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ARTICLE INFO ABSTRACT
Keywords: Polycomb groups (PcGs) are transcriptional repressors, formed by a complex of several proteins, involved in
Protein-protein interactions multicellular development and cancer epigenetics. One of these proteins is the E3 ubiquitin-protein ligase RING1

Intrinsically disordered protein

nblaty A (or RING1B), associated with the regulation of transcriptional repression and responsible for monoubiquitylation
Proximity ligation assay

o . of the histone H2A. On the other hand, PADI4 is one of the human isoforms of a family of enzymes implicated in
Isothermal titration calorimetry . .. . . .. . . .
Molecular docking the conversion of arginine to citrulline, and it is also involved in the development of glioblastoma, among other
NMR types of cancers. In this work, we showed the association of PADI4 and RING1B in the nucleus and cytosol in
several cancer cell lines by using immunofluorescence and proximity ligation assays. Furthermore, we demon-
strated that binding was hampered in the presence of GSK484, an enzymatic PADI4 inhibitor, suggesting that
RING1B could bind to the active site of PADI4, as confirmed by protein-protein docking simulations. In vitro and
in silico findings showed that binding to PADI4 occurred for the isolated fragments corresponding to both the N-
terminal (residues 1-221) and C-terminal (residues 228-336) regions of RING1B. Binding to PADI4 was also
hampered by GSK484, as shown by isothermal titration calorimetry (ITC) experiments for the sole N-terminal
region, and by both NMR and ITC for the C-terminal one. The dissociation constants between PADI4 and any of
the two isolated RING1B fragments were in the low micromolar range (~2-10 pM), as measured by fluorescence
and ITC. The interaction between RING1B and PADI4 might imply citrullination of the former, leading to several
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biological consequences, as well as being of potential therapeutic relevance for improving cancer treatment with

the generation of new antigens.

1. Introduction

Polycomb proteins arrange to form complexes, the so-called Poly-
comb Repressive complexes (PRCs), which modify chromatin and
implement transcriptional silencing in higher eukaryotes [1,2]. These
Polycomb group (PcG) proteins are encoded by genes that act as re-
pressors of the Hox genes in Drosophila [3]. The PcG proteins are
involved in two main silencing heteromeric complexes called Polycomb
repressive complex 1 and 2 (PRC1 and PRC2); moreover, PRC1 and PRC
can work to silence genes either in isolation or synergistically [4,5]. The
dysregulation of both complexes is related very often with the onset of
cancer or developmental disorders [6-8]. PRC1 and PRC2 are known to
be crucial for both the control of carcinogenesis and the self-renewal of
stem cells [9]. In mammals, the PRC2 core is formed by at least four
heteromeric units, one of which is EZH2 (or its paralogue, EZH1), the
methyltransferase that catalyzes the trimethylation of histone H3 at
Lys27 [5]. This modification can act as an anchoring site of PRC1
complexes containing chromobox (CBX) proteins. These CBX proteins
recruit PRC1 complex onto PRC2-enriched chromatin, easing their
monoubiquitylation. The PRC1l-dependent monoubiquitylation at
Lys119 of histone H2A correlates with transcriptional repression
[10-13]. This process is carried out by a heterodimeric RING finger E3
ligase, whose subunit binding is RING1B (also known as RFN2 or
RING2), or its paralogue RING1A. The 334-residue-long RING1B is
involved in the development and progression of several human cancers
[14-17], especially human hepatocellular and pancreatic ones [18]. In
hepatocellular and colorectal carcinomas, RING1B is a negative regu-
lator of p53 homeostasis, and it interacts with and ubiquitinates p53
causing its proteasome degradation. In cancer cells with wild-type p53,
the lack of RING1B inhibited the proliferation of the cells by inducing
cell-cycle arrest, apoptosis, and senescence [19]. RING1B upregulation
is positively correlated with radio-resistance in lung cancer and che-
moresistance in ovarian cancer, as well as with the incidence and pro-
gression of hepatocellular carcinoma, melanoma, prostate cancer, breast
cancer, pancreatic cancer, gastric cancer, and bladder urothelial carci-
noma [20].

The RING finger proteins [21] have a so-called RING motif [22].
They often form homodimeric or heterodimeric pairs [23,24], through
the binding of the N-terminal RING region of each monomer. We have
previously described the conformational properties of the dimeric C-
terminal domain of RING1B (C-RING1B), the so-called RAWUL one,
encompassing the residues 228-336 [25]. The X-ray structure of the
monomers of C-RING1B resembles that of a ubiquitin module, and it
serves to interact with CBX proteins [26]. Furthermore, we have also
shown that C-RING1B can interact with: (i) RING1 and YY1 binding
protein (RYBP) [27,28], which is a highly basic, intrinsically disordered
protein (IDP) and a non-canonical component of the PRC1 [12,29-31];
(i) nuclear protein 1 (NUPR1), another basic IDP [32]; and (iii)
NUPRI1L, the paralogue of NUPR1, which is also a basic IDP [33], and
therefore,C-RING1B could be involved in the binding to other protein
partners, acting as a modulator of several of them. We have also char-
acterized the structural and conformational properties of the N-terminal
region of RING1B (N-RING1B), a fragment comprising the first 221
residues of RING1B [34]. This fragment contains the 41-residue-long
RING finger motif, and flanking sequences that form an interacting
polypeptide patch for PcG and non-PcG proteins. The N-RinglB frag-
ment is monomer, with evidence of having a native-like structure [34].
Furthermore, isolated N-Ring1B binds to the E2 ubiquitin conjugase of
Carassius auratus — as the intact RING1B does, after forming previously a
binary complex with a completely different protein — and to UbcH5c,
which is the E2 protein belonging to the ubiquitin conjugation pathway

[351.

PADI4 is a member of the family of peptidyl-arginine deiminases, in
charge of catalyzing citrullination, i.e., the conversion of arginine to
citrulline residues in a polypeptide chain, in the presence of Ca(II) ions.
Unless the substrate protein is degraded, this post-translational modifi-
cation (PTM) is permanent. Such PTM alters the molecular properties of
the affected polypeptide chain, and it has important roles in human
diseases [36-39]. PADI4 is usually located, among other places, in the
cytoplasmic granules of eosinophils, neutrophils or macrophages; and in
tumor cells, where it is highly expressed, either in the cytosol or in the
nucleus. PADI4 is involved in gene transcription and immune system
modulation [40-44]; furthermore, an increase in the citrullinating ac-
tivity is observed for several PADI4 haplotype mutants during apoptosis
enhanced through the mitochondrial pathway [45]. In addition, PADI4
is involved in p53 gene expression, as well as in the expression of other
p53-target genes [44,46,47]. We have recently shown that PADI4 is
expressed in glioblastoma (GBM), pancreatic adenocarcinoma (PDAC)
and colon cancer [48], and it binds to other key proteins involved in
cancer development, such as importin a3 [49], plakophilin 1 [50],
murine double minute 2, MDM2, [51], NUPR1 [52], and RYBP [53].
Therefore, provided the protein partners in common between RING1B
and PADI4, and their similar expression in tumor cells, we hypothesized
that they could also bind directly to each other.

In this work, we provided evidence for the association between each
of the two fragments of RING1B, N-RING1B and C-RING1B, to PADI4.
With such “divide-and-conquer” approach, we showed that binding to
RING1B by PADI4 may occur at different places of the polypeptide
chain, and not only in correspondence with the well-folded C-RING1B
domain. Binding to both fragments was tested in vitro by using several
spectroscopic and biophysical techniques, and it occurred with affinities
in the low micromolar range. These results were also confirmed by in
silico experiments. Binding was also tested in cellulo by using immuno-
fluorescence (IF) and proximity ligation assay (PLA) in different cancer
cells, and it was hampered by using GSK484, an enzyme inhibitor of
PADIA4. Those results indicate that the RING1B-binding region of PADI4
could be close to its active site or, alternatively, in another region
associated with an allosteric inhibition. The fact that RING1B interacts
directly with PADI4, and it may undergo citrullination, opens new sce-
narios in the biological pathways it is involved into.

2. Materials and methods
2.1. Materials

Imidazole, Trizma base and acid, DNase, SIGMAFAST protease tab-
lets, NaCl, Ni(Il)-resin, anti-RING1B antibody, DAPI (4',6-diamidino-2-
phenylindole) and ultra-pure dioxane were from Sigma (Madrid, Spain).
Ampicillin, kanamycin and isopropyl-p-D-1-thiogalactopyranoside were
obtained from Apollo Scientific (Stockport, UK). Dialysis tubing with a
molecular weight cut-off of 3500 Da, Triton X-100, TCEP (tris(2-car-
boxyethyl)phosphine), glycerol and the SDS protein marker (PAGEmark
Tricolor) were from VWR (Barcelona, Spain). Amicon centrifugal de-
vices with a molecular weight cut-off of 30 kDa were from Millipore
(Barcelona, Spain). The rest of the materials were of analytical grade.
Water was deionized and purified on a Millipore system.

2.2. Protein expression and purification

The dimeric protein PADI4 (with 663 residues per monomer), the
dimeric C-RING1B and monomeric N-RING1B were purified as previ-
ously described [25,34,48]. For the I5N-labeled His-tagged C-RING1B,
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BL21 cells were grown in M9 minimal medium supplemented with 1 g of
15NH,CL per liter of media, and the protein was purified by using the
same protocol as that followed in Luria-Bertani media [25].

Protein concentrations were determined by UV absorbance,
employing an extinction coefficient at 280 nm estimated from the
number of tyrosines and tryptophans in each protein [54]: PADI4 has 10
tryptophans and 13 tyrosines per monomer; C-RING1B has 1 tryptophan
and 7 tyrosines per monomer; and N-RING1B has 1 tryptophan and 3
tyrosines.

2.3. Cell lines

Isolation of the primary human GBM cell line HGUE-GB-42 was
performed from surgical washes, as reported previously [55]. Human
pancreatic adenocarcinoma (RWP-1) and colorectal cancer (SW-480)
cell lines were donated by Instituto Municipal de Investigaciones
Médicas (IMIM, Barcelona, Spain) [56]. The RWP-1 and SW-480 cell
lines were cultured in Dulbecco's Modified Eagle's Medium: High
Glucose (DEMEM-HG) (Biowest, MO, USA). GBM cells were cultured in
Dulbecco's Modified Eagle's Medium: Nutrient Mixture F-12 (DMEM F-
12) (Biowest, MO, USA). Both media were supplemented with 10 % (v/
v) heat-inactivated fetal bovine serum (FBS) (Capricorn Scientific, Ebs-
dorfergrund, Germany) and 1 % (v/v) penicillin/streptomycin mixture
(Biowest, MO, USA). Cells were incubated at 37 °C in a humidified 5 %
CO4 atmosphere as previously described [57].

2.4. Immunofluorescence (IF)

An amount of 30,000 cells from HGUE-GB-42, SW-480, and RWP-1
cell lines were seeded into twenty-four-well plates on coverslips. After
24 h, they were fixed with paraformaldehyde (PFA) at 4 % concentration
and blocked with FBS/PBS (1 x) (50 pL/mL). Next, cells were incubated
with anti-PADI4 (1:200, mouse; Abcam, Cambridge, UK) and anti-
RING1B (1:100, rabbit; Abcam, Cambridge, UK) antibodies.

After washing out the first antibody, cells were incubated with Alexa
Fluor 568-labeled anti-mouse (1:500) and Alexa Fluor 488-labeled anti-
rabbit (1:500) secondary antibodies (Invitrogen, Barcelona, Spain); the
DAPI reagent was used to stain the nucleus. Coverslips were mounted in
Prolong™ Gold Antifade Reagent (Invitrogen, Barcelona, Spain) and
analyzed using a confocal LSM900 with Airyscan 2 microscope (Carl
Zeiss, Oberkochen, Germany) at x63 magnification.

2.5. Proximity ligation assay (PLA)

An amount of 30,000 cells of HGUE-GB-42, SW480 and RWP-1 cell
lines were seeded in twenty-four-well plates on coverslips. After 24 h,
cells were washed in PBS (1x), fixed with PFA 4 %, washed again,
permeabilized in PBS (1x) with 0.2 % Triton X-100, and blocked with
blocking solution for 1 h at 37 °C before immune-staining with DuoLink
by using PLA Technology (Merck, Madrid, Spain), following the manu-
facturer's protocol. Anti-PADI4 and anti-RING1B primary antibodies
were used. Then, slides were processed for in situ PLA by using
sequentially the DuoLink In Situ PLA Probe Anti-Mouse MINUS, DuoLink
In Situ PLA Probe Anti-Rabbit PLUS, and DuoLink In Situ Detection Re-
agents Red (Merck, Madrid, Spain). In these experiments, red fluores-
cence spots correspond to the PLA-positive signals, indicating that the
two proteins are bound, forming a protein complex; on the other hand,
the blue fluorescence spots correspond to nuclei (DAPI staining). Both
negative and positive control experiments were performed, the former
by omitting one of the primary antibodies. Image acquisition was carried
out by using a confocal microscope LSM900 with Airyscan 2 (Carl Zeiss,
Oberkochen, Germany) at x 63 magnification.

In PLAs with the presence of GSK484, cells were previously subjected
to treatment with 20 pM of GSK484 for either 6 or 24 h.
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2.6. Statistical analyses of in cellulo experiments

The number of red dots was counted by using the Fiji software
(Image J2). The results are given as the mean =+ standard error of the
mean (SEM) of three independent experiments (n = 5 images). To
evaluate the normal distribution of the data, the Shapiro-Wilk statistical
test was used. Subsequently, we employed a 1-way ANOVA, Tukey's post
hoc test to analyze the association between variables. Differences were
considered statistically significant with a p-value <0.05. Statistical
analysis was performed with GraphPad Prism v7.0a software (GraphPad
Software Inc., San Diego, CA, USA).

2.7. Fluorescence

2.7.1. Steady-state fluorescence

A Cary Varian spectrofluorometer (Agilent, Santa Clara, CA, USA),
interfaced with a Peltier unit, was used to collect fluorescence spectra at
25 °C by excitation at either 280 or 295 nm; slit widths were 5 nm. The
other experimental parameters have been described elsewhere [58].
Appropriate blank corrections were made in all spectra. Following the
standard protocols used in our laboratories, the samples were prepared
the day before and left overnight at 5 °C; before experiments, samples
were left for 1 h at 25 °C. A 1-cm-path length quartz cell (Hellma,
Kruibeke, Belgium) was used. For the experiments with each RING1B
fragment, the final PADI4 protein concentration was 2 pM (in protomer
units). The corresponding concentration of the RING1B fragment, either
N-RING1B or C-RING1B, was 20 pM. Experiments were performed in 20
mM Tris buffer (pH 7.5), 5 mM TCEP, 10 mM EDTA, 150 mM NaCl and 5
% glycerol, in triplicates with newly prepared samples. Variations of
results among the experiments were lower than 5 %.

2.7.2. Fluorescence binding experiments with the RING1B fragments and
PADI4

For the titration between each RINGIB fragment and PADI4,
increasing amounts of the corresponding fragment species, in the con-
centration range 0-30 pM (final protomer concentration), were added to
a solution with a fixed concentration of PADI4 (2.0 uM in protomer
units). The samples were prepared the day before and left overnight at
5 °C; before the measurements, they were incubated for 1 h at 25 °C.
Experiments were carried out in the same buffer used for the steady-state
experiments. The samples were excited at either 280 or 295 nm, and the
rest of the experimental set-up was the same described above. In all
cases, the appropriate blank-corrections were made by subtracting the
signal obtained with the corresponding amounts of the RING1B frag-
ment (both hereafters indicated indistinctly as X-RING1B) by using the
software KaleidaGraph (Synergy software, Reading, PA, USA). Spectra
were corrected for inner-filter effects during fluorescence excitation
[59]. The titration was repeated three times, using new samples; vari-
ations in the results were lower than 10 %.

The dissociation constant of the corresponding complex, Kq, was
calculated by fitting the binding isotherm constructed by plotting the
observed fluorescence change as a function of concentration of the X-
RING1B fragment to the general binding model, explicitly considering
protein depletion due to binding [60,61]:

AFnax

F=Fy+-—— "= _
ot o[pADI4],

([X—RING1B];+ [PADI4]; +K)

- \/<([X_RING1}3}T+ [PADI4], +Kq)* 4[X—RING1B]T[PADI4]T),
1

where F is the measured fluorescence of the solution with the fixed
PADI4 concentration (2.0 pM, in protomer units) and that of X-RING1B
(ie., either RING1B fragment), after subtraction of the corresponding
blank with the same concentration of the fragment; AFp,,y is the largest
change in the fluorescence of X-RING1B when all polypeptide molecules



S. Araujo-Abad et al.

were forming the complex, compared to the fluorescence of each iso-
lated chain; Fy is the fluorescence intensity when no X-RING1B was
added; [PADI4]r is the constant, total concentration of PADI4 (2.0 pM);
and [X-RING1B]y is that of each X-RING1B, which was varied during the
titration. Fitting of data to the above equation was carried out by using
KaleidaGraph (Synergy software, Reading, PA, USA).

2.8. Circular dichroism (CD)

Far-UV CD spectra were collected on a Jasco J810 spec-
tropolarimeter (Jasco, Tokyo, Japan) with a thermostated cell holder
and interfaced with a Peltier unit. The instrument was periodically
calibrated with (+)-10-camphorsulfonic acid. A 0.1-cm path length
quartz cell was used (Hellma, Kruibeke, Belgium). All spectra were
corrected by subtracting the corresponding baseline. Concentration of
each polypeptide (PADI4 and the corresponding X-RING1B) and the
buffers were the same used for fluorescence experiments. Samples were
prepared the day before and left overnight at 5 °C to allow them to
equilibrate. Before starting the experiments, samples were further left
for 1 h at 25 °C. Isothermal wavelength spectra of each isolated
macromolecule and those of the complex were acquired as an average of
6 scans, at a scan speed of 50 nm/min, with a response time of 2 s and a
band-width of 1 nm.

Thermal scans of each isolated fragment and that of the corre-
sponding complex were carried out by following the raw ellipticity at
222 nm, with a scan speed of 60 °C/h, a response of 8 s, a band width of
1 nm, and a data pitch of 0.2 °C. Raw ellipticity was collected between
25 and 85 °C.

The thermal denaturations were irreversible in all complexes formed
between PADI4 and either X-RING1B fragment; nevertheless, we ob-
tained an apparent thermal denaturation midpoint, Ty, allowing a
qualitative estimate of the complex formation: if the complex was
formed, we should observe an increment in the Ty, when compared to
that calculated from the thermal denaturation of the isolated X-RING1B.
The change in the raw ellipticity at 222 nm, ©, was fitted to:

0= (On + OpeTARD ) /(1 + e AG/RD ) @)

where AG is the change in free energy, when the polypeptide chain or
the complex were unfolded; R is the gas constant; and T is the temper-
ature. The AG was given by:

AG = AHp(1 — T/Tp) — AGy[(Ty — T) + TIn(T/Tyn) ], 3)

where AHy, is the van't Hoff unfolding enthalpy; and AC;, is the heat
capacity change during the unfolding reaction. The form of Eq. (2) does
not impose restrictions on the value of the AC,, in Eq. (3) used in the
fitting.

2.9. Nuclear magnetic resonance (NMR)

The NMR experiments were run at 25 °C on a Bruker Avance DRX-
500 spectrometer (Karlsruhe, Germany) equipped with a triple reso-
nance probe and z-pulse field gradients. Spectra were acquired at 25 °C
in 20 mM Tris buffer (pH 7.5), 5 mM TCEP, 150 mM NaCl, 10 mM EDTA,
and 5 % glycerol with 50 pL of D,0; probe temperature was calibrated
with a methanol NMR standard [62].

Three different 2D 'H-'°N HSQC NMR spectra [63] were obtained on
samples containing: (i) isolated C-RING1B (90 pM of final concentration
in protomer units); (ii) C-RING1B (90 pM of final concentration in
protomer units) in the presence of 340 pM of PADI4 (final concentration
in protomer units); and (iii) C-RING1B (90 pM of final concentration in
protomer units) in the presence of 340 pM of PADI4 (final concentration
in protomer units) and 340 uM of GSK484. All spectra were acquired in
TPPI mode at 25 °C with 2048 complex points in the 'H dimension, 200
complex points in the >N dimension, with 192 scans. Typical spectral
widths for the 2D 'H-'°N HSQC spectra were 6000 (‘H) and 1500 (}°N)
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Hz. Water was removed by using the WATERGATE sequence [64].

The sample containing the mixture of PADI4 and C-RING1B was
prepared by using Amicon centrifugal devices of 3 kDa cut-off, in which
both proteins were initially mixed at diluted concentrations in the above
indicated buffer, and then concentrated in the same buffer; any possible
precipitation product observed in the Amicon device was removed
during the concentration step. For the experiments in the presence of
GSK484, after the concentration step, a corresponding volume of a
concentrated stock solution of the inhibitor was added to the solution of
the complex. In both cases (either in the presence or absence of
GSK484), at the end of the concentration step when the final volume of
the concentrated solution was 400 pL, 50 pL of D20 and the same volume
of a concentrated (10x) stock solution of the above buffer were added.
The pH of the three samples (complex PADI4/C-RING1B without
GSK484; complex PADI4/C-RING1B with GSK484; and isolated C-
RING1B) was measured after removal from the Amicon device with an
ultra-thin electrode. Values of the pH reported here represent apparent
values of pH, without correction for isotope effects. The methyl protons
of TSP were used as the internal chemical shift reference for 'H and for
the indirect '°N dimension and they were corrected for the pH value
[62] in all spectra. It is important to stress that no assignment of C-
RING1B is available in the Biological Magnetic Resonance Bank (BMRB),
and therefore the HSQC spectra were used as qualitative indicators of
change occurring in the presence of PADI4. All spectra were processed
with TopSpin 2.1 (Bruker, Karlsruhe, Germany).

2.10. Isothermal titration calorimetry (ITC)

The interaction of PADI4 with C-RING1B and N-RING1B was
assessed by using an Auto-iTC200 automated high-sensitivity calorim-
eter (MicroCal, Malvern-Panalytical, Malvern, UK). Calorimetric titra-
tions were performed at 25 °C in 20 mM Tris, at pH 7.5. Either C-RING1B
or N-RING1B (~90-100 pM) in the injection syringe was titrated into
the PADI4 solution (8 pM) in the calorimetric cell. Experiments with
both fragments in the presence of GSK484 were carried out by adding a
final 100 pM concentration of such compound to PADI4 in the calori-
metric cell.

A series of 19 injections with 2 pL volume, at 0.5 pL/s injection
speed, and 150 s time spacing was programmed while maintaining a
reference power of 10 pcal/s and a stirring speed of 750 rpm. Integration
of the thermal power raw data was used to calculate the heat effect per
injection. The interaction isotherm, which is the ligand-normalized heat
effect per injection as a function of the molar ratio, was analyzed by non-
linear least squares regression data analysis. A model considering a
single binding site was used to estimate the association constant, K,; the
interaction enthalpy, AH; and the apparent stoichiometry of binding, n,
although, in practice, the latter is usually interpreted as the fraction of
active protein in the cell/syringe. The Gibbs energy of interaction, —AG,
and the entropic contribution, —-TAS, were calculated according to well-
known thermodynamic relationships: AG = —RT InK, and AG = AH -
TAS. The background injection heat was accounted for by including an
adjustable constant parameter in the fit. The data analyses were con-
ducted in Origin 7.0 (OriginLab, Northampton, MA, USA) with user-
defined fitting functions.

2.11. Protein-protein molecular docking

Protein-protein docking was used to determine the structure of the
complex between the two proteins. PADI4 was modeled in its homodi-
meric structure, on the basis of its crystallographic structure, as previ-
ously described [51], with each monomer encompassing 663 residues.
The structure of RING1B (entry corresponding to the UniProt identifier
Q99496) was obtained from the AlphaFold predictor [65] and included
a total of 336 residues. The N-terminal fragment N-RING1B was
modeled as having a significantly shorter length (residues 1-134)
compared to the construct used in our wet lab experiments (residues
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1-221) because the sequence segment 135-221 was a predicted by
AlphaFold to be very mobile, as it was formed by an unanchored a-helix
followed by a very long (67 residues) completely disordered region.

Docking simulations of PADI4 (considered as host) and the two
fragments N-RING1B or C-RING1B (each considered as a guest in the
molecular complex) were performed in a blind fashion, without any
assumption on the possible binding interface for any of the protein
species. ClusPro [66] and several other algorithms available in public
web servers [67] were used, in all cases with their default simulation
parameters. Their best predictions were compared by re-ranking them
on the basis of calculations performed using molecular mechanics with
the generalized Born surface area (MM/GBSA) methodology [68] using
the HawkDock web server [69]. However, when the computational re-
sults were rigorously screened against the other findings we obtained
with our wet-laboratory techniques, the docking predictions of ClusPro
were the sole consistent with the experiments.
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3. Results

3.1. Intact RING1B and PADI4 interacted in cellulo both in the cytoplasm
and the nucleus

To test whether the interaction between endogenous PADI4 and
intact RING1B occurred within cancer cells, we used different cell lines.
For GBM, we employed a previously described patient-derived cell line,
HGUE-GB-42, from now on GB-42 [55]. We also used other two cell
lines: SW-480, isolated from the large intestine of a Dukes C colorectal
cancer patient; and RWP-1, a model of pancreatic cancer. First, we
performed IF experiments to address whether both proteins were
expressed and colocalized in the same cellular compartments for the
different cell lines (Figs. S1 and S2). We observed that PADI4 was highly
expressed in the nucleus of GBM and colon adenocarcinoma (COAD), as
shown by the colocalization with DAPI, but mostly in the cytoplasm in
the pancreatic tumor cell, in accordance with previous observations
[48]. RING1B was expressed in the cytoplasm and nucleus depending on

PLA: PADI4/RING1B

DAPI

MERGE

HGUE-GB-42

SW-480

RWP-1

Fig. 1. RINGI1B binding to PADI4 in cellulo. PLAs of PADI4 with RING1B reveal the interaction between the two proteins in different patient-derived cells. A

representative experiment is shown (n = 5). Scale bar = 10 pm.
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the tumor cell line, and similarly to PADI4 it was mostly cytoplasmatic in
RWP-1. The different expression patterns of PADI4 suggested that it may
interact with RING1B in diverse cell compartments, depending on the
cell line. Therefore, we studied the in cellulo interaction after 24 h of the
two proteins by using the DuoLink in situ assay (PLA).

The red fluorescent spots, corresponding to the PLA signals, indi-
cated that PADI4 interacted with RING1B within the nucleus and cytosol
in all tumor cell lines. In accordance with IF experiments, the interaction
was mainly in the nucleus of GBM and colon cancer cell lines while it
was in the cytoplasmatic compartment in pancreatic cancer (Figs. 1, S3).
This observation incontrovertibly demonstrates a direct association of
the two proteins within a cellular context, and under the relatively
different conditions that such diverse cell types undergo.

To sum up, our results indicate that PADI4 and intact RING1B not
only co-expressed, but they interacted in different cell compartments of
cancer cells corresponding to several tissues.

3.2. Enzymatic inhibition of PADI4 in cellulo hindered the PADI4/
RING1B interaction

The compound GSK484 has been described as an enzymatic inhibitor
of PADI proteins, and it shows a strong preference for PADI4 over the
other isozymes [70]. Building on our previous experience on the use of
GSK484 with the cell lines described above [51], we performed a series
of PLAs at 20 pM concentration of GSK484 with PADI4 and RING1B.

We treated all the previously used tumor cell lines with GSK484 for 6
and 24 h, and afterwards we immobilized them after 48 h to perform
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PLAs. After 6 h, GB-42 and RWP-1 presented a great reduction in the
number of observed red dots as compared with SW-480 (Figs. 2A and
S4). PADI4/RING1B interaction was equally located in the nucleus and
cytoplasm in SW-480 whereas in the other two tumor cell lines, they
were mostly nuclear. Along this line, the effect of GSK 484 was affecting
mostly the binding in the nucleus in those cell lines, which explained the
fact that GB-42 and RWP-1 were the cell lines showing the greater effect
after 6 h of treatment (Fig. 2B).

After 24 h of GSK484 treatment, there was an overall decreased in
the total number of interactions in all studied cell lines (Fig. 2). Inter-
estingly, this reduction was mostly due to a decrease in the number of
interactions in the cytoplasm of SW-480 and RWP-1 when compared to
the 6 h treatment. On the other hand, the number of cytoplasm in-
teractions in GBM remained unchanged, whereas nuclear interactions
continued to decrease (Fig. 2B).

Altogether our results showed a very strong reduction in the popu-
lation of PADI4/RING1B formed complexes after the 6-hour treatment
with the inhibitor and even greater after 24 h, abolishing almost
completely the interaction in all the tumor cell lines (Figs. 2, S4).
Therefore, those results indicate that the binding of GSK484 could
prevent the association of the two proteins. Remarkably, we observed
that the PADI4/RING1B interaction decreased in each -cellular
compartment and it was different among the tumor cell lines. This was in
agreement with previous observations reporting that PADI4 inhibition
results in different outcomes in multiple cancer cell lines [36], besides
the different enzyme expression among several cancer cell types, as we
have recently shown [48]. These overall findings further support the
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Fig. 2. Inhibition of the formation of the PADI4/RING1B complex by the presence of GSK484 in cellulo. (A) PLA performed in HGUE-GB-42 and SW-480 cells in the
absence or presence of GSK484 at a concentration of 20 pM, for 6 and 24 h. A representative experiment is shown (n = 5). (B) The Fiji software was used to account
for the number of red dots. Scale bar = 10 pm. Data represent mean + SEM, 1-way ANOVA, Tukey's post hoc test was used, *p < 0.05, **p < 0.01, ***p < 0.001;
*#%*p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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inhibitory effect of GSK484 may have different outcomes among the cell
lines [71-74].

Altogether, our in cellulo experiments showed that, in the presence of
GSK484, the binding between RING1B and PADI4 was hampered in all
tested tumor cell lines.

3.3. Measuring the affinity of RING1B and PADI4 in vitro

As we had previously shown that there was binding between the two
intact proteins in cellulo, next we wanted to measure quantitatively such
interaction in vitro. To define precisely which region of RING1B inter-
acted with PADI4, we used the two different fragments of RING1B: N-
RING1B, comprising residues 1-221, which contains native-like folded
structure [25]; and C-RING1B, comprising residues 228-336, which is
mostly well-folded with a ubiquitin-like domain [34]. In this way, it
would be easier to identify possible binding regions in each of the two
fragments.

We followed a three-part experimental approach. First, we used
steady-state fluorescence and CD, as spectroscopic techniques capable of
detecting possible binding and concomitant conformational changes in
any of the macromolecules. Second, we used fluorescence titration to
measure the affinity of each of the two fragments with PADI4. And
finally, we used ITC to quantitatively measure the thermodynamic pa-
rameters for the binding of each fragment to PADI4.

3.3.1. Affinity of the N-terminal region (N-RING1B) to PADI4

We used steady-state fluorescence to determine whether there was a
change in: (i) the value of the maximum wavelength in the emission
spectrum; (ii) the fluorescence intensity observed at that maximum
wavelength; or (iii) both the physical parameters, when the spectrum of
the complex between PADI4 and N-RING1B was compared to that ob-
tained from the addition of those of the two isolated polypeptide chains.

A variation in fluorescence intensity by excitation at 280 nm was
observed when the complex of N-RING1B with PADI4 was formed
(Fig. 3A), but there were no changes in the maximum wavelength of the
spectrum. Similar variations were observed by excitation at 295 nm.
These findings indicate that the tertiary structure around some of the
aromatic residues of at least one of the two polypeptide chains changed
upon complex formation.

Next, we carried out far-UV CD measurements, with the aim of
further supporting the results obtained by fluorescence. The far-UV
addition spectrum was different to that of the complex (Fig. 3B). The
differences could be either attributed to a relatively large number of
aromatic residues involved in the binding, or even to changes in the
conformation of both proteins when they are bound. In the latter case,
since N-RING1B is partially disordered [34] and PADI4 is well-folded, it
would be much more likely that the conformational propensities of N-
RING1B were altered upon binding.

We also carried out thermal denaturations followed by far-UV CD.
Since the PADI4 concentration was very low (2 pM), the influence of its
unfolding in the thermogram should be very small. The rationale behind
the use of thermograms to monitor the binding is based on the fact that,
if there is binding between the two polypeptide chains, then the thermal
denaturation midpoint of the complex should be greater than those of
the two isolated polypeptide chains. We observed that the thermal
denaturation midpoint of N-RING1B increased from 47.6 + 0.3 °C
(320.6 £ 0.3 K) to 51.5 4 0.2 °C (320.6 £ 0.2 K, and in both cases, we
observed a single sigmoidal transition (Fig. 3C).

Finally, we carried out fluorescence titrations to quantitatively
measure the binding affinity of the two polypeptide chains, by keeping
constant the concentration of PADI4 and increasing the concentration of
N-RING1B. The results indicate (Fig. 4A) that the dissociation constant,
Kg, was 9 + 2 pM. We also used Job's plot to characterize the binding of
these proteins, following standard procedures described previously in
the literature [75-77]. The intersection concentration value of the two
lines relative to the rate of the concentrations of the two proteins species
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(Fig. S5 A) corresponds to the value 2.3, which is an estimate of the
concentration rate [N-RING1B]/[PADI4otomer]. We also used ITC to
determine the thermodynamic binding parameters, i.e., the enthalpy
and the entropy of the binding reaction (Fig. 4B). According to the
calorimetric experiments, the dissociation constant, Ky, for the interac-
tion of PADI4 with N-RING1B was 1.9 + 0.3 uM, accompanied by a large
enthalpic contribution of —26.6 kcal/mol, indicating that there is a net
unfavorable entropic contribution of 18.8 kcal/mol. The stoichiometry
of the complex was close to 1:1 (in dimer units of PADI4) (Table 1), in
agreement with the result of the Job's plots obtained from fluorescence
experiments (Fig. S5A). The same experiment performed in the presence
of GSK484 indicated that the interaction of PADI4 with N-RING1B was
completely abolished (Fig. 4C, Table 1).

To sum up, we concluded that N-RING1B could bind to PADI4 with a
low-micromolar affinity.

3.3.2. Affinity of the C-terminal region (C-RING1B) to PADI4

We used steady-state fluorescence and the rest of the spectroscopic
and biophysical techniques already used for determining the binding
between N-RING1B and PADI4 with the same aim, to detect the binding
between PADI4 and C-RING1B.

A variation in fluorescence intensity by excitation at 280 nm was
observed when the complex of PADI4/C-RING1B was formed (Fig. 5A),
but there were no changes in the maximum wavelength of the spectrum.
Similar variations were observed by excitation at 295 nm. These findings
indicate that the environment around some of the aromatic residues of at
least one of the proteins was changed upon complex formation, as it was

already found for N-RING1B.

Next, we carried out far-UV CD measurements, with the aim of
further supporting the results obtained by fluorescence. The far-UV
addition spectrum was similar to that of the complex (Fig. 5B). The
fact that far-UV CD spectra were similar (in contrast to what happened
with the PADI4/N-RING1B complex, Fig. 3B) could mean that both
polypeptide chains were bound without any changes in their secondary
structures. On the light of this observation, the findings previously ob-
tained for N-RING1B could also be due to a partial folding-upon-binding
of some disordered regions of that isolated fragment, which are more
abundant compared to those present in C-RING1B, as the latter fragment
includes the large well-folded ubiquitin-like domain. Under such hy-
pothesis, the variations observed in the far-UV CD spectrum of the
PADI4/N-RING1B complex (Fig. 3B) would mainly be associated with
the binding of the N-terminal region of RING1B to the enzyme.

We also carried out thermal denaturations followed by far-UV CD.
We observed that the thermal denaturation midpoint of C-RING1B was
similar (53.7 &+ 0.1 °C or 327.7 £ 0.1 K) to that measured in the complex
(53.2 £ 0.3 °C or 326.2 £+ 0.2 K) (Fig. 5C). As it happened with the
steady-state far-UV CD spectra, these results also differed from those
found for N-RING1B (Fig. 3C).

Finally, we acquired 2D 'H-!>N HSQC NMR spectra of C-RING1B in
the presence and absence of PADI4 (Fig. 6). The presence of the enzyme
caused changes in the chemical shifts of many cross-peaks (blue and
black cross-peaks in Fig. 6); in some cases, as it happened for the cross-
peak of indole side-chain of the sole tryptophan residue of C-RING1B
(Trp319, with the proton of the aromatic moiety around 9.70 ppm), it

Table 1
Thermodynamic parameters, as determined by ITC, for the binding of PADI4 to the fragments of RING1B."
Fragment K.(M™H Kq (M) AG (kcal/mol) AH (kcal/mol) —TAS (kcal/mol) n
N-RING1B - GSK484 5.4-10° 1.9 -7.8 —26.6 18.8 1.0
+ GSK484 - - - - - -
C-RING1B - GSK484 4.0-10° 2.5 -7.6 —14.6 7.0 1.1
+ GSK484 - - - - - -

@ Relative error in K, and K4 is 20 %, absolute error in AH and ~TAS is 0.4 kcal/mol, and absolute error in AG is 0.1 kcal/mol. Experiments in the presence of GSK484

did not yield any result.
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disappeared in the presence of PADI4. This result confirms the fluores-
cence findings, since it indicates that Trp319 was directly involved in
binding (Fig. 6). However, when the same amount of GSK484 as that of
PADI4 was added to the solution, the chemical shifts of the cross-peaks
that were displaced upon PADI4 addition moved towards their native-
like positions in isolated C-RING1B (red cross-peaks in Fig. 6; see, for
instance, the cross-peak around 8.0 (*H) and 129 (*°N) ppm). These
variations indicate that C-RING1B binds either directly to the active site
of PADI4 or to another region that is allosterically modulated by the
presence of GSK484 bound in the active site of the enzyme.

Finally, we carried out fluorescence titrations to quantitatively
measure the affinity of the two polypeptides, by keeping constant the
concentration of PADI4 and increasing the concentration of C-RING1B.
The results (Fig. 7A) indicate that the dissociation constant, K4, was 10
+ 3 pM. This value was identical to that measured for the N-RING1B.
Therefore, both isolated fragments had the same affinity for the enzyme.
We also made the Job's plots for this titration [75-77], which yields an
intersection point of the two lines at 2.0 (Fig. S5 B), corresponding to the
rate of [C-RING1B]/[PADI4protomer]-

Again, in this case, we also used ITC to determine the thermody-
namic binding parameters, ie., the enthalpy and the entropy of the
binding reaction (Fig. 7B). According to the calorimetric experiments,
the dissociation constant for the interaction of PADI4 with C-RING1B
was 2.5 + 0.5 pM, accompanied by a large apparent enthalpic contri-
bution of —14.6 kcal/mol, indicating that there is a net unfavorable
entropic contribution unfavorable. The stoichiometry of the complex
was 1:1 (in dimer units of PADI4) (Table 1), in agreement with the result
of the Job's plots from fluorescence (Fig. S5B). The same experiment
performed in the presence of GSK484 indicated that the interaction of
PADI4 with N-RING1B was completely abolished (Fig. 7C, Table 1).

To sum up, we concluded that there was evidence that C-RING1B
could bind to PADI4 with a low-micromolar affinity.

3.4. Structural prediction of the complex PADI4/RING1B complex

Protein-protein docking was used to predict some of the key features
of the complex between PADI4 and RING1B. To improve the reliability
of the calculations, due to the structural complexity and large flexibility
of RING1B, this protein was divided into two main fragments, and the
largely disordered region between them (residues 135-227) was
neglected. Thus, in the simulations the fragment N-RING1B (residues
1-134) was shorter compared to the construct used in our other exper-
iments, whereas the fragment C-RING1B (residues 228-336) was iden-
tical. In contrast, PADI4 was considered in its entirety, in the
homodimeric form.

The results indicated quite different conformational preferences for
the association of the two fragments N-RING1B and C-RING1B on the
surface of PADI4, as shown in Fig. 8. In fact, C-RING1B showed a distinct
affinity to bind in correspondence with the active site of PADI4 (Fig. 8A)
in the prediction obtained with the algorithm ClusPro [66]. This algo-
rithm was selected over other popular ones [67] because it led to a
molecular complex with a considerably more favorable binding energy
(see Table S1), calculated according to the MM/GBSA methodology
[69]. Furthermore, similarly to most other algorithms explored, but at
variance with some of them, it also predicted the correct stoichiometry
of the complex, consisting of two monomers of C-RING1B bound to each
PADI4 homodimer. In fact, due to the symmetry of the structure of the
PADI4 homodimer, a docking pose that overlaps with its symmetrical
image makes the existence of the two poses mutually exclusive, when
they are considered together. These results agree with what was found in
the ITC measurements (Table 1) and in the Job's plots obtained from
fluorescence experiments (Fig. S5).

Notably, ClusPro was one of the few algorithms that also predicted
that the binding interface of C-RING1B could directly involve the key
residue Trp319 (Fig. 8A). This result agrees at best with our experi-
mental findings, which include both NMR data (Fig. 6) and fluorescence.
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Perhaps more importantly, in simulation the residue Trp319 was almost
directly in contact (distance <5 108) with the catalytic Cys645 of PADI4
(Fig. 8A). In close spatial proximity to Trp319 (distance <7 A), the
nearest arginine residue is Arg231, which could end up being driven
towards the catalytic site of PADI4 and, therefore, might be citrullinated
in the presence of Ca(Il) ions.

It should also be noted that ZDock [78], which was the sole other
algorithm beside ClusPro to indicate the binding of C-RING1B in the

10

active site of PADI4 as the most favorable docking pose (although with a
markedly lower binding energy; see again Table S1), predicted a ge-
ometry qualitatively similar for the binding complex, with both Trp319
and Arg231 in proximity of the catalytic site of PADI4.

In sharp contrast with C-RING1B, the fragment N-RING1B was not
predicted to bind in correspondence with the active site of PADI4.
ClusPro was again the predictor that provided by far the most favorable
binding energy (Table S2), similar to fragment C-RING1B. As shown in
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C-RING1B (residues 228-336); the key residues Trp319 and Arg231 are labeled.
(B) Prediction for N-RING1B (residues 1-134); its less compact region (residues
1-40) is evidenced (cyan surface), and residue Trpl7 is labeled. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 8B, the binding of N-RING1B appeared to be driven by the less
compact region of the portion (residues 1-134) considered in simulation
for this fragment, and in particular, by the first ~40 residues. The target
region of N-RING1B was either side of the crevice at the homodimeric
interface of PADI4. Among the residues of N-RING1B involved in the
binding, residue Trpl7 played a role, as it was solvent-exposed in the
unbound protein fragment and became partially buried in the PADI4
crevice upon the binding. Again, in this case, as it happens with Trp319
at C-RINGIB, this may contribute to explain the fluorescence results
obtained in our in vitro experiments.

4. Discussion and conclusion

Over the years, there has been little improvement in the survival rate
of patients with hard-to-treat cancers such as GBM, PDAC, and COAD.
These cancer types grow aggressively, are detected at late-stage diag-
nosis, and are extremely resistant to therapy [79-81]. More specific and
effective treatments are urgently needed for these cancers given their
poor prognoses. To guarantee more successful treatments, we need to
enhance the early detection of these aggressive tumors, boost the
effectiveness of existing cancer drugs, develop new ones, or find new
targets [82]. Considering the significance of PADI4 and RINGI1B in
cancer, we explored the possibility and consequences of a mutual direct
interaction of these two proteins in this context. In fact, it is intriguing to
consider the potential effects of this newly discovered interaction on the
development and progression of cancer, and in the development of new
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cancer therapies based on RING1B citrullination.

The discovery of the binding between RING1B and PADI4 was
prompted by an initial hypothesis. We had recently shown that PADI4
binds to RYBP [53], which in turn binds also to RING1B, forming the
non-canonical PRC1 complexes. They are also both capable of binding to
the oncoprotein NUPR1 and its paralogue NUPR1 IDP [32,33], and they
are also implicated in tumor pathways that involve a number of other
proteins in common [53], To test the hypothesis of a well-defined
complex between the two proteins, we carried out several in cellulo, in
vitro, and in silico experiments. We hypothesized that such interaction
could also be detected in the most direct and indisputable way in cancer
cells, and we tested it with GBM, PDAC, and COAD cell lines. In fact, in
all tumor lines we tested, we observed that RING1B and PADI4 inter-
acted in the nucleus and cytosol. Furthermore, the enzymatic PADI4
inhibitor GSK484 hampered the interaction of the two proteins, simi-
larly to its effect in PADI4/RYBP binding [53]. These results suggested
that RING1B was bound to the active site of the enzyme or to another site
in PADI4 allosterically coupled with the active site. Our in cellulo assays
also showed that the effect of GSK484 varied among the different tumor
cell lines with higher effect on the nucleus where PADI4 and RING1B
were mostly co-expressed.

The measured Ky of the complex of PADI4 with the two separate
fragments of RING1B, N-RING1B and C-RING1B, was similar (~10 pM
according to steady-state fluorescence, and ~2 pM according to ITC).
These values are comparable to that of the complexes of PADI4 with
RYBP (~10 pM) [53], with the model IDP and multifunctional onco-
protein NUPR1 (~15 pM) [52], with the well-folded armadillo domain
of plakophilin 1 (~8 pM) [50], and with importin a3 (~5 pM) [49].
Thus, it appears increasingly clear that PADI4 shows a similar low af-
finity with all their molecular partners in the different protein cross-talks
in which is involved. It is interesting to note that the N-terminal region
of RING1B is mostly disordered [34], but in the presence of PADI4 a
folding-upon-binding event possibly occurs. This behavior was similar to
that found for the other two IDPs that were already found to be partners
of PADI4: RYBP and NUPR1 [52,53].

More information on the association of PADI4 and RING1B was also
provided by the ITC measurements in vitro. The interaction of PADI4
with both RING1B fragments was strongly exothermic (—26.6 and
—14.6 kcal/mol for N-RING1B and C-RING1B, respectively), indicating
a large unfavorable interaction entropy (18.8 and 7.0 kcal/mol for N-
RINGI1B and C-RING1B, respectively), and further suggesting that the
binding might proceed with a sort of structural rearrangement that
entropically overwhelms the expected favorable desolvation entropy.
When performing titrations in the presence of GSK484, no interaction
between PADI4 and either C-RING1B or N-RING1B was observed. This
finding may reflect either a competitive inhibition (RING1B fragments
bind to the active site, as GSK484 does) or an allosteric inhibition
(RING1B fragments bind to another PADI4 site, which is allosterically
regulated by the binding of GSK484). In either case, the modulation of
the interaction of PADI4 with both RING1B fragments exerted by
GSK484 represents additional evidence for their direct interaction.

Our molecular docking simulations indicated different locations for
the binding of the two fragments N-RING1B and C-RING1B, with only
the latter targeting the active site of PADI4. In the context of the intact
protein RING1B, these two binding locations are not mutually exclusive,
and it is possible that both fragments could participate in the formation
of the overall molecular complex. An additional role, although likely of
minor importance, could be played by a largely disordered region of
RING1B (residues 135-227) neglected in our calculations. The simula-
tions further suggest that two tryptophans (Trpl7 and Trp319)
contribute to the binding of either fragment, in agreement with the NMR
and fluorescence results. In particular, Trp319 in C-RING1B directly
targets the active sites of PADI4. This observation, which contributes to
explain our competitive inhibition experiments, is of special relevance
because it suggests that Arg231 could get citrullinated under opportune
biological conditions.
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PADI4 is the enzyme responsible for the catalytic conversion of
arginine residues to citrulline [39]. RING1B, on the other hand, is a
component of the ubiquitin ligase complex. The interaction between
PADI4 and RING1B could potentially affect several pathways implicated
in cancer progression. For instance, it is well known that the transcrip-
tion factor glycogen synthase kinase 3 beta (GSK3f) maintains the
epithelial phenotype through the citrullination of arginine residue at the
N-terminal end, regulated by PADI4. This process inhibits the trans-
forming growth factor p (TGFp) pathway, and therefore the epithelial-to-
mesenchymal transition (EMT). As an example, in breast cancer, the
knockdown of PADI4 in MCF-7 cells results to a decrease of the
expression of GSK3p, the stabilization of Smad4, and the activation of
the TGFp signaling pathway, reducing E-cadherin and promoting
vimentin expression, leading to the stimulation of tumor migration and
invasion [71]. On the other hand, RING1B binds to the latent trans-
forming growth factor beta binding protein 2 (LTBP2) promoter, which
can negatively regulate the expression of TGFf, and therefore its gene
silence can activate the TGFf signaling pathway, which promotes the
invasion and metastasis in melanoma. This process depends on the
ubiquitination activity of RNF2 [83]. We hypothesize that the interac-
tion between PADI4 and RING1B, and the possible citrullination of the
latter, could lead to an altered activity of the RING1B ubiquitination
capacity, therefore promoting cancer progression in different types of
cancer through the activation of the TGFp signaling pathway.

The interaction of PADI4/RING1B in the nucleus might also have
implications for epigenetic regulation. In fact, PADI4 is involved in
citrullination, a PTM that can alter chromatin structure and gene
expression patterns [84], and RING1B belongs to the family of PcG
proteins, which are epigenetic gene silencers with the ability to affect a
wide range of biological functions [20]. The interaction between these
two proteins might affect epigenetic regulation by modulating histone
modifications and chromatin remodeling, leading to aberrant gene
expression profiles associated with cancer initiation and progression.
Along this line, in breast cancer cell lines, the silencing of RING1B
caused a decrease in histone H2A ubiquitination level, and therefore, it
induced TGFp-induced phenotypic changes required for migration and
invasion as observed both in vitro and in vivo [85].

To conclude, our demonstration of a direct interaction between
PADI4 and RING1B opens several interesting hypotheses on the bio-
logical relevance of their molecular cross-talk in cells. In addition, given
the direct participation of both proteins in well-known tumor pathways,
their binding opens new possibilities to impact on such pathological
processes, possibly indicating novel opportunities in cancer therapies.
Although we caution for the need of further accurate studies on this
topic, we also envision new scenarios that can be explored by building
upon our findings along a number of directions, such as in the field of
cancer epigenetics.
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