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The Polymorphic Nuclear Factor NFIB 
Regulates Hepatic CYP2D6 Expression 
and Influences Risperidone Metabolism in 
Psychiatric Patients
Hasan Çağın Lenk1,2,† , Katharina Klöditz3,† , Inger Johansson3 , Robert Løvsletten Smith1,4 , 
Marin M. Jukić3,5 , Espen Molden1,2,†  and Magnus Ingelman- Sundberg3,*,†

The genetic background for interindividual variability of the polymorphic CYP2D6 enzyme activity remains 
incompletely understood and the role of NFIB genetic polymorphism for this variability was evaluated in this 
translational study. We investigated the effect of NFIB expression in vitro using 3D liver spheroids, Huh7 cells, 
and the influence of the NFIB polymorphism on metabolism of risperidone in patients in vivo. We found that NFIB 
regulates several important pharmacogenes, including CYP2D6. NFIB inhibited CYP2D6 gene expression in Huh7 
cells and NFIB expression in livers was predominantly nuclear and reduced at the mRNA and protein level in carriers 
of the NFIB rs28379954 T>C allele. Based on 604 risperidone treated patients genotyped for CYP2D6 and NFIB, 
we found that the rate of risperidone hydroxylation was elevated in NFIB rs28379954 T>C carriers among CYP2D6 
normal metabolizers, resulting in a similar rate of drug metabolism to what is observed in CYP2D6 ultrarapid 
metabolizers, with no such effect observed in CYP2D6 poor metabolizers lacking functional enzyme. The results 
indicate that NFIB constitutes a novel nuclear factor in the regulation of cytochrome P450 genes, and that its 
polymorphism is a predictor for the rate of CYP2D6 dependent drug metabolism in vivo.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
 There is a high unexplained interindividual variability in 
CYP2D6 activity within subjects carrying the fully functional 
CYP2D6*1 and CYP2D6*2 alleles.
WHAT QUESTION DID THIS STUDY ADDRESS?
 We investigated whether the polymorphic NFIB gene ex-
pression influenced CYP2D6 activity and expression using 
human liver specimens and a patient cohort (n = 604) geno-  and 
phenotyped for CYP2D6.
WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
 We found that CYP2D6 dependent hydroxylation of risp-
eridone was highly elevated in CYP2D6 normal metabolizers 
carrying the mutated NFIB C variant. The NFIB C allele had 
no effect on risperidone hydroxylation in poor metabolizers 

supporting a regulatory of role of NFIB on CYP2D6 metabo-
lism. NFIB expression was shown to inhibit CYP2D6 reporter 
gene expression in Huh7 cells and hepatocytes from mutated 
NFIB donors expressed substantially less NFIB mRNA and 
protein in the nuclei. Furthermore, we found that the NFIB 
polymorphism influences CYP2D6 expression implicating 
that the polymorphic locus remote from the CYP2D6 gene has 
to be considered for pre- emptive genotyping.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
 The data indicate that the NFIB rs28379954 T>C polymor-
phism is an important determinant for the rate of CYP2D6 
dependent drug metabolism. By implementing this polymor-
phism into algorithms for genetic contribution to CYP2D6 
dependent drug metabolism in vivo, the precision in predicting 
individual CYP2D6 phenotypes will likely be improved.
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Cytochrome P450 2D6 (CYP2D6) is a polymorphic enzyme in-
volved in the metabolism of ~ 25% of all clinically used drugs,1 in-
cluding many antipsychotics.2 The CYP2D6 metabolic capacity 
in vivo is predominantly genetically determined. Patients can be 
classified into CYP2D6 ultrarapid metabolizers (UMs), normal 
metabolizers (NMs), intermediate metabolizers (IMs), and poor 
metabolizers (PMs).3 The CYP2D6 IM group is heterogeneous 
and can be divided into two subcategories, based on having rela-
tively higher (CYP2D6 IM+) and lower (CYP2D6 IM- ) enzyme 
activity.4

Knowledge of the CYP2D6 genotype can be utilized for pre-
diction of drug metabolism in vivo.5 However, the interindividual 
variability in CYP2D6 activity within specific CYP2D6 metabo-
lizer categories, based on the current knowledge of CYP2D6 gene 
variants, is unexpectedly high.6 Thus, even the most refined predic-
tive algorithms based on to- date validated CYP2D6 genetic bio-
markers can only explain 40– 70% of interindividual variability in 
CYP2D6 activity observed in vivo.3,7 This indicates the existence 
of genetic variations that have not yet been considered to influence 
CYP2D6 expression and/or activity; in fact, such variations are 
not necessarily constrained to the CYP2D locus and may reside 
outside of it, within certain regulatory elements.

Nuclear factor 1B (NFIB) is involved in embryonic development 
of many organ systems8,9 and in the control of tumor growth.10 In 
clozapine- treated patients, we found that the heterozygous NFIB 
rs28379954 T>C (allele NFIB TC) carriers exhibit significantly 
reduced plasma levels of clozapine, compared with subjects homo-
zygous for the NFIB T variant (NFIB TT).11 However, the mech-
anism by which NFIB and NFIB genetic polymorphisms may 
influence the clozapine exposure is unknown. Clozapine is mainly 
metabolized by CYP1A2, CYP3A4, FMO3, and UGT1A4.12 We 
investigated whether the NFIB T>C polymorphism might influ-
ence the expression of hepatic absorption, distribution, metabo-
lism, and excretion (ADME) genes, in particular CYP2D6. For the 
latter purpose, we performed (1) an in vivo study on a naturalistic 
cohort of 604 patients carrying different NFIB genotypes to ex-
amine the effect of NFIB polymorphism on risperidone hydrox-
ylation, which is catalyzed by CYP2D6; and (2) an in vitro study 
on 3D hepatocyte spheroids, hepatoma cells using CYP2D6 gene 
reporters and flash frozen liver pieces to examine the effect of the 
NFIB polymorphism on the expression of CYP2D6.

METHODS
Study population
The effect of the NFIB polymorphism on CYP2D6 metabolism was 
investigated in a patient cohort treated with the CYP2D6 substrate 
risperidone. Subject data was retrospectively collected from the rou-
tine therapeutic drug monitoring (TDM) database at the Center 
for Psychopharmacology, Diakonhjemmet Hospital, Oslo, Norway. 
Inclusion of the subjects and their measurements are determined further 
by the following criteria: (1) oral treatment with risperidone; (2) history 
of at least one detectable risperidone (and 9- hydroxyrisperidone) serum 
concentration measurement between January 1, 2005, and Aug 13. 2020; 
(3) CYP2D6 genotype available from historic analyses; and (4) blood 
samples available in biobank for analysis of NFIB rs28379954 T>C 
polymorphism genotyping. Exclusion criteria for previously included 
measurements were: (1) comedication with CYP2D6 enzyme inhibitors 
bupropion, fluoxetine, and paroxetine; or (2) potent antiepileptic enzyme 

inducers; (3) unavailable information on prescribed dose, time difference 
between last dosage, and blood sampling for serum concentration anal-
ysis or blood sampling withdrawn outside the period of 10– 30 hours; 
and (4) age above 65 years at the time of blood sampling. Information on 
risperidone prescription and blood sampling for TDM, comedications, 
sex, and age were obtained from the requisition forms.

All patients were Norwegian inhabitants, confirmed by a unique social 
security number, and most were assumed to be of Scandinavian ancestry 
based on the ethnic composition of the general Norwegian population.

Serum concentration analysis of risperidone and 
9- hydroxyrisperidone
As previously described,13 the analytical assays were validated and certified 
for routine clinical TDM. During the whole study period, the assays were 
periodically adjusted, however, all modifications were cross- validated and 
therefore considered fully equivalent. Concisely, the most recent meth-
ods were performed with initial sample purification by protein precip-
itation; the supernatant injection into an ultrahigh- performance liquid 
chromatograph with tandem mass spectrometric detection. All the cal-
ibration curves were linear (R2 > 0.99) in validated ranges: risperidone, 
1– 200 nmol/L; 9- hydroxyrisperidone, 2.5- 300 nmol/L. Imprecision and 
inaccuracy parameters of the assays were lower than 5%.

Genotyping

CYP2D6. Validated and certified TaqMan based real- time polymerase 
chain reaction assays and copy number analyses developed for routine 
pharmacogenetic testing at the Center for Psychopharmacology were used 
for analysis of CYP2D6 variant alleles. The genotyping panel for CYP2D6 
included analyses for gene variants and copy numbers encompassing the 
lack- of- function variants (Nonf ) CYP2D6*3 (rs35742686), CYP2D6*4 
(rs3892097), CYP2D6*5 (whole gene deletion), CYP2D6*6 (rs5030655), 
the decreased function (Decr) variants CYP2D6*9 (rs5030656), 
CYP2D6*10 (rs1065852), CYP2D6*41 (rs28371725), and duplicated 
functional CYP2D6 alleles. If none of the CYP2D6 variant alleles in-
cluded in the pharmacogenetic panel were detected, the allele was consid-
ered as normal CYP2D6 allele (Norm; i.e. CYP2D6*1 or CYP2D6*2).

NFIB rs28379954 T>C analysis. Genotyping of the NFIB rs28379954 
T>C variant was carried out using the same platform as for CYP2D6 
genotyping. TaqMan single- nucleotide polymorphism genotyping as-
says and TaqMan genotyping polymerase chain reaction (PCR) mas-
ter mix (Thermo Fisher Scientific, Waltham, MA, USA) were used 
for rs28379954 T>C (C_59359617_10) genotyping. The PCR assays 
were run on QuantStudio12K Flex Real- Time PCR System (Applied 
Biosystem Life Technologies, Thermo Fischer Scientific) or a 7500 Fast 
Real- Time PCR system (Applied Biosystems).

Gene expression analysis in liver spheroids
Cryopreserved human hepatocytes were obtained from Bioreclamation 
IVT (BioIVT, Westbury, NY, USA), KaLy- Cell (Plobsheim, France), 
and Lonza (Basel, Switzerland), and 3D human hepatocyte spher-
oids prepared as described.14 The donors used were: SYF, GID, HJK 
(BioIVT), HUM201221 (Lonza), and S1506T (KaLy Cell). Total RNA 
was isolated from 48 pooled human hepatic spheroids using the QIAzol 
Lysis Reagent (Qiagen, USA) and the RNA concentration was measured 
at a Qubit  4 fluorometer (Thermo Fisher Scientific). Following the 
RNA extraction, cDNA synthesis was performed using the SuperScript 
III reverse transcriptase (Thermo Fisher Scientific) and gene expression 
was analyzed by reverse transcription polymerase chain reaction (RT- 
qPCR) using a TaqMan Universal mix and TaqMan probes (obtained 
from Thermo Fisher; Table S1) on a 7500 Fast Real- Time PCR system 
(Applied Biosystems). Data analysis was performed using the 2ΔΔCt 
method and TATA- binding protein (TBP) as the housekeeping gene.
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NFIB gene variant and protein analyses in human livers
Total RNA was extracted from deeply frozen liver samples in our liver 
biobank,15 as described above. Primers were designed to target individual 
exons of the NFIB variants and ordered from Thermo Fisher Scientific 
(primer sequences are listed in Table S2). The PCR was performed using 
the Phusion Green Hot Start II High- Fidelity PCR Master Mix where 
the annealing temperature was set to 60°C and the elongation tempera-
ture to 72°C for 35 PCR cycles. The samples were loaded to 2% agarose 
gels in TAE buffer containing GelRed Nucleic Acid gel- stain (Biotium, 
Fremont, CA) and separated by electrophoresis. The amplified frag-
ments were then detected using the ChemiDoc Imaging Systems (Bio- 
Rad, Hercules, CA, USA).

For quantification of the total NFIB mRNA expression— including 
all different NFIB variants— we used a TaqMan assay (Hs00232149_
m1; Thermo Fisher) on a 7500 Fast Real- Time PCR system (Applied 
Biosystems) using the conditions as recommended by the manufacturer. 
This TaqMan assay detects all the NFIB variants. TBP was used as a house-
keeping gene.

NFIB protein expression analysis was performed using fluores-
cent immunohistochemistry and the NFIB antibody (#HPA003956; 
Sigma Aldrich) at 1:1,000 dilution. Liver sections of 8- µm thickness 
were obtained from by NX70 cryostat (Thermo Fisher Scientific) and 
transferred to histological slides. The samples were fixated by incuba-
tion for 20 minutes at RT with 4% PFA followed by three washes with 
phosphate- buffered saline (PBS). Permeabilization was obtained by in-
cubating the samples for 2 minutes in 0.1% sodium citrate and 0.1% 
Triton. The samples were then blocked for 2 hours in PBTA (5% bovine 
serum albumin, 0.25% Triton X- 100, and 0.1% sodium azide in PBS) 
and stained with antibodies according to standard protocols. Cover 
slips were placed on the glass slides using mounting medium with DAPI 
(ProLong Gold antifade reagent with DAPI; Thermo Fisher Scientific) 
and the individual liver sections were imaged at a Zeiss LSM880 con-
focal microscope at a 20× and 40× magnification. At least six images 
were obtained from each liver donor. Analysis was performed with 
ImageJ using a macro developed for this purpose, which is available 
upon request.

Western Blot analysis
Huh7 cells were harvested and lysed in radioimmunoprecipitation 
assay buffer containing Roche complete protease inhibitor cocktail 
(Sigma- Aldrich). Protein concentration was determined using DC 
protein Assay (Bio- Rad) and 0.62– 25 µg of protein was loaded on 
10% sodium dodecyl sulfate- polyacrylamide gel electrophoresis gel 
(Bio- Rad) and blotted to an Amersham Protran Supported nitro-
cellulose membrane. NFIB protein was detected with NF1B2 anti-
body (EPR14122) 1:1000 from Abcam (Cambridge, UK) and goat 
antirabbit- HRP (DAKO, Agilent, CA) 1:5000 and visualized using 
SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo 
Fisher Scientific) and ChemiDoc MP Imaging System (Bio- Rad 
Laboratories, Hercules, CA).

Analyses of expression of CYP2D6 reporter constructs

Huh7 cell culture. The human hepatoma Huh7 cell line (Human Science 
Research Resources Bank, Tokyo, Japan) was cultured in Dulbecco’s 
modified Eagle’s medium, 4.5 g glucose/L, supplemented with 10% fetal 
bovine serum, 100 IU/mL and 100 μg/mL streptomycin (Invitrogen, 
Carlsbad, CA) at 37°C in 5% carbon dioxide.

Plasmid constructs. Reporter constructs containing three different 
lengths of the CYP2D6 5′- f lanking regulatory regions were generated 
by PCR using Platinum SuperFi II DNA polymerase (Invitrogen, 
Waltham, MA). Sequences of primer used for cloning of the CYP2D6 
5′- f lanking regions are listed in Table  S3. Genomic DNA from 

subjects homozygous for CYP2D6*1 was used as template. Different 
length of the 5′- f lanking regions (i.e., −1915/+88 to −413/+88), were 
inserted between the NheI/HindIII sites of the pGL4.10 basic vec-
tor (Promega, Madison, WI). The region −172/+88, containing the 
HNF4α binding site, were inserted between the KpnI/XhoI sites. The 
DNA sequences were verified.

Transient transfections. Huh7 cells were seeded on 48- well plates and 
used when confluent for at least 3 days. The cells were transfected using 
Lipofectamine 3000 Transfection Reagent (Invitrogen) and 0.25 μg re-
porter plasmid, 0.6 ng pRL- CMV control plasmid and 0.25 μg pCMV3- 
NFIB expression plasmid (from Sino Biological, Beijing, China) or 
corresponding empty plasmid (mock) according to the manufacturer’s 
recommendations. Luciferase activities were determined 65– 70 hours 
after transfection using the Dual Luciferase Reporter Assay (Promega) 
and a SpectraMax iD3 Microplate Reader (Molecular Devices, San Jose, 
CA, USA).

Outcomes and statistics
The primary outcomes of the study were two- fold: (1) to investigate the 
potential effect of NFIB rs28379954 T>C polymorphism on CYP2D6 
metabolism in vivo using risperidone as a biomarker; and (2) in light of 
a detected effect in (1), to evaluate the functional effects of the NFIB 
mediated CYP2D6 regulation in CYP2D6 reporter systems and of the 
NFIB polymorphism in flash frozen liver pieces.

The metabolite- to- parent ratio (MPR) of risperidone has previously 
been validated as an excellent CYP2D6 phenotypic marker,16 which is 
calculated by dividing the 9- hydroxyrisperidone serum concentration 
(nmol/L) with the risperidone serum concentration (nmol/L). When 
evaluating the effect of the NFIB rs28379954 T>C polymorphism in 
relation to CYP2D6- metabolizer phenotype, CYP2D6 genotype/pheno-
type translations were performed as previously published3; in particular, 
CYP2D6Nonf/Nonf subjects were PMs, CYP CYP2D6Decr/Nonf and 
CYP2D6Decr/Decr were IMs, CYP2D6Norm/Nonf, CYP2D6Norm/Decr 
were IM+, CYP2D6Norm/Norm were NMs, and CYP2D6Norm/Norm/
Norm were UMs.

Linear mixed model analysis with random intercepts was performed 
for estimation of risperidone metabolism and exposure to account for 
multiple measurements per subject with the following variables: (1) 
MPR (or CD) as dependent variable; (2) NFIB genotype, age, sex, and 
time difference between last dose and blood sampling as fixed effects; 
and (3) unique anonymized patient number as random effect. Because 
of the skewed nature of MPR and CD variables, they were natural log 
transformed prior to linear mixed model analysis. Estimated marginal 
means and 95% confidence interval (CI) ranges are back- transformed 
for representation of the results.

Statistical analyses of the patient data were performed using R version 
4.1.1. Statistical analyses of the hepatic NFIB protein expression data 
(Figure  4) were performed using GraphPad Prism 5 software applying 
two- tailed paired t- test and Bonferroni correction. For all analyses, a P 
value < 0.05 was defined as statistically significant. Statistical analysis of 
the qPCR data was performed using GraphPad Prism 5 software applying 
two- tailed paired t- test and Bonferroni correction. Statistical analysis of 
the immunohistochemical (IHC) data was performed using GraphPad 
Prism 5 software applying Student’s t- test or Mann– Whitney test. Violin 
plots showing the mean NFIB intensity of individual nuclei were gener-
ated using the GraphPad Prism 9 software.

RESULTS
Investigation of NFIB dependent regulation of hepatic ADME 
gene expression
Our previous results showed a significant association between the 
NFIB rs28379954 T>C polymorphism and the clozapine exposure 
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in psychiatric patients; however, the cause of this phenomenon 
has not been determined.11 Initially, we evaluated whether and to 
which extent NFIB could influence the expression of 21 different 
hepatic genes by using 3D hepatocyte spheroids, having an in vivo 
like phenotype,14 prepared from five independent liver donors. As 
evident from the Figure S1, NFIB silencing highly decreased the 
expression of NFIB and GSTP1. In addition, the expression of the 
CYP1A2, CYP2D6, CYP2C8, and CYP2B6 genes were also re-
duced to a substantial extent by the NFIB silencing, whereas less 
prominent, but still significant decrease of gene expression was 
observed for the phase II enzyme genes UGT1A1, UGT1A3, and 
UGT1A4. By contrast, the expression of CYP2C9, CYP2C19, 
CYP3A4, UGT2B10, CRYZ, ABCB1, ABCC1, ABCG2, 
SLC22A1, SLC22A3, and FMO3 was not significantly affected 
by the NFIB silencing. NMT2 was the only gene analyzed that 
exhibited significantly increased mRNA expression upon silenc-
ing of NFIB in this system. By contrast, NFIB overexpression in 
Huh7 cells caused inhibited expression of CYP2D6 reporter con-
structs (see below). Our data hitherto indicates a more general role 
of NFIB in the control of specific hepatic ADME gene expression 
and we hypothesized that NFIB could also influence CYP2D6 
expression in vivo.

CYP2D6- mediated risperidone metabolism is increased in 
NFIB rs28379954 T>C variant carriers
We analyzed the CYP2D6- catalyzed 9- hydroxyrisperidone- to- ri
speridone metabolic transformation (metabolite- to- parent ratio) 
between subjects with the NFIB TT and TC genotypes derived 
from the routine TDM database based on a psychiatric patient 
population of 604 subjects. The application of the inclusion and 
exclusion criteria is schematically represented in Figure 1, whereas 
the population characteristics are presented in Table S4.

The frequency of the NFIB C (minor allele) variant was 5.2% 
(Table S5). The comparisons of 9- OH- risperidone- to- risperidone 
ratios revealed that among CYP2D6 NM, carriers of the NFIB TC 
genotype exhibited significantly higher CYP2D6 metabolic capac-
ity than subjects of the NFIB TT genotype (P = 0.007; Figure 2; 
Table 1). A trend toward increased MPR was observed in carriers 
of the NFIB C allele in the CYP2D6 IM+ cohort subset (P = 0.06; 
Figure 2), whereas no significant difference was observed in the 
CYP2D6 IM-  and CYP2D6 PM groups (Figure 2). Importantly, 
the quantitative effects of NFIB genotype on risperidone metabo-
lism increased by increasing baseline CYP2D6 phenotype with a 
2.14- fold higher metabolic ratio in patients of the NFIB TC gen-
otype as compared with those of the NFIB TT genotype among 

Figure 1 Overall scheme for the selection of patients in the clinical study. Out of 841 patients, 605 were found to be eligible for analyses.

840 patients with 3061 risperidone and 9-hydroxyrisperidone 
serum concentration measurements were included from the 
TDM database with the following criteria:

1. From 01.Jan.2005 to 13.Aug.2020
2. Blood samples available for genotyping in the biobank
3. Available dosage, risperidone, and 9-hydroxyrisperidone 

information
4. History of at least one risperidone measurement with  ≥

2 mg/day dosage
5. Measurements with oral formulation

Excluded measurements (n = 1282):
1. Polypharmacy with CYP2D6 enzyme 

inhibitors and potent CYP enzyme inducers 
(n=132) 

2. Time difference between last dosage and 
sampling unavailable,  or outside 10-30 h
(n=943)

3. Age at the time of measurement > 65 
(n=172)

4. Unavailable CYP2D6 genotype (n=35)

Study population included in the statistical 
analysis:
604 subjects with 1779 measurements
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CYP2D6 NMs (Table 1). The number of CYP2D6 UM individ-
uals was insufficient for a meaningful comparison. The results nev-
ertheless suggest a substantial effect of the NFIB polymorphism on 
the rate of CYP2D6 metabolism in carriers of functional CYP2D6 
alleles, but no influence of the polymorphism among CYP2D6 
PMs lacking functional CYP2D6 enzyme, indicating that the ef-
fect of NFIB C on risperidone metabolism is linked specifically by 
increased CYP2D6 enzyme expression. An overview of the clinical 
importance of the NFIB and CYP2D6 polymorphisms in different 
part of the world is provided in Table 2.

NFIB modulates CYP2D6 expression by interfering with 
regulatory elements located between - 172 and - 1409 bp 
upstream in the CYP2D6 gene
To investigate whether NFIB can interfere with regulatory 
 elements upstream in the CYP2D6 gene, we measured the effect 
of NFIB on CYP2D6 reporter gene expression by using lucifer-
ase reporter constructs. Accordingly, an NFIB cDNA expression 

vector was transfected into confluent Huh7 cells and the effect of 
NFIB expression on the rate of expression of 7 different luciferase 
reporter constructs encompassing different parts of the CYP2D6 
5′- upstream sequences between - 172 bp and - 1915 bp upstream. 
We found that heterologous expression of the NFIB caused pro-
found inhibition of the constructs containing sequences longer 
than 500 bp. No inhibition was seen using the 500 bp construct 
and a much less inhibition was present using the - 172 bp reporter 
(Figure 3). This indicates that the NFIB protein interacts with 
nuclear proteins binding to the CYP2D6 regulatory elements be-
tween - 413 bp and - 534 bp 5′- upstream.

Expression of NFIB protein and mRNA is reduced in livers of 
NFIB TC donors
In order to evaluate the functional effect of the NFIB polymor-
phism, we determined NFIB expression in livers from donors of 
the different NFIB genotypes at the mRNA and protein level. 
RNA was extracted from 9 NFIB TT livers, 11 NFIB TC livers, 

Figure 2 Influence of the NFIB polymorphism on the metabolite- to- parent ratio (MPR) of 9- hydroxyrisperidone to risperidone in patients of 
different CYP2D6 and NFIB genotypes. Each point represents median metabolic ratios per patient from several measurements. Central points 
represent estimated marginal means and tips of the bars represent 95% confidence interval (CI) from linear mixed model analysis. The P 
values for pairwise comparisons and number of patients are added for each subgroup. Linear mixed model analysis was used for pairwise 
comparisons of estimated means in natural logarithm transformed variables and adjusted for age, sex, and time difference of last dose and 
blood sampling. Estimated marginal means are converted back to linear scale for presentation of results. As seen the NFIB C allele is highly 
linked to increased risperidone hydroxylation in carriers of functional CYP2D6 enzyme, whereas no effect is seen in subjects lacking the 
CYP2D6 enzyme (CYP2D6 PM). IM, intermediate metabolizer; NM, normal metabolizer; PM, poor metabolizer; UM, ultrarapid metabolizer.
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and one NFIB CC liver. Different primer pairs were used to am-
plify mRNA fragments encoding different exons specific for dif-
ferent variants of the NFIB transcripts as shown in Table S2. As 
shown in Figure S2 and Table S2, we did not find any significant 
differences in the different spliced mRNA variants between the 
NFIB genotypes but a significantly reduced total NFIB mRNA 
expression in NFIB TC and CC livers as compared with NFIB 
TT was revealed by TaqMan quantification. Investigation of 
the NFIB protein expression in liver sections from donors of the 
different NFIB genotypes by fluorescent IHC, revealed that the 
NFIB protein expression was predominantly located within the 
nuclei of the hepatocytes and that livers having the NFIB TT gen-
otype had a substantially higher nuclear NFIB staining compared 
with the livers with NFIB TC and CC genotypes (Figure 4). In 
addition, the proportion of nuclei with high NFIB expression was 
significantly lower in NFIB TC and CC carriers, as compared 
with those having a NFIB TT genotype (Figure S3). In summary, 
the data indicate that the NFIB mRNA and protein levels are re-
duced in NFIB TC and CC livers.

Analyses of linkage equilibrium of the rs28379954 T>C 
mutation
The basis behind the effect seen in NFIB T>C carriers remains 
unknown. We investigated to which extent rs28379954 T>C 
genetic variant might be in linkage disequilibrium to variants 
in neighboring genes of potential importance. Indeed Palleja et 
al.17 suggests that the LD block, which includes rs28379954, 
extends from 14038343 to 14343279 on chr9 (hg19; i.e., it en-
compasses the whole NFIB gene with some flanks). However, 
these data are based on D′, not on r2. Thus, if one considers the 
r2 metric instead and HapMap data for European population, 
then only 5 SNPs in this LD block show r2 values above 0.2, 
and none of them has r2 above 0.5 using HaploReg, SNiPA, and 
LDlink. Among the recent genetic variants described (https://
www.ensem bl.org/), three were found in NFIB introns, namely 
rs12156582 r2 = 0.7; rs10481501; and r2 = 0.56 and rs10961406 
r2 = 0.56, but they are all very rare and cannot be in linkage dis-
equilibrium with the NFIB C haplotype, indicating the absence 
of an obvious linkage disequilibrium to other functionally active 
genetic variants.

DISCUSSION
In the present investigation, we show data indicating that (1) 
the NFIB genotype is a determinant of CYP2D6 metabolism 
in risperidone- treated patients; (2) that NFIB acts as a nuclear 
factor inhibiting CYP2D6 expression; and (3) that the NFIB 
C allele associates to lower NFIB protein levels in hepatocyte 
nuclei, implicating a reduced inhibition of CYP2D6 expression 
among such carriers. Incorporation of the NFIB polymorphism 
into algorithms predictive of CYP2D6 metabolism may con-
tribute to a better personalization of treatment with CYP2D6 
substrates, such as antipsychotics, antidepressants, antiarrhyth-
mics, lipophilic β- adrenoceptor blockers, opioids, and tamoxi-
fen (cf. Table 2).

The allele frequency of the NFIB C variant, which is associated 
with higher CYP2D6 metabolic capacity, varies between differ-
ent populations and is highest in Europeans (~ 6%; https://www.
ensem bl.org/). The frequency of CYP2D6 active gene duplication 
in Northern Europe is ~ 3%18 and the subjects carrying this dupli-
cation are considered to constitute the CYP2D6 UM phenotype. 
However, there are many rapid metabolizers based on phenotype 
which do not carry this duplication. Interestingly, as demonstrated 
by the retrospective cohort study herein, the subpopulation hav-
ing NFIB T>C and CYP2D6 NM has ultrarapid risperidone me-
tabolism similar in magnitude to the conventional CYP2D6 UM 
phenotypes carrying duplicated active CYP2D6 genes (Figure 2). 
Therefore, the NFIB C allele holds a potential to explain a sub-
stantial proportion of the subjects which are homozygous carriers 
of CYP2D6 NM alleles but exhibit ultrarapid drug metabolism 
instead of the expected normal CYP2D6 metabolizer phenotype. 
Although these results still require further validation with different 
CYP2D6 substrates and/or independent cohorts, this observation 
argues in favor for that CYP2D6 NM patients having the NFIB 
TC genotype should be considered UMs. Therefore, in case that 
this hypothesis will be confirmed, the relevance of the regulation of 
CYP2D6 by NFIB and routine rs28379954 T>C genotyping will 
become very apparent in clinical medicine.

In addition, the results provide mechanistic insight into the 
regulation of CYP2D6 metabolic capacity by NFIB measured by 
risperidone MPR. NFIB was able to suppress CYP2D6 reporter 
gene expression in Huh7 cells as revealed by expression of reporter 
constructs encompassing −1,915 bp to −413 bp of the 5′ upstream 
CYP2D6 sequences. Thus, NFIB appears to inhibit CYP2D6 ex-
pression by clustering with proteins interfering with an element 
−413 bp to −534 bp upstream in the CYP2D6 gene. However, 
the effects of NFIB silencing during more chronic conditions of 
17 days as used in the 3D liver spheroid model, are not compati-
ble with the 2- day data obtained in the Huh7 cells. This might be 
explained by the long- term effects of NFIB in the spheroids influ-
encing the expression of many other nuclear proteins involved in 
the regulation of CYP2D6 and other hepatic genes. Indeed, NFI 
proteins have been implicated in both activation and repression of 
gene promotors utilizing different types of mechanisms, depend-
ing on cellular systems, tissues, etc.19 The exact mechanisms behind 
and nuclear proteins involved in addition to NFIB in the control 
of CYP2D6 expression under in vivo conditions, thus remain to 
be identified.

The occurrence of NFIB C allele correlated to a substantial 
decrease in the level of NFIB mRNA expression, as well as a sig-
nificant reduction of nuclear NFIB protein expression and, in 
particular, the number of hepatocyte nuclei which express high 
level of NFIB (Figures 4, S3). Hypothetically, there is therefore 
a lower potential for the suppression of hepatic CYP2D6 expres-
sion in the livers carrying the NFIB C variant, which is a pos-
sible explanation of the increase in CYP2D6 metabolic capacity 
in vivo, observed in NFIB T>C carriers compared to subjects 
lacking this variant (NFIB TT). In the CYP2D6 PM patients 
lacking active CYP2D6 enzyme, the NFIB C allele did not affect 
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the risperidone metabolic ratio, indeed supporting that the NFIB 
effect on risperidone hydroxylation is mediated by interfering 
with the CYP2D6 expression and subsequently with CYP2D6- 
mediated metabolism specifically. The plausible effect of the 
NFIB C allele is thus to decrease the extent of NFIB mediated 
suppression of hepatic CYP2D6 expression. The mechanism is 
still unknown and probably involves NFIB mediated regulation 
of regulatory proteins. Their identities remain to be established 
and the absence of a true linkage equilibrium of rs28379954 to 
other genetic variants provides no information in this respect. In 
conclusion, our data indicate that the polymorphic NFIB consti-
tutes a novel nuclear factor in the regulation of CYP2D6, which 
can be implemented into algorithms for genetic contribution to 
the rate of CYP2D6- mediated drug metabolism in vivo and pre-
dictions of individual dose requirements for many medications, 
including those used in psychiatry. Any role of the NFIB poly-
morphism in the control of, for example, CYP1A2, CYP2B6, and 
CYP2C8 gene expression as here indicated (Figure S1), requires 
further investigations.

Limitations
The current study was based on patient data collected in a real- 
life setting. This implies certain potential limitations associated 
with, for example, treatment adherence, access to all comedi-
cations, imprecise information by the physicians requesting 
risperidone TDM in terms of prescribed dose and sampling, 
etc. However, by including a large patient population and due 
to randomness of mentioned confounding factors, these lim-
itations are largely bypassed. Nonetheless, it is important that 
additional studies on other CYP2D6 substrates are performed 
to investigate if NFIB’s effect on CYP2D6 metabolism for 
the purpose of biomarker validation. In addition, the mecha-
nism of action by which NFIB interferes with the regulation 
of CYP2D6 expression needs to be elucidated in more detail. 
The opposite effects of NFIB more acute action on CYP2D6 
expression in Huh7 cells as compared with the more long- term 
conditions in 3D liver spheroids in particular utilizing overex-
pressed NFIB and CYP2D6 gene reporter constructs, requires 
further investigation.

Figure 3 (a) Analyses of NFIB expression in Huh7 cells (triplicates; unfilled square indicates control cells). NFIB protein was only detected 
following heterologous expression using an NFIB expression plasmid. The amount of protein applied were: Huh7, 25 µg, Huh7- NFIB 0.625 µg, 
and NFIB control HEK293- NFIB. (b) CYP2D6 gene constructs used. (c) Effect of heterologous NFIB expression on the expression of seven 
different CYP2D6 5′- upstream reporter constructs. A high inhibitory effect was observed using a 0.62 kb upstream construct but not in the 
0.5 kb construct indicating an NFIB responsive element between 500 bp and 620 bp upstream of transcription start site. The data shown are 
based on 3– 8 separate experiments.

Figure 4 (a) NFIB staining in liver sections from donors of the NFIB TT (n = 10), TC (n = 12) and CC (n = 1) genotypes. Representative images 
from all donors investigates as well as the results obtained from the antibody control staining excluding the primary antibody are shown. NFIB 
is visualized in red and nuclei are co- stained with DAPI. (b) Quantification of the amount of NFIB in the human livers of the NFIB TT (wt), NFIB 
TC (heterozygous) and NFIB CC (homozygous) livers as visualized in violin plots. Nonparametric t- test/Mann– Whitney test was performed for 
statistical analysis. ***, P < 0.0001.
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SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).
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