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Abstract 27 

Somatic hypermutation (SHM) is a pivotal process in adaptive immunity that occurs in the 28 

germinal centre and allows B cells to change their primary DNA sequence and diversify their 29 

antigen receptors. Here, we report that genome binding of Lamin B1, a component of the 30 

nuclear envelope involved in epigenetic chromatin regulation, is reduced during B cell 31 

activation and formation of lymphoid germinal centres. ChIP-Seq analysis showed that 32 

kappa and heavy variable immunoglobulin domains were released from the Lamin B1 33 

suppressive environment when SHM was induced in B cells. RNAi-mediated reduction of 34 

Lamin B1 resulted in spontaneous SHM as well as kappa-light chain aberrant surface 35 

expression. Finally, Lamin B1 expression level correlated with progression-free and overall 36 

survival in chronic lymphocytic leukaemia, and was strongly involved in the transformation of 37 

follicular lymphoma.   In summary, here we report that Lamin B1 is a negative epigenetic 38 

regulator of SHM in normal B-cells and a "mutational gatekeeper", suppressing the aberrant 39 

mutations that drive lymphoid malignancy.  40 
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 50 

Introduction 51 

Class-Switch Recombination (CSR) and somatic hypermutation (SHM) are biological 52 

mechanisms through which B cells adapt and respond to pathogens.  These mechanisms 53 

involve a regulated process of targeted mutation within the variable regions of 54 

immunoglobulin genes, thus diversifying the antibody repertoire and allowing affinity 55 

maturation and isotype class switching.  There is increasing evidence that epigenetic factors, 56 

such as DNA methylation and post-translational histone modifications, play major roles in 57 

regulating CSR and SHM (1). In addition to regulating expression of the central mutating 58 

enzyme activation-induced cytidine deaminase (AID), these epigenetic factors (e.g. Spt6, 59 

H2BSer14p) also target the SHM/CSR machinery, in a manner independent of V(D)J or S 60 

region transcription, by inducing an open chromatin state and recruiting critical adaptor 61 

proteins (2-4). Thus, B cell SHM can be regulated by a higher order of chromatin 62 

organisation.  63 

 64 

From that perspective, it is intriguing that the subnuclear position of chromatin domains (i.e. 65 

proximity to the nuclear envelope) has been suggested to impact both transcription and 66 

V(D)J recombination (5). Furthermore, peripheral interphase relocalisation of 67 

immunoglobulin variable regions during both B cell development (5) and antibody production 68 

in plasma cells (6), suggests an “in situ” epigenetic mechanism by which sub-telomeric 69 

(IgHV) or peri-centromeric (IgKV and IgLV) immunoglobulin variable loci can transition from 70 

repressive to permissive chromatin states to facilitate rearrangement.  71 

 72 



The nuclear periphery, containing the IgH and IgK gene clusters (5, 7), is a unique 73 

compartment comprised of inner nuclear membrane proteins and nuclear lamina (8). 74 

Previous genome-wide and cytological studies revealed the regulatory role for some of these 75 

nuclear proteins in higher level genome organisation and gene regulation (9). In particular, 76 

Lamina Associated Domains (LADs) were identified at the nuclear periphery using the DNA 77 

Adenine Methyltransferase Identification (DamID) technique (10). Initial reports described 78 

LADs as large (0.1 – 10 Mb), transcriptionally silent, gene-poor domains associated with 79 

Lamin B1, comprising of up to a quarter of nuclear chromatin (10). More recent studies have 80 

also revealed an important role of LADs in the regulation of gene expression and 81 

recombination (11, 12). Moreover, developmentally regulated genes were found to be 82 

specifically enriched in these domains (13, 14), leading to the theory that LADs are regulated 83 

as facultative heterochromatin compartments during development. In agreement with this, 84 

large-scale chromatin relaxation and aberrant transcription were specifically linked to Lamin 85 

B1 depletion in senescent fibroblasts and progeria cells (15, 16). Furthermore, age-86 

associated loss of Lamin B1 has been reported to lead to systemic inflammation in 87 

Drosophila due to the derepression of a large number of immune responsive genes (17). 88 

These data strongly suggest the restrictive role of LADs in epigenetic gene regulation. This 89 

restrictive influence can be transient and tightly regulated depending on the cellular 90 

differentiation state.  91 

 92 

Topologically, centromeric and telomeric chromosome regions were the primary candidates 93 

for lamina-mediated epigenetic gene regulation as both were shown to colocalise with intra-94 

nuclear lamina structures resulting in their preferred peripheral distribution (18, 19).  95 

 96 

Given the apparent topological coincidence between LADs and Ig variable clusters, we 97 

hypothesised that nuclear lamina might play a paramount role in the dynamics of Ig-98 



encoding variable genome clusters. In particular, here we tested whether Lamin B1, a 99 

principal LAD-associated component of the nuclear envelope, had any restrictive role on 100 

somatic hypermutation (SHM) and the expression of Ig genes. Due to the strong involvement 101 

of IgV mutations in the pathogenesis of B-cell malignancies, we also tested whether nuclear 102 

lamina is involved in the pathogenesis of germinal centre lymphomas and chronic 103 

lymphocytic leukaemia (CLL). Finally, we have elucidated associations of Lamin B1 104 

expression with other prognostic factors in CLL and its impact on the disease course in a 105 

front-line clinical treatment trial (CLL8 study). 106 

 107 

Materials and Methods  108 

Cell lines 109 

Pfeiffer, Raji, and SU-DHL4 cells were obtained from American Type Culture Collection 110 

(ATCC). EHEB and Karpas422 cell lines were obtained from European Collection of 111 

Authenticated Cell Cultures (ECACC, Public Health England).  BL2 cell line was obtained 112 

from the German Collection of Microorganisms and Cell culture (ACC 625. Deutsche 113 

Sammlung von Mikroorganismen und Zellkulturen, DSMZ).  Cells were maintained in 114 

antibiotic-free RPMI 1640 medium with FCS (10%; Sigma-Aldrich) and glutamine (2 mM; 115 

Gibco, Invitrogen) at 37°C, 5% CO2, and were routinely screened for mycoplasma 116 

contamination. Cytogenetically, BL2 cells were characterised as human flat-moded near-117 

diploid karyotype with 3% polyploidy; 44-47<2n>XY, der(1)t(1;7)(q32;q11.2), 118 

der(6)t(1;6)(q21;q25), t(8;22)(q24;q11.2), del(11)(q24.2); carrying t(8;22) effecting 119 

juxtaposition of MYC with IGL@. Immunophenotypically, cells were CD3 -, CD10 +, CD13 -, 120 

CD19 +, CD20 +, CD34 -, CD37 +, CD38 +, cyCD79a +, CD80 +, CD138 -, HLA-DR +, 121 

sm/cyIgG -, sm/cyIgM +, sm/cy kappa -, sm/cy lambda +.  122 

 123 

Induction and quantification of somatic hypermutation in the Ig V gene 124 



In vitro SHM was induced as described (20) with minor modifications. Cells were incubated 125 

at 2x106 cells/ml in RPMI medium, containing 2.5 µg/ml of biotinylated anti−human IgM 126 

(clone UCHB1 Caltag Laboratories, Buckingham, UK), 10ug/ml of anti-CD19 (clone RFB9, 127 

in-house, Southampton, UK) and 10ug/ml of anti-CD21 (clone HB135, in-house, 128 

Southampton, UK) for 20 min at 4 °C. Cells were washed and then resuspended in RPMI 129 

medium containing streptavidin-conjugated magnetic beads (5−7 beads/cell) (Dynabeads 130 

M280, Thermo-Fisher, UK) and incubated with agitation at 4 °C for 20 min. Complete RPMI 131 

medium containing 10% FBS was added to the activated cells to a final density of 1x106, 132 

followed by incubation at 37 °C for 24h, 48h or 72h. To analyse Ig gene hypermutation, the 133 

V4-39-JH5 gene was amplified from genomic DNA with Pfu DNA polymerase (Thermo 134 

Scientific). The primers used were Vh4-forward 5'-TTCTTCCTCCTGCTGGTGGCG-3', Jh5 135 

reverse 5'-CTCCCCGGCTTTCTTTCCTG-3'. The conditions for PCR amplification were 940 136 

for 30sec, 600 for 30sec, 720 for 75sec, 25 cycles. The PCR products were then gel-purified 137 

with a QIAquick gel extraction kit (Qiagen, Manchester, UK) and cloned with the Zero Blunt 138 

TOPO PCR Cloning Kit (Thermo Scientific). Plasmid DNA extracted from individual bacterial 139 

colonies was sequenced in an automated sequencer. Mutations per base pair were 140 

calculated after aligning the V4-39-JH5 sequence from treated cells to the reference 141 

sequence (Supplementary Figure 2) using DNASTAR's SeqMan NGen software. At least 142 

10,000 base pairs were assessed per experimental condition.  143 

 144 

ChIP-Sequencing analysis of Lamin B1 binding 145 

Chromatin immunoprecipitation (ChIP) was performed as described (16). BL2 cells were 146 

crosslinked with 1% paraformaldehyde for 5 minutes at room temperature. 147 

Paraformaldehyde was then quenched with glycine, and cells were harvested and sonicated 148 

using Bioruptor Plus (Diagenode) 5-8 cycles 30 second active/30 second inactive pulses to 149 

produce soluble ~ 300 bp chromatin fragments.  Lamin B1 and control IgG ChIP-Seq was 150 

performed on two independent biological replicates with corresponding inputs per each 151 



condition (control and SHM-induced), and then antibody-bound chromatin was immobilised 152 

with anti-rabbit IgG-conjugated Dynabeads (112.04D, Invitrogen, UK). DNA libraries were 153 

prepared using Illumina Nextera DNA Library Preparation Kit (FC-121-1030), and then 154 

massive parallel sequencing was performed using Illumina HiSeq2500 sequencer, yielding ~ 155 

70 mln to 90 mln raw reads per sample.  156 

Massively parallel sequencing and bioinformatical data analysis  157 

Raw reads were mapped to the human genome (hg19) using the Bowtie 2 alignment 158 

software (21). Alignment BAM files were sorted by coordinates, and PCR duplicates were 159 

removed using Picard's MarkDuplicates program. To avoid any normalization bias, each pair 160 

of aligned input and ChIP BAM files were further processed to have the same read depth, 161 

using Picard's DownsampleSam program on the larger of the two files. Lamin B1 enriched 162 

regions were defined using the enriched domain detector algorithm (EDD) as described (22). 163 

The aligned peaks were then visualised using the Interactive Genome Browser (IGV, Broad 164 

Institute, Cambridge, Massachusetts) (23).  Complete ChIP-Seq datasets are available at 165 

Gene Expression Omnibus (GEO) with accession number GSE89869.  166 

 167 

LMNB1 RNAi experiments 168 

For LMNB1 RNAi transfections, 50 nM siRNA was electroporated into 106 of logarithmically 169 

growing BL2 cells using Lonza Nucleofector 2b device (Basel, Switzerland), nucleofection 170 

solution T and C009 programme. After electroporation, cells were resuspended and 171 

immediately seeded into a pre-warmed fresh growth medium at 0.25x106 cells/ml 172 

concentration. Total and incorporated Lamin B1 levels were assessed by WB or 173 

ImageStream cytometry 48 hours after electroporation. siRNAs used for this study: 174 

siGENOME siRNAs were received from Dharmacon (GE Healthcare, Roserberg, Sweden) 175 

and target sequences were the following: siRNA1 – GAAGGAAUCUGAUCUUAAU, siRNA2 176 

– CAACUGACCUCAUCUGGAA, siRNA3 – GAAAGAGUCUAGAGCAUGU. 177 



GCAUGAAACGCGCUUGGUA. ON-TARGETplus Non-targeting Control siRNA Pool (D-178 

001810-10-05, Dharmacon) was used at 50 nM as an off-target siRNA control.  179 

 180 

Microscopy and image analysis 181 

For immunofluorescence microscopy, harvested cells were cytospun onto poly-l-lysine–182 

coated microscope slides (suspension cells) or mouse spleens were cryosectioned using 183 

Leica CM3050 cryostat. Slides were fixed in –20°C methanol and then rinsed briefly in ice-184 

cold acetone. Slides were washed in TBS/0.05% Tween and then incubated with 185 

appropriately diluted primary antibodies for 60-120 minutes at room temperature. The 186 

primary Abs were diluted in TBS/0.1% BSA. Subsequently, slides were washed x3 in TBS-187 

Tween and stained using the anti-rabbit Alexa Fluor 488, anti-mouse Alexa Fluor 594 or anti-188 

rat Alexa Fluor 594 (all Abcam). After three washes in TBS/0.05% Tween-20, DNA was 189 

counterstained with Propidium Iodide or DAPI before mounting in ProLong Gold Antifade 190 

Reagent (Invitrogen). Images were collected using a Nikon Ci-L Upright fluorescence 191 

microscope and NIS Elements software.   In situ fluorescence intensity was measured within 192 

the linear fluorescence range, using MetaMorph software and integrated morphometry 193 

analysis module.  194 

 195 

Primary antibodies used for immunofluorescence: rabbit anti-Lamin B1 (Abcam, ab16048), 196 

mouse anti-CD27 (BioLegend, 356401), rat anti-mouse IgD (Southern Biotech, 1120-01), rat 197 

anti-CD45R (B220) (Abcam, ab64100).  198 

 199 

High throughput ImageStream cytometry  200 

For Image Stream Cytometry, cells were fixed in -20oC methanol, washed x3 in PBS and 201 

then non-specific binding was blocked using a 5mL of PBS/0.05% Tween/2% Foetal Calf 202 



Serum (FCS). Cells were then stained rabbit anti-Lamin B1 antibody (Abcam, ab16048) in 203 

PBS/Tween/2%FCS for 60 minutes. The concentration of primary antibody was calibrated to 204 

keep the acquired fluorescence within the linear dynamic range. After three washes, cells 205 

were then stained with anti-rabbit Alexa Fluor 488, washed again, and then DNA was 206 

counterstained with DAPI. High throughput images were acquired using ImageStream X Mk 207 

II imaging cytometer, and Lamin B1 parameters were analysed using Excel software.  208 

 209 

Flow cytometry of plasma membrane surface immunoglobulins.  210 

To label cell surface immunoglobulins, cells were washed in PBS and resuspended in 211 

PBS/5% FCS containing fluorochrome-labelled anti-Ig antibodies. After 1 hour incubation, 212 

cells were washed in PBS, fixed in 2% paraformaldehyde for 20 minutes, washed again and 213 

assessed by FACScalibur analyser (BD Biosciences). Isotype and fluorochrome-matched 214 

non-targeting antibodies, added at equal concentrations, were used to set the background 215 

fluorescence. The following BioLegend (BioLegend UK, London) antibodies were used in 216 

this study: PE anti-human Ig light chain λ (316607), PE Mouse IgG2a, κ Isotype Ctrl (FC) 217 

(400213), PE anti-human Ig light chain κ Antibody (316507), PE Mouse IgG1, κ Isotype Ctrl 218 

(FC) Antibody (400113),FITC anti-human IgD Antibody (348205), FITC Mouse IgG2a, κ 219 

Isotype Ctrl (FC) Antibody (400209). FITC Fab2 anti-human IgG (F0185), RPE Fab2 anti-220 

human IgM (R5111), and corresponding isotype controls (Control Reagent, Rabbit 221 

F(ab')2/FITC, X0929, and  Control Reagent, Rabbit F(ab')2/RPE, X0930) were obtained from 222 

Dako (Agilent Technologies, Cheadle, UK).  223 

 224 

Cell proliferation assay 225 

Cell proliferation was assessed by FACS using Click-iT Plus EdU Flow Cytometry or by 226 

fluorescence microscopy using Click-iT EdU Alexa Fluor 488 Imaging Kits 227 

(Invitrogen/Thermo-Fisher, Paisley, UK). 10 µM EdU was added to growing cells for 2 228 



(LMNB1 siRNA experiments) or 16 (assessment of steady-state proliferation) hours and then 229 

cells were processed essentially according to manufacturer’s protocols.  230 

 231 

Western blotting 232 

Whole cell lysates were prepared in NuPage LDS sample buffer (Thermo-Fisher, Paisley, 233 

UK), containing 0.1 M DTT. Samples were then separated by using 4-12% or 10% pre-cast 234 

NuPAGE Novex gels (Thermo-Fisher, Paisley, UK), and proteins were transferred onto 235 

PVDF membrane using a wet transfer system (BioRad, Hemel Hempstead, UK). Membranes 236 

were blocked with 5% non-fat dried milk in TBS/0.05% Tween, incubated with the 237 

appropriately diluted primary antibodies, washed, incubated with horseradish peroxidase–238 

conjugated anti-rabbit, anti-mouse IgG (GE Healthcare/Amersham, Little Chalfont, UK) or 239 

anti-rat (DAKO/Agilent, Stockport, UK), and visualized by ECL (GE Healthcare/Amersham, 240 

Little Chalfont, UK) and ChemiDoc imaging system (BioRad, Hemel Hempstead, UK). 241 

Primary antibodies used for WB: rabbit anti-Lamin B1 (Abcam, ab16048), rabbit anti-histone 242 

H3 (Abcam, ab1791), mouse anti-Bcl6 (Active Motif, 61194), Rat anti-AID (Active Motif, 243 

39886). 244 

 245 

Animal immunisation 246 

C57BL/6 mice were immunised by IP injection with 10 ng LPS plus 0.5 mg ovalbumin 247 

(SIGMA) in 200ul PBS. 7 or 14 days later mice were sacrificed, spleens removed and 248 

processed for IHC/IF or the homogenised and the Germinal Centre B cells were isolated by 249 

MACS using a Mouse Germinal Center B Cell (PNA) MicroBead Kit (Miltenyi Biotec, Bisley, 250 

UK). Animals were maintained in local facilities and experiments approved by local ethical 251 

committees under Home Office license PPL30/2964.  252 

 253 



Taqman qRT-PCR gene expression analysis 254 

For cell line, genomic DNA and total RNA were purified using AllPrep DNA/RNA mini kit 255 

(Qiagen) as per manufacturer instructions. Total RNA from primary B-cells isolated from 256 

mouse spleens was purified using RNeasy mini kit. To remove DNA contaminations, all RNA 257 

samples were treated on-column with the QIAGEN RNase-Free DNase; purified RNA was 258 

quantified with Qubit® RNA BR (Broad-Range) Assay Kit (Thermofisher) and reverse 259 

transcribed using High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems) according to 260 

manufacturer instructions. Triplicate amplification reactions containing 15-50 ng or input 261 

RNA each were carried out. TaqMan probes used in this study are listed in Supplementary 262 

table 1. mRNA encoding ribosomal protein S18 and β-actin were used as the standard 263 

internal controls. Reaction mixes (20 µl) contained TaqMan® Gene Expression Master Mix 264 

1x, TagMan Gene Expression Assay 1x and template cDNA. qPCR reactions were 265 

performed and analysed on an Applied Biosystems ABI QuantStudio7 using ddCt 266 

comparison method. Graphing and statistical analyses were performed using GraphPad 267 

Prism 7. All three groups were compared to each other by one-way ANOVA with Tukey’s 268 

post-test. 269 

 270 

Patients and samples 271 

Expression profiling was conducted on peripheral blood samples from 337 previously 272 

untreated CLL patients. Samples were collected at enrolment on the CLL8-trial, a 273 

prospective, international, multicenter trial comparing first-line treatment with FC or FCR in a 274 

1:1 randomized fashion (www.clinicaltrials.gov NCT00281918) as previously described (24). 275 

Ficoll density gradient centrifugation for isolation of mononuclear cells followed by an 276 

immunomagnetic tumor cell enrichment via CD19 (Midi MACS, Miltenyi Biotec, Bergisch 277 

Gladbach, Germany) was performed on all samples. Data on genomic aberrations 278 

(del(11)(q22.3), +12, del(13)(q14), del(17)(p13), t(11;14)) the IGHV, TP53, SF3B1 and 279 



NOTCH1 mutational status was assessed as previously described (24, 25). Written informed 280 

consent and local ethics committee approval was obtained in accordance with the 281 

Declaration of Helsinki for all patients.  282 

 283 

Gene expression profiling on BL2 cell line was conducted for 2 independently cultured 284 

passages  with 4 experimental approaches each, with 1) control with non-targeting siRNA 2) 285 

control with non-targeting siRNA  and after induction of SHM 3) LMNB1 RNAi transfected 4) 286 

LMNB1 RNAi transfected and after induction of SHM. For siRNA treated samples, 287 

SMARTpool LMNB1 siRNA mixture of three siRNAs in equimolar concentration was used.  288 

 289 

RNA isolation and quality assessment 290 

Total RNA for mRNA profiling was extracted from whole cell lysates of treated BL2 cells and 291 

primary patient samples according to the Allprep DNA/RNA mini kit (Qiagen). Quality control 292 

was assessed using the Agilent 2100 Bioanalyzer with the RNA 6000 Nano LabChip (Agilent 293 

Technologies). The Chip was prepared according to the manufacturer's protocol and 294 

analyzed using the 2100 Expert software. To secure the best accuracy and reproducibility 295 

samples with an RNA Integrity Number (RIN) less than 7.0 were excluded from further 296 

analysis. RNA for gene expression profiling on BL2 cell line functional studies had a RIN of 297 

10. 298 

 299 

Gene expression profiling on Exon ST 1.0 Arrays 300 

Patient samples and samples from functional studies on BL2 cells were analyzed for mRNA 301 

expression using the Affymetrix GeneChip® Human Exon 1.0 ST Array (Affymetrix, Santa 302 

Clara, CA, USA). The experiment was conducted according to the manufacturer’s protocol. 303 

In brief, 250 ng RNA per sample were amplified, transcribed to cDNA, fragmented and 304 



subsequently labeled with Biotin. Array hybridization was performed at 45°C for 16-18h in 305 

the Affymetrix GeneChip® Hybridization Oven 640, arrays were subsequently washed in the 306 

Fluidics Station 450 and scanned on the GeneChip scanner 3000 7G. Complete GEP 307 

datasets are available at Gene Expression Omnibus (GEO) with accession number 308 

GSE98529.  309 

 310 

Normalization and analysis of expression data 311 

Statistical procedures were performed with the R software version 2.15.1 and BRB-312 

ArrayTools Version: 4.2.1 Raw Affymetrix Human Exon array (HuEx-1_0-st-v2) data files 313 

have been preprocessed by the robust multichip average (RMA) algorithm using either the 314 

implementation in the R-package oligo (26) or aroma.affymterix (University of California, 315 

Berkeley 2008).  Besides RMA normalization the default background correction and quantile 316 

normalization was applied. Aroma.affymterix was applied to generate gene expression 317 

values summarized on the exon/probe set level and on the transcript level using the ‘core’ 318 

probe set definition according to Affymetrix. Hierarchial clustering on selected genes was 319 

conducted using the “Genesis platform” (27) using pearson correlation and average linkage 320 

as agglomeration rule and distance metric, respectively. Gene Set Enrichment Analysis 321 

(GSEA) (28) was performed on “C7: immunologic signatures” gene sets compiled at the 322 

Molecular Signatures Database, Broad Institute.  323 

 324 

Statistical methods 325 

Standard statistical means were used to evaluate associations between clinical and 326 

molecular patient characteristics (χ2/Fisher’s exact; Mann-Whitney/Kruskal-Wallis). Time-to-327 

event parameters included PFS and OS, and were estimated by the Kaplan-Meier method. 328 

Survival times were compared via two-sided non-stratified log-rank tests. Hazard ratios (HR) 329 

were calculated using Cox proportional-hazard regression analyses. All tests were two-330 



sided, and a P value <.05 was defined as statistically significant. No adjustments for multiple 331 

tests were performed. Statistical analyses were performed with SPSS v23 (SPSS, Chicago, 332 

IL). 333 

 334 

Results 335 

To evaluate Lamin B1 dynamics in secondary lymphoid tissues, we performed IHC staining 336 

for Lamin B1 in spleens of OVA-challenged mice on day 14 post-immunisation, when the 337 

amount of germinal centres (GC) per spleen was maximal (Figure 1A), accompanied by an 338 

average of six-fold increase in GL7+ splenocytes (Supplementary figure 1A and B). We 339 

observed a consistent reduction of nuclear Lamin B1 within Peanut-Agglutinin (PNA) 340 

visualised GC cells but not Mantle Zone (MZ) B cells (Figure 1B and C) or follicular T cells 341 

(not shown).  342 

Complementary to spatial analysis of Lamin B1 in spleens of OVA-immunised animals, we 343 

then MACS separated PNA+ splenocytes and performed qRT-PCR analysis of LMNB1 gene 344 

expression in PNA+ vs PNA- fractions. Figure 1D demonstrate that mRNA levels of LMNB1 345 

were invariably decreased in PNA+ fraction. In contrast, expression of both mKI67 and 346 

TNFR6 were elevated in PNA+ cells, consistent with their biological function in activated 347 

murine B cells. Next, we tested whether reduction of LMNB1 gene expression (Figure 1D) 348 

translates into a reduced nuclear incorporation of Lamin B1 protein in PNA+ splenocytes. 349 

Figure 1E and F, and Supplementary figure 1C clearly demonstrate that, as compared to 350 

PNA-depleted fraction, nuclear Lamin B1 fluorescence is significantly decreased in PNA+ 351 

cells.  352 

To test whether the decrease in Lamin B1 was a general cross-species phenomenon related 353 

to GC formation, we next assessed a panel of tissue microarrays (TMAs) containing 42 354 

human biopsies with previously diagnosed reactive lymphoid hyperplasia. Microscopic 355 

studies, accompanied by image analysis revealed a consistent decrease in nuclear Lamin 356 



B1 within the intrafollicular areas (as assessed by Ki67 staining) of reactive lymph nodes, 357 

compared to extrafollicular IgD+ mantle zone areas (Supplementary figure 1D and E). These 358 

results demonstrate a general decrease in Lamin B1 during GC formation in humans and 359 

mice.  360 

 361 

We next hypothesised that the observed decrease in GC Lamin B1 might be associated with 362 

a specific change in GC B cells. After antigen engagement, activation and several rounds of 363 

cell division, B cells undergo SHM; a process by which the antibody-encoding DNA 364 

sequences are mutated at a highly elevated frequency, generating a diverse series of clones 365 

in the GC. We therefore tested whether induction of SHM was associated with a decrease in 366 

nuclear Lamin B1. For this purpose, we used BL2 cells, a human B-cell line used previously 367 

as a model for assessing SHM (20). Parallel assessment of Lamin B1 nuclear incorporation 368 

by ImageStream and in situ cytometry revealed a robust reduction of Lamin B1 at the 369 

nuclear periphery in cells undergoing SHM (Figure 1, G and H).  370 

 371 

Keeping in mind the previously reported role of Lamin B1 in the LAD-mediated epigenetic 372 

regulation of chromatin, we hypothesised that Lamin B1 might be a mutational “gatekeeper”, 373 

maintaining the IgH V gene clusters within the restrictive facultative heterochromatic regions. 374 

Upon antigen stimulation, these genome segments can be released from the suppressive 375 

environment of the nuclear lamina, followed by access for transcription and, potentially, 376 

mutations. In support of this hypothesis, analysis of previous chromatin immunoprecipitation 377 

(ChIP) studies performed in primary fibroblasts (15, 16) revealed that LADs precisely co-378 

localise with all three (kappa, lambda, heavy) Ig variable gene clusters (Supplementary 379 

figure 2). This observation suggests that IgV gene clusters can be prime candidates for 380 

epigenetic regulation via LADs.  381 

 382 



To address our hypothesis more directly, we next performed ChIP-sequencing analysis of 383 

Lamin B1 genome binding in the human BL2 cells undergoing SHM. Our analysis revealed 384 

that in control cells the topology of Lamin B1 binding (defined as LADs according to our 385 

previously used algorithms (29)) precisely coincide with the IgV clusters. Induction of SHM 386 

resulted in a rearrangement of Lamin B1 binding to the genome with a general drop of its 387 

binding to chromosomes 1 to 14 and increased binding to smaller chromosomes 15 to 22 388 

(Supplementary figure 3A).  On that background, Lamin B1 “canyons” – areas of decreased 389 

genome binding - invariably coincided with IgV gene clusters, even if surrounded by “mesas” 390 

– areas of increased Lamin B1 binding after SHM induction (Supplementary figure 3B).   391 

 392 

Most importantly, results displayed in Figures 1I and J indicate that, after stimulation, 393 

mutations in a 565 bp reporter fragment of the V4-39-Jh5 gene increases ~4.5 fold (Figure 1I 394 

and Supplementary figure 4). Furthermore, 85% of nucleotide substitutions are consistent 395 

with AICDA-dependent cytidine deamination within the WRCY motif, a functional hallmark of 396 

SHM (Supplementary figure 4C). This increased mutational load (Figure 1I) was 397 

accompanied by a gross three-fold, yet precise reduction of Lamin B1 binding to this 398 

fragment after SHM induction (Figure 1J). These data suggest a direct involvement of Lamin 399 

B1 in epigenetic regulation of SHM in IgV domains.  400 

 401 

We next suggested that the decreased nuclear Lamin B1 could be associated with altered 402 

cell cycle redistribution which is a function of the proliferative capacity of cells. According to 403 

this hypothesis, cells that proliferate fast would have lower levels of nuclear Lamin B1, which 404 

in turn would be consistent with a higher proliferation rate of GC B cells in vivo, or activated 405 

BL2 or primary B cells in vitro. To address this hypothesis directly, we compared Lamin B1 406 

levels within different cell cycle phases by FACS and immunofluorescence. Furthermore, we 407 

tested the correlation between the proportion of EdU positive cells and their Lamin B1 level 408 



in six different cell lines under various growth conditions (Supplementary figure 5).  These 409 

experiments revealed no association between steady state cell proliferation and nuclear 410 

Lamin B1 (Supplementary figure 5). In fact, more rapidly proliferating cells had a tendency to 411 

increase their Lamin B1 incorporation (Supplementary figure 5A) due to the marginally 412 

higher amount of Lamin B1 in G2, as compared to G1 cells (Supplementary figure 5, B and 413 

C).  Likewise, in situ cytometry showed no difference in Lamin B1 incorporation between 414 

EdU positive and EdU negative cells (Supplementary figure 6, D and E).  These results 415 

suggest that a decreased Lamin B1 in germinal centre B cells is likely to be associated with 416 

a more specific role which is not a passive reflection of cellular proliferation per se.         417 

 418 

To test the impact of Lamin B1 on cell dynamics and SHM directly, we then transfected BL2 419 

cells with siRNA targeting mRNA transcripts from three different exons of the LMNB1 gene 420 

(See Materials and Methods). In general, 50 – 80% reduction of Lamin B1 protein level 421 

(Figure 2A) 48 hours after siRNA electroporation translated to an average of 32% reduction 422 

in Lamin B1 nuclear incorporation (Figure 2, B and C). Interestingly, this level of reduced 423 

Lamin B1 incorporation was very similar to that produced by SHM induction (compare 424 

Figures 1G and 2C), potentially suggesting a functional epigenetic compartment of nuclear 425 

Lamin B1 different from its structural function.  426 

 427 

Having established a specific RNAi-mediated reduction of nuclear Lamin B1, we next tested 428 

whether Lamin B1low cells would exhibit any phenotypic features characteristic of GC B cells.  429 

Our findings displayed on Figures 2 D and E demonstrate that proliferation boost, as 430 

detected by on average 27% more EdU positive cells, was a characteristic feature of siRNA-431 

treated Lamin B1low cells. This proliferation boost was accompanied by a general 432 

upregulation of positive cell cycle regulatory genes which, in turn, occurred alongside an 433 

upregulation of genes responsible for cell cycle checkpoint execution or cell cycle arrest, and 434 



were specific for LMNB1 reduction; independent of SHM induction (Figure 2F and 435 

Supplementary figure 6).  We believe the latter can be interpreted as a secondary cellular 436 

response to uncontrolled proliferation and DNA lesions.  437 

 438 

AICDA is a master regulator of antibody diversification at DNA level via SHM and class-439 

switch recombination (30). AID expression peaks in GCs where it is positively regulated by 440 

BCL6 via an indirect miR-155-mediated mechanism (31). We set out to examine that 441 

upregulation of AID might be a primary mechanism for SHM induction by antigen ligation or 442 

LMNB1 siRNA. Figure 2G shows that neither AICDA nor its GC regulator BCL6 is induced 443 

by antibodies or LMNB1 siRNA. We therefore suggest that Lamin B1-mediated chromatin 444 

accessibility could be the primary factor regulating SHM in BL2 cells. 445 

 446 

It is suggested that individual B-cells in lymphoid tissues possess either kappa or lambda 447 

light chains. A mixture of kappa and lambda positive cells is characteristic of reactive or 448 

otherwise benign GCs. Our previous immunophenotypic analysis of BL2 cells revealed 449 

strong lambda chain expression on the cell surface, which is likely to be due to BL2-specific 450 

t(8,22) translocation involving IGL@ locus.  On the contrary, the non-rearranged kappa-light 451 

chain, expressed from chromosome 2, was largely absent from the cell surface. Consistent 452 

with our model, we found that IGK@ was heavily incorporated within the Lamin B1 binding 453 

sites. We next hypothesised that siRNA-mediated reduction of Lamin B1 incorporation would 454 

release the IGK@ locus from its suppressive environment that would result in de novo 455 

expression of kappa-light chain on the cell surface. In agreement with this hypothesis, 456 

decreasing Lamin B1 binding to the IGK@ locus (Supplementary figure 3B) was 457 

accompanied by ~ 5 fold induction of kappa light chain expression on the cell surface (Figure 458 

2H).  459 



Finally, we tested whether siRNA-mediated reduction of Lamin B1 incorporation results in 460 

spontaneous SHM. By analogy with Figure 1I, clonal analysis of the IGHV4-39 locus 461 

revealed a ~ 4-fold induction of spontaneous SHM in cells treated with smartpooled LMNB1 462 

siRNA (Figure 2I) with 72.4% of nucleotide substitutions falling within the AICDA-related 463 

mutational hotspots (Supplementary figure 4D). Notably, combining LMNB1 siRNA treatment 464 

and induction of SHM by ligating surface antigens did not alter the SHM rate induced by 465 

siRNA-treatment alone. This suggests a shared cellular mechanism of SHM induction 466 

between nuclear lamina and external stimuli, resulting in a binary induction of SHM.  467 

To further our functional evidence on the involvement of Lamin B1 in SHM, we next tested 468 

whether IGHV4-39 mutations occurring after LMNB1 RNAi treatment are AICDA dependent. 469 

To do this, we did similar LMNB1 RNAi treatments in AICDA-/- cells described previously 470 

(20). Figure 2J demonstrates that AICDA-/- background almost completely negates both 471 

background and LMNB1 RNAi induced mutations. Interestingly, although we couldn’t detect 472 

any AICDA signal by qRT-PCR and Western blotting (Figure 2K and L), significant amount of 473 

AICDA expression could be observed in wt BL2 cells, which is in agreement with previously 474 

published reports (20, 32). Furthermore, it’s expression did not significantly change after 475 

LMNB1 RNAi (Figure 2K) that, in combination with Figure 2G, suggests that other chromatin 476 

factors are at least as important in SHM as AICDA expression per se. Out data suggest that 477 

lamina mediated conformational changes could be one of these factors.  478 

 479 

We were unable to establish a stable LMNB1 negative cell line using CRISPR/CAS9 or 480 

shRNA approach. Neither are we aware of the existence of any such human cell models, 481 

outside of cellular senescence.  482 

 483 

Formation of plasma or memory cells is the outcome for B cells following SHM and clonal 484 

selection (33).  Given the acute functional impact of Lamin B1 in our in vitro system, we 485 



tested whether the drop in Lamin B1 in GC B cells translates into their ultimate differentiated 486 

state. If the GC-associated drop in Lamin B1 is transient, this might then suggest a 487 

temporary chromatin access for a naïve B cell to rearrange its Ig domains and, hence, fine-488 

tune the antibody repertoire. To address this question, we first compared the expression of 489 

Lamin B1 in human CD27+ vs. CD27– B cells within the GCs of fresh frozen human lymph 490 

nodes. CD27 is a widely accepted marker of memory B cells that can be detected in human 491 

GCs (34) before GC-dependent memory cells relocate to the marginal zone (35, 36). Figure 492 

3 A-C demonstrates that CD27+ cells have a substantially higher expression of Lamin B1 493 

compared to CD27- GC B cells. These data suggest that the drop in Lamin B1 is transient 494 

and is only temporally associated with SHM in normal B cells.  495 

 496 

Although the cellular origin of chronic lymphocytic leukaemia (CLL) is still debated, several 497 

lines of evidence suggest that CLL cells are antigen-experienced (37), resembling memory B 498 

cells (38). Within this context, IGHV-mutated CLL cells, associated with favourable clinical 499 

prognosis and derived from the CD5+/CD27+ post–germinal centre B cell subset, could be 500 

similar to “classic memory B cells” generated by a typical GC-based reaction, represented in 501 

our system as a CD27+ GC B cells (Figure 3 A-C).  502 

 503 

By analogy with the normal CD27+ memory B cells, we hypothesised that IGHV-mutated 504 

CLL (mCLL) would be associated with higher Lamin B1 expression levels as compared to 505 

unmutated CLL cases (uCLL). Furthermore, given an association of IGHV mutational status 506 

with clinical outcome, we anticipated that Lamin B1 would per se constitute a prognostic 507 

factor in CLL.  508 

 509 

With that in mind, we analysed gene expression profiles of 337 previously untreated CLL 510 

patients, enrolled on the CLL8 trial evaluating FC versus FCR in a randomised fashion 511 



(NCT00281918) (24, 39) . As implicated from our functional studies, higher LMNB1 512 

expression, as dichotomised at the median (LMNB1 low ≤ 6.51 vs LMNB1 high > 6.51), was 513 

inversely correlated with high-risk genomic aberrations (Supplementary table 2) and was 514 

associated with shorter median progression-free (PFS) survival (32.4 vs. 49.9 months, p = 515 

0.010) and, notably, overall (OS) (83.6 months vs. not reached, p = 0.001) and (Figure 3, D 516 

and E).  517 

 518 

Conversely, we were unable to detect a similar clinical impact for LMNB2 and LMNA genes 519 

(Supplementary figure 7), encoding two other components of the nuclear lamina, Lamin B2 520 

and Lamin A/C respectively. The latter highlights a highly specific impact of Lamin B1 in the 521 

molecular pathology of CLL.  522 

 523 

Moreover, univariate Cox regression analysis comparing low (≤ 6.51) and high (> 6.51) 524 

LMNB1 expression cohorts revealed an overall hazard ratio (HR) of 0.715 for PFS and 0.551 525 

for OS (95% CI) (Figure 3F), suggesting a strong protective impact of LMNB1 expression in 526 

CLL. Interestingly, further stratification of patients according to their treatment regime 527 

revealed a very similar LMNB1-related HR regardless of the therapeutic modality applied 528 

(Figure 3F).  The latter suggests that the molecular mechanisms responsible LMNB1-529 

mediated protection of CLL patients are different from the mechanisms covered by 530 

chemotherapy.  531 

 532 

Further, we were able to solidify functional model derived clinico-biologic implications in the 533 

context of CLL. First, we correlated LMNB1 expression from our datasets with the total 534 

amount of Lamin B1 protein, and, although not absolute, a positive correlation between gene 535 

expression and protein content could be observed (Supplementary figure 8A). Next, when 536 

performing gene set enrichment analysis for CLL cases dichotomized for lower and upper 537 



quartiles of LMNB1 expression, we found “LMNB1 quartile low” cases to extensively match 538 

signatures of anti-IgM activated B cells (Supplementary figure 8B) while there was only a 539 

1.12-fold expression change for AID observable for “LMNB1 quartile low” expressing CLLs 540 

(data not shown). This suggests that CLL cells with LMNB1 downregulation are 541 

transcriptionally locked in an activated state.  Complementary to this, and resembling 542 

LMNB1 siRNA phenotype in BL2 cells, we found an inverse relationship between expression 543 

of LMNB1 and expression of positive cell cycle regulatory genes (Supplementary figure 8B). 544 

On that background, low LMNB1 expression was also strongly associated with high BCL2 545 

and low CDKN1A expression levels (Supplementary figure 8B), further highlighting 546 

similarities between Lamin B1low and GC B cells.  547 

 548 

We next assessed whether differential expression of LMNB1 in CLL can be attributed to 549 

differential CpG methylation within this gene. Given a strong association of LMNB1 550 

expression with IGHV mutational status, we next compared the methylation values 551 

(normalized Infinium HumanMethylation450 BeadChip beta values) for LMNB1 promoter 552 

CpG sites between CLL patients with mutated and non-mutated IGHV. Two sample t-test 553 

with equal variances revealed no association between LMNB1 methylation and IGHV 554 

mutational status, suggesting that mechanisms other than CpG methylation are responsible 555 

for regulating LMNB1 expression in CLL (Supplementary figure 9). 556 

 557 

We next hypothesised that a permissive chromatin state, associated with decreased nuclear 558 

Lamin B1 in GC B cells, might be linked to secondary “off target” mutation events. The latter 559 

can be followed by a formation of malignancies that originate in the GC such as Follicular 560 

Lymphoma (FL) or Diffuse Large B Cell Lymphoma (DLBCL). In support of this hypothesis, 561 

we found a consistently decreased amount of Lamin B1 in the majority of primary lymphoid 562 

tumours, as compared to intrafollicular areas of normal human reactive lymph nodes (Figure 563 



4, A and B). Intriguingly, we found decreased Lamin B1 in other non-lymphoid malignancies 564 

including acute myeloid leukaemia (AML) demonstrating that LADs are also deregulated in 565 

other haematological malignancies (Figure 4A). Next, we assessed a chronological series of 566 

biopsies from 43 patients with FL, which subsequently underwent transformation. We found 567 

that FL transformation was strongly associated with a further decrease in Lamin B1 (Figure 568 

4, C and D), suggesting a possible involvement of LADs in the progression of this 569 

malignancy.  570 

 571 

 Discussion 572 

One of the principal questions in B cell biology yet to be answered is how SHM machinery 573 

accesses immunoglobulin loci. For SHM to take place, Ig variable loci should be subjected to 574 

AID-mediated deamination as well as DNA cleavage and repair. Each of these events is 575 

likely to be regulated by specific changes in chromatin, resulting in its open and accessible 576 

conformation. In resting B cells, most of the IgH locus exist in a closed chromatin state, 577 

enriched in repressive histone marks, such as H3K9Me3 and H3K27Me3 (40), as well as 578 

HP1-γ protein (41). Within that context, it is intriguing that both H3K9Me3 and HP1-γ are 579 

known to be associated with Lamin B1 (42), topologically defining lamina-associated 580 

chromatin domains (10, 16).  581 

 582 

In this study, we show that perinuclear Lamin B1 is decreased in germinal centres of mouse 583 

and human lymphoid follicles. The reduction of nuclear Lamin B1 could also be observed 584 

after induction of SHM in vitro. This was accompanied by the reduced genome binding of 585 

Lamin B1, including the domains that encode variable immunoglobulin parts. Furthermore, 586 

the clonal analysis revealed that the rate of SHM was grossly increased when Lamin B1 587 

genome incorporation was suppressed by RNA interference, providing for the first time a 588 

direct functional link between SHM and structural components of the nuclear envelope. 589 



Downstream of GC, we found that Lamin B1 levels were restored in CD27+ memory B cells 590 

indicating the temporary nature of Lamin B1 decrease in activated B cells. This suggests an 591 

“epigenetic window of opportunity” for a GC B cell to start and complete SHM when the 592 

chromatin state is permissive.   593 

 594 

Interestingly, Lamin B1 dynamics in GC/post-GC B cells translates into CLL, which is a post-595 

GC malignancy. In particular, IGHV-mutated CLL cells, associated with a favourable clinical 596 

prognosis and derived from the CD5+/CD27+ post–germinal centre B cell subset (43) 597 

displayed significantly higher LMNB1 gene expression as compared to uCLL samples.  598 

Furthermore, low LMNB1 expression was strongly associated with multiple cytogenetic 599 

abnormalities and was a strong negative prognostic factor for both progression-free (PFS) 600 

and overall survival (OS). The strong direct relationship between the LMNB1 expression 601 

quartiles and survival (both OS and PFS) was independent of the treatment applied, 602 

suggesting a novel mechanism of molecular pathogenesis of CLL, which is beyond control 603 

by the currently available CLL treatment modalities. Targeting LaminB1-associated 604 

mechanisms in CLL may provide another step towards the post-chemotherapy era and 605 

complement existing therapies, potentially gaining even larger therapeutic margins for this 606 

disease. Since low LMNB1 expression was strongly associated with clinically adverse 607 

cytogenetic abnormalities, it is also tempting to speculate that, due to its proximal role in the 608 

nuclear structure and function, Lamin B1 may serve as a safeguard against chromosomal 609 

aberrations during the clonal evolution of CLL.  610 

 611 

Deletions of 13q and 11q represent the most frequent and co-occurring aberrations in CLL 612 

(25) and loss of the DLEU2/miR-15a/16-1 cluster on 13q14 in mice is sufficient to initiate B-613 

cell lymphoproliferative disorders with CLL-like phenotypes (44). Moreover, deletion 13q and 614 

trisomy 12, followed by deletion 11q, have been identified as early drivers in the evolutionary 615 



process of CLL (45).  Therefore, we hypothesise that the observed significant drops in Lamin 616 

B1 binding upon induction of SHM especially on chromosomes 13 and 12, or with slightly 617 

lesser extend on chromosome 11, may constitute the central selective vulnerability for 618 

deleterious hits initiating the development of CLL.  619 

 620 

In line with this suggestion, defects of Lamin B1 expression and processing have previously 621 

been linked to aberrant interphase chromosome positioning (46) and chromatin instability 622 

(47) – a potential path to chromosomal aberrations. However, a direct functional link 623 

between LMNB1 expression and chromosomal abnormalities is yet to be established.  624 

 625 

Here we also show that nuclear Lamin B1 is decreased in the majority of GC-derived 626 

lymphomas. Furthermore, sequential biopsies from individuals with transformed FL showed 627 

a noticeable decrease of perinuclear Lamin B1 content during FL transformation. The latter, 628 

unlike in CD27+ memory B or mCLL cells, suggests a GC-based clonal selection of Lamin 629 

B1low B cells with their subsequent propagation into lymphoma cells, presumably due to 630 

increased mutational load associated with more permissive chromatin state. From a 631 

translational perspective, reduced levels of Lamin B1 in follicular lymphoma could be 632 

developed into a robust molecular biomarker predicting transformation of indolent 633 

lymphoma. At the moment, despite major advances in technology, no biomarker other than 634 

histologic grade has proven to be sufficiently robust to be widely accepted clinically (48).  635 

 636 

Overall, here we propose that Lamin B1 is an upstream epigenetic regulator of SHM in 637 

germinal centre B cells. Functionally, activation of GC B cells is associated with a drop in 638 

Lamin B1 and release of unrearranged IgV chromatin domains from the restrictive influence 639 

of LADs, in turn, enabling normal SHM to occur. Finally, we suggest that this permissive 640 

chromatin state also increases the likelihood of “off target” hits that ultimately contribute to 641 



the formation and progression of GC lymphomas and, at the post-GC level, Chronic 642 

Lymphocytic Leukaemia. Figure 4E represents a principal schema, outlining the Lamin B1 643 

dynamics in normal and malignant B cells.   644 

 645 

Having suggested a functional involvement of Lamin B1 in SHM regulation and tumour 646 

progression, there is a number of questions that are still outstanding and warrant further 647 

investigation. Firstly, it will be important to understand how Lamin B1 is regulated within the 648 

GCs. Our data suggest that differential mRNA expression could be one of these factors. 649 

However, given a rather rapid reduction of Lamin B1 incorporation during SHM induction in 650 

BL2 cells (in our system, as early as 90 min), one would suggest that post-translational 651 

regulation, could be equally involved in the reduction of nuclear Lamin B1. Within that 652 

context, it is possible that Lamin B1 phosphorylation by cdk1 and protein kinase C (49) is 653 

one of the mechanisms for the rapid disassembly of nuclear Lamin B1 in GC B cells.  Next, 654 

since we were unable to identify DNA methylation as a source for the differential LMNB1 655 

expression in CLL, establishing this mechanism would provide a novel insight into the 656 

pathophysiology of this disease, with clear translational potential.  657 

 658 

Finally, taking into account clear involvement of Lamin B1 in the pathophysiology of GC and 659 

post-GC B cell malignancies, manipulating nuclear Lamin B1 levels could provide a novel 660 

therapeutic approach to these tumours, beyond the treatment modalities based on 661 

chemotherapy or monoclonal antibodies. Within this context, we believe that Lamin B1 662 

phosphorylation and farnesylation would be the primary therapeutic targets to control the 663 

dynamics of nuclear lamina in leukaemia and lymphoma.  664 
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 810 

Figure Legends 811 

Figure 1. Nuclear Lamin B1 is reduced in follicular germinal centre B cells and is 812 

associated with somatic hypermutation. (A) C57BL/6 mice were immunised with LPS 813 

plus ovalbumin (OVA), and 7 or 14 days later spleens were removed and processed for 814 

immunohistochemistry. Figure represents the average number of GCs per spleen (n=3) ± 815 

s.e.m.  (B) and (C) Spleen GCs were stained with anti-Lamin B1 antibodies (AlexaFluor 488, 816 

green channel), Peanut Agglutinin (PNA) (Pacific Blue, blue channel), and anti-B220 or anti-817 

IgD antibodies (AlexaFluor 594, red channel). Fluorescence intensity of the Lamin B1 818 

channel (C, bottom image) was measured using MetaMorph image analysis software within 819 

(PNA+ areas) or outside (B220+ or IgD+ PNA- areas) the GCs. At least 10 GCs from three 820 

spleens were analysed, and their Lamin B1 fluorescence was compared to a similar number 821 

of randomly selected extra-GC areas of the same size. (D – F) C57BL/6 mice were 822 

immunised with LPS plus ovalbumin (OVA), and after 14 days, spleens were removed, and 823 

PNA+ cells were isolated using PNA positive separation MicroBead Kit. (D) Taqman qRT-824 

PCR analysis showing relative LMNB1, TNFR6 and Mki67 mRNA level changes in PNA+ vs 825 

PNA- splenocytes. (E) After microbead separation, nuclear Lamin B1 incorporation was 826 

measured by in situ cytometry in PNA+ vs PNA- cells (n=3). (F) Representative Lamin B1 827 

immunofluorescence (AlexaFluor 488, green) in PNA+ and PNA- cells in OVA immunised 828 

animals. Nuclei were counterstained with DAPI (Blue). (G) SHM was induced in BL2 cells 829 

according to the protocol (see Materials and Methods) and nuclear Lamin B1 was assessed 830 

48 hours post induction by IF and ImageStream image cytometry. Total nuclear Lamin B1 831 



levels were reduced by an average of 20%. (H) Line scan analysis by MetaMorph reveals an 832 

average 53% reduction in nuclear envelope bound Lamin B1 in SHM induced cells, as 833 

compared to control cell population. (G) and (H) are the representative images of five 834 

independent experiments.  (I) DNA from control or activated BL2 cells was isolated, cloned, 835 

and then analysed for mutations within the IGHV4-39 gene as described in Materials and 836 

Methods. The reference IGHV4-39 sequence and nucleotide substitution pattern after SHM 837 

induction and LMNB1 RNAi are displayed in Supplementary figure 5. At least 10,000 base 838 

pairs (bp) were analysed per condition, and the mutational load was expressed as mutations 839 

per bp. n = 4, ± s.e.m. p<0.01.  (J) ChIP-Seq analysis of the dynamics of Lamin B1 binding 840 

to the IGHV4-39 gene following SHM induction. As compared to control cells, Lamin B1 841 

binding to this gene was significantly reduced 48 hours after cell activation. BLAT alignment 842 

represents the IGHV4-39 sequence where SHM was assessed by Sanger sequencing and 843 

clonal analysis.  844 

 845 

Figure 2. RNAi-mediated reduction of nuclear Lamin B1 results in acute proliferation 846 

boost, de-novo surface antigen expression and AICDA-dependent somatic mutations. 847 

(A) Three different LMNB1 mRNA targeting siRNAs were nucleofected into BL2 cells and 848 

then total Lamin B1 protein level was assessed by Western blotting 48 hours post 849 

electroporation. (B) and (C) High throughput Lamin B1 nuclear incorporation was assessed 850 

by ImageStream cytometry 48 hours after siRNA treatment. At least 8,000 cells were 851 

analysed per sample. (B)  Representative cells showing Lamin B1 fluorescence within the 852 

median of sample intensity distributions. (C) Histograms showing absolute value distributions 853 

for non-targeting siRNA control (NTC) or LMNB1 siRNA treated cells. (D) and (E) EdU was 854 

added to WT, NTC or siRNA-treated cells 72 hours post siRNA treatment for 2 hours and 855 

then the proportion of EdU+ cells was assessed by FACS. (D) Representative EdU FACS 856 

profile showing 33% proliferation boost in siRNA2, as compared to NTC treated cells. (E) 857 

The average percentage of EdU+ cells from three independent experiments ± s.e.m. p<0.02. 858 



(F) Expression profiles of cell cycle regulatory genes in SHM-induced and/or LMNB1 siRNA 859 

treated BL2 cells. (NTC: control with non-targeting siRNA; NTC SHM: control with non-860 

targeting siRNA and after induction of SHM; LMNB1:  LMNB1 RNAi transfected; LMNB1 861 

SHM: LMNB1 RNAi transfected and after induction of SHM. Experiments were conducted in 862 

two independent BL2 cell passages indicated with “-1” and “-2” behind the experiment label. 863 

For siRNA treated samples, a SMARTpool LMNB1 siRNA mixture of three siRNAs (A-F), in 864 

equimolar concentration was used. (G) Western blot analysis of AID and BCL6 proteins in 865 

antibody- or LMNB1 siRNA-treated samples at 72-hour time point. Histone H3 was used as 866 

a loading control. (H) FACS analysis of Ig surface antigen expression. Surface IgG, IgM, 867 

IgD, as well as kappa and lambda-light chain expression was assessed 72 hours after cells 868 

were treated with NTC or SMARTpool LMNB1 siRNA.  For FACS, a fluorophore and isotype-869 

matched non-targeting antibody was used to set background fluorescence. A representative 870 

of three independent experiments. (I – K) Mutations targeted to V4-39-Jh5 fragment are 871 

AICDA dependent. (I) Western blot and (J) qRT-PCR analysis of AICDA expression in BL2 872 

wt and BL2 AID-/- cells treated with non-target control (NTC) or LMNB1 siRNA. (K) Parental 873 

and AID deficient BL2 clone were treated with LMNB1 RNAi, and mutations induced in V4-874 

39 gene were analysed by Sanger sequencing. * p<0.05, ** p<0.01.  (L) Cells were treated 875 

with SMARTpool LMNB1 siRNA and then SHM was assessed 72h post transfection. For 876 

combined antibody/siRNA-treated samples, SHM was induced 48 hours after LMNB1 siRNA 877 

transfection, and then DNA was isolated 72 hours after initial treatment. Data represents the 878 

average of three experiments ± s.e.m. p<0.01.  879 

 880 

Figure 3. Nuclear Lamin B1 levels are restored in memory B cells and low LMNB1 881 

expression level is an adverse prognostic factor in CLL. (A) Fresh frozen normal human 882 

lymph nodes were fixed in -20oC methanol and then stained with PNA (Blue), Lamin B1 883 

(green) and anti-CD27 antibodies (Red). (B) A zoomed in the area of (A, square) 884 

representing differential Lamin B1 expression in CD27+ vs. CD27- cell. (C) High throughput 885 



comparison of Lamin B1 levels in CD27+ and CD27- GC cells. Lymph nodes from three 886 

patients were assessed and in total 50 randomly selected CD27+, and 50 randomly selected 887 

CD27- GC cells were analysed using MetaMorph software.  (D) and (E) showing Kaplan-888 

Meier estimates of Progression-free (PFS) (D) and overall (OS) (E) of CLL patients enrolled 889 

on the CLL8-trial as a factor of LMNB1 expression, dichotomised by the median (>6.51, 890 

N=168 and ≤6.51, N=169.  (F) Univariate Cox regression analysis comparing low (≤6.51, 891 

N=169) and high (>6.51, N=168) LMNB1 expressing CLL patients as a factor of the 892 

treatment regime (FC or FCR) applied. * p<0.05, ** p<0.01, *** p<0.001.  893 

 894 

Figure 4. Nuclear Lamin B1 decreased in B cell lymphomas. (A) Immunohistochemical 895 

tissue microarray analysis of nuclear Lamin B1 in tissue biopsies of B cell malignancies 896 

showing decreasing LMNB1 staining with increasing aggressiveness. (B) Representative 897 

IHC images from the lymphoid tumour panel displayed in (A). The horizontal line represents 898 

Lamin B1 immunoreactivity within the intrafollicular areas of benign reactive lymph nodes. At 899 

least three samples were analysed per tumour type, and bars represent average H-score 900 

values ± s.e.m. (C) Lamin B1 immunoreactivity in sequential biopsies from a FL patient 901 

(upper image) that later underwent FL transformation (lower image). (D) Lamin B1 H-score 902 

values of 43 FL biopsies and their transformed counterparts. Each line connects two 903 

sequential biopsies from the same patient. (E) Lamin B1 dynamics within the context of B 904 

cell natural development in secondary lymphoid organs. Upon antigen stimulation in 905 

secondary lymphoid organs, mature naïve B cells undergo activation accompanied by a 906 

series of complex processes including SHM and clonal expansion. Our data suggest that 907 

specific reduction of nuclear Lamin B1 in GC B cells is instrumental for these processes. 908 

Furthermore, our observations suggest that this low level of Lamin B1 is locked in B cell 909 

malignancies arising from a corresponding B cell development stage.      910 
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