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A B S T R A C T

Hodgkin’s lymphoma (HL) is the most common cancer in adolescents and young adults. A family history of HL
increases the risk of developing HL in other family members. Identification of genetic predisposition variants in
HL is important for understanding disease aetiology, prognosis, and response to treatment. Aberrant activation of
the NF-κB pathway is a hallmark feature of HL, contributing to the survival and proliferation of the malignant
cells’ characteristic of HL.
The family with multiple consanguineous marriages with siblings of diagnosed HL was examined by whole-

exome sequencing. We found a germline homozygous variation in the PXR ligand binding domain
(NM_003889.3:c.811G>A, p.(Asp271Asn)), which was classified as pathogenic by prediction tools and segre-
gated in HL cases. Increased PXR expression was found in homozygous variant carriers compared to heterozygous
carriers by quantitative real time PCR (qRT-PCR) and immunofluorescence staining of patients’ formalin-fixed
paraffin-embedded tissues showed upregulation of PXR, particularly in Hodgkin Reed/Sternberg (HRS) cells.
Patients with homozygous PXR variant showed significantly high expression compared to PXR wild-type HL,

heterozygous and controls (p = 0.0001, p = 0.0004 and p = 0.0001, respectively). PXR homozygous HRS cells
had significantly higher PXR expression compared to PXR wild-type HRS cells (p < 0.0001, 3.27-fold change).
Albeit PXR’s prominent expression in cytoplasm of HRS cells, homozygous PXR HRS cells showed increased PXR
expression in nucleus (p < 0.001).
PXR is a member of the nuclear receptor superfamily and previous studies have demonstrated a pleiotropic

effect of PXR on malignant transformation. Expression analysis showed that cell proliferation, apoptosis and
inflammation related genes were deregulated, in homozygous PXR HL cases. This study provided clinical evi-
dence to previously reported Sxr− /− mice model that develop multifocal lymphomas, had an aberrantly increased
NF-κB expression and consistent inflammation. Further functional studies are needed to elucidate the exact
mechanisms of action of PXR in HL pathogenesis.

1. Introduction

Hodgkin’s lymphoma (HL) is a nodal mature B-cell neoplasm

characterised by large multinucleated Reed-Sternberg cells in an in-
flammatory background. The long-term survival rate in HL exceeds 90%
after chemotherapy alone or combined chemotherapy and radiotherapy.
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However, treatment-related cardiovascular disease and increased risk of
secondary malignancies are the major problems for HL survivors.
Therefore, disease staging, risk stratification and refinement of treat-
ment regimens are the goals of HL therapy in paediatrics (Weniger and
Kuppers, 2021; Jardin, 2022). Aberrant activation of the nuclear
factor-kappa B (NF-κB) pathway is a hallmark feature of HL, contrib-
uting to the survival and proliferation of Hodgkin and Reed-Sternberg
(HRS) cells, the malignant cells characteristic of HL. The constitutive
activation of NF-κB pathways in HL promotes the expression of genes
involved in cell survival, proliferation, and inflammation, thereby pro-
moting tumour growth and immune evasion (Jardin, 2022).

A small percentage of HL cases are associated with cancer predis-
position syndromes (i.e. ataxia-telangiectasia (Suarez et al., 2015),
Nijmegen breakage syndrome (Wolska-Kusnierz et al., 2015), and pri-
mary immunodeficiencies (Schuetz et al., 2007; Khodzhaev et al., 2020;
Kebudi et al., 2019)). Genome-wide association studies (GWAS) and
family studies, as well as the introduction of next-generation
sequencing, are important for the detection of new rare genetic events
and the characterisation of genetic susceptibility in HL (Furutani and
Shimamura, 2017). Several genes have been reported to be associated
with HL predisposition, such as Nuclear protein, coactivator of histone
transcription (NPAT), Kelch domain containing 8B (KLHDC8B), Aggrecan
(ACAN), Dicer 1, ribonuclease III (DICER1), Kinase insert domain receptor
(KDR) and Protection of telomeres 1 (POT1) (Szmyd et al., 2021).
Although immune dysfunction, exposure to viruses such as Epstein-Barr
virus (EBV) or human immunodeficiency virus (HIV), and family history
may increase the risk of developing HL, the aetiology and predisposing
factors of lymphoma are not well understood. In cases with familial
clustering, the identification of genetic predisposition genes in HL may
offer therapeutic benefits to index cases and allow genetic counselling
and monitoring of family members (Kushekhar et al., 2014; Moutsianas
et al., 2011). This study describes a human model of a homozygous
variation in a novel candidate gene, Pregnane X Receptor (PXR), found in
two siblings with HL in a consanguineous family, for which animal
models have been previously described (Casey et al., 2011; Zhou et al.,
2006).

2. Material and methods

2.1. Clinical presentations of index case and family members

The family with multiple consanguineous marriages with cases of
diagnosed lymphoma was examined in this study (Fig. 1A). Eleven years
old index case (IV-10) was diagnosed with inflammatory skin disease at
the age of 8 and developed stage IIIBs, nodular sclerosing subtype HL at
the age of 10. At diagnosis, she was reported to have bilateral cervical,
supraclavicular, axillary lymphadenopathy on physical examination,
complaints of weight loss, and drenching night sweats. At diagnosis, on
PET CT she was reported to have FDG enhancement in bilateral cervical,
supraclavicular, mediastinal, and axillary lymph nodes, and in the
spleen. She had received chemotherapy consisting of Adriamycin,
Bleomycin, Vinblastine and Dacarbazine (ABVD) at a local hospital. She
was reported to have a partial response after three courses, however
progressed after six courses. She was referred to our center for further
evaluation after disease progression. Her biopsy was re-evaluated, and
HL diagnosis was confirmed. CD30 was positive with immunocyto-
chemistry. Patient had a massive, enlarged mediastinum due to
conglomerate lymph nodes, nodules in the lung, lymphadenomegalies in
the cervical, supraclavicular, and axillary regions. She was treated with
chemotherapy consisting of ifosfamide (1.8 g/m2/d ×5 days) + mesna,
carboplatinum (500 mg/m2/d on day 5), etoposide (100 mg/m2/d ×5
days) (ICE) and targeted therapy with anti CD30 (brentuximab) and
achieved a partial anatomic and complete metabolic response (PET-CT
Deauville 1–2 in PET-CT) after six courses (Fig. 1B and C). Stem cell was
harvested after three courses and autologous stem cell transplantation
(SCT) was performed after six courses. The BEAM regimen (carmustine

300 mg/m2 -7day, etoposide 200 mg/m2 -6,-5,-4,-3.days, cytarabine 2
× 200 g/m2 -6,-5,-4,-3.days, melphalan 140 mg/m2 -2.day) was used as
conditioning for SCT. She received 10 monthly courses of brentuximab
after SCT. She has been followed in remission and is alive with no evi-
dence of disease for 48 months from initial diagnosis.

Index’s 26 years old sister (IV-14) was diagnosed with stage IIA, HL
at the age of 24, two months before her sisters’ diagnosis. She was
pregnant at diagnosis, had a complete response after two courses of
ABVD chemotherapy, after that she had a healthy delivery and received
additional four courses of ABVD chemotherapy. The parents reported
that she had a recurrence in the mediastinal lymph nodes at 44 months
after initial diagnosis (38 months after the end of the initial treatment),
confirmed by biopsy. She received ICE chemotherapy and targeted
treatment with anti-CD30 (brentuximab), achieved complete metabolic
remission after three courses and is undergoing autologous stem cell
transplant at her local center. Index’s 17-years-old sister (IV-12) and her
11-years-old cousin (IV-16) had cervical lymph adenomegalies which
had regressed after antibiotherapy. The 21-year-old brother (IV-11) had
inflammatory skin findings which were interpreted as chronic inflam-
matory skin disease. Family members II-7 and III-12 were also diagnosed
as inflammatory skin disease. Family members (II-11 and II-13) who
were deceased were diagnosed as cirrhosis. The mother developed
papillary thyroid cancer 44 months after the HL diagnosis of the index
case, she underwent total thyroidectomy and lymph node dissection and
had 4/10 lymph nodes positive for tumor and received radioactive
iodine treatment at her local city.

This study was approved by Istanbul University Medical Faculty
Ethics Board; written and oral informed consents were taken from the
family members or legal representatives.

2.2. Genetic analysis

Peripheral blood samples were collected from affected siblings and
parents for DNA isolation. Whole exome sequencing (WES) was per-
formed for the index case and Agilent SureSelect Human All ExonV6
(Agilent Technologies, Santa Clara, CA, USA) kit was used for capturing.
Illumina’s raw data was aligned to hg38 reference genome with
Burrows-Wheeler Aligner (BWA) package’s (Li and Durbin, 2009) mem
algorithm, and Samtools package (Li et al., 2009) was used for Variant
Call Format (VCF) file generation. VCF file was annotated with Annovar
(Wang et al., 2010). Post-alignment statistics were generated with
qualimap (Okonechnikov et al., 2016). Mean sequencing depth was
147x, with 90% of positions in reportable exons covered at >20x. Pro-
moters, untranslated and other non-coding regions were not interro-
gated (Fig. 1D). Individual and MetaScore values of different available
tools (Franklin by Genoox, 2022) (Supplementary Table 1), Combined
Annotation Dependent Depletion (CADD) scores (Rentzsch et al., 2019),
ClinVar’s records (Landrum et al., 2018) and Online Mendelian Inheri-
tance in Man (OMIM) (Hamosh et al., 2005) database was used for
variant prioritization. Prioritized variants were classified according to
ACMG (American College of Medical Genetics) guidelines (Richards
et al., 2015). St Jude’s paediatric cancer cohort data was also used for
the gene variation states among different cancer types (McLeod et al.,
2021). Free energy difference (ΔΔG) was used to assess the impact of the
variants on the protein stability by the “Distal Upper Extremity Tool”
(DUET) tool (http://biosig.unimelb.edu.au/duet/stability). Gene
expression profiling interactive analysis (GEPIA) database was used to
evaluate Pregnane X receptor (PXR or NR1I2 or SXR) expression in
different cancer subtypes (Tang et al., 2017).

2.3. Familial segregation, PXR variant and MDR1 haplotype analysis

PXR gene variant validation and segregation analysis were per-
formed by Sanger sequencing. To evaluate the treatment response dif-
ferences between the siblings a single nucleotide variation (SNVs) of the
ATP binding cassette subfamily B member 1 (ABCB1) gene (ABCB1
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rs1128503, ABCB1 rs2032582 and ABCB1 rs1045642) was also evalu-
ated by polymerase chain reaction (PCR) according to the protocol
(Thermo Fisher Scientific, Waltham, MA, USA) (Supplementary
Table 2). Sanger sequencing analysis were performed using CLC geno-
mics workbench 3.6.5 program (QIAGEN, Aarhus, Denmark).

2.4. Cell culture

HepG2 cells were cultured on the T75 flask in Dulbecco’s Modified
Eagle Medium high glucose with L-glutamine, foetal bovine serum, and
Penicillin-Streptomycin under standard cell culture conditions.
Following six days of growth of HepG2, cells were fixed overnight with
0.5% Paraformaldehyde (PFA) and transferred to glass according to
cytospin protocol for immunofluorescent staining (Koh, 2013).

2.5. Immunofluorescent staining

PXR expressing HepG2 cells were used as control for immunofluo-
rescent staining. Sections of Formalin -Fixed Paraffin-Embedded (FFPE)
samples were taken on glass. Slides were incubated for 1 h at 60 ◦C and
treated with xylene for 30 min. Then slides were incubated within serial
alcohol concentrations from 100 to 60% for 5 min respectively. After
washing, they were fixed overnight with 0.5% PFA. Samples were
incubated with primary antibody (sc-48403, Santa Cruz Biotechnology,
Inc., Dallas, TX, USA), secondary antibody (DyLight 488 FITC, Cam-
bridge, UK), and DAPI. Images were acquired by confocal microscope
(Leica SP8, Munich, Germany) and analysed using ImageJ (Schneider
et al., 2012) program’s JACoP plugin (Bolte and Cordelieres, 2006).

2.6. Quantitative real time PCR (qRT-PCR)

Total RNA was isolated from peripheral blood of index case, family
members and PXR-WT (wild type) patients with HL by using RNeasy
Mini Kit (Qiagen, Aarhus, Denmark). Complementary DNA was syn-
thesized using SuperScript™ III First-Strand Synthesis System (Invi-
trogen by Thermo Fisher Scientific, Carlsbad, CA, USA) according to the
instructor’s manual. mRNA expression levels for PXR, Tumour protein
p53 (TP53), BCL2 apoptosis regulator (BCL2), MYC proto-oncogene, bHLH
transcription factor (MYC), Tumour necrosis factor (TNF), Nuclear factor
kappa B subunit 1 (NFKB1), Component of inhibitor of nuclear factor kappa
B kinase complex (IKK1), Fas cell surface death receptor (FAS), Lymphoid
enhancer binding factor 1 (LEF1), Phosphatase and tensin homolog (PTEN),
BCL2 associated X, apoptosis regulator (BAX) and Cyclin D1 (CCND1)were
detected by Quantitative Real-time PCR (qPCR) using specific primers
(Supplementary Table 3) and the qPCR SYBR Green Master kit (Roche
Diagnostics, Manheim, Germany) on the Light Cycler 480 Instrument
(Roche Applied Sciences, Manheim, Germany). Actin beta (ACTB)
expression was used for normalization and samples were run in dupli-
cates. The relative expression levels were calculated by using the ΔΔCt
method (Livak and Schmittgen, 2001).

2.7. Statistical analysis

Statistical analyses were done on GraphPad Prism v.9.0 (GraphPad
by Dotmatics, Boston, MA, USA) and data presented as mean± Standard
error of the mean (SEM) on box plot with line at mean. Unpaired t-test
with Welch’s correction was used to compare the relative mRNA levels
of the samples. Significance level of p value was set at <0.05. PXR sig-
nal’s (green) intensity (green pixel area) was used as comparison
parameter in PXR expression calculation and t-test was used to compare
Pearson’s Correlation r values, overlap coefficient values and PXR in-
tensity of PXRD271N/D271N and PXR-WT HL samples.

3. Results

3.1. Informatic data analysis and familial segregation

WES analysis was performed according to the presented pipeline in
Fig. 1D. Pathogenicity was evaluated with prediction tools that listed in
Supplementary Table 1, and OMIM and ClinVar reports were used for
the clinical interpretation of candidate variants. Homozygous variant of
PXR was evaluated as the most promising candidate gene in explaining
the germline predisposition for lymphomagenesis (NM_003889.3:
c.811G > A, p.(Asp271Asn), rs144833620) (Fig. 1D). Segregation
analysis with Sanger sequencing verified homozygosity in the HL cases
(IV-10 and IV-14) and showed carrier status of the parents (III-13 and III-
14) and the brother (IV-11) (Fig. 1E).

PXR c.811G>A, p.(Asp271Asn) was predicted to be pathogenic ac-
cording to the 11 (MetaLR, MetaSVM, MetaRNN, REVEL, EIGEN, EIGEN
PC, FATHMM, FATHMM-MKL, FATHMM-XF, M-CAP, MVP, Muta-
tiontaster, PROVEAN, SIFT4G, SIFT) out of 16 individual prediction
tools (Supplementary Table 1) and classified as variant of uncertain
significance (VUS) by ACMG criteria (PM2, PM3). This variant is in the
ligand binding domain (LBD) of PXR, and aspartic acid was seen to be
highly conserved across species (Fig. 1F). Furthermore, the PXR p.
(Asp271Asn), substitution was predicted to impact protein stability
(ΔΔG) according to DUET tool (Supplementary Fig. 1). We applied
additional filtering for hereditary cancer predisposition gene panel
(Supplementary Figs. 2 and 3).

St Jude’s paediatric cancer cohort contains no germline PXR variant
and only three missense variants which are in LBD region was reported
in paediatric patients with lymphoid neoplasm. (Supplementary Fig. 4).
Patients with Diffuse large B-cell lymphoma (DLBCL) was seen in GEPIA
database to have higher expression of PXR compared to controls, its
expression was stage specific and increased expression was correlated
with shorter disease-free survival (Supplementary Fig. 5).

3.2. Clinical presentation of cases with PXR variant

A germline homozygous PXR c.811G>A variation was found in two
siblings (IV-10 and IV-14) diagnosed with HL. The index case was

Fig. 1. Novel missense NM_003889.3:c.811G > A, p.(Asp271Asn) variant in the PXR gene.
A) Pedigree of PXR family including affected members with different clinical phenotypes. Proband (IV-10) is indicated with an arrow. Black symbols represent
individuals with Hodgkin lymphoma, yellow - chronic inflammatory skin disease, green - cirrhosis and orange - cardiac arrest. Circles indicate females and squares
indicate males; slashes indicate deceased family members. Indicated numbers within squares and circles are number of individuals reported to be healthy. ** denotes
samples which underwent both WES and Sanger sequencing and * denotes only Sanger sequencing.
B) Therapy timeline of index case (IV-10) and lymphoma sibling (IV-14). ABVD: Adriamycin, Bleomycin, Vinblastine and Dacarbazine; ICE: of ifosfamide, carbo-
platin, etoposide; HSCT: hematopoietic stem cell transplantation.
C) PET-CT images of index patient at diagnosis (left) and remission (right)
D) Whole exome sequencing analysis pipeline.
E) Sanger validation and familial segregation of NM_003889.3:c.811G > A, p.(Asp271Asn) variant. V-15 (father), V-16 (mother) and IV-11 (brother) were found
heterozygous, and IV-10 (index) and IV-14 (sister) who were diagnosed as Hodgkin Lymphoma were found homozygous.
F) Schematic representation of PXR nuclear hormone receptor domains and conservation of codon 271 aspartic acid (bold and in red) across species and 100%
conservation is observed. N –N terminal, C –C terminal, DBD –DNA binding domain, H –hinge, LDB –ligand binding domain. Red amino acids are conserved among
represented species and bold underlined red amino acid represents residue with variant. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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referred for further treatment after six courses of chemotherapy. The
immunoglobulin (Ig) levels of IgA, IgG, IgM were within normal limits,
IgE level was elevated (IgA: 3,72 gr/dl, IgG 18,9 gr/dl, IgM: 2,36 gr/dl,
IgE 734 IU/ml). EBV DNA copy number by PCR was not elevated. In the
lymphocyte subgroups, the CD4 count was low (132 cell/microliter),
CD8 level was high (218 cell/microliter) and CD4/CD8 was 0.6. These
values were obtained after six courses of chemotherapy when she was
referred to our centre, thus under some immunosuppression and due to
progressive disease, she continued immunosuppressive treatment
including SCT, thus this and further immunologic workup could not be
considered reliable as a baseline immunologic workup to show whether
there was an underlying immunodeficiency.

3.3. Increased PXR expression in Hodgkin Reed Sternberg (HRS) cells

We evaluated PXR expression and cell localization in HL samples by
immunofluorescence staining. PXRD271N/D271N HRS cells had signifi-
cantly higher PXR expression compared to PXR-WT HRS cells
(p<0.0001, 3.27-fold change). Albeit PXR’s prominent expression in
cytoplasm of HRS cells, PXRD271N/D271N HRS cells showed increased PXR
expression in nucleus (p<0.001) (Fig. 2A and B, Supplementary Fig. 9).

Gene expression level of PXR was comparable to protein expression
levels for homozygous and WT HL samples. Patients with PXRD271N/
D271N showed significantly high expression compared to PXR WT HL,
PXRWT/D271N and healthy control samples (HC) (p=0.0001, p=0.0004
and p=0.0001, respectively) (Fig. 2C).

3.4. Deregulated inflammation and apoptosis pathways related gene
expressions in HL patient with PXR variant

To be able to show the NF-κB signaling activation, we examined the
NFKB1, IKK1 and TNF expression profile in HL and HC. HL samples with
PXRD271N/D271N variant showed relatively higher NFKB1 expression
compared to PXR-WT HL (p=0.0551), PXRWT/D271N carriers (p=0.0707)
and HC groups (p=0.0550). PXRD271N/D271N HL samples had relatively
increased IKK1 expression level compared to PXR-WT HL (p=0.2016),
PXRWT/D271N carriers (p=0.2117) and HC groups (p=0.2024).
PXRD271N/D271N HL samples with variant showed relatively increased
TNF expression level compared to PXR-WT HL (p=0.0899), PXRWT/

D271N carriers (p=0.1478) and HC (p=0.0997) (Fig. 2C).
Here we examined the apoptotic genes’ expression of TP53, BCL2,

FAS, BAX in HL and controls. We found significant reductions for TP53,
BCL2, FAS expressions in the PXRD271N/D271N HL samples compared to
PXRWT/D271N carriers and HC for TP53 p=0.0021 and p=0.0001, for
BCL2 p= 0.0142 and p=0.0002, for FAS p=0.0190 and p=0.0003
respectively. Expression levels of TP53, BCL2, FAS in PXRD271N/D271N

samples were similar to PXR-WT HL (p=0.0741, p=0.0801 and
p=0.084, respectively) (Supplementary Fig. 6). BAX gene expression
levels were not significant between the PXRD271N/D271N and PXRWT/

D271N individuals (p=0.5912) and PXRD271N/D271N vs. HC (p=0.2746),
whereas PXR-WT HL samples showed decreased BAX expression
compared to PXRD271N/D271N samples.

LowerMYC expression was detected in samples with PXRD271N/D271N

compared to PXR-WT HL, PXRWT/D271N and HC (p=0.0058, p=0.0051
and p=0.0001, respectively). Homozygous HL samples had also signif-
icantly decreased LEF1 expression compared to the controls (PXRD271N/
D271N vs PXRWT/D271N p=0.0397, PXRD271N/D271N samples vs HC
p=0.0017) but increased compared to PXR-WT HL samples (p< 0.0001)
(Supplementary Figs. 6D and 6E).

Samples with PXRD271N/D271N alteration did not show any differen-
tial expression for CCND1 (PXRD271N/D271N samples compared to PXR-
WT HL (p=0.4641), PXRWT/D271N samples (p=0.0956) and HC
(p=0.2988) (Supplementary Fig. 7B). PXR-WT HL samples showed
significantly reduced PTEN1 expression compared to PXRD271N/D271N

samples (p=0.0001) (Supplementary Fig. 7C).
When protein interaction network was evaluated (Supplementary

Fig. 10), PXR was seen to be directly interacting with NF-kB related
proteins through TP53 and TNF.

3.5. ABCB1 haplotypes in siblings

To evaluate the different treatment responses between the sisters (IV-
10 and IV-14) with HL, we checked two important PXR target genes;
multidrug resistance 1 (MDR1) and cytochrome P450 3A4 (CYP3A4) for
the possible metabolic polymorphisms. Index case (IV-10) did not show
any functional polymorphism in the CYP3A4 gene. But a specific MDR1
haplotype was found homozygous for all three rs1128503, rs2032582
and rs1045642 variants in index case (IV-10), the sister (VI-14) who had
good response to chemotherapy and the brother (IV-11) were hetero-
zygous for the same polymorphic regions (Supplementary Fig. 8).

4. Discussion

PXR is a member of the nuclear receptor superfamily and germline
variations of PXR have been associated with treatment response and
resistance in cancers. Dysregulated PXR expression has been reported in
different cancer types and previous studies have demonstrated a pleio-
tropic effect of PXR on malignant transformation. PXR activation has
been shown to affect proliferation, apoptosis, cell cycle and drug
metabolism through target gene expression (Casey et al., 2011; Pondu-
gula et al., 2016; Xing et al., 2020; Skandalaki et al., 2021)

The cellular function of PXR, is largely achieved through ligand-
dependent binding to regulatory gene sequences. PXR has a highly
conserved DNA-binding domain (DBD) and a ligand-binding domain
(LBD), which includes the ligand-dependent activation function 2 (AF2)
region and the ligand-binding pocket. Upon ligand binding in AF2,
conformational changes occur that subsequently affect the transcription
of target genes (Xing et al., 2020). Herein, we identified a germline
homozygous PXR gene variation p.(Asp271Asn) in two sisters with HL
which is located in LBD of PXR and predicted to affect protein stability
(ΔΔG). There is evidence that variations in this region alter target gene
expression through conformational changes.

Activation of the NF-κB pathway is a well characterized and known
mechanism in sporadic HL, and germline gene variations that cause NF-
κB pathway activation have also been reported in HL. While there is no
direct evidence that PXR variations confer germline susceptibility to HL,
the development of age-related B-cell lymphoma has been observed in
an Sxr− /− mouse model with abnormally increased expression of NF-κB
and its target genes (Casey et al., 2011). Zhou et al. confirmed that
NF-κB target genes are upregulated in mice lacking Sxr and that NF-κB
activation reciprocally inhibits Sxr, whereas NF-κB inhibition enhances
Sxr activity (Zhou et al., 2006). In this respect, NF-κB related genes’
expressions, which were shown in these animal models to be deregu-
lated were evaluated in PXRmutated family members (cell proliferation
(Chuk, Nfkb1), apoptosis (p53, Bcl-2, Fas) and inflammation (TNFα)
related genes). In parallel with the findings in animal models, these
genes were found to be deregulated in homozygous PXR HL cases pre-
sented in our study. To evaluate the effect of the PXR variation on
gene/protein levels and cellular localization, we examined PXRWT/D271N

and WT individuals as well as HL patient samples without PXR variant.
PXR expression levels were significantly increased in homozygous in-
dividuals in all comparison groups. Furthermore, both total and nuclear
PXR levels were found to be elevated in HRS cells with PXR variant. PXR
is involved in the modulation of different biological processes, including
inflammation, apoptosis, cell cycle arrest, lipid and drug metabolism
(Pondugula et al., 2016). Our study expanded the data on NF-κB
pathway activation in HRS cells that indicated a new PXR mediated
route for aberrant lymphomagenesis. PXR variant might impair the
regulation of NF-κB affecting the apoptosis related gene expression and
increase cell proliferation in HRS cells (Supplementary Fig. 10). Since
both PXR and NF-κB related genes are found to be upregulated, a
possible explanation might be that the homozygous variant in LBD
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disrupts the PXR response to ligands and its downstream effects,
including NF-κB suppression which may have led to lymphomagenesis.
However, further functional studies are required to verify our findings.

PXR expression down regulates p53 activity independently of its
transactivation activity and inhibits its downstream targets involved in
cell cycle arrest and apoptosis in human immune cells (Robbins et al.,
2016). It has been noted that PXR physically interacts (in a ligand
dependent manner) with p53, promotes malignant transformation by
reduced apoptosis, but their direct mutual inhibition is not clear. In the
current study, proapoptotic genes, p53 and BCL-2 that were found

downregulated in HLwith PXR variant suggesting the downstream effect
of PXR in malignant transformation through reduced apoptosis.

Additionally, heterozygous PXR variant cause inflammation by
upregulating TNFα expression which is a possible mechanism of chronic
inflammatory skin findings in family members of this study. PXR is
expressed in cutaneous tissue and plays role in cutaneous homeostasis
(Schmuth et al., 2014). The mouse model created by Elentner et al.
showed that constitutive activation of PXR in the epidermis results in
impaired epidermal barrier and triggers atopy. PXR expression was also
found increased in the skin of patients with atopic dermatitis (Elentner

Fig. 2. PXR protein expression and PXR, TNFα, IKK1 and NFKB1 mRNA expressions at HL and control cells.
A. Multinuclear HRS cells express PXR in HL tissues. Immunofluorescence staining utilizing a primary antibody against PXR (green) and DAPI (blue) staining for
nucleus. HepG2 cell line is used as a positive control for PXR expression. Depicted white squares are zoomed to representative images of the PXR expression at HRS
cells. Confocal images showed prominent cytoplasmic expression of PXR at PXRD271N/D271N (IV-14) HRS cells compared to PXR wild type HRS cells. All images were
acquired at 40 × magnification, Scale bars, 20 μm.
B. Protein quantification results were presented as the ratio of cells showing nuclear PXR expression to cells showing cytoplasmic expression in comparison to PXR
wild type and PXRD271N/D271N. Significantly increased PXR expression was detected in PXRD271N/D271N cells. Data are represented as mean ± s.e.m. Unpaired t-test
was used to compare mean between groups. In each group, HRS cells were selected for quantification (PXRD271N/D271N HRS cells n = 16; PXR wild type HRS cells n =

13). PXR intensity graph shows PXR’s (green) value in pixels (area); Pearson’s coefficient graph depicts correlation r values of PXR and DAPI detected pixels and
overlap coefficient graph overlap coefficient r values between PXR and DAPI staining pixels in HRS cells. Dashed line in Pearson’s coefficient graph corresponds to
the 0 of r value.
C. Gene expression levels of PXR, TNFα, IKK1 and NFKB1 in PXRD271N/D271N (IV-10 (index) and IV-14 (sister)) and PXR wild type patients with HL, healthy PXRWT/

D271N carriers (IV-11 (brother), III-15 (father), III-16 (mother)) and PXR wild type healthy controls. PXRD271N/D271N HL samples had relatively increased PXR, TNF,
IKK1 and NFKB1 expressions compare to other groups. ACTB gene was used for normalization. Mean ± s.e.m. of duplicate measurements are depicted. p value
significance: **** - ≤0.0001 and *** - ≤0.001. Indicated significance levels above bars are p values of comparison with PXRD271N/D271N group. Y axis was represented
as fold change compared to healthy control group. HOM: PXRD271N/D271N HL; HET: healthy PXRWT/D271N heterozygous family members; WT: PXR wild type HL
samples; HC: PXR wild type healthy controls. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 3. Possible impact for PXR with variant in Hodgkin Reed Sternberg cells.
PXR is a ligand-activated transcription factor and involved in the modulation of different biological processes, including inflammation, apoptosis, cell cycle arrest,
lipid and drug metabolism. PXR variant can cause impaired regulation of NF-κB and leads to decreased apoptosis related gene expression profile and increased cell
proliferation in Hodgkin Reed Sternberg cells. PXR with variant can also cause inflammation by upregulating TNFα expression which is a possible mechanism of
chronic inflammatory skin findings in family members. PXR is highly expressed by hepatocytes that regulate glucose and lipid metabolism. Aberrant expression of
PXR can contribute to cirrhosis findings in deceased individuals. MDR haplotypes were determined to pump out anti-cancer agents from cells that cause reduced drug
effectiveness. Drug resistance related MDR1 haplotype’s association with poor therapy response seen in index HL case. Image was generated at https://biorender
.com.
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et al., 2018). PXR is highly expressed by hepatocytes that regulate
glucose and lipid metabolism so aberrant expression of PXR might
contribute to cirrhosis findings in deceased individuals in our extended
family (Fig. 3).

Our study provided clinical evidence for the previously reported
Sxr− /− mouse model, which develops multifocal lymphomas, has
aberrantly increased Nfkb1 expression and persistent inflammation. The
germline homozygous PXR c.811G > A variant found in two HL siblings
may lead to upregulated nuclear PXR levels in HRS cells. Analysis of the
primary patient samples also revealed NF-κB activation and inflamma-
tion, which may trigger the development of HL. Germline PXR variation
is a rare event in cancer, and the family presented here with different
phenotypic presentations, including HL, inflammatory skin disease and
cirrhosis, supports the impaired functions of PXR for the first time.
Further functional studies are needed to understand the role of PXR in
lymphomagenesis.
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