
HAL Id: hal-04195920
https://hal.science/hal-04195920v1

Submitted on 4 Sep 2023

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

HELZ2: a new, interferon-regulated, human 3’-5’
exoribonuclease of the RNB family is expressed from a

non-canonical initiation codon
Eric Huntzinger, Jordan Sinteff, Bastien Morlet, Bertrand Séraphin

To cite this version:
Eric Huntzinger, Jordan Sinteff, Bastien Morlet, Bertrand Séraphin. HELZ2: a new, interferon-regulated,
human 3’-5’ exoribonuclease of the RNB family is expressed from a non-canonical initiation codon. Nucleic
Acids Research, 2023, ⟨10.1093/nar/gkad673⟩. ⟨hal-04195920⟩

https://hal.science/hal-04195920v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


Nucleic Acids Research, 2023 1 

https://doi.org/10.1093/nar/gkad673 

HELZ2: a new, interferon-regulated, human 3 

′ -5 

′ 
exoribonuclease of the RNB family is expressed from 

a non-canonical initiation codon 

Eric Huntzinger, Jordan Sinteff, Bastien Morlet and Bertrand S ́eraphin 

* 
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BSTRACT 

roteins containing a RNB domain, originally identi- 
ed in Esc heric hia coli RNase II, are widely present 
hroughout the tree of life. Many RNB proteins 

a ve 3 

′ -5 

′ e xoribonucleol ytic activity but some ha ve 

ost catalytic activity during evolution. Database 

earches identified a new RNB domain-containing 

rotein in human: HELZ2. Analysis of genomic and 

xpression data combined with evolutionary inf or - 
ation suggested that the human HELZ2 protein 

s pr oduced fr om an unf oreseen non-canonical ini- 
iation codon in Hominidae. This unusual property 

as confirmed e xperimentall y, e xtending the human 

r otein b y 247 residues. Human HELZ2 was further 
hown to be an active ribonuclease despite the sub- 
titution of a key residue in its catalytic center. HELZ2 

Nase activity is lost in cells from some cancer pa- 
ients as a result of somatic mutations. HELZ2 har- 
ors also two RNA helicase domains and several zinc 

ngers and its expression is induced by interferon 

reatment. We demonstrate that HELZ2 is able to de- 
rade structured RNAs through the coordinated ATP- 
ependent displacement of duplex RNA mediated by 

ts RNA helicase domains and its 3 

′ -5 

′ ribonucleolytic 

ction. The expression characteristics and biochem- 
cal properties of HELZ2 support a role for this factor 
n response to viruses and / or mobile elements. 
n
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RAPHICAL ABSTRACT 

NTRODUCTION 

uring their life cycle, RNA molecules interact with nu- 
er ous pr oteins that allow their synthesis, ma tura tion, lo- 

aliza tion, transla tion and final degradation. Among the 
any factors interacting with RNA, ribonucleases play a 

nique role in participating both in the initial maturation of 
ewl y made RN As and in their final degradation. Proteins 
elonging to numerous protein families are endowed with 

ibonuclease activity targeting cellular RNAs ( 1 ). Some of 
hese factors are also mobilized by cells to defend them- 
elves against pathogens such as RNA viruses, but may 

n some cases be di v erted by the latter to facilitate their 
ropagation. 
One major ribonuclease family is defined by the pres- 

nce of a RNB domain tha t ca talyzes 3 

′ - 5 

′ hydrolytic RNA
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degradation. Founding members of this group, RNase II
and RNase R were identified in E. coli ( 2 ). If closely related
proteins are widely distributed in bacteria, distant family
members are found in eukaryotes as well as in some ar-
chaea and viruses. In eukaryotes, a highly conserved RNB
domain protein is the catalytic subunit of a decameric com-
plex named the exosome that constitutes the major cel-
lular 3 

′ -5 

′ exonuclease in both the nucleus and the cyto-
plasm ( 3–7 ). If the exosome is conserved in the eukary-
otic lineage, some RNB proteins are only present in specific
clades of the eukaryotic tree. Hence, in human, three RNB
domain-containing proteins have been characterized: DIS3
and DIS3L1 are exosome subunits ( 8 , 9 ), while DIS3L2 acts
as an independent enzyme targeting urid yla ted RNAs ( 10–
13 ). Whereas most proteins with a RNB domain are acti v e
nucleases, some have lost a catalytic activity during evo-
lution but remain indirectly involved in RNA metabolism
( 14 ). 

Database searches re v ealed the presence of another
RNB domain-containing protein encoded by the human
genome: HELZ2 (Helicase with Zinc Finger 2, also known
as PDIP-1 or PRIC285). The presence of a RNB domain in
HELZ2 has been o verlook ed in most studies involving this
protein, possibly because of the emphasis given to its heli-
case and zinc finger domains in its HELZ2 acronym. Inter-
estingly, howe v er, e xpression of HELZ2 has been shown to
be induced by interferon in mammalian cells ( 15 ), a prop-
erty conserved in fish cells ( 16 ) as well as zebrafish embryo
( 17 ). In agreement, mimicking a viral infection by transfect-
ing RNA or double-stranded DNA in mouse embryonic
fibroblasts also induces HELZ2 mRNA expression ( 18 ).
Analysis in chicken cells demonstrated that HELZ2 is con-
trolled by the MDA5 receptor that senses double-stranded
RNA ( 19 ). Howe v er, not all RNA viruses induce HELZ2
e xpression in e v ery cell type, since infection of Saos-2 hu-
man osteosarcoma cells by Zika virus a pparentl y has no
effect ( 20 ). Consistent with the regulation of HELZ2 by
interferon and pattern recognition receptors, a study re-
ported that it mediates the inhibition of Dengue virus in-
fection in human hepatic cells induced by IFN- � ( 21 ). In
line with this observa tion, downregula tion of HELZ2 ex-
pr ession r educes the antiviral effects of IFN-a against hep-
atitis C virus (HCV) infection ( 22 ). Mor e r ecently, HELZ2
was found among the genes whose expression is upregu-
lated in cells following SARS-CoV-2 infection ( 23 , 24 ). A
CRISPR screen suggested further that HELZ2 may have a
proviral action for SARS-CoV-2 ( 25 ). Beyond human sys-
tems, control of viruses by HELZ2 extends to birds as in-
hibition of HELZ2 facilitated infection by Duck Tembusu
virus ( 26 ). Apart from viruses, HELZ2 was also reported to
inhibit retrotransposition of human LINE1 ( 27 ). Links of
HELZ2 with autoimmune diseases have also been identified
by population genetics: an autoimmune disease locus in B
cells and an autoimmune li v er disease named primary bil-
iary cholangitis are associated with variants at the HELZ2
locus ( 28 , 29 ). Also, HELZ2 somatic mutations were often
found in cells from cancer patients. Finally, Helz2 -knockout
mice were shown to be resistant to high-fat diet-induced
obesity, glucose intolerance, and hepa tostea tosis ( 30 ). These
phenotypes have been explained by central leptin resistance
and by the increase in leptin receptor mRNA in the li v er of
the mutant mice, leading to a decrease in lipogenesis as well
as an increase in fatty acid oxidation. To study the molec-
ular contribution of HELZ2 to these processes, we decided
to characterize the organization and activities of the human
protein. Detailed analyses uncovered that human HELZ2 is
longer than the sequence currently listed in databases as it
is translated from a non- canonical start codon. Analysis of
the full-length HELZ2 sequence re v ealed various domains
including se v eral copies of tw o types of Zn fingers and tw o
helicase domains, in addition to the RNB domain. Bio-
chemical analyses demonstrate that, despite the presence of
a non-consensus residue at a critical position of its RNB ac-
ti v e site, HELZ2 is an acti v e 3 

′ -5 

′ e xonuclease, in agreement
with data from a recent study ( 27 ). HELZ2 mutations found
in cells from some cancer patients abolish this activity. We
further show that the RNA helicase domains synergize with
the RNB domain to allow degradation of structured RNA,
a feature that may be important to target viruses or struc-
tured RNAs. 

MATERIALS AND METHODS 

Construction of eukaryotic expression vectors 

The sequence encoding HELZ2 � was amplified respec-
ti v ely from p3XFLAG-CMV7.1 HELZ2 � (kind gift from
Dr T. Tomaru), and inserted between the EcoRI-SalI sites
of pEGFP-C1 vector (Clontech) giving pBS5528. For the
cloning of the sequence encoding the N-terminal extension,
a fragment of 897 nucleotides, covering the extension and
the first 756 nucleotides of HELZ2 �, overlapping the first
exon, was amplified from genomic DNA and inserted into
EcoRI-ClaI sites into peGFPC1-HELZ2 � to gi v e pBS6283.
The sequence encoding human Dis3L1 was amplified from
HEK293 cDNA preparation and then inserted between
XhoI and SalI sites of pEGFP-C1 vector giving pBS6465.
Subsequent modifications of these vectors were made by
mutagenesis PCR. Original clones and deri vati v es were ver-
ified by Sanger sequencing. 

For luciferases assays, complementary oligos containing
the 5 

′ UTR of HELZ2 mRNA and the 4 first codons of
HelZ2 � (nts 1 to 160) and the first 35 nts of firefly lu-
ciferase were annealed and extended by PCR. The resulting
product was then digested and inserted between HindIII-
KasI sites of pGL3 vector (Promega) giving pBS6288. Sub-
sequent modifications of this vector were made by muta-
genesis PCR. Original clones and deri vati v es were v erified
by Sanger sequencing. Oligonucleotides and plasmids used
for this study are listed in Supplementary Tables S1 and S2
respecti v ely. 

Cell culture and transfections 

HEK293 cells (ATCC CRL-1573) were maintained in
DMEM medium containing 4.5 g / l glucose, GlutaMAX,
10% fetal calf serum and 40 �g / ml gentamicin. They were
tr ansfected with Lipofectamine 2000 tr ansfection reagent
(ThermoFischer) according to the manufacturer’s recom-
mendation and processed 24–48 h post-transfection. 

HeLa cells were maintained in DMEM medium contain-
ing 1 g / l glucose, 10% fetal calf serum and 40 �g / ml gen-
tamicin. For interferon � stimulation, cells were seeded in
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 well plates and then mock-treated or treated with 5000 

 / mL of human recombinant IFN � (R&D systems, 8499- 
F / CF) for 24 h. 

uciferase assay 

EK293 cells were seeded in 12-well plates and then co- 
ransfected with 500 ng of firefly luciferase and 250 ng 

f renilla luciferase vectors. After 24 h, cells are washed 

ith PBS1X and then lysed with 250 �l of 1 × Passi v e
ysis Buffer (Promega). Firefly and renilla luminescences 
er e then monitor ed with Dual-Glo Luciferase Assay kit 

Promega) in a Berthold luminometer. Firefly values were 
ormalized with renilla values to control for transfection 

fficiency. 

icroscopy 

EK293 cells were grown on coverslips and transfected 

ith pEGFPC1-HELZ2. After 48 hours, cells were fixed 

ith 4% paraformaldehyde that was then neutralized by in- 
ubation with 0.125 M glycine followed by three washes 
ith PBS 1 ×. Cells are then incubated for 30 s with DAPI 
iluted at 1 / 10 000. After thr ee mor e washes, coverslips with
ells were deposited on a glass slide together with one drop 

f mounting medium (ProLong Gold antifade reagent from 

nvitr ogen). Micr oscopic images were taken with a Leica 

M4000 B with an objecti v e HC PL APO 100 × 1.40 oil 
S2 and equipped with a Hamamatsu ORCA-Flash 4.0 LT 

11440 camera. 

estern blotting 

estern blotting was performed using standard proce- 
ures and blots were visualized with Amersham Imager 
00 or 800 (GE Healthcare). GFP fusion proteins were re- 
ealed with mouse monoclonal antibody anti-GFP (JL-8, 
lontech) used at 1 / 2000 dilution. Anti-mouse IgG HRP- 

inked antibody (Cell Signaling Technology, 7076) was 
sed as secondary antibody and re v elation was performed 

ith the Luminata Crescendo Western HRP Substrate 
Millipore). 

ligonucleotides and RNA labeling 

N A and DN A oligonucleotides (100 pmol) were 5 

′ end- 
abeled using T4 PNK (ThermoFischer) and � -P 

32 ATP 

ccording to manufacturer instructions. Reactions were 
topped by addition of 5 �l of 0.25 M EDTA, supplemented 

ith 2X RNA loading dye (ThermoFischer) and loaded on 

 6% polyacrylamide-urea 8M gel for purification. After 
igration, bands corresponding to radiolabeled oligonu- 

leotides were identified by autor adiogr aphy, excised and 

luted overnight at 4 

◦C in elution buffer (20 mM Tris– 

Cl pH 7.5, 0.25 M sodium acetate, 1 mM EDTA, 0.25% 

DS). The next day, supernatants were recovered, phenol- 
hloroform extracted and precipitated. The resulting pel- 
ets were resuspended in 11 �l of ddH2O. RNA and DNA 

ligonucleotides used for the assays are listed in Supplemen- 
ary Table S3. 
roduction of RN A-RN A duple x es 

 

′ end-labeled RNA was incubated with a 3-fold excess of 
omplementary cold RNA in annealing buffer (60 mM KCl, 
 mM HEPES pH 7,5, 0,2 mM MgCl 2) . After 2 min in- 
uba tion a t 90 

◦C , the mixture was allowed to cool slowly
o room temperature. Samples were then loaded on a 6% 

ati v e polyacrylamide gel in 1 × TBE and fractionated by 

lectrophoresis. After migration, an autoradio gra phy was 
erformed to locate bands of interest and those were cut 
nd eluted overnight at 4 

◦C in elution buffer (20 mM Tris– 

Cl pH 7.5, 0.25 M sodium acetate, 1 mM EDTA, 0.25% 

DS). The next day, supernatants wer e r ecover ed, phenol– 

hloroform extracted, and precipitated. The resulting pel- 
ets were resuspended in 11 �l of ddH2O. 

FP-tagged protein immunoprecipitation for biochemical 
ssay 

mmunoprecipitation experiments were performed using 

FP-Tr ap par amagnetic beads (Chromotek) as recom- 
ended by the manufacturer. Specifically, 48 hours after 

ransfection cells grown in 15 cm diameter dishes were lysed 

or 20 min on ice in 500 �l lysis buffer (10 mM Tris–HCl 
H 8.0, 150 mM NaCl, 0.5% Igepal CA-630, 1 mM DTT) 
upplemented with protease inhibitors (1 × Complete Pro- 
ease Inhibitor Cocktail EDTA-free, Roche). After centrifu- 
a tion a t 20 000 g for 20 min a t 4 

◦C , superna tants wer e r e-
overed and protein concentrations were determined with 

rotein Assay Dye Reagent Concentrate (Bio-Rad). Per as- 
ay, 1 mg of cell lysates were then incubated with 5 �l GFP- 
r ap par amagnetic beads for 1 h at 4 

◦C mixing by rotation.
fter recovery, beads were washed three times with 1 ml 
ash buffer (10 mM Tris–HCl pH 8.0, 500 mM NaCl, 0.5% 

gepal CA-630, 1 mM DTT). During the last wash, 10% of 
he beads were recovered for western blot analysis. The rest 
f the beads were aliquoted in separated tubes and resus- 
ended in 45 �l of reaction buffer (10 mM Tris–HCl pH 

, 150 mM NaCl, 5 mM MgCl 2 and 1 mM DTT) and kept 
n ice until further use. Because of the limited yield pre v ent-

ng accurate determination of protein concentration, subse- 
uent activity assays were performed with the tagged pro- 
ein still bound to the beads (i.e. without elution). 

Nase assay 

o proteins bound to GFP-Trap beads (see above), 5 �l of 
 mix containing radiolabeled RNA and radiolabeled DNA 

iluted in reaction buffer (10 mM Tris–HCl pH 8, 150 mM 

aCl, 5 mM MgCl 2 and 1 mM DTT) were added. Aliquots 
f 5 �l were taken at different time points and mixed with 

 �l of stop reaction buffer (1% SDS, 0.1 M EDTA) and 6 

l of 2 × RNA loading dye (ThermoFischer). Samples were 
hen incubated for 2 min at 90 

◦C and then one-third was 
oaded on a 20% polyacrylamide-urea 8 M gel for separa- 
ion. After the migration, gels were exposed to an imaging 

late (Fuji) for 6 h and then re v ealed using a Typhoon FLA-
500. Bands were quantified using ImageQuant (Cytiva). 

TPase assay 

o proteins bound to GFP-Trap beads (see above), 5 �l of 
 mix containing reaction buffer, �-P 

32 ATP (25 pmol) were 
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added. DNA (100 pmol) or RNA (100 pmol) were included
as indicated. Aliquots of 10 �l were taken from reactions
after 2 h and mixed with 1 �l of stop reaction buffer (1%
SDS, 0,1 M EDTA). One microliter of each sample was
then loaded on a thin-lay er chromatogr aphy plate (PEI cel-
lulose F, Merck) and resolved with KH 2 PO 4 0.75 M buffer.
In parallel, ATP and ADP were loaded as migration con-
tr ols. ADP was pr oduced by incubating radioacti v e ATP
with cold ADP and nucleotide di-phosphate kinase (NDK,
N2635-100UN, Sigma-Aldrich) for 30 min a t 25 

◦C . After
the migra tion, dried TLC pla tes were exposed to an imaging
plate (Fuji) for 2 hours and then re v ealed using a Typhoon
FLA-9500. Signals were quantified using ImageQuant
(Cytiva). 

Assays with guanabenz acetate 

RNase and ATPase assays were performed as described in
the presence or absence of guanabenz acetate (sc-203590,
Santa Cruz). 

Sample pr epar ation f or mass spectrometry analyses 

After 24 h of stimulation with interferon or mock treatment,
cells were recovered and then lysed in RIPA buffer (50 mM
Tris–HCl pH 7.4, 150 mM NaCl, 1% Igepal, 0.5% sodium
deoxycholate, 0.1% SDS). Bradf ord assa y was used to deter-
mine protein concentrations and equal amounts of extracts
were further analyzed by mass spectrometry. The protein
mixtur es wer e pr ecipitated with T CA 20% overnight at 4 

◦C
and centrifuged at 14 000 rpm for 10 min at 4 

◦C. Protein
pellets were washed twice with 1 mL of cold acetone and
air dried. The protein extracts were solubilized in urea 2 M,
reduced with 5 mM TCEP for 30 min and alkylated with 10
mM iodoacetamide for 30 min in the dark. Enzymatic di-
gestion was performed at 37 

◦C and overnight with 500 ng
trypsin (Promega). Peptide mixtures were then desalted on
C18 spin column and dried in a Speed-Vacuum. 

LC–MS / MS analysis 

Samples were analyzed using an Ultimate 3000 nano-RSLC
coupled in line, via the NanoFlex- electrospray ionization
source, with the Orbitrap Exploris 480 mass-spectrometer
(Thermo Fisher Scientific) equipped with a FAIMS (high
Field Asymmetric Ion Mobility Spectrometry) module.
Peptide mixtur es wer e injected in 0.1% TFA on a C18 Ac-
claim PepMa p100 tra p- column (75 �m ID × 2 cm, 3 �m,
100 ̊A , Thermo Fisher Scientific) for 3 min at 6 �l / min with
2% ACN, 0.1% FA in H 2 O and then separated on a BioZen
peptide XB-C18 nano-column (75 �m ID × 25 cm, 2.6 �m,
Phenomenex) at 350 nl / min and 45 

◦C with a 60 min linear
gradient from 9% to 30% buffer B (A: 0.1% FA in H 2 O / B:
80% ACN, 0.1% FA in H 2 O), regenera tion a t 9% B. Spray
voltage were set to 2.1 kV and heated capillary temperature
a t 280 

◦C . 
The Orbitrap Exploris 480 was associated with the

FAIMS module, set to −45 V as compensation voltage
(CV). A cycle time of 1.2 s was chosen. For the full MS1
in DDA mode, the resolution was set to 120 000 at m / z
200 and with a mass range set to 330–1200. The full MS
AGC target was 300% with a Max IT set to 100 ms. For
the fragment spectra in MS2, AGC target value was 100%
(Standard) with a resolution of 30 000 and the maximum
Injection Time set to A uto mode . The intensity threshold
was set at 5E3. Isolation width was set at 2 m / z and nor-
malized collision energy was set at 30%. All spectra were
acquired in centroid mode using positi v e polarity. Default
settings were used for FAIMS with voltage applied as de-
scribed previously, and with a total carrier gas flow set to
4.2 l / min. 

Mass spectrometry data analysis 

Proteins were identified by database searching using Se-
questHT (Thermo Fisher Scientific) with Proteome Dis-
cover er 2.5 softwar e (PD2.5, Thermo Fisher Scientific)
on human FASTA database downloaded from UniProt
(re vie wed, release 2022 10 27, 20607 entries, https://www.
uniprot.org/ ). Precursor and fragment mass tolerances were
set at 7 ppm and 0.02 Da respecti v ely, and up to 2 missed
cleavages were allowed. For all the da ta, oxida tion (M,
+15.995 Da) was set as variable modification, and Car-
bamidomethyla tion (C , + 57.021 Da) as fixed modifica-
tion. Peptides and proteins were filtered with a false discov-
ery ra te (FDR) a t 1%. Label-free quantifica tion was based
on the extracted ion chromato gra phy intensity of the pep-
tides and realized with Perseus 1.6.15.0 (Max Planck Insti-
tute of Biochemistry). Biological triplicates were analyzed.
The measured extracted ion chromatogram (XIC) intensi-
ties were normalized based on median intensities of the en-
tire dataset to correct minor loading differences. For statis-
tical tests, not detectable intensity values were treated with
an imputation method, where the missing values were re-
placed by random values similar to the 10% of the lowest
intensity values present in the entir e dataset. Unpair ed two-
tailed t -tests, assuming equal variance, were performed on
obtained log 2 XIC intensities. 

RESULTS 

Human HELZ2 protein translation initiates with a non-
canonical start codon 

HELZ2 (also named PRIC285 or PDIP1) was initially
identified by two independent groups in experiments aim-
ing to identify novel partners for the DNA binding do-
mains of PPAR � and PPAR � (Peroxisomal Proliferator-
Activated Receptor alpha and gamma) ( 31 , 32 ). A first iso-
form, named HELZ2 � and corresponding to a protein of
231kDa, was identified by cDNA sequencing in the origi-
nal study ( 31 ) (Figure 1 A). The second study predicted a
larger, N-terminally extended, isoform of 295kDa termed
HELZ2 � (32) (Figure 1 A). While the two isoforms could
be encoded by alternati v el y spliced mRN As, 5 

′ RACE ex-
periments performed by the second group failed to amplify
the 5 

′ end of the cDNA encoding the � isoform suggesting
that it was at best of low abundance ( 32 ). This conclusion
is further supported by the results of RNase protection as-
sa ys perf ormed by the second team ( 32 ) and the mapping of
transcription initiation sites that failed to confirm the start
site of the HELZ2 � mRNA ( 33 ). Moreover, a single mRNA
corresponding in size to the one encoding the � isoform,

https://www.uniprot.org/


Nucleic Acids Research, 2023 5 

Figure 1. Human HELZ2 translation is initiated by a non-canonical initiation codon. ( A ) Domain organization of human HELZ2 and its previously 
described isoforms. The alternati v e sequence present at the N-terminus of the putati v e HELZ2 � isoform tha t trunca te the RecA1 domain of Helicase 1 
is indicated in red. ( B ) Close-up view of human HELZ2 mRNA 5 ′ end organisation and sequence alignment of the N-terminal region of mouse HELZ2 
(UniProt: E9QAM5) and the in silico translated sequence of human HELZ2 N-terminal e xtension. Top: b lack arrow: transcription start site of human 
HELZ2 mRNA. Continuous line: 5 ′ UTR. Dashed box: human HELZ2 N-terminal e xtension. Abov e are indicated the non- canonical GUG initiation 
codon (green arrow) and the canonical initiation codon of HELZ2 � (red arrow). The context surrounding the GUG codon is provided with nucleotides 
favorable for translation initiation at the non-canonical initiation codon shown in green. Nucleotides following the GUG codon with black background 
are included in the reporters used in Panel C. Below the schema tic organiza tion, an alignment of the N-terminal region of mouse HELZ2 and the in 
silico translated sequence of human HELZ2 N-terminal extension from the amino acid encoded by the GUG codon to the previously described initiating 
methionine of the HELZ2 � isoform is shown. Note that in the absence of experimental data it is unclear whether the GUG start codon is decoded as 
M, V or both. The sequence alignment is colored for amino acid conservation using Clustal W and asterisks placed below the sequence indicate C and 
H residues of the conserved additional Zn fingers motifs. ( C ) Luciferase assay to evalua te HELZ2 transla tion initia tion. Schemes of the reporters used 
are shown on the left. Dashed line: HELZ2 5 ′ UTR. Black arrow: initiation codon or mutant thereof. Black box: nine nucleotides from HELZ2 sequence 
following the initiating codon. Open box: luciferase coding sequence. On the right: firefly luciferase activity normalized to co-transfected renilla luciferase 
for each construct. 
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nd significantly longer than the one predicted to encode 
ELZ2 �, was detected in Northern blots by the first group. 
urther, the predicted mRNA encoding HELZ2 � contains 
n upstream out-of-frame AUG codon and a predicted 3 

′ 
plice site ( 31 ). Altogether, our synthesis of available data 

etrospecti v ely supports the existence of a single mRNA 

ith the � isoform probably not being relevant but rather 
eri v ed from an incompletely spliced pre-mRNA. 
Intriguingly, we noticed that the full-length cDNA con- 

ains a long 5 

′ UTR of 893 bases (Figure 1 B) that con-
ains four out-of-frame AUG codons (Supplementary Fig- 
r e S1). Mor eover, the pr edicted human � isoform protein 

s significantly shorter than orthologs in many other mam- 
als. For example, the predicted HELZ2 protein in mouse 

s about 300 amino acids longer than the human (2947 ver- 
us 2649 residues), with the main difference resulting from 

he absence in the human polypeptide of sequence similar to 

he N-terminal 247 residues of its mouse counterpart. Com- 
arison of the mouse N-terminal extension with sequences 
ncoded by the human genome indicates that a very sim- 
lar sequence (65% identity) is encoded in frame and up- 
tream of the � isoform AUG codon (Figure 1 B). This, to- 
ether with the presence of a GUG codon at position 152 

n the human cDNA aligning with the mouse AUG codon, 
uggested that HELZ2 translation in human could initiate 
rom a non-canonical start codon. The presence of a fa- 
orab le conte xt for translation initiation (a purine at po- 
ition -3 and guanosine at position + 4 ( 34 )) around the 
UG codon further supported this hypothesis (Figure 1 B). 
owe v er, we could not rule out the possibility that human 

ELZ2 translation could initiate at another non- canonical 
odon such as CUG at cDNA position 140, which is also in 

 favorab le conte xt. Analysis of pub lished ribosome profil- 
ng data supported the translation of the sequence upstream 

f the � isoform initiation codon ( 35 ) (Supplementary Fig- 
r e S2). Mor eover, the conservation of the unusual organi- 
ation of the HELZ2 coding sequence, including the GUG 

odon present at position 152 in the human cDNA, in all 
ominidae species argued that it is biolo gicall y relevant. 
To validate the capacity of the 5 

′ extremity of the human 

ELZ2 mRNA to promote translation initiation at a non- 
anonical codon, we constructed a reporter in which the se- 
uence starting at the HELZ2 mRNA transcription initia- 
ion site, extending to the GUG and including the follow- 
ng nine nucleotides were fused upstream of, and in-frame 
ith, the coding sequence of firefly luciferase. As reference, 
e used the same construct in which the GUG codon has 
een substituted by an AUG codon. HEK293 cells were 
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transfected with the resulting plasmids together with a plas-
mid expressing renilla luciferase to normalize transfection
ef ficiencies. Results indica te the GUG construct produced
a significant le v el of luciferase, about 20% the le v el of an
AUG codon in the same context (Figure 1 C). To ascertain
that the signal observed is due to translation at the GUG
codon, and not to any downstream initiation e v ent, two
additional r eporters wer e constructed. In the first one, the
GUG codon at position 152 was mutated into a GUU, and
in the second one, a stop codon was introduced 3 residues
after the GUG codon (Figure 1 C). The GUU construct pro-
duced only traces of luciferase about 20-fold less than the
GUG construct, possibly products of inefficient translation
initia tion a t other sites (e.g. CUG a t position 140). Intro-
ducing a stop four codons downstream of the GUG codon
r educed fir efly luciferase le v els to backgr ound (r oughly 250-
fold r eduction compar ed to the GUG construct) indicat-
ing tha t transla tion initia tes e xclusi v ely from the GUG of
the HELZ2 sequence when present. Altogether, these re-
sults indicate that the GUG codon at position 152 can be
used for translation initiation. We subsequently refer to the
isoform initiated at this site as ‘full-length HELZ2’ and to
the sequence present in full-length HELZ2 but absent from
HELZ2 � as ‘extension’. 

To establish whether HELZ2 translation initiates in
vivo from the GUG codon at position 152, we performed
mass spectrometry e xperiments. Interferon-responsi v e
HeLa cells were used for tandem mass spectrometry
analyses using as r efer ence the human proteome present
in the UniProt database completed by the sequence of
the predicted extension. Biological triplicates of HeLa
cells with and without interferon tr eatment wer e tested.
Neither the HELZ2 � nor the extension sequences were
detected in cells growing in the absence of interferon. As
expected, interferon treatment induced expression of many
proteins (Figure 2 A), including HELZ2. More importantly,
peptides belonging to both the HELZ2 � and the extension
sequences were reproducibly detected after interferon stim-
ulation (Figure 2 A). This result indica tes tha t transla tion
initiates in vivo upstream of the AUG codon currently
annotated as the start of the � isoform. Interestingly, the
relati v e numbers of Peptide Spectrum Match (PSM, a first
approximation of peptide abundance) for the extension
and � isoform sequences were nearly proportional to the
corresponding protein length (Figure 2 B), suggesting that
they wer e expr essed at a similar le v el. While this is only
indicati v e, it suggests that in vivo full-length HELZ2 is the
main translation product. 

Our observation of the existence of an extended ‘full-
length’ isoform of HELZ2 raised the question of its in-
tracellular localiza tion. Indeed, the puta ti v e HELZ2 � iso-
form was originally categorized as a nuclear protein colo-
calizing with PPAR � (31) but more recent data suggest that
HELZ2 � may function in the cytoplasm to fulfill some of
its functions ( 27 ). To address this issue, we used microscopy
analyses to test the localization of transiently expressed full-
length HELZ2 N-terminally tagged with GFP. Our results
indica te tha t the full-length protein is well expressed and
predominantly cytoplasmic with an overall diffuse distribu-
tion. In some cells, we noticed the presence of few bright foci
that were probably enriched in GFP-HELZ2 (Figure 2 C). 
Altogether, our da ta indica te tha t HELZ2 protein ex-
pression is interferon-induced and that the use of a non-
canonical translation initiation codon generates a hith-
erto unrecognized ‘full- length’ protein that localizes in the
cytoplasm. 

Domain organization of human HELZ2 

Database searches and multiple sequence alignments re v eal
that human HELZ2 has a modular structure (Figure 1 A).
Full-length human HELZ2 contains six Zn finger or Zn
finger-like domains at its N-terminus. These appear to be
of both C2H2 and CCCH types. Some Zn fingers depart
from the corresponding consensus but their characteristics,
the alternating positioning of the two types, and the conser-
vation of this arrangement in related proteins support these
assignments (Supplementary Figure S3). The 1st, 3rd and
5th Zn fingers are distantly related to C2H2 domains that
have been found in a number of proteins involved in RNA
metabolism ( 36 , 37 ). Some of them were proposed to medi-
ate interaction with double-stranded RNA. The alternating
Zn fingers are of the CCCH family known to bind single-
stranded RNA in a sequence-specific manner ( 38 ). This or-
ganization, including the presence of deviant members and
additional conserved C and H amino acids suggests that
the Zn fingers may cooperate to recognize complex RNA
motifs. Alternati v ely, they could act independently, allow-
ing HELZ2 to recognize different RNA partners in a com-
binatorial manner. Interestingly, four of these Zn fingers are
encoded by the previously unnoticed N-terminal region of
the human protein (Figure 1 B). Their conservation in other
animals supports further the translation of this region. 

The N-terminal Zn finger region is followed by a RNA
helicase domain, the RNB domain and a second helicase
domain (Figure 1 A, Supplementary Figure S4). Both he-
licase domains belong to the Upf1-like subgroup of the
SF1 helicase superfamily. The 11 proteins of this subfamily
mostly interact with RNA and are monomeric SF1-B 5 

′ –
3 

′ helicases ( 39 ). In between the two helicase domains, lies
the RNB domain that, like for most proteins harboring this
signatur e, is pr eceded by two cold-shock domains (CSD).
The latters have been shown to guide the incoming sub-
strate to the exoribonucleolytic catalytic site (Supplemen-
tary Figure S4). Most RNB domains are followed by a S1
domain. This domain, originally identified in E. coli ribo-
somal protein S1, is topolo gicall y related to CSD and also
interacts with single-stranded RNA. Accordingly, the se-
quence of HELZ2, and the corr esponding 3D-structur e pr e-
dicted by AlphaFold ( 40 ), suggest the presence of a struc-
ture with some characteristics of S1 domains downstream
of the RNB domain of HELZ2 (Supplementary Figure S4).

The HELZ2 RNB domain exhibits ribonuclease activity
in vitro 

The HELZ2 RNB domain is unusual as the second of the
four highly conserved aspartic acids thought to be catalytic
in proteins containing an RNB domain ( 2 , 3 , 41 ) is replaced
with an asparagine (Figure 3 A). Interestingly, the canonical
aspartate is found in HELZ2 sequences from monotremes
and other vertebrates (Supplementary Figure S4). This ob-
servation questions whether the RNB domain of human
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Figure 2. Mass spectrometry analysis of protein extracts from mock- or IFN �- treated HeLa cells. ( A ) Volcano-plot showing the log2 fold change versus 
-log 10 ( P -value) between mock- or interferon-treated HeLa cells. Analyses were performed in triplicate and a total of 4828 proteins were quantified by mass 
spectrometry. Filled or open squares indicate human proteins whose expression at mRNA or protein le v els hav e been reported to be induced at least 3 fold 
by interferon in the Interferome Database ( 67 ). The names of some of these factors are indicated. Open square and triangle represent measurement for 
peptides corresponding to the HELZ2 � isoform and the HELZ2 e xtension, respecti v ely. All other proteins are indicated by grey dots. Dashed lines delimit 
regions of p-value higher or lower than 0.01 and up- or down-regulation of at least 2-fold. ( B ) Graphical r epr esentation of the number of PSM per 100 
amino acids for the N-terminal extension sequence of HELZ2 and the HELZ2 � isoform. ( C ) Representati v e microscopic image of HeLa cells transfected 
with a plasmid expressing GFP-HELZ2 to monitor its localization. Green: GFP signals, blue: DAPI signal, and merged. White scale bar: 15 �m. 
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ELZ2 lost its catalytic activity during mammalian evo- 
ution. To test whether human HELZ2 has nuclease activ- 
ty we turned to in vitro assays. As our attempts to pro- 
uce recombinant protein in bacteria or in baculovirus were 
nsuccessful, we used HEK293 cells transfected with plas- 
ids encoding GFP-HELZ2 or GFP-HELZ2 � for our 

iochemical tests. As a negati v e control, we used GFP- 
BP. We also constructed deri vati v es of GFP-HELZ2 

nd GFP-HELZ2 �, namely GFP-HELZ2 rnb 

- and GFP- 
ELZ2 � rnb 

- , carrying a D to N substitution at the third 

f the four conserved aspartate residues (Figure 3 A) cor- 
esponding to position 1601 of full-length HELZ2 (1354 

or HELZ2 �) as this essential catalytic residue has been 

hown to coordinate magnesium ( 41 ) and its mutation 

n other RNB family members abolishes nuclease activity 

 2 , 3 ). (Note that this residue differs from the one natu-
ally substituted by an asparagine in human HELZ2, Fig- 
re 3 A.) Proteins were immunoprecipitated from extracts 
ith GFP-Trap beads which were e xtensi v ely washed before 
ddition of a 5 

′ radiolabeled 35 nucleotide long synthetic 
NA oligonucleotide and a 20 nucleotide long synthetic 
NA oligonucleotide in a magnesium-containing buffer. 
he reaction was incubated at 37 

◦C with regular shaking 

nd aliquots were collected at different time points. In par- 
llel, protein samples were collected to analyze the material 
resent in the input and on the beads by western blot (Fig- 
re 3 B). We observed that the GFP-MBP, GFP-HELZ2, 
FP- HELZ2 � wild types or mutants are all produced and 

mmunoprecipitated in similar quantities allowing assess- 
ent of their nuclease activities (Figure 3 B). We did not 

bserve any changes in the intensity of the 35 nucleotides 
NA band at all incubation times, regardless of the pro- 

ein used (Figure 3 C). This indicates that the HELZ2 pro- 
ein and its deri vati v es do not have deoxyribonuclease ac- 
ivity. Analysis of the fate of the RNA oligonucleotide in- 
ubated in the presence of GFP-MBP re v eals only back- 
round degradation after 1 h of incubation possibly ow- 
ng to traces of contaminants (Figure 3 C). In contrast, in 

he presence of either HELZ2 or HELZ2 �, a strong de- 
rease in the signal corresponding to the 20 nucleotides 
NA was observed even at the earliest time points (only 

wo minutes of incubation) (Figure 3 C, D). Concomitantly 

ith the disappearance of the full-length RNA substrate, 
e observe the appearance of degrada tion intermedia tes 
f progressi v ely decreasing size during the time course ex- 
eriment. These observations are consistent with the ex- 
nucleolytic 3 

′ to 5 

′ degradation of the RNA catalyzed by 

NB domain-containing proteins. A final product of 4–5 

ucleotides starts to accumulate after 8 minutes and is pre- 
ominant at the two latest time points. Importantly, the ob- 
erv ed nuclease acti vity is lost when proteins harboring the 
oint mutation in the catalytic domain were used ( rnb 

- , Fig- 
re 3 C, D). We compared the distribution and size of the 
egradation products with the one generated by another 
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Figure 3. HELZ2 and HELZ2 � are acti v e ribonucleases. ( A ) Sequence alignment of the RNB domain catalytic region from human HELZ2 (Q9BYK8), 
DIS3 (Q9Y2L1), DIS3L1 (Q8TF46), DIS3L2 (Q8IYB7) and from bacterial RNaseII (P30850). Previously proposed catalytic residues are indicated by 
asterisks. The sequence alignment is coloured for amino acid conservation using Clustal W. The position naturally substituted by an asparagine in human 
HELZ2 is indicated by a red arrowhead while the aspartate mutated to an asparagine to inactivate the HELZ2 RNB domain (rnb - ) is indicated by a black 
arrowhead. ( B ) Western-blot using anti-GFP showing e xpression le v els and immunoprecipitation efficiencies for the proteins used in the ribonuclease ac- 
ti vity test. ( C ) Representati v e RNA degradation assay gel. Samples from the ribonuclease activity test were fractionated on a 20% polyacrylamide-urea 
gel. Numbers above the lanes r epr esent incubation times in minutes. T1: RNase T1 digestion of the substrate RNA. OH: alkaline hydrolysis of the radiola- 
belled RNA substrate. Asterisk: non-specific product of the reaction. The slightly stronger background degradation detected with GFP-HELZ2 constructs 
compared to GFP-MBP likely results from co-precipitation of RNA associated with some contaminating activity with the former. ( D ) Quantification of 
the bands corresponding to the full-length RNA substrate plotted against the time of the reaction in minutes with standard error ( n = 3). 
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RNB domain-containing protein, DIS3L1, by performing
ribonuclease assays side-by-side. The final products were of
comparable size (Supplementary Figure S5) and agree with
sizes observed in previous analyses ( 3 ). Altogether, these
results demonstra te tha t, despite the presence of a non-
canonical residue in its acti v e site, human HELZ2 is an ac-
ti v e ribonuclease acting through its RNB domain. More-
over, we did not detect a significant difference in ribonucle-
ase activity between the full-length HELZ2 and the previ-
ously described shorter HELZ2 � deri vati v e (Figure 3 D). 

Inter estingly, one study r ecently r eported that guanabenz
acetate binds HELZ2 � with high affinity and activates hep-
atic leptin receptor expression both in vitro and in vivo , a
property currently under clinical study ( 42 , 43 ). Thus, we
tested in vitro the degradation of RNA in presence of in-
hibitory concentrations of guanabenz acetate. We did not
observe an effect of this compound on the nuclease activ-
ity of HELZ2 (Supplementary Figure S6), suggesting that
it may affect other function(s) of the protein. 

HELZ2 shows a pr efer ence f or p yrimidines tow ar d purines
nucleotides 

Careful examination of the degradation profiles produced
by HELZ2 shows that it does not progress uniformly,
pausing at certain positions. Matching these points with
the RNA sequence indicated that intermediates accumu-
late when HELZ2 encounters guanosine at the 3 

′ end of
the RNA substra te. To investiga te more thoroughly the
substrate specificity of HELZ2, we analyzed degradation
of hybrid oligonucleotides composed of ten constant 5 

′
DNA residues followed by twelve 3 

′ RNA residues either
oligo(A), oligo(U), oligo(C) or oligo(G) (The presence of
ten DNA r esidues ensur ed uniform labeling of the differ-
ent substrates.). Time-course analysis of the degradation
of these substrates using the previously described assay
demonstrated a rapid degradation of the oligo(U), less ef-
ficient degradation of oligo(C), and limited degradation
of oligo(A) (Figure 4 A). In contrast, the oligo(G) sub-
strate was barely digested. Comparing the sizes of the final
products with the size of a 10 nucleotide long radiolabeled
DNA oligonucleotide fractionated in parallel, re v ealed that
HELZ2 degrades the oligo(U) and oligo(C) substrates un-
til only 2–3 ribonucleotides remain on the substrate. This
observation suggests tolerance for a DNA backbone in the
substrate molecule until a certain point in the path leading
to the catalytic center of the protein. Altogether, these data
confirm that HELZ2 is unable to degrade DNA substrate
and indicate that it has a strong pr efer ence for pyrimidine
over purine residues for its nuclease activity. 
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Figure 4. HELZ2 displays substrate pr efer ence for p yrimidines. ( A ) Repr esentati v e RNA degradation assay gel with oligo(A), oligo(U), oligo(C) or 
oligo(G) containing substrates. Samples from the ribonuclease activity test were fractionated on a 20% polyacrylamide-urea gel. Numbers above the lanes 
r epr esent incubation times in minutes. A radiolabelled 10 nucleotide long DN A (DN A 10) was also loaded as r efer ence to determine the sizes of the final 
degradation products. Asterisk: non-specific product of the reaction. ( B ) Western-blot using anti-GFP showing expression levels and immunoprecipitation 
efficiency for the proteins used in the ribonuclease activity test. ( C ) Quantification of the bands corresponding to the full-length DN A–RN A substrates 
plotted against the time of the reaction in minutes with standard error ( n = 3). 
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ELZ2 exhibits nucleic acid stimulated ATPase activity em- 
nating from its helicase domains 

he two helicase domains flanking the RNB domain of 
ELZ2 contains key amino acids involved in the binding 

nd hydrolysis of ATP. Thus, using the on-bead assay de- 
cribed above, we investigated whether HELZ2 is endowed 

ith ATPase activity. The full-length GFP-HELZ2 pro- 
ein was used for these reactions with GFP-MBP serving 

s negati v e contr ol. We also intr oduced point mutations of 
 esidues r equir ed for the binding and hydrolysis of ATP 

n the motif II of the two helicase domains of HELZ2: 
E914 / 915AA and DE2607 / 2608AA, to ensure that ac- 

ivities were carried-out by HELZ2. Mutants of individ- 
al domains (hel1 

- or hel2 

- ), as well as the double mutant 
hel1 / 2 

- ), wer e constructed. ATP ase activity was monitor ed
ollowing incubation with radiolabeled �-P 

32 ATP by moni- 
oring ADP production using Thin Layer Chromato gra phy 

TLC) and autor adiogr aphy. Incubation of HELZ2 with 

nly ATP resulted in detection of very low ATPase activity 

fter two hours of incubation. Addition of single-stranded 

ucleic acids, either RN A or DN A, to the reaction signifi- 
antly increased the production of ADP (Figure 5 ). As con- 
rol, incubation of GFP-MBP protein resulted in the pro- 
uction of only background le v els of ADP. As DNA was 
lightly more stimulatory than RNA, we tested whether this 
id not result from RNA degradation during the assay by 

esting the activation of the ATPase activity of a RNase 
efecti v e m utant. DN A remained consistentl y a marginall y 

etter activator, suggesting that this feature is biochemically 
 elevant (Supplementary Figur e S7). Testing the role of in- 
ividual domains using mutant indicated that both domains 
ere acti v e and stimulated by nucleic acids with helicase do- 
ain 2 of HELZ2 (hel1 

- construct) being more acti v e than 

elicase domain 1 (Figure 5 ). Moreov er, inacti vation of ei- 
her helicase domain resulted in a more substantial reduc- 
ion in activity than would be predicted if they acted in- 
ependently, suggesting a possib le coor dination of the two 

elicases. We also investigated the impact of guanabenz ac- 
tate on this activity. Again, this compound did not block 

TP hydrolysis suggesting that it does not modulate the he- 
icase function of HELZ2 (Supplementary Figure S6). 

he HELZ2 nuclease and helicase domains collaborate to de- 
r ade structur ed RNA 

he peculiar organization of HELZ2 that includes a unique 
ombination of acti v e helicase domains with a RNB do- 
ain may facilitate substrate accessibility to the ribonu- 

leolytic acti v e site. Indeed, members of the RNB family 

er e r eported to degr ade duplex RNA substr ates only as 
ong as it contains a minimal single-stranded 3 

′ end ( 4 ). To 

est whether HELZ2 can degrade structured RNA, a duplex 

ubstrate was produced by annealing a 30 nucleotides RNA 

ith a complementary 14 nucleotides RNA, leaving 16 nu- 
leotides single-stranded as 3 

′ end (Figure 6 ). Degradation 

f this duplex by HELZ2 is stopped after the removal of 
 maximum of 5 residues. Addition of ATP did not allow 

he degradation to proceed further (Figure 6 ). In control 
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Figure 5. HELZ2 displays nucleic acids stimulated ATPase acti vity. ( A ) Representati v e ATPase assay. Samples from the ATPase activity tests were fraction- 
ated by thin-layer chromato gra phy (TLC) and detected by autor adiogr aphy. Numbers under the lanes r epr esent incubation times in hours. Above the lanes 
are indicated the nucleic acid substrates used to stimulate ATPase activity and the proteins used for the different assays. The last two lanes are references 
for the migration of ATP and ADP, respecti v ely. The faint signal at the top r epr esents fr ee phosphate. ( B ) Western-blot using anti-GFP showing expression 
le v els and immunoprecipitation efficiency for the proteins used in the ATPase activity test. ( C ) Quantification of the percentage of hydrolyzed ATP in the 
various conditions with standard error ( n = 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkad673/7246537 by C

N
R

S user on 30 August 2023
reactions, the single-stranded 30 nucleotides RNA is ef-
ficiently digested, with accumulation of numerous degra-
da tion intermedia tes and the presence of the final 4–5
nucleotide long product (Figure 6 ). Interestingly, we no-
ticed that addition of ATP stimulated single-stranded RNA
degradation. This enhancement was only detected when the
helicase domains were acti v e. To test the possibility that a
single-stranded entry point is necessary for the unwinding,
and thus degradation, of duplex RNA, we designed a sub-
str ate incorpor ating the 14 nucleotide long duplex but in
which the complementary strand was prolonged by a 16 nu-
cleotide long single stranded 5 

′ overhang (Figure 6 ). This
substr ate was degr aded by HELZ2 beyond the block im-
posed by the duplex RNA, but only when ATP was present
and when the helicase domains were acti v e (Figure 6 ) Al-
together, these results indicate that the helicase domains of
HELZ2 collaborate with the RNB domain, giving the pro-
tein the ability to degrade structured RNA. 

Some mutations found in human diseases abrogate HELZ2
RNase activity 

Some pa tients suf fering from primary biliary cholangitis
carry the substitution of a threonine by a methionine at
position 2151 of the full-length protein ( 24 ). Additional
genetic alterations of HELZ2 have been identified in cells
from cancer patients ( 44 ). Interestingly, a somatic D to
N substitution at position 1601 of the full-length protein
was detected in a patient with melanoma ( 45 ). As shown
above, this mutation, which alters a critical residue of the
HELZ2 catalytic site, blocks its nuclease activity (Figure
3 ). This observation suggested that other somatic mutations
detected in cancer patients may also impact RNA degrada-
tion by HELZ2. Thus, we tested the impact of the C1598F,
S1920L and R1923L substitutions found in cancer patients
( 44 , 46 , 47 ), as well as the T2151M mutation, on HELZ2
RNase and DN A-stim ulated ATP hydrol ysis activities (Fig-
ure 7 ). These mutations had at best modest effect on the
ability of the helicase domains to hydrolyze ATP (Figure
7 B) but the S1920L and R1923L mutants were unable to
degrade RNA (Figure 7 B). This is consistent with these
substitutions targeting amino acids located next to the sub-
strate RNA in the HELZ2 catalytic center (Supplementary
Figure S8, ( 4 )). 

DISCUSSION 

HELZ2 appears to be an extremely large and complex mul-
tifunctional protein. In this study, we have provided evi-
dence that endogenous human HELZ2 is translated from
a GUG codon and is thus longer than previously reported.
We have also shown that it is an active ribonuclease in spite
of the presence of a substitution in the nuclease acti v e site.
We also show that the ribonuclease and helicase activities
collaborate, allowing the degradation of structured RNAs.
This, together with its inducibility by interferon, suggests a
role in cellular defense in particular against RNA viruses.
HELZ2 is a conserved factor present in many metazoan
groups including vertebrates but also invertebrates such as
some corals and mollusks. It is, howe v er, absent from some
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Figure 6. Helicase and ribonuclease activities of HELZ2 synergize for the degradation of structured RNA Representati v e RNA degradation assay of 
duplex RNA substrates in presence or absence of ATP. Samples from the ribonuclease activity test were fractionated on a 20% polyacrylamide- urea gel. 
Numbers above the lanes r epr esent incubation times in hours. Above the figure is a schematic representation of the substrates and proteins used for the 
assay are indicated. T1: RNase T1 digestion of the substrate. OH: alkaline hydrolysis of the radiolabelled RNA substrate. Asterisk: non-specific product 
of the reaction. 
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ineages such as insects, suggesting that it has been lost when 

rganisms encountered conditions in which its function was 
ot advantageous. 
The presence of a RNB domain prompted us to ana- 

yze the organization and function of the HELZ2 human 

rotein. Careful compilation of available evidences, includ- 
ng transcript mapping data, ribosome profiling results, and 

omparati v e genomics suggested that the human HELZ2 

rotein contained a conserved N-terminal extension not an- 
otated in current databases and that its translation initi- 
 tes a t a non-canonical GUG codon. This possibility was 
onfirmed e xperimentally. Gi v en this observation, it will 
e worth reinvestigating whether the previously described 

ELZ2 � and HELZ2 � isoforms are also expressed, and if 
o the biological relevance of the different isoforms. Trans- 
a tion initia tion a t GUG codon has been r eported pr evi-
usly in human cells for viral mRNAs as well as for spe- 
ific cellular mRNAs such as DAP5 / eIF4G2 ( 48–50 ). In- 
eed, transcriptome-wide ribosome profiling experiments 
 51 ) and data mining ( 52 ) indicate that GUG is, with CUG,
he most common substitute to AUG to initiate translation 

re vie wed in ( 34 )). In this context, it is noteworthy that ex-
ression of HELZ2 (PRIC285) in B cells has been shown to 

e modulated by a polymorphic locus controlling the le v el 
f the RPS26 ribosomal protein ( 28 ). As RPS26 has been 

hown to modulate translation initiation by recognizing the 
ozak sequence elements upstream of initiation codons and 

nteracts with eIF3 ( 53 , 54 ), it will be of interest to test
hether altered RPS26 le v el modula tes HELZ2 transla tion 

nitia tion. Indeed, inef ficient initia tion a t the GUG codon 

ill likely allow recognition of one of the downstream AUG 

odons, leading to translation of short ORF and prob- 
bly HELZ2 mRNA degradation by NMD. Taking into 

ccount that HELZ2 expression is induced by interferon 

nd that this cytokine has a wide impact on translation 

 55 ), future analyses should test whether interferon and / or 
iral infection can modulate the efficiency of translation 

nitia tion a t non-AUG codons, particularly in the case of 
ELZ2. 
The presence of a RNB domain in HELZ2 was not 

eported in the majority of the previous studies men- 
ioning this factor and, consistently, until a very recent 
tudy published while this manuscript was in preparation 

 27 ), biochemical activity data were lacking. The RNB 
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Figure 7. Somatic alterations of HELZ2 inactivate its RNase activity in some cancer patients. ( A ) Representati v e RNA degradation assay gel from 

duplicate experiments for the different HELZ2 variants indicated on top. MBP and the rnb - (D1601N) mutant serve as negative controls. Samples from 

the ribonuclease activity test were fractionated on a 20% polyacrylamide–urea gel. Numbers above the lanes represent incubation times in minutes. T1: 
RNase T1 digestion of the substrate RNA. OH: alkaline hydrolysis of the radiolabelled RNA substrate. Asterisk: non-specific product of the reaction. 
( B ) Representati v e ATPase assay using the different HELZ2 variants indicated on top. Assays were performed in the presence of DN A to stim ulate the 
ATPase activity. The hel - mutant serves as negative contr ol. Samples fr om the ATPase activity tests were fractionated by thin-layer chromato gra phy (TLC) 
and detected by autor adiogr aphy. Numbers above the lanes r epr esent incubation times in hours. The fraction of ATP hydrolyzed is indicated below each 
lane. The last two lanes are references for the migration of ATP and ADP, respecti v ely. ( C ) Western-b lot using anti-GFP showing expression le v els and 
immunoprecipita tion ef ficiencies for the proteins used in the ribonuclease and ATPase activity tests. 
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domain of human HELZ2 contains a substitution of a key
aspartate residue in its catalytic center by an asparagine.
Yet, our da ta demonstra te tha t HELZ2 is an acti v e ribonu-
clease with characteristics similar to other RNB 3 

′ -5 

′ exonu-
cleases. The activity of HELZ2 was somewhat unexpected
gi v en the conservation of this amino acid in RNB domain-
containing proteins. Indeed, this aspartate had been previ-
ously proposed to participate in the coordination of cat-
alytic magnesium. Howe v er, r ecent structural analyses r e-
veal that it is involved in interaction with the substrate
RNA rather than in the catalytic center ( 41 ), a situation
that may explain why its substitution with asparagine is
compatible with activity. Thus, HELZ2 is the fourth ac-
ti v e member of the RNB family in human together with
DIS3 and DIS3L1 that are catalytic subunits of the exo-
some and Dis3L2 a cytoplasmic protein acting on its own
to degr ade RNA substr a tes harboring a poly-urid yla ted 3 

′
end tail ( 11 , 13 , 56 ). Like DIS3L2, our data indicate that
HELZ2 pr efer entially degr ades substr ate ending with U
r esidues. Such substrates ar e often gener ated in vi vo by the
action of Terminal Uridyl Tr ansfer ases (TUTase) adding
U to mRNA, small RNA and processing fragments ( 57 ).
Whether HELZ2 will also target these substrates will have
to be determined in the future. Also, the inefficient degra-
dation of poly(A) tail by HELZ2 may suggest that intact
endo genous mRN As may not be the primary targets of
this factor. Interestingly, HELZ2 is altered in some au-
toimmune diseases and as a result of somatic mutations
in cancer patients. Three substitutions found in cancer pa-
tients (D1601N, S1920L, and R1923L) abolish the HELZ2
RNase activity suggesting that they could contribute to tu-
mor de v elopment possib l y by weakening the imm une sys-
tem. Other substitutions (C1598F and T2151M) have no
discernable effect on HELZ2 RNase activity and all sub-
stitutions tested have no discernable effect on HELZ2 AT-
Pase activities. While the C1598F and T2151M may be neu-
tral substitutions, it remains possible that these mutations
affect the coordination between the different domains that
were not detected in our assays, in particular for the latter
tha t is loca ted between the RNB domain and the final heli-
case module. Alternati v el y, these m utations could affect in-
teraction of HELZ2 with partners. 

Besides its RNB domain, human HELZ2 contains 6
Zn fingers of two types that may promote binding to
single-str anded and double-str anded RN A. Interestingl y,
highly related Zn fingers are present in the ZC3H7A and
ZC3H7B / RoXaN factors (Supplementay Figure 3 ). Both
ZC3H7A and ZC3H7B have been linked to some can-
cers ( 58 , 59 ). At the molecular le v el, ZC3H7B / RoXaN was
reported to affect miRN A bio genesis by binding specifi-
cally to a sequence located in the apical loop of some pri-
miRNA. RoXaN also modulates rotavirus infectivity by in-
teracting with the viral non-structural protein 3 (NSP3) that
binds the 3 

′ end of viral RNA. This binding allows the sub-
sequent recruitment of eIF4G to promote their translation
at the detriment of endo genous mRN A ( 60–62 ). These ob-
serva tions suggest tha t similarly, the Zn fingers of HELZ2
may interact with RNA. Our current assays with synthetic
RNA substrates have not yet provided evidence for the
functions of these Zn fingers. Identification of the HELZ2
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hysiological substrates will certainly provide some clues on 

heir functions. 
HELZ2 also contains two helicase domains that are re- 

ated and belong to the Upf1-like subgroup of the SF1 he- 
icase superfamily. Most members of this subfamily have 
een shown to interact with RNA and proceed in the 5 

′ to 

 

′ dir ection. Inter estingly, the closest r elati v e to the HELZ2
elicase domain 1 and 2 is found in the HELZ protein 

hat has been shown to promote mRNA translation r epr es- 
ion and decay ( 63 ). Some other members of the Upf1- 
ike subgroup of helicases such as ZNFX1, MOV10 and 

OV10L1 interfere with viral infections and / or disper- 
ion of mobile elements ( 64–66 ). It is noteworthy that, like 
ELZ2, ZNFX1 and MOV10 are also interferon-inducible 

roteins (Figure 2 , ( 67 )). Our biochemical data demonstrate 
hat the two helicase domains of HELZ2 are acti v e AT- 
ases stimulated by nucleic acids. Most importantly, they 

ollaborate with the RNB domain, allowing the latter to 

egrade RNA protected by base-pairing with a comple- 
entary RNA (Figure 6 ), provided that the complemen- 

ary strand contains a single-stranded 5 

′ -3 

′ overhang that 
robably acts as an entry point for one or both helicase 
omains. Further work will be necessary to understand 

ow the unique combination of domains present in HELZ2 

ermits the degradation of structured RNA, or possibly 

N A-DN A hybrids gi v en that DNA also activates ATPase 
ctivities. 
Based on the study of knock-out mice, HELZ2 abla- 

ion has been described to result in increased leptin recep- 
or mRNA in the li v er, leading to reduced lipogenesis and 

mplified fatty acid oxidation. Mutant mice were resistant 
o high-fat diet-induced obesity, glucose intolerance, and 

epa tostea tosis ( 30 ). The molecular mechanisms by which 

ELZ2 affect these processes are not yet deciphered. In 

articular, while guanabenz acetate has been reported to 

ind HELZ2 and limit fatty li v er and hypergly cemia asso- 
iated with obesity, we could not observe an effect of this 
olecule on the RNase and ATPase activities of HELZ2. 
his suggests the existence of another, yet undefined, func- 

ion for HELZ2 modulated by guanabenz. The character- 
stics of HELZ2 including its induction by interferon and 

ucleic acids, as well as its capacity to degrade structured 

NA make it a prime candidate to target viruses and mo- 
ile elements that have often compact and structured orga- 
iza tion either a t the genomic le v el and / or for their repli-
a tion intermedia tes. This is further supported by similar- 
ty of regions of HELZ2 with other factors involved in the 
ntiviral response including zinc finger containing proteins 
e.g. RoXaN) and RNA helicases (e.g. MOV10). Consis- 
ently, HELZ2 was reported to contribute to cellular de- 
ense against Dengue virus ( 21 ), HCV ( 22 ) and Duck Tem-
usu virus ( 26 ). The cytoplasmic localization of HELZ2 

ould be consistent with some of these activities. More re- 
ently, HELZ2 was also reported to inhibit retrotranspo- 
ition of human LINE1 ( 27 ). In contrast, one report sug- 
ests that HELZ2 may have a proviral action for SARS- 
ov2 ( 25 ). Howe v er, this statement should be taken with

aution gi v en tha t the CRISPR stra tegy used in the stud y
ay not have taken into account the peculiar non-canonical 

ransla tion initia tion of HELZ2. This issue should be fur- 
her explored, especially taking into account the reported 
nteraction of HELZ2 with the N protein of SARS-CoV2 

 68 ). 
Se v eral ribonucleases acting in response to viral infec- 

ions are already well characterized (for re vie w, 69 ). For e x-
mple, the major OAS / RNase L pathway is activated dur- 
ng viral infection by interferons. Once activated, RNase L 

ill degrade exogenous RNA and ribosomal RNA to block 

irus production ( 70–72 ). RNase L will also degrade cel- 
ular mRNA involved in mRNA stability and translation, 
if ferentia tion and interferon-stimulated genes ( 72 ). How- 
 v er, se v eral viruses hav e de v eloped a way to escape degra-
ation by RNase L ( 73–76 ). Understanding the contribu- 
ion of HELZ2 to the defense against viral infection is thus 
f great interest in the context of the continuous race be- 
ween viruses and their host. 
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Potapenko,A. et al. (2021) Highly accurate protein structure 
prediction with AlphaFold. Nature , 596 , 583–589. 

1. Cesaro,G., da Soler,H.T., Guerra-Slompo,E.P., Haouz,A., 
Legrand,P., Zanchin,N.I.T. and Guimaraes,B.G. (2023) Trypanosoma 
brucei RRP44: a versatile enzyme for processing structured and 
non-structured RNA substrates. Nucleic Acids Res. , 51 , 380. 

2. Yoshino,S., Iwasaki,Y., Matsumoto,S., Satoh,T., Ozawa,A., 
Yamada,E., Kakizaki,S., Trejo,J.A.O., Uchiyama,Y., Yamada,M. 
et al. (2020) Administration of small-molecule guanabenz acetate 
a ttenua tes fa tty li v er and hypergly cemia associated with obesity. Sci. 
Rep. , 10 , 13671. 

3. Iwaki,M., Kessoku,T., Tanaka,K., Ozaki,A., Kasai,Y., 
Yamamoto,A., Takahashi,K., Kobayashi,T., Nogami,A., Honda,Y. 
et al. (2022) Efficacy and safety of guanabenz acetate treatment for 
non-alcoholic fatty li v er disease: a study protocol for a randomised 
investiga tor-initia ted phase iia study. BMJ Open , 12 , e060335. 

4. Tate,J.G., Bamford,S., Jubb,H.C., Sondka,Z., Beare,D.M., Bindal,N., 
Boutselakis,H., Cole,C.G., Cr eator e,C., Dawson,E. et al. (2019) 
COSMIC: the catalogue of somatic mutations In cancer. Nucleic 
Acids Res. , 47 , D941–D947. 

5. Sanborn,J .Z., Chung,J ., Purdom,E., Wang,N.J ., Kakavand,H., 
Wilmott,J.S., Butler,T., Thompson,J.F., Mann,G.J., Haydu,L.E. et al. 
(2015) Phylogenetic analyses of melanoma re v eal comple x patterns of 
metasta tic dissemina tion. Pr oc. Natl. Acad. Sci. U.S.A. , 112 , 
10995–11000. 

6. George,J ., Lim,J .S ., Jang,S .J., Cun,Y., Ozretia,L., Kong,G., 
Leenders,F., Lu,X., Fern ́andez-Cuesta,L., Bosco,G. et al. (2015) 
Comprehensi v e genomic profiles of small cell lung cancer. Nature , 
524 , 47–53. 

7. McMillan,E.A., Ryu,M.J., Diep,C.H., Mendiratta,S., 
Clemenceau,J.R., Vaden,R.M., Kim,J.H., Motoyaji,T., 
Covington,K.R., Peyton,M. et al. (2018) Chemistry-first approach for 
nomination of personalized treatment in lung cancer. Cell , 173 , 
864–878. 

8. Baril,M. and Br akier-Gingr as,L. (2005) Translation of the F protein 
of hepatitis C virus is initiated at a non-AUG codon in a +1 reading 
frame relati v e to the polyprotein. Nucleic Acids R es. , 33 , 1474–1486. 

9. Kearse,M.G., Goldman,D.H., Choi,J., Nwaezeapu,C., Liang,D., 
Green,K.M., Goldstrohm,A.C., Todd,P.K., Green,R. and Wilusz,J.E. 
(2019) Ribosome queuing enables non-AUG translation to be 
resistant to multiple protein synthesis inhibitors. Genes Dev. , 33 , 
871–885. 

0. Imataka,H., Olsen,H.S. and Sonenberg,N. (1997) A new translational 
regulator with homology to eukaryotic translation initiation factor 
4G. EMBO J. , 16 , 817–825. 

1. Ingolia,N.T., Lareau,L.F. and Weissman,J.S. (2011) Ribosome 
profiling of mouse embryonic stem cells re v eals the complexity and 
dynamics of mammalian proteomes. Cell , 147 , 789–802. 

2. Fedorova,A.D., Kiniry,S.J., Andreev,D.E., Mudge,J.M. and 
Baranov,P.V. (2022) Thousands of human non-AUG extended 
proteoforms lack evidence of evolutionary selection among 
mammals. Nat. Commun. , 13 , 7910. 

3. Sharifulin,D., Khairulina,Y., Ivanov,A., Meschaninova,M., 
Ven’Yaminova,A., Graifer,D. and Karpova,G. (2012) A central 
fragment of ribosomal protein S26 containing the eukaryote-specific 
motif YxxPKxYxK is a key component of the ribosomal binding site 
of mRNA region 5 ′ of the E site codon. Nucleic Acids Res. , 40 , 
3056–3065. 

4. Ferretti,M.B., Ghalei,H., Ward,E.A., Potts,E.L. and Karbstein,K. 
(2017) Rps26 directs mRNA-specific translation by recognition of 
Kozak sequence elements. Nat. Struct. Mol. Biol. 2017 249 , 24 , 
700–707. 

5. Kr oczynska,B., Mehr otra,S ., Arslan,A.D., Kaur,S . and 
Pla tanias,L.C . (2014) Regulation of interferon-dependent mRNA 

translation of target genes. J. Interferon Cytokine Res. , 34 , 289–296. 
6. Chung,C.Z., Jaramillo,J.E., Ellis,M.J., Bour,D.Y.N., Seidl,L.E., 

Jo,D.H.S., Turk,M.A., Mann,M.R., Bi,Y., Haniford,D.B. et al. (2019) 
RNA surveillance by urid yla tion- dependent RNA decay in 
schizosaccharomyces pombe. Nucleic Acids Res. , 47 , 3045–3057. 

7. Aphasizhev,R., Suematsu,T., Zhang,L. and Aphasizheva,I. (2016) 
Constructi v e edge of urid yla tion-induced RNA degradation. RNA 

Biol , 13 , 1078–1083. 
C The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Ac
his is an Open Access article distributed under the terms of the Creati v e Commons 

http: // creati v ecommons.org / licenses / by-nc / 4.0 / ), which permits non-commercial re
s properly cited. For commercial re-use, please contact journals .permissions@oup .co
8. Zhou,B., Irwanto,A., Guo,Y.M., Bei,J.X., Wu,Q., Chen,G., 
Zhang,T.P., Lei,J .J ., Feng,Q.S., Chen,L.Z. et al. (2012) Exome 
sequencing and digital PCR analyses re v eal nov el mutated genes 
related to the metastasis of pancreatic ductal adenocarcinoma. 
Cancer Biol. Ther. , 13 , 871–879. 

9. Astolfi,A., Fiore,M., Melchionda,F., Indio,V., Bertuccio,S.N. and 
Pession,A. (2019) BCOR involvement in cancer. Epigenomics , 11 , 
835–855. 

0. Vitour,D., Lindenbaum,P., Vende,P., Becker,M.M. and Poncet,D. 
(2004) RoXaN, a novel cellular protein containing TPR, LD, and zinc 
finger motifs, forms a ternary complex with eukaryotic initiation 
factor 4G and rotavirus NSP3. J. V ir ol. , 78 , 3851–3862. 

1. Harb,M., Becker,M.M., Vitour,D., Baron,C.H., Vende,P., 
Brown,S .C., Bolte,S ., Arold,S .T. and Poncet,D. (2008) Nuclear 
localization of cytoplasmic poly(A)-binding protein upon rotavirus 
infection involves the interaction of NSP3 with eIF4G and RoXaN. J. 
V ir ol. , 82 , 11283–11293. 

2. T reiber,T., T reiber,N., Plessmann,U., Harlander,S., Daiß,J.L., 
Eichner,N., Lehmann,G., Schall,K., Urlaub,H. and Meister,G. 
(2017) A compendium of RNA-binding proteins that regulate 
MicroRN A bio genesis. Mol. Cell , 66 , 270–284. 

3. Hanet,A., R ̈asch,F., Weber,R., Ruscica,V., Fauser,M., Raisch,T., 
Kuzuoglu- ̈Oztürk,D ., Chang,C.T., Bhandari,D ., Igreja,C. et al. (2019) 
HELZ directly interacts with CCR4- NOT and causes decay of 
bound mRNAs. Life Sci. Alliance , 2 , e201900405. 

4. Blasi,G., Bortoletto,E., Gasparotto,M., Filippini,F., Bai,C.M., 
Rosani,U. and Venier,P. (2022) A glimpse on metazoan ZNFX1 
helicases, ancient players of antiviral innate immunity. Fish Shellfish 
Immunol. , 121 , 456–466. 

5. Su,F., Liu,X. and Jiang,Y. (2020) Roles of MOV10 in animal RNA 

virus infection. Front. Vet. Sci. , 7 , 569737. 
6. Yang,S., Zhang,X., Li,X., Yin,X., Teng,L., Ji,G. and Li,H. (2022) 

Evolutionary and expression analysis of MOV10 and MOV10L1 
re v eals their origin, duplication and di v ergence. Int. J. Mol. Sci. , 23 , 
7523. 

7. Rusinova,I., Forster,S., Yu,S., Kannan,A., Masse,M., Cumming,H., 
Chapman,R. and Hertzog,P.J. (2013) Interferome v2.0: an updated 
database of annotated interferon- regulated genes. Nucleic Acids Res. , 
41 , D1040–D1046. 

8. Zheng,X., Sun,Z., Yu,L., Shi,D., Zhu,M., Yao,H. and Li,L. (2021) 
Interactome analysis of the nucleocapsid protein of SARS-CoV-2 
virus. Pathog. (Basel, Switzerland) , 10 , 1155. 

9. Li,J. and Boix,E. (2021) Host defence rnases as antiviral agents 
against enveloped single stranded RNA viruses. Virulence , 12 , 
444–469. 

0. Floyd-Smith,G., Slattery,E. and Lengyel,P. (1981) Interferon action: 
RNA cleavage pattern of a (2 ′ -5 ′ )oligoadenylate–dependent 
endonuclease. Science , 212 , 1030–1032. 

1. Silverman,R.H., Skehel,J .J ., James,T.C., Wreschner,D.H. and 
Kerr,I.M. (1983) rRNA cleavage as an index of ppp(A2 ′ p)nA activity 
in interferon-treated encephalomyocarditis virus-infected cells. J. 
V ir ol. , 46 , 1051–1055. 

2. Brennan-Laun,S.E., Ezelle,H.J., Li,X.L. and Hassel,B.A. (2014) 
RNase-L control of cellular mRNAs: roles in biologic functions and 
mechanisms of substrate targeting. J. Interferon Cytokine Res. , 34 , 
275–288. 

3. Min,J.Y. and Krug,R.M. (2006) The primary function of RNA 

binding by the influenza A virus NS1 protein in infected cells: 
inhibiting the 2 ′ -5 ′ oligo (A) synthetase / rnase L pathway. Proc. Natl. 
Acad. Sci. U.S.A. , 103 , 7100–7105. 

4. Zhao,L., Jha,B.K., Wu,A., Elliott,R., Ziebuhr,J., Gorbalenya,A.E., 
Silverman,R.H. and Weiss,S.R. (2012) Antagonism of the 
interferon-induced OAS-rnase L pathway by Murine coronavirus ns2 
protein is r equir ed for virus replication and li v er pathology. Cell Host 
Microbe , 11 , 607–616. 

5. Sorgeloos,F., Jha,B.K., Silverman,R.H. and Michiels,T. (2013) 
Evasion of antiviral innate immunity by Theiler’s virus L* protein 
through direct inhibition of rnase L. PLoS Pathog. , 9 , e1003474. 

6. Drappier,M. and Michiels,T. (2015) Inhibition of the OAS / rnase L 

pathway by viruses. Curr. Opin. Virol. , 15 , 19–26. 
ids Research. 
Attribution-NonCommercial License 
-use, distribution, and reproduction in any medium, provided the original work 
m 


	ABSTRACT
	GRAPHICAL ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	DATA AVAILABILITY
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	Conflict of interest statement
	REFERENCES

