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January 27, 2020. Hepatocellular carcinoma (HCC) is the most common form of liver tumors. Although HCC is associated

with chronic viral infections, alcoholic cirrhosis, and nonalcoholic fatty liver disease, genetic factors
that contribute to the HCC risk remain unknown. The BRCA2 DNA repair associated (BRCA2) and cyclin-
dependent kinase inhibitor 1A (CDKN1A) interacting protein, known as BCCIP, are essential for cell
viability and maintenance of genomic stability. In this study, we established a new genetically engi-
neered mouse model with Bccip deficiency. Mosaic or heterozygous Bccip deletion conferred an
increased risk of spontaneous liver tumorigenesis and B-cell lymphoma development at old age. These
abnormalities are accompanied with chronic inflammation, histologic features of nonalcoholic stea-
tohepatitis, keratin and ubiquitin aggregates within cytoplasmic Mallory-Denk bodies, and changes of
the intracellular distribution of high-mobility group box 1 protein. Our study suggests BCCIP dysre-
gulation as a risk factor for HCC and offers a novel mouse model for future investigations of nonviral or
nonalcoholic causes of HCC development. (Am J Pathol 2020, 190: 1175—1187; https://doi.org/
10.1016/j.ajpath.2020.01.020)
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Liver cancer is one of the leading causes of cancer-related
mortality. More than 70% of the liver cancers are histo-
logically diagnosed as hepatocellular carcinoma (HCC).
In addition to chronic viral infections and alcoholic
cirrhosis, nonalcoholic fatty liver disease (NAFLD),
including nonalcoholic steatohepatitis (NASH), obesity,
and chronic liver inflammatory conditions, are also risk
factors for HCC."” The molecular origin and genetic
factors of NASH and chronic inflammation—initiated
HCC have not been fully understood, although dietary,
liver toxins, and transgenic mouse models have been used
to understand the development of NAFLD.” ' A recent
study found that reduction of the BRCA2 DNA repair
associated (BRCA2) and cyclin-dependent kinase inhibi-
tor 1A (CDKN1A) interacting protein (BCCIP) expression
is associated with poor prognosis of HCC.® However,
whether Bcecip deficiency can directly cause liver cancer
has not been tested.

BCCIP was originally identified as a BRCA2 and
CNKNIA (p21) interacting protein.”'? It suppresses spon-
taneous DNA damage,'' ' regulates RAD51 and p53 ac-
tivity,'"'” facilitates G1/S and mitotic cell cycle
transitions,'”~'” maintains centrosome and spindle fidel-
ity,'® and regulates ribosomal proteins.'” ' BCCIP is also
essential for the viability of organisms from fungus to
mouse.'>**** Likely because of its essential role in main-
taining cell viability, germline and homozygous somatic
BCCIP mutations have rarely been reported in human can-
cers. However, BCCIP down-regulations have been
observed in many cancer types, including kidney tumors,”*
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gliomas,25 laryngeal cancers,zo ovarian cancers,27 colorectal
cancers,27 breast cancers,28 and HCC.®

The human BCCIP gene is located at chromosome
10g26.2. The 5’ end of the human BCCIP gene has a close
head-to-head proximity with the UROS gene, and its 3’ end
overlaps with the putative DHX32 or DDX32 gene in a tail-
to-tail fashion.”* Because the mouse Bccip is also close to
the Uros and Dhx32 genes, previous studies have resorted to
a transgenic conditional Bccip knockdown mouse line
(LoxPshBCCIP), instead of a conventional knockout, to
investigate the role of Bccip gene in mouse development
and tumorigenesis.'>** " This mouse model has demon-
strated that down-regulation of Bccip by RNA interference
is sufficient to cause embryonic lethality.'” Furthermore,
glial fibrillary acidic protein—Cre—mediated Bccip knock-
down caused microcephaly and neurologic development
defects,30 whereas K14-Cre—mediated Bccip knockdown
resulted in the development of benign lesions in mammary
glands.”® Interestingly, the neurodevelopmental defect of
glial fibrillary acidic protein—Cre—mediated Bccip knock-
down was rescued by co-deletion of Trp53, but this led to
development of medulloblastomas.”’ Although these studies
have revealed the critical roles of Bccip in mouse devel-
opment and tumorigenesis by Bccip down-regulation,
models with complete Bccip loss have remained
unavailable.

In the current study, we developed a new Bccip mouse
model to further understand the role of Bccip in develop-
ment and tumorigenesis. Homozygous deletion of Bccip
caused embryonic lethality, but animals with mosaic and
heterozygous Bccip deletion were viable. However, these
mice had an increased risk of spontaneous liver

tumorigenesis and B-cell lymphoma between 72 and 81
weeks of age. These pathologic findings are accompanied
by a chronic inflammation pathologic finding, such as liver
inflammation and necrosis, as well as with changes of high-
mobility group box 1 protein (HMGB1) intracellular dis-
tribution. An increased frequency of NASH-like histologic
findings was also observed in the livers of Bccip-deficient
mice compared with Bccip wild-type mice, including the
appearance of ballooned hepatocytes and Mallory-Denk
body—like cytoplasmic protein aggregates that contain
keratin-18, keratin-8, and ubiquitin.

Materials and Methods

Generation of a New Conditional Bccip Knockout
Mouse Strain

The animal works presented in this study were approved by
the Institutional Animal Care and Use Committee at Rutgers
Robert Johnson Medical School (IACUC 112-054). The
study followed all institutional guidelines regarding animal
welfare issues. All mice were fed with standard food sup-
plied by the animal facility.

The strategy outlined in Supplemental Figure S1 was
used to derive mouse embryo stem (ES) clones with
floxed exon-5 of Bccip from a premade C57BL6N JM8
ES clone (HEPD 0517-2-El11, International Knockout
Mouse Consortium, the European Conditional Mouse
Mutagenesis Program) that had a trapped Bccip allele.
The trapped ES clone was electroporated with 20 pg of
PCAGGS-FLPe-IRES-puro plasmid (Gene Bridge, Hei-
delberg, Germany) that transiently expresses flippase

Table 1  Primers Used for Genotyping for Mouse Embryo Stem Cell Cloning and Breeding

Code Primer name Primer sequence Primer location

X SCF F: 5'-AAGGCGCATAACGATACCACG-3' 5’ side of left FRT site (present in KO vector but not in
WT genome)

Y1 SC1R R: 5'-TCCGCCTACTGCGACTATAG-3’ 3’ side of the left FRT and 3’ side of the first LoxP
(present in KO vector but not in WT genome)

Al SCF1 F: 5'-TGTCAGGGCAAGTGCTCCTTC-3' Intron 4, approximately 132 bp from the end of 5" arm,
83 bp from SCF2

A2 SCF2 F: 5'-TTCTTCAGGTGGCATGGTCAC-3’ Intron 4, approximately 50 bp from the end of 5" arm, 83
bp from the SCF1

C SCR R: 5'-GAAGGTGGCCTGTGGCCTGCA C-3’ Intron 4, 3'-side of 1st LoxP site.

B K0-SCG R1 R: 5'-GAACTAGGGGCAGTATTAAGG-3' Intron 5, 3’ side from the end of the 3’ arm of the
targeting vector

Y2 KO-SCV R1 R: 5'-CGACGAAGTTCCTATACTTTCTAG-3' Sequence from KO vector, 5’ side of the first LoxP
(present in KO vector but not in WT genome)

Y KO-SCV R2 R: 5'-GAACTGATGGCGAGCTCAGAC-3’ Sequence from KO vector, 3’ side of the second LoxP
(present in KO vector but not in WT genome)

Gall Gal1F F: 5'-CTGGCGTAATAGCGAAGAGGC-3’ Sequence present in trapped allele

GaliR R: 5'-CGACTGTCCTGGCCGTAACCG-3' Sequence present in trapped allele
Gal2 Gal2F F: 5'-ATCGTGCGGTGGTTGAACTGC-3' Sequence present in trapped allele
Gal2R R: 5'-CATCGGTCAGACGATTCATTG-3’ Sequence present in trapped allele

F, forward; FRT, flippase recombination; KO, knockout; R, reverse; WT, wild type.
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(FLP). The electroporation was conducted with 5 million
ES cells in 700 mL of medium at 250 V, 250 mF. Then,
the cells were incubated for 20 minutes at room temper-
ature, diluted 500-fold, and plated into 10-cm dishes.
Eight days after culture, single clones were picked up and
transferred into 96-well plates. After 4 days of culture,
one 96-well plate was split into three plates: one plate for
X-gal staining, one for PCR genotyping, and one for
culture expansion. The X-gel—negative clones represent a
potential success of FLP recombination. The verifications
of two correct ES clones were shown in Supplemental
Figure S2. The primers for genotyping are listed in
Table 1, and the expected product sizes are listed in
Supplemental Table SI.

The D6 clone (Supplemental Figure S2) contained a wild-
type allele and a LoxP-Bccip-exon5 conditional allele,
which was then used for injection into Albino (white)
blastocysts at the transgenic core facility and implanted into
foster mice. A total of 6 chimeras (3 males and 3 females)
were obtained. These male chimeras were bred with
C57BL6 female mice, and germline transmission of mutated
allele was screened by PCR with tail DNA from offspring.
Among the first 80 offspring, two viable mice with germline
transmissions were identified using the same PCR strategy
as seen with the ES clone in Supplemental Figure S2. This
produced the first generation of founder heterozygous con-
ditional Becip knockout mice, designated Becip 7. In a
parallel approach, the original Bccip-trapping clone

Wild type

PR,
Bccip-trapped

LoxP-Exon 5

AExon 5

KT Figure 1

(Supplemental Figure S1) was directly used to generate
chimera mice. Although two chimera mice were obtained,
they failed to convey germline transmission, and subse-
quently this approach was abandoned. The first-generation
founder mice were crossed to obtain heterozygous and ho-
mozygous LoxP-Bccip-Exon5 mice, Becip™" and Becip™”.
The genotyping of the mice was conducted according to the
PCR strategy outlined in Supplemental Figure S2 and
Supplemental Table S2. To verify whether the conditional
allele in the mice is susceptible for Bccip-exon 5 deletion on
expression of Cre-recombinase, the mouse embryo fibro-
blasts were established from the conditional mice using
previously reported procedures.'” The newly generated
conditional mice with the floxed Bccip allele, designated
Beeip™", were crossed with each other to generate Beeip™
mice. Effective recombination between the LoxP sequences
to delete Bccip exon 5 and subsequent Bccip mRNA trun-
cation and loss of Bccip protein were verified and described
in Supplemental Figure S3. Then, the Bccip”" mice were
crossed with Ella-Cre™* mice (Jackson Laboratory, Bar
Harbor, ME) to generate Becip®®™:Ella-Cre™™ mice,
which were then used to cross with Becip” mice to generate
Becip®4ES Ella-Cre ™.

As described previously, the mouse Bccip is in
close to two neighboring genes: Uros and Dhx32 or Ddx32.
There was initially a concern about whether deletion of
Bcecip may affect these neighboring genes. To address this,
RT-PCR was used to assess the expression of the Bccip,

12,29,30

GAAAGAAAGGAAAGAACTGTCTGAGGCGCGAAGAACCAA

Genomic structure of the engineered Brca2 DNA repair associated (Brca2) and

C

Protein
expression

PCR genotype

The

cyclin-dependent kinase inhibitor 1A (Cdknla) interacting protein (Bccip) alleles and
lethality of homozygous Bccip-null embryos. A: Diagrams of four different mouse Bccip
alleles. Shown is the endogenous wild-type allele (top panel), the trapped allele contained
in an embryo stem clone obtained from International Knockout Mouse Consortium and the
European Conditional Mouse Mutagenesis Program, the exon 5 floxed allele, and the Bccip-
AExon 5 allele. LoxP is the Cre-recombination site. Bottom panel shows a 4Exon5 allele. B:
Sequencing chronograph of Bccip-4Exon 5 mRNA. Arrows indicate the junction between
exon 4 and exon 6. The predicted reading frame shift that causes a premature stop codon is
shown in red. Boxed area represents the new stop codon. C: The embryo morphologic
features, genotypes, and their Bccip protein levels of a representative litter. Embryos 1, 3,
5, and 9 were Cre-positive. Embryos 1, 3, and 5 have incomplete Cre-mediated LoxP
recombination, but embryo 9 has completely lost the floxed exon 5 allele. Western blot
confirmed that embryo 9 lost the Bccip protein, but all other embryos have relatively normal
level of Becip protein. FRT, flippase recombination; Wt, wild-type.
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Table 2  Genotype Distribution of Newborns from Cross-Breeding between Bccip®&*;Ella-Cre™/~ and Bccip”*

Bccip status Offspring genotype Pups, n Expected, % Actual, %

Becip/* Becip”;EITaCre ™~ 49 25 29.7

Becip ™~ Becip?®*/EIlaCre ™~ 50 25 30.9

Becip™~ BecipAB*/"t-E1TaCre™ ~ 48 25 29.1

Becip™~ and mosaic Becip? &%/ 455 ETTaCre ™/~ 0 25 10.9
Becip deletion Becip 2B/ FABS ETTqCre ™/ —* 18

Bccip, Brca2 DNA repair associated (Brca2) and cyclin-dependent kinase inhibitor 1A (Cdkn1a) interacting protein.
*Becip 4B/ 485, ETTaCre™/~: mosaic mice containing one allele of floxed Becip that failed to complete Cre-mediated recombination.

Uros, and Dhx32 genes, and the results are shown in
Supplemental ~ Figure S4. Uros primers were 5'-
ATGAAGGTTCTCTTACTAAAAG-3' (forward) and 5'-
CGCTCCTTCTGCATCCAGACC-3'  (reverse). Dhx32
primers were 5-AAAGCGCTGCTCTCTGGGTAC-3’
(forward) and 5-TCACTGGATTGTGCATCTCTG-3’
(reverse). Becip primers were 5-CAAACAGATGTTTCA-
GAAGAC-3’ (forward) and 5'-CTCATAGAA-
GAACTCTTCCTC-3' (reverse).

Antibodies, Western Blotting, and Immunostaining

The anti-BCCIP antibody has been previously character-
ized.'>'%2%3%  Commercial antibodies are as follows:
CD45R/B220 [1:200 for immunohistochemistry (IHC);
Biolegend, San Diego, CA] and CD34 (1:100 for IHC;
Biolegend), anti-human CD3 (1:200 for IHC; Dako,
Glostrup, Denmark), HMGB1 (1:100 for immunofluores-
cence and IHC, 1:1000 for Western blot; Cell Signaling
Technology, Danvers, MA), tubulin (1:2000), anti—Ki-67
(1:500 for IHC; Abcam, Cambridge, MA), glypican-3
(1:100; Santa Cruz Biotechnology, Santa Cruz, Dallas,
TX). Polyclonal anti-p62 (1:200 for IHC, 1:2000 for
Western blot; Enzo Life Sciences, Farmingdale, NY),
cytokeratin-8 (C-51, 1:100, Santa Cruz Biotechnology),
cytokeratin-18 (C-04, 1:100; Santa Cruz Biotechnology),
and anti-polyubiquitin chain monoclonal antibody (clone
FK2, 1:200; Biomol International, Plymouth Meeting, PA).

Histological Analysis and IHC

Tissues were dissected from mice, rinsed with phosphate-
buffered saline, fixed in 10% neutral buffered formalin over-
night at 4°C, and then transferred to 70% ethanol. The fixed

tissues were used to make paraffin-embedded blocks at the
Rutgers Cancer Institute of New Jersey Core Facility. Tissue
sections of 5 um were cut and stained with hematoxylin and
eosin (H&E) according to a previously developed protocol.'**°
For THC, the dried slides (in 50°C incubator overnight) were
deparaffinized in xylene, rehydrated in 100%, 90%, and 70%
ethanol, and rinsed in running tap water for 5 minutes. To
retrieve the antigen, a container filled with retrieval buffer (10
mol/L sodium citrate, pH 6.0) was boiled in a rice cooker, and
then the slides were transferred into the boiling retrieval buffer
and steamed for 25 minutes. The cooled-down slides were
washed in Tris-Buffered Saline with 0.1% Tween 20 detergent
(TBS-T) three times for 5 minutes each. Slides were immersed
in 1% hydrogen peroxide in methanol for 20 minutes, washed in
TBS-T three time for 5 minutes each, and blocked in TBS-T
with 5% normal serum for 1 hour at room temperature to
block endogenous peroxidase. Antibodies and dilution factors
listed above were used for IHC staining. The primary antibodies
were diluted in TBS-T with 1% bovine serum albumin. Slides
were incubated with primary antibodies overnight at4°C, rinsed
three times for 5 minutes each in TBS-T with gentle agitation,
and then incubated in diluted horseradish peroxidase second
antibodies for 1 hour at room temperature or with Vectastain
ABC kit (Vector Laboratories Inc, Burlingame, CA) according
to the instructions. Slides were developed with 3,3-
diaminobenzidine tetrahydrochloride hydrate dia-
minobenzidine (Sigma Chemical Co, St Louis, MO), counter-
stained with hematoxylin, dehydrated, cleared, and mounted.

Soluble and Insoluble Protein Extraction and Western
Blot

A modified protocol was used to isolate the soluble and
insoluble proteins from tissue samples.”'*” Briefly, the

Table 3  Gross Abnormalities in Brca2 and Bccip Wild-Type and Bccip-Deficient Mice

Total Lymphoma, Mice with liver Mice with liver inflammation Mice with enlarged
Bccip status mice, n n (%) tumors, n (%) and necrosis, n (%) spleens, n (%)
Becip+/+ 17 0 0 0 1 (5.8)
Bccip-deficient mice 44 9 (20.5) 3 (6.8) 5 (11.4) 12 (27.3)
Becip+/— 34 7 1 3 7
Bccip—/— and Becip+/—* 10 2 2 2 5

*Mosaic of Bccip(A4Ex5/LoxP) and Bccip(A4Ex5/ AEx5);Cre(+/—).
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A Representative large lymphoma mass

H&E staining of lymphoma

CD3 (T-cell marker) CD45R/B229 (B-cell marker)
Figure 2  Histopathologic characterization of lymphoma developed in
Brca2 DNA repair associated (Brca2) and cyclin-dependent kinase inhibitor
1A (Cdkn1a) interacting protein (Bccip)—deficient mouse. A: Representa-
tive lymphoma masses. B: Representative hematoxylin and eosin (H&E)
staining of lymphomas in Bccip mosaic (left) and Bccip heterozygous
deletion (right) mice. C: Representative immunohistochemical (IHC)
staining for lymphoma markers CD3 (T cells) and CD45R/B220 (B cells).
Original magnification: x4 (B, top row); x40 (B and C, bottom rows);
%10 (C, top row).
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samples were first homogenized in 200 pL of lysis buffer
(50 mol/L HEPES, pH 7.4, 150 mol/L sodium chloride,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS)
containing protease inhibitors on ice and then centrifuged
at 17,000 x g, 4°C for 10 minutes. The supernatants
were collected and saved as the soluble fractions. The
pellets were washed once with another 200-pL lysis
buffer and centrifuged for 2 minutes, the supernatants
were discarded, and then the pellets were resuspended in
200 pL of a buffer that contained 60 mol/L Tris hydro-
chloride, 2% SDS, and 2.5% 2-mercapthoethanl and
proteinase inhibitors. The sample was sonicated for 1
minute three times, incubated on ice for another 20 mi-
nutes, and centrifuged at 17,000 x g at 4°C for 10 mi-
nutes, and then the supernatants were collected as the
insoluble fractions. The amount of proteins was quanti-
fied with Bio-Rad DC protein assay kit (Bio-Rad Labo-
ratories, Hercules, CA). Equivalent amount of proteins
from both soluble and insoluble fractions (20 pg) were
used to load onto 10% SDS-PAGE gel and blotted onto
nitrocellulose membrane.

HMGB1 Analysis in BCCIP Knockdown Cells

Methods of cell culture and retrovirus infection and
establishment of mouse embryo fibroblasts have been
previously reported.'>'® Previously described BCCIP
siRNA and Lenti-viral shRNA'® were used to knockdown
human BCCIP in cultured cells. Twenty-four hours after
transfection, human skin fibroblast cells were treated with
3 ng/mL of IL-1fB in a-minimum essential medium for 24
hours and then stained for HMGB1. At the same time, a set
of the same cells were collected to isolate nuclear and
cytoplasmic proteins according to a previous report,” with
some modifications. Briefly, 1 x 10° of cells were lyzed in
50 pL of permeabilization buffer (10 mol/L HEPES, pH
7.4, 10 mol/L potassium, 0.05% NP-40, and protease in-
hibitors) on ice for 10 minutes and centrifuged at 1600 x g
at 4°C for 5 minutes. The supernatants were collected and
saved as the cytoplasmic fractions. The pellets were
washed once with 200 pL of permeabilization buffer and
centrifuged for 2 minutes. After the supernatant was dis-
carded, the pellets were resuspended in 25 pL of 0.2 N
hydrochloride, incubated on ice for 10 minutes, and
centrifuged at 13,000 rpm for 10 minutes at 4°C, and then
the supernatants were collected and neutralized with 25 pL.
of 1 mol/L Tris hydrochloride, pH 8.0, and saved as the
nuclear fractions.

Statistical Analysis

Statistical differences were determined with the t-test and
v test. P < 0.05 was considered to be statistically

significant.
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Results

Generation of a New Mouse Model with Floxed Bccip
Exon 5

To develop a system that can completely inactivate mouse
Bcecip, a mouse ES clone with a single allele of trapped
Bccip (Supplemental Figure S1) was used, which can lead to
a floxed allele of Bccip exon 5. Exon 5 is located at the
middle of the Bccip gene locus and does not overlap with
either of the neighboring Uros and Dhx32 genes. This clone
was used as a starting point, successfully generated mouse

A

WT mouse

(nontumor tissue)

Nontumor region Tumor region

Figure 3

Tumor region

Nontumor region

ES clones with floxed Bcecip exon 5, and then established
founder mice with the same genomic locus. Details of the
construction of ES clones and the floxed Bccip allele are
given in Supplemental Figures S1 and S2 and outlined in
Figure 1A. Briefly, the FLP recombinase was transiently
expressed in the ES cells with a trapped allele of Bccip, and
subclones with verified FLP recombination were isolated.
After the karyotypes of the subclones were verified by
metaphase spread analysis, one of the clones with floxed
exon 5 of Bccip was used to generate chimeras, which were
subsequently used to generate germline-transmitted, het-
erozygous founder mice, designated Becip™’. These mice

Bccip mosaic mouse
(tumor tissue)

Bccip+/- mouse
(tumor tissue)

Nontumor reglon Tumor region

Pathologic characterization of liver tumors formed in mosaic and heterozygous Brca2 DNA repair associated (Brca2) and cyclin-dependent kinase

inhibitor 1A (Cdkn1a) interacting protein (Bccip)-deficient mice. A: Representative livers with tumor mass obtained from a Bccip mosaic (top) and hetero-
zygous (bottom) mice. B: Representative hematoxylin and eosin for morphology of normal liver tissues (left column), Bccip mosaic tumor tissues (middle
column), and Bccip heterozygous tumor tissues (right column). C—E: Representative immunohistochemistry for proliferation marker Ki-67 (C), CD34 [a
hepatocellular carcinoma (HCC) marker of the endothelial cells in the sinusoidal space] (D), and glypican 3 (an HCC marker in tumor cells) (E) in the tumor and
non-tumor regions. Boxed areas are shown at higher magnification in the bottom rows (B—E). Original magnification: x10 (B—E, top rows); x40 (B—E,

bottom rows).
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were fertile and successfully produced homozygous condi- mice. The genotype distribution of the pups is detailed in
tional Bccip mice, designated Becip™. It was verified that Table 2. Although the theoretical distribution among the
the deletion of exon 5 caused the skipping of the exon 5 Bccip"E’d/ AESS . Plla-Cre” -, Bccip"E"w;EIIa—Cre*/ -,

in the Bccip mRNA, resulting in a frame shift (Figure 1B) Becip®":Ella-Cre™’~, and Becip™ :Ella-Cre™~ was ex-
and the loss of BCCIP protein (Supplemental Figure S3), pected to be 1:1:1:1, this study failed to obtain live pups with

and that it did not affect the expression of the neighboring the Bccip?E4E Ella-Cre™~ genotype, suggesting that
Uros and Dhx32 genes (Supplemental Figure S4). Thus, a the Bccip?®45Ella-Cre™™ genotype is embryonic le-
new mouse line with a floxed Bccip exon 5 was successfully thal. Interestingly, 11% of pups were observed with
established and verified. For simplicity, the symbols the Becip?™:Ella-Cre™’~ genotype, indicating an incom-
Becip"™", Beeip™', and Beeip™ will be used in the rest of plete Ella-Cre—mediated recombination at the floxed exon
the report to refer the wild-type, heterozygous, and 5, which leads to mosaic offspring with Becip®7;Ella-
homozygous Bccip conditional mice, respectively. Cre™™ and possibly Becip®4E3 . Ella-Cre™~ genotypes.
Becip®® ™" refers to mouse with confirmed single-copy Because the mean number of pups of the three viable
Bccip exon 5 deletion. genotype is 49 (Table 2), the estimated portion of viable

Becip”:Ella-Cre™™ mice that underwent mosaic Becip dele-
EIla-Cre—Mediated Bccip Exon 5 Deletion Causes tion is estimated at roughly one-third (18 of 49), and thus
Embryonic Lethality, but Mice with Mosaic, Incomplete approximately two-thirds of Becip™;Ella-Cre™™ mice may
Bccip Exon 5 Deletion Are Viable have died embryonically because of complete deletion of exon

5. Genotyping and Western blotting analyses confirmed that

To generate Becip knockout mice, Becip”" was first crossed embryos with Becip?® were inviable (Figure 1C), which is
with Ella-Cre™™ transgenic mice to produce the Becip®=="", similar to the previously reported embryonic lethality of con-
Ella-Cre™™ pups, which were then crossed with Bccip™ ditional Becip knockdown using Ella-Cre.'”
A B Soluble Insoluble
9N 5N 5T 15N 15T 10N 10T 9N 5N 5T 15N 15T 10N 10T
9N 5N 5T 15N 15T 10N 10T 2N T —— q o
= AExS (210 bp) BECIP . ; -' ’ -~
= Flox-Ex5 (322 bp) p62 " . -
= wt (255 bp) il " - 0P
m e Tubulin
1 2 3 4 5 6 7 8

; 5

ol 5

skl | o SN
Nontumor region Tumor region Nontumor region Tumor region

Figure 4  Verification of liver tumors originated from Brca2 DNA repair associated (Brca2) and cyclin-dependent kinase inhibitor 1A (Cdkn1a) interacting
protein (Bccip)-deficient cells. A: PCR genotype to confirm the Bccip mosaic and heterozygous status in three liver tumor tissues. The specific tissue type and
genotype of the mice are as follows: lane 1: 9N, Bccip (4Ex5/wt);Cre+/—, normal tissue, heterozygous; lane 2: 5N, Bccip(4Ex5/flox);Cre+/—, normal tissue
adjacent to tumor, mosaic; lane 3: 5T, Bccip(4Ex5/flox);Cre+/—, liver tumor tissue, mosaic; lane 4: 15N, Bccip(4Ex5/flox);Cre+/—, normal tissue adjacent to
tumor, mosaic; lane 5: 15T, Bccip(4Ex5/flox);Cre+/—, tumor tissue, mosaic; lane 6: 10N, Bccip(4Ex5/wt);Cre+/—, normal tissue adjacent to tumor, het-
erozygous; lane 7: 10T, Bccip (4Ex5/wt);Cre+/—, tumor tissue, heterozygous; lane 8: 2N, Bccip(4Ex5/flox);Cre+/—, normal tissue, mosaic. B: Becip and p62
protein levels in the tissue extracts. Soluble and insoluble proteins were extracted from three liver tumor and normal tissues. Anti-Bccip and anti-p62 Western
blot were performed to measure Bccip and p62 levels in these tissues as described in A. Reblot with antitubulin was used as a loading reference. C:
Immunohistochemistry (IHC) for p62 in liver tumor tissue (right column) and adjacent nontumor tissue (left column). D: IHC for polyubiquitin in liver tumor
tissue (right column) and adjacent nontumor tissue (left column). Blue and black text shows the paired normal and tissue from the same mouse or to
contrast the genotypes. Boxed areas are shown at higher magnification in the bottom row (C and D). Original magnification: x10 (C and D, top rows); x40
(C and D, bottom rows).
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Mice with Heterozygous and Mosaic Bccip Deletions
Are Prone to Spontaneous Lymphoma and Liver Cancer
Development

To assess the long-term consequence of Bccip deficiency in
mouse development and tumorigenesis, some of the viable
mice in Table 2 were used for lifetime observation. The
main observations from 44 Bccip-deficient mice and 17
wild-type mice are detailed in Supplemental Table S2. The
appearances and behaviors of partial Bccip-deficient mice
were largely normal during the observed period. However,
on dissection of the mice at approximately 18 months, ab-
normalities in the livers and spleens and presence of lym-
phoma masses were observed. As summarized in Table 3
and detailed in Supplemental Table S2, among the 34 mice
with heterozygous Becip deletion (Becip®™':Ella-Cre™”
and Bccip"Eﬁ/f;EIIa-Cre*/ 7) and the 10 mice with mosaic
Bcecip  deletions, nine developed lymphoma and three
developed liver tumors. The overall tumor burden of the
Bccip-deficient mice was 12 of 44 but for Becip-proficient
mice was 0 of 17, and this difference is statistically signif-
icant (P = 0.016). These observations strongly suggest that
Bccip defects confer an increased risk of spontaneous tumor
development in the animals.

All lymphoma masses were observed in the abdomen,
including large lymphomas adjacent to the mesentery
(Figure 2A) and others adjacent to pancreases, fat pad, or
abdomen wall. H&E staining of the lymphomas revealed
that most cells were lymphocytes (Figure 2B). All nine
cases analyzed tested negative for CD3 (T-cell marker) but
positive for CD45R/B220 (B-cell lymphoma marker)
(Figure 2C). Therefore, the Bccip defects conferred an
increased risk of B-cell lymphoma.

Large liver tumor masses were found in three Bccip-
deficient mice, and they all had defined boundaries
(Figure 3A). H&E staining revealed loss of normal liver
architecture, such as basic liver lobules with portal areas.
Large nucleoli and irregular nuclear contours were notable
(Figure 3B). The tumor regions had more Ki-67—positive
cells than the nontumor region (Figure 3C). In addition, all
tumor tissues were CD34 positive in the sinusoidal spaces
aligned with endothelial cells (Figure 3D). The liver tumor
cells displayed strong glypican-3 staining in the cytoplasm
and membrane compared with adjacent nontumor tissue
(Figure 3E). The combined positive staining of glypican-3
and CD34 is generally considered a reliable biomarker of
HCC.**“° DNA analysis confirmed that both tumor and
nontumor tissues of the same mice had the anticipated Bccip
deletion (Figure 4A). Bcecip protein levels in the mosaic
tumors were reduced when compared with the normal liver
tissues of heterozygous mice (Figure 4B). These data
confirm that the liver tumors indeed originated from the
Bccip-deficient cells. Interestingly, in two of the three
analyzed liver tumor tissues, accumulated insoluble p62
(Figure 4, B and C) and elevated levels of polyubiquitinated
proteins were noted (Figure 4D). No obvious changes of
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microtubule-associated protein 1A/1B-light chain 3 (LC3)
were observed in the tumor tissue (data not shown). Ter-
minal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling assays did not reveal any significant
apoptosis in the tumor sections. These observations indicate
an accumulation of misfolded proteins.

In some liver tissues, hepatocytes had disappeared in
certain areas, and instead many immune cells, such as
mononuclear cells, had invaded these areas (Figure 5A).
Two of these Bccip-deficient mice (but none of the 17
Becip”™:Ella-Cre™~ mice) had a pale appearance at the
edge of the livers, but no tumor masses were observed.
Histologically, the cell morphologic features still resembled
those of a normal hepatocyte, but the nucleus had shrunk and
vesicular structures had developed in the cytoplasm
(Figure 5, B and C). Therefore, additional nontumor liver
tissues were examined more in details, including 8 from wild-
type and 17 (8 male and 11 female) from Bccip-deficient mice

A Becip +/-

wT o Bccip +-

Bccip Mosaic

Figure 5 Inflammation and nonalcoholic steatohepatitis (NASH)—like
pathologic features in the Brca2 DNA repair associated (Brca2) and cyclin-
dependent kinase inhibitor 1A (Cdkn1la) interacting protein (Bccip)—defi-
cient livers. A: Representative images for inflammatory regions in liver
tissues of the Bccip+/— mice. B: A representative area of Bccip-deficient
liver with vascular cytoplasm structure. Boxed areas are shown at higher
magnification in the right panels (A and B). C: Representative hemotoxylin
and eosin (H&E) images of ballooning hepatocytes of NASH-like histologic
features in Bccip heterozygous mouse and mosaic mouse. Original magni-
fication: x10 (A and B, left panels, and C); x40 (A, and B, right panels).
NAFLD, nonalcoholic fatty liver disease; WT, wild type.
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that had little gross abnormality of the livers. Eleven (five
males and six females) of the 19 Bccip-deficient mice had
developed ballooned hepatocytes (Supplemental Table S3).
However, only one of the eight wild-type livers had
this morphologic features, and another had marginal
ballooning.

Cytokeratins are intermediate filament proteins normally
expressed in epithelial cells, including hepatocytes. Keratin-
8 and keratin-18 are required for the maintenance of hepa-
tocyte integrity, and their altered expressions were known to
be related to liver diseases, including chronic hepatitis and
tumorigenesis.”’ °° Positive cytoplasmic aggregates of
keratin-8 and keratin-18, ubiquitin, and p62 were often
detected in ballooned hepatocytes and were considered to be
the major components of the Mallory-Denk bodies associ-
ated with NASH.*0~*? Therefore, four serial sections of
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Figure 6  Protein aggregates formed in non-
tumor liver tissues. Immunohistochemical (IHC)
serial sections of stained with antibodies against
keratin-8, keratin-18, ubiquitin (using anti-FK2
antibodies that recognize poly-ubiquitin chains),
and p62. A: Representative IHC staining of Brca2
DNA repair associated (Brca2) and cyclin-
dependent kinase inhibitor 1A (Cdkn1la) interact-
ing protein (Bccip) wild-type (WT) Liver tissue,
demonstrating the localization of the keratins at
the cytoplasmic membrane, the predominate nu-
clear localization of ubiquitin, and the minimum
aggregate of p62 in the cytoplasm. B: Represen-
tative IHC staining of Bccip-deficient liver tissue,
demonstrating the widespread accumulation of
keratin and ubiquitin in the cytoplasm and scat-
tered cytoplastic p62 aggregation in some hepa-
tocytes. Boxed areas are shown at higher
magnification in the right column (A and B).
Images were obtained with 5x (A and B, left
column), 20x (A and B, left middle column), and
40x (A and B, right middle and right columns)
objective lens.

nontumor liver tissues were stained for keratin-8, keratin-18,
polyubiquitin, and p62. In the Becip wild-type liver tissues
(Figure 6A), the keratins were mainly present on the hepa-
tocyte plasma membrane, which is consistent with the pre-
vious reports,”*** and ubiquitin was mainly expressed in the
nucleus of the hepatocytes. In a striking contrast, wide-
spread hepatocyte cytoplasmic aggregates of keratin-8 and
keratin-18 were observed in most of the Bccip-deficient
mice (Figure 6B). The ubiquitin immunostaining pattern
was very similar to the keratin’s staining in Bccip-deficient
hepatocytes (Figure 6B). Interestingly, a widespread p62
aggregation was not observed in hepatocytes but only
scattered p62 aggregate positive cells, although there was an
increased frequency of p62 aggregate-positive cells in
Bcecip-deficient liver (Figure 6B). The detailed results of
these IHC analyses among 19 available Bccip-deficient and
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0.8

Mean age: 78.8 weeks

0.6+

Mean age: 77.1 weeks

0.2+

Percentage of mice with NASH-related
pathology in the nontumor regions
(=)

'S
1

1
Bccip deficient

Wild type
[l Ballooning cells [l Keratin-8/18 aggregate L] Ubiquitin aggregate
=1 p62

Il Mice with NASH-like pathology *

Figure 7  Summary of nonalcoholic steatohepatitis (NASH)—like path-
ologic findings in nontumor regions. The portion of mice displayed
ballooning cells, keratin-8/18 aggregates, ubiquitin aggregates, and p62
accumulation in the nontumor liver sections. The portion of mice with
NASH-like pathologic findings, defined as the presence of ballooning cells
as well as protein aggregates, is also shown. See Supplemental Table S3 for
details in each mouse. Asterisk indicates positive of ballooning cells and
positive of cytoplasmic protein aggregates. n = 8 wild type; n = 19 Bccip
deficient.

8 wild-type mice are listed in Supplemental Table S3 and
summarized in Figure 7. Altogether, these pathologic ana-
lyses (Figures 5—7) suggested that Bccip may suppress the
development of NASH, a premalignant condition that in-
creases the risk of liver cancer.

Spleen Abnormalities and Cytoplasmic Localization of
HMGB1 in Bccip-Deficient Cells

A normal spleen comprises two functionally and morpho-
logically distinct compartments: the red pulp and white
pulp. The red pulp is the blood filter and storage site for
iron, erythrocytes, and platelets. The white pulp, which
surrounds the central arterioles and is composed of the
periarteriolar lymphoid sheath, the follicles, and the mar-
ginal zone, initiates immune responses to bloodborne anti-
gens.”” Among the 44 Bccip-deficient mice, 12 had
apparently enlarged spleens (Table 3 and Figure 8A).
However, only one of the Becip wild-type (Becip”™";Ella-
Cre”") mice had an enlarged spleen. H&E staining
revealed that the enlarged spleens have lost or reduced red
pulp (Figure 8A). Most cells were diffused lymphocytes,
and excessive neutrophils and macrophages were also
observed (Figure 8A), suggesting an inflammatory response.
Although HMGBI1 was accumulated in the cytoplasm in the
enlarged spleens of Bccip-deficient mice (Figure 8B), the
cytoplasmic location of HMGB1 was observed neither in
nonenlarged spleens of Bccip-deficient mice nor in the only
case of an enlarged spleen from Bccip wild-type mice
(Figure 8B). The increased cytoplasmic accumulation of
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HMGB1 was also observed in the liver tumor tissues of
Bccip-deficient mice (Figure 8C).

HMGBI1 is normally a nuclear protein; however, it can be
translocated to cytoplasm and released into the intracellular
environment.’® As shown in Figure 8, B and C, a common
feature among the livers and spleens of Bccip-deficient mice
is the excessive level of HMGBI in the cytoplasm. It has
been reported that the HMGBI1 can also be released from
cells after stimulation by cytokine interleukin (IL) 1B8.*” To
confirm the cytoplasmic distribution of HMGB1 observed in
the liver and splenic cells of Bccip-deficient mice, BCCIP
was knocked down in human skin fibroblasts. BCCIP
knockdown significantly increased the cytoplasmic accu-
mulation of HMGBI in the IL-1B—treated cells (Figure 8D).
At the same time, Western blot using the cell extracts
confirmed that there were more cytoplasmic but less nuclear
HMGB1 when BCCIP was knocked down and treated with
IL-1B (Figure 8E). These data suggest that of BCCIP defi-
ciency can lead to an inflammatory response, which is
accompanied with a mislocalization of HMGBI.

Discussion

This study has established a new conditional Bccip
knockout mouse model. With the use of this system, ho-
mozygous Bccip deletion is found to be embryonically le-
thal to mice, but a Bccip mosaic and heterozygous Bccip
deletion can produce viable mice. However, these mice with
partial impairment of Bccip had an increased risk of spon-
taneous liver tumorigenesis and B-cell lymphomagenesis.
These spontaneous abnormalities were accompanied with
chronic inflammation and a change of HMGBI intracellular
redistribution in Bccip-deficient cells. The livers of Bccip-
deficient mice display histologic changes that resemble
NASH, including the appearance of ballooning cells and
keratins and ubiquitin aggregates that are normally found in
Mellory-Denk bodies. The study data suggest that although
a complete loss of Bccip results in lethality, a partial loss of
Bccip function may trigger a chronic inflammation and in-
crease the risks of liver tumors and B-cell lymphomas.

A previous study found that BCCIP protein expression is
reduced in some HCC tissue extracts when compared with
the matched normal tissues and that reduced IHC staining of
BCCIP is associated with poor prognosis among 116 cases
of HCC.® Although chronic hepatitis virus infections,
alcohol consumption, and cirrhosis are historically consid-
ered the major risk factors of HCC, obesity-related fatty
liver diseases are being recognized as risk factors of
increasing  importance.">** ' Although there are
carcinogen-based liver tumor models, humanized virus
infection liver models, and diet-based NAFLD mouse
models,7 few spontaneous liver cancer mouse models are
available to identify genetic factors that may contribute to
liver cancer risk.>* In this model, the HCC and the NASH-
like phenotypes were spontaneously developed without
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exogenous stresses. The increase in the spontaneous risks of
NASH, chronic inflammation, and liver cancers by an
endogenous gene knockout represents a unique case. This
study clearly found that the liver tumors had the expected
homozygous or heterozygous deletion of the Bccip gene
(Figure 4A), and the Bccip-deficient livers had an increased
display of NASH-like histologic features (Figures 5 and 0).
However, it cannot be ascertained how much the systematic
inflammatory response in the Bccip-deficient mice may have
contributed to the initiation and/or promotion of the tumor
development. Obviously, a liver-specific knockout mouse
model, such as the Alb-Cre transgenic model,” will need to
be developed to address this question.

The mechanism by which Bccip deficiency causes a
NASH-like condition in the liver warrants further study. An
interesting observation is that the liver tumor retained Bccip
down-regulation but displayed an increased level of p62
proteins and polyubiquinated proteins. Furthermore, striking
keratin and ubiquitin cytoplasmic aggregates were observed
in the nontumor liver tissues of Bccip-deficient mice. These

findings indicate an excessive production of misfolded pro-
teins and/or an insufficient clearance of misfolded proteins
through the autophagy or proteasome pathways. The possible
role of BCCIP deficiency in protein quality control and mis-
folded protein clearance warrants further study. In addition,
Aeg-1 (Metadherin or Lyric) expression causes liver tumor
associated with NAFLD and NASH,™* and BCCIP interacts
with Aeg-1."" The potential role of BCCIP and AEG1 inter-
action in the development of liver abnormality will be
investigated in the future. Another point worth mentioning is
that the spontaneous inflammation and tumor formation were
obtained from mice with normal diets. The HCC cases in this
study were relatively small, although significant premalig-
nant changes were observed in the Bccip-deficient livers.
Thus, it would be informative to challenge the Bccip-deficient
mice with liver toxins or fat diet in future studies.

A role for inflammation in tumor development is gener-
ally accepted, and an inflammatory environment appears to
be an essential component of all tumors.”*>> B-cell lym-
phomas vary by the type of malignant cell and tumor
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Figure 8  Spleen abnormalities and cytoplasmic location of high-mobility group box 1
(HMGB1) protein in Brca2 DNA repair associated (Brca2) and cyclin-dependent kinase in-
hibitor 1A (Cdknla) interacting protein (Bccip)-deficient cells. A: Representative gross
appearance and hematoxylin and eosin (H&E) staining of spleens from Bccip wild-type and
Bccip-deficient mice. B: Immunohistochemical (IHC) staining of HMGB1 in normal and
enlarged spleen from wild-type and Bccip-deficient mice. The two left panels show the
normal spleen and the only case of enlarged spleen of Bccip wild-type mice. The two right
panels show the normal and enlarged spleens from Bccip-deficient mice (mosaic). C:
Representative IHC for HMGB1 in liver tissue. The two left panels show the normal liver
tissue. The two right panels are tumor tissue. D: Cytoplasmic localization of HMGB1 in
interleukin (IL) 1B—treated Brca2 DNA repair associated (Brca2) and cyclin-dependent
E kinase inhibitor 1A (Cdknla) interacting protein (Bccip) knockdown cells. Shown are the
immunofluorescent staining of HMGB1 (red) and lysosome-associated membrane protein
(Lamp2; green) in human skin fibroblasts with BCCIP knockdown. The cytoplasmic locali-
zation of HMGB1 in IL-1B—treated BCCIP knockdown cells is indicated by an arrow. The
verification of reduced protein level in BCCIP knockdown cells can be found in Figure 8E. E:
Increased cytoplasmic and reduced nuclear HMGB1 distribution in the IL-13—treated BCCIP
knockdown cells. Cell fractionation assay was performed in BCCIP knockdown and control
cells after 24 hours of IL-1B exposure. Tubulin and H3 were used as markers for cytosolic
and nuclear fractions, respectively. The level of BCCIP knockdown was verified in both
cytoplasmic (Cyto) and nuclear (Nucl) fractions (bottom panel). Original magnification:
%10 (A, and C, two left panels); x40 (B, and C, two right panels, and D).
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location. It is known that an inflammatory microenviron-
ment has a causal role in the development of B-cell lym-
phomas.”® Various genetically engineered mouse models
have been developed to understand how B-cell lymphomas
arise.”’ Some of the genetically engineered mouse models
reproduced the inflammatory context of B-cell lymphoma
development, but others do not. Our model found a chronic
inflammatory response in Bccip-deficient mice, which
accompanied by B-cell lymphoma. Although all cases with
lymphoma have inflammatory phenotypes, in some cases
enlarged spleen and inflammatory response was observed
but with no clear development of lymphoma in the tissues
examined. This finding is agrees with the idea that inflam-
mation may precede lymphomagenesis.

HMGBI plays a role in liver disease and HCC.”® As a
damage-associated molecular pattern molecule, HMGBI is
known to stimulate inflammatory response by interacting
with Toll-like receptor 4 and activating cytokine release by
macrophages.””* Furthermore, the extracellular HMGB1
secreted by the activated macrophages and monocytes is
believed to be a mediator of inflammation.®”®" This study
found that HMGB1 accumulates in cytoplasm in the enlarged
spleens and liver tumors in Bccip heterozygous and mosaic
mice (Figure 8, B and C). Although it remains a question of
whether there is a cause-consequence relationship between
BCCIP loss and inflammation, even a partial knockdown of
BCCIP in human cells could directly cause the translocation
of HMGBI into the cytoplasm when the cells were treated
with IL-1B (Figure 8, D and E). These data implicate that
BCCIP itself may suppress inflammatory response by
restricting HMGB1 in the nucleus after IL-1f stimulation.

In summary, we have established a new Bccip knockout
mouse model. With the use of this model, a partial Bccip
defect was found to be a risk factor for spontaneous
inflammation and non—alcohol-associated liver diseases and
B-lymphoma development.
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