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Abstract

HERC?2 gene encodes an E3 ubiquitin ligase involved in several cellular processes by regulating the ubiquitylation of different
protein substrates. Biallelic pathogenic sequence variants in the HERC?2 gene are associated with HERC2 Angelman-like
syndrome. In pathogenic HERC?2 variants, complete absence or marked reduction in HERC2 protein levels are observed.
The most common pathological variant, c.1781C >T (p.Pro594Leu), encodes an unstable HERC2 protein. A better under-
standing of how pathologic HERC?2 variants affect intracellular signalling may aid definition of potential new therapies
for these disorders. For this purpose, we studied patient-derived cells with the HERC2 Pro594Leu variant. We observed
alteration of mitogen-activated protein kinase signalling pathways, reflected by increased levels of C-RAF protein and p38
phosphorylation. HERC2 knockdown experiments reproduced the same effects in other human and mouse cells. Moreover,
we demonstrated that HERC2 and RAF proteins form molecular complexes, pull-down and proteomic experiments showed
that HERC?2 regulates C-RAF ubiquitylation and we found out that the p38 activation due to HERC2 depletion occurs in a
RAF/MKK3-dependent manner. The displayed cellular response was that patient-derived and other human cells with HERC2
deficiency showed higher resistance to oxidative stress with an increase in the master regulator of the antioxidant response
NRF2 and its target genes. This resistance was independent of p5S3 and abolished by RAF or p38 inhibitors. Altogether, these
findings identify the activation of C-RAF/MKK?3/p38 signalling pathway in HERC2 Angelman-like syndrome and highlight
the inhibition of RAF activity as a potential therapeutic option for individuals affected with these rare diseases.
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Introduction

Hereditary neurodevelopmental disorders arise from altera-
tions in central nervous system development and manifest
perinatally or during infancy and childhood. Despite show-
ing wide genetic and clinical heterogeneity, most share some
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common phenotypic features, such as developmental delay,
impaired motor function and intellectual disability. The
identification of genes responsible for these disorders has
enabled genetic diagnosis, accurate genetic counselling, and
better management [1].

The HECT and RCCI-like domain 2 (HERC2) gene
encodes an unusually large protein with 4834 amino acid
residues. The HERC2 protein is an E3 ubiquitin ligase that
functions in ubiquitylation by accepting ubiquitin from
ubiquitin-conjugating enzymes (E2) and transferring it to
a target protein [2]. Ubiquitylation affects proteins in many
ways, variously marking them for proteasome degradation
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or, affecting their activity, localisation or interactions with
other proteins. Therefore, ubiquitin ligases are key regulators
of many cellular processes, with their dysregulation being
common in numerous cancers and neurodegenerative dis-
eases [3]. For example, HERC2 mutations are associated
with breast, skin (melanoma), gastric, colorectal, and hae-
matological (leukaemia) cancers [4]. The underlying molec-
ular mechanism could be that HERC2 regulates BRCA1,
XPA, USP20 or RPA2 protein ubiquitylation, involved in
regulating DNA repair and genomic stability [5-9]. HERC2
also regulates p53 transcriptional program by promoting p53
tetramerisation and subsequent activation, independent of its
ubiquitin ligase activity [10—-12].

Besides, HERC?2 is essential during embryonic develop-
ment and plays an important role in regulating motor coordi-
nation [13]. Moreover, it is highly expressed in the nervous
system and has been linked with hereditary neurodegen-
erative disorders [14]. Biallelic HERC?2 variants associated
with HERC2 Angelman-like syndrome include missense
and frameshift mutations with a premature stop codon that
result in a loss of function. These cases are associated with
a complete loss or markedly reduced levels of HERC2 pro-
tein [15-19]. The condition was first described in Amish/
Mennonite communities, associated with homozygosity for
a HERC?2 (c.1781C>T, p.Pro594Leu) founder gene variant
at increased frequency in the population (autosomal reces-
sive mental retardation type 38; OMIM # 615516) [15, 16].
Proteomic studies of peripheral blood-derived lymphoblasts
from individuals with this condition suggest derangements
of multiple cellular pathways probably involving disparate
pathogenic mechanisms [20]. Despite these efforts, the
molecular mechanisms underlying HERC2-related disorders
remain elusive, impeding efforts to find potential treatments
for these rare diseases. Further investigation of their molecu-
lar basis could reveal not only the underlying pathology but
also potential therapeutic targets.

In this study, we analysed intracellular signalling path-
ways in skin fibroblasts from individuals with the patho-
logical variant HERC2 Pro594Leu (HERC2 P594L). They
displayed altered mitogen-activated protein kinase (MAPK)
signalling that affected the oxidative stress response, with
increases in C-RAF protein levels and MAPK p38 activa-
tion. These effects were reproduced in other human and
mouse cells with HERC2 protein knockdown. Furthermore,
we showed that HERC?2 regulates C-RAF ubiquitylation and
that HERC?2 deficiency triggers MKK3/p38 pathway acti-
vation in a RAF-dependent manner. In line with this, cells
with the HERC2 P594L variant had increased resistance to
H,0,-induced oxidative stress, dependent on the activities
of RAF and p38. Finally, we discuss both the implications
of these findings for neurodevelopmental disorders caused
by HERC?2 variants and the potential therapeutic use of RAF
inhibitors.
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Materials and methods
Human cell sample, cell lines and culture conditions

Samples of human skin fibroblasts were obtained with
approved informed consent as previously described else-
where [16].

U20S, HEK 293T, H1299, RAW 264.7, mouse embry-
onic fibroblasts (MEFs) and human skin fibroblasts were cul-
tured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/
mL penicillin, and 0.1 mg/mL streptomycin sulphate. Mouse
primary osteoblasts were cultured in Minimum Essential
Medium o with 10% FBS, 2 mM L-glutamine, 1 mM pyru-
vate, 100 U/ml penicillin, and 0.1 mg/ml streptomycin with
50 pg/ml ascorbic acid and 4 mM p-glycerophosphate. All
cells were maintained in a humidified incubator at 37 °C and
5% CO, atmosphere.

Cell treatments and induction of cellular stress

Cells were treated with one of three inhibitors, as indicated:
1 uM LY3009120 (Selleckchem), 1 uM Sorafenib (Santa
Cruz Biotechnology) or 10 uM SB203580 (Selleckchem).
Different cellular stress types were induced using different
stressors: oxidative stress by 500 pM or 50 uM hydrogen
peroxide (H,0,) (Panreac), depending on the experiment;
saline stress by 100 mM NaCl.

Plasmid and siRNAs transfections

Plasmid transfection was performed using the Lipo-
fectamine LTX method (15338; Invitrogen, Carlsbad,
CA, USA), according to the manufacturer’s instructions.
Myc-tagged fragments of HERC2 (F1, F2, F3, F4, F5 and
F5CT) were kindly provided by Dr. Ohta [21]. Green fluo-
rescent protein (GFP) and C-RAF fusion constructs (CR1,
CR2, CR3 and full-length) were generated, sub-cloned
and tested elsewhere [22]. Plasmids expressing HERC2
full-length protein pcDNAS5 FRT/TO SF-HERC?2 (ShB-R)
(Addgene plasmid # 55613; http://n2t.net/addgene:55613;
RRID:Addgene_55613) and pcDNAS5 FRT/TO SF-HERC2
C4762S (ShB-R) (Addgene plasmid # 55614; http://n2t.net/
addgene:55614; RRID:Addgene_55614) were a gift from
David Chan [23]. His-Ubiquitin constructs were kindly pro-
vided by Dr. Erazo [24]. The plasmid expressing a bioti-
nylatable version of ubiquitin had been previously described
elsewhere [25].

For gene interference, siRNAs were transfected using
the calcium phosphate method described elsewhere [10].
Custom double-stranded siRNA oligonucleotides were
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obtained from GeneCust (Boynes, France). The forward
sequences were as follows: negative control (NC)=5"-UUC
UCCGAACGUGUCACGUTT; HERC2 (H2.2)=GAC
UGUAGCCAGAUUGAAATT; HERC2 (H2.4)=GGA
AAGCACUGGAUUCGUUTT,; HERC1=CGGCAU
GGAUGAACAAAUUTT; MKK3 =GGAAGAAGG
AUCUACGGAUTT; C-RAF=UAGUUCAGCAGUUUG
GCUATT; A-RAF=AACAACAUCUUCCUACAUGAG
TT; B-RAF=AAAGAAUUGGAUCUGGAUCAUTT;
p53=GACUCCAGUGGUAAUCUACTT.

Lentiviral particle production and target cell
infection

Lentiviral vectors were produced in HEK 293 T cells. Cells
were transfected with 7 pg pMD2.G, 7 pg psPAX2 (VSV-
G) and 7 pg of either empty pLKO.1-Puro or pLKO.1-
shHERC?2 by the calcium phosphate method. Media con-
taining lentiviral particles were collected, filtered using
polyvinyl difluoride filters (Millex-HV filter 0.45 pm,
Millipore SLHV033RB) and stored in aliquots at —80 °C.
Target cells were seeded at a confluence of 50-60% in a
6-well plate before adding 300 pL of the medium contain-
ing the lentiviral vectors to each well. Fresh medium, sup-
plemented with 5 pg/mL polybrene, was added to make a
total volume of 1 mL. Media with lentiviral vectors were
removed the next day and after 24 h, 5 pg/mL puromycin
was added for selection. MISSION shRNA clone of mouse
HERC?2 (TRCN0000039444) was purchased from Sigma-
Aldrich. The plasmid vector pLKO.1—TRC control was
a gift from David Root (Addgene plasmid #10879; http://
n2t.net/addgene:10879; RRID:Addgene_10879) [26],
and the VSV-G envelope expressing plasmid pMD2.G
(Addgene plasmid #12259; http://n2t.net/addgene:12259;
RRID:Addgene_12259) and the lentivirus packaging plas-
mid psPAX?2 (Addgene plasmid #12260; http://n2t.net/addge
ne:12260; RRID:Addgene_12260) were a gift from Didier
Trono.

Protein extraction, PAGE, and immunoblotting

For protein extraction, cells were washed twice in ice-cold
phosphate-buffer saline after discarding the media. Cell
lysis was performed by scrapping after adding of NP40 lysis
buffer (50 mM Tris—HCL, pH 7.5, 150 mM NaCl, 50 mM
NaF, 0.5% NP40) containing protease and phosphatase
inhibitors as previously described [27]. Lysates were main-
tained on ice under agitation for 20 min, and then centri-
fuged at 13,000xg at 4 °C for 10 min. Supernatants were
collected before analysis using the Tris—Acetate PAGE sys-
tem [28]. Band intensities were detected using a gel docu-
mentation system (LAS-3000, Fujifilm) and quantified with

Image] software (Rasband, W.S., ImageJ, U. S. National
Institutes of Health, Bethesda, Maryland, USA, https://
imagej.nih.gov/ij/).

We used the following antibodies: anti-HERC2 mono-
clonal (BD Biosciences #612366); anti-C-RAF (BD Bio-
sciences #610151); anti-Clathrin Heavy Chain (TD.1)
(Santa Cruz Biotechnology #sc12734); anti-P-ERK1/2
(Sigma-Aldrich #M 8159); anti-p44/42 MAPK (ERK1/2)
(Cell signalling #9102); anti-phospho-p38 (Cell signalling
#9211); anti-p38 (Santa Cruz Biotechnology #sc-535); anti-
HERCI1 (410) [10]; anti-P-MKK3 (Cell signalling #9231);
anti-MKK3 (Proteintech #13898—1-AP); anti-A-RAF (A-5)
(Santa Cruz #sc-166771); anti-B-RAF (F-7) (Santa Cruz
Biotechnology #sc-5284); anti-HERC2 polyclonal (bvg3)
[10]; anti-c-myc (clone 9E10) (Roche #1 667 149); anti-
GFP (Abcam #ab13970); anti-Flag M2 (Sigma-Aldrich #F
3165); anti-p-HSP27 (Enzo Life Sciences #ADI-SPA-523);
anti-HSP27 (Santa Cruz Biotechnology #sc-1049); anti-
NRF2 (Cell signalling #12721); anti-ubiquitylated proteins
(clone FK2; Biomol); and peroxidase-conjugated secondary
antibodies (Invitrogen).

Confocal microscopy

We seeded U20S cells on glass coverslips and performed
fixation by incubating cells at room temperature for 20 min
in 4% paraformaldehyde. Then, cells were permeabilised
for 20 min with 0.05% saponin in phosphate-buffered saline
containing 0.5% bovine serum albumin. The primary anti-
body, anti-phospho-p38 (Cell signalling #9211) (1:200), was
incubated at 37 °C for 1 h. After washing, Alexa-Fluor 488
secondary antibody (Invitrogen) (1:500) was incubated at
37 °C for 45 min. Actin filaments were stained by incuba-
tion with phalloidin-Alexa 647 (BioProbes) (100 ng/mL) for
20 min at room temperature. Nuclei were stained with DAPI
(Sigma-Aldrich) (1 pg/mL). All images were acquired using
a confocal laser scanning microscope (LSM 880 spectral,
Carl Zeiss Microscopy GmbH, Jena, Germany).

Immunoprecipitation and pull-downs

For immunoprecipitation, cells were lysed with CHAPS
buffer (10 mM Tris—-HCI, pH 7.5, 100 mM NaCl, 0.3%
CHAPS) containing protease and phosphatase inhibitors as
described above. Cell lysates (input) were incubated with
pre-immune serum or anti-HERC2 polyclonal antibody
(bvg3) for 2 h at 4 °C with gentle rotation and immunopre-
cipitated with protein A-Sepharose (GE Healthcare) for 1 h
at 4 °C. Beads were pelleted by centrifugation at 2500xg,
washed five times with CHAPS buffer, and analysed by elec-
trophoresis and immunoblot.
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For the GFP pull-downs, supernatants were incubated
with 2 pL GFP-TrapA (ChromoTek) for 2 h at 4 °C. Pellets
were washed five times with CHAPS buffer and analysed by
electrophoresis and immunoblot.

For ubiquitome proteomic experiments, biotin-pull-
downs were performed in triplicates as previously described
[25], in order to compare proteins more ubiquitinated in
Flag-HERC2 WT-overexpressing cells, relative to Flag-
HERC?2 C4762S-overexpressing cells.

Ubiquitylation assay

HEK 293 T cells were transfected with the indicated plas-
mids for 48 h. Before the ubiquitylation assay, the cells
were treated for 4 h with 10 uM of the proteasome inhibitor
MG132 (Sigma-Aldrich/Merck #C2211). Then, cells were
lysed with denaturing buffer #1 (6 M guanidinium-HClI,
10 mM Tris, 100 mM Na,HPO,~NaH,PO, buffer, pH 8)
and the cells extracts were incubated with the nickel beads
(Ni*-NTA agarose; Qiagen) for 2 h at 4 °C under rotation.
Beads were successively washed as follows: twice with 1 ml
of denaturing buffer #1 plus 10 mM 2-mercaptoethanol;
three times with 1 ml of buffer #2 (8 M urea, 10 mM Tris,
10 mM 2-mercaptoethanol, 100 mM Na,HPO,—NaH,PO,
buffer, pH 8); twice with 1 ml of buffer #3 (8 M urea, 10 mM
Tris, 100 mM Na,HPO,—NaH,PO, buffer, pH 6.3) contain-
ing 0.2% Triton X-100; once with 1 ml of buffer #3 contain-
ing 0.1% Triton X-100 and 0.5 M NaCl; and three times with
1 ml of buffer #3. Finally, proteins were eluted by incubat-
ing the beads with 200 mM imidazole in 5% SDS, 0.15 M
Tris—HCI, pH 6.7, 30% (vol/vol) glycerol, 0.72 M 2-mercap-
toethanol for 1 h at 37 °C with mixing. The samples were
analysed by immunoblotting as indicated above.

Reverse transcription and quantitative PCR

Total RNA was isolated from U20S cells using the TRIsure
reagent according to the manufacturer’s protocol (Bioline).
Total RNA (2 pg) was reverse-transcribed using the high-
capacity cDNA Reverse Transcription kit (Applied Bio-
systems). PCR amplification reactions were performed
with the ABI Prism 7900 HT Fast Real-Time PCR System.
Applied Biosystems’ TagMan Gene Expression Assays
(ThermoFisher Scientific) were used to quantify the gene
expressions of the following: GUSB (Hs00939627_m1),
NFE2L2 (Hs00975960_m1), SODI (Hs00533490_m1),
SOD2 (Hs00167309_m1), GPXI (Hs00829989_Gh), and
the housekeeping gene GAPDH (Hs99999905_m1), which
was used to normalise.
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MTT assay for cell viability and cell proliferation

Using 96-well plates, U20S cells and human skin fibroblasts
were seeded to final concentration of 10,000 cells/well or
15,000 cells/well, respectively. After incubation at 37 °C
for 24 h in the cell incubator, we initiated treatments, as
indicated and performed the MTT assay (M5655; Sigma/
Merck) according to manufacturer’s instructions. Briefly,
we added MTT at a final concentration of 0.5 mg/mL to
each well, incubated the cells for 4 h in a humidified incuba-
tor, then discarded the media and solubilised the formazan
crystals with isopropanol. Finally, absorbance at a wave-
length of 570 nm was determined using a 96-well plate
spectrophotometer.

MitoSox staining

To evaluate mitochondrial reactive oxygen species (ROS),
human skin fibroblasts were seeded in a p-Slide 8 well-
chambered coverslip at a concentration of 15,000 cells/well.
The next day, cells were stained with 1 ug/mL of Hoechst
33,342 (H3570, ThermoFisher, USA) for 30 min at 37 °C
and with 2 uM MitoSOX Red (Invitrogen) for 15 min at
37 °C. Cells were examined in a Zeiss LSM 880 laser scan-
ning confocal spectral microscope equipped with an incuba-
tion control system (37 °C, 5% CO,). Fluorescence intensity
per cell was measured, quantified and expressed as arbitrary
units (a.u). Images were analysed using ImageJ software
(Rasband, W.S., ImagelJ, U.S. National Institutes of Health,
Bethesda, Maryland, USA, https://imagej.nih.gov/ij/).

Mitotracker staining

For mitochondria staining, human skin fibroblasts were
seeded in a p-Slide 8 well-chambered coverslip at a concen-
tration of 15,000 cells/well. The next day, cells were stained
with 1 pg/mL of Hoechst 33,342 (H3570, ThermoFisher,
USA) and 50 nM Mitotracker Red CMXRos (M7512, Ther-
moFisher, USA) for 30 min at 37 °C. Images were taken
using a Zeiss LSM 880 laser scanning confocal spectral
microscope equipped with an incubation control system
(37 °C, 5% CO,). Fragmented mitochondrial percentage was
calculated by counting spherical non-contiguous mitochon-
drial particles and dividing by the number of total structures
comprised in the mitochondrial network. Images were ana-
lysed using Imagel] software (Rasband, W.S., ImagelJ, U.S.
National Institutes of Health, Bethesda, Maryland, USA,
https://imagej.nih.gov/ij/).


https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/

HERC2 deficiency activates C-RAF/MKK3/p38 signalling pathway altering the cellular response...

Page50f20 548

Statistical analysis

The results indicate the means and standard error of the
mean (+ SEM) of, at least, three independent experiments.
Individual data points are plotted as single dots. Significance
was calculated by Student t-test and indicated as follows: *,
*#* or *** for p values of <0.05,<0.01, or <0.001, respec-
tively. Figures were created, and statistical analysis was per-
formed, using GraphPad Prism version 8.4.3 for Windows
(GraphPad Software, San Diego, California USA), www.
graphpad.com.

Results

Human HERC2 Pro594Leu cells display MAPK
pathway alteration

Several recessive mutations affecting the HERC2 gene cause
developmental delay with Angelman-like features [14, 19].
Knowing how pathologic HERC? variants affect intracel-
lular signalling could reveal the underlying pathology and
identify possible therapies. Therefore, we studied cells
from an individual with the mutant HERC2 P594L vari-
ant described in most cases. Since HERC1 had previously
been reported to regulate the ERK and p38 MAPK signal-
ling pathways [22, 29], we wondered if HERC2 also had a
modulatory role. As expected, cells with the HERC2 P594L.
mutation showed almost undetectable HERC2 protein lev-
els (Fig. 1A—C). Interestingly, although they showed higher
protein levels of C-RAF (Fig. 1A), this did not correlate
with the canonical activation of the ERK signalling pathway,
assessed by ERK phosphorylation (Fig. 1B). An increment
in p38 phosphorylation was also detected while total p38
protein levels remained stable (Fig. 1C).

In order to provide more evidence that these changes
in MAPK signalling pathways are a general hallmark of
disease in patients with biallelic HERC2 mutations, we
analysed samples of two more individuals carrying the
mutant HERC2 P594L variant. Consistently, patients with
the HERC2 P594L mutation (P1, P2 and P3) showed lower
HERC?2 protein levels than the wild-type controls (C1, C2
and C3). In addition, C-RAF protein levels and p38 phos-
phorylation were upregulated in all three patients, but no
changes were detected in ERK activation (Fig. 1D). These
results showed that cells with the HERC2 P594L mutation
exhibit altered MAPK signalling pathway activation, as
reflected by higher C-RAF and phospho-p38 protein levels.

HERC2 regulates C-RAF protein levels

To delve deeper into the molecular mechanisms involved
in the altered MAPK signalling pathway in HERC2 P594L
cells, we considered human cells with low levels of HERC2
protein shared this alteration. In knockdown experiments
performed in human U20S cells, cells were transfected
with either a negative control (NC) small-interfering RNA
(siRNA), an siRNA against HERC2, or a positive control
siRNA against HERC1. The positive control was chosen
because previous work had shown that HERC1 controls
ERK and p38 signalling pathways modulating C-RAF
protein levels [22, 29]. HERC2 knockdown mimicked the
effect observed in HERC2 P594L cells, with depletion of
HERC?2 correlating with increased C-RAF protein levels.
As expected, this was also observed after HERC1 silenc-
ing (Fig. 2A). HERC2 depletion modified neither A-RAF
nor B-RAF protein levels (Fig. 2B, C). These data indicated
that RAF regulation by HERC2 is specific for the C-RAF
isoform.

Next, we analysed the RAF MAPK signalling pathway, in
which canonical RAF activation triggers ERK phosphoryla-
tion [29]. We noted that C-RAF upregulation observed after
HERCI depletion correlated with increased phosphorylated
ERK levels, while total ERK protein levels remained stable.
However, we detected no changes in ERK phosphorylation
in the HERC2-depleted cells (Fig. 2D). These results sug-
gested that C-RAF upregulation caused by HERC2 depletion
was not signalled through the canonical MEK/ERK pathway.

HERC2 regulates p38 phosphorylation

Given that HERC1 regulates the MKK3/p38 axis through a
RAF-dependent mechanism [29], we decided to study if this
mechanism was the same for HERC2. We analysed levels
of p38 phosphorylation in U20S cells transfected with a
negative control siRNA, an siRNA against HERC2, and a
positive control siRNA against HERC1. We observed the
induction of p38 phosphorylation in HERC2-depleted cells,
though with total p38 protein levels remaining stable and
higher C-RAF protein levels (Fig. 3A). Analogous behav-
iour was detected in HERC1-depleted cells (Fig. 3A). The
same results for p38 phosphorylation were obtained when
silencing HERC2 with siRNAs containing different RNA
sequences (HERC2 H2.2 and HERC2 H2.4) (Fig. 3B).

The phosphorylation of p38 is associated with its acti-
vation and nuclear translocation. To check this, we ana-
lysed p38 subcellular localisation. Immunofluorescence
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Fig. 1 Patient-derived cells
with a homozygous mutation

in human HERC?2 gene show
MAPK pathway alterations.
A-C We analysed lysates of
human skin fibroblasts from an
individual with the wild-type
HERC2 (HERC2 WT) and the
p-Pro594Leu mutant HERC2
variant (HERC2 P594L) by
immunoblot, using the indi-
cated antibodies. C-RAF (A),
phospho-ERK (P-ERK) (B) or
phospho-p38 (P-p38) (C) levels
were quantified and normalised
based on clathrin heavy chain
(CHC), ERK or p38 protein lev-
els, respectively. The results are
expressed relative to the control
condition. Plots represent

mean + standard error of the
mean. Representative results are
shown for experiments repeated
at least three times and the data
points of each experimental
repetition are plotted as single
dots. (D) We analysed lysates
of human skin fibroblasts

from three different control
individuals with the wild-type
HERC?2 (C1, C2 and C3) and
three different patients with the
HERC?2 P594L mutant variant
(P1, P2 and P3) by immunoblot.
Levels of HERC2 and C-RAF
proteins were quantified as in
A. Levels of P-ERK and P-p38
were quantified as in B, C,
respectively. The results are
expressed relative to the control
condition. Plots represent
mean =+ standard error of the
mean. Representative results are
shown for experiments repeated
at least three times and the data
points of each of the indi-
viduals analysed are plotted as
single dots. Significance levels:
ns =non-significance; *p <0.05;
*#p <0.01; ***p <0.001
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experiments showed increased p38 nuclear localisation
in HERC2-depleted cells (Fig. 3C). This was quantified
assessing the nucleus:cytoplasm ratio, which was higher
in HERC2-depleted cells compared with control cells
(Fig. 3D).
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After HERC?2 silencing, p38 activation, was replicated in
other human cells, such as the p53-lacking human non-small
lung carcinoma cell line (H1299) and the non-tumorigenic
human kidney 293 T cell line (HEK 293 T) (Fig. 3E). In
addition, the same results were obtained in mouse cells and
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Fig.2 HERC2 regulates C-RAF protein levels. A U20S cells were
transfected with an siRNA negative control (NC), an siRNA against
HERC?2, or an siRNA against HERC1. The indicated protein levels
were analysed by immunoblot. Levels of C-RAF proteins were quan-
tified, normalised based on clathrin heavy chain (CHC) protein lev-
els (loading control), and expressed relative to the control condition.
B, C U20S cells were transfected with a NC siRNA or an siRNA
against HERC2. Levels of A-RAF (B) or B-RAF (C) were analysed
by immunoblot, quantified, normalised based on CHC protein levels,

when using a different HERC?2 silencing method. RAW
264.7 macrophage cell line, primary mouse osteoblasts and
MEFs were infected with lentiviral particles carrying either
an empty vector as a control (plKO) or a short hairpin RNA
(shRNA) against HERC2. All HERC2 knockdown cells
presented higher phospho-p38 protein levels compared to
controls, while total p38 protein levels remained constant

and expressed relative to the control condition. (D) U20S cells were
transfected as in A, and the indicated protein levels were analysed by
immunoblot. Phospho-ERK (P-ERK) levels were quantified, normal-
ised based on ERK protein levels and expressed relative to the con-
trol condition. Plots represent the mean + standard error of the mean.
Representative results are shown from experiments repeated at least
three times and the individual data points are plotted as single dots.
Significance levels: ns=non-significance; *p<0.05; **p<0.01;
*#%p <0.001

(Fig. 3F). In conjunction, these results demonstrated that
HERC?2 participates in regulating p38 signalling.

HERC2 regulates the MKK3/p38 pathway
through crosstalk mediated by C-RAF

MAPK kinase (MAPKK or MKK) mediates p38 activation
through phosphorylation. MKK3 is the dominant isoform
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in human U20S cell lines [29], and its activation has been
analysed by measuring its phosphorylation at Ser189 [30].
Thus, we analysed MKK3 activation and its total protein
expression in HERC2-depleted U20S cells, revealing that
neither MKK3 phosphorylation at Ser189 nor total MKK3
protein levels were altered compared with control cells

@ Springer
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(Fig. 4A). To confirm whether p38 phosphorylation trig-
gered by HERC2 depletion depends on MKK3, we co-
transfected U20S with an MKK3 siRNA and either the
negative control or the HERC2 siRNA. This revealed that
MKK3 knockdown significantly abolished the increment
in p38 phosphorylation after HERC2 depletion (Fig. 4B).
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«Fig. 3 HERC?2 regulates p38 phosphorylation. A U20S cells were
transfected with an siRNA negative control (NC), an siRNA against
HERC?2, or an siRNA against HERCI1. The indicated protein lev-
els were analysed by immunoblot. Levels of phospho-p38 (P-p38)
were quantified, normalised based on total p38 protein levels, and
expressed relative to the control condition. B U20S cells were trans-
fected with an siRNA negative control (NC) and two different siRNA
sequences against HERC2: H2.2 or H2.4. The indicated protein levels
were analysed by immunoblot and phospho-p38 levels were quanti-
fied and represented as in (A). C U20S cells transfected with NC or
HERC?2 siRNA were analysed by immunoblot against the indicated
proteins and by confocal microscopy. Fixed cells were stained for
phospho-p38 (green), F-actin with phalloidin (red), and nuclei with
DAPI (blue) and analysed by immunofluorescence. D Fluorescence
intensity in the nucleus and cytoplasm per cell was measured and
quantified. The ratio nucleus/cytoplasm was calculated. Each data
point represent mean of a different field. E HEK 293T and H1299
cells were transfected with a NC or HERC2 siRNA. The indicated
protein levels were analysed by immunoblot. F A RAW 264.7 mouse
macrophage cell line, mouse primary osteoblasts and mouse embry-
onic fibroblasts (MEFs) were infected with lentiviral particles carry-
ing either the empty pIKO vector as a negative control (pIKO) or an
shRNA against HERC2. The indicated protein levels were analysed
by immunoblot. Plots represent mean +standard error of the mean.
Representative results are shown from experiments repeated at least
three times and the individual data points are plotted as single dots.
Significance levels: ns=non-significance; *p<0.05; **p<0.01;
*#%p <0.001

These data suggested that MKK3 activation caused the
increase in phospho-p38 independent of phosphorylation
at Ser189.

Given the finding that HERC2 regulates C-RAF and p38
activation, we used two specific RAF kinase inhibitors to
identify a potential crosstalk mechanism between the two
pathways. LY300912 was used to inhibit all RAF isoforms,
and Sorafenib was used to inhibit only B-RAF and C-RAF.
In absence of the inhibitors, cells showed an increase in p38
phosphorylation after HERC2 depletion; remarkably, how-
ever, this increase was clearly abrogated after incubation
with LY3009120 or Sorafenib inhibitors for 1 h (Fig. 4C).
Since RAF isoforms interact by forming different heterodi-
mers [31], sometimes all isoforms must be depleted to rescue
the regulatory effects mediated by RAF proteins. Therefore,
we co-transfected U20S cells with siRNAs against C-RAF
or all three RAF isoforms (A-RAF, B-RAF and C-RAF)
along with either the negative control siRNA or the siRNA
against HERC?2 to achieve knockdown (Fig. 4D). Although
silencing C-RAF alone was insufficient to reduce p38 phos-
phorylation significantly, silencing all three isoforms led to
a significant decrease in p38 activation in HERC2-depleted
cells (Fig. 4D). Unlike pharmacological inhibition of RAF,
triple knockdown failed to produce a complete abrogation
of p38 phosphorylation after HERC2 depletion, which is
probably due to the fact that siRNA silencing did not achieve
sufficient RAF isoforms knockdown. Altogether these results
confirm the existence of a crosstalk between the RAF and
p38 signalling pathways regulated by HERC2.

HERC2 interacts with C-RAF

To further investigate the mechanism behind C-RAF regula-
tion by HERC2, we analysed whether these two proteins can
interact. In immunoprecipitation experiments in U20S cells
with a specific anti-HERC2 antibody (bvg3), endogenous
HERC2 and C-RAF immunoprecipitated, while HERC1 did
not, indicating that the interaction of HERC2 and C-RAF
was independent of HERC1 (Fig. 5A). RAF hetero-dimerisa-
tion between its isoforms is a well-reported process [31], and
consistent with this, A-RAF and B-RAF were also detected
in HERC2 immunoprecipitated complexes (Fig. 5B, C). The
same results were obtained in the human 293 T cell line
(Fig. 5SD-F).

To identify the region of HERC?2 interacting with C-RAF,
we co-expressed a GFP-C-RAF fusion protein with a series
of Myc-HERC?2 fusion proteins in HEK 293 T cells (Sup-
plementary Fig. 1A), followed by pull-down assays with
GFP-binding beads. Constructs F4, F5, and FSCT coim-
munoprecipitated with GFP-C-RAF, indicating that the
HERC?2 and C-RAF protein interaction occurs mainly in
the carboxyl-terminus of HERC2 polypeptide chain. FSCT
construct, which contains the HECT domain holding the
ubiquitin ligase activity, showed the highest affinity with
C-RAF, suggesting that this is the most relevant interac-
tion site (Supplementary Fig. 1A). HEK 293 T cells were
then co-transfected with a Flag-HERC?2 full-length fusion
protein along with GFP (as a negative control) or the GFP-
C-RAF fusion constructs (CR1, CR2, CR3 or full-length)
to map the C-RAF region involved. In the GFP pull-down,
Flag-HERC2 was coimmunoprecipitated with CR1, CR3,
and the full-length constructs (Supplementary Fig. 1B). To
characterise this interaction further, we co-expressed the F4
Myc-HERC?2 construct with GFP-C-RAF fusion constructs
and performed a GFP pull-down, which showed preferential
co-immunoprecipitation of the F4 construct with CR3 (Sup-
plementary Fig. 1C). In parallel, the same experiment was
done but with the FSCT Myc-HERC2 construct instead of
F4, and this revealed co-immunoprecipitation of FSCT with
CR1 and CR3 (Supplementary Fig. 1D). In conjunction,
pull-down experiments confirmed the interaction between
HERC?2 and C-RAF, and indicated the possible domains
involved. The HERC2 HECT domain, contained in the
F5CT construct, showed the highest affinity for C-RAF and
its catalytic domain (CR3), suggesting that the HECT and
CR3 domains could be the most relevant at the physiologi-
cal level. Subsequent structural studies should confirm this
relevance.

HERC2 regulates C-RAF ubiquitylation

Having shown that the ubiquitin E3 ligase HERC?2 inter-
acts with C-RAF and regulates its protein levels, we wanted
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«Fig. 4 HERC?2 regulates the MKK3/p38 pathway through crosstalk
mediated by C-RAF. A U20S cells were transfected with an siRNA
negative control (NC) or an siRNA against HERC2. The indicated
protein levels were analysed by immunoblot. Levels of MKK3 and
P-MKK3 were quantified and normalised based on clathrin heavy
chain (CHC) protein levels (loading control) and total MKK3 pro-
tein levels, respectively, and expressed relative to the control condi-
tion. B U20S cells were transfected with the NC or HERC2 siRNA.
An siRNA against MKK3 was added in the indicated conditions
(+MKK3) and the indicated protein levels were analysed by immu-
noblot. Levels of phospho-p38 (P-p38) were quantified, normalised
based on total p38 protein levels and expressed relative to the control
condition. C U20S cells were transfected with NC or HERC2 siRNA.
At 72 h post-transfection, cells were treated with 1 pM of LY3009120
or 1 uM Sorafenib for 1 h. Untreated cells were incubated with dime-
thyl sulfoxide (DMSO) as a negative control. Lysates were analysed
by immunoblotting and phospho-p38 levels were quantified, normal-
ised by total p38 protein levels and expressed relative to the control
condition. D U20S cells were transfected with the NC or HERC2
siRNA. C-RAF siRNA alone or a combination of A-, B- and C-RAF
siRNAs (A + B + C) was added when indicated. The indicated pro-
tein levels were analysed by immunoblot. Phospho-p38 levels were
quantified, normalised by total p38 protein levels and expressed rela-
tive to control condition. Plots represent mean + standard error of the
man. Representative results are shown from experiments repeated at
least three times and the individual data points are plotted as single
dots. Significance levels: ns =non-significance; *p <0.05; **p <0.01;
*#%p <0.001

to dissect whether HERC?2 regulates C-RAF ubiquityla-
tion targeting it to proteasomal degradation. To determine
this, we analysed C-RAF ubiquitylation both in control and
HERC?2-depleted cells in the absence and presence of the
proteasome inhibitor MG132. Control and HERC2-depleted
HEK 293 T cells were transfected with constructs express-
ing GFP-C-RAF or GFP as a negative control. Forty-eight
hours later, cells were incubated for 6 h in the absence or
presence of MG132 (10 uM). Lysates from these cells were
pulled down using GFP resin. Inputs and pull-down proteins
were analysed by PAGE/SDS and immunoblotted with the
anti-ubiquitylated proteins antibody (FK2) or with specific
antibodies against the indicated proteins. GFP-C-RAF poly-
ubiquitylation slightly decreased in HERC2-depleted cells
compared to control cells under basal conditions (Fig. 5G,
lane 10 compared with lane 12). Treatment with MG132
efficiently caused accumulation of polyubiquitylated GFP-
C-RAF due to proteasome degradation inhibition in control
cells (Fig. 5G, lane 10 compared with lane 14). Remarkably,
under MG132 treatment, GFP-C-RAF polyubiquitylation
levels were much lower in HERC2-depleted cells (Fig. 5G,
lane 14 compared with lane 16). Altogether, these results
demonstrated C-RAF proteasome-dependent degradation
and its regulation by HERC2.

To confirm the role of HERC2 regulating C-RAF poly-
ubiquitylation we performed an ubiquitylation assay. First,
we checked expression of different HERC2 constructs in
HEK 293 T cells. We transfected either a negative control
plasmid (Flag-CTL), a plasmid encoding wild-type HERC2

protein tagged with Flag peptide (Flag-HERC2 WT), or a
plasmid encoding a mutant variant lacking ubiquitin ligase
activity (Flag-HERC2 C4762S). HERC2 overexpres-
sion occurred in both Flag-HERC2 WT and Flag-HERC2
C4762S transfected cells, being greater with the mutated
form (Supplementary Fig. 2A). Next, HEK 293 T cells were
also transfected with GFP-C-RAF and His-tagged ubiquitin
constructs. Cells were lysed after incubation with the pro-
teasome inhibitor MG132 to enrich ubiquitylated proteins
degraded by the proteasome, and incubated with Ni-NTA
agarose resin to pull-down His-tagged ubiquitin molecules
and the proteins to which they were attached (Fig. SH). The
results showed a smear of high molecular weight GFP-C-
RAF indicating much greater C-RAF ubiquitylation with
wild-type HERC2 overexpression. The plasmid construct
HERC2 C47628, which is catalytically inactive, was used to
determine if the effect on C-RAF ubiquitylation by HERC2
WT overexpression, was dependent on the ubiquitin ligase
activity of HERC2. Despite greater overexpression of the
mutated form (HERC2 C4762S), this did not correlate with
increased C-RAF ubiquitylation (Fig. SH). Ubiquitin prot-
eomic analysis further supported these results. In short, HEK
293 T cells were transiently transfected with a biotinylatable
version of ubiquitin, along with either Flag-HERC2 WT or
Flag-HERC2 C4762S plasmids. Ubiquitylated proteome
from each condition was then isolated by a biotin-based pull-
down approach [25] and analysed by mass spectrometry.
C-RAF protein appeared in Flag-HERC2 WT-overexpress-
ing cells, but not in Flag-HERC2 C4762S-overexpressing
cells (Supplementary Fig. 2B, C). These results confirmed
that HERC?2 regulates C-RAF ubiquitylation.

HERC2 modulates cellular response to H,0,-induced
oxidative stress

Given that a major function of p38 is to regulate cellu-
lar stress, we analysed the cellular response to oxidative
stress. U20S cells were transfected with a negative control
siRNA or an siRNA against HERC2, and oxidative stress
was induced by treating cells with 500 uM H,O, for dif-
ferent durations. Protein levels of phosphorylated p38 were
analysed by immunoblot. As expected, HERC2-depleted
cells started from a more phosphorylated basal state (t=0)
(Fig. 6A). After 3 h of H,0, stimulation, both control cells
and HERC2-depleted cells clearly showed induced phos-
phorylation of p38 and reached a maximum peak intensity,
which is higher in HERC2-depleted cells. Interestingly,
while p38 phosphorylation levels in control cells were
clearly reduced after 6 and 12 h of treatment, the HERC2-
depleted cells maintained significantly higher levels at these
times, resulting in a more pronounced and prolonged phos-
phorylation response curve (Fig. 6A).
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«Fig.5 HERC?2 interacts with C-RAF and regulates its ubiquitylation.
A-F Supernatants (Input) of lysates from U20S (A-C) and HEK
293 T cells (D-F) were immunoprecipitated (IP) using anti-HERC2
antibodies (bvg3) and analysed by immunoblotting with antibodies
against the indicated proteins. Pre-immune serum (PI) was used as a
negative control. G HEK 293 T cells were transfected with the NC
or HERC2 siRNA. Twenty-four hours later, cells were transfected
with GFP or GFP-C-RAF plasmids. Forty-eight hours later, cells
were incubated for 6 h in the absence or presence of MG132 (10 uM).
Lysates were pulled down using GFP resin as indicated in “Materials
and methods”. Inputs and proteins retained in the resin (Pull-Down
GFP) were analysed by immunoblotting with the indicated antibod-
ies. H HEK 293 T cells were transfected with His-Ubiquitin (His-Ub)
along with GFP-C-RAF plasmids, as well as a Flag-pcDNA control
plasmid (Flag-CTL), an HERC2 WT plasmid (Flag-HERC2 WT),
or a catalytically inactive form of HERC2 (Flag-HERC2 C4762S).
After 48 h, cells were incubated for 6 h with MG132 (10 uM). Ubig-
uitylated proteins were purified using a Ni-NTA-agarose resin as
indicated in “Materials and methods”. Inputs and pull-downs were
analysed by immunoblotting with antibodies against the indicated
proteins. Representative results are shown from experiments repeated
at least three times

nuclear factor erythroid 2-related factor 2 (NRF2), a master
regulator of all these antioxidants genes, were also upregu-
lated in HERC2-depleted cells (Fig. 6C).

To determine whether the role of HERC?2 regulating the
cellular response to oxidative stress depends on the acti-
vation of the RAF/MKK3/p38 signalling pathway we used
p38 (SB203580) and RAF inhibitors (LY3009120). As pre-
viously shown, in absence of the inhibitors, cells showed
an increase in NRF2 protein levels after HERC?2 depletion;
however, this increase was abrogated after incubation with
SB203580 or LY3009120 for 1 h (Fig. 6D). These results
suggested that p38 acts upstream NRF2 activation and that
the cellular response to oxidative stress regulated by HERC2
depends on the RAF/MKK3/p38 signalling pathway.

We then evaluated if HERC2 also regulates other stress
types modulated by p38. To assess osmotic stress, we treated
control cells and HERC2-depleted cells with 100 mM NaCl
for different durations; as with H,0O,, the HERC2-depleted
cells maintained higher levels of p38 phosphorylation after
6 and 12 h (Supplementary Fig. 3).

Ultimately, these data showed a complex regulation of
downstream p38 signalling dependent on HERC2, pointing
out HERC2 as a modulator of the cellular response to oxida-
tive and saline stresses.

HERC2 deficiency alters cellular resistance
to H,0,-induced oxidative stress

Finally, to determine whether cells with the HERC2 P594L
mutation showed an altered response to H,0O,-induced
oxidative stress, we treated them with 500 uM H,O, for
different durations. Both the controls (HERC2 WT) and
the fibroblasts carrying the mutation (HERC2 P594L)

responded with a strong induction of p38 phosphorylation
by 1-3 h after H,0, treatment. Notably, HERC2 P594L
cells maintained higher p38 phosphorylation levels after
6 h, while levels in control cells had already decreased
to baseline (Fig. 7A). These differences in p38 signalling
correlated with differences in cell morphology spotted by
optical microscopy. After 3 h of treatment with H,O,, the
HERC2 WT cells had already begun to show a rounder
morphology, probably due to the toxic effect of H,0,,
and after 6 h, most cells showed this altered morphology.
By contrast, the HERC2 P594L cells seemed to be more
resistant to H,O, exposure, appearing healthier and more
attached to the plate culture surface than controls at both
3 and 6 h (Fig. 7B). To confirm the differences in cell
viability and test their dependence on the C-RAF/MKK3/
p38 signalling pathway, MTT assays were performed in
the presence of a p38 inhibitor (SB203580) or the RAF
inhibitors (LY3009120 or Sorafenib). After 6 h of treat-
ment with 500 uM H,0,, cell viability fell to 13.7% and
44.8% in the control cells and the HERC2 P594L cells,
respectively. The higher resistance of HERC2 P594L cells
to H,O,-induced oxidative stress was abrogated by treat-
ment with the inhibitors (Fig. 7C). We then evaluated this
effect under prolonged but less aggressive exposure to
H,0, (50 uM for 24 h). Again, HERC2 P594L cell viabil-
ity was higher compared to the controls after stress expo-
sure and, this higher resistance was abrogated by the p38
or RAF inhibitors (Fig. 7D).

Previous studies have reported that HERC2 depletion
enhances cell proliferation due to impaired p53 transcrip-
tional activity [10—12]. Given that HERC2 modulates the
activity of p53, we wanted to determine whether the evalu-
ated effects on cell viability also depend, in part, on this
tumour suppressor protein. As expected, HERC2-depleted
cells with functional p53 (WT p53), presented higher cell
growth compared to the control cells (Fig. 7E). The dif-
ferences in cell growth between the control and HERC2-
depleted cells were abolished under p53 knockdown (siRNA
p53) (Fig. 7E), so we used this model (p53-knockdown
U20S cells) to repeat the cell viability assay after H,O,
exposure. In untreated conditions, no significant differences
were observed between negative control cells (NC + p53)
and HERC2-depleted cells (HERC2 + p53) (Fig. 7F), includ-
ing after treatment with the inhibitors. However, after 24 h of
treatment with 50 pM H,0,, cell viability reduced to 67.5%
in control cells and only to 89.2% in HERC2-depleted cells.
Again, the higher cell resistance of HERC2-depleted cells
was abrogated by treatment with p38 (SB203580) and RAF
(LY3009120) inhibitors (Fig. 7F). Taken together, these
results demonstrated that cellular resistance to H,O,-induced
oxidative stress acquired by HERC2 deficiency is
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independent of p53, instead being mediated through the
C-RAF/MKK3/p38 signalling pathway.

These above results suggested that cells with HERC2
deficiency are better equipped against oxidative stress, so we
wondered how does increased protection against oxidative
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stress fits into pathology. Excessive reactive oxygen spe-
cies (ROS) cause oxidative stress. However, ROS also play a
physiological role in cell signalling. Thus, appropriate ROS
production is essential to maintain redox balance. Overex-
pression of antioxidant enzymes, such as NRF2, may lead
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«Fig.6 HERC2 modulates cellular response to H,O,-induced oxida-
tive stress. A U20S cells were transfected with an siRNA negative
control (NC) or an siRNA against HERC2. Subsequently, cells were
treated with 500 uM H,O, to induce oxidative stress for the indicated
durations. The indicated protein levels were analysed by immunob-
lot. Phospho-p38 (P-p38) levels were quantified, normalised based
on total p38 protein levels, and expressed relative to the non-treated
control condition (NC, t=0). Plots represent mean + standard error of
the mean of 4 independent experiments (n=4). B U20S cells trans-
fected with the NC or HERC2 siRNA were analysed by RT-qPCR.
GUSB, NFE2L2, SODI, SOD2, and GPX] mRNA expression levels
were quantified, and GAPDH levels were used to normalise. Each
gene quantification is expressed relative to the control condition and
individual data points are plotted as single dots. C U20S cells were
transfected with the NC or HERC2 siRNA. The indicated protein lev-
els were analysed by immunoblot. NRF2 protein levels were quanti-
fied, normalised based on Clathrin Heavy Chain (CHC) protein levels
(loading control), and expressed relative to the control condition. D
U20S cells were transfected with the NC or HERC2 siRNA. At 72 h
post-transfection, cells were treated with 10 pM SB203580 or 1 pM
of LY3009120 for 1 h. Untreated cells were incubated with dime-
thyl sulfoxide (DMSO) as a negative control. Lysates were analysed
by immunoblotting and protein levels of NRF2 were quantified, nor-
malised by Clathrin Heavy Chain (CHC) protein levels (loading con-
trol), and expressed relative to the control condition. Plots represent
mean =+ standard error of the mean. Representative results are shown
from experiments repeated at least three times and the individual data
points are plotted as single dots. Significance levels: ns=non-signifi-
cance; *p <0.05; **p <0.01; ***p <0.001

the cell to a more reduced state. This pathophysiological
situation is known as reductive stress and can be as harmful
as is oxidative stress [32—34]. To assess this, mitochondrial
ROS levels were evaluated with MitoSOX staining. Cells
with the HERC2 P594L mutation showed lesser produc-
tion of mitochondrial ROS than control cells, suggesting a
more reduced state in these cells (Supplementary Fig. 4A).
In addition, mitochondria were stained using MitoTracker
probes. HERC2 P594L cells presented a more fragmented
mitochondrial network than control cells, indicating a pos-
sible mitochondrial disfunction (Supplementary Fig. 4B).
Further experiments should confirm these preliminary
observations and deepen how ROS levels and mitochondrial
function participate in the neurological syndrome caused by
the HERC2 P594L variant.

Discussion

This study provides the first evidence that HERC?2 controls
the cellular response to oxidative stress through the p38
signalling pathway dependent on RAF. Our results dem-
onstrate that HERC2 forms a complex with RAF proteins,
consistent with the results of a previous proteomic analysis,
in which C-RAF was identified to interact with the carboxyl-
terminus domain of HERC2 [35]. Mechanistically, our data
show that HERC2 regulates C-RAF ubiquitylation and
protein degradation; thus, in individuals with the HERC2

P594L mutation, the resulting HERC2 deficiency, causes
an increase in C-RAF protein levels. However, this increase
is not signalled through the canonical MEK/ERK pathway,
and instead, seems to affect the MKK3/p38 pathway spe-
cifically (Fig. 8). Activation of crosstalk between C-RAF
and the MKK3/p38 pathway has also been described as a
mechanism regulated by HERC1, the other member of the
large HERC protein family [29]. This raises the question of
whether this signalling mechanism is specific to large HERC
proteins. In any case, our results demonstrated that the role
of HERC2 in the C-RAF/MKK?3/p38 signalling pathway is
independent of HERCI1. Several lines of evidences show this
independent role: (1) HERC1 and HERC2 proteins do not
interact [29]; (2) HERCI1 is not present in the HERC2/C-
RAF complex (Fig. 5A); and (3) while HERC1 depletion
regulates ERK signalling, HERC2 does not (Fig. 2D). By
contrast, activation dependent on HERC?2 affects the cellular
response to oxidative and saline stresses. Although the pre-
cise mechanism explaining the differences between HERC1
and HERC?2 should be explored further, differences could be
explained by the different complexes formed between RAF
proteins and large HERC proteins or by the pleiotropy of
the p38 pathway [36]. Many p38 MAPK substrates have
been described, both in the cytosol and the nucleus, and each
large HERC family member appears to direct p38 signalling
towards different downstream targets, suggesting the partici-
pation of different HERC1 and HERC2 complexes.

NRF2, a transcription factor encoded by the NFE2L2
gene, is considered the master regulator of the cellular anti-
oxidant response [37]. A critical regulatory step leading to
its activation is its dissociation from Cullin 3 (CUL3) and
the ubiquitin ligase Kelch-like ECH-associated protein 1
(KEAP1). CUL3 ubiquitylates NRF2, targeting it to protea-
somal degradation, and upon exposure to oxidative stress,
the NRF2-KEAPI1 complex is disrupted and NRF2 is sta-
bilised for translocation to the nucleus. Nevertheless, the
precise mechanism by which cellular stress signals end up
reaching NRF2 and causing its dissociation of the complex
remains unclear [38]. Indeed, several studies have pointed
out that some MAPK pathways are responsible for regulat-
ing this signal transduction. The p38 MAPK can regulate
NRF?2 activity through its activation [39-41] and its repres-
sion [42] depending on the context [43]. We observed NRF2
protein levels increasing after HERC2 depletion (Fig. 6C),
consistent with p38 activating NRF2. Moreover, the mRNA
levels of NRF2-regulated antioxidant genes also increased
(e.g. SODI, SOD2 and GPXI) (Fig. 6B). The NFE2L2
gene contains an antioxidant response element within its
promoter region, providing NRF2 the ability to activate
its own transcription [44]. This could explain why we
observed increased mRNA levels of NFE2L2 in addition
to its protein levels. In addition, the fact that the inhibition
of RAF or p38 activity, abolished upregulation of NRF2 in
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«Fig.7 HERC?2 deficiency alters cellular resistance to H,0,-induced
oxidative stress. A Human skin fibroblasts derived from an HERC2
wild-type individual (HERC2 WT) and an individual with the
p-Pro594Leu HERC2 mutant variant (HERC2 P594L) were treated
with 500 uM H,0, to induce oxidative stress for the indicated time
points and protein levels were analysed by immunoblot. Phospho-
p38 (P-p38) levels were quantified, normalised based on total p38
protein levels and expressed relative to the non-treated control condi-
tion (HERC2 WT, r=0). Plots represent mean + standard error of the
mean of 4 independent experiments (n=4). B Human skin fibroblasts
were treated as in (A) and images were acquired by optical micros-
copy after the indicated treatment times, with representative images
shown from experiments repeated three times (n=3). C, D HERC2
WT and HERC2 P594L human skin fibroblasts were treated with
500 uM H,0, for 6 h (C) or with 50 uM H,0, for 24 h (D) as indi-
cated. Cells were treated 1 uM LY3009120, 1 uM Sorafenib or 10 uM
SB203580 in the specified conditions 1 h before adding H,O,. An
MTT assay was performed. Data are presented as a percentage rela-
tive to the control and untreated condition. E U20S were transfected
with an siRNA negative control (NC) or an siRNA against HERC2.
A p53 siRNA was added when indicated (siRNA p53). Subsequently,
cells were plated in a 96-well plate and allowed to grow for 48 h to
evaluate cell proliferation and an MTT assay was performed. Data are
presented relative to the control condition (NC, WT p53). F U20S
cells were transfected with the NC or HERC2 siRNA along with
p53 siRNA (NC +p5S3/HERC2 4 p53). Cell viability was assessed by
MTT assay (under the same conditions mentioned in D). Plots rep-
resent mean + standard error of the mean. Representative results are
shown from experiments repeated at least three times and the indi-
vidual data points are plotted as single dots. Significance levels:
ns =non-significance; *p <0.05; **p <0.01; ***p <0.001

HERC2-depleted cells, confirmed that p38 acts upstream of
NRF?2 activation. Still, given the variety of p38 substrates
we cannot discard that other transcription factors, apart from
NRF2, could also be involved in the regulation of the studied
antioxidant genes. The transcription factor ATF-2 is another
important mediator of p38 in the induction of SOD2 expres-
sion upon H,0,-induced oxidative stress in MEFs [45]. This
possible cooperation between NRF2 and ATF-2, or some
other transcription factor targeted by p38, should be studied
further.

Overall, our findings may have both physiological and
clinical repercussions. Physiologically, we revealed a
pro-survival function of p38 that is regulated by HERC2.
HERC?2 potentially fine-tunes the cellular response to oxida-
tive stress by controlling protein levels of C-RAF and, there-
fore, C-RAF/MKK3/p38 signalling to regulate antioxidant
gene expression. Clinically, these findings may be relevant
to cancer, as well as individuals with HERC2 Angelman-like
syndrome due to biallelic HERC?2 gene variants [16, 18].

Several HERC2 mutations have been associated with a
wide number of tumours [4]. In renal cancer, higher HERC2
gene expression correlates with better patient prognosis
[46], supporting the hypothesis that HERC2 may act as a
tumour suppressor [4, 46]. We previously demonstrated
that HERC2, and NEURLA4, regulate the transcriptional
activity of the tumour suppressor p53, facilitating its

oligomerisation. HERC2 knockdown accordingly increases
cell proliferation due to the impaired capability to arrest the
cell cycle through p53 [10-12]. Equally, although the pre-
cise mechanism remains elusive, it is well established that
the production of reactive oxygen species in tumour cells
increases due to the higher metabolic rate, with the resulting
excess being countered by an increased antioxidant cellular
response [47]. Supporting this, in mice, oncogenic alleles
of Kras, Braf and Myc, associated with increased Nfe2l2
expression. This appear to stably enhance NRF2 antioxi-
dant program and lower intracellular reactive oxygen species
[48]. Furthermore, in pS3 mutated cancer cells, the NRF2-
dependent antioxidant response was selectively modulated
to enhance cancer cell survival [49]. Our data reveal a new
mechanism by which HERC2 deficiency may contribute to
tumour malignancy by impairing p53 transcriptional activ-
ity, and also by boosting the cellular antioxidant response
making cancer cells more resistant to oxidative stress
(Fig. 8). In this context, combination treatments with drugs
causing non-genotoxic activation of p53 oligomerisation and
FDA-approved RAF inhibitors, such as Sorafenib, represent
potential therapeutic candidates for tumours associated with
HERC?2 deficiency.

Finally, a previous proteomic analysis of human HERC2
mutants (including the p.Pro594Leu variant studied here)
has already identified an enrichment of the NRF2-mediated
oxidative stress response in HERC2 mutants compared to
control group [20]. In addition, protein—protein interac-
tion networks containing signal transduction proteins and
MAPKSs were found to be differentially expressed in HERC2
mutants [20]. Our results add to these observations and,
importantly, provide a possible molecular mechanism expla-
nation. It would be interesting for further research to study
the implication of a chronic activation of the C-RAF/MKK3/
p38 signalling pathway in neuronal cells with HERC2 defi-
ciency. Alterations in p38 MAPK signalling in neurons have
been linked to neurodegenerative diseases including Parkin-
son’s disease, Alzheimer’s disease and amyotrophic lateral
sclerosis (ALS) [50]. Therefore, we cannot discount the pos-
sibility that alterations in this pathway could be associated
with clinical outcomes in HERC2 Angelman-like syndrome.
Consistent with this, previous studies have shown that SOD1
overexpression, in which gene variants are associated with
ALS and whose mRNA levels we found to be increased fol-
lowing HERC?2 depletion, is associated with defects in the
cerebellar architecture [51, 52]. In addition, while exces-
sive ROS elicit oxidative stress, their persistent depletion,
as observed in HERC2-deficient cells (Supplementary
Fig. 4A), leads to an opposite condition called reductive
stress. Persistent activation of antioxidant signalling can
cause reductive stress and lead to pathology. In HERC2
P594L cells, the overactivation of NRF2 signalling could
be one of the causes. In fact, NRF2 sustained activation has
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Fig.8 Working model of HERC2 function in health and disease. In
previous studies, we showed that independently of the ubiquitin ligase
activity, HERC2 along with NEURL4, facilitates p53 oligomerisa-
tion to promote p53 transcriptional program activation. For example,
the target gene p21 regulates the cell cycle and promotes cell cycle
arrest. Under conditions of HERC2 deficiency or down-regulation,
the transcriptional activation of p53 is impaired due to the compro-
mised p53 oligomerisation process [10-13]. Now, with data pre-
sented in this study, we complement this working model by adding
an important function of HERC2 dependent on its ubiquitin ligase
activity. Under normal conditions, HERC2 controls C-RAF protein

already been linked to reductive stress [53]. Highlighting the
importance of reductive stress on pathology, mutations in
key components of the cellular reductive stress response can
cause developmental diseases. For instance, FEM1B gain-
of-function mutation, which cause a persistent activation
of the reductive stress response, elicit developmental syn-
dromes with some similarities to the HERC2 Angelman-like
syndrome [33, 34]. An example of the damage that reduc-
tive stress can exert on cells is that it can induce mitochon-
drial dysfunction and impact on the correct cell function
[54, 55]. Accordingly, we observed an increased number
of fragmented mitochondria in HERC2 P594L cells, which
is a common feature observed in neurodegeneration [56].
However, more experiments are needed to confirm these
hypotheses and to associate these mechanisms with clinical
outcomes in HERC2 Angelman-like syndrome. All things
considered, the findings in this study identify p38 and RAF
inhibitors as potential therapeutic options for individuals
who present with such rare disease.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-022-04586-7.
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levels by regulating its ubiquitylation and targeting it to proteasomal
degradation. Hence, in HERC2-deficient cells, C-RAF protein levels
increase, which activates a crosstalk between the C-RAF and MKK3/
p38 signalling pathways. Once p38 is activated by phosphorylation, it
translocates to the nucleus and activates its target transcription factors
(TFs). This eventually activates transcription of genes related to the
oxidative stress response such as NFE2L2, SOD1, SOD2 and GPXI,
which predisposes cells to an enhanced resistance to oxidative stress.
The combination of these effects in the p53/p21 and MKK3/p38 path-
ways may affect both tumorigenesis and neuronal cell homeostasis
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