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Abstract

RASSF1A promoter methylation has been correlated with tumor
dedifferentiation and aggressive oncogenic behavior. Nevertheless,
the underlying mechanism of RASSF1A-dependent tumor dediffer-
entiation remains elusive. Here, we show that RASSF1A directly
uncouples the NOTCH-HES1 axis, a key suppressor of differentia-
tion. Interestingly, the crosstalk of RASSF1A with HES1 occurs inde-
pendently from the signaling route connecting RASSF1A with the
Hippo pathway. At the molecular level, we demonstrate that
RASSF1A acts as a scaffold essential for the SUMO-targeted E3
ligase SNURF/RNF4 to target HES1 for degradation. The reciprocal
relationship between RASSF1A and HES1 is evident across a wide
range of human tumors, highlighting the clinical significance of
the identified pathway. We show that HES1 upregulation in a
RASSF1A-depleted environment renders cells non-responsive to the
downstream effects of y-secretase inhibitors (GSIs) which restrict
signaling at the level of the NOTCH receptor. Taken together, we
report a mechanism through which RASSF1A exerts autonomous
regulation of the critical Notch effector HES1, thus classifying
RASSF1A expression as an integral determinant of the clinical
effectiveness of Notch inhibitors.
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Introduction

RASSFIA epigenetic inactivation correlates with poor clinicopatho-
logical characteristics in the vast majority of human solid malignan-
cies (Grawenda & O’Neill, 2015). RASSF1A is a key mediator of
Hippo pathway activity and facilitates transcription factor selection
for the Hippo effector YAP (Hamilton et al, 2009; van der Weyden
et al, 2012; Pefani et al, 2016). In addition to its tumor-suppressive
role, RASSF1A undergoes stringent epigenetic regulation throughout
early embryonic development to allow smooth transition from pluri-
potency to differentiation (Papaspyropoulos et al, 2018).

Tumorigenesis and somatic cell reprogramming are governed by
similar mechanisms, as tumor progression is the outcome of dedif-
ferentiation processes (Friedmann-Morvinski & Verma, 2014).
Tumor dedifferentiation has been linked with upregulation of stem
cell (SC) markers, such as OCT4, NANOG, and SOX2 and their tar-
get genes, which are normally enriched in embryonic stem cells
(ESCs) (Friedmann-Morvinski & Verma, 2014; Hepburn et al, 2019).

Current findings support that Notch signaling holds a crucial role
in inducing tumor dedifferentiation. Activation of the NOTCHI-
HES1 axis in solid tumors results in increased epithelial-to-
mesenchymal transition (EMT) accompanied by upregulation of
stemness genes (Reedijk et al, 2008; Fender et al, 2015; Jin et al,
2017; Fendler et al, 2020). The NOTCH-HESI1 axis can be effectively
disrupted by y-secretase inhibitors (GSIs) preventing the proteolytic
cleavage of the NOTCH receptor and subsequent translocation of its
intracellular domain (NCID) to the nucleus, thereby abrogating both
Notch signaling and SC marker expression (Chu et al, 2013).

In this study, we present a novel mechanism through which
RASSF1A prevents tumor dedifferentiation by triggering HES1

Department of Oncology, University of Oxford, Oxford, UK

Biomedical Research Foundation, Academy of Athens, Athens, Greece

00O NO UV A WN R

Faculty of Health and Medical Sciences, University of Surrey, Surrey, UK

*Corresponding author. Tel: +30 210 746 2174; E-mail: a.papaspyropoulos@med.uoa.gr
**Corresponding author. Tel: +44 01865 617321; E-mail: eric.oneill@oncology.ox.ac.uk

***Corresponding author. Tel: +30 210 746 2352; E-mail: vgorg@med.uoa.gr
These authors contributed equally to this work

© 2021 The Authors

Molecular Carcinogenesis Group, Department of Histology and Embryology, School of Medicine, National Kapodistrian University of Athens (NKUA), Athens, Greece

Laboratory of Biochemistry, Department of Chemistry, Aristotle University of Thessaloniki, Thessaloniki, Greece

Laboratory for Research of the Musculoskeletal System, KAT General Hospital, School of Medicine, National and Kapodistrian University of Athens, Athens, Greece
Molecular and Clinical Cancer Sciences, Manchester Cancer Research Centre, Manchester Academic Health Sciences Centre, University of Manchester, Manchester, UK
Center for New Biotechnologies and Precision Medicine, Medical School, National and Kapodistrian University of Athens, Athens, Greece

EMBO reports 23: 512872022 1 of 13


https://orcid.org/0000-0002-6178-9987
https://orcid.org/0000-0002-6178-9987
https://orcid.org/0000-0002-6178-9987
https://orcid.org/0000-0002-3478-8065
https://orcid.org/0000-0002-3478-8065
https://orcid.org/0000-0002-3478-8065
https://orcid.org/0000-0003-3791-6955
https://orcid.org/0000-0003-3791-6955
https://orcid.org/0000-0003-3791-6955
https://orcid.org/0000-0002-0060-6278
https://orcid.org/0000-0002-0060-6278
https://orcid.org/0000-0002-0060-6278
https://orcid.org/0000-0001-9001-4112
https://orcid.org/0000-0001-9001-4112
https://orcid.org/0000-0001-9001-4112

EMBO reports

degradation in a Hippo-independent manner. The significance of the
identified pathway is depicted in a wide spectrum of human malig-
nancies, whereas employing NOTCH inhibitors defines the precise
clinical setting for potential therapeutic intervention.

Results and Discussion

RASSF1A levels inversely correlate with HES1 expression across
human tumor types

We previously showed that NOTCH signaling negatively correlates
with RASSF1A in human tumors such as breast and lung (Pefani et
al, 2016). The Notch target HES1 is a basic helix-loop-helix (bHLH)
transcriptional regulator (Artavanis-Tsakonas et al, 1999) which
promotes CSC self-renewal (Gao et al, 2014). To investigate a poten-
tial RASSF1A-HES]1 regulation, we analyzed RNA sequencing (RNA-
seq) data from The Cancer Genome Atlas (TCGA) and the
Genotype-Tissue Expression (GTEx) portal deriving from 32 differ-
ent human tumor types arising in different organs (n = 9,527 sam-
ples). Interestingly, we found that RASSF1A and HES1 are
reciprocally expressed across whole patient cohorts for tumors with
both high (Fig 1A and Dataset EV1) and low (Fig 1B and Dataset
EV1) levels of RASSF1A. Along the same lines, a correlative analysis
implementing again RNA-seq data from the TCGA and GTEx cancer
databases demonstrated a statistically significant (P < 0.01) negative
correlation of RASSF1A with HES1 levels across all tumor types
(Fig 1C and Dataset EV1). In line with our clinical data (Fig 1D),
upon silencing of RASSF1A, HES1 levels were significantly increased
in both human osteosarcoma (U20S) and cervical cancer (HeLa)
cells (Fig 1E and F), implying that RASSF1A may functionally regu-
late HES1. RASSF1A and HES1 Transcripts Per Million (TPMs) in
normal tissues (Fig 1D) were only included to provide a rough esti-
mation of how deregulated the expression of each marker may be in
cancer compared to normal tissue. A limitation to this estimation
may derive from the small sample size of two normal tissue types
(the respective of cervical cancer-CESC and sarcoma-SARC) which
relates to their poor representation by the TCGA database.

To identify potential RASSF1A-dependent regulators of HES1, we
analyzed TCGA data from clinical samples expressing high and low
RASSF1A levels (Fig EV1A and Dataset EV1). One of the top hits sig-
nificantly correlating with RASSF1A levels was the transcription fac-
tor GATAl (P <0.00001; Fig EVIA), a HESI transcriptional
repressor (Ross et al, 2012). Indeed, GATA1 depletion led to HES1
upregulation in our system (Fig EV1B). Interestingly, GATA1 levels
were found decreased upon silencing of the Hippo pathway compo-
nent Mstl/2 in Xenopus embryos (Nejigane et al, 2013), likely indi-
cating dependency on RASSF1A which functions as an MST2
activator (Matallanas et al, 2007). In support of this, RASSF1A
depletion and overexpression in U20S cells resulted in GATAl
reduction and increase, respectively (Fig EVIC and D), indicating
that GATA1 may be responsible for HES1 regulation by RASSF1A at
the transcriptional level.

The observation that HES1 mRNA levels follow the HES1 protein
stabilization pattern after RASSF1A modulation (Fig 1E and F) is in
keeping with the presence of deeply characterized feedback loops
in the case of HES1, where the amount of HES1 protein or its targets
in the cell determine HESI gene transcription rate (Kobayashi et al,
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2009; Roese-Koerner et al, 2017; Duan et al, 2019). Similarly to
HES1, which is expressed in cells and tissues in an oscillatory fash-
ion (Kobayashi et al, 2009; Roese-Koerner et al, 2017), RASSF1A
levels have also been described to oscillate through the cell cycle
via degradation by SCF E3 ligase (Song et al, 2008) suggesting that
these regulatory processes may be linked.

Given that HES1 can be both nuclear and cytoplasmic (Sturrock
et al, 2014), we next asked whether RASSF1A-HES]1 regulation may
differentially affect HES1 protein levels in the nuclear and cytoplas-
mic fraction. We employed a U20S Tet-On cell line inducibly
expressing FLAG-RASSF1A (U2087¢ ON ~ FLAGRASSFIA) y1non doxycy-
cline treatment and assessed HES1 protein levels following subcellu-
lar fractionation. Interestingly, consistent with a recently described
RASSF1A function in nucleocytoplasmic protein transfer and
nuclear RASSF1A localization (Chatzifrangkeskou et al, 2019),
RASSF1A expression reduced only the nuclear HES1 pool while
cytoplasmic HES1 levels remained unaffected (Figs 1G and EV2A).

RASSF1A stabilizes the E3 ligase RNF4 to inactivate HES1 through
formation of a RASSF1A-RNF4-HES1 complex

Apart from RASSF1A regulating HES1 expression, a proteomic
screen for RASSF1A binding partners surprisingly identified HES1
itself as a potential interactor (Dataset EV2), suggesting that
RASSF1A-HES1 regulation may expand to the post-translational
level thereby affecting HES1 stability. In our proteomic screen
(Dataset EV2), we also identified the E3 ubiquitin ligase SNURF/
RNF4, whose Drosophila ortholog Degringolade (Dgrn) was shown
to target HES proteins for SUMO-independent ubiquitination in vitro
and in vivo (Abed et al, 2011; Barry et al, 2011). Additionally, a
Sleeping Beauty genetic screen carried out in Rassfla~/~ mice iden-
tified RNF4 among the potentially most frequently inactivated genes
synergizing with RASSF1A loss in tumorigenesis (van der Weyden
et al, 2012).

HES1 has been found to be degraded by additional E3 ligases in
different contexts. For example, the E3 ubiquitin ligase SCF*®*L14
complex targets HES1 for proteolysis, thereby enabling neuronal dif-
ferentiation (Chen et al, 2017). As previously published reports
(Abed et al, 2011; Barry et al, 2011; van der Weyden et al, 2012)
and our proteomic data strongly pointed to RNF4 as a potential
player affecting RASSF1A-HES1 regulation in cancer cells, we were
urged to explore a possible connection.

Interestingly, RASSF1A expression in U20S cells led to significant
stabilization of RNF4 protein levels (Fig 2A). HES1 and RNF4 were
both identified as co-immunoprecipitating in U20S cells supporting
the regulatory connection, while the HES1/RNF4 ratio was
decreased in the presence of FLAG-RASSF1A, suggesting the interac-
tion is supported by RASSF1A (Fig 2B). Moreover, HES1 was found
associated with both RNF4 and RASSF1A, confirming the presence
of a RASSF1A-RNF4-HES1 complex, concomitant with a reduction
of HES1 protein levels (Fig 2B). To confirm that RNF4 was directly
responsible for the decrease of HES1 upon RASSF1A activation, we
overexpressed RASSF1A in the presence or absence of an RNF4-
targeting siRNA and assessed HES1 ubiquitination levels in HES1
immunoprecipitates (Fig 2C). In accordance with data above,
RASSF1A overexpression stabilized RNF4 with a concomitant reduc-
tion in HES] levels due to increased HES1 ubiquitination (Fig 2C).
However, depletion of RNF4 rescued HES1 despite RASSF1A
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Figure 1. The RASSF1A expression pattern is reciprocal to HES1 across human tumor types.

A Correlation heatmaps depicting an opposite RASSF1A-HES1 expression pattern across the tumors with highest expression of RASSF1A. RNA seq data were retrieved
from the TCGA database. Of the 32 tumor types of the TCGA database included in the analysis, tumor types with an average of > 4.2 (median) RASSF1A Transcripts
per million (TPM) were classified as RASSF1A"E", whereas tumor types with an average of < 4.2 RASSF1A TPM were classified as RASSF1A°Y. See also Dataset EV1.

B Same as A, for the TCGA tumors with the lowest expression of RASSF1A. See also Dataset EV1.

C Correlation analysis between RASSF1A and HES1 levels across 32 human tumor types (n indicates total number of tumor samples). RNA seq data were retrieved from
the TCGA and GTEx databases and analyzed using the GEPIA/GEPIA2 online tools (Tang et al, 2017, 2019). See also Dataset EV1.

D RASSF1A (bottom) and HES1 (top) transcripts per million (TPM) in the indicated types of human tumors and respective normal tissue. Data were extracted from the
TCGA and GTEx databases using the GEPIA/GEPIA2 online tool for normal and cancer gene expression profiling and interactive analyses. The number of patients is
indicated in each tumor type. See also Dataset EV1.

E gPCR for HES1 mRNA levels in siCTRL (non-targeting) and siRASSF1A-transfected U20S and Hela cells.

U20S cells were transfected with either siCTRL or siRASSF1A and lysates were immunoblotted for HES1 levels.

U20S cells Tet-On inducibly expressing FLAG-RASSF1A were treated with doxycycline at a concentration of 0.5 ug/ml for 24 h. The cells were fractionated in order to

acquire the nuclear and cytoplasmic extracts, which were subsequently Western blotted and probed with the indicated antibodies.

o m

Data information: Tumor type abbreviations: ACC: Adrenocortical carcinoma; BLCA: Breast invasive carcinoma; BRCA: Breast invasive carcinoma; CESC: Cervical squamous
cell carcinoma and endocervical adenocarcinoma; CHOL: Cholangiocarcinoma; COAD: Colon adenocarcinoma; DLBC: Lymphoid Neoplasm Diffuse Large B-cell Lymphoma;
ESCA: Esophageal carcinoma; KICH: Kidney Chromophobe; KIRC: Kidney renal clear cell carcinoma; KIRP: Kidney renal papillary cell carcinoma; KIPAN: Pan-kidney cohort
(KIRP + KIRC + KICH); LAML: Acute Myeloid Leukemia; LIHC: Liver hepatocellular carcinoma; LUSC: Lung squamous cell carcinoma; OV: Ovarian serous
cystadenocarcinoma; PRAD: Prostate adenocarcinoma; SARC: Sarcoma; THCA: Thyroid carcinoma; UVM: Uveal melanoma. ***P < 0.001 of Student’s t-test. Error bars
indicate s.e.m. Data shown are representative of three biological replicates (n = 3).

Source data are available online for this figure.

overexpression (Fig 2C), confirming that RNF4 is required for
RASSF1A-mediated HES1 regulation. In keeping with previous
results suggesting that RASSF1A-HES1 regulation is nuclear, we
found that HES1 was ubiquitinated predominantly in the nuclear
fraction of U20S cells, upon RASSF1A induction (Fig EV2B and C).
Our observations in cells were further validated in an in vitro
ubiquitination assay showing increased RNF4-mediated HES1
ubiquitination in the presence of RASSF1A (Fig 2D). Taken
together, our data uncover a novel mechanism through which
RASSF1A regulates the NOTCH effector HES1, via the E3 ligase
RNF4 (Fig 2E).

RASSF1A regulates HES1 activity in a Hippo
pathway-independent manner

RASSF1A epigenetic inactivation has been found to directly induce
the expression of the core pluripotency gene Pou5f1/Oct4 in mouse
ESCs and pre-implantation embryogenesis through the Hippo path-
way effector YAP (Papaspyropoulos et al, 2018). Although mouse
models have proven vital tools in recapitulating human disorders,
substantial differences occur between the two species, rendering
confirmation in human settings essential (Perlman, 2016). There-
fore, we sought to investigate whether RASSF1A may exert a similar
regulation of pluripotency genes in human cancer cells. To this end,
we silenced RASSF1A in HeLa and U20S cells and found that the
core pluripotency markers were upregulated at the protein (Fig
EV3A, B and D) and mRNA (Fig EV3C) level. To verify that those
effects were RASSF1A-mediated, we induced RASSF1A expression
in U208Te ON - FLAGRASSFIA (ells and confirmed that RASSFIA
induction was indeed sufficient to restrict endogenous expression of
all core pluripotency markers (Fig EV3E).

In accordance with our previous findings, ectopic expression of
RASSF1A in a non-small cell lung carcinoma cell line (H1299)
subjected to a two-dimensional (2D) differentiation assay,
completely abrogated SC marker expression and forced cell colonies
to lose their round shape, indicating acquisition of a differentiated
phenotype (Fig EV4A and B). The RASSF1A-mediated differentiation
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phenotype was additionally accompanied by loss of HES1 expres-
sion, while RNF4 was markedly stabilized (Fig EV4C).

Our previous work in ESCs and pre-implantation embryonic
development revealed that forced RASSF1A silencing aberrantly
activated the core pluripotency network, but to no obvious develop-
mental defects in the mouse embryo. Consistently, Rassfla /™ mice
appear to develop normally and be fertile; however, they are prone
to spontaneous tumor formation (Tommasi et al, 2005; van der
Weyden et al, 2005). Our current data showing that RASSF1A drives
tumor differentiation through downregulation of core pluripotency
genes provide a potential explanation for the pronounced tumor pre-
disposition observed in Rassfla~/~ mice.

In order to determine whether RASSF1A-HES1 regulation may
act independently from the Hippo pathway, we evaluated HES1
level changes in response to RASSF1A depletion, upon additional
silencing of the Hippo effectors YAP/TAZ. While RASSF1A depletion
expectedly increased HES1 levels and destabilized RNF4, additional
single knockdowns of YAP or TAZ or dual YAP/TAZ depletion were
not accompanied by differences in HES1 or RNF4 levels, confirmed
in two independent cell lines (Fig EV5A). Conversely, HES1 reduc-
tion in response to RASSF1A was not perturbed by additional induc-
tion of active YAP or its phosphorylation-defective mutant YAP
S127A (Fig EV5B). Thus, our data strongly indicate that RASSF1A
may control HES1 activity away from its role as a Hippo pathway
scaffold.

RASSF1A overrides Notch signaling to autonomously regulate
the NOTCH downstream effector HES1 and to alter response
to treatment

We next interrogated whether the RASSF1A-mediated regulation of
HES1 could occur through the NOTCH-HES] axis. As HES1 has been
directly implicated in SC marker upregulation in various cancer set-
tings (Reedijk et al, 2008; Gao et al, 2014; Fender et al, 2015; Jin
et al, 2017; Fendler et al, 2020), we used NANOG expression as a
readout for SC marker expression. To address the potential involve-
ment of RASSF1A in NOTCH signaling, we employed collagen 3D-

© 2021 The Authors
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Figure 2. RASSF1A-dependent upregulation of E3 ligase SNURF/RNF4 destabilizes HES1 through the formation of a RASSF1A-RNF4-HES1 complex.

A U20S cells were transfected with either pPCDNA3 or FLAG-RASSF1A. Cell extracts were collected and Western blotted with the indicated antibodies. gPCR from the

same extracts demonstrated no significant differences in RNF4 mRNA levels.

B HES1 immunoprecipitation in U20S cells treated with either pCDNA3 or FLAG-RASSF1A and immunoblotting with the indicated antibodies. Densitometry shows the
HES1/RNF4 ratio is inversed upon RASSF1A induction. A RASSF1A-RNF4 complex destabilizes HES1 through direct binding.

C In vivo ubiquitination assay in HES1 immunoprecipitates from U20S cells transfected with either pPCDNA3/siCTRL, FLAG-RASSF1A/siCTRL, or FLAG-RASSF1A/siRNF4 to
assess Ub chain incorporation. Immunoprecipitates and Input lysates are probed with displayed antibodies. In the absence of RNF4, HES1 levels remain stable despite

RASSF1A expression. See also Fig EV2B and C.

D In vitro ubiquitination assay using purified proteins for HES1, RASSF1A, and RNF4. RNF4 served as the E3 ligase of the reaction.
E Schematic illustrating the RASSF1A-mediated regulation of HES1 stability via the E3 ligase RNF4.

Data information: ***P < 0.001 of Student’s t-test; n.s., non-significant. Error bars indicate s.e.m. Data shown are representative of three biological replicates (n = 3).

Source data are available online for this figure.

HeLa spheroid assays to mimic the in vivo tumor microenviron-
ment. Supporting this model with the NOTCH ligand Delta-like
Canonical Notch Ligand 4 (DLL4) resulted in an elevation of HES1
and cancer stemness (NANOG) (Fig 3A and B, DLL4 vs Control).
Intriguingly, we find that reduction of RASSF1A levels not only
increased baseline HES1 in the absence of ligand but also rendered
HES1 and NANOG levels insensitive to the downstream effects of
the GSI dibenzazepine (DBZ) which prevents NOTCH cleavage (Figs
3A and B, and EV4D). This suggests that Notch activation and
RASSF1A loss independently stabilize HES1 levels and that
RASSF1A controls HES1 and NANOG levels even when Notch recep-
tor cleavage is perturbed (Fig 3B). To confirm this finding, we addi-
tionally implemented DAPT as an independent GSI in our system,
and again found that RASSF1A loss rendered cells irresponsive to
the downstream effects of the treatment, as indicated by the unal-
tered HES1 levels (Fig 3C).

In order to validate NOTCH-HES1-dependent regulation of pluri-
potency markers in response to RASSF1A, we depleted HES1 in
U20S and HeLa cells lacking RASSF1A and found that sufficient to
rescue SC marker increase (Fig EV5C). Conversely, ectopic expres-
sion of HES1 led to upregulation of all core pluripotency markers
(Fig EV5D). To address our findings in a genetically clean system
constantly expressing core SC genes, we employed Rassfla”™” or
Rassfla®® induced pluripotent stem cells (iPSC) deriving from
mouse embryonic fibroblasts (MEFs) as previously described (van
der Weyden et al, 2012; Papaspyropoulos et al, 2018) (Fig 3D). By
utilizing mouse E14Tg2a ESCs and our Rassfla-proficient iPSC lines
(Rassfla™" iPSC), we confirmed that all core pluripotency markers
decreased upon DBZ treatment and increased upon addition of
DLL4, following Hesl regulation, as expected (Figs 3E and EV4E).
However, genetic ablation of Rassfla (RassflaKO iPSC) rendered
iPSCs insensitive to the downstream effects of DBZ treatment, while
DLL4 had a redundant effect with regards to SC marker expression
(Fig 3E), thereby corroborating our findings in tumor cells. Taken
together, our data strongly imply that Notch-independent, HES1 sta-
bilization in response to RASSF1A loss may actively contribute to
increased SC marker expression.

HES1 has been implicated in chemotherapy resistance, deriving
from its capacity to promote cancer stem cell self-renewal (Liu et al,
2015). HES1-mediated multidrug resistance has been widely attrib-
uted to STAT3 upregulation and p21 suppression (Liu et al, 2015).
HES1 has been found to activate STAT3 (Kamakura et al, 2004; Zhou
et al, 2013), which in turn induces Nanog and Oct4 transcription in
ESC and iPSC through direct binding at the distal enhancers of the

6 of 13 EMBO reports 23: €51287 | 2022

genes (Do et al, 2013). Interestingly, although a link between
RASSF1A and STAT3 has not been identified yet, RASSF1A was
found to upregulate p21 in cancer cells (Thaler et al, 2009), which
may contribute to the removal of the drug resistance barrier in
RASSF1A-expressing tumors. Thus, besides RASSF1A itself, clinical
patient response may be further stratified based on p21 levels; how-
ever, this warrants further investigation. Along the same lines, the
expression levels of pluripotency genes may help stratify patient
response based on our data demonstrating that core stem cell marker
levels are directly reciprocal to RASSF1A activity in cancer cells.

In the present study, for the first time, we provide evidence of a
RASSF1A-mediated regulation of the NOTCH effector HES1, indepen-
dent of the RASSF1A role as a Hippo pathway scaffold. Our results
provide mechanistic insight into RASSF1A-HES1 regulation, by identi-
fying the E3 ligase SNURF/RNF4 as a critical component of HES1 sta-
bility leading to its ubiquitination upon RASSF1A activation.
Moreover, we demonstrate that GSIs are likely inefficient in tumors
lacking RASSF1A, as HESI levels remain stabilized regardless of
upstream Notch signals. We additionally show that reciprocal
RASSF1A-HES]1 regulation is observed in the vast majority of human
malignancies, indicating that our identified mechanism may play a
critical role in the dedifferentiation process of all tumor types (Fig 4).

Different types of oncogenic stimuli can have a varying impact
on tumor suppressor activation and subsequent phenotypes (Veli-
mezi et al, 2013; Galanos et al, 2016; Gorgoulis et al, 2019; Lagopati
et al, 2021; Zampetidis et al, 2021). RASSF1A is a pleiotropic tumor
suppressor protein, which, in response to different signals, is
involved in a plethora of biological functions such as cell cycle con-
trol, cellular metabolism, and differentiation (Dubois et al, 2019).
Our results provide a mechanistic explanation for the role of
RASSF1A in tumor dedifferentiation, verified clinically through the
analysis of a wide range of human tumor types, consisting of large
patient cohorts. In the last few years, GSIs have been in the spotlight
of cancer research, exploring their potential clinical implementation
in numerous clinical trials (Ran et al, 2017; Cook et al, 2018; Pine,
2018). In our study, we demonstrated that GSIs may be inefficient in
tumors lacking RASSF1A; however, in tumors maintaining RASSF1A
expression, GSI-based treatments would likely further contribute to
HES1 inactivation. In line with our model, previous research has
shown that in tumor types maintaining high levels of RASSF1A such
as leukemias (Fig 1A), treatment of patient xenografts with GSIs in
vivo decreases tumor burden and prolongs overall survival (Habets
et al, 2019; Sohani et al, 2021). Conversely, clinical trials in small
cohorts of lung cancer patients or wider cohorts of ovarian cancer
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Figure 3. Loss of RASSF1A stabilizes HES1 independently of the NOTCH-HES1 axis and confers resistance to GSls.

A Top panel: Hela cells were transfected with either siCTRL or siRASSF1A and subjected to collagen 3D spheroid assay, in the additional presence of the Notch ligand
DLL4 (1 pg/ml), increasing HES1 and NANOG expression as assessed by immunofluorescence. Middle panel: Same as top panel, without the presence of DLL4. Bottom
panel: Same as top panel, in the additional presence of the GSI DBZ (100 nM) showing upregulation of both NANOG and HES1 upon RASSF1A depletion despite

NOTCH-HESL1 inhibition. See also Fig EV4D.
B Quantification of HES1 and NANOG signal intensities displayed in A.

C Hela cells transfected with either siCTRL or siRASSF1A were subjected or not to treatment with the GSI DAPT (50 uM) and their lysates were immunoblotted against
indicated antibodies. Cleaved Notch (ICN1) levels were used as readout of DAPT treatment.

D Schematic depicting iPSC derivation from Rassfla"’” and Rassfla~'~ fibroblasts isolated from the respective mouse strains.

E Top: qPCR for core SC marker mRNA expression in Rassfla"'” iPSC upon DBZ or DLL4 treatment for 24 h. See also Fig EVSE. Bottom: qPCR for core SC marker mRNA
expression in Rassf1a*® iPSC upon DBZ or DLL4 treatment for 24 h. RASSF1A loss desensitizes cells to the downstream effects of DBZ treatment.

Data information: Scale bars: 50 pm. **P < 0.01 and ***P < 0.001, respectively, of Student’s t-test; n.s. stands for non-significant. Error bars indicate s.e.m. Data shown

are representative of three biological replicates (n = 3).
Source data are available online for this figure.
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RASSF1A loss leads to HES1 stabilization in a Hippo pathway-independent mechanism involving the E3 ligase SNURF/RNF4. In the absence of RASSF1A, HESL levels
remain unaffected by GSIs such as DBZ and DAPT. RASSF1A activation induces SNURF/RNF4-mediated HES1 degradation via targeted HES1 ubiquitination. GSIs may
further destabilize HES1 in the presence of RASSF1A. The RASSF1A status may constitute a robust biomarker of the effectiveness of Notch inhibitors in precision

oncology.

patients where RASSF1A levels are traditionally low (Fig 1B), dem-
onstrated insufficient activity of GSIs against cancer progression
(Krop et al, 2012; Diaz-Padilla et al, 2015; Messersmith et al, 2015).

Taken together, our data identify RASSF1A as a clinical biomarker
predicting individual patient response to therapy with potential inhib-
itors of the NOTCH-HES] axis, thereby delineating the clinical setting
where treatment with such inhibitors might be a productive therapeu-
tic avenue against cancer progression at the patient level.

Materials and Methods

Cell lines and reagents

U20S, HeLa, and H1299 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal calf serum
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(Gibco). U20S Tet-On cells (Clontech) inducibly expressing FLAG-
RASSF1A upon doxycycline administration were established as
described in the manufacturer’s protocol (Yee & O’Neill, 2010).
E14Tg2a mouse embryonic stem cells and iPS cells were main-
tained in culture as previously described (Papaspyropoulos et al,
2018). All cell lines were provided from the American Type Cul-
ture Collection (ATCC) and Clontech and were maintained in cul-
ture for no longer than 2 months. Cell counting was carried out
using C-Chip disposable counting chambers (NE63508-01) (Wiener
et al, 2018).

For Notch stimulation or inhibition, Delta like ligand 4 (DLL4;
R&D Systems) and y-secretase inhibitors DBZ (R&D Systems) and
DAPT were, respectively, used. DLL4 was either added directly in
cell medium at 1 pg/ml or used at the same concentration in coating
gelatinized plates in 0.1% gelatin for 2 h. Plates were washed with
PBS before cells were seeded. DBZ was added in the media at
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100 nM and DAPT at 50 puM. Cells were harvested 24 h after
treatment.

Co-immunoprecipitation

For lysate preparation, cells were lysed in ice-cold 1% (v/v) Nonidet
P40 lysis buffer (20 mM Hepes pH 7.5, 1% NP40 (Roche), 150 mM
NaCl, 0.5 mM EDTA, 50 mM NaF, 10 mM f-glycerophosphate,
0.5 mM Na;3;VO,, and 1 x EDTA-free protease inhibitors (Roche)).
Lysates were centrifuged at 4°C at 10,000 g for 10 min and were
subsequently subjected to sonication for 15 s at 20% amplitude.
Samples were normalized with Bradford protein assay and equal
protein volumes (1-2 mg) were used per reaction in each experi-
ment. Immunocomplexes were precipitated with Protein G
sepharose (Sigma) or Protein G Dynabeads (Life Technologies). The
antibodies used were as follows: anti-YAP (H-125; sc-15404), anti-
YAP (clone 63.7;s¢-101199), anti-TAZ (H-70; sc-48805), anti-TAZ
(Ab118373), and anti-HES1 (AB5702). IPs were incubated on an
end-to-end rotator for 3 h at 4°C. The beads were then washed three
times with NP40 wash buffer. IP samples were resuspended in 50 pl
1 x Laemmli sample buffer (12.5% glycerol (v/v), 2% SDS (w/v),
78 mM Tris pH 6.8, 720 mM [-mercaptoethanol, bromophenol
blue) and boiled (100°C; 5 min).

Immunoblotting

Immunoblotting from immunoprecipitates and cell lysates was car-
ried out as previously described (Pefani et al, 2014; Tzekaki et al,
2021a,b). The following primary antibodies were used at a concen-
tration of 1:1,000; B-CATENIN (sc-7199), p73 (ep436Y), YAP (sc-
15404 and sc-101199), HES1 (AB5702), GAPDH (Abcam;2251-1; 1/
10,000), TAZ (sc-48805 and Ab118373), FLAG (M2; Agilent;
200472-21), RASSF1A (sc-58470), NANOG (Cell Signaling; 4893S),
OCT4 (ab19857), SOX2 (MAB4423; 1/500), LAMIN B1 (Ab16048; 1/
10,000), RNF4 (Novus Biologicals), TEAD1 (BD Transduction Labo-
ratories; 610922), p73 (EP436Y; %2,000), Ub (Cell Signaling; 3936),
HA (Cell Signaling; 3724S), ICN1 (Cell Signaling; 4147S), B-ACTIN
(Cell Signaling; 4967L), and HRP-conjugated anti-mouse and anti-
rabbit secondary antibodies were used at a concentration of 1:5,000
(Jackson Immunoresearch).

Nuclear/cytoplasmic fractionation

Cell fractionation was performed using the NE-PER Nuclear and
Cytoplasmic Extraction Reagents Kit (Thermo Scientific). Briefly,
5 x 10° cells were harvested with trypsin-EDTA and centrifuged at
500 g for 5 min in a 1.5-ml microcentrifuge tube. The cells were then
rinsed with PBS and centrifuged at 500 g for 3 min. The supernatant
was carefully removed and the cell pellet was resuspended in
~ 100 plice-cold CER I reagent (depending on the size of the cell pel-
let), vortexed, and incubated on ice for 10 min. Following that, 5 pl
ice-cold CER II reagent was added to the tube, which was vortexed
and incubated on ice for 1 min. After vortexing again, the tube was
centrifuged for 5 min at maximum speed and the supernatant (cyto-
plasmic extract) was immediately transferred to a pre-chilled tube,
which could be stored at —20°C. The insoluble fraction (pellet) was
then suspended in ~ 50 pl ice-cold NER reagent and was vortexed for
15 s every 10 min for 40 min in total. Lastly, the tube was
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centrifuged at maximum speed for 10 min and the supernatant
(nuclear extract) could be stored at —80°C in a microcentrifuge tube.

Mass spectrometry

Samples were prepared according to the co-immunoprecipitation
protocol from whole cell lysates with a few modifications. Only Pro-
tein G Dynabeads (Life Technologies) were used. After incubation
on an end-to-end rotator for 3 h, the immunoprecipitates were
washed four times, the two first being with NP40 lysis buffer and
the last two only with filtered PBS. Tubes were subsequently left
uncapped to air-dry for approximately 15 min. Mass spectrometry
analysis was performed using an Orbitrap mass spectrometer. The
CRAPome database (Mellacheruvu et al, 2013) was used to discard
false-positive targets frequently found to precipitate with FLAG.

In vivo ubiquitination assay

U20S cells were transfected with non-targeting siRNA (siCTRL)/
pPCDNA3, siCTRL/FLAG-RASSF1A, and siRNF4/FLAG-RASSF1A
using Lipofectamine 2000 (Invitrogen). 48 h following transfection,
cells were treated with MG-132 proteasome inhibitor (C2211, Sigma-
Aldrich) for 3 h at 30 pM and subsequently lysed in RIPA buffer
(Tris-HCl at pH 8.0, 50 mM, NaCl 150 mM, SDS 0.1%, sodium
deoxycholate 1%, Triton X-100 1% and protease (#58440, Pierce,
Thermo Scientific), phosphatase (#78420, Pierce, Thermo Scientific)
inhibitor cocktail and N-Ethylmaleimide deubiquitinase inhibitor
(04259, Sigma-Aldrich)). U2087¢ ON - FLAGRASSFIA calls with and
without treatment with 0.5 pg/ml of Doxycycline, as well as U20S
cells transfected with siCTRL and siRASSF1A were subjected to
nuclear/cytoplasmic fractionation prior to in vivo ubiquitination
assay. Protein lysates were precleared with protein G agarose beads
(#16-266, Millipore) for 1 h and then incubated with G-protein
beads bound to HES1 antibody (AB5702) for 2 h at 4°C. Cell lysates
and immunoprecipitates were analyzed in Western blotting.

In vitro ubiquitination assay

The assay was carried out in 1x E3 ligase Reaction Buffer (R&D Sys-
tems; B-71) with the addition of the following reaction components up
to a final volume of 25-50 ul: 100 nM Recombinant Human His6-
Ubiquitin E1 Enzyme (UBE1, R&D Systems; E-304), 1 uM E2 Enzyme
UBCHSa/UBE2D1 (R&D Systems; E2-616), 100 pM Recombinant
Human Ubiquitin (R&D Systems; U-100H), and 10 mM MgztATP solu-
tion (R&D Systems; B-20). 5 uM of purified HES1 (Origene; TP311709),
1 uM of purified RNF4 (Origene; AR50585PU-S), and/or 5 uM of puri-
fied RASSF1 (Origene; AR50639PU-S) were added to the reaction mix.
All reactions were incubated at 37°C for 1 h. As a negative control, no
Mg?*-ATP was added to the reaction mix. Reactions were terminated
with the addition of 2x SDS-PAGE sample buffer. After boiling at 100°C
for 5 min, the reactions were subjected to Western blotting.

gPCR analysis

Quantitative Real-Time PCR was carried out according to the Power
SYBR Green Cells-to-Ct kit protocol (Applied Biosystems), as previ-
ously described (Papaspyropoulos et al, 2018). For qRT-PCR follow-
ing ChIP and ChIP seq, the Input samples were at a concentration of
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2.5 ng/pl. The following primers were used for human genes: HESI
FW: ATTCCTCGTCCCCGGTGGCT and REV: GCTTGGAATGCC
GCGAGCTATCTTT, NANOG FW: GGTGTGACGCAGAAGGCCTCA
and REV: CCCAGTCGGGTTCACCAGGCA, OCT4 FW: CCTGAAGCAG
AAGAGGATCACC and REV: AAAGCGGCAGATGGTCGTTTGG, SOX2
FW: GAGCTTTGCAGGAAGTTTGC and REV: GCAAGAAGCCTC
TCCTTGAA, RNF4 FW: AAGTGGGTTGCTGTTGAGGC and REV:
CCAGTATTTTCAAGTCCGCTGC, GATA1 FW: CACGACACTGTGG
CGGAGAAAT and REV: TTCCAGATGCCTTGCGGTTTCG, 18S FW:
AGTCCCTGCCCTTTGTACACA and REV: GATCCGAGGGCCTCACT
AAAC and OCT4 promoter (Cell Signaling; 4641). The following
primers were used for mouse genes: Hes] FW: CAACACGACACCGG
ACAAAC and REV: GGAATGCCGGGAGCTATCTT, Nanog FW: AG
GGTCTGCTACTGAGATGCTCTG and REV: CAACCACTGGTTTTT
CTGCCACCG, Oct4 FW: CTGAGGGCCAGGCAGGAGCACGAG and
REV: CTGTAGGGAGGGCTTCGGGCACTT, Sox2 FW: CAGGAGTTG
TCAAGGCAGAGA and REV: CTTAAGCCTCGGGCTCCAAA, Gapdh
FW: CTCCACTCACGGCAAATTCA and REV: CGCTCCTGGAAGA
TGGTGAT.

Immunofluorescence

Cells were seeded and cultured either on coverslips or collagen-
coated wells with defined stiffness of collagen matrix as previously
described (Pankova et al, 2019). Cell mounting was done onto
microscope slides using Prolong Gold antifade reagent with DAPI
(Life Technologies). Images of the cells were acquired using a Nikon
90i microscope with the NIS elements software, a Leica DM IRBE
microscope with Simple PCI6 software or a Zeiss LSM710 confocal
microscope with the Zeiss ZEN software. The following primary
(dilution 1:100) and secondary (dilution 1:500) antibodies were
used: NANOG (Cell Signaling; 4893S), SOX2 (MAB4423), HES1
(AB5702), Alexa fluor goat anti-rabbit and anti-mouse (Invitrogen).

Immunofluorescence staining in 3D collagen

HeLa multicellular tumor spheroids were generated according to the
hanging-drop method as previously described (Foty, 2011; Pankova et
al, 2019). In brief, HeLa cells were detached with 2 mM EDTA and re-
suspended in medium containing methylcellulose (20%, Sigma-
Aldrich) and Matrigel (1%, Corning, Growth factor reduced). Cells
were incubated as hanging droplets (25 pl) containing 2,000 cells for
48 h to generate multicellular aggregates. For 3D spheroid staining,
collagen—spheroid gels were washed with PBS, fixed with 4% PFA,
and cross linked in sodium azide solution overnight. Spheroids were
incubated in primary antibodies (see Immunofluorescence section, all
diluted 1: 100), diluted in Triton and 10% NGS overnight, washed,
and incubated in secondary antibodies (see Immunofluorescence sec-
tion, dilution 1:1,000) overnight at 4°C. Spheroids—collagen gels were
washed with PBS, mounted with DAPI, and following gel polymeriza-
tion, cells were stained using the Immunofluorescence protocol above.
Images were obtained by using Nikon 20x/0.30 Ph1 objectives.

Three-dimensional Matrigel differentiation assay
H1299 multicellular tumor spheroids were generated using the

hanging-drop method. Aggregates were washed and cultured on
Matrigel (8 mg/ml, Corning, Reduced growth factors) for 24 h.
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Images were obtained every 30 min at 37°C using a motorized
inverted Nikon Ti microscope (4x/0.10 NA air objective lens)
connected to a Nikon camera.

DNA constructs and siRNA experiments

For siRNA-mediated silencing and transient plasmid expression in
all cell lines, Lipofectamine 2000 (Invitrogen) was used according to
manufacturer instructions. The following oligonucleotides were
used for siRNA-mediated silencing: non-targeting (CTRL): UAAG-
GUAUGAAGAGAUAC (Dharmacon), RASSF1A: GACCUCUGUGGCG
ACUUCA, YAP1: CUGGUCAGAGAUACUUCUUtt (Eurofins MWG).
siRNAs to TAZ (GS25937), RNF4 (GS6047), HES1 (GS3280), and
GATAL1 (GS2623) were purchased from Qiagen. The following plas-
mids were purchased from Addgene: p2xFLAGhYAP1 (#17791) and
p2XxFLAGhYAP1-S127A (#17790). The GFP-HES1 plasmid vector
was purchased from Origene (#RG211709).

Chromatin immunoprecipitation

ChIP was performed according to the ChIP-IT High Sensitivity kit
(Active Motif) as previously described (Papaspyropoulos et al,
2018). Binding to promoter regions was assessed via qPCR. YAP
(clone 63.7;5¢-101199) and TAZ (sc-48805) antibodies were used for
the immunoprecipitations. An IgG antibody (Cell Signalling; 2729 S)
served as control.

Bioinformatics analyses

Raw RNA-seq read count data for 34 publicly available tumors and
available adjacent normal tissues were downloaded from The Can-
cer Genome Atlas (TCGA) database (https://www.cancer.gov/tcga)
(Cancer Genome Atlas Research Network et al, 2013). For correla-
tion heatmaps, the average RSEM (log2) value per gene of interest
was calculated from all replicates per tumor. Spearman’s correlation
was performed after calculating Eucledian distance on the ranked
values of the dataset. Hierarchical clustering was applied in columns
and rows. Heatmaps were constructed in R using the ggplot2 pack-
age (https://ggplot2.tidyverse.org.) (Wickham, 2016). In order to
categorize the expression of genes as high and low, the average
RSEM(log2) from all the available replicates per cancer was calcu-
lated, and afterward, the median value was selected as a threshold
(> median — high, < median — low). All values can be found in
Appendix Table S1.

Statistical analysis

For all experiments reported in this manuscript, at least three bio-
logical replicates were used and statistical significance was deter-
mined by Student’s t-test.

Data availability

No primary datasets have been generated and deposited. The
authors declare that all data supporting the findings of this study are

available within the article and its supplementary information files
or from the corresponding authors upon reasonable request.
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Expanded View for this article is available online.
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