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ligase for PXR. PXR abundance increases upon knockdown of FBX044, and, inversely, decreases upon
overexpression of FBXO44. Further analysis revealed that FBXO44 interacts with PXR, leading to its
ubiquitination and proteasomal degradation, and we determined that the F-box associated domain of
FBXO044 and the ligand binding domain of PXR are required for the functional interaction. In summary,
FBXO044 regulates PXR protein abundance, which has downstream consequences for CYP3A4 levels and
drug—drug interactions. The results of this study provide new insight into the molecular mechanisms that
regulate PXR protein level and activity and suggest the importance of considering how modulating E3
ubiquitin ligase activities will affect PXR-mediated drug metabolism.
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1. Introduction

Pregnane X receptor (PXR) is a nuclear receptor that governs the
liver detoxification system. Previous studies have established that
PXR exhibits ligand promiscuity and may be activated by many
diverse compounds, both endogenous and exogenous'~. Upon
agonist binding, PXR transcriptionally up-regulates genes encoding
drug-metabolizing enzymes, such as the cytochrome P450 (CYP)
family of enzymes (e.g., CYP3A4) and transporters (e.g., the efflux
pump protein MDR1)* . Besides drug metabolism, PXR is
involved in physiological processes, such as glucose and lipid
metabolism and detoxification of bile acids and bilirubin, and has
been implicated in diseases like hepatic steatosis, inflammatory
bowel disease, diabetes, and various cancers® . CYP3A44 is a vital
PXR target gene because it is responsible for metabolizing many
clinical drugs; thus, pharmaceuticals that activate PXR, such as the
antibiotic rifampicin and the antiviral ritonavir, increase the risk of
drug resistance, drug—drug interactions, and liver toxicity'>'®. To
avoid these undesirable PXR-mediated effects, pharmaceutical
companies expend significant resources to eliminate PXR activation
by drug candidates. Consequently, the downstream regulation of the
PXR signaling cascade and its target genes is well-characterized,
but less is known about the natural modulation of PXR protein level
and activity.

Ubiquitination is the process by which ubiquitin is added to
lysine residues of target proteins, occurring through an enzyme
cascade involving an El1 ubiquitin-activating enzyme, an E2
ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase'’.
Ubiquitination leads to distinct outcomes, depending on the
linkage and length of the ubiquitin chain. For example, poly-
ubiquitin Lys48 (K48)-linked chains typically signal for protea-
somal degradation, while monoubiquitination may alter a protein’s
interactions, activity, or subcellular localization'’. Many proteins
rely on the ubiquitin—proteasome degradation pathway for turn-
over and homeostatic regulation'’ 2!, Three different E3 ligases
(RBCK1, UBRS, and TRIM21) have thus far been reported to
interact with PXR*> >*, suggesting that additional E3 ligases may
be involved in regulating PXR stability, depending on the cellular
or tissue context.

In this study, we performed an siRNA screen to better understand
the regulation of PXR by the cellular ubiquitination pathway and
identified F-box-only protein 44 (FBXO44) as a candidate E3 ligase
for PXR. FBX044 has been reported to act as the substrate adaptor
in two distinct E3 ligase complexes, the SKP1—-CUL1—-FBX044
complex” and the CUL4B—DDBI—FBX044 complex™®. We
found that PXR protein amount increases upon knockdown of
FBX044 and decreases with overexpression of FBX044 and that
FBXO44 interacts with and ubiquitinates PXR, regulating PXR
protein level through the proteasome pathway. Furthermore,
FBX044 knockdown-mediated increase in PXR protein amount
correlated with an increase in CYP3A4 expression and PXR
inducibility by prototypical PXR agonists. The results of this study
provide additional insight into the molecular mechanisms that
regulate PXR protein level and activity.

2. Materials and methods

2.1.  Materials

Lipofectamine 3000 and Lipofectamine RNAiMAX transfection
reagents, penicillin—streptomycin and puromycin stock solutions,

Opti-MEM reduced serum medium, cycloheximide, and DMSO
were all purchased from Thermo Fisher Scientific (Atlanta, GA,
USA). Fetal bovine serum (FBS) was purchased from HyClone
(Logan, UT, USA). Actinomycin D was purchased from Cell
Signaling Technology (Danvers, MA, USA). Rifampicin and
MG132 were purchased from MilliporeSigma (Burlington, MA,
USA), and dTAG-13 was purchased from MedChemExpress
(Monmouth Junction, NJ, USA). Nano-Glo HiBiT Lytic Detection
System, CellTiter-Glo Luminescent Cell Viability Assay, and
Nano-Glo Live Cell Assay System were purchased from Promega
(Madison, WI, USA). All tissue culture supplemental materials,
such as tissue culture flasks and disposable pipettes, were pur-
chased from Corning (Corning, NY, USA). All oligonucleotides
were from Integrated DNA Technologies (Coralville, IA, USA)
and are presented in Supporting Information Table S1.

2.2.  Cell culture, plasmids, and cell line generation

SNU-C4 cells were obtained from the Korean Cell Line Bank
(KCLB, cat. no. 0000C4) and maintained in RPMI-1640 medium
(ATCC) with 10% FBS (HyClone). HepG2/C3A cells were ob-
tained from the American Type Culture Collection (ATCC, cat.
no. CRL-10741) and maintained in Eagle’s minimum essential
medium (EMEM, ATCC) with 10% FBS. 293T cells were ob-
tained from ATCC (cat. no. CRL-3216) and maintained in Dul-
becco’s modified Eagle’s medium (DMEM, ATCC) with 10%
FBS. HepaRG S5F parental cells (cat. no. MTOX1010-1VL) were
purchased from Sigma—Aldrich (St. Louis, MO, USA) and
maintained according to the provider’s instructions and as previ-
ously described”’. All cell lines were authenticated by short tan-
dem repeat DNA profiling. Cells were incubated in a humidified
atmosphere at 37 °C with 5% CO, and routinely verified to be
mycoplasma free by using the MycoProbe Mycoplasma Detection
Kit (R&D Systems). Cell counts were obtained with a Countess II
Automated Cell Counter using trypan blue staining.

To generate the 293T-FLAG-PXR cells, 293T cells were
transfected with a pcDNA3-FLAG-PXR plasmid, containing
NeoR?®, using Fugene 6 (Promega) following the manufacturer’s
standard protocol. Forty-eight hours after transfection, cells were
selected with 1 mg/mL geneticin (Life Technologies, cat. no.
10131-027). After selecting cells for 2—4 weeks, stable expression
of FLAG-PXR protein was confirmed by Western blot. Cells were
continuously cultured in the presence of 1 mg/mL geneticin after
selection.

SNU-C4 3xFLAG-PXR KI cells were previously generated
using CRISPR/Cas9 technology”’. SNU-C4 HiBiT-PXR KI cells
and 293T FBX044 KO cells were generated using CRISPR-Cas9
technology in the Center for Advanced Genome Engineering (St.
Jude). Briefly, 500,000 SNU-C4 or 293T cells were transiently co-
transfected with precomplexed ribonuclear proteins consisting of
100 pmol of chemically modified sgRNA (Synthego), 33 pmol of
Cas9 protein (St. Jude Protein Production Core), 200 ng of
pMaxGFP (Lonza), and if required 3 png of ssODN donor. The
transfections were performed via nucleofection (Lonza, 4D-
Nucleofector X-unit) using solution P3 and program DS-150
(SNU-C4) or CM-130 (293T) in a small (20 pL) cuvette accord-
ing to the manufacturer’s recommended protocol. Single cells
were sorted based on transfected cells (GFP+) five days post-
nucleofection into 96-well plates containing prewarmed media
and were clonally expanded. Clones were screened and verified
for the desired modification using targeted deep sequencing
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analyzed with CRIS.py as previously described®”. Final clones
tested negative for mycoplasma by the MycoAlert Plus Myco-
plasma Detection Kit (Lonza) and were authenticated using the
PowerPlex Fusion System (Promega) performed at the Hartwell
Center (St. Jude). Editing construct sequences and screening
primers are listed in Table S1.

2.3.  Plasmids, siRNAs, and transfections

All plasmids used for transient transfection were in the pcDNA3
vector. FLAG-PXR was previously described*®. The FLAG-PXR
truncation constructs with various deletions were constructed
with the Q5 Site-Directed Mutagenesis Kit (New England Bio-
labs; Ipswich, MA, USA) using FLAG-PXR as a template and the
appropriate primer pairs (Table S1). To make the FLAG-eGFP-
PXR plasmids, eGFP was amplified from peGFP-C3 (Clontech)
and assembled into the FLAG-PXR vector with NEBuilder HiFi
DNA Assembly Master Mix (New England Biolabs). The FLAG-
eGFP empty vector was subsequently made by removing PXR
from FLAG-eGFP-PXR with BamHI digestion followed by
circularization with T4 DNA ligase (New England Biolabs).
MYC-FBX044 was purchased from GenScript (Piscataway, NJ)
and used as template to construct MYC-FBX044 AF-box and
AFBA with the QS5 Site-Directed Mutagenesis Kit using P14 and
P15 or P16 and P17, respectively. To generate MYC-FKBP™¢V-
FBX044, FKBP™®Y was amplified from pcDNA3-FKBP™°V-
HA-PXR™ with P18 and P19 and assembled with the MYC-
FBX044 vector using NEBuilder HiFi Assembly Master Mix.
LgBiT-Ubiquitin was synthesized by ThermoFisher Scientific. To
construct SmBiT-PXR-LBD, SmBiT-PXR was generated first with
P20 and P21 using FLAG-PXR as a template; then, SmBiT-PXR
was used as a template with P22 and P23 to generate SmBiT-
PXR-LBD with the Q5 Site-Directed Mutagenesis Kit.

Cells were reverse transfected with siRNAs at a final con-
centration of 25 nmol/L using Lipofectamine RNAIMAX and
were analyzed after 72 h. The siRNA library (Supporting Infor-
mation Table S2), non-targeting siRNA (siNT; D-001210-05), and
siRNAs targeting PXR [siPXR; NR112 SMARTpool (M-003415-
02)] or FBXO044 [siFBXO44: FBX044 SMARTpool (M-019201-
01) and individual (D-019201-01, D-019201-02, D-019201-03,
and D-019201-04)] were purchased from Horizon Discovery
(Lafayette, CO, USA). An additional siRNA targeting FBXO44
(no. SI00145663) was purchased from Qiagen.

For overexpression, cells were seeded for 24 h at 60%
confluence before they were transfected with the appropriate
plasmids using Lipofectamine 3000. Unless otherwise noted, cells
were harvested 48 h post-transfection.

2.4. HiBiT and NanoBiT assays

For the siRNA screen, SNU-C4 HiBiT-PXR KI cells were reverse
transfected with the siRNA library using Lipofectamine RNAi-
MAX in white tissue culture-treated 384-well plates. An Echo
655T Acoustic Liquid Handler (Beckman Coulter) was used to
dispense 300 nL/well of each siRNA at 2.5 pumol/L stock con-
centration. Lipofectamine RNAIMAX was diluted to 1% in
OptiMEM and 10 pL was added to each well. Then, SNU-C4
HiBiT-PXR KI cells were added to the wells (5 x 10 cells/well in
20 pL. RPMI-1640 with 10% FBS). The next day, 30 uL of media
was added to each well. After incubating the plates for a total of
three days, 35 pL of media was aspirated by a BioTek ELx405.
Nano-Glo HiBiT Lytic Detection System or CellTiter-Glo

Luminescent Cell Viability Assay and an EnVision microplate
reader (PerkinElmer) were used to measure HiBiT signal or cell
viability, respectively. Results are reported as fold change relative
to siNT control cells.

For the NanoBiT assay, 293T FBX044 KO cells were plated in
tissue culture-treated 12-well plates (2 x 10° cells/well in 1 mL
DMEM with 10% FBS). The next day, cells were transfected with
100 ng each of SmBiT-PXR LBD, LgBiT-ubiquitin, and MYC-
FBX044, MYC-FBX044 AF-box, or MYC-FBX044 AFBA
using Lipofectamine 3000. The pcDNA3 empty vector was added
to keep the total DNA amount used in each transfection equal. After
24 h, cells were trypsinized, resuspended in media, and plated in
white tissue culture-treated 384-well plates (1.5 x 10* cells/well in
20 pL medium). The next day, cells were treated with 10 pmol/L
MG132 (final DMSO concentration = 0.5%) for 4 h. Nano-Glo
Live Cell Assay System and an EnVision microplate reader were
used to measure the reconstituted NanoBiT signal. Results are re-
ported as fold change relative to cells expressing SmBiT-PXR LBD
and LgBiT-ubiquitin.

2.5.  Western blotting

Cells were washed with DPBS, trypsinized, pelleted by centrifu-
gation, and lysed in Pierce RIPA buffer (ThermoFisher Scientific)
supplemented with Halt Protease Inhibitor Cocktail (Thermo
Fisher Scientific). Protein in the lysate was quantified with the
Pierce BCA Protein Assay Kit (ThermoFisher Scientific), diluted
with NuPAGE LDS Sample Buffer (ThermoFisher Scientific), and
heated at 95 °C for 5 min. Then, 20 pg of each sample was loaded
into NuPAGE 4%—12% Bis—Tris gels (Thermo Fisher Scientific).
Separated proteins were transferred to nitrocellulose membranes
using the iBlot 2 Dry Blotting System (ThermoFisher Scientific).
Membranes were blocked with TBST [50 mmol/L Tris (pH 7.4),
150 mmol/L NaCl, 0.1% Tween 20] containing 5% milk for 1 h at
room temperature. Primary antibodies were used at 1:1000 dilu-
tion in TBST containing 5% milk and incubated with the mem-
branes overnight at 4 °C. The following primary antibodies were
used: mouse anti-FLAG M2 (Sigma—Aldrich, cat. no. F3165),
mouse anti-B-actin (Sigma—Aldrich, cat. no. A5441), rabbit anti-
B-actin (Cell Signaling Technology, cat. no. 4967L), mouse anti-
MYC-tag 9B11 (Cell Signaling Technology, cat. no. 2276S),
rabbit anti-FBX044 (Sigma—Aldrich, cat. no. HPA003363),
mouse anti-PXR H-11 (Santa Cruz Biotechnology, cat. no. sc-
48340), and rabbit anti-ubiquitin (Cell Signaling Technology,
cat. no. 3933S). Membranes were washed with TBST three times
for 10 min each, and IRDye 800CW Goat anti-Mouse IgG Sec-
ondary Antibody (LI-COR, cat. # 926-32210, 1:10,000 dilution)
and IRDye 680LT Goat anti-Rabbit IgG Secondary Antibody (LI-
COR, cat. # 926-68021, 1:10,000 dilution) were added in TBST
containing 5% milk for 1 h at room temperature. Membranes were
washed as above and imaged with an Odyssey CLx imaging
system (LI-COR). Bands were quantified with Image Studio Lite
Software (LI-COR). The relative band intensity of the indicated
control sample (e.g., empty vector control or 0 h time point) was
set as 1 for comparisons with test samples.

2.6.  Coimmunoprecipitation assays

293T cells were plated in tissue culture-treated 10 cm plates
(3.5 x 10° cells in 10 mL DMEM with 10% FBS) and were
transfected the next day using Lipofectamine 3000 with 3 pg of
each pcDNA3 construct (6 pg total DNA). Two days after
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transfection, cells were washed with DPBS and lysed in Pierce IP
lysis buffer (ThermoFisher Scientific, cat. no. 87788) supple-
mented with Halt Protease Inhibitor Cocktail and PhosSTOP
(Roche). Five to ten percent of each sample lysate was kept as
input, and equal amounts of the sample lysates were used for
coimmunoprecipitation pulldowns. Immunoprecipitation was
performed by adding 3 pL of rabbit IgG (Cell Signaling Tech-
nology, cat. no. 2729S), anti-FLAG (Sigma—Aldrich, cat. no.
F7425), or anti-FBX044 (Sigma—Aldrich, cat. no. HPA003363)
and 50 pL of prepared Dynabeads Protein G (Thermo
Fisher Scientific, cat. no. 10003D) to each sample. The samples
were incubated overnight at 4 °C with gentle rotation.
Bead—antibody—protein complexes were washed four times with
PBS, and samples were eluted in 1 x NuPage sample buffer with
reducing agent and heated for 5 min at 95 °C. The eluted samples
were subsequently analyzed by Western blot with mouse anti-
FLAG M2, mouse anti-3-actin, and mouse anti-MYC-tag 9B11
antibodies, as described above.

2.7.  RNA isolation and quantitative real-time polymerase chain
reaction analysis (RT-qPCR)

Total RNA was isolated from cells with Maxwell 16 LEV sim-
plyRNA Tissue Kits (Promega). cDNA was generated from 2 pg of
RNA by using the SuperScript VILO cDNA Synthesis Kit
(ThermoFisher Scientific). 2 pL. of cDNA was used to perform
quantitative RT-PCR, using TagMan Fast Advanced Master Mix
(Applied Biosystems) and TagMan gene expression assays spe-
cific for PXR (Hs01114267_m1) and CYP3A4 (Hs00604506_m1)
(ThermoFisher Scientific). 18S rRNA (Hs03928990_g1) was used
as the reference gene, and qPCR was performed using the 7500
Fast Real-Time PCR System (Applied Biosystems, Waltham, MA,
USA). Fold induction values were calculated according to Eq. (1):

Fold change = p-AACt D

where ACt represents the differences in cycle threshold numbers
between the target gene and the reference gene and AACt repre-
sents the relative change in these differences between the control
and treatment groups’'.

2.8.  Plotting and statistical analyses

All plots were made in GraphPad Prism 9. Results are expressed
as the mean =+ standard deviation from at least three independent
experiments. Significance was assessed with Student’s z-test to
compare the means of two groups, one-way ANOVA followed by
Dunnett’s multiple comparisons test for all samples compared to
the control, or two-way ANOVA followed by Sidik’s multiple
comparison test [P < 0.05 (), P < 0.01 (*%), P < 0.001 (¥%%),
P > 0.05 (non-significant, ns)].

3. Results

3.1.  SiRNA screen identifies E3 ligase(s) that regulate(s) PXR
protein level

To identify E3 ligase(s) responsible for regulating PXR protein
abundance, we first required a high-throughput assay to detect
changes in PXR protein level. HiBiT tagging is a simple, sensitive
bioluminescent method for quantifying protein abundance, even
endogenous proteins expressed at low levels, making it well-suited

for detecting changes in PXR protein level in a high-throughput
manner”>>. We chose the colorectal SNU-C4 cell line because it
is among cell lines with the highest PXR mRNA levels*”**-**, and
the PXR protein in this cell line is activated by PXR agonists and
blocked by a PXR antagonist’. In addition, we previously
developed a knock in cell model that contains a 3XFLAG tag in the
N-terminus of PXR (SNU-C4 3xFLAG-PXR KI)*’, indicating the
feasibility of tagging PXR with HiBiT to measure endogenous
PXR protein level for this study. Indeed, we successfully used
CRISPR/Cas9 to knock in a HiBiT tag to the N-terminus of PXR
(referred to as SNU-C4 HiBiT-PXR KI cells) (Supporting Infor-
mation Fig. STA). We confirmed the presence of the HiBiT tag on
PXR by sequencing and by showing that the HiBiT-dependent
luminescence signal decreased upon siRNA-mediated knock-
down of PXR (Fig. S1B).

We screened a custom siRNA library targeting 839 proteins
that are components of the ubiquitination-proteasome pathway,
including the ubiquitin genes, E2 ubiquitin-conjugating en-
zymes, and E3 ubiquitin ligases (Table S2). For the screen, we
transfected SNU-C4 HiBiT-PXR KI cells with the siRNA library
for three days and then measured HiBiT-dependent luminescence
as an indicator of endogenous PXR protein level (Fig. 1A). The
screening results were normalized to non-targeting siRNA
(siNT) to calculate fold change (FC) in HiBiT-PXR protein
amount (Fig. 1B). Treatment with the proteasome inhibitor
MG132 was also included as a positive control, which increased
PXR protein level by 1.6-fold (Fig. 1C and Fig. SIC), repre-
senting the maximum FC we can likely achieve from the assay.
Notably, the proteasomal protein PSMA3 was the top screening
hit (Fig. 1C), serving as an internal assay control. The hits were
retested in a HiBiT assay with a concomitant CellTiter-Glo
viability assay to determine which siRNA targets reproducibly
increased PXR protein level without exhibiting significant
cytotoxicity upon knockdown (Fig. 1D). Other than PSMA3,
FBXO044 knockdown resulted in the highest increase of HiBiT-
PXR signal (Fig. 1D), so FBX044 was selected for further
investigation.

3.2.  FBXO044 regulates PXR protein level

To visualize the change in PXR protein level by Western blot, we
used the previously developed SNU-C4 3xFLAG-PXR KI
cells”. PXR protein significantly increased upon FBXO044
knockdown in SNU-C4 3xFLAG-PXR KI cells, and we
confirmed the siRNA-mediated knockdown of FBXO044 by
Western blot (Fig. 2A). We obtained similar results with
FBXO044 knockdown in 293T cells stably expressing CMV-
driven FLAG-PXR (293T-FLAG-PXR) (Fig. 2B). Both pooled
and individual siRNAs were tested for their effects on increasing
PXR protein amount, and we chose the individual siRNA #4 for
additional experiments (Fig. 2C and Supporting Information
Fig. S2). In addition, we tested another siRNA (Q1) that was
previously reported to target the 3’ UTR of FBX044°°, and we
observed a similar increase in PXR protein (Fig. 2D).
Conversely, and consistent with our hypothesis that FBX044
acts as an E3 for PXR, overexpression of FBX044 decreased
endogenous PXR protein abundance (Fig. 2C).

Unexpectedly, in addition to increasing PXR protein level,
siFBX044 also increased PXR mRNA (Fig. 3A). This was
observed in both SNU-C4 3xFLAG-PXR KI and 293T-FLAG-
PXR cells (Fig. 3A), indicating this effect was not due to FBX0O44
affecting the endogenous PXR promoter. To determine whether
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Figure 1  siRNA screen to identify E3 ligase(s) for PXR. (A) Schematic of the HiBiT-PXR RNAI screen to identify potential E3 ligases. (B)
RNA:I screening results, where HiBiT-PXR signal was measured 3 days after transfection with siRNA. Fold change (FC) values were calculated by
normalizing to the siNT control. (C) The top screening hits from (B) are shown. The HiBiT-PXR FC after 6 h treatment with 10 umol/L MG132 is
shown as a pink dot. (D) The top hits were re-tested by HiBiT assay and CellTiter-Glo viability assay. Results are expressed as the
mean =+ standard deviation (SD); n = 3.

siFBX044 increased PXR protein level by increasing its mRNA
expression, we treated cells with the transcription inhibitor acti-
nomycin D after FBXO44 knockdown. As shown in Fig. 3B,
actinomycin D treatment eliminated the siFBX0O44-mediated in-
crease in PXR mRNA, while the PXR protein level remained 1.8-
fold higher than the non-targeting siRNA control. These data

indicate that knockdown of FBXO44 directly increases PXR
protein level, independently of its effect on PXR mRNA level.
To determine if the observed siFBX044 effect on PXR protein
level occurred during PXR translation, we quantified PXR protein
level in the presence of the translation inhibitor cycloheximide
after siRNA knockdown of FBX044 (Fig. 3C). PXR protein was
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Figure 2  FBX044 knockdown increases PXR protein level. (A) SNU-C4 3xFLAG-PXR KI or (B) 293T-FLAG-PXR cells were transfected
with siNT or siFBX044 and analyzed by Western blot after 3 days. (C) SNU-C4 3xFLAG-PXR KI cells were transfected with siNT or siFBX044
(#4). The next day, the cells were transfected with empty vector (pCDNA3) or MYC-FBX044 for two days and then analyzed by Western blot.
(D) SNU-C4 3xFLAG-PXR KI cells were transfected with siNT or siFBX044 (Q1) and then analyzed by Western blot after 3 days. Graphs show
the PXR and FBX0O44 protein levels (mean &+ SD; n = 3), quantified from blots. FC values were calculated by normalizing to the siNT control.
Significance was assessed with student’s #-test (A, B, D) or one-way ANOVA followed by Dunnett’s multiple comparisons test for samples
compared to the siNT control (C) [P < 0.05 (¥), P < 0.01 (¥%), P < 0.001 (***)].
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Figure 3 FBXO044 regulates PXR protein level. (A) SNU-C4 3xFLAG-PXR KI or 293T-FLAG-PXR cells were transfected with siNT or
siFBX 044 for three days, and PXR RNA was measured by RT-qPCR. FC values were calculated by normalizing to 18S RNA and the siNT control.
(B) SNU-C4 3xFLAG-PXR KI cells were transfected with siNT or siFBX044 for 48 h, treated with DMSO or 0.1 pmol/L actinomycin D (Act D)
for 24 h, and analyzed by Western blot or RT-qPCR. FC values were calculated by normalizing to the siNT and DMSO-treated control. (C, D)
SNU-C4 3xFLAG-PXR KI cells were transfected with siNT or siFBXO44 for three days and then treated with (C) 100 pg/mL cycloheximide
(CHX) alone or (D) CHX in combination with 10 pumol/L MG132 for the indicated times. FC values were calculated by normalizing to the
DMSO-treated control for either the siNT or siFBX044 transfected sample group. (E) 293T FBX044 KO cells were transfected with FLAG-PXR
and MYC-FKBP™®V-FBX044 for 48 h, treated with the indicated doses of dTAG-13 for 24 h, and analyzed by Western blot or RT-qPCR. FC
values were calculated by normalizing to the DMSO-treated control for either PXR or FBX0O44. Results are expressed as the mean &+ SD; n = 3.
Significance was assessed with student’s t-test (A, B) or two-way ANOVA followed by Sidak’s multiple comparison test (C, D) [P < 0.05 (*),
P <0.01 (**), P < 0.001 (***), P > 0.05 (non-significant, ns)].

lost at a decreased rate when FBX0O44 was depleted in the pres- for 24 h, and assessed PXR and FBXO44 protein levels by

ence of cycloheximide, and co-treatment with MG132 abolished Western blot. FBX044 and PXR exhibited a dose-responsive in-

this difference (Fig. 3C and D), indicating that FBX044 directly verse correlation, as PXR protein levels increased while FBX0O44

controls PXR protein stability rather than translation. protein levels decreased (Fig. 3E). We also confirmed that this
Because we used siRNA to modulate FBX044 protein amount, increase in PXR protein was not due to PXR mRNA increase

experiments had to be conducted over a period of days to achieve (Fig. 3E, right graph). Taken together, these data suggest that

efficient knockdown followed by secondary events (i.e., PXR FBXO044 directly regulates PXR protein stability.

protein changes). To assess effects on a shorter time scale and

further validate that FBXO44 directly affects PXR protein sta- 3.3.  FBXO044 depletion leads to increased PXR activity

bility, we utilized the degradation tag (dTAG) system’’. First, we

generated FBX044 knockout (KO) 293T cells by CRISPR/Cas9 We next determined whether the siFBX044-mediated increase in

(293T FBXO044 KO cells). Next, we created an expression PXR protein level would affect the transcriptional transactivation

construct with FKBP™®Y-tagged FBX044 to selectively degrade activity of PXR, using CYP3A4 RNA expression as an indicator of

FBXO0O44 upon treatment with dTAG-13 (Fig. 3E). We then PXR activity. Treating either SNU-C4 3xFLAG-PXR KI or

overexpressed FLAG-PXR and MYC-FKBP™°Y-FBX044 in parental SNU-C4 cells with 10 pmol/L of the PXR agonist

293T FBX044 KO cells for 48 h, treated with DMSO or dTAG-13 rifampicin increased CYP3A4 expression by 2- to 4-fold,
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respectively, in siNT-transfected control cells (Fig. 4A and Sup-
porting Information Fig. S3). The siFBXO44-transfected cells
showed an increase in basal PXR activity (DMSO treatment) and a
10-fold increase in CYP3A4 expression upon rifampicin treatment
(Fig. 4A and Fig. S3).

To determine whether FBX044 affects PXR activity in liver
cell models, we knocked down FBXO44 in the commonly studied
HepG2 and HepaRG cells. In HepG2, compared to their respective
DMSO-treated controls, rifampicin treatment in siNT-transfected
cells increased CYP3A4 by 7-fold, while FBX0O44 knockdown
increased CYP3A4 by 14-fold (Fig. 4B). Likewise, HepaRG cells
treated with rifampicin after FBXO44 knockdown exhibited a
significant increase in CYP3A4 expression compared to cells
transfected with siNT (Fig. 4C).

3.4. FBX044 interacts with PXR

We hypothesized that FBX044 affects PXR protein abundance
by directly interacting with PXR. To test this, we performed
coimmunoprecipitation experiments using 293T cells trans-
fected with combinations of empty vector, FLAG-PXR, and
MYC-FBX044. PXR immunoprecipitated with the FLAG
antibody as expected, and FBX044 coimmunoprecipitated only
when PXR was present, indicating that the two proteins interact
(Fig. 5A).

We next evaluated which PXR regions are necessary for the
interaction by using PXR truncation constructs (Fig. 5B). FLAG-
tagged PXR mutants were transfected in 293T cells, with all
showing high expression, except the DBD, C-LBD, and AN mu-
tants that expressed at lower levels. Regardless, all FLAG-PXR
variants immunoprecipitated with the FLAG antibody (Fig. 5C).
MYC-FBX044 coimmunoprecipitated with full-length PXR, as
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Figure 4 FBXO44 depletion leads to increased PXR activity. (A)
SNU-C4 3xFLAG-PXR KI, (B) HepG2, or (C) HepaRG cells were
transfected with siNT or siFBX0O44 for two days and then treated with
10 pmol/L rifampicin (Rif) for an additional 24 h. Western blot
confirmed the increase in 3xXFLAG-PXR protein and the decrease in
FBXO044 protein upon FBX044 KD in SNU-C4 3xFLAG-PXR KI.
CYP3A4 expression was measured by RT-qPCR and normalized to
siNT cells treated with DMSO, using 18S RNA as a normalization
control. Results are expressed as the mean + SD; n = 3. Significance
was assessed with student’s t-test [P < 0.05 (*), P < 0.01 (*%),
P < 0.001 (¥*%)].

well as the Hinge + LBD, LBD, and AAF2 mutants (Fig. 5C). In
the FBX044 immunoprecipitation (IP), we observed pulldown of
full-length, LBD, Hinge 4+ LBD, AN, and AAF2 PXR variants.
Since PXR C-LBD could not be visually detected in the FBX044
IP due to obstruction from the light chain of the antibody used for
IP, we fused eGFP to selected PXR constructs and again immu-
noprecipitated with FLAG or FBX044 antibodies (Fig. 5D). All
FLAG-eGFP-PXR constructs were detected in the FLAG and
FBXO044 IP samples, but FBXO44 was not detected in the FLAG
IP with PXR AC (Fig. 5D). The detection of interaction between
two proteins might be influenced by how one protein is immu-
noprecipitated (e.g., FBXO44 IP vs. FLAG IP) and how the pro-
tein is tagged (e.g., FLAG-PXR vs. FLAG-eGFP-PXR). Although
we could not precisely map the PXR domain that interacts with
FBXO044, our data indicate that FBXO44 interacts with a region of
the LBD, but not the DBD of PXR.

Next, to determine if PXR-FBXO44 interaction correlates with
decreased PXR protein level, we transfected PXR truncation
mutants with empty vector or MYC-FBXO044 in 293T FBX044
KO cells and performed western blots for total PXR protein
(Fig. SE). In comparison to the respective empty vector controls,
FBXO044 expression decreased the protein levels of full-length
PXR, Hinge + LBD, and C-LBD mutants, but not DBD and AC
mutants (Fig. SE). These results further suggest that both PXR-
FBXO044 interaction and FBX044-dependent PXR protein loss
require a region of the PXR LBD.

FBX044 contains two domains, the F-box domain and the F-
box associated (FBA) domain. The F-box domain interacts with
SKP1 to form the SKP1-CULI1-F-box-protein-type ubiquitin
ligase complex, where the F-box protein dictates the substrate
specificity”>*®, and the FBA domain is responsible for interacting
with substrates®. To identify which FBX044 domain interacts
with PXR, we generated two FBXO44 truncation constructs
(Fig. 5F). The full-length FBX0O44 and AF-box mutant, but not
the AFBA mutant, coimmunoprecipitated with FLAG-PXR
(Fig. 5F). Thus, the FBA of FBX044 is required for its interac-
tion with PXR, consistent with previous literature identifying the

FBA as the substrate-interacting domain”’.

3.5. FBXO044 acts as an E3 ubiquitin ligase for PXR

Consistent with our expectation that FBXO044 regulates PXR
protein abundance by acting as an E3 ligase, we observed de-
creases in both endogenous and overexpressed PXR protein
abundance upon overexpression of FBX044 (Figs. 2C, 5A and 5E,
and 6A) and that the FBXO44 FBA domain interacts with PXR
(Fig. 5F). To determine whether FBX 44 facilitates ubiquitination
of PXR, we designed a NanoBiT-based method to detect PXR
ubiquitination by tagging ubiquitin with LgBiT and PXR LBD
with SmBIT (Fig. 6B)*”. In this system, luminescence would be
increased when LgBiT-ubiquitin and SmBiT-PXR LBD are in
close proximity. If FBXO44 serves as an E3 ligase for PXR, then
its expression in 293T FBX044 KO cells would increase PXR
interaction with ubiquitin, leading to higher luminescence from
the reconstituted NanoBiT. Indeed, we found that the introduction
of FBX044, but not the AF-box or AFBA mutant, increased the
NanoBiT luminescence (Fig. 6B).

Next, we assessed the natural polyubiquitination of PXR. We
inhibited proteasomal degradation in 293T cells transfected with
FLAG-PXR and empty vector or MYC-FBX044 by treating the
cells with 10 umol/L MG132 for 4 h (Fig. 6C). By Western blot,
we observed more high-molecular-weight smearing above FLAG-
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Figure 5 The FBA domain of FBXO44 interacts with the LBD of PXR. (A) 293T cells were transfected with the indicated constructs for 48 h

before lysis and immunoprecipitation with rabbit IgG or FLAG antibodies. (B, C) FLAG-PXR or (D) FLAG-eGFP-PXR truncation constructs
were overexpressed in 293T cells and used for IP with rabbit IgG, FLAG, or FBXO44 antibodies. (E) The indicated FLAG-PXR truncation
constructs were expressed with pcDNA3 empty vector or MYC-FBX044, and the FLAG-PXR protein level was quantified by Western blot. The
graph shows the FLAG-PXR protein amount relative to the empty vector control for each construct (mean £ SD; n = 3). Significance was
assessed with student’s 7-test [P < 0.01 (¥%), P < 0.001 (***)]. (F) FBXO44 truncation constructs were transfected in 293T FBX044 KO cells and
used for IP with rabbit IgG or FLAG antibodies. Mouse antibodies to FLAG, MYC, and (-actin were used to probe the blots.

PXR when FBX044 was present (Fig. 6C, top panel), indicative
of increased PXR polyubiquitination. These results provide
further evidence that FBX0O44 serves as an E3 ubiquitin ligase for
PXR.

4. Discussion

PXR-mediated elevation of CYP3A4 expression has been linked to
the cross-reactivity of drugs, increasing the risk for drug—drug
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interactions'®. Thus, understanding the regulation of PXR protein

by the ubiquitination pathway may shed light on how to prevent
inappropriate PXR activity. In the present study, we identified
FBXO044 as a candidate E3 ligase for PXR from an siRNA screen.
Upon knockdown of FBX044, PXR protein level increased, which
led to an increase in CYP3A4 expression when cells were treated
with the PXR agonist rifampicin. Therefore, modulating a PXR-
targeting E3 ubiquitin ligase may affect drug metabolism path-
ways by altering abundance of the xenobiotic sensor PXR.
Besides its role in xenobiotic drug metabolism, PXR also
regulates additional processes of liver physiology, including en-
ergy metabolism and detoxification of endobiotics. We observed
an increase in CYP3A4 expression in DMSO-treated cells trans-
fected with siFBX044 (Fig. 4A and C, and Supporting Informa-
tion Fig. S3), suggesting that increased PXR protein level leads to
increased basal transcriptional activity. Further studies are needed
to determine whether other PXR target genes (e.g., CYP27Al,
ABCC2, UGTIAI, and OATP2) are also upregulated upon
siFBX0O44-mediated increase in PXR protein abundance, as this
result would have broader implications in cholesterol metabolism
and detoxification of bile acids and bilirubin®®~**, PXR is also
involved in regulating gluconeogenesis and lipid homeostasis in
the liver, mainly through cross-talk with transcription factors, so
future investigations could determine whether the siFBXO044-
mediated increase in PXR protein level potentiates PXR’s sup-
pression of gluconeogenesis and induction of lipogenesis''**”.
Although three other E3 ligases have been reported for PXR
(RBCK 1, UBRS5, and TRIM21)****, we did not identify them as hits

in our three-day siRNA screen. Only UBRS knockdown was able to
increase PXR protein in a screen with extended siRNA incubation
time (Supporting Information Fig. S4). Since none of the previous
studies used SNU-C4 cells, it is conceivable that different E3 ligases
may be involved in PXR protein homeostasis in different cellular
environments or tissues. PXR is abundantly expressed in the liver,
small intestine, and colon'” , but PXR has also been detected in the
breast, stomach, adrenal gland, bone marrow, specific regions of the
brain, and at the blood-brain barrier (Supporting Information
Fig. S5A)***°_ In contrast, FBXO44 is ubiquitously expressed with
the highest levels observed in the brain and kidney and the lowest
levels in the heart and liver (Fig. S5B)°*”". Comparatively, FBX044
expression s atits lowest in the liver, which may contribute to the high
level of PXR protein in the liver’>. However, a true correlation be-
tween their protein levels cannot be made in the absence of PXR
proteomics data. One could also speculate that different E3 ligases
may mediate PXR degradation depending on the ligand bound to
PXR or its subcellular localization. Indeed, ligands are known to
drastically alter PXR conformation, which could, in turn, alter E3
recognition™. Additional studies are needed to understand how
subcellular localization impacts FBXO44-mediated degradation of
PXR.

Of the 69 F-box family members, FBXO44 is one of the least
characterized proteins™>>. FBXO44 belongs to an F-box protein
subfamily of FBA domain-containing proteins, where all except
FBX044 bind to glycosylated substrates®". FBX044 has only two
reported substrates for ubiquitination, BRCA1 and RGS2%°%°, with
PXR now being the third. Interestingly, FBXO44 is only capable of
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Figure 6

FBX044 mediates PXR degradation through ubiquitination. (A) 293T cells were transfected with FLAG-PXR and empty vector

(pCDNA3) or MYC-FBXO044 for 48 h. FLAG-PXR protein abundance is plotted as FC compared to the empty vector control (mean £ SD;
n = 3). Significance was assessed with student’s t-test [P < 0.001 (***)]. (B) Schematic of NanoBiT-based method for detecting PXR ubiq-
uitination, where ubiquitin is tagged with LgBiT and PXR LBD with SmBiT. 293T FBX044 KO cells were transfected with the indicated
plasmids for 48 h and treated with 10 pmol/L MG132 for 4 h before the NanoBiT assay. FC values were calculated relative to the samples co-
transfected with SmBiT-PXR LBD and LgBiT-Ubiquitin (mean & SD; n = 4). (C) 293T cells were transfected with FLAG-PXR and empty vector
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used to detect PXR and the high-molecular-weight smearing, indicative of ubiquitination.
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mediating the ubiquitination and degradation of RGS2 when in
complex with CUL4B-DDBI and not CULI-SKPI1%°. Further
biochemical studies are needed to determine whether one of these
complexes or a new complex is involved in the FBX0O44-mediated
degradation of PXR. It also remains to be studied whether phos-
phorylation plays a role in FBX044 recognition of PXR, as many F-
box proteins recognize phospho-degrons in their substrates™.

Little is known about the physiological functions and diseases
impacted by FBX044. Single nucleotide polymorphisms in FBXO44
were identified in a Spanish population with aggressive periodontitis,
but the association was not statistically significant’®. Copy-number
variants in a region of chromosome 1 containing FBXO44 and
seven other genes were discovered in a Chinese family with a type of
focal facial dermal dysplasia®’. A bioinformatics analysis named
FBX044 as a candidate target for the diagnosis and treatment of
atherosclerosis™*. FBXO44 was recently labeled as a subtype signa-
ture protein of adenocarcinoma of the esophagogastric junction,
where it promoted tumor progression and metastasis’’. The mecha-
nistic role of FBX044 in these disparate diseases remains to be un-
covered. It is unclear whether changes in FBXO44 expression
contribute to pathophysiological processes or if FBX044’s function
as an E3 ligase adaptor protein leads to the ubiquitination of key
pathological proteins. PXR activation has been implicated in the
development of atherosclerosis®® ®, and increased PXR mRNA
expression is present in several esophagogastric adenocarcinoma cell
lines™ ; however, further investigation is needed to determine whether
FBX044 regulation of PXR protein is involved in these diseases.

Recently, FBX044 was reported to promote the repression of
DNA repetitive elements in cancer cells by recruiting chromatin
modifiers, such as the Mi-2/NURD complex and the H3K9me3
(trimethylation of histone H3 lysine 9) methyltransferase
SUV39H1°°. FBX044 knockdown in cancer cell lines reactivated
repetitive elements, leading to DNA replication stress, decreased
viability, proliferation, and tumor growth; in addition, FBXO044
knockdown in vivo enhanced immunogenicity and immune
checkpoint blockade therapy response®®. The authors concluded
that FBXO44 inhibition might be a promising anti-cancer treat-
ment strategy. However, our newly discovered relationship be-
tween FBXO044 and PXR/CYP3A4 suggests the importance of
considering how inhibiting FBX044 will affect PXR-mediated
drug metabolism, especially since previous studies have reported
that PXR contributes to chemotherapy resistance in several
cancers™”0*%,

5. Conclusions

This work 1) describes the development of a HiBiT-PXR KI cell
model to measure changes in endogenous PXR protein level when
transfected with a siRNA library, which 2) enabled us to identify
FBXO044 as an E3 ligase for PXR. Decreased FBX044 protein level
led to increased PXR protein level, which also increased PXR tran-
scriptional activity (i.e., increased levels of CYP3A4). FBXO44 and
PXR directly interact, with the FBA domain of FBX044 and PXR
LBD facilitating the interaction. FBXO44 regulates PXR protein
level by ubiquitination, leading to proteasomal degradation.
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