in total 5000 snapshots were obtained. The temperature coupling was done
using a velocity rescaling with a stochastic term that ensures that a proper canonical ensemble is generated®”.

Dataset preparation. The subset of compounds named “Clean Drug-Like” was downloaded from the ZINC
database (ver. 13, www.zinc.docking.org). This subset contains about 15 million of molecules which were filtered
by applying the following criteria: (a) Lipinski’s rules of five (i.e. no more than 5 hydrogen bond donors and 10
hydrogen bond acceptors, a molecular mass less than 500 Daltons, ClogP less than 5), (b) molecular mass greater
than 150 Daltons, (c) number of rotatable bonds lower than 7, (d) formal charge in the range [—2; +2].

Structure based virtual screening (SBVS). The SH3_p130Cas/PPII_ErbB2 structure was imported in
FLAP (v. 2.2.1, www.moldiscovery.com) and the interface between the protein and the peptide was used to define
the pocket for the SBVS (Pocket Point Radius =2 A). MIFs with the default probes DRY, O, N1, and H were calcu-
lated for the residues in the pocket and FLAP fingerprints for SH3_p130Cas were generated?®.

The compounds resulting from the previous step were submitted to FLAP in their ionization state at pH=7.
FLAP generates 25 low energy conformers for each compound. For each of these conformations, the molecular
interaction fields (MIFs) for H, O, N1, and DRY GRID probes were calculated at a 0.75 A grid resolution, and
FLAP fingerprints were generated. To reduce the number of molecules in the dataset, a quick pre-filtering run was
performed using the implemented procedure in the bit-string mode. The Glob-Sum similarity score was used to
rank the compounds in the dataset and the 10000 compounds with the higher score were retained.

Finally, the reduced dataset was screened against the SH3_p130Cas model scoring the complementarity
between the candidate and the protein pocket. The Glob-Prod similarity was used to rank the molecules in the
dataset.

Physico-chemical and ADME-Tox prediction. For calculating pK, and log D”* we used MoKa v. 2.6.5
(www.moldiscovery.com). To predict the pharmacokinetic profile of 1 and 2 we used pkCSM (http://biosig.uni-
melb.edu.au/pkesm/), a free Web tool, properly documented in the literature™.

All calculations were run on an Aethia EXA-W 4 core Xeon workstation.
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adaptor protein impairs epidermal

homeostasis by altering cell adhesion and
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Abstract

Background: p130 Crk-associated substrate (p130CAS; also known as BCAR1) is a scaffold protein that modulates
many essential cellular processes such as cell adhesion, proliferation, survival, cell migration, and intracellular signaling.
p130Cas has been shown to be highly expressed in a variety of human cancers of epithelial origin. However, few data

ablated in the epidermal tissue.

committed cell population.

and homeostasis.

are available regarding the role of p130Cas during normal epithelial development and homeostasis.
Methods: To this end, we have generated a genetically modified mouse in which p130Cas protein was specifically

Results: By using this murine model, we show that p130Cas loss results in increased cell proliferation and reduction of
cell adhesion to extracellular matrix. In addition, epidermal deletion of p130Cas protein leads to premature expression
of "late” epidermal differentiation markers, altered membrane E-cadherin/catenin proteins localization and aberrant
tyrosine phosphorylation of E-cadherin/catenin complexes. Interestingly, these alterations in adhesive properties in
absence of p130Cas correlate with abnormalities in progenitor cells balance resulting in the amplification of a more

Conclusion: Altogether, these results provide evidence that p130Cas is an important regulator of epidermal cell fate

Keywords: Adaptor proteins, Mouse primary keratinocytes, Cell adhesion, Cell signaling and cell differentiation

Background

p130Cas is a multifunctional adaptor protein required
for embryonic development and is characterized by
structural motifs that enable interactions with a variety
of signaling molecules and the modulation of pathways
controlling cell proliferation, survival, actin cytoskeleton
organization and extracellular matrix degradation [1].
p130Cas/BCAR1 expression has been shown to be fun-
damental for cell transformation and tumor progression
in several cancers but also in other diseases [2, 3].
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The early embryonic lethality of the germ-line knock-
out (KO) p130Cas/BCAR1 mouse points out its crucial
role during mouse development [4]. To circumvent
embryonic lethality in order to investigate the role of
p130Cas in mammalian developmental process, we have
established a pl130Cas tissue-specific knockout mouse
line, utilizing Cre transgene under control of the human
cytokeratin 14 (K14) gene promoter, which is active in
dividing cells of several stratified epithelial tissues, in-
cluding skin and mammary gland [5].

Epidermal stratification is achieved through two dis-
tinct mechanisms. The first one involving the basal cells
detachment and transition from the basement mem-
brane to the suprabasal layers. The second mechanism
accounts for the asymmetrical cell division of stem cells
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residing in the basal layer that generate a suprabasal cell
that is committed to terminal differentiation but still
undergoes a limited number of cell division and a
slow cycling cell that remains confined into the basal
layers [6-8].

Once detached from the basal membrane, epithelial
cells undergo differentiation progressing through a series
of stage-specific morphological and biochemical changes
leading to the synthesis of the differentiation-specific
keratins such as Cytokeratin 1 (K1) and Cytokeratin 10
(K10), as well as involucrin, filaggrin, and loricrin [9, 10].
In in vitro cell culture, elevation of calcium concentra-
tions induces keratinocyte differentiation program char-
acterized by differentiation markers expression, rapid
redistribution of cadherins to the membrane and conse-
quent adherens junctions and desmosomes formation,
reorganization of the cytoskeleton, polarization and
stratification [11].

Analysis of mouse skin tissue in vivo and mouse kera-
tinocyte cultures showed that the absence of p130Cas
expression is sufficient to alter epidermal homeostasis.
Indeed, epidermal ablation of pl30Cas impairs cell-
matrix adhesion, increases cell proliferation and expres-
sion of terminal differentiation markers both in vivo and
in vitro. Interestingly, undifferentiated p130CasKO kera-
tinocyte cultures display features of early commitment
to differentiation characterized by E-cadherin cell mem-
brane localization along with an increased tyrosine phos-
phorylation of E-cadherin and beta-catenin. The
alterations in cell proliferation, differentiation and adhe-
sion properties observed in p130Cas null keratinocytes
correlate with the expansion of cell population, with re-
duced clonogenic ability, which are consistent with a dif-
ferentiation committed phenotype.

Materials and methods
Knock-out mice generation
The use of animals was in compliance with the Guide for
the Care and Use of Laboratory Animals published by the
U.S. National Institutes of Health and approved by the
Italian Health Minister (authorization n° 24-2014PR).
C57/BL mice containing loxP sites flanking exon 5 and
6 and the neomycin cassette were generated by first cross-
ing them with flipper (FLPe) and then crossing p130Cas
mice with K14-Cre transgenic animals. Genotypes were
determined by PCR screening of tail biopsies by using the
following primers: p130CasloxP FW (5-GATACCTTC
TGGGTCTCCTGTACCCC AAGG-3’) and p130CasloxP
RW (5-CCTCTGCTTCCCAAATGCTGGGATCAA AG
G-3’) to identify loxP sites flanking p130Cas gene, Cre F
W (5-GGACATGTTCAGGGATCGCCAGGCG-3") and
Cre RW (5-GCATAACCAGTG AAACAGCATTGCT
G-3") to identify Cre recombinase.
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Cell proliferation, differentiation and ECM-cell adhesion
assays

For keratinocyte cell differentiation, 2 mM CaCl, was
added to keratinocyte culture medium. For proliferation
assays 5 x 10° cells/ml were plated in triplicate on colla-
gen coated 12-well dishes in low calcium medium
(minimal essential medium with 4% Chelex treated fetal
calf serum (Hyclone), epidermal growth factor (EGEF;
10 ng/ml, Collaborative Research, Inc., Cambridge, MA),
and 0.05 mM CaC12 (low calcium medium) as described
in (Calautti et al,1998). Cells were counted from the
first day after plating for three days in triplicate. For cell
adhesion experiments, the number of attached cells to
the ECM components was evaluated the day after
plating.

Immunoprecipitations

Mouse primary keratinocytes immunoprecipitation ex-
periments were performed as described in (Calautti et
al, 1998). Briefly, keratinocytes were lysed and quantified.
Same extract amounts were incubated ON at 4 °C with
antibodies followed by addition of Protein G-agarose
beads for 2 h at 4 °C. Immune-complexes were washed
four times, eluted in boiling Laemmli sample buffer and
separated by SDS-PAGE.

Western blot analysis

Extracts from different tissues (heart, brain and skin)
were prepared from 3-day-old mice. Tissues were lysed
with Ultra Turrax in boiling SDS Lysis Buffer (2% SDS,
Tris HCI pH 7.5, 0.5 M EDTA), with protease inhibitor
cocktail (Roche), and centrifuged at 13000 rpm for
15 min. Primary keratinocytes lysates were prepared by
scraping 6-well dishes into 100 ul boiling SDS Lysis
Buffer, vortexed and boiled several times. Lysates were
subjected to western blotting analysis with the following
antibodies: filaggrin, loricrin, keratin 1 and keratin 5
(Covance (Princeton, NJ, USA)); pl30Cas, ANp63,
E-cadherin, beta-catenin and alpha-catenin (BD Trans-
duction Laboratories (San Jose, CA,USA)); tubulin and
c-Src (Sigma (St. Louis, MI, USA)); phospho-Erk1/2
MAPKs  (Thr202/Tyr204), phospho-Src  (Tyr416),
phospho-YAP and Yap (Cell Signaling (Danvers, MA,
USA)); Erk1/2, CyclinD1, pTyr (Santa Cruz (Palo Alto,
CA, USA)). Secondary antibodies were incubated for 1 h
at RT, and detection performed with ECL Prime (GE
Healthcare, Chicago, IL, USA). Protein band intensities
were determined using the Image ] software. All com-
parative images of blots shown are resulting from same
exposures of the same membranes.

Immunohistochemistry and immunofluorescence analysis
For histological analysis, frozen sections from 3-days-old
mice dorsal skin were stained with hematoxylin/eosin
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(H/E). For immunofluorescence staining, sections were
fixed in methanol/acetone solution, permeabilized with
PBS/0.5% Triton X-100, saturated with blocking buffer
for 30" and incubated with primary antibodies at 4 °C
ON followed by 1 h incubation at RT with Alexa Fluor
488 or 568 antibodies (Invitrogen). Images were taken
at HCX PL APO CS 40X-63X 1.4 OIL Leica TCS-SP5
II confocal microscope and analysed with LASAF
software or at Zeiss Observer Z.1 microscope (x 20/
0.50 objective) with the ApoTome module. For PCNA
and Ki67 staining (Santa Cruz, (Palo Alto, CA, USA);
Novocastra, (Leica, UK)), sections were fixed and
stained as above. Staining was detected by peroxidase
reaction with DAB. Image] software (NIH, Bethesda
USA) was used for quantification and/or counting
analysis.

Primary mouse keratinocyte cell culture and treatments
Primary epidermal keratinocytes were isolated from the
skin as previously described (Calautti et al, 1998).
Briefly, skin was removed from 3-days-old pups; the epi-
dermis was peeled away from the dermis, minced and
filtered to release single cells. Keratinocytes (1 x 10°
cells/ml) were plated in culture plates coated with colla-
gen and cultured in low calcium medium at 34 °C and
8% CO,.

Colony-forming efficiency (CFE) assays

Colony-forming efficiency (CFE) assays were performed
as described in [12], with minor modifications. 10 cells
were plated on lethally irradiated feeder layer 3 T3-J2
cells. After 12 days, colonies were fixed, stained with
rhodamine-B and scored under a dissecting micro-
scope. Total colonies were calculated as a percentage
of total plated cells (colonies number x 100/cell plated
number). For second progeny experiments, primary
cells isolated from WT and pl130CasKO mice were
maintained in low calcium condition for 7 days. Then
CFE assays were performed with an increased number
of cells (5x10%. Colonies were classified based on
morphological parameters [12, 13].

Dispase treatment of mouse primary keratinocytes
Dispase treatment was performed as described in [14].
Briefly, duplicate 60-mm dishes of confluent keratino-
cyte cultures in low or high calcium medium were
washed twice in PBS and incubated in 2 ml dispase
solution in PBS (2.4 units/ml; Roche) at 34 °C. Cells
were analyzed under the microscope at 5-min intervals,
for 35 min. After 35 min, cells were scraped, then
washed twice in PBS and centrifuged. Cell pellets were
resuspended and counted as single cells with an
hemocytometer. Results are expressed as percentage of
dispase released cells over the total number of cells.
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Statistical analysis

Statistical analyses were performed with Student t test
or two-way analysis of variance (ANOVA, Bonferroni
posttest analysis) for comparison of two or multiple
groups, respectively, using Prism 5.0 (GraphPad, San
Diego, CA). Mann-Whitney nonparametric test was ap-
plied when quantified results do not follow normal dis-
tribution. Differences with P-values less than 0.05 were
considered statistically significant.

Results

Generation of mice with epidermis-restricted deletion of
the p130Cas/BCAR1 gene

To conditionally ablate p130Cas expression in the epi-
dermis, we employed the Cre-LoxP system. p130Cas fl/fl
mutant mice harbors a construct in which exons 5 and 6
of the p130Cas gene were flanked with Cre-lox recom-
bination (loxP) sites (Fig. 1a). Mice were first mated with
flipper (FLPe) mice to remove the neo-cassette and one
FLPe recognition target (FRT) site, leaving behind the
two loxP sites. p130Cas” mice were bred with trans-
genic mice expressing Cre recombinase under the con-
trol of the human K14 promoter. This promoter is
active in dividing cells of several stratified epithelia, such
as skin, mammary gland and thymus (Jonkers et al,
2001). To evaluate the absence of pl30Cas in the
Knock-Out (KO) mice, western blot analyses were per-
formed on extracts of skin isolated from 3-day-old
p130CasKO mice (Fig. 1b) and of different tissues, such
as brain, heart and thymus (Additional file 1: Figure S1).
This analysis confirmed that Cre recombination oc-
curred in the epidermis and in thymus as reported, but
not in other tissues. p130CasKO pups were born at the
expected Mendelian ratio, were viable and fertile, and no
significant differences were observed at birth in growth
or macroscopic defects of the skin relative to control lit-
termates lacking Cre recombinase (Fig. 1b).

p130Cas deficiency alters the balance between epidermal
cell proliferation and differentiation

Histological examination of the epidermis of 3-day-old
p130CasKO and Wild-Type (WT) pups revealed a sig-
nificant epidermal thickening in mutant mice, indicating
altered skin morphogenesis in the absence of p130Cas
(Fig. 1c and d). We also analyzed the expression of K1,
an early differentiation marker typical of the spinous
suprabasal epidermal layer as well as of K14, whose ex-
pression is confined in basal undifferentiated epidermal
layer under homeostatic physiological conditions [15].
K1 staining was significantly enhanced in the suprabasal
layers of p130CasKO skin as compared to WT counter-
parts. Moreover, we also observed a higher number of
K14 positive cells in the suprabasal layers of p130CasKO
mice, suggestive of abnormalities in the balance between
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keratinocyte proliferation and differentiation (Fig. 1e and  we assessed the expression of Ki67 and PCNA prolifera-
Additional file 1: Figure S2). tive markers. As shown in Fig. 2a-d and in Additional

To determine whether the epidermal thickening and file 1: Figure S3, Ki67 and PCNA were significantly in-
suprabasal K14" cells observed in pl130Cas-deficient creased in the basal layer of p130CasKO mice compared
mice correlate with increased keratinocyte proliferation, to WT, indicating an increased tendency of mutant
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keratinocytes to proliferate. Interestingly, PCNA staining
was detected in a significant amount of suprabasal cells
at both embryonic day 18.5 and P3 in p130CasKO epi-
dermis (Additional file 1: Figure S5).

To provide insights into the control of p130Cas-
dependent skin homeostatic processes, in vitro culture
of primary keratinocytes isolated from 3 days-old pups
were established [16]. In this in vitro model, prolifera-
tion assays were performed by counting every day for
72 h WT and pl130CasKO keratinocytes plated on
collagen coated dishes. The proliferative curve shown in
Fig. 2e indicates that p130CasKO keratinocytes possess
higher proliferation rates than WT keratinocytes.

Since epidermal stratification involves delamination
and asymmetrical cell division of basal cells [7, 8], and
we observed a higher percentage of K14 positive cells in
the suprabasal layers of the p130CasKO, we hypothe-
sized that p130Cas deletion might impact progenitor
cells commitment toward differentiation. Consistently,
we found that freshly isolated p130CasKO primary
keratinocytes have an overall reduced clonogenic cap-
acity with a strong reduction of colonies displaying
holoclone- and meroclone-like morphology, which was
also maintained in second-generation clonogenic assays
(Fig. 2f and g). Overall, these data are consistent with an
anticipated commitment of p130CasKO progenitor cells
to differentiation. Accordingly, the levels of ANp63«, a
transcription factor governing keratinocyte stem cell fate
[17], were found reduced in p130CasKO in undifferenti-
ated conditions compared to WT cells, and further di-
minished upon differentiation induction triggered by
elevation of the extracellular calcium concentration
(high calcium medium) (Fig. 2h, i and Additional file 1:
Figure S4A). Consistently, p63 expression was found
decreased in pl130CasKO epidermis at both E18.5
(mouse embryonic day 18.5) and P3 (Additional file 1:
Figure S5). Moreover, inactivating phosphorylation of
YAP, a transcriptional activator implicated in skin
homeostasis control [18, 19], was found up-regulated in
p130CasKO keratinocytes compared to WT cell under
basal conditions. Moreover, although the YAP protein
levels did not differ significantly between genotypes in
response to calcium (Additional file 1: Figure S4B), the
kinetics of YAP phosphorylation indicated an opposite
trend between WT and p130CasKO keratinocytes, with
an increase in the former and a decrease in the latter
cells (Fig. 2h and i). In newborn skin, YAP expression
was detected in few basal cells in both WT and mutant
mice as previously reported [19, 20]. Notably,
p130CasKO epidermis contained a significant amount of
nuclear YAP in isolated suprabasal cells compared to
WT controls (Additional file 1: Figure S5), and a similar
trend was also observed in mutant mice at E18.5 (data
not shown). Cyclin D1 expression in vitro was more
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elevated in proliferating p130CasKO as compared to
WT cells (Fig. 2h and i). Overall, these data suggest a
role for pl30Cas in the maintenance of epidermal
homeostasis by promoting keratinocyte quiescence and
preventing commitment toward differentiation.

The increased proliferation rates observed in
p130CasKO cells coupled with their reduced clonogenic
capacity suggest that these cells may be more prone to
engage the terminal differentiation program. To verify
this hypothesis, we compared keratinocytes isolated
from WT and mutant mice under undifferentiated
conditions or during calcium-induced differentiation.
Upon calcium switch, keratinocytes cultures acquire a
squamous morphology, become stratified, form desmo-
somes and adherens junctions, undergo growth arrest
and express markers typical of suprabasal epidermal
layers. In undifferentiated conditions p130CasKO
keratinocytes display a flat and round-shaped morph-
ology compared to wild-type cells. Upon differentiating
conditions, p130CasKO cells appear bigger with less
evident cell-cell borders (Fig. 3a). Notably, under low
calcium culture conditions, p130CasKO cells display a
higher expression of granular layer differentiation
markers (filaggrin and loricrin) but not spinous layer
marker (K1) (Fig. 3b and c). Upon differentiating stimu-
lus, an expected induction of both early and late differ-
entiation marker expression in WT keratinocytes was
observed, whereas p130CasKO cells displayed a robust
K1 induction after calcium stimulation which was con-
sistent with the increased K1 expression observed in
vivo (Fig. le). Moreover, although the absolute level of
filaggrin and loricrin were overall increased in mutant
cells, the levels of these proteins did not further increase
upon calcium treatment (Fig. 3b and c). Consistently,
filaggrin and loricrin expression was also increased in
the intact epidermis of p130CasKO mice (Fig. 3d and e
and Additional file 1: Figure S6).

Opverall, these data indicate that p130Cas deficiency af-
fects keratinocytes proliferation and differentiation both
in vitro and in vivo and renders the cells more prone to
engage differentiation.

p130Cas is required for proper ECM and cell-cell adhesion
A critical step in the differentiation process of all
epithelial cells is cell detachment from the basement
membrane, mostly dependent on modification in
integrin-matrix interactions. Indeed, activation of betal
integrins in normal keratinocytes abrogates differenti-
ation while inhibition of integrin downstream signaling
promotes keratinocytes differentiation [21-23]. Several
lines of evidence have placed p130Cas as an important
modulator of signals emanating from integrins and ECM
[2]. Therefore, to determine whether the altered differ-
entiation process observed in p130CasKO is due to
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aberrant ECM-keratinocyte cell adhesion, we performed components. The ECM-cell adhesion reduction observed
keratinocyte cell adhesion assays to fibronectin, laminin  in p130KO keratinocytes may reflect an aberrant expres-
and collagen ECM components. Specifically, p130CasKO  sion of integrin receptors in the basal layer of the mouse
keratinocytes display reduced adhesion to both collagen  epidermis. To test this possibility, we evaluated integrin
and laminin as compared to WT cells (Fig. 4a), indicat- receptor betal and betad protein expression levels in
ing that p130Cas deficiency in keratinocytes leads to al-  keratinocytes derived from WT and KO mice. However,
terations in cell adhesion to basement membrane neither betal nor beta4 integrin protein levels were
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affected by p130Cas ablation (Additional file 1: Figure S7).
To evaluate whether the observed cell adhesion reduction
upon p130Cas deletion may result from defective integrin
signaling, we tested whether phosphorylation of Src was
altered in p130CasKO keratinocytes compared to WT
cells. Src kinase activation is one of the early event

associated with integrin engagement to the ECM and is
required for p130Cas phosphorylation [24]. As shown in
Fig. 4b and ¢, phosphorylation of Src was significantly re-
duced in p130CasKO keratinocytes even in low calcium
medium, indicating that integrin downstream signaling is
impaired. Moreover, ERK1/2 MAPKs activation upon
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integrin clustering has been correlated to cell decision to
undergo differentiation. Indeed, in absence of differentia-
tive stimuli, the levels of ERK1/2 MAPKs activity reflect
the capacity of keratinocytes to undergo differentiation
[21, 25-27]. Consistently, the deletion of p130Cas in
the basal layer impairs integrin signaling resulting in
lower activation of MAPKs both in undifferentiated
and differentiated condition (Fig. 4b and c).

These results suggest that the absence of p130Cas in
basal keratinocytes leads to an alteration in integrin sig-
naling, reflected by an aberrant basal membrane adhe-
sion and a commitment to cell differentiation.

In addition to integrin-cell adhesion, E-cadherin cell-
cell dependent adhesion has a crucial role during
keratinocyte differentiation. To determine whether alter-
ations in E-cadherin localization and/or activation are
implicated in the abnormal cell differentiation of
p130Cas-null keratinocytes, we performed E-cadherin
and Dbeta-catenin immunofluorescence analysis of
insoluble-detergent fractions in confluent WT and
mutant primary keratinocytes cultures either kept undif-
ferentiated in low calcium medium or at different times
following 2 mM calcium switch. Surprisingly, E-cadherin
appeared recruited at the cell membrane in p130CasKO
keratinocytes already in low calcium medium while in
WT cells, it localized at the cell membrane only after the
calcium switch, as expected. (Fig. 4d and e). Interest-
ingly, this increased recruitment of E-cadherin and
beta-catenin at the cell membrane, was even more
pronounced at early times after calcium treatment in
p130CasKO cells. In fact, after 3 h of calcium treat-
ment, pl30Cas KO keratinocytes show an almost
complete sealing of adjacent cell membranes of juxta-
posed cells while WT keratinocytes as reported previ-
ously [14, 28, 29] were found in the “zipper-like”
stage. However, at later times (8 h), E-cadherin and
beta-catenin were found decreased at the cell borders
of mutant cultures. These data suggest abnormalities
in the ordered assembly of E-cadherin-dependent ad-
hesive structures in the absence of p130Cas.

p130Cas is required for cell-cell adhesion
dynamics

Tyrosine phosphorylation of adherens junction compo-
nents is a hallmark of keratinocytes differentiation [14, 28].
Therefore, we investigated whether p130Cas ablation
in the epidermis also affects tyrosine phosphorylation
dynamics of E-cadherin/beta-catenin complexes. For
this reason, we determined the amount of E-cadherin/
beta-catenin complexes that could be recovered after
immunoprecipitation with anti-phosphotyrosine antibodies
(p-Tyr) both in low and high calcium condition (8 h). In
undifferentiated conditions, increased E-cadherin and
beta-catenin tyrosine phosphorylation was observed in
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p130CasKO immunoprecipitates compared to WT. While
in WT keratinocytes calcium addition increased the
amounts of E-cadherin and beta-catenin precipitated by
p-Tyr antibodies, as expected, in p130CasKO cells the
levels of E-cadherin/beta-catenin in complex with p-Tyr
were similar in both low- and high calcium conditions
(Fig. 5a). Interestingly, in p130CasKO cells alpha-catenin
failed to associate to E-cadherin/beta-catenin complexes
in high calcium conditions, while no differences in
E-cadherin/beta-catenin association were observed in the
absence of p130Cas (Fig. 5b).

To evaluate the presence of functional defects in
cell-cell junctions caused by pl30Cas deletion, we
performed a dispase treatment as described in [14].
Indeed, a lack of cohesive strength may be revealed
under these conditions, when keratinocytes lose attach-
ment to their support and are connected to each other
only through direct intercellular contacts. As shown in
Fig. 5¢, after 1 h of calcium treatment, p130CasKO kera-
tinocytes display a significantly enhanced strength of
cell-cell junctions after dispase treatment compared to
WT cells. Interestingly, the anticipation of cell-cell adhe-
sion observed in pl30CasKO keratinocytes were
reverted at later time points where cells display reduced
strength of cell-cell adhesion after 8 h of calcium treat-
ment. However, at even later time points (24 h) no sig-
nificant changes in dispase sensitivity were observed
between WT and p130CasKO keratinocytes, indicating a
transient alteration of the adherence junction dynamics
in vitro. Interestingly, a similar transient defect of
E-cadherin localization at the cell borders, was observe
at E18.5 in mutant embryos and this coincided with par-
tial loss of epidermal barrier function (Additional file 1:
Figure S8). However, in mutant newborn mice, these de-
fects were fully recovered as they did not display either
defects of E-cadherin localization or alterations of bar-
rier function (data not shown).

Moreover, to verify whether the alterations in cell-cell
adhesion associate with alterations in actin cytoskeleton,
WT and pl130CasKO primary keratinocytes in low
calcium and after 1 h of calcium treatment, were
stained with phalloidin and vinculin. The results
shown in Fig. 5d, indicate that in low calcium condition
actin fibers are more densely packed in p130CasKO com-
pared to WT cells. After 1 h of calcium exposure, p130Cas
KO keratinocytes show increased cortical actin at cell-cell
borders while in WT keratinocytes periferal actin is
mainly found “zipper-like” structures.

Under low calcium conditions, p130CasKO keratino-
cytes show a diffused, not-polarized vinculin staining that
differs from WT cells in which vinculin is concentrated in
focal points. To verify whether this changes correlate
with a different cell migratory behavior, we performed
in vitro wound healing experiments and found a
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significant reduction of p130CasKO keratinocytes in
wound closure (Fig. 5e and f).

In conclusion, these data indicate that absence of
p130Cas alters the correct execution of the keratinocyte
differentiation program, by anticipating events con-
nected to adhesion and/or cytoskeleton dynamics
that are typical of early stages of differentiation
(Fig. 6).

Discussion

In this study we show that the conditional deletion of
pl130Cas/BCAR1 gene in the epidermis impacts on
keratinocyte biology. Newborn mice lacking p130Cas have
epidermal tissue characterized by increased thickness
coupled with an increased proliferation in the basal layer
compartment and increased expression of K1, filaggrin and
loricrin differentiation markers in the suprabasal epidermal
layers. Primary keratinocytes derived from these mice
also show enhanced proliferation and increased
expression of filaggrin and loricrin when kept under
standard  undifferentiated conditions. p130Cas-null
primary keratinocytes also display defects in ECM and
cell-cell adhesion. The coexistence of enhanced prolifera-
tion coupled with premature differentiation is consistent
with an amplification of differentiation-committed pro-
genitor cell populations.

Page 11 of 13

In the epidermis, the stem cell compartment under-
goes asymmetrical cell division generating committed,
differentiating progenitor cells that are further
subjected to few rounds of cell division after which
they undergo terminal differentiation by moving up-
ward [8, 30]. The prerequisite to generate these pro-
genitor cells is loss of integrin-based adhesion. Several
reports have indeed demonstrated that reduced integrin
expression or signaling in adherent cells triggers terminal
differentiation and that increased activation of beta 1
integrin prevents terminal differentiation [22, 25, 31]. A
key downstream signaling through which integrin-medi-
ated adhesion can mediate keratinocytes differentiation is
the ERK1/2 MAPK pathway. Specifically, it has been
demonstrated that beta 1-induced activation of ERK1/
2 MAPK pathway suppresses terminal differentiation
[21, 25-27]. Interestingly, we demonstrate that the
absence of p130Cas in keratinocytes impairs Src and
ERK1/2 MAPK signaling that is known to be a crucial
downstream effector of integrin-based cell-matrix ad-
hesion. Thus, our data are consistent with a loser at-
tachment of cells to the ECM and subsequent
impairment in integrin-downstream signaling being
important determinants of pl30CasKO premature
differentiation.

Our data also indicate that p130Cas KO keratinocytes
have overall reduced clonogenic abilities, consistent with
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the possibility that p130Cas plays a role in maintaining
stem/progenitor cells in the undifferentiated compart-
ment while its absence promotes the exit of cells toward
differentiation.

This possibility is further supported by the observa-
tion that ANp63 expression, whose downregulation is
an important determinant of commitment of keratino-
cytes toward differentiation [32], is reduced both in
p130CasKO cultured cells and epidermis in vivo.
Additionally, several reports indicate also that YAP1
is an essential regulator of epidermal maintenance
and skin homeostasis [20, 33]. It has been shown that
dephosphorylation of YAP and its consequent nuclear
translocation regulate the balance between stem cell
proliferation and differentiation [34]. Notably, our
data indicate that YAP phosphorylation is enhanced
in p130CasKO keratinocytes under culture conditions
known to maintain the undifferentiated state, with a
parallel anticipation of differentiation marker expres-
sion. Interestingly, p130CasKO epidermis contained
significant amounts of nuclear YAP in isolated supra-
basal cells, condition reminiscent of suprabasal YAP
expression of alpha-catenin KO epidermis, which also
displays increased basal and suprabasal cell prolifera-
tion [33].

Moreover, both ANp63 and YAP functions in skin
homeostasis are linked to both cell-matrix and cell-cell
based adhesion [20, 32—36]. Consistently, our data indi-
cate also that loss of p130Cas has unexpected effects on
keratinocyte cell-cell adhesion during differentiation.

Adherence junctions are constantly remodeled during
epidermal cell differentiation and stratification [9, 37].
The epithelial AJ transmembrane core consists of
E-cadherin, whose extracellular domain binds calcium
ions to mediate homophilic interactions between
neighboring cells [29]. The E-cadherin intracellular do-
main binds directly to beta-, gamma- catenins, which in
turn bind to alpha-catenin, tethering adherence junc-
tions with the underlying actin cytoskeleton, thus pro-
viding adhesive strength. Our results indicate that in
p130CasKO keratinocytes, E-cadherin is prematurely re-
cruited at cell membrane even in the absence of
calcium-induced cadherin engagement. Moreover, pTyr-
immunoprecipated E-cadherin/beta-catenin complexes,
which are normally found in WT cells in differentiat-
ing conditions [14, 16], are robustly detected in
p130CasKO cells already under proliferating/undiffer-
entiated conditions, further indicating an anticipation
of differentiation-related events occurring in mutant
cells. However, our data suggest also that the antici-
pated engagement of cell-cell adhesion in p130CasKO
keratinocytes is not sustained at later times of differ-
entiation, as indicated by dispase-based cell-cell adhe-
sion assay. This may depend, at least in part, to the
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impairment of alpha-catenin association  with
E-cadherin/beta-catenin complexes in p130CasKO
cells, with a subsequent weakening of the link be-
tween adherens junction components and the actin
cytoskeleton. It has been proposed that actin cytoskel-
eton assembly both in response to integrin-mediated
and cell-cell adhesion regulates terminal differenti-
ation [38, 39]. Of note, a relevant, albeit transient,
impairment in epidermal barrier function was de-
tected in embryonic mutant epidermis that was paral-
leled with a decrease of E-cadherin at cell borders
and enhancement of cell proliferation, a phenotype
reminiscent of the one caused by E-cadherin ablation
in the epidermis [40].

Conclusions

We propose that p130Cas by regulating both integrin-
dependent and cell-cell adhesion at the cell differentiation
switch, finely tunes the balance between epidermal cell
proliferation and differentiation by integrating multiple
signaling pathways that are essential for epidermal mor-
phogenesis and homeostasis (see Fig. 6), reinforcing the
emerging view that in the epidermis cell-cell and
cell-kECM adhesion are tightly linked in their regulatory
mechanisms.
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gene. Figure S2. Keratin1 staining. Figure S3. Dot plot quantification of
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PCNA, YAP and ANp63 expression in WT and p130CasKO mice. Figure S6.
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Dysregulation of Blimp1l

‘transcriptional repressor unleashes

p130Cas/ErbB2 breast cancer
ey invasion
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ErbB2 overexpression is detected in approximately 20% of breast cancers and is correlated with
poor survival. It was previously shown that the adaptor protein p130Cas/BCAR1 is a crucial mediator
of ErbB2 transformation and that its overexpression confers invasive properties to ErbB2-positive
human mammary epithelial cells. We herein prove, for the first time, that the transcriptional repressor
Blimp1 is a novel mediator of p130Cas/ErbB2-mediated invasiveness. Indeed, high Blimp1 expression
levels are detected in invasive p130Cas/ErbB2 cells and correlate with metastatic status in human
breast cancer patients. The present study, by using 2D and 3D breast cancer models, shows that

. the increased Blimp1 expression depends on both MAPK activation and miR-23b downmodulation.

. Moreover, we demonstrate that Blimp1 triggers cell invasion and metastasis formation via its effects

- onfocal adhesion and survival signaling. These findings unravel the previously unidentified role that

. transcriptional repressor Blimp1 plays in the control of breast cancer invasiveness.

The amplification or overexpression of the tyrosine kinase receptor ErbB2 accounts for approximately 20% of
. all breast cancers', and ErbB2 amplification is detected in about 50% of ductal carcinomas in situ (DCIS) of the
. mammary gland? This implies that the aggressive invasive phenotype that is associated with ErbB2 is not solely
due to its overexpression, but that additional factors are required before the transition towards invasive carci-
noma occurs®. However, the mechanisms that underlie the progression towards invasive tumor formation are
still unclear.

We have already demonstrated that the adaptor protein p130Cas/BCARI (Crk associated substrate/Breast

: Cancer Anti-estrogen Resistance protein 1) plays a key role in the control of migration and invasion in ErbB2
© positive breast cancer®>. It is also well known that 3D cultures of MCF10A.B2 mammary epithelial cells, which
: contain a chimeric and activatable ErbB2 receptor, can form spheroid structures called acini®, meaning that these
© structures recapitulate the architecture of the ductal lobular unit in the human mammary gland and can therefore
: be considered a faithful model with which to study mammary gland biology in vitro. We have previously shown
. that MCF10A.B2 cells are able to develop invasive protrusions upon the concomitant activation of ErbB2 and
: overexpression of the p130Cas protein®. Moreover, in vivo analyses of human breast cancer have confirmed that
. the amplification of ErbB2 in combination with the overexpression of p130Cas induces a higher proliferation rate
* and an increased number of distant metastases as well as correlating with poor prognosis>’. At the molecular
. level, the invasive behavior resulting from the p130Cas/ErbB2 interaction relies on the activation of AKT/PI3K
. and Erk1/2 MAPKSs signaling pathways®.

An analysis of the transcriptional changes that occur during p130Cas/ErbB2 invasion in MCF10A.B2 sphe-
roids?, has highlighted the upregulation of PRDM1 (PR domain containing 1) mRNA in p130Cas/ErbB2 invasive
acini. The PRDMI1 gene encodes for the human Blimp1 protein (B-lymphocyte-induced maturation protein-1)
and its role as a transcriptional repressor in the immune system has been widely studied’. Indeed, Blimp1 is able
to recruit chromatin modifiers, such as methyltransferases and deacetylases, that can, in turn, regulate B and T
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Figure 1. High expression of Blimp1 protein in p130Cas/ErbB2 invasive acini is sustained by Erk1/2
activation. (A) Day 14 culture of control (Mock) and p130Cas overexpressing MCF10A.B2 (Cas) plated on

a matrigel:collagen matrix and treated with either 1uM ethanol (vehicle) or AP1510 on day 10 to activate ErbB2
(ErbB2; Cas/ErbB2). Scale bars, 50um. Magnification 20X. White arrowheads indicate multiacinar structures.
Black arrowheads indicate invasive acini. (B) On day 14 acinar structures were recovered and lysed and Blimp1
mRNA expression levels were evaluated by RT-PCR. Statistical analysis was performed using the Student's
t-test (*p < 0.05, **p < 0.01, ***p < 0.001). (C) Day 14 protein extracts were probed for Blimp1 in a western
blot analysis. Tubulin was used as the loading control. (D) Densitometric analysis of protein levels of at least
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three independent experiments is shown (mean =+ s.e.m). Blimp1 protein modulation was calculated relative
to Mock level and normalized on tubulin as the loading control. Statistical analyses were performed using the
Student’s t-test (**p < 0.01, ***p < 0.001). (E) Acini derived from Mock and Cas cells were treated on day 10
with either DMSO (vehicle), 10 uM LY294002 (PI3K inhibitor) or 25 uM PD98059 (MAPK pathway inhibitor)
in both in the presence and absence of 1 uM of AP1510. After 4 days of treatment, acini were recovered and
lysed. Total cell extracts were probed for Blimp1 in a western blot analysis. GAPDH was used as loading control.
(F) Densitometric analysis of protein levels of at least three independent experiments is shown (mean +s.e.m).
Protein modulation was calculated relative to Mock level and normalized to GAPDH as the loading control.
Statistical analyses were performed using the Students t-test (*p < 0.05, **p < 0.01). (G) Representative phase
images of day 14-acinar structures showing invasive protrusion impairment upon AKT/PI3K and MAPK
pathway inhibition. Scale bars, 50 um. Magnification 20X. White arrowheads indicate multiacinar structures.
Black arrowheads indicate invasive acini.

cell differentiation'’. The function of Blimp1 in cell migration during the developmental and physiological pro-
cesses has been described in a number of animal models and tissues!!~1°. In pathological conditions, Blimp1 acts
as a tumor suppressor in different types of lymphomas from B, T and NK cells'* !>, however, only a small number
of reports have discussed its function in non-hematopoietic tumors'®-'8. In fact, Blimp1 has been reported to
mediate EMT upon TGF-{1 stimulation in ER-negative breast cancer cells by repressing BMP-5 and, in turn,
activating the transcription factor Snail'®. Moreover, Blimp1 has been found to act as a mediator of Ras/Raf/AP-1
signaling in lung cancer cell lines'®.

Importantly, the non-coding signature that characterizes p130Cas/ErbB2 invasive behavior has highlighted
miR-23b role as a putative regulator of Blimp1 expression. Indeed, miR-23b has been found to be downmodu-
lated in invasive p130Cas/ErbB2 acini and bioinformatics analyses have proposed Blimp1 as a putative miR-23b
target gene*. miR-23b belongs to the miR-23b~27b~24-1 cluster which is intronically present on chromosome 9
of the aminopeptidase O gene'. The function of miR-23b in breast cancer pathogenesis is still debated, as some
reports attribute miR-23b with a tumor suppressor role, while others suggest that its oncogenic function depends
on cellular model®.

Our results provide evidence of a new-found, pro-invasive function for Blimp1 in p130Cas/ErbB2 invasive
breast cancer and describes its regulation, mechanism of action and in vivo functions. Moreover, it is demon-
strated, for the first time in a non-hematopoietic system, that miR-23b is a direct Blimp1 regulator, a discovery
that provides insights into miR-23b target genes in breast cancer.

Results

p130Cas and ErbB2 induce Blimpl overexpression in human invasive breast cancer via Erk1/2
MAPKs pathway activation. We have previously shown that MCF10A.B2 human mammary acini grown
in 3D form polarised, quiescent single acini, that upon activation of ErbB2 with the synthetic ligand AP1510,
undergo proliferation and disruption of apical polarity, forming multiacinar structures. The overexpression of
p130Cas in MCF10A.B2 cells is sufficient to give rise to multiacinar structures that upon stimulation with AP1510
acquire invasive protrusions®. The gene signature underlying the transition from multiacinar structures, charac-
terized by p130Cas overexpression or ErbB2 activation, to invasive p130Cas/ErbB2 acini has also been identified*.
The transcriptional repressor Blimpl/PRDM1 mRNA was found to be upregulated in invasive acini. We therefore
decided to explore its involvement in p130Cas/ErbB2 mediated breast cancer invasion.

Blimpl mRNA and protein expression levels were thus evaluated in control MCF10.B2 cells grown in 3D
(Mock, Fig. 1A), in ErbB2 that was activated by treatment with the AP1510 homodimerizer (ErbB2, Fig. 1A),
in Cas overexpressing (Cas; Fig. 1A) and in invasive Cas overexpressing and ErbB2 activated acini (Cas/ErbB2;
Fig. 1A). As shown in Fig. 1B, the mRNA levels of PRDM1, as measured by qRT-PCR, are significantly upregu-
lated, relative to controls, in multiacinar structures that result from ErbB2 activation or p130Cas overexpression.
Moreover, even higher PRDM1 mRNA level induction was observed in Cas/ErbB2 invasive acini, indicating the
existence of a synergistic effect between ErbB2 activation and p130Cas overexpression. In fact, Blimp1 protein
levels were found to be significantly enhanced in p130Cas/ErbB2 invasive acini (Fig. 1C and D). Interestingly, we
did not observe a perfect match between RNA and protein levels in p130Cas overexpressing and ErbB2 activated
multiacini, suggesting the existence of additional post-transcriptional regulation mechanisms.

Our previous work has demonstrated that high levels of p130Cas expression, in the presence of ErbB2 acti-
vation, in 3D acini trigger the activation of both the PI3K/Akt and MAPK signaling pathways®. It was therefore
decided to investigate the possible involvement of these two pathways in Blimp1 expression modulation. To this
end, Mock and Cas acini, stimulated or not with AP1510 to trigger ErbB2 activation, shown in Supplementary
Figure 1, were treated with either LY294002 (10 uM) or PD98059 (25 uM) to inhibit the PI3K and MAPK path-
ways, respectively. As shown in Fig. 1E,F and in Supplementary Figure 2, Blimpl expression in Cas/ErbB2
multiacinar and invasive structures is preferentially modulated upon MAPK pathway activation. Indeed, while
treatment with the PI3K inhibitor LY294002 gave no significant changes in Blimp1 expression levels, the addition
of MAPK inhibitor PD98059 led to a reduction in these levels in all conditions, thus suggesting that MAPKs are
a major regulator of Blimp1 expression. Interestingly, the reduction in Blimp1 expression upon MAPK inhibitor
treatment resulted in a reduced formation of ErbB2 and p130Cas multiacinar structures and in the abrogation
of invasive protrusions in Cas/ErbB2 acini (Fig. 1G and Supplementary Figure 3 for quantification). These data
indicate that the activation of MAPK signaling induces Blimp1 expression in both multiacinar and invasive struc-
tures. Consequently, the pharmacological inhibition of MAPK signaling results in the impairment of multiacinar
and invasive structure formation.
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Figure 2. Blimpl expression modulation influences migratory capacity in 2D and 3D cultured cells. (A)

Mock and Cas cells were transduced with the sh Blimp1 clone 612 vector and the Blimp1 and p130Cas protein
levels were evaluated using western blot analysis. Tubulin was used as the loading control. (B) Mock and Cas
cells, that had either been transduced with human sh Blimp1 clone 612 vector or scrambled ctr vector, were
subjected to transwell invasion assays for 48 hours both in the presence and absence of 1 uM AP1510. Cell
invasion quantification was performed over three different experiments. Results are presented as mean +s.e.m.
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of the area covered by invaded cells. Representative images of invaded cells after 48 hours, fixed and stained
with Crystal violet are shown (***p < 0.001). Magnification 5X. (C) Mock and Cas cells were transduced with
Blimp1 overexpressing vector and treated or not with 1 uM AP1510 for 48 hours. Total cell extracts were probed
for Blimp1 in a western blot analysis. Tubulin was used as the loading control. (D) Densitometric analyses of
protein levels of at least three independent experiments are shown (mean =+ s.e.m). Blimp1 protein modulation
was calculated relative to Mock level and normalized to tubulin as the loading control. Statistical analyses were
performed using the Student’s t-test (**p < 0.01). (E) Invasion of Blimp1 overexpressing ErbB2, Cas and Cas/
ErbB2 cells was evaluated by transwell invasion assays in the presence or absence of 1 uM AP1510. Results are
presented as mean + s.e.m. of the area covered by invaded cells. Representative images of invaded cells after
48hours, fixed and stained with Crystal violet are shown (*p < 0.05, **p < 0.01,***p < 0.001). Magnification
5X. (F) Representative phase contrast images of acinar structures taken at day 14 are presented. Magnification
20X, scale bars 50 um. Black arrowheads indicate invasive acini.

Modulation of Blimp1l expression affects p130Cas/ErbB2 dependent invasion in vitro. In
order to investigate whether Blimp1 is required for p130Cas/ErbB2 mediated invasion, Mock and Cas over-
expressing MCF10.B2 cells were infected with lentiviruses that expressed either Blimp1 or scrambled control
shRNA sequences (Fig. 2A) and assessed for their invasive behavior by performing Transwell invasion assays in
transwell-coated with matrigel/collagen (Fig. 2B). These experiments indicate that the lowering of Blimp1 levels
is sufficient to impair the invasive phenotype driven by p130Cas overexpression and ErbB2 activation (Fig. 2B).

To exclude the off-target effects of the shBlimp1 sequence, another sh sequence was tested and it was con-
firmed that lowering Blimp1 expression does causes severe alterations in cell invasion and does not alter p130Cas
expression (Supplementary Figure 4A,B). To test whether Blimp1 overexpression alone is able to trigger inva-
sion in non-invasive Cas and ErbB2 multiacinar structures, we generated lentiviruses that overexpressed Blimp1
and infected Mock and Cas cells, that were either subsequently treated with the ErbB2 homodimerizer or left
untreated (Fig. 2C and D). Transwell invasion assays and 3D cell cultures revealed that Blimp1 overexpression
is sufficient to induce invasion in Cas overexpressing cells that usually give rise to non-invasive multiacinar
structures (see Fig. 1A). Conversely, Blimp1 overexpression is not able to induce either multiacinar structures
or invasion in Mock (Supplementary Figure 5) and in ErbB2 transformed cells in itself, suggesting that p130Cas
overexpression is required for cell invasion (Fig. 2E,F). Notably, the activation of ErbB2 in Cas cells that overex-
press Blimp1 further increases their invasive capability, indicating a synergistic effect of p130Cas and ErbB2 in
Blimp1-dependent cell invasion. These data indicate that high levels of Blimp1 in p130Cas overexpressing cells
trigger the transition of breast epithelial cells from a non-invasive to a migratory and invasive cell phenotype and
that the activation of ErbB2 in this context amplifies the invasiveness.

Silencing Blimp1 expression impairs focal adhesion formation. p130Cas has been described as
playing an active role in cell migration and invasion by regulating FAK (Focal Adhesion Kinase) and focal adhe-
sion dynamics?'~?%, and it has also been shown that the recruitment of p130Cas and FAK at focal adhesions is
required for proper extracellular matrix degradation and, consequently, efficient cancer cell invasion®-%, It was
therefore decided to investigate whether FAK is implicated in the mechanism that underlies Blimp1-dependent
cell invasion in p130Cas overexpressing and ErbB2 transformed mammary epithelial cells.

As shown in Fig. 3A and B, FAK expression levels and activation were significantly reduced in Cas overex-
pressing cells silenced for Blimp1 but not in ErbB2 cells. Noteworthy, the downregulation of FAK expression and
activity levels was even stronger in Cas/ErbB2 cells, thereby further indicating that p130Cas per se is sufficient
to exert a regulatory mechanism on FAK by Blimp1 while ErbB2 can contribute to FAK regulation by Blimp1
only in presence of p130Cas. Consistently, Blimp1 overexpression in Cas cells strongly enhanced FAK activation
and expression levels (Fig. 3C,D and Supplementary Figure 6). The fact that Blimp1 overexpression significantly
induces FAK expression and activation also in Mock and ErbB2 cells supports a more general role for Blimp1 in
FAK expression regulation (Fig. 3C,D). Interestingly, in silico analysis searching for Blimp1 binding sites on FAK
promoter identified 1133 base pairs upstream of the FAK transcription start site, a ChIP-seq peak for PRDM1 by
the Encode project (Fig. 3E), this peak also contains a DNA sequence that has a high log-likelihood (13.79) for the
PRDM1 PWM, further supporting the experimental evidence of PRDM1 binding (Fig. 3E)***. Notably, Blimp1
silenced Cas/ErbB2 cells that do not show invasive properties display impaired focal adhesion distribution and
FAK localization compared to invasive Cas/ErbB2 cells (Fig. 3F and Supplementary Figure 7). Consistently,
the overexpression of Blimp1 in Cas/ErbB2 cells further enhances focal adhesion structures (Supplementary
Figure 8). These data indicate that Blimp1 favors cell invasion by altering focal adhesion dynamics and that FAK
activation and expression regulation may depend on Blimp1 expression levels.

Blimp1 expression is required for tumor growth and lung metastases formation in vivo. No
data on the role of Blimp1 in in vivo solid tumors are currently available. As MCF10A.B2 cells do not support
in vivo growth, we chose N202-1A cells as experimental model to investigate this aspect. N202-1A cells derive
from HER2/neu transgenic mice, express high levels of p130Cas and require p130Cas expression for in vivo
tumor formation and dissemination®. To examine the relevance of Blimp1 in in vivo tumorigenesis, N202-1A
cells were infected with control or lentiviral vectors carrying Blimp1 shRNA. As shown in Fig. 4A, an efficient
knock-down of Blimp1 was observed along with a significant reduction of FAK protein activation and expres-
sion levels (Fig. 4A and B). Moreover, silencing of Blimp1 in N202-1A cells was sufficient to reduce cell invasion
in vitro (Fig. 4C), further confirming that Blimp1 is critical for p130Cas/ErbB2-driven invasion in another cell
model of breast cancer. In addition, silencing of Blimp1 is sufficient to reduce significantly N202-1A cell viability
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Figure 3. Focal adhesion protein expression is altered upon Blimp1 silencing. (A) Mock and Cas cells were
transduced with the sh Blimp1 vector and treated with 1 uM AP1510 for 48 hours. Total cell extracts were
probed for Blimp1, phospho-p125Fak(Tyr397), p125FAK, in a western blot analysis. GAPDH was used as
the loading control. (B) Densitometric analysis of protein levels in at least three independent experiments

is shown (mean £ s.e.m). Protein modulation was calculated relative to Mock level and normalized to
GAPDH as the loading control. Statistical analyses were performed using the Student’s t-test (¥p < 0.05,

**p < 0.01,%**p < 0.001). (C) Mock and Cas cells were transduced with Blimp1 overexpressing vectors

and treated or not with 1 uM AP1510 for 48 hours. Total cell extracts were probed for Blimp1, phospho-
p125Fak(Tyr397) and p125FAK in a western blot analysis. GAPDH was used as the loading control. (D)
Densitometric analyses of protein levels in at least three independent experiments are shown (mean =+ s.e.m).
Phospho-p125Fak(Tyr397) and p125FAK modulation was calculated relative to Mock level and normalized
to GAPDH as the loading control. Statistical analyses were performed using the Student’s t-test (**p < 0.01).
(E) The core promoter of PTK2 (FAK) harbors a Blimpl PWM match (rectangle) with a log-likelihood of
13.79, in correspondence with a ChiP-seq peak identified in the HeLa cells. (F) Immunofluorescence staining
for vinculin (red) and phalloidin (green) of Mock and Cas MCF10A.B2 treated or not with 1 uM AP1510 for
48hours. Scale bars: 10 um. Magnification 63X.
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Figure 4. Blimpl silencing impairs cell motility and in vivo metastasization of N202-1A cells. (A) N202-1A
cells were transduced with a mouse shRNA sequence for Blimp1 and total cell extracts were probed for

Blimp1, phospho-FAK(Tyr397) and p125FAK in a western blot analysis. Tubulin was used as the loading
control. (B) Densitometric analyses of Blimp1, phospho-FAK(Tyr397) and FAK protein levels in at least three
independent experiments are shown (mean =+ s.e.m). Protein modulation was calculated relative to control cells
and normalized on tubulin as loading control. Statistical analyses were performed using the Student’s t-test
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(*p <0.05, **p < 0.01). (C) N202-1A control and sh Blimp1 cells were subjected to transwell invasion assays
for 72 hours both in the presence and the absence of 20% FBS. Cell invasion quantification was performed over
three different experiments. Results are presented as mean £ s.e.m. of the area covered by invaded cells (left
panel). Representative images of invaded cells after 72 hours, fixed and stained with Crystal violet are reported
(**p < 0.01) (right panel). Magnification 5X. (D) Cell viability of N202-1A control and sh Blimp1 cells in 2D
adherent conditions (*p < 0.02). (E) Cell survival of N202-1A control and sh Blimp1 cells in 2D adherent
conditions. (F) Weight quantification of tumors derived from NSG mice injected into the mammary fat pad
with control or sh Blimp1 N202-1A cells (**p < 0.05). (G) Total cell extracts of tumors from control and sh
Blimp1 N202-1A cells were probed for Blimp1, phosphoFAK(Tyr397), p125FAK, cyclinD1 in a western blot
analysis. GAPDH was used as loading control. (H) Densitometric analyses of Blimp1 protein level modulation
was calculated relative to control and normalized to GAPDH is shown (mean + s.e.m) (**p < 0.01). (I) Pictures
of representative whole lung and H&E staining of lung metastasis from NSG mice 5 weeks after the tail vein
injection of either the N202-1A control or sh Blimp1 cells are shown. (J) Total number of metastases per lung

is shown as box and whisker plots with median and minimum/maximum (n = 5 mice per group). Statistical
analyses were performed using the Student’s t-test (**p < 0.01). (K) Total cell extracts from control and sh
Blimp1 N202-1A cells grown in a suspension overnight, for 24 or 48 hours were probed for Blimp1 in a western
blot analysis. Tubulin was used as the loading control. (L) Densitometric analysis of cleaved caspase 3 levels in
at least three independent experiments is shown (mean =+ s.e.m). Cleaved caspase 3 protein modulation was
calculated relative to control cell level and normalized to tubulin as the loading control. Statistical analyses were
performed using the Student’s t-test (*p < 0.05, **p < 0.01).

in adherent conditions (Fig. 4D) but does not alter cell survival (Fig. 4E), indicating that cells silenced for Blimp1
proliferate less than control cells.

To investigate the possible contribution of Blimp1 to mammary tumor growth, Blimp1-silenced and relative
control N202-1A cells were orthotopically injected into the mammary fat pad of NSG immune-compromised
mice. After three weeks, tumors were excised and measured. Notably, in Blimp-1-depleted tumors the weight was
significantly reduced compared to controls (Fig. 4F). Western blot analysis of tumor protein extracts revealed that
Blimp1 was effectively knocked down in vivo, and its down-regulation correlated with decreased FAK activation
and expression and decreased expression of Cyclin D1 (Fig. 4G,H). Thus, these experiments demonstrate that
Blimp1 expression impairs ErbB2/p130Cas-dependent tumor growth in vivo, by affecting cell proliferation.

Next, to explore the involvement of Blimp1 in tumor progression, experimental metastasis formation assays
were performed by injecting N202-1A control and Blimp1 silenced cells into the tail veins of NSG mice. The mice
were sacrificed and their lungs recovered to assess metastasis formation after 5 weeks. As displayed in Fig. 4] and ],
stronger lung nodule reduction was detected in lungs derived from shBlimp1 cell injected mice than in controls.
In a further experiment, N202-1A control and Blimp1 silenced cells were seeded on low adhesion plates and
apoptosis was evaluated in order to assess whether the impaired lung colonization of Blimp1 silenced cells was
due to increased cell death. Indeed, cleaved Caspase-3 expression levels increased only in Blimp1 silenced cells,
indicating that these cells are more susceptible to apoptosis induced by cell detachment and thereby less efficient
in driving lung colonization (Fig. 4K,L). These data indicate that Blimp1 supports N202-1A proliferation under
adherent conditions and resistance to anoikis. It is conceivable that these two mechanisms may co-exist during
tumorigenesis, leading to increased tumor growth and ability to give rise to metastasis.

miR-23b as a new regulator of Blimp1 in breast cancer invasion. Once it has been demonstrated
that Blimp1 overexpression is crucial for driving invasion in breast epithelial cells, the next step is looking for
more selective mechanisms that can block its expression. It was therefore decided that we evaluate the possible
interactions of miR-23b in this context, as it has previously been demonstrated to be downmodulated in invasive
acini*, and that Blimp1 was predicted to be one of its putative targets (TargetScan v. 6.2).

MCFI10A.B2 control and p130Cas overexpressing cells were either transiently transfected with a miR-23b
precursor (pre-miR-23b) or negative controls (pre-control) and then either treated with AP1510 to drive the
activation of ErbB2 or left untreated. miR-23b and Blimp1 expression were assessed 48 hours post transfection
(Fig. 5A-C). The results shown in Fig. 5B and C indicate that miR-23b overexpression leads to a 50% reduction in
Blimp1 expression in invasive Cas/ErbB2 conditions. Furthermore, the transfection of a specific miR-23b inhib-
itor (anti-miR-23b) increases Blimp1 expression both in Mock and Cas cells whether treated with the ErbB2
homodimerizer or not (Fig. 5D,E). This suggests that miR-23b acts as a regulator of Blimp1 in normal, trans-
formed and invasive breast epithelial cells.

In order to determine whether this regulation is a consequence of the direct binding of miR-23b on PRDM1
3'UTR, we used a reporter vector containing part of the 3’'UTR of PRDM], from nucleotide 538 to 2419°!, to per-
form luciferase reporter assays in HEK293T cells transfected with either pre-miR-23b or pre-control sequences.
As shown in Fig. 5F luciferase expression, which is driven by the 3’UTR of Blimpl, significantly decreased upon
pre-miR-23b overexpression. Point mutations were inserted in the first miR-23b seed from nucleotide 907 to
914, as indicated in Fig. 5G, and luciferase expression was evaluated in the presence of miR-23b overexpression
(Fig. 5F) as a means of evaluating miR-23b direct binding on Blimp1 3’UTR sequences. Taken together, these data
indicate that miR-23b directly binds and regulates Blimp1 expression.

miR-23b impairs p130Cas/ErbB2 invasion by negatively regulating Blimp1 expression. The role
of miR-23b in breast cancer invasion is still the subject of some controversy since both tumor suppressor and
oncogenic activities have been reported as occurring in invasive breast cancer cells*>**. It has been described that
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blot analysis. Tubulin was used as the loading control. Blimp1 protein modulation was calculated relative to
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at least three independent experiments is shown (mean +s.e.m.). Statistical analysis was performed using the
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Figure 6. Blimp1 is a new negative target of miR-23b that impairs cell invasion. (A) MCF10A.B2 Mock and
Cas cells 24 hours after transfection with either the miR-23b precursor (pre-miR-23b) or negative controls (pre-
control) were subjected to transwell invasion assays for 48 hours in the presence of 1 uM AP1510. Cell invasion
quantification was performed across three different experiments. Results are presented as mean +s.e.m. of

the area covered by invaded cells. Representative images of invaded cells after 48 hours, fixed and stained with
Crystal violet are reported (***p < 0.001). Magnification 5X. (B) qRT-PCR of miR-23b in MCF10A.B2 Cas cells
showing the levels of miR-23b expression 48 hours after pre-miR-23b transfection (pre-miR-23b) as compared
to control (pre-control) transfected cells. Results were calculated as fold changes (mean =+ s.e.m.) relative to
controls, normalized to U44 (C) MCF10A.B2 Cas cells overexpressing Blimp1 protein lacking its 3'UTR were
probed for Blimp1 in a western blot analysis. Tubulin was used as the loading control. Densitometric analyses
of protein levels in at least three independent experiments are shown (mean =+ s.e.m.). Statistical analyses were
performed using the Student’s t-test (**p < 0.01). (D) MCF10A.B2 Cas/ErbB2 cells were subjected to transwell
invasion assays for 48 hours. Cas/ErbB2 cells were either transduced to overexpress Blimp1 protein (4+Blimp1),
transfected with the precursor miR-23b for 24 hours (+miR-23b) or transduced to overexpress Blimp1 protein
and transfected with the precursor of miR-23b contemporary (+Blimp1, +miR-23b). Statistical analyses were
performed at least on three independent experiments using the Student’s t-test (*p < 0.05, ***p < 0.001). (E)
qRT-PCR of miR-23b after treatment of MCF10A.B2 Mock, ErbB2, Cas, Cas/ErbB2 cells with 10 uM 5-Aza or
DMSO for 48 hours. Results were calculated as fold changes (mean & s.e.m.) relative to controls, normalized to
U44 (¥**p < 0.001). (F) qRT-PCR of Blimp1 after treatment of MCF10A.B2 Mock, ErbB2, Cas, Cas/ErbB2 cells
with 10 uM 5-Aza or DMSO for 48 hours. Results were calculated as fold changes (mean =+ s.e.m.) relative to
controls, normalized to 18S (*p < 0.05, ***p < 0.001).
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and their interaction as predictors. (B) Effects plots of the regression. A separate plot of the fit is depicted
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and maximum. In presence of higher expression of BCAR1, the effect of PRDM1 levels on the predicted
probabilities becomes positive and progressively larger.

miR-23b is downmodulated in invasive acini, leading us to speculate that miR-23b may play a tumor suppressor
role in the p130Cas/ErbB2 breast cancer model. Interestingly, the ectopic expression of miR-23b in Cas/ErbB2
MCF10A.B2 cells led to significantly lower migratory and invasive capacity than shown in the controls (Fig. 6A).

To ascertain whether the anti-migratory effect exerted by miR-23b was due to Blimp1 expression down-
modulation, pre-miR-23b was transiently transfected in Cas overexpressing cells (Fig. 6B) that had previously
been transduced with lentiviral vectors for the overexpression of Blimp1 lacking its 3'UTR or with empty
vectors (Fig. 6C). Invasion was assessed by performing Transwell invasion assays (Fig. 6D). Interestingly,
Blimp1 overexpression in Cas/ErbB2 cells leads to increased migratory and invasive capacities, while miR-23b
overexpression-driven decreased cell invasion is rescued upon concomitant Blimp1 overexpression. These data
suggest that miR-23b is an important regulator of Cas/ErbB2 breast cancer invasion and that it does so via the
regulation of Blimp1 expression levels.

Moreover, the possible mechanisms that cause miR-23b downmodulation in p130Cas/ErbB2 invasive cells
were evaluated. Recent evidence indicates that the miR-23b regulatory region in the genome contains a number of
CpG islands that are distributed at a high density upstream of the transcription start site which could be affected
by methylation and lead to the silencing of transcription®. Therefore, we tested the effects of a compound that
inhibits CpG islands methylation (5’-Aza) on miR-23b expression in Mock and Cas cells, activated or not for
ErbB2. Importantly, inhibition of DNA methylation resulted in the up-regulation of miR-23b expression together
with a reduction of its target Blimpl mRNA in p130Cas/ErbB2 cells (Fig. 6E and F). Taken together, these data
suggest that epigenetic regulation might be a possible mechanism of miR-23b downmodulation in p130Cas/
ErbB2 cancer cells.

SCIENTIFICREPORTS |7: 1145 | DOI:10.1038/s41598-017-01332-z 11



www.nature.com/scientificreports/

miR-23b

CO:!

8

oy
cell invasion

Figure 8. Graphical summary of the molecular mechanism leading to p130Cas/ErbB2/Blimp1 cell invasion.
(A) In MCF10A.B2, the activation of ErbB2, in the absence of p130Cas overexpression, is not sufficient to
increase Erk1/2 MAPKs activation and lower miR-23b expression to a threshold level that allows Blimp1
expression to occur (left panel). By contrast, ErbB2 activation and concomitant p130Cas overexpression
strongly enhance Erk1/2 MAPKs activation and miR-23b promoter methylation, resulting in increased Blimp1
expression and, in turn, cell invasion (right panel).

Blimp1/PRDM1 expression levels correlate with the presence of multiple metastases. The in
vitro and in vivo data presented above point out Blimp1 as a mediator of breast cancer progression. Therefore,
Blimp1 expression levels in human breast tumors were evaluated as a means of further understanding their
involvement in metastases formation.

To investigate the relationship between Blimp1 and p130Cas expression levels and their effect on the meta-
static process, we fitted a logistic model to discriminate between patients with multiple distant or lymph nodal
metastases (n=295) and those with a single metastasis (n =62), using Blimp1 and p130Cas expression levels and
their interaction as predictors®®. We obtained an AUC of 0.66 (Fig. 7A) but more importantly a significant p-value
for the interaction term, which indicates a higher risk of developing multiple metastases for patients with high
expression of p130Cas and Blimpl at the same time (Fig. 7B).

Blimp1 expression levels also change with different grading (Supplementary Figure 9) and staging of tumors
(data not shown) (Kruskal-Wallis test p-values < 0.05). On the whole cohort we were not able to detect a signifi-
cant effect on survival, however on the subset of patients with at least a metastasis, PRDM1 and BCAR expression
levels are predictive of the overall survival, with worse prognoses for patients with higher expression (data not
shown, PRDM p-value 0.02, 95% IC of HR 1.037-1.499, multivariate Cox regression). These results indicate that
Blimp1 expression positively correlates with a higher probability of developing multiple metastasis in patients
with high p130Cas, supporting the major role played by p130Cas in Blimp1-mediated invasion.

Discussion

We herein describe the role of the transcriptional repressor Blimp1 in p130Cas/ErbB2 breast cancer invasion in
in vitro and in vivo models for the first time. In particular, we demonstrate that Blimpl is highly expressed during
p130Cas/ErbB2 dependent invasion in MCF10A.B2 cells and that the modulation of its expression is sufficient to
severely impair tumor invasiveness in vitro and lung metastasis formation in vivo.

Specifically, a 3D model of MCF10A.B2 cells was used to demonstrate that high levels of Blimp1 expression
specifically occur in invasive acini in which p130Cas is overexpressed and ErbB2 is activated.

Although the ability of the transcriptional repressor Blimpl to influence cell migration has already been
explored in the immune system, where its conditional knock-out in CD8+ T cells impairs the mobilization
of virus-specific CD8+ T cells to the site of infection®, the amount of data available on the role of Blimp1 in
non-hematopoietic cells is still limited. Indeed, it has been shown that the downmodulation of Blimp1 in solid
tumors leads to impaired cell migration both in non-small cell lung cancer and in ERa positive breast cancer cell
lines, where Blimp1 represses the BMP5 protein'® '8,

This paper also shows proof that MAPK inhibition results in Blimp1 expression downmodulation and in the
reduction of both multiacinar structures and invasive protrusions in p130Cas/ErbB2 cells. The involvement of
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Erk1/2 MAPK activation signaling in p130Cas/ErbB2 invasion in the 3D cell model had already been described
by our group?, however, this investigation provides further insight, as Blimp1 is described as a downstream effec-
tor of Erk1/2 activation.

The mechanisms via which MAPKs regulate the expression of Blimp1 have also been described; Erk1/2 acti-
vation in B cells inhibits the PAX5 transcription factor which acts as a negative regulator of Blimp1l expres-
sion, thus leading to its enhanced expression®. However, preliminary data suggest that Pax5 is not involved in
MAPK-dependent Blimp1 expression in our work, indicating that additional mechanisms, which will require
further investigation, may well account for the modulation of Blimp1 expression in solid tumors.

Our data also indicate that Blimp1 overexpression is sufficient to provide p130Cas overexpressing MCF10.B2
mammary cells with invasive features, whereas its overexpression in ErbB2 only activated cells does not promote
invasion. These data indicate that Blimp1 requires p130Cas expression to trigger invasion, whereas the activation
of ErbB2 is dispensable for invasion in the absence of p130Cas. It is worth noting that in silico analyses of breast
cancer patients support these data by pointing out that high levels of p130Cas and Blimp1 correlate with multiple
metastasis. Our data also indicate that Blimp1 expression modulation results in an alteration in FAK activation
and expression. The well-established role of FAK and p130Cas in cell migration and invasion?3*%, coupled with
the fact that our findings identify FAK as an effector of Blimp1-dependent invasion lead to our speculation that
Blimp1 overexpression is sufficient to induce invasion in p130Cas overexpressing mammary cells by leading to
high FAK activation and expression, the consequent activation of p130Cas-dependent pathways, which, in turn,
result in focal adhesion reorganization. However, Blimp1 overexpression in ErbB2 without the presence of high
p130Cas levels does not provide a proper substrate for FAK-induced invasion. Intriguingly, in silico analyses that
searched for Blimp1 binding sites on FAK promoters showed that PRDM1/Blimp1 binding sites are present in
the proximity of FAK promoters, which further supports the relevance of Blimp1/FAK/p130Cas in cell invasion.
These observations suggest that Blimp1 can act as a transcription factor that regulates FAK expression and shed
additional light onto FAK transcriptional regulation.

On the other hand, our data also show that Blimp1 expression can be directly modulated by mir-23b. In par-
ticular, we herein describe, for the first time, that miR-23b is a direct Blimp1 negative modulator in solid tumors.
In this context, we also demonstrate that miR-23b is a tumor suppressor miRNA in p130Cas/ErbB2 cells and
that Blimp1 expression downmodulation is critical for miR-23b-dependent cell invasion impairment. Several
reports have highlighted that cancer cell invasion and migration is also regulated by microRNAs (miRNAs);
an important class of signaling modulators that are often deregulated in human cancers*. miR-23b is a highly
conserved miRNA that belongs to the miR-23b-27b-24-1 cluster (9q22.32), which is found intronically in the
aminopetidase O gene'®. miR-23Db is generally described as mediating tumor suppression in human cancers, but
it also affects tumor formation and progression, according to tissue and cell contexts. In particular, miR-23b is
found to be downmodulated in a number of human cancers including breast, bladder, prostate and pancreatic
cancers®. It has been described that miR-23b directly regulates target genes involved in cell migration, such as
Zebl, Src and PAK2%" 3% 49, Moreover, miR-23b has recently been reported to target Blimp1 in B cells following
histone deacetylases inhibition in antibody and autoantibody responses®!.

Interestingly, we also demonstrate that miR-23b downmodulation is regulated by the methylation process in
p130Cas/ErbB2 cells, which is in line with recently reported results in cervical cancer where several CpG islands
were found to be part of the miR-23b regulatory region®*. This work describes, for the first time, that p130Cas
and ErbB2 are able to influence epigenetic programs, such as methylation. On the basis of our data, we can
speculate that increased DNA methylases expression or activation might occur in p130Cas/ErbB2 cells leading
to mir-23b methylation. However, further research will be required to identify the specific mechanism through
which miR-23b is regulated by methylation and the specific chromatin remodeling modifiers that are selectively
induced upon p130Cas/ErbB2 cooperation. In conclusion, Blimp1 has been identified as a crucial regulator of
p130Cas/ErbB2-mediated invasiveness in vitro and in vivo and has thus provided new insight into Blimp1 expres-
sion regulation and its mechanism of action. We have described two mechanisms by which p130Cas and ErbB2
synergism is able to induce Blimp1 expression; MAPK pathway activation and miR-23b downmodulation (See
Fig. 8). Moreover, we have demonstrated, for the first time, that the Blimp1 protein is a prometastatic target of the
tumor suppressor miR-23b in invasive breast cancer. Therefore this study can pave the way for the development of
a miRNA-based therapeutic tool that can be used to treat p130Cas/ErbB2 aggressive tumors.

Methods

Cell lines and Cell culture. MCF10A.B2 cells were kindly provided by Dr Muthuswamy® and maintained as
described in ref. 4, MCF10A.B2 Mock and MCF10A.B2 Cas were generated as described in Cabodi et al., 2011°.
MCF10A.B2 without activation of ErbB2 was referred in the text as Mock, MCF10A.B2 with activation of ErbB2
as ErbB2, MCF10A.B2 overexpressing p130Cas without activation of ErbB2 as Cas, MCF10A.B2 overexpressing
p130Cas with activation of ErbB2 as Cas/ErbB2. HEK293T were cultured in DMEM-10% FBS (Thermo Fisher
Scientific), and N202-1A cells in DMEM-20% FBS (Thermo Fisher Scientific). All used cell lines were authen-
ticated in the last 6 months by BMR Genomics (Padova, Italy), using the CELL ID System (Promega, Madison,
WI).

MCF10.B2 and N202-1A cell populations were used for all the experiments described.

Three-Dimensional Culture. Three-dimensional morphogenic assays were performed according to
instructions found below; http://muthuswamylab.cshl.edu/ml_protocols.html.

For the inhibition of PI3K/Akt, Erk1/2 MAPK pathway acini were treated with 10 uM LY294002 (Calbiochem)
and 25 uM PD98059 (Sigma) either with or without 1 uM AP1510 homodimerizer (A/A Homodimerizer, Clontech)
at day 10. No off-target effects were reported after treating MCF10.B2 cells with 25-50 pM PD98059% >,
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Transient Transfections of pre-miRs and anti-miRs.  For transient transfection experiments, 0.8 x 10°
MCF10A.B2 Mock and MCF10A.B2 Cas cells were seeded in a 6 well plate and the day after, transfected with
either 75nM pre-miR or 100 nM anti-miR using the Lipofectamine 2000™ reagent (Thermo Fisher Scientific
Scientific), according to manufacturer’s instructions. 1 uM AP1510, or ethanol for the control, was added to the
medium. Cells were tested for overexpression/downmodulation 24 and 48 hrs later.

Luciferase assays. Cells (1.5 x 10°) were cotransfected with 25 ng of the pSIC.PRDM1.3'UTR.538-2419
reporter construct which contained part of the 3'UTR of PRDM1 from nucleotide 538 to 2419°!, and either
75nM of pre-miR-23b-3p or 100 nM anti-miR using Lipofectamine2000 (Thermo Fisher Scientific). Lysates
were collected 24-48h after transfection and Firefly and Renilla luciferase activities were measured using
a Dual Luciferase Reporter System (Promega). Where indicated, Blimp1 3'UTR was mutagenized at the first
miR-23b recognition site (nucleotides 907-914) using the QuikChange Lightning Site-Directed Mutagenesis Kit
(Stratagene), according to manufacturer’s instructions.

Antibodies and reagents. Erk1/2 (T202/Y204), Akt (S473), Fak (397Tyr) phosphor-antibodies and
Erk1/2, Akt, Blimp-1/PRDI-BF1 and cleaved caspase-3 antibodies were from Cell Signaling. Vinculin anti-
body was produced in our laboratory. Fak polyclonal antibodies were from Abcam. GAPDH antibodies from
Millipore, p130Cas antibodies were from BD Biosciences. Matrigel and collagen bovine I were from Corning.
Peroxidase-conjugated secondary antibodies were from GE Healthcare. Pre-miR™ microRNA Precursor
Molecules for Negative Control #1, Hsa-miR-23b (PM10711), anti-miR™ miRNA Inhibitor Negative Control
#1, anti-miR™ miRNA Inhibitor Hsa-miR-23b-3p (AM10711) (Ambion) and TagMan® MicroRNA Assays for
Hsa-miR-23b (ID 000399), U44 snRNA (ID 001094) were from Applied Biosystems.

Treatment of cell lines with 5’-Aza-2-deoxycytidine (5-Aza). MCF10A.B2 Mock and Cas cells were
seeded in 6-well plates (4 x 10° cells/well). After 24h, 10pM 5-Aza (Sigma) dissolved in DMSO were added to
fresh culture medium. 1 uM AP1510 was added an hour and a half later, where required. The cultures were incu-
bated at 37°C in 5% CO?2 for 48 h. Control cells were treated with DMSO.

Cell viability and survival. Cell Titer Blue assay was performed following manufacturer’s recommenda-
tions. Briefly, Cell Titer Blue was mixed to the culture medium at a concentration of 20% (v/v). At each time point,
N202-1A cells cultured in 48-well plates were washed with PBS to remove the medium, then 500 pl of the Cell
Titer Blue/cell culture medium mixture was added to each sample. After 1 hour, 100 ul were removed from the
plates and the absorbance was measured in a 96-well plate using GloMax-Multidetection System (Promega, Italy).
Cell survival was evaluated by annexin V staining followed by FACS analysis.

Protein and RNA extraction, Inmunoblotting and qRT-PCRs.  Proteins, RNA extraction, immunob-
lotting were performed as previously described in ref. 4. qRT-PCRs for miR-23b detection were performed using
TaqMan® MicroRNA Assays (Applied Biosystems) on 10 ng total RNA, according to manufacturer’s instructions. For
mRNA detection, 1jg of DNAse-treated RNA (DNA-free™ kit, Ambion) was retrotranscribed using RETROscript™
reagents (Ambion) and gRT-PCRs performed using gene-specific primers, on a 7900HT Fast Real Time PCR System.
Quantitative normalization was performed on the expression of U44snRNA. For PRDM1 qRT-PCRs, the isolated total
RNAs were reverse transcribed using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems). The
cDNA was diluted 1:5 in RNAase free water. qRT-PCR was performed on cDNA using the 7900HT Fast Real-Time
PCR System (Applied Biosystems) with TagMan Universal PCR Master Mix (Applied Biosystems). Primers used:

PRDM1 RIGHT: ACGTGTGGGTACGACCTTG, PRDM1 LEFT: CTGCCAATCCCTGAAACCT,
MUT3’UTR PRDMIRIGHT:-TTAAAACATGGCATTTTTTTCTTCTGGCCGATTTCTGATAATACAATGGA,
MUT3'UTRPRDM1LEFT:CGGCCACATGACTTTTGCATCCATTGTATTATCAGAAATCGGCCAGAAGAA
AAAAATGCCATGTTTTAA).

Conditions were: 50°C (2min), 95°C (2 min), followed by 45 cycles of 90°C (15s) and 60 °C (30s). A total vol-
ume of 20 ul was used. Quantitative normalization was performed on the expression of endogenous control 18S
(Thermo Fisher Scientific). The relative expression levels between samples were calculated using the comparative
delta CT (threshold cycle number) method (2-22CT) using a control sample as reference point*.

Immunofluorescence. Cells (2 x 10°) were seeded into a 24-well plate (BD Falcon) and were either treated
with ethanol (vehicle) or 10uM AP1510 the next day. After 48 hours, cells were rinsed with ice-cold PBS and fixed
with 4% paraformaldehyde for 10 min at RT, followed by permeabilization with 0.25% Triton X-100. Cells were
stained with the vinculin (1:1000) antibody for 1 hour at RT, then washed with PBS and incubated with Alexa
568-labeled anti-mouse secondary antibody (Red) (1:500) (Thermo Fisher Scientific Scientific) at RT for 30 min-
utes together with TRITC-conjugated Phalloidin (Green) (P2141, Sigma). After 4, 6-diamino-2-phenylindole
(DAPI, Thermo Fisher Scientific Scientific) staining, slides were mounted using Pro-long Gold Antifade Reagen
(Thermo Fisher Scientific Scientific). Images were captured on a HCX PL APO CS 63 x 1.5 OIL Leica TCS-SP5 II
confocal microscope and analyzed using LASAF software (Leica).

Lentiviral constructs. For PRDM1 overexpression, human PRDM1 ¢cDNA (Source Bioscience) was
cloned into the pLVX lentiviral vector and viral particle production was performed as previously described’.
The PRDM1 shRNA library was purchased from GE Healthcare Dharmacon Inc. (TRC-Hs1.0 human clone ID:
TRCN0000013612, TRC-Mm1.0 mouse clone ID: TRCN0000084714). For p130Cas expression, human p130Cas
cDNA was cloned into the pCCL lentiviral vector and viral particle production was performed as described above.
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Transwell invasion assay. Transwell invasion assay were performed as described in ref. 4. Briefly,
24-transwell chambers (Corning Costar, Cambridge, MA) were coated with 50 microliters of 1:1 mix matrigel
plus collagen. MCF10A.B2 Mock and Cas cells (10°) in 100 pl of serum-free medium were seeded into the upper
chamber. DMEM-F12 (100 pl) with 5% horse serum plus AP1510 or ethanol for control, was added into the lower
chamber as chemotactic stimulus. After 48 hrs, the migrated cells on the lower side of the membrane were fixed
in 2.5% glutaraldehyde, stained with 0.1% crystal violet and photographed using an Olympus IX70 microscope.
Invasion was evaluated by measuring the area occupied by migrated cells using the ImageJ software (http://rsb-
web.nih.gov/ij/). For N202-1A cells, DMEM (500 pul) with 20% FBS, or with water for the control, was added to
the lower chamber as a chemotactic stimulus and invasion was evaluated, as above, after 72 hours.

In vivo assays. The use of animals was in compliance with the Guide for the Care and Use of Laboratory
Animals published by the U.S. National Institutes of Health and approved by the Animal Care and Use Committee
of the University of Turin and by the Italian Health Minister (authorization #1009/2016-PR). N202-1A control,
Blimp1 silenced and Blimp1 overexpressing cells (10°) were injected intravenously into the tail veins of NOD scid
gamma (NSG) mice. The lungs were harvested, paraffin embedded, sectioned and stained with hematoxylin and
eosin after 5 weeks. Slides were analyzed and photographed using an Olympus IX70 microscope and metastases
were counted on H&E sections. N202-1A control, Blimp1 silenced and Blimp1 overexpressing cells (10°) were
also injected into the fat pad of NSG mice. After 3 weeks tumors were recovered and tumor weight was evaluated.

Bioinformatics analysis. Binding sites for Blimp1 were searched using the PRDM1 ChiP-seq on HeLa-S3
cells of the UCSC Track “Transcription Factor ChIP-seq Uniform Peaks from ENCODE/Analysis” on the pro-
moter (1500 bp upstream and 500 downstream of TSS) of FAK on the human genome (release hgl9), then
inside the resulting peak we identified a subsequence with a high log-likelihood for the Jaspar PWM MA0508.1.
Log-likelihoods*® were computed using an ad-hoc C program and the background nucleotide frequencies were
defined on human intergenic sequences.

For the in silico analyses of Blimp1l expression in breast cancer we used the METABRIC cohort of pri-
mary breast tumor samples, which comprises Illumina HT-12 expression data and several clinical parameters.
Already normalized expression values in this cohort were downloaded from the European Genome-phenome
Archive (EGAS00000000122: EGAD00010000434, original microarray data obtained in Curtis et al.*® was then
re-processed and normalized by ref. 47), and a subset of 357 samples with at least a single metastasis (considering
both distal and lymph nodes metastases) were further analyzed. All analyses were performed with R (A lan-
guage and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL
https://www.R-project.org), we used glm to fit the logistic model*®, the pROC package to plot the corresponding
ROC curve and its AUC¥, sjPlot and effects packages to obtain the plots representing how BLIMP1 and BCAR1
expression levels interact with respect to the risk of developing multiple metastases (Liidecke D. “sjPlot: Data
Visualization for Statistics in Social Science”, (2017)).

Statistical analysis. The results are representative of at least three independent experiments performed in
triplicate and are expressed as means = s.e.m. Statistical analysis of the data was performed using a Student’s t-test.
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ABSTRACT

Overexpression of the ErbB2/HER2 receptor tyrosine kinase occurs in up to 20%
of human breast cancers and correlates with aggressive disease. Several efficacious
targeted therapies, including antibodies and kinase inhibitors, have been developed
but the occurring of resistance to these agents is often observed. New therapeutic
agents targeting the endocytic recycling and intracellular trafficking of membrane in
tumor cells overexpressing ErbB2 are actually in clinical development. Nevertheless
the mechanisms underlying ErbB2 downregulation are still obscure. We have
previously demonstrated that the overexpression of the p130Cas adaptor protein in
ErbB2 positive breast cancer, promotes tumor aggressiveness and progression. Here
we demonstrate that lowering p130Cas expression in breast cancer cells is sufficient to
induce ErbB2 degradation by autophagy. Conversely, p130Cas overexpression protects
ErbB2 from degradation by autophagy. Furthermore, this autophagy-dependent
preferential degradation of ErbB2 in absence of p130Cas is due to an increased ErbB2
ubiquitination. Indeed, the overexpression of p130Cas impairs ErbB2 ubiquitination by
inhibiting the binding of Cbl and CHIP E3 ligases to ErbB2. Finally, our results indicate
that p130Cas-dependent ErbB2 protection from degradation by autophagy may alter
the sensitivity to the humanized monoclonal antibody trastuzumab. Consistently, in
human ErbB2 positive breast cancers that develop resistance to trastuzumab, p130Cas
expression is significantly increased suggesting that elevated levels of p130Cas can
be involved in trastuzumab resistance.

Published: December 21, 2015

INTRODUCTION

Molecular and clinical studies indicate that ErbB2 has
important implications in tumor etiology and progression.
Overexpression of ErbB2 (Her2/Neu), is involved in the
pathogenesis of nearly 20-30% of invasive breast cancers
and is associated with an aggressive phenotype. Although
ErbB2 overexpression identifies patients who are likely
to respond to therapy with trastuzumab, not all patients
benefit from treatment. Approximately 15% of patients
relapse after therapy due to de novo or acquired resistance
[1-3]. Therefore, intense investigations are necessary to
understand the factors that contribute to the resistance

and to identify therapeutic strategies to overcome the
resistance. Several mechanisms have been proposed for the
acquirement of resistance including the poor internalization
of ErbB2 resulting in a long half-life at the plasma
membrane [4-7]. Although it has been shown that Hsp90
inhibition can induce ErbB2 ubiquitination followed by its
downregulation [8, 9], the mechanisms underlying ErbB2
downregulation are still obscure.

pl30Cas is a signaling molecule involved in the
linkage of actin cytoskeleton to the extracellular matrix
during cell migration, cell invasion and cell transformation.
p130Cas protein has been described as a major player
in the cross-talk between EGF Receptor and integrins
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[10]. Due to its modular structure, p130Cas has been
shown to play a crucial role in signaling originating from
many amplified or mutated oncogenes, by undergoing
hyperphosphorylation and association with multiple
signaling partners required for transformation [11-13].

The overexpression of p130Cas in the mammary
gland leads to hyperplasia and delayed involution but
does not promote tumorigenesis [14]. Double transgenic
mice originated by crossing MMTV-p130Cas and
MMTV-NeuT mice, which express the oncogenic form of
the rat neu gene, homologous to human ErbB2, showed
an accelerated onset of mammary tumor formation.
Moreover, the analysis of human breast samples revealed
that tumors overexpressing both p130Cas and ErbB2
are characterized by an elevated proliferation index
[14]. Our previous data demonstrated that p130Cas is an
essential transducer element in ErbB2 transformation and
progression showing that p130Cas is necessary for ErbB2-
dependent foci formation, anchorage-independent growth,
in vivo tumor growth and metastatization [15]. Moreover,
we have reported that p130Cas over-expression promotes
ErbB2-dependent invasion in three-dimensional (3D)
cultures of human mammary epithelial cells and we have
identified the gene expression changes underlying this
invasive behavior [16, 17].

Moreover, p130Cas has been proposed as a crucial
modulator of both anti-estrogen and adriamycin resistance
[18,19].

Here we demonstrate that in breast cancer cells
overexpressing ErbB2, p130Cas protects ErbB2 from
autophagy-mediated degradation by interfering with
its ubiquitination. Moreover, changes on the receptor
ubiquitination caused by modulation of pl30Cas
expression leads to expression of different types of
autophagic markers, suggesting a link between ErbB2
degradation and autophagy in a pl30Cas-dependent
manner. Here we show for the first time that high levels
of p130Cas expression might be crucial to promote
resistance to trastuzumab treatment by protecting ErbB2
from degradation.

RESULTS

Modulation of p130Cas expression interferes with
ErbB2 protein stability

To investigate the relevance of the modulation of
p130Cas expression in the control of ErbB2 stability we
used, as an experimental model, ErbB2 positive BT474
breast cancer cells. We infected cells with lentiviruses
expressing either p130Cas shRNAs or scramble control
shRNA sequences, and lentiviruses overexpressing
p130Cas with related control vectors. Within 48 hours,
p130Cas expression was effectively silenced by about
80% compared to cells infected with scramble sequences,
while p130Cas overexpression resulted in about 30-40%
increase of protein expression compared to control infected

cells (Figure 1A). Interestingly, when we evaluated ErbB2
expression in these cell lysates, we found that p130Cas
expression modulation results in changes of ErbB2
expression levels. Indeed, lowering p130Cas expression
in BT474 cells (Figure 1A) is sufficient to cause ErbB2
downregulation. The same results were obtained by
performing experiments in ErbB2 positive breast cancer
cell line SKBR3, further supporting the expression
correlation between ErbB2 and p130Cas (Supplementary
Figure 1A). To exclude that the ErbB2 downregulation
is an off-target effect of sh-p130Cas sequence, we tested
four different sequences and we confirmed that lowering
pl30Cas expression results in ErbB2 downregulation
(Supplementary Figure 1B). Consistently, overexpression
of p130Cas leads to an increase of ErbB2 expression
(Figure 1A). These changes in ErbB2 expression upon
modulation of p130Cas expression, were not dependent
on alterations of HER2 gene transcription as shown in
Figure 1B, (right panel) but rather to its availability on the
cell membrane as demonstrated by FACS analysis (Figure
1C). In addition, the alterations of ErbB2 expression upon
modulation of p130Cas expression were highly specific,
since no expression changes were observed for Hsp90 and
ER alpha (Figure 1D).

Therefore, these data indicate that modulation of
p130Cas expression in breast cancer cells is sufficient to
strongly affect ErbB2 expression.

p130Cas silencing drives proteasome independent-
ErbB2 degradation

Little attention has been paid to the role of ErbB2
degradation in cancers, although when compromised, it
may lead to increased ErbB2 levels and activity. Several
studies have shown that endocytic downregulation of
ErbB2 is impaired in cancer cells although there is
poor understanding of how this is achieved [4, 20].
It was recently demonstrated that treatment of ErbB2
positive SKBR3 and BT474 breast cancer cell lines
with proteasome inhibitor causes a 50% downregulation
of ErbB2 protein expression ([21] and Supplementary
Figure 2), indicating that ErbB2 degradation is proteasome
independent. In addition, p130Cas has been recently
described to regulate cell sensitivity to proteasome
inhibition [22].

To understand whether ErbB2 altered protein levels,
as a consequence of modulation of p130Cas expression,
implicate proteasome activity, we treated pl30Cas
silenced, p130Cas overexpressing and relative BT474
control cells for 16 hours with the proteasome inhibitor
MG132. As shown in Figure 2, proteasome inhibition
induces ErbB2 degradation in control cells, as previously
demonstrated. However, we observed a significant
increased degradation of ErbB2 in p130Cas silenced cells
compared to control cells following treatment with 2 uM
of MG132 for 16 hours, while overexpression of p130Cas
minimizes the degradation of ErbB2 upon proteasome
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inhibition. Interestingly, these data indicate that lowering
p130Cas expression can lead to further degradation of
ErbB2, while the overexpression of p130Cas protects
ErbB2 from degradation. Moreover, treatment of
p130Cas silenced and relative BT474 control cells with
cycloheximide with or without MG132, indicates that
ErbB2 degradation is prompted in pl30Cas-silenced
conditions (Supplementary Figure 3).

It was previously demonstrated that ErbB2
degradation upon proteasome inhibition leads to the
formation of cytosolic aggregates directed to lysosomal
degradation [23]. Consistently, the treatment of control
(Ctr) cells with MG132 induced a reduction of ErbB2
level and an increased amount of the autophagic markers
LC3-II (Figure 2 left and right panels), indicating that
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ErbB2 protein levels. Noteworthily, the downregulation
of p130Cas is sufficient to lower ErbB2 expression
and to enhance the conversion of LC3-I to its lipidated
form LC3-II respect to the control and to the p130Cas
overexpressing cells, suggesting that p130Cas-dependent
ErbB2 degradation is due to an increased activation of
the autophagic process. These experiments were also
performed in SKBR3 cell lines showing the same results
(Supplementary Figure 4A and 4B).

Most interestingly, high levels of p130Cas expression
that protect ErbB2 from degradation correlate with low
expression of the autophagy marker LC3-1I independently
of proteasome inhibition. These data indicate that in
ErbB2 positive cells silenced for p130Cas and treated
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Figure 1: Modulation of p130Cas expression specifically affects ErbB2 expression. (A) Left panel: Total cell lysates of
BT474 cells infected with lentiviral vectors to silence (Cas sh) or overexpress p130Cas (Cas over) were blotted with p130Cas and ErbB2
antibodies. GAPDH was used as loading control. Right panel: Histograms show ErbB2 and p130Cas levels, normalized to GAPDH. Bars
represent the means + SEM of three independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001). (B) qRT-PCR analysis of p130Cas
mRNA (left panel) and ErbB2 mRNAs (right panel) expression from cells as in (A). Quantification of results from three independent
experiments is shown (ns: not significant; **p < 0.01: ***p < 0.001). (C) Histograms show the expression of cell membrane ErbB2
evaluated by FACS analysis on control, p130Cas silenced and p130Cas overexpressing BT474 cells. Bars represent the means = SEM of
three independent experiments (*p < 0.05; **p < 0.01; ***p <0.001). (D) Total cell lysates obtained from cells as in (A) were probed with
antibodies to ErbB2, p130Cas, Hsp90 and ER alpha and normalized with GAPDH.
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with MG132, p130Cas inhibition leads to a stronger
activation of the autophagic flux leading to increased
ErbB2 degradation whereas p130Cas overexpression is
sufficient to impair autophagy thereby preventing ErbB2
degradation.

p130Cas expression level alters sensitivity of
breast cancer cells to autophagy

To demonstrate that the p130Cas expression can
interfere with the autophagic degradation of ErbB2, Ctr,
p130Cas silenced and overexpressing BT474 cells were
starved and cultured for 6 hours in presence of HBSS
(Hank’s balanced salt solution) to induce autophagy alone
or in combination with Chloroquine, a drug that arrests
the latter step of autophagy, resulting in the failure of
the autophagy process [24]. Cell lysates from control,
p130Cas silenced and overexpressing cells were collected
and western blot analysis performed. The results shown in
Figure 3A (left and right panels) confirm that in untreated
cells, silencing of p130Cas is sufficient to induce ErbB2
downregulation by autophagy as demonstrated by LC3-
IT upregulation. In addition, the induction of autophagy
by HBSS treatment leads to approximately 50%
reduction of ErbB2 in Ctr cells compared to untreated
cells demonstrating that autophagy is implicated in
the degradation of ErbB2. The effectiveness of HBSS
treatment to trigger the autophagic flux is confirmed by the
presence of the lipidated form of LC3. Most interestingly,
in p130Cas overexpressing cells the HBSS treatment does

not significantly affect ErtbB2 expression levels indicating
that the overexpression of pl30Cas renders ErbB2
less sensitive to autophagy degradation. Moreover, the
concomitant treatment of HBSS and Chloroquine results
in the re-establishment of ErbB2 expression in p130Cas
silenced cells upon autophagy inhibition (Figure 3A)
and the concomitant accumulation of LC3-II expression,
confirming that absence of pl30Cas favors ErbB2
degradation through autophagy.

Accordingly, as shown in Figure 3B (left and right
panels), the treatment with Chloroquine (100 pM) was
sufficient to restore ErbB2 levels in both control and
p130Cas silenced cells, while in p130Cas overexpressing
cells did not result in a significant change in the amount
of ErbB2 expression. Therefore, these results indicate
that blocking the autophagic flux, as demonstrated by the
increased expression of the lipidated form of LC3, rescues
ErbB2 expression in both control and p130Cas silenced
cells.

p130Cas-dependent ErbB2 degradation by
autophagy is regulated by mTOR activity

It is known that class I and class III of
phosphatidylinositol 3-kinase (PI3K) can regulate autophagy
in different ways. In cancer cells the growth factor receptor-
induced activation of class I PI3K/AKT/mTOR axis, inhibits
autophagy. Conversely, class III PI3K activity is required for
the sequestration of cytoplasmic material that characterizes the
autophagic process [25, 26].
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Figure 2: p130Cas expression prevents proteosome-independent ErbB2 degradation. Left panel: BT474 silenced for or
overexpressing p130Cas and relative controls were treated for 16 hours with MG132 (2 uM). Protein extracts were then blotted with
antibodies against ErbB2, p130Cas and LC3. GAPDH was used as loading control. Right panel: Histograms show ErbB2 and LC3-I1 levels,
normalized to GAPDH. Bars represent the means + SEM of five independent experiments (ns: not significant; **p < 0.01; ***p < 0.001).
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In addition, we have previously demonstrated that
p130Cas overexpression in ErbB2 transformed cells leads
to the activation of mTOR [17]. Therefore, to identify
which autophagy signaling pathways were specifically
involved in p130Cas-mediated ErbB2 degradation, we
treated control, p130Cas silenced and overexpressing
BT474 cells for 16 hours with the mTOR activator
MHY 1485 (2 uM) to block autophagy [27] and with
mTOR inhibitor rapamycin (100 nM) to induce autophagy.

The results in Figure 4 indicate that treatment with
Rapamycin in p130Cas silenced cells increased ErbB2
degradation. As expected, LC3-II expression was present
following p130Cas silencing in control cells and was
strongly upregulated in cells treated with Rapamycin.
Conversely, experiments performed by treating cells with
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the mTOR activator, indicate that the resulting inhibition
of autophagy is sufficient to reverse ErbB2 levels in
p130Cas silenced BT474 cells, further confirming the
key role of pl130Cas in affecting signaling leading to
autophagy that is instrumental for ErbB2 degradation.
Importantly, p130Cas overexpressing cells were less
prone to undergo autophagic degradation induced by
Rapamycin. The inhibition of autophagy in cells treated
with the mTOR activator is supported by low levels of
LC3 expression and increased p62/sequestosome-1 protein
expression. The same results were obtained by using the
inhibitor of class III PI3K wortmannin, known to inhibit
autophagy (data not shown) [25]. These data show that
ErbB2 degradation by autophagy depends on p130Cas
expression levels, with low levels of p130Cas sensitizing
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Figure 3: p130Cas protects ErbB2 from autophagy-dependent degradation. (A) Left panel: Extracts from p130Cas silenced,
overexpressing and control (Ctr) BT474 cells cultured for 6 hours in HBSS in absence or presence of chloroquine (100 pM) were blotted
with antibodies to ErbB2, p130Cas, LC3 and GAPDH as loading control. Right panel: Histograms show ErbB2 levels, normalized to
GAPDH. Bars represent the means + SEM of five independent experiments (ns: not significant; **p < 0.01; ***p < 0.001). (B) Left panel:
BT474 cells as in (A) were treated with 100 pM chloroquine for 6 hours. Cell lysates were blotted with antibodies against ErbB2, p130Cas,
LC3 and Actin as loading control. Right panel: Histograms show ErbB2 levels, normalized to Actin. Bars represent the means + SEM of
four independent experiments (ns: not significant; ***p < 0.001).
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ErbB2 to authophagy degradation and high p130Cas levels
protecting it from degradation.

p130Cas protection of ErbB2 from ubiquitination

It has been recently demonstrated that ubiquitin
can be a crucial element to target protein aggregates to
selective autophagy [28]. Therefore, we speculated that
p130Cas can modify ErbB2 sensitivity to autophagy
degradation by affecting its ubiquitination status.
Therefore, ErbB2 was immunoprecipitated from
p130Cas silenced or overexpressing BT474 cells and
the immunoprecipitates were probed with anti-ubiquitin
antibodies. As shown in Figure 5A, greater amounts
of ubiquitinated ErbB2 were observed upon p130Cas
silencing compared to control cells. In addition,
higher levels of pl130Cas were associated with lower
ubiquitination of ErbB2. Western blotting analysis on the
same cell extracts were performed to verify changes in
ErbB2 level after modulation of p130Cas (Figure 5B).

These results indicate that the presence or absence
of p130Cas can affect the ubiquitination of ErbB2. Since
CHIP and Cbl E3 ligases have been reported to associate
with ErbB2 and to mediate its ubiquitination [29-31]
and we have previously demonstrated that p130Cas
immunoprecipitates with ErbB2 ([15] and Supplementary
Figure 5), we tested whether the observed differences of
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ErbB2 ubiquitination in presence or absence of p130Cas
can be due to an impaired accessibility of ErbB2 by
its E3 ligases. To this end, ErbB2 immunoprecipitates
from BT474 cells in which p130Cas was silenced or
overexpressed were probed with Cbl and CHIP antibodies.
The results show that both CHIP and Cbl association to
ErbB2 is highly increased in p130Cas silenced cells
(Figure 5C), indicating that the binding of p130Cas to
ErbB2 is sufficient to interfere with its polyubiquitination
by reducing the binding of E3 enzymes, pointing out an
uncovered chaperone function for p130Cas.

p130Cas sustains ErbB2 stability and resistance
to trastuzumab

Since activation of ErbB2 downstream signaling and
increased ErbB2 stability are hallmarks of resistance to
trastuzumab treatment [32], we hypothesized that p130Cas
can be a mediator of trastuzumab resistance. To examine
whether p130Cas levels of expression is involved in
trastuzumab resistance, experiments were performed in
ErbB2 overexpressing BT474 and SKBR3 made resistant
to trastuzumab [33]. Sensitive and resistant cells were first
compared for levels of p130Cas mRNA and protein levels
by performing quantitative real-time PCR and western
blot analysis. The results indicate that transcription
of pl130Cas mRNA and its expression is upregulated
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Figure 4: Inhibition of autophagy is sufficient to rescue p130Cas-dependent ErbB2 expression. Left panel: BT474
silenced for p130Cas, overexpressing p130Cas and control cells were treated for 16 hours with mTOR activator MHY 1485 (2 uM), with
mTOR inhibitor Rapamycin (100 mM) and DMSO as control. Protein extracts were then blotted with antibodies against ErbB2, p130Cas,
phospho-S6, S6, p62, LC3 and GAPDH as loading control. Right panel: Histograms show ErbB2, p62 and LC3 II levels, normalized to
GAPDH. Bars represent the means + SEM of five independent experiments (*p < 0.05; **p < 0.01; ***p <0.001).
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in resistant SKBR3R and BT474R cells compared to
wt cells suggesting a functional role of p130Cas in the
acquired resistance to trastuzumab (Figure 6A and 6B).
To assess whether the increased stability of ErbB2
following p130Cas-dependent inhibition of autophagy is
a possible mechanism to induce resistance to trastuzumab,
p130Cas overexpressing BT474 cells and relative controls
were treated for 24 hours with rapamicyn (100 nM) and
trastuzumab (10 pM) alone and/or in combination.
As shown in Figure 6C, the treatment of cells with
rapamycin and trastuzumab does not affect significantly
the expression of ErbB2, whereas the combination of
treatments results in downregulation of ErbB2, confirming
what previously observed in preclinical studies using
mTOR inhibitor and trastuzumab alone or in combination
[34, 35]. Notably, the overexpression of p130Cas, as
expected, is sufficient to induce the expression of ErbB2
and to prevent its downregulation in the combined
treatment observed in control cells. These results indicate
that the overexpression of p130Cas can be one important
factor that contributes to trastuzumab resistance.

To further assess the involvement of pl130Cas
in clinical resistance to trastuzumab, we evaluated the
correlation between pl30Cas expression and failure
to trastuzumab-based therapy in ErbB2 positive breast
cancer patients. Therefore, we assessed the expression of
p130Cas in ErbB2 positive primary tumors of 11 patients
and in the relapsing trastuzumab resistant counterparts. As
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shown in Table 1, 8 out of 11 tumors showed an increase in
p130Cas expression at the time of progression. Moreover,
3 out of 11 tumors were already 2+/3+ for p130Cas at
first diagnosis of breast cancer and they retained this high
p130Cas positivity after trastuzumab treatment (Figure
6D). These data suggest that high levels of p130Cas may
promote acquired resistance to trastuzumab therapy in
ErbB2 positive breast cancer.

Overall our results indicate that the modulation
of pl130Cas expression correlates with alterations of
ErbB2 expression, and in particular we demonstrated that
p130Cas protects ErbB2 from autophagy degradation.
This protection from degradation points out p130Cas as
a crucial player in ErbB2 resistance to targeted therapy.

DISCUSSION

Here we demonstrate for the first time that the adaptor
protein pl130Cas can act as a protecting agent against
ErbB2 degradation. Consistently, we show that lowering
p130Cas expression is sufficient to get ErbB2 degraded
while p130Cas overexpression increased ErbB2 stability
at the cell membrane. Our data also show that p130Cas-
dependent ErbB2 degradation occurs preferentially by
autophagy rather than by proteasome. Interestingly, we have
demonstrated that the presence of p130Cas can impair the
binding of the ErbB2 with its E3 ligases CHIP and Cbl,
resulting in a defective ubiquitination.
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Figure 5: p130Cas expression influences ErbB2 ubiquitination. (A) Left panel: Cell extracts from control (Ctr), p130Cas silenced
and p130Cas overexpressing BT474 cells were immunoprecipitated with ErbB2 antibodies, followed by immunoblotting against Ubiquitin
and ErbB2 antibodies. Right panel: Histograms show the levels of ubiquitin, normalized to ErbB2. Bars represent the means + SEM of
three independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001). (B) Cell extracts as in A were probed with antibodies to p130Cas,
ErbB2 and normalized with Vinculin. (C) Cell extracts from control (Ctr), p130Cas silenced and p130Cas overexpressing BT474 cells were
immunoprecipitated with ErbB2 antibodies and blotted with Cbl, CHIP and ErbB2 antibodies.
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We have previously extensively shown that
p130Cas supports and amplifies ErbB2 downstream
signaling pathways both in vivo and in vitro promoting
tumorigenesis and progression [14—17]. Here we describe
for the first time one possible mechanism through which
p130Cas can affect ErbB2 tumorigenesis. Our present data
indicate that p130Cas by binding to ErbB2, stabilizes the
receptor preventing its ubiquitinylation and subsequent
degradation by selective autophagy. Indeed p130Cas by
binding to ErbB2 does not allow the association with
CHIP and Cbl E3 ligases, possibly due to steric hindrance.
Conversely, low levels of p130Cas allows the binding
of CHIP and Cbl E3 ligases to ErbB2 promoting its
degradation by autophagy.

It was previously inferred that ErbB2 receptor is
resistant to down-regulation by endocytosis, probably
because of its association to Hsp90 chaperone that
might prevent due to steric hindrance the binding of E3
ligase to ErbB2 resulting in impaired ubiquitinylation
and degradation [23]. Indeed Hsp90 inhibitors, such
as geldamycin, induces a rapid ubiquitin-dependent
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degradation of the receptor [8, 9, 20, 36]. We can speculate
that p130Cas mirrors in ErbB2 positive breast cancer the
function of Hsp90, protecting ErbB2 from degradation
but at the same time, assembling a signaling platform that
sustains and reinforces breast cancer growth, migration
and invasion.

Our data also points out that lowering p130Cas is
sufficient to induce ErbB2 degradation that preferentially
occurs by autophagy rather than by proteasome.

Interestingly, it has been speculated that the
docking of proteins to be degraded to the ubiquitin-
proteasome system (UPS) or to the autophagy—Ilysosomal
pathway depends on the differential attachment of
ubiquitin moieties. The association with K48-linked
polyUb chains will represent the recognition signal for
proteasome degradation, whereas the K63-linked chains
may preferentially target substrates to degradation by
autophagy [23, 28, 37, 38].

In parallel, it has been recently proposed in SKBR3
breast cancer cells that ErbB2 degradation is proteasome
independent and that the conjugation of K63-linked
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Figure 6: p130Cas overexpression promotes resistance to trastuzumab. (A) Quantification of p130Cas mRNA by qRT PCR in
wild type SKBR3 (SKBr3), in trastuzumab resistant SKBR3 (SKBr3R), in BT474 wild type (BT474) and in trastuzumab resistant BT474
cells (BT474R). The 18S housekeeping gene was used as an internal control for data normalization. (B) Cell extracts from trastuzumab
sensitive and resistant SKBR3 and BT474 cells were probed with p130Cas antibodies and normalized with Actin. (C) Cell extracts from
p130Cas overexpressing BT474 cells and relative control cells untreated or treated with 100 nM Rapamycin (R), 10 pM/ml trastuzumab (T)
alone or in combination (R + T) were blotted with antibodies against ErbB2, p130Cas, phospho-S6, LC3 and GAPDH as loading control.
(D) Representative images of p130Cas expression in primary tumor at the time of diagnosis (left panel) and in relapsing trastuzumab

resistant tumor (right panel) of patient n°2 (see Table 1).
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Table 1: Grade of p130Cas expression in primary and relapsing breast cancer patients before and

after trastuzumab treatment

CaseNe  Stage  Histology  Mol.Subtype sl BT ab  after trastuzumab
1 1T CDI HER2-Enriched Yes 2+ 3+
2 11 CDI HER2-Enriched Yes 1+ 3+
3 1T CLI HER2-Enriched Yes 1+ 3+
4 I CDI HER2-Enriched Yes 3+ 3+
5 I CDI HER2-Enriched Yes 2+ 3+
6 1T CDI Luminal-HER2 Yes 1+ 3+
7 I CDI Luminal-HER2 Yes 2+ 3+
8 v CDI Luminal-HER2 Not 3+ 3+
9 I CLI HER2-Enriched Yes 1+ 2+
10 1T CDI HER2-Enriched Yes 2+ 3+
11 11 CDI HER2-Enriched Yes 2+ 2+

CDI: Ductal Infiltrating Carcinoma; CLI: Lobular Infiltrating Carcinoma; IHC: immunohistochemistry.

polyubquitin chains to ErbB2 might be relevant to target
its degradation by the autophagy-lysosomal system [21,
23]. On the basis of these data we can speculate that in the
absence of p130Cas the observed ErbB2 degradation by
autophagy might be dependent by an increased amount of
K63 linkages that in turn are recognized by the autophagy
receptors and finally degraded. Further investigations
are needed to verify this hypothesis and to identify the
molecular players involved in p130Cas-dependent ErbB2
degradation and/or stability.

Nevertheless, the translational importance of the
levels of p130Cas expression in the regulation of ErbB2
stability is evident. Indeed, the p130Cas silencing in a
therapeutic setting will contribute to ErbB2 degradation
and thereby to limitations of its oncogenic properties,
whereas the overexpression of p130Cas by protecting
ErbB2 from autophagy can be implicated in resistance
to trastuzumab treatment. Our data indeed indicate that
high levels of p130Cas expression inversely correlate
with ErbB2 sensitivity to trastuzumab and the induction
of autophagy is not sufficient to promote its degradation.
The mechanism through which pl130Cas mediates
resistance to trastuzumab might rely on the increased
ErbB2 stability to the cell membrane. However, it has
been reported that increased autophagosome formation
in trastuzumab resistant cells preserves breast cancer cell
survival [39]. These opposite data can be reconciled by the
fact that overexpression of p130Cas drives resistance to
trastuzumab by increasing ErbB2 stability and by blocking
the receptor ubiquitination and thus its degradation,
regardless of activation of downstream autophagy flux.

Our and others previous and current results indicate
that high levels of p130Cas are hallmarks of breast cancer
progression, invasion, metastatization and resistance

[11, 13, 40]. However, the mechanisms through which
p130Cas expression is upregulated in breast cancer still
remain an open question.

In conclusion, we provided evidence that p130Cas
overexpression prevents ErbB2 degradation by autophagy.
The resulting increased stabilization of ErbB2 by
p130Cas might be the crucial event driving breast cancer
progression and resistance, strengthening the relevance
of pl30Cas as an unfavorable prognostic marker and
a putative therapeutic target to overcome resistance to
trastuzumab based treatment in ErbB2 positive breast
cancers.

MATERIALS AND METHODS

Antibodies

p130Cas mAbs have been previously described
[41]. ErbB2 NCL-L-Cbll mAbs were purchased from
Novocastra (Leica Microsystems Srl, Germany). An
additional mAb directed to the cytoplasmic domain of
ErbB2 were prepared in our laboratory, by immunizing
mice with a recombinant protein encompassing amino acids
1031-1160 of rat ErbB2 cDNA sequence. mAbs to Vinculin
were from Millipore (Billerica, MA, USA). Antibodies to
c-Src, p-Tyr PY99, Actin, Cbl and CHIP were from Santa
Cruz Biotechnologies (Palo Alto, CA, USA). pTyr416 c-Src
and Beclin-1 antibodies were from Cell Signaling (Beverly,
MA,USA). Mono- and polyubiquitinylated conjugates
antibody was from Enzo Life Sciences (Farmingdale, NY).
LC3 polyclonal antibody was from Thermo Scientific Pierce
Antibodies (Rockford, Illinois). Secondary antibodies
conjugated with peroxidase were from Sigma-Aldrich
(St. Louis, MO, USA).
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Cell lines

SKBR3 cells were cultured in McCoy’s SA-15%
FBS and BT474 cell lines were cultured in DMEM-F12
with 10% FBS. SKBR3 and BT474 resistant cells were
respectively cultured in RPMI-1640 10% FBS and
DMEM 10% FBS. SKBR3 and BT474 made resistant to
trastuzumab were generated by Dr. Valabrega as described
in [33].

Proteasome and autophagy experiments

For proteasome inhibition experiments, MG132
(CAS-133407-82-6, Calbiochem, Darmstadt, Germany)
was directly added into medium at a concentration of
0.5, 2 and 6 pM for 16 hours. Cycloheximide was used
at 100 mg/ml and purchased from Sigma (Sigma-Aldrich,
St. Louis, MO, USA). For autophagy induction cells
were cultured in Hank’s balanced salt solution (HBSS,
Invitrogen Life Technologies, Carlsbad, CA, USA)
for 2, 4 and 6 hours. For autophagy pharmacological
inhibition, cells were treated with the PI3-kinase inhibitor,
wortmannin (Enzo Life Sciences, Farmingdale, NY) at
100 nM and with chloroquine (Sigma-Aldrich, St. Louis,
MO, USA), an inhibitor of autophagosome formation at
100 uM for 16 hours. For mTOR inhibition cells were
treated with rapamycin (Cell Signaling Technology,
Beverly, MA) at 100 nM for 16 hours. For resistance
experiments, cells were treated for 20 hours with
trastuzumab (10 microg/ml) or Rapamycin (100 nM) or
with combination of both.

Lentivirus generation

A pLKO.1 lentiviral vector carrying a shRNA
directed to human pl130Cas (p130Cas shRNA) was
selected in the pLKO.1 target gene shRNA set (clone ID
TRCNO0000115985), purchased from Open Biosystem
(Huntsville, AL, USA, http://www.thermoscientificbio.
com). pLKO.1 scramble shRNA vector (Addgene,
Cambridge, MA, USA, http://www.addgene.com)
was used as negative control. Lentiviral particles were
generated and concentrated by ultracentrifugation (50,000 g,
2 hours). BT474 and SKBR3 cells were infected with the
lentiviral p130Cas-shRNA (sh-p130Cas) and scramble-
shRNA (Ctr). Puromycin (Sigma) (0.5 mg/ml) was added
24 hours after infection with PLKO.1 vectors as described
in [42]. For p130Cas expression, human p130Cas cDNA,
mouse pl130Cas cDNA were cloned into pCCL lentiviral
vector, and viral particles production was performed as
described in [42].

Immunobloting and immunoprecipitation analysis

Cells were extracted with RIPA buffer (1% Triton
X-100, 0,1% SDS, 1% sodium deoxycholate, 150 mM
NaCl, 50 mM Tris-HCl ph 7, 0.4 mM Na3VO4, inhibitor

mix). Cell lysates were centrifuged at 13,000 g for
10 minutes and the supernatants were collected and
assayed for protein concentration with the Bio-Rad protein
assay method (Biorad, Hercules, CA, USA). Proteins were
run on SDS-PAGE under reducing conditions. Following
SDS-PAGE, proteins were transferred to nitrocellulose,
incubated with specific antibodies and then detected
with peroxidase conjugated secondary antibodies and
chemoluminescent ECL reagent. When appropriate,
the nitrocellulose membranes were stripped according
to manufacturers’ recommendations and re-probed.
Densitometric analysis was performed using the GS 250
Molecular Imager (Biorad).

For immunoprecipitation assay, 1 mg of cell extracts
were immunoprecipitated with ErbB2 antibody and then
probed for specific antibodies.

For ubiquitination experiments, 10 mg of cell extracts
were immunoprecipitated with ErbB2 antibody. After
blotting, the membrane were pre-incubated with denaturing
buffer (6 M guanidine-HCIl, 20 mM Tris-HCI ph 7.5, 5
mM b-mercapto-ethanol, I mM PMSF) for 30" at 4°C and
washed in PBS buffer. Then the membrane was blocked with
5% BSA in TBS buffer for 6 hours at room temperature and
incubated overnight at 4°C with the anti-ubiquitin antibody.

RNA isolation and qRT-PCR for mRNA detection

Total RNA was isolated from cells using TRIzol™
Reagent (Invitrogen Life Technologies, Carlsbad, CA,
USA). 1 pg of DNAse-treated RNA (RQ1 RNase-
Free DNase kit, Promega, Madison, WI, USA) was
retrotranscribed with High Capacity ¢cDNA Reverse
Transcription Kit (Invitrogen Life Technologies, Carlsbad,
CA, USA). Quantitative PCR was performed on an
Applied Biosystems, 7900HT Fast Real-Time PCR System
(standard settings) using the Universal Probe Library
system (Roche Italia, Monza, Italy) and Platinum™
Quantitative PCR SuperMix-UDG (Invitrogen Life
Technologies, Carlsbad, CA, USA). Results were analyzed
with the 2722 method using the 18 S rRNA predeveloped
TagMan assay (Invitrogen Life Technologies, Carlsbad,
CA, USA) as an internal control. The median expression
across samples was used as calibrator.

In vitro cell assays

For proliferation assay, MTT (4,5 dimethyl-2-yl
2,5-diphenyl tetrazolium bromide) from Sigma Chemical
Co. (St. Louis, MO, USA) was performed on SKBR3 and
BT474 upon treatment with freshly added trastuzumab
(Herceptin) (2 pg/ml) for 4 days. For FACS analysis
cells were stained with ErbB2 mAb and with Alexa
488 secondary antibody (Invitrogen Life Technologies,
Carlsbad, CA, USA). Alexa 488 emission was detected
in the green channel (525 nm) following excitation by a
488 nm laser on a FACS Calibur cytometer (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA).

www.impactjournals.com/oncotarget

4451

Oncotarget



Immunohistochemistry procedures

Human investigations were performed with
informed consent and were preceded by local institutional
review board approval.

Samples were routinely fixed in 10% formaldehyde
buffer (pH 7.4) for 24 hrs, paraffin-embedded, and
processed for immunohistochemical analysis. Slides
were incubated with anti-p130Cas (Labvision Thermo
Scientific) (1 microg/mL) for 1 hr at room temperature,
after antigen retrieval (citrate buffer, at 98°C for
40 min). Staining was detected with EnVision System-
HRP Labelled Polymer anti-mouse (DakoCytomation) and
developed with the LiquidDAB Substrate Pack (BioGenex,
San Ramon, CA, USA). Nuclei were counterstained with
Mayer hemallum. Images were taken using a Leica DM
2000 microscope.

Statistical analysis

The results are representative of at least three
independent experiments performed in triplicate and are
expressed as the means + s.e.m. Statistical analysis of the
data was performed using a Student’s #-test.
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