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SUMMARY: 21 
We describe here the in vitro generation of HBV DNA via a Hepatitis B virus infection system and 22 
the highly sensitive detection of its (1-2 copies) integration using inverse nested PCR.  23 
 24 
ABSTRACT: 25 
Hepatitis B Virus (HBV) is a common blood-borne pathogen causing liver cancer and liver cirrhosis 26 
resulting from chronic infection. The virus generally replicates through an episomal DNA 27 
intermediate; however, integration of HBV DNA fragments into the host genome has been 28 
observed, even though this form is not necessary for viral replication. The exact purpose, timing, 29 
and mechanism(s) by which HBV DNA integration occurs is not yet clear, but recent data show 30 
that it occurs very early after infection. Here, the in vitro generation and detection of HBV DNA 31 
integrations are described in detail. Our protocol specifically amplifies single copies of virus-cell 32 
DNA integrations and allows both absolute quantification and single-base pair resolution of the 33 
junction sequence. This technique has been applied to various HBV-susceptible cell types 34 
(including primary human hepatocytes), to various HBV mutants, and in conjunction with various 35 
drug exposures. We foresee this technique becoming a key assay to determine the underlying 36 
molecular mechanisms of this clinically relevant phenomenon.  37 
 38 
INTRODUCTION:  39 
HBV is a double-stranded DNA virus that can cause life-long chronic infection, leading to liver 40 
cirrhosis and hepatocellular carcinoma (HCC)1-3. While there are multiple molecular mechanisms 41 
driving HBV persistence4 (e.g., high stability of the epigenetic viral transcriptional template, 42 
evasion of immune surveillance, and low turnover of hepatocytes in the liver) and its associated 43 
risk of HCC initiation5,6 (e.g., chronic inflammation and activation of cellular stress pathways), 44 
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HBV DNA integration into the host cell genome (a reported mechanism for both of these 45 
phenomena) has been poorly studied. A major reason is the lack of suitable in vitro infection 46 
systems for HBV that allow reliable detection of integration events. Here, we describe a recently-47 
developed protocol for both in vitro generation and detection of HBV DNA integrations that can 48 
be used to elucidate the underlying molecular mechanisms and consequences thereof.  49 
 50 
HBV replication and the formation of HBV DNA integration has been previously reviewed in 51 
detail7. Briefly, HBV enters hepatocytes using the Sodium Taurocholate Co-transporting Peptide 52 
(NTCP) as the main cellular receptor for infection8,9. The HBV nucleocapsids containing the HBV-53 
relaxed circular DNA (rcDNA) genome enters the nucleus, where the rcDNA is converted into 54 
episomal covalently closed circular DNA (cccDNA). The nuclear cccDNA acts as the transcriptional 55 
template for viral mRNAs and pre-genomic RNA (pgRNA)10. HBV polymerase and pgRNA are then 56 
packaged into newly-formed nucleocapsids (composed of HBV core protein dimers). HBV pgRNA 57 
is reverse-transcribed within the nucleocapsid, resulting in either an rcDNA genome or a double-58 
stranded linear DNA (dslDNA) genome11,12. These mature nucleocapsids containing HBV DNA 59 
genomes are finally enveloped and exported as virions.  60 
 61 
Infection of hepatocytes by enveloped particles containing dslDNA molecules can result in viral 62 
integration into the host cell genome13, leading to replication-incompetent forms of HBV 63 
DNA7,14,15. HBV DNA integration occurs at the site of chromosomal double-stranded DNA 64 
breaks15. Accumulating evidence suggests that each integration event occurs in an essentially 65 
random position within the host cell genome. In addition, HBV DNA integration occurs somewhat 66 
rarely, at a rate of 1 per 10000 cells13,16-18. Important questions regarding HBV DNA integration 67 
remain unanswered, particularly regarding the exact molecular pathways involved, the 68 
dependence on viral and host factors, the viral antigens expressed from integrated forms, and 69 
their possible contribution to viral persistence7. We have set up an in vitro model to shed light 70 
on some of these questions.  71 
 72 
The rarity of HBV DNA integration events (both with respect to integration rate per cell and to 73 
the copy number of each unique integration) in in vitro HBV infection models make them 74 
challenging to detect. Cell mitosis is limited in our in vitro system, as dividing cells do not support 75 
efficient infection. Thus, unlike in patient liver tissues where significant clonal expansion of 76 
hepatocytes occurs16-18, very few (1 to 2) copies of each integration are present in a given pool 77 
of cells infected in vitro. We have also found that integration mainly occurs during the initial 78 
infection of hepatocytes (and not continuously in chronically-infected hepatocytes)13. 79 
Accordingly, HBV DNA integration cannot be increased by simply culturing cells for a longer 80 
period.  81 
 82 
In general, methods previously used to detect integrated HBV DNA, including Southern blot 83 
hybridization19-23, Alu-PCR24,25, cassette-mediated ligation PCR26, and whole genome 84 
sequencing27-31, do not have the sensitivity to detect single-copies of integrations. We and other 85 
researchers have used inverse nested PCR (invPCR) to detect hepadnaviral DNA integration in 86 
duck, woodchuck, and human infected livers13,14,16,32-35. Others have introduced procedural 87 
modifications to the invPCR technique that may alter the generation of false-positive signals and 88 



   

restrict the ability for quantification36. If carried out as described in this protocol, invPCR 89 
represents a specific and sensitive assay that identifies and quantifies (in absolute copy numbers) 90 
multiple HBV DNA integrations. The HBV-cell DNA junction is sequenced at a single-base pair 91 
resolution, allowing bioinformatical studies of viral and host DNA sequences at the sites of 92 
integration13.  93 
 94 
We have previously described37 results from invPCR on DNA of HBV-infected tissue extracted 95 
from a large range of sources, including snap-frozen liver tissues, paraffin-embedded liver 96 
sections, and extremely small tissue samples isolated by laser-microdissection17. This protocol 97 
outlines an updated version of an invPCR assay using DNA extracted from cell culture-derived 98 
tissues after in vitro infection, in which low copy numbers of integrations (1-2 copies per 99 
integration) are generated. The HBV DNA integrations formed in vitro resemble those found in 100 
patient tissues with respect to their distribution over the cellular genome and junction within the 101 
viral sequence that is integrated13, suggesting a comparable pathway to within an infected liver. 102 
 103 
PROTOCOL: 104 
 105 
1. Cell Infection and DNA Extraction 106 
 107 
1.1. Maintain cultured Huh7-NTCP cells8,9 in Dulbecco's Modified Eagle's Medium (DMEM) 108 
supplemented with 10% v/v fetal bovine serum, 1x Penicillin/Streptomycin, and 2 mM L-109 
glutamine.  110 
 111 
Note: This has previously been reported in detail38. 112 
 113 
1.2. Seed 2 x 105 cells/mL Huh7-NTCP cells into a 12-well plate with 1 mL of DMEM. 114 
 115 
1.3. If testing cell treatments (e.g., HBV inhibitors), apply them to the culture supernatant 4 h 116 
after seeding (1 day prior to HBV infection). For a negative control, apply 200 nM Myrcludex B (a 117 
potent HBV entry inhibitor39). 118 
 119 
1.4. Use heparin-column purified40 supernatant from HepAD3841 as an inoculum to infect cells at 120 
1000 VGE/cell in 500 µL of culture media (DMEM supplemented with 10% v/v fetal bovine serum, 121 
1x Penicillin/Streptomycin, 2 mM L-glutamine, and 2.5% v/v DMSO), containing 4% w/v 122 
polyethylene glycol 8000 [dissolved in 1x phosphate-buffered saline (PBS)].  123 
 124 
1.5. Culture the cells in a 37 °C incubator (set at 5% CO2 and 90% humidity). 125 
 126 
1.6. Wash the cells twice with 1 mL of sterile 1x PBS at 16-24 h post-infection.  127 
 128 
1.7. Replace the culture media every 2 days following HBV infection until harvest. 129 
 130 
1.8. At day 3 post-infection, treat the cells with 5 µM Tenofovir disoproxil and 10 µM Lamivudine 131 
to limit production of HBV replicative intermediates that are amplifiable by invPCR.  132 



   

 133 
1.9. At day 5 post-infection, trypsinize the cells with 200 µL of Trypsin-EDTA and resuspend them 134 
in 2 mL of DMEM (supplemented with 10% v/v fetal bovine serum, 1x Penicillin/Streptomycin, 135 
and 2mM L-glutamine), also containing 5 µM Tenofovir disoproxil and 10 µM Lamivudine. 136 
 137 
1.10. Transfer the cell suspensions to a 6-well plate to induce one round of mitosis (which has 138 
been reported to induce loss of HBV cccDNA42 and other HBV DNA intermediates that are 139 
amplifiable by invPCR).  140 
 141 
1.11. At day 7 post-infection, trypsinize the expanded cells in 400 µL of Trypsin-EDTA and 142 
resuspend the mixture in 1 mL of DMEM. Place the suspension in a 1.5 mL tube, pellet the cells 143 
by centrifugation at 500 x g for 5 min, and remove the supernatant by aspiration.  144 
 145 
1.12. (Optional) Store the cell pellets at -20 °C until they are ready for DNA extraction. 146 
 147 
1.13. Extract the DNA from the cell pellet using a DNA extraction kit, as per the manufacturer’s 148 
instructions. Estimate the final DNA concentration using optical densitometry.  149 
 150 
Note: The DNA yield in a 100 μL elution volume is generally ~250-400 ng/μL. 151 
 152 
2. Inversion of DNA 153 
 154 
2.1. Aliquot ~1.5-2.5 μg of the total DNA extract from step 1 into a 200 μL PCR tube. Add the 155 
appropriate amount of restriction enzyme master-mix to result in a 40 μL reaction volume 156 
containing 1x double digest reaction buffer (e.g., CutSmart buffer) and 10 U NcoI-HF. 157 
 158 
2.2. Mix the reactions thoroughly and spin down in a small tube centrifuge. Incubate the 159 
restriction enzyme reaction in a PCR machine at 37 °C for 1 h for optimal digestion efficiency.  160 
 161 
2.3. Inactivate the restriction enzyme by incubating at 80 °C for 20 min.  162 
 163 
2.4. Transfer the entire restriction enzyme reaction to a 1.5 mL tube. Add 400 μL of 1x T4 DNA 164 
ligase buffer and 500 U of T4 DNA ligase and mix it thoroughly. The large reaction volume 165 
encourages intra-molecular (as opposed to inter-molecular) ligation of the digested DNA 166 
fragments. 167 
 168 
2.5. Incubate the ligation reaction at room temperature for 2 h to ensure complete ligation.  169 
 170 
2.6. Inactivate the T4 DNA ligase at 70 °C for 20 min.  171 
 172 
2.7. Add 10 μL of 10% w/v sodium dodecyl sulfate to ensure complete inactivation of the T4 173 
ligase.  174 
 175 



   

2.8. Mix the tubes by pulse vortexing and briefly spin down the reaction mix. Add NaCl to a final 176 
concentration of 100 mM and dextran (35-45 kDa) to a final concentration of 90 µg/mL. Mix the 177 
tubes by pulse vortexing and briefly spin down the reaction mix. 178 
 179 
2.9. Add 900 μL of 100% ethanol and mix by inversion. Precipitate the DNA at -20 °C overnight.  180 
 181 
2.10. Pellet the precipitated DNA by centrifugation at 14,000 x g for 15 min. Remove the 182 
supernatant by aspiration with a P200 pipette. Wash the pellet with 500 μL of 70% v/v ethanol 183 
and centrifugation at 14,000 x g for 15 min. 184 
 185 
2.11. Remove the ethanol by aspiration with a P200 pipette. Air-dry the DNA pellet at room 186 
temperature for 20 min. 187 
 188 
2.12. Dissolve the pellet in 20 μL of H2O. Add 20 μL of a restriction enzyme master-mix to result 189 
in a 40 μL reaction volume containing 1x double digest reaction buffer, 5 U of BsiHKAI, and 5 U 190 
of SphI-HF. Incubate the restriction enzyme reaction in a heat-block at 37 °C (the optimal 191 
temperature for SphI-HF) for 1 h.  192 
 193 
2.13. Briefly spin down the reaction mix. Incubate the restriction enzyme reaction in a heat-block 194 
at 65 °C (the optimal temperature for BsiHKAI) for 1 h. 195 
 196 
2.14. Briefly spin down the reaction mix. 197 
 198 
2.15. Store the inverted DNA at -20 °C until the next step.  199 
 200 
3. Nested PCR  201 
 202 
3.1. Remove potential amplicons from a reusable silicon mat seal using a DNA degradation 203 
solution, rinse the mat thoroughly with DNA-free water, and air-dry it at room temperature while 204 
preparing the PCR mixture. 205 
 206 
3.2. Prepare 1 mL of a 1x PCR mix containing the outer forward (5’-TTC GCT TCA CCT CTG CAC G-207 
3’) and reverse (5’-AAA GGA CGT CCC GCG CAG-3’) primers at a concentration of 0.5 µM. 208 
 209 
3.3. Add 170 μL of the 1x PCR mix to wells A1 and E1 in a 96-well PCR plate.  210 
 211 
3.4. Add 120 μL of the 1x PCR mix to wells B1 to H1. 212 
 213 
3.5. Add 10 μL of the inverted DNA from step 2 to wells A1 and E1 (2 different inverted samples 214 
can be analyzed on the same PCR plate). Mix the reaction in each well by gently pipetting each 215 
about 10 times using a P1000 set to 100 μL. 216 
 217 



   

3.6. Serially dilute samples from wells A1 to D1 at a ratio of 1:3 by transferring 60 μL at each step. 218 
Mix the wells at each step by gently pipetting them about 10 times using a P1000 set to 100 μL. 219 
Avoid forming bubbles. Repeat step 3.6 for well E1, diluting down to well H1.  220 
 221 
3.7. Aliquot 10 μL of the reaction mixture using a multi-channel pipette from wells A1-H1 into 222 
wells A2-H2, A3-H3, and so on until reaching wells A12-H12 of the 96-well plate. Cover the PCR 223 
plate with the dry silicon mat from step 3.1, pressing firmly. 224 
 225 
3.8. Place the plate in a PCR machine and run the following program: 10 min at 95 °C; 35 cycles 226 
of 15 s at 95 °C, 15 s at 54 °C and 3 min at 72 °C; 7 min at 72 °C; then, hold the plate at room 227 
temperature.  228 
 229 
3.9. Heat the pins of a 96-pin replicator to red-hot with a Bunsen burner and then cool for at least 230 
5 min at room temperature. 231 
 232 
3.10. Fill the wells of a second PCR plate with 10 μL of 1x PCR mix (containing a gel load-ready 233 
buffer) and the inner forward (5’-CGC ATG GAG ACC ACC GTG A-3’) and reverse (5’-CAC AGC CTA 234 
GCA GCC ATG G-3’) at 0.5 µM.  235 
 236 
3.11. Carefully remove the silicon mat from the PCR plate of the 96-well plate from the first-237 
round PCR, and avoid cross-contamination between wells.  238 
 239 
3.12. Use the cooled replicator to transfer the PCR products of the 96-well plate from first-round 240 
PCR to the newly-aliquoted 96-well plate. Carry out the nested PCR using the same conditions as 241 
in step 3.8, except for changing the initial denaturation step at 95 °C from 10 min to 2 min.  242 
 243 
4. PCR Product Isolation and Gel Extraction  244 
 245 
4.1. Analyze the PCR products by gel electrophoresis using a 96-well with 1.3% w/v agarose gel. 246 
For a 100 mL agarose gel, run at 200 V for 10-15 min.  247 
 248 
4.2. Excise the DNA bands from the agarose gels using disposable drinking straws. For each PCR 249 
product, place the straw and agarose gel plug into a 1.5 mL tube and trim the straw to size with 250 
scissors.  251 
 252 
Note: It is sufficient to isolate bands only from those dilutions in which single PCR products can 253 
be resolved.  254 
 255 
4.3. (Optional) Store the tubes at -20°C for later extraction.  256 
 257 
4.4. Eject the agarose plugs into each tube by squeezing on the end of the straw fragment. Add 258 
300 μL of gel extraction buffer and 5 μL of gel extraction glass bead slurry to each tube.  259 
 260 



   

4.5. Extract the PCR products as per the manufacturer’s instructions for the gel extraction kit 261 
(except using half-volumes for washing steps) and elute the DNA from the beads with 30 μL of 262 
water.  263 
 264 
4.6. Submit the purified DNA for Sanger sequencing (as per the supplier’s instructions) with the 265 
Forward primer used in the second-round nested PCR. 266 
 267 
5. Sequence Analysis 268 
 269 
5.1. Confirm virus-cell DNA junctions by performing nucleotide BLAST analysis (using default 270 
settings aligning to the entire nucleotide collection).  271 
 272 
Note: Representative results are detailed in Figure 3 below.  273 
 274 
5.1.1. If only partial alignment of the sequence is observed, trim the 5’ HBV DNA sequence before 275 
re-running a BLAST analysis.  276 
 277 
5.2. Apply stringent selection criteria to determine if a given sequence represents a true 278 
integration junction as follows:  279 
 280 
5.2.1. Include only sequences containing >20 bp of a cellular sequence for confident mapping to 281 
the cellular genome. 282 
 283 
5.2.2. Disregard any sequences that contain restriction sites of any enzymes used within 10 bp of 284 
the supposed virus-cell integration junction, as they likely represent in vitro ligation events rather 285 
than true integration junctions. 286 
 287 
5.2.3. Disregard any sequences with obvious dissimilar peak fluorescence levels on either side of 288 
the supposed integration junction in sequencing chromatographs, as these are likely artifacts 289 
generated by cross-contamination during the sequencing reaction or capillary chromatography.  290 
 291 
5.2.4. Define unique integration events as those with the exact HBV and cellular sequences at the 292 
virus-cell junction.  293 
 294 
Note: Repetition of unique integration events can result from clonal expansion of cells containing 295 
those integrations or cross-contamination during the PCR (which can be tested using negative-296 
control reactions, further detailed in the representative results below). Repeated integrations 297 
into specific cellular sequences are expected to display different HBV terminal sites for each 298 
integration event, as non-homologous end-joining pathways are used15. 299 
 300 
5.3. Calculate the integration frequency by multiplying the dilution factor of inverted DNA 301 
templates by the number of virus-cell junctions detected at that dilution, followed by 302 
normalization to the amount of total DNA input into the inversion reaction. Generally, the 303 
integration frequency is on the order of 1:104 cells.  304 



   

 305 
REPRESENTATIVE RESULTS: 306 
A schematic representation of the invPCR technique is shown in Figure 1. An example agarose 307 
gel electrophoresis of a successful invPCR is shown in Figure 2 before and after the PCR product 308 
isolation. Figure 3 shows the BLAST analysis output from step 5.1 in the cases of (i) amplification 309 
of virus-cell DNA junction and (ii) amplification of an HBV DNA replicative intermediate.  310 
 311 
Expected results from positive controls: Huh7-NTCP cells infected with heparin-purified HBV 312 
stocks as described above (Figure 1) can serve as a positive control. In this instance, single PCR 313 
products should be achieved by the second or third 1:3 dilution of each sample (corresponding 314 
to ~104 cell equivalents per dilution, Figure 2). At these dilutions, approximately 50% of products 315 
will represent true virus-cell DNA junctions, while the other half represents amplification of HBV 316 
DNA intermediates (Figure 3).  317 
 318 
In previous studies13, we have found few instances of repeated virus-cell junctions, suggesting no 319 
cellular genomic sites of preferential HBV DNA integration. We also find that >80% of virus-cell 320 
junctions occur between nucleotides 1732 and 1832 (according to the nucleotide numbering of 321 
HBV genotype D, GenBank Accession #U95551.1), where the latter represents the right-hand 322 
terminus of the HBV dslDNA form. Sequences of true virus-cell junctions found through our 323 
method in in vitro experiments are publicly available on GenBank (Accession numbers MH057851 324 
to MH058006). 325 
 326 
Expected results from negative controls: Either uninfected Huh7-NTCP cells or inoculated Huh7-327 
NTCP cells pre-treated with Myrcludex B can act as negative controls. InvPCR analysis of DNA 328 
extracted from these cells should produce no PCR products. Running these negative-control 329 
samples on the same PCR plate as positive samples allows for testing of cross-contamination 330 
during the nested-PCR process. The most stringent test for cross-contamination is the running of 331 
a negative-control sample in wells A-D and the positive sample in wells E-H on a 96-well plate. In 332 
this case, the most concentrated dilution of the positive sample is run in a row directly adjacent 333 
to the least concentrated dilution of the negative sample. If amplification products are observed 334 
in negative-control samples, institute the measures suggested in the discussion to minimize 335 
cross-contamination events.  336 
 337 
FIGURE LEGENDS: 338 
 339 
Figure 1: Schematic figure of the invPCR process to detect HBV DNA integrations. After HBV 340 
infection, only a minority of Huh7-NTCP cells contain HBV dslDNA (red) integrated into the host 341 
cell genome (red), depicted in the top section. Total DNA is then extracted from the cells (step 342 
1), inverted (step 2), and amplified by nested PCR (step 3). Shown are the relative positions of 343 
the restriction enzyme sites (NcoI and BsiHKAI) in the excised virus-cell DNA junction. The figure 344 
is adapted from a previous publication13.  345 
 346 
Figure 2: Agarose gel electrophoresis and subsequent gel extraction of a successful invPCR. “M” 347 
represents DNA marker ladder. Each row of 12 represents technical replicates at a single dilution 348 



   

on the PCR plate. Two inverted DNA samples can be run per PCR plate/agarose gel. The PCR 349 
products for each dilution should titrate out in a ~1:3 ratio. Extraction of the products from the 350 
two least concentrated dilutions where single bands can be easily isolated is generally sufficient, 351 
as HBV DNA integration rate is determined by end-point titration.  352 
 353 
Figure 3: BLAST analysis of invPCR product sequences. As long tracts of sequence are generated 354 
from Sanger sequencing, the source of DNA sequences is generally unambiguous. Strong 355 
alignment to HBV and cellular genomes is observed in different areas of the FASTA sequence file 356 
generated from Sanger sequencing in the top panel, suggesting a true virus-cell DNA junction. In 357 
the bottom panel, the sequence aligns only to fragments of the HBV genome, suggesting a 358 
product generated by the amplification of a rearranged HBV DNA genome.  359 
 360 
DISCUSSION: 361 
Before performing the protocol, it is important to note that this invPCR assay is a highly sensitive 362 
technique, capable of amplifying single copies of DNA template. Therefore, limiting 363 
contamination from PCR products is of utmost importance. General strategies to limit PCR 364 
product contamination include the following. (i) Establish physically separate areas for different 365 
steps of the method. Each area should have separate lab coats, and gloves should be changed 366 
when moving between these areas. We have listed these areas below in order from most to least 367 
likely to be contaminated: PCR product extraction and sequencing reaction set-up area (post-368 
PCR); PCR template addition and flamed-pin transfer area (we have used PCR hoods with a 369 
decontaminating UV lamp with good results); DNA extraction and inversion area (pre-PCR); and 370 
a “DNA template-free” area used solely for preparing stock and PCR solutions. (ii) Be aware of air 371 
flow in the lab as a potential driver of cross-contamination. In particular, cross-contamination of 372 
PCR reactions during the flamed pin transfer step is most likely to occur and will lead to inaccurate 373 
quantification of integration frequency. PCR hoods can be used to limit these cross-currents. 374 
Negative control wells (e.g., Myrcludex B-treated samples or no template controls) in the PCR 375 
can be also used to test for cross-contamination. (iii) Limit potential PCR contaminants on 376 
pipettes and work surfaces by regularly wiping them down with a DNA degradation solution.  377 
 378 
The protocol specified here is arranged to detect integration of a known infectious HBV clone 379 
generated from the HepAD38 cell line41. If the inoculum used is of a different HBV DNA sequence 380 
(e.g., from patient serum), then the HBV genome should be first sequenced to confirm 381 
compatibility of PCR primers and inversion design. In previously published studies35, we have 382 
used 3 sets of primers that bind conserved HBV DNA sequences flanking the expected site of HBV 383 
DNA integration junctions. Other primer sequences and protocols have been described to 384 
determine the genomic sequence of HBV43-47 and may work successfully.  385 
 386 
Furthermore, different HBV-susceptible cells (e.g., primary human hepatocytes, differentiated 387 
HepaRG, HepG2-NTCP cells) can be used; however, we have found that Huh7-NTCP cells provide 388 
the greatest signal-to-noise ratio, when considering the number of virus-cell DNA junctions that 389 
are amplified compared to the virus intermediate DNA that is amplified13. In particular, terminally 390 
differentiated cells such as primary human hepatocytes or differentiated HepaRG do not 391 
efficiently undergo mitosis, resulting in a high level of amplifiable HBV DNA replicative 392 



   

intermediates remaining within the cells. We have found that ~90% of amplified sequences 393 
represent HBV DNA rearrangements (and not integration events) in terminally-differentiated 394 
cells, compared to 70-50% in hepatoma cell lines13. These products are generally HBV DNA 395 
genomes containing large deletions in the surface and core open reading frames, or they can 396 
represent HBV quasi-species with an additional NcoI site prior to the SphI site. The amplification 397 
of these HBV species (including a schematic diagram) have been described in detail previously13. 398 
 399 
There are several drawbacks to this method. Due to the laborious and multi-day nature of this 400 
protocol, invPCR is not suited to high-throughput analyses of a large number of samples. 401 
Furthermore, as it relies on limiting dilution titration, our method is not highly precise in 402 
quantification; although, it should easily to differentiate between log-level changes in integration 403 
frequency.  404 
 405 
Moreover, our inversion protocol is only suited to detect integrations occurring between the DR2 406 
and DR1 region of the HBV genome, as the majority of HBV integrations occur within this region48. 407 
NGS analysis of HBV patient tissues has shown that a large minority (up to ~50%) may also occur 408 
outside of this region48. New invPCR designs are theoretically able to detect these other 409 
integration sites, though they have not (to our knowledge) been carried out yet. Relatedly, due 410 
to the necessary restriction enzyme sites required downstream from the virus-cell junction 411 
sequence for the inversion reaction, invPCR does not detect all integrations occurring within the 412 
DR2 and DR1 regions of the HBV genome (i.e., we have estimated that ~10% of all integrations 413 
are detectable using in silico simulations13). However, when applied to a focused batch of samples 414 
with small numbers of different treatments, invPCR is one of the only practical methods for 415 
detecting integrated HBV DNA at a single base-pair resolution. 416 
 417 
We therefore envision applications of this method serving a key role in finding viral (via mutations 418 
of the HBV inoculum), cellular (through knockout or overexpression of specific cellular genes, or 419 
through application of various drugs), and environmental (e.g., exposure to oxidative stress) 420 
factors that induce HBV DNA integration. With this method and newly developed HBV infection 421 
systems, we enable unprecedented control of these factors so that they can be well-isolated and 422 
better characterized. We also expect that this will lead to a key understanding of the cellular 423 
consequences of HBV DNA integration, including to what extent viral antigens (e.g., HBx or 424 
HBsAg49) are expressed from the integrated form, what controls this expression, and whether or 425 
not HBV integration significantly changes the cellular phenotype towards a more pro-oncogenic 426 
state. The results of these future studies will have a profound impact on the therapeutic 427 
strategies used to treat chronic hepatitis B and on the basic understanding of the virus itself.  428 
 429 
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Name of Material/ Equipment Company Catalog Number Comments/Description
Dulbecco’s PBS PAA H15-002

DMEM medium

Thermo Fisher 

Scientific 41965

Fetal bovine serum PAA A15-151 Heat-inactivate before use

Penicillin, 10000U/ml; Streptomycin 

10mg/ml, 100× PAA P11-010

L-glutamine, 200mM PAA M11-004

Trypsin, 0.5 mg/ml; EDTA, 0.22mg/ml, 

1× PAA L11-004

PEG, MW 8000 Sigma-Aldrich 89510 Stock at 40% w/v in 1xPBS, autoclave before use

DMSO for spectroscopy Merck 102950

Tenofovir disoproxil Sigma-Aldrich CDS021622 Dissolve in DMSO

Lamivudine Sigma-Aldrich L1295 Dissolve in DMSO

NucleoSpin Tissue kit Macherey Nagel 740952.250

NanoDrop 2000/2000c 

Spectrolphotometer

Thermo Fisher 

Scientific ND-2000

Nco I-HF NEB R3193L

T4 DNA ligase NEB M0202T

Sodium dodecyl sulfate Sigma-Aldrich L3771 

Sodium Chloride Sigma-Aldrich 433209 

Dextran (35 -45 kDa) Sigma-Aldrich D1662-10G

Absolute Ethanol Sigma-Aldrich 32205-1L-D

Bsi HKAI NEB R0570L

Sph I-HF NEB R3182L

Amplitaq Gold Taq kit 

Thermo Fisher 

Scientific 4331816 Use for first nest PCR

Silicon sealing Mats for 96-Well PCR 

Plates Biorad 2239442

DNAZap PCR DNA Degradation 

Solution

Thermo Fisher 

Scientific AM9890

96-well PCR plates Sigma Aldrich CLS6509 SIGMA

96-pin replicator 

Thermo Fisher 

Scientific 250520
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GoTaq Flexi PCR kit Promega M8295 

Use for second nest PCR, use green buffer for easy 

loading of agarose gel

Biozym LE Agarose Biozym 840004

QIAEX II Gel extraction kit QIAGEN 20051
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Editorial comments: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that 

there are no spelling or grammar issues. The JoVE editor will not copy-edit your 

manuscript and any errors in the submitted revision may be present in the published 

version. 

2. Please use American English. 

4. Please remove trademark (™) and registered (®) symbols from the Table of 

Equipment and Materials. 

5. JoVE cannot publish manuscripts containing commercial language. This includes 

trademark symbols (™), registered symbols (®), and company names before an 

instrument or reagent. Please remove all commercial language from your manuscript 

and use generic terms instead. All commercial products should be sufficiently 

referenced in the Table of Materials and Reagents. 

For example: AmpliTaq Gold, Qiagen, Eppendorf, etc. 

10. Please do not abbreviate journal titles. 

 

This manuscript has now undergone thorough proofreading and editing. Spelling has been 

altered to American English throughout the manuscript. In addition, the minor changes 

with regard to removal of commercial language and full journal titles have been 

implemented.  

 

 

Editor, 3. Unfortunately, there are a few sections of the manuscript that show overlap 

with previously published work. Though there may be a limited number of ways to 

describe a technique, please use original language throughout the manuscript. Please 

see lines: 42-44, 54-65, 90-95, 

 

Reviewer 3, Minor Concern: 

It is very similar to the paper recently publishes "Hepatitis B virus DNA integration 

occurs early in the viral life cycle in an in vitro infection model via NTCP-dependent 

uptake of enveloped virus particles. 

Tu T, Budzinska MA, Vondran FWR, Shackel NA, Urban S" in J virol. 

 

As already mentioned in discussions with the editor prior to initiation of writing, this 

manuscript is an update to a previous protocol description (Chapter 9 - Detection of 

Hepatocyte Clones Containing Integrated Hepatitis B Virus DNA Using Inverse Nested 
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PCR, Springer Nature, 2017) and the invitation for writing this manuscript was a result of 

our publication (Hepatitis B virus DNA integration occurs early in the viral life cycle in 

an in vitro infection model via NTCP-dependent uptake of enveloped virus particles., J 

Virol, 2018) allowing us to more thoroughly describe our protocol. Therefore, we must 

necessarily cover much of the same ground as these publications. In some instances, there 

are only so many wording rearrangements that can be implemented before clarity is 

sacrificed. Further, some of the terms highlighted represent those commonly used in the 

Hepatitis B Virus field (e.g. covalently-closed circular DNA) and cannot be rewritten 

without confusion. With these challenges in mind, we have now re-written these sections 

as much as possible with original wording.  

 

 

Editor, 6. Please add more details to your protocol steps. Please ensure you answer the 

“how” question, i.e., how is the step performed? Alternatively, add references to 

published material specifying how to perform the protocol action. 

 

We are unsure which specific steps the editor refers to in this comment. We have reviewed 

each step and feel we have now given ample detail for each step in the revised manuscript 

(on par with the example manuscript provided to us by the editors).  

 

 

Editor, 7. 1.1: What are the culture conditions? 

 

We have already provided multiple references for the detailed cell culture conditions to 

avoid any descriptions that are repeated from previous publications (as was criticised in 

point 3). Could the editor please outline what specific details are missing in this step?  

 

 

Editor, 8. Please specify what happens after centrifugation. Aspiration? 

 

We assume the editor refers to a missing step after Step 2.16. We have now added an extra 

step, which reads as follows: “2.17. Remove the supernatant by aspiration with a P200 

pipette.” 
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Editor, 9. Please expand the Representative Results in the context of the technique you 

have described, e.g., how do these results show the technique, suggestions about how to 

analyze the outcome, etc. The paragraph text should refer to all of the figures. Data 

from both successful and sub-optimal experiments can be included. 

We need more than one sentence per figure. 

 

Reviewer #1: How about possibilities of false positive and/or false negative result by 

invPCR? 

 

Reviewer #4: 3. The authors do not provide descriptions of positive, negative and 

contamination controls. This should be supplied. 

 

We had followed the format given in the example manuscript sent to us by the editor 

where only a single sentence was given per figure. We have now added three extra 

paragraphs in the Representative results (Lines 331-354 in the updated manuscript) 

regarding expected results in the controls, as well as additional information to analyse 

sequences for false positive results (Step 5.2., Lines 301-318). If this is not sufficient, it 

would be helpful to know exactly the structure of the representative results required from 

us by the editor with another more accurate example.  

 

 

Reviewer #1: In line 89, in Introduction; cassette ligation PCR is one of the useful 

method for HBV integration. The below paper should be referred. 

Tamori A et al., Alteration of gene expression in human hepatocellular carcinoma with 

integrated hepatitis B virus DNA. 

Clin Cancer Res. 2005; 11: 5821-5826. 

 

Reviewer #4, 6. Regarding introduction (line 76), this reviewer noticed that the authors 

forgotten to mention that a very similar model applying patient originating HBV and 

HepaRG cells has been recently established and the applicability of the invPCR 

approach to detect very early integrations of HBV and woodchuck virus to host genomes 

have been documented (Oncogenesis 2017). The authors should add this reference. 

 

We apologise for overlooking these studies and have now added these references in Lines 

85-91.  

 



 
 

 
 
 
 
 
 
 
 
 

 
 

 
 

 

 

www.med.uni-hd.de 

 

 

Reviewer #2: My only (and very minor) critique is that the "untreated samples" comment 

in line 314 is a bit vague. 

 

This comment has now been addressed and we have greatly expanded this section with 

paragraphs describing the expected results from positive samples (lines 331-343):  

 

“Expected results from positive controls   

Huh7-NTCP cells infected with heparin-purified HBV stocks as described above (Figure 

1) can serve as a positive control. In this instance, single PCR products should be achieved 

by the second or third 1:3 dilution of each sample (corresponding to ~104 cell equivalents 

per dilution, Figure 2). At these dilutions, ~50% of products will represent true virus-cell 

DNA junctions (Figure 3A), while the other half represent amplification of HBV DNA 

intermediates (Figure 3B).  

 

In previous studies13, we have found few instances of repeated virus-cell junctions, 

suggesting no cellular genomic sites of preferential HBV DNA integration. We also find 

that >80% of virus-cell junctions occur between nucleotides 1732 and 1832 (according to 

the nucleotide numbering of HBV genotype D, GenBank Accession #U95551.1), the 

latter representing the right-hand terminus of the HBV dslDNA form. Sequences of true 

virus-cell junctions found by our method in in vitro experiments are publically available 

on Genbank (Accession numbers MH057851 to MH058006).” 

 

 

Reviewer #3: On Figure 3 , in addition to the schematic figures, readers may appreciate 

to get informations on the nature of the genes where insertions are located, same for 

virus-virus jonctions some more informations may have been provided on what they are. 

 

Reviewer #4, 2. The statement should be made regarding the rate of nonspecific invPCR 

amplifcation, i.e., frequency of bands which do not carry virus-host junctions after 

completion of analysis. 

 

Both of these points have been made in our previous publication and we have had internal 

discussions on how much to include in this protocol description (particularly as we have 

sought to minimise repetition with previously-published works, as we have been criticised 

for by the editor, point 3). We have now added additional sentences to the discussion: 
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“We have found that ~90% of amplified sequences represent HBV DNA rearrangements 

(and not integration events) in terminally-differentiated cells, compared to 70-50% in 

hepatoma cell lines. These products are generally HBV DNA genomes containing large 

deletions in the surface and core open reading frames, or represent HBV quasispecies with 

an additional NcoI site prior to the SphI site. The amplification of these HBV species 

(including a schematic diagram) have been extensively described in detail previously.” 

 

 

 

Reviewer #4, 1. The manuscript does not describe methodology for identification of 

virus-host junctions at the single bp resolution. Which computational approaches 

are/have been applied and what are criteria have to be considered during analysis? 

This additional information should be provided. 

 

Reviewer #4:4. How is a number of positive hits of a particular virus-host junction 

calculated using the approach described? How can be it learned if a particular junction 

is a preferable site of HBV integration? Please explain. 

 

A separate section (Section 5, Lines 294-323 in the revised manuscript) has now been 

added and specifically outlines how virus-cell junctions are determined by BLAST 

analysis and analysed (with respect to filtration criteria). This section also include a 

paragraph on the determination of unique integration events and analysis for repeated 

integration into preferential cellular regions: “Define unique integration events as those 

with the exact HBV and cellular sequences at the virus-cell junction. Repetition of unique 

integration events can be due to clonal expansion of cells containing those integrations, 

or cross-contamination during the PCR (which can be tested using negative-control 

reactions, further detailed below in the representative results section). Repeated 

integrations into specific cellular sequences would be expected to display different HBV 

terminal sites for each integration event as using non-homologous end-joining pathways 

are used.” 

 

 

Reviewer #4, 5. The invPCR approach presented is limited to finding junctions fused 

with relatively small fragment of HBV DNA. Please explain to the audience reasons why 

this region was originally selected for priming. In addition, please comment whether it 
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is feasible to design invPCR conditions amplifying host genome junctions with other 

regions of HBV genome. 

 

We have now outlined the reasons behind this design (and its weaknesses) in the 

discussion of the revised manuscript (Lines 426-430): “Moreover, our inversion protocol 

is only suited to detect integrations occurring between the DR2 and DR1 region of the 

HBV genome as the majority of HBV integrations occur within this region. NGS analysis 

of HBV patient tissues has showed that a large minority (up to ~50%) may also occur 

outside of this region48. New invPCR designs are theoretically possible to detect these 

other integration sites, though have not (to our knowledge) been carried out yet.” 

 

 

Reviewer #4, Minor Concerns: Fig 2 (lower panel) gives an impression that the bands 

were not completely cut out from gels. Is it artifact or the bands do not need to be 

removed from gel completely? 

 

In Figure 2, the bands are in fact excised completely. We believe that the lightening 

around the area of the excision hole that the reviewer refers to is simply an unavoidable 

artefact caused by UV light reflection against the cut surface and does not represent 

residual DNA in the gel.  


