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ABSTRACT 22 

The genome of Hepatitis B virus (HBV) persists in infected hepatocytes as a nuclear 23 

episome (cccDNA) that is responsible for the transcription of viral genes and viral rebound, 24 

following antiviral treatment arrest in chronically infected patients. Beside pegylated 25 

interferon-alpha, there is currently no clinically approved therapeutic protocol able to target 26 

cccDNA [1]. The development of alternative strategies aiming at permanently abrogating 27 

HBV RNA production requires a thorough understanding of cccDNA transcriptional and post-28 

transcriptional regulation. In a previous study, we discovered that 1C8, a compound that 29 

inhibits the phosphorylation of some cellular RNA-binding proteins (RBPs), could decrease 30 

the level of HBV RNAs. Here, we aimed at identifying kinases responsible for this effect. 31 

Among the kinases targeted by 1C8, we focused on DYRK1A, a dual-specificity kinase that 32 

controls the transcription of cellular genes by phosphorylating transcription factors, histones, 33 

chromatin regulators as well as RNA polymerase II. The results of a combination of genetic 34 

and chemical approaches using HBV-infected hepatocytes, indicated that DYRK1A positively 35 

regulates the production of HBV RNAs. In addition, we found that DYRK1A associates with 36 

cccDNA, and stimulates the production of HBV nascent RNAs. Finally, reporter gene assays 37 

showed that DYRK1A up-regulates the activity of the HBV enhancer 1/X promoter in a 38 

sequence-dependent manner. Altogether, these results indicate that DYRK1A is a proviral 39 

factor that may participate in the the HBV life cycle by stimulating the production of HBx, a 40 

viral factor absolutely required to trigger the complete cccDNA transcriptional program. 41 
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INTRODUCTION 42 

Chronic infection by Hepatitis B virus (HBV) is due to the stable persistence and activity of 43 

the viral genome, called cccDNA (for covalently-closed circular DNA), within the nucleus of 44 

infected hepatocytes. Clinically accepted treatments are represented mostly by nucleoside 45 

analogs, which target viral reverse-transcription and reduce viremia, but rarely lead to a 46 

stable functional cure. Indeed, these compounds do not affect cccDNA stability and 47 

transcriptional activity. As a consequence, the continuous production of viral RNAs and 48 

proteins allows viral replication to resume off-treatment, and, more importantly, contributes to 49 

immune escape mechanisms and liver disease progression [2,3]. Despite some experimental 50 

proof-of-concept approaches [1,4], in vivo therapies aiming at eradicating HBV cccDNA and 51 

other replication intermediates from infected hepatocytes are unrealistic to date [1]. 52 

Therefore, strategies directed to permanently silence the viral genome and/or destabilize the 53 

viral RNAs, requiring an in-depth understanding of cccDNA transcriptional and post-54 

transcriptional regulation, are currently investigated.   55 

After binding to its main receptor and co-receptors on the hepatocyte membrane, HBV 56 

particles are internalized within endosomes from which, the viral nucleocapsids are released 57 

later on. Subsequently, these nucleocapsids are directed to the nuclear membrane, 58 

translocate through the nuclear pore, and finally disassemble within the inner nuclear basket 59 

[5,6]. This process results in the release into the nucleoplasm of the viral relaxed circular 60 

DNA genome (rcDNA), with a covalently-attached polymerase, and of 240 copies of the HBc 61 

(Core) protein, the unique capsid component. Once in the nucleus, the rcDNA is repaired by 62 

cellular factors, chromatinized, and loaded with cellular and viral proteins to form cccDNA, 63 

the viral double-stranded DNA episome responsible for the production of viral RNAs [7].  This 64 

3.2 Kb viral genome contains 2 enhancers (enhancer 1 and 2) and 4 promoters 65 

(preCore/Core, preS1, preS2, and X) that harbor binding sites for several ubiquitous and 66 

hepatocyte-specific transcription factors, and drive the transcription of 5 unspliced and 67 

several spliced RNAs [8-10]. Seven viral proteins are translated from unspliced transcripts 68 

and are sufficient to initiate productive replication. Among them, HBx is a 154 amino-acid 69 
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protein translated from mRNAs produced from enhancer 1/X promoter with diverse 70 

transcription initiation sites [11]. This viral protein is absolutely required to initiate and 71 

maintain cccDNA in a transcriptionally active state [12,13]. The reason for this requirement 72 

remained obscure for a long time until the discovery that, in the absence of HBx, cccDNA is 73 

bound and silenced by the Smc5/6 cohesin complex. The transcriptional repression of 74 

cccDNA is relieved by HBx by hijacking the CUL4A E3 ubiquin ligase to induce the 75 

degradation of the Smc5/6 complex [14-16].  76 

In addition to HBx, the viral HBc protein, translated from the pregenomic RNA (pgRNA) 77 

transcribed from the enhancer 2/preCore/Core promoter, is also suspected of playing 78 

important regulatory roles in the production of viral RNAs [17]. Indeed, besides its essential 79 

role to form capsids in the cytoplasm, HBc is also present in the nucleus where, as HBx, it 80 

associates with cccDNA [18,19]. The consequences of this interaction on viral transcription 81 

are, however, still a matter of debate [20-23]. The recent observations that capsid-derived 82 

HBc stably associates with the viral genome once released into the nucleus [24], and that it 83 

interacts with Hira, a histone variant deposited on cccDNA during the chromatinization 84 

process [25], additionally suggests that it may be involved during cccDNA repair and/or 85 

chromatinization.   86 

In a previous study, we found that HBc interacts with several cellular RBPs within the 87 

hepatocyte’s nucleus raising the hypothesis that it may hijack their activities to control viral 88 

replication [26]. In the same study, we discovered that a drug named 1C8, capable of 89 

inhibiting the phosphorylation of some RBPs associated with HBc, could reduce the level of 90 

nascent HBV RNAs [26]. These results suggested that one or more protein kinases targeted 91 

by this 1C8 might control the synthesis of viral RNAs by phosphorylating cellular and/or viral 92 

proteins. 93 

The objective of the current study was to identify the kinase(s) targeted by 1C8 responsible 94 

for its (their) effect on cccDNA transcriptional activity. Our results pointed to DYRK1A as one 95 

of these kinases. DYRK1A is a pleiotropic serine/threonine kinase that, among other 96 

activities, regulates the transcription of cellular genes by associating with chromatin and 97 
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phosphorylating histones, chromatin regulators as well as the carboxy-terminal domain of the 98 

RNA polymerase II (RNA Pol II) [27-29]. DYRK1A also participates in nuclear condensates 99 

associated to transcription elongation [30]. We show that DYRK1A interacts with cccDNA 100 

and up-regulates the transcription of viral RNAs. In addition, our data strongly suggest that 101 

DYRK1A transcriptional activity is mediated by the recognition of a consensus motif within 102 

enhancer I/X promoter region that drives HBx production. Therefore, we propose that 103 

DYRK1A is a novel cellular proviral factor that may participate HBV life cycle by stimulating 104 

the transcription of HBx, a viral factor required to unleash the complete HBV transcriptional 105 

program leading to productive replication.    106 
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MATERIALS AND METHODS 107 

Cell culture and infection 108 

HepaRG cells were cultured, differentiated, and infected by HBV as previously described 109 

[31]. Primary human hepatocytes (PHHs) were freshly prepared from human liver resection 110 

obtained from the Centre Léon Bérard and Hôpital Lyon Sud (Lyon) with French ministerial 111 

authorizations (AC 2013-1871, DC 2013 – 1870, AFNOR NF 96 900 sept 2011) as 112 

previously described [32]. To generate HepaRG cells lines over-expressing HA-tagged 113 

human DYRK1A and DYRK1B (wild-type and kinase-dead versions (KR), in which the ATP 114 

binding Lys179 was replaced by Arg),) and FLAG-tagged SRPK1 [33], the open reading 115 

frame of each kinase was inserted into the pLenti4/TO lentiviral vector plasmid, under the 116 

control of the minimal CMV/TetOn promoter. Lentiviral particles generated from these 117 

plasmids were used to transduce HepaRG-TR cells [13]. Transduced cells were selected 118 

using blasticidin (10 μg/mL) and zeocyn (100 μg/mL), amplified and frozen as polyclonal 119 

lines. HuH7-NTCP cells were cultivated in 10% fetal calf serum supplemented DMEM (4.5 120 

g/L glucose) [34]. HBV genotype D inoculum (ayw subtype) was prepared from HepAD38 121 

[35] cell supernatant by polyethylene-glycol-MW-8000 (PEG8000, Sigma) precipitation (8% 122 

final) as previously described [36]. The titer of endotoxin free viral stocks was determined by 123 

qPCR. Cells were infected overnight in a media supplemented with 4% final of PEG, at 124 

indicated multiplicity of infections (MOIs), as previously described [31]. Measure of secreted 125 

HBs and HBe antigens was performed by chemo-luminescent immune assay (AutoBio, 126 

China), following manufacturer’s instructions and expressed as international units/mL (IU/mL) 127 

and Paul Erlich Internation units/mL (PEIU/mL), respectively. 128 

 129 

Chemical compounds 130 

Unless otherwise specified, chemical reagents, drugs, antibiotics were purchased from 131 

Sigma Aldrich. Tenofovir (TFV) was a kind gift of Gilead Sciences (Foster city, USA). The 132 

core assembly modulator (CAM) used in the experiments was previously described [37], and 133 

resynthesized by AI-Biopharma (Montpellier, France). 1C8, i.e. 1-Methyl-N-(5-134 
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nitrobenzo[d]isothiazol-3-yl)-4-oxo-1,4-dihydropyridine-3-carboxamide, was synthesized and 135 

purified at 99% by AGV (Montpellier, France). RG7834 [38], a molecule that destabilizes 136 

HBV RNAs, was synthetized by AI-Biopharma (Montpellier, France). AZ191 was purchased 137 

from SelleckChem, IFN-α (Roferon) from Roche, SRPIN340 and TG003 from MedChem 138 

Express. DB18 was a kind gift from René Grée (University of Rennes, France) ([39].  139 

 140 

siRNA Transfection 141 

Differentiated HepaRG (dHepaRG) cells or PHHs seeded into a 24-well plate were 142 

transfected with 25 nM of siRNA using Lipofectamine RNAiMax (Life Technologies), following 143 

manufacturer’s instructions: siDYRK1A (Dharmacon SmartPool L-004805-00), siDYRK1B 144 

(Dharmacon SmartPool L-004806-00), siCLK2 (Dharmacon J-004801-10), siSRPK1 145 

(Dharmacon SmartPool: L-003982-00) and siControl (siCTL) (Dharmacon D-001810). 146 

 147 

Viability/cytoxicity assays. 148 

Neutral red uptake and sulforhodamine B assays were performed to estimate cell 149 

viability/cytotoxicity as previously described [40]. Puromycin (Puro), was used as a positive 150 

control at a concentration of 10 µM. 151 

 152 

Nucleic acid extraction and analysis 153 

HBV RNAs and DNA were extracted from cells with the Nucleospin RNA (Macherey-Nagel) 154 

and MasterPureTM Complexe Purification Kit (BioSearch Technologies) kit without digestion 155 

with proteinase K [41], respectively, according to the manufacturer’s instruction. RNA reverse 156 

transcription was performed using Maxima First Strand cDNA Synthesis kit (Thermofisher). 157 

Quantitative PCR for HBV were performed using HBV specific primers and normalized to 158 

PRNP or RPLP0 housekeeping genes as previously described [42]. Pregenomic RNA 159 

(pgRNA) was quantified using the TaqMan Fast Advanced Master Mix (Life Technologies) 160 

and normalized to GUS B cDNA levels. HBV cccDNA was quantified from total DNA by 161 

TaqMan qPCR analyses and normalized to β-globin DNA level, as previously described [43]. 162 
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Unless otherwise stated, results are expressed as the mean normalized ratio +/- SD, of 3 163 

independent experiments, each performed in triplicate. 164 

 165 

Western blot analyses 166 

Proteins were resolved by SDS-PAGE and then transferred onto a nitrocellulose membrane. 167 

Membranes were incubated with the primary antibodies corresponding to the indicated 168 

proteins. Proteins were revealed by chemiluminescence (Super Signal West Dura Substrate, 169 

Pierce) using a secondary peroxydase-conjugated antibody (Dako) at a dilution of 1:10000. 170 

Primary antibodies used were CLK1 (Clinisciences, ARP52021, 1:1000), CLK2 (Abcam, 171 

Ab65082, 1:1000), SRPK1 (Abcam, Ab131160, 1:1000), DYRK1A (Abcam Ab69811, 1:1000 172 

and  SantaCruz sc-100376, 1:1000), DYRK1B (Cell Signaling 5672, 1:1000), HBc (provided 173 

by A. Zlotnick (Indiana University, USA), 1:40000), β-tubulin (Abcam 6046,1:10000), β-actin 174 

(Sigma A2228, 1:2000), cyclin D1 (Cell Signaling 55506, 1:2000), HA (Abcam 130275; 175 

1:1000), and FLAG (Sigma F1804; 1:1000). 176 

 177 

Native cccDNA-immunoprecipitation (cccDNA-IP) and ChIP 178 

cccDNA was immunoprecipitated from frozen cell pellets following a modified native 179 

chromatin-immuno-precipitation (ChIP) protocol as previously described [24]. Antibodies (2 180 

µg) used were: DYRK1A (Abcam 69811 and Sigma D1694), HBc (Life Invitrogen MA1-7609), 181 

total RNA Pol II (Diagenode C15200004), RNA Pol II phosphor-Ser5 (Abcam Ab5131), RNA 182 

Pol II phosphor-Ser2 (Abcam Ab5095) and control IgG (Cell Signaling 2729). 183 

 184 

Luciferase assays 185 

Huh7.NTCP cells seeded in a 48-well plates were transfected using TransIT-LT1 transfection 186 

reagent (Mirus) and lysed 72 hours later using the Bright-Glo Luciferase reagent (Promega), 187 

according to the manufacturer’s instructions. Luciferase activity was quantified on a 188 

Luminoskan (Life Technologies). Plasmids expressing luciferase under the control of HBV 189 
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promoters were purchased from Addgene: preC/C_Luc (pHBV_Luc; ref:71414); pX_Luc 190 

(pHBV-X/EnhI-Luc; ref:71418). Mutations M1 (CAGGTGcAac) and M2 (CAGGTGTACA) in 191 

pX_Luc were introduced using Q5 site-directed mutagenesis kit (New England Biolabs). 192 

Plasmids expressing DYRK1A or DYRK1A_KR under the control of the CMV promoter were 193 

previously described [29]. 194 

 195 

Run-ON 196 

HBV nascent RNAs were quantified as previously described [44,45]. Briefly, cells were 197 

incubated for 2h at 37°C with 5-bromouridine (BrU, Sigma), before RNA extraction and 198 

immunoprecipitation using an anti-BrdU antibody (BD Pharmingen) and Dynabeads coated 199 

with anti-mouse IgG (Life Technologies), overnight at 4°C. Captured RNAs were then eluted, 200 

concentrated and quantified by RT-qPCR. Total RNAs, extracted before IP were similarly 201 

quantified by RT-qPCR. Controls were provided by cells treated with actinomycin D 202 

(Invitrogen, 1 µM; 1 h before labeling), RG7834 (0.05 µM, added twice 5 and 3 days before 203 

labeling) or cells incubated in the absence of BrU.  204 

 205 

Statistical analysis 206 

Statistical analyses were performed using the GraphPad Prism 9 software and a two-tailed 207 

Mann-Whitney non-parametric tests. In graph bars, error bars represent standard deviation 208 

(SD) unless otherwise indicated. A p value ≤ 0.05 was considered as significant: *, p value ≤ 209 

0.05; **, p value ≤ 0.01; ***, p value ≤ 0.001.  210 
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RESULTS  211 

1C8 targets five CMGC kinases expressed in human hepatocytes 212 

Our previous results indicated that the compound 1C8, an inhibitor of the phosphorylation of 213 

some cellular RBPs [46,47], downregulated the synthesis of HBV RNAs without affecting 214 

cccDNA levels [26]. This observation suggested that one or more kinases involved in RBPs 215 

phosphorylation had a proviral function on HBV transcription. A kinase profiler assay 216 

conducted using 1C8 (Eurofins Pharma Discovery) identified 18 different kinases highly 217 

inhibited by the compound (Figure S1) [48]. Among them, the members of the Cdc2-like 218 

kinases (CLK) family CLK1, CLK2 and CLK4, and those of the dual-specificity tyrosine 219 

phosphorylation-regulated kinases (DYRKs) family DYRK1A and DYRK1B, were found. All 220 

these kinases that belong to the CMGC group of the eukaryotic kinome [49,50], 221 

phosphorylate RBPs, in particular SR proteins, and their inhibition has been proposed to 222 

have therapeutic potential [51,52]. Interestingly, the serine-arginine protein kinases (SPRKs) 223 

family that also belongs to the CMGC group and are well-known regulators of SR proteins, 224 

were not found as 1C8 targets. 225 

One first requirement for the involvement of these kinases in HBV life cycle is their 226 

expression in hepatocytes. Thus, we analyzed the level of expression of these kinases in the 227 

human hepatocyte cell line HepaRG, using either proliferating or differentiated (dHepaRG) 228 

cells, and in primary human hepatocytes (PHHs), whether infected or not with HBV. We 229 

detected the expression of CLK1 and CLK2 mRNAs (CLK4 was not measured as it is highly 230 

similar to CLK1) in HepaRG cells, irrespectively of their differentiation or infectious status. In 231 

comparison, the mRNA levels of DYRK1A and DYRK1B were much lower (Figure S2A). 232 

Similar results were observed in PHHs and in human liver biopsies (Figure S2B and C). 233 

Moreover, the four kinases were detected at the protein level in both cell types (Figure 1). 234 

We conclude that the four kinases targeted by 1C8 are expressed in human hepatocytes. 235 

 236 

 237 

 238 
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Inhibitors targeting DYRK1A/B, but not CLK kinases, reduce HBV replication 239 

In order to identify which CLK/DYRK kinase(s) targeted by 1C8 potentially regulates HBV 240 

replication, the effect of inhibitors of these kinases was analyzed on the production of HBV 241 

RNAs and the secretion of HBs and HBe antigens in HBV-infected PHHs, two traits 242 

commonly used to measure HBV productive infection (Figure 2). As positive controls, we 243 

used IFN-α, an inhibitor of HBV transcription [53], which reduces HBV RNAs, and a class I 244 

CAM, which prevents capsid assembly [54], and also reduces HBe secretion (Figure 2B) 245 

[37]. Treatment of cells with either SRPIN340 [55], an inhibitor of the kinase SRPK1, not 246 

targeted by 1C8, or with TG003, a well-known CLK inhibitor [56], had no effect on HBV RNA 247 

production or HBs and HBe secretion (Figure 2B).[55] The absence of effect of inhibitors 248 

targeting CLKs was further confirmed using DB18 (Figure S3), a compound that selectively 249 

targets CLK1/4 and CLK2 but not DYRK1A [39]. In contrast, both 1C8 and AZ191, a DYRK1 250 

kinases inhibitor but with no effect on CLKs [57], induced a decrease in HBV RNA levels 251 

(Figure 2B and S3). The effect of AZ191 was stronger than that of 1C8 (Figure 2B), with no 252 

evidence of cell toxicity at the dose of 10-20 µM used (Figure S4). The lower effect of 1C8 253 

could be due to the poor solubility of 1C8 and/or to a stronger susceptibility to the hepatocyte 254 

detoxifying activity. Altogether, these results pointed towards DYRK1A/1B as potential 255 

kinases able to directly or indirectly regulate HBV replication. 256 

 257 

Production of HBV RNAs responds to DYRK1A/DYRK1B levels 258 

To provide further support to the results with the kinase inhibitors, we set up knock-down 259 

(KD) experiments in HBV-infected dHepaRG cells, using a well-established protocol in our 260 

lab, consisting in two successive siRNAs transfections followed by downstream analyses 10 261 

days post-transfection (dpt) (Figure S5A). Unfortunately, despite several attempts using 262 

different sources of siRNA, efficient KD of CLK1 mRNA was never achieved in hepatocytes, 263 

precluding further analysis with this kinase. It is possible that a previously described stress-264 

responsive mechanism, able to rapidly compensate for the loss of CLK1 [58], may be the 265 
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cause of this failure [58]. In contrast, CLK2 and SRPK1 expression was reduced in HBV-266 

infected dHepaRG cells upon siRNA treatment, but no effect on HBV RNAs was observed 267 

(Figure S5B and C). Transfection of siRNAs targeting either DYRK1A or DYRK1B resulted in 268 

the visible death of most cells between 7- and 10-dpt (Figure S6). This cytopathic effect led 269 

us to modify the depletion protocol to investigate effects at earlier time-points (Figure S7A), 270 

during which no toxic effects were observed (Figure S7B and C), but with KD efficiency 271 

gradually increasing (Figure S7D). In these conditions, total viral RNA levels remained 272 

unaffected when targeting DYRK1B, but they were clearly reduced when targeting DYRK1A 273 

(Figure S7E). Importantly, DYRK1A KD induced not only a significant decrease in total HBV 274 

RNAs, but also in pgRNA and downstream parameters (HBe and HBs secretion), without 275 

affecting cccDNA levels (Figure 3). 276 

To confirm this result, the effect of DYRK1A KD was also assessed in HBV-infected PHHs, in 277 

which the effect of DYRK1A KD could be evaluated at longer times after transfection due to 278 

the lack of toxicity of the siRNA treatment with good depletion efficiency (Figure S8A and B). 279 

Surprisingly, discordant results were obtained using this cell type. For 3 out of 7 total 280 

experiments, each performed with PHHs from independent donors, KD of DYRK1A resulted 281 

in a decrease of viral RNAs without affecting cccDNA levels (Figure S8C and D), in 282 

agreement with the results in dHepaRG cells. However, in four of these experiments, the 283 

opposite result was observed despite similar levels of DYRK1A KD (Figure S8E and F). One 284 

possibility for these discordant results could be related to compensatory effects between 285 

DYRK1A and its close paralog DYRK1B [49,50], effects that might have variable penetrance 286 

given that PHHs are from different donors. In fact, an increase in DYRK1B levels in response 287 

to silencing DYRK1A has been shown in a different physiological context [59]. To test this 288 

possibility, we quantified the levels of DYRK1A and DYRK1B mRNAs in control and KD cells 289 

by RT-qPCR. The analyses revealed that DYRK1B mRNA was up-regulated in PHHs 290 

transfected with siRNA against DYRK1A. In addition, the up-regulation of DYRK1B mRNA 291 

was significantly higher in PHHs where HBV RNAs increased following DYRK1A KD, 292 

compared to PHHs where the opposite effect was observed (Figure S9A), suggesting a 293 
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possible positive correlation between the level of DYRK1B compensation and the effect of 294 

DYRK1A KD on HBV RNAs. The increase in DYRK1B upon DYRK1A KD was also observed 295 

in dHepaRG cells but at a relatively lower level compared to PHHs, despite a similar 296 

efficiency in DYRK1A KD (Figure S9B), highlighting an additional layer of complexity linked 297 

to the cell line used. In contrast, DYRK1A mRNA levels were not upregulated upon DYRK1B 298 

KD in either dHepaRG cells or PHH (Figure S9B and S10B). Importantly, the variations in 299 

DYRK1B mRNA were confirmed at the protein level (Figure S10A). Interestingly, in those 300 

PHHs where DYRK1B compensation upon DYRK1A KD was higher, DYRK1B KD, either 301 

alone or in combination with DYRK1A, induced a decrease in HBV RNA (Figure S10C). 302 

Altogether, these results indicated a regulatory cross-talk between DYRK1B and DYRK1A 303 

whereby DYRK1A depletion is compensated by an increase in DYRK1B mRNA, either due to 304 

the existence of DYRK1A-responsive elements within the DYRK1B promoter region or to 305 

DYRK1A-dependent cellular events that impact on DYRK1B transcription and/or mRNA 306 

stability. More importantly, the level of DYRK1B compensation provided a rational 307 

explanation for the divergent results observed upon DYRK1A KD in PHHs.  308 

Next, we wondered whether DYRK1A could stimulate HBV RNAs when overexpressed. To 309 

this end, HepaRG cells over-expressing either a wild-type (wt) DYRK1A or a kinase-dead 310 

version (DYRK1A_KR), under the control of a tetracyclin (Tet)-inducible promoter were 311 

developed (Figure 4A and B). Notably, over-expression of DYRK1A_WT, but not of SRPK1, 312 

led to an increase in HBV parameters, either intracellular viral RNAs or extracellular HBs and 313 

HBe antigens (Figure 4C-F). This effect was partially dependent on DYRK1A catalytic 314 

activity, as overexpression of the kinase-dead version induced a much lower increase 315 

(Figure 4C-F), further supporting the kinase activity dependence showed by the experiments 316 

with the inhibitors. Interestingly, overexpression of DYRK1B induced only a modest increase 317 

in HBV pgRNA but not in total RNAs, indicating a lower capacity to modulate viral RNAs 318 

compared to DYRK1A (Figure S11). 319 

Altogether, the loss-of-function and gain-of-function studies indicate that DYRK1A could 320 

exert a proviral function by increasing the levels of HBV RNAs, and that its catalytic activity is 321 
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involved in this function. They also highlight a complex cell-specific compensatory 322 

mechanism between DYRK1A and DYRK1B expression, and, at least partially, redundant 323 

functions on HBV replication. 324 

 325 

DYRK1A associates to HBV cccDNA and up-regulates transcriptional activity from 326 

enhancer 1/HBx promoter region 327 

Previous studies indicated that DYRK1A promotes the transcription of a set of cellular genes 328 

by associating to chromatin at RNA Pol II promoter regions and close to transcriptional start 329 

sites (TSS) [29]. We therefore investigated whether DYRK1A could associate to HBV 330 

cccDNA using our recently optimized native ChIP protocol [24]. This protocol is efficient in 331 

detecting the presence of HBc bound to cccDNA (Figure 5A), and showed that DYRK1A was 332 

associated to cccDNA in HBV-infected dHepaRG cells (Figure 5A). The same result was 333 

obtained in HBV-infected PHHs with two different antibodies to DYRK1A (Figure 5B and C). 334 

These results indicated that DYRK1A interacts with cccDNA, either directly or indirectly via 335 

other cellular and/or viral factors. 336 

DYRK1A recruitment to chromatin is mediated by a 10 nucleotides sequence 337 

TCTCGCG(A/G)(G/T)(A/G) located near TSSs [29,60] (Figure 6A). Association of DYRK1A 338 

to such sites regulates the transcription of downstream genes by phosphorylating the C-339 

terminal domain (CTD) of RNA Pol II [29]. Interestingly, a sequence partially matching the 340 

DYRK1A motif is present in the enhancer 1/X promoter region of the HBV genome, upstream 341 

of the HBx TSSs (Figure 6A). To investigate whether the enhancer 1/X promoter could be a 342 

target of DYRK1A, reporter assays were conducted with constructs containing the luciferase 343 

cDNA under the control of either the enhancer 1/X promoter (pX_Luc) regions or enhancer 344 

2/preCore/Core (preC/C_Luc) as a negative control, co-transfected together with constructs 345 

expressing either DYRK1A wt or DYRK1A-KR. As shown in Figure 6B, DYRK1A expression 346 

significantly increased the activity of the enhancer 1/X promoter reporter, but not that of the 347 

enhancer 2/preCore/Core reporter. Interestingly, a lower but still significant enhancement 348 

was observed following transection of the plasmid expressing the DYRK1A kinase-dead 349 
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version. In this regard, it is worth noting that a transcriptional effect independent of the 350 

DYRK1A kinase activity was observed in one-hybrid assays [29], suggesting a possible 351 

scaffolding activity. To further determine if the DYRK1A transactivating activity was mediated 352 

by the putative DYRK1A motif within enhancer 1/X promoter, two different mutant motifs 353 

were generated (Figure 6A). Both pX_M1_Luc and pX_M2_Luc constructs no longer 354 

responded to DYRK1A (Figure 6C), indicating that the enhancing activity of DYRK1A did 355 

depend on the presence of the motif characteristic of its recruitment to cellular chromatin. 356 

Altogether, these results indicated that DYRK1A associates to cccDNA and strongly 357 

suggested that its effect on HBV RNAs was, at least in part, linked to its capacity to 358 

recognize a sequence matching the DYRK1A motif present on the enhancer 1/HBx promoter 359 

region. 360 

 361 

Over-expression of DYRK1A up-regulates the transcription of HBV RNAs  362 

To investigate whether DYRK1A acts at the transcriptional level, RUN-On assays were 363 

performed. For this, BrU-labeled RNAs were extracted from HBV-infected dHepaRG cells, 364 

with DYRK1A (WT or KR versions) expression induced by Tet treatment. To proof that the 365 

experimental set up does detect nascent RNAs, we show that treatment of cells with 366 

RG7834, a compound that degrades HBV RNAs [38,44], had no effect on nascent RNAs, 367 

whereas actinomycin D, an inhibitor of RNA Pol II, blocked their synthesis (Figure 7). As 368 

shown above, over-expression of DYRK1A wt increased total HBV RNAs, whereas its kinase 369 

inactive version had no effect (Figure 7, left panel). Importantly, up-regulation of nascent 370 

HBV RNAs was observed only when the expression of active DYRK1A was induced (Figure 371 

7, right panel), strongly suggesting that the DYRK1A-dependent effect takes place at the 372 

transcriptional level.   373 
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DISCUSSION 374 

So far, only few cellular kinases were reported to modulate the HBV life cycle. In addition, 375 

most if not all of them, exert their effects at late steps of the infectious cycle, during capsid 376 

assembly and pgRNA packaging [17]. This is the case of CDK2, PKC and PLK1, which 377 

phosphorylate the HBc protein during capsid assembly in the cytoplasm [61-64]. In this 378 

study, we asked whether cellular kinases could also regulate the HBV life cycle by impacting 379 

on the production of HBV RNAs. This question arose from the observation that 1C8, a 380 

compound able to dephosphorylate some RBPs, including SR proteins involved in the HBV 381 

life cycle, could down-regulate the production of nascent HBV RNAs [26,47]. 382 

Among the kinases identified as the main 1C8 targets in vitro, we focused on DYRK1A. This 383 

kinase belongs to the DYRK family, within the CMGC group of kinases, a family of 384 

constitutively active serine/threonine kinases that participate in a wide variety of processes 385 

involved in cell growth, differentiation and transcription [49,50]. DYRK1A is an essential gene 386 

in mammals, whose alterations in expression have been associated to different human 387 

diseases including Down syndrome when present in trisomy or a neurodevelopmental 388 

syndrome when present in haploinsufficiency [65]. It is a pleiotropic kinase regulating a 389 

variety of cellular processes including transcription and splicing. DYRK1B is the closest 390 

paralog of DYRK1A within the family, sharing a high degree of homology at the primary and 391 

secondary structure, with activities connected mostly to cancer development [66]. DYRK1A 392 

and DYRK1B have cytoplasmic and nuclear localization but, only DYRK1A localizes to 393 

nuclear speckles, the major storage sites of RBPs, and its over-expression induces speckle 394 

disassembly [33]. Not surprisingly, DYRK1A can phosphorylate RBPs, among which several 395 

SR proteins [52]. 396 

Our results show that the genetic manipulation of DYRK1A levels in HBV-infected 397 

hepatocytes modulates the production of HBV RNAs without affecting cccDNA levels, 398 

suggesting a positive, stimulatory role. This role is less evident for DYRK1B, though our 399 

results indicate that the cellular context might be relevant for this kinase. In fact, we found 400 

that depletion of DYRK1A induces a compensatory effect on DYRK1B levels, which could 401 
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partially compensate for DYRK1A loss, thereby affecting the final impact on HBV RNA 402 

production. The kinase activity of DYRK1A is involved in the process based on the 403 

concurring results of the inhibitory role of small molecule inhibitors and the lack of activity of 404 

a kinase-dead version of DYRK1A on HBV parameters.  405 

Previous studies have shown that DYRK1A is recruited to the proximal promoter of several 406 

cellular genes characterized by the presence of a common 10 nucleotides motif [29]. We 407 

found that DYRK1A associates to the viral genome, cccDNA, in infected hepatocytes. 408 

Recruitment to cccDNA could be dependent on the presence of a DYRK1A motif within the 409 

enhancer 1/X promoter as shown by the results with reporter assays mutated for the 410 

consensus sequence. This potential binding site is adjacent to a previously described 411 

interferon-stimulated response element (ISRE) [53], opening the possibility of a functional 412 

cross-talk between the activity of DYRK1A and the interferon pathway. The alignment of 413 

more than ten thousand HBV sequences derived from all genotypes 414 

(https://hbvdb.lyon.inserm.fr/HBVdb/) indicates that this site is conserved among all 415 

genotypes, and further support its role as a general regulatory element. These findings do no 416 

exclude that DYRK1A may associate to cccDNA via other target sequences. Additional 417 

techniques to precisely identify the DYRK1A association site within the cccDNA, such as the 418 

recently developed Cut&Run method [67], could confirm our finding. Additionally, targeted 419 

mutations in cccDNA should also be performed to determine whether the effect of DYRK1A 420 

on HBV life cycle is dependent on its association to the viral genome. 421 

The results showed a good correlation between the activity of DYRK1A and the production of 422 

nascent HBV RNAs or the stimulation of reporters containing the DYRK1A motif, supporting 423 

a role for the enzymatic activity of the kinase. However, we detected a small stimulatory 424 

activity independent of the kinase activity, which has been also observed previously [29]. 425 

This could be due to the capacity of DYRK1A to function as a scaffold protein to recruit other 426 

factors involved in the processes. 427 

In any case, the Run-On experiments indicated that DYRK1A stimulates HBV transcription. 428 

We envision several scenarios that are not mutually exclusive. First, DYRK1A may regulate 429 
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the phosphorylation status of the RNA Pol II CTD on cccDNA, thereby contributing to 430 

increase transcription initiation and/or elongation. Second, transcriptional regulation by 431 

DYRK1A could result from its interaction with chromatin associated factors shown to be 432 

involved in cccDNA transcriptional regulation, such as the histone acetyl transferase 433 

p300/CBP or the transcriptional repressor HP1 [12,27,28,68,69]. Third, DYRK1A may exert 434 

its effect on HBV by targeting some cellular RBPs, as it does phosphorylate several splicing-435 

related proteins. Finally, the DYRK1A effect might require some viral factors. In this regard, 436 

HBc preferentially associates to CpG island II within cccDNA, a region which partially covers 437 

enhancer 1/X promoter, an association that correlates with a permissive epigenetic state 438 

[20,21]. Future experiments should investigate whether HBc and DYRK1A can interact in 439 

infected hepatocytes as well as consequences of this interaction on HBc phosphorylation 440 

and association to viral DNA and RNAs. 441 

A major question raised this study concerns the role of DYRK1A during the HBV life cycle. 442 

We are aware that the effect of DYRK1A on the level of HBV RNAs was moderate (always 443 

lower than 2-fold), arguing against a major function during the productive viral cycle. 444 

However, this level of enhancement may be important for the onset of HBV transcription 445 

once the cccDNA is formed in the nucleus, in particular to fire transcription of HBx mRNAs, 446 

an event that is required for the initiation of the complete HBV transcriptional program 447 

[12,13]. Indeed, since the HBx protein is not present within the viral capsids, some basal 448 

level of HBx mRNA synthesis has to occur, early after infection, in order to induce Smc5/6 449 

degradation and de-repress the HBV genome [14-16]. While some studies have reported the 450 

presence of HBx mRNA within secreted particles, no evidence has been provided so far to 451 

show that these mRNA molecules are transferred into cells and produce HBx [11,70,71]. 452 

Therefore, it is possible that a low and transient stimulation of HBx mRNA transcription early 453 

upon cccDNA formation may lead to the synthesis of a basal level of HBx sufficient to induce 454 

Smc5/6 degradation [72]. In this regard, it is interesting to note that in a recent phospho-455 

proteomic analysis we found that DYRK1A was among the top list of kinases whose activity 456 

is predicted to be up-regulated upon HBV infection [73].  457 
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In conclusion, this study describes for the first time the involvement of DYRK1A, a kinase 458 

which controls the expression of several cellular genes, in the regulation of HBV RNAs 459 

production and strongly suggests that this nuclear kinase may be involved in the early control 460 

of HBV transcription. Further deciphering the exact role of DYRK1A during the HBV life cycle 461 

as well as its molecular targets will be important to further understand the factors which are 462 

critical to unleash the HBV transcriptional program and to develop strategies to counteract it. 463 
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FIGURE CAPTIONS 779 

Figure 1. Expression levels of selected CMGC kinases in human hepatocytes. Western 780 

blot analysis of CLK1, CLK2, SRPK1, DYRK1A, DYRK1B expression in human hepatocytes 781 

(HepaRG cells or PHHs), mock- or HBV-infected. HepaRG: non-differentiated cells; 782 

dHepaRG: differentiated cells; dHepaRG_HBV: HBV-infected dHepaRG; PHH: mock-783 

infected cells; PHH-HBV: HBV-infected cells. #1 and #2 refers to PHH purified from two 784 

different donors. The detection of HBc is used as a control for HBV infection. β-Actin is used 785 

as loading control. 786 

 787 

Figure 2. Chemical inhibitors targeting DYRK1A and DYRK1B reduce HBV RNAs 788 

production. A. Experimental outline. PHHs derived from different donors were infected with 789 

HBV (MOI: 500 vge/cell) and seven days later, treated three times with the indicated 790 

compounds. Viral parameters were measured 2 days after the last treatment. IFN: Interferon-791 

α (500 IU/mL), CAM: capsid assembly modulator (class I, 10 µM), 1C8 TG003, AZ191, and 792 

SRPIN340 were used at 20 µM. B. Relative quantification of total intracellular viral RNAs, 793 

and of secreted HBs and HBe antigen levels, as indicated. Statistical values are from 794 

comparisons between the treated and mock-treated cells for each of the measurements and 795 

expressed as the mean +/- SD of 3 independent experiments, each performed in triplicate. 796 

. 797 

 798 

Figure 3. Knock-down of DYRK1A decreases HBV RNAs levels in HBV-infected 799 

dHepaRG cells. A. Experimental outline. Cells were infected and 7 days later transfected 800 

with siRNAs targeting DYRK1A. DYRK1A protein levels (B) and the viral parameters 801 

indicated (C) were quantified 4-dpt, a time point at which cell toxicity was not observed 802 

(Figure S6). Statistical values are from comparisons between siDYRK1A and siCTL for each 803 

of the measurements and expressed as the mean +/- SD of 3 independent experiments, 804 

each performed in triplicate.  805 

 806 
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Figure 4. Over-expression of DYRK1A increases HBV RNA levels in HBV-infected 807 

dHepaRG cells. A. Experimental outline. dHepaRG cells engineered to express either HA-808 

DYRK1A, HA-DYRK1A_KR or FLAG-SRPK1, under the control of a tetracyclin (Tet)-809 

inducible promoter, were infected with HBV (500 vge/cell) with additions of Tet (5 µg/mL) or 810 

mock-treated every 2-3 days for ten days. Western blot analyses were performed to detect 811 

the over-expressed kinases with anti-tag antibodies (B) and viral parameters (C to F). 812 

Results are normalized to the mock situation and expressed as the mean +/- SD of 4 813 

independent experiments, each performed in triplicate. 814 

 815 

Figure 5. DYRK1A interacts with HBV cccDNA. Native ChIP analyses were performed on 816 

HBV-infected dHepaRG (A) or PHH (B and C) using antibodies against HBc or DYRK1A. 817 

The results obtained with two different antibodies against DYRK1A are shown in panels B 818 

and C. cccDNA was quantified from immuno-precipitated material by TaqMan qPCR. Results 819 

represent the mean +/- the standard error of the mean of 3 (dHepaRG) or 5 (PHHs) 820 

independent experiments. 821 

 822 

Figure 6. DYRK1A activity on HBV transcription regulatory regions. A. Schematic view 823 

of a linearized HBV genome (genotype D, ayw subtype), showing the position of the four 824 

main ORFs (the HBx ORF is indicated by a large green arrow) and of the two 825 

enhancer/promoter regions. The enhancer 1/X promoter region contains a putative DYRK1A 826 

recognition site that partially matches the consensus motif found in DYRK1A responsive 827 

cellular promoters. The two mutation M1 and M2 introduced within enhancer 1/X promoter 828 

are shown below. Nucleotide positions are numbered from the unique EcoRI site. B. Plasmid 829 

containing the luciferase cDNA under the control of the enhancer 1/HBx (pX_Luc) promoter 830 

or the enhancer 2/preCore/Core (preC/C-Luc) regions were cotransfected together with a 831 

plasmid coding for DYRK1A, DYRK1A_KR, or a control plasmid into Huh7-NTCP cells. 832 

Luciferase assays were performed three days later. C. Luciferase assays were performed by 833 

transfecting plasmids containing either a wt or two different mutated putative DYRK1A motifs. 834 
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Results are normalized to the cells co-transfected with a control plasmid (Mock) and 835 

expressed as the mean +/- SD of 4 independent experiments, each performed in triplicate. 836 

 837 

Figure 7. DYRK1A over-expression increases the level of HBV nascent RNAs. Run-On 838 

analysis. dHepaRG-TR-DYRK1A or -DYRK1A_KR cells were infected with HBV and treated 839 

with Tet or mock-treated as indicated in the legend of Figure 6A. Controls were provided by 840 

cells incubated in the absence of BrU (- BrU) or in the presence of actinomycin D (Act D) or 841 

RG7834. Labeled RNAs were immunoprecipitated using an anti-BrdU antibody. Input HBV 842 

RNAs (left panel) and immunoprecipitated RNAs representing nascent RNAs (right panel) 843 

were quantified by RT-qPCR. Results are expressed as the mean+/- SD of 2 independent 844 

experiments, each performed in triplicate. ND: value under the detection limit.  845 

 846 

Supplemental Figure 1. Kinase profiler assay of 1C8 (10 µM). Only the kinases inhibited by 847 

1C8 with a residual activity<20% are shown. Grey bars indicate the CLK and DYRK kinases 848 

targeted by the compound. 849 

 850 

Supplemental Figure 2. RNA levels of selected CMGC kinases in dHepaRG, PHHs and 851 

liver biopsies. RNA levels of CMGC kinases indicated measured by RT-qPCR. Relative 852 

RNA levels are expressed by the 2ΔCt value calculated using the PRNP mRNA as control in 853 

HepaRG cells (undifferentiated or differentiated, A) or PHHs (B), HBV-infected or mock-854 

infected. PHHs used were purified from two different donors, each analyzed in triplicate. C. 855 

CLK1, CLK2, DYRK1A, DYRK1B and SRPK1 mRNA expression in human liver using RNA-856 

Seq data retrieved from Yoo et al. [74] expressed as Reads Per Kilobase Million (RPKM). 857 

 858 

Supplemental Figure 3. Comparative effects of AZ191 and DB18 in HBV-infected PHH. 859 

A. Experimental outline. B. PHH were infected and total viral RNAs and pgRNA were 860 

quantified by RTqPCR after treatment. IFN: Interferon-α (500 IU/mL). Doses of AZ191 and 861 
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DB18 were 10 µM and 20 µM. Results are expressed as the mean +/- SD of two independent 862 

experiments, each performed in triplicate. 863 

 864 

Supplemental Figure 4. Toxicity assays of AZ191 in PHHs. Cells infected and treated 865 

with various concentrations of AZ191, as indicated in Figure 2A, were analyzed for signs of 866 

toxicity using either a neutral red (A) or a sulforhodamine B (B) assay. Puromycin (Puro) was 867 

used as a positive control at 10 µM. Results are expressed as the mean +/- SD of 3 868 

independent experiments, each performed in triplicate. 869 

 870 

Supplemental Figure 5. Effect of CLK2 and SRPK1 KD in HBV-infected dHepaRG cells. 871 

A. Experimental outline. B. KD efficiency of the siRNA treatments measured by RT-qPCR at 872 

15-dpt. Results are shown relative to siCTL. C. Effect of the kinases KD on the production 873 

HBV intracellular RNAs and secreted HBs/HBe antigens, expressed as relative to siCTL 874 

(mean +/- SD, n>5, each performed in triplicate).  875 

 876 

Supplemental Figure 6. Toxicity of DYRK1A and DYRK1B KD in HBV-infected 877 

dHepaRG cells. A. Experimental outline. HBV-infected cells were transfected once with 878 

siRNA and then harvested at 7-, and 10-dpt. B and C. Toxicity assays in siRNA transfected 879 

dHepaRG cells. Infected and transfected cells were analyzed for signs of toxicity using either 880 

a neutral red (B) or a sulforhodamine B (C) assay. Puromycin (Puro) was used as positive 881 

control at 10 µM. In all cases, results are shown relative to siCTL (mean +/- SD, n=2). 882 

 883 

Supplemental Figure 7. Time course analysis of DYRK1A and DYRK1B KD in HBV-884 

infected dHepaRG cells. A. Experimental outline. HBV-infected cells were transfected once 885 

with siRNA and then harvested at 1-, 2-, and 4-dpt. B and C. Toxicity assays in siRNA 886 

transfected dHepaRG cells. Infected and transfected cells were analyzed for signs of toxicity 887 

using either a neutral red (B) or a sulforhodamine B (C) assay. Puromycin (Puro) was used 888 

as positive control at 10 µM. D. KD efficiency of the siRNA treatments measured by RT-889 
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qPCR at the indicated time points. Results are shown relative to siCTL (mean +/- SD, n=2-3). 890 

E. Effect of the KD for the kinases indicated on HBV RNA production. Intracellular RNA 891 

extracted at each time point was analyzed by RT-qPCR to quantify HBV total RNAs. In all 892 

cases, results are shown relative to siCTL (mean +/- SD, n=2). 893 

 894 

Supplemental Figure 8. Divergent effects of DYRK1A KD in HBV-infected PHH. A. 895 

Experimental outline. PHH were infected with HBV and 7 days later transfected with siRNA 896 

targeting DYRK1A or with a control siRNA (siCTL). B. Representative Western blot analysis 897 

of DYRK1A KD levels. C to D. DYRK1A and HBV RNA analysis of a set of 3 independent 898 

experiments, each performed in triplicate, in which a decrease of HBV RNAs was observed. 899 

E and F represent another set of 4 experiments in which HBV RNAs increased upon 900 

DYRK1A KD. Results are expressed as the mean +/- SD. Statistical analysis is from 901 

comparisons between siDYRK1A and control siRNA for each of the measurements. 902 

 903 

Supplemental Figure 9. Compensatory effects of DYRK1A or DYRK1B levels in HBV-904 

infected PHHs and dHepaRG cells. A. mRNA levels were quantified in HBV-infected PHHs 905 

transfected with siRNA targeting DYRK1A as shown in Figure S7A. Results were clustered 906 

according to their effect on HBV RNA levels (see Figure S7D and F). B. Analysis of 907 

DYRK1A/DYRK1B compensatory mRNAs variations in HBV-infected dHepaRG cells 908 

transfected with siRNA targeting either of the kinases. Statistical analysis is from 909 

comparisons between siRNA targeting one of the kinases and control siRNA for DYRK1A or 910 

DYRK1B mRNA levels. 911 

 912 

Supplemental Figure 10. Effect of single or combined DYRK1A/DYRK1B KD in HBV-913 

infected PHHs. A. DYRK1A and DYRK1B protein levels in HBV-infected PHHs with KD for 914 

each kinase. Cells were infected with HBV and then transfected with indicated siRNA. 915 

Western blot analysis was performed at 7-dpt. Cyclin D1 levels were analyzed as a marker of 916 

functional DYRK1 KD, since its accumulation has been shown to depend on both DYRK1A 917 
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and DYRK1B [57,75]. PHHs (+) and (-) refers to experiments in which an increase (+) or a 918 

decrease (-) of HBV RNAs levels was observed following DYRK1A KD (see Figure S7). The 919 

bands were quantified using ImageJ (numbers relative to control siRNA, below the blots). B. 920 

and C. Effect of single DYRK1B or double DYRK1A/1B KD in HBV-infected PHHs. Cells 921 

were infected and transfected as indicated in Figure S7A. DYRK1A, DYRK1B (B), and HBV 922 

(C) RNAs were quantified at 7-dpt. Results are normalized versus control siRNA and 923 

expressed as the mean +/- SD of 2 independent experiments, each performed in triplicate.  924 

 925 

Supplemental Figure 11.  Effect of DYRK1B and DYRK1B_KR over-expression on HBV 926 

parameters. dHepaRG cells engineered to express either HA-DYRK1B or HA-DYRK1B_KR 927 

under the control of a tetracyclin (Tet)-inducible promoter were infected with HBV and then 928 

treated with Tet as indicated in Figure 4A. A. Western blot analysis to detect over-expressed 929 

HA-DYRK1B or HA-DYRK1B_KR. B and C. Quantification of HBV RNAs. Results are 930 

normalized to the mock situation and expressed as the mean +/- SD, of 2 independent 931 

experiments, each performed in triplicate.  932 

 933 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2024. ; https://doi.org/10.1101/2024.05.30.596758doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.30.596758
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2024. ; https://doi.org/10.1101/2024.05.30.596758doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.30.596758
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2024. ; https://doi.org/10.1101/2024.05.30.596758doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.30.596758
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2024. ; https://doi.org/10.1101/2024.05.30.596758doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.30.596758
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2024. ; https://doi.org/10.1101/2024.05.30.596758doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.30.596758
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2024. ; https://doi.org/10.1101/2024.05.30.596758doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.30.596758
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2024. ; https://doi.org/10.1101/2024.05.30.596758doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.30.596758
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2024. ; https://doi.org/10.1101/2024.05.30.596758doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.30.596758
http://creativecommons.org/licenses/by-nc-nd/4.0/

