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Activation of constitutive androstane receptor (CAR) transcription factor by xenobiotics promotes
hepatocellular proliferation, promotes hypertrophy without liver injury, and induces drug metabolism
genes. Previous work demonstrated that lymphocyte-specific protein-1 (LSP1), an F-actin binding
protein and gene involved in human hepatocellular carcinoma, suppresses hepatocellular proliferation
after partial hepatectomy. The current study investigated the role of LSP1 in liver enlargement induced
by chemical mitogens, a regenerative process independent of tissue loss. 1,4-Bis [2-(3,5-
dichloropyridyloxy)] benzene (TCPOBOP), a direct CAR ligand and strong chemical mitogen, was
administered to global Lsp1 knockout and hepatocyte-specific Lsp1 transgenic (TG) mice and measured
cell proliferation, hypertrophy, and expression of CAR-dependent drug metabolism genes. TG livers
displayed a significant decrease in Ki-67 labeling and liver/body weight ratios compared with wild type
on day 2. Surprisingly, this was reversed by day 5, due to hepatocyte hypertrophy. There was no dif-
ference in CAR-regulated drug metabolism genes between wild type and TG. TG livers displayed
increased Yes-associated protein (YAP) phosphorylation, decreased nuclear YAP, and direct interaction
between LSP1 and YAP, suggesting LSP1 suppresses TCPOBOP-driven hepatocellular proliferation, but
not hepatocyte volume, through YAP. Conversely, loss of LSP1 led to increased hepatocellular prolif-
eration on days 2, 5, and 7. LSP1 selectively suppresses CAR-induced hepatocellular proliferation, but
not drug metabolism, through the interaction of LSP1 with YAP, supporting the role of LSP1 as a se-
lective growth suppressor. (Am J Pathol 2022, 192: 887e903; https://doi.org/10.1016/
j.ajpath.2022.03.010)
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Constitutive androstane receptor (CAR), a xenobiotic-
recognizing nuclear receptor activated by several chemicals
and drugs, including 1,4-bis [2-(3,5-dichloropyridyloxy)]
benzene (TCPOBOP) and phenobarbital, is traditionally
known for its essential role in inducing drug-metabolizing
enzymes.1,2 TCPOBOP, the strongest activator, binds directly
to CAR, and subsequently leads to its nuclear translocation.
In the nucleus, CAR binds with retinoid X receptor to induce
selective gene transcription. This results in increased
expression of phase I and II drug-metabolizing enzymes (eg,
cytochrome p450s and sulfotransferases) as well as drug
transporters to facilitate the detoxification and elimination of
stigative Pathology. Published by Elsevier Inc
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foreign substances.1,3 In addition to its functions on drug
metabolism, CAR is also known to regulate energy meta-
bolism in the liver as well as induce hepatocellular prolifer-
ation and hypertrophy.4,5 The ability of CAR to stimulate
proliferation is different from regeneration induced by
.
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surgical or chemically induced liver injury because it is not
driven by loss of tissue mass or injury.6 Proliferation induced
by CAR activation on a long-term basis is also known to
promote carcinogenesis in the liver.7 TCPOBOP, a classic
CAR agonist, is recognized as the strongest chemical
mitogen for the liver and stimulates hepatocellular prolifer-
ation to a level comparable to two-thirds partial hepatectomy
in the mouse.8 Within a week following TCPOBOP admin-
istration, the size of the liver doubles and then levels off up to
4 weeks after treatment.4,7 This demonstrates that CAR
activation and induction of gene transcription is able to in-
crease the liver/body weight ratio and thus alter the hepato-
stat6 without loss of tissue or injury. The underlying
mechanisms, however, by which CAR affects hepatocellular
proliferation are not completely understood.9

Leukocyte-specific protein-1 (LSP1) is an F-actin binding
protein involved in human hepatocellular carcinoma10,11 as
well as bladder and breast cancer.12e15 In lymphoma cell
lines, LSP1 interacts with kinase suppressor of Ras to
facilitate the localization of mitogen-activated protein kinase
kinase (MEK) and extracellular signal-regulated kinase
(ERK) to the cytoskeleton. This affects mitogen-activated
protein kinase signaling, a pathway that normally func-
tions to regulate proliferation, differentiation, and migration,
and is dysregulated in hepatocellular carcinoma.16,17 Addi-
tional functions of LSP1 include inhibition of neutrophil
migration18 and induction of apoptosis in B cells in response
to B-cell receptor ligation.19 Loss of LSP1 also accelerates
skin wound healing.20 Previous work has demonstrated that
LSP1 suppresses hepatocellular proliferation following two-
thirds hepatectomy and inhibits proliferation and migration
of rat cancer cell lines in vitro 21,22 Additional studies have
found genomic alterations of LSP1 in breast cancer, colo-
rectal cancer, and lung cancer, as well as its down-regulation
in bladder cancer, resulting in drug resistance.12,14,23e25 The
LSP1 gene is hypermethylated in hepatocellular carcinoma
samples versus cirrhotic controls, providing additional
indication that LSP1 plays a role in hepatocarcinogenesis.26

Given the previous findings of LSP1 acting as a
suppressor of hepatocellular proliferation, hepatocyte-
specific Lsp1 transgenic mice as well as global Lsp1
knockout mice were treated with TCPOBOP. Whether LSP1
could regulate CAR-driven TCPOBOP-stimulated prolifer-
ation and hypertrophy, and/or alter CAR-regulated drug
metabolism, was investigated. The current findings indicate
that LSP1 specifically regulates hepatocellular proliferation
in this model, likely by regulating Yes-associated protein
(YAP) localization. It does not, however, affect TCPOBOP-
and CAR-associated hepatocyte hypertrophy or induction of
drug-metabolizing enzymes.
Table 1 List of Forward and Reverse Primers Used for Quantitative RT

Gene symbol Forward primer sequence

Cyb2b10 50-GGCACTGGAGAAATCAATCAAC
Cyp2c55 50-AATGATCTGGGGGTGATTTTCA
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Materials and Methods

Animals and TCPOBOP Treatment

Male, 129svJ [genetic control strain for Lsp1 knockout (KO)
mice], global Lsp1 KO,11 hepatocyte-specific Lsp1 transgenic
(TG) mice,22 and C57 (genetic control strain for Lsp1 TG
mice) (n Z 3 to 6) between 15 and 20 weeks old were
administered 3 mg/kg of TCPOBOP in corn oil by oral
gavage. The Lsp1 transgene was generated in C57 mice and
is expressed specifically in hepatocytes under the albumin
promoter and a-fetoprotein enhancer.22 Livers were har-
vested at various time points [days 0 (untreated), 1, 2, 3, 5,
and 7] following TCPOBOP administration. Liver tissue was
processed for Western blot analysis, immunohistochemistry,
real-time quantitative PCR, and RNA sequencing. Wild-type
(WT) C57 and Lsp1 TG mice (n Z 3) were given TCPO-
BOP; and on day 2 following TCPOBOP, livers were
perfused using collagenase, as previously described.27 The
hepatocytes and nonparenchymal cells were separated by
centrifugation and used for Western blot analysis, real-time
quantitative PCR, and RNA sequencing. Studies were per-
formed according to the guidelines published by the NIH in
the Guide for the Care and Use of Laboratory Animals28 and
were approved by the University of Pittsburgh’s Institutional
Animal Care and Use Committee.

Immunohistochemistry

Liver tissue was fixed in formalin and embedded in paraffin.
Sections (4 mm thick) were stained with Ki-67 antibody
(Cell Signaling Technologies, Danvers, MA; number
12202), as previously described.29 Biotinylated secondary
antibody, goat anti-rabbit, was purchased from Millipore
(St. Louis, MO; number AP187B).

Immunofluorescence

Frozen liver tissue embedded in OCT was sectioned at 5 mm
and fixed with 2% paraformaldehyde for 1 hour. Fixed tis-
sue was incubated with total YAP antibody (number 4912;
Cell Signaling Technologies) in 0.5% bovine serum albu-
min for 1 hour. Following primary antibody incubation,
sections were incubated with donkey anti-rabbit secondary
antibody conjugated to Cy3 (Jackson ImmunoResearch
Labs, West Grove, PA) for 1 hour. DAPI stain was used to
visualize the nuclei. Images were taken at �200 magnifi-
cation on the Olympus (Tokyo, Japan) Fluoview 1000-2
confocal microscope in the Center for Biologic Imaging at
the University of Pittsburgh.
-PCR

Reverse primer sequence

-30 50-CTTGGGCTATTGGGAGGAAA-30

G-30 50-GCGATCCTCGATGCTCCTC-30
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Figure 1 Effect of lymphocyte-specific protein-1 (LSP1) expression on 1,4-bis [2-(3,5-dichloropyridyloxy)] benzene (TCPOBOP)edriven hepatocellular
proliferation and hypertrophy. A: Liver weight (LW)/body weight (BW) ratios of wild-type (WT) and Lsp1 transgenic (TG) animals. B: Liver/body weight ratios
of WT and Lsp1 TG animals normalized to time 0. C: Percentage of Ki-67epositive hepatocytes in WT and Lsp1 TG livers after TCPOBOP. D: Representative
images of Ki-67 immunohistochemistry. E: Average hepatocyte volume (number of hepatocytes per unit area). n Z at least 3 animals per time point (B).
*P < 0.05, **P < 0.01, and ***P < 0.001. Scale bar Z 200 mm (D). Original magnification, �200 (D).

CAR, Liver Chemical Mitogens, and LSP1
Protein Isolation and Western Blot Analysis

Protein isolation was performed using frozen liver tissue in
radioimmunoprecipitation assay buffer with proteinase and
phosphatase inhibitors. Pooled protein lysates were utilized
for Western blot analysis. Antibodies utilized for Western
blot analysis include the following: from Cell Signaling
The American Journal of Pathology - ajp.amjpathol.org
Technologies: cyclin D1 (number 2978), phosphorylated
ERK (p44/42; number 9101), total ERK (number 4696),
phosphorylated YAP (S127; number 4911), phosphorylated
YAP (S397; number 13619), total YAP (number 14074),
p16 (number 80772), p27 (number 3686), glyceraldehyde-3-
phosphate dehydrogenase (number 5174), phosphorylated
epidermal growth factor receptor (EGFR) 846 (number
889
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CAR, Liver Chemical Mitogens, and LSP1
2231), phosphorylated EGFR 1068 (number 3777), total
EGFR (number 4267), phosphorylated Met 1349 (number
3121), and total Met (number 8191). The antibody used for
p21 was purchased from Santa Cruz Biotechnology, Inc.
(Dallas, TX; sc6246). Total CAR (number PA5-95066) was
purchased from Thermo Fisher Scientific (Waltham, MA).

Immunoprecipitation

Immunoprecipitation was performed using 500 mg of whole
liver lysate in 500 mL of radioimmunoprecipitation assay
buffer incubated with 10 mL of primary antibody overnight
with end-over-end mixing at 4�C. Protein A/G agarose
beads (Santa Cruz Biotechnology, Inc.) were added to the
lysate the following day and incubated overnight with end-
over-end mixing at 4�C. Pellet was collected by centrifu-
gation at 1000 � g for 5 minutes and washed 3 times in
radioimmunoprecipitation assay buffer with Halt protease
and phosphatase inhibitors (Thermo Fisher Scientific)
added. Following the final wash, 30 mL of 4� sample buffer
was added to the pellet, and the samples were subsequently
incubated at 95�C for 10 minutes and then run on a
NuPAGE 4% to 12% Bis-Tris gel (Thermo Fisher
Scientific).

Real-Time Quantitative PCR

Total RNA was isolated from frozen liver tissue using Trizol
(Sigma, St. Louis, MO) following the manufacturer’s pro-
tocol. RNA was utilized to produce cDNA using the First
Strand Superscript Kit (Thermo Fisher Scientific). Real-time
quantitative PCR analysis was performed using SYBR
Green (Thermo Fisher Scientific) to determine mRNA levels
of various targets following TCPOBOP administration. PCR
primers used in this study are included in Table 1.

RNA Sequencing

RNA isolated from frozen liver tissue (time 0, day 2, and
day 5) and WT and TG hepatocytes was sent to Novogene
Corp., LTD (Beijing, China) for RNA sequencing.
Ingenuity pathway analysis (IPA; Ingenuity Systems, Red-
wood City, CA) was utilized to analyze genes that were
significantly altered by TCPOBOP treatment. For analysis
of TCPOBOP-related genes, lists of significantly up-
regulated and down-regulated genes from day 2 compared
with time 0 as well as the corresponding fold changes were
uploaded and analyzed by IPA. Gene sets that were
significantly up-regulated and down-regulated on day 2 in
the WT versus the Lsp1 TG isolated hepatocytes and day 5
Figure 2 Constitutive androstane receptor CAR) expression and activity is un
pathway analysis of RNA-sequencing data, demonstrating activation of CAR target
panel) groups on day 2 after 1,4-bis [2-(3,5-dichloropyridyloxy)] benzene (TCPO
target genes. Number next to gene indicates number of isoforms. B: Cyp2b10 in liv
and TG liver whole cell lysates. Samples are pooled from three independent livers.
data set file map to a single gene in the Global Molecular Network. nZ 3 (D). *P <

The American Journal of Pathology - ajp.amjpathol.org
in the WT129 versus the Lsp1 KO liver tissue (with a
1.5-fold cutoff) were uploaded to the IPA software version
22.0 (Qiagen, Redwood City, CA). IPA analysis was uti-
lized to predict canonical signaling pathways and upstream
regulators that were altered because of changes in down-
stream gene expression. DAVID software version 6.8
(Frederick National Laboratory, Frederick, MD) was uti-
lized to determine biological processes (Gene Ontology
terms) that were enriched because of TCPOBOP compared
with the Mus musculus reference gene list.
Statistical Analysis

Data are presented as the means � SEM. All statistical
analyses were performed using the unpaired t-test and
GraphPad Prism software version 9.3.0 (San Diego, CA).
Statistically significant differences were defined at P < 0.05.
All experiments were performed at least three times, and
each time point contains data from at least three independent
animals.
Results

LSP1 Expression Suppresses TCPOBOP-Driven
Hepatocellular Proliferation but Not Hypertrophy

In Lsp1 transgenic mice, which express the transgene in he-
patocytes under the albumin promoter and a-fetoprotein
enhancer, there was decreased liver/bodyweight ratios on day
2 after administration of TCPOBOP in comparison to WT
mice (5.8% to 6.9%, respectively). However, by day 5, the
liver/body weight ratios of the TG animals were significantly
higher than those of the WT mice (8.9% to 8%, respectively)
(Figure 1, A and B). Hepatocellular proliferation driven by
CAR activation was measured by Ki-67 immunohistochem-
istry. Following TCPOBOP administration, TG livers
exhibited significantly less Ki-67epositive hepatocytes
compared with WT hepatocytes on day 2 (20% versus 50%;
P Z 0.003), day 3 (P Z 0.03), and day 5 (P Z 0.0007)
(Figure 1, C and D). Because hepatocyte proliferation did not
account for the increased liver/body weight ratios in the TG at
days 5 and 7, and TCPOBOP is known to not only promote
hepatocellular proliferation but hypertrophy as well, the
average volume of hepatocytes in both the WT and TG ani-
mals was measured following TCPOBOP treatment. TG he-
patocytes were approximately twice the size of WT
hepatocytes on day 5 and 35% larger on day 7 (Figure 1,D and
E). We conclude that enhanced LSP1 expression in TG mice
affected by lymphocyte-specific protein-1 (LSP1) expression. A: Ingenuity
genes in both wild-type (WT; top panel) and Lsp1 transgenic (TG; bottom
BOP) treatment in comparison to time 0. Quantitative RT-PCR data of CAR
er. C: Cyp2c55 in liver. D: Western blot analysis of total CAR expression in WT
Genes marked with an asterisk indicate that multiple identifiers exist in the
0.05, ***P � 0.001. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 3 Lymphocyte-specific protein-1 (LSP1) expression results in increased expression of cell cycle inhibitors and decreased YAP in the
nucleus. A: Western blot (WB) analysis of wild-type (WT) and Lsp1 transgenic (TG) whole liver lysates following 1,4-bis [2-(3,5-dichloropyridyloxy)]
benzene (TCPOBOP) for cyclin D1, phosphorylated extracellular signal-regulated kinase (pERK), total ERK, p16, p21, and p27. Ponceau S staining was
used as a loading control. Each lane is a pooled sample. B: Western blot analysis for phosphorylated YAP (pYAP; S127) and pYAP (S397), with total
YAP, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a loading control. C: Immunoprecipitation (IP) of total YAP in WT and Lsp1 TG
livers at time (T) 0 and day (D) 2 after TCPOBOP treatment. Top panels: Western blot analysis: total YAP. Bottom panels: Western blot analysis:
total LSP1. IgG: control. Compared with the C57 control mice, there is enhanced coprecipitation of LSP1 protein with YAP at day 2 after TCPOBOP.
D: Immunofluorescence of WT and Lsp1 TG livers for total YAP (red). DAPI (nuclei) and merge of DAPI and total YAP. Insets: Magnified images from
boxed areas to demonstrate YAP staining in the hepatocyte nuclei. n Z at least 3 (A). Scale bar Z 100 mm (D). Original magnifications, �200
(D, main images); �400 (D, insets). exp., exposure.
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suppresses hepatocellular proliferation but not hypertrophy
in response to TCPOBOP administration.

Increased LSP1 Expression Does Not Suppress CAR
Expression or Its Drug Metabolism Functions in
Response to TCPOBOP

To determine whether the suppression of proliferation in Lsp1
TG livers after TCPOBOP treatment is due to decreased CAR
expression and activation, CAR expression was measured by
Western blot analysis as well as the ability of CAR to activate
downstream transcriptional targets using IPAanalysis ofRNA-
sequencing data. Comparing the differentially expressed genes
of both the WT and TG on day 2 versus time 0, a significant
activation of downstreamCAR target genes, including the ones
associated with drugmetabolism in both theWT and TG livers
(WT activation z-score, 5.771; TG activation z-score, 5.466)
was observed (Figure 2A). Activation of typical CAR target
genes, Cyp2b10 and Cyp2c55,30 by quantitative RT-PCR was
confirmed in both Lsp1 TG andWT livers (Figure 2, B and C).
There was no suppression in CAR expression between theWT
and TG in the same dates, as evidenced by Western blot
analysis of all date time points; which was elevated relative to
control (Figure 2D). Because Lsp1 TG mice did not display
suppressed levels of CAR expression nor downstream
activation of target genes in response to TCPOBOP, the
study showed that the observed decrease in proliferation in TG
livers is not due to decreased CAR activation.

Increased Cell Cycle Inhibitor Expression, Decreased
Nuclear YAP, and Increased YAP Interaction with LSP1
in Lsp1 TG Livers following TCPOBOP

Because CAR activation and its ability to regulate drug
metabolism genes is not suppressed by LSP1 expression, the
role of LSP1 in regulating cell cycle progression after
TCPOBOP administration was analyzed next. Western blot
analyses demonstrated increased p16 (days 2, 3, and 5), p21
(all days), and p27 (days 2, 3, and 5) in the Lsp1 TG livers
in comparison to those in the WT controls (Figure 3A),
suggesting inhibition of the cell cycle. Because LSP1 in-
hibits ERK activation in liver after hepatectomy,21 LSP1
overexpression in hepatocytes was confirmed to lead to
decreased ERK phosphorylation following TCPOBOP
treatment at days 2, 3, 5, and 7 (Figure 3A). Examination of
YAP and phosphorylated YAP by Western blot analysis
showed no changes in total YAP but an increased phos-
phorylation of YAP at S397 at days 1, 2, 3, and 5, which is
associated with cytoplasmic retention of YAP (Figure 3B).
Immunofluorescence staining corroborated the loss of nu-
clear YAP in the TG hepatocytes on day 2 after TCPOBOP
administration (Figure 3D). Immunoprecipitation of total
YAP in WT and Lsp1 TG livers following TCPOBOP
treatment demonstrated an interaction between YAP and
LSP1 that increased in the TG animals at day 2 after
TCPOBOP (Figure 3C). LSP1 overexpression is
The American Journal of Pathology - ajp.amjpathol.org
cytoplasmic.21 The findings in Figure 3 demonstrate that
LSP1 may sequester YAP in the cytoplasm, preventing its
translocation to the nucleus and subsequent activation of
proliferation. Lsp1 TG livers displayed suppressed EGFR
activation in response to TCPOBOP, as evidenced by
decreased phosphorylation of EGFR at the 845 and 1068
tyrosine sites compared with that in the WT (Supplemental
Figure S1). There was no effect on the activation of MET,
the hepatocyte growth factor receptor. Thus, the study
shows that LSP1 expression leads to decreased hepatocel-
lular proliferation induced by TCPOBOP, in part by causing
increased expression of cell cycle inhibitor pathways, as
well as decreased YAP translocation to the nucleus.

Lsp1 Transgenic Hepatocytes, but Not the
Nonparenchymal Cells, Display Decreased Proliferation
and Increased Cell Cycle Inhibitor Expression

Although Lsp1 TG preparations from whole livers displayed
decreased cell cycle progression in response to treatment
with TCPOBOP, cyclin D1 expression levels were increased
in whole TG livers on days 2 to 7 compared with those in
the WT (Figure 3A). In addition, IPA analysis of RNA-
sequencing data from the Lsp1 TG and WT livers did not
show any alterations in cell cycleerelated canonical path-
ways between the two groups. These results were unex-
pected because Lsp1 TG livers displayed decreased
proliferation of hepatocytes by Ki-67 immunohistochem-
istry at those time points (Figure 1, C and D). Because TG
animals only express the Lsp1 transgene in hepatocytes,
both WT and Lsp1 TG animals were treated with
TCPOBOP and hepatocytes and nonparenchymal cells
(NPCs) were isolated from these livers on day 2 after
TCPOBOP (the day of the most enhanced cyclin D1
expression in TG animals) (Figure 3A), to determine
whether NPCs affected the results. As shown in Figure 4,
enrichment analysis of RNA-sequencing data using both the
DAVID database and IPA demonstrated that, following
TCPOBOP administration, Lsp1 TG hepatocytes displayed
decreased activation of DNA replication and cell
cycleerelated pathways, such as cell cycle control of
chromosomal replication, DNA repair, DNA replication,
and the nuclear excision repair pathway, compared with that
in WT hepatocytes (Table 2 and Figure 4A). Further ana-
lyses demonstrated that in response to TCPOBOP, Lsp1 TG
hepatocytes displayed decreased activation of forkhead box
M1 (Foxm1), E2F transcription factor 1 (E2f1), and Yap1
protein downstream pathways (Figure 4B and Supplemental
Figure S2), as well as increased activation of the p16
(Cdkn2a) activated downstream pathways (Figure 4B),
compared with those in WT hepatocytes. RNA-sequencing
predicted certain upstream regulators to be activated in Lsp1
TG versus those in WT hepatocytes such as cell cycle in-
hibitors p16 (Cdkn2a), p21 (Cdkn1a), p53 (Tp53), as well as
Hnf4a and Rb. On the other hand, it predicted transcription
factors involved in activating cell cycle progression, such as
893
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Table 2 Enrichment Analysis Utilizing the DAVID Database
Displaying Biological Processes (GO Terms) that Differ between
Lsp1 TG and WT Hepatocytes Isolated on Day 2 after TCPOBOP

GO term (biological processes) Genes, N P value

DNA replication 32 8.40 � 10�14

Cell cycle 75 6.10 � 10�12

Metabolic process 54 3.90 � 10�8

Cellular amino acid biosynthetic
process

11 2.00 � 10�7

Oxidation-reduction process 66 8.10 � 10�7

Cellular response to DNA damage
stimulus

42 6.20 � 10�5

DNA unwinding involved in DNA
replication

6 7.20 � 10�5

DNA repair 34 1.00 � 10�4

Cell division 38 1.10 � 10�4

DNA replication initiation 8 1.50 � 10�4

Lipid metabolic process 43 2.10 � 10�4

Mitotic nuclear division 30 2.20 � 10�4

GO, Gene Ontology; TCPOBOP, 1,4-bis [2-(3,5-dichloropyridyloxy)] ben-
zene; TG, transgenic; WT, wild type.

Table 3 IPA of RNA-Sequencing Data Demonstrating Upstream
Regulators Predicted to be Changed in Lsp1 TG versus WT
Hepatocytes at Day 2 after TCPOBOP

Upstream
regulator

Predicted
activation
state

Activation
z-score

P value
of overlap

p16 (Cdkn2a) Activated 4.719 2.25 � 10�8

Rb Activated 3.940 3.72 � 10�8

p53 Activated 3.006 2.14 � 10�10

Hnf4a Activated 2.763 4.46 � 10�10

p21 (Cdkn1a) Activated 2.650 2.45 � 10�18

Erbb2 Inhibited �5.188 8.03 � 10�13

E2f1 Inhibited �3.642 8.33 � 10�8

Nrf2 Inhibited �3.175 4.56 � 10�4

Myc Inhibited �3.125 1.22 � 10�3

Foxm1 Inhibited �2.412 1.02 � 10�5

E2f3 Inhibited �2.382 3.43 � 10�5

HGF Inhibited �2.276 5.02 � 10�9

Yap Inhibited �2.053 7.00 � 10�5

IPA, ingenuity pathway analysis; TCPOBOP, 1,4-bis [2-(3,5-
dichloropyridyloxy)] benzene; TG, transgenic; WT, wild type.

CAR, Liver Chemical Mitogens, and LSP1
Foxm1, to be significantly attenuated in the Lsp1 TG he-
patocytes versus those in WT (activation z-score, �2.412; P
value of overlap, 1.02 � 10�5) (Table 3). RNA-sequencing
also predicted inhibition of the upstream regulator Yap1 in
Lsp1 TG hepatocytes (activation z-score, �2.053; P value
of overlap, 7.00 � 10�9) (Figure 4B and Table 3). Yap1 is
necessary to promote hepatocellular proliferation in
response to TCPOBOP expression.31 As indicated in
Figure 5A, RNA levels of the cell cycleerelated genes,
aurora kinase B (Aurkb; P Z 0.026) and cyclin E1 (Ccne1;
P Z 0.027), were significantly decreased in the TG hepa-
tocytes. To demonstrate that these differences occur also at
the protein level, Western blot analyses on both Lsp1 TG
and WT hepatocytes and NPCs were performed, which
demonstrated that cyclin D1 expression was decreased in
TG compared with that in the WT hepatocytes. However,
cyclin D1 levels were high in both TG and control (C57)
NPC populations (Figure 5B). Expression of cell cycle in-
hibitors, p21 and p27,32 was elevated in the TG hepatocyte
but not the NPCs. There was also a hepatocyte-specific in-
crease in the phosphorylation of YAP at S127 and S397
(Figure 5, B and C). The cell cycle inhibitor p16 was
increased only in NPCs but not in hepatocytes (Figure 5B).
These data show that LSP1 expression inhibits proliferation
of hepatocytes but not NPCs in response to TCPOBOP
through increased expression of cell cycle inhibitors and
decreased activation of pathways involved in cell division
through a YAP-dependent mechanism.
Figure 4 Lsp1 transgenic (TG) hepatocytes exhibit decreased cell cycle activa
(TCPOBOP) treatment. A: Ingenuity pathway analysis (IPA)ebased canonical signa
type (WT) hepatocytes on day 2 after TCPOBOP. B: IPA of RNA-sequencing data
hepatocytes versus WT hepatocytes on day 2 after TCPOBOP. The number next to t
(B). LPS, lipopolysaccharide; NER, nuclear excision repair; RXR, retinoid X recept

The American Journal of Pathology - ajp.amjpathol.org
Lsp1 KO Mice Exhibit Increased Hepatocellular
Proliferation following TCPOBOP Administration

Because enhanced LSP1 expression in TG mice led to
decreased hepatocellular proliferation in response to
treatment with TCPOBOP, global Lsp1 KO animals
were treated with TCPOBOP to determine whether loss
of LSP1 expression would conversely result in increased
cell cycle progression. After normalizing liver/body
weight ratios to the baseline ratios, Lsp1 KO mice
displayed significantly increased liver/body weight ratios
compared with control mice at all time points following
TCPOBOP treatment to both groups, except for day 3
(Figure 6, A and B). In addition, the percentage of Ki-
67epositive hepatocytes was significantly increased in
the Lsp1 KO on days 2 and 5 compared with WT [day
2: WT versus KO, 22% versus 48% (P Z 0.0097); day
5: WT versus KO, 9.6% versus 21% (P Z 0.033)]
(Figure 6, C and D). Hepatocellular volume was also
significantly increased by 20% on day 5 in comparison
to WT (P Z 0.005) (Figure 6E). Therefore, loss of
LSP1 protein expression in KO mice led to increased
hepatocellular proliferation in response to TCPOBOP
administration. Altered patterns of EGFR phosphoryla-
tion were also observed in the KO mice, with enhanced
phosphorylation at days 1 and 2 at site 845, and days 5
and 7 for site 1068, after TCPOBOP (Supplemental
Figure S3).
tion and YAP activation after 1,4-bis [2-(3,5-dichloropyridyloxy)] benzene
ling pathways predicted to be changed in Lsp1 TG hepatocytes versus wild-
displaying inhibition of Foxm1 and YAP1 and activation of p16 in Lsp1 TG
he genes indicates the number of isoforms. n Z 3 per time point and strain
or.
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Figure 5 Lymphocyte-specific protein-1 (LSP1) expression in hepatocytes leads to increased activation of cell cycle inhibitors and increased YAP phos-
phorylation. A: RNA-sequencing data from wild-type (WT) and transgenic (TG) hepatocytes (Heps) on day 2 after 1,4-bis [2-(3,5-dichloropyridyloxy)] benzene
(TCPOBOP) for aurora kinase B (PZ 0.026) and cyclin E1 (PZ 0.027). B: Western blot analyses of cyclin D1, p16, p21, p27, phosphorylated YAP (pYAP) S127,
pYAP S397, total YAP, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in WT hepatocytes and nonparenchymal cells (NPCs) and Lsp1 TG hepatocytes
and NPCs isolated from livers on day 2 following TCPOBOP. Ponceau S staining was used as a secondary loading control. Each lane represents hepatocytes and
NPCs isolated from one mouse. C: Quantification of Western blot analysis of pYAP S127/total YAP (P Z 0.0003) and pYAP S397/total YAP (P Z 0.074). n Z 3
(B). *P < 0.05, ***P < 0.001.
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Figure 6 Loss of lymphocyte-specific protein-1 (LSP1) expression leads to increased 1,4-bis [2-(3,5-dichloropyridyloxy)] benzene (TCPOBOP)edriven
hepatocellular proliferation. A: Liver weight (LW)/body weight (BW) ratios of wild-type (WT) and Lsp1 knockout (KO) animals. B: Liver/body weight ratios of
WT and Lsp1 KO animals normalized to time 0. C: Percentage of Ki-67epositive hepatocytes in WT and Lsp1 KO livers after TCPOBOP. D: Representative images
of Ki-67 immunohistochemistry. E: Average hepatocyte volume (number of hepatocytes per unit area). n Z at least 3 animals per time point (B). *P < 0.05,
***P < 0.001. Scale bar Z 200 mm (D). Original magnification, �200 (D).

CAR, Liver Chemical Mitogens, and LSP1
CAR Expression and Role in Drug Metabolism Remains
Functional in the Absence of LSP1 in Response to
TCPOBOP

Both the KO and WT livers displayed robust activation of
CAR pathways related to drug metabolism to a similar de-
gree and increased activation of CAR target genes on day 2
following TCPOBOP treatment (WT: activation z-score,
The American Journal of Pathology - ajp.amjpathol.org
5.697; P value of overlap, 1.52 � 10�36; KO: activation
z-score, 6.044; P value of overlap, 8.46 � 10�28)
(Figure 7A). Western blot analysis of total CAR expression
was performed. Although there were changes in CAR
expression in both KO and WT mice through the days after
TCPOBOP treatment, there was no difference between the
KO and WT livers at any time points following TCPOBOP
(Figure 7B). Therefore, the data indicate that the increased
897
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Figure 7 Lsp1 knockout (KO) mice display no change in constitutive androstane receptor (CAR) activation but have increased cell cycle activation in
response to 1,4-bis [2-(3,5-dichloropyridyloxy)] benzene (TCPOBOP). A: Ingenuity pathway analysis of RNA-sequencing data of CAR target genes in both wild-
type (WT; top panel) and Lsp1 KO (bottom panel) livers on day 2 after TCPOBOP compared with time 0. The number next to the genes indicates the number of
isoforms. B: Western blot analysis of total CAR expression in WT and KO liver whole cell lysates with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a
control. Samples were pooled from three independent livers. Genes marked with an asterisk indicate that multiple identifiers exist in the data set file map to a
single gene in the Global Molecular Network. n Z 3 (B).
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Table 4 Enrichment Analysis Utilizing the DAVID Database Dis-
playing Biological Processes (GO Terms) that Differ between Lsp1
KO and WT Livers Isolated on Day 5

GO term (biological processes) Genes, n P value

Cell cycle 113 4.70 � 10�22

Mitotic nuclear division 59 1.50 � 10�14

Cell division 70 3.80 � 10�14

DNA replication 28 5.90 � 10�8

Cell adhesion 65 3.80 � 10�7

Chromosome segregation 21 2.00 � 10�6

Cellular response to DNA damage
stimulus

56 3.20 � 10�6

Response to mechanical stimulus 17 3.90 � 10�6

Mitotic chromosome
condensation

8 8.60 � 10�6

DNA repair 44 1.70 � 10�5

DNA replication initiation 10 1.70 � 10�5

Protein localization to
kinetochore

7 1.70 � 10�5

GO, Gene Ontology; KO, knockout; WT, wild type.

CAR, Liver Chemical Mitogens, and LSP1
hepatocyte proliferation measured in the KO is not due to
increased CAR activation per se or its ability to activate
downstream target genes involved in drug metabolism.
Loss of LSP1 Leads to Increased Expression of Cell
Cycle Related Genes

To understand how loss of LSP1 expression leads to
increased hepatocyte proliferation in response to
TCPOBOP, the study utilized both enrichment analysis
using DAVID as well as IPA on RNA-sequencing data from
day 5 after TCPOBOP to determine the biological processes
and canonical pathways altered in the KO versus WT. The
biological processes most altered in the KO were related to
the cell cycle as well as mitotic nuclear division, cell divi-
sion, and DNA replication (Table 4). The canonical path-
ways predicted to be most activated in the KO livers on day
5 following TCPOBOP administration were kinetochore
metaphase signaling pathway (activation z-score, 2.887; P
value of overlap, 4.86 � 10�14) and cell cycle control of
chromosomal replication (activation z-score, 4.123; P value
of overlap, 3.02 � 10�8) (Figure 8A). Upstream regulators
inhibited in the KO livers in comparison to WT on day 5
were the cell cycle inhibitors, p16 (Cdkn2a; activation z-
score, �3.502; P value of overlap, 1.85 � 10�6) and p21
(Cdkn1a; activation z-score, �2.331; P value of overlap,
6.20 � 10�15) (Table 5 and Supplemental Figure S4).
Conversely, factors that promote cell cycle progression were
activated in the KO versus WT mice on day 5, which
included Foxm1 (activation z-score, 4.063; P value of
overlap, 1.41 � 10�15), cyclin D1 (Ccnd1; activation z-
score, 4.382; P value of overlap, 1.02 � 10�23), and E2f
(activation z-score, 4.555; P value of overlap, 2.01 � 10�12)
(Table 5 and Supplemental Figures S5eS7). Interestingly,
The American Journal of Pathology - ajp.amjpathol.org
the transcription factor that displayed the greatest level of
activation in the KO on day 5 after TCPOBOP was Tbx2
(activation z-score, 5.253; P value of overlap,
5.81 � 10�29), which has been shown to promote prolif-
eration through the ERK signaling pathway.33 Western blot
analyses did not show changes in most cell cycle suppressor
genes; however, total YAP expression and nuclear locali-
zation as measured by immunofluorescence was increased
in the KO livers in comparison to control livers on day 5
after TCPOBOP (Figure 8, B and C). These data show that
LSP1 loss leads to increased hepatocellular proliferation
following TCPOBOP due to increased activation of path-
ways involved in cell cycle progression, including YAP.
Discussion

Despite multiple studies demonstrating the association of
LSP1 with hepatocyte growth suppression, its precise
mechanism of action remains elusive. Original studies related
to the discovery of LSP1 and its functions showed that in
lymphocytes LSP1 is an F-actin binding protein connecting
the ERK pathway to the cytoskeleton.16 Recent studies have
also shown that modulation of the cytoskeleton activates
pathways related to mechanotransduction at the level of in-
dividual cells, resulting in a variety of effects on pathways
related to cell proliferation, including migration of YAP1 to
the nucleus or inactivation of YAP1 by phosphorylation,
leading to its degradation.34,35 The findings from the current
study provide another example of the important role played
by cytoskeleton proteins in different aspects of cell prolifer-
ation and differentiation. LSP1 binds to F-actin in hepato-
cytes,21 regulates phosphorylation of ERK,16,22 and binds to
MEK1 and ERK2 via kinase suppressor of Ras to target this
complex to the cytoskeleton. The current study demonstrates
the complexity of the regulation exerted on hepatocyte
functions by LSP1. LSP1 is associated with F-actin and
cytoskeletal regulation in a variety of cells besides hep-
atocytes.36e39 It acts as a growth suppressor of hepatocyte
proliferation not only in relation to liver regeneration21,22 but
also, as demonstrated in this work, in xenobiotic-induced
hepatocyte proliferation. The effects of xenobiotics (as
exemplified by TCPOBOP) on hepatocyte proliferation and
liver size are an important issue related to regulation of
therapeutic levels of drugs in clinical pharmacology.

The direct association of LSP1 with YAP seen herein is
surprising; however, several recent studies have shown that
regulation of YAP by the Hippo pathway is directly con-
nected to structural and functional aspects of the cytoskel-
eton. Mechanotransduction has a direct impact on YAP
activation or inactivation,34,35,40,41 and YAP is involved in
anchoring the actin cytoskeleton to the plasma membrane
during the formation of focal adhesions to enable cell
spreading.41 Fascin1, an F-actin bundling protein, has
recently been demonstrated to also mediate YAP activation
due to changes in the extracellular matrix in the context of
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Figure 8 Increased cell cycle activation on day 5 following 1,4-bis [2-(3,5-dichloropyridyloxy)] benzene (TCPOBOP) in Lsp1 knockout (KO) livers. A:
Ingenuity pathway analysisebased canonical signaling pathways predicted to be changed in Lsp1 KO versus wild-type (WT) livers on day 5 after TCPOBOP. B:
Western blot analyses of phosphorylated extracellular signal-regulated kinase (pERK), total ERK, p21, phosphorylated YAP (pYAP) S127, pYAP S397, total YAP,
p27, and cyclin D1 in WT and Lsp1 KO whole liver lysates following TCPOBOP. Each lane contains a pooled sample. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), loading control. C: Immunofluorescence of WT and Lsp1 KO livers for total YAP (red) on day 5. DAPI (nuclei) and merge of DAPI and total YAP.
Insets: Magnified images from boxed areas to demonstrate YAP staining in the hepatocytes. n Z 3 (B). Scale bar Z 100 mm (C). Original magnifications,
�200 (C, main images); �400 (C, insets).
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Table 5 IPA of RNA-Sequencing Data Demonstrating Upstream
Regulators Predicted to be Changed in Lsp1 KO versus WT Livers on
Day 5 after TCPOBOP Treatment

Upstream
regulator

Predicted
activation
state

Activation
z-score

P value
of overlap

Tbx2 Activated 5.253 5.81 � 10�29

RabI6 Activated 5.112 8.70 � 10�19

E2f Activated 4.555 2.01 � 10�12

Cyclin D1 (ccnd1) Activated 4.382 1.02 � 10�23

Foxm1 Activated 4.063 1.41 � 10�15

Hgf Activated 3.720 1.80 � 10�18

Erbb2 Activated 2.925 3.74 � 10�28

p53 Inhibited �4.488 3.95 � 10�21

Rbl2 Inhibited �3.780 5.01 � 10�9

p16 (Cdkn2a) Inhibited �3.664 3.04 � 10�17

Smarcb1 Inhibited �3.604 9.66 � 10�15

Rb Inhibited �3.447 6.44 � 10�13

p21 (Cdkn1a) Inhibited �3.287 1.27 � 10�33

IPA, ingenuity pathway analysis; KO, knockout; TCPOBOP, 1,4-bis
[2-(3,5-dichloropyridyloxy)] benzene; WT, wild type.

CAR, Liver Chemical Mitogens, and LSP1
cholangiocarcinoma development.42 Therefore, actin bind-
ing proteins and the cytoskeleton have an important function
in modulating YAP activity, with LSP1 a newly identified
and important modulator in this system.

Multiple studies have shown that CAR activation is asso-
ciated with the following: i) proliferation of hepatocytes in the
absence of liver injury, ii) induction of enzymes involved in
drug metabolism, and iii) increases in overall liver mass.
Although induction of enzymes associated with drug meta-
bolism is directly controlled by CAR, the concomitant effects
on hepatocyte proliferation and expansion of liver mass are
elicited by CAR through recruitment of other regulators and
signaling pathways directly associated with hepatocyte pro-
liferation. Inhibition of receptor tyrosine kinases (MET and
EGFR) dramatically decreases hepatocyte proliferation
following activation of CAR by TCPOBOP.4,5 The current
study demonstrates that LSP1 also regulates activation of
EGFR, linking EGFR activation to regulation by mechano-
transduction (Supplemental Figures S1 and S3). These studies
need to be explored further. A similar effect was seen in YAP
KO mice.4,31 The findings in the current work add to the
overall role of LSP1 by demonstrating that direct binding of
LSP1 to YAP is a mechanism by which LSP1, in TG mice,
prevents YAP from moving to the nucleus, subsequently
limiting its ability to interact with CAR and thus affecting
CAR-induced hepatocyte proliferation. Combined, these
results provide a background for further investigation that
may explain the documented role of LSP1 in breast and
urinary bladder cancers.12e15

Interestingly, LSP1 overexpression did not inhibit
TCPOBOP-driven hepatocyte hypertrophy,43e45 which led
to increased liver/body weight ratios in the TG mice in the
absence of increased proliferation. Increased hepatocyte
hypertrophy is associated with enhanced expression of drug
The American Journal of Pathology - ajp.amjpathol.org
metabolism enzymes along with increased organelle size;
however, the current results indicate that LSP1 does not
affect CAR-driven drug metabolism.46 Other studies have
also demonstrated that CAR-driven proliferation and hy-
pertrophy can be driven by different mechanisms. Gadd45b-
KO mice display increased hepatocyte proliferation in
response to TCPOBOP without increased hypertrophy,
leading to smaller liver weights in the KO versus WT
mice.46 In addition, YAP-KO mice show decreased prolif-
eration but no discernible difference in hepatocellular vol-
ume following TCPOBOP administration.31 Therefore,
signaling mechanisms controlling TCPOBOP-driven hepa-
tocellular proliferation differ from those governing
hypertrophy.

Lsp1 TG hepatocytes displayed inhibition of the YAP
signaling pathway, which is corroborated by previous
findings that loss of YAP expression in the hepatocytes
leads to decreased proliferation after TCPOBOP.31 LSP1
expression is down-regulated when YAP is overexpressed
in the MCF10A human breast epithelial cell line.47 This
finding suggests a reciprocal regulation of functionality
between YAP and CAR in specific tissues and circum-
stances. Lsp1 TG hepatocytes also displayed decreased
activation of Foxm1 signaling, which has been shown to
facilitate TCPOBOP-driven proliferation by regulating cell
cycle related genes, such as cyclins, cdc25 phosphatases,
and regulators of mitosis, such as aurora kinase B.48 In
addition to its role in promoting transcription of cell cycle
progressing genes, Foxm1 also inhibits expression of cell
cycle inhibitors, such as p21,48 which is up-regulated in the
Lsp1 TG hepatocytes after TCPOBOP. The current data
demonstrate that Foxm1 is involved in the signaling
mechanisms by which LSP1 affects hepatocyte
proliferation.

These results demonstrate that the effect of global loss of
LSP1 in transgenic animals was opposite to that observed in
the WT animals. Lsp1 KO livers displayed decreased in-
duction of cell cycle inhibitor pathways, including p16 and
p21. In addition, YAP translocation to the nucleus was
enhanced in the absence of LSP1 expression in response to
TCPOBOP. YAP activation and deactivation are affected by
changes in the cytoskeleton.49 Therefore, LSP1 may affect
YAP signaling through modulation of the actin cytoskel-
eton. Even though the liver responses of KO mice were
symmetrically different from those of TG mice, the possi-
bility that the global elimination of LSP1 may have caused
changes in extrahepatic sites that may have affected the liver
responses shown in this study cannot be entirely ruled out.
Expression of LSP1 has been primarily examined in
lymphoid cells.16 LSP1 expression is also seen in bladder
and breast in the context of broader studies, where LSP1 is
present along with many other unrelated genes.12e15 In none
of these studies, however, was there any analysis of global
signaling changes that may affect liver-specific gene
expression. This issue may be addressed with detailed
evaluation of LSP1 function in other tissues.
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Overall, the current study demonstrated that LSP1 is a
protein with many functionalities. Its effects on ERK
phosphorylation and activation have been demonstrated in
many other studies. In normal liver, LSP1 is critical in
regulating mitogenic effects through EGFR and MET.21 Its
effects on the Hippo/YAP pathway have not been previ-
ously described, and the findings presented in this study
demonstrate that LSP1 should be considered as a complex
regulator causing decreased mitogenic responses through
both receptor tyrosine kinases (MET and EGFR) and the
YAP/Hippo pathway. In view of the F-actin binding of
LSP136 and its effects on the cytoskeleton, LSP1 is an
important contributor to the mechanosensory effects of
regulation of cell proliferation and function. Because LSP1
is involved in breast,13e15 bladder,12 and liver10,21,22,24,26

cancers, understanding how LSP1 functions to suppress
hepatocellular proliferation can provide new avenues of
investigation to develop novel therapeutics.
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